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Introduction


Transition-metal complexes with polycyclic bidentate phos-
phane ligands are rare. They are of interest because the
structural rigidity of the ligand can affect both the access to,
and the electronic properties of, the transition metal, which
are aspects relevant to the design of catalysts. Two such mo-
lybdenum complexes are known, one (1) with a tricyclic
ligand and the other (2) with a bicyclic ligand.[1] Their phos-
phorus atoms are separated by two C2 bridges. The crystal


structure of 2 has an extremely small P�Mo�P bond angle
of 69.732(16)8. Both these highly stable complexes have a
chelating phosphirane ring, and they were synthesized by in-
tramolecular cycloaddition of a transient phosphinidene
(RPMLn) to the double bond of the five-membered phosp-
hole ring (L) using the transition-metal in cis-[RPMo-
(CO)4L] as template. Mathey et al.[2] have used a related
double intermolecular cycloaddition (to cyclooctene) for the
synthesis of 3. The BABAR-Phos (4) system developed by
Gr1tzmacher et al.,[3] another polycyclic ligand with a phos-
phirane ring, has demonstrated its potential in catalysis. This
very stable ligand has the advantage of being reformed from
the metallaphosphetane, which otherwise usually leads to
loss of catalyst.[4]


In the present study we report new molybdenum com-
plexes with larger polycyclic bidentate phosphorus ligands
that include N and O atoms embedded in the hydrocarbon
frame that separates the phosphorus atoms. As starting
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point we use the P-phenyl derivatives of the seven-mem-
bered rings (L) 2,3,6,7-tetrahydro-1H-phosphepine (5), 1,3-
dimethyl-2,3,4,7-tetrahydro-1H-1,3,2-diazophosphepine (6),
and 4,7-dihydro-1,3,2-dioxaphosphepine (7). Our strategy in-


volves ligating the ring in a cis fashion in [PMo(CO)4L] and
converting the P ligand to a terminal phosphinidene com-
plex for subsequent intramolecular cycloaddition to the ole-
finic bond of the seven-membered ring (L) to build the new
“baskets” 18, 19, and 20. Relevant to the synthesis is wheth-
er the cycloaddition is influenced by the ring size of ligand
L and whether heteroatoms will influence this process, for
example, by competing ylide formation.


Results and Discussion


The three systems are discussed separately, with each sec-
tion starting with the synthesis of the seven-membered ring.


Of the possible phosphinidene
precursors,[5] we use the estab-
lished 7-phosphanorbornadiene
unit 8.


Diphos basket 18 : The starting
point is the synthesis of 5
(Scheme 1), the key step of
which is the ring-closing meta-
thesis (RCM) of diene 9 (ob-
tained from reaction of phenyl-


phosphonic dichloride with two equivalents of allylmagnesi-
um bromide),[6] in the presence of 6% of the GrubbsK first-
generation catalyst [RuCl2ACHTUNGTRENNUNG(PCy3)2=CHPh] (11).[7] Reduction
of the resulting oxide 10 at 80 8C with phenylsilane[8] gave
the desired tetrahydrophosphepine 5 without side products,
as shown by the clean conversion of the 31P NMR resonance
at d=++41.7 ppm of the starting material into one at d=


�13.5 ppm.
Because 5 is sensitive toward oxidation it was not isolated,


but was treated directly with cis-[Mo(CO)4(piperidine)2]
[9]


and 3,4-dimethyl-1-phenylphosphole. The expected mixed-


chelate Mo complex 12 (44%; see Scheme 2) was formed to-
gether with smaller amounts of the bistetrahydrophosphe-
pine (<10%) and bisphosphole complexes (<10%), as sug-
gested by their resonances at d=25.1 and 33.5 ppm, respec-
tively, in the 31P NMR spectrum. Product 12 shows two dou-
blets at d=26.1 and 32.7 ppm with a normal 2JP,P coupling
constant of 24.0 Hz. The IR carbonyl frequencies at 2021,
1915, and 1890 cm�1 and the 13C NMR carbonyl resonances
at d=215.5, 215.2, and 210.1 ppm confirm that the crucial
cis configuration at the transition-metal center is main-
tained.


Next, the phosphole ring must be converted into the phos-
phinidene precursor for the critical cycloaddition to the ole-
finic bond of the seven-membered ring ligand. Precursor 15
was obtained (63%) in the usual manner by a Diels–Alder
reaction with dimethylacetylene dicarboxylate (Scheme 2).
Again, the complex maintains its cis configuration.


Product 15 shows two doublets in the 31P NMR spectrum
at d=25.7 and 251.9 ppm for the phosphepine and 7-phos-
phanorbornadiene P atoms, respectively, with a normal 2JP,P


coupling constant of 26.1 Hz. The large downfield shift from
phosphole to 7-phosphanorbornadiene is normal.


Heating complex 15 in toluene at 80 8C gave, after ther-
mal decomposition of the 7-phosphanorbornadiene ligand to
generate the transient phosphinidene complex, the desired
cycloadduct 18 as the sole isolable, high-melting (m.p. 194–
195 8C) product in 66% yield (Scheme 3). The 31P NMR
spectrum exhibits two doublets (2JP,P=38.4 Hz), one at d=


+16.5 ppm for the phosphepane ring and one at d=


�150.5 ppm for the phosphirane ring. Mo(CO)5-complexed
phosphiranes have more deshielded resonances in the range


Scheme 1. Synthesis of tetrahydrophosphepine 5.


Scheme 2. Synthesis of the 7-phosphanorbornadiene–Mo complexes.


Scheme 3. Phosphinidene addition to give novel diphos baskets 18–20.
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d=�115 to �135 ppm,[10,11] while those for 1 (d=
�101.7 ppm) and 2 (d=�79.7 ppm) are at still lower field
with no (1) or only a small 2JP,P coupling constant (2,
8.1 Hz). The 31P NMR chemical shift of 15.4 ppm for the
phospholane ring of 2 is similar to that of the phosphepane
ring of 18, but here also the ring-size effect seems to be
present when comparing the chemical shifts of the “basket”
and its precursor: 18 shows an upfield shift of 9.2 ppm com-
pared to 15 and an increase of 12.3 Hz for 2JP,P, while ring
closure leading to 2 gives an 18.3-Hz decrease in 2JP,P and a
smaller upfield shift of 4.2 ppm for the five-membered-ring
phosphorus. No strain effects are evident from the 13C NMR
parameters of the hydrocarbon frame of 18 or in comparison
with 2.


Diphos basket 19 : The synthesis of the seven-membered
ring structure 6 was similar to that for 5 (Scheme 4), follow-
ing a procedure described for the related phosphona-


mides.[12] While, N-methylallylamine (2 equiv) reacted with
PhP(O)Cl2 to give 21 (67%), and whereas ring-closing meta-
thesis with the GrubbsK first-generation catalyst 11 yielded
oxide 22 (78%), no reduction occurred with PhSiH3 or
HSiCl3/Et3N. Therefore, the approach outlined in Scheme 5
was followed. In this route, N-methylallylamine is treated
with dichlorophenylphosphane, instead of the oxide, to give
23 (95%), and the stabilizing transition-metal group, using
freshly prepared [Mo(CO)5 ACHTUNGTRENNUNG(MeCN)] or [Mo(CO)6],


[13] is
added (23 ! 24 (30%)) before the RCM step (24 ! 25
(97%)). The 31P NMR spectrum shows that the introduction
of Mo(CO)5 is frustrated by the formation of unidentified
products (peaks at d=138, 146, and 150 ppm) in a nearly
equal combined ratio to the main product 23 (d=23.7 ppm).


The cis CO ligand was then exchanged for 3,4-dimethyl-1-
phenylphosphole by UV irradiation (THF) to give the Mo
complex 13 (28% yield, 51% conversion). Full conversion
was not possible because of the limited stability of 13 under
these reaction conditions. Diels–Alder reaction of the
phosphole ligand with dimethylacetylene dicarboxylate
yielded the phosphinidene precursor complex 16 (55%),
and thermal decomposition of this complex at 70 8C in tol-
uene gave the diphosphane basket 19 in low yield (24%) as
colorless crystals (m.p. 83–84 8C) along with minor unidenti-
fied products (dACHTUNGTRENNUNG(31P)=135 and 148 ppm). The much lower
yield of 19 as compared to 18 indicates a lower selectivity
for the cycloaddition, possibly due to the competing forma-
tion of an ylide due to interaction of the transient phosphi-
nidene complex with the nitrogen atom. Related P,N-ylides
are known as reactive intermediates[14] that are not amena-
ble to isolation, and we expect this to be the case here too.
The ring closure of 16 to 19 causes an upfield shift of only
2.4 ppm (to dACHTUNGTRENNUNG(31P)=140.0 ppm) for the seven-membered
heterocycle, although the 32.1-Hz increase in the 2JP,P cou-
pling constant to 58.7 Hz is large. However, the NMR spec-
troscopic data provide little additional insight.


The formation of 19 was confirmed by a single-crystal X-
ray structure determination (Figure 1). The distorted octahe-
dral conformation around Mo, with a small Mo1-C22-O4
bond angle (170.42(16)8) and a larger than usual P2-Mo1-
C22 bond angle (99.07(5)8) is due to interaction of the C5-
methyl group at N1 with the C22-O4 carbonyl group. The P-
Mo-P bite angle of 76.240(13)8 is significantly larger than
for the tighter 2 (69.732(16)8) and is only 2.68 smaller than


Scheme 4. Synthesis of phosphine oxide 22.


Scheme 5. Synthesis of complex 13.


Figure 1. Structure of 19 (displacement ellipsoid plot drawn at the 50%
probability level). Hydrogen atoms have been omitted for clarity. Select-
ed bond lengths [O], angles, and torsion angles [8]: Mo1�P1 2.5079(4),
Mo1�P2 2.4917(4), P1�N1 1.7144(13), P1�N2 1.6726(13), P2�C2
1.8538(15), P2�C3 1.8317(16), C1�N1 1.474(2), C4�N2 1.4760(19), C5�
N1 1.470(2), C6�N2 1.4701(19), C1�C2 1.535(2), C2�C3 1.526(2), C3�C4
1.525(2); P1-Mo1-P2 76.240(13), P1-Mo1-C20 98.26(5), P1-Mo1-C21
92.30(4), P1-Mo1-C22 95.44(5), P2-Mo1-C19 91.82(5), P2-Mo1-C21
92.12(5), P2-Mo1-C22 99.07(5), Mo1-P1-N1 115.26(5), Mo1-P1-N2
114.10(5), Mo1-P1-C7 118.07(5), Mo1-P2-C13 125.31(5), N1-P1-N2
101.81(7), C2-P2-C3 48.90(7), P1-N1-C1 114.99(10), P1-N2-C4 121.49(10),
P1-N1-C5 117.16(11), P1-N2-C6 121.21(11), P2-C2-C3 64.79(8), P2-C3-C2
66.30(8), P2-C2-C1 124.47(11), P2-C3-C4 118.81(11), N1-C1-C2
118.48(13), N2-C4-C3 117.41(13), P1-N1-C1-C2 43.94(18), P1-N2-C4-C3
39.03(18), N1-C1-C2-C3 �72.6(2), C2-C3-C4-N2 21.1(2), C1-C2-C3-P2
116.27(14), P2-C2-C3-C4 �110.09(15).
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for the five-membered chelate [(dppe)Mo(CO)4] (dppe=
1,2-bis(diphenylphosphino)ethane).[15] The Mo1�P1 and
Mo1�P2 bond lengths of 2.5079(4) and 2.4917(4) O, respec-
tively, are in the normal range.[1,16] The steric congestion
caused by the methyl group at N1 is also reflected in the
seven-membered ring, where the P1�N1 bond
(1.7144(13) O) is slightly longer than the P1�N2 bond
(1.6726(13) O) and the bond angles around N1 are smaller
(P1-N1-C1 114.99(10)8 and P1-N1-C5 117.16(11)8 versus P1-
N2-C4 121.49(10)8 and P1-N2-C6 121.21(11)8). While the ni-
trogen centers of the molecules in the crystal are chiral, the
whole crystal is racemic (centrosymmetric space group); pyr-
amidal inversion of the nitrogen atoms is rapid in solution.


Diphos basket 20 : Phosphonite 7 was synthesized in a single
step (75%) by condensing cis-but-2-ene-1,4-diol with di-
chlorophenylphosphane in the presence of triethylamine as
base. Purification by distillation reduced the yield drastical-
ly.[17] Synthesis of 7 in a manner analogous to 5 is not a
viable alternative as the sluggish RCM occurs in poor
yield.[12] Reaction of 7 with cis-[Mo(CO)4(piperidine)2] and
3,4-dimethyl-1-phenylphosphole afforded 14 (30%), and the
subsequent Diels–Alder reaction with dimethylacetylene di-
carboxylate gave 17 (69%). Thermal decomposition at 80 8C
in toluene gave the desired and very stable diphosphane
basket 20 in reasonable yield (61%) as colorless crystals
(m.p. 169–170 8C). As for 19, ring closure causes essentially
no deshielding (0.9 ppm) of the 31P NMR signal for the
seven-membered ring (20 : d=140.0 ppm), but the 2JP,P cou-
pling constant (20 : 66.8 Hz) increases more (34.2 Hz). The
NMR spectroscopic data provide little additional insight in
this case as well.


A single-crystal X-ray structure determination of 20
(Figure 2) shows the same features as for 19, except that the
octahedral conformation around Mo is less distorted, as re-
flected in the smaller cis-P-Mo-C bond angles. The P1-Mo1-
P2 bond angle of 77.626(12)8 is similar in magnitude to that
of 19. The two P�Mo distances of 20 (2.4624(4) and
2.4606(4) O) are virtually identical and are about 0.04 O
shorter than those of 1, 2, 19, and other Mo(CO)n-com-
plexed phosphiranes,[1,16] but similar to those of
[RO(R’)2PMo(CO)5] (2.436 O) and [(RO)3PMo(CO)5]
(2.485 O);[18] we are not aware of structural data for molyb-
denum phosphonite complexes such as
[(OC)5MoP(OR)2R’]. The P�O bonds (1.6122(11) and
1.6229(10) O) are slightly longer than usual.[18]


Conclusion


The synthesis of the novel Mo complexes 18–20 expands the
access to a new class of unsymmetrical diphos chelates in
which the chains (C-C-X versus C�C) connecting the phos-
phorus atoms and the substitution pattern (X=CH2, NCH3,
O) around one of them can be varied, particularly to a small
number of O- and N-containing diphos chelates. The novel
“baskets” were obtained by metal-template-directed intra-


molecular addition of the [Mo(CO)4L] phosphinidene com-
plex to the double bond of the seven-membered ring ligand
L (L=2,3,6,7-tetrahydro-1H-phosphepine (5), 1,3-dimethyl-
2,3,4,7-tetrahydro-1H-1,3,2-diazophosphepine (6), and 4,7-
dihydro-1,3,2-dioxaphosphepine (7)) Complex 18 and the di-
oxygen-containing 20 are very stable on heating, as opposed
to the nitrogen homologue 19, which may explain its lower
yield of formation. The 31P NMR resonances for the phos-
phirane ring are at similar high field (ca. d=�150 ppm) for
all three complexes, but the already large 2JP,P coupling con-
stants increase from 38.1 to 58.7 to 66.8 Hz for 18, 19, and
20, respectively. The crystal structures of 19 and 20 show
small P-Mo-P bite angles of 76.240(13)8 and 77.626(12)8, re-
spectively. The new compounds are strong chelating com-
plexes: the transition-metal group cannot be liberated from
the ligand by either heating with sulfur,[19] oxidation by
iodine followed by ligand exchange,[20] or ligand displace-
ment with bis(diphenylphosphanyl)ethane.[10]


Experimental Section


All experiments were performed under an atmosphere of dry nitrogen.
Solids were dried in vacuo and liquids were distilled under N2 prior to
use. Toluene was distilled over sodium and THF was dried by successive
distillation over LiAlH4 and sodium/benzophenone. Diethyl ether was
distilled over LiAlH4. CH2Cl2 was dried over P2O5. cis-[Mo-
(CO)4(piperidine)2]


[9] and 3,4-dimethyl-1-phenylphosphole[21] were pre-
pared according to literature procedures. NMR spectra were recorded
with a Bruker WM 250 spectrometer (1H, 13C) and internally referenced
to residual solvent resonances or 85% H3PO4 (31P) as external standard.
IR spectra were recorded with a Mattson 6030 Galaxy FT-IR spectropho-


Figure 2. Structure of 20 (displacement ellipsoid plot drawn at the 50%
probability level). Selected bond lengths [O], angles, and torsion angles
[8]: Mo1�P1 2.4624(4), Mo1�P2 2.4606(4), P1�O1 1.6122(11), P1�O2
1.6229(10), P2�C2 1.8309(15), P2�C3 1.8330(15), C1�O1 1.4457(18), C4�
O2 1.4399(18), C1�C2 1.512(2), C2�C3 1.525(2), C3�C4 1.512(2); P1-
Mo1-P2 77.626(12), P1-Mo1-C18 94.75(4), P1-Mo1-C19 85.92(4), P1-
Mo1-C20 95.76(4), P2-Mo1-C17 96.32(5), P2-Mo1-C19 86.94(4), P2-Mo1-
C20 93.38(4), Mo1-P1-O1 119.42(4), Mo1-P1-O2 110.58(4), Mo1-P1-C5
123.14(5), Mo1-P2-C11 129.20(5), O1-P1-O2 101.77(6), C2-P2-C3
49.20(7), P1-O1-C1 122.99(9), P1-O2-C4 119.99(9), P2-C2-C3 65.47(8),
P2-C3-C2 65.32(8), P2-C2-C1 119.59(11), P2-C3-C4 125.06(11), O1-C1-C2
115.76(13), O2-C4-C3 118.32(12), P1-O1-C1-C2 �40.05(19), P1-O2-C4-
C3 �30.58(19), O1-C1-C2-C3 �18.7(2), C2-C3-C4-O2 61.4(2), C1-C2-C3-
P2 110.41(15), P2-C2-C3-C4 �116.67(15).
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tometer and high-resolution mass spectra (HR-MS) with a Finnigan Mat
900 spectrometer. Melting points were measured for samples in unsealed
capillaries and are uncorrected.


Synthesis of cis-tetracarbonyl(3,4-dimethyl-1-phenyl-1H-phosphole)(1-
phenyl-2,3,6,7-tetrahydro-1H-phosphepine)molybdenum (12)


Synthesis of 1-phenyl-2,3,6,7-tetrahydro-1H-phosphepine 1-oxide (10):
GrubbsK catalyst 11 (6 mol%) was added in three equal portions to a sol-
ution of diene 9 (2.5 g, 10.7 mmol) in dichloromethane (0.02m). The reac-
tion mixture was heated at reflux until full conversion of the starting ma-
terial, as shown by 31P NMR spectroscopy. The solvent was then evapo-
rated and product 10 purified by column chromatography (silica gel,
ethyl acetate/ethanol, 10:1) to yield a colorless solid (955 mg, 44%). A
publication by Gouverneur et al. reports 89% isolated yield,[7] although
product characterization was not included.


M.p. 75–76 8C; 1H NMR (CDCl3): d=1.85–2.09 (m, 4H; PCH2), 2.15–2.40
(m, 2H; CH2C=), 2.80–2.91 (m, 2H; CH2C=), 7.46–7.51 (m, 3H; Ar),
7.69–7.77 ppm (m, 2H; Ar); 13C NMR (CDCl3): d=19.4 (d, 2JP,C=5.0 Hz;
CH2), 29.3 (d, 1JP,C=66.0 Hz; CH2-P), 128.8 (d, 2JP,C=11.2 Hz; o-Ph),
130.1 (d, 3JP,C=9.0 Hz; m-Ph), 131.8 (d, 4JP,C=2.7 Hz; p-Ph), 132.4 (s, =
CH phosphepine), 134.1 ppm (d, 1JP,C=94.5 Hz; ipso-Ph); 31P NMR
(CDCl3): d=41.7 ppm (s); HR-MS calcd for C12H15OP: 206.0861; found
206.08671 (d 2P10�3).


Reduction of 10 to phosphane 5 : 1-Phenyl-2,3,6,7-tetrahydro-1H-phos-
phepine 1-oxide (10 ; 500 mg, 2.43 mmol) was dissolved in phenylsilane
(2.4 mL) and the mixture was heated for 4 h at 80 8C. Excess phenylsilane
was evaporated off under reduced pressure and the resulting oil was ex-
tracted with hexane (2P10 mL). Product 5 is very sensitive towards
oxygen and was used without further purification. 31P NMR (hexane):
d=�13.5 ppm (s).


Synthesis of 12 : A mixture of cis-[Mo(CO)4(piperidine)2] (0.925 g,
2.42 mmol) and 3,4-dimethyl-1-phenylphosphole (0.462 g, 2.42 mmol) was
stirred in refluxing dichloromethane (20 mL) for 10 min. 1-Phenyl-
2,3,6,7-tetrahydro-1H-phosphepine was then added and the mixture was
stirred at reflux for an additional 2 h. Evaporation to dryness and column
chromatography (silica gel; pentane/dichloromethane, 4:1) afforded 12
(600 mg, 41%) as a yellow solid. Recrystallization from dichlorome-
thane/hexane gave yellow crystals. M.p. 104–105 8C; 1H NMR (CDCl3):
d=2.02 (s, 6H; CH3), 2.14–2.38 (m, 8H; CH2 & CH2P), 5.74 (m, 2H;
phosphepine-CH), 6.15 (d, 2JP,H=36.0 Hz, 2H; phosphole-CH), 7.26–
7.36 ppm (m, 10H; Ar); 13C NMR (CDCl3): d=17.7 (d, 3JP,C=9.9 Hz;
CH3), 23.4 (d, 2JP,C=4.5 Hz; CH2), 28.9 (dd, 1JP,C=18.4, 3JP,C=2.0 Hz;
CH2P), 128.6–131.3 (m, Ar), 131.1 (dd, 1JP,C=35.4, 3JP,C=1.8 Hz; PCH),
131.6 (s; CH2C=), 133.5 (dd, 3JP,C=1.7, 1JP,C=16.0 Hz; phosphole ipso-
Ph), 139.0 (dd, 3JP,C=1.6, 1JP,C=27.2 Hz; phosphepine ipso-Ph), 149.0 (d,
2JP,C=7.8 Hz; CHCCH3), 210.1 (t, 2JP,C=9.2 Hz; COax), 215.2 (dd, 2JP,C=


8.2, 2JP,C=16.0 Hz; COeq), 215.5 ppm (dd, 2JP,C=8.7, 2JP,C=21.3 Hz;
COeq);


31P NMR (CDCl3): d=26.1 (d, 2JP,P=24.0 Hz; phosphepine),
32.7 ppm (d, 2JP,P=24.0 Hz; phosphole); HR-MS calcd for
C28H28MoO4P2: 588.0518; found 588.04955 (d 2P10�3); IR (CH2Cl2): ñ=
2017 (m) (n(CO)), 1907 (s) (n(CO)), 1871 cm�1 (sh) (n(CO)).


Synthesis of tetracarbonyl(3,4-dimethyl-1-phenyl-1H-phosphole)(1,3-di-
methyl-2-phenyl-2,3,4,7-tetrahydro-1H-[1,3,2]diazaphosphepine)molybde-
num (13)


Synthesis of N,N’-diallyl-N,N’-dimethyl-P-phenylphosphonic diamide (21):
A solution of PhP(O)Cl2 (975 mg, 5.0 mmol) and Et3N (1.01 g, 10 mmol)
in dichloromethane (25 mL) was slowly added to a stirred solution of
methylallylamine (710 mg, 10 mmol) containing a catalytic amount of
DMAP (31 mg, 0.05 mmol) in dichloromethane (50 mL) at 0 8C. After
2 h, the solvent was evaporated and diethyl ether (50 mL) was added to
yield a yellow solution and pale yellow salts. The solution was filtered
and the salts washed with diethyl ether (10 mL). Evaporation and
column chromatography (silica gel; ethyl acetate/MeOH, 95:5) yielded
21 (890 mg, 67%) as a colorless oil.
1H NMR (CDCl3): d=2.58 (d, 3JP,H=10.0 Hz, 6H; NCH3), 3.57 (m, 4H;
CH2N), 5.10–5.19 (m, 4H; =CH2), 5.63–5.77 (m, 2H; CH), 7.43–7.47 (m,
3H; Ar), 7.73–7.81 ppm (m, 2H; Ar); 13C NMR (CDCl3): d=33.1 (d,
2JP,C=3.5 Hz; NCH3), 51.5 (d, 2JP,C=4.2 Hz; NCH2), 117.6 (s; =CH2),


128.5 (d, 2JP,C=13.1 Hz; o-Ph), 131.3 (d, 1JP,C=154.4 Hz; ipso-Ph), 131.5
(d, 4JP,C=2.8 Hz; p-Ph), 132.2 (d, 3JP,C=8.7 Hz; m-Ph), 134.9 ppm (d,
3JP,C=5.1 Hz; CH=); 31P NMR (CDCl3): d=30.0 ppm (s); HR-MS calcd
for C14H21N2OP: 264.1391; found 264.13998 (d 6P10�3).


Synthesis of 1,3-dimethyl-2-phenyl-1,3,4,7-tetrahydro-[1,3,2]diazaphosphe-
pine 2-oxide (22) by ring-closing metathesis of 21: Phosphane 21 (500 mg,
1.9 mmol) was dissolved in dichloromethane (100 mL), catalyst 11
(47 mg, 0.06 mmol) was added, and the purple solution was heated at
reflux for 3 h. After evaporation of solvent and column chromatography
(silica gel; ethyl acetate/methanol, 95:5), 22 (350 mg, 78%) was isolated
as a colorless oil.
1H NMR (CDCl3): d=2.69 (d, 3JP,H=9.5 Hz, 6H; NCH3), 3.44–3.57 (m,
2H; CH2N), 3.71–3.85 (m, 2H; CH2N), 5.68 (t, 3JH,H=2.4 Hz, 2H; =


CH2), 7.44–7.49 (m, 3H; Ar), 7.78–7.85 ppm (m, 2H; Ar); 13C NMR
(CDCl3): d=36.1 (d, 2JP,C=4.4 Hz; CH3), 48.0 (d, 2JP,C=2.8 Hz; CH2),
127.6 (s; CH= ), 128.6 (d, 2JP,C=13.3 Hz; o-Ph), 130.2 (d, 1JP,C=159.9 Hz;
ipso-Ph), 131.7 (d, 4JP,C=2.8 Hz; p-Ph), 132.5 ppm (d, 3JP,C=8.8 Hz; m-
Ph); 31P NMR (CDCl3): d=32.3 ppm (s); HR-MS calcd for C12H27N2OP:
236.1078; found 236.10786 (d 4P10�4).


Synthesis of N,N’-diallyl-N,N’-dimethyl-P-phenyl phosphonous diamide
(23): PhPCl2 (0.712 mL, 5.2 mmol) was dissolved in dry diethyl ether
(25 mL) and cooled to �78 8C. A mixture of allylmethylamine (1.00 mL,
10.5 mmol) and triethylamine (1.5 mL, 10.5 mmol) was then added slowly
from a dropping funnel. The reaction mixture was slowly warmed up to
room temperature and the salts were filtered off. Evaporation of the sol-
vent yielded diaminophosphane 23 (1.23 g; 95%) of sufficient purity for
further use. 1H NMR (CDCl3): d=2.61 (d, 3JP,H=6.5 Hz, 6H; NCH3),
3.63–3.69 (m, 4H; CH2N), 5.13–5.23 (m, 4H; =CH2), 5.80–5.91 (m, 2H;
CH), 7.28–7.45 ppm (m, 5H; Ar); 31P NMR (CDCl3): d=102.3 ppm (s).


Synthesis of (N,N’-diallyl-N,N’-dimethyl-P-phenyl phosphonous diamide)-
pentacarbonylmolybdenum (24): a) A solution containing [Mo(CO)5-
ACHTUNGTRENNUNG(MeCN)] was prepared according to the literature procedure[22] from
[Mo(CO)6] (1.32 g, 5 mmol). A solution containing phosphane 23 (1.27 g,
5.0 mmol) in hexane (10 mL) was then slowly added. 31P NMR spectro-
scopy showed the formation of several unidentified products. Column
chromatography (silica gel, hexane) afforded complex 24 (470 mg,
0.97 mmol; 20% yield) as a thick oil.


b) A solution containing [Mo(CO)6] (4.84 g, 18.5 mmol) and phosphane
23 (3.67 g, 14.8 mmol) was heated at 100 8C in methylcyclohexane
(100 mL) for 3 h. 31P NMR spectroscopy showed the formation of several
products, most of which were identical to those obtained by method a).
After the mixture had been cooled to room temperature, the unreacted
[Mo(CO)6] was filtered off and the remaining yellow solution was evapo-
rated under reduced pressure. Column chromatography (silica gel, pen-
tane) afforded the complexed phosphane 24 (2.15 g; 30%) as a thick oil,
which solidified in the freezer. M.p. 31–32 8C; 1H NMR (CDCl3): d=2.72
(d, 3JP,H=10.0 Hz, 6H; CH3), 3.70–3.91 (m, 4H; CH2N), 5.23–5.31 (m,
4H; =CH2), 5.73–5.86 (m, 2H; CH), 7.26–7.60 ppm (m, 5H; Ar);
13C NMR (CDCl3): d=37.7 (d, 2JP,C=1.8 Hz; CH3), 56.7 (d, 2JP,C=8.5 Hz;
CH2N), 118.2 (s; =CH2), 129.2–130.8 (m; Ar), 135.8 (d, 3JP,C=6.5 Hz;
CH), 141.7 (d, 1JP,C=61.7 Hz; phosphepine ipso-Ph), 205.7 (d, 2JP,C=


9.8 Hz; COax), 211.4 ppm (d, 2JP,C=27.6 Hz; COeq);
31P NMR (CDCl3):


d=126.0 ppm (s); HR-MS calcd for C19H21MoN2O5P: 486.0242; found
486.02322 (d 1P10�3); IR (CH2Cl2): ñ=2071 (m) (n(CO)), 1943 cm�1 (s)
(n(CO)).


Synthesis of pentacarbonyl(1,3-dimethyl-2-phenyl-1,3,4,7-tetrahydro-
[1,3,2]diazaphosphepine)molybdenum (25) by ring-closing metathesis of
24 : Complex 24 (470 mg, 0.97 mmol) was dissolved in dichloromethane
(25 mL). RCM-catalyst 11 (2 mol%; 16 mg, 0.02 mmol) was added and
the mixture was heated at reflux temperature for 10 min. After evapora-
tion of the solvent and column chromatography (silica gel, n-hexane),
complex 25 (430 mg, 97%) was isolated as a white solid. M.p. 136–137 8C
(decomp); 1H NMR (CDCl3): d=3.07 (d, 3JP,H=14.5 Hz, 6H; CH3), 3.13–
3.27 (m, 2H; CH2N), 4.26–4.35 (m, 2H; CH2N), 6.10–6.15 (m, 2H; CH),
7.36–7.68 ppm (m, 5H; Ar); 13C NMR (CDCl3): d=41.1 (d, 2JP,C=


14.34 Hz; CH3), 48.8 (d, 2JP,C=7.2 Hz; CH2N), 129.5–130.6 (m, Ar), 135.1
(s, CH), 141.8 (d, 1JP,C=63.7 Hz; ipso-Ph), 205.8 (d, 2JP,C=9.9 Hz; COax),
211.5 ppm (d, 2JP,C=27.1 Hz; COeq);


31P NMR (CDCl3): d=135.1 ppm
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(s); HR-MS calcd for C17H27MoN2O5P: 457.9929; found 457.99393 (d 1P
10�3); IR ACHTUNGTRENNUNG(CH2Cl2): ñ=2072 (w) (n(CO)), 1944 cm�1 (s) (n(CO)).


Synthesis of 13 by irradiation of 25 in the presence of phenylphosphole :
A solution of complex 25 (1.55 g, 3.4 mmol) and 3,4-dimethyl-1-phenyl-
phosphole (637 mg, 3.4 mmol) in THF (100 mL) was prepared. This mix-
ture was irradiated for 5 h with light from a high-pressure Philips Hg
lamp (0.9 A, Type 93110E), while N2 was bubbled through the solution at
a slow rate. Evaporation of THF and subsequent column chromatography
starting with pentane and gradually changing to pentane/dichlorome-
thane (4:1) resulted in the isolation of complex 13 (580 mg, 28%) as a
yellow solid. Furthermore, compound 25 (700 mg, 45%) was recovered
and could be re-used. The yields are calculated based on the amount of
starting material used (3.4 mmol) and are not corrected for recovery of
25. Recrystallization of 13 from DCM/hexane gave yellow crystals. M.p.
142–143 8C; 1H NMR (CDCl3): d=2.07 (s, 6H; phosphole-CH3), 2.92 (d,
3JP,H=14.1 Hz, 6H; NCH3), 3.11–3.25 (m, 2H; CH2N), 4.14–4.23 (m, 2H;
CH2N), 6.00 (m, 2H; phosphepine HC=), 6.40 (d, 2JP,H=35.3 Hz, 2H;
phosphole HC= ), 7.26–7.60 ppm (m, 10H; Ar); 13C NMR (CDCl3): d=
17.6 (d, 3JP,C=10.1 Hz; phosphole-CH3), 40.0 (dd, 4JP,C=2.0, 2JP,C=


15.0 Hz; NCH3), 49.0 (d, 2JP,C=6.8 Hz; CH2N), 128.7–131.6 (m, Ar), 131.3
(dd, 3JP,C=11.6, 1JP,C=46.7 Hz; phosphole-CH), 133.4 (d, 1JP,C=32.2 Hz;
phosphole ipso-Ph), 134.6 (s; phosphepine-CH), 141.7 (d, 1JP,C=55.7 Hz;
phosphepine ipso-Ph), 148.7 (d, 2JP,C=8.11 Hz; P�CH=C), 209.3 (dd,
2JP,C=8.5, 2JP,C=10.3 Hz; COax), 215.0 (dd, 2JP,C=9.8, 2JP,C=21.1 Hz;
COeq), 216.2 ppm (dd, 2JP,C=8.6, 2JP,C=30.4 Hz; COeq);


31P NMR
(CDCl3): d=32.3 (d, 2JP,P=25.5 Hz; phosphole), 138.2 ppm (d, 2JP,P=


25.5 Hz; phosphepine); HR-MS calcd for C28H30MoN2O4P2: 618.0735;
found 618.07009 (d 2P10�3); IR ACHTUNGTRENNUNG(CH2Cl2): ñ=2022 (m) (n(CO)), 1908 (s)
(n(CO)), 1875 cm�1 (sh) (n(CO)).


Synthesis of tetracarbonyl(3,4-dimethyl-1-phenyl-1H-phosphole)(2-
phenyl-4,7-dihydro-[1,3,2]dioxaphosphepine)molybdenum (14)


Synthesis of 2-phenyl-4,7-dihydro-1,3,2-dioxaphosphepine (7): PhPCl2
(3.58 g, 20.0 mmol) in 50 mL of diethyl ether was slowly added to a solu-
tion of triethylamine (4.55 g, 40.0 mmol) and cis-but-2-ene-1,4-diol
(1.84 g, 20.0 mmol) in 150 mL of diethyl ether at 0 8C and stirred for 1 h
before warming to room temperature. 31P NMR spectroscopy showed an
excellent conversion to the desired product. After filtration of the salts
and evaporation of solvent, 3.00 g of 7 (>90% pure by 31P NMR) was
obtained as a colorless oil, which could be used without further purifica-
tion. A minor side product (<10% by 31P NMR) at d=21.6 ppm was ob-
served. During distillation, a gummy material was formed that reduced
the yield dramatically. After distillation at 80 8C/2P10�4 mbar, 7 (830 mg;
24%) was obtained as an air-sensitive colorless oil.
1H NMR (CDCl3): d=4.45–4.66 (m, 4H; CH2), 5.75 (t, 2


H,H=1.9 Hz, 2H;
CH2CH), 7.44–7.48 (m; 3H; Ar), 7.68–7.74 ppm (m; 2H; Ar); 13C NMR
(CDCl3): d=64.0 (s; CH2), 128.2 (d, 4JP,C=4.9 Hz; m-Ph), 129.6 (d, 3JP,C=


20.6 Hz; o-Ph), 130.0 (s; phosphepine HC=), 131.3 (s; p-Ph), 140.8 ppm
(d, 1JP,C=32.0 Hz; ipso-Ph); 31P NMR (CDCl3): d=161.1 ppm (s).


Synthesis of 14 : A mixture of cis-[Mo(CO)4(piperidine)2] (2.1 g,
5.6 mmol) and 2-phenyl-4,7-dihydro-1,3,2-dioxaphosphepine (7; 1.1 g,
5.6 mmol) was stirred in refluxing dichloromethane (20 mL) for 10 min.
3,4-Dimethyl-1-phenylphosphole (1.0 g, 5.6 mmol) in dichloromethane
(10 mL) was added and the mixture was stirred at reflux for an additional
3 h. Evaporation to dryness and column chromatography (silica gel; pen-
tane/dichloromethane, 4:1) gave complex 14 (0.841 g; 30%) as a yellow
solid. Recrystallization from diethyl ether/hexane afforded yellow crys-
tals. M.p. 111–112 8C; 1H NMR (CDCl3): d=2.05 (s, 6H; CH3), 4.41–4.62
(m, 4H; CH2), 5.70 (s, 2H; CH, phosphepine), 6.41 (d, 2JP,H=36.3 Hz,
2H; CH phosphole), 7.29–7.54 ppm (m, 10H; Ar); 13C NMR (CDCl3):
d=17.7 (d, 3JP,C=10.3 Hz; CH3), 64.6 (d, 2JP,C=6.0 Hz; CH2), 128.5–131.5
(m; Ph), 129.4 (s; phosphepine HC=), 131.2 (d, 1JP,C=35.0 Hz; phosphole
HC= ), 133.8 (d, 1JP,C=33.0 Hz; phosphole ipso-Ph), 141.2 (d, 1JP,C=


33.8 Hz; phosphepine ipso-Ph), 148.9 (d, 2JP,C=8.2 Hz; CHCCH3), 209.0
(dd, 2JP,C=8.8, 2JP,C=12.1 Hz; COax), 213.7 (dd, 2JP,C=11.5, 2JP,C=19.4 Hz;
COeq), 214.0 ppm (dd, 2JP,C=8.2, 2JP,C=36.6 Hz; COeq);


31P NMR
(CDCl3): d=33.0 (d, 2JP,P=29.0 Hz; phosphole-P), 190.9 ppm (d, 2JP,P=


29.0 Hz; O-P); HR-MS calcd for C26H24MoO6P2: 592.0103; found


592.00659 (d 1P10�3); IR (CH2Cl2): ñ=2025 (m) (n(CO)), 1913 cm�1 (s)
(n(CO)).


Synthesis of cis-tetracarbonyl(dimethyl 5,6-dimethyl-7-phenyl-7-
phosphabicyclo ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene-2,3-dicarboxylate)(1-phenyl-2,3,6,7-
tetrahydro-1H-phosphepine)molybdenum (15): A mixture of complex 12
(0.500 g, 0.85 mmol) and dimethylacetylene dicarboxylate (2.5 mL,
20 mmol) was stirred at 50 8C for 22 h. Column chromatography over
silica gel, starting with pentane as eluent and gradually changing to di-
chloromethane, gave recovered dimethylacetylene dicarboxylate first, fol-
lowed by compound 15 (390 mg, 63%) as a yellow oil. Crystallization
from dichloromethane/hexane gave yellow crystals. M.p. 131–132 8C;
1H NMR (CDCl3): d=1.88 (d, 4JP,H=0.9 Hz, 6H; CH3), 2.19–2.35 (m,
8H; CH2-P & CH2), 3.39 (d, 2JP,H=2.9 Hz, 2H; phosphanorbornadiene-
CH), 3.61 (s, 6H; OCH3), 5.73 (m, 2H; =CH), 7.26–7.49 ppm (m, 10H;
Ar); 13C NMR (CDCl3): d=16.2 (d, 3JP,C=1.8 Hz; CH3), 23.3 (d, 2JP,C=


5.2 Hz; CH2C=), 29.2 (dd, 3JP,C=1.8, 1JP,C=19.9 Hz; CH2P), 52.4 (s,
OCH3), 60.0 (dd, 3JP,C=2.0, 1JP,C=14.3 Hz; phosphonorbornadiene-CH),
128.1–130.4 (m; Ar), 131.7 (s; =CH), 137.7 (d, 1JP,C=17.4 Hz; phospha-
norbornadiene ipso-Ph), 139.3 (dd, 3JP,C=2.4, 1JP,C=27.4 Hz; phosphepine
ipso-Ph), 142.3 (d, 2JP,C=3.0 Hz; CHCCH3), 146.2 (d, 2JP,C=3.5 Hz;
CCO2CH3), 165.6 (d, 3JP,C=2.3 Hz; CO2CH3), 209.3 (dd, 2JP,C=8.0, 2JP,C=


9.8 Hz; COax), 214.8 (dd, 2JP,C=8.8, 2JP,C=12.4 Hz; COeq), 215.3 ppm (dd,
2JP,C=5.7, 2JP,C=8.8 Hz; COeq);


31P NMR (CDCl3): d=25.7 (d, 2JP,P=


26.1 Hz; phosphepine), 251.9 ppm (d, 2JP,P=26.1 Hz; phosphanorborna-
diene-P); IR (CH2Cl2): ñ=2021 (m) (n(CO)), 1915 (s) (n(CO)),
1890 cm�1 (sh) (n(CO)). Compound 15 was too unstable for HR-MS; for-
mation of 18 was observed.


Synthesis of cis-tetracarbonyl(dimethyl 5,6-dimethyl-7-phenyl-7-
phosphabicyclo ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene-2,3-dicarboxylte)(1,3-dimethyl-2-
phenyl-2,3,4,7-tetrahydro-1H-[1,3,2]diazaphosphepine)molybdenum (16):
A solution of complex 13 (500 mg, 0.81 mmol) and dimethylacetylene di-
carboxylate (3 mL; 24 mmol) in dichloromethane (1 mL) was heated for
28 h at 45 8C. Column chromatography, starting with hexane and gradual-
ly changing to dichloromethane as eluent, afforded complex 16 (330 mg;
55%) as an orange solid. Recrystallization (CH2Cl2/hexane) resulted in
the formation of orange needles. M.p. 71–72 8C; 1H NMR (CDCl3): d=
1.96 (d, 4JP,H=1.0 Hz, 6H; CH3), 2.96 (d, 3JP,H=14.1 Hz, 6H; NCH3),
3.13–3.20 (m, 2H; CH2N), 3.59 (s, 2H; phosphanorbornadiene-CH), 3.61
(s, 6H; OCH3), 4.16–4.20 (m, 2H; CH2N), 6.00 (m, 2H; phosphepine-
CH), 7.04–7.49 ppm (m, 10H; Ar); 13C NMR (CDCl3): d=16.2 (d, 3JP,C=


2.1 Hz; CH3), 40.0 (d, 2JP,C=14.1 Hz; NCH3), 49.0 (d, 2JP,C=6.9 Hz;
CH2N), 52.3 (s, OCH3), 60.5 (dd, 3JP,C=1.4, 1JP,C=14.2 Hz; phosphonor-
bornadiene-CH), 127.9–131.2 (m; Ar), 134.7 (s; =CH), 138.1 (d, 1JP,C=


17.4 Hz; phosphanorbornadiene ipso-Ph), 141.7 (dd, 3JP,C=1.5, 1JP,C=


57.0 Hz; phosphepine ipso-Ph), 141.9 (d, 2JP,C=2.8 Hz; CHCCH3), 146.7
(d, 2JP,C=3.6 Hz; CCO2CH3), 165.7 (d, 3JP,C=2.1 Hz; CO2CH3), 208.9 (dd,
2JP,C=8.2, 2JP,C=10.5 Hz; COax), 215.0 (dd, 2JP,C=10.8, 2JP,C=28.9 Hz;
COeq), 215.8 ppm (dd, 2JP,C=10.0, 2JP,C=28.2 Hz; COeq);


31P NMR
(CDCl3): d=250.5 (d, 2JP,P=26.6 Hz; 7-phosphanorbornadiene),
137.6 ppm (d, 2JP,P=26.6 Hz; phosphepine); IR (CH2Cl2): ñ=2024 (m)
(n(CO)), 1918 (s) (n(CO)), 1889 cm�1 (sh) (n(CO)). Compound 16 was
too unstable for HR-MS; formation of compound 19 was observed.


Synthesis of cis-tetracarbonyl(dimethyl 5,6-dimethyl-7-phenyl-7-
phosphabicyclo ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene-2,3-dicarboxylate)(2-phenyl-4,7-di-
hydro-[1,3,2]dioxaphosphepine)molybdenum (17): A mixture of complex
14 (0.72 g, 1.2 mmol) and dimethylacetylene dicarboxylate (2.5 mL,
20 mmol) was stirred at 45 8C for 22 h. Column chromatography over
silica gel, starting with pentane as eluent and gradually changing to di-
chloromethane, gave dimethylacetylene dicarboxylate first, followed by
complex 17 (0.61 g; 69%) as a yellow oil. Crystallization from dichloro-
methane/hexane gave yellow crystals. M.p. 139–140 8C; 1H NMR
(CDCl3): d=1.97 (d, 4JP,H=0.8 Hz, 6H; CH3), 3.63 (s, 6H; OCH3), 3.77
(d, 2JP,H=2.6 Hz, 2H; phosphanorbornadiene-CH), 4.45–4.56 (m, 4H;
CH2), 5.75 (s, 2H; =CH), 7.09–7.59 ppm (m, 10H; Ar); 13C NMR
(CDCl3): d=16.3 (d, 3JP,C=1.8 Hz; CH3), 52.4 (s, OCH3), 60.4 (dd, 3JP,C=


2.0, 1JP,C=15.4 Hz; phosphonorbornadiene-CH), 64.8 (d, 2JP,C=6.1 Hz;
OCH2), 128.1–129.5 (m; Ar), 131.0 (s; =CH), 138.0 (d, 1JP,C=17.4 Hz;
phosphanorbornadiene ipso-Ph), 141.3 (d, 1JP,C=34.9 Hz; phosphepine
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ipso-Ph), 142.4 (d, 2JP,C=4.6 Hz; CHCCH3), 146.4 (d, 2JP,C=3.7 Hz;
CCO2CH3), 165.7 (d, 3JP,C=2.3 Hz; CO2CH3), 208.4 (dd, 2JP,C=8.3, 2JP,C=


12.1 Hz; COax), 213.2 (dd, 2JP,C=11.2, 2JP,C=26.7 Hz; COeq), 213.9 ppm
(dd, 2JP,C=9.9, 2JP,C=33.7 Hz; COeq);


31P NMR (CDCl3): d=190.8 (d,
2JP,P=32.6 Hz; phosphepine), 248.8 ppm (d, 2JP,P=32.6 Hz; phosphanor-
bornadiene); HR-MS calcd for C32H30MoO10P2: 734.0369; found
734.03273 (d 2P10�2); IR (CH2Cl2): n(CO)=2029 (w) (n(CO)),
1923 cm�1 (s) (n(CO)).


Synthesis of tetracarbonyl(4,8-diphenyl-4,8-diphospha-bicyclo-
ACHTUNGTRENNUNG[5.1.0]octane)molybdenum (18) by thermal decomposition of 15 : A solu-
tion of 15 (0.35 g, 0.48 mmol) in toluene (5 mL) was stirred at 80 8C for
3 h. Evaporation to dryness, column chromatography (silica gel; dichloro-
methane/pentane, 2:1), and recrystallization from dichloromethane/
hexane gave 18 (0.160 g, 66%) as colorless crystals. M.p. 194–195 8C
(decomp); 1H NMR: (CDCl3): d=2.07–2.38 (m, 6H; CH & CH2P), 2.43–
2.72 (m, 2H; CHCH2), 2.78–2.98 (m, 2H; CHCH2) , 7.37–7.60 ppm (m,
10H; Ar); 13C NMR: (CDCl3): d=21.9 (d, 2JP,C=3.4 Hz; CHCH2), 26.7
(dd, 1JP,C=20.5, 3JP,C=4.0 Hz; CH2P), 26.8 (dd, 3JP,C=4.8, 1JP,C=15.4 Hz;
CHP), 128.9–131.4 (m; Ar), 135.8 (dd, 3JP,C=4.2, 1JP,C=11.8 Hz; phosphir-
ane ipso-Ph), 138.5 (dd, 3JP,C=8.4, 1JP,C=30.2 Hz; phosphepane ipso-Ph),
209.7 (dd, 2JP,C=9.5, 2JP,C=11.4 Hz; COax), 214.6 (dd, 2JP,C=9.2, 2JP,C=


31.3 Hz; COeq), 216.4 ppm (dd, 2JP,C=10.0, 2JP,C=22.3 Hz; COeq);
31P NMR: (CDCl3): d=�150.5 (d, 2JP,P=38.4 Hz; phosphirane),
16.46 ppm (d, 2JP,P=38.4 Hz; phosphepane); HR-MS calcd. for
C22H20MoO4P2: 507.9892; found 507.98926 (d 2P10�3); IRACHTUNGTRENNUNG(CH2Cl2): ñ=
2019 (m) (n(CO)), 1901 (s) (n(CO)), 1884 cm�1 (sh) (n(CO)); EI-MS: m/
z (%): 508 (18) [M+], 480 (2) [M+�CO], 452 (24) [M+�2CO], 424 (15)
[M+�3CO], 396 (100) [M+�4CO].


Synthesis of tetracarbonyl(3,5-dimethyl-4,8-diphenyl-3,5-diaza-4,8-
diphosphabicyclo ACHTUNGTRENNUNG[5.1.0]octane)molybdenum (19) by thermal decomposi-
tion of 16 : A solution of 16 (146 mg, 0.19 mmol) in 3 mL of toluene was
stirred at 70 8C for 5 h. Evaporation to dryness, chromatography (silica
gel; dichloromethane/pentane, 2:1), and recrystallization from dichloro-
methane/hexane gave complex 19 (25 mg; 24%) as colorless crystals. A
second fraction contained starting material 16 (46 mg; 32%). M.p. 83–
84 8C; 1H NMR (CDCl3): d=2.32 (m, 2H; CH), 2.42 (d, 3JP,H=8.8 Hz,
6H; NCH3), 3.60–3.80 (m, 2H; CH2N), 4.02–4.11 (m, 2H; CH2N), 7.40–
7.69 ppm (m, 10H; Ar); 13C NMR (CDCl3): d=25.8 (dd, 1JP,C=14.0,
3JP,C=4.8 Hz; CH), 40.7 (d, 2JP,C=2.5 Hz; NCH3), 51.0 (dd, 2JP,C=7.4,
2JP,C=2.5 Hz; CH2N), 128.1–131.2 (m; Ar), 133.8 (dd, 3JP,C=7.7, 1JP,C=


9.6 Hz; phosphirane ipso-Ph), 136.3 (dd, 3JP,C=5.8, 1JP,C=43.7 Hz; phos-
phepane ipso-Ph), 210.5 (dd, 2JP,C=10.1, 2JP,C=11.4 Hz; COax), 214.0 (dd,
2JP,C=10.1, 2JP,C=31.7 Hz; COeq), 216.2 ppm (dd, 2JP,C=10.3, 2JP,C=


26.4 Hz; COeq);
31P NMR (CDCl3): d=�149.1 (d, 2JP,P=58.7 Hz; phos-


phirane), 140.4 ppm (d, 2JP,P=58.7 Hz; phosphepane); HR-MS: calcd for
C22H22MoN2O4P2: 538.0109; found 538.00991 (d 6P10�3); IR (CH2Cl2):
ñ=2017 (m) (n(CO)), 1900 (s) (n(CO)); EI-MS: m/z (%): 538 (10) [M+],
510 (8) [M+�CO], 482 (10) [M+�2CO], 454 (10) [M+�3CO], 426 (45)
[M+�4CO], 374 (45) [M+�2CO�PPh], 318 (45) [M+�phosphepine].


Synthesis of tetracarbonyl(4,8-diphenyl-3,5-dioxa-4,8-diphosphabicyclo-
ACHTUNGTRENNUNG[5.1.0]octane)molybdenum (20) by thermal decomposition of 17: A solu-
tion of 17 (0.35 g, 0.47 mmol) in toluene (3 mL) was stirred at 80 8C for
3 h. Evaporation to dryness and column chromatography (silica gel; di-
chloromethane/pentane, 2:1) followed by recrystallization from dichloro-
methane/hexane yielded 20 (0.15 g, 61%) as colorless crystals. M.p. 169–
170 8C (decomp); 1H NMR (CDCl3): d=2.62 (d, 2JP,H=5.6 Hz, 2H; phos-
phirane-CH), 4.75–5.30 (m, 4H; CH2), 7.44–7.78 ppm (m, 10H; Ar);
13C NMR (CDCl3): d=28.6 (dd, 1JP,C=11.7, 3JP,C=7.6 Hz; CH), 65.0 (dd,
2JP,C=2.0, 2JP,C=2.9 Hz; CH2), 128.6–132.0 (m; Ar), 132.9 (dd, 1JP,C=10.2,
3JP,C=6.7 Hz; phosphirane ipso-Ph), 140.1 (dd, 1JP,C=51.6, 3JP,C=4.9 Hz;
phosphepane ipso-Ph), 207.8 (m; COax), 212.9 (dd, 2JP,C=10.2, 2JP,C=


29.8 Hz; COeq), 215.5 ppm (dd, 2JP,C=10.6, 2JP,C=32.7 Hz; COeq);
31P NMR (CDCl3): d=�150.6 (d, 2JP,P=66.8 Hz; phosphirane), 191.7 ppm
(d, 2JP,P=66.8 Hz; phosphepane); HR-MS calcd for C20H16MoO6P2:
511.9477; found 511.94668 (d 2P10�3); IR (CH2Cl2): ñ=2031 (w)
(n(CO)), 1919 cm�1 (s) (n(CO)); EI-MS: m/z (%): 512 (40) [M+], 484 (4)
[M+�CO], 456 (16) [M+�2CO], 428 (28) [M+�3CO], 400 (100) [M+


�4CO].


X-ray crystal structure determinations : X-ray intensities were measured
with a Nonius Kappa CCD diffractometer with rotating anode and
graphite monochromator (l=0.71073 O) at a temperature of 150(2) K up
to a resolution of (sinq/l)max=0.65 O�1. The structures were solved with
automated Patterson methods[23] and refined with SHELXL-97[24] on F2


of all reflections. Non-hydrogen atoms were refined freely with aniso-
tropic displacement parameters. All hydrogen atoms were located in the
difference Fourier map. Methyl and phenyl H-atoms were refined with a
riding model; all other H-atoms were refined freely with isotropic dis-
placement parameters. Geometry calculations, drawings, and checking for
higher symmetry were performed with the PLATON package.[25]


Crystal structure determination of 19 : C22H22MoN2O4P2, Fw=536.30, col-
orless block, 0.42P0.36P0.18 mm3, orthorhombic, Pbca (no. 61), a=
16.48859(15), b=15.3260(9), c=18.2133(4) O, V=4602.6(3) O3, Z=8,
1calcd=1.548 gcm�3 ; 110857 reflections were measured. An absorption
correction based on multiple measured reflections was applied (m=
0.74 mm�1, 0.72–0.88 correction range); 5283 reflections were unique
(Rint=0.029); 306 parameters were refined with no restraints. R1/wR2
[I>2s(I)]: 0.0200/0.0457. R1/wR2 (all refl.): 0.0287/0.0504. S=1.092. Re-
sidual electron density between �0.29 and 0.47 eO�3.


Crystal structure determination of 20 : C20H16MoO6P2, Fw=510.21, color-
less block, 0.45P0.42P0.36 mm3, triclinic, P1̄ (no. 2), a=7.5410(1), b=
9.6907(1), c=14.8771(2) O, a=96.2156(11)8, b=101.7812(10)8, g=


106.0581(10)8, V=1006.95(2) O3, Z=2, 1calcd=1.683 gcm�3; 16625 reflec-
tions were measured. An absorption correction based on multiple meas-
ured reflections was applied (m=0.85 mm�1, 0.67–0.74 correction range);
4598 reflections were unique (Rint=0.016); 286 parameters were refined
with no restraints. R1/wR2 [I>2s(I)]: 0.0175/0.0416. R1/wR2 (all reflec-
tions): 0.0218/0.0428. S=1.065. Residual electron density between �0.27
and 0.36 eO�3.


CCDC-291538 (19) and CCDC-291539 (20) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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Structure and Total Synthesis of Aspernigerin: A Novel Cytotoxic Endophyte
Metabolite
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Introduction


A fast-growing wealth of reports has affirmed that cancer
has been and will continue to be one of the major life-
threatening diseases in both developed and developing
countries owing principally to the shortage of efficacious
tumor-eradicating/suppressing agents. Comparable to taxol
(a plant secondary metabolite detectable in most Taxus spe-
cies), some microbe-generated natural products were proven
to be quite unique in treating/preventing cancerous disor-
ders.[1] Whilst current chemical and biological interests are
being focused on early microbial secondary metabolites,
such as prodigiosin derivatives,[2] it has been postulated that
microorganisms collected from previously unexplored habi-
tats may provide access to a large family of efficient produc-
ers of novel lead structures for new antitumor agents.[3] As a
follow up to our characterization of tumor suppression relat-
ed metabolites from marine microbes,[4] we expanded our


curiosity to include endophytes, a large population of poorly
investigated microbes, which have been reasoned to be
unique, at least with regards to the fact that they spend their
life spans in a symbiotic manner inside the living normal
plant tissue where they could have “gene recombinations”
with the host species.[5]


Aspergillus niger IFB-E003 was isolated as an endophyte
from the healthy leaves of Cynodon dactylon, a salty soil
borne grass belonging to the family Graminae. Previously,
this endophytic strain was disclosed to be a rich source of bi-
oactive naphtha-pyrone framed polyphenols.[6] Surprisingly,
the combined mother liquor left upon fractionations of
those phenolic metabolites from the extract was demonstrat-
ed to contain basic substances with pronounced cytotoxic ac-
tivity. Subsequent attention to the cytotoxic fraction led to
the full characterization of an active alkaloid with an unpre-
cedented structural framework, trivially named aspernigerin
(1,4-bis[2-(3,4-dihydro-2H-quinolin-l-yl)-2-oxoethyl]pipera-
zine 1). This paper is dedicated to the structure elucidation,
cytotoxicity, and total synthesis of this novel antitumor en-
dophyte metabolite.


Abstract: Aspernigerin (1), a novel cy-
totoxic alkaloid consisting of an unpre-
cedented structural framework has
been isolated from the extract of a cul-
ture of Aspergillus niger IFB-E003, an
endophyte in Cyndon dactylon. Its
structure was elucidated on the basis of
comprehensive NMR spectral analysis


and confirmed by single-crystal X-ray
analysis. Aspernigerin (1) has been
shown to be cytotoxic to the tumor cell


lines nasopharynyeal epidermoid KB,
cervical carcinoma Hela, and colorectal
carcinoma SW1116 with corresponding
IC50 values of 22, 46, and 35 mm, respec-
tively. A feasible total synthetic route
for aspernigerin (1) has been establish-
ed for further pharmacological re-
search.


Keywords: aspernigerin · cytotoxic ·
endophyte · structure elucidation ·
total synthesis
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Results and Discussion


Aspernigerin (1) was afforded as colorless crystals. Its mo-
lecular formula C26H32N4O2, necessitating 13 degrees of un-
saturation, was evidenced from the protonated molecular
ion at m/z 433.2605 (calculated for the formula of molecular
mass m/z 433.2598) in its HR (+)-ESI mass spectrum. How-
ever, the 13C NMR spectrum of 1 produced a total of only
twelve carbon resonance lines, implying that it was a highly
symmetric molecule consisting most probably of two identi-
cal motifs, each containing a pair of equivalent carbons. A
correlative interpretation of its IR, 1H and 13C NMR (Figur-
es S1 and S2 see Supporting Information), and DEPT spec-
tra suggested that each motif was composed of a 1,2-disub-
stituted benzene nucleus, an amine, an amide carbonyl, and
six methylenes, two sets of which correspond altogether to
ten degrees of unsaturation. The three that were left had to
be compensated for by creating three more rings for the
structure of 1. With this in mind, subsequent scrutiny of its
2D NMR spectra (HMBC, HMQC, COSY, and NOESY,
Figures S3–S6), allowing for the unambiguous assignment of
all carbon and proton signals, generated the structural as-
sumption for aspernigerin (1) on the basis of the following
spectral features.
The COSY correlations of the H-3 quintuplet with a pair


of triplets produced by H-2 and H-4 revealed the
�CH2CH2CH2� moiety isolated by heteroatom(s) and/or
quaternary carbon(s). However, the magnitude of the C-2/
H-2 shift values (dC/dH=43.4/3.80 ppm) confirmed the an-
chorage of 2-methylene on a more electron-poor nitrogen
atom. Along with the discernible NOE effect and allyl-like
coupling of H-4 with H-5, the HMBC correlations of H-3 to
C-10, of H-4 to C-5, and of H-5 to C-4 highlighted the con-
nection of 4-methylene to C-10 (dC=133.0 ppm) in the ben-
zene nucleus. These observations, in conjunction with the
HMBC correlations of H-2 to C-9 and C-11 (dC=139.0
and 169.0 ppm, respectively), disclosed the presence of the
N-acyl-1,2,3,4-tetrahydroquinoline residue. Subtracting sig-
nals due to the residue from the 1H and 13C NMR spectra of
1 produced only two methylene resonances at dC/dH=60.7/


3.28 (s) and 53.0/2.56 ppm (s) with an integration ratio of
1:2. These spectral data, along with its molecular formula
and the remaining unsaturation degrees (see above), could
only be explained by assuming the presence of a piperazine
ring with both nitrogen atoms bridged through a methylene
group to the carbonyl of the N-acyl-1,2,3,4-tetrahydroquino-
line residue. Moreover, this assumption was reinforced by
the HMBC correlations of H-12 to C-11 and C-14/15, and
the NOE cross-peak between H-12 and H-14/15. Thus, the
structure of the cytotoxic alkaloid was determined to be 1,4-
bis[2-(3,4-dihydro-2H-quinolin-l-yl)-2-oxoethyl]piperazine
(1). For simplicity, we have trivially named the alkaloid as-
pernigerin.
Amide-containing molecules might show trans/cis equili-


briums in solution, which could be assigned by NMR techni-
ques.[7,8] As for aspernigerin (1), a broadened H-8 singlet at
d=7.45 ppm meant that the amide C=O must be oriented
preferably towards the phenyl ring (Scheme 1).[8c] Further-


more, the splitting pattern of the 2,3,4-methylene proton
pairs, which appeared as triplet, quintuplet, and triplet, re-
spectively, highlighted that the reduced ring of the tetrahy-
droquinoline moieties was not in a rigid half-chair confor-
mation, but in a rapidly inverting half-chair conformation.[9]


The anticipated conformation of 1 in solution was contrary
to that of some previously recognized analogues.[8c,d]


Accordingly, X-ray crystallographic analysis of this metab-
olite was highly desired for the structural and conformation-
al assignment of 1. A colorless single crystal of 1 obtained
from its MeOH solution was found to be suitable for the X-
ray diffraction analysis and the data subsequently obtained
confirmed the structure elucidated for 1 (Figures 1 and S9).
Moreover, this crystallographic determination revealed that
the piperazine at the center of the molecule was in a chair-
conformation with the two carbonyl groups stretching to-
wards two opposite directions.


Abstract in Chinese:


Scheme 1. Amide-bond rotation of aspernigerin (1).


Figure 1. X-ray crystallographic structure of 1.
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The conformation of the amide in 1 determined by its
NMR spectral data acquired in CDCl3 was not completely
consistent with that from its single-crystal X-ray diffraction,
highlighting that its conformation is highly state-dependent.
This is a reasonable assumption as the trans/cis rotation
equilibrium codepends on temperature[8a,10] and the sol-
vent.[7a,8b,11] Obviously, the CDCl3 used in this case might be
the appropriate solvent for the preferred rotamer (corre-
sponding to that with carbonyls orienting towards the
phenyl ring) of aspernigerin (1).
The in vitro cytotoxicity of aspernigerin (1) was evaluated


against three human tumor cell lines, and as a result it was
found to be significantly cytotoxic against the human tumor
cell lines, nasopharynyeal epidermoid KB, cervical carcino-
ma Hela, and colorectal carcinoma SW1116, with the corre-
sponding IC50 (the inhibition concentration at which 50%
survival of cells was allowed) values of 22, 46, and 35 mm, re-
spectively. The IC50 values of 5-fluorouracil (a clinically pre-
scribed antitumor drug coassayed as a positive control)
against the three tumor cell lines were 14, 115, and 42 mm,
respectively.
To develop a feasible route both for the construction of


the novel framework and for enough material of 1 required
for the pharmacological research, total synthesis of asperni-
gerin (1) was carried out based on the retrosynthetic analy-
sis illustrated in Scheme 2. Starting from commercially avail-


able piperazine and 1,2,3,4-tetrahydroquinoline, 1 could be
synthesized in four steps in good yields. The synthetic mate-
rial was identical to the natural metabolite (1, Figure S8).
Regarding the manipulation of the reaction, it was notewor-
thy that addition of a catalytic amount of DMAP was re-
quired, which allowed the completion of the reaction at
room temperature within 3–4 h.


Conclusion


We have characterized a novel potent antitumor metabolite,
aspernigerin (1), from A. niger IFB-E003, an endophytic
fungus residing in the healthy leaves of C. dactylon. For a
chemical generation of the novel framework and a scaled-up


production of this endophyte metabolite, we have also de-
veloped a feasible total synthetic route for 1. In addition to
its antitumor activity, comparable to that of 5-fluorouracil,
aspernigerin (1) possesses a unique structural framework,
not yet encountered in any presently available anticancer
drug or investigated cytotoxic chemicals. Accordingly, this
work is of particularly high significance for the research and
development of a new family of antitumor drugs with such
structural character, the biosynthetic pathway of which pro-
vides a big mystery for biochemists.


Experimental Section


General: Melting points were measured on a Boetius micromelting point
apparatus and are uncorrected. IR spectra were recorded on KBr disks
by using a Nexus 870 FTIR spectrometer, and UV spectra on a U-3000
UV-VIS spectrometer. NMR spectra were acquired in CDCl3 on Bruker
DRX-500 and DPX-300 spectrometers by using solvent signal and TMS
as internal standards. The EIMS spectrum was recorded on a VG-ZAB-
HS mass spectrometer, and high-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) spectrum on a Mariner Mass 5304 instru-
ment. ELISA plate reader was obtained from Sunrise (USA). Silica gel
(200–300 mesh) for column chromatography and silica GF254 for TLC
were produced by Qingdao Marine Chemical Company (China). Sepha-
dex LH-20 was purchased from Pharmacia Biotech (Sweden). All chemi-
cals used in the study were of analytical grade.


Microorganism : The isolation and identification of the endophytic fungal
strain A. niger IFB-E003 have been
described in our previous paper.[6]


Extraction and isolation : Cultivation
of strain IFB-E003 and fractionation
for naphtha-pyrones have been previ-
ously detailed.[6] The combined mother
liquor left therefrom, after having
been tested for recognition of cytotox-
ic compounds, was rechromatographed
by using silica-gel column chromatog-
raphy (200 g silica gel; CHCl3/MeOH
100:0!100:16). By using TLC moni-
toring, the elutes produced (500 mL
each) were combined into six frac-
tions, which were assessed for cytotox-
icity. The active fraction (fraction 2)
was further fractionated over silica gel
(CHCl3/MeOH 100:0!100:16) to
afford three parts (fractions 2–1–frac-
tions 2–3). Repeated gel filtration of


fractions 2–2 (cytotoxic) over Sephadex LH-20 (CHCl3/MeOH 1:1) pro-
duced aspernigerin (1, 93 mg). Colorless crystal; m.p. 186–188 8C; for 1H
and 13C NMR data (CDCl3) see Table 1; IR (KBr): ñ=2950, 2805, 1639,
1582, 1490, 1454, 1391, 1015, 845, 778 cm�1; UV/Vis (MeOH): lmax (log
e)=246 (4.23), 215 nm (4.37); EIMS (70 eV): m/z (%): 432 [M]+ (9), 300
(3), 272 (100), 217 (9), 172 (62), 111 (79), 56 (46), 42 (51); HR-ESI-MS:
m/z: calcd for C26H32N4O2: 433.2598; found: 433.2605 [M+H]+ .


Crystal structure measurement of aspernigerin (1): Crystal structure de-
termination was carried out on a Nonius CAD4 diffractometer equipped
with graphite-monochromated MoKa (l=0.71073) with Lorentz polariza-
tion and absorption corrections for a crystal (0.25O0.20O0.20 mm) of the
title compound. The intensities were collected at 293 K by using w scan
mode with variable scan speed. A total of 11639 reflections were collect-
ed in the range of q=2.37–25.99 o, of which 2238 were independent. The
1831 observable reflections with I�2s(I) were used in the structure solu-
tion and refinements. The structure was solved by direct methods and re-
fined on F2 by full-matrix least-squares methods by using SHELX-97.[12]


Scheme 2. Total synthetic route for aspernigerin (1). Reagents and conditions: a) BrCH2COOH, aqueous
NaOH solution (10%), RT, 1 h, 80%; b) HCl (37%, several drops), RT, stirring, 10 min, 74.6%; c) SOCl2,
DMF, CH2Cl2, reflux, 4 h; d) 1,2,3,4-tetrahydroquinoline, DMAP, pyridine, CH2Cl2, 0 8C!RT, 4 h, 47.3%
(steps c and d). DMF=N,N-dimethylformamide; DMAP=4-dimethylaminopyridine.
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All the nonhydrogen atoms were refined anisotropically. All the hydro-
gen atoms were placed in calculated positions and were assigned fixed
isotropic thermal parameters at 1.2 times the equivalent isotropic U of
the atoms to which they are attached and allowed to ride on their respec-
tive parent atoms. The contributions of these hydrogen atoms were in-
cluded in the structure-factors calculations. The refinement gave the final
R1=0.042 with w= [s2(Fo)


2+ (0.1 ACHTUNGTRENNUNG(max(0,F2
ACHTUNGTRENNUNGo)


+2F2
ACHTUNGTRENNUNGc)/3)


2]�1. Some crystallographic and experimental data for asperni-
gerin (1, H2O) are listed in Table S1.[13]


Cytotoxicity assay : The cytotoxicity was evaluated as described else-
where[14] with some modifications. Briefly, target tumor cells were grown
to log phase in RPMI 1640 medium supplemented with 10% fetal bovine
serum. After diluting to 2O104 cellsmL�1 with the complete medium, the
obtained cell suspension (100 mL) was added to each well of 96-well cul-
ture plates. The subsequent incubation was permitted at 37 8C, 5% CO2


atmosphere for 24 h before the cytotoxicity assessments. Tested samples
at preset concentrations were added to 6 wells with 5-fluorouracil coas-
sayed as a positive reference. After 48 h exposure period, PBS (40 mL
containing 2.5 mgmL�1 of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT)) was added to each well. After 4 h the medium
was replaced by DMSO (150 mL) to solubilize the purple formazan crys-
tals produced. The absorbance at 570 nm of each well was measured on
an ELISA plate reader. The IC50 value was defined as the concentration
at which 50% survival of cells was allowed.


Total synthetic procedure for aspernigerin (1): Solvents were dried and
refined by the conventional procedure prior to use. DMF was distilled
under reduced pressure from magnesium sulfate, dried twice over molec-
ular sieves (4 P), and stored over molecular sieves (4 P). CH2Cl2 was dis-
tilled from P2O5. Pyridine was distilled from NaOH.


N,N’-1,4-Piperazinediacetic acid : Piperazine (150 mg, 1.74 mmol) and
bromoacetic acid (496 mg, 3.57 mmol) were dissolved in NaOH (10%,
10 mL) and stirred for 1 h at room temperature. Colorless needles
(namely, disodium N,N’-1,4-piperazinediacetate, 343 mg, 80% yield) were
formed and collected by filtration. The obtained needles were dissolved
in water and treated with several drops of HCl (37%) whilst stirring for
10 min at room temperature. The white precipitate produced was collect-
ed by filtration and dried in vacuo to give N,N’-1, 4-piperazinediacetic
acid (210 mg, 74.6%). M.p. 250–252 8C; 1H NMR (D2O): d=3.81 (s, 4H;
2OCH2), 3.58 ppm (s, 8H; 4OCH2) (see Figure S7); ESIMS: m/z : 203.1
[M+H]+ .


Aspernigerin (1): DMF (2 drops) and SOCl2 (0.22 mL, 2.96 mmol) were
added sequentially to a suspension of N,N’-1,4-piperazinediacetic acid
(150 mg, 0.74 mmol) in CH2Cl2 (10 mL), followed by stirring under reflux
until no more HCl was produced. Removal of the solvent and excess
SOCl2 in vacuo (<60 8C) provided N,N’-1,4-piperazinediacetyl chloride
which was then suspended in CH2Cl2 (10 mL). DMAP (40 mg, 0.3 mmol)


and pyridine (1.2 mL, 14.8 mmol) were
added sequentially to the suspension,
kept in an ice bath, followed by the
dropwise addition of 1,2,3,4-tetrahy-
droquinoline (394 mg, 2.96 mmol). The
reaction mixture was stirred for 4 h at
room temperature. After evaporation
of the solvent, the remaining mixture
was subjected to silica-gel column
chromatography (CHCl3/MeOH
100:1!100:8). After evaporation of
the solvent from the elute, the afford-
ed residue was subjected to gel filtra-
tion over Sephadex LH-20 (CHCl3/
CH3OH 1:1) to give 1 (152 mg, 47.3%
yield, two steps).
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Table 1. NMR spectral data for aspernigerin (1) in CDCl3.


C no. dC [ppm] dH [ppm], mult. , int. , J [Hz] COSY Key HMBC correlations


2/2’ 43.4 CH2 3.80, t, 4H, 6.5 H-3 C-3/3’, 4/4’, 9/9’, 11/11’
3/3’ 24.0 CH2 1.96, q, 4H, 6.5 H-2, H-4 C-2/2’, 4/4’, 10/10’
4/4’ 26.8 CH2 2.72, br t, 4H, 6.5 H-3, H-5 C-3/3’, 5/5’, 9/9’
5/5’ 128.5 CH 7.13, m, 2H H-4 C-4/4’, C-7/7’
6/6’ 125.3 CH 7.09, m, 2H C-5/5’, 8/8’,10/10’
7/7’ 126.1 CH 7.14, m, 2H C-5/5, 8/8’, 9/9’
8/8’ 124.4 CH 7.45, br s, 2H
9/9’ 139.0 C
10/10’ 133.0 C
11/11’ 169.0 C
12/12 60.7 CH2 3.28, s, 4H C-11/11’, 14,14’/15,15’
14/14’, 15/15’ 53.0 CH2 2.56, br s, 8H
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Addition of Carbenes to the Sidewalls of Single-Walled Carbon Nanotubes


Holger F. Bettinger*[a]


Introduction


The reaction of carbenes, molecules having divalent carbon
atoms,[1,2] with organic p systems has widely been applied
for the synthesis of cyclopropanes and has received much at-
tention, both experimentally and theoretically.[3,4] An unusu-
al but highly interesting organic p system is provided by the
surface of carbon nanotubes (CNTs), whose extended p sys-
tems give rise to metallic or semiconducting electronic prop-
erties depending on the structure of the tubule (see
Figure 1). These p systems can also be used for chemical
functionalization of the CNT sidewalls, and a wide range of
derivatization protocols have been developed. These were
recently reviewed by Hirsch and Vostrowsky,[5] while Lu and
Chen have given a thorough account of the theoretical as-
pects of nanotube functionalization.[6] Haddon et al. pio-
neered the addition of carbenes to the sidewalls of single-


walled carbon nanotubes (SWNTs).[7–10] Using Seyferth4s
phenyl(bromodichloromethyl)mercury reagent, a precursor
for free dichlorocarbene CCl2,


[11] Haddon et al. could add
this electrophilic carbene and extensively characterize the
resulting functionalized CNT.[8–10] Nitrenes, a related class of


Abstract: The addition of carbenes
CX2 (X=H, Cl) to single-walled
carbon nanotubes (SWNTs) was inves-
tigated by density functional theory
and finite, hydrogen-terminated nano-
tube clusters or periodic boundary con-
ditions in conjunction with basis sets of
up to polarized triple-z quality. For
armchair [(3,3) to (12,12)] and zigzag
tubes [(3,0) to (18,0)], reaction of CH2


with the C�C bond oriented along the
tube axis (A) is less exothermic than
with those C�C bonds having circum-
ferential (C) orientation. This prefer-
ence decreases monotonically with in-


creasing tube diameter for armchair,
but not for zigzag tubes; here, tubes
with small band gaps have a very low
preference for circumferential addition.
Axial addition results in cyclopropane
products, while circumferential addi-
tion produces “open” structures for
both armchair and zigzag tubes. The
barriers for addition of dichlorocarbene
to a (5,5) SWNT, studied for a finite


C90H20 cluster, are higher than that for
addition to C60, in spite of similar diam-
eters of the carbon materials. Whereas
addition of CCl2 to [60]fullerene pro-
ceeds in a concerted fashion, addition
to a (5,5) armchair SWNT is predicted
to occur stepwise and involve a diradi-
caloid intermediate according to
B3LYP, PBE, and GVB-PP computa-
tions. Addition to C bonds of (5,5)
armchair tubes resulting in the thermo-
dynamically more stable insertion
products is kinetically less favorable
than that to A bonds yielding cyclopro-
pane derivatives.
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Figure 1. a) Rolling of graphene sheet results in nanotubes with zigzag
[(n,0), q=08] and armchair [(n,n), q=308] structures having limiting
chiral angles q. b) The two symmetry-unique C�C bonds in armchair
(top) and zigzag (bottom) carbon nanotubes, labeled as “circumferential”
C and “axial” A.
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subvalent neutral reactive intermediates, could also be suc-
cessfully added to the CNT sidewalls.[12,13]


Theoretical investigations of the addition of carbenes to
SWNTs, although initially treated with skepticism,[14] are in
support of the experimental observations.[15–19] Computations
with various density functionals on a number of CNT model
systems arrive at high exothermicities of around
�90 kcalmol�1 for the addition of triplet methylene to the
CNT sidewalls.[16,17] Infinitely long zigzag and armchair
SWNTs, the two types of tubules with extreme chiral angles
q (08 and 308), only have two symmetry-unique types of C�
C bonds (Figure 1). The computations suggest that in both
types of tubes one of these bonds, the “axial” bond A,
reacts with a carbene, or more generally also with nitrenes,
oxygen, and sulfur atoms, with formation of the usual three-
membered ring.[16] The other bond, termed “circumferen-
tial” C in the remainder of this paper, undergoes carbene in-
sertion into the C�C bond, and opening of the sidewalls was
predicted based on computations. This latter mode of reac-
tion was found to be more favorable than cyclopropane for-
mation by 29 kcalmol�1 for a (5,5) armchair nanotube.[16,17]


Systematic investigations of carbene reactivity towards
SWNTs taking into account different chiral angles and tube
diameters, though highly desirable for understanding SWNT
chemistry, are not available today. Similarly, available mech-
anistic investigations are of rather limited scope.[15,19] The
present paper attempts to address these aspects of carbene
and carbon nanotube chemistry by using DFT methods in
conjunction with finite and infinite CNT models. The paper
is structured in the following way: 1) The smallest model for
studying carbene addition to infinitely long CNTs is estab-
lished; 2) the models are used to determine the CH2 binding
energies as a function of tube diameter and limiting chiral
angles q=08, 308 (zigzag and armchair); and 3) the reaction
pathway for addition of dichlorocarbene CCl2 to the (5,5)
armchair CNT is mapped out.


