
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




14/18 2008


www.chemeurj.orgC E U J E D  1 4  ( 1 8 )  5 3 6 5 – 5 6 9 6  ( 2 0 0 8 )  ·  I S S N  0 9 4 7 - 6 5 3 9  ·  V o l .  1 4  ·  N o .  1 8  ·  2 0 0 8


Concept
Recent Developments in Enantioselective Gold(I) Catalysis


R. A. Widenhoefer


Supported by


Now with
Communications







… with nonconjugated cyclometa-
lated ligands can serve as a deep-
blue dopant emitter of PhOLED
and the host material of PhOLED;
the latter is best exemplified by
efficient triplet-state energy trans-
fer to the green-emitting [IrACHTUNGTRENNUNG(ppy)3]
(ppyH=2-phenylpyridine). In their
Full Paper on page 5423 ff., Y. Chi,
P.-T. Chou, C.-C. Wu et al. investi-
gate a series of iridium complexes
and discuss their phosphorescent
properties.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities. The
journal is also supported
by the Asian Chemical
Editorial Society (ACES).
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Cationic Clathrates
Yu. Grin and A. V. Shevelkov describe in their Full Paper
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phine complexes as catalysts for the functionalization of
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Introduction


The application of soluble gold complexes as catalysts for
organic transformations has become increasingly common
over the past decade.[1] Early work in this area focused on
the use of simple ACHTUNGTRENNUNGgold ACHTUNGTRENNUNG(III) halides as catalysts, but effort has
increasingly shifted toward cationic gold(I)–phosphine com-
plexes. Although a diverse range of transformations have
been reported, gold(I) complexes have demonstrated partic-
ular utility as catalysts for the metathesis and/or cycloisome-
rization of enynes and related substrates,[2] and for the hy-
drofunctionalization of alkenes, allenes, and alkynes with
carbon heteroatom nucleophiles.[3] Common to these trans-
formations is the p-activation of a C�C multiple bond of the
substrate toward nucleophilic attack, a process for which
gold(I) is particularly well suited. The 14-electron [AuL]+


fragment is a highly electrophilic, soft Lewis acid that ren-
ders gold(I) highly carbophilic but relatively nonoxophilic.[1]


As a result, gold(I) displays good chemoselectivity and good
functional group compatibility, traits that are crucial for ap-
plication in complex molecular environments. Importantly,
weak 5d!p* metal-to-ligand back bonding further predis-
poses a gold(I)–p-alkene/alkyne complex toward outer-
sphere nucleophilic attack.[4] Furthermore, although both
the AuI and AuIII oxidation states are stable, gold(I) is not
prone to air oxidation and does not readily participate in
potentially deleterious redox-based processes.[5]


Enantioselective catalysis based on the p-activation of C�
C multiple bonds represents an unsolved problem in
organo–transition-metal chemistry,[6] and the emergence of
gold(I) as an effective p-activation catalyst presents new op-
portunities in this area.[7] However, the rapid development
of gold(I) catalysis has not extended to enantioselective cat-
alysis. Telling is that prior to 2005, the lone example of an
enantioselective gold(I)-catalyzed transformation was the
enantioselective coupling of aldehydes with isocyanoacetate
esters catalyzed by a gold(I)–ferrocenylphosphine complex,
in which gold(I) behaves as a traditional Lewis acid through
carbonyl-group activation.[8] The dearth of enantioselective
gold(I)-catalyzed transformations can be traced to the pro-
pensity of gold(I) to form linear two-coordinate com-
plexes,[9] in which the reacting substrate is positioned far
from the potential source of ligand-centered chirality. The
problems associated with ligand/substrate proximity are fur-
ther exacerbated by the outer-sphere nature of p-activation
catalysis that bypasses nucleophile–metal interaction prior
to C�X bond formation.[10] The preferred linear coordina-
tion mode of gold(I) also precludes approaches based on bi-
dentate coordination of chiral bis(phosphines) and related
ligands that have become the cornerstones of enantioselec-
tive catalysis employing four-, five-, and six-coordinate tran-
sition-metal complexes.[7]


For the reasons outlined in the preceding paragraph, de-
velopment of enantioselective catalytic process involving
gold(I) represents a new challenge in homogeneous cataly-
sis. The catalysis community has responded to this challenge
with new approaches and new strategies, and since 2005 ex-
amples of enantioselective gold(I)-catalyzed transformations
have increased markedly. Key to the development of enan-
tioselective gold(I) catalysis has been the identification of
enantiomerically pure bis ACHTUNGTRENNUNG(gold)–phosphine complexes of the
form [(AuX)2ACHTUNGTRENNUNG(P�P)] (P�P=chiral bis(phosphine), X=


anionic ligand or counterion) as catalysts for enantioselec-
tive transformations. Also crucial to the development of
enantioselective gold(I) catalysis has been recognition of the
pronounced effect of the counterion on the efficiency and
selectivity of these transformations. Summarized herein is
the development of enantioselective gold(I) catalysis since
2005 with an emphasis on the enantioselective hydrofunc-
tionalization of allenes.


Addition of Carbon Nucleophiles to Alkynes


Enyne alkoxycyclization : In early 2005, Echavarren reported
the gold(I)-catalyzed enantioselective alkoxycyclization of
1,6-enynes to form methylenecyclopentanes.[11] Although in-
efficient, these transformations represent both the first ex-
amples of enantioselective gold(I) catalysis involving p-acti-
vation and the first successful application of chiral bis ACHTUNGTRENNUNG(gold)
complexes in enantioselective catalysis. For example, a
1:1.25 mixture of [(AuCl)2{(R)-tol-binap}] ((R)-1; Figure 1)
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and AgSbF6 catalyzed the alkoxycyclization of enyne 2a
with methanol (10 equiv) at room temperature for 4 h to
form methylenecyclopentane 3a in 89% yield with 53% en-
antiomeric excess (ee) [Eq. (1)]. In comparison, phenyl-sub-
stituted enyne 2b underwent slow alkoxycyclization to form
3b with high enantioselectivity, but modest yield [Eq. (1)].
Gold(I)-catalyzed enantioselective alkoxycyclization was
sensitive to the Au/Ag ratio. For example, alkoxycyclization
of 2a catalyzed by a 1:2 ratio of (R)-1 and AgSbF6 required
30 h to reach completion and formed 3a in only 14% ee
with the opposite sense of stereoinduction relative to the re-
action employing a 1:1.25 mixture of (R)-1 and AgSbF6.
These and related experiments pointed to a monocationic
bis ACHTUNGTRENNUNG(gold) complex as the most active and most selective cat-
alyst for these transformations.


Enantioselective p-Activation of Allenes


C�C Bond formation in the gold(I)-catalyzed enantioselec-
tive alkoxycyclization of enynes presumably occurs via
outer-sphere attack of the electron-rich alkene moiety on a
gold p-alkyne intermediate.[11] The modest enantioselectivi-
ties realized via gold(I)-catalyzed alkoxycyclization are
therefore not surprising as the newly formed sp3 stereocen-
ter originates from the attacking alkene moiety rather than
from the metal-bound alkyne. Although nucleophilic attack


on a p-alkene complex generates an sp3 carbon atom, the
low reactivity of simple alkenes relative to alkynes renders
enantioselective catalysis based on the p-activation of al-
kenes particularly challenging. In this context, allenes repre-
sent attractive substrates for enantioselective gold(I) p-acti-
vation catalysis. Allenes, like alkynes, are more reactive
than are simple alkenes[12] and, like simple alkenes, nucleo-
philc attack at the terminal carbon atom of a p-allene com-
plex generates an sp3 carbon atom. Indeed, a number of re-
search groups have investigated the gold(I)-catalyzed enan-
tioselective p-activation of allenes and from these efforts, a
range of effective transformations have been developed.


Addition of Carbon Nucleophiles to Allenes


Allene hydroarylation : As an extension of their work with
achiral gold(I) catalysts,[13] Widenhoefer and co-workers re-
ported the enantioselective intramolecular hydroarylation of
2-(allenyl)indoles to form substituted, polycyclic, indole de-
rivatives.[14] For example, reaction of 2-(g-allenyl)indole 4a
with a catalytic 1:2 mixture of [(AuCl)2{(S)-DTBM-MeOBI-
PHEP}] ((S)-5 ; Figure 1) and AgBF4 in toluene at �10 8C
for 17 h led to isolation of tetrahydrocarbazole 6a in 88%
yield with 92% ee [Eq. (2)]. The enantioselectivity of intra-
molecular hydroarylation was dependent on solvent, coun-
terion, and phosphine ligand. For example, cyclization of 4a
catalyzed by a 1:2 mixture of [(AuCl)2{(S)-binap}] and
AgOTf in dioxane at room temperature gave 6a in only
32% ee. Although the scope of the reaction was limited, the
optimized protocol was effective for the hydroarylation of 2-
(g-allenyl)indole 4b that possessed a terminally disubstitut-
ed allenyl group and for the cyclization of 2-(d-allenyl)in-
dole 4c to form the seven-membered ring of 6c [Eq. (2)].[14]


Cycloisomerization of enallenes : GagnL has reported the
gold(I)-catalyzed enantioselective cycloisomerization of g-
eneallenes to form substituted vinylcyclohexenes. Treatment
of the malonate derivative 7 with a catalytic 1:3 mixture of
[(AuCl)2{(R)-3,5-xylyl-binap}] ((R)-8 ; Figure 1) and AgOTf
in nitromethane at room temperature led to isolation of cy-
clohexene 9 in 83% yield as a 3.5:1 mixture of regioisomers
with 72% ee [Eq. (3)].[15] Enantioselective enallene cyclo-
ACHTUNGTRENNUNGisomerization required substitution at the internal carbon of
the alkene moiety and did not tolerate substitution at either
the internal or terminal allenyl carbon atoms. Enantioselec-
tivities were modest (�77% ee) and regioisomers were typi-


Figure 1. Bis(phosphine) ligands and anions employed in enantioselective
gold(I) catalysis.
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cally generated. Interestingly, the sterically hindered
DTBM-MeOBIOHEP and DTBM-SEGPHOS ligands
(Figure 1) used to good effect for related enantioselective
transformations were ineffective for this transformation.
Also surprising was that employment of [(AuOTf)2{(R)-3,5-
xylyl-binap}] as a catalyst led to low enantioselectivities and
low reaction rates. Cyclization of 7 catalyzed by
[(AuOTf)2{(R)-3,5-xylyl-binap}] in the presence of either
AgOTf (15%) or AgCl (15%), restored the activity of the
catalyst, but gave 9 with �34% ee. Although the origin of
these unusual counterion/Ag effects has not been identified,
this behaviour is perhaps related to the counterion effects
more thoroughly delineated by Toste (see below).


X-ray crystallographic analysis of the catalyst precursor
(R)-8 revealed the presence of a p-stacking interaction be-
tween two P-bound xylyl groups with a plane-to-plane dis-
tance of 3.7 M and a Au�Au distance of 5.5 M (Figure 2).


Not unexpectedly, a similar solid-state conformation was ob-
served for [(AuCl)2{(R)-tol-binap}] ((R)-1).[11] GagnL sug-
gests that similar solution-state p-stacking interactions may
be a general phenomenon that assist in creating an effective
chiral environment for enantioselective catalysis employing
bis ACHTUNGTRENNUNG(gold)–phosphine complexes.


ACHTUNGTRENNUNG[2+2] Cycloaddition of enallenes : Toste has developed an
effective gold(I)-catalyzed protocol for the enantioselective
[2+2] cycloaddition of g-eneallenes to form [4.3.0]bicy-
cloheptanes.[16] For example, reaction of eneallene 10a with
a 1:2 mixture of [(AuCl)2{(R)-DTBM-SEGPHOS}] ((R)-11)
and AgBF4 in CH2Cl2 at 4 8C led to isolation of the [4.3.0]bi-
cycloheptane 12a in 92% yield as a single disastereomer
with 95% ee [Eq. (4)]. Key to the realization of [2+2] cyclo-
addition rather than 6-endo cycloisomerization was aryl sub-
stitution at the terminal alkenyl carbon atom, but within this


constraint, a number of aryl groups were tolerated in the
transformation [Eq. (4)]. Effective [2+2] cycloaddition also
required a terminally disubstituted allenyl moiety and disub-
stitution at the homoallylic carbon atom, which presumably
facilitates cyclization through the Thorpe–Ingold effect.


Mechanisms of hydroarylation and hydroalkenylation : Al-
though mechanistic studies are lacking, C�C bond formation
in the gold(I)-catalyzed enantioselective hydroarylation of
2-allenyl indoles and in the cycloisomerization and [2+2] cy-
cloaddition of g-enallenes presumably occurs through outer-
sphere attack of the pendent arene or alkene moiety on
gold p-allene intermediates Ia–I c respectively (Scheme 1).


In the case of hydroarylation, deprotonation of the initially
formed iminium ion IIa followed by protonolysis of the
Au�C bond with retention of configuration[17] would form
the tetrahydrocarbazole 6a (Scheme 1). In the case of cyclo-
isomerization, competetive b-elimination of the secondary
or tertiary hydrogen atom from the initially formed carbo-
cation IIb followed by protonolysis of the Au�C bond


Figure 2. ORTEP diagram of the X-ray crystal structure of [(AuCl)2{(R)-
3,5-xylyl-binap}] [(R)-8].[11]


Scheme 1. Proposed mechanisms of gold(I)-catalyzed C�C bond forming
processes.
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would form cyclohexenes 9. The most direct pathway that
accounts for cyclobutane formation in the [2+2] cycloaddi-
tion of 10a is attack of the Au�C s bond of IIc on the prox-
imal benzylic carbocation IIc to form bicycloheptane 12a
(Scheme 1, path a). Alternatively, attack of the proximal C=


C bond on the benzylic carbocation of IIc followed by elimi-
nation of gold from carbocation IId would also form 12a
(Scheme 1, path b).


Carbon–Heteroatom Bond Formation


Intramoleclar hydroalkoxylation allenes : In early 2007
Zhang and Widenhoefer reported the gold(I)-catalyzed,
enantioselective, intramolecular, hydroalkoxylation of g-
and d-hydroxy allenes to form oxygen heterocycles.[18] For
example, reaction of 2,2-diphenyl-4,5-hexadienol (13a) with
a catalytic 1:2 mixture of (S)-5 (2.5 mol%) and AgOTs at
�20 8C in toluene for 18 h led to isolation of 14a in 67%
yield with 93% ee [Eq. (5)].[18] Similarly, gold(I)-catalyzed
hydroalkoxylation of 2,2-diphenyl-5,6-heptadienol (13b)
formed 2-vinyl tetrahydropyran 14b in 96% yield with
88% ee [Eq. (5)]. Several points are worth noting regarding
the optimization of the protocol, which illustrate the strong
dependence of this transformation on catalyst and counter-
ion composition. Under comparable conditions (dioxane,
room temperature, 125 mm in 13a), the enantioselectivity of
the conversion of 13a to 14a decreased from 86 to 28% ee
upon substitution of AgOTs with AgClO4 and from 86 to
19% ee upon substitution of (S)-5 with [(AuCl)2{(S)-binap}].


Enantioselective hydroalkoxylation of g-hydroxyallenes
that possessed an axially chiral allenyl moiety occurred with
high enantioselectivity/low diastereoselectivity in a catalyst-
controlled process. For example, reaction of rac-15 with a
catalytic 1:2 mixture of (S)-5 and AgOTs led to isolation of
a 1:1 mixture of (E)-16 (>95% ee) and (Z)-16 (>95% ee)
in 94% combined yield (Scheme 2). The homochirality of
(E)-16 and (Z)-16 was established by hydrogenation of the
mixture to form 2-heptyltetrahydrofuran 17 with 90% ee.
These results suggested that one enantiomer of 15 formed
(E)-16 and the second enantiomer of 15 formed (Z)-16.
Indeed, gold-catalyzed enantioselective hydroalkoxylation
of (R)-15 (94% ee) led to isolation of (Z)-16 in 88% yield
with >95% ee and �20:1 diastereoselectivity [Eq. (6)]. In
comparison, gold(I)-catalyzed hydroalkoxylation of 18,
which lacked substitution along the alkyl backbone, under-
went enantioselective hydroalkoxylation to form a 1.5:1
mixture of (E,R)-19 and (Z,R)-19 in high yield but with low


enantioselectivity [Eq. (7)]. Nevertheless, conversion of 18
to (R)-19 served to establish the absolute sense of stereoin-
duction from (S)-5.


The experiments described in the preceding paragraph
support a catalyst-controlled outer-sphere mechanism for
the Au-catalyzed enantioselective hydroalkoxylation of rac-
18 (Scheme 3). In the major pathway for enantiomer (S)-18,


complexation of gold to the Si face of the internal allenyl
C=C bond would form gold-allene complex (Si,S)-III.
Outer-sphere cyclization followed by deprotonation/proton-
ACHTUNGTRENNUNGolysis of (R,Z)-IV with retention of stereochemistry[17]


would form (R,E)-19 (Scheme 3). In the case of (R)-18,
outer-sphere cyclization of gold p-allene complex (Si,R)-III
followed by deprotonation/protonolysis of (R,E)-IV would
form (R,Z)-19 (Scheme 3).


Scheme 2. Gold-catalyzed hydroalkoxylation of an axially chiral g-hy-
droxyallene.


Scheme 3. Proposed mechanism of the gold(I)-catalyzed enantioselective
hydroalkoxylation of rac-18.
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Hydroamination of N-allenyl carbamates : With subtle modi-
fication, the catalyst system employed for enantioselective
hydroalkoxylation of allenes was also effective for the enan-
tioselective hydroamination of N-(g-allenyl)carbamates.[19]


As an example, reaction of 20a with a catalytic 1:2 mixture
of (S)-5 and AgClO4 in m-xylene at 0–23 8C for 48 h led to
isolation of 21a in 83% yield with 91% ee [Eq. (8)]. The
enantioselectivity of allene hydroamination was sensitive to
substitution of the N-allenyl carbamate. Enantioselective hy-
droamination of the terminally unsubstituted N-allenyl car-
bamate 20b formed pyrrolidine 21b in 97% yield with
81% ee, while enantioselective hydroamination of the un-
substituted N-allenyl carbamate 20c gave pyrrolidine 21c in
near quantitative yield but with only 34% ee [Eq. (8)]. The
rate of reaction was highly sensitive to the nature of the
counterion and substitution of AgClO4 with AgOTs led to a
�1000-fold decrease in reaction rate accompanied by a
small decrease in enantioselectivity.


In sharp contrast to the gold(I)-catalyzed enantioselective
hydroalkoxylation of axially chiral g-hydroxy allene 15,
enantioselective hydroamination of the axially chiral N-(g-
allenyl) carbamate 22 formed pyrrolidine 23 with high dia-
stereoselectivity, but with negligible enantioselectivity in a
substrate-controlled process [Eq. (9)]. Because both reac-
tions presumably involve similar gold p-allene intermedi-
ate(s), the divergent behaviour of these two transformations
suggests that absolute configuration is not determined by se-
lective formation of a gold allene p-complex, but rather by
the selective attack of the nucleophile on one of a mixture
of equilibrating gold p-allene complexes.


Dynamic kinetic enantioselective hydroamination : Although
cationic gold(I) complexes racemize allenes,[20] there was no
evidence of dynamic behaviour in either the hydroalkoxyla-
tion or hydroamination of 1,3-disubstituted allenes catalyzed
by (S)-5/AgX.[18,19] In contrast, N-(g-allenyl) carbamates that
possessed a trisubstituted allenyl group underwent dynamic
kinetic enantioselective hydroamination (DKEH) to form
predominantly one of four possible 2-vinyl pyrrolidine ste-
reoisomers.[21] For example, reaction of benzyl 6-methyl-2,2-


diphenyl-4,5-dodecadienyl carbamate (24a) with a catalytic
1:2 mixture of (S)-5 (2.5 mol%) and AgClO4 (5 mol%) in
m-xylene at room temperature for 24 h led to isolation of a
10.1:1 mixture of (Z)-25a and (E)-25a in 99% combined
yield with 91 and 9% ee, respectively [Eq. (10)].


Stereochemical analysis of the DKEH of N-(g-allenyl)
carbamate 24b catalyzed by (S)-5/AgClO4 established 1) the
rapid racemization of 24b under reaction conditions, 2) the
conversion of (R)-24b to (R,Z)-25b in the matched reaction
manifold, and 3) conversion of (S)-24b to (R,E)-25b in the
mismatched reaction manifold (Scheme 4). These experi-


ments were in accord with the outer-sphere mechanism de-
picted in Scheme 4 that is analogous to that proposed for
the enantioselective hydroalkoxylation of 18. The only sig-
nificant difference between the two mechanisms is the facile
racemization of starting material in the case of DKEH.


Hydroamination of allenyl sulfonamides : Toste has reported
an effective enantioselective protocol for the intramolecular
hydroamination of g- and d-allenyl sulfonamides catalyzed
by bis ACHTUNGTRENNUNG(gold)–3,5-xylyl-binap complexes.[22] Development of
this chemistry relied heavily on the recognition of the pro-
nounced effect of the counterion on the efficiency and enan-
tioselectivity of hydroamination. For example, the enantio-
selectivity of the hydroamination of g-allenyl tosylamine 26
catalyzed by a mixture of [(AuCl)2{(R)-3,5-xylyl-binap}]
((R)-8) and AgBF4 increased from 1 to 51% ee as the (R)-


Scheme 4. Proposed mechanism for the DKEH of 24b catalyzed by (S)-
5/AgClO4.
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8 :AgBF4 ratio increased from 1:2 to 1:1 (Table 1). Increasing
the steric bulk of the counterion led to a dramatic increase
in enantioselectivity and reaction of 26 with a catalytic 1:2


mixture of (R)-8 and AgOPNB (OPNB=p-nitrobenzoate)
formed 27 in 76% yield with 98% ee, albeit with reduced re-
action rate (Table 1). The low activity of this catalyst system
was traced, in part, to incomplete formation of
[(AuOPNB)2{(R)-3,5-xylyl-binap}] ((R)-28) from (R)-8 and
AgOPNB under reaction conditions. Consistent with this
observation, reaction of 26 with a catalytic amount of pre-
formed (R)-28 led to an increase in both the rate and yield
of the reaction without decrease in enantioselectivity
(Table 1). d-Allenyl sulfonamides also underwent effective
enantioselective hydroamination employing a slightly modi-
fied protocol. As an example, treatment of 29 with
[(AuOPNB)2{(R)-ClMeOBIPHEP}] ((R)-30 ; 5 mol%;
Figure 1) in nitromethane at 50 8C for 24 h formed 2-alkenyl
piperidine 31 in 70% yield with 98% ee [Eq. (11)]. Enantio-
selective hydroamination of g- and d-allenyl sulfonamides
was sensitive to substitution along the alkyl tether and both
disubstitution at the terminal allenyl carbon atom and em-
ployment of a sulfonamide nucleophile were required to
achieve effective enanatioselective hydroamination.


It is worth noting the disparate behaviour with respect to
substrate scope of allene hydroamination catalyzed by
AuOPNB complexes (R)-28 or (R)-30 relative to (S)-5/
AgClO4. For example, enantioselective allene hydroamina-
tion catalyzed by (R)-28 or (R)-30 was restricted to N-allen-
yl sulfonamides that possessed a terminally disubstituted
allene moiety. In contrast, enantioselective allene hydroami-
nation catalyzed by (S)-5/AgClO4 was most effective with
carbamate nucleophiles and was effective for terminally un-
substituted allenes, albeit with diminished enantioselectivity.
Similarly, high enantioselectivity in the hydroamination and
hydroalkoxylation of allenes catalyzed by (S)-5/AgX was re-


alized only for substrates that possessed gem-dialkyl substi-
tution along the alkyl chain. In contrast, the hydroamination
of N-allenyl sulfonamides catalyzed by (R)-28 or (R)-30 dis-
played higher enantioselectivity for substrates that lacked
substitution along the alkyl backbone than for the corre-
sponding gem-disubstituted allenyl sulfonamides.


Hydrofunctionalization with Chiral Anions


Building from their observations regarding the pronounced
counterion effects in the gold(I)-catalyzed hydroamination
of allenyl sulfonamides, Toste and co-workers developed an
effective protocol for the intramolecular hydroalkoxylation
of g- and d-hydroxy allenes that utilized chiral, enantiomeri-
cally pure anions to convey stereochemical information.[23]


For example, reaction of g-hydroxy allene 32 with a catalytic
1:2 mixture of the achiral bis ACHTUNGTRENNUNG(gold) complex [(AuCl)2-
ACHTUNGTRENNUNG(dppm)] and chiral, non-racemic silver phosphonate Ag-(R)-
33 (Figure 1) in benzene at room temperature led to isola-
tion of 2-alkenyl tetrahydrofuran 34 in 90% yield with
97% ee [Eq. (12)]. Similarly, hydroalkoxylation of d-hy-
droxy allene 36 catalyzed by a mixture of [(AuCl)2ACHTUNGTRENNUNG(dppm)]
and Ag-(R)-33 formed 2-(2-methyl-1-propenyl)tetrahydro-
pyran in 81% yield with 90% ee [Eq. (13)]. The enantiose-
lectivity of the conversion of 32 to 34 decreased significantly
when polar solvents were employed (18% ee in nitrome-
thane), pointing to the importance of a gold/phosphonate
ion-pair in the transfer of chiral information during cycliza-
tion.


The chiral anion strategy was also applied to good effect
for the enantioselective intramolecular hydroamination and
hydroacetoxylation of allenes.[23] As an example of the
former, treatment of g-allenyl sulfonamide 37 with a catalyt-
ic 1:1 mixture of the achiral mono ACHTUNGTRENNUNG(gold)–phosphine complex
[AuACHTUNGTRENNUNG(PMe2Ph)Cl] and Ag-(R)-33 (5 mol%) in benzene at
room temperature for 48 h led to isolation of 2-alkenyl pyr-
rolidine 38 in 88% yield with 98% ee [Eq. (14)]. Enantiose-
lective intramolecular hydrocarboxylation proved a particu-
larly effective showcase for the power of combining a chiral
counterion with a chiral bis(phosphine) ligand. Hydroace-
toxylation of 6-methyl-4,5-heptadienoic acid catalyzed by a
mixture of either [(AuCl)2{(R)-binap}] and AgOPNB or
[(AuCl)2ACHTUNGTRENNUNG(dppm)] and Ag-(R)-33 gave lactone 39 in good


Table 1. Effect of counterion in the gold-catalyzed enantioselective hy-
droamination of allenyl sulfonamide 26.


Catalyst t [h] Yield [%] ee [%]


(R)-8 (3 mol%)/AgBF4 (6 mol%) 0.5 80 1
(R)-8 (3 mol%)/AgBF4 (3 mol%) 0.5 89 51
(R)-8 (3 mol%)/AgOPNB (6 mol%) 24 76 98
(R)-28 (3 mol%) 17 88 98
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yield but with <40% ee (Table 2). In comparison, reaction
of 6-methyl-4,5-heptadienoic acid with catalytic mixture of
[(AuCl)2{(S)-binap}] and Ag-(R)-33 gave 39 in 88% yield


with 82% ee.[23] In contrast, the mismatched combination of
[(AuCl)2{(R)-binap}] and Ag-(R)-33 gave 39 in <5% ee, es-
tablishing the cooperative effect of chiral phosphine and
chiral counterion in achieving stereoinduction (Table 2).


Cyclopropanation of Vinyl Arenes


Toste has reported a gold(I)-catalyzed protocol for the enan-
tioselective cyclopropanation of vinyl arenes with propargyl
esters. For example, reaction of pivaloate ester 40a with 4-
tert-butyl-2,6-dimethylstyrene catalyzed by a 1:2 mixture of
(R)-11 and AgSbF6 led to isolation of cis-cyclopropane 41a
in 71% yield with 94% ee as a single diastereomer
(Scheme 5).[24] The enantioselectivity of cyclopropanation
decreased with the decreasing steric bulk of the propargyl
ester and/or the vinyl arene. As a point of comparison, gold-
catalyzed cyclopropanation of propargyl acetate 40b with
styrene gave cyclopropane 41b in 72% yield with only
60% ee (Scheme 5). Gold(I)-catalyzed cyclopropanation


presumably occurs through p-activation of the C�C bond of
40 followed by 1,2-acyl migration to form a gold carbenoid
intermediate that is stabilized by 5d!2p back donation
(Scheme 5).[25] Concerted transfer of the gold(I) carbenoid
to the vinyl group of the arene would then form 41. It
should be noted that although p-activation is involved in the
generation of the key gold carbenoid intermediate, absolute
configuration is set by the transfer of the carbene to the
vinyl arene.


Enantioselective Hydrogenation of Alkenes


Shortly after EchavarrenQs initial disclosure of enantioselec-
tive alkyoxycyclization of enynes catalyzed by bis ACHTUNGTRENNUNG(gold)
complexes, Corma and co-workers reported the enantiose-
lective hydrogenation of functionalized alkenes and imines
catalyzed by [(AuCl)2 ACHTUNGTRENNUNG{(R,R)-Me-DUPHOS}] ((R,R)-42 ;
Figure 1).[26] For example, treatment of diethyl benzylidene-
succinate with a catalytic amount of (R,R)-42 (0.05 mol%)
under H2 (4 atm) at 25 8C for 15 min led to 100% conver-
sion to form diethyl 2-benzylsuccinate with 80% ee
[Eq. (15)]. The corresponding reaction with diethyl 2-naph-
thylidenesuccinate formed diethyl (2-naphthyl)methylsucci-
nate with 95% ee, but the reaction was considerably slower
[Eq. (15)]. The authors proposed a mechanism for gold(I)-
catalyzed hydrogenation initiated by hydrogenolysis of a
Au�Cl bond of (R,R)-42 to form an active gold(I)–hydride
species. Hydrometalation of the alkene followed by proton-
ACHTUNGTRENNUNGolysis of the resulting gold(I)–alkyl species would release
the chiral alkane. It is worth noting that the inner-sphere
nature of this mechanism differs fundamentally from the
outer-sphere pathways proposed for allene hydrofunctionali-
zation.


Enantioselective 1,3-Dipolar Cycloaddition


Despite the pronounced carbophilicity of cationic gold(I)
complexes, cationic bis ACHTUNGTRENNUNG(gold)–phosphine complexes also
function as chiral Lewis acids. As an extension of the work
of Tepe,[27] Toste and co-workers have exploited the Lewis
acidity of gold(I) through development of an enantioselec-
tive protocol for the 1,3-dipolar cycloaddition of MRnch-
nones to electron-deficient alkenes.[28] As an example, reac-
tion of azalactone 43 with tert-butyl acrylate catalyzed by
[(AuOBz)2{(S)-Cy-SEGPHOS}] ((S)-44 ; Figure 1) in a 3:1
THF/fluorobenzene mixture at room temperature followed
by in situ amination gave D1-pyrroline 45 in 74% yield as a
single regio- and diastereoisomer with 95% ee (Scheme 6).
The transformation was effective for the cycloaddition of 43
with a range of cyclic and acyclic electron-deficient alkenes


Table 2. Effect of ligand and anion chirality on the catalytic enantioselec-
tive hydrocarboxylation of 6-methyl-4,5-heptadienoic acid.


P�P AgX Yield [%] ee [%]


(R)-binap AgPNB 80 38
dppm Ag-(R)-33 89 12
(R)-binap Ag-(R)-33 88 82
(S)-binap Ag-(R)-33 91 3


Scheme 5. Gold(I)-catalyzed cyclopropanation of vinyl arenes.
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and for the cycloaddition of N-phenylmaleimide with a
number of aryl-substituted azalactones. The mechanism of
Lewis acid catalysis presumably involves complexation of
gold to the nitrogen atom of the azalactone followed by de-
protonation with benzoate to form the gold imine derivative
V. exo-Selective 1,3-cycloaddition with alkene followed by
C�O bond cleavage and aminoloysis forms 45 (Scheme 6).


Conclusions and Outlook


Following the pioneering report of Echavarren in 2005 de-
scribing the gold(I)-catalyzed enantioselective alkoxycycliza-
tion of 1,6-enynes, the application of gold(I) complexes in
enantioselective catalysis has increased dramatically. The
bulk of the effort in this area has been directed toward the
intramolecular hydrofunctionalization of allenes with carbon
and heteroatom nucleophiles to form carbocyclic and het-
ACHTUNGTRENNUNGerocyclic compounds with up to 99% ee. Where available,
mechanistic data for these transformations support classic p-
activation pathways involving outer-sphere attack of the nu-
cleophile on a gold allene p-complex. However, enantiose-
lective gold(I) catalysis is not restricted to p-activation pro-
cesses as enantioselective transformations involving s-acti-
vation, hydrogenation, and carbene transfer have also been
developed.


With few exceptions, enantioselective gold(I)-catalysis has
employed bis ACHTUNGTRENNUNG(gold)–phosphine complexes of the form
[(AuX)2ACHTUNGTRENNUNG(P�P)] (P�P=chiral bis(phosphine), X=anionic
ligand or counterion) as catalysts that are typically generat-
ed in situ by treatment of gold chloride precatalysts with an
appropriate silver salt. The most common bis(phosphine) li-
gands are binap or MeOBIPHEP derivatives (see Figure 1)
that contain sterically hindered P-bound aryl groups. De-
spite the widespread use of bis ACHTUNGTRENNUNG(gold) complexes in enantio-
selective catalysis, there is no evidence to support the partic-
ipation of both gold centers in the bond-forming/bond-
breaking processes involved in catalysis. However, a growing
body of evidence, most notably the pronounced effect of the
counterion on the enantioselectivity of a number of gold(I)-
catalyzed transformations, points to the importance of non-
bonding interactions between the ancillary AuX group and
the reactive gold center. The first documentation of this be-
haviour was the reversal of absolute steroinduction observed


for the gold(I)-catalyzed alkoxycyclization of 1,6-enynes
when the (R)-1:AgSbF6 ratio was changed from 1:1.25 to
1:2.[11] Counterion effects in enantioselective gold(I) cataly-
sis were harnessed and exploited by Toste, who demonstrat-
ed the control of absolute configuration with chiral anions
in the catalytic hydrofunctionalization of allenes.


An intriguing question regarding the effectiveness of bis-
ACHTUNGTRENNUNG(gold)–phosphine complexes in enantioselective catalysts is
whether intramolecular, noncovalent bonding interactions
facilitate internal organization of the catalyst. For example,
p–p stacking interactions in both [(AuCl)2(tol-binap)] and
[(AuCl)2(3,5-xylyl-binap)] lead to formation of a well-de-
fined chiral environment in the solid state.[11,15] However,
the persistence of these interactions in solution or in the
case of cationic bis ACHTUNGTRENNUNG(gold) complexes has not been estab-
lished. A second noncovalent bonding interaction that may
facilitate internal organization of bis ACHTUNGTRENNUNG(gold)–phosphine com-
plexes is the formation of aurophilic Au�Au interactions.
Gold(I) complexes form short (�3 M), weak (5–
10 kcalmol�1) Au�Au bonds perpendicular to the main coor-
dination vector through relativistically enhanced electronic
correlation of the closed-shell d10 fragments.[29] Although
Corma noted that models of [(AuCl)2ACHTUNGTRENNUNG{(R,R)-Me-DUPHOS}]
were consistent with the presence of an Au�Au interaction,
no experimental evidence was provided to support this con-
tention.[26]


Although much has been accomplished in the past two
years, it appears likely that we have only begun to scratch
the surface of enantioselective gold(I) catalysis. Even within
the realm of the most well studied transformations, enantio-
selective allene hydrofunctionalization, many limitations
exist. All of the reported procedures suffer from limited
scope, particularly with respect to substitution along the
alkyl chain and at the allenyl carbon atoms. Yet to be dem-
onstrated is the intermolecular enantioselective functionali-
zation of allenes or the enantioselective hydrofunctionaliza-
tion of simple alkenes. Likewise, a single example of a
gold(I)-catalyzed dynamic kinetic asymmetric transforma-
tion has been documented, and diastereoselectivities were
modest. Aside from some scattered stereochemical investi-
gations, mechanistic data relating to enantioselective
gold(I)-catalyzed transformations is lacking, as is a reliable
model for steroinduction. This latter limitation represents a
significant challenge given the synergistic role of ligand and
counterion in the control of enantioselectivity in these trans-
formations. To date, enantioselective gold(I) catalysis has
relied heavily on a small family of bis(phosphine) ligands
and it appears likely that identification of new ligands will,
in turn, lead to the development of new enantioselective
transformations. As a final note, in contrast to the recent
surge in enantioselective gold(I) catalysis, enantioselective
catalysis employing gold ACHTUNGTRENNUNG(III) complexes has not been dem-
onstrated, which probably stems from the paucity of trans-
formations catalyzed by gold ACHTUNGTRENNUNG(III) complexes that contain
donor ligands.[30] It remains to be seen whether chiral
gold ACHTUNGTRENNUNG(III) complexes represent viable catalysts for enantiose-
lective transformations.


Scheme 6. Gold(I)-catalyzed enantioselective 1,3-dipolar cycloaddition.
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AChemical Device That Exhibits Dual Mode Motions: Dynamic Coupling of
Amide Coordination Isomerism and Metal-Centered Helicity Inversion in a
Chiral Cobalt(II) Complex


Hiroyuki Miyake,* Masahiro Hikita, Masumi Itazaki, Hiroshi Nakazawa,
Hideki Sugimoto, and Hiroshi Tsukube[a]


Dynamic and consecutive molecular motions such as
stretching, winding, and rotation are observed in nature.
The ATP-driven F1 part of ATP synthase[1a] and the bacteri-
al flagellar motor[1b] are typical examples, in which some ex-
ternal stimuli kick-off such events through conformational
changes of biopolymers. Several molecular machines such as
molecular rotors, gears, and shuttles have recently been de-
veloped, in which metal-coordination linkage isomerizes dy-
namically to offer single mode motion.[2] Since the planar
amide linkage (-CO-NH-) has two preferred structures (cis–
trans isomers) and two different metal coordination modes
(O-coordination and N-coordination),[3] its isomerism is
often used to alter the three-dimensional structures of bio-
logical proteins. Herein, we develop a chemical device
based on a chiral CoII complex that exhibits dual mode mo-
tions. The ligand employed here (H2L1) includes 2,5-dime-
thoxy benzene moieties attached through amide linkages to
both terminals of a helical tetradentate ligand. The acid–
base reaction of the corresponding cobalt complex triggered
the interconversion of coordinating atoms between amide
nitrogen atoms and amide oxygen atoms, giving rise to a
stretching (extension/contraction) molecular motion. Since
we previously demonstrated that the helicity of the CoII


complex with H2L2 was dynamically inverted from the L


cis-a form to the D cis-a form by adding achiral NO3
�


ions,[4–6] the employed H2L1-CoII complex was designed to
work as a novel type of molecular machine that exhibits
coupled stretching and inverting motions. Several types of


helical ligands have shown extension/contraction molecular
motion on metal complexation/decomplexation[2d–e,7] and/or
protonation/deprotonation,[7,8] but the present type of kineti-
cally labile CoII complex allows a dual molecular motion in
a highly dynamic fashion, as would be required for a sophis-
ticated supramolecular switching device.


As established for the H2L2-CoACHTUNGTRENNUNG(ClO4)2 complex,[4] X-ray
analysis of the pink-colored H2L1-Co ACHTUNGTRENNUNG(CF3SO3)2 complex[9,10]


and its solid-state CD studies[11] revealed that the complex
had a L cis-a coordinated structure, in which two amine ni-
trogen atoms, two amide oxygen atoms, and two donors
from solvent molecules and/or counter anions coordinated
(see extended L-form in Figure 1, middle). 19F NMR[12] and
IR[13] studies in acetonitrile/chloroform (1/9) indicated that
one CF3SO3


� ion coordinated to the CoII center, and one
CF3SO3


� ion remained noncoordinated, as observed in the
solid state. Its diastereomeric excess (de) value in the solu-
tion was determined to be above 95% on the basis of para-
magnetic 1H NMR spectra.[14] A green-colored CoII complex
was isolated by mixing H2L1 and Co ACHTUNGTRENNUNG(ClO4)2·6H2O in the
presence of two equivalents of (C2H5)3N, and showed a char-
acteristic CD spectrum in CH3CN (see contracted L-form in
Figure 1, left).[15] Two amine nitrogen, two amido nitrogen,
and two methoxy oxygen atoms from the ligand coordinated
to the CoII center, to give overall a distorted octahedral ge-
ometry with contracted left-handed helical structure (L4D2


absolute configuration between the skew chelate pairs[16]).
In the 1H NMR spectrum recorded in CD3CN/CDCl3 (1/9),
all signals appeared in the region d=�70 to 110 ppm with
C2-symmetric patterns (see Figure S5 in the Supporting In-
formation). Since no significant signals for the minor diaste-
reomeric isomer were observed, it appears that this complex
retains the contracted helical structure in the solution. The
[Co(L1)] complex exhibited positive CD signals at 433 and
918 nm and negative signals at 474, 607, and 1100 nm in
CH3CN/CHCl3 (1/9; Figure 2, *), which has a pattern similar
to that observed in the solid-state CD spectrum (see Fig-
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ure S2 in the Supporting Information). Upon addition of
two equivalents of N,N,N’,N’-tetramethyl-1,8-naphthalenedi-
amine (proton sponge) to the solution of the [Co ACHTUNGTRENNUNG(H2L1)-
ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)]+ complex, the color of the solution
changed from pink to green after stirring for 10 min, and its
CD spectrum also changed to that observed for the
[Co(L1)] complex.[17] When two equivalents of CF3SO3H
were added to the green-colored solution, the color of the
solution changed rapidly (ca. 5 s) to pink, and the sign of
the CD signal appearing around 530 nm changed from ap-
proximately zero to positive (Figure 2, &). Thus, protona-
tion/deprotonation induced a stretching motion by means of
amide coordination isomerism (amide N-coordination $
amide O-coordination). Since no significant decrease of CD
intensity was observed after repeating the protonation/de-
protonation several times (see Figure 3, &), this stretching
(extension/contraction) motion occurred reversibly.


Addition of five equivalents of Bu4NNO3 to the solution
of the extended [Co ACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)]+ complex gave
rise to a negative CD signal around 530 nm (Figure 2, *),


which was similar to that of the right-handed CoII complex
with H2L2.


[4] As previously established, bidentate chelation
of the NO3


� ion to the CoII center and hydrogen bonding of
the NO3


� ion to the amide hydrogen atom cooperatively sta-
bilized the D-form (see contracted D-form in Figure 1,
right). A similar negative CD signal was observed when
both two equivalents of CF3SO3H and five equivalents of
Bu4NNO3 were added to the contracted [Co(L1)] complex,
indicating that the contracted structure was extended, then
its helical direction was inverted.[18]


As demonstrated above, the linkage isomerism of the
amide group in the octahedral metal complex provides dy-
namic molecular motion between two distinct structures
(contraction/extension), in which the distance between two
coordinated methoxy oxygen atoms was changed from
0.3 nm to 1.3 nm. Furthermore, the direction of two coordi-
nated methoxy groups (O-CH3) was changed dramatically
(Figure 1). Since the helical direction of the extended com-
plex was further inverted in response to the NO3


� ion, both
stretching and inverting motions occurred reversibly and re-


Figure 2. CD spectra of [Co ACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(CF3SO3)· ACHTUNGTRENNUNG(CHCl3)
(&), [Co(L1)] (*) and [Co ACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(CF3SO3)· ACHTUNGTRENNUNG(CHCl3) in
the presence of five equivalents of Bu4NNO3 (*) in CH3CN/CHCl3 (1/9)
at room temperature. [complex]=2.5K10�3 mol dm�3, 10 mm cuvette.


Figure 3. Protonation/deprotonation-induced reversible switching of the
contracted-L/extended-L (&) and contracted-L/extended-D (*) process
observed by CD spectra at 535 nm in CH3CN/CHCl3 (1/9). H+ :
CF3SO3H; base: 1,8-bis(dimethylamino)naphthalene.


Figure 1. Stretching and inverting dual motions of the CoII complex. Crystal structures of [Co(L1)] (left) and [Co ACHTUNGTRENNUNG(H2L1)ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(CF3SO3)·
(CHCl3) (middle), and DFT-optimized structure of [Co ACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(NO3)]


+ (right) are illustrated. Most hydrogen atoms, solvent molecules, and CF3SO3
� ions


are omitted for clarity.
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peatedly (Figure 3). Thus, our complex can be considered as
a new class of chiral device that exhibits dual mode motions
in response to two different external stimuli.


Experimental Section


H2L1: A solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (WSC·HCl) (1.81 g, 9.46 mmol) in DMF (90 mL) was added
at 0 8C to a solution of N,N�-ethylene-bis(N-methyl-(s)-alanine) (1;[19]


1.00 g, 4.30 mmol) and 1-hydroxybenzotriazole hydrate (HOBt·H2O)
(1.45 g, 9.46 mmol) in DMF (60 mL), and the solution was stirred for
30 min. A solution of 2,5-dimethoxyaniline (1.45 g, 9.46 mmol) in DMF
(2 mL) was added, and the solution was stirred overnight, during which
time the temperature of the solution was allow to rise to room tempera-
ture (Scheme 1). After the solvent was removed in vacuo, the residue


was dissolved in chloroform (30 mL) and washed with saturated Na2CO3


aqueous solution (3K10 mL), then the organic phase was dried over an-
hydrous Na2SO4. The solution was evaporated, and the product was puri-
fied by chromatography on silica gel by using toluene/chloroform/ethyl
acetate (4/4/1) as eluent, and then recrystallized from methanol to give
colorless H2L1 as a single crystal (yield: 1.55 g, 3.08 mmol; 72%). The 1H
and 13C NMR spectra indicated its stereochemical purity to be greater
than 98% de. M.p. 161–162 8C; [a]28


D =++85.5 (c=0.534 in CHCl3);
1H NMR (300 MHz, CDCl3): d=9.84 (s, 2H; NH), 8.13 (d, J=2.93 Hz,
2H; 6-Ar), 6.60 (d, J=8.94 Hz, 2H; 3-Ar), 6.46 (dd, J=2.93, 8.94 Hz,
2H; 4-Ar), 3.76 (s, 6H; OCH3), 3.67 (s, 6H; OCH3), 3.38 (q, J=6.97 Hz,
2H; a-H), 2.65 (m, 2H; ethylene), 2.53 (m, 2H; ethylene), 2.28 (s, 6H;
NCH3), 1.30 ppm (d, J=6.97 Hz, 6H; b-CH3);


13C NMR (100 MHz,
CDCl3): d=171.8 (C=O), 153.5 (Ar), 142.3 (Ar), 128.0 (Ar), 110.2 (Ar),
108.3 (Ar), 105.3 (Ar), 64.8 (a-C), 55.8 (OCH3), 55.7 (OCH3), 51.8 (ethyl-
ene), 39.1 (NCH3), 8.58 ppm (b-CH3); IR (KBr): ñ=3269 (s, NH),
1682 cm�1 (s, C=O); FAB-MS (NBA): m/z : 503.4, calcd for [M+H]+ :
503.3; elemental analysis calcd (%) for C26H38N4O6 : C 62.1, N 11.1, H
7.62; found: C 62.1, N 11.0, H 7.60.


[Co ACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(CF3SO3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(CF3SO3)· ACHTUNGTRENNUNG(CHCl3): A solution of Co-
ACHTUNGTRENNUNG(CF3SO3)2·5H2O (44.7 mg, 0.100 mmol) in acetonitrile (5 mL) was added
to H2L1 (50.7 mg, 0.100 mmol) and the solution was stirred for 1 h at
room temperature. The solvent was evaporated, and a pink single crystal
suitable for X-ray structure analysis was isolated from the chloroform so-
lution (3 mL) on layering with toluene (2 mL) (yield 72.1 g, 0.0723 mmol;
72%). M.p. 208–209 8C; [a]27


D =++44.5 (c=0.210 in CH3CN); IR (KBr):
ñ=3406 (s, NH), 1636 cm�1 (s, C=O); FAB-MS (NBA): m/z : 710.2, calcd
for [CoACHTUNGTRENNUNG(H2L1) ACHTUNGTRENNUNG(CF3SO3)]


+ : 710.2; elemental analysis calcd (%) for
C29H41Cl3CoF6N4O13S2: C 34.93, N 5.62, H 4.14; found: C 34.92, N 5.57,
H 4.20.


[Co(L1)]: A solution of Co ACHTUNGTRENNUNG(ClO4)2·6H2O (224 mg, 0.639 mmol) in aceto-
nitrile (4 mL) was added to H2L1 (292 mg, 0.581 mmol), and the solution
was stirred for 1 h at room temperature. (C2H5)3N (235 mg, 2.32 mmol)
was added and the mixture was left to stand overnight, which led to the
formation of green microcrystals of the title complex (yield 307 g,
0.549 mmol; 94%). Single crystals suitable for an X-ray structure analysis
were obtained from a solution of the complex in methanol. M.p.
> 300 8C; [a]27


D =++315 (c=0.205 in CHCl3); IR (KBr): ñ=1614 cm�1 (s,


C=O); FAB-MS (NBA): m/z : 559.2, calcd for [Co(L1)]+ : 559.2; elemen-
tal analysis calcd (%) for C26H36CoN4O6: C 55.81, N 10.01, H 6.49;
found: C 55.60, N 9.91, H 6.45.
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sotropically. The absolute configuration for each complex was deter-
mined by the configuration of the ligand and Flack parameter.
CCDC-670887 and CCDC-670888 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
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Phase Transfer of Enantiopure Werner Cations into Organic Solvents:
An Overlooked Family of Chiral Hydrogen Bond Donors for
Enantioselective Catalysis


Carola Ganzmann[a] and John A. Gladysz*[a, b]


Werner salts of the chiral tris(ethylenediamine)-substitut-
ed octahedral cation [Co(en)3]


3+ , and related complexes,
have played important historical roles in the development of
inorganic chemistry and stereochemistry.[1–3] As originally
described in 1912,[2b] the two enantiomers (I, II) can be sep-


arated by recrystallization of the diastereomeric tartrate
salts. Chloride anion exchange then affords resolved enan-
tiomers of [Co(en)3]Cl3. An extensive aqueous chemistry of
these salts, and analogues with other diamines, was subse-
quently developed.[4,5] However, despite the ready availabili-
ty and low cost of these enantiopure building blocks, there
have been no applications in enantioselective organic syn-
theses. Towards this end, we posed the initial question as to
whether such Werner salts can be rendered soluble in organ-
ic solvents.


A literature survey revealed scant data, the most relevant
of which involved the tetraphenylborate salt [Co(en)3]-
ACHTUNGTRENNUNG(BPh4)3.


[6,7] This complex, or the hexakis ACHTUNGTRENNUNG(ammonia) ana-
logue, was reported as soluble in methanol, acetone, THF,
and methanol/CH2Cl2 1:9.[6b,c,7a] Many salts with more lipo-
philic diamine ligands—such as trans-1,2-cyclohexanedia-
mine—have been described.[5] However, these have largely
featured small inorganic anions, and we have not been able
to locate any mention of solubility in organic solvents out-
side of an occasional reference to a light alcohol.[8] Accord-
ingly, we set out to study chiral Werner salts with highly lip-
ophilic anions, and communicate herein our initial results
with the tetrakis[(3,5-trifluoromethyl)phenyl]borate or
BArf


� anion.[9]


As shown in Scheme 1, an orange aqueous solution of D-
(�)-[Co(en)3]I3·H2O


[10] and a colorless CH2Cl2 solution of
NaBArf (1:3 mol ratio)[9b] were combined and stirred. As il-
lustrated in the photographs, the lower CH2Cl2 phase turned
orange, and the upper aqueous phase was nearly decolor-
ized. The solvent was removed from the former to give the
anion exchange product D-(�)-[Co(en)3]ACHTUNGTRENNUNG(BArf)3 as an
orange powder in 87% yield, which was characterized by
NMR (1H, 13C), IR, and UV-visible spectroscopy.[11] Both
1H NMR spectra and elemental analyses showed the product
to be a hydrate, for which fourteen water molecules best fit
the data (calcd for C102H88B3CoF72N6O14 (3081.07): C 39.76,
H 2.88, N 2.73; found C 39.87, H 2.77, N 2.66). The hydra-
tion level was reproducible, and presumably reflects a labile
second-coordination-sphere hydrogen bonding network,
which was viewed as an auspicious sign for catalysis
(below). Thermogravimetric analyses showed several mass
loss regimes, the first two with Ti/Te values


[12] of 37.1/95.7 8C
(3.4%, or 5.8H2O) and 95.8/155.7 8C (13.3% cumulative
loss), respectively.


The [a]25589 value for D-(�)-[Co(en)3] ACHTUNGTRENNUNG(BArf)3·14H2O was
much smaller than that of the corresponding iodide salt D-
(�)-[Co(en)3]I3·H2O (�9�18 (CH2Cl2) versus �908
(H2O)[10]). As analyzed elsewhere,[13] this is an expected con-
sequence of the much heavier anion. For idealized salts
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composed of non-interacting cations and anions, a value of
�198 would be predicted. Besides CH2Cl2, D-(�)-[Co(en)3]-
ACHTUNGTRENNUNG(BArf)3·14H2O was soluble in acetone, ethyl acetate, THF,
DMSO, and alcohols. It was sparingly soluble in ether, and
insoluble in CHCl3, toluene, and benzene.


To confirm generality, the preceding protocol was applied
to two trans-1,2-cyclohexanediamine (chxn) complexes, as
depicted in Scheme 2. First, an aqueous solution of a salt de-
rived from racemic trans-1,2-cyclohexanediamine, [Co ACHTUNGTRENNUNG(rac-
chxn)3]Cl3·H2O,[14] was similarly treated with a CH2Cl2 solu-
tion of NaBArf. The aqueous phase decolorized, and an
identical workup gave [Co ACHTUNGTRENNUNG(rac-chxn)3] ACHTUNGTRENNUNG(BArf)3 in 89% yield
as a nonahydrate, as assayed by 1H NMR and microanaly-
sis.[15] Eight stereoisomers are possible (four diastereomers
and their enantiomers), which for the starting salt have been
independently isolated, characterized, and thermally equili-


brated (H2O, 100 8C).[5a] Inter-
estingly, the product exhibited
three chxn 13C NMR signals,
suggestive of a single diastereo-
mer. Of the two diastereomers
that would give only three sig-
nals, lel3 and ob3, the former is
much more stable (8.20 kJmol�1


or 1.96 kcalmol�1).[16]


An analogous reaction was
conducted with a salt derived
from enantiopure R,R-chxn,
[Co ACHTUNGTRENNUNG(R,R-chxn)3]Cl3·4H2O,[5a] a
system for which only two dia-
stereomers (D-lel3 and L-ob3)
are possible. Workup gave [Co-
ACHTUNGTRENNUNG(R,R-chxn)3]ACHTUNGTRENNUNG(BArf)3 as a deca-
hydrate in 78% yield.[17] Since
only a single set of three chxn
13C NMR signals was observed,
the product was tentatively as-
signed as the more stable D-lel3
diastereomer. Both [Co ACHTUNGTRENNUNG(rac-
chxn)3] ACHTUNGTRENNUNG(BArf)3·9H2O and [Co-
ACHTUNGTRENNUNG(R,R-chxn)3]ACHTUNGTRENNUNG(BArf)3·10H2O ex-
hibited solubility profiles very


similar to that of D-(�)-[Co(en)3] ACHTUNGTRENNUNG(BArf)3·14H2O. Hence, it
can be confidently extrapolated that all trications of the
type [Co(1,2-diamine)3]


3+ can be solubilized in organic
media.


There is currently much interest in chiral hydrogen bond
donors as enantioselective catalysts for organic reactions.[18]


A variety of literature data suggests that many amine-substi-
tuted Werner cations are exceptional donors. For example,
hydrogen bonds between the anions and NH protons are
present in all of the numerous crystal structures of [Co(1,2-
diamine)3]X3 and similar species we have examined. In the
case of chiral anions, many chiral recognition phenomena
have been documented. For example, diastereomeric salts
derived from D-lel3-[Co ACHTUNGTRENNUNG(R,R-chxn)3]


3+ or L-lel3-[Co ACHTUNGTRENNUNG(S,S-
chxn)3]


3+ and the tartrate dianion have been crystallographi-
cally characterized, and exhibit multidentate hydrogen


bonding motifs.[19] The relative
strengths of these interactions
have been estimated computa-
tionally, and are weaker in the
more soluble diastereomer.
Similar structural studies have
been conducted with diastereo-
meric tartrate salts of the enan-
tiomeric cations I and II,[20] per
WernerMs original resolution.


Thus, we sought to conclude
this study with a brief proof of
principle. Recently, a variety of
chiral thioureas have been
found to be effective enantiose-


Scheme 1. Synthesis of D-(�)-[Co(en)3] ACHTUNGTRENNUNG(BArf)3·14H2O.


Scheme 2. Syntheses of trans-1,2-cyclohexanediamine complexes.
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lective catalysts for Michael additions, activating the accept-
or via hydrogen bonding.[21,22] As shown in Scheme 3, the
Michael addition of dimethyl malonate to 2-cyclopenten-1-
one was attempted in the presence of 9 mol% of D-(�)-
[Co(en)3]ACHTUNGTRENNUNG(BArf)3·14H2O in CH2Cl2 at �40 8C, using a stoi-
chiometric amount of NEt3. Column chromatography gave
the addition product III in 78% yield. As described in the
Supporting Information, analysis of the corresponding ethyl-
ene glycol ketal by chiral HPLC indicated a 33% ee.[23]


When an aqueous solution of the reaction residue was treat-
ed with a CH2Cl2 solution of NaBArf, D-(�)-[Co(en)3]-
ACHTUNGTRENNUNG(BArf)3·14H2O was recovered in high yield (81% after re-
crystallization (analytically pure), or 98% with minor
amounts of NEt3/educts/III) and reused with similar results.


Since cobalt ACHTUNGTRENNUNG(III) Werner cations are substitution inert,
asymmetric induction must take place via a second-coordi-
nation-sphere mechanism, possibly with the participation of
hydrogen-bonded water molecules. Although our ee value is
lower than those obtained with the best thiourea catalysts,
the latter normally incorporate a nitrogen base, such that
the more highly organized transition state assemblies IV
(Scheme 3) are possible.[21] Accordingly, efforts to prepare
functionalized Werner complexes that feature this and other
design elements are in progress and will be reported in due
course.[24]
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nomenclature refers to the orientation of the H2NC�CNH2 bonds
versus the three-fold axis of the CoN6 core (parallel or oblique).
Reference structures with alternative R/S designations are provided
in the Supporting Information.


[17] 1H NMR (400 MHz, CD2Cl2): BArf at d=7.72 (s, 24H; o), 7.57 (s,
12H; p); 4.64 (br s, 6H; NHH’), 4.09 (br s, 6H; NHH’), 2.81 (s, 23H;
11.5 H2O), chxn at 2.23 (m, 12H), 1.74 (m, 6H), 1.44 (m, 6H),


Scheme 3. Enantioselective catalysis of a Michael addition by a Werner
complex.
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1.10 ppm (m, 6H); 13C NMR (100.6 MHz, CD2Cl2): BArf at d=161.8
(q, 1J ACHTUNGTRENNUNG(C,B)=50.0 Hz; i), 134.9 (s; o), 128.9 (q, 2J ACHTUNGTRENNUNG(C,F)=30.1 Hz;
CCF3), 124.7 (q, 1J ACHTUNGTRENNUNG(C,F)=272.5 Hz; CF3), 117.6 (s; p); chxn at 61.6
(s; NCH), 33.2 (s; CH2), 23.3 ppm (s; CH2); IR (thin film): n =1611
(NH2), 1355, 1272, 1119, 889, 837 cm


�1; elemental analysis calcd (%)
for C114H98B3CoF72N6O10: C 43.18, H 3.11, N 2.65; found: C 43.27, H
2.72, N 2.63.
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Mononuclear Biscarbene Complexes by Direct Nucleophile Addition
to a CO Ligand of Fischer Arylcarbene Complexes


Jos) Barluenga,*[a] Andr)s A. Trabanco,[a] Iv0n P)rez-S0nchez,[a] Raquel De la Campa,[a]


Josefa Fl7rez,[a] Santiago Garc9a-Granda,[b] and :ngel Aguirre[b]


Mononuclear Group 6 Fischer biscarbene complexes I,
which are organometallic compounds that have two carbene
ligands bonded to the same transition-metal atom, have
been much less investigated than the corresponding Fischer
monocarbene complexes II (Figure 1).[1] Only very few ex-
amples of this class of compounds I have been reported and
characterized by reactivity and/or X-ray studies, and their
synthetic potential remains to be explored. In addition,
there is a lack of a general method to produce such com-
plexes.


The classical Fischer synthesis (successive treatment of a
Group 6 hexacarbonylmetal with an organolithium (2 equiv)
and then a strong electrophile) is limited to only particular
types of both cyclic[2] and acyclic mononuclear cis-biscar-
bene complexes,[3] and typically affords low product yields.


In addition, these complexes have been prepared by thermal
reaction of tetraaminoalkenes with the corresponding
Group 6 M(CO)6 complex,[4,5] and a single tungsten biscar-
bene derivative was synthesized from an (amino)-
ACHTUNGTRENNUNG(alkenyl)monocarbene complex and a phenyl isocyanide
under photochemical conditions.[6]


The synthesis of a mononuclear biscarbene complex by
direct reaction of a Fischer monocarbene complex with a
nucleophile has been reported to succeed only in the case of
cyclic diaminocarbene complexes which after successive
treatment with an organolithium (MeLi or PhLi) and a
strong electrophile (MeSO3F or Et3OBF4) provided mixed
cis-biscarbene complexes.[4] The addition of a nucleophile to
a pentacarbonylcarbene complex such as II usually takes
place at the carbene carbon atom, which has a strong elec-
trophilic character, and not at one of the CO ligands.[7] Nev-
ertheless, organolithium addition at a coordinated CO oc-
curred when nucleophilic attack at the carbene carbon has
been suppressed by a previous enolization-type reaction;[8]


and an intramolecular addition of a heteronucleophile to a
CO ligand of a neutral alkoxymonocarbene complex has
been referred to explain the formation of a reaction prod-
uct.[9]


On the other hand, mononuclear biscarbene complexes of
Group 6 have been proposed as intermediates in the ther-
mal carbene–carbene coupling reactions of either Fischer
mononuclear monocarbene complexes[10] or dinuclear biscar-
bene complexes.[11] These carbene ligand coupling processes,
that produced alkenes, have also been reported to occur at
room temperature in the presence of a palladium(0)[12] or a
copper(I)[13] catalyst.


In the context of our ongoing studies of the reactivity of
Fischer carbene complexes with nucleophiles,[14] we have
found that in the case of (menthyloxy) ACHTUNGTRENNUNG(aryl)monocarbene
complexes the site of nucleophile addition is strongly de-
pending on the nature of the organolithium compound.
While butyllithium and alkynyllithiums react with the car-
bene carbon atom,[15a,16] and more substituted alkyllithiums
(such as sBuLi or tBuLi) and phenyllithium undergo conju-
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Figure 1. General structure of mononuclear Fischer biscarbene complexes
I and monocarbene complexes II.
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gate addition to the aromatic ring,[15] alkenyllithiums exhibit
clean addition to a CO ligand. Herein, we describe a general
method for the preparation of different types of mononu-
clear biscarbene complexes of chromium and tungsten
which involves the unusual attack of a nucleophile on a CO
ligand of the corresponding Fischer arylcarbene complex.


In the initial experiments we observed that the successive
treatment of tungsten (menthyloxy)ACHTUNGTRENNUNG(phenyl)carbene com-
plex (�)-1a[17] with an alkenyllithium [(E)-2-phenylethenyl-
lithium or 1-methylethenyllithium] and then with methyl tri-
flate under the reaction conditions shown in Scheme 1, pro-
vided, after silica gel column chromatography, cis-1,2-dia-
lkoxy-1,3-dienes 2a,b, each one as a single diastereoisomer.
The selective formation of compounds 2 can be understood
assuming an addition of the alkenyllithium to a CO ligand
of complex (�)-1a to give lithioxy intermediate A and after
treatment with MeOTf (alkoxyaryl)(methoxyalkenyl)biscar-
bene complexes B, which would undergo a spontaneous car-
bene–carbene coupling reaction. Presumably, biscarbene
complexes B have the two carbene ligands in the thermody-
namically more stable cis orientation[18] and with a disposi-
tion of the alkoxy groups to the same side of the molecule
what could be controlled by intramolecular coordination of
the lithium cation to the menthyloxy group oxygen as de-
picted in model A; (Scheme 1). This model accounts for the
selective formation of diastereoisomers 2 with a Z configu-
ration of the 1,2-dialkoxy substituted C=C bond. The stereo-
chemistry was ascertained on the bases of a NOE difference
experiment performed with compound 2a.


Analogous reactions carried out with carbene complex 1a
and functionalized organolithium compounds but quenched
with silica gel instead of MeOTf afforded functionalized a-
alkoxyketones 3 (Scheme 2). The addition of 1-(dibenzyl-
aminomethyl)ethenyllithium to (�)-1a provided enone 3a[19]


as a 10:1 mixture of diastereoisomers while combination of
2-lithio-1,3-dithiane (a stabilized alkyllithium) with (� )-1a


furnished 3b as a roughly equimolecular mixture of isomers.
Accordingly, these reactions would involve formation of
(alkoxy)ACHTUNGTRENNUNG(hydroxy)biscarbene complexes C and, after intra-
molecular carbene–carbene coupling, 2-menthyloxy substi-
tuted enols D (Scheme 2).


We found that heteronucleophiles as lithium amides or
potassium alkoxides are also able to react with a CO ligand
of complexes 1 (Scheme 3). Thus, the reaction of chromium
carbene complex (� )-1b with the lithium amide of morpho-
line, which requires the presence of TMEDA (N,N,N’,N’-tet-
ramethylethylenediamine),[20] furnished after treatment with
silica gel a-menthyloxyamide 4a as a single isomer.[21] In a
similar way, addition of potassium tert-butoxide to complex
(�)-1a led to a-alkoxyester 4b (1:1 mixture of diastereoiso-
mers).[22] These products 4a,b are likewise the stable tauto-
meric form of 2-alkoxyenols arising from intramolecular


Scheme 1. Two-heteroatom-stabilized mononuclear (alkoxy)-
ACHTUNGTRENNUNG(alkoxy)biscarbene complexes B. a) THF, �78 to 20 8C; b) MeOTf, Et2O,
0 to 20 8C. R*OH= (�)-menthol.


Scheme 2. Two-heteroatom-stabilized mononuclear (alkoxy)(hydroxy)-
ACHTUNGTRENNUNGbiscarbene complexes C. R*OH= (�)-menthol or (� )-menthol. Bn=


CH2Ph.


Scheme 3. Three-heteroatom-stabilized mononuclear (alkoxy)(alkoxyhy-
droxy or aminohydroxy)biscarbene complexes E. R*OH= (�)-menthol
or (� )-menthol. [Cr]= (CO)5Cr. TMEDA=N,N,N’,N’-tetramethylethyl-
enediamine.
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coupling of the two carbene ligands of (alkoxy)(alkoxyhy-
droxy or aminohydroxy)biscarbene complexes E
(Scheme 3).


To obtain a more direct evidence of the formation of
mononuclear biscarbene complexes we decided to test (ami-
no)arylcarbene complexes, which under the above reaction
sequence would produce more stable biscarbene complexes
given the greater stability of the aminocarbene complexes in
relation to the alkoxycarbene derivatives.[23] Gratifyingly, it
was observed that aminocarbene complex 1c reacted with
an alkenyllithium and MeOTf as summarized in Scheme 4
to afford the desired (aminoaryl)(alkoxyalkenyl)biscarbene
complexes 5a,b each one as a single diastereoisomer. These
mononuclear biscarbene complexes 5 are relatively stable
derivatives at room temperature but as a preventive mea-
sure they were stored refrigerated (�3 8C) and under N2. In
fact, when a solution of biscarbene complex 5a in hexane/
ethyl acetate (5:1) was heated at 35 8C for a short time
(15 min) the diastereoselective and almost quantitative for-
mation of (1Z,3E)-1-amino-2-alkoxy-1,3-diene (6) was ob-
served (Scheme 4). The stereochemistry of this carbene–car-


bene coupling product 6 was ascertained from a 2D NOESY
experiment.[24] Biscarbene derivatives 5 represent the first
examples of mononuclear biscarbene complexes stabilized
by two heteroatoms and with an acyclic structure which
have been isolated and characterized. The 13C NMR spectra
of compounds 5 show four signals between 200–220 ppm as-
signed to four chemical inequivalent CO ligands what re-
veals a cis relative configuration of the two carbene ligands.
From the 1D and 2D NMR studies the relative arrangement
of the substituents of each carbene ligand could not be es-
tablished.


Although compounds 5 are oil materials, a solid derivative
7 was successfully synthesized using a heteronucleophile
(Scheme 5). The successive addition to complex 1c of mor-
pholine lithium amide and MeOTf provided diastereoselec-
tively (amino)(aminoalkoxy)biscarbene complex 7 (yellow
solid). An X-ray structure determination of a single crystal
of 7[25] confirmed the cis disposition of the two carbene li-


gands and allowed to ascertain a syn orientation of the pyr-
rolidinyl and methoxy groups (Figure 2). Biscarbene com-
plex 7 stabilized by three heteroatoms is stable at room tem-


perature for long periods of time even in solution (at least
two days). However, heating (45 8C) solutions of this com-
plex 7 in THF, toluene or hexane/EtOAc did not lead to the
carbene–carbene coupling product, instead decomposition
materials were obtained. In addition, the X-ray analysis re-
vealed that the single crystal of 7 chosen for the study had a
chiral space group (P212121) while, as expected, a dichloro-
methane solution of compound 7 showed no optical activity.
This can be explained assuming a segregation of enantio-
mers upon crystallization which is known as spontaneous
resolution.[26] Compound 7 which is a chiral complex with
exclusively achiral ligands in an octahedral environment,
presumably exhibits atropisomerism (carbene ligands do not
have free rotation) and condensation into crystals occurred
with formation of a conglomerate[27] (each crystal is formed
by only one enantiomer but the sample as a whole is race-
mic because it contains equal amounts of enantiomorphic


Scheme 4. Two-heteroatom-stabilized mononuclear (amino)-
ACHTUNGTRENNUNG(alkoxy)biscarbene complexes 5. [W]= (CO)5W.


Figure 2. ORTEP representation of (R)-7 in the crystal structure with
thermal ellipsoids set at 30% probability. The dihedral angle between the
least squares planes through the atoms W1-C1-N1-C2 and W1-C12-N2-
O1 is 69.4(1)8. Bond lengths W1�C1 2.260(6) and W1�C12 2.292(7) U.
The W coordination angles vary from 83.4(3) to 98.6(3)8 indicating a dis-
torted octahedral environment.


Scheme 5. Three-heteroatom-stabilized mononuclear (amino)(aminoalk-
oxy)biscarbene complex 7. [W]= (CO)5W. TMEDA=N,N,N’,N’-tetrame-
thylethylenediamine.
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condensates). The enantiomer of 7 shown in Figure 2 has
been designed as (R) [(R)-7]. This descriptor was assigned
assuming a chiral axis going through the carbene carbon
atoms C1 and C12 and applying the sequence rule.[28]


In summary, different types of mononuclear Fischer bis-
carbene complexes have been prepared by nucleophilic ad-
dition to a CO ligand of a heteroatom-stabilized arylcarbene
complex. The intramolecular and diastereoselective car-
bene–carbene coupling is a highly favored process in these
complexes that results in the formation of electron-rich 1,3-
dienes including chiral derivatives.
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Mechanistic Investigations of the Acid-Catalyzed Cyclization of a Vinyl
ortho-Quinone Methide


Lee M. Bishop,[a] Michael Winkler,*[b] Kendall N. Houk,[c] Robert G. Bergman,*[a] and
Dirk Trauner*[a]


The reversible ring opening of chromenes to yield vinyl
ortho-quinone methides (vinyl o-QMs) has been the subject
of extensive studies. This reaction is one of the first photo-
chromic processes to be investigated and has important ap-
plications in certain materials, for example, in photochromic
ophthalmic lenses.[1] Whereas the photochemical ring open-
ing is well understood, the thermal reverse reaction has re-
ceived relatively little attention. This is mostly due to diffi-
culties with isolating stable vinyl o-QMs. These typically
contain E-configured exo-alkylidene bonds preventing them
from undergoing oxa-6p electrocyclizations (Scheme 1).[2–4]


The kinetics of vinyl o-QM cyclization or the possibility of
catalyzing this processes have not been investigated in
detail.


In the context of our ongoing studies on the catalysis of
electrocyclizations, we became interested in a report by Jurd
describing an acid-promoted cyclization of the isolable vinyl
o-QM 1 to chromene 2 (Scheme 1).[2] We now present a de-
tailed study of this reaction, which has general implications


for the thermal cyclization of vinyl o-QMs to afford chro-
menes.


Vinyl o-QM 1 was prepared through oxidation of phenol
3 according to literature procedures (Scheme 2).[2] The E
configuration of the exo-alkylidene bond was unequivocally
established by detailed NMR studies and X-ray crystallogra-
phy (see Supporting Information). Interestingly, attempts to
prepare a second vinyl o-QM from phenol 4 under similar
conditions resulted in the isolation of compound 5, the
result of a Diels–Alder dimerization of two vinyl o-QM mol-
ecules.[3] The structure of this unusual dimer was confirmed
by X-ray crystallography (Figure 1). Whereas o-QM dimeri-
zation is well established in the literature,[5] this appears to
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Scheme 1. Cyclization of vinyl ortho-quinone methides.


Figure 1. ORTEP diagram of 5 at the 50% probability level. Some hydro-
gen atoms have been removed for clarity.
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be the first example that leaves an o-QM moiety intact. The
analogous dimerization was not observed with compound 1
under various conditions.


With vinyl o-QM 1 in hand, we proceeded to study its re-
activity. Kinetic investigation of the uncatalyzed cyclization
of 1 to 2 revealed the sensitivity of the rate of this reaction
to light, oxygen, and adventitious acid. However, reproduci-
ble kinetic data could be obtained in the absence of light,
under air-free conditions and in the presence of Proton-
sponge. Monitoring the cyclization by 1H NMR spectroscopy
revealed quantitative formation of 2 with no observable in-
termediates. Kinetic data fit a first order exponential decay
process, with an kobs of 4.2(1)M10�5 s�1 at 50 8C.


Given the E configuration of the exo-alkylidene bond of
1, we hypothesized that the rate-limiting step in the cycliza-
tion of 1 to 2 was the double-bond isomerization and not
the subsequent electrocyclization. The activation parameters
for the thermal reaction support this hypothesis (Table 1). A
relatively modest enthalpy of activation was measured for
this process, which we attribute to the aromatization of the
quinoidal system in the exo-alkylidene bond isomerization
transition state (Scheme 3, TS1). The reaction also exhibits
a highly negative entropy of activation, revealing a high
degree of order in the transition state of the rate-limiting
step, relative to the vinyl o-QM reactant. Entropies of acti-
vation for oxa-6p electrocyclizations are typically around
�12 e.u.,[6] which is much less negative than the value mea-
sured for this vinyl o-QM cyclization. However, entropies of
activation for the isomerization of push-pull alkenes are
quite negative, an effect that has been attributed to solvent
reorganization on going from the relatively non-polar reac-
tant to the highly polar transition state.[7] This could also be
the case for the cyclization of 1, as DFT calculations suggest
the E/Z isomerization transition state is highly polar.[8] Thus,
these activation parameters are consistent with a stepwise
process, wherein a rate-limiting double bond isomerization
step is followed by a faster oxa-6p electrocyclization.


Next, we proceeded to investigate the influence of Brønst-
ed acids on the rate of the cyclization. Catalytic amounts of
chloroacetic acid (0.23 equiv) led to a 200-fold rate accelera-
tion at 21 8C (kobs =1.31(2)M10�3 s�1).[9] Interestingly, a new
species was observed by 1H NMR spectroscopy upon addi-


tion of chloroacetic acid to 1, which suggested the vinyl o-
QM was being appreciably protonated with substoichiomet-
ric amounts of acid. Low temperature NMR titration
(Figure 2) revealed near quantitative protonation of 1 using
nine equivalents of chloroacetic acid. Interestingly, this
effect was not observed using acetic acid, which allows us to
estimate the pKa of the protonated vinyl o-QM 1H to be ap-
proximately 4. Furthermore, the unusually high pKa of 1H
allowed us to observe substrate-saturation kinetics using
chloroacetic acid as catalyst.[10]


In order to determine the activation parameters for the
rate-limiting step in the catalyzed reaction, kinetic data
were obtained under acid saturation to assure that we were
monitoring only cyclization of 1H with no effect from the 1-
1H pre-equilibrium. Both the enthalpy and entropy of acti-
vation for the catalyzed reaction increase dramatically as
compared to those of the thermal reaction (Table 1). The
less negative entropy of activation for the catalyzed reaction
suggests only a small change in polarity between the proton-
ated o-QM reactant and the isomerization transition state.
This observation is consistent with the small polarity change
that would be expected under acid-saturated conditions on
going from the cationic o-QM 1H to the cationic isomeriza-
tion transition state TS1H (Scheme 3). The increased en-
thalpy of activation must be understood in terms of the ba-
sicity of 1. Protonation of 1 results in aromatization of the
quinoidal system giving a doubly benzylic cation. This aro-
matization enthalpically stabilizes the vinyl o-QM reactant


Scheme 2. Preparation of ortho-quinone methides.


Table 1. Activation parameters measured in CD2Cl2 for the thermal and
catalyzed (9 equiv acid) cyclization of 1 to 2.


Thermal Catalyzed


DH� [kcalmol�1] 13.3(4) 20.1(4)
DS� [e.u.] �38(5) �4.1(1)
DG�


298 [kcalmol�1] 24.6(8) 21.3(4)


Scheme 3. Proposed pathways for the thermal and acid-catalyzed reac-
tions.
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relative to the isomerization transition state. This is in con-
trast to the thermal reaction, where aromatization of the
quinoidal system occurs only once the transition state is
reached, resulting in a lower enthalpy of activation for the
thermal process.[11]


In parallel to our experimental work, the energetics of the
thermal and catalyzed reactions were modeled by density
functional theory calculations. The pathway whereby E/Z
isomerization precedes s-cis/s-trans isomerization was mod-
eled along with the pathway whereby E/Z isomerization is
preceded by s-cis/s-trans isomerization at the UB3LYP/6-
31G* level (Figure 3). According to these calculations, the
exo-alkylidene bond isomerization is the rate-limiting step
in the thermal cyclization, having a Gibbs free energy barri-
er of 29.3 kcalmol�1, which is over 10 kcalmol�1 higher than
the electrocyclization barrier. The lowest energy pathway
for the thermal reaction occurs through exo-alkylidene bond
isomerization of 1 to give the Z o-QM 6, which can then un-
dergo s-cis/s-trans isomerization (DG� =13.8 kcalmol�1) to
give 7, which is poised to under-
go an oxa-6p electrocyclization
(DG� =19.8 kcalmol�1) to give
chromene 2. Thus, these calcu-
lations mirror our experimental
evidence that the isomerization,
not the electrocyclization, is the
rate-limiting step of the thermal
cyclization.


The catalyzed reaction was
modeled by protonation of the
carbonyl oxygen of 1 anti to the
exo-alkylidene bond. The calcu-
lated lowering of the catalyzed
exo-alkylidene E/Z isomeriza-
tion barrier by 4–5 kcalmol�1,[12]


relative to the thermal reaction
barrier, is in reasonable agree-
ment with the experimental ob-
servation of a 3.3 kcalmol�1


lowering in the Gibbs free
energy of activation. The mea-
sured activation parameters in-
dicate that acid-catalysis is due


to a strong increase in the entropy of activation that more
than outweighs the increased enthalpy of activation. The
gas-phase computations, on the other hand, that do not in-
clude solvent effects, indicate that the catalyzed reaction is
enthalpically more favorable than the thermal isomerization
with very minor contributions from entropy. Inasmuch as
the DFT calculated energies of TS1 and TS1H are accurate,
the comparison of calculated and measured activation pa-
rameters thus gives another clue to the decisive role of sol-
vent effects in the E/Z isomerization barrier of push–pull
substituted alkenes.[7] The computations also show that upon
protonation of 1, the s-cis/s-trans isomerization and electro-
cyclization energy barriers increase, relative to the unproto-
nated reaction (TS2H/TS3H vs TS2/TS3 and TS5H vs TS5,
respectively). The former remain slightly below the E/Z iso-
merization barrier, whereas the latter increases drastically.
We propose that the catalyzed reaction proceeds first by
rate-limiting isomerization of 1H to yield protonated Z o-
QM 6H. Because the s-cis/s-trans isomerization and electro-


Figure 2. NMR titration of 1 with ClCH2COOH at �40 8C.


Figure 3. Relative Gibbs free energies [kcalmol�1] of the thermal (above) and carbonyl-protonated (below)
pathways (conversion of 1 to 2) computed at the UB3LYP/6-31G* level of theory. Structures shown refer to
the thermal reaction. [a] Consult ref. [12].
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cyclization energy barriers increase for 6H relative to 6, we
believe that the transformation from 6H to product then
occurs on the thermal reaction pathway via 6 to 7 to 2
(Scheme 3).


Interestingly, calculations indicate that the chromene
product is unstable towards protonation. The protonated
chromene 2H occupies a very flat minimum on the potential
energy surface and after inclusion of zero-point vibrational
energy corrections, the corresponding ring-opening transi-
tion state TS5H disappears as a stationary point, so that
ring-opening of the protonated chromene becomes barrier-
less. Once formed, however, the chromene product is pre-
sumably not basic enough to be protonated and is therefore
stable under the conditions used in our experiments.


In summary, we have provided evidence that the cycliza-
tion of E-configured vinyl o-QMs involves a relatively slow
acid-catalyzed exo-alkylidene bond isomerization followed
by faster oxa-6p electrocyclization. Computations indicate
that the overall reaction is catalyzed by Brønsted acids, but
the oxa-6p electrocyclization step itself is not prone to such
catalysis. The vinyl o-QM was found to be surprisingly basic,
allowing for quantitative protonation with relatively weak
acids. In addition, we have identified a new mode of Diels–
Alder dimerization of vinyl o-QMs. The factors determining
the stability of o-QMs towards dimerization are currently
under investigation in our laboratories.


Experimental Section


Experimental procedures, characterization data for products, and com-
plete citation of reference [8] are available in the Supporting Informa-
tion.
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Terpyridine–Lanthanide Complexes Respond to Fluorophosphate Containing
Nerve Gas G-Agent Surrogates


Raja Shunmugam and Gregory N. Tew*[a]


The detection of chemical warfare agents has become in-
creasing important since the 1995 subway attack in Japan
which killed 12 people and injured more than 5000.[1–3] Due
to the availability of inexpensive starting materials and
simple manufacturing processes, the development of nerve
gas agents does not require highly trained expertise, expen-
sive equipment, or strongly regulated materials such as plu-
tonium. These factors combine to make nerve agents a
weapon of choice for poorer nations[4,5] and as a result,
there remains a high demand for affordable detection meth-
ods.[6]


A variety of approaches[2,5,7–13] to detect nerve agents has
been reported including those based on colorimetric,[2,14] flu-
orimetric,[15–17] gas chromatography[18] fiber optics[19,20] and
enzymatic assays.[21] A common limitation of these ap-
proaches is their general lack of selectivity, sensitivity, and
operational complexity which makes differentiating among
similar chemical structures problematic in real time. To
make the problem more complex, G-type and V-type agents
are organophosphates (OPs); the same chemical class as
many widely used pesticides so that detection of these
agents typically must compete with a background level of
OPs. From a practical sense, colorimetric detection is gener-
ally considered best since it just requires a color change to
be monitored. However, sensitivity is always an issue and
from this point of view fluorescence based sensors with their
very high sensitivities can be ideal.[15,17]


Metal complexes are well known for their chemical versa-
tility[22,23] and we have been investigating metal–ligand func-
tionalized polymers for several years.[24–29] As part of these
studies, we explored the emission properties of macromole-
cules containing terpyridine (terpy) complexed to a variety


of lanthanide ions including DyIII, TbIII, and EuIII (see
Figure 1). These materials are luminescent yet at the same
time the binding constant between terpy and lanthanide is
known to be small compared with terpy–transition metals
due to the small bite angle of terpy and the large atomic
radii of the lanthanide. This led us to consider the suitability
of these complexes (like 1a) for the detection of G-agents
by combining the inherent weak binding to terpy with the
reactive nature of these G-type agents.


Here we report that terpy–lanthanide complexes based on
1 indeed respond to the presence of G-type agents by
quenching their fluorescence. The ability to selectively dis-
tinguish the G-type surrogate, diethylchlorophosphate
(SAS-Cl), from a number of other organophosphates, in-
cluding pinacoly methyl phosphonic acid, typically called
SOS, is demonstrated. Three different lanthanide ions, DyIII,
TbIII, and EuIII were studied along with three derivatives of
terpy. Forgiving the minor differences in their Stern–Volmer
constants, they all showed instantaneous response times and
detection levels near 75 ppb, which is below the minimum
1.7 ppm immediately dangerous to life level of sarin and
soman set by the Centers for Disease Control and Preven-
tion (CDC).[12] Another surrogate, diisopropylfluorophos-
phate (SAS-F) that captures the close structural as well as
chemical similarity of sarin gas was also studied and the de-
tection limit increased further to 6 ppb as the reactivity of
this fluorophosphate is higher than chlorophosphate.


The ability of SAS-Cl to quench the emission of terpy–
lanthanide complex prompted us to test SOS since the oxo-
philic nature of lanthanide was expected with this surrogate
as well. Surprisingly, no quenching was observed suggesting
it is the reactivity of the chlorophosphate not the oxophilici-
ty that is important here. This led us to wonder if these
metal-complexes might be insensitive to a variety of other
OPs. As shown in Figure 2, 1b is quiet sensitive to SAS-Cl,
but insensitive to TBP, DPP, TPP, TEA, TEP and PA (see
Figure 2 for names and abbreviations). Figure 2 shows the
emission response of 1a-EuIII at 620 nm in the presence of
these OPs including SAS-Cl. From this graph it is clear that
SAS-Cl significantly quenches the red emission (620 nm)
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Department of Polymer Science and Engineering
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from 1a-EuIII while the other
compounds show little or no
change in the emission intensi-
ty.


Very similar results were ob-
tained for 1-DyIII and 1-TbIII as
well as terpy–lanthanide com-
plexes based on 1b–c. In addi-
tion, the introduction of a 200-
fold excess of these OPs to sol-
utions of 1 did not impact the
emission or the ability of 1 to
detect SAS-Cl. Similar results
were also observed with SAS-F.
In an effort to more fully com-
pare the three lanthanide sys-
tems with SAS-Cl and SAS-F,
Stern–Volmer (SV) plots were
generated for each system from
the emission curves. Figure 3a–c
show the response for SAS-F
(SAS-Cl data is in the Support-
ing Information). The SV con-
stant (KSV) was obtained as the
slope of the line from a plot of
concentration vs fluorescence
intensity (Io/I) as shown in Fig-
ure 3d. The KSV values were
found to be 6.0H106, 4.2H106,
2.1H106


m
�1 for 1-EuIII, 1-TbIII,


and 1-DyIII, respectively. The
similarity of the three values
suggests they are all equally
quenched by SAS-F. The KSV


values for SAS-Cl quenching
were found to be 7.8H105, 3.7H
105, 2.4H105


m
�1 for 1-EuIII, 1-


TbIII, and 1-DyIII, respectively.
The observed KSV value of
SAS-Cl is one order of magni-
tude less than SAS-F, a quanti-
tative measure of the difference
in reactivity. The fact that 1-
EuIII has the most intense and
highest wavelength band mini-
mizes interference from the
weak but present background
signals between 450–500 nm.


Having demonstrated the
sensitivity and selectivity of
these terpy–lanthanide com-
plexes for SAS-Cl and SAS-F,
we considered their sensitivity
to HCl and HF. HCl and HF
are the by-products from hy-
drolysis of SAS-Cl and SAS-F,
respectively, and as a result


Figure 1. Chemical structure of sarin, and soman along with three surrogates, SAS-Cl, SAS-F and SOS, and
1a–c. SAS-Cl and SAS-F, typically called the sarin surrogates, captures the chemical reactivity of the G-type
agents while the other, typically referred to as the soman surrogate, SOS, does not. Molecules, 1a–c, are
terpy–lanthanide complexes used for fluorimetric detection. Three emissive lanthanide ions, EuIII, DyIII, and
TbIII, were studied.


Figure 2. a) Emission spectra and b) a plot of emission intensity for 1a-EuIII at 620 nm upon addition of SAS-
Cl and other OPs, pinacoly methyl phosphonic acid (SOS), tributylphosphate (TBP), diphenylphosphate
(DPP), triphenyl phosphine (TPP), triethyl amine (TEA), triethylphosphate (TEP) and phosphoric acid (PA).
The concentration of SAS-Cl and all other agents was held constant at 75 ppb. The spectra were collected in
1:1 CHCl3/CH3OH with an excitation wavelength at 350 nm.
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care was taken in all of the experiments to ensure that resid-
ual acid was not responsible for the loss of emission.[3] Using
KSV as a comparison for quenching efficiency, it was deter-
mined that KSV for HCl was 2.54H102


m
�1 which is three


orders of magnitude less than that for SAS-Cl. This means
that SAS-Cl is much more effective (1000 times more effec-
tive) at quenching the emission of these complexes than
HCl. NMR studies at much higher concentrations confirmed
phosphorylation of the terpy nitrogen (see Supporting Infor-
mation) implying that the reactivity of SAS contributes to
quenching of the complex. In another control experiment,
where SAS-Cl was first added to 1a followed by EuIII , no
emission was observed suggested the absence of the “anten-
na effect” due to phosphorylation of the terpyridine nitro-


gens (see Supporting Information). Finally the KSV for HF
was measured to be 1.29H104


m
�1, two orders of magnitude


lower than SAS-F proving that HF is an extremely ineffi-
cient quencher compared to SAS-F (see Supporting Infor-
mation). In fact, less than one percent of the measured
signal would be from HF quenching. These results more
than confirm that both HF and HCl are not quenching the
emission of these terpy–lanthanide complexes, when com-
pared to SAS. The huge difference in the KSV values be-
tween SAS and the acids confirms that the added reactivity
of SAS is the main reason for the observed quenching and
not due to the acids.


In conclusion, a new simple, yet sensitive and selective,
metal-complex has been reported for G-type chemical war-
fare agents. The system exploits the emission and weak
binding of terpy–lanthanide complexes which turn-off in the
presence of SAS. The detection limit is 6 ppb, making the
system practically useful. The sensitivity for SAS, yet not
SOS or many other OPs, indicates that chemical reactivity is
an important consideration and one approach to developing
selectively sensitive chemical sensors for G-type agents.


Acknowledgement
We thank the ARO Young Investigator and PECASE


programs for generous support of this work. G.N.T thanks
the ONR Young Investigator, NSF-CAREER, 3M Nonten-
ured faculty grant, and Dupont Young Faculty Award pro-
grams for support.


Keywords: lanthanides · nerve gas · polymers · sensors ·
terpyridines


[1] R. J. Russell, M. V. Pishko, A. L. Simonian, J. R. Wild, Anal. Chem.
1999, 71, 4909–4912.


[2] V. Pavlov, Y. Xiao, I. Willner, Nano Lett. 2005, 5, 649–653.
[3] Y. C. Yang, J. A. Baker, J. R. Ward, Chem. Rev. 1992, 92, 1729–


1743.
[4] K. J. Wallace, R. I. Fagbemi, F. J. Folmer-Andersen, J. Morey, V. M.


Lynth, E. V. Anslyn, Chem. Commun. 2006, 3886–3888.
[5] J. A. Ashley, C. H. Lin, P. Wirsching, K. D. Janda, Angew. Chem.


1999, 111, 1909–1911; Angew. Chem. Int. Ed. 1999, 38, 1793–1795.
[6] D. Prosnitz, Science 2005, 310, 978–978.
[7] K. J. Albert, N. S. Lewis, C. L. Schauer, G. A. Sotzing, S. E. Stitzel,


T. P. Vaid, D. R. Walt, Chem. Rev. 2000, 100, 2595–2626.
[8] M. Allert, S. S. Rizk, L. L. Looger, H. W. Hellinga, Proc. Natl. Acad.


Sci. USA 2004, 101, 7907–7912.
[9] S. Bencic-Nagale, T. Sternfeld, D. R. Walt, J. Am. Chem. Soc. 2006,


128, 5041–5048.
[10] M. K. Ferguson-McPherson, E. R. Low, A. R. Esker, J. R. Morris, J.


Phys. Chem. B 2005, 109, 18914–18920.
[11] M. B. Pushkarsky, M. E. Webber, T. Macdonald, C. K. N. Patel,


Appl. Phys. Lett. 2006, 88, 044103-1–044103-3.
[12] B. C. Singer, A. T. Hodgson, H. Destaillats, T. Hotchi, K. L. Revzan,


R. G. Sextro, Environ. Sci. Technol. 2005, 39, 3203–3214.
[13] H. Sohn, S. Letant, M. J. Sailor, W. C. Trogler, J. Am. Chem. Soc.


2000, 122, 5399–5400.
[14] K. J. Wallace, J. Morey, V. M. Lynch, E. V. Anslyn, New J. Chem.


2005, 29, 1469–1474.
[15] T. J. Dale, J. Rebek, Jr., J. Am. Chem. Soc. 2006, 128, 4500–4501.
[16] D. Knapton, M. Burnworth, S. J. Rowan, C. Weder, Angew. Chem.


2006, 118, 5957–5961; Angew. Chem. Int. Ed. 2006, 45, 5825–5829.


Figure 3. Emission spectra of 3 mL of 10 mm of a) 1c-EuIII, b) 1c-TbIII,
and c) 1c-DyIII as a function of increasing SAS-F concentration. Excita-
tion wavelength (lex) was 350 nm. d) Stern–Volmer plots of SAS concen-
tration vs Io/I.


Chem. Eur. J. 2008, 14, 5409 – 5412 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5411


COMMUNICATIONTerpyridine–Lanthanide Complexes



http://dx.doi.org/10.1021/ac990901u

http://dx.doi.org/10.1021/ac990901u

http://dx.doi.org/10.1021/ac990901u

http://dx.doi.org/10.1021/ac990901u

http://dx.doi.org/10.1021/nl050054c

http://dx.doi.org/10.1021/nl050054c

http://dx.doi.org/10.1021/nl050054c

http://dx.doi.org/10.1021/cr00016a003

http://dx.doi.org/10.1021/cr00016a003

http://dx.doi.org/10.1021/cr00016a003

http://dx.doi.org/10.1039/b609861d

http://dx.doi.org/10.1039/b609861d

http://dx.doi.org/10.1039/b609861d

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1909::AID-ANGE1909%3E3.0.CO;2-J

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1909::AID-ANGE1909%3E3.0.CO;2-J

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1909::AID-ANGE1909%3E3.0.CO;2-J

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1909::AID-ANGE1909%3E3.0.CO;2-J

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1793::AID-ANIE1793%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1793::AID-ANIE1793%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1793::AID-ANIE1793%3E3.0.CO;2-U

http://dx.doi.org/10.1126/science.1115536

http://dx.doi.org/10.1126/science.1115536

http://dx.doi.org/10.1126/science.1115536

http://dx.doi.org/10.1021/cr980102w

http://dx.doi.org/10.1021/cr980102w

http://dx.doi.org/10.1021/cr980102w

http://dx.doi.org/10.1073/pnas.0401309101

http://dx.doi.org/10.1073/pnas.0401309101

http://dx.doi.org/10.1073/pnas.0401309101

http://dx.doi.org/10.1073/pnas.0401309101

http://dx.doi.org/10.1021/ja057057b

http://dx.doi.org/10.1021/ja057057b

http://dx.doi.org/10.1021/ja057057b

http://dx.doi.org/10.1021/ja057057b

http://dx.doi.org/10.1021/jp0521959

http://dx.doi.org/10.1021/jp0521959

http://dx.doi.org/10.1021/jp0521959

http://dx.doi.org/10.1021/jp0521959

http://dx.doi.org/10.1063/1.2166692

http://dx.doi.org/10.1021/es049144u

http://dx.doi.org/10.1021/es049144u

http://dx.doi.org/10.1021/es049144u

http://dx.doi.org/10.1021/ja0006200

http://dx.doi.org/10.1021/ja0006200

http://dx.doi.org/10.1021/ja0006200

http://dx.doi.org/10.1021/ja0006200

http://dx.doi.org/10.1039/b506100h

http://dx.doi.org/10.1039/b506100h

http://dx.doi.org/10.1039/b506100h

http://dx.doi.org/10.1039/b506100h

http://dx.doi.org/10.1021/ja057449i

http://dx.doi.org/10.1021/ja057449i

http://dx.doi.org/10.1021/ja057449i

http://dx.doi.org/10.1002/ange.200601634

http://dx.doi.org/10.1002/ange.200601634

http://dx.doi.org/10.1002/ange.200601634

http://dx.doi.org/10.1002/ange.200601634

http://dx.doi.org/10.1002/anie.200601634

http://dx.doi.org/10.1002/anie.200601634

http://dx.doi.org/10.1002/anie.200601634

www.chemeurj.org





[17] S. W. Zhang, T. M. Swager, J. Am. Chem. Soc. 2003, 125, 3420–3421.
[18] A. L. Jenkins, O. M. Uy, G. M. Murray, Anal. Chem. 1999, 71, 373–


378.
[19] A. L. Jenkins, O. M. Uy, G. M. Murray, Anal. Commun. 1997, 34,


221–224.
[20] A. J. Russell, J. A. Berberich, G. E. Drevon, R. R. Koepsel, Annu.


Rev. Biomed. Eng. 2003, 5, 1–27.
[21] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem.


Rev. 1996, 96, 759–833.
[22] U. S. Schubert, C. Eschbaumer, Angew. Chem. 2002, 114, 3016–


3050; Angew. Chem. Int. Ed. 2002, 41, 2892–2926.
[23] K. J. Calzia, G. N. Tew, Macromolecules 2002, 35, 6090–6093.


[24] G. N. Tew, K. A. Aamer, R. Shunmugam, Polymer 2005, 46, 8440–
8447.


[25] R. Shunmugam, G. J. Gabriel, C. E. Smith, K. A. Aamer, G. N. Tew,
Chem. Eur. J. 2008, 14, 3904–3907.


[26] R. Shunmugam, G. N. Tew, J. Am. Chem. Soc. 2005, 127, 13567–
13572.


[27] R. Shunmugam, G. N. Tew, J. Polym. Sci. Part A 2005, 43, 5831–
5843.


[28] K. A. Aamer, G. N. Tew, Macromolecules 2004, 37, 1990–1993.
[29] J. Nilsson, A. Kraszewski, J. Stawinski, J. Chem. Soc. Perkin Trans. 2


2001, 2263–2266.
Received: March 13, 2008


Published online: May 2, 2008


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5409 – 54125412


G. N. Tew and R. Shunmugam



http://dx.doi.org/10.1021/ja029265z

http://dx.doi.org/10.1021/ja029265z

http://dx.doi.org/10.1021/ja029265z

http://dx.doi.org/10.1021/ac980985r

http://dx.doi.org/10.1021/ac980985r

http://dx.doi.org/10.1021/ac980985r

http://dx.doi.org/10.1039/a704220e

http://dx.doi.org/10.1039/a704220e

http://dx.doi.org/10.1039/a704220e

http://dx.doi.org/10.1039/a704220e

http://dx.doi.org/10.1146/annurev.bioeng.5.121202.125602

http://dx.doi.org/10.1146/annurev.bioeng.5.121202.125602

http://dx.doi.org/10.1146/annurev.bioeng.5.121202.125602

http://dx.doi.org/10.1146/annurev.bioeng.5.121202.125602

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3016::AID-ANGE3016%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3016::AID-ANGE3016%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3016::AID-ANGE3016%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2892::AID-ANIE2892%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2892::AID-ANIE2892%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2892::AID-ANIE2892%3E3.0.CO;2-6

http://dx.doi.org/10.1021/ma025551j

http://dx.doi.org/10.1021/ma025551j

http://dx.doi.org/10.1021/ma025551j

http://dx.doi.org/10.1016/j.polymer.2005.04.084

http://dx.doi.org/10.1016/j.polymer.2005.04.084

http://dx.doi.org/10.1016/j.polymer.2005.04.084

http://dx.doi.org/10.1002/chem.200701895

http://dx.doi.org/10.1002/chem.200701895

http://dx.doi.org/10.1002/chem.200701895

http://dx.doi.org/10.1021/ja053048r

http://dx.doi.org/10.1021/ja053048r

http://dx.doi.org/10.1021/ja053048r

http://dx.doi.org/10.1002/pola.21102

http://dx.doi.org/10.1002/pola.21102

http://dx.doi.org/10.1002/pola.21102

http://dx.doi.org/10.1021/ma0352375

http://dx.doi.org/10.1021/ma0352375

http://dx.doi.org/10.1021/ma0352375

http://dx.doi.org/10.1039/b107792a

http://dx.doi.org/10.1039/b107792a

http://dx.doi.org/10.1039/b107792a

http://dx.doi.org/10.1039/b107792a

www.chemeurj.org






The First Silicon-Based Cationic Clathrate III with High Thermal Stability:
Si172�xPxTey (x=2y, y>20)


Julia V. Zaikina,[a, b] Kirill A. Kovnir,[a] Frank Haarmann,[a] Walter Schnelle,[a]


Ulrich Burkhardt,[a] Horst Borrmann,[a] Ulrich Schwarz,[a] Yuri Grin,*[a] and
Andrei V. Shevelkov*[b]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5414 – 54225414


DOI: 10.1002/chem.200800453







Introduction


The term “clathrate” refers to compounds comprising host
frameworks that embrace guest species in polyhedral
cages.[1] The members of this class cover a wide range of
chemically different phases, as the four-coordinate species
that form the networks may be oxygen of the water mole-
cules, silicon of the building unit SiO4/2, neutral atoms, or
charged ions.[1,2] Large cages with sizes up to 10 5 are capa-
ble of accommodating guest atoms. Owing to non-directed
interactions between host and guest, clathrates may be re-
garded as supramolecular compounds.[1b] The recent impet-
uous interest in tetrel-type clathrates in which the host
framework is based on Si, Ge, or Sn atoms is motivated in
particular by the search for a new generation of efficient
thermoelectric materials.[3]


Clathrates—gas and liquid hydrates—crystallize in seven
structure types notated as I–VII.[1a] Tetrels form clathrate
crystal structures of the types I and II plus the variants VIII
and IX not known for aqueous phases.[2,4] The chiral clathra-
te IX (structure type Ba6In4Ge21


[4b]) is sometimes incorrectly
referred to as clathrate III, although the latter is originally
the tetragonal structure motif of a bromine hydrate
[(Br2)20&10]ACHTUNGTRENNUNG(H2O)172.


[1a,5]


Clathrates can be classified by the charge distribution be-
tween the framework and guest. In anionic clathrates, cat-
ions of alkali- or alkaline-earth metals, or europium balance


the negatively charged framework.[4,6] The tin-based com-
pound A30Na(1.33x�10)Sn(172�x) (A=Cs or Cs/Rb), featuring a
pronounced disorder with vacancies at tin sites and a
random distribution of sodium atoms within the framework,
represents the sole anionic clathrate III-like network con-
taining tetrels.[6]


In the sparse group of so-called inverse or cationic cla-
thrates,[1b,2] the negative charges of halogen or tellurium
guest anions are compensated by positive charges of the
framework based on Si, Ge, or Sn accompanied by pnico-
gen, tellurium, or even iodine. Ge38P8I8


[7] was synthesized by
von Schnering and Menke and was the first example of a
cationic clathrate. Since then a number of germanium- and
tin-based cationic clathrates have been prepared,[2] however,
only a few silicon-based cationic clathrates are known so
far; Si40P6I6.5,


[8] Si46�xPxTey,
[9] Si38Te16,


[10] and Si44.5I9.5.
[11] The


latter two require high pressure for synthesis, whereas phos-
phorus-containing clathrates can be prepared at ambient
pressure. All hitherto known cationic clathrates belong to
the clathrate I type.[2] Here, we present the first cationic cla-
thrate III Si130P42Te21, which has high thermal stability and a
peculiar crystal structure.


Results and Discussion


Synthesis, X-ray powder data and chemical composition : In-
itially, Si172�xPxTey was obtained as a by-product in Si-rich
samples during the investigation of a homogeneity range of
the clathrate I Si46�xPxTey.


[9] A single crystal of the clathra-
te III phase was separated from a sample containing both
phases, clathrate I and clathrate III. The crystal structure of
the clathrate III was determined from X-ray single crystal
diffraction data. Subsequently, the clathrate III was synthe-
sized with a composition Si130P42Te21 in 100% yield by using
optimized preparation conditions. X-ray powder diffraction
revealed no evidence for impurity phases in the synthesized
sample. Thorough metallographic, scanning electron micro-
scopy (SEM) and wavelength dispersive X-ray spectroscopy
(WDXS) investigations confirmed that the synthesized
sample of clathrate III is a single phase (Figure 1) with the
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composition Si130.0(2)P42.0(1)Te21.0(2) normalized to the 172
framework Si and P atoms. Additionally, the composition
was corroborated by density measurements: 1exptl=


3.352(9) gcm�3 that is 99% of 1calcd=3.39(1) gcm�3 calculat-
ed by using the composition determined by the WDXS anal-
ysis and the unit cell parameters taken from X-ray powder
data.
Analysis of the crystal structure showed that the clathrate


framework is vacancy-free, whereas one of the guest Te po-
sitions is only partially occupied. The investigation of the
homogeneity range of Si172�xPxTey (x=2y, 19�y�23) re-
vealed that single-phase samples of clathrate III can be ob-
tained only for 20�y�22. In case of y=23 only clathrate I
Si46�xPxTe6.4(1) was formed.


[12] Lowering y to 19 resulted in
the formation of clathrate III with a considerable admixture
of elemental silicon. More precise determination of the ho-
mogeneity range of clathrate III is a subject of further inves-
tigations.


Crystal structure determination : The crystal structure of
Si130P42Te21 was solved in the space group P42/mnm (no. 136)
by direct methods[13] that allowed the localization of all
atomic positions of the crystal structure. During the initial
steps of the refinement all framework atoms were treated as
Si while the guest atoms were set as Te by analogy with cla-
thrate I Si46�xPxTey.


[9] The subsequent refinement showed
that atomic displacement parameters (ADPs) for the Te(1)
and Te(4) atoms were notably larger than those for the
other two Te atoms. Occupancies of these atoms were al-
lowed to vary. It turned out that the occupancy of the posi-
tion Te(4) was �15%, although the occupancy for Te(1) did
not deviate significantly from unity. Fixing the ADPs for the


Te(4) atom to different values (to the same ADPs as for
other Te atoms or to a half of freely refined parameters) al-
lowed us to estimate the uncertainties in the occupancy de-
termination. Finally, the site occupancy factor (SOF) of
Te(4) was found to be 0.15(2).
At the next step, the occupancies of all framework atoms


set as Si (positions are marked by X(1) to X(17) in Table S1
in the Supporting Information) were refined simultaneously
to 100% except for X(1) and X(2) in which they slightly ex-
ceeded unity. This allowed us to conclude that there are no
vacancies at the framework positions. Although the X-ray
data were available up to high diffraction angles (Table 1), it


was not possible to refine mixed Si/P occupancies at individ-
ual sites. The assignment of the phosphorus atoms in the
framework was thus based on the analysis of interatomic
distances (Table S1) revealing two relatively short distances
of 2.26 5 (X(1)�X(13) and X(2)�X(13)), which can be as-
signed to P�Si distances.[9b] However, the distances of
2.33 5 between symmetrically equivalent X(13) sites are rel-
atively long. Therefore X(13) is considered to be an Si site.
In accordance with the occupancy refinement and the dis-
tance analysis the positions X(1) and X(2) were assigned as
fully occupied by phosphorus atoms. Based on the distance
criteria the X(3), X(4) and X(5) positions were considered
to have mixed occupation by 45% P and 55% Si.[9b] The
amount of P in these positions was calculated based on the
assumption that the phosphorus content in the crystal struc-
ture corresponded to twice the tellurium content (vide
infra). Distances between the other 12 framework positions
were significantly larger (>2.31 5), and all these positions
were set as fully occupied by Si. All atoms in the crystal
structure were refined using anisotropic ADPs.
Special care was taken to uncover the reason for the rela-


tively high ADPs for Te(1). Actually, it is typical for clath-
rates that a guest atom in a larger cage has higher ADPs


Figure 1. Single-phase microstructure of Si130P42Te21; a) bright-field image,
b) back scattering electron image. Dark areas correspond to holes in the
sample.


Table 1. Data collection and structure refinement parameters for
Si130P42Te21.2.


composition Si130P42Te21.2(2)
space group P42/mnm (no. 136)
Mr [gmol


�1] 7657.56
cell parameters [5] a=19.2573(6)[a]


c=10.0525(7)[a]


V [53] 3727.9(3)
T [K] 295(2)
Z 1
radiation, l [5] AgKa, 0.56085
1calc [gcm


�3] 3.411
m [mm�1] 2.926
q range [8] 2.36<q<27.86
refl. collected 52879
independent refl. 4867 [Rint=0.095]
data/param. 4867/137
R1, wR2 [I>2s(I)] 0.045,[b] 0.128[c]


goodness-of-fit on F2 1.060


[a] Powder data. [b] R1=� jFo j� jFc j /� jFo j . [c] wR2= [�w ACHTUNGTRENNUNG(Fo
2�Fc


2)2/�w-
ACHTUNGTRENNUNG(Fo


2)2]1/2, w= [s2ACHTUNGTRENNUNG(Fo
2)+ (A·p)2+B·p]�1; p= (Fo


2+2Fc
2)/3; A=0.1039; B=


0.2764.
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than guest atoms residing in
smaller cages. For example, in
the type I clathrate Si46�xPxTey,
the ratio of Ueq for Te atoms in
the 20-vertex and 24-vertex
cages is 1:2.[9b] One may expect
that in the larger 26-vertex
cage, the ADPs of the guest
atoms can be even larger. The
Fourier difference maps around
this position (Figure S1 in the
Supporting Information)
showed that the electron densi-
ty exhibited only one pro-
nounced maximum in the 4f
position (0.4015; x ; 0). Refine-
ment of the respective site oc-
cupancy did not reveal devia-
tions from unity. Refinement
with artificially reduced and
fixed ADPs led to a slight de-
crease of the occupancy, howev-
er, at the cost of a significant
increase in R-values and ap-
pearance of high residual peaks in the difference map
around the Te(1) position. Thus, it was concluded that this
position is fully occupied.
A model with a Te(1) split position was also refined: a tel-


lurium atom was shifted from an ideal 4f position into a po-
sition 8j with 50% occupancy (0.4015; x ; �0.0112). This
model led to a similar description of the electron density
with a smaller Te(1) ADP along [001], as expected. No crys-
tal-chemical reasons for such a splitting were found, e.g.,
significant shortening of guest-framework distances; the
shortest Te(1)�Si distance exceeded 3.4 5. The next model
considered the Te(1) atom in the ideal 4f position, but with
anharmonic atomic displacement parameters.[14] All models
converged to a composition with one tellurium atom per 26-
vertex cage. Thus, the simplest model with Te(1) occupying
the ideal 4f position and anisotropic ADPs was chosen for
further evaluation.
The final refinement using anisotropic displacement pa-


rameters for all atoms led to the composition Si130P42Te21.2(2)
with RF=0.045. The details of refinement, final atomic pa-
rameters, and selected interatomic distances are presented
in Tables 1–3, respectively.


Description of the crystal structure : The atomic arrange-
ment of Si172�xPxTey corresponds to that of clathrate III and
is generally analogous to the bromine hydrate [(Br2)20&10]-
ACHTUNGTRENNUNG(H2O)172.


[1a,5] 172 four-coordinate Si and P atoms build the
host framework with the cages filled by Te atoms. Three
types of polyhedral cages can be distinguished (Figures 2
and 3). All have twelve pentagonal faces, but they differ in
the number of hexagonal faces, and therefore in size: a 20-
vertex cage [512], a 24-vertex cage [51262], and a 26-vertex
cage [51263].[15] The cages occur in the ratio 10:16:4 resulting


in 30 cavities per unit cell available for the guest Te atoms
(Figure 2g and Figure 3b). Cages [51262] form two types of
columns along [001], single or four-condensed. The first
type of the column is formed by sharing the hexagonal
faces, similar to clath ACHTUNGTRENNUNGrate I (Figure 2a). In the (001) plane,
the columns are inter-connected by single Si�Si bonds (Fig-
ure 2b). Further, the large square-shaped channels are filled
by another type of 24-vertex cage column (Figure 2d) com-
posed of coupled cages joined in such a way that every
other pair is rotated by 908, forming the column running
along [001] (Figure 2c). The remaining space is filled by iso-
lated pairs of large [51263] and small [512] cages (Figure 2e,f)
resulting in formation of the dense packed arrangement
(Figure 2g).
Analogous to the aristotype - bromine hydrate - only the


large 24- and 26-vertex cages are fully occupied in


Table 2. Atomic coordinates and equivalent isotropic displacement parameters [52] for Si130P42Te21.2. Ueq is de-
fined as one third of the trace of the orthogonalized Uij tensor.


Atom Site x/a y/b z/c Ueq


Te(1) 4f 0.40148(3) x 0 0.0245(1)
Te(2) 8j 0.18157(1) x 0.24658(5) 0.0136(1)
Te(3) 8i 0.13029(2) 0.46638(2) 0 0.0140(1)
Te(4)[a] 8i 0.0666(1) 0.7472(1) 0 0.0104(8)
P(1) 8j 0.31454(5) x 0.3164(1) 0.0063(3)
P(2) 16k 0.00226(6) 0.13448(6) 0.1848(1) 0.0062(1)
E(3)[b] 8i 0.07116(9) 0.15537(9) 0 0.0088(3)
E(4)[b] 16k 0.04963(6) 0.31734(6) 0.1835(1) 0.0055(2)
E(5)[b] 16k 0.13303(6) 0.36547(6) 0.3165(1) 0.0060(2)
Si(6) 4g 0.40659(9) 0.59341(9) 0 0.0067(4)
Si(7) 4d 0 1/2 1/4 0.0059(4)
Si(8) 4g 0.23758(9) 0.76242(9) 0 0.0069(4)
Si(9) 8i 0.10554(9) 0.27051(9) 0 0.0067(3)
Si(10) 8i 0.29046(9) 0.55877(9) 0 0.0062(3)
Si(11) 8j 0.22129(9) 0.30684(9) 0 0.0062(3)
Si(12) 8j 0.04295(6) x 0.3137(1) 0.0073(3)
Si(13) 8i 0.39378(6) x 0.3842(1) 0.0066(3)
Si(14) 16k 0.20613(9) 0.64601(9) 0 0.0060(3)
Si(15) 16k 0.26477(6) 0.49226(6) 0.1875(1) 0.0075(2)
Si(16) 16k 0.23350(6) 0.37497(6) 0.1894(1) 0.0070(2)
Si(17) 16k 0.02557(6) 0.59543(6) 0.1167(1) 0.0061(2)


[a] SOF=0.15(2). [b] Mixed Si/P positions (0.55/0.45) are denoted as E.


Table 3. Selected interatomic distances [5] for Si130P42Te21.2.


Atoms Distance Atoms Distance


P(1)�Si(8) 2.328(2) E(5)�Si(16) 2.326(1)
P(1)�Si(13) 2.263(2) E(5)�Si(17) 2.319(1)
P(1)�Si(16) 2.328(1) Si(6)�Si(10) 2.334(2)
P(2)�E(3) 2.318(1) Si(6)�Si(12) 2.323(2)
P(2)�Si(12) 2.324(1) Si(7)�Si(17) 2.327(1)
P(2)�Si(13) 2.268(1) Si(8)�Si(14) 2.322(2)
P(2)�Si(15) 2.335(1) Si(9)�Si(11) 2.336(2)
E(3)�E(3) 2.293(3) Si(10)�Si(14) 2.337(2)
E(3)�Si(9) 2.314(2) Si(10)�Si(15) 2.332(1)
E(4)�E(5) 2.286(1) Si(11)�Si(11) 2.324(3)
E(4)�Si(9) 2.319(1) Si(11)�Si(16) 2.324(1)
E(4)�Si(15) 2.324(1) Si(12)�Si(12) 2.339(3)
E(4)�Si(17) 2.318(1) Si(13)�Si(13) 2.327(4)
E(5)�Si(14) 2.317(1) Si(15)�Si(16) 2.338(1)


Si(17)�Si(17) 2.327(1)


Chem. Eur. J. 2008, 14, 5414 – 5422 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5417


FULL PAPERSilicon-Based Cationic Clathrates



www.chemeurj.org





Si172�xPxTey, while eight of the ten 20-vertex cages are parti-
ally filled (�15%) and two others are empty. A similar
trend was observed for the clathrate I phase Si46�xPxTey


[9]


(Figure 3c,d) in which Te atoms fully occupy a 24-vertex
cage, and only partially fill a 20-vertex cage, which is similar
to other silicon clathrates I, K7.62(1)Si46 and Rb6.15(2)Si46,


[16] in
which the size of the guest atoms defines the population of
the small cage by guest atoms. Apparently, an occupation of
the smaller (Si/P)20 dodecahedral [5


12] cage is disadvanta-
geous for the large Te guest anions, especially in case of
high phosphorus concentrations. Furthermore, the Te atoms
in the 26-vertex cages have an ADP value two times larger
than those of the Te atoms located in the 20- and 24-vertex
cages. Typically, for clathrates, the large ADP values for the
guest atoms are generally found to be consistent with abnor-


mally low thermal conductivity, which originate from the
scattering of phonons at rattling (vibrating) guest atoms and
are responsible for their high thermoelectric efficiency.[3]


In the crystal structures of clathrate I and clathrate III
(Figure 3), similar columns of the 24-vertex cages [51262] are


Figure 2. Polyhedral packing in the clathrate III-type structure. a–d) Ar-
rangements of 24-vertex cages, e–f) coupled 26-vertex and 20-vertex
cages and g) total polyhedral representation of the structure.


Figure 3. Comparison of the crystal structures of cationic Si�P�Te clath-
rates: a,b) clathrate III Si172�xPxTey, c,d) clathrate I Si46�xPxTey.


[9b] The 20-
vertex cages [512] the 24-vertex cages [51262] and the 26-vertex cages
[51263] are shown as yellow, blue and pink polyhedra, respectively. Phos-
phorus, violet; silicon, cyan; E (mixed Si/P), orange. Thermal ellipsoids
in a) and c) are shown with 90% probability.
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formed by sharing the hexagonal faces. However, in case of
clathrate I, small pentagonal dodecahedra [512] are isolated
and surrounded only by large cavities [51262], whereas in cla-
thrate III, all cages are condensed (Figure 2 and 3a,b). Anal-
ysis of the Si/P distribution within the frameworks of both
clathrate I Si46�xPxTey


[9] and clathrate III Si172�xPxTey reveals
that phosphorus atoms mainly form small 20-vertex [512]
cages and tend to avoid common hexagonal faces of the
large polyhedra [51262] and/or [51263] (Figure 3a,c). The hex-
agonal rings are formed by the most “stressed” atoms be-
cause their bond angles deviate considerably from the regu-
lar tetrahedral values. Implementation of the small phospho-
rus atoms (rcov(P)< rcov(Si)) to these rings appears to be en-
ergetically unfavorable. A similar behavior was observed for
boron in the anionic clathrate I K7B7Si39.


[4h]


The crystal structure of the earlier reported anionic cla-
thrate III A30Na(1.33x�10)Sn(172�x) (A=Cs, Cs/Rb)[6] differs dis-
tinctly from Si172-xPxTey. Here, the cages are completely filled
by the A+ cations, although, vacancies are formed in the
host framework and additional Na atoms stabilize the whole
structure, filling up the space of the missing Sn2 pairs. The
stabilization of the clathrate III-type structure was mainly
attributed to this sodium “substitution” in the framework.[6]


A completely different type of stabilization is observed in
the crystal structure of Si172�xPxTey. The host framework
does not contain vacancies, but some of the silicon atoms
are substituted by phosphorus atoms in order to attain
charge balance. According to the Zintl concept,[17] four-coor-
dinate silicon atoms are neutral, whereas four-coordinate
phosphorus complies with P+ , analogous to Ge38P8I8.


[7] In
turn, the tellurium guest atoms, forming no covalent bonds
with framework, can be written as Te2�. Thus, the electron-
balanced composition of clathrate III may be written as
(Si0)172�x(P


+)xACHTUNGTRENNUNG(Te
2�)y (x=2y). Moreover, the cationic clathra-


te III features a homogeneity range owing to slight varia-
tions in the occupation of the 20-vertex cages by tellurium,
although the overall composition is expected to follow the
Zintl count. The increase in the Te occupation of the cages
leads to a higher P content within the framework, and to its
corresponding compression, similar to the findings for the
cationic clathrate I.[9]


31P NMR spectroscopy : Additional evidence for structurally
different phosphorus atoms in Si172�xPxTey (x=42; y=21) is
obtained by the solid state NMR. The observed 31P NMR
signal is in the range d=�300–200 ppm, similar to other cat-
ionic clathrates.[18a] The small and mainly negative shift of
the signal indicates orbital contributions, regarding chemical
shielding as an origin of the signal shift. A typical range d=


�400–600 ppm is observed in non-conducting diamagnetic
compounds.[18b] The static 31P NMR wide-line signal shows a
featureless line shape (Figure 4, top). The width of the indi-
vidual contributions used to describe the signal is relatively
large compared to well ordered compounds such as M4Si4
with M=Na, K, Rb, Cs.[19] This is an additional evidence of
the intrinsic disorder of the compound resulting in similar,
but slightly different shifted signals, as described by continu-


ous distributions of shifts for fitting of the signal. Magic
angle spinning (MAS) results only in a small reduction of
the line width and two separated intensity maxima and a
shoulder at high frequencies become visible (Figure 4, top).
This indicates that the signal is composed by at least three
main contributions. Using the intensity ratio 18:16:8 taken
from the X-ray diffraction data, the line shape of the MAS
signal can be described quite satisfactorily (Figure 4, top).
More narrow contributions indicating a minor influence of
disorder are assigned to P(1) and P(2), whereas a broad
signal contribution is assigned to the sites E(3), E(4), and
E(5) with the mixed occupation of P and Si.
The model used to describe the line shape of the NMR


signal is supported by spin–spin relaxation experiments.
These are sensitive to the local environment of the nuclei
since the homonuclear dipole–dipole coupling can be re-
duced to individual signal contributions by the application
of the selective excitation. The spin–spin relaxation time T2


increases by a factor of at least three upon the application
of selective excitation compared to non-selective excitation.
Characteristic frequency dependence (Figure 4, bottom) is
observed in the selective excitation experiments. Low values
of T2 indicate small average distances of the interacting
spins as observed at low frequency. The high values of ob-
served T2 at large frequencies denote a larger average dis-
tance of the interacting nuclei. The change from low to high
values of T2 is a result of the varying intensity of the differ-
ent signal contributions. The constant high value at high fre-
quencies is in agreement with the large average distance of
the nuclei at the mixed sites, E(3), E(4), and E(5).


Physical properties : A sample with the composition
Si130P42Te21 reveals the diamagnetic behavior (c0=�2.4T


Figure 4. 31P NMR signals of Si130P42Te21 (top) measured at ambient tem-
perature and B0=11.74 T. The static wide line spectrum (swl) and the
MAS spectrum with a rotation frequency of 35 kHz are normalized and
separated by an arbitrary offset (red lines). The individual contributions
obtained by least-squares fitting of the MAS signal and the difference of
the observed and simulated total signal are indicated in blue and green,
respectively. Spin–spin relaxation time (bottom) T2 obtained from fre-
quency dependent selective excitation experiments. The black line is a
guide to the eye.


Chem. Eur. J. 2008, 14, 5414 – 5422 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5419


FULL PAPERSilicon-Based Cationic Clathrates



www.chemeurj.org





10�3 emumol�1)[20] and exhibits the activated behavior of the
conductivity of a semiconductor with a room temperature
value of 5T10�4 W·m (Figure 5) confirming that the phos-


phorus content corresponds essentially to twice the Te con-
tent. We consider these experimental findings as a sufficient
evidence to assign Si172�xPxTey (x=2y) to the group of Zintl
phases fulfilling the 8�N rule.


Thermal behavior : Si130P42Te21 decomposes in vacuum incon-
gruently at the unusually high temperature of 1510 K form-
ing clathrate I and silicon (Figure 6) according to Equa-
tion (1). The Te content of the resulting clathrate I was de-
termined by Rietveld refinement of the X-ray powder dif-
fraction data.[12] Because the refinement did not enable us to


distinguish P and Si, the clathrate I was specified as a Zintl
phase, namely, that the P content is equal to twice the Te
content.


Si130P42Te21 ! 21:1 Siþ 3:28 Si33:2P12:8Te6:4 ð1Þ


Moreover, Si172�xPxTey is stable in air up to 1500 K, with-
out decomposition or oxidation as revealed by X-ray
powder diffraction. Its thermal stability exceeds that of
other clathrates (Figure 7, Table S2 in the Supporting Infor-


mation). The decomposition temperatures within chemically
related groups of clathrates increase with the absolute value
of the electronegativity difference between the framework
and the guest atoms (jchost�cguest j ).[21] These findings confirm
the importance of the charge transfer for the stabilization of
clathrate structures.


Conclusion


The new cationic clathrate III Si130P42Te21 was synthesized
from the elements at 1425 K as a single phase. It features a
complex crystal structure comprising large polyhedral (Si/P)
cages trapping Te anions. Single crystal X-ray diffraction
and solid state 31P NMR revealed a non-random distribution
of phosphorus atoms over the framework positions.
Si130P42Te21 is a diamagnetic semiconductor, and therefore a
Zintl phase. The obtained clathrate III shows the highest de-
composition temperature in vacuum among all reported
clathrates: 1510 K. Moreover, the title phase is stable
against oxidation in air up to 1500 K. A combination of Si�
P framework and Te guest atoms shows a high potential in
clathrate chemistry and may serve as a basis for the creation
of new clathrate-based materials. The Si�P framework is
quite flexible and a significant compression can be achieved
by changing the chemical composition. The high thermal
stability of the reported phase opens perspectives for high-
temperature applications of Si�P frameworks in general and
of Si�P�Te clathrates in particular.


Figure 5. Temperature dependence of the a) electrical resistivity and
b) the magnetic susceptibility for Si130P42Te21 (7 T, c ; 3.5 T, c).


Figure 6. Thermal behavior of Si130P42Te21 in vacuum.


Figure 7. Decomposition temperatures of anionic and cationic clathrates
vs. difference between the average electronegativities[21] of the guest and
the framework atoms. A8Sn44, &; A8Ga16Ge30, *; A8Al14Si31, ~; A8�xSi46,
!; Sn24�xExAs22I8, ^; Si�P�Te, ?. The lines are guides for the eyes only.
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Experimental Section


Synthesis and characterization : The stoichiometric mixture of elemental
silicon, red phosphorus, and tellurium (the total mass �1 g) was heat-
treated in a vacuum-sealed quartz ampoule at 1425 K for 18 days, and
then cooled quickly by removing the ampoule from the hot furnace. Cla-
thrate III appears as a shiny gray, metal-like dense sinter. According to
X-ray powder diffraction (Huber G670 Image Plate Camera, CuKa1


, l=


1.540598 5, LaB6, a=4.15692 5 as an internal standard) the sample
Si130.0(2)P42.0(1)Te21.0(2) contains single phase clathrate III with the refined
unit cell parameters a=19.2632(3) 5, c=10.0706(2) 5 (least-squares fits,
WinCSD software[22]).


Metallographic, SEM and WDXS investigations : Samples for metallo-
graphic investigations were prepared by grinding and polishing under
inert conditions in an argon glove box.[23] Homogeneity of the microstruc-
tures and phase distribution were examined by optical microscopy (Zeiss
Axioplan2) in bright field and polarized light contrast and by material
contrast images recorded by the back-scattered electron detector at the
electron microprobe. Quantitative analysis was performed on a micro-
ACHTUNGTRENNUNGprobe by the WDXS method (Cameca SX100). GeTe was used to cali-
brate the tellurium content. For determination of phosphorus and silicon,
the binary phase SiP2 was used as a reference. The individual contribu-
tions resulted in a mass concentration residue smaller than 0.5 wt% in
the average of ten measurements and leads to the composition
Si130.0(2)P42.0(1)Te21.0(2), normalized to 172 framework atoms Si+P.


Crystal structure determination : RIGAKU Spider diffractometer with a
rotating anode and Varimax optics, AgKa radiation, l =0.56085 5, w


scans, 2qmax=55.78, 52879 measured, 4867 independent reflections. Ab-
sorption correction was performed by a multiscan procedure. Crystal
structure refinement was made against F2 with the program package
SHELX-97.[13] Further details of the crystal structure determination may
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen (Fax: (+49) 7247–808–666, E-mail@fiz-karlsruhe.
de), reference number CSD-418901.


NMR spectroscopy : 31P MAS and static wide line (swl) NMR experi-
ments were done using a Bruker AVANCE spectrometer with B0=


11.74 T equipped with standard Bruker MAS probes. The sample was
mounted in 4 and 2.5 mm zirconium dioxide rotors for spinning frequen-
cies below and above 15 kHz, respectively. A Hahn echo sequence was
used in all experiments with an inter pulse delay of 60 ms in swl- and
synchronized with rotor frequency in MAS experiments. p pulses of 3
and 200 ms were used in non-selective and selective excitation experi-
ments, respectively. Repetition time of 5 s was sufficient to ensure full re-
covery of the longitudinal magnetization. The signal shift is referred to
H3PO4.


Magnetization and electrical resistivity : Magnetization was measured at
various external fields between 10 mT and 7 T (1.8–400 K) in a SQUID
magnetometer (MPMS XL-7, Quantum Design) on a polycrystalline
sample (m=171 mg). The contribution of the sample holder was sub-
tracted. The magnetic susceptibility c ACHTUNGTRENNUNG(T,H) is weakly temperature-depen-
dent and negligibly field-dependent. The upturn of c(T) towards low T is
owed to traces of paramagnetic impurities or defects (<0.2% of S= 1=2
species). c0 was calculated from the fit of the curve c(T) according to a
modified Curie–Weiss law, and found to be �2.4·10�3 emumol�1.[20]


The electrical resistivity measurements were performed on a cuboid-
shaped sintered sample (1 mmT1.05 mmT0.95 mm) with density of
3.287(9) gcm�3 that is 97% from the theoretical density. Conventional dc
four-point method, 4–320 K; inaccuracy of absolute values is estimated to
be 	20% owing to the irregular shapes of the investigated samples and
resulting problems in determination of the contact geometry.


Thermal behavior : Differential scanning calorimetry (DSC) investigation
of the sample Si130P42Te21 was performed with the Netzsch DSC 409C
equipment in a quartz glass crucible sealed under vacuum or in the open
quartz crucible (static air) in the temperature range 300–1520 K with a
heating rate of 5 Kmin�1. After cooling with the same rate, the sample
was examined by X-ray powder diffraction.


Density measurements : The density of Si130P42Te21 was determined by an-
alyzing the volume of crude powder of a single-phase sample (mass m=


0.1578(1) g) with a helium gas pycnometer (AccuPyc 1330, Micromerit-
ics). Both pycnometer and balance were situated in a glove box filled
with argon. The measured volume of V=0.0471(1) cm�3 corresponds to
the density 1exptl=3.352(9) gcm


�3 that is in agreement with the density
1calcd=3.39(1) gcm�3.
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Introduction


Phosphorescent organic light-emitting diodes (OLEDs) are
under intensive investigation due to their potential for im-
proving device brightness and performance.[1] In contrast,


with the fluorescent emission, the electrophosphorescence is
easily harnessed from both singlet and triplet excited states
and, thus, their internal quantum efficiency can reach a the-
oretical level of unity, rather than the 25% inherent upper
limit imposed by the formation of singlet excitons for the re-
spective fluorescent materials.[2] Thus, a great deal of effort
has been made on the second- and third-row transition
metal complexes for developing highly efficient phosphors
that can emit all three primary colors.


Despite the expanse of research on both red and green
phosphors, there are relatively few reports on the room-tem-
perature blue phosphorescence.[3] The seminal example
should be credited to the iridium ACHTUNGTRENNUNG(III) complex named as
FIrpic, which has proved to be an excellent dopant for sky-
blue phosphorescent OLEDs.[4,5] Further improvements
were made by substituting picolinate with other ancillary li-
gands, such as tetrakis(1-pyrazolyl) borate. to afford FIr6[6]


and even pyridyl azolate ligands to afford FIrtaz and various
derivatives.[7] These modifications have produced a further
hypsochromic shift of approximately 10 nm versus the emis-
sion of FIrpic ; however, their significant lowering of the
quantum yield (QY) has hampered the fabrication of the
highly efficient, true-blue phosphorescent OLEDs. To ach-


Abstract: A series of blue phosphores-
cent iridiumACHTUNGTRENNUNG(III) complexes 1–4 with
nonconjugated N-benzylpyrazole li-
gands were synthesized and their struc-
tural, electrochemical, and photophysi-
cal properties were investigated. Com-
plexes 1–4 exhibit phosphorescence
with yields of 5–45% in degassed
CH2Cl2. Of the compounds, 1 showed
emission that was nearly true blue at
460 nm with a lack of vibronic progres-
sion. These photophysical data clearly
demonstrate that the methylene spacer
of the cyclometalated N-benzylpyra-
zole chelate effectively interrupts the


p conjugation upon reacting with a
third L^X chelating chromophore. This
gives a feasible synthesis for the blue
phosphorescent complexes with a suffi-
ciently large energy gap. In another ap-
proach, these complexes were investi-
gated for their suitability for the host
material in phosphorescent OLEDs.
The device was synthesized by using 1
as the host for the green-emitting [Ir-


ACHTUNGTRENNUNG(ppy)3] dopant, which exhibits an exter-
nal quantum conversion efficiency
(EQE) of up to 11.4% photons per
electron (and 36.6 cdA�1), with 1931
Commission Internationale de L>E-
clairage (CIE) coordinates of (0.30,
0.59), a peak power efficiency of
21.7 lmW�1, and a maximum brightness
of 32000 cdm�2 at 14.5 V. At the practi-
cal brightness of 100 cdm�2, the effi-
ciency remains above 11% and
18 lmW�1, demonstrating its great po-
tential as the host material for phos-
phorescent organic light-emitting
diodes.


Keywords: conjugation · cyclo-
ACHTUNGTRENNUNGmetalation · energy transitions ·
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ieve this goal, further modifica-
tion of the molecular design has
to be considered. Recently, iso-
meric iridium complexes [Ir-
ACHTUNGTRENNUNG(dfppy) ACHTUNGTRENNUNG(fppz)2]


[8] (dfppyH=2-
(4,6-difluorophenyl)pyridine;
fppzH=3-trifluoromethyl-5-(2-
pyridyl)pyrazole) have been re-
ported that show a coordination
environment based on one
dfppy and two fppz ligands. No-
tably, this complex produced a
hypsochromic shift of approxi-
mately 20 nm compared with
the phosphorescence of FIrpic
in solution, thus serving as the
best candidate so far for the
fabrication of blue OLED devi-
ces.


Note, almost all of above-
mentioned iridium blue phos-
phors possess at least one dfppy ligand as their intrinsic lu-
minescence chromophore. The relatively fixed energy gap
would encounter a severe limitation for its further extension
to saturated blue. One main obstacle lies in the direct cross-
talk, that is, conjugation, between, for example, difluoroben-
zyl (HOMO) and pyridyl (LUMO) moieties in dfppy. As
such, the conjugation leads to the increase (decrease) of
HOMO (LUMO) orbital energy. Moreover, due to the con-
jugation, tuning the energy gap by substitution on one side
(e.g. HOMO) commonly renders adverse effect on the other
side (e.g. LUMO). This results in a slight or even negligible
gain in the desired energy gap. To overcome this intrinsic re-
striction, one strategy is to design a nonconjugated bidentate
ligand, in which two designated moieties are strategically
linked by a saturated s-bond spacer to minimize the cross-
talk. Herein, we report a new design for the IrIII dimeric in-


termediates [Ir ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(dfb-pz)2]2 and [IrACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(tfmfb-pz)2]2,
which employ two nonconjugated cyclometalated ligands,
namely, 2,4-difluorobenzyl-N-pyrazole ((dfb-pz)H) and 2-tri-
fluoromethyl-5-fluorobenzyl-N-pyrazole ((tfmfb-pz)H). The
ligands are assembled by linking two aromatic chromo-
phores with a saturated methylene spacer (Scheme 1). We
propose that the methylene unit in both dfb-pz and tfmfb-pz
ligands would effectively interrupt the p conjugation, the re-
sults of which are expected to be a lowering in the relative
energy of ligand-centered p orbitals and the destabilization
of the respective p* orbitals. Thus, upon reacting with a
third, L^X chelating chromophore with a sufficiently larger
energy gap, we can systematically synthesize a new series of
organometallic complexes that show the required saturated-
blue phosphorescent emission. Herein, we report the prepa-
ration, basic photophysical properties, and the unexpected
isomerization in solution that is caused by the restricted
twisting motion involving the methylene units. The applica-


tions of these IrIII complexes, which are prepared by using
such design strategies are also elaborated.


Results and Discussion


Synthesis and characterization : Preparation of emissive
complexes 1–3 was executed in a one-pot concept by heating
of a 2:1 mixture of nonconjugated ligand (dfb-pz)H and
[IrCl3]·3H2O in methoxyethanol (140 8C, 24 h) followed by
the addition of 1 equivalent of chelate (L^X)H in presence
of proton scavenger Na2CO3 (RT, 12 h). The products are
separated by silica-gel column chromatography, eluting with
a 1:1 mixture of CH2Cl2 and hexane. It is believed that the
reaction proceeded through a dimeric intermediate with for-
mula [Ir ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(dfb-pz)2]2. Afterwards, addition of the chelat-


Scheme 1. Assembly of the ligands for the IrIII dimeric intermediates [IrACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(dfb-pz)2]2 and [Ir ACHTUNGTRENNUNG(m-Cl)
ACHTUNGTRENNUNG(tfmfb-pz)2]2.
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ing anion (L^X) would induce the in situ cleavage of the
dimer[9] to give the monometallic products with formula [Ir-
ACHTUNGTRENNUNG(L^X) ACHTUNGTRENNUNG(dfb-pz)2]. Similarly, compound 4 was prepared by
employing the distinctive nonconjugated cyclometalated
ligand (tfmfb-pz)H. Note, that if the second reaction with
the L^X ligand was conducted in refluxing methoxyethanol
rather than stirring at room temperature, a notable reduc-
tion in product yields was observed, the result of which
showed the intricate nature of such synthetic approaches.


All these complexes were characterized by using 1H NMR
and 19F NMR spectroscopy. Interestingly, their room temper-
ature 1H NMR spectra in the region of the methylene group
showed broadened peaks in the region of d=5.80–5.12 ppm,
which indicates the occurrence of rapid fluxional motion.
This phenomenon was further confirmed by variable-tem-
perature 19F NMR spectroscopy experiments. For example,
the 19F NMR spectrum of 1 exhibited two sets of CF3 signals
at d=�63.51 and �63.34 ppm with a ratio of 15:1 at �60 8C,
which indicates the existence of two isomers. The respective
C�F signals occurred at d=�115.01, �115.56, �117.53, and
�119.53 ppm and another set of less-intense signals at d=


�113.15, �115.13, �117.71, and �119.16 ppm (Figure 1),
which were confirmed by showing an identical integration
ratio with that of the CF3 signals. However, upon an in-
crease of the temperature to 0 8C, all signals of the minor
isomer merged into the baseline, whereas the two downfield
signals at d=�115.16 and �115.90 ppm of the major isomer
turned significantly broader relative to other signals. The
relative dfb-pz derivatives 2 and 3 exhibit similar tempera-
ture-dependent behavior, which confirms the existence of a
second isomer. Unfortunately, no details regarding their
structural properties can be deciphered by using these spec-
tral data.


Similar to that of 1–3, complex 4 also showed the exis-
tence of two isomers in solution. This is exemplified by the
19F NMR spectrum that was recorded in CDCl3 solution in


which two pairs of nearly equal intensity aryl C�F signals
were observed in CDCl3 solution at room temperature and
which showed a 1:1 ratio of the two isomers (Figure 2). This


isomerization was also assured by changing the solvent to
[D6]acetone and CD3CN, from which distinctive integration
ratios of 1:1.7 and 1:1.3 were detected, showing its drastic
dependence on the nature of the solvent. Again, explicit
structural features of these isomers remained unknown.


A single X-ray crystal structure diffraction study was then
carried out to reveal the exact structures of 1 and 4, as well
as the possible cause for the solution isomerism. As dis-
played in Figure 3, compound 1 showed slightly distorted oc-
tahedral geometry with two cyclometalated dfb-pz ligands
and one pyridyl triazolate (fptz) chelate surrounding the iri-
dium metal center. It is notable that the N-pyrazolyl group
of the dfb-pz ligand is located in the mutual trans orienta-
tion, whereas the dfb substituents reside in the cis disposi-
tion, thereby showing the typical configuration that was ob-
served in many heteroleptic complexes.[2b,10] Moreover, the
methylene spacer of both dfb-pz ligands is bent away from


Figure 1. Variable-temperature 19F NMR spectra of complex 1 recorded
in [D6]acetone. These spectra show the region of aryl C�F resonances.


Figure 2. 19F NMR spectra of 4 recorded in CDCl3, [D6]acetone, and
CD3CN solution. These spectra show a 1:1, 1:1.7, and 1:1.3 ratio of iso-
mers, respectively. Note that only the resonances for the aryl C�F groups
are depicted for simplicity.
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the dfb groups of the other cyclometalated ligand. This
could be due to the excessive non-bonding interaction be-
tween the atoms; compare C(4)···H(19)�C(19)=3.681 O
and C(14)···H(9)�C(9)=3.932 O. On the other hand, the
fptz chelate is located opposite to both of the cyclometalat-
ed dfb segments. The associated Ir�N distances (Ir�N(5)=


2.181(4) and Ir�N(6)=2.116(4) O) are significantly longer
than the mutually trans-disposed Ir�N distances (Ir�N(1)=


2.039 and Ir�N(3)=2.028 O). This observation confirmed
the trans effect that is imposed by the dfb segments within
this class of IrIII-cyclometalated complexes.[11]


An X-ray crystal structural characterization of 4 was then
conducted to determine the difference in structure com-
pared with 1. As shown in Figure 4, although the coordina-


tion geometry around the IrIII metal atom is essentially iden-
tical to that 1, the Ir�C distances, Ir�C(21)=2.045(4) and
Ir�C(10)=2.064(4) O, are slightly longer than those of the
Ir�C bond observed in 1, Ir-C(20)=2.024(4) and Ir-C(10)=


2.039(4) O. This is obviously attributed to the intrinsic
nature of the benzyl functional group, tfmfb. In addition, the
methylene spacers of both tfmfb-pz chelates are pointing
toward the benzyl group of adjacent tfmfb-pz chelates. This
conformation is in sharp contrast with complex 1, for which
the respective methylene spacers are leaning away from the
benzyl group of their adjacent nonconjugated chelate, and
pointing to the opposite direction from where the third an-
cillary ligand is located.


The two orientations of the methylene groups in 1 and 4
offer a simple and rational explanation for the conforma-
tional isomerism that was detected in the solution phase, for
which the ligand dynamics are akin to those observed for
the inversion of 6-membered palladocycles in the cyclopalla-
dated derivatives of 2-benzylpyridine.[29] Moreover, accord-
ing to the X-ray crystal structure analyses, it is presumed
that the two isomers that are observed in 19F NMR spectros-
copy probably exhibited similar structural features observed
for compounds 1 and 4. At room temperature, it seems that
the rate of dynamic equilibrium between isomers for 1 is
much faster than that for 4. Such a difference might be ra-
tionalized by the existence of the ortho-fluorine substituent
on the benzyl moieties. As shown in Figure 5, a closer non-


bonding contact between the unique fluorine atom of the
tfmfb-pz chelate and other adjacent chelates was anticipated
upon inspecting the computer-generated, ball-and-stick and
space-filling diagrams of two conformational isomers of 4.
These unique ortho-substituted fluorine atoms would experi-


Figure 3. ORTEP diagram of 1 with thermal ellipsoids shown at the 50%
probability level; selected bond distances: Ir�N(1)=2.039(4), Ir�N(3)=


2.028(4), IrACHTUNGTRENNUNGN(5)=2.181(4), Ir�N(6)=2.116(4), Ir�C(10)=2.039(4), Ir�
C(20)=2.024(4) O.


Figure 4. ORTEP diagram of 4 with thermal ellipsoids shown at the 50%
probability level; selected bond distances: Ir�N(1)=2.042(3), Ir�N(5)=


2.174(3), Ir�N(6)=2.089(3), Ir�N(3)=2.027(3), Ir�C(21)=2.045(4), Ir�
C(10)=2.064(4) O.


Figure 5. Computer-generated structural diagrams that show the two iso-
mers of 4 in CH2Cl2 solution.
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ence an even greater steric barrier while isomerization oc-
curred, that is, rotation of the nearby Ir�C(benzyl) vectors is
required and results in an increase in activation energy and,
as a consequence, two pairs of slowly interchangeable
19F NMR spectroscopy signals at room temperature are pro-
duced.


Photophysical properties : The UV/Vis absorption and emis-
sion spectra of complexes 1–4 in CH2Cl2 at 298 K are shown
in Figure 6. All the spectroscopic data are tabulated in


Table 1. The investigated complexes all show a very similar
pattern in the absorption spectra. The absorption bands
ranging from 260–280 nm can be ascribed to p–p* intra-
ACHTUNGTRENNUNGligand charge-transfer (1ILCT) transitions due to their in-
tense molar extinction coefficient e of greater than
104


m
�1 cm�1, whereas the weaker transitions (e�


103
m
�1 cm�1) at longer wavelengths (in the range of 350–


365 nm) are attributed to the spin-allowed metal-to-ligand
charge transfer (1MLCT) mixed with a certain extent of
ligand-centered (LC) charge-transfer transitions (see
below).


Spectacularly, 1 reveals a blue emission with a peak wave-
length at 460 nm. A remarkable feature of this emission lies
in its lack of a spectral shoulder in the region of approxi-


mately 490 nm, making 1 a truly deep-blue emitter (see
below). Note that the vibronic shoulder at approximately
490 nm appeared in the well-known blue emitting IrIII com-
plex FIrtaz and its related derivatives;[12] this results in the
inferiority to achieve a true-blue hue. As for the rest of the
investigated complexes 2–4, they all also display an intense
phosphorescence band maximized at the range of 450–
490 nm with quantum yields of 5–45% and radiative decay-
rate constants of greater than 105 s�1 (see Table 1). For 2,
the phenyl functional group on the triazolate moiety results
in an approximately 8 nm bathochromic-shifted emission
with respect to 3. The result can be rationalized by the addi-
tionally extended phenyl p-conjugation system in 2, which
increases the p orbital energy of the triazolate moiety.[12] As
discussed in the following section of the theoretical ap-
proach, the HOMO (p component) of 2 is mainly located at
the phenyl-triazolate, which is quite different from 1 and 4
in which the HOMO is located at the substituted benzyl
moiety. In the case of 3, the substitution effects resulting
from the electron-donating tert-butyl substituents destabilize
the HOMO to a larger extent than that of the LUMO, and,
hence, lead to a much-reduced transition gap as compared
with complexes 1 and 4. Evidence for this is further support-
ed by a non-negligible contribution of the triazolate to the
HOMO versus none for 1 and 4. We also noticed that differ-
ent substitutions on the benzyl group of the nonconjugated
ligands rendered minor influences on the spectral features.
For example, the CF3 functional group in complex 4, which
was supposed to be a better electron acceptor than a fluo-
rine atom, only caused the emission peak wavelength to be
blue shifted from approximately 460 nm of complex 1 to ap-
proximately 457 nm.


To gain insight into the photophysical behavior of all of
the titled complexes, DFT was applied to molecular orbital
studies. As a result, those HOMO and LUMO orbitals that
are mainly involved in the lowest-lying transitions are de-
picted in Figure 7, whereas more-selected molecular orbitals
are shown in Figure S1 in the Supporting Information. A de-
scription of the energy gap of each transition and the fron-
tier orbital compositions for the involved orbitals are listed
in Tables 2 and 3, respectively. These results, especially the
calculated energy gaps, agree satisfactorily with the experi-
mental photophysical data, suggesting that the time-depen-
dent DFT (TD-DFT) calculations can, to a certain degree,


Figure 6. The normalized UV/Vis absorption and emission spectra of 1–4
in CH2Cl2 at room temperature.


Table 1. Photophysical and electrochemical data for complexes 1–4.


Photophysical Properties[a] Electrochemical data [V][b]


Complex A lmax [nm] (eP10�3) Em lmax [nm] F [%] tobs [ms] kr P106 knrP106 Eox
pa Ered


pc


1 261 (23.0), 368 (1.8) 437, 460 10 0.10 1.0 9 1.00 �2.55
2 276 (43.8), 343 (8.5) 464, 488 45 2.77 0.2 0.2 0.85 �2.74
3 267 (28.1), 340 (5.6) 456, 480 20 1.23 0.2 0.7 0.83 �3.11
4 261 (21.8), 284 (15.4), 370 (1.4) 434, 457 4 0.07 0.6 14 1.09 �2.53


[a] Data were recorded in a degassed CH2Cl2 solution at room temperature with e in m
�1 cm�1. [b] All electrochemical potentials were measured in a


CH2Cl2 and THF solution with 0.1m tetrabutylammonium hexafluorophosphate (TBAPF6) for the oxidation and reduction measurement, and reported
in volts by using Fc/Fc+ (Fc/Fc+ = ferrocene/ium) as the reference. The Pt electrode and Au(Hg) alloy were selected as the working electrode for the ox-
idation and reduction processes, respectively. Eox


pa represents the irreversible anodic peak potential, whereas Ered
pc represents the irreversible cathodic peak


potential. Em is the emission, kr =F/tobs, and knr = (1/tobs)�kr.
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predict the photophysical behavior of these iridium com-
plexes. As depicted in Figure 7, the patterns of the occupied
orbitals are essentially the same in complexes 1, 3, and 4,
with the HOMO orbital being a combination of iridium and
benzyl (in dfb-pz or tfmfb-pz ligand) orbitals. Nevertheless,
we note a rather small but non-negligible contribution from
the triazolate, which indicates that the addition of the elec-
tron-donating tert-butyl group indeed increases the p orbital
energy of the triazolate moiety. This becomes more obvious
for 2, in which the presence of a phenyl group anchored on
the triazolate moiety elongates the p conjugation and hence
its HOMO p energy is greatly increased. As a result, the
HOMO orbital of 2 is not located at the benzyl (in dfb-pz
ligand) orbitals but rather at the triazolate moiety (see
Figure 7). For both cases of 2 and 3, it is reasonable to
expect that the calculated emission gap is smaller than that
of 1 and 4, which is consistent with the experimental results.
On the other hand, the pattern of the lowest-lying virtual or-


bitals for complexes 1–4 is almost the same, being predomi-
nately composed of the pyridyl moiety in the fptz, pbptz, or
bbptz ligands (see Figure 7). The results reflect that the
lowest-lying electronic transition (S1 and T1) of 1–4 is
mainly ascribed to MLCT (dp!pyridyl fragment) mixed
with a certain extent of p–p* ligand-centered charge-trans-
fer (ILCT or LLCT). The results also implied that the sub-
stituent on the benzyl and/or pyridyl part of the ligands in
all the investigated complexes played a key role in the alter-
nation of energy levels of the occupied and/or virtual orbi-
tals.


We also noticed that the orbital compositions of HOMO
and LUMO for complexes 1 and 4 are essentially the same.
Furthermore, both the HOMO and LUMO of 4 are more or
less stabilized as compared with 1 because of the CF3 group
on the benzyl moiety, which acts as an electron acceptor.
However, TD-DFT calculations gave results of similar
energy gaps but with different transition configurations


Figure 7. Schematic representation of the calculated electron structure and the frontier orbitals in the gas phase for complexes 1–4 at their S0-optimized
geometries. Colors of the bar compositions: black (Ir), red (pyrazole in dfb-pz or tfmfb-pz), blue (benzyl in dfb-pz or tfmfb-pz), green (triazolate in fptz,
pbptz, or bbptz), magenta (pyridyl in fptz, pbptz, or bbptz). Also shown are the isodensity surface contours of the HOMO and LUMO of complexes 1–4.


Table 2. Transitions of 1–4 calculated with the TD-DFT method in CH2Cl2 solution upon employing the polarized continuum model.


Entry States l f Configuration Assignment[a]


1 T1 404.9 0 HOMO�2!LUMO (+61%) HOMO�1!LUMO (16%) MLCT/LLCT
HOMO�6!LUMO (12%) HOMO�3!LUMO (6%)
HOMO�6!LUMO+1 ACHTUNGTRENNUNG(5%)


S1 370.2 0.0051 HOMO!LUMO (+88%) HOMO�1!LUMO (+10%) MLCT/LLCT
2 T1 442.9 0 HOMO!LUMO (+80%) HOMO�2!LUMO (+9%) MLCT/ILCT


HOMO!LUMO+1 (+7%)
S1 370.9 0.1041 HOMO!LUMO (+90%) MLCT/ILCT


3 T1 428.7 0 HOMO!LUMO (+54%) HOMO�2!LUMO (33%) MLCT/LLCT/ILCT
HOMO!LUMO+1 (+9%)


S1 359.5 0.085 HOMO!LUMO (+93%) MLCT/LLCT
4 T1 405.7 0 HOMO�2!LUMO (+64%) HOMO�1!LUMO (14%) MLCT/ILCT


HOMO�5!LUMO (8%) HOMO!LUMO (8%)
S1 371.0 0.002 HOMO�1!LUMO (+80%) HOMO!LUMO (18%) MLCT/LLCT


[a] The assignment is based on the predominant transitions.
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(Table 2). For example, the S0!S1 transition of 1 is com-
posed of an 88% HOMO to LUMO transition, whereas the
dominant transition is from HOMO�1 to LUMO (80%) in
4. In addition, the HOMO�1 of 4 is no longer predominat-
ed by only the benzyl moiety (except for the contribution
from central metal atom) but with an equal amount of pop-
ulations from both triazolate and benzyl fragments. We ten-
tatively ascribed the differences in TD-DFT prediction to
the imperfection of the solvation model (polarized continu-
um model, see the Experimental Section) adopted in this
study and suspected that the configuration of these methyl-
ene-spacer-imposed IrIII complexes might be greatly influ-
enced by the solvation effect. However, applying an ad-
vanced solvent model, such as explicit solvation,[13] based on
an ab initio approach is not realistic at this stage. For com-
plex 2, the triazolate-based HOMO is considerably destabi-
lized with respect to the benzyl HOMO�1 as an effect of
the more-elongated p conjugation on the triazolate moiety
(see Table 3). Regarding complex 3, as shown in Figure 7,
the LUMO is destabilized relative to 1 because of the pres-
ence of an electron-donating tert-butyl substituent on the
pyridyl group. This, in combination with a similar HOMO
energy level between 1 and 3, leads to a relatively large
transition gap in 3 (compare with 1).


The above results clearly demonstrate the concept of in-
troducing a spacer into the cyclometalated ligand to break
the p conjugation of chelating ligands. The net result then
lowers the energy level of the p orbitals and destabilizes the


respective p* orbitals of the ligands. Accordingly, the emis-
sion wavelength can be fine tuned through the substituent
effect without taking much account of the interplay between
the HOMO and LUMO due to the crosstalk and thereby
simplifying the chemical modification and interpretation.
With the assistance of this basic designing principle and the
incorporation of the third chelating chromophores with an
appropriate energy gap, desired emission color can thus be
successfully prepared.[14]


Electrochemistry : The electrochemical behavior of these Ir
metal complexes was investigated by cyclic voltammetry by
using ferrocene as the internal standard, and the results are
summarized in Table 1. During the anodic scan in CH2Cl2,
all complexes exhibit an irreversible oxidation peak in the
region of 0.83–1.09 V. It is believed that the oxidation oc-
curred mainly at the iridium metal center, concomitant with
contributions from the surrounding chelates. Accordingly,
the strong electron-withdrawing CF3 substituent on the tri-
ACHTUNGTRENNUNGazolate fragment led to the decrease in their oxidation po-
tentials. This is demonstrated by the higher oxidation poten-
tial of 1 (1.00 V) relative to that of 2 (0.85 V) and 3
(0.83 V), which possess phenyl and t-butyl substituents.
Moreover, comparison of the oxidation peak potentials be-
tween 1 (1.00 V) and 4 (1.09 V) revealed that tfmfb-pz has
more in electron-withdrawing strength than its dfb-pz coun-
terpart.


Table 3. Molecular orbital compositions in the ground state for complexes 1–4 at the B3LYP level.


MO composition [%]
Orbital Energy [eV] Ir Pyrazole (C^N) Benzyl (C^N) Triazolate (L^X) Pyridyl (L^X) Characteristics


complex 1
LUMO+1 �1.55 0.29 1.55 1.03 9.73 87.41 p* ACHTUNGTRENNUNG(fptz)
LUMO �2.12 2.77 1.02 0.78 14.63 80.79 p* ACHTUNGTRENNUNG(fptz)
HOMO–LUMO energy gap
HOMO �5.89 43.22 3.65 49.61 2.39 1.12 d(Ir)+ p ACHTUNGTRENNUNG(dfb-pz)
HOMO�1 �6.05 52.17 17.57 21.52 6.3 2.44 d(Ir)+ p ACHTUNGTRENNUNG(dfb-pz)
HOMO�2 �6.35 1.02 2.29 96.31 0.37 0.02 d(Ir)+ p ACHTUNGTRENNUNG(dfb-pz)
complex 2
LUMO+1 �1.25 0.25 2.66 1.28 9.69 86.12 p* ACHTUNGTRENNUNG(pbptz)
LUMO �1.72 2.15 1.05 0.94 15.23 80.64 p* ACHTUNGTRENNUNG(pbptz)
HOMO–LUMO energy gap
HOMO �5.61 23.5 5.25 4.63 60.47 6.15 d(Ir)+ p ACHTUNGTRENNUNG(pbptz)
HOMO�1 �5.71 43.11 1.81 51.03 3.07 0.99 d(Ir)+ p ACHTUNGTRENNUNG(dfb-pz)
HOMO�2 �5.97 39.49 14.71 17.55 23.49 4.76 d(Ir)+ p ACHTUNGTRENNUNG(pbptz)
complex 3
LUMO+1 �1.18 0.23 2.93 1.25 10.5 85.1 p* ACHTUNGTRENNUNG(bbptz)
LUMO �1.64 2.14 1.15 1 13.8 81.91 p* ACHTUNGTRENNUNG(bbptz)
HOMO–LUMO energy gap
HOMO �5.67 45.19 5.34 43.24 4.98 1.25 d(Ir)+ p ACHTUNGTRENNUNG(dfb-pz)
HOMO�1 �5.7 41.58 7.82 18.2 27.16 5.24 d(Ir)+ p ACHTUNGTRENNUNG(bbptz)
HOMO�2 �6.03 32.36 9.1 11.56 35.43 11.55 d(Ir)+ p ACHTUNGTRENNUNG(bbptz)
complex 4
LUMO+1 �1.64 0.27 1.75 1.21 8.14 88.63 p* ACHTUNGTRENNUNG(fptz)
LUMO �2.21 2.27 0.76 0.73 16.76 79.47 p* ACHTUNGTRENNUNG(fptz)
HOMO–LUMO energy gap
HOMO �6.00 43.87 4.32 49.42 1.56 0.82 d(Ir)+ p ACHTUNGTRENNUNG(tfmfb-pz)
HOMO�1 �6.10 50.98 21.79 18.74 6.26 2.22 d(Ir)+ p ACHTUNGTRENNUNG(tfmfb-pz)
HOMO�2 �6.64 51.79 8.66 4.77 24.48 10.29 d(Ir)+ p ACHTUNGTRENNUNG(fptz)
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Upon switching to the cathodic sweep in THF, irreversible
waves were also detected in all cases. In contrast with the
oxidation process, the reduction may occur primarily on the
low-lying p* orbitals of the pyridyl segment of the ancillary
azolate chelate. Thus, the largest negative potential for 3
(�3.11 V) could be rationalized by the possession of two
electron-donating tert-butyl substituents.


Device results : To evaluate the electroluminescent proper-
ties of the developed iridium complexes, several electrolumi-
nescent (EL) devices were fabricated by using complexes 1
and 3 as dopant emitters. The devices were fabricated on
glass substrates with the typical structure of multiple organic
layers sandwiched between the bottom indium tin oxide
(ITO) anode and the top metal cathode (Al). The device
structure used for device A1 was ITO/aNPD (200 O)/TCTA
(200 O)/CzSi (200 O)/10% 1 in UGH2 (200 O)/TAZ
(500 O)/LiF (5 O)/Al (1200 O). For device A2, the device
structure was ITO/aNPD (300 O)/TCTA (50 O)/CzSi
(50 O)/10% 3 in UGH2 (100 O)/BCP (500 O)/LiF (5 O)/Al
(1200 O), for which 4,4’-bis[N-(1-naphthyl)-N-phenyl-ami-
no]biphenyl (aNPD) and 4,4’,4’’-tri(N-carbazolyl)triphenyl-
ACHTUNGTRENNUNGamine (TCTA) were used as the hole-transport layers,[8]


whereas a CzSi layer[8] was applied for improving hole trans-
port and for blocking the high-energy triplet excitons (on 1
and 3) from migrating to TCTA, which has a lower triplet
energy. p-Bis(triphenylsilyl)benzene (UGH2)[8] doped with
10 wt% of iridium complex, 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)[15] or 3-(biphenyl-4-yl)-4-phenyl-5-(4-
tert-butylphenyl)-1,2,4-triazole (TAZ),[8] and LiF were used
as the emitting, electron-transport, and electron-injection
layers, respectively.


The current-voltage-brightness (I-V-L) characteristics and
external quantum efficiencies of devices A1 and A2 are
shown in Table 4 and in Figure 8a,b. The relatively lower op-
eration voltage of device A2 compared with A1 is probably
attributed to the reduction in the thicknesses of the large-
gap CzSi and UGH2 layers. Device A1 shows a maximum
external EL quantum efficiency of 2.3% photon/electron
(2.9 cdA�1, maximum) and a maximal power efficiency of
1.5 lmW�1. Device A2 shows a maximum external EL quan-
tum efficiency of 1.3% photon/electron (2.5 cdA�1, maxi-
mum) and a maximal power efficiency of 1.9 lmW�1. Both


Table 4. Performance data of OLED devices A, B, and C.


Devices A1 A2 B1 B2 C


voltage [V][a] 14 8.2 9.6 9.2 9
brightness [cdm�2][a] 314 307 230 592 5020
EQE [%][a] 1.4 0.8 0.8 1.3 7.1
LE [cdA�1][a] 1.7 1.5 1.2 2.9 22.9
max brightness 2014 at 20 V 2387 at 13 V 1882 at 15 V 3835 at 14 V 31560 at 15 V
max EQE [%] 2.3 1.3 1.0 1.5 11.4
max LE [cdA�1][b] 2.9 2.5 1.5 3.4 36.6
max PE [lmW�1][b] 1.5 1.9 0.9 1.9 21.7
EL lmax [nm][c] 460 460 461 460 509
CIE (x, y)[c] 0.19, 0.21 0.21, 0.30 0.18, 0.22 0.26, 0.37 0.30, 0.59


[a] Measured at a current density of 20 mAcm�2. [b] LE is the luminance efficiency and PE is the power efficiency. [c] With the applied driving voltage
at 9 V.


Figure 8. a) I-V-L characteristics, b) device efficiencies compared with the
brightness of the devices, and c) EL spectra of devices B1, B2, and C.
&=device A1; &=device A2; *=device B1; *=device B2; ^=device
C.
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the EL spectra of devices A1 and A2 showed strong emis-
sions from adjacent transporting layers, which indicates a
less-balanced carrier injection. Such a factor, along with the
lower quantum yields of the complexes, might be the reason
for the lower device efficiencies.


The nondoped device architectures were also fabricated
for complexes 1 and 3.[16] The layer structures consist of
ITO/PEDOT (�300 O)/aNPD (150 O)/TCTA (150 O)/com-
plex 1 or 3 (200 O)/BCP (500 O)/LiF (5 O)/Al (1200 O) for
devices B1 and B2, in which the conducting polymer poly-
ethylene dioxythiophene/polystyrene sulfonate (PEDOT)
was utilized as the hole-injection layer.[17]


The EL spectra, I-V-L characteristics and external quan-
tum efficiencies of devices B1 and B2 are also shown in
Figure 8. As can be seen from Figure 8c, the EL spectra of
the devices are similar to the photoluminescence (PL) spec-
tra of the complexes in CH2Cl2 solution. In contrast with the
devices A1 and A2, this indicates that the devices B1 and
B2 are more effective in injecting both holes and electrons
into the emitting layer and that the iridium complexes have
adequate carrier-transporting properties. The applied opera-
tion voltages at 10 mAcm�2 for the devices B1 and B2 are
9.0 and 8.5 V, respectively. Such an observation is consistent
with the electrochemical results in which complex 3 shows a
slightly lowered oxidation potential, and the relatively small-
er energy barrier for hole injection into the emitting layer
for 3 contributes in reducing the operation voltage. A maxi-
mum external quantum conversion efficiency (EQE) of
1.0% photon/electron, luminous efficiency of 1.5 cdA�1, and
power efficiency of 0.9 lmW�1 were obtained for device B1
at 10 cdm�2, whereas the maximum efficiencies of 1.6%
photon/electron, 3.4 cdA�1, and 1.9 lmW�1 were obtained for
device B2 at 150 cdm�2, respectively.


Encouraged by the results of devices B1 and B2, we have
conducted an experiment using the above-mentioned iridi-
um complex as the host material for the fabrication of green
phosphorescent OLEDs. This is attributed to its high triplet
excited-state energy, which could allow the effective excita-
tion and confinement of triplet excited states on the dopant
molecules. The associated device architecture consists of
ITO/PEDOT (�30 nm)/aNPD (30 nm)/TCTA (5 nm)/1
doped with 2 wt% [Ir ACHTUNGTRENNUNG(ppy)3] (20 nm; ppyH=2-phenylpyri-
dine)/TAZ (50 nm)/LiF (0.5 nm)/Al (120 nm), which is simi-
lar to the previously mentioned nondoped devices, except
that a blend of 1 and 2 wt% of [Ir ACHTUNGTRENNUNG(ppy)3] was used as the
emitting layer and that TAZ was selected as the electron-
transport layer.[18]


As shown in Figure 8c, the EL spectrum of device C is
now dominated by emission from [IrACHTUNGTRENNUNG(ppy)3], which indicates
the effectiveness of the present device structure in injecting
both holes and electrons into the emitting layer. The I-V-L
characteristics and external EL quantum efficiency are also
shown in Figure 8a,b. The turn-on voltage of device C is 5 V
(defined as the voltage at 1 cdm�2). The device has an exter-
nal quantum efficiency of up to 11.4% photons per electron
(36.6 cdA�1, maximum), a peak power efficiency of
21.7 lmW�1, and a maximum brightness of 32000 cdm�2 at


14.5 V. It should be noted that reports of phosphorescent
OLEDs with phosphorescent organometallic complexes as
host materials are very rare. Among the few previous re-
ports, red phosphorescent OLEDs reported by Tsuzuki and
Tokito,[19] for which [Ir ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(ppy)2] and [Ir ACHTUNGTRENNUNG(piq)3] (acac=


acetylacetonate, piqH=1-phenylisoquinoline) were utilized
as the host and the guest, gave the highest external quantum
efficiency of 9.2%. However, the study herein indicates, for
the first time, that a phosphorescent organometallic complex
can be used as the host material for much higher-energy,
green phosphorescent electroluminescence. Furthermore,
the major energy-transfer mechanism from a phosphores-
cent organometallic complex host to a triplet emitter is the
Fçrster energy transfer, rather than the Dexter energy trans-
fer from a conventional fluorescent host to a triplet emitter,
which usually requires a rather high dopant concentration
(e.g. 8–10 wt%) to ensure effective energy transfer.[20] Thus,
in using the phosphorescent organometallic complexes as
hosts, the emitting dopant concentration can be substantially
reduced (e.g. 2 wt% in the present case). Consequently, effi-
ciency roll-off at higher brightness, which is typical in phos-
phorescent OLEDs and may be associated with triplet–trip-
let annihilation, may be alleviated. For instance, in the pres-
ent device, the device quantum efficiency remains rather
constant over a wide brightness range of 1–1000 cdm�2.


Conclusion


We report the preparation, basic photophysical properties,
and potential OLED applications of the iridiumACHTUNGTRENNUNG(III) com-
plexes 1–4 that bear one blue-emitting chromophore and
two nonconjugated cyclometalated N-benzylpyrazoles that
possess a much greater ligand energy gap. It is notable that
the resulting metal complexes show unexpected isomeriza-
tion in solution, which is caused by the restricted twist
motion involving the methylene units. Despite this fluxional
motion in solution, their photophysical data support the
concept of introducing the methylene spacer into the cyclo-
metalated ligand to break the p conjugation of chelating li-
gands, the result of which then lowers the p orbital energies
and destabilizes the respective p* orbitals of the nonconju-
gated chelates. By using complex 1 as a prototype, doped
phosphorescent OLED devices that use these complexes as
emitters have been successfully made, exhibiting a blue EL
with 1931 Commission Internationale de L>Eclairage (CIE)
coordinates of (0.19, 0.21), albeit with much lower device ef-
ficiencies. On the other hand, it is impressively explored
that these blue-emitting complexes could be used as the
host material for green phosphorescent OLEDs. The effi-
ciency and photon/electron rate of the as-fabricated device
reach 11% and 18 lmW�1, respectively, at the practical
brightness of 100 cdm�2. Thus, with the assistance of this
nonconjugation designing principle and the incorporation of
the third chelating chromophores with an appropriate
energy gap, the desired blue-emitting materials as well as
phosphorescent OLEDs that employ these materials as
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hosts for lower-energy phosphorescent dopants can be suc-
cessfully prepared.


Experimental Section


General information and materials : Mass spectra were obtained on a
JEOL SX-102A instrument operating in fast atom bombardment (FAB)
mode. 1H and 19F NMR spectra were recorded on Varian Mercury-400 or
INOVA-500 instruments; chemical shifts are quoted with respect to the
internal standard tetramethylsilane for 1H data. Elemental analyses were
carried out at the NSC Regional Instrumentation Center at the National
Chao Tung University, Hsinchu (Taiwan). The 2-pyridyl azolate chelates,
namely: 3-trifluoromethyl-5-(2-pyridyl)-1,2,4-triazole (fptz)H, 3-phenyl-5-
(4-t-butyl-2-pyridyl)-1,2,4-triazole (pbptz)H, and 3-t-butyl-5-(4-t-butyl-2-
pyridyl)-1,2,4-triazole (bbptz)H were prepared by using methods that are
documented in the literature.[21] All reactions were conducted under a N2


atmosphere by using anhydrous solvents or solvents treated with an ap-
propriate drying reagent.


Preparation of (dfb-pz)H : Pyrazole (3.42 g, 50.2 mmol) was added to a
suspension of NaH (1.31 g, 54.8 mmol) in THF (25 mL) at 0 8C and under
N2. The mixture was stirred until the evolution of hydrogen had ceased.
A solution of 2,4-difluorobenzyl bromide (6.0 mL, 45.7 mmol) in dry
THF (10 mL) was added dropwise. The reaction mixture was stirred at
room temperature for 12 h, from which the white precipitate was re-
moved by filtration. The pure product was then obtained after column
chromatography by using ethyl acetate as the eluent to give 7.26 g of a
light-yellow liquid (38.8 mmol, 84%). The second ligand, (tfmfb-pz)H,
was prepared in 90% yield by employing 2-trifluoromethyl-5-fluoroben-
zyl bromide as the alternative starting material.


Ligand (dfb-pz)H : 1H NMR (400 MHz, CDCl3, 294 K): d=7.52 (d, J=


2.0 Hz, 1H; CH), 7.42 (d, J=2.0 Hz, 1H; CH), 7.15–7.10 (m, 1H; CH),
6.85–6.79 (m, 2H; CH), 6.26 (t, J=2.0 Hz, 1H; CH), 5.30 ppm (s, 2H;
CH2).


Ligand (tfmfb-pz)H : 1H NMR (300 MHz, CDCl3, 294 K): d=7.67 (m,
2H; CH), 7.44 (d, J=2.0 Hz, 1H; CH), 7.03 (t, J=7.8 Hz, 1H; CH), 6.50
(d, J=9.5 Hz, 1H; CH), 6.35 (t, J=2.0 Hz, 1H; CH), 5.53 ppm (s, 2H;
CH2).


Preparation of [Ir ACHTUNGTRENNUNG(dfb-pz)2 ACHTUNGTRENNUNG(fptz)] (1): A mixture of (dfb-pz)H (0.35 g,
1.79 mmol) and IrCl3·3H2O (0.30 g, 0.851 mmol) in 2-methoxyethanol
(5 mL) was refluxed for 24 h under nitrogen. After cooling the solution
to room temperature, 3-trifluoromethyl-5-(2-pyridyl) triazole (182 mg,
0.851 mmol) and Na2CO3 (90 mg, 0.851 mmol) were added and the mix-
ture was stirred at room temperature for a further 12 h. An excess of
water was added and the resulting precipitate was collected by filtration
and washed with MeOH and ether. Further purification was conducted
by recrystallization with acetone/hexane to give 0.40 g of white crystals
(0.501 mmol, 59%). 1H NMR (500 MHz, [D6]acetone, 193 K): d=8.92 (d,
J=5.5 Hz, 1H; CH), 8.31 (d, J=2.0 Hz, 1H; CH), 8.25 (d, J=2.0 Hz,
1H; CH), 8.22 (t, J=7.5 Hz, 1H; CH), 8.15 (d, J=7.5 Hz, 1H; CH), 7.71
(t, J=6.0 Hz, 1H; CH), 7.38 (d, J=1.5 Hz, 1H; CH), 6.97 (d, J=1.5 Hz,
1H; CH), 6.73 (td, J=9.5 Hz, 2.0 Hz, 1H; CH), 6.61 (td, J=9.5 Hz,
2.0 Hz, 1H; CH), 6.43 (t, J=2.0 Hz, 1H; CH), 6.36 (t, J=2.0 Hz, 1H;
CH), 5.99 (d, J=16.0 Hz, 1H; CH2), 5.91 (d, J=14.5 Hz, 1H; CH2), 5.74
(d, J=14.5 Hz, 1H; CH2), 5.08–5.04 (m, 2H; CH,CH2), 4.73 ppm (dd, J=


9.5 Hz, 2.0 Hz, 1H; CH); 19F NMR (470 MHz, [D6]acetone, 294 K): d=


�63.85 (s, 3F; CF3), �115.03 (s, 1F; CF), �115.99 (s, 1F; CF), �118.15
(s, 1F; CF), �120.11 ppm (s, 1F; CF); MS (FAB): m/z : 793 [M+1]+ ; ele-
mental analysis calcd (%) for C28H18F7IrN8: N 14.15, C 42.48, H 2.29;
found: N 13.93, C 42.28, H 2.62.


Preparation of [Ir ACHTUNGTRENNUNG(dfb-pz)2 ACHTUNGTRENNUNG(pbptz)] (2): Compound 2 was obtained in
40% yield by a similar procedure to that described for the parent com-
pound 1. Purification was conducted by silica-gel column chromatogra-
phy by using CH2Cl2 as the eluent. 1H NMR (400 MHz, [D6]acetone,
294 K): d=8.62 (d, J=5.4 Hz, 1H; CH), 8.18–8.15 (m, 3H; CH), 8.13 (d,
J=2.4 Hz, 1H; CH), 8.08 (d, J=2.4 Hz, 1H; CH), 7.58 (dd, J=6.0 Hz,
2.4 Hz, 1H; CH), 7.40–7.27 (m, 2H; CH), 7.29 (td, J=7.6 Hz, 2.0 Hz,


1H; CH), 7.19–7.16 (m, 2H; CH), 6.55 (ddd, J=10.4 Hz, 9.2 Hz, 2.4 Hz,
1H; CH), 6.44 (ddd, J=10.4 Hz, 9.2 Hz, 2.4 Hz, 1H; CH), 6.30 (t, J=


2.4 Hz, 1H; CH), 6.25 (t, J=2.4 Hz, 1H; CH), 6.12–5.61 (br s, 2H;
CH,CH2), 5.38–5.07 (br s, 4H; CH), 1.40 ppm (s, 9H; CH3); MS (FAB):
m/z : 857 [M+1]+ ; elemental analysis calcd (%) for C37H31F4IrN8·CH2Cl2:
N 11.91, C 48.51, H 3.54; found: N 12.08, C 48.60, H 3.75.


Preparation of [Ir ACHTUNGTRENNUNG(bbptz) ACHTUNGTRENNUNG(dfb-pz)2] (3): Compound 3 was obtained in
63% yield by a procedure similar to that described for the parent com-
pound 1. Purification was conducted by flash column chromatography
with CH2Cl2 as the eluent. 1H NMR (400 MHz, [D6]acetone, 294 K): d=


8.60 (d, J=6.0 Hz,1H; CH), 8.11 (d, J=2.4 Hz, 1H; CH), 8.06 (d, J=


2.4 Hz, 1H; CH), 7.99 (s, 1H; CH), 7.52 (dd, J=6.0 Hz, 2.4 Hz, 1H;
CH), 7.18 (s, 1H; CH), 7.12 (br s, 1H; CH), 6.52 (ddd, J=10.8 Hz,
8.8 Hz, 2.4 Hz, 1H; CH), 6.39 (ddd, J=10.4 Hz, 9.2 Hz, 2.4 Hz, 1H; CH),
6.30 (t, J=2.4 Hz, 1H; CH), 6.25 (t, J=2.4 Hz, 1H; CH), 6.12 (d, J=


15.6 Hz, 1H; CH2), 5.84–5.26 (br s, 3H; CH,CH2), 5.01–4.88 (m, 2H;
CH,CH2), 1.37 (s, 9H; CH3), 1.35 ppm (s, 9H; CH3); MS (FAB): m/z :
837 [M+1]+ ; elemental analysis calcd (%) for C35H35F4IrN8·0.5CH2Cl2: N
12.76, C 48.54, H 4.13; found: N 12.55, C 48.16, H 4.25.


