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Glycomimetic Inhibitors
Glycomimetic molecules that can disrupt the formation of
sugar–protein complexes may be used as probes of biologi-
cal processes and may provide ideas for medicinal applica-
tions. In their Concept article on page 7434 ff. , A. Bernardi
and P. Cheshev describe the latest developments in the field
of design and preparation of glycomimetic inhibitors of
well-known target lectins.


Flash Chemistry
In their Concepts article on page 7450 ff., J. Yoshida et al.
outline the concept of flash chemistry for carrying out
extremely fast reactions in organic synthesis by using micro-
reactors and its applications to organic synthesis and poly-
mer synthesis.


Palladium–Carbene Catalysts
In their Concept article on page 7408 ff., M. Beller et al.
describe the development of N-heterocyclic carbene based
palladium catalysts with respect to green and sustainable
chemistry.
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Introduction


The development of new and improved processes that allow
efficient access to important chemical products from cheap
and available starting materials represents a major challenge
for chemists in industry and academic institutions. In this re-
spect the concept of green and sustainable chemistry has
become as important as economical considerations. It is gen-
erally agreed that state-of-the-art processes should have an
optimal atom efficiency, easily available starting materials,
minimum amount of reaction steps, and thus minimisation
of workup procedures, solvents, energy and so forth. Clearly,
the production of hazardous products and toxic or danger-
ous waste has to be avoided. Undeniably, catalysis repre-
sents one of the most powerful tools to conciliate both eco-
nomical and “green” requirements.[1] For example, it is well
established that the use of catalytic amount of palladium
complexes permits the efficient creation of C�C bonds in
coupling reactions.[2] Amongst the different palladium-cata-
lysed coupling reactions studied in our group, the so-called
telomerisation reaction constitutes an interesting dimerisa-
tion of 1,3-dienes in the presence of an appropriate nucleo-
phile, which furnishes substituted oligomers. Due to its low
price and availability the most important starting material
for telomerisation reactions is 1,3-butadiene. In this case a
variety of octyl derivatives can be easily obtained with
100% atom efficiency (Scheme 1).[3] In addition, reactions


of isoprene have gained some importance due to the con-
nection to natural terpenes.
In the last decade, an enormous interest exists towards


the development of novel cost-efficient synthesis of 1-
octene.[4] This concern is mainly based on the increasing in-
dustrial use of 1-octene as co-monomer for polyethylene.[5]


In this respect also significant attention is attributed to the
selective dimerisation of 1,3-butadiene with methanol as
part of a potential route to 1-octene (Scheme 2 and in more
detail see Scheme 14 later).


The main advantages of this reaction are the low price
and the availability of methanol and 1,3-butadiene, which
makes it preferable to the ethylene route with respect to
raw material costs.[6]


As shown in Scheme 3 the major product of the telomeri-
sation of 1,3-butadiene and methanol is 1-methoxyocta-2,7-
diene (1), which might be in addition a useful precursor in


industry as intermediate for plasticiser alcohols,[7] solvents,
and corrosion inhibitors.[8] The by-products, mainly the 3-
substituted methoxyocta-1,7-diene(2), 1,3,7-octatriene (3 ;
formed by the linear dimerisation of butadiene) and 4-vinyl-
cyclohexene (4 ; formed by the Diels–Alder reaction of two
molecules of butadiene) are also of some commercial inter-
est. Hence, it is not surprising that telomerisation of 1,3-bu-
tadiene with MeOH has been the subject of intensive re-
search in both academic and industrial laboratories.[9] Based
on elegant experimental studies performed by Jolly and co-
workers, different catalytic intermediates of the telomerisa-
tion of 1,3-butadiene with methanol were identified and
characterised. The catalytic cycle for this reaction is com-
monly accepted and shown in Scheme 4.[10]


Initially, oxidative coupling of two molecules of 1,3-buta-
diene at a low-coordinated Pd0 centre produces the PdII–


Abstract: The following account summarises recent de-
velopments in the area of palladium-catalysed telomeri-
sation and dimerisation reactions of 1,3-dienes. The
most active types of catalyst, palladium–carbene com-
plexes, were tested in pilot plant and proved to be in-
dustrially viable.
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Scheme 1. Telomerisation of 1,3-butadiene with nucleophiles.


Scheme 2. Potential industrial routes to 1-octene.


Scheme 3. Telomerisation of 1,3-butadiene with methanol.
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(1h-3h-octadiendiyl) complex 6.
Protonation by methanol at the
C6 atom of the C8 chain affords
the methoxy–PdII–(h2-h3-octa-
dienediyl) species 7. Subse-
quent addition of the methoxy
group to the allylic C1 position
forms the 1-substituted product
1 via 8. On the other hand, nu-
cleophilic addition at the C3
position leads to the 3-substitut-
ed product 2. If nucleophilic
attack does not take place on
the h2-h3-intermediate 7, then
1,3,7-octatriene (3) is produced
by b-H abstraction at the C4 position.


The Development Of More Efficient Palladium–
Phosphane Catalysts


About 10 years ago, one of us (M.B.) started to investigate
the telomerisation reactions. At that time a collaboration
between our research group and Jochen Krause from Aven-
tis Research and Technology (former Central Research part
of Hoechst AG) was started in order to find more commer-
cially viable catalysts for the telomerisation of 1,3-butadiene
with water. This reaction is used by Kuraray for the produc-
tion of 1-octanol on several thousand ton scale. To run this
process on a larger scale, we were interested to improve the
catalyst productivity and to understand catalyst deactivation
processes. As a model reaction Frank VollmHller (at that
time a PhD student in the group of M.B.) studied the telo-
merisation with methanol at low catalyst loadings (10�2–
10�3 mol%). The effect of the type of phosphane used as an-


cillary ligand, but also the ratio Pd/PR3, the temperature,
concentration and the effect of added base was investigated.
Selected results of this initial studies are shown in Tables 1
and 2.[9g]


It became clear that the reaction is considerably influ-
enced by the nature of the phosphane ligand. The catalyst
based on Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 was found to be the most active
in this reaction, affording a high yield of the telomeric prod-
ucts (Table 1, entry 2). Before our work, it had been report-
ed that the addition of reducing agents and bases like tri-
ACHTUNGTRENNUNGethylamine often improves the reaction rate and/or the se-
lectivity of the Pd-catalysed telomerisation reaction.[11] How-
ever, in our hands the addition of 100 equivalents of triethyl-
ACHTUNGTRENNUNGamine had only a positive influence on the catalyst
performance at short reaction time (Table 2; entries 1, 2, 5,
6, 11, 12, 15, 16). This observation, confirmed by calorimet-
ric experiments,[9g] indicated that the addition of triethyl-
ACHTUNGTRENNUNGamine only facilitates the reduction of the PdII complex pro-
ducing the catalytically active Pd0 species more rapidly.
In general, increasing the Pd/PPh3 ratio (at low Pd con-


centration!) and the temperature led to a significant in-


crease in the catalyst productivity. For example an increase
from 3 to 50 in the Pd/PPh3 ratio produced an increase of
turnover number (TON) from 21500 to 28000 at 50 8C,
these values reaching 55000 and 70000, respectively, at
90 8C (Table 2; entries 3 and 9, 13 and 19). After 60 h a total
catalyst TON of 97000 was reached with a Pd/PPh3 ratio of
50 (Table 2, entry 20). At that time, it was the highest cata-
lyst productivity reported for a palladium–phosphane cata-
lyst in telomerisation reactions. It is worth noting that the
chemoselectivity is significantly decreased with increasing
temperature (due to the formation of 3 and 4 at 90 8C),
whereas the regioselectivity (ratio 1/2) usually drops with in-
creased phosphane concentration (Table 2, entries 1–10 and
11–20).
To explain this decrease in regioselectivity with increasing


phosphane concentration, mechanistic investigations on the
decisive nucleophilic addition of the methoxy group, which
governs the ratio 1/2 of the reaction, were performed by
Wolfgang MIgerlein for his diploma thesis (Scheme 5).[12]


Addition of an excess of sodium methoxide to the isolated


Scheme 4. Proposed catalytic cycle for the telomerisation of 1,3-buta-
diene with methanol.


Table 1. Telomerisation of 1,3-butadiene and methanol: influence of phosphane ligands on the catalyst produc-
tivity.[a]


Catalyst Pd cat. Butadiene Yield [%] TON
ACHTUNGTRENNUNG[mol%] conv. [%] 1 2 3 1+2+3


1 Pd ACHTUNGTRENNUNG(OAc)2 2P10�3 4 0.6 0 0.5 550
2 Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 1.8P10�3 58 47 2.5 5.4 30500
3 Pd ACHTUNGTRENNUNG(OAc)2/3PCy3 2P10�3 22 16 1.5 4.5 11000
4 Pd ACHTUNGTRENNUNG(OAc)2/3P ACHTUNGTRENNUNG(o-tTol)3 2P10�3 9 7 0.3 1.7 4500
5 Pd ACHTUNGTRENNUNG(OAc)2/3H-TTPTS[b] 2P10�3 5 2.5 0 0.4 1450
6 Pd ACHTUNGTRENNUNG(OAc)2/5dppb


[c] 2P10�3 7 0.5 0 6 3250
7 Pd ACHTUNGTRENNUNG(OAc)2/3dppdmo[d] 2P10�3 0.5 < 0.1 0 < 0.1 <100


[a] Reaction conditions: 1.0 mol butadiene, 2.2 mol methanol, 2.0 mmol NEt3, 90 8C, 2.5 h. [b] TTPTS: triphe-
nylphosphane trisulfonate. [c] dppb: 1,4-bis(diphenylphosphino)butane. [d] dppdmo: 2-(2-diphenyl-phosphino-
phenyl)-4,4-dimethyl-4,5-dihydrooxazole.
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monophosphane complex 5a resulted in the production of a
high amount of the linear telomer 1 (ratio 1/2=28:1), as a
result of nucleophilic addition of the methoxy group essen-
tially at the terminal allylic C1 (Scheme 5, path 1). In con-
trast, the same experiment performed with the isolated bis-
ACHTUNGTRENNUNGphosphane complex 5b (directly obtained from 5a by addi-
tion of one equivalent of PPh3) led to the formation of a
higher amount of the branched telomer 2 (ratio 1/2=7:1) re-
sulting from increased reactions at the allylic C3 (Scheme 5,
path 2). These different experiments gave some mechanistic


hints of the effect of excess phosphane ligands on the regio-
selectivity of the reaction. Hence, an extended version of
JollyQs catalytic cycle for the telomerisation of 1,3-butadiene
with methanol, which accounts for the observed regioselec-
tivity of the reaction, was proposed in 2000 (Scheme 6).[12]


Following the Jolly-mechanism, oxidative coupling of two
molecules of coordinated 1,3-butadiene at a low-coordinated
Pd0 centre leads to the PdII complex 6. Subsequent protona-
tion by the alcohol produces the PdII–methoxy complex 7,
the evolution of which will depend on the reaction condi-
tions. When the reaction is carried out without excess PPh3,
the catalytic cycle can be described by path A (Scheme 6).
Driven by the formation of the thermodynamically more
stable Pd0–(1,6-diene) complex 8, the nucleophilic addition
of the methoxy group occurs mainly at the C1-allylic termi-
nus giving high yield of the linear telomer 1 (Scheme 5,
path 1). However, in the presence of an excess PPh3, as de-
scribed in path B (Scheme 6), the coordination of a second
phosphane to 7 results in the loss of the double bond coordi-
nation at the Pd centre, thereby producing 9. The addition
of the methoxy group on the allyl moiety is no longer driven
by the formation of the thermodynamically stable chelating
complex 8, but is dependent on electronic and steric param-
eters of 9. Hence, a higher proportion of branched telomer
2 is produced (Scheme 5, path 2).


From Phosphane-Based to N-Heterocyclic-
Carbene-Based Catalysts


We have demonstrated that the use of an excess of triphe-
nylphosphane leads to a lower regioselectivity in telomerisa-
tion. Furthermore, from the proposed catalytic cycle
(Schemes 4 and 6) it is apparent that only one phosphane


Table 2. Telomerisation of 1,3-butadiene and methanol: Catalyst produc-
tivity (TON) and activity (TOF).[a]


Pd/PPh3 Reaction
conditions


TON
1+2+3


TOF
ACHTUNGTRENNUNG[h�1]


Chemoselec-
tivity[c] [%]


n/iso


1 1:3 50 8C/2 h 4500 2250 97 8:1
2 1:3 50 8C/2 h;


100 equiv NEt3


6200 3100 98 8:1


3 1:3 50 8C/16 h 21500 1350[b] 96 9:1
4 1:3 50 8C/16 h;


100 equiv NEt3


19000 1200[b] 95.5 9:1


5 1:10 50 8C/2 h 2900 1450 98 7:1
6 1:10 50 8C/2 h;


100 equiv NEt3


3700 1850 98.5 8:1


7 1:10 50 8C/16 h 17000 1050[b] 96 7:1
8 1:10 50 8C/16 h;


100 equiv NEt3


15200 950[b] 97 7:1


9 1:50 50 8C/16 h 28000 1750[b] 99 7:1
10 1:50 50 8C/60 h 87000 1450[b] 98 7:1
11 1:3 90 8C/0.5 h 8900 17800 79 13:1
12 1:3 90 8C/0.5 h;


100 equiv NEt3


12500 25000 86 15:1


13 1:3 90 8C/16 h 55000 3500[b] 66 15:1
14 1:3 90 8C/16 h;


100 equiv NEt3


59000 3700[b] 61 14:1


15 1:10 90 8C/0.5 h 5500 11000 85 8:1
16 1:10 90 8C/0.5 h;


100 equiv NEt3


6000 12000 88.5 7:1


17 1:10 90 8C/16 h 71000 4400[b] 66 13:1
18 1:10 90 8C/16 h;


100 equiv NEt3


75000 4700[b] 67 13:1


19 1:50 90 8C/16 h 70000 4400[b] 75 7:1
20 1:50 90 8C/60 h 97000 1600[b] 67[d] 7:1


[a] All experiments were carried out with a substrate ratio 1,3-butadiene/
methanol=2:1; Pd source=Pd ACHTUNGTRENNUNG(OAc)2. [b] Average number over 16 h/
60 h reaction time. [c] Chemoselectivity: (1+2/1+2+3+4)P100.
[d] 11% 4-vinylcyclohexene 4.


Scheme 5. Selectivity studies of the addition of �OMe to 5a and 5b.


Scheme 6. Extended mechanism for the Pd-catalysed telomerisation of
1,3-butadiene with methanol.
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ligand bonded to the metal is sufficient during the whole
catalytic cycle to ensure a productive and selective catalyst.
Therefore, Mario Gomez Andreu started in 2000 to synthe-
sise and test well-defined monophosphane–Pd0–olefin com-
plexes (Figure 1) in different palladium-catalysed coupling


reactions. Based on the elegant work of Pçrschke et al. ,[13]


who developed a highly effective route for the synthesis of
Pd0–1,6-diene complexes, we synthesised various monophos-
phane Pd0 species in quantitative yield upon stirring at low
temperature a solution of [Pd ACHTUNGTRENNUNG(CH3)2ACHTUNGTRENNUNG(tmeda)] with the phos-
phane and the 1,6-diene (Scheme 7). Once isolated, the


complexes have shown good activities in different palladi-
um-catalysed coupling reactions of aryl halides.[14]


With respect to telomerisation it is worth noting that com-
plex 10 has been shown to react even at low temperature
with 1,3-butadiene to give the catalytic intermediate 6, thus
demonstrating the ease of formation of the active catalyst
from 10 (Scheme 7). Neverthe-
less, this type of Pd0–mono-
phosphane complexes gave
similar catalyst productivity
compared to the classical Pd-
ACHTUNGTRENNUNG(OAc)2/PPh3 system.[12]


Around 2000, we started to
discuss the possibility to use
the telomerisation of methanol
and 1,3-butadiene as part of a
process for 1-octene together
with Dirk Rçttger and Franz
Nierlich of Oxeno Olefinche-
mie GmbH (now Evonik–De-


gussa).[15] Due to the strong patent position of Dow[16] with
phosphane-based palladium catalysts and our experience,
we looked for other type of ligands that could satisfy our
objectives better. Hence, a joint project aiming at palladi-
um–carbene complexes for telo-
merisation was started and Ralf
Jackstell became the project
leader for this topic in our insti-
tute.
During the last decade, N-het-


erocyclic carbenes (NHC) have
proved to be extremely useful
alternatives to basic phosphane
ligands in numerous transition-
metal-catalysed reactions.[17, 18]


In general, they are better s-
donor ligands and present quite distinctive steric parameters
from phosphane ligands.[19] Hence, we synthesised and
tested [Pd0ACHTUNGTRENNUNG(dvds) ACHTUNGTRENNUNG(IMes)] (12 ; dvds=1,1,3,3-tetramethyl-1,3-
divinyl-disiloxane; IMes=1,3-bis(2,4,6-trimethylphenyl)imi-
dazol-2-ylidene) in the telomerisation of 1,3-butadiene with
methanol. Some of the initially obtained results are summa-
ACHTUNGTRENNUNGrised in Table 3.[20]


To our delight the reaction was efficiently catalysed by 12.
For example at 50 8C, the classical triphenylphosphane-
based palladium catalyst does not promote the reaction,
whereas in the presence of 12, 57% of telomers are ob-
tained with excellent regio- and chemoselectivity (Table 3,
entries 2 and 7). At 90 8C, we were pleased to see that com-
plex 12 gave the telomeric products in almost quantitative
yield and with excellent selectivity (Table 3, entry 6). Com-
paratively, catalytic systems with PPh3 or PACHTUNGTRENNUNG(nBu)3 gave
poorer results (Table 3, entries 1 and 4). Impressively, 89%
of telomers are obtained with high selectivity for 1 in the
presence of only 0.00033 mol% of 12, giving once more the
highest catalyst productivity (TON=267000) reported for a
telomerisation reaction at that time (Table 3, entry 8). Nota-
bly, these results constituted the first example of a telomeri-
sation reaction catalysed by a palladium–NHC complex.
In 2001 Benno Bildstein from Innsbruck visited our insti-


tute and reported on the synthesis of ferrocenyl-based car-
bene ligands.[21] Thus, a small cooperation between our
groups was started and we tested his ligands (13–20 ; see also


Figure 1. Selected examples of monophosphane–Pd0–(1,6-diene) com-
plexes.


Scheme 7. Synthesis of monophosphane–Pd0–(1,6-diene) complexes and
6.


Table 3. Comparing palladium–phosphane and –carbene catalysts for telomerisation of 1,3-butadiene with
methanol.[a]


Catalyst Pd
ACHTUNGTRENNUNG[mol%]


T
[8C]


Yield
1+2 [%]


Chemoselec-
tivity[b] [%]


n/iso TON


1 Pd ACHTUNGTRENNUNG(OAc)2/3 PPh3 0.001 90 79 90 12:1 78700
2 Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 0.001 50 2 – 13:1 2000
3 Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 0.00033 90 75 88 13:1 225000
4 Pd ACHTUNGTRENNUNG(OAc)2/3PnBu3 0.001 90 57 90 10:1 57000
5 11 0.001 90 60 77 10:1 60000
6 12 0.001 90 � 98 99 36:1 98000
7 12 0.001 50 57 >99 82:1 57000
8 12 0.00033 90 89 98 41:1 267000


[a] Conditions: 16 h, 1.0 mol% NaOH, MeOH/butadiene=2:1. [b] Chemoselectivity= (1+2)/ ACHTUNGTRENNUNG(1+2+3+4)P
100.
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Table 4) in the telomerisation of butadiene and different al-
cohols.[22] From a practical standpoint, and from industrial
interest, catalysts generated in-situ from simple and stable
palladium sources and imidazolium salts, as N-heterocyclic
carbene precursors are more conveniently tested compared
to the corresponding isolated metal complexes.


As shown in Table 4 (entries 5 and 6, 9 and 10) the use of
imidazolium salt 14 with either Pd ACHTUNGTRENNUNG(OAc)2 or [Pd ACHTUNGTRENNUNG(dba)2], af-
forded under the same reaction conditions, similar results to
those obtained with the well-defined complex 12 (Table 3,
entries 6 and 8). Furthermore, performing the catalytic reac-
tions with the free carbene 13 instead of 14 gave identical
results, thus suggesting fast generation of the carbene ligand
from the imidazolium salt 14 during the catalytic reaction.


Due to their different structure employing the imidazolium
salts 15–19 or the complex 20 gave worse results (Table 4,
entries 11–17).
Having demonstrated the beneficial use of 1,3-diaryl-sub-


stituted N-heterocyclic carbene ligands, a broader range of
carbene ligands was synthesised in our group and their cata-
lytic performance evaluated. In addition, we evaluated some
carbene ligands from the groups of Kingsley Cavell (Cardiff
University) and Steve Nolan (now ICIQ, Tarragona).[23]


However, none of the imidazolium salts employed showed
significantly better results compared to the IMes ligand. En-
couraged by theoretical calculations realised by Haijun Jiao
in our institute,[23] the effect of different substituents on the
backbone (4- or 5-position) of the carbene ligand became of
interest to us. Unfortunately, the different synthetic routes
to imidazolium salts described in the literature did not
permit efficient access to carbene precursors bearing alkyl
groups in the 4- and 5-positions.[24] The final ring-closing
step from the diimine was problematic using the traditional
HX/paraformaldehyde mixture. However, Ralf Jackstell and
Surendra Harkal discovered that the use of trialkylhalosi-
lanes[25] instead of classic Broenstedt acids (HX; X=Cl, Br)
was the decisive additive for the cyclisation of such 4,5-di-
ACHTUNGTRENNUNGalkyl-substituted imidazolium salts. Reaction of the diimine
with paraformaldehyde followed by addition of trimethyl-
bromosilane produced the imidazolium salts 21–24 in good
yields (21, 56%, 22, 80%, 23, 60%, 24, 76%, Scheme 8).[26]


Using these imidazolium salts, the corresponding [Pd0-
ACHTUNGTRENNUNG(dvds) ACHTUNGTRENNUNG(NHC)] complexes were synthesised to gain structural
information on the binding of the carbene ligands to a Pd0–
(1,6-diene) core, which would mimic some of the catalytic
intermediates of the telomerisation reaction. Interestingly,
the different complexes 12 and 25–28, which were obtained
by addition of the free carbene to a solution of Pd0/dvds (8–
12 mol% Pd) in THF, are stable for months and can even
be handled in air. The corresponding X-ray crystal struc-
tures of the different NHC complexes are presented in
Figure 2.
To our surprise, the X-ray structure analysis revealed that


replacing hydrogen by methyl or chloro substituents in the


Table 4. Telomerisation of 1,3-butadiene with methanol.[a]


Pd
catalyst


Pd
ACHTUNGTRENNUNG[mol%]


Ligand Pd/
L


Yield
1+2
[%]


Chemo-
selec-
tivity[b]


[%]


n/
iso


TON


1 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 PPh3 1:2 86 92 14:1 86000
2 [Pd ACHTUNGTRENNUNG(dba)2] 0.0003 PPh3 1:2 69 92 14:1 230000
3 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 13 1:2 92 98 35:1 92000
4 Pd ACHTUNGTRENNUNG(OAc)2 0.001 13 1:2 93 98 35:1 93000
5 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 14 1:2 95 98 35:1 95000
6 Pd ACHTUNGTRENNUNG(OAc)2 0.001 14 1:2 87 98 36:1 87000
7 [Pd ACHTUNGTRENNUNG(dba)2] 0.0003 13 1:2 83 97 39:1 278000
8 [Pd ACHTUNGTRENNUNG(dba)2] 0.0003 13 1:4 89 98 39:1 296000
9 [Pd ACHTUNGTRENNUNG(dba)2] 0.0003 14 1:4 92 98 39:1 308000
10 Pd ACHTUNGTRENNUNG(OAc)2 0.0003 14 1:4 94 98 39:1 314000
11 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 15 1:2 0 – – –
12 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 16 1:2 73 96 61:1 73000
13 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 17 1:2 8 75 99:1 8000
14 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 18 1:2 88 97 42:1 88000
15 [Pd ACHTUNGTRENNUNG(dba)2] 0.0003 18 1:4 41 94 25:1 137000
16 [Pd ACHTUNGTRENNUNG(dba)2] 0.001 19 1:2 82 97 36:1 82000
17 20 0.001 – – 48 94 61:1 48000


[a] Reaction conditions: 16 h, 90 8C, 1.0 mol% NaOH, MeOH/buta-
diene=2:1. [b] Chemoselectivity: (1+2/1+2+3+4) P100.


Scheme 8. A novel synthesis of imidazolium salts.
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4- or 5-position of the carbene ligand bearing the N-mesityl
substituents does not significantly influence the Pd�NHC
bond length (Pd�NHC bond length: 12=2.076(5), 25=


2.093(3), 26=2.080(3) U). However, if the carbene ligand
bears sterically more hindered N-2,6-diisopropylphenyl sub-
stituents, a relatively longer Pd�NHC bond length is ob-
served when methyl groups instead of hydrogen atoms are
present on the backbone of the NHC ligand (Pd�NHC
bond length: 27=2.084(3), 28=2.114(3) U). The increased
steric congestion is the likely reason for the long Pd�NHC
bond in 28. Evidently, all complexes synthesised were tested
in the reaction of 1,3-butadiene with methanol. Some select-
ed results are presented in Table 5.
Apart from complex 28, all other NHC-based palladium


catalysts showed improved catalyst performance compared
to PdACHTUNGTRENNUNG(OAc)2/PPh3 at 70 8C (Table 5). With the N-mesityl-
substituted carbene ligand, variation at the 4- and 5-position
of the imidazole ring had no effect on the catalytic perfor-
mance of the palladium(0)–mono-NHC complex (Table 5,
entries 1–3). Similarly, the telomers were obtained nearly
quantitatively with excellent chemo- and regioselectivities
when the reaction was carried out in presence of the well-
defined [PdII ACHTUNGTRENNUNG(allyl)Cl ACHTUNGTRENNUNG(IMes)] complex (29). However, cata-
lysts with N-2,6-diisopropylphenyl-substituted carbene li-
gands gave comparatively lower regioselectivity with ratio n/
iso=10–12:1 (Table 5, entries 27, 28, 30). A lower yield was


also observed with the [PdII-
ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(IDipp)]Cl (IDipp=1,3-
bis(2,6-diisopropylphenyl)imi-
dazol-2-ylidene) complex (30),
whereas complex 28 yielded
nearly no telomers (vide infra
dimerisation reaction). On the
other hand, monitoring the ac-
tivity of the complexes with
time put in light a significant
effect of the different carbene
substituents on the reaction
rate (Figure 3).
For example, the presence of


chloride substituents instead of
hydrogen atoms in the back-
bone of the N-mesityl-substitut-
ed carbene ligand increased the
initial rate of the reaction (com-
plex 12 versus 26), whereas the
presence of methyl groups de-
creased it (complex 12 versus
25). The N-2,6-diisopropylphe-
ACHTUNGTRENNUNGnyl-substituted carbene com-
plex 27 is also significantly
slower than the N-mesityl-sub-
stituted complex 12.
Due to the high activity and


productivity of palladium–car-
bene catalysts in the reaction of


butadiene with methanol we became interested to apply
these complexes in telomerisation reactions using further
nucleophiles (telogens) and isoprene as taxogen. Hence, the
telomerisation of 1,3-butadiene with different alcohols was
studied in more detail (Scheme 9).[23]


Again, the Pd–NHC-based catalytic system proved to be
far more efficient under standard reaction conditions than


Figure 2. ORTEP representation of [Pd0 ACHTUNGTRENNUNG(dvds) ACHTUNGTRENNUNG(mono-NHC)] complexes 12 and 25–28. Hydrogen atoms as well
as one of the two molecules of the asymmetric unit of complex 28 are omitted for clarity. The thermal ellip-
soids correspond to 30% probability. Crystallographic data as well as selected bond lengths and angles can be
found elsewhere.[23]


Table 5. Telomerisation of 1,3-butadiene and methanol in the presence
of different palladium–carbene catalysts.[a]


Palladium
catalyst


Yield
1+2 [%]


Chemoselec-
tivity[b] [%]


n/iso TON TOF
ACHTUNGTRENNUNG[h�1]


1 12 96 > 99 49:1 96000 6000
2 25 93 99 49:1 93000 5813
3 26 96 > 99 49:1 96000 6000
4 27 90 97 12:1 90000 5625
5 28 2 - 10:1 2000 125
6[c] 29 94 99 49:1 94000 5875
7[d] 30 46 96 12:1 46000 2875
8 Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 26 87 24:1 26000 1625
9 Pd ACHTUNGTRENNUNG(OAc)2/4 IMesHCl 94 > 99 49:1 94000 5875


[a] Conditions: Pd=0.001 mol%, 16 h, 70 8C, 1.0 mol% NaOMe, MeOH/
butadiene=2:1. [b] Chemoselectivity: (1+2/1+2+3+4)P100.
[c] Complex 29 : (allyl)chloroACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-yli-
dene]palladium. [d] Complex 30 : (allyl)chloroACHTUNGTRENNUNG[1,3-bis(2,6-diisopropylphe-
nyl)imidazol-2-ylidene]palladium.
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the triphenylphosphane-based palladium catalyst. For exam-
ple, the catalyst system Pd ACHTUNGTRENNUNG(OAc)2/3PPh3 reacted with n-bu-
tanol to form only 36% telomers with an n/iso-ratio of 19:1
(Pd: 0.001 mol%). Complexes 12 and 25 were the most ef-
fective catalysts for the telomerisation of 1,3-butadiene with
both primary and secondary aliphatic alcohols giving high
yields and good selectivity to the linear telomers. However,
somewhat lower results were obtained using aromatic alco-
hols.
In 2003, Nolan and co-workers reported on the telomeri-


sation with amines using a catalytic mixture of complex 30
and NaPF6 in THF.[27] Compared to the telomerisation with
alcohols relatively high catalyst loadings (>0.1 mol%) were
required, which makes these reactions less attractive for the
preparation of bulk and fine chemicals.
However more recently, Anne Grotevendt (a Ph.D. stu-


dent in Rostock) found that this reaction proceeded in high
yield at low catalyst loading by using different catalyst pre-
cursors and MeOH as solvent (Scheme 10).[28] The maximum
TONs are achieved using Pd ACHTUNGTRENNUNG(acac)2 with 1,3-dimesitylimida-
zolium carboxylate 31b as in situ system for the telomerisa-


tion of 1,3-butadiene with piperidine. In general, both com-
plex 12 and the catalytic mixture Pd ACHTUNGTRENNUNG(acac)2 with 1,3-dimesi-
tylimidazolium mesylate 31a perform equally well in these
reactions. Again, these TONs are the best reported for such
reactions. It is important to note that even if MeOH is a
competing nucleophile the telomerisation with secondary
amines proceeds selectively to the N-telomer and not to the
O-telomer!
During the course of our study to find an optimised cata-


lyst for the reaction of 1,3-butadiene with methanol, com-
plex 28 showed an activity very different from other palladi-
um–NHC complexes (Table 5). Due to the steric bulk this
particular catalyst did not allow for an attack of the nucleo-
phile; instead b-hydride elimination is promoted. Hence, ap-
plying sterically hindered nucleophiles, for example, isopro-
panol, selective dimerisation of 1,3-butadiene occurred
(Scheme 11).[29]


While in presence of complex 28 or the corresponding in
situ generated catalyst 1,3,7-octatriene is obtained in very
good yield and excellent chemoselectivity, other catalytic
systems tested produced only low to moderate amount of 3
with a lower chemoselectivity. In addition to the structure of


Figure 3. Activity of palladium complexes 12 and 25–27 at 70 8C.


Scheme 9. Telomerisation of different alcohols.


Scheme 10. Telomerisation of 1,3-butadiene with secondary and primary
amines.


Scheme 11. Dimerisation of 1,3-butadiene in isopropanol with different
catalysts.
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the ligand, the nature of the solvent is crucial for this selec-
tive dimerisation. When the reaction was carried out in
THF, toluene, methanol or phenol, almost no 1,3,7-octa-
triene was produced.[29] After reaction optimisation a TON
of 81000 and a TOF of 5000 h�1 were obtained (Scheme 11).
This is the top catalyst productivity and activity reported for
any 1,3-diene dimerisation reaction.
Palladium–carbene catalysts also proved to be efficient


for the telomerisation of isoprene. Due to the lower reactivi-
ty of isoprene and the different nature of the double bonds,
these reactions led to a more complex product mixture. In
addition to twelve different telomers (regioisomers), dimers
and trimers can be formed.[30] Using the previously opti-
mised reaction conditions we found that only four re-
gioisomers A–D were formed together with the two dimers
A’ and B’ and to a lesser extent unidentified trimers
(Scheme 12, Table 6).


Of all imidazolium salts tested (21, 31–35), the catalytic
systems with the imidazolium salts 31a and 32 gave the best
catalyst productivity with 51% yield of telomers (Table 6,
entries 1 and 4). The catalyst that contains 31a was also
found to be more productive than catalysts containing PPh3
or PCy3 (Table 6, entries 2, 8 and 9) with a TON of 33000
being reached when ten equivalents of imidazolium salt 31a
per palladium are employed. To the best of our knowledge
this is the maximum TON reported of any telomerisation of
isoprene.


In terms of regioselectivity, the ligand has a strong influ-
ence on the product distribution. Whereas most NHC li-
gands gave mainly the head-to-head isomer C with regiose-
lectivity up to 76%, the catalytic system with PPh3 gave B
and D with regioselectivities of 49% and 45%, respectively,
while in the presence of PCy3 mainly B is obtained with
83% regioselectivity. Similar to 1,3-butadiene, the dimerisa-
tion of isoprene in isopropanol proceeded also smoothly
(Scheme 13).[30]


The tail-to-tail product A’ and the tail-to-head product B’
were identified as the main products. Selected results of the
dimerisation of isoprene with mixtures of Pd ACHTUNGTRENNUNG(acac)2 with dif-
ferent imidazolium salts (22, 24, and 36) and phosphanes are
presented in Table 7. Once again NHC-based catalysts were
found to be significantly more productive than palladium
phosphane catalysts.


From Laboratory to Industrial Pilot Plant


The telomerisation of 1,3-butadiene and water to 2,7-octa-
dienol and the preferential refinement to 1-octanol in the
1980s by Kuraray was probably the first industrial realisa-
tion of this methodology on multithousand ton scale. How-
ever, the Kuraray process is relatively complicated, especial-
ly the workup and catalyst recycling.[31] As mentioned above
in the last decade the reaction of 1,3-butadiene with metha-
nol gained more industrial interest due to the increased im-


Scheme 12. Telomerisation of isoprene with methanol.


Table 6. Palladium-catalysed telomerisation of isoprene with different li-
gands.[a]


Ligand Yield[b] Selectivity[c] [%] Yield[d] [%] Yield[e]


[%] A B C D A’ B’ [%]


1 31a 51 7 17 75 1 6 4 9
2[f] 31a 66 7 20 72 1 6 4 17
3 21 10 9 15 76 <1 2 2 <1
4 32 51 10 16 74 <1 7 5 10
5 33 3 4 20 74 2 <1 <1 <1
6 34 17 38 17 45 <1 15 11 10
7 35 19 3 24 71 2 1 2 <1
8[f] PPh3 54 <1 49 6 45 <1 <1 3
9[f] PCy3 23 3 83 9 5 <1 <1 1


[a] General conditions: Pd ACHTUNGTRENNUNG(acac)2=0.002 mol%, Pd/Ligand=1:4, 70 8C,
pN2=25 bar, 20 h, 0.5 mol% NaOMe/MeOH (12 mL), isoprene (15 mL).
[b] Yield of different telomers A–D. [c] Selectivity of different telomers.
[d] Yield of different dimers. [e] Yield of different trimers. [f] Pd/ligand=


1:10.


Scheme 13. Dimerisation of isoprene in isopropanol.
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portance of 1-octene as co-monomer for polyethylene. To be
applied for this purpose, clearly a continuous operation
mode is preferable and catalyst efficiency has to be signifi-
cantly improved up to a range of TON >106. Thus, we spent
more than three years investigating in detail the effects of
base, concentration, additives, temperature and catalyst pre-
cursors at low catalyst loadings (0.5–10 ppm Pd) in the telo-
merisation of 1,3-butadiene with methanol. Ralf Jackstell,
Surendra Harkal, and Ilona Stahr were mainly involved in
this optimisation process. Selected results of more than 500
experiments are presented in Table 8 and Figures 4 and 5.


To prevent precipitation of unwanted side-products
during the continuous process, the solubility behaviour of
the base is an important parameter. Hence, various bases
have been studied with respect to catalyst activity and life-
time.


It turned out that phenolates showed improved solubility
compared to methanolate; however they reduced the cata-
lyst activity to some extent. In Figure 4 the activity of some
bases under standard conditions is shown. Not surprisingly,
the influence of the temperature on the reaction is large
(Figure 5). At 90 8C the catalyst system turned out to be ex-
tremely fast (up to 100000 h�1) and is stable for weeks if
enough ligand is present in the reaction system. Some opti-
misation experiments are revealed in Table 8.
No telomers are obtained when the reaction is carried out


in absence of the palladium–NHC catalyst (Table 8, entry 1).
When the reaction was performed in the presence of 1 ppm
(0.0001 mol%) of catalyst 12 or 29, about 20% of octadienyl
ethers are obtained with good chemo- and regioselectivity
(TON=200000). Notably, addition of excess imidazolium
salt to 12 or 29 had a profound effect on the yield of the re-
action. For example, increasing the ratio imidazolium salt/
complex 12 from 2 to 40 resulted in a progressive increase


Table 7. Dimerisation of isoprene in isopropanol with different
ACHTUNGTRENNUNGcatalysts.[a]


Ligand Pd T Yield[b] Selectivity[c] [%]
ACHTUNGTRENNUNG[mol%] [8C] [%] A’ B’ others


1 PCy3 0.02 90 14 84 <1 15
2 PPh3 0.02 90 3 16 <1 83
3 31a 0.02 90 87 70 22 8
4 34 0.02 90 84 81 11 8
5 22 0.02 90 72 58 26 16
6 24 0.02 90 62 71 16 13
7[d] 36 0.02 90 98 75 16 9
8 31a 0.01 70 68 47 37 16
9[e] 31a 0.01 70 68 45 38 17
10 34 0.01 70 82 74 16 10
11 34 0.005 70 76 71 15 14
12 36 0.01 70 93 72 17 11
13 36 0.005 70 35 67 17 16


[a] General conditions: Pd ACHTUNGTRENNUNG(acac)2, Pd/L=1:10, t=24 h, pN2=30 bar,
0.5 mol% NaiPrO/iPrOH (15 mL), isoprene (10 mL). [b] Yield of differ-
ent dimers. [c] Selectivity of different dimers. [d] 0.5 mol% NaOiPr/
iPrOH (20 mL), isoprene (5 mL). [e] pN2=50 bar.


Table 8. Telomerisation of 1,3-butadiene with MeOH: optimisation of
catalyst productivity.[a]


Pd
catalyst


Pd
ACHTUNGTRENNUNG[mol%]


Ligand[b]


ACHTUNGTRENNUNG[mol%]
Yield
1+2
[%]


Chemo-
selec-
tivity[c]


[%]


n/
iso


TON TOF
ACHTUNGTRENNUNG[h�1]


1 – 0 0.004 0 0 – 0 0
2 12 0.0001 – 20 89 49:1 200000 12500
3 29[d] 0.0001 – 19 90 49:1 190000 11875
4 12 0.0001 0.0002 17 88 49:1 170000 10625
5 12 0.0001 0.0004 40 95 49:1 400000 25000
6 12 0.0001 0.001 69 97 49:1 690000 43125
7 12 0.0001 0.002 87 98 49:1 870000 54375
8 12 0.0001 0.004 91 99 49:1 910000 56875
9 29[d] 0.0001 0.004 89 98 49:1 890000 55625
10 12 0.00005 0.004 77 99 49:1 1 540000 96250


[a] Reaction conditions: 16 h, 90 8C, 1.0 mol% NaOMe, MeOH/buta-
diene=2:1. [b] L=1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride.
[c] Chemoselectivity: (1+2/1+2+3+4)P100. [d] Complex 29 :
(allyl)chloro ACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]palladium.


Figure 4. Activity studies in the presence of different bases (80 8C, 25 mL
THF, 5 mL isooctane, 15 g 1,3-butadiene, 25 mL MeOH, 0.5 mol%
MOR, 0.001 mol% Pd ACHTUNGTRENNUNG(acac)2, Pd/L=1:10, L=31a).


Figure 5. Activity studies at different temperature (15 g 1,3-butadiene,
25 mL MeOH, 0.5 mol% NaOMe, 25 mL THF, 10 mL isooctane,
0.001 mol% complex 12).
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of the yield of telomers from 17 to 91% and associated with
an excellent chemo- and regioselectivity (Table 8, entries 4–
8). By further decreasing the catalyst loading of 12 to
0.5 ppm of Pd in the presence of 40 ppm of imidazolium
salt, an excellent TON of 1540000 is obtained with very
high selectivity (Table 8, entry 10). This catalyst turnover
number is still the top productivity reported for any telo-
merisation reaction until to date. It is also important to
remark that even if the reaction was conducted in presence
of a large excess of ligand per palladium, the regioselectivity
stays excellent. These results are in contradiction with the
original results observed for the system Pd ACHTUNGTRENNUNG(OAc)2/PPh3. It
seems to indicate that, even in presence of large excess of
imidazolium salts, only one NHC ligand stays on the palladi-
um centre.
For the industrial realisation of this reaction it is impor-


tant to note that the use of so-called crack C4 as feedstock
(crack C4=42% 1,3-butadiene; 25% isobutene; 16% 1-
butene; 5% isobutane; 5% 2-butene; 7% other) is advanta-
geous.[32] While crack C4 represents a cheaper source for
1,3-butadiene, its also adds more requirements for the cata-
lyst, since it needs to react with high selectivity toward 1,3-
butadiene and the catalyst should not be deactivated by the
present other olefins and alkynes. However, the palladium–
carbene catalyst system proved to perform similarly well,
giving high productivity and selectivity for the linear telo-
ACHTUNGTRENNUNGmer even when using alkyne-free crack C4 as a source of
1,3-butadiene. Thus, the system has been used by Evonik–
Oxeno in Marl (Germany) on a continuous pilot plant scale
and several thousand kg of telomers were produced accord-
ing to Scheme 14.


The overall process is composed of palladium-catalysed
telomerisation, subsequent hydrogenation and a final base-
catalysed elimination. The telomerisation of 1,3-butadiene
with methanol constitutes the first step, producing linear
methoxyocta-2,7-diene (1) with excellent selectivity
(>98.2%). Heterogeneous hydrogenation of 1 gives 1-
methoxy ACHTUNGTRENNUNGoctane, from which methanol is eliminated in the
presence of a basic zeolite to produce 1-octene. To the best
of our knowledge this constitutes the first example of the
use of a palladium–NHC catalyst in industry. The overall
process is in theory 100% atom efficient and it is undeniable
that this synthesis fulfils the requirements of a green and
sustainable process. It should be noted that Dow Chemicals
recently announced the production of 1-octene by a similar
process.[33]


Conclusion and Outlook


In the last decade N-heterocyclic carbene based palladium
catalysts have stimulated significant interest in organometal-
lic chemistry and organic synthesis. While most work has
been focused on the popular palladium-catalysed coupling
reactions of aryl halides,[17,18, 34] these catalysts also offer ex-
citing possibilities for other catalytic transformations. In this
respect, industrially important telomerisation and dimerisa-
tion reactions are of special interest. Here, we have shown
in recent years that the use of palladium–carbene catalysts
allowed us to reach the best catalyst productivities and ac-
tivities ever reported for such reactions. For the first time
the telomerisation of 1,3-butadiene and methanol has been
applied on an industrial multiton scale. It is expected that
more telomerisation and dimerisation reactions will become
of industrial interest due to the high efficiency of the now-
available catalysts. Due to the price advantage of 1,3-buta-
diene, octyl-derived products can be accessed more econom-
ically compared to other feedstocks. In addition, the various
functionalisations of the resulting octadienyl products allows
for the synthesis of numerous interesting fine chemicals. We
believe that the present study also demonstrates nicely that
starting from very basic mechanistic studies new catalysts
can be developed, which allow even for industrial applica-
tions.
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Introduction


Molecular design is more and more able to produce fasci-
nating architectures, and dendrimers are certainly one of the
best illustrations of this concept. Dendrimers are regular
tree-like macromolecules, constituted of a series of branches
linked to a central core. Their step-by-step repetitive synthe-
sis (generation after generation, see Scheme 1) affords struc-
turally well-defined compounds, generally of globular shape,
with a very low polydispersity compared to traditional poly-
mers despite their large molecular weight. The structure of a
dendrimer can be divided into three different regions: the
core, the branches, and the periphery. Most of the properties
of dendrimers are due to their numerous terminal groups,
which can be varied at will. Functional dendrimers in prepa-
ratively useful amounts can be synthesized from a variety of
building blocks and coupling chemistries. However, an im-
portant limitation to the synthesis of large dendrimers is
that quantitative reactions are required, thus the types of
dendritic structures that are/were commercially available
(and thus widely used) are extremely limited. Poly(amido-
ACHTUNGTRENNUNGamine) (PAMAM) dendrimers[1] are certainly the most pop-
ular type of dendrimers, but poly(propyleneimine) (PPI)
dendrimers,[2] and phosphorus dendrimers[3] (see Scheme 1
for their structures) are also receiving considerable atten-
tion.
One of the most active areas of research about dendrim-


ers concerns their biological properties. Numerous reviews
in this field have been published recently,[4] but none of
them focused on the interactions of dendrimers with another
fascinating molecular architecture: DNA (deoxyribonucleic
acid). Chemically, DNA is also a precisely shaped polymer
of simple units, with a backbone made of phosphates and
sugars to which one of the four natural bases is linked. The


key point of the well-known double helix structure is the hy-
bridization, due to the supramolecular phenomenon of
bases pairing,[5] in which purine bases (adenine and guanine)
are hydrogen-bonded to complementary pyrimidine bases
(cytosine and thymine), creating A–T pairs (two hydrogen
bonds) and G–C pairs (three hydrogen bonds) (Figure 1).


Infinite types of combinations between the double helix
structure of DNA and the globular hyperbranched structure
of dendrimers can be foreseen, affording original entities of
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Scheme 1. Schematized step-by-step divergent synthesis of dendrimers
(generation after generation) and structure of the dendrimers that are
used the most for interacting with DNA.


Figure 1. Hybridization occurs through supramolecular recognition of
complementary bases (adenine with thymine, and cytosine with guanine)
linked to the phosphate deoxyribose backbones, as illustrated by one ex-
ample.
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interest not only for chemists but also for physicists and
biologists. This paper will display the most significant exam-
ples connecting the field of dendrimers to that of DNA, but
it is not an exhaustive review (more than 500 papers were
already published). All the work relevant to this topic con-
cerns three main aspects: i) the synthesis of dendrimers
composed in part or totally of oligonucleotides (short frag-
ments of DNA); ii) the use of dendrimers covalently linked
to one or a few oligonucleotides to create microarrays
usable as biosensors; and iii) the noncovalent interactions
between dendrimers and DNA, useful for creating nano-
structures for physicists, but mostly used in view of genetic
therapy.


DNA as Structural Constituents of Dendrimers


The first use of DNA or nucleic acids to elaborate dendritic
structures dates back to 1993. Classical automated solid-
phase synthesis of single-stranded oligonucleotides was
used, with a phosphoramidite reagent to join neighboring
oligomers together, thus forming the branching points.
Chain elongation and branching steps were repeated to syn-
thesize the successive generations (up to generation 3) in a
convergent manner (Scheme 2). Then, the oligomers were
concomitantly cleaved from the support, affording dendrim-
ers of the type 1 shown also in Figure 2. Characterization in-
dicated the presence of some defects in the branching, due
to the convergent strategy on support.[6] Later on, a diver-
gent strategy was used, also in the solid phase.[7] No attempt
of self-assembly was carried out. Nevertheless, most of the
work carried out with oligonu-
cleotide-containing dendrimers
takes profit of hybridization
(self-assembly of complementa-
ry oligonucleotides), to elabo-
rate sophisticated dendritic ar-
chitectures.
A few examples of dendri-


ACHTUNGTRENNUNGmers possessing a single oligo-
nucleotide linked to the core
are known. The first examples
of type 2 dendrimers, also
called dendrons (Figure 2) pos-
sess a 15 mer single-stranded
oligonucleotide connected to
the core of polyglycol dendrim-
ers.[8] These compounds were
used as probes to oligonucleo-
tide arrays possessing the com-
plementary oligonucleotide,
and also as primer in the PCR
(Polymerase Chain Reaction, a
technique that allows to expo-
nentially amplify a piece of
DNA by in vitro enzymatic rep-
lication[9]). The oligonucleotide


at the core of compounds of type 2 can be chosen in order
to allow the hybridization with another dendron possessing
the complementary oligonucleotide, affording compounds of
type 3 (Figure 2). This supramolecular approach offers a ver-
satile strategy for designing new dendritic nanostructures, by
varying the size, shape, and surface substituents of both den-
dritic entities involved.[10]


A similar approach consists of randomly conjugating one
or a few oligonucleotides to the surface of dendrimers. Hy-
bridization of two dendrimers possessing two complementa-
ry oligonucleotides on their surface affords compounds of
type 4 (Figure 2). Such compounds were first used to study
their physical properties and shape (AFM, dynamic light
scattering).[11] Later on, the random approach was extended
to fluorescent labels on one dendrimer (fluorescein) and
folic acid on the other dendrimer, for cancer cell specific tar-
geting. Hybridization of both dendrimers offers the potential
for developing combinatorial therapeutics.[12]


In the case of the full substitution of all the terminal
groups of dendrimers by oligonucleotides such as com-
pounds of type 5 (Figure 2), various types of hybridizations
can be performed. The simplest case consists of reacting
linear complementary oligonucleotides to afford compounds
of type 6,[13,14] either in solution, or linked to a solid surface.
In case of two dendrimers possessing several single-stranded
complementary oligonucleotides, stable nanostructures were
obtained in some cases by self-assembly, such as compounds
of type 7 (Figure 2).[13, 15]


Dendrimers exclusively composed of oligonucleotides as-
sociated by hybridization were first described in 1997.[16] A
heterodimer composed of two single-stranded nucleic acid


Scheme 2. Schematized convergent synthesis of single-stranded oligonucleotide dendrimers on solid support.
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oligomers possessing a central double-stranded waist and
four single-stranded arms for binding was used as monomer.
The assembly of the dendrimer proceeds in layers as shown
in Scheme 3 for the first-generation 8-G1, possessing 12
single-stranded arms on the periphery. This method was first
applied up to generation 6 (2916 single-stranded arms).[16]


These types of dendritic nucleic acids possess numerous
interesting properties. In a first example, they were used as
very sensitive probes for DNA biosensors (see below).[17]


Another example of strong signal amplification using these
nucleic acid dendrimers was observed when attaching as ter-
minal groups special oligonucleotides suitable to undergo an


extension due to polymerase
activity and an excision due to
exonuclease activity. DNA
polymerase catalyses the gener-
ation of pyrophosphate, which
is enzymatically converted to
ATP and subsequently detected
by bioluminescence with luci-
ferase. Measurement of the
fluorescence issued from the re-
action of a monomeric oligonu-
cleotide and of the generations
4, 6, and 8 of the nucleic-acid
dendrimers bearing this mono-
mer as terminal functions shows
that the magnitude of the signal
parallels the increase of the
number of terminal functions.
Thus, this method was able to
detect a few attomoles (10�18)
of generation 4 and a few zep-
tomoles (10�21) of the genera-
tion 8, that is a few hundreds of
molecules of dendrimers


(Scheme 4).[18] The peripheral groups of the nucleic acid
dendrimers shown in Scheme 3 can also be used to graft ran-
domly both specific oligonucleotides and fluorophores.
These compounds were used to identify some specific cells
in vivo in chicken embryo.[19] They are commercially avail-
able under the name of 3DNA, and are particularly suitable
as labels for improved detection in microarray experiments
and flow cytometry.[20]


Another series of nucleic-acid dendrimers was obtained
later in a relatively analogous way, using also single-strand-
ed oligonucleotides having partial complementary sequen-
ces. In this case, Y-shaped DNA was obtained (named D3 9-


G0 in Scheme 5) as core. Using
the same principle, an AB2 mo-
nomer (also Y-shaped DNA)
was elaborated. Assembly by li-
gating three equivalents of AB2
with one equivalent of the core
D3 affords the first generation
dendrimer B6 9-G1. Reacting six
equivalents of a CD2 monomer
elaborated in the same way,
with B6 affords the second-gen-
eration 9-G2 (Scheme 5). The
alternate use of AB2 and CD2
monomers was carried out up
to the fifth generation.[21] A, B,
C, and D represent different se-
quences of oligonucleotides,
with A and D being comple-
mentary, as well as C and B; on
the other hand, A and C, as
well as D and B, are mis-


Figure 2. Different types of dendritic structures incorporating oligonucleotides (nucleic acids) in their struc-
ture.


Scheme 3. Synthesis of dendritic nucleic acid structures by hybridization of linear oligonucleotides. Only the
first generation is shown.
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matched. This principle (use of AB2 and CD2 monomers
with reaction of A only with D, and of C only with D) was
already reported for “classical” dendrimers (not with
DNA).[22]


Due to the specificity of the hybridization, each terminal
group of the oligonucleotide dendrimers shown in Scheme 5
can be precisely functionalized, in particular to graft differ-
ent fluorescent dyes, in different ratios, as well as a probe
for molecular recognition. This method provides “nanobar-
ACHTUNGTRENNUNGcodes”, usable for the detection of the DNA of several


pathogens by fluorescence mi-
croscopy, by blotting assays,
and by flow cytometry,[23] but
also for studying diffusion prop-
erties.[24] An analogous proce-
dure was applied starting from
agarose beads as solid sup-
port.[25] Complex dendritic ar-
chitectures were recently ob-
tained by similar self-assembly
pathways,[26] as well as assem-
blies of discrete gold nanoparti-
cles.[27] The covalent grafting of
dendrons to DNA was also
used for the direct metallization
of specific DNA strands, in
order to increase the conductiv-
ity, affording molecular wires.[28]


Dendrimers for DNA
Microarrays and
Biosensors


The growing demand for molec-
ular medicine, forensic applica-
tions, preservation of food and
environment safety, has stimu-
lated the search for quick and
reliable analytical methods. Bio-
sensors, such as DNA microar-
rays, are more and more playing
a major role in this field.[29] Typ-
ical devices consist of an oligo-
nucleotide (the probe) immobi-
lized at discrete positions on
surface activated slides; gener-
ally a robot is used for spotting
the oligonucleotides. The
sample to be analyzed is consti-
tuted of complex mixtures of
fluorescently labeled nucleic
acids containing the target. The
hybridization probe–target is
quantified by fluorescence (see
upper part of Figure 3). In some
cases, a dehybridization (strip-


ping) process can be carried out after the experiment to re-
generate the probe, and reuse it in subsequent experiments.
The degree of sophistication of these devices increases con-
tinuously to progress towards ultra-sensitive methods. Sever-
al examples have reported the role played by dendritic
structures for improving the sensitivity and reliability of
such devices, by ensuring the moving of the probe away the
solid surface for improved hybridizations. A recent review
emphasized the role of dendrimers,[30] thus, only leading and
up-dated examples will be reported here.


Scheme 4. Schematic representation of the principle of detection of DNA dendrimers terminated by special
single-stranded oligonucleotides. The polymerase activity extends the recessive 3’-end. For each TTP molecule
incorporated, a PPi molecule is liberated. Once extension is completed, the template is regenerated by the
3’!5’ exonuclease activity for another round of polymerase activity. This process affords a high concentration
of PPi, which is enzymatically converted to ATP. The amount of ATP generated is detected by firefly lucifer-
ase and luciferin.


Scheme 5. Synthesis of nucleic acid dendrimers using branched monomers elaborated from three oligonucleo-
tides. The colours pink, blue, green and orange are only used to differentiate each strand (all the AB2 mono-
mers are identical).
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The simplest method consists in covalently grafting the
dendrimers on a glass (or silica or quartz) slide beforehand
activated by reacting in particular aminotriethoxysilanes. If
the dendrimer has not the suitable functional groups to
react directly with the NH2 surface groups (in particular
PAMAM dendrimers), another intermediate linker such as a
diisothiocyanate is needed. This type of homobifunctional
reagent also induces the cross-linking of dendrimers to im-
prove the stability of the array, and allows the grafting of
oligonucleotides on the surface of the dendrimer (slides I,
Figure 3). The stability was confirmed by the constancy of
the intensity of the fluorescence after 100 simulated regener-
ation cycles.[31] However, the cross-linking diminishes the
number of sites suitable for the grafting of the oligonucleo-
tides, thus the intermediate linkers were modified in subse-
quent attempts to avoid cross-linking. A 10-fold increase of
the fluorescence intensity was observed using these slides
modified by PAMAM dendrimers, compared to slides modi-
fied by a linear linker. Furthermore, single nucleotide poly-
morphism can be detected (only one base different from the
perfect target on a 212 mer single-stranded DNA induces a
decrease of the signal intensity of 60–92% depending on the
position of the mismatch).[32] Other types of dendrimers
having also NH2 terminal groups were used, in particular
PPI dendrimers, but in this case no real improvement was
observed when compared to nondendritic arrays.[33]


If the dendrimers possess aldehyde terminal groups, such
as phosphorus containing dendrimers, they are directly
linked to the slide functionalized by NH2.


[34] Furthermore,
the remaining aldehyde groups are also suitable for the
direct grafting of amino-modified oligonucleotides. Several
generations of these dendrimers were tested (from 1 to 7),
and the best signal-to-noise ratio was obtained with genera-


tions 4 to 7, emphasizing the
importance of the size of the
dendrimer. A 1000-fold in-
crease of the fluorescence in-
tensity was observed when
compared with simple aldehyde
functionalized slides.[35] Com-
parison with twelve commer-
cially available activated slides
shows that only the presence of
the dendrimers allows the de-
tection of picomoles of targets
(10�12).[36] This high sensitivity
is particularly interesting for
studies involving very low
amounts of biological materials.
Furthermore, these slides can
be reused several times using
dehybridization/hybridization
sequences, and allows the de-
tection of mismatching. The
same type of slides functional-
ized by phosphorus dendrimers
also allowed the elaboration of


microstructured liposome arrays, by grafting on the lipo-
somes oligonucleotides complementary to the oligonucleo-
tides bound to the array.[37]


Besides “true” dendrimers, dendrons were also used to
create DNA microarrays of type II (Figure 3). In the first
example, the dendrons were created step-by-step on the
solid surface from nucleating points. However, a mixture of
branched products was obtained, and not a precise den-
dron.[38] On the other hand, true dendrons can be considered
as cone-shaped compounds that are able to generate meso-
spacing when linked to a solid.[39] Coupling one oligonucleo-
tide to the core provides DNA probes with ample space for
hybridization (type III, Figure 3), resulting in high hybridiza-
tion yields (80–100%). These DNA microarrays have high
sensitivity and selectivity and are usable in a wide range of
temperatures (37–50 8C).[40] These arrays were also used for
measuring the force of DNA hybridization with an AFM
probe covered by the complementary oligonucleotide.[41]


Besides the spotting of the probe oligonucleotides by a
robot which was used for most of the above-mentioned ex-
amples, dendrimers were also used in the patterning of sen-
sors for biomolecules. A silicon wafer covered by PEG
(polyethyleneglycol) was patterned by e-beam to generate
silanol groups, then surrounded by an aldehyde terminated
SAM (self-assembled monolayer). PAMAM dendrimers
having NH2 terminal groups were then covalently linked on
the precise places where the aldehyde groups were placed.
Then, the probe oligonucleotide was linked to the dendri-
mer as for classical DNA arrays, and the efficiency of the
detection of the target was checked classically by fluores-
cence.[42] Another method for patterning consists in using
stamps for microprinting. The particular advantage of this
technique is that it allows the replication of microarrays. A


Figure 3. Upper part: principle of detection by DNA sensors. Lower part: various types of dendritic structures
used as spacer between the solid surface and the oligonucleotide probe; from left to right: I) dendrimer depos-
ited on the surface and then functionalized by the probe; II) dendrimer created step-by-step on the surface,
then functionalized by the probe; III) dendron deposited on the surface, then the core is functionalized by the
probe; IV) all the terminal groups of the dendrimer are probes.
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stamp was inked with PPI dendrimers, and subsequently in-
cubated with fluorescein-labeled DNA. After transfer print-
ing onto the functionalized slide, the substrate was rinsed to
wash out the dendrimers, affording the patterned DNA mi-
croarray, analyzed by fluorescence (Scheme 6).[43]


A very recent example of a biosensor enabling an en-
hanced detection of DNA hybridization used nanotubes of
dendrimers elaborated inside an ordered porous alumina
membrane. The nanotubes were obtained by layer-by-layer
deposition of negatively and positively charged phosphorus
dendrimers on the pore walls.[44] After deposition of three
bilayers of anionic and cationic dendrimers, a first layer of
negatively charged quantum dots (QD) was deposited. The
alternate deposition of polycationic dendrimers with several
other layers of luminescent quantum dots (three different
quantum dots of type ZnCdSe alloys with different emission
wavelengths) offered a graded-bandgap structure. Then
probe oligonucleotides were immobilized, and hybridized
with target fluorescent labeled oligonucleotides (Figure 4).
An efficient excitation energy transfer occurs by FRET
(Fçrster resonance energy transfer) from the outer to the
inner surface of the dendritic nanotubes, and allowed the
detection of hybridization with a high sensitivity.[45]


Besides fluorescence, a few other methods have been
used to detect hybridization occurring with dendritic DNA
sensors. The first example concerns the nucleic acid den-
drimers shown in Scheme 3. The generation 4, especially de-
signed to possess single-stranded terminal arms specific to a


waterborne pathogen, was en-
trapped in polyphenol for im-
mobilization onto a quartz-crys-
tal microbalance (slide IV in
Figure 3). Hybridization with
the DNA target issued from
this pathogen produces a
weight increase, which induces
a large modification of the reso-
nance frequency. An important
increase of the sensitivity of de-
tection is observed, but it is
lower than expected, indicating
that not all the oligonucleotide
arms are hybridized with the
target.[17] The same detection


technique was applied to phosphorus dendrimers linked on
one side to a resonating piezoelectric membrane and to an
oligonucleotide on the other side. The complementary oligo-
nucleotide (the target) is biotin-labeled, and is then used to
trap streptavidin–gold colloid conjugates. The deposition of
the gold colloids induces a modification of the resonance
frequency of the membrane; the estimated mass sensitivity
was better by a factor of several hundreds than the state of
the art values for such devices.[46] Surface plasmon reso-
nance[47] and electrochemistry[48] were also used to detect
the efficiency of dendritic (PAMAM dendrimers) DNA sen-
sors.


Noncovalent Interactions Dendrimers/DNA


In most cases using dendrimers as sensitive biosensors, the
dendrimer and the oligonucleotide are covalently linked.
However, there exist also numerous works concerning non-
covalent interactions between positively charged dendrimers
and DNA (generally double-stranded). As expected, the
major binding force for DNA–dendrimers complexes are
electrostatic interactions.[49] Most of this work was carried
out with the aim of performing transfection experiments.
However, we will first give some insights on the studies car-
ried out to understand how the interaction occurs (some ex-
amples relevant to this topic were previously reviewed);[50]


indications about the potential of these complexes for physi-
cal technologies will be also given.
An important part of this work was carried out with


PAMAM dendrimers, which possess easily cationized amino
terminal and internal groups. Nitroxide-labeled PAMAM
dendrimers studied by EPR provided information about the
interaction DNA/dendrimers (Figure 5): i) DNA can “wrap”
around generation 6 better than around generation 2; ii)
higher protonation decreases the interaction with DNA for


Scheme 6. Microcontact printing of DNA with a stamp functionalized by dendrimers.


Figure 4. Dendrimer nanotubes as graded-bandgap structures elaborated
with charged phosphorus dendrimers and ZnCdSe quantum dots inside a
porous alumina membrane, then surrounded by DNA linked to a fluores-
cent label. The enlargement of one wall is schematized.
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large dendrimers but increases for small dendrimers; iii) for-
mation of supramolecular structures induces a protection
against specific nucleases; iv) extensive precipitation of
PAMAM/DNA adducts takes place for a large number of
ratios x (x=positive charges of dendrimers/base pairs of
DNA), due to charge neutralization (only aggregates with
0<x<1 and 200<x are soluble).[51] In some cases, the ag-
gregates form ordered structures, characterized by a differ-
ent degree of DNA ordering: a condensed nematic phase
was observed for 2=x <4, whereas a long-range ordered
square lattice was formed at x=4, using PAMAM G4 den-
drimers.[52] With PAMAM G2 on mica, 2D densely packed
DNA nanostructures were created.[53] AFM images with G6
showed two different phases, a condensed phase and an ex-
tended phase (a PAMAM/DNA fiber), and indicated that
the dendrimers are bent around DNA more than the DNA
bends around the dendrimers.[54] In the case of single-strand-
ed DNA, a theoretical approach indicates that the complex-
ation is surprisingly sequence dependant, with the binding
constant of PAMAM G4 for homologous oligonucleotides (a
single type of base) being T < A < C < G.[55] Between
PPI dendrimers and double stranded DNA, water soluble
complexes were obtained at 1 < x with G4 and G5, but not
with G1 and G2. It was shown that native DNA complexed
with an excess of dendrimer was compacted.[56] A deeper in-
sight in the structure using synchrotron X-ray studies
showed that the complexes are columnar mesophases con-
sisting of arrays of DNA rods intercalated with dendrim-
ers.[57]


Several types of dendritic structures were specially engi-
neered for studying their interaction with DNA. The self-as-
sembly between a barbell-like triblock copolymer compris-
ing two polylysine dendrons linked by their core to a linear
PEG and plasmid DNA was studied by electrophoretic shift
assay and AFM. A very important difference was observed
between the generations 3 and 4 of the dendrons: only G4
was able to form spherical particles with DNA and to pro-
tect it against DNase attack.[58] Cylindrically shaped
dendronized polymers having G2 or G4 dendrons attached


to aminopolystyrene were complexed with DNA. Scanning
force microscopy data indicated that DNA wraps around the
dendronized polymers.[59] Low molecular weight dendrons
having spermine as terminal groups were shown to bind
strongly to plasmid DNA; G1 affords spherical aggregates of
approximately 100 nm in diameter, and 400 nm for G2,
showing that both G1 and G2 efficiently condense DNA.


[60]


Attachment of a protein at the core of the same dendrons
does not modify the high affinity to DNA, allowing to
convey DNA affinity to proteins that do not have natural
DNA-binding ability.[61] On the other hand, introducing UV-
responsive linkers between the spermine and the dendrons
affords photocleavable entities, able to bind reversibly to
DNA.[62]


Final examples of interactions between double-stranded
DNA and dendrimers were not carried out in view of trans-
fection experiments. PAMAM dendrimers were used as sta-
tionary phases to deposit porphyrin-intercalated DNA onto
ITO (indium titanium oxide) electrodes. The resulting elec-
trodes generated photocurrent waves in response to irradia-
tion with visible light; the intensity increased with the gener-
ation (G1 to G4).


[63] On the other hand, positively charged
phosphorus dendrimers and long DNA (3 mm length) were
used for the elaboration of microcapsules, starting form mi-
croparticles (1=4 mm) covered by the layer-by-layer depo-
sition technique (4Q each). By dissolving the microparticle
templates in HCl, microcapsules composed of DNA and
dendrimers layers in alternation were obtained, illustrating
the high stability of the complexes. Most of the capsules are
parts of small aggregates, due to the length of DNA, which
can be linked to two capsules.[64]


Dendrimers as Transfecting Agents


The delivery of therapeutic nucleic acids is one of the major
challenges of genetic therapies. This challenge has been ad-
dressed using a variety of viral and non-viral delivery sys-
tems, but all have some severe disadvantages: lack of safety
for viral vectors and poor efficiency for synthetic vectors.
We have seen in the previous part of this paper that polycat-
ionic dendrimers strongly interact with DNA, thus their use
as synthetic vectors has been recognized very early,[65] and
has now produced a huge quantity of publications. A review
has gathered most of the early work in this topic,[66] thus we
will focus on the most representative, and also the most
recent examples.
Most of this work has been carried out for the delivery of


plasmid DNA, to express the gene of interest, which will in-
crease the activity of the target (in particular by production
of a therapeutic protein). A small part of this work concerns
antisense oligonucleotides or siRNA (silent), which general-
ly will reduce the target activity. A mechanism can be pro-
posed for the use of dendrimers as transfecting agents, even
if all the steps are not fully understood (Figure 6). The first
step is the association of dendrimers and DNA, affording
what has been called a dendriplexe.[67] The binding of the


Figure 5. Possible types of interactions between dendrimers and DNA,
depending on the size of dendrimers, the length of DNA, and the ratio of
charges.
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dendriplexe (positively charged) to the cell membrane (neg-
atively charged) is generally based on electrostatic attrac-
tion. Endosomal uptake of this dendriplexe allows the inter-
nalization inside the cytoplasm. Dissociation occurs presum-
ably under the influence of cationic lipids. The transfer from
the cytoplasm to the nucleus is a critical step, but nuclear
entry is not fully understood (with or without dendrimers).
The behavior of the dendrimer after the transfection is also
unclear.
A very important amount of work dedicated to transfec-


tion using dendritic agents concerns PAMAM dendrimers,
which have become a standard tool for many cell and mo-
lecular biologists. Reviews have been published on this par-
ticular topic.[68] The importance of the generation of the
dendrimer on the efficiency of transfection was early recog-
nized, the best efficiency for transfecting mammalian cells
with the plasmid encoding firefly luciferase being obtained
with generation 6 PAMAM,[65] but it appeared later that the
specific dendrimer most efficient in achieving transfection
varied between different types of cells.[69] Some experiments
were carried out in vivo for topical delivery to hairless
mouse skin.[70] The delivery of antisense oligonucleotides[71]


and RNA[72] using PAMAM dendrimers was also efficient,
as shown by the decrease of the expression of the target.
Besides “native” PAMAM dendrimers (NH2 terminal


groups), several types of modifications were attempted, in
order to try to increase the efficiency of the transfection.
One of the most powerful modifications consists in a ther-
mal degradation of high generation PAMAM dendrimers; it
has been shown to induce dramatic enhancement of activity
(> 50-fold).[73] It has been shown that these fractured den-
drimers (commercialized under the name Superfect) oper-
ates via a cholesterol dependant pathway,[74] and is able to
deliver gene in vivo to cure established tumors of mice.[75]


Another type of modification of PAMAM dendrimers con-
sists in changing their end groups, in particular by poly(eth-
ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGene glycol) (PEG). A 20-fold increase in transfection effi-
ciency compared with partially degraded PAMAM was ob-
served when PEG were grafted to the surface of G5, and the
cytotoxicity was very low.[76] A further step in the modifica-
tion of the terminal groups consisted in using a bifunctional


PEG, able to react with the dendrimer on one side and with
a brain-targeting ligand (Transferrin or lactoferrin) on the
other side. PAMAM-PEG-Tf (or Lf) complexed with DNA
was able to cross the blood-brain barrier of mice after intra-
venous injection to efficiently deliver gene targeted to the
brain.[77] Other types of structural modifications used den-
drons. Grafting of one PEG at the core of PAMAM den-
drons afforded a vector with low toxicity and increased effi-
ciency for gene delivery to mammalian cells.[78] PAMAM
dendrons were also used to be grafted by their core to mag-
netic nanoparticles. These vectors mixed with an antisense
oligonucleotide entered into tumor cells and inhibited cell
growth; furthermore, the presence of the magnetic particle
could be used for medical imaging or hyperthermia.[79]


Other interactions between “native” PAMAM and silica
nanoparticles were also found efficient for transfection.[80]


Several other types of dendritic structures were tested for
transfection experiments, such as those derived from PPI
dendrimers. For instance conjugation of arginine to the ter-
minal groups afforded an efficient and low toxic gene deliv-
ery system.[81] A branched polymeric derivative easier to
synthesize, was used for transfection, but was found less effi-
cient than Superfect.[82] Generation 5 and 6 of polyACHTUNGTRENNUNG(lysine)
dendrimers (eventually modified by arginine terminal
groups) are as efficient or more than Superfect, without sig-
nificant toxicity or cell specificity.[83] Phosphorus dendrimers
of generations 3, 4 and 5, with protonated tertiary amine ter-
minal groups were found efficient transfecting agents of the
luciferase gene within 3T3 cells,[84] but also within human
cells.[85] The biocompatibility of carbosilane dendrimers
having various types of ammonium terminal groups was
tested towards blood mononuclear cells, then their interac-
tion with oligodeoxynucleotides was studied in view of
transfection experiments in these cells.[86] Besides fully sym-
metrical dendrimers, several types of Janus dendrimers were
synthesized for transfection experiments. Long alkyl chains
on one side and ammoniums on the other side afford small
amphiphilic dendrimers, sensitive to pH, and more efficient
for transfection than Superfect.[87] Analogous compounds of
type cationic lipids with a dendritic head group form various
lamellar and nonlamellar phases with DNA, and have also
efficient transfection properties.[88] Finally, besides classical
transfection experiments, more original conditions were
used, such as electroporation (an externally applied electric
field to increase the permeability of the cell membrane) to
transfer DNA/PAMAM complexes in cardiac transplants,[89]


or light-induced delivery using polyaryl ether dendrimers
having a phthalocyanine as core.[90]


Conclusion


Combination of two of the most particular molecular archi-
tectures that nature (DNA) and the chemists (dendrimers)
have built has already demonstrated that their synergetic in-
fluence one on each other produces particularly fruitful re-
sults. Indeed, we have shown that very specific dendritic ar-


Figure 6. Possible way for transfecting cells using dendrimers.
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chitectures can be built using DNA, that microarrays usable
as biosensors possess a sensitivity increased by several
orders of magnitude when they are engineered using den-
drimers linked to DNA, and that electrostatic interactions
between dendrimers and DNA are able, on one side to pro-
duce original condensed phases potentially usable for micro-
electronics, and on the other side to allow the penetration
inside cells of genetic materials for the regulation of the ac-
tivity of cells (increased production of therapeutic proteins,
or inhibition of the growth of cancerous cells).
From the short picture that we have paint in this paper,


we can say that the rapid progress made by the technologies
implying dendrimers and DNA in the past few years is
really impressive; but now, what promises for the future?
The elaboration of more sensitive, more specific, and easier
to handle biosensors for uses in the preservation of the qual-
ity of food and of environment, for medical diagnosis and
forensic applications is certainly a development that can be
foreseen. Vectors with increased efficiency and stealth char-
acteristics, as well as a decreased toxicity should be synthe-
sized, even if their safe use for human genetic therapy is still
a dream. Anyway, it is obvious that breakthrough progresses
in the field connecting dendrimers and DNA will need inter-
disciplinary researches, where physicists, engineers, chemists,
biologists, and medical doctors should work together.
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Introduction


The ability of glycans to encode biochemical information
has been brought to attention and its unraveling has been
heralded as one of the most critical challenges for the post-
genomic era.[1,2] The complexity of the problem has often
been summarized: carbohydrates are the most abundant
type of biomolecule in nature. They are widely expressed as
glycolipids and glycoproteins, and glycosylation is the most
widespread post-translational modification of proteins. Fur-
thermore, glycans are way more complex and difficult to an-
alyze and synthesize than other macromolecules. Therefore,
despite numerous efforts, the extent to which the sugar code
has been deciphered is still limited.


Nonetheless, it is clearly emerging that many fundamental
biological processes are controlled by sugar-mediated infor-
mation. Just to name a few: quality control of protein fold-
ing, intra- and extracellular trafficking of glycoconjugates,
signaling, host defence pathways, modulation of cell–cell
and cell–matrix adhesion, both in physiological situations
(as egg-sperm interaction) and in pathological conditions
(inflammation, cancer, etc)[3]—enough to justify efforts di-
rected to understanding how chemical information is en-
coded in sugar structure, how this information is read out by
sugar-binding proteins (lectins), and how we can control/
alter this flow of information by interfering with the sugar
code.


A major contribution to the understanding of the sugar
code is expected to emerge from screening of glycan
arrays[4] and from the use of chemoinformatic tools. Glycan-
specific databases have been built[5] and data mining has
begun.[6] Glycomimetic molecules that can disrupt the for-
mation of sugar–protein complexes may be used in this con-
text as probes of biological processes and may provide ideas
for medicinal applications.


So far, most of this work has been directed towards the
enzymes that tailor glycan determinants: glycosidases and
glycosyltransferases. Inhibition of glycosidases has been par-
ticularly fruitful: azasugars of the nojirimycin family are
well-established, general-purpose inhibitors.[7] Sialidase in-
hibitors have been developed in one of the first successful
rational drug-design projects,[8] and are currently commer-
cialized as anti-flu drugs under the commercial names of
Relenza (Zanamivir) and Tamiflu (Oseltamivir). Inhibition
of glycosyltransferases, until very recently, has proven
harder, mainly due to the lack of robust non-radiometric
assay strategies to detect glycosylation, but important steps
forwards are being made.[9]


Less is known about the inhibition of lectin-mediated
sugar recognition. As opposed to sugar-processing enzymes,
lectins are proteins that recognize glycans, but do not cata-
lyze their transformation. Initially discovered in plants and
in snake venom, lectins were also identified in bacteria, vi-
ruses, vertebrates, and mammals and were recognized as the
read-out machinery of carbohydrate-encoded information.[1]


The lectin carbohydrate recognition domains (CRD) are
often able to recognize complex oligosaccharides in a selec-
tive manner; however, the oligosaccharide recognition deter-
minants often consist of only one or two residues that
appear to act as anchors driving the entire glycoconjugate to
interact with the protein.


Hydrogen bonding, association of sugar molecules with
metals (for C-type lectins and related calcium-dependent
proteins), ionic interactions, and hydrophobic stacking con-
tribute to the binding energy. The energy associated with hy-
drogen bonding in sugar–protein interactions is significantly
reduced by competition from bulk solvent and by the flexi-
ble nature of the hydroxyl groups, which result in a consider-
able entropic penalty when they become constrained upon
binding. Sugar C�H bonds can engage in stacking interac-
tions with protein aromatic side chains, but natural carbohy-
drates usually lack extended hydrophobic areas, often a
dominant factor in high-affinity receptor–ligand interactions.
Hence, the affinity of lectins for monovalent carbohydrates
is typically weak (dissociation constants are in the mm to mm


range). Most lectins, however, are multimeric and, in gener-
al, polyvalent presentation of monosaccharides acting as
binding determinants for a given lectin can be used for in-
hibition with major affinity increases over the corresponding
monovalent ligand[10] Spectacular results have been achieved
through this approach, particularly for AB5 bacterial
toxins[11] and more could be achieved through the combina-
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tion of judicious choice of potent monovalent inhibitors
with rationally designed polyvalent scaffolds, a task that will
be significantly simplified by the introduction of powerful
chemoselective conjugation techniques.


The identification of unnatural inhibitors of lectin–sugar
recognition has been approached mostly through rational
design and synthesis of glycomimetic structures, although,
more recently, non-carbohydrate lectin binders have begun
to be described.[12] In this context, glycomimetics are non-
carbohydrates that attempt to reproduce the 3D structure of
oligosaccharidesI binding determinants and thus to compete
with the natural ligand for a target lectin. They are often
composed of a mono- or disaccharide, working as the lectin
anchor, linked to an aglycone designed to host and orient
further functionalities for lectin interaction and to impart to
the molecule some pharmacologically favorable properties,
such as improved lipophilicity and resistance to hydrolytic
enzymes.


This work is based on the following rationale:


* Despite the great structural complexity of many bioactive
oligosaccharides, often only small portions of these mole-
cules are actually recognized by their receptors. The re-
maining part appears to act as a scaffold that orients the
binding determinants in the appropriate conformation
and provides a connection to the aglycons.


* Although oligosaccharides are relatively flexible mole-
cules, if compared to other macromolecules, “certain gly-
cans have highly favored conformations”.[13] In particular,
vicinal branching appears to impart a significant confor-
mational restriction, as seen for instance in ganglio-
sides[14] and in the Lewis determinants.[15]


* Different lectins can select different conformations of
flexible oligosaccharides.[16] Some lectins even select con-
formations that do not appear to be populated by more
than 5–10% in the free state (ground state) of the ligand.
This has clearly a consequence on the (low) affinity of
such ligands for the target lectin, but it can be exploited
by mimics that, by chance or design, happen to stabilize
the bound conformation.


Selectins, a group of lectins that recognize the tetrasac-
charides sialyl Lewis-x (sLeX, 1), remain the most exploited
targets to date.[17] Early works in the field provided mile-
stones for rational design of lectin antagonists. Two possible
approaches towards construction of carbohydrate mimics
were postulated. The first one implicates removal of non-in-
teracting functional groups, but conservation of the original
glycosidic linkages to retain the conformational properties
of natural ligand. This approach reduces the polarity of the
sugars, which may increase the affinity of the binding by im-
proving hydrophobic interactions and decreasing the penalty
for polar groups desolvation. Addition of a hydrophobic
group or a charged group can also be beneficial. The stabili-
ty of O-glycosides, which are known to have very short life-
times in physiological conditions, may be improved by
switching to C- or S-glycosidic linkages.[17]


A second approach exploits non-carbohydrate frame-
works to which the required pharmacophoric sugar frag-
ments are tethered so that they maintain the same orienta-
tion in space as they do in the natural oligosaccharide struc-
ture (bound conformation). Additional groups may also be
incorporated to enhance the affinity. Replacement of the
glycosidic scaffold often facilitates and accelerates the other-
wise very time-consuming oligosaccharide synthesis. Follow-
ing this approach, Kolb and Ernst (at that time at Novartis)
developed the sialyl LewisX mimic 2 shown in Figure 1.[18]


Two elements control the shape of this mimic: the cyclohex-
anediol scaffold, replacing for the 3,4-disubstituted GalNAc
in sLeX, and the S stereocenter of the ether fragment, which
incorporates the acid used to replace the sialic acid residue
of sLeX. It was shown that this configuration favors the
gauche orientation of the carboxy group relative to the gal-
actose ring shown in Figure 1, which is the bioactive one for
the interaction of sLeX with E-selectin.


Building on these results we have expanded the range of
tools available as non-carbohydrate scaffolds by introducing
two enantiomerically pure, conformationally stable cyclo-
hexanediols 3 and 4 (Figure 2). These molecules were de-
signed to replicate carbohydrate branching motifs that incor-
porate one or more axial substituents, like the 3,4-galacto
and 1,2-a-manno motifs, frequently encountered in bioactive
oligosaccharides.[19] They have been used to synthesize struc-
tural and functional analogues of complex carbohydrates
(pseudo-oligosaccharides) that interact with biologically rel-
evant lectins, such as the cholera toxin and the dendritic cell
receptor DC-SIGN. The carboxy groups of such diols, which
act as a conformational lock on the cyclohexane ring, were


Figure 1. Sialyl LewisX (sLeX, 1), the conformation adopted by sLeX in
the selectin complex (1a) and the Novartis mimic 2. E-selectin affinities
from referene [18].
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also exploited for conjugation to various supports, thus al-
lowing the synthesis of polyvalent pseudo-glycoconjugates.


Ganglioside GM1 and the Cholera Toxin (CT)


The first target we selected was the recognition pair com-
posed by the pentavalent cholera toxin protein and its cellu-
lar receptor, the pentasaccharide head-group of ganglioside
GM1 (GM1os, 5 ; Figure 3). This is an extremely well-charac-
terized pair in the field of sugar–protein interactions. Chol-
era toxin belongs to the AB5 bacterial toxins family, which
are named after their characteristic architecture comprising
a single catalytically active component (A) and a nontoxic
receptor-binding pentamer of B subunits that are responsi-
ble for binding to gangliosides at the cell surface.[20] The rec-
ognition function is retained even in the absence of the A
subunit, but the complete AB5 holotoxin is required for the
toxic effects. There are several families of AB5 toxins. The
cholera toxin (CT) family includes enterotoxins responsible
for several disorders, from the relatively mild travelersI diar-


rhea (from E. coli heat-labile toxin, LT) to the much more
serious and life-threatening cholera. Given the importance
of the processes that they promote, the study of the com-
plexes formed between gangliosides and AB5 toxins at dif-
ferent levels is very relevant. For basic research, they offer a
paradigmatic model for studying the structural and thermo-
dynamic basis of protein–carbohydrate interactions; for me-
dicinal chemistry, they may provide key insights for the
structure-based design of ligands that can potentially be
used to treat the above-mentioned diseases.


Rational design of galactose-based ligands for CT and LT
has been reported and recently reviewed.[21] The B pentamer
of CT (CTB) interacts with the soluble, monovalent oligo-
saccharide portion of GM1os 5 with a strong affinity. The
binding process is weakly cooperative and the dissociation
constant for the monovalent interaction of one GM1os with
one pentamer binding site, is 43 nm at room temperature,[22]


which places it among the highest affinity protein–carbohy-
drate interactions described to date. The X-ray structure of
the CTB-GM1os complex[23] shows a “two-fingered grip” of
the sugar on the toxin, created by a sialic acid thumb and a
Galb ACHTUNGTRENNUNG(1!3)GalNAc forefinger. Most of the contacts are
given by the “finger” tips. The terminal galactose residue in
the “forefinger” can reach into a well-defined galactose-
binding pocket, lined by the indole side chain of Trp-88 and
shielded from the solvent. The rest of the toxin-binding site
is shallow and exposed to solvent. The NeuAc “thumb” in-
teracts with a carboxylate-binding region, which includes
one highly conserved crystallographic water molecule. A
comparison between the solution conformation of GM1os, as
determined by NMR data,[24] and the conformation observed
in the toxin complex indicates that this pentasaccharide is
conformationally preorganized for a near lock-and-key in-
teraction with CTB. Such preorganization appears to be the
source of the unusually high binding affinity of the
CTB:GM1os pair, as shown also by a detailed calorimetric
study of the thermodynamics of CT binding by GM1os and
fragments thereof.[22] Structural data[25] converge to locate
the origin of the limited conformational flexibility of GM1os
in the 3,4-branching at Gal-II (Figure 3). Thus, this residue
appears to act as the scaffold holding the two terminal
sugars (Gal-IV and NeuAc) at the proper place and distance
for optimal interaction with CT. It is worth noting that, al-
though both sLeX and GM1os include a NeuAca2,3-Gal
motif, the conformation of this fragment in the two mole-
cules is different, resulting in a different orientation of the
carboxylate binding determinant, which can be appreciated
by comparing Figures 1 and 3.


From the above structure-based rationale, we have pro-
posed a series of ganglioside mimics in which the non-inter-
acting oligosaccharide backbone of GM1os was replaced
with the cyclohexane diol 3 (Figure 2), which was chosen to
reproduce the topological features of the 3,4-disubstituted
galactose residue (Gal-II) in GM1. The pseudotetrasaccha-
ACHTUNGTRENNUNGride 6 (Figure 4) representing the first generation of mimics
indeed displayed the same affinity as the natural ligand.[26]


A similar affinity (Kd=1.8 mm) was measured for the ana-


Figure 2. Dicarboxy cyclohexanediol (DCCHD) scaffolds 3 and 4 de-
signed to mimic 3,4-disubstituted galacto and 1,2-a-manno motifs, respec-
tively.


Figure 3. GM1os 5 and its three-dimensional structure 5a.
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logue 7 in which the GalNAc residue was substituted with a
GlcNAc one, a change that was shown to preserve the
three-dimensional shape of the ligand.[27]


A second generation of molecules (8–13) was created by
replacing sialic acid with simpler hydroxyacids (Figure 4).
Comparison of the epimeric lactic acid derivatives 9 (R=


Me, S epimer, Kd=1.1 mm) and 10 (R=Me, R epimer, Kd=


0.2 mm) lead to the observation that the R configuration of
the stereocenter on the ether side chain improves the activi-
ty of the mimic by one order of magnitude. This is in con-
trast with the observations described above for sLeX mimics,
which require an S configuration of the acid stereocenter. It
also reflects both the different steric requirements for the
sialic acid carboxy group in the binding site of CT compared
to selectin and the existence of a lipophilic area in the CT
binding region. Indeed, extensive NMR studies conducted
on compounds 8–13 and on their CT complexes showed that
a process of conformational selection takes places during
binding. From the ensemble of side-chain conformations,
CT selects the one that fits the galactose binding pocket,
while placing the carboxy group of the hydroxy acid in the
carboxylate binding region. Together with the configuration
of the side-chain stereocenter, this in turn determines the
orientation of the alkyl substituent, which for an R configu-
ration points towards a hydrophobic area of the protein
formed by Lys34 and Ile58 (Figure 5, top). The existence of
such a lipophilic interaction also explains the IC50 increase
observed passing from 10 (R=Me, Kd=0.2 mm) to 11 (R=


cyclohexyl, Kd=0.05 mm) and 12 (R=Ph, Kd=0.01 mm).
The best results were obtained for the phenyllactic acid de-
rivative 12, which is preorganized in the conformation re-
quired by the existence of sugar–aromatic interactions[28] be-
tween the phenyl ring in the side chain and the GalNAc res-


idue (Figure 5, bottom). These
observations provide clear-cut
evidence of the importance of
such interactions in shaping
three-dimensional structures of
simple molecules.[29] Ligand 12
with a 10 mm dissociation con-
stant represents a major simpli-
fication of the structure of the
natural ligand GM1os, with a
relatively minor loss of affinity.


Some of the molecules dis-
cussed above display good af-
finity for CT and are structural-
ly simpler than the natural
ligand GM1os. However, they
all are O-glycosides and are
therefore unlikely to be meta-
bolically stable to any signifi-
cant extent. Furthermore, the
synthetic methods used to con-
nect the pharmacophoric sugar
moieties are those of traditional


Figure 4. GM1os mimics based on DCCHD 3.


Figure 5. Top: Suggested binding mode of 10 to CT, based on modeling
and NMR data. The lipophilic patch formed by Lys34 and Ile58 is shown
in grey. Bottom: Suggested binding mode of 12 to CT, based on modeling
and NMR data.
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carbohydrate chemistry, which are often laborious and not
high-yielding procedures. To circumvent these shortcomings,
we are currently working toward the development of CT li-
gands starting from simple C-galactosides. Preliminary re-
sults have so far yielded ligands in the 0.1 mm range
(Figure 6).[30]


Since CT is a multimeric lectin, low affinity could be ad-
dressed through a cooperativity effect by switching to multi-
valent ligands. Polyvalent CT binders have been reported to
yield strong affinity enhancements (up to 105 fold) starting
from weak ligands, such as lactose or galactose.[11b,31] Den-
drimers based on the 3,5-di-(2-aminoethoxy)benzoic acid
branching unit were introduced by Pieters[31a,32] as polyvalent
scaffolds for the presentation of galactose, lactose, the mon-
ovalent GM1 mimic 10[33] and GM1os itself.[11d] Screening of
these compounds by surface plasmon resonance (SPR) re-
vealed a dependence of CT inhibition effect on both affinity
of the monovalent ligand employed and topology of presen-
tation. Similar results were also obtained by Bernardi, Cas-
nati, and co-workers[11c] with a divalent ligand, prepared by
tethering two units of GM1 mimic 10 onto a functionalized
calix[4]arene. A 3800-fold (1900-fold per sugar mimic) affin-
ity enhancement was measured by fluorescence spectrosco-
py. The value observed is much higher than that normally
measured for a divalent ligand interacting with a polyvalent
receptor[10a,34] and higher than the enhancement observed
for the dendrimer-based tetravalent and octavalent ana-
logues.[33] The energetics of this interesting divalent ligand
are currently under investigations.


The results described above show that multivalent presen-
tation of designed ligands can lead to affinity levels closer to
those required for practical application against AB5 toxins.
The implication is that an approach to high-affinity lectin li-
gands can be achieved as a combination of rational design
of monovalent ligands with further enhancement by multiva-
lent presentation using dendrimers.


DC-SIGN Inhibitors


DC-SIGN (dendritic cell-specific ICAM-3 grabbing noninte-
grin) is a tetrameric C-type lectin. It is one of the dendritic
cellsI specific pathogen-uptake receptors that recognize
highly glycosylated structures present at the surface of sever-
al pathogens, such as viruses, bacteria, yeasts, and parasites.
It was brought to attention by the group of van Kooyk, who


reported that HIV-1 targets DC-SIGN, but escapes degrada-
tion in lytic compartments, thus using DCs as a Trojan horse
to invade the host organism.[35] Inhibition of DC-SIGN is
currently considered as an interesting new target for the
design of anti-infective agents.[36] Furthermore, since the de-
tailed molecular mechanisms by which this receptor oper-
ates are not known, effective modulators of DC-SIGN are
needed to help clarify the different biological processes in
which it can be involved.


The main carbohydrate ligand recognized by DC-SIGN is
the high mannose glycan, (Man)9ACHTUNGTRENNUNG(GlcNAc)2, a branched oli-
gosaccharide that is present in multiple copies by several
pathogen glycoproteins and specifically by the gp120 enve-
lope protein of HIV. DC-SIGN can also recognize branched
fucosylated structures bearing terminal galactose residues,
such as the Lewis antigens. X-ray data are available both for
complexes of DC-SIGN carbohydrate recognition domain
(CRD) with mannose oligosaccharides and with LewisX.[37]


As a possible DC-SIGN inhibitor we have recently repor-
ted[36a] the pseudo-1,2-mannobioside 14[38] (Figure 7), which


contains a mannose unit connected to a conformationally
locked diol 4 (Figure 2). The latter acts as a mimic of a re-
ducing end mannose residue and features a spacer-arm ter-
minated with azido or amino functionality, useful to gener-
ate multivalent DC-SIGN ligands.


Design of mimic 14 was supported by modeling and NMR
experiments. STD-NMR showed that the molecule interacts
with DC-SIGN and inhibition of Ebola virus entry in DC-
SIGN expressing Jurkat cells was also shown. The IC50 mea-
sured for 14 in this test (0.6 mm) was approximately three
times lower than that of the natural disaccharide 15, which
also showed a marked cytotoxicity not exhibited by 14. Rojo
and Delgado reported that a mannosylated Boltorn dendri-


Figure 6. C-galactoside CT inhibitors. Inhibition of CT binding to an asia-
lofetuin-coated SPR chip from ref. 30.


Figure 7. The monovalent pseudo-mannobioside inhibitor of DC-SIGN
14, the polyvalent dendrimer-based version 16, and the natural manno-
bioside 15.
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mer (Figure 6, BH30) bearing 32 mannose units (BH30-
ACHTUNGTRENNUNG(sucMan)32) inhibits direct DC-SIGN-mediated cell entry in
an Ebola viral model with IC50 337 nm.[36f] Conjugation of 14
to a dendrimer based on the Boltorn polymer through a suc-
cinic acid linker yielded the polyvalent ligand 16, bearing an
average number of 26 units of pseudo-disaccharide. In pre-
liminary experiments, this molecule inhibits binding of DC-
SIGN extra-cellular domain to a gp120-coated SPR (CM4
chip) six times better than BH30 ACHTUNGTRENNUNG(sucMan)32.


[39]


Very recently we also introduced the first fucose-based
unnatural ligand of DC-SIGN.[40] Indeed, moving from the
known three-dimensional structure of the Lewis-x trisac-
charide (Figure 8), we have so far identified two monovalent


a-fucosylamides 17 and 18 that bind DC-SIGN with inhibi-
tory constants 0.4–0.5 mm (by SPR) and have characterized
their interaction with the protein by STD-NMR spectrosco-
py. The results have shown saturation transfer from DC-
SIGN extra-cellular domain to the fucose residue and are in
agreement with the expected binding mode of a-fucosides.[37]


This work therefore establishes for the first time a-fucosyl-
ACHTUNGTRENNUNGamides as functional mimics of chemically and enzymatically
unstable a-fucosides. Since a-glycosyl amides are a class of
virtually unexplored nonhydrolysable monosaccharide deriv-
atives,[41] this observation may be of general relevance for
the design of sugar mimics.


Like 14, the monovalent DC-SIGN ligands 17 and 18 rep-
resent interesting candidates to prepare multivalent con-
structs able to block the receptor DC-SIGN with high affini-
ty and with potential biomedical applications.


Lectin Inhibition: Carbohydrate Mimics versus
“Small Molecule” Ligands


Few entirely non-carbohydrate lectin antagonists have been
reported to date. Typically the selection process includes
high-throughput screening (HTS) of a library, followed by
SAR investigation and lead optimization. High-throughput
assays for the screening of P-selectin have led a team at
Wyeth to develop a quinoline salicylate class of inhibi-
ACHTUNGTRENNUNGtors.[12a,b] Small-molecule DC-SIGN inhibitors have also
been discovered by HTS of commercial libraries.[12c] The
IC50 values of the most active compounds were found to


range from 1.6 to 32 mm, which, compared to DC-SIGN-
binding monosaccharides (8.7 mm for N-acetyl mannosamine
and 6.7 mm for L-fucose) and oligosaccharides (0.21 mm for
Man9GlcNAc2) makes them approximately 1000-fold more
potent.


This is important work, because, together with the results
of sugar mimics described above, it shows that despite the
peculiar characteristic of their binding sites lectins can be
tackled by approaches well validated for many other classes
of receptors. The pharmaceutical industry, so far, has often
been reluctant to embark in discovery projects in the area
of carbohydrate binding proteins, which have been seen as
somehow intractable entities. The above results are likely to


change such perception, and de-
velopments may become as fast
as the production of reliable
HTS protocols. A boost in this
direction should also arrive
from the sizable amount of suc-
cess cases obtained mostly by
fragment-based approaches in
another so-called intractable
area, that of protein–protein in-
teraction.[42] In particular, given
the strong structural similarity
between carbohydrate–lectin
binding processes and protein–


protein recognition events, the fragment-based method of
drug discovery is likely to produce interesting results for lec-
tins as well.


Although selectivity issues still remain to be addressed, a
classical discovery approach by library screening appears to
be well suited to achieve fast identification of potential
lectin inhibitors. However, this type of work is not likely to
produce the kind of structural information that could feed-
back a better understanding of how chemical and biological
information is encoded in carbohydrates. In contrast, ration-
al design of oligosaccharide mimics may not only yield
lectin inhibitors, but it may also provide some of the re-
quired information and help to decipher the sugar code.
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Introduction


One-dimensional channel materials are very attractive hosts
for supramolecular organisation of guests.[1,2] They are often,
at least conceptually, the simplest possible choice for obtain-
ing a specific organisational pattern. A large variety of sys-
tems have been realised by using zeolite L as a host and
ACHTUNGTRENNUNGluminescent dye molecules as guests.[2–4] Zeolite L consists
of strictly parallel channels arranged in a hexagonal frame-
work as shown in Figure 1. Its stoichiometry is [M]+9-
ACHTUNGTRENNUNG[(AlO2)9ACHTUNGTRENNUNG(SiO2)27]·nH2O, in which M


+ are monovalent ions
compensating the negative charge resulting from the alumi-
nium atoms and n is 21 in fully hydrated materials, and 16 at
about 22% relative humidity.[5] Zeolite L currently seems to
be the only nanochannel material that can be synthesised in
a size range starting from about 30 nm up to a few thousand
nm and with different aspect ratios from disc-shaped to
elongated crystals.[6] In a theoretical study, we examined cyl-
inders containing donor and acceptor molecules in an ar-
rangement as shown in Figure 1F.[7] The donors are repre-
sented in green and the acceptors in red. The donor that has
been excited by absorbing an incident photon transfers its
electronic excitation radiationlessly by means of Fçrster res-
onance energy transfer (FRET) to an unexcited neighbour.[8]


After a series of such steps, the electronic excitation reaches
a luminescent trap (acceptor molecule) and is then released
as fluorescence. The acceptors are thought to mimic the “en-
trance of the reaction centre” of the natural antenna. The
dimensions given in Figure 1F correspond to the pore open-
ing and the distance between the centres of two channels in
zeolite L. The largest energy-transfer rate constant is ob-
served if the electronic transition dipole moments (ETDM)
are oriented parallel to the channel axis. Quasi one-dimen-
sional energy transfer, an important requirement for an effi-
cient light-harvesting material, was observed, and the first
unidirectional antenna system realised on a macroscopic
scale has been reported.[9,10] In the following, we will present
selected features of these new materials specifically concern-
ing their unique possibilities as building blocks for optical,
electro-optical and sensing devices. Table 1 shows the struc-
ture of the dyes that were used as guest molecules for the
materials discussed in this article.


Organisation


Antenna systems are supramolecular arrangements in which
electronic excitation of molecules occurs in a given volume
and in which the electronic excitation energy is then trans-
ported by near-field interactions (FRET) to a well-defined
location. Sequential insertion of dyes into zeolite L channels
is an excellent concept for preparing such systems.[11] Com-
munication of the dyes in the channels with the outside
world is established by stopcocks, consisting in principle of a
label, a spacer and a head as shown in Figure 2.[12] The


Abstract: Artificial photonic antenna systems have been
realised by incorporating organic dyes into zeolite L.
The size and aspect ratio of the cylindrically shaped
zeolite crystals can be tuned over a wide range, adding
to the versatility of this host material. A 600 nm sized
crystal, for example, consists of about 96000 one-dimen-
sional channels oriented parallel to the cylinder axis.
Geometrical constraints imposed by the host structure
lead to supramolecular organisation of the guests, allow-
ing high concentrations of non- or only very weakly in-
teracting dye molecules. A special twist is added to
these systems by plugging the channel openings with a
second type of fluorescent dye, a so-called stopcock
molecule. The two types of molecules are precisely
tuned to each other; the stopcocks are able to accept
excitation energy from the dyes in the channels, but
cannot pass it back. The supramolecular organisation of
dyes in the zeolite channels corresponds to a first stage
of organisation, allowing light-harvesting within the
volume of a cylindrical crystal and radiationless energy
transport to either the cylinder ends or centre. The
second stage of organisation represents the coupling to
an external acceptor or donor stopcock fluorophore at
the channel entrances, which can then trap or inject
electronic excitation energy. The third stage of organisa-
tion is realised by interfacing the material to an external
device through a stopcock intermediate. We observed
that electronic-excitation-energy transfer in dye–zeoli-
te L materials occurs mainly along the channel axis and
we have shown that macroscopically organised materials
can be prepared. The new materials offer unique possi-
bilities as building blocks for optical, electro-optical and
sensing devices.
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Figure 1. Host material and schematic representations of an artificial photonic antenna. A) Zeolite L framework projected along the c axis. The lines rep-
resent oxygen bridges between Si and Si/Al. B) Van der Waals representation with a dye molecule (Th+) entering one of the channels. C) Schematic rep-
resentation of the top view of some channels. D) SEM image showing a side and top view of zeolite L crystals. The length of the crystal on the left is
around 950 nm, whereas the diameter of the crystal on the right is around 850 nm. E) Side view of a channel. The opening of the channel is 0.71 nm. The
largest inner diameter is 1.26 nm, the length of a unit cell is 0.75 nm, and the centre to centre distance between two channels is 1.84 nm. The double
arrow indicates an example of the orientation of the ETDM mS1 !S0 of a dye. F) Schematic representation of an artificial antenna. The chromophores are
embedded in the channels of the host. The green dyes act as donor molecules, which absorb the incoming light and transport the electronic excitation
energy by FRET to the red acceptors. The process can be analysed by measuring the emission of the red acceptors and comparing it with that of the
donors. G) Unidirectional antenna system oriented on a macroscopic scale. The SEM image on the left shows a monolayer of standing zeolite L crystals
of an average diameter of about 900 nm. The adjacent schematic illustrates a standing zeolite crystal loaded with two types of dye and modified with
stopcock molecules at the channel ends. The magnification shows a channel with dye and stopcock.


Table 1. Dyes and abbreviations


Abbreviation Structural formula Abbreviation Structural formula


Th+ DMPOPOP


Ox+ SG5


PC21+ PR 149
DXP


ATTTO-610 BNCO
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heads of these molecules are too large to enter the channels.
Luminescent stopcocks can be used to extract or inject elec-
tronic excitation energy from or into the zeolite L crystals
by means of FRET. Stopcocks can also prevent penetration
of small molecules, such as oxygen and water, or hinder en-
capsulated molecules, clusters, and cations from leaving the
channels. Depending on the type, stopcocks can be bound
either by physisorption, by electrostatic interaction, by cova-
lent bonding or by a combination of electrostatic and cova-
lent bonding. A versatile method for covalently attaching
stopcock molecules to the channel entrances is by first graft-
ing an amino group, which can then be treated with any
amino-reactive molecule, as illustrated in Scheme 1.[13–15] A
selection of stopcocks successfully used so far can be found
in ref. [4].
The best way to find out if and where the stopcock mole-


cules are attached to a crystal is fluorescence microscopy—if
possible in confocal mode—on crystals of different size.
Figure 2 (right) shows as an example ATTO-610 covalently
attached to the channel entrances of a zeolite L crystal. The
red luminescence on both crystal bases originates from the
attached ATTO-610. Stopcock-plugged antennae are dye-
loaded zeolite crystals in which either the donors or the ac-
ceptors are stopcock molecules.
Figure 3 presents a selection of materials that have been


successfully prepared, fulfilling the criteria of different
stages of supramolecular organisation. The length of the
zeolite L crystals that have been used ranges from about
30 nm up to a few thousand nm. The channel walls are
shown as grey bars, as in Figure 2, the dye molecules in the
channels are shown as coloured rectangles and the stopcocks
are drawn in a similar way as in Figure 2. Figure 3A shows
antenna materials that can be obtained by consecutive inser-
tion of different dye molecules, either from gas phase or
from solution, depending on the type of dye and the desired


result. Stopcock-plugged antenna materials are obtained by
modifying the channel entrances with specific stopcock mol-
ecules. The excitation energy from the dyes in the channels
is transported by means of FRET to the molecules located
at the entrances, which optionally can be stopcocks. Fig-
ure 3B illustrates a bidirectional dye1/dye2/zeolite L anten-
na; blue-emitting donors transfer electronic excitation
energy to red-emitting acceptors at the ends of the cylindri-
cal crystal. A 2 mm long crystal containing DMPOPOP in
the middle part and Ox+ at both ends as seen in a fluores-
cence microscope is shown. Since the ETDM of DMPOPOP
is parallel to the c axis and that of Ox+ is oriented at 738,[16]


the two fluorescence microscopy images were conveniently
obtained by means of an adequately oriented polarizer. The
orientation and the arrangement of molecules depend on
their size and shape. We are mainly interested in dyes that
are so large that they cannot pass each other in the channels,
as this enables us to obtain the desired organisational pat-
terns. Some of these dyes have a shape that prevents close
enough contact for significant J-aggregate coupling, while
others can be packed so tightly that such coupling is to be
expected.[17,18] This is illustrated in Figure 3C, in which we
show a simplified view of different orientations and two ar-
rangements of molecules in the channels.[19] Four representa-
tive orientations of molecules and their ETDM, indicated
by the double arrow, are illustrated. The large molecules
shown in the middle align parallel to the channel axis and
feature no electronic interaction because of their size and
shape. The orientation of large molecules that align parallel
to the channel axis and which have some electronic interac-
tion, because of their shape, is shown at the bottom. Obser-
vation of J-aggregate coupling of dyes in the channels of
zeolite L has recently been reported.[4,20]


Hierarchically organised structures, featuring successive
ordering from the molecular to the macroscopic scale are


Figure 2. Stopcock principle. Left: A channel entrance with a schematically represented stopcock molecule. Middle: A zeolite crystal modified with stop-
cock molecules at the channel entrances. Right: Confocal fluorescence microscopy images of ATTO-610-zeolite L crystals. The two images indicate that
only the base of the crystal is modified with ATTO-610.


Scheme 1. Covalent binding of BNCO to the channel entrance of zeolite L.
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subject of great interest due to the relationship between the
molecular arrangements and the macroscopic properties. A
possibility for achieving a higher level of organisation is the
controlled assembly of the zeolite crystals into oriented
structures in which the cylindrically shaped zeolite L crystals
are standing on their base surfaces. As a consequence, align-
ment of a large number of one-dimensional channels is ob-
tained. Figure 3D shows a schematic view and an SEM
image of a monolayer on glass.[10] An underlying principle
that has to be considered when preparing such a material is
that the interaction between the base of the zeolite L crys-
tals and the substrate must be stronger or much stronger
than the interaction with the coat and any base–base or
base–coat interaction among the zeolite crystals themselves.
Working with an excess of crystals, fixing them in the right
way to the substrate and washing away the excess material
generally leads to the desired assembly, provided that the
starting material features a narrow particle size distribution
and good morphology. Subsequent insertion of dye mole-
cules into the channels and addition of stopcocks is only fea-
sible if the channels are not blocked or damaged during the
preparation of the monolayer.[10]


The stopcock principle outlined above enables communi-
cation of dyes in the channels with external species such as
a molecule, a polymer matrix, a semiconductor, a quantum-
sized particle, a molecular or nanomagnet, and a biochemi-
cal or a biological object. This principle is illustrated in Fig-
ures 1G and 3A. Here, we describe, as an example, an
energy-transfer material containing gas-phase-deposited sol-
vent green (SG5) in the channels of zeolite L and the
bodipy dye BNCO[21] attached to the channel entrances ac-


cording to a procedure described in reference [13]
(Scheme 1). Figure 4 shows the result of an energy-transfer
experiment performed with this material. The fluorescence
spectrum of SG5 and the excitation spectrum of BNCO


Figure 3. Materials fulfilling the criteria of different stages of supramolecular organisation. A) Antenna materials and stopcock-plugged antenna materi-
als. The excitation energy from the dyes in the channels (green and blue rectangles) is transported by FRET to the molecules (red) located at the entran-
ces. B) Dye-loaded zeolite L antenna; blue-emitting donors in the channels transfer electronic excitation energy to red-emitting acceptors at the left and
right of the cylindrical crystal. Fluorescence microscopy images of a 2 mm long crystal containing DMPOPOP in the middle part and Ox+ at both ends.
C) Simplified view of different orientations and two arrangements of molecules in the channels. Top: four representative orientations of molecules and
their ETDM, indicated by the double arrow. Middle: orientation of large molecules which align parallel to the channel axis and which have no electronic
interaction because of their size and shape. Bottom: orientation of large molecules which align parallel to the channel axis and which have some elec-
tronic interaction because of their shape. D) Oriented monolayers of standing zeolite L crystals on a substrate. Top: schematic view. Bottom: SEM
image of a monolayer on glass. The length of the scale bar is 10 mm.


Figure 4. Energy-transfer experiment. Top: Excitation (solid) and emis-
sion (dashed) spectra of SG5 in ethanol and of BNCO in CH2Cl2. The
fluorescence spectrum of SG5 was measured upon excitation at 410 nm;
the excitation spectrum was recorded at fixed fluorescence wavelength of
560 nm. The emission spectrum of BNCO was measured upon excitation
at 460 nm; the excitation spectrum was recorded at fixed fluorescence
wavelength of 600 nm. Bottom: Excitation (solid) and emission (dashed)
spectra of BNCO,SG5-zeolite L. The emission spectrum was recorded
upon selective excitation of SG5 at 430 nm. The excitation spectrum was
recorded at fixed fluorescence wavelength of 640 nm.
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shown on the left indicate a large spectral overlap essential
for efficient FRET. The excitation and the fluorescence
spectrum of the bidirectional BNCO/SG5/zeolite L antenna
are shown on the right. Energy transfer from SG5 to the
bodipy dye attached to both sides of the cylindrically shaped
crystals is nearly quantitative. When handling SG5 care
must be taken in order to avoid hydrolysis and subsequent
alteration of its photophysical properties.[22] Similar experi-
ments have also been made on monolayers of standing zeo-
lite L crystals corresponding to the arrangement shown in
Figure 1G.[10]


The Fçrster energy-transfer rate constant kEnT [Eq. (1)]
has been derived based on dipole–dipole interactions be-
tween the ETDM of donor and acceptor.[8] J-aggregate in-
teraction leading to exciton splitting bc [Eq. (2)] is based on
a similar type of dipole–dipole interaction.[17,18]


kEnT ¼ TF
k2D*A
R6D*A


�D*
tD*


JD*A
1
n4


ð1Þ


bc ¼ AD
kA*A
R3


f
DE


1
n2


ð2Þ


In Equation (1) RD*A is the distance between the electron-
ically excited donor D* and the acceptor A, tD* is the decay
time, fD* is the luminescence quantum yield of the donor,
both in absence of energy transfer, n is the refractive index
of the environment, JD*A is the spectral overlap between the
luminescence spectrum of the donor and the absorption
spectrum of the acceptor and k2D*A is the orientation factor
describing the dependence of the energy-transfer rate con-
stant on the relative orientation of the ETDM of D* and A.
It is convenient to define the Theodor Fçrster constant TF,
which is equal to 8.785T10�25 mol, if the spectral overlap in-
tegral JD*A is expressed in cm


3
m
�1, the distance RD*A in U,


the decay time tD* in ns, and the rate constant kEnT in ns
�1.


The J-aggregate coupling strength bc between two mole-
cules (A*···A)$ ACHTUNGTRENNUNG(A···A*), in which A* denotes an electroni-
cally excited molecule A, and the splitting of the levels
depend on the relative orientation of the ETDM kA*A, the
distance R and the refractive index n of the medium. AD is
a constant that takes a value of 1.615T10�18 m2cm�1 if bc is
expressed in cm�1.
The coupling is largest for in-line orientation. It leads to


J-coupling, while H-coupling occurs at essentially parallel ar-
rangement.[18] The validity of both equations depends on the
condition that the distance between the ETDM of two in-
volved molecules is large with respect to the length of the
ETDM. It can be shown that the length lm* of the ETDM
can be expressed as Equation (3), in which the constant is
equal to 3.036T10�6 cm0.5 and DE is the S1


!S0 electronic ex-
citation energy in cm�1


lm* ¼ const
pðf=DEÞ ð3Þ


From this equation we find, as an example, the length of
the ETDM of an organic molecule with an oscillator


strength of f=1 absorbing at 500 nm to be 0.215 nm. This
means that the distance between the molecules of interest in
the zeolite L channels is in general large enough so that
Equations (1) and (2) are good approximations. We illus-
trate this for DMPOPOP (Figure 5), for which we calculate


the length of the ETDM to be about 0.17 nm, while the
length of the molecule is 1.95 nm. The figure also illustrates
that there might be space enough for the phenyl groups at
both ends of the molecule to overlap to some extent so that
the J-aggregate coupling strength bc from Equation (2) is
not negligible, whereas in the case of PR149 the distance be-
comes so large that the level splitting is expected to be
small and probably negligible.


Applications


An antenna material that absorbs all light in a specific wave-
length range and transfers the electronic excitation energy
by means of FRET to well-organised acceptors offers a
unique possibility for developing dye-sensitised solar cells,
luminescent solar concentrators (LSC) or colour-changing
media. A dye–zeolite-sensitised solar cell functions by first
absorbing light over a broad spectral range. The excitation
energy then migrates radiationlessly among the inserted
dyes towards the stopcock molecules. From there, FRET to
the semiconductor takes place across a very thin insulating
layer. The injected electronic excitation energy can now be
used for driving the charge-separation process in the active
medium. Finally, the resulting electrical current is collected
through appropriate contacts. A more detailed report of this


Figure 5. DMPOPOP in the channels of zeolite L. Two situations are
compared: A molecule occupying three unit cells, leading to a centre-to-
centre distance of 2.25 nm (right), and two molecules squeezed together
resulting in a distance of 1.6 nm so that the J-aggregate coupling bc is no
longer negligible (left).
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concept is given in reference [23]. Here we discuss a new
approach for solving an old problem of LSC. A LSC is a
transparent plate containing luminescent chromophores.[24]


Light enters the face of the plate and is absorbed and ree-
mitted by these centres. A fraction of the luminescent light
is trapped by total internal reflection and guided to the
edges of the plate, at which it can be converted to electricity
by a photovoltaic device. As the edge area of the plate is
much smaller than the face area, the LSC operates as a con-
centrator of light. A major drawback in conventional LSC is
the overlap between absorption and emission spectra, which
is, as a basic principle, considerable in strongly luminescent
molecules. Self-absorption therefore becomes an important
loss mechanism. As a solution to this problem, antenna ma-
terials as explained in Figure 3 can be used. Absorption and
emission spectra are separated by employing an absorbing
dye present in large excess and a monolayer of an emitting
dye, both in the zeolite channels.[25] A further advantage of
using such a material is that the photostability of many dyes
can be considerably improved by including them into the
channels of zeolite L. The photophysical and photochemical
behaviour of the molecules depend on the loading, the co-
cations and the solvent present in the channels. The influ-
ence of the proton activity in the channels of zeolite L has
been discussed recently.[22] The influence of the co-cations is
especially important in absence of any solvent. Under such
conditions a pronounced heavy atom effect can lead to very
high phosphorescence yields.[26] Here, we report data of fully
hydrated dye–zeolite L materials, implying that each unit
cell contains water molecules. Figure 6 illustrates an experi-
ment in which PC21+ was used as absorbing dye and Ox+


as emitter. The ratio between the donor and the emitter is
about 15:2 in this experiment and the thickness of the active
layer, which is embedded between two glass plates, is in the
order of a few micrometers. Light scattering was suppressed
by a procedure reported in reference [27].


Conclusions


The combination of a tuneable host morphology and the
possibility of obtaining highly organised molecular patterns
of guests leads to a variety of potential optical and photo-
electronic applications of dye–zeolite L materials. Strongly
absorbing systems exhibiting efficient energy transfer along
the c axis of the zeolite crystals are accessible by inclusion
of multiple types of dyes, forming the basis for novel light-
harvesting devices. The energy-transfer processes can be
fine-tuned by an appropriate choice of dye molecules,
whereas the ordering of the dyes can be extended to the
macroscopic level by an oriented arrangement of the dye-
loaded zeolite crystals. The robust zeolite framework can
further be selectively functionalised at the external crystal
surfaces and/or the pore entrances. This versatility can be
exploited to establish communication pathways by means of
energy transfer. Finally, the embedding of dye-loaded zeolite
crystals into organic matrices opens possibilities for the de-


velopment of devices such as novel luminescent solar con-
centrators or sensitised solar cells.
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Introduction


Organic synthesis has witnessed a steady march in the prog-
ress of our understanding of factors governing chemical re-
actions. Because of rapid progress in such fields, demands
for producing desired compounds in a highly time-efficient
way have been increasing. In order to meet such demands
and achieve fast synthesis of a variety of organic com-


pounds, acceleration of organic reactions is highly sought
after. However, chemists have used slow reactions because
fast reactions are difficult to control and often give signifi-
cant amounts of undesired by-products. Reaction time in
conventional organic synthesis usually ranges from minutes
to hours. In order to achieve faster synthesis, the use of
much faster reactions in a controlled way is highly desirable.
This concept article provides an outline of the concept of
flash chemistry[1] for conducting extremely fast reactions in
a highly controlled manner using microstructured-flow reac-
tors or microreactors.[2]


Concept of Flash Chemistry


Flash chemistry is defined as a field of chemical synthesis
where extremely fast reactions are conducted in a highly
controlled manner to produce desired compounds with high
selectivity. Reaction times range from milliseconds to sec-
onds. (Figure 1).[1]


Why Is Flash Chemistry Needed?


Why is fast chemical synthesis needed? The reason why
flash chemistry is needed is we can just do it. Chemical reac-
tions are essentially extremely fast processes at the molecu-
lar level. It takes several hundred femtoseconds for the con-
version of a single starting molecule to a single product mol-
ecule. Therefore, if all reactant molecules in a reactor react
at once or coherently, the reaction time should be several
hundred femtoseconds. This is the scientific limit of reaction
times. From a technical point of view, we are presently far
from that point. Reaction times for chemical synthesis usual-
ly range from minutes to hours using macrobatch reactors
such as flasks in laboratory organic synthesis and industrial
production. However, today we have new tools for conduct-
ing much faster reactions in a controlled way, that is, micro-
reactors.


The time required for a single molecule to react from a
reactant to a product through the transition state is in the
range of 10�14–10�13 s, while the time required for all mole-
cules in a flask react usually ranges from minutes to hours
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Figure 1. General concept of flash chemistry using a microreactor.
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(102–104 s). The size of molecules is in the range of 10�10–
10�9 m, whereas the size of a flask ranges from 10�2 to
100 m. So, there is a rough correlation between the reaction
time and the size of the reaction environment as shown in
Figure 2. In flash chemistry, we use a reactor, the size of
which ranges from 10�6 to 10�3 m. Therefore, it is easy to un-
derstand that the size of the reaction environment of flash
chemistry is closer to the size of the molecular level reaction
environment than is that of conventional flask chemistry.
Although the reaction time in flash chemistry is still much
longer than femto- and picoseconds, it can be reduced to the
range of 10�3 to 1 s.


Another reason why flash chemistry is needed today is
that our way of synthesizing compounds is currently chang-
ing. For example, combinatorial synthesis of chemical libra-
ries[3] has become very popular in academia and industry,
and on-site on-demand synthesis is expected to be popular
in the future. These new trends in chemical synthesis in-
crease the demand for flash chemistry.


Methods of Activating Molecules


To accomplish such extremely fast reactions, we often need
to activate molecules to make substrates with built-in high-
energy content or prepare highly reactive reagents that
react very quickly with substrates. Thermal, photochemical,
and electrochemical reactions serve as effective methods for
such purpose. For example, flash vacuum pyrolysis (FVP) is
well known as a powerful method for conducting thermal re-
actions in organic synthesis. Other popular examples of flash
chemistry are laser flash photolysis (FLP) and pulse elec-
trolysis. Although, such reactions have been successfully uti-
lized for mechanistic studies, few examples have been re-
ported for applications in organic synthesis.


Activation of substrate molecules to generate highly reac-
tive species constitutes an important element of flash


chemistry. Generation and accumulation of highly reactive
species as reagents is also important. A variety of methods
are available to generate and accumulate carbanions (organ-
ometallic compounds as equivalents) and carbocations,[4]


which may undergo extremely fast reactions.
Carbon radicals are difficult to accumulate in solution be-


cause their lifetime is very short. However, carbon radicals
can be generated in a short period using redox conversions
of carbanions or carbocations. With these methods for gen-
erating highly reactive species in hand, we can accomplish
extremely fast reactions in flash chemistry.


Control of Extremely Fast Reactions by Using
Microreactors


Another important element of flash chemistry is the tech-
nology for controlling extremely fast reactions involving
highly reactive species. Without such technology, reactions
may not be controllable and desired products are not ob-
tained selectively. Microreactors seem to be a good technol-
ogy for conducting extremely fast reactions. Since the use of
microreactors was proposed to serve as an effective method
for the synthesis of chemical substances, enormous advances
in this field have been accomplished. Microreactors have
been expected to make a revolutionary change in chemical
synthesis, because they exhibit numerous advantages stem-
ming from small size and high surface-to-volume ratio of mi-
crostructures.


Fast reactions are usually highly exothermic. Therefore,
heat removal is also an important factor in controlling the
extremely fast reactions. Heat transfer takes place through
the surface of the reactor. By taking advantage of the fact
that microspaces have a large surface area per unit volume
compared with macrospaces, heat transfer occurs very rapid-
ly in microreactors, making precise temperature control pos-
sible.


Another important feature of microreactors is residence
time control. In microreactors residence time can be adjust-
ed to less than seconds. This feature is important for the re-
action involving highly unstable intermediates that rapidly
decompose.


Extremely fast mixing by virtue of a short diffusion path
is also an important advantageous feature of microreactors.
It is well known that product selectivity of extremely fast re-
actions often depends on how reactants are mixed,[5] and re-
cently it has been recognized that micromixing serves as an
effective method for improving the product selectivity of ex-
tremely fast reactions. In conventional reactors kinetics
sometimes does not work for extremely fast reactions be-
cause of local deviations of concentration due to inefficient
mixing (Figure 3b). In such cases, microreactors serve as
much better reaction environments where kinetics is more
efficient (Figure 3c). In other words, microreactors provide a
reaction environment close to an ideal reactor in molecular
size (Figure 3a), even if preparative scale reactions are con-
ducted. It is important to note, however, that the chemistry


Figure 2. Time/space relationship for chemical reactions.
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in microreactors is not different from the chemistry in con-
ventional reactors, such as flasks.


It is also important to note that using a continuous flow
system composed by microreactors, it is fairly easy to make


a larger quantity of compounds than one can expect from
the size of the reactor. Easy modulation and numbering-up
of microreactors for increasing the amount of production
are also beneficial from the viewpoint of industrial applica-
tions. Indeed, pilot plants based on microreactors for tons
per year scale production have already been built.


Thus, microreactors are expected to serve as a powerful
tool for conducting extremely fast and exothermic reactions
in a highly controlled manner to effect flash chemistry,
where desired products are formed within milliseconds to
seconds. In the following sections, some examples of flash
chemistry based on microreactors will be demonstrated.


Applications of Flash Chemistry in Organic
Synthesis


There are many applications of flash chemistry in organic
synthesis.[6] Because of space limitations, our discussion in
this article is not an exhaustive compilation of all known ex-
amples. Rather, it is a sampling of sufficient variety to illus-
trate the principles, features, and advantages.


Highly exothermic reactions that are difficult to control in
conventional reactors : Highly exothermic, extremely fast re-
actions are usually carried out by slowly adding one of the
reaction components to the other. Therefore, the total reac-
tion performance depends on the adding rate. Microreactors
make the reactions be controllable even under the relatively
high concentration conditions to increase the total perfor-
mance of the reaction.


Direct halogenation reactions of organic compounds by
using F2 serve as good examples of such cases. Reactions of
F2 with organic compounds are usually extremely fast and
highly exothermic. The reaction is often explosive. There-
fore, such reactions are difficult to control using convention-
al reactors, although the direct fluorination using F2 is the
most straightforward way to synthesize fluorine-containing
organic compounds. However, the use of a microreactor
serves as an effective way to perform such reactions in a
controlled manner. A pioneering work by Chambers and
Spink was reported in 1999,[7] and since then direct fluorina-
tion using microreactors has been studied extensively.[8] For
example, fluorination of 1,3-dicarbonyl compounds can be
easily accomplished as shown in Scheme 1.


Fluorination of other organic compounds such as aromatic
compounds by using microreactors,[9] and the halogenation
with Cl2, and Br2 using microreactors[10] have also been re-
ported.


Other highly exothermic organic reactions including nitra-
tion,[11] H2O2 oxidation,


[12] and 1,4-addition of amines to acti-
vated olefins[13] can be also carried out in controlled man-
ners using microreactors.


Organometallic reactions are often very fast and highly
exothermic. For example, the halogen–metal exchange reac-
tions are usually highly exothermic and slow addition is es-
sential to avoid a rapid temperature increase when the reac-
tion is carried out in a conventional reactor.


The halogen–magnesium exchange reaction of bromopen-
tafluorobenzene (BPFB) and EtMgBr has been used in in-
dustrial production (Scheme 2). Usually, slow addition is
used to avoid a rapid increase in temperature. Therefore, it
takes a long time to complete the addition and therefore,
the overall time efficiency is low. This reaction can be con-
ducted in highly controlled manner using a microreactor.[14]


A pilot plant composed of a micromixer connected to a
shell and tube microheat exchanger has been constructed
(Figure 4). The residence time in the device was about 5 s.
The reaction temperature was automatically controlled at


Figure 3. Reactors for chemical reactions: a) ideal reactor in molecular
size, b) conventional macrobatch reactor, c) microreactor.


Scheme 1. Direct fluorination of 1,3-dicarbonyl compounds using a mi-
croreactor.
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20 8C by circulating water in the shell of the heat exchanger.
The pilot plant was operated smoothly without any prob-
lems for a period of 24 h to obtain 14.7 kg of the product
(92% yield).


The halogen–magnesium exchange reaction between
C2F5I and MeMgCl has also been carried out using a micro-
reactor (Figure 5).[15] The reaction is complete at �6 8C
within the residence time of 0.9 min. The resulting
C2F5MgCl is allowed to react with benzophenone at �4 8C
to give the addition product in 86% yield after hydrolysis.
The residence time for the second step is 8 min.


Microreactors have also been applied to halogen–lithium
exchange reactions[16] and hydrogen–lithium exchange reac-
tions.[17]


Reactions in which a reactive intermediate easily decompos-
es in conventional reactors : There is another important
point in flash chemistry, the control of highly reactive, short-
lived reactive intermediates. In conventional processes, gen-
eration of such an intermediate takes minutes or hours. If
the lifetime of the intermediate is shorter than the genera-
tion or accumulation time, it is difficult to obtain a solution
of that intermediate. The intermediate undergoes decompo-
sition during the accumulation. However, using microreactor
systems, unstable reactive intermediates can be transferred
to another location to be used in the next reaction before
they decompose. Therefore, chemical conversions that are
impossible in conventional reactors, such as flasks, should
become possible in flash chemistry.


Swern–Moffatt oxidation involves the formation of highly
unstable intermediates, which undergo an inevitable Pum-
merer rearrangement at temperatures higher than �30 8C.
Therefore, the reaction should be carried out at low temper-
atures to avoid such decomposition leading to the formation
of undesirable by-products. The requirement of such low
temperatures causes severe limitations in the industrial use
of this highly useful reaction. The control of residence time
within 0.01 s by using a microreactor system, however, leads
to the formation of desired carbonyl compounds in high
yields even at 20 8C (Figure 6 and Table 1).[18] This observa-
tion demonstrates a striking example of the effectiveness of
microreactors for the control of highly reactive intermedi-
ates.


The bromine–lithium exchange reaction of o-dibromoben-
zene to produce o-bromophenyllithium is usually carried out


Scheme 2. Halogen–magnesium exchange reaction of BPFB and EtMgBr.


Figure 4. Picture of the pilot plant for the halogen-magnesium exchange
reaction of BPFB and EtMgBr.


Figure 5. Grignard exchange reaction of C2F5I with MeMgCl followed by
reaction with benzophenone in a microreactor system.


Figure 6. A microreactor system for room temperature Swern-Moffatt ox-
idation. M1, M2, M3 : micromixers. R1, R2, R3 : microtube reactors.


Table 1. Swern-Moffatt oxidation of cyclohexanol using a microreactor
and a flask.


Method Residence
time tR1 [s]


T [8C] Selectivity of
cyclohexanone [%]


micro- 2.4 �20 88
reactor 0.01 0 89


0.01 20 88
flask �20 19


�70 83


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7450 – 74597454


J.-i. Yoshida et al.



www.chemeurj.org





at �110 8C or below in flask chemistry because the elimina-
tion of LiBr to form benzyne is very fast even at �78 8C.
However, by shorting of the residence time using a micro-
reactor system, the reaction can be conducted at �78 8C and
o-bromophenyllithium can be effectively trapped with an
electrophile.[19] Figure 7 illustrates a schematic diagram of
the microreactor system, in which reactions using methanol
as an electrophile are conducted with varying temperatures
and flow rates.


Using the temperature/residence time profile shown in
Figure 8, the reaction conditions were easily optimized.
Thus, unstable o-bromophenyllithium can be transferred to
the next location to be used in the reaction with an electro-
phile before it decomposes. It is also important to note that
the present temperature-residence time profile is quite ef-
fective in revealing the stability and reactivity of highly re-
active intermediates.


Based on the optimized conditions, the sequential intro-
duction of two electrophiles into o-dibromobenzene has also
been established using the microreactor system consisting of
four micromixers and four microtube reactors (Figure 9).
The first bromine–lithium exchange reaction followed by re-
action with an electrophile is carried out at �78 8C and the
second bromine–lithium exchange reaction followed by the
reaction with an electrophile is carried out at 0 8C (Table 2).


Reactions in which undesired byproducts are produced in
the subsequent reactions in conventional reactors : Fast reac-
tions may also cause selectivity problems and kinetically
based product selectivity is not obtained (disguised chemical
selectivity) because the reaction proceeds before homogene-
ity of the solution has been achieved by mixing. In such
cases, the reactions need to be slowed down by decreasing
the temperature, decreasing concentrations, or adding addi-
tives. However, the use of microreactors enables the control
of such reactions without slowing down. The reaction can be
conducted at a natural rate and products are obtained in a
short period with kinetically based selectivity.


Friedel–Crafts reaction of aromatic compounds with elec-
trochemically generated highly reactive N-acyliminium ion
pools provides a nice example of the effectiveness of micro-
reactors in solving such selectivity problems.[20] The reaction
of trimethoxybenzene with an N-acyliminium ion using a


Figure 7. Microreactor system for the Br-Li exchange reaction of o-dibro-
mobenzene. M1, M2 : micromixers. R1, R2 : microtube reactors.


Figure 8. Effects of temperature and residence time on the yield of bro-
mobenzene. Contour plot with scatter overlay of the yields (%).


Table 2. Sequential reactions of o-dibromobenzene with two electro-
philes using the microreactor system.


Electrophile (E1) Electrophile (E2) Product Yield [%]


67


62


61


53


74


58


Figure 9. A microreactor system for the sequential introduction of two
electrophiles into o-dibromobenzene. M1, M2, M3, M4 : micromixers. R1,
R2, R3, R4 : microtube reactors.
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conventional macrobatch reactor resulted in the formation
of an essentially 1:1 mixture of a monoalkylation product
and a dialkylation product (Figure 10). The monoalkylation
product undergoes the subsequent reaction with the N-acyl-
ACHTUNGTRENNUNGiminium ion, presumably because the reaction occurs faster
than mixing. The reaction using a microreactor system con-
sisting of a micromixer, however, resulted in a dramatic in-
crease in the product selectivity. The reaction completed
within a second. The monoalkylation product was obtained
with excellent selectivity and the amount of dialkylation
product was very small. Extremely fast 1:1 mixing using the
micromixer seems to be responsible for the dramatic in-
crease in the product selectivity.


There are other examples of this type of reactions, such as
iodination of aromatic compounds with electrochemically
generated I+ (Scheme 3),[21] a reaction of a Grignard reagent
with phenylboronic acid trimethyl ester (Table 3),[22] and
[4+2] cycloaddition of N-acyliminium ion with styrene.[23]


Reactions in which the products easily decompose in con-
ventional reactors : Reactions in which the products easily
decompose under the reaction conditions are problematic.
In such cases, the reactions should be quenched immediately
after the formation of the products. Flash chemistry in a mi-
croreactor provides a solution to this problem.


Acid-catalyzed dehydration of allylic alcohols to give the
corresponding conjugate dienes serves as a good example of
this type of reactions.[24] In a macrobatch reactor, various by-
products, such as cyclized products or alkyl group-migrated


compounds were produced presumably because of acid-cata-
lyzed reactions of the diene. Fukase and co-workers report-
ed that the formation of such byproducts can be significantly
reduced using a microreactor system composed of a micro-
mixer and a microtube reactor (Figure 11). After the reac-
tion mixture was allowed to flow for 47 s, the reaction was
quenched with a saturated NaHCO3 solution. In this case
the desired diene was obtained in 80% yield.


Applications of Flash Chemistry in Polymer
Synthesis


The concept of flash chemistry can be applied to polymer
synthesis.[25] Polymerization of olefin monomers has been
considered to be very difficult to control to obtain polymers
of narrow molecular-weight distribution. In general, it is dif-
ficult to start propagation at the same time for all polymer
chains. An active species at the propagating polymer end
reacts with olefin monomers extremely rapidly and exo-
thermically. The active polymer end is also highly unstable
and readily participates in chain-transfer reactions leading
to uncontrollable molecular weight distributions. Conven-
tional polymerization processes using macrobatch reactors
suffer from such problems. However, microreactors solve
such problems and serve as a powerful method for molecu-
lar weight and molecular-weight distribution control.


For example, cationic polymerization can be conducted in
a highly controlled manner by virtue of the inherent advant-
age of extremely fast micromixing and fast heat transfer. In
fact, an excellent level of molecular-weight control and mo-
lecular-weight distribution control can be attained in the N-


Figure 10. A microreactor system for selective Friedel-Crafts monoalkyla-
tion. M : micromixer. R : microtube reactor.


Scheme 3. Product selectivity of iodination of aromatic compounds with
electrochemically generated “ I+”.


Table 3. Product selectivity of the reaction of phenylmagnesium bromide
with boronic acid trimethyl ester.


Reaction time Monophenyl
product [%]


Diphenyl
product
[%]


laboratory scale conventional reac-
tor


22 min 85.1 13.8


microreactor 5 s 98.9 0.6


Figure 11. Acid-catalyzed dehydration of allylic alcohol using a micro-
reactor system.
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acyliminium ion initiated polymerization of vinyl ethers
using a microreator (Figure 12).[26] The polymerization is
complete within a second or so. The molecular weight in-


creases with an increase in the monomer/initiator ratio, indi-
cating that chain-transfer reactions do not play an important
role (Figure 13). The microflow system-controlled cationic
polymerization seems to be close to ideal living polymeri-
zation within a short residence time.


It should be noted that in conventional living cationic
polymerization, a dynamic equilibrium between active and
dormant species is essential for the control of molecular
weight distribution.[27] Such equilibrium, however, deceler-
ates the propagation significantly. The microreactor method
does not involve such an equilibrium, and serves as a new
method for molecular weight distribution control without
the deceleration inherent in the equilibrium.


CF3SO3H has been found to serve as a good initiator for
microflow system controlled cationic polymerization.[28] Be-
cause CF3SO3H is commercially available, this method may
serve as a convenient way for practical polymerization. One
of the advantages of living polymerization is that the
method allows flexible synthesis of structurally defined
block copolymers composed of different monomers, which
would offer greater opportunities for the synthesis of organ-
ic materials with interesting properties. Indeed block copoly-
merization has been achieved using the microflow system-
controlled cationic polymerization.


Free-radical polymerization can also be conducted in mi-
croreactors.[29] A fairly good level of molecular-weight con-
trol and molecular-weight distribution control can be at-
tained, although the level is not as high as those of conven-
tional living-radical polymerizations.[30] A pilot plant for rad-
ical polymerization based on numbering-up of the micro-
reactors has been developed.[31] Many other studies on
radical polymerization using microreactors have been re-
ported in the literature.[32] Numerical simulations of free-
radical polymerization in microreactors[33] and living-radical
polymerization based on a dynamic equilibrium between
active and dormant species using microreactors[34] have also
been reported.


Conclusion


As demonstrated in the previous sections, fast reactions that
are difficult to control or impossible to perform in conven-
tional chemistry should be made possible using flash chemis-
try in microreactors. The examples shown in this article and
many other examples in the literature illustrate the potential
of flash chemistry using microreactors. It is also important
to note that flash chemistry can contribute to green, sustain-
able chemical synthesis in the following ways.


1) Little or no use of auxiliary substances : Flash chemistry
avoids the use of auxiliary substances that slow down re-
actions to obtain better controllability.


2) Energy saving : Conventionally, cooling is often used to
attain acceptable controllability of fast reactions. The use
of microreactor enables reactions to be conducted at
higher temperatures, minimizing the energy required for
controlling these reactions.


3) High selectivity : Better controllability by virtue of the in-
herent properties of microreactors leads to a high selec-
tivity of the products. Therefore, less waste is produced.


4) One-demand and on-site synthesis : Synthesis based on
extremely fast reactions using microreactors enables on-
demand and on-site synthesis. This leads to less energy
for transportation.