Results and Discussion


Evaluation of models for studying CNT chemistry: lengths
of finite clusters and unit cells in periodic calculations : The
interaction of a single molecule with an infinitely long
SWNT can be simulated computationally either by using a
finite-length fragment of the nanotube or by imposing peri-
odic boundary conditions (PBC). In each case it is necessary
to determine the minimum length of the SWNT model for
deriving the binding energy of a single addend molecule to
the sidewall of a SWNT [Eqs. (1) and (2)].


SWNTþ CR2 ! SWNT-CR2 ð1Þ


Erxn ¼ EðSWNT-CR2Þ�EðSWNTÞ�EðCR2Þ ð2Þ


In other words, the reaction energy must be converged
with respect to the size of SWNT model if intrinsic proper-
ties are sought. This convergence guarantees the elimination


of effects from edges in finite cluster computations or ad-
dends in neighboring unit cells in PBC calculations. The pre-
vious study on carbene addition focused on the open (5,5)
armchair tube by using finite clusters of various lengths,
C30+10nH20, and on the circumferential C�C bond C.[17] It
concluded that a fully benzenoid[20,21] model system should
be used, and that C90H20 would be the minimal model for
studying the chemistry of the (5,5) armchair tube.[17] Conse-
quently, this C90H20 model was used to study the reaction
mechanism.


Application of the cluster approach to zigzag nanotubes is
problematic, as their electronic structure differs from that of
armchair tubes. The latter have a band crossing, which is lo-
cated at 2/3k within the zone-folding approximation. Conse-
quently for finite-length clusters studied earlier, the band
gaps decrease with increasing SWNT length, but remain
large enough for spin-restricted Kohn–Sham wave functions
to be stable. In contrast, the bands of zigzag tubes have the
smallest (or vanishing) gaps at the center G of the Brillouin
zone. Finite models consequently also have very small
HOMO–LUMO gaps that result in triplet instabilities of the
KS wave functions.[22] The spin-unrestricted solutions are
significantly lower in energy, but are plagued by very large
hS2i values (e.g., 2.91 for the (10,0) tube fragment C100H20 at
the PBE/3-21G level).


I therefore prefer to study these zigzag systems, and for
comparison also the armchair tubules, using periodic boun-
dary conditions. The dependence of the addition energy Erxn


of CH2ACHTUNGTRENNUNG(
3B1) with respect to the lengths of the unit cells,


given in multiples of the minimum unit cell of pristine tubes,
is shown in Figure 2. For both (5,5) and (10,0) tubes a
smooth convergence of the addition energy with respect to
the length of the unit cell is obtained for bonds A and C
(see Figure 2).


Based on these results, two unit cells for armchair and
three unit cells for zigzag tubes were used for further study
of the dependence on diameter of Erxn. Note that the bind-
ing energy of CH2ACHTUNGTRENNUNG(


3B1) to bond A of the (5,5) SWNT de-
rived from the PBC approach, �98.0 kcalmol�1, is in very
good agreement with that derived from the C90H20 finite
cluster, �98.5 kcalmol�1 at the PBE/6-31G*//PBE/3-21G
level of theory.


Addition energies of CH2: dependence on addition site,
nanotube chiral angle, and diameter : As expected from the
previous investigation of the addition of CH2 to (5,5) arm-
chair nanotubes,[17] for all armchair tubes between (3,3) and
(12,12) reaction with the circumferential C�C bonds yields
the insertion products throughout, while the reaction with
axial C�C bonds results in formation of a three-membered
ring. The corresponding C�C distances range from 2.15 to
2.26 P [(12,12) to (3,3)] for insertion and are around 1.57 P
for cyclopropanation products. The long C�C distance re-
sulting from circumferential addition of CH2 to the (12,12)
CNT is in contrast to recent results of Lu et al.,[23] possibly
due to the larger basis set and more accurate reciprocal
space integration in the present work. Insertion is more fa-
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vorable than cyclopropanation for all armchair tubes consid-
ered (Figure 3). For both types of reactions the exothermici-
ty decreases monotonically with increasing tube diameter.
Also the preference for the circumferential mode, DErxn=


(EA
rxn�EC


rxn)>0, decreases with increasing diameter; in the
limit of a planar graphene sheet, the two modes are degen-
erate due to symmetry.


For (3,0) to (18,0) zigzag tubes the reaction with circum-
ferential bonds also results in insertion products (C�C 2.10–
2.29 P), while that with axial bonds yields cyclopropane de-
rivatives (C�C 1.50–1.56 P). For both modes of reaction the
binding energies also decrease with increasing SWNT diam-


eter, and insertion into circumferential C�C bonds is more
favorable than cyclopropanation of axial bonds. However,
the energy difference DErxn between axial and circumferen-
tial modes is significantly smaller than for armchair tubes.
More importantly, however, DErxn does not decrease monot-
onically with tube diameter as found for armchair tubes.
Rather, an oscillatory behavior of DErxn with a period of
three is observed. This seems to be related to the electronic
nature of the zigzag tubes. Within the zone-folding approxi-
mation (ZFA), zigzag (n,0) tubes are metallic for n=3k
(k=1, 2, 3,…) and, with exception of the highly strained
(3,0) tube, these tubes show the least preference for circum-


Figure 2. Dependence of the binding energy of CH2 ACHTUNGTRENNUNG(
3B1) to the circumferential (white) or axial (gray) C�C bonds in (5,5) armchair and (10,0) zigzag


carbon nanotubes on the number of unit cells at the PBC-PBE/3-21G level of theory.


Figure 3. Top: Binding energies of CH2 ACHTUNGTRENNUNG(
3B1) to circumferential (C) and axial (A) C�C bonds in armchair (left) [(3,3) to (12,12)] and zigzag (right) [(3,0)


to (18,0)] nanotubes as obtained at the PBC/6-31G*//PBC/3-21G level by imposing periodic boundary conditions. Bottom: Dependence on diameter of
the preference of addition to circumferential C�C bonds in armchair (left) and zigzag (right) tubes. The solid lines are intended to guide the eye.
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ferential binding. Note that deviations of the band gaps
from predictions based on the ZFA are well documented for
small-diameter zigzag tubes,[24–26] and that the DFT compu-
tations give vanishing band gaps for n=3, 4, 5, and 6, and
finite band gaps (0.02–0.14 eV) for (9,0), (12,0), (15,0), and
(18,0) tubes, in agreement with these studies. However, the
actual finite band gaps of the “metallic” tubes (n=6, 9, 12,
15, 18) are much smaller than those that are semiconducting
within the ZFA. Hence, zigzag tubes (n,0) (n=6, 9, 12, 15,
18) with very small band gaps show only small preference
for addition of methylene to axial bonds.


The preference for insertion versus cyclopropanation on
reaction with carbenes discussed above for CNTs is related
to the well-known valence tautomerization of an aromatic
1,6-methano[10]annulene (1) and the cyclopropane deriva-
tive bisnorcaradiene (2), which can result from carbene ad-
dition to the central bond of naphthalene.[27]


Experimental and computational data agree that the pref-
erence for closed versus open structures depends on the sub-
stituent R at the methano bridge �CR2�; for R=H, F the
“open” 1,6-methano[10]annulene is preferred.[28–30] As the
naphthalene unit is also embedded in the SWNT sidewall,
open structures might be expected to form irrespective of
the addition site and tube chiral angle. However, a balance
between strain in the pristine tube and in the reaction prod-
ucts on the one hand and homoconjugative stabilization on
the other appears to determine the structure. The C bonds
hold the tubular structure and are strained, more so in arm-
chair than in zigzag tubes. Therefore, the C bonds readily
break on bridging to give open products, which can addi-
tionally enjoy homoconjugative stabilization. This mechani-
cal argument is in agreement with the monotonic decrease
of Erxn for C bonds with increasing diameter for both arm-
chair and zigzag tubes. By the same mechanical argument,
the axial bonds A are only slightly (armchair) or not at all
(zigzag) strained, while their breaking would result in signif-
icant strain and ultimately cause a kink in the entire CNT
backbone. This appears to be too costly energetically to be
counterbalanced by homoconjugative stabilization.


Energy profiles for the addition of CCl2 to [60]fullerene and
to (5,5) SWNT: As the addition of carbenes to the circum-
ferential C bonds in armchair tubes is always more exother-
mic than addition to an axial bond, a selective reaction of
carbenes with C bonds of armchair tubes might be possible.
Such an assumption, based on the Bell–Evans–Polyani prin-
ciple, requires a study of the corresponding transition states
for verification. Therefore, a detailed investigation of the re-


action path of CCl2 addition, the carbene experimentally
employed by Haddon et al. ,[8–10] is worthwhile as significant
insight into the properties of CNT is expected to be gained.
Hence, the energy profile for CCl2 addition using the finite
C90H20 model of a (5,5) armchair tube is investigated here.
The cluster approach was chosen due to the need to charac-
terize transition states by computation of the Hessian eigen-
values, a task too demanding with PBC. For comparison and
evaluation of the theoretical approach the C2H4+CF2 and
C60+CCl2 addition reactions are also considered.


Carbon nanotubes and fullerenes can ultimately be con-
sidered to be alkenes. The addition of singlet carbenes to al-
kenes is well known to proceed in a single step[31–33] and in a
non-least-motion fashion,[4,34–36] as the least-motion mecha-
nism is symmetry-forbidden in the sense of the Woodward–
Hoffmann rules.[37] The reaction is generally considered to
proceed in two phases: in the first the carbene approaches
suprafacially to the p system and thereby maximizes the
electrophilic carbene–alkene interaction, that is, the
HOMOACHTUNGTRENNUNG(olefin)–LUMO ACHTUNGTRENNUNG(carbene) interaction in terms of
frontier orbital theory. In the second phase the nonbonding
electron pair of the carbene participates in nucleophilic in-
teraction with the LUMO of the alkene. Depending on the
natures of the carbene and the olefin, the addition reaction
involves a single transition state on the potential energy sur-
face or none at all in the case of CH2ACHTUNGTRENNUNG(a


1A1)+C2H4.
[38] The


structure of the TS is intimately related to the electronic
structures of the carbene and the olefin.[39–43] For the reac-
tion of dichlorocarbene with the prototypical ethene a tran-
sition state is found at the B3LYP and MP2 levels of theory,
and the classical barrier for the reaction is computed to be
1.7 kcalmol�1 at the B3LYP/6-311G**//B3LYP/6-31G*
level.[44]


[60]Fullerene is a strongly electrophilic substrate and as
such reacts with electrophilic and nucleophilic carbenes at
the [6,6] bonds. Computations on C60CH2 showed that the
[6,6] adduct, methanofullerene (1), is more stable thermody-
namically than the [5,6] adduct, methanohomofullerene (2),
which is characterized by a long C�C distance beyond 2 P
between the bridgehead carbons.[29,45–47] The addition of
CCl2 (


1A1 state) to both the [6,6] and [6,5] bonds of the C60


molecule proceeds as outlined above for a typical alkene:
there is one transition state for each addition site (TS[6,6]


and TS[5,6]), which lie 1.6 and 3.9 kcalmol�1, respectively,
above the separated reactants C60+CCl2. Correction for
ZPVE gives 1.8 and 4.1 kcalmol�1 (Figure 4 and Figure 5).


Computation of the intrinsic reaction coordinate (IRC)
confirms that TS[6,6] connects to the cyclopropanation prod-
uct, the methano[60]fullerene C61H2. Both TS[6,6] and TS[5,6]


are similar in geometry and share the structural features
typical for the TSs of carbene–olefin reactions (Figure 4). In
accord with its higher energy, TS[5,6] is located “later” along
the reaction coordinate, as judged from the distance be-
tween the carbene carbon atom and the fullerene. The rela-
tive energies of the two transition states are in agreement
with the Bell–Evans–Polyani principle: the more exothermic
reaction has a lower barrier.
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While [60]fullerene is an excellent electron acceptor (low-
lying LUMO) and a good p donor (high-lying HOMO),
carbon nanotubes are even better Lewis acids and Lewis
bases by virtue of their small or vanishing band gap. For ex-
ample, the Fermi level (crossing of highest and lowest crys-
tal orbital bands, HOCO and LUCO) of the (5,5) armchair
tube is at �4.03 eV, while C60 has HOMO and LUMO at
�5.50 and �3.83 eV, respectively (PBE/6-31G* data). This
change in electronic structure has a pronounced effect on
addition with CCl2: it turns into a two-step reaction involv-
ing a diradicaloid intermediate.


On approach of CCl2 to the circumferential and axial C�
C bonds of the (5,5) SWNT the transition states TS1c and
TS1a are encountered (Figures 6 and 7). In contrast to the


transition states for the C60+CCl2 reaction, the RB3YLP
solutions have triplet instabilities; the hS2i expectation
values in UB3LYP optimized structures of 1.01 and 0.42 are
indicative of some diradical character. The transition struc-
tures TS1c and TS1a are very similar in geometry to those
for addition to C60 (Figure 5), and are somewhat higher in
energy: 5.5 and 2.1 kcalmol�1 with respect to the separated
reactants. The axial bond A in (5,5) SWNT is more easily at-
tacked than the circumferential bond C, in spite of the
higher exothermicity of the addition to C.


Figure 4. Schematic energy profile [kcalmol�1] for the reaction of
[60]fullerene with singlet dichlorocarbene as computed at the B3LYP/6-
311G**//B3LYP/6-31G* level of theory. Zero-point-corrected data are
given in parentheses.


Figure 5. Transition structures and products computed for the addition of
singlet dichlorocarbene (chlorine: black spheres) to the [6,6] and [6,5]
bonds of [60]fullerene at the B3LYP/6-31G* level of theory. Bond lengths
are given in Sngstrom.


Figure 6. Schematic energy profile [kcalmol�1] for the addition of singlet
dichlorocarbene to the central circumferential (C) and axial (A) bonds of
a finite (5,5)-CNT slab of C90H20 stoichiometry at the B3LYP/6-311G**//
B3LYP/6-31G* (regular print), PBE/6-311G**//PBE/6-31G* (italic), and
GVB(1)-PP/6-31G*//B3LYP/6-31G* (bold) levels of theory.


Figure 7. Transition structures and diradicaloid intermediate D computed
for the addition of dichlorobenzene (chlorine: black spheres) to the axial
(A) and circumferential (C) bonds of a (5,5)-C90H20 model as computed
at the UB3LYP/6-31G* level of theory. Important distances are given in
Sngstrom.
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The next stationary point along the reaction path is dira-
dicaloid D (see Figure 7), which is bound by 17 kcalmol�1


with respect to the reactants. It is characterized by a short
C�C bond of 1.544 P and a pyramidalized CCl2 moiety.
Upon exploration of the potential energy surface for rota-
tion about the C�CCl2 bond another higher lying isomer
was found at the UB3LYP/3-21G level of theory. This ro-
tamer, however, converges to D on geometry optimization
at the UB3LYP/6-31G* level.


Two additional transition states were located: in one the
CCl2 moiety is bent towards the adjacent carbon atom in cir-
cumferential direction (TS2c), and in the other in axial di-
rection (TS2a) (see Figure 7). Both of these TSs describe
ring-closure reactions and are early compared to the reac-
tion products. The barrier heights for these two reaction
channels emanating from the diradicaloid intermediate D
are sizeable, 14.0 and 8.8 kcalmol�1, respectively, at the
UB3LYP/6-311G**//UB3LYP/6-31G* level of theory.


Qualitative agreement with the hybrid Hartree–Fock
DFT data provided by UB3LYP is obtained with the gradi-
ent-corrected UPBE functional. However, the barriers for
the ring-closure reaction via TS2c and TS2a are significantly
lower. In particular, the relative energy of TS2a, decisive for
the existence of a diradicaloid intermediate on the potential
energy surface, is only 4.7 kcalmol�1. Therefore the study
was extended to the GVB(1)-PP/6-31G* level of theory,
which provides an adequate zeroth-order description of dir-
adicaloid species. While the barrier of 15.3 kcalmol�1 via
TS2c at GVB is similar to UB3LYP data, it is smaller
(3.9 kcalmol�1) for the reaction through TS2a than at
UB3LYP, but in reasonably good agreement with UPBE.


All available computational data are thus in favor of a
nonconcerted mechanism for addition of CCl2 to a (5,5)
armchair CNT. Two-step mechanisms for carbene addition
to olefins were discussed previously by Jones and Moss.[4]


While the recent computational investigation of Merrer and
Rablen[48] does not lend support to the existence of inter-
mediates in the reaction of CCl2 with cyclopropenes,[49–52]


the rearrangements of vinyl-substituted cyclopropylcarbenes
are best rationalized by a diradicaloid intermediate.[53, 54] The
computational analysis of the ethylene+CF2 reaction by
Bernardi et al.[55] at the (4,4)-CASSCF/6-31G* level suggest-
ed a two-step mechanism with a diradical intermediate
having a barrier to ring closure of only 0.2 kcalmol�1. This
barrier was found to disappear on inclusion of multirefer-
ence second-order perturbation theory single-point energy
corrections.


From comparison with the C2H4+CF2 reaction (see Sup-
porting Information) it is concluded that UB3LYP overesti-
mates the stability of a potential diradicaloid intermediate
in the C2H4+CF2 reaction, while the concerted mechanism
obtained at the PBE level is in agreement with more elabo-
rate multireference configuration interaction results. Based
on this comparison, the UB3LYP level possibly overesti-
mates the stability of D. The lower barrier obtained for ring
closure via TS2a at the UPBE and GVB levels, 4–5 kcal
mol�1, appears to be a more reasonable estimate for this


process. While desirable for further evaluation of the stabili-
ty of the diradicaloid intermediate, higher level computa-
tions cannot be performed at this time. However, from a
chemical point of view, its existence appears possible due to
the good stabilization the diradicaloid can enjoy from the
presence of the extended p system. This special stabilization
by an adjacent p system was already invoked by Jones et al.
in rearrangements of vinyl-substituted cyclopropylcar-
benes.[4,53, 54] Similarly, Schreiner et al.[56,57] concluded in a
recent investigation of the Cope and related rearrangements
that two-step mechanisms become competitive with conven-
tional concerted pathways if diradicaloid intermediates can
be stabilized by delocalization, be it allylic or aromatic.


The finding of a nonconcerted reaction mechanism for ad-
dition of singlet CCl2 to a (5,5) armchair tube is at variance
with a recent study on carbene addition to this nanotube
using the B3LYP functional.[58] Su identified one transition
state for addition of singlet dimethylcarbene and thus de-
scribes the reaction as a concerted process.[58] However,
these computations did not probe for spin-unrestricted solu-
tions of the Kohn–Sham equations and were thus inappro-
priate for locating diradicaloid structures. Note that the in-
vestigation described here is restricted to singlet dichlorocar-
bene, while the influence of substituents bound to the car-
bene center on the reaction mechanism has not been investi-
gated. Addition of dimethylcarbene to a (5,5) CNT may not
involve an intermediate, but more computational investiga-
tions are needed to clarify this interesting point.


Finally, at all levels of theory employed here, formation of
the higher energy addition product (5,5)A-CCl2 is kinetically
more favorable than formation of the ring-opened product
(5,5)C-CCl2. This is an apparent violation of the Bell–
Evans–Polyani principle, and might be due to the nonexis-
tence of the putative cyclopropane product of circumferen-
tial addition. This “hidden” intermediate[59] might be so
highly strained that it its three-membered ring spontaneous-
ly opens in later phases of the reaction, which are, however,
not involved in determining the reaction barriers.


Conclusion


The results reported here give significant insight into the
chemical properties of single-walled carbon nanotubes with
respect to the reaction with carbenes, a prototypical class of
neutral reactive intermediates. The following conclusions
can be drawn:


1) In armchair tubes ranging from (3,3) to (12,12) insertion
into the circumferential bond C to form a “methano-ho-
monanotube” is always more exothermic than cyclopro-
panation of the axial bond A. The preference for reac-
tion with A decreases monotonically with increasing tube
diameter, and in the planar limit the two modes are de-
generate.


2) Circumferential C�C bonds in zigzag SWNTs also under-
go insertion of carbenes, while the axial C�C bonds un-
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dergo cyclopropanation. The energetic preference of the
reaction with circumferential bonds is less pronounced
for metallic zigzag tubes than for semiconducting ones.


3) At a given diameter, addition to the circumferential
bond of armchair tubes is more exothermic than to any
bond in zigzag tubes.


4) The reaction mechanism for dichlorocarbene addition to
a (5,5) SWNT is unusual: it does not proceed according
to the typical one-step mechanism, but rather involves a
diradicaloid intermediate. The very good delocalization
of the nonbonding electron can provide sufficient stabili-
zation to turn the diradicaloid into a minimum on the
potential energy surface. The barrier separating this dira-
dicaloid intermediate from the products is estimated to
be about 4 kcalmol�1. Formation of the thermodynami-
cally more favorable open CCl2 addition product is kinet-
ically less favorable than formation of traditional cyclo-
propane derivatives, at least for the (5,5) armchair tube
studied here.[71]


Computational Details


Density functional computations employed the gradient corrected func-
tional due to Perdew, Burke, and Ernzerhof (PBE)[60,61] and the three-pa-
rameter hybrid functional due to Becke[62] as implemented in the Gaussi-
an03[63] program suite in conjunction with the exchange-correlation func-
tional of Lee, Yang, and Parr[64] (B3LYP). In this study, three different
basis sets were used: 3-21G,[65] 6-31G*,[66] and 6-311G**.[67]


Infinite carbon nanotubes were modeled by imposing periodic boundary
conditions (PBC) as implemented[68,69] in Gaussian03. In PBC computa-
tions, geometries were optimized at the PBE/3-21G level of theory, while
final energies were obtained by single-point computations with the 6-
31G* basis set. The largest PBC computations for the (18,0) tube in-
volved 3259 basis functions and 52 k points.


Finite carbon nanotube models were terminated with hydrogen atoms to
avoid dangling bonds. For the study of these models, the B3LYP and
PBE functionals were employed. Geometries were obtained with the 6-
31G* basis set, while single-point energies were computed with the 6-
311G** basis set. Triplet states of carbenes were computed by using the
spin-unrestricted formalism. The spin-restricted Kohn–Sham wave func-
tions of singlet states were checked for instabilities, and the transition
states and intermediates involved in the reaction of CCl2 with the (5,5)
SWNTwere found to have triplet instabilities and were thus described by
using the spin-unrestricted formalism.[22] For comparison the perfect-pair-
ing generalized valence bond (GVB-PP) approach with one pair of elec-
trons and two orbitals in conjunction with the 6-31G* basis set at the ge-
ometries obtained at the UB3LYP/6-31G* level of theory (GVB(1)/6–
31G*//UB3LYP/6–31G*) was also employed. While the resulting wave
function is the minimal requirement for a theoretically sound description
of diradicaloid species, it does not include the effects of dynamic correla-
tion, which are expected to be important for a more reliable treatment.
However, due to the size of the systems (1443 basis functions for
C90H20+CCl2 when using the 6-31G* basis set) the GVB wavefunction
could not be corrected by a perturbation treatment. The GVB computa-
tions were performed with the GAMESS-US program.[70]
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Synthesis of Small Tripeptide Molecules through a Catalysis Sequence
Comprising Metathesis and Aminohydroxylation


Jan Streuff,[a, b] Martin Nieger,[c] and Kilian MuÇiz*[a, b]


Introduction


Recent impressive advances in the area of chemical biology
rely on small organic molecules employed as probes for the
systematic exploration of biological functions.[1,2] To effi-
ciently address a given biological question, there is a
demand for the synthesis of configurationally and conforma-
tionally defined molecular entities. To this end, Schreiber
and co-workers have introduced the concept of diversity-ori-


entated synthesis.[3] The basic principle in this approach con-
sists of accessing complex and structurally diverse com-
pounds through defined organic synthesis procedures.
From this point of view, a sequence of different catalytic


transformations would definitely be a strategic asset toward
the realization of this goal. On the other hand, to target bio-
molecules or related chiral substances requires matching of
the stereochemistry between the target molecule itself and
the probe. Hence, there is a demand for stereochemical di-
versity within a given set of conformationally designed enti-
ties. Herein, we present a two-step sequence of catalytic
transformations that readily generates stereochemically di-
verse tripeptides through a sequence of two defined catalytic
processes.
Such an approach is of importance since the synthesis of


natural peptides and novel peptide derivatives as well as the
study of their structural properties and their biological and
pharmaceutical evaluation[4] is of paramount importance for
modern society. In particular, evaluation of small peptidic
structures has recently emerged as a powerful tool for eluci-
dation of biological response.[5,6] Generally, these com-
pounds are obtained from iterative coupling of individual
amino acid entities upon the application of activating agents
and protecting groups.[4c,d] For the synthesis of peptides in-
corporating non-natural amino acids, the same sequential


Abstract: Tripeptidic structures were
synthesized by using a combination of
two independent consecutive catalytic
procedures. Cross-metathesis of N-
acroyl amino acid esters yields fumaric
amide compounds with exclusive E
double-bond geometry. This represents
an unprecedented example of complete
double-bond selectivity in this kind of
reaction. A subsequent asymmetric
aminohydroxylation of the chiral fuma-
ric amides was carried out without the
need of any further ligand and gave
high yields and no side products. This


reaction transforms the central fumaric
amide unit into a hydroxy aspartic acid
moiety and relies on the inherent ster-
eochemistry of the starting fumaric dia-
mides. An additional feature of our se-
quence is the ease of generating stereo-
chemical diversification within the ami-
nohydroxylation reaction. As a conse-


quence, rapid conformational and
configurational diversification can be
achieved from the overall two-step cat-
alytic sequence. The versatility of this
approach is demonstrated by starting
from two different N-acroyl amino
esters, which led to the synthesis of
eight structurally and stereochemically
different tripeptides that could all be
identified individually. As such, the
present two-step catalytic approach
should serve to efficiently synthesize
large families of tripeptidic molecular
probes.
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approach starting from the particular monomer is usually
employed.[7]


To construct tripeptide derivatives, a sequence of two cat-
alytic processes[8] was envisioned consisting first of a cou-
pling of two amino acid units upon introduction of a prochi-
ral spacer. Asymmetric transformation of this spacer should
then create a new amino acid entity and thereby generate a
tripeptide molecule (Figure 1, left). This approach will be


particularly valuable in generating structures that contain
non-natural amino acids and that are not readily accessible
through conventional coupling. As another important fea-
ture, the final catalytic transformation may generate more
than a single stereoisomer leading to several enantiopure tri-
peptides due to the initial amino acid residues (Figure 1,
right). Such a modular approach should therefore meet the
criteria for stereochemical diversity[5] if we intentionally
choose substrates or catalysts that bring about the formation
of more than a single stereoisomeric product. As such, com-
plete configurational diversity should be feasible for those
processes that produce all stereochemically possible amino
acid entities at once. Thus, a potential application in biologi-
cal screening processes will be able to evaluate all absolute
configurations.


Results and Discussion


To achieve our goal olefin metathesis was chosen for the
first transformation. Over the years, olefin metathesis has
developed into one of the most broadly applicable tools in
synthesis. For their outstanding contributions to the initia-
tion and the development of olefin metathesis, Chauvin,
Grubbs, and Schrock were awarded the Nobel Prize in
Chemistry in 2005.[9]


Recent impressive advances in the area of olefin metathe-
sis have led to the development of ruthenium- and molybde-
num-based catalysts that enable the construction of a broad
variety of alkenes within cross-metathesis.[10] To realize the
concept outlined in Figure 1, fumaroyl was chosen as spacer.
Fumaroyl should be accessible through catalytic homo-
cross-metathesis of acrylamides incorporating amino acids.
For this purpose a number of amino acids were condensed


with acryl chloride under stand-
ard conditions (CH2Cl2, NEt3,
room temperature), which fur-
nished the respective N-acroyl
amino acid esters 1a–f of ala-
nine, phenylalanine, valine, leu-
cine, tert-leucine, and b-alanine
(Scheme 1).
Acryl amides have not been


among the more popular sub-
strates for metathesis processes.
In fact, they were regarded as
rather problematic alkenes, and
to date there is only a single
report on their general use in
cross-metathesis with other al-
kenes.[11] First experiments re-
vealed that the desired homo-
cross-coupling of the acryloyl
alanine ester did not go to com-
pletion with the standard


Grubbs catalyst [(PCy3)2RuCl2=CHPh]. However, the corre-
sponding second-generation catalyst 2 containing an N-het-
erocyclic carbene substituent proved to be highly efficient
and, at 2.5 mol% loading, induced the formation of the de-
sired fumaric amides (Scheme 2, Table 1).
In general, the homo-cross-metathesis reaction with cata-


lyst 2 proceeded smoothly in refluxing dichloromethane and
yielded the respective fumaroyl-linked amino acid products
3a–f in good to excellent yields (Scheme 2). In particular,
the respective products from alanine and phenylalanine
gave quantitative conversion under these conditions and 94–
97% isolated yield (Table 1, entries 1,2). Other examples
led to incomplete yields after a reaction time of 10 h with


Figure 1. Concept for tripeptide synthesis employing catalytic transformations: fundamental two-step sequence
(left), diversity-generating processes (right).


Scheme 1. Synthesis of N-acroyl amino esters.
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the remaining starting material in the range of 8–15% as es-
timated from the 1H NMR spectra of the crude material
(Table 1, entries 4,5 and 35% in the formation of product
3 f from b-alanine incorpora-
tion). In these cases, analytical-
ly pure products 3d–f were ob-
tained directly through crystalli-
zation from the reaction mix-
ture or after column chroma-
tography.[12] Importantly, all
products were obtained as pure
fumaric amides, that is, with
complete E selectivity with
regard to the newly established
C=C double bond. Given the
usual reversibility of transition-
metal-catalyzed metathesis, this
rarely observed complete selec-
tivity may be attributed to the
high insolubility of the product
in the reaction solvent. Alterna-
tively, a decisive influence of
the amide group on the final E/
Z selectivity through additional
interaction with the metal
center cannot be ruled out at the present stage.
The catalytic metathesis step with its well-defined product


formation poses the interesting question on subsequent use
of the products as starting materials for oxidative alkene


conversion.[13] Transformation
of products 3a–f into peptidic
structures requires nitrogen in-
corporation. Recent advances
in the aminohydroxylation[14] of
unsaturated esters have led to
the synthesis of various serine
and isoserine derivatives, of
which the side chain of Pacli-
taxel represents the most prom-
inent example.[15] Still, this reac-
tion generates amino acid mon-
omers that require elaboration
within the usual coupling proc-
esses. On the other hand, unsa-
turated amides represent a


unique class of starting compounds for Sharpless aminohy-
droxylation within the so-called second catalytic cycle. This
reaction forms serine and isoserine amides in racemic form
only and due to the specific oxidation conditions of second
cycle catalysis cannot be carried out enantioselectively.[16, 17]


However, the realization of an aminohydroxylation reac-
tion course toward chiral non-racemic molecules should in
principle be feasible by the use of an enantiopure a,b-unsa-
turated starting material as is the case for 3a–e. A catalytic
cycle will begin with an aminohydroxylation to give an os-
ma(vi)azaglycolate A, which subsequently functions as a cat-
alyst (Scheme 3). Reoxidation to compound B with a central
osmium ACHTUNGTRENNUNG(viii) atom occurs with the nitrenoid chloramine-T.
Then, subsequent aminohydroxylation of another fumaric
amide occurs resulting in the formation of a bisazaglycolate


C. One tripeptidic product is released by hydrolysis and aza-
glycolate A is regenerated.
Any stereoselection in conventional second-cycle catalysis


relies solely on the remote chiral information of glycolate


Scheme 2. Synthesis of amino-acid-incorporated fumaric amides through catalytic homo-cross-coupling.


Table 1. Cross-metathesis of N-acroyl amino esters.


Entry Substrate/amino
acid


R R’ Product Yield [%]


1[a,b] 1a/alanine CH3 CH3 3a 94
2[a,b] 1b/phenylalanine CH2 ACHTUNGTRENNUNG(C6H5) CH2CH3 3b 97
3[a] 1c/leucine CH ACHTUNGTRENNUNG(CH3)2 CH3 3c 79 (92)[c]


4[a] 1d/valine CH2CHACHTUNGTRENNUNG(CH3)2 CH3 3d 80 (89)[c]


5[a] 1e/tert-leucine C ACHTUNGTRENNUNG(CH3)3 CH3 3e 74 (84)[c]


[a] Reactions were carried out on a 1 mmol scale with 2.5 mol% of cata-
lyst 2 in dichloromethane (2m solution), at 40 8C and for 10 h. [b] Re-
action time of 4 h. [c] Estimated conversion according to the 1H NMR
spectrum of the crude reaction mixture.


Scheme 3. Catalytic cycle for expected oxidative transformation of fumaric amides 3 into tripeptides 4,5.
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and azaglycolate ligands, respectively. In view of the gener-
ally observed low induction in the step to produce C from
B, the formation of diastereomeric mixtures at stage C
arises. We previously discussed the impossibility for high
stereoselectivity in self-replication processes of related
second-cycle catalysis and therefore expected the formation
of both stereoisomers for the present aminohydroxylation
reaction of 3a–e.[18,19] Such a result is well-suited for the
present purpose of a stereodiversified peptide synthesis. The
synthesis has been achieved for enantiopure fumaric amides
3a–e incorporating amino acid residues, which upon amino-
hydroxylation directly and exclusively yield two diastereo-
meric tripeptides with hydroxy aspartic acid incorporated as
bridging entity (Scheme 4).


In all cases, quantitative conversion was achieved and no
products other than the expected b-hydroxy aspartic acid
derivatives were observed. Depending on the original amino
acid residues, different diastereomeric ratios (d.r.) were ob-
served that ranged from 55:45–85:15 (Table 2). As expected


from the literature,[16] the usually employed chiral cinchona
alkaloid ligands[14] did not influence the diastereomeric
ratios. The incomplete stereoselectivity was expected for the
present project, since product diversification demands the
formation of diastereomeric mixtures.[20] For the purpose of
full characterization, all product mixtures 4/5 could be readi-
ly separated, either by conventional silica-gel column chro-
matography or by semi-preparative HPLC on a silica-gel
phase.


b-Hydroxy aspartic acid with its particular functional
groups represents a structural chimera classified as a-amino


acid, b-amino acid, a-hydroxy, and b-hydroxy acid, respec-
tively. To our surprise, no X-ray data on a small organic
molecule incorporating the structural connection present
here was available from the CCDC.[21] Therefore, the major
isomer from aminohydroxylation of fumaric amide 3c was
crystallized and its absolute S,S,S,S configuration was unam-
biguously established by X-ray analysis (Figure 2).
The asymmetric unit contains four independent molecules


that differ in the respective orientation of their leucine
units. As a common motif there is a single intramolecular
hydrogen bond present, which is located between the OH
group of the central b-hydroxyl aspartic acid moiety and the
ester group of a valine terminus producing a nine-membered
helical arrangement. While for three of the molecules this


connects to the carbonyl group
(Figure 2, top), the remaining
structure shows a hydrogen
bridge to the methoxy group
(Figure 2, bottom). This intra-
molecular hydrogen bridge be-
tween the OH group of the
newly generated amino acid
and the ester of one valine unit
determines the overall structure
of the molecule. All remaining


Scheme 4. Asymmetric aminohydroxylation of chiral fumaric amides.


Table 2. Aminohydroxylation of amino acid based fumaric amides.


Entry Substrate Products Conversion[%][a] d.r.[b]


1 3a 4a, 5a >99 67:33
2 3b 4b, 5b >99 62:38
3 3c 4c, 5c >99 85:15
4 3d 4d, 5d >99 55:45
5 3e 4e, 5e >99 58:42


[a] Determined by 1H NMR spectroscopy and TLC. [b] Determined by
1H NMR spectroscopy of the crude reaction mixture.


Figure 2. Solid-state structure of (S,S,S,S)-4c. Two of four independent
molecules from the asymmetric unit.
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hydrogen bonds are intermolecular bridging bonds resulting
in a typical b-sheet arrangement. Figure 3 displays the cen-
tral entity of the four independent molecules. Two molecules


are connected to form an anti-
parallel sheet structure through
six intermolecular hydrogen
bonds. These involve five N�H
and one O�H moieties. A
common observation is that the
involvement of the latter ren-
ders the intermolecular hydro-
gen bonds to be of bifocal char-
acter.[22] The resulting two sheet
structures are again orientated
in an antiparallel fashion to-
wards each other through two
additional NH�OC bonds.
These examples of generating


enantiomerically pure com-
pounds 4a–d and 5a–d prove
that structural diversification of
small molecules based on tri-
peptides is quite possible within
two consecutive catalytic trans-
formations. In addition, the
asymmetric aminohydroxylation
relies on the inherent stereo-
chemical information provided
by the amino acid residues
from the fumaric amide sub-
strates. Thus, no further source
of chirality is required, which
renders the present conversion
highly economical.[23] In princi-
ple, an even higher diversifica-
tion should be possible from


the reaction of fumaric amides with differentiation with
regard to the absolute amino acid configuration or the
amino acid residues themselves.
To demonstrate the high potential of this approach, we


conducted a cross-metathesis of N-acryl alanine and N-acryl
leucine, which furnished all three different fumaric amides
in the expected statistical ratio of 1:1:2. Subsequent amino-
hydroxylation of the three unseparated compounds then led
to formation of a mixture of all eight possible different tri-
peptides within a single aminohydroxylation step, which
could be identified unambiguously by HLPC analysis
(Scheme 5).[24]


Again, the individual components could be characterized
by starting from the isolation of the mixed fumaric amide 6.
Subsequent aminohydroxylation of the asymmetric fumaric
amide 6 led to complete conversion with no detection of
side products. As expected, all four possible isomers 7a–d
were obtained in a 38:12:38:12 ratio and could be conven-
iently separated (Scheme 6).
After having obtained the respective tripeptide from the


oxidations of 3a and 3c (Table 2, entries 1 and 3), all eightFigure 3. Intermolecular-hydrogen-bonding pattern for [(S,S,S,S)-
4c]4·acetone.


Scheme 5. Generation of eight different tripeptides from sequential catalytic transformation of two N-acroyl
amino esters.
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tripeptides from aminohydroxylation of the unseparated re-
action mixture from metathesis could thus be isolated and
characterized.


Conclusions


We have described a two-step catalytic process leading to
the preparation of chiral, optically active tripeptides within
two consecutive catalytic reactions and in high overall
yields. The formation of the additional stereogenic centers
relies solely on the inherent stereochemistry of the incorpo-
rated amino acids and represents the proof of principle for
this new conceptual approach in peptide synthesis. More-
over, it can be used as a powerful synthesis tool to promote
stereochemical diversity in the generation of novel peptides,
both as individual compounds in an analytically pure form
and as diversified mixtures for potential biological screen-
ing.


Experimental Section


1H and 13C NMR spectra were measured on a Bruker DPX 300 MHz or a
Bruker DPX 400 MHz spectrometer. The 1H and 13C NMR chemical
shifts were referenced to the solvent signals (1H NMR: CDCl3=7.26,
[D6]DMSO=2.49, [D4]methanol=3.30 ppm. 13C NMR: CDCl3=77.00,
[D6]DMSO=39.50, [D4]methanol=49.00 ppm). The mass spectra and the
high-resolution mass spectra were measured on a Kratos MS 50 mass
spectrometer. The polarization angle was obtained by using a Perkin–
Elmer PE-241 polarimeter. All measurements were obtained at room
temperature by using a Na-lamp with a wavelength at 589 nm. The
sample length was d=10 cm and the concentration is given in g mL�1.
HPLC determinations and separations were carried out on a Knauer
Wellchrome instrument (injection valve A0258, pump K-100, solvent or-
ganiser K-1500, UV-detector K-2600) by using Eurosphere columns as
standard columns for semi-preparative separations.


General procedures


Representative procedure A for cross-metathesis : A flame-dried Schlenk
flask was equipped with a magnetic stirrer bar, a reflux condenser, and


was set under argon atmosphere. The
second-generation Grubbs catalyst
(0.05 equiv) was dissolved in absolute
dichloromethane and the N-substitut-
ed acrylic amide was added to the
dark violet solution (2.00 equiv,
[amide]�0.5 mmolmL�1). The mixture
was refluxed for about 6 h and the
metathesis reaction initiated after a
couple of minutes. When the reaction
was finished (TLC control), the sol-
vent was removed under reduced pres-
sure and the conversion was estimated
by NMR measurements performed on
the crude material. The crude precipi-
tate was purified by recrystallization
from dichloromethane/hexanes unless
otherwise stated. The products were
usually obtained as a white solid.


Representative procedure B for ami-
nohydroxylation : The fumaric acid di-
amide (1.00 equiv) was suspended in a
mixture of tBuOH/H2O (1:1) and
Chloramine-T hydrate (1.10 equiv)


was added. After a few minutes of stirring, K2ACHTUNGTRENNUNG[OsO2(OH)4] (0.03 equiv)
was added and stirring was continued until the reaction was complete
(controlled by TLC). A small amount of saturated Na2S2O3 solution was
added to quench the reaction and stirring was continued for 20 min. The
mixture was extracted several times with CH2Cl2 and the combined or-
ganic layers were dried over MgSO4. The solvent was removed under re-
duced pressure and an NMR spectrum of the crude yellow-white product
was taken to calculate the diastereomeric excess. The stereoisomers were
separated by flash chromatography and/or semi-preparative HPLC chro-
matography as specified in the procedures.


Representative procedure C for the synthesis of N-monosubstituted acryl
amides : A flame-dried Schlenk flask was equipped with a magnetic stir-
rer bar and set under argon atmosphere, then freshly distilled dichloro-
methane (100 mL) and triethylamine (6.23 mL, 45 mmol, 4.5 equiv) were
added. The primary amine (1.0 equiv, 10 mmol) was dissolved in this mix-
ture and the solution was cooled down to �10 8C. Then acroyl chloride
(1.22 mL, 15 mmol, 1.5 equiv) was added dropwise. The solution was al-
lowed to warm to room temperature and was stirred for 4 h. The color of
the solution changed from a light green-yellow to orange-red. The reac-
tion was quenched by the addition of HCl solution and additional wash-
ing with HCl (3.5%), and the separated organic layer was washed several
times with saturated Na2CO3 solution. The organic phase was dried over
MgSO4 and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography when necessary.


(S)-N-1-Methoxycarbonylethylacrylamide (N-acryloyl-l-alanine methyl
ester) (1a):[25]


Compound 1a was synthesized according to general procedure C.
1H NMR (400 MHz, CDCl3): d=1.43 (d, J=7.1 Hz, 3H), 3.75 (s, 3H),
4.68 (m, 1H), 5.66 (ddd, J1=10.4 Hz, J2=1.5 Hz, J3=0.8 Hz, 1H), 6.12
(dd, J1=16.9 Hz, J2=10.4 Hz, 1H), 6.29 ppm (dd, J1=16.9 Hz, J2=
1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=18.49, 48.03, 52.48, 127.00,
130.39, 164.82, 173.51 ppm.


(S)-N-1-Ethoxycarbonyl-2-phenylethylacrylamide (N-acryloyl-l-phenyla-
lanine ethyl ester) (1b):[26] Compound 1b was synthesized according to
general procedure C.
1H NMR (400 MHz, CDCl3): d=1.18 (t, J=7.1 Hz, 3H), 3.10 (dd, J1=
5.6 Hz, J2=2.3 Hz, 2H), 4.11 (dq, J1=7.1 Hz, J2=1.0 Hz, 2H), 4.87 (td,
J1=5.6 Hz, J2=7.8 Hz, 1H), 5.59 (dd, J1=10.4 Hz, J2=1.3 Hz, 1H), 6.02
(dd, J1=16.9 Hz, J2=10.4 Hz, 1H), 6.21 (dd, J1=16.9 Hz, J2=1.3 Hz,
1H), 7.03 (m, 2H), 7.19 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d=
14.09, 37.91, 53.18, 61.58, 127.06, 127.09, 128.49, 129.35, 130.39, 135.81,
164.84, 171.47 ppm.


Scheme 6. Synthesis of tripeptides from mixed fumaric amide 6.


Chem. Eur. J. 2006, 12, 4362 – 4371 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4367


FULL PAPERStereochemically Diverse Tripeptides



www.chemeurj.org





(S)-N-1-Methoxycarbonyl-2-isopropylethylacrylamide (N-acryloyl-l-leu-
cine methyl ester) (1c): Compound 1c was synthesized according to gen-
eral procedure C.


[a]25D =�34.9 (c=1.00, acetone); 1H NMR (300 MHz, CDCl3): d=0.93
(dd, J1=6.4 Hz, J2=4.2 Hz, 6H), 1.50–1.71 (m, 3H), 3.73 (s, 3H), 4.72
(td, J1=8.5 Hz, J2=5.1 Hz, 1H), 5.65 (dd, J1=10.2 Hz, J2=1.7 Hz, 1H),
6.12 (dd, J1=17.0 Hz, J2=10.2 Hz, 1H), 6.29 ppm (dd, J1=17.0 Hz, J2=
1.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=21.95, 22.72, 24.85, 41.77,
50.69, 52.27, 127.04, 130.34, 165.12, 173.58 ppm; IR (KBr): ñ=3272, 3067,
2958, 2914, 2873, 1749, 1659, 1630, 1547, 1255, 1209, 1153, 985 cm�1; MS
(EI): m/z (%): 199.2 [M]+ , 184.1 (2), 168.1 (2), 156.1 (3), 143.1 (16),
140.1 (100), 124.1 (4), 111.1 (10), 98.1 (4), 86.1 (75), 84.1 (6), 72.1 (4),
59.1 (2), 55.1 (62); HRMS: calcd: 199.1208; found: 199.1212.


(S)-N-1-Methoxycarbonyl-2,2-dimethylethylacrylamide (N-acryloyl-l-
valine methyl ester) (1d):[25b] Compound 1d was synthesized according to
general procedure C.
1H NMR (300 MHz, CDCl3): d=0.91 (dd, J1=8.1 Hz, J2=6.8 Hz, 6H),
2.15 (m, 1H), 3.71 (s, 3H), 4.62 (dd, J1=8.9 Hz, J2=5.1 Hz, 1H), 5.63
(dd, J1=10.0 Hz, J2=1.9 Hz, 1H), 6.15 (dd, J1=17.0 Hz, J2=10.0 Hz,
1H), 6.30 ppm (dd, J1=17.0 Hz, J2=1.9 Hz, 1H); 13C NMR (75 MHz,
CDCl3): d=17.81, 18.82, 31.33, 52.05, 57.02, 126.93, 130.42, 165.27,
172.48 ppm.


(S)-N-1-Methoxycarbonyl-1-tert-butylmethyl-acrylamide (N-acryloyl-l-
tert-leucine methyl ester) (1e): Compound 1e was synthesized according
to general procedure C. The crude product was purified by flash chroma-
tography (EtOAc/hexanes 1:1, 80% isolated yield). [a]23D =�37.5 (c=
0.49, MeOH); 1H NMR (300 MHz, CDCl3): d=0.99 (s, 9H), 3.73 (s, 3H),
4.57 (d, J=9.4 Hz, 1H), 5.68 (dd, J1=10.1 Hz, J2=1.5 Hz, 1H), 6.07 (br s,
1H; NH), 6.15 (dd, J1=17.0 Hz, J2=10.1 Hz, 1H), 6.30 ppm (dd, J1=
17.0 Hz, J2=1.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=26.54, 35.00,
51.83, 59.86, 127.12, 130.52, 165.09, 172.12 ppm; IR (KBr): ñ=3301, 3062,
3034, 2968, 2910, 2875, 1743, 1654, 1619, 1544, 1413, 1261, 1238, 1219,
1162, 1115, 991 cm�1; MS (EI): m/z (%): 199.1 [M]+ , 184.1 (2), 168.1 (2),
156.1 (0), 152.0 (6), 143.0 (100), 140.1 (20), 124.1 (4), 111.0 (84), 97.0 (2),
86.1 (30), 83.0 (16), 73.1 (2), 70.1 (4), 57.1 (18), 55.0 (36); HRMS: m/z
calcd: 143.0582 [M+�CACHTUNGTRENNUNG(CH3)3]; found: 143.0583.


N-2-Methoxycarbonylethylacrylamide (N-acryloyl-b-alanine methyl
ester) (1 f): Compound 1 f was synthesized according to general proce-
dure C.
1H NMR (300 MHz, CDCl3): d=2.53 (t, J=6.0 Hz, 2H), 3.53 (psq, J=
6.0 Hz, 2H), 3.63 (s, 3H), 5.55 (dd, J1=10.0 Hz, J2=1.9 Hz, 1H), 6.06
(dd, J1=17.0 Hz, J2=10.0 Hz, 1H), 6.20 (dd, J1=17.0 Hz, J2=1.9 Hz,
1H), 6.56 ppm (br, 1H); 13C NMR (75 MHz, CDCl3): d=33.61, 34.83,
51.61, 126.18, 130.73, 165.50, 172.77 ppm; IR (KBr): ñ=3284, 3074, 2954,
1738, 1660, 1628, 1549, 1439, 1244, 1200, 1178, 1084, 987 cm�1; MS (EI):
m/z (%): 157.1 [M]+ , 126.1 (16), 102.1 (56), 98.1 (16), 88.1 (4), 86.0 (8),
84.1 (35), 72.1 (5), 70.1 (10), 59.1 (4), 55.1 (100); HRMS: m/z calcd:
157.0739; found: 157.0740.


N,N’-Bis[(S)-1-methoxycarbonylethyl]fumaric diamide (3a): Compound
3a was synthesized according to general procedure A with 0.05 equiv-
alents of catalyst. The crude product was purified by recrystallization
from CH2Cl2/hexanes (94% yield).


[a]23D =�44 (c=0.1, DMSO); 1H NMR (300 MHz, [D6]DMSO/
[D4]methanol): d=1.30 (d, J=7.2 Hz, 6H) 3.62 (s, 6H) 4.35 (qd, J1=
7.2 Hz, J2=7.2 Hz, 2H), 6.87 (s, 2H) 8.81 ppm (d, J=7.2 Hz, 2H);
13C NMR (75 MHz, [D6]DMSO/[D4]methanol): d=16.80, 47.75, 51.87,
132.49, 163.36, 172.65 ppm; IR (KBr): ñ=3304, 3080, 3066, 3049, 2999,
2954, 2935, 2885, 2852, 1734, 1630, 1554, 1539, 1456, 1358, 1338, 1279,
1227, 1198, 1119, 1057, 991, 688, 667 cm�1; MS (EI): m/z (%): 286.1 [M]+ ,
255.1 (4), 227.1 (100), 184.0 (30), 125.0 (8), 124.0 (60), 96.0 (3), 82.0 (4),
70.0 (4), 59.0 (3); HRMS: m/z calcd for C12H18N2O6: 286.1165; found:
286.1169.


N,N’-Bis[(S)-1-(ethoxycarbonyl)-2-phenylethyl]fumaric diamide (3b):
Compound 3b was synthesized according to general procedure A with
0.05 equivalents of catalyst. The crude product was purified by recrystalli-
zation from CH2Cl2/hexanes (97% yield).


[a]23D =�29 (c=0.14, DMSO); 1H NMR (300 MHz, [D6]DMSO): d=1.10
(t, J=7.0 Hz, 6H), 2.90 (dd, J1=14,0 Hz, J2=9.1 Hz, 2H), 3.05 (dd, J1=
14.0 Hz, J2=5.8 Hz, 2H), 3.14 (quin, J=1.6 Hz, 2H), 4.03 (q, J=7.2 Hz,
4H), 4.55 (dd, J1=9.1 Hz, J2=5.8 Hz, 2H), 6.80 (s, 2H) 7.14–7.24 ppm
(m, 10H); 13C NMR (75 MHz, [D6]DMSO): d=14.10, 54.60, 61.35,
127.16, 128.80, 129.57, 133.14, 137.60, 164.53, 171.74 ppm; IR (KBr): ñ=
3311, 3064, 3030, 2978, 1736, 1630, 1539, 1377, 1354, 1201, 1119, 1024,
698 cm�1; MS (EI): m/z (%): 466.2 [M]+ , 421.1 (35), 393.1 (65), 375.1
(15), 350.2 (20), 304.2 (1), 291.1 (3), 290.1 (10), 274.1 (25), 246.1 (2),
228.0 (2), 217.1 (4), 200.0 (30), 182.0 (5), 177.1 (15), 176.1 (100), 148.0
(8), 131.0 (12), 120.1 (30), 103.0 (8), 91.0 (15), 82.0 (6); HRMS: m/z calcd
for C26H30N2O6: 466.2104; found: 466.2111.


N,N’-Bis[(S)-1-methoxycarbonyl-1-isobutylmethyl]fumaric diamide (3c):
Compound 3c was synthesized according to general procedure A with
0.025 equivalents of catalyst. The crude product was purified by flash
chromatography (CH2Cl2/EtOAc 1:1, 79% yield).


[a]23D =�62 (c=0.23, MeOH); 1H NMR (300 MHz, CDCl3): d=0.94 (dd,
J1=6.2 Hz, J2=1.9 Hz, 12H), 1.50–1.74 (m, 6H), 3.75 (s, 6H), 4.73 (dt,
J1=8.7, J2=4.7 Hz, 2H), 6.61 (d, J=8.7 Hz, 2H), 6.90 ppm (s, 2H);
13C NMR (75 MHz, CDCl3): d=21.87, 22.80, 24.92, 41.48, 51.04, 52.46,
133.11, 163.77, 173.49 ppm; IR (KBr): ñ=3548, 3467, 3417, 3319, 3062,
2960, 2889, 1753, 1738, 1635, 1535, 1439, 1280, 1255, 1185, 997 cm�1; MS
(EI): m/z (%): 370.2 [M]+ , 355.2 (5), 339.2 (5), 311.2 (100), 226.1 (40),
183.1 (5), 166.1 (25), 146.1 (8), 124.0 (10), 110.0 (10), 98.0 (8), 86.1 (56),
69.1 (10); HRMS: m/z calcd for C18H30N2O6: 370.2104; found: 370.2111.


N,N’-Bis[(S)-1-methoxycarbonyl-1-iso-propyl-methyl]fumaric diamide
(3d): Compound 3d was synthesized according to general procedure A
with 0.05 equivalents of catalyst. The crude product was dissolved in
CH2Cl2 and hexanes were added to cause precipitation. The white solid
was filtered off and purified by flash chromatography (ethyl acetate) to
separate it from the remaining ruthenium salts (80% yield).


[a]23D =�50.7 (c=0.44, methanol); 1H NMR (300 MHz, [D4]methanol):
d=0.96 (dd, J1=6.8 Hz, J2=1.3 Hz, 12H), 2.17 (heptet, J=6.8 Hz, 2H),
3.72 (s, 6H), 4.41 (d, J1=6.0 Hz, 2H), 7.04 ppm (s, 2H); 13C NMR
(75 MHz, [D4]methanol): d=18.52, 19.43, 31.85, 52.53, 59.66, 133.97,
166.80, 173.21 ppm; IR (KBr): ñ=3298, 3070, 2968, 1741, 1639, 1547,
1437, 1356, 261, 1207, 1196, 991 cm�1; MS (EI): m/z (%): 342.2 [M]+ ,
283.1 (100), 229.1 (12), 212.1 (38), 169.1 (17), 152.0 (40), 132.1 (6), 98.0
(10), 82.0 (10), 72.1 (50); HRMS: m/z calcd for C16H26N2O6: 342.1791;
found: 342.1794.


N,N’-Bis[(S)-1-methoxycarbonyl-2,2-dimethylpropyl]fumaric diamide
(3e): Compound 3e was synthesized according to general procedure A
with 0.025 equivalents of catalyst. The crude product was purified by re-
crystallization from CH2Cl2/hexanes (73.5% isolated yield).


[a]23D =�34 (c=0.65, MeOH); 1H NMR (300 MHz, CDCl3): d=1.00 (s,
18H), 3.74 (s, 6H), 4.59 (d, J=9.4 Hz, 2H), 6.36 (d, J=9.4 Hz, 2H),
6.95 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=26.54, 35.15, 51.96,
60.25, 133.30, 163.61, 171.60 ppm; IR (KBr): ñ=3550, 3475, 3413, 2966,
2916, 2875, 1741, 1639, 1533, 1369, 1230, 1188, 1169 cm�1; MS (EI): m/z
(%): 355.1 [M+�CH3], 339.1 (4), 314.1 (10), 311.1 (12), 227.0 (100), 195.0
(4), 167.0 (8), 146.0 (5), 98.0 (5), 86.0 (8), 69.0 (4), 57.1 (4); HRMS: m/z
calcd for C17H27N2O6: 355.1869; found: 355.1875.


N,N’-Bis(2-methoxycarbonylethyl)fumaric diamide (3 f): Compound 3 f
was synthesized according to general procedure A with 0.05 equivalents
of catalyst. The crude product was purified by recrystallization from
CH2Cl2/hexanes (62% yield).
1H NMR (300 MHz, [D6]DMSO): d=2.56 (t, J1=6.8 Hz, 6H), 3.36 (dt,
J1=6.8 Hz, J2=5.7 Hz, 4H), 3.59 (s, 6H), 6.77 (s, 2H), 8.47 ppm (t, J=
5.7 Hz, 2H); 13C NMR (75 MHz, [D6]DMSO): d=33.34, 34.90, 51.32,
132.40, 163.70, 171.52 ppm; IR (KBr): ñ=3259, 3080, 2958, 1726, 1626,
1562, 1441, 1346, 1194, 1174, 1088, 976, 887 cm�1; MS (EI): m/z (%):
286.1 [M]+ , 257.1 (2), 255.1 (56), 227.1 (10), 213.0 (10), 195.0 (2), 185.0
(100), 171.0 (2), 157.0 (3), 156.0 (8), 152.0 (46), 127.0 (4), 125.0 (10),
110.0 (62), 102.0 (54), 98.0 (10), 81.9 (14), 70.0 (8), 55.0 (15); HRMS: m/z
calcd for C12H18N2O6: 286.1165; found: 286.1164.


N,N’-Bis[(S)-1-methoxycarbonylethyl]-(2S,3S)-3-hydroxy-2-(tosylamino)-
succinic diamide (5a) and N,N’-bis[(S)-1-methoxycarbonylethyl]-
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(2R,3R)-3-hydroxy-2-(tosylamino)succinic diamide (4a): Compound 4a
was synthesized according to general procedure B. Stereoisomer 1 was
isolated by recrystallization from methanol. The NMR data for stereo-
isomer 2 were deduced from the NMR data of the remaining mixture
that was enriched in stereoisomer 2.


Stereoisomer 1: [a]23D =�34 (c=0.14, MeOH); 1H NMR (300 MHz,
[D4]methanol): d=1.26 (d, J=7.2 Hz, 3H), 1.31 (d, J=7.4 Hz, 3H), 2.41
(s, 3H), 3.69 (s, 3H), 3.70 (s, 3H), 4.19 (d, J=7.4 Hz, 1H), 4.25 (d, J=
7.2 Hz, 1H), 4.30 (d, J=1.9 Hz, 1H), 4.40 (d, J=1.9 Hz, 1H), 7.32 (d, J=
8.6 Hz, 2H), 7.69 ppm (d, J=8.6 Hz, 2H); 13C NMR (75 MHz, CDCl3):
d=17.65, 17.72, 21.43, 52.83, 60.15, 73.27, 128.32, 130.58, 139.26, 144.85,
171.07, 172.81, 174.09, 174.36 ppm; IR (KBr): ñ=3419, 3392, 3327, 2970,
2935, 2524, 2476, 1736, 1749, 1653, 1522, 1450, 1335, 1236, 1159, 1097,
816, 675, 544 cm�1; MS (EI): m/z (%): 473.2 [M]+, 442.1 (2), 424.1 (2),
414.1 (8), 396.1 (10), 378.1 (2), 371.1 (5), 353.1 (15), 343.1 (60), 314.1 (5),
293.0 (10), 283.1 (12), 253.1 (5), 235.1 (2), 214.1 (70), 200.0 (3), 189.1
(15), 171.0 (5), 161.1 (90), 159.1 (100), 155.0 (75), 139.0 (25), 114.0 (5),
104.0 (35), 91.0 (65), 70.0 (16), 60.1 (15); HRMS: m/z calcd for
C19H27N3O7S: 473.146; found: 473. 1463.


Stereoisomer 2 : 1H NMR (300 MHz, [D4]methanol): d=1.24 (d, J=
7.2 Hz, 3H), 1.32 (d, J=7.2 Hz, 3H), 2.39 (s, 3H), 3.70 (s, 3H), 3.76 (s,
3H), 4.17 (d, J=7.2 Hz, 1H), 4.27 (d, J=7.2 Hz, 1H), 4.32 (d, J=1.7 Hz,
1H), 4.42 (d, J=2.3 Hz, 1H), 7.28 (d, J=8.66 Hz, 2H), 7.70 ppm (d, J=
8.3 Hz, 2H); 13C NMR (75 MHz, [D4]methanol): d=17.60, 18.09, 23.71,
53.02, 60.07, 73.00, 128.26, 130.56, 139.18, 144.80, 171.32, 172.47, 174.15,
174.25 ppm; HRMS: m/z calcd for C19H27N3O7S: 473.146; found:
473.1456.


N,N’-Bis[(S)-1-(ethoxycarbonyl)-2-phenylethyl]-(2S,3S)-3-hydroxy-2-(to-
sylamino)succinic diamide (5b) and N,N’-bis[(S)-1-(ethoxycarbonyl)-2-
phenylethyl]-(2R,3R)-3-hydroxy-2-(tosylamino)succinic diamide (4b):
Compounds 5b and 4b were synthesized according to general procedure
B. Separation of the isomers was carried out by using flash chromatogra-
phy (hexanes/EtOAc 5:2).


Stereoisomer 1: [a]23D =�37.5 (c=0.50, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d=1.20 (td, J1=7.1 Hz, J2=1.0 Hz, 6H), 2.41 (s, 3H), 3.01 (m,
2H), 3.08 (m, 2H), 3.92 (dd, J1=5.6 Hz, J2=3.5 Hz, 1H), 4.09–4.15 (m,
4H), 4.49–4.54 (m, 1H), 4.67–4.73 (m, 1H), 4.80 (d, J=7.1 Hz, 1H), 6.38
(d, J=8.1 Hz, 1H), 7.02–7.04 (m, 2H), 7.13–7.32 (m, 10H), 7.37 (d, J=
8.1 Hz, 1H), 7.69 ppm (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=13.98, 14.02, 21.54, 37.63, 37.80, 53.03, 53.60, 56.86, 61.53, 61.68, 70.55,
127.08, 127.18, 127.24, 128.48, 128.69, 129.13, 129.28, 129.81, 135.35,
135.60, 136.52, 144.00, 170.31, 170.57, 170.60, 170.64 ppm; IR (KBr): ñ=
3547, 3394, 3313, 3064, 3030, 2981, 2935, 1740, 1660, 1529, 1444, 1342,
1213, 1163, 1090, 1030, 702, 667, 555 cm�1; MS (EI): m/z (%): 653.1 [M]+ ,
580.1 (10), 562.1 (6), 461.0 (5), 433.0 (60), 403.0 (8), 387.0 (6), 359.0 (25),
341.0 (10), 279.0 (15), 257.0 (20), 251.0 (100), 249.0 (50), 220.0 (10), 214.0
(40), 194.0 (30), 176.0 (70), 154.9 (50), 138.9 (15), 120.0 (70), 102.0 (20),
91.0 (65), 60.0 (5); HRMS: m/z calcd for C33H39N3O9S: 653.2407; found:
653.2426.


Stereoisomer 2 : [a]23D =++50.5 (c=0.50, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d= (q, J=7.1 Hz, 6H), 2.38 (s, 3H), 2.90 (dd, J1=13.9 Hz, J2=
6.06 Hz, 1H), 3.01–3.06 (m, 3H), 3.84 (dd, J1=8.8 Hz, J2=4.0 Hz, 1H),
4.08–4.16 (m, 4H), 4.66–4.71 (m, 2H), 4.83 (d, J=9.1 Hz, 1H), 6.60 (d,
J=9.1 Hz, 1H), 7.07–7.32 (m, 15H), 7.40 (d, J=8.0 Hz, 1H), 7.71 ppm
(d, J=8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.01, 21.53, 37.77,
38.03, 52.90, 53.67, 56.37, 61.56, 61.68, 70.58, 127.11, 127.20, 127.25,
128.59, 128.65, 129.31, 129.84, 130.02, 135.29, 136.61, 144.19, 170.08,
170.48, 170.64, 171.85 ppm; IR (KBr): ñ=3398, 3331, 3277, 3064, 3030,
2981, 2933, 1740, 1662, 1527, 1456, 1340, 1203, 1165, 1092, 1030, 702, 667,
555 cm�1; MS (EI): m/z (%): 653.2 [M]+ , 608.2 (5), 580.1 (20), 562.1 (10),
488.1 (10), 461.1 (12), 433.1 (10), 361.1 (15), 258.0 (15), 251.1 (75), 214.1
(50), 194.1 (30), 176.1 (95), 155.0 (60), 131.0 (20), 120.1 (70), 102.0 (35),
91.0 (100), 60.1 (10); HRMS: m/z calcd for C33H39N3O9S: 653.2407;
found: 653.2416.


N,N’-Bis[(S)-1-methoxycarbonylisobutylmethyl]-(2S,3S)-3-hydroxy-2-(to-
sylamino)succinic diamide (5c) and N,N’-bis[(S)-1-methoxycarbonyliso-
butylmethyl]-(2R,3R)-3-hydroxy-2-(tosylamino)succinic diamide (4c):
Compound 4c was synthesized according to general procedure B. Separa-


tion of the isomers was achieved by flash chromatography (CH2Cl2/
EtOAc 2:1).


N,N’-Bis[(S)-1-methoxycarbonylisobutylmethyl]-(2R,3R)-3-hydroxy-2-
(tosylamino)succinic diamide (4c): [a]23D =++7 (c=0.5, CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=0.91 (m, 12H), 1.58 (m, 6H), 2.42 (s, 3H), 3.72 (s,
3H), 3.73 (s, 3H), 4.05 (dd, J1=6.4 Hz, J2=4.0 Hz, 1H), 4.13 (br, 1H),
4.40 (dd, J1=13.9 Hz, J2=8.7 Hz, 1H), 4.51 (dd, J1=13.9 Hz, J2=8.3 Hz,
1H), 5.11 (d, J=6.8 Hz, 1H), 6.55 (br, 1H), 7.15 (d, J=8.3 Hz, 1H), 7.21
(d, J=8.3 Hz, 1H), 7.30 (d, J=7.9 Hz, 2H), 7.75 ppm (d, J=8.2 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=21.57, 21.67, 21.83, 22.67, 22.78, 24.74,
24.82, 40.66, 41.20, 50.59, 51.24, 52.34, 52.46, 57.07, 70.44, 127.30, 129.87,
136.24, 144.16, 170.54, 170.88, 172.48, 172.70 ppm; IR (KBr): ñ=3358,
3298, 2958, 2872, 1745, 1655, 1533, 1439, 1346, 1165, 1092, 816, 667,
555 cm�1; MS (EI): m/z (%): 556.2 [M]+ , 542.2 (30), 526.2 (15), 498.2
(10), 480.2 (1), 438.2 (0), 413.1 (5), 395.1 (3), 385.1 (55), 353.1 (5), 325.1
(20), 297.1 (5), 231.1 (15), 214.1 (60), 203.1 (85), 201.1 (100), 169.1 (5),
157.0 (25), 155.0 (40), 146.1 (25), 139.0 (20), 91.1 (30), 86.1 (35), 69.1 (5),
60.1 (10); HRMS: m/z calcd for C24H36N3O7S: 542.2172 [M+�CH3];
found: 542.2173.


N,N’-Bis[(S)-1-methoxycarbonylisobutylmethyl]-(2S,3S)-3-hydroxy-2-(to-
sylamino)succinic diamide (5c): [a]23D =�7 (c=0.5, CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=0.86 (m, 12H), 1.58 (m, 6H), 2.39 (s, 3H), 3.69 (s,
3H), 3.69 (s, 3H), 4.02 (dd, J1=8.3 Hz, J2=3.8 Hz, 1H), 4.31 (dd, J1=
9.4 Hz, J2=3.8 Hz, 1H), 4.38 (m, 1H), 4.47 (dd, J1=14.1 Hz, J2=8.7 Hz,
1H), 4.83 (d, J=8.3 Hz, 1H), 6.51 (d, J=9.4 Hz, 1H), 7.14 (d, J=8.7 Hz,
1H), 7.28 (d, J=7.9 Hz, 2H), 7.35 (d, J=8.2 Hz, 1H), 7.77 ppm (d, J=
8.2 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=21.49, 21.59, 21.81, 22.68,
22.70, 24.62, 24.63, 40.47, 41.13, 50.46, 51.07, 52.26, 52.37, 56.70, 71.20,
127.12, 129.93, 136.72, 143.93, 170.49, 171.66, 172.32, 172.49 ppm; IR
(KBr): ñ=3373, 3317, 2958, 2872, 1743, 1662, 1533, 1439, 1340, 1163,
1091, 810, 671, 559 cm�1; MS (EI): m/z (%): 556.2 [M]+ , 542.2 (20), 526.2
(15), 498.2 (5), 480.2 (1), 466.2 (0), 438.2 (0), 413.1 (3), 395.1 (2), 385.1
(30), 353.1 (5), 335.1 (1), 325.1 (15), 295.1 (3), 231.1 (15), 214.1 (40),
203.1 (80), 201.1 (100), 169.1 (5), 157.0 (20), 155.0 (30), 146.1 (20), 139.0
(15), 112.1 (2), 102.0 (2), 91.1 (20), 86.1 (25), 60.1 (10); HRMS: m/z calcd
for C24H36N3O7S: 542.2173 [M


+�CH3]; found: 542.2172.


N,N’-Bis[(S)-1-methoxycarbonylisopropylmethyl]-(2S,3S)-3-hydroxy-2-
(tosylamino)succinic diamide (5d) and N,N’-bis[(S)-1-methoxycarbonyli-
sopropylmethyl]-(2R,3R)-3-hydroxy-2-(tosylamino)succinic diamide (4d):
Compound 4d was synthesized according to general procedure B. The
isomers were separated by using flash chromatography and preparative
HPLC.


Stereoisomer 1: [a]23D =++8 (c=0.50, CH2Cl2);
1H NMR (300 MHz,


CDCl3): d=0.88 (m, 12H), 2.15 (m, 2H), 2.40 (s, 3H), 3.71 (s, 3H), 3.72
(s, 3H), 4.20 (m, 2H), 4.25 (dd, J1=9.1 Hz, J2=4.9 Hz, 1H), 4.40 (dd,
J1=8.7 Hz, J2=4.9 Hz, 1H), 5.10 (d, J=6.6 Hz, 1H), 6.53 (d, J=7.4 Hz,
1H), 7.26 (m, 3H), 7.36 (d, J=8.7 Hz, 1H), 7.72 ppm (dt, J1=8.3 Hz, J2=
1.7 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=17.51, 17.67, 18.74, 18.83,
21.48, 26.90, 30.77, 31.06, 52.11, 52.25, 56.95, 57.11, 57.65, 70.66, 127.21,
129.76, 136.31, 144.03, 170.43, 170.86, 171.42, 171.55 ppm; IR (KBr): ñ=
3411, 3355, 3293, 2966, 2879, 1742, 1675, 1527, 1450, 1337, 1276, 1214,
1158, 1096, 671, 554 cm�1; MS (EI): m/z (%): 529.3 [M]+ , 498.3 (15),
480.2 (15), 470.3 (10), 399.2 (5), 371.1 (80), 339.1 (5), 311.1 (35), 281.1
(3), 217.2 (20), 214.1 (80), 201.1 (5), 189.1 (100), 187.1 (100), 157.1 (30),
155.0 (40), 139.0 (20), 132.1 (25), 130.1 (20), 127.1 (15), 115.1 (3), 98.1
(8), 91.1 (45), 72.1 (40), 60.1 (15), 55.1 (8); HRMS: m/z calcd for
C23H35N3O9S: 529.2094; found: 529.2106.


Stereoisomer 2 : [a]23D =�9 (c=0.50, CH2Cl2);
1H NMR (300 MHz,


CDCl3): d=0.84 (d, J=7.0 Hz, 6H), 0.85 (d, J=7.0 Hz, 6H), 2.10 (m,
2H), 2.40 (s, 3H), 3.70 (s, 3H), 3.71 (s, 3H), 3.88 (dd, J1=9.3 Hz, J2=
4.0 Hz, 1H), 4.22 (dd, J1=9.3 Hz, J2=4.0 Hz, 1H), 4.32 (dd, J1=8.9 Hz,
J2=5.1 Hz, 1H), 4.35 (dd, J1=9.2 Hz, J2=5.1 Hz, 1H), 5.05 (d, J=
9.2 Hz, 1H), 6.72 (d, J=9.2 Hz, 1H), 7.22 (d, J=9.2 Hz, 1H), 7.29 (d, J=
8.2 Hz, 2H), 7.40 (d, J=8.9 Hz, 1H), 7.77 ppm (d, J=8.2 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=17.62, 18.75, 18.79, 21.49, 30.85, 31.08,
52.14, 52.22, 56.51, 56.85, 57.54, 70.89, 127.10, 130.01, 136.65, 144.15,
170.98, 171.01, 171.43, 172.22 ppm; IR (KBr): ñ=3406, 3305, 2964, 2877,
1741, 1660, 1531, 1437, 1344, 1269, 1211, 1165, 1092, 667, 555 cm�1; MS
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(EI): m/z (%): 530.2 [M]+ , 498.2 (20), 480.2 (20), 470.2 (5), 399.1 (5),
371.1 (40), 342.1 (3), 311.1 (20), 217.1 (10), 214.1 (50), 201.1 (2), 189.1
(100), 187.1 (100), 157.0 (25), 155.0 (30), 132.1 (20), 130.1 (10), 115.1 (2),
98.0 (5), 91.0 (25), 72.1 (25), 60.1 (10); HRMS: m/z calcd for
C21H32N3O7S: 470.1961; found: 470.1960.


N,N’-Bis[(S)-1-methoxycarbonyl-2,2-dimethylpropyl]-(2S,3S)-3-hydroxy-
2-(tosylamino)succinic diamide (5e) and N,N’-bis[(S)-1-methoxycarbon-
yl-2,2-dimethylpropyl]-(2R,3R)-3-hydroxy-2-(tosylamino)succinic diamide
(4e): Compound 4e was synthesized according to general procedure B.
Separation of the isomers was done by flash chromatography and prepa-
rative HPLC.


Stereoisomer 1: [a]23D =�6 (c=1.00, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d=0.93 (s, 9H), 0.96 (s, 9H), 2.43 (s, 3H), 3.72 (s, 3H), 3.72 (s,
3H), 4.01 (dd, J1=8.1 Hz, J2=4.3 Hz, 1H), 4.13 (dd, J1=7.8 Hz, J2=
4.3 Hz, 1H), 4.22 (d, J=9.4 Hz, 1H), 4.29 (d, J=9.1 Hz, 1H), 5.05 (d, J=
8.1 Hz, 1H), 6.62 (d, J=7.8 Hz, 1H), 7.32 (d, J=8.6 Hz, 2H), 7.44 (d, J=
9.4 Hz, 1H), 7.77 ppm (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=21.57, 26.49, 26.52, 34.66, 34.75, 51.87, 51.95, 56.29, 60.10, 60.75, 70.32,
127.20, 130.04, 136.29, 144.34, 170.38, 170.63, 170.70, 171.33 ppm; IR
(KBr): ñ=3412, 2966, 2910, 2875, 1741, 1666, 1525, 1437, 1344, 1221,
1163, 1092, 816, 667, 550 cm�1; MS (EI): m/z (%): 558.3 [M]+ , 542.3 (75),
524.3 (35), 501.3 (30), 498.3 (10), 451.2 (3), 441.2 (10), 395.2 (2), 385.2
(85), 356.2 (5), 325.2 (50), 298.1 (5), 239.1 (5), 231.2 (20), 214.1 (65),
203.2 (100), 201 (95), 171.1 (10), 155.0 (40), 112.1 (10), 98.0 (2), 91.1 (40),
86.1 (60), 69.1 (10), 60.1 (15), 57.1 (10); HRMS: m/z calcd for
C25H39N3O7S: 557.2407; found: 557.2427.


Stereoisomer 2 : [a]23D =�16 (c=0.5, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d=0.91 (s, 9H), 0.93 (s, 9H), 2.44 (s, 3H), 3.71 (s, 3H), 3.73 (s,
3H), 3.76 (dd, J1=9.9 Hz, J2=4.3 Hz, 1H), 4.14 (dd, J1=9.5 Hz, J2=
4.3 Hz, 1H), 4.25 (d, J=9.9 Hz, 1H), 4.26 (d, J=9.5 Hz, 1H), 5.14 (d, J=
9.9 Hz, 1H), 6.87 (d, J=9.5 Hz, 1H), 7.26 (d, J=9.9 Hz, 1H), 7.33 (d, J=
8.1 Hz, 2H), 7.48 (d, J=9.4 Hz, 1H), 7.78 ppm (d, J=8.6 Hz, 2H);
13C NMR (100 MHz, CDCl3): d=21.57, 26.43, 26.46, 34.59, 51.87, 51.95,
56.30, 59.79, 60.48, 127.14, 130.18, 136.57, 144.38, 170.33, 171.01, 171.17,
172.56 ppm; IR (KBr): ñ=3412, 3358, 3309, 2964, 2873, 1741, 1662, 1529,
1437, 1348, 1221, 1165, 1093, 820, 671, 559 cm�1; MS (EI): m/z (%): 558.3
[M]+ , 542.3 (35), 524.3 (25), 501.2 (15), 498.3 (5), 441.2 (5), 413.2 (5),
385.2 (40), 356.1 (5), 325.2 (30), 298.1 (2), 231.2 (10), 214.1 (40), 203.1
(80), 201.2 (100), 171.1 (10), 155.0 (25), 146.1 (15), 139.0 (10), 127.0 (2),
112.1 (5), 98.0 (1), 91.1 (25), 86.1 (40), 60.1 (10); HRMS: m/z calcd for
C25H39N3O7S: 557.2407; found: 557.2416.