Preparation of [Ir ACHTUNGTRENNUNG(fptz) ACHTUNGTRENNUNG(tfmfb-pz)2] (4): A mixture of (tfmfb-pz)H
(208 mg, 0.85 mmol) and [IrCl3]·3H2O (150 mg, 0.43 mmol) in 2-meth ACHTUNGTRENNUNGoxy-
ACHTUNGTRENNUNGethanol (4 mL) was refluxed for 2 d under nitrogen. After cooling the so-
lution to room temperature, 3-trifluoromethyl-5-(2-pyridyl) triazole
(91 mg, 0.43 mmol) and Na2CO3 (45 mg, 0.43 mmol) were added and the
mixture was stirred at room temperature for a further 12 h. After this
time, an excess of water was added and the resulting precipitate was col-
lected by filtration. Further purification was conducted by column chro-
matography with an eluent consisting of a 1:3 mixture of CH2Cl2 and
hexane. The resulting white powder was recrystallized from CH2Cl2/
hexane at room temperature to give 120 mg of a white crystalline product
(0.13 mmol, 32%). 1H NMR (400 MHz, [D6]acetone, 294 K): d=8.96 (d,
J=5.2 Hz, 1H4a; CH), 8.50 (d, J=8.0 Hz, 1H4b; CH), 8.28 (t, J=7.6 Hz,
1H4b; CH), 8.22–8.14 (m, 1H4a +2H4b; CH), 8.07 (m, 1H4b; CH), 8.02–
7.97 (m, 2H4a +2H4b; CH), 7.73 (m, 1H4a; CH), 7.52–7.28 (m, 2H4a +


5H4b; CH), 7.13 (d, J=2.4 Hz, 1H4a; CH), 6.91 (t, J=8.4 Hz, 1H4b; CH),
6.75 (t, J=8.4 Hz, 1H4b; CH), 6.70 (dd, J=8.4 Hz, 2.4 Hz, 1H4a; CH),
6.47 (t, J=8.8 Hz, 1H4a; CH), 6.37–6.31 (m, 2H4a; CH,CH2), 6.25–6.21
(m, 3H4a; CH), 5.77 (d, J=16.4 Hz, 1H4a; CH2), 5.72 (d, J=16.4 Hz,
1H4a; CH2), 5.42 (d, J=15.2 Hz, 1H4b; CH2), 5.36 (d, J=15.2 Hz, 1H4b;
CH2), 5.31 (d, J=16.4 Hz, 1H4a; CH2), 4.88 (d, J=15.2 Hz, 1H4b; CH2),
4.79 ppm (d, J=15.2 Hz, 1H4b; CH2);


19F NMR (470 MHz, [D6]acetone,
294 K): d =�57.21 (s, 6F4a; CF3), �57.54 (s, 3F4b; CF3), �57.67 (s, 3F4b;
CF3), �63.70 (s, 3F4b; CF3), �64.03 (s, 3F4a; CF3), �88.72 (s, 1F4b; CF),
�91.34 (s, 1F4a; CF), �91.85 (s, 1F4b; CF), �94.87 (s, 1F4a; CF); MS
(FAB): m/z : 893 [M+1]+ ; elemental analysis calcd (%) for
C30H18F11IrN8·CH2Cl2: N 11.47, C 38.12, H 2.06; found: N 11.45, C 38.31,
H 2.37.


X-ray crystal structural determination : Single-crystal X-ray diffraction
data were measured on a Bruker SMART CCD diffractometer (2qmax�
55.08, w scan mode) equipped with a graphite monochromator. The data
collection was executed by using the SMART program. Cell refinement
and data reduction were accomplished by using the SAINT program. The
structures were solved by using the SHELXTL/PC package and refined
by using full-matrix least-squares. An empirical absorption correction
was applied with the SADABS routine (part of the SHELXTL program).
The structure was solved by direct methods by using the SHELXTL suite
of programs. All non-hydrogen atoms were refined anisotropically by
full-matrix least-squares on F 2. Hydrogen atoms were placed in calculat-
ed positions and allowed to ride on the parent atoms.


Selected crystal data for 1: C28H18F7IrN8; M=791.70; orthorhombic;
space group=P212121; a=10.3093(5), b=13.6403(7), c=18.7989(9) O;
V=2643.54(20) O3; Z=4; 1calcd =1.989 gcm�1; F ACHTUNGTRENNUNG(000)=1528; crystal
size=0.13P0.10P0.10 mm3; l ACHTUNGTRENNUNG(MoKa)=0.71073 O; T=150(2) K; m=


5.137 mm�1; index ranges �13�h�13, �17�k�17, �21� l�24, 20456
reflections collected, 6067 with R ACHTUNGTRENNUNG(int)=0.0546, final wR2ACHTUNGTRENNUNG(all data)=


0.0578, R1 ACHTUNGTRENNUNG[I>2s(I)]=0.0302.


Selected crystal data for 4 : C31H20Cl2F11IrN8; M=976.65; triclinic; space
group=P1̄; a=11.0573(6), b=12.3430(6), c=13.4708(7) O; a=
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101.603(1), b =112.153(1), g =94.582(1)8 ; V=1643.23(15) O3; Z=2;
1calcd =1.974 gcm�1; F ACHTUNGTRENNUNG(000)=944; crystal size=0.25P0.15P0.15 mm3;
l ACHTUNGTRENNUNG(MoKa)=0.71073 O; T=150(2) K; m=4.327 mm�1; index ranges �14�
h�14, �16�k�16, �17� l�17; 21693 reflections collected, 7532 with
R ACHTUNGTRENNUNG(int)=0.0339, final wR2 ACHTUNGTRENNUNG(all data)=0.0573, R1 ACHTUNGTRENNUNG[I>2s(I)]=0.0253.


CCDC-677848 (1) and -677849 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif


Spectral measurements : Steady-state absorption and emission spectra
were recorded by a Hitachi (U-3310) spectrophotometer and an Edin-
burgh (FS920) fluorimeter, respectively. Solution samples were degassed
by three freeze–pump–thaw cycles. Quinine sulfate with an emission
yield of F�0.57 (lmax�460 nm) in 0.1 m H2SO4 was used as a reference
to determine quantum yields for the studied compounds in solution.
Equation (1) was used to calculate the emission quantum yields.


Fs ¼ Fr


�
hs


2ArIs


hr
2AsIr


�
ð1Þ


In Equation (1), Fs and Fr are the quantum yields of the unknown and
reference samples, h is the refractive index of the solvent, Ar and As are
the absorbance of the reference and the unknown samples at the excita-
tion wavelength, and Is and Ir are the integrated areas under the emission
spectra of interest, respectively.


Lifetime studies were performed with an Edinburgh FL 900 photon
counting system by using a hydrogen-filled or a nitrogen lamp as the ex-
citation source. Data were analyzed by using the nonlinear least-squares
procedure in combination with an iterative convolution method. The
emission decays were analyzed by the sum of exponential functions,
which allows partial removal of the instrument time-broadening and con-
sequently renders a temporal resolution of about 200 ps.


Computational methodology : All the calculations were carried out by
using a Gaussian 03 (G03) program package.[22] Calculations on the elec-
tronic ground state of complexes 1–4 were carried out by using the DFT
method with B3LYP density functional theory.[23,24] The Hay–Wadt
double-z with a Los Alamos relativistic effect core potential basis set
LANL2DZ[25] was employed for the Ir atom, and the other atoms were
described by a split valence Pople basis (6-31G).[26] The relativistic effec-
tive core potential (ECP) replaced the inner core electrons of Ir ACHTUNGTRENNUNG(III),
leaving the outer core (5s25p6) electrons and the 5d6 valence electrons.
The basis set was described as Ir (8s6p3d)/ ACHTUNGTRENNUNG[3s3p2d], C, N, and F
(10s,4p,1d)/ ACHTUNGTRENNUNG[3s,2p,1d], and H (4s)/[2s].[2s] On the basis of the optimized
geometry in the ground state, the absorption and emission properties in
CH2Cl2 can be calculated by TD-DFT[27] with the polarized continuum
model (PCM), as implemented in G03. Within TD-DFT, the description
of the excited states is based on a linear combination of singly occupied-
to-virtual orbital excitations and thereby provides information beyond a
simple HOMO–LUMO picture. Compositions of molecular orbitals,
overlap populations between molecular fragments, bond orders, and den-
sity-of-states spectra were calculated by using the AOMix program.[28]


Device fabrication and characterization : OLEDs were fabricated on
ITO-coated glass substrates with multiple organic layers sandwiched be-
tween the transparent bottom ITO anode and the top metal cathode. The
PEDOT layer was prepared by spin coating, whereas other layers were
fabricated by vacuum evaporation in a vacuum chamber with a base pres-
sure of less than 10�6 torr. The deposition system permits the fabrication
of the complete multilayer device structure in a single vacuum pump-
down without breaking the vacuum. The deposition rate of organic layers
was kept at approximately 0.2 nms�1. The active area of the device is 1P
1 mm2, as defined by the shadow mask for cathode deposition. The I-V-L
characteristics of devices were measured by using an Agilent 4155B semi-
conductor parameter analyzer and a Si photodiode calibrated with Photo
Research PR-650 spectroradiometer. EL spectra of devices were collect-
ed by a calibrated CCD spectrograph.
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Single-Walled Carbon Nanotubes Binding to Human Telomeric i-Motif DNA
Under Molecular-Crowding Conditions: More Water Molecules Released


Chao Zhao, Jinsong Ren, and Xiaogang Qu*[a]


Introduction


Human telomeric DNA has received great attention in
recent years.[1–6] The natural occurrence of the human telo-
meric G-quadruplex or i-motif in vivo has not been demon-
strated and the biological effects of the induction of these
structures need to be clarified. Intracellular environment is
highly crowded with various biomolecules[7–13] and in vitro
studies under molecular-crowding conditions will provide in-
valuable information on how biomolecules behave in
cells.[7–13] Recent studies have shown that cell-mimic crowd-
ing can induce human telomeric G-quadruplex formation
and cause an antiparallel to parallel transition.[10–17] Howev-
er, the molecular-crowding effect on a human telomeric C-
rich strand, which is complementary to the G-rich sequence,
has not been reported.[10–17] C-rich strands may adopt i-motif
structures with intercalated C�C+ base pairs.[5,6] A large


amount of effort has been made to investigate this structure
and its involvement in human telomeric and centromeric
DNA, and for its potential as a molecular motor[6] and anti-
cancer drug target.[5] Therefore, it is important and of gener-
al interest to study the i-motif DNA under molecular-crowd-
ing conditions.
Herein we report that molecular crowding can cause i-


motif DNA dehydration and increase the stability of DNA
at acid pH. Investigations that use PEG1000 (polyethylene
glycol with an average molecular weight of 1000) show the
strongest effect on DNA stability by increasing Tm by 30 8C
at a concentration of 30 wt%. Nevertheless, PEG can not
induce i-motif formation at physiological pH, this demon-
strates that molecular crowding is not an effective method
for the induction of the formation of the i-motif. Single-
walled carbon nanotubes (SWNTs), the leading nanodevice
candidate,[18, 19] have potential applications, ranging from
gene therapy to novel drug delivery to membrane separa-
tion. In this report, we find that the i-motif structure is
formed with the addition of single-walled carbon nanotubes
(SWNTs). More water molecules can be released, indicating
that SWNTs can induce i-motif formation under cell-mimic
crowding conditions. SWNTs can also drive i-motif forma-
tion in dilute solutions, as shown in our recent reports.[18, 19]


SWNTs have been shown to modulate DNA B–A transi-
tions[20] and B–Z changes on SWNTs in live cells,[21] and thus
have potential to modulate the structure of human telomeric
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Abstract: The natural occurrence of
the human telomeric G-quadruplex or
i-motif in vivo has not been demon-
strated and the biological effects of the
induction of these structures need to
be clarified. Intracellular environments
are highly crowded with various bio-
molecules and in vitro studies under
molecular-crowding conditions will
provide important information on how
biomolecules behave in cells. Here we
report that cell-mimic crowding can in-


crease i-motif stability at acid pH and
cause dehydration. However, crowding
can not induce i-motif formation at
physiological pH. Intriguingly, single-
walled carbon nanotubes (SWNTs) can
drive i-motif formation under cell-
mimic crowding conditions and cause


more water to be released. To our
knowledge, there is no report to show
how SWNTs can influence DNA under
cell-mimic crowding conditions. Our
results indicate that SWNTs may have
the potential to modulate the structure
of human telomeric DNA in vivo, like
DNA B–A transitions and B–Z
changes on SWNTs in live cells, which
demonstrates potential for drug design
and cancer therapy.


Keywords: DNA · i-motif · ligand
effects · molecular crowding · nano-
tubes
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DNA in vivo, which, in turn, would have potential applica-
tions in drug design and cancer therapy. To our knowledge,
there is no report to show how SWNTs can influence DNA
under cell-mimic crowding conditions.


Results and Discussion


The melting profiles of i-motif in the absence or presence of
PEG1000 were shown in Figure 1. Molecular crowding can
significantly stabilize the i-motif structure at pH 5.5 (Fig-
ure 1A) by increasing Tm from 40 to 70 8C at a PEG1000
concentration of 30 wt%. In the presence of SWNTs
(5 mgmL�1) (Figure 1B, *), the Tm of the i-motif was raised
even higher than the use of PEG1000 alone (Figure 1B, &)
to show that the binding of SWNTs further stabilizes the i-
motif DNA under crowding
conditions. Similar results were
obtained for other PEG mole-
cules with the molecular weight
of 200 (Figure S1 in the Sup-
porting Information), 3400,
6000 and 8000 (Table S1 in the
Supporting Information). It
should be noted that PEG1000
has the strongest effect on the
stability of the i-motif, and was
superior to lower or higher mo-
lecular weight PEGs. Previous
reports have shown that al-
though PEGs do not favorably
interact with nucleotides[13] they
can decrease water activity and
disturb DNA hydration, and influence duplex, triplex, and
G-quadruplex DNA stability.[9–17] These effects depend on
PEG molecular weight,[9–13] in our case, PEG1000, the size
and appropriate chain length may be the most effective co-
solute to stabilize human telomeric i-motif DNA. CD stud-
ies confirm that DNA remains in the i-motif structure in the
presence of different molecular weight PEGs and SWNTs
(Figure 2), which excludes the possibility that the increased
stability was caused by the structural transition.[18,19] Because
direct interaction between PEG and DNA strands is ther-
modynamically unfavorable,[13] the enhanced stability of the
i-motif is expected to be a result of the molecular-crowding
effect. Typical CD spectra of the i-motif at different temper-
atures in the absence or presence of PEG 200, and PEG 200
with SWNTs are shown in Figure 3. Analysis of the two ob-
vious iso-dichroic points around l=242 and 275 nm shows
that the i-motif formation in these conditions follows a two-
state transition model. We also estimated[13,18] the thermody-
namic parameters of the i-motif in the presence of various
cosolutes and SWNTs. These parameters were summarized
in Table S1. If the PEG1000 concentration was increased
from 0 to 30 wt%, the values of DHo, and DGo


25 decreased
from �62.3�3.5 to �63.6�4.2 kcalmol�1, �4.6�0.3 to
�8.3�0.6 kcalmol�1, respectively, and TDSo increased from


Figure 1. A) Normalized UV melting profiles of i-motif DNA in NaCl
(100 mm) and sodium cacodylate buffer (10 mm, pH 5.5) containing vari-
ous concentrations of PEG1000: 0 (&), 10 (*), 20 (~), 30 wt% (?);
[DNA]=9.2 mgmL�1. B) Plots of DNA melting temperature Tm versus
PEG1000 concentration in the absence (&) or presence (*) of SWNTs
(5 mgmL�1) in NaCl (100 mm) and sodium cacodylate buffer (10 mm,


pH 5.5).


Figure 2. CD spectra of i-motif in NaCl (100 mm) and sodium cacodylate buffer (10 mm, pH 5.5) in the absence
(c) or presence of different PEGs: 50 wt% PEG200 (c), 40 wt% PEG1000 (c), 30 wt% PEG3400
(c), 20 wt% PEG6000 (c), and 20 wt% PEG8000 (c). A) i-motif with different PEGs alone; B) i-
motif with different PEGs and SWNTs (10 mgmL�1) in the buffer. [DNA]=9.2 mgmL�1.


Figure 3. CD spectra of the i-motif at different temperatures in the ab-
sence (A) or presence (B) of 10 wt% PEG 200, and C) 10 wt% PEG 200
with SWNTs (5 mgmL�1) in NaCl (100 mm) and sodium cacodylate buffer
(10 mm, pH 5.5). [DNA]=9.2 mgmL�1. T= : 20 8C (&), 35 8C (*), 40 8C
(!), 45 8C (?), 50 8C (^), 60 8C (~), 80 8C (J).
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�57.7�3.2 to �55.2�3.6 kcalmol�1. These data indicate
that the i-motif stabilization by PEG is enthalpy favorable,
and the same trend was held for other PEG molecules
(Table S1).
Water has long been considered as an integral part of the


structure of DNA.[22–24] Next we studied further how the i-
motif DNA hydration changes under molecular-crowding
conditions.[13, 22] Figure 4 shows molecular-crowding effect on
the thermodynamic equilibrium constants of i-motif forma-
tion in the absence (Figure 4A) or presence of SWNTs (Fig-
ure 4B). As the cosolute concentration is increased, so does
the equilibrium constant, whereas the water activity decreas-
es[9–13,22] . The positive slope indicates that water molecules
were released when i-motif structure was formed.


As described previously,[13,14, 22] the number of water mole-
cules released upon formation of an intramolecular structure
by a DNA strand in an aqueous solution containing a coso-
lute (PEG) and a cation (such as Na+) can be obtained by
Equation (1):


dlnKobs


dlnaw
¼ �


�
Dnw þ Dncs


�
dlnacs


dlnaw


�
þ DnMþ


�
dlnaMþ


dlnaw


��
ð1Þ


In which Kobs is the observed equilibrium constant; aw, acs,
and aM+ are the activities of water, cosolute, and cation, re-
spectively; Dnw, Dncs, and DnM+ are the numbers of water,
cosolute, and Na+ , released, respectively.[13,14] The linear re-
lationship between lnKobs and lnaw (Figure 4), which was
measured by osmotic pressure measurements at 25 8C, clear-
ly shows that the contributions from the other two variable
terms, which are responsible for the cosolute and cation
binding, are insignificant and the slope approximately
equals the constant term, Dnw,


[13,14, 22] in a way similar to the
G-quadruplex.[13] The i-motif hydration changes with various
cosolutes is summarized in Table 1.


Previous studies on the G-quadruplex have shown that
crowding can alter DNA hydration, release of water mole-
cules, and stabilization of DNA structures that have Hoogs-
teen base pairs.[13] These examples, which show that molecu-


lar crowding causes dehydration and increases i-motif stabil-
ity, are consistent with our results. PEG1000 causes the i-
motif to release the largest number of water molecules
(Figure 4 and Table 1) and PEG 200 releases the smallest
number of water molecules. This relationship shows that the
number of oxyethylene units contained in different molecu-
lar weight PEGs directly influences the number of water
molecules released. We carried out more DNA melting ex-
periments and repeated the melting experiments for each
sample at least three times. About 16.8�1.5 water mole-
cules per nucleotide were released upon formation of the i-
motif. For i-motif DNA, the size and chain length of PEG
1000 makes it the most effective cosolute. SWNTs have
been shown to bind to the major groove of i-motif at low
concentrations (5 mgmL�1).[18–20] In addition to the various
interactions of DNA bases and backbone with SWNTs, such
as hydrophobic and van der Waals interactions,[18–20] the fa-
vorable electrostatic interactions between the positively
charged C�C+ base pairs and the carboxyl groups on
SWNTs can increase i-motif stability.[18, 19] Here we found
that the binding of the SWNTs causes even more water mol-
ecules (17.5�2.2) to be released under molecular-crowding
conditions (Table 1), which can further stabilize i-motif
structure. For example, at 20 wt% PEG1000 in the absence
of SWNTs, i-motif Tm=60.0 8C (Table S1), in the presence
of SWNTs, the value increased to Tm=65.0 8C (Table S1).
It is well known that the i-motif structure of human telo-


meric C-rich DNA is pH dependent[18] in dilute solutions
(Figure 5); it can be formed in acidic conditions and de-
formed at neutral and alkaline conditions. CD studies of a
PEG1000 solution (40 wt%) at pH 7.0 showed that C-rich
DNA did not form the i-motif structure (Figure 6A, &), to
indicate that molecular crowding could not effectively
induce i-motif formation. However, in the presence of
SWNTs (10 mgmL�1), a typical i-motif CD spectrum (Fig-
ure 6A, ?), which has a positive band at l =288 nm and a
negative band at l=260 nm,[18] was observed. This evidence
that the i-motif was formed was supported by melting stud-
ies (Figure 6B). Under molecular-crowding conditions, C-
rich DNA alone did not have a clear transition (Figure 6B,
&) at pH 7.0. In the presence of SWNTs (10 mgmL�1), there


Figure 4. Dependence of i-motif DNA thermodynamic equilibrium con-
stants on water activity in the absence (A) or presence (B) of SWNTs
(5 mgmL�1) at 25 8C in NaCl (100 mm) and sodium cacodylate buffer
(10 mm, pH 5.5) containing different molecular weight PEG: PEG200
(&), PEG1000 (*), or PEG3400 (!). Details as described in experimental
section.


Table 1. Summary of hydration changes for the intramolecular i-motif
formation containing various cosolutes in the absence or presence of
SWNTs in NaCl (100 mm), sodium cacodylate buffer (10 mm, pH 5.5).


Osmolyte Dnw
[a] Dnw/nucleotide


PEG200 �68.7�4.2 �3.1�0.2
PEG1000 �369.5�34.0 �16.8�1.5
PEG3400 �282.6�35.1 �12.8�1.6
PEG6000 �322.0�14.0 �14.6�0.6
PEG8000 �332.7�68.2 �15.1�3.1
osmolyte+5 mgmL�1 SWNT
PEG200 �71.4�1.7 �3.2�0.1
PEG1000 �384.8�48.3 �17.5�2.2
PEG3400 �300.3�23.2 �13.7�1.1
PEG6000 �341.6�32.3 �15.5�1.5
PEG8000 �358.6�52.8 �16.3�2.4


[a] Dnw was calculated according to reference [13].
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was an unambiguous transition at 37 8C (Figure 6B,*), which
indicates that SWNTs can induce i-motif formation under
molecular-crowding conditions.[18,19] A gel-mobility shift
study (Figure 6C) provides independent evidence that the i-
motif structure is formed in the presence of PEG with
SWNTs. The structural transition of the i-motif DNA and
water release under crowding conditions can be seen in
Scheme 1. The molecular-crowding effect and the SWNT
effect on the i-motif stability are different mechanisms. The
former effect is a result of the alteration of the activity of
water molecules, which is critical for the water bound DNA
molecules. The latter effect is a result of the pKa shift, which
is critical for the C�C+ base pair formation.


Previous studies have shown that the pKa values of conju-
gated polymers can be lowered by SWNTs to promote pro-
tonation.[25] We have reported that the charge stabilization
between the positively charged C�C+ base pairs and the
SWNTs can lower the pKa of the C�C+ base pairs and
induce i-motif formation.[18,19] Here we found that SWNTs
can accelerate i-motif formation under cell-mimic crowding
conditions and release more water molecules, this demon-
strates that SWNTs have the potential to modulate human
telomeric i-motif formation in cells. Detection of the DNA
B–Z transition on SWNTs in live cells has been demonstrat-
ed recently.[21]


Conclusion


In summary, the natural occurrence of human telomeric G-
quadruplex or i-motif in vivo has not been verified.[1–6] Mo-
lecular crowding can stabilize i-motif and cause water to be
released. This effect is related to the size and chain length
of the cosolute to which PEG1000 has been shown to have
the strongest effect. Nevertheless, molecular crowding can
not drive formation of the i-motif at pH 7.0. Intriguingly,
SWNTs can accelerate i-motif formation at pH 7.0 under
molecular-crowding conditions. This demonstrates the ability
of SWNTs to drive the formation of the i-motif under cell-
mimic crowding conditions and provides evidence to suggest
that SWNTs may be able to modulate human telomeric
DNA in vivo.


Experimental Section


General : SWNTs (f=1.1 nm, purity >90%) were purchased from Al-
drich (St. Louis, MO) and purified as described previously[18–20] by soni-
cating SWNTs in a 3:1 vol/vol solution of concentrated sulfuric acid
(98%) and concentrated nitric acid (70%) for 24 h at 35–40 8C, and
washed with water, leaving an open hole in the tube side and functional-
izing the open end of SWNTs with carboxyl group to increase their solu-
bility in aqueous solution. The stock solution of SWNTs (0.15 mgmL�1)
was obtained by sonicating the SWNTs for 8 h in a pH 7.0 aqueous solu-
tion.[18–20]


DNA oligomer 5’-CCCTAACCCTAACCCTAACCCT-3’ (i-motif), was
purchased from Sangon (Shanghai, China) and used without further pu-
rification.[18,19] The DNA concentration was determined by measuring the
absorbance at l=260 nm at high temperature (90 8C) by using a Carry


Figure 5. CD spectra of i-motif at pH 5.5 (&), pH 6.0 (*), pH 6.2 (!), and
pH 7.0 (?) in NaCl (100 mm) and sodium cacodylate buffer (10 mm).
[DNA]=9.2 mgmL�1.


Figure 6. A) CD spectra of i-motif at pH 7.0 in NaCl (100 mm) and
sodium cacodylate buffer (10 mm) containing 40 wt% PEG1000 in the
absence (&) or presence of SWNTs: 2 (*), 5 (!), and 10 mgmL�1 (?).
B) Normalized UV melting profiles of i-motif at pH 7.0 in the absence
(&) or presence of SWNTs (10 mgmL�1) (*) in NaCl (100 mm) and
sodium cacodylate buffer (10 mm) containing 40 wt% PEG1000.
[DNA]=9.2 mgmL�1. C) Native PAGE images of i-motif at pH 7.0. C1) i-
motif with 40 wt% PEG200; C2) i-motif with 40 wt% PEG200 and
SWNTs (5 mgmL�1). The experiments were run at 4 8C in TBE buffer
(Tris/borate/EDTA) at 100 V. The gel was stained by using stains-all.


Scheme 1. Schematic illustrations of the i-motif DNA structural transi-
tions under molecular-crowding conditions. Small blue circles represent
water molecules.
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300 Conc spectrophotometer connected to a thermal peltier controller.
The extinction coefficient was calculated from mononucleotide and dinu-
cleotide data by using the nearest-neighbor approximation.[18,19] All ex-
periments were carried out in NaCl (100 mm), sodium cacodylate (10 mm,


pH 5.5 or pH 7.0 buffer) unless stated otherwise. Polyethylene glycols
were purchased from Sigma (St. Louis, MO) and had nominal molecular
weights of 200, 1000, 3400, 6000, and 8000. All cosolutes were dissolved
in the appropriate buffer for combination with DNA solutions.


Water activity measurements : Water activity[22, 23] was determined by the
osmotic stressing method through vapor phase osmometry by using a
model 5520 pressure osmometer (Wescor, Utah, USA). The instrument
was calibrated by using standard solutions before measurements.[22,23]


Bioassay : Absorbance measurements and melting experiments were car-
ried out by using a Cary 300 UV/Vis spectrophotometer equipped with a
Peltier temperature control accessory.[18–20] All UV/Vis spectra were mea-
sured in a 1.0 cm path-length cell with the same concentration of coso-
lutes and SWNT aqueous solution accordingly as the reference solution.
Absorbance changes at l =265 nm versus temperature were collected at
a heating rate of 1 8Cmin�1. The melting measurements for each sample
were repeated at least three times. Primary data were transferred to the
graphics program Origin for plotting and analysis.[18] Native PAGE ex-
periments[18] were carried out on acrylamide gel (12%) that contained
PEG200 (40 wt%), and run at 4 8C in 1MTBE buffer (Tris/borate/EDTA,
pH 7.0) at 100 V. The gel was stained by using stains-all.


CD experiments were measured by using a JASCO J-810 spectropolarim-
eter equipped with a temperature controlled water bath.[20] The optical
chamber of CD spectrometer was deoxygenated with dry purified nitro-
gen (99.99%) for 5 min before use and kept the nitrogen atmosphere
during experiments. The CD spectra were obtained by taking the average
of at least three scans from l=200 to 340 nm. The SWNTs alone did not
contribute to the CD signal between l=200 nm and 340 nm in our exper-
imental conditions.[18,20]
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Introduction


Aliphatic polyesters currently attract a growing interest as a
promising alternative to synthetic petrochemical-based poly-


mers, since the starting materials for their synthesis can be
derived from annually renewable resources. Mechanical and
physical properties of polyesters, together with their biode-
gradable and biocompatible nature, make them perspective
thermoplastics with broad commercial applications (e.g.,
single-use packaging materials, medical sutures, and drug de-
livery systems).[1] Polymer properties strongly depend on in-
trinsic structural parameters such as polymer composition,
molecular weight, polydispersity, tacticity, and polymer
chain-ends.[2] Ring-opening polymerization (ROP) of cyclic
esters promoted, for example, by metal initiators, proved to
be the most efficient manner for preparing polyesters with
controlled molecular weight and microstructure and narrow
molecular-weight distribution.[3] This makes the design and
synthesis of new, well-defined, single-site catalysts that ex-
hibit good activity, productivity, and selectivity for cyclic
esters polymerization and allow polymer architecture con-
trol crucial. Group 3 metals and lanthanide complexes have
attracted considerable attention as initiators for the ROP of
cyclic esters, and some of them have demonstrated impres-
sive results.[4] Recently, we reported on the synthesis of lan-


Abstract: A series of new bis(guanidi-
nate) alkoxide Group 3 metal com-
plexes [Ln ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2(OR)]
(R=OtBu, Ln=Y, Nd, Sm, Lu; R=


OiPr, Ln=Y, Nd, Lu) has been synthe-
sized. X-ray structural determinations
revealed that bis(guanidinate) tert-but-
oxides are monomeric complexes. The
isopropoxide complex [YACHTUNGTRENNUNG{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(OiPr)] undergoes slow de-
composition in solution, to afford the
unusual dimeric amido complex [(Y-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG{m-N ACHTUNGTRENNUNG(iPr)C�N})2].


Complexes [LnACHTUNGTRENNUNG{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2(OR)] (R=OtBu, Ln=Y, Nd,
Sm, Lu; R=OiPr, Ln=Y, Nd, Lu) are
active catalysts/initiators for the ROP
of rac-lactide and rac-b-butyrolactone
under mild conditions. Most of those
polymerizations proceed with a signifi-


cant degree of control. Bis(guanidi-
nate) alkoxides appear to be well
suited for achieving immortal polymer-
ization of lactide, through the introduc-
tion of large amounts of isopropanol as
a chain-transfer agent. The synthesized
complexes are able to promote the ste-
reoselective ROP of rac-b-butyrolac-
tone to afford syndiotactic poly(hydro-
butyrate) through a chain-end control
mechanism, while they are surprisingly
non-stereoselective for the ROP of lac-
tide under strictly similar conditions.
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thanide borohydride complexes with bulky guanidinate li-
gands [{(Me3Si)2NC ACHTUNGTRENNUNG(NCy)2}2Ln ACHTUNGTRENNUNG(m-BH4)2Li ACHTUNGTRENNUNG(thf)2] (Me=


methyl, Cy=cyclohexyl) that initiate the ROP of racemic
lactide, providing atactic polymers with a good degree of
control.[5] Since the polymerization behavior was shown to
be influenced by both the ligand structure and the initiating
group[6,4g] and lanthanide alkoxides proved to be efficient
catalysts for ROP of cyclic esters,[4a–c,f,s,t] we focused our
recent efforts on the synthesis of lanthanide alkoxides sup-
ported by guanidinate ligands. Herein we report on the syn-
thesis and structure of complexes [LnACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(N�
iPr)2}2(OR)] (R=OtBu, Ln=Y, Nd, Sm, Lu; R=OiPr, Ln=


Y, Nd, Lu) (iPr= isopropyl, OtBu= tert-butoxide, OiPr=


isopropoxide) and their catalytic activity in immortal and
stereoselective ROP of racemic lactide and b-butyrolactone.


Results and Discussion


Synthesis and structure of bis(guanidinate) alkoxide com-
plexes of lanthanides : Yttrium and lutetium bis(guanidinate)
alkoxides [Ln ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2(X)] (X=OtBu, Ln=Y
(1a), Lu (4a); X=OiPr, Ln=Y (1b), Lu (4b)) were synthe-
sized by metathesis reactions of the corresponding bis(gua-
nidinate) chloro-ate-complexes [{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2Ln ACHTUNGTRENNUNG(m-
Cl)2Li ACHTUNGTRENNUNG(thf)2] (Ln=Y,[7] Lu[8]) with equimolar amounts of po-
tassium tert-butoxide or sodium isopropoxide, respectively,
in THF at room temperature (Scheme 1). For preparation of


the neodymium- and samarium-containing analogues [Ln-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2(X)] (X=OtBu, Ln=Nd (2a), Sm
(3a); X=OiPr, Ln=Nd (2b)), dimeric bis(guanidinate)
chloro complexes [{Ln ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG[(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2]2}2] (Ln=


Nd,[9] Sm[7]) were treated with a twofold molar excess of
MX (M=K, X=OtBu; M=Na, X=OiPr) under similar
conditions (Scheme 1). Complexes 1–4 were obtained after
workup in high yields as oxygen and moisture sensitive
solids. Complexes 1–4 are highly soluble in common organic
solvents.


Slow concentration of solutions of tert-butoxide com-
plexes 1a–4a in pentane at room temperature allowed their
isolation as crystalline solids. These complexes were fully
characterized by elemental analysis, infrared (IR) spectros-
copy, 1H and 13C NMR spectroscopy for diamagnetic com-
plexes, and X-ray diffraction studies for 1a and 4a. The 1H
and 13C{1H} NMR spectra of 1a in C6D6 at 20 8C show the
expected sets of resonances for the guanidinate ligands and
the tert-butoxide group. The guanidinate ligands of 1a give
in the 1H and 13C{1H} NMR spectra a single set of signals,
thus indicating equivalence of both {(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}
fragments on the NMR timescale. Complex 1a was analyzed
by X-ray crystallography. The molecular structure of 1a is
depicted in Figure 1; the crystal and structural refinement


data are listed in Table 1. Complex 1a is a monomeric THF-
free compound in the solid state. The coordination sphere of
the yttrium atom is made up of the four nitrogen atoms of
the two chelating guanidinate ligands and the oxygen atom
of the OtBu group, thus resulting in a formal coordination
number of five. The Y�N bond lengths in 1a are very simi-
lar (2.325(3)–2.374(2) M) and are comparable to those re-
ported for related bis(guanidinate)–yttrium complexes.[10]


The N�C bond lengths in the guanidinate ligands differ only
slightly from each other (1.328(4)–1.335(4) M), reflecting
electron delocalization within the anionic NCN units. These
features are consistent with the symmetry observed in solu-
tion by NMR spectroscopy. The Y�O bond length in 1a of
2.021(2) M compares well with the value of 2.005(10) M
found for terminal Y�O distances in the six-coordinate yttri-
um complex [{YCp ACHTUNGTRENNUNG(m-OCMe3)ACHTUNGTRENNUNG(OCMe3)}2] (Cp=cyclopenta-
dienyl).[11]


A single-crystal X-ray diffraction study for the lutetium
analogue 4a revealed its structural similarity to 1a (see Sup-
porting Information; Figure S1). Unlike complex 1a, the
bonding situations within the two metallacyclic fragments


Scheme 1.


Figure 1. Molecular structure of complex 1a with 30% probability ellip-
soids; the methyl groups of SiMe3 and iPr fragments at N(1), N(2), N(4),
N(5) are omitted for clarity. Selected distances [M] and angles [8]: Y(1)�
O(1) 2.021(2), Y(1)�N(1) 2.340(2), Y(1)�N(2) 2.367(3), Y(1)�N(4)
2.325(3), Y(1)�N(5) 2.374(2), N(1)�C(1) 1.328(4), C(1)�N(2) 1.333(4),
N(4)�C(14) 1.335(4), N(4)�C(15) 1.459(4), N(5)�C(14) 1.331(4), O(1)-
Y(1)-N(1) 123.52(9), O(1)-Y(1)-N(2) 106.17(9), O(1)-Y(1)-N(4)
115.38(9), N(4)-Y(1)-N(1) 121.09(9), N(4)-Y(1)-N(2) 107.30(9), N(1)-
Y(1)-N(2) 56.85(9), O(1)-Y(1)-N(5) 104.58(9), N(4)-Y(1)-N(5) 57.31(9),
N(1)-Y(1)-N(5) 105.56(9).
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LuNCN in 4a differ noticeably. The two Lu�N bond lengths
for one guanidinate ligand are slightly different (2.294(4)
and 2.323(4) M), while for the second ligand, the nonequiva-
lence of these bonds is more pronounced (2.269(5) and
2.331(4) M). A substantial difference in the N�C bonds
within the NCN fragments is also observed: 1.334(6) and
1.339(6) M for the first ligand versus 1.314(7) and 1.356(6) M
for the second. Evidently, the small value of the ionic radius
of lutetium leads to a slightly unsymmetrical coordination of
the guanidinate ligands.[12]


The asymmetric coordination of the guanidinate ligands
in 4a is also evident in solution as shown by 1H and 13C{1H}
NMR spectroscopy. The nonequivalent SiMe3 groups appear
in the 1H NMR spectrum as a set of three singlets at d=


0.14, 0.24, and 0.33 ppm, and the methyl groups of the iso-
propyl fragments also give rise to three doublets at d=1.00,
1.23, and 1.27 ppm (3JH-H=6.2 Hz); accordingly, three sep-
tets (1JH-H =6.2 Hz) at d=3.75, 3.89, and 4.04 ppm are found
for the CH hydrogen atoms of the isopropyl groups. More-
over, the tert-butoxide group appears as two singlets at d=


1.43 and 1.52 ppm with a 2:1 integral ratio, thus reflecting
hindered rotation of this moiety. Similarly, the 13C{1H} NMR
spectrum of 4a contains three signals for SiMe3 groups (d=


1.6, 2.1, 2.3 ppm) and three signals for both the methyl and
methine carbons of the isopropyl fragments (d=22.6, 22.8,
26.8 ppm and 42.5, 45.7, 47.7 ppm, respectively). Also, the


methyl carbons of the tert-but-
oxide group give rise to two sig-
nals (d=31.6, 34.7 ppm).


Isopropoxide complexes 1b–
4b were isolated in high yields
(90–93%) following analogous
procedures and fully character-
ized by elemental analysis, IR
spectroscopy, and 1H and
13C NMR spectroscopy for dia-
magnetic complexes. Slow evap-
oration of solutions of the com-
plexes in hexane under vacuum
afforded amorphous powders.
Unfortunately, all our attempts
to obtain crystalline samples of
1b–4b suitable for X-ray dif-
fraction studies have failed so
far.


To our surprise, we have
found that bis(guanidinate) tert-
butoxide and isopropoxide
complexes feature remarkably
different stabilities. Thus, tert-
butoxides 1a–4a are stable in
both the solid state and hexane
or benzene, since no changes
have been observed in their
1H NMR (1a, 4a) and IR spec-
tra (1a–4a) when stored for a
long time (over several months)


at room temperature. However, isopropoxides 1b–4b are
rather unstable and slowly decompose. For example, pro-
longed storage (two months) at room temperature of a con-
centrated hexane solution of 1b afforded crystals of the un-
expected complex [(Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG{m-N ACHTUNGTRENNUNG(iPr)C�N})2]
(1c).[13] Apparently, this species results from the cleavage of
two C�N bonds of the guanidinate ligand (Scheme 2). An-
other type of fragmentation of guanidinate ligands, which in-
cludes a 1,3-shift of the Me3Si group and C�N bond cleav-
age and which resulted in the formation of the mixed ligand


Table 1. Crystallographic data and structure refinement details for 1a, 4a and 1c.


1a 4a 1c


formula C30H73N6OSi4Y C30H73LuN6OSi4 C60H142N16Si8Y2


Mr 735.21 831.72 1490.44
T [K] 100(2) 100(2) 100(2)
l [M] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c P21/n
a [A] 33.5255(18) 33.660(8) 15.1587(4)
b [A] 15.5956(8) 15.539(4) 11.9779(3)
c [A] 18.3564(10) 18.305(4) 22.9861(7)
a [8] 90 90 90
b [8] 114.6540(10) 114.661(4) 92.9440(10)
g [8] 90 90 90
V [M3] 8722.8(8) 8701(3) 4168.1(2)
Z 8 8 2
1calcd [gcm�3] 1.120 1.254 1.188
m [mm�1] 1.475 2.407 1.544
F ACHTUNGTRENNUNG(000) 3184 3440 1608
crystal size [mm3] 0.40O0.35O 0.30 0.21O0.16O0.03 0.34O0.31O0.23
q range [8] 1.34–26.00 1.73–26.00 2.37–27.50
index ranges �41�h�41 �41�h�41 �19�h�19


�19�k� 19 �19�k�19 �15�k�15
�22� l�22 �22� l�22 �29� l�29


reflns collected 36736 35158 39454
independent reflns 8584[RACHTUNGTRENNUNG(int)=0.0449] 8540 [R ACHTUNGTRENNUNG(int)=0.0732] 9550 [R ACHTUNGTRENNUNG(int)=0.0336]
completeness to q 99.9 99.6 99.7
data/restraints/parameters 8584/16/397 8540/23/398 9550/9/672
goodness-of-fit on F2 1.180 1.213 1.027
final R indices [I>2s(I)] R1=0.0480


wR2=0.1026
R1=0.0640
wR2=0.1331


R1=0.0294
wR2=0.0652


R indices (all data) R1=0.0599
wR2=0.1056


R1=0.0763
wR2=0.1361


R1=0.0442
wR2=0.0693


largest diff. peak/hole [eM�3] 0.755/�0.602 2.197/�4.191 0.502/�0.202


Scheme 2. Possible mechanistic pathway for the degradation of 1b into
1c.
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guanidinate amido calcium complex [(Ca ACHTUNGTRENNUNG{(Me3Si)2NC-
ACHTUNGTRENNUNG(NCy)2}{m-ACHTUNGTRENNUNG(Me3Si)(Cy)N})2], has been previously report-
ed.[14]


Complex 1c was characterized by X-ray crystallography,
but all the attempts to obtain this compound in an analyti-
cally pure form failed due to the presence of a second mi-
crocrystalline byproduct, which we were unable to separate
by recrystallization. The molecular structure of 1c is depict-
ed in Figure 2; crystal and structural refinement data are


listed in Table 1. In the solid state, complex 1c is a dimer in
which two {Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2} moieties are linked by
the two m-bridging {N ACHTUNGTRENNUNG(iPr)C�N} fragments. The coordina-
tion sphere of the yttrium atom is made up of four nitrogen
atoms of the two bidentate guanidinate ligands and two ni-
trogen atoms of the two m-bridging {NACHTUNGTRENNUNG(iPr)C�N} fragments.
This results in a formal coordination number of six. The Y�
N(guanidinate) bond length are similar (2.3440(9)–
2.3922(9) M) and comparable to the distances reported for
related bis(guanidinate)–yttrium complexes.[10] On the other
hand, the Y�N ACHTUNGTRENNUNG(amido) bond length (2.425(9) M) is notably
longer than related bond lengths in seven-coordinate metal-
locene-type yttrium–amido complexes (2.254(1)–
2.281(5) M)[15] and the five-coordinate bis(guanidinate)ami-
do complex [Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2{N ACHTUNGTRENNUNG(iPr)2}] (2.199(3) M).[9]


Surprisingly, this covalent Y�N bond is even longer than the
bond between the same yttrium atom and the nitrogen atom
of the cyano group (2.359(1) M); this lengthening of the
bond evidently caused by steric hindrance. It is worth point-
ing out the unusual bonding situation within the bridging N-
ACHTUNGTRENNUNG(iPr)C�N ligand. There are three different C�N bonds in


this fragment. The first bond (C(30)�N(8)) is very short
(1.162(2) M) and can be considered as a triple C�N bond.[16]


The presence of C�N bonds in complex 1c is confirmed by
its IR spectrum, which contains a strong absorption band at
ñ=2141 cm�1. The N(7)�C(30) bond, which should in fact
be a single bond, was found to be noticeably shorter
(1.299(2) M) than expected for a single C�N bond and its
length can be attributed to a double C=N bond.[15] Appa-
rently, this C�N bond contraction results from the p–p con-
jugation between the p-electrons of the triple C�N-bond
and the p electrons of the lone electron pair of the nitrogen
atom.


The bis(guanidinate)isopropoxide–neodymium complex
2b also undergoes slow decomposition, as indicated by the
appearance of the strong absorption band at ñ=2118 cm�1


in its IR spectrum.


Ring-opening polymerization of racemic lactide : The pre-
pared complexes 1–4 were first evaluated in the ROP of rac-
lactide (Scheme 3). Representative results are summarized


in Table 2. All complexes proved to be active under mild
conditions, allowing full conversion of 100–500 equivalents
of lactide (LA) in 1–14 h (reaction times not optimized) at
20 8C in either toluene or THF at [rac-LA]=1.0 molL�1. No


Figure 2. Molecular structure of complex 1c with 30% probability ellip-
soids; the methyl groups of SiMe3 and iPr fragments at N(1), N(2), N(4),
N(5), N(7), N(1A), N(2A), N(4A), N(5A), N(7A) are omitted for clarity.
Selected distances [M] and angles [8]: Y(1)�N(1) 2.3440(9), Y(1)�N(2)
2.3922(9), Y(1)�N(4) 2.3654(9), Y(1)�N(5) 2.3796(9), Y(1)�N(7)
2.4251(9), Y(1)�N ACHTUNGTRENNUNG(8 A) 2.359(1), N(8)�Y ACHTUNGTRENNUNG(1 A) 2.359(1), N(1)�C(1)
1.334(1), N(2)�C(1) 1.336(1), N(4)�C(14) 1.333(1), N(5)�C(14) 1.330(1),
N(7)�C(30) 1.299(2), N(7)�C(27) 1.499(1), N(8)�C(30) 1.163(2), N ACHTUNGTRENNUNG(8 A)-
Y(1)-N(7) 80.69(3), N(1)-Y(1)-N(2) 56.20(3), N(4)-Y(1)-N(5) 56.34(3),
N(8)-C(30)-N(7) 177.0(1), C(30)-N(7)-C(27) 114.37(9).


Scheme 3.


Table 2. Ring-opening polymerization of rac-lactide with complexes 1–
4a,b.[a]


Com-
plex


[LA]/
[Ln]


Sol-
vent


t
[h][b]


Yield
[%][c]


Mn,calcd
[d]


ACHTUNGTRENNUNG(O103)
Mn,exptl


[e]


ACHTUNGTRENNUNG(O103)
Mw/Mn


[e]


1 1a 100 THF 14 55 7.9 7.7 1.22
2 1a 100 Tol 14 93 13.4 9.3 1.64
3 1b 100 THF 3 98 14.1 9.7 1.50
4 1b 100 Tol 20 51 7.3 6.4 1.12
5 2a 100 THF 14 95 13.7 14.8 1.62
6 2a 100 Tol 14 94 13.5 19.7 1.56
7 2a 500 Tol 14 97 69.8 54.2 1.77
8 2b 100 THF 1 96 14.4 8.0 1.42
9[f] 2b 1000 THF 20 41 59.0 26.0 1.50


10 2b 100 Tol 3 95 13.7 8.0 1.44
11 2b 200 Tol 6 90 26.0 16.9 1.40
12 3a 100 Tol 14 94 13.5 7.0 1.72
13 4a 100 THF 14 44 6.3 8.7 1.23
14 4a 100 Tol 14 85 12.3 13.3 1.59
15 4b 100 Tol 14 77 11.1 5.3 1.27


[a] All reactions were performed with [rac-LA]=1.0m at 20 8C, unless
otherwise stated; results are representative of at least duplicated experi-
ments. [b] Reaction times were not necessarily optimized. [c] Isolated
yields of PLA. [d]Mn (in gmol�1) of PLA calculated from Mn,calcd =


144.00O([LA]/[Ln])Oyield(LA). [e] Experimental (corrected; see Experi-
mental section) Mn (in gmol�1) and Mw/Mn values determined by GPC in
THF against polystyrene standards. [f] [rac-LA]=3.0m.
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evident differences in the behavior of tert-butoxide and iso-
propoxide complexes could be discerned in these ROP reac-
tions. On the other hand, the polymerization activities and,
to a lesser extent, the overall control over the molecular
weights (i.e. , agreement of experimental with calculated Mn


values, and molecular weight distributions) are significantly
affected by the nature of the metal center. The polymeri-
zation solvent appeared to play a significant role as well.
Thus, tert-butoxide complexes 1a and 4a, which both con-
tain a small metal center (Y and Lu, respectively),[12]


showed very similar performances (compare entries 1 and 2
with 13 and 14 in Table 2). In particular, those systems fea-
ture higher activity in toluene than in THF. This observation
follows the usual trend in the ROP of lactide, completion
times are shorter in apolar, non-coordinating solvents, such
as toluene, than in THF;[4i,j] this common fact has been ten-
tatively rationalized by the high affinity of oxophilic metals
such as lanthanides for THF, which could result in a compe-
tition with the lactide monomer in the coordination at the
metal center. On the other hand, an opposite trend was ob-
served for the isopropoxide complex 1b ; the ROP of LA
proceeds significantly faster in THF than in toluene (en-
tries 3 and 4 in Table 2), which is observed much more sel-
dom.[4h] The tert-butoxide and isopropoxide complexes 2a,b
that have a larger neodymium center do not show such sig-
nificant solvent dependence on ROP activities (entries 5–9
in Table 2). For the series of reactions carried out in THF,
both with the tert-butoxide complexes 1a–4a and isopropox-
ide complexes 1b and 2b, the observed decreasing order of
activity was Nd�Sm>Y�Lu, suggesting an apparent cor-
relation with ionic radii of the lanthanide centers.[12]


All the polylactides (PLAs) obtained with complexes 1–4
showed monomodal gel-permeation chromatography (GPC)
traces with relatively narrow molecular weight distributions
(1.12<Mw/Mn<1.77), indicative of a single-site character
(see below). The number average molecular mass (Mn)
values increase with the monomer-to-metal ratio (entries 6/
7, and 10/11 in Table 2), though not always linearly (en-
tries 8/9). The corrected experimental Mn values of the
PLAs produced with those complexes are, in most cases,
close to the theoretical ones, calculated on the assumption
that a single PLA chain is produced per metal center
through initiation of the polymerization by the alkoxide
group.


To explore the possibility of achieving immortal polymeri-
zation with these systems, that is, to generate several PLA
chains per metal center by introducing several equivalents
of a chain-transfer agent, experiments were conducted in
the presence of isopropanol.[17] Complex 2a, which showed
good matching of experimental and calculated Mn values,
that is, high initiation efficiency, and the ability to convert at
least up to 500 equiv of lactide (Table 2, entry 7), was select-
ed for this purpose. Representative results are summarized
in Table 3. The 2a/iPrOH system proved able to quantita-
tively convert 500 equivalents of lactide with up to 50 equiv-
alents of chain-transfer agent per metal initiator. All the ob-
tained PLAs showed monomodal, relatively narrow distribu-


tions with an excellent correlation between the experimental
and calculated Mn values (entries 2–7 in Table 3). These ob-
servations establish that 1) the metal complex is stable in
the presence of large amounts of free alcohol (i.e. the guani-
dinate ligands are not displaced), and 2) a fast reversible ex-
change between free alcohol and growing PLA chains takes
place during the polymerization process (Scheme 4). High


productivities (up to 1600 mol(LA)mol(Nd)�1) could be
achieved by increasing the monomer to initiator ratio to
2000, while still using 50 equivalents of chain-transfer agent
(entries 7 and 8 in Table 3). Poor conversion was observed
when using a very large amount of lactide (5000 equiv rela-
tive to 2a, entry 9 in Table 3) and is likely due to the diffi-
culty of sufficiently purifying lactide and avoiding poisoning
at such a low catalyst loadings. Nevertheless, to our knowl-
edge, these performances in terms of productivity and
chain-transfer efficiency are among the best reported thus
far for the ROP of lactide with metal-based initiators.[17]


All the PLAs produced from rac-lactide with complexes
1–4 show atactic microstructures as determined by NMR
analysis (see Supporting Information; Figure S2).[18] A con-
trol polymerization of (S,S)-lactide by 2a in toluene resulted
in pure isotactic PLA, evidenced by the observation of a
single sharp resonance for the methine region in the decou-
pled 1H NMR spectrum. This observation supports the lack
of base promoted epimerization of lactide or PLA (which
may transform an initially stereo-enriched polymer into an


Table 3. Immortal ring-opening polymerization of rac-lactide in the pres-
ence of 2a/isopropanol systems.[a]


ACHTUNGTRENNUNG[iPrOH]/
ACHTUNGTRENNUNG[2a]


[LA]/
ACHTUNGTRENNUNG[2a]


t
[h][b]


Yield
[%][c]


Mn,calcd
[d]


ACHTUNGTRENNUNG(O103)
Mn,exptl


[e]


ACHTUNGTRENNUNG(O103)
Mw/Mn


[e]


1 0 500 14 97 69.8 54.2 1.77
2 3 500 14 97 23.2 20.6 1.46
3 5 500 14 98 14.1 12.7 1.59
4 10 500 14 98 7.1 7.5 1.62
5 20 500 14 96 3.5 5.3 1.20
6 50 500 14 98 1.4 1.9 1.24
7[f] 50 1000 18 98 2.9 4.8 1.18
8[f] 50 2000 26 79 4.6 6.0 1.14
9[f] 50 5000 26 <5 n.d.[g] n.d. n.d.


[a] All reactions were performed with [rac-LA]=1.0m in toluene at
20 8C, unless otherwise stated. [b] Reaction times were not optimized.
[c] Isolated yields of PLA. [d]Mn (in gmol�1) of PLA calculated from
Mn,calcd =144.00O([LA]/[Ln])Oyield(LA). [e] Experimental (corrected;
see Experimental section) Mn (in gmol�1) and Mw/Mn values determined
by GPC in THF against polystyrene standards. [f] [rac-LA]=3.0m.
[g] n.d.=not determined.


Scheme 4. R1,R2 = first initiating group and free alcohol, then growing
PLA chains.
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atactic one) and argues against an anionic polymerization
mechanism.[19,20]


Ring-opening polymerization of racemic b-butyrolactone :
Surprisingly, although not stereoselective for the polymeri-
zation of rac-lactide, complexes 1–4 proved able to control
the stereoselective ROP of b-butyrolactone (BBL) to pro-
duce syndiotactic rich poly(hydroxy-3-butyrate) (PHB)
(Scheme 5). Previous studies have shown that the ROP of


BBL is generally much more difficult than that of lactide,[21]


and very few metal-based initiators have been shown to
induce high stereoselectivities.[4j] For instance, zinc–imidi-
nate complexes introduced by Coates, which produce highly
heterotactic PLA from rac-lactide,[22] lead to purely atactic
PHB from rac-BBL.[23]


The results summarized in Table 4 reveal first that the ne-
odymium–isopropoxide complex 2b allowed turnover num-
bers (TONs) up to 200 within a few hours at 20 8C in tolu-
ene (entries 1 and 2 in Table 4). However, the PHBs recov-


ered under those conditions were all atactic (see Supporting
Information; Figure S3). Keeping in mind that the stereose-
lectivity of ROP reactions is often inversely related to the
ionic radius of metal centers, as we demonstrated in the
ROP of rac-lactide with aminoalkoxybis(phenolate) Group 3
metal complexes,[4i] we next focused on isopropoxide com-
plexes bearing smaller metal centers. In fact, ROP of rac-
BBL promoted by yttrium and lutetium complexes 1b and


4b, respectively, offered syndiotactic enriched PHB, with a
probability of racemic linkages between monomer units (Pr)
up to 84% (entries 3–6 and 10 in Table 4). The Pr value in
PHBs is readily determined from both the methyl and car-
bonyl regions of the 13C NMR spectrum, which feature well
resolved resonances for the racemic (r) and meso (m) diad
sequences (Figure 3).[4j, 24]


The yttrium complex proved much more active than its lu-
tetium congener and further investigations were therefore


conducted with the former
complex. Complex 1b offered
quite similar results in THF and
toluene in terms of activity, ste-
reoselectivity, and control over
the molecular weights (compare
entries 3 and 4 in Table 4).
Much poorer results were ob-
tained by using dichlorome-
thane and hexane as the solvent
(entries 8 and 9 in Table 4). In
particular, the stereocontrol
achieved with 1b in the latter
solvents (Pr =0.54–0.60) was
nearly as poor as that achieved
in toluene with the simple ho-
moleptic initiators [Y{N-
ACHTUNGTRENNUNG(SiHMe2)3}3] and “[YACHTUNGTRENNUNG(OiPr)3]”
(generated in situ) (Pr =0.55
and 0.51, respectively).[4j]


Detailed microstructural
analysis by 13C NMR spectroscopy confirmed a chain-end
control mechanism. The methylene region of the 13C{1H}
NMR spectrum of the PHBs produced with 1b and 2b con-
tains an intense resonance at d=40.69 ppm assigned to the
rr triad (r = racemic diad), two resonances of equal, inter-
mediate intensity at d=40.63 and 40.83 ppm for the mr (m
= meso diad) and the rm triads, and a fourth very weak res-
onance at d=40.85 ppm for the mm triad (Figure 3). The


Scheme 5.


Table 4. Ring-opening polymerization of rac-b-butyrolactone with complexes 1–4b.[a]


Com-
plex


ACHTUNGTRENNUNG[BBL]
ACHTUNGTRENNUNG[molL�1]


ACHTUNGTRENNUNG[BBL]/
[Ln]


Sol-
vent


t
[h]


conv.
[%][b]


Mn,calcd
[c]


ACHTUNGTRENNUNG(O103)
Mn,exptl


[d]


ACHTUNGTRENNUNG(O103)
Mw/Mn


[d] Pr
[e]


1 2b 3 100 Tol 2 96 8.3 8.1 1.09 0.45
2 2b 3 400 Tol 8 51 17.5 25.8 1.48 0.45
3 1b 3 100 THF 2 95 8.2 15.2 1.22 0.84
4 1b 3 100 Tol 2 93 8.0 14.6 1.18 0.80
5 1b 3 200 Tol 5 72 12.4 17.8 1.21 0.80
6 1b 6 400 Tol 8 60 20.6 28.2 1.27 0.80
7[f] 1b 6 400 Tol 8 26 3.0 2.5 1.13 n.d.
8 1b 3 100 CH2Cl2 6 70 6.0 3.4 1.22 0.54
9 1b 3 100 Hex 6 54 4.7 2.0 1.69 0.60


10 4b 3 100 Tol 14 27 2.3 2.7 1.34 0.82


[a] All reactions performed at 20 8C, unless otherwise stated. [b] Conversion of rac-BBL as determined by the
integration of 1H NMR methine resonances of rac-BBL and PHB; isolated yields of PHB were essentially sim-
ilar �5%, except for low molecular weight polymers which are difficult to precipitate. [c]Mn (in gmol�1) of
PHB calculated from Mn,calc =86.00O([BBL]/[Ln + iPrOH])Oconversion BBL. [d] Experimental (uncorrected)
Mn (in gmol�1) and Mw/Mn values determined by GPC in THF against polystyrene standards. [e] Pr is the prob-
ability of racemic linkages between b-butyrolactone units and is determined by 13C{1H} NMR spectroscopy.
[f] 3 equiv of iPrOH added against Ln.


Figure 3. Carbonyl, methylene, and methyl regions of the 13C{1H} NMR
spectrum (125 MHz, CDCl3, 20 8C) of a syndiotactic rich (Pr =0.84) PHB
sample prepared by polymerization of rac-BBL in THF with complex 1b
(Table 4, entry 3).
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relative intensities of these four resonances for a PHB pro-
duced from 1b in toluene (Table 4, entry 4) are
0.70:0.14:0.12:0.04, which fit the calculated values well for a
Bernoullian statistics with Pr =0.84: (rr)= (Pr)


2 =0.705,
(rm)= (mr)= (Pr) ACHTUNGTRENNUNG(1� Pr)=0.13, and (mm)= (1�Pr)


2 =0.03.
All the PHBs obtained with complexes 1b, 2b, and 4b in


toluene or in THF showed unimodal GPC traces with rela-
tively narrow molecular weight distributions (1.09<Mw/
Mn<1.48), indicative of a single-site character, as above
mentioned for the ROP of rac-lactide (see below).[25] Also,
the experimental Mn values increase with the monomer con-
version (entries 1, 2, and 4–6 in Table 4) and are close to the
theoretical ones, calculated on the assumption that a single
PHB chain is produced per metal center by initiation of the
polymerization by the alkoxide (isopropoxide) group. This
assumption was further demonstrated by NMR spectrosco-
py. The 1H NMR spectra in CDCl3 of relatively low molecu-
lar-weight samples of PHB show the (broadened) quartet
characteristic of the CH(Me)OH terminal group at d=


4.33 ppm (Figure 4). This group is formed after hydrolysis of


the metal–alkoxide bond, an observation which is indicative
of a classical coordination/insertion mechanism with an ini-
tial ring opening through acyl–oxygen bond cleavage.[26] The
observation of another quartet resonance of equal intensity
at d=5.02 ppm establishes the presence of an isopropoxy-
carbonyl function at the other extremity of the PHB chain
(Figure 4). This assignment, also supported by 13C NMR
spectroscopy (see Supporting Information; Figure S4), con-
firms that the isopropoxide (alkoxide) ligand in this series of
complexes is the true initiator of the ROP process.


Conclusion


We have prepared and structurally characterized both in so-
lution and in the solid state a variety of new bis(guanidi-
nate) alkoxide Group 3 metal complexes. This series of com-


plexes allowed a direct comparison of the ubiquitous iso-
propoxide and much more seldom used tert-butoxide as po-
tential initiating groups for the ROP of cyclic esters. In fact,
all those complexes have been shown to be active for the
ROP of rac-lactide and rac-b-butyrolactone under mild con-
ditions. Most of those polymerizations proceed with a signif-
icant degree of control, offering PLAs and PHBs with rela-
tively narrow molecular weight distributions and experimen-
tal Mn values in close agreement with the calculated ones.
Interestingly, this class of bis(guanidinate) initiators appears
to be well suited for achieving immortal polymerization of
lactide through the introduction of large amounts of isopro-
panol as a chain transfer agent, thus enabling the conversion
of large amounts of monomer and the production of many
macromolecular chains per metal initiator. Probably the
most interesting observation in this work is the demonstrat-
ed capability of metal complexes to promote the stereose-
lective ROP of rac-b-butyrolactone through a chain-end
control mechanism, while those complexes are essentially
non-stereoselective for the ROP of lactide under strictly
similar conditions. This unexpected observation, which is un-
precedented to our knowledge, demonstrates that, despite
the close similarities usually anticipated in the ROP of lac-
tide and b-butyrolactone, (still) subtle parameters can signif-
icantly affect the final outcome. Efforts are in progress in
our laboratories to expand on this family of bis(guanidinate)
alkoxide complexes to further improve their catalytic per-
formances.


Experimental Section


General conditions : All manipulations requiring an anhydrous atmos-
phere were performed under a purified argon atmosphere using standard
Schlenk techniques or in a glove box. N,N’-Diisopropylcarbodiimide was
purchased from Acros, dried with molecular sieves and purified by con-
densation in vacuum. Anhydrous LnCl3


[27] and [Li{N ACHTUNGTRENNUNG(SiMe3)2} ACHTUNGTRENNUNG(Et2O)][28]


were prepared according to literature procedures. Solvents (toluene,
THF, hexane) were freshly distilled from Na/K alloy under nitrogen and
degassed thoroughly by freeze–pump–thaw cycles prior to use. CH2Cl2
was dried over CaH2, distilled twice, and degassed by freeze–pump–thaw
cycles prior to use. Deuterated solvents, except CDCl3, were freshly dis-
tilled from Na/K amalgam under argon and degassed prior to use. Race-
mic lactide (Aldrich) was recrystallized twice from dry toluene and then
sublimed under vacuum at 50 8C. Racemic b-butyrolactone (Aldrich) was
freshly distilled from CaH2 under nitrogen and degassed thoroughly by
freeze pump thaw cycles prior to use.


Instruments and measurements : IR spectra were recorded as Nujol mulls
on a FSM 1201 spectrophotometer. NMR spectra were recorded on
Bruker AM-500 and DPX-200 spectrometers in C6D6 or CDCl3 at 20 8C,
unless otherwise stated. C and H elemental analyses were performed by
the microanalytical laboratory of IOMC. Lanthanide metal analysis was
carried out by complexometric titration. Size-exclusion chromatography
(SEC) of PLAs and PHBs was performed in THF at 20 8C using a Poly-
mer Laboratories PL50 apparatus equipped with PLgel 5 mm MIXED-C
300O7.5 mm columns, and combined RI and Dual angle LS (PL-LS 45/
908) detectors. The number average molecular masses (Mn) and polydis-
persity index (Mw/Mn) of the polymers were calculated with reference to
a universal calibration against polystyrene standards. Mn values of PLAs
were corrected with a Mark–Houwink factor of 0.58 to account for the
difference in hydrodynamic volumes between polystyrene and polylac-
tide.[29] The microstructure of PLAs was determined by homodecoupling


Figure 4. Detail of the 1H NMR spectrum (500 MHz, CDCl3, 20 8C) show-
ing the resonances assigned to the terminal groups of the polymer chain
in a PHB sample prepared by polymerization of rac-BBL in toluene with
isopropoxide complex 2b (Table 4, entry 1).


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5440 – 54485446


J.-F. Carpentier, A. A. Trifonov et al.



www.chemeurj.org





1H NMR spectroscopy at 20 8C in CDCl3 with a Bruker AC-500 spec-
trometer.[18] The microstructure of PHBs was determined by analyzing
the carbonyl region of 13C{1H} NMR spectra at 20 8C in CDCl3 with a
Bruker AC-500 spectrometer operating at 125 MHz (see text for de-
tails).[4b]


Synthesis of bis(guanidinate) alkoxide complexes of lanthanides


[Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(N-iPr)2}2 ACHTUNGTRENNUNG(OtBu)] (1a): A solution of KOtBu (0.17 g,
1.50 mmol) in THF (10 mL) was added to a solution of [{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2Y ACHTUNGTRENNUNG(m-Cl)Li ACHTUNGTRENNUNG(thf)2] (1.19 g, 1.35 mmol) in THF (40 mL) at room
temperature, and the reaction mixture was stirred for 24 h. The solution
was filtered and the solvent was evaporated in vacuo. The off-white solid
residue was extracted with toluene (20 mL), and the extract was filtered.
Evaporation of toluene in vacuo and recrystallization of the resulting
solid from pentane afforded colorless crystals of 1a (0.73 g, 74%).
1H NMR (200 MHz, [D6]benzene): d=0.19, 0.29 (2s, together 36H; NSi-
ACHTUNGTRENNUNG(CH3)3), 1.31 (d, 3JH-H =6.2 Hz, 24H; CHACHTUNGTRENNUNG(CH3)2), 1.46 (s, 9H; tBu),
3.79 ppm (sept, 3JH-H =6.2 Hz, 4H; CHACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (50 MHz,
[D6]benzene): d =2.2 (N ACHTUNGTRENNUNG(SiCH3)2), 27.1 (CH ACHTUNGTRENNUNG(CH3)2), 34.7 (OCCH3), 45.7
(CH ACHTUNGTRENNUNG(CH3)2), 71.5 (OCMe3), 167.3 ppm (CN3); IR (Nujol, KBr): ñ =1638
(s), 1322 (s), 1257 (s), 1203 (s), 1053 (s), 953 (s), 841(s), 753(m), 687 cm�1


(m); elemental analysis calcd (%) forC30H73N6OSi4Y (735.2): C 49.01, H
9.92, Y 12.09; found: C 48.79; H 9.66; Y 12.37.


[Nd ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OtBu)] (2a): This compound was prepared fol-
lowing the procedure described above for 1a staring from [{Nd ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG[(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2]2}2] (2.03 g, 1,35 mmol) in THF (60 mL) and KOtBu
(0.31 g, 2.80 mmol) in THF (15 mL). Compound 2a was isolated as pale
blue crystals (1.94 g, 91%). IR (Nujol, KBr): ñ =1638 (s), 1603 (m), 1257
(s), 1234 (m), 1049 (s), 957 (s), 922 (m), 838 cm�1 (s) cm�1; elemental
analysis calcd (%) for C30H73N6NdOSi4 (790.5): C 45.58, H 9.23, Nd
18.24; found: C 45.19; H 8.91; Nd 18.34.


[Sm ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OtBu)] (3a): This compound was prepared fol-
lowing the procedure described above for 1a staring from [{Sm ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG[(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2]2}2] (1.42 g, 0.94 mmol) in THF (60 mL) and KOtBu
(0.21 g, 1.90 mmol) in THF (15 mL). Compound 3a was isolated as pale
yellow crystals (1.94 g, 81%). IR (Nujol, KBr): ñ=1638 (s), 1252 (s),
1197 (m), 1049 (s), 954 (s), 922 (m), 841 cm�1 (s); elemental analysis
calcd (%) for C30H73N6OSi4Sm (796.7): C 45.28, H 9.16, Sm 18.87; found:
C 45.66; H 9.41; Sm 18.92.


[Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OtBu)] (4a): This compound was prepared fol-
lowing the procedure described above for 1a staring from [{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2Lu ACHTUNGTRENNUNG(m-Cl)Li ACHTUNGTRENNUNG(thf)2] (0.98 g, 1.01 mmol) in THF (40 mL) and
KOtBu (0.11 g, 1.01 mmol) in THF (10 mL). Compound 4a was isolated
as colorless crystals (0.68 g, 82%). 1H NMR (200 MHz, [D6]benzene): d=


0.14, 0.24, 0.33 (3s, together 36H; NSi ACHTUNGTRENNUNG(CH3)3), 1.00, 1.23, 1.27 (d, 3JH-H =


6.2 Hz, together 24H; CH ACHTUNGTRENNUNG(CH3)2), 1.43, 1.52 (2 s, together 9H; tBu), 3.75,
3.89, 4.04 ppm (3sept, 3JH-H =6.2 Hz, together 4H; CH ACHTUNGTRENNUNG(CH3)2);


13C{1H}
NMR (50 MHz, [D6]benzene): d=1.6, 2.1, 2.3 (N ACHTUNGTRENNUNG(SiCH3)2), 22.6, 22.8,
26.8 (CH ACHTUNGTRENNUNG(CH3)2), 31.6, 34.7 (OCCH3), 42.5, 45.7, 47.7 (CH ACHTUNGTRENNUNG(CH3)2), 72.4
(OCMe3), 167.2 ppm (CN3); IR (Nujol, KBr): ñ=1639 (s), 1252 (s), 1228
(m), 1051 (s), 955 (s), 918 (m), 824 (s), 758 cm�1 (m); elemental analysis
calcd (%) for C30H73LuN6OSi4 (821.2): C 43.87, H 8.88, Lu 21.30; found:
C 43.50; H 9.00; Lu 21.54.


[Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OiPr)] (1b): This compound was prepared fol-
lowing the procedure described above for 1a staring from [{(Me3Si)2NC-
ACHTUNGTRENNUNG(N-iPr)2}2Y ACHTUNGTRENNUNG(m-Cl)Li ACHTUNGTRENNUNG(thf)2] (1.05 g, 1.19 mmol) in THF (30 mL) and
NaOiPr (0.11 g, 1.34 mmol) in THF (10 mL). Compound 1b was isolated
as a colorless powder (0.77 g, 90%). 1H NMR (200 MHz, [D6]benzene):
d=0.37, 0.44 (2 s, together 36H; NSi ACHTUNGTRENNUNG(CH3)3), 1.31 (d, 3JH-H =5.8 Hz, 6H;
OCH ACHTUNGTRENNUNG(CH3)2), 1.47 (d, 3JH-H =6.3 Hz, 24H; NCH ACHTUNGTRENNUNG(CH3)2), 3.95 (sept, 3JH-


H =6.3 Hz, 4H; NCH ACHTUNGTRENNUNG(CH3)2), 4.74 ppm (sept, 3JH-H =5.8 Hz, 1H; OCH-
ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (50 MHz, [D6]benzene): d=2.6, 3.0 (N ACHTUNGTRENNUNG(SiCH3)2),
27.2 (NCH ACHTUNGTRENNUNG(CH3)2), 29.5 (OCH ACHTUNGTRENNUNG(CH3)2), 45.8 (NCH ACHTUNGTRENNUNG(CH3)2), 64.4 (OCH-
ACHTUNGTRENNUNG(CH3)2), 166.7 ppm (CN3); IR (Nujol, KBr): ñ =1639 (s), 1601 (w), 1329
(m), 1252 (s), 1229 (m), 1198 (m), 1159 (m), 1144 (m), 1050 (s), 976 (m),
955 (s), 918 (m), 879 (s), 842 (s), 830 (s), 759 (m), 684 (m), 659 (w), 638
(w), 617 (w), 534 cm�1 (w); elemental analysis calcd (%) for
C29H71N6OSi4Y (720.5): C 48.33, H 9.85, Y 12.33; found: C 48.02; H 9.76;
Y 12.70.


[Nd ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OiPr)] (2b): This compound was prepared fol-
lowing the procedure described above for 1a, staring from [{NdACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG[(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2]2}2] (0.92 g, 0.61 mmol) in THF (15 mL) and NaOiPr
(0.11 g, 1.34 mmol) in THF (10 mL). Compound 2b was isolated as a
pale blue powder (0.97 g, 93%). IR (Nujol, KBr): ñ=2117 (w), 1638 (s),
1330 (w), 1310 (w), 1262 (m), 1252 (s), 1229 (m), 1181 (w), 1158 (m),
1141 (w), 955 (s), 918 (s), 879 (m), 842 (s), 829 (s), 758 (w), 684 cm�1 (w);
elemental analysis calcd (%) for C29H71N6NdOSi4 (775.9): C 44.89, H
9.15, Nd 18.59; found: C 44.42; H 9.50; Nd 18.78.


[Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(OiPr)] (4b): This compound was prepared fol-
lowing the procedure described above for 1a staring from [{(Me3Si)2NC-
ACHTUNGTRENNUNG(N-iPr)2}2Lu ACHTUNGTRENNUNG(m-Cl)Li ACHTUNGTRENNUNG(thf)2] (1.26 g, 1.30 mmol) in THF (30 mL) and
NaOiPr (0.12 g, 1.46 mmol) in THF (10 mL). Compound 4b was isolated
as a colorless powder (0.97 g, 92%). 1H NMR (200 MHz, [D6]benzene):
d=0.38, 0.43 (2s, together 36H; NSi ACHTUNGTRENNUNG(CH3)3), 1.12, 1.24 (2 d, 3JH-H =


6.5 Hz, together 6H; OCH ACHTUNGTRENNUNG(CH3)2), 1.41, 1.47 (2 d, 3JH-H =6.2 Hz, together
24H; NCH ACHTUNGTRENNUNG(CH3)2, 4.06 (sept, 3JH-H =6.2 Hz, 4H; NCH ACHTUNGTRENNUNG(CH3)2), 4.79 ppm
(sept, 3JH-H =6.5 Hz, 1H; OCH ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (50 MHz,
[D6]benzene): d =2.7, 3.0 (N ACHTUNGTRENNUNG(SiCH3)2), 26.8, 27.1 (NCH ACHTUNGTRENNUNG(CH3)2), 29.3
(OCH ACHTUNGTRENNUNG(CH3)2), 45.8 (NCH ACHTUNGTRENNUNG(CH3)2), 68.4 (OCH ACHTUNGTRENNUNG(CH3)2), 167.8 ppm (CN3);
IR (Nujol, KBr): ñ=1638 (s), 1595 (w), 1308 (m), 1263 (m), 1253 (s),
1229 (m), 1181 (w), 1158 (w), 1075 (w), 1051 (s), 954 (m), 918 (m), 880
(w), 841 (s), 830 (m), 759 (w), 683 cm�1 (w); elemental analysis calcd (%)
for C29H71LuN6OSi4 (806.6): C 43.18, H 8.80, Lu 21.69; found: C 43.03; H
9.05; Lu 21.54.


Polymerization of rac-lactide : In a typical experiment (Table 2, entry 7),
in a glove box, a Schlenk flask was charged with a solution of 2a (7.0 mg,
8.8 mmol) in toluene (1.0 mL). rac-Lactide (0.65 g, 4.40 mmol, 500 equiv)
in toluene (3.4 mL) was added rapidly to this solution. The mixture was
immediately stirred with a magnetic stir bar at 20 8C for 14 h. After an
aliquot of the crude material was sampled by pipette for determining mo-
nomer conversion by 1H NMR spectroscopy, the reaction was quenched
with acidic methanol (ca. 1.0 mL of a 1.2m HCl solution in MeOH), and
the polymer was precipitated with excess methanol (ca. 100 mL). The po-
lymer was then filtered and dried under vacuum to a constant weight.


Polymerization of rac-b-butyrolactone : In a typical experiment (Table 4,
entry 5), in a glove box, a Schlenk flask was charged with a solution of
1b (7.1 mg, 9.8 mmol) in toluene (0.35 mL). b-Butyrolactone (0.17 g,
1.97 mmol, 200 equiv) in toluene (0.30 mL) was added rapidly to this so-
lution. The mixture was immediately stirred with a magnetic stir bar at
20 8C. The reaction was processed and worked-up similarly as described
above for lactide polymerization.


X-ray crystallographic studies : The data were collected on a SMART
APEX diffractometer (graphite-monochromatic, MoKa radiation, w- and
q-scan technique, l=0.71073 M). The structures were solved by direct
methods and were refined on F2 using SHELXTL[30] package. All non-hy-
drogen atoms were refined anisotropically. The hydrogen atoms in 1c
were found from Fourier syntheses of electron densities and were refined
isotropically, whereas H atoms in 1a and 4a were placed in calculated
positions and were refined in the riding model. SADABS[31] was used to
perform area detector scaling and absorption corrections. CCDC-678096
(1a), CCDC-678098 (4a) and CCDC-678097 (1c) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Synthesis of specific nano- and mesoporous structures deco-
rated by chemically active sites has received increasing at-
tention over the past decade in view of their various applica-
tions.[1–30] The chemical properties lining the pores walls
allow the selective loading inside the particles in high con-
centrations of a target ion or material though this may be
present at low concentrations in the external solution. The
interest of such properties for filtration, sequestration of de-
sired ions or molecules is extremely high for controling of
the quality of fluids in everyday and industrial applications
as well as for environmental purposes, in particular those re-


lated to the secure disposal of dilute radioactive wastes in
nuclear plants exhausts of cooling water.


In such applications, the surfaces of nano- or mesopores
are lined with highly selective complexation or chelating
agents which may readily trap coordinatively any desired
species with high efficiency. Note that whenever the corre-
sponding site-target molecular assembly is designed to be re-
active chemically or biochemically, the same system may be
used as a dispersed catalyst for heterogeneous supported
catalysis (see e.g., refs. [13,14,18,19,26]). Finally, one may
even invoke the potential of such structures for the precise
and local deliverance of drugs provided that the presence of
a target cell or tissue would lead to a specific (e.g., redox,
pH) decrease of the complexing or chelating ability of the
nanopore surfaces.[7,27]


This brief overview of effective and expected applications
based on the inorganic “sponges” (see e.g., ref. [17]) concept
explains why many synthetic avenues have been explored in
order to offer efficiently tailored compact nano- and meso-
porous frames decorated by adequate highly complexing li-
gands or by reactive molecular catalysts.


Until now, most of the works produced in this area have
been devoted to the syntheses and experimental testing
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mostly driven on empirical views for the most part relying
on chemical activity rationales. However, the diffusion-reac-
tion patterns created inside such nano- or mesoporous mate-
rials, which allow their cross-communications with the bulk
solution, necessarily crucially control the physicochemical
efficiency of the systems. This can be understood readily
upon recalling that when any characteristic size parameter is
made smaller and smaller, the usual ratios between size and
surface, on the one hand, and between surface and volume,
on the other hand, vary so that surface effects dominate
volume ones, and size effects dominate surface ones. This
shows that our “macroscopic” chemical knowledge and
views may not apply readily and may even lead to wrong
considerations.


From the point of view of chemical efficiency only, one
wants to decrease the pore diameter sizes, so as to increase
their developed lining surface area, and decrease the inert
material bulk, that is, the average distance between individ-
ual pores. The consequent synthetic purpose is then to reach
objects most exclusively formed of nanoscopically folded
active surfaces, that is, of particles consisting more or less of
hollow volumes framed by dense packing of bundles of
nano- or mesotubes separated by thinner and thinner inac-
tive walls, which only goal it is to structure its shape and ri-
gidity. Note that similar materials, that is, with comparable
structures are also designed for applications as modern
nano-/mesoporous chromatographic phases in chromato-
graphic methods. However, and despite many resemblances
in structures and mass-transfer equations governing their
functionalities, the chromatographic phase differs from the
cases envisioned here in many ways (compare, e.g., ref. [31]
for recent important contributions in this area). The main
differences stem from the observation that chromatographic
phases require weak and reversible interactions between the
target species and the nanopore, and involve target species
in rather large concentrations. Conversely, here the interac-
tions must be strong and irreversible to result in an efficient
sequestration of the species inside the material and must be
able to deal with very dilute target species. Another differ-
ence is the hydrodynamic regimes of the solutions that con-
tain the porous particles with the consequence that the dif-
fusion layers extending around the particle (see Figure 1b)
may differ significantly.


On the other hand, namely, from a physicochemical point
of view, decreasing the radius, Rpore, of such nanotubes as
much as possible with a constant surface area A requires
their average length, L, to become infinite compared with
their radius: L=A/ ACHTUNGTRENNUNG(2pRpore)@Rpore. Diffusion within an in-
finitely long cylinder with a radius not far from molecular
dimensions is extremely slow. Indeed, the duration time for
a species with a diffusion coefficient D (true one or effective
one) to reach the far end of a tube of length L is Tdiff=L


2/D
(see Supporting Information for Glossary). This affords
Tdiff= (A/2pRpore)


2/D, thus establishing that the time delay
required to fill up such nanotubes increases drastically upon
decrease of their radius. This is even more true because dif-
fusion coefficients prevailing in such nanoscopic structures


may have not the same meaning as those encountered in
macroscopic solutions and may then be much smaller than
the common ones. In other words, this leads to a physical in-
trinsic difficulty for a molecule to reach the most inner parts
of the active tubes surface, so that the thinner the tube, the
lesser it is filled within a reasonable time compatible with a
realistic application. Indeed, for a maximum reaction time
Tmax the maximal surface area that may be probed within
one nanotube by the target species is about Amax =


2pRporeACHTUNGTRENNUNG(DTmax)
1/2 so that it decreases with Rpore.


This straight analysis shows that for the physical efficiency
one wants to decrease Tdiff, and therefore keep Rpore large
enough. This is a conflicting requirement compared with the
chemically-based approach, which demands increasing the
surface-to-volume ratio of the porous particles. It is then
clear that the optimization of such inorganic “sponges” for
particular applications has to be accomplished by simultane-
ously considering the role of their surface chemistry and
that related to the physical aspects of their diffusional filling.


Figure 1. Schematic representation of the general model described here.
a) Electron micrographs of spherical sponge particles (left) of a mesopo-
rous silica sample of MCM-41 type;[17a] the delimited zone is enlarged
(right) to emphasize the hexagonal arrangement of nanotubes entrances
at the particle surface (courtesy of A. Walcarius, CNRS, UMR 7564,
Nancy). b) Sketch of one nanotube connected to its diffusion layer ex-
tending into the solution. c) Cross section of b) along the nanotube axis
with indication of the geometrical parameters characterizing the system.
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It is the aim of this work to provide a first general physico-
chemical model allowing the delineation of its main behav-
ioral trends to examine how these dual constraints may be
integrated while designing and optimizing an efficient
system.


Models


Description of a “sponge” particle as a radial array of meso-
or nanotubes : We assume that the “sponge” material con-
sists of a powder of submillimetric particles (Figure 1a)
which are already immersed into a liquid in a batch reac-
tor.[17a] Since we wish to focus on kinetic matters we assume
that at a time taken as the origin (t=0), the composition of
the liquid in the batch reactor is changed abruptly to contain
a total quantity G of a target ion or molecule at concentra-
tion C b


0 which the particles should extract (G=C b
0V


b, V b


being the bulk solution volume). We assume for the simplic-
ity of the model that the selectivity of the sites lining parti-
cle pores towards this target is unique (namely, that no
other competitive extraction may occur) and can be repre-
sented by a classical isotherm of adsorption through the in-
trinsic definition of rate constants of adsorption–desorption
to encompass both their possible physical or chemical
nature (i.e. , involve a transition state or a series of transition
states). Indeed, at a constant temperature and pressure the
distinction between physical adsorption, chemisorption and
covalent binding is irrelevant for the mathematical formula-
tion of our model.


The particles are supposed to be spherical, consisting of a
series of radially densely packed cylindrical nano- or meso-
tubes with thin walls—a situation commonly achieved syn-
thetically with ordered mesoporous silica obtained by the
surfactant–template route (see e.g., Figure 1a and b).[17a] To
account for an overall spherical shape when a particle is
composed of a dense array of nanotubes, one needs to
assume that the tube lengths are not all equal but follow an
adequate distribution governed by the growth of particles
during the synthesis. Let Nmax be the number of tube open-
ings on the outer shell of the particle of radius Rpart ; Nmax ~
4 ACHTUNGTRENNUNG(Rpart/d)


2, where pd2 is the effective surface area required
to host one nanopore in the packed array, that is, d =


gACHTUNGTRENNUNG(Rpore+w), where Rpore is the inner radius of one nanopore,
2w the minimum thickness of the inorganic wall separating
two adjacent nanopores and g is a geometric coefficient
which depends on the crystallographic arrangement of the
array (note that for any array of experimental interest,
namely, squared or hexagonal, g is close to unity so its value
needs not to be explicated at this general stage).


To evaluate the average length, Lav, of the nanotubes one
may rely on a continuous description owing to the very
large number of nanopores within a single particle of any
practical interest (see Figure 1a and b), though the problem
is essentially discontinuous. It is thus shown in Appendix I
that Lav=Rpart/3. Interestingly this number is independent of
the respective size and packing arrangement of the nano-


pores compounding the particle provided only that Rpart@d.
Conversely, the number Dnb of nanotubes having a total
length Lb =bRpart, that is, comprised between (b-Db/2)Rpart


and (b+Db/2)Rpart, depends on Rpart/d and is given by (0�
b�1):


Dnb ¼ 8
�


Rpart


gðRpore þ wÞ


�2
ð1�bÞDb ð1Þ


This shows that if one considers constant increments in
length, namely, Db=Cst, the histogram of the lengths distri-
bution is linear irrespective of the geometrical parameters
of the array, though the number of nanotubes of each di-
mension is a function of these geometrical characteristics.


Because in a real experiment one may have distributions
of particles sizes and for each particle a distribution of nano-
pore sizes (see Appendix I), in the following we will focus
on a single “nanotube element” as depicted in Figure 1c.
Note that such an “element” includes not only the nanotube
itself but also the semi-infinite volume of solution delimited
by the solid angle concentric with the particle and defined
by the overall surface area pg2


ACHTUNGTRENNUNG(Rpore+w)2 defined by one
nanotube on the particle surface (Figure 1b). Treatment of
the activity of a real system consisting of particles containing
nanopores having both different sizes may be performed af-
terwards through statistical averaging considering the exper-
imental Rpore and L distributions (see Appendix I). Yet, to
systematize and validate this approximation, we first need
to examine the physicochemical status of the “external” so-
lution in terms of the spatial repartition of the target species
concentration.


Diffusion–convection control around a “sponge” particle
placed in solution : Spherical active particles of any size de-
velop diffusion layers around them. These depend only on
the duration of the experiment and on the particle size. This
can be rationalized as follows. It is well established that any
array of active material (e.g., of ultramicroelectrodes) of
much smaller size than that of the overall array develops a
series of individual spherical layers centered on each active
nanoelement composing the array.[32] Spontaneous merging
of these individual spherical layers creates an effective diffu-
sion layer that contributes to the macroscopic geometry of
the array.[32]


In other words, when applied to the present case, the col-
lective activity of the Nmax nanopores opening onto a parti-
cle surface generates an overall uniform spherical diffusion
layer wrapped around the particle and concentric with it. By
virtue of the Nernst–Einstein diffusion law this diffusion
layer propagates into the bulk solution at a rate about
(Dbulk/t)


1/2, where t is the time elapsed since the beginning of
the experiment, and Dbulk the diffusion coefficient of the
target species in the solution bulk (note that this is the clas-
sical diffusion coefficient so it may differ from that inside
the nanopores, see above).
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For the sake of reasoning let us assume for now that the
particle is performing in a still bulk solution. When the ex-
perimental time increases, the thickness of the diffusion
layer, ddiff~ (Dbulkt)


1/2, continuously expands up to the point
when it becomes a few times the radius of the particle itself.
When this occurs, full radial diffusion imposes that the solu-
tion surrounding the particle over a domain of thickness of
a few Rpart behaves under steady state spherical diffusion
control. In other words, whenever the solution and particle
are absolutely motionless, ddiff extends continuously with
time but its maximal extension of importance in controlling
the flux to the particle surface is (ddiff)max~Rpart.


In a general experiment the whole solution is stirred vigo-
rously to ensure that each individual particle behaves statis-
tically in an identical fashion. Thus, each particle may be
considered as being surrounded by a thin stagnant solution
layer of thickness dconv (50 mm�dconv�150 mm) for common
liquids depending on local hydrodynamics).[33]


Therefore the effective steady-state diffusion layer that
expands around each particle cannot exceed d =


min ACHTUNGTRENNUNG[(ddiff)max,dconv]. This stagnant layer, in which transport
occurs exclusively by diffusion, is achieved either through
pure diffusion (when (ddiff)max ! dconv) or is limited by con-
vection (when (ddiff)max@dconv). This occurs after a time Dtd =


d2/Dbulk,
[33] which is at most a few tens of seconds for realistic


systems, that is, much smaller than the usual duration of the
particle “filling up” by the target species (see below).
Beyond Dtd the stagnant layer remains stable and the bulk
solution, though being continuously depleted, remains ho-
mogeneous due either to its vigorous stirring or to the
steady state spherical diffusion.


Transport from the bulk solution to a single nanopore en-
trance : The supply of material into the pore is provided by
the steady state diffusion which is quickly reached in the
bulk solution. For this reason each nanopore may be treated
separately (Figure 1c), so that the overall phenomenon for
one particle is obtained by summation over all its individual
pores taking into account the distribution of their lengths in
Equation (1).


This “external” steady state does not imply that diffusion
within a given pore obeys steady state laws, since neither
sphericity nor convection may develop within it, yet this en-
sures that the transfer of matter from the homogeneous
bulk solution to the pore entrance adjusts instantly to any
moderate change imposed by the nanopore time-dependent
activity so that a new steady state is reached instantly by
comparison.[34] This means that at any time of relevance
hereafter, the flux of matter which enters a pore through its
opening is identical to that which is extracted from the bulk
solution by the spherical projection of the circular region
consisting of the nanotube and its wall onto the virtual
sphere of radius (d+Rpart) surrounding the particle (see Fig-
ure 1c). One obtains then the relationship between the aver-
age concentration gradients at the entrance of the pore and
that prevailing at the end of the stagnant layer:


�
@C
@r


�
av


r¼R
þ
part


¼ 1
pR2


pore


�
Z Z


pore entrance


�
@C
@r


�
r¼Rþpart


ds


¼ g2


�
1þ d


Rpart


�2�
1þ w


Rpore


�2� @C
@r


�
r¼Rpartþd


ð2Þ


where the notation r=Rþpart means that the concentration
gradient applying over the elementary surface area, ds, of
the pore entrance is taken immediately outside the pore.
Note that in Equation (2) the superscript “av” means that
upon averaging one considers exclusively the nanopore en-
trance surface area. Indeed, the gradient is null along the
margin of the pore entrance (Figure 1c), as this definition
allows conserving the overall flux and henceforth compen-
sates automatically the possible flux density variations over
the entrance of the pore.


Let us consider now the overall flux of matter over the
whole particle surface. For this we consider that in Equation
(2) the gradients stand for their mean values averaged over
the spherical array of nanopores which delimits the particle
surface. Then the variation of the bulk solution concentra-
tion, Cb, due to the cumulative activity of Npart identical par-
ticles, is given at any time by:


dCb


dt
¼ �4pDbulk


NpartðRpart þ dÞ2
Vb


�
@C
@r


�
r¼Rpartþd


ð3Þ


where Vb is the overall volume of the bulk solution.


On the other hand, owing to the spherical steady state diffu-
sion within the stagnant layer (see Appendix II), one has:


�
@C
@r


�
r¼Rpartþd


¼ 1
ð1þ d=RpartÞ


�
Cb�Cav


R
þ
part


d
ð4Þ


where Cav
Rþpart


is the time-dependent average concentration of
the target species over the pore entrance. In particular, it
follows from Equations (3) and (4) that the differential
equation describing the time variation of the bulk concen-
tration is given by:


dCb


dt
¼ �Dbulk


4pNpartR
2
part


Vb


�
1þ d


Rpart


�
�
Cb�Cav


R
þ
part


d
ð5Þ


Note that 4pNpartR
2
part represents the total active surface area


of an ensemble of fully accessible identical particles. Under
real conditions, particles follow a distribution of size and
some particles may be transiently agglomerated together
thus auto-occulting their diffusion layers. So this term may
have to be replaced by the accessible surface area of the en-
semble of particles at any moment. Yet, we will neglect this
feature hereafter since this may be taken into account if
necessary.
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Equation (5) describes fully the time-dependence of the
bulk concentration of the target species. Yet its solution re-
quires an independent knowledge of Cav


Rþpart
. For this one


needs to solve the diffusion–reaction transport inside the
nanopore, for which it is advisable to define the problem ex-
clusively within the pore. Combination of Equations (2)–(4)
provides the corresponding boundary condition which links
the average flux and average concentration at the entrance
of the pore:


�
@C
@r


�
av


r¼R
þ
part


¼ g2


�
1þ d


Rpart


��
1þ w


Rpore


�2


�
Cb�C


av


R
þ
part


d
ð6Þ


This condition enables the diffusion–reaction kinetics taking
place within the pore to be treated by considering exclusive-
ly the phenomena occurring inside the nanopore, Cb being a
parametric time-dependent variable whose value is regulat-
ed in turn by Equation (5). However, one should note that
the boundary condition (6) relies on average values of flux
and concentration at the pore entrance at any time, and
does not link concentration and flux at any given point of
the pore entrance. Let us now detail the practical use of
such a condition by examining the transport-reaction regime
within the nanopore.


Transport and surface sequestration within a single nano-
pore : One may envision two main limiting kinetic regimes
depending on the inner radius of the pore. When the pore is
truly nanometric, that is, has a radius Rpore comparable to
those of the ion or molecule which it sequestrates, the classi-
cal diffusion cannot be active since there is no “free” solu-
tion for this species to diffuse within. Indeed, under such cir-
cumstances the whole solution is submitted to the influence
of electrical or physical potentials generated by the pore sur-
face structure. Therefore one has to consider the limiting sit-
uation where the pore filling occurs through kinetic ex-
changes between sites through species released partially
within the solution (Figure 2a). Due to its symmetry, the dif-
fusion problem may be treated spatially as a one-dimension-
al (1D) system where the single space coordinate, x, is the
distance from the pore entrance (x=Rpart�r, so that x=0 at
the pore entrance and x=L at the far end of the pore).


The other extreme situation to consider is the converse
one, namely that in which Rpore, though small, remains larger
than any ion and molecule dimension. In this case the trans-
port may be described essentially as involving diffusion
within a continuum, that is, the solution trapped within the
pore, coupled to surface kinetics and site-hopping at the sur-
face of the nanotube (Figure 2a). Due to its symmetry, the
system may be treated spatially as a 2D system where the
two space coordinates are the distance from the pore en-
trance along its axis and the radial distance from the nano-
tube axis.


Yet, before considering this most general case let us ex-
amine the 1D-limiting case since this will provide a key to
solve efficiently the most general situation. Furthermore,
owing to usual geometric requirements in efficient inorganic


“sponges”, this is presumably the case which prevails under
most real conditions of interest.


Formulation of 1D-diffusion-reaction within a nanopore of
molecular size : We consider here a thin nanopore in which
the space available to diffusion is at most a few ion or mole-
cule diameters (Figure 2a). Under such conditions is it im-
possible to define a classical concentration dependence as a
function of the radial coordinate. However, one may define
a statistically averaged concentration Cav(x) of the target
species. This concentration is defined as the infinitesimal
number of moles, dn, of the unbound species (namely, not
linked to any site) present in the infinitesimal volume,
pR2


poredx, of an infinitesimal nanopore slice of thickness dx :
C(x)= (dn/dx)/(pR2


pore). The infinitesimal pore surface area
of this slice is dS=2pRporedx so that the number of sites (oc-
cupied or not) present in the same slice is dnsites=


2pRporeGsitedx, where Gsite is the surface concentration of
active sites decorating the nanopore wall. Note that we
define here by Gsite merely the maximum surface concentra-
tion of the site-target species coverage onto the nanopore
walls. In other words, the maximum number (namely at full
coverage, that is, after an infinite time, and for a species
giving rise to an infinite adsorption equilibrium constant) of
moles of target species which may be sequestrated by a
nanopore is 2pRporeLGsite. Let q(x) be the local fraction of
occupied sites and kads (in m


�1 s�1) and kdes (in s�1) be the cor-
responding rate constants of physical or chemical adsorption
and desorption (namely, kdes=Kdeskads, where Kdes is the de-
sorption equilibrium constant, in m) of the target species
onto or from one site. Note that due to the fact that mole-


Figure 2. Schematic representation of the two limiting cases considered
here. a) Molecular-size nanopore. b) Thin nanopore. See text.
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cules or ions may travel laterally across the nanopore only
along distances much smaller than several times their size,
the classical Schmoluchowki description of a reaction does
not apply here. Also, the nanopore wall chemical composi-
tion may generate specific electrostatic potential akin to
electric double layers. Therefore, it must be stressed that the
physicochemical meaning of the rate and equilibrium con-
stants introduced here, henceforth their values, may substan-
tially differ from those for a classical macroscopic case.


The variation of average concentration within a nanopore
slice due to the chemical exchange with the surface during
any infinitesimal time duration @t at any distance x inside
the nanopore is:


�
@Cav


@t


�
surf
¼ � 2Gsiteskads


Rpore
½ð1�qÞCav�qKdes	 ð7Þ


Simultaneously, the unbound target species may diffuse in
the solution, so that the second FickMs law equivalent de-
scribing the overall behavior of Cav(x,t) is:


@Cav


@t
¼ Dpore


@2Cav


@x2
� 2Gsiteskads


Rpore
½ð1�qÞCav�qKdes	 ð8Þ


Note that Dpore, which may drastically differ from Dbulk, is
formally equivalent to a diffusion coefficient though it has
not a classical Nernst–Einstein meaning but a statistical one
as in electron-hopping equivalent diffusion.


In the above expression q is time and space dependent
through its dependence on Cav(x,t):


@q


@t
¼ kads½ð1�qÞCav�qKdes	 ð9Þ


The system of Equations (8) and (9) defines fully the diffu-
sion-reaction problem within the pore. To be solved, it
needs to be associated with a set of initial conditions (t=0):


0 < x � L : Cavðx,0Þ ¼ 0, qðx,0Þ ¼ 0 ð10aÞ


x ¼ 0 : Cavð0,0Þ ¼ Cb
0, qð0,0Þ ¼ 0 ð10bÞ


and boundary conditions (t>0):


x=0 (entrance of pore):


�
@Cav


@x


�
x¼0
¼ �g2Dbulk


Dpore


�
1þ d


Rpart


��
1þ w


Rpore


�2
�


CbðtÞ�Cav
x¼0ðtÞ


d


ð11aÞ


x=L (bottom of pore):


�
@Cav


@x


�
x¼L
¼ 0 ð11bÞ


Note that Equation (11a) follows readily from Equation (6)
upon considering the boundary condition inside the pore.
This requires a renormalization of the flux to account for
the variation of diffusion coefficients on each side of the in-
terface at x=0. Equation (11b) expresses simply that the
bottom of the nanopore is impermeable to the target spe-
cies.


Whenever this is of importance, the set of Equations (8)–
(11) must be coupled to the rewritten form of Equation (5)
to account for the time dependence of the bulk concentra-
tion of the target species, namely:


dCb


dt
¼ �Dbulk


4pNpartR
2
part


Vb


�
1þ d


Rpart


�
� C


bðtÞ�Cav
x¼0ðtÞ


d
ð12Þ


2D Diffusion-reaction within a single nanopore with thin
wall (Rpore@ w): When the radius of the pore is much larger
than molecular or ionic dimensions the classical 2D-diffu-
sion may be used for the description of transport within the
solution which fills the nanotube, namely, for 0�x�L and
0�1�Rpore, where 1 is the radial coordinate measured from
the cylindrical nanopore axis, associated to a classical mac-
roscopic formulation of the adsorption–desorption kinetics.
Let us denote by C(x,1) the concentration at any point of
the 2D cross-section of the nanopore along its axis.


By the definition of this case, the physicochemical proper-
ties of the thin but nevertheless macroscopic 2D-solution
inside the pore are considered akin to those of the bulk.
Thus, the diffusion coefficient of the target species is equal
to Dbulk and a classical diffusion law applies. This affords in
cylindrical coordinates:


@C
@t
¼ Dbulk


�
@2C
@x2
þ @


2C
@12 þ


1
1


@C
@1


�
ð13Þ


Equation (13) fully defines the problem in the 2D-diffusion
zone of the nanopore, but it needs to be coupled to that de-
fining the spatial and temporal dependence of q. This is
written as:


@q


@t
¼ Dsite hopping


@2q


@x2
þ kads½ð1�qÞCðx,1Þ�qKdes	 ð14Þ


to account simultaneously for the adsorption–desorption ki-
netics and the possibility of “site hopping” interchange
through microscopic diffusion as sketched in Figure 2b. Note
that Dsite hopping is not a classical diffusion coefficient but a pa-
rameter equivalent to a diffusion coefficient, which com-
bines microscopic rate constants and diffusion. This formula-
tion compares to that introduced earlier for “diffusion by
electron hopping” in redox polymers or redox dendrimers.


The system of Equations (13) and (14) needs to be associ-
ated with the following initial conditions (t=0):


0 < x � L, 0 � 1 � Rpore : Cðx,1,0Þ ¼ 0, qðx,0Þ ¼ 0 ð15aÞ


x ¼ 0, 0 � 1 � Rpore : Cð0,1,0Þ ¼ Cb
0, qð0,0Þ ¼ 0 ð15bÞ
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and boundary conditions (t>0):


0 � x � L, 1 ¼ 0 : ð@C=@1Þ1¼0 ¼ 0 ð16aÞ


x ¼ L, 0 � 1 � Rpore : ð@C=@xÞx¼L ¼ 0 ð16bÞ


x ¼ L, 1 ¼ Rpore : ð@q=@xÞx¼L ¼ 0 ð16cÞ


0 � x � L, 1 ¼ Rpore :�
@C
@1


�
1¼Rpore


¼ �Gsiteskads
Dbulk


½ð1�qÞC�qKdes	
ð16dÞ


x ¼ 0 : ð@q=@xÞx¼0 ¼ 0 ð16eÞ


where it must be stressed that although we use the same no-
tations here, in Equation (16d), kads (in m


�1 s�1) and Kdes (in
m) meaning and values are now considered with their usual
macroscopic sense. In other words, both parameters include
all the microscopic transport along the 1 direction and sur-
face kinetic phenomena which occur within a thin kinetic
layer adjacent to the nanopore wall (see Figure 2b). The
molecule- or ion-sized thickness, m !Rpore, of this kinetic
layer is defined by the fact that at its end (namely, at 1=


(Rpore�m)~Rpore) the physicochemical properties of the solu-
tion contained by the nanopore reach their usual macro-
scopic values.


To complete this formulation, Equations (13)–(16) must
be amended by the relationship required to couple the two
kinetic regimes taking place in the nanopore to that which
prevails in the free solution. Formally, this is given by the
set of Equations (17) and (18) which are identical to Equa-
tions (11a) and (12) after their appropriate rewriting to take
into account the notations used in this section:


h
�
@C
@x


�
x¼0
i ¼ �g2 1


d


�
1þ d


Rpart


��
1þ w


Rpore


�2


� ½CbðtÞ�hCx¼0i	


ð17Þ


dCb


dt
¼ �Dbulk


4pNpartR
2
part


dVb


�
1þ d


Rpart


�
� ½Cb�hCx¼0i	 ð18Þ


However, these conditions cannot be used without care.
Indeed, they involve two terms,hCx=0i and h


�
@C
@x


�
x=0i which


are averaged quantities over the pore entrance surface. So,
these equations may be formally applied at a given 1 value
in the 2D-domain fraction of the nanopore only when the
concentration dependence on 1 at x=0 may be neglected.
Under our conditions this may be true only when the nano-
tube wall, w, is extremely thin compared with Rpore, because
then the bulk quasi-steady state diffusion layer surrounding
the particle penetrates almost unaffected (namely, except
for the kinetics occurring at the nanopore wall) inside the
nanopore. This simplification is no longer correct when w is
comparable to or even exceeds Rpore, because of the strong
inhomogeneities of fluxes and concentrations at the pore en-
trance. When w is comparable to or even exceeds Rpore one


needs to address precisely the diffusional transport problem
across the region where the solutions in the diffusion layer
and that in the nanopore interact. We therefore need to ex-
amine this special situation in a separate section.


Note, however, that this difficulty cancels by definition
when the pore radius becomes comparable to molecular and
ionic sizes whatever the value of w/Rpore. Indeed, the concen-
trations and flux in the liquid nanopore may then only be
considered as statistically averaged values over the infinitely
small action of the pore. So in this situation, whenever
steady state conditions apply in the solution surrounding the
particle as we consider here, Equations (11a) and (12) may
be readily applied at x=0. This is why the case of large
walls has not been examined in this Section.


Specificities of 2D-diffusion-reaction for a thick-walled
nanopore : As explained above, the geometrical discontinui-
ty involved when the nanopore is not of molecular or ionic
size and has simultaneously a thick wall creates extreme
flux inhomogeneities in the close vicinity of the pore en-
trance (namely, over distances that are comparable to w).
On a strict diffusional basis, this problem is indeed akin to
that treated previously for recessed electrodes. However, it
remains nevertheless original in the sense that the boundary
condition created by the presence of a chemically active
pore wall differs drastically from that describing an inert
pore wall with a recessed electrode at the bottom of the
pore. This will be treated elsewhere since it does not affect
the diffusional problem per se.


We have shown in our previous work on recessed electro-
des[35] that the large flux variations introduced by the geo-
metrical discontinuities at the pore entrance are filtered
readily by diffusion over a distance of a few w along the
pore axis. Thus, one needs only to consider a “buffer”
domain located around the pore entrance and extending
over a few w within the free solution or inside the pore. In-
terestingly, when w/Rpore!0, the size of this domain vanish-
es; the “thin-wall” system may then be modeled accurately
within the framework elaborated in the previous section.


We have shown in our previous treatment of recessed disk
electrode arrays[35] that formulating the problem with con-
formal transformations was particularly adequate to sup-
press the important difficulties introduced by the discontinu-
ities and boundary angles created by the presence of a thick
wall. The method consists of transforming the irregular poly-
gon bounding the 2D space in which diffusion occurs into a
rectangular 2D space (see Figure 3a). This is performed in
two steps, each one involving a specific Schwartz–Christoffel
transformation.[32b,35,36] The first one converts the complex
variable z=1+ ir’ (i being the imaginary unit number, i2=


�1, and r’ is the coordinate co-directional with r but cen-
tered at r=Rpart�L) into the intermediate one z according
to Equation (19):[35]


z ¼ f ðzÞ ¼ zz


Zz


0


ðz�z2Þ1=2
z1=2ðz�z1Þ1=2ðz�z3Þ1�a=p


dz ð19Þ
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where the variables z1, z2 and z3 are the images of the poles
in the original space labeled x0, x1, x2 and x3 which define
the complex positions of the polygon summits in real space
(Figure 3a). The angle a gives the average direction of the
circular arc describing the particle boundary with the nano-
pore axis, so that for the experimental cases of interest
which involve a dense packing of nanopores a~p/2. Similar-
ly, zz is a scaling complex factor which needs not to be expli-
cated at this stage. The corresponding z space is a half-plane
(Figure 3b). This is then transformed onto the final closed
space W= z+ ih according to Equation (20):


W ¼ 2
p


Wz arcsinð
ffiffiffi
z


p
Þ ð20Þ


where again Wz is an adequate complex scaling factor. As


evidenced in Figure 3c, the W space is a closed rectangular
box. The interest of the overall transformation z!W is read-
ily apparent through the examination of Figure 3d which
represents the result in the real space z of an even rectangu-
lar grid meshing of the W space after its back-transformation
W!z.


This observation is crucial for our purpose here. We have
indeed shown previously[35] that the pattern generated by
the sequence of Equations (19) and (20) as exemplified in
Figure 3d closely conforms with the real pattern produced
by the steady state isoconcentration curves and flux lines. In
other words, this shows that except when the sites are ex-
tremely reactive (and then only over the very short initial
time period required for the active solution to penetrate
over a distance of a few w within the pore) the flux is con-
served across this buffer zone.


Thus, provided that the pore length, L, exceeds by far its
wall thickness, one may neglect the influence of the distor-
tion caused by the presence of a thick wall, so that the de-
scriptions given in the previous section may be used directly.
The relative systematic error thus introduced onto the final
quantity of sequestrated target is at most of the order of
w/L and concerns only extreme situations where the adsorp-
tion/desorption kinetics are faster than diffusion. Since in
any real situation of interest one has L~Rpart@ (Rpore+w)
due to the dense packing of nanopores in the particle, it fol-
lows that the relative error of the quantities and fluxes of se-
questrated species is negligible for any real system having
an applicative interest.


Owing to our interest here (see Figure 1), this “short pore
with thick wall” configuration may then be overlooked.
However, it will be fully investigated elsewhere, since it
presents several properties of importance for other kinds of
applications especially for electroanalysis.


Summary of the models for each limiting case of practical
interest : The different analyses presented above delineate
that under any case of real practical importance for the use
of nanoporous particles as chemical “sponges” or reactors,
the problem of transport and sequestration needs to be
treated only within a single nanopore. The outside condi-
tions imposed by the external solution through its steady
state layer at the surface of the particle may be replaced by
analytical boundaries which govern the relationship between
concentration and flux of the target species at the very en-
trance of the pore.


Diffusion–adsorption within the pore may be treated as a
one-dimensional problem when the pore radius is of molec-
ular or ionic size, a situation which simplifies greatly the nu-
merical simulations. However, then the system properties
depend on physicochemical parameters (e.g., diffusion coef-
ficient, kinetic rate constants) whose values do not compare
at all with usual macroscopic ones. Their values must either
be determined independently by molecular Brownian dy-
namics or be considered as adjustable parameters when fit-
ting simulations to experimental data.


Figure 3. Mathematical treatment by conformal mapping of diffusion
within nanopores (see Figure 1c) required when the pore wall thickness,
2w, is at least of comparable size to the inner diameter of the nanopore
2Rpore . a) Half-cross-section of the nanopore and its adjacent diffusion
layer (see Figure 1b and c) in the real space. b) Effect of the transform
z!x onto a) to generate the half-plane geometry in the x space. c) Trans-
form of b) trough the application of x!w, to produce the closed box
equivalent of a) in the W space. d) Back-transformation in the real space
a) of a uniform rectangular mesh drawn in the closed box c); note that
the kinked area near the pore entrance is automatically defined with
high precision.
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Conversely, when the nanopores, though still nanoscopic,
have larger radii, a macroscopic 2D cylindrical formulation
may be used. However, when the margin surrounding each
pore opening at the particle surface has the size comparable
with or larger than Rpore, the system cannot be readily un-
coupled by considering independently the nanopore and the
external solution as may be performed in the treatment of
the 1D model as the small-walled 2D model. A proper anal-
ysis of transport in this zone was required for connecting the
very pore inside to the main part of the diffusion layer
around the particle. This showed that a connecting buffer
zone extends into the pore and into the external solution
only over a few times the size, 2w, of the inorganic wall that
separates two adjacent pores. It follows that, though it may
be important for other situations, this cumbersome situation
needs not to be considered for any realistic application of
such particles as inorganic “sponges” or reactors where L@


w+Rpore.


Experimental observables : The particles considered in this
study are used experimentally for sequestrating a target spe-
cies from a dilute bulk solution of this species. The particles
action will stop when the species coordinated by the active
nanopores sites is at equilibrium with the solution filling the
nanopores. Note that when the system has reached equilibri-
um, the target species concentration within the solution fill-
ing a nanopore is constant and identical to that of the bulk
solution at the end of process. This only ensures the suppres-
sion of all chemical and transport fluxes which is the neces-
sary criterion to define the dynamic equilibrium of the
system. Let Cb


1 be this common concentration.
Irrespectively of the nanopore size, the sites coverage q1


at equilibrium is:


q1 ¼ ½1þ ðKdes=C
b
1Þ	�1 ð21Þ


so that the overall quantity of species sequestrated by one
pore reactive sites is:


Qwall
1 ¼ 2pRporeLGsiteq1 ¼ 2pRporeLGsite=½1þ ðKdes=C


b
1Þ	


ð22Þ


Since the amount of target species trapped into the solution
filling the nanopore is:


Qsoln
1 ¼ pR2


poreLC
b
1 ð23Þ


the overall amount of target species sequestrated by a single
nanopore is:


Q1 ¼ Qwall
1 þQsoln


1 ¼ pR2
poreLC


b
1


�
1þ 2Gsite


RporeðKdes þ Cb
1Þ


�


ð24Þ


Noting that the volume and the surface area of a nanopore
are proportional to its length L, and taking advantage of


Equations (A1) and (A3) from Appendix I, one obtains for
Npart identical particles:


Qtot
1 ¼ Npart


�
4p


3
R3


part


�
Rpore


d


�2��
1þ 2Gsite


RporeðKdes þ Cb
1Þ


�
Cb
1


ð25Þ


On the other hand, the bulk solution has been depleted so
that, owing to matter conservation, one obtains the equation
giving the value of Cb


1 :


Cb
1 ¼ Cb


0=


�
1þ


4pRpartNpart


3Vb


�
Rpore


d


�2�
1þ 2Gsite


RporeðKdes þ Cb
1Þ


�	


ð26Þ


At any time before the final equilibrium is reached, the
overall quantity of the target species sequestrated within the
particles is equal to that missing from the solution:


QtotðtÞ ¼ ðCb
0�CbÞVb ð27Þ


where Cb(t) is given by the solution of the equations defin-
ing the 1D or 2D models.


It follows that:


Qtot
1 ¼ ðCb


0�Cb
1ÞVb ð28Þ


so that:


f ðtÞ ¼ Q
totðtÞ
Qtot
1
¼ 1�ðCb=Cb


0Þ
1�ðCb


1=C
b
0Þ


ð29Þ


defines the fraction of target species sequestrated at any
time, Cb


1 being given by Equation (26).


Analysis of Kinetic Behavior


Dimensionless formulations : The above analysis has provid-
ed evidence that the kinetic properties of the systems under
investigation depend on several independent parameters.
However, the formulations used for the 1D-model or the
2D-model evidence that these parameters play cooperative
or antagonist roles in controlling the system behavior, so
that a dimensionless formulation presents the advantage of
integrating these cumulative effects into a single effective
parameter. Actually, this is also important to afford a larger
generality of predictions based on simulations. For this
reason let us introduce the following dimensionless varia-
bles:


concentrations : a ¼ C=Cb
0 or C


av=Cb
0, c ¼ Cb=Cb


0 ð30aÞ


surface coverage : gsite ¼ Gsite=ðLCb
0Þ ð30bÞ
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time : t ¼ Dbulkt=L
2 ð30cÞ


diffusion coefficients : h ¼ Dpore=Dbulk, hsh ¼ Dsite hopping=Dbulk


ð30dÞ


shape parameters : s ¼
�
1þ d


Rpart


�
, y ¼


�
1þ w


Rpore


�


ð30eÞ


lengths : y ¼ x=L, c ¼ 1=Rpore, e ¼ ðL=RporeÞ2 ð30fÞ


volume : u ¼
4pR3


partNpart


3Vb


�
Rpore


d


�2


ð30gÞ


adsorption rate : l0 ¼ kadsL2Cb
0=Dbulk ð30hÞ


desorption equilibrium : k ¼ Kdes=C
b
0 ð30iÞ


time constants : f ¼ g2sy2ðL=dÞ, # ¼ 4pNpartR
2
partsL


2=Vbd


ð30jÞ


pore storage parameter : X0 ¼
ð2pRporeLÞGsite


ðpR2
poreLÞCb


0


¼ 2
Gsite


RporeC
b
0


ð30kÞ


where X0, the pore storage parameter, compares the maxi-
mum quantity of species storable by the nanopore wall sites,
namely, Qmax


ads species = (2pRporeL)Gsite, to the quantity stored by
the solution contained by the nanopore upon considering
the initial solution concentration, Qmax


soln species= (pR2
poreL)C


b
0.


Note that at infinite time, the pore-contained solution has a


concentration Cb
1=c1C


b
0, so that X1 = X0


�
Cb


0


Cb
1


�
=


X0


c1
repre-


sents the storage parameter after an infinite time.
This set of dimensionless parameters allows recasting the


set of equations to afford the dimensionless time-dependent
fraction of the sequestrated target species. For example,
Equation (29) becomes:


f ðtÞ ¼ Q
totðtÞ
Qtot
1
¼ 1�cðtÞ


1�c1
ð31Þ


where c1 is solution of the dimensionless formulation of
Equation (26):


c1 ¼
1�kð1þ uÞ�2ugsite


ffiffiffi
e
p
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�kð1þ uÞ�2ugsite


ffiffiffi
e
p
Þ2þ 4kð1þ uÞ


p
2ð1þ uÞ


ð32Þ


and c(t) is obtained through solving the equations describ-
ing the system in each of its limiting cases of experimental
interest.


Dimensionless formulation for the 1D limiting problem : In-
troducing the dimensionless variables defined in Equations
(30a)–(30k), the 1D-model mathematical formulation becomes:


@a
@t
¼ h


@2a
@y2
�ðl0X0Þ½ð1�qÞa�qk	 ð33Þ


@q


@t
¼ l0½ð1�qÞa�qk	 ð34Þ


and is associated with the following set of initial conditions
(t=0):


0 < y � 1 : a ¼ 0, q ¼ 0 ð35aÞ


y ¼ 0 : a ¼ Cb
0, q ¼ 0 ð35bÞ


and boundary conditions t>0:


y ¼ 0 :


�
@a
@y


�
y¼0
¼ �f


h
ðc�ay¼0Þ ð36aÞ


y ¼ 1 :


�
@a
@y


�
y¼1
¼ 0 ð36bÞ


where the time variations of the bulk solution concentration
in Equation (12) are related to that at the pore entrance by:


dc
dt
¼ �#ðc�ay¼0Þ ð37Þ


Dimensionless formulation for the 2D limiting problem :
The mathematical equations which describe the 2D-phe-
nomena occurring inside the nanopore core and those per-
taining to its wall surface become in dimensionless formula-
tions:


@a
@t
¼ @


2a
@y2
þ e


�
@2a
@c2 þ


1
c


@a
@c


�
ð38Þ


@q


@t
¼ hsh


@2q


@y2
þ l0½ð1�qÞa�qk	 ð39Þ


and are associated with the following initial conditions (t=


0):


0 < y � 1, 0 � c � 1 : aðy,c,0Þ ¼ 0, qðy,0Þ ¼ 0 ð40aÞ


y ¼ 0, 0 � c � 1 : að0,c,0Þ ¼ 1, qð0,0Þ ¼ 0 ð40bÞ


and boundary conditions (t>0):


0 � y < 1, c ¼ 0 : ð@a=@cÞc¼0 ¼ 0 ð41aÞ


y ¼ 1, 0 � c � 1 : ð@a=@yÞy¼1 ¼ 0 ð41bÞ


y ¼ 1, c ¼ 1 : ð@q=@yÞy¼1 ¼ 0 ð41cÞ


0 � y < 1, c ¼ 1 :


�
@a
@c


�
c¼1
¼ � l0X0


2e
½ð1�qÞa�qk	 ð41dÞ
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y ¼ 0, 0 � c � 1 :


�
@a
@y


�
y¼0
¼ �f


h
ðc�ay¼0Þ ð41eÞ


y ¼ 0, c ¼ 1 : ð@q=@yÞy¼0 ¼ 0 ð41fÞ


As for the 1D problem, the time variations of the bulk con-
centration need to be taken into account. It must be realized
that a may now vary along the c coordinate at y=0. Yet,
within the framework of our 2D model (i.e. , w !Rpore), such
variations are necessarily slight and are readily filtered by
diffusion into the nanopore over a distance yw~w/L!1.
Therefore, one is allowed to approximate this boundary con-
dition upon considering the mean value of a over the sur-
face of the nanopore entrance, namely:


dc
dt
¼ �#ðc�haiy¼0Þ ¼ �#


�
c�2


Z1


0


ay¼0cdc


�
ð42Þ


Limiting kinetic behaviors : In this section we take advant-
age of the above dimensionless formulations which allow
comparison of the effects of several independent parame-
ters.


For realistic systems one expects the storage parameter X0


to be extremely large. Indeed, should this parameter be
small or not large, the maximum quantity of target species
stored in the particle would be comparable to that corre-
sponding to the particle volume filled by the initial solution.
In other words, when X0 is not extremely large the particle
action would be akin to emptying the solution by scooping
it out physically, a situation which presents no operational
gain at all. For this reason, in the following we consider only
the realistic case where X0@1 (note that since the bulk solu-
tion concentration necessarily decreases with time, one has
then at any instant Xt =


X0


cb
�X0 @ 1, so that the consider-


ation on X applies at any time).
Similarly, one expects that any adequate site lining of the


nanopore walls will have a very low desorption equilibrium
constant, that is, k !1, though this does not necessarily
imply that the irreversible adsorption is fast, namely, that l0


is large. Indeed, even when adsorption is efficient and rapid
l0 may be small since it compares the life-times of adsorp-
tion (namely, ca. t1/2


adsffi1/(kadsCb
0)) to that of diffusion


(namely, ca. Tdiff=L
2/Dbulk), l0=Tdiff/t


ads
1=2.


One-dimensional problem : The system is essentially con-
trolled by Equations (33) and (34). Equation (34) shows that
an efficient system requires that either l0 or l0X0/h are large
for the storage by the wall sites to be non-limiting. Since h


is expected to be at most equal to unity [see Eq. (30d)],


(X0/h)@1.


Behavior I : When l0 is large, both parameters are large so
that the adsorption equilibrium is achieved at any place and
each instant, namely, q=a/(a+k)ffi1. Evidently, this condi-
tion cannot hold when a!k or when a<k ; yet, this situation


happens only when a!0 and q!0, so that for our purpose
here it can be neglected since it corresponds to a negligible
quantity of the target species present either on the wall or
in the adjacent solution. To delineate the main behaviors of
the system, we will thus consider in the following that pro-
vided that l0 is large, qffi1 is valid everywhere where a¼6 0.
Thus, Equation (34) is no more required and Equation (33)
becomes:


@a
@t
¼ h


@2a
@y2


ð43Þ


which establishes that the target species sequestration within
the nanopore is controlled by its diffusion only. We have as-
sumed that steady state diffusion was achieved in the parti-
cle diffusion layer. However, this may not be the case inside
the nanopore even if by definition (ddiff)max~Rpart/L.
Indeed, since h may be small, on the one hand, the diffusion
wave propagates slower inside the nanopore than in the free
solution, and, on the other hand, even when hffi1 (see below
for the 2D problem), forced convection does not contribute
to the transport inside the nanopore. Therefore, it is expect-
ed that in realistic situations, the diffusional wave has a
time-dependent behavior up to when the end of the nano-
pore is reached, though diffusion is under quasi-steady state
in the diffusion layer surrounding the particle holding the
pore.


Conversely, when l0 is small, Equation (34) shows that
the adsorption kinetics lags behind the diffusional species
penetration inside the nanopore.


Behavior II : When l0@ (h/X0) the kinetic term in Equation
(33) is very large whenever (1�q)a>qk. This means that
each species penetrating inside the nanopore is ultimately
sequestrated by its reaction with any still active site. Howev-
er, where the sites have reached equilibrium, that is, where
(1�q)a= qk, the kinetic term vanishes whatever the values
of l0X0/h. Hence, a may proceed diffusionally inside the
pore along the zones where the adsorption equilibrium has
been reached, namely, where (1�q)a = qk but its progres-
sion is stopped as soon as this is not the case and waits up
to the moment when saturation is reached due to nearly
constant diffusional supply of matter. Only then the kinetic
term in Equation (33) may vanish again and the target spe-
cies is allowed to proceed inside the pore. At a given time,
let us consider that for 0�y<yt, the sites are already fully
covered (namely, q(y)=a/(a+k)ffi1). In other words, the
concentration profile of a over the range 0<y�yt is linear
and maintains a quasi-steady state flux which counterbalan-
ces the consumption of a at yt. For yt<y�1, the solution is
empty (namely, a(y)=0) and the wall sites unoccupied
(namely, q(y)=0). Around yt, since (@a/@t) cannot be infin-
ite, the large magnitude of the kinetic term is necessarily
compensated by a large curvature, namely, a large j@2a/@y2 j
value, of the concentration profile. Thus the transition is
given by:
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@2a
@y2
ffi ðl0X0=hÞð1�qÞa ð44Þ


By definition of yt, q !1 for
yt<y�1. So, a good asymptotic
approximation of the thickness
da of the kinetic layer in which
the concentration drop of a
occurs is:


da � ðl0X0=hÞ�1=2 ! 0 ð45Þ


and tends towards zero since
l0@ (h/X0).


Behavior III : When l0 ! (h/X0)
the kinetic term in Equa-
tion (33) is also negligible,
showing that initially the nano-
pore fills completely by diffu-
sion [namely, Eq. (43) still ap-
plies though for different rea-
sons than before]. Thus, during
the first stage, the solution
inside the pore diffusionally
equilibrates with that of the
bulk solution. In the second
and slower stage, the concentra-
tion filling the nanopore inside
solution remains equilibrated
with that of the bulk at any
time, and adsorption proceeds
slowly. Thus, the system be-
haves as if the entire pore wall
was fully accessible to the ho-
mogeneous bulk solution. So
during this second stage the target species sequestration ki-
netics is commanded only by Equation (34) which simplifies
into:


@q


@t
� l0ð1�qÞc ð46Þ


where c is the dimensionless bulk concentration.
The three different kinetic behaviors I–III described


above may be conveniently summarized by a kinetic zone
diagram upon representing their locations as a function of
the values of l0 and (X0/h). Note that here we have not con-
sidered the situation where (X0/h)�1 since by hypothesis
the range of this parameter ought to be limited to its large
values. Such diagram is shown in Figure 4a. The qualitative
time variations of a/c, q and f(t) in each kinetic zone I–III
are represented schematically in Figure 4c assuming that c=


1 and k�0 (see text and Appendix III).


Two-dimensional problem : As for the 1D situation, we wish
to delineate the main kinetic behaviors experienced by the


system. For this reason we will neglect here the term hsh


since it can be assumed that when the adsorption sites are
rigidly anchored to the chemical structure of the nanopore
walls any direct exchange between them is negligible com-
pared to the exchange which proceeds through hopping via
the solution. Thus, Equation (39) becomes identical to
Equation (34), though, the situation is not exactly similar to
that identified for the 1D problem because now this is the
radial diffusion [namely, the term factor of e in Equation
(38) relayed by the coupling Equation (41d)] which com-
mands the supply of species to the walls. Conversely, as for
the 1D problem, the axial diffusion term in Equation (38)
(namely, @2a/@y2) commands the propagation of the target
species within the nanopore.


Though this is not a situation of interest here, the case of
wide and short pores (i.e. , e�1) corresponds to a fast diffu-
sion of the species inside the nanopore along its axis, so that
after a few L2/Dbulk seconds the nanopore is filled with the
target species almost all over its volume except maybe near
its wall. Then, adsorption proceeds as described above in
the kinetic zone III for the 1D problem (i.e. , when l0 !1


Figure 4. Kinetic zone diagrams illustrating the different behaviors experienced by the system as a function of
the main dimensionless parameters which characterize its dynamics: l0=kadsL


2Cb
0/Dbulk, the adsorption kinetic


rate, X0= [(2pRporeL)Gsite]/[(pR
2
poreL)C


b
0], the storage parameter, as well as of h=Dpore/Dbulk and e= (L/Rpore)


2.
a) 1D problem. b) 2D problem. The qualitative spatial variations of a/a(0), q and time variations of f(t) in
each kinetic zone I–III/IV are similar irrespective of the 1D or 2D problem and are represented schematically
in c) assuming that c=1 and kffi0 (see main text and Appendix III). Note that for zone II, in representing f(t)
the relative proportion between f1


(1st) and f1
(2nd) is arbitrary to stress the two-stage behavior. Zone IV exists


only for the 2D problem; since this behavior is qualitatively akin to that represented for zone III, it is not par-
ticularized in c).
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and l0X0/h !1). Due to its peculiarity this situation is not
considered anymore in the following and we focus on the
system when e @1, which corresponds to long and thin nano-
pores, that is, onto the case matching most experimental re-
alistic systems.


Under such conditions the radial diffusion term in Equa-
tion (38) necessarily dominates over the axial diffusion term
(namely, @2a/@y2) as soon as a radial gradient may build up.
Except for the region near the very mouth of the nanopore
(see the above discussion in the section on Specificities of
2D-diffusion reaction for a thick-walled nanopore), the only
way for a radial gradient component to be forced upon the
system is through Condition (41d). This applies at c=1 and
rewrites as:


0 � y < 1, c ¼ 1 :


�
@a
@c


�
c¼1
¼ � l0X0


2e
ð1�qÞa ð47Þ


for k!0. Both terms e and X0 are large for the situations of
interest herein, so that in contrast to the always large term
X0/h considered above in the 1D problem, the term X0/e may
take any value depending on the exact system at hand. It
follows that l0X0/e may achieve also any possible value.


When l0X0/e !1, except maybe at the very pore entrance,
a situation we neglect here, (@a/@c)c=1 is necessarily negligi-
ble because the product (1�q)a is at most equal to unity.
Whatever is the value of l0, under such conditions the diffu-
sional radial gradient is not able to compete with the axial
one. This expresses that the toll imposed by the adsorption
kinetics cannot be transferred with significant strength
across the nanopore core whatever the value of l0. It en-
sures that the target species diffuses linearly along the pore
axis. So the situation is akin to that considered above in ki-
netic zone III of the 1D problem (i.e. , when l0 and l0X0/h
are both small). During the rapid first stage, the nanopore
fills completely through nearly linear diffusion so that the
target species concentration becomes equilibrated through-
out with that at the pore entrance. In the second and slower
stage, kinetics may operate and impose a radial gradient on
to the solution whose composition remains independent of
y. The situation is then akin to a slow charge transfer case in
electrochemistry at a tubular electrode placed into a homo-
geneous solution [Eq. (46)]. Two main limits are thus found.
One when the radial transport to the nanopore wall is fast,
namely, the system depends only on the slow heterogeneous
kinetics and is governed by the magnitude of l0 so that the
situation is akin to behavior III met in the 1D problem. In
the opposite situation, the adsorption kinetics is faster than
the diffusional supply and depletes continuously the target
species at the surface.


Then the system kinetics is akin to a Nernstian case, being
governed by the radial transport which in turn is imposed by
the gradient at c=1, namely, by l0X0/e in Equation (47); this
defines a new situation, noted behavior IV (this could not
be met in the 1D problem because the radial diffusion was
infinite by definition of the 1D model). Comparison be-
tween Equations (46) and (47) shows that the relative mag-


nitude of both effects is governed by the ratio: (l0X0/e)/l0=


X0/e, behavior III being encountered when X0/e @1, while
behavior IV is observed when X0/e !1. Noting that these
two zones: zone III and zone IV, exist only when l0X0/e !1,
it follows that zone III is defined by the area comprised
below the segment l0X0/e=1 and above X0/e=1, that is,
exists only when l0 !1. Zone IV corresponds to the comple-
mentary domain located below the axis l0X0/e=1 and may
be observed whatever the value of l0.


When l0X0/e@1, (@a/@c)c=1 in Equation (47) is necessarily
large unless the adsorption kinetics are sufficiently fast to
reach equilibrium while the species diffuses; indeed, then
[(1�q)a�qk]=0, that is, q=1 when k !1. Occurrence of
the latter condition requires that l0 is large. Then the situa-
tion is identical to that described above for the 1D problem
(kinetic zone I). Conversely, when l0 !1, the kinetics are
slow but nevertheless impose an extremely strong toll on
the diffusing species through the gradient in Equation (47)
because l0X0/e @1. As for the kinetic behavior II of the 1D
problem, where adsorption equilibrium is not yet reached, a
is efficiently diverted towards the nanopore wall by its ex-
tremely large radial gradient. Therefore, it cannot proceed
any deeper within the pore beyond the point yt where the
local sites have already equilibrated, that is, a(y)=0 for 1<
y<yt. For yt<y�0 the term (@a/@c)c=1 vanishes locally be-
cause q(y)=a/(a+k)ffi1. Therefore a may diffuse freely be-
tween the pore entrance and the point at yt so as to provide
the flux which is consumed by the reaction at yt. It follows
that a(y)ffia(0)(1�y/yt) while presenting a negligible depend-
ence on the radial coordinate. This defines the kinetic zone
II for the 2D problem.


As for the 1D problem the above limiting kinetic behav-
iors I–III are best summarized by a zone diagram though
this is now a function of l0 and (X0/e) as shown in Figure 4b.
Figure 4c schematizes qualitatively the time variations of
a/c, q and f(t) in each kinetic zone I–III assuming that c=1
and kffi0 (see text and Appendix III).


Conclusion


The above analysis has allowed the delineation of the main
trends expected to be achieved when particles consisting of
thick bundles of nanopores (see Figure 1) are exposed to a
solution with the aim of sequestrating and concentrating a
dilute target species. Indeed, in such systems adsorption ki-
netics governs, in fine, the sequestrating power but diffusion
supplies the dilute species to the active centers lining the
nanopores walls. Thus diffusion plays a delicate game which
controls the overall activity, thus leading to clearly distinct
kinetic behaviors (see Figure 4). To the best of our knowl-
edge the ensuing complexity of the dynamics of such sys-
tems has never been considered previously for optimizing
their overall behavior or designing them for a special appli-
cation.


Such particles consisting of an ensemble of densely
packed nanotubes are prone to be used for a wide variety of
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applications ranging from the sequestration of dilute species
as considered here, to supported heterogeneous chemical
catalysis or supported enzymatic catalysis. Development of
new separating materials for electrophoresis and chromato-
graphic systems may also rely on the same concepts. Indeed,
in all such cases, ultimately a kinetic process takes place all
along the surface of the nanostructure while diffusion trans-
ports the reactant and possible products to and from the
active sites and the bulk solution surrounding the particle.
So ultimately the overall behavior of any of the above sys-
tems will comply in one way or another with the main
trends that have been delineated here. Indeed, though ad-
sorption/desorption kinetics considered in this study do not
imply an overall transformation of the target species as in
catalysis, its physicochemical formulation encompasses all
the other cases, except maybe that of enzymatic reactions
where Michaelis–Menten limiting kinetics (i.e., u=umax)
may be reached. Since the diffusion supply of the target spe-
cies provides spontaneously a wide range of concentrations
inside the reactive nanopore it is then expected that the en-
zymes located deeper within the nanopore will perform line-
arly while those closer to the pore entrance may perform in
the saturated kinetic region. This may somewhat alter the
generic behavior observed in Figure 4 essentially when l0 is
small while (X0/e) or (X0/h) is large.


Finally, another biological example where the concepts
delineated in the above model may find an important appli-
cation is that of macrophage distribution in blood capillaries
when a particular section of a capillary has been activated
due to a local infection. Indeed, then the penetration of the
macrophages through the capillary wall may be treated as a
reaction onto the activated capillary wall section.


For all these reasons we believe that a deeper understand-
ing of the delicate interplay between transport and wall re-
activity within nanotubes is required. As evidenced here
even for the simplest case of chemisorption the system in-
volves many parameters beyond the main ones which have
been considered here (Figure 4a and b) but will ultimately
add their specificities onto the overall behavior. To the best
of our knowledge this may be treated only through accurate
simulations which will be the scope of further works, to be
published elsewhere.


In particular, we have explained just above that the case
of enzymatic reactors consisting of long nanopores may
create poor efficiency due to the specific features of Michae-
lis–Menten kinetics. It may be advisable to consider shorter
and wider pores for such applications. Then the main ap-
proximations performed here which allowed a simple out-
come (Figure 4a and b) will not be valid anymore. Under
such circumstances, the system must be envisioned only as
outlined here in the section on Specificities of 2D-diffusion
reaction for a thick-walled nanopore, so that its numerical
treatment will be eased up by recasting it into its simpler
conformal space (see Figure 3).


Appendix


Appendix I : Average length of cylindrical nanotubes packed in a dense
array into a spherical particle


Since one nanopore occupies a cross-surface area of pd2 onto the particle
surface the maximum number, Nmax, of opened nanotubes is:


Nmax ¼
�
2Rpart


d


�2


ðA1Þ


Let us consider the sphere Sn of a smaller radius rn, inside of the particle
and concentric with it, which is crossed over by exactly n nanotubes, so
that 4pr2n=npd2. By definition, these tubes extend at least from the parti-
cle surface to the sphere Sn, so that their length, ln, is at least ln=Rpart�rn.
Then one obtains:


ln ¼ Rpart


�
1�
�


d
2Rpart


�
n1=2
�


ðA2Þ


from where it follows that the average nanotube length, L, in the spheri-
cal particle is:


Lav ¼ hlni ¼


RNmax


0


lndn


RNmax


0


dn
¼ Rpart


�
1� d


3Rpart
Nmax


1=2


�
¼
Rpart


3
ðA3Þ


On the other hand, rewriting of Equation (A2) gives the number, nb, of
nanotubes having a length bRpart (0�b�1) equal to


nb ¼
�
2Rpart


d


�2


ð1�bÞ2 ðA4Þ


The number Dnb of nanotubes having a total length L=bRpart, that is,
comprised between (b�Db)ORpart and (b+Db)ORpart, is readily obtained
by differentiation of Equation (A4). Thus, one obtains Equation (1)
given in the main text:


�Dnb


Db
¼ 8
�
Rpart


d


�2


ð1�bÞ ðA5Þ


which establishes that the histogram of nanopore lengths repartition is a
triangle.


This analysis shows that it is sufficient to consider the problem within a
single pore, and to perform afterwards an appropriate statistical treat-
ment to take into account the distribution of nanopores according to
Equation (A5), and that of particle sizes Rpart (note that d, representing
one chemical constraint, is not supposed to vary for a given type of mate-
rial). Since the issue of any prediction will be the time variation of a se-
lected parameter <, one obtains for one particle of radius Rpart :


h<Rpart
i ¼


RNmax


0


<Rpart
ðbÞdnb


RNmax


0


dnb


¼ 2
Z1


0


<Rpart
ðbÞð1�bÞdb ðA6Þ


where <Rpart
(b) is the value of parameter < predicted at any given time


for a nanopore of length L=bRpart performing within a particle of radius
Rpart. It then follows that h<i, the predicted experimental value of <, as a
function of time taking into account the whole distribution is:


h<i ¼
Z1


0


h<Rpart
iPRpart


Rpart ðA7Þ


where PRpart
=


dNRpart


dRpart
is the normalized distribution of particles as a func-


tion of their radii.
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Appendix II


Derivation of Equation (4): Under steady state spherical diffusion, the
concentration, C, of any species obeys the steady state form of the
second FickMs law:


@2C
@r2
þ 2
r
@C
@r
¼ 0 ðA8Þ


where r is the distance from the center of symmetry of the system. It fol-
lows readily that:


@C
@r
¼
P


g


r2
ðA9Þ


where �g is a constant, so that at any distance r (�C is a second con-
stant):


C ¼
X


C
�
P


g


r
ðA10Þ


Let C1 and C2 be the values of C at any two distances denoted r1 and r2,
respectively. Thus:


C1�C2 ¼ ðr2�r1Þ
P


g


r1r2
ðA11Þ


where �g may be expressed through Equation (A9) at distance r1, so
that:


C2�C1


r1�r2
¼ r1
r2


�
@C
@r


�
r¼r1


ðA12Þ


Equation (4) derives immediately from Equation (A12) when it is par-
ticularized for r1=Rpart+d and r2=Rpart.


Appendix III


Limiting kinetic behaviors for a single nanopore performing in a bulk so-
lution of infinite volume : Our purpose here is only to illustrate the conse-
quences of each limiting behavior I–III/IV which have been evidenced to
occur depending on the main parameters which govern the system. For
this purpose we wish to provide a rough semiquantitative evaluation of
the different kinetic behaviors which may be displayed by the system and
are sketched in Figure 4c. For this reason we limit ourselves to the (unre-
alistic) situation where a single nanopore operates into a solution of in-
finite volume so that the events occurring within the nanopore do not
modify significantly the bulk concentration (namely, u=0 and #=0 re-
spectively in Equations (30g) and (30k)). Therefore, here c(t)=1 at any t


value. Note that the ensuing expressions must then be considered only as
asymptotic ones. To be applied to any real circumstances the following
results must be convoluted with the time variation of c as documented in
sections on Dimensionless formulations and Limiting kinetic behavior.
This may alter slightly the limiting kinetic behavior derived below, but
the overall trends should remain.


In zone I, or during the first stage of the nanopore filling in zone III, the
target species extraction is controlled by its linear diffusion within the
pore without appreciable radial diffusion. The situation is similar to that
met in chronoamperometry when a planar electrode is placed within a
long thin layer cell without convection. Thus the diffusion wave propa-
gates as


ffiffiffi
t
p


except when it meets the bottom of the tube (y=1), that is,
when t!1. Therefore, for most of the durations of interest (t<1) one
has a(y,t)=erfc(y/2


ffiffiffi
t
p


). It follows that for a long nanopore, over most of
the time:


f ðtÞ /
ffiffiffi
t
p
=ðAþ


ffiffiffi
t
p
Þ ðA13Þ


where A is a constant close to unity. Thus f(t)/pt while the nanopore
fills up but slows down progressively when the bottom of the nanopore is
reached (i.e., when t!1). The limit f1 at infinite time of f(t) in zone I is
unity since both the pore core and its wall sites fill up at the same rate.


When the system is located into zone III the same behavior applies but
the nanopore wall sites do not react significantly while the nanopore core
solution is filling up. Thus:


f ðtÞ ¼ f ð1stÞðtÞ þ f ð2ndÞðtÞ ðA14Þ


where f(1st)(t)/pt stands for most of the fast initial stage (solution fills
up; see above) while the slow rising function f(2nd)(t) corresponds to the
second stage (nanopore wall sites react). Note that f(2nd)(t) significantly
differs from zero only after f(1st)(t) has reached its limit f ð1stÞ1 =1/(1+X0).


The sequestration of the second fraction of the species (namely the main
one which is slowly trapped by adsorption onto the wall sites) is given by
Equation (34) where now a=1 at each instant within the present approx-
imation. At infinite time f(2nd)(t) reaches the limit f(2nd)=X0/(1+X0), so
that:


f ð2ndÞðtÞ ¼ f ð2ndÞ1 ½1�e�l0t=ð1þkÞ	 ¼ X0½1�e�l0t=ð1þkÞ	
1þ X0


ðA15Þ


In zone IV (which is relevant only to the 2D problem), the same applies
except for the exponential argument in Equation (A15) which is propor-
tional to X0/e.


In zone II, the situation is quite different. The analysis developed for this
case (see main text) shows that the diffusional wave moves relatively fast
but that the adsorption kinetics inclines it to every point where the wall
sites are not yet filled up. Therefore a sharp front of propagation is creat-
ed at y=yt. Whenever 0<y<yt, a varies linearly with y and does not
depend significantly on the radial coordinate. Across this zone, q =1,
while beyond a vanishingly small distance da after yt [see Eq. (45)] a=


q=0 for yt<y<1.


Establishing the precise kinetics of f(t) in this zone requires simulations
due to the nonlinearity of Equation (44). However, one may estimate its
general behavior based on scaling factors. Indeed, the above analysis
showed that a(y)=a(0)(1�y/yt) whenever 0<y<yt. Thus, a(yt)/a(0)/yt


due to the linear decrease of the gradient while yt increases with time.
Thus, one has from Equation (46):


@q


@t
� l0ð1�qÞ½að0Þ=yt	 ðA16Þ


So the time duration dt necessary for filling up the ring located at yt and
having a surface area dA=2pRporedyt is:


dt / ytdyt=½l0að0Þ	 ðA17Þ


On the other hand, when the wave reaches yt, a surface 2pRporeyt of the
pore wall is completely filled up and a volume pR2


poreyt of the nanopore
core is half filled up. Thus, f= (X0+1/2)/(X0+1)yt, that is, fffiyt since X0@


1. It then follows from Equation (A16) that:


f df / l0að0Þdt ðA18Þ


Owing to our purpose in this Appendix, we again neglect the variations
of a(0), so that:


f /
ffiffiffiffiffiffiffi
l0t


p
=ðA0 þ


ffiffiffiffiffiffiffi
l0t


p
Þ ðA19Þ


which shows that f keeps again a diffusional-type behavior though this is
commanded now kinetically, namely, by the magnitude of l0 and not by a
Nernst–Einstein diffusion coefficient.
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p-Face Donor Properties of N-Heterocyclic Carbenes in Grubbs II
Complexes
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Introduction


The use of N-heterocyclic carbenes in catalytically active
transition-metal complexes is rapidly growing.[1] In olefin
metathesis this class of ligands has convincingly demonstrat-
ed its superiority over the classic phosphorus ACHTUNGTRENNUNG(III)-based li-
gands.[2–7] The performance of NHC-based metal complexes
in other fields of catalysis, such as for example Pd-catalyzed
cross-coupling reactions, can also be outstanding.[8–13]


A detailed understanding of the steric and electronic
properties of NHC ligands in metal complexes is essential to
gain full control over the catalytic properties of transition
metals[14,15] and a number of experimental studies have been


carried out.[16–28] Notable, is work from Nolan who studied
various (NHC)Ni(CO)3 complexes[29] and of Herrmann et al.
who recently investigated the donating properties of a large
number of different NHC ligands.[30] From these and related
studies the overall donation of NHC ligands can be deter-
mined experimentally, but the decomposition into different
factors and their individual contribution is more difficult.
The traditional view of NHC ligands being predominantly
s-donors[25,30] was refined and extended to NHC ligands
acting as p-donors in electron-deficient metal complexes.[31]


Recently, evidence is accumulating that NHC ligands can be
regarded as p-acceptors;[32–37] the extent to which this hap-
pens is under debate.[34]


However, in certain metal complexes the donating/accept-
ing properties of NHC ligands may not to be limited to ef-
fects via the carbene carbon. A structural peculiarity of
Grubbs II complexes is the near coplanarity of the Ru=


CHAr unit and the N-aryl ring belonging to the N-heterocy-
clic carbene ligand. F8rstner et al. were the first to relate
the short carbon–carbon distance reported in the crystal
structure (around 300 pm for the respective a-carbon
atoms) to possible p-stacking interactions between the ben-
zylidene unit and the N-aryl rings of the NHC ligand.[38]


Short distances between the aryl rings were observed in sev-
eral solid-state structures of Grubbs II complexes.[39–42]


Abstract: The electron-donating prop-
erties of eighteen N-heterocyclic car-
benes (N,N’-bis(2,6-dimethylphenyl)i-
midazol)-2-ylidene and the respective
dihydro ligands) with 4,4’-R substituted
aryl rings (4,4’-R = NEt2, OMe, Me,
H, SMe, F, Cl, Br, I) in the respective
Grubbs II complexes were studied
using electrochemical techniques. The
nature of the 4-R substituent has a
strong influence on the RuII/III redox
potentials ranging between DE1/2=++


0.196 and +0.532 V. Three unsymmet-
rical Grubbs II complexes with 4-R ¼6


4-R’ were also synthesized. Dynamic
NMR spectroscopy revealed the re-
stricted rotation around the (NHC)C�
Ru bond (DG = 89 kJmol�1 at 333 K)
resulting in two atropisomers, respec-
tively, with an isomer ratio close to
unity. Each of the isomers, that is the
two orientations of the 4-R/4-R’ substi-


tuted mesityl ring with respect to the
R=CHPh unit, gives rise to different
redox potentials (4-R = NEt2, 4-R’ =


Br: DE1/2=++0.232 and +0.451 V). In
the oxidized Grubbs II complex (4-R
= NEt2, H) and in the cathodic isomer
the electron rich aryl ring is located
above the Ru=CHPh unit. This orien-
tational effect provides clear evidence
for strong p–p through-space interac-
tions in the RuIII complexes, assuming
that the alternative through-bond
transfer of electron density is equally
efficient in both isomers.
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In a preliminary study we have determined the redox po-
tentials of several Grubbs-type complexes with various sub-
stituents at the 4-position of the mesityl flaps.[43] Demonceau
et al. demonstrated with different RuII complexes for
ROMP and Kharasch reactions, the use of electrochemical
studies to rationalize the catalytic behavior.[44,45] In our ex-
periments we observed a strong influence of the electronic
nature of the 4-substituent on the RuII/III redox potentials.
This was unexpected, since seven bonds separate the 4-R
substituent from the redox-active Ru center and since the
through bond electronic communication is hampered by the
orthogonality of the five- and six-membered ring systems
(as concluded from solid-state structures). This was seen as
evidence for p–p interactions[46] between an aromatic ring at
the NHC ligand and the Ru–benzylidene unit. In the mean-
time, it was shown that even in Grubbs II-type complexes
with mixed aryl, alkyl–NHC[40,47–50] or related ligands[49] the
aryl groups are located above the benzylidene unit and the
alkyl group above the empty coordination site. For bulky
alkyl groups steric arguments account for the observed ori-
entation of the N-substituents.[42] However, Ledoux et al.
have shown that even in methyl, aryl-substituted NHC li-
gands, the cofacial orientation of N-aryl and the Ru–benzyli-
dene group is the preferred one.[47] Grubbs et al. recently re-
ported a Grubbs II-type complex with an aryl, aryl’–NHC
ligand displaying a preferential orientation of the more elec-
tron-rich aryl above the Ru=CHR group.[51]


Based on detailed electrochemical studies of symmetrical
and unsymmetrical Grubbs II-type complexes and extensive
NMR studies, we now want to describe in more detail ex-
periments related to the question of whether p–p interac-
tions are of significance in Grubbs II complexes and wheth-
er such interactions influence the electron density at the Ru
center and the catalytic properties.


Results and Discussion


Synthesis of imidazolium and imidazolinium salts and of the
respective saturated and unsaturated Grubbs II complexes :
In order to systematically cover a large range of electronic
effects in Grubbs II complexes, several symmetrical imida-
zolium and imidazolinium salts with variable 4-R substitu-
ents were synthesized (4-R = OMe, SMe, F, Cl, I)
(Scheme 1); others with (4-R =


NEt2, Br, H, Me, S(O)2tolyl)
were available from our previ-
ous work.[16]


Since this study was under-
taken to elucidate potential p–
p interactions between the aryl
rings and the Ru=CHPh unit,
we were also interested in un-
symmetrical imidazolinium
salts, which originate from two
different anilines. Several useful
synthetic approaches for the


synthesis of such compounds have been reported in the liter-
ature.[51–57] Typically, in a stepwise manner an unsymmetrical
oxalyl diamide is converted into the respective diamine
under strongly reducing conditions using BH3 or LiAlH4,
followed by ring closure. This approach is not compatible
with substituents sensitive towards reduction. In order to
avoid the use of reductants, we have developed a different
route (Scheme 2). Starting from the N-b-hydroxyethyl sub-
stituted 2,6-dimethylanilines,[58] treatment with HI or Ph3P/I2
generated the respective N-b-iodoethyl anilinium salt, fol-
lowed by nucleophilic substitution of the iodide with 2,6-di-
methylanilines (4-R = Br or NEt2). This synthesis can be
easily upscaled yielding dekagrams of the corresponding un-
symmetrical diamines in good yields (50–70%). The dia-
mines then undergo cyclisation to the respective imidazolini-
um salts with HC ACHTUNGTRENNUNG(OEt)3. The respective symmetrical and
unsymmetrical Grubbs II-type complexes were obtained
from Grubbs I complex and the respective carbene follow-
ing standard procedures (Scheme 3).[59] This synthesis works
for all NHC ligands with the exception of those with strong-
ly electron-withdrawing substituents. Upon exposure of the


Scheme 1. Synthesis of the imidazolium and imidazolinium salts (3a, 4a :
4-R=NEt2, 3b, 4b : 4-R=OMe, 3b, 4c : 4-R=Me, 3d, 4d : 4-R=H, 3e,
4e : 4-R=SMe, 3 f, 4 f : 4-R=F, 3g, 4g : 4-R=Cl, 3h, 4h : 4-R=Br, 3 i, 4 i :
4-R= I). a) Ethanol, glyoxal, HCOOH, RT; b) THF, LiAlH4, RT, HCl/
H2O; c) THF, (CH2O)n, HCl/dioxane, RT; d) HCACHTUNGTRENNUNG(OEt)3, HCOOH,
120 8C.


Scheme 2. Synthesis of unsymmetrical imidazolium and imidazolinium salts. a) Neat, 65% aq. HI or I2/PPh3;
b) DMF, NaHCO3, 4-R-aniline (4-R, 4-R’=Br, NEt2), 50 8C, 50–70% yield; c) HCACHTUNGTRENNUNG(OEt)3, HCOOH, 120 8C,
NH4Cl.
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Grubbs I complex to the 4-S(O2)tolyl substituted carbene
(or the respective Ag+–NHC complex) no reaction took
place. We attribute this failure to the relatively poor elec-
tron donation of the respective carbene with 4-R =


S(O)2tolyl ; which we have recently shown to be comparable
to that of PCy3.


[16]


Olefin metathesis activity of the 4-R substituted saturated
and unsaturated Grubbs II complexes : In order to assess the
catalytic activity of olefin-metathesis catalysts in a compara-
ble manner, Grubbs et al. recently suggested a number of di-
agnostic test reactions.[60] We have applied a few of the
newly synthesized complexes in some of these reactions to
learn more about the influence of electron density on the
olefin-metathesis reactivity.


In the ring-closing metathesis of diethyl diallylmalonate
(Figure 1) the activity of the respective Grubbs II catalysts
within the two series of complexes with saturated and unsa-
turated N-heterocyclic carbene ligands is ranked according
to the electron richness of the respective Ru centres
(Grubbs rule):[61,62] 4-NEt2 > 4-H @ 4-Cl. This order of re-
activity was also found in the ring-closing metathesis of dia-
llyltosylamine (Figure 2). In both metathesis reactions the
reactivity differences between 4-NEt2 and 4-H substituted
complexes are small compared with what could have been
expected from the large differences in the redox potentials.
This was unexpected considering the strong donation of the
4-R = NEt2 group. However, p-stacking interactions can
only be operative while the Ru=CHR substructure exists,
which is not always the case during the catalytic cycle.


On comparing the catalytic activity of Ru complexes with
saturated and unsaturated NHC ligands with identical 4-R
group (Figures 1 and 3) the former group is significantly
more active, as was previously reported by Grubbs[63] and
F8rstner.[38] The activity of the saturated Grubbs II complex
with 4-Cl is almost the same as that of the unsaturated
Grubbs II complex with 4-NEt2, while the electron releasing
capacity of the unsaturated NHC 4a (4-R = NEt2) is signifi-
cantly higher than that of the saturated NHC 3g (4-R =


Cl)[16] which also translates into very different redox poten-


tials for 5a and 6g. Based on the electrochemical experi-
ments (see below) we thus conclude, that the small differ-
ence in the electron-releasing capacity of the saturated und
unsaturated NHC ligands can hardly account for the much
larger differences in the reactivity of the respective saturat-
ed and unsaturated Grubbs II complexes.


UV/Vis spectroscopy of Grubbs II complexes : In order to
study the influence of the 4-R substituents on the d–d chro-
mophore, UV/Vis spectra of the series of complexes 5 and 6
were recorded (Table 1). All complexes display a typical d–
d transition around 500 nm. The use of progressively more


Figure 1. Ring-closing olefin metathesis of diethyl diallylmalonate in
CH2Cl2 (0.1m, 1 mol% Grubbs II catalyst, T=30 8C) (color version avail-
able in the Supporting Information).


Figure 2. Ring-closing olefin metathesis of diallyltosylamine in CH2Cl2
(0.1m, 1 mol% Grubbs II catalyst 6a, d, g, T=0 8C) (color version avail-
able in the Supporting Information).


Scheme 3. Synthesis of the 4-R substituted Grubbs II complexes with un-
saturated ligands (R=R’=NEt2 5a, OCH3 5b, Me 5c, H 5d, SCH3 5e, F
5 f, Cl 5g, Br 5h, I 5 i), with saturated ligands (analogous lettering 6a, 6b,
6c, 6d, 6e, 6 f, 6g, 6h, 6 i) and R ¼6 R’=NEt2/H 6m, Br/H 6n, NEt2/Br
6o. a) Toluene, KOtBu, RT; Grubbs I complex.
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electron-donating substituents in the 4-position has only a
small effect on the d–d transitions.


Electrochemical studies


Symmetrical Grubbs II complexes : RuII/III redox potentials
of a large number of Grubbs II complexes 5 and 6 were de-
termined (Table 2) to study how substituents at the aromatic
rings influence the electron density at ruthenium. In general,
such complexes are characterized by a highly reversible
electrochemistry.[43,64] Pronounced differences in the redox
potentials between 4-NEt2 and 4-Br substituted NHC li-
gands in the saturated (DE1/2=0.196 ! 0.538 V, DE=


344 mV) and in the unsaturated series (DE1/2=0.271 !
0.532 V, DE=261 mV) of NHC ligands were observed. The
much larger effect of the NEt2 group on the redox potentials
of RuII/III compared to that of the OMe group is based on
the much more negative Hammett parameter of the NEt2
group.[65] The RuII/III redox potentials of the various Grubbs
II complexes are significantly more cathodic than that of the
Grubbs I complex (DE1/2=0.585 V).[43] This is indicative of a
higher electron density at the metal center in the NHC/
PCy3-substituted Grubbs II complexes, than in the PCy3/
PCy3-substituted Grubbs I species. There appears to be a
conflict with results of recent XAS studies by Kennepohl


et al. , who claims that PCy3 ligands transfer more electron
density on the metal center than an NHC ligand.[66] Howev-
er, a redox potential denotes the energy difference between
two redox states, which is not necessarily correlated with the
electron densities of a metal complex in only one oxidation
state.


The range of the redox potentials in the related
(NHC)IrClACHTUNGTRENNUNG(cod) complexes with the same 4-substituents re-
cently studied by us is significantly smaller (saturated NHC:
DE=247 mV, unsaturated NHC: DE=214 mV).[16] Care has
to taken when comparing redox potentials of Ir and Ru
complexes, nonetheless, the notably stronger influence of
the 4-substituents on the redox potential of Grubbs II com-
plexes prompted us to consider additional interactions—
other than the normal through-bond component.[67–70] In this
respect, interesting transannular interactions between cofa-
cial aromatic ring systems were reported by Gleiter et al.
(cofacial cyclobutadienyl–cobalt complexes),[71–73] Boekel-
heide, Jordan et al. and Speiser et al. (ruthenium-
ACHTUNGTRENNUNG[2.2]paracyclophane)[74,75] to significantly influence cobalt
redox potentials.[76]


The redox potentials of Grubbs II complexes with saturat-
ed and unsaturated NHC (but identical 4-R groups) are
very similar (with the exception of 4-R = NEt2); indicative
of similar donor properties in the two classes of ligands.[77]


However, the catalytic properties of the two series of com-
plexes are quite different (see section on Catalysis). We con-
clude that differences in the catalytic properties of saturated
and unsaturated Grubbs II complexes do not originate from
dissimilar electron densities at the metal centres. Instead the
slightly different steric requirements of saturated and unsa-
turated NHC ligands (non-planar versus planar five-mem-
bered ring) may be responsible.[4,78]


Unsymmetrical Grubbs II complexes : Grubbs II complexes
6m, 6n and 6o with different 4-R, R’ substituents were


Figure 3. Cross metathesis of hexenylacetate/methacrylate in CH2Cl2
(0.4m, 2.5 mol% Grubbs II catalyst, T=35 8C) (color version available in
the Supporting Information).


Table 1. UV/Vis data of various Grubbs II complexes (CH2Cl2; c=


0.0028m.


4-R=4-R’ Saturated lmax [nm]
(e [Lmol�1 cm�1])


Unsaturated lmax [nm]
(e[Lmol�1 cm�1])


4-NEt2 493 (193) 499 (280)
4-OMe 501 (253) 502 (357)
4-H 502 (169) 504 (146)
4-Cl 501 (221) 503 (273)
4-I 497 (240) 504 (212)


Table 2. Redox potentials of various Grubbs II complexes (CH2Cl2/
NBu4PF6 (0.1m); internal reference octamethylferrocene (FcMe8); 293 K,
scan rate 100 mVs�1).


Saturated DE1/2 [V]
(Ea�Ec [mV])


Unsaturated DE1/2 [V]
(Ea�Ec [mV])


4-R=4-R’
6a, 4-NEt2 0.196 (83) 5a 0.271 (80)
6b, 4-OMe 0.454 (74) 5b 0.453 (76)
6c, 4-Me 0.455 (76) 5c 0.450 (77)
6d, 4-H 0.469 (81) 5d 0.470 (85)
6e, 4-SMe 0.479 (76) 5e 0.479 (71)
6 f, 4-F 0.516 (78) 5 f 0.514 (82)
6g, 4-Cl 0.529 (78) 5g 0.535 (84)
6h, 4-Br 0.538 (82) 5h 0.532 (84)
6 i, 4-I 0.532 (84) 5 i 0.528 (82)
4-R ¼6 4-R’
6m, 4-NEt2/H 0.219 (102)[a] 0.224[b]


0.410 (72)[a] 0.420[b]


6n, 4-Br/H 0.503 (85)[a] 0.498[b]


6o, 4-Br/NEt2 0.226 (104)[a] 0.232[b]


0.461 (82)[a] 0.451[b]


[a] Cyclic voltammetry. [b] Square wave voltammetry.
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shown to exist as pairs of atropisomers by NMR spectrosco-
py. In one the 4-R substituted aryl flap is located above the
Ru–benzylidene unit and the 4-R’ group above the vacant
site; in the other one the 4-R’ group is located above the
Ru–benzylidene unit and 4-R above the vacant site
(Scheme 4). It is an important question whether the unsym-


metrical substitution and the different orientations of the 4-
R and 4-R’ group have a significant influence on the redox
potentials of the respective Grubbs II complexes. Should the
two atropisomers persist on the timescale of the electro-
chemical experiment, two extreme situations are conceiva-
ble. In the first scenario, the electron density of the aryl
flap, which is modulated by the nature of 4-R and 4-R’
groups, is exclusively transferred to the Ru–benzylidene unit
via transannular interactions; then the two different atro-
pisomers must be characterized by significantly different
redox potentials. In the second scenario, the electron density
of the 4-R group is transferred solely via bonds to the Ru
atom. It follows then, that the redox potentials of the two
atropisomers have to be identical; as the relative orientation
of the 4-R or 4-R’ substituted aryl flaps with respect to the
Ru–benzylidene unit should not influence the through-bond
transfer. In reality, a mixed situation is likely and it remains
to be shown experimentally, whether the two isomers are
characterized by sufficiently different redox potentials.


In order to observe two reversible redox waves, the rota-
tion of the NHC ligand around the Ru�C ACHTUNGTRENNUNG(NHC) should be
slow on the timescale of the electrochemical experiment.
Based on variable temperature NMR experiments (see sec-
tion on NMR) the rates of the Ru�C ACHTUNGTRENNUNG(NHC) rotation in the
Grubbs II complexes are known, while the relevant rates of
the corresponding process in the paramagnetic RuIII species
could not be studied.


Based on an estimate of RuII dynamic process our initial
electrochemical experiments (cyclic voltammetry and
square-wave voltammetry) were carried out at temperatures
of �20 8C applying scan rates of between 50–1000 mVs�1. In
all of these initial experiments using 6m (4-R = H, NEt2)
two distinct and reversible redox waves were observed. This
two wave situation persists even when carrying out the ex-
periments at ambient temperature. It is very important to
note here, that we never observed two distinct redox events
in any of the symmetrically substituted Grubbs II com-
plexes.


The two redox potentials for the atropisomers of 6m
(Table 2, Figure 4) were determined as DE1/2=0.219 V
(cathodic isomer) and DE1/2=0.410 V (anodic isomer), with


a peak separation of 191 mV. The redox potential of the
cathodic isomer is close to that of the symmetrically substi-
tuted 6a (DE1/2=0.196 V, 4-R=NEt2, NEt2), while the po-
tential of the anodic isomer is close to that of 6d (DE1/2=


0.469 V, 4-R=H, H). We thus conclude that the orientation
of the 4-R substituted aryl rings relative to the Ru=CHPh
group is very important for the redox behavior of the re-
spective Grubbs II complexes.


Electrochemical experiments with 6o (4-R=Br, NEt2)
again revealed a two wave situation (DE1/2=0.226 and
0.461 V) (Figure 5). As expected, the splitting of the redox
potentials is even larger (215 mV). The redox potential of
the cathodic isomer of 6o (DE1/2=0.226 V) is close to that
of the cathodic isomer of 6m (DE1/2=0.219 V). This again
demonstrates that the relative orientation of the 4-R groups
of the NHC ligand relative to the Ru–benzylidene unit pri-
marily governs the Ru redox potential! In line with this, the
redox potentials of the anodic atropisomers of 6m and 6o
differ significantly (6m DE1/2=0.410 V vs. 6o DE1/2=


0.461 V).
With 6n (4-R=Br, H) only a single redox wave was ob-


served in the cyclic voltammogram and in the square-wave
experiment, even though NMR spectroscopy confirms the


Scheme 4. Atropisomerism in unsymmetrically 4-substituted Grubbs II
complexes.


Figure 4. Cyclic voltammogram of 6m in CH2Cl2 RuII/III 0.219 V (DE=


102 mV) and RuII/III 0.410 V (DE=72 mV) referenced vs. FcMe8
�0.010 V (DE=84 mV).


Figure 5. Square-wave voltammogram of 6o (FcMe8 DE1/2 �0.010 V).
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existence of two atropisomers. The absence of two redox
events for 6n is not surprising, as the estimated difference
of the redox potentials (based on DE1/2 of 6d and 6h) of the
two rotamers should be significantly below 50 mV, which
can hardly be resolved using cyclic or square wave voltam-
metry. The observed DE1/2=0.503 V for 6n is half way be-
tween the redox potentials of 6d and 6h.


It could be argued that other events, such as the adventi-
tious protonation of the NEt2 groups or the coordination of
the aniline nitrogen to Ru, lead to two redox events. In
order to exclude this, we deliberately added stoichiometric
amounts (0.5–2 equivalents) of acid (HBF4) to 6m in the
electrochemical cell. The presence of acid immediately led
to irreversible voltammograms. Nonetheless, we tried to syn-
thesize the respective protonated complex 6m·H+ . This
again turned out to be unsuccessful due to very significant
decomposition (31P NMR) of the Grubbs II complexes upon
attempted protonation. In order to exclude the potential co-
ordination of the aniline nitrogen we deliberately added
N,N’-diethylaniline to a Grubbs II complex in an electro-
chemical cell. No change in the CV trace was observed. We
thus conclude that the two wave situation is not caused by
adventitious protonation of an amino group or its coordina-
tion to Ru, but is an intrinsic property of the unsymmetrical-
ly substituted Grubbs II complexes.


X-ray crystal structure analysis of 5a (4-R=NEt2): Within
the series of Grubbs II complexes studied here 5a stands
out as the most electron-rich complex and we were interest-
ed to learn from the respective crystal structure, whether
the rather different electron-donating property of the NHC
ligands influences structural parameters of the complex.
However, in the solid state the geometric parameters of 5a
(Figure 6) are comparable to those observed in related com-
plexes, as compiled by F8rstner.[38] The Ru–C ACHTUNGTRENNUNG(NHC) dis-
tance of 205.8(4) pm is within the typical range. The
carbon–carbon distance between the Ru=C and the N�
C(Ph) is fairly short (296.4 pm). The two nitrogen atoms in
the 4-position are in a trigonal-planar environment (average
CNC angle 119.98), indicative of efficient nitrogen lone pair
donation into the aromatic ring.


NMR Spectroscopy


Symmetrical Grubbs II complexes : We analyzed the various
chemical shifts in the 1H, 13C and 31P NMR resonances of
the Grubbs II complexes reported here, hoping to observe
characteristic changes depending on the electronic nature of
the NHC ligands with variable 4-R substituents. However,
no such correlations could be found. With the same basic
idea, we have determined one bond 1H–13C coupling con-
stants in the carbene unit Ru=CHPh of several complexes.
In the complexes studied, the 1JC,H coupling constants are in-
sensitive towards electronic and structural changes: 1JC,H
(6a ; 4-R=NEt2)=148.2 Hz (�0.2 Hz) = 1JC,H (6b ; 4-R=


OMe)=148.2 Hz (�0.2 Hz); 1JC,H (5b ; 4-R=OMe)=


147.5 Hz (�0.2 Hz) = 1JC,H (5 i ; 4-R = I) not even the re-
placement of a NHC ligand by a PCy3 resulting in a Grubbs
I complex gave significant changes in the one bond hetero-
nuclear coupling constant (1JC,H=147.1 Hz �0.2 Hz).


Furthermore, we also determined the two bond 13C-31P
coupling constants across ruthenium in the (NHC)C-Ru-
PCy3 unit of the Grubbs complexes reported here. In the
series of saturated Grubbs II complexes the 2JP,C varies be-
tween 77–78 Hz, in the unsaturated series complexes be-
tween 82-84 Hz. Obviously, there is a significant difference
between saturated and unsaturated complexes. The nature
of the 4-R substituents does not influence this coupling con-
stant, indicative of a fairly invariant bonding situation in this
segment of the complex.


Unsymmetrical Grubbs II complexes : In the NMR spectra
of the unsymmetrical complexes 6m, 6n and 6o two differ-
ent atropisomers are observed, which are characterized by
different orientations of 4-R and 4-R’ with respect to the
Ru–benzylidene unit (Scheme 4).


Consequently, the two sets of signals for the two isomers
can be distinguished. Information about the orientation of
the 4-R groups is derived from a complete assignment of
both atropisomers at 238 K (see Supporting Information)
and the corresponding nuclear Overhauser enhancement
(NOE/ROE) between the benzylidene unit and the mesityl
flap above it. At that temperature the signals of both mesi-
tyl flaps as well as those of the benzylidene unit are com-
pletely sharp, whereas at RT virtually all signals are broad-
ened such that a complete assignment is impossible. The as-
signment of the isomers is aided by the fact that the reso-
nances of this mesityl flap are strongly shielded when locat-
ed in the anisotropy cone of the benzylidene group. The
isomer populations were determined using the respective 1H
and 31P integrals. Based on this the following assignment
were made: 6m : 43/57 (major isomer with -NEt2 group
above Ru=CHPh), 6n : 64/36 (major isomer with -Br above
Ru=CHPh), 6o : 58/42 (major isomer with -Br above Ru=


CHPh). The isomer populations are close to unity. Obvious-
ly, the energy differences between the isomers are very
small (in the range of 1–2 kJmol�1) not providing evidence
in favor of p-stacking interactions.Figure 6. Crystal structure of Grubbs II complex 6a (4-R=NEt2) (color


version available in the Supporting Information).
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Dynamic NMR spectroscopy : We have extracted rotational
barriers to obtain information on the influence of the 4-R
substituents in complexes 6a and 6m. The investigation of
the symmetrical Grubbs II complex 6a revealed five impor-
tant dynamic processes (Scheme 5), denoted with the corre-
sponding rate constants k0, k1, k2, k3 and k4. It was noted ear-
lier,[38,51] that the rotation about the Ru�NHC bond (k4) is
restricted in complexes of this kind.


All exchange pathways could be nicely followed via 2D
exchange spectroscopy (EXSY, Figures 7 and 8). Down to
268 K NOESY spectra, in which signals originating from
(the positive) NOE (in the extreme narrowing limit) have
different phase with respect to the diagonal, whereas signals
due to chemical exchange have the same phase as the diago-
nal, could be used. When reducing the temperature, howev-
er, one easily reaches the intermediate exchange region
(zero cross-over of the NOE), where parts of the molecule
can exhibit positive NOE signals with other parts showing
negative NOE signals. Thus signals due to the negative
NOE and due to chemical exchange cannot be distinguished
safely. In this motional regime ROESY spectra provide a


save way to assign magnetisation transfer pathways. Because
of its superior performance we used JS-ROESYs at all tem-
peratures below 268 K.[79] The different exchange pathways
are characterized by different symmetry operations.


When determining k1 and k2 (rotations of the mesityl
flaps) great care has to be taken, as also the rotation of the
Ru=CHPh unit (k3) would lead to an interconversion of the
corresponding signals (Me1+Me2 and H1+H2 for k1 and
Me3+Me4 and H3+H4 for k2). k3, however, can be moni-
tored by the interconversion of the diastereotopic NHC
backbone protons. As long as k3 cannot be detected (up to
248 K for 6a and 6m-1, see Figures 7 and 8) it is safe to de-
termine k1 and k2 from the interconversion of the corre-
sponding methyl groups or aromatic protons. One difficulty
poses problems for the determination of k3 and the monitor-
ing of the onset of the corresponding rotational motion: as
these protons are geminal diastereotopic protons, they ex-
hibit significant NOE/ROE and their mutual scalar coupling
could also lead to TOCSY transfer in the ROE spectrum.
The latter is avoided by adjusting the spinlock angle to 45
degrees.[79] The former problem cannot be avoided and leads
to the following consequences.


In ROESY experiments ROE and exchange have differ-
ent signs, such that a signal could still look like a pure ROE,
even if some exchange is already contributing (leading to a
decrease in signal intensity). So, an ROE-type (different
sign of cross peak as compared to diagonal) signal does not
automatically mean that there is no exchange (just that
ROE is larger as compared to exchange).[95] In NOE experi-
ments, however, at temperatures below the zero cross-over
of the NOE (ca. 250 K for the mesityl flaps) NOE and ex-


change have the same sign.
Thus exchange would lead to a
positive change in peak intensi-
ty. We did not observe any
change in signal intensity in 1D
PFGSE NOE experiments[80–82]


(see below) except that due to
temperature dependence of the
NOE up to 248 K (see Figure
S4, Supporting Information).
Above 248 K k3 starts being ob-
servable and k1 and k2 cannot
be determined reliably any-
more. Consequently, we restrict
our interpretation of these data
to temperatures up to 238 K for
k1 and k2.


To monitor/determine k4 we
used the signals of the diaste-
reotopic NEt2 group as the only
symmetry operation intercon-
verting the signals is the rota-
tion around the Ru�NHC bond
(see Figure 8, no exchange ob-
served at 248 K, crosspeaks
appear at 333 K).


Scheme 5. Dynamic processes in Grubbs II complexes.


Figure 7. EXSY/JS-ROESY of 6a at 238 K (200 ms mixing time) and expansion of the region 1.8–3 ppm. Solid,
black signals are either diagonal signals or cross peaks indicating chemical exchange, dotted signals show
ROE. The different rotational barriers observable at that temperature are indicated by boxes connecting the
two diagonal signals with the two cross peaks: Solid black line (see also expansion) for process with corre-
sponding rate constant k2, dashed line for k1 and dashed dotted line for k0 (color version available in the Sup-
porting Information).
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Having examined all exchange pathways qualitatively, we
performed quantitative dynamic studies by selective 1D
PFGSE NOE experiments at different mixing times and dif-
ferent temperatures using the PANIC approach[83,84] for
quantification (see Supporting Information).


The fastest rotation occurs about the C�Ph bond in the
Ru–benzylidene unit with the corresponding rate constant
k0. We can estimate this barrier, since at the lowest accessi-
ble temperature for NMR experiments (193 K) the inter-
change is almost locked on the NMR timescale, correspond-
ing to a barrier of circa DG=52 kJmol�1. k4 describes the
slowest process with DG=89.2 kJmol�1 (k4=0.1 s�1 at 333 K
for 6a, k4=0.2 s�1 at 333 K for unsymmetrical 6m), which is
different from the corresponding barrier in related fluorine-
substituted Grubbs complexes (75 kJmol�1), but comparable
that in the Grubbs II complex (91 kJmol�1).[51] The unsym-
metrical Grubbs II complexes such as 6m, 6n and 6o there-
fore exist as two atropisomers at room temperature,[85]


whose interconversion is very slow on the NMR timescale.
It is, however, fast enough to preclude the purification of
the two atropisomeric complexes by conventional tech-
niques.


As reported earlier 1H signals of the aromatic proton of
the mesityl ring above the benzylidene unit (denoted H3
and H4) are extensively broadened in spectra recorded at
room temperature; whereas 1H signals of the aromatic pro-
tons of the mesityl ring above the empty coordination site


(H1 and H2) are isochronous and rather sharp at room tem-
perature. This has been interpreted to be due to two differ-
ent rotational barriers (k1 ¼6 k2, k1 fast at RT, k2 slow at
RT) and indicative of p-stacking, for which additional evi-
dence was provided by comparing reactivity and 1H spectra
in chloroform and benzene.[38]


On closer examination of the spectra of complexes 6a
and 6m, (especially after being able to assign all resonances,
see Experimental Section and Supporting Information), we
realized that H1 and H2 are accidentally isochronous (the
corresponding methyl groups Me1 and Me2, however, are
still anisochronous). We were able to extract rate constants
for k1 and k2 at four temperatures (223–238 K). At all tem-
peratures k1 equals k2 (k1=k2) within experimental error
(see Table 3) as determined from the signals of the methyl
groups (Me1+Me2 and Me3+Me4, respectively). For the
mesityl flap above the benzylidene unit we were even able
to check for consistency by using H3 and H4. From these
temperature dependent measurements of the rate constants
we had access to DG�, DH� and DS�. The latter two, how-
ever, are notoriously error prone, so that comparisons have
to be viewed with caution.


When comparing the complexes 6a and 6m-1 (NEt2
above benzylidene moiety) only minute differences are ob-
served; for 6m-2 (H above the benzylidene moiety), howev-
er, the rotation of the Ru=CHPh group (k3) sets in much
earlier. Whether this trend is observable also in other com-


Figure 8. EXSY/JS-ROESY of 6m at 248 K (200 ms mixing time) and expansion of the region 3.7–4.2 ppm. Solid, black signals are either diagonal signals
or cross peaks indicating chemical exchange, dotted signals show ROE. The only rotational process observable at that temperature, k3 for 6m-2, is indi-
cated by boxes (solid black lines) connecting the two diagonal signals with the two cross peaks. For 6m-1 this rotational process is not observed at 248 K.
Dashed lines show the ROE signals between the respective NHC-backbone signals at 248 K (ROE @ exchange, see comments in the text and Figure
SI4, supporting informations) and indicate where k3 starts being observable at temperatures of 258 K and higher (data not shown). The dashed dotted
line indicates that k4 (corresponding to the interconversion of 6m-1 and 6m-2) is not observed at 258 K and at which position k4 can be observed at
333 K (color version available in the Supporting Information).


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5465 – 54815472


H. Plenio, C. M. Thiele et al.



www.chemeurj.org





plexes and can be related to the properties of these Grubbs
II complexes will be investigated in the future.


Orientation of the 4-R substituted mesityl versus the Ru–
benzylidene unit : The electrochemical experiments show
that the orientation of the 4-R group relative to the Ru–
benzylidene unit exerts a strong influence on the Ru redox
potentials. A very important question is which redox poten-
tial (cathodic and anodic isomer) corresponds to which ori-
entation of the 4-R substituted aryl group. However, the in-
tegration of 1H and 31P spectra of 6m, 6n and 6o revealed
that the energy differences between the two orientations are
in the 1–2 kJmol�1 range. With a view to the very small
energy differences between the respective atropisomers, the
integration of the square-wave voltammograms is not suita-
ble to resolve the question of which orientation of the 4-R
group gives rise to which redox potential. The same argu-
ment applies to the use of X-ray crystal structure analysis.


We have therefore taken a different approach. The iso-
meric mixture of 6m was chemically oxidized using Fc+


PF6
�.[86] This process leads to the selective oxidation of the


cathodic isomer. NHC ligands are known to also stabilize
metals in higher oxidation states.[87] When the reaction is
carried out under conditions which allow the equilibration
of the two RuII atropisomers, the isomer mixture is convert-
ed almost quantitatively into the cathodic isomer.[88] The
presence of only a single oxidized isomer was verified by re-
ductive cyclic voltammetry. Attempts to resolve the NMR


spectrum of the paramagnetic
species were unsuccessful due
to extreme line broadening
and/or decomposition of the
RuIII species. Following the oxi-
dation of the Grubbs II com-
plex the reduction was effected
using FcMe8 (octamethylferro-
cene) at temperatures low
enough to preclude the equili-
bration of the isomers. This re-
action proceeds to completion
within 30 min at �78 8C (TLC
control). For the following
work-up it is mandatory to
keep the temperature always
below �30 8C to slow down iso-
merization. Simple filtration of
the reaction mixture over silica
sufficed to remove the para-
magnetic impurities. Evapora-
tion of the solvents (CH2Cl2,
Et2O) was done at �78 8C. Fol-
lowing this simple procedure
the enriched cathodic isomer
(anodic/cathodic 15:85, com-
pared with 43:57 at RT equilib-
rium) was isolated. This experi-
ment also establishes the full


reversibility of the cyclic voltammograms. Following the full
RT isomerisation, the initial 43:57 ratio of the atropisomers
of 6m was detected. The 1H and 31P NMR spectra of the
85% component allow the assignment of the enriched
isomer as the one with the 4-R = NEt2 located above the
Ru=CHPh group. This provides strong support for the p-p
interaction between the two aryl groups. The electrochemi-
cal data demonstrate that the electronic density at the Ru is
primarily modulated by the nature of the 4-R group located
above the Ru–benzylidene group; the influence of the 4-R
group above the empty coordination site seems to be much
weaker; effectively being limited to the much weaker
through bond component.