It is hoped that various types of applications of flash
chemistry will be developed and widely utilized in laborato-
ry synthesis and industrial production to meet future de-
mands for fast synthesis of various organic molecules and
polymers.
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Introduction


Our field of research, synthetic organic chemistry, has now
reached a situation where major changes are needed. We
would like to illustrate this provocative statement by focus-
ing on one of the major achievements of the last few de-
cades, namely asymmetric synthesis. The development of
new and highly enantioselective processes for the creation
of carbon�carbon or carbon�heteroatom bonds was, and
still is, one of the main problems of chemical synthesis. In
contrast to tertiary stereocenters, where a wide variety of
chiral auxiliaries, reagents and catalysts nowadays form the
basis for modern asymmetric synthesis and are a guarantee
for high selectivity, the construction of a quaternary stereo-
center, that is carbon centers with four different non-hydro-
gen substituents, represents the most challenging and dy-
namic area in organic synthesis and still remains the touch-
stone of every enantioselective procedure.[1] The state-of-
the-art would be the asymmetric construction of quaternary
all-carbon stereocenters (all-carbon substituted excluding
therefore tertiary alcohols, ethers, amines, etc.).[2] To under-
stand why this field needs major changes, we should briefly
review the different synthetic approaches for the construc-
tion of quaternary all-carbon stereocenters. The methods
that have been successfully employed for the formation of


cyclic quaternary all-carbon stereocenters include the Heck
reaction, alkylation, arylation, and Michael addition,[1,2]


whereas for the creation of all-carbon quaternary centers in
non-cyclic system (more complicated due to the number of
degrees of freedom associated with these structures), the
most promising results are either the asymmetric allylic al-
kylations,[3] asymmetric conjugate addition,[4] sigmatropic[5]


and Jung epoxide rearrangements,[6] asymmetric alkylation,[7]


and asymmetric nucleophilic allylation[8] (Scheme 1). The
last route to products with quaternary all-carbon stereocen-
ters—nucleophilic allylation of electrophilic species—results
from a combination of a cationic synthon with an ambident
nucleophile provided that the latter is 1) configurationally
stable (no metallotropic equilibrium) and 2) attacked at the
g-carbon atom (Scheme 1).[8]


These methods are currently the state-of-the-art in our
field (all by asymmetric catalysis). However, one can easily
see that only a single carbon�carbon bond is formed in the
reaction sequence between two components. Despite this
obvious lack of efficiency, the synthetic challenge imposed
by the inherent difficulties in the creation of all-carbon qua-
ternary centers in acyclic system led logically the synthetic
community to classify them among the most powerful and
innovative ones. This clearly shows that synthetic organic
chemistry reached nowadays an extraordinary levels of
sophistication for the creation of one carbon�carbon bond
but the development of more efficient synthetic methodolo-
gies (i.e. , more than one enantioselective carbon�carbon
bond created per reaction), is still in its complete infancy.
Indeed, a seemingly trivial but rather serious limitation in
practice in our field is set by the mere number of chemical
steps accumulating in linear sequences. This challenging
goal of efficiency (step economy) can be achieved only
through the use of reactions that allow a great increase in
complexity or through operations that incorporate many
steps that collectively achieve the same high complexity in-
crease. Therefore, the invention of new reactions, reaction
sequences, reagents or strategies that allow this complexity
increase in a one-pot reaction are critical to the realization
of step economical syntheses. Surprisingly, multicompo-
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Scheme 1. General methods for the creation of all-carbon quaternary ste-
reocenters in acyclic system.
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nent[9] and domino reactions[10] are well known concepts in
organic synthesis but as soon as the synthetic transformation
is getting more challenging, that is, all-carbon quaternary
stereocenters in non-cyclic system, the more classical way of
creating carbon�carbon bonds in chemistry prevail.
Thus, diastereo- and enantioselective reactions that form


multiple carbon�carbon bonds in acyclic system, including
the formation of all-carbon quaternary stereocenters and in
a one-pot reaction from easily accessible starting materials
are still extremely challenging and therefore rare despite its
exciting promises.


Asymmetric Nucleophilic Allylation


To illustrate this concept, we initially concentrated our ef-
forts to develop a new route to enantiomerically pure homo-
allylic alcohols 3 in a one-pot reaction possessing this all-
carbon quaternary stereocenters from common starting ma-
terials (alkynes). We reasoned that the most convenient
preparation of in situ allyl metal species 2 would be the ho-
mologation reaction of alkenyl compounds such as 1 with
(iodomethyl)zinc.[11] With respect to all-carbon quaternary
stereocenters as in the final product 3, one has to start with
stereodefined b,b-disubstituted alkenylmetal compounds 1,
which may easily come from a controlled carbometalation
reaction of substituted alkynes 4 (Scheme 2).[12]


However, even by following this new retrosynthetic ap-
proach, the potential metalotropic equilibrium of 3,3-disub-
stituted allylzinc species 2 has to be avoided.[13] Therefore,
we thought to 1) increase the stability of the allylic organo-
metallic species in its a-position by an intramolecular chela-
tion of the zinc atom of 5 by an A–B unit and 2) use this A–
B chelating moiety as a source of chirality and as a regio-
control element for the carbocupration reaction of 7.[14] By
combining all of these parameters, alkynyl sulfoxide 8, easily
available in large quantities by the Andersen synthesis,[15]


were designed as potential starting materials (Scheme 3).
The regio- and stereospecific carbocupration of 8 with
organoACHTUNGTRENNUNGcopper derivatives 9 (obtained from 1 equiv of alkyl-
magnesium halide and 1 equiv of copper salt such as CuBr
or CuI), provides the corresponding metalated b,b-dialkylat-
ed ethylenic sulfoxide 10 in quantitative yields
(Scheme 3).[16]


Then, aldehyde was added followed by bis(iodomethyl)-
zinc carbenoid 11, independently prepared from 1 equiv of
Et2Zn and 2 equiv of CH2I2.


[17] Neither the vinylic organo-
copper 10 nor the zinc carbenoid is reactive enough to add
to aldehydes, however, 10 is readily homologated by a meth-
ylene unit with the zinc carbenoid 11. The in situ reactive
chelated allylzinc species 12 reacts diastereoselectively with
aldehydes, to give after hydrolysis the corresponding adducts
13 in good overall yields and in excellent diastereoselectivi-
ties (Scheme 3).[18]


As shown in Table 1, entry 1 versus 2, permutation of the
alkyl groups of the alkyne and the organocopper reagent
allows the independent formation of the two isomers at the
quaternary stereocenter, respectively.[18] Even the methyl-
copper, known to be a sluggish group in carbocupration re-
action,[16a] adds cleanly to alkynyl sulfoxide and gives after
the homologation–allylation reactions, the expected homoal-
lylic alcohol as only one isomer (Table 1, entry 3). Aliphatic
aldehydes were also tested in this reaction but the reaction
was found to be more difficult to control. Although the dia-
stereoselectivity was usually excellent (dr 30:1, Table 1, en-
tries 5 and 6), the reaction is more difficult to control and
yields are lower. The combination of the stereoselective car-
bometalation (introduction of the R1 substituent), the zinc
homologation (introduction of the CH2 unit of the allylzinc
fragment), the intramolecular chelation of the zinc atom by
the sulfoxide (which slow down the metalotropic equilibri-
um), the presence of the p-tolyl group (shields one face)
and the 1,3-allylic strain[19] leads to very high diastereoselec-
tivity when the allylzinc reacts with aldehydes (aryl/alkyl
groups occupies a pseudo-equatorial position) in a Zimmer-
man–Traxler chair like transition state (Scheme 4). Although
this new carbometalation–homologation–allylation one-pot
reaction led, with very high diastereoselectivity, to the corre-
sponding homoallylic alcohols 13, the bis(iodomethyl)zinc
carbenoid 11 had to be prepared independently and further
transferred into the reaction mixture at low temperature.
To improve the reaction sequence, an easier, safer and


even more straightforward procedure was developed. The
first step, namely the regio- and stereospecific carbocupra-


Scheme 2. Requisite for the one-pot formation of homoallylic alcohol de-
rivatives.


Scheme 3. One procedure for the preparation of homoallyl alcohol pos-
sessing all-carbon quaternary stereocenters.
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tion of alkynyl sulfoxide 8 with organocopper derivatives
still provides the corresponding metalated b,b-dialkylated
ethylenic sulfoxide 10 in quantitative yields as originally de-
scribed in Scheme 3, but now aldehydes, Et2Zn and CH2I2
are all added to the reaction mixture at �20 8C (Scheme 5).


As discussed previously, neither vinylcopper 10 nor Et2Zn
reacts with aldehydes, and as the transmetalation from vinyl-
copper to vinylzinc is a slow process at �20 8C, the reaction
between Et2Zn and CH2I2 occurs first to lead to the in situ
formation of the zinc carbenoid 11. This carbenoid readily
homologates the vinylcopper 10 into the allyl species 12,
which reacts diastereoselectively with aldehydes to give the
expected homoallylic alcohols 13 in very high diastereose-
lectivities (Scheme 5). This improved in situ procedure led
to identical diastereoselectivities (Table 2) as compared to
the one previously described (compare entry in Tables 1 and
2) in slightly better yields. Several different alkyl groups
were easily introduced in the carbocupration reaction, which
shows the flexibility of the described method (Table 2).
Functionalized aldehydes can also be used in this allylation
reaction (Table 1, entries 6–8). In these cases, the reaction
proceeds chemoselectively on the aldehyde (no trace of re-
action neither on the ester nor ketone moieties).
Control of the absolute configuration of remote stereo-


centers is also a topic of considerable interest,[20] and when
the quaternary centers possess two identical alkyl groups


(Table 2, entries 5, 6, 8, 10) an excellent level of 1,4-stereo-
control is obtained (dr 98:2 to 99:1). Finally, even heteroaro-
matic aldehydes can be used as electrophilic partner in this
reaction (Table 2, entries 9–11).[21] An elegant application of
such method is the diastereoselective preparation of quater-
nary stereocenters with the smallest possible difference be-
tween the two alkyl groups. For this purpose, 13CH3MgI,
easily prepared from iodomethane-13C and Mg0, was trans-
formed into its corresponding organocopper reagent
13CH3Cu and added to propynyl sulfoxide 8. To the vinyl
copper 10 was subsequently added Et2Zn, CH2I2 and benzal-
dehyde to give the corresponding product 13 in 60% yield
and 97:3 diastereomeric excess (Table 2, entry 12).[21]


This new approach for the allylation reaction can be ulti-
mately further simplified by a four-component reaction. In
this case, one only needs to prepare an alkylcopper deriva-
tive. Indeed, when alkynyl sulfoxide, benzaldehyde, dialkyl-
zinc and CH2I2 are added simultaneously to the organocop-
per species 9, homoallylic alcohols were obtained in excel-
lent yields and diastereoisomeric ratio as described in
Scheme 6.[21] Each of these reagents reacts specifically in the
appropriate order with its specific “partners”, without any
crossover reactions; the organocopper reagent reacts first
and only with alkynyl sulfoxide, R2Zn and CH2I2 form only
zinc carbenoid, and these two later in situ generated nucleo-
philic species give the allylzinc derivatives that subsequently
allylate the benzaldehyde. In all cases, quaternary and terti-
ary stereocenters were created with excellent diastereoselec-
tivities and in good overall yields (Scheme 6).


Table 1. Formation of homoallyl alcohols.


Entry R1 R2 RCHO dr[a] Yield[b]


1 Et Bu PhCHO 99:1 78
2 Bu Et PhCHO 99:1 68
3 Me Bu PhCHO 99:1 66
4 Me Et PhCHO 99:1 68
5 Bu Et BuCHO 30:1 60
6 Me Et BuCHO 30:1 58


[a] Diastereoisomeric ratio determined on crude 1H NMR spectroscopy.
[b] Isolated yield after purification by column chromatography.


Scheme 4. Rationalization for the diastereoselectivity.


Scheme 5. Improved one-pot procedure for the formation of homoallyl
alcohols possessing all-carbon quaternary stereocenters.


Table 2. Improved formation of homoallyl alcohols.


Entry R1 R2 R3 dr[a] Yield[b]


1 Et Bu Ph 99:1 81
2 Et Hex Ph 99:1 82
3 Me Hex Ph 99:1 78
4 Et Bu p-ClC6H4 99:1 70
5 Me Me Ph 98:2 80
6 Me Me p-MeOCOC6H4 96:4 60
7 Et Me p-MeOCOC6H4 98:2 60
8 Me Me p-MeCOC6H4 96:4 60


9 Et Bu 99:1 83


10 Me Me 99:1 75


11 Et Bu 99:1 70


12 13CH3 Me Ph 97:3 60


[a] Diastereoisomeric ratio determined on crude 1H NMR spectroscopy.
[b] Isolated yield after purification by column chromatography.


Scheme 6. Four-component reaction for the formation of homoallyl alco-
hols possessing all-carbon quaternary stereocenters.
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We initially checked that this four-component reaction
proceeds well with identical alkyl groups such as alkylcop-
per and dialkylzinc (R1=R3=Bu) in order to avoid cross-
over experiment. The homoallylic alcohol was isolated in
84% yield and a excellent 94% diastereoisomeric excess for
the remote 1,4-induction (Table 3, entry 1). Evidently, when


the same reaction was performed on a differently substitut-
ed alkynyl sulfoxide, the reaction proceeded similarly
(Table 3, entry 2). When both alkyl groups of the alkylcop-
per and alkynyl sulfoxide are identical (R1=R2=Bu) where-
as the nature of the alkyl group on the di ACHTUNGTRENNUNGalkylzinc was dif-
ferent (R3=Et), the corresponding homoallylic alcohol is
also obtained in excellent diastereoisomeric ration and yield
(Table 3, entry 3). In the last two experiments (Table 3, en-
tries 4 and 5), two different alkyl groups for the organocop-
per and the alkynyl sulfoxide were used with Et2Zn as a pre-
cursor for the zinc carbenoid; in both cases, all-carbon qua-
ternary and tertiary centers were created with excellent dia-
stereoselectivities and in good overall yields.
The characteristic features of all these different protocols


for the one-pot preparation of homoallylic alcohols are the
unique combination of 1) stereocontrolled carbometalation
reaction, 2) homologation into allylzinc species without
scrambling the stereochemistry of the double bond, and 3)
diastereoselective allylation reaction of aldehydes controlled
by the stereogenic center of the chiral sulfoxide. The chiral
sulfinyl group plays a multiple role as chelating element to
slow down the metalotropic equilibrium, activator and re-
giocontrol element for the carbometalation reaction of the
alkynyl moiety as well as a chiral auxiliary for the creation
of two new stereogenic centers. However, for further syn-
thetic applications, sulfoxide should only be a chiral synthet-
ic tool and must be disposed of at the end of the se-
quence.[22] Among all the possible methods, the ligand ex-
change reaction of sulfoxides with alkylmetals is one of the
most interesting transformations, since further functionaliza-
tion may increase the complexity of the carbon skele-
ton.[23–25] When the two following homoallylic alcohols
(Scheme 7) were first treated with MeLi and then with
tBuLi in Et2O at �78 8C, the corresponding vinyl lithium
species were obtained, by a sulfoxide–lithium exchange re-
action, in excellent yields as determined after acidic hydrol-
ysis (Scheme 7). The enantiomeric ratio (er 96:4) of 14 and
16 were determined by chiral HPLC (chiral column Chiral-
pak AD-H) and was found to be similar to the starting al-
kynyl sulfoxide (ee 92%). Such sulfoxide–lithium exchange


reaction can be used for further functionalization; for in-
stance, addition of iodine to give the corresponding vinyl
iodide 15 in 70% yield (Scheme 7).


When the same reaction was performed on a non-func-
tionalized alkyne such as 1-hexyne 17, the reaction still pro-
ceeded to give the expected homoallylic alcohol 14 in good
yield but as a 1:1 mixture of two diastereoisomers
(Scheme 8). In such case, the zinc carbenoid homologation
reaction of vinyl copper leads to the in situ generated allyl-
zinc species 2 that is no more configurationally stable[13] and
therefore the two geometrical isomers resulting from its
metalatropic equilibrium react with the aldehyde.


To further extend this new approach for the creation of
all-carbon quaternary stereogenic centers, we needed to find
an alternative method to slow down the metalotropic equi-
librium. This approach shouldnOt be based anymore on intra-
molecular chelation from the substrate but rather on inter-
molecular chelation through an external ligand. Among all
the possible sources of chiral ligands, we were primarily in-
terested to study the case of enantiopure EllmanOs (R)-N-
tert-butanesulfinimines 18.[27] Beside the fact that sulfini-
mines could be utilized as chiral nitrogen intermediates for
the preparation of a wide range of chiral amines, we were
interested by the potential intermolecular stabilization of
the sulfinimines to the allyzinc species. In our first approach,
disubstituted vinyl iodides 19, easily prepared by carbocup-


Table 3. Four-component reaction for the formation of homoallyl alco-
hols.


Entry R1 R2 R3 dr[a] Yield[b]


1 Bu Bu Bu 97:3 84
2 Bu Me Bu 95:5 74
3 Bu Bu Et 98:2 78
4 Et Bu Et 99:1 80
5 Et Me Et 97:3 75


[a] Diastereoisomeric ratio determined on crude 1H NMR spectroscopy.
[b] Isolated yield after purification by column chromatography.


Scheme 7. Sulfoxide lithium exchange reaction.


Scheme 8. Non-stereoselective approach to the carbonyl allylation reac-
tions.
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ration reaction of octyne,[12] were treated with tBuLi in THF
at �78 8C, followed by addition of one equivalent of CuI to
lead to the corresponding vinylcoppers 20 at �30 8C. To the
resulting vinylcopper derivatives were consequently added
diethylzinc, methylene iodide and various sulfinimines. The
reaction between diethylzinc and methylene iodide occurs
first to lead to the in situ formation of zinc carbenoid, which
readily homologates the vinyl copper into the allyl species,
as previously described, which reacts diastereoselectively
with (R)-N-tert-butanesulfinimines 18 to give the expected
homoallyl sulfinamines 21 with very high diastereoselectivi-
ties and in good overall yields as described in Scheme 9 and
Table 4.[28]


As can be deduced from Table 4, the reaction can be per-
formed by a combination of various sulfinimines and vinyl-
copper derivatives. The alkyl group R1 of the vinyl iodide
can be primary (Table 4, entries 1, 2 and 4–6), as well as sec-
ondary (although in a pseudo axial position in the chair like
transition state, see Table 4, entry 3). The reaction could be
performed in the presence of various aromatic (Table 4, en-
tries 1 to 3), functionalized aromatic (Table 4, entries 4, 5),
and conjugated (Table 4, entry 6) sulfinimines. Only aliphat-
ic sulfinimines lead to poor diastereoisomeric ratio (dr
70:30, not reported in Table 4). Sulfinimine usually prefers
to adopt the conformation in which the S�O bond and the
lone pair on the nitrogen atom are antiperiplanar, mainly as
a result of an important nN PS*S�O negative hyperconjugation
interaction.[29] Such interaction has a high rotational barrier
(41.3 kJmol�1) and therefore blocks the conformation of sul-
finimines. The formation of the homoallylic products is ra-
tionalized through a close transition state in which the sub-
stituent of the sulfininimes occupies a pseudo axial position
(see Scheme 9).[30]


However, nonbonding interactions contributed by sub-
strate substituents may provide the dominant stereochemical
control element. In many cases, metals have been docu-
mented to pre-associate with polar functional groups in the
vicinity of the reaction center and to influence the stereo-
chemical outcome of the process, providing even an oppo-
site stereochemical outcome.[31] Since the S�O bond may op-
erate as an acceptor site for Lewis acids,[32] the conformation
of the sulfinimine moiety in the transition state can be influ-
enced by an intramolecular chelation[33] with metallic salts
(Scheme 10).[34] If such a case, the addition of metallic salts
should lead to a chelated intermediate with consequences
that the active and inert volume located on the sulfur atom
are now reversed as compared to the transition state depict-
ed in Scheme 10. The facial selectivity should then be oppo-
site.


Under this assumption, the reaction was performed in the
presence of MgX2. Although MgX2 could be added to the
vinylcopper species 20 the direct carbocupration reaction of
alkyne with RCu, MgBr2 (easily prepared from 1 equiv al-
kylmagnesium halide and 1 equiv CuI)[12] was a more attrac-
tive and efficient route. When the carbocupration was per-
formed in Et2O at �25 8C for 4 h, the corresponding vinyl
copper species 20 were formed as described in Scheme 11.


Then, Et2Zn, CH2I2 and (R)-N-tert-butanesulfinimines were
all added to the vinyl copper at �30 8C and after few hours
at the same temperature, the corresponding homoallylic
amines 21 were also obtained as a unique diastereoisomer.
To our delight, the diastereoisomers 8 obtained in the proce-
dure depicted in Scheme 11 are indeed the opposite diaste-
reoisomers that were obtained in Scheme 9 (see Table 5).
This discrepancy can be rationalized by a cyclic transition


state with MgX2 coordinated to the oxygen of the sulfinyl
group and to the zinc atom (as opposite to the antiperipla-
nar situation described in Scheme 9). The high level of pre-


Scheme 9. Preparation of homoallylic amine derivatives from vinyl io-
dides.


Table 4. Stereocontrol in the allylation reaction from vinyl iodides.


Entry R1 R2 dr[a] Yield[b]


1 Et Ph >98:2 85
2 Me Ph >98:2 65
3 iPr Ph >98:2 87
4 Et p-Br-C6H4 >98:2 81
5 Et p-Ac-C6H4 >98:2 77
6 Et PhCH=CH 95:5 75


[a] Diastereoisomeric ratio determined on crude 1H NMR spectroscopy.
[b] Isolated yield after purification by column chromatography.


Scheme 10. Chelated transition state.


Scheme 11. Preparation of homoallylic amines from alkynes.
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organization presumably contributes to the very high selec-
tivity for attack opposite to the large tBu group. The scope
of the reaction is broad since functionalized aromatic
(Table 5, entries 1, 2 and 4–6) but also aliphatic sulfinimines
(Table 5, entry 3) leads to excellent diastereoselectivities. As
shown in Table 5 (entry 5 vs 6), permutation of the alkyl
group of the alkyne and the organocopper reagent allows
the independent formation of the two isomers at the quater-
nary carbon center, respectively.
Finally, the sulfinyl group is readily cleaved under mild


acidic conditions to provide the free amine derivatives in
quantitative yields with an all-carbon quaternary stereogenic
center in acyclic system (see Scheme 12).[28]


Clearly, such new strategies are really powerful for the ef-
ficient assembly of three new carbon�carbon bonds, two
new stereogenic centers including the extremely challenging
all-carbon quaternary one, in a one-pot reaction from com-
mercially available alkyne. Nonetheless, one can easily see
that such methodologies still requires the need of a full
equivalent of chiral auxiliaries attached either on the nucle-
ophile (Schemes 3–6) or on the electrophile (Schemes 9–11).
Although these auxiliaries can be easily removed (Scheme 7
and 12), the next challenging issue, far beyond the current
state-of-the-art would combines the diastereo- and enantio-
selective creation of several carbon�carbon bonds with a
catalytic amount of chiral ligand in a one-pot reaction from
alkynes. However, the beauty of this reaction generates also
its own limitation: as magnesium, lithium, zinc and copper
salts are coexisting in the reaction mixture, they may also
strongly interfere for a specific chelation of any chiral li-
gands with a given organometallic species. Therefore, to
have a better chance to succeed towards asymmetric cataly-


sis, we should first decrease the amount of metallic salts
present in the reaction mixture (to promote a selective che-
lation between the chiral ligand and the intermediate allyl-
zinc species). Consequently, the development of catalytic
carbometalation reaction (first step in our sequence) is abso-
lutely needed (Scheme 13). Only very few approaches are


known for such transformations[12] and we concentrated our
initial efforts towards the copper-catalyzed carbozincation of
alkynyl sulfones, which are known to give two geometrical
isomers by carbocupration reactions.[35] We were pleased to
observe that alkynyl sulfones (as alkynyl sulfoximines and
sulfoxides) also react cleanly with a copper-catalyzed addi-
tion of alkylzinc derivatives to lead to a single regio- and
stereoisomer in good isolated yields as described in
Scheme 13 and Table 6. Primary-, secondary-, functionalized


derivatives react regio- and stereoselectively with alkynyl
sulfones.[36] The addition is syn and the resulting sp2 organo-
metallic derivatives can easily react with classical electro-
philes. Now, the only organometallic species in the reaction
mixture is the dialkylzinc species catalyzed by 5 mol% of


copper salt. This new catalytic
carbozincation reaction opens
new horizons for the catalytic
assembly of three new carbon�
carbon bonds by the method
previously described with the
creation of the expected all-
carbon quaternary stereocen-
ters.


Conclusion


The current state-of-the-art for
the formation of enantiomeri-


Table 5. Stereocontrol in the allylation reaction from alkynes.


Entry R R1 R2 dr[a] Yield[b]


1 Hex Et p-Br-C6H4 >98:2 75
2 Hex Et p-Ac-C6H4 >98:2 67
3 Hex Et Bu >98:2 67
4 Hex iPr p-Br-C6H4 >98:2 62
5 Hex Bu p-Br-C6H4 97:3 70
6 Bu Hex p-Br-C6H4 96:4 60


[a] Diastereoisomeric ratio determined on crude 1H NMR spectroscopy.
[b] Isolated yield after purification by column chromatography.


Scheme 12. Cleavage of the sulfinyl group into free homoallylic amines possessing enantiomerically pure qua-
ternary stereogenic centers.


Scheme 13. Copper-catalyzed carbozincation of alkynyl sulfones.


Table 6. Copper-catalyzed carbozincation reaction.


Entry RZnX E-X E Yield[a]


1 Bu2Zn HCl H 70
2 Et2Zn HCl H 72
3 iPrZnBr[b] HCl H 92
4 MeOCO ACHTUNGTRENNUNG(CH2)3Zn


[c] HCl H 55
5 Et2Zn I2 I 65
6 Et2Zn allyBr allyl 60


[a] Yields determined after purification by chromatography on silica gel.
[b] Generated from the corresponding Grignard reagent and ZnBr2.
[c] Prepared from the corresponding alkyl iodide and zinc dust.
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cally pure all-carbon quaternary stereocenters in acyclic
system relies on the formation of a single carbon�carbon
bond per chemical step by asymmetric catalysis. These ex-
traordinary sophisticated methods were logically classified
among the most powerful and innovative ones. In this con-
cept article, we describe an alternative method that would
now rely on the efficient creation of three new carbon�
carbon bonds in a one-pot reaction from common and even
commercially available starting material through the combi-
nation of a 1) regio- and stereoselective carbometalation re-
action, 2) in situ homologation of the resulting organocop-
per with a zinc carbenoid, 3) intra- or intermolecular chela-
tion of the zinc moiety, and 4) diastereoselective allylation
reaction. The key features in all these reactions are the high
degree of stereocontrol, the level of predictability, and the
ease of execution. We believe that such efficient methodolo-
gies should find a wide range of applications in synthesis
and we are currently extending this concept to asymmetric
alkylation reactions. The next challenging step would be to
combine this described concept with asymmetric catalysis
and efforts towards this goal are currently ongoing in our re-
search group.
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Introduction


Throughout the last decades, nanocatalysis has long been
paid much attention due to its unique significance in


academia and considerable contributions to industry. Highly
dispersed metal nanoparticles play a significant role in many
catalytic reactions.[1,2] To explore nanosize effect in cataly-
sis,[3] one has to be able to synthesize monodisperse metal
nanoparticles with high thermal stabilities, which has been
proved to be extremely difficult in practice.[2,4] Although
some feasible routes have been developed to synthesize
soft-molecule-protected metal nanoparticles,[5] it is difficult
to prevent such particles from sintering during a high-tem-
perature process.[6] At high temperatures metal nanoparti-
cles can be in a liquid form and surface/bulk atoms are
highly mobile, leading to the interparticle diffusion and,
hence, coalescence of metal particles.[7–9] The low thermal
stability of metal nanoparticles inevitably limits their appli-
cations. Inert inorganic supports with rigid frameworks and
high surface areas could be used to get higher dispersion of
metal-nanoparticle catalysts. However, non-uniform pore
structure of the traditional supports (i.e. , silica gel) often
makes the preparation difficult and the obtained metal
nanoparticles were often randomly distributed.[2]


Recently, the discovery of supramolecular self-assembly
of mesoporous materials has initiated intensive interest in
various research areas.[10] It also opened a new era for catal-
ysis,[11] such as biomolecule-based selective catalysis. It
should be mentioned that the dimension of the channels of
ordered mesoporous materials can be huge relative to most
of smaller molecules involved catalytic reactions (from tens
of angstroms to a few angstroms) and no predominant selec-
tivity can be observed. However, due to their periodic, size-
controllable pore channels and high surface areas, mesopo-
rous materials can be regarded as “natural microreactors”
to accommodate well-defined metals, metal oxide nanocom-
posites, semiconductors, carbon materials, and so forth.[12]


In this concept paper, we mainly highlight the tuning/
application of functional ordered mesoporous materials, to-
wards the synthesis of monodisperse and thermal stable
metal-nanoparticle catalysts by the confinement in their
well-defined pore matrix. By finely controlling the self-as-
sembly of surfactants, ordered mesoporous materials with
tunable pore size, pore length and morph architectures have
been obtained. These chemically significant mesoporous ma-
terials give a strong basis for the encapsulation of the mono-
disperse metal nanoparticles.
For the fabrication of monodisperse metal nanoparticles


within the channels of mesoporous materials, conventional
methodologies such as incipient wetness is evidently not a
good choice, since metal nanoparticles with bimodal size dis-
tribution would be obtained on both internal and external
surfaces of mesoporous channels. Strategies for selective en-
capsulation of monodisperse metal nanoparticles inside the
channels of mesoporous silicas are in high demanded. On
the other hand, the investigation on thermal stability of
metal nanoparticles confined in nanochannels is even more
important, since most catalytic reactions are high-tempera-
ture processes. In the final part, we are going to discuss the


Abstract: The preparation and stabilization of nanopar-
ticles are becoming very crucial issues in the field of so-
called “nanocatalysis”. Recent developments in supra-
molecular self-assembled porous materials have opened
a new way to get nanoparticles hosted in the channels
of such materials. In this paper, a new approach towards
monodisperse and thermally stable metal nanoparticles
by confining them in ordered mesoporous materials is
presented, and three aspects are illustrated. Firstly, the
recent progress in the functional control of mesoporous
materials will be briefly introduced, and the rational
tuning of the textures, pore size, and pore length is dem-
onstrated by controlling supramolecular self-assembly
behavior. A novel synthesis of short-pore mesoporous
materials is emphasized for their easy mass transfer in
both biomolecule absorption and the facile assembly of
metal nanocomposites within their pore channels. In the
second part, the different routes for encapsulating mon-
odisperse nanoparticles inside channels of porous mate-
rials are discussed, which mainly includes the ion-ex-
change/conventional incipient wetness impregnation, in
situ encapsulation routes, organometallic methodolo-
gies, and surface functionalization schemes. A facile in
situ autoreduction route is highlighted to get monodis-
perse metal nanoparticles with tunable sizes inside the
channels of mesoporous silica. Finally, confinement of
mesoporous materials is demonstrated to improve the
thermal stability of monodisperse metal nanoparticles
catalysts and a special emphasis will be focused on the
stabilization of the metal nanoparticles with a low Tam-
mann temperature. Several catalytic reactions concern-
ing the catalysis of nanoparticles will be presented.
These uniform nanochannels, which confine monodis-
perse and stable metal nanoparticles catalysts, are of
great importance in the exploration of size-dependent
catalytic chemistry and further understanding the
nature of catalytic reactions.
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recent advances of metal nanoparticles confined in mesopo-
rous materials concerning their applications in catalysis.


Functional Control of Mesoporous Materials by
Tuning Supramolecular Self-Assembly Behavior


Mesostructure modification : Since the first report of or-
dered mesoporous MCM-41 silica in 1992,[13] research on
supramolecular self-assembly of mesoporous materials has
exploded, indicated the thousands of reports to be found in
the literature. In 1998, the discovery of that nonionic block
copolymers (i.e., P123) could be used to direct the forma-
tion of ordered mesoporous silica, SBA-15,[14] was paid more
attentions due to its thicker pore walls and therefore higher
hydrothermal stabilities, which is essential to their applica-
tions. The control of mesostructures by the nonionic block
copolymers has also became one of the hottest issues in this
newly developed research area.[15–17]


Basically, from the geometry point of view, structures of
mesoporous materials are closely related to the morphology
of surfactant assemblies, which is determined by the packing
parameters of the surfactant.[18] However, it must be men-
tioned that when inorganic species are involved in the self-
assembly of the surfactant,[19] the synthetic parameters are
much different from those of thermodynamically controlled,
pure surfactant systems.[20–21] The obtained inorganic product
should be a transient phase that balances the thermodynam-
ically favored phase and the quenched, condensed silicate
phases.[22] The detailed formation mechanism of self-assem-
bled mesoporous materials is far more complicated than ex-
pected, and has been shown to be not only related to the
synthetic parameters for soft templates, but also to the
chemistry of inorganic species,
inorganic–organic interactions,
and so forth. There have been
extensive reviews,[23–25] concern-
ing this particular field of re-
search, which will not be dis-
cussed in detail in this paper.
Herein, we just briefly intro-
duce the recently developed n-
alkanes (C6–C12)/P123/TEOS/
NH4F/H3O


+ complex emulsion
system (TEOS= tetraethoxysi-
lane). By finely controlling the
initial reaction temperature and
alkanes chain length, a synthet-
ic phase diagram was obtained
(Figure 1), from which various
mesoporous materials with con-
trollable structures such as hex-
agonal, lamellar, foams, and so
forth have been obtained.[22,26,27]


Moreover, the solubilization of
alkanes within the block copo-
lymer micelle cores decreased


the CMT (critical micellization temperature). The formation
of ordered mesoporous silicas was realized at the tempera-
tures as low as 288 K, at which nonporous or disordered ma-
terials normally would be obtained in the absence of n-alka-
nes.[22] This result is of great importance, since it opened a
new way to prepare unprecedented large-pore 2D-ordered
mesoporous silicas, which will be discussed in the following
part.


Tuning the pore size : Engineering the pore size of ordered
mesoporous materials is of great importance for their appli-
cations, especially in the field of host–guest chemistry (e.g.,
preparation of supported metal catalysts). Numerous syn-
thetic routes have been reported to tune the pore size of
mesoporous materials.[17,28] The pore size of mesoporous ma-
terials, ignoring their mesostructure variations, can be tuned
in a wide range from 2 nm to almost 30 nm. Among them,
however, ordered 2D-mesoporous materials can only be
modified from 2 nm to 12 nm with different surfactants and
swelling agents.[17] It is worth noting that we have developed
a low-temperature route to tune the pore size of ordered
2D-mesoporous materials with the n-alkane (C6-C12)/P123/
TEOS/NH4F/H3O


+ complex emulsion system; it was found
that by controlling the initial reaction temperature, ordered
mesoporous silicas with tunable pore size were obtained by
changing the alkane chain length (H region in Figure 1). Sig-
nificantly, the pore size of highly ordered 2D-mesoporous
silicas was unprecedentedly expanded to 15 nm, which has
been confirmed by a combination of X-ray diffraction
(Figure 2), transition electron microscopy, and nitrogen
sorption techniques.[29] Moreover, the solubilization ability
of alkanes controlled the pore size of obtained mesoporous
silica. The smaller the alkane chain length, the higher the


Figure 1. Synthesis phase diagram (ACN vs. reaction temperature) obtained in the alkane/P123/TEOS/NH4F/
H3O


+ emulsion system. (A=amorphous; H=hexagonal; H’=wormlike; H+H’=mixture of H and H’; L= la-
mellar; V=vesicles; F= foams). Reprinted with permission from Langmuir 2008, 24, 2372. Copyright 2008,
American Chemical Society.
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solubilization ability of the alkanes and the bigger the pore
size of obtained mesoporous silica. The pore-size expansion
trend with the alkanes chain length is in contrast to that of
MCM-41, in which a molecular expansion mechanism was
involved.[30] With the same emulsion system, Kruk et al.
found that the pore size could be further expanded when a
higher hydrothermal temperature and longer time were em-
ployed.[31] Scheme 1 gives an overview of the pore size of
mesoporous materials obtained by using different methods.
Currently, the maximum pore size for ordered 2D mesopo-
rous materials is about 16 nm by using the low-temperature
emulsion route.[29,31]


Pore length control : Tuning the pore length, which is an im-
portant parameter of the mesoporous materials, is pivotal
for their applications as catalysts.[32] Actually, in the initial
stage of self-assembled mesoporous materials, people were
trying to get more accessible pores by means of decreasing
the dimension of particles of the obtained mesoporous ma-
terials, and most of this research mainly concentrated on the
ionic-surfactant-templated mesoporous materials, such as
MCM-41. For instance, by using an evaporation-induced in-
terfacial assembly process, Lu et al. synthesized spherical
mesoporous nanoparticles on a special setup.[33] During the


synthesis, the solvent evaporation resulted in an excess of
surfactant at the liquid/gas interface of the small droplets,
which induced the self-assembly of inorganic–organic com-
posites into different mesophases. After the condensation of
inorganic species, spherical mesoporous nanoparticles were
successfully obtained. Cai et al. developed a facile diluted
route,[34] which has been followed by many research groups.
With this method, MCM-41 nanoparticles ranging from tens
to hundreds of nanometers have been obtained.[35] MannKs
group explored a quench method to stop the further growth
of formed particles, which has been used to synthesize mon-
odisperse MCM-41 nanospheres.[36] Recently, Imai et al.
found an efficient bi-surfactant route, in which one surfac-
tant was used as a structure director, while another was em-
ployed to suppress the growth of formed mesoporous parti-
cles. Ultrafine MCM-41 spheres with diameters of 20–50 nm
were successfully obtained.[37]


For large-pore materials, such as SBA-15, typically, a rod-
like morphology is observed with a uniform length of 1–
2 mm. Driven by an unfavorable surface energy of the basal
plane[38] or shearing flow,[39] these primary particles are fur-
ther aligned end-to-end and side-by-side, forming larger fi-
berlike secondary morphologies, which was found to have
very low mass transfer in the adsorption of biomolecules.
While separated rodlike morphological SBA-15 was proven
to be more suitable to biomolecular immobilization than
those of collective morphology.[32,40] The formation of fiber-
like SBA-15 clusters depends mainly on the nature of non-
ionic block copolymers, the assembly of inorganic species in
strong acidic media, and shearing flow. To suppress align-
ment of rodlike primary particles to give secondary fiberlike
SBA-15, Kosuge et al. tried to control the acidity and rate
of stirring in the synthesis conditions. Monodisperse SBA-15
rods 0.5M2 mm in size were obtained under static condi-
tions.[39] Yu et al. also found that using large amounts of in-
organic KCl salts, monodisperse SBA-15 rods could be ob-
tained successfully.[41] Later, Sayari reported that the key
role for the formation of rodlike SBA-15 is not inorganic
salts, but the rate of stirring and the temperature.[42] It can
be seen that with these methodologies, separated SBA-15
rods were obtained. However, the pore length of the ob-


tained mesoporous SBA-15 ma-
terials was still 1–2 mm. Recent-
ly, it was found that a rod-to-
sphere transition phase[43,44]


could be captured in the (C6–
C12)/P123/TEOS/NH4F/H3O


+


complex emulsion system, as a
result of which short-pore mes-
oporous silicas were achieved
(Figure 3).[45–47] Further studies
indicated that the pore length
of SBA-15 could be finely
tuned in the range from 150 to
1000 nm by carefully tuning
some of synthetic parameters,
such as aliphatic alkane chain


Figure 2. Small-angle X-ray diffraction patterns of the obtained SBA-15
synthesized by using n-alkanes with different alkaline length. a) hexane,
b) octane, c) nonane, d) dodecane, e) no alkane. Reprinted with permis-
sion from J. Phys. Chem. B 2006, 110, 25908. Copyright 2006, American
Chemical Society.


Scheme 1. Pore-size engineering of ordered 2D mesoporous materials by various strategies.
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length, initial temperature, inorganic concentration, and so
forth (Figure 4). Mesoporous silicas with various chemically
significant morphologies have been successfully ob-


tained.[22,45–47] Significantly, the obtained short-pore mesopo-
rous materials showed ultrafast biomolecule immobilization/
separation ability.[32, 46] Han et al. also developed a double
surfactant route to try to control the dimension of mesopo-
rous silica. The particles size of ordered SBA-15 was de-
creased to 200 nm in width and 400 nm in length.[48] Chen et
al. explored a ternary surfactant system in which the block
copolymer (i.e. , P123) assembly could be confined within
the CTAB-SDS bilayers (CTAB=cetyltrimethylammonium
bromide; SDS= sodium dodecyl sulfate), forming platelike
mesoporous silicas with short perpendicular ordered chan-
nels (smaller than 200 nm).[49a] A very recent study demon-
strated that irregular mesoporous particles from 50 to
300 nm have been obtained by controlling the amount of
water or inorganic salts in the block copolymer (i.e., P123)
system. However, the structure ordering of the obtained ma-
terials decreased a lot in most cases, especially for the small-


er colloid particles.[49b] In other reports, ultralong SBA-15
fibers, microscale spheres, and large cubic mesoporous crys-
tals have also obtained by using different routes, which have
been discussed extensively.[17]


Strategies in Encapsulation of Monodisperse Metal
Nanoparticles within Mesoporous Materials


Since the discovery of mesoporous materials, people have
tried to use them as hosts to occlude guest species, so-called
inclusion chemistry.[50] Herein, we just concentrate on the
monodisperse metal nanocomposites encapsulated in the
well-defined mesoporous materials, because of their poten-
tial applications in the fields of adsorption and catalysis.
Currently, numerous strategies have been reported for the
encapsulation of metal nanocomposites, which includes ion
exchange,[51–56] incipient wetness impregnation,[57–61] in situ
encapsulation,[62–65] organometallic methodologies,[66–70] and
surface functionalization schemes.[71–80]


Ion exchange/incipient wetness: Ion exchange or incipient
wetness impregnation are usually first tried, since these
methods are easy to manipulate and are generally used to
prepare supported catalysts. However, early work indicated
that they lack control of the nucleation and growth of metal
nanoparticles with bimodal distribution or a mixture of
metal nanoparticles and metal nanowires often resulted.[55,57]


This can be due to the highly mobility of metal ions through
surface hydroxyl groups during the subsequent thermal
treatment.[56] Another key factor in the formation of mono-
disperse metal nanoparticles is to control the multinuclea-
tion of metals. Once the metallic nucleus is formed, the re-
duction potential on the nucleus will be decreased with re-
spect to those metal ions in solution, so called self-reduc-
tion.[81] The metallic nucleus continues to grow by the self-
reduction of mobile metal ions during the following thermal
treatment. However, there exists a competition between
thermodynamics and dynamics during the formation of
metal crystals. Thermodynamic control tends to lead to the
formation of large metal crystals; while dymanic control
leads to multinucleation and smaller metal particles. In this
case, the temperature ramping rate plays the key role in
controlling the competition. Confined bunches of metal
nanowires have been synthesized within the ordered meso-
porous materials by using a very slow temperature-ramping
process. Increasing the ramping rate could lead to the multi-
nucleation and the formation of metal nanoparticles within
the channels of mesoporous silica.[53] Therefore, it is critical-
ly important with the ion exchange/impregnation method to
control the synthesis parameters to obtain the monodisperse
metal nanoparticles within mesoporous materials.[53] Inter-
estingly, one study showed that, with the impregnation
method, the morphology of guest species was also related to
the pore structure of mesoporous materials; a 3D hexagonal
pore structure lead to the facile formation of metal nano-
ACHTUNGTRENNUNGparticles.[58]


Figure 3. TEM image of cross-sectioned short-pore SBA-15 with parallel
channels running along the short axis. Reprinted with permission from J.
Phys. Chem. B 2006, 110, 25908. Copyright 2006, American Chemical
Society.


Figure 4. Effects of carbon number of alkanes used on pore length of the
obtained mesoporous materials. Reprinted with permission from J. Phys.
Chem. B 2006, 110, 25908. Copyright 2006, American Chemical Society.
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Actually, there are other routes to control the multinu-
cleation and diffusion of metal ions to prepare monodis-
perse metal nanoparticles. For instance, in solution synthesis,
macromolecules with large amounts of functional groups
(e.g., sucrose, dendrimers, etc.) could be used as protective
agent or dispersive regent to prepare monodisperse metal
nanoclusters. Introduction of this synthesis system to the
mesoporous materials by incipient wetness impregnation
could also lead to the formation of monodisperse metal
nanoparticles within the channels of mesoporous materi-
als.[59, 61] Interestingly, by using an in situ carbonization of or-
ganic dispersive regents and etching onto silica, Liu et al.
obtained highly dispersed Pt nanoparticles embedded in the
mesoporous carbon replicas (Figure 5).[59a] IchikawaKs group


employed the impregnation method followed by a mild UV-
visible-irradiation-based reducing process, by which the dif-
fusion of metal ions at higher temperatures process can be
avoided. Highly dispersed metal nanoparticles (i.e., Pt or
Au) arrays have been obtained within the mesoporous mate-
rials.[58,60] The problem with these methods is that large par-
ticles always formed on the outer surface of mesoporous
materials, especially powder samples, since the enrichment
of the solution on the outside of particles is unavoidable for
the incipient wetness routes.


In situ encapsulation of metal nanoparticles/clusters : In situ
encapsulation of monodisperse metal nanoparticles can be
based on the preformed nanoparticles obtained by the solu-
tion synthesis method, which is more mature than the sup-
ported metal nanoparticles synthesis. It can also be based on
the careful metal precursor selection and well-controlled
synthesis conditions. With the former method, due to the
relative higher stability of the preformed nanoparticles than
molecular metal clusters, such nanoparticles can be dis-
persed in the synthesis mixtures of mesoporous materials
(generally, strong acidic or basic). Upon solidification of the
inorganic species, these metal nanoparticles are expected to
be incorporated into the framework of mesoporous materi-
als.[62] With the latter method, available recent examples in-
dicated that anionic metal precursor (i.e. , H2PtCl6) can be
incorporated in situ within the surfactant micelles with the


help of the cationic surfactant CTAB or other co-solvent
during the mesoporous materials synthesis.[63, 64] Upon ther-
mal treatment, Pt nanoparticles can be obtained while re-
moving the surfactant. With these methods, one needs to
carefully select the metal precursor and protecting ligand to
match the surfactant assembly and to avoid destroying the
ordered structure of the mesoporous materials.[63–65] Howev-
er, the loading amount of metal obtained by these methods
is still limited.[62]


Organometallic methodologies : Organometallic complexes
or clusters are highly active towards silanols on silica-based
inorganic supports. Uniform metal complex can be grafted
on the surface of formed support by using a surface reaction
under the anaerobic and anhydrous conditions.[4] The amor-
phous nature of mesoporous materials endows them with
larges amounts of silanol groups on their inner pore walls.
Highly reactive organometallic complex precursors can be
introduced into the channels of mesoporous materials by
evaporation/solvent mixing, which can further react with the
silanols and be grafted on the walls by covalent bond-
ing.[66–69] By using a suitable thermolysis process, metal clus-
ters or nanowires can be produced. In addition, preformed,
well-defined, organometallic metal/bimetal clusters have
also been introduced into nanochannels by a chemical graft-
ing process, followed by a gentle thermolysis process under
vacuo, and removal of the organic ligands. The metal clus-
ters cores were still highly dispersed and confined within the
channels of mesoporous silicas, although their structures un-
derwent some changes.[70] These mesoporous materials con-
taining confined metal clusters are essential to the investiga-
tion of some basic catalytic properties, such as the size-de-
pendent catalysis.[4b] However, although these methods
showed much improvement relative to the traditional im-
pregnation ones, they still cannot control the selective en-
capsulation within nanochannels, and the metal nanoclus-
ters/particles located on the outer surface still undergo ag-
gregation during the higher temperature process.


Surface functionalization schemes : Due to the relatively
weak interaction between the cationic metal (i.e. , most of
later transition metals) and silanols, in general, it is difficult
to fabricate metal nanoparticles within the channels of mes-
oporous silica materials in a controlled fashion by simply
impregnating or by ion exchange. However, functional
groups such as thiol or amino groups, can be immobilized
onto the inner walls by means of a grafting process with a
silane coupling reagent. The fixed functional group can act
as a strong ligand to pull and anchor the corresponding
metal ions into the channels of mesoporous materials. For
instance, thiol groups have been grafted onto the surface of
mesoporous silica; cationic gold was then immobilized
within the mesoporous silica by the strong metal–sulfur
complexation, followed by a solution reducing process
(using NaBH4). In this way monodisperse gold nanoparticles
were successfully obtained.[71] Positively charged (CH3O)3Si-
ACHTUNGTRENNUNG(CH2)3N ACHTUNGTRENNUNG(CH3)3Cl (TPTAC)-modified mesoporous silica ma-


Figure 5. Highly dispersed Pt nanoparticles embedded within the frame-
work of mesoporous carbon materials. Reprinted with permission from
Chem. Commun. 2006, 3435. Copyright 2006, Royal Society of
ACHTUNGTRENNUNGChemistry.
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terials have been also used to capture negatively charged
metal precursors. For example, Pt, Au, and PtAu nanowires/
nanoparticles have been fabricated by using a thermal de-
composition process.[72,73] Amino groups have been immobi-
lized within channels of the mesoporous materials. The func-
tional mesoporous materials were further used to anchor
different metal ions, which was followed by a thermolysis to
get metal/metal oxide nanoparticles within mesoporous
silica materials. However, some of metal ions, such as Ag+ ,
showed highly mobility, and most of them diffused easily
out of mesopores, forming large particles during the thermal
treatment process.[74] Even within the channels, nanowires or
a mixture of metal nanoparticles and metal wires were often
obtained.[79] It indicates that for various metals, due to the
difference in chemical properties, the difficulty in controlled
preparation varies. Especially, when a thermal treatment
process is involved in the metal reduction, metal ions can
easily diffuse out of the channels, forming large particles on
the outer surface of mesoporous materials. In 2002, ShiKs
group developed a novel in situ reduction route for the se-
lective encapsulation of metal nanocomposites within the
mesoporous materials SBA-15.[75,76] The silanols on outer
surface of as-synthesized SBA-15 were first modified with
methyl groups; this was then followed by a series of anhy-
drous organic reactions to give the reducing Si�H functional
group. After introducing the metal precursors (e.g., H2PtCl6
or H2PdCl6), they can be reduced in situ to Pd nanoparticles
or Pt nanowires within the channels of mesoporous SBA-15.
Our group recently explored a facile autoreduction route to
fabricate monodisperse silver nanoparticles on silica-based
materials. When using mesoporous materials, the amino
group can be selectively grafted within the channels of mes-
oporous silica, and formaldehyde can be used to react with
the grafted amino group, forming a new, reusable, fixed, re-
ducing functional group �NHCH2OH (Scheme 2). Upon in-
troducing metal precursors (e.g., AgACHTUNGTRENNUNG(NH3)2), highly dis-
persed silver nanoparticles were successfully encapsulated
within the channels of mesoporous materials (Figure 6).[78,79]


Actually, our following work indicated that other metals
such as Pt, Pd, Au, and so forth can also be obtained in
terms of high dispersion and homogeneity within mesopo-
rous silica materials.[80]


Thermal Stability of Metal Nanoparticles Confined
in Mesoporous Materials


Catalysts deactivation could be from many reasons such as
sintering, coking, poisoning, and so forth.[7] Sintering was
found to be a key factor in the deactivation of some indus-
trial catalysts (e.g., ethylene epoxidation and methanol oxi-
dation). Highly dispersed silver nanoparticles on the outer
surface of a-Al2O3 would diffuse and aggregate/sinter after
a period higher temperature reaction.[82] To understand the
aggregation mechanism and prevent metal nanoparticles
from sintering, surface scientists have done extensive inves-
tigations on the open, flat, metal/metal oxide surfaces in
vacuum systems. 2D and 3D Ostwald ripening and particle
diffusion were found to be the main reason for metal nano-
particle sintering.[83–85]


The thermal stability of metal nanoparticles is closely re-
lated to their mobility on the support during the high-tem-
perature process, while the mobility of metal nanoparticles
is mainly determined by their Tammann and HOttig temper-
atures (TTammann=0.5TF, THOttig=0.3TF, TF is the absolute
melting temperature).[7] When the treating temperature is
higher than the Tammann temperature, atomic mobility in-


creases dramatically. Driven by
the tendency to minimize the
surface energy, metal nanopar-
ticles are apt to agglomerate
during the high-temperature
treatment, especially when the
treating temperature is higher
than its Tammann temperature.
As a result, interparticle diffu-
sion and subsequent agglomera-
tion/sintering occur in most
cases. Another significant
aspect is that the melting point
of metal nanoparticles decreas-
es drastically with decreasing


Scheme 2. Scheme representing a facile in situ autoreduction route to fabricate highly dispersed metal nano-
particles within the channels of mesoporous materials. Reprinted with permission from J. Am. Chem. Soc.
2006, 128, 15756. Copyright 2006, American Chemical Society.


Figure 6. Highly dispersed silver nanoparticles within the channels of
SBA-15. Reprinted with permission from J. Am. Chem. Soc. 2006, 128,
15756. Copyright 2006, American Chemical Society.
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particle size (Figure 7),[8] which further explains the lower
thermal stability of nanoscale metal particles.
Mesoporous materials such as SBA-15 have thick pore


walls and higher thermal (hydrothermal) stabilities.[14,86] The


periodic pore matrix, unlike the traditional inorganic sup-
port (e.g., silica gel), clearly demonstrate that they are ideal
hosts for accommodating and confining uniform metal nano-
particles. Yang et al. found that highly dispersed Pt nanopar-
ticles confined within the SBA-15 showed no observable
mobility at 773 K.[73] Dai et al. found that highly dispersed
gold nanoparticles confined within channels of SBA-15 were
highly resistant to sintering.[87] Pd nanoparticles confined in
the complementary micropores of SBA-15 were found to
show higher stabilities.[88] Metallic cobalt nanoparticles con-
fined within the channels of SBA-15 were found to be air-
stable and reusable.[68] Fukuoka et al. reported that mesopo-
rous materials containing confined Pt nanoparticles showed
higher durability.[89] Highly dispersed metal/bimetal clusters
confined within the channels of MCM-41 were also demon-
strated to be highly stable.[70]


Although thermal stability of metal nanoparticles con-
fined within mesoporous materials have been mentioned in
some cases, there is seldom systematic investigation con-
cerning the higher thermal stabilities of such confined nano-
particles. We have developed a facile route to encapsulate
highly dispersed metal nanoparticles (e.g., silver) onto silica-
based materials, especially within the mesoporous silicas.
We further investigated the thermal stability of silver nano-
particles confined on SBA-15.[79] We chose silver as it has a
low Tammann temperature and we used it to compare and
observe the confinement effect of mesoporous materials.
Indeed, our systematic studies indicated that the confine-
ment of metals in mesopores resulted in the unusual thermal
stability of silver nanoparticles trapped inside the channels
of SBA-15. It was observed that they could withstand a
long-term high-temperature (e.g., 773 K, which is much
higher than the Tammann temperature of bulk silver; i.e. ,
617 K) thermal treatment without any observable coarsening
(Figure 8).[79] This character is essential to the practical ap-


plications in the high-temperature catalytic reactions. In
contrast, silver nanoparticles located on the external surface
of SBA-15 or silica gels tended to aggregate by means of an
attractive agglomeration route with the treating temperature
close to its Tammann temperature. At higher temperatures
(e.g., 873 K), although the coarsening process could be re-
tarded by the confinement of mesoporous channels, silver
particles would still aggregate through Ostwald ripening.[79]


Metal Nanoparticles Confined in Mesoporous
Materials as Catalysts


Due to the confinement of uniform pore structures, most of
the trapped metal nanoparticles could keep their uniformity
even after a relatively high-temperature process (e.g., high-
temperature activation, pre-treatment, etc.). It definitely
provided the prerequisite for keeping them highly dispersed
and thus maintaining activity during catalysis, which is
shown in the following reported cases. In the early studies,
SchOth et al. found the very small Pt nanoparticles (ca.
2 nm) encapsulated within MCM-41 materials showed very
high activity in the CO oxidation reactions, for which 50%
conversion was reached at temperatures as low as 360 K.[57]


Corma et al. found that gold nanoparticles trapped in the
mesoporous silica materials exhibited high catalytic activity
for the solventless, aerobic oxidation of alcohols to carbonyl
compounds in the absence of base (Figure 9). Under these
conditions the solid can be recycled without losing catalytic
activity and maintaining the mesoporous structure.[62b] Met-
allic cobalt nanoparticles confined within the channels of
SBA-15 materials were found to be highly active in many in-
tramolecular cycloaddition reactions.[68] Johnson et al. found
that monodisperse metallic/bimetallic nanoclusters confined
in MCM-41 materials showed a vastly improved enatioselec-
tivity in the hydrogenation reactions compared with the ho-
mogeneous analogues.[70] Recently, Dai et al. reported that,
after removing the amine ligands (i.e, activation), the highly
dispersed gold nanoparticles confined in mesoporous SBA-


Figure 7. Melting-point temperatures of different sized gold nanoparti-
cles. Reprinted with permission from Phys. Rev. A 1976, 13, 2287. Copy-
right 1976, American Phsyics Society.[8]


Figure 8. Mean silver particle size evolution versus temperature and
time; the graph shows evident nano-confinement by the channels of mes-
oporous materials, especially, after the Tammann temperature. Reprinted
with permission from J. Am. Chem. Soc. 2006, 128, 15756. Copyright
2006, American Chemical Society.
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15 exhibited extremely high CO oxidation reactivity; 50%
CO conversion was reached at temperatures as low as
253 K.[87] Shi et al. reported that ultrafine Pd nanoparticles
confined in mesoporous SBA-15 were more efficient than
traditional Pd catalysts in Heck coupling reactions; only one
fifth of the amount of catalyst was needed to reach the same
conversion under the same reaction conditions.[76] Fukuoka
reported that highly dispersed Pt nanoparticles in mesopo-


rous FMS-16 materials showed a 100% conversion of CO in
hydrogen even at 313 K, which is much higher than tradi-
tional silica gel, alumina, and HMM-supported catalysts.
Moreover, no decrease in the CO conversion was observed
over Pt(p)/FSM-16 under the practical conditions of CO2


(20%) and water vapor (2%) at 333 K (Figure 10).[89] Mou
et al. found that highly dispersed gold nanoparticles con-
fined within the Al-SBA-15 exhibited higher activity toward
CO oxidations at acidic conditions. However, the catalysts
need a high temperature pre-treatment for activation, for
which the higher dispersion as well as the high activity of
the gold nanoparticles were still retained, because of the
confinement of channels of mesoporous SBA-15.[90] Highly
dispersed copper metal nanoparticles confined within the
channels of SBA-15 were also found to resist a higher tem-
perature pre-treatment. These catalysts exhibited higher CO
oxidation activities and complete CO oxidation took place
at 463 K, which is lower than the temperature needed for
bigger copper particles located on the outer surface of SBA-
15.[91] Zhao et al. recently reported that highly dispersed
ruthenium incorporated in the mesoporous carbon materials
showed very high activity and stability in the benzene hy-
drogenation reactions.[59b] Very recently, our results indicat-
ed that inexpensive silver nanoparticles confined in meso-


Figure 9. Conversion of 1-phenylethanol to acetophenone under solvent-
less conditions over & mpAu-SiO2 (gold nanoparticles confined within
mesoporous materials) and ~ Au/SBA-15. Reprinted with permission
from J. Mater. Chem. 2005, 15, 4408. Copyright 2005, Royal Society of
Chemistry.[62b]


Figure 10. Preferential CO oxidation (PROX) reactions over supported
Pt catalysts. Top: Under O2/CO=1. Middle: Under stoichiometric O2/
CO=1/2. Bottom: Durability test of Pt (p)/FSM-16 at 353 K under O2/
CO=1. Conditions: CO 1%, O2 0.5–1%, N2 5%, H2 balance, SV
12000 mLg-1, 0.1mPa. Reprinted with permission from J. Am. Chem.
Soc. 2007, 129, 10120. Copyright 2007, American Chemical Society.[89]


Figure 11. Top: Conversion of CO versus temperature over Ag/meso-
SiO2 and conventional Ag/SiO2 catalysts. Bottom: Reaction performance
of Ag/meso-SiO2 catalyst with time on stream (303 K; 1 atm; flow rate=


50 mLmin�1). Reprinted with permission from Chem. Commun. 2008,
2677. Copyright 2008, Royal Society of Chemistry.
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structured silica materials also showed comparable CO oxi-
dation activities with those noble metal nanoparticles (i.e.,
Pt, Au). At room temperature, a 100% conversion of CO
has been realized (Figure 11).[64b] In addition, we also found
that by tuning the pore size of mesoporous silica, monodis-
perse silver nanoparticles with different particle size have
also been obtained that showed size-dependent oxygen dis-
sociation behavior and catalytic selectivities to formalde-
hyde in the methanol oxidation reactions.[92]


Conclusion


In this paper, we brought forward the new concept toward
higher thermal stable monodisperse metal nanoparticles
confined by the channels of the mesoporous materials.
Three successive parts have been briefly described. Rational
control of structures of mesoporous materials by controlling
self-assembly of surfactants was successful. Functional, or-
dered, mesoporous materials with tunable pore size and
pore length have been obtained. Strategies in the successful
encapsulation of monodisperse metal nanoparticles within
the channels of functional mesoporous materials were also
demonstrated. Metal nanoparticles confined in well-defined
mesoporous materials showed unusual thermal stability,
which is essential to their applications in the field of cataly-
sis, especially for high-temperature catalytic reactions.
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Oxidation reactions are prevalent in academic and indus-
trial chemistry, and there is a great need for the continued
development of efficient catalytic methods.[1] An attractive
oxidant is molecular oxygen, since it is inexpensive and en-
vironmentally benign, giving water as the only byproduct.[2]


Unfortunately, the reactivity of molecular oxygen is difficult
to control; it typically reacts under harsh conditions with
poor selectivity. Nature has solved this problem through the
use of electron-transport chains, which transfer electrons
from a substrate to O2 in a stepwise fashion resulting in mild
conditions compatible with life.[3]


In chemical catalytic oxidation reactions, a substrate-se-
lective redox catalyst, for example, a transition metal, re-
moves electrons from the substrate to give the oxidized
product. The resulting reduced form of the metal is reoxi-
dized, and it would be desirable to use molecular oxygen for
this reoxidation. Although direct reoxidation of the metal
by O2 has been reported in many cases,


[4–6] this approach
fails in other cases when electron transfer between the
metal and O2 is too slow to compete with the decomposition
of the reduced form of the metal complex.[7]


To facilitate the electron transfer between the reduced
substrate-selective catalyst and O2 various electron-transfer
mediators have been employed. A simple example of this
principle is the Wacker process in which the redox couple
CuCl/CuCl2 facilitates electron transfer between Pd


0 and
O2.


[8] In more recent examples, a quinone/hydroquinone
redox couple has been used in conjugation with an oxygen-
activating catalyst, for example, cobalt–salophen
(H2salophen=N,N’-bis(salicylidene)-o-phenylenediamine),
to catalyze the aerobic reoxidation of a palladium or ruthe-


nium catalyst. This leads to a low-energy electron transfer
analogous to that occurring in biological systems (cf. the res-
piratory chain). This approach has been applied to a variety
of “biomimetic” aerobic oxidation reactions, including a
chloride-free Wacker oxidation,[9] acetoxylation of alke-
nes,[9b,10] Pd-catalyzed enallene carbo ACHTUNGTRENNUNGcyclization,[11] oxidative
1,4-additions to conjugated dienes,[9b] oxidative Heck-type
couplings,[12] methane oxidation,[13] and Ru-catalyzed oxida-
tion of alcohols[14] and amines.[15] Closely related biomimetic
coupled oxidations with hydrogen peroxide have also been
developed.[16]


In the course of our attempts to improve these reactions,
it occurred to us that the efficiency of the electron transfer
might be increased by covalently tethering two electron-
transfer mediators and in this way creating a hybrid redox
catalyst. A few molecules designed to test this approach
have been reported.[17,18] The first example, a hydroquinone/
cobalt–porphyrin hybrid, improved the rate of the Pd-cata-
lyzed aerobic 1,4-diacetoxylation of 1,3-cyclohexadiene, but
the stereoselectivity of the reaction was moderate and the
catalyst was difficult to synthesize.[17] The second example, a
cobalt–salen type (H2salen=N,N’-bis(salicylidene)ethylene-
diamine) complex derived from 5-hydroxysalicylaldehyde,
had hydroquinone hydroxyl groups coordinated directly to
the cobalt, and this hampered its performance in Pd-cata-
lyzed aerobic allylic acetoxylation.[18]


We now report on a second generation of this approach
that comprises cobalt salophens and salens with pendant hy-
droquinone groups (Scheme 1). These new hybrids offer
very efficient aerobic reoxidation of both palladium and
ruthenium catalysts in oxidative 1,4-diacetoxyation, in enal-
lene carbocyclization, and in alcohol oxidation. The oxidized
form of hydroquinone, that is, benzoquinone, is a very effi-
cient reoxidant for a variety of transition-metal catalysts, so
its inclusion in the hybrid design was a natural choice.
Cobalt Schiff base complexes were chosen as the oxygen-ac-
tivating component because of their demonstrated efficiency
in coupled aerobic oxidation,[9b,14] and their simple and mod-
ular synthesis. Molecular modeling shows that, in this
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design, the hydroquinone groups are only 7 B from the
cobalt atom,[19] a distance across which electron transfer is
known to be facile.[20]


The synthesis of 1 begins with a Suzuki cross-coupling of
the commercially available starting materials, 2,5-
dimethoxyACHTUNGTRENNUNGbromobenzene and 3-formyl-4-methoxyphenyl-
boronic acid, and yields a methoxy-protected precursor
(Scheme 2). The three methyl ethers are cleaved by treat-
ment with BBr3, giving the completed salicylaldehyde–hy-
droquinone 3. Two equivalents of 3 were allowed to react
with a chosen di ACHTUNGTRENNUNGamine in ethanol, and the product Schiff
base was purified by recrystallization. Heating the Schiff
base ligand with cobalt(II) acetate in methanol resulted in
the formation of the corresponding target molecule 1 or 2,
which was washed with water to remove excess cobalt ace-
tate.
To test its performance, catalyst 1 was used in place of


cobalt–salophen and hydroquinone in the biomimetic aero-
bic 1,4-diacetoxylation of 1,3-cyclohexadiene (Table 1 and
Figure 1). Compared to the separate-component system
(entry 1), hybrid catalyst 1 (entry 2) accelerated the reaction
of 1,3-cyclohexadiene by a factor of four and gave a more
efficient reaction. In addition to improving the rate, hybrid
1 is better able to maintain solution homogeneity by pre-


venting catalyst precipitation
during the reaction. When car-
rying out the three-component
reaction (entry 1), the precipita-
tion of black material, likely in-
cluding Pd black and quinhy-
drone, occurred during the re-
action. In contrast, the use of
catalyst 1 (entry 2) maintained
solution homogeneity through-
out the course of the reaction,
implying a very efficient Pd0 re-
oxidation.


Scheme 1. Biomimetic aerobic oxidation uses a series of redox catalysts
to transfer electrons to O2 in a stepwise fashion, facilitating catalyst re-
ACHTUNGTRENNUNGoxidation. MLm=oxygen-activating catalyst ; HQ=hydroquinone; BQ=


benzoquinone; cat= substrate-selective catalyst.


Scheme 2. Synthesis of hybrid hydroquinone/cobalt Schiff base complexes
1 and 2. i) PdACHTUNGTRENNUNG(OAc)2, PPh3, Na2CO3, DMF, 50%; ii) BBr3, CH2Cl2, �78 8C
to RT, 49%; iii) phenylenediamine, EtOH, 70%; iv) CoACHTUNGTRENNUNG(OAc)2·4H2O,
CH3OH, 62 8C, 95%; v) 3,3’-diamino-N-methyldipropylamine, EtOH,
94%; vi) Co ACHTUNGTRENNUNG(OAc)2·4H2O, CH3OH, 62 8C, 95%.


Table 1. Catalyst performance in the coupled aerobic 1,4-diacetoxyation of 1,3-cyclohexadiene.[a]


Entry ETM[b] 101·initial rate of O2
consumption [mLh�1]


Reaction
time [h]


Isolated
yield [%]


trans :cis
ratio[c]


1 Co–salophen + HQ 1.0�0.2 28 70 86:14
2 hybrid 1 4.2�0.8 7 80 89:11


[a] Reaction conditions: 1,3-cyclohexadiene (0.22 mmol), 1 (0.011 mmol) or cobalt(II)–salophen (0.011 mmol)
+ hydroquinone (0.022 mmol), palladium(II) acetate (0.011 mmol), lithium acetate dihydrate (0.56 mmol),
and acetic acid (1 mL) at room temperature. Results are the average of at least two trials. [b] ETM=electron-
transfer mediator; HQ=hydroquinone. [c] Determined by 1H NMR spectroscopy.


Figure 1. Rates of oxygen consumption for the aerobic 1,4-diacetoxyla-
tion of 1,3-cyclohexadiene catalyzed by hybrid 1 (Table 1, entry 2) or Co–
salophen and hydroquinone (Table 1, entry 1).
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To obtain a deeper understanding of the performance of
catalyst 1, we measured the rate dependence of the reaction
of 1,3-cyclohexadiene on the concentrations of 1 and Pd-
ACHTUNGTRENNUNG(OAc)2. Because of the complex kinetics of this reaction,
the reaction progress as measured by O2 consumption does
not fit zero-, first-, or second-order rate laws. Plotting the
natural log of the initial rate of O2 consumption versus the
natural log of the concentration of each catalyst (Figure 2)


revealed that the reaction is first-order in each catalyst. This
observation is consistent with a mechanism in which both
hybrid catalyst 1 and Pd are present in the rate-limiting
step, which, based on previously-reported investigations, is
likely to be the nucleophilic addition of the second acetate
to the intermediate Pd–p-allyl complex (Figure S1).[21] A
corollary is that oxygen activation and electron transfer
from hydroquinone no longer influences the overall rate of
the 1,4-diacetoxylation under these conditions. In other
words, the greater efficiency of electron transfer that results
from the linking of hydroquinone and cobalt–salophen has
improved this part of the catalytic cycle such that it is no
longer rate-limiting.
In addition to its utility in coupled aerobic 1,4-diacetoxy-


lation, catalyst 1 is able to facilitate the reoxidation of Pd in
a PdII-catalyzed aerobic enallene carbocyclization
(Scheme 3).[11a] When tested in the reaction of 4, catalyst 1
was effective in replacing the combination of hydroquinone
and an iron–phthalocyanine complex, which act as electron-
transfer mediator and oxygen-activating catalyst, respective-
ly. Product 5 was formed in 74% yield after a reaction time
of 12 h.
We also tested the use of hybrid catalyst 2 in aerobic alco-


hol oxidation (Scheme 4). The [CoACHTUNGTRENNUNG(smdpt)] (H2smdpt=
bis[3-(salicylidenamino)propyl]methylamine) part of 2 has
previously been used as the oxygen-activating catalyst in


biomimetic, coupled, Ru-catalyzed, aerobic oxidation of al-
cohols.[14b,c] Aerobic oxidation of 1-phenylethanol in the
presence of catalytic amounts of 2 (3 mol%) and ruthenium
catalyst 6 (1 mol%)[22] afforded acetophenone with com-
plete conversion in 12 h. The original method required a 20
mol% loading of quinone as an electron-transfer mediator
and either a temperature of 100 8C or a much longer reac-
tion time at 65 8C. With the hybrid catalyst 2 the efficiency
of intramolecular electron transfer allows a much lower cat-
alytic loading and milder reaction conditions.[23, 24]


We have reported the design and synthesis of hybrid cata-
lysts 1 and 2. Hybrid catalyst 1 was shown to be efficient in
aerobic Pd-catalyzed oxidations and hybrid catalyst 2 was
found to be highly efficient in ruthenium-catalyzed alcohol
oxidation. In the synthesis of 1 and 2, the diamine and the
metal are introduced in the final steps; this allows for the
synthesis of a range of hybrid hydroquinone/metal Schiff
base catalysts. Further optimization and refinement of these
novel hybrid catalysts are underway in our laboratories.
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Introduction


Microstructured devices offer unique transport capabilities
for rapid mixing, enhanced heat and mass transfer and can
handle small amounts of dangerous or unstable materials.
Continuous processes offer many advantages ranging from
controlled process conditions to high flow rates and mass
throughput. In bulk chemistry nearly all chemical processes
benefit from continuous operation. Fluid dynamics deter-
mine the characteristics of continuous-flow equipment, the
pressure loss, residence time, heat transfer and mixing
time.[1] Yield and selectivity of chemical reactions are greatly
influenced by flow situation, if their kinetics possesses a typ-
ical timescale in the range of the flow processes. The combi-
nation of continuous-flow processes with microstructured
devices allows us to use the benefits from both areas in the
laboratory and production environment. In contrast, batch
processes prevail in operation and production in specialty
chemistry, fine chemistry, or pharmaceutical production.
Batch vessels are versatile for many kinds of reactions and
can handle multiphase systems in multipurpose plants.[2]


Vessels can be arranged in various constellations to perform
different reaction routes and can also handle certain workup
steps like distillation or extraction. On the other hand, heat
transfer and mixing is often limited in stirred vessels, which
need high dissolution, long operation times or even do not
permit highly exothermic reactions.[3] Hence, the versatility
of batch vessels should be combined with the safety, repro-
ducibility and high transport capabilities of continuous-flow


microstructured equipment. Lonza has developed a toolbox
approach[4,5] with various types of reactors for various types
of mixing- or temperature-sensitive reactions or unstable
compounds. Each reactor type can be applied for a wide
range of chemical reactions and a certain range of flow
rates. These reactors are dedicated to chemical production
and reaction screening and have to be distinguished from
small devices for analysing purposes and molecule synthesis.
These devices belong to the field called Lab-on-a-Chip with
small channels (< 100 mm), low flow rates (�mLmin�1) and
low Reynolds numbers (Re<10). The main emphasis is
given to good optical and chemical observation for data gen-
eration. The microreactors dealt within this paper have rela-
tively large channels (0.1–1.5 mm), moderate flow rates (10–
100 mLmin�1) and Re numbers in the transitional regime
(100–3000). The production of pharmaceutical intermediates
or active pharmaceutical ingredients (API) can vary from
few milligrams for first studies to hundreds of tons per year
for a successful pharmaceutical blockbuster. This production
range demands various production devices on different
length scales for which the production process has to be
transferred to. First laboratory studies work with few milli-
grams in glass flasks, but continuous-flow devices with inte-
grated microchannels are also used for this purpose.[6] Pro-
cess development[7] leads from small-scale production,
sample production over pilot scale to large-scale production.
Often, stirred vessels serve as devices to perform the reac-
tion on wide-ranging production scales with scale-up of the
chemical process. However, in stirred vessels scale-up prob-
lems often occur concerning transport limitations in mixing,
heat and mass transfer.[8]


This concept paper shows the design and successful appli-
cation of various microstructured devices in the laboratory
for process design, chemical synthesis, and for production
on various scales. The design and characteristics of micro-
structured devices is explained by a handful of equations to
give an overview about transport phenomena and reaction
kinetics.[9] Due to their small internal volume, microreactors
are well suited for process screening and parameter evalua-
tion. Sample production is the next step in pharmaceutical
product development that is also feasible with microstruc-
tured devices in laboratory environment. The main task in
further development is the transfer of laboratory data and
processes into production environment. Strategies to imple-
ment production campaigns up to tons of pharmaceutical
chemicals are shown on the base of real cases, here a lithi-
um-exchange and coupling reaction, even for production
under good manufacturing practice (GMP) conditions. Ob-
stacles like fouling and plugging as well as integration into
batch-wise production are treated and measures to over-
come these are identified.


Abstract: Microstructured devices offer unique trans-
port capabilities for rapid mixing, enhanced heat and
mass transfer and can handle small amounts of danger-
ous or unstable materials. The integration of reaction ki-
netics into fluid dynamics and transport phenomena is
essential for successful application from process design
in laboratory to chemical production. Strategies to im-
plement production campaigns up to tons of pharma-
ceutical chemicals are discussed, based on Lonza proj-
ects.
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Design of Microchannel Devices


Continuous processing with microstructured devices allows
the scale-up in mass flow rate and production time. Produc-
tion time often depends on the labour organisation including
laboratory environment, pilot plant, and production plant.
The mass flow rate in continuous processes is limited by
pressure loss in the device, but also by residence time,
mixing characteristics and, last but not least, heat and mass
transfer. With larger volumes in batch processes, the sur-
face-to-volume ratio for heat transfer drops inversely to size
enlargement and limits many reactions in larger vessels.


In the following, design strategies for continuous process-
es are shown in a simple way to illustrate the pathway. First
calculations give an orienting view; then, for critical steps,
detailed calculations must be performed and can be found
in common literature. Spreadsheet calculations can assist
this design method.[10]


Single-channel devices are easy to handle and clean, and
provide defined process conditions for precipitating flow or
varying fluid properties along the reaction path. A typical
setup is shown in Figure 1.


The volume flow rate (V̇ [m3s�1]) or mass flow rate (ṁ
[kg s�1]) gives the mean flow velocity (w) in the related sec-
tion with the density (1) of the fluid and the cross-sectional
area (A) of the smallest channel section or dominating chan-
nel section [Eq. (1)].


_m ðA1Þ�1���!w ð1Þ


In a straight laminar flow, the maximum velocity in the
channel centre is 2w. The mean residence time of the fluid
in the channel depends on flow velocity and channel length
tP= l/w. The flow regime in the channel is determined by the
Reynolds number Re and the ratio of inertia to viscous
forces by fluid viscosity (n [m2s�1]) [Eq. (2)].


w dh=n��!Re ðdh=RÞ1=2����!Dn ð2Þ


In Equation (2) the hydraulic diameter dh=4A/P=2bh-
ACHTUNGTRENNUNG(b+h)�1 indicates the characteristic length scale of the flow
cross section and perimeter P. With increasing Re number
starting from unity (Re<1 is always laminar flow), the flow
regimes can be categorised in the following order: from
straight laminar flow (Re<10) the first vortices appear at
flow bends (disturbed laminar flow), at first steady fluctua-
tions, then periodic and chaotic, leading finally to turbulent
flow (Re>10000) with chaotic, statistically distributed flow
structures like vortices or swirls. The related Re numbers
differ in a certain range, depending on channel geometry
and flow situation. Microchannels with high mass through-
put often operate in the transitional region of disturbed lam-
inar flow to turbulent flow.


A simple way to calculate the Re number from the volu-
metric flow rate (V̇ [mLmin�1]) for water (20 8C) in channels
with hydraulic diameter (dh [mm]) is the correlation Re=


16.6 V̇/dh. This correlation can easily be adapted to other
flow rates, dimensions, and fluids for rapid estimation of the
Re number. More detailed analysis of flow regimes in fluid
mechanics textbooks.[11,12] The Dean number Dn [Eq. (2)]
indicates vortex formation in bend flow often occurring in
microchannels.


The pressure loss is an important parameter in continu-
ous-flow devices and determines the mixing and transport
phenomena, described by pressure loss coefficient z or the
channel friction factor lf [Eq. (3)].


w,Re geometry, flow regime�����������!lf ,z
ðl=dhÞð1=2Þw2�������!Dp ð3Þ


In long channels [Eq. (4)] the ratio is important, but in
short channels, simply the pressure loss coefficient is consid-
ered as the channel length is not important [Eq. (5)].


Dp ¼ lf
l
dh


1


2
w2 ð4Þ


Dp ¼ z
1


2
w2 ð5Þ


In laminar flow, the channel friction factor is inversely
proportional to the Re number lf=Cf/Re, in which the con-
stant Cf is 64 for circular and 56 for rectangular cross sec-
tions. For disturbed laminar flow, the pressure loss coeffi-
cient can be given by empirical correlations, for example,
z=37.5/Re1/3 in T-shaped microchannel junctions for 100<
Re<600. For turbulent flow, lf and z have constant values.


Abstract in German: Mikrostrukturierte Bauteile bieten �ber-
ragende Transporteigenschaften f�r schnelle Vermischung, er-
hçhte W(rme- und Stoff�bertragung und kçnnen geringe
Mengen gef(hrlicher oder instabiler Stoffe handhaben. Die
Integration der Reaktionskinetik in die Transportvorg(nge ist
wichtig f�r erfolgreiche Anwendungen von der Prozesssyn-
ACHTUNGTRENNUNGthese im Labor bis zur Produktion. Scale-up-Strategien f�r
die Produktion von pharmazeutischen Chemikalien werden
anhand von Lonza-Projekten gezeigt.


Figure 1. Geometry of a typical microchannel, rectangular cross section
(top); contacting element and meandering channel with related pressure
loss coefficients or friction factors (bottom).
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The pressure loss is the starting point for describing the
heat and mass transfer at the channel wall and the mixing
performance. We start with heat and mass transfer at the
wall, which is also described by simple correlations. Here,
we concentrate on heat transfer; mass transfer is important
for heterogeneous catalytic reactions and transport at the
wall. The heat transfer at the wall is described by the heat-
transfer coefficient and the driving temperature difference
from bulk to wall [Eq. (6)].


_Qh


A
¼


_Qh


P l
¼ _q ¼ a DTw


ð6Þ


The area A is the channel surface available for heat trans-
fer. The Re number is the starting point to calculate the
heat transfer [Eq. (7)], with the heat conductivity of the wall
being l.


Re z,Pr��!Nu l=dh��!a
l,s,A��!k A DT tot���! _Qh ð7Þ


The heat transfer is expressed with a dimensionless
number, the Nußelt number [Nu, Eq. (8)],[13] which is deter-
mined by the pressure-loss coefficient, the Re number, and
the Prandtl number Pr=n/a, in which a is the temperature
conductivity.


a dh


l
¼ Nu ¼ 0:404ðzRe2PrÞ1=3 ð8Þ


The characteristic heat-transfer timescale (th) is deter-
mined by Equation (9), which means that a small diameter
and a high heat-transfer coefficient result in short transfer
times.


th ¼
1cpdh


4aR
ð9Þ


The wall mass transfer can be described with the same
correlations substituting the Pr number with the Schmidt
number Sc= n/D and the Nu number with the Sherwood
number Sh=bdh/D. Then, the wall mass transfer, ṅ=bADcw,
is calculated from the mass transfer coefficient b, the trans-
fer area, and the concentration difference from bulk to wall.


The entire heat transfer from the channel to the cooling/
heating fluid is determined from the sum of all resistances
along the heat-transfer path, that is, heat transfer in mixing
channel aR, heat conduction in the wall lf/s and heat trans-
fer in cooling/heating channel ac. The heat-transfer area
changes along its path, which complicates the calculation.
An estimation of all contributing resistances gives a first in-
dication of the entire heat-transfer coefficient k, which is
always lower than the smallest contributing element. The
entire heat transfer in the device is given by Equation (10)
and includes the total temperature difference over the
device.


_Qh


A
¼ _q ¼ k DT tot


ð10Þ


The overall heat-transfer coefficient is normally in the
range of 500 to 5000 Wm�2K�1 depending on device materi-
al, employed fluids and solvents, temperature and channel
geometry. A helpful measure for a device is its heat-transfer
capability, given in WK�1.


A typical micromixer consists of a contacting element (Y-
mixer, symmetrical or asymmetrical T-mixer, tangential
mixer or injection mixer), in which the components get in
contact for the first time. This element is often not sufficient
for complete mixing, hence, succeeding mixing channel ele-
ments form the mixing channel and lead to a homogeneous
mixture. These can be meandering structures with sharp or
round corners, winding channels (caterpillar mixers), corru-
gated walls (Herringbone mixer), Tesla valves, or split-and-
recombine elements with flow splitting.[14,15] Mixing channels
for convective micromixers often consist of meandering
channels with round bends and short distances in between,
resulting in a low pressure loss and chaotic flow behaviour
with excellent mixing characteristics.


Mixing is the homogeneous distribution of components
over an entire domain and related to interface enlargement
and distance reduction. The energy dissipation is a measure
for the interface generation between the components. We
distinguish between macromixing (vortex generation and in-
terface generation), mesomixing (mixing or blending of a
stream into bulk flow), and micromixing (mixing by diffu-
sion) on the smallest length scale of a fluid vortex. In micro-
channels with convective mixing, the vortex structure is very
small, so that macro- and mesomixing are on a similar
length scale. Again, the Re number is the starting point to
determine the timescale of the mixing process [Eq. (11)].


w,Re 1!Dp wðl1Þ�1���!e
ðn=eÞ1=2���!tm ð11Þ


The pressure loss is mainly consumed by vortex genera-
tion, which depends on the energy dissipation rate
[Eq. (12)].


e ¼ Dp w
Dl 1


ð12Þ


Typical values for well-stirred vessels are in the range of
10 Wkg�1, while micromixers generate an energy dissipation
rate of more than 1000 Wkg�1. The mixing timescale in vari-
ous microreactors was determined in an intensive literature
study [Eq. (13)].[16]


tm ¼ C
�


n


e


�1=2


ð13Þ


The constant C rates from 17 to 25, depending on the geo-
metrical setup and flow situation. This timescale is also valid
for mixing in stirred tank reactors indicating the dominant
role of vortex motion and engulfment.


With chemical reactions, a new timescale and energy
transport gain importance, described by reaction kinetics.
The reaction is defined by the rate coefficient and reaction
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order, but the reaction rate depends also on the starting
concentration and reaction temperature [Eq. (14)].


kR,m
T,c0��!r,tR! cðtÞ


r,DHR
_Qh�!TðtÞ


ð14Þ


The reaction rate r and the reaction enthalpy DHR deter-
mine the reagent temperature, which influences the rate co-
efficient itself, described by the Arrhenius correlation
[Eq. (15)].


kR ¼ kR,0


�
kR


kR,0


�
¼ kR,0 � exp


�
EAðT�T0Þ


R T T0


�
ð15Þ


The temperature of the reagents along the reaction chan-
nel is determined by the reaction rate, the heat capacity of
the reagents, and the heat transfer to the ambient. The tem-
perature of the reagents themselves determines the reaction
rate and the concentration development for an irreversible
reaction [Eq. (16)].


r ¼ _ni� _ni,0


ni 1mV
¼ kR cm


i ð16Þ


The characteristic reaction time indicates the timescale
for comparison with mixing and heat-transfer characteristics
[Eq. (17)].


tR ¼
1


kRc�10


ð17Þ


The reaction enthalpy and the energy balance with heat
transfer and fluid temperature change gives the transient be-
haviour and temperature development along the reaction
channel (plug flow) [Eq. (18)] for an exothermic reaction
with temperature Tc of the cooling fluid.


dT
dz
¼ 1


1wcp


�
kRcmDHR�k


4
dh
ðT�TcÞ


�
ð18Þ


This equation can not be solved analytically; Figure 2
shows a numerical solution of a typical concentration and
temperature development of an exothermic reaction along
the reaction channel.


The temperature development along the channel influen-
ces not only the reaction rate, but is also responsible for the
possible generation of side products in complex reactions;
for degradation of thermal unstable reagents, intermediates
or products and for the stability and possible runaway of a
reaction. The thermal behaviour is also described by the
heat production potential [Eq. (19)], in which the adiabatic
temperature rise is given by Equation (20) and the time
ratio of reaction and cooling is given by Equation (21).


S0 ¼ �DTad


Tc


Ea


RTc
ð19Þ


DTad ¼ �c01mDHR=ð1cpÞ ð20Þ


N ¼ tR
tc
¼ 1


kRðTcÞc�10


4k
1cpdh


ð21Þ


The heat-production potential (S’) should be in the range
of 15 or lower and the time ratio above 28 for a stable reac-
tor operation.[17] These values give a rough estimate; the ex-
perimental investigation of the chemical reaction will give
more accurate data. The comparison of the heat-release po-
tential of the reaction and the heat-transfer capability gives
another dimensionless group, the fourth Damkçhler number
DaIV [Eq. (22)].


DaIV ¼ 1mdhkrc0DHR


kðT�TcÞ
ð22Þ


The heat transfer, concentration and reagent temperature
vary along the reactor channel, which only allows determin-
ing a local DaIV. For an allowable maximum reagent tem-
perature, the DaIV number should be approximately unity.


As an overview, the sketch in Scheme 1 clearly shows the
influence parameters on improved reaction conditions for
microstructured devices. Rapid mixing below 10 ms in liq-


uids serves for homogeneous and stoichiometric concentra-
tion distribution over the entire microreactor. The reagents
are often mixed much faster than the reaction can start; this
effect can be called a “premixed reaction”. Scale-up of the
reactor for higher flow rates and mass throughput can be
done with less risk than for reactions in batch vessels.


High heat-transfer rates lead to homogeneous tempera-
ture distribution along the channel with less side-products
and higher selectivity and yield. The above correlations indi-


Figure 2. Concentration and temperature development along the micro-
channel for model reaction.


Scheme 1. Correlation scheme for fluid dynamics, transport phenomena
and reaction kinetics in continuous-flow devices.
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cate that continuous processes serve for controllable condi-
tions, which can be maintained as long as necessary. They
are easy to change in a certain range and can be adapted to
differing entrance conditions, for example, varying starting-
material concentration and quality.


Industrial Scale-Up Example from Production at
Lonza


Scale-up in process development and pharmaceutical pro-
duction ranges from sample production with few grams,
over kg-sample production and process optimization with
many data points, to pilot-plant production in the range of
tons of pharmaceutical intermediates or active ingredients
in a few weeks. Continuous-flow microstructured devices
allow for rapid experimental set-up of the laboratory plant
for process design and optimization. Changes can be realiz-
ed within minutes to hours and experiments can be per-
formed with little reagent consumption. Process parameters
can rapidly be screened, such as temperature, flow rates and
stoichiometry; only a little more effort is needed to change
solvent, reagents or chemical routes. Data points are rapidly
generated and analysis is assisted by design-of-experiments
(DOE) as statistical tool.


A chemical reaction illustrates the capabilities of pharma-
ceutical production in microstructured devices, in transfer-
ring from laboratory investigations to pilot-plant production.
Two key steps of four reactions of an intermediate are given
in Scheme 2:[18] a highly exothermic lithium-exchange reac-


tion and a coupling step resulting in an unstable intermedi-
ate.


The entire equipment chain of the process is displayed in
Figure 3 upper row. In addition to the lithium-exchange and
coupling steps, the process includes protection and hydroly-
sis steps, followed by two separation and two workup steps.
Overall the process occupies six vessels in batch operation.
The lithium-exchange and coupling steps were investigated
in a microreactor and a static mixer setup in the laboratory.
Within short time (3–5 days), optimal process parameters
were found and few kg of intermediate could be produced.
Two static mixers were arranged in parallel to allow for si-
multaneous operation and cleaning due to plugging issues in
that step.


The same setup from the laboratory was transferred to a
pilot plant with larger vessels (600–1600 L) for a production
campaign of nearly 700 kg of isolated product. The protec-
tion and hydrolysis were performed in stirred tanks, while
the lithium exchange and coupling occur in continuous-flow


Scheme 2. Organometallic and coupling reaction as example reaction.[18]


Figure 3. From batch to continuous process in several steps with optimised reaction yield and additional optimisation by continuous-flow reaction.
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devices, see Figure 3 middle row. The devices including
pumps, sensors and feeding lines were cleaned at the begin-
ning of the campaign and during batch switch. Starting with
parameters measured in laboratory, the plant was optimized
with respect to the stoichiometry during the first day. Pri-
marily, the plant was operated by shift workers under super-
vision of technicians; later, shift workers independently op-
erated the plant. After several weeks of operation reaching
the production goal, the plant was cleaned and the micro-
reactor and static mixers were moved to the laboratory. The
entire production campaign in a metal-microstructured
device[19] shows reproducible product quality with no batch
out of specification, which facilitated the workup procedure.
Cost-saving calculations depend on the financial base and
have been determined to approx. 9% compared to batch
production. Economic saving potential is assumed due to
wider application of continuous-flow devices,[20] see Figure 3
lower row, and is the subject of ongoing analysis.


Scale-Up Issues, Drivers, and Benefits


During scale-up and production implementation, several
issues may occur depending on chemistry, periphery and es-
pecially for continuous-flow microstructured devices. Here,
the scale-up concept within the Lonza approach is described
for single-channel devices allowing high flow rates. The
single-channel device allows rapid mixing of miscible liquid/
liquid, immiscible liquid/liquid and gas/liquid systems and
can be called multipurpose for a wide range of applications.
It can not cover all applications, for example, heterogeneous
catalysis or severe precipitation demand for different devi-
ces, often called dedicated devices. In a single channel, the
flow and process conditions are well defined; plugging is
measured by an increasing pressure drop. With solvent purg-
ing precipitated components can be removed; the success is
measured by the outlet concentration. This is very important
for production under GMP regulations, under which product
contamination must be avoided.


To increase mass throughput, simple enlargement of the
number of parallel channels is called numbering-up, which
can be done within the device (internal numbering-up) or
with complete parallel devices (external numbering-up). For
homogeneous systems without any change in fluid proper-
ties (density, phase transition, precipitation and viscosity) in
time or during the process, the numbering-up concept can
successfully be used. Careful attention must be paid to the
homogeneous flow distribution over all channels during
entire production time. Flow maldistribution can lead to in-
homogeneous mixing and stoichiometry, heat load or fouling
and plugging of channels. In Figure 4 the scale-up concept,
from laboratory to production at Lonza, is displayed for
single-channel devices. The operation time is the most im-
portant parameter to increase the production rate in labora-
tory and pilot-plant environment. A higher pressure from
the feeding pumps allows for higher pressure loss Dp over
the device and increases the flow rate. The highest allowable


concentration depends on the chemical system and on safety
issues. A larger cross section of the microchannel allows for
higher flow rates, but it has to be checked that the transport
processes in the microchannel are still sufficient for the
chemical system. A good indicator is the energy dissipation
rate e, which leads to the mixing time. A larger channel
cross section is compensated with a higher pressure loss for
similar energy dissipation rate and mixing time. Further-
more, the heat-transfer capability must be sufficient. A reac-
tion split with two or more injection points of one reagent
spreads the reaction heat over a larger area and avoids hot
spots. As a last measure, two or more devices in parallel in-
crease the mass flow rate, going together with higher invest-
ment cost and control effort.


According to our experience at Lonza, the implementa-
tion of microstructured devices follows a learning curve with
increasing experience and knowledge. Many issues must be
considered and each chemical system has its own peculiari-
ties. Fouling and plugging of microchannels is still a critical
issue, but several strategies can be given to overcome this
point. These measures can be substance- or chemistry-
based, equipment- or process-related: Regarding the sub-
stance, an appropriate solvent can be chosen, the starting
materials must be filtered and free of precipitating compo-
nents, and in some cases additives may prevent fouling. Con-
cerning the microstructured device, dead volumes should be
minimized, high flow velocities generate shear stress to
remove deposited layers, the surface should be very smooth
and the microchannels should be only as long as necessary.
Parallel devices allow for cleaning when the second device
is in operation. Process conditions have a large influence on
plugging behaviour: a high temperature increases the solu-
bility, cleaning intervals should be planned and pumps
should tolerate a pressure increase due to fouling.


The main driving consideration for implementing continu-
ous-flow microstructured devices is often not cost saving,
but comes from operational experience, enhanced safety
and quality and less scale-up risk. Time-to-market can be
shortened, but often the implementation of analytical and
chemical procedures takes more time and the overall project
schedule depends on external decisions. Continuous-flow de-
vices allow for rapid implementation and scale-up leading to
a faster time-to-decision as to what is the next step.


Figure 4. Scale-up concept of single-channel microstructured devices.
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Conclusion and Future Developments


After more than a decade of microstructured devices in
chemical production, the basics of engineering are roughly
understood, but still experimental and theoretical research
is necessary for running chemical reactions in microstruc-
tured devices. The interaction of chemistry, reaction kinetics,
involved phases and transport phenomena play the crucial
role for appropriate design. It is important to determine the
limiting steps in timescales and heat management. Often,
heat and mass transfer or mixing are sufficient for organic
reactions with slow kinetics, and hence, more benefit comes
from continuous-flow processing with small volumes and in-
creased safety. With microstructured devices, it is possible to
run continuous processes at the laboratory scale, which can
scaled-up to production scale with low risk. This multiscale
production potential from grams to tons allows a high flexi-
bility and offers short time-to-decision in a project. This has
to be demonstrated in the future with successful projects in
launching pharmaceutical production from research to
large-scale production. In automotive and aviation, com-
pletely computer-designed devices from series production
have been reality for some decades. In analogy, it would be
interesting to see, when the first molecule will appear on the
market, designed on a computer and solely synthesised and
produced by continuous-flow devices. This would be the
first step into new era for chemistry.
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Introduction


Infection by pathogens is generally initiated by crucial steps
of recognition and adhesion on host epithelia surfaces. Very
frequently, the strategy used by micro-organisms involves
the binding to host glycoconjugates by sugar-binding pro-
teins, lectins, which are specific for the target tissue. The de-
pendence between pathogen receptors and host glycans
leads to the concept of “glycoecology”.[1] In turn, the host
immune system can also use lectins to identify and bind
oligo- and polysaccharides on micro-organism surface, but in
some cases the pathogens can reroute this process and use it
for invasion. As we exemplify, these infection strategies in-
volve interactions characterized by their high specificity and
most of the time by multivalency. The biochemical and
structural data that have been accumulated recently offer
chemists the possibility to interfere in the infection process
through molecules that mimic the natural oligosaccharidic li-
gands and effectively compete for attachment sites. Differ-
ent strategies using modified oligosaccharides, glycomimet-
ics, oligomers, dendrimers, or polymers have been developed
to enhance the overall affinity of carbohydrate ligands.


Glycostrategies for Microbial Infection


Pathogens have a number of different types of lectin for tar-
geting host sugars. In bacteria, lectins exist sometimes as do-
mains of bacterial toxins and exploit adhesion to glycoconju-
gates as a mean of entering target cells. Different architec-


tures are observed (Figure 1). The AB5-type proteins of
Vibrio cholera, enterotoxic Escherichia coli, and Bordella
pertussis consist of one toxic ADP-ribosyltransferase and
five lectin subunits that bind to gangliosides of gut or lung
walls.[2] Clostridial neurotoxins involved in tetanus and botu-
lism contain a lectin domain able to bind ganglioside GM1
on neurons helping in the attachment.


Soluble bacterial lectins from Pseudomonas aeruginosa
and related gram-negative bacteria such as Burkholderia
cenocepacia have been structurally characterized recently.
They form dimers and tetramers that have the characteristic
to bind sugar through bridging by calcium ions.[3] These solu-
ble lectins are hypothesized to play a role in host recogni-
tion, but also in biofilm formation and cohesion.[4] Many
bacteria are covered with pili, or fimbriae, that contain a
very special class of lectin, referred to as adhesins, since
they play a role in attachment to epithelial cells.[5] These lec-
tins are monomeric and present only one binding site locat-
ed at the tip of the pilus, but the large number of these or-
ganelles on the bacteria surface generates multivalency. The
FimH adhesin, present on uropathogenic E. coli and specific
for mannosylated structures, is the most studied member of
the family.[6] Other type of lectin/adhesins are present in the
outer membrane of bacteria, such as the BabA and the
SabA adhesins, that binds Lewis b and sialylated epitopes,
respectively, and play a role in gastric infection by Helico-
bacter pylori.[7]


Abstract: Adhesion to epithelial surface is often the
first step in bacterial and viral infection. In this process,
the microbes use a variety of proteins for interaction
with host carbohydrates presented as glycoconjugates
on cell surfaces. Crystal structures of adhesin and lectin
binding sites in complexes with oligosaccharide open
the route for design and synthesis of glycomimetics, gly-
codendrimers, and glycopolymers that are able to block
infection at an early stage.
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Figure 1. Different architectures observed in lectins from bacteria. a)
Pentameric lectin of cholera toxin associated with GM1 ganglioside
(3CHB[48]), b) tetrameric PA-IIL from P. aeruginosa complexed with
Lewis a (1W8H[20]), c) dimeric BclA from B. cenocepacia complexed with
methylmannoside (2 VNV[17]), and d) monomeric lectin domain from E.
coli fimbrial FimH complexed with butylmannoside (1UWF[32]).
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Many enveloped as well as non-enveloped human viruses
also use human glycoconjugates as attachment points on epi-
thelia. Several capsid proteins contain lectin domains, most
of them with affinity for negatively charged carbohydrate
such as sialic acid containing glycoconjugates and glycosami-
noglycans. The virus–carbohydrate interactions are responsi-
ble for specific tissue tropism, such as the affinity of human
influenza virus hemagglutinins for (a2–6)-linked sialic-con-
taining glycans in airways.[8] Interestingly, the repartition of
some viral infection such as acute gastroenteritis caused by
the Norwald virus depends on the ABO status of the popu-
lation with nonsecretor individuals, lacking aFuc1–2 in their
mucins, being highly resistant to symptomatic infections
with major strains of norovirus.[9]


The infection scheme can be reversed with human lectins
interacting with glycans present either in cell-wall bacterial
polysaccharides or in viral glycoproteins. A large number of
lectins act as sentinels and present the trapped pathogens to
other actors of the immune system. However, in some cases,
the pathogens use lectins as entry points. The role of DC-
SIGN, a C-type lectin of peripheral dendritic cells, in HIV
transmission has been highlighted:[10] recognition of highly
mannosylated gp120 by DC-SIGN leads to binding of virus
and transmission to lymphal node. DC-SIGN is exploited by
many other viruses and pathogens.[11]


Glycan Array: Tools for Screening Specificity


Screening for the best oligosaccharidic ligand for a given
lectin can be a tedious and expensive task. This approach
has been simplified in recent years by the availability of
glycan arrays (glycochips) that were developed in different
laboratories.[12–14] Each format differs in the type of glycans
and the manner in which they are displayed. Some use non-
covalent attachment to plastic or nitrocellulose membrane,
and others use covalent attachment to plastic, gold, or glass.
The Consortium for Functional Glycomics (www.functional-
glycomics.org) proposes an ELISA-based microplate array
that is comprised of a library of biotinylated synthetic and
naturally occurring oligosaccharides attached by a spacer
arm to streptavidin-coated microtiter plates (more than 240
glycans). The new format is a printed glycan microarray
consisting of ligands (377 glycans) with amino linkers print-
ed onto NHS-activated glass microscope slides.[15] Glycan
arrays based on neoglycolipids were also shown to be suc-
cessful for screening lectin specificity and new approaches
were also developed in this area for ligation of the li-
gands.[16]


The information derived from glycan array experiments
offer excellent tools for comparing specificity of similar lec-
tins from related pathogens. For example PA-IIL from P.
aeruginosa and BclA from B. cenocepacia are related lectins
from opportunistic bacteria that have the particularity to
contain two calcium ions in the carbohydrate binding site.
Both lectins bind mannose in the same orientation, but PA-
IIL also binds fucose, albeit in a different orientation.[17,18]


Glycan array data indicate that although the lectins are
closely related, BclA binds only to oligomannose glycans,
while PA-IIL has a preference for fucosylated oligosacchar-
ides (Figure 2).[17,19] The stronger binding is observed for
aFuc1–4GlcNAc-containing oligosaccharides and indeed
Lewis a trisaccharide (aFuc1–4 ACHTUNGTRENNUNG(bGal1–3)GlcNAc) is the
best natural ligand for PA-IIL with a dissociation constant
of 210 nm.[20] The strict specificity of BclA for mannose-con-
taining glycoconjugates can be rationalized from the com-
parison of the crystal structure of the complex BclA/manno-
side[17] with those obtained for PA-IIL interaction with man-
nose and fucose.[18,21]


High Affinity Glycomimetics and Glycodendrimers
Against Infection by Adhesion Competition


Efforts for blocking microbial adhesins and lectins have
driven carbohydrate chemists towards the production of
original molecules specifically designed for their anti-adhe-
sion potency. For example, successful syntheses of such mol-
ecules have been obtained for cholera toxin,[22,23] shiga
toxin,[24–26] or influenza virus.[27,28] In the present work, we
will focus on the results recently obtained against two
human pathogens: uropathogenic E. coli and P. aeruginosa.


Targeting the fimbrial adhesins of E. coli : Adhesins mediate
the interaction of enterotoxic and uropathogenic E. coli
strains with the host in a tissue-dependant way. Flexible F17
fimbriae of enterotoxigenic E. coli are capped with GafD
adhesins specific for GlcNAc-terminated glycoconjugates.
Uropathogenic E.coli bind to different parts of the human
urinary tract. The long and flexible P fimbriae expose PapG
adhesins specific for galabiose (aGal1–4Gal), while shorter
type 1 pili are terminated by FimH, which binds oligoman-
nose.[29] The three fimbrial lectins, GafD, FimH, and PapG,
share similar beta-barrel folds, but display different ligand-
binding regions and disulfide bond patterns.


Surface plasmon resonance (SPR) studies of live-bacteria
adhesion on a galabiose surface have been used for testing
the inhibiting properties of a set of synthetic mono- and
multivalent galabiose compounds.[30] An octavalent com-
pound appeared to be the most effective inhibitor, but in
this particular case, the anti-inhibition potency was only
moderately affected by the valency.


It has been established by Sharon et al. that aryl manno-
sides bearing varied substitution patterns had decreasing
IC50Ns toward the inhibition of binding of E. coli to epithelial
cells.[31] Hence, it was early recognized that hydrophobic
aglycones had beneficial effect in the binding affinity of
mannoside derivatives. Based on these observations, Bouck-
aert et al. prepared a series of w-alkyl a-d-mannopyrano-
sides from methyl to octyl (1–8) and measured their KdNs
using SPR and isolated FimH attached to the gold chip by
an anti-FimH antibody (Table 1).[32] The KdNs steadily de-
creased to reach an optimum value at heptylmannoside 7
(n=6). The authors were able to obtain crystal data for the
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butylmannoside (4), which confirmed the hydrophobic char-
acter of the active site near the aglycone portion and there-
fore demonstrated the existence of a “tyrosine gate” (Tyr48-
Tyr137) that closes upon binding (Figure 3). Using these
data, Touaibia et al. prepared a library of approximately
hundred mannoside analogues, from which new candidates
such as 12 and 17 (Scheme 1) had KdNs at low nanomolar
values (Table 1).[33] Interestingly, G(0)-derived glycoden-
drimer 18 showed the lowest known Kd value observed so
far (Kd=0.45 nm (1.4 nm per Man residue)).


Based on these premises, glycochemists have designed
several families of mannodendrimers.[34] Amongst these, the
early hyperbranched l-lysine scaffold, prepared by solid-
phase peptide and Fmoc chemistry, was elongated with N-
chloroacetylglycylglycine and efficiently coupled to an N-
acryloylated para-aminophenyl a-d-mannopyranoside[35] to
provide octamer 19 (IC50 2.8 nm (22.4 nm/Man)) (Scheme 2).
It was found that a competitive binding assay measuring the
binding of 125I-labeled, highly mannosylated neoglycoprotein
(BSA) to the type 1 fimbriated Escherichia coli (K12) strain
in suspension gave much lower IC50 values than the equiva-
lent values obtained by hemagglutination or in assays that


Table 1. Relative affinity of mannosides for Escherichia coli K-12 isolat-
ed FimH as measured by surface plasmon resonance (SPR).[32,33]


Kd SPR
[nm]


DG8 SPR
[Kcal mol�1]


Relative
affinity


Relative
potency[a]


mannose 2.3O103 �7.6 0.96
MeaMan (1) 2.2O103 �7.7 1.00 1
ethylaMan (2) 1.2O103 �8.1 1.8
propylaMan (3) 300 �8.9 7.3
butylaMan (4) 151 �9.3 15
pentylaMan (5) 25 �10.4 88
hexylaMan (6) 10 �10.9 220
heptylaMan (7) 5 �11.3 440
octylaMan (8) 22 �10.4 100
PNPaMan (9) 44 �10.0 50 70
10 – – – 150
11 – – – 240
12 4.8 �11.3 458
13 – – – 970
MeUmbaMan (14) 20 �10.5 110 1010
15 113 �9.5 19
16 55 �9.9 40
17 0.65[b] �12.3 3385
18 0.45 (1.8/Man) �12.5 4889


[a] Relative potency for the inhibition of binding of E. coli to epithelial
cells.[27] [b] Such sub-nanomolar Kds are subject to large standard devia-
tion due to the software limitation.


Figure 2. Comparison of glycan array data (fluorescence unit) obtained with a) lectin PA-IIL from P. aeruginosa and b) lectin BcLA from B. cenocepacia
(b). Lectins were labeled with Alexafluor 488 and tested on the Plate Array v3.8 from Consortium for Functional Glycomics. Color coding indicates the
type of oligosaccharide (oligomannose in green) and the fucose linkage when present (black lines for low fluorescence or for mixed glycans). All details
about oligosaccharides and spacers are available at www.functionalglycomics.org. c) Binding sites from the crystal structure of PA-IIL and BclA com-
plexed with monosaccharides are displayed with key amino acids in yellow.
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involve microplate immobilization. Two important factors
that strongly influence the affinity to E. coli adhesin were:
1) the presence of an a-oriented aglycone bearing a hydro-
phobic group, and 2) the presence of multiple mannosyl resi-
dues that can span a distance of 20 nm or longer. The two
best inhibitors were a highly mannosylated neoglycoprotein
with the longest linking arm between a mannose and protein
amino group and a hexadecameric mannosylated dendrimer
(fourth generation, IC50 0.9 nm (14.4 nm/Man)).[36]


Ligands for PA-IIL, a calcium-dependent lectin from P. aer-
uginosa : The opportunistic pathogen P. aeruginosa is a caus-
ative agent of respiratory-track infections and is the main
cause of mortality for cystic fibrosis (CF) patients. Two solu-
ble lectins, PA-IL and PA-IIL (also referred to as LecA and
LecB), with specificity for d-galactose and l-fucose, respec-
tively, are produced together with the virulence factors.[37]


PA-IIL has been demonstrated to have micromolar affinity
for fucose, an unusually strong affinity for a lectin–monosac-
charide interaction that has been correlated to the presence
of two calcium ions in the binding site.[18] Since human milk
oligosaccharides are known for their high rate of fucosyla-
tion and their protective properties against microbial infec-
tion,[38] they were tested for the presence of these high affin-
ity ligands. Based on these assays and glycan array screening
(Figure 2), the Lewis a trisaccharide, aFuc1–4 ACHTUNGTRENNUNG(bGal1–3)-
GlcNAc has been identified with a Kd of 210 nm.[20]


The first generation of glycomimetics was designed with
the aim to obtain high affinity analogues, whilst avoiding the
synthesis of the complete Lewis a trisaccharide. Several
compounds containing the aFuc1–4GlcNAc disaccharide
and bearing different (1,2,3)-triazole groups were synthe-
sized.[19] When tested for inhibition of binding biotinylated


Scheme 1. Library of a-d-mannopyranoside analogues providing low Kd


upon binding to E. coli FimH.


Figure 3. Crystal structure of E. coli K12 FimH incorporating the potent
inhibitor butyl aMan 4 (PDB 1UWF). Bottom: cartoon showing the
mannose ligand flanked by two tyrosines Y48 and Y137.
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PA-IIL to immobilized polymeric fucose, compounds 20 and
21 were as effective as the Lewis a trisaccharide. Titration
calorimetry confirmed the high affinity for the Pseudomonas


lectin (Kd of 310 and 290 nm). The aFuc1–4GlcNAc deriva-
tives are significantly more flexible than the branched
Lewis a trisaccharide, and this resulted in an elevated en-
tropic cost for the binding. Nevertheless, the strong affinity
can be reached, due to the high number of hydrogen bonds
between the ligand and the lectins as proven by the crystal
structures of the complexes (Figure 4).


The second generation of ligands (22–24) contain 2 or 3
high affinity aFuc1–4GlcNAc disaccharides connected


through linkers of various lengths and geometries.[39] Among
them, the linear and flexible compound 23 displays the high-
est affinity (Kd =90 nm), as observed from titration microca-


Figure 4. Crystal structures of complexes of PA-IIL with glycomimetic
compounds 20 (top) and 21 (bottom). The protein accessible surface is
colored in blue. Calcium ions and water molecules are represented as
brown and red spheres, respectively. Hydrogen bonds are displayed as
green dotted lines.


Scheme 2. Arylated glycomannoside bearing 8 residues based on a poly-
lysines core. This construct showed an IC50 of 2.8 nm against E. coli K12.
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lorimetry. At low concentration of the ligand, a PA-IIL/
ligand stoichiometry of 2:1 is observed, followed by precipi-
tation at higher concentration, indicating that this divalent
ligand is an efficient clustering agent. Another divalent com-
pound with a more rigid linker (22) is very efficient for in-
hibition of binding to immobilized fucose, but is twice less
efficient in solution when tested by ITC, illustrating that the
competition can be significantly different when tested in so-
lution or on surface-bound compounds. Interestingly, the
corresponding trivalent cluster 24 displayed similar affinity
(Kd=100 nm) to that of dimer 23, thus indicating that one
additional branch had no beneficial effect upon binding.
This situation is analogous to the one previously observed
for a trimeric mannoside cluster built on the same 1,3,5-tri-
benzoic acid scaffold using the phytohemagglutinin ConA
from Canavalia ensiformis.[40]


The encouraging results described above prompted us to
prepare a small library of even simpler a-l-fucoside ligands
bearing varied heterocycles in the aglyconic portion with the
aim to conserve high affinity while removing the N-acetyl-
glucosaminide residue. To this end, a series of isoxazoles
(25–27) and 1,4-trisubstituted 1,2,3-triazoles (28–30), togeth-
er with the 1,5-disubstituted triazole (31), were synthesized
(BGha et al. unpublished results). These Lewis a mimetics
were all 7–10-fold better ligand than l-fucose taken alone
and compound 27 was equipotent to Lewis a itself, thus sup-
porting the hypothesis.


Multivalency was next explored by using different scaf-
folds. At the present time, only fucose-containing multiva-
lent compounds have been synthesized, while keeping in
mind, as shown above, that the use of terminating aFuc1–
4GlcNAc disaccharide could increase the affinity further. A
series of fucodendrimers with valencies between two and
sixteen were prepared by using the partly optimized 1,4-di-
substituted 1,2,3-triazoles described above.[41] Using nephel-
ometry, a method based on light scattering by particles,
these glycodendrimers showed fast and reversible precipita-
tion of the PA-IIL lectin as anticipated, thus confirming the
cross-linking abilities of such nanometric architectures. To
further prevent the adhesion behavior of P. aeruginosa onto
the lungNs epithelial lining, heterobifunctional glycodendrim-
ers bearing both d-galactoside (PA-IL) and l-fucoside (PA-
IIL) lectins ligands were constructed.[41] This novel strategy
to tackle two lectins from the same organism was validated
by using microprecipitation experiments. Each lectin
showed strong binding to dendrimer 32 (Scheme 3), while
PA-IIL had higher affinity for the fucoside portion.


Linear triazole-bearing phosphodiester oligomers built on
a pentaerythritol scaffold were recently prepared by using a


DNA synthesizer and phosphoramidite chemistry. An azido
fucoside triethylene glycol derivative was treated under
“click” chemistry conditions to construct a series of glycosy-
lated clusters bearing 4, 6, 8, and 10 (33) l-fucoside residues.
Binding to P. aeruginosa lectin (PA-IIL) was determined by
an enzyme-linked lectin competition assay. The IC50 values
measured were 10–20 times better than the monovalent l-
fucose with a modest twofold increase on a per saccharide
basis.[42]


Similarly, a large (390625 members) neoglycopeptide den-
drimer library[43,44] ending with C-linked fucoside derivatives
was initially synthesized by using solid-phase combinatorial
variation. The strongest binding with P. aeruginosa PA-IIL
was observed with a tetravalent dendrimer 35 (Scheme 4,
IC50 0.6 mm), which combined multivalency with the pres-
ence of a positive guanidine charge in proximity to the car-
bohydrate residue, in comparison to the divalent analogue
34 lacking the N-terminal lysine residues (IC50 5.0 mm)
(Table 2).


Scheme 3. Heterobifunctional dendrimer exposing both d-galactoside and
l-fucoside residues for simultaneous binding to P. aeruginosa lectin PA-
IL and PA-IIL, respectively.
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An improved peptide dendrimer combinatorial library
with 15625 members was analogously constructed.[44] Den-
drimer 36 (Scheme 4, Fuc-a-CH2CO-Lys-Pro-Leu)4(Lys-
Phe-Lys-Ile)2Lys-His-Ile-NH2 was identified as a potent
ligand against Ulex europaeus lectin UEA-I (IC50 11 mm)
and P. aeruginosa lectin PA-IIL (IC50 0.14 mm).


Several other relevant glycomimetics and some of their
multivalent counterparts against PapG adhesins of E. coli,
Streptoccocus suis (galabiose ligand - Gala1–4Gal), and P.
aeruginosa adhesin of type IV pili (GalNAcb1–4Gal ligand)
have also been reviewed recently.[45, 46] Scheme 5 illustrates
some relevant structures. When anchored to a G(1)-
PAMAM dendrimer, octameric galabioside derivative


shown above had a minimal inhibitory concentration (MIC)
of 0.3 nm in an inhibition of hemagglutination assay of the
Gram-positive pathogen S. suis.[47] This value represents a
256-fold improvement over the monovalent galabioside (32/
Galabiose).


Conclusion


In this paper we report the efforts for understanding molec-
ular basis of strategies used by microbes for adhering to
host glycans, and the related progresses in producing glyco-
mimetics and glycodendrimers that could block the adhe-
sion. Because of the fine specificity of pathogens for oligo-
saccharide structures present on only few species, tissues or
cell types, it has been generally possible to design specific
glycomimetics. Multivalency of the receptors, due to oligo-
merization of lectin domains or multipresentation on patho-
gen surface, has been utilized for the synthesis of high avidi-
ty glycodendrimers.
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Scheme 4. Best ligand candidates for the PA-IIL lectin of P. aeruginosa
selected from a large chemical library of glycopetidomimetics.[43,44]


Table 2. Binding data for PA-IIL interacting with different carbohy-
drates, glycomimetics, and glycopolymers.


Kd


[nm]
-DG


[Kcalmol�1]
Potency
ACHTUNGTRENNUNG(ITC)


Potency
ACHTUNGTRENNUNG(ELLA)


Potency
per fucose


Ref.


l-Fuc 2.9O103 �7.5 1 [20]


Me-a-Man 71O103 �5.7 0.04 [49]


Me-a-Fuc 430 �8.7 6.7 [49]


Lewis a 210 �9.1 13.8 [20]


20 310 �8.9 9.3 [19]


21 290 �8.9 10 [19]


22 170 �9.2 17 40 8.5 �20[a] [39]


23 90 �9.6 32 16 [39]


24 100 �9.5 29 9.7 [39]


33 22.4 2.2 [42]


34 3.5 1.7 [43]


35 29 7.2 [43]


36 80 20 [44]


[a] Values from ITC and ELLA, respectively.
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Highly Chemo- and Enantioselective Hydrogenation of Linear
a,b-Unsaturated Ketones


Sheng-Mei Lu and Carsten Bolm*[a]


Asymmetric hydrogenation of olefins is one of the most
powerful transformations in asymmetric catalysis. In reduc-
tions of unfunctionalized substrates, chiral iridium com-
plexes with N-heterocyclic carbene ligands or P,N-ligands
have revealed high activities and excellent enantioselectivi-
ties under relatively mild reaction conditions.[1] Catalytic
asymmetric hydrogenations of functionalized olefins such as
a-(acylamino) acrylic acids, enamides, a,b-unsaturated car-
boxylic acids and esters, allylic and homoallylic alcohols
have also been widely investigated, and they can most suc-
cessfully be performed with chirally modified ruthenium,
rhodium and iridium complexes.[2] In contrast, enone-to-
ketone hydrogenations are less studied, which is surprising
considering the synthetic importance of compounds with ste-
reogenic centers at the a- or b-position to a carbonyl
group.[3]


Generally, the chemoselectivity is a key issue in the hy-
drogenation of a,b-unsaturated ketones, since both double
bonds can react. Commonly, in catalytic hydrogenations C=


C double bonds are more reactive than C=O ones.[4] Impor-
tant exceptions are Noyori+s RuII–diamine–diphosphine[5a–c]


and Takaya+s IrI–BINAP[5d] catalyst systems, which preferen-
tially reduce carbonyl groups faster than C=C double bonds.
Effective catalysts for enantioselective C=C bond hydroge-
nations of unsaturated ketones, especially those applicable
for linear substrates, are still rare.[6] The following examples
shall illustrate the current status.


As early as 1983, Maux and Simonneaux investigated
asymmetric hydrogenations of a,b-unsaturated ketones cata-
lyzed by chiral [Co2(CO)8]/phosphine complexes giving satu-
rated ketones with 1–16% ee.[7] Later, the enantioselectivity
was improved to 62% ee by using a chiral ruthenium com-


plex as the catalyst,[8] but only 2% ee were achieved in
asymmetric hydrogenations of linear a,b-unsaturated ke-
tones. In 1995, Takaya and co-workers employed RuII–
BINAP complexes as catalysts to hydrogenate exo-cyclic
enones, and they obtained 2-alkyl-substituted cyclic ketones
with up to 98% ee.[9] However, the conversion of a 2-aryl-
substituted substrate provided a product with only 9% ee,
and furthermore, to achieve full conversion, it was necessary
to employ both high pressure (100 bar) and elevated tem-
perature (50 8C). A few selected examples of hydrogenations
of endo-cyclic enones were reported by Consiglio[10] and
Genet.[11] The former obtained (two) products with up to
76% ee and the latter focused on a synthesis of (+)-cis-
methyl dihydrojasmonate, which was finally prepared with
88% ee. In 2005, Hilgraf and Pfaltz investigated the hydro-
genation of 3-methyl cyclohexenone using iridium/P,N-
ligand complexes as catalysts, and a moderate enantioselec-
tivity (58% ee) was obtained under high pressure (100 bar)
using a 4 mol% catalyst loading.[12] Subsequently, MacMil-
lan[13] and List[14] found organocatalytic transfer hydrogena-
tion of enones using Hantzsch esters as hydrogen sources.
Excellent enantioselectivities (up to 98% ee) were obtained
in the conjugate reduction of endo-cyclic enones. However,
linear enones were less suitable and an eemax of only 70%
was obtained.[14] The most recent developments stem from
Mashima and co-workers, who used a cationic RhI/DTBM-
SegPhos/(CH2CH2PPh3Br)2 catalyst system to hydrogenate
endo-cyclic enones providing products with up to 98% ee.[15]


Heterogeneous hydrogenations of exo-cyclic enones have
also been investigated,[16] but only moderate enantioselectiv-
ities were achieved.


Recently, we reported the synthesis of sulfoximine-de-
rived P,N-ligands and their applications in iridium-catalyzed
asymmetric hydrogenation reactions.[17,18] As part of our
continued interest in the area and with the goal to explore
the general reactivity pattern of this catalyst family (see
below, complexes 1 and 2), we focused our efforts now on
the hydrogenation of a,b-unsaturated ketones.


We began the study using linear b,b-disubstituted 1,3-di-
phenyl-2-butenone [(E)-4a] as model substrate and iridium
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complex 1a as catalyst (1 mol%). To our delight, full con-
version and excellent chemoselectivity resulted at 60 bar hy-
drogen pressure in a reaction performed at room tempera-
ture in toluene for 18 h. The major product (�95%) was sa-
turated ketone 5a (1,3-diphenyl-butan-1-one) with 76% ee,
and only traces of the corresponding saturated alcohol 6a
(�5%) could be detected (Table 1, entry 1). No allylic alco-
hol was formed. These results were surprising and indicated
the discovery of a complementary catalysts system to that of
Noyori, whose RuII–diamine–diphosphine complexes provid-
ed unsaturated alcohols from a,b-unsaturated ketones.[5]


When the reaction was carried out with complex 2, incom-
plete conversion of enone (E)-4a (75%) resulted, and
larger quantities (15%) of saturated alcohol 6a were
formed (Table 1, entry 2). Although the conversion of the
reaction with complex 3 was complete, the enantioselectivity
was low giving 5a with 26% ee. Furthermore, a significant
amount of 6a was found (entry 3).


In order to improve the catalyst system, the effect of the
solvent and the structural details of complex 1 were studied.


Complete conversion and for-
mation of ketone 5a with 76%
ee were found when the reac-
tion was carried out in di-
chloromethane (Table 1,
entry 4). In THF the conver-
sion was low (35%; entry 5).
By using toluene as solvent,
hydrogenations of (E)-4a cata-
lyzed by complexes 1b–i pro-
ceeded well as indicated by the
results shown in Table 1, en-
tries 6–13. All complexes were


highly effective leading to full conversion and the predomi-
nate formation of ketone 5a (>95%). The alkyl substituents
of the sulfoximidoyl moiety and the substitution pattern of
the phenyl group at the phosphorus atom had no obvious
effect on the performance of the resulting catalysts. All
(complexes 1a–h) provided 5a with similar enantioselectivi-
ty (in the range of 71–81% ee, Table 1, entries 1 and 6–12),
and only complex 1 i led to 5a with a significantly lower ee
(54%; entry 13). The best result (>95% conversion, 81%
ee) was obtained, when complex 1c was used as catalyst.


Encouraged by the results achieved in the asymmetric hy-
drogenation of (E)-4a catalyzed by complexes 1, various
other b,b-disubstituted enones were applied (Table 2). Gen-
erally, the substrate conversions were high. The reactions
with enones (E)-4a–d revealed that increasing the size of
the alkyl group at the b-position of the carbonyl group had
a positive effect on the enantioselectivity. Thus, methyl sub-
stituted (E)-4a was hydrogenated with 1c as catalyst to give
a product with 81% ee (Table 2, entry 1). Under the same
conditions, the ethyl-, isopropyl, and cyclohexyl-substituted
analogues [(E)-4b, (E)-4c, and (E)-4d] gave the corre-
sponding ketones (5b–d) with 89, 97 and 97% ee, respec-
tively (Table 2, entries 5, 10, and 17).


For the hydrogenation of enone (Z)-4c, which differed
from (E)-4c by its altered olefin geometry, both conversion
and enantioselectivity were slightly lower (compared with
the analogous reaction of its diastereomeric counterpart).
The absolute configuration of the product (ketone 5c) was
reversed (entries 14–16), which indicated that the catalyst
approached the olefin from the same face. Consequently,
the ratio of the (Z)- and (E)-isomers will greatly affect the
enantioselectivity of the product. From a practical point of
view, this offers a convenient access to both enantiomers of
a ketone by using the same catalyst if isomerically pure sub-
strates are available.


Changing the substitution pattern on the ketonic phenyl
group affected both conversion and enantioselectivity only
to a small degree. Thus, hydrogenations of chloro- and me-
thoxy-substituted enones (E)-4e and (E)-4 f with 1d as cata-
lyst led to almost identical results (>95% conversion in
both cases; 96% ee for 5e and 97% ee for 5 f) as conver-
sions of (E)-4c.


In order to test if the aryl groups of the substrates were
essential for efficient asymmetric hydrogenations, enone


Table 1. Enantioselective hydrogenation of 1,3-diphenyl-2-butenone
[(E)-4a].[a]


Entry Solvent Complex Conversion [%][b] ee of 5a [%][c]


1 toluene 1a >95 76
2 toluene 2 75 (60)[d] n.d.
3 toluene 3 >95 (69)[d] 26
4 CH2Cl2 1a >95 76
5 THF 1a 35 n.d.
6 toluene 1b >95 75
7 toluene 1c >95 81
8 toluene 1d >95 80
9 toluene 1e >95 78
10 toluene 1 f >95 75
11 toluene 1g >95 75
12 toluene 1h >95 71
13 toluene 1 i >95 54


[a] Reactions conditions: (E)-4a (0.5 mmol), catalyst 1 (1 mol%), sol-
vent (1.5 mL), 18 h reaction time, under argon at room temperature.
[b]Measured by 1H NMR. [c]Enantiomer ratios were determined by
HPLC by using a Chiralcel OJ column. The S enantiomer of the product
was formed in excess; n.d.=not determined. [d]The values in parenthe-
ses refer to the detected amount of saturated ketone 5a.
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(E)-4g having a ketonic phenyl group and two alkyl sub-
stituents at the olefinic b-positions was used as starting ma-
terial (Table 2, entries 26–28). Furthermore, methyl ketone


(E)-4h with a b-methyl and b-phenyl substituent was ap-
plied (Table 2, entries 29–32). For both substrates the con-
versions were complete and the enantioselectivities in the
formation of the corresponding saturated ketones (5g and
5h, respectively) were comparable to the one observed in
the reaction with enone (E)-4a. Noteworthy is that the hy-
drogenation of (E)-4h also generated a significant amount
of saturated alcohol (fully reduced product; not shown),
which was formed with moderate ee (57–66%). These re-
sults allow the conclusion that the aryl groups were not re-
quired for conversion and enantioselectivity, but that the
presence of a ketonic aryl group positively affected the che-
moselectivity of the reaction.


In summary, we discovered and developed catalysts for
the enantioselective hydrogenation of linear enones provid-
ing saturated ketones with up to 97% ee. The application of
the catalyst system to other substrates is currently under in-
vestigation.


Experimental Section


General procedure for hydrogenation: Complex 1a (4.1 mg,
0.0025 mmol) and substrate 4 (0.25 mmol) were placed in a 5 mL vial
equipped with a stirrer bar. This vial was then put into an argon-filled
steel autoclave. To the mixture was added toluene (1.0 mL) under an
argon atmosphere. The autoclave was then closed, purged three times
with hydrogen (less than the pressure needed) and finally pressurized to
the value needed. The reaction mixture was stirred for the indicated
period of time, and then the hydrogen gas slowly released. The conver-
sion of the substrate was determined by 1H NMR spectroscopy of the
crude reaction mixture, and the product was purified by chromatography
with pentane/ethyl acetate 10:1. Enantiomeric ratios were analyzed with
HPLC by using a Chiralcel column. The synthetic procedures for the sub-
strate preparations, HPLC conditions, and the spectral data of new com-
pounds are provided in Supporting Information.
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Table 2. Enantioselective hydrogenations of linear a,b-unsaturated keto-
nes.[a]


Entry Substrates Catalyst Yield [%][b] ee [%][c]


configuration[d]


1 1c 89 81 (S)
2 1d 94 80 (S)
3 1 f 91 75 (S)


4 1a 92 86 (S)
5 1c 94 89 (S)
6 1d 88 87 (S)
7 1 f 92 88 (S)
8 1h 92 85 (S)


9 1a 90 96 (+)
10 1c 94 97 (+)
11 1d 93 97 (+)
12 1 f 93 96 (+)
13 1g 90 96 (+)


14 1c 86 92 (�)
15 1d 80[e] 87 (�)
16 1g 93 93 (�)


17 1c 88 97 (+)
18 1d 89 97 (+)
19 1g 91 97 (+)


20 1c 91 95 (�)
21 1d 93 96 (�)
22 1g 93 94 (�)


23 1c 93 97 (�)
24 1d 91 97 (�)
25 1g 90 97 (�)


26 1c 93 81 (+)
27 1d 94 80 (+)
28 1h 89 77 (+)


29 1a 65[f] 80 (S)
30 1c 70[f] 79 (S)
31 1d 74[f] 81 (S)
32 1g 75[f] 79 (S)


[a] Reactions conditions: substrate (0.25 mmol), catalyst 1 (1 mol%), tol-
uene (1.0 mL), 16–18 h reaction time. All the reactions were carried out
under argon at room temperature and full conversion were obtained for
all reaction unless otherwise specified. [b]Yield of isolated product based
on a,b-unsaturated ketone. [c]Determined by HPLC analysis; see Sup-
porting Information. [d]Absolute configurations assigned by comparison
of optical rotations with literature values. For unknown compounds, the
sign of optical rotation is noted. [e]Only 80% conversion in this reaction.
[f]The value in parentheses indicates the amount of saturated ketone.
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Specific Methyl Group Protonation for the Measurement of Pharmacophore-
Specific Interligand NOE Interactions
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In the recent decades NMR spectroscopy has emerged as
a powerful tool in the drug-discovery field. Several NMR-
based methods have proved beneficial for the optimization
of low-molecular-weight lead structures. Among those, tech-
niques relying on the nuclear Overhauser effect (NOE) can
provide information on pharmacophores at atomic resolu-
tion. The transferred-NOEs (tr-NOEs)[1] allow access to the
bioactive conformation of ligands and can also be applied as
a screening tool to identify the interaction of a small mole-
cule with a macromolecular receptor. Recently, we have re-
ported on the measurement of protein-mediated interligand
NOEs (INPHARMA), which are observed for a mixture of
two ligands binding competitively and weakly to the same
binding pocket of a common target.[2–4] These interligand
NOEs do not result from a direct magnetization transfer be-
tween the protons of the two ligands, since the small com-
pounds, being competitive binders, never occupy the protein
binding pocket at the same time. Rather, a spin diffusion
process, mediated by the protons of the receptor-binding
pocket, leads to cross-peaks between the two ligands. We
proposed and demonstrated that these interligand NOEs
can be used to determine the relative binding mode of two


drug leads or, in favorable cases, even their absolute binding
pose (INPHARMA approach).[3]


The principle underlying the methodology relies on the
dependence of the INPHARMA NOEs on the protein envi-
ronment and more specifically on the distances between the
protons of each ligand and the protons of the receptor. Con-
sequently, the size of the INPHARMA NOEs depends on
the binding mode of each ligand to the receptor and a quan-
titative interpretation of such effects can be used to derive
the binding modes. However, extensive spin diffusion
among the receptor protons reduces the specificity of the
INPHARMA NOE signals, and the pharmacophore signa-
ture has to be retrieved by theoretically simulating the
effect of spin diffusion. Thus, the determination of the li-
gands3 binding modes relies on computationally intensive
calculations based on the full-relaxation matrix approach in
presence of chemical exchange,[5] including the protons of
the ligands and all protons of the receptor within a reasona-
ble distance from the binding pocket typically 10 6.[1,3]


In the daily workflow of drug discovery, it is desirable to
extract information from the INPHARMA NOEs without
need for the demanding full-relaxation matrix calculations.
We reasoned that a clearer fingerprint of the binding modes
of the two ligands to the receptor would be obtained from
the values of the INPHARMA NOEs if spin diffusion
inside the protein could be either switched off or considera-
bly reduced. An efficient way to attenuate intramolecular
spin-diffusion is to reduce the proton density in the recep-
tor, for example, by deuteration. In the past few years, a
robust protocol has been developed for bacterial expression
of proteins, in which methyl groups are selectively protonat-
ed in a highly deuterated background.[6] Here we employ
this method to investigate the effects on protein-mediated
interligand NOEs of depleting the background protein
proton density while maintaining protonated side chains of
specific amino-acids types.[6] Furthermore, we explore the at-
tractive possibility of employing the INPHARMA method
in combination with selectively protonated receptors to ex-
tract structural information on the relative binding mode of
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two competitive ligands with-
out need for the time-consum-
ing full-relaxation matrix cal-
culations.
The system under investiga-


tion consists of the catalytic
subunit of cAMP-dependent
protein kinase A—a monomer-
ic protein of 353 amino acids.
The protein kinase A (PKA) is
a ubiquitous enzyme of known
crystal structure,[7–9] which reg-
ulates a large variety of cellu-
lar processes including ion
flux, cell death and gene transcription. The selected ligands
were the core hinge binding fragments of two known ATP
competitive kinase inhibitors LA and LB, whose binding site
has been previously identified (Figure 1).
The catalytic unit of PKA was expressed in three different


forms: i) fully protonated (FP), ii) protonated at specific
amino acid side chains (SP), or iii) perdeuterated (PD). For
the preparation of the specifically protonated protein, cer-
tain a-ketoacids can serve as precursors for a number of
methyl-bearing amino acids for proteins over-expressed in
minimal media.[10] In our case, among amino acids contain-
ing an aliphatic side chain, only valine and leucine are part
of the binding pocket (Figure 2); therefore we chose a-ke-
toisovaleric acid as the precursor molecule for the produc-
tion of deuterated proteins with protonation restricted to
the Leud/Valg positions. Typically, precursors with the de-
sired labeling patterns were added to D2O-based growth
medium approximately 1 hour prior to induction of protein
over-expression, with expression times kept reasonably short
(3–4 h in our case) to maximize the incorporation levels.[11, 12]


Three samples were prepared containing 450 mm of LA


and 150 mm of LB. The 1:3 ratio in the concentration of the


two ligands has been chosen to partially compensate for the
different affinity of LA and LB for PKA (Ki,LA/Ki,LB ffi 0.3).
The protein concentration was 25 mm for samples (ii, SP)
and (iii, PD) (containing selectively protonated and perdeu-
terated protein, respectively), and 45 mm for sample (i, FP)
(containing fully protonated protein). NOESY spectra were
acquired on a 900 MHz spectrometer with a mixing time
tm=600 ms (Figure 1a). The exact protein concentrations
were determined by fitting the intensity of intraligand tr-
NOEs. The absence of NOEs in the sample containing the
perdeuterated protein confirms that the interligand NOEs
do not originate from aggregation of the ligands or from si-
multaneous binding to neighboring binding pockets of the
protein, but are indeed mediated by the protein protons.
Interligand NOEs are observed for samples containing


either fully or specifically protonated protein (Figure 1),
thus confirming that selective protonation of the Leud/Valg
positions in a perdeuterated background allows the mea-
surement of protein mediated interligand NOEs. Figure 2
shows the binding pocket of PKA, in which LA and LB


occupy alternately the same space. The short distances (d
<5 6) of the methyl groups of Leu49, Val57, Val104, Val123


and Leu173 from both ligands
ensure an efficient transfer of
magnetization between the
two ligands in the Leud/Valg
selectively protonated sample.
A comparison of the theo-


retical values of the INPHAR-
MA NOEs expected for a
sample containing LA


(450 mm), LB (150 mm) and
either fully or selectively pro-
tonated PKA (25 mm) shows
that a much lower intensity is
expected for the interligand
NOEs in the presence of selec-
tively protonated protein,
which is in agreement with the
paucity of receptor protons
available for the transfer
(Figure 3). The data set in the
presence of the selectively pro-


Figure 1. NOESY spectra for the measurement of interligand NOEs. a) Slices from 2D NOESY spectra at
3.72 ppm with a mixing time of 600 ms. Protein samples were expressed in a fully protonated form (upper
slice); with the methyl group side chains of Leu and Val specifically protonated (middle slice); or fully deuter-
ated (lower slice). b) Chemical structures of the ligands LA and LB with proton numbering.


Figure 2. Overlap of the crystal structures of the PKA/LA (3DNE.pdb) and PKA/LB (3DND.pdb) complexes
(stereo view). The Val and Leu amino acids are represented with sticks and the methyl groups are highlighted
in gold. LA is in green and LB is in blue.
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tonated protein has been calculated assuming a typical pro-
tonation efficiency of 80%, which, for the five Val and Leu
amino acids present in the binding pocket, results in 16 spe-
cies with population p > 0.5% (1 species with p=32%, 10
species with p=8.2% and 5 species with p=2%). All spe-
cies with p < 0.5% were neglected in the calculations. The
two theoretical data sets correlate reasonably well, with the
exception of two large outliers: the interligand NOE be-
tween H8 of LA and H1,2 of LB and the NOE between H1,3,5


of LA and H5 of LB (Figure 3). The ratio of the interligand


NOEs between H8-LA and H1,2-LB for the SP vs the FP
sample is lower than average; this reflects the depletion of
the protons of Phe327, which are the closest to both proton
H8-LA and protons H1,2-LB and therefore are most responsi-
ble for the corresponding protein-mediated exchange of
magnetization between them (Figure S1). On the other
hand, the same ratio for the NOE between H1,3,5-LA and H5-
LB is higher than average, reflecting the elimination of addi-
tional spin-diffusion pathways inside the protein. The princi-
pal mediators in the transfer of magnetization between the
H1,3,5-LA protons and the H5-LB proton are the methyl
groups of Val57, which are not depleted in the selectively
protonated protein. In general, it is expected that the ratio
of the interligand NOE peaks observed for the SP sample
versus those observed for the FP sample is high for the
ligand protons close to Leud/Valg methyl groups, due to the
absence of dissipating spin-diffusion pathways, while it is
lower for the ligand protons that are distant from the pro-
tonated methyl groups. This should result in a specific fin-
gerprint of the binding mode of the ligands.
The higher specificity of the pharmacophore signature ob-


servable for the SP sample with respect to that of the FP
sample prompted us to investigate the possibility of inter-
preting the INPHARMA NOEs in a semiquantitative way,
namely without considering the effect of spin diffusion
inside the protein. For this purpose we defined the parame-
ter D, as an indicator of the distances of each ligand proton
to the PKA protons:


DAB ¼
X


Leu;Val


X


i¼1;2
dðHAHMetiÞ


�6 �
X


i¼1;2
dðHBHMetiÞ


�6


where d ACHTUNGTRENNUNG(HA/BHMet) is the distance between proton HA/B of
LA/B and the carbon of one of the two methyl groups of a
particular valine or leucine amino acid. Whenever two or
more ligand protons have a degenerate chemical shift the
sum extends over all degenerate protons and the resulting
indicator DAB is divided by the number of degenerate pro-
tons. Only distances d < 5 6 are considered in the calcula-
tions. Our goal is to demonstrate that the interligand NOEs
values correlate well with the indicator DAB for each HA–HB


NOE and that the quality of the fitting can be used to distin-
guish between different binding modes of the two ligands. In
Figure 4 we plot the experimental INPHARMA NOEs be-
tween LA and LB versus the indicator D for five pairs of
PKA/LA and PKA/LB complexes. The interligand NOEs
were measured for the mixture of LA, LB and the selectively
protonated PKA (SP) and were normalized with respect to
the diagonal peak in w1. The pair of docking modes in panel
a) corresponds to the crystal structures of both complexes
and represents the “correct” docking poses. The pairs in
panels b)–d) contain one wrong binding mode each and
have been generated by rotating LA or LB by 1808 around
the z or y axis, as indicated in the figure. The difference in
the quality of the correlation is striking, with the correct
pair a) exhibiting R=0.83 for the linear correlation of the
INPHARMA NOEs with the crude distance indicator D,
while the incorrect pairs show very poor correlations (R
<0.5). From this result we conclude that a semiquantitative
interpretation of the INPHARMA NOEs measured in pres-
ence of selectively protonated protein might be sufficient to
discriminate between docking modes. Such semiquantitative
interpretation could replace the lengthy full-relaxation
matrix interpretation necessary when the INPHARMA
NOEs are measured in the presence of fully protonated pro-
tein. Work is in progress in our laboratory to thoroughly
characterize the discriminatory power of the correlation
graphs of Figure 4 and to define the minimum change in the
ligands orientations that can be differentiated with this ap-
proach. In addition, the specificity of the pharmacophore
signature could be further improved by enlarging the SP IN-
PHARMA NOE data-set. This can be achieved by means of
multiple complementary schemes of selective protonation,
targeting for example either the methyl groups or the aro-
matic side-chains.[13]


The possibility of discriminating between binding poses
by correlation of the INPHARMA NOEs with the distance
indicator D, or a similar function, opens the way to easy im-
plementation of the INPHARMA NOEs in structure calcu-
lation programs. While simulation of spin diffusion at each
step of structure calculation and comparison of theoretical
and experimental NOEs is a computationally demanding
task, due to the large size of the matrices involved, the cor-
relation between the INPHARMA NOEs and a distance in-
dicator could be easily translated into an energy term. In
this way, the INPHARMA NOEs could be used to actively
drive the docking protocol towards the correct binding
poses of the two ligands. Our laboratory is actively exploring


Figure 3. Correlation of the theoretical INPHARMA NOEs expected for
a sample containing fully protonated PKA (FP) versus those expected
using selective protonation (SP) of the Leud/Valg positions. The NOEs
are not normalized and are in arbitrary units.
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this intriguing and promising approach to the determination
of receptor–ligand structures.