N4-[1-Methoxycarbonyl-3-methylbutyl]-N1-[1-methoxycarbonylethyl]fu-
maric diamide (6): Compound 6 was synthesized according to general
procedure A from N-acroyl leucine and N-acroyl alanine (1.00 and
1.00 equiv) and was obtained as the as the second fraction and major
product from a 2:1:1 mixture by using flash chromatography (EtOAc).
The minor products corresponded to the homo-cross-metathesis products
and gave identical data as detailed above. The solvent was removed
under reduced pressure and the product was isolated by column chroma-
tography (EtOAc).


[a]23D =�44 (c=0.3, MeOH); 1H NMR (300 MHz, CDCl3): d=0.83 (d, J=
6.2 Hz, 3H), 0.87 (d, J=6.2 Hz, 3H), 1.32 (d, J=7.6 Hz, 3H), 1.50–1.58
(m, 3H), 3.62 (s, 3H), 3.63 (s, 3H), 4.36–4.47 (m, 2H), 5.60 (brd, J=
9.0 Hz, 1H), 6.18 (brd, J=10.0 Hz, 1H), 6.83 (s, 1H), 6.84 ppm (s, 1H);
1H NMR (300 MHz, [D4]methanol): d=0.94 (dd, J1=10.6 Hz, J2=6.4 Hz,
6H), 1.40 (d, J=7.4 Hz, 3H), 1.65 (m, 3H), 3.71 (s, 3H), 3.72 (m, 3H),
4.51 (m, 2H), 6.95 ppm (s, 2H); 13C NMR (75 MHz, [D6]DMSO): d=


17.62, 22.09, 23.48, 26.34, 41.70, 50.04, 52.81, 53.02, 53.09, 134.06, 134.15,
166.52, 166.82, 174.48, 174.55 ppm; 13C NMR (75 MHz, CDCl3): d=15.91,
20.38, 21.77, 24.63, 39.99, 48.33, 51.10, 51.31, 132.36, 132.45, 164.82,
165.13, 172.79, 172.85 ppm; HRMS: m/z calcd for C15H24N2O6: 328.1634;
found: 328.1637.


HPLC characterization of all eight isomers from aminohydroxylation of
the three fumaric diamides from metathesis : Chiralcel-OD, n-hexane/tert-
butyl methyl ether, 20:80 (v/v), 1.0 mLmin�1; retention times: 14.3 (4d),
15.1 (5d), 16.3, 16.5, 17.2, 17.9, 18.6 (4a), and 19.4 min (5a). The peaks
between 16.3 and 17.9 min refer to the known products from aminohy-
droxylation of the asymmetrical substrate.


Aminohydroxylation of the asymmetrical fumaric diamide 6 was carried
out following the general procedure B. Analytical data for the four ster-
eoisomers 7a–d are as follows:


Stereoisomer 1: 1H NMR (300 MHz, CDCl3): d=0.83 (d, J=6.2 Hz, 3H),
0.85 (d, J=6.2 Hz, 3H), 1.33 (d, J=7.2 Hz, 3H), 1.50–1.56 (m, 3H), 2.35
(s, 3H), 3.64 (s, 3H), 3.66 (s, 3H), 3.97 (dd, J=6.9, 9.2 Hz, 1H), 4.36–4.43
(m, 2H), 4.97 (d, J=8.4 Hz, 1H), 6.56 (d, J=9.2 Hz, 1H), 7.26 (d, J=
8.3 Hz, 2H), 7.72 ppm (d, J=8.3 Hz, 2H); 13C NMR (75 MHz, CDCl3):
d=17.97, 21.46, 21.65, 22.77, 24.57, 41.27, 48.36, 50.38, 52.44, 52.59, 56.74,
70.97, 127.14, 130.00, 136.73, 144.13, 170.44, 171.93, 172.13, 172.54 ppm;
HRMS: m/z calcd for C22H33N2O9S: 515.1938; found: 515.1940.


Stereoisomer 2 : 1H NMR (300 MHz, CDCl3): d=0.82 (d, J=6.2 Hz, 3H),
0.84 (d, J=6.2 Hz, 3H), 1.34 (d, J=7.1 Hz, 3H), 1.49–1.55 (m, 3H), 2.35
(s, 3H), 3.65 (s, 3H), 3.66 (s, 3H), 3.87 (dd, J=6.7, 9.2 Hz, 1H), 4.29–4.44
(m, 2H), 4.83 (d, J=7.1 Hz, 1H), 6.46 (d, J=9.2 Hz, 1H), 7.22 (d, J=
8.2 Hz, 2H), 7.70 ppm (d, J=8.2 Hz, 2H); 13C NMR (75 MHz, CDCl3):
d=17.29, 21.49, 21.52, 22.77, 24.61, 40.37, 47.84, 51.03, 52.35, 52.51, 56.42,
71.08, 127.17, 129.94, 136.67, 144.03, 170.54, 171.50, 172.36, 172.56 ppm;
HRMS: m/z calcd for C22H33N2O9S: 515.1938; found: 515.1951.


Stereoisomer 3 : 1H NMR (300 MHz, CDCl3): d=0.80 (d, J=6.2 Hz, 3H),
0.86 (d, J=6.2 Hz, 3H), 1.32 (d, J=7.1 Hz, 3H), 1.52–1.57 (m, 3H), 2.35
(s, 3H), 3.66 (s, 3H), 3.66 (s, 3H), 4.13–4.40 (m, 3H), 5.05 (d, J=6.4 Hz,
1H), 6.52 (d, J=9.2 Hz, 1H), 7.23 (d, J=8.1 Hz, 2H), 7.71 ppm (d, J=
8.1 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=17.52, 21.53, 21.72, 22.59,
24.75, 41.11, 47.89, 51.29, 52.43, 52.60, 57.40, 71.07, 127.10, 129.80, 136.44,
143.71, 170.35, 171.46, 172.81, 173.04 ppm; HRMS: m/z calcd for
C22H33N2O9S: 515.1938; found: 515.1942.


Stereoisomer 4 : 1H NMR (300 MHz, CDCl3): d=0.77 (d, J=6.1 Hz, 3H),
0.86 (d, J=6.1 Hz, 3H), 1.33 (d, J=7.1 Hz, 3H), 2.87 (dd, J=6.7, 9.2 Hz,
3H), 4.15–4.48 (m, 3H), 5.10 (d, J=6.6 Hz, 1H), 6.47 (d, J=9.2 Hz, 1H),
7.24 (d, J=8.2 Hz, 2H), 7.70 ppm (d, J=8.2 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=17.27, 21.55, 21.69, 22.63, 24.26, 40.46, 48.53, 50.53,
52.44, 52.61, 57.45, 70.78, 127.29, 129.77, 136.97, 143.68, 170.61, 171.32,
172.91, 173.16 ppm; HRMS: m/z calcd for C22H33N2O9S: 515.1938; found:
515.1939.


X-ray structure analysis


Compound 4c : C25H39N3O9S·0.25acetone: colorless crystals, crystal di-
mensions 0.10Q0.30Q0.50 mm3, Mr=572.17, monoclinic, space group P21
(no. 4), a=15.0198(3), b=27.4936(7), c=15.0819(4) R, b=102.355(2)8,
V=6083.8(3) R3, Z=8, m ACHTUNGTRENNUNG(MoKa)=0.159 mm�1, T=123(2) K, F ACHTUNGTRENNUNG(000)=
2448. A total of 44665 reflections were measured up to 2qmax=508 on a
Nonius Kappa CCD diffractometer with MoKa radiation, 20236 of which
were independent and used for all calculations. The structure was solved
by direct methods and refined to F2 anisotropically, the hydrogen atoms
were refined with a riding model. The final quality coefficient wR2(F


2)
for all data was 0.2235, with a conventional R(F)=0.0866 for 1393 pa-
rameters and 21 restraints. The absolute configuration was determined by
refinement of FlackSs x-parameter (X=0.10(9)).


CCDC-276677 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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trans-1-Sulfonylamino-2-isoborneolsulfonylaminocyclohexane Derivatives:
Excellent Chiral Ligands for the Catalytic Enantioselective Addition of
Organozinc Reagents to Ketones


Vicente J. Forrat, Oscar Prieto, Diego J. Ram0n,* and Miguel Yus*[a]


Introduction


The preparation of chiral molecules bearing a quaternary
stereocenter is still a very important challenge in synthetic
organic chemistry, with the diastereoselective approach
being the most commonly used.[1] However, the enantiose-
lective version of these reactions have, in general, some ad-
vantages over the diastereoselective ones, such as for the re-
peated preparation of a compound, the need for the attach-
ment and deattachment of a chiral auxiliary at the beginning
and end of the synthetic process is avoided. Nevertheless,
there are some elegant diastereoselective approaches which
do not need the first step. Thus, the asymmetric multi-
component Sakurai reaction,[2] which utilizes aliphatic meth-
yl ketones, allyl silanes, and chiral norpseudoephedrine
derivatives, yielded the expected benzyl ether with excel-
lent diastereoselectivity;[3] the final reductive deprotection
with lithium and substoichiometric amounts of an arene[4]


liberates the corresponding homoallylic tertiary alcohol
(Scheme 1).


Among the different enantioselective approaches to the
synthesis of this kind of molecule,[5] those which imply the
formation of a carbon–carbon bond are more powerful than
those that use simple functionalization. In this case the sim-
plest approach for the preparation of chiral tertiary alcohols
is the enantioselective 1,2-addition of organometallics[6] to
the corresponding carbonyl compounds.[7] Although there
are several examples of addition of organolithium or
Grignard reagents to ketones, at least one equivalent of an
often expensive and difficult to prepare chiral ligand is com-
pulsory in all cases. To reduce the amount of the chiral
ligand required, an organometallic reagent with lower nucle-
ophilic character is usually considered. However, under
these new conditions, and to guarantee the success of the re-
action, the chiral system must determine not only the topol-
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agents (such as alkyl and aryl deriva-
tives or in situ generated aryl, allyl al-
kenyl, and alkynyl derivatives obtained
through different transmetallation
processes) to simple ketones has been
accomplished by using titanium tetra-


isopropoxide and chiral ligands derived
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Scheme 1. Diastereoselective approach to the synthesis of tertiary alco-
hols. OTf= trifluoromethanesulfonate; de=diastereomeric excess.
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ogy of the reaction, but also the chemical reaction itself.
This new role of the catalyst may be achieved by either acti-
vating the organometallic reagent or, in the most classical
sense, by activating the carbonyl compound. Some catalysts
are able to activate both the nucleophile and the carbonyl
compound at the same time.[8]


Organozinc reagents are the ideal candidates for this type
of addition as their nucleophilicity is very low. In fact, it is
well known that they do not add to aldehydes in noncoordi-
nating solvents or to ketones.[9] Only recently, and in the
framework of our ongoing project for the development of
new chiral sulfonamides and their use in enantioselective
catalytic synthesis,[10] the introduction of the isoborneolsulfo-
namide ligand 1[11] permitted the first enantioselective cata-
lytic addition of commercially available dialkylzinc reagents
to simple ketones[12] in the presence of titanium alkoxides[13]


(Scheme 2). The role of the titanium alkoxide is not only to


form the active chiral catalytic species, but also the removal
of the tertiary alcohol generated during the catalytic cycle.
In a further effort to improve the enantioselectivity, li-


gands derived from aryl or benzyl diamines containing two
isoborneolsulfonamide moieties were prepared. Among the
tested systems, ligand 2 was the best, improving the enantio-
selectivity and the reaction conditions.[14] The design of this
type of ligand was governed by the hypothetical existence of
the bimetallic catalytic species 3,[11b] which is similar to that
described for the enantioselective addition of dialkylzinc re-


agents to aldehydes in the presence of titanium tetraisoprop-
oxide.[15] In this proposal, it is assumed that the bimetallic
species[16] has both a highly electrophilic, pentacoordinated,
positively charged titanium center and a highly nucleophilic,
hexacoordinated, negatively charged titanium center.[17] The
idea was to remove the flexible alkoxide bridge ligands gen-
erating a more rigid structure in which, playing with the dia-
mine used, the length and angles between both guest titani-
um centers could be clearly controlled and therefore the
synergistic effect of both metallic centers and the enantiose-
lectivity could be improved.


Results and Discussion


In this paper, we present our results on the development of
new chiral isoborneolsulfonamide ligands and their uses as
chiral promoters for the catalytic enantioselective addition
of different organozinc reagents to simple ketones to give
tertiary alcohols, the driving force of the design being that
closer 1,2-etylendiamine linkers might favor the aforemen-
tioned synergistic effect of the two guest titanium metals.


Synthesis of the isoborneolsulfonamide ligands : The sym-
metrical chiral bis(isoborneolsulfonamide) ligands 6a–c
(Scheme 3) were prepared by reaction of the corresponding


ethylendiamine 4 with two equivalents of commercially
available (1S)-(+)-10-camphorsulfonyl chloride (5) to give,
after successive basic and acidic treatment, the correspond-
ing ketones with yields �90%.[18] These crude ketone prod-
ucts were directly reduced with sodium borohydride to yield
a mixture of all possible diastereomeric alcohols (Table 1),
with the exo–exo diastereoisomer as the main product,
easily isolated in all cases by flash chromatography. Alterna-
tively, the final reduction can be performed by using an
excess of diisobutylaluminium hydride at low temperature,
rendering after hydrolysis the expected diols with similar
chemical yields and diastereomeric ratios. The crystal struc-
ture of the exo-diol 6c (HOCSAC), derived from the corre-


Scheme 2. First enantioselective catalytic addition of dialkylzinc reagents
to simple ketones.


Scheme 3. Synthesis of chiral tetradentate ligands 6a–c. DMAP=4(dime-
thylamino)pyridine.
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sponding trans-1,2-bis(camphorsulfonylamido)cyclohexane
was obtained by recrystallization of the pure ligand (see
below).
In a similar way, the diastereomeric partners 6d,e were


prepared with moderate chemical yields for the overall
process; this was achieved by substituting the starting chiral


sulfonyl chloride with its enantiomer (1R)-(�)-10-camphor-
sulfonyl chloride (ent-5). The use of the achiral 1,2-cis-dia-
minocyclohexane as the starting amine led to the prepara-
tion of the ligand 6 f.
In addition to the symmetrical bis(isoborneol)sulfona-


mides (6), the unsymmetrical compounds 10 were prepared.
In this case two different reaction pathways should be fol-
lowed depending on the substituents (Scheme 4). In the case
of aryl-substituted compounds 10a,b, the only way to obtain
them was by reaction of equivalent amounts of the chiral
amine 4 and the corresponding arylsulfonyl chloride deriva-
tive 7 in a biphasic media of aqueous NaOH and methylene
chloride. Then, subsequent reaction with the chiral (1S)-(+)-
10-camphorsulfonyl chloride (5) and final basic and acidic
treatment gave the expected ketones 8.[19] Reduction with
sodium borohydride under standard conditions produced a
mixture of two possible diastereomeric alcohols, the major
exo-derivatives 10a,b were easily isolated after flash chro-
matography. However, the best procedure to obtain the me-
sylamide 10c was firstly to introduce the camphorsulfonyl
moiety and then the mesyl group, the final reduction pro-
ducing the ligand 10c in 45% overall yield.
Finally, the isoborneolsulfonamide 11 was prepared by the


reaction of the commercially available chiral (1S)-(+)-10-
camphorsulfonyl chloride (5) with cyclohexylamine under


standard conditions, followed
by reduction of the in situ gen-
erated ketone to the corre-
sponding exo-derivative 11 with
69% overall yield. This biden-
tate ligand was the reference
for the rest of the tri- and tetra-
dentate ligands 6 and 10 to
check our ligand design hypoth-
esis.


Catalytic enantioselective addition of zinc reagents to
simple ketones : Once the ethylenic ligands were prepared,
they were first tested in the enantioselective addition of
commercially available diethylzinc (13a) to ketones 12,[20] in
the presence of a slight excess of titanium tetraisopropoxide
(Table 2). As a reference (entry 1), the ethylation of aceto-
phenone with 10 mol% of ligand 11 gave the expected alco-
hol 14a in a practically quantitative yield after 8 h, the ee
determined as only 66% with S configuration. To our de-
light, the same reaction with the simple ethylene derivative
6a rendered the alcohol 14a with a notable 92% ee
(entry 2). It should be pointed out that the amount of ligand
was reduced to keep the total amount of isoborneolsulfona-
mide unit constant and, despite this decrease, the result was
significantly higher for the ligand able to bind to two titani-
um atoms compared to the one (used in a double amount)
able to bind only one titanium atom, indirectly confirming
our initial hypothesis of the presence of bimetallic species.


Table 1. Synthesis of tetradentate ligands 6a–c.


Entry Diastereomeric ratio[a] Yield [%][b]


exo–exo exo–endo endo–endo


1 90 7 3 6a 53
2 98 1 1 6b 45
3 97 2 1 6c 66


[a] Determined by 1H NMR spectroscopy (300 MHz) from the crude mix-
ture. [b] Yield of the main diastereoisomer after flash chromatography.


Scheme 4. Synthesis of chiral ligands 10a–c. DIBAL=diisobutylalumi-
num hydride.
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However, it is also worth noting that the reaction with the
tetradentate ligand 6a was slower than for the bidentate
ligand 11. This result encouraged us to try the ligand 6b, as
in our previous experience N-benzyl isoborneolsulfonamides
yielded the best results.[11,14] However, the enantioselectivity
for the ethylation of acetophenone with 6b was very modest
(entry 3), thus we reasoned that the phenyl substituents on
the ligand 6b make it more difficult to achieve the appropri-
ate arrangement in the catalyst. To ensure the favorable syn-
ergistic effect of both metallic centers we turned our atten-
tion to the exo-diol derived from trans-1,2-bis(camphorsulfo-
nylamido)cyclohexane (6c, HOCSAC) in which the rotation
around the carbon–carbon bond of the 1,2-diamine subunit
was restricted. After only 8 h, the starting acetophenone was
consumed producing the expected alcohol with excellent re-
sults (entry 4). The effect of temperature on the ethylation
of acetophenone (12a) was studied by using the HOCSAC
ligand (6c) as model. From this study, we found that despite
the enantioselectivity remaining practically unchanged when
the temperature was decreased to 0 8C, the chemical yield
decreased and the reaction time was longer. When the same
ethylation was performed at 60 8C, the enantioselectivity de-
creased to some extent (entry 6). The fact that the amount
of titanium tetraisopropoxide played an important role in
these results was demonstrated by the long reaction time
and lower enantioselectivity observed for the addition of di-
ethylzinc to acetophenone by using 5 mol% of 6c and only
10 mol% of the titanium alkoxide. However, an increase in
the amount of titanium complex up to 40 mol% yielded


very close results to those ob-
tained by using a stoichiometric
amount (compare entries 4, 7,
and 8). It should be pointed out
that when the reaction was per-
formed with triethylaluminium
instead of standard diethylzinc,
the alcohol 14a was isolated as
a racemic mixture. The diaster-
eomeric ligands 6d,e were
tested to determine if both
chiral starting materials (dia-
mines and sulfonyl chloride)
produced the matched or mis-
matched couples. The results in-
dicated that both the ligands
6d,e were the mismatched dia-
stereoisomers as the reaction
took a very long time, produc-
ing very modest enantioselec-
tivities. From these results, and
comparing with those of en-
tries 3 and 4, the outcome of
the reaction seems to be con-
trolled by the isoborneol motif
and not by the amine. However,
when the reaction was conduct-
ed by using ligand 6 f (entry 11)


(prepared from the achiral cis-1,2-diaminoyclohexane and
the chiral (1S)-(+)-10-camphorsulfonyl chloride (5)), the ab-
solute configuration of the alcohol ent-1a produced was R
instead of S as expected when using ligands of the series de-
rived from 5. All these results point out the inherent diffi-
culties involved in proposing any transition-step model.
Once we ascertained that ligands with two isoborneol moiet-
ies gave better results than the ligand with only one group
(compare entries 1 and 4), we wondered if the second iso-
borneol group was actually necessary or whether it could be
replaced by another achiral group. Thus, the enantioselec-
tive addition of diethylzinc to acetophenone in the presence
of titanium tetraisopropoxide was carried out by using li-
gands 10. Surprisingly, the enantioselectivity was unbeatable
for the arylsulfonyl derivatives 10a,b, with only one enan-
tiomer of alcohol 14a detected by CG analysis, although the
reaction time was sensibly increased (entries 12 and 13). The
reaction with the less hindered ligand 10c derived from
mesyl gave a slightly worse result compared to previous li-
gands, but it was practically the same as for the HOCSAC
ligand (compare entries 14 and 4). If the reaction time is in-
cluded in the comparison, the HOCSAC ligand (6c) gave
the best results, this tendency was also observed for other
ketones, such as bromoacetophenone and benzylidenace-
tone, for the last case the alcohol 14c was detected as only
one enantiomer (entry 18).
Once ligands 6c and 10a,b were determined as the best


promoters for the ethylation of simple ketones, we studied
the scope of the reaction by changing starting ketones 12


Table 2. Ligand optimization for the catalytic enantioselective ethylation of ketones.


Entry Ligand t [h] Product R X Yield [%][a] ee [%][b]


1 11[c] 8 14a Ph H >95 66 (S)
2 6a 96 14a Ph H 60 92 (S)
3 6b 48 14a Ph H 15 23 (S)
4 6c 8 14a Ph H 80 98 (S)
5 6c[d] 72 14a Ph H 20 97 (S)
6 6c[e] 3 14a Ph H 90 90 (S)
7 6c[f] 216 14a Ph H 90 90 (S)
8 6c[g] 15 14a Ph H 90 96 (S)
9 6d 120 ent-14a Ph H 25 33 (R)
10 6e 120 ent-14a Ph H 20 36 (R)
11 6 f 72 ent-14a Ph H 16 24 (R)
12 10a 120 14a Ph H 55 >99[h] (S)
13 10b 120 14a Ph H 65 >99[h] (S)
14 10c 8 14a Ph H 83 96 (S)
15 6a 22 14b Ph Br 79 49 (R)
16 6c 0.2 14b Ph Br 70 50 (R)
17 6a 17 14c (E)-PhCH=CH H 80 16 (�)
18 6c 8 14c (E)-PhCH=CH H 90 >99[h] (�)


[a] Isolated yields after bulb-to-bulb distillation. [b] Determined by using GLC with a cyclodextrin column, the
absolute configuration or the sign of the predominant enantiomer is indicated in parentheses. [c] 10 mol% of
ligand used. [d] The addition was performed at 0 8C. [e] The addition was performed at 60 8C. [f] Only
10 mol% of titanium tetraisopropoxide was used. [g] Only 40 mol% of titanium tetraisopropoxide was used.
[h] Only one enantiomer was detected.
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and organozinc reagents 13 (Table 3). The reaction worked
nicely when dimethylzinc (13b) was used as the source of
nucleophile, giving excellent results for the reaction promot-
ed by HOCSAC (6c) and only one enantiomer for ligands


10a,b ; however, the reaction times and the chemical yields
were accountably more inferior for ligands 10 than for 6c
(compare entries 1–3). The presence of either electron-do-
nating or -withdrawing groups at the 4-position of the aro-
matic ring of the ketone did not have any impact on the re-
sults (compare entries 4 and 5 in Table 3 and entry 4 in
Table 2). However, the size of both the aromatic group and
the corresponding alkyl substituent of the ketones had an
important impact on the results. Thus, the increase in size of
the aryl substituent from phenyl to naphthyl (entries 4 and 6
in Tables 2 and 3, respectively) or the alkyl substituent from
methyl to n-butyl (entries 18 and 7 in Tables 2 and 3, respec-
tively) decreased the enantioselectivity from 98, >99% to
86, 85%, respectively. The ethylation process also worked
nicely for a,b-unsaturated ketones, independent of the mul-
tiple bonds, with only one enantiomer detected. These excel-
lent results with HOCSAC as the promoter ligand have
been applied to the synthesis of (�)-frontatlin through the
catalytic enantioselective addition of dimethylzinc to a func-
tionalized a,b-unsaturated ketone,[21] and to other tertiary
alcohols.[22] It is worth noting that the enantioselective addi-
tion of dimethylzinc (13b) to cyclohexyl butyl ketone took
place, for the first time, with a meritorious 65% ee (entry 9,


Table 3), the same addition giving the racemic alcohol 14 i
when the simple ligand 1 was used.[11b] This example is illus-
trative of the scope of the reaction as the promoter differen-
tiates between two rather similar alkyl substituents on the


ketone, this ketone being less
reactive than the related aryl
alkyl ketones. Finally, it should
be pointed out that the reaction
can be performed by using
commercially available diphe-
nylzinc[23] to yield the corre-
sponding diarylalkanol deriva-
tives[24] 15 with good enantiose-
lectivities.[25] The arylation
process was insensitive to the
presence of either electron-do-
nating or -withdrawing groups
at the 4-position on the aromat-
ic ring of ketone,[26] while the
enantioselectivity decreased
when the bulkiness of alkyl
group was increased (en-
tries 10–13), as was previously
found when using diethylzinc.
Despite the potential high in-


terest of the above mentioned
type of chiral diarylalkanols 15
with electronically and sterical-
ly similar aryl rings, the use of
very expensive diphenylzinc
(13c) makes this approach less
attractive for their enantioselec-
tive syntheses. To avoid this in-
convenience, other alternative


preparations of organozinc reagents were evaluated.[27] Our
first choice was the use of arylboronic acids as a viable
phenyl source,[28] as they avoid the use of the aryllithium or
the related magnesium derivative and overcomes the intrin-
sic problem of the presence of achiral lithium or magnesium
salts, which could compete with the chiral catalysts in the
addition step.[29] Thus, the reaction of different boronic acids
16 with an excess of diethylzinc at 70 8C gave the corre-
sponding arylzinc derivatives 17, which were in situ trapped
by reaction with different ketones 12 to yield the expected
diarylalkanols 15 or the related alcohols 14 after hydrolysis
(Table 4). In fact, the reaction of phenyl boronic acid and 4-
bromoacetophenone produced the expected alcohol 15b
with a slightly worse result than when pure diphenylzinc was
used (compare entries 11 and 1 in Tables 3 and 4, respective-
ly), with byproducts resulting from the ethylation of the
ketone and the auto-aldol condensation process detected.
To minimize the formation of these byproducts, several reac-
tion condition parameters were changed, such as the addi-
tion temperature, amount of titanium tetraisopropoxide, and
solvent, and in all cases the chemical yields were significant-
ly inferior and the enantioselectivity similar. We then stud-
ied the influence of the nature of the ketone on the enantio-


Table 3. Catalytic enantioselective addition of zinc reagents to ketones.


Entry Ligand R1 R2 R3 Product Yield [%][a] ee [%][b]


1 6c Ph Et Me ent-14a >95 98 (R)
2 10a Ph Et Me ent-14a 25[c] >99[d] (R)
3 10b Ph Et Me ent-14a 29[c] >99[d] (R)
4 6c 4-MeC6H4 Me Et 14d 90 95 (�)
5 6c 4-F3CC6H4 Me Et 14e 90 93 (�)
6 6c 2-naphthyl Me Et 14 f >95 86 (�)
7 6c (E)-PhCH=CH nBu Et 14g 80 85 (+)
8 6c PhC�C Me Et 14h >95 >99[d] (+)
9 6c cC6H11 nBu Me 14 i 70[e] 65 (�)
10 6c 4-MeC6H4 Me Ph 15a >95[f] 92[g] (�)
11 6c 4-BrC6H4 Me Ph 15b >95[f] 96[g] (+)
12 6c 4-F3CC6H4 Me Ph 15c >95[f] 91[g] (+)
13 6c 4-BrC6H4 Et Ph 15d >95[f] 80[g] (+)


[a] Isolated yields after bulb-to-bulb distillation or column chromatography. [b] Determined by using GLC
with a cyclodextrin column, the absolute configuration or the sign of the predominant enantiomer is indicated
in parentheses. [c] Yield after 120 h. [d] Only one enantiomer was detected. [e] Yield after 240 h. [f] Yield after
24 h. [g] Determined by using HPLC with Chiracel AD column.
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selectivity, finding that the results for simple small dialkyl
ketones were very low, increasing as the difference between
both alkyl groups increased (en-
tries 6 and 7, Table 4). For aryl
alkyl ketones the results were
good, decreasing as the alkyl
group became more hindered
(compare entries 1 and 11). The
effect of the substitutents on the
arylboronic acid was also
checked, and the enantioselec-
tivity obtained for systems bear-
ing either a weak electron-do-
nating group or a slightly elec-
tron-withdrawing group gave re-
sults in the range of those ob-
tained by using pure
diphenylzinc (entries 8 and 9),
which could lead one to believe
that the electronic character of
arylboronic acid did not have
any influence on the results.
However, when the reaction
was performed with 4-trifluoro-
methylphenylboronic acid as a
nucleophilic aryl source, the
enantioselectivity substantially


dropped (entry 10) and the reaction time was increased to
three days producing chemical yield of only 31% (40% of
starting ketone was recovered).
The reaction performed by using 3-pyridylboronic acid or


diethyl(3-pyridyl)borane merits a separate comment, as in
both cases the expected tertiary alcohol could not be detect-
ed, the starting acetophenone being consumed in reduction,
auto-aldol, and ethylation processes.
One of the drawbacks of the aforementioned protocol


was the use of a large excess of diethylzinc due to the pres-
ence of two acidic protons from the boronic acid, which are
partially removed[30] prior to the exchange to form the hypo-
thetical species 17. The difficulty in adjusting this excess
meant that one of the byproducts was the corresponding
ethylated tertiary alcohol, the amount of which was always
lower than 10%. To overcome this problem, we turned our
attention to triarylborane as an initial source of nucleophile,
as three aryl moieties of borane compound are exchangea-
ble in principle.[31] Thus, the overnight reaction of triphenyl-
borane (18) and diethylzinc (13a) at 70 8C under an argon
atmosphere, hypothetically, produced the corresponding
ethyl phenyl zinc intermediated of type 17, which was in situ
trapped by standard catalytic enantioselective addition to 4-
bromoacetophenone, by using HOCSAC (6c) as chiral pro-
moter, to yield the expected diaryl alkanol 15b with excel-
lent results after a 16 h reaction (Table 5, entry 1). The
enantioselectivity obtained for this reaction was similar to
that obtained when using either the pure diphenylzinc or
the boronic/zinc exchange strategy. The previous transmetal-
lation step could be avoided and the alcohol 15b obtained
by simply mixing all reagents at the same time, which im-
plies that the transmetallation step is faster than the further


Table 4. Catalytic enantioselective arylation of ketones by using boronic
acids as source of nucleophile.


Entry X R1 R2 Product Yield [%][a] ee [%][b]


1 H 4-BrC6H4 Me 15b 79 81 (+)
2 H 4-BrC6H4 Me 15b[c] 45[d] 73 (+)
3 H 4-BrC6H4 Me 15b[e] 2 n.d.[f]


4 H 4-BrC6H4 Me 15b[g] 40 72 (+)
5 H 4-BrC6H4 Me 15b[h] 35 75 (+)
6 H Et Me ent-14a 25 6[i] (R)
7 H nBu Me ent-14 j 65 30[i] (R)
8 Me Ph Me ent-15a 58 84 (+)
9 Br Ph Me ent-15b 65 93 (�)
10 CF3 Ph Me ent-15c 31[j] (52)[k] 64[l] (�)
11 H Ph Et 15d 41[j] (91)[k] 68 (+)


[a] Isolated yields after column chromatography. [b] Determined by
HPLC using a Chiracel columns, the absolute configuration or the sign of
the predominant enantiomer is indicated in parentheses. [c] The tempera-
ture for the addition step was 0 8C. [d] Isolated yield after 10 d. [e] The
temperature for the addition step was 60 8C. [f] n.d.=not detected.
[g] Only 10 mol% of Ti ACHTUNGTRENNUNG(OiPr)4 was used. [h] CH2Cl2 was used as the sol-
vent. [i] Determined by using GLC with a cyclodextrin column. [j] Isolat-
ed yield after 3 d. [k] Yield based on the amount of starting ketone con-
sumed. [l] Isolated yield after 3 d.


Table 5. Catalytic enantioselective phenylation of ketones by using triphenylborane as source of nucleophile.


Entry Ligand t [h] R1 R2 Product Yield [%][a] ee [%][b]


1 6c 16 4-BrC6H4 Me 15b 96 90 (+)
2 6c 60[c] 4-BrC6H4 Me 15b 81 82 (+)
3 10a 120 4-BrC6H4 Me 15b 90 >99[d] (+)
4 10b 24 4-BrC6H4 Me 15b 96 >99[d] (+)
5 6c 16 4-MeC6H4 Me 15a 98 93 (�)
6 6c 16 4-F3CC6H4 Me 15c 83 78 (+)
7 6c 40 4-BrC6H4 Et 15d 63 79 (+)
8 6c 70 nBu Me ent-14j 50 25[e] (R)


[a] Isolated yields after column chromatography. [b] Determined by using HPLC with a Chiracel column, the
absolute configuration or the sign of the predominant enantiomer is indicated in parentheses. [c] The previous
transmetallation process was not performed. [d] Only one enantiomer was detected. [e] Determined by using
GLC with a cyclodextrin column.
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catalytic enantioselective one (entry 2). However, in this
case, the enantioselectivity and chemical yield were slightly
lower, while the reaction time was greatly increased. Sur-
prisingly, when the reaction was performed with the triden-
tate chiral systems 10a,b, only one enantiomer of product
could be detected, although the reaction time suffered an
important increase. The presence of a weak electron-donat-
ing group on the aryl moiety of the ketone had a beneficial
effect as far as the enantioselectivity was concerned; howev-
er, the presence of electron-withdrawing groups on the aryl
moiety or the presence of a more hindered alkyl moiety in
the ketone decreased these results (entries 5–7). The use of
2-pentanone gave the expected alcohol ent-14 j with similar
results to those obtained when phenylboronic acid was used
as a nuleophilic source (compare entries 7 and 8 in Tables 4
and 5, respectively) and significantly lower than those ob-
tained for aryl alkyl ketones.
Surprisingly, the reaction failed when other commercially


available triarylborane derivatives were used as a source of
nucleophile. We rationalized these results by proposing that
amine derivatives present in the reaction mixture were
acting as stabilizating agents for the borane, which could in-
terfere in either the transmetallation or the addition step. In
fact, very recently, the kinetics of the transmetallation reac-
tions between different phenylborane complexes and dieth-
ylzinc has been studied, showing that the presence of
amines retarded this equilibrium and that even the phenyl-
zinc reagent generated from ammonia complex was signifi-
cantly less reactive.[30g] To prove this hypothesis, we pre-
pared the corresponding substituted triarylborane by direct
reaction of the corresponding arylmagnesium bromide 19
with trifluoro boron ether complex,[32] followed by precipita-
tion of magnesium salts to avoid the possible competition of
this Lewis acid with the chiral titanium one. The salt-free
triarylborane was then transmetallated with diethylzinc and
the arylzinc reagent of type 17 was trapped in the catalytic
enantioselective addition to acetophenone (12a) in the pres-
ence of chiral promoter HOCSAC (6c) to yield, after hy-
drolysis, the expected diarylalkanols 15 (Table 6). The re-
sults were excellent for 4-methylphenylmagnesium bromide


(entry 1) and practically independent of the electronic char-
acter of substituents (compare entries 2 and 4). It should be
pointed out that in the cases where chloro- and methoxy-
phenylmagnesium bromide derivatives were used (entries 3
and 5), the typical elimination of magnesium salts failed.
These results point out the great importance of the presence
of any hypothetical “inert” salt additives to obtain good re-
sults.
After the great success in the arylation of ketones after


the boron/zinc-transmetallation process, we focused on the
use of alternative zinc reagents obtained by transmetallation
in the catalytic enantioselective addition, the first trial being
an allylation process.[33] The idea was to employ allyl esters
as a source of nucleophile through p-allyl palladium umpo-
lung processes. It is well known that their reaction with pal-
ladium(0) renders the corresponding allyl palladium com-
plex, which in turn can be transmetallated with diethylzinc
to generate in situ allylzinc derivatives.[34] The final catalytic
enantioselective reaction with ketones would give the corre-
sponding chiral tertiary homoallylic alcohol. Thus, when the
reaction was performed by using diallyl carbonate (21a)
with acetophenone (12a) as the electrophilic partner and
HOCSAC (6c) as the chiral promoter, the expected alcohol
22a was obtained with an excellent chemical yield, but with
a very low enantioselectivity (Scheme 5), the absolute con-
figuration of alcohol being S,[35] as was expected for this
ligand. The same reaction with cinnamyl acetate (21b) gave
an equimolecular mixture of the two diastereoisomers syn-
and anti-22b, the enantioselectivity depending on the chiral
promoter used. When the promoter HOCSAC (6c) was
used, the diastereoisomer syn-22b showed the highest ee of
the series (Scheme 5). Independently of the promoter used
(6c, 10a, or 10c), the diastereoisomer syn-22b produced
higher ee than the related anti-22b, the value for the former
isomer being double that of the previous one. The results
are indeed not very good, so the transmetallation strategy is
not a good one to use for the allylation processes.
The next process studied was the alkynylation process,[36]


performed by deprotonation of phenylacetylene (23a) with
diethylzinc to yield the corresponding alkynyl zinc re-


Table 6. Catalytic enantioselective arylation of ketones by using
Grignard reagents as source of nucleophile.


Entry t [h] R Product Yield [%][a] ee [%][b]


1 5 4-Me ent-15a 95 96 (+)
2 23 3-Me 15e 30 86 (�)
3 97 4-Cl 15 f 15 12 (�)
4 23 4-F 15g 70 84 (�)
5 100 4-MeO 15h 0 –


[a] Isolated yields after column chromatography. [b] Determined by using
HPLC with a Chiracel column, the sign of the predominant enantiomer
is indicated in parentheses.


Scheme 5. Allylation of acetophenone (12a): a) [PdACHTUNGTRENNUNG(PPh3)4] (1 mol%),
Et2Zn (900 mol%), PhMe, 70 8C, 16 h; b) TiACHTUNGTRENNUNG(OiPr)4 (110 mol%), ligand
(5 mol%), PhCOMe (12a, 100 mol%), 25 8C.


Chem. Eur. J. 2006, 12, 4431 – 4445 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4437


FULL PAPERC�C Coupling



www.chemeurj.org





agent,[37] which was trapped by subsequent reaction with
acetophenone (12a) in the presence of substoichiometric
amounts of a chiral ligand and titanium tetraisopropoxide
(Scheme 6). The results when HOCSAC (6c) was used


(53% ee) were better than those obtained when tridentate
ligands 10a,b were used (20 and 36% ee, respectively). This
level of enantioselectivity could not be improved by either
the addition of 2.5 mol% of the polyethyleneglicol deriva-
tive[38] (DiMPEG: polyethylene glycol dimethyl ether Mn


2000, after 62 h: 24%, 32% ee) or by performing the previ-
ous preparation of phenylethynyltitanium triisopropoxide[39]


and final addition to acetophenone (after 48 h: 60%,
8% ee), protocols which have been successfully applied for
other enantioselective additions to carbonyl compounds.
Finally, we studied the catalytic enantioselective alkenyla-


tion of ketones through a hydrozirconation process of termi-
nal alkynes,[40] followed by a transmetallation with dimethyl-
zinc (13b) and addition to ketones, which was far more suc-
cessful (Table 7). Firstly, we studied the influence of the
chiral promoter on the enantioselectivity, finding that ligand


6c gave slightly lower enantioselection than ligand 10b in
the alkenylation of acetophenone by using trimethylsilyl-
substituted alkynes to yield alcohol 26a (compare entries 1
and 2); this functionalized tertiary alcohol had extra value
due to its possible utilization as starting material in further
coupling reactions.[41] As in previous addition processes, the
alkenylation by using phenylacetylene (23a) gave practically
the same results for ligands 10a,b (entries 3 and 4). Con-
cerning the scope of the reaction, the best results were ob-
tained by using aliphatic alkynes (with or without function-
alization). The nature of the ketone was more important
than the bulkiness of the substitutents, thus the a,b-unsatu-
rated ketones produced a worse result (entry 6).


Spectroscopic studies on the possible catalyst : Once we
found that the ligands reported in this study (tri- and tetra-
dentate isoborneolsulfonamide derivatives) produced better
enantioselectivity than the related bidentate isoborneolsul-
fonamide derivatives (indirect proof of our hypothesis that
the catalytic species was a bimetallic titanium complex), we
then tried to confirm it spectroscopically. We initiated the
study with the crystal structure of chiral ligand HOCSAC
(6c, Figure 1), which showed a typical C2 symmetry, in con-
cordance with the 1H NMR spectrum obtained. However,
all our attempts to obtain suitable crystals of the related
HOCSAC–titanium complexes failed, producing powdered
materials.
After this failure, we turned our attention to the possibili-


ty of detecting the bimetallic HOCSAC-titanium complex
by other spectroscopic techniques. Thus, 1H NMR spectra of
mixtures of different ratios of ligand HOCSAC (6c) and ti-
tanium tetraisopropoxide were recorded at room tempera-
ture (Figure 2). Previously, we applied this strategy with the


simple ligand 1, obtaining com-
plicated spectra in which the
structure of the main complex
depended strongly on the initial
amount of titanium tetraiso-
propoxide added.[11b] In the case
studied here, when a equimo-
lecular amount of HOCSAC
was mixed with titanium tetrai-
sopropoxide in toluene at room
temperature, after removing all
volatiles, the spectrum showed
mainly two compounds: the
starting unchanged ligand and
another complex. Surprisingly,
when the reagents ratio in-
creased from 1:1 to 1:2, only
one complex appeared, the
same compound detected in the
previous spectrum. This com-
plex was also the main product
of the mixture obtained by
using a large excess of titanium
tetraisopropoxide, which indi-


Scheme 6. Alkynylation of acetophenone (12a): a) PhMe, 25 8C, 3 h;
b) TiACHTUNGTRENNUNG(OiPr)4 (10 mol%), ligand (5 mol%), PhCOMe (12a, 100 mol%),
25 8C.


Table 7. Catalytic enantioselective alkenylation of ketones.


Entry Ligand R1 R2 R3 t [h] Product Yield [%][a] ee [%][b]


1 6c SiMe3 Ph Me 108 26a 55 85 (�)
2 10b SiMe3 Ph Me 60 26a 75 94 (�)
3 10a Ph Ph Me 72 26b 85 76 (S)
4 10b Ph Ph Me 72 26b 77 78 (S)
5 10b nBu Ph Me 60 26c 57 94 (S)
6 10b nBu PhC=C Me 16 26d 98 74 (�)
7 10b nBu Ph Et 132 26e 45 90 (S)


[a] Isolated yields after column chromatography. [b] Determined by using HPLC with a Chiracel column, the
absolute configuration or the sign of the predominant enantiomer is indicated in parentheses.
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cates its high stability, providing indirect proof of the possi-
ble existence of bimetallic complexes as the truly catalytic
active species and validated our proposal for ligand design.


Conclusion


We describe here the preparation of different trans-1-sulfo-
nylamino-2-isoborneolaminocyclohexane derivatives able to
chelate two titanium atoms at the same time. These ligands
have been successfully used in the uncommon catalytic
enantioselective addition of organozinc reagents to ketones.
The procedures permitted not only the use of commercially
available dialkylzinc reagents but also of other zinc reagents
obtained through different transmetallation processes from
arylboronic acids, arylboranes, arylmagnesiums, allylesters,
and alkenylzirconiums. The enantioselectivity found for ter-
tiary alcohols obtained after an alkylation or an arylation
process was unsurpassable (only one enantiomer detected).
Enantioselectivity was excellent for the alkenylation process
(up to 94% ee), whereas the enantiomeric excesses for relat-
ed alcohols obtained through an alkynylation or allylation
process were modest. Some evidence for the presence of a
complex bearing two titanium atoms and a ligand molecule
in the mechanistic pathway were found through 1H NMR
spectroscopic studies, this being the driving force behind our
ligand design.


Experimental Section


Chemicals and instrumentation : Melt-
ing points were obtained with a Reich-
ert Thermovar apparatus. Distillation
for purification of the alcohol products
was performed in a BSchi GKR-51
bulb-to-bulb distillation apparatus,
boiling points correspond to the air
bath temperature. [a]D were recorded
at room temperature (ca. 25 8C) in a
DIP-1000 JASCO polarimeter (p.a.
solvents, Panreac). FTIR spectra were
obtained on a Nicolet Impact 400D
spectrophotometer. NMR spectra
were recorded on a Bruker AC-300
(300 MHz for 1H and 75 MHz for 13C
spectra) by using CDCl3 as the solvent
and TMS as the internal standard;
chemical sifts are given in d (ppm)
and coupling constants (J) in Hz. Mass
spectra (EI) were obtained at 70 eV
on a Shimazdu QP-5000 spectrometer,
giving fragment ions in m/z with rela-
tive intensities (%) in parentheses.
High resolution mass spectra and X-
ray experiments were performed by
the corresponding Mass Spectrometry
and Crystallographic Service at the
University of Alicante. The purity of
volatile products and the chromato-
graphic analyses (GLC) were deter-
mined with a Hewlett Packard HP-
5890 instrument equipped with a
flame ionization detector and 12 m
HP-1 capillary column (0.2 mm diame-
ter, 0.33 mm film thickness, OV-1 sta-
tionary phase), by using nitrogen
(2 mLmin�1) as the carrier gas


Figure 1. ORTEP drawing of HOCSAC ligand (6c).


Figure 2. 1H NMR spectra in CDCl3 at room temperature of HOCSAC/Ti ACHTUNGTRENNUNG(OiPr)4 at different ratios.
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(Tinjector=275 8C, Tdetector=300 8C, Tcolumn=80 8C (3 min) and 60–270 8C
(15 8Cmin�1), p=40 kPa; tr values are given in min under these condi-
tions). The enantiomeric ratios (er) for the calculation of the enantiomer-
ic excess of tertiary alcohols were determined with the aforementioned
apparatus by using either a 50 m WCOT fused silica capillary column
(0.25 mm diameter, 0.25 mm film thickness, CP-cyclodextrin-b-2,3,6M-
19) with nitrogen as the carrier gas (Tinjector=250 8C, Tdetector=260 8C; A
conditions: Tcolumn=100 8C (20 min) and 220 8C (0.3 8Cmin�1), P=
120 kPa) or a 50 WCOT fused silica capillary column (0.25 mm diameter,
0.25 mm film thickness, FS-Lipodex-E, g-CD, Tinjector=250 8C, Tdetector=
260 8C; B conditions: Tcolumn=90 8C (5 min) and 180 8C (0.1 8Cmin


�1), P=
120 kPa). Alternatively, the enantiomeric ratios were determined by
HPLC analyses in a HP-1100 or Jasco P-1030 apparatus by using hexane/
2-propanol mixtures as solvents, and as chiral columns: Chiralcel OD-H
(ODH), Chiralpak AD (AD), Chiralpak AS (AS), and Chiralcel OJ
(OJ), indicating in each case the column and solvent ratio used. The tr(R)
and tr(S) values are given in min under these conditions. TLC was carried
out on Schleicher & Schuell F1400/LS 254 plates coated with a 0.2 mm
layer of silica gel; detection by UV254 light, staining with phosphomolyb-
dic acid (25 g phosphomolybdic acid, 10 g Ce ACHTUNGTRENNUNG(SO4)2·4H2O, 60 mL concen-
trated H2SO4 and 940 mL H2O) or with I2; Rf values are given under
these conditions. Column chromatography was carried out by using silica
gel 60 of 35–70 mesh. (E)-1-Phenylhept-1-en-3-one[42] and cyclohexyl but-
1-yl ketone[43] were prepared by reaction of the corresponding acyl chlor-
ide with morpholine, followed by addition of n-butyllithium. All reagents
were commercially available (Acros, Aldrich, Strem) and were used as
received. Solvents were dried by standard procedures.[44]


General procedure for the synthesis of isoborneol sulfonamide deriva-
tives 6 and 11: A solution of DMAP (0.66 g, 5.4 mmol, 0.45 equiv), Et3N
(3.5 mL, 25 mmol, 2.1 equiv), and the corresponding ethylendiamine 4
(12 mmol, 1 equiv) or cyclohexylamine (24 mmol, 2 equiv) in CH3CN (25
mLmmol�1) was added to a solution of (1S)-(+)-10-camphorsulfonyl
chloride (5) or its enantiomer (1R)-(�)-10-camphorsulfonyl chloride (ent-
5) (6.25 g, 25 mmol, 2.1 equiv) in CH3CN (25 mL) at 0 8C. The mixture
was stirred for 24 h and the temperature allowed to rise to 25 8C. Then,
the mixture was quenched by the addition of an aqueous solution of
NaOH (3m, 25 mL) and extracted with EtOAc (3T30 mL). The com-
bined organic layers were washed with a HCl solution (2m, 50 mL), dried
over Na2SO4, and concentrated. Finally, the crude residue was dissolved
in ethanol (60 mL) and treated with NaBH4 (1.82 g, 6 equiv) at 0 8C. The
reaction mixture was warmed up to room temperature and stirred for
24 h. After this time, ethanol was removed under reduced pressure
(15 Torr) and the resulting residue was dissolved in a saturated solution
of NH4Cl (50 mL) and extracted with EtOAc (3T30 mL). The combined
organic layers were washed with brine, dried over anhydrous Na2SO4, fil-
tered, and then concentrated. The residue was purified by flash chroma-
tography on silica gel (hexane/EtOAc) to give isoborneolsulfonamides
6a–f and 11. Yields are included in Table 1 and in the Results and Dis-
cussion section.


(1S,2R,4S,1’’S,2’’R,4’’S)-N-{trans-2’-[2’’-Hydroxy-7’’,7’’-dimethylbicyclo-
ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]ethyl}-2-hydroxy-7,7-dimethylbicyclo-
ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6a):[45] White solid; Rf=0.36
(hexane/AcOEt 1:1); m.p. 134–136 8C (AcOEt/hexane); [a]D=�95.3 (c=
1.04 in CHCl3);


1H NMR: d=0.84, 1.07 (2s, 6H each; 4TCH3), 1.45–1.80
(m, 14H; 2T CH2CH ACHTUNGTRENNUNG(CH2)2), 2.94, 3.50 (2d, J=13.9 Hz, 2H each; 2T
CH2S), 3.36 (br s, 2H; 2TOH), 3.30–3.40 (m, 4H; 2TCH2N), 4.05–4.10
(m, 2H; 2TCHO), 5.55–5.65 ppm (m, 2H; 2TNH); 13C NMR: d=19.8
(2C), 20.5 (2C), 27.3 (2C), 30.3 (2C), 39.2 (2C), 43.5 (2C), 44.3 (2C),
48.8 (2C), 50.3 (2C), 52.1 (2C), 76.2 ppm (2C); IR (KBr): ñ=3530, 3284
(NH, OH), 1148, 1066 cm�1 (C�O); MS (EI): m/z (%): 492 (<1)
[M�H2O]


+ , 183 (100); HRMS: m/z : calcd for C22H40N2O6S2·H2O:
474.2209; found: 474.2222.


(1S,2R,4S,1’R,2’R,1’’S,2’’R,4’’S)-N-{trans-2’-[2’’-Hydroxy-7’’,7’’-
dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]-1’,2’-diphenylethyl}-
2-hydroxy-7,7-dimethylbicycloACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6b):
White solid; Rf=0.72 (hexane/AcOEt 1:1); m.p. 181–183 8C (AcOEt/
hexane); [a]D=�11.5 (c=1.9 in CHCl3); 1H NMR: d=0.40, 0.78 (2 s, 6H
each; 4TCH3), 0.95–1.70 (m, 14H; 2TCH2CH ACHTUNGTRENNUNG(CH2)2), 1.94, 2.94 (2d, J=


13.7 Hz, 2H each; 2TCH2S), 3.45 (s, 2H; 2TOH), 4.00–4.50 (m, 2H; 2T
CHO), 4.85–4.86 (m, 2H; 2TCHN), 6.42 (s, 2H; 2TNH), 7.20–7.25 ppm
(m, 10H; 2TPh); 13C NMR: d=19.6 (2C), 20.10 (2C), 27.3 (2C), 29.9
(2C), 39.2 (2C), 44.1 (2C), 48.4 (2C), 50.2 (2C), 53.85 (2C), 62.3 (2C),
75.95 (2C), 128.3 (4C), 128.4 (2C), 128.7 (4C), 138.0 (2C); IR (KBr):
ñ=3562, 3416, 3259 (NH, OH), 3030 (C=CH), 1334, 1146 (SO2N),
1074 cm�1 (C�O); MS (EI): m/z (%): 642 (<1) [M�2H]+ , 106 (100);
HRMS: m/z : calcd for C34H48N2O6S2·C10H7N2O3S: 427.2055; found:
427.2055.


(1S,2R,4S,1’R,2’R,1’’S,2’’R,4’’S)-N-{trans-2’-[2’’-Hydroxy-7’’,7’’-
dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]cyclohexyl}-2-hy-
droxy-7,7-dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6c):
White crystals; Rf=0.51 (hexane/AcOEt 1:1); m.p. 175–177 8C (AcOEt/
hexane); [a]D=�37.19 (c=2.1 in CHCl3); 1H NMR: d=0.83, 1.06 (2s,
6H each; 4TCH3), 1.10–2.15 (m, 24H; CH ACHTUNGTRENNUNG(CH2)4CH, 2T(CH2)2CHCH2),
2.89, 3.47 (2d, J=13.6 Hz, 2H each; 2TCH2S), 3.05 (br s, 2H; 2TOH),
4.05–4.10 (m, 2H; 2TCHO), 5.50–5.55 ppm (m, 2H; 2TNH); 13C NMR:
d=19.8 (2C), 20.45 (2C), 24.65 (2C), 27.25 (2C), 30.5 (2C), 34.6 (2C),
38.95 (2C), 44.35 (2C), 48.7 (2C), 50.5 (2C), 53.85 (2C), 57.65 (2C),
76.55 ppm (2C); IR (KBr): ñ=3529, 3214, (OH), 1140, 1073 cm�1 (CO);
MS (EI): m/z (%): 528 (<1) [M�H2O]


+ , 93 (100); HRMS: m/z : calcd
for C26H46N2O6S2-H2O: 528.2691; found: 528.2673; crystal data:
C26H46N2O6S2, M=546.77; orthorhombic, a=12.903(2), b=20.813(4), c=
23.066(4) U; V=6194(4) U3; space group P2(1)2(1)2; Z=8; 1calcd=


1.173 Mgm�3 ; l=0.71073 U; m=0.210 mm�1; F ACHTUNGTRENNUNG(000)=2368; T=�100�
1 8C. Data collection based on three w-scan runs (starting with w=�348)
at values of f=0, 120, 2408 with the detector at 2q=�328. An additional
run of 100 frames at 2q=�32, w=�34, and f=08 was acquired to im-
prove redundancy. For each of these runs, 606 frames were collected at
0.38 intervals and 30 s per frame. The diffraction frames were integrated
by using the program SAINT and the integrated intensities were correct-
ed for Lorentz-polarization effects with SADABS. The structure was
solved by direct methods[3] and refined to all 10802 unique F 2o by full
matrix least squares. All of the hydrogen atoms were placed at idealized
positions and refined as rigid atoms. Final wR2=0.1260 for all data and
705 parameters; R1=0.0704 for 5413 Fo>4s(Fo).


(1S,2R,4S,1’S,2’S,1’’S,2’’R,4’’S)-N-{trans-2’-[2’’-Hydroxy-7’’,7’’-
dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]-1’,2’-diphenylethyl}-
2-hydroxy-7,7-dimethylbicycloACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6d):
White solid; Rf=0.8 (hexane/AcOEt 1:1); m.p. 181–183 8C (AcOEt/
hexane); [a]D=�97.7 (c=1.9 in CHCl3); 1H NMR: d=0.55, 0.71 (2 s, 6H
each; 4TCH3), 0.80–1.50 (m, 14H; 2T(CH2)2CHCH2), 2.46, 2.88 (2d, J=
13.7 Hz, 2H each; 2TCH2S), 2.97 (s, 2H; 2TOH), 3.95–4.50 (m, 2H; 2T
CHO), 4.70–4.85 (m, 2H; 2TCHN), 5.70 (s, 2H; 2TNH), 7.10–7.30 ppm
(m, 10H; 2TPh); 13C NMR: d=19.4 (2C), 21.05 ACHTUNGTRENNUNG(2C), 27.3 (2C), 30.10
(2C), 39.05 (2C), 44.15 (2C), 48.5 (2C), 50.2 (2C), 53.8 (2C), 62.4 (2C),
75.95 (2C), 127.8 (4C), 128.5 (2C), 128.8 (4C), 137.6 ppm (2C); IR
(KBr): ñ=3513, 3431, 3278 (NH, OH), 3060 (C=CH), 1142, 1077 cm�1


(C�O); MS (EI): m/z (%): 626 (<1) [M�H2O]
+ , 106 (100); HRMS: m/


z : calcd for C34H48N2O6S2·C17H24NO3S: 322.1471; found: 322.1432.


(1R,2S,4R,1’R,2’R,1’’R,2’’S,4’’R)-N-{trans-2’-[2’’-Hydroxy-7’’,7’’-
dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]cyclohexyl}-2-hy-
droxy-7,7-dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6e):
White solid; Rf=0.59 (hexane/AcOEt 1:1); m.p. 209–211 8C (AcOEt/
hexane); [a]D=�54.7 (c=1.7 in CHCl3); 1H NMR: d=0.83, 1.07 (2 s, 6H
each; 4TCH3), 1.10–2.20 (m, 24H; CH ACHTUNGTRENNUNG(CH2)4CH, 2T(CH2)2CHCH2),
2.96, 3.49 (2d, J=13.7 Hz, 2H each; 2TCH2S), 3.10–3.25 (m, 2H; 2T
OH), 4.05–4.10 (m, 2H; 2TCHO), 4.90–4.95 ppm (m, 2H; 2TNH);
13C NMR: d=19.85 (2C), 20.5 (2C), 24.5 (2C), 27.35 (2C), 30.45 (2C),
34.2 (2C), 39.05 (2C), 44.35 (2C), 48.75 (2C), 50.45 (2C), 54.15 (2C),
57.45 (2C), 76.25 ppm (2C); IR (KBr): ñ=3466, 3212 (NH, OH), 1142,
1072 cm�1 (C�O); MS (EI): m/z (%): 545 (<1) [M�H]+ , 135 (100);
HRMS: m/z : calcd for C26H46N2O6S2: 528.2797; found: 528.2758.


(1S,2R,4S,1’R,2’R,1’’S,2’’R,4’’S)-N-{cis-2’-[2’’-Hydroxy-7’’,7’’-
dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1’’-ylmethylsulfonamino]cyclohexyl}-2-hy-
droxy-7,7-dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethanesulfonamide (6 f):
White solid; Rf=0.5 (hexane/AcOEt 1:1); m.p. 170–172 8C (AcOEt/
hexane); [a]D=�40.5 (c=1.44 in CHCl3); 1H NMR: d=0.83, 1.06, 1.07
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(3 s, 6H, 3H, 6H; 4TCH3), 1.15–2.1 (m, 24H; CH ACHTUNGTRENNUNG(CH2)4CH, 2T
(CH2)2CHCH2), 2.90, 3.03, 3.47, 3.52 (4d, J=13.7 Hz, 1H each; 2T
CH2S), 3.19, 3.63 (2 s, 1H each; 2TOH), 4.05–4.10 (m, 2H; 2TCHO),
5.50–5.70 ppm (m, 2H; 2TNH); 13C NMR: d=19.75, 19.8, 20.35, 20.45,
20.95, 21.95, 27.25, 29.6, 30.05, 30.3, 30.45, 39.0, 40.0, 44.3, 44.35, 48.65,
48.7, 50.35, 50.45, 53.2, 53.5, 54.0, 54.15, 60.3, 76.25, 76.35 ppm; IR (KBr):
ñ=3533, 3300 (NH, OH), 1144 cm�1 (C�O); MS (EI): m/z (%): 528 (<1)
[M�H2O]


+ , 135 (99), 114 (98), 93 (100); HRMS: m/z : calcd for
C26H46N2O6S2·H2O: 528.2691; found: 528.2695.


ACHTUNGTRENNUNG(1S,2R,4S)-N-Cyclohexyl-(2-Hydroxy-7,7-dimethylbicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-
yl)methanesulfonamide (11): Pale yelow oil ; Rf=0.70 (hexane/AcOEt
3:2); [a]D=�46.4 (c=1.68 in CHCl3); 1H NMR: d=0.82, 1.07 (2s, 3H
each; 2TCH3), 1.10–2.05 (m, 18H; (CH2)5CH, (CH2)2CHCH2), 2.86, 3.43
(2d, J=13.7 Hz, 1H each; CH2S), 3.30 (s, 1H; OH), 4.10–4.15 (m, 1H;
CHO), 4.76 ppm (d, J=7.4 Hz, 1H; NH); 13C NMR: d=19.8, 20.45, 24.7,
24.8, 25.05, 27.25, 30.5, 34.45, 34.5, 38.85, 44.3, 48.5, 50.4, 52.8, 53.85,
76.3 ppm; IR (KBr): ñ=3541, 3281 (NH, OH), 1137, 1175 cm�1 (C�O);
MS (EI): m/z (%): 314 (<1) [M�H]+ , 99 (100); HRMS: m/z : calcd for
C16H29NO3S: 315.1868; found: 315.1878.


General procedure for the synthesis of canforsulfonamide derivatives 8 :
An aqueous solution of NaOH (2m, 15 mL) was added to a solution of
(1R,2R)-trans-(+)diaminocyclohexane (1.37 g, 12 mmol, 1 equiv) in
CH2Cl2 (15 mL) at 0 8C. A solution of the corresponding arenesulfonyl
chloride 7 (12 mmol, 1.0 equiv) in CH2Cl2 (15 mL) was then slowly added
to the resulting biphasic mixture (this mixture was stirred strongly) and
the temperature was allowed to rise to 25 8C over 6 h. After this time, the
reaction was quenched by the addition of HCl (2m) until the mixture
reached an acidic pH. The organic layer was then decanted and discard-
ed. The acid aqueous layer was basified by the addition of an aqueous
solution of NaOH (3m) and extracted with CH2Cl2 (4T50 mL). The re-
sulting organic layers were dried over anhydrous Na2SO4, filtered, and
then concentrated. DMAP (0.73 mg, 0.5 equiv) and Et3N (7.6 mL,
4.5 equiv) were added to a solution of the resulting crude residue in
CH3CN (25 mL) at 0 8C. A solution of (1S)-(+)-10-camphorsulfonyl
chloride (5, 4.51 g, 18 mmol, 1.5 equiv) in CH3CN (25 mL) was slowly
added to the above solution at 0 8C. After 24 h, the temperature of the
mixture was allowed to rise to 25 8C and the reaction mixture was then
quenched by the addition of an aqueous solution of NaOH (3m, 50 mL).
This mixture was extracted with EtOAc (4T40 mL) and the resulting or-
ganic layers were washed with HCl (2m), dried over anhydrous Na2SO4,
filtered, and then concentrated. The residue was purified by flash chro-
matography on silica gel (hexane/EtOAc) to give ketones 8. Yields are
included in Scheme 4.


(1S,4S,1’R,2’R)-N-{trans-2’-[7,7-Dimethyl-2-oxobicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-yl-
methylsulfonamino]cyclohexyl}-4’’-methylbenzenesulfonamide (8a):
White solid; Rf=0.41 (hexane/AcOEt 1:1); m.p. 67–69 8C (AcOEt/
hexane); [a]D=++23.3 (c=1.2 in CHCl3);


1H NMR: d=0.97, 1.11 (2 s, 3H
each; C ACHTUNGTRENNUNG(CH3)2), 1.15–2.30 (m, 17H; CH ACHTUNGTRENNUNG(CH2)4CH, (CH2)2CHCH2), 2.35
(s, 3H; CH3Ar), 2.75–2.85, 3.10–3.20 (2m, 1H each; 2TCHN), 3.01, 3.42
(2d, J=15.1 Hz, 1H each; CH2S), 5.19 (d, J=7.0 Hz, 1H; NH), 5.55 (d,
J=5.8 Hz, 1H; NH), 7.28, 7.78 ppm (2d, J=8.1 Hz, 2H each; Ar);
13C NMR: d=19.50, 19.80, 21.5, 24.1, 24.5, 27.0, 33.6, 42.65, 42.9, 48.7,
51.2, 56.9, 57.3, 59.3, 60.35, 127.2 (2C), 129.6 (2C), 137.3, 143.2,
216.7 ppm; IR (KBr): ñ=3273 (NH, OH), 1744 cm�1 (C=O); MS (EI):
m/z (%): 482 (<1) [M]+ , 96 (100); HRMS: m/z : calcd for C23H34N2O5S2:
482.1909; found: 482.1899.


(1S,4S,1’R,2’R)-N-{trans-2’-[7,7-Dimethyl-2-oxobicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-yl-
methylsulfonamino]cyclohexyl}-4’’-methoxybenzenesulfonamide (8b):
White solid; Rf=0.43 (hexane/AcOEt 1:1); m.p. 67–69 8C (AcOEt/
hexane); [a]D=++22.4 (c=1.2 in CHCl3);


1H NMR: d=090, 1.04 (2s, 3H
each; C ACHTUNGTRENNUNG(CH3)2), 1.05–2.40 (m, 17H; CH ACHTUNGTRENNUNG(CH2)4CH, (CH2)2CHCH2), 2.75–
2.80, 3.10–3.15 (2m, 1H each; 2TCHN), 3.02, 3.44 (2d, J=15.0 Hz, 1H
each; CH2S), 3.86 (s, 3H; CH3O), 5.24 (d, J=7.0 Hz, 1H; NH), 5.58 (d,
J=5.8 Hz, 1H; NH), 6.97, 7.83 ppm (2d, J=8.9 Hz, 2H each; Ar);
13C NMR: d=19.50, 19.80, 24.1, 24.4, 26.4, 27.0, 33.55, 42.6, 42.8, 48.7,
51.2, 55.5, 56.9, 57.2, 59.2, 114.15 (2C), 129.3 (2C), 131.85, 162.7,
216.7 ppm; IR (KBr): ñ=3290 (NH, OH), 1744 cm�1 (C=O); MS (EI):


m/z (%): 327 (16), 96 (100); HRMS: m/z : calcd for C23H34N2O6S2:
498.1858; found: 498.1845.


General procedure for the synthesis of isoborneol derivatives 10a,b :
NaBH4 (2.27 g, 60 mmol, 6 equiv) was added to a solution of the corre-
sponding pure ketone 8 (10 mmol, 1.0 equiv) in ethanol (50 mL) at 0 8C.
The reaction temperature was then allowed to rise to 25 8C and the reac-
tion mixture was stirred for 24 h. After this time, the reaction was
quenched with saturated NH4Cl and extracted with EtOAc (4T40 mL).
The combined organic layers were washed with brine, dried over anhy-
drous Na2SO4, filtered, and then concentrated. The residue was purified
by flash chromatography on silica gel (hexane/EtOAc) to give isobor-
neolsulfonamides 10a,b. Yields are included in Scheme 4.


(1S,2R,4S,1’R,2’R)-N-{trans-2’-[2-Hydroxy-7,7-dimethylbicyclo-
ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethylsulfonamino]cyclohexyl}-4’’-methylbenzenesulfona-
mide (10a): White solid; Rf=0.63 (hexane/AcOEt 1:1); m.p. 90–92 8C
(AcOEt/hexane); [a]D=++7.8 (c=2.1 in CHCl3);


1H NMR: d=0.87, 1.10
(2s, 3H each; C ACHTUNGTRENNUNG(CH3)2), 1.15–2.20 (m, 17H; CH ACHTUNGTRENNUNG(CH2)4CH,
(CH2)2CHCH2), 2.43 (s, 3H; CH3Ar), 2.82–2.86, 3.08–3.12 (2m, 1H each;
2TCHN), 2.99, 3.59 (2d, J=13.7 Hz, 1H each; CH2S), 3.40 (d, J=3.8 Hz,
1H; CHO), 4.10 (s, 1H; OH), 4.97 (d, J=7.2 Hz, 1H; NH), 5.18 (d, J=
7.8 Hz, 1H; NH), 7.31, 7.75 ppm (2d, J=8.1 Hz, 2H each; Ar);
13C NMR: d=19.9, 21.45, 21.5, 24.4, 24.6, 27.3, 30.6, 33.2, 35.0, 39.0, 44.4,
48.8, 50.5, 53.7, 57.0, 57.7, 60.4, 126.9 (2C), 129.8 (2C), 137.6, 143.6 ppm;
IR (KBr): ñ=3535, 3290 (NH, OH), 1088 cm�1 (C�O); MS (EI): m/z
(%): 483 (<1) [M�H]+ , 96 (100); HRMS: m/z : calcd for C23H36N2O5S2:
484.2066; found: 484.2054.


(1S,2R,4S,1’R,2’R)-N-{trans-2’-[2-Hydroxy-7,7-dimethylbicyclo-
ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethylsulfonamino]cyclohexyl}-4’’-methoxybenzenesulfo-
namide (10b): White solid; Rf=0.29 (hexane/AcOEt 1:1); m.p. 85–87 8C
(AcOEt/hexane); [a]D=++9.2 (c=0.77 in CHCl3);


1H NMR: d=0.86,
1.10 (2s, 3H each; C ACHTUNGTRENNUNG(CH3)2), 1.10–2.15 (m, 17H; CH ACHTUNGTRENNUNG(CH2)4CH,
(CH2)2CHCH2), 2.80–2.85, 3.10–3.15 (2m, 1H each; 2TCHN), 2.97, 3.59
(2d, J=13.7 Hz, 1H each; CH2S), 3.45 (br s, 1H; OH), 3.87 (s, 3H;
CH3O), 5.10 (d, J=7.2 Hz, 1H; NH), 5.33 (d, J=7.8 Hz, 1H; NH), 6.98,
7.81 ppm (2d, J=8.9 Hz, 2H each; Ar); 13C NMR: d=19.9, 20.4, 24.4,
24.6, 27.3, 30.55, 33.1, 34.85, 39.0, 44.4, 48.75, 50.5, 53.7, 55.6, 56.9, 57.6,
76.6, 114.3 (2C), 129.1 (2C), 132.2, 162.9 ppm; IR (KBr): ñ=3529, 3286
(NH, OH), 1164 cm�1 (C�O); MS (EI): m/z (%): 500 (<1) [M]+ , 96
(100); HRMS: m/z : calcd for C23H36N2O6S2·H: 499.1931; found: 499.1931.


(1S,2R,4S,1’R,2’R)-N-{trans-2’-[2-Hydroxy-7,7-dimethylbicyclo-
ACHTUNGTRENNUNG[2.2.1]hept-1-ylmethylsulfonamino]cyclohexyl}methanesulfonamide
(10c): A solution of (1S)-(+)-10-camphorsulfonyl chloride (5, 3.10 g,
12.5 mmol, 1.05 equiv) in CH3CN (25 mL) was added to a solution of
(1R,2R)-trans-(+)diaminocyclohexane (4c, 1.37 g, 12 mmol, 1 equiv),
DMAP (0.66 g, 0.5 equiv), and Et3N (7.6 mL, 4.5 equiv) in CH3CN
(25 mL) at 0 8C. The reaction mixture stirred for 24 h and the reaction
temperature allowed to rise to 25 8C. After this time, the reaction was
quenched by the addition of an aqueous solution of NaOH (3m, 25 mL)
and was extracted with EtOAc (4T40 mL). The combined organic layers
were washed with brine, dried over anhydrous Na2SO4, filtered, and then
concentrated. The resulting crude residue was dissolved in THF (25 mL)
and Et3N (1.8 mL, 13 mmol, 1.1 equiv) was added at 0 8C. Then, methane-
sulfonyl chloride (9, 1.01 mL, 13.0 mmol, 1.1 equiv) was slowly added at
the same temperature. The reaction temperature was allowed to rise to
25 8C and the mixture was stirred for 24 h. After this time, the reaction
mixture was quenched by the addition of an aqueous solution of NaOH
(3m) and was extracted with EtOAc. The combined organic layers were
washed with HCl (1m), dried over anhydrous Na2SO4, filtered, and then
concentrated. DIBAL (1m in hexane, 35 mL, 35 mmol, 3.5 equiv) was
added to a solution of the resulting residue in anhydrous THF (50 mL)
under an argon atmosphere at �78 8C. The reaction mixture was then
warmed to room temperature and after 24 h stirring, was quenched with
HCl (2m) and extracted with CH2Cl2 (3T25 mL). The organic layers
were washed with brine, dried over anhydrous Na2SO4, filtered, and then
concentrated. The residue was purified by flash chromatography on silica
gel (hexane/EtOAc) to give the title compound 10c. The yield of the re-
action is included in Scheme 4. White solid; Rf=0.24 (hexane/AcOEt
1:1); m.p. 185–187 8C (AcOEt/hexane); [a]D=�29.8 (c=1.24 in CHCl3);
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1H NMR: d=0.84, 1.07 (2s, 3H each; C ACHTUNGTRENNUNG(CH3)2), 1.10–2.75 (m, 17H; CH-
ACHTUNGTRENNUNG(CH2)4CH, (CH2)2CHCH2), 2.90, 3.54 (2d, J=13.7 Hz, 1H each; CH2S),
3.30 (s, 3H; CH3S), 3.08 (s, 1H; OH), 4.05–4.10 (m, 1H; CHO), 5.45–
5.50 ppm (m, 2H; 2TNH); 13C NMR: d=19.85, 20.4, 24.55, 24.6, 27.25
30.45, 34.2, 34.5 39.0, 41.7, 44.35, 48.65, 50.55, 53.95, 57.45, 57.55,
76.55 ppm; IR (KBr): ñ=3527, 3292 (NH, OH), 1150, 1075 cm�1 (C�O);
MS (EI): m/z (%): 329 (<1) [M�CH3SO2]


+ , 96 (100); HRMS: m/z :
calcd for C17H32N2O5S2: 408.1753; found: 408.1769.


General procedure for the enantioselective addition of commercially
available diorganozinc reagents to ketones : A solution of the diorgano-
zinc reagent (13, 12 mmol, 2.4 equiv) in toluene (4.5–20 mL, depending
on the commercial source) was added to a solution of corresponding
chiral ligand 6, 10, or 11 (0.5 mmol, 0.05 equiv) in toluene (10 mL) under
an argon atmosphere. After 5 min stirring at 25 8C, a new solution of Ti-
ACHTUNGTRENNUNG(OiPr)4 (1.6 mL, 5.5 mmol, 1.1 equiv) was added, followed by the corre-
sponding ketone (12, 5 mmol, 1.0 equiv). The reaction mixture was stir-
red for several hours/days (see Tables 2, 3, and the Results and Discus-
sion section) at the same temperature and finally quenched by the suc-
cessive addition of methanol (1 mL) and a saturated solution of NH4Cl
(15 mL). The mixture was filtered through Celite and the resulting solu-
tion was extracted with EtOAc (3T50 mL). The organic layers were
dried over anhydrous Na2SO4, filtered, and then concentrated. The resi-
due was purified by bulb-to-bulb distillation or flash chromatography
(hexane/EtOAc) to give chiral tertiary alcohols 14a–i and 15a–d. Yields
and ee values are included in Tables 2, 3, and the Results and Discussion.
Compounds 14a–c,f[11b] and 14d,e,[14] which have been previously fully de-
scribed by us, were characterized by comparison of their spectroscopic
(1H and 13C NMR, IR, and mass spectra) and chromatographic data with
those of the reported alcohols. For the other cases, physical and spectro-
scopic data, including literature references for known compounds follow.


(E)-3-Ethyl-1-phenylhept-1-en-3-ol (14g):[46] Pale yellow oil; Rf=0.67
(hexane/AcOEt 7:3); tr (GC)=11.2 min; HPLC (ODH, UV 225 nm,
hexane/2-propanol 98:2, flow 1 mLmin�1): tr (1st)=12.8, tr (2nd)=
13.8 min; [a]D=++7.6 (c=1.84 in CHCl3); er 1st/2nd 92.5:7.5;


1H NMR:
d=0.85–1.70 (m, 15H; CH3CH2C(OH) ACHTUNGTRENNUNG(CH2)3CH3), 6.18 (d, J=16.1 Hz,
1H; CHCPh), 6.57 (d, J=16.1 Hz, 1H; CHPh), 7.15–7.40 ppm (m, 5H;
Ph); 13C NMR: d=7.8, 14.0, 23.15, 25.75, 33.7, 40.65, 75.55, 126.25 (2C),
127.15, 127.75, 128.45 (2C), 135.6, 137.15 ppm; IR (film): ñ=3444 (OH),
1449 cm�1 (C=CH); MS (EI): m/z (%): 219 (<1) [M]+ , 129 (100).


3-Methyl-1-phenyl-1-pentyn-3-ol (14h):[47] Pale yellow oil; Rf=0.85
(hexane/AcOEt 7:3); b.p. 155–160 8C (0.1 Torr); tr (GC)=10.47 min; GC
(B conditions): tr (1st)=175.2, tr (2nd)=176.1 min; [a]D=++160.0 (c=1.9
in EtOH); er 1st/2nd >99:<1; 1H NMR: d=1.10 (t, J=7.4 Hz, 3H;
CH2CH3), 1.56 (s, 3H; CCH3), 1.78 (q, J=7.4 Hz, 2H; CH2), 2.10 (s, 1H;
OH), 7.25–7.30, 7.40–7.45 ppm (2m, 3H, 2H; Ph); 13C NMR: d=9.05,
29.25, 36.6, 69.05, 83.3, 92.7, 122.8, 128.15, 128.2 (2C), 131.6 ppm (2C);
IR (film): ñ=3404 (OH), 3049, 1636 (C=CH), 2196 (C=C), 1118 cm�1


(C�O); MS (EI): m/z (%): 174 (5) [M]+ , 145 (100).
2-Cyclohexyl-2-hexanol (14 i):[48] Rf=0.74 (hexane/AcOEt 7:3); b.p. 130–
135 8C (0.1 Torr); tr (GC)=10.18 min; GC (A conditions): tr (1st)=94.91,
tr (2nd)=95.81 min; [a]D=�7.0 (c=0.37 in CHCl3); er 1st/2nd 82.5:17.5;
1H NMR: d=0.91 (t, J=6.7 Hz, 3H; CH2CH3), 0.96–1.90 ppm (m, 21H;
(CH2)5CHCCH3(OH) ACHTUNGTRENNUNG(CH2)3);


13C NMR: d=14.1, 23.35, 23.95, 25.45,
26.55, 26.75, 26’8, 26.85, 27.5, 39.6, 47.2, 74.35 ppm; IR (film): ñ=3434
(OH), 1143 cm�1 (C�O); MS (EI): m/z (%): 169 (15) [M�CH3]


+ , 101
(100), 71 (100).