Summary and Conclusions


We studied the catalytic, electrochemical, dynamic and
structural properties of several Grubbs II complexes, in
which the nature of the substituents in the 4-position of the
mesityl flaps of the NHC ligand was varied systematically.
From these experiments we can draw a number of conclu-
sions:


a) The differences in the reactivity of Grubbs II complexes
with saturated and unsaturated NHC ligands do not orig-
inate from different electron density at the Ru center.
The redox potentials of the various Grubbs II complexes


Table 3. Rate constants for the different rotations in complex 6a and 6m (two atropisomers, 4-R=NEt2, 4-
R’=H, 6m-1, 4-R above benzylidene unit, 6m-2 ; 4-R’ above benzylidene unit) and corresponding DG�, DH�


and DS�. The latter two determined from measurements at temperatures 223 to 238 K (as at temperatures
above 248 K a small contribution of k3 is observed additionally to k1/k2 ; see main text and Figure SI4). For
6m-1 comparable values are obtained, for 6m-2, however, the rotational process corresponding to k3 sets in
much earlier.


Complex T [K] Rate constant kx [s
�1] DG� [kJmol�1] DH� [kJmol�1] DS� [Jmol�1]


6a


223 k1 0.005 64.0 (�0.1) 61.6 (�2) �11.1 (�9)
228 k1 0.009 64.2 (�0.2)
233 k1 0.021 64.1 (�0.1)
238 k1 0.040 64.2 (�0.1)
248 k1 0.27 63.0 (�0.1)
258 k1 + k3 0.92 63.0 (�0.1)
268 k1 + k3 3.09 62.9 (�0.3)


223 k2 0.005 63.8 (�0.2) 61.4 (�4) �10.8 (�15)
228 k2 0.010 64.1 (�0.2)
233 k2 0.023 63.9 (�0.1)
238 k2 0.044 64.0 (�0.1)
248 k2 0.24 63.3 (�0.1)
258 k2 + k3 1.08 62.7 (�0.1)
268 k2 + k3 2.51 63.3 (�0.3)
333 k4 0.10 89.3 (�0.2) n.d. n.d.


238 k1 0.10 62.4 (�0.1) n.d. n.d.
6m-1 238 k2 0.10 62.4 (�0.1) n.d. n.d.


333 k4 0.20 87.1 (�0.2) n.d. n.d.


238 k1 + k3 0.22 60.9 (�0.1) n.d. n.d.
6m-2 238 k2 + k3 0.24 60.7 (�0.1) n.d. n.d.


333 k4 0.20 87.1 (�0.2) n.d. n.d.
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confirm that the electron donation of saturated and un-
saturated NHC ligands is similar. Nonetheless, saturated
complexes Grubbs II complexes are initially more active
in olefin metathesis than the unsaturated ones; subtle
steric effects could play a decisive role.


b) The nature of the 4,4’-substituents on the mesityl flaps of
the NHC ligands has a significant influence on the elec-
tron density at Ru and on the catalytic properties of
Grubbs II complexes; a range of 336 mV is covered be-
tween the most and the least electron donating substitu-
ents attached to the mesityl flaps.


c) The use of unsymmetrically substituted NHC ligands
(bearing different 4,4’-substituents on the mesityl rings)
in Grubbs II complexes results in two atropisomers,
which are characterized by different orientations of the 4
and 4’-substituents relative to the Ru–benzylidene unit
and more importantly also by different redox potentials.
More specifically we learnt that the mesityl flap located
above the Ru=CHPh unit is primary responsible for the
redox potentials. This observation is not compatible with
an exclusive through-bond electron transfer of the elec-
tron density from the 4-substituents to Ru, but matches
well with considerable transannular interactions of the
mesityl flap and the Ru=CHR unit. The fact that the
ratio of the different atropisomers is close to unity, indi-
cates that the effect of p-stacking on isomer ratio is
weak in the RuII complexes, while it appears to be much
stronger in the oxidized Grubbs II complexes.


The work described here provides firm evidence for N-
aryl-substituted NHC ligands acting as p-face donors in the
oxidized Grubbs II complexes. This quality will be of rele-
vance for other NHC metal complexes.


Experimental Section


General experimental methods : All chemicals were purchased as reagent
grade from commercial suppliers and used without further purification,
unless otherwise noted. THF was distilled over potassium and benzophe-
none under argon. 1H, 13C and 31P NMR spectra were recorded on
Bruker DRX 500 at 500.15, 125.75 and 202.46 MHz, respectively, or on
Bruker DRX 300 at 300 or 75.07 MHz. The chemical shifts are given in
parts per million (ppm) on the delta scale (d) and are referenced to tetra-
methylsilane (1H, 13C NMR=0 ppm), 31P NMR (65% aq. H3PO4=


0 ppm), Abbreviations for NMR data: s= singlet; d=doublet; t= triplet;
q=quartet; m=multiplet; br s=broad signal; arom.=aromatic protons.
1JC,H coupling constants were measured using w2 coupled HSQC spectra
(with a digital resolution of 0.2 Hz), 2JC,P from the 13C spectrum. All vari-
able temperature NMR experiments were performed with a TBI probe
with selective 31P coil, which was also used for 31P decoupling, equipped
with a BTO-2000 (temperature reference stabilizing unit, no temperature
correction necessary). Assignment at low temperature was performed
using 1H, 13C, HSQC (31P decoupled, using adiabatic pulses for inversion
and refocusing pulses on 13C), HMBC and JS-ROESY spectra, which are
(with exception of JS-ROESY) available in the Bruker pulse sequence li-
brary. JS-ROESY[79] was implemented and recorded with typical mixing
times of 200 to 600 ms and relaxation delays of typically 1 s for qualita-
tive exchange/NOE mapping.


For quantitative determination of rate constants from transient 1D NOE
experiments, first T1 times were determined using the inversion-recovery
method. The relaxation delays in the 1D PFGSE NOE experiments[82]


were set accordingly (10 s). A 20 ms Gaussian pulse was chosen for selec-
tive irradiation in most cases. For each rate constant (at each tempera-
ture) five NOE experiments were performed with mixing times between
100 and 600 ms. The integral ratio of exchange peak to irradiated peak
was used (PANIC approach[83,84]) for quantification. Only those values
within the initial rate approximation were used for the fit of peak volume
versus mixing time (up to 400 ms in most cases) leading directly to the
rate constant as slope of the corresponding plot.[89] DG�, DH� and DS�


were obtained using the Eyring equation.[90]


GC analysis were performed on CP-Sil 8 CB column (15 m, di=0.25 mm,
Varian) with Perkin Elmer Clarus 500 GC AutoSystem. Electrochemis-
try: The standard electrochemical instrumentation consisted of an
EG&G 273 A-2 potentiostat galvanostat. A three-electrode configuration
was employed. The working electrode was a Pt disk (diameter 1 mm)
sealed in soft glass with a Pt wire as counter electrode. The pseudo refer-
ence electrode was an Ag wire. Potentials were calibrated internally
against the formal potential of octamethylferrocene (�0.010 V vs Ag/
AgCl). All cyclic voltammograms and square wave voltammograms were
recorded in dry CH2Cl2 under an atmosphere of Ar. As supporting elec-
trolyte NBu4PF6 (c=0.1 molL�1) was used. Square wave voltammetry
(pulse height 50 mV; frequency 15 Hz). Thin layer chromatography
(TLC) was performed using silica gel 60 F 254 (0.2 mm) on aluminium
plates. For preparative chromatography E. Merck silica gel 60 (0.063–
0.20 mesh) was used.


The following compounds were prepared according to literature proce-
dures: 2,6-dimethyl-4-iodoaniline,[91] as described for the 2,6-diisopropyl
derivative, 2,6-dimethyl-4-fluoroaniline,[92] 2,6-dimethyl-4-(methylthio)a-
niline,[93] N,N’-bis(2,4,6-trimethylphenyl)imidazolium chloride and N,N’-
bis(2,4,6-trimethylphenyl)imidazolinium chloride,[94] N,N’-bis(2,6-dime-
thylphenyl)imidazolium chloride and N,N’-bis(2,6-dimethyl-4-bromophe-
nyl)imidazolium chloride,[16] N,N’-bis(2,6-dimethyl-4-bromophenyl)imida-
zolinium chloride,[16] N,N’-bis(2,6-dimethyl-4-N,N’-diethylaminophenyl)-
imidazolium chloride,[16] N,N’-bis(2,6-dimethyl-4-N,N’-diethylaminophe-
nyl)imidazolinium chloride.[16]


Synthesis of the anilines


2,6-Dimethyl-4-fluoroaniline :[92] 3,5-Dimethylaniline (34.5 mL, 268 mmol,
1 equiv) was diazotized at 0 8C using NaNO2 and HCl. The resulting solu-
tion of the corresponding diazonium chloride was treated with aq. HBF4


(8m, 33.50 mL, 268 mmol, 1 equiv) stirred at 0 8C for 2 h and the diazoni-
um tetrafluoroborate was filtered off. The white solid was washed with
cold water (20 mL), a cold mixture of methanol/Et2O 1:1 (20 mL) and
Et2O (20 mL). The product was dried in vacuo. The diazonium tetrafluor-
oborate was heated to 75 8C at which point the evolution of N2 und BF3


started. After the evolution had ceased the crude product was distilled.
3,5-Dimethylfluorbenzene (14.51 g, 55%) was obtained as a colorless oil.
1H NMR (200 MHz, CDCl3): d=2.29 (s, 6H, CH3), 6.68 ppm (m, 3H,
arom.).


To neat 3,5-dimethylfluorobenzene (14.51 g, 117 mmol, 1 equiv) was
added dropwise fuming HNO3 (96%, 4.77 mL, 7.25 g, 1 equiv) at �15 8C.
The mixture was stirred for 3 h at room temperature, poured into water
(100 mL) and extracted with Et2O (3U100 mL). The combined organic
layers were washed with saturated Na2CO3 solution and dried over
MgSO4. The solvent was evaporated to give a mixture of 2,6-dimethyl-4-
fluoronitrobenzene and 2,4-dimethyl-6-fluoronitrobenzene. The two iso-
mers were separated by column chromatography (silica gel, cyclohexane/
ethyl acetate 8:1, Rf=0.40). 2,6-Dimethyl-4-fluoronitrobenzene (3.63 g,
18%) was obtained as a colorless oil. 1H NMR (500 MHz, CDCl3): d =


2.32 (s, 6H, CH3), 6.82 ppm (d, 3JH,F=9 Hz, 2H, arom.); 13C NMR
(126 MHz, CDCl3): d=17.8, 115.6 (d, 2JC,F=24 Hz), 132.8 (d, 3JC,F=


9 Hz), 148.7, 162.2 ppm (d, 1JC,F=252 Hz). 2,6-Dimethyl-4-fluoronitroben-
zene (3.63 g, 21.5 mmol, 1 equiv) was dissolved in glacial acetic acid
(150 mL) and hydrogenated using palladium on charcoal as catalyst
(10 wt% Pd, 2.29 g, 2.2 mmol, p(H2)=5 bar). After 5 h the reaction mix-
ture was filtrated over Celite, neutralized with NaOH solution (1m) and
extracted with CH2Cl2 (3U100 mL). The combined organic layers were
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dried over MgSO4 and the solvent was evaporated to yield 2,6-dimethyl-
4-fluoroaniline (1.97 g, 66%). 1H NMR (300 MHz, CDCl3): d = 2.15 (s,
6H, CH3), 3.39 (br s, 2H, NH2), 6.66 ppm (d, 3JH,F=9.0 Hz, 2H, arom.);
13C NMR (75.5 MHz, CDCl3): d = 17.8, 114.4 (d, 2JC,F=22.4 Hz), 123.1
(d, 3JC,F=7.5 Hz), 138.6, 155.6 ppm (d, 1JC,F=235 Hz).


2,6-Dimethyl-4-methoxyaniline : 2,4-Dinitroaniline (36.62 g, 0.2 mol,
1 equiv) was diazotized using NaNO2 und HCl. The resulting solution of
the diazonium chloride was transferred via cannula to a solution of 3,5-
dimethylanisole (15.0 g, 110 mmol) in glacial acetic acid (350 mL) at 0 8C.
The reaction mixture was stirred for 24 h at room temperature and
poured into water (1 L). The resulting red azo dye was filtered off and re-
dissolved in CHCl3. The solution was washed with saturated NaHCO3 so-
lution and dried over MgSO4. The solvent was evaporated to yield the
crude azo dye (23.97 g).


A sample (10 g, 30.3 mmol, 1 equiv) was dissolved in THF/ethanol 8:1
(150 mL) and hydrogenated using palladium on charcoal as catalyst
(10 wt% Pd, 3.22 g, 3.0 mmol, p(H2)=5 bar). After 5 h the reaction mix-
ture was filtrated over Celite and the solvent was evaporated. The crude
product was purified by column chromatography (silica gel, cyclohexane/
ethyl acetate 2:1) to yield 2,6-dimethyl-4-methoxyaniline (0.89 g, 19%).
1H NMR (300 MHz, CDCl3): d= 2.17 (s, 6H, CH3), 3.34 (s, 2H, NH2),
3.73 (s, 3H, OCH3), 6.55 ppm (s, 2H, arom.); 13C NMR (75.5 MHz,
CDCl3): d = 18.0, 55.7, 113.9, 123.2, 136.4, 152.0 ppm.


General procedure for the synthesis of diimines 1


The corresponding aniline (2 equiv) was dissolved in ethanol (2 mL per
mmol), treated with aqueous glyoxal solution (40% weight; 1 equiv) and
three drops of formic acid. The reaction mixture was stirred over night.
The yellow solid was filtered off, washed with cold MeOH and dried in
vacuo. The volume of the mother liquor was halved and the remaining
solution kept at 4 8C over night for a second batch of product.


N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)ethylenediimine (1b): 2,6-Di-
methyl-4-methoxyaniline (0.89 g, 5.89 mmol, 2 equiv), glyoxal (0.34 mL,
428 mg, 2.95 mmol, 1 equiv). Yield: 708 mg (74%). 1H NMR (300 MHz,
CDCl3): d = 2.20 (s, 12H, CH3), 3.79 (s, 6H, CH3), 6.57 (s, 4H, arom.),
8.11 ppm (s, 2H, CH); 13C NMR (75 MHz, CDCl3): d=18.5, 55.3, 113.7,
128.6, 143.3, 156.7, 163.5 ppm.


N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)ethylenediimine (1e): 2,6-Di-
methyl-4-thiomethylaniline (3.0 g, 17.9 mmol, 2 equiv), glyoxal (1.03 mL,
1.30 g, 8.97 mmol, 1 equiv). Yield: 2.44 g (76%). 1H NMR (200 MHz,
CDCl3): d=2.17 (s, 12H, CH3), 2.49 (s, 6H, CH3), 7.02 (s, 4H, arom.),
8.09 ppm (s, 2H, CH); 13C NMR (75 MHz, CDCl3): d=16.4, 18.3, 127.0,
127.6, 134.1, 147.5, 163.4 ppm.


N,N’-Bis(2,6-dimethyl-4-fluorphenyl)ethylenediimine (1 f): 2,6-Dimethyl-
4-fluoroaniline (6.00 g, 43.1 mmol, 2 equiv), glyoxal (2.5 mL, 21.6 mmol,
1 equiv). Yield: 4.85 g (75%). 1H NMR (300 MHz, CDCl3): d=2.18 (s,
12H, CH3), 6.81 (d, 3JH,F=9 Hz, 4H, arom.), 8.09 ppm (s, 2H, CH);
13C NMR (75 MHz, CDCl3): d=17.4, 113.7 (d, 2JC,F=22 Hz), 127.7 (d,
3JC,F=7.5 Hz), 144.4 (d, 4JC,F=2.3 Hz), 158.7 (1JC,F=243 Hz), 162.9 ppm.


N,N’-Bis(2,6-dimethyl-4-chlorophenyl)ethylenediimine (1g): 2,6-Dimeth-
yl-4-chloroaniline (7.19 g, 46 mmol, 2 equiv), glyoxal (2.63 mL, 23 mmol,
1 equiv). Yield: 4.27 g (56%). 1H NMR (500 MHz, CDCl3): d=2.15 (s,
12H, CH3), 7.08 (s, 4H, arom), 8.07 ppm (s, 2H, CH); 13C NMR
(126 MHz, CDCl3): d=18.2, 128.3, 128.4, 129.4, 148.2, 163.7 ppm.


N,N’-Bis(2,6-dimethyl-4-iodophenyl)ethylenediimine (1 i): 2,6-Dimethyl-4-
iodoaniline (2.87 g, 11.6 mmol, 2 equiv), glyoxal (0.67 mL, 5.81 mmol,
1 equiv). Yield: 2.04 g (68%). 1H NMR (300 MHz, CDCl3): d=2.12 (s,
12H, CH3), 7.43 (s, 4H, arom), 8.05 ppm (s, 2H, CH); 13C NMR
(75 MHz, CDCl3): d=18.0, 89.2, 129.0, 137.0, 149.6, 163.6 ppm.


General procedure for the synthesis of diamine dihydrochlorides 2


The corresponding ethylenediimine (1 equiv) was placed in a Schlenk
flask and dissolved in anhydrous THF (10 mL per mmol) under argon.
The solution was cooled to 0 8C and LiAlH4 pellets (2 equiv) were added.
The reaction mixture was stirred over night at room temperature and
poured carefully into an excess of an ice/conc. HCl mixture.


Workup A : The white precipitate was collected by filtration, washed with
cold water and dried in vacuo.


Workup B : The reaction mixture was basified using NaOH and extracted
with Et2O (3U250 mL). The combined organic layers were dried over
MgSO4 and the solvent was evaporated in vacuo.


N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)ethylenediamine dihydrochlor-
ide : N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)ethylenediimine (415 mg,
1.28 mmol, 1 equiv); LiAlH4 (97 mg, 2.56 mmol, 2 equiv). Workup A :
Yield: 310 mg (60%). 1H NMR (300 MHz, [D6]DMSO): d=2.43 (s, 12H,
ArCH3), 3.54 (s, 4H, NCH2CH2N), 3.72 (s, 6H, OMe), 3.0–4.2 (br s, 4H,
NH2), 6.72 ppm (s, 4H, arom.); 13C NMR (75 MHz, [D6]DMSO): d =18.3,
46.6, 55.2, 114.6, 133.3 ppm.


N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)ethylenediamine dihydrochlor-
ide (2e): N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)ethylenediimine
(920 mg, 2.58 mmol, 1 equiv); LiAlH4 (196 mg, 5.16 mmol, 2 equiv).
Workup A : Yield: 944 mg (84%). 1H NMR (300 MHz, [D6]DMSO): d=


2.44 (s, 6H, SCH3), 2.45 (s, 12H, ArCH3), 3.63 (s, 4H, CH2), 7.03 (s, 4H,
arom.), 6.0–8.5 ppm (br s, 4H, NH2);


13C NMR (75 MHz, [D6]DMSO):
d=14.7, 18.2, 46.2, 126.7, 132.4, 133.3, 137.0 ppm.


N,N’-Bis(2,6-dimethyl-4-fluorophenyl)ethylenediamine dihydrochloride
(2 f): N,N’-Bis(2,6-dimethyl-4-fluorophenyl)ethylenediimine (3.24 g;
10.8 mmol, 1 equiv); LiAlH4 (820 mg, 21.6 mmol, 2 equiv). Workup A:
Yield: 3.33 g (82%). 1H NMR (300 MHz, [D6]DMSO): d=2.45 (s, 12H,
ArCH3), 3.53 (s, 4H, NCH2CH2N), 7.00 ppm (d, 3JH,F=9 Hz, 4H, arom.);
13C NMR (75 MHz,[D6]DMSO): d =18.3, 46.6, 115.7 (d, 2JC,F=23 Hz),
133.6, 134.5 (d, 3JC,F=17 Hz), 159.8 ppm (d, 1JC,F=243 Hz).


N,N’-Bis(2,6-dimethyl-4-chlorophenyl)ethylenediamine dihydrochloride
(2g): N,N’-Bis(2,6-dimethyl-4-chlorophenyl)ethylenediimine (4.20 g,
12.6 mmol, 1 equiv); LiAlH4 (547 mg, 14.4 mmol, 2 equiv). Workup A :
Yield: 3.98 (77%). 1H NMR (300 MHz, [D6]DMSO): d=2.19 (s, 12H,
ArCH3), 3.26 (s, 4H, NCH2CH2N), 6.96 (s, 4H, arom.), 6.9–7.5 ppm (br s,
4H, NH2);


13C NMR (75 MHz, [D6]DMSO): d =18.5, 47.0, 129.1, 130.2,
134.0, 137.6 ppm.


N,N’-Bis(2,6-dimethyl-4-iodophenyl)ethylenediamine dihydrochloride
(2 i): N,N’-Bis(2,6-dimethyl-4-iodophenyl)ethylenediimine (2.04 g,
3.95 mmol, 1 equiv); LiAlH4 (300 mg, 7.9 mmol; 1 equiv). Workup A :
Yield: 2.34 g (99%). 1H NMR (300 MHz, [D6]DMSO): d=2.31 (s, 12H,
ArCH3), 3.41 (s, 4H, NCH2CH2N), 6.4–7.3 (br s, 4H, NH2), 7.36 ppm (s,
4H, arom.); 13C NMR (75 MHz, [D6]DMSO): d=17.8, 46.4, 91.1, 133.7,
137.2, 138.3 ppm.


N-(2-Iodoethyl)-2,6-dimethylaniline hydroiodide : N-(2-Hydroxyethyl)-
2,6-dimethylaniline hydroiodide (45.1 g, 273 mmol, 1 equiv) was placed in
around bottom flask and cooled to 0 8C. Aqueous HI (57%, 108 mL,
819 mmol, 3 equiv) was added dropwise with vigorous stirring. After the
addition was completed the reaction mixture was heated to reflux for
24 h. After cooling to room temperature the product was filtered off and
washed with Et2O until the filtrate remained colorless. N-(2-Iodoethyl)-
2,6-dimethylaniline hydroiodide was obtained as a yellow solid (90 g,
82%). 1H NMR (300 MHz, [D6]DMSO): d=2.41 (s, 6H, ArCH3), 3.44 (t,
2H, NCH2CH2I), 3.44 (t, 2H, NCH2CH2I), 7.21 (s, 3H, arom.), 8.4 ppm
(br s, 2H, NH2);


13C NMR (75 MHz, [D6]DMSO): d=�0.3, 18.7, 52.5,
128.5, 130.6, 132.3, 135.9 ppm.


N-(2-Hydroxyethyl)-2,6-dimethyl-4-bromoaniline : 2,6-Dimethyl-4-bro-
moaniline (103 g, 515 mmol, 3 equiv) and 2-chloroethanol (11.5 mL,
172 mL, 1 equiv) were heated to 100 8C for 48 h. The reaction mixture
was poured into H2O (300 mL), basified with solid KOH and extracted
with CH2Cl2 (300 mL). The organic layer was dried over MgSO4, the sol-
vent was evaporated in vacuo and the residue distilled under reduced
pressure (127 8C, 0.2 mbar). Yield: 19.7 g (69%), viscous yellow oil.
1H NMR (300 MHz, CDCl3): d= 2.0–3.0 (br s, 2H, NH + OH), 2.27 (s,
6H, ArCH3), 3.10 (t, 2H, NCH2CH2OH), 3.75 (t, 2H, NCH2CH2I),
7.12 ppm (s, 2H, arom.); 13C NMR (75 MHz, CDCl3): d=18.3, 50.1, 62.1,
114.5, 131.3, 132.0, 144.7 ppm.


N-(2-Iodoethyl)-2,6-dimethyl-4-bromoaniline : Ph3P (32.7 g, 125 mmol,
2 equiv) was dissolved in CH2CH2 (400 mL). Imidazole (8.48 mg,
125 mmol, 2 equiv) and iodine (31.6 g, 125 mmol, 2 equiv) were added
and the mixture was stirred for 30 min at room temperature. N-(2-Hy-
droxyethyl)-2,6-dimethyl-4-bromoaniline (15.2 g, 62.3 mmol, 1 equiv) dis-
solved in CH2Cl2 (100 mL) was added, the reaction mixture was stirred
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for another 30 min and poured into H2O (500 mL). The mixture was basi-
fied with solid NaHCO3 and the organic layer was separated and dried
over MgSO4. The solvent was evaporated in vacuo and the residue was
purified by column chromatography (silica, cyclohexane/ethyl acetate
10:1, Rf=0.36) to yield the title compound as a brown oil (17.5 g, 80%).
1H NMR (300 MHz, CDCl3): d =2.27 (s, 6H, ArCH3), 3.25–3.30 (m, 4H,
NCH2CH2I), 3.35 (br s, 1H, NH), 7.12 ppm (s, 2H, arom.); 13C NMR
(75 MHz, CDCl3): d=6.9, 18.6, 50.0, 114.8, 131.4, 131.8, 143.5 ppm.


General procedure for the synthesis of unsymmetrical diamines


N-(2-Iodoethyl)-2,6-dimethylaniline hydroiodide or N-(2-iodoethyl)-2,6-
dimethyl-4-bromoaniline (1 equiv), the corresponding aniline (1 equiv)
and NaHCO3 (2–3 equiv) were dissolved in DMF (150 mL). The reaction
mixture was stirred for 48 h at 50 8C, poured into an excess of water and
extracted with Et2O (3U200 mL). The combined organic layers were
dried over MgSO4 and the solvent was evaporated. The crude product
was purified by column chromatography (silica gel, cyclohexane/ethyl
acetate).


N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-diethylaminophenyl)ethylene-
diamine (2m): N-(2-Iodoethyl)-2,6-dimethylaniline hydroiodide (12.09 g,
30 mmol, 1 equiv); 2,6-dimethyl-4-N,N’-diethylaminoaniline (5.77 g,
30 mmol, 1 equiv); NaHCO3 (7.56 g, 90 mmol, 3 equiv). Rf=0.32 (cyclo-
hexane/ethyl acetate 4:1); yield: 5.29 g (52%), brown oil. 1H NMR
(300 MHz, [D6]DMSO): d =1.13 (t, 6H, CH2CH3), 2.29 (s, 6H, ArCH3),
2.32 (s, 6H, ArCH3), 3.08 (t, 2H, NCH2CH2N), 3.21 (t, 2H, NCH2CH2N),
3.28 (q, CH2CH3), 6.42 (s, 2H, arom.), 6.81 (t, 3JH,H=7.5 Hz, 1H, p-H),
6.99 ppm (d, 3JH,H=7.5 Hz, 2H, m-H); 13C NMR (75 MHz, [D6]DMSO):
d=12.7, 18.8, 49.0, 49.7, 113.3, 121.6, 128.9, 129.1, 132.2, 146.3 ppm.


N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-bromophenyl)ethylenedi-
amine (2n): N-(2-Iodoethyl)-2,6-dimethylaniline hydroiodide (4.00 g,
10 mmol, 1 equiv); 2,6-dimethyl-4-bromoaniline (2.00 g, 10 mmol,
1 equiv); NaHCO3 (2.52 g, 30 mmol, 3 equiv). Rf=0.50 (cyclohexane/
ethyl acetate 4:1); yield: 1.40 g (68%), yellow solid. 1H NMR (300 MHz,
[D6]DMSO): d=2.30 (s, 6H, ArCH3), 2.34 (s, 6H, ArCH3), 3.23 (m, 4H,
NCH2CH2N), 3.38 (s, 2H, NH), 6.88 (t, 3JH,H=7.5 Hz, 1H, p-H), 7.04 (d,
3JH,H=7.5 Hz, 2H, m-H), 7.16 ppm (s, 2H, arom.); 13C NMR (75 MHz,
[D6]DMSO): d=18.6, 18.7, 48.8, 49.0, 114.4, 122.2, 122.4, 129.0, 129.6,
131.5, 145.3, 145.9 ppm.


N-(2,6-Dimethyl-4-bromophenyl)-N’-(2,6-dimethyl-4-diethylaminophenyl)-
ACHTUNGTRENNUNGethylenediamine (2o): N-(2-Iodoethyl)-2,6-dimethyl-4-bromoaniline
(6.00 g, 17.0 mmol, 1 equiv); 2,6-dimethyl-4-diethylaminoaniline (3.26 g,
17.0 mmol, 1 equiv); NaHCO3 (2.85 g, 33.9 mmol, 2 equiv). Rf=0.23 (cy-
clohexane/ethyl acetate 4:1); yield: 4.27 g (60%), brown oil. 1H NMR
(300 MHz, CDCl3): d=1.26 (t, 6H, CH2CH3), 2.40 (s, 6H, ArCH3), 2.43
(s, 6H, ArCH3), 3.17–3.20 (m, 2H, NCH2CH2N), 3.27–3.31 (m, 2H,
NCH2CH2N), �3.4 (s, 2H, NH), 3.41 (q, 6H, CH2CH3), 6.55 (s, 2H,
arom.), 7.23 ppm (s, 2H, arom.); 13C NMR (75 MHz, CDCl3): d=11.7,
17.5, 17.8, 43.5, 47.9, 48.5, 112.2, 112.7, 130.1, 130.2, 131.2, 134.0. 143.1,
144.4 ppm.


General procedure for the synthesis of imidazolium chlorides 3·HCl


The corresponding diimine (1 equiv) was dissolved in anhydrous THF
(10 mL per mmol) under an atmosphere of Ar. A solution of paraformal-
dehyde (1.25 equiv) in HCl in dioxane (4m ; 1.5 equiv) was prepared and
added to the diimine solution at 0 8C via syringe. The reaction mixture
was stirred at room temperature for 4 h, the white precipitate was filtered
off, washed with Et2O and dried in vacuo.


N,N’-Bis(2,6-dimethyl-4-methyloxyphenyl)imidazolium chloride
(3b·HCl): N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)ethylenediimine
(234 mg, 0.72 mmol, 1 equiv), paraformaldehyde (27 mg, 0.90 mmol,
1.25 equiv); HCl in dioxane (4m, 0.27 mL, 1.08 mmol, 1.5 equiv). Yield:
199 mg (74%). 1H NMR (300 MHz, [D6]DMSO): d=2.13 (s, 12H,
ArCH3), 3.81 (s, 6H, OMe), 6.96 (s, 4H, arom.), 8.26 (s, 2H, NCHCHN),
9.71ppm (s, 1H, imidazolium H); 13C NMR (75 MHz, [D6]DMSO): d=


17.2, 55.6, 113.9, 125.0, 126.3, 136.1, 139.0, 160.2 ppm.


N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)imidazolium chloride
(3e·HCl): N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)ethylenediimine
(460 mg, 1.29 mmol, 1 equiv), paraformaldehyde (48 mg, 1.61 mmol,
1.25 equiv); HCl in dioxane (4m, 0.48 mL, 1.92 mmol, 1.5 equiv). Yield:


413 mg (79%). 1H NMR (300 MHz, [D6]DMSO): d=2.15 (s, 12H,
ArCH3), 2.50 (s, 6H, SMe), 7.27 (s, 4H, arom.), 8.30 (s, 2H, NCHCHN),
9.78 ppm (s, imidazolium H); 13C NMR (75 MHz, [D6]DMSO): d=14.4,
16.9, 125.2, 126.5, 130.1, 135.1, 138.8, 141.8ppm.


N,N’-Bis(2,6-dimethyl-4-fluorophenyl)imidazolium chloride (3 f·HCl):
N,N’-Bis(2,6-dimethyl-4-fluorophenyl)ethylenediimine (355 mg,
1.18 mmol, 1 equiv), paraformaldehyde (44 mg, 1.48 mmol, 1.25 equiv);
HCl in dioxane (4m, 0.44 mL, 1.77 mmol, 1.5 equiv). Yield: 366 mg
(89%). 1H NMR (300 MHz, [D6]DMSO): d=2.11 (s, 12H, ArCH3), 7.26
(d, 3JH,F=9 Hz), 8.28 (s, 2H, NCHCHN), 9.77 ppm (s, 1H, imidazolium
H); 13C NMR (75 MHz, [D6]DMSO): d=17.1, 115.4 (d, 2JC,F=23 Hz),
124.8, 129.7, 137.6 (d, 3JC,F=10 Hz), 139.1, 162.3 ppm (d, 1JC,F=247 Hz).


N,N’-Bis(2,6-dimethyl-4-chlorophenyl)imidazolium chloride (3g·HCl):
N,N’-Bis(2,6-dimethyl-4-chlorophenyl)ethylenediimine (680 mg,
2.04 mmol, 1 equiv), paraformaldehyde (77 mg, 2.55 mmol, 1.25 equiv);
HCl in dioxane (4m, 0.77 mL, 3.08 mmol, 1.5 equiv). Yield: 360 mg
(46%). 1H NMR (300 MHz, [D6]DMSO): d=2.18 (s, 12H, ArCH3), 7.56
(s, 4H, arom), 8.35 (s, 2H, NCHCHN), 9.84 ppm (s, 1H, imidazolium H);
13C NMR (75 MHz, [D6]DMSO): d=15.9, 123.8, 127.5, 131.3, 134.1,
136.3, 137.9 ppm.


N,N’-Bis(2,6-dimethyl-4-iodophenyl)imidazolium chloride (3 i·HCl): N,N’-
Bis(2,6-dimethyl-4-iodophenyl)ethylenediimine (1.00 g, 1.94 mmol,
1 equiv), paraformaldehyde (73 mg, 2.42 mmol, 1.25 equiv); HCl in diox-
ane (4m, 0.73 mL, 2.91 mmol, 1.5 equiv). Yield: 912 mg (83%). 1H NMR
(300 MHz, [D6]DMSO): d=2.12 (s, 12H, ArCH3), 7.82 (s, 4H, arom),
8.33 (s, 2H, NCHCHN), 9.86 ppm (s, 1H, imidazolium H); 13C NMR
(75 MHz, [D6]DMSO): d=16.5, 97.9, 124.6, 133.2, 137.0, 137.3,
138.5 ppm.


General procedure for the synthesis of imidazolinium chlorides 4·HCl


A) The corresponding diamine dihydrochloride was suspended in HC-
ACHTUNGTRENNUNG(OEt)3 (5 mL per mmol), three drops of formic acid were added and the
reaction mixture stirred at 120 8C over night. The white precipitate was
filtered off, washed several times with Et2O and dried in vacuo.


B) The corresponding diamine (1 equiv) and NH4Cl (1 equiv) were sus-
pended in HCACHTUNGTRENNUNG(OEt)3 and three drops of formic acid were added. The re-
action mixture was stirred at 120 8C over night and poured into an excess
of water. The aqueous phase was washed with Et2O (2U100 mL) and ex-
tracted with CH2Cl2 (3U100 mL). The combined organic layers were
dried over MgSO4 and the solvent was evaporated in vacuo.


N,N’-Bis(2,6-dimethyl-4-methyloxyphenyl)imidazolinium chloride
(4b·HCl): Procedure A: N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)ethyl-
enediamine dihydrochloride (310 mg, 0.77 mmol). Yield: 228 mg (79%).
1H NMR (300 MHz, [D6]DMSO): d =2.35 (s, 12H, ArCH3), 3.74 (s, 6H,
OMe), 4.41 (s, NCH2CH2N), 6.84 (s, 4H, arom), 9.01 ppm (s, 1H, imida-
zolinium H); 13C NMR (75 MHz, [D6]DMSO): d =17.5, 51.0, 55.4, 113.9,
126.2, 137.2, 159.6, 160.7 ppm.


N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)imidazolinium chloride
(4e·HCl): Procedure A: N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)ethyl-
enediamine dihydrochloride (944 mg, 2.18 mmol). Yield: 607 mg (69%).
1H NMR (300 MHz, [D6]DMSO): d =2.41 (s, 12H, ArCH3), 2.50 (s, 6H,
SMe), 4.45 (s, 4H, NCH2CH2N), 7.15 (s, 4H, arom), 9.12 ppm (s, 1H, imi-
dazolinium H); 13C NMR (75 MHz, [D6]DMSO): d=14.4, 17.3, 50.9,
125.4, 130.1, 136.3, 140.6, 160.4 ppm.


N,N’-Bis(2,6-dimethyl-4-fluorophenyl)imidazolinium chloride (4 f·HCl):
Procedure A: N,N’-Bis(2,6-dimethyl-4-fluorophenyl)ethylenediamine di-
hydrochloride (1.13 g, 2.99 mmol, 1 equiv). Yield: 880 mg (84%).
1H NMR (500 MHz, [D6]DMSO): d =2.30 (s, 12H, ArCH3), 4.40 (s, 4H,
NCH2CH2N), 7.10 (d, 3JH,F=9 Hz), 9.02 ppm (s, 1H, imidazolinium H);
13C NMR (126 MHz, [D6]DMSO): d=17.8, 51.3, 115.8 (d, 2JC,F=22 Hz),
130.1 (d, 4JC,F=2 Hz), 139.3 (3JC,F=11 Hz), 161.2, 162.2 ppm (d, 1JC,F=


247 Hz).


N,N’-Bis(2,6-dimethyl-4-chlorophenyl)imidazolinium chloride (4g·HCl):
Procedure A: N,N’-Bis(2,6-dimethyl-4-chlorophenyl)ethylenediamine di-
hydrochloride (2.26 mg, 5.51 mmol, 1 equiv). Yield: 1.51 mg (71%).
1H NMR (500 MHz, [D6]DMSO): d =2.28 (s, 12H, ArCH3), 4.37 (s, 4H,
NCH2CH2N), 7.29 (s, 4H, arom.), 9.08 ppm (s, 1H, imidazolinium H);
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13C NMR (126 MHz, [D6]DMSO): d=17.6, 51.2, 128.9, 132.7, 134.5,
138.7, 160.9 ppm.


N,N’-Bis(2,6-dimethyl-4-iodophenyl)imidazolinium chloride (4 i·HCl):
Procedure A: N,N’-Bis(2,6-dimethyl-4-iodophenyl)ethylenediamine dihy-
drochloride (1.30 g, 2.19 mmol, 1 equiv). Yield: 944 mg (76%). 1H NMR
(300 MHz, [D6]DMSO): d =2.34 (s, 12H, ArCH3), 4.45 (s, 4H,
NCH2CH2N), 7.69 (s, 4H, arom.), 9.08 ppm (s, 1H, imidazolinium H);
13C NMR (75 MHz, [D6]DMSO): d=16.8, 50.7, 96.9, 133.3, 137.3, 138.3,
160.2 ppm.


N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-diethylaminophenyl)imidazo-
linium chloride (4m): Procedure B: N-(2,6-Dimethylphenyl)-N’-(2,6-di-
methyl-4-N,N’-diethylaminophenyl)ethylenediamine (4.35 g, 12.8 mmol,
1 equiv); NH4Cl (685 mg, 12.8 mmol, 1 equiv); HC ACHTUNGTRENNUNG(OEt)3 (21.3 mL,
128 mmol, 10 equiv). Yield: 3.52 g (71%). 1H NMR (300 MHz,
[D6]DMSO): d =1.07 (t, 6H, CH2CH3), 2.30 (s, 6H, ArCH3), 2.38 (s, 6H,
ArCH3), 3.34 (q, 4H, CH2CH3), 4.43 (m, 4H, NCH2CH2N), 6.47 (s, 2H,
arom.), 7.26 (m, 2H, m-H), 7.35 (m, 1H, p-H), 9.02 ppm (s, 1H, imidazo-
linium H); 13C NMR (75 MHz, [D6]DMSO): d=12.4, 17.3, 17.8, 43.6,
50.7, 51.4, 110.7, 121.0, 128.9, 129.9, 133.5, 135.8, 136.0, 147.8, 160.4 ppm.


N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-bromophenyl)imidazolinium
chloride (4n): Procedure B: N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-
bromophenyl)ethylenediamine (2.26 g, 6.50 mmol, 1 equiv); NH4Cl
(348 mg, 6.50 mmol, 1 equiv); HC ACHTUNGTRENNUNG(OEt)3 (10.8 mL, 65 mmol, 10 equiv).
Yield: 2.00 g (79%). 1H NMR (300 MHz, [D6]DMSO): d=2.42 (s, 12H,
ArCH3), 4.51 (s, 4H, NCH2CH2N), 7.25–7.40 (m, 3H, arom.), 7.56 (s, 2H,
arom.), 9.18 ppm (s, 1H, imidazolinium H); 13C NMR (75 MHz,
[D6]DMSO): d=17.1, 17.3, 50.7, 50.9, 122.8, 128.9, 130.0, 131.4, 132.8,
133.3, 135.7, 138.6, 160.1 ppm.


N-(2,6-Dimethyl-4-diethylaminophenyl)-N’-(2,6-dimethyl-4-bromophenyl)-
imidazolinium chloride (4o): Procedure B: N-(2,6-dimethyl-4-bromo-
phenyl)-N’-(2,6-dimethyl-4-diethylaminophenyl)ethylenediamine (4.29 g,
10.3 mmol, 1 equiv); NH4Cl (548 mg, 10.3 mmol, 1 equiv); HC ACHTUNGTRENNUNG(OEt)3
(17.1 mL, 103 mmol, 10 equiv). Yield: 1.21 g (25%). 1H NMR (300 MHz,
[D6]DMSO): d =1.07 (t, 6H, CH2CH3), 2.29 (s, 6H, ArCH3), 2.38 (s, 6H,
ArCH3), 3.34 (q, 4H, CH2CH3), 4.41 (m, 4H, NCH2CH2N), 6.46 (s, 2H,
arom.), 7.53 (s, 2H, arom.), 9.02 ppm (s, 1H, imidazolinium H);
13C NMR (75 MHz, [D6]DMSO): d=12.4, 17.1, 17.8, 43.6, 50.6, 51.5,
110.7, 120.9, 122.7, 131.4, 133.0, 136.0, 138.6, 147.9, 160.5 ppm.


General Procedure for the synthesis of Grubbs II complexes 5 and 6


The corresponding azolium salt (1.5 or 2 equiv) and KOtBu (1.5 or
2 equiv) were weighed in a Schlenk tube under an atmosphere of argon.
Toluene was added and the mixture was stirred for 30 min. Dichloroben-
zylidenebis(tricyclohexylphosphine)ruthenium (1 equiv) was added as a
solid under a stream of argon. The mixture was stirred for 1 h at 50 8C.
The solvent was evaporated in vacuo and the crude product was purified
by column chromatography (silica gel, cyclohexane/ethyl acetate 10:1).


Cl2Ru=CHPh ACHTUNGTRENNUNG(3a)PCy3 ACHTUNGTRENNUNG(5a): N,N’-Bis(2,6-dimethyl-4-N,N’-diethylamino-
phenyl)imidazolium chloride (341 mg, 0.75 mmol, 1.5 equiv), KOtBu
(84 mg, 0.75 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphos-
phine)ruthenium (412 mg, 0.5 mmol, 1 equiv). Rf=0.22; yield: 384 mg
(82%); brown solid. 1H NMR (CDCl3, 500 MHz): d=19.42 (s, 1H,
RuCH), 9.0 (br s, 1H, o-H benzylidene), 7.33 (t, J=7.0 Hz, 1H, p-H ben-
zylidene), 7.08 (br s, 3H, o- + m-H benzylidene), 6.96 (s, 1H,
NCHCHN), 6.93 (s, 1H, NCHCHN), 6.46 (s, 2H, m-H arylNHC), 6.2 (br s,
1H, m-H arylNHC), 5.4 (br s, 1H, m-H arylNHC), 3.39 (q, 4H, CH2CH3),
3.15 (q, 4H, CH2CH3), 2.45 (br s, 6H, ArCH3), 2.27 (m, 3H, PCH), 2.0
(br s, 6H, ArCH3), 1.4–1.6 (m, 15H, Cy), 1.23 (t, 6H, CH2CH3), 1.13 (t,
6H, CH2CH3), 0.9–1.1 ppm (m, 15H, Cy); 13C NMR (CDCl3, 126 MHz):
d=293.6, 189.2 (d, JC,P=84 Hz), 151.0. 147.0, 146.5, 138.1, 136.2, 127.1,
126.6, 125.4, 124.1, 123.6, 109.2, 108.4, 43.0, 42.9, 30.5 (d, JP,C=16 Hz),
28.3, 26.9, 26.8, 25.4, 19.3, 11.9, 11.8 ppm; 31P NMR (CDCl3, 202 MHz):
d=31.0 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3b)PCy3 ACHTUNGTRENNUNG(5b): N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)-
imidazolium chloride (150 mg, 0.40 mmol, 1.5 equiv), KOtBu (45 mg,
0.40 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (220 mg, 0.27 mmol, 1 equiv). Yield: 210 mg (90%); red solid.
1H NMR (CDCl3, 500 MHz): d =19.38 (s, 1H, RuCH), 9.0 (br s, 1H, o-H


benzylidene), 7.33 (t, J=7.5 Hz, 1H, p-H benzylidene), 7.07 (t, J=


7.5 Hz, 2H, m-H benzylidene), 7.0 (br s, 1H, o-H benzylidene), 6.92 (s,
2H, NCHCHN), 6.68 (s, 2H, m-H arylNHC), 6.4 (br s, 1H, m-H arylNHC),
5.5 (br s, 1H, m-H arylNHC), 3.76 (s, 3H, OMe), 3.48, (s, 3H, OMe), 2.4
(br s, 6H, ArCH3), 2.11 (q, 3H, PCH), 1.8 (br s, 6H, ArCH3), 1.44 (m,
8H, Cy), 1.32 (m, 7H, Cy), 0.8–1.0 ppm (m, 15H, Cy); 13C NMR (CDCl3,
126 MHz): d=293.9, 189.2 (d, JC,P=83 Hz), 158.6, 158.0, 150.8, 138.8,
131.3, 129.8, 126.9, 123.8, 123.5, 112.5, 54.1, 53.6, 30.7 (d, JC,P=17 Hz),
28.2, 26.8, 26.7, 26.0, 25.9, 25.4, 25.2, 19.0, 17.7 ppm; 31P NMR (CDCl3,
202 MHz): d =31.5 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3d)PCy3 ACHTUNGTRENNUNG(5d): N,N’-Bis(2,6-dimethylphenyl)imidazolium
chloride (313 mg, 1.00 mmol, 1.5 equiv), KOtBu (112 mg, 1.00 mmol,
1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ruthenium
(550 mg, 0.67 mmol, 1 equiv). Rf=0.20; yield: 405 mg (74%); red solid.
1H NMR (CDCl3, 500 MHz): d=19.9 (s, 1H, RuCH), 8.3 (br s, 1H, o-H
benzylidene), 7.15 (t, J=7.0 Hz, 1H, p-H benzylidene), 7.11 (s, 2H, ar-
ylNHC), 7.07 (br s, 3H, NCHCHN + o-H benzylidene), 6.97 (t, J=7.5 Hz,
2H, m-H benzylidene), 6.54 (t, J=7.5 Hz, 1H, p-H arylNHC), 6.4 (br s,
1H, arylNHC), 6.09 (s, 2H, arylNHC), 2.61 (s, 6H, ArCH3), 2.45 (m, 3H,
PCH), 2.21 (br s, 6H, ArCH3), 1.4–1.7 (m, 15H, Cy), 1.0–1.2 ppm (m,
15H, Cy); 13C NMR (CDCl3, 126 MHz): d=294.5, 188.7 (d, JC,P=83 Hz),
151.2, 138.2, 137.6, 137.0, 135.5, 131.3, 128.7, 127.9, 127.4, 123.0, 122.6,
30.9 (d, JC,P=16 Hz), 28.3, 26.9 (d, JC,P=10 Hz), 26.3, 25.9, 25.3, 18.9,
17.5 ppm; 31P NMR (CDCl3, 202 MHz): d=31.4 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3e)PCy3 ACHTUNGTRENNUNG(5e): N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)-
imidazolium chloride (178 mg, 0.44 mmol, 1.5 equiv), KOtBu (49 mg,
0.44 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (241 mg, 0.29 mmol, 1 equiv). Rf=0.24; yield: 210 mg (80%);
red solid. 1H NMR (CDCl3, 500 MHz): d=19.43 (s, 1H, RuCH), 9.0 (br s,
1H, o-H benzylidene), 7.41 (t, J=7.3 Hz, 1H, p-H benzylidene), 7.2 (br s,
1H, o-H benzylidene), 7.16 (t, J=7.3 Hz, 2H, m-H benzylidene), 7.05 (s,
2H, m-H arylNHC), 6.96 (s, 1H, NCHCHN), 6.95 (s, 1H, NCHCHN), 6.9
(br s, 1H, m-H arylNHC), 5.9 (br s, 1H, m-H arylNHC), 2.50 (s, 3H, SCH3),
2.5 (br s, 6H, ArCH3), 2.28 (s, 3H, SCH3), 2.2 (br s, 3H, ArCH3), 2.23 (m,
3H, PCH), 2.0 (br s, 3H, ArCH3), 1.53 (br s, 9H, Cy), 1.42 (br s, 6H, Cy),
0.9–1.1 ppm (br s, 15H, Cy); 13C NMR (CDCl3, 126 MHz): d=295.5,
190.0 (d, JC,P=82 Hz), 151.9, 140.3, 139.3, 138.9, 137.1, 136.2, 134.8, 128.2,
125.4, 124.9, 124.7, 124.5, 31.8 (d, JC,P=16 Hz), 26.4, 27.9 (d, JC,P=10 Hz),
27.0, 26.5, 19.9, 18.7, 15.0, 14.8 ppm; 31P NMR (CDCl3, 202 MHz): d=


31.7 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3 f)PCy3 ACHTUNGTRENNUNG(5 f): N,N’-Bis(2,6-dimethyl-4-fluorophenyl)imida-
zolium chloride (148 mg, 0.42 mmol, 1.5 equiv), KOtBu (48 mg,
0.42 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (233 mg, 0.28 mmol, 1 equiv). Rf=0.21; yield: 216 mg (90%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.46 (s, 1H, RuCH), 9.0
(br s, 1H, o-H benzylidene), 7.43 (t, J=6.8 Hz, 1H, p-H benzylidene), 7.2
(br s, 1H, o-H benzylidene), 7.16 (t, J= Hz, 2H, m-H benzylidene), 7.00
(s, 1H, NCHCHN), 6.96 (s, 1H, NCHCHN), 6.94 (d, J ACHTUNGTRENNUNG(H,F)=8.5 Hz,
2H, m-H arylNHC), 6.6 (br s, 1H, m-H arylNHC), 5.8 (br s, 1H, m-H ar-
ylNHC), 2.48 (br s, 6H, ArCH3), 2.22 (q, 3H, PCH), 1.8–2.4 (br s, 6H,
ArCH3), 1.53 (br s, 9H, Cy), 1.42 (br s, 6H, Cy), 1.03 (br s, 9H, Cy),
0.95 ppm (br s, 6H, Cy); 13C NMR (CDCl3, 126 MHz): d=294.1, 189.5 (d,
JC,P=81 Hz), 162.2 (d, JC,F=67 Hz), 160.3 (d, JC,F=67 Hz), 150.6, 140.1,
138.0, 133.9, 132.6, 127.5, 127.2, 123.8, 123.5, 114.2 (d, JC,F=21 Hz), 113.5
(d, JC,F=23 Hz), 30.8 (d, JC,P=18 Hz), 28.2, 26.8 (d, JC,P=10 Hz), 25.2,
19.0, 17.7 ppm; 31P NMR (CDCl3, 202 MHz): d =31.6 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3g)PCy3 ACHTUNGTRENNUNG(5g): N,N’-Bis(2,6-dimethyl-4-chlorophenyl)imi-
dazolium chloride (586 mg, 1.54 mmol, 1.5 equiv), KOtBu (172 mg,
1.54 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (632 mg, 0.77 mmol, 1 equiv). Rf=0.41; yield: 651 mg (95%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.45 (s, 1H, RuCH), 8.9
(br s, 1H, o-H benzylidene), 7.47 (t, J=7.0 Hz, 1H, p-H benzylidene),
7.24 (s, 2H, m-H arylNHC), 7.20 (m, 3H, m-H benzylidene + o-H benzyli-
dene), 7.00 (s, 1H, NCHCHN), 6.97 (s, 1H, NCHCHN), 7.0 (br s, 1H, m-
H arylNHC), 6.1 (br s, 1H, m-H arylNHC), 2.47 (s, 6H ArCH3), 2.23 (q, 3H,
PCH), 2.2 (br s, 3H, ArCH3), 1.9 (br s, 3H, ArCH3), 1.56 (br s, 9H, Cy),
1.43 (br s, 6H, Cy), 0.8–1.1 ppm (m, 15H, Cy); 13C NMR (CDCl3,
126 MHz): d=294.3, 189.3 (d, JC,P=82 Hz), 150.5, 139.3, 136.5, 135.5,
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135.2, 134.3, 133.4, 127.7, 127.6, 127.3, 126.9, 123.7, 123.3, 30.8 (d, JC,P=


17 Hz), 28.3, 26.8, 26.7, 25.3, 18.7, 17.5 ppm; 31P NMR (CDCl3,
202 MHz): d =32.0 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3h)PCy3 ACHTUNGTRENNUNG(5h): N,N’-Bis(2,6-dimethyl-4-bromophenyl)imi-
dazolium chloride (214 mg, 0.45 mmol, 1.5 equiv), KOtBu (51 mg,
0.45 mmol, 1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (249 mg, 0.30 mmol, 1 equiv). Rf=0.38; yield: 274 mg (92%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.45 (s, 1H, RuCH), 8.9
(br s, 1H, o-H benzylidene), 7.48 (t, J=7.3 Hz, 1H, p-H, benzylidene),
7.40 (s, 2H, m-H arylNHC), 7.22 (m, 3H, m-H benzylidene + o-H benzyli-
dene), 7.2 (br s, 1H, m-H arylNHC), 6.99 (s, 1H, NCHCHN), 6.96 (s, 1H,
NCHCHN), 6.2 (br s, 1H, m-H arylNHC), 2.47 (br s, 6H, ArCH3), 2.23 (q,
3H, PCH), 1.7–2.1 (br s, 6H, ArCH3), 1.57 (br s, 9H, Cy), 1.43 (br s, 6H,
Cy), 0.8–1.1 ppm (m, 15H, Cy); 13C NMR (CDCl3, 126 MHz): d =294.4,
189.3 (d, JC,P=82 Hz), 150.5, 139.6, 137.7, 137.0, 135.8, 130.6, 129.8, 127.6,
127.4, 123.7, 123.3, 122.9, 122.0, 30.8 (d, JC,P=17.6 Hz), 28.3, 26.8, 26.7,
25.3, 18.6, 17.4 ppm; 31P NMR (CDCl3, 202 MHz): d=32.0 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(3 i)PCy3 ACHTUNGTRENNUNG(5 i): N,N’-Bis(2,6-dimethyl-4-iodophenyl)imidazo-
lium chloride (210 mg, 0.37 mmol, 1.5 equiv), KOtBu (42 mg, 0.37 mmol,
1.5 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ruthenium
(204 mg, 0.25 mmol, 1 equiv). Yield: 200 mg (75%); pink solid. 1H NMR
(CDCl3, 500 MHz): d=19.43 (s, 1H, RuCH), 8.9 (br s, 1H, o-H benzyli-
dene), 7.60 (s, 2H, m-H arylNHC), 7.50 (t, 1H, p-H benzylidene), 7.25
(br s, 4H, o-H benzylidene + m-H benzylidene + m-H arylNHC), 6.98 (m,
1H, NCHCHN), 6.95 (m, 1H, NCHCHN), 6.5 (br s, 1H, m-H arylNHC),
2.5 (br s, 9H ArCH3), 2.23 (q, 3H, PCH), 2.0 (br s, 3H, ArCH3), 1.57 (br s,
9H, Cy), 1.42 (br s, 6H, Cy), 0.9–1.1 ppm (m, 15H, Cy); 13C NMR
(CDCl3, 126 MHz): d =294.4, 189.1 (d, JC,P=82 Hz), 150.5, 139.6, 137.8,
136.6, 135.8, 127.6, 127.5, 123.6, 123.2, 95.6, 94.9, 30.7 (d, JP,C=17.6 Hz),
28.3, 26.8, 26.7, 26.3, 26.1, 26.0, 25.9, 18.3, 17.2 ppm; 31P NMR (CDCl3,
202 MHz): d =31.9 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4a)PCy3 ACHTUNGTRENNUNG(6a): N,N’-Bis(2,6-dimethyl-4-N,N’-diethylamino-
phenyl)imidazolinium chloride (808 mg, 1.77 mmol, 2 equiv), KOtBu
(199 mg, 1.77 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphos-
phine)ruthenium (727 mg, 0.88 mmol, 1 equiv). Rf=0.29; yield: 660 mg
(78%); brown solid. 1H NMR (CDCl3, 500 MHz): d=19.14 (s, 1H,
RuCH), 9.1 (br s, 1H, o-H benzylidene), 7.30 (t, J=7.5 Hz, 1H, p-H ben-
zylidene), 7.1 (m, 3H, o- + m-H benzylidene), 6.45 (s, 2H, m-H arylNHC),
6.2 (br s, 1H, m-H arylNHC), 5.3 (br s, 1H, m-H arylNHC), 3.9 (br s, 4H,
NCH2CH2N), 3.37 (q, 4H, CH2CH3), 3.12 (br s, 4H, CH2CH3), 2.4–2.7
(br s, 9H, ArCH3), 2.23 (m, 3H, PCH), 2.0 (br s, 3H, ArCH3), 1.3–1.6 (m,
15H, Cy), 1.22 (t, 6H, CH2CH3), 1.11 (t, 6H, CH2CH3), 0.9–1.1 ppm (m,
15H, Cy); 13C NMR (CDCl3, 126 MHz): d=292.7, 219.9 (d, JC,P=78 Hz),
150.7. 146.6, 146.0, 139.1, 137.0, 127.4, 126.6, 215.0, 109.8, 108.8, 51.7,
50.6, 42.9, 42.8, 30.4 (d, JC,P=16 Hz), 28.1, 26.8, 26.7, 25.9, 25.6, 25.4, 21.3,
19.7, 18.3, 11.9 ppm; 31P NMR (CDCl3, 202 MHz): d=29.3 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4b)PCy3 ACHTUNGTRENNUNG(6b): N,N’-Bis(2,6-dimethyl-4-methoxyphenyl)-
imidazolinium chloride (150 mg, 0.40 mmol, 2 equiv), KOtBu (45 mg,
0.40 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (165 mg, 0.20 mmol, 1 equiv). Yield: 99 mg (56%); red solid.
1H NMR (CDCl3, 500 MHz): d =19.15 (s, 1H, RuCH), 9.0 (br s, 1H, o-H
benzylidene), 7.35 (t, J=8.0 Hz, 1H, p-H benzylidene), 7.1 (br s, 3H, m-
H benzylidene + o-H benzylidene), 6.71 (s, 2H, m-H arylNHC), 6.5 (br s,
1H, m-H arylNHC), 5.5 (br s, 1H, m-H arylNHC), 3.9–4.0 (br s, 4H,
NCH2CH2N), 3.80 (s, 3H, OMe), 3.51, (s, 3H, OMe), 2.4–2.8 (br s, 9H,
ArCH3), 2.19 (q, 3H, PCH), 2.1 (br s, 3H, ArCH3), 1.3–1.6 (m, 15H, Cy),
0.8–1.0 ppm (m, 15H, Cy); 13C NMR (CDCl3, 126 MHz): d =293.1, 220.0
(d, JC,P=77 Hz), 158.0. 157.4, 139.7, 137.4, 131.7, 131.2, 129.6, 128.6,
127.0, 125.1, 112.8, 111.2, 54.0, 53.6, 51.3, 50.4, 30.5 (d, JC,P=16 Hz), 28.1,
26.8, 26.7, 25.2, 19.5, 18.0 ppm; 31P NMR (CDCl3, 202 MHz): d=


29.3 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4d)PCy3 ACHTUNGTRENNUNG(6d): N,N’-Bis(2,6-dimethylphenyl)imidazolinium
chloride (157 mg, 0.5 mmol, 2 equiv), KOtBu (56 mg, 0.5 mmol, 2 equiv),
dichlorobenzylidenebis(tricyclohexylphosphine)ruthenium (205 mg,
0.25 mmol, 1 equiv). Rf=0.31; yield: 105 mg (51%); red solid. 1H NMR
(CDCl3, 500 MHz): d=19.16 (s, 1H, RuCH), 9.0 (br s, 1H, o-H benzyli-
dene), 7.33 (t, J=7.0 Hz, 1H, p-H benzylidene), 7.22 (m, 3H, m-H ben-
zylidene + arylNHC), 7.08 (s, 3H, arylNHC), 7.0 (br s, 1H, o-H benzyli-


dene), 6.58 (t, J=7.5 Hz, 1H, p-H arylNHC), 6.1 (br s, 1H, m-H arylNHC),
4.04 (m, 2H, NCH2CH2N), 3.90 (br s, 2H, NCH2CH2N), 2.7 (br s, 9H,
ArCH3), 2.2 (br s, 3H, ArCH3), 2.16 (q, 3H, PCH), 1.49 (m, 9H, Cy),
1.34 (m, 6H, Cy), 1.01, (m, 9H, Cy), 0.7–0.9 ppm (m, 6H, Cy); 13C NMR
(CDCl3, 126 MHz): d =293.9, 219.1 (d, JC,P=77 Hz), 150.4, 138.3, 136.5,
136.2, 128.1, 127.9, 127.3, 127.1, 126.7, 51.0, 50.3, 30.5 (d, JC,P=18 Hz),
30.5, 28.9, 28.0, 26.7, 25.4, 25.1, 19.6, 17.8 ppm; 31P NMR (CDCl3,
202 MHz): d =29.0 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4e)PCy3 ACHTUNGTRENNUNG(6e): N,N’-Bis(2,6-dimethyl-4-thiomethylphenyl)-
imidazolinium chloride (163 mg, 0.40 mmol, 2 equiv), KOtBu (45 mg,
0.40 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (165 mg, 0.20 mmol, 1 equiv). Yield: 111 mg (61%); red solid.
1H NMR (CDCl3, 500 MHz): d =19.08 (s, 1H, RuCH), 8.94 (br s, 1H, o-
H benzylidene), 7.31 (t, J=7.0 Hz, 1H, p-H benzylidene), 7.09 (t, J=


7.0 Hz, 2H, m-H benzylidene), 7.0 (br s, 1H, o-H benzylidene), 6.96 (s,
2H, m-arylNHC), 6.75 (br s, 1H, m-arylNHC), 5.75 (s, 1H, m-arylNHC), 3.7–
3.9 (m, 4H, NCHCHN), 2.56 (br s, 3H, ArCH3), 2.51 (br s, 3H, ArCH3),
2.41 (s, 3H, SMe), 2.18 (s, 3H, SMe), 2.12 (m, 3H, PCH), 2.11 (br s, 3H,
ArCH3), 1.3–1.5 (m, 15H, Cy), 0.8–0.9 ppm (m, 15H, Cy); 13C NMR
(CDCl3, 126 MHz): d=150.3, 138.2, 137.2, 135.6, 133.5, 127.1, 124.8,
124.0, 54.7, 51.2, 30.5 (d, JC,P=17.6 Hz), 28.0, 26.8, 26.7, 25.3, 19.1, 17.8,
14.0, 13.7 ppm; RuCH and RuCNHC were not observed; 31P NMR
(CDCl3, 202 MHz): d=29.6 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4 f)PCy3 ACHTUNGTRENNUNG(6 f): N,N’-Bis(2,6-dimethyl-4-fluorophenyl)imida-
zolinium chloride (256 mg, 0.73 mmol, 2 equiv), KOtBu (82 mg,
0.73 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (300 mg, 0.365 mmol, 1 equiv). Rf=0.21; yield: 187 mg (60%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.17 (s, 1H, RuCH), 9.00
(br s, 1H, o-H benzylidene), 7.40 (t, J=7.5 Hz, 1H, p-H benzylidene),
7.14 (t, J=7.5 Hz, 2H, m-H benzylidene), 7.05 (br s, 1H, o-H benzlidene),
6.89 (d, J ACHTUNGTRENNUNG(H,F)=8.5 Hz, 2H, m-H arylNHC), 6.63 (br s, 1H, m-H arylNHC),
5.67 (br s, 1H, m-H arylNHC), 3.8–4.1 (m, 4H, NCH2CH2N), 2.4–2.8 (m,
9H, ArCH3), 2.18 (q, 3H, PCH), 2.06 (br s, 3H, ArCH3), 1.5 (br s, 9H,
Cy), 1.4 (br s, 6H, Cy), 1.0 (br s, 9H, Cy), 0.9 ppm (br s, 6H, Cy);
13C NMR (CDCl3, 126 MHz): d=293.5, 220.6 (d, JC,P=77 Hz), 161.8 (d,
JC,F=79 Hz), 159.8 (d, JC,F=79 Hz), 150.2, 140.9, 138.5, 133.4 (d, JC,F=


250 Hz), 127.6, 127.1, 114.5 (d, JC,F=22 Hz), 113.7 (d, JC,F=22 Hz), 51.1,
50.3, 30.6 (d, JC,P=17 Hz), 28.1, 26.7 (d, JC,P=12 Hz), 25.1, 19.4,
17.9 ppm; 31P NMR (CDCl3, 202 MHz): d=29.3 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4g)PCy3 ACHTUNGTRENNUNG(6g): N,N’-Bis(2,6-dimethyl-4-chlorophenyl)imi-
dazolinium chloride (384 mg, 1.00 mmol, 2 equiv), KOtBu (112 mg,
1.00 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (412 mg, 0.50 mmol, 1 equiv). Rf=0.25; yield: 307 mg (69%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.08 (s, 1H, RuCH), 8.90
(br s, 1H, o-H benzylidene), 7.37 (t, J=7.5 Hz, 1H, p-H benzylidene),
7.11 (m, 4H, m-H benzylidene + m-H arylNHC), 6.9 (m, 2H, o-H benzyli-
dene + m-H arylNHC), 5.89 (br s, 1H, m-H arylNHC), 3.7–3.9 (m, 4H,
NCH2CH2N), 2.52 (br s, 3H, ArCH3), 2.47 (br s, 6H, ArCH3), 2.12 (q,
3H, PCH), 2.0 (br s, 3H, ArCH3), 1.2–1.4 (m, 15H, Cy), 0.8–0.9 ppm (m,
15H, Cy); 13C NMR (CDCl3, 126 MHz): d=293.6, 220.4 (d, JC,P=77 Hz),
150.0, 140.1, 138.1, 136.9, 135.0, 133.5, 132.5, 130.8, 128.7, 128.0, 127.6,
127.1, 51.0, 50.9, 30.5 (d, JC,P=16.3 Hz), 28.2, 28.0, 26.7, 26.6, 25.9, 25.3,
25.2, 19.1, 17.6 ppm; 31P NMR (CDCl3, 202 MHz): d=29.8 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4h)PCy3 ACHTUNGTRENNUNG(6h): N,N’-Bis(2,6-dimethyl-4-bromophenyl)imi-
dazolinium chloride (149 mg, 0.32 mmol, 2 equiv), KOtBu (35 mg,
0.32 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ru-
thenium (130 mg, 0.16 mmol, 1 equiv). Rf=0.20; yield: 126 mg (81%);
pink solid. 1H NMR (CDCl3, 500 MHz): d=19.14 (s, 1H, RuCH), 8.97 (s,
1H, o-H benzylidene), 7.44 (t, J=7.8 Hz, 1H, p-H benzylidene), 7.35 (s,
2H, m-H arylNHC), 7.0–7.2 (br s, 4H, o-H benzylidene + m-H benzyli-
dene + m-H arylNHC), 6.13 (br s, 1H, m-H arylNHC), 3.7–4.1 (m, 4H,
NCH2CH2N), 2.78 (br s, 3H ArCH3), 2.5–2.6 (m, 6H, ArCH3), 2.19 (q,
3H, PCH), 2.03 (br s, 3H, ArCH3), 1.2–1.6 (m, 15H, Cy), 0.8–1.1 ppm (m,
15H, Cy); 13C NMR (CDCl3, 126 MHz): d=293.7, 220.4 (d, JC,P=77 Hz),
150.1, 137.5, 135.6, 131.0, 130.2, 127.7, 127.3, 122.1, 121.2, 50.9, 50.2, 30.6
(d, JC,P=17 Hz), 28.3, 26.8 (d, JC,P=10 Hz), 25.3, 19.0, 17.7 ppm;
31P NMR (CDCl3, 202 MHz): d=30.0 ppm.
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Cl2Ru=CHPh ACHTUNGTRENNUNG(4 i)PCy3 ACHTUNGTRENNUNG(6 i): N,N’-Bis(2,6-dimethyl-4-iodophenyl)imidazo-
linium chloride (296 mg, 0.52 mmol, 2 equiv), KOtBu (59 mg, 0.52 mmol,
2 equiv), dichlorobenzylidenebis(tricyclohexylphosphine)ruthenium
(215 mg, 0.26 mmol, 1 equiv). Rf=0.23; yield: 137 mg (49%); pink solid.
1H NMR (CDCl3, 500 MHz): d =19.14 (s, 1H, RuCH), 8.96 (br s, 1H, o-
H benzylidene), 7.55 (s, 2H, m-H arylNHC), 7.46 (t, J=7.3 Hz, 1H, p-H
benzylidene), 7.1–7.4 (m, 3H, m-H benzylidene + o-H benzylidene),
7.01 (br s, 1H, m-H arylNHC), 6.35 (br s, 1H, m-H arylNHC), 3.7–4.1 (br s,
4H, NCH2CH2N), 2.74 (br s, 3H, ArCH3), 2.4–2.6 (m, 6H, ArCH3), 2.19
(m, 3H, PCH), 2.01 (brs, 3H, ArCH3), 1.2–1.6 (m, 15H, Cy), 0.8–1.1 ppm
(m, 15H, Cy); 13C NMR (CDCl3, 126 MHz): d =294.8, 221.3 (d, JC,P=


77 Hz), 151.1, 141.8, 139.6, 139.4, 138.1, 137.5, 137.1, 128.7, 128.5, 96.0,
95.2, 31.7 (d, JC,P=17 Hz), 29.4, 29.1, 27.8 (d, JC,P=8 Hz), 26.5, 19.9,
18.6 ppm; 31P NMR (CDCl3, 202 MHz): d=29.9 ppm.


Cl2Ru=CHPh ACHTUNGTRENNUNG(4m)PCy3 ACHTUNGTRENNUNG(6m): N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-
4-diethylaminophenyl)imidazolinium chloride (386 mg, 1.00 mmol,
2 equiv), KOtBu (112 mg, 1.00 mmol, 2 equiv), dichlorobenzylidenebis-
(tricyclohexylphosphine)ruthenium (412 mg, 0.50 mmol, 1 equiv). Rf=


0.29; yield: 421 mg (94%); brown solid. 1H NMR (CDCl3, 500 MHz): d=


(mixture of 2 isomers) 19.19 (s, RuCH, minor isomer), 19.11 (s, RuCH,
major isomer), 9.00 (br s, o-H benzylidene), 7.27–7.33 (m, p-H benzyli-
dene + p-H arylNHC(H)), 7.18–7.23 (m, m-H benzylidene), 7.06 (br s, o-H
benzylidene + m-H arylNHC(H)), ca. 6.9 (br s, m-H arylNHC), 6.55 (t, J=


7.3 Hz, p-H arylNHC), 6.44 (s, m-H arylNHC ACHTUNGTRENNUNG(NEt2)), ca. 6.2 (br s, m-H arylNHC),
5.33 (br s, m-H arylNHC), 3.7–4.1 (m, NCH2CH2N), 3.36 (q, CH2CH3), 3.11
(q, CH2CH3), 2.65 (br s, ArCH3), ca. 2.5 (br s, ArCH3), 2.18 (m, PCH), ca
2.1 (br s, ArCH3), 1.49 (br s, Cy), 1.37 (br s, Cy), 1.20 (t, CH2CH3), 1.09 (t,
CH2CH3), 0.8–1.1 ppm (m, Cy); 13C NMR (CDCl3, 126 MHz): d=220.2
(d, JC,P=79 Hz), 218.9 (d, JC,P=79 Hz), 150.6, 146.7, 146.2, 138.6, 136.8,
128.0, 127.9, 127.2, 127.2, 126.9, 126.9, 126.7, 109.9, 51.8, 50.9, 50.8, 50.2,
42.9, 42.8, 30.6 (d, JC,P=16 Hz), 30.5 (d, JC,P=16 Hz), 28.1, 28.8, 28.7,
25.4, 24.2, 19.7, 19.1, 18.3, 13.1, 11.9 ppm; 31P NMR (CDCl3, 202 MHz):
d=28.5 (minor isomer), 27.8 ppm (major isomer).


Cl2Ru=CHPh ACHTUNGTRENNUNG(4n)PCy3 ACHTUNGTRENNUNG(6n): N-(2,6-Dimethylphenyl)-N’-(2,6-dimethyl-4-
bromophenyl)imidazolinium chloride (310 mg, 0.787 mmol, 2 equiv),
KOtBu (88 mg, 0.787 mmol, 2 equiv), dichlorobenzylidenebis(tricyclohex-
ylphosphine)ruthenium (324 mg, 0.394 mmol, 1 equiv). Rf=0.29; yield:
255 mg (72%); pink solid. 1H NMR (CDCl3, 500 MHz): d = (mixture of 2
isomers) 19.20 (s, RuCH, major isomer), 19.12 (s, RuCH, minor isomer),
9.01 (br s, o-H benzylidene), 7.44 (t, J=7.5 Hz, p-H benzylidene), 7.35 (s,
m-H arylNHC(Br), minor isomer), 7.33 (t, J=7.5 Hz, m-H benzylidene),
7.15–7.25 (m, orho H benzylidene + m-H arylNHC, minor isomer), 7.08
(br s, m-H arylNHC), 6.58 (t, 8.2 Hz, p-H arylNHC, major isomer), 6.13 (br s,
m-H arylNHC), 3.7–4.1 (m, NCH2CH2N), 2.5–2.9 (m, ArCH3), 2.18 (q, 3H,
PCH), 2.06 (br s, 3H, ArCH3), 1.2–1.6 (br s, Cy), 0.7–1.1 ppm (br s, Cy);
13C NMR (CDCl3, 126 MHz): d=293.4, 219.7 (d, JC,P=77 Hz), 150.3,
150.1, 138.2, 137.6, 136.3, 130.9, 130.1, 128.3, 128.0, 127.5, 127.4, 127.3,
127.2, 122.0, 121.1, 51.0, 50.3, 50.1, 30.6 (d, JC,P=17 Hz), 30.5 (d, JC,P=


17 Hz), 28.1, 26.8, 26.7, 19.1, 19.1, 17.8 ppm; 31P NMR (CDCl3,
202 MHz): d =29.6 (major isomer), 29.2 ppm (minor isomer).


Cl2Ru=CHPh ACHTUNGTRENNUNG(4o)PCy3 ACHTUNGTRENNUNG(6o): N-(2,6-Dimethyl-4-bromophenyl)-N’-(2,6-
dimethyl-4-diethylaminophenyl)imidazolinium chloride (218 mg,
0.47 mmol, 2 equiv), KOtBu (53 mg, 0.47 mmol, 2 equiv), dichlorobenzyli-
denebis(tricyclohexylphosphine)ruthenium (193 mg, 0.23 mmol, 1 equiv).
Rf=0.30; yield: 163 mg (72%); brown solid. 1H NMR (CDCl3,
500 MHz): d = (mixture of 2 isomers) 19.14 (s, RuCH, major isomer),
18.98 (s, RuCH, minor isomer), 9.01 (br s, o-H benzylidene), 7.43 (t, J=


7.5 Hz, p-H benzylidene), 7.34 (s, arom., minor isomer), 7.19 (t, J=


7.5 Hz, m-H benzylidene), 7.07 (br s, orho H benzylidene + m-H ar-
ylNHC), 6.43 (s, m-H arylNHC(NEt2), major isomer), 6.58 (t, 8.2 Hz, p-H ar-
ylNHC, major isomer), 6.13 (br s, m-H arylNHC), 3.7–4.1 (m, NCH2CH2N),
3.35 (q, CH2CH3), 3.11 (q, CH2CH3), 2.4–2.8 (m, ArCH3), 2.1–2.3 (m,
PCH), 2.06 (br s, ArCH3), 1.3–1.6 (br s, Cy), 1.20 (t, CH2CH3), 1.09 (t,
CH2CH3), 0.88 (t, CH2CH3), 0.8–1.1 ppm (br s, Cy); 13C NMR (CDCl3,
126 MHz): d =292.6, 220.6 (d, JC,P=77 Hz), 219.4 (d, JC,P=77 Hz),150.5,
150.3, 146.8, 146.2, 137.9, 136.1, 130.9, 130.4, 127.3, 127.2, 127.0, 124.5,
121.8, 120.9, 109.9, 51.9, 50.8, 50.0, 42.9, 42.8, 30.5 (d, JC,P=15 Hz), 30.2
(d, JC,P=11 Hz), 28.2, 26.8, 26.7, 26.0, 25.6, 25.4, 25.3, 19.7, 19.1,


11.9 ppm; 31P NMR (CDCl3, 202 MHz): d =29.8 (major isomer),
28.6 ppm (minor isomer).


Oxidation and reduction of 6m : Compound 6m (140 mg, 0.171 mmol,
1 equiv) and ferrocenium tetrafluoroborate (47 mg, 0.171 mmol, 1 equiv)
were placed in a Schlenk tube and dissolved in dry and degassed CH2Cl2
(5 mL). The solution was stirred for 1 h at room temperature and the vol-
atiles were removed in vacuo. The residue was suspended in toluene
(5 mL), vigorously stirred for 30 min and filtered off. The orange-brown
solid was washed with pentane until the washings remained colorless and
dried in vacuo. Yield: 124 mg (80%). Some of this material (35 mg,
0.039 mmol, 1 quiv) was placed in a Schlenk tube, dissolved in dry and
degassed CH2Cl2 (3.5 mL) and cooled to �78 8C. Octamethylferrocene
(12 mg, 0.039 mmol, 1 quiv) was added and the mixture was stirred for
30 min at �78 8C. During that time, a color change from dark red to a
dark green-blue occurred. The reaction mixture was poured onto a
column (silica gel) and eluted with Et2O (50 mL precooled to �30 8C).
The volatiles were removed in vacuo at �78 8C and the residue was dis-
solved in CD2Cl2 (0.8 mL, precooled to �78 8C) for NMR analysis. The
filtrate is free from paramagnetic impurities.


CCDC 665252 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Structural, Magnetic Coupling and Oxidation State Trends in Models of the
CaMn4 Cluster in Photosystem II


Simon Petrie, Rob Stranger,* and Ron J. Pace[a]


Introduction


The atomic-level mechanism of water oxidation by Photo-
system II (PSII) remains elusive despite intense interdiscipli-
nary scrutiny. One of the difficulties experienced in charac-
terizing this mechanism is in nailing down a specific struc-
ture for the water oxidizing complex (WOC), because the
laboratory method of choice for metalloprotein structural
characterization—single-crystal X-ray crystallography
(XRD)—has been shown to yield cluster geometries,[1–5]


which are not mutually consistent. Moreover, it has recently
been shown that the X-ray fluxes required to obtain usable


XRD results are more than sufficient to induce structural
degradation in the highly photosensitive region of the metal
core and its environs.[6] Consequently, there now appears to
be a heightened awareness that structural information on
the WOC must necessarily be pieced together from an array
of different laboratory approaches. Areas of consensus re-
garding the WOC include the view that it comprises four
Mn and one Ca atom, bridged in some manner and ligated
by six or seven amino acid residues within the main peptide
sequence of PSII. Areas of contention include the oxidation
states on the Mn atoms for any given state S0 to S3 (and
transient S4) for the WOC, the nature of the bridging li-
gands, the sites of “reactant” water ligation and the overall
shape of the CaMn4 cluster.


There is considerable scope for quantum chemical ap-
proaches to play an important role in the quest to unravel
the structure and mechanism of the WOC, this is partially
owed to the intractability of the WOC in the face of lead-
ing-edge laboratory approaches. The research groups of
Siegbahn[7–11] and Batista[12–14] have been intensively involved


Abstract: Density functional theory
calculations are reported on a set of
isomeric structures I, II and III that
share the structural formula
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)3 (q=�1,
0, 1, 2, 3). Species I has a skeletal struc-
ture, which has been previously identi-
fied as a close match to the ligated
CaMn4 cluster in Photosystem II, as
characterized in the most recent 3.0 =
crystal structure. Structures II and III
are rearrangements of I, which largely
retain that model>s bridging ligand
framework, but feature metal atom po-
sitions broadly consistent with, respec-
tively, the earlier 3.5 and 3.2 = crystal
structures for the Photosystem II
water-oxidising complex (WOC). Our
study explores the influence of the


cluster charge state (and hence S state)
on several important properties of the
model structures; including the relative
energies of the three models, their in-
terconversion, trends in the individual
Mn oxidation states, preferred hydra-
tion sites and favoured modes of mag-
netic coupling between the manganese
atoms. We find that, for several of the
explored cluster charge states, modest
differences in the bridging-ligand ge-
ometry exert a powerful influence over
the individual manganese oxidation


states, but throughout these states the
robustness of the tetrahedron formed
by the Ca and three of the Mn atoms
remains a significant feature and con-
trasts with the positional flexibility of
the fourth Mn atom. Although struc-
ture I is lowest in energy for most S
states, the energy differences between
structures for a given S state are not
large. Overall, structure II provides a
better match for the EXAFS derived
metal–metal distance parameters for
the earlier S states (S0 to S2), but not
for S3 in which a significant structural
change is observed experimentally. In
this S state structure III provides a
closer fit. The implications of these re-
sults, for the possible action of the
WOC, are discussed.
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in attempts to theoretically characterize the WOC, through
calculations on hydrated, bridged CaMn4 clusters. The most
recent published studies of these groups[9,11,13, 14] have con-
cerned density functional theory (DFT) calculations on
metal clusters with an overall structural similarity to the
CaMn4 geometry seen in the 3.2 = resolution “London”
crystal structure of the WOC, reported in 2004.[4] An alter-
native theoretical model, recently presented by Kusunoki,[15]


again uses DFT but explores a CaMn4 geometry derived
from the most recent 3.0 = resolution Berlin WOC crystal
structure, reported in 2005.[5] A further commonality be-
tween these theoretical studies[8–15] is the implicit assump-
tion, which remains contentious, that the S0 state of PSII has
a WOC oxidation state combination of (MnIII)3MnIV. In
order to avoid highly charged clusters in the higher S states,
these studies[8–15] require the incorporation of at least five
oxo and/or hydroxo bridges between the Mn atoms, an
aspect on which the crystal structures reported to date[1–5]


remain silent.
Our own recent foray[16] into efforts to characterize the


WOC also draws inspiration from the bridging ligand frame-
work revealed by the 3.0 = resolution Berlin XRD,[5] as we
judge that this most recent crystal structure features the Mn
coordination geometries that appear the most consistent
with common transition metal ligation modes (such as
mildly distorted octahedral coordination). However, we
have sought so far as possible to minimise the number of
structural assumptions made in our modelling, to the extent
that “London”-like[4] and “Hyogo”-like[2] metal atom config-
urations have also been investigated, as has consideration
that the (MnIII)3MnIV oxidation state combination may cor-
respond to either the S0 or the S2 state of PSII. Our models
differ from those of other groups[8–15] in that they possess
fewer oxo bridges between the Mn atoms, which has the
effect of stabilizing lower Mn oxidation states. One startling
result of our initial calculations on [CaMn4C9H10N2O16]


+


· ACHTUNGTRENNUNG(H2O)n (n=0–7), reported in our recent work,[16] was that
each of the three most recently reported (and highest reso-
lution) XRD structures[2,4,5] showed metal positions that
were broadly consistent with isomeric [CaMn4C9H10N2O16]


+


· ACHTUNGTRENNUNG(H2O)n structures between which interconversion appeared
reasonably facile. This result admits the somewhat discon-
certing possibility[16] that structural rearrangement of the
isolated WOC may be occurring before, rather than during,
the X-ray irradiation of single crystals.


As a continuation of our study into possible models of the
WOC, here we subject the structural isomers I· ACHTUNGTRENNUNG(H2O)3, II·
ACHTUNGTRENNUNG(H2O)3 and III· ACHTUNGTRENNUNG(H2O)3, respectively, featuring metal atom
positions consistent with the Berlin,[5] Hyogo,[2] and
London[4] XRD structures, to greater scrutiny; canvassing
five overall ionization levels and all feasible high-spin
single-determinant magnetic coupling patterns for the four
constituent high-spin Mn atoms. The specification of three
explicit water ligands for each structure is intended to
ensure that each metal atom is able to achieve coordinative
saturation. Although a total of three or more water mole-
cules may or may not be sufficient to drive water oxidation


(a mechanistic detail that is beyond the scope of the present
work), our experience with varying hydration levels on
these models has been that the grossest structural distortion
tends to occur in structures with two or fewer H2O ligands.
Thus three water ligands provide for a reasonably stable
complex, in the sense that addition of any further, relatively
weakly bound, H2O ligands is expected to result in only
very minor changes to the intermetallic distances (and
hence to the magnetic interactions between Mn atoms,
which are sensitive to metal–metal distances among other
considerations). Furthermore, recent electron spin-echo en-
velope modulation (ESEEM) studies of the interaction be-
tween substrate water molecules and the WOC site, during
functional turnover, identify a minimum of 3 water mole-
cules in magnetic contact with the manganese cluster in the
S0 and S1 states.


[17]


The focus of our calculations reported here is an attempt
to unravel the interrelationship between charge state, geo-
metric structure, magnetic coupling modes, Mn oxidation
states and preferred water binding sites. These calculations
are intended as a platform from which subsequent explora-
tion of the mechanism of water oxidation by PSII can be un-
dertaken.


Results and Discussion


In the discussion which follows, we examine in detail the
principal results of extensive calculations on the trihydrated
CaMn4 cluster models, before appraising their relevance to
the growing body of experimental results on the structure
and mechanism of the PSII water oxidizing complex.


Overview of geometric trends : The structures for the
lowest-energy trihydrated complexes of doubly-charged type
I (Berlin), II (Hyogo) and III (London) complexes are dis-
played in Figure 1. This Figure also shows, for comparison,
the metal atom positions reported in the three most recent
XRD studies.


Further details of the optimized geometries, in each ex-
plored charge state, are summarised in Tables 1 and 2.
Table 1 presents a detailed listing of metal–metal distances
(and related angles and dihedrals) within the complexes.
The geometries summarised here are those optimised for
the consistently antiferromagnetic ABAB coupling pattern
described in the Theoretical Methods section, in the oxida-
tion-state pattern identified by initial optimizations on ferro-
magnetically coupled structures.[18] Within a given oxidation-
state pattern the variation between differently coupled opti-
mized geometries is generally small. More dramatic geomet-
ric differences can arise if antiferromagnetically coupled
structures have an oxidation-state pattern that differs from
that dictated by ferromagnetic coupling, as is the case for
example for II1� and III2+ (discussed subsequently within
the text). The geometry relevant to the ferromagnetically
coupled oxidation-state pattern, as shown in Table 1 is, how-
ever, likely to be more useful as a comparison with experi-
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mental structural data obtained from flash turnover con-
ducted at, or near, room temperature. Table 2 gives an over-
view of the range of values encountered for each of the geo-


metric parameters within each structure type. (Note that the
Table 2 values encompass not only the trihydrated com-
plexes, but also the values found for hydration ranging from
zero to seven water molecules.)


Several geometric trends are apparent from the data
within Table 1. First, within each structure type (I, II or III)
many of the intermetallic parameters do not vary widely:
for example, the Mn(1)�Mn(2) distance changes by less that
0.15 = in structure II across the charge range q=�1 to +3
and the variation in the Mn(2)�Mn(3) distance across this
range is even narrower. Second, across different structure
types there are also several parameters, which do not
change greatly: The Mn(1)�Mn(2) and Mn(2)�Mn(3) dis-
tances are examples, differing by less than 0.2 = across all
surveyed structures. In fact, the near-constancy of so many
of the geometric parameters, independent of charge state
and structure type, echoes and amplifies a point first noted


Figure 1. Optimized geometries of tri-hydrated I, II and III in the +2
charge state, obtained at the BP/TZP level of theory. Mn atoms 1 to 4
are numbered to indicate the notation used throughout this work, al-
though to aid in comparison with the various experimental results, we
have shown also (to the right hand side of each optimized geometry) the
XRD-derived metal atom positions from the most closely related crystal
structure. The amino acid residues labelled are consistent with the con-
nectivity assigned in the Berlin crystal structure. Although this connectiv-
ity differs in detail with that obtained in the earlier Hyogo and London
studies, we have mapped the Berlin protein ligation in I onto structures
II and III with assumed retention of the amino acid identities. Note that
for structures I and III, the chosen projection obscures the Asp170 resi-
due, which lies behind the Glu333 in this orientation.


Table 1. Influence of charge state on Mn�Mn and Ca�Mn bond lengths and angles in the trihydrated CaMn4-containing model complexes I, II and III.


Parameter[a] I�1 I0 I+1 I+2 I+3 II�1 II0 II1 II2 II3 III�1 III0 III+1 III+2 III+3


r(Mn(1)�Mn(2)) 2.873 2.737 2.747 2.794 2.831 2.832 2.701 2.739 2.738 2.756 2.728 2.738 2.686 2.775 2.791
r(Mn(2)�Mn(3)) 2.838 2.818 2.785 2.764 2.789 2.749 2.776 2.750 2.765 2.778 2.807 2.855 2.720 2.688 2.719
r(Mn(1)�Mn(3)) 3.341 3.481 3.422 3.427 3.352 3.683 3.480 3.400 3.428 3.477 3.197 3.235 2.928 2.872 2.968
r(Mn(3)�Mn(4)) 2.798 2.928 3.334 3.290 3.083 3.239 3.173 3.215 3.226 3.286 3.092 3.241 3.372 3.229 3.204
r(Mn(1)�Mn(4)) 5.341 5.380 4.934 4.886 5.088 6.695 6.414 6.404 6.386 6.625 4.622 4.169 3.627 3.744 3.710
/(Mn ACHTUNGTRENNUNG[123]) 71.6 77.6 76.5 76.2 73.2 82.6 78.9 76.5 77.1 77.8 70.5 70.6 65.6 63.4 65.2
/(Mn ACHTUNGTRENNUNG[234]) 123.5 131.0 129.8 129.1 138.0 152.9 154.1 153.7 153.5 151.7 127.4 125.7 116.0 121.0 119.4
/(Mn ACHTUNGTRENNUNG[134]) 120.6 113.9 93.8 93.3 104.4 150.6 149.2 151.0 147.3 156.8 94.6 80.1 69.9 75.4 73.8
/(Mn ACHTUNGTRENNUNG[1234]) 106.3 88.5 56.2 57.8 69.7 148.2 146.0 156.1 143.7 170.7 64.0 36.3 38.8 46.5 44.1
r ACHTUNGTRENNUNG(Ca�Mn(1)) 3.381 3.414 3.507 3.534 3.668 3.656 3.550 3.602 3.744 3.809 3.320 3.302 3.431 3.426 3.474
r ACHTUNGTRENNUNG(Ca�Mn(2)) 3.172 3.179 3.181 3.217 3.271 3.117 3.214 3.227 3.283 3.256 3.243 3.120 3.298 3.311 3.379
r ACHTUNGTRENNUNG(Ca�Mn(3)) 3.189 3.220 3.289 3.353 3.450 3.631 3.698 3.690 3.846 4.011 3.298 3.264 3.507 3.582 3.670
r ACHTUNGTRENNUNG(Ca�Mn(4)) 3.354 3.500 3.788 3.740 4.041 5.689 5.679 5.801 5.788 6.394 3.405 3.915 3.649 3.647 3.656
/ ACHTUNGTRENNUNG(CaMn[12]) 60.3 61.1 59.7 59.8 58.8 55.7 60.1 59.4 58.4 56.8 64.0 61.4 63.9 63.5 64.2
/ ACHTUNGTRENNUNG(CaMnACHTUNGTRENNUNG[123]) �68.5 �67.2 �69.4 �70.7 �72.4 �77.6 �78.4 �78.9 �81.1 �85.2 �71.0 �71.2 �77.4 �80.8 �81.0


[a] Bond lengths in [=] and bond angles and dihedrals [8].


Table 2. Observed range of values for Mn�Mn and Ca�Mn bond lengths
and angles in the CaMn4-containing model complexes I, II and III.


Parameter[a] I II III


r(Mn(1)�Mn(2)) 2.7–2.9 2.6–2.9 2.6–2.9
r(Mn(2)�Mn(3)) 2.7–2.9 2.7–2.9 2.6–2.9
r(Mn(1)�Mn(3)) 3.1–3.5 3.2–3.7 2.8–3.1
r(Mn(3)�Mn(4)) 2.7–3.4 3.2–3.3 3.1–3.5
r(Mn(1)�Mn(4)) 4.2–5.5 6.1–6.8 3.5–3.8
/(Mn ACHTUNGTRENNUNG[123]) 70–79 71–85 62–68
/(Mn ACHTUNGTRENNUNG[234]) 123–137 148–156 114–124
/(Mn ACHTUNGTRENNUNG[134]) 81–125 130–160 64–77
/(Mn ACHTUNGTRENNUNG[1234]) 42–111 104–173 24–48
r ACHTUNGTRENNUNG(Ca�Mn(1)) 3.3–3.7 3.4–4.0 3.2–3.7
r ACHTUNGTRENNUNG(Ca�Mn(2)) 3.1–3.3 2.9–3.5 3.1–3.4
r ACHTUNGTRENNUNG(Ca�Mn(3)) 3.1–3.5 3.5–4.2 3.3–3.8
r ACHTUNGTRENNUNG(Ca�Mn(4)) 3.3–3.9 5.1–6.4 3.4–4.6
/ ACHTUNGTRENNUNG(CaMn[12]) 58–62 55–61 62–67
/ ACHTUNGTRENNUNG(CaMnACHTUNGTRENNUNG[123]) 67–74 76–87 74–81


[a] Bond lengths in [=] and bond angles and dihedrals [8].
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in our previous report on monopositively charged PSII
WOC models.[16] The tetrahedron described by Mn(1),
Mn(2), Mn(3) and Ca is an extremely robust structural
motif and appears highly resistant to distortion or fragmen-
tation. The variation between structures I, II and III, what-
ever the charge state, can be described almost entirely in
terms of the orientation of the Mn(4)-containing side-arm
relative to the calcium trimanganese core of the complexes.
Consequently, the principal geometric variability is seen in
parameters such as the Mn(1)�Mn(4) and Ca�Mn(4) distan-
ces, the Mn(1)�Mn(3)�Mn(4) angle and the Mn(1)-Mn(2)-
Mn(3)-Mn(4) dihedral. In fact, the Mn(1)�Mn(4) distance
and Mn(1)�Mn(3)�Mn(4) angle comprise the most useful
diagnostic for distinguishing a structure as type I, II or III.


Although, in a general sense the structure I, II or III is
conserved on repeated oxidation (see the following subsec-
tions), there are some charge-state-dependent trends in geo-
metric properties that are evident. For all three model struc-
tures, there is a systematic (though not entirely regular) ten-
dency for an increase in the distance between Ca and any of
the four Mn atoms, as the charge state increases. This can
be attributed to the increasing Coulombic repulsion between
the covalently bridged Mn4 cluster and the electrostatically
bound Ca2+ ion, although there is no direct influence be-
tween the oxidation number on any individual Mn and its
distance to Ca, indeed, the Ca�Mn distance is almost uni-
versally shortest for Mn(2), which in most charge states is
the most highly oxidised manganese atom.


Also evident, for both I and III (but not for II) are trends
towards elongation of Mn(3)�Mn(4) and contraction of
both Mn(2)�Mn(3) and Mn(1)�Mn(4) as the charge state
increases from q=�1 to +3. As with the Ca�Mn distances
detailed above, these trends do not appear directly connect-
ed to the oxidation states of the Mn atoms concerned, but


relate to the increasing overall charge state of the model
complex.


Relative energies as a function of charge state : The calcula-
tions also provide useful insights into the relative energies
of isomeric clusters (see Table 3), although some caution
should be used in interpreting the energetic values. Al-
though we have performed calculations across a range of hy-
dration levels, we have not sought to include any treatment
of the encapsulating protein environment, which will cer-
tainly have some energetic influence and may well favour
one structural motif over another. Similarly, caution must be
exercised in examining the energies of different charge
states, since our calculations deal exclusively with (hydrated)
“vacuum-phase” species and do not consider the broader
solvent corrections, which are expected to be necessary to
address the appropriate dielectric constant of the protein en-
vironment. Within these considerations, it is possible to say
that the Berlin-like structure I is energetically preferred
over II and III for the �1, 0, +1 and +2 states whereas the
London-like structure III displays greater apparent stability
than I or II for the +3 state, although the difference in
energy between all three structures is never more that
55 kJmol�1 for any given charge state (and is often very
much less than that). It is not at all clear that such a compa-
ratively narrow energy range is sufficient to preclude consid-
eration of any of these structures at any charge state, since
the models we use feature an abrupt and minimalistic trun-
cation of the extensive protein environment surrounding the
WOC active site.


Charge-state-dependent interconversion of structures I and
III : Another structural detail reported in our earlier work
concerned the close interrelationship between structures I,


Table 3. Influence of charge state q on computed total bond energies and Mn atom spin densities in the trihydrated CaMn4-containing model complexes
I, II and III.


Smax (AAAA) BS (ABAB)
q Ebond/Eh


[a] mspin(1)
[b] mspin(2)


[b] mspin(3)
[b] mspin(4)


[b] Ebond/Eh
[a] mspin(1)


[b] mspin(2)
[b] mspin(3)


[b] mspin(4)
[b]


I �1 �12.30300 3.84 3.87 3.78 4.78 �12.31280 �3.79 3.74 �3.56 4.64
I 0 �12.22626 3.85 2.87 3.85 4.79 �12.23713 3.79 �2.74 3.63 �4.67
I +1 �12.00884 3.85 2.89 3.75 3.92 �12.01585 3.80 �2.75 3.68 �3.74
I +2 �11.67491 3.80 2.86 2.97 3.85 �11.67842 3.77 �2.78 2.82 �3.79
I +3 �11.19738 2.93 2.84 2.88 3.86 �11.19993 �2.90 2.77 �2.74 3.81


II �1 �12.29292 4.76 2.84 3.89 4.82 �12.30818 4.55 �2.62 3.76 �4.73
II 0 �12.20499 3.82 2.90 3.86 4.80 �12.21891 3.77 �2.75 3.59 �4.69
II +1 �12.00735 3.83 2.91 3.82 3.89 �12.01440 3.78 �2.76 3.68 �3.77
II +2 �11.65806 3.44 2.87 3.32 3.90 �11.66418 3.36 �2.76 3.18 �3.80
II +3 �11.18388 3.00 2.88 3.75 2.79 �11.19400 3.04 �2.77 3.44 �2.58


III �1 �12.28731 3.83 2.86 4.77 4.83 �12.30647 3.79 �2.48 4.42 �4.74
III 0 �12.21435 3.84 2.87 3.87 4.80 �12.22400 3.79 �2.73 3.61 �4.71
III +1 �12.00061 3.01 2.86 3.84 4.71 �12.00035 �2.70 2.80 �3.68 4.69
III +2 �11.66269 3.13 2.83 2.93 4.60 �11.66233 �2.77 2.83 �2.68 4.62
III +3 �11.20386 2.89 2.81 2.83 3.91 �11.20146 �2.81 2.81 �2.79 3.88


[a] Bond energy, in Hartrees, of the indicated structure. [b] Mn atom spin density for the indicated structure.
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II and III, as evidenced by the occurrence of interconversion
between I and II, or between I and III, under some circum-
stances in the +1 charge state. In fact we can now assert
that, at least with regard to structures I and III, the +1
charge state is rather resistant to interconversion. A greater
facility for conversion of structure III to I is evident for the
�1 and 0 charge states, to the extent that geometry optimi-
zation of III in the neutral charge state is difficult to under-
take without accompanying collapse to structure I. Similarly,
it has proven very difficult to isolate structure I in the +3
oxidation state since this structural motif prefers to collapse
to the lower-energy structure III in this charge state. One ra-
tionalisation for this apparent variation in ease of intercon-
version may lie in the differences in individual Mn atom oxi-
dation states as a function of both charge state and cluster
structure (see Table 4). The Mn atom oxidation states, as de-
termined by atomic spin densities on the various Mn atoms,


differ in detail between structures I and III for the �1, +1
and +2 overall charge states, but they are consistent be-
tween I and III in each of the 0 and +3 charge states and
this consistency may well facilitate collapse of the higher-
energy form (III0, I+3) to the lower-energy form (I0, III+3)
within the 0 and +3 charge states.


The nature of the IQIII interconversion may also yield
some insight into the oxidation state differences that exist
between these two structures. The Berlin-like structure I has
a bridging connectivity, excluding waters of hydration, that
dictates 5 donor atoms for Mn(1), 6 for Mn(2), 5 for Mn(3)
and 3 or 4 for Mn(4). The variability of the ligand donor
atom count for Mn(4) acknowledges that the non-bridging
carboxylate ligand (Asp170) may coordinate in either a
monodentate or a bidentate fashion with this Mn atom. The
London-like structure III has a similar donor atom count for
the various Mn atoms, except that Mn(1) is now 6-coordi-


nate through its adoption of a bridging interaction with the
oxo bridge straddling Mn(3) and Mn(4). The necessity to
maintain a 6-coordinate ligation of Mn(1) in III, but not in I
is likely reflected in the observation that Mn(1) is promoted
to the MnIV oxidation state in III as early as the +1 overall
charge state, although this promotion in I does not occur
until the +3 overall charge state. Formation of structure III
is favoured when Mn(1) is in the +4 oxidation state, lacking
a Jahn–Teller axis and thereby allowing effective sixfold co-
ordination, whereas persistence of structure I as electrons
are removed is favoured whereas Mn(1) remains in the +3
oxidation state, retaining a Jahn–Teller axis, which impedes
close coordination of a sixth donor atom. The higher oxida-
tion state on Mn(1) in III rather than in I, for the +1 and
+2 oxidation states, is at the expense of Mn(4), which has
an oxidation state of MnIII for structure I in these charge
states, but MnII for structure III in the same charge states.
The lower charge state on Mn(4) in structure III is, in turn,
facilitated by formation of the tri-m-oxo bridge linking
Mn(1) to Mn(4), because this tighter packing of the Mn
atoms in III brings Mn(4) significantly closer to the Ca
atom, ensuring that the (Asp170) ligand coordinated to
Mn(4) employs its second O-donor atom in coordinating to
Ca rather than chelating to Mn(4). This consequent imposi-
tion of coordinative unsaturation on Mn(4) in III favours
the retention of a low oxidation state (+2) on this atom
throughout the �1 to +2 charge states, whereas I exhibits
promotion of Mn(4) from MnII to MnIII as the overall
charge state is increased from 0 to +1.


Interconversion of other forms with isomer II appears less
facile, even when Mn atom oxidation states are similar (e.g.
the 0 and +1 charge states of I and II). It is likely that inter-
conversion between II and III would need to occur through
a I-like intermediate, and in any case such an interconver-
sion has not been seen in any of our calculations.
Preferred hydration sites : The positions of the three


strongest-binding water ligands are not explicitly listed in
the discussion above. It is, however, notable that the pre-
ferred water binding sites within the model are generally on
Mn(4) or Ca. We also find that the water binding sites are
only moderately influenced by the overall charge state and
tend to be retained on ionization. It is also important to reit-
erate here that our reported results, for every charge state,
consistently refer to the lowest-energy trihydrated structure
obtained by sequential removal of the least strongly bound
water ligands from much more highly hydrated complexes
and, therefore, any “carry-over” of preferred hydration sites
from one charge state to the next is not an artefact, but rep-
resents a genuine continued preference for these sites.


Structures I�1 and I0 adopt a tightly bound water ligand
on Mn(4) which is retained through successive oxidations
through to I+3, conveying at least tetrahedral coordination
on this manganese atom; when Mn(4) is oxidised from MnII


to MnIII (in I+1 and subsequent charge states) a second
water ligand attaches to this Mn. Structures I+2 and I+3, for
which Mn(3) has been oxidised to MnIV, also feature a water
ligand on Mn(3), conferring octahedral coordination on this


Table 4. Summary of Mn atom oxidation states (for Mn atoms 1–4) in
the explored charge states of the trihydrated CaMn4-containing model
complexes I, II and III.


q S state assignment I II III


�1 S0 ? 3/3/3/2 2/4/3/2[c] 3/4/2/2[c]


0 S1 ? 3/4/3/2 3/4/3/2 3/4/3/2
+1 S0 or S2 3/4/3/3[a] 3/4/3/3 4/4/3/2
+2 S1 or S3 3/4/4/3[b] 31=2/4/3


1=2/3
[d] 4/4/4/2[e]


+3 S2 or S4 4/4/4/3 4/4/3/4 4/4/4/3


[a] An alternative pattern of oxidation states, 3/4/4/2, is also evident for
this charge state of structure I, but is energetically disfavoured by
�40 kJmol�1 for the trihydrated species. [b] An alternative pattern of ox-
idation states, 4/4/3/3, is also evident for this charge state of structure I,
but is energetically disfavoured by �35 kJmol�1 for the trihydrated spe-
cies. [c] This is the pattern delivered by optimisation of the ferromagneti-
cally coupled structure. The lowest-energy coupling mode is, however,
found from antiferromagnetically coupled calculations on a 3/3/3/2 oxida-
tion-state pattern. [d] Two competing oxidation-state patterns, 4/4/3/3 and
3/4/4/3, appear almost isoenergetic for this charge state of trihydrated
structure II. [e] This is the pattern delivered by optimisation of the ferro-
magnetically coupled structure. The lowest-energy coupling mode is,
however, found from antiferromagnetically coupled calculations on a 3/4/
4/3 oxidation-state pattern.
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metal atom (although in I+3, the Mn(3)-bound water ligand
is in fact bridging between Mn(3) and Mn(4).


In structure II, only Mn(4) and the Ca atom are readily
hydrated and only CaII is hydrated (in each case, doubly) in
II�1 and II0 for which Mn(4) is identified as MnII. On pro-
motion of Mn(4) to MnIII (in II+1 and II+2), hydration
occurs at this Mn atom (a second H2O ligand is attached to
Mn(4) abstracted from CaII) when this Mn atom attains the
MnIV oxidation state in II+3.


In structure III, Mn(4) and CaII both feature a strongly
bound water across all ionization states, to which is added a
water ligand on Mn(3) in III+2 and III+3 when this Mn atom
is in the MnIV oxidation state.


In all cases noted above, if the specified water ligand
count falls below 3, the remaining water ligands within the
lowest-energy trihydrated structure are nominally within the
secondary coordination envelope of the metal atom; hydro-
gen bonded either to a carboxylate ligand, to a m-oxo
bridge, or to a primary-solvation-sphere water molecule.


Magnetic properties : The magnetic properties of I, II and
III in their various charge states have been explored through
calculations in which the spin polarization of each atom has
been manipulated to explore a range of ferromagnetic and
antiferromagnetic coupling patterns. Although only the
purely ferromagnetic Smax state and the consistently antifer-
romagnetic ABAB configuration (in which Mn atoms 1 and
3 feature an a-spin electron excess; whereas the unpaired
electrons on Mn atoms 2 and 4 are b-spin) are detailed in
Table 3, separate geometry optimizations have been per-


formed on all identifiable high-spin single-determinant con-
figurations, as described in the Theoretical Methods section.
The results of these calculations are detailed in tables pro-
vided in the supporting materials for this work and summar-
ised in Figures 2, 3 and 4 for structures I, II and III respec-
tively. The Supporting Information also provides a thorough
discussion of magnetic-coupling trends across structure
types and charge states. In general, antiferromagnetic cou-
pling is energetically preferred over ferromagnetic, though
by a progressively lower increment as the charge state is in-
creased from �1 to +3.


Implications of the present results : Our results on structures
ranging from the �1 to the +3 charge state (Figures 5 and
6) encompass several of the S-states assigned to the PSII
water oxidation cycle, although there is currently no final
consensus on the identity of the S-states. It is generally
argued that the S2 state is characterised by a Mn oxidation-
state pattern of either (MnIII)3MnIV or MnIII


ACHTUNGTRENNUNG(MnIV)3. If the
former possibility is adopted, our charge state distribution
maps neatly onto the range of possible states from S0 to S4 ;
if instead the latter interpretation applies, our �1 and 0
charge states do not correspond to any of the catalytic S-
states, whereas the positively charged structures we have ex-
plored encompass S0 to S2. Note that all our efforts to char-
acterise structures of charge state +4 or higher have been
unsuccessful. This does not necessarily imply that the higher
charge states are not feasible PSII S-states; rather, it is pos-
sible that the tendency to Coulombic explosion of highly
charged species is responsible for their failure in our


Figure 2. Energy diagram of all feasible high-spin single-determinant magnetic-coupling patterns for the Berlin-like structure I ACHTUNGTRENNUNG(H2O)3 in five charge
states. The A/B notation employed is as defined in the text. Energies are in kJmol�1 and are expressed relative to the energy of the AAAA configuration
in any given charge state.
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vacuum-phase calculations. It should be noted that the theo-
retical models of the Siegbahn[7–9,11] and Batista[12–14] groups
and of Kusunoki,[19] all feature geometries with significantly
more anionic bridging ligands (O2� and OH�) than are in-
corporated in our models. This ensures that the models fav-


oured by other groups exhibit greater stability at higher Mn
oxidation states (e.g., the MnIII


ACHTUNGTRENNUNG(MnIV)3 interpretation of S2)
than do our models; conversely, a MnII


ACHTUNGTRENNUNG(MnIII)3 assignment
for S0 would imply, for more anionically bridged structures,
a greater overall negative charge and consequent Coulombic


Figure 3. Energy diagram of all feasible high-spin single-determinant magnetic coupling patterns for the Hyogo-like structure II ACHTUNGTRENNUNG(H2O)3 in five charge
states. The A/B notation employed is as defined in the text. Energies are in kJmol�1 and are expressed relative to the energy of the AAAA configuration
in any given charge state.


Figure 4. Energy diagram of all feasible high-spin single-determinant magnetic coupling patterns for the London-like structure III ACHTUNGTRENNUNG(H2O)3 in five charge
states. The A/B notation employed is as defined in the text. Energies are in kJmol�1 and are expressed relative to the energy of the AAAA configuration
in any given charge state.
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instability in quantum chemical calculations. Although it is
clearly highly desirable to characterise unambiguously the
oxidation states for the sequence of PSII S-states, it is pru-
dent in the absence of definitive information to remain open
to both competing interpretations of the PSII oxidation
state sequence. In the discussion that follows, we assume a
MnII


ACHTUNGTRENNUNG(MnIII)3 oxidation state distribution for S0, but caution
that other interpretations exist (see below, Comparison with
experimental data).


What implications do our re-
sults hold for understanding the
mechanism of PSII water oxida-
tion? We have previously com-
mented that the energetic dif-
ference between structures I, II
and III in the monopositive
charge state is slight and insuffi-
cient to give a first-principles
preference for any one architec-
ture over the others. Given the
similarities that these models
have with the metal cores of re-
spectively, the Berlin, Hyogo
and London XRD structures, it
is tempting to infer that the iso-
lation of these divergent struc-
tures from the one initial
source—that is, from PSII be-
lieved to be in the S1 state—
argues for a flexible and readily
fluxional water oxidation site.


The results of our calcula-
tions on magnetic coupling (see
also the Supporting Informa-
tion) within the various charge
states of I, II and III suggest,
first, that MnII and MnIII prefer-
entially adopt a high-spin con-
figuration in line with expecta-
tions. In general, antiferromag-
netic coupling is preferred over
ferromagnetic interactions; and
it is also intriguing to note that,
in both the q=�1 and q=++2
charge states, structures II and
III both display considerable
variability in the oxidation
states of their constituent Mn
atoms.


Interconversion between
Berlin-like structure I and
London-like structure III is par-
ticularly facile at the charge
states q=0 and q=++3 in which
both I and III have consistent
Mn4 oxidation-state patterns.


At each of these charge states, the higher-energy structure
(III at q=0, I at q=++3) is very susceptible to geometric dis-
tortion. Rearrangement of III to I is also comparatively
facile at the q=�1 charge state. Further, it is interesting to
note that the lowest-energy trihydrated structure at each
charge state is I for q=�1 to +2 and III for q= ++3. Thus,
the minimum-energy cluster geometry is expected to be
Berlin-like over the charge state range (q=�1 to +2),
which is believed to model the S0 to S3 photo-states of the
PSII WOC, but may adopt a London-like geometry within


Figure 5. Optimized geometries of the triply-hydrated structures in all charge states at the BP/TZP level of
theory (see Figure S1 in the Supporting Information for the red/blue stereographic projections).
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the transient S4 state. This minimum energy oxidation se-
quence has several defining characteristics:


1) Assigning the q=�1 charge state as equivalent to S0,
this implies an S0 configuration of MnIIIMnIIIMnIIIMnII


and an S4 configuration of MnIVMnIVMnIVMnIII. Thus
each of the four Mn atoms is oxidised by one increment
during the progression from S0 to S4. These oxidation
steps are, in turn:
S0!S1: Mn(2) is oxidised from MnIII to MnIV


S1!S2: Mn(4) is oxidised from MnII to MnIII


S2!S3: Mn(3) is oxidised from MnIII to MnIV


S3!S4: Mn(1) is oxidised from MnIII to MnIV


2) Across all S-states, Mn(4) retains at least one strongly
bound water ligand (two in the +1 and +2 charge
states), with Mn(3) also picking up a water ligand in the
+2 charge state (corresponding to S3). Mn(1) and Mn(2)
appear to lack strong water-binding sites.


3) ABBA is the lowest-energy single-determinant magnetic
coupling pattern across the range of charge states (�1 to
+2) which favour a Berlin-like structure, whereas
London-like III+3 preferentially adopts an AAAB cou-
pling pattern. The calculations suggest that antiferromag-
netic coupling between Mn(1) and Mn(2) is preferred, as
is the case also between Mn(3) and Mn(4), whereas the
preferred mode of coupling between Mn(2) and Mn(3) is
less clear-cut. (Although ABBA is generally lowest-
energy, ABAB is often also comparatively low-energy).
There is a consistent compression in the ladder of single-
determinant magnetic-coupling configurations as the
charge state is ramped from �1 to +3.


4) In the q=++1 charge state, the preferred geometry I is
able to adopt either of two competing configurations.


The MnIIIMnIVMnIIIMnIII


(3433) configuration is
about 40 kJmol�1 lower in
energy than
MnIIIMnIVMnIVMnII (3442)
for this geometry. However
the London-like geometry
III+1, which is structurally
related to I+1 by virtue of
the ease of interconversion
seen at other charge states,
lies marginally lower in
energy than the higher-
energy (3442) of the two
isolable I+1 configurations:
III+1 has an oxidation-state
pattern of MnIVMnIV-
ACHTUNGTRENNUNGMnIIIMnII (4432), different
from either of the oxidation
state distributions for I+1.
Given the susceptibility of
structures I and III for inter-
conversion, the observation
of these three distinct oxida-


tion state distributions within a comparatively narrow
energy range implies that the assigned oxidation states
for Mn(1), Mn(3) and Mn(4) must all be regarded as
malleable within this overall charge state: whereas each
of Mn(1), Mn(3) and Mn(4) is nominally MnIII in the
lowest-energy configuration, Mn(1) and Mn(3) are also
each capable of electron donation to Mn(4).


Similarly, in the +2 charge state, I preferentially adopts a
MnIIIMnIVMnIVMnIII (3443) configuration, but a
MnIVMnIVMnIIIMnIII (4433) configuration of I+2 lies about
40 kJmol�1 higher, nearly isoenergetic with the
MnIVMnIVMnIVMnII (4442) configuration indicated by ferro-
magnetically coupled III+2 and slightly higher than the 3443
configuration preferred by some antiferromagnetically cou-
pled variants of III+2 as detailed in a previous subsection.
Again, strikingly, it is the Mn(1), Mn(3) and Mn(4) atoms
that display variable oxidation states, whereas Mn(2) is ap-
parently immutably locked in the MnIV oxidation state. The
relevance of this oxidative uncertainty, in the context of the
mechanism of water oxidation within PSII, is unclear, but
we note that the invariant manganese, Mn(2), is the sole
metal atom to exhibit the coordinative saturation of an octa-
hedral ligand environment in the preferred structure I. It
would therefore appear unlikely that Mn(2) is the site of
water coordination and oxidation, for which one or more of
the mutable oxidation state atoms Mn(1), Mn(3) or Mn(4)
is a stronger candidate.


If, rather than a Berlin/London hybrid, the WOC geome-
try more closely corresponds to that of the Hyogo-like
model II, a possibility that cannot be discounted on the
basis of our vacuum-phase calculations, which though sys-
tematically favouring either I or III on energetic grounds in-


Figure 6. Schematic summary of oxidation state, geometry and magnetic coupling preferences as a function of
cluster charge state. The structures of I, II and III are indicated. Structures not represented in bold are those
considered prone to rearrangement to lower-energy geometries in the same charge state. The left-hand side
axis indicates relative energies, in kJmol�1.
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dicate that structure II is never more than about 50 kJmol�1


higher in energy than the lowest-energy structure at the
same charge state, then the overall characteristics of this
structure are rather different:


1) Assigning q=�1 as equivalent to S0, implies an S0 con-
figuration of either MnIIIMnIIIMnIIIMnII (lowest antiferro-
magnetic configuration) or MnIIMnIVMnIIIMnII (pre-
ferred ferromagnetic configuration) and an S4 configura-
tion of MnIVMnIVMnIIIMnIV. Here Mn(3) is never oxi-
dised (although some transient MnIV character is attrib-
uted to it in II+2), Mn(4) is doubly oxidised and two
oxidation steps occur among Mn(1) and Mn(2):
S0!S1: Mn(1)Mn(2) is oxidised from either MnIIIMnIII or
MnIIMnIV to MnIIIMnIV


S1!S2: Mn(4) is oxidised from MnII to MnIII


S2!S3: Mn(1) is oxidised from MnIII to MnIV


S3!S4: Mn(4) is oxidised from MnIII to MnIV


2) Unlike the Berlin/London hybrid, Mn(4) is not hydrated
in the S0 and S1 states, in which it retains the MnII oxida-
tion state and is chelated by Asp170 to give an approxi-
mately tetrahedral coordination that resists ready hydra-
tion. Instead, the favoured metal hydration site in these
low S-states is the calcium atom (which in II is too dis-
tant to coordinate to either of the Asp170 carboxylate
oxygen atoms and thus possesses a vacant O-donor coor-
dination site). The calcium stays hydrated throughout
the S-state cycle, whereas Mn(4) picks up a first water
ligand for S2 and S3 and a second strongly bound water
ligand for S4.


3) No one magnetic coupling pattern is systematically pre-
ferred across the range of charge states surveyed here,
although predominantly antiferromagnetic patterns (par-
ticularly, those antiferromagnetic between Mn(3) and
Mn(4)) are generally lowest in energy. The preference
for antiferromagnetic coupling generally drops, as the
charge state q increases, although in sharp contrast to
the Berlin/London hybrid, tricationic II is quite strongly
antiferromagnetic.


Summarising these results, we find that the WOC geome-
try is robust with respect to the Mn3Ca tetrahedron, which is
not greatly influenced by repeated oxidation, but flexible in
terms of the spatial relationship between Mn(4) and the
other metal centres. A preference for antiferromagnetic cou-
pling between Mn atoms is strongest in the S0 state but re-
mains significant up to S3. Water ligation (and therefore, we
presume, water oxidation) is most probable at Mn(4), but
may also occur at Mn(3) and/or Ca depending upon the
model geometry. Within most charge states, overall structur-
al flexibility (in which Mn(4) is crucially implicated) and/or
variability in the distribution of oxidation states across the
four Mn atoms, must be considered as influences on the pos-
sible action of the WOC.


Comparison with experimental data : Ultimately, the compu-
tational results that we have obtained in the present study


must be appraised in the light of extant experimental data
on the WOC. In our earlier paper,[16] we compared the geo-
metric properties of monocationic I, II and III to the various
XRD structures of PSII[1,2,4,5] and to the most recently mod-
elled EXAFS-derived structure.[20] Here we have investigat-
ed several charge states, which can conveniently be com-
pared against the S state dependent XANES (X-ray absorp-
tion near-edge spectroscopy) and EXAFS data.[28–30]


Although the Mn oxidation state assignment for S0 is de-
bated, it is clear from the observed range of the S0 edge po-
sition (�6550–6551 eV)[21] and other spectroscopic evi-
dence[22] that the functional S0 state contains no more than
one MnII. Thus within the above possibilities, configurations
such as MnIIMnIVMnIIIMnII are disfavoured for S0. The situa-
tion for S1 is less clear. All our calculations suggest a pattern
of MnIIIMnIVMnIIIMnII for this S state, whereas recent
XANES edge shape interpretations would argue against the
presence of MnII. However, there is a significant anomaly in
the published XANES turnover data from several groups
(as reviewed by =hrling et al.).[21] These data fall into two
sets, one which starts with an S1 edge energy of �6553 eV
and one with an edge energy �1.3 eV lower. The two sets
are in much closer agreement for S0. This observation has
never been satisfactorily explained, but experimentally, S0 is
normally reached by flash turnover advancement from dark
adapted S1. One possibility is that the Mn oxidation states in
S1 are to some extent metastable, depending perhaps on de-
tails of sample preparation, cryoprotectant, etc. and that
both MnIIIMnIIIMnIIIMnIII and MnIIIMnIVMnIIIMnII are possi-
ble. Following passage through the catalytic transition, the
system settles to its preferred functional state (presumably
MnIIIMnIIIMnIIIMnIII in S1). Recent EPR data make such an
interpretation plausible.[23]


In Figure 7, we summarise the results of simulations of
the recent S state dependent Mn EXAFS from Dau and co-
workers.[24] The most detailed data fits from those authors


are shown.[24] We also indicate approximate interpretations
of the distant scatterer peaks resolved in S0 and S3, which
were not analysed in the original paper.[30] If the EXAFS-de-
rived metal–metal distances are compared with the geome-
tries reported in Table 1, the fit is somewhat better for the
scenario in which S0 is MnII


ACHTUNGTRENNUNG(MnIII)3, or equivalent (i.e. q=


Figure 7. Summary of EXAFS-derived metal–metal distance values from
the study of Dau and co-workers.[30]
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�1), than for the case in which S0 is (MnIII)3MnIV or equiva-
lent (i.e. q=++1). For example, all of the q=�1 structures
have at least one Mn�Mn distance in the required 2.8–2.9 =
range (though the lowest-energy q=�1 structure, I�1 proba-
bly has too many short Mn�Mn distances to match the
EXAFS data), whereas none of the q=++1 structures have
any Mn�Mn separations in this distance range. However, re-
gardless of the S0 oxidation-state pattern, there are several
structural assignments, which hold true for all q=�1 and
q=++1 structures. First, the two short Mn�Mn distances
seen for S0 are identifiable as Mn(1)�Mn(2) and Mn(2)�
Mn(3). Second, the features seen at 3.1–3.2 = are most
probably Mn(3)�Mn(4) and Mn(2)�Ca. Third, the �4 =
EXAFS feature apparent in S0 and S3 is presumed to include
some Mn�Ca contribution because insufficient Mn�Mn vec-
tors of this magnitude occur within any structure.


Also in the EXAFS data, the most pronounced change in
the second coordination sphere Mn�Mn pattern occurs on
the S2!S3 transition. Although the precise interpretation of
this change is disputed,[24–26] it has been most recently mod-
elled[24] as the emergence of an additional short (�2.7 =)
Mn�Mn distance at S3. This change is broadly consistent
with the contraction in the Mn(1)�Mn(3) distance in struc-
ture III for the cationic charge states. In our calculations
this occurs between q=0 and q=++1 (i.e., across the puta-
tive S1!S2 transition), but could occur on S2!S3 if the S2
geometry were significantly different than III+1, yielding
III+2 on oxidation. The best overall match between our re-
sults and the EXAFS data appears to be II�1 for S0 (which
shows good agreement with the short Mn�Mn distances
and, uniquely, has several near-identical metal–metal separa-
tions near 3.7 =, generally consistent with the S0 scatter
peak mentioned above), II0 for S1 (again, a good fit with the
short Mn�Mn distances, in both length and number of such
interactions), II+1 for S2 (inferior to III+1 in terms of agree-
ment with the two shortest Mn�Mn separations, but III+1


arguably has too many such interactions; II+1 also does a
better job of matching the 3.2 = feature seen in the EXAFS
data) and III+2 for S3. It should be acknowledged, however,
that the calculations reported here deal only with the pure
hydrated clusters and do not explore the influence of depro-
tonation which almost certainly accompanies oxidation
within some steps of the WOC oxygen-generation mecha-
nism.


Theoretical methods : Density functional theory calculations
employed the Amsterdam Density Functional (ADF) pro-
gram, version ADF 2004.01, developed by Baerends
et al.[27–29] Calculations were run in parallel mode on the Al-
phaSever supercomputer housed at the ANU Supercomput-
er Facility and operated under the Australian Partnership
for Advanced Computing.


Geometry optimizations, in C1 symmetry, used the gradi-
ent algorithm of Versluis and Ziegler[30] and featured conver-
gence constraints twice as tight as the ADF default values.
Electrons in orbitals up to and including 1s {C, N, O} or 2p
{Mn} were treated in accordance with the frozen-core ap-


proximation. All calculations were performed in an unre-
stricted fashion.


In our preliminary investigation of the
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)i potential energy surface (q=


�1, 0, 1, 2, 3), (i=0–7), optimizations were performed in the
fully ferromagnetically coupled, all-high-spin Smax= (16�q)/2
spin state. Optimized Smax geometries were then reoptimised
in a broken symmetry (BS) configuration[31] with the spin
polarization on sequential Mn atoms as abab (hereafter
ABAB). This configuration has jMS j= (0, 1=2, or 1) depen-
ACHTUNGTRENNUNGding on the oxidation states of the respective Mn atoms.
These calculations were employed to determine the pre-
ferred sites of hydration for [CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)3
as follows. The heptahydrated structure
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)7 was characterized and the
fully dehydrated [CaMn4C9H10N2O16]


q+ geometry from this
calculation was then itself optimized. Then, individual water
molecules at the positions determined from the
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)7 calculation were added to the
optimized [CaMn4C9H10N2O16]


q+ structure; these monohy-
drated structures were themselves optimized and a determi-
nation of the next preferred water binding site at each hy-
dration level was built up incrementally. This lengthy com-
putational strategy was judged the most appropriate method
by which to ensure that the most stable
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)3 structures could be character-
ized at each charge state. Note that here, we report only the
results obtained for [CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)3; a de-
tailed description of the revealed hydration trends is beyond
the scope of the present work and will be published sepa-
rately.


Following identification of the lowest-energy
[CaMn4C9H10N2O16]


q+ · ACHTUNGTRENNUNG(H2O)3 (q=�1, 0, 1, 2, 3) structures,
the geometry optimized for the ABAB broken symmetry
configuration was used in further optimizations on each of
the six other feasible non-equivalent single-determinant
broken-symmetry, all-high-spin electronic configurations.
These six configurations can be denoted respectively as
AAAB, AABA, ABAA, AABB, ABBA and ABBB. Addi-
tionally, for each MnIII-containing structure a geometry opti-
mization with AAAA coupling was sought for Smax=


(14�q)/2, representing a fully ferromagnetic structure in
which one MnIII was low-spin; similarly, in structures pos-
sessing one or more MnII atoms AAAA coupling was also
investigated for the low-spin MnII scenario with Smax=


(12�q)/2. We did not explore structures featuring two or
more low-spin Mn atoms, on the expectation that such struc-
tures would be strongly disfavoured on energetic grounds.


Functionals used in the calculations were the local density
approximation (LDA) to the exchange potential, the corre-
lation potential of Vosko, Wilk and Nusair (VWN),[32] and
the nonlocal corrections of Becke[33] and Perdew.[34] The
(Slater type orbital) basis sets used were of triple-z-plus-po-
larization quality (TZP).
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Conclusion


The candidate PSII WOC models I, II and III have been ex-
plored in overall charge states �1 to +3 and in all feasible
single-determinant high-spin magnetic coupling configura-
tions. Extending our previous study of the +1 charge state,
we find that structures I and III very readily interconvert:
III to I in the q=�1 and 0 charge states and I to III in the
q=++3 charge state. In contrast, II maintains a more distinct
identity in all surveyed charge states. The preferred magnet-
ic coupling is predominantly antiferromagnetic, particularly
in the �1 and 0 charge states; at the highest charge states
for structures I and III, there is little energetic difference be-
tween fully ferromagnetically coupled and consistently anti-
ferromagnetically coupled configurations.


Within each charge state the structures are energetically
close considering the size of the systems examined. The
energy difference is never greater than about 50 kJmol�1,
barely the energy of two hydrogen bonds. This strongly sug-
gests that the calculated energy rankings in vacuo might be
readily altered in the protein environment. Thus, although
structure I is favoured energetically, comparisons with the
EXAFS derived experimental metal–metal distances gives
preference to a model in which structure II is maintained
throughout the earlier S states (S0 to S2) then a transition
occurs to another structural type in S3 which is more com-
pact with closer average Mn�Mn distances. It is interesting
in this regard, that the computations generally suggest that
structure II is more resistant to interconversion, as noted
above and that a significant geometric change occurs only in
S3 when the catalytic stage is set.


Among the metal atoms of the CaMn4 cluster, the loca-
tion of Mn(4) is uniquely variable, both as a function of
charge state and across the three structural motifs I to III,
which we have explored here. This positional flexibility con-
trasts with the robust near-invariance of the distorted tetra-
hedron comprising Mn(1), Mn(2), Mn(3) and Ca, which
withstands disruption across structural types and over the
range of charge states q=�1 to +3.


Within several of the charge states explored here, the oxi-
dation states on Mn(1), Mn(3) and Mn(4) differ between
models I, II and III. These differences can be rationalised in
terms of minor differences in ligation: chelation of the
Asp170 carboxylate group by Mn(4) in II, versus a bridging
interaction by this carboxylate between Mn(4) and Ca in I
and III ; and the formation of a second tri-m-oxo bridge, link-
ing Mn(1) to Mn(3) and Mn(4), present in III but absent in
I and II. The sensitivity of the respective oxidation states to
these subtle ligation effects may well be relevant to the bio-
chemical function of PSII, in the same manner as the
WOC>s apparent structural flexibility.
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Ruthenium, and Osmium with Saturated Amine Ligands, trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, Os), and Detection of
[FeACHTUNGTRENNUNG(qpy)(O)2]


n+ (n=1, 2) by High-Resolution ESI Mass Spectrometry**
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Introduction


High-valent iron oxo complexes are postulated to be key re-
active intermediates in many biological oxidation reactions
mediated by both heme and non-heme enzymes.[1–7] The
electronic properties of non-heme FeIV=O complexes was
the subject of debate, but over the past several years a
number of cationic mononuclear FeIV=O complexes have
been structurally characterized.[8–12] Recent experimental in-
vestigations and DFT calculations revealed that the reactive
intermediate in the oxidation of hydrocarbons by [FeII-


ACHTUNGTRENNUNG(TPA)]2+ (TPA= tris(2-pyridylmethyl)amine) could be FeV=


O,[13,14] and it was noted that the reactivity of the chemically
generated FeIV=O species was not compatible with that of
iron-containing enzymes.[15] Reactive iron(v) oxo complexes
with macrocyclic corrole[16] and tetraamido[17] ligands have
been reported recently. However, despite these advances, no
iron(VI) oxo complexes have been experimentally charac-
terized apart from the tetrahedral FeVIO4


2� anion.[18–21] Theo-
retical calculations by Dey and Ghosh revealed that
[FeVI(O)ACHTUNGTRENNUNG(Cor)X] (Cor=corrole, X= suitable monoanionic
ligand) should be experimentally detectable on the basis of
the clean and significant HOMO–LUMO gaps of [FeVI(N)-
ACHTUNGTRENNUNG(Cor)] and [Fe(N) ACHTUNGTRENNUNG(Por)(F)] (Por=porphyrin) in their DFT
optimized singlet states.[22]


The chemistry of the ground and excited states of both
trans-dioxo ruthenium(VI) and trans-dioxo osmium(VI)
complexes have been extensively studied over recent de-
cades; the dioxo ruthenium(VI) complexes are usually reac-
tive towards oxidation of organic compounds,[23–27] whereas
the dioxo osmium(VI) complexes are strong oxidants on
light irradiation.[28] One might expect that the corresponding
trans-dioxo iron(VI) complexes, if they exist, would be more


Abstract: Density functional theory
(DFT) calculations on trans-dioxo
metal complexes containing saturated
amine ligands, trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, Os), were
performed with different types of den-
sity functionals (DFs): 1) pure general-
ized gradient approximations (pure
GGAs): PW91, BP86, and OLYP;
2) meta-GGAs: VSXC and HCTH407;
and 3) hybrid DFs: B3LYP and
PBE1PBE. With pure GGAs and
meta-GGAs, a singlet d2 ground state
for trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+


was obtained, but a quintet ground


state was predicted by the hybrid DFs
B3LYP and PBE1PBE. The lowest
transition energies in water were calcu-
lated to be at l�509 and 515 nm in the
respective ground-state geometries
from PW91 and B3LYP calculations.
The nature of this transition is depen-
dent on the DFs used: a ligand-to-
metal charge-transfer (LMCT) transi-


tion with PW91, but a pACHTUNGTRENNUNG(Fe�O)!p*-
ACHTUNGTRENNUNG(Fe�O) transition with B3LYP, in
which p and p* are the bonding and
antibonding combinations between the
dp(Fe) and pp ACHTUNGTRENNUNG(O


2�) orbitals. The FeVI/V


reduction potential of trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ was estimated to
be +1.30 V versus NHE based on
PW91 results. The [FeACHTUNGTRENNUNG(qpy)(O)2]


n+


(qpy=2,2’:6’,2’’:6’’,2’’’:6’’’,2’’’’-quinque-
pyridine; n=1 and 2) ions, tentatively
assigned to dioxo iron(V) and dioxo
iron(VI), respectively, were detected in
the gas phase by high-resolution ESI-
MS spectroscopy.
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high-valent compounds · iron ·
oxo ligands
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reactive than their Ru and Os counterparts. Recently, an oc-
tahedral cationic FeVI�N complex was synthesized by photo-
chemical means and characterized by Mçssbauer and X-ray
absorption spectroscopies.[29] We pose the question: would a
cationic trans-dioxo iron(VI) complex be a stable entity? As
part of our efforts to study the spectroscopic and redox
properties of reactive d2 trans-dioxo metal complexes in
both ground and excited states, we set out to determine
their electronic structures by using DFT. In general, DFT
provides excellent descriptions of the electronic structures
of a variety of high-valent Fe complexes.[30–32] It has also
been successfully applied to study the electronic structures
of d2 dioxo metal complexes of the second- and third-row
transition metals, which include Mo, Tc, W, Re, Ru, and
Os.[33–35] After completion of this computational work, we
were able to detect the [FeACHTUNGTRENNUNG(qpy)(O)2]


n+ ions (qpy=


2,2’:6’,2’’:6’’,2’’’:6’’’,2’’’’-quinquepyridine; n=1, 2) in the gas
phase by high-resolution electrospray ionization mass spec-
trometry (ESI-MS).


Results and Discussion


As the focus of the present work is on the electronic struc-
ture of trans-dioxo iron(VI) and its spectroscopic and redox
properties, we performed calculations on trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ using several commonly used DFs and
two different basis set sizes (6-31G* and 6-311+G*). The
optimized structures obtained for each spin state using the
same DF, but different basis set sizes are within 0.013 M and
38 for the bond lengths and angles, respectively. Hence,
herein, we present the DFT results with only the 6-31G*
basis set (DF/6-31G*) (for the structures optimized with dif-
ferent DFs and the 6-311+G*
basis set, see Table S32 in the
Supporting Information).


Relative spin-state energetics of
trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ with different
DFs : The optimized geometries
and the relative energies of
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ in various spin
states for different DFs are pre-
sented in Table 1.


Except for the hybrid DFs
B3LYP and PBE1PBE, which
predicted a quintet ground
state, both pure GGAs and
meta-GGAs gave a singlet
ground state for trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ . It is
known that pure GGAs tend to
artificially lower the energy of
low-spin states, whereas hybrid
DFs are biased towards high-


spin states. To validate the present DFT results, we calculat-
ed the singlet–quintet spin splittings of the recently charac-
terized high-valent iron(VI) complex [(Me3cy-ac)FeN]2+


(Me3cy-ac=N-methylated cy-ac; cy-ac=1,4,8,11-tetraazacy-
clotetradecane-1-acetate)[29] and the experimentally well-
documented isostructural trans-dioxo ruthenium(VI)[27,36]


and osmium(VI)[37–39] complexes with saturated amine li-
gands using the pure GGA, PW91, and the hybrid DF,
B3LYP. Consistent with the experimental findings, both
PW91 and B3LYP calculations gave a d2 singlet ground state
for these three complexes, with PW91 always predicting
larger singlet–quintet spin splittings than B3LYP by as much
as about 1 eV (see Tables S37 and S45 in the Supporting In-
formation). Why are the results of pure GGA and meta-
GGA calculations on the trans-dioxo iron(VI) complex dif-
ferent from those of hybrid DF ones? A close look at the
geometries of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ optimized
with different DFs indicated that both pure GGAs (PW91,
BP86, and OLYP) and meta-GGAs (VSXC and HCTH407)
gave a bent O-Fe-O angle in the quintet state (ca. 164–
1688), whereas a linear O-Fe-O unit was found for the quin-
tet geometries optimized with the hybrid DFs B3LYP and
PBE1PBE (see Table 1). If we used B3LYP to calculate the
singlet–quintet spin splitting of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ on the PW91 optimized structure, the quintet
state would be marginally higher in energy than the singlet
state (the singlet–quintet splitting is ca. 0.03 eV). Indeed,
similar bent angles along the X-M-Y axes (X, Y=axial li-
gands; M=Fe, Ru, Os) for [(Me3cy-ac)FeN]2+ , trans-
[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ , and trans-[Os(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ were obtained from both PW91 and B3LYP
quintet-state geometry optimizations (see Table S46 in the
Supporting Information). It remains unclear why a linear O-


Table 1. Selected geometrical parameters (bond lengths [M] and angles [8]) and relative energies (Erel) of
trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ in various optimized spin states S with different DFs.[a]


DF S r ACHTUNGTRENNUNG(Fe�O) rACHTUNGTRENNUNG(Fe�NH3) r ACHTUNGTRENNUNG(Fe�NMeH2) a ACHTUNGTRENNUNG(O-Fe-O) Erel [eV][b]


PW91 0 1.614 1.613 2.059 2.059 2.095 2.095 180 0.00 (0.00)
1 1.670 1.667 2.025 2.039 2.078 2.139 166 0.87 (0.80)
2 1.740 1.736 2.016 2.054 2.051 2.107 164 1.18 (1.07)


BP86 0 1.615 1.614 2.065 2.065 2.102 2.102 180 0.00 (0.00)
1 1.671 1.670 2.033 2.042 2.085 2.143 166 0.88 (0.81)
2 1.742 1.737 2.021 2.060 2.055 2.114 164 1.22 (1.11)


OLYP 0 1.612 1.607 2.091 2.091 2.143 2.143 180 0.00 (0.00)
1 does not converge
2 1.742 1.737 2.048 2.081 2.088 2.176 163 0.98 (0.88)


B3LYP 0 1.595 1.592 2.059 2.059 2.088 2.088 180 0.00 (0.00)
1 does not converge
2 1.748 1.761 2.045 2.046 2.064 2.064 180 �0.14 (�0.26)


PBE1PBE 0 1.582 1.580 2.031 2.032 2.055 2.054 180 0.00 (0.00)
1 1.718 1.704 2.024 2.024 2.021 2.021 180 �0.36 (�0.48)
2 1.744 1.754 2.015 2.015 2.029 2.029 180 �0.46 (�0.58)


HCTH407 0 1.605 1.601 2.090 2.090 2.145 2.145 180 0.00 (0.00)
1 does not converge
2 1.737 1.735 2.048 2.085 2.102 2.165 164 0.87 (0.79)


VSXC 0 1.612 1.624 2.060 2.055 2.086 2.081 179 0.00 (0.00)
1 does not converge
2 1.719 1.794 2.033 2.042 2.053 2.071 168 0.56 (0.45)


[a] DF/6-31G* results. [b] The energy of the optimized singlet state is set to zero. The values in parentheses
are the relative thermal Gibbs free energies.
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Fe-O angle at the quintet state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ was predicted by the B3LYP and PBE1PBE
hybrid DFs. Because we have not been able to resolve the
ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ to be a sin-
glet or a quintet, herein we will discuss the electronic struc-
tures, spectroscopic properties, and redox potentials of
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ for both PW91 and
B3LYP calculations.[40] For trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+


complexes with M=Ru and Os, only the PW91 results are
given because both PW91 and B3LYP calculations were
found to give similar results. The calculations on [M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Ru and Os) will be compared with
the literature data of trans-dioxo ruthenium(VI) and os-
mium(VI) complexes with saturated amine ligands.


Electronic structure of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ :


The ground-state geometrical parameters, vibrational fre-
quencies of the symmetric (nsym) and asymmetric (nasym) vi-
brational modes of the O-M-O unit, and the force constants
of the M�O bond (kM�O) from PW91 computations are
listed in Table 2. The calculated M�O distances of 1.736 and
1.760 M on average for M=Ru and Os, respectively, are
slightly longer than the corresponding X-ray data (Ru�O
1.718(5) and 1.705(7) M in trans-[RuVI


ACHTUNGTRENNUNG(15-TMC)(O)2] ACHTUNGTRENNUNG(ClO4)2


and trans-[RuVI
ACHTUNGTRENNUNG(16-TMC)(O)2]ACHTUNGTRENNUNG(ClO4)2, respectively,[27] and


Os�O 1.735(6) M in trans-[OsVI
ACHTUNGTRENNUNG(14-TMC)(O)2]ACHTUNGTRENNUNG(PF6)2;


[37] 14-
TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetrade-
cane, 15-TMC=1,4,8,12-tetramethyl-1,4,8,12-tetraazacyclo-
pentadecane, 16-TMC=1,5,9,13-tetramethyl-1,5,9,13-tetraa-
zacyclohexadecane), but comparable to the results of the
recent DFT studies on trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)4]


2+ by Gray and
co-workers (Ru�O 1.724–1.752, Os�O 1.752–1.777).[33] The
largest difference between the calculated and experimental
distances is about 0.033 M for the Ru�O bond, which is a
typical accuracy for metal–ligand multiple bonds from DFT
calculations.[41] The computed Ru�Namine distances are
2.176–2.197 M, which are comparable to those found in the
crystal structures of trans-[Ru ACHTUNGTRENNUNG(15-TMC)(O)2]ACHTUNGTRENNUNG(ClO4)2 and
trans-[Ru ACHTUNGTRENNUNG(16-TMC)(O)2] ACHTUNGTRENNUNG(ClO4)2 (2.17(1)-2.24(1) M).[27] How-


ever, the calculated Os�Namine distances are longer by as
much as 0.076 M when compared with those in trans-[OsVI-
ACHTUNGTRENNUNG(14-TMC)(O)2] ACHTUNGTRENNUNG(PF6)2.


[37] Similar M�Namine distances to those
from our DFT studies were also obtained by Gray and co-
workers (2.152–2.182 M for Ru�Namine and 2.164–2.193 M for
Os�Namine in trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)4]


2+).[33]


From PW91 optimizations, the calculated Fe�O bond
length for the ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ is about 1.613 M, which is shorter than that in
K2FeVIO4 (1.666(2) M on average)[18] and the reported FeIV=


O distances of 1.639(5) and 1.646(3) M for [FeIV(O)-
ACHTUNGTRENNUNG(N4Py)]2+ and [FeIV(O)ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(SO3CF3)2, re-
spectively (N4Py=N,N-bis(2-pyridylmethyl)-N-bis(2-pyri-
dyl)methylamine).[9,12] This is consistent with the bonding
picture that, in the tetrahedral d2 FeVIO4


2� anion, the two d
electrons reside in the Fe�O antibonding e orbitals[21] and in
the non-heme d4 FeIV=O complexes, two of the d electrons
go to the Fe�O p-antibonding orbitals [Fe(dp)�O ACHTUNGTRENNUNG(pp*)],
whereas the other two d electrons occupy the nonbonding
Fe ACHTUNGTRENNUNG(dxy) orbitals.[42] On the other hand, the PW91 calculated
ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ has a d2


electronic configuration in which the two d electrons reside
in the nonbonding FeACHTUNGTRENNUNG(dxy) orbitals (see below). The Fe�
Namine distances were calculated to be 2.059–2.095 M, compa-
rable to the Fe�N14-TMC distances of 2.067(3)–2.117(3) M
found in [FeIV(O)ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(SO3CF3)2


[9] as well as
the Fe�Namine distances of 2.05–2.07 M obtained from DFT
calculations on [Fe(O)(L)4ACHTUNGTRENNUNG(NCCH3)]


2+ (L=NH3,
NMeH2).


[42] Because the 14-TMC ligand is not involved in
Fe�O p-antibonding orbitals,[42] removal of two electrons
from these antibonding orbitals, which are composed solely
of Fe(dp) and O(pp), that is, oxidation of oxo iron(IV) to
oxo iron(VI), would not result in a significant change in Fe�
Namine distances. Similar Ru�Namine distances in both RuIV


and RuVI oxo complexes with macrocyclic tertiary amine li-
gands were previously reported.[27] In general, the M�O and
M�Namine distances increase down the group. The increase is
more pronounced from Fe to Ru than from Ru to Os (more
than 0.12 M in the former, but less than 0.03 M in the latter


case), which is a consequence
of shell-size expansion versus
relativistic contraction when
one goes from second- to third-
row transition metals.[43] The O-
M-O angles of the ground
states obtained from PW91 cal-
culations are linear in all cases,
which is consistent with X-ray
data.[27,37]


From B3LYP optimizations,
the ground state of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ is a
quintet with Fe�O distances of
1.748 and 1.761 M, which are
longer than those of ferrate(VI)
and iron(IV) oxo (less than
1.67 M, see above) by more


Table 2. Optimized ground state geometrical parameters (bond lengths [M] and angles [8]), vibrational fre-
quencies (ñ), and force constants (kM�O) for trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, Os) from PW91 cal-
culations.[a]


M r ACHTUNGTRENNUNG(M=O) r ACHTUNGTRENNUNG(M�Namine) a ACHTUNGTRENNUNG(O-M-O) ñasym ACHTUNGTRENNUNG(O-M-O) ñsym ACHTUNGTRENNUNG(O-M-O) kM�O [Nm�1]


FeVI 1.613 (1.748) 2.059 (2.045) 180 (180) 965 (533) 857 (656) 626.2 (263)
1.614 (1.761) 2.095 (2.064)


2.059 (2.046)
2.095 (2.063)


RuVI 1.734 2.176 179 914 877 662.3
1.738 2.197


2.178
2.196


OsVI 1.762 2.182 180 906 920 729.1
1.758 2.203


2.182
2.203


[a] The values in parentheses are from B3LYP calculations on the quintet state (the lowest energy state from
B3LYP calculations).
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than 0.07 M. This is because in the B3LYP optimized quintet
state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ 1) there are two
unpaired electrons in the Fe�O p antibonding orbitals, as in
the case of iron(IV) oxo complexes; and 2) the Fe�O p


bonding orbitals (see Figure 1 for MOs) are each singly oc-


cupied, whereas the analogous Fe�O p-bonding orbitals are
doubly occupied in the ground states of both ferrate(VI)
and iron(IV) oxo complexes. Because the Fe�O p-bonding
and antibonding orbitals are not quasidegenerate or close-
lying, the energy gain in an electronic structure with Fe�O
p-bonding and antibonding orbitals in parallel spins (by
HundNs rule) in trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ (the quin-
tet state) should not be large enough to override the energy
penalty of promoting two electrons from the p ACHTUNGTRENNUNG(Fe�O) bond-
ing orbital, which is fully filled, in its singlet state to empty
p* ACHTUNGTRENNUNG(Fe�O) antibonding orbitals.


The calculated frequencies of the asymmetric (nasym) and
symmetric vibrational (nsym) modes for trans-[Os(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ in its singlet ground state are 906 and
920 cm�1, respectively. These values are slightly higher than
the experimental data of 875 (nasym) and 917 cm�1 (nsym) ob-
tained.[39,44] For trans-[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ , the nasym


and nsym stretching vibrations are calculated to be 914 and
877 cm�1, respectively, which are higher than the experimen-
tal values of 840–860 (nasym) and approximately 820 cm�1


(nsym) by more than 50 cm�1.[45,46] The O-Fe-O asymmetric
and symmetric stretching frequencies from PW91 calcula-
tions were calculated to be 965 and 857 cm�1, respectively,
with the former value higher than the FeIV=O stretching fre-
quency of 834 cm�1 in [FeIV(O) ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)]-
ACHTUNGTRENNUNG(SO3CF3)2.


[9] Similar behavior could be found in the related
ruthenium oxo complexes: nasym ACHTUNGTRENNUNG(O-Ru-O)=840–860 cm�1


for the trans-dioxo ruthenium(VI) complexes, which are
higher than the RuIV=O stretching frequencies of 815–820
and 792 cm�1 in oxo ruthenium(IV) complexes supported by
macrocyclic N-donor[27] and polypyridyl[47] ligands, respec-
tively. The O-Fe-O asymmetric vibration is at a higher fre-
quency than its symmetric counterpart, similar in magnitude,
and consistent with the trend of O-M-O stretching frequen-
cies of other linear 3d transition metal dioxides (CoO2: 954
(nasym) and 772 cm�1 (nsym); NiO2: 955 (nasym) and 750 cm�1


(nsym)).[48] In the B3LYP optimized quintet state, the O-Fe-O
asymmetric and symmetric stretching frequencies drop to


656 and 533 cm�1, respectively, owing to lengthening of the
Fe�O bond.


To obtain a quantitative description of the M�O bond,
normal coordinate calculations were carried out on the
linear O=M=O moieties, and the force constants (kM�O) are
listed in Table 2. The calculated force constants are in the
order Fe<Ru<Os (irrespective of whether the ground state
for M=Fe is a singlet or a quintet from PW91 and B3LYP
optimizations, respectively), that is, the Os�O bond is the
strongest and the Fe�O bond the weakest.


Atomic-charge analysis can give information about the in-
teractions between the metal ion and axial oxo ligands.
Table 3 presents the NBO analysis of the trans-[M(O)2-


ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ complexes (M=Fe, Ru, and Os) in the


PW91 optimized singlet states. The NBO charges of the
metal ions are all less than +6, that is, the interactions be-
tween M and O atoms are covalent. In addition, as the
NBO charges for both M and O in trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ increase down the group, the M�O bonds of
trans-dioxo iron(VI) have the highest covalency. This is also
revealed by the electronic populations of the dxz, dyz, and dz2


orbitals by NBO analyses (also listed in Table 3). Based on
the data in Table 3, both p and s donations from the oxo li-
gands occur. Because the electronic populations of these d
orbitals are in the order Fe>Ru>Os, the covalent interac-
tion between the metal ion and oxo ligands also follows the
same order (Fe>Ru>Os), in accordance with the expecta-
tion that FeVI should have the highest electron affinity when
compared with RuVI and OsVI.


Orbital descriptions are useful in understanding spectro-
scopic behavior and reactivity. The orbital energies and
atomic compositions of the frontier molecular orbitals
(FMOs) of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ with M=Fe,
Ru, and Os from PW91 computations are listed in Tables 4
to 6, and the MO diagram is depicted in Figure 2. In a dis-
torted octahedral environment with strong axial metal–oxo
interactions, the lowest lying d orbital is M ACHTUNGTRENNUNG(dxy), followed by
an almost doubly degenerate pair of p-antibonding combi-
nations of M(dp) and OACHTUNGTRENNUNG(pp*) orbitals. The highest energy d
orbital results from a s-antibonding combination of M ACHTUNGTRENNUNG(dz2)
and Namine(ps) orbitals. In addition, two low-lying nonbond-
ing orbitals are composed of O(pp) and Namine ACHTUNGTRENNUNG(ps*) orbitals


Figure 1. Two of the MO surfaces of the singly occupied orbitals of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ in the B3LYP optimized quintet state (iso-
value=0.05 a.u.).


Table 3. NBO charges and d-orbital electronic populations in trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, Os) in the PW91 optimized
ground-state geometries.


Fe Ru Os


M +0.84 +1.01 +1.23
dxz 1.26e 1.21e 1.19e
dyz 1.26e 1.20e 1.13e
dz2 1.18e 1.09e 1.03e
O �0.24 �0.32 �0.39


�0.22 �0.30 �0.41
amine ligands +1.62 +1.61 +1.57
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along the x and y axes and one nonbonding orbital that is of
OACHTUNGTRENNUNG(ps*) character (see Figure 2).


Essentially, the present PW91 calculations, as well as
other pure GGA and meta-GGA calculations performed in
this work, predict a d2 ground state electronic configuration,
with only the MACHTUNGTRENNUNG(dxy) orbital doubly occupied (see Figure 2),
so that the MVI oxidation state is an appropriate formalism
for trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ complexes. With the
exception of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ , MACHTUNGTRENNUNG(dxy) is the
HOMO and the orbital energy increases down the group
due to increasing energy of the d valence shell. For trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ , Fe ACHTUNGTRENNUNG(dxy) is the HOMO�2 orbi-
tal, whereas the nonbonding O(pp)–Namine ACHTUNGTRENNUNG(ps*) orbitals are
the HOMO and HOMO�1 orbitals. On the other hand, for


trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ (M=Ru and Os), these


nonbonding orbitals correspond to the HOMO�1 and
HOMO�2 orbitals. The metal–oxo bonds are formed by s


overlap between the M ACHTUNGTRENNUNG(dz2) and ps orbitals of both Namine


and O atoms (MO30, MO32, and MO31 for M=Fe, Ru,
and Os, respectively; for orbital diagrams, see Tables S47–
S49 in the Supporting Information) and p overlap between
M(dp) and O ACHTUNGTRENNUNG(pp*) orbitals with the electron density delocal-
ized over M and the two oxygen atoms (MO33 and MO34,
see Tables S47–S49 in the Supporting Information). The cor-
responding s- and p-antibonding orbitals are LUMO+3
and LUMO/LUMO+1 orbitals, respectively. The s M�O
bonding orbitals are dominated by ligand functions (see Ta-
bles S47–S49 in the Supporting Information); which is re-
flected in the greater metal character in the corresponding
s* orbitals (LUMO+3, see Tables 3–5 for atomic contribu-
tions). The M�O p bonds have an appreciable contribution
from the M(dp) orbitals, with metal character in the order
Fe (45–47%)>Ru (37–44%)�Os (36–42%). This indicates
strong mixing between M(dp) and O(pp) orbitals, which im-
parts covalency on the M�O bond and decreases the effec-
tive cationic charge on M, in agreement with the NBO anal-
yses discussed above (all of the metal atoms have NBO
charges less than +6, of which Fe is the least positive and
Os is the most positive). As the metal character in both s


and p M�O bonds decreases from Fe to Ru to Os, charge
transfer from the oxo ligands to the metal ion should be the
least for Os and the most for Fe. Hence, the Fe�O bond has
the strongest covalency and the decrease in effective cation-
ic charge resulting from Fe�O bond covalency may contrib-
ute to stabilization of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ .


Table 4. Orbital energies and atomic contributions of the FMOs of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ in the PW91 optimized ground state struc-
ture.


MO Energy
[eV]


Fe
[%]


O16
[%]


O17
[%]


NMeH2


[%]
NH3


[%]


HOMO�4 �9.14 7 19 21 52 0
HOMO�3 �8.85 3 49 47 1 0
HOMO�2 �8.30 95 0 0 3 2
HOMO�1 �8.07 1 35 35 1 28
HOMO �7.91 1 21 22 56 0
LUMO �6.32 47 26 27 0 0
LUMO+1 �6.27 47 26 26 1 0
LUMO+2 �5.15 53 0 0 26 21
LUMO+3 �3.54 49 15 15 12 9


Table 5. Orbital energies and atomic contributions of the FMOs of trans-
[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ in the PW91 optimized ground-state struc-
ture.


MO Energy
[eV]


Ru
[%]


O16
[%]


O17
[%]


NMeH2


[%]
NH3


[%]


HOMO�4 �9.00 6 23 24 47 0
HOMO�3 �8.47 4 48 47 0 0
HOMO�2 �8.36 2 36 36 0 26
HOMO�1 �8.18 3 21 20 56 0
HOMO �8.02 90 1 1 6 3
LUMO �5.52 48 26 26 0 0
LUMO+1 �5.48 48 26 26 1 0
LUMO+2 �4.03 53 0 0 25 22
LUMO+3 �1.81 60 8 8 13 11


Table 6. Orbital energies and atomic contributions [%] of the FMOs of
trans-[Os(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ in the PW91 optimized ground-state
structure.


MO Energy
[eV]


Os
[%]


O16
[%]


O17
[%]


NMeH2


[%]
NH3


[%]


HOMO�4 �9.01 6 16 15 63 0
HOMO�3 �8.36 4 47 49 0 0
HOMO�2 �8.35 2 39 40 0 19
HOMO�1 �8.23 1 28 30 41 0
HOMO �7.64 91 0 0 5 4
LUMO �4.86 50 25 25 0 0
LUMO+1 �4.82 50 25 24 1 0
LUMO+2 �3.14 58 0 0 23 19
LUMO+3 �1.59 67 1 2 16 14


Figure 2. MO diagram of trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ (M=Fe, Ru,


Os). Note that for M=Fe, the M ACHTUNGTRENNUNG(dxy) and O(pp)–Namine ACHTUNGTRENNUNG(ps
*) orbitals


switch in order (see text).
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Spectroscopic properties : Time-dependent DFT (TDDFT)
calculations with the PW91 DF were employed to examine
the spectroscopic properties of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ complexes (M=Fe, Ru, and Os) in their opti-
mized singlet ground-state geometries with solvent approxi-
mated as a dielectric medium by using the conductor-like
polarizable continuum model (CPCM). For M=Fe, the tran-
sition energies were also computed for the B3LYP opti-
mized quintet ground-state geometry. For M=Ru and Os,
the calculated excitation energies were compared with ex-
perimental UV/Vis absorption spectra of trans-[M(O)2L]2+


(M=Ru and Os; L=14-TMC, 15-TMC, and 16-TMC). The
simulated absorption spectra for trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, and Os) in water are shown in
Figure 3. Selected calculated transition energies contributing
to the observed bands in the simulated absorption spectra
(bands I and II, see Figure 3) are listed in Table 7. For a
complete list of the TDDFT results, see Tables S50–S52 in
the Supporting Information. Note that singlet–triplet transi-
tions were not included in the spectral simulations because
spin–orbit coupling was not explicitly included in the
TDDFT calculations.


The simulated spectra reveal a broad band (band I) at
about 510, 380, and 300–330 nm for M=Fe, Ru, and Os, re-
spectively, and the intensity of this band increases down the
group. Examination of the calculated electronic transitions
contributing to band I revealed that, with the exception of
M=Fe, this band is comprised of two types of transitions:
the higher energy band IA (l=363 and 300 nm for Ru and
Os, respectively), arises from HOMO�4!LUMO+1 and
HOMO�2!LUMO transitions, in which both HOMO�4
and HOMO�2 are nonbonding orbitals composed of O(pp)
and Namine ACHTUNGTRENNUNG(ps*) orbitals (see Figure 2 and Tables S47–S49 in
the Supporting Information for orbital diagrams); the lower
energy band IB (l=388 and 384 nm for Ru and l=333 and
329 nm for Os), is derived from HOMO�3 [OACHTUNGTRENNUNG(ps*)]!
LUMO and HOMO�3 [OACHTUNGTRENNUNG(ps*)]!LUMO+1 [M(dp)–O-
ACHTUNGTRENNUNG(pp*)] transitions. Bands IA and IB are both of ligand-to-
metal charge-transfer (LMCT) nature. The energies of bands
IA and IB compare well with those of the experimental ab-
sorption bands at lmax�375–390 nm for trans-[RuVIO2(L)]2+


(L=14-TMC, 15-TMC, 16-TMC, or (NH3)4)
[27,36] and lmax


�300–315 nm for trans-[Os(O)2(L)]2+ (L=14-TMC, 15-
TMC, and 16-TMC),[38,39] both of which have previously
been assigned as 1[O(pp)–M(dp)] LMCT transitions.[49, 50]


Weak absorptions with e�
102 dm3mol�1 cm�1 were also observed at l�350–370 nm in
the UV/Vis absorption spectra of trans-[OsVIO2(L)]2+ (L=


14-TMC, 15-TMC, and 16-TMC)[38,39] and were previously
assigned as 3[O(pp)–Os(dp)] LMCT transitions.[49] As our
TDDFT calculations did not take spin–orbit coupling into
account, all spin-forbidden transitions have zero oscillator
strength, and only spin-allowed singlet transitions are con-
sidered in the spectral simulations depicted in Figure 3. The
calculated singlet–triplet transition energies for 3[O(pp)–
Namine ACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)] and 3[O ACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)]
are about 310 and 395–400 nm, respectively. Another


3LMCT transition calculated at about 360 nm is derived
from HOMO�2!LUMO and HOMO�1!LUMO+1
transitions and is 3[O(pp)–NamineACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)] in
nature.


In the case of M=Fe, band I at about 510 nm is attributed
to HOMO�4!LUMO+1 and HOMO�1!LUMO transi-
tions, similar in nature to band IA 1[O(pp)–Namine ACHTUNGTRENNUNG(ps*)!
M(dp)–O ACHTUNGTRENNUNG(pp*)] discussed above for M=Ru and Os. The cor-


Figure 3. Simulated absorption spectra in water at the PW91 optimized
singlet-state geometry for a) trans-[FeVI(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ , b) trans-
[RuVI(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


2+ , and c) trans-[OsVI(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ .


The vertical lines are individual electronic transitions.
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responding band IB (HOMO�3!LUMO and LUMO+1;
OACHTUNGTRENNUNG(ps*)!M(dp) at l�447 and 441 nm) for trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ is masked by the stronger band II when
each electronic transition is simulated as a Gaussian peak
with a full width at half maximum (fwhm) of 3000 cm�1.
There is a substantial shift in the absorption energy of
band I when one goes from Os to Fe: about 14000 cm�1 (ca.
1.7 eV) for band IA [O(pp)–NamineACHTUNGTRENNUNG(ps*)!M(dp)–O ACHTUNGTRENNUNG(pp*)] and
about 8000 cm�1 (ca. 1.0 eV) for band IB [O ACHTUNGTRENNUNG(ps*)!M(dp)].
This large shift is due to the fact that HOMO�3,
HOMO�4, and HOMO�2 (HOMO�1 for M=Fe) are
nonbonding in nature and are composed mainly of oxo and
amine ligand functions, and hence, their energies change
only slightly among Fe, Ru, and Os. However, the LUMO
and LUMO+1 are M�O p* orbitals, which become more
high lying as one goes down the group, since the d-valence
shell energy increases from 3d to 4d to 5d. Hence, the
LUMO and LUMO+1 orbitals increase in energy from Fe
to Ru to Os, and this leads to a blueshift of both bands IA
and IB from Fe to Os (see Tables 3–5 for orbital energies).
When M=Fe, the lowest energy spin-allowed singlet ab-
sorption band is not the O ACHTUNGTRENNUNG(ps*)!Fe(dp) transition, as is the
case of M=Ru and Os, but the O(pp)–Namine ACHTUNGTRENNUNG(ps*)!M(dp)–
OACHTUNGTRENNUNG(pp*) transition.


The next lower energy bands (band II) of trans-[M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ are calculated at about 392, 274, and
233 nm for M=Fe, Ru, and Os respectively. This band is de-
rived from HOMO�1 and HOMO�2 (for Fe, HOMO and
HOMO�1)!LUMO+2 transitions. The occupied orbitals
are nonbonding in nature and are of O(pp)–Namine ACHTUNGTRENNUNG(ps*) char-
acter, whereas the LUMO+2 orbital is a s-antibonding
combination of Namine ACHTUNGTRENNUNG(ps*) and M ACHTUNGTRENNUNG(dx2�y2) orbitals. Thus, this
band is described as an O(pp)–Namine ACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–M-
ACHTUNGTRENNUNG(dx2�y2) transition. Intense absorption bands for trans-
[M(O)2L]2+ with M=Ru[27] and Os[38,39] (L=14-TMC, 15-


TMC, and 16-TMC) with lmax


at about 250–310 and 260 nm,
respectively, have previously
been reported, and these ab-
sorption bands may correspond
to the calculated band II in the
present work. We previously re-
ported that for trans-
[Ru(O)2L]2+ (L=14-TMC, 15-
TMC, and 16-TMC) variation
of the position and relative ex-
tinction coefficients of the two
intense absorption bands at
about 220–260 and 250–310 nm
with the ring size of the tetraa-
za macrocycle suggests involve-
ment of Namine character in
these transitions.[27] Our present
assignment of band II to an
O(pp)–NamineACHTUNGTRENNUNG(ps*)!NamineACHTUNGTRENNUNG(ps*)–
M ACHTUNGTRENNUNG(dx2�y2) transition is consistent
with such an effect of the mac-


rocycle ring size,[27] since the LUMO+2 orbital involves an-
tibonding interactions between M and Namine with substantial
Namine(ps) character (>40%).[51] Band II shows a significant
blueshift in absorption energy by about 17000 cm�1 (ca.
2.2 eV) from Fe to Os. This is because the excitation is from
a nonbonding ligand MO (HOMO�1 and HOMO�2 for
M=Ru and Os, and HOMO�1 and HOMO for M=Fe) to
a s-antibonding orbital (LUMO+2) that is mainly com-
posed of M ACHTUNGTRENNUNG(dx2�y2) and Namine ACHTUNGTRENNUNG(ps*) orbitals. As the composi-
tions of the LUMO+2 orbitals for M=Fe, Ru, and Os are
similar, the increase in LUMO+2 orbital energy is attribut-
ed to the increase in orbital energy of the d valence shell :
3d<4d<5d.


Because the hybrid B3LYP and PBE1PBE DFs predicted
a quintet ground state for trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ ,
we also computed the electronic transition energies in the
B3LYP quintet-state optimized geometry by TD-B3LYP.
The transition energies with f>0 are given in Table 8.[52]


The three lowest intense transitions (with f>0.01) for
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)]


2+ at the B3LYP optimized
quintet state geometry are at 515, 429, and 378 nm. These
three absorption peak maxima are similar to those obtained
from TD-PW91 calculations at the PW91 optimized singlet-
state geometry (l=509, 394, and 391 nm), except for the
peak maximum at 515 nm in the B3LYP optimized quintet
state, which is predominantly a p!p* (Fe�O bond) transi-
tion (the 509 nm peak in the PW91 optimized singlet state is
an LMCT transition). The absorption peaks at 429 and
378 nm are both of LMCT character. This is similar to the
assignment of the 394 and 391 nm absorption peaks ob-
tained in the PW91 optimized singlet-state geometry, though
the orbital characters contributing to these two transitions
are not the same in the two different DFT calculations. The
weaker transitions (f>0.001) with peak maxima at 462, 447,
and 440 nm obtained from TD-B3LYP calculations on the


Table 7. Selected calculated transition energies (l) and oscillator strengths (f) of trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, Os) by TDDFT/CPCM in the PW91 optimized singlet ground-state geometries in
water. Major contributions are shown along with the nature of the transitions.


M l [nm] f Major contributions[a] Nature of transition Band


Fe 509 0.0038 HOMO�4!LUMO+1 (�0.39) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O ACHTUNGTRENNUNG(pp*) I
HOMO�1!LUMO (0.46)


447 0.0016 HOMO�3!LUMO (0.67) O ACHTUNGTRENNUNG(ps*)!Fe(dp)
441 0.0017 HOMO�3!LUMO+1 (0.69) O ACHTUNGTRENNUNG(ps*)!Fe(dp)
394 0.0572 HOMO!LUMO+2 (0.62) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) II
391 0.027 HOMO�1!LUMO+2 (0.66) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–M ACHTUNGTRENNUNG(dx2�y2) II


Ru 388 0.0029 HOMO�3!LUMO (0.68) O ACHTUNGTRENNUNG(ps*)!Ru(dp) I
384 0.0033 HOMO�3!LUMO+1 (0.68) O ACHTUNGTRENNUNG(ps*)!Ru(dp) I
363 0.0042 HOMO�4!LUMO+1 (�0.46) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Ru(dp)–O ACHTUNGTRENNUNG(pp*) I


HOMO�2!LUMO (0.47)
275 0.0846 HOMO�1!LUMO+2 (0.60) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)-Ru ACHTUNGTRENNUNG(dx2�y2) II
274 0.0434 HOMO�2!LUMO+2 (0.68) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Ru ACHTUNGTRENNUNG(dx2�y2) II


Os 333 0.0041 HOMO�3!LUMO (0.68) O ACHTUNGTRENNUNG(ps*)!Os(dp) I
329 0.0047 HOMO�3!LUMO+1 (0.68) O ACHTUNGTRENNUNG(ps*)!Os(dp) I
300 0.0060 HOMO�4!LUMO+1 (0.56) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*) I


HOMO�2!LUMO (-0.38)
234 0.0570 HOMO�1!LUMO+2 (0.61) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Os ACHTUNGTRENNUNG(dx2�y2) II
232 0.0372 HOMO�2!LUMO+2 (0.68) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)-Os ACHTUNGTRENNUNG(dx2�y2) II


[a] CI coefficients in parentheses.
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optimized quintet-state geometry have mixed LMCT and
MLCT character (mainly derived from Fe(dp)–O ACHTUNGTRENNUNG(pp*)!
Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) and Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*) transi-
tions), whereas the transitions at 447 and 441 nm in the
PW91 optimized singlet-state geometry are solely of LMCT
character (see above).


Redox properties : Because trans-dioxo ruthenium(VI) com-
plexes are well-documented to be strong oxidants,[53] it is of
interest to estimate the reduction potential of the FeVI/V


couple for trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ . We thus opti-


mized the geometries of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
+


with both S= 1=2 (doublet state) and S= 3=2 (quartet state)
using PW91. For calculations with the PW91 functional, the
doublet state is lower in energy than the quartet state for all
M (M=Fe, Ru, and Os; see Table 9). This is consistent with
magnetic moments for trans-[M(O)2ACHTUNGTRENNUNG(14-TMC)]+ of 1.93 and
1.89 mB for M=Ru,[27] and Os,[39] respectively, that is, a dou-
blet ground-state electronic configuration. Structural param-
eters of the PW91 optimized doublet ground-state geome-
tries of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ are presented in
Table 9.


Addition of an electron to trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ leads to elongation of the M�O bond, which is
in accordance with the MO picture depicted in Figure 2 that
the added electron goes to the antibonding p orbitals of
M(dp)–O ACHTUNGTRENNUNG(pp*) character (LUMO or LUMO+1). Such a
change in the M�O distance is the smallest for M=Fe
(0.057–0.068 M), but comparable for M=Ru and Os (0.073–
0.076 and 0.075–0.078 M for Ru and Os respectively). On


one-electron reduction of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ to
trans-[M(O)2(NH3)2(NMeH2)2]


+ ,
the O-M-O angle remains es-
sentially linear for M=Fe, but
changes from a linear to a bent
geometry when M=Ru and Os
(see Tables 2 and 9). Bending
of the O-M-O unit decreases
the s-bonding interactions be-
tween M ACHTUNGTRENNUNG(dz2) and O(ps) orbitals
and causes a greater elongation
of the M�O bonds for M=Ru
and Os.


The reduction potentials of
trans-[MVI/V(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ /+ couples were es-
timated by Equation (1) (see
Computational Methods). If we
relate the calculated Gibbs
free-energy change to the re-
duction potential of +0.56 V
versus NHE measured experi-
mentally for the RuVI/V couple
of trans-[Ru(O)2ACHTUNGTRENNUNG(14-TMC)]2+ [27]


(Gibbs free-energy changes are listed in Table S58 in the
Supporting Information), the reduction potential of the
OsVI/V couple of trans-[Os(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ would be
estimated to be +0.01 V, which is consistent with the experi-
mental data of + (0.048�0.01) V (vs. NHE) found for trans-
[Os(O)2ACHTUNGTRENNUNG(14-TMC)]2+ /+ .[37] The corresponding FeVI/V couple
of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ is estimated to be
+1.30 V versus NHE, that is, it is a strong oxidant capable
even of oxidizing solvent water, based on energetics. On this
basis, it is conceivable that cationic dioxo iron(VI) com-


Table 8. Selected transition energies (l) and oscillator strengths (f) of trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ calcu-


lated by TDDFT/CPCM in the B3LYP optimized quintet ground-state geometries in water. Major contribu-
tions are shown along with the nature of the transitions.


l


[nm]
f Major contributions[a] Nature of transition Band


515 0.0291 b-HOMO�1!b-LUMO (0.68) Fe(dp)–O(pp)!Fe(dp)–O(pp) (Fe�O bond p!
p*)


I


b-HOMO�2!b-LUMO+1
(�0.45)
b-HOMO�4!b-LUMO (�0.38) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)


462 0.0013 a-HOMO�2!a-LUMO (0.59) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
a-HOMO!a-LUMO (0.42) NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+1 (-0.35) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O(pp)
b-HOMO!b-LUMO+2 (-0.58) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)


447 0.0018 a-HOMO�1!a-LUMO (0.61) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+3 (�0.57) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)


440 0.0028 a-HOMO�2!a-LUMO (0.47) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) II
a-HOMO!a-LUMO (0.30) NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+1 (0.35) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O(pp)
b-HOMO!b-LUMO+2 (0.66) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)


429 0.0353 b-HOMO�4!b-LUMO (0.83) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp) II
b-HOMO�2!b-LUMO+1 (-0.38) Fe(dp)–O(pp)!Fe(dp)–O(pp) (Fe�O bond p!


p*)
380 0.0015 a-HOMO�1!a-LUMO+1 (0.56) Fe(dp)–OACHTUNGTRENNUNG(pp*)!O ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dz2)


b-HOMO�5!b-LUMO+1
(�0.48)


NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)


378 0.0129 a-HOMO!a-LUMO+1 (�0.32) NamineACHTUNGTRENNUNG(ps*)!O ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dz2)
b-HOMO�5!b-LUMO (0.82) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)


[a] CI coefficients in parentheses.


Table 9. Optimized ground-state geometrical parameters of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ from PW91 calculations and energy difference
(DEQ–D) between the optimized quartet and doublet ground states of
trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ (M=Fe, Ru, Os).[a]


M DEQ–D [eV] r ACHTUNGTRENNUNG(M=O) [M][b] r ACHTUNGTRENNUNG(M�Namine) [M][b] a ACHTUNGTRENNUNG(O-M-O) [8][b]


FeV 0.63 (0.61) 1.671 2.027 180
2.063


1.681 2.029
2.060


RuV 1.33 (1.29) 1.811 2.145 170
2.184


1.811 2.138
2.159


OsV 1.73 (1.66) 1.837 2.160 171
2.186


1.837 2.149
2.167


[a] EQ–D =E(quartet state)�E(doublet state). The values in parentheses
are thermal Gibbs free-energy differences. [b] Only the optimized dou-
blet ground-state geometries are given. For the optimized quartet-state
geometries, see Tables S55–S57 in the Supporting Information).
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plexes supported by saturated amine ligands could only be
prepared in redox-inactive reaction media.


Because a quintet state is predicted to be the ground state
for trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ with hybrid DFs
B3LYP and PBE1PBE, we have also optimized the geome-
try of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ (M=Fe and Ru) by
employing B3LYP. As in the case of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ , the high-spin quartet state of trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


+ is more stable than the low-spin doublet
state by about 0.28 eV, whereas in the case of trans-[Ru(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


+ the low-spin doublet state is, as predict-
ed from PW91 calculations, the more stable state (by
0.74 eV; see Table 10).


As the b-LUMO of trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ in


the B3LYP optimized quintet state has both Fe�O p bond-
ing and antibonding character (see Figure 1 for the MO sur-
faces), addition of an electron to this LUMO would result in
elongation of one Fe�O bond and shortening of the other
(1.748 and 1.761 M in the quintet state, and 1.756 and
1.746 M in the quartet state). Because the LUMO does not
have significant amine character, the Fe�Namine distances
only increase slightly (by ca. 0.01 M). For trans-[Ru(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ , the geometrical parameters are all in
agreement with the PW91 results: the electron is added to
the antibonding Ru�O orbital and leads to elongation of
both Ru�O bonds. Since the change in charge distribution
for the two systems trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ and
trans-[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ on one-electron reduction
are not the same from the B3LYP calculations, we did not
estimate the reduction potential of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ from the Gibbs free energies obtained from
B3LYP calculations by using Equation (1).


Detection of [Fe ACHTUNGTRENNUNG(qpy)(O)2]
n+ ions in the gas phase by high-


resolution ESI-MS/MS : The reaction of [FeII
ACHTUNGTRENNUNG(qpy)-


ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 with PhI ACHTUNGTRENNUNG(OAc)2 in acetonitrile was fol-
lowed by ESI-MS for 15 min. New peaks at m/z 475.0758
(peak separation of 1 mass unit), 459.0416 (peak separation
of 1 mass unit), 237.5347 (peak separation of 0.5 mass


units), and 229.54 (peak separation of 0.5 mass units) were
detected in positive-ion mode. Based on accurate mass mea-
surement and isotopic-pattern matching, the elemental com-
position of the most abundant isotopic ion peaks at m/z
475.0758 (Figure 4a) and 237.5347 (Figure 4b) were deter-


mined to be [C25H17N5O2
56Fe]+ (theoretical mass=475.0732)


and [C25H17N5O2
56Fe]2+ (theoretical mass=237.5366), which


are consistent with the formulations [FeACHTUNGTRENNUNG(qpy)(O)2]
+ and


[Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ , respectively. Experiments involving colli-


sion-induced dissociation of these [FeACHTUNGTRENNUNG(qpy)(O)2]
n+ ions fur-


ther confirmed these formulations (Figure 5). The isotopic
ion peaks at m/z 459.0509 and 229.5355 were determined to
be [C25H17N5O


56Fe]+ (theoretical mass=459.0783) and
[C25H17N5O


56Fe]2+ (theoretical mass=229.5391), which are
consistent with the formulations [FeACHTUNGTRENNUNG(qpy)O]+ and [Fe-


Table 10. Optimized ground-state geometrical parameters of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ from B3LYP calculations and energy differ-
ence (DEQ–D) between the optimized quartet and doublet ground states
of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


+ (M=Fe, Ru).[a]


M DEQ–D [eV] r ACHTUNGTRENNUNG(M=O) [M][b] r ACHTUNGTRENNUNG(M�Namine) [M][b] a ACHTUNGTRENNUNG(O-M-O) [8][b]


Fe �0.28 (�0.35) 1.756 2.075 173
2.072


1.746 2.051
2.080


Ru 0.74 (0.67) 1.796 2.158 169
2.196


1.795 2.152
2.169


[a] EQ–D =E(quartet state)�E(doublet state). The values in parentheses
are thermal Gibbs free-energy differences. [b] Only the optimized
ground-state geometries are given (doublet for M=Ru and quartet for
M=Fe).