Experimental Section


Protein expression and purification for the NMR experiments : The cata-
lytic subunit of Chinese hamster cAMP-dependent protein kinase A
(PKA) was expressed and purified according to the published proce-


dure.[14] In detail, the expression plasmid pETPKA, containing the coding
sequence of the cAMP dependent protein kinase, was used for transfor-
mation of E. coli strain BL21 (DE3) competent cells. To produce the
deuterated and specifically protonated protein samples, cells were initial-
ly grown on normal M9 media and then transferred to 10 mL expression
cultures with increasing percentages of D2O. The main culture in 100%
D2O was then inoculated with the adapted cells. Cells for the fully pro-
tonated protein sample were grown on LB medium. For the specifically
protonated sample, the precursor with the desired labelling pattern (2-
keto-3-methyl-butyrate) was added to the growth medium approximately
one hour prior to induction. The protein, containing a histidine-tag, was
purified on a Ni-NTA Fast-Flow column (Qiagen, Hilden Germany) fol-
lowing the manufacturer3s recommendations. Cleavage of the His-tag was
performed by adding 80 mL of Tev-protease (1 mgmL-1) and incubating
overnight at room temperature. Further purification was achieved by
anion-exchange chromatography with a SourceQ column. Finally, sam-
ples (10–15 mL) were dialyzed against 1 L NMR buffer (PBS-buffer,
NaCl 150 mm).


Acknowledgements


This work was supported by the Volkswagen Stiftung (grant to T.C.), the
Fonds der chemischen Industrie (fellowship to J.O. Nr.:180081, support
to C.G.), the EMBL, the MPG and Sanofi-Aventis. We thank Prof. H.
Schwalbe for the provision of expression plasmids. Crystallographic data
were collected at beamline ID14.1 at the ESRF. Molecular Graphics
images were produced using the UCSF Chimera package from the re-
source of Biocomputing, Visualization and Informatics at the University
of California, San Francisco.


Keywords: drug discovery · NMR spectroscopy ·
pharmacophore mapping · selective protonation · specificity


[1] F. Ni, Proc. Nucl. Magn. Res. Sp. 1994, 26, 517–606.
[2] V. M. Sanchez-Pedregal, M. Reese, J. Meiler, J. M. Blommers, C.


Griesinger, T. Carlomagno, Angew. Chem. 2005, 117, 4244–4247;
Angew. Chem. Int. Ed. 2005, 44, 4172–4175.


[3] M. Reese, V. M. Sanchez-Pedregal, K. Kubicek, J. Meiler, M. J.
Blommers, C. Griesinger, T. Carlomagno, Angew. Chem. 2007, 119,
1896–1900; Angew. Chem. Int. Ed. 2007, 46, 1864–1868.


[4] V. M. Sanchez-Pedregal, K. Kubicek, J. Meiler, I. Lyothier, I. Pater-
son, T. Carlomagno, Angew. Chem. 2006, 118, 7548–7554; Angew.
Chem. Int. Ed. 2006, 45, 7388–7394.


[5] R. E. London, J. Magn. Reson. 1999, 141, 301–311.
[6] V. Tugarinov, P. M. Hwang, L. E. Kay, Annu. Rev. Biochem. 2004,


73, 107–146.
[7] D. R. Knighton, J. H. Zheng, L. F. Ten Eyck, V. A. Ashford, N. H.


Xuong, S. S. Taylor, J. M. Sowadski, Science 1991, 253, 407–414.
[8] D. Bossemeyer, R. A. Engh, V. Kinzel, H. Ponstingl, R. Huber,


Embo J. 1993, 12, 849–859.
[9] C. Kim, N. H. Xuong, S. S. Taylor, Science 2005, 307, 690–696.
[10] V. Tugarinov, L. E. Kay, ChemBioChem 2005, 6, 1567–1577.
[11] N. K. Goto, K. H. Gardner, G. A. Mueller, R. C. Willis, L. E. Kay, J.


Biomol. NMR 1999, 13, 369–374.
[12] K. H. Gardner, X. Zhang, K. Gehring, L. E. Kay, J. Am. Chem. Soc.


1998, 120, 11738–11748.
[13] S. Rajesh, D. Nietlispach, H. Nakayama, K. Takio, E. D. Laue, T.


Shibata, Y. Ito, J. Biomol. NMR 2003, 27, 81–86.
[14] T. Langer, M. Vogtherr, B. Elshorst, M. Betz, U. Schieborr, K.


Saxena, H. Schwalbe, ChemBioChem 2004, 5, 1508–1516.


Received: May 8, 2008
Published online: July 30, 2008


Figure 4. Correlation of the INPHARMA NOEs measured for a mixture
of LA, LB and selectively protonated PKA (Leud/Valg) with the distance
indicator D calculated for five model-pairs of the PKA/LA and PKA/LB


complexes. The first model-pair (panel a) corresponds to the crystal
structures of the PKA/LA and PKA/LB complexes. Panels b)–d) present
the correlations for model-pairs where one of the ligand has been rotated
to an incorrect orientation in the binding pocket: b) LA has been rotated
by 1808 around the y axis; c) LB has been rotated by 1808 around the y
axis; d) LB has been rotated by 1808 around the z axis; d) LA has been
rotated by 1808 around the z axis. The quality of the correlation is accept-
able only for panel a) (R=0.83), while the next best correlation is seen
in panel d) with R=0.51.
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C�H Insertion Processes on Stabilized Indolyl and ortho-Aminophenyl
Fischer Carbene Complexes: Synthesis of Azepino ACHTUNGTRENNUNG[3,2,1-hi] indole,
Benzazepine and Indole Derivatives


Jos, Barluenga,* Mart1n FaÇan3s-Mastral, and Fernando Aznar[a]


Fischer carbene complexes have become very useful ma-
terials in organic synthesis. Since their discovery in 1964,[1]


their chemistry has been extensively studied, and at the
present, there are a large number of useful transformations
involving Fischer carbene complexes that find application in
synthetic organic chemistry,[2] mostly oriented to the prepa-
ration of carbo- and heterocycles.[3] In fact, a particularly in-
teresting feature of the chemistry of Fischer carbene com-
plexes is their ability to provide complex polycyclic struc-
tures from simple starting materials in cascade processes
that usually involve the formation of several C�C bonds.[4]


On the other hand, a very versatile methodology for the
formation of C�C bonds is the C�H carbene insertion.
These type of processes are commonly observed in reactions
involving metal carbenoids.[5] However, they are rare for sta-
bilized Fischer carbene complexes. The more electrophilic
character of the carbene carbon atom of the former, which
requires the presence of at least one electron-withdrawing
group,[5e] could be the reason for this difference behavior in
C�H insertion reaction. In fact few examples of C�H inser-
tion are known for stabilized Fischer carbene complexes.
We have previously described the formation of oxaborolane
or oxazaborolidine derivatives from boroxy Fischer carbene
complexes via an intramolecular C�H insertion process.[6]


Takeda reported that the reaction of acetoxyalkenylcarbene
complexes with electron-rich butadienes afforded bicyclo-
heptane derivatives, along with other compounds, derived
from an intramolecular C�H insertion product of the initial-
ly formed Diels–Alder adduct.[7] Wienand and Reissig re-
ported the formal insertion of the carbene ligand of penta-


carbonyl(benzylidenemethoxy)chromium complex into the
b-C�H bond of (E)- and (Z)-crotonitrile which involves a b-
elimination and a reductive elimination reaction.[8] However,
as far as we know, only one example of a direct C�H inser-
tion process, in which a typical methoxycarbene chromium
complex is involved, has been described thus far.[9]


As a part of our work based on the study of cycloaddi-
tion-promoted cascade processes of alkynyl Fischer carbene
complexes,[10] we have recently turned our attention to the
development of cascade reactions of indolylalkynyl carbene
complexes[11] which are interesting starting materials for the
synthesis of complex polycyclic systems containing the
indole core, a prominent structural unit frequently found in
numerous natural products and pharmaceutically active
compounds.[12]


In the present paper, we report a new sequential reaction
of alkoxy indolyl and ortho-aminophenyl alkynyl Fischer
carbene complexes that lead to azepinoACHTUNGTRENNUNG[3,2,1-hi]indoles and
benzazepines. These unusual transformations involve an ini-
tial cycloaddition step followed by an intramolecular C�H
insertion process. Based on this transformation we have also
extended the C�H insertion reaction to simpler ortho-ami-
nophenyl Fischer carbene complexes, in a process that leads
to the formation of indoles.


First, we focused on indolylalkynylcarbene complex 1a,
which bears an allyl group at the nitrogen atom (Scheme 1).
In order to break the linear arrangement of the triple bond
enabling a subsequent intramolecular reaction we chose, as
a first approach, the well-known [2+2]-cycloaddition reac-
tion.[10c–d,11a,13] Thus, when we treated carbene complex 1a
with 2,3-dihydrofuran in THF at room temperature and the
reaction mixture was subsequently warmed at 90 8C in a
sealed tube, we obtained a separable mixture of compounds
2a and 3 in 57% combined yield and in a 4.2:1 ratio. Both
products were obtained as unique diastereoisomers
(Scheme 1). Structural assignments of these new compounds
were based on a series of NMR studies. Additionally, the
relative configuration of the new stereogenic centres of both
compounds was determined by NOESY experiments.
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The formation of both products can be explained consid-
ering first the formation of the intermediate carbene com-
plex 4a, generated by a formal [2+2]-cycloaddition reaction
between the alkynyl Fischer carbene 1a complex and the
2,3-dihydrofuran. Benzazocine derivative 3, which could be
initially considered as the expected product, would come
from the intramolecular cyclopropanation of the double
bond of the allylic moiety in carbene complex 4a. On the
other hand, the major product, the azepinoindole derivative
2a could be explained by the intramolecular C�H insertion
reaction of the carbene carbon atom into a C�H bond in a


position to the nitrogen atom in 4a. As far as we know this
is the first example in which a seven-membered ring is
formed in a C�H carbene insertion process.[14]


In order to examine the scope of this new C�H insertion
reaction, a set of experiments were carried out with differ-
ent N-substituted indolylalkynylcarbene complexes 1
(Scheme 2 and Table 1).


Thus, when the reaction was conducted with the N-crotyl
carbene complex 1b (Table 1, entry 2) and 2,3-dihydrofuran
under the same reaction conditions described above, the
azepinoindole derivative 2b was exclusively formed in 53%
yield and as a single diastereoisomer. This sequential [2+2]-
cyclization/C�H insertion reaction could also be successfully
carried out with alkynyl carbene complexes 1c and 1d,
which bear a benzyl and a methoxymethyl group at the ni-
trogen atom, respectively, leading to azepinoindole deriva-
tives 2c and 2d in moderate yields (Table 1, entries 3 and


4). While compound 2c was formed with complete diaste-
reoselectivity, the azepinoindole 2d was generated as a 1.3:1
mixture of diastereoisomers. Conversely, when the reaction
was carried out with alkynyl carbene complexes 1e and 1 f,
which present a methyl and a propyl group respectively at
the nitrogen atom (Table 1, entries 5 and 6), the correspond-
ing azepinoindole derivatives could not be obtained. Taking
into account these results, it seems that the presence of an
additional activating group is necessary to give rise to the
C�H insertion products.


This sequential [2+2]-cyclization/C�H insertion reaction
could also be accomplished with ortho-aminophenylalkynyl
Fischer carbene complexes 5[15] which can be considered
structural analogues of carbene complexes 1. So, when car-
bene complexes 5 was treated with 2,3-dihydrofuran under
the conditions described above, benzazepine derivatives 6
were obtained as a mixture of two diastereoisomers which
could be separated by column chromatography (Scheme 3
and Table 1, entries 7–9). The structure of these compounds
was determined by NMR analysis and the relative configu-
ration of the new stereogenic centres could be confirmed by
X-ray analysis of the major diastereoisomer of benzazepine
6a.[16]


Scheme 1. Synthesis of 2a and 3 from indolylalkynylcarbene complex 1a.


Scheme 2. Synthesis of azepino ACHTUNGTRENNUNG[3,2,1-hi]indoles 2 through a sequential
[2+2]-cycloaddition/C�H insertion reaction of indolylalkynylcarbene
complexes 1.


Table 1. Synthesis of azepino ACHTUNGTRENNUNG[3,2,1-hi]indoles 2 and benzazepines 6 by a
sequential [2+2] cycloaddition/C�H insertion reaction of Fischer car-
bene complexes 1 and 5.


Entry 1/
5


R1 R2 Product Yield
[%][a]


dr 2 :2’/
6 :6’


1 1a CH=CH2 – 2a 46[b] 1:0
2 1b (E)-CH=


CHMe
– 2b 53 1:0


3 1c Ph – 2c 49 1:0
4 1d OEt – 2d 50[c] 1.3:1
5 1e H – – –
6 1 f Et – – –
7 5a Ph Ph 6a 59[d] 3.5:1
8 5b 4-Me-C6H4 4-Me-


C6H4


6b 62[d] 3.4:1


9 5c Ph H 6c 54[d] 3.1:1


[a] Isolated yield based on starting alkynylcarbene complex. [b] The cy-
clopropanation product 3 was also obtained with an 11% yield. [c] The
product was obtained as a mixture of diastereoisomers which could not
be separated. [d] The product was obtained as a mixture of diastereoiso-
mers which could be separated by column chromatography.


Scheme 3. Synthesis of benzazepine derivatives 6 from a sequential [2+


2] cycloaddition/C�H insertion reaction of alkynylcarbene complexes 5.
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The scope of this sequential process was evaluated by
changing the nature of the triggering cycloaddition reaction.
The cascade process can be promoted by a [4+2] cycloaddi-
tion[17] when cyclopentadiene is employed as diene compo-
nent. Thus, the reaction of alkynylcarbene complexes 1b,c
and 5a with cyclopentadiene led exclusively to the forma-
tion of the C�H insertion products 7 and 8 as a mixture of
two out of four possible diastereoisomers with moderate
yields (Scheme 4).


However, when the reaction was carried out with 1-me-
thoxy-3-trimethylsililoxy-1,3-butadiene (DanishefskyPs
diene) was used as the diene component the corresponding
C�H insertion products were not obtained. In this case, the
reaction of carbene complexes 1a,b gave rise exclusively to
indenoindoles 10 as a result of a sequential [4+2]-cycloaddi-
tion/cyclopentannulation[18] process (Scheme 5).


This different behavior could be explained taking into ac-
count the geometry of the carbene complex intermediate 11.


Due to the aromatization of the Diels–Alder cycloadduct
promoted by the elimination of one molecule of methanol,
the complete planar arrangement in 11 would probably
place the carbene carbon atom away from the methylene
group in a position to the nitrogen atom, disfavoring the C�
H insertion reaction. This fact would on the contrary favor
the cyclopentannulation reaction.


Taking into account the chemical behavior shown by alky-
nylcarbene complexes 1 and 5, we decided to further investi-
gate the possibility of carrying out a C�H insertion process
with the simpler methoxy ortho-aminophenyl Fischer car-
bene complexes 12 (Scheme 6). Thus, Fischer carbene com-
plexes 12 were synthesized from 2-bromoanilines following
standard procedures (see Supporting Information). Interest-
ingly, although complexes 12 could be efficiently synthe-
sized, a little amount of compound 13 was obtained during
the reaction work-up. Moreover, in a single experiment, we
observed that carbene complexes 12 was fully transformed
into indoles 13 through an intramolecular C�H insertion re-
action at room temperature in 24 h.[19] The same transforma-
tion takes place in 30 min at 50 8C (Scheme 6).


The formation of 1,2-disubstituted indoles 13 could be ex-
plained through an intramolecular insertion reaction of the
carbene carbon into the C�H bond of the benzylic carbon
of Fischer carbene complex 12. The resulting intermediate
14 of this C�H insertion would experiment a spontaneous
aromatization through the loss of a molecule of methanol
affording indole 13. As it was observed for alkynylcarbene
complexes 1 and 5, the C�H insertion only took place in the
benzylic positions and no product from an insertion in the
methyl group was obtained when the reaction was carried
out with N-methyl substituted complexes 12c and 12d.


In conclusion, we have described a new sequential [n+2]
cycloaddition/C�H insertion reaction of stabilized indolyl
and ortho-aminophenyl alkynyl Fischer chromium carbene
complexes which leads to the formation of azepinoACHTUNGTRENNUNG[3,2,1-
hi]indoles and benzazepines, respectively. It is also remark-
able that for the best of our knowledge this is the first time


Scheme 4. Synthesis of azepinoACHTUNGTRENNUNG[3,2,1-hi]indoles 7 and benzazepine deriva-
tive 8 by a sequential [4+2]-cycloaddition/C�H insertion reaction of
Fischer carbene complexes 1 and 5.


Scheme 5. Formation of indenoindoles 10 through a sequential [4+2] cy-
cloaddition/cyclopentannulation reaction


Scheme 6. Transformation of o-aminophenyl carbene complexes 12 into
indoles 13 by an intramolecular C�H insertion reaction.
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that a seven-membered ring has been generated in a C�H
carbene insertion process. On the other hand, azepino ACHTUNGTRENNUNG[3,2,1-
hi]indole moiety have a high synthetic interest because it is
present in compounds with important and specific biological
activities.[20] As an application of this chemical behavior we
have also describe the transformation of ortho-aminophenyl
carbene complexes into 1,2-disubstituted indoles.


Experimental Section


General procedure for preparation of azepino ACHTUNGTRENNUNG[3,2,1-hi]indoles 2 or ben-
zazepine derivatives 6 : 2,3-Dihydrofuran (2 mmol) was added to a solu-
tion of Fischer carbene complex 1 or 5 (0.5 mmol) in THF (10 mL), and
the mixture was stirred at room temperature under argon atmosphere
until the TLC analysis showed the disappearance of 1 or 5. Then the tube
was sealed and the solution was heated at 90 8C during two hours. The
mixture was diluted with hexane (30 mL) and was exposed to air and
light. Finally, the mixture was filtered through a pad of Celite, solvents
were removed under reduced pressure and the crude product was puri-
fied by column chromatography to afford 2 or 6.


General procedure for preparation of 1,2-disubstituted indoles 13 : A so-
lution of Fischer carbene complex 12 (0.5 mmol) in THF (10 mL) was
stirred under argon atmosphere at room temperature during 24 h or at
50 8C during 30 min. Then the mixture diluted with hexane (30 mL) and
was exposed to air and light. Finally, the mixture was filtered through a
pad of celite, solvents were removed under reduced pressure and the
crude indole 13 was purified by column chromatography.
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AND/NOT Sensing of Fluoride and Cyanide Ions by Ferrocene-Derivatised
Lewis Acids


Alexander E. J. Broomsgrove,[a] David A. Addy,[a] Christopher Bresner,[b]


Ian A. Fallis,*[b] Amber L. Thompson,[a] and Simon Aldridge*[a]


The selective detection of cyanide and fluoride ions, and
of their conjugate acids HCN and HF, constitute fundamen-
tal chemical challenges with significant potential environ-
mental and health benefits.[1,2] While considerable research
effort has been expended on the development of sensors for
fluoride and/or HF, encompassing a range of host–guest
strategies to bind the target analyte,[3–5] cyanide detection
has received less attention.[6–10] Nevertheless, a number of
cyanide receptors has recently been reported incorporating,
for example, an appropriately spaced array of Lewis acidic
centres,[9a,b] and the affinity of cyanide for three-coordinate
boranes (even in the presence of water) has been known for
more than 45 years.[11] In similar vein, the groups of both
J3kle and Gabba5 have more recently demonstrated the use
of Lewis acid receptors containing the -BMes2 (Mes=2,4,6-
Me3C6H2) function to detect cyanide,[5k,6c] in one case offer-
ing remarkable, selective binding in aqueous solution.[6c]


Given the facts that i) systems of the type ArBMes2 are
known to be air- and moisture-stable; ii) under appropriate
conditions such compounds can bind cyanide;[5k,6c] and iii)
ferrocene-functionalised boranes are known to undergo
large electrochemical shifts on anion binding,[4a,k] we have
set out to investigate the electrochemical detection of cya-
nide using ferrocenyl boranes. Moreover, given that an elec-
trochemical response, coupled with an appropriate redox-
active organic dye, can be used to produce an amplified col-
orimetric output,[4b] we have targeted systems capable of col-
orimetric sensing. Importantly, by exploiting the readily
tuneable Lewis acidity of simple ferrocenylboranes, we


report a two-component sensor system which offers a logical
(colorimetric) solution to the problematic issue of discrimi-
nating between fluoride and cyanide.


The air-stable ferrocene-functionalised borane FcBMes2
(1a, Fc= (h5-C5H4)Fe ACHTUNGTRENNUNG(h


5-C5H5); Mes=2,4,6-Me3C6H2) is
readily synthesised in 60% isolated yield from FcBBr2 and
excess mesityllithium, representing an overall conversion of
about 50% for the simple two-step synthesis from ferrocene
itself (Scheme 1).[12] Compound 1a was characterised by
standard spectroscopic and analytical techniques and its
structure in the solid state confirmed by single-crystal X-ray
diffraction. Similar chemistry can also be used to give access
to the corresponding pentamethylated derivative Fc*BMes2
(1b, Fc*= (h5-C5H4)Fe ACHTUNGTRENNUNG(h


5-C5Me5)) (see Supporting Informa-
tion for the characterisation data for 1b and the structural
data for 1a).


The binding of cyanide (as either KCN/[18]crown-6 or
[nBu4N]+[CN]�·2H2O)[13] by 1a in a range of solvents
(chloroform, dichloromethane, acetonitrile) can readily be
demonstrated/quantified by a combination of spectroscopic
techniques. Thus, the changes in 11B NMR chemical shift
(dB=76 to �16 ppm) and IR-detected n(CN) stretching fre-
quency (2080 to 2162 cm�1) are in line with previous reports
of cyanide complexation to boron-based Lewis acids.[6c] In
addition, negative-ion ESI-MS sampling of the reaction mix-
ture reveals a Fflag-poleG mass spectrum with an isotopic
profile and measured exact mass consistent with the formu-
lation [1a·CN]�(see Supporting Information). Moreover, the
thermodynamics of cyanide binding by 1a can readily be as-
sessed by monitoring the intensity of the band at 510 nm (in
the UV/Vis spectrum of 1a) as a function of the concentra-
tion of added cyanide. A binding constant of 8.3 ACHTUNGTRENNUNG(2.0)J
104 mol�1 dm3 can be determined by fitting the resulting
curve of absorbance versus cyanide concentration in di-
chloromethane solution (see Supporting Information). This
value is significantly less than that reported for the cationic
receptor [4-Me3NC6H4BMes2]


+ (4J108 mol�1 dm3 in water/
DMSO) or for derivatised 4,4’-bipyBMes2 systems (5J
107 mol�1 dm3 in THF).[6c,e] That said, THF has been report-
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ed to be a less strongly competitive solvent than chlorocar-
bons,[14] and the effect of net charge is known to strongly in-
fluence the thermodynamics of anion complexation; an en-
hancement of about two orders of magnitude in the cyanide
binding constant is observed for cationic derivatives related
to 1a.[14]


Structural authentication of the mode of cyanide binding
has been obtained by X-ray crystallography (Figure 1) with


the solid-state structure of
crystals obtained from a mixed
chloroform/hexanes solvent
system revealing i) an essen-
tially linear C-bound cyanide
complex with metrical parame-
ters for the BCN unit in agree-
ment with previous reports of
cyanide/borane complexes (d-
ACHTUNGTRENNUNG(B�C)=1.621(3) R, aB-C-N
=169.8(3)8);[6c,e,15] ii) intermo-
lecular hydrogen bonding be-
tween the cyanide nitrogen
and a molecule of chloroform
solvent (dACHTUNGTRENNUNG(N…H)=2.143 R; d-
ACHTUNGTRENNUNG(N…C)=3.085(3) R; aC-N…C
=151.5(2)8); and iii) significant
elongation of the B�Cipso bond
on cyanide binding (dACHTUNGTRENNUNG(B�
Cipso)=1.639(4) R, c.f.


1.546(7) R for the free receptor 1a). The latter structural re-
sponse is consistent with the conversion of a pendant three-
coordinate boryl Lewis acid to an anionic four-coordinate
borate, and is mirrored by changes in electrochemical be-
haviour. Thus, a cathodic shift of about �560 mV is mea-
sured for 1a in the presence of cyanide (E1/2=�383 (100)
and +181 (80) mV for [1a·CN]�and 1a, respectively),[16]


which mirrors the behaviour of related ferrocene-derivatised
Lewis acids on coordination of bases such as fluoride or tri-
methylphosphine (Figure 2).[4a,k, 17]


In terms of the development of a simple colorimetric
sensor for cyanide, Lewis acid 1a—although clearly compe-
tent for binding of the target anion—suffers from two practi-
cal problems: i) the reporter response is electrochemical but
not colorimetric; and ii) a similar reporter response is ob-
served with the potentially competitive analyte fluoride (al-
though not for other anions). These challenges are dealt
with in turn.


Simple ferrocene-based colorimetric sensors have been
developed (for example, for fluoride) that rely on an elec-
trochemical shift on anion binding which is sufficient to


Scheme 1. Syntheses and anion complexation behaviour of ferrocene-functionalised Lewis acids 1a and 1b.
Key reagents and conditions: i) a) BBr3, hexanes (as per reference 12), ca. 90%; b) MesLi (2.6 equiv), diethyl
ether, 20 8C, 18 h, 44-62%; ii) [nBu4N]+[CN]�·2H2O or KCN/[18]crown-6; iii) [nBu4N]+F�·4H2O or KF/
[18]crown-6; iii) excess (>10 equiv) [nBu4N]+[CN]�·2H2O; iv) sources of other anions for example,
[Ph3PNPPh3]


+Cl�.


Figure 1. Structure of the anionic component and hydrogen-bonded
chloroform solvate of [nBu4N]+


ACHTUNGTRENNUNG[1a·CN]�·CHCl3; cation and hydrogen
atoms (except that connected to C1s) omitted from clarity and ORTEP
ellipsoids set at the 50% probability level. Relevant bond lengths [R]
and angles [o]: C1–B1 1.639(4), B1–C11 1.672(4), B1–C21 1.661(4), B1–
C20 1.621(3), N1–C20 1.150(3), N1–H1sa 2.143, C1sa–H1sa 1.000, N1–
C1sa 3.085(3); B1-C20-N1 169.8(3),C20-N1-C1s 151.5(2), C5H4 centroid-
C1-B1 177.4(2).


Figure 2. Cyclic voltammograms of acetonitrile solutions of 1a in the ab-
sence (right) and presence (left) of added cyanide.
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render the resulting host–guest complex susceptible to aero-
bic oxidation. A simple orange to green colour change re-
sults from the oxidation of the ferrocene chromophore.[4k]


Although the redox potential measured for [1a·CN]� is not
compatible with oxidation by atmospheric oxygen,[18] the use
of the pentamethylated analogue 1b results in a cathodic
shift of about �300 mV in the redox potentials of both the
free receptor and the cyanide adduct. Thus, 1b and
[1b·CN]�are oxidised at �176(75) and �691(95) mV,[16]


thereby offering a convenient electrochemical window for
choice of a redox-matched oxidant which will oxidise the de-
sired cyanide adduct but not the FfreeG receptor.[4b] An
attractive class of oxidant in this regard is the tetrazolium
dyes, which, in addition to offering a range of compatible
redox potentials, offer a vastly enhanced change in extinc-
tion coefficient (and hence greater sensitivity). Thus, the re-
sults of monitoring the exposure of 1b to either cyanide or
fluoride, in the presence of the compatible redox-active dye
tetrazolium violet, both by UV/Vis spectroscopy and colori-
metrically are shown in Figure 3a, 3b and 4. As such, 1b is
shown to give a colorimetric response on exposure to both
fluoride and cyanide. Such a receptor/dye combination
proves to be competent for visual detection down to 25-
40 nmol of analyte.


The competing sensor response of 1a/1b with fluoride can
readily be understood in terms of the known (high) B�F
bond strength,[19] and quantified by a binding constant for
1a with fluoride in dichloromethane solution (determined
from UV/Vis based titration data) of 7.8 ACHTUNGTRENNUNG(1.2)J104 mol�1


dm3. This value is similar to those measured previously for
the related Lewis acids BMes3 and tris(9-anthryl)borane in
tetrahydrofuran (3.3ACHTUNGTRENNUNG(0.4)J105 and 2.8 ACHTUNGTRENNUNG(0.3)J105 mol�1 dm3,
respectively).[5a,e] Although the binding constants for 1a with
fluoride and cyanide cannot be separated within experimen-
tal error, stronger binding of cyanide is implied by
11B NMR-monitored competition experiments. While the
positive sensor responses demonstrated by dimesitylboryl
complexes 1a and 1b are characteristic of both fluoride and
cyanide, discrimination can be achieved by the use of a
weaker Lewis acid receptor. Thus, the stilbene diolate bor-
onic ester analogues of 1a and 1b, FcB(OR)2 and
Fc*B(OR)2 (2a,b : (OR)2=R,R-OC(H)PhC(H)PhO, see
Scheme 2) can be shown to undergo an electrochemical shift
of about �600 mV on fluoride binding (for example, from
�169(80) to �749(95) mV for 2b).[16] In combination with
the same tetrazolium violet redox dye a colorimetric re-
sponse is therefore generated on exposure of 2b to fluoride.
By contrast, a null response is observed when excess cyanide
is added to solutions of 2b in acetonitrile/methanol under
identical conditions (Figure 3c, 3d and 4).[20] Thus, while the
stronger Lewis acid 1b gives positive colorimetric responses
to both cyanide AND fluoride, 2b senses fluoride but NOT
cyanide under the same conditions.


In conclusion we have demonstrated that, by appropriate
tuning of ferrocene-derivatised Lewis acids, together with
the incorporation of a suitable redox-matched organic dye, a
two-component sensor system can be developed capable of


colorimetrically signalling the presence of fluoride and cya-
nide ions in organic solution by Boolean AND/NOT logic.


Figure 3. UV/Vis spectra of acetonitrile/methanol (>100:1) solutions con-
taining Lewis acid receptors 1b or 2b (0.5 mm) and tetrazolium violet
(1.0 mm) in the absence (grey trace) and presence (black trace) of added
anion: a) 1b with F� ; b) 1b with CN� ; c) 2b with F� ; d) 2b with CN�.


Figure 4. Colorimetric responses of receptor molecules 1b and 2b to ad-
dition of CN� (left hand pair), fluoride (middle pair) and chloride (null
response control, right hand pair) in acetonitrile/methanol (>100:1) in
the presence of tetrazolium violet.
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Experimental Section


Included here are the synthetic and characterizing data for compounds
1a and [nBu4N]+


ACHTUNGTRENNUNG[1a·CN]� . Included in the Supporting Information are:
crystallographic data for 1a ; binding constant determinations for 1a with
CN�and F� ; and preparative and spectroscopic data for 1b and [nBu4N]+


ACHTUNGTRENNUNG[1b·CN]� .


FcBMes2 ACHTUNGTRENNUNG(1a): Mesityllithium (2.6 equiv) in diethyl ether (ca. 50 mL) was
added dropwise to a solution of FcBBr2 (2.00 g, 5.62 mmol) in diethyl
ether (50 mL) and the reaction mixture stirred for 18 h. At this point
11B NMR spectroscopy indicated complete conversion to a single product
(dB=75.8 ppm). After removal of volatiles in vacuo, extraction into hex-
anes (ca. 50 mL) and cooling to �30 8C, 1a was obtained as a red powder
(yield: 1.52 g, 62%). Single crystals suitable for X-ray diffraction were
obtained by slow evaporation of pentanes from a concentrated solution.
1H NMR (300 MHz, [D6]benzene, 20 8C): d =1.91 (s, 6H, para-CH3 of
Mes), 2.21 (s, 12H, ortho-CH3 of Mes), 3.65 (s, 5H, Cp), 4.09 (m, 2H,
CH of C5H4), 4.26 (m, 2H, CH of C5H4), 6.54 ppm (s, 4H, aromatic CH
of Mes); 13C NMR (126 MHz, [D6]benzene, 20 8C): d=21.0 (para-CH3 of
Mes), 24.7 (ortho-CH3 of Mes), 69.6 (Cp), 73.8, 79.6 (C5H4), 128.7 (aro-
matic CH of Mes), 137.9 (para-quaternary of Mes), 139.2 ppm (ortho-
quaternary of Mes), boron-bound quaternary carbons not observed; 11B
(96 MHz, [D6]benzene, 20 8C): d=76; MS (EI): 434.2 ([M+], 100%),
exact mass (calcd for 10B isotopomer) 433.1899, (obs.) 433.1896; UV/Vis
(CH3CN): lmax=510 nm, e =1310 mol�1 cm�1 dm3; E1/2 versus FcH/FcH+


(peak-to-peak separation)=++181 (80) mV in CH3CN.


ACHTUNGTRENNUNG[nBu4N]
+[FcBMes2CN]


� that is, [nBu4N]
+
ACHTUNGTRENNUNG[1a·CN]�: A mixture of 1a


(0.05 g, 0.12 mmol) and tetra-n-butylammonium cyanide dihydrate
(1.05 equiv) in [D]chloroform (5 mL) was stirred for 1 h, at which point
the reaction was judged to be complete by 11B NMR spectroscopy (quan-
titative conversion to a single resonance at dB=�16 ppm). Layering of
the reaction mixture with diethyl ether led to the formation of [nBu4N]+


ACHTUNGTRENNUNG[1a·CN]�as orange crystals suitable for X-ray diffraction (yield: 0.089 g,
90%). 1H NMR (300 MHz, [D]chloroform, 20 8C): d=0.95 (m, 12H, CH3


of [nBu4N]+), 1.36 (m, 8H, CH2 of [nBu4N]+), 1.46 (m, 8H, CH2 of
[nBu4N]+), 2.09 (s, 18H, ortho- and para-CH3 of Mes), 2.92 (m, 8H,
NCH2 of [nBu4N]+), 3.90 (s, 5H, Cp), 4.02 (m, 2H, CH of C5H4), 4.1 (br
m, 2H, CH of C5H4), 6.48 ppm (s, 4H, aromatic CH of Mes); 13C NMR
(126 MHz, [D]chloroform, 20 8C): d=13.8 (CH3 of [nBu4N]+), 19.8, 24.1
(CH2 of [nBu4N]+), 20.9 (para-CH3 of Mes), 25.5 (br, ortho-CH3 of Mes),
58.6 (NCH2 of [nBu4N]+), 68.1 (Cp), 67.4, 75.5 (C5H4), 128.9 (aromatic
CH of Mes), 131.3 (para-quaternary of Mes), 141.7 (ortho-quaternary of
Mes), 176.0 ppm (CN�), boron-bound quaternary carbons not observed;
11B (96 MHz, [D]chloroform, 20 8C): d=�16.1 ppm. MS (ES negative-ion
mode): 460.2 ([1a·CN]� , 100%), exact mass (calcd for 10B, 54Fe isotopo-
mer) 457.1995, (obs.) 457.1988; elemental analysis (calcd for
C46H68BCl3FeN2 that is, [nBu4N]+


ACHTUNGTRENNUNG[1a·CN]�·CHCl3): C 67.21, H 8.34, N
3.41; found: C 66.83, H 8.28, N 3.23; UV/Vis (CHCl3): lmax=460 nm, e=


170 mol�1 cm�1 dm3; IR (CH2Cl2): ñ=2162 cm�1 st, n(CN); E1/2 vs. FcH/
FcH+ (peak-to-peak separation)=�383 (100) mV in CH3CN. Crystallo-
graphic data (for [nBu4N]+


ACHTUNGTRENNUNG[1a·CN]�·CHCl3): C46H68BCl3FeN2, Mr=


822.03, monoclinic, P21/c, a=11.9509(2), b=17.2939(2), c=21.5289(4) R,
b=92.344(1)8, V=4445.82(12) R3, Z=4, 1calcd=1.228Mgm�3, T=


150(2) K, l=0.71073 R. A total of 38935 reflections collected, 9981 inde-
pendent [R ACHTUNGTRENNUNG(int)=0.0778], which were used in all calculations. R1=


0.0528, wR2=0.1115 for observed unique reflections [F2>2s(F2)] and
R1=0.1075, wR2=0.1320 for all unique reflections. Max. and min. residu-
al electron densities 0.51 and �0.46 eR�3. CCDC 671666 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Ruthenium–Olefin Complexes: Effect of Ligand Variation upon Geometry


Donde R. Anderson,[a] Daniel J. O,Leary,[b] and Robert H. Grubbs*[a]


Introduction


Olefin metathesis has become an increasingly utilized cata-
lytic method for the formation of new carbon�carbon
bonds.[1,2] The mechanism of olefin metathesis involves
olefin binding to a metal alkylidene, metallacyclobutane for-
mation and cycloreversion to provide another metal alkyli-
dene–olefin complex. Subsequent olefin dissociation gener-
ates a metal alkylidene that can re-enter the catalytic cycle.
Mechanistic studies of ruthenium olefin metathesis cata-


lysts 1 and 2 have revealed important details about catalyst
initiation,[3–5] but until recently, little information was avail-
able about the geometry of short-lived intermediates such as
the ruthenium–olefin complex[6,7] and ruthenacyclobutane
complex.[8–11]


Of particular interest for the further development of
enantioselective and E/Z-diastereoselective catalysts is the
geometry of ruthenium–olefin complexes. Coordinatively
unsaturated complex 3 can bind an olefin to form either


complex 4a, in which the olefin is trans to the L-type ligand,
or 4b in which the olefin is cis to the L-type ligand
(Scheme 1). Both geometries are supported by previously
studied ruthenium–olefin complexes 5[6] and 6a,b.[7]


We recently reported the synthesis and characterization of
ruthenium–olefin complexes formed utilizing 1,2-divinylben-
zene as a ligand precursor.[7] Complexes 6a,b in which the
ruthenium center is coordinated to a pendant olefin were
isolated as a mixture of isomers and fully characterized by
1D and 2D NMR spectroscopy. Both isomers are side-
bound and undergo interconversion at ambient tempera-
tures. A parallel computational study, reported in the same
paper, found the side-bound isomers were preferred when
the calculations included a solvent continuum model.
Herein, we present the synthesis and characterization of a
series of analogous ruthenium–olefin complexes in which
the NHC ligand or chelating olefin ligand is varied.


Results and Discussion


Fluorinated NHC complex : Recently, the increased initia-
tion efficiency of complex 7 was reported and postulated to
result from fluorine-assisted phosphine dissociation
(Scheme 2).[12] Although no solid-state Ru–F interaction is
observed for complex 7, possibly due to the steric bulk of
the PCy3 ligand, a Ru–F interaction (3.2 :) is observed for
chelating ether complex 8 in the solid state. Complex 10 was
targeted to explore the effect of decreasing NHC steric bulk
relative to H2IMes and to determine if a Ru–F interaction
could be observed in solid-state or solution-phase studies.


Abstract: The development of a model
system to study ruthenium–olefin com-
plexes relevant to the mechanism of
olefin metathesis has been reported re-
cently. Upon addition of the ligand pre-
cursor 1,2-divinylbenzene to
[RuCl2(Py)2ACHTUNGTRENNUNG(H2IMes)ACHTUNGTRENNUNG(=CHPh)]
(H2IMes=1,3-dimesityl-4,5-dihydroimi-
dazol-2-ylidene), two ruthenium–olefin


adducts are formed. Based on 1H NMR
spectroscopy experiments and X-ray
crystallographic analysis, these com-
plexes are assigned as side-bound iso-


mers in which the olefin and H2IMes li-
gands are coordinated cis to each
other. Herein is reported an investiga-
tion of the generality of these observa-
tions through variation of the N-hetero-
cyclic carbene ligand and the ligand
precursor.
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Upon addition of 1,2-divinylbenzene (9) to complex 7 in
C6D6, three new species with benzylidene resonances (Ha)
at d 17.44, 16.86, and 16.61 ppm are initially observed by
1H NMR spectroscopy [Eq. (1)]. After 4 h at 22 8C, the reso-
nance at 17.44 ppm is no longer observed and we attribute
this resonance to an unidentified intermediate associated
with complex formation. Upon precipitation with pentane, a
yellow solid comprised of the two ruthenium–olefin com-
plexes (isomers of 10) with resonances at 16.57 and
16.42 ppm (1:1) in CD2Cl2 were isolated. Our previous work
with complexes 6a/6b demonstrated that the chemical shifts
and percent composition of different complexes could be
solvent- and temperature-dependent, hence the discrepancy
between the benzylidene chemical shifts in different sol-
vents. Unlike 6a/6b, no exchange between the two 10a/10b
isomers was observed in 2D-EXSY experiments performed
in CD2Cl2 at room temperature.
1D 1HACHTUNGTRENNUNG{19F} heteronuclear Overhauser (HOESY) experi-


ments were performed to identify these isomers by examin-
ing possible through-space interactions between olefinic pro-


tons and the fluorine atoms on
the NHC ligand (Figures 1 and
2). The species with a benzyli-
dene resonance at 16.57 ppm is
assigned as isomer 10a based
on an HOE interaction be-
tween Ha and a 19F resonance at
�117.9 ppm. The second species
at 16.42 ppm is assigned as
isomer 10b due to an observed
HOE interaction between Hc


and a fluorine resonance at
�118.2 ppm. We note that the
vicinal olefinic protons Hb and
Hc of 10a and 10b, similar to
complexes 6a and 6b, are sig-
nificantly shifted upfield to 3–
4 ppm (Figure 2). HOE interac-
tions are also observed between
fluorine resonances at
�113.7 ppm and �115.7 ppm
and benzylidene protons (Ha)
of 10a and 10b, respectively. Fi-
nally, HOE interactions are ob-
served between all 19F/Hortho


spin pairs.


The 19F NMR spectrum of complexes 10a and 10b in 1:1
CD2Cl2/[D2]TCE at room temperature displays four sharp
peaks and one broad signal, rather than the eight signals ex-
pected if the system is in slow exchange (Figure 3). We hy-
pothesized that exchange at room temperature may broaden
the four unobserved signals in the 19F NMR spectrum; eight
fluorine resonances were observed when the sample was
cooled to �85 8C. Together with the 1D HOESY data, these
results are consistent with hindered rotation of the aryl ring


near the quadrant containing
the benzylidene moiety and
free rotation of the aryl ring
above the open quadrant at
room temperature (Figure 1).
For comparison, N�C bond ro-
tation is not observed for com-
plexes H2IMes-substituted ana-


Scheme 1. Initiation and olefin-binding steps of the olefin metathesis catalytic cycle.


Scheme 2. Ruthenium complexes of a fluorine-containing NHC.


Figure 1. Structural assignment of solution isomers of 10 based on ob-
served HOEs (arrows). Unhindered N�C bond rotation shown with
black arrows.
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logs 6a and 6b, although Ru�CNHC bond rotation is ob-
served.[7]


In the 1H NMR spectrum of complexes 10a and 10b, the
benzylidene protons are observed to be quartets when the


spectral data is subjected to Gaussian resolution enhance-
ment (Figure 4). 1H–1H coupling is observed between Ha


and Hb and between Ha and its ortho-disposed aromatic
proton for both isomers (J=1 Hz). Additionally, 1H ACHTUNGTRENNUNG{19F} de-
coupling experiments demonstrated that each benzylidene
resonance is also coupled with a single fluorine resonance.
We believe that this coupling is a result of a through space,
rather than through-bond interactions. Indeed, Ha and any
of the fluorine nuclei are separated by seven sigma bonds
and the couplings involve specific pairs of nuclei. If the cou-
plings occurred through the bonding framework, then one
might have expected to see coupling between each Ha and
two fluorine nuclei. These results are also consistent with
the observed HOE interactions between fluorine resonances
at d �113.7 ppm and �115.7 ppm and benzylidene protons
(Ha) of 10a and 10b, respectively.


X-ray quality crystals grown from a solution of 10a and
10b provided a solid-state structure of side-bound isomer
10b (Figure 5). The ruthenium center has a distorted
square-pyramidal geometry. Unlike complex 7, the NHC
plane of complex 10a is not significantly distorted from the
ruthenium benzylidene plane. Although complex 10a con-
tains a side-bound olefin, the terminal methylene group of
the olefin is directed toward the region of the NHC, unlike
the solid-state structure obtained for complex 6b. Interest-
ingly, no evidence for a Ru–F interaction (shortest Ru···F
3.82 :) is observed despite a relatively open steric environ-
ment near the quadrant of the fluorinated aryl ring. The C�
C bond length of the coordinated olefin is 1.383(3) :, which
is ca. 0.05 : shorter than that of free styrene and complex


Figure 2. Benzylidene (Ha) and olefin proton-containing portions of 1D
1H–19F HOESY spectra of 10a and 10b in CD2Cl2 after irradiation at a)
no irradiation, b) �113.7 ppm, c) �115.7 ppm, d) �117.9 ppm, e)
�118.2 pm.


Figure 3. Variable-temperature 19F NMR spectra for a solution of isomers
10a and 10b in 1:1 CD2Cl2/[D2]TCE taken at a) 22 8C, b) �60 8C, c)
�80 8C.


Figure 4. Benzylidene (Ha) region of 1H ACHTUNGTRENNUNG{19F} NMR spectra (Gaussian res-
olution enhanced) acquired with continuous-wave 19F irradiation at fre-
quencies a) �113.7 ppm, b) �115.7 ppm, c) �117.9 ppm, d) �118.2 ppm
to elucidate 1H–19F spin–spin coupling pathways in complexes 10a and
10b.
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6b. All other bond lengths and angles are similar to those
observed for complex 6b.[7]


Bulkier NHC complex : To explore the effect of increasing
the steric bulk of the NHC on olefin binding geometry,
H2DIPP-containing (H2DIPP=1,3-di(2,6-diisopropylphen-
yl)-4,5-dihydroimidazol-2-ylidene) complexes were pre-
pared. Upon addition of 1,2-divinylbenzene (9) to a solution
of complex 11[13] in benzene, two ruthenium–olefin com-
plexes with benzylidene resonances (Ha) at d 16.27 ppm and
16.58 ppm were isolated in a 97:3 ratio [Eq. (2)].


For the major isomer, 2D-NOESY experiments demon-
strated Overhauser effects between olefinic proton Hb and
one Me group at d 1.46 ppm (CD2Cl2), and between Hc and
two Me groups at 0.11 and 1.32 ppm (C6D6) and between Hc


and an isopropyl methine proton at 2.35 ppm (C6D6) (Fig-
ures 6 and 7. In this case, we changed NMR solvents in
order to alleviate peak overlap issues. No crosspeaks were
observed between Ha and the isopropyl groups. Interesting-
ly, an NOE interaction is also observed between the me-
thine protons of proximal isopropyl groups spanning the
olefin binding site. These interactions are consistent with
isomer 12a in which the olefin is directed toward the NHC.
Due to the low concentration of the minor isomer, no struc-
tural assignment could be made. 2D-EXSY experiments did
not show any exchange of the benzylidene protons of the
major (12a) and minor isomers in CD2Cl2 at 22 8C.
Several characteristic NMR shifts and couplings are ob-


served for complex 12a. The vicinal protons Hb and Hc are
significantly shifted upfield to 3–4 ppm. Long-range COSY


experiments indicate 1H–1H
coupling between the benzyli-
dene proton (Ha) and Hb of the
coordinated olefin.
Interestingly, upon addition


of 9 to complex 11, a benzyli-
dene resonance at d 16.49 ppm
is initially observed in the
1H NMR spectrum of the crude
reaction, but disappears after a
few hours at room temperature.
Unlike other observed inter-
mediates, a relatively high con-
version (25%) of this unstable intermediate was initially ob-
served. However, attempts to isolate or further characterize
this intermediate by VT NMR spectroscopy were unsuccess-
ful.
Although suitable crystals of complex 12 could not be iso-


lated, ruthenium-containing decomposition products were
characterized by X-ray crystallography. The solid-state struc-
ture obtained from these crystals show three components
(Figure 8): free H2DIPP, O=PCy3 and hexacoordinate ruthe-
nium center 13 (Figure 9 and Supporting Information). The
benzylidene moiety has been oxidized to a benzoate group
which acts as a chelating ligand for the RuIV complex. The
source of the oxygen atoms may be either O2 or H2O.


Chiral NHC complex : Chiral complex 14 was also investi-
gated as a ruthenium precursor. Upon addition of 9 to 14 in


pentane, three isomers with
benzylidene resonances (Ha) at
16.25, 15.57 and 15.37 ppm are
isolated in a 3:6:1 ratio


Figure 5. Solid-state drawing of 10b. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.0397(19), Ru�C(26) 1.840(2), Ru�Cl(1) 2.3865(5), Ru�
Cl(2) 2.3768(5), Ru�C(23) 2.2283(19), Ru�C(24) 2.203(2), C(23)�C(24)
1.383(3), Cl(1)-Ru-Cl(2) 87.941(18), C(1)-Ru-Cl(2) 153.28(5), C(23)-Ru-
Cl(1) 162.84(5), C(24)-Ru-Cl(1) 160.75(6).


Figure 6. Structural assignment
of major solution isomer of 12
based on observed NOEs
(arrows).


Figure 7. Olefin and alkyl-group region of a 2D-NOESY spectrum of 12
in CD2Cl2.
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[Eq. (3)]. Unlike previously investigated complexes, four
side-bound ruthenium–olefin complexes (15a–d, Figure 10)
are possible due to the mono-ortho substituted aryl groups
on the NHC.
Overhauser effects were observed between Hb of both


major isomers and Me groups on the NHC in 2D-NOESY
experiments (Figures 10 and 11). These isomers are assigned
as 15a and 15b because it would not be expected that Hb of
either 15c or 15d would be in close proximity to an isopro-
pyl group. No NOEs are observed for Hc of either isomer
with the isopropyl groups. The isomer in largest abundance
(Ha =15.57 ppm) is assigned as isomer 15a due to an ob-
served NOE between Hc and an ortho-aryl proton the NHC.
The other major isomer (Ha =16.25 ppm) is assigned as
isomer 15b based on an observed NOE between Ha and a


Me group of an isopropyl moiety. No assignment could be
made for the isomer in smallest concentration (Ha =


15.37 ppm) due to the absence of any diagnostic NOE cross-
peaks.


2D-EXSY experiments per-
formed in CD2Cl2 at 19 and
40 8C did not reveal any ex-
change processes in this com-
plex. Several characteristic
NMR shifts and couplings are
observed for the three isomers
of 15. The olefinic protons for
all 3 observed isomers are shift-


Figure 8. Decomposition products of complex 12.


Figure 9. Solid-state drawing of 13. Thermal ellipsoids drawn at 50% and
hydrogens omitted for clarity. Selected bond lengths [:] and angles [8]:
Ru�C(1) 1.978(3), Ru�O(1) 2.229(2), Ru�O(2) 2.114(2), Ru�Cl(1)
2.3529(8), Ru�Cl(2) 2.3125(9), Ru�Cl(3) 2.3247(9), Cl(1)-Ru-Cl(3)
173.16(3), C(1)-Ru-O(1) 165.36(10), Cl(2)-Ru-O(2) 158.62(6).


Figure 10. Possible side-bound geometries for complex 15. Observed
NOEs shown with arrows.


Figure 11. Olefin and alkyl-group region of a 2D-NOESY spectrum of 15
in CD2Cl2.
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ed upfield to 2–3.5 ppm. The
benzylidene resonance (Ha) of
15a exhibits a long-range cou-
pling to Hb at 3.05 ppm; similar-
ly, Ha of 15b exhibits a long-
range coupling to Hb at
2.23 ppm.
X-ray quality crystals grown


from slow diffusion of pentane
into a concentrated solution of 15 in THF provided a struc-
ture of side-bound olefin complex 15a (Figure 12). The
bond lengths and angles are similar to those observed for
other ruthenium–olefin complexes.


Phosphine complex : To examine the possibility that phos-
phine and NHC complexes could have different preferred
olefin-binding geometries, a
phosphine analogue to com-
plexes 10, 12 and 15 was pre-
pared. Bisphosphine complex 1,
in the presence of 1 equiv di-
vinylbenzene (9) showed low
reactivity as monitored by
1H NMR spectroscopy. Howev-


er, utilizing bispyridine complex 16 as a ruthenium precursor
in presence of 9, two new ruthenium-olefin complexes (17)
with benzylidene resonances (Ha) at 17.85 and 17.62 ppm
were isolated in a 9:1 ratio [Eq. (4)].
2D-NOESY experiments demonstrated cross peaks be-


tween olefinic proton Hb of the major isomer and cyclohexyl
protons (Supporting Information). No NOE crosspeaks are
observed in the major isomer between Ha and the alkyl
region. Olefinic proton Hc overlaps with a cyclohexyl reso-
nance, thus making it difficult to determine if there are
NOEs between Hc and the cyclohexyl protons. Although the
evidence is based upon a single NOE observation, we hy-
pothesize that the major isomer is side-bound isomer 17b
(figure 13). Because of its low concentration, no cross peaks
were observed for the minor isomer.
2D-EXSY experiments conducted in CD2Cl2 at room tem-


perature demonstrated exchange between all olefinic pro-
tons of the major and minor isomers. The benzylidene reso-
nances also undergo exchange with each other. This suggests
that phosphine complex 17 exhibits behaviour similar to
that of the parent NHC olefin complex 6 from the stand-
point of Ru–olefin binding lability.


We were unable to grow crystals of 17 suitable for X-ray
crystallography. Unfortunately, the ruthenium olefin com-
plex isomers of 17 decompose at room temperature in
hours.


Bulkier olefin complex : To examine the steric effect of bind-
ing a 1,1-disubstituted olefin, diene 19 was synthesized
[Eq. (5)]. Upon addition of 19 to a solution of bispyridine


complex 18, several new ruthenium-olefin complexes are
formed. In CD2Cl2, the two major benzylidene resonances
are at d 15.86 and 15.50 ppm (4:1).
2D-NOESY experiments demonstrate NOEs between ole-


finic proton Hc of the major isomer (assigned on the basis of
HSQC and COSY-LR experiments) and Me groups of
H2IMes at 1.44 and 2.73 ppm (which are in exchange as indi-


Figure 12. Solid-state drawing of 15a. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.045(5), Ru�C(26) 1.849(5), Ru�C(41) 2.227(6), Ru�C(42)
2.184(6), Ru�Cl(1) 2.4027(12), Ru�Cl(2) 2.3881(12), C(41)�C(42)
1.318(7), Cl(1)-Ru-Cl(2) 86.81(5), C(1)-Ru-Cl(2) 154.55(14), C(41)-Ru-
Cl(1) 163.82(15).


Figure 13. Possible side-bound geometries for complex 17. An NOE for
the major isomer is observed between Hb and cyclohexyl protons.
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cated by 2D-EXSY experiments) (Figures 14 and 15). These
interactions are consistent with solution-phase structure 20a
in which the terminal methylene group of the olefin is di-
rected toward the NHC.


2D-EXSY experiments demonstrate exchange of aryl,
NHC backbone, and Me protons of 20a, but not of benzyli-
dene or olefinic protons. This data is consistent with chemi-
cal shift timescale Ru–NHC rotation rather than intercon-
version of the two isomers. COSYLR experiments indicate
interactions between Ha and an adjacent aryl proton of 20a.
Additionally, a long-range interaction is observed between
Ha and an olefinic proton Hb at 2.94 ppm. NOEs are also
observed between Ha and two Me groups (2.92 and
2.35 ppm) that are in mutual exchange.
X-ray analysis of crystals grown from a solution of 20


shows a single molecular geometry, 20a, in which H2IMes


and the chelated ligand are bound cis to one another
(Figure 16). Bond lengths and angles are similar to other
ruthenium–olefin complexes.


Summary


Compiled in Scheme 3 is the conformational behavior of the
Ru–olefin complexes studied to date.[7,11] In the work report-
ed here, we chose to vary the NHC ligand and ligand pre-
cursor. Although not all observed solution-phase isomers
could be structurally characterized, the assignable isomers
of complexes 10, 12, 15, 17 and 20 were determined to be
side-bound isomers in which the NHC (or PCy3) are coordi-
nated cis to the chelated olefin. The dynamics of the NHC
ligand appear to vary within the complexes studied thus far.
Notably, the fluorinated NHC ligand appears to have differ-
ential mobility in which the aryl group lying over the benzyl-
idene is static on the NMR chemical shift timescale, whereas
the other aryl group is dynamic. Ru–NHC rotation has been
observed in divinylbenzene adducts (6b, 20a) with the
H2IMes ligand; interestingly this rotation is only observed in
complexes in which the terminal methylene is pointing to-
wards the ligand.
In characterizing the side-bound ruthenium–olefin com-


plexes, the bound olefin can either be directed up towards
or away from the NHC/PCy3 ligand. In solution, the former
orientation appears to be favored in all side-bound com-
plexes with the exception of the fluorinated NHC complex
10, where both side-bound conformations are equally popu-
lated. The olefin dynamics in most of these systems appears
to be slow on the NMR chemical shift timescale: facile in-
tramolecular exchange is only observed in the parent NHC
complex 6 and PCy3 analogue 17.
Although we cannot rule out alternate unstable geome-


tries that might be formed under kinetic conditions, com-
plexes prepared from 1,2-divinylbenzene derivatives appear
to have a preference for side bound complexes. Complexes


Figure 14. Structural assignment of major solution isomer of 20 based on
an observed NOE (arrow). Ru�CNHC bond rotation shown with the
arrow.


Figure 15. 2D-NOESY/EXSY spectrum of 20.


Figure 16. Solid-state drawing of 20a. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.063(2), Ru�C(26) 1.825(2), Ru�Cl(1) 2.4005(6), Ru�Cl(2)
2.3781(6), Ru�C(29) 2.249(2), Ru�C(31) 2.167(3), C(29)�C(31) 1.402(4),
C(1)-Ru-Cl(2) 153.37(6), Cl(1)-Ru-Cl(2) 83.75(2), C(29)-Ru-Cl(1)
160.33(8).
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that have been demonstrated to
prefer bottom-bound olefin ge-
ometries include SnapperDs 1,2-
divinylcyclobutane derivative 5
and Piers and co-workersD re-
cently reported 1,3-divinylnap-
thalene complex 21. In the
latter system, which was unsta-
ble above �20 8C, the bottom
bound geometry was inferred
from the absence of any NOE
interactions between the olefin
resonances and those arising
from the H2IMes ligand. Given
that these NOE interactions are
quite large and readily ob-
served in side bound complexes
(e.g., 6), this inference is justi-
fied.
Additionally, Piers and co-


workers suggest that downfield
benzylidene 1H and 13C reso-
nances (18.13 ppm/317.3 ppm),
relative to those in complexes
6a/b (16.34 ppm/300.3 ppm and
16.17 ppm/296.9 ppm) as addi-
tional evidence of a bottom
versus side-bound geometry.
The work reported here sug-


gests that NHC-derived Ru–
olefin complexes derived from
1,2-divinylbenzene are stable
species and tend to adopt side-
bound geometries but variable
ligand dynamics. Additionally,
new NMR spectroscopy metrics
(long-range Ha–olefin cou-
plings, 1H–19F couplings) for
characterizing these complexes
have been observed and may
prove useful in future studies of
related systems.
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Scheme 3. Comparison of the solution-state conformational behavior of complexes 6,[7] 10, 12, 15, 17, 20 and
21.[11] The relative amount of each isomer is indicated in the parentheses next to the compound identifier.
Curved arrows indicate bond rotations occurring on the NMR chemical shift timescale; equilibrium arrows in-
dicate room-temperature interconversion of olefin complexes. If the solid-state structure of a complex is
known, then it is denoted with the descriptor “X-ray structure.”
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Nature�s selection of the vita-
min B12 coenzymes as ubiqui-
tous organometallic cofactors is
an intriguing and unsolved
question.[1] Several biosynthetic
pathways in aerobic and anae-
robic microorganisms converge
to provide vitamin B12 cofactors
as uniquely structured natural
cobalt complexes.[2–4] X-ray
crystallography helped to eluci-
date not only the organometal-
lic nature of coenzyme B12 (1),
but first of all, the structure of
the cyano-corrin vitamin B12


(2).[5,6] We report here the crys-
tal structure of b-cyano-neoco-
byrate (3) and the discovery of
a new structural motif for vita-
min B12 derivatives. The dimeric
nature of 3 provides insight in a
remarkable structural feature of
the natural corrinoids.


Neovitamin B12 (4) was described in the early 1970s as
isomerization product of vitamin B12 (2),


[7] and it was identi-
fied by X-ray crystallography as the 13-epimer of 2 (see
Figure 1).[8] Most of the “neocorrinoids” were only charac-
terized by UV/Vis and CD spectra and by their chemical
correlation with “normal” corrinoids. Acid-catalyzed epime-
rization inter-converts “neocorrinoids” and “normal” corri-
noids selectively, and neocorrinoids typically predominate
slightly in such equilibrations.[9,10] “Neocorrinoids” were also
side-products in the total synthesis of cobyric acid (5),[9,11]


but they appear not to be formed naturally by vitamin B12


biosynthesis.[2–4]


The dicyano-form 3a of neocobyric acid (3) was obtained
in 18% yield from vitamin B12 along with cobyric acid
(20%).[12,13] Treatment of an aqueous solution of 3a with
acetic acid gave aquo-cyano-neocobyrate. Dimeric b-cyano-
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800809.


Figure 1. Structural formulae: left: neovitamin B12 (4), right: potassium dicyano-neocobyrate (K-3a); in vita-
min B12 (2) and dicyano-cobyrate (K-5a) the configuration at C-13 is inverted (i.e., a and not b, see red
circle).
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neocobyrate (3–3) recrystallized in about 80% yield upon
addition of acetone. The crystal structure of 3 was deter-
mined by using synchrotron radiation and diffraction data
extending to a resolution of 0.95 L. The asymmetric unit of
the rhombohedral crystal contained four independent neo-
cobyrate molecules, which were arranged as (two) very simi-
larly structured (C2-symmetric) dimers 3–3 (Figure 2). Dime-
rization was effected by coordination of the carboxylate
function of the f-propionate of one corrin moiety to the Co
centre (a-face) of the other.


This is the first structure of a corrinoid dimer in which the
a-faces of the corrin moieties interact. In other corrinoid
dimers, tetramethylene-bis(cobalamin)[14] and iodo-CoII-
cobester (see ref. [6]), the corrinoids form dimers via cobalt-
coordinated ligands at the less encumbered b-faces. In the
crystal structure of 3, the distance between the almost paral-
lel corrin rings is approximately 7 L. The regions with great-
est vertical overlap are ring D and the C15 meso-bridge
(Figure 2). In a projection perpendicular to the corrin
planes, the two Co atoms are displaced by roughly 4 L.
Close intra-dimer contacts exist between C1A···C1A’
(3.8 L), O183···C1A’ (3.5 L) and C12A···C12A’ (3.7 L). The
only polar contact between the corrin moieties in a dimer is
an H-bond between N84 and O175� of the d- and f-side
chains, respectively (for atom numbering see Supporting In-
formation).
The geometry of the inner coordination sphere of the


cobalt centre in 3 is comparable to that of b-aquo-a-cyano-
cobyric acid (5):[6,15] The structure of the corrin ring in 3 is
remarkably similar to that of the corrin moiety of neovita-
min B12 (4) (Figure 3) and only the pucker of rings D differs
significantly in 4 and 3. Thus the fold angle of 22.5(5)8 in 3
is only slightly smaller than the one in 4 (23.78).[8,16] In con-
trast, the related comparison between a-cyano-b-aquo-coby-
ric acid (5) and vitamin B12 (2) revealed an increase of the


fold angle from 4.38 (in 5)[6,15] to 18.08 (in 2), which was sug-
gested to reflect steric strain excerted by the coordinated di-
methylbenzimidazole (DMB) base in 2.[17] The fold angle is
characteristically larger in 3 than in 5 and in other “normal”
corrinoids (average fold angle 7.5(5)8).[5,6]


The conformational switch in ring C of 3 breaks the
pseudo-C2 symmetry of the corrin ligand, observed in
“normal” cobyrinic acid derivatives.[15] Concomitant with
“inverting” the conformation of ring C, the corrin ligand of
3 locally adopts a “wave-shaped” (W)-conformation[1] and


exhibits an increased folding
angle. Indeed, similar confor-
mational coupling between the
macrocycle and (one of) the
five-membered hydropyrrolic
rings has been analyzed in crys-
tal structures of the hydropor-
phyrinoid nickel-complex F430
and its C-12/C-13 epimer.[1,18]


The f-propionic acid substitu-
ent of corrinoids typically dis-
plays less conformational disor-
der than the other propionic
acid side chains.[19] In the struc-
ture of 3–3 the (C-171/C-172)-
bond and the carboxylate func-
tion of the f-substituent are
nearly eclipsed (see Figure 2).
This conformation apparently is


Figure 2. Model of the structure of the b-cyano-neocobyrate dimer (3–3). Left: ball-and-stick representation.
Carbon atoms are shown in white and yellow, nitrogen in blue, oxygen in red and cobalt in magenta. Major
components only are shown of the disordered side chains. The H bond between the carboxylate of the f-side
chain and the d-propionamide is indicated by green dashes. Right: Stick representation of the dimer 3–3
viewed along an axis perpendicular to the dimer generating two-fold axis (acet- and propionamide side chains
have been omitted for clarity).


Figure 3. Top: Superposition of crystal structures (on the four corrin ni-
trogen atoms). Left: of b-cyano-neocobyric acid (3, cyan) and neovitamin
B12 (4, pink). Right: of 3 (cyan) and a-cyano-b-aquo-cobyric acid (5,
pink). In the structures of 3, only the major components of the disor-
dered side chains b, d, and e are shown for clarity. Bottom: Cylinder pro-
jection of b-cyano-neocobyric acid (thick lines) and a-cyano-b-aquo-co-
byric acid (thin lines) based on a mean plane through the four corrin ni-
trogen atoms (for atom numbering, see Supporting Information).
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required by the proper cobalt
coordination of the f-carboxyl-
ate. NMR-analysis of b-cyano-
neocobyric acid in aqueous so-
lution (where water is the a-
ligand) did not reveal a tenden-
cy to form dimers.
The formation, in the crystal,


of an a-bridged dimer provides
a new structural motif for B12


derivatives. While this motif is
present in the neocobyrate 3,
the structure of 3 also indicates
that its particular type of dime-
rization would be unlikely for
the “normal” cobyric acid. A
crude model of such an f-carboxylate bridged dimer (ob-
tained by superimposing the structure of cobyric acid[15]


onto each component of the neocobyric acid dimer) indi-
cates dimerization to be obstructed by clashes of the e-pro-
pionamide side chains of each subunit, see Figure 4).
The a-configuration of the e-side chain in “normal” corri-


noids and the absence of an acetamide group at ring C have
been suggested to be important, first of all, for the proper
function of coenzyme B12.


[1,20] A crystal structure of neo-
coenzyme B12 (6) is not available and 6 still functions as co-
factor in some B12-dependent enzymes, for example, diol de-
hydratase.[21] However, the crystal structures of coenzyme
B12 (1)


[5,6] and of neovitamin B12 (4)
[8] indicated the e-propio-


namide side chain in 6 and the organometallic 5’-deoxyade-
nosyl-functionality to compete for the same region of
space.[20]


In 5 and other “normal” corrinoids all four propionamide
(propionate) groups are oriented to the a-face of the corrin
ligand, including the e-side chain at C-13. The latter is reor-
iented to the b-face in the neocorrinoids (see Figure 4).[22]


As shown here, the altered substituent pattern of the “neo”-
corrinoid 3 sets the stage for dimer formation. Natural B12


derivatives, in contrast, are “notoriously” monomeric,[5] and
typically differ also in this respect from other natural por-
phyrinoids. These have often been observed in (ligand bridg-
ed) dimeric states (e.g. in FeIII–porphyrins[23]) or as higher
aggregates (e.g. with chlorophylls[24]).
Carboxylate-bridging, as observed in 3–3, is the basis of


aggregation of FeIII-heme in b-haematin. Carboxylate
bonded heme dimers were identified as the building blocks
of b-haematin, providing a structural model for hemozoin,
the “detoxified” disposal form of heme in Plasmodium ma-
laria.[25,26] The crystal structure of 3–3 reminds of features of
the proposed (dimer) structure of hemozoin. Recently, vita-
min B12-derivatives were indicated to act as remarkable in-
hibitors of hemozoin formation,[27] opening a possible alter-
native for the treatment of strains of Pl. malaria, which have
become resistant to chloroquine and other relevant anti-ma-
larials.[28] The structural motif of a carboxylate bridged B12


dimer 3–3 may also add a new facet to this subject.


Experimental Section


Preparation of b-cyano-neocobyric acid (3): The title compound was pre-
pared in its dicyano-form (3a) from vitamin B12 (2, Hoffmann-La
Roche)[12] and was identified by 500 MHz 1H NMR, UV/Vis- and CD
spectra (see Supporting Information): UV/Vis (Hitachi-U3000, in H2O,
c=5.25Q10�5m, lmax (loge): 279.0 (3.87), 310.5 (3.95), 368.5 (4.33),
581.5 nm (3.84 Lmol�1 cm�1); CD (JASCO-J715, in H2O, c=5.25Q10�5m,
lmax and lmin(De): 223.0 (2.8), 237.0 (�2.3), 281.0 (13.1) 309.0 (18.6), 341
(�11.5), 377.0 (�5.8), 406.0 (9.3), 436.0 (12.1), 530.0 (�12.7), 575 nm
(�12.2 Lmol�1 cm�1).


Recrystallization and crystal-structure determination of b-cyano-neoco-
byric acid (3): Cyano-neocobyric acid was obtained by treatment of 3a
with dilute aqueous acetic acid and precipitation with acetone. The dark
red powder of 3 was dissolved in water and crystals of b-cyano-neocoby-
ric acid (3) grew upon addition of acetone. Diffraction data were collect-
ed at the EMBL beam line BW7b at DESY in Hamburg (Germany). De-
tails of the data collection and structure refinement are given in the Sup-
porting Information. CCDC 641650 contains 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.
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Diversity-Oriented Synthesis towards Conceptually New Highly Modular
Aminal–Pyrrolidine Organocatalysts


Adrien Quintard, Chlo)e Bournaud, and Alexandre Alexakis*[a]


Since the last decade, asymmetric organocatalysis has
emerged as a powerful method for the construction of new
stereogenic centers.[1] Among those, 1,4-conjugate addition
by an activated carbonyl compound is a privileged method
in organic synthesis.[2] It allows the formation of a new C�C
bond that can be a valuable synthon for fine chemistry.[3]


Impressive development has been made in this area in the
last five years. Research has mainly focused on the enamine
addition to nitroolefins that leads to highly versatile com-
pounds as demonstrated by our group in the synthesis of
(�)-botryodiplodin.[4] This research lead to the design of a
multitude of new catalysts for the addition of either alde-
hydes or ketones.[5] Concerning nitroalkenes, a wide range
of donors can be used in these reactions but most of the cat-
alysts still suffer limitations. Many of them remain highly
substrate specific, are used in high catalyst loading and sev-
eral equivalent of carbonyl donors are usually required. Fur-
thermore, none of those catalysts possess a tunable moiety
potentially leading to different catalytic properties.


Recently, powerful catalytic systems have been described
by controlling several interesting aspects. Introduction of a
hydrogen bonding to control the selectivity,[6] discovery of
new substrates,[7] or increased steric hindrance on the pyrro-
lidine substituent lead to increased results both in terms of
selectivity and in reaction efficiency. The last factor seemed
interesting to us since some of those catalysts developed on
increased bulkiness were effective on both ketones and alde-
hydes for different enamine based reactions.[8]


This prompted us to design our own catalyst by increasing
the bulkiness on the pyrrolidine moiety with an aminal
group. Aminals are interesting nitrogen equivalents of ace-
tals.[9] Due to their structure (determined by X-ray analy-


sis),[10] they are able to bring a strong steric hindrance to ad-
jacent carbons. Indeed, each substituents on the nitrogen
atoms are located trans to the substituent of the adjacent
carbons (Figure 1). This configuration is fixed by the stereo-
chemistry of the starting diamine and makes the nitrogen
atom a stereogenic center. Since chiral diamines are highly
efficient on these reactions, we thought that incorporating
an aminal moiety would increase the bulkiness close to the
catalytic site while keeping a strong catalytic activity
(Figure 1).


Furthermore, those catalysts would be highly modular
since varying the substituents on the different parts of the
aminal could potentially totally change their properties.
Indeed, applying the principles of diversity-oriented synthe-
sis[11] to protected prolinal, and considering the wide variety
of different diamines would lead to a conceptually new fa-
milly of modular catalysts (Figure 1).


Herein we describe the synthesis of new aminal–pyrroli-
dine derivatives and their applications in various Michael
addition reactions.


Catalysts 4a–f were prepared starting from protected l-
prolinal 3, easily obtained in two steps from commercially
available Cbz-l-proline. Aminal formation with various dia-
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Figure 1. Aminal structure and proposed catalysts by diversity-oriented
synthesis.
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mines followed by classical deprotection under hydrogen led
to compound 4a–f in moderate to good yields (Scheme 1).


In order to completely study the influence of the configu-
ration of the aminal on the catalytic outcome, three diaste-


reoisomers 4a–c were prepared; while catalysts 4d–f were
synthesized in order to study the influence of the different
substituents. All catalysts were stable after prolonged con-
servation period. It must be noticed that catalyst 4c was ob-
tained as a single all cis diastereoisomer.


In a first part, the newly synthesized catalysts were tested
in the reaction of propionaldehyde with nitrostyrene in con-
ditions optimized in our group (Table 1).[5d]


All the catalysts lead to full conversion after a short reac-
tion time. As expected, the influence of the stereochemistry
of the aminal was crucial in terms of selectivity (entries 1, 2
and 3). Impressively, the enantioselectivity varied from
ee 49% in the case of diastereoisomeric catalyst 4b (entry 2)


to the best enantioselectivity (ee 79%) using catalyst 4a
(entry 1). In all three cases, the configuration of the adduct
is the same. This means that, whatever the configuration of
the diamine, the most important stereoselector is the 2 posi-
tion of the pyrrolidine ring.[12] Surprisingly, increasing the
bulkiness on the nitrogen with an isopropyl group (catalyst
4d) did not lead to any increase in the enantioselectivity
(entry 4). These results suggest that the phenyl group of the
aminal interacts during the transition state in catalyst 4a
and 4d. The results are also in agreement with the impor-
tance of the aminal configuration. Finally using a phenyl or
benzyl group on the nitrogen of the aminal in catalyst 4e
and 4 f did not bring further increase in the enantioselectivi-
ty (entries 5 and 6).


The best catalyst 4a was then evaluated by addition of
various aldehydes to nitrostyrene 6 (Table 2). Moderate
enantioselectivities (ee 79%) and diastereoselectivities (dr
up to 75:25) were obtained at room temperature with alde-
hydes 5a, 5b and 5c but with high reactivity since the reac-
tions were completed in 4 to 15 h (entries 1, 3 and 5). This
prompted us to decrease the catalyst loading to 10 mol%
and the temperature to �25 8C. Using these conditions, the
catalyst gave the Michael adducts in two to three days in
good diastereoselectivities (dr up to 95/5), and good enan-
tioselectivities (ee up to 87%, entries 2, 4 and 6). A further
decrease in the temperature to �40 8C with aldehyde 5c
lead to a slight increase in selectivity while decreasing the
reaction rate (entry 7). Using more hindered aldehyde 5d
lead to a strong decrease in reactivity (Yield=86% after
3 d) and enantioselectivity (ee 67%, entry 8) while using cat-
alyst 4b gave better results in this case (entry 9). Further-
more, more hindered aldehyde 5e did not react at all. These
results indicate that the aminal moiety must interact strong-
ly with the aldehyde in the transition state.


Scheme 1. Synthesis of aminal–pyrrolidine catalysts.


Table 1. Catalyst screening for the addition of propionaldehyde 5a to ni-
trostyrene 6.[a]


Entry Cat. t [h] dr (syn/anti)[b] ee (syn) [%][c]


1 4a 15 75:25 79 (+)
2 4b 19 66:34 49 (+)
3 4c 18 78:22 57 (+)
4 4d 21 71:29 76 (+)
5 4e 7 75:25 66 (+)
6 4 f 4 77:23 66 (+)


[a] Reactions were performed using 10 equivalents of aldehyde. [b] dr
determined by 1H NMR of the crude product [c] ee values determined by
super fluid chromatography.


Table 2. Conjugate addition of aldehydes 5a–e to nitrostyrene 6 cata-
lyzed by 4a.


Entry R T
[8C]


mol%
4a


t
[h]


Yield
[%][a]


dr[b] (syn/
anti)


ee (syn)
[%][c]


1 Me (5a) RT 20 15 84 75:25 79
2 Me (5a) �25 10 72 81 90:10 87
3 Et (5b) RT 20 5.5 100[e] 72:28 74
4 Et (5b) �25 10 72 76 80:20 87
5 nPr (5c) RT 20 4 100[e] 73:27 78
6 nPr (5c) �25 10 40 94 95:5 84
7 nPr (5c) �40 15 96 89 95:5 88
8 iPr (5d) RT 20 72 86 67:33 67
9[d] iPr (5d) RT 20 18 99 >99% 67
10 Me,Me


(5e)
RT 20 72 –[f] – –


[a] Yield of isolated product after column chromatography. [b] dr deter-
mined by 1H NMR of the crude product. [c] ee values determined by
super fluid chromatography. [d] Catalyst 4b was used. [e] Full conversion
observed by 1H NMR. [f] Only traces of the product.
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With these good results at hand, we decided to test our
catalysts in the addition of aldehydes to vinyl sulfone,[13] re-
action recently developed in our group.[14] This reaction is
really interesting due to the versatility of the sulfonyl group
in organic chemistry.[15] Furthermore, moderate enantiocon-
trol had been achieved for the formation of compound 9d
(Table 3). 71% yield and 75% ee were obtained using
25 mol% of bipyrrolidine catalyst iPBP and only 55% ee
using bimorpholine derivatives.[58]


Reactions performed using linear aldehydes gave excel-
lent results. Impressive reactivity (yield around 90%) and
good enantioselectivities were obtained with only 10 mol%
of catalyst 4a. More substituted aldehydes 5d and 5h gave
the best enantioselectivities (ee up to 91%, entries 1 and 6)
while less hindered ones gave slightly lower enantioselectivi-
ties (entries 1, 4 and 5). The more bulky 3,3-dimethylbutyr-
aldehyde 5 f gave only 75% ee probably due to a too strong
interaction between the tert-butyl group and the catalyst.
Impressively, only two equivalents of aldehydes could be
used with aldehydes 5d, 5 f and 5h (entries 3, 4 and 5) and
5 mol% was used with aldehyde 5d without loosing reactivi-
ty (entry 3). Unfortunately, poor enantiocontrol was ob-
served in the formation of the quaternary center with 5 i
(entry 7). These results represent an impressive increase in
both reactivity and enantioselectivity compared with iPBP.
This good stereoselectivity can be explained by the same
transition state as proposed with iPBP. A strong interaction
of the sulfonyl group with the aminal associated with a good
control of the geometry of the enamine in the transition
state lead to this higher stereocontrol.


In order to study the reactivity of our catalysts with ke-
tones, their efficiency was tested in the reaction of cyclohex-


anone 10 with nitrostyrene 6, a classical model commonly
used (Table 4). Surprisingly, catalyst 4b, the less efficient
catalyst using aldehydes lead to a total conversion after 4 d
(entry 2). Furthermore this catalyst, the diastereoisomer of
the best catalyst for aldehyde, also gave the best results in
terms of enantioselectivity (ee 80%, entry 2). Catalyst 4a
and 4c gave much lower reactivity and a dramatic loss in
enantioselectivity (entries 1 and 3). Finally, the more hin-
dered catalysts 4d–f, highly reactive for aldehyde did not
catalyze the reaction (entries 4, 5 and 6).


These results demonstrate how a slight modification in
the catalyst structure can totally change its properties. This
difference of reactivity relies on the different proposed tran-
sition state between ketones and aldehydes, where the ge-
ometry of the enamine plays a crucial role.[16] Finally a short
solvent and co-catalyst screening showed that the enantiose-
lectivity could be increased to 87% ee by using cyclohexane
instead of chloroform (entry 7).


In conclusion, a conceptually new family of chiral aminal–
pyrrolidine derivatives has been synthesized. From their
evaluation in diverse Michael additions, this family of cata-
lysts is highly modular since the catalytic properties toward
different substrates can easily be tuned by varying the sub-
stituents on the aminals. Finally, excellent results (ee up to
91%) have been obtained in the addition of aldehydes to
vinyl sulfones. This is to date the best published results on
such additions and represents a promising result.


Investigations are currently under progress in our labora-
tory in order to improve those catalysts and toward a better
understanding of the influence of the various aminal groups
on the reactivity other different organocatalyzed reactions.


Keywords: asymmetric catalysis · diversity-oriented
synthesis · enamines · Michael addition · organocatalysis


Table 3. Conjugate addition of aldehydes 5c–i to vinylsulfone 8 catalyzed
by 4a.


Entry R1, R2 Aldehyde equivalent,
mol% 4a


Reactions
conditions


Yield
[%][a]


ee
[%][b]


1 nPr, H
(5c)


10 equiv, 10 mol% �60 8C, 2 h 87 74


2 iPr, H
(5d)


10 equiv, 10 mol% �60 8C, 2 h 90 85


3 iPr, H
(5d)


2 equiv, 5 mol% �60 8C, 3 h 86 85


4 tBu, H
(5 f)


2 equiv, 10 mol% �60 8C, 4 h 96 75


5 allyl, H
(5g)


2 equiv, 10 mol% �60 8C, 2 h 84 77


6 cHex, H
(5h)


10 equiv, 10 mol% �60 8C, 3 h 82 91


7 Ph, Me
(5 i)


10 equiv, 10 mol% RT, 4 h 84 16


[a] Yield of isolated product after column chromatography on florisil.
[b] ee values determined by super fluid chromatography.


Table 4. Catalyst screening for the addition of cyclohexanone 10 to nitro-
styrene 6 catalyzed by 4a.[a]


Entry Cat. t [d] Conv (yield)[b] [%] dr (syn/anti)[c] ee (syn) [%][d]


1 4a 4 60 95:5 61
2 4b 4 100 (73) 90:10 80
3 4c 4 85 95:5 50
4 4d 4 0 – –
5 4e 4 13 >95:5 25
6 4 f 5 0 – –
7[e] 4b 3 100 (81) 92:8 87


[a] Reactions were performed using 6 equivalents of ketone. [b] Conver-
sions were determined by 1H NMR of the crude product, isolated yields
are shown in brackets. [c] dr determined by 1H NMR of the crude prod-
uct. [d] ee determined by super fluid chromatography. [e] Reaction per-
formed in cyclohexane.
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Ruthenium-Based Olefin Metathesis Catalysts Coordinated with
Unsymmetrical N-Heterocyclic Carbene Ligands: Synthesis, Structure, and
Catalytic Activity


Georgios C. Vougioukalakis and Robert H. Grubbs*[a]


Introduction


The development of ruthenium-based metathesis catalysts
with high air and moisture stability and functional-group tol-
erance has led to the use of olefin metathesis, one of the
most powerful carbon�carbon bond-forming reactions,[1] in a
variety of applications in organic synthesis and polymer
chemistry.[2] The synthesis of the first well-defined rutheni-
um olefin metathesis initiator (1) was published in 1992.[3]


However, this early catalyst was only effective in the ring-
opening metathesis polymerization (ROMP) of highly
strained olefins. Although the basic structure of the current-


ly used ruthenium-based catalysts still resembles that of the
original complex, comprised of a ruthenium alkylidene, two
halides, and two neutral ligands, contemporary catalysts (2–
5) are much more robust and functional-group tolerant. For
example, the first-generation catalyst 2 has much better
functional group compatibility than all of the early-transi-
tion-metal olefin metathesis initiators.[4] Replacement of one
of the tricyclohexylphosphine ligands with the bulky N-het-
erocyclic carbene (NHC) ligand H2IMes produced rutheni-
um complex 3, which displays improved catalytic activity,
while maintaining the high functional group tolerance and


Abstract: A series of ruthenium-based
olefin metathesis catalysts coordinated
with unsymmetrical N-heterocyclic car-
bene (NHC) ligands has been prepared
and fully characterized. These com-
plexes are readily accessible in one or
two steps from commercially available
[(PCy3)2Cl2Ru=CHPh]. All of the com-
plexes reported herein promote the
ring-closing of diethyldiallyl and dieth-
ylallylmethallyl malonate, the ring-
opening metathesis polymerization of
1,5-cyclooctadiene, and the cross meta-
thesis of allyl benzene with cis-1,4-diac-


etoxy-2-butene, in some cases surpass-
ing in efficiency the existing second-
generation catalysts. Especially in the
cross metathesis of allyl benzene with
cis-1,4-diacetoxy-2-butene, all new cat-
alysts demonstrate similar or higher ac-
tivity than the second-generation
ruthenium catalysts and, most impor-
tantly, afford improved E/Z ratios of


the desired cross-product at conversion
above 60%. The influence of the un-
symmetrical NHC ligands on the initia-
tion rate and the activation parameters
for the irreversible reaction of these
ruthenium complexes with butyl vinyl
ether were also studied. Finally, the
synthesis of the related
chlorodicarbonyl ACHTUNGTRENNUNG(carbene) rhodium(I)
complexes allowed for the study of the
electronic properties of the new un-
symmetrical NHC ligands that are dis-
cussed in detail.
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thermal stability of 2.[5] Furthermore, substitution of the
phosphine ligands for bidentate carbenes (complexes 4 and
5) led to ruthenium-based metathesis catalysts with even
higher thermal stability.[6] More recent studies have fostered
the development of ruthenium-based catalysts that initiate
asymmetric olefin metathesis reactions,[7] and have led to
metathesis applications in aqueous and protic solvent sys-
tems,[8] and the challenging formation of tetrasubstituted
carbon�carbon double bonds.[9]


Unsymmetrically substituted five-membered NHCs,
namely having two different exocyclic substituents adjacent
to the carbenic center, have also been successfully utilized
as ligands in ruthenium metathesis catalysts.[7b–e,10–17] Other
unsymmetrical carbenic frameworks that have been recently
incorporated in ruthenium-based catalysts include a series of
cyclicACHTUNGTRENNUNG(alkyl)ACHTUNGTRENNUNG(amino) carbenes,[18] and thiazole-2-ylidenes.[19]


Unsymmetrical NHC frameworks, especially those with an
aliphatic amino side group, were initially used in order to in-
crease the electron-donating ability of the NHCs and, there-
fore, enhance the catalytic activity of the corresponding
complexes.[11, 13,16] Additionally, it has been found that the
utilization of unsymmetrical NHCs alters the selectivity in
diastereoselective ring-closing metathesis (RCM) reactions
and the E/Z selectivity in cross-metathesis (CM) reac-
tions.[12, 15,17]


Building upon our preliminary studies on the develop-
ment of unsymmetrical catalysts 6 and 7, bearing an NHC
that has one mesityl and one 2,6-difluorophenyl group,[15] we


now report the synthesis and catalytic evaluation of unsym-
metrical catalysts 8–13. These catalysts were fully character-
ized, and their catalytic performance was evaluated in
RCM, ROMP, and CM reactions. Some complexes were
found to surpass the commercially available second-genera-
tion catalysts in efficiency. Moreover, in the CM of allyl
benzene with cis-1,4-diacetoxy-2-butene, catalysts 8–13 pro-
vide improved E/Z selectivity of the desired cross-product
at conversions higher than 60%. The initiation rates and the
activation parameters in the irreversible reaction of catalysts
8–13 with butyl vinyl ether were also studied. The rate-limit-
ing step for the initiation of all phosphine-containing cata-
lysts was found to be phosphine dissociation. The kinetics in
the initiation of the phosphine-free catalysts are more com-
plicated; however, the related experiments suggest that
oxygen dissociation is not rate-determining. The electron-
donating ability of the new unsymmetrical NHCs was finally
studied in the rhodium(I) complexes of the general formula
[Rh(CO)2Cl ACHTUNGTRENNUNG(NHC)] by using FT-IR spectroscopy. The syn-


thesis of these rhodium(I) complexes was carried out by
transmetalation from the corresponding Ag(I) complexes.


Results and Discussion


Synthesis and characterization of the new ruthenium com-
plexes : The synthesis of carbene precursors 18a–c is
straightforward (Scheme 1), following a modification of pre-
viously reported procedures.[15,20] The appropriate anilines


Scheme 1. Synthesis of 4,5-dihydroimidazolium chlorides 18a–c.
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were initially treated with oxalyl chloride, ethylchlorooxo-
acetate, or phenylchlorooxoacetate (14a–c) to afford the
corresponding condensation products 15a–c. Upon addition
of the second aniline, oxalamides 16a–c were isolated.
These were reduced with BH3·THF and then treated with
HCl to furnish dihydrochloride salts 17a–c that, upon treat-
ment with triethyl orthoformate, cyclize to imidazolinium
chlorides 18a–c. Complexes 8, 10, and 12 were isolated in
46–80% yield by generation of the free carbene from 18a–c,
in situ with potassium hexamethyldisilazane (KHMDS), and
then reacted with ruthenium source 2 in benzene. Treatment
of 8, 10, and 12 with o-isopropoxy-b-methylstyrene afforded
the phosphine-free analogues 9, 11, and 13 in 57–85% yield.
Compounds 8–13 are air stable in the solid state and can be
purified by silica gel chromatography.


Complexes 8–13 were completely characterized by NMR
spectroscopy and HRMS (see the Supporting Information).
Even at temperatures as low as �70 8C, the NHCs of com-
plexes 9, 11, and 13 rotate fast on the NMR timescale and,
therefore, only one absorption is observed in the benzyli-
dene region of the 1H NMR spectra (around 16 ppm) for
these phosphine-free complexes. In contrast, phosphine-con-
taining complexes 8, 10, and 12, in solution, are a mixture of
two rotational isomers (�1:4 for complexes 6, 8, and 12,
and �2:3 for complex 10), with the major rotamer being
the one with its mesityl ring located above the benzylidene
group.[21] The higher minor/major rotational isomer ratio in
10, relative to that in complexes 6 and 8, may be due to a
more efficient slipped p–p stacking interaction between the
2,3,4,5,6-pentafluorophenyl and the benzylidene group in 10,
compared to the p–p interactions between the 2,6-difluoro-
phenyl or the 2,4,6-trifluorophenyl and the benzylidene
groups in 6 and 8.[22] Single crystals of good quality for X-
ray analysis from complexes 8, 9, and 13 were also ob-
tained.[23] As depicted in Figures 1–3, all complexes exhibit a
distorted square-pyramidal geometry with the Ru=C benzyl-


idene bond occupying the apical position and the Cl atoms
trans to one another. This geometry, as well as the bond
lengths and angles in 8, 9, and 13, are quite similar to those
of parent complexes 3 and 5. Moreover, in the solid state,
the mesityl group in complexes 8, 9, and 11[23] is located
above the benzylidene moiety, as has been also observed in
complexes 6 and 7.[15]


Ring-closing metathesis (RCM) activity of the new catalysts :
RCM is the most frequently utilized olefin metathesis reac-
tion in organic synthesis.[1b,24] We initially chose to study the
catalytic activity of the new complexes in the RCM of di-


Figure 1. Crystal structure of catalyst 8. Ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity. Selected bond
lengths [K] and angles [8]: Ru(1)�C(19) 1.826(2), Ru(1)�C(1) 2.0602(18),
Ru(1)�Cl(1) 2.3878(5), Ru(1)�Cl(2) 2.3927(4), Ru(1)�P(1) 2.4403(5),
C(19)-Ru(1)-C(1) 97.61(8), C(19)-Ru(1)-Cl(1) 90.17(6), C(1)-Ru(1)-Cl(1)
93.25(5), C(19)-Ru(1)-Cl(2) 106.08(6), C(1)-Ru(1)-Cl(2) 83.33(5), Cl(1)-
Ru(1)-Cl(2) 163.679(17), C(19)-Ru(1)-P(1) 96.29(6), C(1)-Ru(1)-P(1)
165.65(5), Cl(1)-Ru(1)-P(1) 90.246(16), Cl(2)-Ru(1)-P(1) 89.429(16).


Figure 2. Crystal structure of catalyst 9. Ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity. Selected bond
lengths [K] and angles [8]: Ru(1)�C(19) 1.8307(18), Ru(1)�C(1)
1.9722(17), Ru(1)�O(1) 2.2502(12), Ru(1)�Cl(1) 2.3303(5), Ru(1)�Cl(2)
2.3420(5), C(19)-Ru(1)-C(1) 101.80(7), C(19)-Ru(1)-O(1) 79.79(6), C(1)-
Ru(1)-O(1) 176.00(6), C(19)-Ru(1)-Cl(1) 103.00(6), C(1)-Ru(1)-Cl(1)
88.83(5), O(1)-Ru(1)-Cl(1) 87.23(4), C(19)-Ru(1)-Cl(2) 97.99(6), C(1)-
Ru(1)-Cl(2) 97.05(5), O(1)-Ru(1)-Cl(2) 86.31(4), Cl(1)-Ru(1)-Cl(2)
156.547(17).


Figure 3. Crystal structure of catalyst 13. Ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity. Selected bond
lengths [K] and angles [8]: Ru(1)�C(22) 1.8340(9), Ru(1)�C(1) 1.9725(9),
Ru(1)�O(1) 2.2451(7), Ru(1)�Cl(2) 2.3284(3), Ru(1)�Cl(1) 2.3393(2),
C(22)-Ru(1)-C(1) 101.58(4), C(22)-Ru(1)-O(1) 79.87(3), C(1)-Ru(1)-
O(1) 177.42(3), C(22)-Ru(1)-Cl(2) 104.07(3), C(1)-Ru(1)-Cl(2) 89.08(3),
O(1)-Ru(1)-Cl(2) 88.49(2), C(22)-Ru(1)-Cl(1) 96.45(3), C(1)-Ru(1)-Cl(1)
96.34(3), O(1)-Ru(1)-Cl(1) 85.59(2), Cl(2)-Ru(1)-Cl(1) 157.287(9).
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ethyldiallyl malonate (19) to disubstituted cycloalkene 20 by
1H NMR spectroscopy (Figure 4). Interestingly, the plots of
cycloalkene 20 conversion versus time reveal that both 6


and 8 effect the cyclization of 19 more efficiently than the
second-generation phosphine-containing catalyst 3, with cat-
alyst 8 being the most efficient of all (>97% conversion in
9 min). Complex 10 is also more reactive than 3, at least at
the beginning of the RCM reaction (evidently due to its
high initiation rate), but eventually slows down due to a de-
crease in its catalytic activity. This decrease in catalytic ac-
tivity (decomposition) is also observed in the curvature in
the ln[19] plot versus time for 10 (Supporting Information).
Nevertheless, complex 10 eventually displays >97% conver-
sion in 40 min. On the other hand, phosphine-free catalysts
7, 9, and 11 are less efficient than parent complex 3. In fact,
increasing the number of fluorine atoms on the N-aryl sub-
stituent, in going from complex 7 to 9 and eventually to 11,
results in lower activity, with catalyst 11 being the least effi-
cient of all in this series (>97% conversion in 100 min).
This low efficiency of catalyst 11 arises from its prolonged


induction period and an increased decomposition rate, as il-
lustrated from the curvature in the corresponding logarith-
mic plot (Supporting Information). Finally, as clearly illus-
trated in Figure 4, complexes 12 and 13 are very poor olefin
metathesis catalysts. Phosphine-containing catalyst 12 exhib-
its high initial activity, but this activity decreases during the
course of the reaction, due to its high decomposition rate,
leveling off at 59% conversion. In sharp contrast, phos-
phine-free complex 13 has a very long induction period
(11 min to reach 5% conversion), leading the reaction to
>97% conversion in 180 min.


The RCM of diethylallylmethallyl malonate (21, Figure 5)
leads to the formation of a trisubstituted five-membered


ring (22). Due to steric effects, this reaction is more chal-
lenging than the RCM of diethyldiallyl malonate (19). Over-
all, the reactivity trends for this more demanding RCM re-
action were found to be similar to those observed for the
RCM of 19. Thus, catalysts 6 and 8 show similar activity,
being once again the most efficient catalysts in this study
and outperforming second-generation catalysts 3 and 5.
Here, the reduced stability of catalyst 10 becomes more evi-
dent. After an initial period of high activity, the reaction
rate slows drastically and eventually complex 10 does not
catalyze this reaction to completion, reaching the final 90%
conversion after 100 min. Complexes 12 and 13 are the most
inefficient catalysts for this transformation in the present
study. Under the standard reaction conditions (30 8C, 1%
catalyst loading, 0.1m substrate, CD2Cl2), 12 levels off at
30% conversion after 8 min, whereas it takes 13 h for com-
plex 13 to lead the reaction to 95% conversion (Supporting
Information).


The formation of tetrasubstituted double bonds through
RCM is even more challenging and typically requires high
catalyst loadings and elevated reaction temperatures due to


Figure 4. RCM of diene 19 with catalysts 3, 5, and 6–13, at 30 8C.


Figure 5. RCM of diene 21 with catalysts 3, 5, and 6–11, at 30 8C.
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the increased steric bulk of the substrates.[9] In the model
RCM reaction of diethyldimethallyl malonate catalysts 6
and 8 are the most efficient, affording 30% and 21% of the
ring-closed product respectively, after four days at 30 8C
(Supporting Information). Complexes 11 and 13 do not ring-
close diethyldimethallyl malonate. Catalysts 3 and 5 catalyze
the same reaction in 17% and 6% respectively.


Ring-opening metathesis polymerization (ROMP) activity
of the new catalysts : The ROMP of cyclic strained olefins is
one of the earliest commercial application of olefin metathe-
sis.[1,25] As such, we studied the catalytic activity of the new
unsymmetrical catalysts in the ROMP of 1,5-cyclooctadiene
(23) by 1H NMR spectroscopy. The conversion to the prod-
uct polyalkenamer (24) over time with catalysts 3 and 5–11
is represented in Figure 6. Interestingly, the reactivity trends


observed for the fluorinated phosphine-free catalysts (7, 9,
and 11) in RCM invert in the ROMP of 1,5-cyclooctadiene.
Thus, catalyst 11 is the most reactive fluorinated phosphine-
free catalyst, leading the reaction to >99% conversion in
60 min. In this reaction, complexes 3, 5, and 8 are the most
efficient catalysts, showing very similar behavior with re-
spect to reactivity. Moreover, since the stability of a catalyst
does not have a very important impact in the ROMP of
23,[24] complex 12 is also a competent catalyst in this reaction
(>99% conversion in 13 min, Supporting Information).


Cross-metathesis (CM) activity of the new catalysts : When
compared to RCM and ROMP, CM is certainly an under-
utilized olefin metathesis transformation. The basic reason
lies in the fact that CM is more challenging, as it lacks the
entropic driving force of RCM and the ring-strain release of
ROMP. Additionally, CM reactions often lead to relatively
low statistical yields of the desired cross-product, as well as


poor E/Z cross-product selectivity.[26] It is also important to
note that in CM, the E/Z selectivity at high conversion is
governed by thermodynamic factors; that is, secondary
metathesis promotes isomerization of the product to the
thermodynamically favored E isomer. The development of
catalysts that could efficiently control E/Z selectivity in CM
reactions still represents a major challenge.[15,19,24, 26] In our
present study, we chose to evaluate catalysts 8–13 in the CM
of allyl benzene (25) with cis-1,4-diacetoxy-2-butene (26).
As shown in Figure 7, catalysts 6–11 demonstrate activity
similar to or higher than the second-generation catalysts 3
and 5. While catalysts 3 and 5 lead the reaction to 79% and
72% conversion, respectively, catalysts 9–11 are more effi-
cient reaching a �88% yield of the desired cross-product
(27). As illustrated in the plots of the E/Z ratio of cross-
product versus conversion to cross-product (Figure 7), cata-
lysts 6–11 are also more Z selective than catalysts 3 and 5,
at conversions above 60%. For example, catalyst 3 affords
an E/Z ratio of �10 at 79% conversion, whereas at the
same conversion catalysts 6–11 give an E/Z ratio of about
5.5.


Figure 6. ROMP of 23 with catalysts 3, 5, and 6–11, at 30 8C.


Figure 7. CM of 25 with 26 using catalysts 3, 5, and 6–11.
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Finally, complexes 12 and 13 are rather poor CM catalysts,
showing lower reactivity than all other catalysts in this
study. Additionally, the E/Z profile of catalysts 12 and 13 is
very similar to that of catalysts 3 and 5 (Supporting Infor-
mation).


Kinetic studies on the initiation of the new catalysts : We
next determined the activation parameters for the initiation
of catalysts 7–13 by utilizing the rapid, quantitative, and ir-
reversible reaction of these complexes with butyl vinyl
ether. This reaction affords a Fischer carbene, generally con-
sidered to be an inactive metathesis species.[27] The initiation
experiments were carried out in [D8]toluene (catalysts 8 and
10–13) or [D6]benzene (catalysts 7 and 9), according to liter-
ature procedures.[28] The reactions between complexes 7–13
and butyl vinyl ether were carried out at four or five differ-
ent temperatures, at 0.15m olefin concentration; the activa-
tion parameters were then extracted from the resulting
Eyring plots (Supporting Information). The obtained activa-
tion parameters are summarized in Table 1 and a represen-
tative Eyring plot is shown in Figure 8. To probe the de-
pendence of the initiation rate on the olefin concentration,
the initiation rates were also measured at 0.45 and 1.35m


olefin concentration at a selected temperature (Supporting
Information).


The rate constants for all phosphine-containing catalysts
were found to be independent of olefin concentration rela-
tive to [Ru], suggesting rate-determining phosphine dissoci-
ation. The large and positive values for DS� for all phos-
phine-containing catalysts in Table 1 are also indicative of a
dissociative mechanism.[28] Complex 12 has the lowest free
energy of activation, being the fastest initiating catalyst in
the present study. Unfortunately, as mentioned above, the
lack of stability makes this complex a very poor olefin meta-
thesis catalyst. As also illustrated in Table 1, catalysts 6 and
8 have essentially the same free energy of activation, initiat-
ing about 4 times faster than the parent complex 3.


The rate constants in the reactions of the phosphine-free
catalysts with butyl vinyl ether, in sharp contrast to the cor-
responding reactions of the phosphine-containing catalysts,
show a first-order dependence on olefin concentration rela-
tive to [Ru] (Supporting Information). Moreover, the DS�


values for the phosphine-free complexes in Table 1 are both
negative and large, also indicative of an associative mecha-
nism. The values for DH� in the two cases of phosphine-
containing and phosphine-free catalysts are quite different
as well.[30] Catalyst 13 has the highest free energy of activa-
tion in Table 1, being the poorest initiating catalyst in the
present study. As discussed in the previous sections, this was
also observed in the RCM, ROMP, and CM reactivity of
catalyst 13.


Studies on the electronic properties of the new unsymmetri-
cal NHCs : Electron-rich and bulky NHC ligands display ex-
cellent s-donating ability similar to electron-rich phosphines.
One of the most straightforward methods to study the elec-
tronic properties of an NHC ligand is through the measure-
ment of the carbonyl stretching frequencies in the corre-
sponding [Rh(CO)2X ACHTUNGTRENNUNG(NHC)] complexes.[31] Since the CO
stretching frequencies (wavenumbers) in these complexes
are inversely proportional to the p-back-donation from the
metal center, the more basic the NHC the more important
the p-back-donation from the metal and, therefore, the
lower the stretching frequency of the CO ligands.
Chlorodicarbonyl ACHTUNGTRENNUNG(carbene)rhodium(I) complexes 29–33
were easily prepared by transmetalation from the corre-
sponding AgI complexes. For the preparation of 29, 30, and
32 we used [{Rh(CO)2Cl}2] as rhodium source, whereas in
the case of 31 and 33 we used [{Rh ACHTUNGTRENNUNG(cod)Cl}2] (cod=cyclo-
octadiene). Complex 32, bearing a symmetrical NHC with
o-fluorinated aryl groups, was synthesized for comparison
reasons.[32] FT-IR spectroscopy of complexes 29–33 was car-
ried out in CH2Cl2. The measured CO stretching frequencies
I and II (Table 2) indicate that the parent ligand (H2IMes)
has the highest s-donating ability in this series of ligands. In
contrast, the ligand that induces the lowest electron density
at the metal center is the tetrafluorinated symmetrical NHC
in 32, with the unsymmetrical N-pentafluorophenyl NHC in
31 being the second least basic ligand. Finally, the NHCs in
Rh complexes 29, 30, and 33 have identical s-donor and p-
acceptor properties. Overall, there is a shift of the CO
stretching frequencies in Rh complexes 28–33 as a function


Table 1. Activation parameters for the initiation of catalysts 3, 5, and 6–
13.


Catalyst DH�


[kcalmol�1]
DS�


[calmol�1K�1]
DG� (303 K)
[kcalmol�1]


3[a] 27�2 +13�6 23.0�0.4
6[b] 27�2 +19�9 21.78�0.08
8 26�2 +16�5 21.67�0.03
10 26�3 +15�9 22.05�0.07
5[c] 15.2�0.8 �19�3 20.69�0.02
7 12�2 �32�5 21.94�0.06
9 14�2 �26�7 22.09�0.08
11 16�1 �20�3 21.62�0.04
12 38�2 +66�8 17.9�0.2
13 17.6�0.7 �22�2 24.07�0.07


[a] Reference[28]. [b] Reference [15]. [c] Reference [29].


Figure 8. Eyring plot for the reaction of catalyst 9 with butyl vinyl ether.
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of the number of fluorine atoms on the N-aryl sybstituents
of the NHC. However, with the exception of the phosphine-
free catalysts in RCM reactions, there is no evident correla-
tion between the electronic properties of the NHCs and the
efficiency of the corresponding ruthenium catalysts for the
present series of catalysts.[33]


Conclusion


A series of ruthenium-based metathesis catalysts bearing un-
symmetrical NHC ligands has been prepared and completely
characterized. All of these complexes are competent cata-
lysts for ring-closing metathesis, cross metathesis, and ring-
opening metathesis polymerization, in some cases surpassing
in efficiency the existing second-generation catalysts. In the
cross metathesis of allyl benzene with cis-1,4-diacetoxy-2-
butene, all new catalysts afford improved E/Z ratios of the
desired cross-product at conversions above 60%. The influ-
ence of the unsymmetrical NHC ligands on the initiation
rate and the activation parameters in the reaction of the cor-
responding ruthenium complexes with butyl vinyl ether was
also studied. The results from these experiments suggest ini-


tiation of the phosphine-containing catalysts by the well-es-
tablished dissociative mechanism. In the case of the phos-
phine-free catalysts the initiation mechanism is most proba-
bly associative. Finally, the synthesis of the related
[Rh(CO)2Cl ACHTUNGTRENNUNG(NHC)] complexes allowed the study of the
electronic properties of the new unsymmetrical NHC li-
gands. It was found that although there is a shift of the CO
stretching frequencies in these Rh complexes as a function
of the number of fluorine atoms on the N-aryl substituents
of the NHC, there is no correlation between the electronic
properties of the NHCs and the efficiency of the corre-
sponding ruthenium catalysts for the present series of cata-
lysts.


Experimental Section


Materials and general procedures : Unless otherwise indicated, all com-
pounds were purchased from Aldrich or Fisher. Catalyst 2 was obtained
from Materia. Silica gel used for the purification of organometallic com-
plexes was obtained from TSI Scientific, Cambridge, MA (60 K, pH 6.5–
7.0). Oxomesitylacetyl chloride was prepared by a method reported by
Mol and co-workers.[11] All reactions involving metal complexes were
conducted in oven-dried glassware under an argon or nitrogen atmos-
phere with anhydrous solvents, by using standard Schlenk and glovebox
techniques. Anhydrous solvents were obtained by elution through a sol-
vent column drying system.[34] The screening of the catalysts, in ring-clos-
ing metathesis, cross metathesis, and ring-opening metathesis polymeri-
zation reactions was conducted according to literature procedures.[24]


NMR spectra were measured on Varian Inova 500 and Varian Mercury
300 spectrometers. NMR chemical shifts are reported in ppm downfield
from Me4Si, by using the residual solvent peak as internal standard for
1H and 13C, and H3PO4 (d=0.0 ppm) for 31P. Gas chromatography data
was obtained using an Agilent 6850 FID gas chromatograph equipped
with a DB-Wax Polyethylene Glycol capillary column (J&W Scientific).
IR spectra were recorded on a Perkin-Elmer Paragon 1000 spectropho-
tometer. X-ray crystallographic structures were obtained by Larry M.
Henling and Dr. Michael W. Day of the California Institute of Technolo-
gy Beckman Institute X-ray Crystallography Laboratory. CCDC-660407
(8), CCDC-660408 (9) and CCDC-627196 (13) contain 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.


N-(2,4,6-Trifluorophenyl)oxanilic acid ethyl ester (15a): 2,4,6-Trifluoroa-
niline (2.94 g, 20.0 mmol, 1.0 equiv) and dry triethylamine (2.79 mL,
20.0 mmol, 1.0 equiv) were dissolved in dry THF (40 mL) under nitrogen.
This solution was cooled to 0 8C, and ethyl chlorooxoacetate (2.22 mL,
20.0 mmol, 1.0 equiv) was added dropwise. Precipitation of a white solid
(triethylammonium chloride) occurred immediately upon addition. The
suspension was allowed to stir for 16 h, warming to room temperature.
The solid was filtered off, washed with diethyl ether (50 mL), and the
combined organic layer was washed with an aqueous saturated NH4Cl so-
lution until pH 6. This organic layer was then washed with brine (80 mL)
and dried over MgSO4. The solvent was removed under reduced pressure,
leaving a yellow solid that was washed with hexanes (3P6 mL) to afford
15a as a white crystalline solid (3.31 g, 13.4 mmol, 67% yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=8.31 (br s, 1H), 6.81–6.76 (m, 2H), 4.43 (q,
3J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 1.44 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 3H); 13C{1H} NMR
(75 MHz, CDCl3, 25 8C; due to extensive fluorine coupling, coupling con-
stants are not given and resonances are reported as peaks): d =163.47–
163.08 (m), 160.02–159.69 (m), 156.62–156.32 (m), 154.90, 101.50–100.78
(m), 64.11, 14.16 ppm; 19F{1H} NMR (282 MHz, CDCl3, 25 8C): d=


�107.80, �113.93 ppm; HRMS (FAB+): m/z calcd for C10H9NO3F3 [M
+]:


248.0535; found: 248.0536.


Table 2. Carbonyl stretching frequencies for rhodium complexes 28–33.


Compound nCO I [cm
�1] nCO II [cm


�1]


28[a] 2081 1996
29 2081 2000
30 2081 2000
31 2083 2005
32 2085 2005
33 2081 2000


[a] Reference [31a].
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N-(2,4,6-Trifluorophenyl)-N’-mesityloxalamide (16a): Compound 15a
(2.47 g, 10.0 mmol, 1.0 equiv) was suspended in 2,4,6-trimethylaniline
(2.53 mL, 18.0 mmol, 1.8 equiv) in a dry Schlenk tube under nitrogen.
The tube was sealed and the suspension was stirred at 180 8C for 16 h.
Upon being cooled to room temperature, the reaction mixture solidified.
The orange-brown solid was washed with diethyl ether (4P5 mL) and
hexanes (2P5 mL), leaving 16a as a white solid (1.41 g, 4.2 mmol, 42%
yield). 1H NMR (300 MHz, CDCl3, 25 8C): d=9.07 (br s, 1H), 8.81 (br s,
1H), 6.90 (s, 2H), 6.79–6.74 (m, 2H), 2.29 (s, 3H), 2.18 ppm (s, 6H);
13C{1H} NMR (75 MHz, CDCl3, 25 8C; due to extensive fluorine coupling,
coupling constants are not given and resonances are reported as peaks):
d=159.91–159.62 (m), 158.74, 157.41, 156.55–156.25 (m), 137.94, 134.93,
129.58, 129.26, 101.44–100.71 (m), 21.17, 18.52 ppm; 19F{1H} NMR
(282 MHz, CDCl3, 25 8C): d=�108.18, �113.65 ppm; HRMS (FAB+):
m/z calcd for C17H16N2O2F3 [M


+]: 337.1164; found: 337.1164.


N-(2,4,6-Trifluorophenyl)-N’-mesityl-1,2-ethanediamine dihydrochloride
(17a): In a dry, high pressure tube containing 16a (1.68 g, 5.0 mmol,
1.0 equiv), BH3·THF (1m in THF) (25 mL, 25.0 mmol, 5.0 equiv) was
added under nitrogen. The tube was sealed and the solution was stirred
at 70 8C for 16 h. Once the reaction mixture had cooled to room tempera-
ture, the clear yellowish solution was slowly added to methanol (50 mL)
at 0 8C. Concentrated aqueous HCl solution (1.8 mL) was also slowly
added at 0 8C. When all bubbling ceased, the solvent was removed under
reduced pressure. The resulting solid was dissolved in methanol and the
solvent was again removed under reduced pressure. This was repeated
twice more to remove the remaining boron as B ACHTUNGTRENNUNG(OMe)3. The remaining
white solid was finally washed with diethyl ether (2P5 mL) to provide
the desired product as a white powder (1.53 g , 4.0 mmol, 80% yield).
1H NMR (300 MHz, [D6]DMSO, 25 8C): d=7.11–7.05 (m, 2H), 6.96 (s,
2H), 3.59–3.33 (m, 4H), 2.48 (s, 6H), 2.37 ppm (s, 3H); 13C{1H} NMR
(75 MHz, [D6]DMSO, 25 8C; due to extensive fluorine coupling, coupling
constants are not given and resonances are reported as peaks): d=


152.51–152.34 (m), 138.26, 131.82, 130.31, 124.95–124.60 (m), 116.97–
116.64 (m), 111.86–111.43 (m), 50.57, 41.32, 20.16, 17.57 ppm; 19F{1H}
NMR (300 MHz, [D6]DMSO, 25 8C): d=�123.19, �125.29 ppm; HRMS
(FAB+): m/z calcd for C17H20N2F3 [M


+]: 309.1579; found: 309.1587.


1-(2,4,6-Trifluorophenyl)-3-mesityl-4,5-dihydroimidazolium chloride
(18a): A suspension of 17a (1.53 g, 4.0 mmol, 1.0 equiv) in triethylortho-
formate (13.3 mL, 80.0 mmol, 20.0 equiv) was heated at 135 8C for 30 min
under nitrogen. Upon cooling to room temperature, the solids were fil-
tered of and washed with diethyl ether (3P10 mL) to provide the desired
product as a white solid (1.28 g , 3.6 mmol, 90% yield). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d =9.59 (s, 1H), 7.64–7.58 (m, 2H), 7.07
(s, 2H), 4.58–4.64 (m, 4H), 2.30 (s, 6H), 2.26 ppm (s, 3H); 13C{1H} NMR
(75 MHz, [D6]DMSO, 25 8C; due to extensive fluorine coupling, coupling
constants are not given and resonances are reported as peaks): d=


162.15–161.19 (m), 140.54, 135.78, 131.32, 130.17, 124.97–124.79 (m),
111.93–111.39 (m), 103.15–102.37 (m), 52.20, 52.06, 21.24, 17.78 ppm;
19F{1H} NMR (282 MHz, [D6]DMSO, 25 8C): d=�105.45, �116.29 ppm;
HRMS (FAB+): m/z calcd for C18H18N2F3 [M+]: 319.1422; found:
319.1421.


ACHTUNGTRENNUNG[RuCl2{1-(2,4,6-trifluorophenyl)-3-mesityl-4,5-dihydroimidazol-2-ylidene}-
ACHTUNGTRENNUNG(=CH�Ph) ACHTUNGTRENNUNG(PCy3)] (8): In a glove box, 18a (355 mg, 1.0 mmol, 2.0 equiv)
and KHMDS (337 mg, 1.0 mmol, 2.0 equiv) were stirred in benzene
(10 mL) at room temperature for 30 min. Catalyst 2 (411 mg, 500 mmol,
1.0 equiv) was added as a solid in one portion, and the reaction flask was
taken out of the glove box and heated under a nitrogen atmosphere at
80 8C for 30 min. The solution was concentrated to 2 mL in vacuo and
poured onto a column packed with TSI Scientific silica gel. The complex
was eluted with hexanes/diethyl ether (2:1) as a red band. This was con-
centrated in vacuo, transferred in a glove box, dissolved in the minimum
amount of benzene and lyophilized to afford the desired complex as a
violet solid (345 mg, 401 mmol, 80% yield). Crystals suitable for X-ray
crystallography were grown at room temperature by slow diffusion of
hexanes into a solution of 8 in benzene. 1H NMR (500 MHz, CD2Cl2,
25 8C): d=19.48 (s, 1H-minor), 19.12 (s, 1H-major), 7.47–6.88 (m, 9H-
major, 9H-minor), 4.10–3.90 (m, 4H-major, 4H-minor), 2.62–1.00 ppm
(m, 42H-major, 42H-minor); 13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due


to extensive fluorine coupling and the existence of two rotational iso-
mers, coupling constants are not given and resonances are reported as
peaks): d =297.57 (major), 293.43 (minor), 223.44, 222.80, 164.00–163.84
(m), 162.94–162.76 (m), 160.89–160.69 (m), 155.69–155.42 (m), 152.31–
152.21 (m), 152.02–151.86 (m), 151.21, 142.89–142.75 (m), 138.87, 138.24,
136.90–136.77 (m), 136.59, 135.09, 131.02–130.50 (m), 130.00, 129.18,
128.91, 128.53, 128.02–127.83 (m), 101.87–101.44 (m), 101.03–100.60 (m),
53.10–53.05 (m), 52.76, 52.22, 52.20, 32.15, 32.02, 31.96, 31.83, 29.26,
28.00, 27.92, 27.84, 26.39, 26.36, 21.07, 20.86, 19.68, 18.28 ppm; 31P{1H}
NMR (121 MHz, CD2Cl2, 25 8C) d=31.94 (s, minor), 27.33 ppm (s,
major); 19F{1H} NMR (282 MHz, CD2Cl2, 25 8C): d=�105.01 (d, major,
JFF=18 Hz), �106.15 (br s, major), �108.25 (d, minor, JFF=18 Hz),
�114.02 ppm (br s, minor); HRMS (FAB+): m/z calcd for
C43H56N2F3Cl2PRu [M+]: 860.2554; found: 860.2536.


ACHTUNGTRENNUNG[RuCl2(1-(2,4,6-trifluorophenyl)-3-mesityl-4,5-dihydroimidazol-2-yli-
dene)(=CH-o-iPrO�Ph)] (9): In a glovebox, a vial was charged with
complex 8 (172 mg, 200 mmol, 1.0 equiv), toluene (4 mL), and o-isopro-
poxy-b-methylstyrene (175 mg, 4.0 mmol, 20.0 equiv). The dark red solu-
tion was stirred for 10 min and then left inside the capped vial without
stirring at room temperature. After 48 h the desired complex had precipi-
tated as dark green crystals. The supernatant brown liquid was decanted
off; the crystals were washed with pentanes (3P10 mL) and dried in
vacuo to afford complex 9 (109 mg, 171 mmol, 85% yield). Crystals suita-
ble for X-ray crystallography were grown at room temperature by slow
diffusion of hexanes into a solution of 9 in benzene. 1H NMR (500 MHz,
CD2Cl2, 25 8C): d=16.10 (s, 1H), 7.56–7.53 (m, 2H), 7.12 (s, 2H), 6.94–
6.89 (m, 4H), 5.00 (septet, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 1H), 4.25–4.15 (m, 4H), 2.47
(s, 3H), 2.30 (s, 6H), 1.36 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 6H); 13C{1H} NMR
(125 MHz, CD2Cl2, 25 8C; due to extensive fluorine coupling, coupling
constants are not given and resonances are reported as peaks): d=


292.19, 215.59, 164.56–164.32 (m), 163.31–163.14 (m), 163.31–163.14 (m),
162.43–162.32 (m), 161.27–161.10 (m), 152.45, 144.53, 139.46, 137.93,
137.50, 129.91, 129.85, 122.61, 122.51, 113.11, 101.45–101.04 (m), 75.50,
53.15, 51.84, 21.29, 21.16, 17.96 ppm; 19F{1H} NMR (282 MHz, CD2Cl2,
25 8C): d=�103.97, �106.17 ppm; HRMS (FAB+): m/z calcd for
C28H29N2OF3Cl2Ru [M+]: 638.0653; found: 638.0658.


N-(2,3,4,5,6-Pentafluorophenyl)-N’-mesityloxalamide (16b): Compound
15b (1.35 g, 6.0 mmol, 1.0 equiv) was added to a solution of 2,3,4,5,6-pen-
tafluoroaniline (2.42 g, 13.2 mmol, 2.2 equiv) in dry THF (60 mL) under
nitrogen. After stirring the reaction mixture at room temperature for 2 h,
the solvent was evaporated under reduced pressure. The remaining solid
was washed with hexanes (3P10 mL) and dried under high vacuum to
afford the desired compound as a white solid (2.12 g, 5.7 mmol, 95%
yield). 1H NMR (300 MHz, CDCl3, 25 8C): d=9.14 (br s, 1H), 8.68 (br s,
1H), 6.92 (s, 2H), 2.30 (s, 3H), 2.20 ppm (s, 6H); 13C{1H} NMR (75 MHz,
CDCl3, 25 8C; due to extensive fluorine coupling, coupling constants are
not given and resonances are reported as peaks): d =158.68, 157.12,
144.83–144.44 (m), 142.61–142.14 (m), 141.48–141.19 (m), 139.85–139.41
(m), 139.23–138.75 (m), 138.10, 136.55–136.06 (m), 134.80, 129.30, 129.12,
111.07–110.52 (m), 21,08, 18.34 ppm; 19F{1H} NMR (282 MHz, CDCl3,
25 8C): d=�143.95 (d, J ACHTUNGTRENNUNG(19F,19F)=18 Hz), �155.28 to �155.45 (m),
�161.85 ppm (t, J ACHTUNGTRENNUNG(19F,19F)=18 Hz); HRMS (EI+): m/z calcd for
C17H13N2O2F5 [M


+]: 372.0897; found: 372.0893.


N-(2,3,4,5,6-Pentafluorophenyl)-N’-mesityl-1,2-ethanediamine dihydro-
chloride (17b): This was synthesized analogously to 17a starting with 16b
(white powder, 60% isolated yield). 1H NMR (300 MHz, [D6]DMSO,
25 8C): d =6.95 (s, 2H), 3.76 (t, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 2H), 3.39 (t, 3J ACHTUNGTRENNUNG(H,H)=


6 Hz, 2H), 2.44 (s, 6H), 2.20 ppm (s, 3H); 13C{1H} NMR (75 MHz,
[D6]DMSO, 25 8C; due to extensive fluorine coupling, coupling constants
are not given and resonances are reported as peaks): d=139.92–139.63
(m), 139.50–139.18 (m), 138.99, 136.89–136.01 (m), 134.25–133.88 (m),
132.60, 131.39, 130.99, 124.46–124.12 (m), 50.94, 41.81, 20.81, 18.39 ppm;
19F{1H} NMR (282 MHz, [D6]DMSO, 25 8C): d=�159.54 to �159.65 (m),
�165.66 to �165.81 (m), �174.82 to �174.92 ppm (m); HRMS (FAB+):
m/z calcd for C17H18N2F5 [M


+]: 345.1390; found: 345.1396.


1-(2,3,4,5,6-Pentafluorophenyl)-3-mesityl-4,5-dihydroimidazolium chlo-
ride (18b): A suspension of 17b (834 mg, 2.0 mmol, 1.0 equiv) in triethyl-
orthoformate (6.6 mL, 40.0 mmol, 20.0 equiv) was heated at 135 8C for
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5 min under argon. After cooling to room temperature, the solids were
filtered of and washed with diethyl ether (4P2 mL) to provide the de-
sired product as a white solid (622 mg, 1.7 mmol, 87% yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=10.47 (s, 1H), 6.89 (s, 2H), 4.68 (t, 3J-
ACHTUNGTRENNUNG(H,H)=11 Hz, 2H), 4.46 (t, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 2H), 2.26 ppm (s, 9H);
13C{1H} NMR (75 MHz, CDCl3, 25 8C; due to extensive fluorine coupling,
coupling constants are not given and resonances are reported as peaks):
d=162.10, 145.21–144.94 (m), 143.99–143.48 (m), 141.87–141.69 (m),
141.16, 139.96–139.65 (m), 136.66–136.27 (m), 134.78, 130.25, 130.08,
111.98–111.54 (m), 52.59, 52.03, 21.25, 17.92 ppm; 19F{1H} NMR
(282 MHz, CDCl3, 25 8C): d=�145.77 to �145.84 (m), �151.62 to
�151.75 (m), �160.23 to �160.36 ppm (m); HRMS (FAB+)m/z calcd for
C18H16N2F5 [M


+]: 355.1234; found: 355.1245.


ACHTUNGTRENNUNG[RuCl2{1-(2,3,4,5,6-pentafluorophenyl)-3-mesityl-4,5-dihydroimidazol-2-
ylidene} ACHTUNGTRENNUNG(=CH�Ph)ACHTUNGTRENNUNG(PCy3)] (10): In a glove box, 18b (195 mg, 500 mmol,
2.0 equiv), KHMDS (100 mg, 500 mmol, 2.0 equiv), and complex 2
(206 mg, 250 mmol, 1.0 equiv) were simultaneously dissolved in benzene
(5 mL). The reaction flask was taken out of the glove box and heated
under a nitrogen atmosphere at 80 8C for 20 min. The solution was con-
centrated to 2 mL in vacuo and poured onto a column packed with TSI
Scientific silica gel. The complex was eluted with hexanes/diethyl ether
(2:1) as a red band. This was concentrated in vacuo, transferred in a
glove box, dissolved in the minimum amount of benzene and lyophilized
to afford the desired complex as a violet solid (170 mg, 190 mmol, 76%
yield). 1H NMR (300 MHz, CD2Cl2, 25 8C): d =19.66 (s, 1H-minor), 19.07
(s, 1H-major), 7.55–6.99 (m, 7H-major, 7H-minor), 4.16–3.81 (m, 4H-
major, 4H-minor), 2.64–1.01 ppm (m, 42H-major, 42H-minor); 13C{1H}
NMR (125 MHz, CD2Cl2, 25 8C; due to extensive fluorine coupling and
the existence of two rotational isomers, coupling constants are not given
and resonances are reported as peaks): d=297.98 (major), 292.73
(minor), 223.71 (d, 2J ACHTUNGTRENNUNG(13C,31P)=18 Hz), 223.10 (d, 2J ACHTUNGTRENNUNG(13C,31P)=13 Hz),
164.82, 151.35, 150.71, 147.48–147.31 (m), 146.29–145.92 (m), 145.53–
145.28 (m), 144.20–143.92 (m), 143.25–143.00 (m), 139.05–138.66 (m),
138.24–138.00 (m), 137.23–136.85 (m), 136.48–136.25 (m), 135.93, 134.34,
131.60–131.22 (m), 130.67–130.20 (m), 129.75, 129.54, 128.993, 128.51,
127.83–127.44 (m), 126.41–126.14 (m), 125.41–125.10 (m), 117.56–117.31
(m), 116.00–115.76 (m), 52.63, 52.49, 52.16, 31.87, 31.74, 31.69, 31.56,
29.00, 27.63, 27.55, 27.51, 27.43, 26.08, 25.98, 20.74, 20.54, 19.31,
17.92 ppm; 31P{1H} NMR (121 MHz, CD2Cl2, 25 8C) d =32.47 (s, minor),
27.04 ppm (s, major); 19F{1H} NMR (282 MHz, CD2Cl2, 25 8C): d=


�136.09, �144.05, �144.35, �152.96 (t, J ACHTUNGTRENNUNG(19F,19F)=24 Hz), �155.60 (t, J-
ACHTUNGTRENNUNG(19F,19F)=24 Hz), �161.35, �161.42, �161.79 (br s), �162.39 (br s),
�163.45 (br s), �166.07 ppm (t, J ACHTUNGTRENNUNG(19F,19F)=24 Hz); HRMS (FAB+): m/z
calcd for C43H54N2F5Cl2PRu [M+]: 896.2366; found: 896.2363.


ACHTUNGTRENNUNG[RuCl2{1-(2,3,4,5,6-pentafluorophenyl)-3-mesityl-4,5-dihydroimidazol-2-
ylidene}(=CH-o-iPrO�Ph)] (11): Inside a glovebox, a vial was charged
with complex 10 (120 mg, 134 mmol, 1.0 equiv), toluene (2 mL), and o-iso-
propoxy-b-methylstyrene (472 mg, 2.7 mmol, 20.0 equiv). The deep red
solution was stirred for 20 min and then left inside the capped vial with-
out stirring at room temperature. After 48 h the vial was removed from
the glove box and placed in an oil bath at 60 8C for 30 min. Upon cooled
to room temperature, the reaction mixture was poured onto a column
packed with TSI Scientific silica gel. The complex was eluted with hex-
anes/diethyl ether (2:1) as a green band. This was concentrated in vacuo,
transferred in a glove box, dissolved in the minimum amount of benzene
and lyophilized. The obtained solid was finally washed with pentanes (4P
1 mL) to afford the desired complex as a green powder (52 mg, 77 mmol,
57% yield). Crystals suitable for X-ray crystallography were grown at
room temperature by slow diffusion of hexanes into a solution of 11 in
benzene. 1H NMR (300 MHz, CD2Cl2, 25 8C): d=16.00 (s, 1H), 7.58–7.53
(m, 1H), 7.12 (s, 2H), 6.97–6.90 (m, 3H), 5.04 (septet, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
1H), 4.28–4.19 (m, 4H), 2.46 (s, 3H), 2.29 (s, 6H), 1.40 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6 Hz, 6H); 13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due to ex-
tensive fluorine coupling, coupling constants are not given and resonan-
ces are reported as peaks): d=271.96, 216.34, 152.21, 147.67–147.59 (m),
145.62–145.57 (m), 143.97, 143.42–143.16 (m), 141.37–141.11 (m), 139.36,
139.21–138.84 (m), 137.41, 136.86, 129.92, 129.60, 122.34, 115.85–115.59
(m), 112.84, 75.27, 51.58, 20.95, 20.83, 17.61 ppm; 19F{1H} NMR
(282 MHz, CD2Cl2, 25 8C): d=�134.98 (d, J ACHTUNGTRENNUNG(19F,19F)=18 Hz), �154.02 (t,


J ACHTUNGTRENNUNG(19F,19F)=24 Hz), �163.46 ppm (t, J ACHTUNGTRENNUNG(19F,19F)=24 Hz); HRMS (FAB+):
m/z calcd for C28H27N2F5Cl2ORu [M+]: 674.0465; found: 674.0437.


Phenyl chlorooxoacetate (14c): Phenol (15.64 g, 166.2 mmol, 1.0 equiv)
was dissolved in dry CH2Cl2 (150 mL) and oxalyl chloride (14.5 mL,
166.2 mmol, 1.0 equiv) was slowly added through a syringe. This solution
was cooled to 0 8C and dry triethylamine (23.2 mL, 166.2 mmol,
1.0 equiv) was added dropwise over a period of 30 min. Precipitation of a
white solid (triethylammonium chloride) was observed. The final orange
suspension was allowed to stir for 45 min as the reaction mixture warmed
to room temperature. The solid was filtered off, and the solvent of the fil-
trate was removed under reduced pressure to afford a tan solid. This was
suspended in hexanes (200 mL) and filtrated again to remove the remain-
ing triethylammonium chloride. The solvent was removed under reduced
pressure to afford 14c as an off-white solid (16.95 g, 92.1 mmol, 55%
yield). 1H NMR (300 MHz, CDCl3, 25 8C): d =7.55–7.50 (m, 2H), 7.44–
7.40 (m, 1H), 7.34–7.32 ppm (m, 2H); 13C{1H} NMR (75 MHz, CDCl3,
25 8C): d=161.38, 154.26, 150.39, 130.27, 127.66, 120.94 ppm; HRMS
(EI+): m/z calcd for C8H5ClO3 [M


+]: 183.9927; found: 183.9928.


N-(2,6-Difluorophenyl)oxanilic acid phenyl ester (15c): 2,6-difluoroani-
line (5.05 mL, 50.0 mmol, 1.0 equiv) and dry triethylamine (13.9 mL,
100.0 mmol, 2.0 equiv) were dissolved in dry THF (250 mL) under nitro-
gen. This solution was cooled to 0 8C, and 14c (11.07 g, 60.0 mmol,
1.2 equiv) was added in one portion. Precipitation of a white solid (tri-
ethylammonium chloride) occurred immediately upon addition. The sus-
pension was allowed to stir for 16 h as the reaction mixture warmed to
room temperature. The solid was filtered off and washed with diethyl
ether (200 mL). The combined organic layer was initially washed with an
aqueous saturated NH4Cl solution, until pH 6, then with brine (300 mL),
and dried over Na2SO4. The solvent was removed under reduced pressure
leaving a red viscous liquid that was vigorously stirred with hexanes until
a white-pink solid precipitated. This was washed with hexanes (3P6 mL)
to afford 15c as a white solid (9.32 g, 33.6 mmol, 67% yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=8.48 (br s, 1H), 7.48–7.41 (m, 2H), 7.35–
7.17 (m, 4H), 7.04 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H); 13C{1H} NMR (75 MHz,
CDCl3, 25 8C; due to extensive fluorine coupling, coupling constants are
not given and resonances are reported as peaks): d =159.51, 159.45,
158.79, 156.16, 156.10, 154.45, 150.40, 146.84, 129.93, 129.23, 129.10,
128.98, 127.09, 121.19, 112.41–112.29 (m), 112.14–112.06 ppm (m); 19F{1H}
NMR (282 MHz, CDCl3, 25 8C): d=�117.01; HRMS (FAB+): m/z calcd
for C14H10NO3F2 [M


+]: 278.0629; found: 278.0637.


N-(2,6-Difluorophenyl)-N’-(2,6-diisopropylphenyl)oxalamide (16c): Com-
pound 15c (5.54 g, 20.0 mmol, 1.0 equiv) was suspended in 2,6-diisopro-
pylaniline (12.68 mL, 70.0 mmol, 3.5 equiv) in a dry Schlenk tube under
nitrogen. The tube was sealed and the suspension was stirred at 180 8C
for 16 h. The resulting brown solid was washed with hexanes (5P15 mL)
leaving 16c as a white solid (5.05 g, 14.0 mmol, 70% yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d =8.94 (br s, 1H), 8.75 (br s, 1H), 7.39–7.22
(m, 4H), 7.04 (t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H), 3.05 ppm (septet, 3J ACHTUNGTRENNUNG(H,H)=7 Hz,
2H), 1.22 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 12H); 13C{1H} NMR (75 MHz, CDCl3,
25 8C; due to extensive fluorine coupling, coupling constants are not
given and resonances are reported as peaks): d=158.56, 158.41, 156.02,
155.81, 153.22, 146.06, 129.50, 129.25, 128.72, 123.99, 112.41–112.33 (m),
112.18–112.10 (m), 29.16, 23.89 ppm; 19F{1H} NMR (282 MHz, CDCl3,
25 8C): d=�116.95 ppm; HRMS (FAB+): m/z calcd for C20H23N2O2F2


[M+]: 361.1728; found: 361.1731.


N-(2,6-Difluorophenyl)-N’-(2,6-diisopropylphenyl)-1,2-ethanediamine di-
hydrochloride (17c): This compound was synthesized analogously to 17a
starting with 16c (white powder, 67% isolated yield). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d=7.41–7.20 (m, 3H), 6.99–6.94 (m, 2H),
6.73–6.63 (m, 1H), 3.76–3.66 (m, 2H), 3.28–3.19 (m, 4H), 1.14 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6 Hz, 12H); 13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C; due to
extensive fluorine coupling, coupling constants are not given and reso-
nances are reported as peaks): d =155.00, 154.62, 151.33, 151.08, 150.70,
143.35, 142.10, 130.43, 130.21, 126.33, 112.72–112.32 (m), 112.14–111.92
(m), 27.89, 25.18 ppm; 19F{1H} NMR (282 MHz, [D6]DMSO, 25 8C): d=


�129.06 ppm; HRMS (FAB+): m/z calcd for C17H21N2F2 [M
+]: 291.1673;


found: 291.1672.
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1-(2,6-Difluorophenyl)-3-(2,6-diisopropylphenyl)-4,5-dihydroimidazolium
chloride (18c): This compound was synthesized analogously to 18a start-
ing with 17c (white solid, 98% yield). 1H NMR (300 MHz, [D6]DMSO,
25 8C): d=9.55 (s, 1H), 7.66–7.41 (m, 6H), 4.72 (t, 3J ACHTUNGTRENNUNG(H,H)=10 Hz, 2H),
4.43 (t, 3J ACHTUNGTRENNUNG(H,H)=10 Hz, 2H), 3.05 (septet, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 1.29 (d,
3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H), 1.20 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H); 13C{1H} NMR
(75 MHz, [D6]DMSO, 25 8C; due to extensive fluorine coupling, coupling
constants are not given and resonances are reported as peaks): d=


161.44, 158.82, 155.47, 146.68, 142.10, 131.88, 130.54, 125.60, 114.35–
113.60 (m), 54.79, 52.21, 28.63, 25.43, 24.29 ppm; 19F{1H} NMR
(282 MHz, [D6]DMSO, 25 8C): d=�119.89 ppm; HRMS (FAB+): m/z
calcd for C21H25N2F2 [M


+]: 343.1986; found: 343.1987.


ACHTUNGTRENNUNG[RuCl2{1-(2,6-difluorophenyl)-3-(2,6-diisopropylphenyl)-4,5-dihydroimi-
dazol-2-ylidene} ACHTUNGTRENNUNG(=CH�Ph)ACHTUNGTRENNUNG(PCy3)] (12): Inside a glove box, 18c (265 mg,
772 mmol, 1.3 equiv) and KHMDS (140 mg, 772 mmol, 1.3 equiv) were
stirred in benzene (30 mL) at room temperature for 80 min. Complex 2
(443 mg, 551 mmol, 1.0 equiv) was added as a solid in one portion, and
the reaction flask was taken out of the glove box and stirred under a ni-
trogen atmosphere at room temperature for 4 h. The solvent was com-
pletely removed in vacuo. The residual solid was dissolved in a mixture
of hexanes/diethyl ether (3 mL, 5:1) and poured onto a column packed
with TSI Scientific silica gel. The desired complex was eluted with hex-
anes/diethyl ether (5:1) as a brown band. This was concentrated in vacuo,
transferred in a glove box, dissolved in the minimum amount of benzene,
and lyophilized to afford complex 12 as a brown solid (212 mg, 240 mmol,
44% yield). 1H NMR (500 MHz, CD2Cl2, 25 8C): d=19.41 (s, 1H-minor),
19.13 (s, 1H-major), 7.52–6.69 (m, 11H-major, 11H-minor), 4.16–3.89 (m,
4H-major, 4H-minor), 2.65–0.90 ppm (m, 47H-major, 47H-minor);
13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due to extensive fluorine cou-
pling and the existence of two rotational isomers, coupling constants are
not given and resonances are reported as peaks): d=297.11 (major),
294.19 (minor), 223.08, 222.45, 192.43, 162.40, 160.36, 152.06, 151.25,
138.78, 138.15, 136.89, 136.72, 135.32, 134.59, 131.36, 131.29, 131.21,
130.12, 129.98, 129.78, 129.16, 128.67, 128.42, 127.92, 126.66, 112.79,
112.63, 111.90, 111.74, 53.17, 52.16, 35.70, 35.22, 34.00, 33.87. 32.03, 31.90,
31.77, 29.19, 27.96, 27.88, 27.20, 27.11, 26.55, 26.41, 21.06, 20.86, 19.70,
18.32 ppm; 31P{1H} NMR (121 MHz, CD2Cl2, 25 8C) d =31.59 (s, minor),
27.59 ppm (s, major); 19F{1H} NMR (282 MHz, CD2Cl2, 25 8C): d=


�110.26 (s, major), �117.22 ppm (s, minor); HRMS (FAB+): m/z calcd
for C46H63N2F2Cl2PRu [M+]: 884.3118; found: 884.3126.