1-(4’-Methylphenyl)-1-phenylethanol (ent-15a):[49] Pale yellow oil; Rf=
0.44 (hexane/AcOEt 4:1); tr (GC)=10.74 min; HPLC (AD, UV 225 nm,
hexane/2-propanol 97:3, flow 1 mLmin�1): tr (1st)=12.7, tr (2nd)=
13.5 min; [a]D=++16.0 (c=1.2 in CH2Cl2); er 1st/2nd 98:2;


1H NMR: d=
1.92 (s, 3H; CH3CO), 2.18 (br s, 1H; OH), 2.32 (s, 3H; CH3Ar), 7.20–
7.40 ppm (m, 9H; ArH); 13C NMR: d=20.95, 30.8, 76.05, 125.8 (4C),
126.8, 128.1 (2C), 128.8 (2C), 136.6, 145.1, 148.2 ppm; IR (film): ñ=3437
(OH), 1518 (C=CH), 1075 cm�1 (C�O); MS (EI): m/z (%): 213 (1)
[M+H]+ , 212 (6) [M]+ , 197 (100).


1-(4’-Bromophenyl)-1-phenylethanol (15b):[50] Pale green oil; Rf=0.5
(hexane/AcOEt 4:1); tr (GC)=15.10 min; HPLC (ODH, UV 235 nm,
hexane/2-propanol 99:1, flow 1 mLmin�1): tr (1st)=41.8, tr (2nd)=


49.9 min; [a]D=++9.6 (c=2.0 in CH2Cl2); er 1st/2nd >99:<1; 1H NMR:
d=1.92 (s, 3H; CH3), 2.55 (s, 1H; OH), 7.25–7.40 ppm (m, 9H; ArH);
13C NMR: d=30.7, 75.85, 120.85, 125.7 (2C), 127.2 (2C), 127.65, 128.3
(2C), 131.1 (2C), 147.05, 147.3 ppm; IR (film): ñ=3437 (OH), 1678 (C=
CH), 1011 cm�1 (C�O); MS (EI): m/z (%): 278 (7) [M+H]+ , 277 (1)
[M]+ , 261 (100).


1-(4’-Trifluoromethylphenyl)-1-phenylethanol (15c):[51] Pale yellow oil;
Rf=0.48 (hexane/AcOEt 4:1); tr (GC)=10.33 min; HPLC (AD, UV
225 nm, hexane/2-propanol 99:1, flow 1 mLmin�1): tr (1st)=13.1, tr
(2nd)=15.4 min; [a]D=++19.9 (c=1.37 in CH2Cl2); er 1st/2nd 4:96;
1H NMR: d=1.91 (s, 3H; CH3), 2.44 (s, 1H; OH), 7.20–7.40, 7.50,
7.53 ppm (m, 2d, J=8.8 Hz, 9H; ArH); 13C NMR: d=30.15, 75.54,
124.25 (q, 1J ACHTUNGTRENNUNG(C,F)=274.0 Hz), 125.05 (q, 3J ACHTUNGTRENNUNG(C,F)=4.4 Hz), 125.8 (2C),
126.1 (2C), 127.35, 128.35, 129.0 (q, 2J ACHTUNGTRENNUNG(C,F)=31.8), 147.0, 152.0 ppm; IR
(film): ñ=3453 (OH), 1366 (C=CH), 1126 (C�F), 1071 cm�1 (C�O); MS
(EI): m/z (%): 268 (<1) [M+2H]+ , 267 (<1) [M+H]+ , 266 (2) [M]+ ,
251 (100).


1-(4’-Bromophenyl)-1-phenyl-1-propanol (15d):[52] Pale yellow oil; Rf=
0.57 (hexane/AcOEt 4:1); tr (GC)=13.15 min; HPLC (AD, UV 225 nm,
hexane/2-propanol 97:3, flow 1 mLmin�1): tr (1st)=10.1, tr (2nd)=
11.7 min; [a]D=++9.9 (c=1.65 in CH2Cl2); er 1st/2nd 10:90;


1H NMR:
d=0.85 (t, J=7.3 Hz, 3H; CH3), 2.04 (s, 1H; OH), 2.26 (q, J=7.2 Hz,
2H; CH2), 7.15–7.40 ppm (m, 9H; ArH); 13C NMR: d=8.0, 34.25, 78.15,
120.65, 125.95 (2C), 127.0, 127.95, 128.25, 131 (2C), 145.85 (2C),
146.4 ppm (2C); IR (film): ñ=3583 (OH), 1483 (C=CH), 1005 cm�1 (C�
O); MS (EI): m/z (%): 293 (<1) [M+2H]+ , 292 (<1) [M+H]+ , 291 (<
1) [M]+ , 260 (100).


General procedure for the enantioselective addition of organozinc re-
agents prepared from arylboronic acids to ketones : A solution of Et2Zn
(1.1m in toluene, 6.5 mL, 7.2 mmol, 7.2 equiv) was slowly added to a
pressure tube charged with the corresponding arylboronic acid (16,
2.4 mmol, 2.4 equiv) at 0 8C under argon atmosphere. The resulting solu-
tion was warmed to 70 8C and stirred for 16 h. Then, the mixture was
cooled to 0 8C, and HOCSAC ligand (6c) (0.027 g, 0.05 mmol, 0.05 equiv)
and Ti ACHTUNGTRENNUNG(OiPr)4 (0.39 mL, 1.3 mmol, 1.3 equiv) were successively added.
After 15 min stirring allowing the temperature to rise to 25 8C, the corre-
sponding ketone (12, 1 mmol, 1 equiv) was added. The reaction mixture
was stirred at the same temperature for 24 h, and was then quenched by
the successive addition of methanol (1 mL) and a saturated solution of
NH4Cl (15 mL). The mixture was filtered through Celite and the result-
ing solution was extracted with EtOAc (3T15 mL). The organic layers
were dried over anhydrous Na2SO4, filtered, and then concentrated. The
residue was purified by bulb-to-bulb distillation or flash chromatography
(hexane/EtOAc) to give chiral tertiary alcohols 14a,j and 15a–d. Yields
and ee values are included in Table 4. Compounds 14a,j[11b] have been
previously fully described by us, and were characterized by the compari-
son of their spectroscopic (1H and 13C NMR, IR, and mass spectra) and
chromatographic data with those of the reported alcohols. Alcohols 15a–
d have already been described in the previous section.


General procedure for the enantioselective addition of organozinc re-
agents prepared from triphenylborane (18) to ketones : As in the previous
general procedure, but charging the pressure tube with triphenylborane
(18, 0.387 g, 1.6 mmol, 4.8 equiv) and a solution of Et2Zn (1.1m in tol-
uene, 6.5 mL, 7.2 mmol, 7.2 equiv). Yields and ee values are included in
Table 5. Compound 14 j[11b] has been previously fully described by us, and
was characterized by the comparison of its spectroscopic (1H and
13C NMR, IR, and mass spectra) and chromatographic data with those of
the reported alcohol. Alcohols 15a–d have been already described in the
previous section.


General procedure for the enantioselective addition of organozinc re-
agents prepared from arylmagnesium derivatives (19) to ketones : The
corresponding arylmagnesium halide (19, 7.75 mmol, 3.1 equiv) was
added to a solution of BF3OEt2 (20, 0.314 mL, 2.5 mmol, 1 equiv) in
Et2O (7.5 mL) at 25 8C under an argon atmosphere, and the resulting
mixture was stirred at the same temperature for 24 h. After this time, the
solution was filtered off and the solvent in the clear solution was re-
moved in vacuo. This crude residue was dissolved in toluene (7.5 mL),
stirred at room temperature for 24 h, and filtered off again under an
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argon atmosphere. Finally, the removal of toluene in vacuo produced the
corresponding triarylborane, which was treated with a solution of Et2Zn
(1.1m in toluene, 6.5 mL, 7.2 mmol, 7.2 equiv), following the same proto-
col as in the previous procedure to obtain the diarylalkanols 15a,e–g.
Yields and ee values are included in Table 6. Alcohol 15a has been al-
ready described in the previous section. For other cases, physical and
spectroscopic data, including literature references for known compounds
follow.


1-(3’-Methylphenyl)-1-phenylethanol (15e):[53] Pale yellow oil; Rf=0.61
(hexane/AcOEt 7:3); tr (GC)=11.03 min; HPLC (AD, UV 225 nm,
hexane/2-propanol 99:1, flow 1 mLmin�1): tr (1st)=27.7, tr (2nd)=
31.3 min; [a]D=�14.3 (c=1.2 in CH2Cl2); er 1st/2nd 7:93;


1H NMR: d=
1.89 (s, 3H; CH3CO), 2.30 (s, 3H; ArCH3), 2.32 (br s 1H; OH), 7.10–
7.40 ppm (m, 9H; ArH); 13C NMR: d=21.5, 30.7, 76.1, 122.85, 125.75
(2C), 126.45, 127.6, 127.95, 128.05 (2C), 137.6, 147.85, 148.0 ppm; IR
(film): ñ=3435 (OH), 1606 (C=CH), 1379 cm�1 (C�O); MS (EI): m/z
(%): 213 (2) [M+H]+ , 212 (7) [M]+ , 197 (100).


1-(4’-Chlorophenyl)-1-phenylethanol (15 f):[52] Pale yellow oil; Rf=0.59
(hexane/AcOEt 7:3); tr (GC)=11.02 min; HPLC (AD, UV 225 nm,
hexane/2-propanol 99:1, flow 1 mLmin�1): tr (1st)=35.7, tr (2nd)=
40.6 min; [a]D=�5.3 (c=0.2, CHCl3); er 1st/2nd 44:56; 1H NMR: d=
1.90 (s, 3H; CH3), 2.28 (s, 1H; OH), 7.20–7.40 ppm (m, 9H; ArH);
13C NMR: d=30.7, 30.8, 75.8, 125.7 (2C), 127.15, 127.3 (2C), 128.2 (2C),
128.25 (2C), 132.65, 146.5, 147.4 ppm; IR (film): ñ=3416 (OH),
1502 cm�1 (C=CH); MS (EI): m/z (%): 233 (1) [M+H]+ , 232 (7) [M]+ ,
217 (100).


1-(4’-Fluorophenyl)-1-phenylethanol (15g):[52] Pale yellow oil ; Rf=0.57
(hexane/AcOEt 7:3); tr (GC)=9.29 min; HPLC (AD, UV 217 nm,
hexane/2-propanol 99:1, flow 0.8 mLmin�1): tr (1st)=37.9, tr (2nd)=
39.4 min; [a]D=�4.9 (c=1.06, CHCl3; er 1st/2nd 92:8; 1H NMR: d=1.92
(s, 3H; CH3), 2.15 (s, 1H; OH), 6.95–7.0, 7.20–7.40 ppm (2m, 5H, 4H;
ArH); 13C NMR: d=31.0, 75.8, 114.8 (d, 2J ACHTUNGTRENNUNG(C,F)=20.9 Hz), 125.7 (2C),
127.1 (2C), 127.6 (d, 3J ACHTUNGTRENNUNG(C,F)=7.7 Hz), 128.2 (2C), 143.8 (d, 4J ACHTUNGTRENNUNG(C,F)=
3.3 Hz), 147.7, 161.7 ppm (d, 1J ACHTUNGTRENNUNG(C,F)=244.8 Hz); IR (film): ñ=3431
(OH), 1518 cm�1 (C=CH); MS (EI): m/z (%): 216 (5) [M]+ , 201 (100).


General procedure for the enantioselective allylation of acetophenone
(12a): A solution of [Pd ACHTUNGTRENNUNG(PPh3)4] (11.5 mg, 0.01 mmol, 0.01 equiv), either
allyl carbonate (21a, 0.43 mL, 3 mmol, 3 equiv) or cynnamyl acetate
(21b, 1.0 mL, 6 mmol, 6 equiv), and diethylzinc (1.1m in toluene, 8.2 mL,
9 mmol, 9 equiv) was stirred at 70 8C for 16 h in a pressure tube under an
argon atmosphere. After this time, the mixture was cooled to 0 8C, and
the corresponding chiral ligand 6c, 10a, or b (0.05 mmol, 0.05 equiv) and
Ti ACHTUNGTRENNUNG(OiPr)4 (0.35 mL, 1.1 mmol, 1.1 equiv) were successively added. After
15 min stirring allowing the temperature to rise to 25 8C, acetophenone
(12a, 0.12 mL, 1 mmol, 1 equiv) was added. The reaction mixture was
stirred at the same temperature for several hours, and then quenched by
the successive addition of methanol (1 mL) and a saturated solution of
NH4Cl (15 mL). The mixture was filtered through Celite and the result-
ing solution was extracted with EtOAc (3T15 mL). The organic layers
were dried over anhydrous Na2SO4, filtered, and then concentrated. The
residue was purified by flash chromatography (hexane/EtOAc) to give
chiral tertiary alcohols 22. Yields and ee values are included in Scheme 5.


2-Phenyl-4-penten-2-ol (22a):[54] Pale yellow oil; Rf=0.54 (hexane/
AcOEt 7:3); tr (GC)=9.27 min; HPLC (AS, UV 208 nm, hexane/2-prop-
anol 99.5:0.5, flow 0.6 mLmin�1): tr ((R)-22a)=12.29, tr ((S)-22a)=
13.22 min; [a]D=�2.6 (c=0.85 in CHCl3) er R/S 48:52; 1H NMR: d=
1.55 (s, 3H; CH3), 2.05 (s, 1H; OH), 2.50, 2.69 (2dd, J=8.3, 13.7 Hz, J=
6.4, 13.7 Hz; 1H each; CH2CO), 5.10–5.15 (m, 2H; CH2=CH), 5.55–5.70
(m, 1H; CH2=CH), 7.40–7.45 ppm (m, 5H; Ph);


13C NMR: d=29.9, 48.4,
73.6, 119.4, 124.7 (2C), 126.6, 128.13 (2C), 133.6, 147.6 ppm; IR (film):
ñ=3415 (OH), 1684 (C=CH), 1208 cm�1 (C�O); MS (EI): m/z (%): 160
(<1) [M�2H]+, 121 (100).
2,3-Diphenyl-4-penten-2-ol (syn-22b):[55] Pale yellow oil; Rf=0.22
(hexane/AcOEt 4:1); tr (GC)=13.16 min; HPLC (AD, UV 254 nm,
hexane/2-propanol 98:2, flow 1 mLmin�1): tr (1st)=15.7, tr (2nd)=
21.5 min; [a]D=�1.1 (c=1.22, CHCl3); er 1st/2nd 79:21; 1H NMR: d=
1.23 (s, 3H; CH3), 3.37 (d, J=9.5 Hz, 1H; CHPh), 5.05–5.25 (m, 2H;
CH=CH2), 6.20–6.45 (m, 1H; CH=CH2), 7.20–7.35 ppm (m, 10H; 2TPh);


13C NMR: d=25.3, 60.3, 74.1, 117.75, 125.6, 126.1 (2C), 127.2, 128.3
(2C), 128.5 (2C), 129.2 (2C), 133.55, 137.6, 141.0 ppm; IR (film): ñ=
3456 (OH), 1606 cm�1 (C=CH); MS (EI): m/z (%): 239 (<1) [M+2H]+ ,
117 (100).


2,3-Diphenyl-4-penten-2-ol (anti-22b):[55] Pale yellow oil. Rf=0.22
(hexane/AcOEt: 4/1); tr (GC)=13.10 min; HPLC (AD, UV 254 nm,
hexane/2-propanol 98:2, flow 1 mLmin�1): tr (1st)=15.1, tr (2nd)=
28.9 min; [a]D=++0.5 (c=3.44, CHCl3); er 1st/2nd 61:39;


1H NMR d=


1.11 (s, 3H; CH3), 3.36 (d, J=9.5 Hz, 1H; CHPh), 5.13–5.25 (m, 2H;
CH=CH2), 6.24–6.45 (m, 1H; CH=CH2), 7.18–7.38 ppm (m, 10H; 2TPh);
13C NMR: d=25.15, 60.3, 74.0, 117.7, 125.6, 126.1 (2C), 127.15, 128.3
(2C), 128.5 (2C), 129.4 (2C), 133.5, 137.6, 140.8 ppm; IR (film): ñ=3465
(OH), 1606 cm�1 (C=CH); MS (EI): m/z (%): 239 (<1) [M+2H]+ , 117
(100).


Preparation of 2,4-diphenyl-3-butyn-2-ol (24) by enantioselective alkyny-
lation of acetophenone (12a): A solution of phenylacetylene (23a,
0.33 mL, 3 mmol, 3 equiv) and diethylzinc (1.1m in toluene, 2.7 mL,
3 mmol, 3 equiv) in toluene (0.5 mL) was stirred at room temperature for
3 h under an argon atmosphere. After this time, the corresponding chiral
ligand 6c, 10a, or 10b (0.05 mmol, 0.05 equiv), Ti ACHTUNGTRENNUNG(OiPr)4 (0.03 mL,
0.1 mmol, 0.1 equiv), and toluene (2 mL) were successively added. The
resulting solution was stirred for 1 h and acetophenone (12a, 0.12 mL,
1 mmol, 1 equiv) was added. The reaction mixture was stirred at the
same temperature for several hours, before being quenched by the suc-
cessive addition of methanol (1 mL) and a saturated solution of NH4Cl
(15 mL). The mixture was filtered through Celite and the resulting solu-
tion was extracted with EtOAc (3T15 mL). The organic layers were
dried over anhydrous Na2SO4, filtered, and then concentrated. The resi-
due was purified by flash chromatography (hexane/EtOAc) to give the
title alcohol 24.[56] Yields and ee values are included in Scheme 6. Pale
yellow oil; Rf=0.41 (hexane/AcOEt 4:1); tr (GC)=12.3 min; HPLC
(AD, UV 235 nm, hexane/2-propanol 99:1, flow 1 mLmin�1): tr (1st)=
36.7, tr (2nd)=44.4 min; [a]D=�4.0 (c=1.85 in CHCl3); er 1st/2nd
76.5:23.5; 1H NMR: d=1.87 (s, 3H; CH3), 2.50 (br s, 1H; OH), 7.25–7.50,
7.70–7.75 ppm (2m, 5H each; 2TPh); 13C NMR: d=33.3, 70.4, 84.9, 92.4,
122.5, 124.9 (2C), 127.7, 128.3, 128.35 (2C), 128.5 (2C), 131.7 (2C),
145.6 ppm; IR (film): ñ=3380 (OH), 3388 (C=C), 1493 cm�1 (C=CH);
MS (EI): m/z (%): 222 (31) [M]+, 207 (100).


General procedure for the enantioselective alkenylation of ketones : The
corresponding alkyne 23 (1.2 mmol, 1.2 equiv) was added to a suspension
of Cp2ZrHCl (25, 309 mg, 1.2 mmol, 1.2 equiv), in CH2Cl2 (4 mL) under
an argon atmosphere. The reaction mixture was stirred for 20 min at
room temperature, and then the solvent was removed in vacuo. The re-
sulting residue was dissolved in toluene (5 mL), cooled to �78 8C, and
treated with Me2Zn (2.0m in toluene, 0.600 mL, 1.2 mmol, 1.2 equiv) for
30 min. The corresponding chiral ligand 6c, 10a, or 10b (0.05 mmol,
0.05 equiv) and Ti ACHTUNGTRENNUNG(OiPr)4 (0.33 mL, 1.10 mmol, 1.1 equiv) were mixed in
toluene (2 mL) at room temperature in another Schlenk flask for 15 min
under argon atmosphere. This solution was then added to the previous
Schlenk flask containing the dimethylzinc at �78 8C. After the addition,
the solution was warmed to 0 8C and added the corresponding ketone
(12, 1 mmol, 1 equiv). The reaction mixture was then warmed to room
temperature and stirred for several hours, followed by the successive ad-
dition of methanol (1 mL) and a saturated solution of NH4Cl (15 mL) to
quench the reaction. The mixture was filtered through Celite and the re-
sulting solution was extracted with EtOAc (3T15 mL). The organic
layers were dried over anhydrous Na2SO4, filtered, and then concentrat-
ed. The residue was purified by flash chromatography (hexane/EtOAc)
to give chiral tertiary alcohols 26. Yields and ee values are included in
Table 7.


2-Phenyl-4-trimethylsilyl-3-buten-2-ol (26a): Pale yellow oil; Rf=0.6
(hexane/AcOEt 7:3); tr (GC)=7.14 min; HPLC (OJ, UV 231 nm,
hexane/2-propanol 99:1, flow 0.5 mLmin�1): tr (1st)=12.4, tr (2nd)=
19.3 min; [a]D=�13.4 (c=0.55 in CHCl3); er 1st/2nd 3:97; 1H NMR: d=
0.13 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 1.67 (s, 3H; CH3CO), 2.05 (s, 1H; OH), 5.98 (d,
J=8.8 Hz, 1H; CH=CHSi), 6.36 (d, J=8.8 Hz, 1H; CH=CHSi), 7.25–
7.50 ppm (m, 5H; Ph); 13C NMR: d=�1.3 (3C), 29.3, 75.5, 125.2 (2C),
126.2, 126.85, 128.2 (2C), 146.5, 151.6 ppm; IR (film): ñ=3388 (OH),
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1606 (C=CH), 840, 765 cm�1 (Si ACHTUNGTRENNUNG(CH3)3); MS (EI): m/z (%): 222 (<1)
[M+2H]+ , 221 (3) [M+H]+ , 220 (14) [M]+ , 205 (100); HRMS: m/z :
calcd for C13H20OSi: 220.1283; found: 220.1269.


2,4-Diphenyl-3-buten-2-ol (26b):[40d] Pale yellow oil; Rf=0.5 (hexane/
AcOEt 7:3); tr (GC)=10.28 min; HPLC (ODH, UV 254 nm, hexane/2-
propanol 92:8, flow 0.8 mLmin�1): tr ((R)-26b)=14.1, tr ((S)-26b)=
17.1 min; [a]D=++6.0 (c=0.44 in CHCl3); er R/S 11.0:89.0;


1H NMR: d=
1.76 (s, 3H; CH3), 2.03 (s, 1H; OH), 6.58 (d, J=16.0 Hz, 1H; CH=
CHCO), 6.65 (d, J=16.0 Hz, 1H; CH=CHCO), 7.20–7.40, 7.52 ppm (m,
d, J=7.2 Hz, 8H, 2H; 2TPh); 13C NMR d=29.8, 74.7, 125.2 (2C), 126.5
(2C), 127.1, 127.6, 127.65, 128.3 (2C), 128.55 (2C), 136.3, 136.65,
146.5 ppm; IR (film): ñ=3388 (OH), 3028, 1499 cm�1 (C=CH); MS (EI):
m/z (%): 225 (2) [M+H]+ , 224 (12) [M]+ , 181 (100).


2-Phenyl-3-octen-2-ol (26c):[40d] Pale yellow oil; Rf=0.64 (hexane/AcOEt
7:3); tr (GC)=7.82 min; HPLC (OJ, UV 220 nm, hexane/2-propanol 97:3,
flow 1 mLmin�1): tr ((R)-26c)=5.8, tr ((S)-26c)=7.2 min; [a]D=�2.9
(c=1.3 in CHCl3); er R/S 3.0:97.0;


1H NMR: d=0.89 (t, J=6.7 Hz, 3H;
CH3CH2), 1.25–1.40 (m, 4H; (CH2)2CH3), 1.63 (s, 3H; CH3CO), 1.85 (s,
1H; OH), 2.05–2.10 (m, 2H; CH2CH=CH), 5.60–5.70 (m, 1H; CH=
CHCO), 5.77 (d, J=15.6 Hz, 1H; CH=CHCO), 7.20–7.25, 7.25–7.35,
7.46 ppm (2m, d, J=7.2 Hz, 1H, 2H, 2H; Ph); 13C NMR: d=13.9, 22.25,
29.9, 31.4, 31.9, 74.4, 125.2 (2C), 126.7, 128.1 (2C), 129.2, 136.8,
147.3 ppm; IR (film): ñ=3403 (OH), 3034, 1499 cm�1 (C=CH); MS (EI):
m/z (%): 204 (<1) [M]+ , 147 (100).


3-Methyl-1-phenylnon-4-en-1-yn-3-ol (26d):[40d] Pale yellow oil; Rf=0.58
(hexane/AcOEt 7:3); tr (GC)=9.64 min; HPLC (ODH, UV 251 nm,
hexane/2-propanol 97:3, flow 0.5 mLmin�1): tr (1st)=14.7, tr (2nd)=
19.1 min; [a]D=�7.6 (c=4.5 in CHCl3); er 1st/2nd 13:87; 1H NMR: d=
0.91 (t, J=7.2 Hz, 3H; CH3CH2), 1.30–1.45 (m, 4H; (CH2)2CH3), 1.64 (s,
3H; CH3CO), 2.05–2.10 (m, 2H; CH2CH=CH), 2.21 (br s, 1H; OH), 5.66
(d, J=15.5 Hz, 1H; CH=CHCO), 6.04 (dt, J=15.5 Hz, 1H; CH=
CHCO), 7.25–7.35, 7.40–7.45 ppm (2m, 3H, 2H; Ph); 13C NMR: d=13.9,
22.2, 30.45, 31.1, 31.5, 68.3, 84.4, 91.6, 122.7, 128.2 (2C), 130.7, 131.6
(2C), 133.9 ppm; IR (film): ñ=3376 (OH), 1494 (C=CH), 1106,
1077 cm�1 (C�O); MS (EI): m/z (%): 230 (<1) [M+2H]+ , 229 (<1)
[M+H]+ , 228 (2) [M]+ , 227 (3) [M�H]+ , 171 (100).
3-Phenylnon-4-en-3-ol (26e):[40d] Pale yellow oil; Rf=0.74 (hexane/
AcOEt 7:3); tr (GC)=12.70 min; HPLC (OJ, UV 217 nm, hexane/2-prop-
anol 97:3, flow 1 mLmin�1): tr ((R)-26e)=5.7, tr ((S)-26e)=7.4 min;
[a]D=�10.3 (c=1.1 in CHCl3) er R/S 5.0:95.0; 1H NMR: d=0.85, 0.91
(2 t, J=7.3, 6.9 Hz, 3H each; 2TCH3), 1.30–1.40 (m, 4H; (CH2)2CH3),
1.79 (s, 1H; OH), 1.85–2.0 (m, 2H; CH2CO), 2.05–2.10 (m, 2H; CH2CH=
CH), 5.65–5.70 (m, 1H; CH=CHCO), 5.82 (d, J=15.5 Hz, 1H; CH=
CHCO), 7.25, 7.36, 7.45 ppm (2t, d, J=7.2, 7.5, 7.6 Hz, 1H, 2H, 2H;
Ph); 13C NMR: d=8.0, 13.9, 22.2, 31.4, 32.0, 35.1, 76.75, 125.5 (2C),
126.5, 128.0 (2C), 129.4, 136.05, 146.2 ppm; IR (film): ñ=3471 (OH),
1499 cm�1 (C=CH); MS (EI): m/z (%): 218 (<1) [M]+ , 217 (<1)
[M�H]+ , 189 (100).
CCDC-289391 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambrigde
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Chiral recognition is one of the most important and fascinat-
ing areas in supramolecular chemistry.[1] Over the last few
decades, large numbers of chiral macrocyclic receptors have
been synthesized and subjected to host–guest investigations.
Most of these have a center[2] and/or an axis[3] as a chiral ele-
ment, but less attention has been paid to receptors possess-
ing planar chirality. This is probably because planar chiral
macrocyclic compounds are based mostly on small, rigid cy-
clophane backbones with smaller numbers of donor atoms[4]


and, although suitable for construction of ligands for asym-
metric synthesis,[5] they are completely inefficient in supra-
molecular applications. Among numerous examples of artifi-
cial receptors, only a few of those possessing planar chirality
possess a larger macroring structure with donor atoms.[6]


Therefore, the synthesis of efficient receptors with planar
chirality requires certain limitations to be overcome: 1) the
size of the macroring, and 2) the presence of the donor
groups and/or atoms in the macroring structure.


In our studies of the synthesis of macrocyclic compounds,
we have applied the double amidation reaction, in which di-
methyl a,w-dicarboxylates are treated with primary a,w-di-
ACHTUNGTRENNUNGamines. The great advantage of our approach is the presence
of the amide groups, which exhibit dual complexing charac-
ter (C=O and N or NH), thereby enabling amide-based mo-
lecular receptors to bind metal[7] and ammonium cations,[8]


neutral organic molecules,[9] and anionic species.[10] The de-
signed planar chiral system has two essential requirements:
1) the presence of the large intraannular group that cannot
go through the macroring plane easily, with the effect that
the top and bottom sides of the molecule are different, and
2) the presence of a group that breaks the symmetry of the
molecule (Scheme 1).


In accordance with these rules, we recently presented the
synthesis and chiro-optical properties of four representative
macrocyclic compounds.[11] Racemic compounds 1–4 were
resolved into enantiomers by conducting chiral HPLC, and
their high enantiomeric stability, sufficient for potential su-
pramolecular applications, was corroborated.


Here, we present further studies relating to the synthesis
of diazacoronands with planar chirality from different a,w-


Keywords: chirality · circular di-
chroism · configuration determina-
tion · macrocycles · supramolecular
chemistry


Abstract: A versatile system for preparing macrocyclic compounds with planar
chirality is presented. In this system chiral diazacoronands are synthesized readily
from lariat-type diesters 13 and 14 and unsymmetrical diamines 7, 8, 12, 15, and 16
under non-high-dilution conditions. The title compounds were subjected to struc-
tural analysis by X-ray crystallography and circular dichroism spectroscopy, and
absolute configurations for two representative examples (compounds 2 and 3)
were assigned by molecular modeling. The correctness of the theoretical approach
was verified by the crystallographic results obtained experimentally.
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diamine building blocks. Structural features of the title com-
pounds were also investigated, including their absolute con-
figurations, by X-ray diffraction and circular dichroism (CD)
spectroscopy. In the latter case, the CD spectra for the mini-
mum-energy conformers of macrocycles 2 and 3 were calcu-
lated by using the semiempirical ZINDO/S method and the
absolute configurations were assigned by comparing the ex-
perimentally observed and the calculated CD spectra.


Results and Discussion


Synthesis of macrocycles : For the preparation of diazacoro-
nands with planar chirality, the double amidation reaction
was applied. In this reaction, introduced by Tabushi[12] and
developed in our laboratories,[13] dimethyl a,w-dicarboxy-
lates are treated with primary a,w-diamines in the presence
of base [MeO� or 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene
(DBU)] under non-high-dilution conditions. The initial stage
in the synthesis of chiral diaza-
coronands was the preparation
of the appropriate unsymmetri-
cal building blocks. According
to our previous experience, we
decided to synthesize the un-
symmetrical a,w-diamines from
appropriate a,w-dinitrile pre-
cursors. Alkyl functions (Me
and tBu) were used as groups
to break symmetry, and the cor-
responding compounds 5[14] and
6[15] were reduced smoothly
with borane dimethylsulfide


complex (BMS) to give the cor-
responding a,w-diamines 7 and
8 in good yields (Scheme 2).


Another interesting and suit-
able precursor for the prepara-
tion of an appropriate a,w-dia-
mine seems to be 2,3-dihydrox-
ypyridine (9), because its tauto-
meric analogue 3-hydroxypyri-
dinone can bind trivalent
cations, such as indium and gal-
lium,[16] and its complexes are
used for medical purposes.[17] It
is known that direct alkylation
of hydroxypyridines may yield
either N-alkylpyridones or al-
koxypyridines, due to tautomer-
ic equilibrium.[18] In our case,
the main tautomeric form
was 3-hydroxy-1H-pyridin-2-
one (10), and its elongation
with chloroacetonitrile gave the


a,w-dinitrile 11, which was subsequently reduced with BMS
to give the desired diamine 12 (Scheme 3).


The synthesis of chiral diazacoronands was carried out as
shown in Scheme 4, with the appropriate diesters 13[11a] and
14,[11b] and the unsymmetrical diamines 7 and 8, and also 15
and 16.[11b] These latter two possess a bromine atom and an
ester group, respectively, which are susceptible to further
modification.


Scheme 2. Synthesis of unsymmetrical a,w-diamines 7 and 8.


Scheme 3. Synthesis of unsymmetrical a,w-diamine 12.
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In general, the cyclization step proceeded smoothly and
the macrocyclic products were isolated in moderate yields of
10–38%. The lowest yield was obtained for derivative 20,
containing the ester group, presumably due to autoconden-
sation of the diamine 16. Surprisingly, the yields observed
for the O-benzyl derivatives (17–20) were higher than those
for their N-benzoyl analogues (1 and 2, 21 and 22), probably
due to an additional contribution from the benzyloxy
oxygen atom, during the macrocyclization step, to the inter-
action between the substrates and a template molecule,
which could be methanol and/or a sodium cation
(Scheme 5).


As discussed above, another
unsymmetrical building block
employed in the synthesis of
planar chiral receptors was the
pyridin-2-one derivative 12,
which was subjected to macro-
cyclization with diesters 13 and
14. In this case, the results ob-
tained with DBU as base were
better than those with MeONa
(Scheme 6).


X-ray studies : The synthesized
diazacoronands crystallized
readily under diffusive condi-
tions and single crystals suitable
for X-ray analysis were ob-
tained for compounds 1–3, 19
and 20, and 23.


The solid-state conformation
of rac-1 shows a U-shaped ar-
rangement of the macroring
with both aromatic rings almost
parallel. Two bromine atoms
were detected with a half occu-
pation (Figure 1). The intraan-
nular group in compound 1 is
turned away from the macro-
ring and participates in two in-
tramolecular hydrogen bonds


with the amide group protons.
To examine the influence on the diazacoronand structure


of substitution of the bromine atom (in derivative 1) by the
ester group, single crystals of compound 2 were obtained.
Unfortunately, these included solvent molecules (MeOH)
and underwent destruction immediately upon removal from
the crystallization vial. X-ray measurements performed at
low temperature allowed merely an estimation of the struc-
ture of compound 2 with a large parameter R1=0.18; never-
theless, the structures of both diazacoronands 1 and 2 show
significant similarity (Figure 2).


Enantiomers of diazacoronand 3 were obtained in a suffi-
cient quantity and their crystallization, performed in a meth-
anol/pentane diffusive system, gave single crystals suitable
for X-ray investigation (Figure 3). Structural analysis of the
enantiomer (+ )-(Rp)-3 reveals typical intramolecular hydro-
gen bonds, also observed in the N-benzoyl derivative 1. The
presence of the heavy bromine atom in the structure al-
lowed the absolute configuration to be determined with a
reliable Flack parameter of �0.016(7).[19]


The structure of diazacoronand 19, containing a bromine
atom, also shows intramolecular hydrogen bonds between
the oxygen atom of the benzyloxy function and the protons
of the amide groups (Figure 4). Additionally, a p–p-type in-
teraction between a side arm and the bromobenzene unit is


Scheme 4. Synthesis of diazacoronands possessing planar chirality.


Scheme 5.


Scheme 6. Synthesis of chiral diazacoronands containing the pyridin-2-one moiety.
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observed, and is probably responsible for the relatively high
synthetic yield (38%) of compound 19.


In the case of diazacoronand 20, with an ester function,
structural investigation revealed only a few changes from
compound 19. Although the same type of hydrogen bonding
was observed, the benzyloxy group was directed outside the
macroring and no p–p-type interaction was detected
(Figure 5).


The results obtained for compound 23, however, revealed
a completely different arrangement from the other O-benzyl
derivatives 3, and 19 and 20. The benzene ring is almost par-
allel to the pyridin-2-one moiety, and the intraannular group
is perpendicular to the macroring structure and does not
form hydrogen bonds with amide function, as in the cases of
3, and 19 and 20 (Figure 6).


Determination of absolute configurations : The assignment
of Rp and Sp configurations to the title compounds was per-
formed in the same way as for the cyclophane derivatives, as
shown in Scheme 7, and is initiated by choosing a plane that
contains as many atoms as possible. Thus, for the monosub-
stituted [2.2]paracyclophane depicted in Scheme 7 an appro-
priate chiral plane includes the bottom benzene ring. To de-
termine the descriptor of a chiral plane, the closest atom out
of the plane is chosen as a descriptor-determining atom. If
there are several candidates, the one of highest priority ac-
cording to CIP rules is chosen. Subsequently, three atoms
adjacent to the descriptor-determining atom and belonging
to the chiral plane are chosen and are labeled a, b, c, respec-
tively. If, upon viewing from the descriptor-determining
atom side of the chiral plane, these atoms are arranged


Figure 1. X-ray structure analysis of the diazacoronand rac-1.


Figure 2. X-ray structure analysis of the diazacoronand rac-2.


Figure 3. X-ray structure analysis of the diazacoronand (+ )-(Rp)-3.


Figure 4. X-ray structure analysis of the diazacoronand rac-19.


Figure 5. X-ray structure analysis of the diazacoronand rac-20.


Figure 6. X-ray structure analysis of the diazacoronand rac-23.
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clockwise, the configuration is Rp, conversely, it is Sp. The
same procedure can be used for chiral [2.2]metacyclophane
and [2.2]metaorthocyclophane derivatives and—after minor
changes—for our macrocyclic system too.


The title compounds exhibit significantly higher confor-
mational flexibility than [2.2]cyclophane derivatives; there-
fore, chiral plane and descriptor have to be established inde-
pendently for each example of a chiral diazacoronand
(Scheme 7). In the case of compound (Rp)-3, the chiral
plane includes the 4-bromopyrogallol unit and the descriptor
is the carbon atom located below it.


A slightly different procedure was applied for assigning
the absolute configuration of compound 2 (Scheme 7). Ac-
cording to the X-ray structure analysis for racemic 2
(Figure 2), the chiral plane includes not only the 4-carboxy-
catechol unit, but also part of the macroring structure. The
closest atom out of the chiral plane is the nitrogen atom,
which is marked as the descriptor. The difference is that the
descriptor is located further from the benzene ring than in
the case of compound 3, so the ethylenoxy unit should be la-
beled (a, b, and c) according to the original rule. Unfortu-
nately, this unit is conformationally flexible and, because of
free rotation about the s bond, could give misleading stereo-


chemistry results. In our approach, we decided to disregard
the ethylenoxy unit and labeled only atoms in the aromatic
ring. According to this modified procedure, the absolute
configuration for compound 2 (Scheme 7) is defined as Rp.
This operation allowed the use of a procedure analogous to
that employed for compound 3, with the atoms labeled a, b,
and c adjacent to the descriptor. Only in the case of com-
pound 3 was the absolute configuration established by X-ray
studies.


Diazacoronands 1 and 2, and 4 were also resolved into
enantiomers, however, attempts to obtain single crystals
were unsuccessful. Therefore, a different approach to estab-
lish their absolute configurations had to be employed.
Among known methods, the most noteworthy and reliable
ones are those based on chirooptical techniques. The time-
dependent density functional theory (TD-DFT) method has
recently become an important tool for electronic circular-di-
chroism spectra calculation and provides more reliable re-
sults than Hartree–Fock (HF) or characteristic isochromat
spectroscopy (CIS) methods.[20,21] Unfortunately, the macro-
cycle 2 was too large to be subjected to the TD-DFT
method with required accuracy. For large macrocycles, the
semiempirical ZINDO/S method has been used successfully


Scheme 7. Principle of the assignment of absolute configuration to diazacoronands with planar chirality.
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for analysis of CD spectra.[22]


Unfortunately, computation of
the CD spectrum of compound
1 could not be performed, due
to the lack of parameters for
the bromine atom in the
ZINDO/S method. This
method was used instead for
the calculation of the CD spec-
tra of 2, which was structurally
very similar to bromine deriva-
tive 1.


To this end, conformational
analysis of 2 was carried out by
using the structures generated
by the Conflex/Cache[23] search
routine, together with those
generated from the X-ray data
for 2 and 1. These structures
were optimized further by
using semiempirical methods
with molecular mechanics cor-
rection (PM3MM),[24] and their
relative energies were calculat-
ed by using the DFT method
(B3LYP/6–31g*). An Sp abso-
lute configuration was arbitrari-
ly assigned to a thus-obtained
minimum-energy conformer,
and the CD spectrum was cal-
culated by using the ZINDO/S
semiempirical method
(Figure 7). The calculated rota-
tory strengths (shown as bars)
of the transitions at 230 nm
(negative) and 224 nm (posi-
tive) converge to a negative
Cotton effect at 238 nm and a
positive effect at 219 nm in the Gaussian CD curve. These
match satisfactorily the Cotton effects attributable to the
corresponding transitions in the experimentally measured
CD curve of (+ )-2 : a negative one at 225 nm and a positive
one at 207 nm. This allowed us to assign the Sp absolute con-
figuration to the (+ )-enantiomer of 2. Note a red shift of
the calculated transitions caused by underestimation of the
electronic transition energies in the calculation and cancella-
tion of the Cotton effects of opposite sign.


A similar analysis was performed for macrocycle 3. The
computed (TD-DFT B3LYP/6–31++g ACHTUNGTRENNUNG(d,p)) CD spectrum
of the enantiomer (Rp)-3 matched the experimentally meas-
ured CD spectrum of the (+ ) enantiomer of 3, and this con-
firmed the absolute configuration of 3 that was determined
by X-ray diffraction analysis (Figure 8).


Conclusion


We have developed a short and versatile route to diazacoro-
nands with planar chirality, based on a system with two es-
sential requirements. Our approach allowed us to obtain
stable chiral receptors with larger macroring structures and
including donor/acceptor functions. A range of macrocycles
were readily synthesized, and their structures were exam-
ined by X-ray crystallography. Absolute configurations were
established for two representative examples (2 and 3) from
molecular modeling and experimental circular dichroism re-
sults. An applied theoretical approach was verified by re-
sults of independent crystallographic experiments performed
for the diazacoronand (+ )-(Rp)-3. The racemic compounds
obtained should serve, after enantiomeric resolution, as a
new type of chiral receptor for supramolecular purposes.


Figure 7. Left: calculated minimum-energy conformer of (Sp)-2. Right: comparison of the experimentally
measured (solid line) and calculated (broken line) CD spectra of 2. Bars represent calculated rotational
strengths of the component electronic transitions. Calculated CDs were blue-shifted by 13 nm.


Figure 8. Left: calculated minimum-energy conformer of (Rp)-3. Right: comparison of the experimentally
measured (solid line) and calculated (broken line) CD spectra of 3. Bars represent calculated rotational
strengths of the component electronic transitions.
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Experimental Section


All precursors for the syntheses were used as received from Aldrich or
Fluka. THF was distilled from sodium/potassium alloy just before use.
Methanol was distilled from magnesium and stored over anhydrous mo-
lecular sieves (4 P). Acetonitrile was freshly distilled from calcium hy-
dride. Thin-layer chromatography was performed by using Merck silica
gel glass plates (60 F254). Flash column chromatography was performed
by using Merck silica gel (60, particle size 0.040–0.063 mm). Melting
points were determined by using a BoQtius M HMK hot-stage apparatus
and are uncorrected. 1H and 13C NMR spectra were recorded by using
Varian Gemini 200BB or Bruker AM 500 spectrometers. Chemical shifts
are reported as d values relative to the TMS peak defined at d=0.00.
The mass-spectral analysis was performed by using the ESI-TOF techni-
que and a Mariner mass spectrometer from PerSeptive Biosystem, or by
using high-resolution liquid secondary-ion mass spectrometry (HR-
LSIMS) and an AMD-604 Intectra instrument.


Syntheses : Elemental analysis of the macrocycles under study gave unsat-
isfactory results, due to solvent molecules encapsulated in the crystals.
This phenomenon is well known and, even after prolonged heating in
high vacuum, the solvents can still be detected in the NMR spectra. The
isotope patterns seen in the ESI-MS spectra are, however, consistent with
those calculated on the basis of natural isotope abundances and, thus,
confirm the elemental composition.


General method for the preparation of diamines 7 and 8 : BMS (55 mL,
600 mmol, 4 equiv) was added to a solution of an appropriate dinitrile 5
or 6 (150 mmol) in anhydrous THF (700 mL), and the resulting mixture
was stirred under reflux for 4 h. After cooling, the reaction mixture was
cautiously quenched with a mixture of water and THF (50 mL:50 mL)
and concentrated. An HClconc/H2O solution (1:1, 150 mL) was added to
the residue, and the mixture was stirred under reflux for 20 min. The mix-
ture was then cooled, made alkaline with NaOH (20%), and extracted
with CH2Cl2 (3R). The organic layers were combined, washed with brine,
dried over MgSO4, and concentrated to give the crude product, which
was distilled under vacuum.


2-[2-(2-Aminoethoxy)-4-methylphenoxy]ethanamine (7): Colorless oily
wax, 83%. B.p. 106–108 8C (0.05 mmHg); 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=6.85–6.65 (m, 3H), 4.02–3.94 (m, 4H), 3.11–2.99 (m,
4H), 2.27 (s, 3H; Me), 1.96 ppm (s, 4H); 13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=148.7, 146.6, 131.3, 121.6, 115.6, 114.9, 71.9, 71.5, 41.6,
41.5, 20.8 ppm; ESI-HRMS (MeOH): m/z calcd for C11H19N2O2 [M+H]+ :
211.1441; found: 211.1451.


2-[2-(2-Aminoethoxy)-4-tert-butylphenoxy]ethanamine (8): Yellowish
oily wax, 81%. B.p. 128–130 8C (0.05 mmHg); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.01–6.84 (m, 3H), 4.20–3.93 (m, 8H), 3.12 (br s,
4H), 1.27 ppm (s, 9H; tBu); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=
148.7, 147.2, 145.8, 119.2, 115.2, 113.9, 71.5, 71.1, 41.7, 41.6, 34.9 (CCH3),
32.0 ppm (CH3); ESI-HRMS (MeOH): m/z calcd for C14H25N2O2


[M+H]+ : 253.1911; found: 253.1922.


(3-Cyanomethoxy-2-oxo-2H-pyridin-1-yl)-acetonitrile (11): Anhydrous
K2CO3 (91 g, 660 mmol) and chloroacetonitrile (71 mL, 1.1 mol) were
added to a solution of 2,3-dihydroxypyridine (9, 25.0 g, 225 mmol) in an-
hydrous acetonitrile (500 mL). The resulting mixture was stirred under
reflux for 48 h. After filtration through Celite, the filtrate was concentrat-
ed and the residue was purified by column chromatography on silica gel
(CHCl3/MeOH 9:1). The brown solid was decolorized with active char-
coal to give a yellowish product (23.0 g, 54%). M.p. 121.9–123.4 8C;
1H NMR (200 MHz, [D6]DMSO, 25 8C, TMS): d=7.50 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=
6.9 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H), 7.16 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=
1.6 Hz, 1H), 6.31 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H), 5.14 (s, 2H; CH2CN),
5.04 ppm (s, 2H; CH2CN); 13C NMR (50 MHz, [D6]DMSO, 25 8C, TMS):
d=156.0 (CO), 145.5, 131.6, 119.4, 115.9, 115.6, 104.7, 54.2 (CH2CN),
36.8 ppm (CH2CN); IR (KBr): ñ=2993, 2971, 1662, 1605, 1229 cm�1;
ESI-HRMS (MeOH): m/z calcd for C9H7N3O2Na [M+Na]+ : 212.0430;
found: 212.0433.


3-(2-Amino-ethoxy)-1-(2-amino-ethyl)-1H-pyridin-2-one (12): BMS
(55.0 mL, 600 mmol, 4 equiv) was added to a solution of dinitrile 11


(28.0 g, 150 mmol) in anhydrous THF (700 mL), and the resulting mix-
ture was stirred under reflux for 3 h. After cooling, the reaction mixture
was cautiously quenched with a mixture of water and THF
(50 mL:50 mL), followed by HCl (5m, 200 mL), and stirred under reflux
for 20 min. The mixture was concentrated, made alkaline (NaOHsat/
MeOH solution), and, after cooling, filtered to remove the inorganic salt.
The filtrate was concentrated and the residue was distilled under vacuum
to give a yellow oil, 21.0 g (71%). B.p. 170–174 8C (0.01 mmHg);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.01 (d, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
1H), 6.68 (d, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H), 6.10 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H), 4.06–
3.90 (m, 4H), 3.17–3.01 (m, 4H), 1.79 ppm (s, 4H); 13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=158.6 (CO), 149.6, 129.8, 114.6, 105.0, 71.4, 53.4,
41.7, 41.5 ppm; ESI-HRMS (MeOH): m/z calcd for C9H16N3O2 [M+H]+ :
198.1237; found: 198.1246.


General procedure for the synthesis of compounds 17–24 : The appropri-
ate diester 13 or 14 (10 mmol) was dissolved in dry MeOH (100 mL) and
added to the solution of the diamine (10 mmol). Subsequently, a solution
of MeONa (25 mmol in 100 mL MeOH) or DBU (3.8 g, 25 mmol, in the
cases of 23 and 24) was added. The mixture was left at ambient tempera-
ture over a period of 2–7 days (TLC monitoring). The solvent was then
evaporated and the residue was purified by column chromatography
(silica gel; AcOEt/MeOH 95:5 or 8:2 for 23 and 24, respectively) to give
the desired product.


Diazacoronand 17: Colorless solid, 16%. M.p. 72.7–75.1 8C; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=8.12–8.05 (m, 2H; CONH), 7.42–7.38
(m, 2H), 7.27–7.24 (m, 3H), 7.08 (t, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.69 (d,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 6.66 (s, 2H), 6.58 (s, 1H), 5.06 (s, 2H; CH2Ph),
4.74–4.68 (m, 2H; CH2CO), 4.51–4.46 (m, 2H; CH2CO), 4.08–4.02 (m,
2H), 3.94–3.89 (m, 2H), 3.77–3.71 (m, 2H), 3.49–3.42 (m, 2H), 2.26 ppm
(s, 3H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=168.8
(CONH), 168.7 (CONH), 153.2, 153.1, 147.7, 145.8, 130.6, 128.6, 128.5,
128.4, 128.2, 127.5, 125.6, 121.0, 113.5, 112.2, 111.4, 111.3, 76.5 (CH2Ph),
71.1, 71.0, 67.3, 67.2, 38.8, 38.8, 20.8 ppm; ESI-HRMS (MeOH): m/z
calcd for C28H30N2O7Na [M+Na]+ : 529.1945; found: 529.1962.


Diazacoronand 18 : Colorless solid, 22%. M.p. 65.1–67.7 8C; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=8.11 (m, 2H; CONH), 7.45–7.39 (m,
3H), 7.28–7.24 (m, 3H), 7.08 (t, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.88 (dd,
3J1 ACHTUNGTRENNUNG(H,H)=8.4 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 6.82 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H),
6.70 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 5.08 (s, 2H; CH2Ph), 4.75–4.70 (m, 2H;
CH2CO), 4.52–4.47 (m, 2H; CH2CO), 4.14–4.03 (m, 2H), 3.97–3.90 (m,
2H), 3.82–3.72 (m, 2H), 3.46–3.38 (m, 2H), 1.28 ppm (s, 9H; tBu);
13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=168.8 (CONH), 168.7
(CONH), 153.2, 153.1, 147.4, 145.7, 144.2, 139.3, 136.3, 128.5, 128.2, 127.9,
125.6, 117.3, 111.6, 111.4, 111.3, 110.0, 76.4 (CH2Ph), 71.1, 71.0, 67.3, 67.2,
38.8, 38.7, 34.3, 31.4 ppm; ESI-HRMS (MeOH): m/z calcd for
C31H36N2O7Na [M+Na]+ : 571.2415; found: 571.2430.


Diazacoronand 19 : Crystallization in vapor diffusive system (MeOH/pen-
tane) gave colorless crystals, 38%. M.p. 175.6–177.1 8C; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=8.11–8.04 (m, 2H; CONH), 7.43–7.40
(m, 2H), 7.30–7.27 (m, 3H), 7.09 (t, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 6.98 (dd,
3J1 ACHTUNGTRENNUNG(H,H)=8.5 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H), 6.82 (d, 3J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H),
6.73–6.69 (m, 2H), 6.60 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 5.06 (dAB,


3J ACHTUNGTRENNUNG(H,H)=
10.5 Hz, 1H; CH2Ph), 5.03 (dAB,


3J ACHTUNGTRENNUNG(H,H)=10.5 Hz, 1H; CH2Ph), 4.77–
4.72 (m, 2H; CH2CO), 4.52 (d, 3J ACHTUNGTRENNUNG(H,H)=15.5 Hz, 2H; CH2CO), 4.06–
4.00 (m, 2H), 3.91–3.84 (m, 2H), 3.79–3.70 (m, 2H), 3.49–3.41 ppm (m,
2H); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=169.0 (CONH), 168.9
(CONH), 153.2, 153.1, 148.6, 147.2, 139.4, 136.2, 129.0, 128.6, 128.5, 128.1,
125.7, 123.5, 115.5, 113.1, 112.8, 111.5, 111.3, 76.8 (CH2Ph), 71.0, 70.1,
67.6, 67.4, 38.7, 38.6 ppm; HR-LSIMS: m/z calcd for C27H28N2O7


79Br
[M+H]+ : 571.1079; found: 571.1053.


Diazacoronand 20 : Crystallization in vapor diffusive system [MeOH/
CHCl3 (1:1)/Et2O] gave colorless crystals, 10%. M.p. 108.8–110.2 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.12–8.06 (m, 2H; CONH),
7.62 (dd, 3J1ACHTUNGTRENNUNG(H,H)=8.4 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H), 7.44–7.40 (m, 3H),
7.27–7.24 (m, 3H), 7.09 (t, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.75 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.4 Hz, 1H), 6.71 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 5.07 (dAB,


3J ACHTUNGTRENNUNG(H,H)=10.8 Hz,
1H; CH2Ph), 5.04 (dAB,


3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CH2Ph), 4.75 (ddAB,
3J1 ACHTUNGTRENNUNG(H,H)=15.5 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=2.1 Hz, 2H; CH2CO), 4.52 (ddAB,


3J1-
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ACHTUNGTRENNUNG(H,H)=15.5 Hz, 3J2ACHTUNGTRENNUNG(H,H)=2.1 Hz, 2H; CH2CO), 4.15–4.10 (m, 2H),
4.00–3.94 (m, 2H), 3.88 (s, 3H; Me), 3.81–3.73 (m, 2H), 3.51–3.42 ppm
(m, 2H); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=168.8 (CONH),
168.8 (CONH), 166.6 (COOMe), 153.2, 151.9, 147.6, 139.5, 136.3, 128.5,
128.4, 128.0, 125.6, 123.5, 122.7, 112.7, 111.4, 111.3, 111.0, 76.6 (CH2Ph),


71.1, 71.0, 67.6, 67.5, 51.9, 38.7, 38.6 ppm; ESI-HRMS (MeOH): m/z
calcd for C29H30N2O9Na [M+Na]+ : 573.1844; found: 573.1872; elemental
analysis calcd (%) for C29H30N2O9: C 63.27, H 5.45, N 5.09; found: C
63.48, H 5.66, N 4.85.


Table 1. Crystallographic data for the structures described.


Identification code rac-1 rac-2 (Rp)-3


empirical formula C28H25BrN3O8 C21H15N3O8.33 C21H23BrN2O6


Mr 611.42 428.68 479.32
T [K] 293(2) 120(2) 150(2)
l [P] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic
space group P2(1) P1̄ P2(1)
a [P] 8.4590(17) 13.127(3) 10.567(2)
b [P] 14.840(3) 15.887(3) 8.9840(18)
c [P] 11.586(2) 16.134(3) 11.525(2)
a [8] 90 90.00(3) 90
b [8] 106.35(3) 89.70(3) 103.34(3)
g [8] 90 77.90(3) 90
V [P3] 1395.6(5) 3289.9(11) 1064.6(4)
Z 2 6 2
1calcd [gcm


�3] 1.455 1.298 1.495
m [mm�1] 1.527 0.102 1.971
F ACHTUNGTRENNUNG(000) 626 1330 492
crystal size [mm] 0.37R0.39R0.26 0.43R0.21R0.07 0.3R0.2R0.1
range of q [8] 3.50–20.00 2.58–28.91 3.63–23.00
index ranges �8�h�7, �13�k�14, 0� l�11 �17�h�17, �21�k�21, �21� l�21 �11�h�11, �9�k�9, �12� l�12
rflns (collected/unique) 2174/2174 57349/16024 13573/2926
refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2


data/restr./param. 2174/1/371 16024/36/879 2926/1/293
GoF 0.987 0.935 0.999
R indices [I>2s(I)] R1=0.0597, wR2=0.1408 R1=0.1788, wR2=0.4116 R1=0.0261, wR2=0.0540
R indices (all data) R1=0.0860, wR2=0.1661 R1=0.4251, wR2=0.5302 R1=0.0286, wR2=0.0549
extinction coefficient 0.024(4) 0.0047(10)
D1max/1min [eP


�3] 0.250/�0.196 0.573/�0.636 0.545/�0.159
Flack parameter �0.016(7)


Identification code rac-19 rac-20 rac-23


empirical formula C27H27BrN2O7 C29H30N2O9 C27H31N3O8


Mr 571.42 582.59 525.55
T [K] 293(2) 120(2) 293(2)
l [P] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic
space group P2(1)/c R3̄ P2(1)/c
a [P] 10.106(2) 25.502(6) 7.6615(15)
b [P] 17.225(3) 25.502(6) 19.539(4)
c [P] 15.279(3) 25.502(6) 16.915(3)
a [8] 90 118.94(3) 90
b [8] 106.38(3) 118.94(3) 98.6
g [8] 90 118.94(3) 90
V [P3] 2551.8(9) 4425.2(19) 2503.8(9)
Z 4 6 4
1calcd [gcm


�3] 1.487 1.312 1.394
m [mm�1] 1.661 0.099 0.104
F ACHTUNGTRENNUNG(000) 1176 1848 1112
crystal size [mm] 0.18R0.44R0.53 0.2R0.1R0.1 0.15R0.15R0.15
range of q [8] 3.65–22.00 3.21–22.49 2.65–28.76
index ranges �10�h�10; 0�k�18; 0� l�16 �27�h�27, �27�k�27, �27� l�27 �10�h�9, �26�k�25, �22� l�22
rflns (collected/unique) 3082/3082 51674/3844 22273/6098
refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2


data/restr./param. 3082/0/347 3844/0/418 6098/0/468
GoF 0.974 1.169 0.697
R indices [I>2s(I)] R1=0.0601, wR2=0.1616 R1=0.0799, wR2=0.1765 R1=0.0424, wR2=0.0552
R indices (all data) R1=0.0802, wR2=0.1835 R1=0.0983, wR2=0.1881 R1=0.1696, wR2=0.0746
extinction coefficient 0.0 0.0016(7) 0.00085(15)
D1max/1min [eP


�3] 1.019/�0.413 1.086/�0.296 0.209/�0.192
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Diazacoronand 21: Crystallization in vapor diffusive system [MeOH/
CHCl3 (1:1)/pentane] gave colorless crystals, 13%. M.p. 244.8–245.8 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.22–8.15 (m, 2H; CONH),
7.98–7.95 (m, 2H), 7.83 (br s, 1H; NHCOPh), 7.64–7.59 (m, 1H), 7.54–
7.50 (m, 2H), 6.66 (s, 2H), 6.64–6.60 (m, 2H), 6.32 (m, 2H), 4.66 (dAB,


3J-
ACHTUNGTRENNUNG(H,H)=16.5 Hz, 2H; CH2CO), 4.61 (dAB,


3J ACHTUNGTRENNUNG(H,H)=16.5 Hz, 2H;
CH2CO), 4.30–4.23 (m, 2H), 3.94–3.87 (m, 2H), 3.75–3.69 (m, 2H), 3.38–
3.29 (m, 2H), 2.28 ppm (s, 3H; Me); 13C NMR (125 MHz, CDCl3, 25 8C,
TMS): d=168.4 (CONH), 168.3 (CONH), 168.1 (COPh), 152.9, 147.3,
145.5, 133.1, 132.6, 130.3, 128.8, 128.5, 127.8, 120.7, 113.4, 112.7, 111.4,
104.8, 104.7, 66.7, 66.4, 66.3, 39.0, 20.9 ppm; ESI-HRMS (MeOH): m/z
calcd for C28H29N3O7Na [M+Na]+ : 542.1898; found: 542.1908.


Diazacoronand 22 : Crystallization in vapor diffusive system (MeOH/pe-
troleum ether) gave colorless crystals, 15%. M.p. 134.5–137.1 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.08 (m, 2H; CONH),
7,95–7.91 (m, 2H), 7.71 (s, 1H; NHCOPh), 7.62–7.58 (m, 1H), 7.52–7.48
(m, 2H), 6.86 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=8.4 Hz, 3J2 ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 6.81 (d, 3J-
ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 6.72–6.65 (m, 2H), 6.37 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=8.4 Hz, 3J2-
ACHTUNGTRENNUNG(H,H)=4.5 Hz, 2H), 4.65 (s, 4H; CH2CO), 4.28–4.20 (m, 2H), 3.95–3.85
(m, 2H), 3.80–3.72 (m, 2H), 3.40–3.32 (m, 2H), 1.30 ppm (s, 9H; tBu);
13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=168.4 (CONH), 167.9
(COPh), 152.9, 152.8, 147.2, 145.5, 143.9, 133.2, 132.5, 128.8, 128.5, 127.7,
117.0, 113.5, 111.0, 109.4, 104.8, 104.7, 66.8, 66.7, 66.4, 66.3, 39.1, 39.0,
34.3, 31.5 ppm; ESI-HRMS (MeOH): m/z calcd for C31H35N3O7Na
[M+Na]+ : 584.2367; found: 584.2395.


Diazacoronand 23 : Crystallization in vapor diffusive system [MeOH/
CHCl3 (1:1)/Et2O] gave colorless crystals: 28% (DBU), 8% (MeONa).
M.p. 104.5–107.2 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.85–
7.80 (m, 1H; CONH), 7.72 (m, 1H; CONH), 7.54–7.52 (m, 2H), 7.38–
7.30 (m, 3H), 6.79 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3J2ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H), 6.74 (t,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.47–6.44 (m, 1H), 6.37 (dd, 3J1 ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3J2-
ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H), 6.25 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 6.00 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 1H), 5.15 (s, 2H; CH2Ph), 4.68 (dA1B1,


3J ACHTUNGTRENNUNG(H,H)=15.8 Hz, 1H;
CH2CO), 4.57 (dA2B2,


3J ACHTUNGTRENNUNG(H,H)=16.0 Hz, 1H; CH2CO), 4.47 (dA1B1,
3J-


ACHTUNGTRENNUNG(H,H)=15.8 Hz, 1H; CH2CO), 4.29 (dA2B2,
3J ACHTUNGTRENNUNG(H,H)=16.0 Hz, 1H;


CH2CO), 4.06–4.00 (m, 1H), 3.86–3.79 (m, 1H), 3.76–3.66 (m, 3H), 3.54–
3.46 (m, 2H), 3.20–3.14 ppm (m, 1H); 13C NMR (125 MHz, CDCl3, 25 8C,
TMS): d=169.5 (CONH), 168.9 (CONH), 158.7, 152.5, 151.8, 148.8,
137.6, 137.5, 128.6, 128.2, 128.1, 127.8, 123.9, 113.0, 107.4, 107.2, 105.4,
75.8 (CH2Ph), 68.8, 68.5, 67.0, 50.6, 46.9, 40.8, 38.2 ppm; ESI-HRMS
(MeOH): m/z calcd for C26H27N3O7Na [M+Na]+ : 516.1741; found:
516.1762; elemental analysis calcd (%) for C26H27N3O7: C 63.28, H 5.47,
N 8.52; found: C 63.43, H 5.59, N 8.33.


Diazacoronand 24 : Crystallization in vapor diffusive system (CHCl3/
THF) gave colorless crystals: 23% (DBU), 7% (MeONa). M.p. 119.2–
122.4 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=10.05 (br s, 1H;
NHCOPh), 8.66 (br s, 1H), 8.40 (brd, 2H), 8.09 (brd, 1H), 7.56–7.44 (m,
3H), 7.15 (t, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 6.97–6.92 (m, 1H), 6.74–6.70 (m,
1H), 6.65–6.61 (m, 1H), 6.53 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 6.23 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H), 4.75 (dA1B1,


3J ACHTUNGTRENNUNG(H,H)=16.1 Hz, 1H; CH2CO), 4.64
(dA1B1,


3J ACHTUNGTRENNUNG(H,H)=16.1 Hz, 1H; CH2CO), 4.57 (dA2B2,
3J ACHTUNGTRENNUNG(H,H)=15.7 Hz,


1H; CH2CO), 4.50 (dA2B2,
3J ACHTUNGTRENNUNG(H,H)=15.7 Hz, 1H; CH2CO), 4.26–4.18 (m,


1H), 3.91 (brd, 1H), 3.81–3.73 (m, 2H), 3.59–3.46 (m, 3H), 3.21–
3.13 ppm (m, 1H); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=169.0
(CONH), 168.7 (CONH), 167.1 (COPh), 159.6 (CO), 155.4, 153.2, 148.8,
133.6, 131.8, 129.9, 128.5, 128.3, 128.2, 128.1, 127.9, 116.8, 113.6, 108.7,
106.9, 105.0, 70.2, 67.4, 66.4, 49.2, 41.5, 37.6 ppm; ESI-HRMS (MeOH):
m/z calcd for C26H26N4O7Na [M+Na]+ : 529.1694; found: 529.1996.


X-ray crystallography : The X-ray measurements were undertaken in the
Crystallographic Unit of the Physical Chemistry Laboratory at the Chem-
istry Department of the University of Warsaw. Crystal data and details of
the crystal structure determinations are presented in Table 1. The intensi-
ty data were collected by using a Kuma KM4CCD diffractometer in the
omega scan mode. Data were corrected for decay, Lorentz, and polariza-
tion effects. The structure was solved by direct methods[25] and refined by
using SHELXL.[26] All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were identified from a difference density map and
refined without any constraints.


CCDC-288948 (rac-1), CCDC-288949 (rac-2), CCDC-288947 [(Rp)-3],
CCDC-288950 (rac-19), CCDC-288951 (rac-20), and CCDC-288952 (rac-
23) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Molecular modeling : Conformational analysis of 2 and 3 was performed
with structures generated by the Conflex/Cache[23] search routine as well
as with structures generated from the X-ray data. These structures were
further optimized by using PM3MM semiempirical methods with molecu-
lar mechanics correction,[24] and their relative energies were calculated
additionally by the DFT method (B3LYP/6–31g*). CD spectra were cal-
culated for the first 20 singlet transitions for each compound, by the
ZINDO/S method for 2 and by TD-DFT (B3LYP/6–31++g ACHTUNGTRENNUNG(d,p)) for 3.
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S93.
[23] Cache 5.0 WorkSystem Pro, Fujitsu Ltd., 2001.
[24] Gaussian 03, Revision B.04, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-


y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Pittsburgh, 2003.


[25] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.
[26] G. M. Sheldrick, SHELXL93, Program for the Refinement of Crys-


tal Structures, University of Gçttingen, Gçttingen (Germany), 1993.


Received: November 12, 2005
Published online: March 24, 2006


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4397 – 44064406


J. Jurczak et al.



www.chemeurj.org






DOI: 10.1002/chem.200501398


The Mechanism of the Hydroalkoxycarbonylation of Ethene and Alkene–CO
Copolymerization Catalyzed by PdII–Diphosphine Cations
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Introduction


The hydroalkoxycarbonylation of alkenes and the alkene–
CO copolymerization[1] catalyzed by Pd–diphosphine com-
plexes are mechanistically related reactions.[2] Commercial
interest in hydromethoxycarbonylation of ethene is strong;


Lucite International currently operates pilot plants and has
announced construction of a commercial unit as part of an
environmentally preferred route to methyl methacrylate,
namely, the Lucite ALPHA process.[3] Two mechanisms are
believed to operate in the catalysis; initiation can occur by
insertion of an alkene into a Pd�hydride bond or by inser-
tion of CO into a Pd�methoxy bond, hence the two mecha-
nisms are usually referred to as the “hydride” (Scheme 1)
and “carboalkoxy” (Scheme 2) cycles, respectively. Termina-
tion after insertion of one unit each of CO and alkene corre-
sponds to hydroalkoxycarbonylation, whereas propagation
by multiple alternating insertions of CO and alkene yields a
perfectly alternating copolymer. Termination can occur by
one of a number of routes, of which methanolysis of the
acyl, to give an ester end group and regenerate a Pd�H ini-
tiator, and methanolysis of the so-called b-chelate species to
give a ketone end group and regenerate a Pd�OCH3 species,
appear to dominate the reaction. The relative effectiveness


Abstract: All the intermediates in the
“carboalkoxy” pathway, and their inter-
conversions giving complete catalytic
cycles, for palladium–diphosphine-cata-
lyzed hydroalkoxycarbonylation of al-
kenes, and for alkene–CO copolymeri-
zation, have been demonstrated using
31P{1H} and 13C{1H} NMR spectroscopy.
The propagation and termination steps
of the “hydride” cycles and the cross-
over between the hydride and carboal-
koxy cycles have also been demonstrat-
ed, providing the first examples of both
cycles, and of chain crossover, being
delineated for the same catalyst. Com-
parison of the propagation and termi-
nation steps in the pathways affords
new insight into the selectivity-deter-
mining steps. Thus, reaction of [Pd-
ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 (dibpp = 1,3-


(iBu2P)2C3H6) with Et3N and CH3OH
affords [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(OCH3)-
ACHTUNGTRENNUNG(CH3CN)]OTf, which, on exposure to
CO, gives [Pd ACHTUNGTRENNUNG(dibpp){C(O)OCH3}-
ACHTUNGTRENNUNG(CH3CN)]OTf immediately. Labeling
studies show the reaction to be readily
reversible. However, the back reaction
is strongly inhibited by PPh3, indicating
an insertion/deinsertion pathway.
Ethene reacts with [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG{C(O)OCH3}ACHTUNGTRENNUNG(CH3CN)]OTf at 243 K to
give [PdK (dibpp){CH2CH2C(OL )ACHTUNGTRENNUNGOCH3}]-
OTf, that is, there is no intrinsic barrier
to alkene insertion into the Pd�
C(O)OMe bond, as had been pro-


posed. Instead, termination is proposed
to be selectivity determining. Metha-
nolysis of the acyl intermediate [Pd-
ACHTUNGTRENNUNG(dibpp){C(O)CH3}L]X (L = CO,
CH3OH; X = CF3SO3


� (OTf�),
CH3C6H4SO3


� (OTs�)) is required in
the hydride cycle to give an ester and
occurs at 243 K on the timescale of mi-
nutes, whereas methanolysis of the b


chelate, required to give an ester from
the carbomethoxy cycle, is slow on a
timescale of days, at 298 K. These re-
sults suggest that slow methanolysis of
the b chelate, rather than slow inser-
tion of an alkene into the Pd�carboal-
koxy bond, as had previously been pro-
posed, is responsible for the dominance
of the hydride mechanism in hydroal-
koxycarbonylation.
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palladium · reaction mechanisms
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of the propagation versus termination steps dictates whether
the copolymerization or hydroalkoxycarbonylation product
is formed.


Somewhat surprisingly, given the close relationship be-
tween the hydroalkoxycarbonylation and copolymerization
reactions, polymer-end-group analysis[4,5] shows that both
the hydride and carboalkoxy mechanisms operate in copoly-
merization yet a consensus has emerged that only the hy-
dride catalytic cycle operates in hydroalkoxycarbonyla-
tion.[6–12] The explanation advanced for the latter conclusion
is that alkene insertion into the Pd�carbomethoxy bond is
extremely slow.[13,14] This seems somewhat remarkable given
that such insertion must be fast in the case of alkene–CO
copolymerization catalysis.


In order to shed some light on this apparent paradox we
have extended our mechanistic studies of these reactions
and demonstrated, by using NMR spectroscopy, complete
carboalkoxy and hydride cycles for a single catalyst system.
Despite the intense interest in recent years in the mecha-
nism of these, and of similar reactions employing nitrogen
or mixed nitrogen–phosphorus donor ligands,[1,2, 14–20] the
complete carboalkoxy cycle for either hydroalkoxycarbon-
ACHTUNGTRENNUNGylation or CO–alkene copolymerization has not previously
been demonstrated. Thus, it has not been possible, prior to
our work reported here, to make a direct comparison of
analogous steps in the two cycles for a catalytically active
system. As we will show, previous work relying on isolable,
model complexes has led to an erroneous conclusion, where-
as the direct, spectroscopic observation of the reactivity of
catalytically relevant intermediates reported here has afford-


ed new insight into the selectivity-determining steps in this
chemistry. Thus, we find that alkenes insert rapidly into the
Pd�carboalkoxy bond at low temperature, in contrast to all
previous reports,[13,14,20–22] and that there are significant dif-
ferences in methanolysis rates leading to an ester product in
the hydride and carbomethoxy pathways. These results indi-
cate that the consensus that “slow” insertion of alkenes into
the Pd�carboalkoxy bond in hydroalkoxycarbonylation is
the pathway/selectivity-determining step must be reassessed.
Parts of this work have appeared in a preliminary form.[23,24]


Results and Discussion


The initial focus of this study was the complete delineation
of both catalytic pathways leading to both ester and copoly-
mer products for the same catalyst system and the demon-
stration of chain crossover with initiation of the “other” cat-
alytic cycle, none of which has previously been reported.
This would allow a comparison of analogous steps in the
two pathways to be made, in the absence of artifacts due to
changes in the diphosphine and ancillary ligands, or of the
counterion. It was hoped that this would provide new insight
into the factors governing the reaction outcome.


The hydride cycle : The complete hydride cycle has been
demonstrated only once; namely, by us for the Lucite hydro-
methoxycarbonylation catalyst, [Pd ACHTUNGTRENNUNG(dtbpx)H ACHTUNGTRENNUNG(CH3OH)]OTf
(dtbpx = 1,2-(CH2PtBu2)2C6H4),


[25,26] whereas Nozaki et al.
demonstrated the propagation steps of the Pd–BINAPHOS-
catalyzed enantioselective copolymerization of CO with
alkenes starting from [Pd ACHTUNGTRENNUNG(BINAPHOS) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH3CN)]+


(BINAPHOS = (R)-2-(diphenylphosphino)-1,1’-binaphtha-
ACHTUNGTRENNUNGlene-2’-yl-{(S)-1,1’-binaphthalene-2,2’-diyl}phosphite).[27]


Initiation : In our earlier work on the Lucite ALPHA pro-
ACHTUNGTRENNUNGcess, we were successful in observing the hydride complex
[Pd ACHTUNGTRENNUNG(dtbpx)H ACHTUNGTRENNUNG(solvent)]OTf and studied its insertion reaction
with ethene.[25,26] Attempts to cleanly synthesize the Pd-
ACHTUNGTRENNUNG(dibpp)–hydride complex analogous to the Lucite catalyst
were unsuccessful. However, we have been able to access
the propagation steps of the hydride cycle through the Pd–
methyl cations [Pd ACHTUNGTRENNUNG(dibpp)CH3(L)]


+ (dibpp = 1,3-
(iBu2P)2C3H6); L = see Table 1) (1-L),[28–31] and infer the in-
sertion of ethene into the Pd�H bond by analogy with our
earlier work.[25,26] Complexes 1-L were prepared by protona-
tion of [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3)2] with the appropriate acid,[32] in
the appropriate solvent. Although we have not been able to
isolate analytically pure samples of 1, ample literature pre-
ACHTUNGTRENNUNGce ACHTUNGTRENNUNGdent for these complexes exists.[28–30,33,34] Thus, for exam-
ple, Brookhart et al. prepared a series of complexes [PdACHTUNGTRENNUNG(L


_
L)-


Me ACHTUNGTRENNUNG(Et2O)][B ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(CF3)2C6H3)4] (L
_
L = various diphosphine


ligands) by using an analogous procedure.[29]


The NMR spectra (Table 1) are consistent with the pro-
posed formulation of 1. Thus a doublet resonance at approx-
imately d = 0.34 ppm (3JACHTUNGTRENNUNG(P,H) = 7 Hz) in the 1H NMR
spectrum confirms the presence of a Pd�Me fragment in 1-


Scheme 1. The “hydride” cycle for the hydroalkoxycarbonylation of al-
kenes/CO–alkene copolymerization catalyzed by PdII cations.


Scheme 2. The “carboalkoxy” cycle for the hydroalkoxycarbonylation of
alkenes/CO–alkene copolymerization catalyzed by PdII cations.
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CH3CN. The
31P{1H} NMR resonances of 1-L recorded at


193 K appear as two doublets; the Pd–methyl compounds all
show 2J ACHTUNGTRENNUNG(P,P) in the range of 41 to 48 Hz, suggesting that the
complexes 1-L all adopt a similar square-planar structure in
solution, irrespective of L. The chemical shift of the low-
field resonance varies markedly with L, from dP = �0.5 (1-
CO) to 18.9 ppm (1-CH3OH) (Figure 1a,b and Table 1),
which confirms the trans disposition of these groups, and


can be used to confirm the
identity of L.[35] The resonance
occurring at high field, dP =


�11 to �16 ppm, is then as-
signed to the phosphorus atom
oriented trans to the methyl
group.


These reactions occur cleanly
at 193 K giving solutions of 1
suitable for an NMR study of
the hydride cycle for ethene–
CO copolymerization using the
highly active Pd/dibpp/acid cat-
alyst system.[36] Previous studies
of related catalyst systems, such
as those by Nozaki et al.[27] and
Brookhart et al. ,[28,29] validate
this approach. Nozaki et al.
have also shown that [Pd-


ACHTUNGTRENNUNG(BINAPHOS)Me ACHTUNGTRENNUNG(CH3CN)]+ is a good catalyst precursor in
the copolymerization chemistry.[27,30] Thus, starting from 1
we have been able to demonstrate, by using multinuclear
NMR studies (Figure 1), the propagation and termination
steps of the hydride catalytic cycles leading to ester and to
copolymer product (Scheme 3).