Figure 4. a) ESI-MS measurements on [Fe ACHTUNGTRENNUNG(qpy)(O)2]
+ . A) Accurate mass


measurement. B) Reference mass of Leucine Enkephalin. C) Isotopic
pattern of [C25H17N5O2Fe]+ . b) ESI-MS measurements on [Fe-
ACHTUNGTRENNUNG(qpy)(O)2]


2+ . A) Accurate mass measurement. B) Isotopic pattern of
[C25H17N5O2Fe]2+ .


Chem. Eur. J. 2008, 14, 5495 – 5506 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5503


FULL PAPERTrans-Dioxo Complexes of Iron, Ruthenium, and Osmium



www.chemeurj.org





ACHTUNGTRENNUNG(qpy)O]2+ , respectively (see Figures S1 and S2 in the Sup-
porting Information). The differences between the experi-
mental and theoretical masses for these [FeACHTUNGTRENNUNG(qpy)(O)m]n+


(m=1, 2; n=1, 2) ion peaks are less than 6 ppm.
We examined the formation of [FeACHTUNGTRENNUNG(qpy)(O)m]n+ (m=1, 2;


n=1, 2) ions in the gas phase (see Figure S3 in the Support-
ing Information). The abundance of these ions during the
first 10 min was in the order [FeACHTUNGTRENNUNG(qpy)O]+ > [Fe ACHTUNGTRENNUNG(qpy)O]2+ �
[Fe ACHTUNGTRENNUNG(qpy)(O)2]


+ @ [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ . The signal intensity of


[Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ was at least eight times less than that of


[Fe ACHTUNGTRENNUNG(qpy)(O)2]
+ and thirty times less than that of [Fe-


ACHTUNGTRENNUNG(qpy)O]+ . We attribute this finding to the reactive nature of
[Fe ACHTUNGTRENNUNG(qpy)(O)2]


2+ , which could be decomposed to [Fe-
ACHTUNGTRENNUNG(qpy)(O)2]


+ , [Fe ACHTUNGTRENNUNG(qpy)O]2+ , and [Fe ACHTUNGTRENNUNG(qpy)O]+ .


Conclusion


We have examined the properties of trans-dioxo metal com-
plexes supported by saturated amine ligands, trans-[M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ (M=Fe, Ru, and Os), using a DFT/
TDDFT approach. Electronic structures, spectroscopic data,
and reduction potentials were computed, analyzed, and
compared. Different ground-state structures were obtained
when different types of DFs were used in the calculations
on trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ : pure GGAs and meta-
GGAs predicted a singlet d2 ground state, and hence, the ex-
istence of trans-dioxo iron(VI), whereas with hybrid DFs, a
quintet state is predicted to be the most stable. We favor the
PW91 results on trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ for the
following reasons:


1) Hybrid DFs tend to favor high-spin states.
2) Another DF, namely, OLYP, also known to favor more


spin polarized descriptions and has been successful in
predicting the spin-state energetics of a number of FeII


systems that contain ligands with different ligand-field
strengths,[54] also gave a singlet d2 ground state for trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ .


3) The well-separated Fe�O bonding and antibonding MOs
are singly occupied in the ground quintet state, whereas
the former is fully filled and the latter is empty in the
singlet state obtained from the hybrid DF optimization.


These reasons lend credence to the PW91 results that


trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ has a d2 singlet ground


state for M=Fe, Ru, and Os. Hence, we conclude that trans-
dioxo iron(VI) could be stabilized in an octahedral environ-
ment with saturated amine equatorial ligands, at least theo-
retically. Interestingly, although different DFs predicted dif-
ferent spin ground states of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]


2+ , the transition energies found with pure GGA
PW91 and hybrid DF B3LYP are similar, though the nature
of the lowest transition is not the same: PW91 predicted it
to be of LMCT character, whereas B3LYP predicted a p-
ACHTUNGTRENNUNG(Fe�O)!p* ACHTUNGTRENNUNG(Fe�O) transition. As the Fe�O bond is predict-
ed to be the weakest and the redox potential of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]


2+ is estimated to be about
+1.30 V versus NHE, if dioxo iron(VI) species could be
generated in solution, they may function as a class of versa-
tile oxygen-transfer agents. Indeed, after the completion of
this work, we were able to detect [FeACHTUNGTRENNUNG(qpy)(O)2]


n+ (n=1, 2)
ions in the gas phase by high-resolution ESI-MS/MS.


Computational and Experimental Section


Computational details : Despite many successful cases of using DFT to
probe the electronic structures of high-valent Fe complexes, DFT is far
from infallible, in particular when the ancillary ligands are noninnocent.
For instance, Por and Cor are more appropriately formulated as p-cation
radicals in Fe ACHTUNGTRENNUNG(Por)F2


[55] and Fe ACHTUNGTRENNUNG(Cor)Cl,[56] respectively. In the present
work, we chose simple amines, NH3 and NMeH2, as ancillary ligands. As
modeling of the relative spin-state energetics by DFT methods remains
elusive,[32,54, 57] the calculations on trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]


n+ (M=


Fe, Ru, and Os) were performed in different spin states (S=0, 1, 2 for
n=2; S= 1=2 and 3=2 for n=1) with the Gaussian 03 program package.[58]


The z axis is defined along the O=M=O unit, and the x and y axes are
set along the two Namine-M-Namine axes. Two different amine ligands, NH3


and NMeH2, along the x and y axes, respectively, were chosen to lift the
degeneracy of the metal dxz and dyz orbitals because a spin state with
only one of these two degenerate orbitals occupied would be multiconfi-
gurational in nature. As the DFT method is a single-reference based
method, these two dp (dxz and dyz) orbitals are required to be nondegen-
erate in the calculations.


The accuracy of DFT calculations depends on the functional and basis
set used. Therefore, we employed different exchange-correlation DFs,
which included 1) GGAs PW91,[59–61] BP86,[62,63] and OLYP;[64,65] 2) meta-
GGAs VSXC[66] and HCTH407;[67] and 3) hybrid DFs B3LYP[68,69] and
PBE1PBE.[70–72] Two different basis sets were used for each DF: the


Figure 5. Collision-induced dissociation of [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ recorded at a


collision energy of 25 eV (laboratory frame).
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smaller 6-31G* basis set (double-zeta quality with polarization functions
on non-H atoms)[73,74] and the larger 6-311+G*[75,76] (triple-zeta quality
with both polarization and diffuse functions added to the non-hydrogen
atoms) for all atoms except transition metal atoms, which were described
by the Stuttgart relativistic small-core effective-core potentials with their
accompanying basis sets in all calculations.[77,78]


Full geometry optimizations were performed without symmetry con-
straints followed by frequency calculations to ensure that the optimized
structures were true energy minima. Restricted formalism was used for
the closed-shell spin state, whereas an unrestricted formalism was used
for the open-shell spin states. Electronic structures of the complexes stud-
ied in the present work were also investigated by using the natural bond
orbital (NBO) approach.[79] Spin-allowed excitation energies of the
model complexes were computed at the optimized ground-state struc-
tures in solvent water by using the TDDFT method implemented in
Gaussian 03.[80,81] Solvation effects were taken into account by the
CPCM.[82,83] The absorption spectra were simulated with Gaussian func-
tions with a fwhm of 3000 cm�1 for all electronic transitions with l>


200 nm by using GaussSum[84] to allow direct comparison with the experi-
mental data.


The reduction potential (E0) for the trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ /+


(m2+ /+) couples (M=Fe, Ru, and Os) are related to the Gibbs free-
energy G change of the monocationic (m+) and dicationic (m2+) com-
plexes by Equation (1):


E0 ¼ GðmþÞ�Gðm2þÞ þ C ð1Þ


G(m+) and G ACHTUNGTRENNUNG(m2+) were calculated at the respective optimized ground-
state structures of m+ and m2+ , respectively, in solvent water with a de-
fault temperature and pressure of 298 K and 1 atm. C is a constant that is
related to the reference electrode used.


Experimental section : [FeII
ACHTUNGTRENNUNG(qpy) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 was prepared accord-


ing to a literature method.[85] Positive ESI mass spectra were obtained
from a Waters Micromass Q-Tof Premier quadrupole time-of-flight
tandem mass spectrometer (Waters Corporation, Milford, USA). A solu-
tion of [FeII


ACHTUNGTRENNUNG(qpy) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 (1.5 mg, 2.1 mmol) in acetonitrile was
treated with PhIACHTUNGTRENNUNG(OAc)2 (2.67 mg, 8.3 mmol) in a ratio of 1:4. The reaction
mixture was introduced into the ESI source by a syringe pump operating
at a flow rate of 10 mLmin�1 after 30 s of mixing. For accurate mass meas-
urements, an internal reference compound, namely, Leucine Enkephalin,
was diluted 200 times and then introduced into the ESI source through
an independent electrospray probe to avoid any chemical interference
with the reaction mixture. The mass resolution was set at about 8000 (full
width at half-height), and mass accuracy was within 10 ppm. The TOF-
MS mass spectra were acquired in the mass range of 100–1200 Th with an
accumulation time of 1 s and interscan time of 0.1 s.


In the MS/MS experiment, the parent ion at m/z 475.0 corresponding to
[Fe ACHTUNGTRENNUNG(qpy)(O)2]


+ and 237.5 corresponding to [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ were sepa-


rately mass-selected by the first quadrupole mass analyzer (operating at
about unit mass resolution). The selected ion was transmitted into a T-
wave collision cell (filled with argon gas at 7.01Q10�3 Torr, measured in
the quadrupole mass-analyzer housing) where it underwent collision-in-
duced dissociation at a collision energy of 25 eV (laboratory frame). The
parent ion and fragment ions were mass-analyzed by the TOF mass ana-
lyzer and detected by a multichannel plate (MCP) detector at 1.8 kV.
The MS/MS spectrum was obtained by averaging about 200 scans.
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A DFT Study of the Mechanism of Polymerization of e-Caprolactone
Initiated by Organolanthanide BoroACHTUNGTRENNUNGhydride Complexes


No,mi Barros,[a] Philip Mountford,*[c] Sophie M. Guillaume,*[b] and Laurent Maron*[a]


Introduction


To compensate for the depletion of fossil feed stocks, and to
help address global environmental concerns, increasing at-
tention is being paid to polymeric materials synthesized
from monomers derived from biomass. In these contexts,


the emergence of a wide variety of aliphatic synthetic poly-
esters prepared through the ring-opening polymerization
(ROP) of heterocyclic monomers obtained from renewable
resources such as lactone, lactide, or glycolide, is particularly
important.[1] Indeed, the development and understanding of
controlled “living” polymerization processes leading to bio-
degradable polymers has become an urgent necessity. Syn-
thetic polyesters are versatile polymers exhibiting good me-
chanical properties, hydrolyzability, biocompatibility, and
eventually biodegradability, which makes them leading can-
didates for, in particular, biomedical applications (e.g.,
tissue repair and regeneration, controlled and sustained
drug- or gene-delivery vehicles) and recyclable plastics sub-
stitutes (e.g., packaging).[1,2]


Of the various ROP processes, such as anionic, cationic,
organocatalytic and coordination-insertion, the latter has
gained increasing attention, especially when Group 3 initia-
tors, which are less toxic than those involving, for instance,
tin or aluminum derivatives, are involved.[1c–g,2,3,4] Considera-
ble efforts are being made to prepare highly sophisticated
initiating systems capable of achieving high activity, produc-
tivity and stereoselectivity with limited side reactions, in a
controlled and “living” process. Within the framework of
both traditional metallocene as well as the new generations
of “post-metallocene” environments, several types of rare


Abstract: The mechanisms of polymeri-
zation of e-caprolactone (CL) initiated
by either the rare-earth hydride
[Cp2Eu(H)] or the borohydrides
[Cp2EuACHTUNGTRENNUNG(BH4)] or [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)]
were studied at the DFT level (Cp=h5-
C5H5; N2NN’= (2-C5H4N)CH2(CH2-
CH2NMe)2). For all compounds the re-
action proceeds in two steps: a hydride
transfer from the rare earth initiator to
the carbonyl carbon of the lactone, fol-
lowed by ring-opening of the mono-
mer. In the last step a difference is ob-
served between the hydride and boro-


hydride complexes, because for the
latter the ring-opening is induced by an
additional B�H bond cleavage leading
to a terminal �CH2OBH2 group. This
corresponds to the reduction by BH3 of
the carbonyl group of CL. Upon reac-
tion of [Cp2Eu(H)] with CL, the
alkoxy–aldehyde complex produced,


[Cp2Eu{O ACHTUNGTRENNUNG(CH2)5C(O)H}], is the first-
formed initiating species. In contrast,
for the reaction of CL with the borohy-
dride complexes [(Lx)Eu ACHTUNGTRENNUNG(BH4)] (Lx =


Cp2 or N2NN’), an aliphatic alkoxide
with a terminal �CH2OBH2 group,
[(Lx)Eu{O ACHTUNGTRENNUNG(CH2)6OBH2}] is formed and
subsequently propagates the polymeri-
zation. The present DFT investigations
are fully compatible with previously re-
ported mechanistic studies of experi-
mental systems.
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tions · rare-earth elements · ring-
opening polymerization
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earth complexes have been evaluated. Until recently (see
below) these have involved mostly hydride-, alkyl-, alkox-
ide- or amide-initiating groups or “active bonds”.[3,4]


Of special relevance to our present contribution is Yasuda
and co-workersO seminal report of the living ROP of e-cap-
rolactone (CL) by using the bis(pentamethylcyclopentadien-
yl) lanthanide hydride complex [{Cp*2Sm ACHTUNGTRENNUNG(m-H)}2], along
with studies of corresponding alkyl and alkoxide lanthanide
systems (Cp*= h5-C5Me5).


[5] This highly sensitive hydride in-
itiator showed a significantly lower ROP efficiency than the
corresponding alkyl complex [Cp*2Sm(Me)ACHTUNGTRENNUNG(THF)], appa-
rently due to partial deactivation by residual water impurity
present in the monomer.[5a] Although [{Cp*2SmACHTUNGTRENNUNG(m-H)}2] cata-
lyzed the living ROP of CL, the stoichiometric reaction of
0.5 equivalents of [Cp*2Sm ACHTUNGTRENNUNG(m-H)]2 with 1 equivalent of CL
followed by hydrolysis gave 1,6-hexanediol (1,6-HO-
ACHTUNGTRENNUNG(CH2)6OH) in 42% yield based on CL (Scheme 1). Along


with the possible formation of [Cp*2SmO ACHTUNGTRENNUNG(CH2)6OSmCp*2]
as an intermediate in the ROP of CL, as suggested by
Yasuda et al. , these experimental results might imply that
the poly(CL)s formed were a,w-dihydroxyfunctionalized,
but this was not verified experimentally. The formation of
HO ACHTUNGTRENNUNG(CH2)6OH (Scheme 1) suggests that the initiation step in
the ROP of CL by [{Cp*2SmACHTUNGTRENNUNG(m-H)}2] involves nucleophilic
attack of the hydride on the carbonyl carbon atom of the
ester through an O�acyl bond cleavage reaction (coordina-
tion-insertion). However, the fast rate of this reaction and
complications arising from further reaction with [{Cp*2Sm-
ACHTUNGTRENNUNG(m-H)}2] have limited any attempts to probe the mechanism
of the process experimentally. No computational studies of
the important first step in this ROP process have been de-
scribed.
Although the lanthanide hydrides themselves are highly


sensitive and prone to dimerization, the corresponding boro-
hydride derivatives [(Lx)LnACHTUNGTRENNUNG(BH4)] (Lx = supporting ligand
set) are less so, but still retain considerable hydridic charac-
ter through one, two or three Ln ACHTUNGTRENNUNG(m-H)B linkages.[6] Indeed,
borohydride complexes are attracting increasing attention in
both organometallic and polymer chemistry (see below) be-
cause the BH4


� ligand exhibits many advantages over other
anionic ligands. For example, because it has a comparatively
low propensity to form bridging complexes [(Lx)LnACHTUNGTRENNUNG(m-
BH4)Ln(Lx)], the BH4


� ligand allows the convenient prepa-
ration of well-defined non-aggregated species (unlike the
corresponding halide and alkoxide ligands that readily
bridge and, as a result, form less-soluble complexes). Al-
though BH4


� is isosteric with Cl�, it is much more electron-
donating,[7] thus allowing isolation of otherwise unsaturated


and inaccessible species. Finally, the BH4
� ligand is conven-


iently identified and monitored by 1H and/or 11B NMR spec-
troscopy. This provides an invaluable “handle” both for the
characterization of reaction products as well as for in situ
monitoring of experiments in order to identify intermediates
and elucidate reaction mechanisms. Although the ground-
state bonding and other properties of transition-metal–boro-
hydride compounds have been widely studied by computa-
tional methods,[7,8] there are no studies of lanthanide ana-
logues, and none concerning their reactivity in general and
in particular in comparison with their [(Lx)Ln(H)] hydride
analogues.
In light of this versatility, and following on from the pio-


neering work of Guillaume,[9–14] a number of well-defined
rare earth borohydride complexes[9] have been developed as
initiators for the polymerization of polar monomers and es-
pecially of cyclic esters.[10–16] Besides being highly efficient
and enabling the controlled and “living” ROP of cyclic
esters, the most distinctive feature of rare earth borohy-
drides, and thus their major technological impact, is that
they provide easy access to terminally functionalized poly-
mers. This in situ reduction process (see below) provides a
direct procedure to prepare a,w-functionalized polymers,
thus avoiding the post-polymerization chemical modification
of polymers and all of the associated inherent constraints.
The new a,w-dihydroxytelechelic PCLs (HO-PCL-OH)


were first synthesized using the tris(borohydride) [LnACHTUNGTRENNUNG(BH4)3-
ACHTUNGTRENNUNG(THF)3] (Ln=La, Sm, Nd) and the single-site mono(boro-
hydride) [Cp*2Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] complexes as initiators for
the ROP of e-caprolactone.[10a–d] Direct evidence for the
presence of a unique type of hydroxyl end group on the
polyester was gained from determination of the polymer
structure by 1H and 13C NMR spectroscopy and MALDI-
TOF analysis. Indirect corroboration of the formation of di-
hydroxyfunctionalized PCLs was gained from their chemical
modification to give the corresponding a,w-dibromo- (Br-
PCL-Br) and a,w-diamine- (H2N-PCL-NH2) functionalized
polymers, these being subsequently used as macroinitiators
for the successful preparation of AB2 triblock copolymers,
poly(caprolactone)-b-[poly(benzylglutamate)]2, and poly(-
caprolactone)-b-[poly(methyl methacrylate)]2.


[12a,13] Finally,
diamino-bis ACHTUNGTRENNUNG(amide)- and -bis(phenoxide)-supported “post
metallocene” early lanthanide borohydride compounds were
also shown to give a,w-dihydroxytelechelic PCLs from
CL,[15] thus supporting the general nature of the polymeri-
zation process and suggesting a common mechanism for all
borohydride initiating complexes.
The polymerization mechanism of CL initiated by borohy-


dride complexes has been thoroughly investigated by NMR
and IR spectroscopy, in particular by monitoring the stoi-
chiometric reaction of [La ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3] and [Cp*2Sm-
ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] with CL.


[10a–d] These analyses allowed identifi-
cation of several key intermediates (discussed below, see
also Scheme 2) that were isolated and characterized. Addi-
tional evidence for the presence of �CH2OBH2 groups (that
lead to the formation of a “physical gel”) during the poly-
merization process was obtained from IR investigations that


Scheme 1. Stoichiometric reaction of [{Cp*2Sm ACHTUNGTRENNUNG(m-H)}2] with CL forming
1,6-hexane diol.[5a]
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unambiguously showed the presence of B�H unit(s) in the
relevant intermediates depicted in Scheme 2.[10c]


From these observations, a mechanism common to boro-
hydride initiators [(Lx)Ln ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] (Lx =Cp*2, (2-
C5H4N)CH2(CH2CH2NSiMe3)2), or a related diamido-bis-
(phenoxide) ligand,[15a] was suggested to rationalize the for-
mation of the second hydroxyl end-function (Scheme 2).[10a–d]


This involved initial displacement of the coordinated THF
from the metal by CL to form the adduct [(Lx)Ln-
ACHTUNGTRENNUNG(BH4)(CL)] (I). Subsequently, this first monomer molecule
inserts into the Ln�BH4 bond with a C(O)�O (oxygen–acyl)
bond cleavage to give the intermediate [(Lx)Ln{O-
ACHTUNGTRENNUNG(CH2)5C(O)H·BH3}3] (II, most likely solvated by a Lewis
base). The displaced BH3 group immediately reduces the ad-
jacent aldehyde function to form a �CH2OBH2 group, thus
generating an alkoxyborane derivative [(Lx)Ln{O-
ACHTUNGTRENNUNG(CH2)5CH2OBH2}] (III). Subsequent coordination-insertion
polymerization through the Ln�O bond of this species gives
the active polymer [(Lx)Ln{{O ACHTUNGTRENNUNG(CH2)5C(O)}n+1O-
ACHTUNGTRENNUNG(CH2)5CH2OBH2}] (IV). Finally, upon quenching and deacti-
vation, hydrolysis of the Ln�O and CH2O�BH2 bonds of IV
generates an hydroxyl end group at each chain end giving
HO ACHTUNGTRENNUNG(CH2)5C(O){O ACHTUNGTRENNUNG(CH2)5C(O)}nO ACHTUNGTRENNUNG(CH2)6OH, HO-PCL-OH
(V). As mentioned above, direct experimental evidence has
been obtained for species of types I, III, IV and V in both
mono- and tris(borohydride) systems.[10a–d]


Theoretical investigations of chemical reactivity have
been successfully applied in 4f-elements chemistry[8a,14,17, 18]


and recently on radical poly-
merization of acrylates.[18c–d]


However, despite the emerging
importance of Group 3 or lan-
thanide ROP catalysts, theoreti-
cal studies of such systems are
particularly scarce.[14,18b]


We very recently used DFT
to gain important insights into
the commercially important
synthesis of poly(methylmeth-
acrylate) (PMMA) initiated by
rare earth borohydride and hy-
dride complexes.[14] This study
of the polymerization of MMA
initiated by metallocene and
non-metallocene lanthanide
borohydride systems (modeled
as [Eu ACHTUNGTRENNUNG(BH4)3] and [Cp2Eu-
ACHTUNGTRENNUNG(BH4)] (Cp=h5-C5H5)) estab-
lished the underlying influences
of the ligands on the energetics
and competing pathways of the
reaction. The study was further
extended to the model hydride
complex [Cp2Eu(H)], for which
experimental results were also
available for the corresponding
real system [{Cp*2Sm ACHTUNGTRENNUNG(m-H)}2],


and accounted for the very different abilities of the borohy-
dride and hydride initiators in the production of poly-
ACHTUNGTRENNUNG(MMA).
In this paper, we present comparative DFT investigations


of the ROP of e-caprolactone initiated by the hydride com-
plex [Cp2Eu(H)] and the borohydride systems [Cp2Eu ACHTUNGTRENNUNG(BH4)]
and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] (N2NN’= (2-
C5H4N)CH2(CH2CH2NMe)2). Although they are consistent
with previous experimental observations of the real systems
(see above), these computational results also allow a deeper
insight into the thermodynamic and mechanistic features of
the initial steps in the ROP of CL using contrasting hydride-
type initiators in different ligand environments. Compari-
sons are thus made between hydride and borohydride active
Ln�X (X=H, BH4) bonds, and between metallocene and
“post-metallocene” supporting ligand–metal fragments.


Computational Details


All the calculations were performed with the Gaussian03[19]


suite of programs. For technical reasons associated with the
difficulty of employing effective core potentials (ECPs) with
an odd number of core electrons with Gaussian03, the sa-
marium atoms, used experimentally, were replaced by euro-
pium atoms. It should be noted that there were no problems
with Gaussian98. According to previous theoretical studies,
the change from Sm to Eu leads to minimal modifications in


Scheme 2. Proposed general mechanism for the polymerization of e-caprolactone initiated by [(Lx)LnACHTUNGTRENNUNG(BH4)-
ACHTUNGTRENNUNG(THF)].[10a–d]
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the calculated geometric and energetic data.[18] Europium
was treated with a Stuttgart–Dresden pseudopotential that
includes the 4f electrons in core, in combination with their
adapted basis set.[20] In all cases, the basis set was augmented
by a set of f-polarization functions.[21] Carbon, oxygen, and
hydrogen atoms are described with a 6–31GACHTUNGTRENNUNG(d,p) double-z
basis set.[22] Calculations were carried out at the density
functional theory (DFT) level of theory using the hybrid
functional B3PW91.[23] Geometry optimizations were carried
out without any symmetry restrictions and the nature of the
extrema (minima and transition states) was verified by ana-
lytical frequency calculations. The calculations were carried
out in the gas phase. The free energies were computed at
T=298.15 K within the harmonic approximation.


Results and Discussion


Polymerization of CL initiated by [Cp*2Sm(H)]: Computa-
tional study of two possible reaction mechanisms


In this study the Sm centers were replaced by Eu for techni-
cal reasons associated with the use of f-in-core effective core
potentials with an even number of core electrons (see Com-
putational Details). In the following, and based on previous
studies,[14,17] the Cp* ligand was replaced by Cp. Even
though it is known that [Cp*2Sm(H)] is a dimer in the ab-
sence of coordinating species, it has been shown both exper-
imentally[5] and theoretically[17c–d] that the monomer is the
active species.
Two pathways (denoted “(a)” and “(b)” in Scheme 3)


were envisaged previously for the opening of the lactone
ring from an alkoxide-propagating center (Lx)Ln-OR.


[1c,e,24]


Thus, ring-opening can proceed
through an oxygen–alkyl (Cb


�
O, path (a)) or an oxygen–acyl
(C(O)�O, path (b)) bond cleav-
age, resulting in the formation
of carboxylate or alkoxide
active centers, respectively, as
illustrated in Scheme 3. Larger
lactones (six- and seven-mem-
bered rings, i.e. , d- and e-lac-
tones, respectively) such as CL
ring-open only by nucleophilic
attack of the OR� anion on the
carbonyl carbon with C(O)�O
bond cleavage, however, the
opening of four-membered
rings (b-lactones such as b-pro-
piolactone (PL)) may occur
through both a Cb


�O and a
C(O)�O bond-scission pathway.
The differences in reactivity
were rationalized by the impact
of the stereochemistry of the
ring on the nucleophilic attack,


the puckered CL ring does not affect it, whereas the flat PL
cycle hinders it.[1a,e,24] Also, based on ab initio MO calcula-
tions, the conformation was found to be most energetically
favorable with CL rather than with PL.[24b] To gain further
insights into these findings, the two ring-cleavage mecha-
nisms were considered in the DFT investigations of the
polymerization of CL initiated by Cp2Eu(H).


O�Acyl (C(O)�O) ring-opening of CL: Classical and fa-
vored mechanism : The free-energy profile determined for
the reaction of CL with [Cp2Eu(H)], 1, is presented in
Figure 1. The three distinctive features of this ring-opening
reaction are: the stepwise process revealed by the calcula-
tions; the exergonic character of all the various intermedi-
ates involved; the effective ring-opening, which only occurs
within the second step. Overall, the reaction is calculated to
be exergonic by 38.7 kcalmol�1, which means that the for-
mation of the alkoxy–aldehyde complex [Cp2Eu{O-
ACHTUNGTRENNUNG(CH2)5C(O)H}], 7, from [Cp2Eu(H)] and CL is thermody-
namically favorable. From the kinetic point of view, the two
transition states (TS) 3 and 6 are found to be at rather low
energy, leading to an overall facile reaction. Thus, this reac-
tion seems, on the whole, to be favorable.


Scheme 3. Possible ring-openings of CL through oxygen–alkyl (a) and
oxygen–acyl (b) bond cleavages from an alkoxide initiating center.[1c,e,24]


Figure 1. Calculated free-energy profile of the reaction of e-caprolactone with [Cp2Eu(H)].
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The first step of the reaction corresponds to the C=O
double insertion into the Eu�H bond of 1 to form 5. All of
the optimized structures for this process (complexes 1–5)
are given in Figure 2. The 1,2 insertion of p systems into a


Ln�H bond has been extensively studied both theoretically
and experimentally, either with olefins or with C-heteroatom
bonds, and it is now well established that these reactions are
kinetically facile and thermodynamically slightly exergon-
ic.[25,24] As expected, we found this step (1!4) to be kineti-
cally accessible, with an activation barrier lower than the
energy of the separated 1 and CL, and thermodynamically
favorable (26.3 kcalmol�1 below the separated reactants and
11.3 kcalmol�1 below the adduct 2).
The reaction between [Cp2Eu(H)] and CL starts by for-


mation of the [Cp2Eu(H)(CL)] adduct 2, in which CL inter-
acts with the metal center through the exocyclic carbonyl
oxygen atom. This adduct formation is exergonic by
15.0 kcalmol�1, in agreement with a stabilizing electrostatic
interaction between the negatively charged oxygen of the
carbonyl and the positive lanthanide center (�0.74 and
+2.37, respectively), further supported by the quite short
Eu�O distance (2.44 S). Also, the C�O bond is only mar-
ginally elongated with respect to a free CL (+0.03 S), as is
the Eu�H distance (+0.02 S) with respect to [Cp2Eu(H)].
In adduct 2, the CL ring adopts a chair conformation with-
out any interaction between the intracyclic oxygen and the
metal center. This is in agreement with the previously men-
tioned ab initio MO findings.[24b]


Adduct 2 leads to a quite early insertion TS, 3, lying only
3.0 kcalmol�1 above 2 (12.0 kcalmol�1 below the separated
reactants). In agreement with this small energy difference,
both 2 and 3 display very similar geometries. Thus, the reac-
tion from [Cp2Eu(H)] and CL to reach TS 3 is kinetically
very easy. Indeed, despite the rotation by 908 of the CL


around the Eu···O bond and a slight pyramidalization of the
carbon atom, none of the other geometrical parameters are
significantly affected on going from 2 to 3. The most modi-
fied bond is Eu�H, which is elongated by only 0.09 S,
whereas the Eu···O and C=O lengths are shortened by
0.06 S and elongated by 0.02 S, respectively. The (O)C�H
bond about to form is still long, 2.19 S. As indicated above,
the CL ring in 3 is now perpendicular to the equatorial
plane of the [Cp2Eu(H)] fragment and the chair conforma-
tion of the ring is retained. Such a TS for the insertion of a
C=O double bond into a Ln–H moiety has already been re-
ported to occur with a low activation barrier.[26]


TS 3 evolves toward a cyclic alkoxide product 4 lying
14.3 kcalmol�1 below it. In 4, the CL ring is still perpendicu-
lar to the equatorial plane. The Eu···H distance of now
2.50 S is in agreement with a broken bond, yet also with a
remaining Eu···H interaction, such as an agostic one. This in-
teraction is further confirmed by the length of the formed
C�H bond (1.16 S), which is 0.07 S longer than a standard
C�H bond. The Eu�O bond is now formed (2.18 S) and the
C�O bond has elongated to 1.35 S indicating a more pro-
nounced single-bond character.
Interestingly, this cyclic alkoxide intermediate 4 is calcu-


lated to be fairly stable, mostly due to the strong electrostat-
ic interaction between the alkoxy group and the metal
center, with some contribution from the agostic Eu···H inter-
action. Analysis of this intermediate clearly showed that a
rotation of 908 around the O�Eu bond would lead to a less-
sterically crowded complex and would allow the favorable
coordination of the intracyclic oxygen. Despite our efforts, it
was not possible to locate the rotation TS, but rather a new
minimum as complex 5, exhibiting a coordination of the in-
tracyclic oxygen, was obtained. This complex is calculated to
be stabilized by 14.2 kcalmol�1 with respect to complex 4.
Notably, the Eu�O distance has been slightly increased by
0.04 S during the rotation process, but the C�O distance re-
mains the same as in complex 4 (1.35 S). The Eu···O(intra-
cyclic) distance is 2.47 S, indicating an interaction between
a lone pair of electrons on the O and the metal center.
Moreover, it should be noticed that this intermediate 5 can
undergo ring-opening, as the O(intracyclic) is coordinated
to the metal center, which is not the case for intermediate 4.
Thus, in a second step, starting from intermediate 5, the


two possibilities to open the ring were considered. All the
optimized structures for this step (5–7) are included in
Figure 2. From the alkoxide–ether complex 5, a CH ACHTUNGTRENNUNG(OEu)�
OCH2 ring-opening bond cleavage can occur. Indeed, com-
plex 5 connects to TS 6, which is 6.5 kcalmol�1 above 5, in
agreement with a kinetically accessible reaction. This TS
can be described as an isomerization of a metallated cyclic
alkoxide–ether into a linear alkoxide–aldehyde. Thus, at the
TS 6, the CH ACHTUNGTRENNUNG(OEu)···OCH2 distance is elongated by 0.93 S
from 1.52 to 2.45 S, showing clearly that the bond is effec-
tively broken. Thus, the nature of the two oxygen atoms is
changing. Indeed, the formerly intracyclic OCbH2 is now in
closer interaction with the metal center (Eu�O distance of
2.19 S in 6 compared to 2.47 S in 5), becoming a Eu�OCH2


Figure 2. Optimized structure of complexes 1–7 involved in the first step
of the reaction of CL with [Cp2Eu(H)] (O�acyl ring-opening).
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alkoxide group, whereas the former alkoxide–oxygen is be-
coming more Lewis base/aldehyde-like (Eu–O distance of
2.45 S in 6 compared to 2.22 S in 5). This is further con-
firmed by the shortening of the C–O distance by 0.09 S
leading to a C=O double bond in 6. However, the aldehyde
carbon in 6 is not yet fully planar and still oriented toward
the formerly intracyclic OCbH2.
TS 6 connects to the final alkoxide–aldehyde complex


[Cp2Eu{O ACHTUNGTRENNUNG(CH2)5C(O)H}], 7, calculated to be +1.7 kcal
mol�1 above 5, thus leading to a slightly endergonic step. In
fact, this value is so small that this step can be considered as
athermic. Complex 7 closely resembles the previously de-
scribed TS 6. Indeed, with respect to 6, only the
H(O)C···OCH2 distance has increased up to 4.13 S, whereas
the Eu–OCH2 distance has slightly reduced to 2.12 S, and
the terminal aldehyde group, which has rotated to allow in-
teraction between the carbonyl oxygen and the metal
center, is now planar.
A natural bonding analysis (NBO) of complex 7 clearly


indicates a charge separation with negative charge located
on the alkoxide and on the oxygen of the aldehyde groups
and the positive charge located on the metal center. Thus,
solvent effects, even in the case of less-polar ones such as
toluene, would stabilize complex 7 more than complex 5
leading to an overall athermic-to-slightly exergonic reaction.
Furthermore, because the energy of this reaction is quite
small, one could certainly speculate whether the CH ACHTUNGTRENNUNG(OEu)�
OCH2 bond-cleavage process might be promoted by the co-
ordination of a second CL molecule to 5. Thus, the coordi-
nation of a second CL molecule to complexes 5 and 7 was
computationally investigated. The structures obtained are
presented in Figure 3. In both 5(CL) and 7(CL) adducts, the


CL molecule is coordinated to the metal center by the exo-
cyclic carbonyl oxygen. This coordination appears to be en-
ergetically marginally favorable for complex 5 (stabilization
of 3.2 kcalmol�1), but not for complex 7 (destabilization of
1.6 kcalmol�1), presumably due to the larger “bite angle”
for the bidentate OACHTUNGTRENNUNG(CH2)5C(O)H ligand. Thus, the coordina-
tion of a second CL molecule does not appear to influence
the ring-opening process from a thermodynamic perspective.
Thus, it can be concluded that ring-opening can occur


through the mechanism proposed in Figure 1 (pathway 1!
7). Because the last ring-opening of 6 into 7 appears almost
athermic, suggestive of the absence of a clear thermodynam-


ic preference for the ring-opening mode, the other ring-
opening possibility, namely a Cb


�O bond-scission pathway
(see path (a) in Scheme 3) was considered in order to gain
some thermodynamic and kinetic insights into this process.


O�Alkyl (Cb
�O) ring-opening of CL: Unlikely mechanism :


The calculated free-energy profile for this Cb
�O bond-scis-


sion mechanism is presented in Figure 1 (pathway 8!10).
The reaction between [Cp2Eu(H)], 1, and CL involving a
Cb
�O bond scission is highly exergonic by 76.0 kcalmol�1,


but kinetically difficult (activation barrier of 40.6 kcalmol�1


with respect to separated 1 and CL). This O�alkyl cleavage
of the monomer is predicted to lead ultimately to the forma-
tion of the chelating carboxylate [Cp2Eu ACHTUNGTRENNUNG{O2C ACHTUNGTRENNUNG(CH2)4Me}],
10. A similar energy profile leading to the formation of this
carboxylate species from the reaction of Cp2Eu(H) and
MMA was also found to be thermodynamically highly favor-
able with a quite high activation barrier, the latter being ra-
tionalized by the SN2-like reaction involving a planar alkyl
group at the TS.[14]


The present reaction involves first the exergonic (by
10.2 kcalmol�1) formation of adduct, 8. Complex 8 differs
from adduct 2 in that the CL interacts with the metal center
through both oxygen atoms instead of only one. Interesting-
ly, the coordination of the two oxygen atoms slightly desta-
bilizes 8 (by 4.8 kcalmol�1) relative to 2. This can be ex-
plained by the fact that in 8 the two Eu�O distances are ap-
proximately equal (2.68 S) but longer than the one in 2
(2.44 S). This leads to a smaller electrostatic interaction be-
tween the exocyclic oxygen, which is the most negatively
charged, and the metal center. This smaller interaction is
not balanced by the additional interaction between the in-
tracyclic oxygen and the metal center. The important nega-
tive charge of the exocyclic oxygen is further supported by a
NBO analysis (�0.65 e), which is smaller than for 2, namely
�0.74 e. Furthermore, the C=O bond is rather long (1.34 S).
As for 2, the CL ring is puckered in 8 and the O–C(O)


chelating part of the CL is lying in the equatorial plane of
the {Cp2Eu} fragment. However, in 8 the intracyclic oxygen
is facing the hydride (Figure 4). This adduct connects to the
TS 9, which leads eventually to Cb


�O(intracyclic) bond scis-
sion (giving product 10). The TS 9 lies some 50.8 kcalmol�1


above 8 (ca. 40.6 kcalmol�1 above the separated reactants).
The Cb


�O bond scission is thus calculated to be almost ki-
Figure 3. Optimized structure of the e-caprolactone adduct to the closed
and opened complexes 7(CL) and 5(CL), respectively.


Figure 4. Optimized structures of complexes 8–10 involved in the second
step of the reaction of CL with [Cp2Eu(H)] (O�alkyl ring-opening).
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netically impossible. TS 9 clearly indicates a SN2-type TS in
which the�CH2CO2� and H� anions (each bound to Eu) are
the leaving group and nucleophile, respectively. In the TS,
the Cb carbon has a distorted trigonal-bipyramidal geometry,
but with a O···C···H angle of approximately 1268 in contrast
to the ideal 1808. The Eu�H distance in 9 has elongated to
2.30 S and the newly formed Cb···H bond is still long
(1.96 S). The Cb···O distance is also long (1.96 S) and, as
expected for a SN2-type TS, it is equal to the new C···H. At
the same time, the Eu–O(intracyclic) distance has decreased
only slightly by 0.04 S with respect to 8, whereas the favora-
ble exocyclic O···Eu interaction has lengthened substantially
from 2.68 to 4.12 S. The height of the barrier is clearly due
to the planarity of the CH2R group (as found in the MMA
polymerization case)[14] and the considerable geometric dis-
tortions required to achieve this TS.
Notably, the charges are very well separated in a SN2 TS


so that 9 could be stabilized by a solvent of such low polari-
ty as toluene. Indeed, solvent-stabilization effects in 9 were
estimated by a single-point calculation to be 15 kcalmol�1.
However, this stabilization does not make this TS competi-
tive with the one determined in the other pathway (2!4 via
TS 3).
As mentioned, TS 9 evolves to form the carboxylate com-


plex [Cp2EuACHTUNGTRENNUNG{O2C ACHTUNGTRENNUNG(CH2)4Me}], 10, which is calculated to be
highly exergonic by 116.6 kcalmol�1 with respect to the TS
(and 76.0 kcalmol�1 with respect to the separated reactants).
The carboxylate ligand interacts with the lanthanide center
in a highly favorable bidentate fashion with equal Eu�O dis-
tance (2.38 S). An NBO analysis clearly indicates that the
negative charge is delocalized between the two oxygen
atoms and the complex is stabilized by an electrostatic inter-
action with the electropositive metal center as expected.
The C�H bond is now fully formed (1.10 S).
Our computational results are in full agreement with the


experimental data (see Introduction) reported by Yasuda
et al. for the polymerization of CL by [{Cp*2Sm ACHTUNGTRENNUNG(m-H)}2].


[5]


Our calculations explain why initiation should proceed
through the “classical” O�acyl ring-opening (C(O)�O bond
cleavage) leading to an alkoxide–aldehyde species
[Cp*2Sm{O ACHTUNGTRENNUNG(CH2)5C(O)H}] analogous to complex 7. They
also give unique insight into why the potentially competitive
Cb
�O bond-scission process is not observed. Finally, we


recall that, experimentally,[5] reaction of [{Cp*2SmACHTUNGTRENNUNG(m-H)}2]
(0.5 equiv) with CL (1 equiv) affords the doubly reduced CL
product [Cp*2SmO ACHTUNGTRENNUNG(CH2)6OSmCp*2]. Our calculations fur-
ther suggest that this reduced complex might arise from
attack of [Cp*2Sm(H)] on the initially formed alkoxide–al-
dehyde [Cp*2Sm{O ACHTUNGTRENNUNG(CH2)5C(O)H}] (modeled by 7, Figures 1
and 2).


Polymerization of CL by metallocene and non-metallocene
borohydride complexes


As detailed in the Introduction, the borohydride complexes
offer very different CL polymerization reactivity patterns as
a consequence of the reducing potential of the BH4


� ligand.


This has now been established for a range of initiators: the
“simple” inorganic tris(borohydrides) [Ln ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3],
the metallocene [Cp*2Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] and, subsequently,
several post-metallocene systems such as [(N2NN*)Sm-
ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] (N2NN*= (2-C5H4N)CH2(CH2CH2NAr)2) or
bis(phenoxide) analogues.[10a–d,15] It was, therefore, of utmost
interest to compare the DFT results of the initiation step of
CL polymerization from the hydride [Cp*2Sm(H)] (using
the model [Cp2Eu(H)]) to those from the corresponding
metallocene–borohydride derivative [Cp*2SmACHTUNGTRENNUNG(BH4)ACHTUNGTRENNUNG(THF)]
(using the model [Cp2EuACHTUNGTRENNUNG(BH4)]). Furthermore, because the
beneficial effect of using alternative supporting ligands in
catalytic systems is well established,[10b,27] we also undertook
a study of a representative post-metallocene system for com-
parison with the metallocene analogues. This will certainly
aid further research in this area. A study of the tris(borohy-
drides) [Ln ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(THF)3] was not carried out for reasons of
computational efficiency. Furthermore, in our results for the
borohydride-initiated polymerization of MMA, no impor-
tant reactivity differences between the model [EuACHTUNGTRENNUNG(BH4)3-
ACHTUNGTRENNUNG(THF)3] and [Cp2EuACHTUNGTRENNUNG(BH4)] systems was found computation-
ally.[14] These in silico explorations are further in line with
our efforts to understand the ability of borohydride catalysts
to efficiently polymerize cyclic esters.[10,11, 14]


Polymerization of CL initiated by [Cp*2SmACHTUNGTRENNUNG(BH4)ACHTUNGTRENNUNG(THF)]:
Comparison of hydride and borohydride–metallocene sys-
tems : The calculations with [Cp2Eu(H)] revealed that the
C(O)�O (O�acyl) cleavage was kinetically and thermody-
namically favorable, whereas the Cb


�O (O�alkyl) cleavage
route was highly kinetically disfavored, leading to catalyti-
cally inactive systems. Moreover, the ring-opening was
shown experimentally to occur through O�acyl cleava-
ge.[10a–d] Also, in our previous study on MMA polymeri-
zation, we showed that formation of the corresponding car-
boxylate species was also kinetically disfavored.[14] There-
fore, only the O�acyl cleavage mechanism was investigated
for the borohydride complexes. The calculated pathway
along with all the optimized structures are depicted in Fig-
ures 5 and 6.
As observed with [Cp2Eu(H)], 1, the reaction of [Cp2Eu-


ACHTUNGTRENNUNG(BH4)] with CL proceeds in a stepwise manner and the CL
ring only opens in the second step (13!15, Figure 5). The
calculated activation barriers are rather low (maximum of
15.5 kcalmol�1 with respect to the separated reactants) and
the overall reaction is thermodynamically favorable (forma-
tion of 15, exergonic by 29.0 kcalmol�1). It should, however,
be noticed that these two values are higher than in the hy-
dride case. A similar comparative situation was found for
the MMA polymerization, indicating that the borohydride
catalysts are initiating more slowly than the hydride homo-
logues. However, because the second step of the reaction
with the hydride is almost athermic (5!7, Figure 1), the use
of borohydride catalyst turns the ring-opening into a firmly
exergonic step (13!15, Figure 5) with respect to the cyclic
alkoxide intermediate 13. This might lead to a better control
of the polymerization process with borohydride complexes.
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As mentioned above, and as in the hydride case, the first
step of the reaction (up to 13) does not lead to the ring-
opening of CL. In the first step, the reaction begins with the
formation of the adduct [Cp2EuACHTUNGTRENNUNG(BH4)(CL)], 11. As within
the hydride adduct 2, the CL interacts with the metal center
through the exocyclic carbonyl oxygen. This adduct is
11.8 kcalmol�1 below the entrance channel, indicating a rel-
atively strong Eu···(O)C interaction. The slight difference to
the value obtained with 2 (15 kcalmol�1) could be attributed
to the tridentate coordination of the borohydride ligand to
the metal center. The CL ring in 11 is lying in the equatorial


plane of the Cp2Eu complex
with a chair-like conformation,
in a very similar way to that ob-
served with the hydride 2. This
adduct 11 connects to a TS, 12,
which lies 23.7 kcalmol�1 above
it (11.9 kcalmol�1 above the
separated reactants).[28] Thus,
this step appears kinetically fa-
vorable. Species 12 corresponds
to the TS for the hydride trans-
fer from the coordinated BH4


�


ligand to the C=O group
carbon of CL. The BH3 group,
which is pyramidalized, is at a
B···H distance of 1.56 S from
the migrating H�. Although the
B···H� distance is quite long,
some electron density remains
on the hydrogen atoms of the
remaining BH3 group, in agree-
ment with the observed h1-coor-
dination of the BH3 to the
metal center (ca. 1.1–1.2 S).[6a]


This is also consistent with the ability of borohydride ligands
to interact with metal fragments in either a h1, h2, or h3 fash-
ion.[6,7] At the same time as the H� is migrating, the CL ring
rotates by approximately 908 around the C=O···Eu bond
and the C is pyramidalized backward to orient the 2p orbital
on C towards the migrating hydride. The C=O has been
elongated (1.30 S), thereby localizing the negative charge
on the oxygen (the NBO analysis indicates a charge of
�0.90 e on this oxygen), leading to a formal empty 2p orbi-
tal at the carbon atom. As in the hydride case, the chair con-
formation of the ring is maintained and the intracyclic
oxygen is not interacting with the metal center (3.73 S).
The TS 12 connects to an alkoxide–borate complex 13,


calculated to be exergonic by 19.6 kcalmol�1 (with respect
to the separated reactants) and is very similar to the one ob-
tained previously in the hydride case (4, Figures 1 and 2).
The major difference is that the formed BH3 adds to the
exocyclic oxygen leading to a borate complex, which is inter-
acting with the metal center through two hydrogen atoms.
The ring has rotated around the Eu···O ACHTUNGTRENNUNG(C�O) bond to allow
interaction between the intracyclic oxygen and the metal
center. Thus, the conformation of the ring is maintained.
This first step of the reaction is quite similar to the one de-
scribed with the hydride (1!5), but is less favored from
both a thermodynamic and kinetic point of view.
The second (ring-opening) step starting from the borate


complex 13 (up to 15) does not require the rotation of CL
as in the hydride case, even though this process is energeti-
cally costless. This borate complex 13 connects to TS 14,
which lies 35.1 kcalmol�1 above it (15.5 kcalmol�1 below
separated reactants), leading to an overall facile reaction.
The geometry of the TS is quite interesting in that the
borate complex does not interact with the metal center


Figure 5. Calculated free-energy profile for the reaction of e-caprolactone with [Cp2Eu ACHTUNGTRENNUNG(BH4)].


Figure 6. Optimized structures of complexes 11–15 involved in the first
and second steps of the reaction of CL with [Cp2Eu ACHTUNGTRENNUNG(BH4)] (O�acyl ring-
opening).
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through the BH3 group, but rather through the oxygen. One
of the B�H bonds is slightly elongated (1.26 S) and is ori-
ented toward the C=O carbon atom. The B�H···C angle is
close to 908, clearly indicating an interaction between H and
C. Similarly, the C-O-B angle is also around 908 to allow a
stronger C···H interaction. At the same time, the C(O)�
O(endocyclic) bond is breaking (2.13 S), finally leading to
the opening of the ring. The exocyclic OACHTUNGTRENNUNG(acyl) has accumu-
lated a significant negative charge (�0.97 e) and is acting as
an alkoxide group. Thus, unlike that which is observed with
the hydride case, the ring-opening occurs through a second
B–H hydride transfer and formation of an additional C�H
bond.
Indeed, following the intrinsic reaction coordinates leads


to the formation of an aliphatic alkoxide with a terminal �
CH2OBH2 group, namely [Cp2Eu{O ACHTUNGTRENNUNG(CH2)5CH2OBH2}], 15,
which lies 44.5 kcalmol�1 below TS 14 (29.0 kcalmol�1


below the separated reactants). Thus, this second step is
thermodynamically favored making the overall reaction
thermodynamically possible. This is the main difference
from the hydride case in which the second step is athermic,
leading to a possible equilibrium between the closed and
opened complexes. This can be attributed to the formation
of the terminal CH2OBH2 group that is driving the reaction
energy down. Chemically, this corresponds to BH3 reduction
of the aldehyde group of 7 (Figure 1), a reaction that cannot
occur in the hydride case, except by reaction with a second
equivalent of metal hydride [Cp*2Sm(H)], as observed ex-
perimentally. Thus, the ring-opening/initiation reaction is
more easily thermodynamically controlled by the borohy-
dride complex [Cp2EuACHTUNGTRENNUNG(BH4)] because no quasi-equilibrium
is involved, although the activation barriers are higher than
in the hydride case. The calculated most-favorable complex
formed from the reaction of [Cp2Eu ACHTUNGTRENNUNG(BH4)] with CL, the alk-
oxide–borate 15, thus exactly matches the postulated active
species III (Scheme 2).


Polymerization of CL initiated by [(N2NN*)Sm ACHTUNGTRENNUNG(BH4)-
ACHTUNGTRENNUNG(THF)]: Comparison with a non-metallocene system : Follow-
ing the success of the metallocene complex [Cp*2Sm ACHTUNGTRENNUNG(BH4)-
ACHTUNGTRENNUNG(THF)] in the ROP of CL, several other “post-metallocene”
early lanthanide borohydride complexes have been repor-
ted.[10e,15,16] These include derivatives based on the dianionic,
tetradentate ligand N2NN* as shown in Figure 7. Analysis of
the PCLs (1H NMR and MALDI-TOF) formed with the
“post-metallocene” systems confirmed the exclusive forma-
tion of a,w-dihydroxytelechelic chains, OH-PCL. To deter-
mine the generality of the results found above for [Cp2Eu-
ACHTUNGTRENNUNG(BH4)], and to gain insight into the potential effects of using
these alternative supporting ligands, we include here a de-
scription of the mechanism for the “post-metallocene”
system of the type shown in Figure 7.
The base-free real systems [(N2NN*)Ln ACHTUNGTRENNUNG(BH4)] were mod-


eled by using the complex [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] in which the
N-substituted N2NN* ligand was replaced by the computa-
tionally more accessible N-methyl homologue N2NN’ (2-
C5H4N)CH2(CH2CH2NMe)2. The modeling of N2NN* by


N2NN’ was validated by comparing the main geometrical
features obtained with both borohydride derivatives, namely
[(N2NN*)Eu ACHTUNGTRENNUNG(BH4)] and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] (16, see Table S1
of the Supporting Information). All geometrical parameters
and even the charges of the Eu and BH4


� are beautifully re-
produced by the model ligand. As for the metallocene
system, the borohydride is h3 bonded to the lanthanide
center, yet with Eu�H distances (2.43, 2.46, and 2.51 S)
longer than for the metallocene system (2.33, 2.45, and
2.46 S). This is attributed to a stronger negative charge of
the N2NN’ ligand with respect to that of the Cp2 fragment,
leading to a smaller negative charge carried by the borohy-
dride ligand. Indeed, an NBO analysis revealed that for
both complexes the charge at the metal center is almost
identical (+2.5), whereas the charge of the BH4


� ligands is
different (�0.78 for the N2NN’ and �0.90 for the Cp2), lead-
ing to a smaller electrostatic interaction. Thus, the borohy-
dride ligand is less-strongly bonded to the metal fragment
with the N2NN’ ligand than with the Cp2, as confirmed by
the calculated heterolytic bond-dissociation energy
(139.0 kcalmol�1 for [Cp2EuACHTUNGTRENNUNG(BH4)] and 122.6 kcalmol


�1 for
[(N2NN’)Eu ACHTUNGTRENNUNG(BH4)]). This could certainly be generalized to
all anionic supporting ligands. Thus, the reactivity of CL
with the N2NN’ complex 16, and more precisely the ring-
opening step, could be expected to be less exergonic than
the one corresponding to the Cp2 system, even though
breaking the Eu�BH4 interaction is apparently more facile.
The calculated energy profile for the N2NN’ system is


shown in Figure 8 and is very similar to the one obtained for
the Cp2 system (Figure 5). Thus, rather than describing the
geometries of all species 16 to 21 (presented in Figure 9)
that are very close to those described in Figure 6, we focus
on comparing the energetic parameters of the two systems
[Cp2EuACHTUNGTRENNUNG(BH4)] and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)].
First of all, the reaction is calculated to be kinetically and


thermodynamically accessible. The reaction proceeds in two
steps as described above for [Cp2Eu(X)] (X=H or BH4),
and both steps are less exergonic than in the borohydride–
metallocene system. This is related to the strong negative
charge of the N2NN’ ligand that reduces the charge of the
other ligand (see above) and thus that of the electrostatic in-
teraction with the lanthanide center. The effect is rather im-


Figure 7. “Post-metallocene” borohydride complexes based on tetraden-
tate diamino-bis ACHTUNGTRENNUNG(amide) ligands. L=Lewis base or none (dimer); R=


SiMe3 or aryl.
[15b]
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portant for the alkoxide complex 21. Thus, the formation
(after ring-opening) of the alkoxide complex 15 in the met-
allocene system is exergonic by approximately 10 kcalmol�1,
whereas in the N2NN’ system it is in thermodynamic equilib-
rium with complex 19. Indeed, the charge of the coordinated
oxygen atom in the alkoxide complexes is reduced in the
N2NN’ system with respect to the metallocene system


(�0.84 e and �0.97 e, respec-
tively, at the NBO level), lead-
ing to a lower electrostatic in-
teraction with the metal center
and thus to a thermodynamical-
ly less-favored complex forma-
tion. This equilibrium in the
last step is similar to that found
for the [Cp2Eu(H)] initiator,
but the reason is somewhat dif-
ferent.
Thus, as for the hydride cata-


lyst, the polymerization reac-
tion should occur with the
N2NN’ ligand. It may seem that
N2NN’ might not be the most
appropriate ligand to be used
for CL polymerization, yet
N2NN’ allows a reduction in the
electrostatic interaction be-
tween the reactive BH4


� ligand
and the metal center. Thus,
such a ligand may facilitate the
polymerization of MMA (which
is experimentally the case),[15b]


whereas with the Cp2 system
the cleavage of the lanthanide–
borohydride interaction is criti-
cal.[14] A theoretical investiga-
tion of MMA polymerization
using [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] is cur-
rently underway.
Finally, we note again the ex-


cellent agreement between the
mechanisms predicted above
for both the [Cp2EuACHTUNGTRENNUNG(BH4)] and
[(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] precursors
and the experimental systems
that unambiguously showed the
formation of di-hydroxy tele-
chelic PCLs. Therefore, one of
the terminal CH2OH groups
arises from the presence of an
�CH2OBH2 group on the active
polymer chain, which is main-
tained up to the deactivation/
hydrolysis step. The other hy-
droxyl end group of the macro-
molecule arises from the deacti-
vation of the Eu�O bond, as


depicted in Scheme 2.


Conclusion


In this DFT study we have explored the polymerization-ini-
tiation mechanism of e-caprolactone either by the hydride


Figure 8. Calculated free-energy profile for the reaction of e-caprolactone with [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)].


Figure 9. Optimized structures of complexes 16–21 involved in the first and second steps of the reaction of CL
with [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)].
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[Cp2Eu(H)] or the borohydrides [Cp2EuACHTUNGTRENNUNG(BH4)] and
[(N2NN’)Eu ACHTUNGTRENNUNG(BH4)]. The computational results are fully con-
sistent with experimental studies and, in particular, highlight
a number of important differences between hydride and bor-
ohydride as well as between metallocene and non-metallo-
cene borohydride precursors. These will aid further research
in this topical and important area.
For all of the systems, the reactions proceed with an O�


acyl bond cleavage and are predicted to be kinetically and
thermodynamically favorable with respect to the separated
initiator and CL. We have shown that all three reactions
proceed in a stepwise manner via a cyclic alkoxide (or alk-
oxide–borate) intermediate, and that the ring-opening only
occurs in the penultimate step of the initiation process. The
[Cp2Eu(H)] initiator proceeds with inherently lower activa-
tion barriers for both the initial hydride-transfer step and
the ring-opening second step. This is associated with the
greater reorganization required in the BH4 complexes lead-
ing to kinetically slower processes for these latter systems.
The relative stabilities of the cyclic alkoxide intermediates


with regard to the ring-opened products was shown to
depend on both the initiating group (hydride vs. borohy-
dride) and supporting ligand set (Cp2 vs. N2NN’), and leads
to a possible equilibrium between cyclic and ring-opened
isomers. Therefore, in certain cases ([Cp2Eu(H)] and
[(N2NN’)Eu ACHTUNGTRENNUNG(BH4)]), the polymerization process should be
controlled by the displacement of this final equilibrium and
thus, by the experimental conditions. This is not the case for
[Cp2EuACHTUNGTRENNUNG(BH4)], because the ring-opening step is exergonic.
Indeed for both [Cp2EuACHTUNGTRENNUNG(BH4)] and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] this
step is fundamentally different to that for the hydride spe-
cies, as it corresponds to a second B–H activation/hydride
migration leading eventually to the formation of a terminal
�CH2OBH2 moiety. In the real polymerization systems this
functional group would ultimately be hydrolyzed into a hy-
droxymethylene terminal group, as observed experimentally.
The alkoxide–borate/ring-opening equilibrium found with


the [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] complex arises because of the greater
negative charge carried by the N2NN’ ligand relative to Cp2.
This reduces the interaction between the reactive ligands
(borohydride or alkoxide) and the metal center. Therefore,
use of N2NN’-type (or other post-metallocene) ligands in
conjunction with borohydride initiating groups could allow
for the polymerization of a monomer such as MMA in
which the key step is to break the interaction between the
borohydride and the metal center. Further studies of this
and other borohydride-initiated polymerizations are pres-
ently underway.
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Introduction


Carbon–carbon bond formation by using a-sulfonyl carban-
ions has been extensively studied because carbanions can be
easily formed a to sulfonyl groups due to their high acidity.
These a-sulfonyl carbanions can then easily react with vari-
ous electrophiles.[1] Therefore, reactions of a-sulfonyl car-
banions have been applied in the syntheses of a number of
natural products.[2] Furthermore, sulfones with chirality at
the a position are known to show biological activity, for ex-
ample, the antiglaucoma activity of dorzolamide[3] and the g-
secretase inhibitor for Alzheimer&s disease.[4] On the other
hand, chiral sulfonyl analogues of carbonyl derivatives are
gaining an increasingly important role in medicinal chemis-
try because the structural and electronic properties of the
chiral sulfonyl group mimic the carbonyl moiety in the tran-
sition state,[5] and thus the catalytic asymmetric preparation
of enantiomerically pure sulfonyl derivatives is in high
demand. However, only a little attention has been paid to


the enantioselective reactions of a-sulfonyl carbanions,
which is probably due to the difficulties in obtaining high
enantioselectivities for these reactions.[6,7] Pioneering re-
search on the highly enantioselective reactions of a-sulfonyl
carbanions derived from allyl sulfones by using a chiral di-
amino alcohol and Grignard reagents has been reported by
Akiyama and co-workers (up to 80% ee obtained; ee=ena-
tiomeric excess).[6a] Simpkins has reported the enantioselec-
tive deprotonation of sulfonyl compounds by using cam-
phor-derived chiral lithium amides in an in situ trap reaction
with TMSCl (TMS= trimethylsilyl).[6b] Although these pio-
neering reports anticipated a possible method for improving
the enantioselectivities of these reactions, there have been
no reports that utilise a-lithiated sulfones to challenge these
difficulties. Recently, we communicated the first highly
enantioselective reactions of a-lithiated sulfones with vari-
ous electrophiles by using a stoichiometric or a substoichio-
metric amount of a chiral bis(oxazoline).[8,9] Herein, we
focus on a detailed study of the enantioselective reactions of
a-lithiated sulfones and a systematic study of this type of
asymmetric synthesis.


Results


Initially, we examined the enantioselective reactions of vari-
ous a-lithiated sulfones 1a–e, such as methyl 1a, tBu 1b,
phenyl 1c, pentafluorophenyl 1d, and 2-pyridyl benzyl 1e
sulfones, with benzaldehyde (Table 1). Sulfones 1a–e were
treated with nBuLi (1.2 equiv) and bis(oxazoline)-Ph 3a


Keywords: asymmetric synthesis ·
carbanions · catalysis · chirality ·
enantioselectivity
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disclosed. The products were formed with excellent diastereo- and enantioselectiv-
ities. Fluorination of the sulfone with N-fluorobenzenesulfonimide and a stoichio-
metric amount of a bis(oxazoline) gave products with extremely high enantioselec-
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was confirmed to proceed through a dynamic thermodynamic resolution pathway.
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(1.25 equiv) in toluene for 1 h and subsequently with benzal-
dehyde (1.5 equiv). TMSCl was added to suppress the retro-
aldol-type reaction by trimethylsilylation of the formed alk-
oxides. Most of the reactions gave high yields of a diastereo-
meric mixture of the syn and anti isomers of the products
2a–e, in which each isomer was found to have low enantio-
selectivity (entries 1–5). On the other hand, trifluoromethyl
sulfones,[10] which are known to have unusual configuration-
al stability[11] were allowed to react at �78 8C under similar
reaction conditions with a stoichiometric amount of a bis-
(oxazoline) and the syn isomer (syn-2 f) was formed exclu-
sively (entry 6). The reaction of lithiated 1 f with bis(oxazo-
line)-tBu 3b afforded syn-2 f with a slightly lower enantiose-
lectivity than that obtained from the reaction with bis(oxa-
zoline)-Ph 3a (entry 7), whereas the reaction with bis(oxazo-
line)-iPr 3c or (�)-sparteine (4) gave racemic 2 f (entries 8
and 9). The reaction of lithiated 1 f with 3a in other solvents,
such as cumene, Et2O, and THF, afforded the product 2 f
with a lower enantioselectivity than that obtained in toluene
(entries 10–12). The best enantioselectivity was obtained
when the reaction was carried out at �30 8C in toluene with
3a (entry 14).


Furthermore, we were pleased to find that the reaction of
1 f proceeded with a substoichiometric amount of 3
(Table 2). Thus, the reaction of 1 f was performed with


30 mol% of 3a at �30 8C to give syn-2 f as a major product
in high yield and with slightly lower enantioselectivity than
that obtained by using a stoichiometric amount of 3a
(entry 1). To improve the enantioselectivity, we optimized
the bridging group of the bis(oxazoline) ligand. Several bis-
ACHTUNGTRENNUNG(oxazoline) derivatives 3d–g also showed excellent results
(entries 2–5). Even 10 or 5 mol% of dibenzyl bis(oxazoline)
derivative 3g worked well and produced a good yield and
excellent enantiomeric ratio (entries 6 and 7). Notably,
2 mol% of 3g was found to show even higher enantioselec-
tivity, although the reaction by using 1 mol% of 3g gave 2 f
with slightly lower enantioselectivity (entries 8 and 9). In
general, enantioselective reactions of carbanions a to hetero-
atoms prepared from a substoichiometric amount of a chiral
ligand and a stoichiometric amount of alkyllithium species
afforded adducts derived from the reaction of aldehydes
with alkyllithium species as major products. Recently,
O&Brien and co-workers have overcome this difficulty by
using a substoichiometric amount of (�)-4 and a stoichio-
metric amount of an achiral ligand; however, an achiral
ligand is inevitably used to regenerate the chiral ligand.[12a,b]


It should be noted that our enantioselective reaction pro-
ceeds in a catalytic manner without any additives.


Table 3 shows the results of the reaction of sulfone 1 f
with various aldehydes in the presence of a substoichiomet-
ric amount of 3g. The reaction of 1 f with various aromatic


Table 1. Enantioselective reactions of various a-lithiated sulfones 1a–f
with benzaldehyde


Entry 1 Chiral ligand 2 Yield[a] [%] dr[b]


syn/anti
er[c] syn er[c] anti


1 1a 3a 2a 19[d] 50:50 55:45 51:49
2 1b 3a 2b 71[d] 64:36 65:35 61:39
3 1c 3a 2c 83[d] 68:32 66:34 71:29
4 1d 3a 2d 72 86:14 62:38 87:13
5 1e 3a 2e 66[d] 61:39 52:48 54:46
6 1 f 3a 2 f 56(56[d]) >98:2 85:15 –
7 1 f 3b 2 f 55 >98:2 71:29 –
8 1 f 3c 2 f 58 >98:2 50:50 –
9 1 f 4 2 f 31 >98:2 51:49 –
10[e] 1 f 3a 2 f 42 >98:2 70:30 –
11[f] 1 f 3a 2 f 45 >98:2 69:31 –
12[g] 1 f 3a 2 f 30 >98:2 51:49 –
13[h] 1 f 3a 2 f 65 95:5 86:14 nd[j]


14[i] 1 f 3a 2 f 87 95:5 94:6 nd[j]


[a] Conversion yield determined by 19F NMR analysis. [b] The diastereo-
meric ratio (dr) was determined by 1H NMR spectroscopic analysis.
[c] The enatiomeric ratio (er) was determined by chiral HPLC analysis.
[d] Isolated yield. [e] In cumene. [f] In Et2O. [g] In THF. [h] The reaction
was carried out at �90 8C. [i] At �30 8C. [j] nd=not determined


Table 2. Catalyst loading of the bis(oxazoline) ligands for the reaction of
1 f with benzaldehyde.


Entry Chiral ligand 3 [mol%] Yield[a] [%] dr[b] syn/anti er[c] syn


1 3a 30 84 93:7 87:13
2 3d 30 81 93:7 96:4
3 3e 30 74 91:9 97:3
4 3 f 30 76 90:10 93:7
5 3g 30 87 96:4 97:3
6 3g 10 87 96:4 97:3
7 3g 5 81 96:4 95:5
8 3g 2 86 95:5 96:4
9 3g 1 77 96:4 90:10


[a] Conversion yield determined by 19F NMR spectroscopic analysis.
[b] Determined by 1H NMR spectroscopic analysis. [c] Determined by
chiral HPLC analysis.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5519 – 55275520



www.chemeurj.org





aldehydes gave products 5–16 with excellent diastereo- and
enantioselectivities (entries 1–13).


Table 4 shows the results of the reaction of various fluo-
roalkyl sulfones 1 f–j with benzaldehyde in the presence of a


substoichiometric amount of 3g. These reactions also gave
the products 2 f and 17–20 with excellent diastereo- and
enantioselectivities (entries 1–5).


a-Fluorinated sulfur compounds can also serve as useful
synthetic intermediates for the synthesis of fluorinated mol-
ecules[13] and precursors of bioactive compounds.[14] There-
fore, we tried to prepare optically active a-fluorobenzyl sul-


fones. Although the reaction of lithiated 1 f and bis(oxazo-
line)-Ph 2a with Selectfluor as a fluorination reagent afford-
ed a trace amount of the product 21, the reaction with NFSI
(N-fluorobenzenesulfonimide) afforded 21 in moderate
yield with excellent enantioselectivity (99% ee ; Scheme 1).


The absolute configuration of 21 was determined to be R by
X-ray crystallographic analysis. These results are the first ex-
amples of highly enantioselective reactions of a-lithiated
sulfones with various electrophiles.


Discussion


Kinetic test for the reaction and proposed reaction mecha-
nism : To understand the enantioselective reactions of a-
lithiated sulfones, the enantiodetermining step was studied
by the use of a kinetic test for the reaction. First, rac-syn-8
was treated with 1.2 equivalents of nBuLi to give the race-
mic a-sulfonyl carbanion of 1 f through the retroaldol-type
reaction. Carbanion 1 f was then allowed to react with p-
chlorobenzaldehyde after the addition of 30 mol% of 3g
(Scheme 2). The reaction afforded syn-9 with high enantio-


selectivity. Considering the apparent formation of the race-
mic a-sulfonyl carbanion in the reaction, the result shows
that the enantiodetermining step is not at the deprotonation
stage.


We also studied the temperature dependence of the enan-
tioselectivity in the reaction of a-lithiated 1 f with benzalde-
hyde (Table 5). The reaction with benzaldehyde at �95 8C
showed slightly lower enantioselectivity relative to the reac-
tion performed at �78 8C. A solution of the a-carbanion of
1 f, prepared at �95 8C, was warmed to �78 8C. The reaction
mixture was stirred for 1 h at that temperature, and was
then recooled to �95 8C before the addition of benzalde-


Table 3. Enantioselective reaction of trifluoromethyl sulfone 1 f with var-
ious aldehydes in the presence of 3g.


Entry R Product Yield[a] [%] dr[b] syn/anti er[c] syn


1[d] Ph 2 f 87 96: 4 97: 3
2 p-CH3C6H4 5 84 97: 3 97: 3
3 o-CH3C6H4 6 88 97: 3 98: 2
4 2,4-(CH3)2C6H3 7 71 98: 2 99: 1
5 p-MeOC6H4 8 91 97: 3 99: 1
6 p-ClC6H4 9 85 90:10 92: 8
7 o-ClC6H4 10 87 84:16 91: 9
8 p-FC6H4 11 96 91: 9 96: 4
9 1-Naphthyl 12 80 98: 2 98: 2
10[d] 2-Naphthyl 13 80 94: 6 98: 2
11 2-Furyl 14 58 93: 7 95: 5
12 2-Thienyl 15 95 97: 3 96: 4
13 PhCH=CH� 16 94 86:16 99: 1


[a] Conversion yield. [b] Determined by 1H NMR spectroscopic analysis.
[c] Determined by chiral HPLC analysis. [d] Bis(oxazoline) 3g
(10 mol%) was used.


Table 4. Enantioselective reaction of various trifluoromethyl sulfones
1 f–j with benzaldehyde in the presence of 3g.


Entry Sulfone Product Yield[a,b] [%] dr[c] syn/anti er[d] syn


1 1 f 2 f 87 (74) 96:4 97:3
2 1g 17 75 (60) 94:6 97:3
3 1h 18 73 (55) 93:7 82:18
4 1 i 19 90 (64) 97:3 98:2
5 1j 20 94 (38) >98:2 98:2


[a] Conversion yield. [b] Yield in parenthesis is the isolated yield. [c] De-
termined by 1H NMR spectroscopic analysis. [d] Determined by chiral
HPLC analysis.


Scheme 1. Enantioselective fluorination of lithiated 1 f.


Scheme 2. Enantioselective reaction of the racemic carbanion of 1 f.
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hyde. The product 2 f was found to have an enantiomeric
ratio similar to that obtained in the reaction at �78 8C, but
higher than that at �95 8C. When the first deprotonation
step was carried out at �30 8C and the subsequent reaction
with benzaldehyde at �78 8C, syn-2 f was obtained with high
enantioselectivity.


Furthermore, we carried out the modified Hoffman test
by using a deficient amount of an electrophile. The reaction
of lithiated 1 f with a deficient amount of p-chlorobenzalde-
hyde afforded 9 with almost complete enantioselectivity,
which is even higher than the 92:8 enantiomeric ratio ob-
tained in the reaction with a stoichiometric amount of p-
chlorobenzaldehyde (Scheme 3).


In addition, we also examined a novel kinetic test for the
enantioselective reaction of lithiated 1 f by using a substoi-
chiometric amount of 3g with a mixture of p-chlorobenzal-
dehyde and p-methoxybenzaldehyde to give two products
syn-8 and syn-9 (Scheme 4). As described in Scheme 2, p-
chlorobenzaldehyde is more reactive towards lithiated 1 f
than p-methoxybenzaldehyde, and thus, syn-8 was produced
in higher yield than syn-9. It should be noted that syn-8 was
formed with a higher enantioselectivity than that obtained
in the reaction with 1.2 equivalents of chlorobenzaldehyde
(Table 3, entry 6; er=92:8). On the other hand, the reaction
with p-methoxybenzaldehyde gave syn-9 with a lower enan-
tioselectivity than that obtained in the reaction with
1.2 equivalents of p-methoxybenzaldehyde (Table 3, entry 5;
er=99:1). All these results support the dynamic thermody-
namic resolution pathway, because the enantioselectivity for
both syn-8 and syn-9 should not be different from that ob-


tained with a stoichiometric amount of an electrophile if the
reaction proceeds through a dynamic kinetic resolution
pathway.


All these results show that the reaction of 1 f in the pres-
ence of a substoichiometric amount of 3g proceeds through
a dynamic thermodynamic resolution pathway.[15] To the
best of our knowledge, this is the first report of a catalytic
enantioselective reaction of a carbanion a to a heteroatom
that proceeds by dynamic thermodynamic resolution. The
highly enantio- and diastereoselective reactions of lithiated
trifluoromethyl sulfones can be ascribed to the high configu-
rational stability of the carbanion, which is caused by the
large n–s* interaction. Gais and co-workers have reported
that the racemization barrier of lithiated trifluoromethyl sul-
fone (16.0–17.3 kcalmol�1) is larger than that of a-lithio
phenyl or tert-butyl sulfones (9.6–13.0 kcalmol�1), that is,
that an electron withdrawing group, such as a trifluorometh-
yl group, in a-sulfonyl carbanions enhances their configura-
tional stability.[11, 16] Based on the configurational stability of
a-sulfonyl carbanions, the plausible catalytic reaction path-
way is as follows (Scheme 5): Bis(oxazoline) and nBuLi
form a chiral organolithium species, which reacts with sul-
fone 1 f to afford a mixture of the diastereomeric complexes
(M)-Li–1 f–3 and (P)-Li–1 f–3. The thermodynamically more
stable a-lithiated sulfone–bis(oxazoline) complex (M)-Li–
1 f–3 is transformed into enantioenriched dimers or oligo-
mers of the a-lithiated sulfone with simultaneous regenera-
tion of bis(oxazoline) 3. The dimer or oligomers react with
an aldehyde to yield the enantioenriched product.


Confirmation of formation of the dimer species : In the pro-
posed reaction mechanism in Scheme 5, the key step of the
catalytic cycle is the transformation of the (M)-Li–1 f–3
complex into a homochiral dimer with regeneration of bis-
(oxazoline) 3. In fact, we observed precipitation of the com-
plex in the reaction mixture prior to the addition of the al-
dehyde, the precipitates being redissolved in the reaction
mixture on the addition of the aldehyde, and the formation
of the dimer of lithiated 1 f was confirmed by ESIMS of the
reaction mixture (calcd for C16H12F6O4S2Li2: 460; found:
460, Figure 1).[17]


Table 5. Temperature dependence of the enantioselective reaction of 1f
with benzaldehyde.


T1 [8C] T2 [8C] T3 [8C] Yield [%] syn/anti er syn


�95 �95 �95 65 95:5 86:14
�78 �78 �78 67 97:3 93:7
�95 �78 �95 60 95:5 92:8
�30 �78 �78 42 97:3 96:4
�30 �30 �30 87 96:4 97:3


Scheme 3. Enantioselective reaction of lithiated 1 f with a deficient
amount of p-chlorobenzaldehyde.


Scheme 4. Enantioselective reaction of lithiated 1 f with a mixture of
electrophiles.
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Furthermore, in the 19F NMR spectrum of the reaction
mixture, prepared from 1 f, 0.3 equivalents of 3g, and
1.2 equivalents of nBuLi in [D8]toluene at �30 8C, one
major signal and three minor signals are shown (Figure 2a).
One of the minor signals at d=�72.0 ppm was assigned to


the sulfone 1 f by examination
of the spectra of the reaction
mixture mixed with 1 f (Fig-
ACHTUNGTRENNUNGure 2b,c). Although we were
not able to clearly assign the
two other minor signals at
around d=�80 ppm, which are
possibly due to the 1 f–3g com-
plex, it was definitely shown
that non-lithiated 1 f was not
observed as a major species
after lithiation with an even less
than stoichiometric amount of
3g, and almost only one species
ACHTUNGTRENNUNG(>90%), which produced the
signal at d=�73.9 ppm, was
formed in the reaction mixture
before the addition of the alde-
hyde. When combining these
NMR spectral and ESIMS data,
it is reasonable to conclude that
1 f is transformed into the enan-
tioenriched dimeric lithiated 1 f
through the sulfone–bis(oxazo-
line) complex (M)-Li–1 f–3.


Origin of the enantioselectivity : To elucidate the origin of
the enantioselectivity, we next estimated the activation
energy for the deprotonation of both prochiral methylene
protons and the stability of diastereomeric complexes be-
tween a-sulfonyl carbanion 1 f and bis(oxazoline) 3 by MO
calculations by using Gaussian 03 HF/3-21+G* or 6-31+


G* methods.[18] Structures were first optimized by using a
semiempirical method (MOPAC93/PM3) and then fully op-
timized at the HF/3-21+G* or 6-31+G* level of theory.[19]


The relative energies of the transition-state structures are
depicted in Figure 3a. To simplify the calculation, bis(oxazo-
line)-Ph 1a and MeLi were used for the optimization of the
transition-states TS-1 ACHTUNGTRENNUNG(pro-S) (TS= transition state) and TS-
2 ACHTUNGTRENNUNG(pro-R). Because the acidity of the protons in sulfone 1 f is
increased by the n–s* interaction, it is preferably deproton-
ated and one of the sulfonyl oxygen atoms, pro-S sulfonyl
oxygen, is preferably coordinated to lithium together with
two bis(oxazoline) nitrogen atoms and a methyl group in
TS-1 and TS-2.[20] As a result, the pro-S proton was found to
be slightly more reactive towards deprotonation by the Box
3a/MeLi complex than the pro-R proton; this is probably
due to destabilization of transition-state TS-2 by steric re-
pulsion of the two phenyl groups. Therefore, the (M)-Li–1 f–
3a complex is formed kinetically through TS-2 ; however,
the energy difference between TS-1 and TS-2 is not very
large. This calculated result is in good agreement with the
reaction of 1 f at �95 8C, in which syn-2 f is kinetically
formed with a slightly lower enantioselectivity (Scheme 3;
er=86:14) than that obtained in the reaction at �78 and
�30 8C. We next estimated the optimized structures of lithi-
ated diastereomeric complex (Li–1 f–3a), which is closely re-


Scheme 5. Catalytic cycle for the enantioselective reaction for 1 f when using a substoichiometric amount of 3.


Figure 2. 19F NMR spectra for the lithiated 1 f when using a substoichio-
metric amount of 3g. a) reaction mixture; b) reaction mixture and
CF3SO2CH2Ph; c) CF3SO2CH2Ph


Figure 1. ESIMS of the reaction mixture.
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lated to the determination of enantioselectivity in the dy-
namic thermodynamic resolution pathway (Figure 3b). Cal-
culation of the stability of Li–1 f–3a showed that the (M)-
Li–1 f–3a complex is more stable than the (P)-Li–1 f–3a
complex because of steric repulsion between the two phenyl
groups. The results of the calculations show that the lithium
atoms are coordinated to two nitrogen atoms of bis(oxazo-
line) 3a and two oxygen atoms
of the sulfonyl group, but not
with the anionic carbon atom.
These calculated structures are
in good agreement with the
findings with regard to the
structural aspects of a-lithiated
sulfones.[21] Since the sum of
bond angles of the carbanionic
carbon atom is about 3608, the
carbanionic carbon atom nearly
attains sp2 hybridization, in
which the molecule may lose
the stereogenic center. Howev-
er, this is not the case: the ste-
reochemistry induced on re-
moval of one of the prochiral
protons is maintained by the
axial chirality around the S�C
bond in the a-sulfonyl carban-
ion, which indicates that the
enantioselective reaction of the
a-sulfonyl carbanion of 1 f pro-


ceeds through dynamic axial
chirality.[11,22]


Calculation of the racemiza-
tion barrier of the carbanion–
diamine complexes confirmed
the configurational stability of
(M)-Li–1 f–3a. It is known that
the racemization rate of the a-
sulfonyl carbanion is in accord
with the rotational barrier
around the C�S bond.[11] The
ground state of the (M)-Li–1 f–
3a complex and the transition-
state TS-Li–1 f–3a for rotation
around the C�S bond were cal-
culated (Figure 4). The activa-
tion energy for the rotational
barrier around the C�S bond
was estimated to be 16.8 and
17.5 kcalmol�1 by the HF/3-
21+G* and HF/6-31+G*
methods, respectively. The half-
life of rotation around the S�Ca


bond in Li–1 f–3a was calculat-
ed as 1000 h at �78 8C from the
activation energy of 17.5 kcal


mol�1. The high activation energy of the rotational barrier
around the S�CCF3 bond in the trifluoromethylsulfonyl carb-
anion was attributed to an increase of the n–s* overlap
caused by the lower energy s* orbital of the S�CCF3 bond.


[11]


The (M)-Li–1 f–3a complex shows that the S�CCF3 bond is
conformationally arranged at the position parallel to the
lone pair orbital of the carbanion (the dihedral angle of the


Figure 3. a) Structures in the transition state for deprotonation and b) the optimized structures of Li–1 f–3a.


Figure 4. Structures and relative energies of optimized structure and transition state of Li–1 f with bis(oxazo-
line)-Ph 2a.
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CCF3-S-Ca
�H bond in the (M)-Li–1 f–3a complex is 91.58)


due to stabilization by the n–s* negative hyperconjugation
between the lone pair and s* orbital of the CCF3�S bond,[11]


which was estimated to be 56.2 kcalmol�1 by NBO analy-
sis.[23,24] On the other hand, the dihedral angle of the CCF3-S-
Ca
�H bond in the TS-Li–1 f–3a complex was 174.18. The


strong n–s* negative hyperconjugation in (M)-Li–1 f–3a
causes a longer S�CCF3 bond and a shorter S�Ca bond in the
(M)-Li–1 f–3a complex than that in the TS-Li–1 f–3a.
Therefore, the high configurational stability of the a-sulfo-
nyl carbanion derived from trifluoromethyl sulfone is
enough to transfer the chirality of the carbanion to the axial
chirality around the S�Ca bond in the a-sulfonyl carbanion
complex. Thus, finally, the dimer or the oligomer of Li–1 f
complexes is formed from the (M)-Li–1 f–2a complex.[25]


Origin of the diastereoselectivity : In the reaction of the
dimer or the oligomer of lithiated 1 f with an electrophile
such as an aldehyde, the electrophile approaches the carba-
nionic center, avoiding any steric interaction with the CF3


group to form the expected products with retention of con-
figuration in a SE2Ret reaction manner[26] (Scheme 6). The


syn isomer is formed exclusively through the boat form of
the six-membered transition-state TS-3 from the dimer of
the a-sulfonyl carbanion, which is more stable than TS-4
due to the 1,3-diaxial steric repulsion between the aldehyde
substituent and the sulfonyl oxygen atom. It should be
noted that the reaction afforded the products with high syn
selectivity, in contrast to the low diastereoselectivities
(50:50–86:14)[27] generally obtained in the reactions of vari-
ous a-sulfonyl carbanions with aldehydes, which is probably
due to the lower stabilization energy arising from n–s* neg-
ative hyperconjugation.


Conclusion


We have disclosed the first highly enantioselective reactions
of configurationally stable a-sulfonyl carbanions derived
from trifluoromethyl sulfone 1 f by using bis(oxazoline)s as
chiral ligands. The reaction of lithiated 1 f proceeded
through a dynamic thermodynamic resolution pathway. It
should be noted that a highly enantioselective reaction can
be achieved with a substoichiometric amount of a chiral
ligand and a stoichiometric amount of butyllithium. To the
best of our knowledge, this is the first report of a catalytic
version of an enantioselective reaction that was found to
proceed through dynamic thermodynamic resolution. A de-
tailed survey of the catalytic pathway on the basis of stereo-
scopic features and MO calculations elucidated a novel cata-
lytic reaction mechanism involving a dimeric or a less likely
oligomeric lithiated species as an intermediate, which ena-
bles the enantioselective catalytic cycle. The dimerization
mechanism of lithiated species opens the door for a catalytic
enantioselective dynamic thermodynamic resolution path-
way. The present novel reaction may provide insight into
the development of enantioselective reactions for carban-
ions.


Experimental Section


General methods : All reactions were performed in oven-dried glassware
under a positive pressure of nitrogen. Solvents were transferred by sy-
ringe and were introduced into the reaction vessels through a rubber
septum. All of the reactions were monitored by TLC carried out on
0.25 mm Merck silica gel (60-F254). The TLC plates were visualized with
UV light and 7% phosphomolybdic acid or panisaldehyde in ethanol/
heat. Column chromatography was carried out on a column packed with
silica gel 60N spherical neutral size 63–210mm. The 1H (200 MHz), 19F
(188 MHz), and 13C NMR (50.3 MHz) spectra for solutions in CDCl3
were recorded on a Varian Gemini-200. Chemical shifts (d) are expressed
in ppm downfield from internal TMS or CHCl3. HPLC analyses were
performed on a JASCO PU-2080 Plus or Shimadzu LC-2010A HT by
using a 4.6N250 mm CHIRALPAK AD-H or OJ-H, CHIRALCEL OD-
H, or CHIRALPAK AS-H column. Mass spectra were recorded on a Shi-
madzu GCMS-QP5050A. Optical rotations were measured on a
HORIBA SEPA-300. IR spectra were recorded on a JASCO FTIR 200
spectrometer.


General procedure for the enantioselective reaction of a-sulfonyl carban-
ions with bis(oxazoline)s: 1,2-Diphenyl-2-(trifluoromethylsulfonyl)etha-
nol (2 f): nBuLi (0.11 mL, 0.142 mmol) was added to a solution of bis(ox-
azoline) 3g (17.3 mg, 0.035 mmol) and sulfone 1 f (26.5 mg, 0.118 mmol)
in toluene (1.5 mL) at �30 8C and the solution was stirred for 1 h at this
temperature. Benzaldehyde (0.018 mL, 0.177 mmol) was then added.
After stirring for 5 min, TMSCl (0.017 mL, 0.13 mmol) was added and
the mixture was stirred for an additional 12 h. Aqueous NH4Cl was
added to the reaction mixture and the aqueous layer was extracted with
Et2O. The combined organic extracts were washed with brine, dried over
Na2SO4, filtered, and concentrated under reduced pressure to give silylat-
ed 2 f. Silylated 2 f was treated with aqueous HCl (6 molL�1) to give the
crude, which was purified by column chromatography (silica gel 15 g,
hexane/ethyl acetate 90:10) to give syn-2 f (28.4 mg, 74%; 94% ee). The
enantiomeric ratio was determined by HPLC analysis by using chiralpak
AD-H.


Compound syn-2 f : [a]26D =++1.03 (c=0.59 in CHCl3, 90% ee); 1H NMR
(200 MHz, CDCl3): d=2.90 (br s, 1H), 4.75 (d, J=9.8 Hz, 1H), 5.59 (d,
J=9.8 Hz, 1H), 7.11–7.26 ppm (m, 10H); 13C NMR (50.3 MHz, CDCl3):


Scheme 6. Proposed transition state for the reaction of [(S)-Li–1 f]2 with
benzaldehyde.
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d=74.0, 75.1, 116.4, 122.9, 126.7, 126.9, 128.0, 128.2, 128.5, 129.5, 130.0,
138.5 ppm; 19F NMR (188 MHz, CDCl3): d=�73.3 ppm; IR (KBr) ñ=


3538, 3067, 3035, 2924, 2853, 2359, 1716, 1493, 1455, 1346, 1296, 1203,
1105, 1053, 1034, 917, 857, 802, 763, 698, 651, 632, 620 cm�1; EIMS m/z
(%) 330 (12) [M+], 197 (14), 165 (22), 107, (100), 91 (77), 79 (83); HPLC
(CHIRALPAK AD-H hexane/iPrOH 95:5, flow rate=1.0 mLmin�1), tR
15.7 (minor) and 17.8 (major) min. anti-2 f ; 1H NMR (200 MHz, CDCl3):
d=2.80 (br s, 1H), 4.46 (d, J=7.2 Hz, 1H), 5.99 (s, 1H), 6.99–7.43 ppm
(m, 10H); 19F NMR (188 MHz, CDCl3): d=�74.4 ppm (s).
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Novel Ascorbic Acid Based Ionic Liquids for the In Situ Synthesis of Quasi-
Spherical and Anisotropic Gold Nanostructures in Aqueous Medium
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Introduction


In the last few years, metal nanoparticles (MNPs) have been
the subject of extensive research, and more particularly in
the case of silver or gold nanoparticles, owing to their
unique physicochemical and optoelectronic properties,
which find application in the fabrication of optical devices,[1]


catalysis,[2,3] surface-enhanced Raman scattering (SERS),[4]


bio-labeling,[5,6] and bio-imaging.[7] Anisotropic metal nano-
structures, especially, have attracted considerable interest
because of their interesting size- and shape-dependent prop-
erties that make them desirable for emerging applications in
fields such as optics[1] and catalysis.[2] Consequently, several
different techniques including ours have been developed for
preparing such anisotropic metal nanostructures with vari-


ous sizes and shapes.[3,8–16] Although great strides have been
made in this area, chemists and materials scientists are still
searching for newer and easier methodologies for the syn-
thesis of such anisotropic noble-metal nanostructures.


Room temperature ionic liquids (RTILs) are of current
research interest because of their novel properties like negli-
gibly small vapor pressure, high thermal stability, high chem-
ical and electrochemical stability, and, especially at elevated
temperatures, the conductivity of ionic liquids can be quite
high. Although some ILs have been reported to show high
stability only in a vacuum and under argon flow.[17] RTILs
are generally considered as green solvents and are applied
in many chemical reactions including catalysis, as well as in
chemical industry as reaction solvents,[18, 19] extraction sol-
vents,[20,21] electrolytic materials,[22] etc. It is known that the
physicochemical properties of ionic liquids (ILs) can be
tuned by varying the chemical nature of their counter ions.
Thus, up till now, to prepare ILs with new properties, many
biologically relevant molecules such as amino acids,[23, 24]


sugar, and sugar derivatives,[25, 26] lactic acids,[27,28] have been
incorporated in the form of anions into the ILs.


Recently, attempts have been made to fuse two broad
areas of research; the nanoparticles and the ionic liquids for
the preparation of hybrid nanomaterials with novel proper-


Abstract: A series of newly designed
ascorbic acid based room temperature
ionic liquids were successfully used to
prepare quasi-spherical and anisotropic
gold nanostructures in an aqueous
medium at ambient temperature. The
synthesis of these room temperature
ionic liquids involves, first, the prepara-
tion of a 1-alkyl (such as methyl, ethyl,
butyl, hexyl, octyl, and decyl) deriva-
tive of 3-methylimidazolium hydroxide
followed by the neutralization of the
derivatised product with ascorbic acid.
These ionic liquids show significantly
better thermal stability and their glass


transition temperature (Tg) decreases
with increasing alkyl chain length. The
ascorbate counter anion of these ionic
liquids acts as a reducing agent for
HAuCl4 to produce metallic gold and
the alkylated imidazolium counter
cation acts as a capping/shape-directing
agent. It has been found that the
nature of the ionic liquids and the
mole ratio of ionic liquid to HAuCl4


has a significant effect on the morphol-
ogy of the formed gold nanostructures.
If an equimolar mixture of ionic liquid
and HAuCl4 is used, predominantly
anisotropic gold nanostructures are
formed and by varying the alkyl chain
length attached to imidazolium cation
of the ionic liquids, various particle
morphologies can formed, such as qua-
sispherical, raspberry-like, flakes or
dendritic. A probable formation mech-
anism for such anisotropic gold nano-
structures has been proposed, which is
based on the results of some control
experiments.
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ties.[29–41] In a recent review, Endres et al. summarized the
importance of ILs for making MNPs in this medium.[42]


Owing to the nature of the ILs, the solvation of metal salts
and the subsequent stabilization of the formed MNPs in the
ILs are considered to be superior compared to those of con-
ventional organic compounds.[32] Most of the ionic liquid
based-MNPs syntheses involve the use of a metal ion pre-
cursor in an aqueous solution of ionic liquids followed by re-
duction with a conventional reducing agent.[31,33, 36–41] Re-
gardless of the importance of these MNPs, very few reports
are available on their chemical synthesis, or their electro
deposition using ionic liquids as reaction medium.[29,30,43–49]


However, the in situ formation of MNPs in aqueous solution
by using ILs that have a redox-active counter anion are very
limited. For example, Kim et al have reported the prepara-
tion of gold nanoparticles (GNPs) by using alcohol-based
ILs in water.[33] Thus, a room temperature synthesis of noble
MNPs (e.g. gold, silver, and platinum) by using redox active
ILs still waits to dominate/occupy an active area in nanopar-
ticles research.


Recently, our research group has been actively involved
in the synthesis of MNPs using tyrosine/tryptophan-based
peptides by in situ reduction approach in aqueous
medium.[50–53] This encouraged us to explore the in situ re-
duction technique further to synthesize MNPs using newly
designed redox-active ILs as reducing/stabilizing agents. It is
known that ascorbic acid generally exhibits keto-enol tauto-
merisim, the enol form of which is susceptible to ionization
in aqueous solution and has been used as a versatile reduc-
ing agent for variety of metal ion precursors to prepare
MNPs.[54–58] Thus, the choice of an appropriate cationic spe-
cies to conjugate with the ionic form of ascorbic acid is cru-
cial for the synthesis of RTIL, which in turn can be utilized
to prepare MNPs by in situ reduction in the absence of any
externally added reducing agents.


In the present work, we report the synthesis of a series of
novel ascorbic acid based ionic liquids (ILs). These newly
designed ILs are then utilized to prepare anisotropic gold
nanostructures of various morphologies as well as quasi-
spherical GNPs in aqueous medium. The effect of mole
ratio of IL to gold salt on the morphology of the formed
gold nanostructures has also been investigated.


Results and Discussion


The ascorbic acid based room temperature ionic liquids
(RTILs) were prepared by the modification of the Ohno
method.[24] Table 1 depicts the chemical name of all the ILs
that have been synthesized and used for the generation of
GNPs. The synthesis of these RTILs involves, initially, the
preparation alkyl derivative of imidazolium hydroxide fol-
lowed by neutralization with the ascorbic acid (see
Scheme 1). The synthesized ILs were characterized by
1HNMR spectroscopy, ESI mass spectrometry, and also by
elemental analysis. The 1HNMR spectrum of neat ascorbic
acid in [D6]DMSO shows a doublet peak at around d=


4.62 ppm, which corresponds to the five member ring proton
of ascorbic acid. However, in case of sodium ascorbate in
D2O, this peak shows an up-field shift of 0.24 ppm (d=4.62
to 4.38 ppm). This shift is a result of the presence of the
enol form of ascorbic acid in sodium ascorbate solution. The
1HNMR of IL, [C2mim][A] (for definitions please see
Table 1) in D2O also shows a similar doublet peak at around
d=4.40 ppm. This result also indicates and confirms the
presence of enol form of ascorbic acid in this IL. However,
the 1HNMR spectra of the ILs performed in DMSO did not
show such types of peaks, rather a broad peak appeared in
the region d=3–4 ppm, as a result of the DMSO. This broad
peak probably masks the peak produced by the enol form of
ascorbic acid. The ESI mass spectral data of the as-prepared
ILs show the presence of a strong signal (as indicated in the
Experimental Section), which belongs to the cationic part of
the corresponding IL and no other peaks were traced in the
ESI mass spectra and further confirms the purity of the
ionic liquids (see the Supporting Information for spectra).
All the synthesized ILs are initially dark-brown colored,
highly-viscous materials at room temperature and hygro-
scopic in nature. The presence of some impurities might be
responsible for such color. It has been reported that the
presence of ppm levels of impurity affects the properties of
ILs.[59] In our case, after purification with active charcoal
powder, the ILs became colorless. These ILs are soluble in
most polar solvents, such as water, methanol, DMSO, DMF
etc.


Table 1. Chemical names of all the synthesized ILs and their glass transi-
tion temperatures (Tg).


Ionic Liquid Name Tg [8C]


1-methylimidazolium ascorbate ACHTUNGTRENNUNG[C0mim][A] 6.89
1-ethyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C2mim][A] �28.47
1-butyl-3-methylimidazoliumascorbate ACHTUNGTRENNUNG[C4mim][A] �21.48
1-hexyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C6mim][A] �32.33
1-octyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C8mim][A] �34.94
1-decyl-3-methylimidazoliumascorbate ACHTUNGTRENNUNG[C10mim][A] �42.34


Scheme 1. R=H, C2H5, C4H9, C6H13, C8H17, and C10H21.
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Figure 1 shows the thermogravimetric analysis (TGA)
curve of the purified ILs, ([C2mim][A], [C6mim][A], and
[C10mim][A]), which exhibits the decomposition tempera-


tures at around 240 8C and is close to that observed for the
reported amino acid-based ILs.[23,24] The introduction of an
alkyl chain in the imidazolium cation results in a drastic in-
crease in the decomposition temperature (�240 8C) of the
ILs compared to that of an IL without any alkyl groups,
[C0mim][A] (�180 8C). However, an increase in the substi-
tuted alkyl chain length has almost no effect on the decom-
position temperature of all of the synthesized ILs and they
all decompose within nearly the same temperature range
(see the TGA thermograms given in Figure 1).


Furthermore, thermal-transition behaviors of these ascor-
bic acid based ILs were examined by differential-scanning
calorimetry (DSC). The DSC thermograms are shown in
Figure 2 and show that each of these ILs exhibit a sharp
glass transition temperature (Tg). Table 1 depicts the Tg


(onset) of all the ILs. These data clearly reveal that an in-
crease in the length of the substituted alkyl chain of the imi-
dazolium cation, decreases the Tg value of the IL with a
slight deviation in case of [C2mim][A]. It has been reported
that the imidazolium-based ILs with shorter alkyl chains
(n=2–11) are liquid at room temperature and transform to
glassy form on cooling to �80 8C, whereas those with com-
paratively longer alkyl chains (n=12–18) are low melting
solids and showed a mesophase upon heating.[60] Therefore,
we can assume that the length of the alkyl chain attached to
imidazolium ion is responsible for such variation of Tg in
these ILs. Furthermore, we did not observe any crystalline
melting temperatures (Tm) for any of these ILs. According
to the literature, the Tm of an IL strongly depends on the
choice of anions.[61] In this case, the large ascorbate ion pres-
ent in between two layers of imidazolium ions disturbs the
local molecular ordering of the ILs and this may be the
reason for the absence of any Tm values in our synthesized
ILs.


The FTIR spectrum of a representative IL, [C6mim][A]
shown in Figure 3 indicates that the stretching frequency of
>C=O and >C=C< groups of neat ascorbic acid shifted


from ñ=1753 to 1731 cm�1 and ñ=1674 to 1598 cm�1 re-
spectively after IL formation (compare Figure 3a and 3b). A
similar shifting was also observed for sodium ascorbate
(compare Figure 3b and 3c). These results confirm that ILs
are formed by the combination of alkyl imidazolium cation
and ascorbate anion, where the latter exists as a keto-enol
tautomeric form. The FTIR spectrum of the hexyl substitut-
ed imidazolium cation containing gold nanostructures is
shown in Figure 3d, the detailed analysis of which will be
discussed latter in this section.


Figure 1. TGA thermograms of different ascorbic acid based ionic liq-
uids.


Figure 2. DSC thermograms of different ascorbic acid based ionic liquids:
a) [C0mim][A], b) [C2mim][A], c) [C4mim][A], d) [C6mim][A], e)
[C8mim][A], and f) [C10mim][A].


Figure 3. FTIR spectra of a) [C6mim][A], b) neat ascorbic acid, c) neat
sodium ascorbate, and d) gold nanostructures coated with the [C6mim]
cation.
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The reducing property of ascorbic acid is well understood
and has been used for generations of MNPs, mainly in an al-
kaline medium.[54–57] However, the morphologies of the
formed MNPs are mostly spherical in nature. As mentioned
above, in these newly designed ILs the ascorbic acid exists
as a negatively charged ascorbate ion and is, therefore, ex-
pected to be a better reducing agent than the neat ascorbic
acid. Furthermore, the presence of alkyl substituted imida-
zolium cation may influence the formation mechanism,
which might result in the formation of anisotropic gold
nanostructures of various morphologies. Also in this
method, it is not necessary to make the medium alkaline, as
the ascorbic acid remains in the ionized form. Thus, we have
tried to utilize these newly designed ascorbic acid based ILs
to synthesize gold nanostructures with the expectation that
these ILs may give rise to the formation of different shaped
GNPs.


The synthesis of gold nanostructures involves the simple
aqueous-phase mixing of ascorbic acid based ILs and
HAuCl4 at room temperature (see Table 2 for more details).


The progress of the reactions between aqueous solution of
HAuCl4 and ILs was monitored visually and by means of
UV/Vis spectroscopy. A faint color developed immediately
after the addition of IL to the aqueous HAuCl4 solution and
became more intense over time. A stable color was ob-
served within 3 min of reaction, this is an indication of the
formation of nanosized metallic gold. This result also indi-
cates that the reaction is very fast. This concurs with the ki-
netic studies of formation of these gold nanostructures dis-
cussed later in this section. The color of the suspension was
varied and dependent on type of ILs used i.e., pink, purple,
and gray respectively for [C2mim][A], [C6mim][A], and
[C10mim][A] and pink and gray respectively for [C4mim][A]
and [C8mim][A]. However, the time required to develop a
stable color of the gold nanostructure suspension depends
on the R (mole ratio of ILs to HAuCl4) values, that is, at in-
creasing values of R, the reaction develops more quickly.


The stability of the colloidal gold nanostructures’ suspen-
sion depends upon the length of alkyl chain attached to the
imidazolium ion of ILs. For example, a suspension of gold
nanostructures, prepared with [C2mim][A] using R=1, is
stable for 5 days without any precipitation, whereas those
prepared with [C10mim][A] are less stable and precipitation
can occur within 12 hours. These observations indicate that


as the alkyl chain length of the imidazolium ion of ILs in-
crease, the stability of the suspension of colloidal gold nano-
structures decreases.


A set of UV/Vis spectra of the as-prepared suspension of
colloidal gold nanostructures prepared at R= ([IL]/ ACHTUNG-
TRENNUNG[HAuCl4])=1 (see reaction Set 1 in Table 2) recorded after
15 min of reaction can be seen in Figure 4. The spectra of all
the samples in aqueous suspension show the presence of a


broad surface plasmon resonance (SPR) absorption band in
the wavelength region l=500–600 nm indicating the forma-
tion of different-shaped gold nanostructures other than
spheres. More specifically, the as-prepared samples that
were synthesized with ILs exhibit a slightly broad SPR band
accompanied by a long tail at lmax=532, 533, 534, 534, 553,
and 574 nm, for [C0mim][A], [C2mim][A], [C4mim][A],
[C6mim][A], [C8mim][A] and [C10mim][A], respectively (see
Figure 4). For comparison, we have also prepared gold
nanoparticles (GNPs) with sodium ascorbate, the aqueous
suspension of which exhibits a sharp SPR band at l=


530 nm without any tailing (see Figure 4a). These optical re-
sults suggest that the gold nanostructures prepared with ILs
should possess different morphology than those prepared
with neat sodium ascorbate. To confirm this issue, we exam-
ined the morphologies of these gold nanostructures by
means of TEM and the results will be discussed in detail
later in this section. The SPR band position of GNPs pre-
pared with [C0mim][A], [C2mim][A], [C4mim][A] and
[C6mim][A] (see Figures 4b–e, respectively) are essentially
in the same region (l=532–534 nm), whereas those pre-
pared with [C8mim][A] (Figure 4g) and [C10mim][A] (Fig-
ure 4f) show a significant shift in the SPR band position to
lmax =553 and 574 nm, respectively.


To check the effect of variation mole ratio of ILs to
HAuCl4 on the nature of spectra of formed gold nanostruc-
tures, we first carried out reduction of HAuCl4 with different
ILs by decreasing the mole ratio to R= [IL]/ ACHTUNGTRENNUNG[HAuCl4]=0.25
(see reaction Set 2 in Table 2). The UV/Vis spectra showed
a sharp SPR band at lmax =530, 532 and 535 nm for GNPs


Table 2. Detailed reaction recipes for the synthesis of gold nanostruc-
tures at different mole ratios of IL to HAuCl4.


Set ILs [mm] HAuCl4 [mm] R= [ILs]/ ACHTUNGTRENNUNG[HAuCl4]


1 0.5[a] 0.5 1.0
2 0.125[b] 0.5 0.25
3 2.0[c] 0.5 4.0


[a] ILs used: [C0mim][A], [C2mim][A], [C4mim][A], [C6mim][A],
[C8mim][A], and [C10mim][A]; [b] ILs used: [C2mim][A], [C4mim][A],
[C6mim][A], [C8mim][A], and [C10mim][A]; [c] ILs used: [C2mim][A],
[C4mim][A], [C6mim][A], [C8mim][A], and [C10mim][A].


Figure 4. UV/Vis absorption spectra of different as-prepared suspensions
of gold nanostructures prepared with a) sodium ascorbate, b) [C0mim]
[A], c) [C2mim][A], d) [C4mim][A], e) [C6mim][A], f) [C8mim][A], and
g) [C10mim][A] at a value of R=1.


Chem. Eur. J. 2008, 14, 5528 – 5537 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5531


FULL PAPERIonic Liquids in the Synthesis of Gold Nanostructures



www.chemeurj.org





prepared in reaction with ILs, [C2mim][A], [C4mim][A], and
[C6mim][A] respectively (see Figures 5a–c) indicating the
formation of mostly spherical particles, but the SPR bands


were suddenly broadened for GNPs prepared with [C8mim]
[A] and [C10mim][A] (see Figure 5d and 5e, respectively).


However, upon increasing the concentration of ILs in the
reaction mixture to R=4 (see reaction Set 3 in Table 2), a
slightly different spectral pattern was observed. The UV/Vis
spectra of the suspensions of gold nanostructures prepared
with [C2mim][A] and [C4mim][A] show the presence of a
sharp SPR absorption band at l=528 and 532 nm respec-
tively (see Figure 6a,b). Gold nanostructures prepared by
using [C6mim][A], produce a sharp SPR band at l=532 nm


that is accompanied by a second absorption band in the
higher wavelength region (l�700 nm) (see Figure 6c).
Whereas, gold nanostructures prepared with ILs that have a
long chain alkyl group ([C8mim][A] and [C10mim][A]) pro-
duced a large broadening in the SPR band (see Figure 6d,e).
These shifting of SPR bands of gold nanostructures, suspen-


sion, prepared with [C8mim][A] and [C10mim][A], may be
attributed to either the formation of the aggregated struc-
ture, or to the branching of gold nanostructures as men-
tioned elsewhere.[62]


The kinetics of gold nanostructure formation was studied
via recording the time dependent UV/Vis spectra of the
their colloidal suspensions during their formation. As a rep-
resentative case, we have only studied the kinetics of forma-
tion of gold nanostructures that are prepared at R= [IL]/ ACHTUNG-
TRENNUNG[HAuCl4]=1.0 (see Table 2). For the samples prepared with
the ILs [C2mim][A] and [C6mim][A] the variation of absorb-
ance values at lmax =530 nm were plotted against time (see
Figures 7a and 7b respectively). For samples prepared with
[C10mim][A], the kinetics of formation was studied by meas-


uring the change in absorbance value at lmax =567 nm of the
SPR band (Figure 7c). It is clear that the formation of gold
nanostructures started immediately after the addition of the
respective ILs (see Figures 7a–c). The insets of these figures
represent an enlarged view of the early time segment and
indicate a sudden jump in the absorbance value after 3 min-
ACHTUNGTRENNUNGutes of the reaction. Notably, in three cases, the absorbance
values remain unchanged after 10 minutes of the reaction
(see Figures 7a–c). These results indicate that the reactions
between these ILs and HAuCl4 are very fast and almost
complete within a 10 min time span. For comparison, the ki-
netics of formation of GNPs prepared with neat sodium as-
corbate is also presented (see Figure 7d). The inset of Fig-
ure 7d shows no such jump in the absorbance value as no-
ticed in the earlier cases. Such a fast reaction between the


Figure 5. UV/Vis absorption spectra of the as-prepared suspensions of
gold nanostructures prepared with different ILs a) [C2mim][A], b)
[C4mim][A], c) [C6mim][A], d) [C8mim][A], and e) [C10mim][A] at a
value of R=0.25.


Figure 6. UV/Vis absorption spectra of the as-prepared suspensions of
gold nanostructures prepared with a) [C2mim][A], b) [C4mim][A], c)
[C6mim][A], d) [C8mim][A], and e) [C10mim][A] at a value of R=4.


Figure 7. UV/Vis kinetics of gold nanostructure formation using different
ILs: a) [C2mim][A], b) [C6mim][A], c) [C10mim][A] and d) neat sodium
ascorbate. Insets show the enlarged view for the lower-time region.
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IL and HAuCl4 might be responsible for the formation of
different shaped-GNPs as can be seen from TEM image
analysis discussed later in this section.


The representative TEM micrographs of gold nanostruc-
tures prepared with different ionic liquids following the con-
ditions (R= [IL]/ ACHTUNGTRENNUNG[HAuCl4]=1.0) given in reaction Set 1 (see
Table 2) are shown in Figure 8. From these images, it is ap-
parent that the particles synthesized with [C0mim][A] are


mostly quasi-spherical in shape (Figure 8a), whereas those
synthesized with [C2mim][A], [C4mim][A], and [C6mim][A]
are of almost similar morphology and resemble raspberry-
like nanostructures (Figures 8b–d). For the latter three sam-
ples, it is expected that the nature of the SPR band would
be the same as the morphology looks like the same. Howev-


er, as shown earlier that the SPR band of GNPs prepared
with [C0mim][A] (Figure 4b) compared with the bands pro-
duced from [C2mim][A], [C4mim][A] and [C6mim][A] (Fig-
ure 4c—e, respectively) are almost alike in terms of their
nature and position. Furthermore, the TEM images of gold
nanostructures prepared with [C8mim][A] and [C10mim][A]
show flake and dendrite like morphology, respectively (Fig-
ure 8e,f). This might be the reason that the SPR bands for
the suspensions of these two samples are red-shifted and
broaden, compared to those of samples prepared with ILs
containing an hexyl chain or shorter (see Figure 4f,g). The
insets of Figures 8b–e show the enlarged view of the respec-
tive single anisotropic nanostructure, which apparently indi-
cate that each of these structures are formed as a result of
aggregation or assembly of smaller spherical particles. How-
ever, the sample prepared by using sodium ascorbate under
similar reaction conditions shows only quasi-spherical parti-
cles (Figure 8g). Thus, the gold nanostructures synthesized
with ionic liquids that have shorter alkyl chains form quasi-
spherical morphology, whereas those with longer alkyl
chains result in the formation of anisotropic nanoparticles.


If the value of R is decreased to 0.25 (see reaction Set 2
in Table 2) the TEM images of the samples prepared with
[C2mim][A], [C4mim][A] and [C6mim][A] (see Figures 9a–c,
respectively ) displayed mostly quasi-spherical nanoparticles
(with some aggregation), but did not show any anisotropic


Figure 8. TEM micrographs of gold nanostructures prepared with: a)
[C0mim][A], b) [C2mim][A], c) [C4mim][A], d) [C6mim][A], e) [C8mim]
[A], f) [C10mim][A], and g) neat sodium ascorbate at mole ratio value of
R=1 (see Set 1). Insets show the enlarged view of the respective parti-
cles.


Figure 9. TEM micrographs of gold nanostructures prepared with: a)
[C2mim][A], b) [C4mim][A], c) [C6mim][A], d) [C8mim][A], and e)
[C10mim][A] at a value of R=0.25.
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nanostructures. However, in the case of sample prepared
with [C8mim][A], it appears that they have a certain aniso-
tropy in their shape (Figure 9d). This anisotropy in shape is
more prominent in the case of the gold nanostructures that
were prepared by using [C10mim][A] (Figure 9e). It again in-
dicates that each of the structure in Figure 9e, are formed as
a result of aggregation or the assembly of smaller particles,
as observed for gold nanostructures prepared at R=1 by
using [C2mim][A], [C4mim][A] and [C6mim][A] ILs.


The TEM images of all the samples prepared at R=4.0
(see reaction Set 3 in Table 2) is represented in Figure 10. In
this case, again mostly quasi-spherical particles are formed
along with some aggregation of these particles were also ob-
served if [C2mim][A], [C4mim][A] and [C6mim][A] are used
(see Figures 10a–c, respectively). Whereas, for the samples


prepared with [C8mim][A] and [C10mim][A] a mixture of
quasi-spherical and irregular shaped nanoparticles are
formed. These as-formed particles are not well dispersed
and they have a tendency to form agglomerates.


From the analysis of TEM and optical results, it may be
concluded that the ascorbate ion of the IL reduces Au3+ to
metallic Au and that the alkyl substituted imidazolium
cation plays a crucial role in the shape evaluation. The mole
ratio (R) of IL to HAuCl4 also plays an important role in
the ultimate shape determination.


To get better understanding of the effect of the alkyl sub-
stituted imidazolium cation on the morphology of formed
gold nanostructures, we have carried out the reduction of
gold salt using ILs in presence of an water-soluble polymer,
poly(vinyl pyrrolidone) (PVP) that can also act as a stabiliz-
er. Typical TEM micrographs of the samples prepared by
using [C2mim][A], [C6mim][A] and [C10mim][A] at R=1.0
(e.g., [IL]= [HAuCl4]=0.5 mm) in presence of PVP
(0.1 wt%) are shown in Figure 11. The formation of solely
spherical gold nanoparticles (GNPs) when prepared using
[C2mim][A] and [C6mim][A] ILs respectively can be seen in
Figures 11a,b. This might be a result of the bulky PVP mole-
cules absorbed onto the surface of the GNP, hindering the
GNPs from the anisotropic crystal growth, by preventing co-
alescence between initially formed spherical particles. The


polymer PVP in presence of [C10mim][A] formed particles
that have a little tendency to form dendritic structures (see
Figure 9c). However, owing to the presence of bulky poly-
meric chains, further growth to the dendritic structure was
hindered. Again, the GNPs prepared with these ILs at con-
centrations of PVP greater than 0.1 wt% formed particles
that stuck to the reaction vessel. This might be owed to the
cationic part of ILs interacting with PVP to prevent the
GNPs from proper stabilization.


Wide angle X-ray characterization was carried out on
these gold nanostructure samples obtained according to re-
action Set 1 (see Table 2) to provide support for such aniso-
tropic growth. The X-ray diffraction (XRD) patterns of the
samples prepared by using different ILs (e.g., [C2mim][A],
[C6mim][A], and [C10mim][A]) as a reducing/structure-di-
recting agent can be seen in Figure 12. All the samples
showed an intense peak at 2q=38.2, which corresponds to
the (111) lattice plane of the fcc metallic gold. Whereas the


Figure 10. TEM micrographs of gold nanostructures prepared with: a)
[C2mim][A], b) [C4mim][A], c) [C6mim][A], d) [C8mim][A], e) [C10mim]
[A] at a value of R=4.


Figure 11. TEM micrographs of gold nanoparticles prepared in presence
of PVP using the ILs: a) [C2mim][A], b) [C6mim][A], and c) [C10mim]
[A] at a value of R=1.
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peaks at 2q=44.4, 64.7, 77.6, correspond to the lattice
planes (200), (220), and (311) of Au, are very weak. These
data reveal that with an increase in length of the substituted
alkyl chain of ILs, the intensity of the peak that belongs to
the (111) plane of the formed gold nanostructure increases
and at the same time other peaks gradually diminish. These
results indicate that the growth along (111) plane becomes
more pronounced in comparison to the other planes. This
type of unidirectional growth along the (111) plane might be
responsible for the formation of anisotropic gold nanostruc-
tures of different morphologies. Also, the presence of long
hydrophobic chain in the IL might assist the unidirectional
growth of gold nanostructure that resulted in the formation
of various morphologies.


In these reactions HAuCl4 is reduced by the ascorbate ion
of the ILs in the absence of any externally added reducing
agents. During the reduction, the ascorbate ion is converted
to its oxidized form, as reported earlier,[54–58] whereas the al-
kylated imidazolium cation has a chance to adsorb to the
negatively charged surface of newly formed small gold par-
ticulates, which eventually combine to form bigger gold
nanostructures. This was confirmed by FTIR characteriza-
tion of the precipitated/washed gold nanostructures pre-
pared with [C6mim][A] and the spectra are presented in Fig-
ure 3d. The spectra did not show any bands corresponding
to the >C=O stretching vibration of the ascorbate ion or
any characteristic band of the oxidized form of ascorbate
ion (compare Figures 3c and 3d). The vibration owed to the
-CH2- group of the substituted hexyl chain is very prominent
indicating the attachment of the cationic part of the IL on
the surface of the GNPs (Figure 3d).


On the basis of these results, we can propose a probable
mechanism of growth of such anisotropic gold nanostruc-
tures. The initially formed smaller particles are hydrophobic
in nature, as a result of the adsorption of alkylated imidazo-
lium groups onto the surface. The hydrophobic nature of the
smaller particles makes them poorly soluble in the aqueous
dispersion, which results in the formation of anisotropic


nanoparticles throughout the coalescence of these unstable
particles till the system attains a minimum energy. Further-
more, the enlarged view of TEM images of all the samples
except those prepared with [C0mim][A] (see insets of Figur-
es 8b–f) show that these anisotropic gold nanostructures
consist of smaller spherical particles. The gold nanostruc-
tures prepared with [C8mim][A] and [C10mim][A] show
some unique flake- and dendrite-like growth (see insets of
Figure 8e and 8f).


Conclusion


In this article, our approach has been directed towards the
synthesis of quasi-spherical and anisotropic gold nanostruc-
tures of various morphologies by using a series of newly de-
signed ascorbic acid based ionic liquids (ILs) as a reducing
agents as well as structure-directing agents. In this case, as-
corbate ion acts as a reducing agent and the alkylated imida-
zolium ion acts as capping/structure-directing agent, which
we confirmed by means of FTIR spectroscopy analysis. With
the variation of the length of the alkyl chain attached to the
imidazolium cation, the particle morphology (spherical/rasp-
berry/flake/dendritic) of the gold nanostructures was suc-
cessfully tuned. However, the mole ratio of ILs to HAuCl4
has a significant effect on the morphology of formed gold
nanostructures. These newly designed ILs are excellent re-
ducing agents and can be used for the in situ generation of a
wide range of metal nanostructures.


Experimental Section


General : Ascorbic acid, 1-methylimidazole, ethyl bromide, butyl bro-
mide, hexyl bromide, octyl bromide, decyl bromide, poly(vinyl pyrroli-
done) (PVP), and hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4·3H2O) were purchased from Sigma–Aldrich and were used
without further purification. All the aqueous solutions were prepared
with triple-distilled water and distilled reagent grade solvents were used
for the ionic liquid synthesis.NMR spectroscopy : 1HNMR studies of all
the ILs, neat ascorbic acid, and neat sodium ascorbate were carried out
by using a Bruker DPX 300 MHz spectrometer.


Elemental analysis : Elemental analyses of the purified 1-alkyl-3-methyl-
ACHTUNGTRENNUNGimidazolium bromides and their corresponding ascorbate ILs were car-
ried out by using a Perkin–Elmer 2400 series II CHN analyzer.


ESI mass spectrometry : The ESI mass spectra of the synthesized 1-alkyl-
3-methylimidazolium bromides and 1-alkyl-3-methylimidazolium ascor-
bates were recorded from a methanol solution in a Quadrupole time-of-
flight (Qtof) Micro YA263 mass spectrometer.


Thermogravimetric analysis (TGA): TGA thermograms of all the ILs
were recorded by using a TA SDT Q600 instrument at a heating rate of
20 8Cmin�1 under a N2 atmosphere.


Differential scanning calorimetry (DSC): The glass transition temperature
(Tg) of the ILs was measured using a Perkin–Elmer Diamond DSC
equipped with an intercooler at a scan rate of 20 8Cmin�1. For all sam-
ples, at least one cycle of heating and cooling were performed before
taking the final heating scan. Note that the ILs were dried at 70 8C in
vacuum for three days before the DSC measurements.


UV/Vis absorption spectroscopy : UV/Vis absorption spectra of the sus-
pension of the gold nanostructures prepared with different ILs were re-


Figure 12. XRD pattern of gold nanostructures prepared by using a)
sodium ascorbate, b) [C2mim][A], c) [C6mim][A], and d) [C10mim][A] at
a value of R=1.
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corded in a Hewlett Packard 8453 diode-array UV/Vis spectrophotome-
ter.


Transmission electron microscopy (TEM): One drop of the as-prepared
suspension of the gold nanostructures prepared with different ILs was
placed on a carbon-coated copper grid and allowed to air-dry at room
temperature. The grid was then observed under a JEOL JEM 2010 high-
resolution transmission electron microscope at an accelerating voltage of
200 kV.


X-Ray diffraction (XRD): For XRD analysis, the different as-prepared
suspensions of gold nanostructures were deposited on a microscopic glass
slide and the diffractrograms were then recorded by using a Seifert XRD
3000P diffractrometer at an accelerating voltage of 35 kV by using a Cuka


(l=1.54 N) as the X-ray radiation source.


Fourier Transform Infrared (FTIR) Spectroscopy : FTIR spectra of neat
ascorbic acid, sodium salt of ascorbic acid, ionic liquid and the centri-
fuged/washed/dried gold nanostructures prepared with ILs were recorded
using KBr pellets in a Shimadzu FTIR-8400S spectrometer. The pellets
were prepared by mixing the corresponding dried sample with KBr in a
1:100 (w/w) ratio.


Synthesis of ionic liquids :


Synthesis of 1-alkyl-3-methylimidazolium bromide : In a typical synthesis,
a mixture of 1-methylimmidazole (10 mm) and any alkyl bromide
(10 mm) (such as ethyl bromide, butyl bromide, hexyl bromide, octyl bro-
mide, and decyl bromide) was refluxed at 708C for 36 h with continuous
magnetic stirring. The resultant yellowish viscous compound was then
washed thoroughly with distilled diethyl ether four times for complete re-
moval of unreacted components. Finally, a pale- white waxy solid mass
was obtained. All the purified 1-alkyl-3-methylimidazolium bromides
were then dried in a vacuum and characterized by 300 MHz 1H NMR
spectroscopy (CDCl3) and ESI mass spectroscopy.


1-Ethyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.41 (s,Immidazole ring H), 7.43–7.42 (m, Immidazole ring
H), 4.46–4.38 (q, J=7.4 Hz, -NCH2), 4.12 (s, -NCH3), 1.63–1.59 ppm (t,
J=7.3 Hz, -CH3); MS (EI, 35 eV): m/z : 111 (M+ 100%).


1-Butyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.25 (s, Immidazole ring H), 7.61 (s, Immidazole ring H), 7.49
(s, Immidazole ring H), 4.37–4.32 (t, J=7.5 Hz, -NCH2), 4.15 (s, -NCH3),
1.96–1.86 (m, -CH2), 1.43–1.36 (m, -CH2), 0.99–0.94 ppm (t, J=7.3 Hz,
-CH3); MS (EI, 35 eV): m/z : 139 (M+ 100%).


1-Hexyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.20 (s, Immidazole ring H), 7.53 (s, Immidazole ring H), 7.39
(s, Immidazole ring H), 4.35–4.30 (t, J=7.4 Hz, -NCH2), 4.13 (s, -NCH3),
1.94–1.89 (m, -CH2), 1.32 (bs, 3-CH2), 0.90–0.86 ppm (t, J=7.3 Hz, -CH3);
MS (EI, 35 eV): m/z : 167 (M+ 100%).


1-Octyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.43 (s, Immidazole ring H), 7.58–7.55 (d, J=9.0 Hz, Immida-
zole ring H), 7.42–7.39 (d, J=9.0, Immidazole ring H), 4.35–4.30 (t, J=


7.4 Hz, -NCH2), 4.14 (s, -NCH3), 1.94–1.89 (m, -CH2), 1.32–1.25 (bs, 5-
CH2), 0.89–0.85 ppm (t, J=7.0 Hz, 3H); MS (EI, 35 eV): m/z : 195 (M+


100%).


1-Decyle-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.61 (s, 1H), 7.31 (s, 1H), 7.24 (s, 1H), 4.34–4.29 (t, J=


7.4 Hz, 2H), 4.13 (s, 3H), 1.92 (m, 2H), 1.25 (bs, 14H), 0.90–0.85 ppm (t,
J=6.3 Hz, 3H); MS (EI, 35 eV): m/z : 223 (M+ 100%).


Synthesis of 1-alkyl-3-methylimidazolium hydroxide : 1-alkyl-3-methylimi-
dazolium hydroxides were prepared by passing the corresponding aque-
ous 1-alkyl-3-methylimidazolium bromides solution (5 mm) through anion
exchange resin (Amberlite IRA-400Cl, Aldrich). For this, a glass column
was first packed with the resin followed by washing with plenty of water.
The column was charged with an aqueous NaOH solution (2 m) to
modify the resin beads with hydroxide ions. The column was then washed
thoroughly with water to remove any traces of unexchanged hydroxide
ion (tested with Litmus paper). Finally, an aqueous solution of 1-alkyl-3-
methylimidazolium bromide was passed through the column to exchange
the bromide ions with hydroxide ions. The exchange reaction was con-
firmed by means of thin layer chromatography (TLC).


Synthesis of 1-alkyl-3-methylimidazolium ascorbate ionic liquids : In a typ-
ical synthesis of 1-alkyl-3-methylimidazolium ascorbate, solid ascorbic
acid (5 mm) was added to an as prepared aqueous solution of 1-alkyl-3-
methylimidazolium hydroxide (5 mm) and the reaction mixture was
stirred magnetically for 12 h at room temperature. The resultant 1-alkyl-
3-methylimidazolium ascorbates were isolated through freeze-drying pro-
cess. Finally, all the ascorbic acid based ILs (as depicted in Table 1) were
dissolved in a mixed solvent of methanol/acetonitrile (1:9) and filtered to
remove the residual solid impurities. The resultant ILs were dark-brown
and viscous.


Purification of ascorbic acid based ILs : An IL (1 g) was dissolved in dis-
tilled methanol (5 mL) followed by the addition of active charcoal
powder (10 g). The mixture was stirred for 5 min until a homogeneous
mixture was obtained. The mixture was then filtered through a filter
paper (Whatman-1) and washed the residue 10 times with minimum
volume of distilled methanol to collect the ILs that might present in the
residue. After complete removal, all the filtrates were combined together
and the purity was checked by means of TLC. Finally, the ILs were iso-
lated from this filtrate by rotary evaporation and were dried in vacuum
at 70 8C for three days. After purification, all the ILs became colorless.
The purified ILs were then fully characterized by using 1H NMR spec-
troscopy ([D6]DMSO and D2O). For comparison, the 1HNMR spectra of
sodium ascorbate and one of theses ILs, [C2mim][A] were recorded by
using D2O as a solvent.


Ascorbic acid : 1H NMR (300 MHz, [D6]DMSO, TMS): d=4.62–4.61 (d,
five member ring H), 3.90–3.81 (m, J=6.5 Hz, -CH), 3.69–3.65 (m, J=


6.0, -CH2).


Sodium ascorbate : 1H NMR (300 MHz, D2O, TMS): d =4.38–4.37 (d, five
member ring H), 3.91–3.87 (q, J=6.0 Hz, -CH), 3.67–3.62 ppm (d, -CH2).


1-Ethyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, DMSO
[D6], TMS): d =9.1 (s, Immidazole ring H), 7.75 (s, Immidazole ring H),
7.67 (s, Immidazole ring H), 4.21–4.13 (q, J=7.4 Mz, -NCH2), 3.8 (s,
-NCH3), 1.42–1.37 ppm (t, J=7.3 Mz, -CH3);


1H NMR (300 MHz; D2O;
TMS): d=8.58 (s. Immidazole ring H), 7.35 (s, Immidazole ring H), 7.29
(s, Immidazole ring H), 4.40–4.38 (d, 1H), 4.13–4.06 (q, J=6.0 Hz, 2H),
3.39–3.98 (d, 1H), 3.70 (s, 3H), 3.68–3.62 (m, J=6.0 Hz, 2H), 1.39–
1.34 ppm (t, J=7.4 Mz, 3H); MS (EI, 35 eV): m/z : 111 (M+ 100%); ele-
mental analysis calcd (%) for C12H18N2O6 (286): C 50.34, H 6.29, N 9.79;
found: C 50.12, H 6.64, N 9.30.


1-Butyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.05 (s, Immidazole ring H), 7.71 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.15–4.10 (t, J=6.9 Hz, -NCH2), 3.81 (s, -NCH3),
1.76–1.71 (m, CH2), 1.27–1.19 (m, CH2), 0.90–0.85 ppm (t, J=7.1 Hz,
CH3); MS (EI, 35 ev): m/z : 139 (M+ 100%); elemental analysis calcd
(%) for C14H22N2O6 (314): C 53.50, H 7.00, N 8.917; found: C 53.21, H
7.29, N 8.54.


1-Hexyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.05 (s, Immidazole ring H), 7.73 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.12 (bs, -NCH2), 3.82 (s, -NCH3), 1.75 (bs,
-CH2), 1.24 (bs, 3 -CH2), 0.84 ppm (bs, -CH3); MS (EI, 35 eV): m/z : 167
(M+ 100%); elemental analysis calcd (%) for C16H26N2O6 (342): C 56.14,
H 7.6, N 8.1; found: C 56.35, H 7.73, N 7.84.


1-Octyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.04 (s, Immidazole ring H), 7.72 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.14–4.09 (t, J=7.1 Hz, -NCH2), 3.81 (s, -NCH3),
1.77–1.72 (m, -CH2), 1.22 (bs, 5-CH2), 0.85–0.80 ppm (t, J=7.0 Hz, -CH3);
MS (EI, 35 eV): m/z : 195 (M+ 100%); elemental analysis calcd (%) for
C18H30N2O6 (370): C 58.37, H 8.1, N 7.56; found: C 58.22, H 8.21, N 7.40.


1-Decyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.04 (s, Immidazole ring H), 7.72 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.13–4.09 (t, J=7.1 Hz, -NCH2), 3.94 (s, -NCH3),
1.76–1.74 (m, -CH2), 1.21 (bs, 7-CH2), 0.85–0.80 ppm (t, J=6.3 Hz, -CH3);
MS (EI, 35 eV): m/z : 223 (M+ 100%); elemental analysis calcd (%) for
C14H22N2O6 (398): C 60.30, H 8.54, N 7.03; found: C 60.55, H 8.78, N
6.75.


Synthesis of gold nanostructures using different ILs : In a typical synthesis,
an aliquot (0.1 mL, 10 mm) of each of IL solution was added separately
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to an aqueous HAuCl4 solution (1.9 mL of 0.526 mm) taken in labeled
glass vials to get a mole ratio of IL to HAuCl4 (R=1.0; IL is acting as re-
ducing agent for HAuCl4) under constant magnetic stirring. Two more
sets of reactions were also carried out at varying R values. That is, the
concentration of IL was varied, keeping the concentration of HAuCl4 the
same (see table 2) under reaction conditions similar to that maintained in
the previous reaction. The progress of the formation of gold nanostruc-
tures was then followed through visualization of the color change of the
colloidal suspension as well as by using UV/Vis spectroscopy.
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Generation of an Aromatic Amide-Derived Phosphane (Aphos) Library by
Self-Assisted Molecular Editing and Applications of Aphos in Room-
Temperature Suzuki–Miyaura Reactions


Wei-Min Dai,*[a, b] Yannian Li,[a, b] Ye Zhang,[b] Congyong Yue,[a, b] and Jinlong Wu[a]


Introduction


Undoubtedly one of the most extensively studied palladium-
catalyzed cross-coupling reactions for carbon–carbon bond
formation is the Suzuki–Miyaura protocol[1,2] through which
an organic halide or pseudohalide combines with an organic
boronic acid or equivalent boron-derived reagent. Typically,


aryl and vinyl electrophiles are preferred in the cross-cou-
pling reactions with alkyl, aryl, and vinyl boron compounds
for assessing biaryls, 1,3-dienes, alkyl/aryl-substituted al-
kenes, and alkyl-substituted aromatics. Recent advancement
in reactive catalyst design has extended the Suzuki–Miyaura
cross-coupling to alkyl electrophiles.[3,4] As a consequence of
the intrinsic lower reactivity of the CAr�Cl bond, aryl chlor-
ides are believed to undergo oxidative addition onto Pd0


with much more difficulty compared with aryl iodides and
bromides. Development of reactive palladium catalysts for
activating aryl chlorides in cross-coupling reactions remains
a hot thematic area.[5] During the past decade significant ad-
vances have been made in the rational design of bulky and
electron-rich ligands capable of forming monoligated palla-
dium species.[6] In 1997, Shen first reported tricyclohexyl-
phosphane (PCy3, 1a) as the ligand in the Pd-catalyzed cou-
pling of activated aryl chlorides with arylboronic acids at
100 8C in the presence of CsF in NMP.[7] In 1998, Fu and co-
workers used tri-tert-butylphosphane (PtBu3, 1b) in combi-
nation with [Pd2 ACHTUNGTRENNUNG(dba)3] (dba=dibenzylideneacetone) as the
precatalyst for Suzuki–Miyaura coupling of unactivated aryl
chlorides at 80–90 8C (Cs2CO3, dioxane)


[8a] or at room tem-


Abstract: Aromatic amide-derived
phosphanes (Aphos) are hemilabile
P,O-coordinating ligands, which, when
combined with a Pd precursor, yield a
promising precatalyst system for
Suzuki–Miyaura cross-coupling reac-
tions. A focused library of Aphos li-
gands has been constructed for struc-
tural optimization, with the target of
improving catalytic efficacy. By using
microwave irradiation at accurately
regulated temperature, an expeditious
and reproducible one-pot synthesis and
screening protocol was designed and
experimentally validated. The success
is based on a unique self-assisted mo-


lecular editing (SAME) process in
which both the substrate and the prod-
uct molecules catalyze formation of the
product. Thus, starting from a 4-chloro-
benzamide-derived Aphos as the sub-
strate, parallel reactions with a selected
set of arylboronic acids, in the absence
of an added external phosphane ligand
to Pd, produced a family of structurally
edited Aphos ligands. The resultant re-


action mixture containing the new
Aphos, the Pd species, and the base
could be used for in situ screening of
the Aphos efficacy in a reference
Suzuki–Miyaura coupling reaction. The
structures of all Aphos ligands were
characterized by 31P NMR spectroscopy
and their catalytic profiles in the refer-
ence reaction were evaluated by HPLC
analysis. These data allowed the iden-
tification of an efficient Aphos ligand,
capable of promoting room-tempera-
ture Suzuki–Miyaura coupling of unac-
tivated and sterically hindered aryl
chlorides with arylboronic acids under
mildly basic conditions.


Keywords: heterogeneous catalysis ·
microwave-assisted reactions · pal-
ladium · phosphanes · Suzuki–
Miyaura coupling


[a] Prof. Dr. W.-M. Dai, Y. Li, C. Yue, Dr. J. Wu
Laboratory of Asymmetric Catalysis and Synthesis
Department of Chemistry, Zhejiang University
Hangzhou 310027 (P.R. China)
Fax: (+86)571-87953128
E-mail : chdai@zju.edu.cn


chdai@ust.hk


[b] Prof. Dr. W.-M. Dai, Y. Li, Dr. Y. Zhang, C. Yue
Department of Chemistry
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong SAR (P.R. China)
Fax: (+852)23581594


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5538 – 55545538







perature (KF, THF).[8b] First reported in 1998 by Buchwald,
was the biphenyl-derived phosphane 2a (Ar=2-dimethyl-
ACHTUNGTRENNUNGaminophenyl),[9a] which forms a precatalyst system with Pd-
ACHTUNGTRENNUNG(OAc)2 and demonstrates high activity in promoting room-
temperature Suzuki–Miyaura coupling of unactivated aryl
chlorides in the presence of CsF or K3PO4 in dioxane. Since
then, a number of biaryl-derived phosphanes of the types
2a,b have been prepared and applied to highly efficient
Suzuki–Miyaura coupling of unactivated aryl chlorides at
room temperature (Pd ACHTUNGTRENNUNG(OAc)2 in THF with KF, K3PO4, or
K3PO4·H2O).[9] Dialkylarylphosphanes such as 3a have been
used along with [Pd2ACHTUNGTRENNUNG(dba)3] for cross-coupling of 4-chloro-
ACHTUNGTRENNUNGtoluene with phenylboronic acid at 110 8C to give the prod-
uct in 48% yield (K3PO4, PhMe).[10] It is interesting to note
that the dimethylamino-substituted 3b remarkably improved
efficacy of the precatalyst, [PdCl2ACHTUNGTRENNUNG(3b)2], in the Suzuki–
Miyaura coupling of heteroaryl chlorides with arylboronic
acids (>89% yields; K2CO3, 10–20% H2O in PhMe, reflux
for 12 h).[11a] In the literature, a variety of bulky and elec-
tron-rich dialkylphosphino-substituted heterocycles[11b] and
trialkylphosphanes[11c] have been disclosed for the Suzuki–
Miyaura cross-coupling reactions of aryl chlorides under
mild conditions.[2f, 6,11d] Moreover, N-heterocyclic carbenes
(NHCs)[12,13] represent another class of electron-donating
monodentate ligands, which have demonstrated excellent
catalytic efficacy in room-temperature Suzuki–Miyaura cou-


pling reactions of unactivated aryl chlorides.[14–18] However,
a strong base, KOtBu, was often required.[15,16,18]


Hybrid ligands with phosphorus–oxygen donor groups
have been used in many types of transition-metal-catalyzed
reactions.[19a] The hemilability of these P,O-ligands enables
diverse coordination behavior and the ligands form mono-
dentate and chelating complexes with the metal. In particu-
lar, when bulky phosphorus and/or oxygen donor groups are
incorporated into P,O-ligands, the monoligated metal species
should be preferentially formed and could be highly reactive
toward catalysis.[19] The first efficient ether-type P,O-ligand
4b was reported by Bei, Gruam, and co-workers in 1999 for


the Suzuki–Miyaura coupling of unactivated aryl chlorides
([Pd ACHTUNGTRENNUNG(dba)2], CsF, 110–110 8C in dioxane or toluene).[20a]


However, the analogous ligand 4a was inferior.[20b] We first
reported the N,N-dialkyl aromatic amide-derived phos-
phanes (Aphos) of the type 5 as air-stable hemilabile P,O-li-
gands for Suzuki–Miyaura cross-coupling reactions of unac-
tivated aryl chlorides (92–99% yields; 0.5 mol% [Pd2-
ACHTUNGTRENNUNG(dba)3], K3PO4, PhMe, 110 8C, <5 h)[10,21a,c] and aryl bro-
mides (86–99% yields; 0.005 mol% [Pd2 ACHTUNGTRENNUNG(dba)3], KF·2H2O
or K3PO4, PhMe, 60–80 8C, <40 h).[21b] The phosphanes
crafted on sulfonamide derivatives, atropisomeric N,N-di-
ACHTUNGTRENNUNGalkyl benzamide, and 1-naphthamide scaffolds (6–8) are
known. Our design of Aphos 5 was inspired by the struc-
tures of 7 and 8. Clayden and co-workers reported the N,N-
diisopropyl benzamide-derived phosphanes 8a,b, which dis-
play both central and axial chirality and applied them in the
palladium-catalyzed asymmetric allylic alkylation (AAA)
with up to 90% ee (ee=enantiomeric excess).[22] We pre-
pared the enantiomerically pure atropisomeric 1-naphtha-
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mide-derived phosphanes (A2phos) (aS)-7a–c and their anti-
podes by means of a chemical resolution process and used
them in AAA (up to 94.7% ee),[23a] the asymmetric Heck re-
action (AHR),[23b] and asymmetric Suzuki–Miyaura cross-
coupling.[23c] In our initial screening of the N,N-dialkyl aro-
matic scaffolds by using the reference Suzuki–Miyaura reac-
tion of 4-chlorotoluene with phenylboronic acid,[10] we found
that:


1) The benzamide-derived Aphos provides better catalytic
efficacy than the 1-naphthamide analogues.


2) N,N-Diisopropyl 2-dicyclohexylphosphinobenzamides 5
(Cy-Aphos; R1= iPr, R2=Cy) are in general much more
active in catalysis than the corresponding di-tert-butyl-
phosphino derivatives 5 (tBu-Aphos; R1= iPr, R2= tBu).


3) An aryl substituent at C4 of 5 (R4=Ph) enhances Aphos
performance in the Suzuki–Miyaura coupling as com-
pared to C4-alkyl- (R4=Cy) and C6-aryl- (R6=Ph) sub-
stituted analogues.


Recently, the aromatic sulfonamide-derived phosphane
6b was reported and tested in the coupling reaction of 4-
chlorophenyl toluenesulfonate with phenylboronic acid at
80 8C in dioxane (77% yield; 2 mol% Pd ACHTUNGTRENNUNG(OAc)2,
Cs2CO3).


[24] We report here a detailed account of our studies
on the synthesis and screening of an Aphos library for dis-
covery of a highly efficient precatalyst that promotes room-
temperature Suzuki–Miyaura cross-coupling of unactivated
and sterically hindered aryl chlorides.[25]


Results and Discussion


In our early studies, the beneficial effect of the N,N-dialkyl
amide moiety [R1R1NC(O)-] in Aphos 5 has been clearly es-
tablished with respect to PhPCy2 (3a). Not only does the
amide improve stability towards air oxidation, but it also re-
markably enhances catalytic efficacy in the Suzuki–Miyaura
cross-coupling reaction.[10] Aphos 5 can be synthesized, puri-
fied, and stored as a normal organic compound. Special
oxygen-free operations are not necessary and solid-state oxi-
dation of Aphos by air is minimal. We took the following
criteria into our design and selection of the N,N-dialkylben-
zamide scaffolds 5 :


1) The N,N-dialkyl amide moiety should facilitate directed
ortho-lithiation[26] for easy incorporation of the dialkyl-
phosphino (R2R2P-) subunit.


2) The N,N-dialkyl amide moiety should have a balanced
steric bulkiness for achieving an appropriate oxygen
donor function, while allowing formation of both P-mono-
ACHTUNGTRENNUNGdentate and P,O-chelating Pd species (9–11) as given in
Figure 1 (see below).


3) The dialkylphosphino subunit should possess complimen-
tary steric and electron-rich properties in respect to the
N,N-dialkyl amide moiety.


4) The substituents (R3, R4, R5, and R6) on the aromatic
ring offer additional structural elements for fine tuning
the chemical and physical properties of Aphos, such as
crystallinity, solubility, and steric and electronic perturba-
tions.


The substituent effect on Aphos performance has been
clearly established.[10] It warrants a detailed study in the cur-
rent work.


Structural evidence on the palladium complexes of secon-
dary aromatic amide-derived P,O-ligands has been disclosed
in the literature.[27] SMnchez and co-workers carried out ex-
tensive studies on the versatile coordination behavior of o-
Ph2PC6H4CONHR (R= iPr, Ph) with palladium(II) by X-
ray crystal structural analysis, revealing P-monodentate,
P,O-bidentate, and anionic P,N-bidentate coordination
ACHTUNGTRENNUNGmodes.[27c,d] Addition of a base can induce a switch from
P,O-bidentate to anionic P,N-bidentate coordination. This
observation is characteristic for the secondary aromatic
amide-derived P,O-ligands.[27c,d,f] We established the solid
structure of [Pd ACHTUNGTRENNUNG(allyl){(aS)-7a}] ACHTUNGTRENNUNG[PF6] by X-ray crystallo-
graphic analysis and confirmed the P,O-coordination pattern
of (aS)-7a with the PdII center.[28] A similar P,O-chelating
PdII complex of the sulfonamide phosphane 6a was charac-
terized by X-ray crystal structural analysis.[24] Moreover, the
P-monodentate PdII complex of 6a was established in the
solid state, but it demonstrated dynamic behavior in the so-
lution phase and was possibly in equilibrium with the P,O-
chelating complex.[24] Such fluctuation in P-monodentate
and P,O-bidentate coordination modes of tertiary aromatic
amide/sulfon ACHTUNGTRENNUNGamide phosphanes is believed to be the struc-
tural basis for the observed catalytic efficacy in Suzuki–
Miyaura cross-coupling reactions. It is advantageous that
tertiary aromatic amides can offer steric bulkiness through
the N,N-dialkyl unit and do not exhibit an N-donor function.
Therefore, Aphos 5 should be limited to the P-monodentate
and P,O-bidentate coordination modes (Figure 1) and


Figure 1. Possible coordination modes of Aphos 5 with palladium.
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cannot form the P,N-chelating complex, which is possible
with secondary aromatic amide-derived phosphanes.[27c,d,f]


We designed a global synthetic strategy for accessing dif-
ferent substitution patterns in Aphos 5 as outlined in
Scheme 1. The reaction of 2-, 3-, and 4-chlorobenzoyl chlo-


ACHTUNGTRENNUNGrides 12 with dialkylamines lead to the formation of 2-, 3-,
and 4-chlorobenzamides 13. In our initial syntheses, reaction
with various dialkylamines was attempted with reference to
our early work on N,N-diethyl-, di-n-hexyl-, diisopropyl-,
and dicyclohexyl-1-naphthamides.[29] We also tried cyclic sec-
ondary amines, such as pyrrolidine and piperidine, and
found that the pyrrolidine-derived benzamides underwent
ortho-lithiation (sBuLi-TMEDA, (TMEDA=N,N,N’,N’-tet-
ramethylethylenediamine) THF, �78 8C) and subsequent
trapping by R2R2PCl with difficulty, while the piperidine-de-
rived Aphos ligands were not very air stable. Therefore, we
focused on acyclic and symmetrical tertiary benzamide de-
rivatives. On the other hand, a number of bulky dialkylphos-
phino subunits could be incorporated into 5 including diiso-
propyl-, dicyclohexyl-, dicyclopentyl-, and di-tert-butyl-sub-
stituted phosphanes. We found that it was not advantageous
when both R1 and R2 in Aphos 5 were very bulky concur-
rently. For example the iPr/Cy pairing in Cy-Aphos 5 (R1=


iPr, R2=Cy) demonstrates much better catalytic efficacy
than the combination of iPr/tBu in tBu-Aphos 5 (R1= iPr,
R2= tBu).[10] Described here are the representative Cl-Cy-
Aphos 14–17 with R1 and R2 being iPr and Cy, respectively.
Treatment of 2-, 3-, and 4-chlorobenzamides 13 with nBuLi
or sBuLi in the presence of TMEDA[30a,b] in THF at �78 8C
followed by trapping the resultant lithium species with
chlorodicyclohexylphosphane (Cy2PCl) afforded Cl-Cy-
Aphos 14, 16, and 17 (R1= iPr, R2=Cy). For the synthesis
of 15, a modified procedure was adopted.[30b] Thus, first the
ortho-lithiated species was trapped with Me3SiCl to form
N,N-diisopropyl 3-chloro-2-trimethylsilylbenzamide,[30c]


which was subjected to a second ortho-lithiation at the C6
position followed by incorporation of the Cy2P-subunit. Fi-
nally, the Me3Si group was removed upon treatment with
tetrabutylammonium fluoride (TBAF) to furnish the C5-Cl-
Cy-Aphos 15 (R1= iPr, R2=Cy).


Self-assisted molecular editing (SAME): Taking C4-Cl-Cy-
Aphos 17a as the representative substrate, a novel structural
editing protocol was designed and experimentally validated
as shown in Scheme 2. The Suzuki–Miyaura couplings of


vinyl, alkyl, and aryl boronic acids were used to replace C4-
Cl in 17a by vinyl, alkyl, and aryl groups to produce the
new C4-substituted Cy-Aphos 18a–c in 83–87% yields. The
three cross-coupling reactions of 17a were catalyzed by the
precatalyst system consisting of Pd, the substrate Aphos 17a
and the newly formed product Aphos 18a–c. The ratios of
Aphos/Pd were 10:1–20:1 for the reactions at 80 8C in THF.
At elevated reaction temperature in PhMe, the Aphos/Pd
ratio could reach as high as 25:1 for the formation of 18c.
These results imply that at temperatures of 80–110 8C the Pd
complex(es) of this class of aromatic amide-derived P,O-li-
gands can be catalytically active even with such incredibly
high Aphos/Pd ratios. However, the Aphos/Pd ratio had a
significant effect on the coupling reactions at room tempera-
ture (see below). According to FuQs observation, a PtBu3/Pd
ratio of 2:1 leads to sluggish Suzuki–Miyaura coupling reac-
tions between aryl bromides and aryl chlorides at room tem-
perature due to exclusive formation of the catalytically inac-
tive complex [Pd ACHTUNGTRENNUNG(PtBu3)2].


[8b] In the case of BuchwaldQs bi-
phenyl-derived phosphanes 2a,b, ligand/Pd ratios of 1:1–5:1
were used for Suzuki–Miyaura couplings with the ligand/Pd
ratio of 2:1 being preferred.[9d]


The reactions described in Scheme 2 represent an interest-
ing type of chemical transformations in which both the sub-
strate and the product concurrently catalyze formation of


Scheme 1. Global synthetic strategy toward chlorobenzamide-derived
Aphos 14–17. a) R1R1NH, Et3N. b) nBuLi or sBuLi, TMEDA, THF,
�78 8C; then R2R2PCl. c) sBuLi, TMEDA, THF, �78 8C; then Me3SiCl.
d) TBAF, THF, RT.


Scheme 2. Synthesis of C4-substituted Cy-Aphos 18a–c. a) 5 mol% Pd-
ACHTUNGTRENNUNG(OAc)2, 3 equiv K3PO4, THF, 80 8C, 4 h, 18a, 83%. b) 5 mol% Pd ACHTUNGTRENNUNG(OAc)2,
3 equiv K3PO4, THF, 80 8C, 8 h, 18b, 87%. c) 10 mol% Pd ACHTUNGTRENNUNG(OAc)2,
3 equiv K3PO4, THF, 80 8C, 8 h, 18c, 78%. d) 2 mol% Pd2 ACHTUNGTRENNUNG(dba)3, 3 equiv
KF·2H2O, PhMe, 110 8C, 7 h, 18c, 87%.
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the product (Scheme 3c). This type of reaction is distinct
from both product catalysis (PC) (Scheme 3a, or autocataly-
sis)[31] and substrate catalysis (SC) (Scheme 3b, or self-catal-


ysis).[32] In an autocatalytic reaction the product catalyzes its
own formation, while in a self-catalytic reaction, the sub-
strate promotes its own conversion to the product. Thus, in
order to initiate PC, seeding the reaction with preformed
product molecules is required. In autocatalytic reactions
with asymmetric amplification of stereochemical informa-
tion (chirality),[31b–d] the seeding product molecules with low
enantiomeric ratio can induce higher enantiomeric excess
for the newly formed product. Such asymmetric autocataly-
sis with chirality amplification has been extensively studied
in enantioselective synthesis and is considered as of mecha-
nistic relevance to the origin of biochemical homochirali-
ty.[31b–d] In contrast to PC, a prefabricated catalyst is not re-
quired for SC. It operates when the reaction conditions are
met, but the rate of product formation in SC is dependent
on the substrate concentration and decreases with reaction
progress, becoming very slow when the reaction approaches
completion.[31a] As such, the combination of PC and SC in
the same reaction offers a unique reaction system that pro-
ceeds without seeding with a tailor-made catalyst and the
product formation should occur at a nearly constant rate if
the rate laws and rate constants kSC and kPC for SC and PC
are similar. In a special case in which kPC overrides kSC, the
reaction shown in Scheme 3c becomes autocatalytic after in-
itiation by SC.


Self-assisted replication (SAR) or self-replication is a pro-
cess for generating a large number of perfect copies from a
single original molecule (Scheme 3d).[33] For the minimal
self-replicating systems, autocatalysis (or PC) is considered a
key channel that duplicates the product molecule by means


of template-directed synthesis.[33a] Theoretically, numerous
mechanisms are possible for SAR, but a distinguishing pro-
file of SAR is the specificity that a molecule only catalyzes
or assists its own formation. Therefore, the information as-
sociated with the molecule can be passed on and preserved
generation by generation. On the other hand, a chemical
process or transformation capable of both SC and PC, re-
ferred to as self-assisted molecular editing (SAME),[34] is not
specific for generating copies of a single molecular entity.
The key feature of SAME is that a collection of new molec-
ular entities (a compound library) can be self-generated
from a single starting precursor. SAME is distinguished
from combinatorial synthesis in the fundamental aspect that
all reactions are both self- and autocatalytic. It is a unique
strategy for generating molecular diversity. Indeed, a SAME
process can be used for parallel or sequential synthesis of a
library of single compounds (also compound mixtures if de-
sired) simply by supplying different building blocks m
(Scheme 3e).[35] It is emphasized that the library members
are built upon a key scaffold capable of self-catalysis. There-
fore, the characteristic features (identity) of the original
molecule is carried on and preserved in the newly formed
collection of molecular entities.


Synthesis and screening of an Aphos library : Illustrated in
Scheme 4 is a one-pot synthesis and screening protocol for
C4-Ar-Cy-Aphos 18c, 19a–q, and 20 by taking advantage of
both SAME and controlled microwave heating.[36,37] Starting
from Aphos 17a as the substrate, a Suzuki–Miyaura cross-
coupling with different arylboronic acids, ArB(OH)2, was
carried out in the presence of [Pd2ACHTUNGTRENNUNG(dba)3] and K3PO4 in tolu-


Scheme 3. Illustrations of different reaction types and chemical processes.
a) Product-catalysis (PC). b) Substrate-catalysis (SC). c) Both substrate-
and product-catalysis. d) Schematic presentation of self-assisted replica-
tion (SAR). e) Self-assisted molecular editing (SAME).


Scheme 4. Microwave-assisted one-pot synthesis and screening of C4-Ar-
Cy-Aphos 18c, 19a–q, and 20 by using the SAME process with C4-Cl-
Cy-Aphos 17a.
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ene by using a pressurized process vial with microwave irra-
diation. After heating at 180 8C for 4 min, new C4-aryl-sub-
stituted Aphos ligands were obtained in 60–98% yields, as
checked by 31P NMR spectroscopy (Table 1).[38] Except for


4-methylthiobenzeneboronic acid (entry 19, Table 1), the
substrate 17a was completely converted. Because a 2:1 ratio
of 17a to Pd was used, dechlorination of 17a might compete
at such a high palladium loading (50 mol%). Indeed, 17a
was quantitatively transformed into 21 in the absence of an
arylboronic acid (entry 8, Table 1). Moreover, formation of
21 (which had a 31P NMR signal at approximately
�7.93 ppm in the mixture) was observed as the background
reaction in all couplings of 17a. The yields of 21 varied
within 2–40% depending on the reactivity of the arylboronic
acids. The Aphos synthesis was repeated for selected aryl-
boronic acids and the product ratios could be reproduced,
assuring reliability of the synthesis. According to the ratios
of 21 listed in Table 1, arylboronic acids can be grouped by
the increased reactivity order of: electron-deficient and/or
sterically bulky subgroups (1-naphthyl�3-NO2C6H4�3-
thienyl<2,6-Me2C6H3�2-Me,4-FC6H3�4-FC6H4)<moder-
ately electron-deficient and/or less sterically bulky sub-
groups (2-MeC6H4�2-MeOC6H4�3-F,4-PhC6H3�3,4,5-
F3C6H2�3-MeOC6H4)<electron-rich and/or non-sterically
bulky subgroups (4-MeOC6H4�2-naphthyl�4-MeSC6H4


�3-Me,4-FC6H3 �Ph<4-MeC6H4�3-CF3C6H4�3-PhC6H4).


The Aphos library synthesis and screening were per-
formed on a technical microwave reactor in a sequential
manner so that a single compound library was generated
and screened. The molar ratios of all reagents used in the
Aphos synthesis step were calibrated to the aryl chloride 22,
which is the substrate of the subsequent coupling reaction,
designed for screening the efficiency of the newly formed
Aphos. The reaction mixture from step a in Scheme 4, which
contained the newly formed C4-Ar-Cy-Aphos, the palladium
species, and K3PO4, was then directly used for screening the
Aphos efficiency in the reference Suzuki–Miyaura cross-
coupling reaction of the unactivated aryl chloride 22 as
shown in step b of Scheme 4. Thus, 5-chloro-1,3-dimethoxy-
benzene (22, 1 equiv) and PhB(OH)2 (1.5 equiv) together
with an internal reference compound, N,N-diisopropyl 4-cy-
clohexylbenzamide, were added to the Aphos mixture and
heated at 180 8C for 5 min under microwave heating. The re-
sultant reaction mixture was filtered through Celite and
silica gel, and the filtrate was subjected to HPLC analysis
for determination of the conversion of 22 (see Supporting
Information). In general, the conversion of 22 ranged from
63% to 90% for Aphos derivatives 19a–q and 20 ; the
values for phosphanes 18c and 21 are 77% and 76%, re-
spectively. For selected runs, the biphenyl product 23 was
purified and the isolated yields were consistent with the
HPLC-determined conversion values of 22. For comparison
of Aphos efficiency, we normalized the conversion data of
22 obtained by HPLC analysis according to the Aphos
ratios given in Table 1 (see Supporting Information). By
using Aphos 21 as the reference, a relative order of catalytic
efficiency is derived for the 20 Aphos ligands. As depicted
in Figure 2, Aphos ligands 18c,[39] 19a–e, and 20 demon-


strate reduced efficiency (1–14%), while enhanced catalytic
efficiency (3–20%) is observed for Aphos ligands 19 f–q
with a maximum increase of 20% for the C4-(3-nitrophen-
yl)-Cy-Aphos 19q.


Table 1. Microwave-assisted synthesis of Aphos 18c, 19a–q, 20, and 21
by SAME.


Entry Aphos[a] 31P NMR Signals in CDCl3
(peak integration [%])[b]


1 19a : X=3-Ph �7.36 (98); �7.93 (2)
2 20 �7.72 (65); �7.94 (35)
3 19b : X=2-OMe �7.32 (82); �7.93 (18)
4 19c : X=4-F �7.51 (74); �7.93 (26)
5 19d : X=2-Me,4-F �7.76 (71); �7.93 (29)
6 19e : X=4-Me �7.46 (95); �7.92 (5)
7 18c �7.43 (93); �7.93 (7)
8 21[c] �7.92 (100)
9 19 f : X=4-OMe �7.51 (90); �7.94 (10)
10 19g : X=3-OMe �7.45 (88); �7.93 (12)
11 19h : X=2,6-Me2 �8.32 (70); �7.93 (30)
12 19 i : X=2-Me �7.64 (81); �7.93 (19)
13 19j : X=3-CF3 �7.36 (96); �7.90 (4)
14 19k : X=3-Me,4-F �7.45 (93); �7.92 (7)
15 19 l : X=3,4,5-F3 �7.44 (86); �7.91 (14)
16 19m : X=3,4-benzo �7.36 (91); �7.92 (9)
17 19n : X=3-F,4-Ph �7.38 (82); �7.93 (18)
18 19o : X=2,3-benzo �7,79 (60); �7.91 (40)
19 19p : X=4-SMe �7.49 (85); �7.92 (7); �6.63 (8)[d]


20 19q : X=3-NO2 �7.36 (63); �7.92 (37)


[a] Aphos ligands were prepared as shown in Scheme 4. [b] Chemical
shift values in ppm for the Aphos mixture. The Aphos structures were
validated by 31P NMR spectroscopy and the purities were estimated by
the integration of 31P signals of the Aphos mixture. The 31P signals for au-
thentic 17a, 18c, and 21 are �6.65, �7.45, and �7.97 ppm, respectively.
[c] No arylboronic acid was added. [d] The remaining substrate Aphos
17a.


Figure 2. Relative efficiency of 4-Ar-Cy-Aphos 18c, 19a–q, and 20 with
reference to C4-unsubstituted Cy-Aphos 21. The values were estimated
by HPLC analysis of the coupling product 23 formed in the reaction of
22 with PhB(OH)2 in the presence of the Aphos synthesized in Scheme 4.
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Synthesis and comparison of C4- and C5-(3-nitrophenyl)-
Cy-Aphos ligands 19q and 24 : With the Aphos library
screening data in hand, the C4-(3-nitrophenyl)-Cy-Aphos
ligand 19q was synthesized and fully characterized
(Scheme 5). The coupling reaction of 17a with 1.5 equiva-


lents of 3-nitrobenzeneboronic acid was first carried out in
the presence of 5 mol% PdACHTUNGTRENNUNG(OAc)2 and 3 equivalents of
K3PO4 in THF at 80 8C for 24 h to furnish the product
Aphos ligand 19q in 56% yield (Scheme 5, condition c). By
using 10 mol% PdACHTUNGTRENNUNG(OAc)2 the yield of 19q could be im-
proved to 82% with a reduced reaction time of 15 h (condi-
tion d). It was interesting to find that addition of 10 mol%
X-Phos[9e] into the reaction system containing 4 mol% Pd-
ACHTUNGTRENNUNG(OAc)2 could also speed up the coupling reaction (80 8C,
8 h) to produce 19q in 83% yield (condition e). The cou-
pling of 15a with 3-nitrobenzeneboronic acid was found to
be slightly difficult and a higher temperature was found to
be advantageous. With the use of 10 mol% of Pd ACHTUNGTRENNUNG(OAc)2 the
coupling was performed at 100 8C for 8 h to afford the
Aphos ligand 24 in 70% yield (condition a in Scheme 5). If
12 mol% X-Phos was added along with 5 mol% Pd ACHTUNGTRENNUNG(OAc)2
the reaction occurred at 80 8C for 10 h to give 24 in 75%
yield (condition b). These results imply that X-Phos may act
as a “seeding ligand” to initiate the coupling reaction or as a
more efficient ligand for palladium presumably due to its
electron-richness relative to the Aphos counterparts. It
should be emphasized that the nitro-containing Aphos li-
gands could not be prepared by using the directed ortho-de-
protonation approach as shown in Scheme 1 due to interfer-
ence of the nitro group with the alkyllithium reagent. It fur-


ther testifies to the synthetic potential of the SAME ap-
proach illustrated in Scheme 2.


With the pure Aphos ligands 19q and 24 in hand, a com-
parison of catalytic efficiency with other Aphos ligands was
conducted by using the coupling reaction of 1-chloronaph-
thalene 25 with phenylboronic acid at room temperature.
Reaction conditions were adopted according to our optimi-
zation described below and the coupling results are summar-
ized in Table 2. By interrupting the reaction after 8 h, the re-


sidual 25 was recovered along with the isolated product 26.
A relative efficiency index Erel was calculated on the basis
of the conversion data by taking the unsubstituted Aphos
ligand 21 as the reference. For C4-substituted Aphos ligands,
an increasing order of catalytic efficacy can be derived:
alkyl (18b)<vinyl (18a)<phenyl (18c)<3-nitrophenyl
(19q). The C5-(3-nitrophenyl)-Cy-Aphos ligand 24 is slightly
more active than 19q (entry 6, Table 2). These results repro-
duce the outcome depicted in Figure 2 for Aphos 19q and
our early findings.[10] Moreover, the Aphos ligand efficiency
was found to be dependent on both coupling partners and
reaction conditions (see below). For the room-temperature
coupling of unactivated or sterically hindered aryl chlorides
with arylboronic acids, C4- and C5-(3-nitrophenyl)-Cy-
Aphos ligands 19q and 24 are among the best performing li-
gands we have examined.


Room-temperature Suzuki–Miyaura cross-coupling of aryl
chlorides : The room-temperature Suzuki–Miyaura cross-
coupling of unactivated aryl chlorides with arylboronic acids
poses a synthetic challenge for carbon–carbon formation.
Advances in the design of electron-rich and sterically bulky
phosphanes, such as 1b and 2a,b and NHCs[12,13] as the
robust ligands have been made,[6] and the groups of Fu,[8b,c]


Buchwald,[9] Hermann,[14] Nolan,[15] Glorius,[16] Ma and
Andrus,[17] and Organ[18] have made significant contributions
in this area. We initially reported the use of [Pd2ACHTUNGTRENNUNG(dba)3]–


Scheme 5. Synthesis of Cy-Aphos 19q and 24. a) 10 mol% PdACHTUNGTRENNUNG(OAc)2,
3 equiv K3PO4, THF/H2O (10:1), 100 8C, 8 h, 70%. b) 5 mol% Pd ACHTUNGTRENNUNG(OAc)2,
12 mol% X-Phos, 3 equiv K3PO4, THF/H2O (10:1), 80 8C, 10 h, 75%. c)
5 mol% Pd ACHTUNGTRENNUNG(OAc)2, 3 equiv K3PO4, THF, 80 8C, 24 h, 56%. d) 10 mol%
Pd ACHTUNGTRENNUNG(OAc)2, 3 equiv K3PO4, THF, 80 8C, 15 h, 82%. e) 4 mol% PdACHTUNGTRENNUNG(OAc)2,
10 mol% X-Phos, 3 equiv K3PO4, THF, 80 8C, 8 h, 83%.


Table 2. Comparison of Cy-Aphos phosphanes 18a–c, 19q, 21, and 24 in
the Suzuki–Miyaura cross-coupling of 1-chloronaphthalene with phenyl-
boronic acid at room temperature.


Entry Aphos Conversion [%][a] Yield [%][b] Erel
[c]


1 18a 41 35 0.9
2 18b 30 26 0.7
3 18c 48 41 1.1
4 19q 68 62 1.5
5 21 45 38 –
6 24 71 66 1.6


[a] Conversion of 25 based on recovered materials. [b] Isolated yield of
26. [c] Erel= [conversion of 25 for C4-substituted Aphos]/[conversion of
25 for Aphos 21]. Similar Erel values can be obtained according to the
isolated product yields.
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Aphos systems with KF·2H2O
[21b] or K3PO4


[10] in toluene for
Suzuki–Miyaura cross-coupling reactions of aryl bromides
and unactivated aryl chlorides at heating temperatures. It
was found that the [Pd2 ACHTUNGTRENNUNG(dba)3]–Aphos combination could
not promote the coupling of 2-chloro-1-methoxybenzene
with phenylboronic acid at room temperature (Table 3,


entry 19).[40] In contrast, PdACHTUNGTRENNUNG(OAc)2 was a suitable palladium
source for the room-temperature reaction. With 1 mol% Pd-
ACHTUNGTRENNUNG(OAc)2 and 2 mol% of C4-(3-nitrophenyl)-Cy-Aphos 19q in
THF/H2O (10:1), various bases were screened for the reac-
tion of 27 with phenylboronic acid at 23 8C for 30 h. The iso-
lated yields of the biphenyl 28 are listed in entries 1–5 and 9
of Table 3. The highest yield of 70% was obtained for
K3PO4 (entry 9). Other commonly used mild bases, CsF, KF,
and K2CO3, afforded the product in 27–47% yields. A lower
palladium loading than 1 mol% resulted in a drop of the
yield to 27% (entry 6 vs. entry 9).


A remarkable effect of the Aphos/Pd ratio on the cou-
pling reaction was observed (Figure 3). A 76% yield of 28
was produced at a 1.5:1 19q/Pd ratio (entry 8), while with
19q/Pd�2.5:1 almost no reaction occurred (entries 10 and
11). This observation is quite different from those made in
the coupling reactions carried out above room temperature.
As described above in Scheme 2, at �80 8C, the Suzuki–
Miyaura coupling of 17a could take place at an Aphos/Pd
ratio of up to 25:1. The possible structures of Aphos–Pd


complexes at different ratios are discussed below based on
31P NMR spectroscopic studies. At 1 mol% Pd ACHTUNGTRENNUNG(OAc)2 with a
19q/Pd ratio of 1.5:1, a slightly lower yield of 62% was ob-
tained by reducing the reaction time from 30 h to 10 h
(entry 12 vs. entry 8). However, the yield could be improved
to 85% after a 24 h reaction time with a Pd loading of
2 mol% (entry 16 vs. entry 8). A fine adjustment of the 19q/
Pd ratio at either 1.3:1 or 1.7:1 confirmed that a 1.5:1 ratio
of 19q/Pd gave the optimal result (entries 14 and 15 vs.
entry 8). Use of water as the co-solvent was not apparently
beneficial (entry 13 vs. entry 9); however, it was generally
added for operational convenience in dissolving the inorgan-
ic reagents. In addition to THF/H2O (10:1), iPrOH/H2O
(10:1) could be used as the solvent without affecting the ef-
ficiency of the coupling reaction at 1.5 mol% palladium
loading although a lower yield was obtained with 1 mol%
Pd ACHTUNGTRENNUNG(OAc)2 (entries 17 and 18 vs. entries 8 and 15). A final set
of general reaction conditions was determined for the room-
temperature Suzuki–Miyaura coupling of unactivated aryl
chlorides in this study: 1–2 mol% Pd ACHTUNGTRENNUNG(OAc)2, 1.5:1 Aphos/
Pd ACHTUNGTRENNUNG(OAc)2, 1 equivalent aryl chlorides, 1.5 equivalents aryl-
boronic acids, and 3 equivalents K3PO4 in THF/H2O (10:1).


Room-temperature Suzuki–Miyaura cross-coupling reac-
tions of some selected activated aryl chlorides were first ex-
amined for Aphos 19q and the results are summarized in
Table 4. At 0.2 mol% Pd ACHTUNGTRENNUNG(OAc)2, the coupling reactions
were carried out for 24–40 h to afford the products in 87–
92% yields (entries 2, 3, and 5). For some substrates, excel-
lent yields were obtained at 0.1 mol% Pd loading (entries 1
and 4). With 1 mol% Pd, the reaction time could be signifi-
cantly reduced, to 8 h (entry 1, Table 4).


Table 5 summarizes the results of room-temperature cou-
pling reactions of unactivated aryl chlorides with arylboronic
acids catalyzed by the precatalyst Aphos 19q–Pd ACHTUNGTRENNUNG(OAc)2
(1.5:1). For the reactions of 1-chloronaphthalene with
phenyl, 2-tolyl, and 2-methoxyphenyl boronic acids, 82–95%
yields were obtained at 1 mol% Pd loading (entries 1–3).
For 2-, 3-, 4-chlorotoluenes, the coupling reactions with phe-
nylboronic acid at 1 mol% Pd ACHTUNGTRENNUNG(OAc)2 for 24 h afforded the
products in 68–73% yields, but higher yields of 82–90%


Table 3. Screening of reaction conditions for room-temperature Suzuki–
Miyaura coupling of 2-chloro-1-methoxybenzene with phenylboronic acid
using Aphos 19q.


Entry Pd [mol%] 19q :Pd Base[a] Solvent[b] Yield [%][c]


1 1 2:1 KOAc THF/H2O <5
2 1 2:1 Cs2CO3 THF/H2O <5
3 1 2:1 K2CO3 THF/H2O 47
4 1 2:1 CsF THF/H2O 27
5 1 2:1 KF THF/H2O 33
6 0.5 2:1 K3PO4 THF/H2O 27
7 1 1:1 K3PO4 THF/H2O 43
8 1 1.5:1 K3PO4 THF/H2O 76
9 1 2:1 K3PO4 THF/H2O 70
10 1 2.5:1 K3PO4 THF/H2O <5
11 1 3:1 K3PO4 THF/H2O <5
12 1 1.5:1 K3PO4 THF/H2O 62[d]


13 1 2:1 K3PO4 THF 76
14 1.5 1.3:1 K3PO4 THF/H2O 65
15 1.5 1.7:1 K3PO4 THF/H2O 56
16 2 1.5:1 K3PO4 THF/H2O 85[e]


17 1 1.5:1 K3PO4 iPrOH/H2O 61[e]


18 1.5 1.7:1 K3PO4 iPrOH/H2O 54[e]


19 2[f] 1.5:1 K3PO4 THF/H2O <5[e]


[a] K3PO4·H2O can be used instead of K3PO4. [b] A 9 vol% aqueous sol-
vent was used unless otherwise stated. [c] Isolated yields. [d] For 10 h.
[e] For 24 h. [f] [Pd2 ACHTUNGTRENNUNG(dba)3] was used.


Figure 3. Effect of Aphos 19q/Pd ratio on the coupling product yield of
28. The data in this plot are based on the values in the entries 7–11 of
Table 3.
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could be achieved by using 2 mol% of the palladium re-
agent (entries 4–6). Chloroanisoles demonstrated diminished
reactivity in the room-temperature coupling with phenylbor-
onic acid and moderate yields of 88% and 75% were ob-
tained for 2- and 3-chloroanisoles after 36 h (entries 7
and 8). The yield for the reaction of 4-chloroanisoles with
phenylboronic acid was 24% in the presence of 1 mol% Pd
after 24 h (data not shown in Table 5). For the sterically hin-
dered substrate, 2-chloro-1,3-dimethylbenzene, 84% yield
was obtained for the coupling with 2-methoxybenzenebor-
onic acid (entry 9), but lower yields (53% and 28%) respec-
tively, were obtained when phenyl and 4-tolyl boronic acids,
were used (entries 10 and 11). For the reactions of aryl
chlorides and arylboronic acids both possessing an ortho-
methoxy or -methyl substituent, low yields were generally
obtained (entries 13–16) except for the entry 12 in Table 5.
It was found that the reactions of 2-methoxyben ACHTUNGTRENNUNGzeneboronic
acid were faster and furnished better results than other aryl-
boronic acids under the current catalytic system (entries 3,
9, and 12–14, Table 5).


C5-(3-Nitrophenyl)-Cy-Aphos ligand 24 was found to be
slightly more efficient than the C4 counterpart ligand 19q in
the comparison study given in Table 2. This was confirmed
again in the room-temperature coupling reactions of unacti-
vated aryl chlorides with arylboronic acids (Table 6). Nearly
quantitative yields were obtained for the reactions of 1-
chloronaphthalene with phenyl, 2-tolyl, and 2-methoxyphen-
yl boronic acids at 1 mol% Pd ACHTUNGTRENNUNG(OAc)2 and 1.5 mol% of 24
for 6–18 h (entries 1–3). Similarly, the couplings of 2-, 3-,
and 4-chlorotoluenes with phenylboronic acid furnished the
products in quantitative yields by using 2 mol% palladium
for 36 h (entries 4–6). The electron-rich 2-, 3-, and 4-chloro-
ACHTUNGTRENNUNGanisoles reacted smoothly with phenylboronic acid to pro-
vide the products in much higher yields (80–99%) than the
analogous precatalyst consisting of Aphos 19q and Pd-
ACHTUNGTRENNUNG(OAc)2 (Table 6, entries 7–9 and 13 vs. Table 5, entries 7, 8,
and 13). With this robust Aphos 24, the hindered and elec-


tron-rich chlorobenzenes in entries 10–14 underwent the
coupling reactions with phenyl and 2-methoxyphenyl boron-
ic acids to afford good to excellent yields. In particular, a


Table 4. Room-temperature Suzuki–Miyaura coupling of activated aryl
chlorides with phenylboronic acid using Aphos 19q.[a]


Entry Aryl chloride Product Pd
ACHTUNGTRENNUNG[mol%]


t
[h]


Yield
[%][b]


1
1.0
0.1


8
36


95
94


2
0.1
0.2


36
40


76
90


3
0.1
0.2


36
24


71
87


4 0.1 36 97


5
0.1
0.2


36
40


81
92


[a] Reaction conditions: 1 equiv aryl chloride, 1.5 equiv PhB(OH)2,
3 equiv K3PO4, Pd ACHTUNGTRENNUNG(OAc)2/19q=1:1.5, 2 mL THF/H2O (10:1) per mmol
aryl chloride. Room temperature is approximately 23 8C. [b] Averaged
isolated yields of two runs.


Table 5. Room-temperature Suzuki–Miyaura coupling of unactivated
aryl chlorides with arylboronic acids using Aphos 19q.[a]


Entry Aryl chloride Product Pd
ACHTUNGTRENNUNG[mol%]


t
[h]


Yield
[%][b]


1 1 36 82


2 1 24 94


3 1 8 95[c]


4
1
2


24
24


68
90


5 2 24 87


6
1
2


24
24


73
82


7
2
2


24
36


75
88


8
2
2


24
36


71
75


9
2
2


24
36


78[c,d]


84[c,d]


10 2 36 53


11 2 36 28


12 2 24 86[c]


13 2 36 47[c]


14
1
2


24
24


52[c]


54[c]


15 2 36 35


16 2 36 28


[a] Reaction conditions: 1 equiv aryl chloride, 1.5 equiv PhB(OH)2,
3 equiv K3PO4, Pd ACHTUNGTRENNUNG(OAc)2/19q=1:1.5, 2 mL THF/H2O (10:1) per mmol
aryl chloride. Room temperature is approximately 23 8C. [b] Averaged
isolated yields of two runs. [c] In THF. [d] 2 equiv arylboronic acid were
used.
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91% yield was obtained by using two equivalents of the ar-
ylboronic acid to form the biphenyl product with three
ortho-substituents (entry 11, Table 6). The reaction of 5-
chloro-1,3-di ACHTUNGTRENNUNGmethoxybenzene with phenylboronic acid gave
the product in 36% yield with 2 mol% Pd ACHTUNGTRENNUNG(OAc)2 and
3 mol% Aphos 24 at room temperature for 36 h. The yield


could be improved to 97% after a 23 h reaction at 60 8C by
using 1 mol% Pd and 1.5 mol% of Aphos 19q (entry 15,
Table 6).


We found that C4-(2,6-dimethylphenyl)-Cy-Aphos 19h
was much more efficient for room-temperature Suzuki–
Miyaura cross-couplings with vinylboronic acids and alkyl-
boranes. Illustrated in Scheme 6 are some selected examples


of the couplings of aryl bromides and chlorides 29a–e with
the boron reagents 30a–d. Sterically hindered aryl bromides
29a,b were treated with the vinylboronic acids 30a,b in the
presence of 1 mol% Pd ACHTUNGTRENNUNG(OAc)2 and 1.5 mol% Aphos 19h at
room temperature for 20–40 h to furnish the products 31a
and 31b in 80% and 92% yield, respectively. The activated
aryl chloride 29c underwent room-temperature coupling
with the vinylboronic acid 30c in 8 h to produce 31c in 94%
yield. The reaction of the hindered aryl chloride 29d with
the alkylborane 30d prepared in situ from 1-octene and 9-
BBN (9-BBN=9-borabicycloACHTUNGTRENNUNG[3.3.1]nonane) took place at


Table 6. Room-temperature Suzuki–Miyaura coupling of unactivated
aryl chlorides with arylboronic acids using Aphos 24.[a]


Entry Aryl chloride Product Pd
[mol%]


t
[h]


Yield
[%][b]


1 1 18 98


2 1 18 99


3 1 6 96


4 2 36 99


5 2 36 99


6 2 36 98


7 2 36 92


8 2 36 99


9 2 36 80


10 2 36 94


11
2
2


36
36


78
91[c,d]


12 2 36 85


13 2 36 78


14 2 36 92


15
2
1


36
23


36
97[e]


[a] Reaction conditions: 1 equiv aryl chloride, 1.5 equiv PhB(OH)2,
3 equiv K3PO4, Pd ACHTUNGTRENNUNG(OAc)2/24=1:1.5, 2 mL THF/H2O (10:1) per mmol
aryl chloride. Room temperature is approximately 23 8C. [b] Averaged
isolated yields of two runs. [c] In THF. [d] 2 equiv arylboronic acids were
used. [e] The reaction was performed at 60 8C using Aphos 19q.