ACHTUNGTRENNUNG[RuCl2{1-(2,6-difluorophenyl)-3-(2,6-diisopropylphenyl)-4,5-dihydroimi-
dazol-2-ylidene}(=CH-o-iPrO�Ph)] (13): This complex was synthesized
and purified analogously to complex 9 starting with 12 (green powder,
85% yield). Crystals suitable for X-ray crystallography were grown at
room temperature by slow diffusion of hexanes into a solution of 13 in
benzene. 1H NMR (500 MHz, CD2Cl2, 25 8C): d =16.10 (s, 1H), 7.64 (t, 3J-
ACHTUNGTRENNUNG(H,H)=8 Hz, 1H), 7.52–7.48 (m, 2H), 7.43 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H), 7.12
(t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H), 6.89–6.86 (m, 2H), 4.95 (septet, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
1H), 4.27–4.15 (m, 4H), 3.26 (septet, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 1.34 (d, 3J-
ACHTUNGTRENNUNG(H,H)=6 Hz, 6H), 1.28 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H), 0.90 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=


7 Hz, 6H); 13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due to extensive fluo-
rine coupling, coupling constants are not given and resonances are re-
ported as peaks): d=289.19, 215.68, 162.85, 160.82, 152.74, 148.48, 144.00,
137.47, 131.42, 131.33, 131.26, 130.02, 129.65, 125.16, 122.50, 122.23,
113.12, 112.55, 112.53, 112.40, 112.37, 75.50, 56.28, 51.66, 28.16, 25.70,
23.79, 21.49 ppm; 19F{1H} NMR (282 MHz, CD2Cl2, 25 8C): d=


�107.90 ppm; HRMS (FAB+): m/z calcd for C31H36N2OF2Cl2Ru [M+]:
662.1217; found: 662.1195.


General method for the synthesis of chlorodicarbonyl ACHTUNGTRENNUNG(carbene) rho-
dium(I) complexes 29, 30, and 32 : In a glovebox, the corresponding 4,5-
dihydro-imidazolium chloride (500 mmol, 1.0 equiv), along with silver(I)
oxide (250 mmol, 0.5 equiv), and 4 K molecular sieves (170 mg) were sus-
pended in CH2Cl2 (4 mL) in the dark. The reaction mixture was stirred at
room temperature for 1.5 h, passed through a short celite pad, and then
added to a solution of [{Rh(CO)2Cl}2] (97 mg, 250 mmol, 0.5 equiv) in
CH2Cl2 (2 mL). This reaction mixture was stirred for an additional 1.5 h
in the dark and then passed through a short celite pad. The solvent was
removed in vacuo, and the resulting solid was washed with pentanes (5P


2 mL) and dried under high vacuum to afford the desired complex as a
powder. (65–75% isolated yield).


General method for the synthesis of chlorodicarbonyl ACHTUNGTRENNUNG(carbene) rho-
dium(I) complexes 31 and 33 : Inside a glovebox, the corresponding 4,5-
dihydro-imidazolium chloride (500 mmol, 1.0 equiv), along with silver(I)
oxide (250 mmol, 0.5 equiv), and 4 K molecular sieves (170 mg) were sus-
pended in CH2Cl2 (4 mL) in the dark. The reaction mixture was stirred at
room temperature for 1.5 h, passed through a short celite pad, and then
added to a solution of [{Rh ACHTUNGTRENNUNG(cod)Cl}2] (123 mg, 250 mmol, 0.5 equiv) in
CH2Cl2 (2 mL).The new reaction mixture was stirred for an additional
1.5 h in the dark and then passed through a short celite pad. This solution
was taken out of the glove box, and poured onto a column packed with
TSI Scientific silica gel. The column was initially flushed with CH2Cl2.
The desired [Rh ACHTUNGTRENNUNG(cod)ClACHTUNGTRENNUNG(NHC)] complex was then eluted with EtOH/
CH2Cl2 (2:100) as a yellow band. This was concentrated in vacuo, trans-
ferred in a glove box, dissolved in the minimum amount of benzene and
lyophilized. The obtained solid was finally washed with pentanes (2P
1 mL) to afford a yellow powder. This complex was then dissolved in a
dry and deoxygenated 1:1 THF/toluene mixture (3 mL). CO was bubbled
through the reaction mixture for 1 h at room temperature. The solvent
was removed in vacuo, and the resulting solid was washed with pentanes
(2P2 mL) and dried under high vacuum to afford the desired cis-
[Rh(CO)2Cl ACHTUNGTRENNUNG(NHC)] complex as a yellow powder. (48–75% isolated
yield, two steps).


Characterization of chlorodicarbonyl{1-(2,6-difluorophenyl)-3-mesityl-
4,5-dihydroimidazol-2-ylidene}rhodium(I) (29): 1H NMR (300 MHz,
CD2Cl2, 25 8C): d =7.48–7.38 (m, 1H), 7.18–7.01 (m, 4H), 4.22–4.00 (m,
4H), 2.39 (s, 6H), 2.35 ppm (s, 3H); 13C{1H} NMR (125 MHz, CD2Cl2,
25 8C; due to extensive fluorine coupling, coupling constants are not
given and resonances are reported as peaks): d=207.65 (d,
1J(103Rh,13C)=42 Hz), 185.42 (d, 1J(103Rh,13C)=54 Hz), 182.35 (d,
1J(103Rh,13C)=74 Hz), 160.82–160.45 (m), 158.81–158.45 (m), 138.88,
136.01, 136.86, 134.56, 129.94, 129.86, 129.79, 129.43, 129.33, 129.19,
112.33–111.67(m), 51.86, 51.72, 20.72, 18.17, 17.94 ppm; 19F{1H} NMR
(282 MHz, CD2Cl2, 25 8C): d =�116.42 ppm; HRMS (FAB+): m/z calcd
for C20H18ClF2O2N2Rh [M+]: 494.0080; found: 494.0084.


Characterization of chlorodicarbonyl{1-(2,4,6-trifluorophenyl)-3-mesityl-
4,5-dihydroimidazol-2-ylidene}rhodium(I) (30): 1H NMR (300 MHz,
CD2Cl2, 25 8C): d=7.01 (s, 2H), 6.91–6.85 (m, 2H), 4.20–4.00 (m, 4H),
2.38 (s, 6H), 2.35 ppm (s, 3H); 13C{1H} NMR (125 MHz, CD2Cl2, 25 8C;
due to extensive fluorine coupling, coupling constants are not given and
resonances are reported as peaks): d=208.01 (d, 1J(103Rh,13C)=41 Hz),
185.33 (d, 1J(103Rh,13C)=53 Hz), 182.30 (d, 1J(103Rh,13C)=74 Hz), 163.14–
162.90 (m), 161.15–160.54 (m), 158.92–158.67 (m), 138.96, 135.73, 134.42,
109.65, 101.11–100.71 (m), 51.94, 51.67, 20.70, 17.90 ppm; 19F{1H} NMR
(282 MHz, CD2Cl2, 25 8C): d=�106.66, �113.07 ppm (br s); HRMS
(FAB+): m/z calcd for C20H17ClF3O2N2Rh [M+]: 511.9986; found:
511.9980.


Characterization of chlorodicarbonyl{1-(2,3,4,5,6-pentafluorophenyl)-3-
mesityl-4,5-dihydroimidazol-2-ylidene}rhodium(I) (31): 1H NMR
(300 MHz, CD2Cl2, 25 8C): d=7.02 (s, 2H), 4.24–4.04 (m, 4H), 2.37 (s,
6H), 2.35 ppm (s, 3H); 13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due to
extensive fluorine coupling, coupling constants are not given and reso-
nances are reported as peaks): d =208.50 (d, 1J(103Rh,13C)=41 Hz),
185.07 (d, 1J(103Rh,13C)=54 Hz), 182.04 (d, 1J(103Rh,13C)=74 Hz), 146.00–
145.75 (m), 143.94–143.78 (m), 142.78–142.35 (m), 140.63–140.39 (m),
139.25, 138.96–138.67 (m), 136.95–136.69 (m), 135.60–135.38 (m), 134.15,
129.45, 129.26, 116.44–115.93 (m), 52.08, 51.60, 20.72, 17.88 ppm; 19F{1H}
NMR (282 MHz, CD2Cl2, 25 8C): d=�142.99 (br s), �154.39 to �154.54
(m), �162.63 to �162.76 ppm (m); HRMS (FAB+): m/z calcd for
C19H15ClF5ON2Rh [M+�CO]: 519.9848; found: 519.9856.


Characterization of chlorodicarbonyl ACHTUNGTRENNUNG{1,3-bis(2,6-difluorophenyl)-4,5-dihy-
droimidazol-2-ylidene}rhodium(I) (32): 1H NMR (300 MHz, CD2Cl2,
25 8C): d=7.55–7.43 (m, 2H), 7.19–7.09 (m, 4H), 4.24–4.19 ppm (m, 4H);
13C{1H} NMR (125 MHz, CD2Cl2, 25 8C; due to extensive fluorine cou-
pling, coupling constants are not given and resonances are reported as
peaks): d=210.15 (d, 1J(103Rh,13C)=40 Hz), 185.42 (d, 1J(103Rh,13C)=


54 Hz), 181.75 (d, 1J(103Rh,13C)=74 Hz), 160.49, 160.18, 158.47, 158.18,
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130.60–130.34 (m), 112.38–112.11 (m), 52.17, 51.77 ppm; 19F{1H} NMR
(282 MHz, CD2Cl2, 25 8C): d =�116.66 ppm; HRMS (FAB+): m/z calcd
for C17H10ClF4O2N2Rh [M+]: 487.9422; found: 487.9421.


Characterization of chlorodicarbonyl{1-(2,6-difluorophenyl)-3-(2,6-diiso-
propylphenyl)-4,5-dihydroimidazol-2-ylidene}rhodium(I) (33): 1H NMR
(300 MHz, CD2Cl2, 25 8C): d =7.49–7.39 (m, 2H), 7.32–7.29 (m, 2H),
7.13–7.07 (m, 2H), 4.22–4.07 (m, 4H), 3.27 (septet, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H),
1.39 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H), 1.25 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H); 13C{1H}
NMR (125 MHz, CD2Cl2, 25 8C; due to extensive fluorine coupling, cou-
pling constants are not given and resonances are reported as peaks): d=


208.64 (d, 1J(103Rh,13C)=42 Hz), 185.35 (d, 1J(103Rh,13C)=54 Hz), 182.35
(d, 1J(103Rh,13C)=75 Hz), 160.39, 158.38, 147.12, 134.14, 130.03–129.87
(m), 129.68, 124.47, 112.12, 111.96, 54.75, 51.50, 28.24, 26.37, 23.37 ppm;
19F{1H} NMR (282 MHz, CD2Cl2, 25 8C): d=�116.40 ppm; HRMS
(FAB+): m/z calcd for C22H24ClF2ON2Rh [M+�CO]: 508.0600; found:
508.0590.
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Introduction


Single-molecule magnets (SMMs) have fuelled an impres-
sive number of studies on quantum magnetism at the nano-


scale. Their unique physical behaviour[1] can potentially be
exploited to realise molecule-based devices for information
storage and processing.[2]


The magnetic addressing of individual SMMs, which is re-
quired for many of the above-mentioned applications, is
now regarded as a realistic goal given the latest develop-
ments of scanning probe microscopies[3] and nano-gap fabri-
cation.[4,5] Among the most promising tools for addressing
the magnetism of individual molecules are spin-polarized
scanning tunnelling microscopy (SP-STM)[6] and electron
spin noise STM (ESN-STM).[7] For both techniques to be
applicable, magnetic molecules need to be organised on con-
ducting surfaces.


So far attention has mainly concentrated on the archety-
pal SMM, the dodecamanganese acetate cluster [Mn12O12-
ACHTUNGTRENNUNG(OAc)16ACHTUNGTRENNUNG(H2O)4] (1) and its derivatives, because of their
large anisotropy barrier and very-slow spin dynamics at low
temperature.[8,9] The basic structure of [Mn12O12ACHTUNGTRENNUNG(O2CR)16-
ACHTUNGTRENNUNG(H2O)4] complexes is sketched in Figure 1. Three main strat-
egies of deposition have been devised to graft Mn12-type
complexes on gold substrates:[10] direct deposition of suita-
bly-functionalised molecules on native metal surfaces,[11–13]


deposition of native clusters on pre-functionalised
metals,[13–15] and pre-functionalization of both partners with


Abstract: The deposition of Mn12 single
molecule magnets on gold surfaces was
studied for the first time using com-
bined X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular di-
chroism (XMCD) methods at low tem-
perature. The ability of the proposed
approach to probe the electronic struc-
ture and magnetism of Mn12 complexes
without significant sample damage was
successfully checked on bulk samples.
Detailed information on the oxidation
state and magnetic polarization of
manganese ions in the adsorbates was


obtained from XAS and XMCD spec-
tra, respectively. Partial reduction of
metal ions to MnII was clearly observed
upon deposition on AuACHTUNGTRENNUNG(111) of two dif-
ferent Mn12 derivatives bearing 16-ace-
tylthio-hexadecanoate and 4-(methyl-
thio)benzoate ligands. The average oxi-
dation state, as well as the relative pro-


portions of MnII, MnIII and MnIV spe-
cies, are strongly influenced by the
deposition protocol. Furthermore, the
local magnetic polarizations are signifi-
cantly decreased as compared with
bulk Mn12 samples. The results high-
light an utmost redox instability of
Mn12 complexes at gold surfaces, pre-
sumably accompanied by structural re-
arrangements, which cannot be easily
revealed by standard surface analysis
based on X-ray photoelectron spectros-
copy and scanning tunnelling microsco-
py.
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complementary groups.[16] A crucial point is to demonstrate
that SMMs remain intact on the surface. Molecular size and
bidimensional arrangement are often estimated by
STM.[11–15] The chemical composition of the adsorbates can
be obtained by X-ray photoelectron spectroscopy
(XPS),[11,12] although an unambiguous determination of man-
ganese oxidation states is difficult using this technique
alone.[13] Other approaches to gain information on the elec-
tronic structure of the adsorbates have been suggested, in-
cluding scanning tunnelling spectroscopy (STS)[14] and reso-
nant photoelectron spectroscopy (RPES).[13,17] However the
key property to be measured is the magnetisation, which in
the case of (sub)monolayers of SMMs is not accessible to
standard magnetometry and therefore requires other tech-
niques to be employed for deposition.


We wish to show here that low temperature (including
also the sub-Kelvin range) X-ray magnetic circular dichro-
ism (XMCD), is sensitive enough to read the magnetism of
single layers. Combined with X-ray absorption spectroscopy
(XAS), it provides a unique tool to investigate the electronic
structure of magnetic molecular clusters at surfaces. XMCD
exploits the different absorption of X-ray photons of differ-
ent helicities to gain insight into the local magnetic moment.
The technique retains the chemical specificity and sensitivity
of XAS, and has been used to study the magnetism of atoms
and molecules on surfaces.[18,19] Two reports on the XAS of
Mn12 complexes at surfaces have appeared in the recent lit-
erature,[13,17] but XMCD studies have never been carried out
on Mn12 adsorbates. In particular we show that a semi-quan-
titative treatment of XAS and XMCD data provides evi-
dence of a significant modification of the electronic and
magnetic structure of the clusters that occurs during the
grafting on the surface and depends on the procedure em-
ployed.


Results and Discussion


Two sulphur derivatives of 1, especially designed to be graft-
ed on gold, have been studied in this work, both as powder
samples and as adsorbates on Au ACHTUNGTRENNUNG(111) surfaces: 2
(RCO2H=16-acetylthio-hexadecanoic acid) and 3
(RCO2H=4-(methylthio)benzoic acid) as explained in
Figure 1. In the bulk phase, the XAS and XMCD spectra of
2 and 3 at Mn L2,3 edges (2p!3d transitions) are very simi-
lar to those reported for microcrystalline 1 (see
Figure 2)[20,21] and are consistent with the presence of anti-
ferromagnetically-coupled MnIII and MnIV centres.


The lack of a MnII signal over the entire irradiation time
(up to 24 h) suggests that the set-up has been successfully
optimised so as to minimise any sample damage by photo-
reduction in Mn12 clusters. However, great care was taken to
ascertain the ability of XAS and XMCD to detect subtle
changes in the electronic structure of the clusters, such as a
one-electron reduction. To this aim, we have also investigat-
ed a monoanionic Mn12 derivative (PPh4) ACHTUNGTRENNUNG[Mn12O12-
ACHTUNGTRENNUNG(O2CPh)16ACHTUNGTRENNUNG(H2O)4] (4) in the bulk phase.[22] The extra elec-
tron is localised on a former MnIII site and this complex can
therefore be formulated as MnIIMnIII


7MnIV
4. The XAS and


XMCD spectra of a microcrystalline sample look quite simi-
lar to those of “neutral” Mn12, with a small enhancement of
the dichroic signal around 639 eV, consistent with the pres-
ence of a MnII component (Figure 3).


To get more quantitative information, the experimental
energy dependence of XAS spectrum intensity, I(E), can be
reproduced through a linear combination of model spectra
Ia(E) obtained on suitable reference compounds containing
the Mn ion in the three oxidation states (a = II, III, IV) and
in similar chemical environments [Eq. (1)]:


IðEÞ ¼ Sac
aIaðEÞ ð1Þ


From the ca parameters the percentages of different va-
lence states can be extracted as (%)a =100ca/ ACHTUNGTRENNUNG(Sic


i). As de-


Figure 1. Molecular structure of the Mn12 derivatives studied in this work.


Figure 2. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a bulk sample of 3.
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tailed in the Supporting Information, previously recorded
spectra have been used to model the contributions of
MnII[23] and MnIV.[21] For MnIII we checked two different pro-
cedures: i) using a standard MnIII spectrum;[21] ii) extracting
a model MnIII spectrum from the experimental data of 3 in
the bulk phase. Very similar percentages were obtained in
the two cases (see the Supporting Information). However,
as far as small features in the L3 edge are concerned, the
simulation is significantly better using the latter approach.
This semi-quantitative analysis of XAS data of 4 provided a
MnII:MnIII :MnIV ratio (5:60:35) that is in complete agree-
ment with the expected one (8:58:33, see Table 1), thus con-
firming that a one-electron reduction can be clearly detected
in our experimental setup.


An analogous approach can be employed to extract from
the XMCD spectra semi-quantitative information on the ori-
entation of the magnetic moments in each oxidation state.
The energy dependence of the dichroic signal, S(E), is ex-
pressed as a linear combination
of model spectra, Sa(E), at the
same field and temperature
values [Eq. (2)]:


SðEÞ ¼ Sac
adaSaðEÞ ð2Þ


In which a runs over the oxi-
dation states, ca are the coeffi-
cients resulting from the de-
convolution of XAS spectra,
and da accounts for the aver-
age polarization of the local
magnetic moment in the ap-


plied field (positive if parallel to the field). This analysis of
the XMCD data provided the following values for the polar-
ization: dII=++3, dIII=++1 and dIV=�1. These values are
very rough estimates (in particular for dII, owing to a very
small cII value), but their sign is in agreement with the spin
structure of 4 suggested by the large spin of the ground
state.[22]


The surface sensitivity of XAS/XMCD, combined with
the method of analysis developed above, allowed us to ex-
plore the nature of the molecular adsorbates. Deposition of
a monolayer of 2 on AuACHTUNGTRENNUNG(111) was carried out from a THF
solution as previously described.[11] An excellent agreement
was found between XPS data and the expected composition,
but the oxidation states of the metals could not be reliably
determined. STM studies provide evidence of the presence
of a homogeneous layer of objects with size comparable to
the estimated molecular size[11] as shown in Figure 4a.


Figure 3. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a bulk sample of 4, the one-elec-
tron reduced Mn12 derivative: the isotropic and the dichroic spectra ob-
tained from the experimental data (black lines) are compared to the cal-
culated ones (grey lines).


Table 1. Summary of XAS and XMCD results. Reported percentages are
extracted from XAS spectra, whereas the arrows indicate the average po-
larization of each component deduced from XMCD spectra. The black
arrows (pointing up) correspond to a polarization parallel to the applied
magnetic field, and light grey arrows (pointing down) to the antiparallel
case. The length of the arrows provides the approximate polarization in-
tensity [d in Eq. (2)]. The unit polarization (d=�1) corresponds to the
length of the arrows for 3 in the bulk phase. See also the Table in Sup-
porting Information.


Oxidation state
Sample MnII [%] MnIII [%] MnIV [%]


3 bulk[a] n.d.
67 33


4 bulk[b]


5
60 35


2 monolayer
from THF


20 65 15


3 submonolayer
from THF


20 40 40


3 monolayer
from CH2Cl2


30 50 20


[a] Oxidation states percentages and polarizations for 3 bulk are imposed
as demonstrated in Ref. [21]. [b] The expected MnII:MnIII :MnIV ratio in 4
is 8:58:33.


Figure 4. STM characterisation of the three different deposits of Mn12 derivatives studied in this paper. a) ho-
mogeneous full monolayer of 2 deposited from THF; b) submonolayer of 3 deposited from THF; c) homoge-
neous full monolayer of 3 deposited from CH2Cl2. The upper part of image c) had been previously scanned at
low bias voltage, so as to remove the monolayer
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The XAS spectra (Figure 5) of this deposit have some
similarities to those of bulk Mn12 derivatives, though a sig-
nificant fraction of MnII is detectable. A fit of the observed
intensities by using the method described above provides a
20:65:15 ratio between MnII, MnIII and MnIV contributions
(see the Supporting Information). This suggests a significant
modification of the electronic structure, with an alteration
of the average oxidation state from +3.33 in neutral Mn12 to
+2.95. Comparison with the data obtained on 4 clearly indi-
cates that the process cannot be described as a one electron
reduction. Furthermore, comparison with the bulk composi-
tion (0:67:33) suggests that the reduction involves mainly
the MnIV sites, in contrast with the established redox behav-
iour of bulk Mn12 complexes.[24]


XAS spectra have been obtained also for adsorbates of 3
prepared from THF solution (Figure 6). This derivative,
which is characterised by a much shorter and conjugated
linker between the grafting group and the metal core, af-
fords a submonolayer deposit as evidenced by STM studies
(Figure 4b).[12]


In this case, our semi-quantitative analysis provided a
20:40:40 ratio of oxidation states (av. +3.20). Even if the
percentage of MnII is substantially the same as in 2, the re-
duction now occurs at the expenses of MnIII. The higher
MnIV/MnIII ratio in 3 as compared with 2 is clearly reflected
in the greater extension of the L3 edge on the high-energy
side. We argue that reduction of the Mn12 core upon direct
deposition on gold substrates from THF solution occurs irre-
spective of the particular ligand used to promote the graft-
ing. In particular, according to the average oxidation states
evaluated for 2 and 3, the long alkyl spacer of 2 does not
provide any shielding effect. We notice that a XAS spectrum
similar to that reported in Figure 6 and quite distinct from


that of bulk Mn12 was obtained by Voss et al. for another
Mn12 derivative (R=Ph-Ph) deposited on Au ACHTUNGTRENNUNG(111) using a
completely different procedure, that is, ligand exchange on a
preformed monolayer of 4-mercapto-2,3,5,6-tetrafluoroben-
zoic acid.[13] Although a quantitative data analysis was not
attempted by those authors, this similarity suggests that core
reduction cannot be considered a specific consequence of
the adopted herein direct deposition procedure.


Recently[12b] we investigated in detail the role played by
different experimental parameters in the deposition of 3 on
gold surfaces. In particular we found that by replacing THF
with CH2Cl2 a full monolayer is obtained instead of a sub-
monolayer, as shown also in Figure 4b,c. According to STM
experiments, the interaction of the adsorbates with the gold
surface is also significantly reduced by using CH2Cl2 as sol-
vent. In fact, by operating in constant current mode and de-
creasing the bias voltage of the tunnelling junction (and thus
approaching to the surface) the layer of clusters deposited
from CH2Cl2 could be swept away by the STM tip. A similar
weak interaction with the surface was found in monolayers
of 2 deposited from THF.


The XAS and XMCD spectra of monolayer deposits of 3
obtained from CH2Cl2 are shown in Figure 7. The analysis of
the XAS spectrum provided MnII:MnIII :MnIV=30:50:20
with an average oxidation state of +2.90. The significant re-
duction of the MnIV contribution bears strong resemblance
with the results obtained for monolayers of 2 deposited
from THF. The type of transformation that Mn12 clusters un-
dergo upon grafting on gold seems therefore to parallel the
strength of interaction with the surface evidenced by STM
experiments (Figure 4).


To get a deeper insight into this complex phenomenon we
have also analyzed the dichroic spectra for the three mono-


Figure 5. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a monolayer sample of 2 deposit-
ed from THF: the isotropic and the dichroic spectra obtained from the
experimental data (black lines) are compared to the calculated ones
(grey lines).


Figure 6. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a submonolayer sample of 3 de-
posited from THF: the isotropic and the dichroic spectra obtained from
the experimental data (black lines) are compared to the calculated ones
(grey lines).
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layer preparation, using the method previously described.
The results of the XAS and XMCD analysis are summarised
in Table 1 where the length and direction of the arrows rep-
resent the polarization coefficients d we have previously in-
troduced. These values are only indicative but allow us to
extract some additional information compared to XAS only.
First of all, an apparent reduction of magnetic polarization
is observed when monolayers of 2 and 3 are deposited from
THF. In the temperature and field conditions of the experi-
ments full fragmentation of the clusters to give isolated par-
amagnetic ions would afford full polarization dII= dIII=dIV=


+1 and can consequently be ruled out. This limiting case of
a complete degradation to isolated ions has been simulated
and found to show a much poorer agreement with experi-
mental spectra (see the Supporting Information). Moreover
MnII ions feature a small magnetic polarization and are pre-
sumably part of exchange-coupled species. It is also interest-
ing to point out the disappearance of the negative polariza-
tion for MnIV, which can be regarded as a fingerprint of the
Mn12 core.


The differences observed for the monolayer of 3 prepared
from CH2Cl2 are intriguing: in this case, larger polarizations
are detected and the magnetic moment residing on MnIV


ions is antiparallel to the applied field. This result cannot be
attributed to the lower temperature employed for this last
experiment (see the Experimental Section). The observed
behaviour is therefore reminiscent of the spin structure of
Mn12 clusters, although with a significant fraction (30%) of
MnII ions.


We have therefore decided to focus our efforts and beam-
time to further investigate the low temperature magnetic be-
haviour of this particular monolayer, in which the presence
of intact Mn12 complexes cannot be completely ruled out.


The XCMD signal at 641 eV was recorded as a function of
applied field, as at 641 eV the XMCD amplitude of Mn12


clusters is maximum. By sweeping the field between �5 T,
no hysteresis was observed down to the lowest temperature
reached in our experiment (T= �500 mK). The failure to
detect a hysteresis loop shows that, in the most favourable
scenario, the magnetic properties of Mn12 complexes are
strongly influenced by the surface environment so as to
loose their hysteretic behaviour, as already suggested by
magneto-optical investigations.[25]


Conclusions


In conclusion, the present investigation confirms that graft-
ing large molecular clusters on conducting surfaces is not a
straightforward process and is accompanied by significant
modification in electronic and spin structures, which are not
detected by standard surface characterization. In particular,
although XPS and STM investigations suggest that intact
Mn12 clusters are present as monolayers on the gold surface,
the XAS reveals a systematic, partial reduction to MnII. The
XMCD analysis suggests that these MnII ions are not pres-
ent as isolated paramagnetic species and that the magnetic
polarization at metal sites is decreased as compared with
bulk complexes. Our results are therefore still compatible
with the hypothesis that reduction of deposited clusters does
not dramatically alter their chemical composition and size.
A tendency of Mn12 clusters to undergo reduction at gold
surfaces has indeed been recently predicted by density func-
tional theory calculations.[26] The observed XAS and XMCD
spectra, however, indicate that the involved process is not a
simple one-electron transfer from the substrate. Further-
more, the details of the reduction (average oxidation state
and ratio of oxidation states) are very sensitive to the adopt-
ed deposition protocol. Finally, a deeper investigation of the
best available sample failed to reveal any magnetic hystere-
sis. Though additional investigations are required to fully as-
certain the structural and electronic features of Mn12 adsor-
bates on gold, the analysis reported herein demonstrates the
potential of a combined use of XAS and XMCD to charac-
terise magnetic molecular materials at surfaces. Studies can
be carried out without significant sample damage, while re-
taining sufficient sensitivity to probe monolayers and even
submonolayers of molecules. The possibility to work in high
magnetic fields and at sub-Kelvin temperatures contributes
to include the described approach and experimental setup
into the available state-of-the-art investigation tools in mo-
lecular magnetism.


Experimental Section


Details concerning the experimental setup are presented in the Support-
ing Information. Spectra on powder samples have been obtained by
pressing the freshly prepared crystalline material over a copper plate as
sample holder. Ultra-thin film samples were freshly prepared under con-


Figure 7. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a monolayer of sample of 3 de-
posited from CH2Cl2: the isotropic and the dichroic spectra obtained
from the experimental data (black lines) are compared to the calculated
ones (grey lines).
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trolled environment following preparation methods described else-
where.[11,12] STM imaging was carried out by using a NT-MDT Solver
P47-Pro setup (NT-MDT, Zelenograd, Moscow, Russia; http://
www.ntmdt.ru/) equipped with custom low-current pre-amplifier. All the
STM measurements were carried out in constant current mode. Tips
were prepared by mechanical sharpening of a Pt/Ir (90:10) wire; all
measurements were carried out in air. Typical acquisition parameters
used U=1.8 V, I=4.5 pA for monolayers of 2, U=0.4 V, I=15 pA for
submonolayers of 3 from tetrahydrofuran solutions and U=0.8 V, I=


6 pA for monolayers of the same complex from dichloromethane solu-
tions. The removal of the adsorbate in the upper part of Figure 4c was
achieved by a previous scanning with U=0.1 V, I=20 pA. All the XAS
spectra were acquired at BESSY II synchrotron in the UE46-PGM inser-
tion device beamline by using the low temperature TBT XMCD set-up
in the total electron yield detection mode. Special care was taken to min-
imise photoreduction effects (e.g. working at low photon flux). In the
adopted conditions, the spectra showed no time dependence. The XMCD
signal for a monolayer sample of 2 has been measured at T=4.2 K and
in a magnetic induction of 2 T. The XMCD signal for 3 as a submonolay-
er deposit from THF and in the bulk phase has been measured at T=


4.2 K and in a magnetic induction of 4 T. The XMCD signal for 3 as mon-
olayer deposit from CH2Cl2 has been measured in a magnetic induction
of 4 T at T=0.5 K by using the dilution setup described in ref. [27]. The
analysis has been carried out taking into account these differences as re-
ported in the Supporting Information. The analysis of the XAS and
XMCD spectra has been performed by linear combination of experimen-
tal reference spectra with magnetic polarization parallel to the external
magnetic field; we normalised the integrals of the reference signals fol-
lowing the sum rules for the number of holes as explained in ref. [28];
further details are provided in the Supporting Information; the reported
percentage of oxidation states have an estimated error of �5%.
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Introduction


A major challenge of contemporary medicine is in cancer
chemotherapy. A cancerous cell is exquisitely well adapted
for survival and, although a wide range of drugs targeting
the different cell functions necessary for cell division are
now available, resistance to chemotherapy is frequently en-
countered in the clinic.


One of the most commonly used chemotherapeutic agents
is paclitaxel and its derivative docetaxel (a semisynthetic an-
alogue).[1,2] These compounds target microtubules, which are


essential components of the cytoskeleton, are involved in
cell motility, intracellular transport, and maintenance of cell
shape, and form part of the mitotic spindle that allows chro-
mosome separation during cell division.[3,4]


In this context, the development of the multidrug-resist-
ance (MDR) phenotype in paclitaxel-treated patients[5,6] has


Abstract: A protocol based on a com-
bination of NMR experimental data
with molecular mechanics calculations
and docking procedures has been em-
ployed to determine the microtubule-
bound conformation of two microtu-
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triggered the search for novel compounds that display the
same mechanism of action but are less prone to resistance
effects. Indeed, in the last 10 years, many new, structurally
unrelated compounds that stabilize microtubules and mimic
the activity of paclitaxel/docetaxel have been found from
various sources (including corals, marine sponges, bacteria,
and plants).[7–15] In a previous study,[16] these microtubule-
stabilizing agents (MSA) were classified according to their
binding site, either the paclitaxel-binding site or the alterna-
tive laulimalide-binding site.[14,15]


From a structural perspective, the paclitaxel-binding site,
located in the lumen of the microtubules,[17] is not easily ac-
cessible to the paclitaxel molecules in solution. However, it
was also shown that paclitaxel binds very quickly to micro-
tubules[18] and that a fluorescent tag attached to paclitaxel
bound to microtubules can be recognized by an antibody,[19]


which indicates an additional, and external, accessible bind-
ing site. This apparent paradox of a hidden but easily acces-
sible luminal binding site was elucidated by the discovery of
a new external binding site,[20] to which a covalently binding
MSA, cyclostreptin,[12,21] binds before being internalized to
the luminal site.


Although paclitaxel and epothilone are known to bind to
the luminal site,[17,22] detailed knowledge of where the other
paclitaxel mimics bind remains elusive. Since blocking of
the external site stops paclitaxel binding,[20] all the known
paclitaxel-binding-site ligands should be in competition.


Among the taxoid mimetics, discodermolide (DDM),[10]


originally isolated from the deep-sea sponge Discodermia
dissoluta, displays the highest binding constant to the pacli-
taxel site.[16] It shows potent antiproliferative activity against
a wide range of human cancer cell lines, including P-glyco-
protein-overexpressing cell lines.[10,23]


Another potent taxoid mimetic is dictyostatin (DCT),
originally isolated from a marine sponge of the Spongia
genus.[24] Its binding constant for the paclitaxel site is 20
times larger than that of paclitaxel itself.[16] From a structur-
al perspective, there are strong similarities between disco-
dermolide and dictyostatin,[25] which suggests that their bio-
active conformations may be similar. Indeed, a hybrid mole-
cule has recently been designed on these grounds.[26]


Despite apparently binding to the same site, the existence
of synergy in the effects of paclitaxel and discodermolide on
cells and microtubules has been reported.[27–30] These obser-
vations could indicate binding to an additional site, such as
the recently discovered pore site present in unassembled tu-
bulin, although this is merely speculative.


In elegant recent work by Carlomagno and co-workers,[31]


the unassembled-tubulin-bound conformation of discoder-
molide was reported. Because high-affinity taxane binding
does not take place in unassembled tubulin but in assembled
microtubules,[20,32] it is uncertain whether the tubulin-bound
conformation described therein[31] represents the conforma-
tion bound to the luminal taxane-binding site; thus, this re-
quires further exploration.


The knowledge of the bioactive conformation of these
molecules is of paramount interest for the rational design of


analogues with improved activity. Thus, in this context, we
herein report the NMR investigation of the bioactive con-
formations of both discodermolide and dictyostatin when
bound to microtubules. We compare the bound conforma-
tions with their geometries in the free state in different sol-
vents,[33,34] as well as with the conformation of discodermo-
lide in the presence of unassembled tubulin reported by Car-
lomagno and co-workers.[31]


Experimental Section


Protein and chemicals : Purified calf-brain tubulin and chemicals were
used as described previously.[35] Discodermolide and dictyostatin were
synthesized as reported by Paterson et al.[13,36, 37] The compounds were di-
luted in dimethylsulfoxide (DMSO) solution to give a final concentration
of 10 mm and stored at �20 8C.


Preparation of samples for the NMR experiments : The preparation of
the samples has been described already.[35] However, we repeat the basic
features of the protocol for the sake of clarity. A slowly hydrolyzable nu-
cleotide analogue, guanosine 5’-(a,b-methylenetriphosphate)
(GMPCPP),[38] was employed to assemble tubulin. Guanosine 5’-triphos-
phate (GTP)-bound tubulin in 10 mm sodium phosphate buffer with
6 mm MgCl2·H2O and 1 mm GTP at pH 6.7 was unable to assemble into
microtubules at concentrations up to 200 mm.[32] However, when the GTP
was substituted by GMPCPP and potassium in the buffer, the critical
concentration is very low (4.6 mm at 37 8C). Thus, the protein was equili-
brated in a buffer comprising 10 mm potassium phosphate, 6 mm magnesi-
um chloride, and 0.1 mm GMPCPP in D2O (99.9%, Merck) at pD 7.0 by
a two-step procedure. Sucrose and GTP were removed by a drained cen-
trifuge column of Sephadex G-25 (6N1 cm) equilibrated in a buffer con-
sisting of 10 mm potassium phosphate and 10 mm GTP in D2O (99.9%,
Merck) at pD 7.3. This was followed by a second chromatography process
in a cold Sephadex G-25 column equilibrated in 10 mm potassium phos-
phate in D2O (99.9%, Merck) at pD 7.3, and then 6 mm magnesium chlo-
ride and 0.1 mm GMPCPP were added to the solution to give a pD value
of 7.0. Immediately before the experiments were performed, the protein
concentration was adjusted to 20 mm, the desired amount of target ligand
was added to give a final 100–400 mm concentration, and the sample was
incubated for 30 minutes at 298 or 310 K (depending on the temperature
of the experiment). The sample was found to be completely stable for
overnight experiments and only started to slowly degrade after 20 h.
Under these conditions, the critical concentration of tubulin is 1.5 mm at
298 K and 0.9 mm at 310 K. This means that either 92.5 or 95.5% of the
sample (at 298 or 310 K, respectively) is assembled into microtubules. A
portion of the formed polymers was adsorbed onto formvar/carbon-
coated 300 mesh copper grids, negatively stained with 1% uranyl acetate,
observed with a Jeol 1230 transmission electron microscope (JEOL,
Tokyo, Japan), and found to consist of microtubules.


Computational methods


Conformational searching and dynamics : Molecular mechanics calcula-
tions on DDM and DCT were performed by using the Maestro 7.5 pack-
age[39] and the MM3* force field.[40] Bulk-water solvation was simulated
by using the generalized Born/surface area (GB/SA) continuum solvent
model.[41] The conformational searches were carried out with 20000 steps
of the usage-directed Monte Carlo/energy minimization (MC/EM) proce-
dure. Extended nonbonded cutoff distances (a van der Waals cutoff of
8.0 O and an electrostatic cutoff of 20.0 O) were used.


For the Monte Carlo/stochastic dynamics (MC/SD) simulations, van der
Waals and electrostatic cutoffs of 25 O, together with a hydrogen-bond
cutoff of 15 O, were used. The dynamic simulations were run by using
the MM3* force field. Charges were taken from the force field. The same
degrees of freedom of the MC/EM searches were used in the MC/SD
runs. All simulations were performed at 300 K, with a dynamic time step
of 1 fs and a frictional coefficient of 0.1 ps�1. Two runs of 10 ns each were
performed by starting from the major conformations of the substrates, se-
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lected from the MC/EM outputs. The Monte Carlo acceptance ratio was
about 2%; each accepted MC step was followed by an SD step. Struc-
tures were sampled every 1 ps and saved for later evaluation. Monitoring
of both energetic and geometrical parameters checked the convergence.


Molecular dynamics simulations and docking calculations : Docking of
discodermolide and dictyostatin was performed by using the Auto-
Dock 3.0 program.[42] During an AutoDock 3.0 simulation, multiple La-
marckian genetic algorithm runs occurred, with each one providing a pre-
dicted binding mode, and cluster analysis was performed at the end of
the simulation. Atomic coordinates for the different conformers were ob-
tained from molecular mechanics calculations (see above). The a/b-tubu-
lin dimer coordinates (PDB code 1JFF)[43] were taken from the Protein
Data Bank[44] and used as described.[35]


Grids of probe-atom interaction energies and electrostatic potentials
were generated by the AutoGrid program present in the AutoDock 3.0
package. Grid spacings of 0.6 and 0.375 O were used for the global and
local searches, respectively. For each calculation, 1 job of 100 docking
runs was performed by using a population of 200 individuals and an
energy evaluation number of 3N106.


NMR experiments : NMR spectra were recorded at 298–313 K in D2O on
Bruker AVANCE 500 and 700 MHz spectrometers. For the experiments
with the free ligands, the compounds were dissolved in D2O and argon
was passed through to degas the solution. TOCSY[45] and HSQC[46] ex-
periments were performed by using the standard sequences. 2D trans-
verse-ROESY (T-ROESY) experiments[47] were performed with mixing
times of 300, 400, 500, and 600 ms. The 500 MHz NOESY[48] cross-peaks
were basically zero at room temperature and moderately positive at
313 K. The strength of the 1808 pulses during the T-ROESY spin-lock
period was attenuated four times with respect to that of the 908 hard
pulses (between 7.2 and 7.5 ms). To deduce the interproton distances, re-
laxation-matrix calculations were performed by using software written in
house, which is available from the authors upon request.[49]


For the bound ligands, TR-NOE experiments were performed as previ-
ously described with a freshly prepared ligand/microtubule solution.[35]


TR-NOESY experiments were then performed with mixing times of 50,
100, 200, 250, and 300 ms, for molar ratios of ligand/protein from 5:1 to
20:1. No purging spin-lock period to remove the NMR signals of the
macromolecule background was employed, since they were basically not
observable due to the huge size of the receptor. First, line broadening of
the ligand protons was monitored after addition of the ligand. Strong
negative NOE cross-peaks were observed, in contrast to the results for li-
gands in the free state; these cross-peaks indicated binding of both mole-
cules to the microtubule preparation. The theoretical analysis of the TR-
NOEs of the ligand protons was performed according to the CORCEMA
program[50,51] by using a relaxation matrix with exchange, as previously
described.[35] Different exchange-rate constants were employed to obtain
the optimal match between the experimental and theoretical results of
the intraresidue cross-peaks of the protons belonging to the Z double
bonds of discodermolide (H8, H9) and dictyostatin (H10, H11), which
have a relatively fixed geometry for any given protein/ligand ratio. The
overall correlation time, tc, for the free state was always set to 0.35 ns,
since NOESY cross-peaks for the free molecule were basically zero at
room temperature and 500 MHz. The tc value for the bound state was set
to 100 ns. To fit the experimental TR-NOE intensities, off-rate constants,
koff, between 50 and 500 s�1 were tested. Optimal agreement was achieved
for koff =150 s�1.


T-ROESY experiments were also carried out to exclude spin-diffusion ef-
fects. A continuous-wave spin-lock pulse was used during the 250 ms
mixing time. Key NOEs were shown to be direct cross-peaks, since they
showed different signs to the diagonal peaks.[52,53]


Results and Discussion


The conformation of free discodermolide in water solution :
The conformational behavior of free discodermolide in the


unbound state has been previously explored both in the
solid state and in two different solvents, DMSO and acetoni-
trile.[33,34] The conclusions are strikingly different. Discoder-
molide in DMSO seems to be a very flexible molecule with
over ten conformers contributing to the conformational
equilibrium.[34] Curiously, the form observed by X-ray crys-
tallography is claimed to represent less than 1% of the pop-
ulation in this solvent. By contrast, the major conformation
deduced in acetonitrile solution,[33] which arises from mini-
mization of A1,3 strain and syn-pentane nonbonded interac-
tions, was in good agreement with the solid-state conforma-
tion, except for the orientation of the d-lactone. Subtle dif-
ferences in the overall shape of the six-membered lactone
ring were also evident in the three studies. In principle, two
types of conformers were proposed: the chair conformer
with two axially and equatorially oriented substituents,
somewhat distorted towards a 3H4 half-chair form (in aceto-
nitrile, in the solid state, and partially in DMSO), or a 3S1


skew-boat form. The different possibilities, along with their
structural features, are given in Tables 1 and 2, and Table S3
and Figures S1, and S11 in the Supporting Information.


In this work, the conformation of discodermolide in water
solution (D2O) was explored. The 500 MHz NOESY cross-
peaks were basically zero at room temperature and moder-
ately positive at 313 K. Thus, T-ROESY experiments were
used to access the key conformational information. A com-
plete assignment of the 1H NMR resonance signals of disco-
dermolide was achieved on the basis of TOCSY, HSQC, and
T-ROESY experiments. The difference in chemical shifts
and coupling constants (Figure S11 in the Supporting Infor-
mation) between the reported data in acetonitrile and those
measured in water are given in Table S1 in the Supporting
Information. Some noticeable differences are observed for
the chemical shifts, which are similar for the H12 to H16
region, including the corresponding methyl groups, and
rather different for the other parts of the molecule, especial-
ly for the lactone moiety and from C17 to the C24 tail.


The analysis of the vicinal proton–proton coupling con-
stants for the six-membered ring permitted its conformation
to be assessed. Generally speaking, no major changes were
deduced for the coupling constants between the available di-
methylsulfoxide and acetonitrile values and those recorded
in water. A clear difference is only observed for the 3JH4,H5


coupling between water and DMSO on the one hand and
acetonitrile on the other, but this is likely to be a typograph-
ic mistake in the latter publication.


To assess the conformational distribution in water, the J
data were complemented by NOE experiments. The rela-
tionship between NOE signals and proton–proton distances
is well established and can be worked out at least semiquan-
titatively by using a full relaxation-matrix approach.[54] The
NOE intensities reflect the conformer populations, and
therefore information on the population distributions in free
solution can be obtained by focusing on the key NOEs that
characterize the different possible conformations.


At 500 MHz and room temperature, all of the cross-peaks
observed in the NOE spectra of discodermolide in water so-
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lution were very weak, almost close to zero. The wtc value is
close to 1.1 and provides an almost zero longitudinal
NOE.[54] Thus, the basic information was derived from T-
ROESY experiments,[47] which provided the crucial cross-
peaks that are reported in Table 1. The spectrum is shown in


Figure S2 in the Supporting Information. By comparing
these NOE parameters, it could be deduced (see Table 1)
that the observed values in water are more similar to those
available in acetonitrile than to those reported in DMSO.


Table 1. Analysis of the estimated interproton distances for discodermolide in the free and tubulin-bound states. For the bound state, the experimental
distances, r [O], are estimated according to a full matrix-relaxation approach from a CORCEMA-based[46] analysis of the TR-NOESY data. The H8–H9
and H21–H22 distances (2.2 O) were taken as internal references. The estimated experimental errors are considered to be around �10%. The reported
data for the free state in acetonitrile[31] or dimethylsulfoxide[32] are also given. The best fits between our data in the free state and those reported in refer-
ences [31] or [32] are underlined. Key NOEs that further support this conclusion are in bold.


Proton pair Predicted for the
major conformer in
the skew form
ACHTUNGTRENNUNG(MM3*)


Predicted for the
major conformer in
the half-chair form
ACHTUNGTRENNUNG(MM3*)


Reported for
the free state
in CD3CN[a]


Reported for the
free state
in DMSO[b]


From the experiment:
T-ROESY build up curve
for the free state
(error: �10%)


From the experiment:
NOESY build up curve
for the bound state
(error: �10%)


H2–H3 2.9 2.6 2.6 – 2.8 2.6
H2–H5 2.8 4.1 4.1 2.6 3.4 >3.7
H3–H4 2.4 2.4 2.5 2.3 2.5 2.5
H3–CH325 2.5 2.4 3.0 3.1 2.4 2.4
H3–CH326 2.7 2.0 3.1 3.1 2.5 2.2
H4–H18 2.8 2.8 – – 2.8 2.8
H4–CH325 3.7 2.4 2.8 – 2.8 2.5
H5–H7 3.1 3.1 3.2 3.4 overlap overlap
H5–CH326 2.7 2.5 3.1 3.1 2.6 2.5
H6R–H8 3.0 3.0 3.1 – 2.7 3.1
H6R–H15 2.1 2.3 – – 2.3 2.3
H6S–CH326 2.3 2.2 2.7 -- 2.2 2.2
H7–H9 3.7 3.6 3.8 2.4 not observed not observed
H7–H10 2.1 2.2 2.1 2.2 2.0 2.3
H7–CH327 3.0 2.8 3.2 3.4 2.8 2.9
H8–H12 4.0 3.6 4.2 2.9 not observed not observed
H8–H22 2.9 2.7 – – 2.7 2.8
H9–H11 3.7 3.6 3.8 2.7 not observed not observed
H9–H12 2.8 2.8 2.9 2.8 2.6 2.9
H10–H11 2.5 2.3 2.5 – 2.3 2.4
H10–H13 2.8 2.9 3.0 2.8 2.8 2.9
H10–CH327 2.5 2.4 2.9 – 2.4 2.4
H11–H12 3.1 2.9 3.1 3.0 3.1 3.0
H11–H13 2.5 2.4 2.4 2.4 2.3 2.5
H11–CH327 2.5 2.4 3.0 3.0 2.4 2.4
H11–CH328 2.6 2.6 3.2 3.1 2.5 2.5
H12–H15R 2.0 2.1 2.0 2.2 2.0 2.1
H12–CH330 3.4 3.3 3.7 4.3 3.2 3.2
H13–CH328 2.8 2.7 3.2 3.1 2.6 2.6
H15B–CH331 2.7 2.7 3.2 – 2.6 2.6
H16–CH329 2.4 2.3 – – 2.2 2.4
H16–CH331 2.2 2.2 – – 2.0 2.3
H17–H18 2.5 2.3 2.5 2.3 2.4 2.4
H17–H19 3.1 2.9 3.1 2.9 3.0 3.0
H17–H20 2.1 2.1 2.1 – 2.1 2.3
H17–H23 2.4 2.5 2.5 2.5 2.5 2.6
H17–CH330 2.5 2.5 3.0 2.6 2.5 2.5
H18–H21 2.9 2.9 2.7 2.6 2.8 3.0
H18–H20 3.1 3.1 – – 3.0 3.1
H18–H19 3.1 2.9 3.1 – 2.9 2.8
H18–H21 2.9 2.9 – – 2.9 2.9
H19–H20 2.5 2.4 2.4 – 2.4 2.4
H19–H21 3.8 3.7 – 3.0 not observed not observed
H19–CH331 2.6 2.6 2.6 3.1 2.6 2.6
H19–CH332 2.5 2.5 2.5 2.9 2.5 2.5
H20–H21 3.1 3.1 – – 3.1 3.1
H20–H23 2.1 2.1 2.1 2.2 2.1 2.2
H21–CH332 2.6 2.6 3.3 3.0 2.6 2.5
H22–H24 2.5 2.5 2.5 2.2 2.4 2.5


[a] See reference [31]. [b] See reference [32].
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The conformation of the six-membered lactone ring was
first addressed. The coupling constants (Table 2a) are in be-
tween those expected for the half chair and the skew boat.


With regard to the NOE values (Table 1), the key H2–H3
NOE (corresponding distance 2.8 O) is always (at all mixing
times) significantly weaker than the H3–H4 NOE (2.5 O).
This fact, together with the observation of a weak H2–H5
cross-peak, is in agreement with the presence of a certain
population of the skew-boat form (Table 1). The stronger
H3–CH325 NOE (medium, 2.4 O) with respect to that of
H3–CH326 (medium, 2.5 O) also supports the existence of
an equilibrium between the 3S1 skew-boat form and the half-
chair conformer. The energy difference between both forms
is indeed small (less than 2 kcalmol�1) according to MM3*
calculations, and this supports the existence of both geome-
tries in solution.


For the rest of the molecule, close inspection of the J
values indicates the presence of conformational averaging,
especially around C16–C17 (JH16,H17=7.3 Hz). No J informa-
tion is available for the C14–C15 fragment. For most of the
C–C linkages, the vicinal H–H couplings are either equal or
larger than 9 Hz or smaller than 3.5 Hz, thereby indicating
the presence of a major geometry around the different link-
ages (>85%), especially around C9–C10, C12–C13, C20–
C21, and C22–C23 (J=10 Hz or larger, with more than 90%
for a given geometry). Values of around 9.0–9.8 Hz are ob-
served for the C5–C6, C6–C7, C7–C8, C11–C12, and C18–
C19 bonds. Therefore, a major conformation is also present


for these linkages (80–90%),
although minor contributions
from alternative orientations
are possibly taking place. Dif-
ferent geometries for rotation
around these linkages are
given in the Supporting Infor-
mation.


Nevertheless, the global min-
imum found in the MM3* cal-
culations provides the best fit
between the expected and ob-
served NMR spectroscopic
data. This conformation, with
skew-boat geometry for the
lactone ring, is depicted in
Figure 1. Additional possible
conformations found around
the C11–C12, C16–C17, and
C18–C19 linkages are depicted
in Figure S3 in the Supporting
Information.


There are several NOEs that
define the topology of the
chain. As mentioned before,
no couplings are available for
the C14–C15 linkage. Howev-
er, the H12–H15R and the
CH328–CH330 NOEs are sensi-


tive to the corresponding C12–C13, C14–C15, and C15–C16


Table 2. Comparison between the experimental values of J couplings in water solution (this work) and those
reported for discodermolide in dimethylsulfoxide and acetonitrile solutions.[31, 32] The two values between
brackets in the J exp water column correspond to the expected values for the skew-boat and chair conformers,
respectively. The couplings for the six-membered ring are in agreement with a percentage of skew boat of
around 60–75%. The couplings for the lateral chains are in agreement with a major conformation for most of
the linkages (see percentages). For each linkage, the major conformer is given.


Torsion angle J exp DMSO[a] J exp MeCN[b] J exp H2O
(this work)


Estimated
chair/skewboat
equilibrium


Estimated% of a
major conformer
around the
corresponding
linkage


H2–H3 not reported 4.2 3.6 (1.2, 5.2) 40:60
H3–H4 not reported 4.2 3.5 (1.2, 4.2) 25:75
H4–H5 10 2* (typographic


mistake)
10.1 (10.7, 10.2)


H5–H6S <1 <1 1.8 >90
H5–H6R 10 10.0 9.5 >80 (anti type)
H6S–H7 9.5 10.8 9.9 >85 (anti type)
H6R–H7 <1 2.4 1.8 >90
H7–H8 9.5 9.1 9.0 >80 (anti type)
H9–H10 10 10.1 10.5 >95 (anti type)
H10–H11 2.2 not given 2.4 >85 (syn type)
H11–H12 8.8 6.6 9.8 >90 (anti type)
H12–H13 10 10.0 10.1 >95 (anti type)
H16–H17 7.8 6.2 7.3 >60 (equilibrium)
H17–H18 2.3 3.5 2.8 >80 (syn type)
H18–H19 9.1 8.0 9.5 >90 (anti type)
H19–H20 2.8 4.1 3.4 >80 (syn type)
H20–H21 10 10.6 10.7 >95 (anti type)
H22–H23 not reported 10.7 11.3 >95 (anti type)


[a] See reference [32]. [b] See reference [31].


Figure 1. Conformation analysis of discodermolide. A) Stereoscopic view
of the global minimum of DDM in water solution. B) Superimposition of
the half-chair and skew-boat conformers of discodermolide showing the
major conformer around the C5–C24 chain. C) Superimposition of these
two forms with that deduced by Carlomagno and co-workers for DDM
bound to soluble tubulin.[31] Some differences in the orientation and
shape of the six-membered ring can be appreciated. D) The bound con-
former to assembled microtubules, as deduced by TR-NOESY experi-
ments (see text).
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torsions. The average experimental H12–H15R distance is
2.1 O, whereas the CH328–CH330 distance is around 2.6 O;
these results indicate a very major conformation (close to
the MM3* global minimum) in this region. Moreover, the
H4–CH331 (2.8 O) and H8–H22 NOEs (2.7 O) indicate a
major orientation between the six-membered ring and the
C13–C19 side chain and between the C5–C13 and C19–C22
side chains, respectively, in agreement with the predicted
MM3* global minimum (Figure S9 in the Supporting Infor-
mation). Nevertheless, some of the expected NOEs for short
to moderate distances are missing, thereby indicating the
presence of conformational averaging. With all of these J
and NOE data simultaneously observed, it can be safely as-
sumed that, although there is a major global conformation
in water solution, there is conformational heterogeneity es-
pecially at the lactone moiety and at the C16–C17 linkage.
The fact that there is conformational mobility is evident by
the lack of the H21–CH326 NOE, which is at a relatively
short distance for both the skew (2.6 O) and the chair
(2.9 O) forms, and of the H12–H24 NOE (at a moderate dis-
tance of 3.1–3.2 O). Nevertheless, the conformational rigidi-
ty of discodermolide in water is significantly higher than in
the organic solvents previously studied.[33,34] The hairpinlike
shape of the molecule in its major conformation (Figure S9
in the Supporting Information) makes possible the presenta-
tion of all of its polar groups at the periphery, thus favoring
their interaction with the solvent molecules and minimizing
the lipophilic surface for interaction with water.


NMR TR-NOESY studies of discodermolide and dictyosta-
tin in the presence of microtubules


Discodermolide : The key point in trying to understand the
properties of DDM is to deduce the bioactive conformation
bound to microtubules.[55] As previously shown, for ligands
that are not bound tightly and that exchange between the
free and bound states at a reasonably fast rate, the trans-
ferred nuclear Overhauser enhancement spectroscopy ex-
periment (TR-NOESY) provides an adequate means to de-
termine the conformation of the bound ligand.[35,56] As pre-
viously described,[35] and to work with biochemical condi-
tions in which microtubules are stable, native tubulin was as-
sembled with GMPCPP (see reference [35] and also the
Experimental Section).


The addition of the microtubule solution to an NMR tube
containing discodermolide induced broadening of the reso-
nance signals in the 1H NMR spectrum, which indicates that
binding occurs (Figure 2).


TR-NOESY experiments (Figure 3 and Figures S4 and S7
in the Supporting Information) were then performed on the
ligand/microtubule sample at different mixing times. Nega-
tive cross-peaks were clearly observed at 303 K, as expected
for ligand binding and in contrast with the observations for
the free ligand, for which no NOEs were observed (zero
crossing in the NOE curve).


For the 10:1 to 20:1 ligand/protein molar ratios employed,
obviously the coupling constants are basically defined by the


couplings in the free state, thus the bound geometry has to
be defined by the TR-NOE data. The observed NOE data
for the bound state are very similar to those described
above for discodermolide in water. Now, however, the NOE
data are in agreement with a half-chair conformation for the


Figure 2. 1H NMR spectra (500 MHz) of DDM in water solution with dif-
ferent experimental conditions at 298 K. Bottom trace: DDM in the free
state. Middle trace: DDM in the presence of microtubules (D2O, 298 K),
with a DDM/tubulin molar ratio of 20:1. The large signals of the nucleo-
tide employed to stabilize the microtubules are evident. Top trace: STD
spectrum (saturation time: 2 s) of DDM in the presence of microtubules,
with a DDM/tubulin molar ratio of 20:1. Apart from the methyl groups,
which show clear intensities, the most significant STD signals are marked
with the number of the corresponding proton resonances. The signals of
the nucleotide do not appear in the STD spectrum (huge nucleotide/tu-
bulin ratio).


Figure 3. TR-NOESY spectrum (mixing time: 100 ms) of discodermolide
(DDM) in the presence of microtubules (D2O, 298 K), with a tubulin/
DDM molar ratio of 20:1. Negative cross-peaks are observed, which indi-
cates that the bioactive conformation can be extracted from the quantita-
tive analysis of these peaks.
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six-membered ring orientation, due to the weakness of the
H2–H5 cross-peak, as well as the relative changes in the in-
tensities of the key NOEs from the CH325 and CH326 sig-
nals. Thus, there is a conformational selection process re-
garding the shape of the six-membered ring. Nevertheless,
despite this conformational selection for the lactone ring,
the orientation of the six-membered ring moiety relative to
the backbone is almost identical to that observed in the free
state, as shown by the key short contacts mentioned above
(Table 1). Also, the analysis of the TR-NOESY cross-peaks,
by using a full relaxation-matrix approach, with the help of
the CORCEMA program, permitted us to deduce that the
relative orientation of the C5–C24 hydrocarbon chain re-
mains basically unaltered upon binding.


T-ROESY experiments allowed the exclusion of spin-dif-
fusion effects for the key cross-peaks. Thus, the observed
pattern is that expected for a conformer with no significant
distortion by the microtubules in the area of C5–C24 from
the global shape of the major conformer deduced in water.
On the other hand, the observed cross-peaks are in agree-
ment with the existence of a conformational selection pro-
cess for the lactone. Therefore, while distinct flexibility ap-
pears for the different torsional degrees of freedom of disco-
dermolide in acetonitrile or dimethylsulfoxide,[33,34] the ori-
entation of the C5–C24 chain is highly preorganized in
water solution with respect to that bound by tubulin, proba-
bly to minimize entropic penalties. A preorganized confor-
mation of discodermolide in water solution is supported by
a favorable entropy change upon its binding to microtubules
of 80 Jmol�1K�1, which is reduced to 10 Jmol�1K�1 in DCT
(see below) and which changes sign for other MSAs (tax-
anes and epothilones).[18] Views of the polar and nonpolar
surfaces of the major conformer are shown in Figure 4.


There are some slight changes in the deduced bound con-
formation with respect to that described by Carlomagno and
co-workers with unassembled tubulin.[31] A superimposition
is shown in Figure 1. Although the structure provided by
Carlomagno and co-workers[31] shows a chair for the six-
membered ring and its orientation is somewhat different
with respect to the rest of the chain, the presentation of the
molecule is remarkably similar, despite the change in the
mode of preparation of tubulin in both cases.


Further insights into the mode of binding of DDM were
deduced from saturation transfer difference (STD) experi-


ments.[57] First, the interaction was demonstrated to be spe-
cific by using competitive STD experiments.[58] Thus, bacca-
tin, the core skeleton of paclitaxel and docetaxel, was em-
ployed as a model ligand. Baccatin binds to microtubules
and competes with paclitaxel, although with 100-times-lower
affinity (1.5N105


m
�1 for Baccatin III as compared with 3.7N


107
m
�1 for paclitaxel). Clear STD (Figure 5) and TR-NOE


signals were obtained for baccatin when it was added to a
solution containing microtubules. The STD (Figure 5) and
TR-NOE signals (data not shown) were completely re-
moved from the corresponding spectra when discodermolide
or dictyostatin were added to the same NMR tube, thus in-
dicating that these compounds compete for the taxane-bind-
ing site in microtubules, as already described, and both have
a much higher affinity than baccatin III.


Moreover, when the amount of DDM or DCT was in-
creased, the TR-NOE spectra depicted in Figure 3 and in
Figure S4 in the Supporting Information were again ob-
tained, as well as the corresponding STD spectra for these
molecules (Figure 5).


STD experiments were performed on the same TR-
NOESY samples mentioned above. Although the beneficial
accumulation effect of STD experiments in terms of the
signal/noise ratio makes preferable the use of high ligand/re-
ceptor ratios, the limited solubility of both DDM and DCT


Figure 4. Different perspectives of the representation of the polar and
nonpolar areas of the conformer of discodermolide bound by microtu-
bules. This conformer seems to have a well-defined patch of polar and
nonpolar areas.


Figure 5. A) 1H NMR (500 MHz) spectrum of baccatin in the presence of
microtubules (D2O, 298 K), with a baccatin/tubulin molar ratio of 15:1.
B) STD spectrum of this sample. The signals of baccatin are evident.
C) 1H NMR spectrum of DDM and baccatin in the presence of microtu-
bules (D2O, 298 K), with a baccatin/DDM/tubulin molar ratio of 10:10:1.
D) STD spectrum (saturation time: 2 s) of this last sample. The STD
spectrum corresponds to that observed for DDM (Figure 2). Thus, the
signals of baccatin are removed, which indicates competitive binding.
Similar effects were observed when dictyostatin was added to the NMR
tube containing baccatin.
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in water solution only permitted the use of the 10:1 or 20:1
molar ratio samples described above. The corresponding
STD spectrum for DDM is shown in Figure 2. For discoder-
molide, the STD spectrum provided clear enhancements for
the methyl groups at the periphery of the backbone, and for
certain signals, especially those belonging to the lactone ring
(H2–H4), H12, and the C18–C24 portion of the chain. Nota-
bly, H2 and H22 gave the most significant STD enhance-
ments. The STD pattern was semiquantitatively explained
by means of the CORCEMA-STD[50,51] program by using
the docked structure of DDM in the tubulin-binding site
(see below). A fair agreement was obtained between the ex-
perimental and modeled STD data, with an R factor of 0.14,
more than reasonable for this molecular system.


Dictyostatin : As mentioned in the introduction, dictyostatin
is a microtubule-stabilizing macrolide that is structurally re-
lated to discodermolide. Indeed, the configurations of the
stereocenters of both molecules are remarkably homologous
and consistent with a common biogenesis.[25] The conforma-
tional behavior of this molecule has been elucidated in
methanol solution by using NMR spectroscopy and molecu-
lar mechanics calculations.[25] This analysis indicated the
presence of an equilibrium between two major forms
(Figure 6), the s-trans (major) and the s-cis (minor) forms,
which basically differ in the conformation around C1–C2.
The characteristic torsion angles for both forms are given in
Table S3 in the Supporting Information, whereas the corre-
sponding short distances, which can be correlated with ex-
perimental NOEs, are gathered in Table 3. The observed J
couplings in methanol[25] were basically identical to those de-
duced in water solution (see Figure S5 in the Supporting In-
formation) and, thus, indicate a similar conformational be-


havior in both polar solvents (see Table S2 and Figure S10
in the Supporting Information).


The bioactive conformation of DCT bound to microtu-
bules was deduced by using TR-NOESY experiments and
by following the protocol described above for DDM (see
Figures S6 and S8 in the Supporting Information). Also in
this case, strong negative cross-peaks were observed at
303 K, as expected for ligand binding (Figure 7). For DCT,


Figure 6. Conformation analysis of dictyostatin. A) Stereoscopic view of
the s-trans global minimum. B) Stereoscopic view of the bound confor-
mer. C) Stereoscopic view of the s-cis local minimum.


Table 3. Analysis of the estimated interproton distances for dictyostatin
in the microtubule-bound state. The experimental distances, r [O] (�
10%), are estimated according to a full matrix-relaxation approach from
a CORCEMA-based analysis of the TR-NOESY data. The H10–H11
and H21–H22 distances were taken as internal references. The reported
data for the free-state conformations (regular s-trans and s-cis conform-
ers) are also given. The best-fit conformer is a secondary minimum (ap-
proximately 4.5 Kcalmol�1) deduced from the MM3* calculations for dic-
tyostatin. This minimum displays an s-trans geometry. Also, it is necessa-
ry to consider different rotamers around C20–C21 to quantitatively ex-
plain all of the NOEs involving the lateral chain. The data supporting
these conclusions are in bold.


Proton pair Global
minimum
of s-trans [O]


Local
minimum
of s-cis [O]
C22�C26


Bound
conformer [O]
of C22�C26[a]


Distance from
experiment [O]
(error: �10%)


H2–H3 2.4 2.4 2.3 2.3
H2–H4 3.9 3.9 3.9 >3.5
H3–H4 3.1 3.1 3.1 3.1
H3–H5 2.6 2.5 2.5 2.5
H4–H5 3.1 3.1 3.1 3.1
H4–H6 2.3 2.3 2.4 2.4
H4–H8b 3.4 2.8 3.1 3.2
H4–H23 2.4 8.4, 3.0, 6.6 2.6, 4.2, 7.8 >3.5
H4–Me20 3.1 3.5 3.6 2.9
H4–Me22 2.8 6.7, 6.1, 3.2 3.8, 2.6, 7.0 3.4
H5–H6 3.1 3.1 3.1 3.1
H5–H7 3.7 3.9 3.8 3.5
H5–H8a 2.9 3.2 3.7 3.4
H6–H7 2.4 2.4 2.6 2.5
H6–H8b 2.5 2.5 2.8 2.7
H7–H10 2.3 4.6 4.4 >3.5
H8b–H10 2.5 2.7 2.7 2.7
H8b–H24 2.7 8.0, 4.5, 8.7 3.1, 6.0, 7.0 3.5
H10–H11 2.3 2.3 2.3 2.3
H10–H24 2.6 8.9, 5.1, 8.0 2.3, 4.7, 7.0 >3.5
H11–H13 3.8 3.8 3.8 3.5
H11–H14 3.1 2.5 2.5 2.6
H12–H13 2.5 2.4 2.4 2.5
H12–H15a 2.1 2.3 2.1 2.3
H17b–H20 2.3 4.7 3.1 3.4
H19–H20 2.5 2.3 2.4 2.4
H19–H21 3.3 3.6 3.2 3.3
H19–H22 2.1 5.0, 4.9, 5.6 2.2, 3.9, 3.0 2.4
H19–H25 2.4 7.1, 6.6, 7.5 2.5, 5.0, 5.0 2.8
H20–H21 3.0 2.3 3.1 2.6
H20–H23 3.1 4.6, 4.0, 5.4 3.0, 5.3, 4.8 3.2
H21–H22 2.4 3.1, 2.5, 2.5 3.1, 2.5, 2.5 2.7
H21–H23 2.9 2.5, 3.7, 2.9 3.8, 4.4, 2.6 2.8
H22–H24 3.8 3.8 3.8 >3.5
H22–H25 2.1 2.1 2.1 2.1
H24–H25 3.2 3.2 3.2 3.2
H24–H26a 3.8 3.8 3.8 >3.5
H24–H26b 2.5 2.5 2.5 2.4


[a] Rotamers: H21/H22 171, �60, 60.
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no NOEs were observed in the free state (zero crossing in
the NOE curve).


The observed TR-NOE cross-peaks (Figure 7 and Table 3,
and Figure S8 in the Supporting Information) were translat-
ed into distances with the assistance of the CORCEMA pro-
gram[50] by using the two more stable s-cis and s-trans geo-
metries. Upon comparison of the experimental and expected
values for both conformers, in this case, and contrary to the
observations for DDM, no simultaneous fitting of all the
NOE data could be obtained by using either individual con-
former. For instance, the estimated experimental long dis-
tances for the H7–H10 and H17–H20 proton pairs (lack of
these key NOEs, bold in Table 3), which are at very short
distances in the regular s-trans geometry, together with the
observation of relatively short distances for the H11–H14
and H4–CH320 pairs, clearly indicate that the global mini-
mum, the s-trans form, is not bound to the microtubules
(Table 3).


On the other hand, the s-cis geometry also fails to de-
scribe some of the observed NOEs, especially those involv-
ing the C22–C26 tail. A rotation around the C21–C22 bond,
maintaining the s-cis form, still does not permit an explana-
tion of the above-mentioned experimental NOEs, which are
underlined in Table 3.


Thus, there is a significant conformational change in the
DCT conformation upon binding to microtubules. By using
the MM3*-based calculated secondary minima for DCT, the
best agreement was found when a third local minimum was
considered (see Table 3). This conformer displays similar
torsion angles to the s-trans form but shows a major torsion-
al change around the C8–C9 linkage, and minor adjustments
around the entire skeleton (Figure 8). According to the
MM3* calculations, the energy difference between the s-


trans conformer and this conformer amounts to
4.7 kcalmol�1. In addition, to fit the NOEs for the lateral
diene chain, consideration of an equilibrium between at
least two (probably three) rotamers around C21–C22 should
be considered (Figure 8). Thus, now, it is possible to fit
almost quantitatively all of the observed NOEs. Hence,
there is a conformational variation process regarding the
shape of the macrolide ring. Therefore, whereas DDM
seems to show a preorganized conformation in water solu-
tion to interact with microtubules, this is not the case for
DCT. Views of the polar and nonpolar surfaces of the
bound DCT conformer are also shown in Figure 8.


The bound conformer of DCT resembles that of bound
DDM (Figure 9). In fact, they display similar polar and non-
polar surfaces that allow them to interact with the corre-
sponding receptor. Modification of the orientation of the
lateral diene chain of DCT does not substantially modify
the good match between both molecules.


Figure 7. TR-NOESY spectrum (mixing time: 100 ms) of dictyostatin in
the presence of microtubules (D2O, 298 K), from which the bioactive
conformation of the macrocycle is deduced. Other experiments were re-
corded with mixing times of 50, 150, and 200 ms.


Figure 8. Conformation analysis of dictyostatin when bound to microtu-
bules. A) Stereoscopic view of the superimposition of the major confor-
mer found in free solution (light print) with that bound (dark print) to
microtubules. The major changes affect the C8–C9 torsion angle and the
corresponding adjustments. B) Superimposition of the three possible ro-
tamers around the lateral C21–C22 linkage. C) Different perspectives of
the polar and nonpolar patches of the bound conformer of dictyostatin.


Figure 9. Superimposition of the bound conformer of discodermolide
(light print) with the three possible rotamers around the lateral C21–C22
linkage of the bound conformer of dictyostatin (dark print). The degree
of adjustment is more than satisfactory.
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STD experiments were also performed on the sample of
DCT in the presence of assembled microtubules (Figure 10).
The experiment indicated the existence of ligand binding to


the microtubules, with most of the 1H NMR spectroscopic
signals providing clear STD enhancements, although with
different intensities. The obtained enhancements and the
bound conformation docked into tubulin (see below) were
considered for the simulation of the STD data with the
CORCEMA-STD program. A satisfactory match between
the experimental and observed data was obtained, thus pro-
viding further evidence for the goodness of the TR-
NOESY/STD-docking approach employed herein (see
below).


The interactions of DDM and DCT with tubulin as revealed
by the docking procedure : As mentioned above, the experi-
mentally derived NMR conformation of DDM was docked
onto b-tubulin[43] (PDB code: 1JFF) as already described[35]


and as explained in the Experimental Section, by using the
AUTODOCK program.[42]


However, it has to be noted that two binding sites have
been described for taxanes, the final luminal binding site,
which has been experimentally proved for paclitaxel and
epothilone, and an external transient binding site of un-
known structure, that has been experimentally proved for
cyclostreptin. Since it is not proved that dictyostatin and dis-
codermolide reach the final internal luminal site, they might
compete with paclitaxel by just binding to the free external
site. Thus, the docking results have to be taken with caution.
Indeed, the determined bound conformation is very similar
to that described by Carlomagno and co-workers[31] with tu-


bulin in a nonmicrotubule form, for which the luminal site
might not be fully present or structured.


First, a global search for binding sites in the a/b-tubulin
dimer was carried out, with a grid spacing of 0.6 O. Because
all of the binding modes obtained in this calculation were lo-
cated at the region of b-tubulin that faces inside the micro-
tubule, the second step involved a local search for the b-tu-
bulin monomer, with a grid spacing of 0.375 O.


The local docking for b-tubulin suggested that there is a
preferred DDM-binding region within this monomer, since
most of the 100 structures could be gathered in the lowest
energy cluster. In fact, this binding site corresponds to the
taxane-binding site[59] involving the a helices 6 and 7 and the
b strands 8–10 with their corresponding loops (Figure 11).
This model predicts no evident contacts with either helix 1
or 5.


There are a variety of nonpolar intermolecular contacts
between DDM and tubulin. According to this binding mode,
there are polar contacts of the ligand with His229 (helix 7),
several residues at the M loop (Pro274, Thr276, Ser277, and
Gln282), and Gly370. His229 is a key residue in the middle
of helix 7. Stabilizing van der Waals interactions (within 5 O
of DDM) are also found, especially with Leu217, Leu275,
Pro360, and Leu371 (the coordinates of the modeled DDM–
tubulin complex are available from the authors upon re-
quest). It has been reported[31,60] that, in contrast to paclitax-
el, DDM conserves full activity on cell lines presenting the
F270V and A364T mutations. Indeed, no major contacts are
found between DDM and these residues in our complex.


It is possible to speculate how this MSA exerts its func-
tion. Interestingly, in our model, DDM (and DCT, see
below) directly contacts with the M loop. This M loop has
been shown to be a key element of the lateral interactions


Figure 10. A) 1H NMR (500 MHz) spectrum of free dictyostatin (D2O,
298 K), with a baccatin/tubulin molar ratio of 15:1. B) 1H NMR spectrum
of dictyostatin in the presence of microtubules (D2O, 298 K), with a
molar ratio of 20:1. C) STD spectrum (saturation time: 2 s) of this last
sample. Clear enhancements are observed for most of the dictyostatin
signals, whereas those of the nucleotide employed for stabilizing the mi-
crotubules are not observed (huge nucleotide/tubulin molar ratio).


Figure 11. The interaction of DDM with b-tubulin, as deduced by AU-
TODOCK. The NMR-derived bound conformation of DDM was used
with the refined coordinates of tubulin from PDB file 1JFF. The binding
site perfectly correlates with the taxane-binding site. The charges at the
protein surface were estimated by using Poisson–Boltzmann electrostatic
calculations with the PDB2PQR program.[62, 63]
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between microtubule protofilaments.[59,60] This evidence sug-
gests the possibility that DDM stabilizes microtubules by
stabilizing lateral contacts between protofilaments, as has
been previously proposed for taxol.


The docking analysis was also performed for DCT by fol-
lowing the same methodology described for DDM. Indeed,
an identical binding site was also deduced, which can fit the
deduced NMR-bound conformer of DCT and that of DDM
(Figure 12). DCT interacts with polar contacts again with


His229, Pro274 (at the M loop), Thr276, Arg278, Gln282,
and Gly370. For this macrocyclic molecule, which has a
larger hydrophobic chain than DDM, a higher number of
van der Waals interactions take place, namely with Leu217,
Leu219, Leu230, Ala233 at helix 7, Leu275, and Leu371,
with those residues providing the more important nonpolar
contacts (within 5 O of DCT). Thus, for both DDM and
DCT, the two independently NMR-derived conformations
for the assembled microtubule-bound state perfectly fit
within the same binding site, as can be observed in Fig-
ure S12 in the Supporting Information. The intermolecular
contacts observed for DCT with tubulin were indeed very
similar to those described above for DDM, as can be ob-
served from the superimposition of both molecules at the
binding site.


Nevertheless, despite the fact that according to the combi-
nation of experimental and AUTODOCK data, both mole-
cules target the taxane-binding site, the paclitaxel-binding
pocket is not completely occupied by DDM or DCT. Super-
positions of the three bound ligands are presented in
Figure 13 and in the graphical abstract; these show that
DDM and DCT roughly overlap the taxane skeleton but do
not make the additional contacts provided by the docetaxel
side chain, specifically with helix 1 and the other side of


His229. It may be speculated that, if this model were cor-
rect, addition of a proper paclitaxel or docetaxel side chain
to DCM or DCT might further stabilize their binding by
about �3 kcalmol�1 (from a comparison of the affinities of
baccatin and paclitaxel, see reference [61]).


Conclusion


A variety of NMR spectroscopic data, including TR-
NOESY/STD, qualitative line-broadening analysis, and
NMR competition experiments, assisted by molecular me-
chanics calculations, has been employed to deduce the mi-
crotubule-bound conformation of two MSAs, DDM, and
DCT. The data indicate that tubulin in assembled microtu-
bules recognizes DDM through a conformational selection
process, in which the half-chair conformer (and not the
skew-boat form that is predominant in solution) of the lac-
tone moiety is bound by the receptor. There are very minor
changes in the rest of the molecular skeleton between the
major conformer in water solution and that bound to assem-
bled microtubules. Indeed, despite the many torsional de-
grees of freedom of DDM, intramolecular interactions
within the molecule and hydration strongly affect its confor-
mational features, and it only shows conformational mobility
around a fairly narrow part of the molecule. This evidence
strongly contrasts with the observations in other solvents.
Yet, this feature serves to modulate the presentation of
polar and nonpolar surfaces to interact with the binding site
of tubulin. With regard to DCT, its microtubule-bound con-
formation has also been derived by using the same com-
bined protocol of NMR spectroscopy and molecular dock-
ing. The deduced bound geometry presents some key con-
formational differences, with respect to the major one exist-
ing in solution, around certain torsion angles and additional-
ly displays mobility (even when bound) along the lateral
C22–C26 diene chain. In any case, the bound conformer of
DCT resembles that of DDM and provides very similar con-
tacts with the receptor. Competition experiments have indi-
cated that both molecules compete with the taxane-binding
site, thereby providing further support to previously de-
scribed biochemical data.


Figure 12. The interaction of DCT with b-tubulin, as deduced by AUTO-
DOCK. The NMR-derived bound conformation of DCT was used with
the refined coordinates of tubulin from PDB file 1JFF. The binding site
perfectly correlates with the taxane-binding site. The charges at the pro-
tein surface were estimated by using Poisson–Boltzmann electrostatic cal-
culations with the PDB2PQR program.[62,63]


Figure 13. Superimposition of the NMR-derived bound conformers of
DDM and DCT, as deduced by AUTODOCK, with paclitaxel, as de-
scribed in the coordinates of the PDB file 1JFF for the b-tubulin com-
plex. In this case, the protein has been removed for the sake of clarity.
There are still possibilities for the extension of DDM and DCT to pro-
vide additional contacts with the target receptor.
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A model of the binding mode of both MSAs to tubulin,
involving the taxane-binding site of tubulin, has been postu-
lated. A hypothesis for both the major polar and nonpolar
interactions between both MSA compounds (DDM and
DCT) and the receptor has also been proposed.


The employed approach should be of general use within
this field. Moreover, this experimental determination of the
conformation of a microtubule-stabilizing agent when bound
to microtubules in solution should be helpful for the design
of analogues with improved activity.
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Introduction


Understanding of molecular recognition processes is of par-
amount importance for the life sciences and for the elucida-


tion, at the molecular level, of the events involved at the
heart of biological phenomena. Many of these are mediated
by interactions between proteins and the carbohydrates
present on the surfaces of cells.[1] Proteins that recognize
carbohydrates are found in a wide variety of organisms,
from viruses and bacteria to plants and animals, and include
enzymes, glycoproteins (antibodies, for example), and lec-
tins. These protein–carbohydrate interactions are highly se-
lective—lectins can distinguish between carbohydrates that
differ only in the stereochemistry at one carbon atom[2]—
and are characterized by affinity constants typically of the
order of 103


m
�1 for monosaccharides and up to 107


m
�1, or


even higher, for complex carbohydrates. Hydrogen-bonding
and nonpolar interactions[3,4] play important roles in the
binding process. In the last few years, the presence of aro-
matic rings in the binding sites of lectins has been highlight-
ed as essential for recognition of neutral sugars, especially
of the Gal/GalNAc and Glc/GlcNAc families.[5–14] The im-
portance of these aromatic amino acids has been confirmed
by site-directed mutagenesis.[5,6] For the molecular recogni-
tion process, both the structure and the conformation of the
carbohydrate,[9] as well as the nature and orientation of the
aromatic rings, are of importance.[10,11] This so-called “stack-
ing interaction” between the carbohydrate and aromatic
amino acid side chains is also referred to as a “CH–p inter-


Abstract: The interactions of simple
carbohydrates with aromatic moieties
have been investigated experimentally
by NMR spectroscopy. The analysis of
the changes in the chemical shifts of
the sugar proton signals induced upon
addition of aromatic entities has been
interpreted in terms of interaction geo-
metries. Phenol and aromatic amino
acids (phenylalanine, tyrosine, trypto-
phan) have been used. The observed


sugar–aromatic interactions depend on
the chemical nature of the sugar, and
thus on the stereochemistries of the
different carbon atoms, and also on the
solvent. A preliminary study of the sol-


vation state of a model monosacchar-
ide (methyl b-galactopyranoside) in
aqueous solution, both alone and in the
presence of benzene and phenol, has
also been carried out by monitoring of
intermolecular homonuclear solvent–
sugar and aromatic–sugar NOEs. These
experimental results have been com-
pared with those obtained by density
functional theory methods and molecu-
lar mechanics calculations.


Keywords: carbohydrates ·
molecular modeling · molecular
recognition · NMR spectroscopy ·
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action”,[5,12–14] and has also been shown to occur in the gas
phase.[15]


Sometimes regarded as a hydrogen bond, the CH–p inter-
action is much weaker than the “classical” hydrogen bond
(ca. 30% according to QM calculations).[16–18] In the comput-
ed benzene–methane and benzene–chloromethane systems,
the most stable configuration is always the one in which the
CH bond is perpendicular to the benzene ring plane, al-
though the interaction energy does not seem to be much
modified by the position of the hydrogen over the aromatic
ring (i.e., above the center of the aromatic cycle or at the
edge of the cycle).[17–19]


Ab initio HF, MP2, and CCSD(T) calculations undertak-
en on several simple systems (benzene–methane, -ethane,
and others[16,17]) have suggested that the dispersion interac-
tion between the aromatic entity and the carbon atom of
the CH bond is largely responsible for the CH–p interac-
tion, with the electron correlation greatly enhancing the cal-
culated binding energy.[17] The electrostatic contribution in-
creases when the acidity of the hydrogen increases.[17] The
presence of an electrostatic contribution to the attraction
might be responsible for the directionality of the CH–p


bond.
Ab initio studies on CH–p interactions in sugar–protein


complexes have also been reported.[14,19–22] An extensive
study of protein–carbohydrate complexes obtained from six
high-resolution (1.3 S or better) X-ray structures has been
undertaken by Spiwok et al.[14] The estimated interaction en-
ergies fall between �11.7 and �26.8 kJmol�1, except for one
complex in which the higher interaction energy
(�51.4 kJmol�1) was explained by the additional presence
of a classical H-bond between a hydroxyl group of the car-
bohydrate and the hydroxyl group of a tyrosine. Within
these complexes, a wide range of angles was observed be-
tween the donor C�H bond and the aromatic plane (318 to
nearly perpendicular). The perpendicular distances calculat-
ed between the hydrogen atom and the plane of the aromat-
ic ring ranged between 2.6 and 3.3 S, fairly similar to those
found in the experimentally determined X-ray structures.[23]


In comparison, for the benzene–methane and benzene–
methanol complexes, the distances between the hydrogen
atom and the aromatic cycle were only 2.7 and 2.5 S, re-
spectively.[17]


The group in Madrid has previously performed calcula-
tions (at the MP2/6–31GACHTUNGTRENNUNG(d,p) level with counterpoise cor-
rection) relating to the complex formed by b-d-fucose (6-
deoxy-b-d-galactose) and benzene, and modeled the geome-
try of the interaction.[24] The interaction energy was
�10.9 kJmol�1, falling in the lower limit of the interaction
energies obtained by Spiwok et al.,[14] but of the same order
of magnitude as that computed for the methanol–benzene
complex[17] (taking the known 20% overestimation of MP2
calculations relative to CCSD(T) ones into account[16]).


In an application of all this knowledge, a synthetic lectin
has very recently been chemically prepared[25] through the
combination of different simple molecular fragments that si-
multaneously allow hydrogen bonds and stacking interac-


tions with the target saccharides to be established. Millimo-
lar affinities were obtained with synthetic receptors for the
first time.


On this basis, in order to allow better understanding of
CH–p interactions, it seems interesting to study—not only
theoretically but also experimentally—simple model sys-
tems. Here we present a methodology for exploration of car-
bohydrate–aromatic interactions from the structural view-
point.


NMR is a particularly interesting tool for studying geo-
metrical features and molecular interactions. Provided that a
CH–p interaction takes place, the chemical shifts of the pro-
tons involved in the interaction should be modified accord-
ing to their spatial positions in the field created by the aro-
matic ring current. Here we report an NMR study of the in-
teractions between different d-monosaccharides (the a- and
b-methyl anomers of glucopyranose, galactopyranose, and
ribofuranose, as well as a-methyl mannopyranose) and sev-
eral aromatic entities (phenol and the l-amino acids phenyl-
alanine, tyrosine, and tryptophan), in an attempt to general-
ize and to extend the previously obtained conclusions. Meas-
urements of the chemical shift variations of the sugar pro-
tons in the absence of each aromatic moiety and in the pres-
ence of excesses (10–20 molar equivalents) have been
undertaken. Titration experiments have been performed for
some of these systems.


We have also undertaken the analysis of the possible
changes in the solvation sphere of one simple carbohydrate
(methyl b-d-galactopyranoside) upon addition of phenol,
through intermolecular homonuclear NOEs. More precisely,
we have investigated whether intermolecular sugar–water
and sugar–aromatic NOEs can provide experimental infor-
mation relating to the existence of the complex and to the
solvation of this carbohydrate in the absence and in the
presence of aromatic compounds.


All the observed data indicate that, depending on the
chemical nature of the sugar, aromatic–carbohydrate inter-
actions indeed take place, and can be easily monitored by
NMR. These NMR data have also been interpreted in terms
of geometrical models with the aid of molecular mechanics
calculations.


Results and Discussion


The most commonly used reference compound for NMR
studies of biological and bioorganic molecules in water is
2,2-dimethyl-2-silapentane-5-sulfonate (DSS); the chemical
shift of the methyl protons is set to zero. An alternative ref-
erence is sodium 3-trimethylsilylpropionate (TSP), with one
CH2 group fewer than DSS, and thus less prone to provide
interactions with the solutes.[26] Initial experiments demon-
strated that minor, but appreciable, changes in the chemical
shift of the CH2 adjacent to the silicon atom took place
when a 0.1 mm concentration of DSS in D2O was mixed
with a 220 mm concentration of phenol. In view of these ob-
servations, and although the employed DSS concentration
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for reference purposes is one order of magnitude lower (ca.
10 mm), it was obvious that DSS was not appropriate for use
as an internal reference for the aromatic interaction experi-
ments. Significantly smaller, but still observable, variations
took place for TSP. Different referencing methods were em-
ployed in the two labs. In Brussels, experiments were under-
taken with an external reference in a spherical insert. The
bulk magnetic susceptibility varies with the solvent, so a
spherical insert, which has a shape factor of zero, was there-
fore essential.[27] In Madrid, TSP was employed as an inter-
nal standard at a 10 mm concentration (see Experimental
Section).


The interaction of methyl gly-
cosides with phenol—chemical
shift perturbation data : Table 1
shows the variations in the
1H NMR resonance frequencies
(Hz) of the signals of a variety
of methyl glycosides in the
presence of variable amounts of
phenol. Shielding of all the res-
onance signals is observed. In
order to allow easy comparison
of the results obtained in the
two laboratories, the sugar
proton that experienced the
smallest shielding was used as
an internal reference (its chemi-
cal shift variation was set to
zero). The experimental errors
in Dn reported in Table 1 are
smaller than 3 Hz (calculated
on the basis of the spectral res-
olution and with comparison of
results obtained from several
experiments on the same
system). No variations in the
chemical shifts of methyl b-gal-
actopyranoside were observed
when the experiments with an
excess of phenol were conduct-
ed in DMSO or acetonitrile,
highlighting the importance of
water for the interaction to
take place.


Analysis of the data in
Table 1 clearly shows that the
differences in the chemical shift
variations of the protons of a
sugar depend on the chemical
nature of the sugar. Negligible
differences in the variations
were observed between the var-
ious protons of methyl a-man-
nopyranoside. Larger differen-
ces were noted between the


protons of methyl a-glucopyranoside, and even larger ones
between the protons of its b-epimer. The differences in the
proton chemical shift variations are similar for the methyl
a- and b-ribofuranosides.


The differences in the chemical shift variations of the pro-
tons of the methyl a- and b-galactopyranosides were signifi-
cantly larger than for the other sugars, well beyond the max-
imum estimated experimental error. In both sugars H2 is
the proton that experiences the least shielding, followed by
one of the H6 atoms and the O-methyl protons. H3, H4, and
H5 for the a-methyl derivative, and H1, H3, H4, and H5 for


Table 1. Shielding (in Hz) of the protons of methyl pyranosides and furanosides upon addition of phenol or an
aromatic amino acid.


Sugar Aromatic
moiety


Chemical shift variation [Dd (Hz)]


H1 H2 H3 H4 H5 H6A H6B OMe


methyl a-galacto- phenol[a] �12 �10 �17 �24 �26 �12 �16 �12
pyranoside phenol[b] �2 0 �7 �14 �16 �2 �6 �2


phenol[c] �5 0 �15 �14 �15 �6 �7 �3
l-Phe[d] – 0 �1 – �3 �1 �1 0
l-Phe[e] �5 0 �5 �4 �7 �2 �2 �1
l-Trp[f] – �5 �8 �10 �11 �12 0 �4
calcd Dd[g] �0.2 �0.2 �0.5 �0.6 �2.7 – – –


methyl b-galacto- phenol[a] �21 �7 �20 �20 �28 �15 �12 �10
pyranoside phenol[b] �14 0 �13 �13 �21 �8 �5 �3


phenol[c] �14 0 �12 �12 �19 �9 �6 �4
l-Phe[d] �2 0 �1 �2 �3 �2 �1 0
l-Trp[f] �6 0 �7 �6 �8 �2 �1 0
l-Tyr[h] �4 0 �5 �4 �7 �2 �2 �1
calcd Dd[g] �1.9 �0.3 �0.5 �0.4 �1.7 – – –


methyl a-gluco- phenol[a] �13 �11 �5 �9 �11 �17 �11 �11
pyranoside phenol[b] �8 �6 0 �4 �6 �12 �6 �6


phenol[c] �10 �5 0 �3 �5 �6 �5 �4
l-Phe[d] – �2 0 �1 �1 �2 �2 �1
l-Trp[f] – �2 0 �1 �1 �1 �1 �1


methyl b-gluco- phenol[a] �20 �7 �9 �8 �20 �12 �11 �11
pyranoside phenol[b] �13 0 �2 �1 �13 �5 �5 �4


phenol[c] �12 0 �3 �2 �11 �5 �3 �4
l-Phe[d] �2 – 0 �1 �2 �1 �1 �1
l-Trp[f] �4 0 – �1 – �1 �1 0
calcd Dd[g] �2.9 �0.3 �0.4 �0.2 �0.6 – – –


methyl a-manno-
pyranoside


phenol[b] �5 �4 0 �3 �1 �3 �1 �7


methyl a-ribo- phenol[a] �24 �22 �20 �16 �19,�20 – – �16
furanoside phenol[b] �10 �8 �7 �3 �6,�7 – – 0
methyl b-ribo- phenol[a] �21 �20 �21 �15 �20,�21 – – �21
furanoside phenol[b] �6 �5,�6 0 �5 �6 – – �6


l-Phe[d] – – �1, – �1,– – – 0


[a] Absolute shielding (Hz) measured for the resonance signals of the sugars (10 mm) upon addition of a 20-
fold excess of phenol, as determined at 600 MHz and 298 K, pH 5–6. DSS is used as external standard.All
other data shown were obtained by using the least shielded proton as reference (its chemical shift variation is
set to zero); [b] relative shielding in the same conditions as above; [c] sugars 15 mm, addition of a 15-fold
excess of phenol, 500 MHz, 298 K, pH 5–6; [d] sugars 5 mm, addition of a 20-fold excess of l-Phe, 600 MHz,
298 K, pH 5–6; [e] sugars 15 mm, addition of an 11-fold excess of l-Phe, 500 MHz, 298 K, pH 6–7; [f] sugars
4 mm, addition of a sevenfold excess of l-Trp, 500 MHz, 298 K, pH 6–7; [g] estimated shielding (ppm) due to
the presence of an aromatic moiety, calculated by the modified Bovey–Johnson equation[28] for the protons of
both anomers of methyl galactopyranoside and for methyl b-glucopyranoside, according to the geometry calcu-
lated by molecular mechanics calculations. In the case of methyl b-galactopyranoside the shielding calculated
for the so-called 1, 3, 5 and 3, 4, 5 arrangements (see text) was 50:50 averaged. The estimated proportion of
complex was deduced from the averaged ratio of the experimentally observed absolute shifts at 600 MHz and
298 K to those estimated theoretically; [h] methyl b-galactopyranoside 4 mm, addition of an eightfold excess of
l-Tyr, 500 MHz, 298 K, pH 11–12. Although this pH is not physiologically relevant, and is above the pK for
the different tyrosine acid/basic groups, the data are given for purposes of comparison.
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the b-epimer showed the largest chemical shift variations.
As an example, Figure 1 shows the 1H NMR spectra of
methyl a- and b-galactopyranosides in water and in the
presence of phenol. As can be seen, a remarkable effect on
the chemical shifts of the sugar protons is revealed. The H4
and H5 resonance signals undergo the largest chemical shift
variation. An upfield shift of the H3 signals is also mea-
sured. For the a-epimer, the H1 chemical shift does not
show a significant shielding, in contrast with the observa-
tions for the b-epimer, in which H1 showed remarkable
changes.


Titration experiments were undertaken in order to try to
quantify the interactions of phenol with methyl b-galacto-
pyranoside (10 mm) and methyl a-glucopyranoside (10 mm).
As an example, Figure S1 in the Supporting Information
shows the behavior of the chemical shift of the H3 proton of


methyl b-galactopyranoside on phenol addition up to a 55:1
molar ratio. A 1:1 model under fast-exchange conditions
was fitted to the experimental data by use of a nonlinear
equation for the analysis, yielding a value of about 1m


�1 for
the binding constant. Similar behavior was observed for all
the non-exchangeable protons of both sugars. However,
since no plateau value was reached during the titrations, the
affinity constant values should be regarded as qualitative, as
a higher limit. Analogous behavior was observed when both
methyl ribofuranosides were titrated with phenol.


The interaction of methyl glycosides with aromatic amino
acids—chemical shift perturbation data : In a further step,
the interactions between sugars and aromatic amino acids
were studied. Obviously, the CH–p interactions that occur
in the active sites of lectins are mediated by the lateral
chains of the aromatic amino acids, and so we decided to in-
vestigate the interactions of methyl a- and b-galactopyrano-
side and methyl a- and b-glucopyranoside with the naturally
occurring aromatic amino acids l-phenylalanine (Phe), l-ty-
rosine (Tyr), and l-tryptophan (Trp). The NMR experiments
were carried out at different pH values, and the results were
found to be independent of pH. Table 1 shows the variation
in the resonance frequencies of the different sugars in the
presence of Phe, Tyr, and Trp. The most significant differen-
ces between the chemical shift variations are observed for
the methyl galactopyranoside epimers. For the methyl b-
epimer, for instance, although the observed trend is similar
for the three aromatic moieties, the major effect on the
sugar resonances occurs when Trp is added to the monosac-
charide solution. Because only lower aromatic/sugar ratios
were accessible, because of the solubility limit of the aro-
matic amino acids, the observed chemical shift variations
are smaller than those observed in the presence of phenol.


Because the CH–p interactions are probably a conse-
quence of the dispersion of the electronic density of p-mo-
lecular orbitals of the aromatic rings interacting with the hy-
drophobic faces of carbohydrates, we also examined a mix-
ture of methyl a-galactopyranoside and hexafluorobenzene,
a strongly deactivated aromatic ring because of the electron-
withdrawing capacity of the six fluorine atoms. The NMR
spectrum of the methyl a-galactopyranoside/hexafluoroben-
zene mixture did not show any significant differences from
the spectrum of the sugar in the absence of the aromatic
moiety. The data clearly indicate that p-electron-rich aro-
matic rings seem to be required in order to establish stabiliz-
ing CH–p interactions with the carbohydrates.[4]


All the experimental data presented above suggest that
three C�H vectors pointing into the same spatial region are
required in order to produce significant deviation in the ob-
served NMR chemical shifts. This is clearly highlighted by
the data pertaining to the methyl a- and b-galactopyrano-
sides. Phenol—and also the aromatic amino acids—interacts
with the pyranose chairs in a specific (although weak)
manner, by establishing CH–p interactions. Indeed, for the
interaction to take place, three C�H vectors of the sugar
with suitable orientations need to exist.


Figure 1. A) 500 MHz 1H NMR spectra (D2O, 298 K) of a methyl a-galac-
topyranoside solution (a, above) in the presence of 0.75 equivalent of
phenol (b, middle panel), and in the presence of 6.5 equivalent of phenol
(c, below). B) 600 MHz 1H NMR spectra (D2O, 298 K) of a 10 mm solu-
tion of methyl b-galactopyranoside (above) and upon addition of 21.2
molar equivalent in phenol (below).
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The chemical shifts of the sugar protons were shifted up-
field in the presence of the studied aromatic moieties. These
observed perturbations are the result of the effect of aro-
matic ring currents[28] and consequently yield information on
the geometry of interaction (see below).


Further demonstration of the existence of sugar–aromatic
complexes—intermolecular solvent–sugar and aromatic–
sugar NOEs : Several studies have previously underlined the
importance of the solvent for the formation of carbohy-
drate–protein complexes.[29,30] Consequently, a preliminary
examination of the solvation state of the sugars in the pres-
ence of phenol or benzene was undertaken. We expected
that the solvation spheres of carbohydrates would be modi-
fied somehow when the aromatic rings interacted with the
hydrophobic faces of the sugars. Examples of NMR-based
studies of the solvation of small organic molecules, based on
the detection of intermolecular NOEs between solvent and
solute, have been reported.[31,32] In particular, the solvent
compositions of the first solvation shells of carbohydrates in
binary mixtures have been studied by detection of intermo-
lecular NOEs from the solvent to the solute[31b] or vice
versa.[33]


To identify interactions between water and the CH groups
of methyl b-galactopyranoside, 1D-DPFGSE-NOE experi-
ments[34] were performed on samples of the sugar with and
without phenol (phenol/methyl b-galactopyranoside molar
ratio 20:1). A semiquantitative analysis of the NOE build-
up curves for the different protons of the free sugar in
water, by the initial build-up rate method,[35] showed that
the slopes of the curves at short mixing times were basically
identical, suggesting that methyl b-galactopyranoside is es-
sentially solvated in an isotropical manner when dissolved in
water. In contrast, strikingly different results were deduced
for the same sugar protons (Figure 2 and Figure S2 in the
Supporting Information) when the sugar was dissolved in a
water/phenol mixture. Indeed, H1, H2, and H6 seem to be
more water-exposed than H3, H4, and H5, indicating a cer-
tain degree of protection from the solvent for the latter set
of protons. Although these preliminary data should be con-
sidered with caution, they suggest the formation of a sugar/
aromatic complex, indirectly probing the existence of the
CH–p interaction, which partially protects H3, H4, and H5
from water. This result is also consistent with the reported
preference for phenol to be surrounded by the more hydro-
phobic cosolvent when dissolved in aqueous binary mixtur-
es.[31b]


If the measurement of intermolecular NOE is a valid ap-
proach for extracting information about weak interactions
(i.e., solvent–solute interactions), one might also consider
the detection of sugar/aromatic interactions (i.e. , solute–
solute interactions) when the complex is formed. Thus, the
search for intermolecular NOEs between methyl b-galacto-
pyranoside (as model compound, given the lack of overlap-
ping of the key NMR resonance signals) and benzene was
attempted. Intermolecular NOEs between two solutes of
low molecular weight are usually too small to be detected,


unless a large binding constant exists, which is not the case
for the system under study. As a result, no sugar–aromatic
NOEs were detected under standard conditions, with sugar
concentrations of 10–30 mm and a 10–20-fold excess of
phenol. However, as shown above, solvent–solute interac-
tions, which are intrinsically weak, became measurable
thanks to the convergent addition of the single contributions
of the huge number of solvent molecules, which greatly
exceed the number of sugar molecules.[31d] A sample con-
taining a 400 mm concentration of sugar in water saturated
with benzene (solubility ca. 22 mm) was prepared. Different
sugar protons were inverted and the benzene signal was ob-
served. Intermolecular NOEs were indeed observed (Fig-
ure S3 in the Supporting Information), especially when H1
or H4 of the sugar ring were inverted, while no NOE was
observed when H2 was the target-inverted proton. These
observations also point towards the existence of sugar–aro-
matic complexes. The experimentally measured NOE build-
up curve for the methyl b-galactopyranoside/benzene pair is
shown in Figure S4 in the Supporting Information.


A 3D model—theoretical calculations : As additional sup-
port to verify the existence of stabilizing CH–p interactions,
density functional and molecular mechanics calculations
were carried out on simple sugar–aromatic systems, as de-
scribed in our previous study of the fucose/benzene com-
plex.[24,36] Studies on the complex formed by a b-fucopyrano-
side (Fuc) residue interacting with the aromatic ring of tryp-
tophan (Trp) were performed. For purposes of comparison,
and also to judge the influence of deactivation of the aro-
matic ring, calculations for the interaction of a simple sugar
(methyl 2,3,4-tri-O-methyl a-fucopyranoside, FucMe4) with
difluorobenzene (C6H4F2), and hexafluorobenzene (C6F6)
were also performed.


Figure 2. Build-up curves of the experimentally determined intermolecu-
lar homonuclear NOE enhancements measured between water and pro-
tons of methyl b-galactopyranoside (10 mm), as a function of mixing time
in a water/phenol mixture at 20:1 phenol/sugar molar ratio. Different
slopes are evident for the different protons, in contrast to the observa-
tions in the absence of phenol.
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DFT calculations : Firstly, the previously studied Fuc/ben-
zene system[24] was modified as necessary, for preparing Fuc/
Trp, FucMe4/C6H4F2, and FucMe4/C6F6. In the cases of the
last two complexes it was necessary to substitute the differ-
ent hydroxyl groups of the sugar to avoid hydrogen bonding
of the hydroxyl groups with the fluorine atoms.


Calculations were performed by density functional theory.
Although it is well known that the hybrid B3LYP method[37]


is not fully adequate for study of long-distance interactions,
it was used to obtain approximations of the geometries of
the different complexes. It has been reported that its consid-
eration of the dispersion term is somehow deficient,[38] al-
though recent developments may overcome these draw-
backs.[39]


The obtained geometry for the basic Fuc/Trp complex
(Figure 3A) shows that the hydrogen atoms at the 3-, 4-, and
5-positions are those closest to the aromatic ring, as experi-
mentally deduced for a variety of sugar–aromatic com-
plexes,[23] including those described above, while H1 is the
furthest away. H3 is at 2.95 S from C’3, the equatorially ori-
ented H4 is at 3.07 S from the nitrogen atom, whereas H5
is at 3.15 S from the bridging C’7 atom.


A different situation is observed for the FucMe4/C6H4F2


complex. In this case, proximity between the axially oriented
protons at the 1-, 3-, and 5-positions of the sugar ring and
the aromatic ring is observed (Figure 3B) but the obtained
distances are clearly longer. The sugar H1 is located at
3.36 S from carbon C’1, whereas H3 and H5 are at 3.28 S
and 3.52 S from C’3 and C’4, respectively. The obtained dis-
tances are also longer than those previously calculated for
the Fuc/benzene complex—3.21, 3.09, and 3.28 S, respec-
tively—at the same theory level. In principle, this could be
explained by the deactivating role of the fluorine atoms,
which was confirmed when the geometry of the FucMe4/
C6F6 complex was calculated. In this case, the presence of


the six fluorine atoms attached to the aromatic moiety pro-
duced a strong modification of the electronic density of the
ring, thus precluding the existence of the CH–p interaction.
The sugar moiety was displaced from the ring, and C�H···F
interactions were observed (see Figure S5 in the Supporting
Information).


Interaction energies were calculated by consideration of
the BSSE correction. For the Fuc/Trp complex, the mini-
mum-energy conformer was obtained with a stabilizing in-
teraction energy of �1.90 kJmol�1. For the complex
FucMe4/C6H4F2, a transition state was obtained, character-
ized by one imaginary frequency (�17.90) and associated
with the motion of approximation of the F1 atom to the C3
methoxyl group, with no change in the 1,3,5-type sugar–aro-
matic interaction. It could be expected that the geometry of
the minimum associated with this transition state should not
change from the reported one (and the same with regard to
the energy). Interestingly, in this case, the interaction energy
was increased to +2.72 kJmol�1, corresponding to an endo-
thermic process and thus supporting a destabilizing role of
the fluorine atoms. A similar trend has been experimentally
observed for mutant hevein domains, with non-natural fluo-
rinated aromatic amino acid residues, interacting with oligo-
saccharides.[4] The increment is even bigger when the
FucMe4/C6F6 complex is considered. In this case, the inter-
action energy was strongly unfavorable, at +43.85 kJmol�1.


AMBER* molecular mechanics calculations : In a further
step, we decided to resort to molecular mechanics calcula-
tions, which are much less computationally time-consuming
(than the much more time-consuming MP2 used previous-
ly[24]) and because dispersion of electronic density and van
der Waals forces seem to be the key factors responsible for
the interactions. The corresponding terms are properly para-
meterized in the force fields currently used to deal with bio-
molecules, such as AMBER*,[40] as integrated in the MAES-
TRO package.[41] Furthermore, long-distance interactions
are well described by Newtonian Mechanics, employed in
Molecular Mechanics. The results indicate that the distances
are significantly smaller than those observed in the geome-
tries obtained at the B3LYP level, which is in agreement
with the observations relating to the Fuc/Ben complex at
the MP2/6–31G ACHTUNGTRENNUNG(d,p) level of calculation[24] (see Table 2). For
the interaction between methyl b-galactopyranoside and
benzene, clear minimum-energy geometries (with very simi-
lar energy values) were obtained for the two possible geo-
metrical arrangements, for which either H1, H3, and H5
(Figure 4B) or H3, H4, H5 (Figure 4C) interact with the
benzene ring. In fact, this last geometry was the only one
provided when the calculations were performed for the ben-
zene/methyl a-galactopyranoside complex (Figure 4A). Ac-
cording to the calculations, two geometries are also possible
for the methyl b-glucopyranoside complex, but in this case,
the interaction may take place through the lower or the
upper face of the pyranose ring, interacting either with H1,
H3, and H5 or with H2, H4, and one of the H6 protons. The
two possible arrangements are shown in Figure 4D.


Figure 3. Stationary states of the supramolecular complexes formed from
Fuc/Trp (A), and FucMe4/C6H4F2 (B). The key distances (in S) from CH
groups of the sugar to the aromatic ring atoms are shown. Calculations
were performed at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level. According to the nota-
tion, the ring carbon atoms from the aromatic are denoted by primes
(C1’–C6’), while the sugar atoms keep their regular numbering.
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For less simple aromatic systems, such as the Fuc/Trp
complex (Figure 5A), the sugar–aromatic distances are
clearly shorter than those obtained by the B3LYP calcula-
tions. The H3–C’3 atom pair is separated by 2.83 S, H4eq–
N1 and H5–C’7 by only 2.96 and 2.77 S, respectively. The
AMBER* energy estimation for this stable complex is
�23.28 kJmol�1. In the case of the FucMe4/C6H4F2 complex
(Figure 5B), H1 is located 2.91 S from the closest aromatic
carbon atom, whereas H3 is 2.96 and 2.98 S from C’3 and
C’2, respectively. H5 axial is the furthest away, at 3.31 S
from C’4. The AMBER-based interaction energy for this
complex was heavily positive, at +128.87 kJmol�1.


The geometries obtained from the molecular mechanics
calculations for the methyl a- and b-galactopyranosides
were used to calculate, with the aid of the MOLMOL pro-
gram, the expected ring current shifts from the Johnson and
Bovey equation.[28a] Johnson and Bovey calculated the
shielding increment in the space region around benzene
using a current loop model, and in the program the equation
takes account of the fact that the ring current is different for
each amino acid.[42] Calculations were performed with the
parameters for tyrosine. A comparison between the estimat-
ed and calculated data is given in Table 1. The computed
data are in agreement with the experimental observations:
the experimentally most shielded protons in the NMR spec-
tra are those that are also predicted to experience the maxi-
mum shielding. If the weakness of the complexes, as well as


the semiquantitative character of the model, are taken into
consideration, the agreement can be considered as satisfac-
tory. If the calculated shieldings are compared with those
observed experimentally, the estimated proportion of com-
plex in solution for the two methyl galactopyranoside sam-
ples containing a 1:20 sugar/phenol ratio should be around
10%.


Conclusion


The study of the interactions between carbohydrates and
proteins is a field of current interest. Aromatic amino acids
are nearly always involved in these interactions. In order to
gain insight relating to this experimental observation, we
have studied model systems using different monosaccharides
and different aromatic moieties. We showed that, depending
on the nature of the sugar and the stereochemistry of the
asymmetric carbon atoms, simple carbohydrates may inter-
act with aromatic moieties, including aromatic amino acids,
although with rather low affinity constants (below 1m


�1). A
hydrophobic component to this interaction is detected, since


Table 2. Calculated distances (S) between selected protons of the sugar
moiety (1,3,5 and 3,4,5 CH-arrangements) and the aromatic ring carbons.


Distance FucMe4/C6H4F2 Fuc/C6H6
[a]


B3LYP AMBER* B3LYP AMBER* MP2


H1ax–C’1 3.363 3.041 3.212 3.641 3.150
H1ax–C’5 3.997 2.906 3.639 4.882 4.556
H1ax–C’6 3.572 2.938 4.176 4.269 3.896
H3ax–C’2 3.429 2.982 3.294 2.916 2.894
H3ax–C’3 3.279 2.961 3.087 2.956 2.896
H5ax–C’4 3.516 3.310 3.396 3.042 2.793
H5ax–C’5 3.626 4.060 3.280 2.905 2.735
H4eq–C’4 4.831 5.308 4.207 3.021 3.229


[a] For purposes of comparison, distances for the Fuc/benzene complex
from ref [24] are included. 6-Deoxygalactose (fucose) was used to cir-
cumvent the possibility of rotamers around the C5�C6 bond.


Figure 4. Minimum-energy geometries obtained by molecular mechanics
calculations for (from left to right) methyl a-galactopyranoside/benzene
(A), methyl b-galactopyranoside/benzene with the aromatic ring interact-
ing with H1, H3, and H5 (B), methyl b-galactopyranoside/benzene with
the aromatic ring interacting with H3, H4, and H5 (C), and methyl b-glu-
copyranoside with two benzene moieties (D). Calculations were per-
formed with AMBER*, as implemented in the MAESTRO package. Figure 5. Minimum-energy geometry structures of the supramolecular


complexes made up by Fuc/Trp (A) and FucMe4/C6H4F2 (B). The key
distances (in S) from CH groups of the sugar to the aromatic ring are
shown. Molecular Mechanics calculations were performed with the
AMBER* force field. The ring carbon atoms from the aromatic are de-
noted by primes (C1’–C6’), while the sugar atoms keep their regular
numbering.
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the interaction cannot be detected in other polar solvents
(DMSO, acetonitrile). Provided that three sugar protons
point towards the same spatial region, the CH–p interaction
indeed exists and can be detected by simple NMR experi-
ments in water. Both theoretical calculations and experi-
mental NMR data support this interaction model. In fact,
the corresponding sugar ring protons experience shielding
due to a relative orientation that places these protons above
the aromatic system. As it is well known that carbohydrate-
binding proteins have high selectivities and high affinities
for their carbohydrates (103


m
�1 to 107


m
�1, depending on the


complexity of the carbohydrate), these results show that
more than one type of interaction is necessary in order to
achieve a high affinity constant and to observe appropriate
selectivity towards the distinct carbohydrates. Spatial organi-
zation of multiple aromatic entities may be responsible for
the selectivity of proteins towards carbohydrates, together
with additional interactions (i.e., hydrogen bonding) be-
tween the amino acids and the carbohydrates.


Experimental Section


All the sugars are from the d series, except the l-fucose. All O-methylat-
ed sugars, except for the ribose derivatives, as well as the l-amino acids
were purchased from Aldrich, with purities higher than 98%. Deuterated
water 99.9% (D2O) was purchased from Cambridge Isotope Laboratories
(CIL). The ribose derivatives were synthesized by the protocol described
in the Supporting Information.


NMR—general aspects


In Brussels : Stock solutions of the different carbohydrates, phenol, and
the amino acids were prepared in D2O. The pH of each solution was ad-
justed by addition of small amounts of concentrated DCl or NaOD and
measured with a thin electrode (Wilmad) fitted directly in the NMR tube
or in the preparation test-tube. No corrections were made for isotopic ef-
fects. Typical experimental conditions used were sugar concentrations be-
tween 2.5 and 10 mm, 20 molar excesses of aromatic moiety, pH between
5 and 6 (far enough from the pKa of phenol (9.95), the pKa values of the
carbohydrate hydroxyl groups (16), and the pKa values of the different
functions of the amino acids). Experiments with the amino acids at pH
between 11 and 12 were also performed for purposes of comparison. For
titration experiments, a separate NMR tube was prepared for each titra-
tion point with use of the stock solutions. The carbohydrate concentra-
tion was kept constant throughout each titration (1 or 10 mm, depending
on the sugar). Phenol concentration was varied between 0 and 650 mm


(and verified by comparison of the integrals of the phenol protons with
those of the carbohydrate protons).


For the experiments with phenol, the 1H NMR experiments were ac-
quired at 298 K on a 600 MHz Varian spectrometer with a digital resolu-
tion of 0.35 Hz per point before zero-filling, with 5 mm high-resolution
tubes. In each set of experiments, the 908 pulse was adjusted, and the re-
laxation delay was set so as to ensure a minimum of 95% relaxation be-
tween two acquisitions. 16 to 512 scans were recorded, depending on the
sample concentration. Two levels of zero-filling were used for the data
processing. DSS was used as an internal reference, but its chemical shift
was adjusted according to an external reference through a calibration ex-
periment: 1D 1H NMR spectra were recorded at 298 K on a 400 MHz
Varian spectrometer with a digital resolution of 1.25 Hz per point before
zero-filling, with 10 mm tubes and an external reference (methanol) in a
Wilmad spherical bulb (5 mm), which was maintained in the center of
the detection area. The chemical shift of DSS present in the outer area
was recorded as a function of phenol concentration.


For the experiments with the aromatic amino acids, the same method
was used, except that the 1D 1H NMR spectra were recorded on a
400 MHz Varian spectrometer with a digital resolution of 1.25 Hz per
point before zero-filling, in 10 mm tubes and with an external reference
(DSS) in a Wilmad spherical bulb (5 mm), which was maintained in the
center of the detection area.


In Madrid : The NMR spectra were recorded at 500 MHz on a Bruker
Avance spectrometer at 298 K. The spectra were processed by use of
Topspin software (Bruker, Inc.). For all the experiments, the high-field
resonance of [D4](trimethylsilyl)propionic acid sodium salt (TSP, 10 mm)
was used as an internal chemical shift reference. All the samples were
prepared as mixtures of deuterated and normal water (10:90) as the over-
all solvent composition. Sample pH values were kept around 8 and tested
with a thin electrode (Wilmad) fitted directly in a 5 mm NMR tube. The
sample concentrations were 4–20 mm in carbohydrate, and the aromatic/
sugar molar ratio varied from 1:1 to 20:1. The solutions were not de-
gassed. One-dimensional high-resolution experiments were recorded with
32k complex data points, and 16–32 scans were collected at a spectral
width of 4500 Hz. Water suppression was accomplished by use of the
WATERGATE pulse sequence.[43] The original FID was zero-filled to
64 k, and Fourier transformation with use of an exponential window func-
tion was applied (exponential multiplication, lb=1 Hz).


The DPFGSE-NOE method was used for the 1D intermolecular NOE
measurements with subsequent solvent suppression as described else-
where.[34] The measurements were recorded at different mixing times
from 50 ms to 2 s with a relaxation delay of 30 s and typically 1 K transi-
ents.


Theoretical calculations : The calculations were performed on a “HP
Cluster Superdome” computer, at the Supercomputing Center of Galicia,
Spain (CESGA).


Full geometry optimizations were done with Gaussian98[44] for Fuc/Trp,
FucMe4/C6H4F2, and FucMe4/C6F6 complexes with use of Density Func-
tional Theory (DFT), at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level. Vibrational fre-
quency calculations were done in order to characterize the nature of the
stationary points. To determine the interaction energy precisely, basis set
superposition error correction (BSSE)[45] was calculated. The counter-
poise method proposed by Boys and Bernardi was used,[46] so the proper
correction for changes in geometry of the components of the complex
was considered.


Moreover, molecular mechanics minimizations were performed with the
AMBER* force field (as implemented in the Maestro Program[41]).
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Metallobiological Necklaces: Mass Spectrometric and Molecular Modeling
Study of Metallation in Concatenated Domains of Metallothionein
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Introduction


Metallothioneins (MTs) are an important class of metallo-
proteins that occur widely across all species and exhibit a re-
markable ability to bind multiple metal ions. However,
unlike other metal-binding metalloproteins, the metal-bind-
ing sites in metallothioneins are formed solely by metal–thi-
olate (M-Scys) connections through bridging and terminal
cysteinyl sulfur ligands[1–9] and form as multimetal clusters.


These clusters impart discrete, highly organised, three-di-
mensional domain structures into the metalloprotein as the
peptide chain winds around the cluster sites, as seen in Fig-
ures 1–3. The coordination of the metal ions essentially im-
poses complete control of the secondary and tertiary struc-
ture that comprise the MT protein, given that removal of
the metal ions strongly correlates with an almost complete
loss of the secondary and tertiary structure of the protein as
a whole, as monitored experimentally by CD spectrosco-
py.[3,9–11] Metallothioneins are an excellent example of metal-
induced folding in which metallation dominates protein fold-
ing. However, recent studies[10] do indicate that the metal-
free protein may adopt a loose, but specific, structure that
predisposes the metal-free protein to rapid metallation.


MTs have been associated with metal homeostasis of ZnII


and CuI and detoxification of CdII, although their definite
physiological function is still a matter of debate.[1–3,12–15] The
mammalian MT proteins form with two metal-binding do-
mains through coordination of all 20 of the cysteinyl sulfur
atoms to a very wide range of divalent metal ions, primarily,


Abstract: The ubiquitous protein met-
allothionein (MT) has proven to be a
major player not only in the homeosta-
sis of CuI and ZnII, but also binds all
the Group 11 and 12 metals. Metallo-
thioneins are characterised by the pres-
ence of numerous cys-x-cys and cys–cys
motifs in the sequence and are found
naturally with either one domain or
two, linked, metal-binding domains.
The use of chains of these metal–thio-
late domains offers the possibility of
creating chemically tuneable and,
therefore, chemically dependent elec-
trochemical or photochemical surface
modifiers or as nanomachinery with
nanomechanical properties. In this
work, the metal-binding properties of
the Cd4-containing domain of a-


rhMT1a assembled into chains of two
and three concatenated domains, that
is, “necklaces”, have been studied by
spectrometric techniques, and the inter-
actions within the structures modelled
and interpreted by using molecular dy-
namics. These chains are metallated
with 4, 8 or 12 CdII ions to the 11, 22,
and 33 cysteinyl sulfur atoms in the a-
rhMT1a, aa-rhMT1a, and aaa-
rhMT1a proteins, respectively. The
effect of pH on the folding of each pro-
tein was studied by ESI-MS and optical
spectroscopy. MM3/MD simulations


were carried out over a period of up to
500 ps by using force-field parameters
based on the reported structural data.
These calculations provide novel infor-
mation about the motion of the clus-
tered metallated, partially demetallat-
ed, and metal-free peptide chains, with
special interest in the region of the
metal-binding site. The MD energy/
time trajectory conformations show for
the first time the flexibility of the
metal–sulfur clusters and the bound
amino acid chains. We report unexpect-
ed and very different sizes for the met-
allated and demetallated proteins from
the combination of experimental data,
with molecular dynamics simulations.
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but not exclusively, Group 11 and 12 metals, such as CdII


and ZnII, with stoichiometries for the divalent metals of
M3Scys9 in the b domain and M4Scys11 in the a domain.[4–8]


The presence of cys–cys, cys-x-cys, and cys-x-y-cys, in which
x and y are other amino acids, Figure 1, leads to the forma-


tion of these metal–thiolate clusters inside a tightly wrapped
peptide chain.[3,5,6] The two isolated domains shown in
Figure 2 are connected through a short linker region in the


native ba mammalian protein with the two domains rela-
tively isolated.[5] In addition to the detailed structural infor-
mation known about ZnII and CdII binding, mammalian pro-
teins also bind all the other Group 11 and 12 metals, partic-
ularly, HgII and CuI, most likely also in two independent,
metal–thiolate, clustered domains; more diverse metal bind-
ing also includes AsIII.[16] Metallothioneins are thought to
function biologically as intracellular distributors and media-
tors of the essential metals they bind.[1–2,12–15,17–18]


Nature has provided this small MT molecule, which ex-
hibits multi-faceted metal binding,[1–3,9–11] with a distinct ar-
rangement of cysteine residues that predisposes metal spe-
cificity upon each domain, resulting in the formation of two
separate domains in the mammalian protein. Whereas the
mammalian and crustacean proteins bind ZnII and CdII in
two domains, yeast and many simpler systems bind metals in
a single domain.[19] It is not clear what the biochemical rea-
sons are for the evolution of a two-domain system. Reports
of differential binding to the two domains suggest biological
activity that is selective for either domain, but this is only
one function. The connection between structure and func-
tion in MT also allows for the design of novel metal-binding
molecules with high degrees of metal specificity as well as
unusual structural properties, because the three-dimensional
structure (both secondary and tertiary) is dominated by the
metallation status.[4–8,10]


In this study, we have chosen concatenation as a way of
studying the effects of domain number on metallation prop-
erties. We also wish to investigate the use of chains of do-
mains as metallobiological “necklaces” with distinct and
controllable chemical and physical properties, properties
dictated by the presence of clustered metal–thiolate domains
that we believe will have nanobiological properties. The a


Figure 1. Sequences of A) the a domain, showing the sequence of the S-
tagTM peptide, B) the aa domains and C) the aaa domains of recombi-
nant human metallathionein-1a showing the proposed connectivities of
four, eight and twelve divalent metal cations to the 11, 22 and 33 cystein-
yl sulfur atoms, respectively. The numbers of the cysteines match those of
rabbit liver MT2A and are consistent with the numbering scheme shown
on the metal–thiolate clusters in Figure 2. The colouration of blue for
basic amino acid residues and red for acidic amino acid residues is relat-
ed to the location of protonation in the ESI-mass spectra, in which the
protein is measured with charge states from +4 to +13, representing up
to 13 protons. Note that only the a-rhMT1a protein has the S-tagTM at-
tached in the ESI-MS data shown in this paper, the aa and aaa proteins
have had the S-tagTM cleaved using thrombin, as described in the Experi-
mental Section.


Figure 2. Metal–thiolate cores for CdII in the b (left) and a (right) do-
mains of mammalian MT based on the connectivities from NMR spec-
troscopy and X-ray analysis with force-fields modified for both terminal
and bridging thiolates.[4–8, 22] In this study, only a domains have been used.
Each metal is tetrahedrally coordinated by a mixture of bridging and ter-
minal thiolates from the cysteine residues. The b domain core is shown
for completeness as the structure is different.
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domain was specifically chosen as it is generally more stable
than the b domain. In this paper we initially explore the
cadmium binding properties of chains of a domains, namely
the a-, aa- and aaa peptides, but in future studies we will
report on the properties of necklaces containing Cu–S and
Ag–S clusters. Over the last 10 years we have demonstrated
the utility of MM3/MD calculations in understanding the
metal-induced folding in metallothioneins for the isolated
domains and the native ba-MT protein. We extend those
calculations using the proven force fields of Chan et al.[22] to
model the flexibility expected for the necklaces with varying
metal loadings. Figure 3 shows the energy minimised struc-


tures of the Cd4a-rhMT, and the Cd8aa-rhMT, and
Cd12aaa-rhMT concatenated proteins in typical “dumb-
bell” conformations. While the individual domains have
been subjected to extensive MM3/MD relaxation calcula-
tions and the lowest energy structure was used, the con-
catenated structures shown here have not been subjected to
extensive MM3/MD minimisation so they represent the 0 ps


structures. The changes that take place following a series of
MM3/MD calculations are shown in Figures 11–15 (see Re-
sults section). These first experiments aim to understand the
overall metallation properties of these chains of domains by
using electrospray mass spectrometry (ESI-MS), UV/Vis ab-
sorption and CD spectroscopy, with extensive molecular
modelling to interpret these results. Our results also offer
new insights into the application of chains of metal–thiolate
clusters in biotechnological uses in the future, because, as is
clear from the last figure in the paper, there is tremendous
change in shape of these proteins as a function of the metal-
lation status, change that can be harnessed in the future at
the nanostructural level.


Results


Metal stoichiometry : The purified MT chains contained only
CdII ions, hence, we could use the determination of SH
group concentration by the previously reported methods[3]


and the CdII ion concentration by atomic absorption spec-
trometry to determine the stoichiometries. A combination
of these techniques gave the average Cd/S stoichiometry of
the isolated proteins as 8.0�0.1 for aa-rhMT1a and as
12.0�0.1 for aaa-rhMT1a. ESI-MS spectra were recorded
for each protein species at pH 7 and below pH 2.0 (Fig-
ures 4–6). Demetallation occurs near pH 3 (see below), so
the comparison of the data for the species observed at pH 7
and pH<2.5 provides the information required to calculate
the total number of metals bound to each protein. The de-
convoluted masses for Cd-containing a-rhMT1a, aa-
rhMT1a and aaa-rhMT1a were in good agreement with the
expected masses calculated according to their amino acid se-
quences and metallation by 4, 8 and 12 Cd atoms, respec-
tively, as well as being coincident with the values obtained
by the determination of SH group concentration and by
atomic absorption spectrometry.


ESI-MS spectra of solutions of 11-cys a-rhMT1a, the 22-
cys aa-rhMT1a and the 33-cys aaa-rhMT1a proteins at low
pH and at neutral pH (Figure 4–6) show that there is a mix-
ture of peptides present with the same number of SH
groups and the same number of CdII ions, but with between
1–5 terminal residues missing, as indicated on the figures as
“�A”, “�2A”, etc. This is most likely due to either post-
source “nibbling” in the mass spectrometer or incorrect
cleavage chemistry by the thrombin used to cleave the S-
tag. We discuss this further in the Experimental Section.
The missing residues play no part in the metal-binding prop-
erties of the protein. The CD spectra and UV absorption
spectra for both the 22-cys aa-rhMT1a and the 33-cys aaa-
rhMT1a (not shown) are typical of Cd4-a domains[21] in ex-
hibiting a derivative-shaped envelope centred on the thio-
late-to-cadmium charge-transfer band at 250 nm.


ESI-MS data for the pH titration data for Cd4-a-rhMT and
Cd8-aa-rhMT: Figure 7 shows the titration data for the
single domain, Cd4-a-rhMT between pH 1.8 and 7.0. The


Figure 3. Three-dimensional, space-filling images of the cadmium-con-
taining metallothionein structures studied by ESI-MS. These energy mini-
mised structures of Cd4-a-, Cd8-aa-, and Cd12-aaa-MT were calculated
by using MM3 techniques[22] prior to the MD results shown in Fig-
ures 11–13, and should be compared with similar space-filling images, but
after extensive MD calculations shown in Figures 14 and 15. The calcula-
tions may best be described as the ground state geometries at 0 ps. The
ball-and-stick diagrams (below each space-filling image) show the align-
ment of the metal–thiolate clusters in each protein. The concatenated do-
mains were formed by connecting N terminals to C terminals of the
energy-minimised (MM3 and MM3/MD for 500 ps) individual domains.
Atom legend: green=CdII, light yellow=S, gray=C, blue=N, red=O.
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data show that the protein only
begins to demetallate in re-
sponse to competition by the
protons at pH 3.1 (Figure 7C,
upper panel), in which the first
indication of the major apo-a-
rhMT charge states (+5 and
+7) appear. The sequence
shown in Figure 1A indicates
possible basic sites for protona-
tion for the charge states in
blue. The deconvoluted spec-
trum (Figure 7C, lower panel)
shows the mixture of apo-fully
metallated. Complete demetal-
lation has taken place by
pH 2.6 (Figure 7B, lower
panel), but the pH 2.60 charge-
state data (Figure 7B, upper
panel) show that an intermedi-
ate conformation exists with a
charge-state maximum at +5
before the protein unwinds at
pH 1.8 with a charge-state max-
imum of +7. The titration of
the Cd8-containing aa-rhMT
with acid was followed by UV-
visible absorption and circular
dichroism spectroscopy and
ESI-mass spectrometry. The
Cd8-aa-rhMT gives the known
CD spectrum as in our previous
studies[3,20,21] with no indication
of intradomain interactions.
The CD spectra diminish fol-
lowing addition of formic acid
to the aa-rhMT1a solution as a
result of demetallation (data
not shown). The associated
ESI-mass spectra (Figure 8)
clearly show that demetallation
takes place in a series of steps.
Significantly, under the ESI-MS
conditions used, and when mea-
sured with the pH decreasing
from neutral to acidic, there is
no indication of partially filled
domains; however, the appear-
ance of a Cd4-aa species at
pH 3.25, with continuing pres-
ence until pH 2.70, is evidence
that the two domains are differ-
ent in Cd-binding stability. In
recent studies using very soft
ESI-MS conditions and increas-
ing the pH from acidic to neu-
tral, we have measured partially


Figure 4. ESI mass charge-state spectra (A, B) and deconvoluted spectra (C,D) of recombinant human aMT1-
a with S-tag at low (upper graphs) and neutral pH (lower graphs). In A) and B) the numerical ranges indicated
show the charge state. In C) and D) the masses for the peptide containing zero and four CdII ions are shown,
respectively.


Figure 5. ESI mass spectra (A, B) and deconvoluted spectra (C,D) of recombinant human aaMT at low pH
(upper graphs) and neutral pH (lower graphs). There is no S-tag attached to these peptides. In A) and B) the
numerical ranges indicated show the charge state. In C) and D) the numerical ranges indicated show the
masses for the peptide containing zero, four, eight, or ten CdII ions. In C) the sequence is shown for the parent
ion, and the truncated species with 1–5 terminal residues lost most likely during during proteolytic cleavage
(“nibbled”).
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metallated a-, b- and the complete ba-native rhMT1a pro-
tein species.[28, 31] We show below by molecular dynamics
(MD) that indeed the N-terminal and C-terminal a domains
interact quite differently when demetallated. The charge
states show that a conformation at pH 2.5 (+6 charge state
dominant) is replaced by a low-pH conformation (at 1.6)
with the +9 charge state dominant. The mass spectrum does
indicate that there is a mixture, as the +6 charge state still
accounts for significant fraction of the molecular species
even at pH 1.6.


ESI-MS data for the pH titration of aaa-rhMT1a : The ab-
sorption and CD spectra of Cd12-aaa-rhMT recorded as a
function of pH show the same characteristics as for the
single a domain, namely, the shoulder at 250 nm in the ab-
sorption spectrum, and the derivative, exciton-coupled CD
spectrum centred on 250 nm (with a maxima at 260 and a
minima at 240 nm) all diminish as the pH is lowered in re-
sponse to proton-induced demetallation (data not shown).


The effect of pH on the metal-binding properties is more
complicated when measured using ESI-MS. Figure 9 shows
the charge-state ESI mass spectra recorded for Cd12-aaa-
rhMT between pH 7.9 and 1.90. The corresponding decon-
voluted spectra are shown in Figure 10. Even from pH 7.9 to


3.50 (Figure 10E, F) the charge-
state spectra show the presence
of mixed conformations—the
dominant charge states are +6,
+7 and +9. The deconvoluted
data show that only the fully
metallated protein is present;
the noise being contributed to
by the effect of the neutral pH
and the mixture of peptide
lengths due to losses of residues
(note that the mass scale for
Figure 10A–C is shifted as a
result of the loss of so many Cd
atoms compared with the mass
scale for the metallated spe-
cies). At pH 3.33 (Figure 10D),
the Cd8 species appears with
small amounts of the Cd12 spe-
cies, but virtually no Cd4 or
metal-free protein. The +9
charge state is dominant. At
pH 2.96 (Figure 10C) the pro-
tein has almost completely de-
metallated, only a very small
fraction of Cd4 remains. The
charge states in Figure 9 panels
A, B, and C show that the pro-
tein, even though demetallated,
is very fluxional, with a number
of conformations at the lowest
pH (1.90) for which +12, +10,
+9 and +8 are all dominant,


replacing +9 and +6 at pH 2.56 and 3.0. The deconvoluted
spectra at these pHs are the same, simply the demetallated,
apo-aaa-rhMT. Significantly, there is no indication of the
presence of partially metallated species, just the 4, 8, and
12 Cd-bound proteins. Clearly, also, the Cd8 species is more
stable with respect to competitive binding by protons than
the first 4 Cd atoms. We address these experimental results
with molecular dynamics results below.


Molecular models used to account for the spectroscopic
data : We turn now to molecular dynamics to both under-
stand the possible structural properties of these metallobio-
logical necklaces and to begin the interpretation of the spec-
troscopic properties described above. We are particularly in-
terested in predicting the most likely structure for all metal-
lation states. These structures are extremely difficult to mea-
sure, but will provide insight into the proximity of the
metal–thiolate domains with the concatenated structures
and the location of the thiol units within the partially and
fully demetallated peptides. The structures of the protein
and its metal–thiolate clusters were obtained by using mo-
lecular mechanics and molecular dynamics simulation calcu-
lations. Models of a-rhMT1a, aa-rhMT1a and aaa-rhMT1a,
as apo- and Cd4, Cd8 and Cd12 species, were constructed by


Figure 6. ESI-mass spectra (A, B) and deconvoluted spectra (C, D) of recombinant human aaaMT at low pH
(upper graphs) and basic pH (lower graphs). There is no S-tag attached to these peptides. In A) and B) the nu-
merical ranges indicated show the charge states; for A) the range is +13 to +5, for B) +9 to +5 are identi-
fied. In C) and D) the numerical range indicated show the masses for the peptide containing 12 CdII ions. In
C) the sequence is shown for the parent ion, and the truncated species with 1–5 terminal residues most likely
lost during proteolytic cleavage (“nibbled”). The broadening in the charge states A) and B) is considered to
arise from the increased salt and low protein concentrations used for the triple a-MT protein compared with
the other peptides studied in this work.
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joining the Cd4-a-MT structures head (N-terminus)-to-tail
(C-terminus). The resulting strain was removed through a


number of MM3/MD cycles
over short (1–5 ps) time peri-
ods. Modified force-field pa-
rameters were defined for ter-
minal or bridging sulfur
atoms.[22] The molecular geome-
try was minimised by the mo-
lecular mechanics MM3 in
CAChe 6.1.12 in the gas phase
and followed by a cycle of mo-
lecular dynamics/molecular me-
chanics by using the conjugate
gradient method and treating
the methylene and methyl
groups explicitly. Each of these
calculations was carried out
using the augmented MM3
force field provided by CAChe
with specific modified parame-
ters as described above.


Figure 3 shows the minimised
structures for the fully metallat-
ed a-rhMT1a, aa-rhMT1a and
aaa-rhMT1a proteins just after
the first MM3 calculation had
been completed, that is, prior to
extensive MD calculations. The
space-filling view provides an
indication of the extent of en-
capsulation of the bound
metals; the yellow spheres
mark the cysteine metal-bind-
ing thiols. The ball-and-stick
image provides a clear view of
the cadmium–thiolate cluster
structures. In these proteins
there is a very short linker
region between the domains.
Chan et al.[22] have identified
basic amino acid residues at
which protonation can take
place if the residue is exposed
to the solvent. Protonation of
some of these residues results
in the charge states measured
in the ESI-mass spectra shown
in Figures 4–10. The ESI-MS
data indicate the presence of
multiple conformations, espe-
cially for the aaa-rhMT. To
search for possible mixtures of
conformations we carried out
extensive molecular dynamics
simulations on models of all the
species identified in the ESI-
mass spectra.


Figure 7. Effect of pH on the mass spectra of recombinant human aMT-1a. The upper panel of this figure
shows the measured mass spectra (A–F) labelled with the charge states of the molecular species. The lower
panel of this figure shows the reconstructed masses (A–F) that correspond to the measured mass spectra, as la-
belled. Metallation states of 0, 4 and 5 (trace) CdII are observed. Supermetallated Cd5-a-MT has recently been
reported by Duncan et al.[28] as a possible metal-transfer intermediate.
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Molecular dynamics simulations of the demetallation reac-
tions : Molecular dynamics simulations (MM3/MD) over


500 ps at 300 K were calculated
for a-rhMT1a (details not
shown, but reported previously
as reference [23]), aa-rhMT1a
(Figure 11), and aaa-rhMT1a,
(Figures 12 and 13), starting
from the structures shown in
Figure 3 and using the same
modified force-field as used in
the MM3 energy minimisations.
All atoms are considered in
these simulations. The calcula-
tions were carried out twice
and the overall results present-
ed here were reproduced each
time. The folding of the metal-
free, apo-fragments has been
reproduced in all peptides stud-
ied. The results described below
provide insight into the flexibil-
ity of the protein at different
metal-loading levels and the ef-
fects of the presence of up to
three domains on these confor-
mations. The most important
results are that the two domain
structures, usually shown as
“dumb-bell” shaped, are, under
MD conditions, seen as single,
coalesced, globular conforma-
tions with intermingling of the
domains to varying extents (see
Figure 14). The completely de-
metallated proteins form com-
pletely globular structures with
the thiols inverted from the
core to face outward. On the
other hand, when only the cen-
tral domain, aM, in the aaa spe-
cies is demetallated, the two re-
maining domains separate as on
a tether (Figure 15). We now
describe these results in more
detail.