Propagation : A survey of the relevant literature from the
groups of Bianchini,[15] Brookhart,[28,29] Elsevier,[35]


Nozaki,[38] and van Leeuwen[14] reveals that, for cis-
PdII(diphosphine) complexes of the type encountered in this
chemistry, 13C NMR spectroscopic shifts and P,C coupling
constants allow unambiguous assignment of the carbonyl
groups in Pd�CO complexes (in Pd�Me complexes: dC


�180–183 ppm; in Pd–acyl complexes dC�175–177 ppm,
2J ACHTUNGTRENNUNG(Ptrans,C)�80 Hz, 2J ACHTUNGTRENNUNG(Pcis,C)�20 Hz), in Pd�C(O)R com-
plexes (dC�222–239 ppm, 2J ACHTUNGTRENNUNG(Ptrans,C)�90 Hz, 2J ACHTUNGTRENNUNG(Pcis,C)
�10 Hz), and in Pd–(b chelate) complexes (dC�237–
242 ppm, 2J ACHTUNGTRENNUNG(Ptrans,C)�0 Hz, 2J ACHTUNGTRENNUNG(Pcis,C)�12 Hz).


Insertion of CO into the first generation Pd–alkyl complex 1:
In contrast to Toth and ElsevierOs report,[35] but in agree-


Table 1. NMR spectroscopic data recorded at 193 K for the Pd–methyl complexes 1.


Compound 31P{1H} 13C{1H}[a]


d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,P) [Hz] d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,C) [Hz]
P cis to Me P trans to Me


1-OTf 18.8 d 41 �16.6 d 41
1-PPh3 32.0 dd 356, 34 �3.7 dd 356, 49;


�14.8[c] dd 49, 34
1-Cl 11.4 d 41 �12.9 d 41
ACHTUNGTRENNUNG[1-CH3CN]OTf 11.0 d 41 �15.6 d 41
ACHTUNGTRENNUNG[1-CO]OTf �0.5 d 47 �12.3 d 47 181.6 dd 114, 16
ACHTUNGTRENNUNG[1-CH3OH]OTf 18.8 d 41 �14.2 d 41
ACHTUNGTRENNUNG[1-H2O]OTf[32] 16.9 d 42 �15.4 d 42
1-TFA 12.7 d 41 �11.4 d 41
ACHTUNGTRENNUNG[1-CH3CN]TFA 10.8 d 41 �15.6 d 41
ACHTUNGTRENNUNG[1-CO]TFA �0.8 d 48 �13.5 d 48 181.6 dd 114, 16
1-OTs 17.2 d 42 �12.2 d 42
ACHTUNGTRENNUNG[1-CH3CN]OTs 11.1 d 42 �15.7 d 42
ACHTUNGTRENNUNG[1-CO]OTs �0.6 d 47 �13.4 d 47 181.7 dd 114, 16
ACHTUNGTRENNUNG[1-CH3OH]OTs 18.9 d 42 �14.3 d 42


[a] Recorded using 13CO. 2J ACHTUNGTRENNUNG(Ptrans,C) given first. [b] Multiplicity. [c] d ACHTUNGTRENNUNG(PPh3) given last.


Figure 1. 31P{1H} NMR spectra recorded in dichloromethane/CH3CN
(9:1) at 193 K of key stages in the hydride cycle: a) [PdACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH3CN)]OTf ACHTUNGTRENNUNG(1-CH3CN) ; b) after bubbling CO through the sample, at
213 K, for 1 min; c) after bubbling 13CO through a new sample, at 213 K,
for 5 min, then purging with N2 at 213 K; d) after bubbling C2H4 through
the sample, at 213 K, for 5 min, then purging with N2 at 213 K (see
Scheme 3 for labeling scheme).


Scheme 3. Chain propagation in the hydride cycle.
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ment with that of Brookhart et al. ,[29] we find that bubbling
CO briefly (a few seconds) through a solution of 1-OTf in
CH2Cl2 at low temperature affords a short-lived intermedi-
ate that can be assigned as the cation [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG(CH3)(CO)]+ ([1-CO]OTf). Thus, the 13C{1H} NMR spec-
trum of [1-13CO]OTf (Table 1) consists of a doublet of dou-
blets at dC = 181.6 ppm with 2J(Ptrans,CO) = 114 Hz and
2J ACHTUNGTRENNUNG(Pcis,CO) = 16 Hz; values of dC and 2J ACHTUNGTRENNUNG(P,C) similar to
those reported for other Pd–methyl carbonyl complexes
containing diphosphine ligands.[29,35] The 31P{1H} NMR spec-
trum of [1-13CO]OTf shows two doublets of doublets at dP =


�0.5 (2J ACHTUNGTRENNUNG(P,P) = 47 Hz) and �12.3 ppm (2JACHTUNGTRENNUNG(P,CO) = 114,
16 Hz). When excess CO[37] is bubbled through a solution of
1 in dichloromethane, migratory insertion of CO proceeds
to completion. Thus, the resonances of 1-CO disappear from
the 31P{1H} NMR spectrum to be replaced by those of the
acyl cation [Pd ACHTUNGTRENNUNG(dibpp){C(O)CH3}(CO)]+ ([2-CO]) at dP =


�19.2 (2JACHTUNGTRENNUNG(Ptrans,C(O)CH3) = 88 Hz, 2J ACHTUNGTRENNUNG(Pcis,CO) = 5 Hz) and
�6.7 ppm (2J(Ptrans,CO) = 80 Hz, 2J ACHTUNGTRENNUNG(Pcis,C(O)CH3) =


20 Hz), as shown in Table 2. The 13C{1H} NMR spectrum of
[2-CO]OTf (Table 2) consists of two doublets of doublets at
dC = 235.2 and 176.9 ppm that can be assigned to the acyl
and CO ligands, respectively; 13C,13C coupling between the
acyl and carbonyl carbon atoms is not observed, as has pre-
viously been reported.[35] The large P,P coupling constant in
2 (ca. 70 Hz) compared with 2J ACHTUNGTRENNUNG(P,P) (ca. 41 Hz) for the Pd–
methyl complexes 1 is diagnos-
tic for the formation of Pd–acyl
complexes in this system. Both
coordination of CO to the pal-
ladium center, and the migrato-
ry insertion reaction are readily
reversible. For example, CO is
displaced from [2-CO]OTs on
being purged briefly with nitro-
gen at 193 K. Similarly, the acyl
complex [2-CO]OTf exists in
equilibrium with the corre-
sponding methyl complex [1-
CO]OTf in the absence of
excess CO.


Insertion of alkene into Pd–acyl
complexes : The second propa-
gation step, alkene insertion
into Pd–acyl complexes analo-
gous to 2, has been much stud-
ied and gives a “second-genera-
tion” alkyl complex in which
the ketonic oxygen coordinates
to the metal to form a five-
membered ring.[39–42] The che-
late ring is quite stable, even in
the presence of strongly coordi-
nating solvents and anions.[41]


Similar complexes were ob-
tained in this work by insertion


of ethene into the Pd–acyl complexes 2 (Figure 1d,
Scheme 3, Table 3). Thus, bubbling ethene through a solu-
tion of [Pd ACHTUNGTRENNUNG(dibpp){C(O)CH3} ACHTUNGTRENNUNG(CH3CN)]OTf ([2-CH3CN]-
ACHTUNGTRENNUNGOTf) in CH2Cl2/CH3CN (9:1) gives [PdK (dibpp)-
(CH2CH2C(OL )CH3)]OTf ([3]OTf), the chelating Pd–alkyl
complex, immediately. The 13C{1H} NMR spectrum of 3
(Table 3) shows a doublet at dC = 236.0 ppm; the chemical
shift and P,C coupling constant of 10 Hz are characteristic of
an intramolecular chelating b-ketone structure.[42] The che-
late ring is not opened in the presence of strongly coordinat-
ing ligands, such as CH3CN or CF3COO� (TFA�), at 243 K,
consistent with the general assumption that such chelates
are the resting state of the catalyst in the copolymerization
reaction.[1,33]


It is noteworthy that the ethene-insertion reaction is not
inhibited by the presence of CH3CN or TFA�, which are rel-
atively strong donors to the Pd ACHTUNGTRENNUNG(dibpp) center (see below).
For example, when ethene was passed through a solution of
[Pd ACHTUNGTRENNUNG(dibpp){C(O)CH3}ACHTUNGTRENNUNG(TFA)] (2-TFA) in CH2Cl2/CH3CN
(9:1), the palladium chelate analogous to 3 above was
formed.


Insertion of CO into the second-generation alkyl complex,
and of ethene into the second-generation acyl complex : Sub-
sequent insertions of CO and alkene giving second- and


Table 2. NMR spectroscopic data recorded at 193 K for the Pd–acyl complexes 2.


Compound 31P{1H} 13C{1H}[a]


d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,P) [Hz] d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,C) [Hz]
P cis to Ac P trans to Ac


ACHTUNGTRENNUNG[2-CH3CN]OTf 5.4 d 70 �19.6 d 70 242.6 dd 112, 10
ACHTUNGTRENNUNG[2-CO]OTf �6.7 d 73 �19.2 d 73 235.2 dd 88, 5;


176.9 dd 80, 20
ACHTUNGTRENNUNG[2-CH3OH]OTf 13.4 d 66 �19.1 d 66 243.0 dd 116, 12
ACHTUNGTRENNUNG[2-H2O]OTf[64] 4.9 d 70 �19.7 d 70 243.9 dd 113, 10
2-TFA 10.0 d 67 �15.8 d 67 247.8 dd 125, 10
ACHTUNGTRENNUNG[2-CH3CN]TFA 4.9 d 70 �19.7 d 70 242.8 dd 112, 10
ACHTUNGTRENNUNG[2-CO]TFA �6.1 d 73 �18.5 d 73 234.7 dd 88, 6;


176.9 dd 79, 20
2-OTs 12.5 d 70 �16.6 d 70 244.6 dd 122, 12
ACHTUNGTRENNUNG[2-CH3CN]OTs 4.9 d 70 �19.7 d 70 242.6 dd 113, 10
ACHTUNGTRENNUNG[2-CO]OTs �6.8 d 73 �18.6 d 73 235.5 dd 88, 5;


176.9 dd 80, 20
ACHTUNGTRENNUNG[2-CH3OH]OTs 13.4 d 66 �19.2 d 66 245.5 dd 117, 12


[a] Recorded using 13CO. 2J ACHTUNGTRENNUNG(Ptrans,C) given first, 2J ACHTUNGTRENNUNG(C,C) not resolved. [b] Multiplicity.


Table 3. NMR spectroscopic data recorded at 193 K for the complexes shown in Scheme 3.


Compound 31P{1H} 13C{1H}[a]


d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,P) [Hz] d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,C) [Hz][c]


P cis to Corg
[d] P trans to Corg


[d]


[3]OTf 12.7 d 46 �13.5 d 46 236.0 d 10
ACHTUNGTRENNUNG[4-CH3CN]OTf[e] 3.9 d 69 �19.1 d 69 240.3 dd 115, 10 208.0 s
ACHTUNGTRENNUNG[4-CO]OTf �7.3 d 72 �18.9 d 72 235.6 dd 90, 4;


177.8 dd 80, 20
207.7 s


[5]OTf 14.7 d 47 �13.6 d 47 237.4 d 10 206.4 s


[a] Recorded using 13CO. Pd�C(O)R given first. [b] Multiplicity. [c] 2J ACHTUNGTRENNUNG(Ptrans,C) given first. [d] Corg refers to the
directly bonded carbon of the organic ligand. [e] 2J ACHTUNGTRENNUNG(C,C) not resolved.
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third-generation acyl and alkyl complexes have been less
studied but are of importance here because we are interest-
ed in the factors that might determine whether an ester or
copolymer product is produced.


In agreement with Drent,[33] we find that in contrast to the
insertion into the Pd�CH3 bond described above, insertion
of CO into the second-generation alkyl complex does not go
to completion at low pressures (<1 bar). Thus, on passing
CO at 243 K through the solution of 3 in dichloromethane/
CH3CN (9:1) prepared above, a 1:1 mixture of 3 and the
second-generation Pd–acyl complex [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG{C(O)CH2CH2C(O)CH3}L]OTf 4-L (L = CH3CN, CO) was
obtained. 4-CH3CN shows resonances in the 13C{1H} NMR
spectrum at dC = 240.3 (2J ACHTUNGTRENNUNG(Ptrans,C) = 115 Hz, 2J ACHTUNGTRENNUNG(Pcis,C) =


10 Hz) and dC = 208.0 ppm as expected for the carbonyl
carbon atoms in the Pd�C(O)CH2CH2C(O)Me group. An
additional resonance is seen in the 13C{1H} NMR spectrum
of 4-CO at dC = 177.8 ppm (2JACHTUNGTRENNUNG(Ptrans,C) = 80 Hz, 2JACHTUNGTRENNUNG(Pcis,C) =


20 Hz), which confirms the presence of the Pd�CO group
(Scheme 3, Table 3, Supporting Information Figure S5).
Both “open” and chelating forms of complexes such as 4
can exist, with the position of the equilibrium being depend-
ent on the ligand, alkene, and conditions of the reaction.
Thus, Drent reports the exclusive formation of a six-mem-
bered chelate on reaction of [Pd ACHTUNGTRENNUNG(dppp) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(OTf)] (dppp
= bis(diphenylphosphino)propane) with CO/ethene in the
solid state,[33] whereas Nozaki et al. report an equilibrium
mixture of chelating and open forms for the g ketone on ex-
posing solutions of the Pd/ ACHTUNGTRENNUNG(R,S)-BINAPHOS system to
1 bar of CO.[42] We find no resolvable P,C coupling between
the g-ketonic carbonyl and the phosphine ligand in our
system, that is, no evidence for the formation of a chelating
structure, which we attribute to the presence of residual ace-
tonitrile from the starting material. Nozaki et al. also report
opening of the six-membered ring by CH3CN.


[42] This con-
trasts with the chelation of the carbonyl oxygen of the b


ketone in 3 and presumably reflects the intrinsic lower sta-
bility of six- versus five-membered rings. As required by the
catalysis, 4 is unreactive toward CO insertion into the Pd�
C(O)R bond. Thus, a Pd–acyl carbonyl species 4-CO is
formed in the presence of excess CO (see the Supporting In-
formation for the experimental details).


The insertion of ethene into 4 occurs readily (Scheme 3,
Table 3, Supporting Information Figure S5). A mixture of
the second- and third-generation Pd–alkyl complexes, 3 and
5, respectively, which can be distinguished in the 31P{1H} and
13C{1H} NMR spectra, is formed. The additional resonance
at dC = 206.4 ppm due to -CH2CH2C(O)Me in the 13C{1H}
NMR spectrum of 5 confirms the increase in generation (see
the Supporting Information, Figures S5 and S6). Complex 3
is present in the initial solution (see above); additional
amounts of 3 may also be generated by deinsertion of CO
from 4. Drent has previously suggested that free CO catalyz-
es the insertion of ethene into the g chelate by destabilizing
the ring but did not observe the open g-chelate intermediate
analogous to 4-CO.[33] Our observations are in accord with
such a ring-opening mechanism and suggest that ethene is


able to displace CH3CN or CO from the Pd center even
though these ligands seem to be more strongly coordinated
to Pd than the oxygen atom of the g chelate considered by
Drent.


The carboalkoxy cycle : In the section above, we have dem-
onstrated the propagation steps of the hydride cycles leading
to ester and copolymer products by using Pd–dibpp cata-
lysts. Rather than next discussing the termination steps of
the hydride cycles mentioned above, we now present the ini-
tiation and propagation steps of the carbomethoxy cycles
leading to ester and copolymer products. As we shall show,
the most significant differences between the cycles occur in
the termination rather than in the propagation steps as had
previously been proposed. We therefore hold over discus-
sion of termination in the hydride cycles until it can be dis-
cussed in conjunction with termination in the carbomethoxy
pathway.


Synthesis of a Pd–methoxy complex : Although Pd–methoxy
species have been proposed on many occasions as important
intermediates in palladium-catalyzed reactions, there are
few well-characterized examples of such complexes in the
literature.[35]


Reaction of [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(OTf)2 with one equiva-
lent of Et3N in dichloromethane/CH3OH/CH3CN (9:1:trace)
at 193 K gives a transient complex 6 (Figure 2, Scheme 4).
Complex 6 can also be prepared, but less cleanly, by reac-
tion of [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(OTf)2 with one equivalent of
NaOMe (Supporting Information, Figure S8). Consistent


Figure 2. The formation of 8 via 6 : a) Et3N (1 equiv) added to [Pd-
ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 in a mixture of CH2Cl2/CH3OH (9:1) in the
presence of CH3CN (5 equiv) at 193 K; b) after 13CO had been bubbled
through the solution in (a) at 213 K; c) after 1 h at 243 K; d) after a slight
excess amount of PPh3 had been added to the solution in (c).
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with its synthesis, chemistry, and NMR spectra (Table 4), 6
is formulated as [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(OCH3)ACHTUNGTRENNUNG(CH3CN)]OTf. Elsevier
and Toth have previously reported the preparation of [Pd-
ACHTUNGTRENNUNG{(S,S)-dbpp}ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(OCH3)], ((S,S)-dbpp = (2S,4S)-2,4-bis-
(diphenylphosphino)pentane) by metathesis reaction of [Pd-
ACHTUNGTRENNUNG{(S,S)-dbpp}ACHTUNGTRENNUNG(CH3)Cl] with NaOMe[35] and was similarly
unable to isolate the complex analytically pure. The 31P{1H}
NMR spectrum of 6 shows two doublets at dP = 3.7 and
17.0 ppm (2JACHTUNGTRENNUNG(P,P) = 28 Hz; Figure 2a) indicating inequiva-
lent phosphorus donor sites. We favor a mononuclear,
rather than a bridged dimeric structure for 6 because 1) a
simple AB pattern is observed in the 31P{1H} NMR spec-
trum; Bianchini et al. report A4 spectra in their related stud-
ies in which hydroxy-bridged complexes are observed[34,44]


and, similarly, we observe a singlet at dP = 21.1 ppm for
[{Pd ACHTUNGTRENNUNG(dibpp)ACHTUNGTRENNUNG(m-OH)}2]ACHTUNGTRENNUNG(OTf)2; 2) bridged complexes seem to
be the exception rather than the rule in this chemistry; and


3) there are no examples of [Pd2ACHTUNGTRENNUNG(m-OMe)(phosphine)] com-
plexes in the Cambridge Crystallographic Database. The
13C{1H} NMR spectrum of 6 is, unfortunately, less informa-
tive, even when 13CH3OH is used in the preparation of 6,
due to fast exchange of Pd�OMe with the excess 13CH3OH
present—excess methanol is essential to the preparation and
stability of 6, even at 193 K. Similarly, the 1H NMR spec-
trum is not informative due to the severe overlap of the res-
onances of the Pd�OCH3 group with those of the dibpp
ligand and the excess methanol present. These observations
are in accord with the report by Toth and Elsevier[35] in
which it was noted that rapid exchange of the Pd�OCH3


group with MeOH solvent prevents observation of the 13C
and 1H NMR resonances of [Pd ACHTUNGTRENNUNG{(S,S)-dbpp} ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(OCH3)].
Although the use of triethylamine as an acid scavenger is
routine, we believe this is the first time it has been used in
the synthesis of Pd–methoxy complexes.


Complex 6 does not undergo detectable b elimination at
the low temperatures used in this study; formaldehyde, the
organic product of such a decomposition, is not observed,
even when using 13C-labeled MeOH. We have not studied
the decomposition pathways at higher temperature.


The remaining resonances in the 31P{1H} NMR spectrum
of preparations of 6 (Figure 2a, Table 4) can be assigned ten-
tatively as follows. The singlet at dP = 11 ppm is also ob-
served on addition of Et3N to a solution of [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 in CH2Cl2 (Supporting Information,
page S80), that is, when -OCH3 and CH3OH are not present.
This might be the bis-amine complex. The singlet at dP =


7 ppm is observed when CH3OH and CH3CN are present
and might be due to a bis-solvento complex. The pair of
doublets at dP = 8.0 and 11.7 ppm (2JACHTUNGTRENNUNG(P,P) = 35 Hz) is not
observed in the reaction of [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(OTf)2
with NaOMe to give 6, that is, Et3N is required to form 7
and is also not observed in the absence of CH3CN or


CH3OH (compare Figure 2 with
Figure S8 and page S80 in the
Supporting Information). The
chemical shift, dP, is sensitive to
the trans ligand in these com-
plexes; the close similarity in
shifts observed between the res-
onances of 7 and those of the
singlets leads us to propose that
7 is possibly [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG(Et3N)(L)] ACHTUNGTRENNUNG(OTf)2 (L = CH3CN
or CH3OH or possibly OCH3).
The species responsible for
these resonances appear to be
in dynamic equilibrium with 6,
see below. Although 6 is only
stable in the presence of excess
methanol and at 193 K, the
preparation of solutions of 6
allows access to the carbome-
thoxy chemistry and has ena-
bled us to demonstrate, for the


Scheme 4. Synthesis of palladium–carboalkoxy compounds as precursors
for the carboalkoxy pathway.


Table 4. NMR spectroscopic data recorded at 193 K for the complexes shown in Schemes 4 and 5.


Compound 31P{1H} 13C{1H}[a]


d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,P) [Hz] d [ppm] mult.[b] 2J ACHTUNGTRENNUNG(P,C) [Hz]
P cis to C P trans to C


6 3.7 d 28 17.0 d 28
7 8.0 d 35 11.7 d 35
8-CH3CN 8.3 d 47 �15.5 d 47 191.7 dd 167, 9, 4[c]


8-CO �1.4 d 49 �14.1 d 49 185.5 dd 141, 9;
177.3 dd 98, 12


8-PPh3 13.3 dd 298, 36;
�4.3[d] dd 298, 50


�17.8 dd 50, 36 192.8 ddd 153, 5, 3


9 11.8 d 57 �3.8 d 57 190.3 dd 174, 18
10[e] �8.2 d 45 203.0,[e] 152, 12, 6[f]


11 13.3 d 46 �12.0 d 46 193.3 d 10
12 29.2 d 57 �3.9 d 57 192.4 d 12
13 12.7 d 46 �12.6 d 46 179.0 dd 4, 2
14-CH3CN 4.1 d 68 �18.6 d 68 241.5 dd 116, 9; 173.0 s
14-CO �7.1 d 71 �18.6 d 71 234.9 dd 91, 5;


176.7 dd 81, 20; 172.7 s
15 13.2 d 46 �13.7 d 46 237.5 d 10; 174.0 s


[a] Recorded using 13CO. Pd�C(O)X (X = OR or CH3CH2C(O)OCH3) given first, Pd�CO last (if present);
2J ACHTUNGTRENNUNG(Ptrans,C) given first, 2J ACHTUNGTRENNUNG(C,C) not resolved. [b] Multiplicity. [c] 13C NMR data obtained by using 13CH3OH as
reactant. [d] d ACHTUNGTRENNUNG(PPh3). [e] AA’XX’ spin system. [f] 2J ACHTUNGTRENNUNG(Ptrans,C),


2J ACHTUNGTRENNUNG(Pcis,C), then
2J ACHTUNGTRENNUNG(C,C).


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4417 – 44304422


J. A. Iggo et al.



www.chemeurj.org





first time, complete carbomethoxy cycles leading to both
ester and copolymer products.


Propagation


Insertion of CO into the Pd–methoxy complex : Pd–carbo-
ACHTUNGTRENNUNGalkoxy complexes are usually prepared by transmetalla-
tion,[20,21] rather than by CO insertion reactions.[35,44, 45]


Indeed, although some reports of the synthesis of such com-
plexes exist, for example, with phosphine,[10,13,20,22, 35,44, 46–49]


bipyridine,[50] 2-pyridyldiphenylphosphine,[51] and PNP tri-
dentate ligands such as 2-diphenylphosphinomethylenide-6-
diphenylphosphinomethene pyridine,[52] and the syntheses of
Pd–bis-carboalkoxy complexes containing phosphine or ni-
trogen[50] ligands have been reported, a general synthesis of
Pd–mono-carboalkoxy complexes containing diphosphine li-
gands, by an insertion route, is absent from the literature.


On bubbling CO at 193–203 K through solutions contain-
ing 6, the resonances of 6 disappear immediately to be re-
placed by those of a new complex 8-CH3CN, which can be
formulated as [Pd ACHTUNGTRENNUNG(dibpp){C(O)OCH3}ACHTUNGTRENNUNG(CH3CN)]OTf on the
basis of its 31P{1H} and 13C{1H} NMR spectra (Figure 2b,
Table 4). On leaving 6 standing at 243 K, the additional spe-
cies evident in Figure 2a are also converted to 8 (Figure
2b,c); we attribute this to rapid reaction of 6 with CO to
give 8, followed by slow re-equilibration of the solution gen-
erating additional amounts of 6 that then react immediately
with CO. The operation of Le ChatelierOs principle then re-
sults in nearly all material being converted into 8. Traces of
a Pd–bis-carboalkoxy complex 10 (see below) can also be
seen in the spectrum at dP��8 ppm (Figure 2b).


Use of 13CO and 13CH3OH in the reaction affords the
doubly labeled analogue of 8-CH3CN, [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG{13C(O)O13CH3} ACHTUNGTRENNUNG(CH3CN)]OTf, the 31P{1H} NMR spectrum
of which shows two doublets of doublets at dP = 8.3 and
�15.5 ppm with 2JACHTUNGTRENNUNG(P,P) = 47 Hz, 2J ACHTUNGTRENNUNG(Ptrans,C(O)OCH3) =


167 Hz, and 2JACHTUNGTRENNUNG(Pcis,C(O)OCH3) = 9 Hz. The 13C{1H} NMR
spectrum shows a doublet of doublets of doublets at dC =


191.7 ppm with coupling constants of 2J ACHTUNGTRENNUNG(Ptrans,C) = 167 Hz,
2J ACHTUNGTRENNUNG(Pcis,C) = 9 Hz, and 2J(C,(O)OCH3) = 4 Hz. In this chem-
istry, Pd–acyl complexes have a carbon chemical shift in the
range of dC�222–239 ppm, and show P,C coupling constants
of 2J ACHTUNGTRENNUNG(Ptrans,C)�90 Hz and 2J ACHTUNGTRENNUNG(Pcis,C)�10 Hz, whereas dC for
Pd–carbonyl complexes is < �181 ppm. There are fewer re-
ports of 13C NMR data for Pd–carbomethoxy compounds,
for which shifts are typically in the range of 184–214 ppm.[35]


Organic ester carbonyl carbon atoms typically resonate in
the range 160–175 ppm, with the resonances of saturated
esters being concentrated at the upfield end of this range.
The observed phosphorus–carbon coupling constants
(2J ACHTUNGTRENNUNG(Ptrans,C) = 167 Hz, 2J ACHTUNGTRENNUNG(Pcis,C) 9 Hz) are inappropriate for
either Pd–CO or Pd–acyl groups but are consistent with
those reported by Elsevier and Toth[35] for a Pd–carbo-
ACHTUNGTRENNUNGmethoxy group. We therefore assign the 13C resonance at
191.7 ppm to the carbomethoxy carbonyl group of 8-
CH3CN. Although the resonance of the methoxy carbon
atom is overlapped by the strong resonance from 13CH3OH,


the presence of the methoxy group in 8-CH3CN is confirmed
by an additional doublet splitting of the Pd–COOMe carbon
atom. The Pd–carboalkoxy carbonyl complex [Pd-
ACHTUNGTRENNUNG(dibpp){C(O)OCH3}(CO)]OTf (8-CO) can be obtained in
dichloromethane/CH3OH (1:1), and shows resonances at
dC(O)OMe = 185.5 ppm (2J ACHTUNGTRENNUNG(Ptrans,C) = 141 Hz, 2JACHTUNGTRENNUNG(Pcis,C) 9 Hz)
and dCO = 177.3 ppm (2J ACHTUNGTRENNUNG(Ptrans,C) = 98 Hz, 2J ACHTUNGTRENNUNG(Pcis,C) =


12 Hz). The carbon chemical shifts, in conjunction with the
J ACHTUNGTRENNUNG(P,C) values, clearly distinguish the carboalkoxy and car-
bonyl ligands (Table 4). Addition of a small excess of PPh3


to a solution of 8-CH3CN gives 8-PPh3, the
31P{1H} NMR


spectrum of which shows three doublet of doublets of dou-
blets due to coupling between the phosphorus nuclei and
the 13C(O)OCH3 of the carbomethoxy ligand (Figure 2d,
Table 4, see the Supporting Information for the spectral sim-
ulation). The 13C{1H} NMR spectroscopic data for 8-PPh3
are given in Table 4 and are in complete accord with the
proposed formulation. The magnitudes of 2J ACHTUNGTRENNUNG(P,C) confirm
that PPh3 is oriented cis to the carbomethoxy ligand.


Variation of the procedure above allows the preparation
of related complexes; thus, the bis(diphenylphosphino)pro-
pane (dppp) analogue of 8, [Pd ACHTUNGTRENNUNG(dppp){C(O)OCH3}-
ACHTUNGTRENNUNG(CH3CN)]OTf 9, can be prepared from [Pd ACHTUNGTRENNUNG(dppp)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 by an analogous procedure (Table 4).
Complexes 8 and 9 are quite stable in a CH3OH/CH2Cl2
mixture at low temperatures and solutions of 8-CH3CN may
be taken to dryness and the oil redissolved in dichloro-
ACHTUNGTRENNUNGmethane without change in the NMR spectra.


Use of two or more equivalents of triethylamine in the re-
action affords the bis-carbomethoxy complex [Pd-
ACHTUNGTRENNUNG(dibpp){C(O)OCH3}2] 10. The 31P{1H} and 13C{1H} NMR
spectra of 10 show AA’XX’ second-order patterns due to
the magnetic non-equivalence of the phosphorus and of the
carbonyl carbon nuclei as a result of the use of 13CO. The
chemical shifts and coupling constants 2J ACHTUNGTRENNUNG(P,P), 2JACHTUNGTRENNUNG(Ptrans,C),
and 2JACHTUNGTRENNUNG(Pcis,C) (Table 4) were obtained by means of simula-
tion by using gNMR (see the Supporting Information) and
confirmed experimentally by using 12CO. The carbon chemi-
cal shifts and P,C coupling constants of 8 and 10 support
their formulation as the mono- and bis-carboalkoxy com-
plexes, respectively. Complex 10 appears to be a thermo-
dynamic sink for the reaction, thus, we find no evidence
for deinsertion of CO from 10 or for conversion of 10
into 8.


Mechanism of formation of 8 : Complex 8 could be formed
either by insertion of CO into the Pd�OMe bond of 6 or
through attack of the external methoxide on a Pd�CO
moiety. Insertion of CO into Pt�OCH3 bonds has been re-
ported,[53–55] but there is only one previous report of inser-
tion of CO into a (diphosphine)Pd�OCH3 bond.


[35,56] On the
other hand, a recent theoretical study found that CO inser-
tion into the Pd�OCH3 bond is thermodynamically favor-
ACHTUNGTRENNUNGable compared with insertion into a Pd�CH3 bond; the
former being driven by the stronger C�O bond that is
formed in the carboalkoxy complex compared with the C�C
bond of the acyl species.[57]
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The concomitant disappearance of the resonances of 6
and the appearance of the resonances of 8 on reaction of 6
with CO, suggests an insertion pathway. However, the ab-
sence of an observable Pd–methoxy carbonyl intermediate,
in contrast to the observation of the Pd–methyl carbonyl in-
termediate 1-CO in the hydride cycle, means it is possible
that rapid reaction of methoxide ions with traces of an un-
observed Pd�CO species could be occurring, that is, differ-
entiating CO insertion and attack of external methoxide is
not straightforward.


The reaction of CO with the Pd�OMe complex is reversi-
ble, as previously shown by Toth and Elsevier,[35] and is con-
firmed in our system by an isotope-exchange experiment be-
tween [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG{13C(O)OCH3}L]


+ (8) and 12CO, Figure
3a–c. Exchange in 8-CH3CN requires approximately 60 h to
approach completion at 243 K. The exchange is strongly
suppressed on addition of PPh3 to the solution, indeed 8-
PPh3 is essentially inert with respect to deinsertion over a
period of 60 h at 243 K, Figure 3d–f. It is difficult to see how
a spectator ligand at palladium might block direct dissocia-
tion of methoxide from the C(O)OCH3 ligand, thus, the
most likely explanation for the difference in reactivity of 8-
CH3CN and 8-PPh3 is that a deinsertion pathway operates.
The “good” ligand PPh3 (see below) blocks the fourth coor-
dination site in the square plane at Pd in 8-PPh3 preventing
the deinsertion reaction,[58] whereas less-good ligands, that
is, CO or CH3CN, can be displaced from the square plane
into the apical site allowing the deinsertion reaction to pro-
ceed in 8-CH3CN and 8-CO. Operation of the Law of Mi-
croscopic Reversibility then requires that the forward reac-


tion follows an insertion pathway rather than direct intermo-
lecular attack of methoxide on a carbonyl ligand. Thus, we
conclude that a direct insertion mechanism is probable.


Insertion of C2H4 into Pd–carbomethoxy complexes : In the
section above, the CO insertion step of the carbomethoxy
cycle was demonstrated. Alkene insertion into the Pd–car-
bomethoxy bond is also problematic because it has been re-
ported that simple alkenes do not insert into the Pd–car-
boalkoxy bond. For example, Dekker et al.[22] reported that
“Complexes [(P


_
P)Pd{C(O)OCH3} ACHTUNGTRENNUNG(PPh3)]OTf (P


_
P = dppe,


dppp, or dppb) underwent no reaction with styrene or
methyl acrylate during 5 days.” and Cavinato and Toniolo
report that “When [trans-[PdCl{C(O)OCH3}ACHTUNGTRENNUNG(PPh3)2]] is
treated at 95 8C with 1-hexene…the starting complex is re-
covered almost quantitatively (92%).”[13] This lack of reac-
tivity has been cited as evidence for hydroalkoxycarbonyla-
tion of alkenes not proceeding by a carboalkoxy cycle.[7,12–14]


In contrast, we find ready insertion of ethene into the Pd–
carbomethoxy compounds 8-CH3CN and 8-CO, at 243 K, to
give [PdK (dibpp)(CH2CH2C(OL )OCH3)]


+ (11) quantitatively
after 30 min. Complex 11 has been characterized by using
31P{1H} and 13C{1H} NMR spectroscopy (Table 4). Similarly,
[PdK (dppp)(CH2CH2C(OL )OCH3)]


+ (12) can be obtained
from 9 under identical conditions (Table 4). The organic
ligand chelates Pd through coordination of the oxygen atom
of the carbonyl group as evidenced by the presence of cou-
pling between the carbonyl carbon and the phosphine ligand
at dP = �12.0 ppm (J ACHTUNGTRENNUNG(P,C) = 10 Hz) and by the downfield
shift of the carbonyl carbon, dC = 193.3 ppm, in 11


Figure 3. Scrambling of 12CO with 8-CH3CN and 8-PPh3 labeled with 13C at the carbonyl group of the carbomethoxy ligand. a)–c) 8-CH3CN after 1, 2.5,
and 60 h, respectively; d)–f) 8-PPh3 after 1, 2.5, and 60 h, respectively.
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(Table 4). Inspection of the values in Table 1 suggests that
the phosphine oriented trans to the alkyl carbon is expected
to show a dP signal in the region �11 to �16 ppm. We there-
fore assign the P,C coupling to the phosphorus ligand orient-
ed cis to the carbonyl group in accord with earlier work.[42]


Although chelation is well known in b-ketone complexes,
there have been few reports of such chelation in b-ester
compounds.[59] The chelating structure in 11 is readily dis-
rupted. Thus, addition of 0.05 mL CH3CN (30 equiv with re-
spect to palladium) to a solution of 11 in dichloromethane
results in immediate replacement of the NMR spectroscopic
resonances of 11 by those of [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG{CH2CH2C(O)OCH3}ACHTUNGTRENNUNG(CH3CN)]+ (13) (Table 4) as a result
of displacement of the chelating carbonyl of the ester ligand
from Pd by CH3CN. Thus, the doublet at dC = 193.3 ppm in
the 13C{1H} NMR spectrum due to the chelating carbonyl of
ester 11 is replaced by a doublet of doublets dC =


179.0 ppm, a shift characteristic of the carbonyl group of a
free ester. Interestingly, long-range coupling to both phos-
phorus atoms is well resolved in 13, 4JACHTUNGTRENNUNG(P,C) = 2 and 4 Hz,
and is assigned to coupling to the phosphorus donor orient-
ed cis and trans to the ester ligand, respectively. The absence
of observable coupling to the trans P in 11 may reflect can-
cellation of the coupling through the organic backbone of
the chelate by coupling through Pd, a coupling pathway not
present in 13.


The five-membered ring structure can be regenerated by
evaporation of the solvents and redissolution of the solid
residue in dichloromethane, thus supporting our assignments
of 11 and 13 as the chelate and open structures, respectively.
The stability of the chelating structure in the b-ester com-
plex is, however, quite weak compared with that of the b-
ketone compounds 3, which can be dissolved in CH3CN/
CH2Cl2 (10% v/v) without change.


Although palladium complexes analogous to 11 have
been prepared by insertion of methyl acrylate into a Pd–
methyl bond,[60] and insertion of norbornadiene into a Pd–
carboalkoxy bond has been reported,[22] we believe 11 is the
first example of such a complex being formed from insertion
of ethene into a Pd�C(O)OCH3 bond at ambient pressure.
The formation of 11 from 8-CH3CN is in stark contrast to
the reports of Cavinato and Toniolo and Elsevier et al. We
were therefore interested to investigate the origins of this
difference in reactivity.[13,22]


Mechanism of insertion of C2H4 into the Pd�C(O)OR bond :
Theoretical studies indicate that insertion at square planar
d8 metal centers has a lower energy barrier than insertion in
the analogous five-coordinate complex,[58] that is, in the
lowest-energy pathway the incoming alkene must first dis-
place the ligand occupying the fourth site in the square
plane around the Pd center. The relative affinity for the
fourth coordination site at Pd of this “spectator” ligand can,
therefore, have a pronounced influence on the chemistry.


We have previously shown by means of competition stud-
ies that the relative affinities for the PdACHTUNGTRENNUNG(dibpp) center of the
various coordinating groups used in this study is TFA�>


CH3CN>CO>OTs�>CH3OH>OTf�.[24] We have now ex-
tended these studies and find, as expected, that, in the sol-
vent systems used, the affinities for PdII of Cl� and PPh3 are
comparable, and much greater than all other monodentate
ligands used in this work. The ordering of ligands is deter-
mined by both enthalpic and entropic factors. For example,
the equilibrium constant for Equation (1) was measured
over the temperature range 193–233 K, allowing DG (at
193 K), DH, and DS to be determined as �5.1 kJmol�1,
15.8 kJmol�1, and 108.2 KJmol�1 respectively. The large,
positive entropy change presumably reflects changes in sol-
vation on coordination of the TFA� anion to the Pd center.
The position of the anions with respect to the neutral li-
gands in the series above will therefore be solvent depen-
ACHTUNGTRENNUNGdent.


1-CH3CNþ TFA Ð 1-TFAþ CH3CN ð1Þ


This ordering of ligand affinities allows us to account for
the difference between the results of van Leeuwen et al. and
Toniolo et al. , and ours. In the former, a tightly bound
ligand, that is, chloride or phosphine, imposes a high energy
barrier on the reaction. Whereas, in 8-CH3CN, the absence
of a strongly bound ligand in the fourth coordination site on
Pd allows the intrinsic activity toward migratory insertion of
ethene into the Pd�C(O)OCH3 bond to be observed for the
first time. In accord with this explanation, we find 8-PPh3
does not react with ethene.


Our result is clearly incompatible with the existing con-
sensus that slow, or nonexistent, alkene insertion into the
Pd�C(O)OR bond is responsible for the dominance of the
hydride pathway in hydroesterification. Clearly, the reason
for this dominance must lie elsewhere in the reaction path-
way. We therefore next investigated insertion of CO into the
Pd�carbon bond of 11 and 13.


Insertion of CO into palladium b-ester complexes : On expo-
sure of a mixture of 11 and 13 in CH3CN/CH2Cl2 (10% v/v)
to CO at 243 K, insertion of CO into the chelate complex 11
occurs immediately (Scheme 5). This is evidenced by the dis-
appearance of the resonances of the chelate from the
31P{1H} and 13C{1H} NMR spectra and their replacement by
the resonances of a new complex that can be assigned to the
Pd–acyl cation [Pd ACHTUNGTRENNUNG(dibpp){C(O)CH2CH2C(O)OCH3}-
ACHTUNGTRENNUNG(CH3CN)]+ (14-CH3CN) on the basis of resonances at dC =


173.0 (singlet, ester carbonyl) and 241.5 ppm (doublet of
doublets, 2JACHTUNGTRENNUNG(P,C) = 116, 9 Hz, acyl carbon; Table 4). Howev-
er, the resonances of 13, the open ester, remain unchanged
over the same period of reaction indicating that, under
these conditions, CO is unable to displace the coordinated
CH3CN; this is in agreement with the relative ordering of
affinities of the ligands for palladium discussed above and
the relatively weak chelating ability of the ester carbonyl,
and with our mechanistic proposal above, that is, that
ethene cannot access a site in the square plane of Pd in 13
prior to insertion due to the presence of the “hard to dis-
place” acetonitrile ligand. In a CH2Cl2/CH3OH (1:1) mixture


Chem. Eur. J. 2006, 12, 4417 – 4430 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4425


FULL PAPERHydride and Carbomethoxy Cycles



www.chemeurj.org





or pure CH3OH, CO insertion into 11 occurs smoothly to
give a new acyl complex that can be assigned as [Pd-
ACHTUNGTRENNUNG(dibpp){C(O)CH2CH2C(O)OCH3}(CO)]+ (14-CO) on the
basis of its 31P{1H} and 13C{1H} NMR spectra (Table 4). Bub-
bling ethene through a solution of 14 gives the second-gen-
eration palladium b-chelate 15, with a pendent ester group
(Scheme 5); further chain propagation is essentially identical
to that of the Pd–hydride cycle, thus alkene/CO copolymeri-
zation through the carboalkoxy cycle is demonstrated.


On the whole, our results indicate that there is no intrinsic
barrier to reaction in the propagation steps of the carbo ACHTUNGTRENNUNGalk-
ACHTUNGTRENNUNGoxy pathways for hydroesterification and copolymerization.
Indeed the propagation steps in both cycles, namely, CO in-
sertion into a Pd�OMe or Pd�alkyl bond, and ethene inser-
tion into a Pd�H or Pd�COOR bond all occur readily at or
below 243 K. We therefore next investigated the termination
steps in both pathways.


Termination : The termination steps of the reaction have
been little studied in comparison with the propagation steps,
with most information being derived from an analysis of the
end groups of the polymer chain.[5] Notable exceptions to
this are the recent studies by the groups of van Leeuwen
and Zuideveld[14,61] and Bianchini,[62] and ourselves[23,24] that
have succeeded in identifying some or all of the intermedi-
ates involved in alcoholysis of the acyl and alkyl intermedi-
ates.


We were particularly interested in whether or not there
were any significant, qualitative differences in the rates of
termination leading to an ester product in the two pathways;
termination leading to an ester product in the hydride cycle
requires methanolysis of the Pd–acyl intermediate, and re-
generates a Pd�H initiator, whereas methanolysis of the Pd–
b-chelate intermediate, regenerating a Pd�OMe initiator, is
required in the carbomethoxy cycle.


Methanolysis of Pd–acyl complexes : Alcoholysis of the acyl
intermediate has been studied by both van Leeuwen et al.
and Bianchini et al. Van Leeuwen et al. concluded that
methanolysis of the acyl group must occur by intramolecular
attack of cis-coordinated CH3OH on the acyl carbon atom
(Scheme 6).[14,44] However, in a later paper, Bianchini et al.
showed that direct intermolecular attack of CH3OH at the
acyl carbon atom probably occurs in [Pd ACHTUNGTRENNUNG(dppomf)-
ACHTUNGTRENNUNG{C(O)CH3}]OTs (dppomf = 1,1’-bis(diphenylphosphino)oc-
tamethylferrocene) because methanolysis is fast whereas the
cation is unreactive toward ethene.[62,63]


The preparation of the series of acyl complexes 2
(Table 2), and the ordering of the relative affinities of the
various potential ligands for the PdII center, described
above, allows us to probe directly, for a highly active catalyt-
ic system, whether or not coordination of methanol to palla-
dium is a prerequisite for methanolysis of the acyl ligand or
whether direct attack by methanol from the solvent on the
acyl group is responsible for the methanolysis. Effects due
to variation of, for example, the diphosphine ligand are ex-
cluded, that is, the system has a “free choice” between inter-
and intramolecular pathways.


In a typical reaction, methanol (10% v/v) was added at
low temperature to a solution of the Pd–acyl complex 2 in
CH2Cl2 and the progress of the reaction was monitored by
using 31P{1H} and 13C{1H} NMR spectroscopy. We found that
if the ligand in the fourth site is weakly coordinating, metha-
nolysis occurs on the timescale of tens of minutes at 243 K;
methyl acetate was detected by means of 13C{1H} NMR
spectroscopy as the only organic product of the reaction.
The methanol complex [2-CH3OH]OTf is observed as an in-
termediate in the reaction (Scheme 6).[64] However, in the
presence of a moderately coordinating ligand such as TFA�


or CH3CN, the fourth coordination site, in CH2Cl2, is
blocked to the methanolysis reaction; 2-MeOH is not ob-
served. On warming these solutions to 293 K, decarbonyla-
tion reactions dominate, in line with the ready reversibility
of migratory insertion in these systems in the absence of
CO.[14]


Thus, in the Pd–dibpp hydride pathway, methanolysis pro-
ceeds at 243 K by coordination of CH3OH to Pd, followed
by intramolecular nucleophilic attack on the acyl carbon
atom and the pathway is not affected by the acid (HOTs,
HOTf) used, that is, as proposed by van Leeuwen et al.
(Scheme 6).[14,65]


Scheme 5. Reactions and intermediates involved in the carboalkoxy path-
way. Scheme 6. Methanolysis of the palladium–acyl intermediate.
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The reactivity of the trifluoroacetate complex 2-TFA with
CH3OH in both CH2Cl2 and CH2Cl2/CH3CN requires further
comment. No reaction was observed at 243 K on addition of
1–10 equivalents of CH3OH to a solution of 2-TFA in
CH2Cl2. However, addition of CH3OH (10% v/v) to a solu-
tion of 2-TFA in CH2Cl2 in the presence of 13CO[66] resulted
in immediate formation of [2-CO]TFA, detected in situ by
using 31P{1H} NMR spectroscopy, followed by methanolysis
to give methyl acetate. Thus, in the presence of near stoi-
chiometric amounts of CH3OH, TFA� cannot be displaced
because there is insufficient CH3OH present to solvate the
anion; the fourth coordination site on Pd is effectively
blocked to incoming CH3OH. However, in the presence of a
large excess of CH3OH, solvation by methanol (see above)
aids displacement of the anion to give, in the presence of
excess CO, [2-CO]TFA. Methanolysis of [2-CO]TFA then
occurs by the mechanism shown in Scheme 6. This interpre-
tation is supported by the observation that addition of
CH3OH (10% v/v) to a mixture of [2-CH3CN]TFA and 2-
TFA in CH2Cl2/CH3CN (9:1) results in complete conversion
of 2-TFA to [2-CH3CN]TFA, which is resistant to methanol-
ysis. These observations also provide an explanation for the
previous reports of van Leeuwen et al.[14] and Clegg et al.[67]


who found “surprisingly” that fast alcoholysis of Pd–acyl
complexes was not retarded by TFA�. It is now evident that
the coordination strength of the TFA� was lessened as a
result of solvation by the alcoholic solvent used in those re-
ports.


The organometallic product of the methanolysis is pre-
sumably the Pd–hydride [Pd2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(dibpp)2]


2+ by
analogy with the report by Bianchini et al.[62] However, the
major organometallic species isolated after the methanolysis
reaction shows a singlet at d = 21.1 ppm in the 31P{1H}
NMR spectrum. An X-ray crystal-structure determination
showed that the crystals contain the dicationic complex
[{Pd ACHTUNGTRENNUNG(dibpp)ACHTUNGTRENNUNG(m-OH)}2]


2+ in which the two PdII centers are
bridged by two hydroxide ions. Coordination to the biden-
tate diphosphine ligands completes the square-planar envi-
ronment of the Pd centers. The Pd–O distances within the
planar four-membered Pd2O2 ring are on average 2.10 S
and thus similar to those of related complexes [{Pd ACHTUNGTRENNUNG(L


_
L) ACHTUNGTRENNUNG(m-


OH)}2]
2+ containing diphosphine ligands.[67–69] There are two


triflate ions for every dicationic complex in the crystal struc-
ture. Both interact through hydrogen bonds with the hy-
droxide ions of the Pd complex (see the Supporting Infor-
mation, Figure S15). [{Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(m-OH)}2]ACHTUNGTRENNUNG(OTf)2 is presum-
ably formed by a decomposition pathway involving adventi-
tious water. Other bond lengths and interbond angles mirror
those reported by Bianchini et al. for similar m-OH species
and are given in the Supporting Information. Bianchini et al.
have shown, in an in situ NMR spectroscopic study of
ethene–CO copolymerization, that such species can act as
catalyst precursors.[44]


Methanolysis of the Pd–b-chelate complexes : The methanoly-
sis of Pd–alkyl complexes in the hydride pathway has been
studied for diaryl phosphine ligands such as dppp and dppf


(dppf = 1,1’-bis(diphenylphosphino)ferrocene),[62,63] and the
intermediacy of a palladium enolate complex has been es-
tablished by using deuterium labeling. Little work has been
done, however, with complexes containing dialkyl diphos-
phines and the reaction in the carbomethoxy pathway has
not previously been studied. Methanolysis of a mixture of
the second- and third-generation Pd–alkyl complexes 3 and
5 was monitored periodically by using 31P{1H} and 13C{1H}
NMR spectroscopy as the temperature was raised from 193
to 292 K. The resonances of 3 disappear first to be replaced
by two new doublets at d = 12.8 and �15.2 ppm (2JACHTUNGTRENNUNG(P,P) =


52 Hz), which can be attributed to a palladium–enolate in-
termediate by analogy with the work of van Leeuwen
et al.[61] Concomitant with the disappearance of the resonan-
ces of 3, a resonance at d = 211.8 ppm attributed to methyl
ethyl ketone[71] appears in the 13C{1H} NMR spectrum.
Almost complete methanolysis of 3 occurs at 292 K on the
timescale of tens of minutes before significant methanolysis
of 5 occurs. The large difference in methanolysis rates of the
second- and third-generation b chelates, may indicate a
trend which, if continued, would imply this termination
pathway becomes less efficient as chain length increases,
thus favoring copolymerization reactions.


When the methanolysis is performed under a CO atmos-
phere, the characteristic resonances of the Pd–carboalkoxy
cation 8 are seen in both the 31P{1H} and 13C{1H} NMR spec-
tra (Supporting Information, Figure S10). On bubbling
ethene through the solution, insertion to give the b-chelate
11 is observed. Thus, crossover from the hydride to the car-
bomethoxy cycle is demonstrated, we believe, for the first
time.


Methanolysis of palladium b-ester chelate : In contrast to
methanolysis of the b-chelate complex 3 in the hydride
cycle, methanolysis of 11 is found to be extremely slow, re-
quiring several days at room temperature to reach comple-
tion, during which time methyl propanoate is the only iden-
tified organic product detected by 13C{1H} NMR spectrosco-
py. This difference in rate is in accord with the expected re-
activities of a–b-unsaturated ketones and esters in the b-
elimination/hydride conjugate addition mechanism for eno-
late formation as proposed by van Leeuwen et al. However,
given the slowness of the reaction, which takes several days
at 293 K, we have been unable to demonstrate conclusively,
by using deuterium labeling, that the enolate pathway is fol-
lowed exclusively, due to extensive decomposition/side reac-
tions occurring. These have also prevented characterization
of the organometallic products of the methanolysis reaction.


Thus, methanolysis of the b chelate, which is required in
the carbomethoxy cycle to give an ester, is extremely slow
relative to the insertion of CO into the Pd–alkyl bond, a sit-
uation that favors propagation and leads ultimately to the
copolymer product. Whereas the required methanolysis of
the Pd–acyl in the hydride cycle is competitive with further
propagation. Bianchini and van Leeuwen et al. have previ-
ously noted the difference in rates of reaction of the acyl
and alkyl intermediates with methanol.[44] We believe this
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difference, which is even greater between the acyl in the hy-
dride cycle and alkyl in the carbomethoxy cycle, is the ex-
planation for the importance of the carboalkoxy cycle in co-
polymerization, in which propagation dominates, and the
consensus that alkoxycarbonylation occurs almost exclusive-
ly by the hydride pathway, because termination by metha-
nolysis of a Pd–acyl complex locks the catalysis into the hy-
dride cycle. It is noteworthy that Cavinato et al. have recent-
ly shown that, although a Pd–carbomethoxy species [Pd-
ACHTUNGTRENNUNG(PPh3)2{C(O)OCH3} ACHTUNGTRENNUNG(OTs)] can be isolated from hydro-
ACHTUNGTRENNUNGmethoxycarbonylation reactions starting from any of
[Pd ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(OTs)2], [Pd ACHTUNGTRENNUNG(PPh3)2{C(O)CH3} ACHTUNGTRENNUNG(OTs)], or [Pd-
ACHTUNGTRENNUNG(PPh3)2{C(O)OCH3} ACHTUNGTRENNUNG(OTs)], this complex is converted into a
Pd–hydride initiator through a water–gas shift mecha-
nism.[45]


Conclusions


The intermediates involved in all the essential steps in the
hydride cycles for ethene hydromethoxycarbonylation and
CO–ethene copolymerization, namely, alternating insertions
of CO and ethene to give first-, second-, and third-genera-
tion acyl and alkyl complexes; chain termination by metha-
nolysis of the acyl intermediate via a Pd–acyl-methanol in-
termediate giving a Pd–hydride complex; and methanolysis
of the alkyl intermediate via an enolate complex to give a
presumed Pd–methoxy complex, which is transformed into a
Pd–carbomethoxy complex 8 in the presence of CO, have
been characterized by using 31P{1H} and 13C{1H} NMR spec-
troscopy. The carbomethoxy complex can be used to initiate,
and study, the carboalkoxy catalytic cycle, thus 8 reacts with
ethene, giving 11. Therefore, the palladium complexes in-
volved in chain crossover from the hydride to the carbo ACHTUNGTRENNUNGalk-
ACHTUNGTRENNUNGoxy cycles have been characterized for the first time.


Compound 8 has also been prepared by insertion of CO
into the Pd�OMe bond of [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(OCH3) ACHTUNGTRENNUNG(CH3CN)]+ 6,
which has allowed the Pd complexes involved in the car-
boalkoxy cycle for the hydrocarboxylation of alkenes/
alkene–CO copolymerization and the interconversions be-
tween them to be established for the first time by using
NMR spectroscopy. This has allowed the analogous reac-
tions in the two pathways to be directly compared, for the
same catalyst system, for the first time. This has revealed
that alkene insertion into the Pd–carboalkoxy bond occurs
readily, under similar conditions as, and on a similar time-
scale to, insertion of an alkene into the Pd�H bond. This is
entirely consistent with the reported product distribution of
the copolymerization reaction under actual catalytic condi-
tions and contrasts with previous reports that insertion of
simple alkenes into the Pd�C(O)OCH3 bond was slow or
did not occur. This latter observation has been shown to cor-
relate with the presence of a strongly bound ligand in the
fourth coordination site of the square-planar Pd center
rather than an intrinsic barrier to insertion. Indeed, an in-
trinsic barrier to alkene insertion into the Pd�C(O)OCH3


bond in the hydromethoxycarbonylation reaction would be


remarkable given the necessity for such insertion to occur in
the copolymerization reaction in order to explain the occur-
rence of diester- and diketone-terminated copolymer.


The observation that methanolysis of the b chelate in the
carboalkoxy cycle is extremely slow relative to methanolysis
of the Pd–acyl in the hydride cycle provides an alternative
explanation for the importance of the carboalkoxy cycle in
copolymerization, in which propagation dominates, and the
consensus that alkoxycarbonylation occurs almost exclusive-
ly by the hydride pathway, because termination by metha-
nolysis of a Pd–acyl complex locks the catalysis into a hy-
dride pathway. The previously held explanation, that slow
olefin insertion into the Pd–carboalkoxy bond was responsi-
ble for the dominance of the hydride pathway in hydrocar-
boxylation is clearly inconsistent with our results.


If this proves to be a general result, then it follows that
any catalyst system that favors the carbomethoxy cycle must
give copolymer, conversely, only catalyst systems that favor
the hydride cycle are potential candidates for hydroesterifi-
cation/hydroalkoxycarbonylation. This is an important result
that has not previously been recognized, that overturns a
previously widely held opinion, and has implications for the
design of catalysts for these systems.


Experimental Section


General procedures : All manipulations were carried out under a dry,
oxygen-free nitrogen atmosphere by using Schlenk techniques. All sol-
vents were carefully purified by means of appropriate procedures.
CD2Cl2 was subjected to three freeze–pump–thaw cycles and stored over
4 S molecular sieves. Air-sensitive compounds were stored under nitro-
gen at 243 K. NMR spectra were recorded on a Bruker AMX2-200 WB
spectrometer. 13CO (99%) was used in experiments in which 13C NMR
data was recorded; for simplicity, CO is used to designate both natural
abundance and enriched carbon monoxide. 13CO was purchased from
ISOTEK, ethene from BOC. 1,3-Bis(diisobutylphosphino)propane
(dibpp) was prepared by reaction of diisobutylphosphine with 1,3-dibro-
mopropane to give the double HBr salt, which was subsequently neutral-
ized with sodium hydroxide and distilled to give the diphosphine prod-
uct.[4] The Pd–dimethyl complexes [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3)2] and [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 were synthesized as described in the literature.[4] All
other chemicals were purchased from Aldrich.


Preparation of [PdACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CF3SO3)] (1-OTf): [Pd ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(CH3)2]
(64 mg, 0.14 mmol) was dissolved in CH2Cl2 (2 mL) in a 10 mm NMR
tube and then cooled to 195 K. CF3SO3H (1 equiv, 7 mL) was then added
and the solution was warmed to RT briefly until the 31P{1H} NMR spec-
trum indicated that the reaction had gone to completion. 31P{1H} NMR:
dP = 18.8 (d, 2J ACHTUNGTRENNUNG(P,P) = 41 Hz), �16.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P) = 41 Hz);
1H NMR (CD2Cl2): dH = 0.36 ppm (d, 3J ACHTUNGTRENNUNG(H,P) = 7 Hz; Pd�CH3). The
series of monomethyl complexes 1-X and [1-L]X were prepared in a simi-
lar manner; specific details are given in the Supporting Information.


Preparation of [Pd ACHTUNGTRENNUNG(dibpp){C(O)CH3} ACHTUNGTRENNUNG(CH3CN)]
+
ACHTUNGTRENNUNG[CF3SO3]


�
ACHTUNGTRENNUNG([2-


CH3CN]OTf): Carbon monoxide was bubbled thoroughly (for a few
minutes) through a solution of 1-CH3CN in a mixture of dichloromethane
and acetonitrile (9:1) at 195 K, the solution was warmed to 243 K for 1 h
when the 31P{1H} NMR revealed the quantitative formation of 2-CH3CN.
31P{1H} NMR: dP = 5.4 (d, 2J ACHTUNGTRENNUNG(P,P) = 70 Hz), �19.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P) =


70 Hz); 13C{1H} NMR: dC = 242.6 ppm (dd, 2J ACHTUNGTRENNUNG(Ptrans,C(O)CH3) =


112 Hz, 2J ACHTUNGTRENNUNG(Pcis,C(O)CH3) = 10 Hz). The series of acyl complexes 2-X and
[2-L]X were prepared in a similar manner; specific details are given in
the Supporting Information.
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Preparation of [PdK (dibpp)(CH2CH2C(OL )CH3)]OTf (3): Ethene was bub-
bled through the solution of [2-CH3CN]OTf at 195 K, and the progress of
the reaction was monitored by using 31P{1H} NMR spectroscopy. 3 started
to form after 15 min at 195 K; the reaction went to completion after 10 h
at 243 K. 31P{1H} NMR: dP = 12.7 (d, 2J ACHTUNGTRENNUNG(P,P) = 46 Hz), �13.5 ppm
(d, 2J ACHTUNGTRENNUNG(P,P) = 46 Hz); 13C{1H} NMR: dC = 236.0 ppm (d,
2J(P,CH2CH2C(O)CH3) = 10 Hz). Further CO and ethene insertions, per-
formed in a similar manner to that described above, result in the forma-
tion of 4 and 5. Experimental details and full multinuclear NMR spectro-
scopic characterization of all intermediates are given in the Supporting
Information.


[Pd ACHTUNGTRENNUNG(dibpp){C(O)OCH3} ACHTUNGTRENNUNG(CH3CN)]OTf (8-CH3CN): [Pd ACHTUNGTRENNUNG(dibpp)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(OTf)2 (42 mg, 0.05 mmol) was dissolved in a CH2Cl2/CH3OH/
CH3CN (9:1:trace) mixture saturated with CO at 193 K. Et3N (1 equiv,
6.5 mL) was then added to give a clear yellow solution. Additional CO
was bubbled through the solution to drive the reaction to completion.
The solvents were evaporated quickly and the red oily residue extracted
into CH2Cl2 (2 mL) as a yellow solution. 31P{1H} NMR: dP = 8.3 (d,
2J ACHTUNGTRENNUNG(P,P) = 47 Hz), �15.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P) = 47 Hz); 13C{1H} NMR: dC =


191.7 ppm (dd, 2J ACHTUNGTRENNUNG(Ptrans,C(O)OCH3) = 167 Hz, 2J ACHTUNGTRENNUNG(Pcis,C(O)OCH3) =


9 Hz). Analogous compounds 8-CO, 8-PPh3, and 9 were synthesized simi-
larly. See the Supporting Information for specific details of their charac-
terization and reactions. Subsequent ethene/CO insertions were per-
formed in an analogous manner to 3 as described above. Full experimen-
tal details and characterization data are given in the Supporting Informa-
tion.


CCDC-293551 contains the supplementary crystallographic data for [{Pd-
ACHTUNGTRENNUNG(dibpp) ACHTUNGTRENNUNG(m-OH)}2] ACHTUNGTRENNUNG(OTf)2. These data may be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Microwave-Assisted Suzuki Coupling Reactions with an Encapsulated
Palladium Catalyst for Batch and Continuous-Flow Transformations
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Introduction


The development of focused microwaves has significantly
enhanced the productivity and expanded the armoury of
chemical transformations available to the modern day or-
ganic chemist. The impact and value of this enabling tech-
nology is evidenced by the exponential increase and diverse
nature of the literature dedicated to the many synthetic
preparations facilitated by this protocol.[1] It is proven that
use of focused microwave heating generally leads to a
marked reduction in overall reaction times as well as associ-
ated improvements in product purity and yield. One of the
key areas that has benefited greatly from the advances in fo-
cused microwave reactor design is medicinal chemistry com-
pound collections, especially those obtained from cross-cou-
pling reactions.[2]


The Suzuki reaction is by far the most versatile synthetic
method available for the generation of unsymmetrical biaryl
compounds.[3] The reaction, unlike most other palladium-cat-


alysed coupling processes, is tolerant of water and a wide
range of functional groups, employs readily accessible start-
ing materials and yields nontoxic by-products. However, the
inherent expense and potential toxicity of the palladium cat-
alysts employed is often problematic especially upon scale-
up. Therefore methodology enabling immobilisation and
thus permitting facile recycling is of strategic and economic
importance. We have previously reported[5] on a polyurea
microencapsulated palladium catalyst (Pd EnCatTM;[4]


Figure 1) that has been applied to a range of cross-coupling
and reduction reactions in both conventional solvent sys-
tems and in supercritical carbon dioxide. It has been shown
that the use of this Pd EnCat catalyst significantly facilitates
these reactions, benefiting from a much simplified workup
procedure: the heterogeneous catalyst is readily removed by
filtration and has been successfully recycled multiple times
with no detectable deterioration in reactivity. In addition, in-
ductively coupled plasma (ICP) analysis of product mixtures
following simple filtration has proven palladium levels to be
less than 10 ppm, corresponding to less than 1 % leaching of
the original palladium content of the capsules; an important
consideration regarding metal contamination in medicinal
chemistry programs.


Within our laboratories, EnCat has been successfully uti-
lised as a catalyst for the Suzuki reaction with a selection of
boronic acids and aryl halides.[5a,c,d] The previously optimised
conditions involved heating a toluene/water/ethanol (4:2:1)
solvent system at reflux for several hours, giving excellent
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overall yields. It was envisaged that microwave heating used
in conjunction with the Pd EnCat would enhance the reac-
tivity, thereby reducing reaction times and allowing the use
of more diverse and sensitive substrates. We have previously
shown that microwaves can vastly expedite the production
of compound arrays,[6] as well as being amenable to the
processing of reactions in flow mode, allowing the prepara-
tion of multigram quantities of products in a single, continu-
ous operation.[7] Indeed, the design of specific flow reactors
is of particular interest to an industry sensitive to process in-
tensification issues. The tremendous benefits of adopting
flow-type operations have already been demonstrated for a
variety of microscale reactions.[8] It was our intention to
pursue a systematic course of research that would ultimately
result in the design of a microwave-activated, heterogene-
ously catalysed, continuous-flow reactor for conducting
Suzuki cross-coupling reactions.


Results and Discussion


The optimised reaction conditions previously devised in our
laboratories for the EnCat-catalysed Suzuki reaction re-
quired 5 mol % of the catalyst (0.4 mmol g�1 Pd) and three
equivalents of potassium carbonate as the base. The solvent
mixture used as previously described (toluene/water/ethanol
4:2:1) became monophasic at the elevated reaction tempera-
tures (100 8C), but was principally biphasic at ambient tem-
perature. As a comparative marker to evaluate the micro-
wave-assisted reaction we used the simple coupling reaction
between 4-bromoanisole and phenyl boronic acid
(Scheme 1). By employing similar conditions as used for the
thermal reaction in the microwave (albeit at a slightly
higher temperature of 120 8C), the reaction time was short-
ened from 8 h to just 10 min corresponding to a 48-fold rate
increase. To rationalise the effect of the raised temperature


and determine any potential acceleration of the reaction
due to working in a sealed vessel, the corresponding analo-
gous reaction involving classical heating of a sealed vial with
an oil bath was conducted. Although this demonstrated an
improvement in the required reaction time from 8 h to 3.5 h,
it still only represented the expected Arrhenius step change.
The hypothesis is therefore, that this enhanced catalytic ac-
tivity is a direct consequence of the microwave heating.
Indeed, the mechanism of molecular interactions leading to
the heating phenomenon through the direct coupling of met-
allic species with microwave irradiation is well documented
as being a very efficient process.[1,2] Furthermore, a number
of studies have shown that metal-tethered or metal-impreg-
nated catalysts demonstrate enhanced reactivity and pro-
longed lifetimes under microwave-heating conditions. These
two features have been attributed to the selective absorption
of the metal particles that can be heated directly without no-
tably heating the support material as a result of the drastic
difference in their dielectric constants.[9] It was therefore our
aim to further harness this increased microwave-induced re-
activity to broaden the scope of the Pd EnCat system.


In addition, to simplify any future compound library prep-
aration by eliminating the time intensive aspects of the
workup procedure, replacement of the reaction solvent was
investigated; such a change also necessitated a re-evaluation
of the accompanying base. Evident from this basic screening
process was that two potential solvents afforded themselves
to the reaction (EtOH and MeCN) and that with their use
the inorganic base potassium carbonate could be successful-
ly replaced with tetrabutylammonium acetate (Scheme 1,
conditions 4). For the initial development work, MeCN was
adopted as the solvent of choice, because it gave slightly en-
hanced yields. Applying the new conditions we processed a
trial set of typical coupling partners to determine the gener-
ality and compatibility of the reaction conditions
(Scheme 2).


To ensure complete conversion was achieved, reaction
times of 15 min and a temperature of 140 8C were used. All
reactions were conducted based on a 0.5 mmol scale of each
coupling partner. The workup procedure consisted of only a
simple filtration and elution through a fritted sulfonic acid
functionalised silica cartridge to remove the excess base fol-
lowed by evaporation of the solvent. The palladium catalyst
could be easily recovered and recycled in subsequent reac-
tions by decanting it from the top of the fritted tube. The re-
actions all showed excellent purity (>95 %) and gave very


Figure 1. Pd EnCat catalyst. Top: Images of the Pd EnCat bead with mag-
nification. Bottom Left: Magnified surface of Pd-EnCat (0.4 mmol g�1)
with inlayed higher magnification image of the particulate surface.
Bottom right: EDX of sectioned Pd EnCat showing an even distribution
of palladium.


Scheme 1. Conditions developed for the microwave-assisted Suzuki cou-
pling reaction. 1) 5 mol % EnCat, 3 equiv K2CO3, PhMe/H2O/EtOH
(4:2:1), 100 8C, 8 h, 97% conversion. 2) 5 mol % EnCat, 3 equiv K2CO3,
PhMe/H2O/EtOH (4:2:1), 120 8C, sealed tube, 3.5 h, >98% conversion.
3) 5 mol % EnCat, 3 equiv K2CO3, PhMe/H2O/EtOH (4:2:1), microwave,
120 8C, 10 min, >98% conversion. 4) 5 mol % EnCat, 2 equiv Bu4NOAc,
EtOH, microwave, 120 8C, 10 min, >98 % conversion.
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high isolated yields; however, it was observed that certain
substrates and their derived products were not very soluble
in the acetonitrile solvent system. Although this did not
create significant problems in workup for this small test set,
it was envisaged that for a more expansive compound col-
lection precipitation and insolubility problems could compli-
cate isolation. For this reason, the alternative solvent etha-
nol was applied throughout the remainder of the study. In-
terestingly, we determined that using this solvent permitted
the equivalents of the tetrabutylammonium base to be re-
duced to two equivalents without diminishing the conver-
sions or increasing reaction times.


This was demonstrated with three analogous aryl halides
(Table 1). As expected, 4-chlorotoluene was significantly
less reactive than the analogous bromide and iodide. How-
ever, heating to a higher temperature (140 8C) allowed even
this chloride to react completely. At this elevated tempera-
ture, no homocoupling adducts or other decomposition
products were observed.


Library synthesis : The preliminary decision-making process-
es for successful library generation are quite complex. Bal-
ancing the contrasting problems of extensive optimisation to
create generic conditions against the desire to diversify the
array components as widely as possible (in terms of struc-
ture and electronic characteristics) are often divergent oper-
ations. The compromise that is often reached will ultimately
lead to the creation of a compound collection consisting of


mixed purity products. Follow-
ing such a strategy it was our
aim to construct a small library
prepared by using the Pd En-
Cat-catalysed Suzuki reaction.
Our intention was twofold, ini-
tially in that selecting a chal-
lenging set of substrates we
would compare the effective-
ness of the immobilised cata-
lyst against the accepted cata-
lyst standards. Additionally, we
would also have access to a re-
alistic set of experimental data
incorporating a selection of
less effective coupling reac-
tions that we could use as
markers to elucidate additional
advantages of other modified
microwave-heating processes.


A total of 11 boronic acids
and 31 aryl halides and triflates
were selected, generating a po-
tential array of 341 compounds
(Figure 2). The coupling part-
ners chosen contained a range
of chemical structures, includ-


ing some sensitive functionality such as a primary alcohol,
aldehyde or phenol, in addition to a variety of heterocyclic
and biaryl systems. The substituted benzene derivatives
comprised both electron-rich and electron-poor substrates,
as well as compounds containing sterically hindering ortho
substituents.


As in the previous study the workup procedure consisted
of only a simple filtration and elution through a fritted sul-
fonic acid functionalised silica cartridge to remove the
excess base, followed by evaporation of the solvent. In cases
in which the product contained a basic heterocyclic system,
the reaction mixture was evaporated to dryness before the


Scheme 2. Microwave-assisted Suzuki cross-coupling reactions. Percentage conversion quoted based on trans-
formation of the aryl halide. Conditions: 1 equiv aryl halide, 1.05 equiv boronic acid. Pd EnCat (10 mol %),
3 equiv Bu4NOAc in MeCN (5 mL), 140 8C for 15 minutes.


Table 1. Comparison of reactivity for different aryl halides. (0.5 mmol
halide, 0.5 mmol boronic acid, 1.0 mmol Bu4NOAc, 5 mol % Pd EnCat,
EtOH, microwave irradiation. In all cases conversion was >98 % as de-
termined by LC-MS and 1H NMR spectroscopy.)


140 8C
10 min


120 8C
10 min


120 8C
6 min


140 8C
10 min


120 8C
10 min


120 8C
6 min
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residue was taken up in dichloromethane and filtered
through a short plug of silica. No further purification was
used in either case. All products were analysed by both LC-
MS and 1H NMR spectroscopy and the general library re-
sults are shown in Figure 3.


Of the 341 reactions under-
taken, 131 (38 %) generated
products which were pure by
both 1H NMR spectrsocopy
and LC-MS. A further 40
(12 %) had purities well in
excess of 80 %. In all cases the
isolated yields for these reac-
tions were greater than 80 %,
with the majority being above
90 %. An additional set of 69
combinations (20%) did not
react fully during the ten
minute heating period, their
reaction mixtures comprising
of only starting materials and
product. Exposing some of
these reactions to an extended
heating time of 20 min was


enough to drive the reactions to completion (Table 2). The
only exception was the reaction with a thiophene-containing
boronic acid, in which catalyst poisoning is probably the
cause of the depleted conversion.


As expected, a proportion of the reactions (16 %) gave
products of low purity; these reactions would become the
reactions of particular interest in our later experiments. Of
the 55 failed reactions, only 4 represented substrates which
have been cited in the literature previously as successful
Suzuki coupling reactions, although these were largely with
very specific catalyst and ligand combinations.[10] Indeed,
most were known to be incompatible coupling partners.[10]


The Pd EnCat system benefits clearly benefits from low
palladium leaching and the ease with which the catalyst may
be removed and recycled. Further to this, the range of sub-
strates used within the library array demonstrates a broad
scope of reactions that proceed in high yield and with high
levels of purity; there was no sign of common side reactions,
such as dehalogenation or homocoupling. Additionally, no
expensive, potentially difficult to remove or toxic ligands
were required, as the reactions proceed well with Pd EnCat,
a palladium(ii) acetate immobilised catalyst.


Cooled microwave heating : Microwave heating has been
shown to dramatically improve the yields of reactions in


Figure 2. Coupling partners used in library preparation.


Figure 3. Results of the library synthesis.


Table 2. Improvement in conversion from extended heating times. (0.5 mmol halide, 0.5 mmol boronic acid,
1.0 mmol Bu4NOAc, 5 mol % Pd EnCat, EtOH, microwave irradiation at 120 8C. aConversion based on trans-
formation of the boronic acid measured by LC-MS and 1H NMR spectroscopy).


Entry Boronic
acid


Coupling
partner


Conversion [%]
after 10 min


Conversion [%]
after 20 min


1 83 >98


2 77 >98


3 64 >98


4 50 94


5 26 32
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which the starting materials suffer from thermal decomposi-
tion.[1] This is largely due to the reduced reaction times and
the more even application of energy to the reaction media
as opposed to any specific microwave effect. Therefore, in
principle, cooling the reaction mixture whilst applying mi-
crowave energy should retard the thermal decomposition
pathway still further. Indeed it has previously been shown
that microwave irradiation used in heat/cool cycles or
through pulsing the microwave power to limit the heating as
well as applying external cooling can generate products of
significantly higher purity.[11] The adoption of these types of
heating procedures offer additional advantages when ap-
plied to metal-catalysed processes. Microwave energy cou-
ples best with molecules possessing a large dipole moment
or with metals. Therefore metallic systems such as the en-
capsulated palladium catalyst and its associated reaction in-
termediates will be affected by the microwave radiation to a
far greater degree than the starting materials or products. In
our system, a large proportion of the microwave energy put
into the reaction will be absorbed by the immobilised palla-
dium catalyst, thereby enhancing the rate of reaction. How-
ever, simultaneously cooling the bulk reaction mixture will
prevent many of the accompanying thermal decomposition
pathways. In practice it is a simple procedure to heat a reac-
tion in a focused microwave cavity, whilst cooling the vessel
by blowing regulated compressed air over it.[12] It was envis-
aged that the two segments from the above library prepara-
tion representing the lower purity products would provide a
suitable platform to facilitate an in-depth investigation into
the potential for inhibiting side reactions by the use of si-
multaneous microwave heating with externally applied reac-
tion cooling.


Initial results were extremely promising; two sets of sub-
strates that had generated impure products under the stand-
ard library reaction conditions were heated with simultane-
ous cooling (Scheme 3). The reactions that were heated at
50 W attained global temperatures not exceeding 76 8C, sig-
nificantly cooler than the 120 8C used in the standard reac-
tion conditions, but employing a comparable amount of mi-
crowave energy. In both cases product purity improved dra-


matically (Figure 4), although slightly extended reaction
times of 15 mins were required as opposed to the original
10 mins. Again, isolated product yields were also excellent


Scheme 3. Improvement in product purity when simultaneous cooling
was applied with microwave heating. (0.5 mmol halide, 0.5 mmol boronic
acid, 1.0 mmol Bu4NOAc, 5 mmol % Pd EnCat, EtOH, microwave irradi-
ation. Product purity was measured by LC-MS and 1H NMR spectrosco-
py.)


Figure 4. 1H NMR spectra comparison of the effect of external cooling
on the crude product purity.
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(>90 %) and no further purifi-
cation was required as can be
seen from the NMR spectra
(Figure 4) and as confirmed by
HPLC.[13] When the same reac-
tions were performed at 76 8C
without the application of ex-
ternal cooling for the same
15 mins, the reactions were in-
complete and a mixture of by-
products was also generated.


Taking three particularly
problematic substrates,
namely, 4-bromobenzylic alco-
hol, 4-bromoacetanilide and 4-
bromobiphenyl, which had all
shown a high propensity for
generating multiple by-prod-
ucts, we further investigated
this cooled heating protocol
with a wider selection of bor-
onic acid coupling partners
(Table 3). Again, the purity of
the products was significantly
enhanced and the overall iso-
lated yields were excellent, all
greater than 80 % and most in
excess of 90 %.


The use of the simultaneous cooling allows additional mi-
crowave energy to be input to a reaction mixture whilst
maintaining a moderate temperature. Hence, reactions that
were incomplete following 10 mins heating under the stand-
ard reaction conditions could be heated with higher energy,
but cooled to maintain an acceptable temperature. Thus the
reaction could be accelerated without having a deleterious
effect on product purity or yield. For example, the reactions
of 4-bromo-2-methoxyphenol with phenylboronic acid and
4-fluoro-3-chlorophenylboronic acid under the standard con-
ditions developed for the library preparation were incom-
plete (Table 4). Heating the reactions for extended periods
or to higher temperatures (�140 8C) generated impure
product mixtures. However, the same reactions could be
driven to completion in just 10 min by heating at a compara-
bly higher power of 60 W using the simultaneous cooling.
Although the reaction proceeded at a faster rate, the record-
ed temperature of the solution was actually lower—a maxi-
mum temperature of just 83 8C was reached.