Scheme 6. Aphos 19h-PdACHTUNGTRENNUNG(OAc)2-catalyzed coupling of hindered aryl bro-
mides and chlorides with vinylboronic acids and alkylboranes. a) 1 mol%
Pd ACHTUNGTRENNUNG(OAc)2, 1.5 mol% Aphos 19h, 1.5 equiv vinylboronic acids 30a–c,
3 equiv K3PO4, THF, room temperature, 48 h for 29a ; 20 h for 29b ; or
8 h for 29c. b) 1 mol% Pd ACHTUNGTRENNUNG(OAc)2, 1.5 mol% Aphos 19h, 1.5 equiv alkyl-
borane 30d, 3 equiv K3PO4·3H2O, THF, 50 8C, 12 h for 29d ; or room
temperature, 12 h for 29e.
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50 8C in 12 h at 1 mol% palladium loading to afford the
product 31d in 98% yield. In contrast, the electron-rich aryl
bromide 29e reacted with 30d at room temperature to give
31e in 95% yield after 12 h. Moreover, vinyl bromides
could be coupled with alkylboranes at room temperature by
using Aphos 19h/Pd ACHTUNGTRENNUNG(OAc)2 as the precatalyst and this pro-
tocol has been used in our synthesis of the tetrahydrofuran
fragment required for total synthesis of amphidinolide Y.[41]


Studies on Aphos–Pd complexes by 31P NMR spectroscopy :
As described above, the room-temperature coupling reac-
tions involving Aphos–Pd ACHTUNGTRENNUNG(OAc)2 as the precatalyst in THF
or THF/H2O (10:1) were generally very slow in the initial
several hours, with no visible formation of the product.
After the induction period the reaction took place smoothly
and gradually slowed down within 24 h with precipitation of
Pd black in some cases. This may be the reason that dou-
bling the palladium loading or prolonging the reaction time
did not always lead to significant improvement of the yields
(entries 6–8 and 14, Table 5). To understand the structures
of complexes formed between Aphos and palladium(0), we
performed a series of NMR experiments by using Aphos 21
and [Pd2ACHTUNGTRENNUNG(dba)3] in [D8]THF. The 31P NMR spectra at differ-
ent Aphos/Pd ratios are depicted in Figure 4. The free
Aphos 21 in [D8]THF gives a single 31P signal at �9.0 ppm
(Figure 4a). After adding [Pd2ACHTUNGTRENNUNG(dba)3] to form a 0.5:1 mixture
of 21/Pd, the free Aphos signal (at �10.8 in the mixture in-
stead of �9.0 ppm) almost disappeared and a new single
signal at 42.0 ppm was seen (Figure 4b). Increasing the
amount of 21 to a 1:1 ratio to palladium resulted in a similar
spectrum except for enhancement in the intensities for the
minor peaks a–d shown in the insert (Figure 4c). The broad
peak c at 26.1 ppm is unique and it almost disappeared
when the ratio of 21/Pd reached 1.5:1 (Figure 4d). Free 21
appeared again when the 21/Pd ratios were �1.5:1. The
spectra in Fig ACHTUNGTRENNUNGure 4e–g are almost identical and they differ
only in the intensities of the two major peaks at 42.0 and
�10.8 ppm after addition of more Aphos 21.


According to the information gained from the 31P NMR
experiments and the results plotted in Figure 3, we can con-
clude that different ratios of Aphos and Pd only form one
major Pd complex that is catalytically inactive at room tem-
perature. On the basis of the relative peak intensities at 42.0
and �10.8 ppm in Figure 4d,e, the Pd complex should be
monoligated. Scheme 7 shows two possible complex struc-
tures 9a and 10a, of which the P,O-chelating complex 10a
seems the most suitable candidate. We reasoned that the
broad peak c at 26.1 ppm may be assigned for the P-mono-
dentate complex 9a, which might exhibit a dynamic
31P NMR profile due to the conformational flexibility of the
bulky and non-coordinated amide moiety.[24] Alternatively,
the broad peak c seen in Figure 4b–d might be a conse-
quence of the equilibrium between 9a and 9a’ in which one
Aphos molecule acts as both P- and O-monodentate donor
to different Pd species. If this is true, it should account for
the observation that the broad peak c disappeared in the
presence of a large excess of 21. We assign the most abun-


Figure 4. 31P NMR charts of Aphos 21 and its complexes with [Pd2 ACHTUNGTRENNUNG(dba)3]
in [D8]THF taken at room temperature. a) Aphos 21 alone. b) 0.5:1 mix-
ture of Aphos 21 with Pd0. c) 1:1 mixture of Aphos 21 with Pd0. d) 1.5:1
mixture of Aphos 21 with Pd0. e) 2:1 mixture of Aphos 21 with Pd0.
f) 2.5:1 mixture of Aphos 21 with Pd0. g) 3:1 mixture of Aphos 21 with
Pd0. The spectra were taken 20 min later at room temperature after
mixing. 31P chemical shifts for the major complex and the free Aphos 21
are 42.0 and �9.0 ppm (or �10.8 ppm in the mixture). 31P chemical shifts
for the peaks a–d in the insert are 29.4, 28.0, 26.1, and 24.3 ppm, respec-
tively.


Scheme 7. Proposed Pd complexes of Aphos 21.
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dant minor peak b (28.0 ppm) to the symmetrical 2:1 com-
plex 11a and the peaks a (29.4 ppm) and d (24.3 ppm) as the
conformational isomer(s) of 11a or the dba complexes of
9a.[40a] We measured a 13C NMR spectrum for the 3:1 mix-
ture of 21 and Pd in [D8]THF shown in Figure 4g and found
two amide carbonyl signals at 167.3 (d, JP-C=4.0 Hz) and
166.9 ppm (d, JP-C=2.8 Hz) for the major (free 21) and
minor (the Pd complex) phosphorus-containing components.
In view of the small difference in the 13C NMR chemical
shifts, coordination of the oxygen donor to Pd in 10a should
be quite weak. Moreover, only one ketone carbonyl signal
at 185.1 ppm was observed, indicating that dba is not associ-
ated with 10a. We tried to prepare Pd complexes of 21 for
X-ray structural analysis. However, suitable single crystals
have not been obtained so far. Although much more solid
structural evidence is needed for a conclusive discussion of
the Aphos–Pd complex structures, it is evident that the cata-
lytically active Pd species is the complex which exhibits a
broad 31P signal at 26.1 ppm. We did similar 31P NMR ex-
periments with mixtures of 21 with [Pd2ACHTUNGTRENNUNG(dba)3] at different
ratios in C6D6. In contrast to [D8]THF, the Aphos–Pd com-
plex formation was quite slow at room temperature in C6D6.
This may explain the fact that heating was required for the
coupling reactions of aryl chlorides with arylboronic acids in
PhMe when Aphos–[Pd2 ACHTUNGTRENNUNG(dba)3] was used as the precata-
lyst.[10] Similar heating conditions were used for the ether-
type P,O-ligand 4b[20b] and the ferrocene-based variants.[42]


Conclusion


Aromatic amide-derived phosphanes (Aphos) are hybrid
hemilabile ligands that possess both phosphorus and oxygen
donor groups. Aphos ligands are expected to form both P-
monodentate and P,O-chelating metal (such as palladium)
complexes in a dynamic relationship. With carefully selected
N,N-dialkylaminocarbonyl [(R1)2NC(O)-] and dialkylphos-
phino [(R2)2P-] subunits in 5 the monoligated Pd complexes
10 are almost exclusively formed regardless of the Aphos/Pd
ratio within the range from 0.5:1 to 3:1. However, for the
Suzuki–Miyaura cross-coupling of unactivated aryl chlorides
with arylboronic acids at room temperature, a remarkable
effect of the Aphos/Pd ratio on catalysis is observed, sug-
gesting that the catalytically active species may not be the
P,O-chelating Pd complexes such as 10a (Scheme 7). In con-
trast, on heating to temperatures of 80–100 8C, the coupling
reactions take place smoothly with high Aphos/Pd ratios of
up to 25:1. Such diverse properties of Aphos form the basis
for development of the self-assisted molecular editing
(SAME) protocol we used for generation of molecular di-
versity based on building blocks.


As an illustrative application of SAME, a focused C4-sub-
stituted Cy-Aphos library has been synthesized and
screened by sequential microwave-assisted reactions starting
from a single C4-Cl-Cy-Aphos 17a. This one-pot Aphos syn-
thesis and screening process in combination with controlled
microwave chemistry provides reliable and reproducible re-


sults in a high-throughput manner, leading to the discovery
of an efficient Cy-Aphos 19q containing a 3-nitrophenyl
group at the C4 position. Aphos 19q and its C5-substituted
analogue 24 promote room-temperature Suzuki–Miyaura
coupling of unactivated and hindered aryl chlorides with ar-
ylboronic acids at 1–2 mol% Pd ACHTUNGTRENNUNG(OAc)2 with a 1.5:1 Aphos/
Pd ratio in THF or THF/H2O in the presence of K3PO4 as
the base. A related Cy-Aphos 19h substituted with a 2,6-di-
methylphenyl group at the C4 position in combination with
1 mol% Pd ACHTUNGTRENNUNG(OAc)2 offers a highly reactive precatalyst for
room-temperature reactions of hindered and electron-rich
aryl bromides and chlorides with vinylboronic acids and al-
kylboranes, respectively. The effect of the substituent on the
benzene ring of Aphos[10] was further validated in this study
by using the C4-substituted Aphos ligands 18a–c, 19a–q,
and 20. The substituent effect, although moderate, is useful
for fine tuning catalytic efficacy, which is important for
asymmetric Suzuki–Miyaura cross-coupling to synthesize ax-
ially chiral biaryls possessing at least three ortho substi-
tuents.[23c,43] In order to achieve highly enantioselective reac-
tions, temperatures below 40–60 8C are preferred for asym-
metric Suzuki–Miyaura cross-coupling.[23c] We have applied
the SAME protocol to access analogues of the Cy-A2phos
(aS)-7b and evaluated enantioselectivity in asymmetric
Suzuki–Miyaura cross-coupling. The details will be reported
elsewhere.


Experimental Section


General methods: All microwave reactions were carried out in closed
10 mL pressurized process vials on a technical microwave reactor (Emrys
creator from Personal Chemistry AB or Initiator from Biotage AB, Up-
psala, Sweden) with the reaction temperature measured by an IR sensor.
NMR spectra were recorded on a 300, 400, or 500 MHz instrument in
CDCl3 using residual CHCl3 as the internal reference for 1H (d 7.26 ppm)
and 13C (d 77.2 ppm) or a routine external reference for 31P. IR spectra
were taken on a FT-IR spectrophotometer. Mass spectra (MS) were mea-
sured by APCI, CI, ESI, or TOF methods. Elemental analyses were per-
formed by Zhejiang University, Hangzhou, China. Melting points are un-
corrected. Silica gel plates 60 F-254 (0.25 mm, E. Merck) were used for
thin-layer chromatography by using UV light, or 7% ethanolic phospho-
molybdic acid and heating as the visualizing methods. Silica gel 60 (parti-
cle size 0.040–0.063 mm, E. Merck) was used for flash column chroma-
tography. Yields refer to chromatographically and spectroscopically
(1H NMR) homogeneous materials. Aryl boronic acids and other re-
agents were obtained commercially and used as received. Dry THF and
toluene were freshly distilled from sodium and benzophenone under a ni-
trogen atmosphere. Toluene was degassed before use in all microwave-as-
sisted reactions.


General procedure A—synthesis of Cl-Cy-Aphos 14, 16, and 17: N,N-Di-
ACHTUNGTRENNUNGisopropyl 2-, 3-, or 4-chlorobenzamide (500.0 mg, 2.08 mmol) and dry
THF (20 mL) were added to a flame-dried flask with a stirring bar, under
a nitrogen atmosphere. Freshly distilled TMEDA (0.38 mL, 2.5 mmol,
1.2 equiv) and nBuLi (1.56 mL, 1.6m solution in hexanes, 2.5 mmol) were
added sequentially and dropwise, by syringe over 5 min to the resultant
solution cooled in a dry-ice/acetone bath (�78 8C). The resultant mixture
was stirred at �78 8C for 30 min. Chlorodicyclohexylphosphane (0.55 mL,
2.5 mmol) was then added by a syringe. The resultant mixture was stirred
at �78 8C for 1 h and then allowed to slowly warm to room temperature.
The reaction mixture was filtered through a pad of silica gel topped with
a layer of Celite while eluting with EtOAc. The filtrate was concentrated
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under reduced pressure and the residue was purified by flash column
chromatography (silica gel, 5% EtOAc in hexane) to provide 14a, 16a,
or 17a.


N,N-Diisopropyl 6-chloro-2-dicyclohexylphosphinobenzamide (14a):
Compound 14a was prepared in 99% yield according to general proce-
dure A. White amorphous solid; m.p. 182–184 8C; Rf=0.60 (10% EtOAc
in hexane); 1H NMR (400 MHz, CDCl3, 23 8C): d=7.34 (dt, J=7.6,
1.2 Hz, 1H), 7.31 (dd, J=7.6, 1.2 Hz, 1H), 7.20 (t, J=7.6 Hz, 1H), 3.55–
3.45 (m, 2H), 2.14–1.50 (m, 12H), 1.60 (d, J=6.8 Hz, 3H), 1.56 (d, J=


6.8 Hz, 3H), 1.50–1.00 (m, 10H), 1.22 (d, J=6.8 Hz, 3H), 1.15 ppm (d,
J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 23 8C): d =166.5 (d, JP-C=


4.0 Hz), 144.8 (d, JP-C=36.7 Hz), 135.8 (d, JP-C=25.4 Hz), 130.8, 130.7,
129.8, 127.7, 51.0, 46.0 (d, JP-C=8.8 Hz), 35.7 (d, JP-C=16.7 Hz), 32.7 (d,
JP-C=12.4 Hz), 30.1 (d, JP-C=12.6 Hz), 30.0 (d, JP-C=6.7 Hz), 29.9 (d,
JP-C=12.5 Hz), 29.4 (d, JP-C=6.8 Hz), 27.7 (d, JP-C=7.5 Hz), 27.6 (d, JP-C=


12.2 Hz), 27.0 (d, JP-C=7.4 Hz), 26.9 (d, JP-C=9.4 Hz), 26.4, 26.2, 21.4 (d,
JP-C=5.7 Hz), 20.7, 20.1, 20.0 ppm; 31P NMR (121 MHz, CDCl3, 23 8C):
d=�7.15 ppm; IR (film): ñ=2927, 1634, 1446, 1333 cm�1; HRMS (CI):
m/z calcd for C25H40ClNOP: 436.2536; found: 436.2540 [M+H]+ .


N,N-Diisopropyl 3-chloro-2-dicyclohexylphosphinobenzamide (16a):
Compound 16a was prepared in 95% yield according to general proce-
dure A. White amorphous solid; m.p. 170–172 8C; Rf=0.27 (10% EtOAc
in hexane); 1H NMR (400 MHz, CDCl3, 23 8C): d=7.35–7.27 (m, 2H),
7.05 (d, J=7.2 Hz, 1H), 3.68 (septet, J=6.8 Hz, 1H), 3.53 (septet, J=


6.8 Hz, 1H), 2.70–2.56 (m, 1H), 2.52–2.39 (m, 1H), 1.96–1.60 (m, 8H),
1.63 (d, J=6.8 Hz, 3H), 1.57 (d, J=6.8 Hz, 3H), 1.50–1.10 (m, 11H), 1.32
(d, J=6.4 Hz, 3H), 1.11 (d, J=6.4 Hz, 3H), 0.95–0.80 ppm (m, 1H);
13C NMR (100 MHz, CDCl3, 23 8C): d =169.5 (d, JP-C=5.5 Hz), 150.9 (d,
JP-C=40.2 Hz), 141.5 (d, JP-C=3.9 Hz), 131.7 (d, JP-C=34.3 Hz), 130.2 (d,
JP-C=1.5 Hz), 129.6, 123.5 (JP-C=9.6 Hz), 50.4, 45.6, 35.8 (JP-C=13.5 Hz),
34.9 (JP-C=14.2 Hz), 33.4 (JP-C=30.1 Hz), 32.4 (JP-C=24.0 Hz), 30.6 (d,
JP-C=9.6 Hz), 30.1 (d, JP-C=6.1 Hz), 27.4 (d, JP-C=7.2 Hz), 27.2 (d, JP-C=


7.4 Hz), 27.1 (d, JP-C=13.8 Hz), 27.0 (d, JP-C=16.1 Hz), 26.4, 26.0 (d,
JP-C=1.5 Hz), 21.3 (d, JP-C=2.6 Hz), 20.6 (T2), 19.8 ppm; 31P NMR
(121 MHz, CDCl3, 23 8C): d=9.43 ppm; IR (film): ñ =2925, 1631, 1447,
1337 cm�1; HRMS (CI): m/z : calcd for C25H40ClNOP: 436.2536; found:
436.2540 [M+H]+ .


N,N-Diisopropyl 4-chloro-2-dicyclohexylphosphinobenzamide (17a):
Compound 17a was prepared in 91% yield according to general proce-
dure A. White solid; m.p. 142–144 8C (EtOAc/hexane); Rf=0.45 (9.1%
EtOAc in hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=7.41 (s, 1H),
7.28 (dd, J=8.1, 2.1 Hz, 1H), 7.07 (dd, J=8.1, 2.7 Hz, 1H), 3.53–3.42 (m,
2H), 2.20–0.90 ppm (m, 34H); 13C NMR (75 MHz, CDCl3, 23 8C): d=


169.4 (d, JP-C=3.7 Hz), 145.7 (d, JP-C=34.9 Hz), 135.6 (d, JP-C=27.1 Hz),
133.2 (d, JP-C=2.3 Hz), 132.4 (d, JP-C=3.3 Hz), 129.1 (d, JP-C=0.8 Hz),
126.8 (d, JP-C=8.1 Hz), 51.0, 46.0, 35.8 (d, JP-C=15.6 Hz), 33.1 (d, JP-C=


12.2 Hz), 30.7 (d, JP-C=11.9 Hz), 30.5 (d, JP-C=3.0 Hz), 30.2 (d, JP-C=


0.9 Hz), 29.3 (d, JP-C=5.6 Hz), 28.1 (d, JP-C=3.5 Hz), 28.0 (d, JP-C=


1.6 Hz), 27.4 (d, JP-C=4.8 Hz), 27.2 (d, JP-C=6.1 Hz), 26.8 (d, JP-C=


1.7 Hz), 26.6 (d, JP-C=1.0 Hz), 21.3 (d, JP-C=4.1 Hz), 21.0, 21.0, 20.5 ppm;
31P NMR (121 MHz, CDCl3, 23 8C): d=�6.65 ppm; IR (film): ñ=2926,
1634, 1437, 1336 cm�1; MS (CI): m/z (%): 436 (100) [M+H]+ , 438 (37)
[M+2+H]+ ; elemental analysis calcd (%) for C25H39ClNOP (436.0): C
68.87, H 9.02, N 3.21; found: C 68.82, H 9.02, N 3.22.


N,N-Diisopropyl 5-chloro-2-dicyclohexylphosphinobenzamide (15a): The
known N,N-diisopropyl 3-chloro-2-trimethylsilylbenzamide[30c] (624.0 mg,
2.0 mmol) was added to a flame-dried flask with a stirring bar in dry
THF (15 mL) under a nitrogen atmosphere. TMEDA (0.36 mL,
2.4 mmol, 1.2 equiv) and nBuLi (1.5 mL, 1.6m solution in hexanes,
2.4 mmol) were added sequentially and dropwise by syringe over 5 min
to the resultant solution cooled in a dry-ice/acetone bath (�78 8C). The
resultant mixture was stirred at �78 8C for 2 h. Chlorodicyclohexylphos-
phane (0.49 mL, 2.2 mmol) was then added by syringe. The resultant mix-
ture was stirred at �78 8C for 2 h and then allowed to slowly warm to
room temperature. The reaction mixture was filtered through a pad of
silica gel topped with a layer of Celite while eluting with EtOAc. The fil-
trate was concentrated under reduced pressure and the yellow residue
was recrystallized from CH2Cl2 and hexane to provide the silylated


Aphos (946.0 mg, 93%). White crystalline solid; m.p. 204–206 8C
(CH2Cl2/hexane); Rf=0.30 (petroleum ether); 1H NMR (500 MHz,
CDCl3, 23 8C): d=7.35 (dd, J=8.0, 1.0 Hz, 1H), 7.26 (d, J=8.0 Hz, 1H),
3.70–3.55 (m, 2H), 2.15–1.00 (m, 34H), 0.44 ppm (s, 9H); 13C NMR
(125 MHz, CDCl3, 23 8C): d=169.8 (d, JP-C=3.4 Hz), 153.0 (d, JP-C=


32.6 Hz), 142.8, 135.0 (d, JP-C=4.8 Hz), 134.5, 132.6 (d, JP-C=25.0 Hz),
128.6, 50.8, 46.8, 36.9 (d, JP-C=17.7 Hz), 33.4 (d, JP-C=14.7 Hz), 30.9 (d,
JP-C=7.2 Hz), 30.7 (d, JP-C=14.7 Hz), 30.5 (d, JP-C=11.9 Hz), 29.1 (d,
JP-C=8.4 Hz), 28.2 (d, JP-C=9.8 Hz), 27.9 (d, JP-C=9.9 Hz), 27.4 (d, JP-C=


8.9 Hz), 27.3 (d, JP-C=11.7 Hz), 26.8, 26.6, 22.1, 21.4 (d, JP-C=7.5 Hz),
21.2, 20.7 (d, JP-C=7.8 Hz), 2.4 ppm (T3); 31P NMR (202 MHz, CDCl3,
23 8C): d =�10.53 ppm; IR (film): ñ =2928, 1623, 1445, 1308 cm�1; MS
(ESI): m/z (%): 530 (100) [M+Na]+ ; elemental analysis calcd (%) for
C28H47ClNOPSi (508.2): C 66.18, H 9.32, N 2.76; found: C 66.07, H 9.46,
N 2.66.


TBAF (5 mL, 1.0m in THF, 5.0 mmol) was added to a solution of the
above silylated Aphos (508.0 mg, 1.0 mmol) in THF (5 mL) at room tem-
perature followed by stirring at room temperature for 40 min. The reac-
tion mixture was diluted with EtOAc and filtered through a pad of silica
gel topped with a layer of Celite with elution by EtOAc. The filtrate was
concentrated under reduced pressure and the residue was purified by
flash column chromatography (silica gel, 5% EtOAc in hexane) to pro-
vide 15a (414.0 mg, 95%). White crystalline solid, m.p. 172–174 8C
(EtOAc/hexane); Rf=0.20 (petroleum ether); 1H NMR (500 MHz,
CDCl3, 23 8C): d=7.39 (d, J=8.0 Hz, 1H), 7.24 (dd, J=8.0, 2.0 Hz, 1H),
7.09 (d, J=2.0 Hz, 1H), 3.54–3.42 (m, 2H), 2.10–0.99 ppm (m, 34H);
13C NMR (125 MHz, CDCl3, 23 8C): d =169.0 (d, JP-C=3.4 Hz), 148.9 (d,
JP-C=37.1 Hz), 135.1, 134.4 (d, JP-C=3.3 Hz), 131.5 (d, JP-C=24.0 Hz),
127.5, 125.6 (d, JP-C=8.7 Hz), 50.9, 45.9, 35.7 (d, JP-C=16.9 Hz), 33.0 (d,
JP-C=13.2 Hz), 30.7 (d, JP-C=15.5 Hz), 30.4 (d, JP-C=18.9 Hz), 30.2 (d,
JP-C=13.7 Hz), 29.2 (d, JP-C=4.8 Hz), 27.9 (d, JP-C=6.8 Hz), 27.8, 27.2 (d,
JP-C=8.2 Hz), 27.2 (d, JP-C=10.8 Hz), 26.7, 26.5, 21.2 (d, JP-C=4.0 Hz),
20.9, 20.7, 20.3 ppm; 31P NMR (202 MHz, CDCl3, 23 8C): d =�8.83 ppm;
IR (film): ñ =2926, 1630, 1443, 1332 cm�1; MS (ESI): m/z (%): 458 (100)
[M+Na]+ ; elemental analysis calcd (%) for C25H39ClNOP (436.0): C
68.87, H 9.02, N 3.21; found: C 68.56, H 8.94, N 3.25.


General procedure B—synthesis of C4-substituted Cy-Aphos from C4-
Cl-Cy-Aphos 17a: A 10 mL pressurized process vial containing a magnet-
ic stirring bar was charged with Pd ACHTUNGTRENNUNG(OAc)2 (5.6 mg, 2.5T10�2 mmol), 17a
(218.0 mg, 0.5 mmol), the boronic acid (7.5T10�1 mmol), and powdered
K3PO4 (318.0 mg, 1.5 mmol). The loaded vial was sealed with a cap con-
taining a silicon septum and then evacuated through a needle under
vacuum and backfilled with nitrogen (this sequence was repeated three
times). Degassed THF (2.0 mL) was added through the septum by sy-
ringe. The resultant mixture was stirred at 80 8C until 17a was completely
consumed as determined by TLC analysis. The reaction mixture was then
allowed to cool to room temperature, diluted with EtOAc (5 mL), fil-
tered through a thin pad of Celite and silica gel while eluting with
EtOAc. The filtrate was concentrated under reduced pressure and the
residue was purified by flash column chromatography over silica gel to
provide the 4-substituted Cy-Aphos given in Schemes 2 and 5.


N,N-Diisopropyl 2-dicyclohexylphosphino-4-[(E)-2’-phenylvinyl)]benza-
mide (18a): Compound 18a was prepared in 83% yield from 17a and
trans-2-phenylvinylboronic acid after 4 h at 80 8C according to general
procedure B. White amorphous solid; m.p. 127–130 8C; Rf=0.23 (10%
EtOAc in hexane); 1H NMR (400 MHz, CDCl3, 23 8C): d= 7.57–7.50 (m,
4H), 7.37 (t, J=7.6 Hz, 2H), 7.28 (d, J=7.6 Hz, 1H), 7.17–7.10 (m, 3H),
3.61 (septet, J=6.8 Hz, 1H), 3.48 (septet, J=6.8 Hz, 1H), 2.25–1.00 ppm
(m, 34H); 13C NMR (100 MHz, CDCl3, 23 8C): d = 170.1, 146.6 (d, JP-C=


35.8 Hz), 137.1, 135.9, 133.1 (d, JP-C=22.5 Hz), 131.3, 129.1, 128.7 (T2),
128.4, 127.8, 126.6 (T2), 126.1, 125.7 (d, JP-C=7.6 Hz), 50.6, 45.6, 35.5 (d,
JP-C=16.3 Hz), 32.8 (d, JP-C=10.8 Hz), 30.5 (d, JP-C=13.6 Hz), 30.2 (d,
JP-C=18.5 Hz), 30.1 (d, JP-C=8.3 Hz), 29.1 (d, JP-C=4.2 Hz), 27.7, 27.6,
27.1 (d, JP-C=10.2 Hz), 27.0 (d, JP-C=11.8 Hz), 26.5, 26.3, 21.0, 20.7, 20.6,
20.2 ppm; 31P NMR (161 MHz, CDCl3, 23 8C): d= �9.17 ppm; IR (film):
ñ=2927, 1625, 1447, 1340 cm�1; HRMS (CI): m/z : calcd for C33H47NOP:
504.3395; found: 504.3386 [M+H]+ .
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N,N-Diisopropyl 4-n-butyl-2-dicyclohexylphosphinobenzamide (18b):
Compound 18b was isolated in 87% yield from 17a and n-butylboronic
acid after 8 h at 80 8C according to general procedure B. White amor-
phous solid; m.p. 110–113 8C; Rf=0.28 (10% EtOAc in hexane);
1H NMR (400 MHz, CDCl3, 23 8C): d= 7.26 (s, 1H), 7.10 (d, J=8.0 Hz,
1H), 7.03 (dd, J=8.0, 3.2 Hz, 1H), 3.58 (septet, J=6.8 Hz, 1H), 3.46
(septet, J=6.8 Hz, 1H), 2.62 (t, J=7.2 Hz, 2H), 2.15–1.51 (m, 14H), 1.58
(d, J=6.8 Hz, 3H), 1.53 (d, J=6.8 Hz, 3H), 1.49–0.90 (m, 12H), 1.19 (d,
J=7.2 Hz, 3H), 1.01 (d, J=6.8 Hz, 3H), 0.92 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3, 23 8C): d =170.6 (d, JP-C=3.0 Hz), 144.8 (d,
JP-C=35.5 Hz), 141.2, 132.6, 132.1 (d, JP-C=21.4 Hz), 128.8, 125.1 (d,
JP-C=7.9 Hz), 50.6, 45.5, 35.5 (d, JP-C=19.0 Hz), 35.4, 33.5, 32.9 (d, JP-C=


12.0 Hz), 30.5 (d, JP-C=15.4 Hz), 30.2 (d, JP-C=18.8 Hz), 30.1 (d, JP-C=


15.0 Hz), 29.0 (d, JP-C=3.8 Hz), 27.7, 27.7, 27.1 (d, JP-C=4.7 Hz), 27.0 (d,
JP-C=5.8 Hz), 26.6, 26.3, 22.1, 21.0 (d, JP-C=3.6 Hz), 20.7, 20.6, 20.2,
13.9 ppm; 31P NMR (161 MHz, CDCl3, 23 8C): d= �9.90 ppm; IR (film):
ñ=2926, 1632, 1439, 1338 cm�1; HRMS (CI): m/z : calcd for C29H49NOP:
458.3552; found: 458.3549 [M+H]+ .


N,N-Diisopropyl 2-dicyclohexylphosphino-4-phenylbenzamide (18c).
Compound 18c was prepared in 78% yield from 17a and phenylboronic
acid after 8 h at 80 8C according to general procedure B by using
10 mol% Pd ACHTUNGTRENNUNG(OAc)2. A higher yield of 18c was obtained by using the fol-
lowing modified conditions. A 10 mL pressurized process vial containing
a magnetic stirring bar was charged with phenylboronic acid (45.7 mg,
3.8T10�1 mmol), 17a (109.0 mg, 2.5T10�1 mmol), [Pd2 ACHTUNGTRENNUNG(dba)3] (4.6 mg,
5.0T10�3 mmol) and KF·2H2O (70.6 mg, 7.5T10�1 mmol). The loaded
vial was sealed with a cap containing a silicon septum and then evacuated
through a needle under vacuum and backfilled with nitrogen (this se-
quence was repeated for three times). Degassed dry toluene (2 mL) was
added through the septum by a syringe, and the resultant mixture was
stirred at room temperature for 2 min followed by stirring at 110 8C for
7 h. Then, the reaction mixture was allowed to cool to room temperature,
diluted with EtOAc (5 mL), and filtered through a thin pad of Celite and
silica gel while eluting with EtOAc. The filtrate was concentrated under
reduced pressure and the residue was purified by flash column chroma-
tography (silica gel, 10% EtOAc/hexane) to afford 18c (103.6 mg, 87%).
White crystalline solid; m.p. 157–159 8C (EtOAc/hexane); Rf=0.44
(9.1% EtOAc in hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=7.69 (s,
1H), 7.59–7.35 (m, 6H), 7.21 (dd, J=7.8, 3.0 Hz, 1H), 3.71–3.47 (m, 2H),
2.30–1.00 ppm (m, 34H); 13C NMR (75 MHz, CDCl3, 23 8C): d= 169.7
(d, JP-C=4.0 Hz), 145.7 (d, JP-C=35.0 Hz), 140.3, 139.2, 132.6 (d, JP-C=


26.7 Hz), 130.7 (d, JP-C=4.4 Hz), 128.4 (T2), 127.1, 127.0, 126.7 (T2),
125.2 (d, JP-C=8.3 Hz), 50.3, 45.2, 35.2 (d, JP-C=15.5 Hz), 32.5 (d, JP-C=


11.7 Hz), 30.2 (JP-C=14.3 Hz), 30.0 (d, JP-C=8.6 Hz), 29.7 (d, JP-C=


2.5 Hz), 28.8 (d, JP-C=5.6 Hz), 27.4 (d, JP-C=2.9 Hz), 27.3 (d, JP-C=


3.2 Hz), 26.8 (d, JP-C=9.9 Hz), 26.7 (d, JP-C=10.9 Hz), 26.2, 26.0, 20.7 (d,
JP-C=4.1 Hz), 20.4, 20.3, 19.9 ppm; 31P NMR (121 MHz, CDCl3, 23 8C):
d= �7.45 ppm; IR (KBr): ñ =2925, 1631 cm�1; MS (CI): m/z (%): 478
(100) [M+H]+ ; elemental analysis calcd (%) for C31H44NOP (477.7): C
77.95, H 9.28, N 2.93; found: C 78.00, H 9.31, N 2.76.


N,N-Diisopropyl 2-dicyclohexylphosphino-4-(2’,6’-dimethylphenyl)benz-
ACHTUNGTRENNUNGamide (19h): Compound 19h was prepared in 86% yield from 17a and
2,6-dimethylbenzeneboronic acid in THF/H2O (10:1) after 24 h at 100 8C
according to general procedure B by using 10 mol% Pd ACHTUNGTRENNUNG(OAc)2. White
crystalline solid; m.p. 181–182 8C (EtOAc/hexane); Rf=0.31 (10%
EtOAc in hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=7.31 (t, J=


1.8 Hz, 1H), 7.23–7.09 (m, 5H), 3.69 (septet, J=6.8 Hz, 1H), 3.51
(septet, J=6.8 Hz, 1H), 2.04 (s, 3H), 2.02 (s, 3H), 1.95–1.00 ppm (m,
34H); 13C NMR (75 MHz, CDCl3, 23 8C): d=170.5 (d, JP-C=3.5 Hz),
146.0 (d, JP-C=35.0 Hz), 141.6, 139.8, 136.4 (d, JP-C=46.2 Hz), 133.5 (d,
JP-C=3.6 Hz), 129.5 (d, JP-C=1.3 Hz, T2), 127.6, 127.4 (T3), 125.6 (d,
JP-C=8.8 Hz), 51.0, 45.9, 35.9 (d, JP-C=15.5 Hz), 33.5 (d, JP-C=11.9 Hz),
31.2 (d, JP-C=15.2 Hz), 30.6 (d, JP-C=12.8 Hz), 30.4 (d, JP-C=7.7 Hz), 29.4
(d, JP-C=3.5 Hz), 28.1 (d, JP-C=10.9 Hz), 28.0 (d, JP-C=4.2 Hz), 27.4 (d,
JP-C=3.2 Hz), 27.3 (d, JP-C=2.6 Hz), 26.9, 26.8, 21.6 (d, JP-C=4.2 Hz),
21.3, 21.2, 21.1, 21.0, 20.7 ppm; 31P NMR (121 MHz, CDCl3, 23 8C): d=


�8.27 ppm; IR (KBr): ñ =2925, 1631, 1440, 1336 cm�1; MS (TOF): m/z
(%): 506 (100) [M+H]+ ; elemental analysis calcd (%) for C33H48NOP
(505.7): C 78.37, H 9.57, N 2.77; found: C 78.30, H 9.58, N 3.24.


N,N-Diisopropyl 2-dicyclohexylphosphino-4-(3’-nitrophenyl)benzamide
(19q): Compound 19q was prepared in 82% from 17a and 3-nitrophenyl-
boronic acid after 15 h at 80 8C according to general procedure B by
using 10 mol% Pd ACHTUNGTRENNUNG(OAc)2. Amorphous white solid; m.p. 91–93 8C; Rf=


0.18 (9.1% EtOAc in hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=


8.40 (s, 1H), 8.23 (dt, J=7.2, 0.9 Hz, 1H), 7.88 (d, J=7.5 Hz, 1H), 7.68
(s, 1H), 7.65 (dd, J=7.8, 7.8 Hz, 1H), 7.56 (d, J=7.8 Hz, 1H), 7.27 (dd,
J=8.1, 3.0 Hz, 1H), 3.63–3.49 (m, 2H), 1.94–0.84 ppm (m, 34H);
13C NMR (75 MHz, CDCl3, 23 8C): d=169.9 (d, JP-C=3.9 Hz), 148.9,
147.5 (d, JP-C=35.0 Hz), 142.7, 137.5, 134.1 (d, JP-C=25.1 Hz), 133.3, 131.4
(d, JP-C=3.8 Hz), 130.0, 127.8, 126.3 (d, JP-C=8.0 Hz), 122.4, 122.3, 51.1,
46.0, 35.9 (d, JP-C=15.2 Hz), 33.1 (d, JP-C=12.2 Hz), 30.8 (d, JP-C=


14.0 Hz), 30.6, 30.4 (d, JP-C=3.6 Hz), 29.6 (d, JP-C=5.3 Hz), 28.1 (d, JP-C=


3.1 Hz), 28.0 (d, JP-C=3.8 Hz), 27.4 (d, JP-C=10.0 Hz), 27.2 (d, JP-C=


7.3 Hz), 26.9 (d, JP-C=2.4 Hz), 26.6, 21.4 (d, JP-C=4.4 Hz), 21.1, 21.0,
20.5 ppm; 31P NMR (121 MHz, CDCl3, 23 8C): d=�7.35 ppm; IR (film):
ñ=2926, 1630, 1531, 1441, 1342 cm�1; MS (CI): m/z (%): 523 (100)
[M+H]+ ; elemental analysis calcd (%) for C31H43N2O3P (522.7): C 71.24,
H 8.29, N 5.36; found: C 71.08, H 8.28, N 5.28.


N,N-Diisopropyl 2-dicyclohexylphosphinobenzamide (21): N,N-Diisopro-
pylbenzamide (454.0 mg, 2.2 mmol) and THF (4 mL) were added to a
flame dried flask with a stirring bar under a nitrogen atmosphere. nBuLi
(1.6m in hexanes, 1.66 mL, 2.65 mmol) was added dropwise to the resul-
tant solution which had been cooled in a dry ice-acetone bath (�78 8C).
After stirring the solution at �78 8C for 20 min, chlorodicyclohexylphos-
phane (0.59 mL, 2.65 mmol) was added to the mixture, followed by stir-
ring at �78 8C for 2 h and at room temperature for 1 h. The reaction mix-
ture was filtered through a pad of silica gel topped with a layer of Celite,
and eluted with EtOAc. The filtrate was concentrated under reduced
pressure to give the crude product, which was purified by flash column
chromatography (silica gel, 10% EtOAc/hexane) to afford 21 (635.2 mg,
72%). White solid; m.p. 168–169 8C (CH2Cl2/hexane); Rf=0.49 (9.1%
EtOAc in hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=7.48 (br s,
1H), 7.29 (t, J=3.4 Hz, 2H), 7.13 (br s, 1H), 3.59–3.43 (m, 2H), 2.20–
0.90 ppm (m, 34H); 13C NMR (75 MHz, CDCl3, 23 8C): d=170.4 (d,
JP-C=3.9 Hz), 147.5 (d, JP-C=34.5 Hz), 132.9 (d, JP-C=3,3 Hz), 132.5 (d,
JP-C=2.0 Hz), 128.8, 127.2 (d, JP-C=3.9 Hz), 125.5 (d, JP-C=7.9 Hz), 50.9,
45.9, 35.8 (d, JP-C=15.1 Hz), 33.1 (d, JP-C=11.7 Hz), 30.8 (d, JP-C=


14.2 Hz), 30.6 (d, JP-C=14.5 Hz), 30.4 (d, JP-C=9.5 Hz), 29.4 (d, JP-C=


5.3 Hz), 28.1 (d, JP-C=4.4 Hz), 28.0, 27.5 (d, JP-C=4.2 Hz), 27.3 (d, JP-C=


5.5 Hz), 26.9, 26.7, 21.4 (d, JP-C=4.1 Hz), 21.0 (T2), 20.6 ppm; 31P NMR
(121 MHz, CDCl3, 23 8C): d=�7.97 ppm; IR (KBr): ñ=2919, 1627 cm�1;
MS (CI): m/z (%): 402 (100) [M+H]+ ; elemental analysis calcd (%) for
C25H40NOP (401.6): C 74.77, H 10.40, N 3.49; found: C 74.64, H 10.20, N
3.40.


N,N-Diisopropyl 2-dicyclohexylphosphino-5-(3’-nitrophenyl)benzamide
(24): Compound 24 was prepared in 70% yield from 15a and 3-nitrophe-
nylboronic acid after 8 h at 100 8C according to general procedure B by
using 10 mol% Pd ACHTUNGTRENNUNG(OAc)2. White crystalline solid; m.p. 210–212 8C
(CH2Cl2/hexane); Rf=0.35 (9.1% EtOAc in hexane); 1H NMR
(500 MHz, CDCl3, 23 8C): d=8.46 (t, J=2.0 Hz, 1H), 8.21 (dt, J=8.5,
1.0 Hz, 1H), 7.93 (t, J=1.5 Hz, 1H), 7.62 (t, J=8.0 Hz, 2H), 7.56 (dd, J=


8.0, 2.0 Hz, 1H), 7.36 (t, J=2.5 Hz, 1H), 3.62 (septet, J=7.0 Hz, 1H),
3.52 (septet, J=7.0 Hz, 1H), 2.25–1.00 ppm (m, 34); 13C NMR (125 MHz,
CDCl3, 23 8C): d=170.0 (d, JP-C=3.6 Hz), 149.0, 148.4 (d, JP-C=35.3 Hz),
142.2, 139.3, 133.9 (br, T2), 133.2 (d, JP-C=4.2 Hz), 130.1, 126.0, 124.0 (d,
JP-C=8.8 Hz), 122.6, 122.2, 51.0, 45.9, 35.8 (d, JP-C=14.8 Hz), 32.9 (d,
JP-C=11.4 Hz), 30.7 (d, JP-C=13.1 Hz), 30.4 (d, JP-C=18.5 Hz), 30.2 (d,
JP-C=21.6 Hz), 29.3, 27.9, 27.9, 27.2 (d, JP-C=8.4 Hz), 27.2 (d, JP-C=


10.7 Hz), 26.7, 26.5, 21.2, 21.1, 20.9, 20.3 ppm; 31P NMR (202 MHz,
CDCl3, 23 8C): d =�8.26 ppm; IR (film): ñ =2927, 1626, 1532, 1447,
1348 cm�1; MS (ESI): m/z (%): 545 (100) [M+Na]+ ; elemental analysis
calcd (%) for C31H43N2O3P (522.7): C 71.24, H 8.29, N 5.36; found: C
71.24, H 8.13, N 5.30.


Microwave-assisted synthesis and 31P NMR characterization of Cy-Aphos
18c, 19a-q, and 20: A 10 mL pressurized process vial containing a mag-
netic stirring bar was charged with arylboronic acid (3.0T10�2 mmol),
[Pd2 ACHTUNGTRENNUNG(dba)3] (4.6 mg, 5.0T10�3 mmol), 17a (8.8 mg, 2.0T10�2 mmol), and
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K3PO4 (424.6 mg, 2.0 mmol). The vial was sealed with a cap containing a
silicon septum and then evacuated through a needle under vacuum and
backfilled with nitrogen (this sequence was repeated six times). Degassed
dry toluene (2 mL) was added through the septum by syringe and the re-
sultant mixture was stirred at room temperature for 1 min. The loaded
vial was then placed into the cavity of the technical microwave reactor
and heated. The temperature was ramped from room temperature to
180 8C and then held at this temperature for 4 min. The time taken for
the reaction mixture to reach the target temperature of 180 8C varied de-
pending on the boronic acid used, but was within a period of 3–4 min.
After cooling to room temperature, the reaction mixture was directly fil-
tered through a plug of Celite and silica gel. The filtrate was condensed
under reduced pressure and the residue was dissolved in CDCl3 for
31P NMR analysis. The results are summarized in Table 1 and the copies
of 31P NMR spectra are found in Supporting Information.


Microwave-assisted screening of Aphos 18c, 19a–q, 20, and 21 and
HPLC analysis : Following the procedure for microwave-assisted synthe-
sis of Aphos described above, the cap of the reaction vial was opened
under a stream of nitrogen and the reference compound, N,N-diisopropyl
4-cyclohexylbenzamide (40.0 mg), 22 (172.6 mg, 1.0 mmol), and phenyl-
boronic acid (182.9 mg, 1.5 mmol) were added quickly. The vial was
sealed again with a new cap and evacuated through a needle under
vacuum and backfilled with nitrogen twice. Degassed dry toluene (2 mL)
was added through the septum by means of a syringe and the resultant
mixture was stirred at room temperature for 1 min. The loaded vial was
then placed into the cavity of the microwave reactor and heated. The
temperature was ramped from room temperature to 180 8C and then held
at this temperature for 5 min. The time taken for the reaction mixture to
reach the target temperature of 180 8C was within the period of 1–2 min.
After cooling to room temperature, the reaction mixture was diluted with
EtOAc (5 mL), filtered through a plug of Celite and silica gel (eluting
with EtOAc) and concentrated under reduced pressure. The residue was
dissolved in acetonitrile (HPLC grade) and the solution was filtered di-
rectly through a PTFE (MFS-13) filter into a HPLC vial for quantitative
analysis of the conversion of 22 by using the working curve given in
Figure S1 of the Supporting Information. HPLC analysis was performed
on a Waters HPLC system equipped with a Waters 600 Controller,
Waters 717plus Autosampler and Waters 2996 Photodiode Array Detector.
Data acquisition and processing were controlled using Millennium32 soft-
ware. An Ultra C18 column (150T4.6 mm) with 5 mm diameter packing
particles (cat. No.9174565) was used. Analysis was performed at 25 8C at
a flow rate of 0.6 mLmin�1. Chromatograms were obtained using UV ab-
sorption at 240 nm. The mobile phase was acetonitrile/water (70:30). The
sample injection volume was 1–6 mL. The data are found in Table S1 of
the Supporting Information. A plot of the data on relative Aphos effi-
ciency is given in Figure 2.


General procedure C—room-temperature Suzuki–Miyaura coupling of
unactivated and hindered aryl chlorides using Aphos ligands 19q or 24 :
A 10 mL pressurized process vial containing a magnetic stirring bar was
charged with PdACHTUNGTRENNUNG(OAc)2 (2.2 mg, 1.0T10�2 mmol, 2.0 mol%), Aphos li-
gands 19q or 24 (7.8 mg, 1.5T10�2 mmol, 3.0 mol%), the arylboronic
acid (7.5T10�1 mmol, 1.5 equiv), and K3PO4 (318.0 mg, 1.5 mmol,
3.0 equiv). The vial was sealed with a cap containing a silicon septum and
then evacuated through a needle under vacuum and backfilled with nitro-
gen (this sequence was repeated three times). Degassed THF (1 mL) was
added by syringe and the mixture was stirred at room temperature for
about 1 min. The aryl chloride (0.5 mmol, 1 equiv) was added by a sy-
ringe (solid aryl chlorides were added prior to the evacuation-backfill
cycles). Degassed water (100 mL) was added by syringe and the resultant
mixture was kept at room temperature with vigorous stirring for 6–36 h.
The reaction mixture was diluted with EtOAc (5 mL), filtered through a
thin pad of silica gel and concentrated under reduced pressure. The
crude material was purified by flash column chromatography over silica
gel to give the products. The reaction times and yields are found in
Tables 5 and 6. The 1H NMR data and copies of spectra of the products
are found in the Supporting Information.


Room-temperature Suzuki–Miyaura coupling of activated aryl chloride
using Aphos 19q : General procedure C was used but with reduced


amounts of Pd ACHTUNGTRENNUNG(OAc)2 and 19q. The reaction conditions and product
yields are found in Table 4. The 1H NMR data and copies of spectra of
the products are found in Supporting Information.


Comparison of Cy-Aphos Ligands 18a–c, 19q, and 24 : General proce-
dure C was used for the reaction of 1-chloronaphthalene (25) with phe-
nylboronic acid but by using 1 mol% Pd ACHTUNGTRENNUNG(OAc)2 and 1.5 mol% Aphos.
The reaction was stopped after 8 h at room temperature and the remain-
ing substrate 25 and the product 26 were isolated by flash column chro-
matography over silica gel. The results are listed in Table 2.


General procedure D—synthesis of compounds 31a–e : A 10 mL pressur-
ized process vial containing a magnetic stirring bar was charged with Pd-
ACHTUNGTRENNUNG(OAc)2 (1.1 mg, 5.0T10�3 mmol, 1.0 mol%), Aphos 19h (3.8 mg, 7.5T
10�3 mmol, 1.5 mol%), the boronic acid (7.5T10�1 mmol, 1.5 equiv) and
K3PO4 (318.0 mg, 1.5 mmol, 3.0 equiv). The vial was sealed with a cap
containing a silicon septum and then evacuated through a needle under
vacuum and backfilled with nitrogen (this sequence was repeated three
times). THF (1.5 mL) was added by syringe and the mixture was stirred
at room temperature for about 1 min. The aryl halide (0.5 mmol, 1 equiv)
was added by syringe (solid aryl halides were added prior to the evacua-
tion-backfill cycles). The resultant mixture was kept at room temperature
with vigorous stirring for 8–48 h. The reaction mixture was diluted with
EtOAc (5 mL), filtered through a thin pad of silica gel and concentrated
under reduced pressure. The crude material was purified by flash column
chromatography over silica gel to give the products 31a–e as shown in
Scheme 6.


1-Mesityl-1-phenylethene (31a):[44] Prepared from compounds 29a and
30a in 80% yield after 48 h at room temperature according to general
procedure D. Colorless oil ; Rf=0.78 (5% EtOAc in hexane); 1H NMR
(300 MHz, CDCl3, 23 8C): d =7.34–7.30 (m, 5H), 6.98 (s, 2H), 6.01 (d, J=


1.2 Hz, 1H), 5.16 (d, J=1.2 Hz, 1H), 2.38 (s, 3H), 2.18 ppm (s, 6H);
13C NMR (75 MHz, CDCl3, 23 8C): d =147.1, 139.8, 138.4, 136.6, 136.3,
128.6 (T2), 128.3 (T2), 127.8 (T2), 126.1 (T2), 114.8, 21.5, 20.6 ppm (T2);
IR (film): ñ=2918, 1444 cm�1; MS (CI): m/z (%): 222 (63) [M]+ , 207
(100) [M�Me]+ .


(E)-2,6-Diethylphenyl-2-phenylethene (31b): Prepared from compounds
29b and 30b in 92% yield after 20 h at room temperature according to
general procedure D. Colorless oil; Rf=0.55 (hexane); 1H NMR
(300 MHz, CDCl3, 23 8C): d =7.57 (d, J=6.9 Hz, 2H), 7.44 (t, J=7.5 Hz,
2H), 7.37–7.16 (m, 5H), 6.65 (dd, J=16.5, 3.3 Hz, 1H), 2.83–2.76 (m,
4H), 1.32–1.26 ppm (m, 6H); 13C NMR (75 MHz, CDCl3, 23 8C): d=


142.7, 137.8, 136.5, 134.1, 128.9 (T2), 127.8 (T2), 127.4, 126.8, 126.6 (T2),
126.2 (T2), 27.4 (T2), 15.8 ppm (T2); IR (film): ñ =2963, 1454 cm�1; MS
(CI): m/z (%): 237 (100) [M+H]+ ; HRMS (APCI): m/z : calcd for C18H20:
236.1565; found: 236.1560 [M]+ .


2-[(E)-3-Phenylpropen-1-yl]benzaldehyde (31c): Prepared from com-
pounds 29c and 30c in 94% yield after 8 h at room temperature accord-
ing to general procedure D. Colorless oil; Rf=0.31 (5% EtOAc in
hexane); 1H NMR (300 MHz, CDCl3, 23 8C): d=10.30 (s, 1H), 7.83 (d,
J=7.5 Hz, 1H), 7.54–7.52 (m, 2H), 7.42–7.26 (m, 7H), 6.34 (dt, J=8.7,
6.9 Hz, 1H), 3.65 ppm (d, J=6.9 Hz, 2H), 13C NMR (75 MHz, CDCl3,
23 8C): d =192.5, 140.6, 139.8, 135.4, 133.9, 132.9, 131.4, 128.9 (T2), 128.8
(T2), 127.8, 127.5, 127.4, 126.6, 40.1 ppm; IR (film): ñ =1692 cm�1; MS
(CI): m/z (%): 223 (35) [M+H]+ , 131 (100) [M-PhCH2]


+ ; HRMS
(APCI): m/z : calcd for C16H15O: 223.1117; found: 223.1115 [M+H]+ .


1,3-Dimethyl-2-n-octylbenzene (31d). Prepared from compounds 29d
and 30d in 98% yield according to general procedure D after 12 h at
50 8C instead of room temperature. Colorless oil; Rf=0.75 (petroleum
ether); 1H NMR (400 MHz, CDCl3, 23 8C): d=6.98 (s, 3H), 2.60 (t, J=


6.8 Hz, 2H), 2.31 (s, 6H), 1.50–1.25 (m, 12H), 0.89 ppm (t, J=6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3, 23 8C): d =139.8, 135.9, 128.0 (T2),
125.4 (T2), 31.9, 30.3, 29.8, 29.4, 29.3, 29.1, 22.7, 19.8 (T2), 14.1 ppm; IR
(film): ñ =2924, 1467 cm�1; MS (CI): m/z (%): 218 (100) [M]+ .


4-Methoxyl-1-n-octylbenzene (31e):[45] Prepared from compounds 29e
and 30d in 95% yield after 12 h at room temperature according to gener-
al procedure D. Colorless oil; Rf=0.68 (5% EtOAc in petroleum ether);
1H NMR (400 MHz, CDCl3, 23 8C): d=7.14–7.11 (m, 2H), 6.88–6.84 (m,
2H), 3.89 (s, 3H), 2.58 (t, J=7.6 Hz, 2H), 1.68–1.55 (m, 2H), 1.40–1.25
(m, 10H), 0.92 ppm (t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3,
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23 8C): d=157.4, 134.9, 129.1 (T2), 113.5 (T2), 55.1, 34.9, 31.8, 31.6, 29.4,
29.1 (T2), 22.5, 14.0 ppm; IR (film): ñ=2925, 1512, 1246 cm�1; MS (CI):
m/z (%): 220 (100) [M]+ .
31P and 13C NMR studies on Pd-Aphos complexes in solution : Aphos 21
(4.0 mg, 1.0T10�2 mmol) and [Pd2 ACHTUNGTRENNUNG(dba)3] (9.2 mg, 2.0T10�2 mmol) were
added to an NMR tube followed by addition of [D8]THF (0.75 mL). The
solution was kept at room temperature for 40 min before taking a
31P NMR spectrum. An additional portion of 21 (4.0 mg, 1.0T10�2 mmol)
was added to the solution in the NMR tube and, after 40 min, a new
31P NMR spectrum was recorded. The procedure was repeated. For the
3:1 mixture of 21:Pd, a 13C NMR spectrum was also taken. The 31P NMR
spectra are shown in Figure 4 and the original 31P and 13C NMR charts
are found in the Supporting Information.
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Hydrogen-Bond-Directed Catalysis: Faster, Regioselective and Cleaner Heck
Arylation of Electron-Rich Olefins in Alcohols


Zeynab Hyder, Jiwu Ruan, and Jianliang Xiao*[a]


Introduction


The formation of new sp2 C�C bonds through the palladi-
um-catalysed Heck reaction is one of the most important
tools in synthetic chemistry due to its simplicity, its tolerance
of various functional groups and the easy availability of sub-
strates.[1] Most Heck reactions deal with electron-deficient
olefins or those with electron-withdrawing substituents, such
as -CN or -CO2R, for which arylation or vinylation occurs at
the least-substituted terminal b position of the double bond.
This chemistry has been exploited in a diverse range of
areas, which includes the synthesis of natural products and
bioactive compounds.[1,2] However, a regioselectivity issue
exists when electron-rich olefins, such as acyclic enol ethers,
silanes and enol amides, are employed; these olefins tend to


afford a mixture of branched a and linear b regioisomers
under normal Heck conditions (Scheme 1).[1e,g,h,i,3–5] They are
also generally associated with high catalyst loadings and low
turnover frequencies (TOFs).


Extensive research by the groups of Cabri,[3a,5] Hallberg
and Larhed,[1e,6] and others[7] has led to two effective meth-
ods to deal with the regioselectivity issue of electron-rich
olefins: 1) when aryl/vinyl halides are the substrates, stoi-
chiometric amounts of silver or thallium salts are added,
and 2) organotriflates (or tosylates and mesolates) have
been used instead of the halides.[5–7] In both scenarios the
branched a-olefinic products are selectively produced.
These methods have significantly extended the utility of the
Heck reaction and led to a number of interesting applica-
tions in chemical synthesis.[6–9] However, there are short
comings associated with the methods: silver introduces
added cost, thallium salts are toxic and triflates are general-


Abstract: A general method for the re-
gioselective Heck reaction of electron-
rich olefins is presented. Fast, highly
regioselective Pd-catalysed a-arylation
of electron-rich olefins, vinyl ethers
(1 a–d), hydroxyl vinyl ethers (1 e, f),
enamides (1 g, h) and a substituted
vinyl ether (1 i) has been accomplished
with a diverse range of aryl bromides
(2 a–r), for the first time, in cheap,
green and easily available alcohols with
no need for any halide scavengers or
salt additives. The reaction proceeds
with high efficiency, leading exclusively
to the a-products, in 2-propanol and


particularly in ethylene glycol. In the
latter, the arylation can be catalysed at
a palladium loading of 0.1 mol% and
finish in as short a time as 0.5 h. The
remarkable performance of the alcohol
solvents in promoting a regiocontrol is
attributed to their hydrogen-bond-do-
nating capability, which is believed to
facilitate the dissociation of halide
anions from PdII, and hence, the gener-


ation of a key ionic PdII–olefin inter-
mediate responsible for the a product.
This belief is further strengthened by
the study of a benchmark arylation re-
action in 21 different solvents. The
study revealed that exclusive a-regiose-
lective arylation takes place in almost
all of the protic solvents, and there is a
rough correlation between the a-aryla-
tion rates and the solvent parameter
ET


N. The method is simpler, cleaner
and more general than those estab-
lished thus far.
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ly commercially unavailable in addition to being base sensi-
tive and thermally labile.


It is now generally accepted that the regioselectivity issue
exists because there are two competing reaction pathways in
the Heck reaction, as illustrated in Scheme 2.[3,5,6,10] The cat-


ionic pathway (Scheme 2, pathway A) yields the a product,
whereas the neutral pathway (Scheme 2, pathway B) produ-
ces the b product. Pathway A has a distinguishing feature
compared with pathway B: the former involves halide disso-
ciation from PdII, whereas the latter features phosphorus
dissociation. Given the electrophilic nature of cationic PdII,
pathway A is expected to favour electron-rich olefins.[11]


Silver and thallium salts act as halide scavengers, thereby
promoting pathway A. Similarly, the lability of the Pd�OTf
bond facilitates the formation of the cationic PdII–olefin spe-
cies, thus leading to regioselective production of the
branched product.[12] It is also apparent that a monodentate
phosphorous ligand would favour pathway B, whereas a bi-
dentante ligand would be necessary for pathway A.


Recent DFT calculations have given more insight into the
mechanisms and show that when following pathway A elec-
tron-rich olefins indeed tend to afford the a-arylated olefin,
and this is driven primarily by electrostatic and frontier or-
bital interactions.[13] In fact, the C�C bond forming olefin in-
sertion step may be viewed as an intramolecular nucleophil-
ic attack of the migrating aryl group at the olefin.[13a] More
recently, Amatore, Jutand and co-workers showed that iso-
butyl vinyl ether reacts with [Pd ACHTUNGTRENNUNG(dppp)(Ph)X] (X= I, OAc;
DPPP=1,3-bis(diphenylphosphino)propane) via indeed a
cationic species, [Pd(Ph) ACHTUNGTRENNUNG(dppp) ACHTUNGTRENNUNG(solvent)]+ , but this can lead
to both a and b products.[14] The kinetic study led to the sug-
gestion of an altered mechanism, in which the olefin reacts
with the cationic solvato–PdII species generated from halide
dissociation; a higher a regioselectivity results if the subse-
quent equilibria involving olefin coordination and insertion
are in favour of the branched product, and if the concentra-
tion of halide anion is low.[14b]


Believing that the cationic PdII-olefin species in pathway
A holds the key to the regioselectivity of electron-rich ole-
fins, we have shown in the last few years that a regiocontrol
in the coupling of aryl halides can be readily achieved by
using imidazolium ionic liquids as solvents.[15] Under these
conditions, we believe that the key cationic PdII species in


pathway A is favoured, thus enhancing selectivity for the a


product. Ionic liquids are entirely composed of ions; hence,
electrostatic interactions would favour the generation of a
PdII–olefin cation and a halide anion (Scheme 2, pathway
A) from two neutral precursors over that of a neutral PdII–


olefin intermediate from the
same (Scheme 2, pathway B).
The method, alongside those
developed by other groups,[16–18]


enables a highly regioselective
Heck reaction without the use
of halide scavengers or triflates,
with the possibility for recy-
cling.[15c] One drawback of the
chemistry is that little is known
about the toxicity of ionic liq-
uids, and they can be expensive
and laborious to synthesis.[19]


More recently, we demon-
strated that in the presence of hydrogen-bond-donating am-
monium salts, such as [HNEt3]ACHTUNGTRENNUNG[BF4], the regioselective
Heck arylation of electron-rich olefins can be performed
equally well in common solvents, such as DMF.[15d] We pro-
posed that before the rate-determining step, which is likely
to be the olefin insertion step,[14,15,20] an equilibrium exists in
which addition of the potential hydrogen-bond donor shifts
the equilibrium to favour the cationic PdII–olefin intermedi-
ate (Scheme 3). This leads to a higher concentration of the


cationic intermediate, and hence, a higher rate for formation
of the a product. We also showed that this acceleration in
the a arylation by potential hydrogen-bond-donating ammo-
nium salts is true in common solvents as well as in ionic liq-
uids. However, a negative aspect arising from the applica-
tion of such salts is that a large quantity of the salt is neces-
sary, namely, 1.5 equiv relative to the substrate, which gener-
ates waste that needs to be separated and disposed of, and
so has its associated environmental implications. In related
work, Vallin, Larhed and Hallberg showed that regiocontrol
can be achieved in a mixture of DMF/water or DMF/
MeOH,[17] and very recently Larhed and co-workers report-
ed that water can be used as a solvent for fast, highly regio-
selective arylation.[18] However, the chemistry of the latter
appears to be restricted to hydroxyl vinyl ethers.


In continuing our search for a cleaner, more economic
method for the regioselective Heck reaction, we now report
that the Heck arylation of electron-rich olefins with aryl hal-
ides can be most easily performed in alcohols, in a highly re-
gioselective and efficient manner that requires neither ionic


Scheme 2.


Scheme 3. H-BD: hydrogen-bond donor, for example, HNEt3
+, HOH,


HOR.
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liquids/ionic additives nor halide scavengers (Scheme 4).[21,22]


Although alcohols such as 2-propanol and ethylene glycol
provide remarkably economic, safe and environmentally at-
tractive alternatives to commonly used dipolar solvents, they
have seldom been exploited in metal-catalysed coupling re-
actions.[23] Of both practical and fundamental significance is
that our further studies point to the Heck regioselectivity
being directed by polar, protic solvents.


Results


As with the hydrogen-bond-donating ammonium salts, alco-
hols are also good hydrogen-bond donors and are known to
act as receptors for halide anions.[24] This feature could aid
the dissociation of a halide anion from PdII, thereby enhanc-
ing the concentration of the ionic PdII–olefin species in path-
way A (Scheme 3).[15d,25,26] In fact, short-chain alcohols are
known to have hydrogen-bond-donating capabilities similar
to imidazolium ionic liquids.[27] With this in mind, we set out
to investigate whether the regioselective Heck arylation of
electron-rich olefins could be achieved in a simple alcohol
such as 2-propanol.


We first examined the feasibility of the arylation of butyl
vinyl ether (1 a) with 2-bromonaphthalene (2 a) under the
previously established Pd–dppp catalysis.[15] Pd–dppp has
been shown to be the most successful catalyst for regioselec-
tive Heck arylation reactions in either molecular solvents or
ionic liquids.[1,3,5–7,15] As in our previous studies, the catalyst
used in this study was derived in situ from Pd ACHTUNGTRENNUNG(OAc)2 and
DPPP. Remarkably, the reaction of 1 a with 2 a at 115 8C was
completed in 5 h with no linear product detected; ketone 4 a
was isolated in excellent yield after acidification of 3 a
(Table 1, entry 1). With such a simple protocol to hand, we
started to test the reactions of aryl bromides 2 b–n with a
range of alkyl vinyl ethers (1 a–c,e). In a typical reaction, a
mixture of 1, 2, Pd ACHTUNGTRENNUNG(OAc)2, DPPP and triethylamine was
heated in 2-propanol (2 mL) under reflux in an inert atmos-
phere of N2; the ketone was obtained following hydrolysis
of 3. As can be seen in Table 1, good to excellent yields
were obtained for all of the reactions, and in no case was
the linear olefin detected or isolated. Because some reac-
tions failed to complete within 5 h, as for entry 1, extended


times of up to 18–24 h were permitted, so that full conver-
sions were reached. We were also pleased to find that
simple removal of the catalyst and resulting salt through a
silica plug was sufficient to obtain immaculate purity. How-
ever, the para analogues (2 h, 2 j and 2 l) of aryl bromides
2 g, 2 i and 2 k were sluggish when coupled with 1 a, and full
conversions were not achieved in 24 h. The coupling of en-
amides with aryl bromides was even more sluggish, with in-
significant amounts of products being detected after a reac-
tion time of 36 h.


Ethylene glycol allows operation at a higher temperature,
and may render ionic pathway A (Scheme 2) more favoura-
ble by forming more effective hydrogen bonds with the bro-
mide anion and thus enhancing the concentration of the cat-
ionic PdII–olefin species (Scheme 3).[28] As an examination
of feasibility, we tested the arylation of 1 a with 2 a and
found that this benchmark reaction was completed within
2 h. To probe the scope of the system, a series of vinyl
ethers were then tested in the arylation reaction with a
range of aryl bromides (Table 2). Since some substrates ne-
cessitated longer times, for example, the enamides, the rest
of the reactions were run overnight, and in the case of the
enamides up to 36 h was necessary (entries 25–30). The reac-
tions gave ketone products with good to excellent yields re-
gardless of the nature of the substituents on the aryl rings,
and again no linear product was observed. Of particular
note are para-substituted bromides 2 h, 2 j and 2 l, which can
now be completely olefinated, as also enamides 1 g, h, which
have previously only been successfully arylated in a mixture
of ionic liquid and DMSO.[15e] The reaction proceeded clean-
ly, so that again separation by using a small silica plug was
usually sufficient to obtain pure products. When the enam-
ide coupling is carried out in an aprotic solvent, such as di-
oxane, aryl triflates have been the substrates instead of the
halides.[7b] Internal Heck vinylations of enamides have also
been performed with high regioselectivity by using vinyl tri-
flates as the substrates.[6b]


In the absence of an acid, the arylation product arising
from 2-hydroxyethyl vinyl ether (1 e) could cyclise to give
an alternative method for the synthesis of ketals, which may
find uses as intermediates for anti-HIV agents. This was first
demonstrated by Hallberg, Larhed and Nilsson by using aryl
triflates or halide scavengers for ArX (X=Br, I) in DMF;[6f]


however, the reaction can be slow and requires the addition
of dry acetic acid to complete ring closure or further heating
following the consumption of the arylbromide. When 1 e
was arylated in ethylene glycol under the conditions given in
Table 2 but without subsequent hydrolysis, the correspond-
ing 5-membered ketals were isolated in good yields
(Table 3). An example of 7-membered ketals is also provid-
ed (Table 3, entry 10). However, prolonged heating cleanly
turned it into 5-membered ketal 3 ea, for which a yield of
73% was obtained (Scheme 5). Apparently, this product
arises from 3 fa reacting with the solvent to give a more
thermodynamically stable product. The observation also
suggests that there may be an exchange between 3 ea, 3 fa
and ethylene glycol.


Scheme 4.
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We have previously shown that ketals are also formed in
similar reactions in ionic liquids.[15c,d] In both ethylene glycol
and ionic liquids, excellent a regioselectivities were main-
tained. As aforementioned, hydroxyl vinyl ethers also gave
excellent regioselectivity when water was used as the sol-
vent. Larhed and co-workers have also shown that the reac-
tion works to some degree even in toluene.[18] The hydroxyl
group thus appears to play a role similar to that of an alco-
hol solvent (see below).[25] In contrast, when carried out in
DMF with a tetradentate phosphine, the reaction of 1 e fav-
oured the b product.[26a]


In the reactions in ethylene glycol described above, the ar-
ylation procedure involved heating a mixture of all of the
reagents together. It was noted that the ethylene glycol solu-
tion turned dark almost immediately, which indicated the


formation of palladium black.[29] After a series of test reac-
tions, it became apparent that the presence of the olefin
from the beginning of the reaction enhanced the rate of PdII


reduction to palladium black before it formed the Pd–dppp
catalyst. In accordance with this finding, when the olefin
substrate was added 3–4 min after the solution had been
heated the initial yellow-orange solution only turned dark
brown slowly, which suggested the presence of more Pd–
dppp complex in the catalytic reaction. In a separate experi-
ment, it was observed that in the presence of 1 a, a solution
of Pd ACHTUNGTRENNUNG(OAc)2 in 2-propanol turned dark in less than 1 min at
room temperature; in its absence the solution remained
yellow for more than 20 h, which again indicated that PdII is
easily reduced by the olefin.


Table 1. Regioselective arylation of olefins 1 in 2-propanol.[a]


Entry Olefin ArBr Product Yield [%] Entry Olefin ArBr Product Yield [%]


1 1a 2a 4a 92[b] 11 1a 2n 4n 83


2 1a 2b 4b 88 12[c] 1b 2a 4a 89


3 1a 2c 4c 94 13[c] 1b 2c 4c 74


4 1a 2d 4d 83 14[c] 1b 2e 4e 81


5 1a 2e 4e 87 15[c] 1b 2d 4d 92


6 1a 2 f 4 f 91 16 1c 2a 4a 82


7 1a 2g 4g 76 17 1c 2d 4d 79


8 1a 2 i 4 i 87 18[d] 1e 2a 4a 93


9 1a 2k 4k 85 19[d] 1e 2d 4d 97


10 1a 2m 4m 84 20[d] 1e 2e 4e 85


[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (4.0 mol%), DPPP (8.0 mol%), NEt3 (2.5 equiv) and iPrOH (2 mL) at 115 8C, for 18–
24 h; 100% conversion and no linear products, as shown by 1H NMR analysis; isolated yields are reported; 4 was obtained after acidification of 3. [b] 5 h
reaction time. [c] 0.75 equiv 1 b. [d] Ketals may be formed before the acidification (see Table 3).


Scheme 5.
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This simple change in procedure was implemented in the
arylation and we were delighted to find that the reaction in
ethylene glycol proceeded at a much faster rate, even at
lower catalyst loadings. Selected examples are illustrated in
Table 4, which includes the coupling of 2-substituted olefin
1 i. For all of the substrates, particularly previously “stub-
born” 2 h, 2 j and 2 l, the reaction time reduced dramatically
compared with those presented in Tables 1 and 2, at a lower


catalyst loading of 1%. More remarkably, the reaction time
can be shortened to 0.5 h at a catalyst loading of as low as
0.1 mol% (Table 4, entries 20–22). It is also worth noting
the successful arylation of aryl dibromides 2 q and 2 r
(Table 4, entries 10 and 11), which required only short times
for complete conversions. To the best of our knowledge,
these examples represent the fastest rates ever reported for
the Heck reaction of electron-rich olefins. We note that the


Table 2. Regioselective arylation of olefins 1 in ethylene glycol.[a]


Entry Olefin ArBr Product Yield [%] Entry Olefin ArBr Product Yield [%]


1 1a 2 a 4 a 93 16 1b 2h 4h 78


2 1a 2 b 4 b 89 17 1c 2a 4a 74


3 1a 2 c 4 c 94 18 1c 2d 4d 76


4 1a 2 d 4 d 83 19 1d 2a 4a 78


5 1a 2 e 4 e 87 20 1e 2a 4a 88


6 1a 2 f 4 f 76 21 1e 2d 4d 83


7 1a 2 g 4 g 91 22 1e 2h 4h 87


8 1a 2 h 4 h 88 23 1e 2n 4n 89


9 1a 2 i 4 i 75 24 1 f 2a 4a 93


10 1a 2 j 4 j 79 25[b] 1g 2a 3ga 78


11 1a 2 k 4 k 77 26[b] 1g 2b 3gb 79


12 1a 2 l 4 l 89 27[b] 1g 2e 3ge 81


13 1a 2 m 4 m 83 28[b] 1h 2b 3hb 74


14 1a 2 n 4 n 84 29[b] 1g 2h 3gh 78


15 1b 2 a 4 a 87 30[b] 1h 2g 3hg 82


[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (5.0 mol%), DPPP (10.0 mol%) and NEt3 (2.5 equiv) in ethylene glycol (2 mL) at 145 8C;
100% conversion and no linear products; isolated yields are reported; 4 was obtained after acidification of 3. [b] Conditions were the same as for [a],
omitting aqueous acidic work up.
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catalyst loading could not be decreased to lower than
2.5 mol% when the arylation was carried out in neat
water.[18]


An additional advantage of the protocol is that it allows
both the Pd–dppp catalyst and solvent to be easily recycled
because the product could be extracted with a less polar sol-
vent. To demonstrate this, the regioselective arylation of 1 e
with 2 a was examined in ethylene glycol. Following each
run, the ketal was extracted with diethyl ether. As shown in
Scheme 6, the Pd/DPPP-ethylene glycol mixture was recy-
cled five times with no significant loss in catalytic activity.


Discussion


The study into the regioselectivity of the Heck reaction has
attracted a great deal of attention over the past two decades,
culminating with the advent of three effective methods to
control a regioselectivity (see above). It is surprising that a
simple change of solvents from the common dipolar sol-
vents, such as DMF, or ionic liquids to an alcohol affords
complete regiocontrol for electron-rich olefins with no need
for any halide scavengers. Naturally, one would like to ask
why the alcohol solvents are so effective in promoting the a


regioselectivity. We started this study by assuming that alco-
hols could act as hydrogen-bond donors to stabilise or sol-
vate the dissociated halide anions and thereby enhance the
concentration of the key cationic Pd–olefin intermediate
(Scheme 3). If this is true, other protic solvents would func-
tion in a similar manner. In particular, solvents with high
ET


N values would be expected to give good a regiocontrol
because they are in general good hydrogen-bond donors.[28]


To a large degree, the previous reports from the groups of


Hallberg and Larhed and us on using a mixture of water/
DMF,[17] neat water[18] and ammonium salts (e.g., HNEt3


+


)[15d] to direct regioselection appear to support this view be-
cause all of these media possess hydrogen-bond-donating ca-
pabilities. To gather more evidence, we then screened a di-
verse range of solvents.


Our study of the arylation of 1 a with 2 d in 21 solvents is
summarised in Table 5. Depending on the results used, the
reaction of 1 a with 2 d can produce a mixture of a and b re-
gioisomers and the latter, if formed, is usually composed of
E and Z stereoisomers. The solvents examined span a wide
range of the solvent spectrum, as reflected in their dielectric
constants er (7.2–191.3), dipole moments m (5.5O10�30–12.9O
10�30 cm) and ET


N values (0.23–0.79). When examining the
results in Table 5, there appears to be no correlation be-
tween er or m with either conversion or TOFa. However,
whereas the ET


N values do not show a correlation with con-
version, there appears to be a link between this parameter
and TOFa. In fact, plotting lnTOFa against ET


N reveals a
roughly linear relationship: the higher the ET


N values, the
faster the a product is formed (Figure 1). Because the ET


N


parameter measures largely the hydrogen-bond-donating ca-
pability of a solvent, this rough correlation suggests that
ionic pathway A (Scheme 2), and hence, the formation of
the a product are accelerated by hydrogen-bond donors,
which echoes our proposition mentioned above.


A closer look at Table 5 shows that the a product is exclu-
sively produced in all of the protic solvents except for N-
methylacetamide. The alcohols deserve particular attention
because the b product was never detected in these solvents,
and a clear correlation between the hydrogen-bond-donat-
ing capabilities and the TOFa exists. All of the terminal al-
cohols afforded higher TOFa than their internal isomers, of


Table 3. Arylation of hydroxyl vinyl ethers to form cyclic ketals.[a]


Entry Olefin ArBr Product Yield [%] Entry Olefin ArBr Product Yield [%]


1 1 e 2 a 3ea 88 6 1 e 2 g 3 eg 87


2 1 e 2 b 3eb 88 7 1 e 2 h 3 eh 85


3 1 e 2 d 3ed 89 8 1 e 2 n 3 en 86


4 1 e 2 e 3ee 81 9 1 e 2 o 3 eo 83


5 1 e 2 f 3ef 77 10 1 f 2 a 3 fa 69


[a] Reaction conditions as in Table 2, without aqueous acidic work up; 100% conversion and no linear products; isolated yields are reported.
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which the best hydrogen-bond donor, ethylene glycol, stands
out as the best solvent. In sharp contrast, when performed
in largely non-protic poly(ethylene glycol) (MW =2000)
using Pd ACHTUNGTRENNUNG(OAc)2 without ligand, the coupling of 1 a with 2
yields exclusively the b product.[30]


In recent studies by Amatore, Jutand and co-workers,[14]


the high a regioselectivity observed in ionic liquids[15] was
attributed to the high ionic strength of the solvent, which


encourages anion–cation separation and therefore enhances
the concentration of the PdII–olefin cations, and consequent-
ly, the selectivity towards the a product. In both our pre-
vious[15d] and current investigations, increasing the ionic
strength is found to increase the arylation rates. Within the
limited range of variation in ionic strength we examined,
however, the ionic strength does not appear to impact on
the regioselectivity. For instance, introduction of 0.5 equiv
[NEt4]ACHTUNGTRENNUNG[BF4] (relative to the arylbromide) to the arylation of
1 a with 2 d in DMF resulted in an increase in TOF by 1.5
times. Whereas this is consistent with the kinetic study of
Amatore and co-workers, which showed that [Pd-
ACHTUNGTRENNUNG(dppp)I(Ph)] reacts faster with an analogue of 1 a at higher
ionic strength,[14b] the a/b ratio of the product from 1 a and
2 d remained at approximately 22:78. A similar observation
was made with NaPF6.


[31]


Thus, it appears that it is the hydrogen-bond-donating ca-
pabilities that make simple alcohols such powerful solvents


Table 4. Faster, regioselective arylation in ethylene glycol.[a]


Entry Olefin ArBr Product Time [h] Yield [%] Entry Olefin ArBr Product Time [h] Yield [%]


1 1 a 2b 4b 0.5 77 12[c] 1e 2a 3ea 0.5 76


2 1 a 2d 4d 0.5 83 13[c] 1e 2e 3ee 2 88


3 1 a 2e 4e 0.5 85 14 1 i 2a 4 ia 3 72


4 1 a 2g 4g 1 91 15 1 i 2e 4 ie 3 75


5 1 a 2h 4h 1 89 16 1 i 2h 4 ih 3 81


6 1 a 2j 4 j 2 84 17[d] 1a 2d 4d 3 87


7 1 a 2k 4k 0.5 78 18[d] 1a 2j 4 j 3 74


8 1 a 2 l 4 l 2 71 19[d] 1a 2k 4k 3 72


9 1 a 2p 4p 0.5 81 20[c,d] 1e 2a 3ea 0.5 73


10[b] 1 a 2q 4q 1 82 21[c,d] 1e 2d 3ed 0.5 76


11[b] 1 a 2r 4r 1.5 69 22[c,d] 1e 2h 3eh 0.5 71


[a] Reaction conditions: 1 (3.0 equiv), 2 (1.0 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (1.0 mol%), DPPP (2.0 mol%) and NEt3 (2.5 equiv) in ethylene glycol (2 mL) at 145 8C,
with 1 added 3–4 min after the mixture containing all the other reagents had been heated at 145 8C; 100% conversion and no linear products detected;
isolated yields are reported; 4 was obtained after acidification of 3. [b] Conditions were the same as those given in [a]; however, compounds 2q and 2r
are dibromides, so 6.0 equiv of 1 were used. [c] Conditions were the same as those given in [a], omitting aqueous acidic work up. [d] Conditions were the
same as those given in [a] except lower quantities of Pd ACHTUNGTRENNUNG(OAc)2 (0.10 mol%) and DPPP (0.20 mol%) were used.


Scheme 6.
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in accelerating the a regioselec-
tive Heck arylation. In fact, it
has long been known that such
solvents “exert an electrophilic
pull on the departing anions in
much the same way that heavy
metal ions (Ag+ , Hg2+) cata-


lyse nucleophilic substitution reactions of haloalkanes”,[28]


which explains why no halide scavengers are necessary in al-
cohols. Analogous with the SN1 nucleophilic substitution of
haloalkanes,[28] the alcohols may not only solvate the ionised
bromide anion, they could also aid its departure from PdII


as illustrated in Scheme 7.[32,33]


Conclusion


This report presents the first general, green method for the
Heck arylation of electron-rich olefins. Our results show
that highly efficient and regioselective arylation of these ole-
fins with aryl bromides can be readily carried out in simple
alcohols to circumvent the need for silver, thallium, or am-
monium salts, including ionic liquids. The chemistry is more
general, greener and less expensive than the methods re-
ported thus far. We believe that the excellent performance
of the catalytic system stems from the solvents being dipo-


Table 5. Solvent effect on the Heck arylation of 1a by 2 d.[a]


Solvent B.p. [oC] er m [10-30 cm] ET
N Conversion[b] [%] a/b[c] E/Z TOFa[d] [h�1]


1,2-dimethoxyethane 84.5 7.2 5.7 0.231 7.4 18:82 79:21 0.4
triethylene glycol dimethyl ether 216 7.6 7.4 0.253 4.4 69:31 80:20 1.0
hexamethylphosphoric triamide 233 29.3 18.5 0.315 60 11:89 74:26 2.1
N,N-dimethylformamide 153.1 36.71 12.7 0.386 34 22:78 77:23 2.5
2-methyl-2-propanol 82.3 12.47 5.5 0.389 4.0 >99:1 – 1.4
N,N-dimethylacetamide 166.1 37.78 12.4 0.401 42 19:81 76:24 2.6
dimethyl sulfoxide 189 46.45 13.5 0.444 23 44:56 73:27 3.3
3-pentanol 115.3 13.35 5.5 0.463 9.0 >99:1 – 3.0
2-pentanol 119 13.71 5.5 0.488 7.5 >99:1 – 2.5
2-butanol 99.5 16.56 5.5 0.506 10 >99:1 – 3.3
2-propanol 82.2 19.92 5.5 0.546 13 >99:1 – 4.3
2-methyl-1-propanol 107.9 17.93 6.0 0.552 14 >99:1 – 4.7
1-pentanol 138 13.9 5.7 0.568 16 >99:1 – 5.3
1-butanol 117.7 17.51 5.8 0.586 22 >99:1 – 7.3
1-propanol 97.2 20.45 5.5 0.617 30 >99:1 – 10
ethanol 78.3 24.55 5.5 0.654 28 >99:1 – 9.4
N-methylacetamide 206.7 191.3 12.8 0.657 49 60:40 75:25 9.7
triethylene glycol 288 23.69 10.0 0.682 7.5[e] >99:1 – 15
diethylene glycol 245.7 31.69 7.7 0.713 21[e] >99:1 – 42
N-methylformamide 200 182.4 12.9 0.722 31[e] >99:1 – 62
ethylene glycol 197.5 37.7 7.7 0.790 28[e] >99:1 – 56


[a] Reaction conditions: 1a (3.0 equiv), 2d (1.0 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (1.0 mol%), DPPP (2.0 mol%), and NEt3 (2.5 equiv) in solvent (2 mL) at 115 8C for
3 h; average of two runs; solvent parameters from reference [28]. [b] Conversion refers to the total conversion of 2 d into the a and b olefins and was de-
termined by 1H NMR spectroscopy. [c] When the b product was not detected by 1H NMR spectroscopy, a >99/1 ratio was assigned. [d] TOFa refers to
turnover frequency for the a product calculated using the conversions. [e] 30 min reaction time.


Figure 1. Effect of the solvent parameter ET
N on TOFa in the arylation of


4-bromoacetophenone with butyl vinyl ether (data taken from Table 5).


Scheme 7.
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lar, and more importantly, hydrogen-bond donors. This
belief is further strengthened by the study of a benchmark
electron-rich olefin reacting with an arylbromide in 21 sol-
vents, which revealed that hydrogen-bond donating, protic
solvents accelerate a regioselective arylation. The higher the
ET


N values, the faster this reaction becomes. Whereas the
detailed acceleration mechanism is yet to be scrutinised, we
may conclude that dipolar, hydrogen-bond donor solvents,
such as alcohols, promote the a arylation by facilitating bro-
mide dissociation from Ar�PdII�Br and suppressing its re-
combination with the resulting cationic Ar�PdII species by
hydrogen bonding. We note this proposition is not necessari-
ly in conflict with the mechanism suggested by Amatore,
Jutand and co-workers.[14b] As pointed out by one of the ref-
erees, by quenching the halides by hydrogen bonding with
the solvent, the pathway leading to the b product is blocked,
thereby rendering the a product favourable.


More than three decades ago, Gutmann recommended
that reactive cations are best produced in solvents of high
acceptor numbers.[34] These solvents are generally good hy-
drogen-bond donors, for example, water and short-chain al-
cohols. This recommendation still appears to be fitting for
the Heck reaction of electron-rich olefins.


Experimental Section


General : All reactions were carried out under a nitrogen atmosphere.
The olefins (1), aryl halides (2), Pd ACHTUNGTRENNUNG(OAc)2, DPPP, triethylamine and all
solvents were purchased from Aldrich and were used as received. Chro-
matographic purifications were performed through a silica gel (mesh
230–400) plug for the ketals and ketones, and by the flash technique for
the enamides. 1H and 13C NMR spectra were recorded on a Gemini 400
spectrometer at 400 (1H) and 100 MHz (13C); values are given in ppm
with reference to TMS as the internal standard in CDCl3. Mass spectra
were obtained by chemical ionisation (CI). The products were satisfacto-
rily characterised by 1H and 13C NMR spectroscopies, MS and HRMS
and when possible, comparison of NMR spectra has been made with
available literature data, which includes our previous data.[15]


Arylation procedures : A typical procedure is given for the arylation of
olefin 1a in ethylene glycol. An oven-dried, two-necked round-bottom
flask containing a stirrer bar was charged with an aryl halide (2 ;
1.0 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (11 mg, 0.05 mmol), DPPP (41 mg, 0.1 mmol) and
solvent (2 mL) under nitrogen at room temperature. Following degassing
three times, olefin 1a (3.0 mmol) and NEt3 (2.5 mmol) were sequentially
injected. The flask was placed in an oil bath, and the mixture was stirred
and heated at the desired temperature. After an appropriate reaction
time, the flask was removed from the oil bath and cooled to room tem-
perature. A small sample was then taken for analysis by NMR spectros-
copy. For products requiring acid hydrolysis, aqueous HCl (5%, 5 mL)
was added and following stirring for 0.5 h, CH2Cl2 (2 mL) was added.
After separation of the CH2Cl2 phase, the aqueous layer was extracted
with CH2Cl2 (2O5mL), and the combined organic layer was washed with
water until neutrality, dried (Na2SO4), filtered and concentrated in vacuo.
Aryl methyl ketone 4 was isolated from crude product through a silica
gel filled Pasteur pipette using CH2Cl2 as the eluent, which was then
evaporated. Aryl enamides were isolated from the crude product by flash
chromatography on silica gel using a mixture of ethyl acetate and hexane
(1:99 to 10:90) as the eluent.


The altered procedure was the same as above, except that the catalyst
loading was lowered and 1a was introduced 3–4 min after the mixture
containing all the other reagents had been heated at 145 8C. The reaction
time was significantly shorter with the new procedure (Table 4). The sol-


vent effect was studied by using the new procedure. The identity and
purity of the product was confirmed by 1H and 13C NMR spectroscopies,
MS and HRMS.


1-(Naphthalen-2-yl)ethanone (4 a): 1H NMR (400 MHz, CDCl3): d=8.40
(s, 1H), 8.00–7.98 (m, 1H), 7.91–7.89 (m, 1H), 7.84–7.81 (m, 2H), 7.57–
7.49 (m, 2H), 2.67 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=198.5,
136.0, 134.8, 132.9, 130.6, 130.0, 128.9, 128.8, 128.2, 127.2, 124.3,
27.1 ppm; CIMS: m/z (%): 188 (100) [M+NH4]


+ , 171 (90); HRMS: m/z
calcd for C12H11O [M+H]+ : 171.0810; found: 171.0811.


1-(Naphthalen-1-yl)ethanone (4 b): 1H NMR (400 MHz, CDCl3): d=


8.76–8.74 (m, 1H), 7.90–7.87 (m, 1H), 7.83–7.77 (m, 2H), 7.56–7.52 (m,
1H), 7.47–7.43 (m, 1H), 7.40–7.36 (m, 1H), 2.65 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=202.2, 136.0, 134.4, 133.4, 130.6, 129.0, 128.8,
128.4, 126.8, 126.2, 124.7, 30.3 ppm; CIMS: m/z (%): 188 (88) [M+NH4]


+,
171 (100); HRMS: m/z calcd for C12H11O [M+H]+ : 171.0810; found:
171.0809.


1-(5-Methoxynaphthalen-2-yl)ethanone (4 c): 1H NMR (400 MHz,
CDCl3): d=8.24 (s, 1H), 7.89–7.88 (m, 1H), 7.86–7.85 (m, 1H), 7.62–7.60
(m, 1H), 7.09–7.01 (m, 2H), 3.81 (s, 3H), 2.56 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=198.2, 160.2, 137.7, 133.1, 131.5, 130.4, 128.5,
127.5, 125.1, 120.1, 106.2, 55.8, 26.9 ppm; CIMS: m/z (%): 201 (100)
[M+H]+ ; HRMS: m/z calcd for C13H13O2 [M+H]+ : 201.0916; found:
201.0916.


1,1’-(1,4-Phenylene)diethanone (4 d): 1H NMR (400 MHz, CDCl3): d=


7.94 (s, 4H), 2.55 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d =197.7,
140.5, 128.8, 27.2 ppm; CIMS: m/z (%): 180 (100) [M+NH4]


+ ; HRMS:
m/z calcd for C10H14NO2 [M+NH4]


+ : 180.1024; found: 180.1025.


Acetophenone (4 e): 1H NMR (400 MHz, CDCl3): d=7.97–7.94 (m, 2H),
7.58–7.53 (m, 1H), 7.48–7.43 (m, 2H), 2.60 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=198.4, 137.6, 133.4, 128.9, 128.7, 27.0 ppm; CIMS:
m/z (%): 121 (100) [M+H]+ , 105 (86), 83 (30); HRMS: m/z calcd for
C8H9O [M+H]+ : 121.0653; found: 121.0656.


1-(2-Fluorophenyl)ethanone (4 f): 1H NMR (400 MHz, CDCl3): d=7.83–
7.77 (m, 1H), 7.47–7.41 (m, 1H), 7.21–7.11 (m, 1H), 7.09–7.07 (m, 1H),
2.57 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =196.2, 162.6 (d, J-
ACHTUNGTRENNUNG(C,F)=255 Hz), 135.0 (d, J ACHTUNGTRENNUNG(C,F)=9.0 Hz), 131.0 (d, J ACHTUNGTRENNUNG(C,F)=2.0 Hz),
126.1 (d, JCF =24 Hz), 124.7 (d, JCF =3.0 Hz), 117.0 (d, J ACHTUNGTRENNUNG(C,F)=24 Hz),
31.7 ppm; CIMS: m/z (%): 156 (100) [M+NH4]


+ ; HRMS: m/z calcd for
C8H11FNO [M+NH4)


+ : 156.0825; found: 156.0828.


1-(3-Fluorophenyl)ethanone (4 g): 1H NMR (400 MHz, CDCl3): d =7.75–
7.71 (m, 1H), 7.65–7.61 (m, 1H), 7.48–7.41 (m, 1H), 7.29–7.23 (m, 1H),
2.60 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =197.0, 163.25 (d, J-
ACHTUNGTRENNUNG(C,F)=248 Hz), 139.6 (d, J ACHTUNGTRENNUNG(C,F)=6.0 Hz), 130.6 (d, J ACHTUNGTRENNUNG(C,F)=8.0 Hz),
124.5 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz), 120.4 (d, J ACHTUNGTRENNUNG(C,F)=22 Hz), 115.3, 26.9 ppm;
CIMS: m/z (%): 156 (100) [M+NH4]


+ ; HRMS: m/z calcd for C8H11FNO
[M+NH4]


+ : 156.0825; found: 156.0827.


1-(4-Fluorophenyl)ethanone (4 h): 1H NMR (400 MHz, CDCl3): d =8.01–
7.96 (m, 2H), 7.16–7.10 (m, 2H), 2.59 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =196.9, 166.1 (d, J ACHTUNGTRENNUNG(C,F)=250 Hz), 134.0 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz),
131.3 (d, J ACHTUNGTRENNUNG(C,F)=9.0 Hz), 116.0 (d, J ACHTUNGTRENNUNG(C,F)=22 Hz), 26.8 ppm; CIMS:
m/z (%): 156 (100) [M+NH4]


+ ; HRMS: m/z calcd for C8H11FNO
[M+NH4]


+ : 156.0825; found: 156.0829.


1-(3-Methoxyphenyl)ethanone (4 i): 1H NMR (400 MHz, CDCl3): d=


7.53–7.44 (m, 2H), 7.36–7.30 (m, 1H), 7.10–7.06 (m, 1H), 3.81 (s, 3H),
2.56 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=198.2, 160.3, 139.4,
129.9, 121.5, 120.0, 112.8, 55.8, 27.0 ppm; CIMS: m/z (%): 168 (100)
[M+NH4]


+ , 151 (32) [M+H]+ ; HRMS: m/z calcd for C9H11O2 [M+H]+ :
151.0759; found: 151.0759.


1-(4-Methoxyphenyl)ethanone (4 j): 1H NMR (400 MHz, CDCl3): d =7.78
(d, J=8.9 Hz, 2H), 6.78 (d, J=8.9 Hz, 2H), 3.71 (s, 3H), 2.39 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=196.9, 163.8, 130.9, 130.8, 114.0,
55.7, 26.5 ppm; CIMS: m/z (%): 168 (36) [M+NH4]


+ , 151 (100) [M+H]+ ;
HRMS: m/z calcd for C9H11O2 [M+H]+ : 151.0759; found: 151.0759.


1-m-Tolylethanone (4 k): 1H NMR (400 MHz, CDCl3): d=7.76–7.71 (m,
2H), 7.35–7.28 (m, 2H), 2.58 (s, 3H), 2.41 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=198.7, 138.7, 137.6, 134.2, 129.2, 128.9, 126.0, 27.0,
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21.7 ppm; CIMS: m/z (%): 152 (100) [M+NH4]
+ , 135 (32); HRMS: m/z


calcd for C9H11O [M+H]+ : 135.0810; found: 135.0811.


1-p-Tolylethanone (4 l): 1H NMR (400 MHz, CDCl3): d=7.85 (d, J=


8.0 Hz, 2H), 7.23 (d, J=8.0 Hz, 2H), 2.55 (s, 3H), 2.39 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=198.1, 144.2, 135.2, 129.6, 128.8, 26.8,
21.9 ppm; CIMS: m/z (%): 152 (100) [M+NH4]


+ , 135 (76); HRMS: m/z
calcd for C9H11O [M+H]+ : 135.0810; found: 135.0809.


3-Acetylbenzonitrile (4 m): 1H NMR (400 MHz, CDCl3): d=8.26–8.18
(m, 2H), 7.88–7.84 (m, 1H), 7.68–7.62 (m, 1H), 2.64 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d =196.3, 138.1, 136.4, 132.7, 132.4, 130.1,
118.4, 113.4, 27.0 ppm; CIMS: m/z (%): 163 [M+NH4]


+ , (100); HRMS:
m/z calcd for C9H11N2O [M+NH4]


+ : 163.0871; found: 163.0867.


4-Acetylbenzonitrile (4 n): 1H NMR (400 MHz, CDCl3): d=8.06 (d, J=


6.6 Hz, 2H), 7.79 (d, J=6.6 Hz, 2H), 2.65 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=197.2, 142.0, 133.2, 129.2, 117.7, 115.6, 27.1 ppm;
CIMS: m/z (%): 163 [M+NH4]


+ , (100); HRMS: m/z calcd for C9H11N2O
[M+NH4]


+ : 163.0871; found: 163.0866.


N-Methyl-N-(1-(naphthalen-2-yl)vinyl)acetamide (3 ga): 1H NMR
(400 MHz, CDCl3): d =7.82–7.68 (m, 4H), 7.48–7.38 (m, 3H), 5.72 (s,
1H), 5.22 (s, 1H), 3.07 (s, 3H), 1.96 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =171.4, 149.5, 134.0, 133.7, 133.1, 129.6, 128.9, 128.0, 127.1,
126.0, 125.3, 123.9, 113.2, 36.1, 22.2 ppm; CIMS: m/z (%): 226 (100)
[M+H]+ ; HRMS: m/z calcd for C15H16NO [M+H]+ : 226.1232; found:
226.1227.


N-Methyl-N-(1-(naphthalen-1-yl)vinyl)acetamide (3 gb): 1H NMR
(400 MHz, CDCl3): d =8.18–8.14 (m, 1H), 7.82–7.64 (m, 2H), 7.50–7.28
(m, 4H), 5.39 (s, 1H), 5.14 (s, 1H), 3.01 (s, 3H), 2.12 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d =169.6, 148.2, 133.7, 133.2, 129.4, 129.1,
128.0, 127.1, 126.9, 125.6, 123.9, 124.0, 113.6, 35.3, 24.2 ppm; CIMS: m/z
(%): 226 (100) [M+H]+ ; HRMS: m/z calcd for C15H16NO [M+H]+ :
226.1232; found: 226.1233.


N-Methyl-N-(1-phenylvinyl)acetamide (3 ge): 1H NMR (400 MHz,
CDCl3): d=7.31–7.25 (m, 5H), 5.58 (s, 1H), 5.11 (s, 1H), 2.98 (s, 3H),
1.91 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=171.0, 149.4, 135.9,
129.3, 125.9, 112.6, 53.9, 35.7, 22.0 ppm; CIMS: m/z (%): 176 (100)
[M+H]+ ; HRMS: m/z calcd for C11H14NO [M+H]+ : 176.1075; found:
176.1074.


1-(1-(Naphthalen-1-yl)vinyl)pyrrolidin-2-one (3 hb): 1H NMR (400 MHz,
CDCl3): d=7.91–7.88 (m, 1H), 7.83–7.79 (m, 2H), 7.48–7.38 (m, 4H),
5.80 (s, 1H), 5.11 (s, 1H), 3.18 (t, J=7.0 Hz, 2H), 2.48 (t, J=8.0 Hz, 2H),
1.85–1.81 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=174.5, 142.3,
135.9, 133.7, 131.7, 129.3, 128.8, 127.5, 127.1, 126.8, 125.7, 125.1, 108.5,
48.9, 32.8, 18.4 ppm; CIMS: m/z (%): 238 (100) [M+H]+ ; HRMS: m/z
calcd for C16H16NO [M+H]+ : 238.1232; found: 238.1231.


N-(1-(4-Fluorophenyl)vinyl)-N-methylacetamide (3 gh): 1H NMR
(400 MHz, CDCl3): d =7.41–7.37 (m, 2H), 7.10–7.05 (m, 2H), 5.62 (s,
1H), 5.21 (s, 1H), 3.08 (s, 3H), 2.02 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =171.2, 163.7 (d, J ACHTUNGTRENNUNG(C,F)=249 Hz), 148.6, 127.9 (d, J ACHTUNGTRENNUNG(C,F)=


8.0 Hz), 124.0, 116.4 (d, J ACHTUNGTRENNUNG(C,F)=24 Hz), 112.4, 35.8, 22.1 ppm; CIMS:
m/z (%): 194 (100) [M+H]+ ; HRMS: m/z calcd for C11H13FNO [M+H]+ :
194.0981; found: 194.0976.


1-(1-(3-Fluorophenyl)vinyl)pyrrolidin-2-one (3 hg): 1H NMR (400 MHz,
CDCl3): d=7.34–7.27 (m, 2H), 7.18–6.98 (m, 2H), 5.39 (s, 1H), 5.24 (s,
1H), 3.63–3.46 (m, 2H), 2.58–2.43 (m, 2H), 2.17–2.05 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =172.8, 163.2 (d, J ACHTUNGTRENNUNG(C,F)=245 Hz), 143.2,
139.1 (d, J ACHTUNGTRENNUNG(C,F)=8.0 Hz), 130.3 (d, J ACHTUNGTRENNUNG(C,F)=8.0 Hz), 128.7, 122.4, 115.6
(d, J ACHTUNGTRENNUNG(C,F)=21 Hz), 109.4, 49.9, 32.2, 18.9 ppm; CIMS: m/z (%): 206
(100) [M+H]+ ; HRMS: m/z calcd for C12H13FNO [M+H]+ : 206.0981;
found: 206.0985.


2-Methyl-2-(naphthalen-2-yl)-1,3-dioxolane (3 ea): 1H NMR (400 MHz,
CDCl3): d=7.86 (s, 1H), 7.74–7.69 (m, 3H), 7.49–7.46 (m, 1H), 7.36–7.33
(m, 2H), 3.97–3.92 (m, 2H), 3.70–3.65 (m, 2H), 1.64 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d =139.7, 132.0, 129.2, 127.2, 127.0, 126.6,
125.1, 125.0, 122.9, 122.7, 107.9, 63.5, 26.6 ppm; CIMS: m/z (%): 215
(100) [M+H]+ ; HRMS: m/z calcd for C14H15O2 [M+H]+ : 215.1072;
found: 215.1077.


2-Methyl-2-(naphthalen-1-yl)-1,3-dioxolane (3 eb): 1H NMR (400 MHz,
CDCl3): d =8.51 (d, J=9.0 Hz, 1H), 7.72–7.64 (m, 3H), 7.40–7.27 (m,
3H), 3.97–3.93 (m, 2H), 3.68–3.65 (m, 2H), 1.78 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=137.4, 133.5, 129.3, 128.0, 127.6, 125.3, 124.7,
124.3, 123.8, 122.6, 108.6, 61.2, 26.5 ppm; CIMS: m/z (%): 215 [M+H]+


(100); HRMS: m/z calcd for C14H15O2 [M+H]+ : 215.1072; found:
213.1078.


1-(4-(2-Methyl-1,3-dioxolan-2-yl)phenyl)ethanone (3 ed): 1H NMR
(400 MHz, CDCl3): d=7.83 (d, J=8.0 Hz, 2H), 7.47 (d, J=8.0 Hz, 2H),
3.96–3.91 (m, 2H), 3.67–3.64 (m, 2H), 2.48 (s, 3H), 1.54 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d =197.9, 148.9, 137.1, 128.7, 125.9, 108.8,
64.9, 27.7, 26.9 ppm; CIMS: m/z (%): 207 (100) [M+H]+ ; HRMS: m/z
calcd for C12H15O3 [M+H]+ : 207.1021; found: 207.1023.


2-Methyl-2-phenyl-1,3-dioxolane (3 ee): 1H NMR (400 MHz, CDCl3): d=


7.38–7.35 (m, 2H), 7.20–7.11 (m, 3H), 3.90–3.85 (m, 2H), 3.63–3.58 (m,
2H), 1.53 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =143.9, 128.5,
128.2, 125.7, 109.2, 64.8, 28.0 ppm; CIMS: m/z (%): 165 [M+H]+ , (100);
HRMS: m/z calcd for C10H13O2 [M+H]+ : 165.0916; found: 165.0919.


2-(2-Fluorophenyl)-2-methyl-1,3-dioxolane (3 ef): 1H NMR (400 MHz,
CDCl3): d=7.43–7.40 (m, 1H), 7.20–7.14 (m, 1H), 7.01–6.96 (m, 2H),
4.00–3.96 (m, 2H), 3.76–3.72 (m, 2H), 1.67 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=160.4 (d, J ACHTUNGTRENNUNG(C,F)=248 Hz), 128.9 (d, J ACHTUNGTRENNUNG(C,F)=


9.0 Hz), 128.8 (d, J ACHTUNGTRENNUNG(C,F)=4.0 Hz), 126.2 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz), 122.5 (d, J-
ACHTUNGTRENNUNG(C,F)=4.0 Hz), 115.4 (d, J ACHTUNGTRENNUNG(C,F)=22 Hz), 106.3 (d, J ACHTUNGTRENNUNG(C,F)=4.0 Hz), 63.7,
25.1 ppm; CIMS: m/z (%): 183 (100) [M+H+], 167 (43); HRMS: m/z
calcd for C10H12FO2 [M+H]+: 183.0821; found: 183.0825.


2-(3-Fluorophenyl)-2-methyl-1,3-dioxolane (3 eg): 1H NMR (400 MHz,
CDCl3): d=7.24–7.08 (m, 3H), 6.91–6.85 (m, 1H), 3.97–3.93 (m, 2H),
3.70–3.67 (m, 2H), 1.55 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=


161.8 (d, J ACHTUNGTRENNUNG(C,F)=244 Hz), 145.3 (d, J ACHTUNGTRENNUNG(C,F)=6.0 Hz), 128.8 (d, J ACHTUNGTRENNUNG(C,F)=


8.0 Hz), 119.9 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz), 113.5 (d, J ACHTUNGTRENNUNG(C,F)=21 Hz), 111.5 (d, J-
ACHTUNGTRENNUNG(C,F)=22 Hz), 107.3 (d, J ACHTUNGTRENNUNG(C,F)=2.0 Hz), 63.5 (d, J ACHTUNGTRENNUNG(C,F)=9.0 Hz),
26.5 ppm (d, JCF =17 Hz); CIMS: m/z (%): 183 (100) [M+H]+ , 167 (53);
HRMS: m/z calcd for C10H12FO2 [M+H]+ : 183.0821; found: 183.0825.


2-(4-Fluorophenyl)-2-methyl-1,3-dioxolane (3 eh): 1H NMR (400 MHz,
CDCl3): d=7.37–7.30 (m, 2H), 6.91–6.85 (m, 2H), 3.94–3.87 (m, 2H),
3.69–3.62 (m, 2H), 1.52 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=


163.3 (d, J ACHTUNGTRENNUNG(C,F)=246 Hz), 140.1 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz), 128.0 (d, J ACHTUNGTRENNUNG(C,F)=


9.0 Hz), 112.7 (d, J ACHTUNGTRENNUNG(C,F)=21 Hz), 109.4, 65.3, 28.5 ppm; CIMS: m/z (%):
183 (100) [M+H]+ ; HRMS: m/z calcd for C10H12FO2 [M+H]+ : 183.0821;
found: 183.0825.


4-(2-Methyl-1,3-dioxolan-2-yl)benzonitrile (3 en): 1H NMR (400 MHz,
CDCl3): d=7.58–7.52 (m, 4H), 4.00–3.97 (m, 2H), 3.69–3.66 (m, 2H),
1.63 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=147.7, 131.2, 125.2,
117.7, 110.8, 107.2, 64.1, 27.1 ppm; CIMS: m/z (%): 207 (100) [M+NH4]


+


; HRMS: m/z calcd for C11H12NO2 [M+H]+ : 190.0868; found: 190.0865.


2-(4-Perfluorohexylphenyl)-2-methyl-1,3-dioxolane (3 eo): 1H NMR
(400 MHz, CDCl3): d =7.67–7.59 (m, 4H), 4.08–4.02 (m, 2H), 3.80–3.71
(m, 2H), 1.63 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=149.1, 133.1-
ACHTUNGTRENNUNG(t, J ACHTUNGTRENNUNG(C,F)=24 Hz), 132.6, 126.5 (t, J ACHTUNGTRENNUNG(C,F)=7 Hz), 108.6, 65.0, 27.8 ppm.
The carbons in the perfluorocarbon chain were not observed.


2-Methyl-2-(naphthalen-2-yl)-1,3-dioxopane (3 fa): 1H NMR (400 MHz,
CDCl3): d=8.01 (s, 1H), 7.88–7.81 (m, 3H), 7.67–7.65 (m, 1H), 7.49–7.46
(m, 2H), 3.86–3.81 (m, 2H), 3.68–3.63 (m, 2H), 1.74–1.58 (m, 4H),
1.51 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=142.5, 133.5, 133.2,
128.8, 128.4, 128.2, 127.9, 126.3, 125.2, 124.7, 103.1, 63.6, 29.9, 27.8 ppm;
CIMS: m/z (%): 243 (100) [M+H]+, 188 (85); HRMS: m/z calcd for
C16H19O2 [M+H]+ : 243.1385; found 243.1384.


1-(Thiophen-2-yl)ethanone (4 p): 1H NMR (400 MHz, CDCl3): d =7.71–
7.70 (m, 1H), 7.65–7.63 (m, 1H), 7.14–7.12 (m, 1H), 2.57 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=191.8, 145.0, 134.2, 132.9, 128.5,
27.3 ppm; CIMS: m/z (%): 144 (100) [M+NH4]


+ , 124 (39); HRMS: m/z
calcd for C6H7SO [M+H]+ : 127.0218; found: 127.0221.


1,1’-(Naphthalene-1,4-diyl)diethanone (4 q): 1H NMR (400 MHz, CDCl3):
d=8.53–8.50 (m, 2H), 7.81 (s, 2H), 7.63–7.61 (m, 2H), 2.74 ppm (s, 6H);
13C NMR (100 MHz, CDCl3): d =202.5, 140.1, 130.1, 128.5, 126.4, 126.0,
30.9 ppm; CIMS: m/z (%): 230 (100) [M+NH4]


+ .
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1,1’-(Thiophene-2,5-diyl)diethanone (4 r): 1H NMR (400 MHz, CDCl3):
d=7.60 (s, 2H), 2.51 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=


191.2, 150.1, 132.2, 27.3 ppm; CIMS: m/z (%): 186 (100) [M+NH4]
+ .


1-(Naphthalen-2-yl)propan-1-one (4 ia): 1H NMR (400 MHz, CDCl3): d=


8.40 (s, 1H), 7.98–8.00 (m, 1H), 7.89–7.87 (m, 3H), 7.54–7.42 (m, 2H),
3.02 (q, J=7.2 Hz, 2H), 1.24 ppm (t, J=7.2 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=201.2, 136.0, 134.7, 133.9, 133.0, 130.0, 128.8,
128.3, 127.2, 126.3, 124.4, 32.3, 8.9 ppm; CIMS: m/z (%): 202 (70)
[M+NH4]


+, 185 [M+H]+, (100); HRMS: m/z calcd for C13H13O [M+H]+:
185.0966; found: 185.0971.


Propiophenone (4 ie): 1H NMR (400 MHz, CDCl3): d =7.98–7.95 (m,
2H), 7.57–7.53 (m, 1H), 7.49–7.43 (m, 2H), 3.01 (q, J=7.2 Hz, 2H),
1.23 ppm (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=201.2,
137.3, 133.3, 129.0, 128.4, 32.2, 8.7 ppm; CIMS: m/z (%): 152 (100)
[M+NH4]


+ , 135 (68) [M+H]+ ; HRMS: m/z calcd for C9H11O [M+H]+ :
135.0810; found: 135.0806.


1-(4-Fluorophenyl)propan-1-one (4 ih): 1H NMR (400 MHz, CDCl3): d=


7.90–7.92 (m, 2H), 7.06–7.02 (m, 2H), 2.90 (q, J=7.2 Hz, 2H), 1.15 ppm
(t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=199.6, 166.0 (d, J-
ACHTUNGTRENNUNG(C,F)=254 Hz), 133.7 (d, J ACHTUNGTRENNUNG(C,F)=3.0 Hz), 131.0 (d, J ACHTUNGTRENNUNG(C,F)=9.0 Hz),
116.0 (d, J ACHTUNGTRENNUNG(C,F)=22 Hz), 32.1, 8.6 ppm; CIMS: m/z (%): 153 (67)
[M+H]+ , 123 (100); HRMS: m/z calcd for C9H10FO [M+H]+ : 153.0716;
found: 153.0716.
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Introduction


Copper-containing metalloenzymes play a major role in the
activation of dioxygen in nature.[1] Currently, up to seven
different types of copper sites in proteins can be discerned
on the basis of structure and spectroscopy of their active
site, and they feature mono-, di-, tri- or tetranuclear copper


centres.[2] The type-3 active sites of copper proteins, for in-
stance, consist of two copper(II) ions in close proximity,
both of which are coordinated by three histidine residues.
These type-3 sites in copper proteins are represented by
haemocyanin, tyrosinase, and catechol oxidase, all of which
have now been characterised crystallographically.[3–5] Hae-
mocyanin reversibly binds dioxygen for transport, whereas
the other proteins are enzymes that are involved in the oxi-
dation of phenols to catechols (tyrosinase) and subsequent
two-electron oxidation of the catechols to quinones (both ty-
rosinase and catechol oxidase). To understand the mecha-
nisms by which these closely related enzymes catalyse their
respective transformations, many structural and functional
modelling studies have been reported. Most of these deal
with model compounds of catechol oxidase,[6–11] and they
have recently been reviewed.[2]


Some of us earlier reported copper[12,13] and iron[14,15] com-
plexes of the family of monoanionic, substituted 3,3-bis(1-al-
kylimidazol-2-yl)propionate ligands as biomimetic oxidation
catalysts. Homogeneous and immobilised copper(II) com-
plexes of parent ligand L1 (Figure 1) have, for instance,
been tested in the oxidation of benzyl alcohol.[13] Whereas a


Abstract: Copper(II) complexes of the
potentially tripodal N,N,O ligand 3,3-
bis(1-methylimidazol-2-yl)propionate
(L1) and its conjugate acid HL1 have
been synthesised and structurally and
spectroscopically characterised. The re-
action of equimolar amounts of ligand
and CuII resulted in the complexes
[Cu(L1)]n(X)n (X=OTf�, PF6


� ; n=


1,2), for which a new bridging coordi-
nation mode of L1 is inferred. Al-
though these complexes showed mod-
erate catecholase activity in the oxida-
tion of 3,5-di-tert-butylcatechol, surpris-
ing reactivity with the pseudo-substrate
tetrachlorocatechol was observed. A


chloranilato-bridged dinuclear CuII


complex was isolated from the reaction
of [Cu(L1)]nACHTUNGTRENNUNG(PF6)n with tetrachloroca-
techol. This stoichiometric oxidative
double dehalogenation of tetrachloro-
catechol to chloranilic acid by a bio-
mimetic copper(II) complex is unpre-
cedented. The crystal structure of the
product, [Cu2(ca)Cl2ACHTUNGTRENNUNG(HL1)2], shows a
bridging bis-bidentate chloranilato (ca)
ligand and ligand L1 coordinated as its


conjugate acid (HL1) in a tridentate
fashion. Magnetic susceptibility studies
revealed weak antiferromagnetic cou-
pling (J=�35 cm�1) between the two
copper centres in the dinuclear com-
plex. Dissolution of the green complex
[Cu2(ca)Cl2ACHTUNGTRENNUNG(HL1)2] resulted in the for-
mation of new pink-purple mononu-
clear compound [Cu(ca)ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(H2O)],
the crystal structure of which was de-
termined. It showed a terminal biden-
tate chloranilato ligand and N,N-biden-
tate coordination of ligand HL1, which
illustrates the flexible coordination
chemistry of ligand L1.
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1:1 ligand to copper complex was found inside a zeolite
framework,[13] we mainly observed 2:1 species [Cu(L1)2] in
solution and single-crystal X-ray diffraction studies
(Figure 1).[12]


We have now expanded these studies on the coordination
chemistry of L1 with copper(II) ions. A study of the cate-
cholase activity of these complexes resulted in the unexpect-
ed and unprecedented formation of chloranilic acid from
tetrachlorocatechol. This observation has environmental
relevance. Tetrachlorocatechol is part of a bigger group of
pollutants, such as chlorinated phenols, guaiacols (2-meth-
ACHTUNGTRENNUNGoxyphenols) and catechols, that are found in the low-molec-
ular weight fraction of waste generated by, for instance, the
paper bleaching industry.[16,17] These highly chlorinated or-
ganic compounds include some of the most toxic and persis-
tent organic pollutants. A copper-mediated oxidative deha-
logenation reaction that provides a new approach to the
chemical degradation of these pollutants is described herein.


Results


Synthesis of copper(II) complexes : The coordination
chemistry of L1 towards copper(II) ions was found to be
stoichiometry dependent, as was previously observed for
other transition metal cations, such as zinc(II).[18] Earlier, we
reported complex [Cu(L1)2] (Figure 1), which can be ob-
tained by the addition of two equivalents of L1 to a cop-
ACHTUNGTRENNUNGper(II) source.[12] However, a different complex is obtained
when only one equivalent of L1 is used. The reaction of
equimolar amounts of CuACHTUNGTRENNUNG(OTf)2 and K[L1] resulted in the
isolation of a light blue complex. According to elemental
analysis, a complex of stoichiometric amounts of copper(II),
ligand and anion is formed, which we label as [1] ACHTUNGTRENNUNG(OTf) (see
below).
Previous studies showed that the positions of the symmet-


ric and asymmetric carboxylato stretching vibrations in the
IR spectrum are indicative of the binding mode of the
ligand.[12,18] The IR spectrum of the precipitated product
from the 1:1 reaction of CuACHTUNGTRENNUNG(OTf)2 and L1, however, showed
a distinct absorption pattern that had not previously been
observed. The asymmetric and symmetric stretching vibra-
tions were found at 1555 and 1433 cm�1, respectively. As a
result, ñas�ñs is only 122 cm


�1. This is substantially less than
(ñas�ñs)ionic (188 cm


�1) and points to a bridging carboxylato
group.[19] Furthermore, the four sharp bands observed at


1259, 1224, 1148 and 1028 cm�1 are indicative of the pres-
ence of uncoordinated triflate anions.[20–22] Further insight
into the structure of [1]ACHTUNGTRENNUNG(OTf) was obtained from its ESI-MS
spectrum recorded in acetonitrile. Major ions were observed
at m/z 295.99 and 740.94, corresponding to the dimeric cat-
ions [Cu2(L1)2]


2+ (calcd 296.03) and [Cu2(L1)2ACHTUNGTRENNUNG(OTf)]
+


(calcd 741.02), respectively. In addition, a signal observed at
m/z 518.63 can be attributed to trinuclear copper species
[Cu3(L1)3ACHTUNGTRENNUNG(OTf)]


2+ (calcd 518.53). The molar conductivity of
243 cm2mol�1W�1 for a 1 mm solution of [1]ACHTUNGTRENNUNG(OTf) in acetoni-
trile lies in the reported range for 2:1 electrolytes.[23] In addi-
tion, a d–d transition was observed at 636 nm in the elec-
tronic spectrum of [1]ACHTUNGTRENNUNG(OTf) in acetonitrile.
To obtain further insight into the structure of the 1:1 Cu-


ACHTUNGTRENNUNG(OTf)2/L1 complex, EPR and magnetic properties were
studied. The solid-state EPR spectrum showed broad, iso-
tropic signals, which probably arise from exchange narrow-
ing due to close proximity of Cu ions in the solid lattice. In
solution, a complicated multispecies spectrum was obtained
that included a signal derived from a dinuclear species. Vari-
able-temperature magnetic susceptibility data were collected
on a powdered sample. These data could not be fitted to a
“simple” dinuclear species. Efforts to grow crystals of [1]-
ACHTUNGTRENNUNG(OTf) suitable for X-ray crystallography have failed so far.
Although not conclusive, the above data suggest the pres-


ence of both dinuclear and higher nuclearity species. We
therefore suggest the formation of a polynuclear structure
through the initial formation of dimers followed by equilib-
rium polymerisation (Figure 2). Herein we will refer to the
1:1 complex of CuACHTUNGTRENNUNG(OTf)2 and L1 as [Cu(L1)]nACHTUNGTRENNUNG(OTf)n or [1]-
ACHTUNGTRENNUNG(OTf).


Figure 1. Ligand L1 and 2:1 ligand/metal complex [Cu(L1)2].
[12]


Figure 2. Proposed structure of the cationic part of [1](X) (X=OTf or
PF6): a polynuclear material formed from dinuclear units.
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For solubility reasons, the triflate anion in [1]ACHTUNGTRENNUNG(OTf) was
exchanged for a PF6


� anion by addition of an excess of po-
tassium hexafluorophosphate to an aqueous solution of [1]-
ACHTUNGTRENNUNG(OTf). The resulting light blue powder of [Cu(L1)]nACHTUNGTRENNUNG(PF6)n
([1]ACHTUNGTRENNUNG(PF6)) has similar spectroscopic properties to [1] ACHTUNGTRENNUNG(OTf),
and hence, the same structural formulation is inferred. Un-
fortunately, numerous attempts to obtain single crystals of
[1] ACHTUNGTRENNUNG(PF6) also failed.


Catecholase activity : The (partial) dinuclear character of
[1](X) (X=OTf, PF6) in solution prompted us to study the
catecholase activity of these complexes in the oxidation of
benchmark substrate 3,5-di-tert-butylcatechol (H2dtbc) to
3,5-di-tert-butylbenzoquinone (dtbq) in acetonitrile. The
product dtbq has a strong absorption band at about 395 nm,
and therefore the reaction can be easily monitored by UV/
Vis spectroscopy. Because [1] ACHTUNGTRENNUNG(OTf) dissolves only very
slowly in acetonitrile, the studies described below were per-
formed with [1] ACHTUNGTRENNUNG(PF6). To estimate the catecholase-type ac-
tivity of [1]ACHTUNGTRENNUNG(PF6), a solution of the catalyst in acetonitrile
was treated with 25 equiv of H2dtbc. Formation of dtbq was
followed over time by UV/Vis spectroscopy (Figure 3).


The results show that [1]ACHTUNGTRENNUNG(PF6) does catalyse the oxidation
of H2dtbc, but only with a very modest activity (2.6 turn-
overs with respect to copper after 120 min). The activity was
tested at different substrate concentrations. Michealis–
Menten-type substrate saturation behaviour, which is com-
monly observed at higher substrate concentrations in related
model studies,[2,3,24] was not observed and the reaction rate
was found to be independent of substrate concentration
over the range studied (5–50 equiv). This phenomenon has
been observed before,[7,11,25] and particularly strong binding
of the substrate to the catalyst was proposed as a possible
explanation.[11]


Tetrachlorocatechol binding studies : The mode of binding
of catechols to [1] ACHTUNGTRENNUNG(PF6) was studied by adding tetrachloroca-
techol (H2tcc) to a solution of [1]ACHTUNGTRENNUNG(PF6) in acetonitrile. Tetra-
chlorocatechol has a higher oxidation potential than
H2dtbc


[26,27] due to its electron-withdrawing substituents and
is commonly used as a pseudo-substrate resistant to oxida-
tion. Upon titration of a solution of [1]ACHTUNGTRENNUNG(PF6) with H2tcc, a
new band appears at 430 nm and concomitantly the intensity
of the d–d transition decreases (Figure 4).


The spectral changes correspond to the observed colour
change of the solution from blue to yellow upon addition of
H2tcc. The two isosbestic points at 581 and 785 nm indicate
the presence of only two absorbing species in solution.
These marked changes are consistent with previously ob-
served UV/Vis spectral changes upon titration of dinuclear
copper(II) complexes with tetrachlorocatechol[2,28,29] and in-
dicate binding of the catechol to the complex.
To obtain further insight into the binding mode of tetra-


chlorocatechol, we tried to obtain single crystals of the
adduct. However, the crystallisation solutions gradually
changed colour from yellow to brown to green over several
weeks. A crystal structure determination on the green crys-
tals that were obtained revealed that tetrachlorocatechol
was no longer intact. Instead, a chloranilato (ca) moiety was
found to bridge two copper(II) centres in [Cu2(ca)Cl2-
ACHTUNGTRENNUNG(HL1)2] (2 ; Figure 5).


Crystal structure of [CuII


2(ca)Cl2ACHTUNGTRENNUNG(HL1)2]·8MeCN·2H2O :
Green crystals of 2·8MeCN·2H2O suitable for X-ray diffrac-
tion were obtained from a solution of [1]ACHTUNGTRENNUNG(PF6) and one
equivalent of tetrachlorocatechol (H2tcc) in acetonitrile
upon standing. The molecular structure of 2·8MeCN·2H2O
is depicted in Figure 5, and selected bond lengths and angles
are presented in Table 1. The crystal structure of
2·8MeCN·2H2O consists of discrete chloranilato bridged
dimers in which the chloranilato dianion is located on an in-


Figure 3. Oxidation of 3,5-di-tert-butylcatechol by [1] ACHTUNGTRENNUNG(PF6), monitored by
UV/Vis spectroscopy. Spectra were recorded at regular time intervals
(5 min) over a period of 120 min. The inset shows the increase in absorp-
tion at 395 nm with time.


Figure 4. UV/Vis spectral changes upon addition of tetrachlorocatechol
(0–1 equiv in 0.125 equiv increments) to a solution of [1] ACHTUNGTRENNUNG(PF6) in acetoni-
trile. Arrows indicate a decrease or increase in absorption upon addition.
The inset shows the spectral changes in the d–d transition region.
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version centre and is bound as a bis-bidentate bridging
ligand. Each copper(II) atom is facially capped by a proton-
ated, neutral HL1 ligand. A chlorido anion completes the
N2O2O’Cl donor set to result in a severely distorted octahe-
dral coordination geometry around each copper(II) centre.
The basal plane is defined by the two nitrogen donor atoms
and the chloranilato oxygen donor atoms. The copper atom
lies 0.2713(2) L above this plane towards the chlorido
ligand. The complex is centrosymmetric with the crystallo-
graphic inversion centre coinciding with the centre of the
chloranilato ring. The intramolecular Cu···Cu separation is
7.7628(5) L. The chloranilato moiety is planar and its struc-
tural features are consistent with delocalisation of the nega-
tive charges to the lower and upper regions of the ring. This
is reflected in the C12�C13 and C12a�C14 (1.393(2) and
1.398(2) L) and the C13�O3 and C14�O4 bond lengths
(1.2627(19) and 1.259(2) L). The C13�C14 bond length of
1.530(2) L is indicative of a single bond. All of these fea-


tures result in essentially equal Cu�O distances and a sym-
metric binding mode of the dianion. Some end-capped di-
meric [Cu2(ca)] structures have been reported before, and
the observed bond lengths of the dicopper(II) chloranilato
moiety in the structure of 2·8MeCN·2H2O compare well
with the reported values.[30–34] These end-capped dinuclear
complexes were all synthesised by self-assembly of their
components, that is, they were obtained from mixtures of
chloranilic acid, a copper(II) source, and a bi- or tridentate
nitrogen donor ligand.
The neutral HL1 ligand is coordinated to copper through


both 1-methylimidazole N donor atoms and the carbonyl O
atom of the carboxyl group. This is supported by C�O bond
lengths of 1.210(2) and 1.326(2) L for C11�O1 and C11�
O2, respectively, and involvement of O2 in a hydrogen-
bonding interaction of the OH group of the acid with a co-
crystallised water molecule (Figure 6). The Cu�Ocarbonyl dis-
tance in 2·8MeCN·2H2O (2.7911(12) L) is much longer
than the Cu�Ocarboxylato distance observed in the related com-
plex [CuII(L1)2]·2H2O (2.400 L),[12] in which the monoanion-
ic L1 ligand is coordinated through its carboxylato O anion.
The two co-crystallised water molecules are involved in
identical hydrogen-bonding patterns that connect the dimer-
ic units into a one-dimensional ladder-like structure
(Figure 6, Table 2).
The carboxylic acid proton H2O is involved in a hydrogen


bond with oxygen atom O5 of a lattice water molecule. The
water molecule is in turn involved in a hydrogen bond with
a chlorido ligand of a second dinuclear unit. Finally, the
water molecule forms an additional hydrogen bond with one
of the co-crystallised acetonitrile molecules.


Chloranilic acid formation : The observed conversion of tet-
rachlorocatechol to chloranilic acid is very unusual. Because
tetrachlorocatechol is stable in acetonitrile under ambient
conditions, complex [1]ACHTUNGTRENNUNG(PF6) apparently mediates the stoi-
chiometric oxidative dehalogenation of tetrachlorocatechol
to chloranilic acid (Scheme 1). Both the protons and chlo-
ride anions that are released during the reaction can be
found in the final product. The monoanionic ligands L1 are


Figure 5. Molecular structure of [CuII


2(ca)Cl2 ACHTUNGTRENNUNG(HL1)2]·8MeCN·2H2O in
the crystal. All CH hydrogen atoms and co-crystallised acetonitrile and
water solvent molecules have been omitted for clarity. Displacement el-
lipsoids are drawn at the 50% probability level. Symmetry operation a:
1�x, 1�y, 1�z. The side view of the dimer in the inset shows the planari-
ty of the bridging chloranilato dianion.


Table 1. Selected bond lengths [L] and angles [8] for 2·8MeCN·2H2O and 3. Symmetry operation a: 1�x, 1�y, 1�z.
2·8MeCN·2H2O


Cu1�Cl1 2.5171(5) Cl1-Cu1-O1 174.62(3) Cl1-Cu1-O3 96.99(4) C11�O1 1.210(2) C13�C12 1.393(2)
Cu1�N1 1.9607(14) O3-Cu1-N1 161.09(6) Cl1-Cu1-O4 95.53(4) C11�O2 1.326(2) C12�C14a 1.398(2)
Cu1�N4 1.9541(14) O4-Cu1-N4 165.93(6) Cl1-Cu1-N1 101.06(4) C13�O3 1.2627(19) C13�C14 1.530(2)
Cu1�O1 2.7911(12) O1-Cu1-N1 77.88(5) Cl1-Cu1-N4 97.59(4) C14�O4 1.259(2)
Cu1�O3 2.0234(12) O1-Cu1-N4 77.19(5) O4-Cu1-N1 91.85(5)
Cu1�O4 2.0027(12) O1-Cu1-O3 84.66(5) N1-Cu1-N4 90.60(6)


O1-Cu1-O4 89.79(4) N4-Cu1-O3 92.57(5)
O3-Cu1-O4 80.79(5)


3


Cu1�O1 2.302(2) O1-Cu1-N11 91.35(9) O22-Cu1-N11 166.99(9) C12�O12 1.272(3) C22�C32 1.390(4)
Cu1�N11 1.971(2) O1-Cu1-N41 102.75(8) O12-Cu1-N11 93.49(8) C22�O22 1.267(3) C32�C42 1.407(4)
Cu1�N41 1.950(2) O1-Cu1-O22 101.11(8) N11-Cu1-N41 90.85(9) C52�O42 1.227(3) C42�C52 1.550(4)
Cu1�O12 1.9485(19) O1-Cu1-O12 88.56(8) N41-Cu1-O22 90.03(8) C42�O32 1.243(3) C52�C62 1.418(4)
Cu1�O22 1.9700(19) O12-Cu1-N41 167.80(9) O22-Cu1-O12 83.21(8) C12�C22 1.518(4) C62�C12 1.375(4)
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coordinated as their conjugate acid HL1 and the chloride
anions are each coordinated to one of the copper(II) ions of
the dimer. The reaction can also be performed on a larger
scale. Upon addition of tetrachlorocatechol to a blue solu-
tion of [1] ACHTUNGTRENNUNG(PF6) in acetonitrile/water (100/1 v/v), an immedi-
ate colour change to brown-yellow was observed and after
stirring the reaction for a week under ambient conditions a
green solution was obtained. The product was finally collect-
ed as a green crystalline solid in a yield of 41%. It was ana-
lysed by elemental analysis and the spectroscopic data were
compared with those of independently synthesised 2 (see
below). No product is obtained when the reaction is per-


formed under an argon atmosphere or under water-free con-
ditions, that is, both water and dioxygen are required for for-
mation of 2.


Independent synthesis of [CuII


2(ca)Cl2 ACHTUNGTRENNUNG(HL1)2] (2): Complex
2 can also be directly synthesised from its components. Ad-
dition of chloranilic acid to a solution containing equimolar
amounts of CuCl2·H2O and [Bu4N][L1] in methanol resulted
in the precipitation and isolation of 2 as a dark green
powder.
The IR spectrum of 2 is identical to that obtained for the


product isolated from the reaction of [1]ACHTUNGTRENNUNG(PF6) and tetra-
chlorocatechol (see above). The carboxylato group of L1 is
protonated upon formation of the complex, as indicated by
the asymmetric stretching band at 1731 cm�1. Bands at 1525
and 1383 cm�1 can be attributed to the chloranilato group
and agree well with the approximate D2h symmetry of this
group.[30] The electronic absorption spectrum of a powder
sample of 2, which has a green colour, shows two absorp-
tions at 403 and 629 nm, which can be attributed to a
charge-transfer band and a d–d transition, respectively.[30]


The complex is insoluble in acetonitrile. Interestingly, dis-
solution of green complex 2 in methanol yielded a blue-
purple solution, whereas in DMF a pinkish purple solution
was obtained. Two bands are observed in the UV/Vis ab-
sorption spectrum of a solution of 2 in DMF: one at 518 nm
(e=725m


�1 cm�1) and a less intense band at 679 nm (e=


150m
�1 cm�1). The transition at 518 nm can be assigned to a


chloranilato-to-copper charge-transfer transition of a chlor-
ACHTUNGTRENNUNGanilato moiety with ortho-benzoquinone character.[30] Cre-
dence for this assignment and further insight into the struc-
ture of the pink-purple chromophore was obtained from an
X-ray crystal structure determination on single crystals of
[Cu(ca) ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(H2O)] (3), grown from a solution of 2 in ace-
tonitrile/methanol (see below). Apparently, a new equilibri-
um of both mono- and dinuclear species is established upon
dissolution of 2 that ultimately results in crystallisation of
mononuclear complex 3. Ions from both dinuclear and
ACHTUNGTRENNUNGmono ACHTUNGTRENNUNGnuclear species are observed in the ESI-MS spectrum
of 2. The higher extinction coefficient associated with the
mononuclear pink-purple chromophore, however, causes the
colouration of the solution.


Magnetic and EPR properties of 2 : The EPR spectrum of a
powder sample of independently synthesised 2 recorded at
room temperature and at 77 K showed an anisotropic signal
with gk=2.26 and g?=2.08 (weighted average g value of
2.14). The spectrum does not show the hyperfine splitting
normally observed for mononuclear copper(II), and no indi-
cations of triplet spectra, expected for isolated dinuclear
copper(II), were seen. Apparently, relatively short intermo-
lecular Cu···Cu distances are responsible for exchange nar-
rowing, resulting in a pseudo-axial spectrum without hyper-
fine splitting.
To find out more about the presence and exchange cou-


pling of this dinuclear species, variable-temperature magnet-
ic susceptibility data were collected for a powdered sample


Figure 6. Hydrogen-bonding network of 2·8MeCN·2H2O resulting in a
ladder-like structure. All CH hydrogen atoms and co-crystallised solvent
molecules that do not participate in hydrogen bonding have been omitted
for clarity.


Table 2. Selected hydrogen-bond lengths [L] and angles [8] for
2·8MeCN·2H2O and 3. Symmetry operations for 3 : i) �x, �y, �z ; ii) 1�x,
1�y, 1�z ; iii) 1+x, 1+y, 1+z.


Donor�H···Acceptor D�H H···A D···A D�H···A
2·8MeCN·2H2O


O2�H2O···O5 0.73(3) 1.91(3) 2.627(2) 170(3)
O5�H5A···N8 0.93(3) 2.04(3) 2.932(3) 161(3)
O5�H5B···Cl1 0.87(3) 2.28(3) 3.1111(18) 159(3)


3
O1�H1O···O42i 0.71(5) 2.05(5) 2.742(3) 166(5)
O1�H2O···O21ii 0.85(5) 2.07(5) 2.919(3) 173(5)
O11�H11O ···O32iii 0.96(5) 1.65(5) 2.594(3) 169(5)


Scheme 1. Formation of chloranilic acid in the reaction of [1] ACHTUNGTRENNUNG(PF6) with
tetrachlorocatechol.
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of 2 at 0.1 T in the temperature range of 2 to 300 K. The
plot of cMT and cM versus temperature is shown in Figure 7.
The cMT product of 2 at 300 K is 0.76 cm3Kmol�1, which


is within the range expected for the spin-only value for two


non-interacting S= 1=2 copper(II) centres with g=2
(0.75 cm3Kmol�1). The value extrapolated to high T agrees
with a g value of 2.14 (from EPR) and was used to fit the
data for dinuclear copper(II). The c


M
T value decreases upon


cooling, and the decrease is more pronounced from 65 K to
0.02 cm3Kmol�1 at 5 K; this behaviour is characteristic for
antiferromagnetic coupling of the two copper(II) ions. The
temperature dependence of the magnetic susceptibility of 2
was fitted to the Curie–Weiss expression with a C value of
0.83 cm3Kmol�1 and a q value of �30 K. The negative q


value is again indicative of antiferromagnetic coupling be-
tween the metal centres.
The experimental c


M
T data were fitted to the equation for


dinuclear copper compounds derived from the Hamiltonian
h=J ACHTUNGTRENNUNG(S1·S2) [Eq. (1)]:


[35]


ci ¼
ci


1�ð2zJ0=Ng2b2Þci


in which ci is given by Equation (2):


ci ¼ ð1�1Þ 2NAb2g2


kBT
½3þexpð�J=kBTÞ
�1þ1


�
NAg


2b2


2kBT


�
þTIP


in which zJ’ covers the intermolecular interactions (between
different dinuclear species), and ci is the magnetic suscepti-
bility considering the paramagnetic impurities (1) and the
temperature-independent paramagnetism (TIP) of the CuII


ions. The fit shown in the graph was based on g=2.14 (fixed
from the EPR experimental data), J=�35 cm�1, zJ’=
�0.1 cm�1 and 1=0.02 (from a fit of the experimental data)
with a reliability factor (R) of 4.6O10�4. A TIP of 60O
10�6 cm3mol�1 (for each copper(II) ion) was taken into ac-
count. The negative J value arises from the antiferromagnet-
ic interactions between the two metal centres and is typical


for chloranilato-bridged dinuclear copper(II) com-
plexes.[31,32, 36]


Crystal structure of [CuII(ca) ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(H2O)] (3): Purple crys-
tals of 3 suitable for X-ray diffraction were obtained from a
blue-purple solution of 2 in acetonitrile/methanol upon
standing. The molecular structure of 3 is depicted in
Figure 8, and selected bond lengths and angles are presented
in Table 1.


The crystal structure consists of a mononuclear, five-coor-
dinate copper(II) complex in which the dianionic chloranila-
to ligand acts as a bidentate terminal ligand. The protonat-
ed, neutral HL1 ligand is coordinated in an N,N-bidentate
fashion to the copper centre through its 1-methylimidazole
N donor atoms. The acid group is pointing away from the
metal centre, that is, it is uncoordinated, and is involved in
hydrogen-bonding interactions (see below). Completion of
the coordination sphere around the copper ion by a water
molecule results in an N2O2O’ donor set. The coordination
geometry around the metal centre is slightly distorted
square-pyramidal with a t value[37] of 0.01. The basal plane
is made up of the two chloranilato oxygen atoms and the
two nitrogen donor atoms of the HL1 ligand. The water
molecule occupies the apical position. The copper atom is
displaced 0.2024(3) L from the best least-squares plane
through the equatorial atoms towards the water molecule.
The slight distortion from ideal symmetry is illustrated by
the increased O1-Cu1-N41 and O1-Cu1-O22 angles
(102.75(8) and 101.11(8)8, respectively). This is the result of
the involvement of the water molecule in two hydrogen-
bonding interactions, which move the oxygen atom slightly
from the centre of the pyramid. The structural features of 3
compare well to those reported for [CuII(ox) ACHTUNGTRENNUNG(Hbip)-
ACHTUNGTRENNUNG(H2O)],


[38] which features the related 3,3-bis(imidazol-2-yl)-
propionate (Hbip) ligand and has an oxalato (ox) group as
the other bidentate, dianionic ligand. Similar Cu�N and
Cu�OH2 distances are found in both complexes.
As a result of the different binding modes of the chlorani-


lato anion, that is, terminal bidentate in 3 versus bis-biden-
tate in 2, the observed sequences of C�C and C�O bond
lengths are different. The C�O bond lengths in 3 are


Figure 7. Plots of c
M
versus T (*) and c


M
T versus T (*) for 2 in the range


of 2–300 K in 0.1 T field. The inset shows the plot of c�1M versus T with
the corresponding fitting.


Figure 8. Molecular structure of [CuII(ca) ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(H2O)] (3) in the crystal.
All CH hydrogen atoms have been omitted for clarity. Displacement el-
lipsoids are drawn at the 50% probability level.
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1.272(3) (C12�O12) and 1.267(3) L (C22�O22) for the coor-
dinated (anionic) oxygen atoms and 1.227(3) (C52�O42)
and 1.243(3) L (C42�O32) for the uncoordinated (carbonyl)
oxygen atoms. The C�C single-bond lengths observed for
C12�C22 and C42�C52 together with the intermediate C�C
distances for the other C�C bond lengths in the chloranilato
ring indicate charge delocalisation over the lower and upper
regions of the ring. These structural features are similar to
those observed in the few other reported copper complexes
with a terminal bidentate chloranilato ligand.[30,33,39–41]


Three different hydrogen-bonding interactions are ob-
served in the crystal structure of 3 (Table 2, Figure 9). The


carboxyl oxygen atom of HL1 acts as a hydrogen-bond
donor to uncoordinated chloranilato oxygen atom O32 of a
second monomeric unit, and in this way an infinite, ladder-
like linear chain is formed along the [1,1,1] body diagonal.
The infinite linear chain is connected by two hydrogen
bonds to a second infinite chain. The water molecule acts as
a donor for two single hydrogen bonds to both the carbonyl
oxygen atom O21 of the acid group and the other uncoordi-
nated chloranilato oxygen atom O42. The two linear chains
run antiparallel to each other, and the strand is further held
together by a p–p stacking interaction between the chlorani-
lato rings with an interplanar distance of 3.49 L.


Discussion


The copper(II) coordination chemistry of ligand L1 and the
reactivity with tetrachlorocatechol is summarised in
Scheme 3.
Isolation of a chloranilato-bridged dinuclear copper(II)


complex from a reaction mixture containing [1] ACHTUNGTRENNUNG(PF6) and
tetrachlorocatechol was unexpected and is very unusual. In
fact, the observed oxidative dehalogenation is, to the best of
our knowledge, the first report of this type of chemical deg-
radation of tetrachlorocatechol. Dehalogenation has been
reported in reactions of CuI complexes with tetrachloroben-


zoquinone. Chlorido-bridged dinuclear CuII complexes were
found as one of the products in these reactions.[42,43] These
conversions are the consequence of the well-established in-
stability of tetrachlorobenzoquinone with respect to both re-
duction and dehalogenation.[17,44,45] The principal products of
this conversion are tetrachlorocatechol and chloranilic acid.
In contrast to tetrachlorobenzoquinone, tetrachlorocatechol
is commonly used as a chemically inert catechol derivative
because of its stability with respect to oxidation. Indeed, the
formation of stable complexes with this electronically deac-
tivated (pseudo)-substrate has been used to advantage in
modelling studies.[11,42,46] The downside of this chemical sta-


bility is limited biodegradation
of tetrachlorocatechol.
A plausible mechanism for


the transformation of tetra-
chlorocatechol to chloranilic
acid involves its initial oxida-
tion to tetrachlorobenzoqui-
none by [1]ACHTUNGTRENNUNG(PF6) (Scheme 2).
Subsequently, two consecutive
nucleophilic attacks of water
result in dehalogenation and
formation of chloranilic acid
with release of two equivalents
of HCl. In the presence of di-
oxygen the CuI ions formed in
the first step are reoxidised to
CuII, and dimeric complex 2 can


be assembled. Importantly, the chloranilic acid product has
low acute toxicity and is unlikely to pose a major environ-
mental threat.[17] Further development of the stoichiometric
reaction reported herein might provide a new method for
the chemical oxidation and dechlorination of halogenated
aromatic compounds in waste-treatment and remediation
processes.[47–49]


Interestingly, a biological precedent is known for the ob-
served formation of chloranilic acid from tetrachlorocate-
chol. The lignin-degrading white-rot fungus Coriolus versi-
colour converts tetrachloroguaiacol to tetrachlorocatechol
and finally degrades the latter to, amongst other products,
chloranilic acid.[16] The enzyme that is thought to be in-
volved in this transformation is laccase. Laccase has a so-
called type-4 copper active site,[2] which comprises a trinu-
clear copper cluster that is composed of a type-2 mononu-


Figure 9. Hydrogen-bonding network of 3 resulting in infinite strands; all CH hydrogen atoms have been omit-
ted for clarity. Inset: p–p stacking in the crystal structure of 3. Symmetry operations: i) �x, �y, �z ; ii) 1�x,
1�y, 1�z ; iii) 1+x, 1+y, 1+z.


Scheme 2. Proposed mechanism for the degradation of tetrachlorocate-
chol (H2tcc) to chloranilic acid (H2ca).
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clear and type-3 dinuclear copper site. In this light, the reac-
tivity of [1]ACHTUNGTRENNUNG(PF6) towards tetrachlorocatechol can be regard-
ed as a functional model of the laccase involved in the de-
ACHTUNGTRENNUNGchlorination of tetrachlorocatechol.


Conclusion


The partial dinuclear character in solution of [1](X) (X=


OTf, PF6), which was obtained from the reaction of stoichio-
metric amounts of K[L1] and CuACHTUNGTRENNUNG(OTf)2 followed by anion
exchange for the PF6 salt, prompted us to study its catecho-
lase activity. Although the catecholase activity is modest, a
different and surprising conversion of tetrachlorocatechol to
chloranilic acid was discovered. Structure determination on
single crystals obtained from a solution containing tetra-
chlorocatechol and dinuclear [1]ACHTUNGTRENNUNG(PF6) revealed formation of
a dinuclear copper compound containing a bridging bis-bi-
dentate chloranilato ligand. This ligand results from stoi-
chiometric oxidative double dehalogenation of tetrachloro-
catechol by a homogeneous copper complex to yield chlor-
ACHTUNGTRENNUNGanilic acid. This conversion is unprecedented and provides
an interesting new opportunity for the degradation of persis-
tent organic pollutants, such as polychlorinated aromatic hy-
drocarbons. Furthermore, the supporting ligand HL1 shows
flexible coordination chemistry, which ranges from N2O
binding as a monoanionic ligand in [1]ACHTUNGTRENNUNG(PF6), through
N2O(H) binding as a neutral ligand in [Cu2(ca)Cl2 ACHTUNGTRENNUNG(HL1)2]
(2), to bidentate N2 binding in [Cu(ca) ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(H2O)] (3).


Experimental Section


Infrared spectra were recorded with a Perkin–Elmer Spectrum One
FTIR instrument. Elemental microanalyses were carried out by the Mi-
croanalytisches Laboratorium Dornis & Kolbe, Mulheim a.d. Ruhr (Ger-
many). ESI-MS spectra were recorded on a Micromass LC-TOF mass
spectrometer at the Biomolecular Mass Spectrometry group, Utrecht
University. Solution UV/Vis spectra were recorded on a Varian Cary 50,
and diffuse reflectance UV/Vis spectra on a Perkin–Elmer Lambda 900.
Magnetic susceptibility measurements (2–300 K) were carried out with a
Quantum Design MPMS-5 5T SQUID magnetometer at 0.1 T. Data were
corrected for the magnetisation of the sample holder and for diamagnetic
contributions, which were estimated from Pascal constants. X-band
powder EPR spectra were obtained on polycrystalline samples with a
JEOL RE2X EPR spectrophotometer with 2,2-diphenyl-1-picrylhydrazyl
(DPPH, g=2.0036) as reference. The potassium and tetrabutylammoni-
um salts of 3,3-bis(1-methylimidazol-2-yl)propionate (L1) were prepared
according to a published procedure.[12] Tetrachlorocatechol was recrystal-
lised from toluene before use. All other chemicals were obtained com-
mercially and used as received. All concentrations of the solutions and
the equivalents added in the reactivity and binding studies were calculat-
ed and are expressed with respect to the quantity of copper ions in solu-
tion.


[Cu(L1)]n ACHTUNGTRENNUNG(OTf)n ([1] ACHTUNGTRENNUNG(OTf)): A solution of CuACHTUNGTRENNUNG(OTf)2 (384 mg, 1.06 mmol)
in dry methanol (5 mL) was added to a solution of K[L1] (289 mg,
1.06 mmol) in warm, dry methanol (10 mL), and the resulting deep blue
solution was stirred at 50 8C for 30 min, during which a light blue precipi-
tate formed. The suspension was allowed to cool to room temperature
and was stirred overnight, after which the blue precipitate was separated
by centrifugation. The precipitate was washed with dry methanol (2O
20 mL) and the product was obtained as a blue powder (391 mg, 82%).
IR (solid): ñ =3139.2, 2963.8, 1555.5, 1516.2, 1433.6, 1412.4, 1320.0,
1258.4, 1223.8, 1148.0, 1028.3, 958.9, 768.9, 752.9 cm�1; UV/Vis (acetoni-
trile): lmax (e)=636 nm (100m


�1 cm�1); Conductivity (1 mM in acetoni-
trile): l


M
=243 cm2mol�1W�1; ESI-MS: m/z : 295.99 {[Cu2(L1)2]


2+ , calcd
296.03}, 445.98 {[Cu(L1) ACHTUNGTRENNUNG(OTf)+H]+ , calcd 445.99}, 518.63 {[Cu3(L1)3-
ACHTUNGTRENNUNG(OTf)]2+ , calcd 518.53}, 740.94 {[Cu2(L1)2 ACHTUNGTRENNUNG(OTf)]


+ , calcd 741.02}, 1186.30
{[Cu3(L1)3 ACHTUNGTRENNUNG(OTf)2]


+ , calcd 1186.00}; elemental analysis calcd (%) for
C12H13CuF3N4O5S (445.86): C 32.33, H 2.94, N 12.57; found: C 32.46, H
3.10, N 12.38.


[Cu(L1)]n ACHTUNGTRENNUNG(PF6)n ([1] ACHTUNGTRENNUNG(PF6)): A solution of KPF6 (840 mg, 5 equiv) in
water (10 mL) was added to a blue solution of [1] ACHTUNGTRENNUNG(OTf) (408 mg,
0.92 mmol) in water (35 mL), and immediately a light blue precipitate
formed. The suspension was stirred for 10 min and the light blue precipi-
tate was separated by centrifugation. The precipitate was washed with
water (3O20 mL) and the product was obtained as a light blue powder
(365 mg, 90%). IR (solid): ñ=3157.1, 2962.0, 1555.1, 1527.2, 1515.8,
1433.1, 1411.0, 1320.2, 1289.1, 1213.8, 1171.4, 1148.9, 1092.4, 976.1, 958.4,
837.1, 818.7, 767.6, 742.8 cm�1; UV/Vis (acetonitrile): lmax (e)=639 nm
(100m


�1 cm�1); conductivity (1 mM in acetonitrile): l
M


=


231 cm2mol�1W�1; ESI-MS: m/z : 296.00 {[Cu2(L1)2]
2+ , calcd 296.03},


737.03 {[Cu2(L1)2 ACHTUNGTRENNUNG(PF6)]
+ , calcd 737.03}, 1052.06 {[Cu3(L1)3ACHTUNGTRENNUNG(PF6)+F]


+ ,
calcd 1052.06}; elemental analysis calcd (%) for C11H13CuF6N4O2P
(441.76): C 29.91, H 2.97, N 12.68; found: C 29.82, H 3.10, N 12.54.


ACHTUNGTRENNUNG[Cu2(ca)Cl2 ACHTUNGTRENNUNG(HL1)2] (2): A solution of tetrachlorocatechol (H2tcc) (22 mg,
0.09 mmol) in acetonitrile/water (5 mL, 100:1 v/v) was added to a blue
solution of [1] ACHTUNGTRENNUNG(PF6) (77 mg, 0.17 mmol) in acetonitrile (6 mL), and an im-
mediate colour change to yellow-brown was observed. The solution was
stirred for 8 d at room temperature, during which time the colour gradu-
ally changed from yellow-brown to green. The solution was filtered and
concentrated to 3 mL. Green crystals of composition [Cu2(ca)Cl2-
ACHTUNGTRENNUNG(HL1)2]·6H2O grew upon standing for several weeks (35 mg, 41%). IR
(solid): ñ =3419.7, 3135.3, 1732.0, 1522.2, 1504.6, 1383.4, 1286.0, 1148.3,
756.2 cm�1; elemental analysis calcd (%) for C28H28Cu2Cl4N8O8·6H2O
(981.57): C 34.26, H 4.11, N 11.42; found: C 34.65, H 4.26, N 11.65.


Direct synthesis of [Cu2(ca)Cl2ACHTUNGTRENNUNG(HL1)2] (2): CuCl2·H2O (157 mg,
0.92 mmol) was added to a colourless solution of [Bu4N][L1] (438 mg,
0.92 mmol) in methanol (15 mL), and the blue solution was stirred for


Scheme 3. Synthesis and reactivity of copper complexes 1–3.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5567 – 55765574


R. J. M. Klein Gebbink et al.



www.chemeurj.org





5 min. A red solution of chloranilic acid (98 mg, 0.46 mmol) in methanol
(5 mL) was added to this solution, and an immediate colour change to
dark blue-green was observed. The solution was stirred overnight at
room temperature, during which time a green precipitate gradually
formed. The crude product was separated by centrifugation and washed
with methanol (3O5 mL) and diethyl ether (3O20 mL). The product was
obtained as a dark green powder (354 mg, 88%). IR (solid): ñ =3144.3,
3102.4, 2961.3, 1730.7, 1525.9, 1505.3, 1383.8, 1290.5, 1178.1, 1151.2,
1136.1, 861.3, 784.4 cm�1; UV/Vis (DMF): lmax (e)=518 (725), 679 nm
(150m


�1 cm�1). UV/Vis (diffuse reflectance): lmax=403, 629 nm; ESI-MS:
m/z : 400.03 {[Cu2(ca) ACHTUNGTRENNUNG(HL1)2]


2+ , calcd 400.00}, 504.00 {[Cu(ca)-
ACHTUNGTRENNUNG(HL1)+H]+ , calcd 503.97}, 799.13 {[Cu2(ca)(L1)2+H]+ , calcd 798.99}; el-
emental analysis calcd (%) for C28H28Cu2Cl4N8O8 (873.47): C 38.50, H
3.23, N 12.83; found: C 38.64, H 3.28, N 12.72.


Catecholase activity and tetrachlorocatechol titrations : A solution con-
taining 5, 10, 25 or 50 equiv of 3,5-di-tert-butylcatechol in acetonitrile
(0.1 mL) was added to a solution of [1] ACHTUNGTRENNUNG(OTf) or [1] ACHTUNGTRENNUNG(PF6) in acetonitrile
(2 mL, 0.75 mm) in a quartz cuvette. Upon addition of the substrate the
blue solution immediately turned yellow. Quinone formation was moni-
tored by recording the characteristic absorption at 395 nm. The reactions
were performed under ambient conditions.


The titrations of [1] ACHTUNGTRENNUNG(OTf) and [1] ACHTUNGTRENNUNG(PF6) with tetrachlorocatechol were per-
formed by incremental additions of 10 mL aliquots of a 37.5 mm solution
of tetrachlorocatechol in acetonitrile (0.125 equiv) to a solution of the
copper(II) complex in acetonitrile (1.5 mm, 2 mL). UV/Vis spectra were
recorded after each addition.


X-ray crystal structure determination of 2·8MeCN·2H2O and 3 : Reflec-
tions were measured on a Nonius Kappa CCD diffractometer with rotat-
ing anode (graphite monochromator, l =0.71073 L) up to a resolution of
sin ACHTUNGTRENNUNG(q/l)max=0.65 L


�1. Intensities were integrated with EvalCCD[50] using
an accurate description of the experimental setup for the prediction of
the reflection contours. The structures were refined with SHELXL-97[51]


against F2 of all reflections. Non-hydrogen atoms were refined with aniso-
tropic displacement parameters. All hydrogen atoms were located in the
difference Fourier map. The OH hydrogen atoms were refined freely
with isotropic displacement parameters; all other hydrogen atoms were
refined with a riding model. Geometry calculations and checking for
higher symmetry were performed with the PLATON program.[52]


X-ray crystal structure determination of 2·8MeCN·2H2O :
C28H28Cl4Cu2N8O8·8MeCN·2H2O; MW=1237.93; green block; 0.24O
0.21O0.18 mm; monoclinic; P21/c (no. 14); a=10.1857(4), b=11.0587(3),
c=27.1239(14) L; b=109.560(2)8 ; V=2878.9(2) L3; Z=2; 1calcd=


1.428 gcm�3 ; m=0.99 mm�1. 55363 reflections were measured at 150 K,
corrected for absorption, and scaled on the basis of multiple measured
reflections with the program SADABS[53] (correction range 0.79–0.84).
6601 reflections were unique (Rint=0.0418). The structure was solved
with the program DIRDIF-99[54] by using automated Patterson methods.
361 parameters were refined with no restraints. R1/wR2 [I>2s(I)]:
0.0299/0.0745. R1/wR2 (all reflections): 0.0398/0.0789. S=1.040. Residual
electron density �0.33/0.51 eL�3.
X-ray crystal structure determination of 3 : C17H16Cl2CuN4O7; MW=


522.78; dark purple block; 0.30O0.30O0.15 mm; triclinic; P1̄ (no. 2); a=


7.6753(3), b=11.5330(4), c=12.0878(4) L; a =111.707(2), b=101.398(2),
g=90.896(1)8 ; V=969.88(6) L3; Z=2; 1calcd=1.790 gcm�3; m=


1.45 mm�1. 13998 reflections were measured at 110 K. The crystal ap-
peared to be non-merohedrally twinned with a twofold rotation about
the crystallographic b axis as twin operation. This twin operation was
taken into account during integration of the intensities and HKLF5 re-
finement.[55] An absorption correction was not applied due to the twin-
ning. 4424 reflections were unique (Rint=0.0676). The structure was
solved for non-overlapping reflections with the program DIRDIF-99[54]


by using automated Patterson methods. 295 parameters were refined with
no restraints. R1/wR2 [I>2s(I)]: 0.0390/0.0975. R1/wR2 (all reflections):
0.0434/0.1002. S=1.177. The twin fraction refined to 0.371(3). Residual
electron density �0.72/0.62 eL�3.
CCDC-634539 (2·8MeCN·2H2O) and 634540 (3) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free


of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Four Generations of Water-Soluble Dendrimers with 9 to 243 Benzoate
Tethers: Synthesis and Dendritic Effects on Their Ion Pairing with
Acetylcholine, Benzyltriethylammonium, and Dopamine in Water


Elodie Boisselier,[a] C2tia Ornelas,[a] Isabelle Pianet,[b] Jaime Ruiz Aranzaes,[a] and
Didier Astruc*[a]


Introduction


An attractive property of dendrimers is their supramolecular
facet,[1] and they have indeed been used as unimolecular mi-
celles,[2] molecular boxes,[3] exoreceptors,[4] and sensors.[5]


Applications of water-soluble dendrimers as drug vectors
are most promising.[6,7] Polycationic dendrimers are consid-
ered to be toxic, but polyanionic dendrimers usually exhibit
acceptable biocompatibility.[8]


We have reported, in preliminary form, the ionic interac-
tion of a single benzoate-terminated dendrimer (81 branch-


es) with acetylcholine.[9] We have now extended this study
to four generations of benzoate-terminated dendrimers
(from G0 with 9 branches to G3 with 243 branches) and their
supramolecular interactions with three cations of medicinal
interest: acetylcholine (AC), benzyltriethylammonium
(BTEA), and dopamine.
Acetylcholine chloride is produced naturally by the nerv-


ous system. It is also used as an active ingredient in some
drugs, but it is not very active on oral ingestion because of
hydrolysis in the digestive tract. Therefore, transport by den-
drimers may be useful. Acetylcholine chloride has various
pharmacological properties: it can be used as a parasympa-
thomimetic,[10a] a peripheral vasodilator, an antihypertensive,
a myotic, or a coronarodilator.[10b] Its muscarinic parasympa-
thomimetic action consists of contracting the smooth fiber
in the digestive tract,[10c] the eye, and the bronchi.[10d] It is
used in a drug marketed as a parasympathomimetic prepara-
tion for an intraocular use, although aqueous solutions are
unstable and must thus be prepared just before use.[11]


As a quaternary ammonium compound, benzyltriethylam-
monium chloride shows a variety of physical, chemical, and
biological properties. It can disrupt the cell processes of mi-
croorganisms, and it is used as a phase-transfer catalyst, an-
timicrobial agent, emulsifying agent, and pigment disperser.


Abstract: Water-soluble benzoate-ter-
minated dendrimers of four genera-
tions (from G0 with 9 branches to G3


with 243 branches) were synthesized
and fully characterized. They form
water-soluble assemblies by ion-pairing
interactions with three cations of me-
dicinal interest (acetylcoline, benzyl-
triethylammonium, and dopamine),
which were characterized and investi-
gated by 1H NMR spectroscopy, where-
as such interactions do not provoke


any significant shift of 1H NMR signals
with the monomeric benzoate anion.
The calculated association constants
confirm that the dendritic carboxylate
termini reversibly form ion pairs and
aggregates. Diffusion coefficients and
hydrodynamic diameters of the den-


drimers, as well as changes thereof on
interaction with the cations, were eval-
uated by DOSY experiments. The lack
of increase of dendrimer size on addi-
tion of the cations and the upfield
shifts of the 1H NMR signals of the
cation indicate encapsulation within
the hydrophobic dendrimer interiors
together with probable backfolding of
the benzoate termini.
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Its interaction with dendrimers may allow it to be stabilized
in various formulations.[12,13] Moreover, together with alkyl-
dimethylbenzylammonium chloride, it belongs to a large cat-
egory of chemical compounds whose surface-active and bio-
cidal properties are widely used in the pharmaceutical in-
dustry.
Dopamine is a natural catecholamine formed by decar-


boxylation of 3,4-dihydroxyphenylalanine (DOPA). It is a
precursor to norepinephrine in noradrenergic nerves and is
also a neurotransmitter in certain areas of the central nerv-
ous system.[14] Dopamine produces positive chronotropic
and inotropic effects on the myocardium, which result in in-
creased heart rate and cardiac contractility.[15, 16] Dopamine
hydrochloride is indicated for the correction of hemodynam-
ic imbalances present in the Shock syndrome.[17] The half-
life of dopamine in plasma is about two minutes when it is
intravenously administrated. Use of a dendrimer/dopamine
assembly might lead to a longer half-life that would allow
dopamine to better penetrate the target area. Supramolec-
ular interactions of the new benzoate dendrimers with AC,
BTEA, and dopamine in water were investigated by
1H NMR spectroscopy, and the calculated association con-
stants and dendritic effects, that is, comparison of the influ-
ence of benzoate monomer and dendrimers and that of the
dendritic generation, are discussed.


Results and Discussion


Water-soluble polyanionic dendrimers with 3n+2 benzoate
termini (generation number n=0–3) were synthesized as de-
scribed below, and their assembly with AC, BTEA, and dop-
amine was investigated by 1H NMR spectroscopy, as were
their solubility properties and ion-pair behavior in water. Ti-
tration of the three compounds with each generation of den-
drimers (i.e., twelve complexes is described and analyzed.
Diffusion ordered spectroscopy (DOSY), dipolar correlation
ROESY experiments, and a titration by 13C NMR are pro-
vided for the interaction between 81-benzoate G2 and AC.


Synthesis of benzoate-terminated dendrimers : For dendri-
mer construction, we used the 1!3C connectivity pioneered
by Newkome et al.[18] (Schemes 1 and 2). It starts with the
known nonaallylation of [FeCp(h6-mesitylene)] ACHTUNGTRENNUNG[PF6] (1),
which quantitatively yields nonaallyl dendritic core 1,3,5-
[C(CH2CH=CH2)3]3C6H3 (2) on a large scale after to visible-
light photolysis to removes the metal moiety.[19] Hydrosilyla-
tion of terminal olefinic bonds, pioneered in dendrimer syn-
thesis by van Leeuwen et al. ,[20] was carried out on 2 by
using chloromethyldimethylsilane and Karstedt catalyst to
regioselectively give a nonakis(chloromethyldimethylsilyl)
intermediate that reacts with NaI to form nonaiodide 3.


Scheme 1. Synthesis of water-soluble nonabenzoate G0 dendrimer 6. FE= [h5-CpFe]+
ACHTUNGTRENNUNG[PF6]


� . a) CH2=CHCH2Br, KOH, THF, RT, 3 days; b) hnvis, MeCN;
c) HSiMe2CH2Cl, Karsted cat. , RT, 1 day; d) NaI, butanone, 80 8C, 16 h; e) HOC6H4COOCH3, K2CO3, DMF, 80 8C, 2 days; f) NaOH, dioxane/water
(9:1), 60 8C, 16h, HCl; g) H2O, NaOH.
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We functionalized nine-branch G0 dendrimer 3 with car-
boxylate termini to solubilize it in water. This was achieved
in two steps: 1) Williamson reaction of dendri-9-iodide (den-
drimer with 9 iodide termini) 3 with methyl 4-hydroxyben-
zoate yielded dendri-9-benzoate 4, which was characterized
by its molecular peak at 2520.21 [M+Na]+ in the MALDI-
TOF mass spectrum (calcd for C135H192O27Si9Na: 2522.71);
2) basic hydrolysis of dendri-9-benzoate 4 to form dendri-9-
acid 5, which was characterized by its molecular peak at
2394.44 [M+Na]+ in the MALDI-TOF mass spectrum
(calcd for C126H174O27Si9Na: 2396.47). Dendrimer 5 was
easily solubilized in water as its sodium carboxylate form 6
in the presence of a stoichiometric amount of NaOH
(Scheme 1).
Dendritic progression was achieved by using the known


“phenoltriallyl” dendronic brick p-HOC4H4C(CH2CH=


CH2)3, obtained by one-pot reaction of [FeCp(h
6-p-chloroto-


luene)]PF6 with allyl bromide and tBuOK (Scheme 2).[19]


The same synthetic strategy was then applied to G1 with
27 branches, G2 with 81 branches, and G3 with 243 branches.
All new dendrimers were fully characterized by 1H, 13C, and
29Si NMR spectroscopy, mass spectrometry (except G3), and
elemental analysis. The MALDI-TOF mass spectra show
molecular peaks of the products (see Figure 1 and Support-
ing Information): dendri-27-COOCH3 7 (found: 9265.44
[M]+ ; calcd for C504H732O90Si36: 9264.98), dendri-27-COOH 8
(found: 8886.4 [M]+ ; calcd for C477H678O90Si36: 8886.3), and
dendri-81-COOCH3 9 (found: 29 471 [M]+ ; calcd for
C1611H2352O279Si117: 29469.75). The


1H NMR spectra of the
benzoate dendrimers in MeOD show all the expected sig-
nals and thus confirm their structure. However, the
1H NMR spectra of the higher generations in D2O only
show the peripheral proton signals. The synthesis of water-
soluble 81-benzoate G2 dendrimer 10 is shown in Scheme 2.


1H NMR experiments and determination of association con-
stants : Intermolecular interactions in solution play a key
role in molecular recognition. NMR spectroscopy is a very
useful technique to analyze them, because it allows the esti-
mation of the association constants. It also gives information
on the formation of aggregates, ion pairing, encapsulation,
and size variations. This technique was used here to analyze
three compounds that all contain ammonium moieties: AC,
BTEA, and dopamine.


We investigated the supramolecular interactions of the
three cations with the four generations of benzoate den-
drimers to evaluate the role of dendrimer size and number
of carboxylate groups at the periphery. The major advantage
of these dendrimers is that they all become water-soluble on
addition of a stoichiometric amount of NaOH relative to
the number of acid groups. Thus, the supramolecular inter-
actions can be tested at a pH close to neutrality, a condition
for applications in biological systems (here pH 7.6 at c=


10�3m for all sodium carboxylate dendrimers).
The dendrimer with nine sodium carboxylate groups re-


versibly reacts with AC chloride to form water-soluble
supramolecular assemblies whose structure can be examined
by 1H NMR spectroscopy.[21] The interaction between
dendri-9-carboxylate and AC is characterized in the
1H NMR spectrum by a large upfield shift of the four AC
signals. The dendrimer signals also move, but to a lesser
extent; the average shift is Dd=0.06 ppm in water for pe-
ripheral protons H5–H8 (see Figure 2 for numbering
scheme). Indeed, the protons at the periphery of the den-
drimers that are detectable by 1H NMR spectroscopy are
too far away from the carboxylate groups, and this small
shift is not representative of the interaction. The titration of
AC was performed to quantify the number of AC molecules
that can possibly be transported by dendri-9-carboxylate.
When the first equivalent of AC is added, the AC signals


shift from d=4.56 to 4.33 ppm for CH2CH2N proton H3,
from d=3.75 to 3.30 ppm for CH2N protons H2, from d=


3.23 to 3.03 ppm for the CH3N protons H1, and from d=


2.16 to 2.00 ppm for the CH3COO protons. These results
correspond to an average displacement of Dd=0.26 ppm.
The four signals of AC shift during this titration because of
interactions of the whole molecule with dendri-9-carboxyl-
ate. When AC interacts with this dendrimer, the ammonium
AC group should be located at the dendrimer periphery,
where it reversibly forms a contact ion pair and aggregates
with the carboxylate ion (see Figure 2).
The number n of AC molecules bound to the dendrimer


is determined as a function of the variation Dd of chemical
shifts according to Equation (1)[21]


Dd ¼ 1=2Ddmax ½ð1þKd=n½D0� þ ½AC�=n½D0�Þ
�fð1þKd=n½D0� þ ½AC�=n½D0�Þ2�4 ½AC�=n½D0�g1=2�


ð1Þ


where [D0] is the total concentration of dendrimer, [AC] the
total concentration of acetylcholine, and Kd the dissociation
constant.
The data fit best with dendri-9-carboxylate interacting on


average (equilibrium) with 18�2 molecules of AC. The first
nine molecules interact electrostatically at the dendrimer
periphery. The first dissociation constant Kd1 of (20�2)M
10�3m involves an equilibrium with nine AC molecules. A
second weaker interaction in equilibrium with nine other
AC molecule is obtained from the best fit, with a second dis-
sociation constant Kd2 of 1�0.1m [Eq. (2); R=dendrimer,
R’=Ac].
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Scheme 2. Synthesis of the water-soluble G2 dendri-81-benzoate 10. FE= [h5-CpFe]+
ACHTUNGTRENNUNG[PF6]


� . a) CH2=CHCH2Br, KOH, THF, RT, 3 days; b) hnvis, MeCN;
c) HSiMe2CH2Cl, Karsted cat. , RT, 1 day; d) NaI, butanone, 80 8C, 16 h; e) HOC6H4C(CH2CH=CH2)3, K2CO3, DMF, 80 8C, 2 days; f) NaOH, dioxane/
water (9:1), 60 8C, 16h, HCl; g) H2O, NaOH.
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½RCO2
�Naþ� þ ½R0NþMe3Cl��


Kd1


H2O


��! ��½RCO2
�R0NþMe3�


þ½NaðH2OÞxþClðH2OÞy��
Kd2
�! �½RCO2


�ðR0NþMe3Þ2Cl��
þ½NaðH2OÞxþ ClðH2OÞy��


ð2Þ


As AC is added to a D2O solution of dendri-9-carboxyl-
ate, the 1H NMR signals of the dendrimer benzoate termini
progressively broaden, in confirmation of a reversible ex-
change interaction, and the signals of AC follow the same
trend when the dendrimer is progressively added to a solu-
tion of AC (Figure 2).


The interactions of AC with dendrimers of higher genera-
tions are similar and were also analyzed, as were the inter-
actions of all dendrimers with BTEA and dopamine
(Table 1).
For the three cations, Ddmax varies with dendrimer genera-


tion and has the largest value for dendri-81-carboxylate. The
Ddmax value is 0.6 for AC, 1.16 for BTEA, and 0.54 ppm for
dopamine. These values show the large change in environ-
ment of each cation when it is in the presence of a dendri-
mer terminated by benzoate groups.
All AC proton signals are shielded upfield as the dendri-


mer concentration increases. This is best taken into account
by incoming electron density near these AC protons due to
the negatively charged carboxylate groups and by penetra-
tion of AC into the hydrophobic interior of the dendrimer,
that is, AC is encapsulated in the dendrimer near its periph-
ery.[22] A similar situation is found for the ammonium pro-
tons of the two other cations.
We can distinguish two different interactions, one for AC


and BTEA (Figure 3a), and another for dopamine (Fig-
ure 3b). The evolution curves of the 1H NMR signals have
different shapes and thus reflect different interactions. In
the cases of AC and BTEA, the cation interacts with the
dendrimer in two steps, with a first association constant Ka1


for a first number of molecules n1 and a second association
constant a1 for a second number of molecules n2 (Table 1).
The observed behavior of the dendrimer/cation assembly


is best taken into account by reversible formation of ionic
bonds between the dendrimers and the three cations located
near the dendrimer periphery but inside the dendrimer.[23]


The second stage most probably involves agglomeration of
additional charges of chloride salt to reversibly form an ag-
gregate at each tether terminus that is backfolded into the
dendrimer interior.
This should be due to the dual location of the anionic


charge delocalized on both carboxylate oxygen atoms of the
carboxylate group, which can form a five-component aggre-
gate (one chloride anion in addition to the two oxygen
atoms and the two cations, see Figures 4 and 5).
This reasoning is also valid for AC and BTEA. The first


association constant increases with increasing dendrimer
generation, from 50 to 77m


�1 for AC, and from 125 to 200m
�1


for BTEA. The association constants are slightly smaller for
AC than for BTEA, that is, the dendrimer/BTEA assembly
is more strongly bound than the dendrimer/AC assembly.
There is no significant difference between Ka2 values of the
two cations, which are both between 1 and 12m


�1.
Dopamine has only one association constant that de-


scribes the interaction between a molecule of dopamine and
a carboxylate group (Figure 6). Each dendrimer interacts
with a number of dopamine molecules equal to the number
of dendrimer carboxylate groups, and the association con-
stant also increases from 2000m


�1 to 5000m
�1 with increasing


dendrimer generation. This corresponds to a positive den-
dritic effect, which is observed in both cases.
The Ddmax value observed in each case confirms the exis-


tence of the interaction, and the evolution of Dd leads to an


Figure 1. MALDI-TOF mass spectrum of G1 dendri-27-benzoic acid 8.


Figure 2. 1H NMR titration of dendri-81-carboxylate with AC. AC proton
signals: a) dendri-81-carboxylate+20 equivalents of AC; b) dendri-81-
carboxylate+40 equivalents of AC; c) dendri-81-carboxylate+60 equiva-
lents of AC; d) dendri-81-carboxylate+80 equivalents of AC; e) dendri-
81-carboxylate+100 equivalents of AC; f) dendri-81-carboxylate+


200 equivalents of AC; g) dendri-81-carboxylate+300 equivalents of AC;
h) AC alone.
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estimation of the association
constants. By comparison, mon-
omeric sodium benzoate hardly
shows any interaction with the
three cations (Dd<0.1 ppm),
which demonstrates a positive
dendritic effect (i.e., compari-
son of the dendrimers with the
monomer). Moreover, a study
on a carboxylate dendrimer and
the neutral amine benzylamine
did not reveal any interaction
that could be characterized by
1H NMR spectroscopy.
In conclusion, in the studies


on association constants, the
data fits clearly show a plateau
for dopamine, that is, the ben-


zoate terminus interacts with a single dopamine molecule.
Such a plateau is not found in titrations with AC and BTEA
cations, for which the best fit is a sinusoidal curve involving
two distinct association constants, the second of which very
weak and thus only significant in its order of magnitude.
These association constants are small, because water mole-
cules also strongly interact with these ions. It is their order
of magnitude that is informative, while their exact values
have little meaning given that they are small. It is remark-
able that dopamine behaves so differently from the two
other cations given the similar structures of BTEA and dop-
amine. The association constant of the dendrimers with dop-
amine are indeed about 20 times larger that those with
BTEA and 50 times larger than those with AC. In addition,
the data only fit single 1:1 association between the benzoate


Table 1. Results obtained from 1H NMR titration of the three cations with the benzoate-terminated dendrim-
ers.


Supramolecular assembly Ddmax
[a]


ACHTUNGTRENNUNG[ppm]
c2


[b] n1
[c] Kd1


[d]


[m]
Ka1


[e]


ACHTUNGTRENNUNG[m�1]
n2


[f] Kd2
[g]


[m]
Ka2


[h]


ACHTUNGTRENNUNG[m�1]


Dendri-9-carboxylate+AC 0.32 0.06 9 20M10�3 50 9 10M10�1 1
Dendri-27-carboxylate+AC 0.35 0.02 27 18M10�3 56 27 8 1
Dendri-81-carboxylate+AC 0.60 0.03 81 17M10�3 59 81 23M10�2 4
Dendri-243-carboxylate+AC 0.46 0.08 243 13M10�3 77 243 8M10�2 12
Dendri-9-carboxylate+BTEA 0.9 0.007 9 8M10�3 125 9 3M10�1 3
Dendri-27-carboxylate+BTEA 1.1 0.02 27 7M10�3 143 27 3M10�1 3
Dendri-81-carboxylate+BTEA 1.16 0.03 81 6M10�3 167 81 3M10�1 3
Dendri-243-carboxylate+BTEA 0.6 0.08 243 5M10�3 200 243 3M10�1 3
Dendri-9-carboxylate+dopamine 0.35 0.009 9 5M10�4 2000 – – –
Dendri-27-carboxylate+dopamine 0.37 0.007 27 4M10�4 2500 – – –
Dendri-81-carboxylate+dopamine 0.54 0.009 81 3M10�4 3333 – – –
Dendri-243-carboxylate+dopamine 0.41 0.002 243 2M10�4 5000 – – –


[a] Ddmax is the maximum observed chemical shift variation. [b] c2 is the difference between the experimental
points and the numerical values extracted from a theoretical curve. [c] n1 is the number of cationic molecules
revealed by the first association constant. [d] Kd1 is the first dissociation constant. [e] Ka1 is the first association
constant. [f] n2 is the number of cationic molecules involved with the second association constant. [g] Kd2 is the
second dissociation constant. [h] Ka2 is the second association constant. The attenuated maximum error for all
the values of this table is �10%.


Figure 3. a) Titration of dendri-27-carboxylate with BTEA. b) Titration
of dendri-27-carboxylate with dopamine.


Figure 4. Representation of the ionic aggregates of carboxylate dendrim-
ers with two AC molecules (close contacts between the whole AC groups
and benzoate are omitted for clarity).


Figure 5. Representation of the ionic aggregates of carboxylate dendrim-
ers with two BTEA molecules.
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termini and dopamine. Clearly, this completely specific be-
havior of dopamine is due to the fact that it is a primary am-
monium compound, whereas the two other cations are qua-
ternary ammonium compounds. Thus, dopamine has acidic
hydrogen atoms on the ammonium center that can form hy-
drogen bonds with benzoate groups in synergy with the elec-
trostatic attraction between the two oppositely charged ions.
We know from recognition studies with ATP that synergistic
interactions between two oppositely charged ions is consid-
erably strengthened by such favorable hydrogen bonding.[4]


Although the hydroxyl protons of the catechol moiety of
dopamine are less acidic than the ammonium protons, they
may also be involved in hydrogen bonding with one or two
oxygen atoms of the bidentate carboxylate group. However,
distinction between these two possible modes of hydrogen
bonding is not feasible at this stage.