MD calculations for aa-
rhMT1a : Figure 11 shows the
3D structural conformers of
aa-rhMT1a as a function of
time at 300 K from MD energy/
time trajectory snapshots. No
MD results for such complicat-
ed metalloproteins have previ-
ously been reported and we are
interested in understanding the


relative influence of metallation in the N-terminal domain
compared with the C-terminal domain. The natural human


Figure 8. Effect of pH on the mass spectra of recombinant human aaMT-1a. The upper panel of this figure
shows the measured mass spectra (A–F) labelled with the charge states of the molecular species. Note: The
mass range in A) is shifted with respect to B)–F) because at low pH, higher charge states are observed (up to
+10). The lower panel of this figure shows the reconstructed masses (A–F) that correspond to the measured
mass spectra, as labelled. Metallation states of 0, 4 and 8 CdII are observed.
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metallothionein, ba-hMT has the b domain at the N-termi-
nus and the a domain as the C-terminus. We show results
for four specific species: 1) the fully metallated Cd8-aa spe-
cies, 2) the Cd4-aa species, with demetallation of the N-ter-
minal (Figure 11, left-hand side) domain, aN; 3) the Cd4-aa


species, with demetallation of the C-terminal (Figure 11,
right-hand side) domain, aC; and 4) the Cd0-aa species, with
demetallation of both domains (apo-). Starting first with the
fully metallated Cd8-aa species: the two-isolated domains of
the MM3-minimised structure moves over the 500 ps to coa-
lesce into a single, loose globular structure with the linker
extruded. Demetallating either domain singly also leads to a
single structure, although demetallation of the aC domain re-
sults in this occurring in the first 100 ps, whereas with deme-
tallated aN domain the peptides take much longer to associ-
ate. The fully demetallated protein also coalesces by 500 ps.
These snapshots provide three major conclusions: First, the
two domains interact completely, intertwining by 500 ps.
Second, there is a difference in the extent of interaction de-
pending on which domain is demetallated, in which the Cd4-
N-terminal domain in the very early stages of the MD simu-
lation blends into the demetallated C-terminal domains.
Third, the cysteinyl thiols all rearrange to move from the
core of the domains to the surface of the domains, and the
final structures are globular rather than linear as might be
expected. In other words, there is, even if loose, structure
for the metal-free domains. The final 500 ps- structures are


compared in a space-filling
view in Figure 14 in which the
loss of the traditional “dumb-
bell” shape is evident. The in-
termingling of the two strands
results in the much smaller
volume occupied by the protein
under all metallation states. Of
significance is the coalescence
of the metal-free, apo-aa-MT
structure so that the 22 thiols
are located on the outside of a
compact globular structure.


MD calculations for aaa-
rhMT1a : Figure 12 presents the
3D conformation of aaa-
rhMT1a as a function of time at
300 K in MD energy/time tra-
jectory snapshots. We show re-
sults for five specific species: 1)
the fully metallated Cd12-aaa


species, 2) the Cd8-aaa species,
with demetallation of the N-ter-
minal (Figure 12, left-hand
side) domain, 3) the Cd8-aaa


species, with demetallation of
the middle domain, 4) the Cd8-
aaa species, with demetallation
of the C-terminal (Figure 12,


right-hand side) and 5), in Figure 13, the Cd0-aaa species,
with demetallation of all three domains (apo-). Other com-
binations of domain-specific demetallation calculations were
also calculated, but are not shown here. As for the aa


domain, we find the general trend over 500 ps is for the do-
mains to coalesce, losing their individual structures; howev-
er, the aM and aC domains interact far more than aM and aN


domains, resulting in nonsymmetric associations. Quite dif-
ferent structures form for the Cd8-aC demetallated and the
Cd0-apo proteins.


Fully metallated—Cd12-aaa-rhMT: The fully metallated
Cd12-aaa species moves over the 500 ps to coalesce into a
loose globular structure with the linker extruded for the aM


and aC domains, with aN domain (Figure 12, left-hand side)
clearly not associating. This association mimics that ob-
served for the fully metallated aa protein (Figure 11), sug-
gesting the hydrogen-bonding network is stronger for this
interaction. Indeed, this behaviour is repeated when the aN


domain is demetallated: unusually for for the metal-free
peptide, it does not closely associate with the remaining
metallated peptide, rather it adopts a very loose structure.


Domain demetallation—Cd8-aaa-rhMT: The minimised
structures with one of each domain demetallated (aN, aM,
aC) show that there are significant differences depending on
which domain is demetallated. We have calculated three var-


Figure 9. Mass-spectral charged-state data for recombinant human aaaMT-1 recorded between pH 1.90 and
8.00. The primary parent molecules are indicated for each solution. pH of the solution is: A) 1.90, B) 2.56, C)
3.00, D) 3.33, E) 3.50 and F) 7.90. Note that the mass scale is different for A)–C) compared with D)–F), be-
cause the protein is much lighter at low pH. The corresponding deconvoluted spectra are shown in Figure 10.
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iants with Cd8 loading: namely, by demetallating domain-D1
(aN), the middle domain-D2 (aM), and the third domain-D3
(aC). The interaction behaviour of the protonated cysteines
compared with the metallated cysteines is different for each


of these. Considering first de-
metallation of the aN domain,
we find in Figure 12 that by
500 ps all three domains have
interacted. In particular, the de-
metallated aN domain coalesces
with the middle domain (aM),
reducing the aM–aC domain in-
teractions found for the fully
metallated Cd12 protein. This
domain specificity for domain–
peptide interactions is clear in
the structure that forms when
aC is demetallated (Figure 12).
Now the aN domain remains
separate as in the case of the
Cd12 protein and the aM domain
and metal-free aC domain coa-
lesce as in the fully metallated
Cd12 protein. The inference
from these two structures is
that there is a head-to-tail
effect on the metallothionein
peptides that requires more
study, but points to the differ-
ences in metal-binding proper-
ties between the b and a do-
mains in the ba native proteins.


Demetallating aM results in
completely different behaviour.
It can be seen from Figure 12
that at all times to 500 ps, the
two metallated domains ma-
noeuvre to stretch out the aM


section of the peptide, which re-
sults by the 500 ps point in an
almost linear middle chain.
However we should point out
that even under these condi-
tions there remains a folded
loop at the aN linking point;
Figure 15 shows this clearly.
This motion mimics that ex-
pected for two heavy domains
connected by a long linker.


Domain demetallation—Cd0-
aaa-rhMT: Snapshots from the
MD trajectory for the com-
pletely demetallated protein are
shown in Figure 13. In the same
manner as previously reported
by Duncan & Stillman,[10] by


500 ps the protein completely coalesces and becomes inter-
twined.


These snapshots provide three major conclusions: First,
the three domains interact completely differently. Second,


Figure 10. Reconstructed mass spectra for recombinant human aaaMT-1a calculated species at pH 1.90–7.90.
The different peaks are associated with loss of up to 5 alanine residues. Note that the mass axis is different for
A)–C) compared with D)–F) because the Cd12 protein mass is centred on 11555 amu. Cd-loading of 0, 4, 8,
and 12 is indicated on the spectra. The corresponding charge states are shown in Figure 9.
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there is a very significant difference in the extent of interac-
tion depending on which domain is demetallated, particular-
ly, demetallation of the aM domain results in a completely
open structure. Third, the cysteinyl thiol groups in the deme-
tallated domains rearrange to move from the core of the do-
mains to the surface of the domains, and the final structure
of the apo-aaa protein is highly compact. In other words,
there is some structure for the metal-free domains.


Finally, we show 3D-space-filling images in Figure 14.
These images from the 500 ps point, more clearly emphasise
the extent of folding and reorganisation of the cysteine thiol
groups that accompanies demetallation. In Figure 15, we
change the view of the middle domain so that its interaction
can be seen more readily. What stands out is the very great
change in overall dimension of the protein as a function of
the metallation status.


Discussion


Metallothioneins have long been known for their remark-
able metal binding properties, especially in the regulatory
pathways of zinc and copper, and by default also cadmi-


um.[1–15] A wide range of techniques has been used to charac-
terise the metallation and demetallation properties for a
number of metallothioneins from the different sources, in
particular, ESI-MS, CD and NMR spectroscopy. Recently,
ESI-MS has been employed in studies of a number of differ-
ent metallothioneins.[16,23–27] Circular dichroism (CD) data
have shown that the number of cadmium cluster species that
form when CdII is added to metallothionein depends on the
pH, temperature (between 0 and 60 8C), and the metallated
state of the starting protein.[21] CD data, particularly, have
indicated that the speciation of the metal depends on the
molar ratio and the coordination geometry; ZnII and CdII


bind tetrahedrally[1–8] into well-formed metal–thiolate clus-
ters almost completely wrapped by the peptide chain so that
these clusters are well-shielded from the environment.
These properties have led us to study the proteins described
in this paper: proteins with chains of metal–thiolate clusters.
Our objective is to understand the reasons for the presence
of two domains in mammalian proteins, to understand dif-
ferences in metal binding between the N-terminal domain
compared with the C-terminal domains, to determine if
chains of clusters can exist in a necklace fashion for use in
biotechnology and to lead the way to the preparation of


Figure 11. Conformers extracted from the MD trajectory of aa-rhMT1a showing the change in tertiary structure at 0, 100, 200, and 500 ps, simulated at a
temperature of 300 K for Cd8, Cd0Cd4-, Cd4Cd0- and Cd0Cd0-aa-rhMT1a. The protein strand is depicted as sticks and the cluster atoms are illustrated as
balls. Atom legend: green=CdII, yellow=S, blue=N, red=O, black=C, grey=H. Space-filling images of the 500 ps-structures are shown in Figure 14.
Note the loss of the two-domain, dumbbell structure of the 0 ps, energy-minimised ground-state structure shown in Figure 3.
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strings of clusters with photoactive and electroactive metals,
metals that commonly bind to metallothioneins.


To achieve these goals we needed to understand the met-
allation reactions of the domains when strung into chains.
The best metal to study this with was cadmium, because it
forms stable, tetrahedrally coordinated thiolate clusters with
well-defined spectral properties. In addition, the force fields
that describe bridging and terminal thiolate clusters have
been tested and published.[22] Our study reports the combi-
nation of experimental data and molecular dynamics calcu-
lations that provide interpretation of the observed data.
While modelling has been used in the past to describe the
structure of the individual domains of metallothionein con-
taining zinc, cadmium and copper,[1,21] this is the first time,
as far as we know, that such extensive modelling investiga-
tion is reported in which the effects of domain metal occu-
pancy on the overall protein structure has been studied and
correlated with experimental data. Certainly, these are the
first modelling results for chains of domains and they show
detail not previously considered.


Observations from the ESI-MS data : The data from the
ESI-MS study on the Cd binding in aa-rhMT and aaa-
rhMT provides information that is complementary to infor-
mation from CD and 113Cd NMR spectroscopy. Mass spec-


trometry can be used to follow in situ reactions between
MT and a metal in aqueous solution at any pH for the time
period ranging from 2 min to several hours.[16] It is also pos-
sible to detect and differentiate partially metallated species
(Cdn-MT), that exist in solution simultaneously.[28] The ESI-
MS experiment provides at its most basic, the mass of the
protein and the metallation status, but we point out that the
measurement is made under high vacuum so the MM/MD
simulations replicate this environment. The sequence of
amino acids in the domains of these proteins is known and
confirmed by using the ESI-MS spectrum of the metal-free
proteins at low pH. The low-pH mass spectra provide the
exact mass of the protonated, metal-free peptide chain; for
the parent aa peptide this is 7071.0 amu (Figure 5), while
for the parent aaa peptide this is 10 268.0 amu (Figure 6).
These values provide sufficient accuracy to allow the se-
quence to be determined if the theoretical sequence is
known. The sequences calculated from the experimental
data match those shown in Figure 1. For the cadmium-
bound species, the parent aa fragment theoretical mass is
7954.0 amu and the experimental mass was determined as
7958.4�0.7 amu. For the parent aaa fragment, the theoreti-
cal mass is 11587.5 amu, while the experimental mass was
determined as 11588.8�5.4 amu. The two key types of data
to be taken from the ESI-MS results are the changes in


Figure 12. Conformers extracted from the MD trajectory change in secondary and tertiary structure of Cdn-aaa-rhMT1a (n=12, 8, 8, and 8) at 0, 100,
400 and 500 ps with a simulated temperature of 300 K. Structures are shown for: Cd12, Cd0Cd4Cd4-, Cd4Cd0Cd4- and Cd4Cd4Cd0-aaa-rhMT1a. The results
from the MM3/MD trajectory for the fully demetallated Cd0Cd0Cd0-aaa-rhMT1a are shown in Figure 13. The protein residues depicted in ball-and-stick
form and colour-coded by atom. The final structures are shown as space-filling images in Figure 14. Note: For the three domains, D1, D2, D3, we indicate
which domain is demetallated by aN for D1, by aM for D2 and by aC for D3. Atom legend: green=CdII, yellow=S, blue=N, red=O, black=C,
grey=H.
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charge state, which can be associated with the adoption of
different conformations, and the relative stability of the clus-
ters.


pH Titration of a-, aa- and aaa-rhMT1a : While the protein
fragments used in this study were formed as the Cd-contain-
ing peptides, at pH 2.56, the CdII was completely displaced
by the protons. CD data show that at low pH there is much
less structure in the absence of metals (data not shown), as
reported previously.[1,21] However the pH dependence of the
mass spectra of the a, aa and aaa species (Figures 4–9) are
noteworthy for the manner in which the charge states do
not change as a function of CdII loading, but do change as a
function of pH once the protein has been demetallated. The
dominant charge state does not change by more than one
unit between apo at pH just less than the demetallation
point (about 2.6) and fully metallated states (from 5 up-
wards) for many of the ESI-MS spectra of metallothioneins,
because, we suggest, the overall globular or spherical struc-
ture is maintained throughout the demetallation process.
Chan et al.[23] have reported on the location of basic amino


acid residues on the outside of the individual domain and
the native ba-MT protein structures that are available for
protonation (Figures 10 and 11 and Table 2 in refer-
ence [23]) allowing formation of the highly charged species
observed by their charge states in the ESI-MS data. Calcula-
tions for the species described here provide very similar top-
ographies, namely, located around the structures are a
number of basic regions of the peptide chain.


Charge state data indicate presence of more unfolded con-
formation at low pH : In the experiments described here, we
extended the pH towards 1.5 to examine possible denatura-
tion effects amplified by the presence of two or three identi-
cal domains. As the data show, there are changes in the con-
formation for each protein below the demetallation pH and
these changes are most significant in the aaa peptide. In all
three peptides, at very low pH (Figures 4–6), the dominant
charge state is +8 or +9, compared with the +6 at higher
pH values. The new presence of the dominant charge state
(+9 for aa and +12 for aaa species) at very low pH, sug-
gests that there is another conformation that is more unfold-
ed by the acidity (a well known denaturant). The ESI-MS
data for the aaa peptide provides further evidence that this
is property of the entire protein and requires complete de-
metallation. The +12 charge state at 851 amu replaces the


Figure 13. Conformers extracted from the MD trajectory change in sec-
ondary and tertiary structure of apo-Cd0Cd0Cd0-aaa-rhMT1a at 0, 100,
200, and 500 ps with a simulated temperature of 300 K. The protein resi-
dues depicted in ball-and-stick form and colour-coded by atom. The final
structures are shown as space-filling images in Figure 14. Atom legend:
yellow=S, blue=N, red=O, black=C, grey=H.


Figure 14. Space-filling views of the key Cdn-aa-rhMT1a (left) and Cdn-
aaa-rhMT1a (right) protein species following MD for 500 ps.
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+9 charge state at 1142 amu at pH 1.9. In separate experi-
ments for the aaa peptide for which the S-tag was still at-
tached (unlike here), we find that the +10 charge state at
pH 7 for the Cd12 species is replaced by +16 for the metal-
free apo species at pH 2.5, indicating that the underlying
process is the unfolding of the domains at low pH.


Metallation status as a function of pH : We find from the de-
tailed ESI-MS data described here unusual differences; first,
the apparently identical domains demetallate at different
acidities indicating the different stabilities and, second, con-
formations appear at low pH that are clearly more open
than for similarly demetallated species but at higher pH
values. From the pH titration of shown in Figures 7–10,
proton competition results in demetallation over a very
short range of pH. However, there is new detail in the pH
titration studies. First, under these conditions, the aa protein
loses one set of four CdII ions at a pH higher than the last
set. The situation is more complicated with the Cd12-aaa


protein, because it appears that four CdII ions are lost at a
much higher pH than the remaining eight CdII ions, indicat-
ing considerably reduced stability. Interestingly from a coor-
dination chemistry viewpoint, demetallation takes place at
solution acidities far below the pKa of the cysteinyl thiolates.


These experimental results may be understood by examining
the computational results described that show both coales-
cence of the metal free domains and inversion of the orien-
tation of the metal-binding cysteinyl thiols.


The energy minimisation of the structures of the clusters :
The space-filling and tube representations of this minimised
structure for Cd4-a-, aa-, and aaa-rhMT1a are shown in
Figures 11–14. While energy minimised a, b, and ba pep-
tides have been previously reported,[23] there have been no
reports of the structures of the concatenated domains. The
calculations shown in Figures 11–14 provide interpretation
of the ESI-MS results. The summary in Figure 15 illustrates
the very significant change in structure predicted by the
MM/MD calculations for the species studied by ESI-MS.


The MD results over 500 ps show an important feature of
metallothioneins: there is a folding process that takes place
for the metallated and metal-free peptides. Even for the
fully metallated domains we find a coalescence of the do-
mains. The linker between two domains in aa-rhMT1a
moves so that each a domain approaches as a result of hy-
drogen-bonding and hydrophobic interactions.


There are two linkers that connect the three clusters in
the aaa structure and we observe a rather different trend
than in the aa structures. The linker between the middle
(D2 or aM) and C-terminal (D3 or aC) clusters moves to
allow aM and aC domains to intertwine, with the Cd4-aN


domain left unaffected and exposed.


Demetallation : Molecular dynamics simulations were per-
formed on the Cd-demetallated aa- and aaa-rhMT1a pep-
tides. Figures 11–13 show that the conformers extracted
from the MD trajectory change in secondary and tertiary
structure in a dramatic but systematic manner. By 500 ps in
each case for the aa peptide, we find that the domain resi-
dues are intertwined. However, while there is loss of the
typical domain structure for the conformers of the aaa pep-
tide following protonation of the three domains; all three
domain residues do not interact until complete demetalla-
tion. Of significance, are recent reports that suggest a role
for the metal-free apo-protein,[10–15] because the inversion of
the thiol groups combined with the formation of the globu-
lar structure will provide stability for the thiol groups that
might not be expected.


Figure 15 summarises the structures for the three different
aaa-rhMT1a proteins described here. It is immediately ap-
parent that our quest for a system that would exhibit metal-
dependent structural change has been achieved. Each of the
metallated species Cd=0, 8, 12 exhibit dramatically differ-
ent structures. In these remarkable views, the middle
domain (aM) has been drawn using just bonds and the
ribbon superimposed. While the middle domain has been
stretched, there still remains structure at the connection to
aN domain as is apparent from the ribbon. The second
image is for the fully-metallated Cd12 aaa-rhMT protein,
again, we have drawn the middle domain using just bonds
and a ribbon, plus the four CdII ions. The close interaction


Figure 15. Space-filling views of the key Cdn-aaa-rhMT1a protein species
(n=0, 8, 12) following MD for 500 ps with the central domain drawn
with just bonds and a ribbon to emphasise the spatial layout of the com-
plete molecule. Note that the overall scale of the space-filling representa-
tions of the peptide chain and the ribbon representations are the same.
For demetallation of the middle domain, the ribbon extends fully at
500 ps, whereas the middle domain peptide wraps close to the top
domain for Cd12- and intermingles with the right hand domain for Cd0.
Atom legend: turquoise=CdII, yellow=S, blue=N, red=O, black=C,
grey=H.
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with the aC domain (top in this view) is apparent. Finally,
the bottom image, shows the overlap of the middle domain
with both aN and aC domains. Here the demetallation allows
the three domains to interact much more completely. The
cysteinyl thiols are inverted from the core and face outward.


Conclusion


The ESI-MS data for a range of Cd-containing, 11-cysteine-
an-MT peptides (n=1–3) show that metallation depends on
the domain order in the chain. The pKa of the coordinating
cysteine residues is reduced to about 2.5. Demetallation of
the just one domain in the aaa-rhMT protein can be seen
as arising from loss of CdII from the middle domain, with
the MM3/MD simulations indicating that the two remaining
domains move apart. These results provide experimental
and modelling support for the use of chains of metal–thio-
late domains from metallothioneins for biotechnological ap-
plications in the future.


Experimental Section


Materials : The following chemicals were purchased: CdSO4 (Fisher Sci-
entific); kanamycin monosulfate (Sigma), LB agar (Sigma), LB broth
(Sigma) and isopropyl-b-D-thiogalactopyranoside (IPTG) (Promega,
UK); 5 mL Hi TrapTM SP SepharoseTM HP cation exchange cartridges
(Pharmacia), and Sephadex G-25 Fine Grade (Pharmacia) were used for
chromatography.


Protein preparation : The recombinant human metallothionein proteins
used in this study were based on the a metal binding domain (a-rhMT1a,
aa-rhMT1a and aaa-rhMT1a) with sequences shown in Figure 1A–C.[23]


For aa-rhMT1a: KAAAACCSCCPMSCAKCAQGCVCKGA-
SEKCSCCKKAAAACCSCCPMSCAKCAQGCVCKGASEKCSCCK-
KAAAA. For aaa-rhMT1a: AAAACCSCCPMSCAKCAQGCVCKGA-
SEKCSCCKKAAAACCSCCPMSCAKCAQGCVCKGASEKCSCCK-
KAAAACCSCCPMSCAKCAQGCVCKGASEKCSCCKKAAAA.
Parent molecule aaa protein mass: 10268. The recombinant proteins
were engineered as S-tagTM (Novagen) fusion protein within a derivative
of pET-29a placing the metallothionein directly downstream the throm-
bin cleavage site and over-expressed in BL21 ACHTUNGTRENNUNG(DE3) strain of E. coli (No-
vagen). Plasmid constructs were transformed in a sterile environment.
The transformed cells were cultured on fresh agar plates containing kana-
mycin and 50 mm CdSO4 at 37 8C. LB broth containing kanamycin and
50 mm CdSO4 was then inoculated with a colony from the agar plates. Ex-
pression was induced with the addition of IPTG. The CdSO4 concentra-
tion was increased stepwise from 50 mm to 150 mm during the remaining
four hours of incubation. The cells were harvested by centrifugation at
6000 rpm and then resuspended in 10 mm ammonium formate buffer con-
taining mercaptoethanol to prevent oxidation. The cells were lysed by a
French pressure cell and centrifuged at 13000 rpm to remove cellular
debris. The supernatant was applied to the SP ion exchange cartridge,
washed and then eluted with a NaCl salt gradient. The protein fractions
from the SP cartridge were desalted on a superfine G-25 Sephadex
column (100 cm), with elution by a 5 mm ammonium formate buffer. The
fractions containing cadmium were subsequently identified by absorption
spectroscopy (Varian Cary100), CD spectroscopy (Jasco J-810), AAS
(Varian AA-875) and ESI-MS (PE-Sciex API 365). The purified protein
fractions were collected, and then saturated with argon, sealed and
stored in a freezer for use. All of the buffers used in the separation pro-
cedures were prepared using deionised water and argon saturated to pre-
vent oxidation of the proteins. Samples used for analysis were slowly
thawed and kept on ice and saturated with argon to prevent oxidation


prior to analysis. The protein concentration in the thawed solutions was
calculated from the cadmium concentration determined by AAS.


The S-tag in rfMT has the linkage sequence of LeuValProArgflGlySer,
which allows thrombin to cleave the S-tag. The fractions eluted off the
SP cartridge were pooled, concentrated (stirred cell concentrator (Milli-
pore) with regenerated cellulose YM3, 5000 molecular weight cut-off
filter) and desalted (G-25 using 10 mm Tris-HCl buffer, pH 7.6), again
pooled and concentrated. The cadmium concentration was analysed by
atomic absorption spectroscopy (Varian AA-875). The thrombin was re-
striction grade purchased from Sigma. Thrombin (20 mg) was added to
the protein (20 mg) and the solution was slowly stirred for 9 h at room
temperature. This solution was then applied to an SP ion-exchange car-
tridge, washed with argon-saturated 10 mm Tris-HCl buffer made in de-
ionised water to a pH of 7.40. The metallothionein was eluted with a so-
lution of 95% 10 mm Tris-HCl buffer, pH 7.4, and 5% 10 mm Tris-HCl/
1m NaCl buffer, pH 7.4. These fractions were pooled, concentrated and
desalted as above.


MT purification : Recombinant human a-rhMT1a, aa-rhMT1a, and aaa-
rhMT1a prepared for these experiments have the sequences shown in
Figure 1, with a linker region of four alanine residues to aid in the syn-
thesis of the peptides.[23] The proteins were shown to be homogenous by
the appearance of the single elution peak on the ion-exchange column
and the expected amino acid composition from the ESI-MS data analysis.
The metal-binding protein fractions were collected, desalted by gel per-
meation chromatography (Sephadex G25), and then characterised by the
UV spectroscopy (data not shown; Varian Cary 100), the spectra of
which display a broad band with a shoulder centred at about 250 nm typi-
cal of Cd–thiolate complexation, and by circular dichroism (Jasco J-810)
in which the biphasic spectra are characteristic of clustered Cd4–thiolate
complexes in MT.


Protein and metal concentrations : The metal concentrations were deter-
mined with a Varian AA-875 series atomic absorption spectrophotome-
ter. Protein concentrations were determined from measurements of SH
groups by using EllmanRs method, 5,5’-dithiobis-nitrobenzoic acid in 6.0m


guanidine hydrochloride[29] with a Cary-100 (Varian) UV/Vis spectrome-
ter. Calculations were based on the assumption that eleven SH groups
exist in the recombinant human a fragment.


ESI-MS parameters : The ESI-MS spectra were obtained using a PE-
Sciex API 365 LC/MS/MS triple quadrupole mass spectrometer (PE-
Sciex, Concord, Ontario, Canada). The protein samples were analysed in
the positive ion mode by using the first quadrupole only. The analyte was
infused into the atmospheric pressure interface (API) at 3 mLmin�1. Pa-
rameters for the spectra were as follows: an m/z range of 500 to
2300 amu, step size of 0.2 Da, dwell time of 0.3 ms, with ion source poten-
tial 5000 V, orifice potential 30 V, and ring potential 250 V. The solvent
used in the analysis was a formate buffer, which was Ar saturated. All
solutions were kept at 0 8C and Ar saturated. The mass calculations were
performed using the program Biomultiview 1.5.1b, from the Biotools
system (P.E. Sciex (Concord, Ontario, Canada)). We note that the “nib-
bled” peptides with masses missing a number of amino acid residues (for
example, in Figure 6, we measure apo-aaa-MT with �1A to �4A, as ala-
nine terminates the C-terminus we can identify the truncation to be at
the C-terminus) most likely arise from a combination of the thrombin
cleavage and processes occurring post-source in the mass spectrometer.
We note that in a number of the figures, the peaks were very much
broader than expected. We believe that the broadening arises from the
use of the Tris buffer and low concentrations of protein near neutral pH.
The Sciex ESI-MS instrument was not very sensitive under these condi-
tions and the data were much poorer than measured at low pH. Similar
problems occurred for the monomers; see, for example, reference [23].


pH Titrations of a-rhMT-1, aa-rhMT-1 and aaa-rhMT-1: The effect of
pH on the folded structure of the Cd-containing binding proteins was
evaluated through the changes observed in the UV absorption and CD
spectra, and the ESI-mass spectrum following acidification with a 10 mm


ammonium formate buffer, formic acid of HCl (for the most acidic solu-
tions). The solutions were approximately 20 mm in 10 mm Tris buffer. The
pH of each solution was measured directly with a digital pH meter. The
conditions were the same as previously described.[23]
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Computational methods : All calculations were performed using the
CAChe Worksystem Pro 6.1.12 (Fujitsu America) using AllingerRs MM3
force field[22, 30] as augmented by CAChe and modified by us to included
specific bond information for the Cd�S and Cd-S-Cd bonds formed in
the clusters. Our procedures have been described previously.[10,11, 22, 23, 28]


The concatenation was carried out by bonding two or three Cd4-a-MT
domains in the correct head-to-tail alignment. The Cd-loaded domains
were used to avoid tangling of the peptide chains. A series of MM3/MD
cycles over 1–5 ps were carried out to relax the new coupling. Only when
the structure minimised were the MM3/MD calculations carried out over
the extended time periods. The calculations were repeated with different
starting points resulting in the same overall structures. Results for the
MM3/MD calculation of apo-a-MT have been published previously[28]


and systematically folded into the globular shape reported here,
Figure 13.
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Selective C�C Coupling of Ir–Ethene and Ir–Carbenoid Radicals
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Introduction


Our understanding of the organometallic reactivity of rhodi-
um and iridium is primarily based on studies of diamagnetic
complexes. Much less is known about the reactivity of their
paramagnetic analogues.[1] In general, open-shell organo-
ACHTUNGTRENNUNGmetallic species reveal rather different reactivity patterns
with respect to their closed-shell counterparts, broadening
the scope of organometallic chemistry for catalytic process-
es, which explains the rapidly growing interest in such com-
pounds.[2] A number of such interesting reactions, unique to
those of paramagnetic organometallic complexes or inter-
mediates, have already been uncovered. One-electron oxida-
tive addition of organic halides to the metal is a key step in
Ru-catalyzed atom-transfer radical polymerization[3] and in
Ru-,[4] and Rh/Ir-catalyzed[4d] atom-transfer radical addition
of polyhalogenated compounds to olefins. In addition, RhII–
porphyrin complexes are capable of homolytic cleavage of


inert C�H bonds of methane[5] or methanol[6] and cleave the
C�C bonds of ketones,[7] nitriles,[8] and the 2,2,6,6-
tetramethyl ACHTUNGTRENNUNGpiperidine-N-oxide radical (TEMPO).[9] A recent
study by Chan describes the selective formation of [RhIII-
ACHTUNGTRENNUNG(CH2COOEt)ACHTUNGTRENNUNG(por)] (por= tmp= tetramesityl porphyrin)
upon reaction of [RhII


ACHTUNGTRENNUNG(por)] with ethyl diazoacetate
(EDA),[10] likely via an open-shell carbenoid species, which
is relevant to the work described in this paper.


Bergman reported enantioselective carbene transfer from
diazo compounds to olefins and imines mediated by [RhII-
ACHTUNGTRENNUNG(benbox)Cl]+ (benbox= benzyl bis(oxazoline)), thus pre-
senting a rare example of a catalytically active paramagnetic
mononuclear RhII complex.[11] Although a variety of
Group 9 complexes are capable of carbene-transfer cataly-
sis,[12] this area of research is clearly dominated by investiga-
tions of diamagnetic Doyle-type dinuclear, acetate-bridged,
RhII–RhII species (and analogues) and a couple of mononu-
clear diamagnetic MIII catalysts.[12, 13] Remarkably, the reac-
tivity of both mononuclear (diamagnetic) MI and mononu-
clear (paramagnetic) MII complexes (M= Rh, Ir) towards
diazo compounds has received almost no attention. We pre-
viously set out to investigate the reactivity of MI complexes
towards diazo compounds, which led to our recent discovery
that mononuclear MI–diene complexes (M =Rh, Ir) mediate
the formation of polymers from ethyl diazoacetate.[14] Moti-
vated by these initial results, we became interested in the in-
fluence of the oxidation state on the reactivity of mononu-


Abstract: The reactivity of the para-
magnetic iridium(II) complex [IrII-
ACHTUNGTRENNUNG(ethene) ACHTUNGTRENNUNG(Me3tpa)]2+ (1) (Me3tpa=


N,N,N-tris(6-methyl-2-pyridylmethyl)
amine) towards the diazo compounds
ethyl diazoacetate (EDA) and trime-
thylsilyldiazomethane (TMSDM) was
investigated. The reaction with EDA
gave rise to selective C�C bond forma-
tion, most likely through radical cou-
pling of the Ir–carbenoid radical spe-
cies [IrIII


ACHTUNGTRENNUNG{CHC
ACHTUNGTRENNUNG(COOEt)} ACHTUNGTRENNUNG(MeCN)-


ACHTUNGTRENNUNG(Me3tpa)]2+ (7) and (the MeCN adduct


of) 1, to give the tetracationic dinuclear
complex [(MeCN) ACHTUNGTRENNUNG(Me3tpa)IrIII{CH-
ACHTUNGTRENNUNG(COOEt)CH2CH2}IrIII


ACHTUNGTRENNUNG(MeCN)-
ACHTUNGTRENNUNG(Me3tpa)]2+ (4). The analogous reac-
tion with TMSDM leads to the mono-
nuclear dicationic species [IrIII


ACHTUNGTRENNUNG{CH2-
ACHTUNGTRENNUNG(SiMe3)} ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)]2+ (11). This
reaction probably involves a hydrogen-
atom abstraction from TMSDM by the


intermediate Ir–carbenoid radical spe-
cies [IrIII


ACHTUNGTRENNUNG{CHC
ACHTUNGTRENNUNG(SiMe3)} ACHTUNGTRENNUNG(MeCN)-


ACHTUNGTRENNUNG(Me3tpa)]2+ (10). DFT calculations
support pathways proceeding via these
Ir–carbenoid radicals. The carbenoid–
radical species are actually carbon-cen-
tered ligand radicals, with an electronic
structure best described as one-elec-
tron-reduced Fischer-type carbenes. To
our knowledge, this paper represents
the first reactivity study of a mononu-
clear IrII species towards diazo
compounds.
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clear Rh– and Ir–carbene complexes. Further inspired by
our general interest in the reactivity of paramagnetic RhII


and IrII species, we now report on the reactivity of a mono-
nuclear IrII–ethene complex towards ethyl diazoacetate and
trimethylsilyldiazomethane, which are common carbene pre-
cursors.


Results and Discussion


We concentrated on the reactivity of our previously report-
ed paramagnetic IrII–ethene complex [IrII


ACHTUNGTRENNUNG(ethene)-
ACHTUNGTRENNUNG(Me3tpa)]2+ (1) (Me3tpa=N,N,N-tris(6-methyl-2-pyridyl-
ACHTUNGTRENNUNGmethyl)amine). Interestingly, complex 1 reveals both “met-
alloradical” and “alkene radical” behavior (Scheme 1).[1a,b, 15]


The “vacant” site cis to the ethene ligand is sterically shield-
ed by the three methyl groups of the Me3tpa ligand, and
therefore not accessible for larger molecules. However, the
small and linear MeCN can bind to this position, by which it
induces ethene-ligand-centered radical reactivity. We previ-
ously proposed that b-ethyl radicals of the type [IrIII-
ACHTUNGTRENNUNG(CH2CH2)C ACHTUNGTRENNUNG(Me3tpa)]2+ (2) could be intermediates in a series
of radical-type reactions triggered by coordination of MeCN
to the otherwise stable metalloradical 1.[15] Ethene loss from
intermediate 2 should be easy, giving access to the metallor-
adical [IrII


ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)]2+ (3). Somewhat similar behav-
ior of [IrII


ACHTUNGTRENNUNG(por)] species in their reactivity towards ethene
has been reported.[16]


Hence, we were not sure what to expect for the reactivity
of complex 1 towards diazo compounds. Would they react
directly with 1, or would such reaction preferably take place
via 2 or 3 in the presence of MeCN? One-electron activa-
tion of diazo compounds may allow radical-type reactions of
its “carbene” moiety. Such reactivity might be useful for ex-
panding carbon chains of olefins.


The reaction of complex 1 towards ethyl diazoacetate
(EDA) in acetone leads to a complex mixture of com-
pounds. In contrast, the reaction of 1 with EDA in MeCN
proceeds selectively as judged from the 1H NMR spectrum.
The reaction results in formation of the tetracationic dinu-
clear C3-bridged species [(Me3tpa) ACHTUNGTRENNUNG(MeCN)IrIII


ACHTUNGTRENNUNG{CH2CH2CH-
ACHTUNGTRENNUNG(COOEt)}IrIII


ACHTUNGTRENNUNG(MeCN)ACHTUNGTRENNUNG(Me3tpa)]4+ (4) in 74 % isolated yield,
see Scheme 2.


Addition of excess EDA does not have any influence on
the outcome of the reaction. The reactivity of 1 with EDA
in MeCN could reflect the metalloradical behavior of 3, the
ethene-ligand–radical behavior of 2, or both. In absence of


EDA, 1 in MeCN slowly converts to the ethylene-bridged
dinuclear iridium complex [(Me3tpa) ACHTUNGTRENNUNG(MeCN)IrIII(m2-
CH2CH2)IrIII


ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)]4+ (5).[15a] Complex 5, howev-
er, does not react with EDA, so carbene insertion (from
EDA) into the Ir�C bond of 5 to form 4 can be excluded as
a mechanistic pathway.


Two mechanistic pathways seem conceivable: A) Dissoci-
ation of ethene from 1 with formation of 3, followed by co-
ordination of the diazo compound to iridium (to give 6)
with subsequent loss of dinitrogen to form the “carbenoid–
radical” 7, which in turn attacks the ethene fragment of 1 or
2 to form the new C�C bond of 4 ; or B) attack of the
ethene carbon-centered radical of 2 at the diazo carbon
atom of EDA to form the g-alkyl radical IrIII–CH2CH2CHC-
ACHTUNGTRENNUNG(COOEt) species 9, which would eventually couple with the
Ir-centered radical 3. These routes are depicted in Scheme 3.


EPR measurements did not allow us to detect any inter-
mediates during the conversion of 1 to 4 ; even in the pres-
ence of a large excess of EDA only gradually disappearing
signals of 1 were detected. Also the reaction kinetics did not
allow us to discriminate between the reaction pathways A
and B in Scheme 3. The kinetic measurements revealed that
the reaction is first-order in [1] and zero-order in [EDA],
and proceeds at exactly the same rate as observed for the
formation of 5 in absence of EDA (kobs1=kobs2=


0.0075 min�1). So ethene dissociation from 2, or MeCN coor-
dination to 1 are the most likely rate limiting steps
(Scheme 3, formation of 2 or 3).


In absence of more experimental details we resorted to
DFT calculations to obtain more information about the pos-
sible reaction mechanisms leading to 4. We used methyl di-
azoacetate to model EDA. Given the importance of the
three methyl fragments on the reactivity of [IrII


ACHTUNGTRENNUNG(ethene)-
ACHTUNGTRENNUNG(Me3tpa)]2+ , we decided to model the complete dications.


Scheme 1. Reactivity of [IrII
ACHTUNGTRENNUNG(ethene)ACHTUNGTRENNUNG(Me3tpa)]2+ towards MeCN.


Scheme 2. Reaction of 1 with EDA in MeCN to give 4. In absence of
EDA compound 1 converts to 5. The observed rate constants for the two
reactions are identical (kobs1=kobs2).
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Due to the substantial size of the full Ir–Me3tpa system, we
did not try to calculate the transition states or energies asso-
ciated with the final radical couplings in Scheme 2 (3+9!4
or 2+7!4). Besides, this would not be very useful, because
DFT energies of reactions that involve spin-state changes,
such as radical–radical coupling reactions, are generally not
very reliable.[9a, 17] The reaction pathways prior to the actual
coupling, however, all deal with S= 1=2 systems, and the rela-
tive energies of the minima and transition states along the
pathways 1!2!8!9 and 1!2!3!6!7 should be mean-
ingful.


Both reaction pathways (A and B in Scheme 3) are ther-
modynamically favorable, with an overall stair-case decrease
of free energies along the reaction coordinates (Scheme 4).


Formation of 2 from 1 is slight-
ly uphill, but this is mainly due
to (gas-phase) entropy effects
associated with the approach of
MeCN, which do not play a
large role in the experimental
system in which MeCN is used
as a solvent.


The transition state (TS) for
ethene loss from 2 (TS2) repre-
sents a very low barrier (DG2!


TS2=++0.3 kcal mol�1) for for-
mation of 3. This barrier is
most likely too low, as DFT
tends to underestimate the iri-
dium–ethene interactions.[18]


This becomes evident, and
worse, upon using the hybrid
HF-DFT functional b3-lyp, at
which level (TZVP basis) spe-
cies 2 proved unstable and con-
verged to 3 by spontaneous
ethene dissociation.[19] For rea-
sons of comparison, we thus


used the BP86 (SV(P) basis) throughout. Although the
actual barrier for ethene loss from 2 might be somewhat
higher than calculated, it is unlikely to be very high. There-
fore the involvement of species 2 can only be relevant for
low-barrier follow-up reactions. This is not the case in the
reaction of 2 with MDA to form 8, which has a relatively
large barrier (TS1, DG2!TS1= +13.5 kcal mol�1). In contrast,
the approach of MDA to bind to the Ir center of 3 (reaction
3!6) has a very flat energy profile and is essentially barrier-
less (see Supporting Information, Figure S11). Thus MDA
binding to the b-carbon atom of 2 seems unlikely, since
pathway A is kinetically preferred over pathway B according
to the DFT calculations.


Once formed, the MDA ad-
ducts 6 and 8 both reveal a re-
markably low barrier for N2


loss (TS4 �0.1 kcal mol�1, TS3
is essentially barrierless once
entropy corrections are ap-
plied). This is in marked con-
trast with substantially higher
calculated barriers (in the range
of 7–12 kcal mol�1) for N2 loss
from MDA and diazoalkane ad-
ducts of closed-shell RhI


species.[14a, 20]


We argued that we might
obtain additional experimental
evidence for the reaction pro-
ceeding by pathway A by using
a bulkier substituted diazo com-
pound. Sufficient steric bulk
should prevent the organo-


Scheme 3. Conceivable pathways to the C3-bridged bis-iridium species 4.


Scheme 4. Calculated free energies (energies) in kcal mol�1 of the intermediates and transition states in routes
A and B leading to formation of 4 (see also Scheme 3).
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ACHTUNGTRENNUNGmetalic radicals from coupling, and if the reaction would
proceed through pathway A, the expected final product
would be a mononuclear iridium compound derived from a
bulky analogue of 7. In fact, trimethylsilyldiazomethane
(TMSDM) proved to be a proper reagent for checking this
hypothesis.


The reaction of 1 with TMSDM in MeCN affords the
mononuclear iridium compound 11 in 41 % isolated yield.
Compound 11 has a methylene(trimethylsilyl) group bound
to the metal (Scheme 5). This is consistent with the above


DFT calculations predicting the “carbenoid–radical” path-
way (A) to be kinetically preferred over a direct C�C cou-
pling between the diazo carbon atom and the b-carbon of
ethyl–radical complex 2.


The “carbenoid–radical” intermediate 10 abstracts a hy-
drogen atom from the reaction medium. The solvent is not
the source of the hydrogen atom, as experiments in deuter-
ated solvents did not lead to incorporation of deuterium.
The most likely source is the (trimethylsilyl)diazomethane
reagent.[10]


The key reactive species responsible for the formation of
4 and 11 thus seem to be the carbenoid–radical species 7
and 10, respectively. Such [IrII


ACHTUNGTRENNUNG(carbene) ACHTUNGTRENNUNG(N-ligand)] com-
plexes cannot be classified as regular Fischer- or Schrock-
type carbenes, and their unusual electronic structure
(Scheme 6) requires some additional comments. As shown
in Figure 1 for complex 7, the species are primarily carbon-
centered radicals. Most of the spin density of 7 is located at
its carbenoid carbon atom (Mulliken spin densities: Ccarbene:


86 %, Ir: 5 %, Ocarbonyl : 12 %, Ccarbonyl : �4 %, OMe: 5 %,
Hcarbene: �5 %).


The SOMO of 7 is primarily built from the carbenoid
carbon p orbital in antibonding combination with an Ir d or-
bital with a smaller orbital coefficient (dxz if we define the z
axis along the Ir�C bond and the x axis along the Ir�Namine


bond), with some expected delocalization over the adjacent
carbonyl fragment (Figure 1). The carbenoid–radical 7 is
thus best described as a one-electron-reduced Fischer-type
carbene complex (Figure 2, top).[22] In good agreement with


occupation of an electron in the Ir�C antibonding orbital
(p*), which reduces the Ir�C bond order, the calculated
Ir�C bond of 7 (2.02 Q) is comparably long compared to re-
lated closed-shell systems (�1.85–1.91 Q).[14a,20] A schematic
representation of the calculated d-orbital configuration of
all five 5d orbitals is presented in the Supporting Informa-
tion (Figure S12).


It is quite remarkable that the redox chemistry of transi-
tion-metal carbene complexes has thus far received so little
attention. The frontier orbitals of both Fischer- and
Schrock-type carbenes are such that the carbene fragment


Scheme 5. Formation of iridium (trimethylsilyl)methylene 11 consistent
with a carbenoid–radical pathway.


Scheme 6. “Redox non-innocence” of open-shell transition-metal carbene
complexes; The IrII–carbene complexes 7 and 10 are best described as
IrIII–carbon-centered radicals.


Figure 1. SOMO (left) and spin density (right) plots of 7.


Figure 2. Schematic representation of the frontier orbitals involved in for-
mation of carbon-centered radicals by one-electron reduction of Fischer-
type carbenes (top) or one-electron oxidation of Schrock-type carbenes
(bottom).


Chem. Eur. J. 2008, 14, 7594 – 7599 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7597


FULL PAPEROrganometallic Radicals



www.chemeurj.org





must be “redox non-innocent” (Scheme 6). In a Fischer-type
carbene, the carbene-carbon p orbital lies higher in energy
than the transition-metal d orbital with which it interacts
through p-bonding. This leads to a primarily carbon-cen-
tered LUMO, giving the carbene fragment its intrinsic elec-
trophilic character. Apparently this orbital arrangement also
allows the formation of a carbon-centered radical upon one-
electron reduction of a Fischer-type carbene, as in case of 7
and 10 (See Figure 1). The carbon p orbital of a Schrock-
type carbene lies lower in energy than the transition-metal d
orbital with which it interacts leading to a primarily carbon-
centered HOMO. This gives the carbene fragment its intrin-
sic nucleophilic character and should allow the formation of
a carbon-centered radical upon one-electron oxidation (we
are not aware of any such reported examples yet), see
Figure 2.


Thus obtained carbon-centered radicals can not be de-
scribed as regular Fischer- or Schrock-type carbenes, and ac-
tually represent a new class of “one-electron-activated car-
benoids”. For Group 9 elements (Co, Rh, Ir), we are aware
of only one such previously claimed example.[21] More gener-
al, reactivity studies of open-shell carbenoid complexes
(one-electron-activated carbene complexes) are in an early
stage of development and only a few reports describe the
formation of C�C bonds through open-shell carbenoid–radi-
cal complexes.[22] The redox non-innocence of more stable
N-heterocyclic carbenes was addressed very recently.[23]


Conclusion


We demonstrated the unprecedented formation of a para-
magnetic iridium bound “carbenoid–radical” complex that
selectively couples to an IrII–ethene species with formation
of a C�C bond. A more bulky “carbenoid–radical”, ob-
tained by reacting trimethylsilyl diazomethane with the IrII–
ethene complex, abstracts a hydrogen atom from the reac-
tion medium instead of undergoing C�C coupling with an
IrII–ethene species. DFT calculations show that the unpaired
electron density of both “carbenoid–radical” species resides
mainly on the “carbenoid” carbon atom, explaining the re-
activity of the two complexes. This study expands the scope
of known reactivity of diazo compounds and allows the con-
sideration of “carbenoid radical” species in selective C�C
bond formation reactions. Further studies aiming at reveal-
ing further details of the remarkable reactivity of similar
carbenoid radicals of Rh and Ir are underway.


Experimental Section


General procedures : All manipulations were performed in an argon at-
mosphere by standard Schlenk techniques or in a glove box. Acetonitrile
was distilled under argon from CaH2. NMR experiments were carried
out on a Bruker DRX300 (300 and 75 MHz for 1H and 13C respectively)
and Varian Inova (500 MHz for 1H). Solvent shift reference:
[D3]acetonitrile d =1.94 and 1.24 ppm for 1H and 13C, respectively. Ab-
breviations used are s = singlet, d=doublet, t = triplet, m=multiplet. Ele-


mental analysis (CHN) was carried out by H. Kolbe Mikroanalytisches
Laboratorium (Germany). Kinetic measurements were performed on
Perkin–Elmer Lambda 5 UV/Vis spectrometer in a thermostated quartz
Schlenk cuvette at 20 8C. X-band EPR spectroscopy measurements were
performed with a Bruker EMX Plus spectrometer. Fast atom bombard-
ment (FAB) mass spectrometry was carried out on a JEOL JMS SX/SX
102 A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/
UPD system program. Samples were loaded in a matrix solution (3-nitro-
benzyl alcohol) on to a stainless steel probe and bombarded with Xenon
atoms with an energy of 3 KeV. During the high-resolution FAB-MS
measurements a resolving power of 10000 (10 % valley definition) was
used.


Ethyl diazoacetate and a 2 m solution of (trimethylsilyl)diazomethane in
diethyl ether were obtained from Aldrich, and used without further pu-
rification. Complex 1 ([IrII


ACHTUNGTRENNUNG(ethene) ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]2) was prepared as de-
scribed before.[15a]


Synthesis of [(Me3tpa) ACHTUNGTRENNUNG(MeCN)Ir(CH2CH2CHCOOEt)Ir ACHTUNGTRENNUNG(MeCN)-
ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]4 (4): Compound 1 (48 mg, 0.057 mmol) was dissolved in
MeCN (4 mL). Subsequently EDA (6 mL, 0.057 mmol) was added by
using a micropipette and the reaction was stirred overnight. The reaction
mixture was concentrated to approximately 0.5 mL and MeOH (4 mL)
was added causing precipitation of 4 as a white powder. Yield: 38 mg
(0.021 mmol, 74%). 1H NMR (500 MHz, CD3CN): d= 7.99 (t, 3J ACHTUNGTRENNUNG(H,H) =


7.5 Hz, 1H), 7.90 (m, 2 H), 7.82 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.5 Hz, 1 H), 7.65 (2 H, m),
7.53 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1H), 7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 2 H), 7.34 (m,
4H), 7.25 (d, 3J ACHTUNGTRENNUNG(H,H) = 8 Hz, 1H), 7.21 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.5 Hz, 2H), 7.16
(d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1H), 7.13 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1 H), 5.45 (d, 2J-
ACHTUNGTRENNUNG(H,H) =16 Hz, 1H), 5.38 (d, 2J ACHTUNGTRENNUNG(H,H) =15.5 Hz, 1H), 5.24 (d, 2J ACHTUNGTRENNUNG(H,H) =


16.5 Hz, 1H), 4.88 (d, 2J ACHTUNGTRENNUNG(H,H) =17.5 Hz, 1H), 4.85 (d, 2J ACHTUNGTRENNUNG(H,H) =17 Hz,
2H), 4.76–4.65 (m, 3H), 4.59 (s, 2 H), 4.48 (d, 2J ACHTUNGTRENNUNG(H,H) =16 Hz, 1 H), 3.79
(m, 1 H; -OCH2CH3), 3.63 (d, 3J ACHTUNGTRENNUNG(H,H) =11.5 Hz, 1H; Ir-CH-COOEt),
3.10 (s, 6H; PyCH3), 2.923 (s, 3 H; Ir-NCCH3), 2.917 (s, 3H; Ir-NCCH3),
2.81 (m, 1H; -OCH2CH3), 2.79 (s, 3H; PyCH3), 2.65 (s, 3 H; PyCH3), 2.60
(s, 3H; PyCH3), 2.32 (s, 3H; PyCH3), 2.29 (m, 2H; Ir-CH2), 1.05 (m, 1 H;
CH2CH2CHCOOEt), 0.67 (t, 3J ACHTUNGTRENNUNG(H,H)7 Hz, 3 H; OCH2CH3), �0.28 ppm
(m, 1H; CH2CH2CHCOOEt); 13C NMR (75 MHz, CD3CN): d=182.8
(COOEt), 165.9, 165.5, 165.2, 164.9, 164.8, 164.4, 164.0, 163.8, 163.4,
162.6, 159.1, 158.2 (Py-C2/6), 141.7, 141.4, 141.2, 140.6, 140.2 (Py-C4),
129.2, 128.8, 128.7, 128.6, 128.4, 127.7, 123.2, 122.7, 122.6, 122.2, 120.3,
120.1 (Py-C3/5), 74.7, 74.2, 71.1, 71.03, 70.96, 70.6 (Py-CH2-N), 60.6
(OCH2CH3), 33.5 (C-CH2-C), 27.5, 27.30, 27.25, 27.1, 26.6 (Py-CH3), 13.9
(OCH2CH3), 11.1 (Ir-CH ACHTUNGTRENNUNG(COOEt)), �2.0 ppm (Ir-CH2); elemental analy-
sis calcd (%) for C52H64F24Ir2N10O2P4: C 34.21, H 3.53, N 7.67; found:
C 34.50, H 3.64, N 7.32.


Synthesis of [IrACHTUNGTRENNUNG{CH2Si ACHTUNGTRENNUNG(CH3)3} ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]2 (11): Compound 1
(57 mg, 0.068 mmol) was dissolved in MeCN (4 mL). Subsequently, a 2 m


solution of (trimethylsilyl)diazomethane in Et2O (34 mL, 0.068 mmol) was
added by using a micropipette and the reaction was stirred overnight.
The reaction mixture was concentrated to approximately 0.5 mL and
CH2Cl2 (4 mL) was added, causing a little precipitation of 5. The solution
was decanted and the solvent was removed under vacuum to afford
brown solid. The solid was redissolved in MeCN, and EtOH was added
causing precipitation of a brown oil which was discarded. Decanting and
removing the solvent under vacuum yielded 11 as an off-white powder.
Yield: 26 mg (0.028 mmol, 41%); 1H NMR (300 MHz, CD3CN): d=7.82
(t, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 2 H; PyA-H4), 7.65 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.8 Hz, 1H; PyB-
H4), 7.38–7.29 (m, 5H; PyA-H3, PyA-H5, PyB), 7.15 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz,
1H; PyB), 5.26 (d[AB], 2J ACHTUNGTRENNUNG(H,H) =16.2 Hz, 2H; N-CH2-PyA), 4.83
(d[AB], 2J ACHTUNGTRENNUNG(H,H) = 16.2 Hz, 2 H; N-CH2-PyA), 4.63 (s, 2 H; N-CH2-PyB),
3.14 (s, 3 H; PyB-CH3), 2.91 (s, 3 H; IrNC-CH3), 2.81 (s, 6 H; PyA-CH3),
1.50 (s, 2H; Ir-CH2-Si), �0.27 ppm (s, 9H; Si-CH3); 13C NMR (75 MHz,
CD3CN): d =165.7 (PyA-C6), 164.8 (PyA-C2), 162.8 (PyB-C6), 158.9 (PyB-
C2), 140.8 (PyA-C4), 140.1 (PyB-C4), 128.5 (PyA), 127.9 (PyB), 122.5 (PyA),
120.2 (PyB), 74.4 (PyB-CH2-N), 71.3 (PyA-CH2-N), 27.2 (PyA-CH3), 27.0
(PyB-CH3), 5.8 (IrNCCH3), �20.3 ppm (Ir-CH2-Si); the IrNCCH3 and Si-
CH3 signals were obscured by the solvent signal; FAB+-MS: m/z : 798.2
[M�PF6]


+ , 672.3 [M�2 PF6+F]+ , 631.2 [M�2PF6+F�MeCN)]+
.
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DFT calculations : The geometry optimizations were carried out with the
Turbomole program[24] coupled to the PQS Baker optimizer.[25] Geome-
tries were fully optimized as minima or transition states at the BP86[26]


level using the SV(P) basis set[27] on all atoms (small-core pseudopoten-
tial[28] on iridium). All stationary points were characterized by vibrational
analysis (numerical frequencies); ZPE and thermal corrections (entropy
and enthalpy, 298 K, 1 bar) from these analyses are included. The thus
obtained (free) energies (kcal mol�1) are reported in Scheme 3. Opti-
mized geometries of the species 1–9 and TS1–TS4 are supplied as pdb
files in the Supporting Information. The orbital and spin density plots
shown in Figure 1 were generated with Molden.[29]
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Introduction


The bottom-up approach to nanostructure fabrication offers
new routes to the systematic preparation of nanostructures
by design. One particularly promising approach is to utilise
the principles and techniques embodied in the field of
supramolecular chemistry.[1,2] In particular, the use of supra-
molecular chemistry has demonstrated that a high degree of
control can be exerted over molecular orientation by the
use of non-covalent intermolecular interactions.[3] Supra-


molecular chemistry offers not only the possibility to control
self-assembly processes, but also, through chemical function-
alisation of the constituent species, the potential for molecu-
lar recognition by the self-assembled architecture.[4] Thus,
the utilisation of supramolecular chemistry offers a highly
flexible methodology for control of nanoscale structure.


Two-dimensional self-assembly of molecules on surfaces,
when combined with scanning probe techniques, provides
direct evidence of the great potential of this approach. In
particular, self-assembled structures that are stabilised by in-
termolecular interactions such as hydrogen bonding, metal
coordination and dipolar coupling have been demonstrated
by using a variety of molecule–substrate systems.[5–23] Fur-
thermore, we have recently demonstrated the formation of
two-dimensional bimolecular cavities stabilised by hydrogen
bonding that may be used to trap diffusing species[15–17] as
guest molecules. In related work Stepanow et al.[20] have
demonstrated that the host–guest interaction may be modi-
fied through the inclusion of additional chemical groups
within the framework molecules. Here we explore the possi-
bility of adding host–guest selectivity to these pores through
the rational design of the constituent molecules that form
the network. We demonstrate that chemical functionality be
introduced to such systems and also that functionalisation of
the nanoscale architectures can lead to new self-assembled
structures and the resultant host–guest properties of the
nanoarchitecture can be tuned.


Abstract: Controlled self-assembly and
chemical tailoring of bimolecular net-
works on surfaces is demonstrated
using structural derivatives of 3,4:9,10-
perylenetetracarboxylic diimide
(PTCDI) combined with melamine
(1,3,5-triazine-2,4,6-triamine). Two
functionalised PTCDI derivatives have
been synthesised, Br2–PTCDI and di-
ACHTUNGTRENNUNG(propylthio)–PTCDI, through attach-
ment of chemical side groups to the
perylene core. Self-assembled struc-


tures formed by these molecules on a
Ag–SiACHTUNGTRENNUNG(111)
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R308 surface were
studied with a room-temperature scan-
ning tunneling microscope under ultra-
high vacuum conditions. It is shown
that the introduction of side groups can


have a significant effect upon both the
structures formed, notably in the case
of di(propylthio)–PTCDI which forms
a previously unreported unimolecular
hexagonal arrangement, and their en-
trapment behaviour. These results
demonstrate a new route of functional-
isation for network pores, opening up
the possibility of designing nanostruc-
tured surface structures with chemical
selectivity and applications in nano-
structure templating.
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mine · perylenetetracarboxylic di-
imides · scanning probe microscopy ·
self-assembly
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Specifically we show that bimolecular honeycomb arrays
can also be formed if the 3,4:9,10-perylenetetracarboxylic
diimide (PTCDI) from the known hexagonal PTCDI/mel-
ACHTUNGTRENNUNGamine arrangement[15,16] (melamine=1,3,5-triazine-2,4,6-tri-
ACHTUNGTRENNUNGamine) is replaced with similar molecules that are function-
alised through the attachment of a side group to the pery-
lene core, generically called here R2–PTCDI (Scheme 1,
top). The synthesis of perylene diimide derivatives has been
extensively examined allowing the development of such
molecules for a wide variety of applications;[24] however,
only a few examples of derivatised perylene diimides that
maintain the non-alkylated imide group have been previous-
ly described.[25] The diimide termination, present in the orig-
inal PTCDI molecule and which is essential for the forma-
tion of the triple hydrogen bond with melamine and respon-
sible for the stabilisation of the hexagonal arrangement ob-
served in the mixtures, is preserved in our structural design.


This type of system combines the templating effect that has
been demonstrated previously for such hexagonal nanoarch-
itectures with the possibility of molecular recognition driven
by the functional group added to the original PTCDI mole-
cule. We have studied two variants of R2–PTCDI, firstly
with R being bromine, (Scheme 1, bottom left), and the
other with propylthio substituents (Scheme 1, bottom right).
Although each of these molecules forms characteristic as-
semblies on the Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface, they differ
from the arrangements of the parent compound PTCDI on
the same surface. Whereas Br2–PTCDI forms a nanoporous
hexagonal arrangement by co-self-assembly with melamine,
di(propylthio)–PTCDI forms a unimolecular self-assembled
nanoporous hexagonal arrangement, the periodicity of
which can be increased by the introduction of melamine and
subsequent bimolecular structure self-assembly.


Results and Discussion


Chemical synthesis : Br2–PTCDI was prepared by bromina-
tion of the 3,4:9,10-perylenetetracarboxylic dianhydride
(PTCDA) to afford a mixture of isomers Br2–PTCDA.[26]


The preparation of Br2–PTCDA yields a mixture of both
1,7- and 1,6-isomers in an estimated 4:1 ratio that it has not
proven possible to separate.[26b] Subsequent reaction of Br2–
PTCDA with NH4OH(aq) affords Br2–PTCDI as a highly in-
soluble red solid. Perylene diimide species, without alkyl/
aryl tail groups, are notoriously insoluble in common organ-
ic solvents and thus separation of the 1,6- and 1,7-isomers is
not feasible at this stage of the synthetic procedure. Di(pro-
pylthio)–PTCDI was prepared by two alternative routes
(Scheme 2). Introduction of the propanethio appendages is
successfully achieved by the reaction of propanethiol with
either N,N’-diACHTUNGTRENNUNG(n-butyl)-1,7-dibromoperylene-3,4:9,10-tetra-
carboxylic acid diimide or N,N’-di(2,4-dimethoxy)-benzyl)-
1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid diimide in
the presence of a base to give compound 1 or 4, respectively.
Compound 1 can be converted to the corresponding disub-
stituted dithioether–PTCDI by using the traditional method-
ology[26b] of converting the dialkyl perylene diimide to the
corresponding dianhydride 2 followed by subsequent con-
version to diimide 3. This synthetic procedure successfully
produces the desired product, but in a yield of only 45%
from 1 and is a relatively aggressive synthetic strategy, using
a 100-fold excess of KOH as a reagent. Thus, we have estab-
lished a new procedure for the synthesis of PTCDI mole-
cules derivatised in the so-called bay region. By using 2,4-di-
methoxybenzyl alkylated intermediates (e.g., 4) in the syn-
thetic strategy we are able to convert the 2,4-dimethoxyben-
zyl-protected perylene species to the desired PTCDI prod-
uct by a simple deprotection step, using methanesulfonic
acid, without the need to prepare an intermediary anhydride
species. This mild approach, in comparison to the conven-
tional procedure, affords the desired species 3 in 89% from
the dialkylated species 4. A similar approach of protection/
deprotection for the formation of diimide PTCDI deriva-


Scheme 1. Top: Target hexagonal arrangement with R2–PTCDI and mela-
mine stabilised by a triple hydrogen bond. The functionalisation of the
cavities is achieved through the attachment of chemical groups (repre-
sented with R and highlighted with grey circles) onto the sides of the per-
ylene core of the PTCDI molecule. Bottom left and right: Br2–PTCDI
and di(propylthio)–PTCDI, respectively.
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tives has recently been reported by WKrthner et al. using
the cleavage of N-methylbenzyl derivatised PTCDI-based
species using BBr3.


[25a] Unfortunately we were unable to sep-
arate the 1,6- and 1,7-isomers of either 1 or 4, although the
1,7-isomer is the major component with trace amounts of
the 1,6-isomer present in either material and thus the final
product 3 is predominantly the 1,7-isomer with only traces
of the 1,6-isomer present.


Surface studies


Br2–PTCDI : Following deposition of Br2–PTCDI onto the
Ag�Si surface, one-dimensional molecular rows are formed
as shown in the STM images in Figure 1a. A higher resolu-
tion STM image is shown in Figure 1b in which the Ag�Si
reconstruction is visible with darker contrast regions corre-
sponding to a silicon trimer.[27] In common with PTCDA
and PTCDI[16,28] on this surface, the Br2–PTCDI molecules
have intramolecular contrast corresponding to a double lobe
that runs parallel to the long axis of the molecules. From
this identification it is possible to determine the molecular
position and orientation relative to the substrate. The self-
assembled rows adopt an orientation parallel to the h112̄i di-
rection of the substrate with a measured molecule–molecule
spacing along the row of (14.8�0.2) N. Individual molecules
within a row can be resolved, see white dashed rectangle in
Figure 1b, and from these high-resolution images we pro-
pose a model for a row with a width corresponding to a
single molecule. This is shown in Figure 1c, which is stabi-


lised by a double hydrogen bond between neighbouring
molecules, linked through the imide terminations.[28–31]


The arrangement proposed for single Br2–PTCDI chains
is similar to that observed for single rows of PTCDI on the
same substrate.[28] However, for PTCDI the rows are much
shorter and co-exist with large two-dimensional islands. For
Br2–PTCDI many of the molecular rows have widths corre-
sponding to one or two molecules, but we do not observe
extended two-dimensional islands (for an analysis of the dis-
tribution of row widths see the Supporting Information).
Thus the addition of the �Br appendage to the PTCDI has
resulted in an enhanced stability of one-dimensional rows
relative to extended islands. In recent numerical studies of
anisotropic growth[32,33] it has been demonstrated that such
an enhancement can result either from an increase in the
hydrogen-bonding interaction or a reduction in the intermo-
lecular interactions that stabilise row–row coupling in island
formation. In the case studied here the addition of the �Br
appendage has a negligible effect of the strength of hydro-
gen bonding. However, the presence of this electronegative
species on the perylene core is expected to give rise to a re-
pulsive Br�Br intermolecular interactions that leads to a re-
duction in inter-row interactions. This results in a relative


Scheme 2. Reaction scheme illustrating synthetic strategy to PTDCI-de-
rivatives: i) KOH, iPrOH; ii) CH3COOH, 95%; iii) NH4OH, 47%; iv)
MeSO3H, C6H5Me, 89%.


Figure 1. a) STM image of the Ag�Si ACHTUNGTRENNUNG(111)
ffiffiffi
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R308 surface, after
Br2–PTCDI sublimation (Vsample=�2 V, Itunnel=0.05 nA), in which the for-
mation of elongated rows following well-defined directions is evident.
b) Higher resolution image of an area with different Br2–PTCDI row
widths (Vsample=�2 V, Itunnel=0.05 nA). A single molecular row is high-
lighted with a white dashed rectangle. c) Schematic model for the single
molecular row highlighted (substrate reconstruction is represented with
the hexagonal grid, with the centres corresponding to silicon trimers) in
b), with each molecule forming a double hydrogen bond with neighbour-
ing molecules and the row parallel to the substrate h112̄i direction. The
dimension of each STM image is given in the inserted scale bar.
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destabilisation of two-dimensional growth in favour of row
formation.


The deposition of melamine onto a sub-monolayer of
Br2–PTCDI coverage, followed by annealing at �60 8C, re-
sults in the formation of a bimolecular honeycomb arrange-
ment as shown in the STM image in Figure 2a. A magnified
image of the network with detail of the surface reconstruc-
tion is shown in Figure 2b. The periodicity of the network is
�35 N, and the network lattice vectors are parallel to the
substrate h11̄0i direction. These dimensions are identical,
within experimental error, to those previously reported for a
PTCDI/melamine network.[16] This shows clearly that the
observed arrangement is a direct analogue to the previously
reported network in which Br2–PTCDI molecules adopt the
hexagonal structure illustrated in Scheme 1, top (see super-
imposed molecular model in Figure 2b).


One difference with our previous work is that we observe
a complete conversion of the Br2–PTCDI into the hexagonal
framework. For unfunctionalised PTCDI we observe a co-
existence between the bimolecular hexagonal framework
and two-dimensional PTCDI islands. The complete conver-
sion of the brominated derivative, accounted for by the de-
stabilisation of two-dimensional Br2–PTCDI islands, is po-
tentially significant for the formation of large-area, single-
phase networks and offers the possibility of much greater
homogeneity of entrapment properties. Furthermore this
difference confirms that the properties of supramolecular
arrays may be engineered through relatively minor changes
in the constituent molecules. Although the bimolecular Br2–
PTCDI···melamine honeycomb network can in principle ex-
hibit chirality (see Figure 2b) we were unable to determine
the precise positioning of individual bromine substituents
and therefore are unable to establish the precise extent of
chirality exhibited by the honeycomb framework.


Most importantly these results confirm the hypothesis
that the formation of bimolecular hexagonal assemblies be-
tween R2–PTCDI and melamine is possible. The use of Br2–
PTCDI provides the first demonstration of a route to func-
tionalise the cavities of the PTCDI/melamine regular hexag-
onal arrangement. It is worth noting that Br2–PTCDI is a
synthetic precursor to a range of R2–PTCDI molecules[25]


and as such the Br2–PTCDI/melamine array offers the po-
tential for further chemical functionalisation.


The C60-entrapment properties of this network were com-
pared with previous results on PTCDI/melamine assem-
blies.[15,16] The STM images (Figure 2c) show the formation
of C60 heptamers within the pores as observed when C60 is
deposited on the PTCDI/melamine porous network. This in-
dicates that both Br2–PTCDI/melamine and PTCDI/mela-
mine networks stabilise C60 clusters with similar geometries,
most likely as a result of the relatively short steric bulk of
the Br appendages. Interestingly we have observed that the
heptamers captured in the brominated cavities, as compared
with the parent PTCDI/melamine array, are more suscepti-
ble to interactions with the tip of the scanning probe micro-
scope providing indirect evidence that they are less strongly
bound.


Di(propylthio)–PTCDI : Deposition of 0.4 monolayers of
di(propylthio)–PTCDI onto a clean Ag�Si surface results in


Figure 2. a) Image showing hexagonal supermolecular structures formed
with Br2–PTCDI and melamine on the Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface
(Vsample=++2.1 V, Itunnel=0.05 nA). b) Higher resolution image (Vsample=


�2 V, Itunnel=0.05 nA) of the Br2–PTCDI/melamine hexagonal network,
in which the double protrusion of each Br2–PTCDI molecule is apparent.
The hexagonal mesh represents the surface reconstruction with the hexa-
gon centres corresponding to silicon trimers (see text). One of the h112̄i
surface directions is represented with the white arrow. A molecular
model is superimposed for clarification. c) Image (Vsample=�2.8 V, Itunnel=
0.03 nA) showing three captured C60 heptamers within the cavities of the
Br2–PTCDI/melamine network. d) Molecular model of a C60 heptamer
inside a Br2–PTCDI/melamine pore. The dimension of each STM image
is given in the inserted scale bar.


Chem. Eur. J. 2008, 14, 7600 – 7607 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7603


FULL PAPERNanoporous Arrays



www.chemeurj.org





the formation of two-dimensional self-assembled structures,
in contrast to Br2–PTCDI. The STM image shown in Fig-
ure 3a reveals two co-existing domains labelled as a and b.
Whereas in the b region the molecules form a close-packed
array, those in the a region adopt a very interesting hexago-
nal arrangement (shown in more detail in Figure 3b; see
Supporting Information for discussion of region b). The hex-
agonal structure has a periodicity of 28.3�1 N, and an angle
of 16�28 relative to the h112̄i substrate direction. The mea-
sured periodicity is significantly smaller than the dimensions
observed for the PTCDI/melamine complex (Scheme 1,
top),[15,16] and, moreover, cannot arise from an arrangement
in which the molecules are linked by double hydrogen
bonds, as observed for Br2–PTCDI.


We propose a model, shown in Figure 3c in which each
vertex is formed by a junction of three molecules and stabi-
lised by three hydrogen bonds between the N�H groups on
one molecule and one of the C=O groups on a neighbouring
molecule. This triple vertex bonding configuration is similar
to the stabilising linkage proposed for cyanuric acid on the
same surface[34] and is chiral.


It is clear that PTCDI, even in the absence of the side
groups, could adopt this hexagonal configuration for which
the overall number of hydrogen bonds per molecule is the
same as in the rows formed by Br2–PTCDI and PTCDI.
However, the hexagonal arrangement is only observed for
molecules that incorporate the propylthio side groups. We
hypothesise that an additional attractive C�H···O hydrogen-
bonding interaction may exist between the propylthio chains
and the oxygen atom on a neighbouring molecule that is not
bound to an imide group within the trigonal vertex. The sta-
bilisation energy obtained for the vertex in this configura-
tion, calculated from density functional theory (see Support-
ing Information) is 0.86 eV. For an alternative configuration,
in which the vertex chirality is preserved but the propylthio
chains are attached to the other bay-region carbon atoms
(see arrows in Figure 3c and Supporting Information), a sta-
bilisation energy of 0.70 eV was calculated. Thus, the config-
uration shown in Figure 3c, with the propylthio chains closer
to the available oxygen atom, is calculated to be more
stable. The stabilisation energy calculated for a vertex com-
posed with three PTCDI molecules (with no side chains) is
0.78 eV, lower than the energy obtained for the suggested
vertex, further demonstrating the contribution of the side
chains in stabilising the structure.


The additional stabilisation provided by the side chains
implies that they must adopt a specific conformation. Note
that, due to their flexibility arising from the potential for ro-
tation about the C�C bond axes, there are several different
conformations which the molecular side chains might adopt.
In this context the stabilisation may be considered as an
adaptive effect in which the molecule adopts a specific con-
formation in response to its local environment. The link be-
tween flexibility of molecules and their potential for inter-
locking through adopting mutually energetically favourable
conformations has recently been highlighted for adsorbed
amino acids.[35]


Figure 3. STM image (Vsample=�2.5 V, Itunnel=0.03 nA) after sublimation
of di(propylthio)–PTCDI onto a Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface. Two
distinct domains were labelled with a for the hexagonal and b for the
close-packed arrangement. b) Magnified image (Vsample=�2.5 V, Itunnel=
0.03 nA) of a hexagonal region (a), in which a trimer node is highlighted
with a dashed white circle and the surface reconstruction represented
with a hexagonal mesh. c) Molecular model proposed for the trimer
vertex highlighted in the previous image. The hydrogen atoms highlight-
ed with grey circles and with arrows are alternative attachment sites for
the propylthio chains as discussed in text. d) Schematic model proposed
for the (10,4,3) molecular registry with the substrate. The arrow repre-
sents the periodicity of the arrangement of


ffiffiffiffiffiffiffiffi


156
p


aAg�Si (three hexagonal
spacings of the molecular network), and the dashed lines detail each to
the 10aAg�Si and 4aAg�Si periods of the surface. q is defined as the angle
between the pore–pore direction of the molecular network and one of
the h112̄i directions of the reconstructed Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface.
The arrangement is composed with trimers identical to that shown in
part c), but with opposite chirality for information. The dimension of
each STM image is given in the inserted scale bar.
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The hexagonal arrangement is composed of an array of
these trigonal vertices as shown schematically in Figure 3d.
Based on the measured angles and periodicity of the ar-
rangement, we propose a model that is commensurate with
the substrate, with indices (l,m,n) (notation used in referen-
ces [27a–c]) for hexagonal molecular arrangements on hex-
agonally reconstructed surfaces of (3,10,4), and a periodicity
of


ffiffiffiffiffiffiffiffi


156
p


aAg-Si=82.9 N (see Figure 3d), corresponding to a
pore-to-pore distance of 27.6 N. According to this model the
pore-to-pore direction forms an angle of �16.1 8 with the
substrate h112̄i direction. These values are in good agree-
ment with those observed experimentally.


There are two possible angles (positive or negative) that
this molecular arrangement may adopt relative to the sub-
strate while observing the commensurability indicated with
the indices above. In the trimer configuration given in Fig-
ure 3d (positive angle), the direction of the end-to-end axis
of the molecules is parallel to the h11̄0i direction, whereas
the negative angle and opposite chirality (Figure 3c) leads to
molecules being parallel to the h112̄i substrate direction.
Our STM images reveal that we only observe one molecular
orientation relative to the substrate which corresponds to
the long axis of the molecule (intersecting the imide groups)
parallel to the h11̄0i direction, as represented in Figure 3d.
We also note that in the proposed model the molecules are
all centred above high-symmetry positions (either Si or Ag
trimers) in the reconstructed surface. This structure offers
an alternative route to the formation of hexagonal porous
networks, such as PTCDI/melamine and Br2–PTCDI/mela-
mine, but with a smaller pore size and using a single mole-
cule species.


Figure 4a shows STM images obtained after deposition of
melamine on the sample discussed above (deposition time
�4 h with sample held at 60–80 8C). These images show the
formation of hexagonal networks with periodicity and orien-
tation relative to the substrate that is identical to the
PTCDI/melamine and Br2–PTCDI/melamine bimolecular
structures (Figure 4b). This indicates that the unimolecular
di(propylthio)–PTCDI hexagonal array has been converted
into a bimolecular di(propylthio)–PTCDI/melamine hexago-
nal phase. The changes in network dimension through addi-
tion of melamine demonstrate an interesting, and we believe
first demonstration of, sequential development of self-as-
sembled structures with increasing porosity.


Deposition of C60 onto the hexagonal network, Figure 4c
gives rise to a very different entrapment behaviour relative
to the Br2–PTCDI/melamine and PTCDI/melamine net-
works;[16] we see no evidence for heptamers or hexamers
within the pores. It is possible to identify some fullerenes
over some of the constituent molecules of the network as
well as within the pores, but in an irregular fashion. A close
inspection of the images shows that the underlying hexago-
nal structure is preserved demonstrating that the presence
of the propylthio chains in the cavities inhibits the entrap-
ment of fullerene molecules. This is most likely due to a
steric hindering effect of the C60–surface interaction as a


result of the presence of the propylthio chains providing a
partial coverage of alkane chains within the pore.


Conclusion


We have demonstrated that the self-assembly and entrap-
ment properties of surface-based supramolecular arrays may
be controlled through the addition of simple functional
groups to molecular building blocks. The incorporation of
bromine in the bay region of PTCDI leads to a reduction in
inter-row coupling and a preference for one-dimensional
growth, as opposed to the formation of close-packed two-di-
mensional islands. The self-assembly of a unimolecular hex-
agonal arrangement in di(propylthio)–PTCDI is particularly
noteworthy, illustrating the stabilising effect on introducing
short-chain side groups to the PTCDI scaffold. Moreover
we have demonstrated that the chemical functionalisation of
the bay region of PTCDI provides a route for the rational
introduction of chemically active groups on the perimeter of
the pores formed in a two-dimensional supramolecular net-
work. The modification of the unimolecular di(propylthio)–
PTCDI hexagonal array to the bimolecular di(propylthio)–
PTCDI/melamine array, resulting in a stepwise increase in


Figure 4. a) STM image (Vsample=�2.5 V, Itunnel=0.03 nA) showing the bi-
molecular hexagonal network formed after sublimation of melamine
onto adsorbed di(propylthio)–PTCDI. b) Molecular model of the ar-
rangement highlighted in (a). c) STM image (Vsample=�2.3 V, Itunnel=
0.03 nA) after deposition of C60 onto the bimolecular honeycomb net-
work. The dimension of each STM image is given in the inserted scale
bar.
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network periodicity, represents an example of dimensional
control of porous-surface-based self-assembled structures
through the exploitation of an additional supramolecular
synthon. The contrasting entrapment behaviour observed
with the di(propylthio)–PTCDI/melamine hexagonal net-
works relative to PTCDI/melamine and Br2–PTCDI/mela-
mine systems demonstrates the potential for control,
through selection of side chains, of the properties of these
cavities. Since Br2–PTCDI is the precursor to many other
functionalised R2–PTCDI derivatives, with potentially more
reactive attached groups, our work represents important
progress towards the objective of combining chemically se-
lectivity with spatial organisation within two dimensional
nanoporous networks.


Experimental Section


Perylene-3,4:9,10-tetracarboxylic acid (Aldrich) was brominated accord-
ing to a literature procedure[26] and converted to N,N’-bis ACHTUNGTRENNUNG(n-butyl)-di-
ACHTUNGTRENNUNGbromo-3,4:9,10-perylenetetracarboxylic diimide with n-butylamine in bu-
tanol/H2O.[26] All reactions were carried out under an atmosphere of ni-
trogen. Column chromatography was performed on silica gel (Merck
silica gel 60, 0.2–0.5 mm, 50–130 mesh). The 1H NMR (300 MHz) and
13C NMR (75 MHz) spectra were obtained on a Bruker DPX 300 spec-
trometer. Microanalyses were performed by Stephen Boyer, London
Metropolitan University. MS spectra (MALDI-TOF-MS) were deter-
mined on a Voyager-DE-STR mass spectrometer.


N,N’-Di ACHTUNGTRENNUNG(n-butyl)dipropylthioperylene-3,4:9,10-tetracarboxylic acid di-
ACHTUNGTRENNUNGimide (mixture of 1,7- and 1,6-isomers) (1): N,N’-Di ACHTUNGTRENNUNG(n-butyl)-1,7-dibro-
moperylene-3,4:9,10-tetracarboxylic acid diimide[26] (660 mg, 1 mmol),
NaOH (100 mg, 2.5 mmol) and propanethiol (0.19 mL, 3 mmol) were sus-
pended in pyridine (30 mL) and heated under reflux for 3 h. The progress
of the reaction was followed by thin-layer chromatography with CH2Cl2
as eluent. After cooling to room temperature, the mixture was poured
into 10% HCl and extracted with CH2Cl2. The organic phase was dried
over Na2SO4, filtered and concentrated. The crude product was pure
enough at this stage for further reaction procedures. For samples for
analysis, the compound can be purified by column chromatography
(silica) with CH2Cl2/hexane (5:1) as eluent allowing partial separation of
the isomers. Yield 93%; 1H NMR (CDCl3): d =8.78 (d, J=8 Hz, 2H),
8.73 (s, 2H), 8.65 (d, J=8 Hz, 2H), 4.24 (t, J=7 Hz, 4H; NCH2), 3.20 (t,
J=7 Hz, 4H; SCH2), 1.73 (m, 8H), 1.46 (m, 4H), 1.05 ppm (m, 12H;
CH3);


13C NMR (CDCl3): d =163.86, 163.75, 138.86, 133.03, 132.87,
131.23, 129.30, 129.25, 128.75, 125.69, 122.37, 121.89, 40.86, 38.30, 31.33,
30.64, 22.38, 20.82, 14.26, 13.99 ppm; MS (MALDI-TOF): m/z : 650.6 [M+


].


Dipropylthioperylene-3,4:9,10-tetracarboxydianhydride (mixture of 1,7-
and 1,6- isomers) (2): Compound 1 (650 mg, 1 mmol; mixture of isomers)
was dissolved in iPrOH (20 mL) and finely ground KOH (5.7 g,
100 mmol) was added. The suspension was sonicated for 15 min and sub-
sequently heated under reflux for 4 h. The progress of the reaction was
followed by thin-layer chromatography with CH2Cl2 as eluent. After
cooling to room temperature the mixture was poured into 50% acetic
acid and stirred for 1 h. The precipitate was filtered, redissolved in
CH2Cl2 and washed with water. The organic phase was dried over
Na2SO4, filtered and concentrated to yield a red powder (525 mg, 95%
yield). 1H NMR (CDCl3): d =8.93 (d, J=8 Hz, 2H), 8.88 (s, 2H), 8.74 (d,
J=8 Hz, 2H), 3.23 (t, J=7 Hz, 4H; SCH2), 1.72 (m, 4H), 1.05 ppm (m,
6H; CH3);


13C NMR (CDCl3): d =160.43, 159.97, 140.62, 134.03, 133.52,
132.96, 131.39, 129.88, 129.37, 127.92, 118.76, 118.45, 38.37, 22.25,
13.91 ppm; MS (MALDI-TOF): m/z : 540.3 [M+].


N,N’-Di[(2,4-dimethoxy)benzyl]dipropylthioperylene-3,4:9,10-tetracar-
boxylic acid diimide (mixture of 1,7- and 1,6- isomers) (4): An identical


procedure was used as for the synthesis of 1, but with N,N’-di[(2,4-di-
ACHTUNGTRENNUNGmethoxy)benzyl]-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid di-
imide as a starting material. 1H NMR (CDCl3): d=8.87 (d, J=8 Hz, 2H),
8.81 (s, 2H), 8.73(d, J=8 Hz, 2H), 7.12 (d, J=9 Hz, 2H), 6.50 (s, 2H),
6.39 (d, J=9 Hz, 2H), 5.43 (s, 2H), 3.90, 3.43 (2 s, 6H each), 3.20 (t, J=


7 Hz, 4H; SCH2), 1.72 (m, 4H), 1.05 ppm (m, 6H; CH3);
13C NMR


(CDCl3): d=163.84, 163.77, 160.47, 158.61, 140.31, 138.96, 133.14, 132.95,
131.42, 129.45, 129.34, 128.86, 128.69, 125.84, 122.46, 121.99, 117.77,
104.52, 99.02, 56.02, 55.75, 39.242, 38.43, 22.38, 13.95 ppm; MS (MALDI-
TOF): m/z : 838.8 [M+].


1,7-Dipropylsulfaneperylene-3,4:9,10-tetracarboxydiimide (mixture of
1,7- and 1,6- isomers) (3)


Synthesis from compound 2 : Compound 2 (mixture of isomers; 160 mg,
0.3 mmol) was suspended in NH4OH (20 mL) and heated under reflux
overnight. The reaction mixture was cooled to room temperature and
poured into glacial acetic acid in ice. The precipitate was filtered by grav-
ity and dried in an oven overnight to yield a blue powder (75 mg, 47%),
which exhibited very low solubility in common organic solvents.


Synthesis from compound 4 : Compound 4 (250 mg, 0.3 mmol) was dis-
solved in toluene (20 mL), and methanesulfonic acid (2 mL) was added.
The reaction mixture was heated under reflux for 4 h, over which time all
perylene-containing material precipitated leaving a clear solution. The
solvent was removed and the residue titurated with water, filtered and
dried to yield 3 as a blue powder. Yield 89%; 1H NMR (CDCl3 + tri-
fluoroacetic acid): d=9.08 (d, J=8 Hz, 2H), 8.88 (s, 2H), 8.81 (d, J=


8 Hz, 2H), 3.27 (t, J=7 Hz, 4H; SCH2), 1.79 (m, 4H), 1.05 ppm (m, 6H;
CH3); MS (MALDI-TOF): m/z : 538.0 [M+].


Surface studies : The R2–PTCDI and melamine deposition were per-
formed under ultra-high vacuum (UHV) conditions (base pressure
<10�10 Torr). The Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface (Ag�Si hereafter) was
prepared under UHV by outgassing a 3 mm87 mm piece of a Si ACHTUNGTRENNUNG(111)
substrate for >12 h at 600–700 8C followed by flash annealing at 1150–
1200 8C for approximately 60 s. This procedure results in the formation of
a Si ACHTUNGTRENNUNG(111)-787 surface, which was converted to the Ag�Si by sublimation
of Ag with the sample held at 500 8C.[27] The evaporation rates for each
R2–PTCDI were measured with a quartz crystal microbalance and, for
deposition of submonolayer coverages, crucible temperatures of 408 8C
for Br2–PTCDI and 340 8C for di(propylthio)–PTCDI were used. During
R2–PTCDI deposition, the sample was held at room temperature. Mel-
ACHTUNGTRENNUNGamine was evaporated from a cell placed in a separate chamber to avoid
cross-contamination. Images of the surface were acquired using a scan-
ning tunneling microscope (STM) operating in constant current mode at
room temperature. Electrochemically etched tungsten tips, cleaned prior
to use by electron beam heating, were used throughout.


Density functional calculations : Density functional calculations were per-
formed using established methodologies[36] within the DMol3 package.
See Supporting Information for more details.
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Introduction


The coordination chemistry of metal complexes with redox-
active (non-innocent) ligands is presently undergoing a ren-
aissance due to the recognition that redox processes in some
enzymes and their model compounds may involve not only
metal centers, but also coordinated ligands.[1] Redox-active
ligands in complexes can play not only their conventional
role as ancillary units, but also they may be involved in
redox events. This has opened new aspects in synthetic
chemistry and catalysis.[2] Moreover, the potential broad ap-
plication of such complexes in material science as memory
devices, molecular switches, and molecular magnets have
been suggested.[3] With this in mind our current research is
dedicated to development of the deeper understanding of


Abstract: The four-coordinate iron
complexes, [FeIII


ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)] (1) and
[AsPh4]2ACHTUNGTRENNUNG[FeII


ACHTUNGTRENNUNG(pda2�)2] (2) were synthe-
sized and fully characterized; pda2� is
the closed-shell ligand N,N’-bis(penta-
fluorophenyl)-o-phenylenediamido-
ACHTUNGTRENNUNG(2�), and pdaC� represents its one-elec-
tron-oxidized p-radical anion. Single-
crystal X-ray diffraction studies of 1
and 2 performed at 100(2) K reveal a
distorted tetrahedral coordination envi-
ronment at the iron centers, as a result
of the intramolecular p–p interactions
between C6F5 rings. The electronic
structures of 1 and 2 were unambigu-
ously determined by a combination of
57Fe Mçssbauer and electronic spec-
troscopy, magnetic susceptibility meas-
urements, X-ray crystallography, and


DFT calculations. Compound 1 con-
tains an intermediate-spin FeIII ion
(SFe =3/2) strongly antiferromagnetical-
ly coupled to a p-ligand radical (SR =1/
2) yielding an St =1 ground state. Com-
plex 2 possesses a high-spin FeII center
(SFe =2) with two closed-shell dianionic
ligands. Complexes 1 and 2 are mem-
bers of the redox series [FeACHTUNGTRENNUNG(pda)2]


n


with n=0 for 1 and n=2� for 2. The
anion n=1� has been reported previ-
ously in the coordination salt [Fe-
ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; dad=N,N’-bis-


ACHTUNGTRENNUNG(phenyl)-2,3-dimethyl-1,4-diaza-1,3-bu-
tadiene). A complicated temperature-
dependent electronic structure has
been observed for this salt. Here, DFT
calculations performed on 3 confirm
the previous assignments of spin- and
oxidation-states. Thus, [FeACHTUNGTRENNUNG(pda)2]


n (n=


0, 1�, 2�) constitutes an electron-
transfer series, which has also been es-
tablished by cyclic voltammetry; the
mono- and dications (n=1+ and 2+ )
are also accessible in solution, but have
not been further investigated. The 57Fe
Mçssbauer spectra of [FeACHTUNGTRENNUNG(pda)2]


n spe-
cies in 1 and 3 show extremely large
quadrupole splitting constants due to
addition of the valence and covalence
contributions that have been confirmed
by DFT calculations.
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the electronic structures of coordination compounds featur-
ing redox-active ligands.[4]


Very recently we reported on a series of four-coordinate,
tetrahedral iron complexes [FeACHTUNGTRENNUNG(dad)2]


0 containing two che-
lating 1,4-diaza-1,3-butadiene substituted ligands (dad).[5] By
using a range of spectroscopic methods, low-temperature X-
ray crystallography, and DFT calculations it was unambigu-
ously shown that the correct description of these complexes,
possessing a triplet ground state, is [FeII


ACHTUNGTRENNUNG(dadC�)2], that is, a
high-spin FeII ion (d6, SFe =2) coupled antiferromagnetically
to two dadC� p-radical anionic ligands.[5]


Information about the corre-
sponding o-phenylenediamido (pda)
complexes is scarce, and only one
dimeric homoleptic complex, [{Fe-
ACHTUNGTRENNUNG(pda)2}2]


0, has been reported so
far.[6] It was proposed[6] that this
complex is composed of two nearly
square-planar {Fe ACHTUNGTRENNUNG(pda)2}


0 fragments
combined into a diamagnetic dimer
so that the iron centers achieve


FeN5 square-pyramidal geometry. Monomeric [FeACHTUNGTRENNUNG(pda)2]
0


complexes have not been isolated to date.
Here we report the monomeric complex [FeACHTUNGTRENNUNG(pda)2] (1), in


which pda is an N,N’-bis(pentafluorophenyl)-o-phenylene-
diamido ligand (Scheme 1). Similar to the reported [Fe-


ACHTUNGTRENNUNG(dad)2] complexes, 1 possesses a distorted tetrahedral geom-
etry and a triplet ground state; however, the electronic
structure of 1 turns out to be completely different. On the
basis of the presented experimental and theoretical studies 1
must be described as [FeIII


ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]0 containing an in-
termediate-spin FeIII ion (d5, SFe =3/2) coupled antiferro-
magnetically to one ligand p-radical pdaC� ion. Thus 1 is a
very rare example[7] of an intermediate-spin ferric ion in a
truly four-coordinate environment. To prove this assignment
of oxidation and spin states in 1, we also prepared and thor-


oughly characterized its doubly reduced counterpart
[AsPh4]2ACHTUNGTRENNUNG[FeII


ACHTUNGTRENNUNG(pda2�)2] 2, which possesses a central high-spin
FeII ion. Although the redox series [M ACHTUNGTRENNUNG(pda)2]


2�/1�/0/1+ /2+


(M=Ni, Pd, Pt) have been established since the pioneering
work of Balch and Holm in 1966,[8] this is the first time that
such a dianionic species has been isolated and structurally
characterized.


We recently reported the synthesis, X-ray structure deter-
mination, and spectroscopic investigation of the coordina-
tion salt [Fe ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; dad=N,N’-bis ACHTUNGTRENNUNG(phenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene).[9] This salt possesses a
complicated temperature-dependent electronic structure
(Scheme 2). At low temperature, 3LT contains: 1) a diamag-


netic octahedral dication containing a low-spin FeII ion and
three neutral dad0 ligands, and 2) a paramagnetic distorted
tetrahedral dianion consisting of a high-spin FeII center with
two closed-shell dianionic ligands pda2� as in 2. At high tem-
perature, 3HT is composed of: 1) an octahedral monocation
with a high-spin FeII ion, two neutral dad0 ligands and one
p-ligand radical dadC�, 2) a monoanion containing an inter-
mediate-spin FeIII central ion with two closed-shell dianionic
pda2� ligands. Thus, 3 shows reversible, thermally induced,
electron transfer within a cation–anion pair coupled to spin
crossover.[9] In this study we present additional spectroscopic
data and DFT calculations for both 3LT and 3HT.


It is established that the three oxidation levels of the li-
gands dad2�/1�/0 and pda2�/1�/0 can be clearly distinguished in
coordination compounds by cryogenic X-ray crystallogra-
phy.[48] As shown in Scheme 3 the C�N bond lengths vary in
a characteristic fashion: in the closed-shell dianions dad2�


and pda2� they are relatively long at 1.38�0.01 O; they
shrink to 1.35�0.01 O in the p-radical monoanions dadC�


Scheme 1. Two alternative descriptions for the electronic structure of 1
(St =1) comprising C6F5 substituents: a) a ferrous complex [FeII


ACHTUNGTRENNUNG(pdaC�)2]
0


or b) a ferric species [FeIII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]0.


Scheme 2. Temperature-dependent electronic structure of [Fe ACHTUNGTRENNUNG(dad)3][Fe-
ACHTUNGTRENNUNG(pda)2] 3 : 3LT below 235 K and 3HT above 235 K.
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and pdaC� ; and they are short double bonds at 1.29�0.01 O
in the closed-shell neutral ligands dad0 and pda0. Similarly,
the Cimine�Cimine bonds vary from 1.36�0.01 O in the dianion
to 1.41�0.01 O in the monoanionic p radical, to 1.47�
0.01 O in the neutral dad0 ligand. The six-membered phenyl
ring in pda2� displays six nearly equivalent aromatic C�C
bonds at �1.40 O, whereas the same ring in neutral pda0 ex-
hibits a marked quinoid distortion, which is slightly less pro-
nounced in the p-radical monoanion pdaC�. Intermediate C�
N and C�C bonds lengths may be expected in complexes
with one pdaC� radical and a dianion if the unpaired electron
is delocalized; but these cases are usually beyond the resolu-
tion and accuracy of single-crystal X-ray crystallography.


Results and Discussion


Crystal structures : The molecular structure of 1 consists of
two chelating pda ligands bound to an iron center. The com-
plex has a twisted geometry intermediate between planar
and tetrahedral with a twist angle of 54.08 (Figure 1). This
geometry results from intramolecular p–p interactions be-
tween two pairs of C6F5 rings.[10,11] Each C6F5 ring is not or-
thogonal to the corresponding ligand backbone C6H4N2Fe,
but is inclined so as to form a dihedral angle in the range
49.9–54.88. Interestingly, although 1 contains two identical
and symmetrical ligands, the complex is chiral. A helix-like
structure results from the two C6F5/C6F5 pairs in the cis-posi-
tion of the molecule, at which the two rings are parallel to
each other in pairs, but the two pairs are turned relative to
the ligand backbones in the opposite directions (Figure 2).
The source of this chirality is the rotational barrier of each
of the C6F5 rings around the C�N bond that is introduced
by its intramolecular proximity to a second C6F5 group.


The local symmetry at the iron center approximates to
D2, the two N,N’-coordinated pda ligands have very similar
geometric parameters. Bond lengths within each of the
ligand backbones reveal a weak quinoid-type distortion: C�
N (av 1.382(4) O) and short conjugated C�C (av


1.373(4) O) bonds, and long residual C�C bonds (av
1.410(4) O) (Table 1). This geometric pattern resembles that
found for the series of complexes [MII


ACHTUNGTRENNUNG(pdaC�)2] (M=Co, Ni,
Pd, Cu), all of which contain a pair of p-radical ligands coor-
dinated to a divalent metal ion.[10] Thus, the electronic struc-
ture of 1 could be described as [FeII


ACHTUNGTRENNUNG(pdaC�)2], that is, a fer-
rous complex containing two radical ligands. Since the short
Fe�N bond lengths (av 1.897(3) O) rule out the high-spin
ferrous ion, [FeII


ACHTUNGTRENNUNG(pdaC�)2] should have an intermediate-spin
ferrous center (SFe =1), which is expected to couple antifer-
romagnetically to two radical ligands (SR =1) giving a dia-
magnetic complex (St =0). However, it is in contradiction
with the fact that the complex is paramagnetic with a
ground state triplet (vide infra).


The other possibility to describe the electronic structure
of 1 is [FeIII


ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]—an intermediate-spin ferric ion
(SFe =3/2) coordinated by one radical pdaC� ligand (SR =1/2)
and one closed-shell dianion pda2�. The observed close simi-
larity in the bond parameters of the two pda ligands would
then require a delocalized Class II or Class III mixed va-
lence system. In this case the bond lengths within pda back-
bones in 1 should be the arithmetical average between those
in pda2� and the radical pdaC�. Indeed, the quinoid-type dis-
tortion in 1 is less pronounced compared to the series of
[MII


ACHTUNGTRENNUNG(pdaC�)2] (M=Co, Ni, Pd, Cu) complexes.[10] Since the
structure of 1 has 3sC�C of 0.012 O, we cannot distinguish


Scheme 3. Different redox states of o-phenylenediamide (pda) and 1,4-
diaza-1,3-butadiene (dad) derived ligands.


Figure 1. Molecular structure of 1, thermal ellipsoids are drawn at the
60% probability level.


Figure 2. Two enantiomers of the [Fe ACHTUNGTRENNUNG(pda)2]
n fragment in complexes 1–3


(n=0, 1�, 2�).
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between [FeII
ACHTUNGTRENNUNG(pdaC�)2] and [FeIII


ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)] with suffi-
cient confidence relying on X-ray studies.


The molecular structure of 2 consists of a [Fe ACHTUNGTRENNUNG(pda)2]
2� di-


ACHTUNGTRENNUNGanion (Figure 3) and two [AsPh4]
+ counterions. The twisted


geometry of the dianion resembles that of the neutral com-
plex 1. The twist angle of 44.98 in 2 is slightly smaller than
that in 1; however, the intramolecular p–p stacking motif is
preserved and the interplanar C6F5/C6F5 distances in 1 and 2
are very similar. A crystallographically imposed C2 axis ren-
ders the two pda ligands identical. In contrast to 1, no qui-
noid-type distortion is observed in 2 ; the two phenylene
rings are aromatic (av C�C 1.398(8) O), and the long C�N


distances correspond to single bonds (av 1.400(7) O), consis-
tent with the presence of two closed-shell pda2� ligands.
Consequently, the electronic structure of the dianion in 2 is
[FeII


ACHTUNGTRENNUNG(pda2�)2]
2�—two closed-shell pda2� ligands bound to a


ferrous ion. The four long Fe�N bonds (av 2.035(5) O) in a
highly distorted tetrahedral geometry indicate a high-spin
state of FeII. Very recently we reported on the low-tempera-
ture crystallographical characterization of the same dianion
in a coordination salt [FeII


ACHTUNGTRENNUNG(dad0)3]
2+
ACHTUNGTRENNUNG[FeII


ACHTUNGTRENNUNG(pda2�)2]
2� 3LT,[9] for


which selected geometrical parameters are given in Table 1.
Although several dianions [M ACHTUNGTRENNUNG(pda2�)2]


2� (M=Ni, Pd, Pt)
that contain two fully reduced pda2� ligands have been gen-
erated electrochemically and characterized by electronic
spectroscopy in the past,[12] these highly sensitive species
have not been isolated and crystallographically character-
ized to date. Thus, [FeII


ACHTUNGTRENNUNG(pda2�)2]
2� in 2 and 3LT is the first


such example and its geometric details may serve as a refer-
ence point for the fully reduced ligand form of the o-phenyl-
enediamide ligand.[13] Surprisingly, the geometry of [FeII-
ACHTUNGTRENNUNG(pda2�)2]


2� in 2 and 3LT is similar, but not identical. The di-
ACHTUNGTRENNUNGanion in 2 has a 128 less twisted geometry compared to 3LT,
which we ascribed to differing packing forces in the unit
cell.


Magnetism : The results of temperature-dependent magnetic
susceptibility measurements on paramagnetic 1 and 2 are
shown in Figures 4 and 5, respectively. The observed effec-


tive magnetic moment (meff) of 2.90 mB for 1 is nearly temper-
ature independent in the range 60–290 K, consistent with a
ground state triplet (St =1), which is the only thermally
populated state at temperatures up to 290 K. The decrease
of meff below 60 K is due to zero-field splitting (Dt =


+22.4 cm�1, E/Dt =0.0). A ground-state triplet can be ob-
tained either by a strong antiferromagnetic (AF) coupling of
a high-spin FeII (SFe =2) with two radical ligands as in [FeII-
ACHTUNGTRENNUNG(pdaC�)2], or by a strong AF coupling of one radical ligand


Table 1. Selected bond lengths [O] and a twist angle [8] of 1, 2, and [FeII-
ACHTUNGTRENNUNG(pda2�)2]


2� from 3LT.


1 2 3LT[a]


Fe1�N1 1.895(3) 2.030(5) 2.004(2)
Fe1�N8 1.900(2) 2.039(4) 1.988(2)
Fe1�N21 1.902(2)
Fe1�N28 1.892(3)
C2�N1 1.380(4) 1.411(7) 1.401(3)
C7�N8 1.379(4) 1.389(7) 1.396(4)
C22�N21 1.381(4)
C27�N28 1.387(4)
C3�C4 1.367(4) 1.391(8) 1.394(4)
C5�C6 1.373(4) 1.390(8) 1.394(4)
C23�C24 1.375(4)
C25�C26 1.377(4)
C4�C5 1.406(4) 1.392(8) 1.364(4)
C2�C7 1.426(4) 1.428(8) 1.428(4)
C2�C3 1.404(4) 1.383(8) 1.392(4)
C6�C7 1.402(4) 1.405(8) 1.390(4)
C24�C25 1.405(5)
C22�C27 1.422(4)
C22�C23 1.412(4)
C26�C27 1.401(4)
a[b] 54.0 44.9 57.1


[a] Taken from reference [9]. [b] The dihedral angel between the two
C6H4N2Fe planes.


Figure 3. Molecular structure of the dianion (site symmetry C2) in 2, ther-
mal ellipsoids are drawn at the 40% probability level.


Figure 4. Temperature dependence of the effective magnetic moment of 1
recorded at 1 T. The inset shows multiple-field temperature dependence
of the magnetization of 1. The solid lines in red represent the best fit ob-
tained with gt =2.06, Dt =22.4 cm�1, E/Dt =0.0.
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with an intermediate-spin FeIII (SFe =3/2) as in [FeIII
ACHTUNGTRENNUNG(pdaC�)-


ACHTUNGTRENNUNG(pda2�)] (Scheme 1).
In the case of 2, the effective magnetic moment meff=


5.15 mB is temperature independent in the temperature
range 60–290 K corresponding to a ground-state quintet
(SFe =2). Zero-field splitting of the SFe =2 state (D=


+12 cm�1, E/D=0.17) affects the magnetic moment at tem-
peratures T<60 K. The results of these SQUID measure-
ments combined with X-ray crystallographic studies suggest
that the electronic structure of the dianion in 2 must be de-
scribed as [FeII


ACHTUNGTRENNUNG(pda2�)2]
2�, containing a high-spin FeII center


and two closed-shell dianionic ligands.


Mçssbauer spectroscopy: The zero-field 57Fe Mçssbauer
spectra of 1 and 2 at 80 K are shown in Figures 6 and 7, re-
spectively. The spectrum of 1 reveals a quadrupole doublet
with a low isomer shift d=0.23 mms�1 and a very large
quadrupole splitting jDEQ j=4.45 mms�1. It is worthwhile to
compare the Mçssbauer parameters of 1 with those of the
closely related series of [FeII


ACHTUNGTRENNUNG(dadC�)2] complexes,[5] in which
dadC� is a set of p-radical ligands derived from differently
substituted 1,4-diaza-1,3-butadiene. These complexes possess


a nearly tetrahedral or twisted geometry and contain a high-
spin FeII center. The comparatively high isomer shifts for
[FeII


ACHTUNGTRENNUNG(dadC�)2] complexes observed in the range 0.50–
0.65 mms�1 are in stark contrast to the much lower isomer
shift of 1, which renders the description of 1 as [FeII-
ACHTUNGTRENNUNG(pdaC�)2], that is, as a high-spin FeII complex, highly unlikely.
On the other hand, the Mçssbauer parameters of 1 closely
resemble those of an intermediate-spin ferric ion in square-
pyramidal complexes.[6,14] Thus, the correct description of
the electronic structure of 1 must be [FeIII


ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)],
that is, an intermediate-spin FeIII (SFe =3/2) with one mono-
ACHTUNGTRENNUNGanionic p-radical pdaC� ligand and one closed-shell pda2�


ion. Indeed, the Mçssbauer parameters of 1 are very similar
to the values reported for the intermediate-spin FeIII anion
[FeIII


ACHTUNGTRENNUNG(pda2�)2]
� in 3HT (HT= refers to the high-temperature


form; S=3/2) (d=0.16 and jDEQ j=4.19 mms�1).[9]


A frozen solution of 57Fe-enriched 1 (c �5 mm, in tolu-
ene) was used for applied-field Mçssbauer spectroscopy.
Five spectra, acquired at different low temperatures and dif-
ferent applied fields, with fit parameters are shown in
Figure 8. During the fitting procedure the three components
of the g tensor and the zero-field splitting (ZFS) parameters
were fixed as determined from the magnetic-susceptibility
measurements. The quadrupole splitting is very large and
positive, and the asymmetry parameter h=0.64. Interesting-
ly, although the electric-field gradient (EFG) and the hyper-
fine coupling tensors have common principle axes, the EFG
tensor is rotated by 908 relative to the hyperfine coupling
tensor A (Figure S1 in the Supporting Information).


The zero-field Mçssbauer spectrum of 2 shows a major
species (>95%) with a high isomer shift d=0.72 mms�1 and
a large quadrupole splitting jDEQ j=3.07 mms�1, which
points unambiguously to a high-spin FeII center. A crystal-
line sample of 2 was used for applied-field measurements
(Figure 9). The best fit was obtained with an asymmetry pa-
rameter h=1.0, which requires two nearly identical major
components of the EFG tensor with opposite signs and the
third component close to zero, which renders the sign of the
quadrupole splitting parameter physically meaningless.


Figure 5. Temperature dependence of the effective magnetic moment of 2
recorded at 1 T. The inset shows multiple-field temperature dependence
of the magnetization of 2. The solid lines in red represent the best fit ob-
tained with g=2.11, D=12 cm�1, E/D=0.17.


Figure 6. Zero-field 57Fe Mçssbauer spectrum of crystalline 1 recorded at
80 K, the solid line represents the best fit obtained with parameters: d=


0.23 mms�1, jDEQ j=4.45 mms�1.


Figure 7. Zero-field 57Fe Mçssbauer spectrum of crystalline 2 recorded at
80 K, the solid line represents the best fit obtained with parameters: a) 2,
d=0.72 mms�1, jDEQ j=3.07 mms�1; b) an unidentified impurity, d=


0.59 mms�1, jDEQ j=0.72 mms�1. Color scheme: 2 in red, the impurity
(<5%) in green.
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Surprisingly, in spite of the fact that 2 and 3LT contain the
same dianion, [FeII


ACHTUNGTRENNUNG(pda2�)2]
2�, the zero-field Mçssbauer


spectra of their polycrystalline samples are not identical.
While the isomer shifts for the anions are very similar (0.72


and 0.68 mms�1, respectively), the quadrupole splitting con-
stants are very different: large for 2 (3.07 mms�1) and extra-
ordinarily large for 3LT (5.20 mms�1). This effect may arise
from the different twist angles shown by the X-ray studies
(a=44.88 in 2 and a=57.18 in 3LT). It is surprising that such
a minor change in geometry induces such a large influence
on the EFG.


The zero-field Mçssbauer spectra of 3LT and 3HT have
been reported.[9] Here, a successful simulation of the ap-
plied-field Mçssbauer spectra obtained for crystalline 3LT is
presented (Figure 10). Each spectrum obtained at different
field and temperature can be deconvoluted into the two sub-
spectra of the same intensity with d=0.37 mms�1, DEQ =


�0.54 mms�1 assigned to the low-spin FeII in an octahedral
dication, [FeII


ACHTUNGTRENNUNG(dad0)3]
2+ , and d=0.68 mms�1, DEQ =


�5.20 mms�1 assigned to the high-spin FeII in the twisted
tetrahedral [FeII


ACHTUNGTRENNUNG(pda2�)2]
2� ion. The dication is clearly dia-


magnetic showing only the nuclear Zeeman splitting induced
by the applied field; the negative sign of the quadrupole
splitting parameter agrees well with similar dications.[15] The
dianion shows the presence of a strong internal magnetic


Figure 8. Applied-field 57Fe Mçssbauer spectra of frozen toluene solu-
tions of 57Fe enriched 1 recorded at different low temperatures and differ-
ent applied fields. The solid lines in red represent the best fit obtained
with parameters: St =1, d=0.23 mms�1, DEQ =++4.44 mms�1, h=0.64;
Dt =++22 cm�1, E/Dt =0.0; gx =gy =gz =2.06, At,xx =9.9, At,yy =�21.9,
At,zz =10.6 T, b=908.[47] The effective (total) D and A tensors obtained
for the ground triplet can be converted into the local tensors using the
spin projection techniques: DFe =2/3Dt =14.7 cm�1; AFe,xx =4/5 At,xx =7.9,
AFe,yy =�17.5, AFe,zz =8.5 T.


Figure 9. Applied-field 57Fe Mçssbauer spectra of crystalline 2 recorded
at different low temperatures and different applied fields. The solid lines
in red represent the best fit obtained with parameters: SFe =2; d=


0.72 mms�1, DEQ =++2.93 mms�1, h=1.0; D=++12 cm�1, E/D=0.17; gx =


gy =gz =2.11, Axx =�2.0, Ayy =�12.1, Azz =�2.0 T, b=318. The slight de-
viations of the actual fit from the experimental data are supposed to be
due to intermolecular interactions in solid 2 and probably due to a tex-
ture effect.
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field; the sign of the quadrupole splitting parameter is nega-
tive and the asymmetry parameter h is 0.3. Note that all
three components of the hyperfine coupling tensor for both
dianions [FeII


ACHTUNGTRENNUNG(pda2�)2]
2� in 2 and 3LT are negative.


Electronic spectra : The electronic spectra of 1 and 2 mea-
sured in the range 250–2000 nm are very different
(Figure 11). The UV/Vis/NIR spectrum of 1 is dominated by
a series of intense CT bands in the visible region and one in-


tense band in the NIR (nmax =1190 nm, e=4.2T
103


m
�1 cm�1). This intense band is assigned to a ligand-to-


ligand intervalence charge-transfer (LLIVCT) band for
mixed-valent [FeIII


ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)]. Since the experimental
half-width of the LLIVCT band Dnexptl =2270 cm�1 is signifi-
cantly smaller than a half-width calculated at Dncalcd =


4410 cm�1 by using the Hush equation,[16] [FeIII
ACHTUNGTRENNUNG(pdaC�)-


ACHTUNGTRENNUNG(pda2�)] is assigned to a fully delocalized Class III system.
The electronic spectra of 1 measured in dimethoxyethane or
toluene are identical, whereas the spectrum recorded in ace-
tonitrile changed significantly (Figure S2 in the Supporting
Information). This can be ascribed to changes in the geome-
try of the complex due to coordination of acetonitrile. In
contrast to 1, complex 2 shows only one very intense band
in the UV region (331 nm, e=2.1T104


m
�1 cm�1), which con-


firms the absence of ligand radicals in 2.


Cyclic voltammetry : The cyclic voltammogram of 1 in aceto-
nitrile at 20 8C (glassy carbon working electrode, 200 mVs�1


scan rate, 0.10m [nBu4N]PF6 as supporting electrolyte) is
shown in Figure 12. Four reversible one-electron transfer
waves are observed in the range 0.5 to �2.0 V versus Fc+/Fc
(ferrocenium/ferrocene), two of which at E1


1=2 =0.063 V and
E2


1=2 =0.386 V correspond to oxidations, whereas E3
1=2 at


�0.337 V and E4
1=2 =�1.351 V vs. Fc+/Fc correspond to two


successive reductions.


Figure 10. Applied-field 57Fe Mçssbauer spectra of crystalline 3LT record-
ed at different low temperatures and different applied fields. The solid
lines represent the best fit obtained with parameters: a) diamagnetic di-
cation, SFe =0, d=0.37 mms�1, DEQ =�0.54 mms�1, h=0.0; b) paramag-
netic dianion, SFe=2, d=0.68 mms�1, DEQ =�5.20 mms�1, h =0.3, D=


+5 cm�1, E/D=0.0, gx =gy =gz =2.00, Axx =�12.5, Ayy =�12.5, Azz =


�23.0 T. Color scheme: dianion in blue, dication in red.


Figure 11. Electronic spectra of 1 measured in DME (red) and toluene
(blue), and of 2 measured in MeCN (green).


Figure 12. Cyclic voltammogram of 1 measured in MeCN at room tem-
perature (glassy carbon working electrode, 200 mVs�1 scan rate, 0.10m


[nBu4N]PF6); the numbers on the graph are half-wave potentials, E1/2.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7608 – 76227614


K. Wieghardt, J. Sundermeyer, M. M. Khusniyarov et al.



www.chemeurj.org





The doubly reduced form [FeII
ACHTUNGTRENNUNG(pda2�)2]


2� corresponds to
the dianion in 2, whereas the monoanion is either [FeIII-
ACHTUNGTRENNUNG(pda2�)2]


1� or [FeII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]1� as in the low- and high-


temperature form of the salt [FeACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2].
[9] The


two oxidation processes for 1 are presumably ligand based.
All redox potentials for 1 are strongly shifted to more posi-
tive voltages relative to other known [M ACHTUNGTRENNUNG(pda)2] com-
plexes.[8,12,17] The presence of four strongly electron-with-
drawing C6F5 groups destabilizes the oxidized, but stabilizes
the reduced species. It is this fact that ultimately allowed us
to isolate and crystallographically characterize the doubly
reduced [FeII


ACHTUNGTRENNUNG(pda2�)2]
2� species in 2.


Density function theory (DFT) calculations of 1 and 2 : The
geometry of 1 was optimized by using BP86,[18,19] PW91,[20]


hybrid B3P86,[18] and B3LYP[21] density functionals. The
B3LYP functional failed to reproduce the intramolecular p–
p interactions between opposing C6F5 rings and consequent-
ly the twisted geometry, whereas the B3P86 functional sig-
nificantly overestimated the Fe�N distances.[22] Although
satisfactory results were obtained with the BP86 and PW91
functionals, only the use of the B3LYP functional with em-
pirical Van der Waals corrections (B3LYP+vdw) gave a ge-
ometry close to that found experimentally, in which the p–p


interactions, the twist angle, the quinoid-type distortion and
the Fe�N distance were all well reproduced (Table 2).


Attempts to find broken symmetry[23,24] (BS) states BS-
ACHTUNGTRENNUNG(3,1) and BS ACHTUNGTRENNUNG(4,2), and a conventional triplet state MS =1
were undertaken. All calculations converged to the BSACHTUNGTRENNUNG(3,1)
solution. The high-spin state MS =2, which was calculated
based on the geometry optimized to the high-spin and BS


solutions, was higher in energy than the BSACHTUNGTRENNUNG(3,1) state by
5.7–7.4 kcalmol�1. The BSACHTUNGTRENNUNG(3,1) solution corresponds to the
electronic description of 1 as [FeIII


ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)], that is, an
intermediate-spin FeIII ion (SFe =3/2) coupled antiferromag-
netically to one ligand radical (SR =1/2) giving rise to a
ground-state triplet (St =1). A doubly occupied dx2�y2, singly
occupied dxz, dz2, and dyz, and an unoccupied dxy orbital rep-
resent an intermediate-spin FeIII ion (Figure 13). One p-type
ligand orbital found in the b set but not in the a set is a
magnetic orbital of the ligand radical, which has an appro-
priate symmetry to couple antiferromagnetically with the
magnetic iron dxz orbital.


The calculated orbital overlap for two magnetic orbitals
SAB = hyA jyBi=0.59 shows substantial diradical character of
this pair, in which SAB =1 would represent a conventional
bonding situation with corresponding a and b orbitals occu-
pying the same space, and SAB =0 would indicate orthogonal
magnetic orbitals of a “pure” diradical.[24,25] The large orbi-
tal overlap correlates with effective exchange coupling con-
stant estimated by Equation (1),[26] in which EHS and EBS are
the total energies of the high-spin and BS state, respectively;
hS2


HSi and hS2
BSi are the expectation values of the total spin-


squared operator Ŝ2 for the high-spin and BS state, respec-
tively; the Heisenberg operator Ĥ=�2JSA·SB is valid here.


J ¼ � EHS�EBS


hS2
HSi�hS2


BSi
ð1Þ


Table 2. Geometry optimization (bond lengths [O] and twist angle [8]) of
1 and 2 with B3LYP+vdw.


1 2
Calcd Exptl[a] Calcd Exptl[a]


C2�C3 1.412 1.405(4) 1.404 1.394(8)
C3�C4 1.388 1.373(4) 1.404 1.391(8)
C4�C5 1.415 1.406(5) 1.398 1.392(8)
C2�C7 1.441 1.424(4) 1.444 1.428(8)
C2�N1 1.374 1.382(4) 1.391 1.400(7)
Fe1�N1 1.921 1.897(3) 2.028 2.035(5)
a[b] 48.0 54.0 54.9 44.9


[a] The average values are given. [b] The dihedral angle between the two
C6H4N2Fe planes.


Figure 13. Qualitative MO Scheme for 1; Sab is an overlap integral for the
pair of magnetic orbitals.
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Since the calculations give an effective exchange coupling
constant J=�640 cm�1, the coupling is strong and antiferro-
magnetic. This is fully supported by SQUID measurements,
in which the ground state triplet is the only thermally popu-
lated state at temperatures up to 290 K.


While the electronic configuration of the iron ion in [FeIII-
ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)] is shown in Table 3, the bonding situation
can be nicely visualized by the BS spin density map[27,28]


(Figure 14). Positive spin density is mainly located at the


iron center (1Fe =++2.92), while negative spin density is sym-
metrically distributed over the both ligands (1L =�0.92),
suggestive of a delocalized mixed-valence system. The large
quadrupole splitting and the low isomer shift of the Mçssba-
uer doublet for 1 are very well reproduced by the calcula-
tions on the BS ACHTUNGTRENNUNG(3,1) state (Table 4). It is worth noting that
in this work the Mçssbauer parameters are calculated by
using a calibration curve originally derived from the calcula-
tions of twenty-five various iron complexes optimized with
the BP86 functional.[29] It is surprising then that agreement
between the calculated and the experimental Mçssbauer pa-
rameters is better for 1 optimized with the B3LYP+vdw
than the BP86 functional (see the Supporting Information).


The results of the geometry optimization of the dianion in
2 are shown in Table 2. The calculated bond lengths within
the pda ligands and the C�N bonds are in very good agree-
ment with the experimental values, while the Fe�N distan-
ces are underestimated in the calculations by an average of
0.007 O. This unusual behavior for the B3LYP functional,
which typically overestimates metal–ligand bond lengths,[27]


may result from the 98 increased planarity of the optimized
structure. A population analysis yields a total spin density of
3.64 located at the iron atom, and of 0.36 located at the li-
gands, predominately at the N-donor atoms (Figure 15).
This is representative of a high-spin configuration for the
FeII ion (Figure 16). Although the isomer shift is satisfactori-
ly reproduced by our calculations (dcalcd =0.63, dexptl =


Table 3. Reduced orbital charges and orbital spin densities calculated for 1–3.


1 2 Dication in 3LT Monocation in 3HT Dianion in 3LT Monoanion in 3HT


Electron Spin Electron Spin Electron Spin Electron Spin Electron Spin Electron Spin


dz2 1.10 0.89 1.06 0.93 0.64 0 1.26 0.85 1.06 0.93 1.11 0.88
dxz 1.27 0.68 1.17 0.87 1.87 0 1.44 0.53 1.17 0.87 1.35 0.70
dyz 1.11 0.90 1.07 0.94 1.83 0 1.28 0.70 1.07 0.94 1.13 0.88
dx2�y2 1.97 0.01 1.94 0.03 0.63 0 1.26 0.84 1.94 0.03 1.97 0.01
dxy 1.02 0.33 1.24 0.79 1.89 0 1.24 0.74 1.24 0.79 0.92 0.18
�di 6.46 2.82 6.48 3.55 6.86 0 6.49 3.67 6.48 3.55 6.47 2.65
Fetotal


[a] 2.92 3.64 0 3.68 3.64 2.72
Ltotal


[b] �0.92[c] 0.36 0 �0.68[c] 0.36 0.28


[a] The total spin density at the iron ion including s and p orbitals. [b] The total spin density at the ligands. [c] A broken symmetry solution.


Figure 14. Broken symmetry spin density map for [FeIII
ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)] in


1.


Table 4. Calculation of properties for 1 and 2.


1 2


d [mms�1] 0.23 (0.23)[a] 0.63 (0.72)
DEQ [mms�1] 4.32 (4.45) 5.35 (3.07)
h 0.26 (0.64) 0.44 (1.0)
1Fe


[b] 2.92 3.64
hS2i[c] 2.89 6.02


[a] The experimental values are given in parentheses. [b] The total spin
density at the iron ion including s and p orbitals. [c] The expectation
value of the total spin squared operator S2.


Figure 15. Spin density map for [FeII
ACHTUNGTRENNUNG(pda2�)2]


2� in 2 and 3LT.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7608 – 76227616


K. Wieghardt, J. Sundermeyer, M. M. Khusniyarov et al.



www.chemeurj.org





0.72 mms�1), the calculated quadrupole splitting is signifi-
cantly larger than experimentally observed (DEQcalcd =5.35,
DEQexptl =3.07 mms�1). As we have pointed out above, the
quadrupole splitting in the dianion is very sensitive to the
twist angle. Consequently, the observed deviation may arise
from the imperfectly reproduced dihedral angle. When the
twist angle was artificially decreased from 458 to 408, the
quadruple splitting constant decreased by 20%.


It is worthwhile to compare the charge and spin density at
the iron centers in 1 and 2. As commonly observed for pop-
ulation analysis, irrespective of the oxidation state of the
iron center, the Lçwdin orbital charges in 1 and 2 are very
similar and correspond to �6.5 d electrons (Table 3). The
overestimation by �1.5 electrons for the ferric complex 1
and by �0.5 electrons for the ferrous complex 2 results
from the varying degrees of covalency. However, the
Lçwdin orbital spin densities are significantly different for 1
and 2 ; the spin density of 2.82 located at the iron d orbitals
confirms the intermediate-spin FeIII center in 1, while the d-
orbital spin density of 3.55 corresponds to the high-spin FeII


ion in 2. The difference in the total spin density is reflected
by the dxy orbital spin density changing from 0.33 in 1 to
0.79 in 2. Thus, the formally empty dxy iron orbital in 1 ac-


quires considerable spin density (+0.33) by spin-polarized s


donation from the filled ligand orbitals; however, the for-
mally singly occupied dxy orbital in 2 loses inherent spin den-
sity (�0.21) by s donation from the filled ligand orbitals. In
both cases covalent bonding is the origin of the variation in
orbital spin density. Since all metal d orbitals experience
some deviation from the ideal spin densities of 0 or 1, the
value of the spin density summed over all metal d-orbitals
may produce much higher deviations than seen for one
single orbital. Thus, care should be taken when defining
electronic configurations based on the total metal spin den-
sity.


Density functional theory (DFT) calculations of 3LT and 3HT:
The geometry optimization of the cations and the anions in
3LT and 3HT were performed separately, with the B3LYP
functional used for the cations, and the B3LYP with empiri-
cal Van der Waals corrections implemented for the anions.
The following ground states were imposed: S=0 for the di-
cation and S=2 for the dianion in 3LT, and S=3/2 for both
the monocation and the monoanion in 3HT. All significant
geometrical features were closely reproduced in the calcula-
tions (Table 5). The intramolecular p–p interactions in the
anions are nicely reproduced resulting in dihedral angles
close to the experiment. The optimized dication, [FeII-
ACHTUNGTRENNUNG(dad0)3]


2+ in 3LT, displays short C=N and long C�C bonds
within the three dad ligands in agreement with the fully oxi-
dized level of the ligands, and relatively short Fe�N distan-
ces resulting from the low-spin configuration of the iron
center. The Fe�N distances in the monocation [FeII


ACHTUNGTRENNUNG(dad0)2-
ACHTUNGTRENNUNG(dadC�)]+ are significantly longer as the iron ion possesses a
high-spin configuration in 3HT, while the elongation of the
C=N and the shortening of the C�C bonds within one dad
ligand indicates the acquired p-radical character of the
latter. No significant changes in the calculated bond lengths
within the pda ligands are observed on conversion of the
dianion [FeII


ACHTUNGTRENNUNG(pda2�)2]
2� to the monoanion [FeIII


ACHTUNGTRENNUNG(pda2�)2]
� .


However, following the experimental observations,[9] the
Fe�N bonds are significantly shorter in the monoanion than
in the dianion. Geometry optimizations of the dianion [FeII-
ACHTUNGTRENNUNG(pda2�)2]


2� started from the two different crystal structures 2
and 3LT converged to a single solution.


According to the population analysis the electronic con-
figuration of the iron in the dianion in 3LT is (dx2�y2)2


ACHTUNGTRENNUNG(dz2)1-
(dyz)


1
ACHTUNGTRENNUNG(dxz)


1
ACHTUNGTRENNUNG(dxy)


1, that is, a high-spin FeII ion (Table 3). Upon


Figure 16. Qualitative MO scheme for the dianion in 2 and 3LT.


Table 5. Geometry optimization of 3LT and 3HT performed with the B3LYP functional for the cations and the B3LYP+vdw for the anions.


Dication in 3LT Monocation in 3HT Dianion in 3LT Monoanion in 3HT


calcd exptl[a] calcd exptl[a] calcd exptl[a] calcd exptl[a]


Fe2�N21 2.046 1.983(2) 2.202 2.127(5) Fe1�N1 2.027 1.996(2) 1.914 1.890(5)
Fe2�N24 2.043 1.973(2) 2.216 2.143(6) C2�N1 1.391 1.399(4) 1.399 1.403(7)
Fe2�N41 2.046 1.976(2) 2.163 2.092(5) C2�C3 1.404 1.391(4) 1.400 1.378(8)
C22=N21 1.294 1.307(3) 1.301 1.318(8) C3�C4 1.404 1.394(4) 1.403 1.394(8)
C23=N24 1.294 1.301(3) 1.299 1.297(7) C4�C5 1.398 1.364(4) 1.398 1.386(10)
C42=N41 1.294 1.296(4) 1.318 1.350(7) C2�C7 1.444 1.428(4) 1.427 1.387(8)
C22�C23 1.493 1.473(4) 1.484 1.463(8) a,[b] 8 54.7 57.1 44.9 52.7
C42�C42’ 1.493 1.472(5) 1.458 1.412(11)


[a] The averaged values are given. [b] The dihedral angle between the two C6H4N2Fe planes.
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oxidation, the dxy orbital, which is s antibonding with re-
spect to the ligands, becomes unoccupied, which corre-
sponds to a change to an intermediate-spin FeIII ion in 3HT.
The total spin densities of 3.64 and 2.72 located at the iron
centers in 3LT and 3HT, respectively, confirm the presence of
the high-spin FeII and the intermediate-spin FeIII ions in the
corresponding anions (Figures 15 and 17). The electronic


configuration of the iron ion in the near-octahedral dication
in 3LT is (t2g)


6(eg)
0, that is, a diamagnetic low-spin FeII ion.


One electron reduction of a dad ligand in the monocation in
3HT transformed the spin state of the iron to the high-spin
ferrous configuration (t2g)


4(eg)
2, affording a spin density of


3.68.
The lowest energy solution for the monocation in 3HT is


the BSACHTUNGTRENNUNG(4,1), which corresponds to an electronic structure of
a high-spin FeII ion coupled antiferromagnetically to one
ligand radical dadC� (Figure 18). The high-spin state MS =5/2
is destabilized relative to the BS solution by 11 kcalmol�1.
The overlap integral SAB =0.67 shows slightly decreased dir-
adical character of the coupled magnetic pair when com-
pared to 1 (vide supra), while the AF coupling given by J=


�922 cm�1 is stronger. The AF coupling can be nicely visual-
ized by the BS spin density map shown in Figure 19. Positive
spin density is mainly centered at the metal (1Fe =++3.68)
and negative spin density is essentially localized on one dad
ligand (1L =�0.68). Slight delocalization of the p radical
ligand results from the non-ideal octahedral geometry, as
shown by the dihedral angles of 77.9, 90.0, and 81.58 be-
tween the ligand planes.


The Mçssbauer parameters calculated for all four ions in
3LTQ3HT are summarized in Table 6. Very good agreement
between the calculated and the experimental values is ach-
ieved for the isomer shift and quadrupole splitting, but less
so for the asymmetry parameter. The absolute value of the
quadrupole splitting for the dianion in 3LT is very well pre-
dicted by our calculations (deviation of 3%); however, the
sign of the quadrupole splitting is not reproduced. It is posi-
tive in the calculations, but negative in the experiment, and


neither the calculated, nor the experimental asymmetry pa-
rameter approaches unity. Assuming that the quadrupole
splitting in the twisted dianion is highly sensitive to the com-
plex geometry, we calculated the Mçssbauer spectrum of the
non-optimized structure of 3LT. The isomer shift and the
quadrupole splitting (d=0.57, DEQ =++5.25 mms�1) closely
matched the experimental values, though the sign of the
quadrupole splitting remained positive, the asymmetry pa-
rameter h=0.9, approaches unity, thus making the sign of
the calculated quadrupole splitting ambiguous. We believe


Figure 17. Spin density map for [FeIII
ACHTUNGTRENNUNG(pda2�)2]


� in 3HT.
Figure 18. Qualitative MO scheme for [FeII


ACHTUNGTRENNUNG(dad0)2 ACHTUNGTRENNUNG(dadC�)]+ in 3HT; Sab is
an overlap integral for the pair of magnetic orbitals.


Figure 19. Broken symmetry spin density map for [FeII
ACHTUNGTRENNUNG(dad0)2 ACHTUNGTRENNUNG(dadC�)]+ in


3HT.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7608 – 76227618


K. Wieghardt, J. Sundermeyer, M. M. Khusniyarov et al.



www.chemeurj.org





that the high-spin FeII ion in the dianion in 3LT possesses a
negative quadrupole splitting as derived from the experi-
ment.


Calculation of the electric-field gradient (EFG) tensors : The
neutral complex 1 and the monoanion in 3HT are rare exam-
ples[7] of four-coordinate intermediate-spin FeIII complexes.
Ferric species of intermediate-spin are more common for
five-coordinate square-pyramidal[6,14] and six-coordinate dis-
torted octahedral species of C4v symmetry.[30] According to
simple considerations from crystal field (CF) theory, the va-
lence contribution to the EFG at an intermediate-spin FeIII


center should vanish with a resulting quadrupole splitting
close to zero.[31] In contrast, we observe DEQ =4.45 mms�1


for 1 and jDEQ j=4.19 mms�1 for the anion in 3HT. Al-
though a large quadrupole splitting is not unexpected for
the high-spin FeII ion, the large DEQ =�5.20 mms�1 ob-
served for the dianion in 3LT is surpassed in the 57Fe Mçssba-
uer spectroscopy by only two complexes, namely [(PhB-
ACHTUNGTRENNUNG{CH2PACHTUNGTRENNUNG(iPr)2}3)FeIV
N] and [(PhB ACHTUNGTRENNUNG{CH2PACHTUNGTRENNUNG(CH2Cy)2}3)FeIV

N].[32] However, no explanation has been given for the
origin of the observed DEQ =6.01 mms�1.[32] Very recently
Meyer et al. reported on an FeIV–nitrido complex that shows
even larger quadrupole splitting DEQ of 6.04(1) mms�1.[33]


In this work the largest component of the total principle
EFG tensor, by definition Vzz, is designated as q. The total
EFG tensor may be decomposed into the partial EFG ten-
sors, which are projected into the coordinate system of the
total EFG tensor. The vzz, a projection of the partial EFG
tensor into the principle z axis of the total EFG tensor, is la-
beled as qi. Generally, q may be decomposed according to
Equation (2),[34] in which qloc is a local contribution of the
orbitals with non-zero iron character, qlat is a lattice (ligand)
contribution arising from the net charges on the distant
atoms around an iron center, qbond originates from the elec-
tron density in the bonds between the iron ion and ligand
atoms, and q3center arises from the electron density in the
bonds which do not include the iron ion.


q ¼ qloc þ qlat þ qbond þ q3center ð2Þ


The results of the decomposition of the EFG tensors for 1
and the anions in 3 are shown in Table 7. In all cases the
local contribution is the largest component and comprises


91–97% of q. The lattice and the three-center components
are small and of opposite sign; they virtually cancel each
other in 1 and in the monoanion in 3HT. The bond contribu-
tion is the second largest component of the EFG and has
the same sign as qloc, which amplifies the already large EFG
produced by the local component.


The local component qloc can be analyzed further by con-
sideration of the contribution of Pipek–Mezey localized or-
bitals (LOs) to the EFG. The LOs with predominant iron or
nitrogen character were found to account for 92–97% of the
total qloc ; this main contribution is labeled as q0loc. After the
orbital composition of the LOYs were analyzed we could de-
compose q0loc further according to Equation (3), in which
qcore is a contribution from the deformed iron core orbitals
(1s, 2s, and 2p), qval arises from the valence shell of the iron
(3s, 3p, and 3d), qcov is a contribution from predominantly
ligand based LOs with some metal character, and qlig arises
from the highly covalent LOs of N�C bonds.


q0loc ¼ qcore þ qval þ qcov þ qlig ð3Þ


Both intermediate-spin ferric species, 1 and the monoan-
ion in 3HT, show very similar components in the decomposi-
tion, unlike the high-spin ferrous dianion in 3LT (Table 8).


The core (qcore) and the ligand (qlig) components are the
smallest components, each generally contributing less than
10% to q0loc. The valence iron contribution qval is very large
for the high-spin ferrous dianion in 3LT in line with CF
theory: an aspherical population of d orbitals in a high-spin
d6 configuration leads to a large EFG. In contrast, qval for 1
and for the monoanion in 3HT are considerably smaller, but
do not vanish, mainly because of the anisotropic population
of the valence d and p orbitals of the iron ion. Surprisingly,
in 1 and in the monoanion in 3HT, the covalent contribution


Table 6. Calculation of properties for 3LT and 3HT.


Dication
in 3LT


Monocation
in 3HT


Dianion
in 3LT


Monoanion
in 3HT


d [mms�1] 0.51 (0.38)[a] 0.86 (0.76) 0.63 (0.68) 0.19 (0.16)
DEQ [mms�1] �0.49 (�0.53) 1.98 (1.80[b]) 5.36 (�5.20) 3.84 (4.19[b])
h 0.02 (0.0) 0.35 0.46 (0.30) 0.37
1Fe


[c] 0 3.68 3.64 2.72
hS2i[d] 0 4.61 6.02 3.82


[a] The experimental values are given in parentheses. [b] The sign of DEQ


was not determined experimentally. [c] The total spin density at the iron
ion including s and p orbitals. [d] The expectation value of the total spin-
squared operator S2.


Table 7. Decomposition of q=Vzz component of the total EFG tensor at
iron centers [in au�3].[a]


1 Monoanion in 3HT Dianion in 3LT


qloc 2.483 2.103 3.084
qlat 0.005 0.005 0.012
qbond 0.148 0.207 0.096
q3center �0.007 �0.004 �0.001
q 2.629 2.311 3.191


[a] To convert q into quadrupole splitting constant: DEQ [mms�1]=


1.6195q ACHTUNGTRENNUNG(1+1/3h2)1/2.


Table 8. Decomposition of the truncated[a] local component q0loc of the
total EFG tensor at iron centers [in au�3].[b]


1 Monoanion in 3HT Dianion in 3LT


qcore 0.20 0.14 0.31
qval 0.61 0.71 2.62
qcov 1.36 0.82 0.23
qlig 0.24 0.26 �0.10
q0loc 2.41 1.93 3.06


[a] Restricted to the iron and nitrogen orbitals. [b] To convert q into
quadrupole splitting constant: DEQ [mms�1]=1.6195qACHTUNGTRENNUNG(1+1/3h2)1/2.
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qcov is very large; it is of nearly the same value as qval in the
monoanion in 3HT and more than twice as large as qval in 1.
It is most remarkable that for all three species the valence
and the covalence components of the EFG have the same
sign. Thus, the covalent bonding between the iron and the
ligand donors does not reduce the EFG as anticipated,[35]


but in fact significantly increases the EFG. This increase re-
sults in the large quadrupole splitting observed for the inter-
mediate-spin FeIII ions in 1 and in the monoanion of 3HT,
and the huge quadrupole splitting for the high-spin FeII ion
in the dianion in 3LT. The origin of the very large qcov =


1.36 au�3 in 1 relative to the smaller qcov =0.82 au�3 in the
monoanion in 3HT derives from the significant iron dxy char-
acter of one ligand orbital in 1. (Table 3).


The orientation of the principle EFG tensors in the mo-
lecular structures of 1 and the monoanion in 3HT are shown
in Figure 20. In both cases the coordinate system of the prin-


ciple EFG tensor is collinear with the three mutually per-
pendicular C2 axes of the nearly D2 symmetrical [FeACHTUNGTRENNUNG(pda)2]


n


unit. The principal z axis is perpendicular to the four-nitro-
gen-atom plane, and the principle y axis is coincident with
the local C2 axes of each ligand. Due to the uncertainty in
the sign of the quadrupole splitting and the value of the
asymmetry parameter for the dianion in 3LT, the orientation
of its principle EFG tensor is not shown, but we expect it to
have the principle z axis perpendicular to the N4-plane simi-
lar to 1 and 3HT.


Conclusion


The neutral complex [FeIII
ACHTUNGTRENNUNG(pda2�)ACHTUNGTRENNUNG(pdaC�)]0 (1) is composed


of a four-coordinate intermediate-spin FeIII ion (SFe =3/2)
antiferromagnetically coupled to one p-radical ligand (SR=


1/2) as shown by the experimental and theoretical studies. It
can reversibly be oxidized twice or reduced twice, that is, 1
is the central member of the [FeACHTUNGTRENNUNG(pda)2]


2+ /1+ /0/1�/2� redox
series. The doubly reduced species has been isolated as
[AsPh4]2ACHTUNGTRENNUNG[FeII


ACHTUNGTRENNUNG(pda2�)2] (2) and crystallographically character-
ized. The dianion in 2 consists of a high-spin ferrous ion
(SFe =2) and two closed-shell dianionic pda2� ligands. The
third member of the redox series, the singly reduced [FeIII-
ACHTUNGTRENNUNG(pda2�)2]


� , which has been reported previously in the coor-


dination salt [Fe ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; 3LT is a low-tempera-
ture form and 3HT is a high-temperature form), contains an
intermediate-spin ferric ion (SFe =3/2) and two closed-shell
dianionic ligands. Due to four strongly electron-withdrawing
N-C6F5 substituents, the redox potentials for [Fe-
ACHTUNGTRENNUNG(pda)2]


2+ /1+ /0/1�/2� are all shifted towards positive voltages,
which stabilizes reduced and destabilizes oxidized species.
The large quadrupole splitting in 57Fe Mçssbauer spectra ob-
served for the intermediate-spin FeIII ions in 1 and 3HT, and
the extraordinarily large quadrupole splitting observed for
the high-spin FeII ion in 3LT results from covalent bonding
between the iron and the ligand donors, in which the va-
lence contribution to the electric field gradient is not re-
duced, but significantly increased by the covalence contribu-
tion.


Experimental Section


N,N’-Bis(pentafluorophenyl)-o-phenylenediamine (H2pda) was prepared
according to a reported procedure.[10] n-Butyllithium (1.6m solution in n-
hexane) and [AsPh4]Cl were purchased from Aldrich. All syntheses were
performed under a dry, oxygen-free argon atmosphere by using standard
Schlenk techniques and dried solvents.