Flow-based Suzuki reactions : To fully exploit the potential
of the heterogeneous EnCat catalyst and to investigate the
process intensification of its multisequential and scaled ap-
plications, we performed the same Suzuki reactions in a
flow-type process. The reactor design is based upon a simple
continuous glass U-tube that may be packed with the het-
ACHTUNGTRENNUNGerogeneous catalyst and inserted into the microwave cavity
(Figure 5). Capillary-based flow systems have been previous-
ly reported for Suzuki coupling reactions under microwave


heating conditions although only for microscale applica-
tions.[11]


Stock solutions of the boronic acid, aryl halide and tetra-
butylammonium acetate base were prepared at concentra-
tions of 0.07m (0.14m in terms of the base) and constantly
fed through to the flow reactor which was heated in the mi-
crowave cavity (Figure 6). A flow rate of 0.1 mL min�1 was


Table 3. Coupling of problematic substrates under modified conditions. (0.5 mmol halide, 0.5 mmol boronic
acid, 1.0 mmol Bu4NOAc, 5 mmol % Pd EnCat, EtOH, microwave irradiation. NR=No reaction)


Entry R Ar Purity [%][a]


(normal heating)[b]
Purity [%][a]


(cooled heating)[c]


1 CH2OH Ph 46 >98
2 CH2OH 3,4,5-MeOPh <10 90
3 CH2OH 4-(F3CO)Ph 32 88
4 CH2OH 3-NO2Ph 31 96
5 CH2OH 2-benzofuran 41 97
6 CH2OH 3-quinolene <10 81
7 CH2OH 2-thiophene NR NR
8 NHAc Ph >98 >98
9 NHAc 3,4,5-MeOPh 27 90
10 NHAc 4-(F3CO)Ph 50 88
11 NHAc 3-NO2Ph 32 96
12 NHAc 2-benzofuran <10 97
13 NHAc 3-quinolene <10 81
14 NHAc 2-thiophene NR NR
15 Ph Ph >98 >98
16 Ph 3,4,5-MeOPh <10[d] 89
17 Ph 4-(F3CO)Ph NR 89
18 Ph 3-NO2Ph <10 93
19 Ph 2-benzofuran <10 86
20 Ph 3-quinolene <10 74
21 Ph 2-thiophene NR NR


[a] Purity measured by LC-MS and 1H NMR spectroscopy. [b] Heating to 120 8C for 10 min. [c] Heating at
50 W with compressed air cooling for 15 min. [d] The remaining material was unreacted starting material.


Table 4. Coupling of 4-bromo-2-methoxyphenol. (0.5 mmol halide,
0.5 mmol boronic acid, 1.0 mmol Bu4NOAc, 5 mmol % Pd EnCat, EtOH,
microwave irradiation. Conversion based on transformation of the boron-
ic acid measured by 1H NMR spectroscopy and LC-MS.)


R1 R2 Conversion [%][a] Conversion [%][b]


H H 23 >98
Cl F 5 >98


[a] After 10 min reaction time at 120 8C. [b] After 10 min reaction time at
60 W power setting with cooling.


Figure 5. Flow reactor microwave insert.
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employed corresponding to a total residence time of 225 s,
although the solution was present in the microwave cavity


only for 65 s of this time. As the reaction mixture left the re-
actor chamber, it progressed through a column of Amberlyst
15 sulfonic acid resin to remove any residual base and bor-
onic acid salts. A back pressure regulator (40 bar) was also
used in-line to maintain a constant flow profile. The solution
could then be collected allowing direct evaporation and iso-
lation of the product without the need for further purifica-
tion. If additional product quality was required, then pas-
sage through a metal-scavenging material such as Quadra-
pureTM was especially effective.


Initial investigations focused on reactions that had proved
successful in batch mode (Table 5). In these reactions the re-
actor was heated at a constant power level of 50 W. Howev-
er, prolonged continuous use of the reactor showed that
constant heating at this power setting was detrimental; the
palladium catalyst became exceptionally hot, causing the
polymer matrix to collapse, melt and eventually block the
tube. Therefore a modified heating protocol was established
in which the microwave irradiation was pulsed. The applica-


tion of microwave irradiation being cycled through a heating
phase at 50 W for 30 s, followed by 18 s of cooling with no
power application. All reactions were performed over a
40 min time period, equating to a 0.28 mmol scale. As
before, all products were analysed by LC-MS and 1H NMR
spectroscopy. The yields and purities of the reaction prod-
ucts were comparable if not slightly improved relative to
those achieved in the corresponding batch reactions.


Additional studies were carried out investigating the per-
formance of those coupling partners that had shown incom-
plete conversion under the conditions used in the batch re-
actions. Ten representative pairs of substrates were selected
to cover a range of reactivities (Table 6). To ensure com-
plete reaction, the concentrations of the substrates were re-
duced to 0.01m (with respect to the halide and the boronic
acid), although the flow rate was maintained at
0.1 mL min�1. This resulted in an increased effective catalyst
loading, enhancing conversion without affecting the speci-
fied substrate residence time.


All of the flow reactions attempted were successful, result-
ing in dramatic increases in both isolated yield and product
purity. Even the synthesis of the bipyridyl compound
(Entry 10; Table 6), which had been unsuccessful in batch,
was achieved with a good yield of 82 % under the flow con-
ditions. Of particular note is that the complete set of reac-
tions (Entries 1–10; Table 6) were performed in a sequential
automated fashion using the same flow reactor without re-
generation or replacement of the catalyst. Hence, a stream
of the substrates were passed through the reactor for
40 min, followed by an equal volume of ethanol, before the
next set of substrates were added. Such a processing proce-
dure is clearly amenable to high-throughput automated syn-
thesis of compound libraries. Especially considering that
throughout the duration of these reactions no noticeable de-
terioration in the catalyst activity or any cross contamina-
tion of the reactions was observed. In addition, the products
of the flow process were generally of a higher purity than
those generated through the corresponding batch reactions.
This is probably due to the fast reaction times; the sub-
strates are only heated for approximately one minute, al-
though during that period the effective catalyst concentra-
tion is extremely high. Thus the desired cross coupling is
able to take place, but the short time frame does not allow
for much decomposition or for many side reactions to occur.


As a consequence of our previous work involving the
cooled heating methodology, we decided to re-evaluate this
approach in an attempt to further enhance the flow-mode
reactions. The utilisation of cooled heating had already been
used to inhibit the formation of by-products in these cou-
pling reactions, but performing the reaction in flow im-
proved the reactions still further (Table 7). All products
were obtained with very high levels of purity and could be
isolated without the need for any additional purification fol-
lowing the inline acid scavenging process.


Additional advantages in terms of substrate selectivity
could be derived from the extremely short reaction times


Figure 6. The flow reactor.


Table 5. Flow-based microwave Suzuki reaction. (0.28 mmol halide,
0.28 mmol boronic acid, 0.56 mmol Bu4NOAc in EtOH. Pd EnCat,
EtOH, microwave irradiation.)


Entry Bromide Batch
yield [%][a,c]


Flow
yield [%][a,b,c]


1 92 87


2 89 92


3 78 91


4 89 90


5 72 81


[a] Isolated yield. [b] Flow rate 0.1 mL min�1. [c] All purities were >98%
as measured by LC-MS and 1H NMR spctroscopy.
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and mild reaction conditions. The reactive 2-iodobromoben-
zene was used as a substrate because in the corresponding
batch reaction between this iodide and 2-benzofuran boron-
ic acid, only the double addition product was detected
(Scheme 4). However, when the same coupling was per-
formed in flow, the boronic acid reacted only at the iodide,
generating the single addition product. Hence, the flow reac-
tion works in a complementary fashion to the batch process,
giving enhanced levels of functional selectivity and accepta-
bility.


Finally, to investigate the ultimate catalytic capacity of
the loaded flow reactor, two separate coupling reactions
were undertaken on a larger scale (Scheme 5). Solutions
were prepared at 0.2m concentration and fed into the reac-
tor at a flow rate 0.2 mL min�1. The reactor was heated at
50 W with simultaneous compressed air cooling and the out-
flow analysed for product conversion and purity. The reac-


tions were seen to progress ef-
ficiently for many hours,
before finally conversion drop-
ped dramatically, allowing the
biaryl products to be generated
on a multigram scale. This cor-
responds to a relative catalyst
loading of just 0.2 mol %,
which is exceptionally low for
this type of catalyst. The
amount of product obtained in
a single operation was an 80-
fold increase on that produced
in a single batch reaction.


Conclusion


Microencapsulated palladium
(Pd EnCat) used in conjunc-
tion with tetrabutylammonium
acetate in ethanol is an excel-
lent catalyst for the Suzuki re-
action between aryl halides/tri-
flates and boronic acids. The
catalyst system is highly effi-
cient when used in conjunction
with microwave heating, show-
ing enhanced reactivity and a
prolonged lifetime. A small li-
brary of biaryl compounds has
been generated in a relatively
short space of time by using
this approach. Furthermore,
the yields and product purities
may be dramatically improved
if simultaneous cooling is em-
ployed as microwave energy is
supplied to the reaction
system. In such a way a con-


trolled temperature profile can be maintained against a con-
stant microwave power input. Alternatively, a pulsing or
power cycling regime can be established permitting periods
of higher power levels to be utilised for short durations of
time, whilst limiting the eventual overall system tempera-
ture. Such heating processes and encapsulated catalysts lend
themselves well to flow synthesis applications. A number of
Suzuki cross-coupling reactions have been prepared in this
way demonstrating a dramatic decrease in side reactions
and thermal decomposition of products and catalyst. Conse-
quently a single flow reactor may be used to generate multi-
ple products in a sequential fashion or several grams of
clean product when used in continuous operation without
having to regenerate or replace the catalyst. The reactions
described are highly reproducible from run to run. The
equipment described is easily assembled and extremely reli-
able and, in principle, is readily adapted to be able to con-


Table 6. Sequential processing of multiple substrates in flow. (1 equiv halide, 1 equiv boronic acid, 2 equiv
Bu4NOAc in EtOH. Pd EnCat, EtOH, microwave irradiation.)


Entry Boronic acid Halide Batch[a]


yield [%][c] (purity [%][d])
Flow[b]


yield [%][c] (purity [%][d])


1 88 (>98) 90 (>98)


2 84 (82) 87 (>98)


3 94 (64) 94 (>98)


4 94 (54) 92 (92)


5 77 (40) 88 (94)


6 100 (30) 97 (91)


7 72 (26) 76 (>98)


8 82 (23) 89 (>98)


9 92 (16) 94 (91)


10 81 (<10) 95 (82)


[a] 120 8C, 10 min. [b] Flow rate 0.1 mL min�1, 50 W with external cooling. [c] Isolated yield. [d] Purity meas-
ured by LC-MS and 1H NMR spectroscopy.
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duct multipath-flow microwave
processes in single reaction
cavities. The future results on
these concepts will be reported
at a later date.


Experimental Section


General : All reagents and solvents
were used as supplied. 1H NMR spec-
tra were recorded on a Bruker DPX-
400 or DRX-600 spectrometer with
residual chloroform as the internal
reference (d=7.26 ppm). 13C NMR
spectra were recorded on a Bruker
Avance 500 spectrometer with the
central peak of chloroform as the in-
ternal reference (d=77.0 ppm). LC-
MS analysis was performed on a
Hewlett–Packard HPLC 1100 chro-
matograph (Mercury hexylphenyl
column) attached to a HP LC/MSD
Platform LC APCI mass spectrome-
ter. Microwave experiments were per-
formed on an Emrys synthesiser
available from Biotage AB (Uppsala,
Sweden).


General procedure for the micro-
wave-assisted Suzuki coupling in
batch : The aryl halide (0.5 mmol) and
boronic acid (0.5 mmol) were dis-
solved in ethanol (6 mL, 95%) in a
microwave vial. Tetrabutylammonium
acetate (1 mmol) was added in etha-
nol (1 mL) followed by Pd EnCat-
30TM (63 mg, 5 mol %). The reaction
was irradiated in a microwave appa-


ratus at 120 8C for 10 min.[14] After cooling to ambient temperature in the
microwave cavity the reaction mixture was purified on an SCXII car-
tridge using DCM (10 mL) as eluent and evaporated to dryness.


General procedure for the microwave-assisted Suzuki coupling in batch
with compressed air cooling : The aryl halide (0.5 mmol) and boronic acid
(0.5 mmol) were dissolved in ethanol (95 %, 6 mL) in a microwave vial.
Tetrabutylammonium acetate (1 mmol) was added in ethanol (1 mL) fol-
lowed by Pd EnCat-30TM (63 mg, 5 mol %).[4] The reaction was irradiated
in a microwave apparatus at 50 W for 15 min with compressed air cooling
(4 bar, 22 8C temperature).[13] After cooling to ambient temperature in
the microwave cavity the reaction mixture was purified on an SCX II car-
tridge using DCM (10 mL) as eluent and evaporated to dryness.


General procedure for the microwave-assisted Suzuki coupling in flow:
The flow reactor was packed with Pd EnCat-30TM (170–190 mg, 0.06–
0.07 mmol) and sand used as an inert packing material at the outer (non-
microwaved) regions of the flow reactor. Ethanol was pumped through
the cell at a flow rate of 0.1 mL min�1 for 10 min to purge the system by
means of a Gilson 402 syringe pump. Stock solutions of the aryl halide
(0.5 mmol), boronic acid (0.5 mmol) and tetrabutylammonium acetate
(1.0 mmol) in ethanol (0.01, 0.07 or 0.2m) were fed into the reactor at a
flow rate of 0.1 mL min�1 for the required time (pumping controlled by
Gilson 402 syringe pumps). During this period the flow reactor was irra-
diated in a microwave apparatus at 50 W with compressed air cooling
(4 bar, 22 8C temperature).[13] The product was diverted through a scav-
enging column containing Amberlyst 15 resin (4 g) before collection and
evaporated to dryness. Following the reaction ethanol was pumped into
the reactor at a rate of 0.1 mL min�1 in order to flush the system before
passing in the next components.


Table 7. Comparison of batch, cooled heating in batch and flow processing. (1 equiv halide, 1. equiv boronic
acid, 2 equiv Bu4NOAc in EtOH. Pd EnCat, microwave irradiation.)


Entry Boronic acid Halide Purity %[a]


Batch[b] Batch with cooling[c] Flow[d]


1 42 86 >98


2 48 >98 >98


3 32 96 >98


4 46 >98 >98


5 <10 88 >98


6 32 86 92


7 31 94 >98


8 41 97 >98


9 <10 81 91


[a] Purity measured by LCMS and 1H NMR spectroscopy. [b] 120 8C, 10 min. [c] 50 W with cooling, 20 min.
[d] Flow rate 0.1 mL min�1, 50 W, power setting with simultaneous cooling.


Scheme 4. Reaction of 2-benzofuranboronic acid with 2-iodobromoben-
zene. Batch conditions: 120 8C, 10 min, R=2-benzofuran. Flow condi-
tions: 50 W with cooling, 0.07m, 0.1 mL min�1, R=Br.


Scheme 5. Continuous production of biaryl compounds. (1 equiv halide,
1 equiv boronic acid, 2 equiv Bu4NOAc, 0.2m in EtOH. Pd EnCat, micro-
wave irradiation. Flow rate 0.2 mL min�1.) a) 172 mg catalyst, 28 h reac-
tion, 7.53 g (33.6 mmol) product, 0.2 mol % catalyst. b) 182 mg catalyst,
34 h reaction, 9.34 g (40.8 mmol) product, 0.2 mol % catalyst.
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The Intermediate Frequency Modes of Single- and Double-Walled Carbon
Nanotubes: A Raman Spectroscopic and In Situ Raman
Spectroelectrochemical Study


Martin Kalbac,*[a, b] Ladislav Kavan,[a] Mark4ta Zukalov6,[a] and Lothar Dunsch[b]


Introduction


Raman spectroscopy is a frequently used spectroscopic
method to investigate single-walled carbon nanotubes
(SWCNTs) because of the resonant enhancement of the
Raman signal. The main components of the spectra of
SWCNTs are the radial-breathing mode (RBM), the tangen-
tial-displacement mode (TG), the disorder-induced mode
(D), and the high-frequency two-phonon mode (G’). The
TG mode is observed in the region of 1450–1600 cm�1 and,
in the case of metallic tubes, it exhibits pronounced Breit-
Wigner-Fano (BWF) broadening. The RBM frequency of
isolated (nonbundled) SWCNTs (w) is inversely proportion-
al to the tube diameter (d) [Eq. (1)]:


d ¼ C=w ð1Þ


in which the constant C is reported to be in the range of 224
to 251 nm cm�1 (see references [1–3]). The D and G’ modes
are observed in all kinds of polycrystalline sp2 carbon mate-
rials, however, their physical origin has been explained only
recently in terms of the double-resonance theory.[4–6] The D
and G’ modes are observed in the spectral regions of 1250–
1450 and 2500–2900 cm�1, respectively. The one-phonon
second-order Raman D band appears only if there is a
breakdown in translational crystal symmetry, which can be
caused by defects in the structure. On the other hand, the
two-phonon second-order Raman G’ mode occurs independ-
ently of the structural defects.


There are additional bands in the region between 600 and
1100 cm�1 in the spectrum of SWCNTs. However, only little
attention has been paid to this intermediate frequency mode
(IFM) region.[7–9] The intensity of these bands is usually
around 100 times lower than the intensity of the TG mode,
which makes these studies complicated. The IFM bands ex-
hibit dispersive as well as nondispersive behavior. The non-
dispersive modes were assigned to first-order features. For
example, the mode at 850 cm�1 is related to the out-of-plane
transverse optical-phonon branch in two-dimensional graph-
ite. The dispersive IFM features exhibit steplike disper-
sion.[7,9] Such behavior cannot be explained by the usual res-
onance Raman effect. It is assumed that the dispersive IFM
features are related to the combination of two phonons, one
optical and one acoustic. The frequency of optical phonon
exhibits weak dispersion, whereas the frequency of acoustic
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phonon exhibits strong dispersion. The dispersion of IFM
bands can be described by Equation (2):[7,9]


w�
IFM ¼ w�


o � n�q ð2Þ


in which w�
IFM is the frequency of the IFM mode, w�


o corre-
sponds to the frequency of optical phonon, and n� is the dis-
persion of both acoustic and optical phonons. The vector q
is the wave vector perpendicular to the nanotube axis. From
selection rules, the relationship q=4/dt is valid for metallic
tubes, and q=6/dt is valid for semiconducting tubes, in
which dt is the tube diameter. The parameters w�


o and n�


are specific for a sample with the given diameter distribu-
tion.[7,9]


A logical progression in the study of IFM on SWCNTs is
the study of double-walled carbon nanotubes (DWCNTs).
The DWCNTs can be prepared by catalytic arc dis-
charge,[10,11] chemical-vapor deposition,[12] and by heat treat-
ment of fullerene peapods.[13] This last procedure provides
the best quality DWCNTs with narrow distribution of diam-
eters.[13, 14] The DWCNTs also exhibit strongly resonant and
diameter-selective Raman scattering with specific features
of inner and outer tubes.[13–16] The inner tubes in ex-peapods
DWCNTs exhibit very narrow Raman lines of the radial-
breathing mode (RBM).[13–16] This was previously interpret-
ed as a result of their high structural perfection.[14]


Here, we present a comparative study of IFM bands of
SWCNTs and DWCNTs. To the best of our knowledge, this
is the first study of the IFM features of DWCNTs. Further-
more, we present novel data obtained by in situ Raman
spectroelectrochemistry, which supports our studies of
RBM, G and G’ modes, and also improves our under-
standing of the weak features in the Raman spectra of
SWCNTs.


Results and Discussion


The Raman spectra of SWCNTs excited by various laser en-
ergies are shown in Figure 1. Several bands that correspond
to IFM features were observed in the region of 600 to
1200 cm�1. Each laser excitation energy gives a different
IFM band pattern, which is consistent with the recent results
of Fantiny et al.[7,9] Both the dispersive and the nondisper-
sive modes were identified in our SWCNT samples. The
well-resolved nondispersive modes were found at 860 and
1070 cm�1. The nondispersive mode at around 690 cm�1 was
present, but its intensity was relatively weak. All nondisper-
sive features exhibited variation in the intensity and line
shape upon changes in the laser line. This can be explained
by diameter dependence of the position of the IFM features.
Within the simplest tight-binding approximation, the energy
separation of the i-th singularities DEii is inversely propor-
tional to the tube diameter d [Eq. (3)]:


DEii ¼ ð2ig0aCCÞ=d ð3Þ


in which g0 is the nearest neighbor overlap integral
(�2.5 eV) and aCC is the C�C bond length (�142 pm). Due
to curvature and many-body effects, the tight-binding model
is perturbed, especially for narrow tubes (d�<1.2 nm).[17]


The change in excitation laser energy leads to selection of
SWCNTs in resonance that is dependent on diameter and
chirality. As we describe below, the position of IFM bands is
diameter dependent in each case. At different excitation en-
ergies, tubes with different diameters (and different posi-
tions of IFM) are resonantly enhanced, which finally leads
to the variation in the shape and intensity of bands. Also,
the tubes that do not match the resonant condition perfectly
are to some extent resonantly enhanced. This leads also to
the relatively broad Raman lines of these features. Further-
more, the intensity of bands is influenced by the relative
abundance of resonantly enhanced tubes in the sample at
the given laser energy.


The dispersive modes in the Raman spectra of SWCNTs
(Figure 1) are well distinguished at the laser excitation
energy of 2.54 eV (740 and 950 cm�1), at 2.41 eV (720 and
980 cm�1), and at 2.18 eV (790, 818, and 942 cm�1). On the
other hand, they are relatively weak at the laser excitation
energies of 1.91, 1.83, and 1.75 eV. Furthermore, it seems
that the band with negative dispersion overlaps that of the
nondispersive mode at around 860 cm�1. Thus, the previous-
ly observed steplike behavior of IFM bands is confirmed.


Figure 2 shows the Raman spectra of DWCNTs excited
by the same set of laser energies as those used for the spec-
tra of SWCNTs in Figure 1. The ex-peapod DWCNTs are
known to have preferably the diameters of the parent struc-
tures, that is, fullerene (C70) and SWCNTs. Because the opti-
mum diameter of a SWCNT for peapod filling is between
1.3 and 1.4 nm,[18] and the optimum interlayer spacing is
close to that of the carbon-stacking in graphite (0.34 nm),
the diameters of the inner and outer tubes are 0.6–0.9 and
1.3–1.4 nm, respectively.[10,13,14] These two distinct sets of


Figure 1. Raman spectra of SWCNTs showing dependence of the bands
in the IFM region on laser excitation energy. The laser excitation energy
is indicated for each spectrum. Spectra are offset for clarity, but the in-
tensity scale is identical for all spectra, unless stated otherwise.
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tubes manifest themselves in various Raman features of
DWCNTs. The most remarkable feature is observed for
RBM, in which two distinct groups of diameters correspond
to the bands assignable to outer tubes and inner tubes, re-
spectively. We have also shown previously that the defect-in-
duced D mode and G’ band of DWCNTs exhibit a similar
splitting.[15,19] The lower-frequency parts of D or G’ were as-
signed to inner tubes, and the higher-frequency parts were
assigned to outer tubes.


Similar features are observed for IFM bands of SWCNTs
and DWCNTs. Generally, the single bands in SWCNTs
change to doublets or triplets in DWCNTs spectra. It is as-
sumed that the new bands correspond to IFM features of
inner tubes. The shift of the inner-tube band relative to that
of the corresponding outer-tube band is dependent on the
excitation laser wavelength. In some cases, several IFM
bands of inner tubes correspond to one IFM band of an
outer tube. For example, at the laser excitation energy of
2.41 eV, the band at 860 cm�1 in SWCNTs spectra corre-
sponds to two new bands of inner tubes in DWCNTs spectra
at 813 and 828 cm�1. The intensities of IFM of inner tubes in
DWCNT spectra vary as the laser excitation energy changes.
The signal of inner tubes is much stronger for the 1.75, 1.83,
and 1.91 eV laser excitation energies than for the 2.54 or
2.41 eV laser excitation energies. The intensity of the inner-
tube bands could be even higher than the intensity of the
corresponding outer-tube band, as can be seen for the bands
at 784 and 728 cm�1 in the spectra excited by 1.83 and
1.75 eV, respectively. The variation in band intensity of IFM
of inner tubes in DWCNT spectra can be explained by the
different resonance enhancement of inner tubes. The diame-
ter distribution of inner tubes is relatively narrow and most
of the inner tubes are resonantly enhanced by the laser en-
ergies between 1.7 and 2 eV. Only a small proportion of
tubes that might be resonantly enhanced by laser energies


of 2.54 or 2.41 eV are present in the ex-peapod DWCNT
sample and, therefore, the signal is weak. The bands in
DWCNTs, corresponding to the nondispersive IFM features
of SWCNTs, were found to be downshifted with respect to
the corresponding outer-tube IFM band. The positive corre-
lation of the band position of nondispersive modes with
laser excitation is in agreement with theory.[20] The positive
correlation with energy is observed also for the D and G’
bands. The frequency dependence of IFM bands is, however,
relatively strong and changes as the laser excitation energy
changes. The variation in distance between the dispersive
IFM of inner and outer tubes observed for different energies
could be understood in terms of the model proposed in ref-
erence [9]. Tubes with different chiralities and diameters are
excited by changing the laser excitation energy. Therefore,
different phonons participate in the resonant process as the
different Eii and Ejj must be connected.[9]


In the case of the 2.18 eV laser excitation, the same
number of bands was observed in the region between 750
and 900 cm�1 for both SWCNTs and DWCNTs. Further-
more, the band observed at 818 cm�1 in the spectra of
SWCNTs is upshifted to 833 cm�1 in the spectra of
DWCNTs. As shown below, the band at 833 cm�1 in the
DWCNT spectra corresponds to inner tubes. The bands of
two dispersive modes of outer tubes are relatively weak, and
the one at 818 cm�1 can be overlapped with the 833 cm�1


band. However, no band of inner tubes that would corre-
spond to the dispersive modes of outer tubes at 790 and
818 cm�1 was observed, which indicates the absence of reso-
nant enhancement of dispersive modes for inner tubes.


The appearance of new IFM bands in DWCNT spectra re-
veals unambiguous and striking features relevant to charac-
terization of carbon nanostructures. The spectra confirm
that the IFM bands are diameter dependent. The new bands
that appear in DWCNT spectra also verify that the corre-
sponding outer-tube mode is, indeed, attributed to the in-
trinsic tube modes. The purification process can also modify
the tubes. For example, new functional groups can be intro-
duced, whose weak Raman features can be misinterpreted.
Therefore, the modes intrinsic for carbon nanotubes have to
be determined. The mode at 1050 cm�1 was assumed recent-
ly to arise from impurity,[9] attributed to C–O–C vibration.
On the other hand, we observe two bands in this region for
DWCNTs, one corresponding to outer tubes and one to
inner tubes. This is in contrast to the mentioned assignment
to impurity. The DWCNTs were synthesized at 1200 8C in
high vacuum. Such conditions should tend to remove defects
rather than to produce them. Furthermore, the inner tubes
are formed in the “clean” inner space of SWCNTs. The high
quality of inner tubes manifests itself, reportedly, in their
narrow RBM bands.[14] Therefore, it is clear that the appear-
ance of a new band as a result of transformation of peapods
into DWCNTs must be the intrinsic feature of the carbon
nanotube. We assume that this is the case particularly for
the 1050 cm�1 mode, as the new, slightly downshifted band
arises in the DWCNT spectra. This band is assigned to the
scattering by the LA phonon around the M point.[21]


Figure 2. Raman spectra of DWCNs showing dependence of the bands in
the IFM region on laser excitation energy. The laser excitation energy is
indicated for each spectrum. Spectra are offset for clarity. The intensity
of the spectrum excited at 1.91 eV is multiplied by a factor of two, the in-
tensities of the spectra excited at 2.41 and 2.54 eV are multiplied by a
factor of ten.
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Finally, the IFM bands of the inner tubes of DWCNTs are
also attributed to rather perfect tubes, as indicated by
narrow RBM modes.[22] The role of defects in SWCNTs has
been studied recently. The absence of defects contradicts the
occurrence of the D mode in the DWCNT spectra, if we
assign the low-frequency component of the D band to inner
tubes.[16] Therefore, the character of defects in inner tubes
must be discussed. The preparation of DWCNTs from pea-
pods is expected to produce relatively short inner tubes.
Even if 100 % filling is assumed, the amount of carbon avail-
able from fullerene as an inner-tube precursor is not suffi-
cient to produce an equally long inner tube inside a particu-
lar outer tube. This clearly results in the formation of sever-
al short inner tubes within one outer tube. The finite size of
tubes is also considered to be a defect. It is apparent that
the inner tubes would exhibit more-pronounced finite-size
defects. It is difficult to quantify the relationship between
the IFM of inner and outer tubes; however, qualitative com-
parison shows that the IFM of inner tubes are more intense,
especially for red lasers. This result supports the assumption
that IFM are generated by defects that are associated with
the finite length of tubes.


In situ Raman spectroelectrochemistry : Figure 3 shows the
dependence on potential of the IFM bands of electrochemi-


cally charged SWCNTs. To the best of our knowledge, these
bands have not been analyzed by spectroelectrochemistry
until now. The bands at 920 and 934 cm�1 are assigned to
the electrolyte solution and serve as internal standards.


Electrochemical charging, both cathodic and anodic,
causes the bleaching of both RBM and TG modes of
SWCNTs. The change in electrochemical potential leads to
a shift of the Fermi level. As the energy of van Hove singu-


larities is achieved, the corresponding interband transition is
bleached and the Raman resonance is quenched. This model
may, however, oversimplify the situation in spectroelectro-
chemistry. In fact, the complete quenching of transitions be-
tween the first singularities in metallic tubes, EM


11, and the
second and third singularities in semiconducting tubes, ES


22


and ES
33 (which play a role for lasers between 2.54 and


1.91 eV), would require Fermi-level shifts as large as 1 to
1.3 eV. Such shifts are hardly accessible electrochemically, if
we take into account that electrochemical double-layer
charging typically creates around 0.005 e�


ACHTUNGTRENNUNG(holes) per carbon
atom per volt,[23,24] which translates into the corresponding
EF shifts of approximately 0.3 to 0.6 eV only.[25] Complex re-
lations between the Fermi-level shift and the applied elec-
trochemical potential were recently addressed by Rafailov
et al. for metallic tubes,[25] however, a full understanding of
the intensity/potential profiles in Raman spectroelectro-
chemistry still requires further study.


A second distinct effect is the blue-shift of TG of outer
tubes upon anodic charging. This is explained by hardening
of the C�C bond during anodic charging (p-doping). The at-
tenuation of Raman spectra (excited at 1.91 eV) is usually
explained by the loss of resonance through quenching of op-
tical transitions EM


11 and ES
22 in narrower tubes. Consequently,


the charging also erases the Fano broadening in metallic
tubes at both cathodic and anodic potentials.[15] The blue-
shift of TG upon anodic charging reflects the stiffening of
the graphene mode if holes are introduced into the p


band.[26,26] The behavior of the D and G’ modes during elec-
trochemical charging is similar. Both modes are shifted and
bleached as the applied charge increases.[15,16] On the other
hand, the RBM bands exhibit only bleaching without dis-
tinct frequency shifts. This indicates that the position of
modes connected to LO phonons are only slightly affected
by doping.


The drop in intensity of the IFM band at 857 cm�1 shown
in Figure 3 is monotonous and almost symmetrical to the
maximum intensity observed at the nearly undoped state
(bold curve in Figure 3). The small asymmetry in bleaching
during the anodic and cathodic doping can be caused by the
initial position of Fermi level in carbon nanotubes. The
band becomes barely detectable at large cathodic and
anodic potentials. This behavior is characteristic for resonant
Raman modes of SWCNTs,[26] and confirms that the
857 cm�1 mode is intrinsic to tubes and is resonant. The
electrochemical doping also leads to the upshift of the IFM
at 857 cm�1 during the anodic doping. However, the upshift
is very small, only 1 cm�1 upon progression from +0.3 to
+1.8 V vs Fc/Fc+ (Fc= ferrocene). During cathodic doping,
the downshift of about 2 cm�1 was observed if the potential
is changed from +0.3 to �1.2 V vs Fc/Fc+ . The shift is much
smaller than that observed for the TG mode, for which
shifts of 10 to 15 cm�1 were found (data not shown). Fur-
thermore, during cathodic doping, the upshift of the TG
mode was observed, which is contrary to the downshift in
the case of the 857 cm�1 IFM. The shift of the D mode is
also stronger, however, the difference is not so large. The D


Figure 3. Potential-dependent Raman spectra (excited at 1.91 eV) of
SWCNTs on a Pt electrode in 0.2m LiClO4+acetonitrile. The electrode
potential varied by increments of 0.3 V from 1.2 to �1.8 V vs. Fc/Fc+ for
curves from top to bottom. Spectra are offset for clarity, but the intensity
scale is identical for all spectra. The peaks at 920 and 934 cm�1 are as-
signed to the electrolyte solution. The bold curve indicates the spectrum
of SWCNTs in the nearly undoped state.
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mode shifts by about 3 and 8 cm�1 during the cathodic and
anodic doping, respectively. The direction of shift is the
same as for the IFM band.


The band at 1070 cm�1 is less intense and it is almost com-
pletely bleached at potentials of +1.5 or �0.9 V vs Fc/Fc+ .
Due to the fast bleaching of the mode, it is difficult to deter-
mine whether the mode shifts or not during electrochemical
charging. Finally, the doping-induced bleaching of the band
at 1070 cm�1 further confirms its assignment to the intrinsic
mode of SWCNTs.


Figures 4 and 5 show the dependence on potential of the
IFM bands in electrochemically charged DWCNTs. In gen-


eral, as the electrochemical potential increases, the IFM
bands are bleached. This behavior is similar to the behavior
of SWCNTs during electrochemical charging. However, it is
clear that the bleaching does not occur to the same extent
for all bands. The IFM bands assigned to outer tubes exhibit
more-pronounced bleaching than the IFM bands assigned to
inner tubes, which is a general effect in DWCNTs. As was
already shown,[15] the RBMs of inner tubes in DWCNTs are
extinguished less than the bands of outer tubes during the
application of electrochemical potential. In other words, the
inner tubes are shielded by outer tubes, but at high poten-
tials even inner tubes are affected to some extent. A similar
effect is observed for chemical p-doping. In this case a
three-layer-capacitor model was applied, and it was conclud-
ed that most of the holes are located on the outer tube.[27]


The hole concentration on outer tubes was found to be ap-
proximately ten times higher than in the case of inner tubes.
This explains the sluggish intensity attenuation of inner-tube
bands. The same conclusion was drawn also for electrochem-
ical doping.[16] Hence, during electrochemical doping, the


charge is located preferably on the outer tube, the van Hove
singularities of inner tubes are filled at higher potentials,
and the inner-tube IFM bands start to bleach at larger po-
tentials. Therefore, postponed bleaching of the bands could
be used as an indication of inner-tube features.


The spectra of DWCNTs excited by 1.91 eV laser energy
exhibit two bands at around 830 and 835 cm�1, which corre-
spond to the outer-tube band at 857 cm�1 (Figure 4). The
band at 835 cm�1 bleaches faster than the band at 830 cm�1.
Similarly, the inner-tube modes at 1025 and 1045 cm�1 can
be related to the outer-tube mode at 1070 cm�1. Again, the
different sensitivity to doping-induced attenuation is clearly
expressed in Figure 4. The IFM of inner tubes seem to differ
in their sensitivity to bleaching. However, these bands are
relatively broad and the bleaching occurs only at high po-
tentials, therefore, it is difficult to detect the difference in
the bleaching sensitivity of the bands. An analogous effect
was observed previously for RBM of inner tubes, which also
bleach to different extents.[15,16] The origin of this effect is
still not clear. In the case of IFM bands, the speed of bleach-
ing is related to the diameter of the tubes. The band at
higher frequency that corresponds presumably to thicker
inner tubes bleaches faster. The energy of optical transition
Eii decreases as the tube diameter increases [Eq. (2)]. There-
fore, for thicker tubes, the filling/depleting of van Hove sin-
gularities occurs at lower potentials than for thin tubes. As
the availability of optical transition is crucial for the reso-
nance Raman effect, the bands of thick tubes should bleach
faster. However, one could argue that only tubes with a suit-
able band-gap are resonantly enhanced and, thus, observed.
In other words, the band-gap of the tubes measured should
not differ significantly. However, the resonance condition is
not very sharp, and tubes that are not in perfect resonance
are seen in the spectra, although with smaller intensity. In


Figure 4. Potential-dependent Raman spectra (excited at 1.91 eV) of
DWCNTs on a Pt electrode in 0.2m LiClO4+acetonitrile. The electrode
potential varied by increments of 0.3 V from 1.2 to �1.8 V vs Fc/Fc+ for
curves from top to bottom. Spectra are offset for clarity, but the intensity
scale is identical for all spectra. The peaks at 920 and 934 cm�1 (marked
with *) are assigned to the electrolyte solution. The bands assigned to
inner tubes are marked with arrows. The bold curve indicates the spec-
trum of DWCNTs in the nearly undoped state.


Figure 5. Potential-dependent Raman spectra (excited at 2.18 eV) of
DWCNTs on a Pt electrode in 0.2m LiClO4+acetonitrile. The electrode
potential varied by increments of 0.3 V from 1.2 to �1.8 V vs. Fc/Fc+ for
curves from top to bottom. Spectra are offset for clarity, but the intensity
scale is identical for all spectra. The peaks at 920 and 934 cm�1 (marked
with *) are assigned to the electrolyte solution. The bands assigned to
inner tubes are marked with arrows. The bold curve indicates the spec-
trum of DWCNTs in the nearly undoped state.
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the filling of van Hove singularities, the change in intensity
is, therefore, not so pronounced. Thus, the thicker inner
tubes are not in perfect resonance, which results in a re-
duced effect of potential on the change in intensity. The
smaller doping sensitivity of tubes that are not in perfect
resonance was demonstrated recently by the Raman spec-
troelectrochemistry of chirality-resolved SWCNTs.[28]


Figure 5 shows the sequence of spectra of electrochemi-
cally doped DWCNTs at 2.18 eV excitation. The spectroelec-
trochemical identification of the bands is very important, as
it is difficult to distinguish which bands correspond to the
outer and inner tubes, respectively. For example, the band at
833 cm�1 could be assigned to the shifted outer-tube disper-
sive mode or to the inner-tube band that corresponds to the
nondispersive outer-tube band at 858 cm�1. The bleaching of
the band is suppressed, hence we assigned this band to the
inner-tube mode. A similar effect was seen for the double
band at 1070 cm�1, which also exhibits weak bleaching and
is, therefore, assigned to inner-tube features. The dispersive
mode at around 920 cm�1 interferes with the bands of aceto-
nitrile, which precludes analysis of its charge-dependent
bleaching.


Conclusions


The intermediate frequency mode (IFM) bands in Raman
spectra of SWCNTs and DWCNTs were studied. The spec-
tra of DWCNTs exhibited new features in the IFM region,
and these were attributed to inner tubes. Comparison of the
spectra of SWCNTs and DWCNTs (the latter prepared
from peapods) yields the following conclusions:


1) Intrinsic vibrational modes of carbon nanotubes can be
identified.


2) The IFM bands are strongly diameter dependent.
3) The IFM bands are, presumably, related to finite-size de-


fects of tubes.


Results of in situ Raman spectroelectrochemistry demon-
strated that the delayed bleaching of inner tubes in
DWCNTs applies also for the IFM bands of inner tubes.
The frequency shift of IFM bands during electrochemical
charging is similar to the shift of the D mode, considering
the sign and size of the shift. Inner- and outer-tube bands
exhibit different sensitivity to electrochemical doping. This
effect was used successfully to assign bands to inner and
outer tubes. The bleaching of the inner-tube IFM modes was
found to be dependent on the inner-tube diameter.


Experimental Section


Single-walled carbon nanotubes (SWCNTs) were available from our ear-
lier work.[24] Double-walled carbon nanotubes (DWCNTs) were prepared
by heat conversion of the C70@SWCNT (filling ratio 72 %) peapods,
which were also available from our earlier work. The conversion of pea-


pods was carried out at 1200 8C in a vacuum for 12 h. The electrodes for
in situ spectroelectrochemical studies were fabricated by evaporation of a
sonicated ethanolic slurry of SWCNTs on Pt electrodes. The film was
outgased at 80 8C in vacuum and then fixed in the Raman spectroelectro-
chemical cell. The spectroelectrochemical cell was air-tight, had one com-
partment, and was equipped with a glass optical window for spectroscop-
ic measurements.


The cell was assembled in a glove box (M. Braun); the box atmosphere
was N2, containing O2 and H2O each at <1 ppm. Electrochemical experi-
ments were carried out by using PG 300 (HEKA) or 273A (EG&G
PAR) potentiostats with Pt-auxiliary and Ag-wire pseudoreference elec-
trodes, the electrolyte solution was 0.2m LiClO4+acetonitrile (both from
Aldrich; the latter dried by using 4 P molecular sieve). After each spec-
troelectrochemical measurement, ferrocene (Fc) was added to the cell as
a reference for cyclic voltammetry analysis. The potentials related to the
Ag pseudoreference were recalculated and referred to the potential of
the Fc/Fc+ electrode.


The Raman spectra were excited by Ar+ and Kr+ lasers (Innova 300
series, Coherent), and by a Ti-sapphire laser (899 LC, Coherent). Spectra
were recorded by using a T-64000 spectrometer (Instruments SA) inter-
faced to an Olympus BH2 microscope (objective 50 Q ). The laser power
impinging on the cell window or on the dry sample was between 1 and
5 mW. The spectrometer was calibrated by using the F1g mode of Si at
520.2 cm�1.
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Design and Synthesis of Novel Propellanes by Using Claisen Rearrangement
and Ring-Closing Metathesis as the Key Steps


Sambasivarao Kotha* and Mirtunjay Kumar Dipak[a]


Introduction


Caged polycyclic molecules play an important role in the
design and synthesis of natural and non-natural products.[1]


Lack of conformational mobility, their molecular symme-
try,[2a] and their intricate molecular structure prompted us to
synthetically investigate these compounds. They are also
useful building blocks for high-energy materials.[2b] In con-
nection with our interest in the preparation of annulated
polyquinane we have prepared diallylated tetracyclic dione,
3,6-diallyltetracyclo[6.3.0.04,11.05,9]undecan-2,7-dione (1) by
using fragmentation methodology, which involves a four-
step sequence starting with 1,3-cyclopentadiene and 1,4-ben-
zoquinone.[3–5] It was anticipated that the two allyl groups
present in 1 would undergo ring-closing metathesis (RCM)
to generate a new novel pentacyclic system 2 (Scheme 1).


However, we observed that even under forcing reaction con-
ditions compound 1 failed to give a RCM product with
Grubbs first- and second-generation catalysts.[6,7]


Inspection of the molecular models revealed that the pres-
ence of the C1�C7 bond in pentacyclic system 3 (Scheme 2)
would force the two allyl groups in close proximity; howev-


er, the two allyl groups are far apart in tetracyclic system 1,
which is not suitable for RCM. It appears that the transan-
nular “proximity effect” between the two carbonyl groups in
1 is responsible for hemiketal formation instead of the ex-
pected diol during the allyl and vinyl Grignard addition se-
quence.[1b]


Results and Discussion


As a result of the conformation of pentacyclic system 3, in
which the two allyl groups are much closer in space, we rea-
soned that this system may undergo RCM to generate a new


Keywords: cage compounds ·
Claisen rearrangement · metathesis ·
polycycles


Abstract: Novel hexacyclic caged compounds are prepared by a combination of
Claisen rearrangement and ring-closing metathesis (RCM). Additionally, a
Grignard reaction in conjugation with RCM produced intricate hexacyclic caged
molecules.
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Scheme 1. Nonparticipation of allyl groups in RCM under G-I and G-II
conditions.


Scheme 2. Retrosynthetic analysis of hexacyclic propellane.
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hexacyclic propellane,[8] system 4. Retrosynthetic analysis of
4 (Scheme 2) indicates that the required diallylated pentacy-
clic dione 3 could be obtained from [2+2] photocycloaddi-
tion of adduct 10, produced by Diels–Alder (DA) cycloaddi-
tion of 2,3-diallyl-1,4-benzoquinone with 1,3-cyclopenta-
diene (Scheme 3).


Thus, the preparation of diallyl benzoquinone 9 begin
with 1,4-hydroquinone (5).[9] Diallylation of hydroquinone
followed by Claisen rearrangement gave two rearranged al-
lylated hydroquinones 7 and 8 in a 1:1 ratio which could be
separated by column chromatography.[10] Oxidation of the
2,3-diallylated derivative 7 with MnO2 gave 2,3-diallyl-1,4-
benzoquinone (9) in 66% isolated yield after column chro-
matography. Cycloaddition of 9 with freshly cracked 1,3-cy-
clopentadiene at 0–10 8C produced low melting DA adduct
10. The structure of the DA adduct has been established
based on high field 1H NMR spectroscopy (400 MHz) and is
further supported by 13C NMR spectral data (100 MHz, d=
30.7, 48.2, 48.7, 48.9, 116.6, 133.3, 135.1, 148.6, 198.1 ppm).


The stereochemistry of the DA product was expected to
be endo and this assumption has been confirmed by the pho-
tochemical behavior of the DA adduct, which undergoes a
smooth [2+2] photocycloaddition upon exposure to light.[11]


The pentacyclic system 3 has displayed the required number
of signals in the 13C NMR spectrum (100 MHz, d=30.2,
41.4, 41.5, 43.7, 54.1, 55.6, 118.6, 132.7, 213.0 ppm).


Having prepared the pentacyclic dione 3, the stage was
set for RCM. Exposure of compound 3 to Grubbs first-gen-
eration catalyst[6] produced hexacyclic propellane 4 in 90%
yield after column chromatography. Additional proof of the
structure has been obtained by its chemical conversion to
the known hexacyclic system 11 (Scheme 4). The spectral
properties of the compound obtained by this route are iden-
tical to that in the reported data.[12] Alternatively, compound
11 was also prepared by another sequence involving the in-
termediates 12 and 13.


Thus, the DA adduct 10 underwent RCM [13] to generate
the tetracyclic derivative 12 in 70% yield. IBX-mediated de-
hydrogenation[14] followed by [2+2] (or [6+2]) photocy-


cloaddition gave compound 14, reported by the Kushner
et al.[15]


The initial observation that the tetracyclic system 1 did
not undergo RCM could be turned into an exciting opportu-
nity to design new caged systems, for example, a double
Grignard reaction (GR) with allyl magnesium bromide
would be expected to give 15. RCM[16,17] of this tetrallylated
derivative 15 in principle can generate the hexacyclic system
16 with two new additional rings (Scheme 5).


To prepare the hexacyclic caged system 16, the diallyl
dione 1 was treated with the excess amount of allyl magnesi-
um bromide, generating triallyated hemiketal 17 instead of
the tetrallylated derivative 15. The proximity of the carbonyl
groups is responsible for hemiketal formation. In view of
earlier observations[18] this result is not surprising. The struc-
ture of pentacyclic hemiketal derivatives 17 and 19
(Scheme 6) has been firmly established by 13C NMR spectral


Scheme 3. Base-catalyzed allylation of 1,4-hydroquinone, o-Claisen rear-
rangement, MnO2 oxidation, and Diels–Alder reaction with 1,3-cyclopen-
tadiene.


Scheme 4. ACHTUNGTRENNUNG[2+2] photocycloaddition, RCM with G-I, Pd-catalyzed hydro-
genation and RCM with G-I, IBX-mediated dehydrogenation (IBX = o-
iodoxybenzoic acid), [6+2] or [2+2] photocycloaddition, and Pd-cata-
lyzed hydrogenation.


Scheme 5. Allyl Grignard addition to 1 followed by RCM.


Scheme 6. Allyl and vinyl Grignard addition to 1 followed by RCM.
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data. In particular, the presence of a signal at d=115.6 ppm
in the 13C NMR spectrum of 17 indicates the carbon atom
attached to two oxygen atoms. Molecular models indicate
that the formation of the hemiketal did not aid in bringing
the two initial allyl groups closer (Figure 1). RCM of triallyl
compound 17 gave 18 as a sole product.


Along similar lines, addition of vinyl magnesium bromide
produced 20 from the corresponding hemiketal derivative
19 (Scheme 6). Later on, it was found that the optimization
by ChemDraw and distances between allyl-bearing carbon
atoms in 1, 3, and 17 were measured by Rasmol visualiza-
tion software (Figure 1). The distance between the allyl-
bearing carbon atoms in 1 (d1=3.16 J) is approximately
double the distance between the allyl-bearing carbon atoms
in 3 (d3=1.57 J). Even in hemiketal 17 (d17=3.06 J) this
distance has not decreased as much as that between the two
allyl groups present in 1. Participation of the allyl group in
ring formation in 3 and 17 clearly shows that the large sepa-
ration of allyl groups in 1 is responsible for our observa-
tions.


Conclusion


We have shown that Claisen rearrangement in combination
with RCM provides a useful method for the synthesis of
hexacyclic caged propellanes such as 4, which is suitable for
studying stereoelectronic effects.[19] This methodology opens
up a new route to novel caged compounds of higher order
ring systems for example; compound 1 may be an ideal can-
didate to study the cross-metathesis reaction. A Grignard re-
action in combination with RCM gave access to polycyclic
caged ether derivatives (e.g. 18 and 20). These two ap-
proaches clearly demonstrate that RCM in combination
with other carbon–carbon bond-forming processes, such as
Claisen rearrangement and the Grignard reaction, provide
exciting opportunities to create novel molecular frames. We
have also demonstrated that the presence of suitably dis-
posed olefinic moieties at appropriate distance is necessary
for the success of RCM. The strategy demonstrated here has
distinct advantages. The cycloaddition reaction and RCM
protocol have mostly been employed without the need for
protecting groups. Expansion of these strategies to other in-
tricate molecular frames will be reported in near future.


Experimental Section


General : Reactions involving organometallic species were carried out
under nitrogen by using oven-dried glassware and syringes. THF and
Et2O were distilled from sodium/benzophenone under nitrogen immedi-
ately prior to use. Dichloromethane was distilled over P2O5. TLC was
performed by using (10L5 cm) glass plates coated with AcmeMs silica gel
GF254 (containing 13% calcium sulphate as a binder). Flash-column
chromatography was performed by using Aceme silica gel (100–200
mesh). Solvents were concentrated at reduced pressure on a BNchi R-114
rotary evaporator. 1H NMR (300, 400 MHz) and 13C NMR (75, 100 MHz)
spectra were recorded at room temperature on Varian VXR 300 instru-
ments or AX 400 with TMS (d=0.0 ppm, 1H NMR spectra) and CDCl3
(d=77.0 ppm, 13C NMR spectra) as internal standards. IR spectra were
recorded on a Nicolet Impact-400 FTIR spectrometer. HRMS were de-
termined on a Micromass Q-Tof spectrometer.


Materials : Vinyl magnesium bromide (1m solution in THF) and Grubbs
first-generation catalyst were purchased from Aldrich, Milwaukee
(USA).


4,5-Diallyltricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione (10): Cyclopenta-
diene (0.2 mL, 0.34 mmol) was added dropwise to a cooled solution of
2,3-diallyl-1,4-benzoquinone 9 (60 mg, 0.32 mmol) at 0 8C in methanol
(15 mL). At the end of the reaction (3.5 h, TLC monitoring), the solvent
was evaporated under reduced pressure and the residue was purified by
silica gel column chromatography (3% EtOAc/petroleum ether) to give
10 (66 mg, 81.4% yield) as a thick yellow liquid. Rf=0.45 (petroleum
ether/EtOAc 9:1); 1H NMR (400 MHz, CDCl3): d=1.42–1.52 (dd, J1 =


J2=9.7 Hz, 2H; bridge CH2), 3.06–3.20 (m, 4H; 2LCH2�CH=CH2),
3.24–3.26 (m, 2H; 2LCH bridge head), 3.52 (s, 2H; 2LCH ring junction),
5.01–5.08 (m, 4H; 2LCH2�CH=CH2), 5.66–5.76 (m, 2H; 2LCH2�CH=


CH2), 6.00 ppm (s, 2H; CH=CH); 13C NMR (100 MHz, CDCl3): d=30.7,
48.2, 48.7, 48.9, 116.6, 133.3, 135.1, 148.6, 198.1 ppm; IR (neat): ñ=3079
(=CH2 st), 2992 (=CH st), 1664 (C=O conjugated), 1608 (C=C st),
915 cm�1 (HC=CH d); HRMS (QTOF ES+ ): m/z : calcd for
C17H18O2Na: 277.1204; found: 277.1215 [M+Na]+ .


1,7-Diallylpentacyclo[5.4.0.02,6.03,10.05,9]undeca-8,11-dione (3): Tricyclic
dione 10 (125 mg, 0.49 mmol) was dissolved in dry EtOAc (500 mL) and
irradiated in a Pyrex immersion well by using an 125 W UV lamp (home-
made) for 1.5 h under nitrogen at RT. At the conclusion of the reaction


Figure 1. Distance between allyl-bearing carbon atoms in 1, 3, and 17,
d1=3.16, d3=1.57, and d17=3.06 J.
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(TLC monitoring), the solvent was evaporated under reduced pressure
and the residue was purified by silica gel column chromatography (5%
EtOAc/petroleum ether) to give 3 (80 mg, 80%) as a white crystalline
solid. Rf=0.39 (petroleum ether/EtOAc 9:1); m.p. 80–81 8C; 1H NMR
(400 MHz, CDCl3): d=1.90–2.00 (dd, JAB=12.0, 11.0 Hz, 2H; bridge
CH2), 2.18–2.26 (dd, J=9.0, 8.9 Hz, 2H; 2LCH bridge head), 2.47–2.55
(m, 2H; 2LCH bridge), 2.74–2.79 (m, 4H; 2LCH2�CH=CH2), 2.90 (s,
2H; 2LCH, ring junction), 5.00–5.10 (m, 4H; 2LCH2�CH=CH2), 5.50–
5.60 ppm (m, 2H; 2LCH2�CH=CH2);


13C NMR (100 MHz, CDCl3): d=
30.2, 41.4, 41.5, 43.7, 54.2, 55.6, 118.6, 132.7, 213.0 ppm; IR (KBr): ñ=
3069 (=CH2 st), 2970 (=CH st), 1751 (C=O), 1636 (C=C st), 924 cm�1


(HC=CH d); HRMS (QTOF ES+ ): m/z : calcd for C17H19O2: 255.1385;
found: 255.1397 [M+H]+ .


Hexacyclo[10.2.1.04,9.04,14.09,13]pentadeca-6-ene-3,10-dione (4): Grubbs
first-generation catalyst (10 mg, 5 mol%) was added to a solution of dia-
llyl pentacyclic dione 3 (100 mg, 0.39 mmol) in dry dichloromethane
(15 mL) under argon at RT. At the end of the reaction (4 h, TLC moni-
toring), the solvent was evaporated by using a water bath and the residue
was purified by silica gel column chromatography (8% EtOAc/petroleum
ether) to give 4 (80 mg, 90%) as a white crystalline solid. Rf=0.25 (pe-
troleum ether/EtOAc 9:1); m.p. 109–110 8C; 1H NMR (400 MHz, CDCl3):
d=1.81–1.89 (m, 2H; 2LCH bridge head), 1.90–2.04 (dd, J1 = J2 =


11 Hz, 2H; bridge CH2), 2.30–2.40 (d, J=16 Hz, 2H; 2LCH bridge),
2.60–2.70 (m, 4H; 2LCH2�CH=CH), 2.90 (d, J=1.6 Hz, 2H; 2LCH
bridge adjacent to carbonyl group), 5.90 ppm (t, J=3 Hz, 2H; CH=CH);
13C NMR (100 MHz, CDCl3): d=23.8, 41.1, 43.0, 43.5, 51.9, 54.8, 126.1,
212.8 ppm; IR (KBr): ñ=2930 (=CH st), 1741 (C=O), 1725 (C=C st),
1094 cm�1 (HC=CH d); HRMS (QTOF ES+ ): m/z : calcd for C15H15O2:
227.1072; found: 227.1068 [M+H]+ .


Hydrogenation of hexacyclo[10.2.1.04,9.04,14.09,13]pentadeca-6-ene-3,10-
dione (4): Palladium/charcoal (10%, 300 mg) was added to a solution of
4 (11.3 mg, 0.05 mmol) in EtOAc (10 mL) under hydrogen (1 atm) at RT.
At the end of the reaction (3 h, TLC monitoring), the reaction mixture
was filtered off by using a Celite pad. The solvent then evaporated under
reduced pressure and the residue was purified by silica gel column chro-
matography (5% EtOAc/petroleum ether) to give 11 (8 mg, 90%) as an
off-white solid. M.p. 67–68 8C (lit.[12] m.p. 70 8C).
1H and 13C NMR spectroscopic chemical shift values matched with litera-
ture values.[12]


1,4,4a,5,8,9a-Hexahydro-1,4-methanoanthracene-9,10-dione (12): Grubbs
first-generation catalyst (15 mg, 5 mol%) was added to a solution of tri-
cyclicdione 10 (160 mg, 0.62 mmol) in dry dichloromethane (15 mL)
under nitrogen and stirred at RT for 3.5 h. At the end of the reaction
(4 h, TLC monitoring), the solvent was evaporated and the residue was
purified by silica gel column chromatography (5% EtOAc/petroleum
ether) to give 12 (98 mg, 70%) as a white crystalline solid. Rf=0.35 (pe-
troleum ether/EtOAc 9:1); m.p. 126–128 8C; 1H NMR (300 MHz, CDCl3):
d=1.40–1.50 (m, 2H; bridge CH2), 2.90 (m, 4H; 2LCH2�CH=CH2), 3.20
(dd, J=2.0, 1.0 Hz, 2H; 2LCH bridge head), 3.50 (dd, J=2.0, 1.0 Hz,
2H; 2LCH ring junction), 5.70 (s, 2H; CH=CH), 6.00 ppm (t, J=2.0 Hz,
2H; norbornene CH=CH); 13C NMR (100 MHz, CDCl3): d=24.6, 48.1,
48.9, 49.6, 122.6, 135.3, 145.6, 198.3 ppm; HRMS (QTOF ES+ ): m/z :
calcd for C15H15O2: 227.1077; found: 227.1072 [M+H]+ .


IBX-mediated dehydrogenation of 12 :[14] IBX (2 equiv) was added to a
solution of 12 (80 mg, 0.35 mmol) in DMSO under nitrogen and heated
at 60–65 8C. At the end of the reaction (3 h, TLC monitoring), the mix-
ture was extracted with EtOAc (3L10 mL) and the combined organic
layers were washed with brine and dried over anhydrous MgSO4. Once
dry, the solvent was evaporated under reduced pressure and the residue
was purified by silica gel column chromatography (5% EtOAc/petroleum
ether) to give 13 (67 mg, 85%) as a white crystalline solid. M.p. 116–
117 8C (lit.[15] m.p. 117–118 8C).


ACHTUNGTRENNUNG[2+2] Photocycloaddition of 13 : Dehydrogenated product 13 (60 mg,
0.27 mmol) dissolved in EtOAc (150 mL) was irradiated in a Pyrex im-
mersion well by using an 125 W UV lamp (homemade) for 5 h under
argon at RT. At the end of the reaction (TLC monitoring), the solvent
was evaporated under reduced pressure and the residue obtained was pu-
rified by silica gel column chromatography (5% EtOAc/petroleum ether)


to give 14 (46.8 mg, 78%) as an off-white solid. M.p. 110–111 8C (lit.[15]


m.p. 111–112 8C).


Triallyl pentacyclic hemiketal 17: A solution of tetracyclic dione 1
(105 mg, 0.41 mmol) in diethyl ether (8 mL) was added dropwise to fresh-
ly prepared allyl magnesium bromide (327 mg, 2.45 mmol) in ether
(10 mL) over a period of 10–15 min at RT under nitrogen. At the end of
the reaction (8 h, TLC monitoring), the mixture was quenched with satu-
rated aqueous NH4Cl solution at 0 8C, and the resulting aqueous layer
was extracted with EtOAc (3L25 mL). The combined organic layers
were washed with brine, dried over anhydrous Na2SO4, and the solvent
evaporated under reduced pressure. The resulting residue was purified by
silica gel column chromatography (4% EtOAc/petroleum ether) to give
17 (85.5 mg, 70%) as a white solid. Rf=0.71 (petroleum ether/EtOAc
4:1); m.p. 95–96 8C; 1H NMR (400 MHz, CDCl3): d=1.50–1.60 (m, 2H;
2LCH attached to the allyl-bearing carbon atoms), 1.60–1.90 (m, 2H;
bridge CH2), 2.00–2.20 (m, 2H; 2LCH bridge head), 2.30–2.50 (m, 8H;
3LCH2�CH=CH2, 2LCH bridge), 2.50–2.60 (m, 2H; 2LCH bridge adja-
cent to C=O), 3.30 (d, J=8.0 Hz, 1H; OH), 4.94–5.10 (m, 6H; 3LCH2�
CH=CH2), 5.60–6.01 ppm (m, 3H; 3LCH2-CH=CH2);


13C NMR
(100 MHz, CDCl3): d=34.9, 35.1, 37.6, 39.1, 45.1, 46.0, 46.4, 46.5, 51.30,
51.34, 57.7, 60.6, 93.0, 115.6, 115.8, 116.3, 117.1, 135.4, 137.8, 138.5 ppm;
IR (KBr): ñ=3134 (OH hemiketal), 1638 (C=C st), 1403 (�O� hemike-
tal), 910 cm�1 (C�H d); HRMS (QTOF ES+ ): m/z : calcd for
C20H26O2Na: 321.1833; found: 321.1831 [M+Na]+ .


Monoallyl hexacyclic hemiketal 18 : Grubbs first-generation catalyst
(6 mg, 5 mol%) was added to a solution of 17 (23 mg, 0.076 mmol) under
argon at RT. At the end of the reaction (after 5 h, TLC monitoring), the
solvent was evaporated, and the resulting residue was purified by silica
gel column chromatography (5% EtOAc/petroleum ether) to give 18
(16 mg, 77%) as an off-white solid. Rf=0.60 (petroleum ether/EtOAc
4:1); m.p. 58–59 8C; 1H NMR (400 MHz, CDCl3): d=1.60 (s, 2H), 1.70–
1.90 (m, 2H), 1.90–2.10 (m, 2H; bridge CH2), 2.30–2.50 (m, 8H; 2LCH2�
CH=CH, 2LCH2�CH=CH2, 2LCH bridge), 2.60–2.70 (m, 2H; 2LCH
bridge adjacent to C�O), 3.20 (s, 1H; OH), 5.00–5.10 (m, 2H; CH2�CH=


CH2), 5.70–5.90 ppm (m, 3H; 2LCH=CH, CH2�CH=CH2);
13C NMR


(100 MHz, CDCl3): d=30.5, 34.0, 35.1, 37.7, 45.0, 46.7, 47.3, 48.3, 51.1,
51.6, 60.5, 61.5, 91.6, 115.9, 116.2, 125.5, 129.2, 138.7 ppm; IR (KBr): ñ=
3116 (OH hemiketal), 1638 (C=C st), 1400 (�O� hemiketal), 916 cm�1


(C�H d); HRMS (QTOF ES+ ): m/z : calcd for C18H22O2Na: 293.1517;
found: 293.1526 [M+Na]+ .


Diallyl-monovinyl pentacyclic hemiketal 19 : Vinyl magnesium bromide
(6 equiv, 1m solution in THF) was added dropwise to a solution of 1
(105 mg, 0.41 mmol) in dry THF (8 mL). Initially the addition was carried
out at RT, but after 3 h the reaction mixture was heated up to 50 8C for
the next 10 h. At the end of the reaction (TLC monitoring) the reaction
was quenched with a concentrated aqueous solution of NH4Cl at 0 8C,
and the resulting aqueous layer was extracted with EtOAc (3L25 mL).
The combined organic layers were then washed with brine and dried
over anhydrous Na2SO4. The solvent was evaporated under reduced pres-
sure and the resulting residue was purified by silica gel column chroma-
tography (5% EtOAc/petroleum ether) to give 19 as a white solid
(65 mg, 56%). Rf=0.65 (petroleum ether/EtOAc 4:1); m.p. 110–111 8C;
1H NMR (400 MHz, CDCl3): d=1.60–1.70 (m, 2H), 1.70–2.00 (m, 2H;
bridge CH2), 2.1–2.4 (m, 6H; 2LCH bridge, 2LCH2�CH=CH2), 2.50–
2.60 (m, 2H), 2.71–2.75 (m, 2H), 3.0 (s, 1H; OH), 4.92–5.12 (m, 4H; 2L
CH2�CH=CH2), 5.06–5.07 (dd, J1 = J2 =1.83 Hz, 1H; CH=CHH), 5.23–
5.28 (dd, J1 = J2 = 1.53 Hz, 1H; CH=CHH), 5.61–5.90 (m, 2H; 2LCH2�
CH=CH2), 5.94–6.02 ppm (dd, J1 = J2 = 17.4 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=34.9, 36.7, 37.6, 45.1, 46.6, 46.7, 46.8, 51.3, 52.7,
58.9, 60.4, 93.5, 112.3, 115.8, 115.9, 116.2, 137.9, 138.6, 138.7 ppm; IR
(KBr): ñ=3119 (OH hemiketal), 1638 (C=C st), 1400 (�O� hemiketal),
911 cm�1 (C�H d); HRMS (QTOF ES+ ): m/z : calcd for C19H24O2Na:
307.1674; found: 307.1672 [M+Na]+ .


Monoallyl hexacyclic hemiketal 20 : Grubbs first-generation catalyst
(5 mg, 5 mol%) was added to a solution of 19 (23 mg, 0.080 mmol) under
argon at RT. At the end of the reaction (after 5 h, TLC monitoring), the
solvent was evaporated by using a water bath and the resulting residue
was purified by silica gel column chromatography (6% EtOAc/petroleum
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ether) to give 20 (15.6 mg, 76%) as a white crystalline solid. Rf=0.58
(petroleum ether/EtOAc 4:1); m.p. 98–99 8C; 1H NMR (400 MHz,
CDCl3): d=1.60 (brd, J=2.0 Hz, 2H), 1.90–2.08 (m, 2H), 2.12–2.24 (m,
2H), 2.40–2.80 (m, 8H), 5.00–5.20 (m, 2H; 2LCH2�CH=CH2), 5.70–
5.90 ppm (m, 3H; CH2�CH=CH2, CH=CH); 13C NMR (100 MHz,
CDCl3): d=35.2, 37.0, 37.9, 45.4, 46.1, 46.5, 48.0, 51.2, 52.7, 59.8, 60.0,
103.5, 116.0, 116.7, 132.7, 133.0, 138.8 ppm; IR (KBr): ñ=3129 (OH hem-
iketal), 1638 (C=C st), 1399 (�O� hemiketal), 905 cm�1 (C�H d); HRMS
(QTOF ES+ ): m/z : calcd for C17H20O2Na: 279.1361; found: 279.1365
[M+Na]+ .
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… represent a new technology for
a future generation of flat-panel
displays. Over the years, significant
efforts have been invested towards
developing light emitters for the
primary colors red, green, and blue
to display the RGB signal. In the
Full Paper on page 4523 ff., P.
Anzenbacher, Jr., et al. demon-
strate how effective modification
of one of the most prominent
OLED materials, tris(quinolino-
late) aluminumACHTUNGTRENNUNG(iii) (Alq3), results
in tuning of its HOMO/LUMO
energy levels, which is essential for
using Alq3 derivatives as host
materials for various dopants and
for tuning the color of the light
emitted by the devices.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Aromatic Aluminum
In their Full Paper on page 4495 ff. , J. M. Mercero, J. M.
Uglade et al. describe the characterization of the structures
and the properties of a series of [Al4MAl4]


q� sandwich com-
plexes (q=2, 1, 0 and M=Ti, V, Cr, Zr, Nb, Ta, Mo, Hf, Ta,
and W). The aromatic all-metal aluminum square ring is of
special interest as it has properties that are usually associ-
ated with organic molecules.


Rack- and Grid-Type Metallosupramolecular Structures
The interaction of metal ions with helical ligand strands
generates polymetallic supramolecular architectures of rack
and grid types by uncoiling of the ligand. The interconver-
sion between the helical free ligand and the linearly
extended ligand in the complexes produces reversible ion-
induced, nanomechanical molecular motions of large ampli-
tude. Details of this work by J.-M. Lehn et al. are discussed
in the Full Paper on page 4503 ff.


Hybrid Materials
In their Concept article on page 4478 ff., G. J. A. A. Soler-
Illia and P. Innocenzi describe the chemical concepts that
lie beneath the complex phenomena involved in the produc-
tion of mesoporous hybrid thin films (MHTFs), particularly
in oxide-derived materials. The synthesis methods and char-
acterisation techniques specifically needed to understand
structure, orientation and composition of MHTFs are also
described.
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Mesoporous Hybrid Thin Films: The Physics and Chemistry Beneath


G. J. A. A. Soler-Illia*[a] and P. Innocenzi[b]


A Quick Glance at Mesoporous Oxide and Hybrid
Materials


Hybrid materials are becoming an increasing subject of
study, due to the possibility to combine inorganic, organic,
and even biological functions in a tailored matrix or nano-
composite.[1,2] Among these exciting and innovative materi-
als, mesoporous hybrids are a fine example of a multifunc-
tional system in which an inorganic or a hybrid organic–in-
organic matrix (or framework) presents tailored pore sizes,
the surface of which can be modified by organic or bioactive
functions.[3–5] A great number of characteristics, including
framework nature (composition, crystalline structure and
crystallite size), high surface area, pore dimension, shape,
surface, accessibility and pore array symmetry and intercon-


nection can be tailored, and even tuned, in few finely con-
trolled synthesis steps. These materials present an increasing
interest and potential in several fields in which a large func-
tional interfacial area contained in a robust framework is re-
quired (e.g., for selective columns, exchangers, (bio)cata-
lysts, nanocomposites for energy applications, etc.). The ca-
pability of changing the characteristics of the inorganic
framework and the pore surface and/or interior in separate
ways leads to an amazing potential in tuning optical or elec-
tronic properties. Moreover, a void or functionalised pore
system is an invitation to use these nanoconfined spaces as
nanoreactors (for the construction of embedded nanoparti-
cles or polymers), and thus creating advanced ordered nano-
composites with perfectly calibrated interfaces. With regard
to bio-nanotechnology, nanometric to submicrometric pore
sizes are interesting for the interaction with proteins, poly-
nucleotides or for the inclusion of a variety of biological
nanostructures from enzymatic systems and liposomes to
cell membranes to ion channels.


The possibility of processing mesoporous hybrid materials
as thin films is especially interesting, for the combined prop-
erties of a thoroughly tailored pore system and the inherent
features of thin films (i.e., accurate control of thickness,
composition, transparency, presence of electrodes, possibility
of multilayer stacking etc.).[6] Moreover, a wide variety of in-
organic or hybrid frameworks can be easily obtained, as
evaporation-based methods are usually more flexible than
precipitation and can be thoroughly studied by in-situ tech-
niques. The control of chemical and processing variables
permit the easy creation and reproduction of an amazing li-
brary of functional-pore arrays in which tailored diffusion of
substrates is possible. These functions can be in turn activat-
ed or modified by solicitations such as light, current or a
changing environment, making mesoporous hybrid thin
films (MHTFs) an exciting prospect for several nanotechnol-
ogy applications (sensors, actuators, separation and interfac-
ing devices, etc.).[6,7]


The need for mesoporous hybrid thin films (MHTF) has
been driven historically by the quest for ultralow k dielec-
trics and low refractive index materials with a good mechan-
ical stability and a hydrophobic nature. Hydrophobic or


Abstract: Mesoporous films containing organic or bio-
logical functions within an organised array of cavities
are produced by combining sol–gel, self-assembly of
supramolecular templates and surface chemistry. This
paper reviews the essential physics and chemical con-
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closed porosity can be used as a means to design new mate-
rials with ultralow k values, in order to accomplish several
very strict requirements to be integrated with the perfor-
mance specifications by the microelectronics industry. The
ability of shaping mesoporous materials as thin films leads
to other sought applications, such as sensors, delivery devi-
ces or controlled bioceramics. In the first case, 100–500 nm
thick films with accessible porosity should allow a rapid
transit of analytes, drugs, signal or trigger molecules across
nanomembranes. Film-processing procedures permit the
stacking of thin films with different characteristics, thus
leading to multilayer systems, each layer leading to a pecu-
liar chemical property located in a well-defined position in
space. Transparent films containing light-responsive func-
tions can be combined with nonlinear optical chromophores
to produce multifunctional photonic devices.[8,9]


This paper presents the chemical concepts that lie beneath
the complex phenomena involved in the production of
MHTFs, particularly in oxide-derived materials. We will first
briefly comment on the synthesis methods and characterisa-
tion techniques specifically needed to understand structure,
orientation and composition of MHTFs. Understanding
these phenomena needs complementary techniques. Second,
we will discuss the aspects regarding film formation, stabili-
sation and template elimination. All three processes are rel-
evant to several central aspects, such as pore orientation,
surface or accessibility, which are crucial to the final perfor-
mance. A thorough understanding and further research in
this topic is needed to evolve towards system design versus
the trial and error approach. We will finally aim at illustrat-
ing the possibilities of MHTFs with several application ex-
amples.


Mesoporous Films: An Overview of Synthesis and
Characterisation Methods


Typical TEM and SAXS patterns of selected ordered and
oriented mesoporous thin films are shown in Figure 1. The
dark periodic structure observed in the micrographs is the
matrix or framework, which is composed of a metal–oxo
network, in the case of mesoporous oxides; as we will see
below, this framework can also contain organic functions.
The light spots correspond to the pore system; pores can be
filled with the template (in a mesostructured material), or
void (in a mesoporous material). The pore surface or interi-
or can also be modified by organic moieties, polymers or
nanoparticles. The ordered arrangement of the pores leads
to periodic contrast differences, producing diffraction pat-
terns that are characteristic of a given mesophase.


The chemical paths towards these materials with complex
and perfect organisation at the mesoscale implies essentially,
a combination between the sol–gel chemistry of the inorgan-
ic precursors (alkoxides, organoalkoxides, salts etc.) and the
self-assembly features of the organic pore templates (typi-
cally, surfactants). Knowledge of the chemical concepts re-
lated these two fields is required to produce the appropriate


“nano building blocks” (NBBs) that will build up the meso-
structures, and to control the complex assembly processes
between them.


Sol–gel processing, based on the controlled polymeri-
sation of inorganic molecular precursors in mild tempera-
ture conditions, organic solvents, and controlled amounts of
water is crucial in the development of synthesis routes of
the inorganic NBB. Oxide formation by the sol–gel process
implies connecting the metal centres with oxo or hydroxo
bridges, therefore generating metal–oxo or metal–hydroxo
polymers in solution.[10] Hydrolysis and condensation reac-
tions are akin to activation and propagation steps found in
organic polymerisation. Hydrolysis of an alkoxy group at-
tached to a metal centre leads to hydroxyl–metal species
[Eq. (1)].


M�ORþH2O ! M�OHþROH ð1Þ


The hydroxylated metal species can react with other
metal centres leading to condensation reactions, in which an
oligomer is formed by bridging two metal centres. Conden-
sation can lead to an oxo bridge, and water or alcohol is
eliminated [Eq. (2)].


M�OHþXO�M ! M�O�MþX�OH


X ¼ H or R
ð2Þ


In the case of olation, an addition reaction takes place,
and a hydroxo bridge is formed [Eq. (3)].


Figure 1. Typical TEM micrographs and 2D SAXS patterns of mesopo-
rous thin films. a) 3D hexagonal silica, templated with CTAB, a cationic
molecular surfactant (TEM image: C. Marchi, LNLS, Campinas). b) 3D
cubic zirconia, templated with F127, a nonionic polymeric surfactant
(TEM image: P. B. Bozzano, UAM, CNEA, Buenos Aires). c) Side view
of a cubic titania thin film (adapted from reference [25]).
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M�OHþM�OH ! M�ðOHÞ�M�OX


X ¼ H or R
ð3Þ


Chemical control of activation/polymerisation reactions
[Eqs. (1)–(3)] permits us to tailor the size, shape and surface
(i.e., the presence of polar ACHTUNGTRENNUNG�OH groups, or hydrophobic res-
idues) of the inorganic polymers or colloids. By tuning their
hydrophobic/hydrophilic characteristics, it is also possible to
tune the interactions with the organic templates. In silica-
based systems, hydrolysis has to be catalysed by submitting
to low pH values; condensation is minimised at pH values
between 1 and 3. For transition-metal oxide precursors, hy-
drolysis and condensation are fast processes, and highly
acidic media (pH<1 for MIV) are required to avoid extend-
ed condensation.


The NBBs that form the material framework can be
purely inorganic (i.e., metal–oxo polymers) or hybrid organ-
ic–inorganic. In the latter case, the one-pot synthesis of
MHTFs implies that organically modified alkoxides (OMA)
are used as molecular precursors during sol–gel reactions.
The most used SiIV-based OMAs, R’(4�n)Si(OR)n, have one
or more organic groups bonded to the central atom, and the
covalent nature of the Si�C bond assures the hydrolytic sta-
bility during sol–gel reactions. The wide variety of the avail-
able organically modified alkoxides greatly enlarges the
family of MHTFs that can be produced. The OMAs can be
also co-reacted with transition-metal alkoxides or metallic
salts to give a great variety of hybrid materials. Another
group of OMAs has a special role in the synthesis of
MHTFs: the bridged silsesquioxanes, because they offer the
possibility to synthesise mesostructured materials the organ-
ic groups of which are within the pore walls. Using this ap-
proach, Inagaki and co-workers[11] were able to obtain
hybrid pore walls with “crystalline” nature; this was
achieved first in powdered samples and is currently being
adapted to thin films. Other functional precursors (typically,
R�SiX3, or R�GM(OR)3, in which G is a grafting function
such as a complexing group) can be used in combination
with MX4 precursors, tailoring the compatibility with organ-
ic species such as monomers, polymers or surfactants.


The hydrolysis and condensation characteristics (i.e., reac-
tion rates, solubility, connectivity etc.) of the functional pre-
cursors are of course different from the simple precursors.
However, a vast knowledge base is available from the
hybrid materials community, and in principle, one should be
able to control synthesis conditions suitable to create oxide,
mixed oxide or hybrid networks from any set of precursors,
even in mixed oxides in which the cations have markedly
different hydrolysis–condensation characteristics.