DOSY experiments to determine diffusion coefficients and
13C NMR experiments : DOSY experiments were carried out
for the dendrimer/cation assemblies involving dendri-81-car-
boxylate and the three cations in order to follow the evolu-
tion of the diffusion coefficient of the free dendrimer on ad-
dition of each cation. The main goal of these experiments
was to measure the diffusion coefficient D by 1H NMR spec-
troscopy. The D value allows the hydrodynamic diameter of
a molecule to be calculated. In the 1H NMR experiment dif-
fusion is mathematically treated as a DOSY (diffusion-or-
dered spectroscopy) process in order to obtain the equiva-
lent of “spectral” chromatography. The objective is thus
double: measuring the size of the free and bound molecules
in solution by 1H NMR, and obtaining a DOSY spectrum
that reflects the purity of the assembly.
Dendri-81-carboxylate is regarded as a spherical molecu-


lar object and characterized by an apparent diffusion coeffi-
cient. The Stokes–Einstein law [Eq. (3)] gives an estimate
for the diameter of the molecule


D ¼ kBT=6phrH ð3Þ


where D is the diffusion coeficient, kB the Boltzman con-
stant, T the absolute temperature, h the solvent viscosity,
and rH the hydrodynamic radius of the species.
Figures 7–9 show the DOSY spectra of free dendri-81-car-


boxylate, free AC, and dendri-81-carboxylate/AC. Free
dendri-81-carboxylate in water has a diffusion coefficient of
(4.4�0.2)M10�11 m2 s�1 and a hydrodynamic diameter of
11�1 nm. The AC, BTEA, and dopamine molecules have
diffusion coefficients of (5.9�0.03)M10�10, (5.0�0.04)M
10�10, and (5.0�0.03)M10�10 m2s�1, and hydrodynamic diam-
eters of 1.2�0.1, 1.0�0.1, and 1.0�0.1 nm, respectively.
When dendri-81-carboxylate is bound to 162 AC, 162
BTEA, or 81 dopamine molecules, it has diffusion coeffi-
cients of (5.0�0.1)M10�11, (5.4�0.1)M10�11, and (7.0�0.1)M
10�11 m2s�1, and its hydrodynamic diameter is to (9.8�0.1),
(9.0�0.1), and (7.0�0.1) nm, respectively. The diffusion co-Figure 6. Representation of the ion pair between dopamine and carboxyl-


ate-terminated dendrimers.


Figure 7. The four signals on the top line represent lgD for the dendri-
81-carboxylate, and the last signal below the line lgD for water. Dd=


(4.4�0.1)M10�11 m2 s�1 and RH,d=5.517 nm, where Dd is the diffusion co-
efficient of the dendri-81-carboxylate, and RH,d its hydrodynamic radius.


Figure 8. The four signals on the line (top) represent lgD of one molecule
of acetylcholine (AC), and the last signal below the line represents lgD
for water. DAC= (5.9�0.1)M10�10 m2 s�1, RH,AC=0.59 nm.
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efficient of dendri-81-carboxylate increases on titration, that
is, dendrimer size decreases in the dendrimer/guest assem-
blies. This is in accord with our above interpretation of Dd


in terms of encapsulation. For instance, although the diffu-
sion coefficient of AC significantly increases on titration up
to a concentration of 27.9 mm, which corresponds to 162 AC
molecules per dendrimer, it stagnates at higher concentra-
tions (plateau in Figure 10). This confirms interaction be-
tween the AC molecules and the dendrimer up to a molar
ratio of 162 AC molecules per dendrimer. After this stage,
the diffusion coefficient observed is an average between
free AC and AC bound to the dendrimer, and its value
slowly approaches that of free AC when the proportion of
AC increases.


The DOSY experiments show the evolution of the diffu-
sion coefficients of each molecule and of the assembly. The
dendrimer and the AC cation have their own diffusion coef-
ficients in the free state that reflect their molecular weight.
When a complex is formed with fast exchange on the NMR
timescale, however, the observed diffusion coefficient is a
weighted average of the diffusion coefficients for the free
and bound species.
The diffusion coefficient of AC decreases at a a low con-


centration of AC, and then increases up to a concentration
corresponding to 162�5 AC molecules per dendrimer (i.e.,
[AC]=28 mm), which shows the interaction between the
two species, before stagnating at higher AC concentrations.
In the beginning of AC addition to the dendrimer, the diffu-
sion coefficient of AC becomes close to that of the dendri-
mer. Then, it becomes close to its initial value in the free
state, as the amount of excess AC increases. The two other
cations (BTEA and dopamine) follow approximately the
same trend.
An increase in diffusion coefficient on titration is found


for all three cations, but it is more pronounced for dopa-
mine, which interacts more strongly with the dendrimers
than the other two cations, as indicated by association con-
stants that are one order of magnitude larger than those of
AC and BTEA. These observations are in accord with the
proposed encapsulation of the guest cations deduced from
the shielding of their protons on interaction with the den-
drimers. This encapsulation on ionic bonding forces the ben-
zoate branch termini to be more strongly backfolded as the
strength of this interaction increases. The free dendrimer is
surrounded by a layer of hydrogen-bonded water molecules,
and it appears that this layer is significant given the rather
large hydrodynamic diameter of 11 nm. The decreased di-
ameter of the dendrimers in the presence of cationic guests
may not only signify backfolding of the dendrimer branch
termini, but possibly also significant decrease of the water
layer around the dendrimer, which is involved in the hydro-
dynamic diameter. This smaller surrounding water layer
would itself be also due to the bakfolding of the ionic ben-
zoate groups. Altogether, backfolding of the benzoate termi-
ni that is enforced by encapsulation of the ammonium guest
most probably makes the dendrimers more compact.
Supramolecular interactions were investigated by


13C NMR only for the single case of dendri-81-carboxylate
and AC, because the 13C NMR technique requires a consid-
erably longer recording time than 1H NMR and is thus im-
practical. In 1H NMR spectra, the shifts of the dendrimer
protons describing the effect of the dendrimer interaction
are rather small (d=0.06 ppm), because the closest protons
are four bonds away from the carboxylate group that inter-
acts with the AC molecules.
In the 13C NMR experiment, when 81 equivalents of AC


are added to dendri-81-carboxylate, the signal of the carbon
atom of the carboxylate group shifts from d=174.4 to
173.3 ppm, whereas the other carbon signals of the dendri-
mer do not move. Under the same conditions, the AC sig-
nals shift from d=60.9 to 57.9 (CH2CH2N), from 67.2 to


Figure 9. Four lines are identifiable from to bottom: the four signals on
the first line (top) represent lgD for the free dendri-81-carboxylate; the
four other signals on the same line (top) represent lgD for dendri-81-car-
boxylate bound to AC; the four signals on the second line represent lgD
for an AC molecule bound to the dendrimer; the four signals on the
third line represent lgD for a free molecule of AC. The last signal on the
line below represents lgD for water. Dd= (4.998�0.1)M10�11 m2 s�1,
RH,d=4.902 nm.


Figure 10. Evolution of the diffusion coefficients of AC (^) and dendri-
81-carboxylate 10 (&) as a function of their concentration in water.
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64.2 (CH2N), from 56.5 to 53.5 (CH3N), from 23 to 20
(CH3COO), and from 175.7 to 172.4 ppm (COO). These re-
sults correspond to an average shift of Dd=3 ppm. The five
signals of AC shift during titration because of interactions of
the whole molecule with dendri-81-carboxylate, consistent
with encapsulation of AC in the dendrimer.
When 81 additional equivalents are added, the AC signals


always show an average shift of Dd=3 ppm, and the signal
of the carboxylate group of the dendri-81-carboxylate shifts
from d=174.4 to 172.0 ppm. These results confirm those ob-
tained in the 1H NMR experiments and the fact that the am-
monium group of AC should be located at the dendrimer
periphery. It forms an ion pair and aggregates with the car-
boxylate ion, which backfolds into the dendrimer interior so
that the guest be encapsulated.


Conclusions


New water-soluble dendrimers were synthesized, character-
ized, and used as sensors of three cations of biological inter-
est. The supramolecular interactions between the two enti-
ties were investigated by 1H NMR spectroscopy.
The protons of dendritic benzoate tethers are deshielded


(downfield shifts) on addition of any ammonium cation due
to decreased electron density in ion-pairing interactions.
Those of the ammonium cations are all shielded (upfield
shift) due to encapsulation within the hydrophobic dendri-
mer interior.
The Ddmax value observed in each case confirms the exis-


tence of the reversible interaction, and the evolution of Dd


led to an estimate of the association constants. By compari-
son, the monomeric sodium benzoate hardly shows any in-
teraction with the three cations (Dd<0.1 ppm), and this
demonstrates a positive dendritic effect.
Two distinct cases were found: AC and BTEA on the one


hand, and dopamine on the other. In the former case, the
dendrimer acts in two steps: it first equilibrates with a stoi-
chiometric number of cations by ionic association, and then
form aggregates with the same number of cations with much
weaker association. Dopamine has only one association con-
stant characterizing the interaction between a dopamine
molecule and a carboxylate group (i.e., 9 molecules of dopa-
mine for the dendri-9-carboxylate, 27 for the dendri-27-car-
boxylate, 81 for the dendri-81-carboxylate, and 243 for the
dendri-243-carboxylate). This interaction between dopamine
and the dendrimers is much stronger than those between
the dendrimers and AC and BTEA, as shown by the relative
values of the association constants, because for dopamine
hydrogen-bonding between the primary ammonium protons
and the carboxylate termini acts in synergy with ion paring,
which is not the case with the two other ammonium cations,
which are quaternary.
For dendrimers of different generations, Ddmax increases


in all the cases with increasing generation number up to the
dendri-81-carboxylate, then slightly decreases from the
dendri-81-carboxylate to the dendri-243-carboxylate. For the


association constants, the same trend is observed. Thus, the
dendritic effect for the three ammonium cations is positive,
that is, the Ddmax and association constant increase as the
dendrimer generation increases up to the dendri-81-carbox-
ylate.


Experimental Section


General : All reactions were carried out by Schlenk techniques or in a ni-
trogen-filled Vacuum Atmosphere drylab. 1H NMR spectra were record-
ed at 25 8C with a Brucker AC 250 (250 MHz) spectrometer. 13C NMR
spectra were obtained in pulsed FT mode at 62.0 MHz with a Brucker
AC 250 spectrometer, and 29Si NMR spectra were obtained at 59.6 MHz
with a Brucker AC 300 spectrometer. All chemical shifts d are reported
in parts per million (ppm) relative to Me4Si (TMS). The MALDI-TOF
mass spectra were recorded with a PerSeptive Biosystems Voyager Elite
(Framingham, MA) time-of-flight mass spectrometer. Elemental analyses
were performed by the Center of Microanalyses of the CNRS at Lyon
Villeurbanne, France. Syntheses of the precursor iodomethyltrimethylsilyl
dendrimers were described previously.[19]


Synthesis of dendri-9-benzoate 4 : Nonaiodide dendrimer 3 (1.1 g,
0.482 mmol), methyl 4-hydroxybenzoate (1.32 g, 8.68 mmol), K2CO3


(6.10 g, 43.4 mmol), and dry DMF (30 mL) were introduced into a
Schlenk flask. The reaction mixture was stirred at 80 8C for 48 h. DMF
was removed, and the crude product was dissolved in dichloromethane
(30 mL) and washed with water to remove K2CO3. The organic layer was
dried with Na2SO4, filtered, and the solvent was removed in vacuo. The
product was washed with methanol and precipitated twice in CH2Cl2/
methanol to remove excess methyl 4-hydroxybenzoate. Nonabenzoate
dendrimer 4 was obtained as a colorless waxy material in 90% yield
(1.089 g). 1H NMR (CDCl3, 250 MHz): d =7.93 and 6.88 (d, 18H, arom.),
7.01 (s, 3H, arom. core), 3.86 (s, 27H, COOCH3), 3.50 (s, 18H, SiCH2O),
1.65 (s, 18H, CH2CH2CH2Si), 1.13 (s, 18H, CH2CH2CH2Si), 0.57 (s, 18H,
CH2CH2CH2Si), 0.040 ppm (s, 54H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3,
62 MHz): 165.8 (COOCH3), 164.2 (arom. CqO), 144.8 (CH, arom. core),
130.4 and 112.7 (CH, arom.), 121.2 (CqCOOCH3, arom.), 59.7 (SiCH2O),
50.7 (COOCH3), 42.9 (CH2CH2CH2Si), 41.0 (CqCH2), 16.8
(CH2CH2CH2), 13.6 (CH2CH2CH2Si), �5.6 ppm (SiACHTUNGTRENNUNG(CH3)2);


29Si NMR
(CDCl3, 59.62 MHz): d=0.55 ppm (SiCH2O); MS (MALDI-TOF): m/z
calcd for C135H192O27Si9Na: 2522.71; found: 2520.21 [M+Na]+ ; elemental
analysis (%) calcd for C135H192O27Si9: C 64.86, H 7.74; found: C 64.37, H
7.56; IR: ñ=1719 (nC=O) cm


�1.


Synthesis of dendri-9-benzoic acid 5 : Dendri-9-benzoate 4 (0.50 g,
0.20 mmol) was dissolved in dioxane (40 mL), and an aqueous solution of
NaOH (10 mL, 18 mmol, 10 equiv per branch) was added. The reaction
mixture was stirred at 60 8C for 48 h. Dioxane was removed under
vacuum, and the aqueous solution was acidified with HCl. The dendri-9-
acid precipitated as a white powder. The solution was filtered, and the
powder was washed twice with diethyl ether. The product was recovered
from the filter by dissolving it with methanol. Methanol was removed in
vacuo, and the product was obtained as a white powder in 72% yield.
1H NMR (MeOD, 250 MHz): d=7.93 and 6.91 (d, 18H, arom.), 7.06 (s,
3H, arom. core), 3.52 (s, 18H, SiCH2O), 1.64 (s, 18H, CH2CH2CH2Si),
1.16 (s, 18H, CH2CH2CH2Si), 0.54 (s, 18H, CH2CH2CH2Si), �0.003 ppm
(s, 54H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (MeOD, 62 MHz): d =169.8 (COOH),
166.7 (arom. CqO), 147.2 (CH, arom. core), 132.9 and 115.0 (CH, arom.),
123.0 (arom. CqCOOCH3), 61.9 (SiCH2O), 45.2 (CH2CH2CH2Si), 43.3
(CqCH2), 19.3 (CH2CH2CH2), 15.9 (CH2CH2CH2Si), �4.1 ppm (Si-
ACHTUNGTRENNUNG(CH3)2);


29Si NMR (MeOD, 59.62 MHz) d=0.36 ppm (SiCH2O); MS
(MALDI-TOF): m/z calcd for C126H174O27Si9Na: 2 396.47; found: 2 394.44
[M+Na]+ ; elemental analysis (%) calcd for C126H174O27Si9: C 63.76, H
7.39; found: C 62.71, H 7.22; IR: ñ =1686 (nC=O) cm


�1; 1H NMR of 6
(D2O+NaOH, 250 MHz): d =7.82 and 6.79 (d, 18H, arom.), 7.08 (s, 3H,
arom. core), 3.41 (s, 18H, SiCH2O), 1.68 (s, 18H, CH2CH2CH2Si), 1.16 (s,
18H, CH2CH2CH2Si), 0.52 (s, 18H, CH2CH2CH2Si), �0.045 ppm (s, 54H,
Si ACHTUNGTRENNUNG(CH3)2).


Chem. Eur. J. 2008, 14, 5577 – 5587 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5585


FULL PAPERWater-Soluble Dendrimers with Benzoate Tethers



www.chemeurj.org





Synthesis of dendri-27-benzoate 7: Dendri-27-iodide (0.1 g, 0.016 mmol),
methyl 4-hydroxybenzoate (0.134 g, 0,882 mmol), K2CO3 (0.609 g,
4.40 mmol), and dry DMF (20 mL) were introduced into a Schlenk flask.
The reaction mixture was stirred at 80 8C for 48 h, then DMF was re-
moved, the crude product was dissolved in 30 mL of dichloromethane
and washed with water to remove K2CO3. The organic layer was dried
with Na2SO4, filtered, and the solvent removed in vacuo. The product
was washed with methanol and precipitated twice in CH2Cl2/methanol to
remove excess methyl 4-hydroxybenzoate. The dendri-27-benzoate was
obtained as a colorless waxy material (0.140 g, 92% yield). 1H NMR
(CDCl3, 250 MHz): d=7.94 and 6.88 (d, 54H, outer arom.), 7.10 and 6.80
(d, 18H, inner arom.), 3.84 (s, 81H, COOCH3), 3.51 (s, 72H, SiCH2O),
1.60 (s, 72H, CH2CH2CH2Si), 1.11 (s, 72H, CH2CH2CH2Si), 0.55 (s, 72H,
CH2CH2CH2Si), 0.025 (s, 216H, Si ACHTUNGTRENNUNG(CH3)2).


13C NMR (CDCl3, 62 MHz):
165.8 (COOCH3), 164.2 (outer arom. CqO), 158.1 (inner arom. CqO),
130.4 and 112.8 (CH, arom.), 121.1 (arom. CqCOOCH3), 59.7 (SiCH2O),
50.7 (COOCH3), 41.9 (CH2CH2CH2Si), 41.9 (CqCH2), 16.6
(CH2CH2CH2), 13.5 (CH2CH2CH2Si), �5.5 ppm (SiACHTUNGTRENNUNG(CH3)2);


29Si NMR
(CDCl3, 59.62 MHz): d=0.53 ppm (SiCH2O); MS (MALDI-TOF): m/z
calcd for C504H732O90Si36: 9264.9816; found: 9265.4374; IR: ñ =1719 (nC=


O) cm
�1.


Synthesis of dendri-27-benzoic acid 8 : Dendri-27-benzoate 7 (0.070 g,
0.007 mmol) was dissolved in dioxane (45 mL), and an aqueous solution
of NaOH (5 mL, 2.5 mmol, 12 equiv per branch) was added. The reaction
mixture was stirred at 60 8C for 48 h. Dioxane was removed under
vacuum, and the aqueous solution was acidified with HCl. Dendri-81-
acid precipitated as a white powder. The solution was filtered, and the
powder was washed twice with diethyl ether. The product was recovered
from the filter by dissolving in methanol. The methanol was removed in
vacuo, and the product was obtained as a white powder in 67% yield.
1H NMR (MeOD, 250 MHz): d=7.91 and 6.86 (d, 54H, outer arom.),
7.10 and 6.79 (d, 18H, inner arom.), 3.48 (s, 81H, SiCH2O), 1.60 (s, 72H,
CH2CH2CH2Si), 1.15 (s, 72H, CH2CH2CH2Si), 0.53 (s, 72H,
CH2CH2CH2Si), �0.056 ppm (s, 216H, SiACHTUNGTRENNUNG(CH3)2);


13C NMR (MeOD,
62 MHz): d =168.5 (COOH), 165.4 (outer arom. CqO), 159.1 (inner
arom. CqO), 131.5 and 113.6 (CH, arom.), 122.3 (arom. CqCOOCH3),
60.4 (SiCH2O), 42.9 (CH2CH2CH2Si), 41.8 (CqCH2), 17.6 (CH2CH2CH2),
14.4 (CH2CH2CH2Si), �4.9 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (MeOD,
59.62 MHz) d =1.57 ppm (SiCH2O); MS (MALDI-TOF): m/z calcd for
C477H678O90Si36: 8886.3; found: 8886.4; IR: ñ =1686 (nC=O) cm


�1.


Synthesis of dendri-81-benzoate 9 : Dendri-81-benzoate 9 was synthesized
from dendri-81-iodide (0.30 g, 0.011 mmol) following the same procedure
as for the synthesis of 4, in 89% yield. 1H NMR (CDCl3, 250 MHz): d=


7.94 and 6.88 (d, 162H, exterior arom.), 7.10 and 6.80 (d, 72H, interior
arom.), 3.84 (s, 243H, COOCH3), 3.51 (s, 234H, SiCH2O), 1.60 (s, 234H,
CH2CH2CH2Si), 1.11 (s, 234H, CH2CH2CH2Si), 0.55 (s, 234H,
CH2CH2CH2Si), 0.034 ppm (s, 702H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3,
62 MHz): d =167.2 (COOCH3), 164.2 (exterior arom. CqO), 159.4 (inte-
rior arom. CqO), 131.8 and 114.2 (CH, arom.), 122.5 (arom. CqCOOCH3),
61.1 (SiCH2O), 52.2 (COOCH3), 43.4 (CH2CH2CH2Si), 42.3 (CqCH2),
18.0 (CH2CH2CH2), 14.9 (CH2CH2CH2Si), �4.3 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si
NMR (CDCl3, 59.62 MHz): d=0.53 ppm (SiCH2O); MS (MALDI-TOF):
m/z calcd for C1611H2352O279Si117: 29 469.75; found: 29 471.00; elemental
analysis (%) calcd for C1611H2352O279Si117: C 65.63, H 7.99; found: C 65.58,
H 8.04; IR: ñC=O=1719 cm�1.


Synthesis of dendri-81-benzoate 10 : Dendri-81-acid 10 was synthesized
from dendri-81-benzoate 9 (0.20 g, 0.0068 mmol) by the same procedure
as for the synthesis of 5, in 67% yield. 1H NMR (MeOD, 250 MHz): d=


7.90 and 6.83 (d, 162H, exterior arom.), 7.08 and 6.75 (d, 72H, interior
arom.), 3.43 (s, 234H, SiCH2O), 1.58 (s, 234H, CH2CH2CH2Si), 1.10 (s,
234H, CH2CH2CH2Si), 0.49 (s, 234H, CH2CH2CH2Si), �0.056 (s, 702H,
Si ACHTUNGTRENNUNG(CH3)2).


13C NMR (MeOD, 62 MHz): 169.9 (COOH), 166.8 (exterior
arom. CqO), 160.5 (interior arom. CqO), 133.0 and 115.1 (CH, arom.),
123.8 (arom. CqCOOCH3), 61.8 (SiCH2O), 44.3 (CH2CH2CH2Si), 43.4
(CqCH2), 19.0 (CH2CH2CH2), 15.8 (CH2CH2CH2Si), �4.0 ppm (Si-
ACHTUNGTRENNUNG(CH3)2);


29Si NMR (MeOD, 59.62 MHz): d=0.26 ppm (SiCH2O); ele-
mental analysis (%) calcd for C1530H2190O279Si117: C 64.86, H 7.79; found:
C 64.25, H 7.68; IR: ñ=1686 (nC=O) cm


�1.


Synthesis of dendri-243-benzoate 11: Dendri-243-iodide (0.10 g,
0.001 mmol), methyl 4-hydroxybenzoate (0.088 g, 0.576 mmol), K2CO3


(0.398 g, 2.88 mmol), and dry DMF (20 mL) were introduced into a
Schlenk flask. The reaction mixture was stirred at 80 8C for 48 h. DMF
was removed, and the crude product dissolved in dichloromethane
(30 mL) and washed with water to remove K2CO3. The organic layer was
dried with Na2SO4, filtered, and the solvent was removed in vacuo. The
product was washed with methanol and precipitated twice in CH2Cl2/
methanol to remove excess methyl 4-hydroxybenzoate. Dendri-81-ben-
zoate was obtained as a colorless waxy material (0.289 g, 89% yield).
1H NMR (CDCl3, 250 MHz): d =7.94 and 6.88 (d, 486H, outer arom.),
7.10 and 6.80 (d, 234H, inner arom.), 3.79 (s, 729H, COOCH3), 3.47 (s,
720H, SiCH2O), 1.59 (s, 720H, CH2CH2CH2Si), 1.10(s, 720H,
CH2CH2CH2Si), 0.53 (s, 720H, CH2CH2CH2Si), �0.012 ppm (s, 2160H,
Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3, 62 MHz): d=165.7 (COOCH3), 164.2
(outer arom. CqO), 159.4 (inner arom. CqO), 130.4 and 112.8 (CH,
arom.), 121.1 (arom. CqCOOCH3), 59.6 (SiCH2O), 50.7 (COOCH3), 42.0
(CH2CH2CH2Si), 40.9 (CqCH2), 16.6 (CH2CH2CH2), 13.5
(CH2CH2CH2Si), �5.7 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.62 MHz):
d=0.47 ppm (SiCH2O); IR: ñ =1719 (nC=O) cm


�1.


Synthesis of dendri-243-benzoic acid 12 : Dendri-243-benzoate (0.06 g,
0.0007 mmol) was dissolved in dioxane (45 mL), and an aqueous solution
of NaOH (5 mL, 2.5 mmol, 15 equiv per branch) was added. The reaction
mixture was stirred at 60 8C for 48 h. Dioxane was removed under
vacuum, and the aqueous solution was acidified with HCl. Dendri-81-
acid precipitated as a white powder. The solution was filtered, and the
powder was washed twice with diethyl ether. The product was recovered
from the filter by dissolving in methanol. The methanol was removed in
vacuo, and the product was obtained as a white powder in 67% yield.
1H NMR (MeOD, 250 MHz): d=7.94 and 6.84 (d, 486H, outer arom.),
7.08 and 6.75 (d, 234H, inner arom.), 3.36 (s, 720H, SiCH2O), 1.62 (s,
720H, CH2CH2CH2Si), 1.10 (s, 720H, CH2CH2CH2Si), 0.54 (s, 720H,
CH2CH2CH2Si), �0.020 ppm (s, 2160H, SiACHTUNGTRENNUNG(CH3)2);


13C NMR (MeOD,
62 MHz): d =168.6 (COOH), 165.3 (outer arom. CqO), 160.5 (inner
arom. CqO), 131.6 and 113.6 (CH, arom.), 122.3 (arom. CqCOOCH3),
60.4 (SiCH2O), 44.3 (CH2CH2CH2Si), 43.4 (CqCH2), 19.0 (CH2CH2CH2),
14.3 (CH2CH2CH2Si), �5.3 ppm (SiACHTUNGTRENNUNG(CH3)2); IR: ñ =1686 (nC=O) cm


�1.


General procedure for titration : In an NMR tube, carboxylate dendrimer
(3 mg) was introduced into D2O (0.4 mL), then one of the cations was
progressively added. Titrations spanned from 0 to the 2x equivalents of
the cation per dendrimer, where x is the number of carboxylate groups in
each dendrimer.


Synthesis of all dendrimers and detailed 1H NMR, 13C NMR, DOESY,
and ROESY spectra and data are available as Supporting Information.
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Role of the NH2 Functionality and Solvent in Terdentate CNN Alkoxide
Ruthenium Complexes for the Fast Transfer Hydrogenation of Ketones
in 2-Propanol


Walter Baratta,*[a] Maurizio Ballico,[a] Gennaro Esposito,[b] and Pierluigi Rigo[a]


Introduction


The catalytic transfer hydrogenation of carbonyl compounds
has been recognized over the last decade as a practical
methodology for the preparation of alcohols.[1] Ruthenium
complexes have been successfully employed in the asymmet-


ric reduction of ketones using 2-propanol (or formic acid) as
a hydrogen source. Particular attention has been devoted to
the catalysts, containing the Ru�NH2 linkage, developed by
Noyori and co-workers which offer high performance in
terms of rate and enantioselectivity (bifunctional cataly-
sis).[2] In the absence of acidic NH2 (OH) protons, it is gen-
erally assumed that transition-metal-catalyzed transfer hy-
drogenation occurs via a metal hydride and alkoxide species
(the product of the ketone insertion into M�H bond)
through an inner-sphere mechanism.[3] To account for the
crucial role of the amine NH2 function in enhancing the ac-
tivity of Ru complexes, an outer-sphere mechanism, involv-
ing a Ru–hydride and a Ru–amide (the product of the deliv-
ery of a Ru–H hydride and N�H proton) has been pro-
ACHTUNGTRENNUNGposed.[2a] In this case, the formation of a ruthenium–alkoxide
complex bearing an amine NH2 function has to be consid-


Abstract: The reaction of [RuCl-
ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (1; HCNN=6-(4-meth-
ylphenyl)-2-pyridylmethylamine) with
NaOiPr in 2-propanol/C6D6 affords the
alcohol adduct alkoxide [Ru ACHTUNGTRENNUNG(OiPr)-
ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)]·niPrOH (5), containing
the Ru�NH2 linkage. The alkoxide
[Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (4) is formed
by treatment of the hydride [Ru(H)-
ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2) with acetone in
C6D6. Complex 5 in 2-propanol/C6D6


equilibrates quickly with hydride 2 and
acetone with an exchange rate of (5.4�
0.2) s�1 at 25 8C, higher than that found
between 4 and 2 ((2.9�0.4) s�1). This
fast process, involving a b-hydrogen
elimination versus ketone insertion
into the Ru�H bond, occurs within a
hydrogen-bonding network favored by
the Ru�NH2 motif. The cationic alco-
hol complex [Ru ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)-
ACHTUNGTRENNUNG(iPrOH)] ACHTUNGTRENNUNG(BArf4) (6 ; Arf=3,5-C6H3-


ACHTUNGTRENNUNG(CF3)2), obtained from 1, Na ACHTUNGTRENNUNG[BArf4],
and 2-propanol, reacts with NaOiPr to
afford 5. Complex 5 reacts with either
4,4’-difluorobenzophenone through hy-
dride 2 or with 4,4’-difluorobenzhydrol
through protonation, affording the alk-
oxide [Ru ACHTUNGTRENNUNG{OCH ACHTUNGTRENNUNG(4-C6H4F)2} ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG(dppb)] (7) in 90 and 85% yield of the
isolated product. The chiral CNN–
ruthenium compound [RuClACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG{(S,S)-Skewphos}] (8), obtained by the
reaction of [RuCl2 ACHTUNGTRENNUNG(PPh3)3] with (S,S)-
Skewphos and orthometalation of
HCNN in the presence of NEt3, is a
highly active catalyst for the enantiose-
lective transfer hydrogenation of meth-
ylaryl ketones (turnover frequencies


(TOFs) of up to 1.4?106 h�1 at reflux
were obtained) with up to 89% ee.
Also the ketone CF3CO ACHTUNGTRENNUNG(4-C6H4F), con-
taining the strong electron-withdrawing
CF3 group, is reduced to the R alcohol
with 64% ee and a TOF of 1.5?104 h�1.
The chiral alkoxide [Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG{(S,S)-Skewphos}]·niPrOH (9), ob-
tained from 8 and NaOiPr in the pres-
ence of 2-propanol, reacts with CF3CO-
ACHTUNGTRENNUNG(4-C6H4F) to afford a mixture of the
diastereomer alkoxides [RuACHTUNGTRENNUNG{OCH-
ACHTUNGTRENNUNG(CF3) ACHTUNGTRENNUNG(4-C6H4F)} ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skew-
phos}] (10/11; 74% yield) with 67% de.
This value is very close to the enantio-
meric excess of the alcohol (R)-
CF3CH(OH) ACHTUNGTRENNUNG(4-C6H4F) formed in catal-
ysis, thus suggesting that diastereoiso-
meric alkoxides with the Ru�NH2 link-
age are key species in the catalytic
asymmetric transfer hydrogenation re-
action.


Keywords: alkoxides · asymmetric
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nium · solvent effects
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ered as a nonproductive reaction, and this species is regard-
ed as a catalytic reservoir of the metal amide.[2a] Recently, a
new mechanism involving an active role of the solvent, with
the substrate appearing as an alkoxide-like intermediate, has
been proposed by Handgraaf and Meijer for a Ru�NH2


system on the basis of an ab initio molecular dynamics
study.[4]


As regards to the properties of the transition-metal alkox-
ides, it is well known that these species, characterized by a
strongly polarized M�O bond, are extremely reactive
toward protic compounds.[5] The reaction with alcohols read-
ily leads to an alkoxide exchange, possibly through the for-
mation of an alcohol adduct stabilized by M�O···H�O hy-
drogen bonding[6] followed by proton transfer. Fast alkoxide
displacement on the NMR chemical-shift timescale (<1 s)[7]


has been observed for alkaline and early transition-metal
compounds.[5a] For late-transition-metal species, a fast ex-
change has been reported for PdII complexes bearing ligands
with a strong trans influence with respect to the M�O
bond[8] and for a Cp*IrIII complex (Cp*=1,2,3,4,5-pentame-
thylcyclopentadienyl) containing an amine NH2 function.[9]


A second important feature of late-transition-metal alkox-
ides is the low stability toward thermal decomposition,[10]


thus providing one of the most practical approaches to the
synthesis of metal hydrides (for example, through a b-hydro-
gen elimination pathway).[5c,11] The reverse reaction, that is,
the insertion of a ketone into a M�H bond, has been de-
scribed for ketones containing electron-withdrawing groups
and strongly hydridic hydrides.[12]


Recently, we reported that the terdentate CNN compound
[RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (1; HCNN=6-(4-methylphenyl)-2-pyri-
dylmethylamine, dppb=bis(diphenylphosphino)butane)
with a NH2 function promotes the transfer hydrogenation of
ketones and aldehydes in basic 2-propanol at reflux in a re-


markably high rate (TOF[13] values
were up to 2.5?106 h�1.[14]


Kinetic and NMR studies of 1 in
basic 2-propanol suggest that hydride
[Ru(H) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2) and Ru–
alkoxides are key species in the cata-
lytic cycle and that the solvent may
actively take part in the reaction.[14b,c]


The isolation of the alkoxide–amine
species [RuACHTUNGTRENNUNG(OCHPh2) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)]
(3) from 2 and Ph2CO, instead of the amide, indicates that
the coordinated primary amine displays a relatively weak
acidity.[14a]


We present herein experimental evidence that the solvent
and NH2 function play an active role in enhancing the rate
of the transfer hydrogenation reaction in terdentate CNN
ruthenium complexes. Thus, the alcohol adduct Ru–alkoxide
[Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)]·n iPrOH, which forms from 1 and
NaOiPr in 2-propanol, rapidly equilibrates with hydride 2
and acetone through an alkoxide–alcohol hydrogen-bonding
network favored by the Ru�NH2 linkage. When a chiral
ruthenium complex is used, the catalytic asymmetric transfer
hydrogenation reaction has been proven to occur via diaste-
reomeric Ru–alkoxide intermediates.


Results and Discussion


NMR spectroscopic studies on the Ru–OiPr/Ru–H system :
The reaction of 1 with NaOiPr in a 2-propanol/C6D6 mixture
leads to substitution of the chloride ligand with isopropox-
ide. This reaction affords alcohol adduct alkoxide 4·niPrOH
(5), which is in equilibrium with hydride 2, as inferred from
NMR spectroscopic analysis (Scheme 1).


Scheme 1. Formation of ruthenium isopropoxides 4 and 5 and hydride 2.
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Alternatively, 5 is formed by the treatment of a suspen-
sion of 2 in 2-propanol/C6D6 with acetone (Scheme 1).
When 2 is allowed to react with acetone in [D6]benzene and
in the absence of 2-propanol, the 31P NMR spectrum of the
solution reveals the formation
of the simple isopropoxide 4.
Two doublets at d=55.5 (P
atom trans to the OiPr group)
and 37.8 ppm (2JACHTUNGTRENNUNG(P,P)=


34.0 Hz), which are values
close to those of the analogous
alkoxide 3 (d=57.0 and
37.3 ppm with 2JACHTUNGTRENNUNG(P,P)=


34.2 Hz), are displayed
(Scheme 1).[14b] In the 1H NMR
spectrum, 4 shows a broad downfield signal for one NH2


proton (d=4.32 ppm), whereas the resonance of the OCH
group is at d=3.69 ppm. Extensive NMR spectroscopic
measurements in solution reveal a complex behavior for the
alkoxides 4/5, which involve: 1) hydrogen bonding with 2-
propanol and 2) the reversible formation of the ruthenium
hydride [Ru(H) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2). Thus, the addition of 2-
propanol to a solution of 4 in C6D6 leads to the alcohol
adduct 5 (Scheme 1), possibly involving a six-membered
RuO···HO(R)···HN cycle, as observed for the related com-
plexes trans-[Ru(H) ACHTUNGTRENNUNG(OPh)(H2NCMe2CMe2NH2) ACHTUNGTRENNUNG(PPh3)2]· ACHTUNGTRENNUNGPh-
ACHTUNGTRENNUNGOH and [Ru{OC ACHTUNGTRENNUNG(CF3)2 ACHTUNGTRENNUNGCH2NH2}2 ACHTUNGTRENNUNG(CO)2]· ACHTUNGTRENNUNG2CH3OH in the
solid state.[15]


With ten equivalents of iPrOH, the 31P NMR spectrum of
5 displays two doublets at d=54.3 and 43.5 ppm (2JACHTUNGTRENNUNG(P,P)=


34.0 Hz), the latter signal gradually shifts up to d=46 ppm
by further addition of 2-propanol. The same behavior is ob-
served when different alcohols of similar acidity, such as eth-
anol or 1-phenylethanol, are added to 4 or 5, thus suggesting
that 5 is stabilized by a hydrogen-bonding network in which
a fast alcohol exchange occurs. A 1H–1H COSY experiment
carried out on 5 in C6D6 with 2-propanol (30 equiv) enables
the identification of two signals for the amine NH2 group at
d=3.52 and 1.75 ppm coupled with the protons of the NCH2


group (d=3.87 and 3.30 ppm), whereas no signals for an
NH amide species could be observed. In addition to the sig-
nals for 2-propanol, no resonances for the isopropoxide
ligand were observed, thus indicating that the ligand OiPr,
the hydrogen-bonded iPrOH, and free iPrOH quickly ex-
change on the NMR timescale in 5. The 1H NMR spectro-
scopic data of the isolated amine–alkoxide [Ru ACHTUNGTRENNUNG(OCHPh2)-
ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (3) suggest an intramolecular O···HN hydro-
gen bond between the NH2 moiety and OR ligand,[14a] in
agreement with theoretical calculations on related rutheni-
um complexes.[2a,16] The addition of Ph2CHOH to 3 affords
the alcohol adduct 3·nPh2CHOH, in which the ligand
OCHPh2 and Ph2CHOH are in fast exchange (70 ms).[14b]


Although ruthenium complexes containing a coordinated al-
cohol group have been reported,[17] species 5 is better re-
garded as an alcohol adduct Ru–alkoxide
[Ru(OR)Lm]·nROH and not as the ion-pair alcohol complex
[Ru ACHTUNGTRENNUNG(ROH)Lm]


+[(OR) ACHTUNGTRENNUNG(ROH)n�1]
� .[17a,b] As a matter of fact,


the cationic alcohol complex [Ru ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb) ACHTUNGTRENNUNG(iPrOH)]-
ACHTUNGTRENNUNG(BArf4) (6 ; Arf=3,5-C6H3ACHTUNGTRENNUNG(CF3)2), can be readily prepared
from 1 and Na ACHTUNGTRENNUNG(BArf4) in dichloromethane followed by treat-
ment with 2-propanol [Eq. (1)].


Complex 6 shows a weakly coordinated 2-propanol mole-
cule, as inferred from 1H and 31P NMR spectroscopic analy-
sis (C6D6), which promptly reacts with one equivalent of
NaOiPr in iPrOH to afford 5 by substitution (or deprotona-
tion) of the iPrOH ligand.


Interestingly, alkoxides 4 and 5 rapidly equilibrate at
room temperature with hydride 2 with elimination of ace-
tone (Scheme 1). The 31P NMR spectroscopic measurements
in 2-propanol/C6D6 (1:1, v/v) show that 5 is relatively stable
relative to 2/acetone and the equilibrium of 5 versus 2/ace-
tone shifts to the hydride (K?103 =3.2, 5.6, and 9.5m at 50,
60, and 70 8C, respectively) upon heating.[18] The 31P–31P
NOESY experiments carried out on mixtures containing alk-
oxides 4, 5, and hydride 2 (d=65.7 and 34.6 ppm; P atom
trans to the hydride; 2J ACHTUNGTRENNUNG(P,P)=17.2 Hz) in 2-propanol/C6D6


allowed us to determine the rates of the exchange processes
involving the three species. The apparent global constant for
the exchange between the two alkoxides 4 and 5 is (1.8�
0.2) s�1 at 25 8C. Importantly, the rate of exchange between
alcohol adduct 5 and hydride 2 is (5.4�0.2) s�1, which is
higher relative to the rate measured for the conversion of 4
into 2 ((2.9�0.4) s�1). This rate should be only partially af-
fected by spin diffusion, because a nearly identical value is
determined at a low alcohol concentration ((2.8�0.1) s�1).


It should be pointed out that in the catalytic process,
which occurs with 2-propanol as the solvent, the concentra-
tion of 4 is negligible, whereas 5 is the key species involved
in both the alkoxide–alcohol exchange and the C�H bond-
cleavage reactions. These data clearly indicate that the alco-
hol moiety plays an active role in accelerating the b-hydro-
gen elimination versus the ketone insertion reaction, which
can be ascribed to the hydrogen-bonding network involving
the Ru–alkoxide and Ru�NH2 function. An increase in the
b-hydrogen elimination rate upon the addition of alcohol
was observed by Blum and Milstein for Ir–alkoxides,[11e] and
a mechanism involving a hydrogen-bonding network was
proposed.[19] Fast insertion of carbonyl compounds into W�
H and Re�H bonds mediated by proton sources was report-
ed by Jacobsen and Berke.[20] In addition, a remarkable in-
fluence of the ratio of 2-propanol/benzene on the rate of the
transfer hydrogenation of imines induced by the Shvo cata-
lyst has been described by Samec and BQckvall.[21]
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A comparison of the behavior of 1 with the analogous
complex containing an NMe2 function instead of an NH2


function shows that the latter is poorly active in transfer hy-
drogenation. The reaction with NaOiPr in iPrOH gives a
species that is analogous to 4 (but not 5) and unstable with
respect to b-hydrogen elimination, thus slowly affording the
corresponding Ru–hydride (timescale=hours).[14b] These re-
sults clearly indicate that the amine NH2 group in combina-
tion with 2-propanol plays both a thermodynamic and a ki-
netic role in 1) stabilizing alcohol adduct 5 versus hydride 2
and 2) increasing the rate of b-hydrogen elimination versus
the ketone insertion reaction. According to the concerted
solvent-mediated mechanism for transfer hydrogenation
within a Ru�NH2 system,[4] it is likely that the cleavage of
the C�H bond occurs through decoordination and reorienta-
tion of the OiPr ligand within the hydrogen-bonding net-
work in the case of 2-propanol, namely, via the species 5’ by
a mixed inner-/outer-sphere mechanism (Scheme 1). The
concomitant presence in 5 of a phosphane trans[22] to the
OR ligand and Ru(OR)···HOR hydrogen bonding may lead
to a weak and highly polarized Ru�OR bond. The crucial
role of the amine NH2 function may be ascribed to its abili-
ty to promote extensive hydrogen bonding with the solvent,
thus lowering the energy barriers in a manner similar to the
cooperative effect of enzymes.[23] The insertion of acetone
into the Ru�H bond should occur through the reverse path-
way and entails hydrogen bonding between 2-propanol and
the ketone.[24]


Isolation of Ru–alkoxide complexes : The fast alkoxide–hy-
dride equilibrium reported herein suggests that isopropoxide
5 should promptly react with carbonyl compounds through
the elimination of acetone, a reaction that has been sparing-
ly described.[25] Thus, fluoro-substituted alkoxide 7 can be
readily prepared by the treatment of 5 with 4,4’-difluoroben-
zophenone in a mixture of 2-propanol/toluene at room tem-
perature (90% yield;
Scheme 2).


Alternatively, 7 has also
been isolated starting from hy-
dride 2 and a ketone (90%
yield). A further route to
obtain 7 entails the protona-
tion of 5 with the alcohol 4,4’-
difluorobenzhydrol in 2-propa-
nol/toluene (85% yield;
Scheme 2). It is worth noting that the presence of electron-
withdrawing groups in the alkoxide ligand stabilizes 7 with
respect to b-hydrogen elimination. The 19F NMR spectrum
of 7 in C6D6 shows two singlets (d=�119.5 and
�120.0 ppm) for two nonequivalent C6H4F groups, which
disappear through the addition of alcohols, thus leading to a
broad signal close to that of free 4,4’-difluorobenzhydrol
(d=�116.2 ppm) and indicating a rapid alkoxide–alcohol
exchange on the NMR timescale similar to alcohol adduct 5.
Complex 7 reacts with benzophenone at room temperature
in C6D6, thus leading to an equilibrium reaction in which 3


is formed by the elimination of 4,4’-difluorobenzophenone
(timescale=hours). The addition of alcohols (4,4’-difluoro-
benzhydrol or tBuOH) results in faster equilibration
through the formation of alcohol adducts, thus indicating
that the presence of protic compounds increases the rate of
the reaction.


Apparently, the asymmetric transfer hydrogenation of ke-
tones catalyzed by chiral terdentate CNN ruthenium com-
plexes [RuCl ACHTUNGTRENNUNG(CNN)(PP)] (PP=diphosphane) involves the
formation of diastereomeric Ru–alkoxide species. It is worth
noting that Daley and Bergens[12a] reported the characteriza-
tion of diastereomeric Ru–alkoxide species that are inter-
mediates in the enantioselective hydrogenation of ketones.
In contrast, no examples of Ru�OR species in an asymmet-
ric transfer hydrogenation reaction have been described.
Following the procedure for the synthesis of 1,[14a] the chiral
CNN ruthenium complex [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (8)
was obtained in 75% yield by reaction of [RuCl2 ACHTUNGTRENNUNG(PPh3)3]
with (S,S)-Skewphos at 110 8C in toluene (2 h) and the sub-
sequent orthometalation of 6-(4-methylphenyl)-2-pyridylme-
thylamine with NEt3 in 2-propanol at reflux (2 h) [Eq. (2)].


Compound 8 (0.05 mol%) is a highly active catalyst for the
asymmetric transfer hydrogenation of different ketones in 2-
propanol with NaOiPr (2 mol%). The substrate CH3CO ACHTUNGTRENNUNG(2-
C6H4Cl) was quantitatively reduced at 82 8C in 4 min to the
S alcohol with 76% ee and a remarkable high TOF of 1.4?
106 h�1. The substrates CH3COPh, CH3CO ACHTUNGTRENNUNG(2-C6H4Cl), and
CH3CO ACHTUNGTRENNUNG(3-C6H4Cl) were reduced at 60 8C into the corre-
sponding S alcohols with 78, 80, and 89% ee, respectively, in
less than 30 min (98–99% conversion) with TOFs of 1.3–
1.4?105 h�1. The fluoro derivative CF3CO ACHTUNGTRENNUNG(4-C6H4F) quanti-
tatively led to the R alcohol with 64% ee in 30 min at 60 8C


Scheme 2. Syntheses of the alkoxide 7 by reaction of 5 with a ketone or
alcohol.
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(0.5 mol% of 8 and TOF=1.5?104 h�1). Interestingly, we
succeeded in the isolation of the corresponding diastereo-
meric Ru–alkoxide intermediates starting from 8 and
CF3CO ACHTUNGTRENNUNG(4-C6H4F), which contained the strong electron-with-
drawing CF3 group. Treatment of 8 with NaOiPr in C6D6 or
toluene in the presence of 2-propanol readily afforded the
alcohol adduct Ru–alkoxide [Ru ACHTUNGTRENNUNG(OiPr)ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skew-
phos}]·niPrOH (9), whose 31P{1H} NMR spectrum shows
two doublets at d=65.6 and 50.4 ppm (2J ACHTUNGTRENNUNG(P,P)=43.3 Hz) in
C6D6 (Scheme 3).[26]


A rapid exchange between OiPr and iPrOH occurs in 9,
as inferred from 1H and 13C NMR spectroscopic analysis, ac-
cording to the behavior of 5. The reaction of chiral isoprop-
oxide 9 with one equivalent of CF3CO ACHTUNGTRENNUNG(4-C6H4F) in 2-propa-
nol/toluene rapidly leads to the complete reduction of the
ketone, as inferred from 19F NMR spectroscopic analysis.
The elimination of 2-propanol affords the isolation of a mix-
ture of the diastereomeric alkoxides [RuACHTUNGTRENNUNG{OCH ACHTUNGTRENNUNG(CF3) ACHTUNGTRENNUNG(4-
C6H4F)} ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (10/11; 74% yield) in a 5:1
molar ratio (67% de), as inferred from NMR spectroscopic
analysis. The 19F NMR spectrum shows two singlets at d=


�76.3 and �77.0 ppm for the CF3 group of 10 and 11, re-
spectively, whereas the 31P NMR doublets at d=66.7 and
45.0 ppm (2J ACHTUNGTRENNUNG(P,P)=44.7 Hz) are for 10 and those at d=67.0
and 44.7 ppm (2JACHTUNGTRENNUNG(P,P)=44.6 Hz) are for 11. The 1H NMR
spectrum of 10/11 shows a quartet of doublets at d=


4.17 ppm (3J ACHTUNGTRENNUNG(H,F)=7.4, 4JACHTUNGTRENNUNG(H,P)=3.2 Hz) for the OCH
moiety of the major complex 10, whereas the 13C{1H} NMR
signal for OCH is at d=77.4 ppm (2JACHTUNGTRENNUNG(C,F)=27.6 Hz), which
is shifted downfield relative to the free alcohol (d=


72.2 ppm). The protonation of 10/11 with acetic acid affords
the alcohol (R)-CF3CH(OH) ACHTUNGTRENNUNG(4-C6H4F) with 66% ee, which
is much the same as the de value of 10/11 and is close to the
ee value (64%) of the R alcohol obtained in the catalytic
transfer hydrogenation reaction with 8. Therefore, these re-
sults indicate that diastereomeric ruthenium–alkoxides are
key species in the fast catalytic asymmetric transfer hydro-
genation of ketones promoted by Ru�NH2 systems.


Conclusion


In conclusion, we have reported herein experimental evi-
dence that in terdentate CNN ruthenium complexes the cru-


cial role of the Ru�NH2 function in enhancing the rate of
the catalytic transfer hydrogenation of ketones is ascribed to
its ability to form a hydrogen-bonding network with 2-prop-
anol and alkoxides, thus leading to the alcohol adducts [Ru-
ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN)(PP)]·niPrOH. These labile species equilibrate
quickly with the hydrides [Ru(H) ACHTUNGTRENNUNG(CNN)(PP)] and react
with ketones to afford ruthenium–alkoxides through a route
in which the solvent takes an active role. When chiral ruthe-
nium complexes are employed, diastereomeric alkoxides are
formed, and these species have been proven to be key inter-
mediates in the catalytic enantioselective reduction of ke-
tones.


Experimental Section


General : All the reactions were carried out under argon using standard
Schlenk techniques. The solvents were carefully dried by standard meth-
ods and distilled under argon before use. Compounds 1,[14a] 2,[14a] [RuCl2-
ACHTUNGTRENNUNG(PPh3)3],


[27] and Na ACHTUNGTRENNUNG(BArf4)
[28] were prepared according to reported proce-


dures, whereas all the other chemicals were purchased from Aldrich and
Strem and used without further purification. The NMR spectroscopic
measurements were recorded on Bruker AC 200 and Bruker AVANCE
400 spectrometers. The chemical shifts are given in ppm and are relative
to trimethylsilane (TMS) for 1H and 13C{1H}, to CFCl3 for 19F{1H}, and to
85% H3PO4 for 31P{1H}. Elemental analyses (CHN) were carried out
with a Carlo Erba 1106 elemental analyzer. The GC analyses were per-
formed with a Varian GP-3380 gas chromatograph equipped with a Meg-
adex-ETTBDMS-b chiral column.


NMR spectroscopic evidence of the formation of [Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG(dppb)] (4): Acetone (1.4 mL, 0.019 mmol) was added to a suspension of
[Ru(H) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2 ; 15 mg, 0.021 mmol) in C6D6 giving a red solu-
tion. 1H NMR (200.1 MHz, C6D6, 20 8C): d=8.38 (m, 2H; aromatic pro-
tons), 8.07 (t, J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H; aromatic protons), 7.90 (s, 1H; aro-
matic proton), 7.40–6.58 (m, 15H; aromatic protons), 6.50 (t, J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 2H; aromatic protons), 6.06 (m, 4H; aromatic protons), 4.32 (br s,
1H; NH2), 3.69 (hept, J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 1H; OCH), 3.44 (d, J ACHTUNGTRENNUNG(H,H)=


15.1 Hz, 1H; NCH2), 3.15 (brd, J ACHTUNGTRENNUNG(H,H)=15.1 Hz, 1H; NCH2), 2.91 (m,
2H; PCH2), 2.34 (s, 3H; CH3), 2.29–1.60 (m, 5H; CH2, NH2), 1.31 (m,
2H; CH2), 0.99 ppm (d, J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 6H; OCHMe2);


31P{1H} NMR
(81.0 MHz, C6D6, 20 8C): d=55.5 (d, 2J ACHTUNGTRENNUNG(P,P)=34.0 Hz), 37.8 ppm (d, 2J-
ACHTUNGTRENNUNG(P,P)=34.0 Hz).


NMR spectroscopic evidence of the formation of [Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG(dppb)]·niPrOH (5): Method a : A 0.1m solution of NaOiPr (1.9 mL,
0.19 mmol) in 2-propanol was added to a suspension of [RuCl ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG(dppb)] (1; 97 mg, 0.128 mmol) in toluene (1.9 mL). The reaction mixture
was stirred at 50 8C for 1 h giving a dark red solution. 31P{1H} NMR
(81.0 MHz, 2-propanol/toluene/C6D6=5:5:1 v/v, 20 8C): d=54.3, (d, 2J-
ACHTUNGTRENNUNG(P,P)=34.0 Hz), 45.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=34.0 Hz).


Scheme 3. Formation of isopropoxide 9 and diastereomeric alkoxides 10/11.
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Method b : A suspension of [Ru(H) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2 ; 30 mg, 0.041 mmol)
in C6D6 (0.4 mL) was treated with 2-propanol (0.1 mL, 1.31 mmol) and
acetone (3.0 mL, 0.041 mmol) promptly leading to 5. 1H NMR
(400.1 MHz, C6D6, 20 8C): d =8.37–6.05 (m, 26H; aromatic protons), 4.45
(s, 1H; OH of 2-propanol), 3.90 (hept, J ACHTUNGTRENNUNG(H,H)=6.4 Hz; CH of 2-propa-
nol), 3.87 (d, J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; NCH2), 3.52 (brm, 1H; NH2), 3.30
(pseudo t, J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; NCH2), 2.95 (t, J ACHTUNGTRENNUNG(H,H)=16.5 Hz, 1H;
PCH2), 2.74 (m, 1H; PCH2), 2.25 (s, 3H; CH3), 2.18 (m, 1H; PCH2), 2.02
(t, J ACHTUNGTRENNUNG(H,H)=16.5 Hz, 1H; PCH2), 1.75 (brm, 1H; NH2), 1.70–1.52 (m,
4H; CH2), 1.10 ppm (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz; CH3 of 2-propanol);
13C{1H} NMR (100.6 MHz, C6D6, 20 8C): d =164.0–114.5 (m; aromatic car-
bons), 63.8 (s; OCH of 2-propanol), 52.8 (s; CH2N), 32.1 (d; PCH2), 30.3
(d; PCH2), 26.8 (s; CH2CH2), 25.7 (s; CH3 of 2-propanol), 22.3 (s;
CH2CH2), 21.9 ppm (s; CH3);


31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=


54.2 (d, 2J ACHTUNGTRENNUNG(P,P)=34.0 Hz), 44.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=34.0 Hz).


[Ru ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)ACHTUNGTRENNUNG(iPrOH)] ACHTUNGTRENNUNG(BArf4) (6): Na ACHTUNGTRENNUNG[BArf4] (241 mg, 0.272 mmol)
was added to [RuCl ACHTUNGTRENNUNG(dppb) ACHTUNGTRENNUNG(CNN)] (1; 207 mg, 0.272 mmol) in dichloro-
methane (5 mL). The reaction mixture was stirred for 2 h at room tem-
perature, filtered to remove NaCl, and the solvent was evaporated. The
oily product was suspended in heptane (10 mL), filtered, and dried under
reduced pressure. The resulting green product was dissolved in 2-propa-
nol (3 mL) and the solvent was evaporated to obtain a green–yellow
solid, which was dried under reduced pressure (334 mg, 75% yield).
1H NMR (200.1 MHz, C6D6, 20 8C): d =8.37 (m, 8H; aromatic protons),
7.63 (m, 4H; aromatic protons), 7.30–6.00 (m, 25H; aromatic protons),
5.90 (d, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; aromatic proton), 3.46 (m, 1H; OCH), 3.09
(t, J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H; CH2NH2), 2.64 (m, 2H; CH2NH2), 2.24 (s, 3H;
CH3), 1.89 (m, 3H; CH2 and NH2), 1.60–1.01 (m, 6H; CH2), 0.79 (d, J-
ACHTUNGTRENNUNG(H,H)=6.1 Hz, 6H; CH3), 0.65 ppm (d, J ACHTUNGTRENNUNG(H,H)=4.6 Hz, 1H; OH);
13C{1H} NMR (50.3 MHz, C6D6, 20 8C): d=163.7 (s; NCC), 162.7 (q, J-
ACHTUNGTRENNUNG(C,B)=49.4 Hz; CB), 157.2 (s; NCCH2), 149.6–116.6 (m; aromatic car-
bons), 125.2 (q, J ACHTUNGTRENNUNG(C,F)=272.2 Hz; CF3), 64.9 (s; OCH), 51.8 (s; CH2N),
31.0 (d, J ACHTUNGTRENNUNG(C,P)=31.1 Hz; PCH2), 30.4 (d, J ACHTUNGTRENNUNG(C,P)=21.7 Hz; PCH2), 27.3
(s; CH2), 25.0 (s; CHCH3), 23.3 (s; CH2), 21.7 ppm (s; CH3);
31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d =54.5 (br s), 44.5 ppm (br s);
31P{1H} NMR (81.0 MHz, 2-propanol with C6D6 (10% in volume), 20 8C):
d=58.3 (br s), 42.3 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=31.5 Hz); elemental analysis (%) for
C76H61BF24N2OP2Ru: C 55.39, H 3.73, N 1.70; found: C 54.93, H 3.53, N
1.64.


Synthesis of [Ru ACHTUNGTRENNUNG{OCH ACHTUNGTRENNUNG(4-C6H4F)2} ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (7): Method a : A 0.1m


solution of NaOiPr (3.8 mL, 0.38 mmol) in 2-propanol was added to a
suspension of [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (1; 193 mg, 0.254 mmol) in toluene
(3.8 mL). The reaction mixture was stirred at 60 8C for 1 h. The resulting
dark-red solution was kept at room temperature for 2 h and at �20 8C for
4 h, thus affording the precipitation of NaCl, and then filtered over
Celite. 4,4’-Difluorobenzophenone (67 mg, 0.307 mmol) was added to the
reaction mixture, which was then stirred at room temperature for 30 min.
Toluene (5 mL) was added after evaporation of the reaction mixture, and
the resulting solution was kept at �20 8C for 2 h and filtered over Celite.
The filtrate was concentrated (1 mL), and the addition of pentane
(10 mL) afforded the precipitation of a red–orange product, which was
filtered and dried under reduced pressure (216 mg, 90% yield). 1H NMR
(200.1 MHz, C6D6, 20 8C): d =8.12–6.37 (m, 31H; aromatic protons), 5.95
(t, J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; aromatic protons), 5.52 (d, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H;
aromatic proton), 5.05 (br s, 1H; NH2), 4.77 (d, J ACHTUNGTRENNUNG(H,P)=3.1 Hz, 1H;
OCH), 3.12–2.77 (m, 5H), 2.27 (s, 3H; CH3), 2.06–0.90 ppm (m, 6H);
13C{1H} NMR (50.3 MHz, C6D6, 20 8C): d=187.4 (dd, J ACHTUNGTRENNUNG(C,P)=14.6,
7.3 Hz; CRu), 163.8 (s; NCC), 161.3 (d, J ACHTUNGTRENNUNG(C,F)=240.8 Hz; CF), 160.9 (d,
J ACHTUNGTRENNUNG(C,F)=240.5 Hz; CF), 157.2 (s; NCCH2), 151.3–114.1 (m; aromatic car-
bons), 78.7 (s; OCH), 51.9 (d, J ACHTUNGTRENNUNG(C,P)=2.7 Hz; CH2N), 31.6 (d, J ACHTUNGTRENNUNG(C,P)=


28.7 Hz; CH2P), 31.1 (d, J ACHTUNGTRENNUNG(C,P)=25.6 Hz; CH2P), 26.8 (s; CH2CH2), 22.5
(s; CH2CH2), 21.9 ppm (s, CH3);


31P{1H} NMR (81.0 MHz, C6D6, 20 8C):
d=57.1 (d, 2J ACHTUNGTRENNUNG(P,P)=34.3 Hz), 38.1 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=34.3 Hz);
19F{1H} NMR (188.3 MHz, C6D6, 20 8C): d=�119.5, �120.0 ppm; elemen-
tal analysis (%) calcd for C54H50F2N2OP2Ru: C 68.71, H 5.34, N 2.97;
found: C 68.93, H 5.41, N 2.88.


Method b : 4,4’-Difluorobenzofenone (43 mg, 0.197 mmol) was added to a
suspension of [Ru(H) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (2 ; 135 mg, 0.186 mmol) in toluene


(2 mL). The reaction mixture was stirred for 15 min, and the red solution
was concentrated. The addition of pentane afforded a red precipitate,
which was filtered and dried under reduced pressure (158 mg, 90%
yield).


Method c : Complex 7 was prepared following the procedure described in
method a with 4,4’-difluorobenzhydrol (68 mg, 0.307 mmol) in place of
4,4’-difluorobenzophenone (203 mg, 85% yield).


Synthesis of [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (8): [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (382 mg,
0.398 mmol) was suspended in toluene (5 mL) and (2S,4S)-bis(diphenyl-
phosphyno)pentane ((S,S)-Skewphos; 195 mg, 0.443 mmol) was added.
The reaction mixture was stirred at 110 8C for 2 h, thus giving a green so-
lution. The solvent was removed and the residue was dissolved in 2-prop-
anol (5 mL). 6-(4-Methylphenyl)-2-pyridylmethylamine (87 mg,
0.439 mmol) and triethylamine (0.62 mL, 4.45 mmol) were added to the
reaction mixture, which was heated to reflux for 2 h. The solvent was
evaporated, and the product was extracted with diethyl ether (3?20 mL).
The resulting solution was concentrated to 10 mL and the addition of
heptane afforded a yellow precipitate, which was filtered and dried under
reduced pressure (231 mg, 75% yield). 1H NMR (200.1 MHz, C6D6,
20 8C): d=8.26 (s, 1H; aromatic proton), 8.08 (m, 2H; aromatic protons),
7.50–6.76 (m, 18H; aromatic protons), 6.56 (m, 2H; aromatic protons),
6.25 (m, 2H; aromatic protons), 6.00 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H; aromatic
proton), 3.92 (m, 1H; NH2), 3.11 (m, 2H; CH2N, PCH), 2.77 (m, 2H;
CH2N, PCH), 2.46 (s, 3H; CH3), 2.19 (m, 1H; CHCH2), 1.31 (dd, J ACHTUNGTRENNUNG(H,H),
J ACHTUNGTRENNUNG(H,P)=12.0, 7.4 Hz, 3H; CH3), 1.20 (m, 1H; CHCH2), 1.03 (m, 1H;
NH2), 0.53 ppm (dd, J ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=11.2, 6.9 Hz, 3H; CH3);
13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C): d=182.0 (dd, J ACHTUNGTRENNUNG(C,P)=14.1,
8.0 Hz; CRu), 163.8 (s; NCC), 157.1 (s; NCCH2), 147.4–115.8 (m; aro-
matic carbons), 51.1 (d, J ACHTUNGTRENNUNG(C,P)=2.1 Hz; CH2N), 37.9 (t, J ACHTUNGTRENNUNG(C,P)=6.0 Hz;
CHCH2), 32.8 (d, J ACHTUNGTRENNUNG(C,P)=23.5 Hz; PCH), 21.6 (s; CH3), 19.9 (dd, J-
ACHTUNGTRENNUNG(C,P)=31.2, 5.7 Hz; PCH), 19.6 (d, J ACHTUNGTRENNUNG(C,P)=6.6 Hz; CH3), 17.8 ppm (d, J-
ACHTUNGTRENNUNG(C,P)=2.5 Hz; CH3);


31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=66.6 (d,
2J ACHTUNGTRENNUNG(P,P)=45.6 Hz), 47.8 (d, 2J ACHTUNGTRENNUNG(P,P)=45.6 Hz); elemental analysis (%)
calcd for C42H43ClN2P2Ru: C 65.15, H 5.60, N 3.62; found: C 65.12, H
5.73, N 3.45.


NMR spectroscopic evidence of the formation of [Ru ACHTUNGTRENNUNG(OiPr) ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG{(S,S)-Skewphos}]·niPrOH (9): 2-Propanol (15 mL, 0.20 mmol) was added
to a suspension of [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (8 ; 15 mg, 0.019 mmol)
and NaOiPr (1.8 mg, 0.022 mmol) in C6D6 (0.45 mL) giving a dark-red so-
lution. 1H NMR (200.1 MHz, C6D6, 20 8C): d=8.40 (m, 1H; aromatic
proton), 8.26 (s, 1H; aromatic proton), 8.07 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; aro-
matic proton), 8.00–6.70 (m, 17H; aromatic protons), 6.58 (t, J ACHTUNGTRENNUNG(H,H)=


6.7 Hz, 2H; aromatic protons), 6.25 (t, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; aromatic
protons), 6.16 (d, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H; aromatic protons), 3.73 (hept, J-
ACHTUNGTRENNUNG(H,H)=6.3 Hz; CH of 2-propanol), 3.15–2.60 (m, 4H; CH2N, PCH), 2.43
(s, 3H; CH3), 2.40–1.45 (m; CH2 and OH of 2-propanol), 1.28 (dd, J-
ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=12.3, 4.5 Hz, 3H; CH3), 1.10 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz; CH3 of
2-propanol), 0.57 ppm (dd, J ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=10.5, 7.0 Hz, 3H; CH3);
13C{1H} NMR (50.3 MHz, CD2Cl2, 20 8C): d=184.9 (m; CRu), 163.5 (s;
NCC), 158.0 (s; NCCH2), 147.9–115.6 (m; aromatic carbons), 63.6 (s; CH
of 2-propanol), 51.3 (d, J ACHTUNGTRENNUNG(C,P)=1.8 Hz; CH2N), 38.0 (t, J ACHTUNGTRENNUNG(C,P)=6.4 Hz;
CHCH2), 32.5 (d, J ACHTUNGTRENNUNG(C,P)=23.2 Hz; PCH), 25.1 (s; CH3 of 2-propanol),
21.9 (s; CH3), 20.3 (dd, J ACHTUNGTRENNUNG(C,P)=29.0, 4.8 Hz; PCH), 19.7 (d, J ACHTUNGTRENNUNG(C,P)=


6.4 Hz; CH3), 17.8 ppm (d, J ACHTUNGTRENNUNG(C,P)=2.5 Hz; CH3);
31P{1H} NMR


(81.0 MHz, C6D6, 20 8C): d=65.6 (d, 2J ACHTUNGTRENNUNG(P,P)=43.3 Hz), 50.4 ppm (d, 2J-
ACHTUNGTRENNUNG(P,P)=43.3 Hz).


Synthesis of [Ru ACHTUNGTRENNUNG{OCH ACHTUNGTRENNUNG(CF3) ACHTUNGTRENNUNG(4-C6H4F)} ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (10/11):
A 0.1m solution of NaOiPr (2.9 mL, 0.290 mmol) in 2-propanol was
added to a suspension of [RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG{(S,S)-Skewphos}] (8 ; 150.0 mg,
0.194 mmol) in toluene (2.9 mL). The reaction mixture was stirred for 1 h
at room temperature and the resulting dark red solution was kept at
�20 8C overnight to afford the precipitation of NaCl. After filtration over
Celite, CF3CO ACHTUNGTRENNUNG(4-C6H4F) (33 mL, 0.235 mmol) was added and the solution
was stirred for 1 h. The mixture of toluene/2-propanol was evaporated
and then toluene (2?5 mL) was added and removed under low pressure
to eliminate 2-propanol. The resulting product was dissolved in toluene
(5 mL), the solution was kept at �20 8C for 2 h and filtered over Celite.
After concentration (about 0.5 mL), the addition of pentane afforded a
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red precipitate, which was filtered and dried under reduced pressure
(133 mg, 74% yield). 1H NMR (200.1 MHz, C6D6, 20 8C): d=8.35–5.95
(m, 29H; aromatic protons), 5.64 (d, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H; aromatic
proton), 4.17 (qd, J ACHTUNGTRENNUNG(H,F), J ACHTUNGTRENNUNG(H,P)=7.4, 3.2 Hz, 1H; CHO, major com-
plex), 4.10 (m, 1H; NH2), 3.89 (m; CHO, minor complex), 3.03 (m, 1H;
CH2NH2), 2.63 (m, 3H; CHCH3+CH2NH2), 2.45 (s, 3H; CH3, major
complex), 2.41 (s; CH3, minor complex), 2.06 (m, 1H; CH2), 1.31 (dd, J-
ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=12.3, 7.5 Hz, 3H; CHCH3, major complex), 1.20 (m, 1H;
CH2), 1.09 (dd, J ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=12.3, 7.3 Hz; CHCH3, minor complex),
0.84 (m, 1H; NH2), 0.48 ppm (dd, J ACHTUNGTRENNUNG(H,H), J ACHTUNGTRENNUNG(H,P)=10.8, 7.0 Hz, 3H;
CHCH3);


13C{1H} NMR (50.3 MHz, C6D6, 20 8C): d=185.0 (dd; J ACHTUNGTRENNUNG(C,P)=


13.7, 8.0 Hz; CRu), 164.2 (s; NCC), 162.0 (d, J ACHTUNGTRENNUNG(C,F)=242 Hz; CF), 158.0
(s; NCCH2), 148.6–113.6 (m; aromatic carbons and CF3), 77.4 (q, J-
ACHTUNGTRENNUNG(C,F)=27.6 Hz; CHCF3), 51.2 (d, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; CH2N, minor com-
plex), 50.4 (d, J ACHTUNGTRENNUNG(C,P)=2.4 Hz; CH2N, major complex), 38.0 (m; CHCH2),
32.7 (d, J ACHTUNGTRENNUNG(C,P)=23.8 Hz; PCH), 22.1 (s; CH3, major complex), 21.9 (s;
CH3, minor complex), 20.7 (dd, J ACHTUNGTRENNUNG(C,P)=28.5, 4.1 Hz; PCH), 19.6 (d, J-
ACHTUNGTRENNUNG(C,P)=6.6 Hz; CHCH3), 18.0 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CHCH3, major prod-
uct), 17.7 ppm (d, J ACHTUNGTRENNUNG(C,P)=2.7 Hz; CHCH3, minor product);
31P{1H} NMR (81.0 MHz, C6D6, 20 8C): d=67.0 (d, 2J ACHTUNGTRENNUNG(P,P)=44.6 Hz,
minor complex), 66.7 (d, 2J ACHTUNGTRENNUNG(P,P)=44.7 Hz, major complex), 45.0 (d, 2J-
ACHTUNGTRENNUNG(P,P)=44.7 Hz, major complex), 44.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=44.6 Hz, minor
complex); 19F{1H} NMR (188.3 MHz, C6D2, 20 8C): d=�76.3 (s; CF3,
major complex), �77.0 (s; CF3, minor complex), �117.5 (s; CF, major
complex), �117.7 ppm (s; CF, minor complex); elemental analysis (%)
for C50H48F4N2OP2Ru: C 64.44, H 5.19, N 3.01; found: C 64.68, H 5.40, N
2.98.


NMR spectroscopic exchange experiments involving 2, 4, and 5 : 2D 31P
NOESY[29] spectra were acquired in C6D6 or C6D6/2-propanol mixtures at
81.01 MHz on a Bruker AC 200 spectrometer. The data were collected at
298 K over sweep widths of 4800 Hz in both dimensions, a F2 time
domain of 512 points, and 256 increments in the indirect dimension with
64 scans per increment. Quadrature detection in F1 was obtained by
TPPI.[30] A relaxation delay of D1=0.9 s was chosen for the experiment
with a mixing time of 200 ms, whereas D1=1.1 s for the experiment with
a mixing time of 120 ms. Processing was performed with the standard
Bruker software with zero filling in both dimensions to obtain 1K?1K
matrices. An exponential multiplication apodization function with a 20-
Hz line broadening was applied prior to 2D FT. The chemical shifts were
referenced using the spectrometer reference frequency properly adjusted
for the specific solvent using H3PO4. The exchange values were evaluated
from the cross-peak to autopeak ratios.[31]
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The Synthesis of Di(aminoguanidine) 5-Nitroiminotetrazolate: Some
Diprotic or Monoprotic Acids as Precursors of Energetic Salts


Haixiang Gao,[b] Yangen Huang,[a] Chengfeng Ye,[a] Brendan Twamley,[a] and
Jean6ne M. Shreeve*[a]


Introduction


Nitro compounds have long been the focal point of useful
energetic compounds.[1] The energy of traditional nitro com-
pounds results primarily from the combustion of the carbon
backbone, which consumes the oxygen provided by the nitro
groups. Commercially important examples are 2,4,6-trinitro-
toluene (TNT), 1,3,5-trinitro-1,3,5-triazine (RDX), and ni-
troglycerine (NG), in which nitro groups are bonded to
carbon, nitrogen, or oxygen atoms to form nitro, nitroamino,
and nitrate ester compounds, respectively. The presence of
nitro groups tends to decrease the heat of formation but
contributes markedly to the overall energetic performance.
The search for new and improved energetic materials, suita-
ble for use as explosives, propellants, or pyrotechnics, is a
continuing challenge. The synthesis of energetic salts as a
special class of highly energetic materials has received in-


creased interest over the past decade.[2–4] Energetic materials
that are salt based often possess advantages over nonionic
molecules because these salts tend to exhibit lower vapor
pressures and higher densities than their atomically similar
nonionic analogues. The present search for energetic salts is
mainly directed toward the modification of cations or the
synthesis of organic anions. The further development of en-
ergetic salts requires new anions that exhibit high safety,
performance, density, and stability.[4s] 4,6-Bis(nitroimino)-
1,3,5-triazinan-2-one (DNAM)[5] and 3,5-dinitro-1,2,4-cyclo-
pentanetrione (DDCP)[6] are compounds that contain two
nitro groups and can be used as energetic materials. DNAM
was first synthesized in 1951.[5a] It exhibits good thermal sta-
bility over a wide temperature range[5b] and has relatively
high density (1.95 gcm�3),[5e] low sensitivity to impact and
friction, etc. It has been used as a new ingredient in propel-
lant formulations.[5e,f]


DNAM has two nitroamino functional groups, R2N�NO2,
which are sometimes useful in the design of energetic mate-
rials, such as the nitroamines found in the explosives cyclo-
tetramethylenetetramine, cyclotrimethylene trinitramine,
and 2,4,6-trinitrophenyl-N-methylnitramine (tetryl). Despite
the presence of secondary amine groups, this species has
little basic character due to the electron-withdrawing effect
of the nitro groups. Secondary nitroamines of the structure
R�NH�NO2 are actually weak organic acids and they can
react easily with bases to form salts. DDCP was synthesized
as its potassium or ammonium salt. Studies show that the
ammonium DDCP salt can be used as a promising energetic


Abstract: Syntheses of salts with 4,6-
bis(nitroimino)-1,3,5-triazinan-2-one
(DNAM), 3,5-dinitro-1,2,4-cyclopenta-
netrione (DDCP), 3-nitroiminotriazo-
late, and 5-nitroiminotetrazolate as
anions yielded moderately dense nitro-
containing energetic salts that are ther-
mally stable to >200 8C (measured by
thermogravimetric analysis). Di(amino-


guanidine) 5-nitroiminotetrazolate (8)
crystallizes in the monoclinic space
group P2(1)/c with an essentially
planar 5-nitroiminotetrazolate dianion.


Based on experimental and calculated
densities, and theoretical calculations
carried out by using the Gaussian 03
suite of programs, all of the salts have
calculated detonation pressures and ve-
locities that exceed those of 2,4,6-trini-
trotoluene (TNT) and a few have
values that approach those of triamino-
trinitrobenzene (TATB).


Keywords: ab initio calculations ·
energetic compounds · heats of for-
mation · nitrogen · salt formation
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material and as a gas-generat-
ing composition.[6a] However,
studies on designing energetic
salts based on either DNAM
or DDCP are limited.
In this work, we report the


synthesis and energetic proper-
ties of a series of salts with
DNAM and DDCP dianions.
In addition, we have synthe-
sized energetic salts with 3-ni-
troimino-1,2,4-triazolate and 5-
nitroimino-1,2,3,4-tetrazolate
as anions for comparison of
their properties with the
DNAM and DDCP salts. Gua-
nidine and aminoguanidine are
sufficiently basic to ensure re-
action with these moderately
strong acids. They have a high
nitrogen content, which con-
tributes positively to the heats
of formation and to enhanced
densities through hydrogen
bonding. Additionally, DDCP
was also treated with other
substituted guanidines.


Results and Discussion


The key synthons, DNAM,[5a]


potassium DDCP,[6b] 3-nitro-
ACHTUNGTRENNUNGimino-1,2,4-triazole,[7] and 5-ni-
troimino-1,2,3,4-tetrazole,[8a]


were prepared by literature
methods. Silver DDCP was
prepared by reaction of potas-
sium DDCP with an equal
amount of silver nitrate in
water. The syntheses of ener-
getic salts 1 and 2, and 7 and 8
were accomplished by utilizing DNAM and 5-nitroimino-
1,2,3,4-tetrazole, respectively, as diprotic acids. Additionally,
3-nitroimino-1,2,4-triazole and 5-nitroimino-1,2,3,4-tetrazole
were examined as monoprotic acids with guanidine carbon-
ate (3, 5) or aminoguanidine bicarbonate (4, 6) directly
(Scheme 1).
5-Nitroimino-1,2,3,4-tetrazole exhibits a very high calcu-


lated detonation pressure of 363 kbar and a detonation ve-
locity of 9173 ms�1, both of which are higher than those of
TNT.[8b] Its metal complexes were synthesized and have po-
tential applications as initiators for explosive materials.[8c]


Although the guanidine and aminoguanidine salts with 5-ni-
troimino-1,2,3,4-tetrazolate anions (5 and 6) were synthe-
sized previously,[9] only salts of it with single organic cations
have been synthesized. The starting material, nitroguanyla-


zide, is not stable and the synthesis requires several steps.[9]


This methodology has been markedly improved. The impact
of introducing a fourth nitrogen atom into the triazole ring
and thus forming the tetrazole analogue is seen by compar-
ing salts 3 and 5 or 4 and 6. With a common cation, the den-
sities and heats of formation, and thus the detonation prop-
erties, are more favorable for the tetrazolate salts. While
none of these salts decomposes below 226 8C, the triazolates
are more stable thermally (Table 1).
Interestingly, both hydrogen atoms on the tetrazole ring


are acidic, which allows this species to react as either a mo-
noprotic or diprotic acid. However, to date, it has only been
used as a monoprotic acid in syntheses of energetic salts.[4p]


In this paper, we report the successful preparation of mono-
anionic 5-nitroimino-1,2,3,4-tetrazolate salts in one-step re-


Scheme 1. Formation of the guanidinium and aminoguanidinium salts of DNAM (1, 2), 3-nitroimino-1,2,4-tria-
zole (3, 4), and 5-nitroimino-1,2,3,4-tetrazole (5–8).
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actions, as well as the synthesis of dianionic 5-nitroimino-
1,2,3,4-tetrazolate salts with two organic cations to prepare
salts 7 and 8. The dianionic nitroiminotetrazolate salts are
less dense and have higher heats of formation but concomi-
tantly lower detonation values than their monoanionic coun-
terparts when a common cation is present. Salts 1–8 decom-
pose at temperatures in excess of 200 8C. However, the mon-
oanionic salts are more stable thermally. Salts 1 and 2 with
the DNAM dianion exhibit densities that are considerably
higher than their dianionic nitroiminotetrazolate counter-
parts 7 and 8, respectively. The bis(aminoguanidinium)
DNAM salt, 2, has the most attractive energetic properties
of our new series of compounds. However, as is typical, the
aminoguanidinium cation salts are less thermally stable than
the guanidinium cation analogues.
Salts 9–12 were synthesized by the reaction of various or-


ganic chloride salts with stoichiometric amounts of silver
DDCP in aqueous solution (Scheme 2). The densities of
these salts fall in the 1.61–1.65 gcm�1�3 range, with their cal-
culated detonation properties resembling those of TNT.
Although all of the salts were studied with differential


scanning calorimetry (DSC), only 4 melted (193.3 8C) prior


to decomposition. The decomposition temperatures were
obtained by using thermogravimetric analysis (TGA). All of
the salts decomposed at >200 8C, with 9 having the highest
thermal stability and being stable to 301 8C (Table 2).
The enthalpy of formation is one of the most important


parameters to be considered in the design of energetic salts.
Recently, significant progress has been made in the theoreti-
cal prediction of thermal properties of energetic salts.[10]


Heats of formation can be calculated for the salts with good
accuracy (including the heats of formation of the cation and
anion and the lattice energy of the salts).[10d] The calculated
heats of formation of the DNAM, DDCP, and 3-nitroimino-
1,2,4-triazolate anions and of the 3,4-diamino-triazolium and
moroxydine cations were obtained based on isodesmic reac-
tions (Scheme 3). The values for the other cations and
anions were reported by us earlier.[10d] The DNAM and 5-ni-
troiminotetrazolate anions have positive heats of formation,
as do all of their salts. The lower heat of the formation of
the DDCP anion gives rise to salts that have smaller heats
of formation than those found for the salts with the DNAM,
3-nitroiminotriazolate, or 5-nitroiminotetrazolate anions.
The values calculated for their detonation properties are
concomitantly slightly lower. Three of the DDCP salts have
negative heats of formation. The highest positive heat of for-
mation in the series is exhibited by 8 at 328.9 kJmol�1


(1.18 kJg�1).
Oxygen balance (OB) is an expression that is used to indi-


cate the degree to which an explosive can be oxidized. The
sensitivity, strength, and brisance of an explosive are all
somewhat dependent upon oxygen balance and tend to ap-
proach their maximum values as the oxygen balance ap-
proaches zero. Although all of the salts described in this
paper have negative OB values, most of them have better
oxygen balance than TNT (�74%). Salt 5 exhibits the least
negative oxygen balance of �46.5%.
The performance of energetic compounds is measured by


their detonation velocity, vD (ms
�1), detonation pressure, P


(GPa), and specific impulse, Isp (s).
[13] These parameters are


Table 1. Properties of the nitroimino heterocyclic and 3,5-dinitro-1,2,4-cyclopentanetrione energetic salts.


Salt 1[a] OB[b] Td
[c] Lattice


energy
DHf


cation
DHf


anion
DHf salt P[d] vD


[e] Isp
[f] h50


[g]


ACHTUNGTRENNUNG[g cm�3] [8C] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJg�1] ACHTUNGTRENNUNG[GPa] ACHTUNGTRENNUNG[ms�1] [s] [cm]


1 1.63 �54.9 288.6 1247.6 575.9 214.8 119.0 0.35 22.6 7959 204.1 77
2 1.69 �54.8 211.4 1224.3 667.4 214.8 325.4 0.89 27.1 8571 214.0 77
3 1.55 �68.0 251.9 512.3 575.9 �13.5 50.0 0.27 18.2 7465 187.1 –
4[h] 1.58 �66.9 225.9 496.2 667.4 �13.5 157.6 0.78 20.8 7920 198.0 –
5 1.61 �46.5 227.6 511.6 575.9 9.8 74.0 0.39 22.1 8069 192.3 33
6 1.64 �47.0 227.0 509.5 667.4 9.8 167.7 0.82 25.0 8479 200.9 35
7 1.50 �64.5 243.6 1403.5 575.9 338.7 87.0 0.35 18.1 7617 187.0 94
8 1.55 �63.3 216.6[h] 1344.7 667.4 338.7 328.9 1.18 22.6 8312 204.3 91
9 1.62 �65.0 300.8 1266.5 575.9 �519.8 �634.6 �1.98 18.6 6920 173.2 89


10 1.61 �64.0 203.8 1221.2 667.4 �519.8 �406.3 �2.14 19.2 7224 186.4 67
11 1.65 �68.0 232.6 1171.6 901.3 �519.8 111.2 0.28 20.8 7243 198.1 57
12 1.62 �114.6 231.3 1033.3 659.2 �519.8 �234.8 �0.43 18.8 6910 182.2 –


[a] Density (calcd).[4r] [b] Oxygen balance (OB) is an index of the deficiency or excess of oxygen in a compound required to convert all of the carbon
atoms into CO2 and all of the hydrogen atoms into H2O. For a compound with the molecular formula of CaHbNcOd, OB (%)=1600ACHTUNGTRENNUNG[(d�2a�b/2)/MW].
[c] Decomposition temperature. [d] Detonation pressure. [e] Detonation velocity. [f] Specific impulse. [g] Calculated impact sensitivities taken from refer-
ence [11a] for salts 1, 2, and 5–8, and from reference [11b] for salts 9–11. [h] Td=209–210 8C.[12]


Scheme 2. Formation of the substituted guanidinium salts of DDCP.
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directly related to the density and heat of formation. The
detonation pressure and velocity (based on the traditional
Chapman–Jouget thermodynamic detonation theory) and
the Isp value were obtained by using the Cheetah 4.0 pro-
gram (Table 1).[14] For compounds 1–12, the calculated deto-
nation pressures lie in the range between P=18.1 GPa (7;
comparable to the value of 19.5 GPa for TNT)[14b] and P=


27.1 GPa (2 ; comparable to the value of P=27.07 GPa for
Composition B (60% RDX/40% TNT)).[14b] Detonation ve-
locities are found in the range between vD=6920 ms�1 (9 ;
comparable to that for TNT, vD=6950 ms�1)[14b] and vD=


8571 ms�1 (2 ; comparable that for RDX, vD=


8977 ms�1] .[14b] Salts 6 and 8 are nearly competitive with 2
with respect to detonation velocity, and 6 is similar to 2 for
detonation pressure. However, the rather low densities pre-
clude detonation properties that would move these new
salts into the RDX range. The salts have specific impulse
values ranging between 173.2 and 214.0 s. The performance
data for these energetic salts suggest likely applications as
energetic materials. The calculated impact sensitivities 1, 2,
and 5–11 are reported as h50 values.


[11a,b] Additionally, the
experimental impact sensitivities of 7 and 8 have been
shown to be >60 J. All of these salts fall into the insensitive
or less sensitive classification.


X-ray crystallography : X-ray quality crystals of 8 were
grown by slow evaporation of an aqueous solution. The
solid-state structure was confirmed by single-crystal X-ray
diffraction (Figure 1). The molecule crystallizes in the mon-
oclinic P2(1)/c space group with four sets of cations and
their dianions in the unit cell and with a calculated density
of 1.577 mgm�3 (Table 2). In spite of weak diffraction, the
amino-group hydrogen atoms on N12 and N17 were freely
refined. All other hydrogen atoms were located and then
constrained. The 5-nitroiminotetrazole dianion is essentially
planar, with a bonding pattern similar to that seen in the
only other congener, the rubidium salt [Rb]3ACHTUNGTRENNUNG[CN6O2]-
ACHTUNGTRENNUNG[CN3O2]·H2O.


[15] The highest degree of multiple-bonding
character in 8 is seen between N2 and N3, with a bond
length of 1.319(3) M (1.295(5) M in the Rb salt). The exocy-
clic double-bond lengths are also similar (C5�N6
1.398(3) M; Rb salt: 1.368(5) M). The guanidinium cation
cores are also planar, with the imino-group hydrogen atoms
perpendicular to this plane. The bond lengths are very simi-
lar in each cation with strong carbocation delocalization evi-
dent around C10 and C15, with bond-length harmonization
and loss of pyramidalization at the nitrogen atoms. This is
commonly seen in other guanidinium cations.[4l] The syner-
gistic effect of the delocalization and planarity leads to an
extended structure of planar ribbons with considerable hy-
drogen bonding within the layers (with donor–acceptor dis-
tances ranging from 2.8 to 3.3 M) and weaker associations
through the perpendicular amino hydrogen atoms (approxi-
mately 3.2–3.5 M) between the layers, as shown in Figure 1b.
These ribbons are oriented along the (104) index and have
an interplanar distance of approximately 3.02 M


Theoretical study : Calculations were carried out by using
the Gaussian 03 (Revision D.01) suite of programs.[16] The
geometric optimization of the structures and frequency anal-
yses were carried out by using the B3LYP functional with
the 6-31+G** basis set,[17] and single-point energies were
calculated at the MP2 ACHTUNGTRENNUNG(full)/6-311++G** level. All of the op-
timized structures were characterized to be true local energy
minima on the potential-energy surface without imaginary
frequencies.
Based on a Born–Haber energy cycle (Figure 2), the heat


of formation of a salt can be simplified according to Equa-
tion (1), where DHL is the lattice energy of the salt.


DHf
o ðionic salt, 298 KÞ ¼ DHf


o ðcation, 298 KÞ
þDHf


o ðanion, 298 KÞ�DHL


ð1Þ


The DHL value could be predicted by the formula suggested
by Jenkins et al [Eq. (2)],[18] where UPOT is the lattice poten-


Figure 1. a) Molecular structure of 8 (30% thermal displacement) show-
ing the numbering scheme. Hydrogen atoms are shown (arbitrary
spheres) but are unlabeled for clarity. b) Packing diagram of 8 (ball-and-
stick) showing the hydrogen-bonded (dashed lines) interconnected layers
parallel to the (104) index.
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tial energy and nM and nX depend on the nature of the ions
Mp+ and Xq�, respectively, and are equal to three for mon-
oatomic ions, five for linear polyatomic ions, and six for
nonlinear polyatomic ions.


DHL ¼ UPOTþ½pðnM=2�2ÞþqðnX=2�2Þ�RT ð2Þ


The equation for the lattice potential energy, UPOT, takes the
form of Equation (3), where 1m is the density (g


�1 cm�3), Mm


is the chemical formula mass of the ionic material (g), and
the coefficients g (kJ�1mol�1 cm) and d (kJ�1mol�1) are as-
signed literature values.[18]


UPOT ðkJ�1 mol�1Þ ¼ gð1m=MmÞ1=3þd ð3Þ


The remaining task is to determine the heats of formation
of the cations and anions, which are computed by using the


method of isodesmic reactions (Scheme 3).The sources of
the energies of the parent ions in the isodesmic reactions
were calculated earlier.[10d] The enthalpy of an isodesmic re-
action (DHr 2988) is obtained by combining the MP2 ACHTUNGTRENNUNG(full)/6-


311++G** energy difference for the reaction, the scaled
zero-point energies(B3LYP/6-31+G**), and other thermal
factors (B3LYP/6-31+G**). Thus, the heats of formation of
the cations and anions being investigated can be extracted
readily (see the Supporting Information).


Conclusion


The formation of DNAM,
DDCP, 3-nitroimino-1,2,4-tri-
ACHTUNGTRENNUNGazolate and 5-nitroimino-
1,2,3,4-tetrazolate salts pro-
vides a straightforward ap-
proach to energetic salts that
exhibit acceptable physical
properties. The 5-nitroiminote-
trazolate dianions form salts
that have higher positive heats
of formation but densities and


Table 2. Crystallographic data and structure refinement parameters.


8


formula C3H14N14O2


MW 278.28
crystal system monoclinic
space group P2(1)/c
a [M] 4.6517(3)
b [M] 15.7517(11)
c [M] 15.9968(12)
b [8] 90.314(1)
V [M3] 1172.10(14)
Z 4
T [K] 90(2)
l [M] 0.71073
1calcd [mgm


�3] 1.577
m [mm�1] 0.131
F ACHTUNGTRENNUNG(000) 584
crystal size [mm3] 0.33O0.09O0.02
q range [8] 1.81–25.24
index ranges �5�h�5


�18�k�18
�19� l�19


reflns collected 13339
independent reflns 2122 [R ACHTUNGTRENNUNG(int)=0.0508]
data/restraints/parameters 2122/0/188
GOF 1.075
R1


[a] [I>2s(I)] 0.0551
wR2


[a] [I>2s(I)] 0.1303
largest diff. peak, hole [eM�3] 0.523, �0.237


[a] R1=� j jFo j� jFc j j /� jFo j ; wR2= {�[w ACHTUNGTRENNUNG(Fo2�Fc2)2]/�[w ACHTUNGTRENNUNG(Fo2)2]}1/2.


Figure 2. Born–Haber cycle for the formation of energetic salts. a, b, c, d are the number of moles of the re-
spective products.


Scheme 3. Isodesmic reactions for the calculation of the heats of forma-
tion of the DNAM, DDCP, and 3-nitroimino-1,2,4-triazolate anions and
of the 3,4-diamino-triazolium, and moroxydine cations.
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detonation properties that are lower than those of the mon-
oanion analogues. Although the triazolates are thermally
more stable, the analogous tetrazolates have more energeti-
cally attractive enthalpies, densities, and detonation proper-
ties. Of the salts studied, the dianionic DNAM salts exhibit
the highest heats of formation and detonation properties.
Some of these compounds show calculated detonation veloc-
ities and detonation pressures comparable to those of com-
monly used explosives. All of the salts have excellent ther-
mal and hydrolytic stabilities.


Experimental Section


Caution: While we have experienced no difficulties with shock and fric-
tion sensitivity of these salts, they must be synthesized only in millimolar
amounts and handled with caution.


General methods : All of the reagents were analytical reagents purchased
from commercial sources and used as received. 1H and 13C NMR spectra
were recorded on a 300 MHz nuclear magnetic resonance spectrometer
operating at 300.13 and 75.48 MHz, respectively. Chemical shifts are re-
ported relative to Me4Si. The solvent was [D6]dimethyl sulfoxide
([D6]DMSO) unless otherwise specified. The melting and decomposition
points were recorded on a differential scanning calorimeter and a ther-
mogravimetric analyzer at a scan rate of 10 8Cmin�1, respectively. Infra-
red spectra were recorded by using KBr pellets. The densities of the ener-
getic salts were measured at room temperature by using a Micromeritics
Accupyc 1330 gas pycnometer. Elemental analyses were obtained on an
Exeter CE-440 elemental analyzer.


X-ray crystallography : Crystals of compound 8 were removed from the
flask, a suitable crystal was selected and attached to a glass fiber, and
data were collected at 90(2) K by using a Bruker/Siemens Smart Apex in-
strument (MoKa radiation, l =0.71073 M) equipped with a Cryocool Nev-
erIce low-temperature device. Data were measured by using omega scans
of 0.38 per frame for 20 s, and a full sphere of data was collected. A total
of 2400 frames were collected for each structure with a final resolution
of 0.83 M. Cell parameters for 8 were retrieved by using Smart[19] soft-
ware and refined by using the SaintPlus[20] software on all observed re-
flections. Data reduction and correction for Lorentzian polarization and
decay were performed by using the SaintPlus software. Absorption cor-
rections were applied by using the SADABS program.[21] The structure
was solved by direct methods and refined by the least-squares method on
F2 by using the SHELXTL program package.[22] The structure of 8 was
solved in the space group P2(1)/c (no. 14) by analysis of systematic ab-
sences. All non-hydrogen atoms were refined anisotropically. Although
diffraction was very weak, the amino hydrogen atoms (on N12 and N17)
were located and freely refined. No decomposition was observed during
data collection. Details of the data collection and refinement are given in
Table 2. Further details are provided in the Supporting Information.


Synthesis


General method : bis(guanidine) DNAM (1): DNAM (217 mg, 1 mmol)
and guanidinium carbonate (180.2 mg, 2 mmol) were mixed in hot water
(5 mL). After CO2 release was complete, the solution was cooled to
room temperature, and a microcrystalline solid was isolated by filtration
under vacuum and dried in air. The product (281 mg, 84%) was a color-
less powder: 1H NMR: d=7.21 ppm (s, 6H); 13C NMR: d=159.5 ppm;
IR (KBr): ñ =3383, 3130, 2820, 2250, 1706, 1655, 1614, 1550, 1446, 1391,
1332, 1290, 1234, 1121, 793, 739, 545 cm�1; elemental analysis calcd (%)
for C5H13N13O5 (335.24): C 17.91, H 3.91, N 54.32; found: C 18.12, H
3.87, N 54.13.


Bis(aminoguanidine) DNAM (2): The reaction of DNAM (217 mg,
1 mmol) and aminoguanidinium bicarbonate (272 mg, 2 mmol) was con-
ducted as for 1 to give a colorless powder (295 mg, 81%): 1H NMR: d=


8.77 (s, 2H), 6.98 (br, 8H), 4.67 ppm (s, 4H); 13C NMR: d=160.2 ppm;
IR (KBr): ñ =3338, 3099, 1682, 1573, 1524, 1382, 1331, 1287, 1124, 1012,


792, 720, 580, 520 cm�1; elemental analysis calcd (%) for C5H15N15O5


(365.27): C 16.44, H 4.14, N 57.52; found: C 16.56, H 3.99, N 57.13.


Guanidine 3-nitroiminotriazolate (3): 3-Nitroiminotriazole (258 mg,
2 mmol) and guanidine carbonate(180 mg, 2 mmol) were subjected to the
general method to give a colorless powder (338 mg, 90%): 1H NMR: d=


7.60 (s, 1H), 7.13 ppm (s, 6H); 13C NMR: d=159.3, 157.8, 149.8 ppm; IR
(KBr): ñ =3434, 3336, 3120, 2802, 2220, 1800, 1682, 1644, 1577, 1537,
1494, 1362,1278, 1252, 1147, 1063, 1012, 975, 902, 862, 725, 524, cm�1; ele-
mental analysis calcd (%) for C3H8N8O2 (188.15): C 19.15, H 4.29, N
59.56; found: C 19.18, H 4.29, N 59.62.


Aminoguanidine 3-nitroiminotriazolate (4): Compound 4 was synthesized
by the literature method:[10] 1H NMR: d =8.94 (s, 1H), 7.64 (s, 1H), 7.30
(br, 2H), 7.16 (br, 2H), 4.72 ppm (s, 2H); 13C NMR: d=160.2, 157.8,
149.8 ppm; IR (KBr): ñ=3410, 3327, 3251, 3089, 2760, 2351, 2419, 2166,
2105, 1811, 1672, 1518, 1489, 1427, 1348, 1271, 1197, 1101, 1062, 997, 980,
885, 852, 795, 732, 580, 502, 468, 416 cm�1; elemental analysis calcd (%)
for C3H9N9O2 (203.16): C 17.74, H 4.47, N 62.05; found: C 17.66, H 4.30,
N 61.43.


Guanidine 5-nitroiminotetrazolate (5): 5-Nitroaminotetrazole (260 mg,
1 mmol) and guanidine carbonate (180 mg, 2 mmol) were subjected to
the general method to give colorless needle crystals (311 mg, 82%):
1H NMR: d=7.03 ppm (s, 6H); 13C NMR: d =159.2, 158.9 ppm; IR
(KBr): ñ =3471, 3411, 3344, 3178, 2979, 2844, 2343, 2214, 1696, 1635,
1539, 1388, 1436, 1352, 1242, 1148, 1031, 999, 870, 742, 700, 571, 520, 497,
410 cm�1; elemental analysis calcd (%) for C2H7N9O2 (189.14): C 12.70,
H 3.73, N 66.65; found: C 12.72, H 3.59, N 66.04.


Aminoguanidine 5-nitroiminotetrazolate (6): 5-Nitroiminotetrazole
(260 mg, 1 mmol) and aminoguanidinium bicarbonate (272 mg, 2 mmol)
were subjected to the general method to give colorless needle crystals
(303 mg, 74%): 1H NMR: d =8.60 (s, 1H), 7.27 (br, 2H), 6.80 (br, 2H),
4.89 ppm (br, 2H); 13C NMR: d=159.2, 158.9 ppm; IR (KBr): ñ =3439,
3170, 3016, 2887, 2748, 2627, 2012, 1672, 1533, 1327, 1248, 1155, 1097,
1060, 991, 902, 869, 748, 696, 647, 565, 497, 455, 416 cm�1; elemental anal-
ysis calcd (%) for C2H8N10O2 (204.15): C 11.77, H 3.95, N 68.61; found: C
11.85, H 3.79, N 68.19.


Diguanidine 5-nitroiaminotetrazolate (7): 5-Nitroiminotetrazole (130 mg,
1 mmol) and guanidine carbonate (272 mg, 2 mmol) were subjected to
the general method to give colorless needle crystals (208 mg, 84%):
1H NMR: d =7.59 ppm (s); 13C NMR: d =165.3, 159.6 ppm; IR (KBr):
ñ=3430, 3122, 2762, 2414, 2318, 1911, 1637, 1585, 1440, 1387, 1313, 1244,
1138, 1069, 1023, 877, 763, 734, 615, 558, 487 cm�1; elemental analysis
calcd (%) for C3H12N12O2 (248.21): C 14.52, H 4.87, N 67.72; found: C
14.52, H 4.94, N 68.08.


Di(aminoguanidine) 5-nitroiminotetrazolate (8): 5-Nitroiminotetrazole
(130 mg, 1 mmol) and aminoguanidinium bicarbonate (272 mg, 2 mmol)
were subjected to the general method to give colorless needle crystals
(220 mg, 79%): 1H NMR: d =8.59 (s, 1H), 7.22 (br, 2H), 6.84 (br, 2H),
4.69 ppm (s, 2H); 13C NMR: d=160.1, 159.1 ppm; IR (KBr): ñ =3475,
2895, 2787, 2415, 2198, 2015, 1672, 1450, 1408, 1290, 1219, 1126, 1066,
1005, 873, 758, 729, 695, 605, 507 cm�1; elemental analysis calcd (%) for
C3H14N14O2 (278.24.): C 12.95, H 5.07, N 70.48; found: C 12.81, H 5.01, N
68.36.


Bis(guanidine) DDCP (9): Guanidine chloride (191 mg, 2 mmol) was dis-
solved in water (10 mL) and the DDCP silver salt (416 mg, 1 mmol) was
suspended in the solution. The mixture was stirred at room temperature
for 3 h. After filteration of the silver chloride, the solution was evaporat-
ed slowly to leave yellow needle crystals (237 mg, 74%): 1H NMR: d=


7.06 ppm (s, 12H); 13C NMR: d =179.8, 177.7, 159.3, 120.0 ppm; IR
(KBr): ñ=3426, 3189, 2234, 1665, 1644, 1562, 1418, 1358, 1274, 1139, 997,
933, 778, 694, 539, 486 cm�1; elemental analysis calcd (%) for
C7H12N8O7·0.5H2O (329.23): C 25.54, H 3.98, N 34.04; found: C 25.75, H
3.69, N 34.22.


Bis(aminoguanidine) DDCP (10): The reaction of aminoguanidine chlo-
ride (221 mg, 2 mmol) and DDCP silver salt (416 mg, 1 mmol) was per-
formed as for 9 to give yellow needle crystals (290 mg, 83%): 1H NMR:
d=8.69 (s, 1H), 7.29 (br, 2H), 6.93 (br, 2H), 4.70 ppm (s, 2H);
13C NMR: d=179.6, 177.7, 160.2, 120.2 ppm; IR (KBr): ñ=3492, 3180,
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2855, 2755, 2237, 1683, 1607, 1388, 1362, 1519, 1269, 1097, 1001, 931, 782,
838, 740, 696, 539, 514, 414 cm�1; elemental analysis calcd (%) for
C7H14N10O7·H2O (368.26): C 22.83, H 4.38, N 38.03; found: C, 22.75, H
4.45, N 37.78.


3,4-Diaminotriazolium DDCP (11): The reaction of 3,4-diaminotriazoli-
um chloride (271 mg, 2 mmol) and the DDCP silver salt (416 mg,
1 mmol) by the same method as for 9 gave yellow square crystals
(280 mg, 80%): m.p. 143.3 8C; 1H NMR: d=8.42 (s, 2H), 8.15 (s, 4H),
6.13 ppm (s, 4H); 13C NMR: d=179.8, 177.8, 152.2, 143.1, 120.2 ppm; IR
(KBr): ñ =3341, 3248, 3155, 3101, 2191, 1689, 1642, 1622, 1556, 1482,
1402, 1351, 1246, 1066, 1014, 951, 931, 846, 783, 732, 696, 644, 478 cm�1;
elemental analysis calcd (%) for C9H12N12O7·H2O (418.28): C 25.84, H
3.37, N 40.18; found: C 25.56, H 3.23, N 39.89.


Moroxydine DDCP (12): The reaction of moroxydine chloride[23]


(415 mg, 2 mmol) and the DDCP silver salt (416 mg, 1 mmol) was carried
out as for 9 to give yellow needle crystals (424 mg, 81%): 1H NMR: d=


7.32 (s, 4H), 6.86 (s, 8H), 3.61 (t, J=4.2 Hz, 8H), 3.43 (t, J=4.2 Hz, 8H),
3.38 ppm (s, 8H); 13C NMR: d=177.8, 160.8, 159.1, 66.8, 46.3 ppm; IR
(KBr): ñ=3426, 3189, 2234, 1665, 1644, 1562, 1418, 1358, 1274, 1139, 997,
933, 778, 694, 539, 486 cm�1; elemental analysis calcd (%) for
C17H28N12O9 (544.48): C 37.50, H 5.18, N 30.87; found: C 37.09, H 5.07, N
30.81.
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Introduction


[n]Circulenes are cyclic aromatic compounds that can for-
mally be derived from the alicyclic [n]radialenes[1,2] by con-
necting the termini of the semicyclic double bonds by
etheno bridges. The simplest circulene is hence [3]circulene
(1), the next higher benzolog is [4]circulene (2) and so on
(Scheme 1).


From this homologous series of compounds only three
have been prepared so far: [5]circulene (3, corannulene),[3–5]


[6]circulene (4, coronene),[5–7] and [7]circulene (5, pleiadan-
nulene).[5,8–10]


On proceeding from 3 to 5 the geometry of these hydro-
carbons changes from a cuplike structure through a flat ar-
rangement to a saddle-shaped geometry. Although various
attempts to prepare the four-membered derivative 2 (see
below) and a [7.7]circulene (in which ten contiguous ben-
zene rings are fused around a central bicycloACHTUNGTRENNUNG[5.5.0]dodecane


Abstract: MP2 and DFT calculations
have been carried out for [n]circulenes
for n=3 to 20 in order to predict the
strain energy and topology of these cy-
clically condensed aromatic systems. To
synthesise [4]circulene (2), 1,5,7,8-tet-
rakis(bromomethyl)biphenylene (14)
was prepared from the corresponding
tetramethyl derivative (8) and subject-
ed to various dehalogenation reactions;
all attempts to obtain [2.2]biphenyl-
ACHTUNGTRENNUNGenophane (7) as a precursor for 2 by


this route failed. Treatment of 14 with
sodium sulfide furnished the thia-
phanes 16 and 17, thermal and photo-
chemical desulfurization of which also
failed to provide 7. In a second ap-
proach [2.2]paracyclophane was con-
verted to the pseudo-geminal dithiol


23, which was subsequently bridged to
the thiaphanes 22 and 24. On flash
vacuum pyrolysis at 800 8C these were
converted exclusively into phenan-
threne (30). An approach to dehydro-
chlorinate the commercial product
PARYLENE C= to the tetrahydro[4]-
circulene 7 led only to polymerisation.
The X-ray structures of the intermedi-
ates 8, 14, 17, 23, 24, 26, and 35 are
reported.
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core[11]) have been reported in the literature, the circulene
family so far consists only of the above-mentioned three
members. These are the hydrocarbons for which not only
structural and computational work but also reactivity studies
have been performed. This limitation is not really surprising
in view of the formidable preparative problems that have to
be solved to prepare either lower or higher benzologs of 3–
5 ; these involve overcoming severe problems of strain, the
availability of suitable starting materials and the develop-
ment of (novel) bridge-forming reactions. In order to initiate
synthetic efforts in this area we have 1) carried out extensive
calculations on the structures and energies of the circulene
series and 2) worked on preparative routes towards [4]cir-
culene. We report the first results of these studies in the
present publication.


Results and Discussion


Calculations on the [n]circulenes 1–4 : In a first step we sys-
tematically studied the “smaller” circulenes 1–4 in order to
get an impression of the amount of strain that has to be
overcome during synthesis.


Starting with the known [6]circulene (4, coronene), using
its planar structure within D6h symmetry as a “strain-free”
reference point, we performed energy minimizations includ-
ing electron correlation at the MP2 level of theory[12] and a
triple-zeta basis (cc-pvtz). We used the barrier for the bowl-
to-bowl inversion for circulenes 1–3 as a first descriptor of
the overall strain in each system.[13] Though this is only an
indirect assessment, this procedure allows a comparison of
the rigidity in the smaller circulene family members. While
the barrier height in 3 rises moderately (8.6 kcalmol�1)
when leaving the plane, the next smaller circulene, our title
compound [4]circulene (2), shows a barrier of 120.2 kcal
mol�1. Due to its extreme rigidity, the smallest family
member [3]circulene (1) exhibits a huge energy barrier for
the inversion of 309.2 kcalmol�1. Figure 1 displays the re-
sults of these calculations in graphical form.


Calculations on the higher [n]circulenes : In a second step,
we additionally performed DFT calculations using the
B3LYP hybrid functional[14] for the series of the higher cir-
culenes from [7]circulene (5) up to [20]circulene (6, n=14).
While selected higher circulenes have been studied theoreti-
cally before (for example the [8]circulene (6, n=2),[15] to the
best of our knowledge this is the first systematic calculation
on higher circulenes. Figure 2 shows the optimised structures
of all circulenes studied: from [3]circulene (1) to [20]cir-
culene (6, n=14).


According to our calculations, one can distinguish be-
tween three types of non-planar circulene topographies:


1) Bowl topography: [3]circulene (1) to [5]circulene (3).
2) Saddle topography: [7]circulene (5) to [16]circulene (6,


n=10).
3) Helical topography: [17]circulene (n=11) and higher.


As mentioned above, the bowl-to-bowl barrier is only a
rough measure for the overall strain in circulenes. Further-
more, it is not possible to include the higher circulenes ex-
hibiting a saddle or helical topography in such a comparison.
We therefore used the calculated total energy for the
�
ACHTUNGTRENNUNG[C4H2]� increment (153.64964 hartree at the B3LYP/dz


level of theory), obtained for [6]circulene as a strain-free
reference increment. Figure 3 shows the results. Starting
from coronene (4) and proceeding to the larger members of
the circulene family, the strain rises quickly up to
�17 kcalmol�1 for [9]circulene (6, n=3). After this sharp
increase, practically no additional strain (well below
20 kcalmol�1) is added for the circulenes from [9]- up to
about [14]circulene. The saddle topography is able to ac-
commodate each additional �ACHTUNGTRENNUNG[C4H2]� increment, as the two
wings of the saddle for example (Figure 2, middle row)
come increasingly closer. Beginning with [16]circulene (6,
n=10) the strain rises again, because the two wings of the
saddle come very close (2.81 P), which forces the higher cir-
culenes to adopt a kind of twisted saddle or helical (C2 sym-
metric) topography (see Figure 4). Again, this new topogra-
phy is able to include more and more increments without
too much additional strain (�30 kcalmol�1).


Figure 1. Calculated barrier for bowl-to-bowl inversion of the small circu-
lenes 1–4 at the MP2/cc-pvtz level of theory.


Figure 2. From [3]circulene (1) to [20]circulene (6, n=14): Calculated
structures at the B3LYP/6–31G(d) level of theory.
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Though the increase of the strain is more pronounced for
the smaller circulenes, namely, �10, �40 and
�80 kcalmol�1 for [5]circulene (3), [4]circulene (2) and
[3]circulene (1), respectively, the route to 2 does not seem
to be so steep as to make an approach hopeless from the
very beginning. We therefore decided to embark on an at-
tempt to synthesise this lower benzolog of corannulene.


Attempts to prepare [4]circulene (2): Two simple retrosyn-
thetic routes leading to readily available substrates for the
preparation of 2 are summarised in Scheme 2.


The formal hydrogenation of two opposing “etheno
bridges” of 2 results in the doubly-bridged biphenylene de-
rivative 7 ([2.2]biphenylenophane), which may be further
degraded by two different routes. If the saturated bridges
are disconnected (route a) 1,5,7,8-tetramethylbiphenylene
(8) results, for which the dehydro-p-xylene 9 could be a suit-
able precursor. Bridge formation from 8 to 7 could be ac-
complished by methods such as Wurtz coupling, sulfone py-
rolysis, decarbonylation or any of the numerous protocols
that have been developed and optimised in cyclophane
chemistry[16] starting with appropriately functionalised deriv-


atives of 8. These precursors, and those for 9, should be
available by standard preparative transformations.


If, on the other hand, the saturated bridges are left intact
and the central four-membered ring of 7 is cleaved, as de-
picted in route b, the bis dehydrobenzene 10 would be gen-
erated. This is a double “cyclophyne”[17] for which either a
pseudo-geminal or pseudo-ortho disubstituted cyclophane 11
could serve as precursors; both substitution types are
known.[18]


Synthetic efforts starting from tetramethylbiphenylene (8;
route a): The reaction sequence depicted in Scheme 3 has
been studied independently by three groups (Hopf/Chris-
toph; Maier/Scholtissek; Vçgtle/Saitmacher) and is predom-
inantly described in various PhD theses.[19–22] In the first two
laboratories the goal was specifically set on the elaboration
of strategies to synthesise [4]circulene (2). From the very be-
ginning, the attention paid to this molecule originated from
the assumption that this species might shed some light on


Figure 3. Calculated strain energies (relative to coronene, 4) for [3]cir-
culene (1) to [20]circulene (6, n=14) at the B3LYP/6–31G(d) level of
theory.


Figure 4. The higher circulenes: Transition from saddle to helical topolo-
gy.


Scheme 2. Retrosynthetic analysis for the preparation of [4]circulene (2).


Scheme 3. Transformations in the biphenylene series. a) �78 8C, TiCl4/Zn,
THF; b) �78 8C, TiCl4/LiAlH4, THF; c) 0 8C, Me3SiSnBu3, CsF, DMF; d)
80 8C, Na, benzene; e) 600–1000 8C, 0.1 torr.
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the cyclobutadiene problem.[22] Nowadays the interest is
mainly focused on the question of how molecular strain in-
fluences the peculiar structural features of 2, and whether
the theoretical predictions (see above) can be confirmed by
experiment.


Direct coupling : A very simple way of transforming tetrame-
thylbiphenylene (8) into [4]circulene (2) via its tetrahydro
derivative 7 as an intermediate would be halogen elimina-
tion from tetrabromide 14.


The diazonium dicarboxylate 12 was prepared from 3,5-di-
methyl anthranilic acid[23] according to a modified procedure
(see Experimental Section) by Wilcox and Farley;[24] its ther-
mal decomposition in boiling 1,2-dichloroethane subse-
quently provided 8 in an acceptable 21% yield, the dehy-
drobenzene 9 presumably being formed en route. Alterna-
tively, 8 was prepared by flash vacuum pyrolysis of the read-
ily available[25] 3,6-dimethylphthalic anhydride (13). Howev-
er, with an approximate 11% yield, this procedure, which
probably also proceeds via 9,[26] cannot compete with the
route starting from 12. Although the spectroscopic data of 8
have been reported several times,[19–21] its X-ray structural
analysis, which gives insight into the critical distance be-
tween the carbon atoms of the methyl substituents, was not
available. Fortunately, single crystals of sufficient quality
could be obtained by recrystallisation from methanol, and
the crystal structure of 8 is shown in Figure 5 (top).


The molecule displays crystallographic inversion symme-
try; its bond lengths in the six-membered ring alternate be-
tween shorter and longer (�1.38 and 1.42 P), whereby the
bond fused to the four-membered ring belongs to the longer
set, as was noted for the parent hydrocarbon, unsubstituted
biphenylene.[27] The ring angles at C1 and C4, the carbon
atoms bearing the methyl substituents, are very narrow
(113.68 and 113.78), whereas the other ring angles are all
about 1238. The distance between the methyl carbon atoms,
C9···C10#1, is 3.881(2) P. The molecular packing (Figure 5,
bottom) involves a herring-bone pattern in which neighbour-
ing molecules are connected in the y direction by short C�
H···p contacts (C9�H9A···Cg 2.60 P, 1608 and C10�
C10A···Cg 2.61 P, 1548 ; Cg= ring centroid; C�H bond
lengths are normalised throughout to 1.08 P).[28]


Functionalisation of 8 was accomplished by slowly adding
portions of N-bromosuccinimide to a solution of the hydro-
carbon in carbon tetrachloride heated under reflux, again
following a protocol of Wilcox and Farley.[24] 1,4,5,8-Tetra-
kis(bromomethyl)biphenylene (14) was obtained in a grati-
fying 75% yield and characterised by its spectroscopic
data.[19–21] On standing in deuteriochloroform it crystallised
in the form of lemon yellow plates that were suitable for X-
ray structural analysis; the structural data are shown
Figure 6.


Compound 14 crystallises with imposed 2m symmetry
(Figure 6, top), so that the asymmetric unit is composed of a
quarter molecule. Bond lengths alternate shorter/longer as
for compound 8, and the bond length pattern is also similar.
The molecular packing is largely determined by Br···Br con-


tacts; the independent bromine atom is involved in five such
interactions, with Br···Br distances of 3.771(1) (V2; second
atom at x,�1=2 +y,1=2�z and x,1=2 +y,1=2�z), 3.8570(5) (V2;
1=2�x,�1=2 +y,z and 1=2�x,1=2 +y,z) and 3.881(1) P (1=2�x,y,
1=2�z). All these contacts are slightly longer than double the
van der Waals radius (3.70 P), but the significant net effect
is to form columns of bromine atoms parallel to the y axis
(Figure 6, bottom). Within the columns, a contact C9�
H9B···Br (not shown in Figure 6) with H···Br 2.92 P, angle
1628, operator x,�1+y,z, presumably acts as an additional
stabilising factor. A similar contact H9A···Br is observed in-
tramolecularly, with dimensions 2.92 P, 1538, operator
x,1�y,1�z.


We subjected 14 to various dehalogenation reactions. As
shown in Scheme 3, none of these was successful. In all
cases (besides unreacted starting material) intractable prod-
uct mixtures were produced and there was no indication, for
example, by mass spectrometric or 1H NMR analysis, that 7
had been produced. In addition, tetraiodide 15a, prepared
from 14 by Br/I exchange with potassium iodide in acetoni-
trile, was tested as a potential precursor for 7, but again


Figure 5. Top: The molecule of compound 8 in the crystal. Ellipsoids rep-
resent 50% probability levels. Only the asymmetric unit is numbered. Se-
lected bond lengths (P) and angles (8): C1�C1A 1.372(2), C1�C2
1.424(2), C2�C3 1.384(2), C3�C4 1.425(2), C4�C4A 1.375(2), C1A�C4A
1.424((2), C1A�C4A#1 1.523(2); C4-C4A-C1A#1 146.9(1), C1-C1A-
C4A#1 146.4(1). Symmetry operator #1: �x,1�y,1�z. Bottom: packing
diagram of compound 8 ; dashed lines indicate C�H···p interactions.
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without success. The tetraiodide is stable at room tempera-
ture. However, on heating in substance to 250 8C iodine was
eliminated and a black solid (polymer) was formed. Definite
products could not be detected. Due to the insolubility of
15a in standard solvents photochemical iodine elimination
was not possible. An attempt to convert 14 to the tetraalde-
hyde 15b by treatment with 2-nitropropane/sodium ethox-
ide, a known and usually reliable method of converting bro-
momethyl into formyl groups,[29] also met with failure. On
the other hand, derivative 15b had been obtained in low
yield, by converting 14 into the corresponding tetraacetate
15c, its subsequent hydrolysis to the tetraalcohol 15d (hy-
drolysis of 14 with methanol/water leads mainly to the tetra-
ACHTUNGTRENNUNGether 15e), and pyridinium dichromate oxidation of the
latter;[19] unfortunately, there was never enough material
available to subject it to coupling processes such as the
McMurry coupling.


Bridge formation with subsequent ring contraction : Since,
evidently, the direct connection of the substituent carbon
atoms in 14 and related compounds is not possible, we de-
cided to employ an approach that has proved its worth
countless times in cyclophane chemistry: the construction of
phane precursors with longer bridges followed by ring con-
traction processes. The rationale behind this strategy is the
step-wise build-up of strain, rather than one sudden step as
would be required for 14. One can expect that the doubly S-
bridged biphenylene 16 would be an ideal candidate for the
synthesis of the tetrahydro derivative 7, and logically also
for [4]circulene (2).


Treating 14 with sodium sulfide in the presence of caesi-
um sulfate (“caesium effect”)[30] in a mixture of toluene/eth-
anol heated to reflux and to which a small amount of water
had been added, under high dilution conditions, yielded the
dithiaphane 16 in 27% yield and the trisulfur derivative 17
in 6% yield, and none of the “mono-cyclised” product 18
was formed. On replacing the toluene by benzene, but keep-
ing the other reaction conditions unchanged, the amount of
16 is greatly increased (51%), whereas the yield of 17 drops
to a meager 2.6%. In a final experiment in toluene/ethanol,
the amount of added water was tripled, causing a drastic re-
duction in the yield of 16 (9%) but a doubling of that of 17
to 14%; under these conditions traces of the mono-closed
dibromide 18 were also isolated, as shown by mass spectro-
metric analysis. Although the interpretation of these trends
is highly speculative,[22] they clearly show that the product
distribution is strongly influenced by the cyclisation condi-
tions and that there is room for optimisation. Dithiaphane
16 is an unstable compound that decomposes with sulfur ex-
trusion on attempted recrystallisation. The derivative 17, on
the other hand, crystallised from deuteriochloroform on
standing at room temperature in the form of colourless
plates, which were suitable for X-ray structural analysis.


Compound 17 is shown in Figure 7. The bond length pat-
tern in the six-membered rings is very similar to that in 8
and 14, and the carbon skeleton is essentially planar (mean
deviation 0.06 P). The strain imposed by the sulfur link (S1)
between C9 and C10, forming the seven-membered ring and
reducing the distance between these atoms to 2.988(3) P,
can be recognised in terms of several altered molecular di-
mensions, as follows:


1) The six-membered rings are exactly parallel by symmetry
in 8 and 14, but the corresponding angle between vectors
C1···C4 and C5···C8 in 17 is 78.


2) The angles Cfour···C···Cmethyl in 8, in which Cfour represents
the relevant atom of the four-membered ring, are ap-
proximately 1258, but the corresponding angles in 17, in
the seven-membered ring, narrow greatly to around 1188.


3) The angles at the junction of the four- and six-membered
rings alter appreciably. The necessarily wide exocyclic
angles of �1478 in 8 narrow to 1418 in the seven-mem-
bered ring of 17 (but widen further to 1508 in the eight-
membered ring with its two sulfur atoms). The four
angles of 1238 in the six-membered rings of 8 widen still


Figure 6. Top: The molecule of compound 14 in the crystal. Ellipsoids
represent 50% probability levels. Only the asymmetric unit is numbered.
Selected bond lengths (P): C1A�C1A#1 1.417(5), C1�C1A 1.377(4),
C1�C2 1.427(4), C2�C2#1 1.375(6), C1A�C1A#2 1.523(2). Symmetry op-
erators #1: 1�x,y,z (mirror plane horizontal in the plane of the paper), #2
x,1�y,1�z (twofold axis vertical in the plane of the paper). Bottom:
packing diagram of compound 14 ; dashed lines indicate Br···Br interac-
tions. H atoms are omitted.
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further to 1288 in the seven-membered ring of 17 (C1A-
C4A-C4 and C8A-C5A-C5), but narrow to 1218 in the
eight-membered rings (C1-C1A-C4A and C8-C8A-
C5A).


4) The formally single bonds in the four-membered ring,
equal by symmetry in 8 at 1.513 P, differ appreciably in
17, in which the bond common to the seven-membered
ring shortens to 1.469 P, whereas that common to the
eight-membered ring lengthens to 1.534 P.


The packing of compound 17 involves no markedly short
contacts and is not presented here; a list of borderline C�
H···S contacts is included in the supplementary crystallo-
graphic data (see below). There is also a sulfur contact
S3···S3 (3.443(1) P) with operator 1�x,1�y,�z.


Since the sulfur bridges indeed brought the methylene
carbon atoms in 16 and 17 closer together, we were eager to
desulfurise these compounds either directly or via sulfone
intermediates, the latter route being attractive since they
can either be subjected to sulfone pyrolysis or ring contrac-
tions such as the Ramberg-BDcklund process. Unfortunately,
we were unable to oxidise 16 to the bissulfone 19, although
many different reactions and conditions that are usually suc-
cessful in this transformation were tried (hydrogen peroxide
in acetic acid, m-chloroperbenzoic acid in dichloromethane,
Oxone in chloroform, etc.; Scheme 4); similar observations
have been made by Saitmacher.[20]


Sato and co-workers have successfully used photodesulfu-
ration in the presence of trimethyl phosphite for the prepa-
ration of various sulfur-bridged biphenylenophane dimers
and biphenylenonaphthalenophanes.[31] However, when ap-
plied to 16 and 17 (150 W medium pressure mercury lamp,
trimethyl phosphite in deuteriochloroform, RT) only decom-
position to indefinable products was observed (1H NMR and
GC/MS analysis). In another successful desulfurisation ex-


periment, various thiaphanes were treated with tris(diethyl-
ACHTUNGTRENNUNGamino)phosphane in benzene,[32] the method also having
been used for the “shortening” of a disulfide to a thioether
bridge. However, subjecting 16 and 17 to these conditions
again gave only negative results, whereby not even the con-
version of the latter to the former could be observed.


Last but not least, removal of the sulfur bridges in 17 and
identification of the products by applying matrix isolation
techniques was attempted.[33] A combination of flash pyroly-
sis at 800 8C with isolation of the products at 10 K and sub-
sequent irradiation (254, 310 nm) led to unspecific decompo-
sition of 17. Only traces of CS2 could be identified. Direct
photochemical excitation of 17 in an argon matrix with dif-
ferent wavelengths (254, 366, and 385 nm) showed no effect.


Tetrabromide 14 was also the starting molecule in our
search for additional variations in applying the bridging/ring
contraction principle. For instance, one can envisage an
entry to O-bridged systems (compounds of type 16, in which
S has been replaced by O) either by dehydration of tetra-
ACHTUNGTRENNUNGalcohol 15d or by transformation of tetraacid 15 f into the
corresponding cyclic bisanhydride. All attempts to eliminate
water from 15d failed. Similarly disappointing were the re-
sults with the tetraacid 15 f. In this case tetraalcohol 15d
was oxidised with potassium permanganate and the resulting
reaction mixture treated with diazomethane. This procedure
yielded tetraester 15g, which could be easily purified by
chromatography. Hydrolysis with KOH/H2O gave tetraacid
15 f. Again, ring closure could not be achieved. Reaction of
15 f with thionyl chloride did not furnish the desired bis an-
hydride, but the tetra(acyl chloride) 15h.


Dieckmann condensation of tetranitrile 15 i or tetraester
15 j was believed to be a reasonable procedure for the con-
struction of CO-bridged analogues of disulfide 2. Tetranitrile
15 i was isolated in low yield only, when tetrabromide 14
was treated with sodium cyanide. Tetraester 15 j has been
prepared by reaction of 14 with CO/Co2(CO)8/TEBA in a
two-phase system (benzene/aq. sodium hydroxide) and addi-
tion of diazomethane to the crude reaction product. Un-
fortunately 15 j showed no indication of any ring formation
under the conditions normally applied for Dieckmann con-
densations.


Figure 7. The molecule of compound 17 in the crystal. Ellipsoids repre-
sent 50% probability levels. Selected bond lengths (P): S2�S3 2.052(1),
C4A�C5A 1.469(3), C1A�C8A 1.534(3); for other averaged values see
text.


Scheme 4. Failed attempts to convert the dithia ACHTUNGTRENNUNG[2.2]paracyclophane 16. a)
(MeO)3P, CDCl3, hn ; b) (Et2N)3P, benzene, DT.
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Synthetic efforts starting from [2.2]paracyclophanes
(route b): Because of all these failures we next turned our
attention to the cyclophane route discussed in Scheme 1
(route b). To introduce the pseudo-geminal substitution pat-
tern, [2.2]paracyclophane (11, X=H) was treated with
chloro ACHTUNGTRENNUNGsulfonic acid according to the procedure of van Lin-
dert et al. to provide [2.2]paracyclophane-4,15-disulfonic
acid anhydride (20) in nearly quantitative yield (97%,
Scheme 5).[34,35] Ring-opening of 20 with an aqueous base


took place readily, with the yield of the transformation de-
pending on the alkali counterion: whereas lithium hydroxide
furnished 25a in 63% yield, potassium hydroxide gave 84%
of 25c, with sodium hydroxide providing the intermediate
25b in 76% yield. Treatment of 25c with phosphorus penta-
chloride gave the pseudo-gem-disulfonyl chloride 26, which
was characterised by its spectroscopic data (see Experimen-
tal Section) and X-ray structural analysis (see below). The
reduction of 23 with tin dichloride[36] in ethanol furnished
the oxygen-sensitive dithiol 23, which was also crystallised
and investigated by X-ray structural analysis (see below).


Upon oxidation of 23 with anhydrous cobalt dichloride in
acetonitrile,[37] the dithiaphane 22 is formed in low yield
(27%, Scheme 5). Although this cyclophane, which is the
second one with a two-atom bridge consisting of hetero-
ACHTUNGTRENNUNGatoms only (the first is the corresponding azo compound),[38]


could be recrystallised from, for example, ethanol, the struc-
ture was disordered, preventing a reliable X-ray structural
determination. An extension of this heteroorganic bridge is
possible, as was revealed when 23 was treated with sulfur di-
chloride: the trithiaphane 24 was formed in near quantita-
tive yield (96%), and this time recrystallisation (from cyclo-
hecxane) provided yellow needles that were suitable for an
X-ray structure determination. In the hope of adding anoth-
er sulfur atom to the bridge (to produce the tetrasulfur de-


rivative 27), we treated 23 with disulfur dichloride. The only
product that could be isolated, in 84% yield, was again the
trisulfide 24. Evidently sulfur had been split off during the
bridging process, a suspicion that was supported by the gen-
eration of an amorphous precipitate (sulfur) during the
ACHTUNGTRENNUNGreaction.


The structure of the dithiol 23 is shown in Figure 8 (top).
The poor quality of the data is reflected in the rather irregu-
lar ellipsoids. The refined hydrogen positions of the thiol


groups should be regarded as tentative, but display reasona-
ble bond angles and torsion angles, and make no impossibly
short contacts. There is no evidence for weak hydrogen
bonds of the form S�H···S or C�H···S. There are two short
S···S contacts, intramolecular (3.651(3) P) and intermolecu-
lar S1···S2 (3.467(3) P), operator 1�x,1�y,1�z, but the thiol
hydrogen atoms do not appear to mediate these. The molec-
ular packing involves two C�H···p interactions, from C8�H8
to the centroid of C12,13,15,16 (2.81 P, 1598, �x,1=2 +


y,1=2�z] and from C16�H16 to the centroid of C4,5,7,8
(2.74 P, 1608, 1�x,�1=2 +y,1=2�z]. The net effect is to form
layers of molecules parallel to the xy plane (Figure 8,
bottom). We have already noted[39] that many simple cyclo-
phanes pack with this layer pattern, often leading to cell
constants of 7 and 11 P parallel to the layer.


The structure of thiaphane 24, with its additional S3


bridge, is shown in Figure 9. The standard [2.2]para-


Scheme 5. Preparation of different sulfur derivatives of [2.2]paracy-
clophane.


Figure 8. Top: the molecule of compound 23 in the crystal. Ellipsoids rep-
resent 30% probability levels. Bottom: packing diagram of compound
23 ; dashed lines indicate C�H···p interactions.
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ACHTUNGTRENNUNGcyclophane geometry is scarcely altered by the introduction
of the extra bridge; the rings retain their flattened boat geo-
metries, whereby the bridgehead atoms (referring to the
(CH2)2 bridges) lie approximately 0.16–0.17 P out of the
plane of the other four atoms, and are parallel. The bridge
C�C bonds are lengthened to C1�C2 1.574(4) and C9�C10
1.592(4) P; the bridge C�C�C angles are widened to 1138,
and the angles in the six-membered rings at the bridgehead
atoms are narrowed to 116–1178. The packing presents no
striking features; some borderline C�H···S contacts are
listed in the supplementary crystallographic data. There are
no short S···S or C�H···p contacts.


The pseudo-geminal-bis(sulfonyl chloride) derivative 26
crystallises with two molecules in the asymmetric unit, of
which one is shown in Figure 10 (top); the second molecule
is numbered analogously but with primes. The two mole-
cules differ most in the orientation of the sulfonyl chloride
groups; the Cbridgehead�C�S�Cl torsion angles are �83, 96,
�67 and 1108 for Cl1, Cl1’, Cl2, Cl2’, respectively. A least-
squares fit of the two molecules in terms of the C and S
atoms gives a root-mean-square deviation of 0.13 P. The
molecules show the usual cyclophane features (see above),
which will not be further commented upon. A superficial in-
spection of the molecular packing reveals three hydrogen
bonds of the form C�H···Cl and five of the form C�H···O
(see the supplementary crystallographic data), but all are
long. More relevant structurally may be three Cl···O interac-
tions [1) Cl2···O1 3.093(3) P, S�Cl···O 152.0(1)8, operator
�x,�1=2 +y,11=2�z ; 2) Cl2’···O2 3.118(3) P, S�Cl···O
134.4(1)8, operator x,11=2�y,�1=2 +z ; 3) Cl1’···O3 3.350(3) P,
S�Cl···O 157.7(1)8, operator 1+x,y,z], which combine to
form layers of molecules parallel to the plane (1̄ 02)
(Figure 10, bottom).


To learn about the possibility of bond formation between
the two aromatic rings of 22 and 24, respectively, we subject-
ed these precursors to flash vacuum pyrolysis at 800 8C and
0.1 torr. It is not impossible that hydrocarbon 7 would be
produced during this process, since it requires, besides the
sulfur removal, only the loss of hydrogen, either in molecu-
lar or radical form, which is a definite possibility at these


high temperatures. As it turned out, the only pyrolysis prod-
uct we could identify in small yields (10–14%) was phenan-
threne (30, Scheme 6).


Figure 9. The molecule of compound 24 in the crystal. Ellipsoids repre-
sent 30% probability levels. Selected bond lengths (P): S1�S2 2.055(2),
S2�S3 2.054(2).


Figure 10. Top: one of the two independent molecules of compound 26 in
the crystal. Ellipsoids represent 30% probability levels. Bottom: packing
diagram of compound 26. Boldface numerals indicate independent mole-
cules 1 and 2. Dashed lines and italic letters (the latter indicate the con-
tacts formed by one molecule, see text) indicate Cl···O interactions. H
atoms are omitted.


Scheme 6. Flash vacuum pyrolysis of the thiaphanes 22 and 24.
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To rationalise this fragmentation, we propose that sulfur
ejection indeed provides the diradical 28 initially. This sub-
sequently closes by intra-annular bond formation to the
highly strained intermediate 29. Rather than losing hydro-
gen to 7, rupture of one of the ethano bridges takes place,
furnishing the diradical 32, which, by splitting off ethylene,
is converted into the phenanthrenyl diradical 31. The final
stabilisation (formally a symproportionation) could then
take place by two 1,5-hydrogen migration reactions.


Exploratory steps to reach 7 via the bisdehydrobenzene
intermediate 10 were undertaken last. As already mentioned
(Scheme 1) pseudo-ortho or pseudo-geminally disubstituted
[2.2]paracyclophanes, 11, could serve as precursors for this
cyclophyne. One such derivative is the dichloride 33, which
we hoped to obtain by desulfurisation of the pseudo-geminal
bis(sulfonyl chloride) 26 according to a procedure described
by Blum and Scharf.[39] These authors have shown that nu-
merous aromatic sulfonyl halides readily undergo SO2-extru-
sion when heated in 1,2,4-trichlorobenzene in the presence
of various Wilkinson catalysts such as [RhCl ACHTUNGTRENNUNG(PPh3)3]. When
these conditions were applied to 26 a reaction did indeed
take place; however, it did not provide the desired 33 but in-
stead the pseudo-meta-isomer 35 of the substrate
(Scheme 7). The structure of this cyclophane derivative was


proved by its spectroscopic data and by an X-ray structural
analysis (see below). Thermal isomerisations of this type
have long been known in cyclophane chemistry;[40,41] they
proceed via the diradical formed by homolytic cleavage of
an ethano bridge, rotation of the now more flexible inter-
mediate and reclosure of the rotated diradical to the ther-
modynamically more stable phane isomer. In principle, 35
could also undergo sulfur dioxide loss to the pseudo-meta-
dichloride 34. There was, however, no evidence that this
product, which could also be generated from 33 by a subse-
quent thermal process, is part of the product mixture.


The structure of the pseudo-meta isomer 35 is shown in
Figure 11 (top). The orientations of the sulfonyl chloride


groups are given by the torsion angles (as defined above for
26) �618 and �638 for Cl1 and Cl2, respectively. The molec-
ular packing is completely different from that of 26. There
are no significant Cl···O contacts, but instead two bifurcated
hydrogen bond systems [a,b) (C7�H7, C8�H8)···O4, with
H···O 2.60, 2.47 P, C�H···O 117, 1238, operator
2�x,1�y,1�z ; c,d) (C12�H12, C13�H13)···O1, with H···O
2.54, 2.59 P, C�H···O 121, 1198, operator 1�x,1=2 +y,1=2�z]
and a C�H···Cl contact from one of the same hydrogen
atoms [e) C13�H13···Cl1, with H···Cl 2.77 P, C�H···Cl 1528,
operator x,1+y,z]. The net effect of these is to form layers
of molecules parallel to the plane (1̄02) (Figure 11,
bottom).


In a final, now rather desperate attempt, we took the
commercial product PARYLENE C=, a mixture of chlorine
derivatives of [2.2]paracyclophane (11, X=Cl) of for us un-
known composition, and treated it with lithium 2,2,6,6-tetra-
methylpiperidide (LTMP) in THF at �90 8C. Since it is


Scheme 7. Attempts to prepare dichloro ACHTUNGTRENNUNG[2.2]paracyclophanes and to de-
hydrochlorinate them.


Figure 11. Top: the molecule of compound 35 in the crystal. Ellipsoids
represent 50% probability levels. Bottom: packing diagram of compound
35. Dashed lines and italic letters (see text) indicate C�H···X interactions
(X=O, Cl). H atoms not involved in hydrogen bonds are omitted. Note
that the bifurcated systems (see text) are seen edge on, so that the two
components almost exactly overlap.
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known that chloro-p-xylene under these conditions provides
small amounts of 1,4,5,8-tetramethyl-biphenylene (8) via
3,6-dimethyl-dehydrobenzene (9),[42] the hope was that 10
should be produced analogously, provided that the substrate
mixture contained at least some 33 or its pseudo-ortho
isomer. On work-up, the PARYLENEC= had vanished com-
pletely, but unfortunately again no defined products could
be isolated. A bisdehydrobenzene intermediate, of course,
has other possibilities for reaction than to yield 7; it could,
for example, polymerise, an option that would become even
more pronounced if it had the “wrong” stereochemistry,
namely, anti-orientation of the two “triple” bonds. Since, in
the meantime, we have developed a selective route to the
pseudo-geminal-dichloride 33,[43] we are planning to repeat
these elimination reactions under more controlled
ACHTUNGTRENNUNGconditions.


Addendum :[43] The circulenes discussed above formally are
constructed from phenanthrene moieties, that is, they all
contain the smallest angularly annelated aromatic ring
system as the repeating unit. In principle, however, linearly
fused and other condensed aromatic systems may also form
a section of a circulene ring. Thus, StaabXs celebrated keku-
lene (36)[44] may formally be regarded as a [12]circulene that
is constructed out of two phenanthrene and two anthracene
units, respectively. The phenanthrene moieties, however, are
not necessarily be annelated in exo,exo-fashion as in 36, but
in principle can also assume different orientations as shown
in 37 (“endo-kekulene”) and 38 (“bis-endo-kekulene”,
Scheme 8).


Whereas 36 is a well-investigated hydrocarbon,[45] its two
isomers shown in Scheme 8 are so far unknown. As far as
their geometries are concerned, 38 should be especially in-
teresting. In kekulene the interior hydrogen atoms are evi-


dently accommodated well by the “hole” inside the mole-
cule, because, according to X-ray structural analysis,[46] the
hydrocarbon possesses a nearly perfect planar geometry.
However, as shown by B3LYP calculations[14] its bis-endo-
isomer 38 displays the C2h-symmetric curved structure
shown in 39. Numerous other circular arrangements of ben-
zene rings are conceivable and it remains to be seen which
of these become reality.


Experimental Section


General remarks : Column chromatography: Silica gel 60 (70–230 mesh,
Merck); aluminium oxide, activity II–III (Woelm). Melting points: Kofler
hot stage (uncorrected). NMR: Bruker AC 200 (1H: 200 MHz; 13C:
50.3 MHz); Bruker AM 300 (1H: 300 MHz; 13C: 75.5 MHz); Bruker WM
400 and Bruker AM 400 (1H: 400 MHz; 13C: 100.6 MHz) in CDCl3, TMS
as internal standard. IR: Perkin–Elmer 1420 as KBr pellets. MS: Finni-
gan MAT 84530 (70 eV, EI). UV: Beckman UV 5230.


1,4,5,8-Tetramethylbiphenylene (8): A solution of 3,6-dimethylanthranilic
acid (48.07 g, 0.29 mol)[23,24] in anhydrous THF (360 mL) was cooled to
�10 8C, and trifluoracetic acid (7.7 mL, 10 mmol) was added at this tem-
perature. After stirring for 15 min, i-amyl nitrite (60 mL, 0.45 mol) was
added over a period of 1 h, and the reaction mixture was stirred for a fur-
ther 15 min. The diazonium carboxylate 12 precipitated, and was re-
moved by filtration through a teflon BBchner funnel. The salt was
washed first with cold THF (�50 mL, �20 8C), and subsequently with
cold 1,2-dichloroethane, taking care that the product never became dry
or warmed to RT. According to our experience under these conditions
the salt is stable for at least 0.5 h. The suspension was added in portions
to boiling 1,2-dichloromethane (3 L), keeping the gas evolution moder-
ate. After 1 h at reflux temperature, the solvent was concentrated by
rotary evaporation leading to the crystallisation of 8. After washing the
product with ice-cold methanol and drying it in vacuo, 8 (6.31 g, 21%)
was obtained as colourless prisms. The spectroscopic and analytical data
agree with those given in the literature;[37] for the X-ray diffraction study
see below.


Pyrolysis of 3,6-dimethylphthalic anhydride (13): A sample of 13 (0.88 g,
5.0 mmol)[25] was pyrolysed in a quartz apparatus at 820 8C at a pressure
of 0.1 torr. The pyrolysate, condensed in a cold trap, was dissolved in tol-
uene/chloroform (1:1, v/v) and subjected to chromatography on silica gel
with cyclohexane: 115 mg (11%) of 8 was found, identical to the authen-
tic material (see above). In the pyrolysate no substrate could be
detected.


1,4,5,8-Tetrakis(bromomethyl)biphenylene (14): Five portions of N-bro-
mosuccinimide (NBS; 4.45 g, 25 mmol) were added to a boiling solution
of 8 (6.31 g, 30.0 mmol) in anhydrous carbon tetrachloride (2 L), each
portion followed by addition of dibenzoyl peroxide (20 mg). To complete
the bromination (the degree of which was monitored by 1H NMR analy-
sis) a final portion of NBS (1.78 g, 10 mmol) plus the peroxide (20 mg)
was added, and the reaction mixture was refluxed overnight. The solvent
was removed completely and the solid residue washed with cold acetone
to remove the succinimide. The parent solution was concentrated to a
third of its volume and the precipitated crystals were united with the
above solid residue. Recrystallisation of these bromination products from
cold acetone yielded 14 (11.85 g, 75%), identical in its spectroscopic and
analytical data with those reported;[19–21,24] for the X-ray diffraction study
see below.


2,2’-Dithia[31,8.34,5]biphenylenophane (16) and 2,3-dithia ACHTUNGTRENNUNG[41,8]-2’-thia-
ACHTUNGTRENNUNG[34,5]biphenylenophane (17): Toluene (1 L), ethanol (575 mL), and water
(175 mL) were placed in a 4 L three-necked flask with a mechanical stir-
rer. Caesium carbonate (3.00 g, 9.20 mmol) was added to the solvent mix-
ture. A solution of tetrabromide 14 (2.24 g, 4.28 mmol) in toluene (1 L)
and sodium sulfide nonahydrate (1.04 g, 4.33 mmol) in ethanol (400 mL)
and water (100 mL) were added simultaneously to the boiling solution
over a period of 20 h and under nitrogen protection. When the additionScheme 8.
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was complete, the reaction mixture was heated to reflux for 2 h, and,
after cooling to RT, the solvents were removed completely. The solid res-
idue was dissolved in cyclohexane/chloroform (3:2, v/v) and separated by
column chromatography on silica gel using the same solvent mixture pro-
viding the following fractions: fraction 1: several milligrams of monocycl-
ised thioether 18 ; fraction 2: 180 mg (14%) of 17; fraction 3: 107 mg
(9%) of 16. The majority of the product mixture consisted of polymeric
compounds that were not identified. In a second cyclisation experiment
(benzene 1.6 L; ethanol 1.15 L; water 50 mL; caesium carbonate 3.00 g)
the bromide 9a (1.12 g, 2.14 mmol) in benzene (500 mL) was coupled
with sodium sulfide nonahydrate (1.02 g, 4.25 mmol) in ethanol (200 mL)
and water (50 mL). In this case two fractions were obtained after silica
gel chromatography: 17 (17 mg, 2.6%) and 16 (292 mg, 51%).


Fraction 1—4,5-bis(bromomethyl)-2-thia ACHTUNGTRENNUNG[31,8]biphenylenophane (18): M.p.
112 8C; MS (EI, 70 eV): m/z (%): 398 (20), 396 (39), 394 (26), [M+], 317
(100), 315 (93), 235 (56), 220 (34), 202 (38), 189 (49).


Fraction 2—2,3-dithia ACHTUNGTRENNUNG[41,8]-2’-thiaACHTUNGTRENNUNG[34,5]biphenylenophane (17): M.p. 108 8C
(decomp); 1H NMR (400.1 MHz, CDCl3): d=3.49 (d, J=17.3 Hz, 2H; 9-,
12-H), 3.74 (s, 4H; 13-, 15-H), 3.88 (d, J=17.4 Hz, 2H; 9-, 12-H), 6.37 (d,
J=8.3 Hz, 2H; 2-, 7-H), 6.50 ppm (d, J=8.3 Hz, 2H; 3-, 6-H); 13C NMR
(100.6 MHz, CDCl3): d=36.8 (t, C-13, C-15), 38.8 (t, C-9, C-12), 126.5 (d,
C-3, C-6), 127.9 (d, C-2, C-7), 128.4 (s, C-1, C-8), 129.7 (s, C-4, C-5),
146.0 (s, C-8a, C-8b), 149.8 ppm (s, C-4a, C-4b); IR (KBr): ñ=3443 (s),
2926 (m–s), 1396 (vs), 1350 (vs), 1216 (m), 1195 (w–m), 1163 (s), 1134
(m), 1109 (m), 897 (m–s), 842 (m), 838 (m), 784 (s), 771 (s), 762 cm�1


(m); UV (acetonitrile): lmax (loge)=264 (sh, 4.39), 270 (4.45), 292 (3.45),
330 (3.03), 346 (3.30), 364 nm (3.32); MS (EI, 70 eV): m/z (%): 302 (15),
301 (20), 300 (100) [M+], 237 (18), 236 (89), 235 (48), 234 (20), 221 (21),
208 (14), 202 (21), 189 (21); elemental analysis calcd (%) for C16H12S3: C
64.00, H 4.03, S 31.97; found: C 64.05, H 4.01, S 31.77; X-ray structural
analysis: see below, Table 1.


Fraction 3: 2,2’-Dithia[31,8.34,5]biphenylenophane (16): M.p. 208 8C;
1H NMR (400.1 MHz, CDCl3): d=3.80 (s, 8H; 9-, 11-, 12-, 14-H),
6.62 ppm (s, 4H; 2-, 3-, 6-, 7-H); 13C NMR (100.6 MHz, CDCl3): d=37.2


(t, C-9, C-11, C-12, C-14), 128.5 (s, C-1, C-4, C-5, C-8), 129.3 (d, C-2, C-3,
C-6, C-7), 144.7 ppm (s, C-4a, C-4b, C-8a, C-8b); IR (KBr): ñ =3031
(vw), 2908 (m–s), 2898 (m–s), 1448 (m), 1444 (m), 1412 (m–s), 1352 (m),
879 (m), 800 (vs), 698 (s), 661 (s), 602 cm�1 (vs); UV (acetonitrile): lmax


(loge)=382 (3.07), 366 (3.11), 308 (sh, 3.35), 280 (4.29), 232 nm (4.03);
MS (EI, 70 eV): m/z (%): 270 (10), 269 (20), 268 (100) [M+], 236 (10),
234 (13), 222 (14), 208 (12), 189 (12); elemental analysis calcd (%) for
C16H12S2: C 71.60, H 4.51, S 23.89; found: C 71.42, H 4.51, S 23.64.


Dipotassium salt of [2.2]paracyclophane-4,15-disulfonic acid (25c): Com-
pound 20 (60.0 g, 0.17 mol),[34, 35] was added in portions to a 10n aqueous
potassium hydroxide solution (100 mL). The reaction mixture was heated
to reflux for 1.5 h, cooled with an ice-bath, and the resulting precipitate
removed by filtration through a BBchner funnel. The filter cake was
washed with ice-water, and subsequently dried in a desiccator over phos-
phorus pentoxide to give 25c (63.5 g, 84%) as a beige amorphous mass,
m.p. 219 8C (decomp). When a solution of 25c (6.35 g, 14 mmol) in water
was acidified with dilute hydrochloric acid and the organic material dis-
solved in dichloromethane, 4.52 g (86%) of the free acid was obtained
after work-up. 1H NMR (400.1 MHz, CDCl3): d =3.00–3.35 (m, 6H;
ethano bridges), 4.04–4.12 (m, 2H; ethano bridges), 6.81–6.94 ppm (over-
lapping multiplets, 6H; arom. H); 13C NMR (100.6 MHz, CDCl3): d=


35.0 (t, C-1, C-2), 36.0 (t, C-9, C-10), 128.5 (d, C-5, C-16), 136.0 (d, C-8,
C-13), 137.0 (s, C-3, C-14), 137.5 (d, C-7, C-12), 141.0 (s, C-6, C-11),
141.5 ppm (s, C-4, C-15); IR (KBr): ñ=3447 (w), 2931 (m), 1450 (w),
1435 (w), 1231 (s), 1217 (s), 1177 (s), 1084 (s), 1032 (s), 1026 (s), 719 (m),
708 (s), 639 cm�1 (s); UV (water): lmax (loge)=298 (3.04), 260 (3.45),
230 nm (4.16).


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-disulfonylchloride (26): Compound 25c (50.0 g,
0.11 mol) was carefully added to phosphorus oxychloride (40 mL), and,
after phosphorus pentachloride (100 g, 0.48 mol) had been added, the
stirred reaction mixture was heated for 3 h under reflux. The POCl3 and
the excess PCl5 were distilled off under vacuum, and toluene was added
to the resulting residue. After crystallisation from that solvent, 26 (19.5 g,
43%) was obtained as pale yellow prisms. M.p. 207 8C; 1H NMR


Table 1. Crystallographic data for compounds 8, 14, 17, 23, 24, 26, and 35.


8 14 17 23 24 26 35


formula C16H16 C16H12Br4 C16H12S3 C16H16S2 C16H14S3 C16H14Cl2O4S2 C16H14Cl2O4S2


Mr 208.29 523.90 812.40 272.41 302.45 405.29 405.29
habit colourless tablet pale yellow prism pale yellow plate yellow plate yellow tablet colourless tablet colourless needle
crystal size [mm] 0.8V0.4V0.2 0.4V0.2V0.14 0.22V0.14V0.06 0.45V0.4V0.02 0.4V0.4V0.2 0.8V0.3V0.16 0.5V0.15V0.15
crystal system monoclinic orthorhombic monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P21/c Cmca P21/c P21/c P212121 P21/c P21/c
a [P] 8.8330(8) 20.461(2) 18.586(8) 7.681(3) 8.7986(12) 8.6377(18) 9.390(2)
b [P] 5.0262(6) 5.2978(6) 7.687(4) 11.002(3) 9.1506(14) 13.9829(16) 6.3659(15)
c [P] 13.2209(12) 14.536(2) 9.359(5) 15.928(4) 16.852(2) 27.854(3) 27.336(7)
a [8] 90 90 90 90 90 90 90
b [8] 105.158(6) 90 97.32(4) 92.01(2) 90 91.869(10) 93.72(2)
g [8] 90 90 90 90 90 90 90
V [P3] 566.54(10) 1575.7(3) 1326.1(11) 1345.1(7) 1356.8(3) 3362.4(9) 1630.6(7)
Z 2 4 4 4 4 8 4
1calcd [Mgm�3] 1.221 2.208 1.505 1.345 1.481 1.601 1.651
m [mm�1] 0.07 10.2 0.54 0.37 0.53 0.65 0.67
F ACHTUNGTRENNUNG(000) 224 992 624 576 632 1664 832
T [8C] �100 �100 �130 �100 �100 �100 �130
2qmax 55 55 56.2 50 55 50 55
reflns measured 2599 2984 9731 2543 3402 6353 3840
independent reflns 1301 932 3369 2358 3123 5907 3759
transmission – 0.60–0.98 – – 0.85–0.93 0.86–0.91 0.86–0.88
Rint 0.012 0.038 0.061 0.071 0.020 0.031 0.036
parameters 76 47 172 169 172 433 217
restraints 0 0 0 157 0 0 0
wR(F2, all reflns) 0.141 0.040 0.106 0.210 0.098 0.103 0.130
R ACHTUNGTRENNUNG[F>4s(F)] 0.044 0.023 0.042 0.075 0.043 0.044 0.058
S 1.14 0.82 0.96 0.79 0.92 0.89 1.06
max D1 [eP�3] 0.27 0.47 0.77 0.70 0.46 0.55 0.38
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(400.1 MHz, CDCl3): d=3.21–3.32 (m, 6H; ethano bridges), 4.32–4.37
(m, 2H; ethano bridges), 6.89–6.90 (m, 2H; 8-, 13-H), 6.98 (dd, J1 =7.8,
J2=1.8 Hz, 2H; 7-, 12-H), 7.30 ppm (d, J=1.8 Hz, 2H; 5-, 16-H);
13C NMR (100.6 MHz, CDCl3): d=33.7 (t, C-9, C-10), 34.3 (t, C-1, C-2),
130.5 (d, C-5, C-16), 137.5 (s, C-3, C-14), 138.1 (d, C-8, C-13), 139.4 (d,
C-7, C-12), 141.7 (s, C-6, C-11), 142.6 ppm (s, C-4, C-15); IR (KBr): ñ=


3445 (w), 2858 (w), 1398 (w), 1047 (w), 684 (m), 616 (m), 587 (s),
573 cm�1 (s); UV (acetonitrile): lmax (loge)=310 (3.48), 262 (3.87), 230
(sh, 4.02), 220 (sh, 4.22), 212 nm (sh, 4.34); MS (EI, 70 eV): m/z (%):
407/405/403 (0.15/0.64/0.94) [M+�H], 371/369 (9/22) [M+�Cl], 241 (15),
205 (13), 189 (10), 150 (14), 140 (32), 139 (16), 138 (100), 103 (30), 77
(21); elemental analysis calcd (%) for C16H14Cl2O4S2: C 47.41, H 3.48, S
15.82; found: C 47.24, H 3.49, S 15.59; X-ray structural analysis: see
below.


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-dithiol (23): Tin dichloride dihydrate (175.0 g,
0.71 mol) was added to a mixture of ethanol (250 mL) and concentrated
hydrochloric acid (250 mL), followed by 26 (19.0 g, 47.0 mmol). The reac-
tion mixture was heated to reflux overnight; after cooling, water
(750 mL) was added and the ethanol distilled off. The precipitate was re-
moved by filtration, and the aqueous phase was extracted thoroughly
with dichloromethane and diethyl ether. The organic phases were com-
bined, dried (sodium sulfate), and the solvents were removed in vacuo.
The resulting residue was combined with the above precipitate and the
raw dithiol was recrystallised from ethanol to give 23 (5.9 g 46%) as
yellow needles. M.p. 208 8C; 1H NMR (400.1 MHz, CDCl3): d=2.91–3.08
(m, 6H; ethano bridges), 3.56 (s, 2H; -SH), 3.76–3.84 (m, 2H; ethano
bridges), 6.39–6.52 (m, 4H; 7-, 8-, 12-, 13-H), 6.60 ppm (d, J=1.6 Hz,
2H; 5-, 16-H); 13C NMR (100.6 MHz, CDCl3): d=33.5 (t, C-1, C-2), 34.7
(t, C-9, C-10), 129.8 (s, C-4, C-15), 132.0 (d, C-7, C-12), 134.6 (d, C-8, C-
13), 135.9 (d, C-5, C-16), 139.5 (s, C-3, C-14), 139.6 ppm (s, C-6, C-11);
IR (KBr): ñ=3024 (w), 2952 (m), 2927 (s), 2889 (m), 2851 (m–s), 1581
(m), 1476 (m), 1394 (s), 1056 (m), 910 (m), 866 (m), 838 (m), 711 cm�1


(vs); UV (acetonitrile): lmax (loge)=310 (3.03), 282 (sh, 3.40), 252 (sh,
3.92), 214 nm (4.37); MS (EI, 70 eV): m/z (%): 274 (6), 273 (10), 272 (50)
[M+], 240 (18), 239 (90), 238 (13), 137 (34), 136 (100), 135 (43), 121 (15),
93 (32), 92 (27); elemental analysis calcd (%) for C16H16S2: C 70.57, H
5.93, S 23.50; found: C 70.47, H 5.87, S 23.62; X-ray structural analysis:
see below.


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-disulfide (22): Anhydrous cobalt dichloride
(97 mg, 0.74 mmol) was added to a solution of 23 (1.39 g, 5.1 mmol) in
anhydrous acetonitrile (300 mL), and the mixture heated to reflux under
nitrogen overnight. The orange precipitate formed after cooling to RT
was removed by filtration and recrystallised from ethanol to give 22
(0.38 g, 27%) as orange needles. M.p. 185 8C; 1H NMR (400.1 MHz,
CDCl3): d=3.21–3.32 (m, 6H; ethano bridges), 4.32–4.37 (m, 2H; ethano
bridges), 6.35 (d, J=7.9 Hz, 2H; 8-, 13-H), 6.49 (d, J=1.9 Hz, 2H; 5-, 16-
H), 6.85 ppm (dd, J1 =7.9, J2=1.9 Hz, 2H; 7-, 12-H); 13C NMR
(100.6 MHz, CDCl3): d=33.6 (t, C-1, C-2), 35.2 (t, C-9, C-10), 132.7 (s, C-
4, C-15), 133.0 (d, C-7, C-12), 133.9 (d, C-8, C-13), 139.8 (s, C-6, C-11),
148.2 (d, C-5, C-16), 148.9 ppm (s, C-3, C-14); IR (KBr): ñ =3030 (w),
2925 (s), 2890 (m), 1469 (s), 1446 (m), 1435 (m), 1428 (m), 1386 (m), 918
(vs), 904 (m), 888 (m), 839 (m), 723 (vs), 698 (s), 654 cm�1 (s); UV (ace-
tonitrile): lmax (loge)=312 (3.40), 286 (sh, 3.72), 256 (sh, 3.97), 218 nm
(4.33); MS (EI, 70 eV): m/z (%): 272 (9), 271 (17), 270 (100) [M+], 269
(16), 155 (14), 238 (12), 237 (54), 222 (13), 205 (14), 147 (30), 135 (14); el-
emental analysis calcd (%) for C16H14S2: C 71.10, H 5.22, S 23.68; found:
C 71.17, H 5.23, S 23.57.


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-trisulfide (24): Freshly distilled sulfur dichloride
(0.1 mL, 1.6 mmol) in diethyl ether (10 mL) was added to a solution of
23 (0.272 g, 1 mmol) in anhydrous diethyl ether (20 mL), and the reaction
mixture heated to reflux for 5 h. The solvent was removed and the re-
maining residue was subjected to chromatography on silica gel with cy-
clohexane to give 24 (0.291 g, 96%) as yellow crystals. M.p. 165 8C;
1H NMR (400.1 MHz, CDCl3): d=3.16–3.20 (m, 4H; ethano bridges),
3.22–3.26 (m, 2H; ethano bridges), 4.09–4.13 (m, 2H; ethano bridges),
6.44 (dd, J1=7.9, J2=1.9 Hz, 2H; 7-, 12-H), 6.69 (d, J=7.9 Hz, 2H; 8-,
13-H), 7.47 ppm (d, J=1.8 Hz, 2H; 5-, 16-H); 13C NMR (100.6 MHz,
CDCl3): d=34.8 (t, C-9, C-10), 35.1 (t, C-1, C-2), 130.1 (s, C-4, C-15),


135.0 (d, C-7, C-12), 135.5 (d, C-8, C-13), 138.1 (d, C-5, C-16), 141.3 (s,
C-6, C-11), 143.6 ppm (s, C-3, C-14); IR (KBr): ñ=2954 (w), 2928 (vs),
2886 (m), 1470 (s), 1444 (m), 1393 (s), 911 (s), 875 (s), 716 cm�1 (vs); UV
(acetonitrile): lmax (log e)=312 (3.37), 244 (sh, 3.96), 206 nm (sh, 4.41);
MS (EI, 70 eV): m/z (%): 304 (8), 303 (9), 302 (53) [M+], 167 (20), 166
(100), 134 (7), 91 (17); elemental analysis calcd (%) for C16H14S3: C
63.57, H 4.67, S 31.76; found: C 63.21, H 4.57, S 31.70; X-ray structural
analysis: see below.


When the experiment was repeated with disulfur dichloride (0.1 mL,
1.2 mmol) under otherwise identical conditions, 254 mg (84%) of 24 was
obtained. The amounts of a second compound giving the correct mass
spectrum for the tetrasulfide 27 (EI, 70 eV: m/z (%)=334 (3) [M+], 302
(46), 166 (100)) were so minute that no spectroscopic data could be
ACHTUNGTRENNUNGobtained.


Pyrolysis of 22 and 24 : Either 22 (270 mg, 1 mmol) or 24 (302 mg,
1 mmol) was placed in a 25 mL round-bottomed flask and the flask con-
nected and placed in the preheating (evaporation) zone of a pyrolysis ap-
paratus (quartz tube, l=60, o.d.=3.5 cm). At the other end of the pyroly-
sis tube a cold trap was placed, and cooled with liquid nitrogen. The
evaporation zone was heated to 130–150 8C, and the pyrolysis oven to
800 8C, and the whole apparatus was evacuated to �0.1 torr. The brown
pyrolysate that formed over 12 h was dissolved in a small amount of
chloroform/toluene and the solution subjected to chromatography on
silica gel with cyclohexane/chloroform (3:1, v/v). As the only organic
product phenanthrene (30) was isolated and identified by comparison
with an authentic sample; yield: 18 mg (10%) from 22 and 25 mg (14%)
from 24.


Attempted catalytic desulfonylation of [2.2]paracycylophane-4,15-disulfo-
nylchloride (26): Chlorotris(triphenylphosphine)rhodium(I) (61 mg,
0.17 mmol) was added to a solution of 26 (3.0 g, 7.4 mmol) in 1,2,4-tri-
chlorobenzene (30 mL). The reaction mixture was heated to reflux for
30 min with stirring. After cooling to RT the solvent was removed in
vacuo and the obtained residue chromatographed on silica gel with cyclo-
hexane/dichloromethane (1:1, v/v). Besides substrate 26 (0.52 g 25%),
[2.2]paracyclophane-4,13-disulfonylchloride (35 ; 1.90 g, 63%) was isolat-
ed as colourless needles (toluene). M.p. 206 8C; 1H NMR (400.1 MHz,
CDCl3): d=3.09–3.17 (m, 2H; ethano bridges), 3.33–3.48 (m, 4H; ethano
bridges), 3.98–4.06 (m, 2H; ethano bridges), 6.73 (dd, J1=7.9, J2=1.8 Hz,
2H; 7-, 16-H), 6.97 (d, J=7.9 Hz, 2H; 8-, 15-H), 7.33 ppm (d, J=1.8 Hz,
2H; 5-, 12-H); 13C NMR (100.6 MHz, CDCl3): d=34.1 (t, C-1, C-2), 34.3
(t, C-9, C-10), 130.7 (d, C-5, C-12), 137.0 (d, C-8, C-15), 139.1 (d, C-7, C-
16), 139.2 (s, C-3, C-14), 141.7 (s, C-6, C-11), 143.2 ppm (s, C-4, C-13); IR
(KBr): ñ =2983 (w), 2957 (m), 2928 (m), 1479 (m), 1395 (s), 1366 (vs),
1195 (s), 1170 (vs), 922 (s), 705 cm�1 (s); UV (acetonitrile): lmax (loge)=


302 (3.23), 274 (3.79), 234 nm (sh, 3.94); MS (EI, 70 eV): m/z (%): 407/
406/405/404/403 (0.19/0.20/0.53/0.37/054) [M+], 371 (9), 369 (21), 241
(15), 189 (10), 150 (14), 140 (31), 139 (16), 138 (100), 103 (30), 102 (12),
77 (31); elemental analysis calcd (%) for C16H14Cl2O4S2: C 47.41, H 3.48,
S 15.82; found: C 47.48, H 3.47, S 15.67; X-ray structural analysis: see
below.


X-ray structure determinations : Numerical details are presented in
Table 1.


Data collection and reduction : Crystals were mounted in inert oil on glass
fibers and transferred to the cold gas stream of the diffractometer (17:
Bruker SMART 1000 CCD; 35 : Stoe STADI-4; others: Siemens P4, with
appropriate low temperature attachments). Measurements were per-
formed with monochromated MoKa radiation. Absorption corrections
were performed on the basis of y-scans for 14, 24, 26, and 35.


Structure refinement : The structures were refined anisotropically against
F2 (program SHELXL-97, G.M. Sheldrick, University of Gçttingen). Hy-
drogen atoms were included as rigid methyl groups or with a riding
model.


Exceptions/special features of refinement : An extinction correction was
performed for compounds 8 and 14. The data for compound 23 were of
poor quality (weakly diffracting thin plate); restraints on the displace-
ment factor components were employed to improve refinement stability.
Hydrogen atoms of the SH groups were identified tentatively in differ-
ence syntheses and refined with constrained S�H distances and fixed U
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values; the positions are structurally reasonable (no impossibly short con-
tacts) but should be interpreted with caution. For compound 24, the
Flack parameter refined to �0.07(11); the compound crystallises by
chance in a chiral space group.


CCDC-631107 (8), 631108 (14), 631109 (17), 631110 (23), 631111 (24),
631112 (26), 631113 (35) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Transition-metal salts are synthesized or generated in an in-
creasing variety of reactions. Frequently, the nature of the
anion is ignored or the anion is considered to be relatively


“innocent”. However, a number of reports in the recent lit-
erature suggest that the choice of the anion can be impor-
tant, both in terms of the structure of the salt and its reactiv-
ity.[1–13] Relevant examples include an anion dependence in
1) Diels–Alder catalysis,[1] 2) polymerization chemistry,[2] 3)
catalytic hydrogenation,[3] 4) asymmetric ring opening reac-
tions of oxabicyclic alkenes,[4] 5) asymmetric cyclopropana-
tion,[5] and 6) C,H-activation reactions,[6] amongst others.
The anions may or may not coordinate to the metal
center.[7] Normally, one does not find an explanation for the
effect of the anion; however, occasionally, ion pairing is
mentioned as a possible contributor.[11, 17]


It is not always evident how one should measure and rec-
ognize this ion pairing; however, recent NMR studies, which
combine both pulsed gradient spin-echo (PGSE) diffusion
and Overhauser NMR spectroscopy,[14,15] , have begun to
shed light on how selected anions interact with their respec-
tive cations in solution. Usually, the literature studies involv-
ing NMR diffusion measurements emphasize the use of this
methodology in connection with recognizing changes in mo-
lecular volumes.[16–30] Nevertheless, one finds an increasing
number of reports involving NMR data and ion pair-
ing.[15,17,31–33] Assuming that the two ions can be measured
separately, inspection of the magnitudes of the NMR diffu-
sion constants provides a direct estimate of the extent of the


Abstract: PGSE diffusion, 19F, 1H
HOESY and 13C NMR studies for a
series of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h6-arene)] ACHTUNGTRENNUNG[PF6] (1)
salts are presented. The solid-state
structure of [RuACHTUNGTRENNUNG(Cp*)(h6-
fluorobenzene)] ACHTUNGTRENNUNG[PF6] (1c) is reported.
The extent of the ion pairing and the
relative positions of the ions are shown
to depend on the arene. For the solvent
dichloromethane, new and literature
PGSE data for PF6


� salts of transition-


metal, inorganic, and organic salts are
compared. Taken together, these new
results show that the charge distribu-
tion and the ability of the anion to ap-
proach the positively charged positions
(steric effects due to molecular shape)


are the determining factors in deciding
the amount of ion pairing. DFT calcu-
lations of the charges in four salts of
type 1, as well as in a variety of other
salts, using a natural population analy-
sis (NPA), support this view. This rep-
resents the first attempt, using experi-
mental data, to understand, correlate,
and partially explain the various de-
grees of ion pairing in a widely differ-
ent collection of salts.
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ion pairing. For 100% ion pairing (and in the absence of,
e.g., hydrogen-bonding, or encapsulation effects), the diffu-
sion constants (D values) for the anion and cation will be
identical within the experimental error.[1415] Despite the
recent progress, the relevant reports focus primarily on one
related set of salts and thus are rather specific. We know of
no study attempting to understand and correlate ion pairing
in very different materials.


In the first section of this contribution we present NMR,
X-ray and DFT studies for a series of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h6-arene)]-
ACHTUNGTRENNUNG[PF6] salts. After briefly describing the ion pairing and struc-
tures of these salts we move to the second, more significant
part in which we extend the discussion, using analogous data
from PF6


� salts of various transition-metals, inorganic, and
organic salts, to form a more general picture of this phenom-
enon. This represents the first attempt to understand, corre-
late, and partially explain the differing degrees of ion pair-
ing in a very varied collection of salts by using experimental
NMR data.


Results and Discussion


[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h6-arene)]ACHTUNGTRENNUNG[PF6] salts (1): The ruthenium salts
were prepared by addition of a suitable excess of the arene
to a solution of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]ACHTUNGTRENNUNG[PF6] in accordance
with the literature.[34–36] The solid-state structures of a
number of Ru–arene complexes are known[37] and this litera-
ture includes examples involving Cp*.[38] In some cases, the
complexation of the arene to the {RuACHTUNGTRENNUNG(Cp*)} fragment is pre-
ferred even when other good donor atoms are present, for
example, in the reaction of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3] ACHTUNGTRENNUNG[PF6] with


PACHTUNGTRENNUNG(o-tolyl)3 one of the o-tolyl substituents coordinates to
afford [Ru ACHTUNGTRENNUNG(Cp*){(h6-o-tolyl)P ACHTUNGTRENNUNG(o-tolyl)2}] ACHTUNGTRENNUNG[PF6].


[39]


13C NMR spectroscopy : In connection with understanding
the positive charge distribution in our complexes we have
measured and assigned the 13C spectra of our salts and show
these data in Table 1. Figure 1 shows how some of these as-
signments were made with the help of 13C, 1H correlations.


Table 1. 13C Chemical shifts of the complexed arenes in 1–5 in [D6]acetone.


Salt C1 C2 C3 C4 C7 C8 C9 C10


1a X=H 87.4 96.7 9.8
1b X=OMe 97.6 90.4 88.6 88.6 97.3 11.1 57.2
1c X=F 133.6 87.1 76.7 86.0 96.9 10.7
1d X=SiMe3 135.6 79.0 87.1 87.2 98.2 10.0
1e X=CO2Me 89.5 87.3 88.2 89.0 98.0 9.3 164.8 53.0
1 f X=NO2 111.2 84.4 89.2 91.2 100.3 9.9


C1 C2 C3 C4 C5 C6 C7 C8
2 X=NO2 110.9 79.1 110.9 86.5 88.6 86.5 102.6 8.7
3 X=Br 110.7 87.2 91.0 94.6 89.4 84.8 101.4 9.4


C2 C3 C3’ C4 C5 C6 C7 C7’ C8 C9
4 135.4 100.3 96.7 79.3 83.5 83.6 73.8 109.0 92.9 9.7


C1 C2 C3 C4 C7 C8
5 130.6 76.7 71.5 121.4 96.6 10.4


Figure 1. Section of the 13C, 1H correlation spectrum of 1b in [D6]acetone
showing the cross-peaks from the complexed arene due to 1J(13C,1H). The
proton assignment from left to right: ortho, meta, para.
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As expected,[38] arene complexation results in much lower
frequency 13C chemical shifts for all of the arene ligands.
Specifically, the coordination chemical shifts, Dd, for the
para-carbon atoms, fall in the range �35 to �44 ppm. Com-
pared to the changes in the para-carbon atoms within the
free arene compounds,[40] the changes in the para-carbon
atoms in 1a–1 f, �3–4 ppm, are modest. The difference in


the para-carbon 13C chemical shift between free nitroben-
zene and anisole is about 13.8 ppm, whereas for salts 1b and
1 f, this value is reduced to 2.6 ppm. For the F-substituted
ipso-carbon (para to the amino group) in the p-F-aniline salt
5, the change is about 3 ppm,
relative to that for 1c. The
donor effect of an amino group
on the para position should be
much larger. This suggests that
resonance effects due to the
substituent R in salts 1 are not
as pronounced as in the free
organic arene compounds.


PGSE diffusion data : Diffusion
constants for the cations and
the PF6


� ions were obtained by
using PGSE methods as de-
scribed earlier.[14a,15] Table 2
shows a compilation of these
results for 2 mm solutions of
the salts in dichloromethane
and acetone. In addition to the
experimental D values, hydro-
dynamic radii (rH) derived
from the Stokes-Einstein equa-
tion [Eq. (1)] are given.


rH ¼
kT


6phD
ð1Þ


This equation is useful as it allows one to calculate a hy-
drodynamic radius from the viscosity (h) correction, and
thus compare the diffusion results from different solvents.
However, this relation has been criticized[14] in that it is now
recognized that the value “6” is not correct for small-to-
medium sized molecules. An empirical correction has been
suggested[14a] and the values in the table arise from using
both the value 6 and a semi-empirical correction. One can
compare these radii with those obtained from X-ray data
and we show such values in the footnotes to the tables.


In acetone, the measured D values for the cation and
anion are very different. The D values and calculated radii
for the anions are in good agreement with previous reports
in which little (but not zero) ion pairing was suggested.[14a,15a]


The corrected rH values of approximately 4.3–4.4 W seem a
little large for just the solvated anion; however, similar
values for PF6


� have been obtained in methanol and it is not
a simple matter to estimate the size of the solvent shell. Al-
though acetone efficiently separates the ions, there is still a
range of D values: 24.93(6)–27.78(6) (X10�10 m2s�1). The D
values for the cations range from 14.62(6) to 16.80(6) with
the smallest values associated with the larger cations, and
the largest with the smaller cations. The corrected rH values
fall in the range 5.2–5.7 W and we will assume that these
values represent a reasonable estimate of the hydrodynamic
radius for the solvated cations in acetone.[41]


In dichloromethane, the D values for the anions and cat-
ions are much closer. Indeed, for the dinitro and indole salts
2 and 4, respectively, the values for these two are almost
(but not quite) identical, suggesting, for 2, close to complete


Table 2. D [10�10 m2 s�1] and rH [W] values[a] for the salts in CD2Cl2 and [D6]acetone.


CD2Cl2 [D6]acetone
Compound Fragment D Dc/Da rH rcorr


H D Dc/Da rH rcorr
H


1a cation 12.50 0.94 4.2 5.1 16.43 0.64 4.4 5.3
anion 13.33 4.0 4.9 25.87 2.8 4.4


1b[b] cation 12.42 0.95 4.3 5.2 16.35 0.66 4.4 5.3
anion 13.02 4.1 5.0 24.93 2.9 4.4


1c[c] cation 12.39 0.96 4.3 5.2 16.80 0.64 4.3 5.2
anion 12.95 4.1 5.0 26.14 2.7 4.4


1d[d] cation 11.67 0.92 4.5 5.4 15.61 0.59 4.6 5.4
anion 12.65 4.2 5.1 26.31 2.7 4.3


1e cation 12.10 0.92 4.4 5.2 15.54 0.58 4.6 5.5
anion 13.14 4.0 5.0 27.00 2.7 4.3


1 f cation 11.75 0.96 4.5 5.3 15.64 0.60 4.6 5.4
anion 12.28 4.3 5.2 26.07 2.8 4.4


2 cation 11.30 0.98 4.7 5.5 14.62 0.58 4.9 5.7
anion 11.57 4.6 5.4 25.10 2.9 4.4


3 cation 11.43 0.95 4.6 5.4 15.00 0.55 4.8 5.6
anion 12.02 4.4 5.3 27.23 2.6 4.3


4[e] cation 12.07 0.98 4.4 5.2 15.88 0.57 4.5 5.4
anion 12.28 4.3 5.2 27.78 2.6 4.3


5 cation 12.23 0.97 4.3 5.2 15.88 0.61 4.5 5.4
anion 12.55 4.2 5.1 25.95 2.8 4.3


[a] All at 2 mm. For the calculation of rH, the viscosity of the nondeuterated solvent at 299 K was used.
h(CD2Cl2)=0.41X10�3 kgs�1 m�1; h([D6]acetone)=0.31X10�3 kgs�1 m�1. rH was calculated using the Stokes–
Einstein equation, while rcorr


H was calculated using a semiempirical estimation of c.[14a] The measurements were
carried out using the 1H NMR resonance of Cp* for the cation and the 19F NMR resonance of PF6 for the
anion. [b] For [Ru(Cp*)(h6-anisole)][OTf], rcryst =4.9 W.[38c] [c] rcryst =4.7 W. [d] For [Ru(Cp*)(h6-phenyltri-
methylsilane)][OTf], rcryst =5.1 W.[38b] [e] For [Ru(Cp*)(h6-indole)][OTf], rcryst =4.9 W.[38c]
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ion pairing. For the indole and aniline salts, 4 and 5,[36b] re-
spectively, hydrogen bonding between the N�H moieties
and the anion is likely to be a major contributor to the ob-
served D values. It is interesting that, despite the substantial
increase in ion pairing, relative to the acetone data, the cor-
rected rH values suggest that the cation is not larger than in
acetone.


19F,1H HOESY results : Although Branda et al.[42] have re-
cently summarized the combined use of diffusion and Over-
hauser methods, Macchioni and co-workers in a series of
papers[14,24,31] have made specific use of 19F, 1H HOESY
measurements on transition-metal salts, and have shown
that this is a viable method for placing the fluorine-contain-
ing anions relative to their cations, in three-dimensional
space.


The HOESY results for 1 in dichloromethane (for which
we suspect significant ion pairing) can be summarized as fol-
lows: 1) one always finds a significant interaction of the
anion with the Cp* methyl groups as well as several contacts
to the complexed arene protons; 2) in all cases the PF6


� ions
appear to be sitting close to the two planes of the ligands
near to the meta and para protons of the arene; and 3) in
two cases, 1b, R=MeO and 1c, R=F, the HOESY contacts
to the ortho-arene protons are somewhat stronger. This last
point is illustrated in Figure 2, which shows results for 1b
and 1 f and is summarized in Scheme 1. For the indole and


aniline salts, 4 and 5, respectively, the observed selective
HOESY contacts to the arene protons are consistent with
the presence of N�H···F�PF5 hydrogen bonds, thereby
bringing the anion close to the =CH protons proximate to
the N atoms.


An approach of the anion which brings it close to the
meta- and para-protons of the complexed arene might be ex-
pected based on steric grounds. However, it is not evident
why the PF6


� ion would be attracted towards the region of
the electronegative O or F atoms, since this approach is ster-
ically less favorable.


We will return to the solution D values and HOESY re-
sults for the salts 1 in connection with the second section.