ACHTUNGTRENNUNG[FeIII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)] (1): nBuLi (3.9 mL, 6.24 mmol) was slowly added at


�50 8C to a solution of H2pda (1.38 g, 3.13 mmol) in diethyl ether
(30 mL). After stirring for 15 min, a suspension of FeCl2 (0.20 g,
1.58 mmol) in THF (15 mL) was added through a cannula and the reac-
tion mixture was allowed to warm to RT. The reaction mixture was
stirred overnight, during which time the color changed from yellow to
orange. A solution of FeCl3 (0.51 g, 3.14 mmol) in THF (5 mL) was then
added to the reaction mixture, cooled to 0 8C. The reaction mixture was
then stirred for 1 h at RT, all volatiles were removed in vacuo, and the
residue was extracted with toluene (120 mL) and recrystallized from a
Et2O/toluene mixture (2:1). The air- and moisture-sensitive dark blue–
green crystals, which were suitable for X-ray crystallography, were
washed with cold n-pentane and dried in vacuo. Yield: 1.02 g (70%); HR
EI-MS: m/z calcd: 931.9779; found: 931.9816 [M]+ ; elemental analysis
calcd (%) for C36H8F20N4Fe: C 46.38, H 0.86, N 6.01; found: C 46.00, H
0.79, N 6.16.


ACHTUNGTRENNUNG[AsPh4]2 ACHTUNGTRENNUNG[FeII
ACHTUNGTRENNUNG(pda2�)2] (2): nBuLi (0.56 mL, 0.896 mmol) was slowly


added to a solution of H2pda (200 mg, 0.454 mmol) in THF (2.5 mL)
maintained at �50 8C. After the yellow solution was stirred for 10 min
anhydrous FeCl2 (28.8 mg, 0.227 mmol) suspended in THF (2.5 mL) was
added. The reaction mixture was stirred for 1 h at RT, afterwards well-
dried [AsPh4]Cl (190 mg, 0.454 mmol) suspended in THF (2.5 mL) was
added with vigorous stirring. The bright-orange crystals appeared during
the first 10 min of stirring. After the reaction mixture was kept at +4 8C
for several hours, a red solution was decanted, and an orange crystalline
product was dried in vacuo. The yield of the raw product was 293 mg.
The solid was then recrystallized from a toluene/acetonitrile mixture
(16:5.5 mL) to get bright-orange extremely sensitive crystals suitable for
X-ray crystallography. Yield: 221 mg (57%). ESI-MS (MeCN): m/z : 932
[Fe ACHTUNGTRENNUNG(pda)2]


� , 383 [AsPh4]
+ ; elemental analysis calcd (%) for


C112H80As2F20FeN4: C 65.06, H 3.90, N 2.71, Fe 2.70; found: C 64.82, H
4.11, N 2.68, Fe 2.63.


Physical measurements : ESI-MS spectra were obtained on a Finnigan
MAT 95 spectrometer. High-resolution mass spectra were obtained on a
Finnigan MAT 95S mass spectrometer (70 eV, EI). Cyclic voltammo-
grams were recorded with an EG&G potentiostat/galvanostat. Electronic
spectra were recorded with a Perkin–Elmer double-beam UV/VIS/NIR
spectrometer Lambda 19 (300–2000 nm). Temperature-dependent mag-
netic susceptibility data were recorded on an MPMS Quantum Design
SQUID magnetometer in the temperature range 2–300 K. The experi-


Figure 20. Calculated orientation of the EFG tensor in the molecular
structure of 1 (left) and the monoanion in 3HT (right).
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mental magnetic susceptibility data were corrected for underlying dia-
magnetism and temperature-independent paramagnetism. Mçssbauer
data were recorded on alternating constant-acceleration spectrometers.
The sample temperature was maintained constant in an Oxford Instru-
ments Variox cryostat or an Oxford Instruments Mçssbauer-Spectromag
cryostat. The latter was used for measurement in applied magnetic fields
with the field oriented perpendicular to the g-beam. Isomer shifts are
given relative to a-Fe at room temperature. Elemental analyses were per-
formed by the Microanalytical Laboratory, M<lheim an der Ruhr (Ger-
many).


X-ray crystallographic data collection and refinement of the structures :
A dark green single crystal of 1 and an orange crystal of 2 were coated
with perfluoropolyether, picked up with nylon loops and were immedi-
ately mounted in the nitrogen cold stream of a Bruker-Nonius Kap-
paCCD diffractometer equipped with a Mo-target rotating-anode X-ray
source and a graphite monochromator (l=0.71073 O). Final cell con-
stants were obtained from least-squares fits of all measured reflections.
Intensity data were corrected for absorption using intensities of redun-
dant reflections. The structures were readily solved by Patterson methods
and subsequent difference Fourier techniques. The Siemens SHELXTL[36]


software package was used for solution and refinement of the structures.
All non-hydrogen atoms were anisotropically refined and hydrogen
atoms were placed at calculated positions and refined as riding atoms
with isotropic displacement parameters. Crystallographic data of the
compounds are listed in Table 9.


Calculations : The program package ORCA 2.6 revision 04 was used for
all calculations.[37] Geometry optimization for all complexes were per-
formed with the B3LYP functional,[21] and additionally with PW91,[20]


BP86,[18,19] and B3P86[18] functionals for 1. Empirical Van der Waals
(VDW) corrections[38] were used for geometry optimization of 1 and
anions in 2 and 3. The triple-z basis sets with one-set of polarization func-
tions[39] (TZVP) were used for the iron and nitrogen atoms, and the
double-z basis sets with one-set of polarization functions[40] (SVP) were
used for all other atoms. The resolution of the identity approximation
(RI/RIJONX) was employed[41,42] with matching auxiliary basis sets.[42]


Convergence criteria for geometry optimization were set to default
values (OPT), and “tight” convergence criteria were used for SCF calcu-
lations (TIGHTSCF). Electronic energies and properties were calculated
with the B3LYP functional with the same basis sets and SCF convergence
criteria as for geometry optimization. Broken symmetry solutions were
analyzed with the corresponding orbital transformation.[28,43] For calcula-
tion of Mçssbauer parameters, the “core” CPACHTUNGTRENNUNG(PPP) basis set for iron[29,44]


with enhanced integration accuracy on the iron (SpecialGridIntAcc 7)
were used. High-spin states were calculated on the high-spin geometries,
when the exchange coupling constants were estimated.[26] All reduced or-
bital charges and spin densities were calculated according to Lçwdin pop-
ulation analysis.[45] Orbitals and spin densities were visualized with the
program Molekel.[46]
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Introduction


Since the discovery of the controlled radical polymerization
(CRP) concept,[1] a variety of techniques has emerged and
pushed back the bounds of possibility in terms of the control
of vinyl monomer polymerization.[2–5] Thus, in the last
decade, CRP has established itself as one of the most power-


ful techniques for the synthesis of novel (co)polymers with
complex but well-defined architectures.
Among these CRP techniques, cobalt-mediated radical


polymerization (CMRP)[6–9] distinguished itself by its ability
to mediate the polymerization of very reactive monomers, a
typical example being vinyl acetate (VAc).[9–15] This method
involves the temporary deactivation of the growing poly-
ACHTUNGTRENNUNG(vinyl acetate) (PVAc) chains with a cobalt complex. Fol-
lowing this controlled radical pathway, PVAc with predicta-
ble molar mass and low polydispersity was prepared in bulk,
but also in aqueous media. Recently, mechanistic aspects of
the CMRP of VAc were investigated in detail using very
low-molecular-weight cobalt ACHTUNGTRENNUNG(III) adducts as CMRP initia-
tors.[16] Depending on the polymerization conditions, both
degenerative chain transfer (DT) and reversible termination
(RT) mechanisms were highlighted. Indeed, the CMRP of
VAc was mainly driven towards a DT mechanism when car-
ried out in bulk, whereas addition of molecules able to coor-
dinate the cobalt, that is, water and pyridine, switched the
mechanism towards reversible termination.[12,16]


The ability of the CMRP process to provide novel, well-
defined, PVAc-containing copolymers of interest was also
demonstrated, together with the derivatized PVOH-contain-
ing copolymers obtained under basic treatment. The key
step of the strategy was the initiation of a co-monomer


Abstract: The successful controlled
ACHTUNGTRENNUNGhomopolymerization of acrylonitrile
(AN) by cobalt-mediated radical poly-
merization (CMRP) is reported for the
first time. As a rule, initiation of the
polymerization was carried out starting
from a conventional azo-initiator (V-
70) in the presence of bis(acetylaceto-
nato)cobalt(II) ([Co ACHTUNGTRENNUNG(acac)2]) but also
by using organocobalt ACHTUNGTRENNUNG(III) adducts.
Molar concentration ratios of the reac-
tants, the temperature, and the solvent
were tuned, and the effect of these pa-


rameters on the course of the polymer-
ization is discussed in detail. The best
level of control was observed when the
AN polymerization was initiated by an
organocobalt ACHTUNGTRENNUNG(III) adduct at 0 8C in di-
methyl sulfoxide. Under these condi-
tions, poly(acrylonitrile) with a predict-
able molar mass and molar mass distri-


bution as low as 1.1 was prepared. A
combination of kinetic data, X-ray
analyses, and DFT calculations were
used to rationalize the results and to
draw conclusions on the key role
played by the solvent molecules in the
process. These important mechanistic
insights also permit an explanation of
the unexpected “solvent effect” that
allows the preparation of well-defined
poly(vinyl acetate)-b-poly(acrylonitrile)
by CMRP.
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using a [PVAc-Co ACHTUNGTRENNUNG(acac)2] macroinitiator preformed by
CMRP. Among the co-monomers used are styrene,[17,18]


octene,[19] ethylene,[19] N-vinyl pyrrolidone,[20] and more re-
cently acrylonitrile (AN).[21] In this last case, the controlled
character of AN polymerization initiated at 0 8C from the
PVAc macroinitiator was clearly established provided that
dimethylformamide (DMF) was used as the solvent. These
PVAc-b-PAN block copolymers with narrow molecular
weight distribution were then successfully derivatized into
amphiphilic PVOH-b-PAN or hydrosoluble PVOH-b-PAA
under adequate hydrolysis treatment. These well-defined co-
polymers are interesting as carbon nano-object precursors
and biocompatible pH-responsive materials, respectively.
The huge potential of well-defined PAN-based materials


justifies the efforts invested in the development and the un-
derstanding of the CRP of AN, a challenging monomer be-
cause of its high reactivity and the polymerOs low solubility.
For nitroxide-mediated radical polymerization (NMP),[22–24]


atom transfer radical polymerization (ATRP),[25–27] and radi-
cal addition fragmentation chain transfer (RAFT),[28–32] the
in-depth study of the AN homopolymerization was crucial
for the engineering of well-defined PAN-based copolymers.
As reported recently, it was possible to control the radical
polymerization of AN by CMRP initiated from a preformed
[PVAc-CoACHTUNGTRENNUNG(acac)2] macroinitiator at 0 8C in DMF, leading to
well-defined PVAc-b-PAN copolymers.[21] However, these
optimized experimental conditions could not be extrapolat-
ed to the homopolymerization of AN. Furthermore, the
mechanism, particularly the crucial role of the solvent, was
not clear.
This paper aims at addressing both questions and reports


an in-depth study of the AN homopolymerization by CMRP
starting from a conventional azo-initiator (V-70) and co-
ACHTUNGTRENNUNGbalt(II) acetylacetonate complex ([Co ACHTUNGTRENNUNG(acac)2]). The previ-
ously encountered difficulties in controlling the AN poly-
merization were overcome by adjusting the polymerization
conditions, particularly the temperature and the solvent. A
combination of kinetic data and DFT calculations was used
to rationalize the results and to draw conclusions on the
exact role played by the solvent in the process. In this re-
spect, the modification of the cobalt complex reactivity by
solvent or monomer coordination was considered. The coor-
dination mode of the bis(acetylaceto)cobalt complex by
DMF and dimethylsulfoxide (DMSO) was investigated,
leading to the crystallization and X-ray structural characteri-
zation of the previously unreported [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] and


[Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] complexes. Important mechanistic and
synthetic insights into the polymerization of AN by CMRP
were also achieved by using the low molecular weight
cobalt ACHTUNGTRENNUNG(III) adducts as CMRP initiators.[16]


Results and Discussion


It has recently been demonstrated that the acrylonitrile
polymerization can be properly controlled when initiated
from a PVAc-[Co] macroinitiator preformed by the CMRP
of VAc. The choice of solvent and temperature for this pro-
cess were crucial. Indeed, PVAc-b-PAN with polydispersities
as low as 1.2–1.3 were prepared at 0 8C in dimethylforma-
mide, whereas copolymers with much broader molar mass
distributions were recovered when anisole was used as the
solvent.[21] Decreasing the polymerization temperature to
0 8C allowed the polydispersity of the copolymer to be low-
ered to 1.1–1.2.
In light of these results, the AN polymerization was initi-


ated at 30 8C by V-70 in the presence of [Co ACHTUNGTRENNUNG(acac)2]. Due to
the DMF ligand power, it is likely that DMF molecules co-
ordinate to the free sites of the cobalt complexes, as was
demonstrated for pyridine and water.[12, 16] Consequently, the
CMRP process should be governed only by reversible termi-
nation of the propagating chains, as represented in
Scheme 1. Under these experimental conditions, the poly-
merization medium became inhomogeneous and a gray sus-
pension appeared after a few hours. The molar mass and the
monomer conversion were monitored throughout the poly-
merization process. The data are reported in Table 1. Be-
cause of the inhomogeneity of the polymerization medium,
each sample was obtained from a separate experiment stop-
ped at a different time.
Despite the appearance of a precipitate, the molar mass


of the PAN increases with time and monomer conversion.
However, the number-average molecular weights (Mn) were
greater than the theoretical values determined by the [mo-
nomer]/[Co] molar ratio, especially at the beginning of the
polymerization. This observation suggests that only a frac-
tion of the cobalt complex exerts its controlling action in the
early stage of the polymerization. Moreover, the molar mass
distribution tends to broaden all along the polymerization
(Mw/Mn�1.6–1.9, Mw=weight-average molecular weight).
Therefore, under these conditions, only a poor control of
the AN polymerization was achieved. This is not surprising


Scheme 1. Homopolymerization of AN by CMRP in DMF and DMSO.
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considering the unexpected lack of solubility of PAN in
DMF at 30 8C.
The possibility of control of tacticity was considered, be-


cause isotactic PAN is less soluble than the atactic one in
DMF.[33] However, the 13C spectrum of the PAN prepared
by CMRP was typical of atactic PAN prepared by conven-
tional radical polymerization (the 13C NMR spectrum of the
PAN sample presented in Table 1 entry 4 is provided as Sup-
porting Information). To check whether [Co ACHTUNGTRENNUNG(acac)2] may be
responsible for this precipitation phenomenon, the free radi-
cal polymerization of AN was initiated at 30 8C by V-70 in
DMF. This experiment also led to precipitation.
To improve the PAN solubility in DMF during the CMRP


process the temperature could be increased, but this would
be to the detriment of the control of the polymerization
governed by the thermal cleavage of the Co�C bond. To
avoid these insolubility problems, the homopolymerization
of AN was thus initiated by V-70 in the presence of [Co-
ACHTUNGTRENNUNG(acac)2] in a better solvent for PAN at 30 8C, that is, DMSO
(Scheme 1). As expected, the appearance of a precipitate
was not observed in this case, the reaction medium remain-
ing perfectly homogeneous throughout the polymerization.
To properly evaluate the ability of [Co ACHTUNGTRENNUNG(acac)2] to control


the AN polymerization in DMSO at 30 8C, three experi-
ments were conducted using equimolar amounts of [Co-
ACHTUNGTRENNUNG(acac)2] and V-70 but changing the [AN]/[Co] molar ratio.
Kinetics data and the molecular parameters (Mn, Mw/Mn)
dependence on the monomer conversion are plotted in
Figure 1. From the kinetic point of view, the three experi-
ments present the same behavior (Figure 1a). All of them
show only a very short induction period and the time de-
pendence of the ln[M]0/[M] function is not linear at higher
values. To explain this profile it is interesting to compare
these results with those of the VAc polymerization. The
CMRP of VAc conducted in bulk in the absence of any co-
ordinating ligands showed a much longer induction time, be-
cause radical trapping by the Co complex is irreversible and
the polymerization was inhibited until most of the [Co-
ACHTUNGTRENNUNG(acac)2] available in the medium was converted into the
alkyl cobaltACHTUNGTRENNUNG(III) dormant species. Then, further generation
of radicals allowed the polymerization to proceed by degen-
erative chain transfer (DT). However, no induction period


was observed in the presence of pyridine, because coordina-
tion of this compound at the same time stabilizes the
ACHTUNGTRENNUNGco ACHTUNGTRENNUNGbalt(II) radical trap by formation of [Co ACHTUNGTRENNUNG(acac)2(py)2], ren-
dering a reversible termination mechanism possible from
the early stages of the polymerization, and blocks the open
coordination site on the cobalt ACHTUNGTRENNUNG(III) dormant species, render-
ing the alternative degenerate transfer mechanism impossi-
ble.[12] In the case of the AN homopolymerization carried
out in DMF or DMSO, it is reasonable to assume that the
solvent molecules are able to function as ligands toward the
ACHTUNGTRENNUNGco ACHTUNGTRENNUNGbalt(II) and cobaltACHTUNGTRENNUNG(III) species (cf. Scheme 1), largely re-
moving the long induction period featured by the bulk poly-
merization system. The initial curvature of the first-order ki-
netics plot may result from the slow decomposition of the
azo-initiator, producing a growing concentration of chain-
controlling species with the reaction time.
Concerning the molecular parameters (Figure 1b), it


clearly appears that the PAN molar masses increase with
monomer conversion. As expected for a controlled process,
the PAN molar mass strongly depends on the [AN]/[Co]


Table 1. CMRP of AN initiated by V-70 at 30 8C in DMF.[a]


Entry t
[h]


Conv [b]


[%]
Mn SEC


[c]


ACHTUNGTRENNUNG[gmol�1]
Mn th


[d]


ACHTUNGTRENNUNG[gmol�1]
Mw/Mn


1 2 2 2960 200 1.20
2 4 11 4020 1100 1.64
3 7 35 7200 3500 1.72
4 17 64 9800 6500 1.80
5 22 87 10100 8800 1.89


[a] Conditions: DMF/AN: 50/50 (v/v), AN (5.0 mL, 76 mmol), [Co-
ACHTUNGTRENNUNG(acac)2] (0.40 mmol), V-70 (0.40 mmol), 30 8C. [b] Monomer conversion
determined by gravimetry. [c] The number-average molar mass deter-
mined by size exclusion chromatography (MnSEC) in DMF with a poly-
ACHTUNGTRENNUNG(methyl methacrylate) calibration corrected by the Mark–Houwink equa-
tion (see experimental section). [d] Theoretical molar mass calculated
based on the [AN]/[Co] ratio and conversion.


Figure 1. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the poly(acrylonitrile) Mn and molar mass distribution (Mw/Mn)
on the monomer conversion for the AN polymerization initiated by V-70
in DMSO at 30 8C using different [AN]/[CoACHTUNGTRENNUNG(acac)2] ratios. (&) [AN]/[Co-
ACHTUNGTRENNUNG(acac)2]=188 (Mnth, 100%=10000 gmol�1), (*) [AN]/[Co ACHTUNGTRENNUNG(acac)2]=376
(Mnth, 100%=20000 gmol�1), (~) [AN]/[Co ACHTUNGTRENNUNG(acac)2]=752 (Mnth, 100%=


40000 gmol�1). For all experiments, [V-70]/[Co ACHTUNGTRENNUNG(acac)2]=1 and DMSO/
AN: 50/50 (v/v). The dotted line represents the theoretical dependence
of the molar mass on the monomer conversion when [AN]/[Co ACHTUNGTRENNUNG(acac)2]=
188.
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molar ratio for a given monomer conversion. Higher PAN
molar masses were obtained when a high [AN]/[Co] ratio
was used. However, in all cases, the experimental molar
masses were higher than the theoretical values calculated on
the basis of the [monomer]/[Co] ratio. This fact is illustrated
in Figure 1b, which shows the discrepancy between the theo-
retical calculations (dotted curve) and the corresponding ex-
perimental data (full lines). This observation also confirmed
that not all the cobalt is active as a controlling agent. More-
over, the evolution of Mn with the conversion did not follow
an ideal linear behavior, especially at low monomer conver-
sion. This deviation can also be explained by the slow initia-
tion, and, consequently, the initial slow increase of the
number of growing chains. Indeed, the efficiency factor (f=
Mn(theor)/Mn(exp)) increased along the polymerization (f was
equal to 0.05 and 0.30 at 3% and 40% monomer conver-
sion, respectively). Finally, the polydispersity was in the
range 1.3–1.5, which is better than the same experiment car-
ried out in DMF (Mw/Mn�1.6–1.9). In summary, although
not perfect, the CMRP process can impart control to the
AN homopolymerization carried out in DMSO at 30 8C, as
illustrated by the clear shift of the size-exclusion chromatog-
raphy (SEC) data with time towards higher molecular
weight (Figure 2).


As the amount of cobalt involved in the equilibrium at
the beginning of the reaction is quite low, we decreased the
[V-70]0/[Co ACHTUNGTRENNUNG(acac)2]0 ratio from 1 to 0.25 while maintaining a
constant [AN]/[Co] ratio. The results of these experiments
are reported in Figure 3. For the reasons explained above,
the induction period was short and the time dependence of
the ln[M]0/[M] function was not linear, but independent of
the [V-70]/[Co] ratio. (Figure 3a) However, the polymeri-
zation rate was lower for lower amounts of azo-initiator. Im-
portantly, the possibility to promote the polymerization of
AN in the presence of a large excess of Co ([V-70]/[Co]=
0.25) is additional proof that most of the metal is not in-
volved in the equilibrium that regulates the AN polymeri-
zation control.


From the point of view of the molecular parameters, the
same molar masses might be expected in all the experiments
because the same [AN]/[Co] ratio was used. However, at
any given conversion, higher molar masses were observed
for lower [V-70]/[Co] ratios (Figure 3b). This observation
may again be explained on the basis of the slow increase of
the number of active chains, as follows. For lower [V-70]
concentrations, radical generation and the consequent in-
crease of the number of PAN chains is slower. Based on the
V-70 half-life at 30 8C (t1/2=600 min), it is possible to calcu-
late the amount of decomposed V-70 in each experiment as
shown in Equation (1).


½V-70�t=½V-70�0 ¼ exp�kt ðwhere k ¼ ðln 2Þ=t1=2Þ ð1Þ


For the different experiments, these values can be calculated
and compared for time values corresponding to the same
conversion. For instance, the amounts of V-70 that has de-
composed at a 26% monomer conversion for the CMRP of
AN in DMSO carried out at 30 8C using different [V-70]/
[Co] ratios are presented in Table 2. The amount of radical
species generated by decomposition of V-70 is clearly lower


Figure 2. Time evolution of the size exclusion chromatography images for
the acrylonitrile (AN) polymerization initiated at 30 8C in dimethyl sulf-
oxide by V-70 in the presence of CoACHTUNGTRENNUNG(acac)2. [AN]/[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=
376/1/1.


Figure 3. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the poly(acrylonitrile) Mn and Mw/Mn on the monomer conver-
sion for the AN polymerization initiated by the V-70 in DMSO at 30 8C
using different [Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70] ratios. (&) [CoACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=1.0, (*)
[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70] ratios=0.5, (~) [CoACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=0.25. For all ex-
periments, [AN]/[CoACHTUNGTRENNUNG(acac)2]=188 and DMSO/AN: 50/50 (v/v). The
dotted line represents the theoretical dependence of the molar mass on
the monomer conversion.
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for a lower initial amount of V-70 (Table 2, entry 3), in spite
of the longer reaction time. Moreover, it is interesting to
note that the PAN molar mass doubled when the [converted
AN]/[decomposed V-70] ratio doubled (compare Table 2 en-
tries 1 and 3).
Thus, both the lack of linearity in the kinetics and the de-


pendence of the molar mass on the monomer conversion
may be explained by the change in the number of growing
chains along the polymerization. In order to provide addi-
tional supporting evidence, the AN polymerization was initi-
ated from a low molecular weight cobaltACHTUNGTRENNUNG(III) adduct which
mimics the dormant species (Scheme 2), namely the Co-
capped short PVAc oligomer recently reported by us.[16] This
consists of a cobalt adduct with less than four vinyl acetate
units on average, end-capped by [Co ACHTUNGTRENNUNG(acac)2] ([R0-(CH2-
CHOAc)n-CoACHTUNGTRENNUNG(acac)2] with n<4; R0=primary radical from
the V-70 decomposition). Indeed, using such a CMRP initia-
tor in the absence of V-70, the number of chains should be
constant and provide linear plots of ln[M]0/[M] versus time
and Mn versus monomer conversion, as long as initiation is
fast compared to propagation. An AN homopolymerization
experiment using this initiator was carried out in DMSO at
30 8C and 0 8C, and the results are shown in Figure 4.
In both cases, the polymerization started in the absence of


additional V-70 and no induction period was observed (Fig-


ure 4a), proving that the cobalt-mediated AN radical homo-
polymerization follows a reversible termination pathway.
The DMSO most probably plays the role previously de-
scribed for pyridine and water by binding to the cobalt open
coordination site, thereby driving the system towards the
RT process instead of DT. As expected, the kinetics were
first order with respect to the monomer as assessed by the
linear time dependence of the ln[M]0/[M] function, suggest-


Figure 4. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the Mn (full symbols) and Mw/Mn (hollow symbols) of poly(acryl-
onitrile) on the monomer conversion for the AN polymerization initiated
by a low molecular weight cobalt adduct initiator [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(�CH-
ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)] in DMSO at 30 8C (~) and 0 8C (*). For both ex-
periments [AN]/[Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CHACHTUNGTRENNUNG(OCOCH3)CH2)<4-R0)]=752 and
DMSO/AN: 50/50 (v/v). The dotted line represents the theoretical de-
pendence of the molar mass on the monomer conversion.


Table 2. Comparison of the amount of azo-initiator (V-70) decomposed
at 26% conversion for the CMRP of AN in DMSO.[a]


Entry ACHTUNGTRENNUNG[V-70]/
[Co]


nV-70
[b]


ACHTUNGTRENNUNG[mmol]
t
ACHTUNGTRENNUNG[min]


nV-70 decomp.
[c]


ACHTUNGTRENNUNG[mmol]
[AN]conv/
ACHTUNGTRENNUNG[V-70]decomp


Mn SEC
[d]


ACHTUNGTRENNUNG[gmol�1]


1 1 (&)[e] 0.40 300 0.116 170 10900
2 0.5 (*)[e] 0.20 390 0.072 285 17800
3 0.25 (~)[e] 0.10 780 0.059 335 20800


[a] Conditions: 30 8C, DMSO/AN: 50/50 (v/v), Co ACHTUNGTRENNUNG(acac)2 (0.40 mmol),
AN (76 mmol). [b] Initial amount of V-70. [c] Amount of decomposed V-
70 after t mins. [d] The number-average molar mass determined by size
exclusion chromatography (MnSEC) in dimethylformamide with a poly-
ACHTUNGTRENNUNG(methyl methacrylate) calibration corrected by the Mark–Houwink equa-
tion (see experimental section). [e] See symbols in Figure 3b.


Scheme 2. Homopolymerization of acrylonitrile (AN) initiated by a low molecular cobalt ACHTUNGTRENNUNG(III) adduct in dimethyl sulfoxide (DMSO).
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ing that the number of radicals in the polymerization
medium remained constant throughout the polymerization.
As expected, the polymerization rate is much slower at 0 8C
than at 30 8C and the molar masses increased linearly with
monomer conversion at both temperatures. However, the
molar mass is controlled much better at the lower tempera-
ture, as shown by the lower polydispersity (Mw/Mn�1.15,
Figure 4b). In addition, the PAN molar masses were closer
to the theoretical values for the experiment carried out at
lower temperature, and much closer than those of the ex-
periments carried out from V-70 and [CoACHTUNGTRENNUNG(acac)2] (compare
Figure 1b and 4b). The high level of control obtained for
the AN polymerization initiated by the cobaltACHTUNGTRENNUNG(III) adduct is
perfectly illustrated by the overlay of the SEC data, which
are regularly shifted towards higher molar masses
(Figure 5). The PAN prepared by CMRP from the cobalt-


ACHTUNGTRENNUNG(III) adduct was studied by 1H NMR spectroscopy after
treatment with 2,2,6,6-tetramethylpiperidine N-oxide
(TEMPO) according to a previously reported proce-
dure,[10,13] and purification by precipitation (Figure 6). Be-
sides the typical signals of PAN (-CH2-CHCN-), the spec-
trum revealed the presence of signals characteristic of the
very few VAc units (-CH2-CHOAc-) coming from the
CMRP initiator fragment. Moreover, signals typical of
methyl and methylene groups of both TEMPO at the w


chain-end and the V-70 fragment at the a chain-end were
observed between d=0.9 and 1.5 ppm.
The achievement of such a level of control for the homo-


polymerization of AN is only possible if the system satisfies
certain conditions: the cleavage of the C�Co bond of the
ACHTUNGTRENNUNGiniACHTUNGTRENNUNGtiator must be rapid at 0 8C in DMSO; the reversible
cleavage of the PAN�Co bond must also be fast at 0 8C but
not faster than for the initiator; and very few irreversible
terminations should occur during the polymerization, ensur-


ed by a reversible termination equilibrium sufficiently dis-
placed toward the dormant species.


Computational Investigations


Preliminary considerations : A computational investigation
was carried out on model cobalt coordination compounds,
the main objective of the study being the rationalization of
the effect of a strongly coordinating solvent such as DMF or
DMSO on the ability of the [PAN-Co ACHTUNGTRENNUNG(acac)2] dormant chain
to grow in a controlled fashion, as well as on the ability of
the [PVAc-CoACHTUNGTRENNUNG(acac)2] dormant species to initiate rapidly the
controlled polymerization of acrylonitrile. The model system
consisted of a simplification of the polymer chain to the last
monomer unit, the rest of the chain being replaced by an H
atom. Thus, for instance, the [PAN-Co ACHTUNGTRENNUNG(acac)2] system was
modeled by compound [CH3CH(CN)-CoACHTUNGTRENNUNG(acac)2].
Useful information from our recent studies on similar


compounds[12,16] includes the knowledge that five-coordinate
[R�CoIIIACHTUNGTRENNUNG(acac)2] species have a spin singlet ground state
with a square-pyramidal geometry (R in the axial position),
that six-coordinate [R�CoIII ACHTUNGTRENNUNG(acac)2(L)] species are spin sin-
glet with a trans-octahedral geometry, and that the five-coor-
dinate [CoII ACHTUNGTRENNUNG(acac)2(L)] and six-coordinate [CoII ACHTUNGTRENNUNG(acac)2(L)2]
systems have a spin quartet ground state with trigonal-bipyr-
amidal (L in an equatorial position) and trans-octahedral ge-
ometries, respectively. These geometries are illustrated sche-
matically in Scheme 3. Thus there was no need to explore
further other geometries and spin states for the systems de-
scribed in the present contribution.
One relevant question was whether the DMSO ligand


would bind the CoII and CoIII compounds through the O or


Figure 5. Time evolution of the size exclusion chromatography images for
the AN polymerization initiated by the low molecular weight cobalt
adduct [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CHACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)] initiator at 0 8C in di-
methyl sulfoxide. [AN]/[Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)]=752.
Mn and Mw are number-average and weight-average molecular weight, re-
spectively.


Figure 6. 1H NMR spectrum for the poly(acrylonitrile) (Mn=


8200 gmol�1, Mw/Mn=1.12) prepared by initiation of acrylonitrile poly-
merization with a low molecular weight cobalt adduct [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH-
ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)].
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the S atom, since both coordination modes are adopted by
this ligand. However, a search of the Cambridge Structural
Database (CSD) showed that there are no structurally char-
acterized complexes of Co containing an S-bonded DMSO
ligand, whereas 25 hits were obtained for O-bonded Co-
ACHTUNGTRENNUNG(DMSO) complexes. Furthermore, searching for S-bonded
DMSO complexes of any transition metals gave 250 hits
(mostly for Ru, Rh, Ir, Os, and Pt), of which only three fea-
tured a first-row transition metal (FeII with p-acidic ligands
in all three cases: [Fe(Pc) ACHTUNGTRENNUNG(DMSO)2], where Pc=phthalocya-
nine, and two salts of [Fe(CN)4 ACHTUNGTRENNUNG(DMSO)]2�.[34–36] The as-
sumption that the DMSO is O-bonded to the cobalt atom
was confirmed by X-ray analysis of the [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2]
crystals (Figure 7a). The X-ray analysis also confirmed the
trans-octahedral structure of the complex. Relevant bonding
parameters are listed in Table 3 and will be discussed later
together with those optimized by DFT calculations. There-
fore, only O-bonded DMSO configurations were considered
in our geometry optimizations.
Note that there are two possible conformations for an O-


bonded DMSO ligand. The DMSO methyl substituents may
be pointing away from the metal in such a way that the S
lone pair points toward the coordination sphere (namely syn
arrangement for the S lone pair and Co�OACHTUNGTRENNUNG(DMS) bond, see
I in Scheme 4), or vice versa (S lone pair anti to the Co�O-
ACHTUNGTRENNUNG(DMS) bond, II in Scheme 4). All 25 above-mentioned Co-
ACHTUNGTRENNUNG(DMSO) complexes retrieved from the CSD display the Me
groups farther from the metal (I), and this is also the confor-
mation adopted by compound [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] (Fig-
ure 7a), thus all starting geometries for the DFT calcula-
tions were constructed in this way.
A crystal of [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] was also prepared and


subjected to X-ray analysis (Figure 7b). The coordination
geometry is again trans-octahedral. Selected bonding param-
eters are reported in Table 3. Of the two conformations that
may be adopted in principle by the coordinated DMF ligand
with the NMe2 group either syn or anti relative to the Co�O
bond, the latter (i.e. III in Scheme 4) is less sterically hin-
dered and is observed for all the CoACHTUNGTRENNUNG(DMF) compounds
known in the literature (59 hits in the CSD); the present
compound [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] is no exception. It is worth
noting that a [Co ACHTUNGTRENNUNG(acac)2(AN)2] complex could not be
formed following the same preparation procedure. Finally,
we have already established that the chain-end for a
[PVAc�CoACHTUNGTRENNUNG(acac)2], when this is obtained by bulk polymeri-


zation (namely in the absence
of coordinating solvents), con-
tains a chelating chain through
the ester function of the last
monomer unit (see IV in
Scheme 4).[16]


A question of interest is
whether a [PAN-Co ACHTUNGTRENNUNG(acac)2]
chain-end could also be stabi-
lized by intramolecular chela-
tion, similarly to the [PVAc�
CoACHTUNGTRENNUNG(acac)2] chain-end. The ge-


ometry of the acrylonitrile monomer is unsuitable for chela-


Scheme 3. Schematic geometries and spin states for the CoIII and CoII complexes involved in the CMRP pro-
cess.


Figure 7. ORTEP views of [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] (a) and [Co ACHTUNGTRENNUNG(acac)2-
ACHTUNGTRENNUNG(DMF)2] (b). Displacement ellipsoids are drawn at the 50% probability
level.
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tion via the Co-bonded monomer unit, because of the linear-
ity of the C�C=N function and the location of the nitrogen
lone pair opposite the C=N bond (sp hybridization), as
shown in Scheme 5 (V). The p-electron density of this triple
C�N bond is also geometrically inaccessible. The penulti-
mate unit may in principle coordinate the cobalt atom
through the CN p electrons (see Scheme 5 (VI)), but the N
lone pair is still inaccessible because of the severe strain im-
posed by the linearity of the Co�N=C�C moiety on the six-
membered cycle. We remark, however, that CoIII is not suffi-
ciently “soft” as a Lewis acid to establish strong interactions
with soft donors such as the p-electron density of unsaturat-
ed organic molecules, examples of this type of interaction
being unknown in stable compounds.


Coordination by the CN function of the third last mono-
mer unit is a possibility. However, this coordination would
not be any different from the coordination by a simple mo-
nomer molecule from the enthalpic point of view, while it
would probably be entropically disfavored, given the large
number of degrees of freedom that would be lost in the


cycle formation process. Therefore, we simply considered
the coordination of a monomer molecule in our calculations.
In connection with the stabilization of the dormant chain by
coordination of an additional ligand, it is also crucial to
evaluate the effect of this coordination on the Co�C homo-
lytic bond strength, since it is this bond rupture that regu-
lates the metal controlling ability on the polymerization pro-
cess.
Before analyzing the results, a cautionary word must be


spared about the use of DFT methods for the evaluation of
bond dissociation energies (BDEs) where a spin state


change is involved, in this case
breaking the Co�C bond in a
diamagnetic CoIII compound to
generate an organic radical (S=


1/2) and a spin quartet (S=3/2)
CoII complex. The calculation
of energy differences for reac-
tions involving a spin state
change is very delicately depen-
dent on the type of functional
used, and unfortunately no
“rule of thumb” is available for
the selection of the best func-
tional for a specific problem.


Recent theoretical work has compared different functionals
for the evaluation of relative spin state energetics, including
for selected cobalt complexes.[37,38] On a few occasions, the
choice of the most appropriate functional could be made by
comparison with experimentally available parameters, or by
comparison with much higher level ab initio calculations, be-
lieved to provide a closer approximation of the experimen-
tal value. For our system, the first approach is impossible be-
cause Co�R BDEs are not experimentally available, where-
as the second one is prohibitive given the relative complexi-
ty of the systems. Thus, the calculations were carried out
using two different functionals, the commonly employed
B3LYP functional and a modified B3PW91 functional,
termed B3PW91* (see Computational Details section). In
essence, both functionals are part of a general family of
“correlated” functionals, namely taking into account the
effect of electronic correlation, but the B3LYP was found in
many instances to overestimate the amount of exact ex-
change, thereby overestimating the stability of the higher
spin states. Reducing the exact exchange admixture biases
the results in favor of the lower spin states.[39] The use of
B3PW91* was shown to provide better results for reaction
energetics involving iron compounds where changes of spin
are involved.[40–42] The B3PW91* calculations were carried
out as single-point calculations on the B3LYP-optimized ge-
ometries, since reoptimization is believed to lead to negligi-
ble structural changes and consequently to negligible energy
differences. This was verified for [Co ACHTUNGTRENNUNG(acac)2], where geome-
try reoptimization led to an energy change of <0.1 kcal
mol�1.
All optimized geometries are provided as xyz files in the


Supporting Information. The optimized structures of [Co-


Scheme 4. Coordination modes for CoACHTUNGTRENNUNG(DMSO) (I and II) and Co ACHTUNGTRENNUNG(DMF) (III) and a model for the [PVAc�Co-
ACHTUNGTRENNUNG(acac)2] chain end (IV).


Scheme 5. Models for the [PAN�Co ACHTUNGTRENNUNG(acac)2] chain ends.


Table 3. Relevant bond lengths [T] and angles [8] for the structures of
compounds [Co ACHTUNGTRENNUNG(acac)2(L)2] (L=DMSO, DMF) and comparison with the
DFT optimized geometries.[a]


[CoACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2]
X-ray DFT X-ray DFT


Co�O ACHTUNGTRENNUNG(acac) 2.042(3) 2.056 2.041(5) 2.049
Co�O(L) 2.150(2) 2.197 2.140(1) 2.214
O(L)-Co-O(L) 180 179.8 180 178.1
O ACHTUNGTRENNUNG(acac)-Co-O ACHTUNGTRENNUNG(acac) (cis) 89.99(11) 88.7 89.62(4) 88.8
O ACHTUNGTRENNUNG(acac)-Co-O ACHTUNGTRENNUNG(acac) (trans) 180 178.8 180 177.9
acac fold angle 161.5 164.6 179.5 177.3


[a] Average values over chemically equivalent parameters are reported.
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ACHTUNGTRENNUNG(acac)2(L)2] (for L=DMSO and DMF) are compared with
the experimentally determined ones in Table 3. The DFT
methodology is notorious for providing longer distances rel-
ative to experiment, especially for dative type bonds. This is
also observed here, the calculated Co�O ACHTUNGTRENNUNG(acac) bonds being
much closer to the experimental values than the calculated
Co�O(L) bonds. There is, however, good agreement in gen-
eral between the observed and calculated geometries, and
these are very similar to each other upon going from
DMSO to DMF. Both X-ray structures have the metal atom
located on an inversion center, thus all trans angles are
strictly linear by symmetry, and the calculated values (with
no symmetry-imposed restriction) fall very close to linearity.
The most significant difference between the two compounds
is the fold angle of the {M ACHTUNGTRENNUNG(acac)} chelate moiety, namely the
angle between the O�Co�O plane and the acac ligand
plane. It is significantly smaller than 1808 for the DMSO
adduct and much less so for the DMF adduct, for unclear
reasons. This observed structural feature is also reproduced
quite well by the calculations, further testifying about the
suitability of the computational level. Additional geometri-
cal features will not be discussed. The remainder of this sec-
tion deals only with bond energy arguments.


Models for the [(acac)2Co�PAN] dormant species in AN
homopolymerization : The results of the calculations involv-
ing the CH(CN)CH3 radical, used as a model of the PAN
growing chain, are shown in Figure 8. Figure 8a shows the
results obtained with B3LYP while those obtained with
B3PW91* are collected in Figure 8b. As expected, the two
functionals yield very different Co�C BDEs, B3PW91*
yielding greater relative stability for the singlet alkylcobalt-
ACHTUNGTRENNUNG(III) complexes and consequently greater Co�C BDEs (by
ca. 6.5 kcalmol�1 for the [R�CoACHTUNGTRENNUNG(acac)2(L)] species,
5.5 kcalmol�1 for the L-free system), whereas nearly identi-
cal results are obtained for the processes involving no spin
state change (ligand dissociations from either spin quartet
CoII or spin singlet CoIII). The strength of the (acac)2Co�
CH(CN)CH3 bond can be compared with those of other
[(acac)2Co�R] bonds only at the B3LYP level, since this was
the only functional used in previous calculations. The BDE
varies in the order Me (14.55) > CH ACHTUNGTRENNUNG(OCH3)CH3 (8.45) >
CH ACHTUNGTRENNUNG(OOCCH3)CH3 (5.73) > CH(CN)CH3 (1.26) > CH-
ACHTUNGTRENNUNG(COOCH3)CH3 (�1.50) > C ACHTUNGTRENNUNG(CH3)2(CN) (�5.52).[12,16] The
trend is consistent with expectations on the basis of known
stabilization effects, and qualitatively parallels that reported
for alkyl halides and dithiocarboxylates.[43,44] In particular, it
shows that the (acac)2Co�CH(CN)CH3 bond is relatively
weak, consistent with the stabilized nature and low reactivi-
ty of the CH(CN)CH3 radical.
The BDE value obtained for this bond with B3PW91* is


greater, at 6.71 kcalmol�1. As mentioned above, it is not
possible to assess which of these values is closer to the true
BDE. However, we must also underline that these are en-
thalpy values, whereas bond dissociation equilibria of rele-
vance to controlled polymerization are based on free energy
differences. The entropic contribution could also be estimat-


ed by the calculations, but only in the gas phase. For all re-
actions that increase the number of independent molecules
by one unit, such as the CoIII�R homolytic bond breaking
(but also the L dissociation from the CoIII and CoII systems),
the �TDS term is approximately �10 kcalmol�1 in the gas
phase at room temperature, the most important contribution
being the generation of three new translational modes.
These modes, however, are quenched to a large extent in
condensed phases. Thus, the application of the computation-
al results to the polymerization process in a condensed
phase will always be, at any rate, qualitative. The B3PW91*


Figure 8. Energy diagram obtained with a) the B3LYP or b) the
B3PW91* functional for the Co�C homolytic bond cleavage and subse-
quent L addition in [(acac)2(L)Co�CH(CN)CH3] (L=nothing, AN,
DMF, DMSO). The values shown are relative enthalpies in kcalmol�1.
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results probably provide a better estimate of the CoIII�R
bond strength than the B3LYP results, because the latter
would not easily account for the ability of CoII to trap effi-
ciently the growing PAN radical chain and control the poly-
merization. The main purpose of this study is to assess the
tuning effect of the neutral ligand L on the metal controlling
ability. Thus, we shall mainly comment on how ligand coor-
dination affects the relative stability of the CoIII and CoII


systems, with greater emphasis on the B3PW91* results.
At each oxidation state level, ligand coordination does


not change the spin state of the system and both functionals
afford similar values for the enthalpy change. The coordina-
tion of a neutral donor (L) to the 6th site of the pseudo-oc-
tahedral geometry of the CoIII center stabilizes the system as
expected. The CoIII�L bond strength follows the order AN
< DMSO < DMF at both functional levels. The very small
bond energy for AN, combined with the unfavorable entro-
py for this step, means that the (acac)2Co�CH ACHTUNGTRENNUNG(CH3)CN is
probably the dominant species in solution, and not the sol-
vent adduct [(acac)2Co(AN)�CH ACHTUNGTRENNUNG(CH3)CN]. The bond
energy for DMF and DMSO is much larger, so in these
cases the octahedral ligand adduct should dominate.
Ligand coordination to [Co ACHTUNGTRENNUNG(acac)2] has a different effect


depending on the coordination environment. On going from
five-coordinate [Co ACHTUNGTRENNUNG(acac)2L] to six-coordinate [Co-
ACHTUNGTRENNUNG(acac)2L2], the ligand addition is also clearly exothermic for
all ligands, following the order AN < DMSO � DMF, but
not as much as for the addition to singlet CoIII. This differ-
ence correlates with the orbital occupation: the ligand do-
nates its electron pair to a half-occupied orbital in the CoII


complex, in contrast to an empty orbital in the CoIII com-
plex. On the other hand, on going from four-coordinate [Co-
ACHTUNGTRENNUNG(acac)2] to five-coordinate [Co ACHTUNGTRENNUNG(acac)2L], the effect is desta-
bilizing for AN and stabilizing for DMF and DMSO. This
shows that there is an additional energy penalty to pay for
taking the CoII from the tetrahedral configuration of [Co-
ACHTUNGTRENNUNG(acac)2] to the trigonal-bipyramidal configuration. This pen-
alty is reflected in a slight BDE increase for the Co�
CH(CN)CH3 bond in the presence of donor ligands (3–
7 kcalmol�1, depending on the ligand and on the computa-
tional level). This BDE increase is smallest for L=DMSO,
intermediate for L=DMF and largest for L=AN, and ap-
pears to correlate with the steric bulk of L. This computa-
tional result is consistent with the fact that [Co ACHTUNGTRENNUNG(acac)2(AN)2]
crystals could not be obtained following the procedure es-
tablished for [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] and [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2]
(cf. above).
When considering the addition of L, leading first from


[Co ACHTUNGTRENNUNG(acac)2] to [CoACHTUNGTRENNUNG(acac)2(L)], and then from [Co ACHTUNGTRENNUNG(acac)2(L)]
to [Co ACHTUNGTRENNUNG(acac)2(L)2], the relative energy changes for each
step, in kcalmol�1, at the B3PW91* (B3LYP) are: for AN:
5.59 (4.62), �2.37 (�1.17); for DMF: �2.89 (�4.33), �3.34
(�4.72); for DMSO: �3.89 (�5.88), �2.80 (�4.60). These
trends can be rationalized with an increasing donor power
in the order AN < DMF < DMSO and with an increasing
steric bulk in the same order. Thus, for the smaller AN
ligand the second addition is much more favorable than the


first one, whereas for the bulkier DMSO ligand, in spite of
the greater energy penalty in the first addition step, the
second addition is less favorable than the first one. Applying
once again qualitative considerations that include entropic
effects, the dominant form of [Co ACHTUNGTRENNUNG(acac)2] should be the six-
coordinate bis-adduct in DMF and DMSO solutions (and
indeed the compound crystallizes in this form, as described
above) and the tetrahedral ligand-free systems in AN.
Indeed, previous NMR studies have shown evidence of
equilibria between [Co ACHTUNGTRENNUNG(acac)2] and ligand adducts for L=


NEt3 and py, for which the bond energy was calculated
(B3LYP) as 6–7 kcalmol�1.[12]


Given that for L=AN, rupture of the (acac)2(L)Co�
CH(CN)CH3 bond would lead to an endothermic situation
relative to the separate [Co ACHTUNGTRENNUNG(acac)2] and L, the homolytic
bond breaking process is then presumably concerted with L
dissociation [Eq. (2) or (2’)]. As stated above, entropy con-
siderations indicate that the dominant CoIII form in solution
may be five-coordinate. Note that the stabilization of [Co-
ACHTUNGTRENNUNG(acac)2(AN)] by an additional AN molecule yields a situa-
tion that is still endothermic relative to tetrahedral [Co-
ACHTUNGTRENNUNG(acac)2]. These equations model the radical controlling equi-
librium when the CMRP of AN is carried out in a noncoor-
dinating solvent such as anisole, the only donor ligand avail-
able for stabilization being AN itself. For L=DMF and
DMSO, on the other hand, the five-coordinate [Co-
ACHTUNGTRENNUNG(acac)2(L)] complex is exothermic relative to the separated
[Co ACHTUNGTRENNUNG(acac)2] and L and is further stabilized by coordination
of a second L molecule (to a greater extent at the B3LYP
level). Thus, the radical generation process can be summar-
ized by Equation (3).


½ðacacÞ2Co�CHðCH3ÞCN� !
½CoðacacÞ2� þ CCHðCH3ÞCN


ð2Þ


½ðacacÞ2CoðANÞ�CHðCH3ÞCN� !
½CoðacacÞ2� þ AN þ CCHðCH3ÞCN


ð20Þ


½ðacacÞ2ðLÞCo�CHðCH3ÞCN� þ L !
½CoðacacÞ2ðLÞ2� þ CCHðCH3ÞCN


ð3Þ


The effective polymerization rate depends linearly on the
radical propagation rate constant (a kinetic factor), which is
the same in all cases, and on the equilibrium constant of the
reversible radical generation process (a thermodynamic
factor), which depends on L. The reaction enthalpies of
Equations (2) or (2’) (for AN), and (3) (for DMF and
DMSO) are as follows (B3PW91* values, with B3LYP
values in parentheses): AN: 6.71 (1.26) for [Eq. (2)] or 8.63
(3.06) for [Eq. (2’)]; DMF: 9.20 (1.34); DMSO: 6.59
(�1.70). The enthalpic terms being relatively close to each
other with and without ligand, it is necessary to take into ac-
count the entropic factor (�TDS) to evaluate the impact of
the ligand on the reversible dissociation equilibrium leading
to radical formation. While the dissociation reaction of
Equation (2’) (and (2) to an even greater extent) is charac-
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terized by a negative �TDS term, reaction (3) is approxi-
mately isoentropic. Thus, the calculations predict that reac-
tions (2) and (2’) are more favored than reaction (3) and,
consequently, that [Co ACHTUNGTRENNUNG(acac)2] is a better trap for the PAN
growing radical chain in DMSO or DMF relative to non-
coordinating solvents (anisole or AN). At the quantitative
level, as discussed above, the B3PW31* results are probably
closer to reality. The B3LYP results cannot be quantitatively
correct for the simple reason that they would not predict the
ability of the CoII system to trap free radicals, since the spin
trap would be more stable than the dormant chain for L=


DMSO and the �TDS term would further disfavor the trap-
ping process. On the other hand, the experiment shows that
[Co ACHTUNGTRENNUNG(acac)2] is quite capable of insuring a controlled growth
of PAN by the revsersible termination mechanism in the
DMSO solvent.
To conclude this part, the [(acac)2Co�PAN] + L system


shows two major differences relative to the previously stud-
ied[12] [(acac)2Co�CH3] + L model system. The first one is a
significant modulation of the CoIII�PAN homolytic bond
strength by L coordination (L=AN, DMF, DMSO), where-
as the strength of the CoIII�CH3 bond is approximately in-
sensitive to axial L bonding (DE in kcalmol�1 at the B3LYP
level: L=VAc: 21.82; NMe3: 20.65; py: 21.83; H2O: 22.65;
NH3: 21.80). The intrinsically weaker nature of the Co�CH-
ACHTUNGTRENNUNG(CH3)(CN) bond relative to the Co�CH3 bond is probably
at the origin of this effect. Amongst AN, DMF and DMSO,
the latter has the strongest labilizing effect, due to a larger
D(DH)= [BDE ACHTUNGTRENNUNG(CoII�L) � BDE ACHTUNGTRENNUNG(CoIII�L)]. The second dif-
ference concerns the strength of the CoII�L interaction.
Whereas py and H2O were found to be very good ligands
for CoII, yielding energy gains in excess of 10 kcalmol�1 on
going from [Co ACHTUNGTRENNUNG(acac)2(L)] to CoACHTUNGTRENNUNG(acac)2(L)2,


[12] the stabiliza-
tion provided by AN, DMF, and DMSO is much more
modest.


Models for [(acac)2Co�PVAc] as macroinitiator in AN
homopolymerization : Once verified that the homolytic bond
cleavage of [(L) ACHTUNGTRENNUNG(acac)2Co�PAN] is consistent with control
of the AN polymerization by the reversible termination
mechanism in the DMSO solvent, the next experimental
phenomenon to be addressed is the solvent effect on the
ability of the [(acac)2Co�PVAc] macroinitiator to initiate ef-
ficiently the CRP of AN. Figure 9 summarizes the computa-
tional results at the B3LYP (9a) and B3WP91* (9b) levels
for the overall process. On going from left to right, the
[(acac)2Co{k


2:C,O�CH ACHTUNGTRENNUNG(CH3)OCOCH3}] complex, which
models the resting state of the growing [(acac)2Co�PVAc]
chain, first opens the acetate chelate, freeing up a coordina-
tion site on CoIII, which is saturated by L coordination. As
in the case of L addition to the [(acac)2Co�PAN] model, co-
ordination by AN provides very little stabilization (in fact,
the interaction is even slightly endothermic at the B3LYP
level), whereas the DMF and DMSO additions are more
exothermic. The next step is the homolytic rupture of the
CoIII�CH ACHTUNGTRENNUNG(CH3)OOCCH3 bond. Again, the CoIII�R BDE is
significantly greater at the B3PW91* level than the B3LYP


level (by ca. 6 kcalmol�1 for the [(L) ACHTUNGTRENNUNG(acac)2Co�CH-
ACHTUNGTRENNUNG(CH3)OOCCH3] species and 4.2 kcalmol�1 for the L-free
complex). As in the case of the CoIII�CH ACHTUNGTRENNUNG(CH3)CN bond,
the BDE depends on the nature of L, increasing in the
order DMSO < DMF < AN, but the effect of L coordina-
tion on the CoIII�R BDE is less for R = CH ACHTUNGTRENNUNG(CH3)OOCCH3


than for CH ACHTUNGTRENNUNG(CH3)CN. The coordination of DMSO, in fact,
has almost no effect at either computational level. After the
radical dissociation, the residual [CoACHTUNGTRENNUNG(acac)2(L)] complex is
trapped by a second L molecule to yield [Co ACHTUNGTRENNUNG(acac)2(L)2].
The energetics of this process have already been presented
in the above section, but are repeated in Figure 9 for clarity.
Notably, as already discussed above, [CoACHTUNGTRENNUNG(acac)2(AN)] and
[Co ACHTUNGTRENNUNG(acac)2(AN)2] are endothermic relative to [Co ACHTUNGTRENNUNG(acac)2] +


AN. Therefore, the CoIII�CH ACHTUNGTRENNUNG(CH3)OOCCH3 homolytic
splitting can be represented by Equations (4) (or (4’)) and
(5; L=DMF, DMSO), depending on the nature of L. After
the formation of [Co ACHTUNGTRENNUNG(acac)2] (in noncoordinating solvents)
or [Co ACHTUNGTRENNUNG(acac)2(L)2] (in DMF or DMSO), the latter is avail-
able to trap the growing PAN radical, which is in turn gener-
ated by AN addition to the PVAc radical (the reverse of the
activation of the [(L) ACHTUNGTRENNUNG(acac)2Co�PAN] model systems in
Figure 8). We underline that Figure 9 compares directly the
activation energetics of the two model systems of the dor-
mant chains, [PAN�Co ACHTUNGTRENNUNG(acac)2] and [PVAc�CoACHTUNGTRENNUNG(acac)2], rela-
tive to the common spin trap [CoACHTUNGTRENNUNG(acac)2] (in noncoordinat-
ing solvents) or [CoACHTUNGTRENNUNG(acac)2(L)2] (in DMF or DMSO. There-
fore, the energy diagram is normalized relative to the mono-
mer addition step (i.e. the conversion of the PAN radical to
the PVAc radical).


½ðacacÞ2Co�CHðCH3ÞOOCCH3� !
½CoðacacÞ2� þ CCHðCH3ÞOOCCH3


ð4Þ


½ðacacÞ2ðANÞCo�CHðCH3ÞOOCCH3� !
½CoðacacÞ2� þ AN þ CCHðCH3ÞOOCCH3


ð40Þ


½ðacacÞ2ðLÞCo�CHðCH3ÞOOCCH3� þ L !
½CoðacacÞ2ðLÞ2� þ CCHðCH3ÞOOCCH3


ð5Þ


The efficiency of this activation process can be estimated
on the basis of the enthalpy difference between the starting
dormant species and the stable form of the CoII radical trap-
ping species (the �TDS term is approximately equivalent on
going from the PAN mode to the PVAc model, so long as
we compare processes in the same solvent). The starting
dormant species will be the [(acac)2Co�PVAc] complex with
a chelated (k2 :C,O) chain-end in noncoordinating solvents,
because the AN monomer does not have sufficient coordi-
nating power to open the chelate and form the putative
[(AN) ACHTUNGTRENNUNG(acac)2Co�PVAc] adduct. The same may also be true
in DMF and DMSO, since the solvent binding energy is sim-
ilar to the energy associated with chelation of the terminal
VAc unit (binding of the carbonyl function) and the entropy
term disfavors solvent binding. However, if this term does
not play a major role in the condensed phase, the dominant
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species may be the solvent adduct [(L)ACHTUNGTRENNUNG(acac)2Co�PVAc], es-
pecially in DMF. The stable form of the CoII radical trap-
ping species, as shown above, is [Co ACHTUNGTRENNUNG(acac)2] in noncoordinat-
ing solvents and [Co ACHTUNGTRENNUNG(acac)2(L)2] in DMF or DMSO. The en-
thalpy change for activation of the [PVAc�CoACHTUNGTRENNUNG(acac)2] dor-
mant chain in the different solvents is (B3PW91* values,
with B3LYP values in parenthesis, in kcalmol�1): 13.01
(11.92) in noncoordinating solvents (L=AN); 10.77 (3.51)
for L=DMF; and 7.08 (�0.12) for L=DMSO. With both


functionals, the aptitude of the Co-terminated PVAc dor-
mant chain to be activated follows the same order as the
Co-terminated PAN chain as a function of L: AN < DMF
< DMSO. Once again, the B3LYP values probably do not
provide a quantitatively realistic picture, because the [R�
CoACHTUNGTRENNUNG(acac)2(L)] species are not sufficiently stabilized relative
to [CoACHTUNGTRENNUNG(acac)2(L)2].
These results agree qualitatively with the observed phe-


nomena and provide a basis for their interpretation. The


Figure 9. Energy diagram obtained with a) the B3LYP or b) the B3PW91* functional for the Co�C homolytic bond cleavage in [(acac)2Co�CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(OCOCH3)] and subsequent trapping of the CH(CN)CH3 radical in the presence of different neutral donors (L=AN, DMF, DMSO). The values shown
are relative enthalpies in kcalmol�1.
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Co-terminated PVAc species is not an efficient macroinitia-
tor for the AN polymerization in a noncoordinating solvent
(e.g. anisole). Under these conditions, such species generate
slowly PVAcC radicals in the AN homopolymerization[21] due
to the intramolecular complexation (k2 :C,O) which stabilizes
the Co�C bond.[16] On the other hand, the same species con-
trols the homopolymerization of VAc by reversible termina-
tion in the presence of neutral donor ligands (NEt3, py,
H2O)[12,16] and initiates the controlled (by reversible termi-
nation) AN polymerization in DMF[21] and in DMSO (this
work). This is made possible by the subtle stabilization of
the intermediate CoII complex by L addition. In spite of the
weaker CoIII�PAN bond relative to the CoIII�VOAc bond
(estimated as 0.5–2.5 kcalmol�1 depending on the nature of
L and the computational level), this bond still remains suffi-
ciently strong to insure an efficient trapping process and
therefore a good level of control. The initiation by the
[(acac)2Co�PVAc] macroinitiator is predicted by the calcu-
lation to be faster in DMSO, in agreement with the experi-
mental results.


Conclusion


Because of the moderate solubility of the poly(acrylonitrile)
in DMF at room temperature, the homopolymerization of
AN by CMRP was investigated in DMSO. Typically, the AN
polymerization initiated by V-70 in the presence of [Co-
ACHTUNGTRENNUNG(acac)2] presented clear evidence that polymer chains were
growing in a controlled fashion, such as an increase of the
molar mass with the monomer conversion and a rather low
molar mass distribution (ca. 1.4). However, a deviation from
linearity was observed for the dependence of the molar
mass on the conversion. Under these conditions, the number
of chains involved in the CMRP process increases along the
polymerization due to the slow V-70 decomposition, leading
to a discrepancy between experimental and theoretical
molar masses calculated considering the [AN]0/[Co]0 ratio
and the broadening of the molar mass distribution. This lim-
itation was circumvented by using an organocobalt ACHTUNGTRENNUNG(III)
adduct as the initiator at 0 8C in DMSO for the acrylonitrile
polymerization. In this case, all the chains were initiated at
the same time and their number, determined by the initiator
concentration, remained constant throughout the process, al-
lowing the formation of poly(acrylonitrile) with predictable
molar mass and molar mass distribution as low as 1.1.
DFT calculations, associated with X-ray analyses, con-


firmed that the coordination of the cobalt complex by sol-
vent molecules (DMSO and DMF) changes its reactivity. As
a rule, the Co�C bond is weaker when the metal is coordi-
nated by DMF and DMSO but it remains sufficiently strong
to ensure the control of the AN polymerization. Moreover,
it was demonstrated that this labilizing effect promoted by
DMF and DMSO (especially the latter) was responsible for
the fast initiation of the AN block from a PVAc�Co macroi-
nitiator, allowing the formation of well-defined PVAc�b�
PAN copolymers.


Experimental Section


Materials : Vinyl acetate (>99%, Aldrich) and acrylonitrile (>99%, Al-
drich) were dried over calcium hydride, degassed by several freeze-thaw
cycles before being distilled under reduced pressure and stored under
argon. Dimethyl sulfoxide (DMSO) was dried over calcium hydride
before being distilled under reduced pressure and stored under argon.
Dimethylformamide (DMF) and dichloromethane (CH2Cl2) were dried
over molecular sieves and degassed by bubbling argon for 30 mins. 2,2’-
Azo-bis(4-methoxy-2,4-dimethyl valeronitrile) (V-70) (Wako), cobalt(II)
acetylacetonate (Co ACHTUNGTRENNUNG(acac)2) (>98%, Acros) and 2,2,6,6-tetramethylpiper-
idine 1-oxy (TEMPO) (98%, Aldrich) were used as received.


Characterization : Size exclusion chromatography (SEC) was carried out
in DMF containing some LiBr (0.025m), with a Waters 600 liquid chro-
matograph equipped with a 410 refractive index detector and styragel
HR columns (HR1, 100–5000; HR3, 500–30000; HR4, 5000–500000;
HR5, 2000–40000000). Poly(methyl methacrylate) standards were used
for calibration. The molar masses of the PAN were corrected using the
Mark-Houwink equation ([h]=KnMn


a , where Kn=K ACHTUNGTRENNUNG(Mw/Mn)
0.5a(a+1)) (in


DMF, KPMMA=1.32W10�4, aPMMA=0.674; KPAN=3.17W10�4, aPAN=


0.746).[30,33] 1H NMR spectra were recorded in deuterated DMSO
([D6]DMSO) with a Bruker Spectrometer (250 MHz). Inductively Cou-
pled Plasma Mass Spectrometry (ICPMS) was carried out with a Spec-
trometer Elan DRC-e Perkin–Elmer SCIEX. Samples were prepared ac-
cording to the following procedure: evaporation of 1 mL of the cobalt
adduct stock solution in CH2Cl2, treatment of the residue by HNO3


(65%) at 60 8C for 2 h, dilution with doubly distilled water (250 mL).


Typical procedure for the homopolymerization of acrylonitrile by CMRP
in dimethylformamide : [CoACHTUNGTRENNUNG(acac)2] (102 mg, 0.40 mmol) and V-70
(122 mg, 0.40 mmol) were put into a round bottom flask capped by a
three-way stopcock, purged by three vacuum-argon cycles followed by
subsequent addition of distilled and degassed DMF (5.0 mL) and AN
(5.0 mL, 4.03 g, 76 mmol). The same procedure was repeated four times
and all the reaction media were placed simultaneously in an oil bath at
30 8C. After a few hours, the reaction mixture became inhomogeneous; a
grey suspension appeared in the flasks. Each experiment was stopped at
a different time by addition of 1 mL of a solution of TEMPO in DMF
(500 mg TEMPO in 1 mL). For each experiment, the conversion was
measured gravimetrically after precipitation of the PAN into diethyl
ether, whereas molar masses and molar mass distributions were deter-
mined by SEC (see characterization section).


Typical procedure for the homopolymerization of acrylonitrile by CMRP
in dimethyl sulfoxide : [CoACHTUNGTRENNUNG(acac)2] (102 mg, 0.40 mmol) and V-70 (122 mg,
0.40 mmol) were put into a round bottom flask capped by a three-way
stopcock and purged by three vacuum-argon cycles. After subsequent ad-
dition of distilled and degassed DMSO (5 mL) and AN (5 mL, 4.03 g,
76 mmol), the reaction medium was heated at 30 8C under stirring. After
2 h, the viscosity of the polymerization medium started to increase and
several samples were picked out all along the polymerization. A few
drops of each sample were diluted in deuterated DMSO containing
TEMPO in order to measure the AN conversion by 1H NMR (298 K,
D1=2 s, 16 scans). The remaining fractions of each sample were solubi-
lized in DMF containing TEMPO in order to measure the molecular pa-
rameters of the polyacrylonitrile by SEC. Mn,th at 100%=10100 gmol�1.
The same experiment was also carried out in DMSO using different
[AN]/[Co] or [Co]/ ACHTUNGTRENNUNG[V-70] ratios.


Homopolymerization of acrylonitrile initiated by low molecular weight
cobalt ACHTUNGTRENNUNG(III) adducts : The procedure for the synthesis as well as the com-
plete characterization of the low molecular weight cobalt ACHTUNGTRENNUNG(III) adduct are
described in detail in a recent paper.[16] As a rule, this cobalt adduct con-
tains less than four vinyl acetate units on average, end-capped by the
[Co ACHTUNGTRENNUNG(acac)2] complex ([Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0]; R0 being
the primary radical generated by V-70). The complex was stored as a
CH2Cl2 solution at �20 8C under argon. The cobalt concentration of the
stock solution was estimated as 0.10m by inductively coupled plasma
mass spectrometry (ICP-MS). In a round bottomed flask capped by a
three-way stopcock and purged by three vacuum-argon cycles, 1 mL of
the pink cobalt ACHTUNGTRENNUNG(III) adduct stock solution ([Co]=0.10m, 0.10 mmol) was
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introduced and then evaporated to dryness under reduced pressure. The
compound was then dissolved in distilled and degassed DMSO (5 mL),
followed by the addition of distilled and degassed AN (5 mL, 4.06 g,
75.2 mmol). The reaction mixture was then stirred at 30 8C. The AN con-
version and the molecular parameters of the PAN were determined at
different times by 1H NMR and SEC, respectively, as described above.
The same experiment was repeated at 0 8C.


Typical procedure for the preparation of [Co ACHTUNGTRENNUNG(acac)2(L)2] crystals and
their X-ray analysis : [Co ACHTUNGTRENNUNG(acac)2] (600 mg, 2.34 mmol) was placed in a
round bottom flask capped by a three-way stopcock and purged by three
vacuum-argon cycles and dissolved at room temperature in dry and de-
gassed solvents (6.0 mL), that is, AN, DMF, or DMSO. After stirring for
4 h, the solutions were transferred under argon into another flask before
dilution with an equal volume of dry and degassed acetone. The mixtures
were cooled down at �20 8C in order to crystallize the cobalt complexes.
Following this procedure, orange crystals of [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2] and [Co-
ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] were recovered and analyzed by X-ray diffraction,
whereas the same experiment conducted with AN did not lead to crystal-
lization.


X-ray data were collected on an Oxford Diffraction Gemini R Ultra dif-
fractometer using monochromated MoKa radiation. Crystals of the [Co-
ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] belong to space group P21/c, with unit-cell parameters
a=8.789(5), b=12.490(5), c=8.789(5) T and b=99.404(5)8. Crystals of
the [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2] belong to space group P1̄, with unit-cell parame-
ters a=6.1871(2), b=9.0988(4), c=9.6922(4) T and a =70.630(4), b=


74.294(3), g=78.940(3)8. The data were processed using the CrysAlis
package.[45] The structure was solved with Sir92[46] and refined using
SHELXL97[47] for full-matrix least-squares refinement. Crystal structures
were refined against low temperature data. CCDC-679089 and CCDC-
679090 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif


Computational details : All geometry optimizations were performed using
the B3LYP three-parameter hybrid density functional method of
Becke,[48] as implemented in the Gaussian03 suite of programs.[49] The
basis functions consisted of the standard 6–31G** for all light atoms (H,
C, N, O), plus the LANL2DZ function, which included the Hay and
Wadt effective core potentials (ECP),[50] for Co. The latter basis set was,
however, augmented with an f polarization function (a=0.8) in order to
obtain a balanced basis set and to improve the angular flexibility of the
metal functions. All geometry optimizations were carried out without any
symmetry constraints and all final geometries were characterized as local
minima of the potential energy surface (PES) by verifying that all second
derivatives of the energy were positive. The unrestricted formulation was
used for open-shell molecules. The value of <S2> at convergence was
very close to the expected value of 0.75 for the radical species and 3.75
for the spin quartet species (the greatest deviation was 3.7573 for com-
plex [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH2=CHCN)]), indicating minor spin contamination. All
energies were corrected for zero point vibrational energy and for thermal
energy to obtain the bond dissociation enthalpies at 298 K. The standard
approximations for estimating these corrections were used (ideal gas,
rigid rotor, and harmonic oscillator) as implemented into Gaussian03.
Additional calculations were also carried out with the same basis set by
use of the B3PW91* functional, at the fixed geometries optimized by
B3LYP. The thermal enthalpy correction was carried out using the
B3LYP values. The B3PW91* functional is a modified version of the
B3PW91 functional, in which the c3 coefficient in BeckeOs original three-
parameter fit to thermochemical data was changed to 0.15.


Acknowledgements


The authors from Li@ge are indebted to the “Belgian Science Policy” for
financial support in the frame of the “Interuniversity Attraction Poles
Programme (PAI VI/27) - Functional Supramolecular Systems”, and to
the “Fonds National de la Recherche Scientifique” (F.N.R.S., Belgium).
A.D. and C.M. are “Charg<s de Recherches” by F.N.R.S and C.D. is


“Chercheur Qualifi<” by F.N.R.S. R.P. thanks the “Agence National de la
Recherche” (Contract No. NT05–2 42140) and the “Centre Interuniversi-
taire de Calcul de Toulouse” (Project CALMIP) for granting free compu-
tational time. The authors thank Dr. Jeremy N. Harvey for fruitful discus-
sions, Professor J. Wouters for giving access to the X-ray facilities, G. Car-
tigny and B. Norberg for skilful assistance, and Wako for kindly provid-
ing them with V-70.


[1] M. K. Georges, R. P. N. Veregin, P. M. Kazmaier, G. K. Hamer, Mac-
romolecules 1993, 26, 2987–2988.


[2] W. A. Braunecker, K. Matyjaszewski, Prog. Polym. Sci. 2007, 32,
93–146.


[3] C. J. Hawker, A. W. Bosman, E. Harth, Chem. Rev. 2001, 101, 3661–
3688.


[4] V. Sciannamea, R. J<r=me, C. Detrembleur, Chem. Rev. 2008, 108,
1104–1126.


[5] Handbook of RAFT polymerization (Ed: C. Barner-Kowollik),
Wiley-VCH, 2008 .


[6] B. B. Wayland, G. Poszmik, S. L. Mukerjee, M. Fryd, J. Am. Chem.
Soc. 1994, 116, 7943–7944.


[7] B. B. Wayland, L. Basickes, S. Mukerjee, M. Wei, M. Fryd, Macro-
molecules 1997, 30, 8109–8112.


[8] B. B. Wayland, C.-H. Peng, X. Fu, Z. Lu, M. Fryd, Macromolecules
2006, 39, 8219–8222.


[9] A. Debuigne, J.-R. Caille, R. J<r=me, Angew. Chem. 2005, 117,
1125–1128; Angew. Chem. Int. Ed. 2005, 44, 1101–1104.


[10] R. Bryaskova, C. Detrembleur, A. Debuigne, R. J<r=me, Macromo-
lecules 2006, 39, 8263–8268.


[11] H. Kaneyoshi, K. Matyjaszewski, Macromolecules 2005, 38, 8163–
8169.


[12] S. Maria, H. Kaneyoshi, K. Matyjaszewski, R. Poli, Chem. Eur. J.
2007, 13, 2480–2492.


[13] A. Debuigne, J.-R. Caille, R. J<r=me, Macromolecules 2005, 38,
5452–5458.


[14] A. Debuigne, J.-R. Caille, C. Detrembleur, R. J<r=me, Angew.
Chem. 2005, 117, 3505–3508; Angew. Chem. Int. Ed. 2005, 44, 3439–
3442.


[15] C. Detrembleur, A. Debuigne, R. Bryaskova, B. Charleux, R.
J<r=me, Macromol. Rapid Commun. 2006, 27, 37–41.


[16] A. Debuigne, Y. Champouret, R. J<r=me, R. Poli, C. Detrembleur,
Chem. Eur. J. 2008, 14, 4046–4059.


[17] A. Debuigne, J.-R. Caille, N. Willet, R. J<r=me, Macromolecules
2005, 38, 9488–9496.


[18] R. Bryaskova, N. Willet, A. Debuigne, R. J<r=me, C. Detrembleur,
J. Polym. Sci. Polym. Chem. 2006, 45, 81–89.


[19] R. Bryaskova, N. Willet, P. Degee, P. Dubois, R. J<r=me, C. Detrem-
bleur, J. Polym. Sci. Part A: Polym. Chem. 2007, 45, 2532–2542.


[20] A. Debuigne, N. Willet, R. J<r=me, C. Detrembleur, Macromole-
cules 2007, 40, 7111–7118.


[21] A. Debuigne, J. Warnant, R. J<r=me, I. Voets, A. d. Keizer, M. A. C.
Stuart, C. Detrembleur, Macromolecules 2008, 41, 2353–2360.


[22] D. Benoit, V. Chaplinski, R. Braslau, C. J. Hawker, J. Am. Chem.
Soc. 1999, 121, 3904–3920.


[23] C. Tang, T. Kowalewski, K. Matyjaszewski, Macromolecules 2003,
36, 1465–1473.


[24] A. Kaim, J. Polym. Sci. Polym. Chem. 2006, 45, 232–241.
[25] K. Matyjaszewski, S. M. Jo, H.-j. Paik, S. G. Gaynor, Macromole-


cules 1997, 30, 6398–6400.
[26] K. Matyjaszewski, S. M. Jo, H.-j. Paik, D. A. Shipp, Macromolecules


1999, 32, 6431–6438.
[27] B. Barboiu, V. Percec, Macromolecules 2001, 34, 8626–8636.
[28] C. Tang, T. Kowalewski, K. Matyjaszewski, Macromolecules 2003,


36, 8587–8589.
[29] Q. An, J. Qian, L. Yu, Y. Luo, X. Liu, J. Polym. Sci. Polym. Chem.


2005, 43, 1973–1977.
[30] X.-H. Liu, Y.-G. Li, Y. Lin, Y.-S. Li, J. Polym. Sci. Polym. Chem. Ed.


2007, 45, 1272–1281.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7623 – 76377636


R. Poli, C. Detrembleur et al.



http://dx.doi.org/10.1021/ma00063a054

http://dx.doi.org/10.1021/ma00063a054

http://dx.doi.org/10.1021/ma00063a054

http://dx.doi.org/10.1021/ma00063a054

http://dx.doi.org/10.1016/j.progpolymsci.2006.11.002

http://dx.doi.org/10.1016/j.progpolymsci.2006.11.002

http://dx.doi.org/10.1016/j.progpolymsci.2006.11.002

http://dx.doi.org/10.1016/j.progpolymsci.2006.11.002

http://dx.doi.org/10.1021/cr990119u

http://dx.doi.org/10.1021/cr990119u

http://dx.doi.org/10.1021/cr990119u

http://dx.doi.org/10.1021/cr0680540

http://dx.doi.org/10.1021/cr0680540

http://dx.doi.org/10.1021/cr0680540

http://dx.doi.org/10.1021/cr0680540

http://dx.doi.org/10.1021/ja00096a080

http://dx.doi.org/10.1021/ja00096a080

http://dx.doi.org/10.1021/ja00096a080

http://dx.doi.org/10.1021/ja00096a080

http://dx.doi.org/10.1021/ma9707493

http://dx.doi.org/10.1021/ma9707493

http://dx.doi.org/10.1021/ma9707493

http://dx.doi.org/10.1021/ma9707493

http://dx.doi.org/10.1021/ma061643n

http://dx.doi.org/10.1021/ma061643n

http://dx.doi.org/10.1021/ma061643n

http://dx.doi.org/10.1021/ma061643n

http://dx.doi.org/10.1002/ange.200461333

http://dx.doi.org/10.1002/ange.200461333

http://dx.doi.org/10.1002/ange.200461333

http://dx.doi.org/10.1002/ange.200461333

http://dx.doi.org/10.1002/anie.200461333

http://dx.doi.org/10.1002/anie.200461333

http://dx.doi.org/10.1002/anie.200461333

http://dx.doi.org/10.1021/ma060339r

http://dx.doi.org/10.1021/ma060339r

http://dx.doi.org/10.1021/ma060339r

http://dx.doi.org/10.1021/ma060339r

http://dx.doi.org/10.1021/ma051433v

http://dx.doi.org/10.1021/ma051433v

http://dx.doi.org/10.1021/ma051433v

http://dx.doi.org/10.1002/chem.200601457

http://dx.doi.org/10.1002/chem.200601457

http://dx.doi.org/10.1002/chem.200601457

http://dx.doi.org/10.1002/chem.200601457

http://dx.doi.org/10.1021/ma047726q

http://dx.doi.org/10.1021/ma047726q

http://dx.doi.org/10.1021/ma047726q

http://dx.doi.org/10.1021/ma047726q

http://dx.doi.org/10.1002/ange.200500112

http://dx.doi.org/10.1002/ange.200500112

http://dx.doi.org/10.1002/ange.200500112

http://dx.doi.org/10.1002/ange.200500112

http://dx.doi.org/10.1002/anie.200500112

http://dx.doi.org/10.1002/anie.200500112

http://dx.doi.org/10.1002/anie.200500112

http://dx.doi.org/10.1002/marc.200500645

http://dx.doi.org/10.1002/marc.200500645

http://dx.doi.org/10.1002/marc.200500645

http://dx.doi.org/10.1002/chem.200701867

http://dx.doi.org/10.1002/chem.200701867

http://dx.doi.org/10.1002/chem.200701867

http://dx.doi.org/10.1021/ma051246x

http://dx.doi.org/10.1021/ma051246x

http://dx.doi.org/10.1021/ma051246x

http://dx.doi.org/10.1021/ma051246x

http://dx.doi.org/10.1002/pola.21963

http://dx.doi.org/10.1002/pola.21963

http://dx.doi.org/10.1002/pola.21963

http://dx.doi.org/10.1021/ma0712908

http://dx.doi.org/10.1021/ma0712908

http://dx.doi.org/10.1021/ma0712908

http://dx.doi.org/10.1021/ma0712908

http://dx.doi.org/10.1021/ma702341v

http://dx.doi.org/10.1021/ma702341v

http://dx.doi.org/10.1021/ma702341v

http://dx.doi.org/10.1021/ja984013c

http://dx.doi.org/10.1021/ja984013c

http://dx.doi.org/10.1021/ja984013c

http://dx.doi.org/10.1021/ja984013c

http://dx.doi.org/10.1021/ma025894h

http://dx.doi.org/10.1021/ma025894h

http://dx.doi.org/10.1021/ma025894h

http://dx.doi.org/10.1021/ma025894h

http://dx.doi.org/10.1021/ma9706384

http://dx.doi.org/10.1021/ma9706384

http://dx.doi.org/10.1021/ma9706384

http://dx.doi.org/10.1021/ma9706384

http://dx.doi.org/10.1021/ma9905526

http://dx.doi.org/10.1021/ma9905526

http://dx.doi.org/10.1021/ma9905526

http://dx.doi.org/10.1021/ma9905526

http://dx.doi.org/10.1021/ma011248r

http://dx.doi.org/10.1021/ma011248r

http://dx.doi.org/10.1021/ma011248r

http://dx.doi.org/10.1021/ma034942a

http://dx.doi.org/10.1021/ma034942a

http://dx.doi.org/10.1021/ma034942a

http://dx.doi.org/10.1021/ma034942a

http://dx.doi.org/10.1002/pola.20622

http://dx.doi.org/10.1002/pola.20622

http://dx.doi.org/10.1002/pola.20622

http://dx.doi.org/10.1002/pola.20622

www.chemeurj.org





[31] X.-H. Liu, G.-B. Zhang, X.-F. Lu, J.-Y. Liu, D. Pan, Y.-S. Li, J.
Polym. Sci. Polym. Chem 2005, 44, 490–498.


[32] A. Aqil, C. Detrembleur, B. Gilbert, R. J<r=me, C. J<r=me, Chem.
Mater. 2007, 19, 2150–2154.


[33] M. Minagawa, K. Miyano, T. Morita, F. Yoshii, Macromolecules
1989, 22, 2054–2058.


[34] F. Calderazzo, G. Pampaloni, D. Vitali, I. Collamati, G. Dessy, V.
Fares, J. Chem. Soc. Dalton Trans. 1980, 1965–1969.


[35] C. Carini, C. Pelizzi, G. Pelizzi, G. Predieri, P. Tarasconi, F. Vitali, J.
Chem. Soc. Chem. Commun. 1990, 613–614.


[36] G. M. Chiarella, D. Y. Melgarejo, S. A. Koch, J. Am. Chem. Soc.
2006, 128, 1416–1417.


[37] J. Conradie, A. Ghosh, J. Chem. Theory Comput. 2007, 3, 689–702.
[38] I. H. Wasbotten, A. Ghosh, Inorg. Chem. 2007, 46, 7890–7898.
[39] O. Salomon, M. Reiher, B. A. Hess, J. Chem. Phys. 2002, 117, 4729–


4737.
[40] J. N. Harvey, M. Aschi, Faraday Discuss. 2003, 124, 129–143.
[41] J. N. Harvey, R. Poli, Dalton Trans. 2003, 4100–4106.
[42] J. L. Carr<on-Macedo, J. N. Harvey, J. Am. Chem. Soc. 2004, 126,


5789–5797.
[43] M. B. Gillies, K. Matyjaszewski, P.-O. Norrby, T. Pintauer, R. Poli, P.


Richard, Macromolecules 2003, 36, 8551–8559.
[44] K. Matyjaszewski, R. Poli, Macromolecules 2005, 38, 8093–8100.
[45] Oxford Diffraction (2007). CrysAlis CCD and CrysAlis RED. Ver-


sions 1.171.32.5. Oxford Diffraction Ltd, Abingdon, Oxfordshire,
England


[46] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J. Appl.
Crystallogr. 1993, 26, 343–350.


[47] G. M. Sheldrick, SHELXL-97, A program for crystal structure re-
finement, University of Gçttingen, Germany, release 97–2, 1997.


[48] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[49] Gaussian 03, Revision C.02, G. W. T. M. J. Frisch, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. Montgomery, J. A.,
T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakr-
zewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox,
T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonza-
lez, J. A. Pople, Gaussian, Inc., Wallingford, CT, 2004.


[50] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270–283.


Received: March 2, 2008
Published online: July 15, 2008


Chem. Eur. J. 2008, 14, 7623 – 7637 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7637


FULL PAPERPolymerization of Acrylonitrile



http://dx.doi.org/10.1021/ma00195a006

http://dx.doi.org/10.1021/ma00195a006

http://dx.doi.org/10.1021/ma00195a006

http://dx.doi.org/10.1021/ma00195a006

http://dx.doi.org/10.1039/dt9800001965

http://dx.doi.org/10.1039/dt9800001965

http://dx.doi.org/10.1039/dt9800001965

http://dx.doi.org/10.1039/c39900000613

http://dx.doi.org/10.1039/c39900000613

http://dx.doi.org/10.1039/c39900000613

http://dx.doi.org/10.1039/c39900000613

http://dx.doi.org/10.1021/ja0571951

http://dx.doi.org/10.1021/ja0571951

http://dx.doi.org/10.1021/ja0571951

http://dx.doi.org/10.1021/ja0571951

http://dx.doi.org/10.1021/ct600337j

http://dx.doi.org/10.1021/ct600337j

http://dx.doi.org/10.1021/ct600337j

http://dx.doi.org/10.1021/ic700543f

http://dx.doi.org/10.1021/ic700543f

http://dx.doi.org/10.1021/ic700543f

http://dx.doi.org/10.1063/1.1493179

http://dx.doi.org/10.1063/1.1493179

http://dx.doi.org/10.1063/1.1493179

http://dx.doi.org/10.1039/b211871h

http://dx.doi.org/10.1039/b211871h

http://dx.doi.org/10.1039/b211871h

http://dx.doi.org/10.1039/b302916f

http://dx.doi.org/10.1039/b302916f

http://dx.doi.org/10.1039/b302916f

http://dx.doi.org/10.1021/ma0351672

http://dx.doi.org/10.1021/ma0351672

http://dx.doi.org/10.1021/ma0351672

http://dx.doi.org/10.1021/ma0512049

http://dx.doi.org/10.1021/ma0512049

http://dx.doi.org/10.1021/ma0512049

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448799

www.chemeurj.org






DOI: 10.1002/chem.200800716


One-Electron-Reduced and -Oxidized Stages of Donor-Substituted 1,1,4,4-
Tetracyanobuta-1,3-dienes of Different Molecular Architectures


Milan Kivala,[a] Tsvetanka Stanoeva,[b] Tsuyoshi Michinobu,[a] Brian Frank,[a]


Georg Gescheidt,*[b] and FranÅois Diederich*[a]


Introduction


Over the decades, organic electron donor–acceptor (D–A)-
substituted systems, featuring intramolecular charge-transfer
interactions, have attracted considerable interest as promis-
ing candidates for use in next-generation electronic and op-
toelectronic devices.[1,2] Furthermore, bimolecular D–A ar-
chitectures, capable of undergoing intermolecular charge
transfer, have been utilized for the development of molecu-
lar organic conductors.[3,4] Organic materials are of particu-


lar attraction due to the ease of structural tuning to enhance
specific properties for specialized applications, such as third-
order nonlinear optical (NLO) effects.[5]


Recently, we introduced a new class of potent charge-
transfer (CT) chromophores, donor-substituted 1,1,4,4-tetra-
cyanobuta-1,3-dienes (TCBDs),[6,7] accessible in very high
yields in an atom-economic synthesis by formal [2+2] cyclo-
addition between tetracyanoethylene (TCNE) and donor-
substituted alkynes, followed by retro-electrocyclization.[8]


Observed large third-order optical nonlinearities together
with high stability and easy synthetic accessibility make
these compounds attractive for fabrication of optoelectronic
devices.[6,9] Despite substitution with N,N-dialkylanilino, me-
thoxyphenyl, or thienyl donors, the TCBD moiety in these
systems remains a potent electron acceptor. Particularly re-
markable are the electrochemical properties of oligomeric
and dendritic donor-substituted TCBDs, which undergo sev-
eral reversible electron-transfer processes under electro-
chemical conditions.[7] These systems were shown to act as
“molecular batteries”, featuring exceptional electron uptake
and storage capacity.[10]


Herein, we report an initial investigation of one-electron-
reduced and -oxidized stages of monomeric and oligomeric


Abstract: A series of monomeric and
oligomeric donor-substituted 1,1,4,4-
tetracyanobuta-1,3-dienes (TCBDs)
with various topologies have been syn-
thesized by means of thermal [2+2]
cycloaddition between tetracyanoethyl-
ACHTUNGTRENNUNGene (TCNE) and donor-substituted al-
kynes, followed by retro-electrocycliza-
tion. One-electron-reduced and -oxi-
dized stages of the donor-substituted
TCBDs were generated by chemical
methods. The obtained radical anions
and radical cations were studied by
using electron paramagnetic resonance/
electron nuclear double resonance


(EPR/ENDOR) spectroscopy, support-
ed by density functional theory (DFT)
calculations. The extent of p-electron
delocalization in the paramagnetic spe-
cies was investigated in terms of the
EPR parameters. Despite favorable
molecular orbital (MO) coefficients,
the EPR results suggest that in radical
anions the spin and charge are con-
fined to the electron-withdrawing


TCBD moieties on the hyperfine EPR
timescale. The observed spin localiza-
tion is presumably caused by an inter-
play between the nonplanarity of the
studied p systems, limited p-electron
conjugation, and very likely counterion
effects. In radical cations, an analogous
spin and charge localization confined
to the electron-donating N,N-dialkyl-
ACHTUNGTRENNUNGaniline moieties was found. In this
case, an efficient electron delocaliza-
tion is disabled by small MO coeffi-
cients at the joints between the donor
and acceptor portions of the studied
TCBDs.
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donor-substituted TCBDs 1–9 by means of electron para-
magnetic resonance/electron nuclear double resonance
(EPR/ENDOR) spectroscopy, supported by density func-
tional theory (DFT) calculations, to probe the extent of
electronic interaction between the D–A dyads within a mol-
ecule when an electron is either added or removed.


Results and Discussion


Topology : Donor-substituted TCBD derivatives 1–9 can be
divided into three different classes depending on their struc-
tural features. Molecules 1–4 are monomeric, composed of a
1,1,4,4-tetracyanobuta-1,3-diene (TCBD) acceptor connect-
ed to a N,N-dialkylanilino or methoxyphenyl donor moiety.
The dendrimer-like chromophores 5–7 feature three (5 and
7) or four (6) arrays of D–A dyads that are attached to a
central benzene core. Derivative 7 includes 1,2-di(1,3-di-
thiol-2-ylidene)ethane-1,2-diyl fragments as donors, which
are introduced by [2+2] cycloaddition between tetrathiaful-
valene (TTF) and the electron-deficient triple bonds in 5,
followed by retro-electrocyclization.[7,11] The third class of
compounds involves an electron-donating triphenylamine
core to which D–A dyads are connected either by ethyne-
1,2-diyl (in 8) or 1-(buta-1,3-diyn-1-yl)-3,5-diethynylbenzene
(in 9) spacers.


Extensive X-ray crystallographic investigations on mono-
meric donor-substituted TCBDs, such as 1–3,[6] showed that
the chromophores are nonplanar, thereby impairing electron
delocalization to a certain extent, and this should also hold
for the more extended, multivalent systems 5–9. Electro-
chemical investigations revealed that dendritic donor-substi-
tuted TCBDs undergo multiple redox steps at virtually
matching potentials,[7] which suggests that the individual
electron donor and acceptor moieties behave as independ-
ent electroactive centers.[12] This behavior has previously
also been observed for ferrocenyl dendrimers by Astruc and
co-workers[10] and by others.[13] Although these data suggest
little communication between individual dyads in the multi-
valent systems, such as 5–9, it was the aim of the present
study to further quantify the extent of p-electron delocaliza-
tion in radical anions and radical cations of 1–9 by means of
EPR/ENDOR spectroscopy.


Synthesis : The syntheses of compounds 1–3, 5, and 7 have
already been described.[6,7] Compounds 4 and 6 were ob-
tained in near-quantitative yield by efficient cycloaddition of
TCNE with the corresponding alkyne precursors, followed
by in situ retro-electrocyclization, as previously reported. In
the synthesis of the dendritic systems 8 and 9, which feature
a central triphenylamine core, sequences of iterative Sono-
gashira cross-couplings and silyl deprotections were ap-
plied.[14] Thus, triiodotriarylamine 10[15] was cross-coupled
with (trimethylsilyl)buta-1,3-diyne[16] to yield tris-alkynylat-
ed product 11, which, after desilylation and cross-coupling
with iodoarene 12,[7] afforded dendritic 13 in 46% yield
(Scheme 1). As desilylated 11 deteriorates readily even as a


solution in THF to produce dark insoluble material, it must
be subjected to subsequent reactions immediately (see the
Supporting Information). Subsequent reaction of 13 with
TCNE in CH2Cl2 at 20 8C afforded the multivalent chromo-
phore 9 in very high yield. All new donor-substituted
TCBDs 4, 6, 8, and 9 are deep-colored solids, stable at ambi-
ent temperature and when exposed to the laboratory atmos-
phere, and melt without decomposing above 100 8C. The
identity of the alkyne precursors such as 13 and the novel
TCBD derivatives 4, 6, 8, and 9 was confirmed by using 1H
and 13C NMR spectroscopy and high-resolution MALDI-FT
mass spectrometry and/or elemental analysis.


Radical anions : Generally, reduction of the parent mole-
cules 1–9 with K or Zn metal in 1,2-dimethoxyethane
(DME) and N,N-dimethylformamide (DMF) yielded EPR
spectra that could be analyzed rather well. In some cases,
EPR spectra could be obtained from the solutions of the
parent compounds even before contact with the metal took
place. These EPR spectra, however, were identical to those
observed after a short contact of the reaction solutions with
the metal mirror. Prolonged reductions led to the appear-
ance of less-resolved EPR signals. The primary spectra were
assigned to one-electron-reduced species, that is, to radical
anions. One has to bear in mind that the experimental con-
ditions and the sensitivity of EPR spectroscopy slightly
differ from those of electrochemical experiments that indi-
cate simultaneous multielectron transfers for the multivalent
derivatives (see the Supporting Information, Table 1SI).[7]


One-electron reduction of 1 with K metal in DME yielded
well-resolved and slightly temperature-dependent EPR
spectra (Figure 1). A matching simulation of the experimen-
tal EPR spectrum was achieved by taking into account four
almost equivalent 14N nuclei with 14N isotropic hyperfine
coupling constants (hfc) of approximately 1 mT. The biggest
hfc of 0.253 mT is attributed to the single proton at the C(3)
position of the TCBD moiety. The phenyl protons and those
of the methoxy substituent reveal spin populations with hfc
values that are too small to be resolved in the EPR spec-
trum but distinguishable by ENDOR spectroscopy (see also
the calculated values in Figure 1).


The EPR data obtained after reduction of 2 basically
match those attributed to 1C�. A 14N hfc of 0.109 mT is as-
signed to the four virtually equivalent N atoms of the
TCBD unit. A one-proton hfc of 0.261 mT corresponds to
the single alkene H atom, and an hfc of 0.029 mT can be al-
located to the two equivalent ortho protons (with respect to
the TCBD moiety) of the aryl substituent. Thus, it is not as-
tonishing that the EPR spectra obtained for 1 and 2 indicate
rather similar shapes and an identical number of lines (see
Figure 1).


The EPR spectrum attributed to the radical anion 3C�, fea-
turing two types of N,N-dimethylanilino (DMA) donors, one
directly attached to the TCBD framework and the second
through an acetylenic linker, can be simulated in a straight-
forward way by using one 14N hfc of 0.114 mT for four virtu-
ally equivalent N atoms. Reduction of 4 with K in DME or
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Zn in DMF led to unresolved EPR signals (Figure 2). Their
width is compatible with those of 1C�, 2C�, and 3C�, thus the
spin distribution in 4C� is very likely to be similar to the
former radical anions.


The EPR spectra assigned to 1C�, 2C�, 3C�, and 4C� show
that the character of the donor group at the phenyl substitu-
ent (methoxy in 1, N,N-dialkylamino in 2–4) does not signif-
icantly alter the spin distribution. The same electron distri-
bution can also be established in derivatives 3 and 4, in
which the residual hydrogen atom on the TCBD moiety is
replaced by either a 4-(N,N-dimethylamino)phenylethynyl
or a (triisopropylsilyl)ethynyl group, respectively. With their
well-defined electronic structure, radical anions 1C� to 4C�


serve as ideal paradigms for the investigation of the multiva-
lent derivatives 5–9 carrying multiple units of 4.


The EPR data of 1C� to 9C�are summarized together with
the calculated hfc values in Table 1. In all cases, the 14N hfc


values are rather similar and in
good agreement with their cal-
culated counterparts. The 1H
hfc of H�C(3) in 1C� and 2C�


amounts to approximately 0.25–
0.26 mT, which demonstrates
that spin transfer by means of
this position is possible.[17] The
remaining 1H hfc values charac-
terizing the amount of delocali-
zation of the spin into the adja-
cent substituents are small, thus
indicating that spin delocaliza-
tion into the donor moieties is
not significant. The shapes and
the widths of EPR signals ob-
tained for radical anions 3C� to
9C� are almost identical, point-
ing to very similar spin distribu-
tions in these charged species
(Figure 2).


In conclusion, the EPR spec-
tra attributed to 1C� to 9C� indi-
cate that in the one-electron-re-
duced species, the spin and the
charge are essentially confined
to one 1,1,4,4-tetracyanobuta-
1,3-dienyl moiety. There is no
significant temperature depend-
ence of the EPR spectral shape,
thus dynamic phenomena such
as spin transfer between identi-
cal acceptor units in 5C� to 9C�on
the hyperfine timescale can be
ruled out.


According to the electro-
chemical measurements (see
the Supporting Information),[7]


simultaneous electron-transfer
processes should take place


upon reduction of dendritic 5–9, impairing the observation
of the primary radical anions 5C� to 9C�. However, it has to
be kept in mind that the experimental conditions applied in
the electrochemical measurements and the environment in
the diffusion layer at the working electrode are not identical
to those of the EPR experiment. In the latter case, non-ex-
haustive reduction of the parent compound allows the for-
mation of equilibria with EPR-detectable amounts of one-
electron-reduced paramagnetic species, that is, the radical
anions 1C� to 9C�.


Radical cations : The starting point for describing the prop-
erties of the donor–acceptor molecules in this study are the
radical cations of 2 and 4 because they resemble the electro-
active unit in most of the derivatives introduced here (unex-
pectedly, oxidation of 1 did not yield any clearly distinguish-
able EPR spectra).


Scheme 1. Synthesis of dendritic charge-transfer chromophore 9. a) 1,4-Bis(trimethylsilyl)buta-1,3-diyne,
MeLi·LiBr, THF, 3 h, 20 8C, then H+/H2O; b) 10, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], CuI, (iPr)2NH, 13 h, 20 8C, 100% (11) (yield
over two steps). c) nBu4NF, THF, 20 min, 0 8C. d) 12, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], CuI, (iPr)2NH, 15 h, 20 8C, 46% (13)
(yield over two steps). e) TCNE, CH2Cl2, 11 h, 20 8C, 100% (9).
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Oxidation of 2 with [bis(trifluoroacetoxy)iodo ACHTUNGTRENNUNG(III)] ACHTUNGTRENNUNGben-
ACHTUNGTRENNUNGzene (PIFA) in 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP) or
AlCl3 in CH2Cl2 afforded a well-resolved EPR spectrum
(Figure 3). The observed spectral pattern is produced by
four different hfc values. The largest hfc of 1.36 mT can be
assigned to the six equivalent b protons of the two methyl
groups attached to the amino nitrogen atom. The smaller 1H
hfc values of 0.56 and 0.18 mT are attributed to the pairwise
equivalent aromatic protons in the ortho and meta positions
with respect to the N,N-dimethylamino substituent, respec-
tively. These hfc values were verified by ENDOR spectros-
copy. The EPR simulation reveals a 14N hfc of 1.18 mT for
the amino nitrogen atom. This spin distribution is in very
good agreement with related alkyl-substituted aniline deriv-
atives and forms the basis for the interpretation of the EPR
spectra of the remaining molecules described herein.[18]


Silyl derivative 4 reveals an almost identical 14N hfc
(1.15 mT) as found in 2C+ . The rather small 1H hfc of
0.089 mT assigned to H�C(3) in 2C+ is missing, and addition-
al hfc values attributable to the triisopropylsilyl group are
not distinguishable. Importantly, the dominating six-proton
hfc of approximately 1.3 mT in 2C+ is replaced by a lower 1H
hfc of 0.702 mT for the four equivalent b protons of the ad-
jacent methylene groups in the n-hexyl substituents attached
to the amino nitrogen atom (Table 2).


Remarkably, oxidation of 3 bearing two different DMA
donor units leads to an EPR spectrum resembling that of
2C+ (Figure 3). The corresponding 14N and the six methyl 1H
hfc values are not significantly lower than those for 2C+


(0.979 and 1.05 mT, respectively; Table 2). The remaining
data resemble those of 2C+ as well. Thus, spin and charge are
confined to only one DMA moiety. The above data show


that the tendency of spin and
charge delocalization from the
DMA donor group attached to
the TCBD acceptor in the 2-po-
sition is not pronounced. If a
second donor moiety is at-
tached as in 3 or 4, hardly any
spin is transferred to the second
donor. This can be rationalized
by the rather low 1H hfc estab-
lished for H�C(3) (0.089 mT) in
2, indicating a low molecular
orbital (MO) coefficient of the
HOMO at this position (for cal-
culated HOMO (2C+) and
LUMO (2C�), see the Support-
ing Information, Figure 1SI).
Generally, such low coefficients
do not allow an efficient spin
and charge transfer.[19]


This behavior is well reflect-
ed in the EPR spectra of den-
dritic radical cations 5C+ and
6C+ . Their signals are rather
similar (Figure 4), and the cor-


responding data closely resemble those of 4C+ (Table 2).
Therefore, it can be concluded that one-electron oxidation
of 5 and 6 by several methods (see the Experimental Sec-
tion) leads to the formation of radical cations with the spin
and the charge being confined to one N,N-dialkylanilino
donor moiety.


Dendritic system 7 possesses 1,2-di(1,3-dithiol-2-ylidene)-
ethane-1,2-diyl fragments (vinylogously extended tetrathia-
fulvalenes) as donors inserted between the central phenyl
core and the peripheral DMA-substituted TCBD dyads. Not
unexpectedly, only unresolved EPR signals could be detect-
ed after the oxidation of 7. Their shape and the correspond-
ing g factor (2.0060) are compatible with radical cations car-
rying the dominating amount of the spin and the charge at
sulfur atoms. Unfortunately, we were not able to obtain
ENDOR spectra of these species and can therefore not de-
termine the amount of electron delocalization. Yet, it can be
anticipated that the dominating amount of electron popula-
tion resides at the 1,3-dithiol-2-ylidene moieties.[20] This is in
very good agreement with the markedly lower first-oxida-
tion potential of 7 (+0.41 V in CH2Cl2 versus Fc


+/Fc (ferri-
cinium/ferrocene couple)) compared with 5 and 6 (+0.88
and +0.89 V in CH2Cl2 versus Fc+/Fc, respectively; see the
Supporting Information).[7] The first-oxidation potential of
7, however, is considerably higher than that of 14, which is
approximately �0.30 V in MeCN (versus Fc+/Fc)
(Figure 5).[21] Thus, a considerable interaction of the vinylo-
gous tetrathiafulvalene-type
donor with the 1,1,4,4-tetracya-
nobuta-1,3-dienyl moiety exists.
This is reasonable since the
HOMO of 14 possesses rather


Figure 1. Experimental (exp) EPR spectra obtained after one-electron reduction of 1 (T=280 K) and 2 (T=


280 K) with K metal in DME together with the corresponding simulations (sim). The experimental (bold) and
calculated hfc values in mT and their assignments are displayed below the spectra. The inset shows the
ENDOR spectrum of 1C�.
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large MO coefficients at the central carbon atoms (see the
Supporting Information, Fig ACHTUNGTRENNUNGure 2SI).[21]


In dendritic 8 and 9, which posses the oxidizable triphe-
nylamine core, a competition between the oxidation of the


central core and the peripheral N,N-dihexylanilino (DHA)
substituents exists. The potential of the first three-electron
oxidation of 8 centered at the DHA moieties (+0.89 V in
CH2Cl2 versus Fc


+/Fc) is essentially identical to those of de-
rivatives 2, 5, and 6 (see the Supporting Information;
Figure 5).[6,7] Furthermore, a second one-electron oxidation
step located on the central triphenylamine core in 8 was ob-
served at +1.02 V. Indeed, immediately after oxidation of 8
with PIFA in HFP, an EPR spectrum similar to that assigned
to 2C+ , 5C+ , and 6C+ is observed. However, this signal rapidly
converts into a three-line spectrum reflecting one 14N nu-
cleus with an hfc of 0.89 mT (Figure 6). Presumably, the pri-
mary radical cation is rapidly converted to a triphenyl-
ACHTUNGTRENNUNGamine-type radical cation under our experimental condi-
tions. On the other hand, the first-oxidation potential of
dendrimer 9 (+0.75 V versus Fc+/Fc) is lower than those of
derivatives 2, 5, and 6 and corresponds to the one-electron
oxidation of the central triphenylamine core (see the Sup-
porting Information). Thus, chemical oxidation of 9 with
PIFA in HFP leads to the immediate appearance of a three-
line EPR signal reflecting electron removal from the
triphenyl ACHTUNGTRENNUNGamine core.


The difference in the oxidation potentials of the central
triphenylamine cores in 8 and 9 (+1.02 and +0.75 V versus
Fc+/Fc, respectively) might be explained in the following
way: Upon introduction of the TCBD acceptor moieties, the
oxidation potential of the triphenylamine core shifts to
more positive potentials (the oxidation potential of triphe-
nylamine is +0.39 V in MeCN versus Fc+/Fc).[22] This shift
is 630 mV in 8 and only 360 mV in the more extended 9.
The significantly smaller shift observed for 9 versus 8 is pre-
sumably due to the less-pronounced electron-withdrawing
effect of the more distant TCBD units on the central triphe-
nylamine core in 9 when compared with 8 (see the Support-
ing Information).


Conclusion


One-electron-reduced and -oxidized stages of D–A chromo-
phores 1–9 (radical anions and radical cations, respectively),
obtained by chemical reduction and oxidation of the corre-
sponding neutral species, were studied by using EPR


Figure 2. EPR spectra of 3C� to 9C� obtained by reduction with K metal in
DME (T=260–270 K).


Table 1. EPR data of radical anions 1C� to 9C� together with their calcu-
lated counterparts (UB3LYP/6-31G*) for 1C�, 2C�, and 3C� (in italics).


14N hfc [mT] (4N) 1H hfc [mT] (1H) g factor


1C� 0.104/0.144 0.253/0.258 2.0027
2C� 0.109/0.144 0.261/0.252 2.0027
3C� 0.117/0.096 – 2.0026
4C� 0.13 – 2.0027
5C� 0.092 – 2.0026
6C� 0.109 – 2.0028
7C� 0.107 – 2.0026
8C� 0.136 – 2.0026
9C� [a] – 2.0028


[a] Unresolved signal.
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(ENDOR) spectroscopy. Although the MO coefficients in
the LUMO would allow electron delocalization in radical
anions 1C� to 9C�, EPR investigations together with DFT cal-
culations indicate that spin and charge are confined to the
electron-withdrawing 1,1,4,4-tetracyanobuta-1,3-dienyl moi ACHTUNGTRENNUNGe-
ACHTUNGTRENNUNGty on the hyperfine EPR timescale. The observed spin locali-
zation in 1C� to 9C� is presumably due to 1) substantial devia-
tion of the p-system constituents from planarity as observed
previously,[6] 2) limited p-electron delocalization, and very
likely 3) counterion effects. An analogous spin and charge
localization confined to the electron-donating N,N-dialkyl-
ACHTUNGTRENNUNGaniline moieties is present in radical cations 2C+–9C+ ; unex-
pectedly, oxidation of 1 did not yield any clearly distinguish-
able EPR spectra. In this case, delocalization is additionally


impaired by rather small MO
coefficients in the HOMO at
the positions where the donor
and acceptor moieties are
linked.


These results suggest that
highly charged stages of D–A
chromophores 1–9 may display
remarkable magnetic properties
depending on the character of
the environment (e.g., solvent,
counterions, etc.). The explora-
tion of these phenomena is now
intensively being pursued.


Experimental Section


Materials and general methods : Re-
agents and solvents were purchased at
reagent grade from Acros, Aldrich,
and Fluka, and used as received. Tet-
rahydrofuran (THF) was freshly dis-
tilled from Na/benzophenone and


CH2Cl2 from CaH2 under N2. All reactions were performed under an
inert atmosphere by applying a positive pressure of N2 or Ar. Column
chromatography (CC) and plug filtrations were carried out with silica gel
60 (particle size 0.040–0.063 mm, 230–400 mesh; Fluka) and distilled
technical solvents. Tris(4-iodophenyl)amine (10),[15] iodoarene 12,[7] and
N,N-dihexyl-4-[(triisopropylsilyl)buta-1,3-diyn-1-yl]aniline (15)[7] were
prepared according to literature procedures. Thin-layer chromatography
(TLC) was conducted on aluminum sheets coated with silica gel 60 F254


obtained from Macherey-Nagel; visualization with a UV lamp (254 or
366 nm). Melting points (m.p.) were measured on a B?chi B-540 melting-
point apparatus in open capillaries and are uncorrected. “Decomp”
refers to decomposition. 1H and 13C NMR spectra were measured on a
Varian Gemini 300 or on a Bruker DRX500 spectrometer at 298 K unless
otherwise stated. Chemical shifts (d) are reported in ppm relative to the
signal of tetramethylsilane (TMS). Residual solvent signals in the 1H and
13C NMR spectra were used as an internal reference. Coupling constants
(J) are given in Hz. The apparent resonance multiplicity is described as s
(singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet), sept
(septuplet), and m (multiplet). Infrared spectra (IR) were recorded on a
Perkin–Elmer FT1600; signal designations: s (strong), m (medium), w
(weak). UV/Vis spectra were recorded on a Varian Cary-5 spectropho-
tometer. The spectra were measured for samples in CH2Cl2 in a quartz
cuvette (1 cm) at 298 K. The absorption maxima (lmax) are reported in
nm with the extinction coefficient (e) in m


�1 cm�1 in brackets; shoulders
are indicated as sh. High-resolution (HR) FT-ICR-MALDI spectra were
measured on an IonSpec Ultima Fourier transform (FT) instrument with
[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile
(DCTB), or 3-hydroxypicolinic acid (3-HPA) as the matrix. The most im-
portant peaks are reported in m/z units with M as the molecular ion.
MALDI-TOF spectra were recorded on a Bruker Daltonics Ultraflex
mass spectrometer using DCTB as matrix. Elemental analyses were per-
formed by the Mikrolabor at the Laboratorium f?r Organische Chemie,
ETH Z?rich, with a LECO CHN/900 instrument.


EPR and ENDOR measurements : EPR and ENDOR spectra were re-
corded on a Bruker ESP 300 spectrometer. The isotropic doublet EPR
spectra were simulated with Winsim,[23] a public-domain program.


Sample preparation


Reductions : 1,2-Dimethoxyethane (DME) was heated to reflux over an
Na/K alloy and stored over an Na/K alloy under high vacuum. DMF was
stored over molecular sieves. All reductions were performed by contact


Figure 3. EPR spectra of 2C+ and 3C+ obtained by oxidation with PIFA in HFP (T=280 K) together with their
simulations.


Table 2. EPR data of radical cations 1C+–9C+ together with their calculat-
ed counterparts (UB3LYP/6-31G*) for 2C+ and 3C+ (in italics; all hfc
values in mT).


14N (amino) 1H (Hb)
[a] 1H (H aromatic)[b] g factor


1C+ – – – –
2C+ 1.18/0.982 (1N) 1.36/1.18 (6H) 0.56/�0.53 (2H, o) 2.0028


0.18/�0.21 (2H, m)
3C+ 0.98/1.30 (1N) 1.0/0.775 (6H) 0.49/�0.26 (2H, o) 2.0030


0.17/�0.09 (2H, m)
4C+ 1.15 (1N) 0.70 (4H) 0.54 (2H, o) 2.0040
5C+ 1.17 (1N) 0.70 (4H) 0.52 (2H, o) 2.0023
6C+ 0.98 (1N) 0.52 (4H) 0.43 (2H, o) 2.0027
7C+ – – – 2.0060
8C+ [a] 1.1 (1N) 0.7 (4H) 0.4 (2H) 2.0030


0.89 (1N)
9C+ 0.89 (1N) – – 2.0030


[a] b Protons are separated from the spin-bearing 2pz-atom orbital by an
sp3-hybridized C atom. [b] The upper values represent the primary spec-
trum, those in the second line are consistent with the secondary spec-
trum, which is observed upon warming the sample (see the main text).
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of the solutions of the parent compounds with a K- or Zn-metal mirror
under high vacuum.


Oxidations : CH2Cl2 was heated to reflux over molecular sieves and
stored under high vacuum. 1,1,1,3,3,3-Hexafluoropropan-2-ol (HFP), tri-
fluoroacetic acid (TFA), and [bis(trifluoroacetoxy)iodoACHTUNGTRENNUNG(III)]benzene
(PIFA) were purchased from Aldrich and used without further purifica-
tion. Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“magic
blue”) was synthesized according to a literature procedure.[24] All oxida-
tions were performed under high vacuum by reacting solutions of the oxi-
dants in CH2Cl2 or HFP with those of the substrates. For oxidations in
CH2Cl2, the solvent was distilled under high vacuum into the Pyrex-glass
reaction cuvette charged with the oxidant and the substrate. The solu-
tions in CH2Cl2 were stirred at 190 K (dry ice/2-propanol bath) and the
sample was immediately transferred into the temperature-controlled mi-
crowave cavity of the EPR spectrometer. When HFP was used as the sol-
vent, it was placed into the sample tube under Ar, sealed, and degassed
by 3 or 4 freeze–pump–thaw cycles. The follow-up procedure was as de-
scribed for CH2Cl2.


Calculations : Calculations were performed with the Gaussian 03 pack-
age.[25] For geometry optimization and single-point determinations of the
Fermi contacts (hfc), the UB3LYP/6-31G* protocol was used. HOMOs
and LUMOs for selected compounds were calculated by using the


UB3LYP/6-31g(d) protocol and are shown in the Supporting Informa-
tion.


2-[4-(Dihexylamino)phenyl]-3-[(triisopropylsilyl)ethynyl]buta-1,3-diene-
1,1,4,4-tetracarbonitrile (4): A mixture of N,N-dihexyl-4-[(triisopropyl-
ACHTUNGTRENNUNGsilyl)buta-1,3-diyn-1-yl]aniline (15) (100 mg, 0.22 mmol) and TCNE
(27 mg, 0.22 mmol) in CH2Cl2 (30 mL) was stirred for 10 h at 20 8C. The
solvent was evaporated under vacuum and the residue subjected to CC
(silica gel, CH2Cl2) to give 4 (112 mg, 88%) as a deep-purple solid. Rf=


0.67 (silica gel, CH2Cl2); m.p. 124–126 8C; 1H NMR (300 MHz, CDCl3):
d=0.91 (t, J=6.6 Hz, 6H), 1.07–1.10 (m, 21H), 1.33 (m, 12H), 1.63 (m,


Figure 4. EPR spectra assigned to cations 5C+ and 6C+ obtained by oxidation with PIFA in HFP (T=280 K) together with their simulations.


Figure 5. Comparison of the first-oxidation potentials of 2,3, and 5–9.


Figure 6. EPR spectrum of 8C+ obtained by oxidation with PIFA in HFP
(T=300 K) together with its simulation.
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4H), 3.39 (t, J=7.8 Hz, 4H), 6.67 (d, J=9.4 Hz, 2H), 7.72 ppm (d, J=


9.4 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=11.21, 14.18, 18.65, 22.78,
26.81, 27.44, 31.72, 51.63, 72.79, 96.70, 100.11, 110.17, 111.20, 112.18,
113.45, 114.64, 116.85, 126.39, 132.76, 151.09, 153.25, 159.56 ppm; IR
(neat): ñ=2928 (m), 2864 (m), 2213 (s), 2140 (w), 1604 (s), 1543 (m),
1487 (s), 1449 (s), 1419 (s), 1349 (s), 1310 (m), 1262 (m), 1220 (s), 1187
(s), 1162 (s), 1116 (m), 1074 (w), 1022 (m), 999 (w), 883 (m), 828 (m),
803 cm�1 (m); UV/Vis (CH2Cl2): lmax (e)=262 (13800), 311 (14500), 444
(25000), 468 (sh, 23000), 549 nm (sh, 7200m


�1 cm�1); HR-MALDI-MS
(3-HPA): m/z calcd for C37H52N5Si


+ [M+H]+ : 594.3987; found: 594.3994;
elemental analysis calcd (%) for C37H51N5Si (593.92): C 74.82, H 8.65, N
11.79; found: C 74.76, H 8.68, N 11.87.


2,2’,2’’-[(5-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phe-
nyl]pent-4-en-1-yn-1-yl}benzene-1,2,4-triyl)triethyne-2,1-diyl]tris{3-[4-(di-
hexylamino)phenyl]buta-1,3-diene-1,1,4,4-tetracarbonitrile} (6): A mix-
ture of oligoalkyne 16 (50 mg, 0.038 mmol) and TCNE (20 mg,
0.153 mmol) in CH2Cl2 (25 mL) was stirred for 18 h at 20 8C. The solvent
was evaporated under vacuum and the residue subjected to CC (silica
gel, CH2Cl2/EtOAc 98:2) to give 6 (68 mg, 98%) as a black metallic
solid. Rf=0.59 (silica gel, CH2Cl2/EtOAc 98:2); m.p. 129–131 8C;
1H NMR (300 MHz, CDCl3): d=0.91 (t, J=6.4 Hz, 24H), 1.33 (s, 48H),
1.63 (m, 16H), 3.40 (t, J=7.6 Hz, 16H), 6.67 (d, J=9.3 Hz, 8H), 7.82 (d,
J=9.3 Hz, 8H), 8.03 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=14.18,
22.78, 26.81, 27.51, 31.68, 51.70, 71.60, 92.00, 98.81, 107.03, 109.93, 111.87,
112.53, 114.31, 114.78, 116.87, 125.61, 133.48, 139.26, 150.03, 153.79,
157.72 ppm; IR (neat): ñ =2927 (m), 2856 (m), 2213 (s), 2186 (m), 1600
(s), 1540 (m), 1484 (s), 1445 (s), 1414 (s), 1341 (s), 1262 (s), 1213 (s), 1182
(s), 1118 (s), 977 (m), 900 (m), 821 cm�1 (m); UV/Vis (CH2Cl2): lmax (e)=


287 (72100), 372 (138600), 471 (189900), 634 nm (19400m
�1 cm�1); HR-


MALDI-MS (3-HPA): m/z calcd for C118H123N20
+ [M+H]+ : 1820.0234;


found: 1820.0185; elemental analysis calcd (%) for C118H122N20 (1820.40):
C 77.86, H 6.75, N 15.39; found: C 77.97, H 7.01, N 15.10.


2,2’-{[(4-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]-
pent-4-en-1-yn-1-yl}phenyl)imino]bis(4,1-phenyleneethyne-2,1-diyl)}bis{3-
[4-(dihexylamino)phenyl]buta-1,3-diene-1,1,4,4-tetracarbonitrile} (8): A
mixture of oligoalkyne 17 (50 mg, 0.043 mmol) and TCNE (33 mg,
0.257 mmol) in CH2Cl2 (30 mL) was stirred for 16 h at 20 8C. The solvent
was evaporated under vacuum and the residue subjected to CC (silica
gel, CH2Cl2/EtOAc 99:1) to give 8 (68 mg, 100%) as a black solid. Rf=


0.55 (silica gel, CH2Cl2/EtOAc 99:1); m.p. 122–126 8C; 1H NMR
(500 MHz, CDCl3): d=0.91 (t, J=6.9 Hz, 18H), 1.32 (s, 36H), 1.61 (m,
12H), 3.37 (t, J=7.9 Hz, 12H), 6.66 (d, J=9.4 Hz, 6H), 7.10 (d, J=


8.8 Hz, 6H), 7.57 (d, J=8.8 Hz, 6H), 7.75 ppm (d, J=9.4 Hz, 6H);
13C NMR (125 MHz, CDCl3): d =13.96, 22.57, 26.63, 27.27, 31.50, 51.46,
72.67, 87.10, 93.69, 110.34, 111.58, 112.08, 113.48, 114.53, 115.49, 116.77,
116.96, 124.58, 132.67, 135.41, 148.86, 150.65, 153.15, 159.25 ppm; IR
(neat): ñ=2925 (m), 2855 (m), 2214 (m), 2160 (s), 1600 (s), 1483 (s), 1446
(s), 1412 (s), 1351 (s), 1317 (s), 1286 (s), 1211 (s), 1179 (s), 1116 (s), 1016
(m), 991 (m), 900 (w), 820 (m), 804 cm�1 (m); UV/Vis (CH2Cl2): lmax


(e)=279 (57500), 321 (sh, 52700), 347 (54500), 461 (157800), 522 nm
(131100m


�1 cm�1); HR-MALDI-MS (3-HPA): m/z calcd for C102H103N16
+


[M+H]+ : 1551.8552; found: 1551.8582; elemental analysis calcd (%) for
C102H102N16 (1552.04): C 78.94, H 6.62, N 14.44; found: C 79.11, H 6.75, N
14.26.


2,2’,2’’,2’’’,2’’’’,2’’’’’-[Nitrilotris(4,1-phenylenebuta-1,3-diyne-4,1-diylben-
zene-5,1,3-triyldiethyne-2,1-diyl)]hexakis{3-[4-(dihexylamino)phenyl]-
buta-1,3-diene-1,1,4,4-tetracarbonitrile} (9): A mixture of 13 (16.0 mg,
0.006 mmol) and TCNE (12.5 mg, 0.097 mmol) in CH2Cl2 (20 mL) was
stirred for 11 h at 20 8C. The solvent was evaporated under vacuum and
the residue subjected to CC (silica gel, CH2Cl2/EtOAc 99:1) to give 9
(21 mg, 100%) as a black solid. Rf=0.53 (silica gel, CH2Cl2/EtOAc 99:1);
m.p. >130 8C (decomp); 1H NMR (500 MHz, CDCl3): d=0.91 (t, J=


6.5 Hz, 36H), 1.34 (s, 72H), 1.64 (m, 24H), 3.40 (t, J=7.8 Hz, 24H), 6.70
(d, J=9.3 Hz, 12H), 7.06 (d, J=8.7 Hz, 6H), 7.46 (d, J=8.7 Hz, 6H),
7.75–7.78 (m, 15H), 7.85 ppm (d, J=1.5 Hz, 6H); 13C NMR (125 MHz,
CDCl3): d =13.96, 22.57, 26.63, 27.28, 31.49, 51.52, 72.35, 73.25, 77.46,
78.10, 83.75, 86.08, 96.58, 109.79, 111.02, 111.35, 112.27, 113.52, 114.33,
116.06, 116.41, 121.21, 124.17, 124.75, 132.65, 134.16, 136.33, 139.15,


147.37, 150.31, 153.33, 158.12 ppm; IR (neat): ñ =2925 (m), 2855 (m),
2212 (m), 2186 (m), 1600 (s), 1533 (w), 1486 (s), 1446 (s), 1413 (s), 1339
(s), 1290 (m), 1212 (m), 1182 (s), 1117 (s), 1016 (w), 980 (w), 884 (m),
818 cm�1 (m); UV/Vis (CH2Cl2): lmax (e)=288 (172000), 374 (236000),
414 (sh, 230000), 456 (272300), 568 nm (20800m


�1 cm�1); HR-MALDI-
MS (3-HPA): m/z calcd for C216H202N31


+ [M+H]+ : 3231.6816; found:
3231.6722; elemental analysis calcd (%) for C216H201N31 (3231.17): C
80.29, H 6.27, N 13.44; found: C 80.64, H 6.28, N 13.12.
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Dinuclear Zinc-Catalyzed Asymmetric Desymmetrization of Acyclic 2-
Substituted-1,3-Propanediols: A Powerful Entry into Chiral Building Blocks


Barry M. Trost,* Sushant Malhotra, Takashi Mino, and Naomi S. Rajapaksa[a]


Introduction


The ability to differentiate between two enantiotopic groups
of a symmetrical molecule is a powerful strategy for the syn-
thesis of chiral compounds. One such method, the asymmet-
ric desymmetrization through the enantiotopic acylation of
meso-1,3-diols, stands out as a versatile entry into a wide
range of chiral building blocks (Scheme 1). Although several


efforts toward the desymmetrization of such diols have been
described,[1] there remains a need for a general process that
desymmetrizes a wide range of acyclic 2-substituted-1,3-pro-
panediols, particularly for cases in which either enantiomer
is accessible simply by reversing the chirality of the catalyst.


Differentiation of the enantiotopic alcohols in 2-substitut-
ed-1,3-propanediols is inherently difficult because the pro-
ACHTUNGTRENNUNGstereogenic center is remotely situated b to the hydroxyl
group (Scheme 1). To overcome this challenge, enzymes
have traditionally been employed.[1] These enzymes have
demonstrated broad utility in the desymmetrization of such
diols and, in many cases, provide high enantioselection.
The advantages of using enzymes in the desymmetriza-


tions of 1,3-propanediols include their compatibility with a
wide range of functional groups and the fact that they are
environmentally benign. Despite these advantages, both en-
antiomers of an enzyme are not readily available, and re-
screening an enzyme collection to obtain the other enantio-
mer is often required. Switching from the enantioselective
acylation of the diol to the enantioselective hydrolysis of the
corresponding diester by using the same enzyme is an alter-
native approach to accessing the desired enantiomer. Un-
fortunately, this strategy is often unreliable and requires an
additional step. Furthermore, enzymes possess high sub-
strate specificities and thus general methods to obtain high
yields and enantioselectivities of both enantiomers of many
substrates remain elusive.[2–8] Additionally, products ob-
tained from enzymatic desymmetrization often contain an
acetate group that can lead to product racemization by
means of intramolecular acetyl migration (Scheme 2).[9]


Motivated by the limited generality of enzymatic desym-
metrization processes, several efforts using non-enzymatic
pathways have been undertaken to desymmetrize 2-substi-
tuted-1,3-propanediols. A significant advantage of using
such synthetic processes is that both enantiomers of the de-
symmetrized product can be obtained from the same start-
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Scheme 1. Asymmetric desymmetrization of meso-1,3-propanediols.
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ing material by simply reversing the chirality of the desym-
metrizing element.[10]


Fukumoto and co-workers developed the first synthetic
method to obtain desymmetrized 2-substituted-1,3-propane-
diols in high enantiomeric purity by employing chiral auxil-
iaries.[11,12] Oriyama and co-workers developed the first non-
enzymatic catalytic desymmetrization using a proline-de-
rived diamine to desymmetrize meso-2-alkyl-1,3-propane
diols.[13] In this reaction, the meso compound is first convert-
ed to the racemic monoacetate, which then undergoes a ki-
netic resolution to afford the desymmetrized products (21–
33% yields) along with a significant amount of the diester
(50–67%). Inspired by the discovery that a chiral amine can
be transiently acylated to generate a chiral acylating agent,
Fujimoto and co-workers developed a quinidine-based bi-
functional organocatalyst that can desymmetrize cyclic 1,3-
diols; however, only racemic products are obtained with
acyclic systems.[14]


Harada and co-workers developed a chiral oxazaborolidi-
none-catalyzed ring cleavage of 1,3-dioxane acetals as an
entry into desymmetrized meso-1,3-diols.[15] This process
provided several desymmetrized products containing mono-
substituted 2-aryl-1,3-propanediols in excellent enantioselec-
tivities (85–92% ee ; ee=enatiomeric excess); however,
when this method was applied to 2-alkyl-1,3-propanediols,
lowered enantioselectivities were observed (56–67% ee).
More recently, Miller and co-workers have developed a


peptide-based catalyst that desymmetrizes glycerol deriva-
tives in high enantioselectivities (86–97% ee) and modest
yields (27–56% ee).[16] Nagao and co-workers have used a
chiral sulfonamide zinc catalyst that is effective at desymme-
trizing N-Boc-2-amino-2-alkyl-1,3-propanediols to provide
chiral tertiary amines with high conversions (70–92%) and
reasonable enantiomeric purity (70–88% ee).[17] Analogous-
ly, Kang and co-workers have developed a copper-based
system that catalyzes the asymmetric acylation of 2-substi-
tuted glycerols to give chiral tertiary alcohols in excellent
yields (85–98%) and enantioselectivities (80–94% ee).[18]


Given the disadvantages of enzymatic desymmetrizations
and the current limitations of synthetic catalysts, we set out
to develop a general method that permits the synthesis of a
range of chiral 2-monosubstituted alkyl, aryl, and alkoxy
1,3-propanediols. The underlying motivation for initially
taking on this challenge lay in our finding that a dinuclear
zinc catalyst derived from phenols 1 or 2 and Et2Zn can acti-
vate carbonyl groups by providing a chiral environment with
a basic zinc–alkoxide species and a Lewis acidic zinc–alkyl
species that is highly amphoteric in nature (Scheme 3).[19]


We have previously reported the effectiveness of catalyst
2a in desymmetrizing several 2-aryl-1,3-propanediols, 2-
methyl-1,3-propanediol, and cis-1,2-bis(hydroxymethyl)-
cyclohexane.[20] Despite promising results, improvements
were necessary to enhance the substrate scope of 2-alkyl-
1,3-propanediols and the enantioselectivities of 2-aryl-1,3-
propanediols that had previously proven to be problematic.
Further, we wished to demonstrate that chiral building
blocks with applications in complex molecule synthesis
could be rapidly generated from the desymmetrized prod-
ucts. Our goal was thus to develop a process that 1) affords
products in high enantioselectivities in which the yields re-
flect a true desymmetrization event (theoretical yield of
100%); 2) is practical, experimentally simple, and robust;
and 3) utilizes a commercially available ligand and acylating
agent. Herein we describe our work on the desymmetriza-
tion of a wide range of meso-2-monosubstituted alkyl, aryl,
and alkoxy 1,3-propanediols.


Results and Discussion


It has been shown that a desymmetrized 2-methyl-1,3-pro-
panediol structural motif can be accessed from commercially
available methyl (S)-(+)-3-hydroxy-2-methylpropionate
(Roche Ester).[10] To demonstrate our method as a general
entry into other 2-substituted-1,3-propanediols we chose to
optimize our desymmetrization protocol on the next sim-
plest diol, 2-ethyl-1,3-propanediol (3 ; Scheme 4), the ester


analogue of which is not commercially available. Further-
more, the enzymatic desymmetrization of diol 3 has proven
to be problematic.[7] For our initial studies, vinyl benzoate
was the electrophile of choice, as the byproduct (acetalde-
hyde) cannot participate in the reverse reaction. Further, it
has been observed that the acyl transfer that led to product
racemization is slower in the benzoyl, relative to the acetyl
derivatives (Scheme 2, R=Ph vs. R=CH3).


[22]


Scheme 2. Mechanism for racemization of A to ent-A.


Scheme 3. Generation of the desymmetrization catalysts 1a and 2a.


Scheme 4. Catalytic asymmetric desymmetrization study outline.
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To examine the solvent dependence of the reaction, the
desymmetrization of 1,3-propanediol 3 was attempted by
using 5 mol% catalyst 1a and vinyl benzoate as the electro-
phile at 3 8C. These experiments (Table 1) show that toluene


gave a combination of both the
best yields and enantioselectivi-
ties.[23]


The influence of the tempera-
ture and the reaction time was
investigated next. A tempera-
ture of �20 8C gave the highest
yield and the greatest enantio-
selectivity (Table 2). Lowering the temperature below
�20 8C had little effect on the enantioselectivity, but the iso-
lated yield was significantly less due to low reaction conver-


sion. We also found that the enantiomeric ratio remains con-
stant during the course of the reaction and that catalyst 1a
does not promote the intramolecular benzoyl transfer at
�20 8C and 3 8C (Figure 1).
To study the influence of the structure of the electrophile


on the enantioselectivity of the reaction, we began by re-
placing the vinyl group with other alkenyl groups. Electro-
philes 5 and 6 were synthesized from 1-hexyne and benzoic
acid by using a ruthenium-catalyzed addition of the corre-
sponding carboxylic acids to alkynes (Scheme 5).[23] When
the asymmetric desymmetrization reaction was conducted
with such electrophiles, these structural changes had detri-


mental effects on both the yield and the enantioselectivity
(Scheme 6).
To alter the electronic nature of the benzoyl donor


moiety, electrophiles 7–11 were synthesized by means of a


Pd-catalyzed trans-vinylation reaction of vinyl acetate with
the appropriate carboxylic acids (Scheme 7).[25] O-Methoxy
vinylbenzoate 7 was synthesized to determine if incorporat-


ing a group capable of coordinating to the catalyst would in-
fluence the enantioselectivity.
Replacing vinyl benzoate with electrophiles 7 and 8 af-


forded esters 12 and 13, respectively, in slightly higher enan-
tioselectivities (Table 3). When electrophiles 9 and 11 were
employed in the desymmetrization of 1,3-propanediol 3 to
afford the desymmetrized products 14 and 16, respectively,
lower enantioselectivities were observed. Unfortunately,
electrophile 10 failed to give any desired desymmetrized
product 15. Given that only a negligible improvement was


Table 1. The influence of solvent on the asymmetric benzoylation of 3.


Entry Solvent Yield [%] ee [%]


1 CH3CN 66 73
2 CH2Cl2 89 77
3 THF 80 80
4 PhCH3 96 81


Table 2. The influence of temperature on the asymmetric desymmetriza-
tion of 3.


Entry T [8C] Yield [%] ee [%]


1 �30 29 85
2 �20 84 86
3 3 93 81
4 RT 60 65


Figure 1. Enantioselectivity vs. time for the asymmetric desymmetrization
of 3 at �20 8C and 3 8C.


Scheme 5. Synthesis of alkenyl benzoates 5 and 6.


Scheme 6. Influence of electrophiles 5 and 6 on the asymmetric desym-
metrization of 3.


Scheme 7. Synthesis of alkenyl benzoates 7–11.
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achieved with electrophiles 7 and 8, we continued our stud-
ies using commercially available vinyl benzoate.
Concentrations of both diol 3 and catalyst 1a were also


optimized. To understand the influence of the concentration
of catalyst 1a, we maintained the concentration of the diol
at 0.125m and tested various catalyst concentrations (en-
tries 1, 2, 4, and 5 in Table 4). Decreasing the catalyst load-


ing to 2.5% reduced yields dramatically, though no change
in enantiomeric excess was observed (entry 1 in Table 4). In-
creasing the catalyst loading past 5 mol% (entries 4–6 in
Table 4) resulted in no improvement in the enantioselectivi-
ty and reduced the yields for the transformation. As a
result, a catalyst loading of 5 mol% was, to this point, the
upper threshold for the desymmetrization process.
Given that a catalyst concentration of 0.006m was opti-


mal, we initiated experiments to lower the catalyst loading
by maintaining [1a]=0.006m and doubling the concentration
of diol 3. Unfortunately, this resulted in both lowered yields
and enantioselectivities (entry 3 in Table 4).
We have previously reported that catalyst 2a gives an in-


crease in the enantioselectivity for the asymmetric desym-
metrization of 2-phenyl-1,3-propanediol compared to cata-


lyst 1a.[20] This was, however, not the case for the 2-alkyl-
1,3-propanediols 3 and 17 (Table 5). Both catalysts give simi-
lar enantioselectivities for diol 3 (Table 5, entries 1 and 2).


Interestingly, higher enantioselectivities were obtained for 2-
methyl-1,3-propanediol (17) by using catalyst 1a (Table 5,
entries 3 and 4). Given that there was no advantage to
switching to 2a, we continued our studies with the catalyst
derived from the commercially available ligand 1 and Et2Zn.
The studies outlined above demonstrate that the asym-


metric desymmetrization of diol 3 can be achieved in im-
pressive yields and in high enantiomeric selectivities when
run with catalyst 1a in toluene at �20 8C for 24 h
(Scheme 8). Although other vinyl benzoates may be


employed, we determined that commercially available vinyl
benzoate gave comparable results to o- and p-methoxy-sub-
stituted vinyl benzoates. Further, it was determined that a
catalyst loading of 5 mol% with concentrations of 0.125m in
diol and 0.006m in catalyst were optimal. Having these con-
ditions in hand the next step was to determine if the opti-
mized conditions were suitable for the desymmetrization of
other 2-substituted-1,3-propanediols that contain functional-
ity that could be further elaborated.


The desymmetrization of meso-2-alkyl and meso-2-alkoxy-
1,3-propanediols : The optimized conditions shown in
Scheme 5 were applied to a range of meso-2-alkyl and meso-
2-alkoxy-1,3-propanediols that can serve as synthetically
useful precursors. The optimized conditions proved to be a
general and robust method to enantioselectively desymme-
trize 2-alkyl-1,3-propanediols with high yields and enantio-
selectivities (Table 6). For example, the desymmetrization of


Table 3. The influence of electrophiles 7–11 on the desymmetrization of
3.[a]


Entry R Electrophile/
Product


T [8C] Yield [%] ee [%]


1 o-C6H4OCH3 7/12 3 88 82
2 o-C6H4OCH3 7/12 RT 94 72
3 p-C6H4OCH3 8/13 3 88 83
4 p-C6H4OCH3 8/13 RT 90 76
5 p-C6H4Br 9/14 3 28 68
6 p-C6H4NO2 10/15 3 0 NA
7 2-furyl 11/16 �20 82 68


[a] All reactions were run in toluene at the specified temperature using
0.31 mmol of 3 for 24 h with [3]=0.125m and [1a]=0.006m.


Table 4. Influence of concentration of 3 and 1a on the asymmetric de-
symmetrization of 3.


Entry Catalyst [%] [3][a] [1a][a] t [h] Yield [%] ee [%]


1 2.5 0.125 0.002 24 26 81
2 5 0.125 0.006 24 84 86
3 2.5 0.25 0.006 72 51 75
4 7.5 0.125 0.009 24 70 84
5 10 0.125 0.012 24 53 84
6 10 0.25 0.012 24 55 87


Table 5. The influence of catalyst on the asymmetric desymmetrization
of 3 and 17.


Entry R Substrate/
Product


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


1 CH2CH3 3/4 1a 24 86 86
2 CH2CH3 3/4 2a 24 66 86
3 CH3 17/18 1a 24 88 90
4 CH3 17/18 2a 20 89 82


Scheme 8. Summary of optimized conditions for asymmetric desymmetri-
zations of diol 3.
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substrate 17 afforded benzoate 18 in 88% yield and 90% ee
(Table 6, entry 1).
Previous work on the addition of terminal alkynes to al-


dehydes demonstrated that catalyst 1a has the ability to de-
protonate and bind to alkynes.[19g] Yet diol 21, which con-
tains a terminal alkyne, did not poison the catalyst or react
with the acetaldehyde that is generated during the course of
the reaction, instead affording product 22 in 90% yield and
80% ee (Table 6, entry 4). Further, substrate 23 afforded the
desymmetrized product 24 in 85% yield and 90% ee
(Table 6, entry 5). A close analogue of product 24, which
contains a benzyl ether instead of the benzoyl ester, has re-
cently been synthesized in three steps and 55% yield using
a chiral auxiliary.[26] The auxiliary approach has been em-
ployed in the synthesis of (E)-alkene peptide isosteres.[27]


The method presented here, therefore, provides a more
direct route to such structures.
Although excellent results were achieved with 2-alkyl-1,3-


propanediols, the desymmetrization of 2-alkoxy-1,3-pro-
panediols 25 and 27 gave both lowered isolated yields and
enantioselectivities (Table 6, entries 6 and 7). These 1,3-pro-
panediols are unique in that they contain an electron-with-
drawing group on the b-carbon atom that lowers the nucleo-
philicity of the primary alcohols compared to the 2-alkyl-
1,3-propanediols discussed above. It is conceivable that the
lowered enantioselectivity and yield observed is due to the
fact that this class of 1,3-diols are intrinsically poorer ligands
for the zinc catalyst and possess a reduced propensity to un-
dergo acylation by the vinyl benzoate.