Self-assembly can be defined as “the ordering of mole-
cules with no external effort”. Asymmetric molecules such
as surfactants can spontaneously self-assemble in micelles
when their concentration in a given solvent is higher than
the critical micellar concentration (cmc). Micelles are supra-
molecular NBBs. At higher surfactant concentrations (in the
order of 20–70% mass weight), micelles can in turn assem-


ble in liquid crystalline arrays; some of these arrays possess
high ordering at the mesoscopic scale. Ordered liquid-crystal
phases are the scaffold for mesoporous materials. Again, an
enormous knowledge base is available from the surfactant
and polymers community, and the surfactants used in the
actual synthesis are just the tip of the iceberg. The mesopo-
rous community could gain also a lot of predictive insight by
using the classical polymer approaches (phase diagrams,
quantifying interactions, role of the hydrophilic–lipophilic
balance (HLB) and excluded volumes, selective functional
copolymers etc.).


In summary, to synthesise an organised mesoporous mate-
rial, the framework NBBs obtained by sol–gel chemistry
should be co-assembled with the template NBBs, in an ade-
quate manner, in order to obtain the desired mesophase
with the desired framework composition. An important
point is that the framework and the template are in contact
along the “hybrid interface”, which in the case of a mesopo-
rous material represents as much as 1000 m2g�1. An impor-
tant fraction of the energy towards stabilisation of a meso-
structured material arises from favourable interactions be-
tween both kinds of NBBs at this hybrid interface. There-
fore, the interest in matching these interactions by tuning
the hydrophilic character of the framework NBBs to the
groups present at the surface of the template NBBs, as sug-
gested by the modulation at the hybrid interface (MHI)
mechanism.[4]


One can in principle imagine a retrosynthesis-like ration-
ale such as the one used in organic synthesis, in order to
have an overview of the NBBs (i.e. , the pieces of the
puzzle) needed to design a successful synthesis. In the case
depicted in Figure 2, the “nanosynthon target” for a meso-
structured material is a micelle, surrounded by adequate in-
organic NBBs; this motif, repeated, generates the periodic
mesostructure. This nanosynthon can be in turn decomposed
into the fundamental NBBs: inorganic oligomers and surfac-
tant molecules. Sol–gel and self-assembly procedures should
be able to provide these NBBs. From this simplified view, it
is clear that the inorganic oligomers should be hydrophilic
in order to provide the proper interactions at the inorganic–
organic interface. We can affirm that the first concepts to-
wards design are: 1) to know the nature of your building
blocks and 2) to put them in the right place. With these
simple principles in mind, a number of systems can be as-
sembled, ranging from any simple mesoporous silica to
more complex composite metal/mesoporous silica reported


Figure 2. The retrosynthesis path of a mesostructured material.


Chem. Eur. J. 2006, 12, 4478 – 4494 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4481


CONCEPTSThin Films



www.chemeurj.org





by Brinker and co-workers.[12] Notwithstanding, the detailed
thermodynamic and kinetic aspects of any particular system
(i.e., the detailed sol–gel chemistry features, the possible
mesophases arising from the interactions between the poro-
gen molecules and the inorganic NBBs, the assembly se-
quence) must be taken into account, as will be discussed
below.


Evaporation-induced self-assembly : Mesoporous films are
typically produced after evaporation of solutions containing
an inorganic precursor (alkoxide, chloride or mixtures of
both), an organic supramolecular template (mostly ionic,
nonionic or polymeric surfactants) and some additives (in
general, acidic or complexing molecules to control pH, thus
avoiding inorganic extended condensation) dissolved in a
volatile solvent (mostly alcohols or ethers, such as THF). A
number of synthesis procedures have been developed; the
concepts behind these procedures are beginning to be un-
derstood and will be discussed in a later section. In princi-
ple, pore size and symmetry can be adequately tuned by the
use of the organic template, from relatively small ionic sur-
factants to amphiphilic block copolymers.[13] The nature of
the wall (whether inorganic or hybrid) and surface can be
controlled by choosing the adequate precursor and control-
ling the sol–gel chemistry of the metal centre.[10] Deposition
techniques are varied: from controlled drying of deposited
droplets to dip- or spin-coating. The deposition environ-
ment, the evaporation process and the resulting film thick-
ness are important not only for the formation of porosity,
but also for the symmetry of the pore array. The complex
processes taking place during solvent evaporation and sub-
sequent formation of an inorganic-template organised meso-
phase can be overall ordered in what Brinker and co-work-
ers coined as “evaporation-induced self-assembly”
(EISA).[14] At present, there is a sound library of synthesis
procedures that permits the creation of mesoporous thin
films with a great variety of wall compositions, pore sizes
and pore system symmetries.


There are two main routes to incorporate organic func-
tions into mesoporous matrixes; these are shown schemati-
cally in Figure 3: 1) “one-pot” synthesis, by co-condensation
of a functional inorganic precursor, such as an organosilane,


with another precursor in the presence of templates or 2)
addition of an organofunction by post-synthesis treatment of
a mesostructured or mesoporous material, either by solution
impregnation or by exposure to volatile vapours (post-graft-
ing).


It is clear that the availability of large surface areas, rich
in silanols or other M�OH groups, provides a simple and
immediate route to functionalise the pores, leading to many
different types of surface-modified mesostructured hybrid
films. In anhydrous conditions, post-grafting can also take
place by breaking Si-O-Si bonds, “through a nucleophilic
displacement at the silicon atom by the alkylsiloxane group
of the silylating agent”.[15] Post-functionalisation has been
largely exploited (mainly in powders) to graft on the pore
surface a variety of functional organic molecules. The one-
pot route (i.e. , including the organic function in the film for-
mation step) remains, however, a very attractive synthesis,
as it constitutes the easiest way to grant incorporation of or-
ganic groups embedded within the metal–oxo skeleton.
Moreover, the presence of the organic dangling groups
seems to play an important role during EISA, and, in cer-
tain cases, can direct to one or another mesostructure. Both
routes are in fact complementary, and their utilisation de-
pends on the characteristics desired for the mesoporous
system. Table 1 summarises the differences between both
methods.


Post-functionalisation might seem an easier route because
the template can be removed in a previous step, thus clear-
ing the surface sites to selectively attach a new function. It
should be stressed that the reactivity of surface silanols is
not always easy to control and different species (isolated,
terminal, geminal or hydrogen bonded) react in different
ways. The control of the extent of grafting reactions is,
therefore, an important drawback of post-functionalisation.
Moreover, depending on the post-grafting conditions (sol-
vent, function solubility etc.), the framework can be partially
dissolved or M�O�M bonds can be cleaved in the proce-
dure. On the other hand, “one-pot” synthesis is somehow
complicated by the presence of organically modified alkox-
ides with different reaction rates and self-assembly that can
modify or even hinder the formation of pore arrays. Ther-
mal degradation of the organic groups during thermal treat-


ment also has to be taken into
account. This is not, however, a
very strict rule of thumb, be-
cause some interesting excep-
tions have been observed. Elim-
ination of block copolymer
templates can be achieved at T
�250 8C. At this temperature,
some organic molecules can
still survive, such as fullerenes,
which can be introduced as
pristine C60 or derivatives to
participate to one-pot
EISA.[16,17] Some alternatives to
co-condensation and graftingFigure 3. The main routes towards mesoporous hybrid thin films (MHTFs).
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methods have been also proposed. Vapour infiltration tech-
niques have shown to be very effective in silica films in
which the condensation of silica walls is still low. Exposure
of a spin-coated silica film to methyltriethoxysilane vapours
allowed the incorporation of hydrophobic methyl groups
without reducing the pore size and increasing the mechani-
cal strength. Another challenging route is given by an EISA
synthesis that employs an organically modified alkoxide that
is also acting as a template (see below).


Characterisation of mesostructured materials shows two
distinctive and opposite features of thin mesoporous films:
high mesoscale order associated to a very high surface area
(and thus high concentration of potential functions) versus
the low quantity of matter. These two aspects define the ap-
propriate characterisation techniques for several issues.
Structure and orientation are easily and accurately measur-
ACHTUNGTRENNUNGable by 2D small-angle X-ray scattering (SAXS) or 2D graz-
ing incidence X-ray diffraction (GIXRD), even if treatment
of data is a critical issue and some errors in phase recogni-
tion are quite common. TEM measurements have to be ac-
curately interpreted to adequately support XRD data. It
would be ideal to develop reliable atomic force microscopy
(AFM) measurements. Surface area measurements or quan-
titative assessment of organic contents in thin films (by
magic angle spinning nuclear magnetic resonance (MAS
NMR), for example), instead, require specific setups or new
developments.


A common example is the evaluation of surface area and
porosity by N2 adsorption. In most reports, these crucial
data are obtained from thick films or xerogel samples by
using an ordinary N2 adsorption setup. While this is relative-
ly easy to perform, it is not totally correct, due to the possi-
ble differences in homogeneity, pore arrangement and inter-
connectivity (related to inhomogeneity) found in thick sam-
ples (several microns to mm) versus thin samples (thickness
<1 mm).


Film thickness greatly influences pore order and the pore
system homogeneity.[18,19] This is due to the decisive effect
the drying process coupled with inorganic condensation ki-
netics have in self-assembly, as will be shown below. This
issue is crucial for homogeneity: solvent evaporation leads
to an increased concentration of precursor and template. If
solvent transport is not even along the sample, inhomogene-


ity in concentration can develop, leading to “pockets of re-
activity” for the sol–gel precursors, and irregular distribution
of the template concentration. Transport of solvent mole-
cules across the film is fast for thin films, as illustrated by an
estimation of ethanol diffusion. Using a simple Einstein
equation (hxi= (DEtOHt)


1/2) for a film 1 mm thick, and DEtOH


estimated as 10�5 cm2s�1 (this corresponds to a high limit), a
typical diffusion time (t) will be in the order of 10�3 s. These
diffusion times are faster than an average condensation
window (i.e., the average time that takes a concentrated
system to become a gel). For 1 mm thick films, the charac-
teristic diffusion time is in the order of the 103 s, which is
commensurable with condensation processes. In this “thick
film” case, the gelling time can be faster than diffusion and
phase separation.[20] The film surface dries readily, condensa-
tion occurs and solvent is trapped in the film core, generat-
ing concentration gradients and different mesophases along
the samples.[19] Any phase separation process is bound to be
more irregular in thick films or xerogels than in thin films,
and the former composites will often present irregularities
in their texture along their thickness.


Brunauer–Emmet–Teller analysis of scratched films is te-
dious and might introduce errors by including some nonpo-
rous substrate fragments in the analysis due to sampling.
Special cells and protocols have been designed to avoid this
problem. Alternative approaches make use of X-ray diffrac-
tion (XRD) contrast techniques,[21] NMR spectroscopy,[22] or
ellipsoporosimetry.[23,24] A similar kind of limitation applies
to other techniques requiring important mass quantities,
such as MAS NMR spectroscopy or thermogravimetric anal-
ysis (TGA/DSC). In conclusion, a robust set of characterisa-
tion techniques is needed to adequately assess order at the
mesostructure, porosity, metal environment and the pres-
ence of functions in MHTFs; a “total characterisation”
using a variety of spectroscopic, diffraction and image char-
acterisation techniques is rarely found.[25]


Behind the Scenes of EISA


The thermodynamic and kinetic factors that lead to a partic-
ular phase separation and generation of mesopores are re-
lated in a complex way, and they have been discussed in


Table 1. Pre-functionalisation versus post-functionalisation.


Pre Post


tailor compatibility R�MXn and MXn tailor surface�R�MXn interactions and reactivity
a wall consolidation step is possible for small, inert groups such as
phenyl or methyl


a pre-consolidation step before grafting is possible, leading to denser and thus
stronger framework walls


groups fixed on surface + embedded in the framework groups fixed mostly on surface
functions “buried” in the framework functions protruding into pore space
R has a role in mesostructuring (e.g., polarity, condensation catalysis,
cosurfactant etc.)


mesostructure is determined before R inclusion


relatively homogeneous dispersion of R groups pore blocking possible
limited by chemical compatibility limited by diffusion plus pore blocking
one-pot synthesis, one or more functions, lower control of dispersion one post-graft, one function, successive possible
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detail in precedent papers.[7,13, 14] However, a brief overview
is necessary to position the problem and sketch the dynam-
ics of the systems evolution.


In principle, the thermodynamic factors controlling film
mesostructure, pore size and connectivity can be controlled
from the outside of the system. A first approach to precisely
design pore architectures is to rely on the geometry of the
template (in terms of g=V/aolc, as defined in reference [26])
or on known thermodynamic variables, such as the relative
volume of the template in the final film, VTS,


[27,28] to aim at
mesostructures with different curvature. This is a fairly good
approximation and VTS has a useful yet elusive interpreta-
tion. The use of nonionic polymeric templates
(EOnPOmEOn, in which EO=�CH2CH2�O� and PO=
�CH2 ACHTUNGTRENNUNG(CH3)CH�O�) with the same hydrophobic tail (m=


70) and hydrophilic headgroups with different volume, such
as P123 (n=20) or F127 (n=106) results in 2D hexagonal
or Im3m cubic mesostructures, in most cases.[25] When P123
is used in low concentrations, the final mesostructure is
Im3m cubic with high curvature; increasing the P123/metal
ratio (and therefore the VTS) leads to 2D hexagonal meso-
structures. Therefore, many research groups have used tem-
plate/alcohol/water phase diagrams as an approximate guide
to success, considering that Si�OH groups are roughly
equivalent to water.[29] However, even if the trend is right,
there are basic things that remain unexplained, such as the
great variety of cetyltrimethylammonium bromide (CTAB)/
silica mesostructures (which can have four phases—p63/
mmc, Pm3n, p6m and lamellar—instead of the only p6m
hexagonal phase reported[30]), or the exact boundaries be-
tween different phases or the real meaning of a parameter
such as VTS. Recently, synthesis routes have been developed
in which the accent is put in using polymeric surfactant tem-
plates with a greater solubility difference between the hy-
drophilic and hydrophobic domains. This approach is useful
to enforce organisation in complex oxides.[13,31]


Water contents in the system or the hydrolysis degree of
the inorganic species have been proved important fea-
tures,[4,28] as they can enhance the formation of ordered mi-
celle arrays, and control the interactions between the tem-
plate and the inorganic network that take place at the
hybrid interface. It is clear that more accurate diagrams
taking into account these factors are needed. The Sanchez
group recently introduced a quaternary “texture diagram”,
in an attempt to better explain and locate these stability do-
mains.[7] In summary, the relevant thermodynamic factors
are more or less understood, even if not totally explained.
Basically, packing interactions and compatibility at the
hybrid interface open the possible doors towards order at
the mesoscale. Nonetheless, kinetic factors will have their
starring role and will determine the path towards organisa-
tion.


From solution to fresh films, “a race towards order”: The
evolution of an EISA system along time (i.e., the kinetics of
the system) can begin to be understood when a system tra-
jectory is plotted in the phase diagrams containing the main


actors of the system. If the concentration of the inorganic
and template species in the initial dilute solutions is low, no
liquid crystalline species will be formed; even micelle forma-
tion is difficult under these conditions, because the critical
micelle concentration (cmc) of the template in the solvent
(often a mixture of low weight alcohols and lower water
quantities) is relatively high. When solvent evaporates, the
self-assembly properties of the template enter the scene,
and aggregation processes (i.e., micellisation) begin to take
place (Figure 4a). When higher concentrations are reached,
a liquid crystalline phase is formed, due to micelle aggrega-
tion. In the ideal case, micelles pile up in ordered structures
and the inorganic building blocks locate themselves in the
outside (polar) fraction of the organic liquid crystal formed.
A hybrid mesostructure (inorganic skeleton surrounding an
organic liquid-crystalline phase) is thus formed. A scheme
of the process occurring in a thin film and its correlation
with a simple ternary phase diagram is shown in Figure 4b.


In-situ SAXS experiments coupled with interferometry
shed light into these complex assembly processes.[32–35] In
most of the cases, the mesostructure appears after the


Figure 4. a) Scheme of the formation of a thin mesostructured film upon
dip-coating, adapted from reference [14]. b) Simplified system trajectory
of the formation of a mesostructured TiO2 film plotted along a ternary
diagram nonionic surfactant (F127)/ethanol/water. Typical interferomet-
ric and SAXS patterns are shown for each point.
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drying line (i.e., when practically all the solvent has evapo-
rated and the film attains more or less its final thickness).
Two slightly different behaviours have been so far reported.
In the case of cationic surfactants such as CTAB, well-de-
fined mesostructures are formed upon drying, and a number
of phase transitions have been reported between them, until
reaching a final mesophase.[35,36] This multiplicity of meso-
phases upon mesostructure formation has been observed by
in-situ X-ray reflectometry experiments on silica/cationic
surfactant films grown at the air–water interface.[37] In the
case of nonionic templates, the formation of a short-range-
order phase (sometimes called a “wormlike phase”) pre-
cedes the formation of an organised and well-oriented prod-
uct mesophase. This kind of “disorder-to-order” transition
has also been observed in the initial stages of formation of
thick films or xerogels.[38] When seeking a well-defined or-
ganisation at the mesoscale, the system has to be designed
to phase separate and organise completely before the
medium becomes rigid enough to “freeze” a disordered
phase, or even to “freeze” before any phase separation,
leading to a nonmesoporous, or poorly ordered film. In
other words, the “race towards order” must be won.[13]


Given that the thermodynamic differences between ordered
or disordered mesophase are not significant at ambient tem-
perature,[39] this is only possible if 1) the nucleation rate for
an organised mesophase made upon the self-assembly of mi-
celles and inorganic counterparts (i.e., the NBBs of the
hybrid mesophase) is important and 2) the medium is com-
pliant enough to permit rearrangement of the NBBs (see
below). A too viscous medium, or an inorganic network
with a high rigidity due to cross-linking will be deleterious
in order to obtain organisation. The kinetic phenomena in-
volved in the “race towards order” (Figure 5) are analogous
to those involved in phase separation at the micron scale.[40]


In summary, film formation by EISA is a “chemical sym-
phony” that implies the coordinated interplay of the follow-
ing phenomena:


1) Sol–gel chemistry (shape, size, hydrophilicity and connec-
tivity of the inorganic or hybrid NBBs).


2) Self-assembly between template molecules, to form mi-
celles, between micelles, to form extended liquid crystal-
line domains, and between micelles and inorganic or
hybrid NBBs.


3) A “race towards order” in which the processes of gelling
and order from phase separation compete.


4) Mass transport, which controls the homogeneity of the
processes (and thus the mesostructure) along thickness.


These are the most important factors to take into account
for one-pot synthesis. Surface functionalisation issues (sur-
face chemistry etc.) will be of utmost importance in the case
of post-grafted MHTFs, and will be discussed later on.


Flexibility leads to success in ordering : An important fea-
ture of EISA-obtained mesostructures is the “flexibility” of
the framework after a film has been deposited. The impor-
tance of this framework flexibility for a successful organisa-
tion has been postulated in earlier papers,[14,37] and recog-
nised in several works. In-situ studies of fresh block-copoly-
mer-templated TiO2 thin films show that water uptake or re-
lease in or out of the film can swell the mesophase, or can
even change it from, for example, Im3m cubic to p6m 2D-
hexagonal phases.[25] Analogous experiments in EISA-de-
rived thick films show that ordered phases can be obtained
from TiO2–template phases that initially do not present any
order at the mesoscale.[41] In the case of silica–CTAB meso-
structured thin films, in-situ SAXS experiments performed
by Cagnol et al. showed that the initially obtained meso-
structure of a freshly synthesised film can be modified by
changing an external parameter, such as humidity.[42] This
flexibility means that the framework walls are not rigid, due
to a low extension of inorganic condensation at this stage.[43]


At this stage we could even talk about framework NBB
loosely bound to each other (Figure 6).


In silica films, there is enough experimental evidence of
formation of cyclic species[35,44] (four- or sixfold silica rings)
that can be considered as a kind of NBB that form the pore
walls. Control of inorganic condensation is accomplished by
tuning the sol–gel chemistry of the metal–oxo couple in the
initial solutions. In the case of transition-metal centres, low
pH values suffice to hinder M-O-M condensation, leading to
low size molecular clusters.[25] The control of Si-O-Si con-
densation is slightly more complicated, and pH and aging
times have to be optimised to yield the most favourable con-
densation rates in order to obtaining an organised meso-
structure.[7,19a,c]


Some clues of the condensation kinetics can be obtained
by applying in-situ spectroscopic techniques, such as ATR-
FTIR spectroscopy,[35] FTIR ellipsometry[45] and IR synchro-
tron radiation. In this case timescale is very important and
the experiments not very simple to perform, because of
highly overlapping signals from the different species partici-
pating in EISA. Ethanol and water vibrational modes over-


Figure 5. Scheme of the “race towards order” concept. The forces leading
to order are predominantly thermodynamic ones (i.e., optimisation of
self-assembly). Film stiffening due to a viscosity increase (by concentra-
tion or by inorganic condensation) may “freeze” the disordered inter-
mediate mesophase.
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lap and shadow the signal from Si-O-Si and Si-OH at the
first stages of film formation.


Film consolidation and template elimination : The fresh film
(low-condensed molecular species plus template and re-
maining solvent) is liquid-like enough to allow rearrange-
ments, and therefore is readily soluble in solvents such as al-
cohols or water. A consolidation step is often needed, in
which inorganic condensation is encouraged (e.g., by moder-
ate thermal treatment, T>150 8C, or alkalinisation by expo-
sure to NH3 vapours). These treatments produce a densifica-
tion of the pore walls, and a uniaxial contraction. As a
result, the pores end up with an ellipsoidal shape. Consoli-
dation treatments are very important, and need to be repro-
ducibly performed. Residual wall porosity can be eliminated
in a controlled fashion, and the crystalline nature of the in-
organic wall can be tailored by an adequate set of post-syn-
thesis conditions. In transition-metal-derived thin films,
treatment conditions can be set to create open porosity,
therefore improving pore accessibility.[46] In the case of
methyltriethoxysilane (MTES)-derived MHTFs, a carefully
designed consolidation–calcination sequence permits to
obtain isolated spherical mesopores with no microporosity.
Fresh films present a flexible network due to the low con-
densation of MTES; a slow temperature ramp allows re-
ACHTUNGTRENNUNGarrangements and micropore closure. Further thermal treat-
ment results in template elimination and closed mesoporosi-
ties. Methyl functions are robust enough to be conserved
until 500 8C.[47]


Thermal treatment has severe limitations in the case of
most MHTF derived from one-pot routes, as the desired
functions can be partially or totally eliminated. For this kind
of film, template extraction must be performed in conditions
mild enough to keep the integrity of the inorganic network
(i.e., slightly acidic alcohol/water mixtures).


The Production of Hybrid Organic–Inorganic Films


The increasing interest of MHTFs is in great part due to the
possibility to add tailored properties to the films through
the presence of specific organic groups (a selection of which
is shown here). Applications of high technological interest
and a very large economical impact are expected in micro-


electronics (low k dielectric materials), photonics (low re-
fractive index materials) and sensor industries (gas and hu-
midity sensors). Most of the synthesis procedures for
MHTFs have been devoted to add new functions keeping in
mind the final application. Low k dielectrics has been the
most studied application for MHTFs right now. This is also
the only MHTF type with a set of experimental data that
are comprehensive enough to allow a reasonable compari-
son between the proposed innovations and the competing
materials. We have, therefore, devoted a specific section to
this subject, which has been used as a case study.


It is also very relevant to establish as much as possible a
clear path to the synthesis/processing/structure/property re-
lationship for MHTFs; this basic tool is needed to reach an
advanced comprehension of these new fascinating materials.


Figure 6. Scheme of a fresh MO2/template thin film formed by an assem-
bly of the framework nano building blocks (NBBs) around an assembly
of micelles. The colloidal metal–oxo NBB result from partial sol–gel con-
densation. These NBB present a hydrophilic surface, due to 
M-OH and

M-OH2


+ groups. Solvent evaporation enables the formation of a flexi-
ble liquid crystalline phase. The whole structure is uncondensed, and has
to be further consolidated by co-condensation between the framework
NBB. External solicitations (for example, a change in the external humid-
ity, eliminating solvent) may lead to a phase change.
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Structure and self-assembling kinetics in methyl-containing
hybrid films : Films prepared by one-pot cohydrolysis of tet-
raethyl orthosilicate (TEOS) and methyltriethoxysilane
(MTES) are a simple route to mesostructured materials
with low k values. However, these materials show other in-
teresting properties, one of which is a high level of organisa-
tion of the porosity. It should be observed, in fact, that the
self-organisation, in general, generates organised domains,
similar to crystalline grains, and the organised porosity is
rarely extended within all the film thickness and in ranges
of millimetres. In a recent work, Kuroda et al.,[48] obtained
silica self-assembled films the order of which extends
through a range of centimetres. The result was obtained by
preparing an oriented polyimide layer on the silicon sub-
strate to allow the growth of highly ordered mesostructures
during film deposition. This technique, on the other hand,
cannot avoid structural defects such as stacking faults. A
simple one-pot deposition of hybrid MTES–TEOS films can
produce, instead, highly ordered defect-free materials, even
if the order has a shorter range. It is interesting to observe
that highly ordered MTES–TEOS films have been obtained
by several authors;[51, 53,81] even if the recipes that have been
employed are a little different, the materials showed in any
case a high organisation. Identification of the mesostructure
is in general not very simple, and in literature some inconsis-
tencies are quite common. The identification is complicated
by the phase transformation induced by the post-deposition
thermal treatment, which is done to remove the template
and to condense the pore walls.[49,50] Even if this effect is
well recognised, a clear identification of the phases that are
involved in the transitions is seldom reported.[49] This is due
to the difficult interpretation of SAXS patterns and to the
lack of a codified procedure to achieve phase identification
in the case of mesostructured films. Mesostructured MTES-
derived silica films have been observed to give a body-cen-
tred tetragonal mesostructure by Yu et al.,[85] and a tetrago-
nal I4/mmm (in the space group) mesostructure by Falcaro
et al. ,[51] in the case of mixed MTES–TEOS films. The ther-
mal induced shrinkage in the film causes a change in the
cell parameters, but the phase evolves retaining the same
symmetry throughout a wide range of temperature of calci-
nations (Figure 7).[52]


The structural difference between silica and hybrid silica/
MTES films implies a fundamental difference in symmetry
and in the thermal evolution. The presence of the methyl
groups seems to be very important during self-assembly,
modifying the packing of the micelles and the interconnec-
tivity of the pore walls, which remains more compliant for a
longer time to reduce stresses in the films. An in-situ experi-
ment, using infrared light, has allowed the clarification of
the kinetics related to water–ethanol evaporation and silica
polycondensation during EISA of cast films.[53] The evapora-
tion of water has been observed to take place in three differ-
ent phases, with a first rapid evaporation followed by an in-
crease in H2O content and a second evaporation stage. A
comparison with silica EISA films has allowed the deduc-
tion that the polycondensation of silica is highly slowed


down in presence of hydrophobic methyl groups resulting in
a very high degree of order in the final mesostructure. The
“race towards order” produces an organised structure only
if the kinetic constants of the process follow this hierarchy
[Eq. (4)],[54,55] with kinter, korg and kinorg being the relative
rates for interface formation, organic array assembly and in-
organic polycondensation, respectively.


kinter > korg > kinorg ð4Þ


The comparative in situ study by FTIR, between evapora-
tion–polycondensation kinetics in silica and hybrid films,
supports therefore the idea that the silica polycondensation
rate is a basic parameter for EISA. The IR measurements
show, in fact, that longer polycondensation kinetics leads to
a better and easier self-organisation of the mesostructure.


Other examples of hybrid mesoporous films synthesised by
means of one-pot routes : One-pot self-assembly of MHTFs
has not, however, been restricted to MTES–TEOS composi-
tions, even though the high practical interest this system has
attracted most of the attention of researchers. Other systems
have been also investigated and mesostructure hybrid films
of different compositions have been reported. It should be
noted though this route has its main interest in the possibili-
ty of adding a specific organic functionality, the one-pot syn-
thesis also clearly affects the final pore structure and the ki-
netics of self-assembly. Ogawa and Kikuchi[56] observed that
cohydrolysis of vinyltriethoxysilane with trimethoxysilane
(TMOS) slows down the TMOS condensation giving a
highly ordered thicker film (>10 mm). Cagnol et al.,[57] with
a systematic approach, investigated the effect of the organic
functions on the MHTF mesostructure; 2D hexagonal or
cubic mesophases were observed as a function of water/alk-
oxide ratio and the amount of surfactant, even if a compre-
hensive understanding could not be yet depicted. The same
group observed that the R function could act as a co/surfac-


Figure 7. Phase transitions observed in dried (60 8C) TEOS (a) and
MTES-TEOS (c) films and upon calcination at 600 8C (b and d, respec-
tively).
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tant.[58] An important modification of pore surface is
achieved employing amine groups, the presence of which is
very useful in several applications; a first report of this syn-
thesis has been done by Brinker[59] and co-workers who de-
scribed a one-pot EISA route to obtain, by using a block co-
polymer (Brij 56) as a structure directing agent, MHTF with
ACHTUNGTRENNUNG


�NH2 functional groups. TEOS was cohydrolysed with an
organically modified alkoxide bearing an amine functionali-
ty, 3-aminopropyltriethoxysilane (APTES), and to avoid the
catalysis of TEOS by the basic ACHTUNGTRENNUNG


�NH2 groups a neutralising
pre-reaction of ACHTUNGTRENNUNG�NH2 with a strong acid was employed. The
organic template was removed by an acidic solvent extrac-
tion that left the amino functional groups on the pore sur-
face. Another example of MHTF films reported by the same
group[60] is the synthesis of highly ordered mesoporous thin
films with ACHTUNGTRENNUNG


�COOH-terminated pore surfaces. The ACHTUNGTRENNUNG


�COOH
groups, which are negatively charged in neutral to basic
media, are used in the development of inorganic ion chan-
nels. In contrast, ACHTUNGTRENNUNG


�NH2 ligands, which are similar to
�COOH ligands, but are positively charged in neutral to
acid media, can be used both as binding sites for enzymes,
antibodies and other proteins and create an electropositive
environment that can eventually control anion transport.


The presence of functional groups is very important in the
fabrication of nanoreactors; for example, the preparation of
gold nanowires within the pores of mesoporous silica thin
films, the pore surface of which is functionalised by reacting
the silanols with APTES.[61] The immersion of the ACHTUNGTRENNUNG


�NH2


functionalised MHTF in aqueous solutions of HAuCl4 leads
to the formation of highly dispersed gold nanowires by
means of a neutralisation reaction.


From mesostructured films to nanocomposites : A nice ex-
ploitation of the potential of mesostructured films is offered
by the possibility to build up new families of hybrid nano-
composites through EISA.[62] The porosity of the films is an
organised host space in which incorporation of different
types of organic polymers allows the preparation of new
nanocomposites with enhanced properties. An interesting
example is the fabrication of a silica–poly(2,5-thienylene
ethylene) (PTE) hybrid mesostructured film through EISA.
The main problem connected with this approach is how to
achieve polymerisation of the organic monomers after their
incorporation in the pores. In this specific case the use of a
one-pot polymer synthesis to prepare PTE by means of a
palladium-catalysed polymerisation of aryl diodides with
acetylene gas in aqueous media[63] lead to mesostructured
hybrid films containing conjugated polymers.


Self-assembly without surfactants : The possibility to achieve
self-assembly without surfactants is a very attractive one.
Self-organisation, in this case, is based on the specific design
of the molecular building block precursors with self-organi-
sation capabilities. Shimojima and Kuroda[64] have synthe-
ACHTUNGTRENNUNGsised siloxane-based oligomers with an alkyl chain bonded
to a silicon atom bearing three branched trimethoxysilyl
groups (CnH2n+1Si ACHTUNGTRENNUNG(OSi(OCH3)3)3, n=10 or 16). Controlled


hydrolysis and polycondensation of this precursor formed la-
mellar or 2D-hexagonal mesostructures, fabricated as cast or
spin-coated hybrid organic–inorganic films.


The evident advantage of this strategy is to avoid employ-
ing the surfactant; this simplifies the synthesis and cuts the
final step of surfactant removal. On the other hand, this
route is restricted to silica hybrids, because of the hydrolytic
instability of the bonds between transition metals and
carbon. This is a further element of rigidity, because pore
surface functionalisation is conditioned by the presence of
the alkyl chains. Notwithstanding, it is an elegant and chal-
lenging new route for the fabrication of hybrid organic–inor-
ganic mesostructures. It should be also observed that at-
tempts to achieve self-assembly by co-condensation of alkyl-
trialkoxysilane with TEOS[65,66] never produced well-defined
block oligomeric precursors, which seems an essential step
to obtain mesostructures with a higher degree of order with-
out employing surfactants. Hydrolytic reaction of n-alkyl-
triethoxysilane with various chain lengths (CnH2n+1Si-
ACHTUNGTRENNUNG(OC2H5)3, with n=8, 10, 12, 14, 16, 18) in ethanol gave, in
fact, only multilayered dip-coated films, the interlayer struc-
ture of which depends on the alkyl chain length.


Post-functionalisation approach—examples of silica and
non-silica systems : In the post-synthesis methods presented
above, the organic molecules diffuse through the pore net-
work and react with the pore surface, yielding a MHTF.
These bifunctional molecules (denoted R–G) contain the
desired R function and a suitable grafting group (G=alk-
ACHTUNGTRENNUNGoxysilane, phosphate, carboxylate, etc.), which is able to
attach to the metal centres located at the pore surface. The
anchoring of the G group is driven by condensation (in the
case of silanes on silica or titania), or by complexation (in
the case of a G group able to complex a transition-metal
centre).[67] Grafting can be thus covalent (practically irrever-
sible) or coordinative (partially reversible). While stronger
grafting groups are needed for sensing and catalysis (i.e. ,
function stability and repeatability), more labile functions
are also interesting in the quest for controlled delivery or re-
versible signalling. The grafting strength will be also impor-
tant for the even incorporation of the R function along the
pore systems.


Two key factors that control the homogeneous incorpora-
tion of organic functions in thin films are 1) the accessibility
of the pore system (including molecule diffusion to the
whole film) and 2) the reactivity of the R–G molecules to-
wards the surface or among themselves. The first factor will
essentially depend on the possibility of pore interconnec-
tion, and the symmetry and orientation of the pore meso-
structure. For example, in F127-templated TiO2 or ZrO2


mesoporous films, it has been observed that the uptake of
long-chain dialkyl phosphates is faster in an Im3m cubic
mesophase than in a p6m 2D hexagonal one. This difference
was attributed to the presence of pores open to the surface
in the cubic phase that were absent in the p6m mesostruc-
ture.[67b,68] Moreover, the pores in the cubic phase are inter-
connected due to the development of large size necks upon
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thermal treatment and shrinkage of the original mesostruc-
ture.[69] Shrinkage of the p6m system results in tubular pores
of elliptic section, but no new pore interconnections are cre-
ated, and molecules have to diffuse from pore to pore
through defects in the mesostructure (e.g., boundaries be-
tween organised domains). Pore blocking during post-func-
tionalisation can also occur. This phenomenon has been well
described in the case of hybrid silica powders.[70] Organosi-
lanes entering a pore can readily react with the silica sur-
face, and attach in an irreversible fashion, accumulating in
the pore entrances and hindering diffusion of similar mole-
cules to the innermost pores. The condensation chemistry of
organosilanes has to be controlled: these molecules can
react among themselves, apart from reacting with the sur-
face. This can also lead to partial pore blocking, due to the
formation of (RSiO)x polymers inside the pore space. The
possible post-functionalisation routes presented above have
been less used than one-pot procedures to generate silica
MHTFs; however, these post-synthesis routes have been
successfully applied to modify several non-silica oxides, in
which the relatively reversible G�M bonds help to attain
homogeneous distributions throughout the films.[68]


Access to a second chemical entity—sensors, separators,
guest molecules and multiple functions : An important fea-
ture of MHTFs is the accessibility of other molecules or
ions to the modified pore system. While detailed work has
been performed on this issue for hybrid mesoporous pow-
ders,[5,71] no systematic work has been yet performed in the
nascent MHTF field, as the majority of the current studies
are focussed in the characterisation and the construction of
the hybrid porous framework. However, recent work shows
that MHTFs are further accessible to ions or organic mole-
cules, paving the way to selective sensors, preconcentrators
or exchangers.[8,58,68, 72,73] Indeed, a careful control of the at-
tached function permits tuning of the diffusion of a variety
of molecules within the pore network, and permits the syn-
thesis of MHTFs that respond to an external stimulus. A re-
markable recent example is an azobenzene-modified silica
mesoporous framework. Irradiation with visible light permit-
ted optical switching of the trans or cis conformation of azo-
benzene, which controlled the effective pore size and, corre-
spondingly, the transport behaviour of guest molecules.
Thus, it was possible to tune mass transport of iron com-
plexes by photoregulation.[8]


The accessibility of a pore system and the presence of dif-
ferent surface species can be exploited to create MHTFs
that carry more than one organic function. A recent exam-
ple exploits the occurrence of surface sites with different re-
activity to generate bifunctional MHTFs. In the first step, a
hybrid M ACHTUNGTRENNUNG(RSi)O2 MHTF (M=Ti, Zr etc.) is created by one-
pot co-condensation of MCl4 and RSiACHTUNGTRENNUNG(OEt)3. The R function
can partially block some surface sites. The second function
R’ is added by post-synthesis treatment with an organic R’–
G molecule, in which G is a complexing group, able to selec-
tively attach to the Ti or Zr sites, which are freely accessible
(Figure 8a). In these double functional systems, the R’ func-


tion can be firmly or loosely attached, depending on the
strength of the G–M interaction.[72]


The examples cited above give an idea of the “pore engi-
neering” that is currently possible in MHTFs. Inclusion of
molecules of biological interest, from enzymes to genetic
material is a relatively straightforward step. Several strat-
egies should be explored that are already implemented for
surfaces, polymers or even mesoporous hybrid powders and
permit the precise positioning of functional groups in an ac-
cessible cavity (Figure 8). These strategies will certainly
enrich the library of pore features with complex selective
systems that can have molecular imprinting and/or interact-
ing functions, just as in the case of the natural cavities of an
enzyme. Another challenge is the design of multilayered
MHTF-based systems bearing different sets of accessible
functions that can mimic a natural system (controlled behav-
iour in a given environment, response to stimuli, transfer of
chemical information etc.). These complex systems with a
huge density of different functions with perfectly defined lo-
cations in space can build up the interface between electron-
ically driven devices and living organisms (i.e., “bio-
wiring”).


Structure–property relationships in MHTFs : A deeper
knowledge of a material is truly achieved only when the syn-
thesis–structure–property relationships have been extensive-
ly studied and understood. The lack of systematic data on
this issue, at this stage of still pioneering work on MHTF,
does not allow for a comprehensive understanding; however
some trends are clearly emerging. The mechanical proper-
ties of MHTF have a fundamental importance to develop
future successful applications, and include a set of different
values to be measured as a function of synthesis, processing
and film composition. In particular, residual stress is very
important to integrate the film production in silicon technol-
ogies; the data available at the moment show that a signifi-
cant reduction of residual tensile stress is observed in
MHTFs and that this reduction is a function of the fraction
of organic moieties present in the film composition. This can
be a good reason to select a MHTF instead of a purely inor-
ganic mesostructured film for several types of applications
in which thermal stability is not a critical issue. In general,
the pore thickness and the introduction of silsesquioxanes
silica species, (the Si�C�C�Si bond is more rigid than the
SiO2 one


[74]) affect the mechanical properties, enhancing the
elastic modulus. CTAB-templated MHTFs have pores of
smaller dimensions relative to nonionic surfactant-templated
MHTFs; this property is at the expense of a lower pore-wall
thickness and a lower mechanical stability.


Another advantage is the control of the hydrophobicity–
hydrophilicity property. The same organic functions that
reduce the residual stress in the films play also an additional
function by enhancing hydrophobicity through methyl or
organo-fluorinated groups.[75] The refractive index changes
according to porosity and k values; higher porosities give a
lower refractive index, which is a much desired property for
photonic applications. However, this property can be adjust-
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ed not only through a porosity control, but also by using dif-
ferent compositions of MHTFs. Introducing fluorinated
groups can further reduce the refractive index, increasing
the hydrophobicity, without the need of reducing the porosi-
ty at expenses of mechanical stability. Apart from this “mac-
roscopic” hydrophobicity effect, organic functions at the in-
terior of pores have the potential to control the accessibility
and the diffusion of molecules present in solution. In an ex-
treme case, MHTFs supported on an electrode carrying ade-
quately functionalised pores should be capable of generating
a partition or preconcentration of a selected solute, there-
fore paving the way to creating robust selective membranes
for analytical or decontamination applications.


Applications of MHTF, a case
study—hybrid mesostructured
films as ultralow k dielectric
materials :[76] The increasing
miniaturisation of integrated
circuits poses a severe challenge
to the semiconductor industries
to search for new materials that
can be integrated into the
system architectures. The in-
creased density of transistors
and wires per unit area requires
ultralow k dielectric materials
to avoid problems due to inter-
connect resistance–capacitance
delays, signal crosstalk and
power consumption.[77] Follow-
ing the International Technolo-
gy Roadmap for Semiconduc-
tors 2001, the next generation
of dielectric materials for a suc-
cessful integration at the
65 node technology, which is ex-
pected to be in production for
2007, needs effective[78] k values
in the 2.7–2.3 range.


New materials with ultralow
k values should also comply
with several very strict require-
ments to be integrated with the
performance specifications nec-
essary in the microelectronics
industry. In particular, the com-
patibility with the damascene
processing[79] and its related re-
quirements is fundamental. The
material design must be done
by evaluating the mechanical
properties: elastic modulus,
hardness and residual stress in
the film; the thermal stability;
the etching capabilities to allow
chemical mechanical planarisa-


tion;[80] the hydrophobicity; the adhesion and the control of
thermal expansion coefficient. Porosity is, therefore, just one
the many properties to be controlled and a very careful en-
gineering of the low-k material has to be done.


Different strategies have been employed to synthesise
mesoporous films with a hydrophobic surface; in the majori-
ty of the cases, methyl groups have been used to obtain hy-
drophobic hybrid mesoporous films. The presence of water
increases the k value and can affect the thermal stability of
the silica films.[81,82] The syntheses have been also addressed,
in general, to allow deposition by spin-coating and to fabri-
cate films in which mechanical and thermal stability are im-
proved.


Figure 8. Different synthesis strategies to achieve “pore engineering”, by selectively locating organic functions
within walls or on a pore surface: a) one-pot synthesis using two different organoalkoxides (reference [9]),
b) one-pot synthesis followed by post-grafting on the remaining surface sites (reference [72]), c) post-grafting
of a bridged function, followed by cleavage and exposure of the new functions (reference [94]), d) double
post-grafting followed by cleavage, leading to functional cavities with defined size and shape (adapted from
reference [71]).
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The simpler approach to add hydrophobicity to the meso-
pores is to functionalise the surface with methyl groups by
the three main methods cited above. The most common ap-
proach to remove the residual surface silanols to make the
material hydrophobic is the reaction of the silanols in ther-
mally calcined silica films, with hexamethyldisilazane
(HMDS) or trimethylchlorosilazane (TMCS) in a post-syn-
thesis treatment. Vapour-phase reaction of HMDS has
shown to be very effective in removing the silanols and low-
ering the dielectric constant.[83] Other alternative routes
have been proposed, such as in-situ derivatisation of the
precursor solution with TMCS,[84] self-assembly with diblock
copolymers and MTES to obtain pore isolation,[85,86] co-hy-
drolysis and self-assembly of methyltriethoxysilane (MTES)/
tetraethyl orthosilicate (TEOS) mixtures (one-pot EISA)
and MTES vapour infiltration techniques.[87] The groups of
Watkins[88] et al. and Balkenende[89,90] et al. have, however,
demonstrated the compatibility of integrated circuit (IC) de-
vices with mesoporous hybrid
films by using two different
routes. In spite of the different
measurement techniques and
the unavailability of full sets of
data, there are some critical
comparisons that can be useful
to address. The method pro-
posed by Watkins et al. to fabri-
cate ultralow k mesoporous
hybrid films is based on an in-
novative process by which the
films are prepared by infusion
and selective condensation of
silicon alkoxides within micro-
phase-separated block copoly-
mer templates that are dilated
by supercritical CO2. In a typical preparation a film of sur-
factant is spin-casted on a SiC substrate and immediately
after the template is infused with a solution of MTES–
TEOS in CO2 at 60 8C and high pressure. The precursors dif-
fuse into the template, which is weakly dilated by the super
critical fluid. A selective condensation within phase-separat-
ed acidic hydrophilic domains is obtained. Only the rapid
extraction of the alcohol produced by the condensation of
the alkoxides promotes the polycondensation and the net-
work formation. Detemplating is done in H2–N2 plasma and
the residual silanols are finally capped by reaction with
HMDS. The mesoporous films exhibit k=2.2 and a high in-
tegration with the IC technologies. This process is, however,
a kind of “controlled-assembling” process, even if is giving
mesoporous organised hybrid films, because the templates
are forced to organise before the network is formed. This is
also giving the advantage that compatibility in solution be-
tween the templates and the precursors is no longer a strict
requirement. On the other hand this technique is potentially
more expensive and requires more fabrication steps.


The route of Balkenende et al. is based on a classic one-
pot EISA synthesis of hybrid films prepared by co-hydroly-


sis and self-assembly of an MTES–TEOS mixture. The in-
troduction of pendant methyl groups by the one-pot route
has the advantage that it is simple but also more effective,
because the hydrogen-bonded surface silanols are very
much sensitive to the grafting reactions[70,91] and a fully hy-
drophobic pore surface is more difficult to achieve.


The first important feature to be addressed to produce
hybrid films with the desired dielectric properties is the con-
trol of volume porosity and pore dimensions, related to the
choice of the surfactant (see above). Ionic surfactants pro-
duce pores of smaller dimensions compared to nonionic
block copolymers, but the resulting films are also mechani-
cally less robust, because of the thin pore walls.[90] In gener-
al, the k value in block copolymers, even if the pores have
larger dimensions, is low enough to give a good compromise
in terms of dielectric and mechanical properties. An over-
view of the main results obtained for MHTFs as ultralow k
dielectric materials is shown in Table 2. Values of the dielec-


tric constant lower than 2, that is, enough to satisfy the
65 node technology, are reported for all the materials. The
results from reference [92] refer to mesoporous but not or-
ganised films and can be used for a comparison.


An important requirement for films to be applied in ICs
is the control of residual stress that can induce adhesion fail-
ure with substrate and fracture. If the residual stress is
above the 50–100MPa, curvature of the wafer substrate can
be observed with several problems in handling the wafer in
a vacuum chunk. The nature of the residual stress in the
films is tensile and originates through film shrinkage during
drying and annealing. Immediately after the deposition by
spin-coating the stress in the film is relatively low, because
the silica network is not completely formed and there is
enough compliance in the material to keep the stress low.
With the advance of the polycondensation reactions, the
silica network becomes more rigid and stress arises. It is in-
teresting to note the different behaviour of MTES–TEOS
films; the presence of methyl groups decreases the connec-
tivity of the silica matrix lowering the elastic modulus and
the residual stress. This effect has been observed in self-as-
sembled MTES–TEOS hybrid films by different au-


Table 2. Dielectric constants and pores size in various MHTF prepared for low k dielectric applications.


Processing Dehydroxylation Pore size [nm] Dielectric
constant
ACHTUNGTRENNUNG(at 1 MHz)


Reference


TEOS+MTES+MPTMS closed pores 8 1.9 [92]
polyoxyethylene ether HDMS 5 1.8–2.5 [83]
TEOS + TMCS Pluronic P123 HDMS 4–8 1.42–2.5 [84]
TEOS + MTES 3 (CTAB) 2 [89]
Brij76, Pluronic HDMS 6.5 (Brij76) 1.7 [89]
F127, CTAB 8 (F127) 1.8 [89]
TEOS + MTES HDMS 2.2 [88]
Brij, Pluronic F108 – [88]
TMOS + bridged silsesquioxianes CTACl – 1.9–4 [93]
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thors.[85,90] The important role of methyl groups to decrease
the stress is clearly observed from the data in Figure 9
(adapted from reference [90]), in which the stress before
and after film annealing is reported as a function of the


MTES content in the precursor sol. Wu et al. , in particular,
have analysed in detail the strain and strain relaxation in
EISA MTES–TEOS films and correlated them to the forma-
tion of dislocations in terms of linear defects within the or-
ganised porous hybrid films.


MTES–TEOS systems are not the only possible solution
for low k dielectric applications. An alternative is represent-
ed by hybrid films prepared by using a mixture of silica alk-
oxides (TMOS) and silsesquioxanes precursors, (RO)3-Si-R’-
(OR)3 with R’ being a bridging organic group. The measured
dielectric constant is in the range of MTES–TEOS samples,
but the level of organisation appears lower and the materi-
als properties is not significantly improved.[93]


Concluding Remarks


In the last five years, considerable progress has been made
in the synthesis and characterisation of tailored pore
MHTFs, which remain a promising class of nanomaterials,
offering a wide range of potential applications. One-pot or
post-grafting synthesis methods permit the synthesis in one
or two steps of a finely tailored material that has controlled
features such as pore size, pore shape, surface area, wall
composition, surface characteristics and many more. The
chemical paths involved in these syntheses are beginning to
be understood, thanks to exhaustive studies, including in
situ techniques. In principle, thermodynamics of the tem-
plate–solvent–water system (i.e. , using ternary diagrams to
predict a given mesophase) gives a reasonable first-order ap-
proach to the possible final phase obtained. Some thermo-
dynamic features can be exploited to improve ordering; for
example, selecting a template with a substantial difference
between the hydrophilic and hydrophobic domains. Howev-
er, kinetic effects are also crucial. The complex interplay of


the rates of solvent evaporation, microphase separation and
the processes which contribute to film hardening (i.e., vis-
cosity, inorganic condensation) can be summarised in a
simple rule: winning the “race towards order” results in a
better organisation. Whenever possible, an initial system has
to be designed to be flexible, in order to permit rearrange-
ments that will lead to highly ordered systems upon post-
synthesis treatment.


The organic functions incorporated impart tuneable prop-
erties in a variety of aspects: refraction index, wetting, me-
chanical properties, selective molecule trapping, controlled
liberation and creation of reactive nanocavities, to mention
but a few. Film processing adds further possibilities, such as
connection to electrodes or electronic circuits, or other ap-
plications such as photo- or magnetoactivation, among
others. The precise tailoring of the number, type and loca-
tion of organic functions within the pore opens great possi-
bilities to achieve highly controlled reactive systems, mim-
icking enzymes or biological systems. Multifunctional mole-
cules can be designed to control the disposition and distance
between functions.[94] No doubt, MHTFs are gaining enough
momentum to be considered a field on its own in the near
future.


However, there are some issues that need to be clarified,
particularly in the refined characterisation and in the evalu-
ation of properties, such as the detailed location of the or-
ganic functions within the pore, the pore accessibility or the
effects of pore functionalisation on transport properties and
selectivity towards guest molecules. The use of electrochem-
ical methods,[95] or the incorporation of molecular correla-
tion tools, such as 2D FTIR[53] or optical probes,[96] should
expand this frontier.
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Introduction


The recently synthesized Al4
2� aromatic square ring coun-


tered by alkali cations[1] has gained much attention,[2] since
this aromatic all-metal square ring has properties that are
usually associated with organic molecules. The unexpected
large resonance energy of Al4


2� has been attributed to the
multiple-fold aromaticity,[3,4] a concept first introduced by
Schleyer[5] and later experimentally confirmed by Berndt.[6,7]


Multiple-fold aromaticity applies to molecules that possess
more than one independent delocalized bonding system,
either s or p type, each of them satisfying the 4n+2 electron
H5ckel counting rule of aromaticity. This concept helps the
understanding of simultaneous contributions to aromaticity
within the same molecular structure as arising from various
delocalized bonding systems, and should be of general ap-


plicability irrespective of whether the molecule is organic or
inorganic.[8]


Following the characterization of the Al4
2� molecule, anal-


ogous structures formed by Ga4
2�, In4


2�[9] and XAl3
2� (X=


Si, Sn, Ge and Pb)[10] have also been synthesized. The metal
rings of these compounds present properties similar to
Al4


2�, namely, high magnetic shielding,[11] large ring cur-
rent,[12] similarly derived antiaromatic structures[13] and large
resonance energies.[3,14]


The chemistry of these exciting novel all-metal aromatic
rings is now starting to develop. In particular, one interest-
ing feature is the possibility that Al2�4 could be incorporated
into sandwich complexes.[15] We recently reported the com-
putational prediction of the first transition-metal complex,
that is, the [Al4TiAl4]


2� sandwich complex,[16] based on the
all–metal Al4


2� aromatic ring. Although this dianionic com-
pound is not stable towards spontaneous electron detach-
ment, the Na ACHTUNGTRENNUNG[Al4TiAl4]


� species is stable[16] and provides an
opportunity for experimental studies of this novel sandwich
complex. Furthermore, in an interesting recent paper, Datta
and Pati[17] have proposed various examples of stable transi-
tion-metal complexes of the all–metal p-antiaromatic and s-
aromatic Al4


4� moiety.
In the present manuscript, we report that all the early


transition metals of the first, second, and third rows can also
form stable sandwich complexes with the Al4


2� ring. The
sandwich complexes presented herein are isoelectronic, with
a net charge of 2�, 1�, and 0 for the elements of the Ti, V,
and Cr groups in the periodic table, respectively. In the fol-
lowing we first discuss various salient properties of these
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novel structures, such as the aromaticity changes of the alu-
minum square rings upon interaction with the transition
metal and the electron detachment energies (EDE), a prop-
erty used experimentally to detect similar structures.[1,15] Fi-
nally, we have added appropriate counterions (alkali metal
cations) to the 2� charged sandwiches (Ti, Zr, and Hf) in
order to protect them from spontaneous electron detach-
ment and, hence, obtain stable structures amenable to ex-
perimental detection.


Computational Methods


The B3LYP functional, as implemented in Gaussian 03,[18] with the stand-
ard 6-311+G* basis set (for aluminum and first-row transition metals)
was employed for the geometry optimizations and normal mode vibra-
tional analyses, given the earlier satisfactory validation of the method for
these kinds of molecules.[19] For Zr, Nb, Mo, Hf, Ta, and W the energy
adjusted Stuttgart effective core potentials (ECP) were used.[20] All the
optimizations were started from appropriately biased sandwich structural
motifs and were confirmed to be real minima on the corresponding po-
tential energy surface (PES). Nevertheless, it is worth noting that they
might not be the absolute minima. Structures with the transition metal
segregated from a hollow Al8 cluster might be considered as serious con-
tenders for the structural motif of the absolute minimum energy
isomer.[21] However, in view of the substantial structural rearrangement
required to transit between these two types of structural motifs, we antic-
ipate that sandwich complexes could be seen as stable enough structures.


Despite its widespread use, aromaticity is more a concept rather than a
directly measurable quantity. Consequently, measurements of aromaticity
rely on many diverse criteria.[22] Among them, the nucleus-independent
chemical shift (NICS), based on the “absolute magnetic shielding” taken
at the center of a ring compound, is widely used and has been proven to
be accurate for ordinary cyclic carbon compounds.[23] Recently the
method has also been successfully used for inorganic cyclic aromatic
compounds,[23–25] including the characterization of the so-called d-orbital
aromaticity.[8,26–28] Thus, the NICS values were calculated also at the
B3LYP/6-311+G* level of theory. A positive value of the NICS indicates
that the molecule is antiaromatic, a negative value indicates the aroma-
ticity of the molecule. The NICS calculated at the center of the square
(NICS(0)) describes the s aromaticity and the NICS out of the square
plane (NICS(1)) describes the p aromaticity of the molecule.


The electron detachment energies (EDE) were calculated following vari-
ous approaches. Thus, the vertical EDE was calculated as the difference
between the �n charged structure energy and the �n+1 charged struc-
ture, with the geometry of the �n charged structure. The photoelectronic
spectra, given by the unrestricted outer valence Green function
(UOVGF) methodology (as implemented in Gaussian 03), were also cal-
culated with the 6-311+G* basis set. The large values of the pole
strengths obtained in the UOVGF calculations suggest that the electron
dissociation channels are one-electron processes.


The MOLDEN program[29] was used to draw the structures and orbitals.


Results and Discussion


Geometries and aromaticity : All the sandwich structures
characterized in the present work have D4d symmetry (see
Figure 1). Some of the sandwiches required symmetry relax-
ation to remove a few small negative force constants. In all
cases the structural relaxation was very small.[30] Despite of
the small distortion away from the D4d symmetry, the orbi-
tals have been labeled in accordance with the irreducible


representations of the D4d crystallographic group in all the
complexes.
The deformation of the two Al4


2� rings is negligible after
the sandwich complex is formed with the transition metal in
the middle. The Al�Al bond length in the Al4


2� square is
2.591 Q, and increases 2.74–2.84 Q upon complex formation.
The Al�Al bond length increases slightly as we move to


the right and down in the periodic table. Thus, W is the tran-
sition metal that yields the largest Al�Al elongation, from
2.591 Q in the plain Al4


2� square ring to 2.837 Q in the W
sandwich complex.
The main geometric difference of the sandwich complexes


appears in the distance between the transition metal and the
center of the aluminum rings, which shrinks when going to
the right in the periodic table. Recall that as we move to the
right in the periodic table the total charge of the complexes
decreases from 2� for the Ti group of complexes to 0 for
the Cr group of complexes (see Table 1). The reduced dis-
tance from the transition metal to the center of aluminum
ring can easily be viewed as an effect due to the distribution
of the total charge within the system. We can think of these
complexes as being built by two tetraaluminum square rings
with a nominal charge of 2�, and transition-metal cations
with formal charges of 2+ (Ti), 3+ (V), and 4+ (Cr) (anal-
ogously for the second- and third-row transition metals).
Due to the Coulombic attraction between the charged moi-
eties the distance between the transition metal and the Al4


2�


rings should decrease. On the contrary, the distance increas-
es slightly as we move down the periodic table as a conse-
quence of the moderate increase in size of the transition
metals.
One of the most remarkable properties of the Al4


2� ring is
its double aromaticity,[3,12, 31] as revealed by the negative


Figure 1. Staggered [Al4MAl4]
q� ground state structure (D4d symmetry)


for M=Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and W, with charges q=2, for Ti,
Zr and Hf, q=1 for V, Nb and Ta, and q=0 for Cr, Mo and W, respec-
tively.
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values of both NICS(0) and NICS(1), shown in Table 1.
Once the ring interacts with the transition metal to form the
sandwich complex, both aluminum rings maintain their two-
fold aromaticity (see NICS(0) and NICS(1) values in
Table 1). Comparing the NICS(0) values of the tetraalumi-
num rings before and after complexation, we note that the s


aromaticity is enhanced upon complexation only for the first-
row transition metals, while both NICS values for the rest of
the complexes decreases. We also observe that the s aroma-
ticity decreases as the transition metals move right and
down the periodic table, except for Ti. Thus, the largest ob-
served s aromaticity of the Al4 rings is seen for the V sand-
wich complex, while the W sandwich complex has the small-
est NICS(0) value. The p aromaticity also decreases when
the transition metal moves right (again Ti is the exception)
but not down, the second-row transition-metal sandwich
complexes being those for which the p aromaticity of the
aluminum rings is the largest.
In summary, for the first-row transition metal sandwich


complexes, the tetraaluminum square rings have larger s ar-
omaticity than the plain Al4


2� square ring. In contrast, the p


aromaticity of these rings is the lowest. For the second- and
third-row transition-metal sandwich complexes, the alumi-
num rings have lower NICS(0) and NICS(1) values, indicat-
ing that both the s and p aromaticities decrease upon com-
plex formation.
The analysis of the molecular orbitals sheds additional


light on the aromaticity of these sandwich complexes.[2]


Recall that, p-aromatic molecules are those that have full
occupation of the delocalized bonding p orbitals and analo-
gously for s aromaticity. Antiaromaticity, in contrast, is asso-
ciated with either incomplete occupation of the delocalized


p/s bonding orbitals or to partial occupation of the delocal-
ized p/s antibonding orbitals. Al4


2� constitutes a rare exam-
ple of multiple-fold aromaticity,[1,9] possessing one p-aromat-
ic system with two electrons and two s-aromatic systems
with two electrons each. Note that all the three systems
fulfil the H5ckel (4n+2) electron counting rule with n=0.
We have analyzed the molecular orbitals of all nine sand-


wich complexes, but for the sake of clarity only the molecu-
lar orbitals of Al4CrAl4 are depicted in Figure 2. The orbi-


tals of the nine sandwich complexes are very similar (availa-
ble as Supporting Information). From the inspection of
Figure 2, the three aromatic systems of each of the two
Al4


2� moieties are clearly observed. Thus, the HOMO and
the molecular orbital 59 correspond to the two s tangential
systems of the two tetraaluminum rings, molecular orbitals
62 and 63 to the two s radial systems, and molecular orbitals
51 and 58 constitute the occupied molecular orbitals of the
p system. This, along with the small changes in the two
Al4


2� geometries upon complexation with the transition
metals, is very supportive of the strong structural integrity
of the tetraaluminum ring and reinforces the hypothesis that
the Al4


2� unit could be incorporated as a building block into
different inorganic materials.


Electron detachment energies : The analogy between these
sandwich complexes and metallocenes, in the sense that a
transition metal donates electrons into two rings stabilizing
them due to resonance, suggests that these sandwich com-
plexes should be stable. The anionic character of the Ti, V,
Zr, Nb, Hf, and Ta sandwich complexes, however, may de-
stabilize their structures towards spontaneous electron de-


Table 1. Selected properties of the molecules calculated at the B3LYP/6-
311+G* level of theory. The bond lengths are given in Q and the NICS
values in ppm.


ACHTUNGTRENNUNG[Al4TiAl4]
2�


ACHTUNGTRENNUNG(D4d)
ACHTUNGTRENNUNG[Al4VAl4]


�


ACHTUNGTRENNUNG(D4d)
ACHTUNGTRENNUNG[Al4CrAl4]


0


ACHTUNGTRENNUNG(D4d)
Al4


2�


RAl�Al 2.744 2.747 2.760 2.591
RC�TM


[a] 1.882 1.715 1.626
RAl�C 1.940 1.943 1.952 1.833
NICS(0) �36.86 �49.82 �37.08 �34.45
NICS(1) �16.80 �17.03 �8.59 �27.38


ACHTUNGTRENNUNG[Al4ZrAl4]
2� (D4d) ACHTUNGTRENNUNG[Al4NbAl4]


� (C1
[b]) ACHTUNGTRENNUNG[Al4MoAl4]


0 (C1
[b])


RAl�Al 2.754 2.786 2.818
RC�TM 2.060 1.850 1.724
RAl�C 1.948 1.970 1.993
NICS(0) �31.12 �27.41 �17.58
NICS(1) �18.54 �17.52 �14.92


ACHTUNGTRENNUNG[Al4HfAl4]
2� (D4d) ACHTUNGTRENNUNG[Al4TaAl4]


� (C1
[b]) ACHTUNGTRENNUNG[Al4WAl4]


0 (C1
[b])


RAl�Al 2.763 2.800 2.837
RC-TM 2.062 1.856 1.731
RAl-C 1.954 1.980 2.006
NICS(0) �25.49 �21.06 �13.26
NICS(1) �15.99 �14.56 �12.16


[a] C denotes the center-of-mass of the Al4 rings. [b] The distortion of
these sandwiches with respect to the D4d symmetry is minute, but neces-
sary to remove some small imaginary vibrational modes.


Figure 2. Valence molecular orbitals of the Al4CrAl4 sandwich complex.
The orbital number is shown in parentheses.
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tachment. It must be recalled, that Al4
2� itself has not been


detected on its own, but countered by various alkali (Li,
Na), or transition metals (Cu).[1] The Al4


2� aromatic square
ring is unstable towards electron detachment due to the
Coulomb repulsion. This instability has been estimated to
be �1.714 eV (see Table 2). The negative value indicates
that the molecule is more stable as a mono- rather than as a
dianion. Consequently, counterions are customarily added to
protect the anions from electron detachment.[2]


The vertical and UOVGF EDERs of the anionic structures
are reported in Table 2. Inspection of Table 2 reveals that as
soon as the total charge is reduced from 2� to 1�, the
EDERs become positive. This indicates that the V, Nb, Ta,
Cr, Mo, and W sandwich complexes are stable towards elec-
tron detachment. The values provided by the vertical EDE
and UOVGF approaches agree satisfactorily. For the 2�
charged sandwich complexes both approaches predict that
an electron detaches spontaneously.
For the Ti complex the electron detaches from the b2 orbi-


tal, whereas for the Zr and Hf complexes the electron de-
taches from one of the doubly degenerate e3 orbitals. These
two compounds are the only ones for which the electron de-
taches from an e3 orbital. For the rest of the sandwiches this
orbital corresponds to the highest b2 orbital (these orbitals
are analogous to the higher occupied molecular orbitals
having the same symmetry shown in Figure 2, and available
as Supporting Information). The EDE for the Ti sandwich
complex is smaller than that of Zr and Hf (0.79 vs. 1.1 eV),
while for the rest of the complexes that have the same
charge the EDE values are similar, that is, the UOVGFRs
for V, Nb and Ta are 2.32, 2.50 and 2.59 eV, respectively.


Stabilization of the [Al4MAL4]
2� complexes : As mentioned


above, the [Al4MAl4]
2� (M=Ti, Zr and Hf) complexes have


negative electron detachment energies indicating that the
monoanions are more stable than the dianions and hence
spontaneous electron detachment can take place, assuming
the barriers to be small, as was found for the Al4


2� square
ring.[2] Experimentalists have added counterions in order to
reduce the total charge, and render an stable molecule ame-
nable to experimental detection. Thus, Li et al.[1] have been


able to detect the Al4
2� square ring countered by different


alkali, and fully characterized their structures by using the
photoelectron spectroscopy and ab initio calculations. The
same procedure could be followed for the [Al4ACHTUNGTRENNUNG{Ti/Zr/
Hf}Al4]


2� structures described herein. In a previous study,[16]


we reported the structures formed by [Al4TiAl4]
2� with one


and two Na+ cations. We present here the structures formed
by the three complexes [Al4MAl4]


2� (M=Ti, Zr, and Hf)
with the small alkali ions, Li+ , Na+ , and K+ .
The obtained complexes between the alkali cations and


[Al4MAl4]
2� are similar to the previously reported Na-


ACHTUNGTRENNUNG[Al4TiAl4]
� complex.[16] Namely, the cation interacts with


one of the aluminum rings rather than with the transition
metal. All attempts to locate structures in which the alkali
cation interacts with the transition metal were unsuccessful.
It is worth noting that for the closely related LiACHTUNGTRENNUNG[N4TiN4]


�


sandwich complex,[32] a structure with Li+ interacting with
the titanium was found. The geometrical and NICS data ob-
tained for the {Li/Na/K} ACHTUNGTRENNUNG[Al4ACHTUNGTRENNUNG{Ti/Zr/Hf}Al4]


� complexes are
shown in Table 3 and Figure 3.
The mode of interaction of the alkali cations with [Al4 ACHTUNGTRENNUNG{Ti/


Zr/Hf}Al4]
2� sandwich complexes (see Figure 3) is reminis-


cent of their interaction with the bare Al4
2� ring.[1] Thus, we


found that the alkali cation interacts with one edge of an
aluminum ring, causing a minor distortion to its perfect
square geometry. The alkali cations lie on top of one of the
Al4 ring edges at an angle (a in Table 3 and Figure 3)
around 110–1308 with respect to the tetraaluminum ring
plane. The angles are around 1308 for all alkali cations in
the Ti complexes. This angle is slightly smaller in the Zr and
Hf complexes, and is reduced as the size of the alkali cation
increases. The reduction is especially large for the K-
ACHTUNGTRENNUNG[Al4HfAl4]


� complex in which the angle is only 71.38.
Comparing the tetraaluminum rings of the alkali sandwich


complexes with those of the plain [Al4ACHTUNGTRENNUNG{Ti/Zr/Hf}Al4]
2� sand-


wich complexes, tiny distortions can be observed as a conse-
quence of the interaction with the alkali cation. Thus, the
aluminum ring interacting with the alkali is slightly de-
formed towards a trapezium. The Al�Al bond interacting
with the alkali shrinks, the opposite Al�Al bond (R2(X) in
Table 3) remains similar, while the perpendicular Al�Al


Table 2. Electron detachment energies obtained using the vertical (VDE), and unrestricted outer valence green functions (VGF) methods. Units are eV.
Sym stands for the orbital symmetry from which the electron dissociates.


Complex s VDE Sym VGF Pole
strength


Sym VGF Pole
strength


Sym VGF Pole
strength


ACHTUNGTRENNUNG[Al4TiAl4]
2� [a] b2 �1.051 b2 �0.789 0.931 e2 �0.543 0.935 a1 �0.031 0.843


ACHTUNGTRENNUNG[Al4VAl4]
� b2 2.494 b2 2.316 0.917 e2 2.947 0.889 a1 3.267 0.866


ACHTUNGTRENNUNG[Al4CrAl4]
0 b2 5.583 b2 5.749 0.898 e2 6.249 0.876 a1 6.932 0.859


ACHTUNGTRENNUNG[Al4ZrAl4]
2� e3 �0.803 e3 �1.130 0.920 b2 �0.389 0.865 e2 �0.099 0.945


ACHTUNGTRENNUNG[Al4NbAl4]
� b2 2.431 b2 2.503 0.890 e2 3.020 0.915 a1 3.576 0.845


ACHTUNGTRENNUNG[Al4MoAl4]
0 b2 5.708 b2 6.017 0.908 e2 6.783 0.923 a1 7.261 0.863


ACHTUNGTRENNUNG[Al4HfAl4]
2� e3 �0.850 e3 �1.153 0.902 b2 �0.334 0.855 e2 -0.117 0.958


ACHTUNGTRENNUNG[Al4TaAl4]
� b2 2.473 b2 2.590 0.881 e3 2.536 0.890 e2 3.070 0.908


ACHTUNGTRENNUNG[Al4WAl4]
0 b2 5.743 b2 6.077 0.896 e2 6.802 0.897 – – –


Al4
2� [a] a1g �1.670 a1g �1.714 0.861 a2u �1.686 0.847 b2g �1.650 0.851


[a] Discrepancies between the VGF at the present manuscript and the data published in reference [16] arise mainly from the VGF calculation using
GAUSSIAN 03 in the former and GAUSSIAN 98 in the latter.
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bond (R1(X)) shrinks. The op-
posite aluminum ring also gets
slightly distorted, acquiring a
rhomboidic shape.
Overall, the different alkali


cations do not yield sizeable
changes to the geometry of
both aluminum rings of the
sandwich complex. Similar de-
formations have also been re-
ported for a bare Al4


2� ring
upon interaction with alkali


ions.[1,14] Despite of the geomet-
rical distortion, the planarity of
the Al4 ring that interacts with
the alkali is maintained, while it
is slightly broken in the oppo-
site ring. This loss of planarity
is larger in the Hf sandwich (es-
pecially upon interaction with
potassium, for which the planar-
ity is lost by almost 58 ; see pla-
narity values in Table 3).
In spite of the fact that the


aluminum square rings are
slightly distorted after the alkali
addition, overall their NICS
properties remain similar. This
indicates that the aromaticity of
the aluminum rings remains
upon interaction with the alkali
cation in all these complexes, as
shown in Table 3. The largest


change observed occurred on the K ACHTUNGTRENNUNG[Al4HfAl4]
� complex, for


which the NICS values are significantly more positive, sug-
gesting substantial reduction of the aromaticity for this com-
plex. In particular, the NICS(0) value becomes positive,
hence the s aromaticity is lost in the aluminum ring that
does not interact directly with K+ . The addition of an alkali
atom lowers the complex charge from 2� to 1� and also
renders the complex more stable toward electron detach-
ment. Thus, the EDERs of the alkalized complexes are now
all positive as shown in Table 4.
However, the geometrical distortion induced by the alkali


cation may shed some doubts about the stability of the re-
sulting structure towards fragmentation. Although one can
envisage a number of fragmentation reactions, we have
chosen reaction (1), in which the XAl6


� cluster is taken as
reference because it has been found to be particularly
stable.[15] The DERs and DGRs of reaction (1) are collected in
Table 5.


X½Al4MAl4�� ! X½Al6�� þAl2M M ¼ Ti,Zr,Hf


X ¼ Li,Na,K
ð1Þ


Table 3. Properties of the alkalized X ACHTUNGTRENNUNG[Al4MAl4]
� complexes. Definition of the structural parameters are given


in Figure 3. The reported values are obtained at the B3LYP/6-311+G* level of theory. Distances are given in
Q, and NICS in ppm. Index (X) indicates the Al4 ring interacting with the alkali.


X ACHTUNGTRENNUNG[Al4TiAl4]
� X ACHTUNGTRENNUNG[Al4ZrAl4]


� X ACHTUNGTRENNUNG[Al4HfAl4]
�


X Li Na K Li Na K Li Na K


R1 2.701 2.707 2.713 2.672 2.683 2.672 2.664 2.683 2.608
R2 2.719 2.715 2.725 2.740 2.739 2.746 2.742 2.741 2.759
R1(X) 2.704 2.727 2.726 2.690 2.707 2.686 2.677 2.708 2.591
R2(X) 2.746 2.720 2.730 2.811 2.793 2.815 2.841 2.801 2.868
R3(X) 2.629 2.641 2.662 2.632 2.657 2.665 2.635 2.655 2.669
RC�M 1.971 1.974 1.917 2.112 2.167 2.172 2.178 2.085 2.227
RC(X)�M 1.934 1.931 1.894 2.124 2.112 2.119 2.133 2.122 2.198
RX�Al 2.690 3.033 3.434 2.703 3.038 3.442 2.691 3.033 3.483
planarity 2.2 2.5 2.6 2.6 3.03 2.9 2.7 3.46 4.7
planarity(X) 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
b 155.6 155.2 157.6 153.1 153.4 154.0 151.7 152.31 157.15
a 134.2 127.0 130.2 122.0 116.9 111.8 119.8 114.72 71.03
NICS(0) �38.02 �18.5 �24.22 �20.76 �18.64 �13.43 �14.08 �12.22 1.70
NICS(1) �15.02 �12.1 �14.0 �14.55 �13.25 �12.38 �11.33 �11.20 �2.74
NICS(0)(X) �27.37 �36.9 �35.99 �24.42 �24.57 �22.78 �18.49 �18.36 �2.63
NICS(1)(X) �16.18 �15.9 �15.6 �14.42 �14.53 �17.28 �11.70 �11.23 �1.75


Figure 3. X ACHTUNGTRENNUNG[Al4MAl4]
� ground state structure of the alkalized sandwich


complexes (M=Ti, Zr, and Hf). The dots within the squares indicate the
centres of gravity of aluminum rings and the uppermost dot denotes the
alkali metal (X=Lsi, Na and K).


Table 4. Electron detachment energies, in eV, for the X ACHTUNGTRENNUNG[Al4MAl4]
� complexes.


X ACHTUNGTRENNUNG[Al4TiAl4]
� X ACHTUNGTRENNUNG[Al4ZrAl4]


� X ACHTUNGTRENNUNG[Al4HfAl4]
�


X Li Na K Li Na K Li Na K


VGFHOMO [a] 1.450 [a] 1.910 1.843 1.552 1.836 1.545 1.437
pole strength – 0.891 – 0.904 0.901 0.909 0.899 0.889 0.894
VGFHOMO�1 1.792 2.256 1.811 1.619 1.491 1.323 1.711 1.841 1.539
pole strength 0.911 0.887 0.906 0.913 0.914 0.928 0.893 0.882 0.883
VGFHOMO�2 2.344 2.642 1.566 2.571 2.613 2.397 2.594 2.595 2.235
pole strength 0.916 0.860 0.914 0.892 0.889 0.890 0.889 0.880 0.873
VGFHOMO�3 1.241 2.180 2.085 2.552 2.375 2.208 2.579 2.615 2.366
pole strength 0.953 0.879 0.922 0.865 0.865 0.869 0.883 0.870 0.871
VGFHOMO�4 1.830 2.779 [a] 2.620 2.562 2.361 2.483 2.450 2.264
pole strength 0.894 0.910 – 0.890 0.880 0.885 0.854 0.862 0.867


[a] The outer valence approximation did not converge due to the small pole strength.
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The large negative values of the DGRs suggest that the
complexes are more stable than the separated fragments,
which is supportive of the stabilization imparted by the
counterion to the complexes.