Solid-state structure of 1c : The structure of 1c was deter-
mined by X-ray diffraction methods and Figure 3 gives an
ORTEP view of the cation, a space-filling model of the salt,
and selected interionic distances as well as selected bond
lengths and bond angles in the cation. The various Ru�C
separations are all normal and in keeping with the literature
for such salts.[37, 38] The presence of the F-substituent on the
arene does not seem to have induced any marked deviations
due to steric effects, as the six Ru�C ACHTUNGTRENNUNG(arene) bond lengths
are not significantly different.


From the space filling model (Figure 3, middle) it is clear
that the anion approaches both the Cp* and the coordinated
arene and that the observed closest contacts are under 3 W
for both rings. These relatively short contacts are consistent
with the postulated strong ion pairing from the diffusion
data. The location of the PF6


� ion close to the meta-proton
of the arene is also in agreement with the specificity ob-
served in the HOESY spectrum, in that the ortho-proton is
relatively close.


Calculations : To help in understanding the diffusion and
Overhauser data, we have calculated the charge distribution
in 1a*–c*, R=H, MeO, F and 1 f*, R=NO2, using a natural
population analysis (NPA)[43] performed on geometries opti-
mized by means of DFT calculations.[44] The results are sum-
marized in Table 3 and in Tables S1 and S2 in the Support-
ing Information (the asterisk indicates that Cp rather than
Cp* was used in the calculations). The Ru atom carries only
a modest positive charge, about 0.20, in all four cases. A
more positive anisole in 1b* (0.51), with respect to nitroben-


Figure 2. The 19F, 1H HOESY NMR spectra of the salts 1b and 1 f at am-
bient temperature showing the selective interactions. In the methoxy-sub-
stituted-salt 1b, there are substantial contacts to both the ortho and meta
protons, whereas in the nitro-substituted salt 1 f, the contact to the ortho
protons is weak, but contacts to the meta and para protons stronger
(CD2Cl2/C6D6 5:1, for 1b and CD2Cl2 for 1 f, 400 MHz, 10 mm).


Scheme 1. Selected HOESY results.
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zene in 1 f* (0.41), reflects the better donor character of this
arene. In the nitro analogue (1 f*) the weaker electron dona-
tion from the arene to the metal is balanced by the Cp


ligand (0.38), which becomes more positive than in 1b*
(0.29). This balance results in essentially the same metal
charge for the two complexes.


Continuing, the polarization of the C�H bonds is such
that the carbon atoms are negative by approximately �0.2
to �0.3 units and the hydrogen atoms positive by about the
same amount. However, two points are especially relevant:
1) the substituted ipso-carbon atoms of the arene in 1b*,
1c*, and 1 f* are positive for all three complexes, but with
considerably different charges, +0.37, +0.46, and +0.05, re-
spectively; and 2) the charge on the para-carbon atoms of
the arene ligands are all essentially the same (ca. �0.23 to
�0.24). The second point supports the conclusions from the
13C data with respect to the lack of strong resonance effects,
while the first suggests that, combined with the C�H bond
polarization, the PF6


� ion will be attracted somewhat more
towards the ortho positions of the F- and MeO-substituted
arene (in agreement with the observed HOESY data), de-
spite the negative charges on the F and O atoms.


Additional DFT calculations were performed in order to
obtain the optimized geometry of the ion pairs formed by a
PF6


� ion and each of the three model cation complexes,
1b*ACHTUNGTRENNUNG(MeO), 1c*(F) and 1 f* ACHTUNGTRENNUNG(NO2). For each ion pair, two
different structures were found, depending on the starting
geometry: A in which the cation and the PF6


� ion are situat-


ed in a “side-by-side” arrangement, or B in which the PF6
�


is placed in a remote position relative to the R substituent
in the arene. For cations in 1b* and 1c*, the two arrange-
ments are clearly distinct. The ion pair resulting from geom-
etry A has the PF6


� ion placed in between the ortho- and
meta-H atoms of the arene ligand, while the ion pair result-
ing from geometry B has the anion approaching the meta-
and para-H atoms of that same ligand. In the case of cation
in 1 f*, the two geometries obtained are essentially equiva-
lent with the anion remote from the ortho-H atom and ap-
proaching the meta- and para-H atoms of the arene. In all
cases the PF6


� ion is placed in between the planes of the Cp
and arene p ligands. The structures calculated for the ion
pairs are presented in the Supporting Information (Fig-
ure S1).


Figure 3. On the structure of salt 1c. Top: Selected bond lengths [8] and
bond angles [8] in the cation: Ru�C1 2.180(6), Ru�C2 2.197(6), Ru�C3
2.187(6), Ru�C4 2.183(6), Ru�C5, 2.169(6), Ru�C11 2.208(6), Ru�C12
2.207(7), Ru�C13 2.198(7), Ru�C14 2.213(8), Ru�C15, 2.214(7), Ru�C16
2.227(7), C11�F 1.342(8), F-C11-C12 119.2(7), F-C11-C16 118.2(7).
Center: Space filling model of the salt, showing the placement of the
anion relative to one cation, in the unit cell. Bottom: Ball and stick
model indicating the calculated packing distances (only the first decimal
figure is significant).


Table 3. Selected positive charges from the NPA analysis of the cations.


Ru Cp Arene


1a* R=H 0.21 0.32 0.47
1b* R=MeO 0.20 0.29 0.51
1c* R=F 0.19 0.34 0.47
1 f* R=NO2 0.21 0.38 0.41
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The two ion-pair geometries (A and B) are practically iso-
energetic for the F and NO2 arene cations in 1c* and 1 f*
(within 0.3 kcalmol�1), but in the case of the methoxy-arene
cation in 1b* geometry A is clearly preferred by
5.7 kcalmol�1. The position of the PF6


� ion relative to the
arene ortho- and meta-H atoms (in geometry A) can be
evaluated through the hydrogen–phosphorus (H�P) separa-
tions in each calculated ion pair. The results obtained (see
Supporting Information) indicate that the PF6


� approaches
the ortho-H atom of the arene in the case of cation in 1b*
(Hortho�P=2.83 W, Hmeta�P=3.95 W), while it moves closer
to the meta-H atom in the case of complex cation in 1 f*
(Hortho�P=4.97 W, Hmeta�P=2.86 W). For 1c* an intermedi-
ate situation occurs. This result agrees with the observed
HOESY data and with the conclusions drawn above, based
on the analysis of the calculated atomic NPA charges, there-
by validating this approach. The results above are further
confirmed by the calculated electrostatic potential for cat-
ions in 1b* and 1 f* (see Figure S2 in the Supporting Infor-
mation).


PF6
� ion pairing in dichloromethane for a wide variety of


salts : For 1 in dichloromethane, a common solvent in organ-
ometallic chemistry, the data in Table 2 suggest a rather
large extent of ion pairing. It is not clear if this is a special
property of this anion and to what extent this observation


might be extrapolated to other cations. Table 4 shows a se-
lection of literature PGSE diffusion data in dichloromethane
for a variety of monocationic transition-metal salts with the
PF6


� ion. These include other ruthenium salts as well as iri-
dium, rhodium, and palladium examples, all in the concen-
tration range of about 1–2 mm.


From this table, one finds that the D values for the cations
are considerably smaller than those for the anions and that
the anion values fall in the range 9.87–14.70. Consequently
one can conclude that complete—or almost complete—ion
pairing is not the general case. The smaller D (and larger
rH) values for the anion are not what might be expected for
a “free” solvated anion (in methanol or acetone), so that
one can consider these data as representing examples of
varying intermediate ion pairing. To avoid the assumptions
associated with the Stokes–Einstein equation, and its modi-
fications, only the experimental D values will be used in the
discussion that follows. Tables 2 and 4 show the ratios Dc/Da


(subscripts: c=cation, a=anion) immediately to the right of
the concentration values. We will assume that this ratio
qualitatively reflects differences in the amount of ion pair-
ing.[45]


The largest ratio in Table 4 is found for the [RuCl-
ACHTUNGTRENNUNG(tmeda)(h6-cymene)] (TMEDA= tetramethylethylenedi-
ACHTUNGTRENNUNGamine) cation[31d] (0.93) and the smallest value (0.57) for the
[IrIIIH2{P ACHTUNGTRENNUNG(m-tol}3)2 ACHTUNGTRENNUNG(phox)] cation.[46] There are several fac-


Table 4. D [X10�10 m2 s�1] and rH [W] values in CD2Cl2 for PF6
�salts.[a]


6 7 8a[31d] 8b[31g] 9 10
(2.0 mm, 0.86) (2.0 mm, 0.72) (2.7 mm, 0.93) (5.0 mm, 0.93) (2.0 mm, 0.69) (2.0 mm, 0.73) (1.0 mm, 0.72)
D rH D rH D rH D rH D rH D rH D rH


cation 8.49 6.6 7.87 7.3 10.9 4.9 11.6 4.5 8.18 7.0 9.72 6.0 9.92 5.9
PF6


� 9.87 5.8 10.99 5.5 11.7 4.7 12.5 4.3 11.8 5.2 13.27 4.7 13.78 4.6


11 12 13a[b] 13b[b] 14[c] 15a[d] 15b[51]


(1.0 mm, 0.73) (1.0 mm, 0.57) (2.0 mm, 0.63) (2.0 mm, 0.62) (2.0 mm, 0.71) (2.0 mm, 0.70) (2.0 mm, 0.67)
D rH D rH D rH D rH D rH D rH D rH


cation 9.67 6.0 7.70 7.4 9.33 6.2 8.67 6.6 8.61 6.7 9.36 6.2 6.67 8.4
PF6


� 13.18 4.7 13.43 4.7 14.70 4.3 14.02 4.5 12.13 5.0 13.38 4.7 9.93 5.9


[a] Values in parenthesis after the concetration represent the quotient Dc/Da, while rH was calculated by using a semiempirical estimation of c.[14a]


[b] See reference [50]. [c] See reference [32c]. [d] See reference [67].
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tors that are likely to contribute to the observed differences
in this parameter. Molecular weight (more properly molecu-
lar volume) will play a role, but this cannot be the only com-
ponent, since the ratio (0.86) for the Ru–bis(phosphine) 6[47]


(cation weight=618) is similar to that (0.80) for the ammo-
nium salt 17[48] (cation weight=366). Formal oxidation state
does not seem critical as indicated by a comparison of the
IrI/IrIII–phox salts 10[46] and 11, respectively, both of which
have essentially identical Dc/Da ratios. Moreover, the RuIV–
allyl salt, [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(k2-OAc)(h3-CH2�CH�CH ACHTUNGTRENNUNG{CH=CH2})]-
ACHTUNGTRENNUNG[PF6] (not shown in Table 4), has a Dc/Da ratio of 0.90 (D
(cation)=12.20 and D (anion)=13.51), not very far from
the values for 1 in Table 2, again suggesting no major effect
of oxidation state.


We suggest that the positive charge distribution, together
with the ability of the anion to approach the positively
charged positions (steric effects due to molecular shape),
represent the determining factors. The structure of the
TMEDA salt 8a (Dc/Da ratio=0.93), with its two partially
positively charged ammonium-like N atoms concentrates the
positive charge near the metal, and the relatively small che-
lating TMEDA ligand will allow the anion to approach. The
bis-phosphine 6[47] (Dc/Da ratio=0.86), with its longer chains
and modestly bulky PnBu3 ligands will keep the anion a
little further away from the positive P atoms. Indeed the
HOESY spectrum for 6, see Figure 4 (left), reveals only a
weak contact to the PCH2 group, but shows strong contacts
to the remaining three aliphatic resonances. This is in con-
trast to what one observes in the corresponding spectrum


for [N ACHTUNGTRENNUNG(nBu)4] ACHTUNGTRENNUNG[PF6], see Figure 4 (right), for which there are
strong HOESY contacts to all of the aliphatic resonances.


Extending this view, the binap salt 7 (binap=2,2’-bis(di-
phenylphosphino)-1,1’-binaphthyl),[49] with almost the same
donor set as in 6, shows a smaller Dc/Da ratio (0.72), because
the anion has to find its way past the bulky binaphthyl
moiety in order to approach the P atoms. Salt 9,[29] with its
relatively large phosphoramidite ligand, has the same prob-
lem. Experience has shown that despite the relatively small
size of the chloride ligand, the anion will not approach for-
mally negatively charged donors.[14,15] The Ir–tris(phos-
phine)–oxazoline complex (12),[32e] reveals the smallest ratio
(the least ion pairing), because 1) the positive charges are
likely to be distributed across four centers (three P atoms
and one N atom) and 2) the approach of the anion is hin-
dered by the nine substituted aromatic moieties.


The dinuclear, hydroxide-bridged, binap–palladium salt
15b[51] is informative in that it shows a relative small ratio of
0.67. One might have expected a larger value in that this
contains a dication (larger electrostatic interactions), plus
there is the possibility of a hydrogen bond between an F
atom of the anion and the OH donor(s). However, as
noted,[14,15] the anion prefers to avoid the negatively charged
areas, and thus is forced to approach the positively charged
P atoms and consequently encounters significant steric inter-
actions from the various binap organic moieties. These steric
effects will be even more pronounced for the second anion,
if and when the first anion associates with the dication.


Continuing, NPA calculations have also been carried out
for the iridium(I)–1,5-cyclooctadiene (COD) complex 10*
(with methyl instead of tert-butyl and phenyl instead of o-
tolyl), and the rhodium(I)–carbene salt 13a*[50] (with methyl


instead of cyclohexyl). Both of these salts show relatively
small Dc/Da ratios. For 10*, the positive charges are located
primarily on the P atom (1.19), a second-row element, and
on the oxazoline ring carbon C10 (0.68), a close neighbor of
both the imine N and O atoms. The positive charge on the
Ir atom (0.24) is modest and similar to what was found in
the [Ru(Cp) ACHTUNGTRENNUNG(arene)] series. The four coordinated olefinic
carbon atoms of the 1,5-COD carry modest negative charges
(�0.25 to �0.30). Relatively large calculated positive charg-
es for the complexed P atoms of tertiary phosphines have
been reported earlier.[51] Assuming that the anion will be at-
tracted towards C10 and the P atom, it is clear that steric ef-
fects will make a close approach of the anion more difficult.


The largest positive charge in the Rh–carbene salt 13a* is
located on the carbon of the CO ligand (0.58), reflecting a


Figure 4. Comparison of the 19F, 1H HOESY spectra for 6 and [N(nBu)4]
[PF6]. Note that in 6 the contacts to the PCH2 group are very weak
(CD2Cl2 400 MHz, 10 mm).
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neighboring electronegative O atom and, also electron do-
ACHTUNGTRENNUNGnation from the C atom to the metal. The three carbene–
carbon donors are all positive (ca. 0.2). Somewhat surpris-
ingly, the rhodium atom is slightly negative (�0.16), perhaps
in keeping with the known good s-donor capability of such
heterocyclic carbene ligands. Assuming that the C atom of
the CO ligand cannot readily be approached due to the O
atom (which is strongly negative, �0.45 units), then the
anion will seek a path that will require it to pass the cyclo-
hexyl groups. Consequently, steric hindrance will play a role.
The reported[50] HOESY spectrum for 13a shows only signif-
icant contacts to the ring =CH protons in keeping with this
idea.


Returning to the Cp*–arene complexes 1, all of which
show Dc/Da ratios greater than 0.90, it seems clear that, due
to the modest size of the cation, the PF6


� ion can readily ap-
proach, so that there are no major steric problems which
might prevent tight ion pairing and this is also in accordance
with the solid-state results.


It is worth remembering that the values of the charges ob-
tained from the NPA calculations in, for example, 1a*–c*,
1 f*, 10* and 13a*, show a strong dependence on the elec-
tronegativity differences between adjacent atoms and, also,
on the size of the atoms.[52a]


Our increased understanding of the ion pairing in transi-
tion-metal salts prompted us to prepare and measure D
values for several new PF6


� salts of both inorganic and or-
ganic cations and these results are shown in Table 5. The D
values for all three P-based cations are similar, suggesting
almost the same amount of ion pairing. Perhaps the amount
of ion pairing is slightly less for the larger tetraphenyl phos-
phonium salt. Figure 5 shows the HOESY spectrum for the
[PMePh3] ACHTUNGTRENNUNG[PF6] analog and it is clear that the anion ap-
proaches the cation from the more accessible methyl group.
Using this pathway the PF6


� will come close to the ortho-
phenyl protons, but remain remote from the meta- and para-
protons.


For the six nitrogen salts, [N ACHTUNGTRENNUNG(nBu)4]ACHTUNGTRENNUNG[PF6] and 16–19, the
Dc/Da ratios vary from 0.66 to 0.97 and the two extremes,
18a and 19, are the most interesting. For 18a, the positive
charge is localized and the anion has no problem approach-
ing from the side remote from the aromatic moiety. The


Table 5. PGSE diffusion measurements for organic and inorganic salts in
CD2Cl2: D [X10�10 m2 s�1] and rH [W].[a]


Compound conc. [mM] fragment D Dc/Da rH rcorr
H


in CH2Cl2
[N(nBu)4][PF6]


[b] 2 cation 11.66 0.88 4.5 5.3
anion 13.22 4.0 5.0


16[c] 1 cation 10.0 0.68 5.3 6.0
anion 14.8 3.6 4.7


17 1 cation 10.7 0.79 4.9 5.7
anion 13.5 3.9 4.9


18a[d] 2 cation 14.12 0.97 3.7 4.8
anion 14.57 3.6 4.7


18b 2 cation 11.17 0.92 4.7 5.5
anion 12.14 4.4 5.2


19 2 cation 9.80 0.66 5.4 6.0
anion 14.90 3.6 4.7


[PCH3Ph3][PF6]
[e] 2 cation 11.72 0.81 4.5 5.3


anion 14.48 3.7 4.7
[P(nBu)Ph3][PF6]


[f] 2 cation 11.76 0.84 4.5 5.3
anion 13.94 3.8 4.8


[PPh4][PF6]
[g] 2 cation 11.73 0.79 4.6 5.3


anion 14.82 3.6 4.7


in CDCl3
18a 2 cation 9.63 0.99 4.2 5.2


anion 9.71 4.2 5.2
1d 2 cation 8.46 0.99 4.8 5.7


anion 8.50 4.8 5.7


[a] For the calculation of rH, the viscosity of the nondeuterated solvent at
299 K was used. h(CD2Cl2)=0.41X10�3 kgs�1m�1. rH was calculated using
the Stokes–Einstein equation, while rH


corr was calculated using a semiem-
pirical estimation of c. [b] rcryst =4.94 W.[68] [c] For [BPh4] salt, rcryst =


6.2 W.[69] [d] For [BF4] salt, rcryst =4.2 W.[70] [e] For [BF4] salt, rcryst =


4.8 W.[71] [f] For Br salt, rcryst =4.8 W.[72] [g] rcryst =5.0 W.[73]


Figure 5. The 19F, 1H HOESY spectrum for [PMePh3][PF6]. The strongest
contact is to the methyl group and a weaker contact is observed to the
ortho ring protons (CD2Cl2 400 MHz, 10 mm).
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HOESY spectrum, given in Figure 6, reveals contacts to the
=C�Me group, the CH2 group, and a weak interaction with
the CH3 of the ethyl group. There are no contacts to the ar-
omatic protons. This modest-sized benzothiazonium cation


tucks the anion in as indicated by the arrow. An NPA analy-
sis places a relatively large amount of positive charge, 0.6
units, on the S atom, a second-row element,[52a] supporting
the idea of localized charges. In an attempt to move the
anion towards the S atom,[52b] 18b (with a relatively large


substituent on the nitrogen atom)
was prepared. The diffusion data
suggest slightly less ion pairing (Dc/
Da =0.92); however, the HOESY
contacts (see structure below) indi-
cate that the anion remains close to
the N atom and has no strong inter-
est in the S atom.


The cyanine salt, 19, has the posi-
tive charge distributed over two
remote N=C fragments and this is
also supported by the NPA results.
This delocalization weakens the ion
pairing and the HOESY spectrum


(see Figure 7) shows that the anion sits almost exactly be-
tween the two N atoms such that the two equivalent vinyl
protons at about 6.2 ppm show the strongest contacts. There
are also weaker contacts to the two NCH2 methylene pro-
tons. The single =CH vinyl proton, Hb, at about 8.5 ppm,
does not show any contact to the anion.


Carbocation 16 is interesting in that the ratio of D values
is relatively small. The charges found from the NPA calcula-
tions suggest that C3, the carbonium ion carbon, is only
modestly positive (0.12), whereas C9 and C42 (directly at-
tached to the electronegative O atoms) carry most of the
charge (0.40). Perhaps the observed reduced amount of ion
pairing is due to the charge separation (in analogy to 19)
and the reluctance of the anion to approach the O atoms (in
analogy to the rhodium carbonyl salt, 13a). Unfortunately,
we have not been able to obtain HOESY data for 16, de-
spite several attempts.


Before continuing, two control experiments in CDCl3 (for
1d and 18a) are worth mentioning and the results for these
are given at the bottom of Table 5. In cases in which small
cations are involved, one can ask whether the DACHTUNGTRENNUNG(cation) and
DACHTUNGTRENNUNG(anion) values are coincidentally similar, that is, there is
no ion pairing but the two solvated species happen to have
about the same size. It is known that one finds almost com-
plete ion pairing in CDCl3.


[14,15] Consequently, in this sol-
vent, one expects that 1) the ratio Dc/Da should be close to
or equal to one and 2) the rH values will be larger than in di-
chloromethane. The CDCl3 data reveal Dc/Da ratios of 0.99
for both salts and in both cases the rH values increase so
that our assumptions with respect to ion pairing in dichloro-
methane are supported.


Figure 6. The 19F, 1H HOESY spectrum for 18a revealing the strong con-
tacts to the =C�CH3 and the NCH2 groups (CD2Cl2 400 MHz, 10 mm).


Figure 7. The 19F, 1H HOESY spectrum for 19. One finds the strongest
contacts to the vinyl protons, Ha. There are no contacts to either the aro-
matic protons or the central =CH vinyl proton, Hb (CD2Cl2 400 MHz,
10 mm).
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Conclusion


For all of the various PF6
� salts in dichloromethane, the


PGSE diffusion results help us to understand ion pairing in
a more general sense and suggest, logically enough, that the
amount of ion pairing will depend on the nature of the salts.
Within any one class of salt, for example, the RuII–arene
complexes, there may be extensive or more modest ion pair-
ing. Combining the NMR data with calculations and crystal-
lography, one can now qualitatively rationalize the amount
of ion pairing. Further, the HOESY data contribute to our
understanding of the solution structure of the salt. Specifi-
cally, these measurements help to support the idea that
steric effects, due to the presence of large substituents, will
hinder the ability of the anion to approach the cation. The
predictive value associated with this combined approach is
limited in that it is not quantitative; nevertheless, this mix-
ture of NMR, DFT, and X-ray studies represents the first at-
tempt to understand and partially explain the various de-
grees of ion pairing in such a different collection of salts.


Experimental Section


All reactions and manipulations were performed under a N2 atmosphere
using standard Schlenck techniques. Yields refer to purified compounds.
Solvents were dried and distilled under standard procedures and stored
under nitrogen. NMR spectra were recorded with Bruker Avance-400
and DPX-500 MHz at ambient temperature. Chemical shifts are given in
ppm and coupling constants (J) in Hz. Elemental analyses and mass spec-
troscopic studies were performed at ETHZ.


We thank Prof J. Lacour (University of Geneva) for salts 16 and 17 and
Mr. S. Gruber (ETHZ 2007) for the gift of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(k2-OAc)(h3-
CH2CHCH ACHTUNGTRENNUNG{CH=CH2})] ACHTUNGTRENNUNG[PF6].


General procedure for the synthesis of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h6-arene)] [PF6] (1–4):
In a typical procedure, acetone (2–3 mL) was added to an oven-dried
Schlenk containing [RuCp* ACHTUNGTRENNUNG(CH3CN)3] ACHTUNGTRENNUNG[PF6] (45–80 mg). After addition of
the arene (3 equiv) the brown reaction solution was stirred for 4 h at
50 8C. The solution was then slowly concentrated under vacuum and the
resulting crude product precipitated with acetone/pentane, affording a
brownish powder, which was washed with Et2O. Variations on this ap-
proach, as well as yields (mg/%) and elemental analysis data (%) are
shown in Table 6.


General procedure for the synthesis of the organic and inorganic salts : In
a typical procedure the halide salt (0.1–0.3 mmol) was dissolved in
CH2Cl2 (1.5–3 mL) and added to a solution of Ag ACHTUNGTRENNUNG[PF6] (1 equiv) in
CH3CN (1–2 mL). An immediate precipitate was formed and the reaction
solution stirred for 10 h at RT in the dark. After filtration of the suspen-


sion the filtrate was slowly concentrated under vacuum. The resulting
crude was washed with Et2O and dried under vacuum affording a white
powder. Microanalytical data (C, H, N) for [PRPh3] ACHTUNGTRENNUNG[PF6] [R=Me (99%),
nBu (92%), Ph (65%)], 18a (71%) and 19 (72%) are excellent (yield in
brackets).


NMR measurements : The PGSE measurements were carried out without
spinning and in the absence of external airflow. The sample was dissolved
in 0.55 mL of the deuterated solvent, with the concentration maintained
at 2 mm unless otherwise stated. The sample temperature was calibrated,
before the PGSE measurements, by introducing a thermocouple inside
the bore of the magnet.


All the PGSE diffusion measurements were performed using the stan-
dard stimulated echo pulse sequence on a 400 MHz Bruker Avance spec-
trometer equipped with a microprocessor-controlled gradient unit and an
inverse multinuclear probe with an actively shielded Z-gradient coil. The
shape of the gradient pulse was rectangular, its duration d was 1.75 ms
and its strength varied automatically in the course of the experiments.
The calibration of the gradients was carried out by a diffusion measure-
ment of HDO in D2O, which afforded a slope of 1.976X10�3. The data
obtained were used to calculate the D values of the samples, according to
the literature.[14,15, 53]


In the 1H-PGSE experiments, D was set to 167.75 ms. The number of
scans varied between 8 and 16 per increment with a recovery delay of 15
to 25 s. Typical experimental times were 1–2 h. For 19F, D was set to
117.75 or 167.75 ms; 8–16 scans were taken with a recovery delay of 12 to
20 s and with a total experimental time of about 1 �2 h.


All the spectra were acquired using 32 K points and a spectral width of
2796.4–4006.4 Hz (1H) and 1882.5 Hz (19F) and processed with a line
broadening of 1 Hz (1H) and 2 Hz (19F). The slopes of the lines, m, were
obtained by plotting their decrease in signal intensity versus G2 using a
standard linear regression algorithm. Normally, 12–20 points were used
for regression analysis and all of the data leading to the reported D
values afforded lines whose correlation coefficients were >0.999. The
gradient strength was incremented in 3–5% steps from 3–5% to 42–
65%.


A measurement of 1H and 19F T1 was carried out before each diffusion
experiment, and the recovery delay set to five times T1. We estimate the
experimental error in D values at �2%. The hydrodynamic radii, rH,
were estimated using the Stokes–Einstein equation (c=6) or by introduc-
ing the semiempirical estimation of the c factor that can be derived from
the micro friction theory proposed by Wirtz and co-workers,[54] in which c
is expressed as a function of the solute to solvent ratio of radii.


The 19F, 1H HOESY measurements were acquired using the standard
four-pulse sequence on a 400 MHz Bruker Avance spectrometer
equipped with a doubly tuned (1H, 19F) TXI probe. A mixing time of
800 ms was used. The number of scans was 8–16 and the number of incre-
ments in the F1 dimension 512. The delay between the increments was
set to 6 s. The concentration of the sample was 10 mm.


Computational details : The calculations were performed using the Gaus-
sian 03 software package,[55] and the PBE1PBE functional, without sym-
metry constraints. That functional uses a hybrid generalized gradient ap-
proximation (GGA), including 25% mixture of Hartree–Fock[56] ex-
change with DFT[44] exchange-correlation, given by Perdew, Burke, and


Ernzerhof functional (PBE).[57] The
optimized geometries were obtained
with the LanL2DZ basis set[58] aug-
mented with an f-polarization func-
tion,[59] for Ru, and a standard 6-31G-
ACHTUNGTRENNUNG(d,p)[60] for the remaining elements. A
natural population analysis (NPA)[43]


was used to obtain the charge distri-
bution.


Crystallography : Air stable, colorless
crystals of 1c, suitable for X-ray dif-
fraction, were obtained by crystalliza-
tion from dichloromethane. A crystal
was mounted on a Bruker APEX dif-


Table 6. Reaction conditions and elemental analyses for compounds 1–4.


Salt t [h] T [8C] Yield [mg/%] calcd/% found/%
C H N C H N


1a 15 50 40/87 41.83 4.61 – 41.29 4.56 –
1b 3 20 33/68 41.72 4.74 – 41.54 4.65 –
1c 4 20 52/69 40.26 4.22 – 39.98 3.97 –
1d 3 50 38/80 42.93 5.50 – 42.69 5.34 –
1e 3 40 22/36 41.78 4.48 – 41.78 4.49 –
1 f 22 60 38/63 38.10 4.00 2.78 38.16 4.14 3.01
2 21 70 62/82 34.98 3.49 5.10 34.77 3.51 5.02
3 21 70 49/71
4 3 50 23/53 43.38 4.45 2.81 43.55 4.36 2.81
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fractometer, equipped with a CCD detector, and cooled, using a cold ni-
trogen stream, to 120(2) K for the data collection. The space group was
determined from the systematic absences, while the cell constants were
refined, at the end of the data collection with the data reduction software
SAINT.[61] The experimental conditions for the data collections, crystallo-
graphic and other relevant data are listed in Table 7 and in the Support-
ing Information.


The collected intensities were corrected for Lorentz and polarization fac-
tors[61] and empirically for absorption using the SADABS program.[62]


The structure was solved by direct and Fourier methods and refined by
full-matrix least-squares methods,[63] minimizing the function [�w(F2


o�(1/
k)F2


c)
2] and by using anisotropic displacement parameters for all atoms,


except the hydrogen atoms and those affected by disorder (see below).
The difference Fourier maps showed clearly the fluorine atoms in the
equatorial plane of one of the PF6


� octahedron, disordered over two po-
sitions, that were refined using isotropic displacement parameters. The
refinement yielded equal occupancy for both sites (0.52(2) and 0.48(2) re-
spectively). Upon convergence the final Fourier difference map showed
no chemically significant peaks.


The contribution of the hydrogen atoms, in their calculated position, was
included in the refinement using a riding model (B(H)=1.3X
B(Cbonded)(W


2)). The scattering factors used, corrected for the real and
imaginary parts of the anomalous dispersion were taken from the litera-
ture.[64] The standard deviations on intensities were calculated in term of
statistics alone. All calculations were carried out by using the PC version
of the programs: WINGX[65] SHELX-97[63] and ORTEP.[66] CCDC-668025
(1c) contains the supplementary crystallographic data for this structure.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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Ruthenium-Catalyzed Synthesis of Allylic Alcohols: Boronic Acid as a
Hydroxide Source
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Introduction


Nucleophilic allylic substitution catalyzed by transition
metals is a powerful tool in organic synthesis and gives
rapid access to functionalized building blocks.[1] The palladi-
um-catalyzed reaction, known as the Tsuji–Trost reaction
with symmetrical allylic substrates,[1] is one of the most pop-
ular model reaction and is often used to evaluate the effi-
ciency of chiral ligands. Moreover, many complexes based
on molybdenum,[2] rhodium,[3] tungsten,[4] palladium,[5] iridi-
um,[6] iron,[7] and ruthenium[8] have demonstrated high po-
tential in the reaction of unsymmetrical allylic derivatives
with carbonucleophiles. However, the nucleophilic allylic
substitution with heteronucleophiles starting from non-sym-


metrically substituted substrates has not been widely studied
and still constitutes a challenging research area in asymmet-
ric catalysis. For this type of nucleophilic substitution, pen-
tamethylcyclopentadienylruthenium catalysts have shown
promising properties with respect to regioselectivity in favor
of the branched isomer.[8] Thus, the [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6


(Cp*=pentamethylcyclopentadienyl, Me=methyl) complex
was recently shown to be appropriate for the synthesis of
aryl allyl ethers starting from allylic halides and phenols,[9]


and the [Cp*Ru ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(MeCN)]PF6 (bipy=bipyridine) pre-
cursors have revealed catalytic activity allowing the direct
involvement of neutral undeprotonated soft carbon pronu-
cleophiles, aliphatic alcohols, or amines.[10]


To expand the scope of nucleophiles in catalytic processes
involving ruthenium complexes, we attempted the reaction
of cinnamyl carbonate with phenylboronic acid. The expect-
ed product, which results from the transfer of a phenyl
group through a classical transmetalation from boron to a
transition metal,[11, 12] was not formed, and only the branched
and linear allylic alcohols were isolated as shown in
Scheme 1. To the best of our knowledge, this reaction which
corresponds to the delivery of an hydroxy group via a boron
intermediate was unprecedented in the literature.[13] Taking


Keywords: allylic compounds ·
allylic substitution · asymmetric
synthesis · boron · catalysis ·
regioselectivity · ruthenium


Abstract: Secondary allylic alcohols were synthesized from linear allylic halides or
carbonates using a catalytic amount of a ruthenium complex in the presence of
boronic acid. The effects of solvent, base, ruthenium precursor, and boronic acid
were fully explored, and the scope of the reaction was extended to various sub-
strates. We also describe a preliminary investigation towards an enantioselective
process.
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into account that allylic alcohols are important intermedi-
ates in the synthesis of biologically active compounds[14] and
that phenyl boronic acid is commercially available, cheap
and non toxic, we explored the scope and limitation of this
new process for the synthesis of allylic alcohols. Other cata-
lytic methods for the preparation of allylic alcohols are
based on the use of benzylic alcohol,[15, 16] hydroxylamines,[17]


or silanols as nucleophiles in allylic substitution.[18] However,
all of them require a subsequent deprotection step, and the
chemoselectivity of such reactions often lead to undesired
by-products.[19] Although some examples of palladium-cata-
lyzed deracemization of allylic carbonates with water have
been reported,[20] the need for new nucleophiles providing a
more straightforward synthesis of allylic alcohols has already
been emphasized. We report herein a new and unprecedent-
ed introduction of hydroxy groups starting from linear allylic
carbonates or halides by ruthenium-catalyzed allylic substi-
tution using boronic acid as the source of hydroxide and our
preliminary efforts toward an enantioselective procedure.


Results and Discussion


Optimization of the reaction : In a preliminary reaction, one
equivalent of cinnamyl carbonate was treated with 1.2 equiv-
alents of phenylboronic acid in the presence of a catalytic
amount of [Cp*Ru(4,4’-di-tert-butylbipyridine) ACHTUNGTRENNUNG(MeCN)]PF6


(1) and an excess of potassium fluoride in THF at room
temperature. The allylic alcohol was isolated in a low yield
(28%) and moderate regioselectivity (60/40 in favor of the
branched isomer, Scheme 1).


It is worth mentioning that without a ruthenium catalyst,
no reaction occurred (entries 1 and 2, Table 1) when cin-
namyl chloride or carbonate and phenylboronic acid were
used. Similarly, without phenylboronic acid, no allylic alco-
hol was obtained (entry 3, Table 1). Having demonstrated
that both the ruthenium catalyst and phenylboronic acid
were essential for this new reaction, we optimized the condi-
tions to improve the regioselectivity. Solvent screening (en-
tries 4–6, Table 1) revealed that acetonitrile provided the
best regioselectivity and yield starting from cinnamyl car-
bonate; the allylic alcohol was isolated in 90% yield in a 72/
28 ratio in favor of the branched isomer. With the [Cp*Ru-
ACHTUNGTRENNUNG(MeCN)3]PF6 catalyst 2, under the same reaction conditions
(entry 7, Table 1), no reaction was observed. Such behavior
of catalyst 2 was previously observed in the allylic substitu-


tion of cinnamyl carbonate with different nucleophiles
(amine, alcohol, or non-deprotonated carbonucleophiles).[10]


However, in the presence of cinnamyl chloride instead of
cinnamyl carbonate, this catalyst led to the desired com-
pound in good yield and high regioselectivity in acetonitrile
(entry 8, Table 1). In THF or CH2Cl2, either no reaction oc-
curred or lower selectivity was obtained (entries 9,10,
Table 1).


The role of boronic acid was also examined in the optimi-
zation process. An increase of the steric hindrance led to a
slight improvement of the regioselectivity (from 89/11 to 91/
9 in favor of the branched isomer, entries 8 and 12, Table 1)
but had a detrimental effect on the yield (from 80 to 42%).
The presence of an electron-withdrawing group on the aro-
matic substituent of the boronic acid led to an increase in
the reaction rate and an improvement in the yield, but this
enhancement was accompanied by a lack of regioselectivity
(entry 13, Table 1). On the other hand, no reaction was ob-
served with boric acid, which also showed solubility prob-
lems.


Due to the high efficiency of iridium catalysts in allylic
substitution,[17c] we also tested [IrClACHTUNGTRENNUNG(cod)(PACHTUNGTRENNUNG(OPh)3)2] (cod=


cyclooctadiene, Ph=phenyl) in this reaction. However,
whatever the allylic derivative used, higher temperatures
and long reaction times were required, and the yield and the
regioselectivity were also lower (entries 14 and 15, Table 1).


At this stage, this study revealed that the best regioselec-
tivity and yield were obtained in acetonitrile with [Cp*Ru-


Abstract in French: Les alcools allyliques secondaires ont �t�
pr�par�s � partir de chlorures ou de carbonates allyliques li-
n�aires en pr�sence d’acide boronique et d’une quantit� cata-
lytique de complexe de ruth�nium. Les effets de la base, du
solvant et du pr�curseur de ruth�nium ont �t� �tudi�s. Cette
nouvelle r�action a �t� �tendue � diff�rents chlorures de cin-
namyle. Lors de cette �tude, nous d�crivons d’autre part les
premiers r�sultats en catalyse �nantios�lective.


Table 1. The influence of the catalyst, solvent and boronic acid on the re-
activity and the regioselectivity.[a]


Entry X Ar Catalyst[b] Solvent Yield
[%][c]


B/L
ratio[d]


1 Cl Ph – CH3CN 0 –
2 OCO2Et Ph – CH3CN 0 –
3 Cl – 2 CH3CN 0 –
4 OCO2Et Ph 1 THF 28 60/40
5 OCO2Et Ph 1 CH3CN 90 72/28
6 OCO2Et Ph 1 CH2Cl2 85 15/85
7 OCO2Et Ph 2 CH3CN 0 /
8 Cl Ph 2 CH3CN 80 89/11
9 Cl Ph 2 THF 0 /


10 Cl Ph 2 CH2Cl2 40 69/31
11 Cl p-MeOC6H4 2 CH3CN 74 67/33
12 Cl o-MeOC6H4 2 CH3CN 42 91/9
13 Cl p-NCC6H4 2 CH3CN 96 49/51
14 OCO2Et Ph [Ir][e] CH3CN 34 18/82
15 Cl Ph [Ir][e] THF 47 77/23


[a] Conditions: 0.5 mmol of cinnamyl derivative, 0.6 mmol of phenylbor-
onic acid, 0.015 mmol of catalyst, 1.3 mmol of KF in solvent (1 mL) at
room temperature. [b] 1: [Cp*Ru(4,4’-tBu2bipy) ACHTUNGTRENNUNG(MeCN)]PF6, 2 : [Cp*Ru-
ACHTUNGTRENNUNG(MeCN)3]PF6. [c] Yield of isolated product. [d] B/L ratio=branched/
linear ratio. As determined by 1H NMR spectroscopy with less than 5%
uncertainty. [e] [{Ir ACHTUNGTRENNUNG(cod)Cl}2]/P ACHTUNGTRENNUNG(OPh)3 was used as catalyst at 50 8C for
five days.
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ACHTUNGTRENNUNG(MeCN)3]PF6 (2) as catalyst using phenylboronic acid as hy-
droxide donor and cinnamyl chloride as precursor (entry 8,
Table 1).


As the nature of the boron activator is of great impor-
tance in the Suzuki reaction and in the coupling reaction of
allylic derivatives using boron reagents in the presence of
palladium catalyst,[13] the screening of several activators was
carried out (Table 2). Without any activator, no reaction oc-


curred (entry 1, Table 2). The best result was obtained with
potassium carbonate as shown in Table 2. When solid potas-
sium carbonate was used, the regioselectivity increased to
98/2 in favor of the branched isomer (entry 5, Table 2). With
cesium carbonate or an aqueous solution of potassium car-
bonate, yields and regioselectivities were much lower.[21] It is
worth mentioning that water had a detrimental effect on
both the reactivity and the regioselectivity in this new cata-
lytic process (entries 3–5, Table 2).


Scope of the reaction : To evaluate the scope of this new cat-
alytic reaction, we prepared several aromatic allylic halides
in three steps from commercially available aldehydes ac-
cording to known procedures. The Horner–Wadworth–
Emmons reaction was carried out following a known proce-
dure at room temperature in acetonitrile with DBU/LiCl
(DBU=1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene) as base.[22] The
unsaturated esters were isolated after purification in high
yields (83–100%). After reduction to allylic alcohols with
DIBAL-H (DIBAL-H=diisobutylaluminum hydride) in tol-
uene at �78 8C (87–98% yield), chlorination in the presence
of thionyl chloride led to the corresponding allylic chlorides
in good yields (76–90%).


Starting from these allylic derivatives, under our reaction
conditions, we were able to isolate the allylic alcohols in
moderate to good yields (Table 3). With aromatic allylic
compounds bearing electron-withdrawing groups, the regio-
selectivity mainly favored the linear alcohol, except with
NO2 and Br in the ortho and para positions, respectively


(entries 1–5, Table 3). By contrast, with electron-donating
groups on the aromatic ring, the regioselectivity favored the
branched allylic alcohol (entries 6–9, Table 3).


It is worth mentioning that very electron-rich aromatic
derivatives (R=4-Me2N-; 2,4,6-(MeO)3-; 4-MeO-; 4-
(C6H5CH2O)-) led exclusively to propiophenones in good
yields (69–89% overall yields from the allylic chloride,
Scheme 2 and Table 4). We have shown that their formation
resulted from the initial generation of branched allylic alco-
hols followed by subsequent isomerization to ketones
(Scheme 2, Table 4).[23]


Starting from the idea that the formation of a borate spe-
cies was a necessary condition for the transfer of a hydroxy


Table 2. The influence of the base on the reactivity and the regioselecti-
vity.[a]


Entry Base Yield [%][b] B/L ratio[c]


1 – 0 –
2 KF 80 89/11
3 K2CO3 (2 m) 40 90/10
4 K2CO3 (0.5m) 19 67/33
5 K2CO3 77 98/2
6 Cs2CO3 55 82/18


[a] Conditions: 0.5 mmol of cinnamyl chloride, 0.6 mmol of phenylboron-
ic acid, 0.015 mmol of [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, 1.3 mmol of base in acetoni-
trile (1 mL). [b] Yield of isolated product. [c] B/L ratio=branched/linear
ratio. As determined by 1H NMR spectroscopy with less than 5% uncer-
tainty.


Table 3. The preparation of allylic alcohols.[a]


Entry Ar Yield [%][b] B/L ratio[c]


1 m-NO2-C6H4 60 30/70
2 p-NO2-C6H4 75 40/60
3 o-NO2-C6H4 90 65/35
4 p-Cl-C6H4 50 44/56
5 p-Br-C6H4 66 67/33
6 2,4,6-(Me)3-C6H2 55 70/30
7 1-Napht 70 85/15
8 2-Napht 90 100/0
9 Ph 77 98/2


[a] Conditions : 0.5 mmol of cinnamyl chloride, 0.6 mmol of phenylboron-
ic acid, 0.015 mmol of [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, 1.3 mmol of potassium car-
bonate in acetonitrile (1 mL). [b] Yield of isolated product. [c] B/L
ratio=branched/linear ratio. As determined by 1H NMR spectroscopy
with less than 5% uncertainty.


Scheme 2. Cascade allylic substitution/isomerization reaction catalyzed
by ruthenium complexes.


Table 4. The preparation of propiophenone derivatives using a cascade
allylic hydroxylation/isomerization.[a]


Entry R Yield [%][b]


1 2,4,6-(OMe)3 75
2 p-OMe 89
3 p-NMe2 69
4 p-C6H5CH2O 87


[a] Conditions: 0.5 mmol of aryl chloride, 0.6 mmol of phenylboronic
acid, 0.015 mmol of [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, 1.3 mmol of potassium carbon-
ate in acetonitrile (1 mL). [b] Yield of isolated product.
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group, the catalytic process was performed with an isolated
borate salt. Sodium phenylboronate was prepared by treat-
ment of phenylboronic acid with sodium hydroxide.[24] Start-
ing from this boronate and cinnamyl chloride, the reaction
led to the formation of the allylic alcohol in good yield
(70%) with complete regioselectivity favoring the branched
isomer (Scheme 3). This result indicates that the reaction
can be carried out directly from a borate reagent without
addition of a base/nucleophile and, thus, might be extended
to substrates with base-sensitive functional groups.


Towards an enantioselective process : We have recently dis-
closed the first example of enantioselective allylation involv-
ing a non-symmetrical allylic moiety with ruthenium cata-
lysts; we showed that [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6 with an optically
pure bisoxazoline led to very good enantioselectivities
during the allylation of phenol by cinnamyl chloride.[25a]


More recently, complexes containing pyridine-imines[25b,c] or
planar chiral cyclopentadienyl[25d,e] as ligands revealed excel-
lent enantioselectivities in ruthenium-catalyzed Carroll rear-
rangement[25b,c] and allylic substitution reactions.[25d,e] On the
basis of these results, we have selected different ligands in
this new catalytic reaction. In all cases, the alcohols were
isolated in good yields, and the formation of the branched
isomer was always favored except in the presence of ligands
7, 8, and 9 (Table 5). Finally, the additional presence of a
phenyl group at the C(5)-position in 10 (as compared to 3,
Table 5) resulted in a markedly enhanced enantioselectivity
and regioselectivity. The branched allylic alcohol was ob-
tained in 41% ee, with the R isomer as the major isomer.


In light of the different results obtained during this study,
we assume that either potassium carbonate or a fluoride
anion reacts with phenylboronic acid to form in situ an
“ate” complex as depicted in Scheme 4.[26] This intermediate
could undergo a transmetalation in the presence of a ruthe-
nium catalyst to give the product resulting from C�C bond
formation as already suggested in the literature.[27] However,
under these reaction conditions, the hydroxy group transfer
from the boron species onto the electrophilic ruthenium(IV)
p-allyl intermediate is probably favored. The subsequent
question is if the migration and addition took place concert-


edly or not. A part of the answer was found when (+)-hy-
droxyl pinanediol borate[28] was used as a hydroxy group
source. The branched isomer was obtained in a poor yield
(35%) but with a slight enantiomeric excess (11%), which is
in favor of a boron-containing nucleophile.


Conclusion


In conclusion, we have developed a straightforward, new
synthesis of substituted branched allylic alcohols from linear
allylic carbonates or halides by ruthenium-catalyzed allylic
substitution using a boronic acid as the nucleophile. This
process is the first example of nucleophilic allylic substitu-
tion by a hydroxy group delivered by a boronic acid in
ruthenium catalysis. A preliminary investigation concerning
the enantioselective addition of a hydroxy group onto a p-
allyl intermediate was also described. Even though the
enantioselectivities remained moderate (below 45%), this
procedure opens new opportunities in organic chemistry. We
are looking forward to extending this approach to other
types of reactions.


Experimental Section


General remarks : [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6 (2) was prepared according to
our previously reported procedure.[9] The reactions were performed in


Scheme 3. Allylic substitution with sodium phenylborate.


Table 5. The asymmetric synthesis of cinnamyl alcohol.[a]


Nitrogen
ligands


Yield [%][b] B/L ratio[c] ee [%][d]


3 60 60/40 9 (S)
4 82 66/34 5 (S)
5 69 61/39 11 (S)
6 82 58/42 17 (S)
7 96 34/66 7 (R)
8 90 42/58 2 (S)
9 98 47/53 0
10 64 72/28 41 (R)


[a] Conditions: 0.5 mmol of aryl chloride, 0.6 mmol of phenylboronic
acid, 0.015 mmol of [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, 0.015 mmol of chiral ligand,
1.3 mmol of potassium carbonate in acetonitrile (1 mL) at room tempera-
ture. [b] Yield of isolated product. [c] B/L ratio=branched/linear ratio.
As determined by 1H NMR spectroscopy, the stereochemistry was deter-
mined by comparison with the literature.[18] [d] As determined by HPLC
analysis.


Scheme 4. A plausible reaction pathway.
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oven-dried glassware under an argon atmosphere. Tetrahydrofuran
(THF) was distilled from deep blue solutions of sodium/benzophenone
ketyl prior to use. CH2Cl2 was distilled from CaH2. Unless otherwise
stated, all reagents were used as received. Most of the reactions were
monitored by TLC on pre-coated silica plates (Merck 60 F254 0.25 mm).
Silica gel 60F254 was used for column flash chromatography. NMR spec-
tra were recorded in CDCl3 on a 300 or 200 MHz spectrometer operating
in the Fourier transform mode. The following abbreviation are used in re-
porting data: s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quar-
tet; dt, doublet of triplets; dd, doublet of doublets; ddd, doublet of dou-
blets of doublets; m, multiplet. 13C NMR spectra were obtained with
broadband proton decoupling. Chemical shifts were recorded relative to
the internal tetramethylsilane (TMS) reference signal. Coupling constants
(J) are given in Hz. Melting points are uncorrected. High resolution mass
spectra (HRMS) were performed by the Centre R<gional de Mesures
Physiques de l’Ouest.


General procedure for the synthesis of unsaturated ester : In a Schlenk
tube, LiCl (33.1 mmol, 1.1 equiv) was dried under vacuum, and acetoni-
trile (100 mL) was added. The reaction mixture was cooled to 0 8C and
triethylphosphonoacetate (30.1 mmol, 1 equiv) in acetonitrile (100 mL)
and aldehyde (30.1 mmol, 1 equiv) were added. After 5 min,
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (30.1 mmol, 1 equiv) was added. The reac-
tion mixture was warmed to room temperature and stirred overnight.
Then, the solution was diluted in diethyl ether and washed with a saturat-
ed solution of ammonium chloride, brine, and dried over MgSO4, filtered
on celite and concentrated. The crude product was purified on silica gel
by flash chromatography (Hept/Et2O: 7/3, Hept=heptane, Et=ethyl) to
give the corresponding unsaturated ester in good yield.


(E)-Ethyl-3-(2-nitrophenyl)acrylate :[29] 94%. 1H NMR (200 MHz,
CDCl3): d =8.20–7.60 (m, 4H), 8.10 (d, J=16.1 Hz, 1H; CH=CH), 6.55
(d, J=16.1 Hz, 1H; CH=CH), 4.20 (q, J=7.0 Hz, 2H; CO2CH2CH3),
1.30 ppm (t, J=7.0 Hz, 3H; CO2CH2CH3); 13C NMR (50 MHz, CDCl3):
d=166.8, 142.6, 141.1, 135.6, 128.9, 127.3, 126.9, 123.8, 115.2, 61.2,
14.7 ppm.


(E)-Ethyl-3-(3-nitrophenyl)acrylate :[30] 96%. 1H NMR (200 MHz,
CDCl3): d=8.38 (s, 1H), 8.25 (d, J=7.6 Hz, 1H; H9), 7.85 (d, J=7.7 Hz,
1H), 7.65–7.50 (m, 1H), 7.75 (d, J=16.1 Hz, 1H; CH=CH), 6.55 (d, J=


16.1 Hz, 1H; CH=CH), 4.20 (q, J=7.2 Hz, 2H; CO2CH2CH3), 1.30 ppm
(t, J=7.2 Hz, 3H, CO2CH2CH3); 13C NMR (50 MHz, CDCl3): d=166.9,
149.1, 142.4, 136.5, 134, 130.4, 124.2, 122.9, 121.3, 59.5, 14.7 ppm.


(E)-Ethyl-3-(4-nitrophenyl)acrylate :[29] 95%. 1H NMR (200 MHz,
CDCl3): d=8.30 (d, J=8.8 Hz, 2H), 7.70 (d, J=8.8 Hz, 2H), 7.80 (d, J=


16.1 Hz, 1H; CH=CH), 6.60 (d, J=16.1 Hz, 1H; CH=CH), 4.30 (q, J=


7.0 Hz, 2H; CO2CH2CH3), 1.30 ppm (t, J=7.0 Hz, 3H; CO2CH2CH3);
13C NMR (50 MHz, CDCl3): d=166.8, 148.9, 142.1, 139.6, 129.0, 124.6,
123.0, 61.5, 14.7 ppm.


(E)-Ethyl-3-(4-chlorophenyl)acrylate :[29] 91%. 1H NMR (300 MHz,
CDCl3): d=7.57 (d, J=15.8 Hz, 1H; CH=CH), 7.40 (d, J=8.2 Hz, 2H;
H7, H11), 7.31 (d, J=8.2 Hz, 2H; H8, H10), 6.36 (d, J=15.8 Hz, 1H; CH=


CH), 4.22 (q, J=6.7 Hz, 2H; CO2CH2CH3), 1.28 ppm (t, J=6.7 Hz, 3H;
CO2CH2CH3); 13C NMR (75 MHz, CDCl3): d=165.9, 142.5, 135.6 (2C),
130.5, 129.0 (2C), 128.8, 118.6, 60.1, 14.0 ppm.


(E)-Ethyl-3-(4-bromophenyl)acrylate :[29] 85%. 1H NMR (300 MHz,
CDCl3): d= 7.65 (d, J=16.0 Hz, 1H; CH=CH), 7.45 (d, J=8.4 Hz, 2H),
7.30 (d, J=8.4 Hz, 2H), 6.45 (d, J=16.0 Hz, 1H; CH=CH), 4.20 (q, J=


7.2 Hz, 2H; CO2CH2CH3), 1.30 ppm (t, J=7.2 Hz, 3H; CO2CH2CH3);
13C NMR (75 MHz, CDCl3): d= 167.1, 143.6, 133.8, 132.5 (2C), 129.8
(2C), 124.9, 119.4, 61.1, 14.8 ppm.


(E)-Ethyl-3-(naphthalen-2-yl)acrylate :[29] 99%. 1H NMR (200 MHz,
CDCl3): d =8.50 (d, J=15.8 Hz, 1H; CH=CH), 8.30–7.40 (m, 7H), 6.50
(d, J=15.8 Hz, 1H; CH=CH), 4.30 (q, J=7.1 Hz, 2H; CO2CH2CH3),
1.30 ppm (t, J=7.1 Hz, 3H; CO2CH2CH3); 13C NMR (50 MHz, CDCl3):
d=167.4, 142.1, 134.1, 132.5 (2C), 130.0, 129.2, 127.3, 126.6, 125.9, 125.4,
123.8, 121.4, 61.1, 14.8 ppm.


(E)-Ethyl-3-(naphthalen-1-yl)acrylate :[32] 92%. 1H NMR (300 MHz,
CDCl3): d= 8.47 (d, J=15.7 Hz, 1H; CH=CH), 8.08–7.24 (m, 7H), 6.46
(d, J=15.7 Hz, 1H; CH=CH), 4.28 (q, J=7.5 Hz, 2H; CO2CH2CH3),


1.30 ppm (t, J=7.5 Hz, 3H; CO2CH2CH3); 13C NMR (75 MHz, CDCl3)
166.9, 141.5, 133.6, 131.8, 131.4, 130.4, 128.7, 126.8, 126.2, 125.4, 125.0,
123.4, 120.9, 60.6, 14.4 ppm.


(E)-Ethyl-3-(2,4,6-trimethylphenyl)acrylate :[30,34] 86%. 1H NMR
(200 MHz, CDCl3): d = 7.90 (d, J=16.4 Hz, 1H; CH=CH), 6.10 (d, J=


16.4 Hz, 1H; CH=CH), 6.60 (s, 2H), 4.30 (q, J=7.1 Hz, 2H;
CO2CH2CH3) 2.30 (s, 9H; 3CH3), 1.30 ppm (t, J=7.1 Hz, 3H;
CO2CH2CH3); 13C NMR (50 MHz, CDCl3): d =168.0, 139.2, 137.0, 135.2,
131.9, 126.8 (2C), 117.8, 59.6, 24.0, 21.0 (2C), 14.8 ppm.


(E)-Ethyl-3-(2,4,6-trimethoxyphenyl)acrylate :[33] 96%. 1H NMR
(200 MHz, CDCl3): d = 8.10 (d, J=16.2 Hz, 1H; CH=CH), 6.80 (d, J=


16.2 Hz, 1H; CH=CH), 6.10 (s, 2H), 4.30 (q, J=7.1 Hz, 2H;
CO2CH2CH3), 3.85 (s, 9H; 3 OCH3), 1.30 ppm (t, J=7.1 Hz, 3H;
CO2CH2CH3); 13C NMR (50 MHz, CDCl3): d= 170.0, 163.0, 161.6 (2C),
135.9, 117.8, 106.0, 90.8 (2C), 60.3, 56.1 (3C), 14.9 ppm.


(E)-Ethyl-3-(4-(N,N-dimethylamino)phenyl)acrylate :[29] 94%. 1H NMR
(200 MHz, CDCl3): d = 7.65 (d, J=15.9 Hz, 1H; CH=CH), 7.45 (d, J=


8.8 Hz, 2H), 6.70 (d, J=8.8 Hz, 2H), 6.25 (d, J=15.9 Hz, 1H; CH=CH),
4.26 (q, J=7.0 Hz, 2H; CO2CH2CH3), 3.04 (s, 6H; 2 CH3), 1.35 ppm (t,
J=7.0 Hz, 3H; CO2CH2CH3); 13C NMR (50 MHz, CDCl3): d= 168.8,
150.6, 136.9, 127.9 (2C), 124.4, 117.8, 112.7 (2C), 60.3, 40.8 (2C),
14.9 ppm.


(E)-Ethyl-3-(4-benzyloxy)phenyl)acrylate :[31] 84%. 1H NMR (200 MHz,
CDCl3): d= 7.67 (d, J=16.0 Hz, 1H; CH=CH), 7.6–7.4 (m, 7H), 7.00 (d,
J=8.7 Hz, 2H), 6.33 (d, J=16.0 Hz, 1H; CH=CH), 5.12 (s, 2H; H12),
4.28 (q, J=7.2 Hz, 2H; CO2CH2CH3), 1.36 ppm (t, J=7.2 Hz, 3H;
CO2CH2CH3); 13C NMR (50 MHz, CDCl3): d=168, 159.2, 140.0, 137.0,
132.1 (2C), 129.0, 128.5 (2C), 129.8, 127.6 (2C), 117.5, 115.7 (2C), 75.2,
44.7, 13.8 ppm.


(E)-Ethyl-3-(4-methoxyphenyl)acrylate :[29] 86%. 1H NMR (200 MHz,
CDCl3): d=7.70 (d, J=16.0 Hz, 2H; CH=CH), 7.55–7.35 (m, 2H), 6.90–
6.70 (m, 2H), 6.40 (d, J=16.0 Hz, 1H; CH=CH), 4.20 (q, J=7.1 Hz, 2H;
CO2CH2CH3), 1.30 ppm (t, J=7.1 Hz, 3H; CO2CH2CH3); 13C NMR
(50 MHz, CDCl3): d=167.0, 164.0, 144.0, 130.1, 127.5 (2C), 116.0, 114.7
(2C), 60.7, 56.0, 14.8 ppm.


General procedure for the synthesis of allylic alcohol : To a solution of
ester (10 mmol, 1 equiv) in toluene (70 mL), diisobutylaluminum hydride
(2 equiv) was slowly added at �78 8C. The reaction mixture was stirred at
this temperature until completion, checked by TLC monitoring. Then,
the resulting solution was diluted in dichloromethane (70 mL) and a suit-
able quantity of a saturated solution of Na2SO4 was added to precipitate
the aluminum salts. This was then dried over MgSO4, filtered, and con-
centrated under vacuum. The crude product was purified on silica gel by
flash chromatography (Hept/Et2O: 7/3) to yield the corresponding allylic
alcohol.


(E)-3-(2-Nitrophenyl)prop-2-en-1-ol :[18, 36] 78%. 1H NMR (200 MHz,
CDCl3): d = 8.00 (d, J=8.2 Hz, 1H; H6), 7.70–7.40 (m, 3H), 7.20 (d, J=


15.9 Hz, 1H; CH=CHCH2), 6.40 (m, CH=CHCH2, 1H), 4.40 (d, J=


6.0 Hz, 2H; CH2OH), 3.05 ppm (br. s, 1H; OH); 13C NMR (50 MHz,
CDCl3): d=148.2, 134.7, 133.6, 132.9, 129.2, 128.5, 125.9, 124.7, 63.5 ppm.


(E)-3-(3-Nitrophenyl)prop-2-en-1-ol :[37] 97%. 1H NMR (200 MHz,
CDCl3): d=8.25 (s, 1H), 8.10 (d, J=7.7 Hz, 1H), 7.70 (d, J=7.5 Hz,
1H), 7.50 (m, 1H), 6.75 (d, J=16.1 Hz, 1H; CH=CHCH2), 6.50 (m, 1H;
CH=CHCH2), 4.35 (d, J=6.0 Hz, 2H; CH2OH), 2.70 ppm (br. s, 1H;
OH); 13C NMR (50 MHz, CDCl3): d =148.3, 144.5, 130.8, 128.7, 125.8,
124.2, 123.2, 121.3, 63.7 ppm.


(E)-3-(4-Nitrophenyl)prop-2-en-1-ol :[18, 39] 98%. 1H NMR (200 MHz,
CDCl3): d= 8.20 (d, J=8.6 Hz, 2H), 7.60 (d, J=8.6 Hz, 2H), 7.75 (d, J=


16.1 Hz, 1H; CH=CHCH2), 6.57 (m, 1H; CH=CHCH2), 4.30 (d, J=


6.0 Hz, 2H; CH2OH), 3.10 ppm (br. s, 1H; OH); 13C NMR (50 MHz,
CDCl3): d=147.3, 144.5, 128.6, 127.4 (2C), 124.5, 123.0 (2C), 63.5 ppm.


(E)-3-(4-Chlorophenyl)prop-2-en-1-ol :[35] 98%. 1H NMR (300 MHz,
CDCl3): d= 7.25–7.18 (m, 4H), 6.47 (d, J=15.9 Hz, 1H; CH=CH), 6.29
(dt, J=15.9 Hz, J=5.3 Hz, 1H; CH=CHCH2), 4.26 (d, J=5.3 Hz, 2H;
CH2OH), 3.97 ppm (br. s, 1H; OH); 13C NMR (75 MHz, CDCl3): d=


135.1, 132.8, 129.7, 129.1 (2C), 128.7, 127.7 (2C), 63.5 ppm.
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(E)-3-(4-Bromophenyl)prop-2-en-1-ol :[38] 74%. 1H NMR (300 MHz,
CDCl3): d=7.45 (d, J=8.5 Hz, 2H), 7.25 (d, J=8.5 Hz, 2H), 6.60 (d, J=


16.0 Hz, 1H; CH=CH), 6.35 (m, CH=CHCH2, 1H), 4.35 (d, J=5.1 Hz,
2H; CH2OH), 3.00 ppm (br. s, 1H; OH); 13C NMR (75 MHz, CDCl3):
d=136.1, 132.1 (2C), 129.7, 128.4 (2C), 123.1, 121.8, 63.9 ppm.


(E)-3-(2,4,6-Trimethylphenyl)prop-2-en-1-ol :[34] 87%. 1H NMR
(200 MHz, CDCl3): d= 6.90 (s, 2H), 6.65 (d, J=16.2 Hz, 1H; CH=


CHCH2), 5.95 (m, 1H; CH=CHCH2), 4.40 (d, J=6.0 Hz, 2H; CH2OH),
3.40 (br. s, 1H; OH), 2.30 ppm (s, 9H; 3 CH3); 13C NMR (50 MHz,
CDCl3): d=137.0, 136.0 (2C), 134.0, 130.0, 129.0 (2C), 124.0, 65.0, 26.0,
21.0 ppm (2C).


(E)-3-(2,4,6-Trimethoxyphenyl)prop-2-en-1-ol :[33] 99%. 1H NMR
(200 MHz, CDCl3): d =6.90 (d, J=16.1 Hz, 1H; CH=CHCH2), 6.70 (m,
1H; CH=CHCH2), 6.10 (s, 2H), 4.40 (d, J=5.6 Hz, 2H; CH2OH), 3.85 (s,
9H; 3OCH3), 2.50 ppm (br. s, 1H; OH); 13C NMR (50 MHz, CDCl3): d=


159.0 (3C), 129.2, 122.3, 107.0, 91.0 (2C), 65.9, 56.1 ppm (3C).


(E)-3-{4-(N,N-Dimethylamino)phenyl}prop-2-en-1-ol :[39] 99%. 1H NMR
(200 MHz, CDCl3): d=7.30 (d, J=8.7 Hz, 2H), 6.70 (d, J=8.7 Hz, 2H),
6.65 (d, J=16.2 Hz, 1H; CH=CHCH2), 6.20 (m, 1H; CH=CHCH2), 4.30
(d, J=6.3 Hz, 2H; CH2OH), 3.00 (s, 6H; 2CH3), 2.30 ppm (br. s, 1H;
OH); 13C NMR (50 MHz, CDCl3): d=150.6, 132.3, 127.9 (2C), 125.4,
124.4, 112.7 (2C), 64.7, 40.9 ppm (2C).


(E)-3-(4-(Benzyloxy)phenyl)prop-2-en-1-ol :[40] 99%. 1H NMR (200 MHz,
CDCl3): d= 7.50 (m, 7H), 6.96 (d, J=8.5 Hz, 2H), 6.59 (d, J=15.8 Hz,
1H; CH=CHCH2), 6.30 (m, 1H; CH=CHCH2), 5.10 (s, 2H; H10), 4.33 (d,
J=6.2 Hz, 2H; CH2OH), 3.10 ppm (br. s, 1H; OH); 13C NMR (50 MHz,
CDCl3): d =159.0, 137.3, 131.0 (2C), 130.0, 129.0, 128.5 (2C), 128.0, 127.6
(2C), 126.9 (C2), 115.7 (2C), 70.4, 64.4 ppm.


(E)-3-(4-(Methoxyphenyl)prop-2-en-1-ol :[35] 87%. 1H NMR (200 MHz,
CDCl3): d=7.40–7.25 (m, 2H), 6.95–6.85 (m, 2H), 6.60 (d, J=15.9 Hz,
1H; CH=CHCH2), 6.25 (m, 1H; CH=CHCH2), 4.30 (d, J=5.8 Hz, 2H;
CH2OH), 3.85 (s, 3H; OCH3), 2.90 ppm (br. s, 1H; OH); 13C NMR
(50 MHz, CDCl3): d=159.6, 129.9, 128.1, 126.7 (2C), 126.1, 114.4 (2C),
64.2, 55.7 ppm.


(E)-3-(Naphthalen-2-yl)prop-2-en-1-ol :[35] 93%. 1H NMR (200 MHz,
CDCl3): d =8.10–7.40 (m, 7H), 7.20 (d, J=15.9 Hz, 1H; CH=CHCH2),
6.40 (m, 1H; CH=CHCH2), 4.45 ppm (d, J=6.1 Hz, 2H; CH2OH);
13C NMR (50 MHz, CDCl3): d=133.5, 133.0, 132.0, 131.1, 128.8, 128.2,
127.9, 127.6, 126.4, 126.2, 125.8, 123.5, 63.7 ppm.


(E)-3-(Naphthalen-1-yl)prop-2-en-1ol :[35] 90%. 1H NMR (300 MHz,
CDCl3): d =8.13 (d, J=9.1 Hz, 1H), 7.87–7.80 (m, 2H), 7.64–7.38 (m,
5H; CH=CHCH2), 6.47 (dt, J=15.6 Hz, J=5.6 Hz, 1H), 4.47 (dd, J=


5.6 Hz, J=1.4 Hz, 2H; CH2OH), 3.42 ppm (br. s, 1H; OH); 13C NMR
(75 MHz, CDCl3): d=133.6, 133.5, 131.7, 131.2, 128.5, 128.2, 128.0, 126.0,
125.8, 125.6, 123.9, 123.7, 63.9 ppm.


General procedure for the synthesis of allylic chloride : To a solution of
allylic alcohol (1 equiv) in diethyl ether (1 mmolmL�1), SOCl2 (1 equiv)
was slowly added at 0 8C. The reaction mixture was stirred until comple-
tion, as determined by TLC. Then, the resulting solution was diluted with
dichloromethane, washed with a saturated solution of NaHCO3 and then
brine, and then dried over Na2SO4, filtered, and concentrated. The allylic
chloride was used without further purifications.


(E)-1-(3-Chloroprop-1-enyl)-2-nitrobenzene :[41] 1H NMR (200 MHz,
CDCl3): d=8.10 (d, J=8.1 Hz, 1H), 7.90 (m, 1H), 7.70 (m, 1H), 7.48 (m,
1H), 7.25 (d, J=15.5 Hz, 1H; CH=CHCH2), 6.25 (m, 1H; CH=CHCH2),
4.30 ppm (d, J=6.9 Hz, 2H; CH2Cl); 13C NMR (50 MHz, CDCl3): d=


148.0, 133.7, 132.4 , 129.0, 128.6, 127.9, 124.7, 123.8, 45.9 ppm.


(E)-1-(3-Chloroprop-1-enyl)-3-nitrobenzene :[41] 1H NMR (200 MHz,
CDCl3): d=8.25 (s, 1H), 8.10 (d, 1H; J=8.1 Hz), 7.70 (d, 1H; J=


7.8 Hz), 7.53 (m, 1H), 6.75 (d, J=15.7 Hz, 1H; CH=CHCH2), 6.55 (m,
1H; CH=CHCH2), 4.20 ppm (d, J=7.2 Hz, 2H; CH2Cl); 13C NMR
(50 MHz, CDCl3): d=138.0, 132.9, 132.3, 130.0, 128.9, 123.3, 122.4, 121.7,
32.4 ppm.


(E)-1-(3-Chloroprop-1-enyl)-4-nitrobenzene :[41] 1H NMR (200 MHz,
CDCl3): d=8.20 (d, J=8.3 Hz, 2H), 7.60 (d, J=8.3 Hz, 2H), 6.80 (d, J=


15.7 Hz, 1H; CH=CHCH2), 6.53 (m, 1H; CH=CHCH2), 4.30 ppm (d, J=


6.4 Hz, 2H; CH2Cl); 13C NMR (50 MHz, CDCl3): d=147.5, 140.8, 130.8,
127.4 (2C), 123.4, 123.0 (2C), 45.8 ppm.


(E)-1-(3-Chloroprop-1-enyl)-4-chlorobenzene :[41] 1H NMR (300 MHz,
CDCl3): d =7.41–7.28 (m, 4H), 6.60 (d, J=16.5 Hz, 1H; CH=CHCH2),
6.31 (m, 1H; CH=CHCH2), 4.26 ppm (dd, J=7.1 Hz, J=1.0 Hz, 2H;
CH2Cl); 13C NMR (50 MHz, CDCl3): d=134.8, 132.3, 131.5, 128.2 (2C),
127.6 (2C), 124.8, 45.3 ppm.


(E)-1-(3-Chloroprop-1-enyl)-4-bromobenzene : 1H NMR (300 MHz,
CDCl3): d=7.45 (d, J=8.5 Hz, 2H), 7.25 (d, J=8.5 Hz, 2H), 6.65 (d, J=


15.7 Hz, 1H; CH=CHCH2), 6.35 (m, 1H; CH=CHCH2), 4.26 ppm (d, J=


7.0 Hz, 2H; CH2Cl); 13C NMR (50 MHz, CDCl3): d =135.2, 132.1 (2C),
129.7, 128.4 (2C), 124.2, 122.6, 45.6 ppm.


(E)-2-(3-Chloroprop-1-enyl)-1,3,5-trimetylbenzene : 1H NMR (200 MHz,
CDCl3): d =6.90 (s, 2H), 6.65 (d, J=16.0 Hz, 1H; CH=CHCH2), 5.85 (m,
1H; CH=CHCH2), 4.30 (d, J=7.0 Hz, 2H; CH2Cl), 2.30 ppm (s, 9H;
3CH3); 13C NMR (50 MHz, CDCl3): d=137.0, 136.2 (2C), 132.3, 129.4,
128.6 (2C), 123.8, 46.7, 26.0, 20.8 ppm (2C).


(E)-2-(3-Chloroprop-1-enyl)-1,3,5-trimethoxybenzene : 1H NMR
(200 MHz, CDCl3): d =6.90 (d, J=16.0 Hz, 1H; CH=CHCH2), 6.67 (m,
1H; CH=CHCH2), 6.10 (s, 2H), 4.30 (d, J=7.0 Hz, 2H; CH2Cl),
3.85 ppm (s, 9H; 3 OCH3); 13C NMR (50 MHz, CDCl3): d =160.1, 159.0
(2C), 131.0, 122.7, 105.0, 92.9 (2C), 56.1 (3C), 43.5 ppm.


(E)-4-(3-Chloroprop-1-enyl)-N,N-dimethylbenzenamine : 1H NMR
(200 MHz, CDCl3): d=7.30 (d, J=8.8 Hz, 2H), 6.80 (d, J=8.8 Hz, 2H),
6.65 (d, J=16.2 Hz, 1H; CH=CHCH2), 6.25 (m, 1H; CH=CHCH2), 4.20
(d, J=6.3 Hz, 2H; CH2Cl), 3.00 ppm (s, 6H; 2CH3); 13C NMR (50 MHz,
CDCl3): d=148.6, 132.3, 127.9 (2C), 125.0, 124.0, 114.1 (2C), 46.7,
40.9 ppm (2C).


(E)-1-(Benzyloxy)-4-(3-chloroprop-1-enyl)benzene : 1H NMR (200 MHz,
CDCl3): d =7.55–7.25 (m, 7H), 7.10 (d, J=8.5 Hz, 2H), 6.68 (d, J=


15.9 Hz, 1H; CH=CHCH2), 6.20 (m, 1H; CH=CHCH2), 5.10 (s, 2H;
H10), 4.20 ppm (d, J=6.2 Hz, 2H; CH2Cl); 13C NMR (50 MHz, CDCl3):
d=160.0, 140.2, 132.0, 131.0 (2C), 129.0, 128.7 (2C), 128.1 (2C), 126.0,
124.1, 113.9 (2C), 70.4, 44.9 ppm.


(E)-1-(3-Chloroprop-1-enyl)-4-methoxybenzene :[41] 1H NMR (200 MHz,
CDCl3): d=7.30 (m, 2H), 6.90 (m, 2H), 6.60 (d, J=15.6 Hz, 1H; CH=


CHCH2), 6.20 (m, 1H; CH=CHCH2), 4.20 (d, J=7.3 Hz, 2H; CH2Cl),
3.85 ppm (s, 3H; OCH3); 13C NMR (50 MHz, CDCl3): d=160.1, 130.2,
126.9 (3C), 123.1, 114.4 (2C), 55.8, 46.9 ppm.


(E)-2-(3-Chloroprop-1-enyl)naphthalene : 1H NMR (200 MHz, CDCl3):
d=8.10–7.40 (m, 7H), 7.20 (d, J=15.9 Hz, 1H; CH=CHCH2), 6.40 (m,
1H; CH=CHCH2), 4.30 ppm (d, J=7.0 Hz, 2H; CH2Cl); 13C NMR
(50 MHz, CDCl3): d=135.0, 134.8, 134.0, 130.0 (2C), 129.0 (2C), 127.6,
126.8, 125.0, 124.0 (2C), 46.0 ppm.


(E)-1-(3-Chloroprop-1-enyl)naphthalene : 1H NMR (300 MHz, CDCl3):
d=8.11 (d, J=7.2 Hz, 1H), 7.91–7.83 (m, 2H), 7.65–7.43 (m, 5H), 6.37
(dt, J=15.4 Hz, J=7.1 Hz, 1H; CH=CHCH2), 4.38 ppm (dd, J=7.1 Hz,
J=1.1 Hz, 2H; CH2Cl); 13C NMR (75 MHz, CDCl3): d =133.6, 133.5,
131.2, 131.1, 128.7, 128.6, 128.0, 126.2, 125.9, 125.5, 124.2, 123.6, 45.5 ppm.


General procedure for the allylic substitution catalyzed by ruthenium
complex : In a Schlenk tube under argon, allylic chloride (0.5 mmol,
1 equiv), phenylboronic acid (0.6 mmol, 1.2 equiv), K2CO3 (1.2 equiv),
[Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6 (2 ; 3 mol%) and acetonitrile (1 mL) were added.
The reaction mixture was stirred for 24 h at room temperature. The
crude product was purified on silica gel by flash chromatography (Hept/
Et2O: 9/1) to furnish linear and branched allylic product.


1-Phenylprop-2-en-1-ol :[42] 1H NMR (200 MHz, CDCl3): d =7.50–7.25 (m,
5H), 6.10 (ddd, J=16.4 Hz, J=10.2 Hz, J=6.0 Hz, 1H; CH=CH2), 5.40
(m, 1H; CH=CH2), 5.20–5.10 (m, 2H; CH=CH2, CHOH), 3.10 ppm (br.
s, 1H; OH); 13C NMR (50 MHz, CDCl3): d=141.4, 138.5, 128.3, 127.4,
126.2, 116.2, 76.8 ppm.


1-(2-Nitrophenyl)prop-2-en-1-ol :[42] 1H NMR (300 MHz, CDCl3): d=7.95
(dd, J=8.1 Hz, J=0.9 Hz, 1H), 7.77 (m, 1H), 7.63 (m, 1H), 7.40 (m,
1H), 6.05 (ddd, J=17.1 Hz, J=10.4 Hz, J=5.3 Hz, 1H; CH=CH2), 5.71
(d, J=5.3 Hz, 1H; CHOH), 5.35 (dd, J=17.1 Hz, J=1.1 Hz, 1H; CH=


CH2), 5.22 (dd, J=10.4 Hz, J=1.1 Hz, 1H; CH=CH2), 3.20 ppm (br s.,
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1H; OH); 13C NMR (75 MHz, CDCl3): d=148.2, 138.1, 137.6, 133.6,
128.8, 128.4, 124.5, 116.1, 69.8 ppm.


1-(3-Nitrophenyl)prop-2-en-1-ol :[42] 1H NMR (200 MHz, CDCl3): d=8.25
(m, 1H; H5), 8.10 (m, 1H), 7.70 (m, 1H9), 7.57 (m, 1H), 6.05 (m, 1H;
CH=CH2), 5.40 (dt, J=17.1 Hz, J=1.2 Hz, 1H; CH=CH2), 5.30 (d, J=


6.7 Hz, 2H; CHOH), 5.28 (dt, J=10.4 Hz, J=1.2 Hz, 1H; CH=CH2),
2.50 ppm (br. s, 1H; OH); 13C NMR (50 MHz, CDCl3): d=148.2, 138.1,
137.7, 133.7, 128.9, 128.5, 124.6, 118.7, 116.2, 69.4 ppm.


1-(4-Nitrophenyl)prop-2-en-1-ol :[42] 1H NMR (200 MHz, CDCl3): d=8.20
(d, J=8.6 Hz, 2H), 7.60 (m, 2H), 6.00 (m, 1H; CH=CH2), 5.40 (dt, J=


17.4 Hz, J=1.1 Hz, 1H; CH=CH2), 5.30 (d, J=6.7 Hz, 1H; CHOH), 5.22
(dt, J=10.4 Hz, J=1.1 Hz, 1H; CH=CH2), 2.20 ppm (br. s, 1H; OH);
13C NMR (50 MHz, CDCl3): d=149.5, 147.3, 139.5, 127.1, 123.7, 116.4,
74.7 ppm.


1-(4-Chlorophenyl)prop-2-en-1-ol : 1H NMR (300 MHz, CDCl3): d =7.34–
7.26 (m, 4H), 6.09 (ddd, J=17.2 Hz, J=10.2 Hz, J=6.3 Hz, 1H; CH=


CH2), 5.39 (ddd, J=17.2 Hz, J=2.5 Hz, J=1.3 Hz, 1H; CH=CH2), 5.24–
5.18 (m, 2H; CH=CH2, CHOH), 3.04 ppm (br. s, 1H; OH); 13C NMR
(75 MHz, CDCl3): d=141.1, 139.2, 134.0, 129.1, 128.7, 115.6, 74.7 ppm.


1-(4-Bromophenyl)prop-2-en-1-ol :[43] 1H NMR (300 MHz, CDCl3): d=


7.50 (d, J=8.4 Hz, 2H), 7.25 (d, J=8.4 Hz, 2H), 5.96 (ddd, J=17.1 Hz,
J=10.3 Hz, J=6.1 Hz, 1H; CH=CH2), 5.35 (ddd, J=17.1 Hz, J=2.6 Hz,
J=1.3 Hz, 1H; CH=CH2), 5.20 (ddd, J=10.3 Hz, J=2.3 Hz, J=1.3 Hz,
1H; CH=CH2), 3.05 ppm (br. s, 1H; OH); 13C NMR (75 MHz, CDCl3):
d=141.5, 139.7, 131.5, 128.6, 121.5, 115.6, 74.6 ppm.


1-Mesitylprop-2-en-1-ol : M.p. 52–54 8C. 1H NMR (300 MHz, CDCl3): d=


6.90 (s, 2H), 6.15 (ddd, J=17.3 Hz, J=10.5 Hz, J=4.5 Hz, 1H; CH=


CH2), 5.72 (m, 1H; CHOH), 5.22 (ddd, J=17.3 Hz, J=3.5 Hz, J=1.7 Hz,
1H; CH=CH2), 5.18 (ddd, J=10.5 Hz, J=4.5 Hz, J=1.7 Hz, 1H; CH=


CH2), 3.05 (br. s, 1H; OH), 2.39 (s, 6H; 2CH3), 2.30 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=138.6, 136.5, 134.9 (2C), 130.0 (2C),
114.3, 71.5, 20.7 (CH3), 20.5 ppm (2CH3); HRMS (EI): m/z : calcd for
C12H16O: 176.1212; found: 176.1208.


1-(Naphthalen-2-yl)prop-2-en-1-ol :[44] 1H NMR (200 MHz, CDCl3): d=


8.10–7.80 (m, 4H), 7.50–7.40 (m, 3H), 6.25 (m, 1H; CH=CH2), 5.45–5.35
(m, 2H; CHOH, CH=CH2), 5.20 (m, 1H; CH=CH2), 2.20 ppm (br. s, 1H;
OH); 13C NMR (50 MHz, CDCl3): d =140.0, 139.6, 133.1, 132.8, 128.1,
127.9, 127.5, 126.0, 125.8, 124.8, 124.4, 115.4, 75.5 ppm.


1-(Naphthalen-1-yl)prop-2-en-1-ol :[43] 1H NMR (300 MHz, CDCl3): d=


8.23 (d, J=9.1 Hz, 1H), 7.90–7.80 (m, 2H;), 7.66–7.50 (m, 4H), 6.27
(ddd, J=17.3 Hz, J=10.3 Hz, J=5.3 Hz, 1H; CH=CH2), 5.97 (d, J=


5.3 Hz, 1H; CHOH), 5.48 (ddd, J=17.3 Hz, J=2.4 Hz, J=1.3 Hz, 1H;
CH=CH2), 5.30 (ddd, J=10.4 Hz, J=2.4 Hz, J=1.2 Hz, 1H; CH=CH2),
2.18 ppm (br. s, 1H; OH); 13C NMR (75 MHz, CDCl3): d=139.6, 138.0,
133.9, 130.6, 128.8, 128.5, 126.0, 125.6, 125.4, 123.9, 123.7, 115.6, 72.3 ppm.


1-(2,4,6-Trimethoxyphenyl)propan-1-one : 1H NMR (300 MHz, CDCl3):
d=6.10 (s, 2H), 3.85 (s, 9H; 3OCH3), 2.95 (q, J=7.3 Hz, 2H;
COCH2CH3), 1.20 ppm (t, J=7.3 Hz, 3H; COCH2CH3); 13C NMR
(75 MHz, CDCl3): d =205.3, 162.1, 158.0, 113.5, 90.5, 55.8 (2 OCH3), 55.4
(OCH3), 38.0, 7.9 ppm.


1-(4-Methoxyphenyl)propane-1-one :[47] 1H NMR (200 MHz, CDCl3): d=


7.93 (d, J=8.8 Hz, 2H), 6.95 (d, J=8.8 Hz, 2H), 3.87 (s, 3H; OCH3),
2.95 (q, J=7.2 Hz, 2H), 1.24 ppm (t, J=7.2 Hz, 3H; COCH2CH3);
13C NMR (50 MHz, CDCl3): d=199.5, 163.3, 130.1, 113.6, 55.4 (OCH3),
43.4, 8.4 ppm.


1-(4-Benzyloxyphenyl)propan-1-one :[46] 1H NMR (200 MHz, CDCl3): d=


8.0 (d, J=8.8 Hz, 2H; H5, H9), 7.50–7.30 (m, 5H), 7.00 (d, J=8.8 Hz,
2H), 5.10 (s, 2H), 2.95 (q, J=7.3 Hz, 2H; COCH2CH3), 1.20 ppm (t, J=


7.3 Hz, 3H; COCH2CH3); 13C NMR (50 MHz, CDCl3): d=202.4, 160.9,
136.1, 13.8, 128.9, 128.1, 127.4, 113.9, 69.9, 30.2, 7.3 ppm.


1-(4-N,N-Dimethylaminophenyl)propan-1-one :[45] 1H NMR (200 MHz,
CDCl3): d=8.0 (d, J=8.8 Hz, 2H), 6.95 (d, J=8.8 Hz, 2H), 3.00 (s, 6H;
2 CH3), 2.95 (q, J=7.2 Hz, 2H; COCH2CH3), 1.20 ppm (t, J=7.2 Hz,
3H; COCH2CH3); 13C NMR (50 MHz, CDCl3): d =201.7, 153.5, 130.8,
129.4, 110.4, 39.9 (CH3), 31.6, 7.6 ppm.


Synthesis of sodium phenylboronate : Phenylboronic acid (1 g, 8.2 mmol)
was dissolved in a minimal amount of warm toluene under stirring, and a
saturated aqueous sodium hydroxide solution was added dropwise until
no further precipitate formed. The precipitate obtained was filtered off
and washed with warm toluene to give the pure salt as a colorless solid
(1.14 g, 86%). M.p. >275 8C. 1H NMR (200 MHz, D2O ref. CH3CN): d=


7.58 (d, J=7.9 Hz, 2H; H3, H5), 7.21–7.05 ppm (m, 3H; H aromatics);
13C NMR (50 MHz, D2O ref. CH3CN) (C�B is not observed): d=131.3
(C3, C5), 127.3 (C2, C6), 119.1 ppm (C4); 11B NMR (96 MHz, D2O): d=


3.2 ppm.
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Unsaturated Aldehydes as Alkene Equivalents in the Diels–Alder Reaction


Esben Taarning and Robert Madsen*[a]


Introduction


The Diels–Alder reaction is one of the most powerful meth-
ods in organic chemistry for synthesis of six-membered car-
bocyclic compounds.[1,2] The [4+2] cycloaddition between a
1,3-diene and a dienophile gives rise functionalized cyclo-
hexenes with good control of both regio-, enantio-, and dia-
stereoselectivity.[2,3] The reaction has found widespread ap-
plication in the synthesis of natural products and other bio-
logically active molecules.[4,5] In the normal Diels–Alder re-
action the reactivity is governed by the energy difference
between the HOMO of the diene and the LUMO of the di-
enophile. The energy of the latter is lowered by electron-
withdrawing substituents and the most common dienophiles
contain carbonyl, cyano, sulfonyl or nitro groups. The effect
is enhanced by coordination to Lewis acids which are
known to accelerate Diels–Alder reactions substantially. For
the same reason, the cycloaddition with simple olefins as di-
enophiles is a poor reaction which requires high tempera-
ture and pressure.[6] Instead, olefin equivalents have been


developed by using electron-withdrawing groups on the di-
enophile that can be removed in a subsequent reduction.
The most popular group is the phenylsulfonyl group,[7,8] but
ethylthio,[9] nitro[10] and dichloroboryl[11] groups have also
been employed. In all four cases, the Diels–Alder reaction is
achieved under thermal conditions while the subsequent re-
moval of the electron-withdrawing group is accomplished in
the presence of either sodium amalgam (for PhSO2),


[7]


Raney-Nickel (for EtS),[9] Bu3SnH/AIBN (for NO2),
[10] or by


a three-step sequence (for BCl2) involving oxidation
(NaOH/H2O2), mesylation (MsCl/pyridine) and reduction
(LiEt3BH).[11] However, the use of stoichiometric reducing
agents for the removal of these groups diminishes the atom
economy of the overall transformation. Hence, we envi-
sioned to use a,b-unsaturated aldehydes for the Diels–Alder
reaction followed by removal of the aldehyde group by a
metal-catalyzed decarbonylation in the same pot. This
tandem Diels–Alder decarbonylation sequence would offer
a more expedient procedure for the cycloaddition with
olefin equivalents and at the same time be able to maintain
the regio- and stereoselectivity that characterizes the normal
Diels–Alder reaction.


The catalytic decarbonylation of aldehydes can be ach-
ieved with rhodium catalysts at elevated temperatures.[12, 13]


The most reactive catalysts are rhodium(I) complexes con-
taining bi- or tridentate phosphine ligands.[13] In a recent
study, 1,3-bis(diphenylphosphino)propane (dppp) was shown
to be the ligand of choice for this transformation among a
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range of phosphine ligands.[14] The corresponding complex
[Rh ACHTUNGTRENNUNG(dppp)2Cl] has been used for decarbonylation of a varie-
ty of different aldehydes ranging from unprotected carbohy-
drates[15] to aldehydes in natural product syntheses.[16] The
complex can be prepared in two steps from commercially
available RhCl3·3H2O by conversion into [Rh(cycloocte-
ne)2Cl]2 followed by ligand exchange with dppp.[17] Alterna-
tively, the active catalyst can be generated in situ from the
same components if the decarbonylation is performed in a
diglyme solution.[14] Very recently, the mechanism for the
decarbonylation was studied by experimental and theoreti-
cal methods and shown to proceed by an oxidative addition
into the aldehyde C�H bond followed by a rate-limiting ex-
trusion of carbon monoxide and reductive elimination.[18]


Herein, we describe the development of a,b-unsaturated
aldehydes as alkene equivalents in the Diels–Alder reaction.
Acrolein and substituted acroleins are added to various 1,3-
dienes followed by a rhodium-catalyzed decarbonylation in
the same pot to remove the aldehyde group (Scheme 1).


Results and Discussion


Acrolein as dienophile : The initial experiments were carried
out under thermal conditions in the presence of [Rh-
ACHTUNGTRENNUNG(dppp)2Cl]. Acrolein (b.p. 53 8C) was selected as the dieno-
phile and reacted with isoprene (b.p. 34 8C) and 2% of [Rh-
ACHTUNGTRENNUNG(dppp)2Cl] in an autoclave. The thermal Diels–Alder reac-
tion between acrolein and simple dienes will occur at tem-
peratures around 100 8C[19] while the catalytic decarbonyla-
tion requires a temperature around 150 8C.[14–16] Therefore,
we were confident that the Diels–Alder reaction would
occur before the decarbonylation. Indeed, when the auto-
clave was heated to 170 8C for 24 h, the reaction mixture
consisted of 66% of 1-methylcyclohexene and 34% of the
Diels–Alder adduct that had not undergone decarbonyla-
tion. Unfortunately, it was not possible to push the decar-
bonylation to completion under these conditions. By com-
parison, the decarbonylation of the same aldehyde in an
open flask at 170 8C only required 4 h for full conversion.
Thus, it was apparent that the liberated carbon monoxide
hampered the decarbonylation in the autoclave and it was
therefore decided to pursue the tandem reaction in an open
system. In this case, 2,3-dimethyl-1,3-butadiene (b.p. 68 8C)
was selected as the diene and reacted with acrolein at
reflux. However, due to the low boiling point of acrolein,
the cycloaddition required 30 h for complete conversion.
More hindered dienes required even longer reaction times
and this procedure was therefore not suitable for general
use.


As a result, it was decided to use Lewis acid catalysis to
increase the rate of the cycloaddition reaction. Several
Lewis acids were selected and the reactions were investigat-


ed under neat conditions as well as in the presence of a sol-
vent (Table 1). In the latter case, diglyme was chosen as the
solvent since it had shown good results in the decarbonyla-
tion reaction.[14,15] Zinc chloride was found to be an excel-
lent catalyst under neat conditions with full conversion in
40 min while no reaction occurred in a diglyme solution (en-
tries 1 and 2). Furthermore, subsequent addition of [Rh-
ACHTUNGTRENNUNG(dppp)2Cl] and heating to 170 8C resulted in complete decar-
bonylation. However, extensive isomerization of the double
bond in the product also occurred, which is most likely
caused by the presence of zinc chloride at elevated tempera-
ture. Thus, it appears necessary to remove or quench the
Lewis acid prior to increasing the temperature in order to
avoid product isomerization. Unfortunately, it was not possi-
ble to quench zinc chloride with reagents like water or eth-
ylenediamine. Instead, a number of other Lewis acids were
investigated (entries 3–8). Aluminum chloride and BF3·OEt2
gave rise to a highly exothermic reaction under neat condi-
tions which led to instantaneous decomposition of the start-
ing materials. In diglyme, however, the reactivity of the two
Lewis acids was lowered significantly and an efficient Diels–
Alder reaction could be achieved with the latter. The cyclo-
addition went to completion in 10 min at room temperature
with 5% of BF3·OEt2 and afforded the product in 89% iso-
lated yield. The conversion with aluminum chloride and
other Lewis acids were slower.


Again, it was necessary to quench the Lewis acid before
the decarbonylation could be achieved. This could be per-
formed by adding one equivalent of K2HPO4 relative to
BF3·OEt2 together with a small amount of water which did
not interfere with the ensuing decarbonylation reaction. On
the contrary, neutralizing BF3·OEt2 with Na2CO3 or K2CO3


Scheme 1. One-pot Diels–Alder decarbonylation reaction.


Table 1. Diels–Alder reaction with acrolein catalyzed by various Lewis
acids.[a]


Entry Catalyst Conversion
of diene [%][b]


1 ZnCl2 0
2[c] ZnCl2 >99
3 AlCl3 43
4[d] BF3·OEt2 >99
5[e] FeCl3 37
6 La ACHTUNGTRENNUNG(OTf)3 0
7 Sc ACHTUNGTRENNUNG(OTf)3 66
8 Bi ACHTUNGTRENNUNG(OTf)3 75


[a] To a solution of 2,3-dimethyl-1,3-butadiene (5 mmol) and acrolein
(7.5 mmol) in diglyme (5 mL) was added the Lewis acid (0.25 mmol) and
the mixture was stirred at room temperature for 60 min. [b] Determined
by GC. [c] Under neat conditions for 40 min. [d] Reaction time 10 min
with 89% isolated yield of 3,4-dimethyl-3-cyclohexene-1-carbaldehyde.
[e] Some by-products are visible by GC analysis.
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caused the decarbonylation to proceed slowly and gave rise
to side products and precipitation of rhodium metal.


Earlier studies on simple aldehydes had shown that the
decarbonylation could be achieved with an in situ generated
catalyst from RhCl3·3H2O and dppp.[14] Addition of these
two reagents to the Diels–Alder adduct did result in the de-
sired decarbonylation upon heating, but the reaction was ac-
companied by severe double bond isomerization. It was not
possible to add RhCl3·3H2O and dppp before the Diels–
Alder reaction since dppp catalyzes a rapid polymerization
of acrolein. Therefore, it was decided to use [Rh ACHTUNGTRENNUNG(dppp)2Cl]
for the decarbonylation. This complex was prepared by a
new one-step procedure where RhCl3·3H2O was treated
with two equivalents of dppp in an ethanol solution at reflux
for 30 min followed by removal of the solvent in vacuo. This
afforded a crude [Rh ACHTUNGTRENNUNG(dppp)2Cl] complex which was equal in
reactivity to the catalyst formed by the previous two-step
procedure.[17] With 0.3% of the crude complex the decar-
bonylation could be achieved in 20 h to afford the desired
1,2-dimethylcyclohexene in 86% isolated yield from the
starting diene (Table 2, entry 1). The progress of the decar-
bonylation could be monitored by measuring the evolution
of carbon monoxide. Diglyme was removed in an aqueous
work-up and the product was isolated by extraction with
pentane and subsequent distillation.


To examine the scope and limitations of this new one-pot
protocol, a number of other dienes were also subjected to
the reaction with acrolein (Table 2, entries 2–10). In general,
the Diels–Alder decarbonylation sequence worked very well
for a variety of hydrocarbon dienes where yields around
80% were typically obtained (entries 2–6). It should be
noted that some of the products are highly volatile and thus
difficult to isolate quantitatively. Ether and ester functionali-
ties can also be accommodated in the diene (entries 7–10),
although the 1,4-disubstituted dienes in entries 8–10 reacted
significantly slower than the other dienes. The longer reac-
tion time in the Diels–Alder reaction resulted in a slightly
decreased yield of the product cyclohexenes due to a slow
acid-catalyzed decomposition of the allyl ether and ester
dienes. No sign of a retro Diels–Alder reaction was ob-
served when the intermediate aldehydes were heated to
162 8C during the decarbonylation reaction. Several dienes
failed to undergo the cycloaddition in the presence of
BF3·OEt2. Furan underwent polymerization while dienes
with conjugating electron-withdrawing groups such as sorbic
aldehyde and b-ionone did not react with acrolein. In all
cases, except for entry 1, did the Diels–Alder reaction fur-
nish more than one aldehyde (regioisomers and exo/endo
isomers). Particularly, the reaction with the 1,4-disubstituted
dienes led to the formation of all four isomeric aldehydes.
However, after decarbonylation they all gave rise to the
same cyclohexene product which illustrates the benefit of
the one-pot procedure where no work-up of the intermedi-
ate aldehyde is required.


Other a,b-unsaturated aldehydes as dienophiles : With the
successful application of acrolein as an ethylene equivalent
the studies were now extended to other unsaturated alde-
hydes. Since the Diels–Alder reaction is also highly sensitive
to substituents in the dienophile it was decided first to ex-
amine the rate of the BF3·OEt2-catalyzed cycloaddition reac-
tion with various aldehydes. As shown above, the reaction
between 2,3-dimethyl-1,3-butadiene and acrolein goes to
completion within 10 min in diglyme with 5% of BF3·OEt2
(Table 1, entry 4). Changing the solvent to diethyl ether had
no influence on the rate of the cycloaddition (Table 3,
entry 1). However, the reactions with substituted acroleins
were slower and it was necessary to use a larger amount of
the Lewis acid. With 10% of BF3·OEt2 the reaction with
methacrolein went to completion in 30 min and proceeded
very cleanly to give the product in high yield (entry 2). The
reactions with crotonaldehyde and cinnamaldehyde were
significantly more sluggish, but full conversion could still be
obtained within a reasonable timeframe (Figure 1 and
Table 3, entries 3 and 4). This, however, was not possible
with 3-methylcrotonaldehyde where only trace amounts of
the cycloaddition product was obtained even with very long
reaction times and up to 30% of BF3·OEt2 (Figure 1). The
use of other Lewis acids such as zinc chloride and bismuth
triflate did not improve the yield of the cycloaddition prod-
uct. In this connection, it should be noted that 3-methylcro-
tonaldehyde is known to give a poor yield in the thermal


Table 2. Acrolein as ethylene synthon in the Diels–Alder reaction.[a]


Entry Diene Product Yield [%][b]


1 86


2 65


3 77


4 75


5 81


6 84


7[c] 79


8 66


9[d] 53


10[c] 61


[a] Reactions were carried out on a 5–40 mmol scale in diglyme (1m solu-
tion) with 6–10% of BF3·OEt2 for the Diels–Alder reaction (10–300 min
at RT) and 0.3% of [RhACHTUNGTRENNUNG(dppp)2Cl] for the decarbonylation (8–20 h at
reflux). [b] Isolated yield. [c] 1% [Rh ACHTUNGTRENNUNG(dppp)2Cl] was used. [d] Decarbon-
ylation took 42 h.
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Diels–Alder reaction[19] and we are not aware of any suc-
cessful Lewis acid-catalyzed cycloadditions with this dieno-
phile.


With the optimized cycloaddition reaction available the
stage was now set to investigate the one-pot sequence with
the substituted dienophiles. Methacrolein and crotonalde-
hyde can both serve as propylene equivalents, but will give
rise to different regioisomeric products. Methacrolein will
mainly afford the “para” product after decarbonylation
while crotonaldehyde will furnish the corresponding “meta”
product (Scheme 2). Unfortunately, the decarbonylation of
the Diels–Alder adduct from methacrolein did not proceed
at 162 8C. This is probably due to the steric bulk in the a-tri-
branched aldehyde (see Table 3, entry 2) and has previously
been observed with a similar hindered aldehyde.[14] The tem-
perature was therefore raised and it turned out that the neat


tribranched aldehyde could be
decarbonylated slowly at a tem-
perature around 215 8C. How-
ever, under these forcing condi-
tions the reaction was accompa-
nied by small amounts of prod-
uct from double-bond isomeri-
zation which could not be
separated. As a result, it was
decided to abandon methacro-
lein as a propylene synthon.


Instead, crotonaldehyde was
examined and in this case the
decarbonylation proceeded at
162 8C without any side reac-
tions. Three different dienes
were subjected to the one-pot
Diels–Alder decarbonylation
sequence in diglyme to afford
the product cyclohexenes in
good yields (Table 4, entries 1–


3). In the latter two cases very small amounts of the corre-
sponding regioisomers were also obtained according to anal-
ysis by GC-MS.


Cinnamaldehyde can serve as a styrene equivalent in the
Diels–Alder reaction when followed by the decarbonylation.
Although, the cycloaddition reaction with cinnamaldehyde
is slower than for crotonaldehyde, the same three dienes
still reacted to completion within 24 h (entries 4–6). Subse-
quent quenching of BF3·OEt2 and heating with the rhodium
catalyst achieved the decarbonylation in a satisfying overall
yield and with excellent regioselectivity for the last two
cases. It should be noted that this procedure with olefin
equivalents gives rise to the opposite regioisomer as com-
pared to the thermal Diels–Alder reaction with substituted
olefins.[20] For example, the thermal reaction between iso-
prene and styrene at 200 8C affords the product in entry 5 as
a 2:7 mixture of “meta” and “para” in 31% yield.[21]


Conclusion


In summary, we have shown that a,b-unsaturated aldehydes
can serve as olefin equivalents in the BF3·OEt2-catalyzed
Diels–Alder reaction with 1,3-dienes when the cycloaddition


Table 3. BF3·OEt2-catalyzed Diels–Alder reaction with 2,3-dimethyl-1,3-butadiene and a,b-unsaturated alde-
hydes.[a]


Entry Dienophile BF3·OEt2
loading [%]


Reaction
time


Product Yield [%][b]


1[c] 5 10 min 87


2 10 30 min 95


3 10 6 h 89


4 15 24 h 74


[a] Reactions were performed with 30 mmol of diene and 45 mmol of dienophile in 30 mL of diglyme. [b] Iso-
lated yield. [c] Diethyl ether was used instead of diglyme.


Figure 1. Comparison of the cycloaddition rate for crotonaldehyde (~:
10% BF3·OEt2), cinnamaldehyde (*: 15% BF3·OEt2) and 3-methylcroto-
naldehyde (&: 10% BF3·OEt2) in the reaction with 2,3-dimethyl-1,3-buta-
diene.


Scheme 2. Regioselectivity with methacrolein and crotonaldehyde.
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is combined with a rhodium-catalyzed decarbonylation in
the same pot. In this way, the aldehyde group functions as a
traceless control element which directs both reactivity and
regioselectivity in the overall transformation. Acrolein, cro-
tonaldehyde and cinnamaldehyde were shown to act as syn-
thons for ethylene, propylene and styrene, respectively, and
good yields were obtained of the product cyclohexenes. Al-
though, the decarbonylation is performed at 162 8C, the re-
action still tolerates a number of functional groups in the
substrates including esters, silyl ethers and isolated olefins.[22]


The two-step procedure generates only a minimum amount
of waste compared to previous methods[7–11] since both reac-
tions are performed with only a catalytic amount of an addi-
tive. Thus, we believe this procedure will be a valuable new
tool for synthesis of certain cyclohexenes from cheap start-
ing materials in an atom-economical fashion.


Experimental Section


General procedure for Diels–Alder decarbonylation sequence : A solu-
tion of RhCl3·3H2O (29.3 mg, 0.111 mmol) and dppp (95.6 mg,
0.225 mmol) in ethanol (10 mL) was degassed and heated to reflux for


30 min. The mixture was then concen-
trated to afford crude [Rh ACHTUNGTRENNUNG(dppp)2Cl]
as a yellow solid which was dissolved
in diglyme (2 mL). Another flask was
charged with diglyme (40 mL), diene
(39 mmol) and aldehyde (60 mmol)
followed by addition of BF3·OEt2


(0.30–0.74 mL, 2.4–5.9 mmol). The
mixture was stirred at room tempera-
ture until the cycloaddition had gone
to completion according to GC or
TLC. The mixture was quenched with
K2HPO4·3H2O (0.60–1.2 g, 2.4–
5.9 mmol) and water (0.25 mL). The
above catalyst solution was added and
the reaction was degassed and heated
to reflux until the decarbonylation had
gone to completion. The mixture was
cooled to room temperature, diluted
with water (50 mL) and extracted with
pentane (5M50 mL). The combined or-
ganic phases were washed with water
(5M50 mL) and dried with anhydrous
Na2SO4. Pentane was removed by dis-
tillation followed by isolation of the
product cyclohexene by either distilla-
tion or flash chromatography. The de-
carbonylation could be monitored by
measuring the evolution of carbon
monoxide. This was achieved by con-
necting the reaction flask to a burette
filled with water. The bottom of the
burette was further connected to a re-
servoir flask with water. In this way,
carbon monoxide from the reaction
forces water from the burette into the
reservoir flask.


1,2-Dimethylcyclohexene : b.p. 134–
136 8C (lit.[11] b.p. 135–136 8C);
1H NMR (CDCl3, 300 MHz): d=1.50–
1.60 (m, 4H), 1.61 (s, 6H), 1.86–
1.97 ppm (m, 4H); 13C NMR (CDCl3,


75 MHz): d =19.14, 23.46, 31.71, 125.60 ppm; MS: m/z : 110 [M]+ .


1-Methylcyclohexene : b.p. 107–110 8C (lit.[23] b.p. 106–110 8C); 1H NMR
(CDCl3, 300 MHz): d =1.49–1.67 (m, 4H), 1.64 (s, 3H), 1.87–2.01 (m,
4H), 5.36–5.42 ppm (tdd, 1H, J=1.5, 3.4, 5.2 Hz); 13C NMR (CDCl3,
75 MHz): d=22.37, 22.99, 23.94, 25.28, 30.02, 121.10, 134.05 ppm; MS: m/
z : 96 [M]+ .


1-(4-Methyl-3-pentenyl)cyclohexene: b.p. 100–102 8C at 17 mm Hg;
1H NMR (CDCl3, 300 MHz): d=1.48–1.66 (m, 4H), 1.60 (s, 3H), 1.68 (s,
3H), 1.88–2.12 (m, 8H), 5.06–5.15 (m, 1H), 5.37–5.42 ppm (m, 1H);
13C NMR (CDCl3, 75 MHz): d=17.65, 22.57, 23.02, 25.23, 25.69, 26.46,
28.37, 38.09, 120.66, 124.47, 131.23, 137.72 ppm; MS: m/z : 164 [M]+ .
NMR data are in accordance with literature values.[7b]


Bicyclo ACHTUNGTRENNUNG[2.2.2]-2-octene : 1H NMR (CDCl3, 300 MHz): d=1.10–1.19 (m,
4H), 1.36–1.46 (m, 4H), 2.35–2.43 (m, 2H), 6.12–6.19 ppm (m, 2H);
13C NMR (CDCl3, 75 MHz): d=25.75, 29.46, 134.21 ppm; MS: m/z : 108
[M]+ . NMR data are in accordance with literature data.[7b]


9,9-Dimethyltricyclo[4,4,0,18,10]-1-undecene : b.p. 115–120 8C at 15 mm Hg
(lit.[7b] b.p. 118–123 8C at 15 mm Hg); [a]20


D = �29.9 (c=2.2, CH2Cl2);
1H NMR (CDCl3, 300 MHz): d =0.84 (d, 1H, J=9.3 Hz), 0.97 (s, 3H),
1.13–1.23 (m, 1H), 1.25 (s, 3H), 1.40–1.48 (m, 1H), 1.56–1.71 (m, 1H),
1.76–1.90 (m, 2H), 1.94–2.11 (m, 3H), 2.11–2.24 (m, 1H), 2.41 (t, 1H, J=


5.8 Hz), 2.45–2.61 (m, 2H), 5.14 ppm (q, 1H, J=3.3 Hz); 13C NMR
(CDCl3, 75 MHz): d=22.79, 23.57, 24.53, 27.19, 32.56, 33.37, 33.55, 35.59,
39.56, 42.17, 52.22, 116.88, 146.73 ppm; MS: m/z : 176 [M]+ .


1-Phenylcyclohexene : b.p. 122–125 8C at 13 mm Hg (lit.[24] b.p. 128 8C at
16 mm Hg); Rf =0.45 (EtOAc/hexane 1:99); 1H NMR (CDCl3, 300 MHz):


Table 4. Diels–Alder decarbonylation protocol with various a,b-unsaturated aldehydes.[a]


Entry Diene Dienophile Major
product


Regioisomer
ratio


Yield [%][b]


1[c] – 86


2[c] 24:1 67


3[c] 24:1 88


4[d] – 73


5[d] 39:1 59


6[d] 39:1 75


[a] Reactions were carried out with 10–15% of BF3·OEt2 for the Diels–Alder reaction and 0.3% of [Rh-
ACHTUNGTRENNUNG(dppp)2Cl] for the decarbonylation (14–30 h). [b] Isolated yield of both isomers. [c] 10% of BF3·OEt2 was used
for 5–6 h. [d] 15% of BF3·OEt2 was used for 24 h.
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d=1.63–1.73 (m, 2H), 1.75–1.84 (m, 2H), 2.18–2.27 (m, 2H), 2.39–2.47
(m, 2H), 5.13–5.19 (m, 1H), 7.19–7.42 ppm (m, 5H); 13C NMR (CDCl3,
75 MHz): d =22.40, 23.31, 26.12, 27.63, 125.00, 125.16, 126.73, 128.40,
136.80, 142.92 ppm; MS: m/z : 130 [M�C2H4]


+ .


1-(Butoxymethyl)cyclohexene : b.p. 95–102 8C at 15 mm Hg; 1H NMR
(CDCl3, 300 MHz): d=0.90 (t, 3H, J=7.3 Hz), 1.30–1.43 (m, 2H), 1.49–
1.68 (m, 6H), 1.93–2.05 (m, 4H), 3.35 (t, 2H, J=6.6 Hz), 3.78–3.80 (m,
2H), 5.63–5.69 ppm (m, 1H); 13C NMR (CDCl3, 75 MHz): d=13.92,
19.39, 22.42, 22.52, 24.97, 25.86, 31.85, 69.62, 75.56, 124.47, 135.21 ppm;
HRMS: m/z : calcd for C11H20ONa: 191.1412 [M+Na]+ ; found: 191.1403.


3-(Butoxymethyl)-6-methylcyclohexene : Rf =0.67 (Et2O/pentane 1:19);
1H NMR (CDCl3, 300 MHz): d=0.87–0.97 (m, 6H), 1.21–1.45 (m, 3H),
1.48–1.72 (m, 5H), 2.09–2.39 (m, 2H), 3.19–3.31 (m, 2H), 3.36–3.46 (m,
2H), 5.52–5.66 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d=13.94,
19.37, 21.43, 23.15, 27.95, 29.99, 31.81, 35.26, 70.81, 74.56, 127.25,
134.88 ppm; HRMS: m/z : calcd for C12H22ONa: 205.1568 [M+Na]+ ;
found: 205.1563.


(4-Methyl-2-cyclohexenyl)methyl benzoate : Rf =0.55 (EtOAc/heptane
1:99); 1H NMR (CDCl3, 300 MHz): d =1.00 (d, 3H, J=7.1 Hz), 1.30–1.45
(m, 1H), 1.56–1.79 (m, 3H), 2.15–2.27 (m, 1H), 2.50–2.61 (m, 1H), 4.20
(d, 1H, J=1.3 Hz), 4.22 (s, 1H), 5.58–5.76 (m, 2H), 7.40–7.59 (m, 3H),
8.03–8.08 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d =21.27, 23.03,
27.73, 29.82, 34.42, 67.90, 125.81, 128.29, 129.51, 130.36, 132.81, 135.95,
166.56 ppm; HRMS: m/z : calcd for C15H18O2Na: 253.1205 [M+Na]+ ;
found: 253.1206.


tert-Butyl((4-methyl-2-cyclohexenyl)methoxy)diphenylsilane : Rf =0.30
(EtOAc/heptane 1:39); 1H NMR (CDCl3, 300 MHz): d=0.99 (d, 3H, J=


3.7 Hz), 1.11 (s, 9H), 1.22–1.34 (m, 1H), 1.63–1.75 (m, 3H), 2.13–2.42 (m,
2H), 3.50–3.65 (m, 2H), 5.57–5.70 (m, 2H), 7.37–7.49 (m, 6H), 7.70–
7.76 ppm (m, 4H); 13C NMR (CDCl3, 75 MHz): d=19.30, 21.39, 22.72,
26.87, 27.97, 29.99, 37.74, 67.32, 127.28, 127.56, 129.48, 133.98, 134.89,
135.60; HRMS: m/z : calcd for C24H32OSiNa: 387.2120 [M+Na]+ ; found:
387.2120.


1,2,4-Trimethylcyclohexene : b.p. 150–154 8C (lit.[25] b.p. 154 8C); 1H NMR
(CDCl3, 300 MHz): d =0.94 (d, 3H, J=2.6 Hz), 1.08–1.23 (m, 1H), 1.24–
1.70 (m, 9H), 1.85–2.11 ppm (m, 3H); 13C NMR (CDCl3, 75 MHz): d=


18.86, 19.10, 21.95, 29.32, 31.73, 31.98, 40.53, 125.14, 125.16 ppm; MS: m/
z : 124 [M]+ .


1,5-Dimethylcyclohexene : b.p. 132–133 8C (lit.[26] b.p. 127–129 8C);
1H NMR (CDCl3, 300 MHz): d=0.93–0.98 (m, 3H), 1.03–1.19 (m, 1H),
1.51–1.73 (m, 6H), 1.87–2.06 (m, 3H), 5.33–5.40 ppm (m, 1H); 13C NMR
(CDCl3, 75 MHz): d=21.97, 23.74, 25.36, 28.89, 30.63, 38.73, 120.64,
133.65 ppm; MS: m/z : 110 [M]+ .


5-Methyl-1-(4-methyl-3-pentenyl)cyclohexene : b.p. 107–108 8C at 12 mm
Hg; 1H NMR (CDCl3, 300 MHz): d=0.96 (d, 3H, J=2.7 Hz), 1.05–1.22
(m, 1H), 1.54–1.75 (m, 9H), 1.87–2.13 (m, 7H), 5.06–5.16 (m, 1H), 5.35–
5.41 ppm (br s, 1H); 13C NMR (CDCl3, 75 MHz): d=17.67, 22.00, 25.33,
25.70, 26.49, 28.92, 30.83, 37.07, 37.91, 120.26, 124.47, 131.22, 137.29 ppm;
MS: m/z : 178 [M]+ .


1,2-Dimethyl-4-phenylcyclohexene : b.p. 130–131 8C at 13 mm Hg (lit.[27]


b.p. 128–130 8C at 11 mm Hg); 1H NMR (CDCl3, 300 MHz): d=1.65–1.70
(m, 6H), 1.71–2.29 (m, 6H), 2.73–2.86 (m, 1H), 7.18–7.38 ppm (m, 5H);
13C NMR (CDCl3, 75 MHz): d=18.87, 19.05, 30.29, 32.35, 40.05, 40.91,
125.32, 125.48, 125.85, 126.84, 128.28, 147.32 ppm; MS: m/z : 186 [M]+ .


1-Methyl-5-phenylcyclohexene : b.p. 122–123 8C at 13 mm Hg; 1H NMR
(CDCl3, 300 MHz): d =1.58–1.74 (m, 1H), 1.68 (s, 3H), 1.83–1.93 (m,
1H), 2.01–2.20 (m, 4H), 2.78–2.90 (m, 1H), 5.42–5.49 (br s, 1H), 7.14–
7.33 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz): d=23.62, 25.82, 29.45,
38.31, 40.54, 120.86, 125.91, 126.86, 128.32, 133.77, 147.30 ppm; MS: m/z :
172 [M]+ . 13C NMR data are in accordance with literature data.[28]


5-Phenyl-1-(4-methyl-3-pentenyl)cyclohexene : b.p. 113–115 8C at 0.1 mm
Hg; 1H NMR (CDCl3, 300 MHz): d=1.65 (s, 3H), 1.74 (s, 3H), 1.67–1.80
(m, 1H), 1.90–2.27 (m, 9H), 2.76–2.90 (m, 1H), 5.13–5.21 (m, 1H), 5.53
(br s, 1H), 7.20–7.39 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz): d =17.70,
25.71, 25.83, 26.45, 29.61, 36.81, 37.79, 40.59, 120.47, 124.30, 125.91,
126.86, 128.32, 131.38, 137.45, 147.37 ppm; MS: m/z : 240 [M]+ ; elemental
analysis (%) calcd for C18H24: C 89.94, H 10.06; found: C 89.58, H 10.12.
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Torsional Angular Dependence of 1J ACHTUNGTRENNUNG(Se,Se) and Fermi Contact Control of
4J ACHTUNGTRENNUNG(Se,Se): Analysis of nJ ACHTUNGTRENNUNG(Se,Se) (n=1–4) Based on Molecular Orbital Theory


Waro Nakanishi* and Satoko Hayashi[a]


Introduction


NMR spectroscopy has been established as an extremely
powerful tool to study physical, chemical, and biological sci-
ences. 77Se NMR chemical shifts are used on a daily basis to
determine molecular structures. Indirect nuclear spin–spin
coupling constants (J) provide important information on
coupled nuclei that contain strongly bonded or weakly inter-
acting states because the values depend on the electron dis-
tribution between the nuclei.[1–6] One-bond (1J), two-bond


(geminal ; 2J), three-bond (vicinal ; 3J), and even longer (nJ ;
n�4) coupling constants are observed between selenium
atoms, which give important information about the coupled
nuclei. For 1J, the coupling mechanism is through-bond only,
whereas the coupling mechanism for nJ (n�2), and in par-
ticular nJ (n�4), must contain through-space interactions.
Quantum chemical (QC) calculations are necessary for the
analysis and interpretation of the J values obtained experi-
mentally. Important molecular properties, such as electronic
structure, can be clarified by elucidating the mechanism of
spin–spin couplings with molecular orbital (MO) theory.
Scheme 1 shows the structures of the compounds used in
this study.


Various values of 1JobsdACHTUNGTRENNUNG(Se,Se) have been reported for the
alkyl and aryl derivatives of 1a (Scheme 1). These values
are usually small, for example, 1JobsdACHTUNGTRENNUNG(Se,Se) for 1 is �64 Hz
(Table 1). However, we encountered large values of 1Jobsd-
ACHTUNGTRENNUNG(Se,Se)=330 to 380 Hz for the derivatives of 2 (see
Scheme 1 and Table 1), which correspond to the synperipla-
nar diselenides.[7,8] Values of 2JobsdACHTUNGTRENNUNG(Se,Se) are not reported


Abstract: nJ ACHTUNGTRENNUNG(Se,Se) (n=1–4) nuclear
couplings between Se atoms were ana-
lyzed by using molecular orbital (MO)
theory as the first step to investigating
the nature of bonded and nonbonded
nJ ACHTUNGTRENNUNG(Se,Se) interactions between Se
atoms. The values were calculated by
employing Slater-type triple x basis sets
at the DFT level, which were applied
to structures optimized with the Gaus-
sian 03 program. The contribution from
each occupied MO (yi) and yi!ya


(ya=unoccupied MO) transition was
evaluated separately. 1J ACHTUNGTRENNUNG(Se,Se) was cal-
culated for the MeSeSeMe model com-
pound, which showed a typical depend-
ence on the torsion angle
(f(CMeSeSeCMe)). This dependence ex-
plains the small values (�64 Hz) of


1JobsdACHTUNGTRENNUNG(Se,Se) observed for RSeSeR’ and
large values (330–380 Hz) of 1Jobsd-
ACHTUNGTRENNUNG(Se,Se) observed for 4-substituted
naphtho ACHTUNGTRENNUNG[1,8-c,d]-1,2-diselenoles, which
correspond to synperiplanar disele-
nides. The HOMO!LUMO and
HOMO�1!LUMO transitions con-
tribute the most to 1JACHTUNGTRENNUNG(Se,Se) at f=0
and 1808 to give large values of 1J-
ACHTUNGTRENNUNG(Se,Se), whereas various transitions
contribute and cancel each other out at
f=908 to give small values of 1J-
ACHTUNGTRENNUNG(Se,Se). Large 4JobsdACHTUNGTRENNUNG(Se,Se) values were
also observed in the nonbonded


Se···Se, Se···Se=O, and O=Se···Se=O in-
teractions at naphthalene 1,8-positions.
The Fermi contact (FC) term contrib-
utes significantly to 4JACHTUNGTRENNUNG(Se,Se), whereas
the paramagnetic spin-orbit (PSO)
term contributes significantly to 1J-
ACHTUNGTRENNUNG(Se,Se). 2J ACHTUNGTRENNUNG(Se,Se) and 3JACHTUNGTRENNUNG(Se,Se) were
analyzed in a similar manner and a tor-
sional angular dependence was con-
firmed for 3JACHTUNGTRENNUNG(Se,Se). Depending on the
structure, the main contribution to nJ-
ACHTUNGTRENNUNG(Se,Se) (n=2, 3) is from the FC term,
with a lesser contribution from the
PSO term. Analysis of each transition
enabled us to identify and clearly visu-
alize the origin and mechanism of the
couplings.
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for 3-gem,[9] but values for 4a-gem[4,10a] are given in Table 1,
together with values of 3JobsdACHTUNGTRENNUNG(Se,Se) for 4a-cis and 4a-
trans.[4,10] Values for 5-gauche and 5-anti must also be consid-
ered. The values of 4JACHTUNGTRENNUNG(Se,Se), such as in 6, 7, and 8, are
closely related to nonbonded Se···Se interactions. Large
values of 4JobsdACHTUNGTRENNUNG(Se,Se) were detected for 7, 9,[11] 10, and 11.


According to nonrelativistic theory, there are several
mechanisms that contribute to the spin–spin coupling con-
stants.[12] As expressed in Equation (1), the total value (nJTL)
is composed of contributions from the diamagnetic spin-
orbit (DSO) term, the paramagnetic spin-orbit (PSO) term,


the spin-dipolar (SD) term, and the Fermi contact (FC)
term.


nJTL ¼ nJDSOþnJPSOþnJSDþnJFC ð1Þ


Figure 1 summarizes the mechanism of the indirect nucle-
ar spin–spin couplings and illustrates the origin of the nJDSO,
nJPSO,


nJSD, and nJFC terms and their contribution to nJTL. The
singlet state (S0) of a molecule (M) is the ground state if the
nuclei (N) in M have no magnetic moments (mN=0), but the
ground state cannot be the absolute S0 if mN¼6 0. The contri-
butions to the mN-perturbed ground state are as follows: The
DSO term arises from the reorganization of S0, so it is usual-
ly very small. The PSO term arises from the mixing of upper
singlet states (S1, S2, S3, etc.) and the FC and SD terms arise
from admixtures of upper triplet states (T1, T2, T3, etc.), in
which only s-type atomic orbitals contribute to FC.


Why is the value of 1JobsdACHTUNGTRENNUNG(Se,Se) for 2 much larger than
that of 1? Why are the values of 4JobsdACHTUNGTRENNUNG(Se,Se) in 7 and 9–11
so large despite nonbonded Se···Se distances of about
3 K?[11] The values of nJ ACHTUNGTRENNUNG(Se,Se) (n=1–4) were analyzed by
using MO theory to investigate the nature of the bonded
and nonbonded interactions between selenium atoms
through nuclear spin–spin coupling. How do Se nuclei inter-
act with each other to contribute to nJ ACHTUNGTRENNUNG(Se,Se)? Mechanisms
for Se···Se interactions at bonded and nonbonded distances
have been elucidated. Calculated nJTL values were evaluated
separately by using the four terms shown in Equation (1). A
precise description of the electron density at the coupled
nuclei is required to evaluate the FC contribution, however,
satisfactory accuracy would be difficult to achieve by using
Gauss-type atomic orbitals. Therefore, J values were evalu-
ated by using Slater-type atomic orbitals, which is possible
when using the ADF 2005 program.[13,14] Evaluation of the J
values was performed by using the ADF program after
structural optimization with the Gaussian 03 program.[15]


Contributions from each occupied MO (yi) and yi!ya


(ya=unoccupied MO) transition were evaluated separately.
The treatment enabled us to identify and clearly visualize


the origin of the indirect nucle-
ar spin–spin couplings.


Results and Discussion


Observed nJobsdACHTUNGTRENNUNG(Se,Se) (n=1–
4) values : The magnitude of
the values of 1JobsdACHTUNGTRENNUNG(Se,Se) are
usually small, and values of
<64 Hz were observed for
compounds 1.[4,16] However,
large values of 1JobsdACHTUNGTRENNUNG(Se,Se)
were recorded for 2b–d (see
Table 1), which are synperipla-
nar diselenides, although not
for 2a.[7] It was expected that
the values of 1J ACHTUNGTRENNUNG(Se,Se) would


Scheme 1. Structures of the compounds used in this study. Specific sub-
stituents: 1a : R=R’=Me; 2a :[7] Y=H; 2b : Y=Me; 2c : Y=Cl; 2d : Y=


NO2; 3a : R=R’=Me, R1=R2=H; 4a-gem : R=Me, R’=Rc=Ph, Rt=


H; 4a-cis : R=R’=Me, Rg=Ph, Rt=H; 4a-trans : R=R’=Me, Rg=Ph,
Rc=H; 4b : R=R’=Me, Rc=Rt=Rg=H; 5a : R=R’=Me, R1=R2=


R3=R4 =H; 6 and 9 : X=Y=null; 7 and 10 : X=O, Y=null; 8 and 11:
X=Y=O.


Figure 1. The mechanisms of indirect nuclear spin–spin couplings and the origin of the nJDSO,
nJPSO,


nJSD, and
nJFC terms that contribute to nJTL. S= singlet state, T= triplet state, N=nuclei, and m=magnetic moment.
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be controlled by the torsion angle (fACHTUNGTRENNUNG(CSeSeC)) because this
effect is well-known in three-bond (vicinal) couplings in
1H NMR spectra.[1] Values of 2JobsdACHTUNGTRENNUNG(Se,Se) and 3JobsdACHTUNGTRENNUNG(Se,Se)
have been reported for 4a-gem, 4a-cis, and 4a-trans ;[4,10] the
magnitudes of which are not very large (Table 1).


A value of 4JobsdACHTUNGTRENNUNG(Se,Se)=199.5 Hz was recorded for 7 and
values of 4JobsdACHTUNGTRENNUNG(Se,Se)=332.4, 188.5, and 455.8 Hz were ob-
served for methyl phenyl derivatives 9, 10, and 11, respec-
tively. To the best of our knowledge, the 4JobsdACHTUNGTRENNUNG(Se,Se) value
of 455.8 Hz obtained for 11 is largest value observed to
date. The values of 4JobsdACHTUNGTRENNUNG(Se,Se) observed for 7 and 10 were
very close (Table 1), which suggests that substituting a
methyl group with a phenyl group at the naphthalene 1,8-
positions does not affect 4JobsdACHTUNGTRENNUNG(Se,Se) much.


After briefly summarizing the nJobsdACHTUNGTRENNUNG(Se,Se) (n=1–4)
values obtained, the next step is to elucidate the nJACHTUNGTRENNUNG(Se,Se)
coupling mechanisms by using MO theory to investigate the
nature of chemically bonded and weakly interacting seleni-
um atoms.


Calculation method : The structures of 1a and 3–5 were opti-
mized by using the 6-311++G ACHTUNGTRENNUNG(3df,2pd) basis sets of the
Gaussian 03 program[15,17] at the DFT (B3LYP) level.[18–20] In
the fully optimized structure of 1a, f(CMeSeSeCMe) was cal-
culated to be 88.388. Calculations were also performed on
structures of 1a with fixed torsion angles altered in incre-
ments of 15 or 308 (see Table 2). Structural optimization was
also performed on 3a and some conformers of 4b[21] and 5a.
Optimizations were also performed on 2a, 6–8, 1,8-
(HSe)2C10H6 (12), and 1,8-(HSe=O)2C10H6 (13) by using the
6-311+GACHTUNGTRENNUNG(3df) basis sets[17] for Se and the 6-311+G ACHTUNGTRENNUNG(3d,2p)
basis sets for other nuclei at the DFT (B3LYP) level.[18] The
values of J ACHTUNGTRENNUNG(Se,Se) were calculated by using Slater-type triple
x basis sets with two sets of polarization functions (2O1s, 2O
2s, 2O2p, 2O3s, 2O3p, 3O3d, 3O4s, 3O4p, 1O4d, and 1O4f
for Se) at the DFT (BLYP) level of the ADF 2005 pro-
gram[13] on the optimized structures obtained with the Gaus-
sian 03 program.[15,20] Calculations were performed at the
nonrelativistic level. For ease of comparison, the scalar


ZORA relativistic formulation[22] was also applied to 2a and
12 (BB).[23] The nJTL values were evaluated separately by
using the nJDSO,


nJPSO,
nJSD, and


nJFC terms in Equation (1)].[12]


The mechanism was revealed by determining the contribu-
tion from each yi and yi!ya transition.[24]


Analysis of 1J ACHTUNGTRENNUNG(Se,Se): Table 2 shows 1JTL and the 1JDSO,
1JPSO,


1JSD, and
1JFC components calculated for 1J ACHTUNGTRENNUNG(Se,Se) in 1a. The


predicted value of 1JTLACHTUNGTRENNUNG(Se,Se) in 1a is very large at f=08
(684 Hz) and 1808 (628 Hz), whereas it is less than 44 Hz for
f= (90
15)8. Therefore, the 1JobsdACHTUNGTRENNUNG(Se,Se) value obtained for
1 can be substantially explained and modeled by using 1a at
f�908, although changes to R and R’ in 1 must also affect
the values. Figure 2 shows plots of 1JDSO,


1JPSO,
1JSD,


1JFC,
1JSD+FC, and


1JTL versus f in 1a. The results show that 1JTL is


Table 1. Observed spin–spin coupling constants (nJobsd) between Se
atoms.


n nJobsd ACHTUNGTRENNUNG(Se,Se) [Hz] Interaction


1 (R= tBu, R’=Me)[a] 1 2.7 Se�Se
1 (R=nBu, R’=Me)[a] 1 36.3 Se�Se
1 (R=Me, R’=Ph)[a] 1 22 Se�Se
1 (R=oO2NC6H4, R’=CN)[b] 1 64 Se�Se
2b[c] 1 379.4 Se�Se
2c[c] 1 375.9 Se�Se
2d[c] 1 330.8 Se�Se
4a-gem[d] 2 27 Se···Se
4a-cis[d] 3 96.5 Se···Se
4a-trans[d] 3 12.0 Se···Se
9[c] 4 332.4 Se···Se
7[c] 4 199.5 O=Se···Se
10[c] 4 188.5 O=Se···Se
11[c] 4 455.8 O=Se···Se=O


[a] Refs. [4] and [16a]. [b] Refs. [4] and [16b]. [c] This work. [d] Refs. [4]
and [10a].


Table 2. Calculated values of 1J ACHTUNGTRENNUNG(Se,Se) for 1a and 2a, together with the
torsional angular dependence in 1a.[a]


f [8] Erel
[b]


[kJmol�1]


1JPSO


[Hz]


1JSD


[Hz]


1JFC


[Hz]


1JSD+FC


[Hz]


1JTL


[Hz]


1a 0.0 36.9 447.2 217.8 18.6 236.4 683.7
15.0 33.0 399.2 200.6 15.2 215.8 615.0
30.0 25.3 288.5 163.1 2.7 165.8 454.3
60.0 6.1 76.1 101.4 �43.3 58.1 134.2
75.0 0.9 20.0 87.8 �64.7 23.1 43.1
88.4 0.0 4.1 84.5 �76.7 7.8 11.9
90.0 0.0 4.2 84.6 �77.9 6.7 10.9


105.0 2.3 29.9 91.5 �77.4 14.1 44.0
120.0 7.4 94.7 109.3 �60.5 48.8 143.5
150.0 17.6 291.5 171.7 �8.2 163.5 455.0
165.0 21.5 370.6 201.1 9.0 210.1 580.7
180.0 22.8 400.7 213.4 14.3 227.7 628.4


2a – – 362.2 195.2 �54.1 141.1 503.3
2a[c] – – 390.7 206.4 2.6 209.0 599.7


[a] 1JDSO was less than 0.03 Hz. [b] Erel is the energy value relative to the
optimized value of �5267.7384 a.u. obtained at f=88.388. [c] Based on
scalar ZORA.


Figure 2. Torsional angular dependence of 1J ACHTUNGTRENNUNG(Se,Se) in 1a. ~: 1JDSO, ~:
1JPSO, ^: 1JSD, &: 1JFC, &: 1JSD+FC, and *: 1JTL.
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dependent on f, which is also true for 3J ACHTUNGTRENNUNG(H,H);[1] and
changes to 1JDSO were also negligible (<0.03 Hz).


1JPSOACHTUNGTRENNUNG(Se,Se) and 1JSD+FCACHTUNGTRENNUNG(Se,Se) were plotted against 1JTL-
ACHTUNGTRENNUNG(Se,Se) for 1a.[12] The correlations are given in Equations (2)
and (3), respectively. The results showed that for 1a 1JPSO-
ACHTUNGTRENNUNG(Se,Se) and 1JSD+FCACHTUNGTRENNUNG(Se,Se) contribute 65 and 35%, respec-
tively, to 1JTLACHTUNGTRENNUNG(Se,Se), irrespective of the values of
fACHTUNGTRENNUNG(CSeSeC).


1JPSOðSe,SeÞ ¼ 0:651� 1JTLðSe,SeÞ�4:1 ðr2 ¼ 0:999Þ ð2Þ


1JSDþFCðSe,SeÞ ¼ 0:349� 1JTLðSe,SeÞþ4:2 ðr2 ¼ 0:998Þ ð3Þ


The value of 1J ACHTUNGTRENNUNG(Se,Se) for 1a was predicted to be very
large when f=0 or 1808. Consequently, for 2 a value of
1JobsdACHTUNGTRENNUNG(Se,Se)=331 to 379 Hz could be predicted from the 1J-
ACHTUNGTRENNUNG(Se,Se) value for 1a when f=08 (Table 2). A value of 1JTL-
ACHTUNGTRENNUNG(Se,Se)=503 Hz was calculated for 2a, of which the 1JPSO-
ACHTUNGTRENNUNG(Se,Se) value for 2a contributes 72% (Table 2). The predict-
ed value of 1JTL ACHTUNGTRENNUNG(Se,Se) for 2a is about 120 Hz larger than
the 1JobsdACHTUNGTRENNUNG(Se,Se) value obtained for 2b. The DFT method
overestimates the reciprocal energy differences (1/ACHTUNGTRENNUNG(ea�ei))


[12]


that would be partly responsible for the larger value.
Why does the value of 1J ACHTUNGTRENNUNG(Se,Se) for 1a depend on the tor-


sion angle? Which orbitals and transitions contribute to this
dependence? To answer these questions, we examined 1JPSO-
ACHTUNGTRENNUNG(Se,Se) for 1a because it contributes 65% to 1JTL ACHTUNGTRENNUNG(Se,Se).
The mechanism discussed herein is based on the contribu-
tions from each yi and yi!ya transition. Table 3 lists the
dependence of 1JPSOACHTUNGTRENNUNG(Se,Se) on f for 1a and contributions
from y1–y43, y1–y38, y39–y43, y39, y40, y41, y42, and y43. The
contribution of y39–y43 to the 1JPSOACHTUNGTRENNUNG(Se,Se) value of 1a is
large, whereas that of y1–y38 is small.[25] Figure 3a shows the
contributions from y39, y40, y41, y42, and y43 and Figure 3b
shows the contributions from y39–y41, y42–y43, and y39–y43.
The contributions from y42 and y43 exchange with each
other at f�908 and the contributions from y39 and y40 ex-
change at f�1358 (Figure 3a). The contributions from y42–
y43 and y39–y41 almost cancel each other out at f�908 (Fig-
ure 3b).


The magnitudes of the con-
tributions from y42 and y43 to
the 1JPSOACHTUNGTRENNUNG(Se,Se) value of 1a are
very large at 0 and 1808
(Table 3), although the signs of
y42 and y43 are negative and
positive, respectively. The
values are �360 and �353 Hz
for y42, and 793 and 753 Hz for
y43 at 0 and 1808, respectively.


The contributions from y42–
y43 are 433, 218, and 400 Hz at
0, 90, and 1808, respectively,
and those from y39–y41 are 17,
�198, and 10 Hz at 0, 90, and
1808, respectively. Therefore,


Table 3. Torsional angular dependence of the contributions to 1JPSO ACHTUNGTRENNUNG(Se,Se) in 1a from yi.
[a]


f [8] Contributions [Hz]
y1–y43 y1–y38 y39–y43 y39 y40 y41 y42 y43 y42!y44


[b] y43!y44
[b]


0.0 447.2 �2.7 449.9 �121.2 181.2 �43.3 �359.7 792.9 �333.3 747.2
15.0 399.2 �3.9 403.1 �117.6 163.4 �48.3 �333.7 739.4 �307.1 695.7
30.0 288.5 �6.4 294.9 �108.9 118.7 �60.8 �266.1 612.0 �240.9 574.7
60.0 76.1 �8.4 84.4 �80.9 13.7 �87.9 �84.0 323.7 �69.4 312.4
75.0 19.9 �15.2 35.2 �63.0 �28.6 �94.3 9.6 211.5 15.6 206.8
88.4 4.1 �16.3 20.4 �44.9 �59.4 �93.1 95.6 122.2 93.3 125.9
90.0 4.3 �16.3 20.6 �42.6 �62.8 �92.4 111.9 106.5 116.5 103.2
105.0 29.9 �16.0 45.9 �18.9 �90.8 �79.9 21.2 214.3 33.2 202.0
120.0 94.7 �14.4 109.1 8.7 �114.3 �54.0 �71.9 340.7 �54.4 320.7
150.0 291.4 �10.8 302.2 �146.9 65.3 28.7 �261.5 616.6 �235.6 581.5
165.0 370.5 �9.8 380.3 �155.1 85.4 62.4 �328.1 715.7 �298.1 673.8
180.0 400.7 �9.7 410.4 �157.7 93.0 75.0 �352.7 752.8 �321.0 708.6


[a] 1JDSO was less than 0.03 Hz. [b] Contribution from the transition.


Figure 3. Torsional angular dependence of 1JPSO ACHTUNGTRENNUNG(Se,Se) in 1a. a) Contribu-
tions from y39, y40, y41, y42, and y43 and b) contributions from y39–y41,
y42–y43, and y39–y43.
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the mechanism of 1JPSOACHTUNGTRENNUNG(Se,Se) in 1a can be clarified by ana-
lyzing the contributions from y42 and y43 at 0 and 1808. The
mechanism would be complex at 908, since the small magni-
tude is a result of the total contributions from y39–y43.


Figure 4 shows the y42!y44 and y43!y44 transitions at
f=0 and 1808, the values of which are shown in Table 3.
The characters at f=0 and 1808 of y42 ACHTUNGTRENNUNG(HOMO�1), y43-
ACHTUNGTRENNUNG(HOMO), and y44ACHTUNGTRENNUNG(LUMO) are pACHTUNGTRENNUNG(Se–Se), p* ACHTUNGTRENNUNG(Se–Se), and
s* ACHTUNGTRENNUNG(Se–Se), respectively. The character of y42 is essentially
the same as y43 at f=908. To
demonstrate how they inter-
convert with each other at f=


908, y42 and y43 are also shown
in Figure 4. At f�908 all of
y39–y43 contribute to 1JPSO-
ACHTUNGTRENNUNG(Se,Se) in 1a, contrary to the
situation at f�0 or 1808. At
908, contributions from the
y42!y44 and y43!y44 transi-
tions to 1JPSOACHTUNGTRENNUNG(Se,Se) in 1a are
almost cancelled by those from
the y39!y44, y40!y44, and
y41!y44 transitions. In addi-
tion, both 1JSD ACHTUNGTRENNUNG(Se,Se) and 1JFC-
ACHTUNGTRENNUNG(Se,Se) in 1a substantially con-
tribute at f�908. Consequent-
ly, it is difficult to specify a few
orbitals and transitions that
control 1J ACHTUNGTRENNUNG(Se,Se) in 1a at f
�908. The character of y44-
ACHTUNGTRENNUNG(LUMO: s* ACHTUNGTRENNUNG(Se–Se)) does not
depend as much on f, so there-
fore, the behavior of y39–y43


must be mainly responsible for
the dependence of 1JACHTUNGTRENNUNG(Se,Se) on
f for 1a (see Figure 3 and


Figure 4). The MO description in Figure 4 visualizes the
origin of 1JPSOACHTUNGTRENNUNG(Se,Se) in 1a and helps us to understand the
mechanism, especially at f=0 and 1808.


The origin of 1J ACHTUNGTRENNUNG(Se,Se) in 2 was similarly elucidated by an-
alyzing 1JPSOACHTUNGTRENNUNG(Se,Se) in 2a, of which contributions from each
yi and yi!ya transition were evaluated separately. The cal-
culated 1JACHTUNGTRENNUNG(Se,Se) value obtained for 2a is also given in
Table 2.[23] The contribution of 1JPSOACHTUNGTRENNUNG(Se,Se) to 1JTL ACHTUNGTRENNUNG(Se,Se)
amounts to 72% for 2a. Figure 5 shows the contributions to


Figure 4. Contributions to 1JPSO ACHTUNGTRENNUNG(Se,Se) in 1a from the y42!y44 and y43!y44 transitions at f=0, 90, and 1808, together with the interconversion between
y42 and y43 at f�908.


Figure 5. Contributions to 1JPSOACHTUNGTRENNUNG(Se,Se) in 2a from a) each yi, b) each y67!ya transition, and c) each y66!ya


transition. y67 =HOMO, y66 =HOMO�1, and y68 =LUMO.
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1JPSOACHTUNGTRENNUNG(Se,Se) in 2a from each yi and the y67!ya and y66!ya


transitions. In Figure 5a, contributions from y5–y10, y23–y28,
and y53–y67 originate mainly from atomic 2p(Se), 3p(Se),
and 4p(Se) orbitals, respectively. The contributions that
result from 2p(Se) and 3p(Se) are almost cancelled out by
summing the contributions from y5�y10 and y23�y28, re-
spectively, therefore 4p(Se) substantially contributes to
1JPSOACHTUNGTRENNUNG(Se,Se) in 2a. In particular, y67ACHTUNGTRENNUNG(HOMO) and y66-
ACHTUNGTRENNUNG(HOMO�1) control 1JPSOACHTUNGTRENNUNG(Se,Se) in 2a. As shown in Fig-
ure 5b and c, the value of 1JPSOACHTUNGTRENNUNG(Se,Se) in 2a is determined
by ya=y68 when yi=y67 or y66 in many yi!ya


ACHTUNGTRENNUNGtransitions.[26]


Figure 6 shows the y67!y68 and y66!y68 transitions in
1JPSOACHTUNGTRENNUNG(Se,Se) for 2a. The large value of 1JPSOACHTUNGTRENNUNG(Se,Se) for 2a
arises from mixing y68 ACHTUNGTRENNUNG(LUMO: s* ACHTUNGTRENNUNG(Se–Se)) with y67-


ACHTUNGTRENNUNG(HOMO: p* ACHTUNGTRENNUNG(Se–Se)) and y66(HOMO�1: pACHTUNGTRENNUNG(Se–Se)) in the
singlet state. The MO shown in Figure 6 is essentially the
same as the y42!y44 and y43!y44 transitions in 1JPSOACHTUNGTRENNUNG(Se,Se)
for 1a at f=08 (Figure 4), although y67 (2a) and y66 (2a)
also have p ACHTUNGTRENNUNG(Nap) (Nap=naphthyl) character. The large
1JPSOACHTUNGTRENNUNG(Se,Se) in 2 and small 1JobsdACHTUNGTRENNUNG(Se,Se) in 1 are explained by
the dependence of the calculated 1J ACHTUNGTRENNUNG(Se,Se) values in 1a on
f.


After elucidation of the mechanisms of 1J ACHTUNGTRENNUNG(Se,Se), the next
step is to clarify those for 2J ACHTUNGTRENNUNG(Se,Se) in geminal bis-selenides,
3J ACHTUNGTRENNUNG(Se,Se) in vicinal bis-selenides, and 4JACHTUNGTRENNUNG(Se,Se) in 1,8-bis-
ACHTUNGTRENNUNG(selanyl)naphthalenes.[27, 28] Depending on the structure, 2J-
ACHTUNGTRENNUNG(Se,Se) and 3JACHTUNGTRENNUNG(Se,Se) are mainly controlled by the FC term,
with the PSO term being less important. However, the FC
term definitely determines 4JACHTUNGTRENNUNG(Se,Se), so it is instructive to
discuss the mechanisms of 4J ACHTUNGTRENNUNG(Se,Se) before discussing those
of 2J ACHTUNGTRENNUNG(Se,Se) and 3JACHTUNGTRENNUNG(Se,Se).


Analysis of 4J ACHTUNGTRENNUNG(Se,Se): Figure 7 shows the optimized struc-
tures for 6, which are denoted by 6 (AA), 6 (AB), 6 (BB),


and 6 (CC). Table 4 gives the energies of 6 (AA), 6 (AB),
and 6 (CC) relative to 6 (BB). Structure 6 (CC) is the global
minimum and has been detected in crystal structures,[29] but


6 (AB) must be in equilibrium with 6 (CC) in solution. Struc-
ture 6 (BB) was shown to be the transition state with two
negative (imaginary) frequencies.[30] Structures 7 (AA) and
8 (AA) were optimized as the global minima and correspond
to the observed crystal structures. The other conformers op-
timized for 7 and 8 were higher energy species.


Table 4 shows values of 4J ACHTUNGTRENNUNG(Se,Se) that were calculated for
the optimized structures shown in Figure 7. 4JFCACHTUNGTRENNUNG(Se,Se) plays
a definitive role (contribution of >99%, except in 6 (AA))
in determining 4JTLACHTUNGTRENNUNG(Se,Se) in 6, 7 and 8, which arises from
nonbonded Se···Se, Se···Se=O, and O=Se···Se=O interactions,
respectively. Values of 4JTL ACHTUNGTRENNUNG(Se,Se)=402 and 149 Hz were de-
termined for 6 (CC) and 6 (AB), respectively, and the ob-
served value of 332 Hz for 9 is intermediate between the
two. The results are consistent with an equilibrium between
6 (CC) and 6 (AB) in solution, even though a methyl group
in 6 is replaced by a phenyl group in 9. A very small value
of 4JTLACHTUNGTRENNUNG(Se,Se)=20 Hz was predicted for 6 (AA), which is in
striking contrast to the large 1JTL ACHTUNGTRENNUNG(Se,Se) value of 503 Hz pre-
dicted for 2a.


Figure 6. The y67!y68 and y66!y68 transitions in 1JPSO ACHTUNGTRENNUNG(Se,Se) in 2a. The
characters of y67, y66, and y68 are p* ACHTUNGTRENNUNG(Se–Se), p ACHTUNGTRENNUNG(Se–Se), and s* ACHTUNGTRENNUNG(Se–Se),
respectively.


Figure 7. Optimized structures of 6–8.


Table 4. Calculated values of 4J ACHTUNGTRENNUNG(Se,Se) for 6–8, 12, and 13.[a]


Erel
[b]


ACHTUNGTRENNUNG[kJmol�1]


4JPSO [Hz] 4JSD [Hz] 4JFC [Hz] 4JTL [Hz]


6 (AA) �5.3 10.2 �1.4 10.7 19.5
6 (AB) �20.7 1.1 �0.7 148.4 148.8
6 (BB) 0.0 �0.5 �0.9 566.2 564.8
6 (CC) �23.4 2.6 0.2 399.2 402.0
7 (AA) – 0.8 �1.1 80.6 80.3
8 (AA) – 1.0 0.3 363.1 364.4
8 (AA)*[c] – 1.2 0.4 468.4 470.1
12 (AB) �5.0 3.9 0.0 127.8 131.8
12 (BB) 0.0 0.7 �0.3 432.5 433.2
12 (BB)[d] 0.0 �0.3 �0.8 415.1 414.0
12 (CC) �5.1 16.7 0.2 399.2 401.8
13 (AA) – 0.7 0.2 364.9 365.6


[a] 1JDSO was less than 0.06 Hz. [b] Erel is the energy value relative to
6 (BB) (�5267.7358 a.u.), which contains the thermal effect at 273.15 K.
[c] Calculated from the optimized structures with r ACHTUNGTRENNUNG(Se,Se) fixed at the ob-
served value of 3.151 K. [d] Based on scalar ZORA.
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Values of 4JTLACHTUNGTRENNUNG(Se,Se)=80 and 364 Hz were predicted for
7 (AA) and 8 (AA), respectively. These values are smaller
than those observed for 7, 10, and 11 by about 90 to 120 Hz
(Tables 1 and 4). Why do these differences arise? The non-
bonded Se···Se distances were reexamined because they
were optimized to be longer than the observed values by
0.095 and 0.134 K for 7 (AA) and 8 (AA), respectively, and
these longer distances could be responsible for the discrep-
ancy. Structure 8 (AA) was optimized with r ACHTUNGTRENNUNG(Se,Se) fixed at
the observed value of 3.151 K and by assuming C2 symme-
try. Under these conditions, this optimized structure was
designated 8 (AA)*, and has a 4J ACHTUNGTRENNUNG(Se,Se) value of 470 Hz.
This value is very close to that observed for 11 (AA)
(456 Hz). From this, it can be seen that, in some cases,
optimized r ACHTUNGTRENNUNG(Se,Se) distances must be carefully examined
when discussing values of 4J ACHTUNGTRENNUNG(Se,Se) based on the calculated
values.


Values of 4JFC ACHTUNGTRENNUNG(Se,Se) were examined by breaking down
and examining the contributions from each yi and yi!ya


transition for 6–8 to clarify the mechanism for 4J ACHTUNGTRENNUNG(Se,Se) that
arises from nonbonded Se···Se, Se···Se=O, and O=Se···Se=O
interactions. The MO presentations explain the mecha-
nisms,[31] but they are too complex for the mechanisms to be
easily understood because the MOs in 6–8 extend over
whole molecules that contain two MeSe or MeSe=O groups
and pACHTUNGTRENNUNG(Nap) systems. To avoid this complexity, frontier mo-
lecular orbitals (FMOs) were drawn for 12 and 13 ; the cal-
culated values are shown in Table 4.[23]


The value of 4JFC ACHTUNGTRENNUNG(Se,Se)=433 Hz in 12 (BB) has a large
(556 Hz) contribution from y64. Contributions from the
y64!y70 (138 Hz), y64!y72 (�485 Hz), and y64!y74


(799 Hz) transitions amount to 452 Hz, which explains the
value of 4JFC ACHTUNGTRENNUNG(Se,Se) in 12 (BB). Namely, 4JFC ACHTUNGTRENNUNG(Se,Se) origi-
nates mainly from admixtures of y70, y72, and y74 into y64.
Figure 8a shows the y64!y72 and y64!y74 transitions in
12 (BB). The character of y74 is a symmetrically combined
double s*(CNap�Se�H) of a-type (s*(CNap�Se�H)-a), y72 is
the antisymmetrically combined double s* ACHTUNGTRENNUNG(CNap�Se), and
y64 is the antisymmetrically combined double s(CNap�Se�
H)-a. Through interaction with pACHTUNGTRENNUNG(Nap) y64 in 12 (BB) sepa-
rates into y62 and y64 in 12 (CC). Figure 8b shows the FMOs
of 12 (CC), which are exemplified by the y62!y74 and y64!
y74 transitions. The FMOs of 6 (BB) and 6 (CC) are essen-
tially the same as those of 12 (BB) and 12 (CC), respectively.
The MOs of 6 (BB) and 6 (CC) were split further through in-
teractions with the methyl groups, however, they are not
shown here because of their high complexity.


Figure 9 shows the FMOs for 12 (AB), in which the main
contribution is from the y62!y74 transition. The transition
in 12 (AB) seems to be more complex than that of 12 (BB)
or 12 (CC). The smaller J value in 12 (AB) could come from
the perpendicular conformations of two Se�H groups and
two s-type lone-pair orbitals.[32]


Figure 10 shows the y73!y80 transition in 13 (AA). This
transition is reminiscent of the admixture of p orbitals along
the linear O=Se···Se=O arrangement. However, the s-type
atomic orbitals of Se found in y73 and y80 must play an im-


portant role in the admixture because the transition contrib-
utes to 4JFCACHTUNGTRENNUNG(Se,Se) in 13 (AA).


nJ ACHTUNGTRENNUNG(Se,Se) have been elucidated as through-bond (n=1)
and through-space mechanisms (n=4). MO descriptions of
the contributions from each yi and yi!ya transition ena-


Figure 8. Selected transitions for 4JFC ACHTUNGTRENNUNG(se,Se) in a) 12 (BB) and b) 12 (CC).


Figure 9. The y62!y74 transition for 4JFCACHTUNGTRENNUNG(Se,Se) in 12 (AB).
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bled us to identify and clearly visualize the origin and mech-
anisms of these nuclear couplings.


Analysis of 2J ACHTUNGTRENNUNG(Se,Se) and 3J ACHTUNGTRENNUNG(Se,Se): Figure 11 shows the op-
timized structures for 3a-gem, 4b-gem, 4b-cis, 4b-trans, 5a-
gauche, and 5a-anti. 2J ACHTUNGTRENNUNG(Se,Se) and 3J ACHTUNGTRENNUNG(Se,Se) values were cal-
culated by using these structures, and the results are shown
in Table 5.


Values of 2J ACHTUNGTRENNUNG(Se,Se)=109 and 126 Hz were calculated for
3a-gem and 4b-gem, respectively. The 2JFCACHTUNGTRENNUNG(Se,Se) term pre-
dominantly contributes to 2JACHTUNGTRENNUNG(Se,Se) in these compounds.
Positive values of 3JTLACHTUNGTRENNUNG(Se,Se)=46 and 42 Hz were predicted
for 4b-cis and 5a-gauche, respectively. In this case, the 3JFC-
ACHTUNGTRENNUNG(Se,Se) term predominantly contributes to 3JTLACHTUNGTRENNUNG(Se,Se).


2J-
ACHTUNGTRENNUNG(Se,Se) in 3a-gem and 4b-gem and 3JACHTUNGTRENNUNG(Se,Se) in 4b-cis and
5a-gauche originated from ns(Se)···ns(Se) interactions,[32]


which all have positive values. They are controlled by the
FC term and the mechanisms should be closely related to
those of 4J ACHTUNGTRENNUNG(Se,Se). However, negative values of 3JTLACHTUNGTRENNUNG(Se,Se)=


�62 and �39 Hz were predicted for 4b-trans and 5a-anti, re-
spectively. The 3JFC ACHTUNGTRENNUNG(Se,Se) term contributes significantly to


5a-anti, whereas both the 3JFC ACHTUNGTRENNUNG(Se,Se) and 3JPSOACHTUNGTRENNUNG(Se,Se) terms
contribute to 3JTLACHTUNGTRENNUNG(Se,Se) in 4b-trans. These results, in rela-
tion to the ns(Se)···ns(Se) distances, are of interest because
the Se···Se distances in 4b-trans and 5a-anti are larger than
those in 3a-gem, 4b-gem, 4b-cis, and 5a-gauche.


Torsional angular dependence was detected in 3JACHTUNGTRENNUNG(Se,Se) of
5a that contained both conformers. Figure 12 shows the re-
sults of torsional angular dependence calculations for 5a


that contained the structures of 5a-gauche and 5a-anti
(Figure 11). The value of 3J ACHTUNGTRENNUNG(Se,Se) in 5a appears to depend
on fACHTUNGTRENNUNG(SeCCSe) and its behavior must be more complex than
that plotted in Figure 12 because 3J ACHTUNGTRENNUNG(Se,Se) must also depend
on the value of f’ ACHTUNGTRENNUNG(CMeSeCC) for each half of the molecule.


It is interesting to compare the calculated and observed
values of nJ ACHTUNGTRENNUNG(Se,Se) (n=2 and 3).[21] The magnitudes of the
calculated values of nJTL ACHTUNGTRENNUNG(Se,Se) for 4b and 4a increase in
the order cis< trans<gem (nJTL ACHTUNGTRENNUNG(Se,Se)=46, 62, and 126 Hz
for 4b and nJTLACHTUNGTRENNUNG(Se,Se)=15, 42, and 89 Hz for 4a ; see
Scheme 1 and Figure 11 for structures), and these values
seem to be reasonable. However, there are still some dis-
crepancies between the observed and calculated values for
4b and 4a, and the reasons for these discrepancies must be
clarified so that nJACHTUNGTRENNUNG(Se,Se) can be utilitized in the study of se-
lenium chemistry. In calculations of nJ ACHTUNGTRENNUNG(Se,Se), the structures
of 4b and 4a must be carefully examined to explain the nu-
merical accuracy of the values observed.[21]


Conclusion


Nuclear spin–spin coupling constants (J) provide highly im-
portant information about coupled nuclei that have strongly
bonded and weakly interacting states. Values of nJ ACHTUNGTRENNUNG(Se,Se)
(n=1–4) were analyzed as the first step to investigating the
nature of bonded and nonbonded interactions between Se


Figure 10. The y73!y80 transition for 4JFCACHTUNGTRENNUNG(Se,Se) in 13 (AA).


Table 5. Calculated values of 2J ACHTUNGTRENNUNG(Se,Se) for 3a-gem and 4b-gem and 3J-
ACHTUNGTRENNUNG(Se,Se) for 4b-cis, 4b-trans, 5a-gauche, and 5a-anti.[a]


n nJPSO [Hz] nJSD [Hz] nJFC [Hz] nJTL [Hz]


3a-gem 2 �1.7 0.4 110.5 109.1
4b-gem 2 �1.8 �0.5 126.9 125.6[b]


4b-cis 3 �4.6 1.1 49.4 45.8[b]


4b-trans 3 �31.0 2.1 �33.1 �62.0[b]


5a-gauche 3 �1.2 6.5 36.9 42.2
5a-anti 3 �6.6 2.2 �34.9 �39.3


[a] 1JDSO was less than 0.02 Hz. [b] Values for 4a-gem, 4a-cis, and 4a-
trans (structures given in Scheme 1), see ref. [21].


Figure 12. Torsional angular dependence of 3J ACHTUNGTRENNUNG(Se,Se) in 5a. ~: 3JDSO, ~:
3JPSO, ^: 3JSD, &: 3JFC, and *: 3JTL.


Figure 11. Optimized structures of 3a, 4b, and 5a.
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atoms through nJ ACHTUNGTRENNUNG(Se,Se). QC calculations were necessary for
the analysis and interpretation of the J values obtained ex-
perimentally. nJ ACHTUNGTRENNUNG(Se,Se) (n=1–4) were analyzed by using MO
theory. Structures were optimized at the DFT level by using
the Gaussian 03 program and values of nJACHTUNGTRENNUNG(Se,Se) were calcu-
lated by employing Slater-type triple x basis sets at the DFT
level and applying them to the optimized structures. The
method employed in this work has been shown to reliably
predict the values and analyze the mechanisms involved.
Calculated nJTL values were composed of contributions from
the nJDSO,


nJPSO,
nJSD, and nJFC terms. Study of the separate


terms helped us to predict the mechanisms of the spin–spin
couplings, which are closely related to the electronic struc-
tures of the compounds. The main contributions from each
yi and yi!ya transition were evaluated separately.


Compound 1a was used as a model to calculate 1J ACHTUNGTRENNUNG(Se,Se),
which shows a typical dependence on f(CMeSeSeCMe). This
dependence explains the small values of 1JobsdACHTUNGTRENNUNG(Se,Se) for 1
and the large values of 1JobsdACHTUNGTRENNUNG(Se,Se) for 2, which correspond
to synperiplanar diselenides. Large 4JobsdACHTUNGTRENNUNG(Se,Se) values were
also recorded for nonbonded Se···Se, Se···Se=O, and O=


Se···Se=O interactions at naphthalene 1,8-positions. The
main contribution to 4J ACHTUNGTRENNUNG(Se,Se) is from the FC term, whereas
the main contribution to 1JACHTUNGTRENNUNG(Se,Se) is from the PSO term. 2J-
ACHTUNGTRENNUNG(Se,Se) and 3J ACHTUNGTRENNUNG(Se,Se) were analyzed in a similar way, and 3J-
ACHTUNGTRENNUNG(Se,Se) in 5a was also found to be dependent on the torsion
angle. Depending on the structure, the main contribution to
2J ACHTUNGTRENNUNG(Se,Se) and 3J ACHTUNGTRENNUNG(Se,Se) is from FC terms, with a smaller con-
tribution from the PSO terms. Each transition enables us to
identify and clearly visualize the origin and the mechanisms
of indirect nuclear spin–spin couplings. Important molecular
properties, such as electronic structures, can be clarified by
elucidating the mechanisms of spin–spin coupling by using
MO theory.


Similar investigations for nJ ACHTUNGTRENNUNG(P,X) are in progress and will
be reported elsewhere.


Experimental Section


Chemicals were used without further purification unless otherwise stated
and solvents were purified by using standard methods. Melting points
were determined on a Yanako MP-S3 melting point apparatus and are
uncorrected. NMR spectra were recorded at 23 8C on a JEOL AL-300
spectrometer (1H, 300 MHz; 13C, 75.5 MHz) and on a JEOL Lambda-400
spectrometer (77Se, 76.2 MHz). The 1H, 13C, and 77Se NMR spectra were
recorded in CDCl3 and [D6]DMSO. Chemical shifts are given in ppm rel-
ative to TMS for 1H and 13C NMR spectra, and relative to reference com-
pound MeSeMe for 77Se NMR spectra. Column chromatography was per-
formed by using silica gel and basic alumina.


4-Methylnaphtho ACHTUNGTRENNUNG[1,8-c,d]-1,2-diselenole (2b): Compound 2b was pre-
pared from 1,8-dichloro-4-methylnaphthalene by using a method similar
to that previously reported for 2a[7,11a] and was obtained as purple nee-
dles (5.10 g, 68%). M.p. 127.0–128.0 8C; 1H NMR (300 MHz, CDCl3,
TMS): d=2.50 (s, 3H), 7.09 (dd, J=0.9, 7.6 Hz, 1H), 7.25 (d, J=7.3 Hz,
1H), 7.36 (dd, J=0.6, 6.9 Hz, 1H), 7.55 ppm (dd, J=0.7, 8.4 Hz, 1H);
13C NMR (75.5 MHz, CDCl3, TMS): d=18.6, 120.4, 120.7, 121.0, 127.4,
128.2, 130.4, 137.0, 137.3, 138.0, 141.1 ppm; 77Se NMR (76.2 MHz, CDCl3,
MeSeMe): d=411.8, 420.6 ppm; elemental analysis calcd (%) for
C11H8Se2: C 44.32, H 2.70; found: C 44.21, H 2.63.


4-ChloronaphthoACHTUNGTRENNUNG[1,8-c,d]-1,2-diselenole (2c): Compound 2c was pre-
pared from 1,8-dichloro-4-methylnaphthalene by using a method similar
to that previously reported for 2a[7, 11a] and was obtained as brown nee-
dles (3.68 g, 58%). M.p. 155.0–156.0 8C; 1H NMR (300 MHz, CDCl3,
TMS): d =7.24 (d, J=8.1 Hz, 1H), 7.30 (d, J=7.9 Hz, 1H), 7.34 (t, J=


7.7 Hz, 1H), 7.39 (dd, J=1.2, 7.4 Hz, 1H), 7.81 ppm (dd, J=1.3, 7.9 Hz,
1H); 13C NMR (75.5 MHz, CDCl3, TMS): d=120.5, 120.6, 121.9, 127.3,
127.4, 128.6, 135.0, 138.5, 140.0, 141.2 ppm; 77Se NMR (76.2 MHz, CDCl3,
MeSeMe): d=422.6, 444.6 ppm; elemental analysis calcd (%) for
C10H5Se2Cl: C 37.71, H 1.58; found: C 37.83, H 1.60.


4-Nitronaphtho ACHTUNGTRENNUNG[1,8-c,d]-1,2-diselenole (2d): Compound 2d was prepared
from 1,8-dibromo-4-nitronaphthalene by using a method similar to that
previously reported for 2a[7, 11a] and was obtained as dark purple needles
(2.17 g, 28%). M.p. 196.0–197.0 8C; 1H NMR (300 MHz, CDCl3, TMS):
d=7.40 (d, J=8.3 Hz, 1H), 7.52 (dd, J=4.1 and 7.6 Hz, 1H), 7.53 (s,
1H), 8.18 (d, J=8.3 Hz, 1H), 8.51 ppm (dd, J=2.7 and 4.1 Hz, 1H);
1H NMR (300 MHz, [D6]DMSO, TMS): d=7.57 (dd, J=7.5, 8.5 Hz, 1H),
7.77 (d, J=8.5 Hz, 1H), 7.84 (dd, J=0.7, 7.5 Hz, 1H), 8.20 (d, J=8.5 Hz,
1H), 8.29 ppm (dd, J=0.7, 8.5 Hz, 1H); 13C NMR (75.5 MHz,
[D6]DMSO, TMS): d =118.2, 120.0, 123.4, 127.1, 129.4, 131.1, 139.0,
140.8, 144.2, 155.5 ppm; 77Se NMR (76.2 MHz, CDCl3, MeSeMe): d=


448.8, 474.4 ppm; elemental analysis calcd (%) for C10H5Se2NO2: C
36.50, H 1.53, N 4.26; found: C 36.41, H 1.40, N 4.19.


1,8-Bis(methylselanyl)naphthalene (6): Methyl iodide (1.29 g, 9.06 mmol)
was added at room temperature to a solution of the dianion of 2a, which
was prepared by reducing 2a[7,11a] (1.03 g, 3.63 mmol) with NaBH4 in
aqueous THF. Water (50 mL) and dichloromethane (50 mL) were added
to the solution. The organic layer was separated and washed with 5% aq.
HCl, three times with water, with saturated NaHCO3(aq) and again with
water. After drying over Na2SO4, filtration, evaporation, and drying in
vacuo, the crude product was purified by using column chromatography
(SiO2, hexane), then recrystallized from hexane to give 6 as colorless
prisms (1.12 g, 98%). M.p. 85.0–85.5 8C; 1H NMR (300 MHz, CDCl3,
TMS): d =2.33 (s, 6H), 7.32 (t, J=7.7 Hz, 2H), 7.70 (dd, J=1.2, 8.2 Hz,
2H), 7.73 ppm (dd, J=1.2, 7.5 Hz, 2H); 13C NMR (75.5 MHz, CDCl3,
TMS): d=13.3, 125.7, 128.3, 131.9, 132.3, 135.3, 135.6 ppm; 77Se NMR
(76.2 MHz, CDCl3, MeSeMe): d=231.4 ppm; elemental analysis calcd
(%) for C12H12Se2: C 45.88, H 3.85; found: C 45.73, H 3.77.


1-(Methylselanyl)-8-(methylseleninyl)naphthalene (7): Compound 6
(980 mg, 3.12 mmol) was dissolved in CH2Cl2 (20 mL) and then bubbled
with ozone for 5 min. Then the solvent was removed and the product was
dried in vacuo. The crude product was purified by column chromatogra-
phy (Al2O3, CH2Cl2) to give 7 as a colorless powder (875 mg, 85%). M.p.
129.8–130.1 8C; 1H NMR (300 MHz, CDCl3, TMS): d=2.29 (s, 3H), 2.78
(s, 3H), 7.48 (t, J=7.6 Hz, 2H), 7.76 (t, J=7.7 Hz, 2H), 7.98–8.05 (m,
2H), 8.10 (dd, J=1.1, 7.2 Hz, 1H), 8.88 ppm (dd, J=1.2, 7.4 Hz, 1H);
13C NMR (75.5 MHz, CDCl3, TMS): d=13.9, 41.1, 125.7, 126.3, 126.4,
126.6, 131.0, 132.4, 133.1, 136.1, 138.9, 141.3 ppm; 77Se NMR (76.2 MHz,
CDCl3, MeSeMe): d =210.8, 833.0 ppm; elemental analysis calcd (%) for
C12H12OSe2: C 43.66, H 3.66; found: C 43.61, H 3.60.


1,8-Bis(methylseleninyl)naphthalene (8): A solution of 6 (580 mg,
7.85 mmol) in CH2Cl2 (20 mL) was bubbled with ozone for 15 min. The
workup was the same as that for 7, and gave 8 as a colorless powder
(377 mg, 59%). M.p. 154.8–155.2 8C; 1H NMR (300 MHz, CDCl3, TMS):
d=2.71 (s, 6H), 7.84 (t, J=7.7 Hz, 2H), 8.18 (dd, J=1.2, 6.9 Hz, 2H),
8.71 ppm (dd, J=1.4, 6.9 Hz, 2H); 77Se NMR (76.2 MHz, CDCl3,
MeSeMe): d=821.3 ppm; elemental analysis calcd (%) for C12H12O2Se2:
C 41.64, H 3.49; found: C 41.55, H 3.45.


1-(Methylseleninyl)-8-(phenylselanyl)naphthalene (10): Compound 10
was prepared from 9[11a] by using a method similar to that reported above
for 7 and was obtained as colorless needles (970 mg, 80%). M.p. 129.8–
130.2 8C; 1H NMR (300 MHz, CDCl3, TMS): d =2.72 (s, 3H), 6.98–7.02
(m, 2H), 7.11–7.16 (m, 3H), 7.56 (t, J=7.6 Hz, 1H), 7.76 (t, J=7.7 Hz,
1H), 8.05 (dd, J=1.2, 8.0 Hz, 1H), 8.10 (dd, J=1.3, 8.1 Hz, 1H), 8.15
(dd, J=1.3, 7.2 Hz, 1H), 8.82 ppm (dd, J=1.3, 7.3 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3, TMS): d=40.6, 123.2, 126.5, 126.6, 126.8, 126.9, 128.4,
129.6, 132.0, 132.4, 133.0, 133.5, 136.29, 140.9, 141.4 ppm; 77Se NMR
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(76.2 MHz, CDCl3, MeSeMe): d =398.2, 831.4 ppm; elemental analysis
calcd (%) for C17H14OSe2: C 52.06, H 3.60; found: C 52.11, H 3.66.


1-(Methylseleninyl)-8-(phenylseleninyl)naphthalene (11): Compound 11
was prepared from 9[11a] by using a method similar to that reported above
for 8 and was obtained as colorless needles (720 mg, 63%). M.p. 148.0–
148.8 8C; 1H NMR (300 MHz, CDCl3, TMS): d =2.74 (s, 3H), 7.33–7.50
(m, 3H), 7.51–7.58 (m, 2H), 7.78 (t, J=7.7 Hz, 1H), 7.81 (t, J=7.7 Hz,
1H), 8.13 (dd, J=1.1, 8.1 Hz, 1H), 8.14 (dd, J=1.1, 8.1 Hz, 1H), 8.63
(dd, J=1.4, 7.4 Hz, 1H), 8.72 ppm (dd, J=1.3, 7.3 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3, TMS): d=38.3, 126.7, 126.8, 126.9, 127.0, 127.6, 127.9,
130.0, 131.7, 133.3, 133.7, 135.6, 138.9, 139.2, 141.7 ppm; 77Se NMR
(76.2 MHz, CDCl3, MeSeMe): d =820.0, 832.5 ppm; elemental analysis
calcd (%) for C17H14O2Se2: C 50.02, H 3.46; found: C 50.07, H 3.57.
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spectively, although these optimized structures might not be the
global minima. Details of this will be discussed elsewhere.


[22] a) E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1993,
99, 4597–4610; b) E. van Lenthe, E. J. Baerends, J. G. Snijders, J.
Chem. Phys. 1994, 101, 9783–9792; c) E. van Lenthe, A. Ehlers, E. J.
Baerends, J. Chem. Phys. 1999, 110, 8943–8953.


[23] The value of 1J ACHTUNGTRENNUNG(Se,Se) that was calculated for 2a at the nonrelativis-
tic level was smaller than that obtained with the scalar ZORA rela-
tivistic formulation, whereas the value of 4J ACHTUNGTRENNUNG(Se,Se) for 12 (AA) that
was calculated at the nonrelativistic level was several magnitudes
larger than that obtained with the scalar ZORA relativistic formula-
tion. The values calculated at the nonrelativistic level seem to be
closer to the observed values than those obtained with the scalar
ZORA relativistic formulation in our calculation system. Therefore,
it would be reasonable in this case to discuss the values of nJ ACHTUNGTRENNUNG(Se,Se)
calculated at the nonrelativistic level.


[24] a) J. Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 936–947; b) J.
Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 9410–9418.


[25] A plot of the contributions from y39–y43 (y axis) versus those from
y1–y43 (x axis) shows an excellent correlation (y=0.976x+37.3: r2=


0.9999).
[26] Some vacant MOs (ya), such as those at y395, y396, y435, and y436,


also contribute to 4JPSOACHTUNGTRENNUNG(Se,Se) in 2a. However, the contributions
from these vacant MOs are cancelled out by the addition of contri-
butions from other nearby orbitals. For example, the magnitude of
the contributions from y301–y438 to 4JPSO ACHTUNGTRENNUNG(Se,Se) amounts to less than
0.3 Hz, of which y438 has the highest energy.


[27] 1,8-Bis ACHTUNGTRENNUNG(selanyl)naphthalenes have some conformers, mainly CC and
AB.[33] Nonbonded interactions will contribute significantly to 4J-
ACHTUNGTRENNUNG(Se,Se) because ns(Se) plays an important role in 4J ACHTUNGTRENNUNG(Se,Se).


[28] Although 1,8-bis(methylselanyl)naphthalene and 1-(methylselanyl)-
8-(phenylselanyl)naphthalene were observed as the CC conformer
in the solid state, AB conformers must also be present and contrib-
ute in solution, which has an effect on 4J ACHTUNGTRENNUNG(Se,Se).


[29] W. Nakanishi, S. Hayashi, unpublished results.
[30] The motion of the lowest frequency in the BB conformer leads to


the CC conformer. The second lowest frequency corresponds to the
rotation around the C2v axis in the BB conformer, which maintains
the plane of the CMe, Se, Se, and CMe atoms with the naphthyl plane
moving in the opposite direction.


[31] Although not shown, y72 (HOMO) and the y72!y82 transition
mainly contribute to 4JFCACHTUNGTRENNUNG(Se,Se) in 6 (CC) and 6 (AB). Similarly, the
contributions from y84 (HOMO) and the y84!y92 transition explain
the values of 4JFCACHTUNGTRENNUNG(Se,Se) in 8 (AA).


[32] The importance of the direction of the s-type lone-pair orbital of Se
in 2J ACHTUNGTRENNUNG(Se,C) is well established; see: a) W. Nakanishi, Y. Ikeda, Bull.
Chem. Soc. Jpn. 1983, 56, 1661–1664; b) H. J. Reich, J. E. Trend, J.
Chem. Soc. Chem. Commun. 1976, 310–311.
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Introduction


Molecular aggregation and self-assembly leading to supra-
molecular structures such as plaques, fibers, as well as lamel-
lar or columnar arrangements represent dominant research
topics in modern chemistry. Prominent architectures in soft
matter are exemplified by both gels[1] and liquid-crystalline
phases,[2] which can be tailored for multiple and varied ap-
plications. Their design, however, and the search for specific
properties are still far from being a mature discipline. Struc-
tural elements such as complementary shape and directional
intermolecular interactions are often viewed as the driving


forces that lead ultimately to stacking options and alignment
preferences.


With these premises in mind and in view of our previous
experience of the preparation and transformation of carbo-
hydrate-based ureas,[3] we recently embarked on the synthe-
sis and characterization of amphiphilic and bolaamphiphil-
ic[4] structures that combine a polar carbohydrate moiety
and a long-chain fragment through one or more urea linkag-
es. Protection of the sugar hydroxy groups, for instance, by
O-acylation, increases the lipophilicity, whereas incorpora-
tion of another carbohydrate fragment in the place of a hy-
drocarbon chain increases the hydrophilic character. The di-
versity of such glycoconjugates is summarized in Figure 1.


Conceptually, one or more of the above structural ele-
ments has already been explored in the construction of dif-
ferent supramolecular structures by the self-assembly of
low-molecular-weight compounds. Thus, amphiphiles con-
taining sugars as well as cyclic and acyclic polyols as polar
heads often exhibit liquid-crystalline phases.[5] Our choice of
introducing a ureido group to connect polar and nonpolar
moieties follows a well-established rationale. It was demon-
strated more than five decades ago that urea-type hydrogen
bonds are capable of stabilizing gelator assemblies.[6] For
ureas, the energies of hydrogen-bonding interactions are cal-
culated to be 37.3 kJmol�1 for the ribbon structure and
44.8 kJmol�1 for a chain arrangement, although London dis-
persion forces also contribute to the stability of intermolecu-
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ureido or bis ACHTUNGTRENNUNG(ureido) moiety. The sugar
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lar interactions, especially in longer-chain ureas.[7] Moreover,
the self-association of ureas involving two hydrogen bonds
is much stronger than that of amides or urethanes and the
resulting assemblies are often insoluble materials. Therefore,
it is not surprising that ureido linkages have largely been ex-
ploited as molecular constituents of low-molecular-mass or-
ganogels (LMOGs), oligomers, and foldamers.[7a,8,9] In addi-
tion, the urea moiety represents an attractive isosteric re-
placement of the peptide linkage and there have been nu-
merous studies on oligoureas and ureidopeptoids that are
capable of generating stable hydrogen-bonded structures
that mimic the secondary structural motifs present in pro-
teins.[10] Such peptidomimetics show promising perspectives
for drug discovery and biomedical therapies because of their
resistance to protease degradation.


In contrast, urea–carbohydrate hybrids have received min-
imal attention[3] and, in this context, and as mentioned
above (Figure 1), we wanted to move from the conventional
synthesis of sugar–iso ACHTUNGTRENNUNG(thio)cyanates and –(thio)ureas func-
tionalized by discrete alkyl and aryl groups to structures re-
sembling glycolipids, susceptible to self-organization and
with a diverse range of specific properties (amphiphilic, bo-
laamphiphilic, mesogenic, nonionic surfactant, etc.). To this
end, two readily available sugar aminopolyols, d-glucamine
(1) and N-methyl-d-glucamine (2), were chosen as polar
structural elements that can be further linked through a
ureido group at a nonanomeric position. This latter aspect is
particularly noteworthy as, unlike the corresponding glyco-
sylamines, these aminopolyols are expected to exhibit resist-
ance to hydrolytic cleavage or degradation. In the search for
more simplified models, a non-carbohydrate aminopolyol,
tris(hydroxymethyl)aminomethane (TRIS, 3), was also en-
visaged as a polar scaffold.


While this manuscript was in preparation, Hamilton and
co-workers reported the use of per-O-acetylated d-gluca-
mine in the preparation of a series of non-fluorous hydro-
gen-bonding bis ACHTUNGTRENNUNG(ureas) capable of dissolving in CO2 (by
virtue of the interactions between this substance and the


acetyl groups acting as CO2-philic arms) and subsequently
forming fibrillar foams.[11] This study, however, focuses on
more amphiphilic substances, paying attention to unprotect-
ed derivatives at the sugar moiety and assessing the propen-
sity for self-organization and aggregation in the search for
more biodegradable materials. Such results are comprehen-
sively shown in this article and complement current studies
by other groups. It is gratifying to see how sugar aminoaldi-
tols, which have long been confined to the rich history of
carbohydrate chemistry,[12] could now enjoy a further renais-
sance as precursors of novel synthetic and bioactive materi-
als.