The desymmetrization of meso-2-aryl-1,3-propanediols :
Given the prevalence of aromatic functionality in both natu-
ral products and pharmaceuticals, a general method that
would provide either enantiomer of the desymmetrized 2-
aryl-1,3-propanediols would also be of significant value. Al-
though the dinuclear zinc catalyst 1a desymmetrized meso-
2-aryl-1,3-propanediols in yields and enantioselectivities
comparable to the 2-alkyl-1,3-propanediols, extending the
chiral pocket by using a larger biphenyl-based catalyst 2a
enhanced the enantioselectivities for 1,3-propanediol 29


(Table 7, entry 1 and 2). Similar to observations made with
diol 3, lowering the temperature for reactions with meso-2-
phenyl-1,3-propanediol 29 from room temperature to


�15 8C also resulted in increased enantioselectivity (Table 7,
entry 2 and 3).
The results presented in Table 7 show that the catalyst 2a


desymmetrizes both 2-aryl (Table 7, entries 1–9) and 2-thien-
yl-1,3-propanediols (Table 7, entries 10 and 11), giving enan-
tiomeric excesses ranging from 80 to 93%. The 1-naphthyl
substrate 39 is structurally unique, because it contains an ad-
ditional benzene ring in close proximity to the pronucleo-
phile. Enzymatic catalysis affords the desymmetrized prod-
uct 40 in 40% ee ;[28] however, the desymmetrized product
can be obtained in 67% ee with catalyst 2a and in 80% ee
with catalyst 1a. Additionally, changing the positioning of
the 1,3-propanediol to the 2-naphthyl substrate gave an en-
antiomeric excess of 93% using catalyst 2a. The results pre-
sented in Table 7 demonstrate that either catalyst effects the
desymmetrization of 2-aryl-1,3-propanediols in high enantio-
selectivities. An added advantage to this process is that
either enantiomer of the desymmetrized product can be ac-
cessed by switching to the other enantiomer of the chiral
catalyst.


Synthetic utility—the rapid generation of chiral building
blocks : The asymmetric desymmetrization of 2-substituted-
1,3-propanediols provides several chiral building blocks that
can be potentially employed in total synthesis. There are
two challenges that needed to be addressed in order to dem-
onstrate a broad applicability of this methodology. First, as
described in Scheme 2, either an acid- or base-catalyzed in-


Table 6. The desymmetrization of 2-alkyl-1,3-propanediols and 2-alkoxy-
1,3-propanediols.[a]


Entry R Substrate/
Product


Yield [%] ee [%]


1 R=CH3 17/18 88 90
2 R=CH2CH3 3/4 86 86
3 R=CH2CHCH2 19/20 84 84
4 R=CH2CCH 21/22 90 80
5 R=Bn 23/24 85 90
6 R=OBn 25/26 36 40
7 R=OTIPS 27/28 22(54)[b] 60


[a] All reactions conducted using optimized conditions shown in
Scheme 8. [b] Yield based on recovered starting material.


Table 7. The desymmetrization of 2-aryl-1,3-propanediols.[a]


Entry Substrate/Product Mol% cat. T [oC] Yield [%] ee [%]


1 29/30 5% 1a RT 85 74
2 29/30 5% 2a RT 98 83
3 29/30 5% 2a �15 94 91
4 31/32 5% 2a �15 94 91
5 33/34 5% 2a �15 99 93
6 35/36 10% 2a �15 89 90
7 37/38 10% 2a �15 83 86
8 39/40 5% 1a �20 56(95)[b] 80[c]


9 39/40 ent 5% 2a �20 80 �67[c]
10 41/42 10% 2a �15 97 93
10 43/44 10% 2a �15 88 74
11 45/46 5% 2a �15 78 70


[a] Reactions were performed at 0.1m except as indicated elsewhere.
[b] Yield based on recovered starting material. [c] Reaction performed
with optimized conditions shown in Scheme 8.
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tramolecular acyl transfer that may lead to erosion in enan-
tiomeric excess must be avoided. Second, in the oxidation of
the desymmetrized alcohol to an aldehyde or carboxylic
acid, the b-elimination of the benzoate must be minimized.
The latter issue was specifically relevant to an ongoing proj-
ect involving the total synthesis of a marine macrolide for
which the aldehyde was required.
The formation of the p-toluenesulfonate 47 (path a) from


substrate 18 using standard conditions gave a minimal ero-
sion of the enantiomeric ratio (Scheme 9). This compound


has been previously synthesized from the Roche ester in
five steps (compared to two steps from inexpensive commer-
cially available diol 17) and served as an essential intermedi-
ate in determining the absolute stereochemistry of benzoate
18.[29] Building block 47 proved to be a useful intermediate
for the formation of nitrile 48 (path b).[29] Azide 49 (path c)
can be accessed directly from the desymmetrized product 18
from a Mitsunobu reaction.[30] The desbenzoyl derivatives
for both substrates 48 and 49 have been accessed from com-
mercially available chiral 3-bromo-2-methyl-1-propanol[31]


and have been employed in the total synthesis of natural
products.[32] However, to access analogues that contain 2-
substitution other than a methyl group, multistep sequences
have been employed.[32c] The orthogonally protected asym-
metric 1,3-propanediol (path d) 50 provides another poten-
tially useful chiral building block. Initial attempts to oxidize
primary alcohol 18 to aldehyde 51 proved problematic due
to subsequent elimination of the benzoyl group. Gratifying-
ly, TEMPO and bisacetoxy iodosobenzene provided mild re-
action conditions for the formation of aldehyde 51, with no
erosion of the enantiomeric selectivity. Although these ex-
amples represent entries into 2-methyl substituted deriva-


tives, this methodology provides a general entry into other
2-alkyl and 2-aryl derivatives, for which the chiral precursors
are not commercially available.
To further enhance the utility of our methodology, prod-


uct 22 was transformed into structurally diverse chiral build-
ing blocks (Scheme 10). Ruthenium-catalyzed regioselective


hydrosilylation[33] transformed alkyne 22 into vinyl silane 52
in high yields and with minimal degradation in the enantio-
meric excess. Vinyl silanes have shown great utility in the
formation of C�H,[33] C�C,[35] and C�O[36] bonds and pro-
vide a route to more elaborated chiral building blocks. The
desymmetrized alkyne 22 can also undergo ruthenium-cata-
lyzed oxidative cyclizations and cycloisomerizations to
afford lactone 53 and dihydropyran 54. The acetate deriva-
tive of lactone 53 has been used for the enantioselective
total synthesis of the natural product tacamonie,[37] and this
method provides a more efficient way to access this inter-
mediate. Interestingly, no degradation of enantiomeric
excess is observed when electron-rich phosphanes are used
to access lactone 53. However, with electron-deficient phos-
phanes, the electrophilicity of the metal is enhanced, and
this may account for the degradation of the enantiomeric
excess from 80% to 71% during the formation of dihydro-
pyran 54.


Proposed mechanism and stereochemical proof : In the pro-
posed mechanism, the reaction between a 1,3-propanediol
and the zinc catalyst 1a furnishes the zinc alkoxide
(Scheme 11, I). Coordination of the vinyl benzoate can
occur from either face of the C2 symmetric ligand, away
from the two phenyl groups that are almost perpendicular
to the plane of the catalyst. This mode of binding activates
the carbonyl carbon atom to give intermediate II. Catalyst-
directed benzoylation could then proceed via transition
state III, for which a proton transfer is followed by acylation
by the activated ester within the coordination sphere of the
catalyst. Ligand exchange on IV with another molecule of
diol decomplexes the desymmetrized product and then pro-
tonates the zinc–enolate, leading to the release of acetalde-
hyde.


Scheme 9. Synthesis of chiral building blocks from 18 as a representative
example. a) TsCl, Et3N, CH2Cl2, RT; b) NaCN, DMSO, 80 8C;
c) [Zn(N3)2·Py], DIAD, PPh3, PhCH3; d) TIPSCl, imidazole, DMF; e) Ph-
ACHTUNGTRENNUNG(IOAc)2, TEMPO, CH2Cl2. Abbreviations: Py=pyridine, TsCl= tosyl
chloride, DIAD=diisopropyl diazodicarboxylate, TIPSCl= triisopropyl-
ACHTUNGTRENNUNGsilylchloride, TEMPO=2,2,6,6-tetramethylpiperidine-N-oxide.


Scheme 10. Synthesis of complex chiral building blocks from 22.
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The absolute stereochemistry was assigned by comparison
of the optical rotation of desymmetrized products 18[5] and
47[29] with known literature values. It was found that the
(S,S)-1 ligand gives products with S stereochemistry for 2-
alkyl, 2-alkoxy, and 2-(hetero)aryl-1,3-propanediols. The ste-
reochemical outcome can be rationalized based on transition
state III depicted in Scheme 11, in which the prochiral alco-
hol proximal to the vinyl benzoate is benzoylated.


Conclusion


In summary, we have developed an efficient method to de-
symmetrize 2-alkyl- and 2-aryl-1,3-propanediols in excellent
yields and enantiomeric selectivites. The underlying ration-
ale for the success of a catalyst system such as 1a and 2a is
that it provides an amphoteric environment in which one
zinc atom generates an alkoxide of a 1,3-propanediol and
the other acts as a Lewis acid by activating the vinyl ben-
zoate. The result of this coordination is an enantioselective
benzoylation that affords a wide range of desymmetrized 2-
alkyl and 2-aryl-1,3-propanediols.


In comparison to enzymatic
desymmetrizations, this process
does not require the screening
of enzymes and it incorporates
a benzoyl group that is less
prone to intramolecular acyl
transfer.[38] Usually enzymatic
acylation and enzymatic hydro-
ACHTUNGTRENNUNGlysis are complementary and
give opposite enantiomers, but
this is not always the case. For
example, the desymmetrization
of 1,3-propanediol 3 to product
4 gave superior enantioselectiv-
ities compared to enzymatic
acylation, which affords the R-
configured product in 72%
yield and 46% ee.[7] Although
the enzymatic hydrolysis of the
diacetylated product derived
from diol 3 gives higher enan-
tioselectivities (94% ee), only
the R enantiomer can be direct-
ly accessed by this method.[7]


With our asymmetric desym-
metrizations, both antipodes of
the desymmetrized product are
accessible in high enantioselec-
tivities by switching the chirali-
ty of the ligand.[7] The substrate
scope of these reactions extends
to both 2-alkyl- and 2-aryl-1,3-
propanediols. The reactions are
operationally simple and the
product can be obtained in ex-


cellent purities by directly loading the crude reaction mix-
ture onto silica gel. An added benefit of this procedure is
that both ligand 1 and vinyl benzoate are commercially
available.
The derivatization of alcohols 18 and 22 demonstrates the


potential of this methodology to provide rapid access to a
range of chiral building blocks. The desymmetrized 2-
methyl-1,3-propanediol structural motif has been previously
synthesized from commercially available Roche ester. This
work presents a new way to access this common chiral start-
ing material in either fewer or a comparable number of in-
expensive synthetic steps from commercially available start-
ing materials. Additionally, for compounds that contain a
substituent other than a methyl group, this method provides
a direct entry into such desymmetrized structural motifs.


Experimental Section


General information : All reactions were carried out in flame-dried glass-
ware under a N2 atmosphere. Anhydrous acetonitrile, dichloromethane,
tetrahydrofuran, and toluene were obtained from a Seca solvent purifica-


Scheme 11. Proposed catalytic cycle for the desymmetrization of meso-2-substituted-1,3-propanediols.
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tion system by Glass Contour. Solvents and reagents were transferred by
means of a syringe, which had been oven dried and cooled in a dessica-
tor.


Analytical thin-layer chromatography was preformed on precoated
250 mm layer thickness silica gel 60 F254 plates (EMD Chemicals Inc.).
Visualization was performed by ultraviolet light and/or by staining with
either ceric ammonium molybdate or potassium permanganate. Flash
column chromatography was performed over 32–63 mm silica gel (Sorb-
ent Technologies) and by using compressed air. The eluents employed for
flash chromatography are reported as volume: volume percentages.
1H NMR spectra were acquired using Varian Inova 500 MHz, Mercury
400 MHz, and Gemini 300 MHz spectrometers. Chemical shifts (d) are
reported in parts per million (ppm) and are calibrated to residual solvent
peaks: proton (CDCl3 7.26 ppm) and carbon (CDCl3 77.0 ppm). Coupling
constants (J) are reported in Hz. Multiplicities are reported using the fol-
lowing abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, mul-
tiplet. 13C NMR spectra were recorded using a Varian Unity INOVA
spectrometer at 125 MHz or a Varian Gemini at 75 MHz.


IR spectroscopic data was recorded on NaCl plates as thin films on a
Perkin–Elmer Paragon 500 FT-IR spectrophotometer using 0.1 mm path
length. The absorbance frequencies are recorded in wavenumbers (cm�1).
Elemental analyses were performed by M-H-W Laboratories, Phoenix,
Arizona. High-resolution mass spectra were obtained from the Mass
Spectrometry Resource, School of Pharmacy, University of California-
San Francisco, supported by the NIH Division of Research Resource,
and are reported as m/z (relative ratio). Accurate masses are reported
for the molecular ion [M+] or a suitable fragment ion. Chiral HPLC anal-
yses were performed on Daicel Chiralpack columns (AD, AS, OB-H,
OC, OD, or OJ) using heptane/2-propanol mixtures. The respective ratio
of the eluent mixture, flow rate, detection wavelength, and column are in-
dicated within the experimental details. Retention times (Tr) are reported
in minutes (min). Optical rotations were determined using a JASCO
DIP-1000 digital polarimeter in 50 mm cells and the sodium D line
(589 nm) at the temperature, solvent, and concentration indicated.


Representative procedure for asymmetric desymmetrizations


Preparation of the dinuclear zinc catalyst : Diethyl zinc (47 mL,
0.0312 mmol, 0.67m in toluene) was added dropwise to a solution of
(S,S)-Pro-phenol ligand 1 (9.96 mg, 0.0156 mmol) in anhydrous toluene
(553 mL) while stirring under nitrogen. The light yellow catalyst solution
(0.026m) was stirred for 30 min at room temperature and then transferred
to the appropriate reaction using a syringe.


Asymmetric desymmetrization : Anhydrous toluene (1.9 mL) was added
to a flame-dried tube containing 2-ethyl-propane-1,3-diol (32.5 mg,
0.312 mmol) and vinyl benzoate (231 mg, 1.56 mmol) at room tempera-
ture. A stock solution of catalyst (0.026m, 0.6 mL, 0.0156 mmol) was
added at �70 8C under a positive flow of nitrogen. The reaction was
sealed and stirred at �20 8C for 24 h (stirring was essential to the yield of
the reaction as the reaction is heterogeneous at this temperature, when
the reaction was conducted at �20 8C without stirring, similar enantiose-
lectivities were obtained; however, significantly lowered yields were ob-
served). The crude product was directly applied to a silica gel column,
and eluted with 20%!50% ethyl acetate/hexanes to give the desired
product (54.7 mg, 84% yield). Rf=0.44 (50% ethyl acetate/hexanes);
[a]25D =�1.89 (86% ee, c=1.0 in CH2Cl2);


1H NMR (500 MHz, CDCl3):
d=8.07 (dd, J=8.4, 1.4 Hz, 2H), 7.60 (tt, J=7.4, 1.4 Hz, 1H), 7.48 (dt,
J=8.4, 7.4 Hz, 2H), 4.51 (dd, J=11.2, 4.3 Hz, 1H), 4.39 (dd, J=11.2,
6.3 Hz, 1H), 3.71 (m, 1H), 3.63 (m, 1H), 2.05 (t, J=6.3 Hz, 1H), 1.90 (m,
1H), 1.50 (m, 2H), 1.02 ppm (t, J=7.6 Hz, 3H); 13C NMR (125 MHz,
CDCl3): d=167.4, 133.4, 130.3, 129.9, 128.7, 64.9, 62.6, 42.7, 21.1,
11.8 ppm; IR (neat): ñmax=3332, 2963, 2932, 2879, 1719, 1464, 1381, 1044,
1008, 969, 767 cm�1; tr=31.4 and 37.6 min (major) (Chiralcel OBH Chiral
HPLC, l=254 nm, heptane/iPrOH=99:1, 0.8 mLmin�1); ee=86%; ele-
mental analysis calcd (%): C 69.21, H 7.74; found: C 69.19, H 7.60.


(R)-2-Methyl-3-(tosyloxy)propyl benzoate (47): A solution of (S)-3-hy-
droxy-2-methylpropyl benzoate (204 mg, 1.05 mmol, 91% ee) in dichloro-
methane (3 mL) was added to Et3N (1.06 g, 10.5 mmol) and p-toluenesul-
fonyl chloride (0.40 g, 2.10 mmol). The reaction was stirred at room tem-
perature for 15 h, diluted with diethyl ether, and washed with saturated


aqueous NaHCO3. The organic layer was dried (Na2SO4), filtered, and
concentrated. Silica gel chromatography with ethyl acetate/hexane mix-
tures gave compound 47 (0.27 g, 74%, 88% ee) as a white solid. Rf=0.45
(20% ethyl acetate/hexanes); [a]25D =�4.80 (88% ee, c=0.99 in CH2Cl2);
tr=18.57 (major) and 20.83 min (Chiralcel OD Chiral HPLC, l=254 nm,
heptane/iPrOH=95:5, 0.8 mLmin�1). The product 47 has been reported
previously[29] was identified by comparison of 1H NMR and IR data.


(�)-3-Cyano-2-methylpropyl benzoate (48): Sodium cyanide (12.7 mg,
0.260 mmol) was added to a solution of (R)-2-methyl-3-(tosyloxy)propyl
benzoate (45 mg, 0.129 mmol) in [D6]DMSO (0.8 mL). The reaction mix-
ture was heated to 80 8C for 2.5 h. Upon completion (monitored by
1H NMR spectroscopy), the reaction was diluted with diethyl ether
(40 mL), washed five times with water, dried (MgSO4), filtered, and con-
centrated. The crude product was purified by silica gel column chroma-
tography (20% ethyl acetate/hexanes) to afford compound 48 (25 mg,
96%) as a clear oil. Rf=0.2 (20% ethyl acetate/hexanes); [a]25D =�14.65
(88% ee, c=0.39 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d =8.04 (dd,
J=8.0, 1.0 Hz, 2H), 7.57 (tt, J=8.0, 1.0 Hz, 1H), 7.45 (dd, J=8.0, 8.0 Hz,
2H), 4.28 (dd, J=11.0, 5.6 Hz, 1H), 4.23 (dd, J=11.0, 6.5 Hz, 1H), 3.43
(dd, J=11.9, 5.8, 1H), 3.36 (dd, J=11.9, 6.3 Hz, 1H), 2.28–2.16 ppm (m,
1H), 1.1 (d, J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=166.2,
133.2, 129.6, 129.6, 128.5, 118.1, 66.4, 30.4, 21.7, 16.3 ppm; IR (neat):
ñmax=2967, 2935, 2101, 1721, 1460, 1452, 1272, 1111, 1071, 211 cm�1; tr=
39.82 (major) and 41.23 min (Chiralcel OD Chiral HPLC, l=254 nm,
heptane/iPrOH=4000:1, 0.8 mLmin�1); HRMS (ESI): m/z calcd for
C12H14NNaO2 [M+Na+H]+ : 227.0971; found: 227.0369.


(�)-2-Methyl-3-oxopropyl benzoate (51): (Diacetoxyiodo)benzene
(930 mg, 2.89 mmol) and TEMPO (41 mg, 0.26 mmol) was added to a so-
lution of (S)-3-hydroxy-2-methylpropyl benzoate (500 mg, 2.63 mmol,
90% ee) in dichloromethane (2.63 mL). The reaction mixture was stirred
for 1.5 h at room temperature, quenched with saturated aqueous
NaHCO3, and extracted into diethyl ether. The combined organic ex-
tracts were dried (Na2SO4), filtered, and concentrated. Silica gel chroma-
tography with 20% ethyl acetate/hexanes afforded compound 51
(470 mg, 93%, 90% ee) as a yellow oil. It is important to store this oil at
�20 8C away from light. Rf=0.24 (35% diethyl ether/hexanes); [a]25D =


�12.38 (90% ee, c=2.34 in CHCl3);
1H NMR (500 MHz, CDCl3): d 9.8


(d, J=1.0 Hz, 1H), 8.03 (dd, J=8.4, 1 Hz, 2H), 7.59 (td, J=8.4, 1.0 Hz,
1H), 7.45 (dd, J=8.4, 8.4 Hz, 2H), 4.58 (m, 2H), 2.89 (m, 1H), 1.28 ppm
(d, J=7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=201.8, 165.9, 132.9,
129.3, 128.2, 63.7, 45.6, 10.4 ppm; IR (neat): ñmax=3064, 2968, 2894, 1721,
1602, 1452, 1389, 1377, 1337, 1314, 1272, 1177, 1114, 1070, 1026, 982, 934,
850, 806, 711 cm�1; tr=18.94 and 19.74 min (major) (Chiralcel OJ Chiral
HPLC, l=254 nm, heptane/iPrOH=95:5, 1.0 mLmin�1). This compound
has been previously reported.[40]


(�)-4-(Benzyldimethylsilyl)-2-(hydroxymethyl)pent-4-enyl benzoate (52):
[Ru ACHTUNGTRENNUNG(CH3CN)3Cp*] ACHTUNGTRENNUNG[PF6] (1 mg, 0.0018 mmol) was added to a solution of
(S)-2-(hydroxymethyl)pent-4-yn-1-yl benzoate (20 mg, 0.092 mmol) and
benzyldimethyl silane (16 mg, 0.11 mmol) in acetone (1 mL). The reac-
tion was stirred at room temperature for 2 h, concentrated, and subjected
to chromatography (15% ethyl acetate/hexanes) to give compound 52
(32 mg, 94%, 78% ee) as a clear oil. Rf=0.35 (15% ethyl acetate/hex-
anes); [a]25D �12.86 (78% ee, c=0.3 in CH2Cl2);


1H NMR (125 MHz,
CDCl3): d=8.05 (m, 2H), 7.58 (tt, J=8.0, 1.5 Hz, 1H), 7.45 (m, 2H), 7.20
(m, 2H), 7.06 (m, 1H), 7.0 (d, J=7.0 Hz, 2H), 5.72 (m, 1H), 5.59 (d, J=


2.5 Hz, 1H), 4.45 (dd, J=11.2, 4.3 Hz, 1H), 4.29 (dd, J=11.2, 6.2 Hz,
1H), 3.60 (ddd, J=8.1, 5.1, 3.5 Hz, 2H), 2.3–2.0 (m, 5H), 0.11 (s, 3H),
0.10 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=167.1, 147.6, 139.6,
133.1, 129.9, 129.6, 128.4, 128.2, 128.1, 127.9, 124.1, 64.3, 62.3, 39.5, 34.7,
25.5, �3.3 ppm; IR (neat): ñmax=3449, 3051, 3030, 2958, 2916, 2855, 1716,
1602, 1493, 1451, 1384, 1317, 1280, 1202, 1182, 1156, 1119, 1052, 1031,
927, 829, 756, 715, 699 cm�1; tr=70.23 min (major) and 73.73 min (Chiral-
cel OD Chiral HPLC, l=220 nm, heptane/iPrOH=98:2, 0.8 mLmin�1);
HRMS ESI: m/z calcd for C22H29O3Si [M+H]+ : 369.1886; found:
369.1891.


(�)-(3,4-Dihydro-2H-pyran-3-yl)methyl benzoate (54): (S)-2-(Hydroxy-
methyl)pent-4-yn-1-yl benzoate (52.4 mg, 0.24 mmol), RuCp(p-fluorotri-
phenylphoshine)2Cl (15 mg, 0.018 mmol), p-fluorotriphenylphoshine
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(22.8 mg, 0.072 mmol), N-hydroxysuccinimide (28 mg, 0.24 mmol), and
tetrabutylammonium hexafluorophosphate (21 mg, 0.055 mmol) were
combined in a flame-dried vial cooled under nitrogen. To this was added
DMF (0.6 mL) that had been degassed with argon (essential for high
yielding reaction). The mixture was placed in a pre-heated oil bath
(85 8C) and was stirred for 24 h under nitrogen. The reaction was then
cooled to room temperature, diluted with diethyl ether, and washed with
water (N3). The aqueous layer was re-extracted with diethyl ether and
the combined organic layers were dried with sodium sulfate, filtered, and
concentrated to dryness. Silica gel that was pretreated with 5% diethyl
ether/hexanes and 1% triethylamine was used for column chromatogra-
phy by eluting with the same solvent system to afford compound 54
(42 mg, 81%, 71% ee) as a yellow oil. Rf=0.52 (5% diethyl ether/hex-
anes); [a]25D =�4.5 (71% ee, c=0.34 in CH2Cl2);


1H NMR (500 MHz,
CDCl3): d =8.04 (dd, J=8.0, 1.0 Hz, 2H), 7.57 (tt, J=1.0 Hz, 1H), 7.45
(m, 2H), 6.40 (td, J=6.1, 2.0 Hz, 1H), 4.72 (ddd, J=6.2, 4.2, 3.3 Hz, 1H),
4.36 (dd, J=11.0, 5.8 Hz, 1H), 4.25 (dd, J=11.0 Hz, 1H), 4.15 (ddd, J=


10.5, 3.0, 1.5 Hz, 1H), 3.85 (dd, J=10.5, 8 Hz, 1H), 2.4 (m, 1H), 2.2 (m,
1H), 1.9 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d =166.4, 143.9,
133.0, 130.0, 129.5, 128.4, 99.2, 66.9, 65.2, 32.2, 22.5 ppm; IR (neat): ñmax=


3063, 2926, 1722, 1651, 1602, 1584, 1451, 1392, 1379, 1344, 1315, 1274,
1245, 1196, 1177, 1118, 1071, 1027, 976, 921, 894, 878, 806, 736, 711 cm�1;
tr=36.51 min (major) and 39.82 min (Chiralcel AD Chiral HPLC, l=


220 nm, heptaneiPrOH=99.1:0.1 mLmin�1); HRMS ESI: m/z calcd for
C13H15O3 [M+H]+ : 219.1016; found: 219.1025.
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Introduction


Dendrimers are highly branched macromolecules with inter-
esting properties, the study of which constitutes an appeal-


ing field in the area of polymer science.[1] With tuneable
chemical composition and size, these perfectly controlled
structures are being developed more and more in the fields
of materials science, catalysis and biology. In materials sci-
ence, dendrimers participate in the elaboration of complex
hybrid organic–inorganic functional nanoarchitectures. Due
to the presence of specific functional groups at their surface
or in their internal cavities, they can act as controlled pock-
ets when embedded in a mineral matrix. In such a configura-
tion, they can act as sensitive probes, selective adsorbents,
drug-release controllers or nanoreactors.


As well as purely organic dendrimers, the phosphorus-
containing dendrimers also excel because of their simple
synthesis, their diverse chemistry and their easy attachment
to coupling agents that are able to form strong bonds with
inorganic materials. These striking features permit their use
in hybrid materials either as building blocks or by creating
supramolecular assemblies on the surface of materials.[2] The
first hybrid materials, prepared in 2000, were made by the
co-condensation of phosphorus dendrimers with a silica-
based inorganic matrix, which gave rise to porous materials
that tend to be used as absorbents or insulating materials.[3]


Second-generation hybrid materials were obtained shortly
afterwards by using non-silicate matrices. Two synthesis ap-
proaches have been tested: First, the co-assembly of pre-
formed nano building blocks (NBB), that is, [Ti16O16 ACHTUNGTRENNUNG(OEt)32]
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clusters and dendrimers, gave rise to bicontinuous meso-
structured hybrid gels formed from periodically stacked in-
organic and organic NNBs.[4] Second, the mix of dendrimers
with titanium and cerium alkoxides allowed the control of
the reactivity of the inorganic precursors. After the appro-
priate treatments, porous materials made of dendrimers
locked in metal-oxide matrices were obtained.[5]


For surface modification purposes, the main advantage of
using dendrimers instead of simple monomers is the number
of anchoring points provided by the dendrimer, which en-
hances the stability of the interfaces and give them a con-
trolled roughness. In particular, these properties were used
for the elaboration of stable and sensitive DNA chips.[6]


For optical applications, the dispersion of fluorescent den-
drimers in a hole-conducting polymer has permitted the
preparation of organic light-emitting diodes.[7] Fluorescent
dendrimers are also used for other applications, such as ana-
lytical probes, organic nanodots or biological labelling.[8] In
these functions, they can act as sensors by monitoring the
fluorescence response of the active entities. For example,
hazardous nitrophenols are known to be good quenchers of
some fluorescent substances due to their electron acceptor
capacity.[9] Hence, specifically functionalised dendrimers
have vast potential as components for the construction of
detectors.


However, practical detector applications require that the
probe should be immobilised into a robust matrix with a
high surface area so that high sensitivity is reached and the
fast diffusion of the analytes is allowed. For this application,
micellar-templated materials (MTS) prepared by the sol-gel
route constitute a new type of extremely interesting matrix
for dendrimer immobilisation, due to their highly organised
and easily accessible 2D or 3D mesoporous structures and
huge surface area.[10] The recently developed evaporation-in-
duced self-assembly method permits their preparation in dif-
ferent forms, such as nanometric powders, monoliths, fibres
and especially thin films of optical quality and controlled
thickness.[11] These outstanding properties make these com-
pounds the ideal candidates for preparing new multifunc-
tional hybrid organic–inorganic optical sensors. However, as
demonstrated recently, the usual silica MTS have poor sta-
bility versus humidity.[12] A possible alternative is to use
MTS films made of amorphous (or more ideally nano-crys-
talline) transition-metal oxides, such as TiO2, ZrO2 or Al2O3,
or mixed metal oxides that are mechanically and chemically
much more stable.[13]


Herein, we report the synthesis of new hybrid optical sen-
sors shaped as thin films. For the inorganic matrix, we se-
lected nano-crystalline titania mesostructured films that
present excellent chemical stability[14] and an ordered grid-
like porous network that provides good accessibility and
permeability for external species.[15] Within these films, we
grafted new fluorescent phosphorus-containing dendrimers,
which have been specially designed to fulfil two key proper-
ties: First, to incorporate a reactive phosphonate group that
can graft onto titanium oxide mesoporous films, but that
would not impair the fluorescence properties, and second, to


show a well-defined fluorescence pattern and thus behave as
a fluorescent organic probe for different hazardous nitro-
phenols and phenols. To compare grafting and detection ef-
ficiency, we also used (ZrO2)xACHTUNGTRENNUNG(SiO2)1�x MTS films with a 3D
mesoporous network as an alternative substrate. The study
of the optical properties of these systems was performed by
using quenching tests to determine the behaviour of the
dendrimers in the solid state and compare the results with
those obtained in solution.


Results and Discussion


Dendrimer synthesis and characterisation : As stated in the
introduction, the dendrimer-like structures described herein
were specially designed to have two non-interfering func-
tionalities: First, to act as fluorescent probe, and second, to
possess distinct phosphorylated functional groups dedicated
to the strong anchoring of the dendrimers at the TiO2 sur-
face. In this regard, some of our previous studies reported
that the versatile functionalisation of cyclotriphosphazene
core dendrimers is a valuable route to functional dendritic
precursors, either for the design of fluorescent dendrimer
cores[16] or for the design of unprecedented divergent
points.[17] The synthesis of the dendrimer is shown in
Scheme 1. The first step in building the desired core consists
of the reaction of one equivalent of the sodium salt of 4-hy-
droxybenzaldehyde with N3P3Cl6 to give rise to a monosub-
stituted focal point (1).[18] The 31P NMR spectrum of 1 shows
one triplet at d=11.73 ppm (2J ACHTUNGTRENNUNG(P,P)=62.4 Hz) for the phos-
phorus with the aldehyde derivative and one doublet at d=


22.53 ppm for the other two phosphorus atoms, which con-
firmed the formation of the desired structure. In parallel,
the maleimide-based phenolic chromophore 2 was synthes-
ised under the usual conditions (AcOH and high tempera-
ture)[19] from tyramine and diphenyl maleic anhydride (see
Scheme 1). Compound 2 was obtained in very good yield
(95%), which lead us to perform the same procedure with
phenylethylamine to prepare the same compound without
the OH group (3 ; 98% yield) to measure differences in the
fluorescence properties.


The substitution of the five remaining chlorine atoms of 1
by chromophore 2 under the usual conditions (THF and
Cs2CO3, 2 equiv per chlorine) gave 4. The reaction is rela-
tively slow and needs 2 days to complete, as shown by
31P NMR spectroscopic monitoring (multiplet at d=


8.47 ppm). After work-up, the purity of the dendrimer was
also confirmed by 1H, 13C NMR and FTIR spectroscopies
and mass spectrometry. At this point, the 1H and 13C NMR
spectra started to show multiple signals due to the unsym-
metrical arrangement of the branches around the core. A
good example to describe this phenomenon concerns the
1H NMR spectrum of the tyramine moiety, in which each
methylene group gave two multiplets at d=2.99 (Ca’�H)
and 3.87 ppm (Cb’�H) in its instead of two triplets. Two dif-
ferent signals for each carbon also appear in the 13C NMR
spectrum at d=33.96 and 33.99 ppm for (Ca’) and at d=
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39.51 and 39.54 ppm for (Cb’), respectively (see the Experi-
mental Section for the atom labelling system).


The dendritic core 4 was then functionalised to allow fur-
ther grafting onto the mesoporous films. Phosphonate was
chosen as the grafting entity because it is known to form
stable compounds with metal oxides.[20] Therefore, and to
have accessible grafting functional groups, we decided to
grow the specific branch with the aldehyde up to the first
generation. Thus, the next step consisted of a condensation
between the main structure and one equivalent of N-methyl-
dichlorophosphorhydrazide. This condensation reaction was
monitored by 31P and 1H NMR spectroscopies that indicated
the total disappearance of the signal from the aldehyde
group, but FTIR spectroscopic monitoring could not be per-
formed because the carbonyl of the maleimide at 1703 cm�1


strongly hides the signal of the aldehyde group. This step
gave the dendritic core 5, with the P(S)Cl2 end group ap-
pearing in the 31P NMR spectrum at d=63.02 ppm, whereas
the phosphazene core remained unaffected. The molecule
has an unsymmetrical architecture, as shown, for example,
by two signals at d=170.51 and 170.53 ppm in the 13C NMR
spectrum for the carbonyl groups of the maleimides. Follow-
ing this, nucleophilic substitutions of the chlorine atoms by
6[16] gave 7 in very good yield (83%). After purification, the
chemical shifts of the 31P NMR spectrum appeared at d=


8.66 ppm for the core signal, d=26.89 ppm for the phospho-


nate moieties and d=63.10 ppm for the P(S) group. Asym-
metry remained visible in the 1H and 13C NMR spectra, with
multiple signals for the methylene groups of the tyramine
moieties.


Hydroxyphosphonate is also a good candidate as a graft-
ing functional group on metal oxide, and was thus used on
the (ZrO2)xACHTUNGTRENNUNG(SiO2)1�x films. Consequently we slightly modi-
fied our strategy to reach this other target; in fact, a two-
step process starting from 5 readily gave access to this new
compound. First, aldehyde extremities (see compound 8)
were attached in a simple manner by nucleophilic substitu-
tion of the chlorine atom with the sodium salt of 4-hydroxy-
benzaldehyde. Second, a classic Abramov-type reaction is
undertaken with 8 in presence of dimethylphosphite in a
concentrated THF solution, which leads to the desired com-
pound 9 with two a-hydroxyphosphonates on the surface.[21]


Finally, 1H NMR spectroscopy and TLC were used to ascer-
tain the purity and the absence of residual impurities. More-
over, compounds were subjected to flash column chromatog-
raphy when possible during the synthesis to remove impuri-
ties.


The emissive properties of each resulting compound have
been characterised in solution by UV/Vis absorption spec-
troscopy and fluorescence measurements in distilled CH2Cl2,
and are summarised in Table 1. Note that the absorption in-
creases proportionally as the number of fluorescent groups


Scheme 1. The synthesis of chromophores 2 and 3 followed by the synthesis of fluorescent anchorlike dendrimers 7 and 9. a) 2 (5 equiv), Cs2CO3, THF.
b) H2NNMeP(S)Cl2, CHCl3.
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increases. They all possess two excitation centres, one for
the phenyl groups around l=300–320 nm and another at
l=375 nm for the maleimide moiety, which lead to a single
emitting species at l=506 nm because the chromophore has
a p-conjugated system. Another important point concerns
the quantum yields that were calculated with Coumarine 6
as the reference (F=78% in EtOH). The quantum yields
of monomers 2 and 3 were calculated to be 8 and 52%, re-
spectively. Therefore, the lack of an OH group for 3 enhan-
ces the fluorescence emission, which suggests that this spe-
cific group self-quenches the emission of 2.[22] Therefore, the
dendrimers have moderate to good quantum yields that
permit the formation of the fluorescent hybrid materials.


Structural characterisation of the functionalised films : The
mesoporous titania films were functionalised by dip-coating
in a dilute 1 mm solution of dendrimer 7 in dichloromethane
under an air flux at 40 8C, to give TiO2–7. This technique
permits the homogeneous introduction and deposition of
the organic molecules inside the films, and the evaporation
of the solvent. Further washing in dichloromethane removed
non-bonded dendrimers. Because the phosphonates are
known to give rise to covalent bonds with titanium oxide,[23]


we can easily prepare functionalised films in this way.
Transmission electron microscopy (TEM) reveals that the


films consist of an ordered structure, in which gridlike
porous structures, aligned parallel to each other, stand per-
pendicular to the substrate (see a TEM top view in Fig-
ure 1a) and the walls are composed of 10 nm anatase nano-
crystals, in accordance to previous published results (see the
diffraction pattern in Figure 1a, inset).[24,25] The structural
characterisation was completed by using environmental el-
lipsometric porosimetry (EEP), which is based on the mea-
surement of water adsorption–desorption isotherms. Fig-
ure 1b shows the variation of the normalised volume of ad-
sorbed water into the film (Vads/Vfilm), which is directly pro-
portional to the porous volume, with the relative water pres-
sure (P/P0). As the relative humidity (RH) increases to
70%, the non-functionalised titania film takes up water
slowly. Above 70% RH, a massive adsorption of water was
observed, which is characteristic of the narrow pore-size dis-
tribution of these mesostructured matrices.[24–26] Upon de-
sorption, the isotherm exhibits a hysteresis owing to the
presence of restrictions between the mesopores of the films.
Data are well fitted between 500 and 1000 nm with a


Cauchy single-layer model, which indicates that the compo-
sition of the film is homogeneous. The parameters of the
porous network were calculated from the isotherm (Table 2)
by considering that mesopores are anisotropic and connect-
ed with nearest neighbours by four restrictions.[26] Data col-
lected from functionalised films were perfectly fitted with
the same model (a single-layer model), which suggested that
the organic molecules were homogeneously dispersed within
the film, and that no extra layer of dendrimers was detecta-


Table 1. Emissive properties of synthesised fluorescent molecules 2–4
and 7–9 in CH2Cl2.


e [mol�1 cm�1] lex [nm] lem [nm] F[a] [%]


2 3457 320/380 506 8
3 3470 300/375 506 52
4 17000 300/375 506 64
7 17650 315/375 506 50
8 18900 307/376 506 61
9 17900 302/375 506 52


[a] Coumarine 6 (F =78% in EtOH) was used as the reference com-
pound.


Figure 1. Top: TEM image of the mesoporous films after being heated at
550 8C; inset: the diffraction pattern. Bottom: Comparison of water ad-
sorption–desorption isotherms obtained from EEP measurements for the
TiO2 (c) and TiO2–7 (g) films. Inset: pore-size distributions for the
TiO2 (~) and TiO2–7 (*) films, obtained from the adsorption region of
the isotherm.


Table 2. Comparison of the structural parameters of the TiO2 and TiO2–7
films.


Thickness [nm] Small
pore axis
[nm]


Large
pore axis
[nm]


Porous
fraction
[%]


Water contact
angle
[8]


TiO2 197 4.5 7.6 29 5�2
TiO2–7 197 3.0 5.0 25 60�2
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ble on the top of the TiO2 layer. The isotherms display a
similar behaviour to that of the titania film. However, the
introduction of the dendrimers resulted in a porous network
with a decreased pore size (from 7.6 to 5.0 nm for ungrafted
and grafted TiO2, respectively) and a decreased porosity
(from 29 to 25%). These data are coherent with the known
flattening of dendrimers on surfaces.[1b] In addition, static
water contact-angle measurements proved that the high hy-
drophilicity of the TiO2 surface was lost upon dendrimer
grafting (Table 2). This strongly suggests that the surface hy-
droxyl groups of titania were barely accessible after grafting.
From the comparison of the parameters shown in Table 2,
we can conclude that functionalisation does not alter the
thickness or the meso structure of the film.


The presence of dendrimers in the films has also been
verified by FTIR spectroscopy, which compares the spectra
of functionalised and non-functionalised samples in different
regions (Figure 2). Between ñ=3600 and 2600 cm�1 (Fig-
ure 2a), we observed a broad signal at ñ=3420 cm�1 due to
the hydroxyl groups on the surface of the titania film. After
the introduction of the organic dendrimer, the broader
signal is centred at ñ=3300 cm�1 and was assigned to the
contribution from the remaining hydroxyl groups of the in-
organic matrix. The weak band centred at ñ=3050 cm�1 was
assigned to the aromatic alkene groups and the bands at ñ=


2963, 2927 and 2855 cm�1 are due to the�CH2� groups from
the organic molecules. At lower wavelengths (Figure 2b) we
observed bands at ñ=1275, 1206, 1200, 1184, 1164, 1108,
1063 and 1030 cm�1 on the functionalised films, which were
assigned to the dendrimer. From this examination, we have
attempted to identify the bonding mode between the organ-
ic dendrimer probe and the titania film. Previous work using
phosphonate coupling molecules grafted to titania nanopar-
ticles showed that the appearance of P�O bands is evidence
for extensive condensation and coordination of the phos-
phoryl oxygen, which mainly leads to bidentate phosphonate
units.[23] Consequently, we have focused our analysis on the
ñ=1000–1350 cm�1 region, as shown in Figure 2c, which dis-
plays the spectra of the functionalised film and the free den-
drimer. Although they look quite similar, the band that ap-
pears at ñ =1030 cm�1 in the spectrum of dendrimer 7 is
overlapped in the spectrum of the TiO2–7 film by new,
broad bands at ñ=1002, 1018, 1045, 1055 and 1065 cm�1 that
were assigned to P�O stretching bands, in agreement with
previously published work.[23]


In addition, and to shed more light on this subject, we
also performed X-photoelectron spectroscopy (XPS). The
survey of the dendrimer and the functionalised titania film
(see the Supporting Information) displays the expected
peaks for O, C, N and P (plus Ti for the film), which strong-
ly supports the presence of dendrimer in the films. A closer
analysis of the O1s region of the spectra did not afford un-
ambiguous proof of the covalent bonding of the dendrimers
onto the surface (Figure 3). According to literature, P�O�Ti
covalent-bond formation can be followed by observing the
evolution of P�O�Ti (531.4 eV) and P�OH (533 eV)
peaks.[27] Pure dendrimer 7 displays three adjacent peaks at


533.6, 532.08 and 529.43 eV. In our case, the functional
groups that are able to react with the inorganic network are
P�O�CH3 and P=O. The literature binding energies of these
groups range from 531.3 to 532.5 eV.[27] The contribution
from the additional oxygen of the C=O groups (532 eV) to
the same peak makes the separation of P�O�CH3 and C=O


Figure 2. FTIR spectra between a) 3600 and 2600 cm�1 and b) 1300 and
800 cm�1 of the TiO2 (c) and TiO2–7 (g) films. c) FTIR spectra of
free dendrimer 7 (g) and TiO2–7 (c) between 1000 and 1350 cm�1.
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signals difficult. Upon functionalisation, the intense peak at
529.7 eV from TiO2 and the broadening of the two high-
bonding-energy peaks of dendrimer 7 make the P�O�Ti
(531.4 eV) contribution difficult to detect.


Finally, the measurement of the water-contact angle of
films functionalised with dendrimer solutions of different
concentrations shows that higher angles are obtained for
higher solution concentrations (results not shown). Howev-
er, after washing in dichloromethane and drying, the result-
ing angle was the same for all the samples. Similarly, the re-
fractive indices of the impregnated films after washing were
found to be constant. Thus, we deduced that the final con-
centration of organic molecule that remained in the films
was the same regardless of the concentration of the initial
dendrimer solution.


From the EEP, FTIR and XPS measurements, we corro-
borated the presence of the dendrimer inside the films, but
definite proof of the covalent grafting of dendrimers onto
the TiO2 surface could not be obtained. However, there are
many examples in the literature of grafting under similar
conditions that attest the formation of covalent bonds be-
tween TiO2 surfaces and phosphonate functional
groups.[23,26, 28] Therefore, we have assumed herein that the
dendrimers are covalently bonded to the inorganic frame-
work.


Optical properties of the functionalised films : The films
were characterised by steady-state fluorescence (Figure 4).
The excitation spectrum of the dendrimer in solution shows
two maxima at l=315 and 375 nm that are due to the
phenyl and the maleimide moieties, respectively, whereas
the emission maximum is at l=506 nm. The corresponding
spectra of the solid-state samples show similar trends to
those in solution, although the maxima are slightly red-shift-
ed to l=373 and 515 nm, which is attributed to the bonding


of the dendrimer to the titania network. Energy transfer is
observed between titania and the dendrimer, a phenomenon
that has been previously reported in sol-gel-derived hybrid
(organic dye) titania matrices.[29] It is likely to be associated
with the partial overlap between the high-energy absorption
band of the dendrimers and the phosphonate-complexation-
driven shift in the band gap of titania.


The influence of quenchers : The fluorescent emission of the
dendrimers is very strong even after functionalisation, which
makes these devices quite attractive for use as sensors. For
that reason, we performed quenching experiments at room
temperature to understand their optical properties. The
functionalised films were dipped into stock solutions of dif-
ferent compounds (see Scheme 2 and Table 3 for details)
and then dried in air. To verify the homogeneity and stabili-
ty of the hybrid films during the experiments, EEP, FTIR


Figure 3. XPS spectra showing the O1s signals of the TiO2–7 film (c)
and free dendrimer 7 (g).


Figure 4. Normalised fluorescence spectra of the TiO2–7 film (c) and
dendrimer 7 (g) in solution. Left: excitation spectrum after emission at
520 nm and right: emission spectrum after excitation at 370 nm.


Scheme 2. Molecular structure of the quenchers used herein.


Chem. Eur. J. 2008, 14, 7658 – 7669 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7663


FULL PAPERHybrid Nanocomposite Films



www.chemeurj.org





and contact angle measurements were performed at each
step.


The first test was performed in water to determine the
sensitivity of the devices towards humidity. Soaking and
drying the film had a quenching effect that moderately
modified the initial fluorescence values, as shown in
Figure 5. This is attributed to the formation of hydrogen


bonds between water and the carbonyl groups of the den-
drimers, as observed previously with chromophores 2 and 3
in solution (see above). To explore this effect, we also tested
a range of alkyl alcohols and obtained different results.
Tests with 1-pentanol produced the same quenching effect,
which confirmed our first observations. However, ethanol
did not quench the fluorescence, probably because to its
higher volatility. CHCl3 was our solvent of choice, however
this surprising result permitted us to use ethanol as well, as


an alternative solvent for testing the quenching potential of
molecules that are insoluble in CHCl3.


Once the effect of OH moieties had been established, we
tested hazardous molecules that contain this group. There-
fore, we studied the response of our hybrid sensor to several
nitrophenol derivatives and observed spectacular modifica-
tions of the fluorescence (see Table 3). Hazardous 2-nitro-
phenol (2NP), 4-nitrophenol (4NP) and 2,4-nitrophenol
(24NP) have a stronger quenching effect on the fluores-
cence of the dendrimer than water and pentanol. 3-Nitro-
phenol (3NP) and 2,4,6-trinitrophenol (246TNP) presented
a stronger quenching effect, although the presence of water
in the latter reactant should be taken into account. Mole-
cules containing various phenols, such as 2-nitroresorcinol
(2NR) and 4-nitrocatechol (4NC), behaved in the same
manner; 2NR demonstrated the best quenching response.
Finally, we tested parent molecular structures containing no
nitro groups to determine their influence on quenching. As
expected, p-cresol (CS), resorcinol (RS) and catechol (CT)
showed the same quenching tendency previously observed.
RS had the strongest quenching effect determined in this
study (see Figure 6), with less than 1% of fluorescence re-
maining. Therefore, the hybrid material behaves as an excel-
lent sensor for resorcinol and 2-nitroresorcinol.


Table 3. Quenching molecules used in the fluorescence tests of the TiO2–
7 films, with the reaction conditions and the results for both the solid-
state and solution phases, from + (moderate) to +++++ (very
strong).


Quencher Conditions Quenching response
(solid state)


Quenching response
ACHTUNGTRENNUNG(solution)


2NP 10 mm, CHCl3 ++ ++++


3NP 10 mm, CHCl3 +++ +


4NP 10 mm, CHCl3 ++ +


24DNP 10 mm, EtOH ++ –
246TNP 10 mm, EtOH +++ –
2NR 10 mm, CHCl3 +++++ [a] ++


4NC 10 mm, EtOH ++ –
RS 10 mm, EtOH +++++ –
CT 10 mm, EtOH ++++ –
CS 10 mm, CHCl3 ++++ 0
water – + –
1-pentanol – + –
ethanol – 0 –


[a] See Figure 6.


Figure 5. The effect of water (*) and 1-pentanol (c) on the fluores-
cence emission (lex=373 nm) of TiO2–7 (a).


Figure 6. a) Modification of the fluorescence response (lex=373 nm,
lem=520 nm) of the TiO2–7 film after soaking for 10 min in a 10 mm so-
lution of resorcinol in CHCl3 (TiO2–7+RS). b) Percentage of fluores-
cence remaining after the quenching experiments.
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The results suggest that the fluorescence variation is due
to the interaction of the carbonyl group of the dendritic
core with the phenolic OH group. Indeed, the fluorescence
spectra of the hybrid films displayed no shift in the maxi-
mum of the emission wavelength. This observation suggests
that neither p stacking nor excimer formation occurs within
the dendritic-like structure. To shed light on this hypothesis
we measured the quenched films by using FTIR (see the
Supporting Information, Figure S2). The band at 1705 cm�1,
which was assigned to the carbonyl group of the maleimide
moiety, broadens and shifts towards lower frequency values
(between ñ=1700 and 1690 cm�1, depending on the quench-
er), as expected for the formation of a hydrogen bond be-
tween the maleimide carbonyl and the phenolic OH group
of the quenching molecule.[30] In addition, UV/Vis spectros-
copy measurement of the quenched hybrid material displays
a hypsochromic shift of approximately 10 nm. The fact that
water and alkyl alcohols, such as pentanol, affect the fluo-
rescence in the same manner supports this idea.


We also tested the reversibility of the quenched system
under different conditions. The use of a protic polar organic
solvent like ethanol, with or without refluxing conditions,
did not give positive results. Washing attempts with acidic
water (one night at pH 0.3) resulted in the recovery of 40%
of the fluorescence initial values but, unfortunately, the
films deteriorated during the experiments. Less acidic solu-
tions gave poor signal recovery results. Basic conditions
gave the best results, with a fluorescence recovery of 60%
of the initial intensity while maintaining film homogeneity.
In Figure 7, the evolution of fluorescence intensity with dif-
ferent pH values for 2NR shows that a partial fluorescence
recovery starts at pH 9 and reaches a maximum at pH 10.
Given that water alone quenches between 40 and 50% of
the initial “dry film” fluorescence (Figure 5), these basic pH
recovery rates are very satisfactory.


Additionally, we performed measurements on functional-
ised (ZrO2)xACHTUNGTRENNUNG(SiO2)1�x (x=0.1 or 0.2) films with fluorescent
dendrimer 9 and observed the quasi-complete disappearance
of the fluorescence intensity after excitation at l=370 nm.
This can be explained by the presence of a higher density of
acidic hydroxyl groups bonded to the silicon and zirconium
centres of the amorphous inorganic network, which may in-
teract with the maleimide moiety by hydrogen bonding. Ad-
ditionally, the excitation of the phenyl moiety (l=290 nm)
gives a weak fluorescent signal, which demonstrates that, in
these amorphous matrices, the fluorescent centres of the
dendrimers are more affected by the hydroxyl groups from
the surface than from within the TiO2 nano-crystalline film.


Comparison of optical properties and advantages of the
hybrid material : Once the hybrid devices were character-
ised, we focused our attention on dendrimers in solution.
For that, fluorescent dendrimer 8 (with aldehyde extremi-
ties) was tested with the quenchers that are soluble in di-
choromethane, namely 2NP, 3NP, 4NP, 2NR and CS, by fol-
lowing the Stern–Volmer procedure. In addition to an initial
solution of 8 (0.138 mm) in distilled dichloromethane, small


quantities of an identical solution of 8 that also contained
the quencher in higher concentrations were required, the
modification of the fluorescent emission by dilution being
negligible. The results, which are shown in Figure 8, clearly
reveal that there is no quenching effect in solution, except
for 2NP and for 2NR (only moderately).


Therefore, and in agreement with previous observa-
tions,[31] the hybrid material exhibits a strong improvement
in sensitivity. This can be explained by a local concentration
of dendrimer in the porous volume that is much higher than
a dispersion of the same quantity of dendrimers in solution
in dichloromethane. Indeed, when the phenol groups of the
dendrimer interact with the carbonyl groups on the surface
of the hybrid material, the probability of a phenyl group to
interact with another C=O bond or with the TiO2 surface—
and hence to become trapped through hydrogen bonding
with neighbouring dendrimers—is much higher in a confined
volume than in solution. As a consequence, we assumed that
grafted dendrimers behave like a supported phase that can
concentrate the probes because a partition coefficient exists
between the dendrimer and the solvent. Therefore, although
the interaction between the quencher carbonyl groups and
the dendrimer hydroxyl groups remains the same in solution


Figure 7. a) Evolution of the fluorescence emission (lex=373 nm) of
quenched TiO2–7 devices after soaking in basic aqueous solutions with
pH values from 7.5 to 10. Results in water have been included for com-
parison purposes. b) Percentage of fluorescence recovery with pH for
2NR. Two consecutive measurements were performed for pH 9 and 10.
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and in the solid state, the
device gives statistically more
chances to create the hydrogen
bond that extinguishes the fluo-
rescence of the dendrimers.


Conclusion


Herein, we reported the con-
struction of a hybrid material composed of fluorescent den-
drimers anchored to nanocrystalline mesoporous titania thin
films, which provides the first example, as far as we know, of
such a compound. The new fluorescent dendrimers have
been specifically designed to act as fluorescent probes and
to be grafted to the substrate. At the same time, titania
films offer the perfect environment for the grafting of the
organic molecules due to their chemical composition and
stability, their mesoporous cavities and their optical proper-
ties that do not interfere with those of the dendrimers.


The characterisation of these new hybrid mesostructured
films has demonstrated that they have fluorescent proper-
ties. The dendrimers grafted to the films display higher
quenching efficiency towards phenolic OH moieties (espe-
cially those from resorcinol and 2-nitroresorcinol) than in
solution. This effect is attributed to the increased spatial
proximity of the fluorescent molecules, which is induced by
pore confinement that makes the formation of hydrogen
bonds between the hydroxyl moieties of the quenchers and
the carbonyl groups of the dendrimer easier.


Therefore, the improvement in sensitivity resulting from
the immobilisation of these new probes in a film has allowed
the construction of materials with a potential application as
detectors for hazardous phenolic compounds.


Experimental Section


Synthesis and characterisation of the dendrimers : All manipulations were
carried out by using standard high-vacuum and dry-argon techniques.


The solvents were freshly dried and distilled (THF and diethyl ether over
sodium/benzophenone, pentane and CH2Cl2 over phosphorus pentoxide).
ESI mass spectrometry was carried out by using a PE Sciex API 365 in-
strument. 1H, 13C and 31P NMR spectra were recorded by using Bruker
ARX250, AV300 and AV500 spectrometers, respectively. The references
for the chemical shifts were 85% H3PO4 for 31P NMR spectra and SiMe4
for 1H and 13C NMR spectra. The attribution of 1H and 13C NMR signals
was performed by using the J-modulated spin echo (Jmod), two-dimension-
al HMBC and HMQC and broadband or continuous-wave 31P decoupling
experiments where necessary. The numbering used in the NMR spectra is
shown in the Scheme 3. Compounds 2 and 3 are described elsewhere[22]


and compound 6 was synthesised according to a previously reported pro-
cedure.[16]


Compound 1: The sodium salt of 4-hydroxybenzaldehyde (0.5 g,
3.47 mmol) was added to a solution of hexachlorocyclotriphosphazene
(5 g, 14.38 mmol) in THF (400 mL) at 0 8C, and the reaction mixture was
stirred at room temperature overnight. After removal of salts by centrifu-
gation, the clear solution was concentrated under reduced pressure and


subjected to flash chromatography (pentane/AcOEt, 1:0 to 6:1) to afford
1 as a white powder (65%). Uncorrected m.p. 53 8C; 1H NMR
(300.13 MHz, CDCl3): d=7.42 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
4J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 2H; C2�H), 7.98 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; C3�H),
10.03 ppm (s, 1H; CHO); 13C{1H} NMR (75.46 MHz, CDCl3): d =122.13
(d, 3J ACHTUNGTRENNUNG(C,P)=5.4 Hz, C2), 131.66 (d, 4J ACHTUNGTRENNUNG(C,P)=5.4 Hz, C3), 134.63 (s, C4),
153.62 (s, C1), 190.5 ppm (s, CHO); 31P{1H} NMR (121.49 MHz, CDCl3):
d=11.73 (t, 2J ACHTUNGTRENNUNG(P,P)=62.4 Hz, P�O), 22.53 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=62.4 Hz,
P�Cl2); ESIMS: m/z : 434 [M+H]+ .


Compound 4 : A solution of 2 (1.73 g, 4.68 mmol) in THF (5 mL) was
added to a solution of 1 (390 mg, 0.91 mmol) in THF (20 mL) at 0 8C,
then caesium carbonate (3.04 g, 9.36 mmol) was added and the reaction
mixture was stirred at room temperature for two days. After removal of
salts by centrifugation, the clear solution was concentrated under reduced
pressure and subjected to flash chromatography (hexane/ether to THF)
to afford 4 as a yellow powder (86%). 1H NMR (500.33 MHz, CDCl3):
d=2.96–3.02 (m, 10H; Ca’�H), 3.85–3.88 (m, 10H; Cb’�H), 6.94–6.98 (m,
10H; C2’�H), 7.07–7.17 (m, 12H; C3’�H and C2�H), 7.30–7.41 (m, 30H;
Cm�H and Cp�H), 7.42–7.47 (m, 20H; Co�H), 7.70–7.73 (d, 3J ACHTUNGTRENNUNG(H,H)=


10 Hz, 2H; C3�H), 9.95 ppm (s, 1H; CHO); 13C{1H} NMR (125.8 MHz,
CDCl3): d=33.96 (s, Ca’), 33.99 (s, Ca’), 39.51 (s, Cb’), 39.54 (s, Cb’), 121.10
(m, C2’), 121.46 (m, C2), 128.55 (s, Cm), 128.57 (s, Cm), 128.62 (s, Ci),
128.64 (s, Ci), 129.80 (s, C3’), 129.84 (s, C3’), 129.89 (s, Co and Cp), 131.32
(s, C3), 133.14 (s, C4), 134.91 (s, C4’), 135.08 (s, C4’), 136.14 (s, C=C),
136.17 (s, C=C), 149.16–149.31 (m, C1’), 155.35–155.41 (m, C1), 170.53 (s,
C=O), 170.54 (s, C=O), 190.95 ppm (s, CHO); 31P{1H} NMR
(202.53 MHz, CDCl3): d =8.47 ppm (m, P=N); ESIMS (CH3CN): m/z :
2098 [M+H]+ .


Compound 5 : A freshly prepared solution of N-methyldichlorothiophos-
phorhydrazide (0.16 mmol) in chloroform (6 mL) was added to a solution
of compound 4 (750 mg, 0.357 mmol) in chloroform (5 mL) at RT. The
reaction mixture was stirred overnight at RT, concentrated under reduced
pressure to about 4 mL and then precipitated with pentane. The powder
was filtered off, dissolved in the minimum amount of THF (�1 mL) and
precipitated with pentane. These washings were repeated three times to
afford 5 as a yellow powder (91%). 1H NMR (300.13 MHz, CDCl3): d=


2.91–3.01 (m, 10H; Ca’�H), 3.40 (d, 3J ACHTUNGTRENNUNG(H,P)=14.1 Hz, 3H; N�Me), 3.78–
3.91 (m, 10H; Cb’�H), 6.88–6.99 (m, 12H; C2’�H and C2�H), 7.07 (d,


Figure 8. The Stern–Volmer procedure for dendrimer 8 in solution
(0.138 mm) and quenching solution (8, 0.138 mm and quencher,
1 mgmL�1). We performed two tests for each compound and all tests
were performed in CH2Cl2. &,&: 2NP (10 mg/10 mL), ~,~: 3NP (10 mg/
10 mL), ^,^: 4NP (10 mg/10 mL), *,*: CS (10 mg/10 mL), *,*: 2NR
(10 mg/10 mL).


Scheme 3. Atom labelling system used for NMR spectral assignments.
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3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4H; C3’�H), 7.15 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 6H; C3’�H),
7.27–7.39 (m, 30H; Cm�H and Cp�H), 7.39–7.47 (m, 20H; Co�H), 7.54
(d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2H; C3�H), 7.69–7.70 ppm (m, 1H; CH=N);
13C{1H} NMR (75.46 MHz, CDCl3): d=31.77 (d, 3J ACHTUNGTRENNUNG(C,P)=13 Hz,
CH3�N), 33.98 (s, Ca’), 39.49 (s, Cb’), 39.54 (s, Cb’), 121.16 (br s, C2’),
121.34 (br s, C2), 128.52 (s, Cm), 128.55 (s, Cm and Ci), 128.64 (s, Ci), 129.76
(s, C3), 129.83 (s, C3’), 129.87 (s, Cp and Co), 130.94 (s, C4), 134.71 (s, C4’),
134.82 (s, C4’), 134.87 (s, C4’), 136.14 (s, C=C), 136.20 (s, C=C), 141.17 (d,
3J ACHTUNGTRENNUNG(C,P)=18.9 Hz, CH=N), 149.26–149.37 (m, C1’), 151.99 (br s, C1), 170.51
(s, C=O), 170.53 ppm (s, C=O); 31P{1H} NMR (121.49 MHz, CDCl3):
d=8.72 (m, P=N), 63.02 ppm (s, P=S).


Compound 7: Azabisdimethylphosphonate (0.742 mg, 1.94 mmol) was
added to a solution of 5 (2 g, 0.88 mmol) and caesium carbonate (1.269 g,
3.89 mmol) in THF (20 mL) at 0 8C. The reaction mixture was stirred
overnight at RT. Salts were then removed by centrifugation and the clear
solution was concentrated under reduced pressure. The residue was then
dissolved in the minimum amount of THF (�1 mL) and precipitated
with pentane. The resulting powder was filtered off and the procedure
was repeated twice to afford 7 as a yellow powder (83%). 1H NMR
(300.13 MHz, CDCl3): d=2.73 (t, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H; Ca�H), 2.91–2.99
(m, 10H; Ca’�H), 3.01 (t, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H; Cb�H), 3.18 (d,
2J ACHTUNGTRENNUNG(H,P)=9.0 Hz, 8H; N�CH2�P(O) ACHTUNGTRENNUNG(OMe)2), 3.31 (d, 3J ACHTUNGTRENNUNG(H,P)=10.2 Hz,
3H; CH3�N�P), 3.72 (d, 3J ACHTUNGTRENNUNG(H,P)=10.2 Hz, 24H; P�O�CH3), 3.81–3.87
(m, 10H; Cb’�H), 6.90–7.00 (m, 12H; C2’�H and C2�H), 7.01–7.18 (m,
18H; C3’�H, C2’’�H and C3’’�H), 7.26–7.39 (m, 30H; Cm�H and Cp�H),
7.38–7.47 (m, 20H; Co�H), 7.59 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; C3�H),
7.67 ppm (s, 1H; CH=N); 13C{1H} NMR (75.46 MHz, CDCl3): d =32.92–
33.06 (m, CH3�N�P and Ca), 33.91 (s, Ca’), 33.97 (s, Ca’), 39.46 (s, Cb’),
39.53 (s, Cb’), 49.43 (dd, 1J ACHTUNGTRENNUNG(C,P)=157.2 Hz and 3J ACHTUNGTRENNUNG(C,P)=7.1 Hz, N�CH2�
P(O) ACHTUNGTRENNUNG(OMe)2), 52.61–52.70 (m, P�O�CH3) 58.13 (t, 3J ACHTUNGTRENNUNG(C,P)=7.5 Hz, Cb),
121.11–121.34 (m, C2’, C2 and C2’’), 128.50 (s, Cm), 128.53 (s, Cm), 128.59
(s, Ci), 128.67 (s, Ci), 129.75–129.85 (m, C3, C3’, Cp and Co), 130.92 (s, C3’’),
131.87 (s, C4), 134.76 (m, C4’), 136.13 (s, C=C), 136.45 (s, C4’’), 138.84 (d,
3J ACHTUNGTRENNUNG(C,P)=14.5 Hz, CH=N), 149.01 (d, 2J ACHTUNGTRENNUNG(C,P)=7.1 Hz, C1’’), 149.33 (br s,
C1’), 151.40 (m, C1), 170.49 ppm (s, C=O); 31P{1H} NMR (121.49 MHz,
CDCl3): d=8.66 (s, P=N), 26.89 (s, P=O), 63.10 ppm (s, P=S).


Compound 8 : The sodium salt of 4-hydroxybenzaldehyde (105 mg,
0.718 mmol) was added to a solution of 5 (736 mg, 0.325 mmol) in THF
(20 mL) at 0 8C, and the reaction mixture was stirred overnight at RT.
Salts were then removed by centrifugation and the clear solution was
concentrated under reduced pressure. The residue was then dissolved in
the minimum amount of THF (�1 mL) and precipitated with pentane.
The resulting powder was filtered off and the procedure was repeated
twice to afford 8 as a yellow powder (83%). 1H NMR (500.33 MHz,
CDCl3): d=2.93 (t, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H; Ca’�H), 2.98 (m, 6H; Ca’�H),
3.37 (d, 3J ACHTUNGTRENNUNG(H,P)=10.9 Hz, 3H; Me�N�P), 3.81 (t, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H;
Cb’�H), 3.83–3.87 (m, 6H; Cb’�H), 6.89–6.99 (m, 12H; C2’�H and C2�H),
7.08 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 4H; C3’�H), 7.12–7.15 (m, 6H; C3’�H), 7.28–
7.29, 7.29–7.45 (2m, 54H; C2’’�H, Cm�H, Co�H and Cp�H), 7.56 (d,
3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H; C3�H), 7.71 (s, 1H; CH=N), 7.85 (d,
3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4H; C3’’�H), 9.92 ppm (s, 2H; CHO); 13C{1H} NMR
(125.80 MHz, CDCl3): d=32.92 (d, 3J ACHTUNGTRENNUNG(H,H)=13.3 Hz, CH3�N�P), 33.97
(s, Ca’), 33.99 (s, Ca’), 39.47 (s, Cb), 39.54 (s, Cb’), 121.05–121.20 (m, C2’),
121.44 (s, C2), 122.07 (d, 3J ACHTUNGTRENNUNG(C,P)=5.0 Hz, C2’’), 128.21 (s, C3), 128.53 (s,
Cm), 128.57 (s, Cm), 128.61 (s, Ci), 128.62 (s, Ci), 129.70–129.90 (m, C3’, Cp


and Co), 131.47 (s, C3’’) 133.46 (s, C4), 134.72 (s, C4’), 134.83 (s, C4’), 134.91
(s, C4’), 136.13 (s, C=C), 139.96–140.15 (m, CH=N), 149.33 (m, C1’),
151.76 (m, C1), 155.15 (d, 2J ACHTUNGTRENNUNG(C,P)=6.9 Hz, C1’’), 170.51 (s, C=O),
190.76 ppm (s, CHO); 31P{1H} NMR (202.53 MHz, CDCl3): d =8.66 (m,
P=N), 60.69 ppm (s, P=S).
Compound 9 : Compound 8 (780 mg, 0.321 mmol) was dissolved in THF
(0.8 mL) in presence of a catalytic amount of NEt3, then dimethyl phos-
phite (69.6 mL, 0.706 mmol) was added to the solution, and the reaction
mixture was stirred overnight at RT. After completion, water was added
dropwise and the organic residues were extracted twice with CH2Cl2. The
organic phase was dried over Mg2SO4, filtered and concentrated, then
dissolved in the minimum amount of THF (�1 mL), precipitated with
ether/pentane and filtered to remove excess dimethyl phosphite. After
evaporation of the residual solvent under reduced pressure, compound 9


was obtained as a yellow powder (85%). 1H NMR (200.13 MHz, CDCl3):
d=2.85–3.05 (m, 10H; Ca’�H), 3.29 (d, 3J ACHTUNGTRENNUNG(H,P)=10.3 Hz, 3H; Me�N�P),
3.50 (d, 3J ACHTUNGTRENNUNG(H,P)=7.0 Hz, 12H; P�O�Me), 3.80–4.10 (m, 10H; Cb’�H),
4.95 (d, 2J ACHTUNGTRENNUNG(H,P)=9.0 Hz, 2H; HO�CH), 6.80–7.70 ppm (m, 83H; CH=N
and Har);


13C{1H} NMR (50.323 MHz, CDCl3): d=33.96 (br s, CH3�N�P
and Ca’), 39.52 (s, Cb’), 53.80 (d, 2J ACHTUNGTRENNUNG(C,P)=7.0 Hz, P�O�Me), 70.03 (d,
1J ACHTUNGTRENNUNG(C,P)=160.9 Hz, HO�CH), 121.05–121.5 (m, C2’ and C2’’), 121.85 (s,
C2), 128.21 (s, C3), 128.55 (s, Cm), 128.60 (s, Ci), 129.70–129.90 (m, C3’, Cp


and Co), 131.70 (d, 2J ACHTUNGTRENNUNG(C,P)=5.7 Hz, C3’’), 133.41 (s, C4), 134.69–134.78 (m,
C4’’ and C4’), 136.07 (s, C=C), 139.20 (m, CH=N), 149.26 (m, C1’ and C1),
150.81 (d, 2J ACHTUNGTRENNUNG(C,P)=8.9 Hz, C1’’), 170.49 (s, C=O), 170.54 ppm (s, C=O);
31P{1H} NMR (202.53 MHz, CDCl3): d=8.70 (m, P=N), 23.06 (m, P=O),
62.16 ppm (s, P=S).


Fluorescence characterisation of the dendrimers in solution : Absorption
and fluorescence measurements were performed in solution in distilled
dichloromethane at RT by using a Specord 205 spectrophotometer (Ana-
lytik Jena AG, Germany) and a PTI model QM-4 spectrofluorimeter
(Photon Technology International, USA), respectively. The quenching
experiments were also performed in solution in dichloromethane, accord-
ing to the Stern–Volmer procedure.[32]


Synthesis of the films : Titania mesoporous films were prepared as previ-
ously reported in the literature.[14,24] The sol-gel solution was prepared
with TiCl4 as the inorganic precursor and Pluronic F127 block copolymer
(HO ACHTUNGTRENNUNG(CH2CH2�O)106 ACHTUNGTRENNUNG(CH2CHACHTUNGTRENNUNG(CH3)�O)70(CH2�CH2�O)106H) as the struc-
turing agent in volatile ethanol/water as the solvent. All reagents were
used as provided by Sigma–Aldrich. A solution composition of TiCl4/
EtOH/H2O/F127 was adopted, with molar ratios of 1:40:10:0.005. This
transparent and slightly viscous solution was homogenised by stirring for
15 min at RT. The solution was then deposited by dip coating the surface
of the substrate (100 Si wafer from MEMC Electronic Materials and
quartz) at a constant rate of 2.5 mms�1 in a controlled atmosphere. The
liquid layers were evaporated at a fixed RH of 15%, then transferred
and aged in a sealed environmental chamber with a fixed RH of 70% for
18 h. The following thermal treatment was then applied: 24 h at 130 8C
and 3 h at 350 8C to increase the density of the amorphous TiO2, then
flash heating at 500 8C for 10 min followed by flash heating at 550 8C for
5 min.


For comparison purposes, mesoporous (ZrO2)x ACHTUNGTRENNUNG(SiO2)1�x (x=0.1, 0.2)
films were synthesised according to the literature.[33] Physical characteri-
sation (TEM, XRD and EEP) was performed as for titania films.


Functionalisation of titania films : The functionalisation process was car-
ried out by dipping the titania films in a 1 mm solution of dendrimer 7 in
dichloromethane. The film was then removed from the solution at a con-
stant rate of 0.16 mms�1 at 40 8C in a temperature-controlled chamber
under an air flux to facilitate the solvent evaporation. The as-prepared
films were rinsed with dichloromethane to remove the non-bonded den-
drimers and then dried under air. The (ZrO2)xACHTUNGTRENNUNG(SiO2)1�x (x=0.1, 0.2) films
were soaked in 0.1 mm solutions of dendrimer 9 in THF at RT for 2 h,
rinsed with THF and dried under an air flux. The characterisation was
performed by using EEP and FTIR, XPS, fluorescence and UV/Vis spec-
troscopies.


Quenching experiments : The influence of different hydroxyl-containing
molecules on the fluorescence properties of the bonded dendrimers was
tested. These reactants are displayed in Scheme 2. They were purchased
from Sigma–Aldrich and used without further purification. Water, etha-
nol and 1-pentanol were used as received.


The functionalised films were soaked in a 10 mm solution of the quencher
in CHCl3 or EtOH for 10 min (see Table 3 for details) with constant agi-
tation at RT. They were then rinsed with the same organic solvent and
dried under air. The fluorescence properties were measured immediately
to avoid the effects of humidity on the readings.


Characterisation of the devices : EEP investigations were performed by
using a variable-angle ellipsometer 2000U from Woolam in the 500–
1000 nm range and by varying the relative humidity of the atmosphere
over the TiO2 films. The porous volume of the TiO2 films was calculated
by using the Brugemann effective medium approximation (BEMA) from
the optical properties of the pores and of a TiO2 reference film that was
prepared without structuring agent and that had the same thermal history
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as its mesoporous counterpart. The fractions of porous volume filled with
water during the analysis were calculated by using BEMA from a mix of
dry mesoporous film and completely water-saturated film. All details of
the experimental setup and data treatments have been described previ-
ously.[34] TEM images were collected by using a JEOL 100 CX II
(120 kV) instrument. Samples obtained by scratching the films from the
substrate were suspended in ethanol and deposited on carbon–coated
copper grids. FTIR measurements were carried out by using a Nicolet
Magna 550 spectrometer in transmission mode through the samples de-
posited on the Si wafer substrates. XPS was performed at room tempera-
ture by using a SPECS PHOIBOS 100 hemispherical analyzer with non-
monochromatic MgKa radiation as the excitation source and under a base
pressure of �10�9 mbar. The samples were glued to the sample holder
with silver epoxy. The UV/Vis absorption spectra were recorded by using
a UVIKON XL SECOMAM (UVK-Lab) spectrometer directly on the
samples deposited on quartz substrates. The steady-state fluorescent be-
haviour of the samples on quartz was recorded by using a Fluoromax-3
instrument from Horiba Jobin Yvon with the slits fixed at 2 nm. The fluo-
rescence spectrum of each sample was obtained at an excitation wave-
length of 373 nm and an emission wavelength of 520 nm, always at RT.
No excitation was performed at 290 nm to avoid the decomposition of
the dendrimers promoted by the photocatalytic activity of the titania.
The samples were water sensitive (see above) so therefore, the initial ex-
citation–emission spectra for the titania films differed slightly.
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Screening Electronic Communication through ortho-, meta- and para-
Substituted Linkers Separating Subphthalocyanines and C60
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Introduction


Testing molecular model systems—composed of electron-do-
nating and electron-accepting constituents—assists in under-


standing factors that ultimately influence photoinduced
energy- and electron-transfer reactions.[1] The importance of
energy and/or electron transfer is undisputed, since these
two primary events govern the conversion of solar energy
into profitable chemical energy in natural photoactive reac-
tion centers.[2] They also play a critical role in the perfor-
mance of, for example, organic solar cells.[3] Usually, well-de-
fined spacers are chosen to connect donors and acceptors.
Their nature, which may include covalent or noncovalent, p-
conjugated or nonconjugated, rigid or flexible, and so forth,
determines the degree of electronic communication, the dis-
tance, and the relative orientation.[4] In this context, p-con-
jugated systems stand out as spacers to afford excellent elec-
tronic couplings and, consequently, to accelerate intramolec-
ular events between the two active components.[5] Besides,
they may allow switching or fine-tuning of the electronic
communication.[6,7]


Recent studies have illustrated the kinetic dependencies
of intramolecular processes on the ortho, meta, or para con-
nections in rigid, isomeric, phenyl spacers. These spacers
regulate the distance between the donor and acceptor and,
consequently, intramolecular processes that occur by means
of through-space mechanisms will be favored in the follow-
ing order: ortho>meta>para.[8] Appreciable differences
emerge for the electronic couplings in the isomeric forms. In
particular, in systems in which intramolecular events are
driven by through-bond interactions (i.e., the p and s bonds
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of the spacer) direct linkages across meta positions are less
effective than linkages across para positions. A reasonable
interpretation for this finding is lent from the superexchange
mechanism,[9] which leads to a stronger increase in coupling
at the ortho and para positions relative to that at the meta
connections. Leading examples include singlet–singlet and
triplet–triplet energy transfer,[10] photoinduced charge sepa-
ration and charge recombination,[11] charge transfer to elec-
trodes,[12] or electronic communication in conjugated den-
drimers[13] and intervalence metal complexes.[14]


In addition, some of these studies reveal that meta linkers
may provide enhanced electronic coupling in the excited
state, operating as a gated wire in p-conjugated systems.[13]


This effect has been demonstrated in conjugated donor–ac-
ceptor systems, in which the meta connection yielded faster
charge separation and slower charge recombination rates
than the para connection.[11e]


Subphthalocyanines[15] (SubPcOs) are nonplanar aromatic
macrocycles that exhibit interesting optical properties.[16]


Our recent work focused on the synthesis and physicochemi-
cal features of subphthalocyanine/fullerene, electron donor–
acceptor systems[17] (SubPc–C60). In this work the two
photo- and redox-active units were connected by meta phen-
oxy spacers.[17b] Selective photoexcitation of SubPc gave
rise—depending on the type of SubPc—to either an energy-
or charge-transfer mechanism to yield either a photoexcited
or one-electron reduced fullerene, respectively, as a reactive
intermediate. The outcome between these two competitive
processes was found to depend on the peripheral substitu-


tion on the SubPc macrocycle. Donor groups, including
phenyl ether or diphenylamino groups, led to a considerable
lowering of the SubPc oxidation potentials and, in turn, as-
sisted in favoring electron transfer. However, only energy
transfer was operative when the SubPc macrocycle was en-
dowed with fluorine or iodine substituents.


Herein we describe the synthesis of two complementary
series of SubPc–C60 energy/electron donor–acceptor systems,
in which the two constituents are linked through ortho-,
meta-, or para-substituted phenoxy spacers. In one of the
series (1a) the SubPc units bear iodine atoms,[17a] while in
the other series (1b) diphenylamino groups are linked to
the SubPc macrocycle. A wide range of electrochemical and
photochemical experiments were employed to probe ground
and excited state interactions, as a function of substitution
pattern in the spacer, that range from energy- to electron-
transfer reactions. We demonstrate that, while some of these
processes are clearly regulated by the separation distance
between both components, the different electronic coupling
through ortho-, meta-, or para- connections can also play an
important role in some cases.


Results and Discussion


Synthesis : The synthesis of 1a and 1b was carried out by
employing triiodoSubPc 4a[16b] as a common synthetic pre-
cursor (Scheme 1). The axial chlorine atom was first re-
placed by ortho-, meta-, or para-formylphenoxy ligands,


Scheme 1. Synthesis of the two sets of isomeric SubPc-C60 (1a and 1b).
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leading to o-2a, m-2a, and p-2a, or by phenol, yielding the
reference SubPc 3a. This set of triiodoSubPc compounds
was then subjected to a palladium-catalyzed amination reac-
tion[18] with diphenylamine that afforded o-2b, m-2b, p-2b,
and 3b in nice yields (75–87%). As an alternative to this
synthetic route we also examined the direct amination reac-
tion with 4a, but instead of observing the incorporation of
the diphenylamino substituents, the starting chloroSubPc de-
composed during these conditions. It seems that an axial
phenoxy group imparts chemical stability to the SubPc mac-
rocycle.[19] Finally, o-1a, m-1a, p-1a, o-1b, m-1b, and p-1b,
were prepared by 1,3-dipolar cycloaddition reactions[20] be-
tween the corresponding SubPc 2a and 2b compounds and
C60.


[21]


Purification was performed by silica gel column chroma-
tography with toluene or toluene/hexane mixtures as elu-
ents. Unreacted fullerene eluted first, followed by the mono-
addition compound and a small amount of bisadducts. The
corresponding C3 and C1 regioisomers of the monoadducts
1a and 1b could be separated by column chromatography
and were individually characterized.[22] Moreover, in these
intrinsically chiral macrocycles, the presence of an additional
stereogenic center at the pyrrolidine ring gives rise to a 1:1
mixture of two diastereoisomers for each C1/C3 isomer. Only
the diastereoisomers of ortho-isomeric systems were found
to separate in some cases by column chromatography with
the conditions employed. Most probably, the restricted rota-
tion—the two subunits being held close by the spacer—is re-
sponsible for a greater differentiation between the diaste-
reoisomers.


Evaluation of the relative distance between the SubPc and
the C60 units : The nature of the phenoxy spacers, which
have two torsion angles around s-bonds that lead to multi-
ple conformations, impart some degree of flexibility to the
molecules. This, in turn, means that the C60 and SubPc units
are not restrained to any fixed relative position, but their
distance can shift within a small range. Structural modeling
of these systems, using molecular mechanics and semiempir-
ical methods,[23] allowed us to evaluate the maximum and
minimum distances between the two moieties in each
isomer. These values, defined as the distance between the
boron atom and the center of the carbon sphere, together
with a model of minimized conformation for each isomer,
are illustrated in Figure 1.


The calculated average distances agree quite well with the
upfield shifts observed for the signals of the pyrrolidine pro-
tons, especially when considering the signal of the proton on
the tertiary carbon atom (proton a, Figure 1). In fulleropyr-
rolidine 5 this proton signal appears as a singlet at d=


4.88 ppm. In o-1b, m-1b, and p-1b, on the other hand, the
same signal is shifted upfield to d=3.81, 4.39, and 4.44 ppm,
respectively. A distance-dependent interaction with the
SubPc ring-current is responsible for this trend. Similar ef-
fects were observed for the corresponding protons in o-1a,
m-1a, and p-1a at d=3.90, 4.52, and 4.60 ppm, respectively.
Furthermore, a significant broadening of the proton signals


in the spacer of the meta isomers seems to reflect an inter-
conversion between different conformations in a time scale
comparable to that of the 1H NMR measurements. This
must be due to the higher flexibility of the meta spacer,
which provides a wider distribution of interchromophoric
distances than the other two.


Ground state—electronic absorption spectra : The absorp-
tion spectra of all systems disclose features of both constitu-
ents (Figure S1a in the Supporting Information). For in-
stance, the presence of C60 is clearly seen through absorp-
tions in the 250–350 nm range, followed by a weak band
around 430 nm. The SubPc unit, on the other hand, domi-
nates the red part of the spectrum, in which the typical Q-
bands appear at around 570 or 615 nm for the a or b series,
respectively. This band is responsible for the marked
changes in color that ranges from the typical intense magen-
ta to green. In the b series, an additional broad band evolves
around 450 nm, which is attributed to n–p* transitions of
the amine group.


In the dyads, the SubPc Q-band shows a small red shift
when compared to the corresponding reference compounds
(i.e., 3a and 3b). This bathochromic shift (as illustrated in
Figure S1b in the Supporting Information for o-1b, m-1b,
and p-1b) slightly weakens as the distance between the two
constituents increases. This trend was qualitatively repro-
duced in several solvents, that is, toluene, CHCl3, THF, or
even benzonitrile, and seems to indicate a distance-depen-
dent perturbation of the p–p* SubPc transition by the fuller-
ene unit. Moreover, in the diphenylamine-substituted series
the magnitude of the red shift shows a solvent dependence,
and an increase in solvent polarity evokes an additional red
shift of the SubPc Q-bands (Figure S1c in the Supporting
Information).


Figure 1. Models and estimated range of interchromophoric distances for
o-, m-, and p- isomeric SubPc-C60. Portion of the 1H NMR spectra
(CDCl3, 300 MHz) of o-1b, m-1b, and p-1b, showing the magnitude of
the upfield shift experienced by some of the pyrrolidine protons as a
function of their distance to the SubPc macrocycle.
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Ground state—electrochemistry : Cyclic voltammetry experi-
ments have been carried out with o-1a, m-1a, p-1a, o-1b,
m-1b, and p-1b, and compared to the references 3a, 3b and
5. In Table 1 the redox potentials (as measured with this
technique) are summarized, while Figure 2 displays the
cyclic voltammograms in THF.


For the o-, m-, and p-dyads (1a), the cathodic waves at
��1 V (E1


1=2,red) and ��1.5 V (E3
1=2, red)—one electron


each—are assigned to C60, while those seen at �+0.8 V
(E1


p,ox) and ��1.4 V (E2
1=2,red)—one electron each—are cen-


tered on the SubPc. All three reduction processes were
found to be fully reversible. On the other hand, the first and
the second anodic oxidation processes of m-1a and p-1a are
irreversible. The second oxidation wave at around +1 V
seems to correspond to the oxidation of the nitrogen atom
in the pyrrolidine ring attached to the C60 group. In the re-


maining compounds, this oxidation is placed close to the sol-
vent threshold and, in turn, barely observed. The cyclic vol-
tammograms of 3a also display an irreversible many elec-
tron wave reduction (�3e) at around �1900 mV (E2


p,red). A
similar wave is observed for 1a (not shown).


In the case of the diphenylamino series, the first macrocy-
cle-based oxidation was detect-
ed at +0.37 V. It displays the
usual electrochemical irreversi-
bility seen during the oxidations
of SubPc. When scanning to
more positive potentials, the b
series exhibits a second irrever-
sible event around +0.6 V. A
three-electron quasi-reversible
wave suggests here an oxidation
of the diphenylamino groups.
After a full oxidation scan
strong adsorption at the work-
ing electrode evolves, which


leads to a green–blue film on the surface. This hampered
any further reductive electrochemistry from being detected.
The oxidative deposition, which very closely resembles sur-
face-confined behavior, is depicted in Figure S2 (Supporting
Information). This behavior was also observed in 1b and is
an interesting property that could be explored in the prepa-
ration of thin films.


As far as the cathodic part of 1b is concerned, the wave
at ��1 V (E1


1=2,red), corresponding to one electron, was as-
signed to C60. The wave at ��1.5 V (E2


1=2,red), a two-electron
process, seems to involve the first reduction of SubPc and
the second reduction of C60. The third reduction wave at ap-
proximately �2.1 V (one electron) could not definitely be
assigned to one or the other of the electroactive species. Fol-
lowing this third reduction process, the observation of the
multielectronic (=3e) irreversible reduction of the SubPc at
�2.7 V precluded further assignments from the cyclic vol-
tammograms. However, Osteryoung square-wave voltamme-
try (OSWV; see Figure S3) reveals the close spatial proximi-
ty between forming the tetra- and penta-anionic species in
these molecules. Adding a third electron to C60 and a second
electron to SubPc ring appears to happen nearly simultane-
ously. The order that these events follow is not clearly estab-
lished nor is the reversibility of the processes, due to the im-
minent presence of the irreversible multielectronic reduction
of the SubPc fragment at around �2.7 V.


Comparing the redox potentials of the ortho-, meta-, and
para- isomeric 1a and 1b revealed that, in both series, a
meta-configured spacer induces easier reduction and oxida-
tion of the two electroactive subunits. This is also reflected
in the corresponding HOMO/LUMO energy gaps. As
shown in Table 1, the lowest values in both series were seen
for the meta-substituted m-1a and m-1b, indicating the
weakest interactions between the donor and acceptor
groups in each series. Therefore, the electronic effects that
influence these ground-state redox processes seem to take
place by means of through-bond rather than through-space


Table 1. Potential data (mV vs. ferrocene) for SubPc-C60 dyads 1 and reference compounds 3 and 5 in THF.


E3
ox


[a] E2
ox


[a] E1
ox


[a] E1
1=2,red E2


1=2,red E3
1=2,red HOMO–LUMO[b]


3a +821 �1323 �1900[a] (=3e)
o-1a +822 �1016 �1393 �1560 1.84
m-1a +998 +779 �1004 �1347 �1511 1.78
p-1a +1038 +854 �1037 �1380 �1567 1.89
3b +824 +616 +374 �1579 �2079 �2750[a] (=3e)
o-1b +846 +606 +436 �1025 �1567 (2e) �2153 1.46
m-1b +840 +586 +372 �1017 �1532 (2e) �2162 1.39
p-1b +846 +623 +378 �1028 �1543 (2e) �2180 1.41
5 �910 �1435 �2019


[a] Electrochemically irreversible wave. Only peak potentials are given. [b] Estimated HOMO–LUMO energy
gap (in eV) as the difference between the first oxidative and reductive potentials of the dyads.


Figure 2. Cyclic voltammograms (mV vs. ferrocene) of references 3a and
3b and o-1a, m-1a, p-1a, o-1b, m-1b, and p-1b in THF and 0.1m


TBAPF6 as supporting electrolyte.
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interactions, since they follow the expected (and similar) be-
havior for the ortho and para, and the weakest electronic
coupling for the meta isomer.


Excited states—steady-state and time-resolved fluorescence
spectroscopy: First insight into excited-state interactions be-
tween the photo- and redox-active constituents came from
steady-state and time-resolved fluorescence experiments, in
which SubPc was excited either at 570 (i.e., 1a) or 615 nm
(i.e., 1b). A strong decrease in the SubPc fluorescence in-
tensity is noted when contrasting the results for the dyads
(i.e., 1a and 1b, quantum yields on the order of 10�3) with
those of the references (i.e., 3a and 3b, quantum yields on
the order of 10�1). Both the fluorescence quantum yields
and the fluorescence lifetimes were typically two orders of
magnitude lower in the dyads (see Table 2).[24]


We have previously demonstrated that the SubPc singlet
excited states in m-1a and m-1b give rise to different reac-
tivity patters in their excited states, namely, energy- versus
charge-transfer deactivation.[17b] The most notable results
came from solvent dependence. Solvents of different polari-
ty led in m-1a to marginal changes in the quantum yields.
This suggests a nearly activationless fluorescence deactiva-
tion. For m-1b, on the other hand, using a more polar envi-
ronment amplified the nonradiative deactivation pathway.


The aforementioned trends are reestablished in the two
remaining isomers. Noticeable is the impact that the change
in distance and electronic coupling exerts on the deactiva-
tion rates: ortho-substitution in o-1a, which imposes un-
equivocally the shortest distance between SubPc and C60,
leads to the strongest quenching within the 1a series, where-
as the weakest SubPc fluorescence quenching was seen in
the para-isomer p-1a (Figure 3). Such a trend parallels the
red-shifts registered in the ground state absorption (see Fig-
ure S1 in the Supporting Information).


Mechanistically, upon SubPc excitation in toluene a fluo-
rescence pattern evolves that bears close resemblance with
that known for C60 (i.e., 5), that is, a maximum at 720 nm.
Furthermore, the excitation spectra of the C60 fluorescence


discloses features that match
the ground state absorption of
SubPc and C60. This provides
unambiguous evidence for the
origin of the C60 fluorescence.
Tests in solvents, which are
more polar than toluene, for
example, THF, o-dichloroben-
zene or benzonitrile, led to the
same intensity of the C60 fluo-
rescence in the 1a series. The
only differences that were de-
rived correspond to the quan-
tum yields of energy transfer:
when employing 5 as a stan-
dard with matching absorption
at the excitation wavelength


the following trend emerges: o-1a>m-1a>p-1a (see
Table 2). Implicit is a distance-dependent singlet–singlet
energy transfer from the SubPc singlet excited state in 1a
(i.e., 2.1 eV) to C60 (i.e. , 1.76 eV) that thermodynamically
outperforms any charge transfer (i.e., ca. 1.85 eV).


Quite different is the outcome of the fluorescence experi-
ments with o-1b, m-1b and p-1b. Although the strongest
quenching is still seen in o-1b (Figure 4), a considerable de-
crease of the fluorescence in the more polar media attests to
a different mechanism. In 1b the charge-transfer products
are energetically situated around 1.4 eV, which, in turn,
would favor the charge-transfer pathway evolving from the
SubPc singlet excited state (i.e., 1.9 eV) rather than the
energy-transfer scenario.[25]


Excited states—transient absorption spectroscopy : Time-re-
solved transient absorption measurements provided further
details about the deactivation mechanism. Upon 500 nm ex-
citation of 3a/1a and 3b/1b, we observe the singlet excited-
state characteristics of the SubPc constituents. In all cases a
bleach of the ground state is accompanied by a new transi-
tion that develops in the red. For the 3a/1a series maxima
and minima evolve around 640 and 574 nm, respectively,


Table 2. Selected photophysical parameters of SubPc-C60 dyads 1a and 1b as a function of solvent and isomer-
ic connection between the two chromophores.


Feature Solvent o-1a m-1a p-1a o-1b m-1b p-1b


fluorescence maximum [nm] toluene 596 592 591 654 655 658
fluorescence quantum yield (SubPc) toluene 7.3S10�4 7.7S10�4 1.0S10�3 3.7S10�2 2.1S10�2 5.1S10�3


THF 1.1S10�3 1.2S10�3 1.3S10�3 [a] [a] [a]


fluorescence quantum yield (C60) toluene 6.6S10�4 4.7S10�4 6.0S10�4 !10�4 !10�4 !10�4


THF 6S10�4 3.610�4 5.4S10�4 !10�4 !10�4 !10�4


singlet lifetime (C60) [ns] toluene 1.2 1.0 1.1 [a] [a] [a]


THF 1.0 0.9 1.0 [a] [a] [a]


singlet lifetime (SubPc) [ps] toluene 4.2 10.9 13.9 15.1 9.8 11.7
THF 4.4 [a] [a] 1.0 1.7 2.9


energy transfer quantum yield toluene 1.0 0.8 0.85 [c] [c] [c]


radical ion pair lifetime [ps] toluene [b] [b] [b] 4055 4350 >5000
THF [b] [b] [b] 133 192 319
bzcn [b] [b] [b] 73 111 235


[a] Not measured. [b] No charge separation was found. [c] No energy transfer was found.


Figure 3. Steady-state fluorescence spectra of o-1a (dotted spectrum), m-
1a (dashed spectrum), and p-1a (solid spectrum) in toluene exhibiting
the same absorption of 0.15 at the 530 nm excitation wavelength.
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while the corresponding features for the 3b/1b series are
seen at 756 and 615 nm. The intersystem-crossing dynamics
are rather slow (�108 s�1) in the two references (i.e., 3a and
3b). This is in sharp contrast to the ultrafast decays of the
SubPc singlet–singlet absorption in 1a and 1b with rates
�1010 s�1.


In the 1a series, instead of detecting the transient changes
that are associated with the SubPc triplet excited state, we
note spectral characteristics that match those seen for 5,
namely, the C60 singlet excited state (Figure 5). The most
prominent feature is a maximum at 880 nm. Since these C60


singlet features develop concomitantly with the decay of the
SubPc singlet excited state, we conclude a transduction of
singlet-excited-state energy. Appreciable kinetic differences
emerge for the different isomers in toluene and THF with
energy-transfer rate constants that are larger in o-1a than in
m-1a and p-1a (Figure 6). In other words, the underlying
distance-dependence resembles that seen in the fluorescence
experiments.


The C60 singlet excited state intersystem crosses to the
corresponding triplet manifold with dynamics that are virtu-
ally identical to that in 5. Despite this close kinetic agree-
ment, spectroscopically the differential absorption changes
are no match to that of the C60 triplet excited state (i.e.,
maxima at 360 and 700 nm). Maxima at 460 and 620 nm and
a minimum at 570 nm suggest that the C60 singlet decay af-
fords the SubPc triplet excited state. Likewise, the only com-
ponent detected in the nanosecond experiments was that of
the SubPc triplet excited state. Implicit is that the fullerene
triplet (1.5 eV), once formed by intersystem crossing, under-
goes a thermodynamically allowed, but kinetically not re-
solvable, transfer of triplet energy to generate the SubPc
triplet excited state (�1.45 eV). The underlying kinetics are
affected by the isomeric form and tend to be faster for m-1a
than for p-1a and o-1a. Such a trend contrasts the reactivity
of singlet–singlet energy transfer.


Different are the results with o-1b, m-1b, and p-1b (see
Figure 7 and 8). The SubPc singlet-excited-state features
change rapidly into a broadly absorbing species. In the visi-
ble region the one-electron-oxidized radical cation of the
SubPc donor evolves with maxima at 750 nm, while in the
near-infrared region the signature (1000 nm) of the one-
electron-reduced radical anion of the C60 acceptor. Taken
these attributes into concert, there is no doubt about the
successful formation of SubPcC+–C60C


�. As already men-
tioned, better donating abilities in the 1b series enables the
highly efficient (>90%) separation of charges, which is ther-
modynamically prohibited in the 1a series. Figure 8 corrobo-
rates that in toluene the o-1b, m-1b, and p-1b isomers give
rise to appreciable differences in charge-transfer kinetics:
m-1b>p-1b>o-1b. Inductive effects are responsible for the
diverse rate constants. In fact, these values agree well with
the thermodynamic driving force (i.e. , HOMO–LUMO
gaps), which were derived from the electrochemical experi-
ments. In THF, in which the thermodynamic driving forces
for the charge-transfer kinetics (i.e. , around 0.5 eV) are
brought closer to the top of the Marcus parabola (i.e., on


Figure 4. Steady-state fluorescence spectra of o-1b (dotted spectrum), m-
1b (dashed spectrum), and p-1b (solid spectrum) in toluene exhibiting
the same absorption of 0.24 at the 582 nm excitation wavelength.


Figure 5. Differential absorption spectra (visible and near-infrared) ob-
tained upon femtosecond flash photolysis (500 nm, 200 nJ) of m-1a in
argon-saturated toluene with time delays of 1.1 ps (solid spectrum), 44 ps
(dashed spectrum) and 2472 ps (dotted spectrum) at room temperature,
illustrating the sequence of singlet–singlet energy transfer, intersystem
crossing, and triplet–triplet energy transfer.


Figure 6. Time-absorption profiles at 560 nm of the differential absorp-
tion measurements with o-1a (open circles), m-1a (crosses; see also
Figure 5), and p-1a (full circles) in toluene, monitoring the energy-trans-
fer processes.
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the order of 0.6 eV as in phthalocyanine–C60 and porphryin–
C60),


[4,26] the rate constants increase relative to those mea-
sured in toluene.


Charge recombination leads to the recovery of the ground
state for o-1b, m-1b, and p-1b, since the SubPcC+–C60C


�


energy levels (i.e. , 1.4–1.2 eV) are presumably situated
below those of both triplets (i.e., SubPc and C60). The kinet-
ics of charge recombination are strongly dependent on the
solvent polarity and on the isomeric form. Determining the
SubPcC+-C60C


� lifetimes in the different solvents for o-1b, m-
1b, and p-1b (Table 2) brought the following trends to light:
Firstly, increasing the solvent polarity decreases the SubPcC+


–C60C
� lifetime despite a better solvation of the radical ions:


several thousands of picoseconds in toluene and several
hundreds of picoseconds in THF, and about hundred pico-
seconds in benzonitrile. This is a clear attribute of the in-
verted region of the Marcus parabola, the thermodynamic
maximum of which is located between 0.5 and 0.6 eV.[4,27]


Please note the rather large driving force for the charge re-
combination, which is on the order of 1.4 eV. Secondly, de-
creasing the distance between donor and acceptor decreases
the SubPcC+–C60C


� lifetime despite the opposite effects in the
charge separation—exceeding a factor of two when contrast-
ing o-1b and p-1b.


Conclusion


The current work demonstrates the impact that a partially
conjugated spacer exerts on the ground- and excited-state
communication between electron/energy donor and acceptor
units in two complementary sets of SubPc–C60 systems.


Perturbations of the electronic transitions, caused by the
proximity of the two p-conjugated units, dominate the
ground state. Additional electrochemical experiments reveal
that the HOMO–LUMO gaps tend to be smaller in the
meta-isomers when compared to those in the corresponding
ortho- and para-isomers. In summary, through-bond interac-
tions play an important role in the electronic communica-
tion between the donor and the acceptor in the ground
state.


In the excited state, the underlying mechanism, energy
(i.e., iodine substituents: 1a) versus electron transfer (i.e. ,
diphenylamino substituents: 1b), determines the interac-
tions. Distance matters when dipole–dipole interactions are
operative. These govern the transduction of singlet-excited-
state energy in 1a. As a consequence, o-1a reacts much
faster than any of the remaining isomers (i.e. , p-1a and m-
1a). Triplet–triplet energy-transfer reactions, on the other
hand, follow a double electron-transfer mechanism, in which
inductive effects exert a stronger impact: m-1a reacts seem-
ingly faster than o-1a or p-1a. This conclusion finds inde-
pendent support in the electrochemical experiments, in
which the SubPc oxidation potentials reveal isomer-depen-
dent shifts that suggest through-bond electronic effects.


In the 1b series, for the initial charge separation a resem-
bling trends evolves, namely, m-1b undergoes faster charge
transfer than o-1b or p-1b. It is only for the strongly exo-
thermic charge recombination, again for which distance ef-
fects seem to dominate, and the rate constants exhibit the
following order: ortho>meta>para.[28]


The reason why this trend differs from previous stud-
ies,[11e] in which meta isomers showed the slowest charge re-
combination rates, probably resides in the nature of the
phenoxy spacer. This spacer offers more flexibility and
poorer electronic coupling than fully p-conjugated spacers.


Experimental Section


General methods : Melting points (m.p.) were determined in a B@chi
504392-S equipment and are uncorrected. UV/Vis spectra were recorded
with a Hewlett–Packard 8453 instrument. IR spectra were recorded on a
Bruker Vector 22 spectrophotometer. LSI-MS and HRMS spectra were
determined on a VG AutoSpec apparatus and MALDI-TOF-MS spectra
were obtained from a Bruker Reflex III instrument equipped with a ni-


Figure 7. Differential absorption spectra (visible and near-infrared) ob-
tained upon femtosecond flash photolysis (500 nm, 200 nJ) of m-1b in
argon-saturated toluene with time delays of 1.1 ps (solid spectrum) and
24 ps (dashed spectrum) at room temperature, illustrating the charge
transfer.


Figure 8. Time-absorption profiles at 750 nm of the differential absorp-
tion measurements with o-1b (open circles), m-1b (crosses; see also
Figure 7), and p-1b (full circles) in toluene, monitoring the charge-trans-
fer processes.
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trogen laser operating at 337 nm. NMR spectra were recorded with a
Bruker AC-300 instrument. Elemental analyses were performed with a
Perkin–Elmer 2400 CHN equipment. Column chromatography was car-
ried out on silica gel Merck-60 (230–400 mesh, 60 U), and TLC on alumi-
num sheets precoated with silica gel 60 F254 (E. Merck). Chemicals were
purchased from commercial suppliers and used without further
purification.


Electrochemistry : Electrochemical measurements were performed at
room temperature in a home-built one-compartment cell with a three-
electrode configuration, containing 0.1m tetrabutylammonium hexafluor-
ophosphate (TBAPF6) as the supporting electrolyte, which was recrystal-
lized twice from ethanol and dried under vacuum. A glassy carbon or
gold electrode (3 or 1.5 mm 1, respectively) was used as the working
electrode, and a platinum mesh and a silver wire, separated from the so-
lution by a vycor tip, were employed as the counter and the reference
electrodes, respectively. Prior to each voltammetric measurement the cell
was degassed and pumped to 10�6 mmHg. The solvent, THF (5 mL),
which had also been degassed and pumped to the same pressure, was
then vapor-transferred into the cell, directly from Na/K. The electro-
chemical measurements were performed using a concentration of approx-
imately 0.5 mm of the corresponding compound, and ferrocene was
added as an internal reference.


Phototophysics : Steady-state emission spectra were recorded on a Fluo-
roMax


V


3 Fluorometer (HORIBA). The measurements were carried out
at room temperature. Fluorescence lifetimes were measured with a Fluo-
rolog


V


TCSPC system (HORIBA). The samples were excited by a
NanoLED-405 LH (peak wavelength 403 nm) and the signal was detect-
ed by a Hamamatsu MCP photomultiplier (type R3809U-50). Femtosec-
ond transient absorption studies were performed with 500 nm laser
pulses (1 kHz, 150 fs pulse width, 200 nJ) from amplified Ti:Sapphire
laser system (Clark-MXR, Inc.).


Standard procedure for the synthesis of SubPcs 2a and 3a : In a 25 mL
round-bottomed flask, equipped with a condenser and a magnetic stirrer,
the corresponding phenol (2.5 mmol) and SubPc 4a (0.5 mmol; 404 mg)
were heated under reflux in toluene (2 mL) for 40 h (m-2a and p-2a) or
16 h (3a), depending on the reactivity of the starting SubPc and phenol.
In the case of o-2a the reaction was performed in a 10 mL round-bot-
tomed flask, equipped with a magnetic stirrer and rubber seal, in which
o-hydroxybenzaldehide (1 mmol) and SubPc 4a were placed. The mix-
ture was heated to the melting point of the phenol and stirred at that
temperature for 3 h. Then, in all cases, the reaction mixture was cooled
down to room temperature, the solvent was evaporated, and the resulting
residue was washed with a 4:1 mixture of methanol/water. The dark ma-
genta solid was then subjected to column chromatography on silica gel
using toluene (3a) or mixtures of toluene/THF (50:1 for o-2a or 30:1 for
m-2a and p-2a). The C3 and C1 regioisomers of 2a were not separated
and are characterized below as 3:1 mixtures. All the compounds were
further purified by recrystallization from CH2Cl2/hexane mixtures. The
characterization of SubPcs 3a and m-2a has been recently reported.[17b]


SubPc o-2a (1:3 mixture of C3 and C1 isomers): Compound o-2a was ob-
tained as a pink solid: 246 mg (55%); m.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d=9.20 (br s, 3H), 8.94 (s, 1H), 8.55 (d, Jo=8.2 Hz, 3H), 8.22 (d,
Jo=8.2 Hz, 1H), 7.29 (dd, Jo=8.1 Hz, Jm=1.8 Hz, 1H), 7.03 (ddd, Jo=


8.1 Hz, Jo’=7.3 Hz, Jm’=1.8 Hz, 1H), 6.74 (dd, Jo’=7.3 Hz, Jo’’=7.6 Hz,
1H), 5.13 ppm (dd, Jo’’=7.6 Hz, Jm’=1.8 Hz, 1H); 13C NMR (75.5 MHz,
CDCl3): d =188.9, 155.4, 151.5, 152.4, 151.2, 150.4, 150.2, 150.0, 139.0,
135.2, 132.2, 129.8, 131.6, 127.9, 123.7, 123.6, 122.1, 119.3, 96.6 ppm; MS
(FAB, m-NBA): m/z : 894 [M]+ , 773 [M�axial group]+ ; HRMS: m/z
calcd for C31H14N6O2BI3: 893.8405; found: 893.8517; UV/Vis (CHCl3):
lmax (log e)=572 (4.5), 532 (sh), 325 (3.9), 273 nm (4.2); FT-IR (KBr):
ñ=1684 (C=O), 1593, 1546, 1433, 1383, 1291, 1260, 1229, 1143, 1041 (B�
O), 817, 752, 702 cm�1; elemental analysis calcd (%) for C31H14N6O2BI3:
C 41.65, H 1.58, N 9.40; found: C 41.24, H 1.67, N 9.36.


SubPc p-2a (1:3 mixture of C3 and C1 isomers): Compound p-2a was ob-
tained as a pink solid: 299 mg (67%); m.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d =9.61 (s, 1H), 9.15 (m, 3H), 8.50 (m, 3H), 8.18 (m, 3H), 7.31
(AA’XX’ system, 2H), 5.44 ppm (AA’XX’ system, 2H); 13C NMR
(75.5 MHz, CDCl3): d=190.6, 158.1, 151.6, 151.4, 151.2, 150.3, 150.1,


139.0, 132.1, 129.7, 131.6, 131.5, 131.4, 130.3, 123.6, 123.5, 118.8,
96.5 ppm; MS (FAB, m-NBA): m/z : 894 [M]+ , 773 [M�axial group]+ ;
HRMS: m/z calcd for C31H14N6O2BI3: 893.8405; found: 893.8438; UV/Vis
(CHCl3): lmax (loge)=572 (4.5), 531 (sh), 326 (3.9), 274 nm (4.2); FT-IR
(KBr): ñ =1687 (C=O), 1597, 1508, 1459, 1429, 1266, 1176, 1039 (B�O),
818, 779, 755, 701 cm�1; elemental analysis calcd (%) for C31H14N6O2BI3:
C 41.65, H 1.58, N 9.40; found: C 42.07, H 1.50, N 9.40.


Standard procedure for the synthesis of SubPcs 2b and 3b : An oven-
dried 25 mL flask was charged with finely ground Cs2CO3 (294 mg,
0.9 mmol), [Pd2ACHTUNGTRENNUNG(dba)3] (8 mg, 0.009 mmol), BINAP (5.6 mg, 0.009 mmol),
diphenylamine (152 mg, 0.9 mmol) and the corresponding SubPc (2a or
3a (1:3 mixture of C3/C1 regioisomers; 0.1 mmol). The flask was then
purged with argon and dry toluene (10 mL) was added through a syringe.
The mixture was heated to reflux under argon atmosphere with continu-
ous stirring for 8 h in both cases. The solution was cooled to room tem-
perature, diluted with toluene (20 mL), filtered, and concentrated to
about 2–3 mL. The crude product was then purified by flash chromatog-
raphy on silica gel by using a mixture of hexane/THF (4:1 for 3b and 3:1
for 2b) as eluent. The C3 and C1 regioisomers of 2b were not separated
and are characterized below as 3:1 mixtures. The resulting deep green
solids could be further purified by precipitation from cold hexane. The
characterization of SubPcs 3b and m-2b has been recently reported.[17b]


SubPc o-2b (1:3 mixture of C3 and C1 isomers): Compound o-2b was ob-
tained as a green solid: 70 mg (69%); m.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d =9.07 (s, 1H), 8.55 (m, 3H), 8.35 (m, 3H), 7.53 (m, 3H), 7.4–
7.0 (m, 32H), 6.69 (dd, Jo’=Jo’’=7.6 Hz, 1H), 5.18 ppm (d, Jo’’=7.6 Hz,
1H); 13C NMR (75.5 MHz, CDCl3): d=189.7, 156.5, 152.3, 151.5, 150.5,
150.32, 150.27, 150.0, 147.3, 147.2, 135.8, 135.2, 129.7, 129.6, 127.3, 125.5,
125.41, 125.36, 125.2, 124.4, 124.3, 124.2, 123.0, 122.9, 122.8, 121.2, 118.9,
114.4, 114.3, 114.2, 114.1 ppm; MS (FAB, m-NBA): m/z : 1018 [M+H]+ ;
HRMS: m/z calcd for C67H44N9O2B: 1017.3711; found: 1017.3745; UV/
Vis (CHCl3): lmax (loge)=623 (4.5), 577 (sh), 426 (4.2), 303 (4.6), 255 nm
(4.5); FT-IR (KBr): ñ=1670 (C=O), 1609 (C=N), 1487, 1260, 1195, 1154,
1044 (B�O), 750, 697 cm�1; elemental analysis calcd (%) for
C67H44N9O2B: C 79.05, H 4.36, N 12.38; found: C 78.47, H 4.69, N 12.22.


SubPc p-2b (1:3 mixture of C3 and C1 isomers): Compound p-2b was ob-
tained as a green solid: 80 mg (79%); m.p. >250 8C; 1H NMR (300 MHz,
CDCl3): d =9.63 (s, 1H), 8.55 (m, 3H), 8.35 (m, 3H), 7.54 (m, 3H), 7.4–
7.0 (m, 32H), 5.48 ppm (AA’XX’ system, 2H); 13C NMR (75.5 MHz,
CDCl3): d =190.8, 159.1, 152.5, 151.6, 151.0, 150.6, 150.3, 150.1, 150.0,
149.2, 147.3, 147.23, 147.17, 133.2, 133.0, 132.6, 131.4, 129.74, 129.68,
125.5, 125.4, 125.3, 125.2, 124.4, 124.3, 124.2, 123.0, 122.9, 122.8, 118.7,
114.4, 114.3, 114.2, 114.1 ppm; MS (FAB, m-NBA): m/z : 1017 [M]+ ;
HRMS: m/z calcd for C67H44N9O2B: 1017.3711; found: 1017.3706; UV/
Vis (CHCl3): lmax (loge)=626 (4.4), 484 (3.8), 436 (3.9), 298 nm (4.5); FT-
IR (KBr): ñ =1696 (C=O), 1601 (C=N), 1480, 1264, 1196, 1156, 1034 (B-
O), 751, 697 cm�1; elemental analysis calcd (%) for C67H44N9O2B: C
79.05, H 4.36, N 12.38; found: C 78.66, H 4.52, N 11.97.


Standard procedure for the synthesis of SubPc-C60 dyads 1a and 1b : A
solution of C60 fullerene (70 mg, 0.1 mmol), N-methylglycine (25 mg,
0.27 mmol), and the corresponding (formylphenoxy)SubPc 2a or 2b
(0.09 mmol) in dry toluene (50 mL) was heated to reflux under argon at-
mosphere for 20 h (for m-2a, p-2a, m-2b, and p-2b) or 30 h (for o-2a
and o-2b). The solution was then cooled to room temperature and con-
centrated under vacuum to about 10 mL. The resulting mixture was
poured onto a silica gel column and eluted with toluene/hexane 5:1 (for
compound o-1a) or toluene (for all the rest of products), in order to sep-
arate the monoaddition products from the bisadducts and unreacted full-
erene. The C3 and C1 regioisomers of all the compounds 1a and 1b were
separated during chromatography and their individual characterization
data is listed below following their elution order. Further purification of
the monoadducts was achieved by thoroughly washing the solid products
with acetone, methanol and hexane. The characterization of SubPc-C60


dyads m-1a and m-1b has been recently reported.[17b]


SubPc-C60 o-1a; C3 isomer (1:1 mixture of diastereoisomers): Compound
o-1a (C3) was obtained as a dark red solid: 14 mg (9%); m.p. >250 8C;
1H NMR (300 MHz, CDCl3/CS2 (1:5)): d=9.22, 9.18 (2d, Jm=1.8 Hz,
3H), 8.57, 8.54 (2d, Jo=8.2 Hz, 3H), 8,21 (m, 3H), 7.40 (m, 1H), 6.72
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(m, 2H), 4.84 (m, 1H), 4.70 (m, 1H), 3.96 (d, 2J=9.7 Hz, 1H), 3.91, 3.89
(2s, 1H), 2.32 ppm (s, 3H); MS (MALDI-TOF, dithranol): m/z : 1642
[M+H]+ ; UV/Vis (CHCl3): lmax (loge)=575 (4.4), 525 (sh), 430, 320
(4.2), 262 nm (4.6); FT-IR (KBr): ñ=2934, 2922, 1626, 1451, 1344, 1276,
1060 cm�1 (B�O); elemental analysis calcd (%) for C93H19N7OBI3: C
68.04, H 1.17, N 5.97; found: C 67.16, H 1.32, N 6.34.


SubPc-C60 o-1a; C1 isomer : Compound o-1a (C1) was obtained as a dark
red solid: 50 mg (34%). The two diastereoisomers of o-1a (C1: a and b)
could be isolated and characterized independently by 1H NMR and UV/
Vis spectroscopy. For the measuring of melting points, 13C NMR and FT-
IR spectroscopy, MS, and elemental analysis, the mixture of diastereoiso-
mers was instead employed. m.p. >250 8C; 1H NMR (300 MHz, CDCl3/
CS2 (1:5)): diastereoisomer a : d =9.20 (m, 3H), 8.55 (m, 3H), 8,21 (m,
3H), 7.39 (m, 1H), 6.71 (m, 2H), 4.82 (m, 1H), 4.69 (d, 2J=9.3 Hz, 1H),
3.96 (d, 2J=9.3 Hz, 1H), 3.91 (s, 1H), 2.31 ppm (s, 3H); 1H NMR
(300 MHz, CDCl3/CS2 (1:5)): diastereoisomer b : d=9.18 (m, 3H), 8.54
(m, 3H), 8.20 (m, 3H), 7.39 (dd, Jo=6.9 Hz, Jm=2.4 Hz, 1H), 6.71 (m,
2H), 4.80 (m, 1H), 4.68 (d, 2J=9.3 Hz, 1H), 3.94 (d, 2J=9.3 Hz, 1H),
3.90 (s, 1H), 2.30 ppm (s, 3H); 13C NMR (75.5 MHz, CDCl3/CS2 (1:5)):
d=138.5, 138.4, 131.6, 131.5, 129.2, 128.6, 123.5, 123.4, 121.8, 116.9, 96.9,
96.5, 78.1, 69.8, 39.6 ppm. The low solubility of this dyad prevented the
clear detection of most of the quaternary carbon atom signals, even after
36 h. MS (MALDI-TOF, dithranol): m/z : 1642 [M+H]+ ; UV/Vis
(CHCl3): lmax (loge)=575 (4.4), 525 (sh), 430, 320 (4.2), 262 nm (4.6);
both diastereoisomers a and b presented the same features. FT-IR
(KBr): ñ =2934, 2920, 1628, 1449, 1345, 1280, 1059 cm�1 (B�O); elemen-
tal analysis calcd (%) for C93H19N7OBI3: C 68.04, H 1.17, N 5.97; found:
C 67.30, H 1.26, N 5.72.


SubPc-C60 p-1a; C3 isomer (1:1 mixture of diastereoisomers): Compound
p-1a (C3) was obtained as a dark red solid: 20 mg (14%); m.p. >250 8C;
1H NMR (300 MHz, CDCl3/CS2 (1:5)): d=9.13–9.07 (2m, 3H), 8.48, 8.43
(2d, J0=8.2 Hz, 3H), 8,15 (m, 3H), 7.18 (m, 2H), 5.37 (m, 2H), 4.83 (d,
2J=9.7 Hz, 1H), 4.60 (s, 1H), 4.10 (d, 2J=9.7 Hz, 1H), 2.59 ppm (s, 3H);
MS (MALDI-TOF, dithranol): m/z : 1642 [M+H]+ ; UV/Vis (CHCl3): lmax


(loge)=572 (4.4), 522 (sh), 432, 320 (4.2), 260 nm (4.6); FT-IR (KBr): ñ=


2974, 2919, 1625, 1453, 1345, 1276, 1061 cm�1 (B�O); elemental analysis
calcd (%) for C93H19N7OBI3: C 68.04, H 1.17, N 5.97; found: C 67.29, H
1.19, N 5.59.


SubPc-C60 p-1a; C1 isomer (1:1 mixture of diastereoisomers): Compound
p-1a (C1) was obtained as a dark red solid: 61 mg (42%); m.p. >250 8C;
1H NMR (300 MHz, CDCl3/CS2 (1:5)): d=9.09 (m, 3H), 8.46 (m, 3H),
8,15 (m, 3H), 7.18 (m, 2H), 5.38 (m, 2H), 4.82 (d, 2J=9.3 Hz, 1H), 4.59
(s, 1H), 4.09 (d, 2J=9.3 Hz, 1H), 2.59 ppm (s, 3H); 13C NMR (75.5 MHz,
CDCl3/CS2 (1:5)): d =138.5, 131.6, 131.5, 129.6, 123.3, 119.0, 96.9, 82.4,
81.8, 68.2, 69.5, 39.5 ppm. The low solubility of this dyad prevented the
clear detection of most of the quaternary carbon atom signals, even after
36 h. MS (MALDI-TOF, dithranol): m/z : 1642 [M+H]+ ; UV/Vis
(CHCl3): lmax (loge)=572 (4.5), 520 (sh), 432, 320 (4.3), 260 nm (4.7); FT-
IR (KBr): ñ=2934, 2920, 1628, 1449, 1345, 1280, 1059 cm�1 (B�O); ele-
mental analysis calcd (%) for C93H19N7OBI3: C 68.04, H 1.17, N 5.97;
found: C 67.11, H 1.29, N 5.77.


SubPc-C60 o-1b; C3 isomer (1:1 mixture of diastereoisomers): Compound
o-1b (C3) was obtained as a dark green solid: 15 mg (9%); m.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d=8.52, 8.49 (2d, Jo=8.6 Hz,
3H), 8.39, 8.37 (2d, Jm=1.8 Hz, 3H), 7.50 (dd, Jo=8.6 Hz, Jm=1.8 Hz,
3H), 7.29 (m, 13H), 7.15 (m, 18H), 6.70 (m, 2H), 5.10 (m, 1H), 4.73 (d,
2J=9.4 Hz, 1H), 4.05 (d, 2J=9.4 Hz, 1H), 3.83, 3.79 (2s, 1H), 2.40 ppm
(s, 3H); MS (MALDI-TOF, dithranol): m/z : 1766 [M+H]+ ; UV/Vis
(CHCl3): lmax (loge)=629 (4.5), 452 (4.1), 434 (4.1), 312 nm (4.8); FT-IR
(KBr): ñ=2932, 1596, 1480, 1453, 1279, 1185, 1050, 751, 697 cm�1; ele-
mental analysis calcd (%) for C129H49N10OB: C 87.75, H 2.80, N 7.93;
found: C 86.66, H 2.89, N 7.56.


SubPc-C60 o-1b; C1 isomer (1:1 mixture of diastereoisomers): Compound
o-1b (C1) was obtained as a dark green solid: 49 mg (31%); m.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d =8.52 (m, 3H), 8.38 (m, 3H),
7.57 (m, 3H), 7.4–7.0 (m, 31H), 6.70 (m, 2H), 5.10 (m, 1H), 4.74 (d, 2J=


9.4 Hz, 1H), 4.07 (d, 2J=9.4 Hz, 1H), 3.84, 3.80 (2s, 1H), 2.41 ppm (s,
3H); 13C NMR (75.5 MHz, CDCl3): d=155.6, 155.4, 155.2, 153.1, 153.0,


151.84, 151.77, 151.2, 151.0, 150.21, 150.16, 149.8, 149.6, 149.4, 149.3,
148.7, 148.66, 148.5, 146.5, 146.3, 146.2, 146.18, 145.8, 145.6, 145.4, 145.0,
149.7, 144.9, 144.8, 144.73, 144.69, 144.4, 144.2, 143.7, 143.6, 143.5, 143.3,
143.0, 142.6, 142.3, 142.0, 141.6, 141.34, 141.26, 141.0, 140.6, 140.5, 140.4,
139.6, 139.3, 139.0, 138.7, 136.11, 136.06, 135.2, 135.1, 147.5, 147.42,
147.37, 137.0, 133.3, 133.2, 129.7, 129.5, 129.0, 128.6, 125.7, 125.5, 125.4,
124.8, 124.7, 124.5, 124.3, 124.2, 124.1, 124.0, 123.1, 123.0, 121.8, 117.2,
114.33, 114.27, 114.2, 77.6, 69.9, 39.7 ppm; MS (MALDI-TOF, dithranol):
m/z : 1766 [M+H]+ ; UV/Vis (CHCl3): lmax (loge)=629 (4.5), 581 (sh), 436
(4.1), 401 (3.9), 306 (4.7), 259 nm (4.9); FT-IR (KBr): n=2957, 1596,
1480, 1453, 1279, 1185, 1050 (B�O), 751, 697 cm�1; elemental analysis
calcd (%) for C129H49N10OB: C 87.75, H 2.80, N 7.93; found: C 86.92, H
2.91, N 8.21.


SubPc-C60 p-1b; C3 isomer (1:1 mixture of diastereoisomers): Compound
p-1b (C3) was obtained as a dark green solid: 16 mg (11%); m.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d=8.44, 8.42 (2d, Jo=8.8 Hz,
3H), 8.37, 8.29 (2d, Jm=1.8 Hz, 3H), 7.43 (m, 3H), 7.35–7.0 (m, 32H),
5.40 (m, 2H), 4.75 (d, 2J=9.4 Hz, 1H), 4.50, 4.49 (2 s, 1H), 4.03 (d, 2J=


9.4 Hz, 1H), 2.56, 2.55 ppm (2s, 3H); MS (MALDI-TOF, dithranol): m/
z : 1766 [M+H]+ ; UV/Vis (CHCl3): lmax (loge)=624 (4.4), 578 (sh), 433
(4.0), 308 (4.7), 260 nm (4.8); FT-IR (KBr): ñ=2977, 1597, 1489, 1260,
1179, 1044 (B�O), 818, 751, 697 cm�1; elemental analysis calcd (%) for
C129H49N10OB: C 87.75, H 2.80, N 7.93; found: C 86.19, H 2.92, N 7.53.


SubPc-C60 p-1b; C1 isomer (1:1 mixture of diastereoisomers): Compound
p-1b (C1) was obtained as a dark green solid: 57 mg (35%); m.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d=8.42 (m, 3H), 8.33, 8.26 (2m,
3H), 7.42 (m, 3H), 7.35–7.0 (m, 32H), 5.37 (m, 1H), 4.73 (d, 2J=9.4 Hz,
1H), 4.49 (br s, 1H), 4.00 (d, 2J=9.4 Hz, 1H), 2.56, 2.54 ppm (2s, 3H);
13C NMR (75.5 MHz, CDCl3): d=155.5, 155.2, 153.3, 153.2, 151.8, 151.7,
151.1, 151.0, 150.2, 150.1, 149.9, 149.7, 149.6, 149.4, 149.3, 148.9, 148.7,
148.5, 146.3, 146.14, 146.08, 145.61, 145.56, 145.3, 145.1, 145.0, 144.94,
144.89, 144.7, 144.5, 144.4, 144.1, 143.9, 143.5, 143.0, 142.3, 142.0, 141.6,
141.31, 141.26, 141.1, 140.9, 140.6, 140.4, 139.3, 139.2, 139.1, 138.8, 136.2,
136.0, 135.0, 134.9, 147.1, 147.0, 137.5, 133.5, 133.4, 133.2, 129.8, 125.5,
125.4, 125.2, 124.7, 124.6, 124.4, 124.2, 124.1, 123.2, 123.1, 123.0, 121.9,
114.5, 114.4, 114.2, 82.6, 69.7, 68.2, 39.6 ppm; MS (MALDI-TOF, dithra-
nol): m/z : 1766 [M+H]+ ; UV/Vis (CHCl3): lmax (loge)=624 (4.5), 578
(sh), 433 (4.1), 308 (4.8), 260 nm (4.9); FT-IR (KBr): ñ =2975, 2923, 1599,
1489, 1261, 1181, 1045 (B�O), 818, 750, 699 cm�1; elemental analysis
calcd (%) for C129H49N10OB: C 87.75, H 2.80, N 7.93; found: C 87.09, H
2.83, N 7.69.
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Introduction


The reducing power (and p-basicity) of any Rh compound is
anticipated to be less than that of its Ir analogue. This is
true of nCO values for [M(CO)ACHTUNGTRENNUNG(PNP)]


[1] for Rh and Ir respec-
tively (PNP[2] = (tBu2PCH2SiMe2)2N


�1). Surprisingly, data
has been presented[1] showing that the (PNP)Rh moiety is a
weaker p-base than its cobalt analogue. Where does that
leave (PNP)Rh, on an absolute scale? [RhH2ACHTUNGTRENNUNG(PNP)] is a di-
hydride, hence RhIII, but oxidative addition of benzene to
give [RhH ACHTUNGTRENNUNG(C6H5)ACHTUNGTRENNUNG(PNP)], although it is observed, has
DG8 �0. We have shown that[3] three-coordinate [RhACHTUNGTRENNUNG(PNP)]


has a ground-state structure
with one tBu methyl group
oxidatively added to RhI, to
yield the structure [RhIIIH-
{tBu2PCH2SiMe2NSiMe2CH2P-
ACHTUNGTRENNUNGtBuACHTUNGTRENNUNG(CMe2CH2)}]. Moreover,
photoproduced authentic three
coordinate [RhI ACHTUNGTRENNUNG(PNP)] oxida-


tively adds that H�C ACHTUNGTRENNUNG(sp3) bond on the nanosecond time-
scale.[4]


Species of formula [Rh(On) ACHTUNGTRENNUNG(PNP)] where n=2 and 1, are
clearly relevant to the reducing power of [RhIIIH-
[{tBu2PCH2SiMe2NSiMe2CH2PtBu ACHTUNGTRENNUNG(CMe2CH2)}]. Complexes
containing h1 or h2 O2 are quite common among the transi-
tion metals, yet utilizing their residual oxidizing power re-
mains challenging. In contrast, terminal oxo ligands on
metals containing six or more d electrons are very rare,[5–11]


for reasons that have been analyzed;[12] they are expected to
be highly nucleophilic, and thus perhaps not oxidizing. Syn-
thesis of such terminal oxo complexes with “high” d-elec-
tron counts would help test these predictions, and consti-
tutes part of what is reported here.


Results


An interesting molecule has been reported[13] recently: [Rh-
ACHTUNGTRENNUNG(h2-O2) ACHTUNGTRENNUNG{Me2C6HACHTUNGTRENNUNG(CH2PtBu2)2}]. It was synthesized from a
source of RhI and O2, and was said to be remarkable in that
the O�O distance (1.36 =) was shorter than in many other
structurally characterized Rh–O2 complexes. Moreover,
given the evidence that the O–O bond lengthens along the
series O2, O2


1�, O2
2� (i.e. as O�O bond order decreases), the


interpretation derived[13] from the structural data was that
[Rh ACHTUNGTRENNUNG(h2-O2) ACHTUNGTRENNUNG{Me2C6H ACHTUNGTRENNUNG(CH2PtBu2)2}] is a complex of neutral di-
oxygen bound to RhI. This would be a remarkable resistance
to oxidation by an otherwise reducing (pincer)Rh fragment.


Abstract: [RhIIIH{(tBu2PCH2SiMe2-
N ACHTUNGTRENNUNGSiMe2CH2PtBuACHTUNGTRENNUNG{CMe2CH2})}], ([RhH-
ACHTUNGTRENNUNG(PNP*)]), reacts with O2 in the time
taken to mix the reagents to form a 1:1
h2-O2 adduct, for which O�O bond
length is discussed with reference to
the reducing power of [RhH ACHTUNGTRENNUNG(PNP*)];
DFT calculations faithfully replicate
the observed O–O distance, and are
used to understand the oxidation state


of this coordinated O2. The reactivity
of [Rh(O2) ACHTUNGTRENNUNG(PNP)] towards H2, CO, N2,
and O2 is tested and compared to the
associated DFT reaction energies.
Three different reagents effect single


oxygen atom transfer to [RhH ACHTUNGTRENNUNG(PNP*)].
The resulting [RhO ACHTUNGTRENNUNG(PNP)], character-
ized at and above �60 8C and by DFT
calculations, is a ground-state triplet, is
nonplanar, and reacts, above about
+15 8C, with its own tBu C�H bond, to
cleanly form a diamagnetic complex,
[Rh(OH){N(SiMe2CH2PtBu2)(SiMe2-
CH2PtBuACHTUNGTRENNUNG{CMe2CH2})}].
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Indeed, molecular oxygen appears to lack pure s-donor
power, in the absence of electron transfer to O2, by virtue of
not complexing to any non-redox active Lewis acid, for ex-
ample, d0ACHTUNGTRENNUNG(TiCl4) or even d


9
ACHTUNGTRENNUNG(CuII) or d10 ACHTUNGTRENNUNG(ZnII).


We report here that the C�H bond-cleaved pincer com-
plex [RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2-
ACHTUNGTRENNUNGCH2)}],


[3] is converted cleanly and completely by O2 to form
[Rh(O2) ACHTUNGTRENNUNG(PNP)], in which PNP is intact (tBu2PCH2SiMe2)2N.
This molecule has 31P and 1H NMR spectra consistent with a
C2v structure (A), although structure B (Cs symmetry) might
be fluxional, and thus show time-averaged C2v symmetry.


The observed JPRh value in the
31P NMR spectrum, 123 Hz,


is not very close to that[13] in [RhACHTUNGTRENNUNG(h2-O2)ACHTUNGTRENNUNG{Me2C6H-
ACHTUNGTRENNUNG(CH2PtBu2)2}], 146 Hz. Although there is a general trend
that JPRh is “smaller” for Rh


III than for RhI, the generality of
this criterion has been questioned.[14]


The single-crystal structure (Figure 1) of [RhO2ACHTUNGTRENNUNG(PNP)]
shows it to be close to C2v symmetric. The unit cell contains


two crystallographically independent molecules, but Table 1
shows that the two are identical, even down to small details
(see also the least squares fit in the Supporting Informa-
tion). The structure is very faithful to C2 symmetry and both
Rh�O and O�O distances are nearly identical to those of
[Rh ACHTUNGTRENNUNG(h2-O2) ACHTUNGTRENNUNG{Me2C6H ACHTUNGTRENNUNG(CH2PtBu2)2}]. The bite angle of the
PNP ligand makes the aP-Rh-P about 118 larger than that
of the PCP analogue. The Rh�O distances are shorter than
those in many higher coordination number RhO2 complexes,
but higher coordination number always lengthens metal–
ligand bonds. In summary, this new structure also shows the


“short” 1.36 = O�O distance reported for the PCP ana-
logue. Although a number of the longer (1.41–1.47 =)
values quoted for RhO2 complexes were determined prior
to 1976, and at 25 8C, there is no evidence that higher ther-
mal motion, and possible disorder are at fault here.[15] Previ-
ous work cited a range of O2 complexes of d


6–d10 metals
(Ru, Os, Pd, Ir), which have O�O distances in the range
1.30–1.37 =. Thus, perhaps this parameter is not truly relia-
ble for establishing charge state, but rather only the degree
of back bonding.
Figure 2 shows a scatter plot of crystallographically deter-


mined O–O distances for transition metal complexes [M ACHTUNGTRENNUNG(h2-


O2)]; this reveals that distances shorter than 1.36 = are very
rare (only single examples, and some of these have been
shown[15] to involve static or dynamic disorder), so the cause
of the present short distances remains to be determined. A
consideration of compounds with distances below about
1.4 = shows them to involve either unsaturated species or
relatively poor donors, or p-acid ligands, all of which dimin-
ish the reducing power of the metal. For example, a mole-
cule[16] closely related to [Rh(O2) ACHTUNGTRENNUNG(PCP)], but with one addi-
tional donor ligand (hence saturated Rh) has an O�O dis-
tance of 1.434(3) =.


Figure 1. ORTEP drawing (50% probability) of the non-hydrogen atoms
of [Rh(O2)(tBu2PCH2SiMe2)2N]. Unlabelled atoms are carbon.


Table 1. Selected bond lengths [=] and angles [8] for [Rh(O2) ACHTUNGTRENNUNG(PNP)].


Molecule A Molecule B


O1�O2 1.363(10) 1.356(11)
Rh1�N1 2.019(7) 2.004(7)
Rh1�O1 2.011(7) 1.998(8)
Rh1�O2 2.024(7) 2.019(7)
Rh1�P1 2.355(2) 2.363(3)
Rh1�P2 2.352(2) 2.364(3)
N1-Rh1-O2 161.5(3) 161.8(4)
N1-Rh1-P1 88.2(2) 89.0(2)
N1-Rh1-P2 88.6(2) 88.4(2)
O1-Rh1-N1 159.0(4) 158.8(4)
O1-Rh1-P1 96.6(2) 96.3(3)
O1-Rh1-P2 86.8(2) 86.3(3)
O2-Rh1-P1 86.8(2) 86.6(3)
O2-Rh1-P2 95.9(2) 95.6(3)
P1-Rh1-P2 176.57(10) 177.35(10)


Figure 2. Scatter plot of O�O distances from Cambridge Crystallographic
Database on [M ACHTUNGTRENNUNG(h2-O2)] complexes.
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DFT computational analysis : DFT (B3LYP) calculations on
the complete species [Rh(O2){(tBu2PCH2SiMe2)2N}] gave an
optimized structure, which had no significant differences
from experiment, including the calculated O�O distance,
1.38 =, confirming that the experimental measurement
1.36 = is not in question. It thus appears that the dominant
factor limiting back bonding/reduction of O2 in [Rh(O2)-
ACHTUNGTRENNUNG(PNP)] is the unsaturated character of the molecule, irre-
spective of the p-donor amide and the initial d8 configura-
tion of the metal: unsaturation leaves the Rh ACHTUNGTRENNUNG(PNP) frag-
ment less capable of back bonding to the arriving O2 reagent
than if the species were saturated.
The frontier orbitals (Figure 3) show the HOMO to be


pOO*, and relatively unmixed, due to its poor overlap (d
symmetry) with metal orbitals. The calculated electronic
energy for binding O2 to three coordinate RhACHTUNGTRENNUNG(PNP) is
�40.3 kcalmol�1.
To test the hypothesis that 16-valence-electron O2 com-


plexes have less back donation to O2, we compared the min-
imum energy structures of [Rh(O2) ACHTUNGTRENNUNG(PNP)] to those of
[RhL(O2)ACHTUNGTRENNUNG(PNP)], in which L is NH3, and also the stronger
donor 4-Me2N-pyridine. The structures for the two different
L ligands differ insignificantly,[17] showing that the mere
presence of a donor is more influential than its specific
donor power. Both adducts show an O–O distance length-
ened by 0.03 =, which puts it (1.41 =) in the range of crys-
tallographic determinations of M(h2-peroxide) species
(Figure 2). There is a huge (0.22 =) lengthening of the Rh–
NSi2 distance on binding L, which supports the idea that
amide acts as a p-donor in [Rh(O2) ACHTUNGTRENNUNG(PNP)] itself, and that
the LUMO of [Rh(O2) ACHTUNGTRENNUNG(PNP)] has p*RhN character. In con-
trast, binding L to [Rh(O2) ACHTUNGTRENNUNG(PNP)] does not significantly
lengthen the Rh–O distance.


Reactivity studies : If [Rh(O2) ACHTUNGTRENNUNG(PNP)] were composed of Rh
I-


ACHTUNGTRENNUNG(PNP) and singlet O2 h2 bonded to the metal, then it should
contain latent reducing equivalents. To test this, we have re-
corded the 1H and 31P NMR spectra of [Rh(O2)ACHTUNGTRENNUNG(PNP)]
under 1 atm of O2 in [D8]toluene saturated at �60 8C; no
new species, specifically no 18-valence-electron adduct
[Rh(O2)2ACHTUNGTRENNUNG(PNP)] was produced. It is of course also of interest
that this molecule does not spontaneously rearrange to
[RhI{N(SiMe2CH2PtBu2=O)2}], by oxidation of both P


III


atoms. In fact, the DFT (B3LYP) energy for the conversion


of the obtained complex to this bis-phosphine oxide product
is favorable (by 65.4 kcalmol�1), so the obtained product is
a kinetic, but not the thermodynamic product. It is interest-
ing that complete utilization of the oxidizing equivalents of
O2 on phosphorus is thermodynamically preferred, in spite
of this forming planar, 3-coordinate and monovalent rhodi-
um.
The reactivity of [Rh(O2) ACHTUNGTRENNUNG(PNP)] was further tested, in an


effort to probe for redox equivalents available at Rh and/or
at O2.


a) N2 : A benzene solution of [Rh(O2) ACHTUNGTRENNUNG(PNP)] was shaken
constantly at 23 8C in the presence of 1 atm of N2 for 21 h.
There was absolutely no change. Consistent with this obser-
vation, the calculated DFT reaction electronic energy for
this reaction is +10.6 kcalmol�1.


b) CO : A benzene solution of [Rh(O2) ACHTUNGTRENNUNG(PNP)] was shaken in
the presence of 1 atm of CO for 5 min. There was essentially
complete conversion to the known[1] [Rh(CO) ACHTUNGTRENNUNG(PNP)], with
concurrent disappearance of [Rh(O2) ACHTUNGTRENNUNG(PNP)]. The fate of the
O2, which could be either liberation as the free diatomic or
oxidative removal as CO2, was evident because the reaction,
even when run with a 1:1 molar stoichiometry, gave com-
plete consumption of [Rh(O2)ACHTUNGTRENNUNG(PNP)], indicating that the
two “extra” CO, which are required to make CO2, were un-
necessary. The calculated DFT reaction electronic energies
for these two different reactions are �16.0 (formation of
O2) and �158.7 (formation of 2CO2) kcalmol�1. This indi-
cates that [Rh(CO) ACHTUNGTRENNUNG(PNP)] is in fact thermodynamically
somewhat immune to decomposition by O2 since the latter
is a product of this reaction.


c) H2 : A benzene solution of [Rh(O2) ACHTUNGTRENNUNG(PNP)] was shaken
constantly in the presence of 1 atm of H2 and periodically
monitored from 20 min to 40 h. There was progressive
growth of [Rh(H)2ACHTUNGTRENNUNG(PNP)], with concurrent decrease of
[Rh(O2) ACHTUNGTRENNUNG(PNP)]. At 20 h, the reaction had consumed essen-
tially all [Rh(O2)ACHTUNGTRENNUNG(PNP)]. The fate of the O2, which could be
either liberation as the free diatomic or conversion to H2O
or H2O2, was investigated by


1H NMR. This showed no
signal for the acidic protons of water (near 1 ppm in ben-
zene); however, the fact that there was slow degradation to
an Rh-free organophosphorus compound, which could be


Figure 3. Frontier orbitals of [Rh(O2) ACHTUNGTRENNUNG(PNP)]. For color, see the Supporting Information.
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due either to oxidation of P atoms or of hydrolysis of Si�N
bonds, prevents any definitive conclusion on the fate of the
former O2 ligand. The calculated DFT reaction electronic
energies for these two different reactions are +8.4 (produc-
ing O2) versus �106.7 (producing H2O) kcalmol�1; hence
water production significantly aids the thermodynamics, in
spite of the associated entropy penalty.
In summary, the O2 complex is reactive, and not only with


oxidants, which might have been expected if it were[13] RhI,
but these reactivity results do not strongly point to any par-
ticular oxidation state of the Rh in [Rh(O2) ACHTUNGTRENNUNG(PNP)]. Rather,
they reflect reaction thermodynamics, which can be favora-
ble not only with oxidants, but also simply with “good li-
gands.” Certainly there is good evidence[18,19] that CO is a
better ligand (thermodynamically) than H2 or most other li-
gands, but its strength relative to O2 has not been previously
established. Moreover, we deal here with Rh, which has sig-
nificantly less favorable redox reaction enthalpies than, for
example, the more reducing Ir.