Results and Discussion


Synthesis of isocyanates and monoureas : A straightforward
route to unprotected urea-based amphiphiles involves the
condensation of aminopolyols with long-chain isocyanates.
To this end, a preliminary screening of different heterocu-
mulenes featuring flexible and rigid structures, as well as
variable degrees of hydrophobicity, was carried out. Thus,
monoureas have been generated from octyl isocyanate (4),
dodecyl isocyanate (5), and 4-(octyloxy)phenyl isocyanate
(6). Bifunctional derivatives suitable for the construction of
the corresponding bis ACHTUNGTRENNUNG(ureas) were likewise envisaged. These
include decane-1,10-diyl diisocyanate (7), 1,4-phenylene di-
ACHTUNGTRENNUNGisocyanate (8), and 4,4’-methylenediphenylene isocyanate
(9). Note that neither compound 6 nor 7 were commercially
available, although both could be satisfactorily prepared in
yields in excess of 80% from 4-(octyloxy)aniline and 1,10-
diaminodecane, respectively.


The synthesis of isocyanates is invariably challenging be-
cause it rests largely upon the use of phosgene and its deriv-
atives,[13] although more environmentally benign and less
hazardous processes have also emerged.[14] Isocyanates 6
and 7 were obtained as oils by using either a commercially
and safer solution of phosgene in toluene or, better yet, with
solid triphosgene,[15] which provides cleaner reactions. In ad-
dition, the range of isocyanates was expanded to 2,3,4,5,6-
penta-O-acetyl-1-deoxy-1-isocyanato-d-glucitol (10), a val-
uable chiral precursor that can be employed in the construc-
tion of O-protected derivatives and bolaform ureas (see
below). Compound 10 has recently been prepared in our
laboratories from penta-O-acetylated d-glucamine hydro-
bromide by using both COCl2 in toluene solution and tri-
phosgene[3,16]


Figure 1. Schematic and simplified representation of amphiphiles and bo-
laamphiphiles that combine protected and unprotected carbohydrate and
long-chain hydrocarbons through a ureido spacer.
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The reactions of aminopolyols 1–3 with isocyanates 4–6
gave rise to a series of asymmetrically substituted monour-
eas (11–19) with different structural variations of the head-
and tail-group moieties (Scheme 1).


These condensations can easily be carried out in dioxane/
water under vigorous agitation. Under these experimental
conditions, monoureas 11–19 precipitated quickly and the
free hydroxy groups remained unaffected as the electrophil-
ic isocyanato group targets selectively the nitrogen atom of
the aminopolyol. Alternatively, such monoureas can be gen-
erated by adding the isocyanate to a pyridine solution of the
aminopolyol and subsequently pouring the reaction mixture
into ice/water. This strategy was especially convenient for
N-methyl-d-glucamine-based ureas (e.g., 14–16) as the intro-


duction of a lateral methyl substituent at the nitrogen atom
hinders the attack on the carbon atom of the isocyanate.
Therefore, in aqueous dioxane, hydrolysis of the isocyanate
competes with the attack of the amino group, thereby de-
creasing the isolated yields.


Peracetylated sugars exhibit enhanced lipophilicity and
extraordinary solubility in numerous organic solvents. Such
derivatives were prepared by direct condensation of sugar
isocyanate 10 with the corresponding amines leading to
ureas 20–22 (Scheme 2). This procedure thus complements
the conventional acylation of the unprotected derivatives
avoiding the use of the more expensive and irritant isocya-
nates.


Scheme 1. Synthesis of O-unprotected aminopolyol-based ureido derivatives
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The secondary aminopolyol 2 cannot be converted into its
isocyanate and, moreover, our attempts to transform 3 into
the corresponding isocyanate were also unsuccessful. Ac-
cordingly, per-O-acetylated monoureas 23–28 were obtained
by acetylation of 14–19 in pyridine at 0 8C affording oily or
solid products that were further purified by chromatograph-
ic methods.


Formation of bis ACHTUNGTRENNUNG(ureas): As mentioned previously, carbohy-
drate and carbohydrate-like bolaamphiphiles can also be ob-
tained by the reaction of aminopolyols 1–3 with diisocya-
nates 7–9 in dioxane/water leading to insoluble products
(Scheme 3). The alternative protocol in pyridine solution
took place with the formation of unwanted side-products
and was ruled out. Three series of structurally analogous bo-
laamphiphiles (29–31, 32–34, and 35–37), which combine
flexible and rigid, aliphatic and aromatic spacers, were thus
readily available.


By following the above methodology for monoureas,
chiral bolaforms with d-gluco configurations could be gener-
ated by condensation of d-glucamine isocyanate 10 with the
corresponding diamines, which again avoids the use of diiso-
cyanates (Scheme 4).


These transformations occurred readily in CH2Cl2 solu-
tions at room temperature and were essentially complete
within 10–15 min. Per-O-acetylated N-methyldiureas arising
from 2 (compounds 41–43) as well as those derived from
aminopolyol 3 (compounds 44–46) were prepared by acety-
lation (acetic anhydride, pyridine) of the corresponding un-
protected derivatives.


Structural characterization of ureas : Spectroscopic elucida-
tion, combustion analyses, and/or mass spectral data fully
agree with the proposed structures for the above ureido de-
rivatives. Among the diagnostic signals, isocyanates 6 and 7
show a strong IR absorption at about 2270 cm�1 and a 13C


Scheme 2. Formation of per-O-acetylated monoureas from isocyanate 10.
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NMR resonance at d


�122 ppm, which are typical of
the isocyanato group. All of the
ureas synthesized also exhibit
characteristic IR absorptions at
about 1650 and 1580 cm�1


(amide I and II bands) for the
ureido moiety.[17]


The symmetrical derivatives
29–46 possess a C2-symmetry
axis and thus display simplified
1H and 13C NMR spectra that
facilitate their interpretation.
The diastereotopic protons of
the N�CH2 group of the bis-
ACHTUNGTRENNUNG(ureas) derived from 1 and 2 lie
in the range d=3.4–3.2 and
3.2–3.0 ppm, respectively. In
stark contrast, the protons of
the N�CH2 group of the poly-
methylene side-chain appear as
one signal at d�3.0 ppm. The
urea carbonyl groups resonate
at d�156–159 ppm. The skele-
tons derived from structures 1


Scheme 3. Formation of bolaamphiphilic structures 29–37.


Scheme 4. Preparation of O-protected bis ACHTUNGTRENNUNG(ureas) 38–40.
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and 2 show a signal from the carbon atom linked to the ni-
trogen at d�40 and �49 ppm, respectively, whereas the sig-
nals of the remaining carbon atoms are shifted downfield, in
the range d=72–68 ppm, in agreement with the expected
values for acyclic polyhydroxyalkyl chains.[3,18]


In addition, it should also be mentioned that the relatively
low optical rotations measured for the chiral derivatives are
consistent with the presence of acyclic sugar moieties.[3]


Gelation properties : Having established simple and reliable
methodologies for the construction of amphiphiles and bo-
laamphiphiles with multiple hydroxy and peracetyl groups,
we were interested in studying the gelation ability of such
low-molecular-mass molecules. A gelator, usually at a low
concentration, self-assembles to form a three-dimensional
network in which the solvent molecules are immobilized. At
first glance, one could anticipate that an amphiphilic struc-
ture having an appropriate head group with long and/or hy-
drophobic chains is sufficient for the formation of detergen-
cy or soft solid-like materials. But, as noted by Terech and
Weiss in their seminal review on the subject,[1b] it is not usu-
ally possible to predict in advance if a molecule will form a
gel in a given solvent as this property depends on a subtle
balance of different noncovalent intermolecular interactions.
A recent study has shown that dendritic amphiphiles exhibit
an unusual decrease in the critical micelle concentration
(cmc) as the chain length increases; the longer homologues
did not form micelles.[19,20]


We first observed the enhanced hygroscopicity of bis-
ACHTUNGTRENNUNG(ureas) such as 29 and 30. These substances are insoluble in
a wide range of organic solvents (from methanol and etha-
nol to dichloromethane, benzene, and n-hexane), and at-
tempts to purify them by recrystallization from water result-
ed in foaming and gel formation. This suggests that unpro-
tected mono- and bis ACHTUNGTRENNUNG(ureas) might immobilize water mole-
cules. Supramolecular hydrogels consist of water-soluble
cross-linked polymers that can modify their degree of swel-
ling, among other properties, in response to external stimuli
such as changes in temperature, pH, or ionic strength. They
are attractive materials that have found application as matri-
ces for artificial enzymes, tissue engineering, biomineraliza-
tion, or biocompatible scaffolds for wound healing.[21]


The gelation properties of the ureido amphiphiles and bo-
laamphiphiles were evaluated in various solvents, with the
emphasis on water, by the inverted tube method. Mixtures
of ureas at 1 wt% in a given solvent were heated (oil bath)
until complete dissolution, if possible. The solutions were
cooled to room temperature and gelation was observed visu-
ally. Positive results were considered to have been obtained
when gels exhibited no gravitational flow over a period of
several hours, even days. The process can be repeated,
thereby demonstrating the thermoreversibility of the sol–gel
transformation (Table 1).


In general, amphiphilic ureas are good hydrogelators, as
evidenced in the cases of d-glucamine derivatives with long
alkyl or oxyalkyl chains, even in the presence of an aromatic
bridge. However, the presence of a methyl substituent on


the ureido moiety causes a dramatic change in the gelation
ability, presumably by decreasing the number of hydrogen-
bond-forming units. Compounds 14 and 16 are soluble on
heating, although gelation at 1 wt% could only be observed
for the longer dodecyl derivative 15. For the tris(hydroxy-
methyl)aminomethane series, only 17 behaves as a hydroge-
lator under these experimental conditions, whereas 18 and
19 with longer chains and a smaller head group are insolu-
ble. A similar trend was observed for bolaamphiphilic bis-
ACHTUNGTRENNUNG(ureas); gelation occurs for compound 29 derived from d-
glucamine as well as for its N-methyl-d-glucamine counter-
part 30, the latter at 2 wt% only. The remaining substances
are either soluble in boiling water or precipitate upon cool-
ing without forming gels.


Recent years have witnessed the emergence of a salient
phenomenon: The ability of certain compounds to gel liq-
uids under ultrasonic waves.[22,23] In this study, compounds
that exhibited gelation ability on heating also gave stable
hydrogels when heating and prolonged sonication (at
35 kHz, ultrasonic bath) were employed. Notably, monour-
eas 11 and 15 afforded hydrogels at room temperature. The
bis ACHTUNGTRENNUNG(ureido) derivative 30 also promoted water gelation at
room temperature under sonication, and ultrasound de-
creased the amount of urea required for this purpose
(1 wt%) compared with under purely thermal conditions
(2 wt%).


The unprotected ureas are in most cases insoluble or form
precipitates in polar and apolar organic solvents. Compound
16 bearing an octyloxyphenyl unit and a lateral methyl
group at the urea linkage, which precipitates in chloroform
and benzene, gave more viscous solutions leading ultimately


Table 1. Gelation properties of O-unprotected ureas in different solvents
at a concentration of 1 wt% unless otherwise specified.[a]


Compound H2O EtOH MeOH CHCl3 Benzene DMSO


11 G[b] P P I I S
12 G P P I I S
13 G P P I I S
14 S S S P P S
15 G[b] S S P P S
16 S S S G[c] G[c] S
17 G S S I S S
18 I P P P P S
19 I S S P P S
29 G I I I I G[d]


30 G[e] P P I I S
31 P P P I I S
32 P P P I I S
33 S I P I I S
34 P I I P I S
35 P I I I I S
36 S P I I I S
37 P I P I I S


[a] G: Formation of stable gel; S: soluble after cooling; I: insoluble or
partially soluble at the boiling point of the solvent; P: precipitates upon
cooling. [b] Stable gel formed after sonication at room temperature.
[c] Precipitates at 1 wt%, gel forms at 2 wt% and at 1 wt% with ultra-
sound at room temperature. [d] Soluble at 1 wt%, gelation at 3 wt%.
[e] Soluble at 1 wt% on heating, gel forms at 2 wt% and at 1 wt% with
ultrasound at room temperature.
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to organogels at 2 wt% and, remarkably, at 1 wt% when
such mixtures were sonicated at room temperature.


Molecular aggregation under ultrasound is still poorly un-
derstood. Further experiments suggest that multiple hydro-
gen-bonding interactions cause the precipitation of the com-
pounds when the system is cooled without perturbation,
whereas ultrasonic waves could partially disrupt hydrogen-
bonding, which would facilitate the formation of the gel net-
work.[23b,24,25] This conjecture also implies that ultrasonic ef-
fects can be restricted to supramolecular aggregates having
weak intermolecular interactions.


SEM images of the as-prepared hydrogels (see the Sup-
porting Information) reveal different micron-sized architec-
tures, and although a molecular pattern cannot be inferred
from such images, it is logical to assume that networking in
aqueous solution is mainly due to hydrogen bonding and hy-
drophobic interactions, whereas p-stacking could be equally
relevant with aromatic derivatives.


The self-organization of the corresponding per-O-acetyl
mono- and bis ACHTUNGTRENNUNG(ureas) will be reported elsewhere, however,
preliminary screenings reveal that most are insoluble in
water, although 26 and 27 derived from 3 are soluble. They
dissolve in benzene or toluene solutions, with the exception
of 38, 39, 45, and 46, which precipitate upon cooling. Both
protected and unprotected ureas are highly soluble in
DMSO, gelation being observed in the case of 29 at a rather
modest concentration of 3 wt%.


Mesomorphic behavior : Conventional surfactants aggregate
in solution to form micelles because of the hydrophobic
effect.[26] At high concentrations, micelles become ordered,
forming lyotropic liquid crystals. Such mesophases are in-
duced by the presence of a solvent and are characteristic of
small molecules having hydrophilic and lipophilic termini.[27]


This behavior has been previously studied in a series of
linear nonionic urea surfactants derived from decyl and do-
decyl ureas, the intermolecular hydrogen-bonding by the
urea moiety being the dominant factor in determining the
solid-state thermal behavior and crystal solubility boun-
dary.[28] In this study, the surfactant properties of the amphi-
philic molecules could be further assessed by means of sur-
face-pressure–molecular-area isotherms and estimations of
the critical micelle concentrations, as shown in the Support-
ing Information.


Visual observation of the samples between crossed-polar-
izing filters revealed the formation of just two types of
liquid-crystalline textures, lamellar and hexagonal
(Figure 2).


The mesomorphic behavior of amphiphilic molecules con-
taining polyhydroxy moieties and alkyl chains has also been
studied in detail.[29] Although general rules cannot always be
established, liquid-crystalline phases emerge from a balance
of the volume fraction of the two incompatible philic parts
and the molecular shape.[5g] Single-chain compounds usually
form smectic phases, whereas the presence of two lipophilic
parts leads to cylindrical aggregates that result in hexagonal
columnar phases. Additional chains increase the interface


curvature to produce globular aggregates arranged in cubic
lattices. These effects are also observed on increasing the
hydrophilic parts, which leads to columnar and cubic struc-
tures with the hydrophobic chains on the inner sides. As ex-
pected, the driving force for the formation of the liquid-crys-
tal phase is the generation of intermolecular hydrogen-
bonding between hydroxy groups and the segregation of hy-
drophobic chains and sugar head groups.[30]


Table 2 summarizes the type of phase formed for each
compound and the temperature at which it is formed. Ureas
derived from aminopolyol 3 showed in general little or no


activity. The rest of the compounds are grouped, for compa-
rative purposes, in pairs according to the fatty chain length,
with the second compound in each pair having a methyl
group that is missing in the first compound. Thus, as a gener-
al trend, surfactants lacking the methyl substituent need a
higher temperature than those of methylated derivatives for
the liquid-crystal phase to occur.


Figure 2. Typical textures observed for binary water/amphiphile systems
under polarized light: lamellar (e.g., 15, left) and hexagonal (e.g., 13,
right).


Table 2. Liquid-crystal phases observed for O-unprotected ureido amphi-
philes.


Compound Parent sugar Mesophase Temperature [8C]


11 1 –[a] –
14 2 lamellar 29
12 1 hexagonal 120
15 2 lamellar 31
13 1 hexagonal 120
16 2 hexagonal 60
29 1 hexagonal 160
30 2 hexagonal 60
32 1 –[a] –
33 2 lamellar 37
35 1 –[a] –
36 2 lamellar[b] 25
37 3 lamellar[c] 37


[a] No liquid-crystal formation was observed. [b] Observation at 25 8C in
the absence of water. [c] No mesophase was detected with other ureas
derived from TRIS (3), such as 17, 18, and 34.
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Conclusion


We have described a convenient and reliable protocol for
the synthesis of unprotected and peracetylated amphiphilic
and bolaamphiphilic ureido sugars derived from aminopo-
lyols. The O-unprotected derivatives act as highly efficient
hydrogelators, with ultrasound stimulating gelation in most
cases at room temperature and at a low critical concentra-
tion of 1 wt%. The gelation capability can chiefly be ascri-
bed to hydrogen-bonding between the urea groups and van
der Waals interactions between the long alkyl chains. Fur-
thermore, it has been shown that some amphipathic struc-
tures bearing d-glucamine or N-methyl-d-glucamine unpro-
tected chains can also form lyotropic liquid-crystalline
phases. These findings consistently point to facile strategies
en route to novel carbohydrate-based materials. In addition,
owing to both the chelating and coordinating properties of
the urea linkage, these compounds have good prospects in
catalysis and organocatalysis, which are currently being ex-
plored.


Experimental Section


General methods : See the Supporting Information for a detailed descrip-
tion of the methods employed in product purification, structural charac-
terization, and the assessment of surfactant properties.


General procedures for the preparation of isocyanates—Method A : The
amine derivative (1.0 mmol) was added to a cooled solution of pyridine
(0.32 mL) in anhydrous CH2Cl2 (10 mL) and the reaction mixture was
vigorously stirred at 0 8C for 30 min. Then, a solution of phosgene in tolu-
ene (1.93m, 1.1 mL/amino group, 2.0 mmol/amino group) was added
dropwise and the resulting mixture was stirred at that temperature for a
further 2 h. This solution was subsequently washed with 0.5n HCl (2Q
5mL), brine (1Q5mL), and distilled water, dried over anhydrous MgSO4,
and evaporated to dryness.


Method B : Triphosgene (1.35 g, 4.6 mmol) was added to a mixture of the
amine (4.6 mmol) in CH2Cl2 (50 mL) and a saturated solution of
NaHCO3 (30 mL). The resulting mixture was stirred vigorously at 0 8C
for 30 min. The organic layer was separated and washed with brine and
distilled water, dried (MgSO4), and evaporated to dryness.


4-(Octyloxy)phenyl isocyanate (6): This derivative was obtained from 4-
(octyloxy)aniline in yields of 83 (Method A) and 84% (Method B) after
purification of the resulting oil by column chromatography (EtOAc/
hexane, 1:10); 1H NMR (400 MHz, CDCl3): d=7.02 (d, Jo,m=9.0 Hz, 2H;
2-H, 6-H, Ar), 6.84 (d, Jo,m=9.0 Hz, 2H; 3-H, 5-H, Ar), 3.94 (t, 2H; CH2-
O), 1.80 (m, 2H; CH2-CH2-O), 1.46 (m, 2H; -CH2-(CH2)2-O-), 1.36 (m,
8H; CH2), 0.92 ppm (t, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=


157.0 (C-4, Ar), 125.7 (C-1, Ar), 125.6 (C-2, C-6, Ar), 124.1 (NCO), 115.4
(C-3, C-5, Ar), 68.4 (C-1), 31.8 (C-2), 29.4, 29.3 (C-4, C-5, C-6), 26.1 (C-
3), 22.7 (C-7), 14.1 ppm (C-8); IR (Nujol): ñ =2928 (CH3), 2856 (CH2),
2272 (NCO), 1523, 1458, 829 (Ar), 1245 (C�O), 1106, 1028 cm�1 (C�O);
HRMS (CI): m/z calcd for C15H22NO2: 248.1650; found: 248.1648.


Decamethylene diisocyanate (7): Obtained as above in yields of 80.5
(Method A) and 75% (Method B) on purification of the resulting oil by
column chromatography (EtOAc/hexane, 1:10); 1H NMR (400 MHz,
CDCl3): d =3.30 (t, 4H; CH2-NCO), 1.38 (m, 4H; CH2-CH2-NCO), 1.32
(m, 4H; CH2-(CH2)2-NCO), 1.31 ppm (m, 8H; CH2);


13C NMR
(100 MHz, CDCl3): d =122.0 (NCO), 43.0 (2C; C-1, C-10), 31.3 (2C; C-2,
C-9), 29.3, 28.9 (4C; C-4, C-5, C-6, C-7), 26.5 ppm (2C; C-3, C-8); IR
(Nujol): ñ =2930, 2856 (CH2), 2273 (NCO), 1468 cm�1 (CH2); LR-MS
(CI): m/z (%): 227 (20) [M+3H]+ , 199 (100), 182 (45), 173 (29), 84 (35).


General procedures for the preparation of ureas—Method A : A solution
of the isocyanate (4.0 mmol for monoisocyanates or 2.0 mmol for diiso-
cyanates) in dioxane (0.6 mL/mmol) was added to a solution of d-gluca-
mine (1), N-methyl-d-glucamine (2), or TRIS (3) (4.1 mmol) in water
(2 mL), and the mixture was stirred at room temperature for 2 h. The re-
sulting solid was filtered, washed successively with cold water, ethanol,
and diethyl ether, and dried under vacuum.


Method B : The isocyanate (4.0 mmol for isocyanates or 2.0 mmol for dii-
socyanates) was added to a solution of d-glucamine (1), N-methyl-d-gluc-
amine (2), or TRIS (3) (4.1 mmol) in pyridine (15 mL), and the mixture
was vigorously stirred for 15 min. Then, it was poured into ice/water
(120 mL) and the mixture was kept at 0 8C for 24 h. In most cases a solid
appeared, which was filtered, washed with cold water, ethanol, and dieth-
yl ether, and dried. In the absence of a precipitate, the solution was
evaporated to dryness and the residue washed and dried as above.


N-(1-Deoxy-d-glucitol-1-yl)-N’-octylurea (11): Prepared from d-gluca-
mine and octyl isocyanate (4) in a yield of 58% (Method A) and recrys-
tallized from MeOH; m.p. 159–160 8C; [a]D=�1.2, [a]578=�1.0, [a]546=


�1.6, [a]436=�2.48 (c=1.0 in pyridine); 1H NMR (400 MHz,
[D6]DMSO): d=6.00 (t, JNH-CH2=5.6 Hz, 1H; NH-CH2), 5.77 (t, JNH,H1=


JNH,H1’=5.4 Hz, 1H; NH-H1,1’), 4.80 (d, J2-OH=3.6 Hz, 1H; 2-OH), 4.44
(d, J5-OH=6.4 Hz, 1H; 5-OH), 4.36 (d, J4-OH=5.2 Hz, 1H; 4-OH), 4.32 (t,
J6,OH�J6’,OH=5.4 Hz, 1H; 6-OH), 4.28 (d, J3-OH=6.4 Hz, 1H; 3-OH), 3.58
(m, 1H; 2-H), 3.54 (m, 2H; 3-H, 6-H), 3.46 (m, 1H; 5-H), 3.36 (m, 2H;
4-H, 6’-H), 3.20 (ddd, J1,1’=13.2, J1,2=4.0, JNH,1=5.4 Hz, 1H; 1-H), 2.95
(m, 3H; 1-H’, CH2-NH), 1.32 (q, 2H; CH2-CH2-NH), 1.24 (m, 10H;
CH2), 0.85 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO): d=


158.6 (C=O, urea), 72.7 (C-5), 72.1 (C-2), 71.5 (C-3), 69.6 (C-4), 63.4 (C-
6), 42.5 (C-1), 39.8 (C-1’), 31.3 (C-6’), 30.1 (C-2’), 28.8 (C-4’, C-5’), 26.5
(C-3’), 22.2 (C-7’), 14.0 ppm (C-8’); IR (KBr): ñ=3356, 3317 (OH, NH),
2923 (CH3), 2844 (CH2), 1610 (C=O, urea), 1580 (NH, urea), 1083 cm�1


(C�O); elemental analysis calcd (%) for C15H32N2O6: C 53.55, H 9.59, N
8.33; found: C 53.43, H 9.40, N 8.23.


N-(1-Deoxy-d-glucitol-1-yl)-N’-dodecylurea (12): Prepared from d-gluca-
mine and dodecyl isocyanate (5) in a yield of 77% (Method A) and re-
crystallized from MeOH; m.p. 154–155 8C; [a]D=�2.0, [a]578=�1.2,
[a]546=�2.2, [a]436=�3.28 (c=1.0 in pyridine); 1H NMR (400 MHz,
[D6]DMSO): d=6.00 (t, JNH-CH2=5.6 Hz, 1H; NH-CH2), 5.78 (t, JNH,H1=


JNH,H1’=5.2 Hz, 1H; NH-H1,1’), 4.80 (d, J2-OH=4.8 Hz, 1H; 2-OH), 4.44
(d, J5-OH=5.2 Hz, 1H; 5-OH), 4.37 (d, J4-OH=5.6 Hz, 1H; 4-OH), 4.33 (t,
J6,OH=J6’,OH=5.6 Hz, 1H; 6-OH), 4.28 (d, J3-OH=6.0 Hz, 1H; 3-OH), 3.58
(m, 1H; 2-H) 3.55 (m, 2H; 3-H, 6-H), 3.47 (m, 1H; 5-H), 3.38 (m, 2H; 4-
H, 6’-H), 3.21 (ddd, J1,1’=13.2, J1,2=4.0, JNH,1=5.2 Hz, 1H; 1-H), 2.95 (m,
3H; 1’-H, CH2-NH), 1.33 (q, 2H; CH2-CH2-NH), 1.24 (m, 18H; CH2),
0.85 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO): d =158.7 (C=


O, urea), 72.7 (C-5), 72.1 (C-2), 71.5 (C-3), 69.6 (C-4), 63.4 (C-6), 42.5
(C-1), 39.8 (C-1’), 31.4 (C-10’), 30.1, 29.1, 28.9, 28.8 (C-2’, C-4’, C-5’, C-6’,
C-7’, C-8’, C-9’), 26.5 (C-3’), 22.2 (C-11’), 14.0 ppm (C-12’); IR (KBr): ñ=


3353 (NH, OH), 2919 (CH3), 2848 (CH2), 1613 (C=O, urea), 1581 (NH,
urea), 1084 cm�1 (C�O); elemental analysis calcd (%) for C19H40N2O6: C
58.14, H 10.27, N 7.14; found: C 58.42, H 10.04, N 7.44.


N-(1-Deoxy-d-glucitol-1-yl)-N’-(4-octyloxyphenyl)urea (13): Prepared
from d-glucamine and 4-(octyloxy)phenyl isocyanate (6) in a yield of
79% (Method A) and recrystallized from EtOH; m.p. 163–164 8C; [a]D=


�9.6, [a]578=�10.6, [a]546=�11.0, [a]436=�20.0 (c=1.0 in pyridine);
1H NMR (400 MHz, [D6]DMSO): d=8.41 (s, 1H; NH), 7.31 (d, Jo,m=


8.8 Hz, 2H; 3-H, 5-H, Ar), 6.78 (d, Jo,m=8.8 Hz, 2H; 2-H, 6-H, Ar), 6.02
(t, JNH,H1=JNH,H1’=5.2 Hz, 1H; NH-H1,1’) 4.82 (d, J2-OH=4.4 Hz, 1H; 2-
OH), 4.48 (d, J5-OH=6.0 Hz, 1H; 5-OH), 4.41 (d, J4-OH=5.6 Hz, 1H; 4-
OH), 4.37 (t, J6,OH=J6’,OH=5.6 Hz, 1H; 6-OH), 4.32 (d, J3-OH=6.4 Hz,
1H; 3-OH), 3.86 (t, 2H; CH2-O), 3.60 (m, 3H; 2-H, 3-H, 6-H), 3.49
(dddd, 1H; 5-H), 3.41 (m, 2H; 4-H, 6-H’), 3.31 (ddd, J1,1’=13.2, J1,2=4.0,
JNH,1=5.2 Hz, 1H; 1-H), 2.98 (dd, J1,1’=13.2, J1’,2=7.2 Hz, 1H; 1’-H) 1.66
(q, 2H; CH2-CH2-O), 1.37 (q, 2H; -CH2-(CH2)2-O-), 1.26 (m, 8H; CH2),
0.85 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO): d =155.8 (C=


O, urea), 153.4 (C-4, Ar), 133.7 (C-1, Ar), 119.3 (C-2, C-6, Ar), 114.5 (C-
3, C-5, Ar) 72.2 (C-5), 72.0 (C-2), 71.5 (C-3), 70.0 (C-4), 67.6 (C�O), 63.5
(C-6), 42.3 (C-1), 31.4 (C-3’), 28.9, 28.8 (C-4’, C-5’, C-7’), 25.7 (C-6’), 22.2
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(C-2’), 14.0 ppm (C-1’); IR (KBr): ñ=3512 (OH), 3349 (NH), 2922
(CH3), 2854 (CH2), 1649 (C=O, urea), 1603 (aryl), 1579 (NH, urea), 1512
(Ar), 1248 (C�O, Ar), 1090 cm�1 (C�O); elemental analysis calcd (%)
for C21H36N2O7: C 58.86, H 8.47, N 6.54; found: C 59.14, H 8.22, N 6.17.


N-(1-Deoxy-d-glucitol-1-yl)-N-methyl-N’-octylurea (14): Prepared from
N-methyl-d-glucamine and octyl isocyanate (4) in yields of 14 (Method
A) and 91% (Method B), and recrystallized from EtOAc; m.p. 116–
117 8C; [a]D=++9.6, [a]578=++10.2, [a]546=++12.0, [a]436=++20.6 (c=1.0 in
pyridine); 1H NMR (400 MHz, [D6]DMSO): d =6.20 (t, JNH-CH2=5.2 Hz,
1H; NH-CH2), 4.96 (d, J2-OH=4.8 Hz, 1H; 2-OH), 4.48 (d, J5-OH=5.2 Hz,
1H; 5-OH), 4.43 (m, 2H; 3-OH, 4-OH), 4.33 (t, J6,OH�J6’,OH=5.6 Hz,
1H; 6-OH), 3.71 (dddd, J2-OH=4.8, J1,2=4.0, J1’,2=8.0, J2,3=3.6 Hz, 1H;
2-H), 3.55 (ddd, J6-OH=5.6, J5,6=2.8, J6,6’=11.2 Hz, 1H; 6-H), 3.49 (m,
2H; 3-H, 5-H), 3.42 (ddd, J3,4=2.0, J4-OH=5.0, J4,5=8.0 Hz, 1H; 4-H),
3.35 (ddd, J6-OH=5.6, J5,6’=6.0, J6,6’=11.2 Hz, 1H; 6-H’), 3.27 (dd, J1,1’=
14.8, J1,2=4.8 Hz, 1H; 1-H), 3.12 (dd, J1,1’=14.8, J1’,2=8.0 Hz, 1H; 1’-H),
2.97 (q, 2H; CH2-NH), 2.80 (s, 3H; CH3-N) 1.37 (q, 2H; CH2-CH2-NH),
1.24 (m, 10H; CH2), 0.85 ppm (t, 3H; CH3) ppm; 13C NMR (100 MHz,
[D6]DMSO): d=158.7 (C=O, urea), 72.4 (C-5), 72.1 (C-3), 71.4 (C-4),
69.1 (C-2), 63.3 (C-6), 51.6 (C-1), 40.1 (C-1’), 35.3 (CH3-N), 31.3 (C-6’),
30.0 (C-2’), 28.8 (C-4’, C-5’), 26.5 (C-3’), 22.2 (C-7’), 14.0 ppm (C-8’); IR
(KBr): ñ=3432 (OH), 3375 (NH), 2926 (CH3), 2852 (CH2), 1632 (C=O,
urea), 1583 (NH, urea), 1096 cm�1 (C�O); elemental analysis calcd (%)
for C16H34N2O6: C 54.84, H 9.78, N 7.99; found: C 54.79, H 9.57, N 7.84.


N-(1-Deoxy-d-glucitol-1-yl)-N-methyl-N’-dodecylurea (15): Prepared
from N-methyl-d-glucamine and dodecyl isocyanate (5) in yields of 74
(Method A) and 82% (Method B), and recrystallized from EtOAc; m.p.
120–121 8C; [a]D=++7.8, [a]578=++8.8, [a]546=++10.4, [a]436=++17.6 (c=


1.0 in pyridine); 1H NMR (400 MHz, [D6]DMSO): d=6.20 (t, JNH-CH2=


5.4 Hz, 1H; NH-CH2), 4.96 (d, J2-OH=4.8 Hz, 1H; 2-OH), 4.49 (d, J5-OH=


5.2 Hz, 1H; 5-OH), 4.43 (m, 2H; 3-OH, 4-OH), (t, J6,OH�J6’,OH=5.6 Hz,
1H; 6-OH), 3.71 (dddd, J2-OH=4.8, J1,2=4.0, J1’,2=8.0, J2,3=3.6 Hz, 1H;
2-H), 3.55 (ddd, J6-OH=5.6, J5,6=2.8, J6,6’=11.2 Hz, 1H; 6-H), 3.49 (m,
2H; 3-H, 5-H), 3.42 (m, 1H; 4-H), 3.35 (ddd, J6-OH=5.6, J5,6’=6.0, J6,6’=
11.2 Hz, 1H; 6’-H), 3.29 (dd, J1,1’=14.8, J1,2=4.8 Hz, 1H; 1-H), 3.13 (dd,
J1,1’=14.8, J1’,2=8.0 Hz, 1H; 1’-H), 2.97 (q, 2H; CH2-NH), 2.80 (s, 3H;
CH3-N) 1.37 (q, 2H; CH2-CH2-NH), 1.24 (m, 18H; CH2), 0.85 ppm (t,
3H; CH3);


13C NMR (100 MHz, [D6]DMSO): d=158.7 (C=O, urea), 72.4
(C-5), 72.1 (C-2), 71.4 (C-3), 69.1 (C-4), 63.3 (C-6), 51.6 (C-1), 40.1 (C-
1’), 35.3 (CH3-N), 31.4 (C-10’), 30.0, 29.1, 28.9, 28.8 (C-2’, C-4’, C-5’, C-6’,
C-7’, C-8’, C-9’), 26.5 (C-3’), 22.1 (C-11’), 14.0 ppm (C-12’); IR (KBr): ñ=


3431 (OH), 3372 (NH), 2920 (CH3), 2851 (CH2), 1630 (C=O, urea), 1583
(NH, urea), 1101 cm�1 (C�O); elemental analysis calcd (%) for
C20H42N2O6: C 59.08, H 10.41, N 6.89; found: C 59.38, H 10.12, N 6.65.


N-(1-Deoxy-d-glucitol-1-yl)-N-methyl-N’-(4-octyloxyphenyl)urea (16):
Prepared from N-methyl-d-glucamine and 4-(octyloxy)phenyl isocyanate
(6) in a yield of 66% (Method A), and recrystallized from EtOAc; m.p.
121–122 8C; [a]D=++7.8, [a]578=++8.4, [a]546=++9.8, [a]436=++22.6 (c=1.0
in pyridine); 1H NMR (400 MHz, [D6]DMSO): d=8.28 (s, 1H; NH), 7.26
(d, Jo,m=8.8 Hz, 2H; 2-H, 6-H, aryl), 6.79 (d, Jo,m=8.8 Hz, 2H; 3-H, 5-H,
aryl), 5.17 (d, J2-OH=4.0 Hz, 1H; 2-OH), 4.54 (m, 2H; 3-OH, 4-OH), 4.50
(d, J5-OH=4.8 Hz, 1H; 5-OH), 4.37 (t, J6,OH�J6’,OH=5.6 Hz, 1H; 6-OH),
3.87 (t, 2H; CH2-O), 3.82 (dddd, J2-OH=4.0, J1,2=4.0, J1’,2=8.0, J2,3=


3.6 Hz, 1H; 2-H), 3.63 (ddd, J6-OH=5.6, J5,6=2.8, J6,6’=11.2 Hz, 1H; 6-H),
3.57 (m, 2H; 3-H, 5-H), 3.51 (m, 1H; 4-H), 3.44 (ddd, J6-OH=5.6, J5,6’=
6.0, J6,6’=11.2 Hz, 1H; 6’-H), 3.41 (dd, J1,1’=14.8, J1,2=4.8 Hz, 1H; 1-H),
3.28 (dd, J1,1’=14.8, J1’,2=8.0 Hz, 1H; 1’-H), 2.93 (s, 3H; CH3-N), 1.67 (q,
2H; CH2-CH2-O), 1.38 (q, 2H; -CH2-(CH2)2-O-), 1.27 (m, 8H; CH2),
0.86 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO): d =156.3 (C=


O, urea), 153.8 (C-4, Ar), 133.6 (C-1, Ar), 121.2 (C-2, C-6, Ar), 114.2 (C-
3, C-5, Ar), 72.1 (C-5), 71.9 (C-2), 71.4 (C-3), 69.4 (C-4), 67.5 (C-1’), 63.3
(C-6), 51.8 (C-1), 35.5 (CH3-N), 31.3 (C-3’), 28.8, 28.7 (C-4’, C-5’, C-7’),
25.6 (C-6’), 22.1 (C-2’), 14.0 ppm (C-8’); IR (KBr): ñ=3399 (NH, OH),
2920 (CH3), 2852 (CH2), 1620 (C=O, urea), 1548 (NH, urea), 1515, 1413
(Ar), 1249 (C�O, Ar), 1079 cm�1 (C�O); elemental analysis calcd (%)
for C22H38N2O7: C 59.71, H 8.65, N 6.33; found: C 59.81, H 8.74, N 6.40.


N-[Tris(hydroxymethyl)methyl]-N’-octylurea (17): Prepared from 3 and
octyl isocyanate (4) in yield of 67 (Method A) and 59% (Method B), and


recrystallized from EtOAc; m.p. 145–146 8C; 1H NMR (400 MHz,
[D6]DMSO): d=6.45 (t, JNH-CH2=5.6 Hz, 1H; NH-CH2), 5.71 (s, 1H;
NH-C), 5.09 (t, JOH-H=5.6 Hz, 3H; OH), 3.40 (d, JOH-H=5.6 Hz, 6H;
CH2-OH), 2.93 (q, 2H; CH2-NH), 1.33 (q, 2H; CH2-CH2-NH), 1.24 (m,
10H; CH2), 0.86 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO):
d=159.1 (C=O, urea), 61.4 (3C; CH2OH), 60.6 (C-NH), 39.7 (C-1’), 31.3
(C-6’), 29.9 (C-2’), 28.8 (C-4’, C-5’), 26.5 (C-3’), 22.2 (C-7’), 14.0 ppm (C-
8’) ppm; IR (KBr): ñ=3368, 3240 (OH, NH), 2921 (CH3), 2855 (CH2),
1654 (C=O, urea), 1564 (NH, urea), 1048 cm�1 (C�O); elemental analysis
calcd (%) for C13H28N2O4: C 56.50, H 10.21, N 10.14; found: C 56.70, H
10.23, N 10.07.


N-[Tris(hydroxymethyl)methyl]-N’-dodecylurea (18): Prepared from 3
and dodecyl isocyanate (5) in yields of 25 (Method A) and 42% (Method
B), and recrystallized from EtOAc; m.p. 148-149 8C; 1H NMR (400 MHz,
[D6]DMSO): d=6.44 (t, JNH-CH2=6.0 Hz, 1H; NH-CH2), 5.71 (s, 1H;
NH-C), 5.09 (t, JOH-H=5.6 Hz, 3H; OH), 3.40 (d, JOH-H=5.6 Hz, 6H;
CH2-OH), 2.93 (q, 2H; CH2-NH), 1.32 (q, 2H; CH2-CH2-NH), 1.24 (m,
18H; CH2), 0.85 ppm (t, 3H; CH3);


13C NMR (100 MHz, [D6]DMSO):
d=159.1 (C=O, urea), 61.4 (3C; CH2OH), 60.5 (C-NH), 40.1 (C-1’), 31.4
(C-10’), 29.8, 29.1, 28.9, 28.8 (C-2’, C-4’, C-5’, C-6’, C-7’, C-8’, C-9’), 26.5
(C-3’), 22.2 (C-11’), 14.0 ppm (C-12’); IR (KBr): ñ =3372, 3240 (OH,
NH), 2917 (CH3), 2850 (CH2), 1654 (C=O, urea), 1565 (NH, urea),
1120 cm�1 (C�O); elemental analysis calcd (%) for C17H36N2O4: C 61.41,
H 10.91, N 8.43; found: C 61.75, H 11.06, N 8.28.


N-[Tris(hydroxymethyl)methyl]-N’-(4-octyloxyphenyl)urea (19): Prepared
from 3 and 4-(octyloxy)phenyl isocyanate (6) in yields of 54 (Method A)
and 53% (Method B), and recrystallized from EtOAc; m.p. 150-151 8C;
1H NMR (400 MHz, [D6]DMSO): d=8.71 (s, 1H; NH-Ar), 7.22 (d, Jo,m=


8.8 Hz, 2H; 2-H, 6-H, aryl), 6.78 (d, Jo,m=8.8 Hz, 2H; 3-H, 5-H, aryl),
5.91 (s, 1H; NH-C), 4.92 (t, JOH-H=5.6 Hz, 3H; OH), 3.86 (t, 2H; CH2-
O), 3.52 (d, JOH-H=5.6 Hz, 6H; CH2-OH), 1.66 (q, 2H; CH2-CH2-O),
1.37 (q, 2H; CH2-(CH2)2-O-), 1.27 (m, 8H; CH2), 0.86 ppm (t, 3H; CH3);
13C NMR (100 MHz, [D6]DMSO): d =156.2 (C=O, urea), 153.4 (C-4, Ar),
133.4 (C-1, Ar), 119.5 (C-2, C-6, Ar), 114.5 (C-3, C-5, Ar), 67.6 (C-1’),
61.1 (3C; CH2-OH), 60.7 (C-NH), 31.3 (C-3’), 28.8, 28.7 (C-4’, C-5’, C-7’),
25.6 (C-6’), 22.1 (C-2’), 14.0 ppm (C-8’); IR (KBr): ñ=3368, 3226 (OH,
NH), 2937 (CH3), 2867 (CH2), 1675 (C=O, urea), 1606 (Ar), 1560 (NH,
urea), 1511 (Ar), 1232, (Ar�O), 1125, 1021 cm�1 (C�O); elemental analy-
sis calcd (%) for C19H32N2O5: C 61.93, H 8.75, N 7.60; found: C 62.28, H
8.77, N 7.84.


General preparation of per-O-acetylated ureas derived from d-gluc-
ACHTUNGTRENNUNGamine : A stoichiometric amount of amine (3.0 mmol for monoamine de-
rivatives and 1.5 mmol for diamines) was added to a solution of isocya-
nate 10 (1.25 g, 3.0 mmol) in CH2Cl2 (15 mL). The reaction mixture was
vigorously stirred at room temperature for 15 min and then evaporated
to dryness.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N’-octylurea (20):
This substance was synthesized from 10 and octylamine in a yield of 85%
as a homogeneous oil that was further purified by preparative chroma-
tography (EtOAc/hexane, 3:1); [a]D=++10.5, [a]578=++12.6, [a]546=


+13.8, [a]436=++25.0, [a]365=++40.5 (c=1.0 in CHCl3);
1H NMR


(400 MHz, CDCl3): d =5.48 (dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.35 (t,
J2,3=J3,4=4.8 Hz, 1H; 3-H), 5.04 (m, 2H; 2-H, 5-H), 4.65 (br s, 2H; NH-
CH2, NH-H-1,1’), 4.27 (dd, J5,6=3.6, J6,6’=12.4 Hz, 1H; 6-H), 4.13 (dd,
J5,6’=5.6, J6,6’=12.4 Hz, 1H; 6’-H), 3.50 (dd, J1,1’=14.8, J1,2=5.4 Hz, 1H;
1-H), 3.23 (dd, J1,1’=14.8, J1’,2=5.2 Hz, 1H; 1’-H), 3.15 (t, 2H; CH2-NH),
2.13, 2.11, 2.10, 2.08, 2.05 (s, 15H; OAc), 1.49 (q, 2H; CH2-CH2-NH),
1.29 (m, 10H; CH2), 0.88 ppm (t, 3H; CH3);


13C NMR (100 MHz,
CDCl3): d=170.3, 170.0, 169.6, 169.5 (5C; acetates), 157.6 (C=O, urea),
70.7 (C-2), 68.9 (C-4), 68.5 (C-3), 68.4 (C-5), 61.1 (C-6), 40.4 (C-1’), 40.1
(C-1), 31.5 (C-6’), 29.7 (C-2’), 28.9 (C-4’, C-5’), 26.5 (C-3’), 22.3 (C-7’),
20.5, 20.4, 20.2 (5C; acetates), 13.7 ppm (C-8’); IR (Nujol): ñ =3374
(NH), 2928 (CH3), 2856 (CH2), 1748 (C=O, acetate), 1641 (C=O, urea),
1569 (NH, urea), 1219 (C�O�C, ester), 1049 cm�1 (C�O); HRMS (CI):
m/z calcd for C25H43N2O11: 547.2867; found: 547.2857.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N’-dodecylurea (21):
Prepared from 10 and dodecylamine in a yield of 80% as a homogeneous
oil, which was further purified by preparative chromatography (EtOAc/
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hexane, 3:1); [a]D=++10.3, [a]578=++10.3, [a]546=++12.3, [a]436=++21.3,
[a]365=++33.2 (c=1.0 in CHCl3);


1H NMR (400 MHz, CDCl3): d=5.49
(dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.36 (t, J2,3=J3,4=4.8 Hz, 1H; 3-H),
5.05 (m, 2H; 2-H, 5-H), 4.72 (br s, 2H; NH-CH2, NH-H-1,1’), 4.28 (dd,
J5,6=3.6, J6,6’=12.4 Hz, 1H; 6-H), 4.13 (dd, J5,6’=5.6, J6,6’=12.4 Hz, 1H;
6’-H), 3.50 (dd, J1,1’=14.8, J1,2=4.6 Hz, 1H; 1-H), 3.23 (dd, J1,1’=14.8,
J1’,2=5.4 Hz, 1H; 1’-H), 3.15 (t, 2H; CH2-NH), 2.13, 2.11, 2.10, 2.09, 2.05
(s, 15H; OAc), 1.48 (q, 2H; CH2-CH2-NH), 1.26 (m, 18H; CH2),
0.88 ppm (t, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=170.7, 170.6,
170.3, 169.9 (5C; acetates), 157.9 (C=O, urea), 71.1 (C-2), 69.3 (C-4), 68.9
(C-3), 68.8 (C-5), 61.5 (C-6), 40.8 (C-1’), 40.4 (C-1), 31.9 (C-10’), 29.7,
29.6, 29.4 (C-2’, C-4’, C-5’, C-6’, C-7’, C-8’, C-9’), 26.9 (C-3’), 22.7 (C-11’),
20.9, 20.8, 20.7, 20.6 (5C; acetates), 14.1 ppm (C-12’); IR (Nujol): ñ=


3376 (NH), 2926 (CH3), 2854 (CH2), 1752 (C=O, acetate), 1639 (C=O,
urea), 1571 (NH, urea), 1221 (C�O�C, ester), 1050 cm�1 (C�O) cm�1;
HRMS (CI): m/z calcd for C29H51N2O11: 603.3493; found: 603.3513.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N’-(4-octyloxyphen-
ACHTUNGTRENNUNGyl)urea (22): Prepared from 10 and 4-octyloxyaniline in a yield of 95% as
a solid that was purified by preparative chromatography (EtOAc/hexane,
3:1); m.p. 113–114 8C; [a]D=++9.1, [a]578=++10.5, [a]546=++12.5, [a]436=


+20.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=7.20 (d, Jo,m=


8.8 Hz, 2H; 2-H, 6-H, Ar), 6.83 (d, Jo,m=8.8 Hz, 2H; 3-H, 5-H, Ar), 6.74
(s, 1H; NH-Ar), 5.51 (dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.37 (t, J2,3=


J3,4=4.8 Hz, 1H; 3-H), 5.11 (m, 2H; 2-H, 5-H), 5.05 (t, JNH-H1=JNH-H1’=


6.0 Hz, 1H; NH-H1,1’), 4.27 (dd, J5,6=3.6, J6,6’=12.4 Hz, 1H; 6-H), 4.10
(dd, J5,6’=5.6, J6,6’=12.4 Hz, 1H; 6’-H), 3.91 (t, 2H; CH2-O-) 3.50 (ddd,
JNH-H1=6.0, J1,1’=14.8, J1,2=4.6 Hz, 1H; 1-H), 3.23 (ddd, JNH-H1’=6.0,
J1,1’=14.8, J1’,2=5.4 Hz, 1H; 1’-H), 2.12, 2.07, 2.06, 2.02 (s, 15H; OAc),
1.76 (q, 2H; -CH2-CH2-O-), 1.44 (q, 2H; CH2-(CH2)2-O-), 1.31 (m, 8H;
CH2), 0.89 ppm (t, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=170.7,
170.4, 170.2, 169.9, 169.8 (5C; acetates), 156.5 (C=O, urea), 156.2 (C-4,
Ar), 130.6 (C-1, Ar), 124.5 (C-2, C-6, Ar), 115.1 (C-3, C-5, Ar), 70.9 (C-
2), 69.0 (C-4), 68.8 (C-3), 68.7 (C-5), 68.3 (C-1’), 61.4 (C-6), 40.1 (C-1),
31.8 (C-6’), 29.3, 29.2 (C-5’, C-4’, C-2’), 26.0 (C-3’), 22.6 (C-7’), 20.8, 20.7,
20.5 (5C; acetates), 14.0 ppm (C-8’); IR (KBr): ñ=3414, 3375 (NH),
2926 (CH3), 2860 (CH2), 1745, 1742, (C=O, acetate), 1681 (C=O, urea),
1543 (NH, urea), 1505 (Ar), 1222 (C�O�C, ester), 1027 cm�1 (C�O); ele-
mental analysis calcd (%) for C31H46N2O12: C 58.29, H 7.26, N 4.39;
found: C 58.10, H 7.15, N 4.22.


General preparation of per-O-acetylated ureas derived from N-methyl-d-
glucamine : Acetic anhydride (35 mL) was slowly added to a solution of
the corresponding unprotected urea (4.0 mmol) in pyridine (15 mL). The
reaction mixture was stirred at 0 8C for 24 h and then it was poured into
ice/water (200 mL). The solution was subsequently extracted with CH2Cl2
(3Q100 mL) and washed successively with 2n HCl (3Q100 mL), a satu-
rated solution of NaHCO3 (2x100 mL), and distilled water (2Q100 mL),
dried (MgSO4), and evaporated to dryness.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N-methyl-N’-octyl-
ACHTUNGTRENNUNGurea (23): Prepared, according to the above procedure from 14 in a yield
of 69% as a homogeneous oil that was further purified by preparative
chromatography (EtOAc/hexane, 3:1); [a]D=++5.3, [a]578=++5.8, [a]546=


+6.5, [a]436=++11.3 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=


5.45 (dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.32 (dd, J2,3=6.4, J3,4=4.8 Hz,
1H; 3-H), 5.20 (ddd, J1,2=7.6, J1’,2=4.4, J2,3=6.4 Hz, 1H; 2-H), 5.03 (ddd,
J4,5=6,4, J5,6=3.2, J5,6’=5.8 Hz, 1H; 5-H), 4.70 (br s, 1H; NH), 4.30 (dd,
J5,6=3.2, J6,6’=12.4 Hz, 1H; 6-H), 4.12 (dd, J5,6’=5.8, J6,6’=12.4 Hz, 1H;
6’-H), 3.61 (dd, J1,1’=14.6, J1,2=7.6 Hz, 1H; 1-H), 3.36 (dd, J1,1’=14.6,
J1’,2=4.4 Hz, 1H; 1’-H), 3.15 (m, 2H; CH2-NH), 2.87 (s, 3H; CH3-N),
2.14, 2.09, 2.08, 2.07, 2.05 (s, 15H; OAc), 1.48 (q, 2H; CH2-CH2-NH),
1.27 (m, 10H; CH2), 0.88 ppm (t, 3H; CH3);


13C NMR (100 MHz,
CDCl3): d=170.5, 170.3, 169.9, 169.8 (5C; acetates), 158.0 (C=O, urea),
69.9 (C-2), 69.2 (C-4), 68.9 (C-3), 68.8 (C-5), 61.4 (C-6), 48.7 (C-1), 41.0
(C-1’), 35.3 (CH3-N), 31.8 (C-6’), 30.2 (C-2’), 29.3, 29.2 (C-4’, C-5’), 26.9
(C-3’), 22.6 (C-7’), 20.8, 20.7, 20.6, 20.5 (5C; acetates), 14.0 ppm (C-8’);
IR (Nujol): ñ=3370 (NH), 2927 (CH3), 2855 (CH2), 1748 (C=O, acetate),
1642 (C=O, urea), 1536 (NH, urea), 1220 (C�O�C, ester), 1049 cm�1 (C�
O); HRMS (CI): m/z calcd for C26H45N2O11: 561.3023; found: 561.3028.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N-methyl-N’-dodec-
ACHTUNGTRENNUNGylurea (24): Prepared from 15 in a yield of 70%; the resulting oil was pu-
rified by preparative chromatography (EtOAc/hexane, 3:1); [a]D=++5.0,
[a]578=++5.8, [a]546=++6.6, [a]436=++13.0 (c=1.0 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=5.45 (dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.32
(dd, J2,3=6.4, J3,4=4.8 Hz, 1H; 3-H), 5.20 (ddd, J1,2=7.6, J1’,2=4.4, J2,3=


6.4 Hz, 1H; 2-H), 5.03 (ddd, J4,5=6,4, J5,6=3.2, J5,6’=5.8 Hz, 1H; 5-H),
4.69 (br s, 1H; NH), 4.30 (dd, J5,6=3.2, J6,6’=12.4 Hz, 1H; 6-H), 4.12 (dd,
J5,6’=5.8, J6,6’=12.4 Hz, 1H; 6’-H), 3.61 (dd, J1,1’=14.6, J1,2=7.6 Hz, 1H;
1-H), 3.36 (dd, J1,1’=14.6, J1’,2=4.4 Hz, 1H; 1’-H), 3.19 (dt, 2H; CH2-
NH), 2.86 (s, 3H; CH3-N), 2.13, 2.09, 2.08, 2.07, 2.05 (s, 15H; OAc), 1.49
(q, 2H; CH2-CH2-NH), 1.28 (m, 10H; CH2), 0.88 ppm (t, 3H; CH3);
13C NMR (100 MHz, CDCl3): d =170.4, 170.2, 169.8, 169.7 (5C; acetates),
158.0 (C=O, urea), 69.8 (C-2), 69.2 (C-4), 68.9 (C-3), 68.7 (C-5), 61.3 (C-
6), 48.6 (C-1), 41.0 (C-1’), 35.2 (CH3-N), 31.8 (C-10’), 30.1, 29.5, 29.3, 29.2
(C-2’, C-4’, C-5’, C-6’, C-7’, C-8’, C-9’), 26.8 (C-3’), 22.6 (C-11’), 20.7, 20.6,
20.5, 20.4 (5C; acetates), 14.1 ppm (C-12’); IR (Nujol): ñ=3375 (NH),
2927 (CH3), 2854 (CH2), 1748 (C=O, acetate), 1642 (C=O, urea), 1537
(NH, urea), 1220 (C�O�C, ester), 1050 cm�1 (C�O); HRMS (CI): m/z
calcd for C30H53N2O11: 617.3649; found: 617.3611.


N-(2,3,4,5,6-Penta-O-acetyl-1-deoxy-d-glucitol-1-yl)-N-methyl-N’-(4-oct-
ACHTUNGTRENNUNGyloxyphenyl)urea (25): Prepared from 16 in a yield of 60%; the resulting
solid was purified by preparative chromatography (EtOAc/hexane, 3:1);
m.p. 109–110 8C; [a]D=++5.8, [a]578=++7.2, [a]546=++8.2, [a]436=++13.8
(c=1.0 in CHCl3);


1H NMR (400 MHz, CDCl3): d=7.30 (d, Jo,m=9.2 Hz,
2H; 2-H, 6-H, Ar), 6.82 (d, Jo,m=9.2 Hz, 2H; 3-H, 5-H, Ar), 6.73 (s, 1H;
NH-Ar), 5.48 (dd, J3,4=4.8, J4,5=6.4 Hz, 1H; 4-H), 5.37 (dd, J2,3=6.4,
J3,4=4.8 Hz, 1H; 3-H), 5.25 (ddd, J1,2=7.6, J1’,2=4.4, J2,3=6.4 Hz, 1H; 2-
H), 5.04 (ddd, J4,5=6,4, J5,6=3.2, J5,6’=5.8 Hz, 1H; 5-H), 4.31 (dd, J5,6=


3.2, J6,6’=12.4 Hz, 1H; 6-H), 4.12 (dd, J5,6’=5.8, J6,6’=12.4 Hz, 1H; 6’-H),
3.91 (t, 2H; CH2-O-), 3.70 (dd, J1,1’=14.6, J1,2=7.6 Hz, 1H; 1-H), 3.43
(dd, J1,1’=14.6, J1’,2=4.4 Hz, 1H; 1’-H), 3.00 (s, 3H; CH3-N), 2.13, 2.11,
2.10, 2.05, 2.03 (s, 15H; OAc), 1.75 (q, 2H; CH2-CH2-O-), 1.44 (q, 2H;
CH2-(CH2)2-O-), 1.32 (m, 8H; CH2), 0.89 ppm (t, 3H; CH3);


13C NMR
(100 MHz, CDCl3): d=170.6, 170.5, 170.1, 169.9, 169.8 (5C; acetates),
155.3 (C=O, urea and C-4, Ar), 132.0 (C-1, Ar), 122.0 (C-2, C-6, Ar),
114.7 (C-3, C-5, Ar), 70.1 (C-2), 69.3 (C-4), 68.9 (C-3), 68.8 (C-5), 68.3
(C-1’), 61.4 (C-6), 49.0 (C-1), 35.9 (CH3-N), 31.8 (C-6’), 29.3, 29.2 (C-5’,
C-4’, C-2’), 26.0 (C-3’), 22.6 (C-7’), 20.8, 20.7, 20.5 (5C; acetates),
14.1 ppm (C-8’); IR (KBr): ñ=3408 (NH), 2924 (CH3), 2860 (CH2), 1748,
1729, (C=O, acetate), 1657 (C=O, urea), 1541 (NH, urea), 1512 (Ar),
1243 (C�O�C, ester), 1049 cm�1 (C�O); elemental analysis calcd (%) for
C32H48N2O12: C 58.88, H 7.41, N 4.29; found: C 58.56, H 7.51, N 4.37.


N-[Tris(acetoxymethyl)methyl]-N’-octylurea (26): By following the above
protocol for the acetylation of ureas derived from N-methyl-d-glucamine,
the title compound was obtained from 17 in a yield of 76% yield as a
solid that was further purified by preparative chromatography (EtOAc/
hexane, 1:1); m.p. 121–122 8C; 1H NMR (400 MHz, CDCl3): d =4.62 (br s,
2H; NH-C, NH-CH2), 4.43 (s, 6H; CH2-OAc), 2.93 (t, 2H; CH2-NH),
2.08 (s, 9H; OAc), 1.46 (q, 2H; CH2-CH2-NH), 1.28 (m, 10H; CH2),
0.88 ppm (t, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=170.3 (3C; ace-
tates), 156.9 (C=O, urea), 63.5 (3C; CH2OAc), 57.4 (C-NH), 40.6 (C-1’),
31.8 (C-6’), 30.0 (C-2’), 29.2 (C-4’, C-5’), 26.8 (C-3’), 22.6 (C-7’), 20.8 (3C;
acetates), 14.0 ppm (C-8’); IR ACHTUNGTRENNUNG(KBr): ñ =3360, 3309 (NH), 2924 (CH3),
2854 (CH2), 1754, 1733 (C=O, acetates), 1627 (C=O, urea), 1571 (NH,
urea), 1233 (C�O�C), 1043 cm�1 (C�O); elemental analysis calcd (%)
for C19H34N2O7: C 56.70, H 8.51, N 6.96; found: C 56.75, H 8.48, N 6.95.


N-[Tris(acetoxymethyl)methyl]-N’-dodecylurea (27): Prepared by acety-
lation of 18 in a yield of 69% as a solid that was purified by preparative
chromatography (EtOAc/hexane, 1:1); m.p. 127–128 8C; 1H NMR
(400 MHz, CDCl3): d =4.81 (br s, 1H; NH-CH2), 4.44 (s, 6H; CH2-OAc),
4.34 (br s, 1H; NH-C), 3.09 (t, 2H; CH2-NH), 2.09 (s, 9H; OAc), 1.47 (q,
2H; CH2-CH2-NH), 1.28 (m, 18H; CH2), 0.88 ppm (t, 3H; CH3);
13C NMR (100 MHz, CDCl3): d =170.6 (3C; acetates), 157.0 (C=O, urea),
63.3 (3C; CH2OAc), 57.1 (C-NH), 40.4 (C-1’), 31.8 (C-10’), 30.0, 29.5,
29.3 (C-2’, C-4’, C-5’, C-6’, C-7’, C-8’, C-9’), 26.8 (C-3’), 22.6 (C-11’), 20.8
(3C; acetates), 14.0 ppm (C-12’); IR ACHTUNGTRENNUNG(KBr): ñ=3357 (NH), 2921 (CH3),
2852 (CH2), 1754, 1733 (C=O, acetates), 1627 (C=O, urea), 1572 (NH,
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urea), 1233 (C�O�C), 1042 cm�1 (C�O); elemental analysis calcd (%)
for C23H42N2O7: C 60.24, H 9.23, N 6.11; found: C 60.21, H 9.42, N 6.10.


N-[Tris(acetoxymethyl)methyl]-N’-(4-octyloxyphenyl)urea (28): Prepared
by acetylation of 19 in a yield of 77% as a solid that was further purified
by preparative chromatography (EtOAc/hexane, 1:1); m.p. 125-126 8C;
1H NMR (400 MHz, CDCl3): d=7.14 (d, Jo,m=8.8 Hz, 2H; 2-H, 6-H, Ar),
6.94 (br s, 1H; NH-Ar), 6.84 (d, Jo,m=8.8 Hz, 2H; 3-H, 5-H, Ar), 5.32
(br s, 1H; NH-C), 4.42 (s, 6H; CH2-OAc), 3.90 (t, 2H; CH2-O), 2.04 (s,
9H; OAc), 1.76 (q, 2H; CH2-CH2-O), 1.42 (q, 2H; CH2-(CH2)2-O-), 1.31
(m, 8H; CH2), 0.89 ppm (t, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=


170.4 (3C; acetates), 156.4 (C=O, urea), 155.6 (C-4, Ar), 130.3 (C-1, Ar),
124.0 (C-2, C-6, Ar), 115.0 (C-3, C-5, Ar), 68.2 (C-1’), 63.0 (CH2-OAc),
57.0 (C-NH), 31.7 (C-6’), 29.2, 29.1 (C-5’, C-4’, C-2’), 25.9 (C-3’), 22.5 (C-
7’), 20.6 (3C; acetates), 14.0 ppm (C-8’); IR (KBr): ñ =3334, 3274 (NH),
2921 (CH3), 2853 (CH2), 1754, 1737 (C=O, acetates), 1643 (C=O, urea),
1564 (NH, urea), 1513, 1478 (Ar), 1219 (C�O�C), 1049 cm�1 (C�O); ele-
mental analysis calcd (%) for C25H38N2O8: C 60.71, H 7.74, N 5.66;
found: C 60.57, H 7.54, N 5.66.


N,N’-Decamethylenebis ACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)urea] (29): Prepared
from d-glucamine and diisocyanate 7 in a yield of 80% (Method A) and
recrystallized from water; m.p. 160–161 8C; [a]D=++5.6, [a]578=++6.4,
[a]546=++7.8, [a]436=++15.2, [a]365=++25.2 (c=1.0 in pyridine); 1H NMR
(400 MHz, [D6]DMSO): d =6.02 (br s, 2H; NH-CH2), 5.79 (br s, 2H; NH-
H1,1’), 4.82 (br s, 2H; 2-OH), 4.47 (br s, 2H; 5-OH), 4.39 (br s, 2H; 4-
OH), 4.36 (br s, 2H; 6-OH), 4.31 (br s, 2H; 3-OH), 3.53 (br s, 6H; 2-H, 3-
H, 6-H), 3.46 (br s, 2H; 5-H), 3.40 (br s, 4H; 4-H, 6’-H), 3.19 (br s, 2H; 1-
H), 2.93 (br s, 6H; 1’-H, CH2-NH), 1.32 (br s, 4H; CH2-CH2-NH),
1.23 ppm (br s, 12H; CH2);


13C NMR (100 MHz, [D6]DMSO): d =158.7
(2C; urea), 72.7 (2C; C-5), 72.1 (2C; C-3), 71.6 (2C; C-4), 69.6 (2C; C-
2), 63.5 (2C; C-6), 42.5 (2C; C-1), 40.0 (2C; C-1’, C-10’), 30.1 (2C; C-5’,
C-6’), 29.2, 29.0 (4C; C-2’, C-4’ C-7’, C-9’), 26.5 ppm (2C; C-3’, C-8’); IR
(KBr): ñ=3254 (NH, OH), 2924, 2849 (CH2), 1617 (C=O, urea), 1582
(NH, urea), 1085 cm�1 (C�O); elemental analysis calcd (%) for
C24H50N4O12: C 49.13, H 8.59, N 9.55; found: C 48.82, H 8.85, N 9.42.


N,N’-Decamethylenebis ACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)-N’’-methylurea]
(30): Prepared from N-methyl-d-glucamine and diisocyanate 7 in yields
of 98 (Method A) and 85% (Method B), and recrystallized from EtOH;
m.p. 110–111 8C; [a]D=++5.6, [a]578=++6.4, [a]546=++7.8, [a]436=++15.2,
[a]365=++25.2 (c=1.0 in pyridine); 1H NMR (400 MHz, [D6]DMSO): d=


6.20 (t, 2H; NH), 4.97 (br s, 2H; 2-OH), 4.51 (br s, 2H; 5-OH), 4.46 (br s,
4H; 3-OH, 4-OH), 4.38 (br s, 2H; 6-OH), 3.70 (m, 2H; 2-H), 3.55 (m,
2H; 6-H), 3.52 (m, 4H; 3-H, 5-H), 3.45 (m, 2H; 4-H), 3.36 (dd, J5,6’=6.0,
J6,6’=11.2 Hz, 2H; 6’-H), 3.30 (dd, J1,1’=14.8, J1,2=4.8 Hz, 2H; 1-H), 3.12
(dd, J1,1’=14.8, J1’,2=8.0 Hz, 2H; 1’-H), 2.96 (q, 4H; CH2-NH) 2.80 (s,
6H; CH3-N), 1.37 (q, 4H; CH2-CH2-NH), 1.23 ppm (m, 12H; CH2);
13C NMR (100 MHz, [D6]DMSO): d =158.9 (2C; urea), 72.5 (2C; C-5),
72.1 (2C; C-3), 71.5 (2C; C-4), 69.2 (2C; C-2), 63.4 (2C; C-6), 51.7 (2C;
C-1), 40.5 (2C; C-1’, C-10’), 35.4 (2C; CH3-N), 30.0 (2C; C-5’, C-6’), 29.2,
29.0 (4C; C-2’, C-4’, C-7’, C-9’), 26.6 ppm (2C; C-3’, C-8’); IR (KBr): ñ=


3450 (OH), 3371 (NH), 2924 (CH3), 2852 (CH2), 1617 (C=O, urea), 1584
(NH, urea), 1096 cm�1 (C�O); elemental analysis calcd (%) for
C26H54N4O12: C 50.80, H 8.85, N 9.11; found: C 50.49, H 8.46, N 9.42.


N,N’-Decamethylenebis ACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(hydroxymethyl)methyl]urea} (31): Pre-
pared from aminopolyol 3 and diisocyanate 7 in yields of 61 (Method A)
and 60% (Method B), and recrystallized from EtOH; m.p. 155–156 8C;
1H NMR (400 MHz, [D6]DMSO): d =6.45 (t, 2H; NH), 5.70 (s, 2H; NH-
C), 5.08 (t, JOH-H=3.2 Hz, 6H; OH), 3.40 (d, JOH-H=3.2 Hz, 12H; CH2-
OH), 2.93 (q, 4H; CH2-NH), 1.33 (q, 4H; CH2-CH2-NH), 1.24 ppm (m,
12H; CH2);


13C NMR (100 MHz, [D6]DMSO): d=159.1 (2C; urea), 61.4
(6C; CH2-OH), 60.7 (2C; C-NH), 39.9 (2C; C-1’, C-10’), 29.8 (2C; C-5’,
C-6’), 29.1, 28.8 (4C; C-2’, C-4’, C-7’, C-9’), 26.5 ppm (2C; C-3’, C-8’); IR
(KBr): ñ=3349 (OH, NH), 2926, 2853 (CH2), 1615 (C=O, urea), 1566
(NH, urea), 1024 cm�1 (C�O); elemental analysis calcd (%) for
C20H42N4O8: C 51.49, H 9.07, N 12.01; found: C 51.93, H 9.09, N 11.96.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)urea] (32): Prepared
from d-glucamine and diisocyanate 8 in a yield of 82% (Method A) and
recrystallized from water; m.p. 210–211 8C; 1H NMR (400 MHz,
[D6]DMSO): d=8.42 (s, 2H; NH-Ar), 7.20 (s, 4H; Ar), 6.03 (t, JNH,H1=


JNH,H1’=5.2 Hz, 2H; NH-H1,1’), 4.83 (d, J2-OH=2.8 Hz, 2H; 2-OH), 4.49
(d, J5-OH=6.0 Hz, 2H; 5-OH), 4.10 (d, J4-OH=5.6 Hz, 2H; 4-OH), 4.37 (t,
J6,OH=J6’,OH=5.6 Hz, 2H; 6-OH), 4.32 (d, J3-OH=5.6 Hz, 2H; 3-OH), 3.55
(m, 6H; 2-H, 3-H, 6-H), 3.47 (m, 2H; 5-H), 3.32 (m, 4H; 4-H, 6’-H), 3.29
(ddd, J1,1’=13.2, J1,2=4.0, JNH,H1=5.2 Hz, 2H; 1-H), 2.98 ppm (ddd, J1,1’=
13.2, J1’,2=7.2, JNH,H1’=5.2 Hz, 2H; 1’-H); 13C NMR (100 MHz,
[D6]DMSO): d=155.7 (2C; urea), 134.4 (4C; C-1, C-4, Ar), 121.8 (8C;
Ar), 72.1 (2C; C-5), 71.8 (2C; C-2), 71.5 (2C; C-3), 69.9 (2C; C-4), 63.4
(2C; C-6), 42.2 ppm (2C; C-1); IR (KBr): ñ =3519 (OH), 3354 (NH),
2920 (CH2), 1649, 1625 (C=O, urea), 1577 (NH, urea), 1404 (Ar),
1079 cm�1 (C�O); elemental analysis calcd (%) for C20H34N4O12: C 45.97,
H 6.56, N 10.72; found: C 46.17, H 6.48, N 11.01.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)-N’’-methylurea]
(33): Prepared from N-methyl-d-glucamine and diisocyanate 8 in a yield
of 80% (Method A) and recrystallized from MeOH; m.p. 170–171 8C;
[a]D=++19.4, [a]578=++21.0, [a]546=++25.2, [a]436=++51.8 (c=1.0 in pyri-
dine); 1H NMR (400 MHz, [D6]DMSO): d=8.34 (s, 2H; NH), 7.23 (s,
4H; Ar), 5.25 (d, J2-OH=3.2 Hz, 2H; 2-OH), 4.80 (m, 4H; 3-OH, 4-OH),
4.52 (d, J5-OH=5.2 Hz, 2H; 5-OH), 4.39 (t, J6-OH=J6’-OH=5.6 Hz, 2H; 6-
OH), 3.80 (dddd, J2-OH=3.2, J1,2=4.0, J1’,2=8.0, J2,3=3.6 Hz, 2H; 2-H),
3.61 (ddd, J6-OH=5.6, J5,6=2.8, J6,6’=11.2 Hz, 2H; 6-H), 3.57 (m, 4H; 3-
H, 5-H), 3.49 (m, 2H; 4-H), 3.42 (ddd, J6’,OH=5.6, J5,6’=6.0, J6,6’=11.2 Hz,
2H; 6’-H), 3.37 (dd, J1,1’=14.8, J1,2=4.8 Hz, 2H; 1-H), 3.13 (dd, J1,1’=
14.8, J1’,2=8.0 Hz, 2H; 1’-H), 2.92 ppm (s, 6H; CH3-N); 13C NMR
(100 MHz, [D6]DMSO): d=156.3 (2C; urea), 134.8 (2C; C-1, C-4, Ar),
119.9 (4C; Ar) 72.1 (2C; C-5), 71.9 (2C; C-2), 71.5 (2C; C-3), 69.4 (2C;
C-4), 63.3 (2C; C-6), 51.9 (2C; C-1), 36.5 ppm (2C; CH3-N); IR (KBr):
ñ=3360 (NH, OH), 2928 (CH2), 1636 (C=O, urea), 1548 (NH, urea),
1515, 1404 (Ar), 1088 cm�1 (C�O); elemental analysis calcd (%) for
C22H39N4O12: C 47.99, H 6.96, N 10.18; found: C 47.74, H 6.84, N 10.25.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(hydroxymethyl)methyl]urea} (34): Pre-
pared from aminopolyol 3 and diisocyanate 8 in a yield of 98% (Method
A) and recrystallized from MeOH; m.p. 201–202 8C; 1H NMR (400 MHz,
[D6]DMSO): d=8.73 (s, 2H; NH-Ar), 7.19 (s, 4H; Ar) 5.91 (s, 2H; NH-
C), 4.91 (t, JOH-H=5.6 Hz, 6H; OH), 3.40 ppm (d, JOH-H=5.6 Hz, 12H;
CH2-OH); 13C NMR (100 MHz, [D6]DMSO): d=156.1 (2C; urea), 134.3
(2C; C-1, C-4, Ar), 118.5 (4C; Ar), 61.4 (6C; CH2OH), 60.5 ppm (2C;
C-NH); IR (KBr): ñ =3324 (OH, NH), 2942 (CH2), 1620 (C=O, urea),
1560 (NH, urea), 1514, 1403 (Ar), 1135 cm�1 (C�O); elemental analysis
calcd (%) for C16H26N4O8: C 47.76, H 6.51, N 13.92; found: C 47.36, H
6.25, N 13.52.


4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)-
ACHTUNGTRENNUNGurea] (35): Prepared from d-glucamine and diisocyanate 9 in a yield of
74% (Method A) and recrystallized from water; m.p. 212–213 8C; [a]D=


+51.6, [a]578=++54.2, [a]546=++62.8, [a]436=++107.2, [a]365=++169.0 (c=


1.0 in pyridine); 1H NMR (400 MHz, [D6]DMSO): d=8.54 (s, 2H; NH-
Ar), 7.27 (d, Jo,m=8.6 Hz, 4H; 3-H, 5-H, Ar), 7.03 (d, Jo,m=8.6 Hz, 4H;
2-H, 6-H, Ar), 6.09 (t, JNH,H1=JNH,H1’=5.2 Hz, 2H; NH-H1,1’), 4.83 (d, J2-
OH=4.0 Hz, 2H; 2-OH), 4.49 (d, J5-OH=5.6 Hz, 2H; 5-OH), 4.42 (d, J4-
OH=5.6 Hz, 2H; 4-OH), 4.37 (t, J6,OH�J6’,OH=5.6 Hz, 2H; 6-OH), 4.32
(d, J3-OH=6.4 Hz, 2H; 3-OH), 3.74 (s, 2H; CH2 bridge) 3.60 (m, 6H; 2-H,
3-H, 6-H), 3.49 (m, 2H; 5-H), 3.42 (m, 4H; 4-H, 6’-H), 3.31 (ddd, J1,1’=
13.2, J1,2=4.0, JNH,1=5.2 Hz, 2H; 1-H), 2.98 ppm (ddd, J1,1’=13.2, J1’,2=


7.2, JNH, 1’=5.2 Hz 2H; 1’-H); 13C NMR (100 MHz, [D6]DMSO): d=155.6
(2C; urea), 138.5 (2C; C-1, Ar), 134.3 (2C; C-4, Ar), 128.8 (4C; C-2, C-
6, Ar), 117.8 (4C; C-3, C-5, Ar) 72.1 (2C; C-5), 71.9 (2C; C-2), 71.5 (2C;
C-3), 67.0 (2C; C-4), 63.5 (2C; C-6), 42.2 (2C; C-1), 39.8 ppm (CH2


bridge); IR (KBr): ñ=3402 (OH), 3341 (NH), 2931 (CH2), 1674, 1631
(C=O, urea), 1594 (NH, urea), 1556 (Ar), 1086 cm�1 (C�O); elemental
analysis calcd (%) for C27H40N4O12: C 52.93, H 6.58, N 9.15; found: C
52.89, H 6.60, N 8.95.


4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG[N’’-(1-deoxy-d-glucitol-1-yl)-
N’’-methylurea] (36): Prepared from N-methyl-d-glucamine and diisocya-
nate 9 in a yield of 80% (Method A) and recrystallized from EtOH; m.p.
149–150 8C; [a]D=++13.6, [a]578=++15.0, [a]546=++16.4, [a]436=++32.6 (c=


1.0 in pyridine); 1H NMR (400 MHz, [D6]DMSO): d =8.42 (s, 2H; NH),
7.28 (d, Jo,m=8.0 Hz, 4H; 3-H, 5-H, Ar), 7.04 (d, Jo,m=8.0 Hz, 4H; 2-H,
6-H, Ar), 5.22 (d, J2-OH=4.0 Hz, 2H; 2-OH), 4.55 (m, 4H; 3-OH, 4-OH),
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4.51 (d, J5-OH=5.2 Hz, 2H; 5-OH), 4.38 (t, J6-OH=5.6 Hz, 2H; 6-OH),
3.81 (dddd, J2-OH=4.0, J1,2=4.0, J1’,2=8.0, J2,3=3.6 Hz, 2H; 2-H), 3.77 (s,
2H; CH2 bridge), 3.62 (ddd, J6-OH=5.6, J5,6=2.8, J6,6’=11.2 Hz, 2H; 6-H),
3.58 (m, 4H; 3-H, 5-H), 3.50 (m, 2H; 4-H), 3.43 (dd, J6’,OH=5.6, J5,6’=6.0,
J6,6’=11.2 Hz, 2H; 6’-H), 3.40 (dd, J1,1’=14.8, J1,2=4.8 Hz, 2H; 1-H), 3.30
(dd, J1,1’=14.8, J1’,2=8.0 Hz, 2H; 1’-H), 2.92 ppm (s, 6H; CH3-N);
13C NMR (100 MHz, [D6]DMSO): d=156.2 (2C; urea), 138.6 (2C; C-1,
Ar), 134.9 (2C; C-4, Ar), 128.6 (4C; C-2, C-6, Ar), 119.9 (4C; C-3, C-5,
Ar) 72.1 (2C; C-5), 71.9 (2C; C-2), 71.5 (2C; C-3), 69.4 (2C; C-4), 63.4
(2C; C-6), 51.9 (2C; C-1), 39.8 (CH2 bridge), 35.5 ppm (2C; CH3-N); IR
(KBr): ñ =3304 (NH, OH), 2907 (CH2), 1656 (C=O, urea), 1594 (aryl),
1536 (NH, urea), 1411 (Ar), 1078 cm�1 (C�O); HRMS (FAB): m/z calcd
for C29H44N4O12Na: 663.2853; found: 663.2882; elemental analysis calcd
(%) for C29H44N4O12: C 54.37, H 6.92, N 8.74; found: C 54.30, H 6.49, N
9.05.


4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(hydroxymethyl)-
ACHTUNGTRENNUNGmethyl]urea} (37): Prepared from aminopolyol 3 and diisocyanate 9 in a
yield of 92% (Method A) and recrystallized from EtOH; m.p. 196–
197 8C; 1H NMR (400 MHz, [D6]DMSO): d =8.82 (s, 2H; NH-Ar), 7.19
(d, Jo,m=8.0 Hz, 4H; 3-H, 5-H, Ar), 7.02 (d, Jo,m=8.0 Hz, 4H; 2-H, 6-H,
Ar), 5.95 (s, 2H; NH-C), 4.89 (t, JOH-H=5.6 Hz, 6H; OH), 3.75 (s, 2H;
CH2 bridge), 3.53 ppm (d, JOH-H=5.6 Hz, 12H; CH2-OH); 13C NMR
(100 MHz, [D6]DMSO): d=155.9 (2C; urea), 138.2 (2C; C-1, Ar), 134.4
(2C; C-4, Ar), 128.8 (4C; C-2, C-6, Ar), 117.9 (4C; C-3, C-5, Ar), 61.0
(6C; CH2OH), 60.7 (2C; C-NH), 39.8 ppm (CH2 bridge); IR (KBr): ñ=


3325 (OH, NH), 2932 (CH2), 1620 (C=O, urea), 1546 (NH, urea), 1510,
1411 (Ar), 1134 cm�1 (C�O); elemental analysis calcd (%) for
C23H32N4O8: C 56.09, H 6.55, N 11.38; found: C 56.44, H 6.19, N 11.22.


N,N’-Decamethylenebis ACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-deoxy-d-glucitol-
1-yl)urea] (38): By following the general acetylation procedure, the title
substance was obtained from isocyanate 10 and 1,10-diaminodecane in a
yield of 87%, which was further purified by preparative chromatography
(EtOAc/hexane, 5:1); m.p. 71–72 8C; [a]D=++15.8, [a]578=++17.4, [a]546=


+19.8, [a]436=++34.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=


5.49 (dd, J3,4=4.8, J4,5=6.4 Hz, 2H; 4-H), 5.35 (t, J2,3=J3,4=4.8 Hz, 2H;
3-H), 5.06 (m, 4H; 2-H, 5-H), 4.98 (t, JNH-CH2=6.4 Hz, 2H; NH-CH2),
4.80 (t, JNH-H1=JNH-H1’=6.0 Hz, 2H; NH-H-1,1’), 4.28 (dd, J5,6=3.6, J6,6’=
12.4 Hz, 2H; 6-H), 4.13 (dd, J5,6’=5.6, J6,6’=12.4 Hz, 2H; 6’-H), 3.48
(ddd, JNH-H1=6.0, J1,1’=14.8, J1,2=5.4 Hz, 2H; 1-H), 3.24 (ddd, JNH-H1’=


6.0, J1,1’=14.8, J1’,2=5.2 Hz, 2H; 1’-H), 3.14 (br s, 4H; CH2-NH), 2.13,
2.10, 2.08, 2.05 (s, 30H; OAc), 1.48 (q, 4H; CH2-CH2-NH), 1.28 ppm (m,
12H; CH2);


13C NMR (100 MHz, CDCl3): d=170.6, 170.5, 170.3, 169.9,
(10C; acetates), 157.8 (2C; urea), 71.1 (2C; C-2), 69.2 (2C; C-4), 68.8
(2C; C-3), 68.7 (2C; C-5), 61.5 (2C; C-6), 40.5 (2C; C-1’, C-10’), 40.3
(2C; C-1), 29.9, 29.1, 28.9 (6C; C-2’, C-4’, C-5’, C-6’, C-7’, C-9’), 26.6 (C-
3’, C-8’), 20.9, 20.7, 20.5 ppm (10C; acetates); IR (KBr): ñ =3350 (NH),
2931 (CH2), 1752 (C=O, acetate), 1660 (C=O, urea), 1561 (NH, urea),
1222 (C�O�C, ester), 1050 cm�1 (C�O); HRMS (FAB): m/z calcd for
C44H70N4O22Na: 1029.4379; found: 1029.4398.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-deoxy-d-glucitol-
1-yl)urea] (39): Prepared from isocyanate 10 and 1,4-phenylenediamine
in a yield of 93% as a solid that was further purified by preparative chro-
matography (EtOAc/Et2O, 5:1); m.p. 106–107 8C; [a]D=++17.5, [a]578=++


17.5, [a]546=++21.1 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=


7.30 (s, 4H; Ar), 7.04 (s, 2H; NH-Ar), 5.64 (br s, 2H; NH-H1,1’), 5.52
(dd, J3,4=4.8, J4,5=6.4 Hz, 2H; 4-H), 5.38 (t, J2,3=J3,4=4.8 Hz, 2H; 3-H),
5.17 (ddd, J1,2=4.6, J1’,2=5.2, J2,3=4.8 Hz, 2H; 2-H), 5.07 (ddd, J4,5=6.4,
J5,6=3.6, J5,6’=5.6 Hz, 2H; 5-H), 4.29 (dd, J5,6=3.6, J6,6’=12.4 Hz, 2H; 6-
H), 4.12 (dd, J5,6’=5.6, J6,6’=12.4 Hz, 2H; 6’-H), 3.47 (ddd, JNH-H1=6.0,
J1,1’=14.8, J1,2=4.6 Hz, 2H; 1-H), 3.36 (ddd, JNH-H1’=6.0, J1,1’=14.8, J1’,2=


5.2 Hz, 2H; 1’-H), 2.13, 2.09, 2.05, 2.02 ppm (s, 30H; OAc); 13C NMR
(100 MHz, CDCl3): d=170.7, 170.5, 170.2, 169.9 (5C; C=O, acetates),
156.5 (2C; urea), 134.4 (2C; C-1, C-4, Ar), 122.1 (4C; Ar), 70.9 (2C; C-
2), 69.2 (2C; C-4), 69.0 (2C; C-3), 68.7 (2C; C-5), 61.4 (2C; C-6), 39.33
(2C; C-1), 20.8, 20.7, 20.5 ppm (10C; acetates); IR (KBr): ñ=3380 (NH),
2970 (CH2), 1750 (C=O, acetate), 1660 (C=O, urea), 1564 (NH, urea),
1515, 1435 (Ar), 1220 (C�O�C, ester), 1030 cm�1 (C�O); elemental anal-


ysis calcd (%) for C40H54N4O22: C 50.95, H 5.77, N 5.94; found: C 50.56,
H 5.93, N 5.71.


4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-
deoxy-D-glucitol-1-yl)urea] (40): Prepared from isocyanate 10 and 4,4’-
methylenedianiline in a yield of 88% as a solid that was purified by prep-
arative chromatography (EtOAc/Et2O, 5:1); m.p. 106–107 8C; [a]D=


+19.0, [a]578=++20.2, [a]546=++24.0, [a]436=++40.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =7.18 (d, Jo,m=8.2 Hz, 4H; 3-H, 5-H, Ar),
7.03 (d, Jo,m=8.2 Hz, 4H; 2-H, 6-H, Ar), 6.91 (s, 2H; NH-Ar), 5.51 (dd,
J3,4=4.8, J4,5=6.4 Hz, 2H; 4-H), 5.38 (t, J2,3=J3,4=4.8 Hz, 2H; 3-H), 5.28
(t, JNH-H1=JNH-H1’=6.0 Hz, 2H; NH-H-1,1’), 5.13 (ddd, J1,2=4.6, J1’,2=5.2,
J2,3=4.8 Hz, 2H; 2-H), 5.05 (ddd, J4,5=6.4, J5,6=3.6, J5,6’=5.6 Hz, 2H; 5-
H), 4.28 (dd, J5,6=3.6, J6,6’=12.4 Hz, 2H; 6-H), 4.12 (dd, J5,6’=5.6, J6,6’=
12.4 Hz, 2H; 6’-H), 3.82 (s, 2H; CH2 bridge), 3.55 (ddd, JNH-H1=6.0, J1,1’=
14.8, J1,2=4.6 Hz, 2H; 1-H), 3.35 (ddd, JNH-H1’=6.0, J1,1’=14.8, J1’,2=


5.2 Hz, 2H; 1’-H), 2.12, 2.08, 2.07, 2.05, 2.01 ppm (s, 30H; OAc);
13C NMR (100 MHz, CDCl3): d=170.8, 170.2, 169.9 (10C; acetates),
156.0 (2C; C=O, urea), 136.7 (2C; C-1, Ar), 136.5 (2C; C-4, Ar), 129.3
(4C; C-2, C-6, Ar), 120.7 (4C; C-3, C-5, Ar), 70.9 (2C; C-2), 69.2 (2C;
C-4), 69.0 (2C; C-3), 68.8 (2C; C-5), 61.5 (2C; C-6), 40.0 (3C; C-1, CH2


bridge), 20.8, 20.7, 20.6, 20.5 ppm (10C; acetates); IR (KBr): ñ =3386
(NH), 2960 (CH2), 1750 (C=O, acetate), 1655 (C=O, urea), 1600 (Ar),
1548 (NH, urea), 1512 (Ar), 1219 (C�O�C, ester), 1045 cm�1 (C�O);
HRMS (FAB): m/z calcd for C47H60N4O22Na: 1055.3597; found:
1055.3620.


N,N’-Decamethylenebis ACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-deoxy-d-glucitol-
1-yl)-N’’-methylurea] (41): Prepared by acetylation of the unprotected
derivative 30 in a yield of 41%. Further purification by preparative chro-
matography (EtOAc/MeOH, 1:1) gave the pure material; m.p. 68–69 8C;
[a]D=++7.6, [a]578=++7.6, [a]546=++9.0, [a]436=++16.6 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=5.45 (dd, J3,4=4.8, J4,5=6.4 Hz, 2H; 4-
H), 5.32 (dd, J2,3=6.4, J3,4=4.8 Hz, 2H; 3-H), 5.20 (ddd, J1,2=7.6, J1’,2=


4.4, J2,3=6.4 Hz, 2H; 2-H), 5.03 (ddd, J4,5=6,4, J5,6=3.2, J5,6’=5.8 Hz,
2H; 5-H), 4.70 (br s, 2H; NH), 4.30 (dd, J5,6=3.6, J6,6’=12.4 Hz, 2H; 6-
H), 4.12 (dd, J5,6’=5.6, J6,6’=12.4 Hz, 2H; 6’-H), 3.60 (dd, J1,1’=14.8, J1,2=


5.4 Hz, 2H; 1-H), 3.36 (dd, J1,1’=14.8, J1’,2=5.2 Hz, 2H; 1’-H), 3.19 (t,
4H; CH2-NH), 2.86 (s, 6H; CH3-N), 2.13, 2.09, 2.08, 2.05 (s, 30H; OAc),
1.49 (q, 4H; CH2-CH2-NH), 1.27 ppm (m, 12H; CH2);


13C NMR
(100 MHz, CDCl3): d=170.6, 170.3, 170.0, 169.9, (10C; acetates), 158.1
(2C; C=O, urea), 70.0 (2C; C-2), 69.3 (2C; C-4), 69.0 (2C; C-3), 68.9
(2C; C-5), 61.5 (2C; C-6), 48.8 (2C; C-1), 41.1 (2C; C-1’, C-10’), 35.6
(2C; CH3-N), 30.3 (2C; C-2’, C-9’), 29.5, 29.4 (4C; C-4’, C-5’, C-6’, C-7’),
26.9 (2C; C-3’, C-8’), 20.9, 20.8, 20.7, 20.6 ppm (10C; acetates); IR
(KBr): ñ=3435 (NH), 2937 (CH3), 2855 (CH2), 1752 (C=O, acetate),
1642 (C=O, urea), 1540 (NH, urea), 1218 (C�O�C, ester), 1049 cm�1 (C�
O); HRMS (FAB): m/z calcd for C46H74N4O22Na: 1057.4692; found:
1057.4730.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-deoxy-d-glucitol-
1-yl)-N’’-methylurea] (42): Prepared by acetylation of urea 33 in a yield
of 60% as a solid that was further purified by preparative chromatogra-
phy (EtOAc/hexane, 8:1); m.p. 116–117 8C; [a]D=++9.2, [a]578=++7.9,
[a]546=++10.8, [a]436=++18.8 (c=1.0 in CHCl3);


1H NMR (400 MHz,
CDCl3): d =7.35 (s, 4H; Ar), 6.83 (br s, 2H; NH-Ar), 5.48 (dd, J3,4=4.8,
J4,5=6.4 Hz, 2H; 4-H), 5.36 (t, J2,3=J3,4=4.8 Hz, 2H; 3-H), 5.25 (ddd,
J1,2=4.6, J1’,2=5.2, J2,3=4.8 Hz, 2H; 2-H), 5.04 (ddd, J4,5=6.4, J5,6=3.6,
J5,6’=5.6 Hz, 2H; 5-H), 4.31 (dd, J5,6=3.6, J6,6’=12.4 Hz, 2H; 6-H), 4.13
(dd, J5,6’=5.6, J6,6’=12.4 Hz, 2H; 6’-H), 3.71 (ddd, JNH-H1=6.0, J1,1’=14.8,
J1,2=4.6 Hz, 2H; 1-H), 3.43 (ddd, JNH-H1’=6.0, J1,1’=14.8, J1’,2=5.2 Hz,
2H; 1’-H), 3.01 (s, 6H; CH3-N), 2.14, 2.11, 2.10, 2.06, 2.03 ppm (s, 30H;
OAc); 13C NMR (100 MHz, CDCl3): d=170.5, 170.3, 169.9, 169.8, 169.7
(10C; acetates), 155.5 (2C; C=O, urea), 134.4 (2C; C-1, C-4, Ar), 120.5
(4C; Ar), 69.9 (2C; C-2), 69.0 (2C; C-4), 68.8 (2C; C-3), 68.6 (2C; C-5),
61.2 (2C; C-6), 48.8 (2C; C-1), 35.6 (2C; CH3-N), 20.6, 20.5, 20.4 ppm
(10C; acetates); IR (KBr): ñ=3402 (NH), 2964 (CH2), 1748 (C=O, ace-
tate), 1656 (C=O, urea), 1545 (NH, urea), 1517, 1408 (Ar), 1219 (C�O�
C, ester), 1044 cm�1 (C�O); elemental analysis calcd (%) for
C42H58N4O22: C 51.96, H 6.02, N 5.77; found: C 51.46, H 6.14, N 5.49.
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4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG[N’’-(2,3,4,5,6-penta-O-acetyl-1-
deoxy-d-glucitol-1-yl)-N’’-methylurea] (43): Prepared by acetylation of
compound 36 in a yield of 51%. The resulting solid was further purified
by preparative chromatography (EtOAc/hexane, 8:1); m.p. 111–112 8C;
[a]D=++7.4, [a]578=++7.0, [a]546=++8.8, [a]436=++17.2 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =7.33 (d, Jo,m=8.2 Hz, 4H; 3-H, 5-H, Ar),
7.07 (d, Jo,m=8.2 Hz, 4H; 2-H, 6-H, Ar), 6.81 (s, 2H; NH-Ar), 5.47 (dd,
J3,4=4.8, J4,5=6.4 Hz, 2H; 4-H), 5.36 (t, J2,3=J3,4=4.8 Hz, 2H; 3-H), 5.25
(ddd, J1,2=4.6, J1’,2=5.2, J2,3=4.8 Hz, 2H; 2-H), 5.03 (ddd, J4,5=6.4, J5,6=


3.6, J5,6’=5.6 Hz, 2H; 5-H), 4.30 (dd, J5,6=3.6, J6,6’=12.4 Hz, 2H; 6-H),
4.12 (dd, J5,6’=5.6, J6,6’=12.4 Hz, 2H; 6’-H), 3.87 (s, 2H; CH2 bridge),
3.71 (dd, J1,1’=14.8, J1,2=4.6 Hz, 2H; 1-H), 3.42 (dd, J1,1’=14.8, J1’,2=


5.2 Hz, 2H; 1’-H), 3.00 (s, 6H; CH3-N), 2.14, 2.10, 2.05, 2.03 ppm (s,
30H; OAc); 13C NMR (100 MHz, CDCl3): d =170.6, 170.1, 170.0, 169.9
(10C; acetates), 155.6 (2C; C=O, urea), 137.1 (2C; C-1, Ar), 136.1 (2C;
C-4, Ar), 129.2 (4C; C-2, C-6, Ar), 120.1 (4C; C-3, C-5, Ar), 70.1 (2C;
C-2), 69.3 (2C; C-4), 68.9 (2C; C-3), 68.8 (2C; C-5), 61.4 (2C; C-6), 49.0
(2C; C-1), 40.6 (CH2 bridge), 20.9, 20.8, 20.7, 20.6, 20.5 ppm (10C; ace-
tates); IR (KBr): ñ=3414 (NH), 2932 (CH3), 1749 (C=O, acetate), 1665
(C=O, urea), 1595 (NH, urea), 1518 (Ar), 1219 (C�O�C, ester),
1045 cm�1 (C�O); HRMS (FAB): m/z calcd for C49H64N4O22Na:
1083.3910; found: 1083.3904.


N,N’-Decamethylenebis ACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(acetoxymethyl)methyl]urea} (44): Pre-
pared by acetylation of the unprotected derivative 31 in a yield of 74%
yield as a solid that was recrystallized from ethyl acetate; m.p. 131–
132 8C; 1H NMR (400 MHz, [D6]DMSO): d=5.98 (br s, 2H; NH-CH2),
5.73 (s, 2H; NH-C), 4.25 (s, 12H; CH2-OAc), 2.93 (q, 4H; CH2-NH),
2.01 (s, 18H; OAc), 1.33 (q, 4H; CH2-CH2-NH), 1.23 ppm (m, 12H;
CH2);


13C NMR (100 MHz, [D6]DMSO): d=170.2, (6C; acetates), 157.2
(2C; C=O, urea), 62.9 (6C; CH2-OAc), 55.9 (2C; C-NH), 39.0 (2C; C-1’,
C-10’), 29.9 (2C; C-5’, C-6’), 29.1 (2C; C-4’, C-7’), 28.9 (2C; C-2’, C-9’),
26.5 (2C; C-3’, C-8’), 20.7 ppm (6C; acetates); IR (KBr): ñ =3355 (NH),
2926, 2855 (CH2), 1753 (C=O, acetate), 1628 (C=O, urea), 1572 (NH,
urea), 1233 (C�O�C), 1044 cm�1 (C�O); HRMS (FAB): m/z calcd for
C32H54N4O14Na: 741.3534; found: 741.3572.


N,N’-(1,4-Phenylene)bis ACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(acetoxymethyl)methyl]urea} (45): Pre-
pared by acetylation of urea 34 in a yield of 46% as a solid that was re-
crystallized from MeOH; m.p. 125–126 8C; 1H NMR (400 MHz,
[D6]DMSO): d=8.38 (s, 2H; NH-Ar), 7.22 (s, 4H; Ar), 6.24 (s, 2H; NH-
C), 4.33 (s, 12H; CH2-OAc), 2.05 ppm (s, 18H; OAc); 13C NMR
(100 MHz, [D6]DMSO): d=170.1 (6C; acetates), 154.5 (2C; C=O, urea),
134.0 (2C; C-1, C-4, Ar), 118.6 (4C; Ar), 61.9 (6C; CH2-OAc), 56.2 (2C;
C-NH), 20.6 ppm (6C; acetates); IR (KBr): ñ =3334 (NH), 1747 (C=O,
acetates), 1650 (C=O, urea), 1574 (NH, urea), 1511 (Ar), 1219 (C�O�C),
1048 cm�1 (C�O); elemental analysis calcd (%) for C28H38N4O14: C 51.37,
H 5.85, N 8.56; found: C 51.06, H 5.81, N 8.59.


4,4’-Methylene-N,N’-di(1,4-phenylene)bisACHTUNGTRENNUNG{N’’- ACHTUNGTRENNUNG[tris(acetoxymethyl)-
ACHTUNGTRENNUNGmethyl]urea} (46): Prepared by acetylation of the unprotected derivative
37 in a yield of 70% yield as a solid that was recrystallized from EtOH;
m.p. 143–144 8C; 1H NMR (400 MHz, [D6]DMSO): d=8.46 (s, 2H; NH-
Ar), 7.24 (d, Jo,m=8.4 Hz, 4H; 3-H, 5-H), 7.05 (d, Jo,m=8.2 Hz, 4H; 2-H,
6-H), 6.29 (s, 2H; NH-C), 4.32 (s, 12H; CH2-OAc), 3.76 (s, 2H; CH2


bridge), 2.04 ppm (s, 18H; OAc); 13C NMR (100 MHz, [D6]DMSO): d=


170.2 (6C; acetates), 154.5 (2C; C=O, urea), 137.8 (2C; C-1, Ar), 134.9
(2C; C-4, Ar), 128.9 (4C; C-2, C-6, Ar), 118.1 (4C; C-3, C-5, Ar), 62.6
(6C; CH2-OAc), 56.2 (2C; C-NH), 39.8 (CH2 bridge), 20.7 ppm (6C; ace-
tates); IR (KBr): ñ =3333 (NH), 1741 (C=O, acetates), 1649 (C=O, urea),
1603 (Ar), 1551 (NH, urea), 1512 (Ar), 1231 (C�O�C), 1046 cm�1 (C�
O); elemental analysis calcd (%) for C35H44N4O14: C 56.45, H 5.95, N
7.52; found: C 56.07, H 5.70, N 7.46.
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Diverse Reactions of 1,4-Dilithio-1,3-dienes with Nitriles: Facile Access to
Tricyclic D1-Bipyrrolines, Multiply Substituted Pyridines, Siloles, and ACHTUNGTRENNUNG(Z,Z)-
Dienylsilanes by Tuning of Substituents on the Butadienyl Skeleton


Nan Yu,[a] Congyang Wang,[a] Fei Zhao,[a] Lantao Liu,[b] Wen-Xiong Zhang,[a] and
Zhenfeng Xi*[a, c]


Introduction


Organolithium compounds have a prominent role as reac-
tive organometallic reagents throughout organic and inor-
ganic synthesis.[1] The addition reaction of organolithium
compounds to nitriles to give N-lithio ketimines is among
the fundamental processes of organometallic chemistry.
Generally, the intermolecular trapping of N-lithio ketimines
with organic halides or protons yields imines and ketones.[2]


N-Lithio ketimines can also be trapped with carbon monox-
ide to afford N-containing cyclic compounds.[3] Correspond-
ingly, the trapping of N-lithio ketimines with intramolecular
organic halides provides a useful route to construct N-con-
taining heterocycles such as pyridines.[4,5] However, trapping
N-lithio ketimines with intramolecular C=C bonds has
seldom been explored.[6,7]


The development of synthetically useful methods for the
preparation of N-containing heterocycles such as substituted
pyridines and D1-pyrrolines has continuously been an attrac-
tive research topic in synthetic chemistry, because D1-pyrro-


Abstract: Addition cyclization of
1,2,3,4-tetrasubstituted 1,4-dilithio-1,3-
dienes (Type I) with four equivalents of
various aromatic nitriles in the pres-
ence of hexamethylphosphoramide
(HMPA) gives exclusively fully substi-
tuted pyridines in moderate to good
yields. Similarly, trisubstituted pyri-
dines can be prepared by the reaction
of 2,3-dialkyl- or diaryl-substituted 1,4-
dilithio-1,3-dienes (Type II) with ni-
triles. However, five- or six-membered-
ring fused 2,3-disubstituted 1,4-dilithio-
1,3-dienes (Type III) reacted with vari-
ous aromatic and aliphatic nitriles with-
out a-hydrogen atoms to afford tricy-


clic D1-bipyrrolines in high yields. The
reaction of six-membered-ring fused
2,3-disubstituted 1,4-dilithio-1,3-diene
(Type III) with 2-cyanopyridine afford-
ed the corresponding pyridine, and no
tricyclic D1-bipyrroline was observed.
Seven-membered-ring fused dilithio-
dienes reacted with PhCN or trimethy-
lacetonitrile to afford the correspond-
ing pyridines in good yield. When
1,2,3,4-tetrasubstituted dilithio reagents


(Type I) were treated with Me3SiCN, a
tandem silylation/intramolecular substi-
tution process readily occurred to yield
siloles, whereas the reaction of 2,3-dis-
ubstituted dilithio reagents (Types II
and III) with Me3SiCN gave rise to
(Z,Z)-dienylsilanes with high stereose-
lectivity. These results revealed that
the formation of tricyclic D1-bipyrro-
lines, pyridines, siloles, and (Z,Z)-dien-
ylsilanes are strongly dependent on the
substitution patterns of the dilithio bu-
tadienes and the nature of the nitriles
employed.
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line derivatives in particular can serve as building blocks for
many biologically relevant compounds[8] and as important
synthetic intermediates in organic synthesis.[9] Among the
many synthetic methods for various substituted pyridines
and D1-pyrrolines,[10,11] the addition of organolithium com-
pounds to nitriles provides an alternatively efficient method.
There is only one report on the synthesis of D1-bipyrroline
by the reaction of the 2,3-dimethylenebutadiene dianion
with benzonitrile.[12] As far as we are aware, the synthesis of
tricyclic D1-bipyrrolines has not been reported.
We have recently found that addition cyclization of 1-


lithio-1,3-dienes with aromatic nitriles affords multiply sub-
stituted pyridines, pyrroles, and linear butadienyl imines, de-
pending on the substituents on the butadienyl skeleton.[7]


Herein we report reactions of various substituted dilithio re-
agents such as 1,2,3,4-tetrasubstituted 1,4-dilithio-1,3-dienes,
2,3-disubstituted 1,4-dilithio-1,3-dienes, and cyclic 2,3-disub-
stituted 1,4-dilithio-1,3-dienes (Scheme 1, Types I–III) with


nitriles to yield a series of substituted tricyclic D1-bipyrro-
lines, pyridines, siloles, and dienylsilanes that can not be
readily obtained by other means. In these processes, the sub-
stitution patterns on the butadienyl skeleton play a vital role
in determining the structure of the products. Furthermore,
cleavage of the Si�C bond in the SiCN moiety was ob-
served,[13] which is in contrast to the normal reaction pat-
tern, in which nitriles are attacked at the C�N bond by orga-
nolithium reagents. A portion of this work on the synthesis
of pyridines was communicated previously.[7a]


Results and Discussion


Formation of pyridines : Unlike the reaction of 1-lithio-1,3-
dienes with nitriles,[7a,b] an excess of nitrile is necessary to
ensure high-yield formation of pyridines from 1,4-lithio-1,3-
dienes because of self-cyclotrimerization of nitriles leading
to the formation of triazines as by-products.[14] To optimize
the reaction conditions, the reactions of 1,2,3,4-tetrapropyl-
1,4-dilithio-1,3-diene (1a), generated in situ by lithiation of
the corresponding 1,4-diiodo-1,3-diene,[15] with different
amounts of benzonitrile (PhCN) in the presence of hexame-
thylphosphoramide (HMPA) were conducted (Table 1).
When one equivalent of PhCN was employed, pyridine 2a
was isolated in only 16% yield along with triazine 3a in
49% yield. Simultaneously, diene 4a was recovered in 51%
yield, derived from hydrolysis of 1a. At least three equiva-
lents of PhCN are required for complete consumption of 1a.


However, 2a was isolated in 62% yield of in the presence of
four equivalents of PhCN.
Four equivalents of nitrile were then chosen as the stan-


dard amount for the present reaction. Representative results
are summarized in Tables 2 and 3. As shown in Table 2, a
wide range of aromatic nitriles react with 1,2,3,4-tetrasubsti-
tuted 1,4-dilithio-1,3-dienes (Type I) to afford fully substitut-
ed pyridines in moderate to good yields (Table 2). The aro-
matic C�Br bond could survive under the present conditions
(Table 2, entry 4), although it is vulnerable to organolithium
reagents. The reaction of PhCN with a tetrasubstituted di-
lithium compound having a fused six-membered ring gave
exclusively tetrahydroisoquinoline 2 j in a high yield
(Table 2, entry 9).
2,3-Dialkyl- and diaryl-substituted 1,4-dilithio-1,3-dienes 5


(Type II) can undergo smooth addition cyclization with aro-
matic nitriles to yield trisubstituted pyridines 6 (Table 3).
Heteroatom-containing nitriles such as 2-cyanopyridine
were also employed in this reaction to yield 2,2’-bipyridines
(Table 2, entry 8 and Table 3, entries 4–6). The reaction of
PhCN with dilithium reagent 5d having a seven-membered
ring in the 2,3-positions gave exclusively pyridine 6g in 56%
yield. The reaction of trimethylacetonitrile with dilithium 5d
gave exclusively pyridine 6h, although aliphatic nitriles with
a-hydrogen atoms were not suitable for this reaction, proba-
bly because of rapid protonolysis of the dilithium com-
pounds by the a-hydrogen atoms. However, when the di-
lithium compounds 5a,e were treated with trimethylacetoni-
trile, corresponding pyridines 6 i, j were isolated in 29 and
22% yield, respectively. After careful investigation into this
reaction, unexpected D1-bipyrrolines 7a,b were character-
ized (Scheme 2). However, attempts to obtain the D1-bipyr-
rolines as the only products by reaction of these dilithium
compounds (Types I and II) with trimethylacetonitrile were
unsuccessful.


Scheme 1. Variously substituted 1,4-dilithio-1,3-dienes.


Table 1. Reactions of 1,2,3,4-tetrapropyl-1,4-dilithio-1,3-diene with differ-
ent amount of nitrile.


Nitrile
ACHTUNGTRENNUNG[equiv]


Yield of
2a [%][a]


Yield of
3a [%][b]


Yield of
4a [%][a]


1 16 49 51
2 35 55 30
3 50 57 0
4 62 60 0


[a] Yield of isolated product. [b] Yield of isolated product calculated
based on nitrile.
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To gain insights into the mechanism of pyridine forma-
tion, 1a was allowed to react with 2-cyanopyrdine from
�130 to 35 8C in Et2O (Table 4). A mixture of pyridine 2 i


and cyclopentadienyl amine 8a was formed, even at temper-
ature as low as �130 8C, along with 1a. When the reaction
of 1a with 2-cyanopyrdine was carried out at �60 8C for 3 h
in the presence of HMPA, 1a was converted to 2 i and 8a.
Although the yield of 2 i increased with increasing reaction
temperature, the amount of 8a remained almost unchanged
between �130 and 35 8C. On the basis of these observations,
the reaction mechanisms shown in Scheme 3 are proposed.


Table 2. Reaction of 1,2,3,4-tetrasubstitued 1,4-dilithio-1,3-dienes with ar-
omatic nitriles.


Entry Nitrile Pyridine 2 Isolated
product
ACHTUNGTRENNUNG(yield [%])


1 2b (63)


2 2c (80)


3 2d (60)


4 2e (53)


5 2 f (58)


6 2g (55)


7 2h (57)


8 2 i (55)


9 2j (73)


Table 3. Reaction of 2,3-disubstituted 1,4-dilithio-1,3-dienes with aromat-
ic nitriles.


Entry Dilithium 5 Nitrile Pyridine 6 Isolated
product
ACHTUNGTRENNUNG(yield [%])


1 6a (60)


2 5a 6b (59)


3 6c (57)


4 5a 6d (86)


5 5b 6e (60)


6 6 f (58)


7 6g (56)


8 5d 6h (60)


Scheme 2. Reaction of 2,3-disubstituted 1,4-dilithio-1,3-dienes with trime-
thylacetonitrile.
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Addition of one lithium alkenyl bond to the nitrile gives the
N-lithio ketimine, which undergoes 5-exo cyclization to
afford the cyclopentadienyl amine via hydrolysis of the di-
lithium cyclopentadienyl amide. The intermediate N-lithio
ketimine reacts further with another equivalent of nitrile to
give dilithio bis-ketimine. Then 6-endo cyclization followed
by elimination of C,N-dilithioaldehyde imine yields a pyri-
dine derivative.


Formation of tricyclic D1-bipyrrolines : The reaction of
Type II dilithium reagents with trimethylacetonitrile yielded
a mixture of pyridines and unexpected D1-bipyrrolines
(Scheme 2). However, cyclic dilithio reagent 5c (Type III)
reacted with trimethylacetonitrile to afford exclusively tricy-
clic D1-bipyrroline 9a in 90% yield (Table 5, entry 1). Simi-
larly, 9b,c were easily prepared by reaction of 5c with 2-
ethyl-2-methylbutanenitrile and 1-adamantanecarbonitrile,
respectively (Table 5, entries 2 and 3). Aliphatic nitriles with


a-hydrogen atoms such as butyronitrile and acrylonitrile
were not suitable for the present reaction, presumably due
to rapid proton abstraction by the dilithium compounds.[12]


The reaction of trimethylacetonitrile with dilithium com-
pound 5 f having a five-membered ring in the 2,3-positions
gave tricyclic D1-bipyrroline 9d in 64% yield (Table 5,
entry 4). Besides aliphatic nitriles without a-hydrogen
atoms, a wide range of aromatic nitriles was suitable for the
formation of tricyclic D1-bipyrrolines. The reaction was not
affected by electron-withdrawing or -donating substituents
or their positions on the phenyl ring of an aromatic nitrile
(Table 5, entries 5–13). The aromatic C�Br bond could sur-
vive under the present reaction conditions. Traces of pyri-
dine derivatives were observed in some cases by gas chro-
matographic monitoring when aromatic nitriles were used.
The reactions in entries 1–4 of Table 5 involving aliphatic ni-
triles without a-hydrogen atoms gave similar yields of prod-
ucts with or without HMPA. In the other cases listed in
Table 5, good to high yields of products could be obtained
in the presence of HMPA, but without HMPA messy mix-
tures of products were obtained. In contrast to the synthesis
of pyridines (Tables 2 and 3), 2.4 rather than 4 equivalents
of organonitrile were used, because self-cyclotrimerization
of nitriles did not occur. No triazine derivatives were ob-
served.
2-Cyanopyridine was not suitable for the formation of a


tricyclic D1-bipyrroline. Conversely, the reaction of 2-cyano-
pyridine with dilithio reagent 5c gave exclusively pyridine
6 f (Table 3, entry 6). Although the reaction of five- and six-
membered-ring fused dilithio reagents with nitriles gave tri-
cyclic D1-bipyrrolines (Table 5), seven-membered-ring fused
dilithium compound 5d reacted with PhCN or trimethylace-
tonitrile to afford the corresponding pyridines in good yield
(Table 3, entries 7 and 8). All results for the formation of tri-
cyclic D1-bipyrrolines show that both the substituents in the
1,4-positions and the size of the fused ring in 1,4-dilithio-1,3-
diene play an important role in determining the structure of
the products.
Development of synthetically useful methods for N-con-


taining heterocycles, especially those with new central skele-
tons, has continuously been an attractive research topic in
synthetic chemistry, since they have diverse applications in
many areas. This work provides a very convenient and high-
yield method for the synthesis of unprecedented tricyclic D1-
pyrroline derivatives. Interesting applications of this new
type of D1-pyrroline derivatives can be expected.
An X-ray analysis of 9e revealed that two D1-pyrroline


rings and one cyclohexyl ring share one C�C single bond
(Figure 1).
A proposed mechanism for the formation of tricyclic D1-


bipyrrolines is shown in Scheme 4. Intermolecular nucleo-
philic addition of 5c to nitriles initially affords dilithio bis-
ketimines 10. The subsequent double 5-exo lithiation/cycliza-
tion of 10 proceeds in an intramolecular manner to give tri-
cyclic D1-bipyrroline 9 via protonolysis of 1-azaallylic dia-
nion 11.[16] Deuterated tricyclic D1-bipyrroline 9aD was iso-
lated in 85% yield with slightly less than two deuterium


Table 4. Formation of pyridine 2 i and cyclopentadienyl amine 8a.


T [8C] t [h] Yield of
2 i [%][a]


Yield of
8a [%][a]


Yield of
4a [%][a]


�130 1 39 19 25
�130 3 40 21 20
�78 1 50 23 14
�78 3 61 20 9
�60 1 67 16 5
�60 3 66 23 0
�30 1 70 17 0
0 1 71 20 0
20 1 73 18 0
35 1 72 21 0


[a] Determined by GC.


Scheme 3. Proposed mechanisms for the formation of pyridines.
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atoms in the methylene positions (endo :exo=2: 3) when the
tBu-substituted 1-azaallylic dianion was quenched with DCl/


D2O (20 wt%). Attempts to
isolate intermediate 10 or dia-
nion 11 failed.


Formation of siloles and (Z,Z)-
dienylsilanes : The reaction of
1,2,3,4-tetrapropyl-1,4-dilithio-
1,3-diene 1a (Type I) with
Me3SiCN yielded silole 12a in-
stead of the pyridine via cleav-
age of the Si�C bond of
Me3SiCN. Similarly, the reac-
tion of cyclic tetrasubstituted
dilithio reagent 1b with
Me3SiCN afforded silole 12b.
We recently reported that lith-
iation of 1-bromo-4-trisubstitut-
ed silyl-1,3-butadiene deriva-
tives with tBuLi gave substitut-
ed siloles in high yields.[17] We
also described the facile synthe-
sis of lithio siloles from silyl
1,4-dilithio-1,3-butadiene deriv-
atives.[18] By using Me3SiCN,
both silylation and intramolecu-
lar nucleophilic substitution can
be achieved in a one-pot proce-
dure to prepare siloles
(Scheme 5). This reaction is an
alternative convenient method
for the preparation of multiply
substituted siloles from 1,4-dili-
thio-1,3-dienes.
When 2,3-disubstituted 1,4-


dilithio-1,3-dienes 5 were treat-
ed with Me3SiCN, an interesting
double silylation reaction took
place to afford (Z,Z)-dienylsi-
lanes 13 with perfect stereose-
lectivity (Scheme 6).[15g] To the
best of our knowledge, synthe-
sis of (Z,Z)-dienylsilanes has
remained unexplored, although
(E,E)-dienylsilanes were pre-
pared previously by cyclization
of silyl-capped terminal diynes
mediated by low-valent organo-
metallic compounds of Group 4
metals.[15,19]


Conclusion


In summary, we have demon-
strated diverse reactions of 1,4-


dilithio-1,3-dienes with nitriles. Pyridines, tricyclic D1-bipyr-
rolines, siloles, and (Z,Z)-dienylsilanes can be readily pre-


Table 5. Reaction of 2,3-disubstituted cyclic 1,4-dilithio-1,3-dienes with nitriles.


Entry Nitrile Pyrroline 9 Isolated product
(yield [%])


1 9a (90)[a]


2 9b (81)[a]


3 9c (95)[a]


4 9d (64)[a]


5 9e (54)


6 9 f (53)


7 9g (57)


8 9h (52)


9 9 i (60)


10 9j (70)


11 9k (55)


12 9 l (56)


13 9m (55)


[a] Without HMPA.
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pared in good yields by using appropriate combination of di-
lithio reagents and nitriles. 1,2,3,4-Tetrasubstituted (Type I)
and 2,3-disubstituted dilithio reagents (Type II) react with
aromatic nitriles to provide pyridines in good yields. When
ring-fused dilithio reagents (Type III) reacted with aromatic
nitriles or aliphatic nitriles without a-hydrogen atoms, tricy-
clic D1-bipyrrolines were predominately formed. When tet-
rasubstituted dilithio reagents (Type I) were treated with
Me3SiCN, a tandem silylation/intramolecular substitution
process readily occurred to yield siloles, while the reaction
of 2,3-disubstituted dilithio reagents (Types II and III) with
Me3SiCN gave (Z,Z)-dienylsilanes with high stereoselectiv-
ity. These results reveal that the outcome of the reaction is
strongly dependent on the structure of the dilithio reagents
and the nature of the nitriles. Further investigations into ap-
plications of the novel tricyclic D1-bipyrrolines are under-
way.


Experimental Section


General : All reactions were conducted under a slightly positive pressure
of dry, prepurified nitrogen by using standard Schlenk line techniques
where appropriate. Unless otherwise noted, all starting materials were
commercially available and were used without further purification. Di-
ethyl ether was refluxed and distilled from sodium benzophenone ketyl
under a nitrogen atmosphere. All organolithium reagents were obtained
from Acros Organics. All the butadienyl iodides were synthesized by the
reported procedure. All yields refer to isolated products.[15]


1H and 13C NMR spectra were recorded at 300 and 75.4 MHz, respective-
ly, in CDCl3 solution containing 0.1% TMS on a JEOL JNM-AL300
NMR spectrometer.


CCDC-240170 (9e) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Typical procedure for the preparation of pyridines 2 from 1,2,3,4-tetra-
substituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol, 1.5m in pentane) was
added to a solution of 1,2,3,4-tetrasubstituted 1,4-diiodo-1,3-diene
(1.0 mmol) in diethyl ether (5 mL) at �78 8C. The reaction mixture was
then stirred at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene 1, which
was monitored by GC analysis or by TLC. HMPA (2.0 mmol) was then
added, and the reaction mixture was stirred at room temperature for
0.5 h. After addition of nitrile (4.0 mmol), the mixture was stirred at
room temperature for 3 h. The reaction mixture was then quenched with
saturated aqueous NaHCO3 and extracted with diethyl ether. The extract
was washed with brine and dried over MgSO4. The solvent was evaporat-


Figure 1. ORTEP drawing of one enantiomer of 9e with 30% thermal el-
lipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
[M] and angles [8]: N3�C38 1.293(3), C37�C38 1.516(3), C23�C37
1.524(3), C23�C28 1.545(3), N3�C28 1.496(3), N4�C30 1.285(2), C29�
C30 1.509(3), C28�C29 1.535(3), C23�C28 1.545(3), N4�C23 1.492(3);
C28-N3-C38 108.55(19), N3-C38-C37 114.9(2), C23-N4-C30 109.14(18),
N4-C30-C29 114.6(2).


Scheme 4. Proposed mechanism for the formation of the tricyclic D1-bi-
pyrrolines.


Scheme 5. Reaction of 1,2,3,4-tetrasubstituted 1,4-dilithio-1,3-dienes with
Me3SiCN.


Scheme 6. Reaction of 2,3-disubstituted 1,4-dilithio-1,3-dienes with
Me3SiCN.
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ed in vacuo to give a yellow oil, which was purified by column chroma-
tography (neutral Al2O3, hexane/Et2O=4:1) to afford pyridines 2a–j.


2a : Light yellow liquid, 62% yield (200 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.78 (t, J=7.2 Hz, 3H), 1.00 (t, J=7.2 Hz, 3H), 1.03–
1.20 (m, 6H), 1.31–1.42 (m, 2H), 1.48–1.64 (m, 4H), 1.68–1.81 (m, 2H),
2.47 (t, J=8.1 Hz, 2H), 2.54–2.69 (m, 4H), 2.74 (t, J=7.5 Hz, 2H), 7.23–
7.60 ppm (m, 5H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =14.4,
14.6, 14.9, 15.0, 23.7, 24.5, 24.6, 31.0, 31.4, 31.5, 37.5, 127.1, 128.0, 128.9,
131.2, 132.4, 142.4, 148.2, 156.5, 157.1 ppm; HRMS calcd for C23H33N:
323.2613, found: 323.2604.


2b : Light yellow liquid, 63% yield (212 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.79 (t, J=7.2 Hz, 3H), 0.99 (t, J=7.2 Hz, 3H), 1.03–
1.12 (m, 6H), 1.32–1.41 (m, 2H), 1.49–1.62 (m, 4H), 1.67–1.78 (m, 2H),
2.38 (s, 3H), 2.48 (t, J=8.1 Hz, 2H), 2.53–2.66 (m, 4H), 2.73 (t, J=


8.1 Hz, 2H), 7.18 (d, J=7.8 Hz, 2H), 7.18 ppm (d, J=8.1 Hz, 2H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=14.43, 14.57, 14.90, 15.02,
21.25, 23.65, 24.53, 24.58, 24.62, 30.98, 31.43, 31.48, 37.41, 128.62, 128.77,
131.24, 132.19, 136.66, 139.53, 148.18, 156.52, 157.08 ppm; HRMS calcd
for C24H35N: 337.2770, found: 337.2755.


2c : Light yellow liquid, 80% yield (282 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.79 (t, J=7.2 Hz, 3H), 0.98 (t, J=7.2 Hz, 3H), 1.03–
1.13 (m, 6H), 1.32–1.44 (m, 2H), 1.49–1.62 (m, 4H), 1.67–1.80 (m, 2H),
2.44–2.54 (m, 2H), 2.55–2.68 (m, 4H), 2.69–2.79 (m, 2H), 3.82 (s, 3H),
6.92 (d, J=8.4 Hz, 2H), 7.32 ppm (d, J=8.4 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=14.4, 14.6, 14.9, 15.0, 23.6, 24.5, 24.6,
31.0, 31.47, 31.51, 31.6, 37.5, 55.3, 113.4, 130.1, 131.3, 132.1, 135.2, 148.2,
156.2, 157.1, 158.8 ppm; HRMS calcd for C24H35NO: 353.2719, found:
353.2729.


2d : Light yellow liquid, 60% yield (202 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.79 (t, J=7.2 Hz, 3H), 0.97–1.10 (m, 9H), 1.34–1.40 (m,
2H), 1.51–1.61 (m, 4H), 1.69–1.77 (m, 2H), 2.37 (s, 3H), 2.44–2.49 (m,
2H), 2.57–2.63 (m, 4H), 2.72–2.77 (m, 2H), 7.12–7.26 ppm (m, 4H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=14.4, 14.6, 14.91, 15.0, 21.5,
23.8, 24.5, 24.60, 24.63, 31.0, 31.4, 31.5, 37.5, 125.8, 127.8, 127.9, 129.7,
131.2, 132.2, 137.4, 142.3, 148.2, 156.7, 157.1 ppm; HRMS calcd for
C24H35N: 337.2770, found: 337.2782.


2e : Light yellow liquid, 53% yield (213 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.81 (t, J=7.2 Hz, 3H), 0.98–1.10 (m, 9H), 1.35–1.38 (m,
2H), 1.50–1.60 (m, 4H), 1.71–1.73 (m, 2H), 2.43–2.48 (m, 2H), 2.57–2.62
(m, 4H), 2.71–2.76 (m, 2H), 7.26–7.55 ppm (m, 4H); 13C NMR (75 MHz,
CDCl3, TMS, 25 8C): d=14.4, 14.5, 14.9, 15.0, 23.7, 24.51, 24.53, 24.6, 31.0,
31.3, 31.4, 37.4, 122.2, 127.6, 129.5, 130.3, 131.2, 132.1, 132.9, 144.4, 148.5,
154.9, 157.4 ppm; HRMS calcd for C23H32N


79Br: 401.1718, found:
401.1723.


2 f : Light yellow liquid, 58% yield (231 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.82 (t, J=7.2 Hz, 3H), 1.01–1.11 (m, 9H), 1.39–1.47 (m,
2H), 1.52–1.62 (m, 4H), 1.72–1.80 (m, 2H), 2.25–2.45 (m, 2H), 2.52–2.64-
ACHTUNGTRENNUNG(m, 4H), 2.74–2.79 (m, 2H), 7.41–7.49 (m, 5H), 7.61–7.65 ppm (m, 3H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =14.5, 14.6, 14.9, 15.0, 23.7,
24.5, 24.6, 24.7, 31.0, 31.44, 31.5, 37.5, 126.8, 127.1, 128.7, 129.3, 131.3,
132.4, 139.9, 141.2, 141.5, 148.3, 156.1, 157.3 ppm; HRMS calcd for
C29H37N: 399.2926, found: 399.2939.


2g : Light yellow liquid, 55% yield (227 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.65 (t, J=7.2 Hz, 3H), 0.84 (t, J=7.2 Hz, 3H), 0.94 (t,
J=7.2 Hz, 3H), 1.04 (t, J=7.2 Hz, 3H), 1.11–1.19 (m, 4H), 1.50–1.54 (m,
2H), 1.64–1.67 (m, 2H), 1.99–2.04 (m, 2H), 2.22 (s, 3H), 2.39–2.42 (m,
2H), 2.46–2.56 (m, 2H), 2.75 (br s, 2H), 6.87–6.96 (m, 4H), 7.39 ppm (s,
4H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=14.1, 14.4, 14.5, 14.7,
20.9, 23.9, 24.0, 24.1, 24.7, 30.8, 30.9, 31.2, 37.2, 127.0, 127.7, 128.1, 129.27,
129.31, 130.0, 131.9, 132.1, 135.7, 138.5, 140.7, 140.8, 147.8, 156.1,
156.7 ppm; HRMS calcd for C30H39N: 413.3083, found: 413.3093.


2h : Light yellow liquid, 57% yield (213 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.60 (t, J=7.2 Hz, 3H), 0.98 (t, J=7.2 Hz, 3H), 1.06–
1.14 (m, 6H), 1.20–1.27 (m, 2H), 1.56–1.75 (m, 6H), 2.06–2.16 (m, 1H),
2.35–2.45 (m, 1H), 2.61–2.69 (m, 4H), 2.74–2.79 (m, 2H), 7.32–7.50 (m,
5H), 7.82–7.86 ppm (m, 2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C):
d=14.4, 14.6, 14.9, 15.0, 24.0, 24.62, 24.63, 24.7, 31.1, 31.5, 31.8, 37.5,


125.2, 125.5, 125.8, 126.0, 126.5, 127.7, 128.1, 132.3, 132.5, 132.7, 133.8,
139.6, 148.3, 155.2, 157.4 ppm; HRMS calcd for C27H35N: 373.2770,
found: 373.2768.


2 i : Light yellow liquid, 55% yield (178 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.78 (t, J=7.2 Hz, 3H), 1.00 (t, J=7.2 Hz, 3H), 1.04–
1.12 (m, 6H), 1.35–1.41 (m, 2H), 1.47–1.63 (m, 4H), 1.69–1.79 (m, 2H),
2.57–2.80 (m, 8H), 7.20–7.28 (m, 1H), 7.54–7.61 (m, 1H), 7.71–7.79 (m,
1H), 8.59–8.65 ppm (m, 1H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C):
d=14.4, 14.6, 14.9, 15.0, 23.5, 24.4, 24.5, 29.7, 30.6, 31.0, 31.3, 37.4, 122.1,
124.4, 132.0, 133.4, 136.4, 148.3, 148.7, 154.2, 157.1, 160.6 ppm; HRMS
calcd for C22H32N2: 324.2566, found: 324.2570.


2j : Light yellow liquid, 73% yield (234 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.76 (t, J=6.9 Hz, 3H), 0.93 (t, J=7.2 Hz, 3H), 1.16–
1.26 (m, 2H), 1.29–1.51 (m, 4H), 1.59–1.72 (m, 2H), 1.76–1.94 (m, 4H),
2.47 (t, J=7.5 Hz, 2H), 2.62–2.97 (m, 6H), 7.21–7.49 ppm (m, 5H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =13.6, 14.1, 22.6, 23.0, 23.1,
26.0, 26.6, 28.4, 31.4, 32.0, 35.1, 127.1, 128.0, 128.8, 129.0, 131.2, 142.2,
144.6, 155.5, 157.3 ppm; HRMS calcd for C23H31N: 321.2457, found:
321.2455.


Typical procedure for the preparation of pyridines 6a–h from 2,3-disub-
stituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol, 1.5m in pentane) was
added to a solution of 2,3-disubstituted 1,4-diiodo-1,3-diene (1.0 mmol)
in diethyl ether (5 mL) at �78 8C. The reaction mixture was then stirred
at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene 5, which was moni-
tored by GC analysis or by TLC. HMPA (2.0 mmol) was then added, and
the reaction mixture was stirred at room temperature for 0.5 h. After ad-
dition of nitrile (4.0 mmol), the mixture was stirred at room temperature
for 3 h. The reaction mixture was then quenched with saturated aqueous
NaHCO3 and extracted with diethyl ether. The extract was washed with
brine and dried over MgSO4. The solvent was evaporated in vacuo to
give a yellow oil, which was purified by column chromatography (neutral
Al2O3, hexane/Et2O=4:1) to afford pyridines 6a–h.


6a : Light yellow liquid, 60% yield (194 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.88–0.92 (m, 6H), 1.32–1.67 (m, 16H), 2.60–2.62 (m,
4H), 7.24–7.49 (m, 4H), 7.94–7.98 (m, 2H), 8.42 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =14.1, 22.61, 22.64, 29.3, 29.4, 29.8, 30.4,
31.0, 31.7, 32.2, 120.7, 126.7, 128.4, 128.6, 134.6, 139.7, 150.0, 150.3,
155.0 ppm. The NMR data are consistent with the reported data.[7b]


6b : Light yellow liquid, 59% yield (199 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.87–0.92 (m, 6H), 1.32–1.67 (m, 16H), 2.37 (s, 3H),
2.59–2.65 (m, 4H), 7.23–7.25 (m, 2H), 7.46 (s, 1H), 7.85–7.88 (m, 2H),
8.39 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =14.1, 21.2,
22.6, 22.6, 29.3, 29.4, 29.8, 30.4, 31.1, 31.7, 32.2, 120.3, 126.5, 129.3, 134.3,
136.9, 138.3, 149.9, 150.2, 155.0 ppm. The NMR data are consistent with
the reported data.[7b]


6c : Light yellow liquid, 57% yield (175 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=7.16–7.28 (m, 10H), 7.41–7.50 (m, 3H), 7.76 (s, 1H),
8.06 (d, J=3.6 Hz, 2H), 8.72 ppm (s, 1H); 13C NMR (75 MHz, CDCl3,
TMS, 25 8C): d =121.5, 126.9, 127.2, 127.8, 128.2, 128.3, 128.8, 129.0,
129.3, 129.8, 134.2, 137.6, 139.0, 148.5, 150.9, 156.4 ppm; HRMS calcd for
C23H17N: 307.1361, found: 307.1352.


6d : Light yellow liquid, 86% yield (279 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.87–0.92 (m, 6H), 1.26–1.71 (m, 16H), 2.64–2.71 (m,
4H), 7.24–7.28 (m, 1H), 7.75–7.81 (m, 1H), 8.18 (br s, 1H), 8.35–8.41 (m,
2H), 8.65–8.68 ppm (m, 1H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C):
d=14.1, 22.60, 22.62, 29.3, 29.5, 30.0, 30.5, 31.0, 31.7, 32.3, 120.8, 121.1,
123.3, 136.5, 136.8, 149.1, 150.0, 150.5, 153.7, 156.6 ppm. The NMR data
are consistent with the reported data.[7b]


6e : Light yellow solid, 60% yield (185 mg); m.p. 123–124 8C;; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=7.18–7.30 (m, 11H), 7.77–7.83 (m,
1H), 8.46–8.49 (m, 2H), 8.67–8.71 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3, TMS, 25 8C): d =121.1, 122.1, 127.3, 127.8, 128.2, 128.3, 129.4,
129.8, 135.7, 136.9, 137.6, 138.8, 148.7, 149.2, 150.5, 155.1, 155.9 ppm;
HRMS calcd for C22H16N2: 308.1314, found: 308.1308.


6 f : Orange liquid, 58% yield (122 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=1.77–1.79 (m, 4H), 2.73–2.79 (m, 4H), 7.19–8.64 ppm
(m, 6H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =22.2, 22.4, 26.0,
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28.7, 120.6, 120.9, 123.0, 133.2, 136.6, 146.8, 148.8, 149.7, 152.7,
156.3 ppm; HRMS calcd for C14H14N2: 210.1152, found: 210.1157.


6g : Orange liquid, 56% yield (125 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =1.63 (br s, 4H), 1.82–1.84 (m, 2H), 2.75–2.80 (m, 4H),
7.34–7.44 (m, 4H), 7.93–7.97 (m, 2H), 8.36 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =27.6, 28.0, 32.6, 32.9, 36.5, 120.7, 126.7,
128.4, 128.6, 137.2, 139.6, 149.2, 152.7, 155.6 ppm; HRMS calcd for
C16H17N: 223.1361, found: 223.1351.


6h : Orange solid, 60% yield (122 mg); m.p. 91–92 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.35 (s, 9H), 1.61–1.65 (m, 4H), 1.81–
1.86 (m, 2H), 2.72–2.76 (m, 4H), 7.04 (s, 1H), 8.24 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =27.7, 28.1, 30.3, 32.7, 32.9,
36.7, 36.8, 119.2, 135.3, 148.1, 152.0, 167.2 ppm; HRMS calcd for
C14H21N: 203.1674, found: 203.1670.


Typical procedure for the preparation of pyridines 6 i, j and D1-bipyrro-
lines 7a,b from 2,3-disubstituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol,
1.5m in pentane) was added to a solution of 2,3-disubstituted 1,4-diiodo-
1,3-diene (1.0 mmol) in diethyl ether (5 mL) at �78 8C. The reaction mix-
ture was then stirred at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene
5, which was monitored by GC analysis or by TLC. HMPA (2.0 mmol)
was then added, and the reaction mixture was stirred at room tempera-
ture for 0.5 h. After addition of nitrile (4.0 mmol), the mixture was
stirred at room temperature for 3 h. The reaction mixture was then
quenched with saturated aqueous NaHCO3 and extracted with diethyl
ether. The extract was washed with brine and dried over MgSO4. The sol-
vent was evaporated in vacuo to give a yellow oil, which was purified by
column chromatography (neutral Al2O3, hexane/Et2O=4:1) to afford
pyridines 6 i, j and D1-bipyrrolines 7a,b.


6 i : Light yellow liquid, 29% yield (88 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.88–0.92 (m, 6H), 1.29–1.43 (m, 9H, CH3; 12H, CH2),
1.51–1.62 (m, 4H), 2.54–2.60 (m, 4H), 7.07 (s, 1H), 8.28 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =14.0, 14.1, 22.6, 29.3, 29.4,
29.7, 30.3, 30.5, 31.0, 31.6, 31.7, 32.3, 36.8, 119.1, 132.7, 149.1, 149.3,
166.5 ppm; HRMS calcd for C21H37N: 303.2926, found: 303.2932.


6j : Light yellow liquid, 22% yield (54 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.92–0.99 (m, 6H), 1.35 (s, 9H), 1.40–1.45 (m, 4H),
1.47–1.61 (m, 4H), 2.55–2.60 (m, 4H), 7.08 (s, 1H), 8.28 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =13.9, 14.0, 22.7, 22.8, 29.3,
30.3, 32.0, 32.7, 33.2, 36.8, 119.1, 132.7, 149.1, 149.3, 166.5 ppm; HRMS
calcd for C17H29N: 247.2300, found: 247.2302.


7a : Light yellow liquid, 34% yield (132 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.88 (t, J=7.5 Hz, 6H), 1.08 (s, 18H), 1.27–1.77 (m,
20H), 2.50 (d, J=17.1 Hz, 2H), 2.99 ppm (d, J=17.1 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=14.1, 22.6, 25.1, 28.1, 30.1, 31.7, 35.2,
35.6, 45.9, 83.5, 181.1 ppm; HRMS calcd for C26H48N2: 388.3818, found:
388.3826.


7b : Light yellow liquid, 30% yield (100 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.89 (t, J=7.8 Hz, 6H), 1.09 (s, 18H), 1.27–1.77 (m,
12H), 2.50 (d, J=17.1 Hz, 2H), 2.99 ppm (d, J=17.1 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=14.0, 23.5, 27.4, 28.1, 34.9, 35.6, 45.9,
83.5, 181.2 ppm; HRMS calcd for C22H40N2: 332.3192, found: 332.3198.


Typical procedure for preparation of tricyclic D1-bipyrrolines 9 from
cyclic 2,3-disubstituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol, 1.5m in
pentane) was added to a solution of cyclic 2,3-disubstituted 1,4-diiodo-
1,3-diene (1.0 mmol) in diethyl ether (5 mL) at �78 8C. The reaction mix-
ture was then stirred at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene
5, which was monitored by GC analysis or by TLC. HMPA (2.0 mmol)
was then added, and the reaction mixture was stirred at room tempera-
ture for 0.5 h. After addition of nitrile (2.4 mmol), the mixture was
stirred at room temperature for 2 h. The above reaction mixture was
then quenched with saturated aqueous NaHCO3 and extracted with di-
ethyl ether. The extract was washed with brine and dried over MgSO4.
The solvent was evaporated in vacuo to give a yellow oil, which was puri-
fied by column chromatography (neutral Al2O3, hexane/Et2O=4:1) to
afford tricyclic D1-bipyrrolines 9a–m.


9a : White solid, 90% yield (247 mg); m.p. 92–93 8C; 1H NMR (300 MHz,
CDCl3, TMS, 25 8C): d=1.09 (br s, 18H, CH3; 4H, CH2), 1.61 (br s, 2H),


2.30 (d, J=6.0 Hz, 2H), 2.66 (d, J=17.1 Hz, 2H), 2.96 ppm (d, J=


17.1 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =20.9, 27.8,
32.6, 35.3, 43.0, 78.8, 181.0 ppm; HRMS calcd for C18H30N2: 274.2409,
found: 274.2402.


9aD : White solid, 85% yield (235 mg); m.p. 92–93 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.09 (br s, 18H, CH3; 4H, CH2), 1.61–
1.64 (m, 2H), 2.29 (d, J=6.0 Hz, 2H), 2.66 (brs, 0.8H, endo), 2.96 ppm
(br s, 1.2H, exo); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=21.0, 27.8,
32.6, 35.3, 42.66, 42.92, 43.18 (JCD=19.5 Hz), 78.8, 181.1 ppm; HRMS
calcd for C18H28N2D2: 276.2534, found: 276.2535.


9b : Colorless liquid, 81% yield (267 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.70–1.62( m, 18H, CH3; 14H, CH2), 2.34 (d, J=6.0 Hz,
2H), 2.60 (d, J=17.1 Hz, 2H), 2.97 ppm (d, J=17.1 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=8.6, 8.7, 20.9, 21.2, 31.9, 32.1, 33.5,
42.3, 43.6, 78.9, 179.8 ppm; HRMS calcd for C22H38N2: 330.3035, found:
330.3040.


9c : White solid, 95% yield (409 mg); m.p. 222–223 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=0.94–2.04 (m, 6H, CH; 30H, CH2),
2.27 (d, J=6.0 Hz, 2H), 2.59 (d, J=17.1 Hz, 2H), 2.94 ppm (d, J=


17.1 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =20.9, 28.0,
32.8, 36.6, 37.3, 40.0, 42.5, 78.1, 181.9 ppm; HRMS calcd for C30H42N2:
430.3348, found: 430.3350.


9d : Orange liquid, 64% yield (166 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=1.14 (s, 18H), 1.51–1.59 (m, 2H), 1.80–1.96 (m, 4H),
2.71(d, J=18.3 Hz, 2H), 2.83 ppm (d, J=18.3 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=24.8, 28.3, 35.6, 40.0, 47.0, 91.7,
182.3 ppm; HRMS calcd for C17H38N2: 260.2252, found: 260.2244.


9e : White solid, 54% yield (170 mg); m.p. 182–183 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.21–1.31 (m, 4H), 1.70–1.72 (m,
2H), 2.44–2.48 (m, 2H), 3.20 (d, J=17.1 Hz, 2H), 3.53 (d, J=17.1 Hz,
2H), 7.33–7.40 (m, 6H), 7.78–7.81 ppm (m, 4H); 13C NMR (75 MHz,
CDCl3, TMS, 25 8C): d=20.8, 33.0, 45.2, 80.3, 127.7, 128.3, 130.5, 134.5,
169.5 ppm; HRMS calcd for C22H22N2: 314.1783, found: 314.1779.


9 f : White solid, 53% yield (198 mg); m.p. 165–166 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.28 (br s, 4H), 1.68 (br s, 2H), 2.41–
2.44 (m, 2H), 3.14 (d, J=17.1 Hz, 2H), 3.48(d, J=17.1 Hz, 2H), 3.80 (s,
6H), 6.87 (d, J=7.0 Hz, 4H), 7.74 ppm (d, J=7.1 Hz, 4H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =20.8, 33.1, 45.3, 55.3, 80.1, 113.7, 127.4,
129.4, 161.5, 168.9 ppm; HRMS calcd for C24H26N2O2: 374.1994, found:
374.2003.


9g : White solid, 57% yield (195 mg); m.p. 122–123 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d =1.21–1.37 (m, 4H), 1.72 (br s, 2H),
2.44 (br s, 6H, CH3; 2H, CH2), 3.22 (d, J=17.9 Hz, 2H) , 3.39 (d, J=


17.9 Hz, 2H), 7.18–7.25 (m, 6H), 7.35–7.37 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=20.1, 32.9, 48.5, 80.6, 125.6, 128.3,
129.0, 131.0, 135.3, 136.5, 172.1 ppm; HRMS calcd for C24H26N2:
342.2096, found: 342.2102.


9h : White solid, 52% yield (178 mg); m.p. 167–168 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.27 (br s, 4H), 1.68 (br s, 2H), 2.33 ACHTUNGTRENNUNG(s,
6H), 2.38–2.46 (m, 2H), 3.18 (d, J=17.3 Hz, 2H), 3.51 (d, J=17.3 Hz,
2H), 7.16–7.26 (m, 4H), 7.52–7.55 (m, 2H), 7.66 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =20.8, 21.2, 33.0, 45.3, 80.3, 125.1, 128.1,
128.2, 131.2, 134.5, 138.0, 169.6 ppm; HRMS calcd for C24H26N2:
342.2096, found: 342.2090.


9 i : White solid, 60% yield (205 mg); m.p. 190–191 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d=1.28 (br s, 4H), 1.68 (br s, 2H), 2.34
(s, 6H), 2.43–2.46 (m, 2H), 3.17 (d, J=17.1 Hz, 2H), 3.50 (d, J=17.1 Hz,
2H), 7.16 (d, J=3.6 Hz, 4H), 7.68 ppm (d, J=3.8 Hz, 4H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =20.9, 21.4, 33.1, 45.3, 80.2, 127.7, 129.0,
131.9, 140.6, 169.4 ppm; HRMS calcd for C24H26N2: 342.2096, found:
342.2090.


9j : White solid, 70% yield (329 mg); m.p. 163–164 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d =1.18–1.32 (m, 4H), 1.69 (br s, 2H),
2.43–2.46 (m, 2H), 3.17 (d, J=17.1 Hz, 2H), 3.47 (d, J=17.1 Hz, 2H),
7.20–7.25 (m, 2H), 7.49–7.52 (m, 2H), 7.65–7.68 (m, 2H), 7.98 ppm (s,
2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=20.6, 32.8, 44.9, 80.5,
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122.6, 126.3, 129.8, 130.4, 133.3, 136.3, 168.3 ppm; HRMS calcd for
C22H20N2


79Br2: 469.9993, found: 470.0008.


9k : White solid, 55% yield (259 mg); m.p. 190–191 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d =1.21–1.30 (m, 4H), 1.70 (br s, 2H),
2.42–2.46 (m, 2H), 3.16 (d, J=17.1 Hz, 2H), 3.46 (d, J=17.1 Hz, 2H),
7.49 (d, J=8.4 Hz, 4H), 7.64 ppm (d, J=8.4 Hz, 4H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d=20.8, 32.9, 45.0, 80.6, 125.1, 129.3,
131.6, 133.3, 168.7 ppm; HRMS calcd for C22H20N2


79Br2: 469.9993, found:
469.9980.


9 l : Light yellow liquid, 56% yield (277 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.96–1.08 (m, 4H), 1.53–1.56 (m, 2H), 2.07–2.11 (m,
2H), 2.39 (s, 6H), 2.38 (d, J=18.0 Hz, 2H), 2.69 (d, J=18.0 Hz, 2H),
7.16–7.53 ppm (m, 16H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=


20.5 (2 CH2), 21.2, 32.2, 47.6, 80.2, 127.1, 128.9, 129.0, 129.2, 130.0, 135.8,
137.2, 138.4, 140.8, 173.4 ppm; HRMS calcd for C36H34N2: 494.2715,
found: 494.2722.


9m : White solid, 55% yield (228 mg); m.p. 185–186 8C; 1H NMR
(300 MHz, CDCl3, TMS, 25 8C): d =1.40–1.43 (m, 4H), 1.81 (br s, 2H),
2.57–2.61 (m, 2H), 3.46 (d, J=17.1 Hz, 2H), 3.71 (d, J=17.1 Hz, 2H),
7.42–7.48 (m, 6H), 7.62–7.65 (m, 2H), 7.81–7.86 (m, 4H), 8.74–8.77 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d =21.0, 32.9, 49.0,
80.9, 124.7, 125.9, 126.0, 126.9, 127.0, 128.2, 130.1, 130.9, 132.7, 133.8,
171.6 ppm; HRMS calcd for C30H26N2: 414.2096, found: 414.2099.


Typical procedure for the preparation of siloles 12 from 1,2,3,4-tetrasub-
stituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol, 1.5m in pentane) was
added to a solution of 1,2,3,4-tetrasubstituted 1,4-diiodo-1,3-diene
(1.0 mmol) in diethyl ether (5 mL) at �78 8C. The reaction mixture was
then stirred at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene 1, which
was monitored by GC analysis or by TLC. Me3SiCN (1.0 mmol) was then
added, and the reaction mixture was stirred at room temperature for
0.5 h. The reaction mixture was then quenched with saturated aqueous
NaHCO3 and extracted with diethyl ether. The extract was washed with
brine and dried over MgSO4. The solvent was evaporated in vacuo to
give a yellow oil, which was purified by column chromatography (neutral
Al2O3, hexane) to afford siloles 12.


12a : Colorless liquid, 92% yield (256 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.13 (s, 6H), 0.88–0.95 (m, 12H), 1.28–1.48 (m, 8H),
2.16–2.23 ppm (m, 8H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=


�3.26, 14.40, 14.60, 23.40, 23.97, 30.10, 31.84, 137.15, 152.30 ppm. The
NMR data are consistent with the reported data.[17]


12b : Colorless liquid, 94% yield (233 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.14 (s, 6H), 0.90 (t, J=7.2 Hz, 6H), 1.39–1.46 (m, 4H),
1.55–1.60 (m, 4H), 2.17 (t, J=7.8 Hz, 4H), 2.37 ppm (br s, 4H); 13C NMR
(75 MHz, CDCl3, TMS, 25 8C): d =�3.5, 14.6, 23.4, 23.7, 27.0, 31.0, 135.7,
148.8 ppm; HRMS calcd for C16H28Si: 248.1960, found: 248.1971.


Typical procedure for the preparation of (Z,Z)-dienylsilanes 13 from 2,3-
disubstituted 1,4-diiodo-1,3-dienes : tBuLi (4.0 mmol, 1.5m in pentane)
was added to a solution of 2,3-disubstituted 1,4-diiodo-1,3-diene-
ACHTUNGTRENNUNG(1.0 mmol) in diethyl ether (5 mL) at �78 8C. The reaction mixture was
then stirred at �78 8C for 1 h to generate 1,4-dilithio-1,3-diene 5, which
was monitored by GC analysis or by TLC. Me3SiCN (2.0 mmol) was then
added, and the reaction mixture was stirred at room temperature for
0.5 h. The above reaction mixture was then quenched with saturated
aqueous NaHCO3 and extracted with diethyl ether. The extract was
washed with brine and dried over MgSO4. The solvent was evaporated in
vacuo to give a yellow oil, which was purified by column chromatography
(neutral Al2O3, hexane) to afford (Z,Z)-dienylsilanes 13.


13a : Colorless liquid, 92% yield (337 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d =0.03 (s, 18H), 0.89 (t, J=6.6 Hz, 6H), 1.30–1.43 (m,
16H), 2.09–2.13 (m, 4H), 5.18 ppm (s, 2H); 13C NMR (75 MHz, CDCl3,
TMS, 25 8C): d=0.13, 14.1, 22.7, 27.4, 29.3, 31.9, 41.5, 121.5, 161.1 ppm;
HRMS calcd for C22H46Si2: 366.3138, found: 366.3136.


13b : Colorless liquid, 91% yield (319 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=�0.06 (s, 18H), 6.46 (s, 2H), 7.20–7.28 (m, 6H), 7.52–
7.54 ppm (m, 4H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=�0.39,
126.5, 127.6, 128.2, 128.9, 142.0, 154.3 ppm; HRMS calcd for C22H30Si2:
350.1886, found: 350.1881.


13c : Colorless liquid, 90% yield (227 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.05 (s, 18H), 1.50–1.56 (m, 2H), 1.87–1.91 (m, 2H),
2.17–2.36 (m, 4H), 5.13 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, TMS,
25 8C): d =0.3, 30.6, 45.1, 121.3, 161.4 ppm; HRMS calcd for C14H28Si2:
252.1730, found: 252.1733.


13d : Colorless liquid, 96% yield (255 mg); 1H NMR (300 MHz, CDCl3,
TMS, 25 8C): d=0.04 (s, 18H), 1.49–1.56 (m, 6H), 1.29–1.34 (m, 4H),
5.24 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, TMS, 25 8C): d=0.3, 27.5,
28.6, 43.0, 124.9, 160.7 ppm; HRMS calcd for C15H30Si2: 266.1880, found:
266.1886.
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An Hg2+-Gated Chiral Molecular Switch Created by Using Binaphthalene
Molecules with Two Anthracene Units and Two 1,3-Dithiole-2-thione (1,3-
Dithiole-2-one) Units


Cheng Wang,[a, b] Deqing Zhang,*[a] Guanxin Zhang,[a] Junfeng Xiang,[a] and
Daoben Zhu*[a]


Introduction


In biological systems the “activity” of one reaction site can
be regulated by the response of a remote reaction site to ex-
ternal chemical or physical signals. A number of artificial
systems mimicking these regulation phenomena in biological
systems have been designed and investigated.[1] For instance,
Mirkin et al. have very recently described allosterically regu-
lated supramolecular catalysis of acyl transfer reactions.[2]


These molecular regulation systems are not only interesting
for mimicking biological functions, but they are also appeal-
ing for the establishment of new molecular switches, in par-
ticular, gated molecular switches[3] and logic gates.[4] Herein,
we describe a new synthetic system exhibiting a remote reg-


ulation phenomenon in which the intramolecular photodi-
merization of two anthracene units is controlled by the
transformation of 1,3-dithiole-2-thione into 1,3-dithiole-2-
one in the presence of Hg2+ .
We have designed a new binaphthalene molecule (S)-1


(Scheme 1) featuring two anthracene units and two 1,3-di-
thiole-2-thione units to create a new molecular regulation
system and build a gated chiral molecular switch. Photodi-
merization of the two anthracene units can occur upon UV
light irradiation if their excited states are not quenched by
photoinduced energy-/electron-transfer processes, and the
photodimer can be dissociated upon further visible-light ir-
radiation or heating.[5,6] . According to our previous study,[7]


the excited state of anthracene can be quenched by 1,3-di-
thiole-2-thione, but not by 1,3-dithiole-2-one. When two an-
thracene units are connected to binaphthalene with a short
linker, a new circular dichroism (CD) signal due to the inter-
chromophoric exciton coupling was observed. Furthermore,
the corresponding CD spectrum can be reversibly modulat-
ed by alternating UV light irradiation and heating, as de-
scribed by us very recently.[8a] As the design rationale in
Scheme 1 illustrates, the photodimerization of the two an-
thracene units within (S)-1 cannot occur efficiently, due to
the quenching effect of 1,3-dithiole-2-thione. However, the
excited states of the anthracene units of (S)-2 are not
quenched by the 1,3-dithiole-2-one units; accordingly, the
photodimerization of the two anthracene units can take


Abstract: By integrating the features of
anthracene, 1,3-dithiole-2-thione, and
binaphthalene units, (S)-1 and its ana-
logue (S)-2, which contains two 1,3-di-
thiole-2-one units instead of 1,3-di-
thiole-2-thione, were studied for creat-
ing a new molecular regulation system
and building a gated chiral molecular
switch. The results show that the pho-


todimerization is controlled by the
remote functional-group transforma-
tion of C=S into C=O, thus providing
an elegant example of molecular regu-


lation. The photodimerization of two
anthracene units induces circular di-
chroism (CD) spectral variation. Over-
all, the CD spectrum can be remotely
modulated by Hg2+ in (S)-1, which
leads to an Hg2+-gated chiral molecu-
lar switch.
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place, which leads to the reversible modulation of the CD
spectrum of (S)-2 by UV light irradiation and heating. The
1,3-dithiole-2-thione units of (S)-1 can be transformed into
the 1,3-dithiole-2-one units upon reaction with Hg2+ ; as a
result, the photodimerization takes place easily. Therefore,
the photodimerization of two anthracene units within (S)-1
is remotely regulated by the transformation of 1,3-dithiole-
2-thione into 1,3-dithiole-2-one in the presence of Hg2+ . Ac-
cordingly, a new Hg2+-gated chiral molecular switch is con-
structed with (S)-1. But it should be noted that the transfor-
mation of 1,3-dithiole-2-thione units into the 1,3-dithiole-2-
one units with Hg2+ is irreversible.


Results and Discussion


The synthesis of compounds (S)-1 and (S)-2 was performed
following the procedure shown in Scheme 2. After reduc-
tion, bromination, and de-ethyloxylation, compound (S)-5
could be converted into compound (S)-8, which reacted with
4-(2-cyanoethylthio)-1,3-dithiole-2-thione in the presence of
CsOH to produce (S)-9. Through a Mitsunobu reaction,
compound (S)-1 was synthesized. Accordingly, (S)-2 was
prepared through a reaction of (S)-1 with HgACHTUNGTRENNUNG(AcO)2 at
room temperature. The chemical structures of (S)-1, (S)-2,
(S)-6, (S)-7, and (S)-9 were established by NMR spectrosco-
py, MS, and HRMS data, and their optical rotation values
were measured. All compounds should retain the S configu-
ration.[9]


Scheme 1. Chemical structures of (S)-1 and (S)-2 and the schematic rep-
resentation of the design rationale.


Scheme 2. The chemical structures and the synthetic approach: a) K2CO3, C2H5I, acetone, reflux, 95%; b) Br2, CH3CN, 0 8C, 96%; c) nBuLi, DMF,
�78 8C, 53%; d) NaBH4, THF/C2H5OH, 97%; e) PBr3, pyridine, CH2Cl2, 0 8C, 82%; f) BBr3, CH2Cl2; g) 4-(2-cyanoethylthio)-1,3-dithiole-2-thione,
CsOH, THF, 84%; h) DEAD, PPh3, THF, 9-(3-hydroxylpropoxy)anthracene, 36%; i) Hg ACHTUNGTRENNUNG(AcO)2, CH2Cl2, 85%.
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Figure 1 shows the fluorescence spectra of (S)-1 and (S)-
2.[10] Clearly, (S)-2 with the 1,3-dithole-2-one units exhibits
stronger fluorescence than (S)-1 with the 1,3-dithole-2-


thione units. Moreover, the fluorescence spectral shapes of
(S)-1 and (S)-2 are almost the same as that of 9-(3-hydroxyl-
propoxy)anthracene (10, Scheme 3; see Figure S1 in the


Supporting Information), which indicates that there is no
anthracene excimer emission from (S)-1 and (S)-2 under the
present conditions. The fluorescence quantum yield of (S)-1
was lower (0.022) than that of (S)-2 (0.11).[10] The fluores-
cence decays of (S)-1 and (S)-2 were recorded (see Fig-
ACHTUNGTRENNUNGures S2 and S3 in the Supporting Information). The fluores-
cence decay of (S)-1 was well fitted to a double-exponential
function leading to two lifetimes (0.37 and 3.43 ns),[11]


whereas that of (S)-2 could be fitted to a single-exponential
function and the fluorescence lifetime was estimated to be
3.54 ns (see Table 1). Clearly, the fluorescence lifetime of
(S)-2 is longer than those of (S)-1. These results are in
agreement with the fact that (S)-2 shows stronger fluores-
cence than (S)-1.
To understand the fluorescence intensity difference be-


tween (S)-1 and (S)-2, the absorption and fluorescence spec-
tra as well as the redox potentials of reference compounds


(S)-11, 12, and 13 (Scheme 3) were measured (see the Sup-
porting Information). On the one hand, as displayed in Fig-
ure S4 of the Supporting Information, there is an overlap
between the fluorescence spectrum of (S)-11 and the ab-
sorption spectrum of 12, which has a 1,3-dithiole-2-thione
unit, whereas there is no corresponding spectral overlap for
(S)-11 and 13, which has a 1,3-dithiole-2-one unit. Therefore,
the photoinduced energy-transfer process should contribute
to the fluorescence quenching of (S)-1. On the other hand,
the DG values for the photoinduced electron-transfer (PET)
reaction from anthracene to 1,3-dithiole-2-thione units
within (S)-1 and from 1,3-dithiol-2-one to anthracene units
within (S)-2 were calculated to be �0.43 and 0.18 eV, re-
spectively, based on the redox potentials of (S)-11, 12, and
13 (see the Supporting Information). Accordingly, the PET
reaction within (S)-1 may also contribute to the fluorescence
quenching. In short, both photoinduced electron- and
energy-transfer processes may be responsible for the differ-
ent fluorescence properties of (S)-1 and (S)-2. This conclu-
sion is consistent with our previous study.[7]


Figure 2 shows the variation of the absorption spectra of
(S)-2 after UV light (l=365 nm) irradiation for different pe-
riods. The intensities of the absorption band of (S)-2 around
257 nm and those in the range 340 to 400 nm decreased
gradually after exposure to UV light irradiation. This ab-
sorption spectral change indicates the photodimerization of
two anthracene units according to previous studies.[5,8a] It
was reported that the possible photoaddition between an-
thracene and naphthalene units could not occur under the


Figure 1. The normalized fluorescence spectra of compounds (S)-1 (1.0N
10�5m) and (S)-2 (1.0N10�5m) in THF; lex=370 nm.


Scheme 3. The chemical structures of reference compound 10 and (S)-11,
12, and 13.


Figure 2. The absorption spectra of (S)-2 (1.0N10�5m in THF) after UV
light (365 nm) irradiation for different periods of time (the arrow indi-
cates increasing UV light irradiation from 0 to 80 s). The inset shows the
absorption spectra of (S)-2 (1.0N10�5m in THF) a) before and b) after
UV light irradiation for 90 s, and c) after further heating at 60 8C for 40 s.


Table 1. The fluorescence lifetimes of (S)-1 (1.0N10�5m in dry THF) and
(S)-2 (1.0N10�5m in dry THF) with excitation and observation wave-
lengths at 370 and 420 nm, respectively.


Fluorescence lifetime [ns]


compound (S)-1 0.37�0.0129 (83.98%), 3.43�0.0928 (16.02%)[a]


compound (S)-2 3.54�0.00769 (100%)[b]


[a] c2=1.26 (c2 for (S)-1 is the difference between the experimental fluo-
rescence decay and the theoretical double-exponential function). [b] c2=


1.042. (c2 for (S)-2 is the difference between the experimental fluores-
cence decay and the theoretical single-exponential function).
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present conditions.[8a] By heating, at 60 8C for 40 s, the solu-
tion of (S)-2 after exposure to UV light for 90 s, the absorp-
tion spectrum of (S)-2 could be recovered as shown in the
inset of Figure 2. The absorption spectrum of (S)-1, howev-
er, remained almost unchanged after UV light irradiation, in
particular, the absorption bands in the range 340 to 400 nm
(see Figure 3), as for (S)-2. The different behavior of (S)-2


and (S)-1 in photodimerization of two anthracene units is at-
tributable to the fact that 1,3-dithiole-2-thione units are able
to quench the excited states of anthracene units, but the 1,3-
dithiole-2-one units are not.[7]


After UV light irradiation, a new singlet signal in the
1H NMR spectrum at d=4.4 ppm was detected for the solu-
tion of (S)-2 in CDCl3 (1.0N10�4m). This is due to the
bridgehead protons of the photodimer according to previous
studies (see Figure S5 in the Supporting Information).[12] Be-
cause of the steric strain, it is expected that the head-to-
head (h–h) photodimer would be formed for (S)-2. Prelimi-
nary theoretical calculation also indicates that the h–h pho-
todimer is more stable than the head-to-tail (h–t) photodi-
mer. The intensity of the signal at d=4.4 ppm was increased
by prolonging the irradiation time. However, this new sin-
glet signal disappeared after the solution, which had been
exposed to UV light, was left at room temperature for
30 min. (see Figure S5). This result shows that the photodi-
mer can be easily dissociated at room temperature. The ab-
sorption and fluorescence spectral studies for (S)-2 are in
agreement with 1H NMR spectroscopy studies (see Fig-
ure S7). Therefore, it becomes extremely difficult to isolate
the photodimer compound of (S)-2.
Photodimerization upon UV light irradiation also altered


the CD spectrum of (S)-2 (Figure 4A). Aside from the CD
signals due to the binaphthalene framework, a new CD
signal at around 258 nm was detected, which can be attribut-
ed to the interchromophoric exciton coupling, as described
by us recently.[8a] This new CD signal disappeared after the
photodimerization of two anthracene units induced by UV
light irradiation. Moreover, the CD signals owing to the bi-
naphthalene framework were slightly blueshifted and the in-
tensities around 240 and 250 nm increased after UV light ir-


radiation. Interestingly, the CD spectrum of (S)-2 can be re-
stored after further heating at 60 8C for 40 s, which is in ac-
cordance with the absorption spectral change observed for
(S)-2 after UV light irradiation and heating. The inset of
Figure 4A shows the reversible variation of the CD signal
intensity at 258 nm after alternating UV light irradiation
and heating. Therefore, the CD spectrum of (S)-2 can be re-
versibly modulated by alternating UV light irradiation and
heating. In comparison, the variation of the CD spectrum of
(S)-1 is negligible (see Figure 4B). This is understandable
because the photodimerization of two anthracene units of
(S)-1 cannot take place easily due to the quenching effect of
the 1,3-dithiole-2-thione units.[7] Accordingly, (S)-2 can be
employed to construct a chiral molecular switch, whereas
(S)-1 cannot.
1,3-Dithiole-2-thione can be easily converted to 1,3-di-


thiole-2-one by reaction with Hg2+ at room temperature
(but the transformation is irreversible!); thus (S)-1 can be
transformed into (S)-2 in the presence of Hg2+ .[13] After the
addition of Hg2+ , the fluorescence of the solution of (S)-1 is
enhanced significantly (Figure 5).[13] This is simply due to
the transformation of 1,3-dithiole-2-thione units into 1,3-di-
thiole-2-one units. As a result, the photodimerization of an-
thracene units within (S)-1 is facilitated in the presence of
Hg2+ , as indicated by its absorption spectral variation after
UV light (l=365 nm) irradiation in the presence of six
equivalents of Hg2+ (Figure 6A). Thus, it may be concluded
that the excited states of the anthracene units of (S)-1 are


Figure 3. The absorption spectra of (S)-1 (1.0N10�5m in THF) after UV
light (365 nm) irradiation for different periods of time (the arrow indi-
cates increasing UV light irradiation from 0 to 80 s).


Figure 4. A) The CD spectra of (S)-2 (1.0N10�5m in THF) a) before and
b) after UV light irradiation for 90 s, and c) after further heating for 40 s
at 60 8C. The inset shows the reversible variation of the new CD signal in-
tensity at 258 nm after alternating UV light irradiation and heating.
B) The CD spectra of (S)-1 (1.0N10�5m in THF) a) before and b) after
UV light (365 nm) irradiation for 90 s.
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“activated” in the presence of Hg2+ , which induces the
transformation of the 1,3-dithiole-2-thione units into 1,3-di-
thiole-2-one units. Reversible CD spectral variation is de-
tected for (S)-1 in the presence of Hg2+ , as observed for
(S)-2 ; the CD spectral changes are detected for both the CD
signals due to the binaphthalene unit and the new CD signal
due to the interchromophoric exciton coupling (Figure 6B).
Similarly, the CD spectral variation for (S)-1 in the presence
of Hg2+ can be reversibly carried out, as demonstrated in
the inset of Figure 6B, in which the reversible variation of
the CD signal intensity at 258 nm is displayed after alternat-
ing UV light and heating. Therefore, a chiral molecular


switch can be constructed with (S)-1, but only in the pres-
ence of Hg2+ . This is an Hg2+-gated chiral molecular switch.


Conclusion


In summary, we report a new binaphthalene molecule (S)-1,
which integrates two anthracene units and two 1,3-dithiole-
2-thione units into the binaphthalene framework, and its an-
alogue (S)-2, which contains two 1,3-dithiole-2-one units in-
stead. Compounds (S)-1 and (S)-2 exhibit big differences in
terms of fluorescence, photodimerization, and CD spectral
modulation, although they are different only in two atoms.
The photodimerization of two anthracene units within (S)-1
can occur efficiently only in the presence of Hg2+ ; that is to
say, the photodimerization is controlled by the remote func-
tional-group transformation of C=S into C=O, thus provid-
ing an elegant example of molecular regulation. On the
other hand, reversible CD spectral modulation can be ach-
ieved for (S)-1 only in the presence of Hg2+ , which leads to
an Hg2+-gated chiral molecular switch.


Experimental Section


General : Melting points were measured by using an XT4-100X apparatus
and are uncorrected. 1H and 13C NMR spectra were recorded by using
Bruker 300, 400, and 600 MHz spectrometers. MS spectra were deter-
mined by using a BEFLEX III system for TOF-MS and an AEI-MS 50
system for EIMS. HRMS data were determined by using an FTICR-
APEX instrument. Optical rotation values were measured at 20 8C using
the sodium D line (l=589 nm). CD spectra were recorded by using a
Jasco J-815 spectrophotometer; the scan rate was 200 nmmin�1 and all of
the spectra were accumulated twice. Absorption spectra were recorded
by using a Hitachi (model U-3010) UV/Vis spectrophotometer. Fluores-
cence spectral measurements were carried out by using a Hitachi (model
F-4500) spectrophotometer. Fluorescence decays were recorded by using
an Edinburgh Analytical Instruments (FLS920) apparatus; the fluores-
cence lifetimes were estimated by fitting the fluorescence decays. Differ-
ential pulse voltammetry measurements were carried out by using an
EGDG PAR 370 system. All the spectral experiments were carried out
under ambient conditions in a 1 cm quartz cell with spectroscopic grade
THF as the solvent, and for the fluorescence decay measurement spectro-
scopic grade tetrathiafulvalene (TTF) was carefully dried and distilled
before use. For the ultraviolet light irradiation experiment, a 100 W high-
pressure mercury lamp (l=365 nm) was used. All solvents were purified
and dried following standard procedures unless otherwise stated. Com-
pounds (S)-3, (S)-4, and (S)-5 were synthesized according to the litera-
ture.[14] 4-(2-Cyanoethylthio)-1,3-dithiole-2-thione was also synthesized
according to the literature.[15]


Synthesis of (S)-(�)-6,6’-bis(hydroxymethyl)-2,2’-diethoxy-1,1’-binaphthyl
((S)-6): Compound (S)-6 was synthesized according to the literature.[16]


M.p. 101–102 8C; [a]20D =�20.1 (c=1.99 in CH2Cl2);
1H NMR (400 MHz,


CDCl3, 25 8C, TMS): d=7.92 (d, J=9.0 Hz, 2H), 7.82 (s, 2H), 7.42 (d, J=


9.0 Hz, 2H), 7.19 (d, J=8.7 Hz, 2H), 7.11 (d, J=8.7 Hz, 2H), 4.77 (s,
4H), 4.04–4.00 (m, 4H), 1.73 (s, 2H), 1.05 ppm (t, J=6.9 Hz, 6H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=154.2, 135.9, 135.5, 129.1,
129.0, 125.7, 125.64, 125.61, 120.5, 115.9, 65.1, 64.9, 14.9 ppm; HRMS:
m/z calcd for C26H26O4: 402.1831 [M]+; found 402.1834.


Synthesis of (S)-(+)-6,6’-bis(bromomethyl)-2,2’-diethoxy-1,1’-binaphthyl
((S)-7): Compound (S)-7 was synthesized according to the literature.[16]


M.p. 163–165 8C; [a]20D =++41.1 (c=2.05 in CH2Cl2);
1H NMR (400 MHz,


CDCl3, 25 8C, TMS): d=7.91 (d, J=9.0 Hz, 2H), 7.85 (s, 2H), 7.42 (d, J=


Figure 5. The normalized fluorescence spectra of compound (S)-1 (1.0N
10�5m, THF/CH2Cl2) a) before and b) after reaction with 6.0 equiv of Hg-
ACHTUNGTRENNUNG(AcO)2; lex=370 nm.


Figure 6. The absorption (A) and CD (B) spectra of (S)-1 (1.0N10�5m in
THF) after reaction with 6.0 equiv of Hg ACHTUNGTRENNUNG(AcO)2 a) before and b) after
UV light irradiation for 90 s, and c) after further heating for 40 s at 60 8C;
the inset shows the reversible variation of the new CD signal intensity at
258 nm after alternating UV light irradiation and heating (S)-1 after reac-
tion with Hg2+ .
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9.0 Hz, 2H), 7.22 (d, J=8.7 Hz, 2H), 7.08 (d, J=8.8 Hz, 2H), 4.64 (s,
4H), 4.05 (q, J=7.0 Hz, 4H), 1.07 ppm (t, J=7.0 Hz, 6H); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=154.0, 132.9, 131.5, 128.4, 127.8, 127.1,
126.2, 125.3, 119.2, 114.9, 64.0, 33.6, 14.0 ppm; HRMS: m/z calcd for
C26H24O2Br2: 526.0143 [M]+ , 528.0123 [M+2]+ , 530.0102 [M+4]+ ; found:
526.0144 [M]+ , 528.0128 [M+2]+ , 530.0106 [M+4]+ .


Synthesis of (S)-6,6’-bis(bromomethyl)-1,1’-binaphthol ((S)-8): A solution
of BBr3 (18 mL, 1 molL


�1 in CH2Cl2) was added dropwise to a stirred so-
lution of (S)-7 (1.45 g, 2.75 mmol) in anhydrous CH2Cl2 (50 mL) at 0 8C
under a nitrogen atmosphere. The mixture was stirred overnight. After
carefully adding saturated NaHCO3 solution to the mixture, the solution
was extracted with dichloromethane (3N100 mL). The combined extracts
were washed with saturated aqueous NaCl (2N30 mL), dried (Na2SO4),
and concentrated in vacuum to obtain (S)-8 as a white solid (1.10 g). The
crude product was used directly for the next reaction step.


Synthesis of (S)-9 : A solution of CsOH·H2O (0.24 g, 1.40 mmol) in anhy-
drous degassed CH3OH (3 mL) was added over a period of 10 min to a
solution of 4-(2-cyanoethylthio)-1,3-dithiole-2-thione (0.31 g, 1.40 mmol)
in anhydrous degassed THF (40 mL) under a nitrogen atmosphere. The
mixture was stirred for an additional 1 h and then (S)-8 (0.28 g,
0.60 mmol) was added to the mixture. The solution was stirred overnight.
After separation by column chromatography on silica gel using CH2Cl2
as eluent, (S)-9 was obtained as a red powder (0.32 g, 84%). M.p. 108–
110 8C; [a]20D =++124.8 (c=2.02 in CH2Cl2);


1H NMR (400 MHz, CDCl3,
25 8C, TMS): d =7.94 (d, J=8.9 Hz, 2H), 7.71 (s, 2H), 7.41 (d, J=8.9 Hz,
2H), 7.24 (2H, m), 7.10 (d, J=8.6 Hz, 2H), 6.82 (s, 2H), 5.09 (s, 2H),
4.13 ppm (s, 4H); 13C NMR (150 MHz, CDCl3, 25 8C): d=213.0, 152.2,
134.3, 131.9, 131.8, 130.6, 130.3, 128.2, 127.5, 127.2, 124.1, 117.5, 109.9,
40.7 ppm; HRMS: m/z calcd for C28H18O2S8Na: 664.89647 [M+Na]+ ;
found: 664.89646.


Synthesis of (S)-1: A mixture of 9-(3-hydroxylpropoxy)anthracene
(0.20 g, 0.80 mmol) and azodicarboxylic acid diethyl ester (DEAD,
0.14 mL, 0.80 mmol) in anhydrous THF (2 mL) was added dropwise to a
stirred solution of (S)-9 (64.2 mg, 0.10 mmol) and triphenylphosphine
(0.21 g, 0.80 mmol) in anhydrous THF (8 mL) under a nitrogen atmos-
phere. The reaction mixture was then slowly heated to reflux. After
being kept under reflux for 5 h, the mixture was cooled to room tempera-
ture. Then the solvent was removed under vacuum and the residue was
purified by column chromatography on silica gel with CH2Cl2/petroleum
ether (60–90 8C) (1:1, v/v) as eluent to give (S)-1 as a yellow-green solid
(0.04 g, 36%). M.p. 85–87 8C; [a]20D =�47.5 (c=1.01 in CH2Cl2);


1H NMR
(600 MHz, CDCl3, 25 8C, TMS): d=8.24 (s, 2H), 8.02 (d, J=8.5 Hz, 4H),
7.92 (d, J=8.7 Hz, 4H), 7.46 (t, J=7.0 Hz, 4H), 7.39 (d, J=9.0 Hz, 2H),
7.32 (d, J=7.8 Hz, 4H), 7.18 (d, J=9.0 Hz, 2H), 7.04 (s, 2H), 6.97 (d, J=


8.7 Hz, 2H), 6.76 (d, J=8.8 Hz, 2H), 6.42 (s, 2H), 4.18–4.12 (m, 4H,),
3.62 (m, 4H), 3.42 (t, J=6.9 Hz, 4H), 2.11 ppm (m, 4H);13C NMR
(150 MHz, CDCl3, 25 8C, TMS): d=213.1, 153.3, 150.0, 134.4, 132.1,
131.4, 131.3, 129.7, 128.2, 127.7, 127.4, 126.6, 125.7, 124.8, 124.5, 124.1,
123.5, 121.3, 121.0, 119.1, 114.8, 71.4, 65.4, 40.3, 29.3 ppm; HRMS: m/z
calcd for C62H46O4S8Na: 1133.10539 [M+Na]+ ; found: 1133.10540.


Synthesis of (S)-2 : Compound (S)-1 (80.0 mg, 0.07 mmol) was dissolved
in CH2Cl2 (10 mL). Hg ACHTUNGTRENNUNG(AcO)2 (0.14 g, 0.42 mmol) was added to this solu-
tion and the mixture was stirred at room temperature for 10 min. The
white precipitate was removed by filtration. After removing the solvent
from the filtrate, the residue was purified by column chromatography on
Al2O3 with CH2Cl2/petroleum ether (60–90 8C) (3:2, v/v) as eluent to give
(S)-2 as a pale yellow solid (66.8 mg, 85.2%). M.p. 76–78 8C; [a]20D =�12.3
(c=0.98 in CH2Cl2);


1H NMR (600 MHz, CDCl3, 25 8C, TMS): d=8.22 (s,
2H), 8.00 (d, J=8.5 Hz, 4H), 7.92 (d, J=8.7 Hz, 4H), 7.44 (t, J=7.2 Hz,
4H), 7.38 (d, J=9.0 Hz, 2H), 7.31 (d, J=7.9 Hz, 4H), 7.15 (d, J=9.0 Hz,
2H), 7.04 (s, 2H), 6.95 (d, J=8.7 Hz, 2H), 6.75 (d, J=8.8 Hz, 2H), 6.23
(s, 2H), 4.16–4.08 (m, 4H), 3.60 (m, 4H), 3.42 (t, J=7.0 Hz, 4H),
2.08 ppm (m, 4H); 13C NMR (150 MHz, CDCl3, 25 8C, TMS): d=192.1,
153.3, 150.1, 132.1, 131.4, 130.1, 128.1, 127.8, 127.4, 126.6, 125.8, 124.8,
124.5, 124.1, 124.0, 123.6, 122.1, 121.3, 121.0, 119.2, 114.8, 71.4, 65.4, 39.9,
29.4 ppm; HRMS: m/z calcd for C62H46O6S6Na: 1101.15108 [M+Na]+ ;
found: 1101.15109.


Synthesis of 9-(3-hydroxylpropoxy)anthracene (10): Compound 10 was
prepared from anthrone and 1,3-propanediol according to the litera-
ture.[17] M.p. 115–117 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


8.30 (m, 2H), 8.24 (s, 1H), 8.01 (m, 2H), 7.48 (m, 4H), 4.38 (t, J=6.0 Hz,
2H), 4.16 (m, 2H), 2.32 ppm (m, 2H); 13C NMR (150 MHz, CDCl3,
25 8C, TMS): d=151.1, 132.6, 128.7, 125.7, 125.5, 124.8, 122.6, 122.4, 74.2,
61.2, 33.4 ppm; HRMS: m/z calcd for C17H16O2: 252.1150 [M]+ ; found:
252.1152.
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