Deoxygenation of N2O by [RhIIIH{tBu2PCH2SiMe2ACHTUNGTRENNUNGNSiMe2-
ACHTUNGTRENNUNGCH2PtBuACHTUNGTRENNUNG(CMe2CH2)}]:


a) Product characterization : [RhIIIH{(tBu2PCH2SiMe2-
ACHTUNGTRENNUNGNSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2CH2)}] has an oxidation state of Rh
that does not clearly qualify it to function as a reducing
agent. In fact, [RhIIIH(tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)] reacts with N2O (1 atm, 3.6 equiv) at 23 8C in
benzene to form a 1:1 stoichiometry of the known[3]


[Rh(N2)ACHTUNGTRENNUNG(PNP)] together with a diamagnetic molecule of C1
symmetry, in which the 31P{1H} NMR spectrum has an AMX
pattern (X=Rh); the JAM value, 442 Hz, indicates a mutual-
ly trans location of the PA and PM nuclei, and coupling con-
stants to the Rh atom of a magnitude 108 and 82 Hz are in-
dicative of direct Rh�P bonds. The 1H NMR spectrum of
this diamagnetic product shows three tBu doublets and two
single methyl doublets, consistent with functionalization of
one tBu group; the molecule also shows a unit intensity dou-
blet of doublets at d=�3.0 ppm (assigned below), with this


spin coupling (JPH) confirming the non-equivalence of the
two phosphorus nuclei.
We envisioned two possible ways to make the P nuclei


nonequivalent, with structures C and D. Late transition
metal bonds to oxygen are generally subject to hydrogenoly-
sis, to replace O ligands on the metal by hydride. If the
structure were C, hydrogenolysis would form [RhH2ACHTUNGTRENNUNG(PNP)]
and water. If it were D, the O�C bond is unreactive and so
the product would be E, with one phosphorus irreversibly
rendered nonequivalent to the other. In fact, treatment of
the AMX compound with 1 atm H2 in THF gives, after 12 h
at 23 8C, complete conversion to [RhH2 ACHTUNGTRENNUNG(PNP)], consistent
with C, [Rh(OH){N(SiMe2CH2PtBu2)(SiMe2CH2PtBu-
ACHTUNGTRENNUNG{CMe2CH2})}], as the product of intramolecular attack of
the terminal oxo ligand on the methyl group. We attribute
the 1H NMR signal at d=�3.0 ppm to the hydroxyl proton
in C ; there is precedent for hydroxyl protons with negative
chemical shifts, and for three bond coupling to P.[20–22] Also,
the unusually large observed Jpp value (442 Hz) is attributed
to it involving one P atom in a small ring in C.


b) Detection of an intermediate : Combining N2O and
[RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2CH2)}] (1:1
mole ratio) at �78 8C in [D8]toluene and mixing with mini-
mal warming above that temperature, then recording 1H and
31P NMR spectra starting at �60 8C reproducibly shows es-
sentially complete consumption of [RhIIIHACHTUNGTRENNUNG{tBu2PCH2-
ACHTUNGTRENNUNGSiMe2NSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2CH2)}] and production of the
known [Rh(N2) ACHTUNGTRENNUNG(PNP)], together with three


1H NMR signals
due to a C2v symmetric, paramagnetic (tBu at d=19.1 ppm,
SiMe at d=�2.1 ppm, and SiCH2P at d=�8.6 ppm) co-
product. Chemical shifts are noticeably temperature depen-
dent, consistent with paramagnetism. There are no 31P or
1H NMR signals due to the AMX product C at this tempera-
ture. This paramagnetic co-product disappears on warming
to 23 8C, concurrent with the appearance of the AMX
31P{1H} NMR pattern described above, due to C.[23]


DFT (B3LYP) calculations of candidate intermediates in
the early stages of reaction[17] show that 1:1 adducts formed
by binding the triatomic molecule through the O atom or
the N=O bond(h2) are energetically inferior to binding
through only the terminal N atom (most stable of all) , or h2


coordination to the N=N bond. Both have pendant oxygen.
The local concentrations in this reaction are such that


[Rh ACHTUNGTRENNUNG(N2O) ACHTUNGTRENNUNG(PNP)] will encounter a second molecule of
[RhIIIH(tBu2PCH2SiMe2NSiMe2CH2PtBu ACHTUNGTRENNUNG{CMe2CH2})], with
the result that O-atom transfer is the most probable second
mechanistic step, yielding [Rh(N2) ACHTUNGTRENNUNG(PNP)] and [RhO ACHTUNGTRENNUNG(PNP)].
The experimental observations (31P, none, and 1H NMR
spectroscopy) together suggest that [RhO ACHTUNGTRENNUNG(PNP)] is para-
magnetic. DFT (B3LYP) calculations of singlet and triplet
[RhO ACHTUNGTRENNUNG(PNP)] show the latter to be more stable (by 15.3 kcal
mol�1), and to have a planar geometry, with a Rh�O dis-
tance of 1.81 =. Triplet spin densities are 0.92 on the Rh
(mainly the xy orbital, a136 in Figure 4), 0.08 on the N and
0.96 on the O atom, showing this triplet to have O-centered
radical character. The spin density at the amide N atom
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comes from frontier orbital a138 (Figure 4), which also in-
volves the dyz orbital and one oxygen pp orbital; it makes
the oxo ligand electrophilic. These two frontier orbitals are
p*RhO in character; they thus contribute to reduction of the
Rh�O bond order. Another feature of the triplet is that its
Rh�N distance is 0.08 = longer than its singlet; this is con-
sistent with singly populating the yz orbital, which is p*RhN.
This means there is radical character primarily at Rh and at
the oxo ligand, thus preparing it for C�H bond cleavage by
this Rh�O diradical. The frontier orbitals of triplet [RhO-
ACHTUNGTRENNUNG(PNP)] show (Figure 4 and the Supporting Information)
x2�y2 to be unoccupied (a and b 139); consistent with the d-
orbital splitting pattern of planar complexes, that orbital is
strongly s*.
Because the H�C ACHTUNGTRENNUNG(sp3) cleavage reaction of [RhO ACHTUNGTRENNUNG(PNP)]


begins in the triplet state, we begin our analysis on that re-
action path, with the understanding that the later minimum
energy crossing point,[24, 25] where a singlet forms, may in-
volve very different geometry and frontier orbitals. We
therefore seek an empty orbital of triplet [RhO ACHTUNGTRENNUNG(PNP)] for
interacting with the electron density of a C�H bond. As
shown in Figure 4, only a and b 139 are completely empty
(each has some oxo character), but both lie in the P2NRh
coordination plane. b 137 and b 138, two orthogonal p*RhO
orbitals, are perhaps better candidates, the latter being di-
rected perpendicular to the P2NRhO plane, where the tBu
groups are found. As an agostic interaction there progresses
to weaken the Rh�O bond (by filling the p*RhO), a single
bond develops to form the hydroxyl ligand (and Rh�C ACHTUNGTRENNUNG(sp3)
bond). Note that, since the final product is expected to be a
square pyramid with the CH2� substituent apical, a N�Rh�
O will be nearly constant in the range 1808 ! 1658 through-
out the C�H cleavage mechanism; this increases the validity


of an analysis that uses the ground-state triplet frontier orbi-
tals and structure.


Alternative O-atom transfers : Reaction of
[RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2CH2)}] with
excess pyridine N-oxide in THF at 25 8C gives immediate
conversion to equimolar [Rh ACHTUNGTRENNUNG(pyridine) ACHTUNGTRENNUNG(PNP)] and the same
AMX product, C, described above. Likewise,
[RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBuACHTUNGTRENNUNG(CMe2CH2)}] is
converted to the same AMX product by an equimolar
amount of Me3NO in THF in the time taken to mix the re-
agents at 25 8C . Released Me3N and excess Me3NO are
readily removed by filtration and drying in vacuum. Once
formed by these methods, the AMX compound is stable in
hydrocarbon solvent for at least 4 h.


Conclusion


The finding that d6 [RhO ACHTUNGTRENNUNG(PNP)] can be produced in a kinet-
ically facile reaction and that the same species is produced
by three different O-atom transfer reagents, is informative
on the identity of such a species. The triplet ground state is
not predictable from first principles, but [RhO ACHTUNGTRENNUNG(PNP)] needs
to be recognized as isoelectronic with d6 [RuCl ACHTUNGTRENNUNG(PNP)],
which also has a planar triplet ground state.[26] Both of these
arise since the two frontier orbitals, one that bonds poorly
to ligands and the other that is p* with respect to the amide
nitrogen, are nearly degenerate, so that a triplet spin state is
favored. The related species[27] [RuN ACHTUNGTRENNUNG(PNP)], being d4, does
not have this spin-state option.
The triplet character of [RhO ACHTUNGTRENNUNG(PNP)] means that the


mechanism of cleavage of an H�C ACHTUNGTRENNUNG(sp3) bond needs to be


Figure 4. Frontier orbitals of triplet [RhO ACHTUNGTRENNUNG(PNP)]. For color, see the Supporting Information.
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considered not only as a two-electron process (see above at
the early stage of H�C cleavage) but also possibly stepwise,
with a later geminate carbon and Rh-centered diradical in-
termediate. However, the metal oxidation state is un-
changed in this reaction. The high reactivity of such a termi-
nal oxo species is clearly demonstrated here, as is the selec-
tivity (due to the more isotropic character of an alkyl H) to
transfer H atoms from oxygen and carbon to Rh in the
product; the unusual chemical shift of late transition metal
hydroxides makes it possible to misidentify this as a hydride
complex.


Experimental Section


General procedures : All reactions were performed in a glove box or on a
Schlenk line by using standard air-sensitive techniques. Solvent distilla-
tion was carried out by using either Na/benzophenone or CaH2, or with
a Grubbs-type purification system or a combination of these. They
were degassed and stored in air-tight glassware. [RhIIIH-
ACHTUNGTRENNUNG{tBu2PCH2SiMe2NSiMe2CH2PtBu ACHTUNGTRENNUNG(CMe2CH2)}] was prepared by follow-
ing the published synthesis.[3] 1H NMR chemical shifts are reported in
ppm relative to protio impurities in the deuterated solvents. 31P{1H} spec-
tra are referenced to external standards of 85% H3PO4 (at 0 ppm). NMR
spectra were recorded with a Varian Gemini 2000 (300 MHz 1H;
121.5 MHz 31P), or a Varian Inova instrument (400 MHz 1H; 162 MHz
31P). Gas reactions were carried out on a calibrated gas line with the solu-
tion being first degassed and 2.2 mL of headspace assumed for the NMR
tube. ESI mass-spectra were recorded on a PE-Sciex API III Triple
Quadrupole mass spectrometer in THF solutions.


Synthesis of [Rh(O2) ACHTUNGTRENNUNG(PNP)]: [RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}] (0.0115 g, 0.0208 mmol) was dissolved in C6D6 (0.6 mL) in a
J-Young NMR tube. This solution was freeze-pump-thawed three times
and O2 (0.000668 g, 0.0208 mmol) was added from a gas line. The tube
was shaken and an NMR spectrum was recorded. 31P-{1H} NMR
(121.47 MHz, C6D6): d=48.29 ppm (d, 1JPRh=122.9 Hz);


1H NMR
(300.07 MHz, C6D6): d=1.31 (vt, 3JHP=13.0 Hz, 36H, tBu), 0.71 (vt,
3JHP=9.0 Hz, 4H, Si-CH2-P), 0.24 ppm (s, 12H, Si-CH3). Crystals for X-
ray analysis were obtained by slow evaporation of an Et2O solution.


[28]


Attempts to determine the ESI mass spectrum showed no molecular ion,
even with addition of acetic acid.


Reaction of [Rh(O2) ACHTUNGTRENNUNG(PNP)] with N2 : N2 (1.3 atm) was added to a J-
Young tube containing a solution of [Rh(O2) ACHTUNGTRENNUNG(PNP)] in C6D6 . After 21 h
of end-over-end rotation [Rh(O2) ACHTUNGTRENNUNG(PNP)] remains, and [RhN2 ACHTUNGTRENNUNG(PNP)] is
not observed.


Reaction of [RhO2 ACHTUNGTRENNUNG(PNP)] with CO : To a J-Young tube containing a so-
lution of [RhO2 ACHTUNGTRENNUNG(PNP)] in C6D6, 1 equiv of CO was added. After 5 min
there was 95% conversion to [Rh(CO) ACHTUNGTRENNUNG(PNP)], with no other products
observed.


Reaction of [Rh(O2) ACHTUNGTRENNUNG(PNP)] with H2 : H2 (1 atm) was added to a C6D6 so-
lution of [Rh(O2) ACHTUNGTRENNUNG(PNP)]. After 20 minutes of rotation, conversion to
[RhH2 ACHTUNGTRENNUNG(PNP)] is 4%. After 8 h of rotation the ratio [RhH2 ACHTUNGTRENNUNG(PNP)]/
[Rh(O2) ACHTUNGTRENNUNG(PNP)]=2:5, and after 19.5 h, 4:5. The tube was then freeze-
pumped-thawed three times, and hydrogen (1 atm) was re-applied. After
20 h of rotation the [Rh(O2) ACHTUNGTRENNUNG(PNP)] had almost completely disappeared,
but the 31P NMR spectrum showed an unidentified doublet at d=


73.4 ppm (�20%), and a singlet (hence no coordination to Rh) at d=


58.5 ppm (�15%), apparently a product from either released O2 or H2O.
All other signals are due to [RhH2 ACHTUNGTRENNUNG(PNP)].


Reaction of Me3NO with [RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}]: Me3NO (0.0026 g, 0.0346 mmol) was placed into a vial
with [D8]THF (1 mL). The contents of the vial were stirred for 5 minutes;
not all Me3NO dissolved. Then, [Rh


IIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}] (0.0190 g, 0.0346 mmol) was added and the solution was
stirred for three minutes. The solution was filtered and after 5 minutes,


NMR spectra were recorded. 31P-{1H} NMR (161.98 MHz, [D8]THF): d=


39.36 (d. d, 1JPRh=107.5 Hz,
2JPP=441.5 Hz, 1 P), 5.70 ppm (d. d, 1JPRh=


81.8 Hz, 2JPP=441.2 Hz, 1 P); 1H NMR (400.12 MHz, C6D6): d=1.55 (d,
3JHP=13.0 Hz, 3H, CH3 of activated tBu group), 1.42 (d, 3JHP=13.6 Hz,
9H, tBu), 1.28 (d, 3JHP=12.3 Hz, 9H, tBu), 1.26 (d, 3JHP=12.1 Hz, 9H,
tBu), 1.15 (d, 3JHP=12.9 Hz, 3H, CH3 of activated tBu group), 0.96 (d,
2JHP=10.3 Hz, 1H, P-CH), 0.91 (d, 2JHP=11.3 Hz, 1H, P-CH), 0.84 (d,
2JHP=9.2 Hz, 1H, P-CH), 0.80 (d, 2JHP=9.2 Hz, 1H, P-CH), 0.25 (s, 3H,
Si-CH3), 0.21 (s, 3H, Si-CH3), 0.04 (s, 3H, Si-CH3), 0.02 (s, 3H, Si-CH3),
�2.83 ppm (d d, 3JHP=3.0 Hz, 3JHP=2.1 Hz, 1H, Rh-OH). Due to the
large number of other signals, the signals of the RhCH2 protons were not
identified with certainty. The 1H NMR also showed broad peaks of a par-
amagnetic species (d 12.67, �4.15), attributed to [RhO ACHTUNGTRENNUNG(PNP)].
Reaction of pyridine N-oxide with [RhIIIH{tBu2PCH2SiMe2NSiMe2-
ACHTUNGTRENNUNGCH2PtBu ACHTUNGTRENNUNG(CMe2CH2)}]: [RhIIIH{tBu2PCH2SiMe2NSiMe2 ACHTUNGTRENNUNGCH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}] (0.0141 g, 0.0256 mmol) was dissolved in C6D6 (0.6 mL) in a
J-Young NMR tube and pyridine N-oxide (0.0040 g, 0.042 mmol) was
added. The tube was shaken for 10 minutes and 1H and 31P NMR spectra
were recorded. Spectra reveal formation of [Rh ACHTUNGTRENNUNG(PNP) ACHTUNGTRENNUNG(pyridine)] and 1,
[Rh(OH){N(SiMe2CH2PtBu2)(SiMe2CH2PtBu ACHTUNGTRENNUNG{CMe2CH2})}], in the ratio
of 1:1.


Reaction of N2O with [RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}]: a) At 25 8C : [RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}] (0.0120 g, 0.0218 mmol) was dissolved in C6D6 (0.6 mL) in a
J-Young NMR tube. This solution was freeze-pump-thawed three times
and N2O (1 atm) was added.


31P and 1H NMR spectra recorded immedi-
ately showed formation of [Rh(N2) ACHTUNGTRENNUNG(PNP)]. After one hour,


31P NMR
shows formation of 1 and [Rh(OH){N(SiMe2CH2PtBu2)SiMe2CH2PtBu-
ACHTUNGTRENNUNG(CMe2CH2)}], in the ratio [RhN2 ACHTUNGTRENNUNG(PNP)]/1 = 5:2.


b) Variable-temperature reaction study : Combining N2O and
[RhIIIH{tBu2PCH2SiMe2NSiMe2CH2PtBu ACHTUNGTRENNUNG(CMe2CH2)}] (1:1 mole ratio) at
and below �78 8C in [D8]toluene was followed by recording 1H and
31P NMR spectra at �60, �50, and �40 8C. This showed, already at
�60 8C, complete consumption of [RhIIIH{tBu2PCH2SiMe2-
ACHTUNGTRENNUNGNSiMe2CH2PtBu ACHTUNGTRENNUNG(CMe2CH2)}] and production of [RhN2 ACHTUNGTRENNUNG(PNP)],


[3] togeth-
er with three 1H NMR signals due to a C2v symmetric, paramagnetic co-
product (integrations at �60 8C correspond to the assignments tBu d=


19.1 ppm, SiMe d =�2.1 ppm, SiCH2P d =�8.6 ppm). These three chemi-
cal shifts are noticeably temperature dependent, moving towards the 0–
10 ppm region upon warming, consistent with paramagnetism. There are
no 31P or 1H NMR signals due to the AMX product at this temperature,
or until �+15 8C. The paramagnetic product disappears completely on
warming towards 23 8C, concurrent with increasing growth of the AMX
31P{1H} NMR pattern described above from Me3NO.
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Introduction


Optically active oxiranes represent key building blocks for
the synthesis of fine chemicals and pharmaceuticals.[1] Cata-
lytic asymmetric epoxidation represents an interesting tool
for their synthesis as an alternative to the more common ki-
netic resolution processes.[2] In this regard, the state-of-the-
art protocols are the Sharpless epoxidation of allylic alco-
hols with titanium tartarate complexes;[3] the Katsuki–Jacob-
sen epoxidation of unfunctionalized alkenes by using chiral
[Mn ACHTUNGTRENNUNG{N,N’-bis(salicylidene)ethylenediamine}] catalysts;[4] or-
ganocatalytic methods that utilize chiral ketone catalysts, as
pioneered by Shi et al. ;[5] and the Julia epoxidation of
enones by using poly-l-leucine with bases as the catalysts.[6]


The development of less expensive and environmentally
more benign catalysts and oxidant systems that have a wider


Abstract: A novel and general biomim-
etic non-heme Fe-catalyzed asymmetric
epoxidation of aromatic alkenes by
using hydrogen peroxide is reported
herein. The catalyst consists of ferric
chloride hexahydrate (FeCl3·6 H2O),
pyridine-2,6-dicarboxylic acid (H2-
ACHTUNGTRENNUNG(pydic)), and readily accessible chiral
N-arenesulfonyl-N’-benzyl-substituted
ethylenediamine ligands. The asymmet-
ric epoxidation of styrenes with this
system gave high conversions but poor
enantiomeric excesses (ee), whereas
larger alkenes gave high conversions
and ee values. For the epoxidation of
trans-stilbene (1a), the ligands (S,S)-N-
(4-toluenesulfonyl)-1,2-diphenylethyl-
ACHTUNGTRENNUNGenediamine ((S,S)-4a) and its N’-benzy-
lated derivative ((S,S)-5a) gave oppo-
site enantiomers of trans-stilbene
oxide, that is, (S,S)-2a and (R,R)-2a,
respectively. The enantioselectivity of


alkene epoxidation is controlled by
steric and electronic factors, although
steric effects are more dominant. Pre-
liminary mechanistic studies suggest
the in situ formation of several chiral
Fe-complexes, such as [FeCl(L*)2-
ACHTUNGTRENNUNG(pydic)]·HCl (L*= (S,S)-4a or (S,S)-5a
in the catalyst mixture), which were
identified by ESIMS. A UV/Vis study
of the catalyst mixture, which consisted
of FeCl3·6 H2O, H2ACHTUNGTRENNUNG(pydic), and (S,S)-
4a, suggested the formation of a new
species with an absorbance peak at l=


465 nm upon treatment with hydrogen
peroxide. With the aid of two inde-
pendent spin traps, we could confirm
by EPR spectroscopy that the reaction


proceeds via radical intermediates. Ki-
netic studies with deuterated styrenes
showed inverse secondary kinetic iso-
tope effects, with values of kH/kD = 0.93
for the b carbon and kH/kD =0.97 for
the a carbon, which suggested an un-
symmetrical transition state with step-
wise O transfer. Competitive epoxida-
tion of para-substituted styrenes re-
vealed a linear dual-parameter Ham-
mett plot with a slope of 1.00. Under
standard conditions, epoxidation of 1a
in the presence of ten equivalents of
H2


18O resulted in an absence of the iso-
topic label in (S,S)-2a. A positive non-
linear effect was observed during the
epoxidation of 1a in the presence of
(S,S)-5a and (R,R)-5a.
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scope of applicability remains a challenge in organic synthe-
sis. Hydrogen peroxide is one of the most practical terminal
oxidants in terms of cost and atom efficiency. In recent
years, this oxidant has become increasingly popular in orga-
nocatalytic oxidations[7] and in metal-catalyzed asymmetric
epoxidations.[8] Thus, Ti-,[9] Pt-,[10] and Ru-based catalysts[11]


have been reported for asymmetric epoxidations of olefins
by using hydrogen peroxide. Similarly, iron is a cheap, versa-
tile, and less toxic catalyst.[12] Indeed, a highly efficient,
though impractical, biomimetic asymmetric epoxidation of
styrene derivatives has been developed recently, which uses
iodosobenzene in dichloromethane as the oxidant and chiral
iron porphyrin complexes.[13] Similarly, the aerobic asymmet-
ric epoxidation of styrene derivatives, which is catalyzed by
a tris(d,d-dicampholylmethanato) iron ACHTUNGTRENNUNG(III) complex ([Fe-
ACHTUNGTRENNUNG(dcm)3]) and uses sacrificial reductant and a chlorinated sol-
vent,[14] the asymmetric epoxidation of trans-methylstyrene
by employing Fe complexes with peptidelike ligands as the
catalysts,[15] and the iron-catalyzed asymmetric peracid epox-
idation of electron-poor alkenes[16] have been described. All
of these methods are less attractive from a practical point of
view.


Recently, we reported the first breakthrough and a prom-
ising non-heme iron-catalyzed asymmetric epoxidation of ar-
omatic alkenes by using hydrogen peroxide, which not only
gives good-to-excellent isolated yields of epoxides but also
enantiomeric excess (ee) values of up to 97 %.[17] Herein, we
report on the further extension of this novel catalytic asym-
metric epoxidation system to more commonly encountered
alkenes, preliminary mechanistic insights, and give a full ac-
count of experimental details of the reaction.


Results and Discussion


Ligand design and substrate scope : As stated previously, we
have investigated the epoxidation of trans-stilbene (1a) to
trans-stilbene oxide (2a) by using 30 % hydrogen peroxide
as the oxidant. Our catalyst systems consisted of commer-
cially available iron salts (such as ferric chloride hexahy-
drate), pyridine-2,6-dicarboxylic acid (H2ACHTUNGTRENNUNG(pydic)), and care-
fully chosen chiral N-sulfonylated ethylene diamine deriva-
tives.[17] The required ligands are easily accessible by the
monosulfonylation of optically pure C2-symmetrical 1,2-di-
ACHTUNGTRENNUNGamines, such as (�)-(S,S)-1,2-diphenylethylenediamine (3),
with arenesulfonylchlorides in the presence of bases, such as
diisopropyl ethylamine (DIPEA), and, where necessary, re-
ductive N-alkylation of the resulting products (4) in the
presence of suitable aldehydes and sodium borohydride
(NaBH4; Scheme 1). The influence of various ligands 4 and
5 on the enantioselectivity of the reaction is summarized in
Table 1.


The observation that the commercially available ligand
(S,S)-N-(4-toluenesulfonyl)-1,2-diphenylethylenediamine
((S,S)-TsDPEN; (S,S)-4a) gave (�)-(2S,3S)-2a in 28 % ee at
room temperature (Table 1, entry 1) is in stark contrast with
the racemic product observed when the unsubstituted ligand


(S,S)-3 is used as the chiral source. This led us to systemati-
cally modify the ligand to produce a sterically diverse set of
structures, such as (S,S)-4b,c and (S,S)-5a–d (Table 1). N-
Benzylation of the remaining amino group generally result-
ed in further enhancement of the product ee values by about
10 % (Table 1, entries 4–7). It is obvious that among these
compounds the simple N-benzyl-substituted derivative (S,S)-
5a ((S,S)-BnTsDPEN) led to the most significant increase in
ee values and gave (+)-(2R,3R)-2a in 42 % ee (Table 1,
entry 4). It is also striking that the N’-sulfonylated amines
((S,S)-4a–c) and the corresponding N-benzyl-N’-sulfonylated
ligands ((S,S)-5a–d) gave excesses of enantiomers with op-
posite absolute configurations. These results suggested the
existence of several catalyst species, the importance of spe-
cific spatial orientation of the chiral ligand imposed by a
rigid aromatic ring system, and the possible role of p–p in-
teraction and hydrogen bonding in controlling enantioselec-
tivities.


A surprising effect of the concentration of (S,S)-5a (i.e. ,
[(S,S)-5a]) on substrate conversion and on the ee value of
2a was observed, as detailed in Table 2. As expected, at a


Scheme 1. General synthesis of optically pure substituted diphenylethyle-
nediamine ligands. a) R1SO2Cl, DIPEA, CH2Cl2, 0 8C–RT; b) ArCHO,
EtOH, reflux; c) NaBH4, EtOH, RT. See Table 1 for details of R1 and
R2.


Table 1. Iron-catalyzed asymmetric epoxidation of 1a by using (S,S)-4a–
c and (S,S)-5a–d.[a]


Entry Compound Ligand Conv[b] Yield[b] ee[c] [%],
R1 R2 [%] [%] abs conf[d]


1 ACHTUNGTRENNUNG(S,S)-4a 4-MeC6H4 H 100 86 28,
(�)-(2S,3S)


2 ACHTUNGTRENNUNG(S,S)-4b 4-PhC6H4 H 100 84 29,
(�)-(2S,3S)


3 ACHTUNGTRENNUNG(S,S)-4c 4-tBuC6H4 H 100 84 29,
(�)-(2S,3S)


4 ACHTUNGTRENNUNG(S,S)-5a 4-MeC6H4 Bn 100 87 42,
(+)-(2R,3R)


5 ACHTUNGTRENNUNG(S,S)-5b 4-PhC6H4 Bn 100 84 39,
(+)-(2R,3R)


6 ACHTUNGTRENNUNG(S,S)-5c 4-tBuC6H4 Bn 100 95 40,
(+)-(2R,3R)


7 ACHTUNGTRENNUNG(S,S)-5d 4-MeC6H4 4-MeBn 100 92 39
(+)-(2R,3R)


[a] Conditions: trans-stilbene (0.5 mmol), H2O2 (1.0 mmol), FeCl3·6H2O
(5.0 mol %), H2 ACHTUNGTRENNUNG(pydic) (5.0 mol %), (S,S)-4 or (S,S)-5 (12 mol %), tert-
amyl alcohol, RT, 1 h. [b] Conversion and yield determined by GC with
dodecane as the internal standard; error �1 %. [c] The ee of 2a was de-
termined by HPLC on a chiral column; error �1 %. [d] Absolute config-
uration determined by comparing the sign of the optical rotation of the
major enantiomer with known data. Optical rotations were measured by
using a chiral detector connected to a chiral HPLC.[18]
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low [(S,S)-5a] of 2.5 mol %, low substrate conversion was
observed after 1 h, whereas extending the reaction time to
16 h not only gave a higher conversion (71 %) and yield
(52 %), but also resulted in a significant ee of 38 % (Table 2,
entries 1 and 2). By using only 5 mol % of (S,S)-5a, we
could achieve an ee of 41 % after 16 h although the conver-
sion was not complete (95 %). When the (S,S)-5a concentra-
tion was increased to 10 mol% the conversion was complete
after only 1 h, although this did not change the ee signifi-
cantly; the maximum ee value was observed with 12 mol %
(S,S)-5a. Higher concentrations of (S,S)-5a (15 or 20 mol %;
Table 2, entries 7 and 8) deteriorated the ee values without
significantly altering the yields. This is of practical significant
because avoiding high concentrations of catalyst is a positive
contribution for the efficient use of resources and the cur-
rent desire for the development of environmentally greener
methodologies.


We have previously demostrated that, in the case of trans-
stilbenes 1b–f and 1h–i, for a given substituent the catalyst
activity increased on moving from the ortho to the para po-
sition of the substrate.[17] Thus, high enantioselectivities were
obtained with sterically bulky 4,4’-dialkyl-substituted trans-
stilbenes. The highest ee value (97 %) was achieved with
(E)-2-(4-tert-butylstyryl)naphthalene (1 j), whereas 1k gave
a lower ee value. Therefore, we have extended the use of
(S,S)-5a to the asymmetric epoxidation of more commonly
encountered alkenes (Table 3).


It is obvious from Table 3 that the catalyst still displays
considerable reactivity toward a wide range of alkenes.
However, the enantioselectivities of small alkenes, such as
the styrenes (Table 3, entries 1–7), are lower than those ach-
ieved with larger alkenes. Moreover, alkenes with similar
steric demands (e.g., 4-chlorostyrene and 4-fluorostyrene
versus 4-methylstyrene and 4-trifluoromethyl styrene) are
oxidized with different enantioselectivities; this suggests that
electronic effects are also important. Oxidation of cinnamyl
alcohol gave the corresponding epoxide in 46 % ee and 49 %


yield. Hydroxyl protection slightly reduced the yield and the
ee value decreased to 29 %. This suggested that hydrogen-
bonding groups placed in appropriate positions could in-
crease the ee values (Table 3, entries 8–10). trans-4,4’-Diiso-
propyl stilbene (1g) gave the epoxide in 71 % ee (Table 3,
entry 12), which is in agreement with the common trend


Table 2. Effect of the concentration of (S,S)-5a on the ee of (R,R)-2a.


Entry ACHTUNGTRENNUNG(S,S)-5a[b]


ACHTUNGTRENNUNG[mol %]
t [h] Conv[c] [%] Yield[c] [%] ee[d] [%]


1 2.5 1 22 12 –[e]


2 2.5 16 71 52 38
3 5.0 1 64 48 –[e]


4 5.0 16 95 76 41
5 10.0 1 100 83 39
6 12.0 1 100 87 42
7 15.0 1 100 88 36
8 20.0 1 100 91 31


[a] Conditions: 1a (0.5 mmol), H2O2 (30 %, 1.0 mmol, 2 equiv),
FeCl3·6H2O (5.0 mol %), H2 ACHTUNGTRENNUNG(pydic) (5.0 mol %), (S,S)-5a, tert-amyl alco-
hol (10 mL), RT. [b] Based on the substrate. [c] Conversion and yield de-
termined by GC with dodecane as the internal standard. [d] The ee value
of (R,R)-2a was determined by HPLC on a chiral column; the (+)-
(2R,3R) enantiomer was the major product. [e] Not determined.


Table 3. Fe-catalyzed asymmetric epoxidation of aromatic alkenes.


Entry Alkene Conv[b]


[%]
Yield[b]


[%]
ee[c] [%],


Abs conf[d]


1 100 84 8, –[e]


2 100 61 8, –[e]


3 100 82
21,


(�)-(R,R)


4 100 73 11, –[e]


5 100 52 26, –[e]


6 72 60 20, –[e]


7 91 62 14, –[e]


8 100 49
48,


(+)-(2R,3R)


9 100 42
29,


(+)-(2R,3R)


10 57 33
23,


(+)-(2R,3R)


11 100 91[f] 53,
(+)-(2R,3R)


12 100 90[f] 71,
(+)-(2R,3R)


[a] Conditions: alkene (0.5 mmol), H2O2 (30 %, 1.0 mmol, 2 equiv),
FeCl3·6H2O (5.0 mol %), H2ACHTUNGTRENNUNG(pydic) (5.0 mol %), (S,S)-5a (12 mol %),
tert-amyl alcohol, RT, 1 h. TBDMS = tert-butyldimethylsilyl. [b] Con-
version and yield determined by gas chromatography with dodecane as
the internal standard. [c] Determined by HPLC on a chiral column.
[d] Absolute configuration determined by comparing the sign of the opti-
cal rotation of the major enantiomer with known data. Optical rotations
were measured by using a chiral detector connected to a chiral HPLC.
See also ref. [19] for Entries 3 and 7, ref. [20] for Entry 8, ref. [21] for
Entry 9, ref. [22] for Entry 10, and ref. [18] for Entry 12. [e] Not deter-
mined. [f] Isolated yield.
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previously observed for trans-
4,4’-dialkyl-substituted stilbenes
1d and 1 i.[17]


Preliminary mechanistic investi-
gations


ESIMS studies : The ESI mass
spectrum of the catalyst mix-
ture (FeCl3·6 H2O, 0.025 mmol;
H2 ACHTUNGTRENNUNG(pydic), 0.025 mmol; (S,S)-
4a, 0.06 mmol) in isopropanol/
water (50:50, v/v)[23] is dominat-
ed by the signal of the chiral
ligand (S,S)-4a ([M+H+]; m/z
367.1484) and a signal that cor-
responds to its dimeric form
(TsDPEN)2 ([M+H+]; m/z
733.28791). It also displays a
complex set of very weak sig-


nals, which were assigned to various Fe-containing species:
[Fe ACHTUNGTRENNUNG(pydic)TsDPEN]+ ([M+]; m/z 587.08394), [Fe-
ACHTUNGTRENNUNG(pydic)2TsDPEN]+ ([M+]; m/z 953.22649), [FeCl ACHTUNGTRENNUNG(pydic)-
ACHTUNGTRENNUNG(TsDPEN)2]·HCl +H+ ([M+H+]; m/z 1025.18204), and
[Fe{H2ACHTUNGTRENNUNG(pydic)} ACHTUNGTRENNUNG(pydic) ACHTUNGTRENNUNG(TsDPEN)2]


+ ([M+]; m/z 1120.249).
An attempted crystallization of a pale yellow product that
was isolated from the catalyst mixture, which consisted of
FeCl3·6 H2O, H2 ACHTUNGTRENNUNG(pydic), and (S,S)-5a in a ratio of 1:1:2.1
stirred in tert-amyl alcohol at room temperature for 2 h,
failed. However, ESIMS analysis of this product revealed
the presence of BnTsDPEN ([M+H+]; m/z 457.3502) as the
dominant species, together with a less intense signal that
corresponds to the [FeACHTUNGTRENNUNG(BnTsPDEN)2Cl ACHTUNGTRENNUNG(pydic)]·HCl ([M+


H+]; m/z 1205.2847) species, which is in full accordance
with the calculated spectrum. Very small signals at m/z
1300.3287 and 1556.248, which correspond to as-yet unchar-
acterized Fe-containing species, were also detected. Both re-
sults suggest the formation of complex equilibria, which sup-
ports the hypothesis that a chiral Fe–ligand complex is re-
sponsible for the asymmetric induction. However, which of
these precatalysts converts to the active catalyst upon treat-
ment with hydrogen peroxide is currently under investiga-
tion.


UV/Vis spectroscopy : When a dilute solution of aqueous hy-
drogen peroxide (33.32 %, 0.5 mmol) in tert-amyl alcohol
was added in five portions (5 P 0.1 mmol) to a catalyst mix-
ture (FeCl3·6 H2O (4.17 P 10�3


m), H2ACHTUNGTRENNUNG(pydic) (4.17 P10�3
m),


(S,S)-4a (0.01 m)) in the same solvent in the absence of sub-
strate at room temperature, a new band in the UV trace de-
veloped progressively at 465 nm (Figure 1, b–f), but did not
increase in intensity after addition of the last portion. The
identity of this species is currently under investigation. How-
ever, it is likely to be either an LFeIII�OOH or an LFeIII�
OO�FeIIIL complex. Homolysis or heterolysis of the O�O
bond of either of these species would lead to high-valent
Fe=O species that are suggested to be the actual oxidants.


The absorbance at l=465 nm is probably due to a hydroper-
oxo-to-FeIII charge-transfer transition and lies in the range
reported for related low-spin LFeIII�OOH complexes.[24] On
the other hand, when the catalyst mixture was treated with
small portions of hydrogen peroxide in the presence of
trans-stilbene, the band at l= 465 nm was no longer visible.
Instead, a new band appeared at l=422 nm that is likely to
be due to the transformation product of the species with an
absorbance at l=465 nm after oxygen transfer (Figure 2).
Raman and FTIR spectroscopic studies that were conducted
alongside the UV/Vis spectroscopic measurements gave
bands that corresponded to alkene and epoxide functionali-


Figure 1. UV/Vis spectra of the catalyst mixture (FeCl3·6H2O (4.17 P
10�3


m), H2 ACHTUNGTRENNUNG(pydic) (4.17 P 10�3
m), (S,S)-4a (0.01 m)) in tert-amyl alcohol


a) before the addition of H2O2 and b)–f) after the portionwise addition of
a dilute solution of aqueous H2O2 (33.32 %, 0.5 mmol; 0.1 mmol per por-
tion) in tert-amyl alcohol, added at 0, 4, 7, 10, and 13 min, respectively.


Figure 2. UV/Vis spectra of the reaction mixture (FeCl3·6H2O
(0.025 mmol, 4.17 P 10�3


m), H2ACHTUNGTRENNUNG(pydic) (0.025 mmol, 4.17 P 10�3
m), (S,S)-4a


(0.06 mmol, 0.01 m), 1a (0.5 mmol, 0.08 m)) in tert-amyl alcohol a) before
the addition of H2O2 and b)–f) after the portionwise addition of a dilute
solution of aqueous H2O2 (33.32 %, 0.5 mmol; 0.1 mmol per portion) in
tert-amyl alcohol.
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ties. We could not observe peaks that were diagnostic of
Fe�O or O�O bonds in the Raman and FTIR spectra, pre-
sumably because of the overlap of these bands with those of
the alkene.


EPR spectroscopy : To determine whether paramagnetic Fe
species are formed before or during the reaction and how
this might change upon the sequential addition of each com-
ponent, we followed the EPR spectra of each component as
it was added to the reaction solution in tert-amyl alcohol,
starting with the iron salt. FeCl3·6 H2O (Figure 3, c) has a
sharp signal at g= 1.98, which is comparable to the report-
ed[34] value of g= 2.022 for FeCl3·6 H2O at room temperature


and a broader signal at g= 4.34, which is typical of a high-
spin FeIII species with rhombic distortion. After addition of
an equal amount of H2ACHTUNGTRENNUNG(pydic) (Figure 3, g), both signals
weakened in intensity, which suggests that complex forma-
tion between Fe and H2 ACHTUNGTRENNUNG(pydic) had occurred. When (S,S)-4a
(2.4 equiv with respect to Fe; Figure 3, b) was added, a
new signal at g=2.33 (g? ) appeared and the original signal
at g= 1.98 almost disappeared. This suggests that formation
of a low-spin chiral (pydic)Fe–(S,S)-4a complex in solution
had occurred. Finally, when excess trans-stilbene (20 equiv
with respect to Fe; Figure 3, d) was added, only the signal
at g= 4.34 remained. While it is not clear how the alkene
functionality contributes to the disappearance of the signal
at g?=2.33, we cannot rule out additional coordination to a
metal center or displacement of the chiral ligand from the
coordination sphere. Upon addition of only 0.1 mmol of hy-
drogen peroxide (33.32 %, 0.2 equiv with respect to the
alkene), all signals except that at g=4.34 almost completely
disappeared (Figure 4b). This suggested that formation of a
dimeric FeIII species had occurred, which could not be de-
tected due to the anti-ferromagnetic coupling of unpaired
electrons. We propose that the species with a g value of 4.34
is not an active catalyst for the epoxidation because neither
its magnitude nor its position changed much in the course of
the reaction.


Spin trapping with TEMPO : A trace amount of 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO; 1.282 P10�4 mmol) in
tert-amyl alcohol was added to the standard reaction mix-
ture (FeCl3·6 H2O (0.025 mmol), H2 ACHTUNGTRENNUNG(pydic) (0.025 mmol),
(S,S)-4a (0.06 mmol), trans-stilbene (0.5 mmol)) in tert-amyl
alcohol (2 mL) and the EPR spectrum was recorded at
77 K. The resulting spectrum was dominated by the signal of
TEMPO (Figure 5A, c). After an aqueous solution of hy-


drogen peroxide (30 %, 0.5 mmol) in tert-amyl alcohol
(0.5 mL) was added to the reaction flask and stirred for a
few minutes, it took an induction period of about 30 s for
the expected brown coloration to appear. When we record-
ed the spectrum, the TEMPO signal had disappeared com-
pletely (Figure 5A, b). This finding is consistent with the
formation of transient carbon radicals during the reaction,
which could be trapped by the radical scavenger at a very
high rate (Scheme 2, left). The rate of combination of the
benzyl radical with TEMPO is known to approach diffusion


Figure 3. Graphs showing the change in the EPR signals of the reaction
mixture upon the successive addition of H2 ACHTUNGTRENNUNG(pydic) (0.025 mmol, 0.0125 m ;
g), (S,S)-4a (0.06 mmol, 0.03 m ; b), and 1a (0.5 mmol, 0.25 m ; d)
to a base solution of FeCl3·6H2O (0.025 mmol, 0.0125 m ; c) in tert-
amyl alcohol (T=77 K).


Figure 4. Graphs showing the change in the EPR signals of the reaction
mixture (FeCl3·6H2O (0.025 mmol, 0.0125 m), H2ACHTUNGTRENNUNG(pydic) (0.025 mmol,
0.0125 m), (S,S)-4a (0.06 mmol, 0.03 m), 1a (0.5 mmol, 0.25 m)) in tert-amyl
alcohol a) before the addition of H2O2 and b)–g) after the portionwise
addition of aqueous H2O2 (33.32 %, 91.13 mL, 1 mmol) in tert-amyl alco-
hol (total volume 1.0 mL); 5P 100 mL, 0.1 mmol; 1P=500 mL, 0.5 mmol.
All spectra were recorded at 77 K.


Figure 5. The results of spin trapping experiments with A) TEMPO; c :
FeCl3·6H2O, H2 ACHTUNGTRENNUNG(pydic), (S,S)-4a, 1a, TEMPO, T=77 K; b : after the
addition of H2O2 (0.5 mmol) and B) BPN; d : FeCl3·6H2O, H2 ACHTUNGTRENNUNG(pydic),
(S,S)-4a, 1a, BPN, H2O2 (1.0 mmol), T= 77 K; c : T= 298 K. See the
Experimental Section for conditions.
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control.[25] However, the possibility of signal disappearance
due to other reactions of TEMPO, rather than the trapping
of radicals, under these reaction conditions cannot be ruled
out. Therefore, we repeated the experiment with a nitrone
spin trap, the radical adduct of which should show distinct
EPR signals.


Spin trapping with BPN : To support the argument above,
the spin-trapping experiment was repeated by using N-tert-
butylphenylnitrone (BPN; 0.5 mmol) as a radical trap, under
the same reaction conditions described for TEMPO
(Scheme 2, right). The EPR spectrum of this reaction mix-
ture at room temperature revealed no signals resulting from
nitroxyl radicals. Aqueous hydrogen peroxide (33.32 %,
1.0 mmol) in tert-amyl alcohol was added in five portions
and the EPR spectrum was recorded after each addition.
The spectrum at 77 K was too broad for clear interpretation
(Figure 5B, d). At room temperature, however, the gradu-
al development of a triplet of doublets (the hyperfine cou-
pling constants for the nitrogen and hydrogen nuclei are
AN =15 and AH =3 G, respectively) that was assignable to a
radical adduct of BPN was observed (Figure 5B, c). The
signal recorded after the final addition is shown in Fig-
ure 5B. Although BPN is not specific to carbon radicals, this
complementary finding suggests that, under the experimen-
tal conditions, the formation of epoxides proceeds via the
formation of radical intermediates that can be trapped by
appropriate radical scavengers. The spin adducts are cur-
rently being characterized.


Kinetic studies


Direct kinetic measurement of
the asymmetric epoxidation of
styrene with hydrogen peroxide :
To obtain kinetic data for a rep-
resentative asymmetric epoxi-
dation at room temperature,
the epoxidation of styrene
(489.64 mm) with hydrogen per-
oxide (30 %, 25.0 mm) in the
presence of (S,S)-5a


(0.6001 mm), H2ACHTUNGTRENNUNG(pydic) (0.127 mm), and FeCl3·6 H2O
(0.250 mm) in tert-amyl alcohol was evaluated by using GC
with dodecane as the internal standard. The concentration
of styrene oxide against time was fitted by using first-order
exponential decay with the aid of a computer to obtain [sty-
rene oxide]1 (Figure 6). The observed pseudo-first-order
rate constant (kobs =3.972 P 10�4 s�1) was obtained from a
plot of log([styrene oxide]1�[styrene oxide]t) versus time
(Figure 7), according to Equation (1):


logð½styrene oxide�1�½styrene oxide�tÞ ¼ �kobstþconstant


ð1Þ


with which the catalysis rate constant (kcat =8.112 P
10�4


m
�1 s�1) was calculated from kobs/ ACHTUNGTRENNUNG[styrene]init =kcat. Each


reaction was repeated three times.
To determine the relative ratios of (S,S)-5a and H2ACHTUNGTRENNUNG(pydic)


in the active catalyst, we plotted kcat versus [(S,S)-5a]/[H2-
ACHTUNGTRENNUNG(pydic)] (Figure 8; conditions: [FeCl3·6 H2O]/[H2ACHTUNGTRENNUNG(pydic)] =


1:1, [Fe]= 0.25 mm, [styrene]init =489.64 mm, [H2O2]init =


30 %, 25.0 mm). This plot shows that the slowest measured
rate was at [(S,S)-5a]/[H2ACHTUNGTRENNUNG(pydic)]�2.0. When [(S,S)-5a]/[H2-
ACHTUNGTRENNUNG(pydic)]�2.5, a steady increase in reaction rate was ob-
served until a peak was reached at [(S,S)-5a]/[H2 ACHTUNGTRENNUNG(pydic)]
�3.5, which was followed by a slight fall at [(S,S)-5a]/[H2-
ACHTUNGTRENNUNG(pydic)]�4.0. After this drop the rate increased again,
which suggests that more than one species was involved in
catalyzing this reaction.


A plot of kcat versus [H2ACHTUNGTRENNUNG(pydic)]/[Fe] (Figure 9; conditions:
[FeCl3·6 H2O]/ACHTUNGTRENNUNG[(S,S)-5a]= 1:2.4, [Fe] =0.25 mm, [styrene]init =


489.64 mm, [H2O2]init =30 %, 25.0 mm) shows a maximum


Scheme 2. Possible paths for the spin trapping of a transient carbon radical by TEMPO (left) and BPN (right).


Figure 6. A typical first-order exponential decay fitting of [styrene oxide]
versus time.


Figure 7. Plot of log([styrene oxide]1�[styrene oxide]t) versus time,
which gives the pseudo-first-order rate constant as 3.972 P 10�4 s�1 (y=


�3.972 P 10�4x+5.4342, R2 =9.9076 P 10�1).
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rate at [H2ACHTUNGTRENNUNG(pydic)]/[Fe]�0.8. At [H2 ACHTUNGTRENNUNG(pydic)]/[Fe]�1.0 and
above, the rate dramatically decreased, which suggested that
the optimum [H2ACHTUNGTRENNUNG(pydic)]/[Fe] ratio (X) in the active species
was 0.8�X�1.0. The linear dependence of kcat on
[FeCl3·6 H2O] was established from a plot of kcat versus
[FeCl3·6 H2O] (Figure 10).


Competitive asymmetric epoxidation of para-substituted styr-
enes with hydrogen peroxide : To assess whether the forma-
tion of a carbon radical intermediate is involved in the epox-
idation of aromatic alkenes with hydrogen peroxide in the


presence of FeCl3·6 H2O/ ACHTUNGTRENNUNG(S,S)-5a/H2ACHTUNGTRENNUNG(pydic), the competitive
asymmetric epoxidation of various para-substituted styrenes
(Table 4) was examined more closely. In this case, the


energy of the transition state (TS) was expected to be affect-
ed by polar and spin-delocalization effects. These effects can
be quantified separately by employing the dual-parameter
Hammett correlation [Eq. (2)] developed by Jiang and Ji.[26]


logkrel ¼ 1JJCsJJCþ1mbsmb ð2Þ


A straight line with a slope of 1.00 (R2 =0.999) was ob-
tained from a plot of logkrel versus 2.07sJJC�2.13smb


(Figure 11). This linear free-energy correlation with polar


and spin-delocalization effects suggested the formation of a
benzylic radical species in the TS of the arylalkene epoxida-
tion. The large positive 1JJC value of 2.07 suggests that the re-
action is promoted by spin delocalization at the radical
center, whereas the negative 1mb value of �2.13 is consistent
with the electrophilic nature of the active oxidant. However,
the magnitude of j1mb/1JJC j , 1.03, suggests that polar sub-
stituent effects are slightly more important than spin-deloc-
alization effects.[26]


Figure 8. Plot of kcat versus [(S,S)-5a]/[H2 ACHTUNGTRENNUNG(pydic)] (FeCl3·6H2O/H2-
ACHTUNGTRENNUNG(pydic)=1:1 and [Fe] =0.25 mm).


Figure 9. A plot of kcat versus [H2 ACHTUNGTRENNUNG(pydic)]/[Fe] (FeCl3·6H2O/ ACHTUNGTRENNUNG(S,S)-5a=


1:2.4 and [Fe] =0.25 mm).


Figure 10. A plot of kcat versus [FeCl3·6H2O] (FeCl3·6H2O/ ACHTUNGTRENNUNG(S,S)-5a/H2-
ACHTUNGTRENNUNG(pydic)=1:0.8:2.8).


Table 4. Relative rate constants for the competitive epoxidation of para-
substituted styrenes with hydrogen peroxide and s values for the corre-
sponding substituents.


Entry X krel logkrel sJJC
[b] smb


[b]


1 H 1.00 0 0 0
2 Me 2.52 0.925 0.15 �0.29
3 F 1.56 0.443 �0.02 �0.24
4 Cl 1.22 0.201 0.22 0.11
5 CF3 0.34 �1.077 �0.01 0.49


[a] Conditions: FeCl3·6H2O (5 mol %), H2 ACHTUNGTRENNUNG(pydic) (5 mol %), (S,S)-5a
(12 mol %), H2O2 (30 %, 0.5 mmol), tert-amyl alcohol, RT. [b] See
ref. [26]


Figure 11. Dual-parameter Hammett correlation for the epoxidation of
styrene and para-substituted styrenes, according to Table 4. y=1.0025x,
R2 =0.9994, j1mb/1JJC j=1.03.
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Competitive asymmetric epoxidation of deuterated styrenes
with hydrogen peroxide : For the determination of the secon-
dary kinetic isotope effect (KIE), the competitive epoxida-
tions of styrene and deuterated styrenes (a-[D]styrene and
b-[D2]styrene) were conducted under the conditions shown
in Schemes 3 and 4.


The observation of a significant inverse secondary KIE in
the case of b-[D2]styrene (kH/kD =0.937�0.0090) and only a
small KIE (kH/kD =0.970�0.0073) in the case of a-[D]sty-
rene is consistent with an unsymmetrical TS in which the
C�O bond formation (i.e., sp3 hybridization) is more ad-
vanced at the b-carbon than at the a-carbon, which implies
a stepwise mechanism. Assuming a high-valent Fe=O inter-
mediate as the active oxidizing species, this finding again
suggests that epoxidation under this system may involve the
formation of benzylic radicals in the rate-determining step.


Nonlinear effect (NLE) studies : Since its discovery in the
1980s, the NLE has been successfully applied as a mechanis-
tic tool in the interpretation of many catalytic asymmetric
reactions.[27] The asymmetric epoxidation of trans-stilbene
was performed with mixtures of (S,S)-5a and (R,R)-5a with
varying ee values. A plot of the ee of 2a versus the ee of 5a
revealed a small but clearly positive NLE (Figure 12). Fol-
lowing KaganRs ML2 and reservoir models,[27] the source of
the +NLE may be the formation of a less-reactive meso
dimer. This indirectly suggests the existence of complex
equilibria that involve several chiral Fe complexes. The rela-
tive concentrations and reactivities of these species deter-
mine the observed enantioselectivity of the reaction.


18O isotope dilution studies : When the asymmetric epoxida-
tion of trans-stilbene was conducted under standard condi-
tions in the presence of a large excess of H2


18O (250 mmol,
500 equiv), no reaction took place. However, with a smaller
excess of H2


18O (10 mmol), the reaction takes places


smoothly to give a quantitative yield of the unlabeled epox-
ide (Scheme 5) in which no trace of 18O-labeled 2a was de-
tected. A trace amount of benzaldehyde was observed in


which the label was partly found (16O/18O= 88:22). These re-
sults suggest that formation of benzaldehyde might take
place in a consecutive reaction that starts from an inter-
mediate of the catalytic cycle. In addition, the results suggest
that either no high-valent Fe=O species are involved as the
active oxidant or, more likely, that the rate of 18O exchange
with water is too low compared with the rate of 18O transfer
to the organic substrate at this concentration.


The number and nature of the active oxidant(s) is current-
ly under investigation. However, based on the above obser-
vations and the wealth of accumulated literature that impli-
cates high-valent Fe=O species as the actual active oxygen
transfer agents in biological mono-oxygenations in both
heme and non-heme iron enzymes and model systems,[28a–g]


it is reasonable to assume that the formation of reactive
high-valent Fe species, such as [(pydic)(L*)nFe=O] (n=1–2),
has occurred.


Assuming further that a top-on approach of the alkene to
such a species is preferred over the alternative and more
popular side-on approach, the following mechanistic path-
way is tentatively proposed to explain the enantioselectivi-
ties. Accordingly, the Fe=O species generated by using non-
benzylated ligands (S,S)-4a–c and their N-benzylated coun-
terparts (R,R)-5a–d would be preferentially approached
from the Re,Re face (Scheme 6, bottom), whereas the spe-
cies generated by using the corresponding enantiomers of
these ligands is approached from the Si,Si face (Scheme 6,
top) of the trans-aryl alkene. The resulting L*Fe�O�aryl


Scheme 3. The competitive epoxidation of styrene and b-[D2]styrene.
a) FeCl3·6 H2O (5 mol %), H2ACHTUNGTRENNUNG(pydic) (5 mol %), (S,S)-5a (12 mol %),
H2O2 (30 %, 57 mL, 0.5 mmol), tert-amyl alcohol, RT.


Scheme 4. The competitive epoxidation of styrene and a-[D]styrene.
a) FeCl3·6 H2O (5 mol %), H2ACHTUNGTRENNUNG(pydic) (5 mol %), (S,S)-5a (12 mol %),
H2O2 (30 %, 0.5 mmol), tert-amyl alcohol, RT.


Figure 12. Graph of the ee of 2a versus the ee of 5a, which shows a posi-
tive NLE. b : Theoretical curve, &: measured data points.


Scheme 5. Reaction scheme for the isotope dilution studies.
a) FeCl3·6 H2O (5 mol %), H2ACHTUNGTRENNUNG(pydic) (5 mol %), (S,S)-5a (12 mol %),
H2O2 (50 %, 1.19 mmol), H2


18O (10 mmol), tert-amyl alcohol, RT.
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radical species would collapse by a rebound mechanism to
give the experimentally observed optically active (S,S)- and
(R,R)-epoxides, respectively. The alternative pathway, in
which rotation precedes collapse, is unlikely because we did
not observe the corresponding diastereomeric cis-epoxides.
Therefore, enantioselectivity is determined by the efficiency
of the first step. While this mechanism seems plausible,
steric factors on the substrate can dramatically alter both
the reaction rate and face selectivity, as previously ob-
served.[17]


Conclusion


The Fe-catalyzed asymmetric epoxidation of aromatic al-
kenes with hydrogen peroxide as the oxygen source and a
chiral Fe catalyst generated from FeCl3·6 H2O, H2ACHTUNGTRENNUNG(pydic),
and the novel, readily accessible, chiral (S,S)-5a has been
extended to sterically less demanding alkenes. The asymmet-
ric epoxidation of styrenes gives almost complete conver-
sions, but lower ee values compared with larger alkenes.
(S,S)-5a and (S,S)-4a (the non-benzylated precursor of
(S,S)-5a) give opposite enantiomers of trans-stilbene oxide
((R,R)-2a and (S,S)-2a, respectively). cis-Alkenes are gener-
ally poorer substrates than trans-alkenes for the current
asymmetric epoxidation, and steric factors are more impor-
tant than electronic factors in controlling the enantioselec-
tivity. Mass spectrum signals corresponding to Fe complexes,
such as [FeCl(L*)2ACHTUNGTRENNUNG(pydic)]·HCl in which L*= (S,S)-4a or
(S,S)-5a, were identified by ESIMS studies of the catalyst
mixture. Hydrogen peroxide may react with this species to
initially form [FeIII(L*)2ACHTUNGTRENNUNG(OOH) ACHTUNGTRENNUNG(pydic)]. Homolysis or heter-
olysis of the O�O bond of such a species would generate
FeIV=O+COH radicals and FeV=O+�OH, respectively. The
high-valent Fe=O species are more likely oxidants than h2-
LFeIIIO2H and COH radicals. We have ruled out the possibili-


ty that COH radicals play any
significant role in the current
alkene epoxidation because of
the unusually high yields and ee
values of the epoxides. A UV/
Vis study of the catalyst mix-
ture with (S,S)-4a as the chiral
ligand revealed a species that
had an absorbance peak at l=


465 nm upon the addition of hy-
drogen peroxide, which is cur-
rently being characterized. The
epoxidation reaction appears to
proceed via radical intermedi-
ates that could be intercepted
by using radical scavengers. An
inverse secondary isotope effect
(KIE) of kH/kD =0.93 for the b-
carbon and kH/kD =0.97 for the
a-carbon of styrene suggests an
unsymmetrical TS in which


oxygen transfer is nonconcerted. The epoxidation of para-
substituted styrenes revealed a linear dual-parameter Ham-
mett plot with a slope of 1.00, which suggests that the for-
mation of a benzylic radical species in the TS had occurred.
Epoxidation of trans-stilbene in the presence of excess
H2


18O resulted in an absence of the label in the epoxide
product, which is probably due to a much slower rate of
label exchange compared with O transfer from a high-valent
Fe=O species. The reaction showed a small but significant
NLE, which suggested the participation of several chiral Fe
complexes in catalyzing the reaction, the relative concentra-
tions and reactivities of which determine the observed ee
value. Efforts to identify these species and study the mecha-
nism in greater detail are under way. Although much re-
mains to be done in terms of improving ee values and in-
creasing substrate scope, the achievement of a significant
asymmetric alkene epoxidation with simple iron salts and
hydrogen peroxide at room temperature serves as a useful
biomimetic functional model for non-heme iron alkene
mono-oxygenases[28h–i] and helps stimulate further research
in this field.


Experimental Section


General : A Leco CHNS-932 analyzer was used for elemental analyses.
An AMD 402/3 mass spectrometer was used for recording mass spectra.
High-resolution mass spectrometry experiments were performed by using
an Agilent Series 1200 HPLC system and an Agilent 1969A time-of-flight
mass spectrometer. The TOF-MS conditions (positive-ion mode) with a
dual sprayer API-ES source were as follows: nebulizer and drying gas, ni-
trogen; nebulizer pressure =241.313 kPa, drying gas flow=12 Lmin�1,
drying gas temperature= 300 8C, capillary voltage =4 kV, fragmentor
voltage =225 V, skimmer voltage =60 V, octopole voltage = 250 V, and
mass reference (m/z): 121.050873 and 922.009798. The mobile phase con-
sisted of 10 % H2O (0.1 % HCOOH) and 90 % MeOH at a flow rate of
0.5 mL min�1. GC analysis was performed by using a Hewlett Packard
HP 6890 gas chromatograph with a flame ionization detector (FID). UV/


Scheme 6. Proposed mechanistic pathways to explain the enantioselectivity of this reaction.
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Vis spectroscopy measurements were carried out by using an Avantes
fiber-optic spectrometer (AVASPEC) with a fiber-optic sensor in trans-
mission against the solvent (tert-amyl alcohol or acetonitrile) as the refer-
ence. FTIR spectroscopy measurements were conducted by using a fiber-
optic Diamant-ATR probe, coupled with an FTIR-spectrometer (Nicolet
Avatar 370). Raman spectroscopy measurements were carried out by
using a fiber-optical RXN spectrometer (Kaiser Optical Systems, laser
l= 785 nm) with the laser power set at 100 mW. UV/Vis, FTIR and
Raman spectroscopic data were collected simultaneously. EPR investiga-
tions were conducted separately with a Bruker CW-EPR spectrometer
ELEXSYS 500-10/12 in X-Band with the following settings: microwave
frequency= 9.5 GHz, power=6.3 mW, modulation frequency=100 kHz,
and amplitude=0.5 mT. Alkenes 1a, 1d, and 1 l–s ; ligands (S,S)-3, (S,S)-
4a, and (R,R)-4a ; pyridine-2,6-dicarboxylic acid; FeCl3·6H2O; hydrogen
peroxide;[32] the aldehydes and arenesulfonyl chlorides used for the syn-
thesis of the ligands; the spin traps and the dry solvents are commercial
products (Sigma-Aldrich, Fluka, Merck) and were used as received. Al-
kenes 1b, 1c, and 1e–i were synthesized by a McMurry[29] coupling of the
corresponding alkyl-substituted benzaldehydes and obtained in high
yields and purities. Alkenes 1 j and 1v were synthesized by the Heck re-
action of 4-tert-butylbromobenzene with 2-vinylnaphthalene or styrene,
respectively, by modifying the method of Chandrasekhar et al.[30] Alkenes
1k and 1 t were synthesized by protecting trans-cinnamyl alcohol with tri-
phenylsilyl chloride or tert-butyldimethyl silylchloride, respectively, in the
presence of pyridine. All racemic epoxides 2, which were necessary refer-
ences for the chiral HPLC data, were synthesized by epoxidation with
metachloroperbenzoic acid (MCPBA). Typically, one to two equivalents
of a solution of MCPBA in dichloromethane (CH2Cl2) were added drop-
wise to an ice-cooled solution of the alkene in CH2Cl2. After stirring
overnight at RT, the solvent was removed under reduced pressure and
the residue was purified by flash chromatography to give high yields of
the corresponding epoxides (see the Supporting Information for analyti-
cal data).


General procedure for the synthesis of (S,S)-4b–g :[31] A solution of the
corresponding arene sulfonyl chloride (4.86 mmol, 1.0 equiv) in CH2Cl2


(5 mL) was added dropwise with stirring to a solution of diamine (S,S)-3
(1.032 mg, 4.86 mmol) and diisopropylethyl amine (DIPEA, 0.923 mL) in
CH2Cl2 (10 mL) at 0 8C over 30 min. Then the mixture was stirred at RT
for 5 h. The progress of the reaction was monitored by TLC. After com-
plete conversion, water (5 mL) was added and the phases separated. The
aqueous phase was then extracted twice with CH2Cl2 (5 mL). The com-
bined organic phases were dried, concentrated, and purified by silica gel
chromatography and characterized (see the Supporting Information).


Synthesis of (R,R)-5a, (S,S)-5b–i : These ligands were synthesized by
treating the corresponding N-amino-N’-arenesulfonyl diphenyl ethylene
diamine ligands and benzaldehyde ((R,R)-5a, (S,S)-5b–g), or 4-methyl-
benzaldehyde ((S,S)-5 i), according the reductive alkylation procedure
given for the synthesis of (S,S)-5a[17a] (see the Supporting Information for
analytical data).


General procedure for the Fe-catalyzed asymmetric epoxidation of al-
kenes 1a–y : Pyridine-2,6-dicarboxylic acid (4.24 mg, 0.025 mmol), ferric
chloride hexahydrate (6.76 mg, 0.025 mmol), ligands (S,S)-3, (S,S)-4a–g,
or (S,S)-5a–i (0.06 mmol), and alkenes 1a–y (0.5 mmol) were mixed in
tert-amyl alcohol (9 mL) and stirred at RT for about 30 min. The result-
ing mixture usually assumed a pale yellow color. For the GC determina-
tion of yields and conversions, dodecane (100 mL) was added as the inter-
nal standard. After taking samples for GC analysis, aqueous hydrogen
peroxide (“30 %”, 1 mmol) in tert-amyl alcohol (1 mL) was added to this
mixture over one hour by using a syringe pump. [A generally accurate
volume of the “30 %” solution can not be given in this case because the
peroxide content (and thus the density) of this material varies considera-
bly with time. Therefore, before each experiment we determined the per-
oxide content (%) by titration. For multiple runs we weighed the amount
corresponding to 10 mmol H2O2 into a 10 mL volumetric flask, filled with
the solvent to volume and withdrew the required amount (1 mL, 1 mmol)
of the solution using by a syringe (see also ref. [32]). For single runs
1 mmol H2O2 may also be directly diluted with solvent to 1 mL before in-
troduction into the reaction flask.] In most cases, complete conversion


was achieved after this time (determined by GC and/or TLC monitoring).
For preparative purposes, excess peroxide was eliminated by adding a sa-
turated aqueous solution of sodium sulfite (1 mL) and shaking well.
After addition of diethyl ether (10 mL), the phases were separated, and
the aqueous phase was extracted with diethyl ether (3 P 10 mL). The com-
bined organic phases were then dried over anhydrous MgSO4. After fil-
tration and solvent removal by rotary evaporator, the crude product was
either directly analyzed by chiral HPLC to determine its ee or purified
by silica gel chromatography on a short column (eluent: hexane/ethyl
acetate 20:1, 1% Et3N) for full characterization.


General procedure for catalyst NLE studies of asymmetric epoxidation
with hydrogen peroxide : Compound (R,R)-5a (24.66 mg, 0.054 mmol),
(S,S)-5a (2.74 mg, 0.006 mmol), H2 ACHTUNGTRENNUNG(pydic) (4.17 mg, 0.025 mmol),
FeCl3·6H2O (6.76 mg, 0.025 mmol), and trans-stilbene (90.1 mg,
0.500 mmol) were heated in tert-amyl alcohol (9.0 mL) in a 25 mL
Schlenk tube until a clear yellow solution formed (�1 min). After the re-
action mixture had cooled to RT, dodecane (GC internal standard,
100 mL) was added. Aqueous hydrogen peroxide (30 %, 113 mL,
1.0 mmol) in tert-amyl alcohol (887 mL) was added to this reaction mix-
ture over a period of 1 h by using a syringe pump. After this addition, ali-
quots were taken from the reaction mixture and subjected to GC analysis
for the determination of yield and conversion data. The reaction mixture
was then quenched with an aqueous solution of Na2SO3 (�10 mL), ex-
tracted with dichloromethane (2 P 10 mL), and washed with water
ACHTUNGTRENNUNG(�20 mL). The combined organic layers were dried over MgSO4 and
evaporated under reduced pressure to give the crude epoxides, which
were then dissolved in n-hexane for HPLC measurement.


General procedure for the competitive asymmetric epoxidation of para-
substituted styrene with hydrogen peroxide : Compound (S,S)-5a
(27.42 mg, 0.060 mmol), H2 ACHTUNGTRENNUNG(pydic) (4.17 mg, 0.025 mmol), and
FeCl3·6H2O (6.78 mg, 0.025 mmol) were heated in tert-amyl alcohol
(9.0 mL) in a 25 mL Schlenk tube until a clear yellow solution formed
ACHTUNGTRENNUNG(�1 min). After the reaction mixture had cooled to RT, styrene
(2.5 mmol), p-methylstyrene (2.5 mmol), and dodecane (GC internal
standard, 100 mL) were added. Aqueous hydrogen peroxide (30 %, 57 mL,
0.5 mmol) in tert-amyl alcohol (276 mL) was added to this reaction mix-
ture over a period of 1 h by using a syringe pump. After the addition, ali-
quots were taken from the reaction mixture and subjected to GC analysis
for the determination of yield and conversion data.


General procedure for the competitive asymmetric epoxidation of deuter-
ated styrenes with hydrogen peroxide


For styrene and b-[D2]styrene : Compound (S,S)-5a (27.42 mg,
0.060 mmol), H2 ACHTUNGTRENNUNG(pydic) (4.17 mg, 0.025 mmol), and FeCl3·6 H2O (6.78 mg,
0.025 mmol) were heated in tert-amyl alcohol (9.0 mL) in a 25 mL
Schlenk tube until a clear yellow solution formed (�1 min). After the re-
action mixture had cooled to RT, styrene (2.5 mmol), b-[D2]styrene
(2.5 mmol), and dodecane (GC internal standard, 100 mL) were added.
To this reaction mixture, aqueous hydrogen peroxide (30 %, 57 mL,
0.5 mmol) in tert-amyl alcohol (276 mL) was added over a period of 1 h
by using a syringe pump. After the addition, aliquots were taken from
the reaction mixture and subjected to GC analysis for the determination
of yield and conversion data. The reaction mixture was then quenched
with an aqueous solution of Na2SO3 (�10 mL), extracted with dichloro-
methane (2 P 10 mL), and washed with water (�20 mL). The combined
organic layers were dried over MgSO4 and evaporated under reduced
pressure to give the crude epoxides, which were then purified by silica
gel chromatography (70–230 mesh, neutralized with 1 % Et3N) with
hexane to hexane/ethyl acetate (100:3) as the gradient eluent. The selec-
tivity was determined by 1H NMR spectroscopy. Each reaction was re-
peated three times.


For styrene and a-[D]styrene : The procedure was the same as described
above, except that a-[D]styrene (2.5 mmol) was used instead of b-
[D2]styrene.


General procedure for asymmetric epoxidation with hydrogen peroxide
in the presence of H2


18O : Compound (S,S)-5a (27.42 mg, 0.060 mmol),
H2 ACHTUNGTRENNUNG(pydic) (4.17 mg, 0.025 mmol), FeCl3·6H2O (6.78 mg, 0.025 mmol), and
trans-stilbene (90.1 mg, 0.500 mmol) were heated in tert-amyl alcohol
(9.0 mL) in a 25 mL Schlenk tube until a clear yellow solution formed
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ACHTUNGTRENNUNG(�1 min). After the reaction mixture had cooled to RT, H2
18O (180 mL,


10.0 mmol) and dodecane (GC internal standard, 100 mL) were added. To
this reaction mixture, an aqueous solution of hydrogen peroxide (50 %,
68 mL, 1.19 mmol) in tert-amyl alcohol (932 mL) was added over a period
of 1 h by using a syringe pump. After this addition, aliquots were taken
from the reaction mixture and subjected to GC-FID analysis for determi-
nation of yield and conversion data. The reaction mixture was then fur-
ther analyzed by GC-MS.


General procedure for the direct kinetic measurement of the asymmetric
epoxidation of styrene with hydrogen peroxide: Compound (S,S)-5a
(27.40 mg, 0.060 mmol), H2 ACHTUNGTRENNUNG(pydic) (2.12 mg, 0.013 mmol), and
FeCl3·6H2O (6.75 mg, 0.025 mmol) were heated in tert-amyl alcohol
(10 mL) in a 50.00 mL volumetric flask until a clear yellow solution
formed (�1 min.). After the reaction mixture had cooled to RT, the cata-
lyst solution was diluted up to the 50.00 mL mark with tert-amyl alcohol.
Dodecane (GC internal standard, 100 mL, 73.77 mg, 0.433 mmol), styrene
(573 mL, 509.96 mg, 4.896 mmol), and the catalyst solution (5.00 mL)
were added to a 10.00 mL volumetric flask. It was then diluted up to the
10.00 mL mark with tert-amyl alcohol. Aqueous hydrogen peroxide
(30 %, 29.0 mL, 0.250 mmol) was added at once and the reaction mixture
was vigorously shaken. This solution was transferred to a GC vial for
GC-FID analysis, and the styrene oxide concentration was determined at
approximately 4.5 min intervals at RT ((23.9�0.99) 8C). The concentra-
tion of styrene oxide versus time was then fitted with first-order expo-
nential decay by using the software Origin 7.5 SR5 [v 7.5870 (B870)][33] to
obtain [styrene oxide]1. The observed rate constant was obtained by
plotting log([styrene oxide]1�[styrene oxide]t) versus time (see [Eq. (1)]
and kobs ACHTUNGTRENNUNG[styrene]init =kcat). Each reaction was repeated three times.


General procedure for the simultaneous UV/Vis, Raman, and IR spectro-
scopic investigation of the catalyst mixture in the absence of 1a :
FeCl3·6H2O (6.76 mg, 0.025 mmol), H2 ACHTUNGTRENNUNG(pydic) (4.24 mg, 0.025 mmol), and
(S,S)-4a (22.01 mg, 0.06 mmol) in tert-amyl alcohol (6 mL) were added to
a 10 mL glass beaker. The UV/Vis, Raman, and IR spectroscopic data
were recorded simultaneously by passing UV light through a quartz cuv-
ette mounted in the solution and by inserting an IR sensor into the sol-
vent bulk. Then aqueous H2O2 (33.32 %, 45.6 mmL, 0.5 mmol) in tert-
amyl alcohol (total volume 0.5 mL) was added in five portions (5 P
100 mL, 0.1 mmol) in intervals of 2 to 3 min. After each addition, the mix-
ture was stirred well with a magnetic stir bar and the spectra were re-
corded (Figure 1).


General procedure for the simultaneous UV/Vis, Raman and IR spectro-
scopic investigation of the catalyst mixture in the presence of 1a :
FeCl3·6H2O (6.76 mg, 0.025 mmol), H2 ACHTUNGTRENNUNG(pydic) (4.24 mg, 0.025 mmol),
(S,S)-4a (22.01 mg, 0.06 mmol), and 1a (90.15 mg, 0.5 mmol) in tert-amyl
alcohol (6 mL) were added to a 10 mL glass beaker. The UV/Vis,
Raman, and IR data were recorded were simultaneously by passing UV-
light through a quartz cuvette mounted in the solution and by inserting
an IR sensor into the solvent bulk. Then aqueous H2O2 (33.32 %,
91.13 mL, 1.0 mmol) in tert-amyl alcohol (total volume 1 mL) was added
in ten portions (10 P 100 mL, 0.1 mmol) in intervals of approximately
2 min. After each addition, the mixture was stirred well with a magnetic
stir bar and the spectra were recorded. Results from the first five por-
tions are shown in Figure 2. No significant changes occurred upon the ad-
dition of portions six to ten, and the corresponding curves are omitted
for clarity.


Procedure for the EPR spectroscopic investigation of the reaction mix-
ture in tert-amyl alcohol : tert-Amyl alcohol (2 mL) was added to a
Schlenk flask and the EPR spectrum was recorded. Then FeCl3·6H2O
(6.76 mg, 0.025 mmol), H2ACHTUNGTRENNUNG(pydic) (4.24 mg, 0.025 mmol), (S,S)-4a
(22.01 mg, 0.06 mmol), and trans-stilbene (90.15 mg, 0.5 mmol) were
added sequentially with stirring, to make sure that every component had
been fully dissolved. Slight heating and cooling to RT was necessary. The
EPR spectra were recorded at RT and at 77 K, and the sample was re-
turned to the reaction mixture after every measurement. Figure 3 shows
spectra recorded at T=77 K. Then aqueous H2O2 (33.32 %, 91.13 mL,
1.0 mmol) in tert-amyl alcohol (total volume 1 mL) was added in 6 por-
tions (5 P=100 mL, 0.1 mmol each, then 1P 500 mL, 0.5 mmol) at intervals


of 2 min. After each addition, the mixture was stirred well and the spec-
tra were recorded (Figure 4).


General procedure for spin trapping with BPN : FeCl3·6 H2O (6.76 mg,
0.025 mmol), H2ACHTUNGTRENNUNG(pydic) (4.24 mg, 0.025 mmol), (S,S)-4a (22.01 mg,
0.06 mmol), and trans-stilbene (90.15 mg, 0.5 mmol) were added to a
Schlenk flask and dissolved in tert-amyl alcohol (2 mL) by heating to
about 60–70 8C for 10 min with stirring. A sample was taken and the
EPR spectrum of this solution was recorded at 77 K and at RT. The
sample was then returned to the reaction vessel. BPN (88.5 mg,
0.5 mmol) was added to the reaction mixture and the EPR spectrum was
recorded again. No signal resulting from nitroxyl radicals was observed.
The EPR sample was then returned to the reaction flask. Aqueous H2O2


(30 %, 103.1 mL, 1.0 mmol) in tert-amyl alcohol (total volume 1 mL) was
added in five portions (3 P 100 mL, 0.1 mmol; 1P 200 mL, 0.2 mmol; 1P
500 mL, 0.5 mmol) with stirring for a few minutes after each addition
before the EPR spectra were recorded. Figure 5B shows the spectra re-
corded at 77 K and RT after the last addition.


General procedure for spin trapping with TEMPO : FeCl3·6H2O
(6.76 mg, 0.025 mmol), H2ACHTUNGTRENNUNG(pydic) (4.24 mg, 0.025 mmol), (S,S)-4a
(22.01 mg, 0.06 mmol), and trans-stilbene (90.15 mg, 0.5 mmol) were
added to a Schlenk tube and dissolved in tert-amyl alcohol (2 mL) by
heating to about 60–70 8C for 10 min with stirring. A sample was taken
and the EPR spectrum of this solution was recorded at 77 K and at RT.
The sample was returned to the reaction mixture. A solution of TEMPO
(0.2 mL, 6.41 P 10�4


m, 1.282 P 10�4 mmol) in tert-amyl alcohol (prepared
by dissolving TEMPO (1 mg) in tert-amyl alcohol (10 mL)) was added to
the reaction mixture. A sample was then taken and the EPR spectrum,
which was dominated by the signal from TEMPO, was recorded. The
sample was returned to the reaction flask. An aqueous solution of H2O2


(30 %, 52 mL, 0.5 mmol) in tert-amyl alcohol (0.5 mL) was added to the
reaction flask immediately and stirred for a few minutes. After an induc-
tion period of around 30 s the solution turned brown, as expected. A
sample was then taken and the spectrum was recorded at 77 K. The
TEMPO signal disappeared completely from the spectrum (Figure 5A).
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Introduction


Asymmetric transfer hydrogenation of ketones, as an effi-
cient synthetic route to optically active alcohols, has attract-
ed increasing attention in the last decade due to its great po-
tential for applications in the fine chemical, pharmaceutical,


agrochemical industries and in new materials.[1] Among the
catalysts and ligands explored so far, the Noyori–Ikariya cat-
alyst, that is, Ru-TsDPEN (TsDPEN=N-(p-toluenesulfon-
yl)-1,2-diphenylethylenediamine) [Eq. (1)],[2] has been
mostly studied due to its high efficiency for ATH and struc-
tural versatility permitting further catalyst optimization
[Eq. (1)].[3]


Continued ligand design based on the monosulfonylated
diamine skeleton has improved catalytic productivity/enan-


Abstract: The mechanism of aqueous-
phase asymmetric transfer hydrogena-
tion (ATH) of acetophenone (acp)
with HCOONa catalyzed by Ru-
TsDPEN has been investigated by stoi-
chiometric reactions, NMR probing, ki-
netic and isotope effect measurements,
DFT modeling, and X-ray structure
analysis. The chloride [RuCl-
ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (1), hydride
[RuH ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (3), and
the 16-electorn species [Ru ACHTUNGTRENNUNG(TsDPEN-
H) ACHTUNGTRENNUNG(p-cymene)] (4) were shown to be
involved in the aqueous ATH, with 1
being the precatalyst, and 3 as the
active catalyst detectable by NMR in
both stoichiometric and catalytic reac-


tions. The formato complex [Ru-
ACHTUNGTRENNUNG(OCOH) ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (2)
was not observed; its existence, howev-
er, was demonstrated by its reversible
decarboxylation to form 3. Both 1 and
3 were protonated under acidic condi-
tions, leading to ring opening of the
TsDPEN ligand. 4 reacted with water,
affording a hydroxyl species. In a ho-
mogeneous DMF/H2O solvent, the
ATH was found to be first order in the
concentration of catalyst and acp, and
inhibited by CO2. In conjunction with


the NMR results, this suggests that hy-
drogen transfer to ketone is the rate-
determining step. The addition of
water stabilized the ruthenium catalyst
and accelerated the ATH reaction; it
does so by participating in the catalytic
cycle. DFT calculations revealed that
water hydrogen bonds to the ketone
oxygen at the transition state of hydro-
gen transfer, lowering the energy barri-
er by about 4 kcalmol�1. The calcula-
tions also suggested that the hydrogen
transfer is more step-wise in nature
rather than concerted. This is support-
ed to some degree by the kinetic iso-
tope effects, which were obscured by
extensive H/D scrambling.
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tioselectivity and expanded the scope of substrates.[1,4] The
reaction medium and hydrogen source employed are also
crucial for the overall catalytic productivity. For example,
higher yields and enantioselectivities were achieved by using
formic acid/triethylamine azeotrope as both solvent and hy-
drogen source instead of isopropanol, where simultaneous
loss of CO2 and formation of ruthenium hydride through de-
carboxylation of formic acid drive the ATH reaction to com-
pletion.[3b] Recently we found that the ATH of aromatic ke-
tones is significantly accelerated when the reaction is carried
out in neat water with HCOONa as hydride donor.[5] Since
then, a number of ATH reactions with various catalysts
using formate in water have been reported.[6–8] These studies
suggest that aqueous HCOONa is an ideal reductant for
ATH reactions; the chemistry is made more appealing by
the green character of water as a solvent and the safety and
easiness of operation. Indeed, commercial applications of
aqueous-phase ATH are already underway.[5e,9]


Our initial studies of ATH with Ru-TsDPEN revealed
that not only does water accelerate the ATH rates, it enhan-
ces the life of the catalyst as well (also see the Discussion
Section).[5a–c] Furthermore, the reduction rate and enantiose-
lectivity were found to vary significantly with solution pH.[5c]


The rate/pH dependence has been revealed for achiral
transfer hydrogenation of carbonyl compounds with [Ru-
ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(h6-C6Me6) ACHTUNGTRENNUNG(H2O)]2+ (bipy=2,2-bipyridine) and
[IrCp* ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(H2O)]2+ (Cp*=h5-C5Me5),


[10] and for a
number of other chiral and achiral transfer hydrogenation
catalysts.[1n,11] In closely related non-aqueous ATH reactions
using formic acid as reductant from both industrial and aca-
demic laboratories, the ratio of HCOOH/NEt3 has been
shown to affect the ATH rate.[12] These observations
prompted us to investigate the mechanism of aqueous-phase
ATH reactions and the role of water in the catalytic cycle,
in the hope that such insight would allow further improve-
ment of this powerful, green transformation.


A great deal of progress has been made in mechanistic
understanding of the transfer hydrogenation mechanism in
organic solvents, which has been systematically reviewed.[1a,h–m]


The Noyori–Ikariya Ru–TsDPEN catalytic system has re-
ceived the most attention among a large number of catalysts
employed for ATH of ketones and imines. For the reduction
of ketones with Ru–TsDPEN in isopropanol, Noyori and
co-workers proposed a concerted pathway for the hydrogen
transfer process, that is, the hydridic hydrogen on Ru�H
and the protonic hydrogen on the NH2 moiety are trans-
ferred simultaneously to the carbon and oxygen atom of the
carbonyl group, respectively (Scheme 1).[1a,3a,13] The inter-
mediates depicted in Scheme 1 have been identified and
characterized crystallographically.[3e] This concerted mecha-
nism is also supported by kinetic isotope effect studies from
CaseyLs group, which demonstrated a reversible, concurrent
hydride and proton transfer from isopropanol to the 16-elec-
tron species in Scheme 1.[14] The same mechanism has also
proven to work for the Shvo catalyst, which concurrently
transfers its hydride on the ruthenium and proton on the
OH moiety to the carbonyl group of ketone (Scheme 2).[15]


Although the concerted mechanism is widely accepted for
ketone reduction in the above catalytic systems, a stepwise
mechanism[16] has been proposed for a molybdocene hy-
dride-catalyzed ketone reduction in water and isopropa-
nol.[16a,b] In this mechanism, the ketone substrate is first
bound to the molybdocene and then reduced to form a
CpMo–alkoxide species, which is subsequently hydrolyzed
to an alcohol. Another example of stepwise transfer hydroge-
nation of carbonyl compounds is seen in a ruthenium–acet-
amido complex; this is evidenced by an inverse deuterium iso-
tope effect and competitive inhibition by added phosphines.[16c]


Besides the metal centers and auxiliary ligands, substrates
can influence the reaction pathway. Thus, when using imines
as a substrate, hydrogen transfer can follow either an outer-
sphere pathway, similar to that proposed for carbonyl reduc-
tion (Schemes 1 and 2), or an inner-sphere mechanism in
which imine coordination to the metal takes place prior to
hydrogen transfer.[4d,17] Furthermore, in the Ru–TsDPEN-
catalyzed ATH of imines reported by BMckvall, yet another
mechanism may come into play.[18] The ATH requires an
acid to proceed;[18a] hence the reduction may proceed via
the stepwise, ionic mechanism put forward by Norton[18b]


and Bullock[18c] for hydrogenation reactions, which involves
hydride transfer to a protonated imine as shown in
Scheme 3. It is noted that the Ru–TsDPEN and Shov cata-
lysts are active for both transfer hydrogenation and hydro-
genation.[18d]


Despite the advances made on the mechanistic under-
standing of non-aqueous phase ATH reactions and the sig-


Scheme 1. Concerted hydrogen transfer mechanism for ATH of ketones
catalyzed by Ru–TsDPEN catalyst.


Scheme 2. Concerted hydrogen transfer mechanism for ATH of ketones
catalyzed by the Shvo catalyst.
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nificant academic and commercial interest in the aqueous-
phase ATH,[1n,9] a systematic study of the mechanism of
ATH in water is not yet available. Given the various mecha-
nistic pictures depicted above for the non-aqueous phase
ATH and the polar, strong hydrogen-bonding nature of
water, the following questions arise: Which mechanistic
pathway is more likely in water? Is the same concerted
mechanism still operative? Is water involved in the catalytic
cycle? How does water accelerate and stabilize the catalyst,
and why is the reaction pH-dependent? These questions are
not straightforward to address, however. Firstly, characteri-
zation of the catalyst precursors and intermediates in water
is relatively difficult due to the poor solubility of such com-
plexes in aqueous solution. Secondly, most organic reactions
in water are expected to experience diffusion control, result-
ing from the poor solubility of the substrates and catalysts
or phase separation. These in turn hamper an accurate de-
termination of the reaction kinetics.


In this work, a multilateral approach has been adopted to
probe the mechanism of a benchmark aqueous-phase ATH
[Eq. (2)] in order to shed light on the questions raised


above. Specifically, we have performed detailed kinetic stud-
ies, including kinetic isotope effect measurements, of the re-
duction of acetophenone (acp) in a homogeneous dimethyl-
formamide (DMF)/H2O mixture. The aqueous DMF is
chosen to minimize the effects of diffusion control, allowing
the apparent aqueous-phase ATH kinetics to be determined
for the first time; DMF is an innocent co-solvent in the
ATH. The molecular structures and transformations of the
ruthenium precatalyst, intermediates and hydrides under
various conditions have been investigated by both NMR
spectroscopy and X-ray crystallography. In addition, we
have carried out DFT calculations in order to model the
transition state of the hydrogen transfer step and map out
the role of water. A very recent computational study of
transfer hydrogenation in methanol has shown that metha-
nol as solvent could lower the activation barrier of hydrogen
transfer and even alter the mechanism.[19] Recently, there
have also been several studies dealing with the effect of
water on catalytic reactions;[6a, 20] however, none is con-
cerned with ATH reactions in water.


Results


Effects of reaction medium : Although excellent activities
are achieved in the ATH of simple aromatic ketones in neat
water, the poor solubility of substrates such as acp in water
results in a biphasic reaction system, in which the Ru–
TsDPEN catalyst resides mostly in the upper organic phase
and the hydrogen donor (sodium formate in this study, see
Table S1, Supporting Information; hereafter, all the tables,
figures and schemes that appear in the Supporting Informa-
tion are denoted with S) remains in the aqueous phase. This
has severe implications for any kinetic study, since diffusion
of reactants over the organic–water interface may dominate
the kinetics, and this is indeed seen from the effect of agita-
tion speed on the reduction rates (Figure S1). In order to ex-
amine possible co-solvent effects and establish a homogene-
ous ATH, a number of common organic solvents were
therefore introduced and screened for the model reaction in
Equation (2); the results are shown in Figure S2. As may be
expected, the trend of initial reaction rate and average activ-
ity are approximately in line with the polarity of co-solvent,
that is, DMF > CH2Cl2 > toluene > Et2O > hexane, none
of which, except DMF, is miscible in water. On the other
hand, no effect on the ee was observed, which suggests that
these co-solvents do not impact on the enantioselective step.
The highest activities were achieved with mixtures of water
and solvents such as DMF, methanol and ethanol. Alcohols
were not further studied, however, due to their well-known
ability to act as hydrogen donors. In all these studies, the
Ru–TsDPEN catalyst was in situ generated from [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 and 2.4 equiv TsDPEN.


The miscibility of DMF and H2O at arbitrary ratios al-
lowed us to investigate systematically the impact of water
content on the reaction in Equation (2) in mixtures of
DMF/H2O, while retaining a homogeneous liquid phase. As
shown in Figure 1, approximate first-order kinetics over
[acp] was observed with up to 80% (volume) water in the
mixed solvents at 40 8C. The solubility of the hydrogen
source, sodium formate, increases with water content. Thus,
the modest acceleration of the reaction rate from k=


0.001 min�1 in pure DMF to k=0.006–0.007 min�1 on addi-
tion of 1 to 10% water is partly ascribed to the higher solu-
bility of HCOONa in the aqueous mixture. However, the
significant rate acceleration observed in solvent mixtures
containing 20 to 80% water (k=0.05–0.18 min�1) cannot
simply be attributed to improved solubility of HCOONa,
which fully dissolved when the water content was more than
10%. Rather, it suggests that bulk water has an accelerating
effect on ATH, an effect that is challenging to explain but
could result from the formation of a local hydrogen-bonding
network, which enhances the hydrogen-bond donating capa-
bility of water and so the reaction rates.[20f] The reaction
medium appeared slightly turbid when more than 80%
water was added, although the rate acceleration was re-
tained. Under this “heterogeneous” conditions, the local
concentration of acp around the catalyst and the hydrogen-
bonding capability of water may be enhanced,[20f] thus af-


Scheme 3. Transfer hydrogenation of imines via an ionic mechanism.
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fording higher rates. On the basis of this study, a homogene-
ous DMF/H2O (1:1, v/v) mixture was used as reaction
medium for subsequent kinetic investigations.


Formation of Ru–TsDPEN catalyst in the presence of
water : In our initial study, we assumed that the aqueous
ATH proceeds via the catalytic cycle in Scheme 4 by analo-
gy with Scheme 1. Noyori, Ikariya, and co-workers have syn-
thesized, isolated and characterized catalyst precursor 1, and
active catalysts 3 and 4 (Scheme 4) in non-aqueous media.[3e]


In isopropanol, a base is necessary to generate 1 from
[RuCl2ACHTUNGTRENNUNG(p-cymene)]2 and TsDPEN.


The formation of 1 in the presence of water was moni-
tored by 1H NMR spectroscopy. [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 and a
stoichiometric amount of TsDPEN were stirred for 15 mi-
nutes at ambient temperature in a 1:1 (v/v) mixture of
CD2Cl2 and D2O, which was chosen to mimic the biphasic
nature of the ATH reaction. 1H NMR spectroscopy of the
CD2Cl2 layer revealed the formation of 1; a trace [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 was observed as the only species in the D2O
layer.


The same result was obtained for the reaction of [RuCl2-
ACHTUNGTRENNUNG(p-cymene)]2 and 2.4 equiv TsDPEN in neat water at 40 8C
followed by extraction with CH2Cl2. Both the NMR spec-
trum and molecular structure determined by X-ray crystal-
lography are identical to those of compound 1 synthesized
via NoyoriLs non-aqueous route.[3e] Apparently, water acts as
the base in the aqueous preparation, facilitating the abstrac-
tion of HCl and the formation of 1. Thus, the reaction solu-
tion became acidic upon formation of 1 (pH �2.8). Howev-
er, our attempts to isolate a putative aquated Ru–TsDPEN
complex, resulting from the substitution of Cl� from 1 by
H2O, have been unsuccessful, although ruthenium–aqua
complexes containing diamine ligands other than TsDPEN
have recently been reported by several research
groups.[7h,t, 10a,21–24] In some instances, the aquation and ana-
tion equilibrium constants have been determined, and gen-
erally the formation of anation products is favored.[22,24]


On addition of 10 equiv HCOONa to 1 in the D2O/
CD2Cl2 mixture with stirring, the pale yellow water layer
turned colorless immediately. 1H NMR spectroscopy of the
red orange CD2Cl2 layer confirmed the formation of the
ruthenium hydride 3 (d �5.80 ppm).[3e,25] In the aqueous
phase, formate was observed as the dominant species (d
8.40 ppm). Similarly, addition of excess HCOONa to 1 in
neat water afforded 3 as a brick red solid. A transient
orange coloration was observed during these reactions, indi-
cating the presence of an intermediate formato complex 2,
which was rapidly transformed into the ruthenium hydride
3. The instability of the formato complex is echoed by Ikar-
iyaLs findings in THF; but he was able to isolate the corre-
sponding acetate species.[26] When the same reaction was
conducted in a closed reaction vessel, carbon dioxide and
hydrogen were detected in the head space of the vessel by
mass spectroscopy,[5c] suggesting that dehydrogenation of 3
to give 4 and the subsequent reactions to regenerate 3 take
place in the absence of a ketonic substrate.


These results indicate that as with non-aqueous ATH,
complexes 1–3 are formed in the corresponding aqueous re-
action, with 1 being the precatalyst. Figure 2 shows the reac-
tion profiles of 1 (in situ and preformed), 3, and 4, in the
ATH of acp in DMF/H2O. The insignificant difference in
the reaction rates suggests that 3 and 4 are active catalysts
in ATH in water and the formation of 1 and 3 is a fast pro-
cess compared to transfer hydrogenation under the aqueous
conditions. Taken together, the results show that essentially
the same catalyst precursor and active catalytic species, as
those reported previously for organic solvents, are involved
in ATH in water.


Scheme 4. Proposed mechanism for the ATH of acp with Ru–TsDPEN in
water.


Figure 1. Plot of �ln ACHTUNGTRENNUNG[acp] vs reaction time for the ATH of acp in DMF/
H2O mixtures. The reactions were performed at 40 8C, with [Ru]=


4.7 mm, [substrate]/ ACHTUNGTRENNUNG[catalyst] (S/C)=100, [HCOONa]/ ACHTUNGTRENNUNG[acp]=5 in 2 mL
solvents.
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Effect of water on the stoichiometric ATH of acp in
CD2Cl2 : With the availability of hydride 3, the effect of
water on hydride transfer to ketones could be directly exam-
ined. Figure 3 shows the progress of stoichiometric reduction


of acp by 3 in dry and wet CD2Cl2 monitored by 1H NMR
spectroscopy, using ferrocene (d 4.2 ppm) as internal stan-
dard. The concentration of the reactants and products were
obtained by integrating the 1H resonances at d 2.6 (methyl
group of acp), d �5.8 (ruthenium hydride 3), and d 1.5
(methyl group of the phenylethanol product) against the in-
ternal standard. The kinetic profiles display an overall
second-order kinetics on [RuH] (i.e. , [3]) in this stoichio-
metric reaction, and hence are consistent with the rate=k-
ACHTUNGTRENNUNG[acp] ACHTUNGTRENNUNG[RuH] = kACHTUNGTRENNUNG[RuH]2, due to [RuH]= [acp]. The second
order rate constant is k=0.004 Lmol�1 s�1 in dry CD2Cl2 but
0.024 Lmol�1 s�1 in wet (ca. 60 equiv H2O with respect to 3)
CD2Cl2. The six-fold acceleration of the reaction rate on ad-
dition of trace water under otherwise identical conditions
unambiguously demonstrates that water accelerates the
ATH, and the acceleration stems at least partly from water
being involved in the hydrogen-transfer step suggested in
Scheme 4. This has been further addressed by a computa-


tional study (see below); but we need first to investigate the
kinetics of catalytic ATH in order to determine if the ATH
is limited by hydrogen transfer.


Kinetics of ATH in DMF/H2O : Figure 4 shows the effect of
the initial concentration of catalyst, substrate, and formate
and the effect of CO2 on the ATH of acp in DMF/H2O (1:1,
v/v). For those experiments carried out at constant [acp]=


0.47m and varying [Ru] (2.4–9.5 mm), the rate constant
shows a good linear relationship against the catalyst concen-
tration (Figure 4a), from which a second-order reaction con-
stant of 0.11 Lmol�1 s�1 is obtained. At constant [Ru]=


4.7 mm, the ATH reaction appears to show a first-order ki-
netics on the concentration of ketone over the range of
[acp]=0.2–1.3m (Figure 4b), from which a second-order re-
action rate constant of 0.11 Lmol�1 s�1 is obtained. This
value is in agreement with the rate constant deduced from
the rate dependence on the catalyst concentration. Under
our standard reduction conditions, [acp] is ca 0.5m. Variation
of the concentration of sodium formate from 3 to 10 equiva-
lents with respect to [acp] has only insignificant effect on
the kinetic profile (Figure 4c). The same reactions were re-
peated, adding NaBF4 to adjust the molar ratios of salts
versus substrate to 10:1 for all reactions. Again, no clear
correlation between the reaction rates and [HCOONa]
could be established, eliminating a possible effect of ionic
strength on the rate. Thus, the overall reaction shows a first-
order kinetic dependence on both [Ru] and [acp].


However, decreasing reaction rates were observed at
higher acp concentrations (>1.3m) (Figure 4b). This could
arise from substrate inhibition; no phase separation was ob-
served under these reaction conditions (Figure 4b). The sub-
strate inhibition could result from possible destruction of
the hydrogen-bonding network of water[20f] and/or deproto-
nation of the ketone by the 16-electron 4 as found by Ikar-
iya.[27] A similar phenomenon was reported recently by
Noyori et al. for the asymmetric hydrogenation of acp cata-
lyzed with [Ru ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (OTf=


CF3SO3
�) under slightly acidic conditions.[28] Substrate inhib-


ition on related reactions has been discussed and summar-
ized by de Vries very recently.[27b]


CO2 is formed during the catalysis, which has an inhibi-
tion effect also shown in Figure 4d. Thus, switching the
headspace gas from N2 to CO2, 10 min after the reaction
started, significantly suppressed the ATH reaction. When
the gas switching was done in the reverse order, that is,
from CO2 to nitrogen, a long induction period was observed
before the reaction rate recovered. The results suggest that
CO2 inhibits the ATH reversibly, and this likely results from
the decarboxylation of 2 to generate 3 being reversible
(Scheme 4).[29] The fast decay in the reaction rate upon in-
troduction of CO2 probably results from the high reactivity
of Ru�H towards CO2, as similar ruthenium complexes are
known as catalysts for hydrogenation of CO2 (see below).
Under normal catalytic conditions, however, CO2 is reacted
with OH� to form bicarbonate and so will not impact signifi-
cantly on the reduction rate. The sluggish recovery of the


Figure 2. ATH of acp (1 mmol) with 1 (in situ, ~; pre-formed, &), 3 (*)
and 4 (~) in DMF/H2O 1:1 (2 mL) at a S/C ratio of 100, at 40 8C, using
HCOONa (5 equiv) as hydrogen source.


Figure 3. Stoichiometric reduction of acp with 3 : ~ in dry CD2Cl2; & in
wet CD2Cl2 (doped with 0.2% H2O). The reaction was followed by
1H NMR spectroscopy at 20 8C with initial [3]= [RuH]=0.018m.
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catalyst activity on purging with N2 may reflect the dehydra-
tion of H2CO3 being a slow process.[30]


A rate law consistent with the above results is given in
Scheme 5, assuming that the coordination of formate and
decarboxylation are reversible and equilibrated prior to hy-
drogen transfer.[31] When using HCOONa as reductant in
water, the initial solution is approximately pH neutral and
with the progress of ATH, the pH increases to about 9
under normal aqueous conditions.[1n,5c] Thus, the term [CO2]-
ACHTUNGTRENNUNG[OH�] is expected to be small as the CO2 would be trapped
as bicarbonate following the decarboxylation of 2 as afore-
mentioned. Therefore, the rate law may be further reduced
to a simple second-order kinetics over the concentration of
catalyst and substrate as observed. The kinetic studies are
thus consistent with the ATH in water being rate-limited by


the hydrogen-transfer step, presumably with a transition
state as suggested in Scheme 4. Under more basic condi-
tions, however, the ATH will be slower, as has already been
observed experimentally.[5c,i, 32]


Figure 5 presents an Eyring plot for the ATH of acp in
the DMF/H2O mixture over the temperature range of 20 to
80 8C, from which an activation enthalpy of 12.8 kcalmol�1


and activation entropy of �25.0 calK�1 mol�1 were obtained.
These values can be compared with those measured by
Casey for dehydrogenation of isopropanol to give acetone
by complex 4 (DH� =5.8 kcalmol�1, DS� =


�48.0 calK�1mol�1), which is the rate-determining step for
ATH when isopropanol is the hydrogen donor.[14] In a more
relevant study, Ikariya has measured the activation parame-
ters of DH� =18.2 kcalmol�1 and DS� =�9.0 calK�1mol�1


Figure 4. Kinetics of ATH of acp in DMF/H2O 1:1 at 40 8C with [Ru]=4.7 mm, S/C=100, [HCOONa]/ ACHTUNGTRENNUNG[acp]=5 unless otherwise indicated: a) Effect of
the concentration of catalyst on the rate constant measured from initial rates. b) Effect of the initial concentration of substrate on the initial rate. c)
Effect of [HCOONa] (equivalents relative to acp). d) Effect of CO2 (gas in the head space was switched 10 min after the reaction started).


Scheme 5. Suggested rate law for the aqueous ATH of acp, where [Ru]
refers to the total concentration of catalyst.


Figure 5. Eyring plot for the ATH of acp at various temperatures under
otherwise identical conditions to those described in Figure 4.
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for the decarboxylation of formic acid from 2 in [D8]THF.[26]


It is surprising that the activation enthalpy for the individual
decarboxylation reaction is larger than that of the whole
ATH reaction of acp (18.2 vs 12.8 kcalmol�1). This suggests
that the activation barrier of decarboxylation of the rutheni-
um formato intermediate is significantly reduced when the
reaction is carried out in water. The large negative activa-
tion entropy of �25.0 calK�1 mol�1 indicates that a well or-
dered transition state is likely to be involved; this appears
to be consistent with Scheme 4.


Kinetic isotope effects : The NMR and kinetic studies de-
scribed above agree with the rate of the aqueous ATH
being limited by the hydrogen transfer step, and the kinetics
further suggests that the hydrogen transfer may proceed via
the metal–ligand bifunctional mechanism proposed for non-
aqueous ATH (Schemes 1 and 4).[1k,n,13b,33] This mechanism
implies a concerted transfer of the hydride and proton onto
the ketone. To gain more evidence, we investigated the ki-
netic isotope effects (KIE) in the ATH of acp. Casey and
BMckvall have used KIE to study related hydrogenation and
transfer hydrogenation reactions in organic media.[14, 15] In
their studies, isopropanol was used as hydrogen source to
offer both H+ and H� for the transfer hydrogenation. Their
studies support a concerted transfer of hydride and proton
from Ru–TsDPEN to ketone. In our aqueous catalytic
system, the reaction is carried out under neutral to basic
conditions, thus HCOO� acts as hydride donor, and H2O
acts as the proton donor. Table 1 presents the rate constants,
calculated from the initial reaction rates, for the ATH of acp
using isotopically labeled DCOONa and/or D2O performed
in the 1:1 homogeneous DMF/H2O mixture or the isotopi-
cally labeled mixture.


An insignificant KIE was observed for DMF versus
[D7]DMF (kDMF/k[D7]DMF = 1.06), consistent with DMF
acting solely as co-solvent. The observed KIE, kRuHNH/
kRuHND = 1.68 when using D2O, and kRuHNH/kRuDNH = 2.24
when using DCOONa, is similar to those observed by Casey
for stoichiometric hydrogen transfer from [RuH ACHTUNGTRENNUNG(TsDPEN)-
ACHTUNGTRENNUNG(p-cymene)] to acetone, where kRuHNH/kRuHND = 1.69 and
kRuHNH/kRuDNH = 2.46, which were attributed to arising from
NoyoriLs concerted mechanism.[14,15b,c,34] Our results thus
appear to be consistent with the hydrogen transfer to acp as
the rate-determining step in the aqueous ATH. However,


for a single-step, concerted hydrogen transfer process, the
product of the individual isotope effects should be equal to
the isotope effects of the double-labeled reactants. In our
case, however, kRuHNH/kRuHNDRkRuHNH/kRuDNH = 3.76, which
deviates significantly from the measured kRuHNH/kRuDND =


3.05 when using DCOONa/D2O as hydrogen source. Whilst
this partly arises from the Ru–TsDPEN-catalyzed scram-
bling of the deuterium label between water and formate
(Figure S3 in the Supporting Information), complicating the
interpretation of KIE in this system, our DFT calculations
to be described below suggest that the hydrogen transfer in
water is actually not entirely concerted.


DFT calculations : The results presented thus far are consis-
tent with the Ru–TsDPEN-catalyzed ATH of acp in water
proceeding via the pathways shown in Scheme 4, with the
rate possibly being determined by the hydride transfer from
the metal center to ketone. They cannot answer, however,
why the ATH is faster in the presence of water. To shed
light on this issue, density functional theory (DFT) calcula-
tions were performed. Previous ab initio and DFT calcula-
tions on model gas-phase complexes have shown that Noyo-
riLs concerted transfer of the hydridic Ru�H and the protic
N�H to the ketone C=O linkage (TS-A, Scheme 6) is ener-
getically favorable over other mechanisms proposed in the
literature.[1j,k,m,n,13,35] However, those studies did not explicit-
ly incorporate the effect of solvent molecules. Very recently,
a DFT-based molecular dynamics study on a model [RuH-
(aminoalcohol)(h6-benzene)] complex has revealed that
methanol solvent molecules hydrogen bond to the substrate
formaldehyde, lowering the transition barrier of the reduc-
tion and rendering the hydrogen transfer “sequential” in-
stead of concerted.[19]


In order to probe the possible effect of water on the hy-
drogen transfer step, we considered two possible variations
to the classical six-membered transition state structure,
namely TS-B and TS-C (Scheme 6). In TS-B, a water mole-
cule mediates the hydrogen transfer process through the for-
mation of a hydrogen bond with the oxygen atom of the car-
bonyl functionality, whereas in TS-C the water molecule
forms a bridging hydrogen bond between the amine and car-
bonyl groups. In the DFT calculations, we considered a sim-
plified model hydrogen transfer, in which
[RuH(NH2CH2CH2NH)(h6-benzene)] (5) reacts with ace-
tone as the hydrogen acceptor. The structures corresponding


Table 1. Kinetic isotope effects of ATH of acp.[a]


Isotope used kH/kD
[b]


HCOONa/H2O/DMF 1
HCOONa/H2O/[D7]DMF 1.06�0.10 (kDMF/k[D7]DMF)
HCOONa/D2O/DMF 1.68�0.10 (kRuHNH/kRuHND)
DCOONa/H2O/DMF 2.24�0.10 (kRuHNH/kRuDNH)
DCOONa/D2O/DMF 3.05�0.50 (kRuHNH/kRuDND)
DCOONa/D2O/[D7]DMF 3.10�0.50 (kRuHNH/kRuDND)


[a] Conditions: 1 mmol acp, 5 equiv formate, in 2 mL solvent (DMF/H2O
1:1) at 40 8C, S/C=100. [b] Determined from the initial reaction rates, as-
suming DOONa leads to Ru–D and D2O to Ru–ND2.


Scheme 6. Proposed transition states with and without participation of
water molecule.
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to TS-A and TS-B were fully optimized and the saddle
point characters of the optimized structures were verified by
evaluation of the harmonically vibrational frequencies.
However, it was not possible to
locate a transition state struc-
ture corresponding to TS-C ;
hence TS-C was considered un-
likely.[36]


Schemes 7 and 8 illustrate the
structures present in the reac-
tion pathway associated with
the transition states TS-A (7)
and TS-B (10), respectively. The
relative energies of the inter-
mediates, transition states and
products are given in the Sup-
porting Information (Tables S2
and S3). Lower activation ener-
gies are predicted by the BLYP
versus the BB1K method in
line with the well known ten-
dency of pure DFT methods to
systematically underestimate re-
action barriers.[37] The computed
forward activation energy (DEa,
6 ! 7) for the hydrogen trans-
fer to acetone from 5 is
13.8 kcalmol�1 at the BB1K
level (BLYP, 10.5 kcalmol�1) for
the pathway involving TS-A
(Scheme 7).


Both DFT methods reveal a
significant lowering of the acti-
vation energy when a water
molecule mediates the hydro-
gen transfer process, with the
forward activation energy (DEa,
9 ! 10) computed at BB1K
level being 9.3 kcalmol�1


(BLYP, 7.0 kcalmol�1)
(Scheme 8). Moreover, the re-
action pathway associated with
the transition state TS-B (10) is
considerably more exothermic
than the reaction involving TS-
A (7). The results of the DFT-
BLYP calculations are summar-
ized in Scheme 9.


A comparison of the internu-
clear distances of the transition
states indicates that TS-B is
more similar to the reactants
than TS-A. Thus, difference in
the calculated Ru–H distance in
9 (1.630 T) and 10 (1.744 T) is
much smaller than that in 6
(1.627 T) and 7 (2.006 T). Simi-


larly, the out-of-plane angle (where the plane is defined by
the oxygen and the carbons of the two methyl groups in the
acetone) of the carbonyl carbon is 29.68 in 7 but only 21.28


Scheme 7. DFT modeling of transfer hydrogenation of acetone by a model hydride
[RuH(NH2CH2CH2NH)(h6-benzene)] (5) (distance in T).


Scheme 8. DFT modeling of transfer hydrogenation of acetone by a model hydride 5 in the presence of a H2O
molecule (distance in T).
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in 10. The same trend is also evident in the other calculated
internuclear distances. This is in line with the Hammond
principle, that is, the higher exothermicity in the presence of
water renders TS-B resembles the reactants more than TS-
A does.


Scheme 10 shows the isosurface of the Kohn–Sham wave
functions corresponding to the highest HOMO of TS-A and
TS-B and to the HOMO�2 of TS-B. In the HOMO of both
TS-A and TS-B, the s orbital of
the electronegative hydride has
bonding interaction with the
vacant p orbital of the carbonyl
carbon, while the Ru�H bond
itself possesses an anti-bonding
character. On the other hand,
in the N···H···O region, the hy-
drogen atom is placed exactly
at the node between the two
phases of the wave function
(this can be better seen in
Scheme S1, where the threshold
for the regions of constant elec-
tron density 1 has been de-
creased to 1=�0.0016 T�3),
which corresponds to a typical
HOMO shape for hydrogen-
bonded species. However, the


electron-charge density along the N···H···O linkage is con-
siderably higher in the case of TS-A than that computed for
TS-B, meaning that the hydrogen bonding interaction be-
tween the N-H and O atoms is smaller in TS-B than in TS-
A. Scheme 10 also shows the HOMO-2 of TS-B, demon-
strating the existence of a stronger hydrogen-bonding inter-
action between (C=O)···Hwater than (C=O)···H···N.


Scheme 9. Energy profiles for transfer hydrogenation of acetone calculated by the DFT BLYP method (energy difference in kcalmol�1).


Scheme 10. HOMO of TS-A and TS-B, and HOMO�2 of TS-B. Different colors are used to identify the phase
of the wave functions. Surfaces represent regions of constant electron density of 1=�0.03 T�3.
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Further insight into the transition state was obtained by
vibrational analysis of the transition state structures. For 7
(TS-A), the single imaginary frequency (134i cm�1) is largest
at the N···H···O linkage and second largest at Ru···H···C, in-
dicating that cleavage of these bonds occurs synchronously.
However, the single negative frequency of 10 (TS-B) (303i
cm�1) corresponds mostly to the transfer of the hydride be-
tween Ru and the carbonyl C atom, and less extensively to
the proton transfer between the N and O atoms, suggesting
again that the hydride and proton transfer is not entirely
concerted in TS-B. This alteration in the mode of hydrogen
transfer may have also contributed to the experimentally ob-
served KIE presented above, and is in line with the findings
on the formaldehyde reduction aforementioned.[19]


Effect of solution pH on catalytic species : Having estab-
lished the aqueous-phase reaction kinetics and mechanism
under neutral conditions, we turned attention to how the
species in Scheme 4 would be affected by water and solution
pH. Our previous studies showed that ATH of acp in water
by Ru–TsDPEN is retarded at high pH, whilst both the re-
action rate and ee decrease under acidic conditions, which
we attributed to protonation of the amide nitrogen of
TsDPEN and the resulting ring opening of the chelated li-
gand.[5c] The effect of pH on ATH has also been noted by
other groups.[7e,g,h,s, 8e] Furthermore, Noyori et al have recent-
ly reported that the triflate analogue of 1 is an efficient cata-
lyst for asymmetric hydrogenation under slightly acidic con-
ditions.[18d,27,38] Thus, the structure and configuration of the
Ru–TsDPEN catalyst may well be pH dependent. However,
no spectroscopic studies of how pH affects catalyst struc-
tures are available. We have therefore used NMR spectros-
copy to study changes in the species present and their coor-
dination chemistry.


Neutral conditions : The ATH in water is most efficient
around the neutral conditions;[5,12d] hence, we first attempted
to investigate the aqueous chemistry of the active species 3
and 4 under such conditions. The coordinatively saturated 3
is only sparingly soluble in water, suggesting that its solva-
tion by water may be insignificant. In contrast, the 16-elec-
tron species 4 is partially soluble in water, and therefore is
likely to interact with water molecules. To facilitate the
NMR measurements, however, wet CD2Cl2 was used as sol-
vent. On addition of trace water, two new resonances at d


= 10.0 and 1.7 ppm were seen in the 1H NMR spectrum of
freshly prepared CD2Cl2 solution of 4 recorded at 20 8C. A
third broad singlet was observed at d �1.0 in the 1H NMR
spectrum at �80 8C (Figure S4). The intensities of these
three resonances were significantly reduced on addition of
D2O (Figure S5), and they are thus tentatively assigned to a
ruthenium aqua 13 and hydroxide complex 14 (Scheme 11).
The resonance at d = 1.7 ppm can be assigned to the coor-
dinated water molecule in the ruthenium aqua complex 13
by analogy to similar complexes reported by Makihara
et al.[39] The resonance at d=�1.0 ppm is ascribed to the
Ru-OH.[9] The resonance at d = 10.0 was only detected


under carefully controlled conditions, and thus is attributed
to the acidic NH protons, which undergo fast exchange with
“free” water molecules.


Acidic conditions : When the Ru–TsDPEN-catalyzed ATH
is performed under acidic conditions, for example, use of
the azeotropic formic acid/triethylamine mixture as hydro-
gen donor, the reduction is sluggish.[5c,12d] We previously sug-
gested that this is a result of TsDPEN dissociation from RuII


caused by protonation.[5c] We have now probed the structure
of 3 in the presence of an acid, and to facilitate interpreta-
tion, we introduced a spectator ligand, bis(diphenylphosphi-
no)ethane (DPPE), the coordination chemistry of which in
related compounds is well-known.[40] It is noted that DPPE
does not inhibit the ATH by Ru–TsDPEN under neutral
conditions.[5c,12d]


Following addition of one equivalent DPPE to a CD2Cl2
solution of 3 at �30 8C, the 31P{1H} NMR spectrum was do-
minated by the resonance of free DPPE at dP �13.0 (Fig-
ure 6a), showing no reaction with 3. On subsequent addition
of about 2 equiv CF3SO3H in aliquots, two pairs of doublet
resonances, at dP 32.9 and �13.2 ppm with J(PP)=33 Hz,
and at dP 75.0 and 70.5 with J(PP)=30 Hz, and a broad res-
onance at dP 9.2 were observed (Figure 6b). The first pair of
resonances is attributed to complex 15 on the basis of the


Scheme 11. Reaction of 4 and water.


Figure 6. 31P{1H} NMR spectra of 3 + DPPE in a) CD2Cl2 and of the
same on addition of b) CF3SO3H at �30 8C.
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chemical shifts, which clearly indicate a dangling DPPE
ligand (Scheme 12). The second pair of doublets arises from
16, which has been recrystallized from a CD2Cl2 solution
and characterized by both NMR spectroscopy (Figures S6–
S8) and X-ray crystallography (Figure 7). The broad reso-
nance at dP = 9.2 is due to the protonated DPPE ligand,[41]


which results from the decomposition of 15 or 16 under the
acidic conditions. The formation of 15 and 16 is presumably
accompanied with release of hydrogen.[10d] As aforemen-
tioned, hydrogen was detected when 1 was treated with
HCOONa in water in the absence of acp.


The isolation of 16 confirms our earlier suggestion that
the coordinated TsDPEN can be protonated and the proto-
nation occurs at the amindo nitrogen.[5c] As is shown in
Figure 7, the Ru center in compound 16 has a distorted octa-
hedral environment constituted of the h6-cymene, chelated
DPPE, and the amino group of TsDPEN. The N(1)···O(1)
and N(1)···N(2) distances of 3.043 and 2.919 T, respectively,
indicate the presence of a moderate three-centered hydro-
gen bonding through H(1A). The slightly elongated Ru(1)–
N(1) distance (2.215 T) (cf. 2.117 T in 1 and 2.110 T in 3[3e])
can be ascribed to the electron donating and sterically de-


manding properties of the coordinated DPPE. The differ-
ence in the Ru�P bond lengths, Ru(1)�P(1)=2.318 T and
Ru(1)�P(2)=2.344 T, confirms that the inequivalence of
the two phosphorus atoms is retained in the solid state,
which results from the proximity of the chiral ligand. Thus,
selective protonation of the amido nitrogen of TsDPEN
under acidic conditions has unambiguously been demon-
strated for the first time. As aforesaid, this ring opening
leads to reduced catalyst activity and enantioselectivity, al-
though other possible explanations cannot be ruled out.


Bearing in mind that when the precatalyst is generated in
situ from [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 and TsDPEN in water, the ini-
tial solution is acidic (pH �3), we also investigated the
effect of acid on 1 in a similar manner. After abstracting the
chloride from the ruthenium center with NaBArF4 [BArF4 =


B ACHTUNGTRENNUNG[3,5-C6H3ACHTUNGTRENNUNG(CF3)2)4], consecutive addition of DPPE and acid
to the resulting solution generated an intermediate similar
to 15 with a hemilabile DPPE, which is assigned on the simi-
larity in their 31P{1H} NMR spectra (Figure S9). However, a
DPPE-bridged ruthenium dimer 17 was recrystallized from
the reaction solution, which has been characterized by X-
ray crystallography (Figure 8). The protonation and subse-


quent loss of TsDPEN from the ruthenium center in the
presence of an acid is in line with the loss of both catalyst
activity and enantioselectivity when running the ATH under
acidic conditions. The ease of this reaction is alarming par-
ticularly for commercial applications.


It is noted that the coordination/dissociation of DPPE
and TsDPEN is pH-dependent and reversible. Thus, in the
presence of 1 equiv DPPE, the loss in the ATH reaction
rate at low solution pH can be gradually recovered by ad-
justing the solution pH back to neutral or slightly basic.[5c,12d]


Figure 7. Molecular structure of 16 in [16] ACHTUNGTRENNUNG[CF3SO3]2·CH2Cl2 in the solid
state. The anions and solvent molecules are omitted for clarity. Selected
distances [T] and bond angles [8]: Ru(1)�N(1) 2.215(4), Ru(1)�P(1)
2.3176(16), Ru(1)�P(2) 2.3443(16), N(1)�H(1A) 0.88(5), N(1)···O(1)
3.043(6), N(1)···N(2) 2.919(6), P(1)-Ru(1)-P(2) 82.85(6), N(1)-Ru(1)-P(1)
85.12(15), N(1)-Ru(1)-P(2) 88.05(13). N(1)-H(1A)···O(1) 128(5), N(1)-
H(1A)···N(2) 115(4).


Scheme 12. Protonation of 3 in the presence of DPPE.


Figure 8. X-ray structure of 17 in [17] ACHTUNGTRENNUNG[BArF4]2 (ArF =3,5-C6H3 ACHTUNGTRENNUNG(CF3)2).
The hydrogen atoms and anions are omitted for clarity. Selected distan-
ces [T] and bond angles [8]: Ru(1)�P(1) 2.3751(8), Ru(1)�P(2) 2.3706(7),
Ru(1)�Cl(1) 2.4052(8), P(1)-Ru(1)-P(2) 98.65(3), P(1)-Ru(1)-Cl(1)
88.57(3), P(2)-Ru(1)-Cl(1) 85.60(2).
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In contrast, having a higher affinity for RuII, bipy irreversi-
bly displaces TsDPEN from the ruthenium center under
acidic conditions, poisoning the catalysis “permanen-
tly”.[5c,12d] Consistent with this observation, addition of bipy
to a CH2Cl2 solution of 1, acidified with slightly excess
HPF6, afforded the mononuclear ruthenium compound
[RuCl ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(p-cymene)]ACHTUNGTRENNUNG[PF6] as the only product isolated,
which has been characterized by X-ray crystallography (see
section 14, Supporting Information).


Discussion


Kinetics and mechanism : The results presented above sug-
gest that ATH of acp in an aqueous solution follows a mech-
anistic pathway similar to ATH in organic solvents but with
significant difference. In both cases, the reduction proceeds
via the formato intermediate 2, hydride 3 and the coordina-
tively unsaturated 4 (Scheme 4). However, in contrast with
ATH in isopropanol where the rates are limited by the step
of hydride formation,[3e] the aqueous ATH with formate fea-
tures a fast step of hydride formation, with the ATH rate
being controlled by hydrogen transfer from 3 to the carbon-
yl substrate. This is made manifest by the overall second-
order kinetics over the concentration of catalyst and sub-
strate in the ATH of acp in DMF/H2O. The rate law sug-
gests that the ATH is rate-limited by the hydrogen transfer
step, with a transition state involving the catalyst and acp.
The insignificant effect of the concentration of formate
under the reaction conditions shows that the formation of
the hydride 3 is unlikely to be rate-determining. This is fur-
ther supported by the coexistence of the resonances of
HCOO�, Ru-H (3), and acp in the 1H NMR study of a work-
ing catalytic solution.


The apparent activation parameters of the overall ATH of
acp in DMF/H2O are DH� =12.8 kcalmol�1 and DS� =


�25.0 calK�1mol�1, which are indicative of an organized
transition state. However, the kinetics cannot be used to
judge if the transition state is concerted, that is, TS-A in
Scheme 6. Insight into this issue is gained through the KIE
measurements and more importantly, DFT calculations; the
latter show that, unlike the hydrogen transfer in organic
media, the analogous process in water is step-wise.


Acceleration of ATH by water : Many examples of water-ac-
celerated organic reactions have been reported,[6a,b,20d–f,42]


and the excellent performance of Ru–TsDPEN in aqueous
ATH are now well documented.[1n,5,7,8] However, the role of
water in the ATH reactions has not been clearly defined.[1n]


When the ATH of acp is performed in neat water, the reac-
tion is biphasic and is diffusion limited. Surprisingly, this bi-
phasic feature does not prevent an efficient ATH reaction
(Figure S2). The accelerating effect of water on the reaction
rate is readily seen in the stoichiometric reaction of the
ruthenium hydride 3 and acp: the reduction rate was in-
creased six-fold by just adding about 0.2% water. This
cannot be attributed to a solvent effect and is a clear indica-


tion that water molecules participate in the transition state
of the rate-limiting hydrogen transfer step.


The participation of water in the transition state is borne
out by the DFT calculations, which show that water acts as
a hydrogen bond donor, interacting with the ketone oxygen
lone pair during hydrogen transfer (TS-B, Scheme 8 and 10).
Significantly, this interaction lowers the reaction barrier of
hydrogen transfer to acp by about 4 kcalmol�1 with respect
to the gas-phase transition state TS-A. Previous studies have
disclosed hydrogen bonding as a key factor responsible for
the rate acceleration of organic reactions in aqueous solu-
tion,[43] and in the case of Diels–Alder reactions, a similar
lowering in the energy barrier by water has been calculated/
measured recently.[6b,20f, 41a,d,e,43]


Furthermore, water may also participate in the decarboxy-
lation step. The activation barrier for the decarboxylation of
2 to give 3 could be reduced when the reaction is carried
out in water. Water is known to accelerate CO2 hydrogena-
tion to form formic acid with ruthenium catalysts; this has
been extensively studied both experimentally and theoreti-
cally.[44] Following the principle of microscopic reversibility,
water should also promote its reverse reaction, decarboxyla-
tion of metal formate. Still further, water may facilitate the
formation of 1, presumably by hydrogen bonding with the
chloride.[40] This is substantiated by the easy, quantitative
synthesis of 1 from [RuCl2(h


6-cymene)]2 and TsDPEN in
neat water.


Stabilization of active catalyst with water : The lifetime of
the ruthenium catalyst in ATH reactions is remarkably elon-
gated by water. This is clearly demonstrated by the experi-
ments shown in Figure S10 (Supporting Information). In the
presence of water, the Ru–TsDPEN catalyst was stable for
up to a few months, as indicated by the little color change,
and by the catalyst activity in an ATH reaction, in which
only a slightly decreased rate was observed after the catalyst
had been left in water for two months and then re-tested. In
contrast, the catalyst life time was significantly shortened
when water was removed from the solution, and in diethyl
ether, the catalyst was very unstable, being totally decom-
posed in half an hour. In a previous study of a PEG-sup-
ported Ru–TsDPEN catalyst, we showed that the catalyst
could be reused 14 times without affecting the ee values
when the ATH was run in water; in its absence the recycle
could not be repeated more than two times.[5b] Clearly,
water stabilizes some key catalytic species. Whilst the details
remain to be delineated, the reaction of water with 4 is illu-
minating. This has been studied by variable temperature
1H NMR measurements, which suggests that water reacts
with the reactive Ru–NH center, turning it into Ru-OH and
-NH2 (Scheme 11). The hydroxyl group undergoes exchange
with bulk water even at low temperature, as demonstrated
by 1H NMR with alternative addition of H2O/D2O; but it
does not appear to block the reaction with formate to gener-
ate 2 under neutral conditions. Thus, water may stabilize the
16-electron 4 by converting it into the hydroxyl species 14,
particularly when the concentration of substrate is low.[9]
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However, the stability of the hydride 3 in the presence of
water is less clear. Rauchfuss and co-workers have recently
shown that the iridium analogue of 3 readily reacts with O2,
forming an analogue of 4.[25] We also note that Ru–TsDPEN
is less stable than the analogous iridium catalyst in aqueous-
phase ATH in open air.[5i] Indeed, very recent work from
Ikariya and co-workers suggests that 3 may also react with
O2.


[45]


Under more basic conditions, the hydroxide would com-
pete with formate for coordination to RuII. This partly ex-
plains why ATH becomes slower at high pH; high pH will
also slow down the reaction at a constant [CO2] according
to the rate law in Scheme 5.[5i,32] Indeed, similar iridium hy-
droxyl complexes have been shown to be inactive for ATH
under basic conditions.[10a,c,39,46] Recently, trans-
[RuH(OH)((R)-BINAP) ACHTUNGTRENNUNG((R,R)-DPEN)] was isolated in the
presence of KOtBu and trace water, showing no reaction
with hydrogen.[47]


Conclusion


This study represents the first, systematic investigation of
the reaction mechanism of ATH reactions in water. By
using stoichiometric reactions, NMR probing, kinetic and
isotope effect measurements, DFT modeling, and X-ray
structure analysis, we are able to establish:


1) Ruthenium–hydride 3 and the 16-electron species 4,
which are involved in the catalytic cycle of ATH in or-
ganic media, are active catalysts in ATH in water. The
chloride 1 is a precatalyst, which is instantly converted
into 3 upon the introduction of formate; the formato
complex 2 could not be detected in either stoichiometric
or catalytic reactions. Under these conditions, however, 3
is visible in the NMR spectra. On the other hand, the de-
carboxylation of 2 to give 3 is reversible. The kinetic pro-
files of ATH of acp with 1, 3 and 4 show no significant
difference; thus the complexes 2–4 of Scheme 4 are all
involved in the aqueous-phase ATH.


2) Water accelerates the ATH reaction, and the ruthenium
catalyst is much more stable in the presence of water. In
stoichiometric reduction of acp by the hydride 3, the rate
in wet CD2Cl2 is six times that in dry CD2Cl2. In catalytic
ATH of acp in DMF, the addition of water can easily ac-
celerate the reaction by more than 50-fold.


3) Both 1 and 3 are protonated at the amido nitrogen of
their TsDPEN ligand under acidic conditions, leading to
ring-opening of the chelating ligand. In the case of 3,
protonation may also occur at the hydride. Under neutral
conditions, water coordinates to 4, presumably forming
the aqua species 13 and hydroxyl species 14.


4) The rate of ATH of acp is first order in both the catalyst
and ketone substrate, and is inhibited by CO2. Under
normal ATH conditions in aqueous formate, however,
the concentration of free CO2 is low. Both the kinetic
and NMR measurements agree with the hydrogen trans-


fer from ruthenium to ketone being the rate-limiting
step, and this is associated with a large negative activa-
tion entropy of �25.0 calK�1mol�1. These studies point
to a transition state resembling that proposed by Noyori
and Ikariya for non-aqueous media, namely, TS-A in
Scheme 6.


5) DFT calculations show that water participates in the
transition state of hydrogen transfer, giving rise to TS-B,
which is stabilized by water by about 4 kcalmol�1


through hydrogen bonding, with water acting as hydro-
gen bond donor. The calculations also reveal that the hy-
drogen transfer step is more step-wise rather than con-
certed.


6) Significant kinetic isotope effects are measured for
kRuHNH/kRuHND, kRuHNH/kRuDNH, and kRuHNH/kRuDND, which is
in line with ATH being controlled by the hydrogen trans-
fer. However, the product of the first two values deviates
significantly from the last one, possibly due to H–D
scrambling and the step-wise nature of the hydrogen
transfer step.


On the basis of the results presented and Scheme 4, we pro-
posed a revised mechanism for the ATH reactions in water.
As is illustrated in Scheme 13, the aqueous-phase reduction
may proceed along three different directions depending on
the solution pH. The cycle under neutral conditions is most
efficient, affording fast rates and high enantioselectivity via
a water-assisted transition state. Under acidic conditions,
protonation occurs at both the hydride and the TsDPEN
ligand, leading to lower catalytic activity and lower ee
values. However, higher pH drives the catalyst into the hy-
droxyl form, thus decreasing the concentration of active cat-
alyst and so the reduction rates, albeit without affecting the
ee values.


The role of water is worth further highlighting. It appears
to be involved in the whole catalytic cycle. Firstly, it acts as
a base to assist the dehydrochlorination of catalyst precursor
to generate the precatalyst 1. Secondly, it presumably facili-
tates the decarboxylation of the formato intermediate 2 to
form the hydride 3. Thirdly, water interacts with the 16-elec-
tron complex 4, stabilizing it as an aqua/hydroxyl species.
And finally, it participates in the transition state of hydrogen
transfer by hydrogen bonding to the ketone oxygen atom.
Not only does this hydrogen bonding lower the transition
barrier, it also changes the mode of hydrogen transfer from
being concerted to step-wise.


Experimental Section


General : All manipulations were conducted under nitrogen or argon at-
mosphere using standard Schlenk techniques. All solvents except water
were purchased from Aldrich and freshly distilled under inert atmos-
phere before use. Deuterated solvents were degassed by freezing, evacu-
ating, and thawing (3R), and were then dried over 4 T sieves and stored
under nitrogen. 1H, 13C{1H}, 31P{1H} and 2H NMR spectra were obtained
using a Bruker Avance 400 MHz spectrometer. Chemical shifts are re-
ported in parts per million (d) relative to residual protic solvent, and cou-
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pling constants are reported in Hertz (Hz). Unless otherwise noted, sam-
ples for NMR analysis were prepared in CD2Cl2. Sodium tetrakis ACHTUNGTRENNUNG[3,5-
bis(trifluoromethyl)phenyl] borate was purchased from Aldrich. [RuCl-
ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (1), [RuH ACHTUNGTRENNUNG(TsDPEN) ACHTUNGTRENNUNG(p-cymene)] (3), and [Ru-
ACHTUNGTRENNUNG(TsDPEN-H) ACHTUNGTRENNUNG(p-cymene)] (4) were synthesized according to literature
procedures.[3e] Described below are selected experiments that are dis-
cussed in detail in the text; further experimental details are found in the
Supporting Information.


Synthesis of 1 in water : [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 (31 mg, 0.5 mmol) and
TsDPEN (44 mg, 1.2 mmol) were placed in a Schlenk tube equipped with
a magnetic stirrer bar under nitrogen. Water (10 mL, distilled, degassed)
was added to the flask and the suspension was heated to 40 8C. A pale
yellow orange precipitate was formed after stirring at 40 8C for 1 h, which
was then extracted with CH2Cl2 (2R3mL), washed with water (2R3mL)
and dried under vacuum. The compound, obtained in almost quantitative
yield, was identified as 1 by its identical X-ray crystal structure and
NMR spectra to the same compound synthesized as described in the liter-
ature.[3e]


Reaction of 3 in the presence of DPPE : Ruthenium hydride 3 (69 mg,
0.12 mmol) and 1 equiv DPPE (46 mg) was placed in a Schlenk tube
equipped with a teflon-coated magnetic stirrer bar; CD2Cl2 (1 mL) was
added. To the above solution, CF3SO3H (ca. 2 equiv) was then added suc-
cessively in small portions and the reaction was monitored by 31P{1H}
NMR at �30 8C. 15 and 16 were detected as the major products. Pale
yellow crystals of [Ru(h1-TsDPEN)(h6-cymene)ACHTUNGTRENNUNG(h2-DPPE)] ACHTUNGTRENNUNG[CF3SO3]2 (16-
ACHTUNGTRENNUNG[CF3SO3]2) were obtained from a dichloromethane solution at �30 8C.


Stoichiometric ATH of acp : The ruthenium hydride 3 (5 mg, 8 mmmol)
was dissolved in CD2Cl2 (0.5 mL) containing ferrocene (1 mg) as internal
standard. After cooling to �80 8C, 1 equiv acp was syringed into in the
NMR tube and the tube was carefully shaken. The sample was then put
into the spectrometer and quickly locked and shimmed. The reaction was
then followed by 1H NMR at 20 8C by integrating the peaks of ferrocene,
acp, and 1-phenylethanol. The same reaction was carried out in CD2Cl2
doped with 0.2% H2O.


ATH of acp : The ATH reaction was normally carried out under the opti-
mized reaction, i.e., in a mixture of DMF/H2O 1:1 (distilled, degassed) at
40 8C with a stirring speed of 1200 rpm, with the precatalyst generated in


situ. After incubating a mixture of 0.005 mmol [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 and
1.2 equiv TsDPEN in DMF/H2O (2 mL) at 40 8C for 1 hour, the reaction
was initiated by adding HCOONa and then acp. The reaction solution
was sampled at desired time and analyzed by a Varian CP-3380 GC
equipped with a Chrompack Chirasil-Dex CB column (25 mR0.25 mm).
Kinetic isotope effects were examined in a similar manner except that
deuterated reagent/solvent was used. When necessary, the product was
isolated by flash chromatography (silica gel, hexane/ethyl acetate 8:1).


Computational details : Geometries of the transition states, intermediates
and separated reactants were optimized using the DMol3 code from Ac-
celerys (Material Studio 3.2),[48] using the BLYP density functional.[49] In
DMol3 the electronic wave function is expanded in a localized atom-cen-
tered basis set with each basis function defined numerically on a dense
radial grid. The inner core electrons for Ru were represented by the
DFT semi-local pseudo-potential specifically developed for DMol3 calcu-
lations, while sixteen electrons were treated explicitly for Ru (those cor-
responding to the atomic levels 4s, 4p, 4d, 5s). We used the double-nu-
meric-polarized (DNP) basis sets, which are variationally comparable to
the 6-31G ACHTUNGTRENNUNG(d,p) basis sets. However, the numerical functions are far more
complete than the traditional Gaussian functions. Each basis function
was restricted to within a cutoff radius of Rcut =4.7 T. This basis set is re-
ferred to as BS-I. The electron density was approximated using a multi-
polar expansion up to octupole. We have chosen the BLYP/BS-I level of
theory to obtain the geometries of the transition states, intermediates
and separated reactants on the basis of a previous computational study of
Ru ACHTUNGTRENNUNG(diamine)-catalysed ketone hydrogenation.[50]


The Gamess UK program[51] was employed to obtain more accurate ener-
getics from single-point energy calculations using the BB1K functional,[52]


which was specifically developed for accurate calculation of kinetics. For
ruthenium, we considered the LANL2 effective core potential to describe
the inner core electrons together with the [1f,3d,4p,s] valence basis (ob-
tained by uncontracting the outer basis function primitives of the
LANL2DZ basis set to triple-zeta using the “even-tempered” method to
obtain the exponents, and augmented with one f-polarization function,
z=1.235[53]). The 6-311++G ACHTUNGTRENNUNG(2df,2pd) was used for H, C, N, O. This
basis set is referred to as BS-II.


Scheme 13. Proposed mechanism for ATH in water at different pH (In the acidic cycle, X may be the formate anion; if X is water, each species should
be +1 charged; water may also participate in the TS).
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The minimum and saddle point character of all optimized structures were
verified by evaluation of the harmonic vibrational frequencies.


X-ray structure determination : A suitable crystal of [16]-
ACHTUNGTRENNUNG[CF3SO3]2·CH2Cl2 was chosen and mounted on a glass fiber. X-ray crys-
tallographic data were collected on a Bruker D8 Diffractometer at 100 K
(�173 8C) using MoKa graphite monochromated radiation (l=


0.71073 T). The structure was solved by direct methods using the pro-
gram SHELXS-97 and refined by full matrix least squares on F 2 with
SHELXL-97. The structures of 17 and [RuCl ACHTUNGTRENNUNG(bipy)(h6-cymene)]ACHTUNGTRENNUNG[PF6]
were determined in a similar manner. See the Supporting Information for
details.


CCDC 677270 (16), 677272 (17), and 677271 ([RuCl ACHTUNGTRENNUNG(bipy)(h6-cymene)]-
ACHTUNGTRENNUNG[PF6]) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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