Conclusion


We have characterized the structures and the properties of
the [Al4MAl4]


q� (q=2, 1, 0 and M=Ti, V, Cr, Zr, Nb, Ta,
Mo, Hf, Ta, and W) sandwich complexes. The Ti, Zr, and Hf
complexes have a charge of 2� ; the V, Nb, and Ta com-
plexes 1�; and the Cr, Mo, and W complexes are neutral.
All these sandwich complexes are minima in their potential-
energy surfaces and have similar structures. The most size-
ACHTUNGTRENNUNGable structural difference found between the different sand-
wiches is the distance from the transition metal to the tet-
raaluminum rings, which decreases as the total charge of the
complex is reduced.
Various properties have been analyzed to determine the


stability of the sandwiches. Only the sandwich complexes
with a 2� charge have certain instabilities, due the fact that
the electron-detachment energies of these sandwiches are
negative, indicating a propensity towards spontaneous elec-
tron detachment, given that the barrier for such an electron
ejection process is expected to be small.
Nevertheless, the 2� complexes can be stabilized by the


addition of an appropriate counterion. We found that Li+ ,
Na+ , and K+ cations do stabilize the complexes. These cat-
ACHTUNGTRENNUNGions interact with the aluminum rings rather than with the
transition metal. The mode of interaction of the cations and
the aluminum rings parallels that found for the bare Al4


2�.
The alkali cation bends the sandwich complexes, but keeps
all other structural properties of the complex nearly un-
changed.
Once the sandwiches are formed, the geometric features


of both Al4
2� units remain essentially unaltered, as do the


aromatic properties of the aluminum rings. The loss of the s


aromaticity of the aluminum ring not interacting with the
alkali cation of the K ACHTUNGTRENNUNG[Al4HfAl4]


� complex is the sole re-
markable aromatic effect induced by the counterion.
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Formation of Rack- and Grid-Type Metallosupramolecular Architectures and
Generation of Molecular Motion by Reversible Uncoiling of Helical Ligand
Strands


Adrian-Mihail Stadler,[a] Nathalie Kyritsakas,[b] Roland Graff,[c] and Jean-Marie Lehn*[a]


Introduction


The present interest in molecular and supramolecular sys-
tems undergoing dynamic structural changes, induced by in-
ternal or external physical or chemical stimuli, rests on the
important role of these processes in biological systems as
well as on the potential ability to realize artificial nanoscale
mechanical devices.[1] On the other hand, there is intense ac-
tivity on the controlled folding of molecular strands, in par-
ticular into helical forms.[2] These two areas are brought to-
gether in the generation of a two-stroke linear motor type
motion by chemically fuelled extension–contraction of heli-
cally folded molecular strands (H) undergoing reversible un-
coiling/coiling upon metal ion binding and release[3] (HQL
interconversion, Figure 1). Such a process has been achieved
on binding of lead(ii) ions to helical polyheterocyclic li- gands,[3] based on helicity enforcing pyridine–pyrimidine


(py–pym) sequences.[4] A third attractive feature is that such
ligands also undergo self-assembly with suitable metal ions
to yield multinuclear grid-type (G) metallosupramolecular
architectures;[5] such HQG interconversion (Figure 1) may
also be considered to generate two-dimensional motions by
extension of the molecular strand along two perpendicular
directions.[5d]


It has recently been shown that isomorphic replacement
of a pyridine unit by a hydrazone (hyz) group provides very
efficient synthetic access to extended helical ligand
ACHTUNGTRENNUNGstrands,[1,8a] even up to the polymeric level.[8b] One may
expect that such ligands will also be able to undergo large
amplitude extension/contraction motions as well as self-as-
sembly into grid-type arrays upon metal ion binding. Like


Keywords: ACHTUNGTRENNUNGsupramolecular chemis-
try · acid/base modulated motions ·
helical ligands · molecular motions ·
molecular muscles


Abstract: The interaction of appropriate metal ions (PbII, ZnII) with helical ligand
strands, obtained by hydrazone polycondensation, generates polymetallic supramo-
lecular architectures of rack and grid types, by uncoiling of the ligand. The inter-
conversion between the helical free ligand and the linearly extended ligand in the
complexes produces reversible ion-induced, nanomechanical molecular motions of
large amplitude. It has been integrated in an acid–base neutralisation fuelled pro-
cess, which links the extension/contraction of the ligand strands to alternating
changes in pH.
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Figure 1. Uncoiling/coiling dynamic behaviour of a helical ligand; metal
ion binding and release induces extension/contraction motion between a
helical ligand H and its complexed linear form L in a rack-type[3,6] LM4


or a [4G4] grid-type[5] GM16 architecture.


Chem. Eur. J. 2006, 12, 4503 – 4522 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4503


FULL PAPER







the py–pym unit, the hydrazone–pyrimidine (hyz–pym)
group is a helicity codon, inducing helical folding into mo-
lecular strands composed of (hyz–pym)n sequences.


[7,8] Bind-
ing of a metal ion to a hyz–pym unit leads to a rotation
around the bond connecting the hyz and pym groups, so
that two such rotations in a b-turn shaped pym–hyz–pym se-
quence generates a linear terpyridine (terpy) type group on
complexation of a suitable metal ion (Figure 2). Thus, the
complexed unit (hyz–pym, ion) may be considered as a line-
arity codon.


We herewith report that the helical molecular strands 1–
6[8a] (Scheme 1) containing from two to ten terpy-type
(pym–hyz–pym) subunits, indeed undergo uncoiling with for-
mation of the linear, rack-type[3,6] complexes 1LM2–6LM10,
as well as self-assembly into the grid-type metallosupramo-
lecular architectures 1GM4 and 3GM16. Furthermore, rever-


sible interconversion between coiled free ligands and un-
coiled ligands in the complexes generates large amplitude
molecular motions.


Results and Discussion


Ligand synthesis : Ligands 1–6[8a] were synthesized by con-
densation of hydrazines with carbonyl compounds, thus
yielding hydrazone groups which were shown to be isomor-
phic equivalents of a 2,6-disubstituted pyridine ring.[7,8a] As
a pym–hyz–pym sequence corresponds to a tridentate coor-
dination site (Figure 2), each hyz group is associated with a
coordination site, so that a ligand containing n hyz groups
will be a n-sites ligand. Ligands 1a–1d, 1 j–1 l, 2–6 were ob-
tained as previously described.[8a]


Some new 2-sites ligands were prepared to test the possi-
bilities for further functionalization (decoration) of these
molecular strands (Scheme 2). The quinoline ring was intro-
duced in ligands 1e–1g by condensing 2-quinolinaldehyde
with bis(hydrazino)pyrimidines 8a, 8c, and 8e (prepared
from the corresponding 4,6-dichloropyridine derivatives and
the corresponding N-substituted hydrazines).


A 9-anthracenyl group was introduced in ligands 1 f and
1h by condensation of bis(hydrazino)pyrimidine 8e with al-
dehydes 7a and 7c.


Alkyl (or similar) groups can be attached by alkylation of
the commercial 2-chloro-3-hydroxypyridine with an alkyl
halide. Treatment with octadecyl bromide and potassium
carbonate in DMF gave the intermediate 11b, which by
heating at reflux with methylhydrazine gave 9b. The latter
was condensed with dialdehyde 10b to give the 2-sites
ligand 1m. The presence of two bulky OC18H37 groups in
the latter may induce some conformational changes as con-
firmed by molecular modeling; however, the overall bent
shape of the molecule is mainly conserved.


Finally, using the diketone 10c in place of the correspond-
ing dialdehyde gave ligand 1n, in which the steric hindrance


Abstract in Romanian: Interacţia anumitor ioni metalici
(PbII, ZnII) cu liganzi elicoidali preparaţi prin policondensa-
rea unor hidrazine, conduce la deplierea ligandului, d"nd
naştere unor arhitecturi supramoleculare de tip linear sau de
tip “gril¼”. Prin interconversia 'ntre ligandul elicoidal necoor-
dinat şi complecşii lineari 'n care acesta este depliat, se
produc mişcǎri moleculare nanomecanice, a cǎror amplitudi-
ne este importantǎ. Aceste mişcǎri au fost integrate 'n sisteme
alimentate de energia de neutralizare acid-baza, corel"ndu-se
'n acest mod extensia, respectiv contracţia ligandului cu va-
riaţiile alternative ale pH-ului.


Figure 2. Conversion of the pym-hyz-pym b-turn form of the free ligand
to an extended, linear shape of the ligand (right) upon binding of a metal
ion.


Scheme 1. Structures of the helical molecular strands 1–6 shown in extended uncoiled representation.
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due to the two ketimine methyl groups could impose a twist
around the C�N and especially the N�N bonds, thus gener-
ating a helix with a larger step than in the case of the strand
1 j. A similar torsion is expected in the case of the ligand 1 i
synthesized from 2-acetylpyridine 7b and bis(hydrazino)pyr-
imidine 8a.


Condensation of aldehyde 7a with hydrazinopyridine 9a,
in ethanol yielded the 1-site terpy analogue 12.


The newly prepared ligands are white, yellowish, or
yellow solid materials. When large aromatic groups (such as
quinoline or anthracene) are present, the melting points are
generally higher than 300 8C (1e, 1 f, 1h), whereas the
ketone-derived ligands without such groups melt around
130–150 8C (1 i, 1n). A decrease of the melting point is pro-
duced by the introduction of two long alkyl chains: hexyl
(m.p.: 1e, 315 8C; 1g, 196 8C) or octadecyl (m.p.: 1k,
260 8C;[8a] 1m, 64 8C).


Preparation of metal ion com-
plexes : The metal ion com-
plexes were obtained by treat-
ment of a given ligand 1–6
with the triflate of the divalent
metal ion in the corresponding
molar ratio, in an appropriate
solvent or mixture of solvents.
For a n-sites helical ligand
strand 1–6, adding n or more
equivalents of lead(ii) or
zinc(ii) triflate generated the
corresponding stick-like, linear
complexes 1LM2–6LM10


(Table 1, Figure 3). When a
ligand presents (as, for exam-
ple, 1 f or 1h) bulky groups
making the access of metal
ions difficult at the coordina-
tion sites, an excess of triflate
should be used. For several 2-
sites ligands 1, the grid-like
structure 1GM4 (MII=ZnII,
PbII) could be obtained by
treating the ligand with lead(ii)
or zinc(ii) triflate in molar
ratio 1:1 (Table 2). Reacting
the 4-sites ligand (3) with
lead(ii) triflate in a 1:2 molar
ratio gave the [4G4] grid archi-
tecture 3GPb16.


The complexation studies
were carried out in polar sol-
vents, preferentially in acetoni-
trile or nitromethane. Thus,
treatment of a suspension of a
given ligand in acetonitrile or
nitromethane with the corre-
sponding quantity of metal salt
led to dissolution and to for-


mation of the complexes. The complexes are insoluble in
benzene, diethyl ether, or diisopropyl ether, chloroform, or
dichloromethane. The use of mixtures of acetonitrile or ni-
tromethane and chloroform in the appropriate v/v ratio al-
lowed the solubilization of both ligand and complex. How-
ever, when the complex has a too high charge, the solubili-
zation in a mixture of solvents (acetonitrile or nitromethane
and chloroform) may be very difficult or impossible.


All linear complexes 1LM2–6LM10 were formed immedi-
ately by combination of the ligand with lead(ii) or zinc(ii)
triflate in the appropriate solvent, generally at room temper-
ature or, in several cases, by heating to 40–50 8C (to facili-
tate the dissolution of the ligand). The same holds for the
[2G2] grid-type complexes 1GM4. The formation of the ACHTUNGTRENNUNG[4G
4] grid 3GPb16 from one equivalent of 3 and two equivalents
of lead(ii) triflate is accelerated by heating the mixture at
40–45 8C in nitromethane or acetonitrile.


Scheme 2. Synthesis of 1-site and 2-sites ligands.
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NMR spectroscopic and structural features of the com-
plexes : 1H NMR studies of the complexation showed that
coordination of metal ions increased the chemical shift of
the protons of the terminal pyridine rings, with respect to
the free ligand. This is mainly due to the binding of metal
ions to the nitrogen atoms, thus diminishing the electronic
density of the rings; in the case of ligands having more than
two sites, this also results from a stacking-induced shielding
effect in the folded ligands, which disappears on unfolding


by coordination of metal ions. In the case of the pyrimidine
unit derived from a bis(hydrazino)pyrimidine, the proton on
C5 has a higher chemical shift in the ligand than in the com-
plex. This could be related to the proximity, in the case of
the ligand, of this proton and the two C=N- bonds of the hy-
drazone groups, which have a deshielding effect, due to
magnetic anisotropy and to the lone pair of the N atom. On
formation of the complex, the N�C4pym bond (as well as the
N�C6pym bond) rotates, positioning the N-CH3 group in the
location of a C=N bond, so that the chemical shift of this
proton decreases. Thus, the increase of the chemical shift of
the proton signals of the terminal pyridine rings (especially
the two C4 and C5 proton triplets), as well as the decrease
of the shift of the C5 proton of the pyrimidine ring are indi-
cative of the coordination of the metal ion to the ligand
strand, to form a linear or a grid complex.


In the case of 2-sites ligands 1, the difference between a
grid and a linear complex lies mainly in the fact that the
chemical shifts of the protons are generally lower for the
grids due to shielding caused by the proximity of the ligands
(see also Figure 10 and 13). The 1H NMR spectrum of the
[4G4] grid 3GPb16 displays signals for two different, internal
and external, coordinated unfolded ligands (Figure 4).


Table 1. Linear dinuclear complexes prepared with the 2-sites ligands 1 (1:MII=1:2, MII=PbII or ZnII).


1 R1 R2 R3 R4 R5 MII 1LM2 X-ray


1a H H H Me H PbII 1aLPb2 +


1b H H H Allyl H PbII 1bLPb2


1c H H H n-C6H13 H PbII 1cLPb2


1d H H H Me p-Tolyl PbII 1dLPb2


1e �CH=CH�CH=CH� H Me H PbII 1eLPb2 +


1 f �CH=CH�CH=CH� H Me 9-Anthracenyl PbII 1fLPb2 +


1g �CH=CH�CH=CH� H n-C6H13 H PbII 1gLPb2


1h H H H Me 9-Anthracenyl PbII 1hLPb2


1 i H H Me Me H PbII 1iLPb2


1a H H H Me H ZnII 1aLZn2


1e �CH=CH�CH=CH� H Me H ZnII 1eLZn2 +


1g �CH=CH�CH=CH� H n-C6H13 H ZnII 1gLZn2


1 i H H Me Me H ZnII 1iLZn2


1 R1 R2 R3 R4 R5 MII 1LM2 X-ray


1j H H Me H H PbII 1jLPb2 +


1k H H Me H Ph PbII 1kLPb2 +


1 l H H CH2CH2OH H H PbII 1 lLPb2 +


1m H O-n-C18H37 Me H Ph PbII 1mLPb2


1n H H Me Me H PbII 1nLPb2


1 j H H Me H H ZnII 1jLZn2


1n H H Me Me H ZnII 1nLZn2


Table 2. ACHTUNGTRENNUNG[2G2] grid-type complexes prepared with the 2-sites ligands 1
(1:MII=1:1, MII=PbII or ZnII).


1 MII 1M4 X-ray


1a PbII 1aGPb4 +


1a ZnII 1aGZn4


1j ZnII 1jGZn4


1m ZnII 1mGZn4
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For the [2G2] grid 1mGZn4 the protons of the phenyl ring
show widely different chemical shifts: d=8.12, 7.64, 7.09,
5.88, and 5.58 ppm due to hindered rotation of the ring, in-
tercalated between two ligands.[5b]


Particularly pronounced 1H NMR changes occur on un-
coiling of the folded 4-turns, 10-sites ligand 6[8a] on forma-
tion of the extended rack 6LPb10 (Figure 5). The spectrum
of the ligand is markedly spread out due to the effect of
both uncoiling and metal ion binding.


NOESY and ROESY 1H NMR data agree with the ex-
pected linear shape of the ligands in the complexes. The
NOE correlations are diagnostic of the geometry change in


solution (for the ROESY of
6LPb10, see Figure 6b). The
matrices displaying the NOE
correlations between the pro-
tons of the folded uncoordinat-
ed strand and between the
protons of the unfolded coor-
dinated ligand, express the
changes in the proximity of the
protons, on passing from a hel-
ical to an extended shape of
the ligand strand (Figure 7).


Direct observation of the
207Pb NMR spectrum of com-


plex 4LPb6 showed three peaks corresponding to the expect-
ed three types of lead(ii) ions. The 1H–207Pb HMQC (Heter-
onuclear Multiple Quantum Correlation) data for 1jLPb2,
3LPb4, and 4LPb6 (Figure 6a) allowed indirect observation
of respectively, one, two, and three signals in the 207Pb di-
mension, confirming the presence of one, two, and three
types of lead(ii) ions. Moreover, the 1H–207Pb correlation
traces allowed localization of the lead(ii) ions in the com-
plex.


Solid-state molecular structure of the complexes : The deter-
mination of the crystal structure of several complexes yield-


Figure 3. Generation of linear rack-type complexes 1LMn (n=2, 3, 4, 6, 8, 10) by uncoiling of the helical ligand strands 2–6 on metal ion binding. The
space-filling representations of 4 and 6 correspond to their crystal structures.[8a]


Figure 4. 400 MHz 1H NMR spectrum of the [4G4] grid type complex 3GPb16 (solvent CD3NO2).


Chem. Eur. J. 2006, 12, 4503 – 4522 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4507


FULL PAPERRack- and Grid-Type Metallosupramolecular Architectures



www.chemeurj.org





ed their molecular structure in the solid state. Slow diffusion
of a non-solvent (diethyl ether or diisopropyl ether) into a
solution of the complexes in acetonitrile or nitromethane
yielded single crystals suitable for X-ray diffraction studies
in the case of the compounds listed in Table 3. Representa-
tions of the molecular structure are shown in Figure 8,
Figure 9, and Figure 10.


The length of the ligand strands in the dinuclear PbII


linear complexes 1aLPb2, 1jLPb2, 1kLPb2, 1lLPb2 is about
18 N with pyridines as terminal groups, comparable to the
previous data for linear 2-sites complexes with py–pym
strands.[3]


With terminal quinoline units, it increases to about 20 N
in 1eLPb2, or to 19 N for the complex 1eLZn2 containing
the smaller ZnII ions, in agreement with earlier data.[6] For
1fLPb2, the angle between the planes of the anthracene and
the pyrimidine groups is about 808 and for 1kLPb2, the
angle between the phenyl ring and the pyrimidine rings is
about 508.


The intermetallic distance depends on the nature of the
metal ion, of type of substitution on the pyrimidine ring sep-
arating the metal ions and of the complex (grid or rack).
The shortest value is found for the smaller ZnII ions in com-
plex 1eLZn2 (6.37 N). The shortest Pb�Pb distance (6.48 N;
average value), is found for the grid complex 1aGPb4, in
agreement with the fact that the grid is more compact than
the rack structure.


The average Pb�N distance is 2.559 N, larger than the
Zn�N distance of 2.161 N (see Table 4), in line with the dif-
ference of ionic radius between PbII and ZnII. A second con-
sequence of the difference of the ionic volume is that the
average N-Zn-N coordination angle (74.78) is larger than
the average N-Pb-N coordination angle (63.08, see Table 5).


The X-ray structure of the complex 1lLPb2 shows that the
OH group from the CH2CH2OH side chain is able to coordi-
nate a PbII ion. The average centroid-to-centroid distance
between the oxygen and the lead ion is 2.55 N, that is less


than the sum of the PbII ionic
radius (1.30 N) and the oxygen
van der Waals radius (1.35 N).
The two OH groups of a ligand
bind to PbII ions of two differ-
ent racks, thus generating an
ordered arrangement in the
solid state (Figure 9).


The grid-like complex
1aGPb4 forms a distorted
square constituted by four
linear organic units and four
lead(ii) ions (Figure 10a,b).
The average length of an or-
ganic unit is 18.1 N, compara-
ble to that in the correspond-
ing dinuclear complex 1aLPb2


(about 18.2 N, Figure 8). The
four PbII ions form a distorted
square, with an average Pb�Pb


internuclear distance of 6.48 N (Table 3). The average cent-
roid-to-centroid distance between two ligand planes is about
7.5–8 N. Four triflate anions were found to be located in the
space between two such planes, being probably responsible
of the distortion from a regular square shape of the grid
(Figure 10c). The packing of the grid complexes in the crys-
tal is shown in Figure 10d.


The tetranuclear linear complex 3LPb4 (Figure 8 and
Figure 14) has a length of 32.2 N. Two of the four PbII ions
are coordinated to a water molecule. There are two types of
Pb�Pb internuclear distances: 6.57–6.60 N (comparable to
those of the dinuclear complexes having the central unit de-
rived from the bis(hydrazino)pyrimidine: 1eLPb2, 1fLPb2)
and 7.19 N (even longer than those in the dinuclear com-
plexes having the central unit derived from the pyrimidine–
dicarboxaldehyde: 1jLPb2, 1kLPb2, 1lLPb2).


It is worth assessing the structural consequences of the re-
placement of a py group in the parent complexes by a hyz
unit in the present ones. The X-ray molecular structure of
the lead(ii) dinuclear rack btpPb2 obtained from Pb ACHTUNGTRENNUNG(OTf)2
and a derivative of the py1–py2–pym–py2–py1 2-sites ligand
btp (py1=2-substituted pyridine, py2=2, 6-disubstituted pyr-
idine, pym=4,6-disubstituted pyrimidine) was previously de-
termined[3] (Figure 11).


Replacing py2 by a hydrazone group generates two types
of 2-sites symmetric isomeric ligands, because the central
unit may be derived from a bis(hydrazino)pyrimidine or pyr-
imidine-dicarboxaldehyde, with a change of the position of
the C=N bond. Consequently, this complex has to be com-
pared to both of its hydrazone analogues 1aLPb2 and
1jLPb2. The small changes observed are due to the replace-
ment of py2 by a hyz group, translating into a higher flexibil-
ity of the ligand. They confirm the similarity between the
structural roles of the two isomorphic groups. btpPb2 is
slightly longer (18.5 N) than 1aLPb2 (18.2 N) and 1jLPb2


(18.1 N); the Pb�Pb distance is also longer (6.94 N) in
btpPb2 than in the two other complexes (6.88 N). The same


Figure 5. 1H NMR spectral changes between the coiled ligand 6 (top, 400 MHz, CDCl3/CD3CN 3/2) and the
linear complex 6LPb10 (bottom, 400 MHz, CD3CN with CHCl3 traces).
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tendency holds for the average N-Pb-N pinching angle:
65.18 in bptPb2, 62.98 in 1jLPb2 and 1aLPb2 (see Table 5).


Interconversion of the free ligands with linear rack-type and
grid-type complexes : Treatment of 1a in acetonitrile with


one equivalent Pb ACHTUNGTRENNUNG(OTf)2 led to the dissolution of the ligand,
giving the [2G2] grid-type complex 1aGPb4 (Figure 12),
whose crystal structure has been determined (Figure 10).
Further addition of Pb ACHTUNGTRENNUNG(OTf)2 yielded the linear rack-like
complex 1aLPb2 (Figure 12), whose crystal structure has


Figure 6. a) 1H–207Pb heteronuclear multiple quantum correlation (HMQC) of 4LPb6 (500 MHz, CD3CN/CD3NO2 1/1); b) 1H–1H ROESY of 6LPb10


(500 MHz, CD3CN).
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also been determined (Table 3,
Figure 8). The linear complex,
as well as the grid, formed in-
stantaneously from the ligand
on addition of the correspond-
ing quantity of ACHTUNGTRENNUNGPb ACHTUNGTRENNUNG(OTf)2.
The process was monitored
by 1H NMR spectroscopy
(Figure 13). A similar but
slower, stoichiometry depen-
dent interconversion was ob-
served for the system 1j,
1jGZn4, and 1jLZn2, requiring
an excess of Zn(OTf)2
(1.5 equiv) to convert the grid
into the rack.


The 4-sites helical ligand 3
slowly forms the hexadecanu-
clear [4G4] grid-type complex
3GPb16 on addition of two
equivalents of Pb ACHTUNGTRENNUNG(OTf)2 in ni-
tromethane at 40–45 8C, as in-
dicated by NMR investigations
(1H, COSY, ROESY; for the
1D 1H NMR spectrum, see
Figure 4), in line with earlier
results.[5c] Unfortunately, no
crystals suitable for X-ray crys-
tallography could be obtained
in the present case. A solid-
state structure has been descri-
bed for the “parent” related
complex,[5d] confirming the
nature of such a large multi-
metallic metallosupramolecu-
lar architecture, formed via the
self-organization of altogether
24 units in a single overall op-


Figure 7. NOE correlation matrices (symbols: 1=correlation; 0=no correlation) for the curved/helical ligand
strand 1a and for the linear complex 1aLPb2. The encircled elements reflect the conformational changes.


Table 3. Crystallographic and molecular structural data for the crystallized complexes (all the distances are in-
ternuclear, centroid-to-centroid, distances).


Complex Ligand Crystal system Space group l [N][a] MII MII�MII distance [N]


1aLPb2 1a triclinic P1̄ 18.21 PbII 6.88
1eLPb2 1e triclinic P1̄ 20.15 PbII 6.68
1eLZn2 1e triclinic P1̄ 19.06 ZnII 6.37
1fLPb2 1 f triclinic P1̄ 20.03 PbII 6.65
1jLPb2 1 j monoclinic C12/c1 18.13 PbII 6.88
1kLPb2 1k monoclinic P121/n1 18.30 PbII 7.10
1lLPb2 1 l orthorhombic Fdd2 18.26 PbII 7.08
1aGPb4 1a triclinic P1̄ 18.11[b] PbII 6.48[b]


3LPb4 3 triclinic P1̄ 32.29 PbII 6.79[b]


[a] l is the length of the ligand strand in the complex. [b] Average distance.


Table 4. M-N distances (N) in the dinuclear complexes of ligands 1 (MII=PbII, ZnII). Numbering of the metal ion is the same as in the crystallographic
information file (CIF).


Complex M1�N1 M1�N2 M1�N3 M2�N4 M2�N5 M2�N6
Pb3�N7[a] Pb3�N8[a] Pb3�N9[a] Pb4�N10[a] Pb4�N11[a] Pb4�N12[a]


1aLPb2 2.487(11) 2.539(11) 2.625(11) 2.612(10) 2.573(11) 2.527(10)
2.540(11)[a] 2.568(10)[a] 2.635(10)[a] 2.654(10)[a] 2.538(11)[a] 2.501(11)[a]


1eLPb2 2.577(5) 2.557(4) 2.579(5) 2.505(5) 2.538(5) 2.606(5)
1eLZn2 2.201(2) 2.102(2) 2.206(2) 2.194(2) 2.089(2) 2.176(2)
1fLPb2 2.531(6) 2.545(6) 2.542(6) 2.536(6) 2.526(7) 2.543(7)
1jLPb2 2.506(5) 2.569(5) 2.576(4) 2.576(4) 2.569(5) 2.506(5)
1kLPb2 2.475(7) 2.584(7) 2.663(6) 2.661(7) 2.568(7) 2.431(7)
1 lLPb2 2.495(7) 2.583(8) 2.534(8) 2.762(8) 2.608(7) 2.415(8)
btpPb2


[b] 2.551 2.527 2.614 2.589 2.439 2.458


[a] Only for the complex 1aLPb2, presenting two kinds of racks in the asymmetric unit. [b] See discussion below.
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eration. Addition of two or more equivalents Pb ACHTUNGTRENNUNG(OTf)2
(3 :PbII=1:4) to 3GPb16 in acetonitrile, gave the linear com-
plex 3LPb4 containing four bound PbII cations; its structure
was confirmed by NMR studies in solution (1H, ROESY,
1H–207Pb HMQC) and by X-ray crystallography in the solid
state (Figure 8). The corresponding interconversions are rep-
resented in Figure 14.


Treatment of the complexes 1aLPb2, 3LPb4, 1aGPb4, or
3GPb16 with tren N(CH2CH2NH2)3 which binds the lead(ii)
ions, leads back to the helical forms 1aH or 3H, respectively
(see below).


Related 3-sites, 6-sites, and
8-sites ligands[8a] similarly gen-
erate, on treatment with Pb-
ACHTUNGTRENNUNG(OTf)2 in acetonitrile, the cor-
responding linear complexes
(Figure 3) containing, three
(1H NMR, ROESY), six (1H,
207Pb, ROESY, 1H–207Pb
HMQC) and eight bound PbII


ions (1H NMR, ROESY; data
not shown), respectively. Final-
ly, treating an acetonitrile sus-
pension of the 10-sites helical
ligand 6[8a] with excess


Figure 8. X-ray crystallographic molecular solid state structures of the dinuclear linear complexes 1aLPb2, 1eLPb2, 1eLZn2, 1fLPb2, 1jLPb2, 1kLPb2,
1lLPb2, and of the tetranuclear complex 3LPb4. The distances indicated are internuclear, centroid-to-centroid, distances.


Figure 9. Ordered arrangement formed by the complex 1lLPb2 in the
solid state through PbII–oxygen inter-rack bridging coordination.


Table 5. N-M-N pinching angles [8] in the dinuclear complexes of ligands 1 (MII=PbII, ZnII). Numbering of
the metal ions is the same as in the crystallographic information file (CIF).


Complex N1-M1-N2 N2-M1-N3 N4-M2-N5 N5-M2-N6
N7-Pb3-N8[a] N8-Pb3-N9[a] N10-Pb4-N11[a] N11-Pb4-N12[a]


1aLPb2 65.5(3) 60.5(3) 61.3(3) 65.1(3)
64.9(3)[a] 59.6(3)[a] 60.5(3)[a] 65.9(4)[a]


1eLPb2 64.7(1) 61.2(1) 62.6(2) 64.5(1)
1eLZn2 75.9(1) 72.9(1) 73.3(1) 76.5(1)
1fLPb2 65.5(2) 60.8(2) 61.5(2) 65.4(2)
1jLPb2 62.3(1) 63.5(1) 63.5(1) 62.3(1)
1kLPb2 63.2(2) 63.2(2) 62.6(2) 63.9(2)
1lLPb2 62.9(3) 64.3(2) 61.8(2) 61.8(2)
btpPb2


[b] 64.5 64.4 65.2 66.1


[a] Only for the complex 1aLPb2, presenting two kinds of racks in the asymmetric unit. [b] See discussion
below.
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ACHTUNGTRENNUNGPb ACHTUNGTRENNUNG(OTf)2, caused a rapid dissolution of the ligand and gave
the extended linear complex 6LPb10 (Figure 3), as indicated
by NMR investigations (1H, ROESY). This interconversion
amounts to the largest change in dimension observed up to
now, from a height of 11.6 N for the height of the helix
6H[8a] to a calculated length of 70 N for the fully extended
form in the 6LPb10 complex (Table 6). A related process in-
volving the binding of nine PbII ions gave a change from
11 N to 60 N.[3] The very high nuclearity, [6G6], [8G8], and
[10G10] grid-type architectures were not obtained.


Figure 10. a) Geometric details for the molecular X-ray structure of 1aGPb4 in the solid state (CF3SO3
� ions omitted for clarity); b) space-filling repre-


sentation ; c) side-view with the four triflate anions located in the grid, in the spaces between two ligand planes. The indicated distances are internuclear
(centroid-to-centroid) distances; d) packing of the grid complexes in the crystal (anions and solvent molecules are omitted for clarity); 1 (top) and 2
(middle): view perpendicular to the planes of the ligands; 3 (bottom): view perpendicular to the transversal plane of the grid (the plane generated by the
PbII cations).


Figure 11. Representation of the dinuclear PbII rack btpPb2. a) Structure
of the complex; b) space-filling representation of the crystal structure
showing only ligand btp and the two PbII cations.


Figure 12. Interconversion between the free 2-sites ligand 1a, the [2G2]
grid-type complex 1aGPb4 and the linear complex 1aLPb2 upon binding
of lead(ii) ions in different stoichiometries.


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4503 – 45224512


J.-M. Lehn et al.



www.chemeurj.org





Related complexes were also prepared with Zn ACHTUNGTRENNUNG(OTf)2 and
characterized in a similar manner by 1H NMR spectroscopy:
[2G2] grids with 1a, 1j, and 1m and linear complexes with
1a, 1e, 1g, 1i, 1j, and 1n.


pH-fuelled nanomechanical extension/contraction motions
by ligand uncoiling/coiling : Dynamic interconversion be-
tween the helical H and linear L forms of the present molec-
ular strands (Figure 1 and Figure 3) was produced by cou-
pling the ion binding process by ligands 1–4 to that of a
competing ligand, whose ion affinity could be modulated by
acid/base changes, in analogy to earlier experiments.[3] Se-
questering of lead(II) ions from the rack-type complexes
LPbn, containing the L forms of the ligands, was accomplish-
ed (in CDCl3/CD3CN) using N(CH2CH2NH2)3 (tren) as com-
plexing agent.[9] It results in spontaneous coiling of the free
ligand thus liberated, to give the corresponding helical form
H. On acidification with CF3SO3H, protonation of the com-
plex ACHTUNGTRENNUNG[PbII, tren] formed takes place, releasing the metal ion
which binds again to the helical ligand H to regenerate
LPbn.


In the case of the 4-sites ligand 3, the sequence of process-
es generated by complexation and acid-base neutralization
is the following (solvent CDCl3/CD3CN 1/1):


* uncoiling of the ligand strand by complexation with
metal ions:
helical ligand 3H + 4 PbII ! linear complex 3LPb4


* tren-complex formation:
linear complex 3LPb4 + 4 tren ! helical ligand 3H + 4
[PbII,tren]


* acidification and release of PbII:
helical ligand 3H + 4 [PbII,tren] + 12H+ ! linear com-
plex 3LPb4 + 4 ACHTUNGTRENNUNG[trenH3]


3+


* basification and sequestering of PbII:
linear complex 3LPb4 + 4 ACHTUNGTRENNUNG[trenH3]


3+ + 12Et3N ! heli-
cal ligand 3H + 4 [PbII,tren] + 12Et3NH+ .


In the case of ligand 4, the pH-dependent interconver-
sions involving the same steps were effected with lead(ii) tri-
flate and were monitored by 400 MHz 1H NMR in a 2/3
CDCl3/CD3CN solvent mixture for PbII. The reversibility of
the phenomena and their fast rate (within the time required
for recording the spectra) were indicated by NMR measure-
ments as shown in Figure 15. The processes taking place in
all these pH-induced interconversions are summarized in
Figure 16 for the 4H/4LM6 couple (MII=PbII).


In the case of the longest strand 6 it was difficult to find a
mixture of CDCl3 and CD3CN able to dissolve the ligand as
well as the complex, so the interconversions were effected
by evaporating alternatively the appropriate pure solvents.


To determine the amplitude
of the extension, it is necessary
to estimate the length of the
strands involved in the process,
taking the solid state molecu-
lar structure as basis (Figure 3,
Figure 8 and Figure 14). For
the H form of the free ligand
molecules, the height of the
coiled, folded strand can be
determined from the X-ray


Figure 13. 300 MHz 1H NMR observation of the conversion of the curved
ligand 1a into grid-type species 1aGPb4, and then into linear rack com-
plex 1aLPb2 by addition of one and two equivalents of PbACHTUNGTRENNUNG(OTf)2, respec-
tively (solvent CD3CN/CDCl3 4/1).


Figure 14. Interconversion between the free 4-sites helical ligand 3, the
[4G4] grid-type architecture 3GPb16 and the linear complex 3LPb4 upon
binding of lead(ii) ions in different stoichiometries.


Table 6. Amplitude (rounded values) and extension factor of the extension/contraction H Q LMn motions for
the molecular strands 2–6 (all distances are internuclear, centroid-to-centroid, distances).


Helical strand h [N][a] Method Complex
LMn


l [N][b] Method Extension
amplitude
Dl= l�h(N)


Extension
factor (%)
100 ACHTUNGTRENNUNG(l�h)/h


2 3.5 X-ray 2LPb3 26 estimated 22 630
3 4.5 X-ray 3LPb4 32.2 X-ray 28 620
4 7.2 X-ray 4LPb6 46 estimated 39 540
5 10 estimated 5LPb8 59 estimated 49 490
6 11.6 X-ray 6LPb10 70 estimated 58 500


[a] h=height of the helical strand. [b] l= length of the ligand strand in the complex LMn.
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data,[8a] as the height h of the cylinder containing the molec-
ular helix.


For the complex LMn incorporating the uncoiled form of
the strands, the crystallographic data for the 2- and 4-sites
racks (Figure 8) can be used to estimate the length l of the
other (3-, 4-, 6-, 8-, and 10-sites) linearized strands. The re-
sulting distances and calculated amplitudes l–h of the exten-
sion/contraction motions are given in Table 6 (all distances
are internuclear, centroid-to-centroid, distances).


Adding sequentially tren, CF3SO3H and then Et3N to the
ligand/metal ion system, thus generates an alternating exten-


sion/contraction linear molecular mechanical motion of arti-
ficial muscle type.[10] It displays very large stroke amplitudes
(up to about 58 N for 6 ; extension factors 100 ACHTUNGTRENNUNG(l�h)/h of
about 500–600%) compared to known biological or synthet-
ic molecular entities,[1d] is induced by an ionic process and is
fuelled by acid/base neutralization.


The extension/contraction process performed by the heli-
cal ligands 2–6 (Figure 3) on binding of metal ions, amount
to a two-stroke linear motor type of nanomechanical action,
fuelled by acid/base neutralization.


Energetic analysis of the molecular motions : Without taking
into account the p–p stacking energy, the work Wn required
to transform the helical ligand into its extended, linear form
(Figure 17) is the total energy necessary to convert all N-C-
C-N transoid (in the helix) conformations into cisoid ones.
Values of 25–30 kJmol�1 have been calculated for the con-
version of 2,2’-bipyridine from its transoid to its cisoid
form[11a–d] and an energy difference of about 33 kJmol�1 has
been obtained for the same conversion in the py–pym
case.[11e] Assuming that a hydrazone has features comparable
to a pyridine group, there are two such transoid-to-cisoid
torsions (each amounting to about 30 kJmol�1) per terpy-
like pym–hyz–pym coordination subunit. Thus, for a ligand
having n such sites, the total molar work to be spent for
fully extending the helical form to the linear one is Wn=


60n kJmol�1, the molecular value being Wnm=Wn/NA. In
fact, this value of Wn is a lower limit, as the stacking energy,
which should further stabilize the helical shape is not taken
into account. Although these motional processes are of
Brownian nature, if one wishes to translate this into the
macroscopic language of force, the energy required for per-
forming the molecular uncoiling can be used to define an
average force: FnACHTUNGTRENNUNG(H,L)=Wnm/Dl=Wnm/ ACHTUNGTRENNUNG(l�h)=�FnACHTUNGTRENNUNG(L,H),
which is also the return force for the molecule to coil up
from a given extended form (Figure 17). It amounts to
roughly 150 pN for the five strands. The corresponding
energy and force values are presented in Table 7.


One may roughly estimate the free energy of the four
types of reactions taking place in the coiling/uncoiling pro-
cesses (Figure 16; [Eqs. (1)–(4)]):


* ligand complexation:


H þ nM ! LMn nDG1 ð1Þ


* tren complexation:


tren þ M ! trenM DG2 ð2Þ


* tren protonation:


tren þ 3Hþ ! ½trenH3�3þ DG3 ð3Þ


* triethylamine protonation:


Et3N þ Hþ ! Et3NHþ DG4 ð4Þ


Figure 15. Proton NMR (400 MHz) observation of the reversible uncoil-
ing/coiling structural switching between the helical ligand 4H and the
complex 4LPb6 (in CDCl3/CD3CN 2/3), following the cycle displayed in
Figure 16. The aromatic domain (top) of the spectra is amplified by a
factor of 16 with respect to the aliphatic region (bottom). The large peak
at d=6.63 ppm in the fourth spectrum is due to the presence of TfOH.
Sequestering of the PbII ions from the complexes is accomplished with
the competing ligand N(CH2CH2NH2)3 (tren).
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The solvent considered here is acetonitrile. The free ener-
gies for the full process were estimated for the case of
lead(ii). DG1 is the free energy of the complexation reaction
of the 1-site ligand 12 (obtained from pyridinecarboxalde-
hyde and 2-(methylhydrazino)pyridine; Scheme 2) with lead
triflate (n=1) yielding the complex 12Pb. The complexation
free energy of the larger ligands was considered equal to
nDG1 (n being the number of coordination subunits of the
ligand), not taking into account the p–p stacking energy or
other secondary contributions.


The complexation of the helical ligand to give the polynu-
clear complex can be considered as composed of two dis-
tinct processes (Figure 18):


* the uncoiling of the ligand without coordination, to give
an all-cisoid uncoordinated form (H!L energy differ-
ence Wn ; Table 7), for which the free energy is nDG1a>0,
because the coiling is spontaneous and the coiled form is
the stable one;


* the binding of the metal ions to the preorganized n py-
hyz-pym coordination sites of the extended form, whose
free energy is nDG1b<0.


For the molecular extension to take place, the coordina-
tion free energy of the metal cations (PbII) to the ligand
strand must be larger than Wn, assuming that Wn is a meas-
ure of the free energy of the H to L conversion (Figure 18).


The nDG1 value for a n-site ligand represents the summa-
tion of the two free energies: nDG1=nDG1a + nDG1b with
nDG1<0, as coordination leads to uncoiling (Figure 18).


Free enthalpy values nDG1 were calculated from DG1=


�RTlnK1, where K1 is the corresponding equilibrium con-
stant (T=298 K). K1 was determined by spectrophotometric
UV titration of the 1-site ligand 12 with Pb ACHTUNGTRENNUNG(OTf)2 in aceto-
nitrile. K3 was estimated for the reaction in acetonitrile, cor-


Figure 16. Acid-base fuelled reversible extension/contraction motion generated by uncoiling/coiling of a helical molecular strand (4H) on metal ion
(PbII) binding. It is triggered by the sequential sequestering and release of the metal ions by the competing ligand tren [N(CH2CH2NH2)3], induced by
protonation/neutralization reactions; TfOH=CF3SO3H.


Figure 17. Geometric parameters of the conversion of a helical ligand
(H) of height h (the height of the cylinder in which the helix can be in-
scribed) into its fully stretched linear form (L) of length l.


Table 7. Extension work and force values for the conversion HQL con-
version of the molecular strand 2–6 containing n pym-hyz-pym subunits
(see Figure 17).


Ligand
strand


n Wn=60n
ACHTUNGTRENNUNG[kJmol�1]


Wnm=60n/NA


[J per molecule]
Fn ACHTUNGTRENNUNG(H,L)=
Wnm/Dl [pN]


2 3 180 30G10�20 135
3 4 240 40G10�20 140
4 6 360 60G10�20 155
5 8 480 80G10�20 165
6 10 600 100G10�20 170
average
value


150


Figure 18. Thermodynamic representation of the two processes of the for-
mation of the linear complex LMn from the helical ligand strand H : un-
coiling of the helical ligand (H!L, nDG1a) and binding of metal ions to
the linear form (L + nM!LMn, nDG1b). Wn is assumed to be a measure
of nDG1a.
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recting the pKa value in water[12] by adding an average of 7.7
units to take into account the passage from water to acetoni-
trile in the case of amines.[13] K4 was taken from the litera-
ture.[13] The following values were obtained: K1=108.2m�1,
DG1=�47 kJmol�1; K3=1052.4m�3, DG3=�299 kJmol�1;
K4=1018.5m�1, DG4=�105 kJmol�1.


The reversible interconversion between a helical ligand
strand L of n subunits and its linear complex LMn proceeds
via the following set of steps (Figure 16; MII=PbII;
[Eqs. (5)–(8)]):


* step I:


H þ nM ! LMn nDG1 ð5Þ


* step II:


LMn þ n tren ! H þ n trenM nðDG2�DG1Þ ð6Þ


* step III:


H þ n trenM þ 3nHþ ! LMn


þ n ½trenH3�3þ nðDG3�DG2 þ DG1Þ
ð7Þ


* step IV:


LMn þ n ½trenH3�3þ þ nEt3N ! H þ n trenM


þ 3nEt3NHþ nð3DG4�DG3 þ DG2�DG1Þ
ð8Þ


* subsequent odd and even steps are repeats of steps III
and IV, respectively.


As the binding constant of PbII with tren was not availa-
ble, following earlier work,[3] we used as benchmark for ther-
modynamic calculations the value for the complexation of
PbII with the cryptand [2.2.2][14a, c] (K2’=1013m�1, DG2’=
�74 kJmol�1; in methanol); even higher stability may be ex-
pected in a chloroform/acetonitrile mixture as well as the
free energy of diprotonation[14b,c] of this ligand (DG3’=
�112 kJmol�1). Consequently, steps II, III, and IV are re-
written as shown in Equations (9)–(11):


* step II:


LMn þ n ½2:2:2� ! H þ n ½M � 2:2:2� nðDG2
0�DG1Þ


ð9Þ


* step III:


H þ n ½2:2:2� þ 2n Hþ ! LMn


þ n ½2Hþ � 2:2:2� nðDG3
0�DG2


0 þ DG1Þ
ð10Þ


* step IV:


LMn þ n ½2Hþ � 2:2:2� þ 2nEt3N ! H þ n ½M � 2:2:2�
þ 2nEt3NHþ nð2DG4�DG3


0 þ DG2
0�DG1Þ


ð11Þ


The molar values DGmolar per subunit are listed in Table 8.
The corresponding molecular values DGmolecular are obtained


by dividing the molar values by AvogadroSs number NA:
DGmolecular=DGmolar/NA.


The “useful” energies, in terms of molecular mechanical
motions, are those of the extensions (5) and the contractions
Wn (Table 7). The available work in extension (5), nDG1, re-
sults from the excess of the coordination free energy of PbII


over the energy required for the uncoiling of the ligand (see
Table 9). The contraction energy Wn becomes available as


soon as the ligand tren has sequestered the metal ions and
generated the free extended strand L. In the language of
force, the extension develops an average push FnACHTUNGTRENNUNG(H,LMn)=
�nDG1molecular/Dl=�nDG1molecular/ ACHTUNGTRENNUNG(l�h) of 120 pN per mole-
cule (Table 9) and the contraction corresponds to a pull Fn-
ACHTUNGTRENNUNG(L,H) (Table 7).


One may note that the energies available for the “for-
ward” (H!LMn) and “backward” (L!H) motions are dif-
ferent as they correspond to different processes. When the
complexing agent is the cryptand [2.2.2], the energy con-
sumed in the process is that of the protonation of Et3N, that
is, 2G105=210 kJmol�1. The energy wasted in the linear
engine motions amounts to the excess of the energy con-
sumed over the work developed in the extension, that is,
210�47 ~163 kJmol�1 per ligand site/metal ion bound.


A “macroscopic” way to look at the force Fn ACHTUNGTRENNUNG(H,LMn) is to
consider the mass of the object that, connected to one end,
would be pushed up by means of the extension of such a
helical strand fixed onto a surface by its other end. Thus,
ACHTUNGTRENNUNGFn ACHTUNGTRENNUNG(H,LMn)=m·g, where g=9.8 ms�2. For an average value
of Fn ACHTUNGTRENNUNG(H,LMn) of 120 pN we obtain m=Fg�1 
12 ng. These
values of the force may be compared with that of 200 pN of
the calculated force developed by a molecular elevator[15]


Table 8. Molar and molecular free energy values per coordination subu-
nit for the steps occurring in the reversible interconversion of a helical
ligand strand H and the corresponding linear PbII complex LMn (calcula-
tions for cryptand [2.2.2] as complexing agent).


Free energy DGmolar


ACHTUNGTRENNUNG[kJmol�1]
DGmolecular


[J per molecule]


DG1 �47 �8G10�20


DG2’-DG1 �27 �5G10�20


DG3’-DG2’+DG1 �85 �14G10�20


2DG4-DG3’+DG2’-DG1 �125 �21G10�20


Table 9. Extension work and force values for the conversion HQLMn


conversion of the molecular strand 2–6 containing n pym-hyz-pym subu-
nits (see Figure 17).


Ligand
strand


n �nDG1=47n
ACHTUNGTRENNUNG[kJmol�1]


�nDG1molecular=


�nDG1/NA=


47n/NA


[J per molecule]


Fn ACHTUNGTRENNUNG(H,LMn)=
�nDG1molecular/Dl
[pN]


2 3 140 23G10�20 105
3 4 190 31G10�20 110
4 6 280 46G10�20 118
5 8 375 62G10�20 130
6 10 470 78G10�20 134
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made of a platformlike component interlocked with a trifur-
cated riglike component.


Conclusion


The efficient synthetic access to helical ligands of type 1–6,
by means of hydrazine-carbonyl condensations,[7,8a] provides
a very attractive entry into the generation of a range of
novel metallosupramolecular architectures, as well as into
the further exploration of chemically induced and fuelled
molecular mechanical processes. In particular, these ligands
allow for easy derivatization, thus opening the possibility to
introduce various side group decorations, in particular bio-
logical residues, and to design integrated devices bearing
functional components. Furthermore, the reversible inter-
conversion between helically wrapped and linearly extended
forms induces positional changes in the groups attached,
thus modulating both their internal interactions as well as
their interactions with external entities (large molecules, ACHTUNGTRENNUNGe.g.
proteins, surfaces etc.). Such investigations are being active-
ly pursued.


Experimental Section


Materials and general methods : The following reagents were prepared as
previously described: 1a–1d, 1j–1 l, 2–6, 8a,c,[7] 9a,[16] 10b,[17] 10c,[18] 2-an-
thracenyle-4,6-dichloropyrimidine.[19] The following reagents were pur-
chased from commercial sources: triethylamine (Lancaster, 99%), tren
(Lancaster), triflic acid (Aldrich), methylhydrazine (Fluka), 2-pyridine-
carboxaldehyde (7a, Aldrich), 2-acetylpyridine (7b, Aldrich), 2-quinoli-
naldehyde (7c, Aldrich), 3-chloro-2-hydroxypyridine (Aldrich), octade-
cylbromide (Fluka), Zn ACHTUNGTRENNUNG(OTf)2 (Aldrich), CD3CN (Eurisotop), CD3NO2


(Aldrich), CDCl3 (Eurisotop; keep on basic alumina).


500 MHz 1H and 104.3 207Pb NMR spectra were recorded on a Bruker
Ultrashield Avance 500 Spectrometer, 400 MHz 1H and 100 MHz
13C NMR spectra were recorded on a Bruker Ultrashield Avance 400
Spectrometer, 300 MHz 1H and 75 MHz 13C NMR spectra were recorded
on a Bruker AM 300 spectrometer. The solvent signal was used as an in-
ternal reference for both 1H and 13C NMR spectra.[20] For 207Pb the refer-
ence was PbACHTUNGTRENNUNG(OTf)2 (d=6480.7 ppm). The following notation is used for
the 1H NMR spectral splitting patterns: singlet (s), doublet (d), triplet (t),
multiplet (m).


2D-NMR used experiments were: COSY (correlation spectroscopy),
HMQC (heteronuclear multiple-quantum correlation (coherence)),
NOESY (nuclear Overhauser enhancement spectroscopy or nuclear
Overhauser and exchange spectroscopy), ROESY (rotating-frame Over-
hauser enhancement (effect) spectroscopy). Concentrated solutions of
complexes (0.05–0.1m) were used to record 207Pb 1D spectra or 1H–207Pb
HMQC.


Mass spectrometry measurements were performed by the Service de
Spectrom7trie de Masse, Universit7 Louis Pasteur. Melting points were
recorded on a BVchi Melting Point B-540 apparatus and are uncorrected.
Microanalyses were performed by the Service Central de Microanalyse
du CNRS, Facult7 de Chimie, Strasbourg or at FZK, Karlsruhe.


Stability constant determination were performed with LETAGROP-
SPEFO software, using data obtained by UV/Vis titration of ligand 12
with solutions of Pb ACHTUNGTRENNUNG(OTf)2 in acetonitrile. UV/VIS Spectra were recorded
on a Varian-Cary-3 spectrometer or on a Jasco V-560 spectrometer.


Ligand synthesis


Quinoline-2-carboxaldehyde (pyrimidine-4,6-diyl)bis(methylhydrazone)
(1e): A suspension of 2-quinolinaldehyde 7c (56 mg, 0.356 mmol) and 8a


(30 mg, 0.179 mmol) in EtOH (10 mL) was heated to reflux for 20 h.
Then, the mixture was cooled and filtered. The precipitate was washed
with EtOH and dried for 10 h under high vacuum: 1e (62 mg, 78%). Yel-
lowish solid. M.p. 315 8C. 1H NMR (300 MHz, CDCl3): d=8.51 (d, J=
1 Hz, 1H), 8.37 (d, J=8.7 Hz, 2H), 8.22 (d, J=8.7 Hz, 2H), 8.10 (d, J=
8 Hz, 2H), 8.07 (s, 2H), 8.04 (d, J=1 Hz, 1H), 7.90 (dd, J=1, 8.2 Hz,
2H), 7.77 (ddd, J=1.3, 7, 8.2 Hz, 2H), 7.59 (ddd, J=1.3, 7, 8 Hz, 2H),
3.77 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=162.76, 156.93,
154.69, 136.90, 136.63, 130.38, 128.52, 127.88, 127.71, 127.14, 117.89,
117.62, 89.47, 30.11 ppm; HRMS (FAB-MS): calcd for [C26H22N8+H]+ :
447.2046; found: 447.2049; elemental analysis (%) calcd for C26H22N8: C
69.94, H 4.97; found: C 69.75, H 5.13.


Quinoline-2-carboxaldehyde [2-(9-anthracenyl)-pyrimidine-4,6-diyl]bis
(methylhydrazone) (1f): A suspension of 7c (28 mg, 0.178 mmol) and 8e
(30 mg, 0.087 mmol) in EtOH (5 mL) was heated to reflux for 24 h.
Then, the mixture was cooled and filtered. The precipitate was washed
with EtOH and dried for 10 h under high vacuum: 1 f (28 mg, 52%).
White solid. M.p. >350 8C (decomp). 1H NMR (400 MHz, CDCl3; the
compound has a poor solubility): d=8.57 (s, 1H), 8.47 (d, J=8.2 Hz,
2H), 8.28 (d, J=9.1 Hz, 2H), 8.21 (s, 1H), 8.14–8.05 (m, 6H), 7.95–7.88
(m, 4H), 7.81–7.75 (m, 3H), 7.66–7.60 (m, 2H), 7.52–7.40 (m, 4H),
3.75 ppm (s, 6H); 13C NMR could not be obtained due to poor solubility;
FAB-MS: m/z (%): 623.0 (100) [M+H]+ ; HRMS (FAB-MS): calcd for
[C40H30N8+H]+ : 623.2672; found: 623.2669.


Quinoline-2-carboxaldehyde (pyrimidine-4,6-diyl)bis(hexylhydrazone)
(1g): A suspension of 7c (31 mg, 0.197 mmol) and 8c (30 mg,
0.097 mmol) in EtOH (5 mL) was heated to reflux for 4 h. Then, the mix-
ture was cooled and filtered. The precipitate was washed with EtOH and
dried for 10 h under high vacuum: 1g (52 mg, 91%). White solid. M.p.
196 8C. 1H NMR (300 MHz, CDCl3): d=8.50 (s, 1H), 8.34 (d, J=8.6 Hz,
2H), 8.15 (d, J=8.6 Hz, 2H), 8.09 (d, J=8.5 Hz, 2H), 8.03 (s, 2H), 7.92
(s, 1H), 7.85 (d, J=8 Hz, 2H), 7.74 (t, J=7.3 Hz, 2H), 7.56 (t, J=7.4 Hz,
2H), 4.36 (t, J=7.5 Hz, 4H), 1.75–1.65 (m, 4H), 1.50–1.25 (m, 12H),
0.89 ppm (t, J=6.7 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=162.63,
157.13, 155.42, 148.05, 136.59, 135.91, 129.95, 129.11, 127.90, 127.71,
126.78, 117.70, 89.08, 42.33, 31.67, 26.70, 25.26, 22.70, 14.10 ppm; FAB-
MS: m/z (%): 587.3 (100) [M+H]+ ; HRMS (FAB-MS): calcd for
[C36H42N8+H]+ : 587.3611; found: 587.3611; elemental analysis (%) calcd
for C36H42N8: C 73.69, H 7.21, N 19.10; found: C 73.52, H 6.83, N 19.39.
Pyridine-2-carboxaldehyde [2-(9-anthracenyl)-pyrimidine-4,6-diyl]bis
(methylhydrazone) (1h): A solution of 2-pyridinecarboxaldehyde 7a
(25 mg, 0.234 mmol) and 8e (40 mg, 0.116 mmol) in EtOH (5 mL) was
heated to reflux for 24 h. Then, the mixture was cooled and filtered. The
precipitate was washed with EtOH and dried for 10 h under high
vacuum: 1h (33 mg, 54%). White solid. M.p. 343 8C. 1H NMR (300 MHz,
CDCl3): d=8.64 (d, J=4.4 Hz, 2H), 8.55 (s, 1H), 8.26 (d, J=7.9 Hz,
2H), 8.08 (s, 1H), 8.06 (d, J=9 Hz, 2H), 7.92 (s, 2H), 7.90 (d, J=9 Hz,
2H), 7.77 (td, J=7.6, 1.2 Hz, 2H), 7.50–7.38 (m, 4H), 7.32–7.28 (m, 2H),
3.67 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=164.88, 163.37, 155.23,
149.49, 137.15, 136.19, 134.82, 131.53, 129.55, 128.48, 127.61, 126.27,
125.79, 125.14, 123.08, 119.55, 87.13, 30.01 ppm; FAB-MS: m/z (%): 523.0
(100) [M+H]+ ; HRMS (FAB-MS): calcd for [C32H26N8+H]+ : 523.2359;
found: 523.2345.


2-Acetylpyridine (pyrimidine-4,6-diyl)bis(methylhydrazone) (1 i): A solu-
tion of 2-acetylpyridine 7b (44 mg, 0.364 mmol) and 8a (30 mg,
0.179 mmol) in EtOH (2 mL) was heated to reflux for 4 h. Then, the mix-
ture was cooled, concentrated under vacuum to 0.2–0.3 mL, cooled on
ice, and filtered. The precipitate was dried for 10 h under high vacuum:
1 i (45 mg, 67%). Yellow solid. M.p. 156 8C. 1H NMR (300 MHz, CDCl3):
d=8.60 (d, J=4.4 Hz, 2H), 8.47 (s, 1H), 8.12 (d, J=8 Hz, 2H), 7.53 (dt,
J=7.8, 1.2 Hz, 2H), 7.32–7.22 (m, 2H), 6.34 (s, 1H), 3.46 (s, 6H),
2.48 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=165.79, 163.99, 156.95,
155.72, 148.76, 135.99, 124.33, 120.96, 87.35, 38.28, 16.28 ppm; FAB-MS:
m/z (%): 375.2 (100) [M+H]+ ; HRMS (FAB-MS): calcd for [C20H22N8+


H]+ : 375.2046; found: 375.2049; elemental analysis calcd (%) for
C20H22N8: C 64.15, H 5.92; found: C 64.02, H 5.62.


2-Phenylpyrimidine-4,6-dicarboxaldehyde bisACHTUNGTRENNUNG[methyl(3-octadecyloxy-2-
yl)hydrazone] (1m): A solution of 9b (80 mg, 0.205 mmol) and 10b
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(21 mg, 0.099 mmol) in EtOH (2 mL) was heated to reflux for 4 h. Then,
the mixture was cooled, concentrated under vacuum to 0.2–0.3 mL, and
MeCN (0.5 mL) was added. The solution was cooled on ice, to precipitate
the product. The precipitate was dried for 10 h under high vacuum: 1m
(40 mg, 42%). Yellow solid. M.p. 64 8C. 1H NMR (400 MHz, CDCl3): d=
8.46 (dd, J=1, 7.9 Hz, 2H), 8.31 (s, 1H), 7.97 (dd, J=1.2, 4.7 Hz, 2H),
7.60 (s, 2H), 7.52–7.45 (m, 3H), 7.20 (d, J=7 Hz, 2H), 7.02 (dd, J=4.7,
7.9 Hz, 2H), 3.88 (t, J=7 Hz, 4H), 3.59 (s, 6H), 1.75–1.60 (m, 4H), 1.35–
1.00 (m, 60H), 0.88 ppm (t, J=6.7 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d=164.41, 162.32, 148.49, 147.66, 138.68, 138.43, 131.91, 130.03,
128.36, 128.11, 120.76, 120.19, 107.90, 69.11, 35.32, 31.91, 29.69, 29.64,
29.62, 29.57, 29.39, 29.35, 29.25, 29.00, 25.79, 22.67, 14.10 ppm. FAB-MS:
m/z (%): 959.8 (64) [M+H]+ ; HRMS (FAB-MS): calcd for [C60H94N8O2+


H]+ : 959.7578; found: 959.7564.


Pyrimidine-4,6-diacetyl bis ACHTUNGTRENNUNG[methyl(pyridin-2-yl)hydrazone] (1n): A solu-
tion of 9a (60 mg, 0.488 mmol) and 10c (40 mg, 0.244 mmol) in EtOH
(2 mL) was heated to reflux for 4 h. Then, the mixture was cooled and fil-
tered. The precipitate was dried for 10 h under high vacuum: 1n (41 mg,
45%). Yellow solid. M.p. 132 8C. 1H NMR (400 MHz, CDCl3): d=9.23
(d, J = 1.2 Hz, 1H), 8.87 (d, J = 1.2 Hz, 1H), 8.30 (d, J = 3.8 Hz, 2H),
7.57-7.48 (m, 2H), 7.30 (d, J = 8.5 Hz, 2H), 6.83 (dd, J = 6.7, 5.6 Hz,
2H), 3.63 (s, 6H), 2.56 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d =


163.24, 160.06, 158.04, 154.85, 147.20, 137.15, 115.89, 112.81, 110.43, 39.21,
16.33 ppm; FAB-MS: m/z (%): 375.2 (100) [M+H]+ ; HRMS (FAB-MS):
calcd for [C20H22N8+H]+ : 375.2046; found: 375.2041; elemental analysis
calcd (%) for C20H22N8: C 64.15, H 5.92; found: C 63.77, H 5.91.


2-(9-Anthracenyl)-4,6-bis(1-methylhydrazino)pyrimidine (8e): Under
magnetic stirring, 2-anthracenyle-4,6-dichloropyrimidine[19] (100 mg,
0.308 mmol) was slowly added in portions to methylhydrazine (4 g,
10.853 mmol). The mixture was refluxed for 2 h under Ar. After the mix-
ture had been allowed to cool, methylhydrazine was evaporated and the
solid was dried under vacuum for 10 h: 8e (quantitatively), NMR pure
and so used without further purification. White solid. M.p. 302 8C (de-
comp).1H NMR (400 MHz, CDCl3): d=8.48 (s, 1H), 8.01 (d, J=8.3 Hz,
2H), 7.86 (d, J=8.8 Hz, 2H), 7.46–7.35 (m, 4H), 6.22 (s, 1H), 4.16 (s,
large, 4H), 3.29 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=164.93,
164.69, 135.59, 131.54, 129.31, 128.30, 127.05, 126.41, 125.42, 124.97, 78.76,
40.03 ppm; FAB-MS: m/z (%): 345.2 (100) [M+H]+ ; HRMS (FAB-MS):
calcd for [C20H20N6+H]+ : 345.1841; found: 345.1836.


2-(1-Methylhydrazino)-3-octadecyloxypyridine (9b): Under magnetic stir-
ring, 11b (200 mg, 0.524 mmol) was slowly added in portions to methyl-
hydrazine (10 g, 217.391 mmol). The mixture was refluxed for 26 h under
Ar. After the mixture had been allowed to cool, methylhydrazine was
evaporated, K2CO3 (72 mg, 0.524 mmol) and CHCl3 (20 mL) were added
to the solid residue, and the mixture was stirred during 10 min. The
liquid phase was filtered. The solid–liquid extraction procedure was re-
peated three times with CHCl3 (without adding K2CO3), and the com-
bined liquid fraction was evaporated: 9b (quant.), NMR pure and so
used without further purification. Yellowish solid. M.p. 51 8C. 1H NMR
(400 MHz, CDCl3): d=7.85 (dd, J=4.9, 1.5 Hz, 1H), 7.04 (dd, J=7.8,
1.5, 1H), 6.85 (dd, J=4.9, 7.8 Hz, 1H), 3.99 (t, J=6.5 Hz, 2H), 3.13 (s,
3H), 1.93–1.84 (m, 2H), 1.53–1.46 (m, 2H), 1.40–1.20 (m, 28H), 0.88 ppm
(t, J=6.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=154.18, 145.70,
137.96, 118.28, 117.51, 68.39, 43.70, 31.89, 29.67, 29.59, 29.55, 29.50, 29.33,
29.31, 29.13, 26.17, 22.65, 14.08 ppm; ES-MS: m/z (%): 392.38 (100)
[M+H]+ = [C24H45N3O+H]+.


2-Chloro-3-octadecyloxy-pyridine (11b): 2-Chloro-3-hydroxypyridine
(200 mg, 1.550 mmol), octadecylbromide (517 mg, 1.55 mmol), K2CO3


(430 mg, 3.110 mmol) and DMF (10 mL) were stirred for 8 h under Ar,
at 65 8C. After the mixture had been allowed to cool, the DMF was re-
moved under vacuum, then water (20 mL) was added, and the solution
was extracted with CHCl3 (2G10 mL) The organic phase was evaporated
and dried under vacuum for 10 h: 11b (quantitatively), NMR pure and
so used without further purification. White solid. M. p. 62 8C (after purifi-
cation by filtration on alumina; solvent CHCl3).


1H NMR (400 MHz,
CDCl3): d=7.96 (t, J=3.1 Hz, 1H), 7.17 (d, J=3.1 Hz, 2H), 4.02 (t, J=
6.6 Hz, 2H), 1.90–1.80 (m, 2H), 1.55–1.45 (m, 2H), 1.35–1.00 (m, 28H),
0.88 ppm (t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=151.29,


141.11, 140.21, 123.00, 120.02, 69.28, 31.91, 29.68, 29.64, 29.55, 29.51,
29.35, 29.26, 28.89, 25.89, 22.67, 14.10 ppm; ES-MS: m/z (%): 382.30
(100) [M+H]+ = [C23H40ClNO+H]+ .


Pyridine-2-carboxaldehyde-(pyridine-2-yl)methylhydrazone (12): A solu-
tion of 7a (52 mg, 0.488 mmol) and 9a (60 mg, 0.488 mmol) in EtOH
(3 mL) was heated to reflux for 3 h. Then, the mixture was cooled and
water (5 mL) was added. The precipitate was dried for 10 h under high
vacuum: 12 (90 mg, 87%). White solid. M. p. 105 8C. 1H NMR (400 MHz,
CDCl3): d=8.57 (ddd, J=5.0, 1.5, 0.9 Hz, 1H), 8.24 (ddd, J=5.0, 1.8,
0.9 Hz, 1H), 8.02 (d, J=8 Hz, 1H), 7.76 (s, 1H), 7.74 (d, J=8.5 Hz, 1H),
7.70 (td, J=7.6, 1.5 Hz, 1H), 7.61 (ddd, J=8.5, 7.3, 1.8 Hz, 1H), 7.18
(ddd, J=7.6, 4.8, 1 Hz, 1H), 6.82 (ddd, J=7, 5, 0.9 Hz, 1H), 3.70 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=157.43, 155.39, 149.20, 146.98,
137.50, 136.22, 134.70, 122.41, 119.24, 116.12, 110.03, 29.60 ppm; ES-MS:
m/z (%):213.10 (100) [M+H]+ = [C12H12N4+H]+ ; elemental analysis
calcd (%) for C12H12N4: C 67.90, H 5.70; found: C 67.92, H 5.73.


Synthesis of the metal complexes: The complexes were prepared by dis-
solution of the ligand in a solution consisting from the metal triflate and
the solvent (CH3CN, CH3NO2 or a mixture; CD3CN, CD3NO2 for NMR
observation). In the case of the grid, the stoichiometry metal ion: ligand
must be respected; in the case of the rack, an excess of metal ion can be
used. The chemical shift may slightly change depending on the solvent,
on the concentration of the complex and, for the rack-type complexes, on
the excess of metal ion.


1aGPb4 : The complex was obtained by mixing 1a (2 mg, 5.78 mmol,
1 equiv) and Pb ACHTUNGTRENNUNG(OTf)2 (2.92 mg, 5.78 mmol, 1 equiv) in CD3CN (0.5 mL),
which leads to complete dissolution of the ligand; yellow solution.
1H NMR (400 MHz, CD3CN): d=8.53 (s, 8H), 8.49 (s, 4H), 8.40 (d, J=
4.9 Hz, 8H), 7.98 (t, J=7.3, 8H), 7.83 (d, J=7.9 Hz, 8H), 7.27 (t, J=
6.1 Hz, 8H), 6.76 (s, 4H), 3.75 ppm (s, 24H); ES-MS: m/z calcd for
[1a4Pb4ACHTUNGTRENNUNG(OTf)6]


2+ = [C78H72F18N32O18Pb4S6]
2+ : 1555.1; found: 1554.8; calcd


for [1a4Pb4ACHTUNGTRENNUNG(OTf)5]
3+ = [C77H72F15N32O15Pb4S5]


3+ : 987.1; found: 986.5;
calcd for [1a4Pb4 ACHTUNGTRENNUNG(OTf)4]


4+ = [C76H72F12N32O12Pb4S4]
4+ : 703.1; found:


702.9.


1aGZn4 : As described for 1aGPb4, with 1a (2 mg, 5.78 mmol, 1 equiv)
and Zn ACHTUNGTRENNUNG(OTf)2 (2.10 mg, 5.78 mmol, 1 equiv) in CD3CN (0.5 mL); orange
solution. 1H NMR (400 MHz, CD3CN): d=8.57 (s, 8H, HE), 7.97 (td, J=
7.8, 1.5 Hz, 8H), 7.93 (d, J=5 Hz, 8H), 7.77 (d, J=7.6 Hz, 8H), 7.36
(ddd, J=7.6, 5.0, 0.9 Hz, 8H), 7.28 (s, 4H), 7.07 (s, 4H), 4.00 ppm (s,
24H).


1aLPb2 : The complex was obtained by mixing 1a (2 mg, 5.78 mmol,
1 equiv) and Pb ACHTUNGTRENNUNG(OTf)2 (7.3 mg, 14.45 mmol, 2.5 equiv) in CD3CN
(0.5 mL), which leads to complete dissolution of the ligand; yellow solu-
tion. 1H NMR (400 MHz; CD3CN): d=9.03 (s, 1H), 8.94 (d, J=4.1 Hz,
2H), 8.74 (s, 2H), 8.23 (t, J=7.7 Hz, 2H), 8.04 (d, J=7.9 Hz, 2H), 7.81
(t, J=6.1 Hz, 2H), 6.81 (s, 1H), 3.47 ppm (s, 6H); 1H–1H NOESY; ES-
MS: calcd for [1aPb2 ACHTUNGTRENNUNG(OTf)2]


2+ = [C20H18F6N8O6Pb2S2]
2+ : 530.0; found:


529.7.


1aLZn2 : As described for 1aLPb2, with 1a (2 mg, 5.78 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (5.24 mg, 14.45 mmol, 2.5 equiv) in CD3CN (0.5 mL); stirred
overnight at 45 8C; orange solution. 1H NMR (400 MHz, CD3CN): d=


8.84 (s, 1H), 8.73 (d, J=4.4 Hz, 2H), 8.30 (s, 2H), 8.27 (t, J=7.7 Hz,
2H), 7.96 (d, J=8 Hz, 2H), 7.81 (t, J=6.4 Hz, 2H), 6.91 (s, 1H),
3.78 ppm (s, 6H).


1bLPb2 : As described for 1aLPb2, with 1b (2 mg, 5.03 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (6.35 mg, 12.58 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (400 MHz, CD3CN): d=9.11 (s, 1H), 8.97 (d, J=
4.1 Hz, 2H), 8.60 (s, 2H), 8.25 (td, J=7.9, 1.5 Hz, 2H), 8.04 (d, J=
7.6 Hz, 2H), 7.88–7.82 (m, 2H), 6.47 (s, 1H), 6.10–5.95 (m, 1H), 5.34 (d,
J=10.8 Hz, 1H), 5.18 (d, J=17.3 Hz, 1H), 4.93 ppm (s, 2H).


1cLPb2 : As described for 1aLPb2, with 1c (3 mg, 6.17 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (7.81 mg, 15.43 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (400 MHz, CD3CN): d=9.04 (s, 1H), 8.96 (d, J=
4.4 Hz, 2H), 8.73 (s, 2H), 8.27 (t, J=7.6 Hz, 2H), 8.11 (td, J=7.6, 1.2 Hz,
2H), 7.84 (dd, J=7.3, 6.4 Hz, 2H), 6.58 (s, 1H), 4.29 (t, J=8 Hz, 4H),
1.90–1.78 (m, 4H), 1.63–1.52 (m, 4H), 1.50–1.30 (m, 8H), 0.95 ppm (t,
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J=6.9 Hz, 6H); ES-MS: calcd for [1cPb2 ACHTUNGTRENNUNG(OTf)2]
2+ =


[C30H38F6N8O6Pb2S2]
2+ : 600.1; found: 599.8.


1dLPb2 : As described for 1aLPb2, with 1d (2 mg, 4.59 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (5.80 mg, 11.46 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (400 MHz, CD3CN): d=8.90–8.80 (m, 4H), 8.27 (td,
J=7.6, 1.5 Hz, 2H), 8.09 (d, J=7.6 Hz, 2H), 7.89 (d, J=7.9 Hz, 2H),
7.86–7.80 (m, 2H), 7.65 (d, J=7.9 Hz, 2H), 6.88 (s, 1H), 3.84 (s, 6H),
2.57 ppm (s, 3H).


1eLPb2 : As described for 1aLPb2, with 1e (2 mg, 4.48 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (6.80 mg, 13.45 mmol, 3 equiv) in CD3CN (0.5 mL); yellow solu-
tion. 1H NMR (400 MHz, CD3CN): d=9.21 (s, 1H), 9.03 (s, 2H), 8.82 (d,
J=8.5 Hz, 2H), 8.52 (d, J=8.5 Hz, 2H), 8.23 (d, J=7.9 Hz, 2H), 8.16 (d,
J=8.5 Hz, 2H), 8.05 (t, J=7.6 Hz, 2H), 7.85 (t, J=7.6 Hz, 2H), 6.97 (s,
1H), 3.89 ppm (s, 6H).


1eLZn2 : As described for 1aLPb2, with 1e (2 mg, 4.48 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (4.88 mg, 13.45 mmol, 3 equiv) in CD3CN (0.5 mL); yellow solu-
tion. 1H NMR (400 MHz, CD3CN): d=8.96 (s, 1H), 8.84 (d, J=8.2 Hz,
2H), 8.57 (d, J=8.8 Hz, 2H), 8.50 (s, 2H), 8.20 (d, J=8.2 Hz, 2H), 8.11
(t, J=7.6 Hz, 2H), 8.06 (d, J=8.8 Hz, 2H), 7.87 (t, J=7.6 Hz, 2H), 7.02
(s, 1H), 3.89 ppm (s, 6H).


1fLPb2 : As described for 1aLPb2, with 1 f (2 mg, 3.22 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (8.14 mg, 16.08 mmol, 5 equiv) in CD3CN (0.5 mL); orange sol-
ution. 1H NMR (400 MHz, CD3CN): d=9.16 (s, 1H), 9.05 (s, 2H), 8.77
(d, J=8.2 Hz, 2H), 8.43–8.38 (m, 2H), 8.16–8.10 (m, 4H), 7.92 (d, J=
8.5 Hz, 2H), 7.89–7.84 (m, 2H), 7.80–7.69 (m, 8H), 7.28 (s, 1H),
4.02 ppm (s, 6H).


1gLPb2 : As described for 1aLPb2, with 1g (2 mg, 3.41 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (5.17 mg, 10.24 mmol, 3 equiv) in CD3CN (0.5 mL); orange sol-
ution. 1H NMR (300 MHz, CD3CN): d=9.18 (s, 1H), 8.98 (s, 2H), 8.81
(d, J=8.4 Hz, 2H), 8.49 (d, J=8.7 Hz, 2H), 8.30–8.10 (m, 4H), 8.03 (td,
J=7.7, 1.2 Hz, 2H), 7.84 (t, J=7.1 Hz, 2H), 6.70 (s, 1H), 4.38 (t, J=
7 Hz, 4H), 1.90–1.80 (m, 4H), 1.65–1.55 (m, 4H), 1.50–1.40 (m, 8H),
0.95 ppm (t, 6H).


1gLZn2 : As described for 1aLPb2, with 1g (2 mg, 3.41 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (3.71 mg, 10.24 mmol, 3 equiv) in CD3CN (0.5 mL); yellow solu-
tion. 1H NMR (300 MHz, CD3CN): d=9.04 (s, 1H), 8.84 (d, J=8.2 Hz,
2H), 8.56 (d, J=8.6 Hz, 2H), 8.49 (s, 2H), 8.20 (d, J=7.3 Hz, 2H), 8.15–
8.05 (m, 4H), 7.87 (t, J=7.6 Hz, 2H), 6.80 (s, 1H), 4.38 (t, J=7.8 Hz,
4H), 1.90–1.80 (m, 4H), 1.65–1.35 (m, 12H), 0.93 ppm (t, J=7 Hz, 6H);
ES-MS: calcd for [1gZn2 ACHTUNGTRENNUNG(OTf)3]


+ = [C39H42F9N8O9Zn2S3]
+ : 1164.8; found:


1165.0.


1hLPb2 : As described for 1aLPb2, with 1h (2 mg, 3.83 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (9.68 mg, 19.16 mmol, 5 equiv), in CD3CN (0.5 mL); yellow sol-
ution. 1H NMR (400 MHz, CD3CN): d=9.07 (s, 1H), 8.78 (s, 2H), 8.43
(d, 2H), 8.40–8.35 (m, 2H), 8.19 (td, J=7.6, 1.8 Hz, 2H), 8.04 (d, J=
8.0 Hz, 2H), 7.90–7.65 (m, 8H), 7.11 (s, 1H), 3.91 ppm (s, 6H).


1iLPb2 : As described for 1aLPb2, with 1 i (2 mg, 5.53 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (6.75 mg, 13.37 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (300 MHz, CD3CN): d=8.95 (d, J=4.5 Hz, 2H), 8.81
(s, 1H), 8.35–8.25 (m, 4H), 8.00–7.87 (m, 2H), 6.54 (s, 1H), 3.73 (s, 6H),
2.69 ppm (s, 6H).


1iLZn2 : As described for 1aLPb2, with 1 i (2 mg, 5.53 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (4.85 mg, 13.37 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (300 MHz, CD3CN): d=8.78–7.70 (m, 3H), 8.33 (td,
J=7.8, 1.6 Hz, 2H), 8.18 (d, J=8.1 Hz, 2H), 7.87 (ddd, J=7.6, 4.9,
1.1 Hz, 2H), 6.68 (s, 1H), 3.87 (s, 6H), 2.79 ppm (s, 6H).


1jGZn4 : As described for 1aLPb2, with 1 j (2 mg, 5.78 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (2.10 mg, 5.78 mmol, 1 equiv) in CD3CN (0.5 mL); orange solu-
tion. 1H NMR (300 MHz, CD3CN/CDCl3 4/1): d=8.55 (s, 8H), 8.37 (s,
4H), 7.93 (td, J=8.1, 1.7 Hz, 8H), 7.71 (s, 4H), 7.57 (d, J=5 Hz, 8H),
7.41 (d, J=8.5 Hz, 8H), 7.01 (dd, J=7.0, 5.7 Hz, 8H), 3.88 ppm (s, 24H).


1jLPb2 : As described for 1aLPb2, with 1j (2 mg, 5.78 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (7.30 mg, 14.45 mmol, 2.5 equiv) in CD3CN (0.5 mL); orange
solution. 1H NMR (400 MHz, CD3CN): d=9.57 (s, 1H), 8.59 (d, J=
4.8 Hz, 2H), 8.48 (s, 2H), 8.12 (s, 1H), 8.09 (t, J=8.9 Hz, 2H), 7.57 (d,
J=8.2 Hz, 2H), 7.41 (t, J=6.3 Hz, 2H), 3.75 ppm (s, 6H); 207Pb NMR


(indirect observation): d=951.00 ppm; ES-MS: calcd for [1jPb2ACHTUNGTRENNUNG(OTf)2]
2+


= [C20H18F6N8O6Pb2S2]
2+ : 530.0; found: 529.7.


1jLZn2 : As described for 1aLPb2, with 1 j (2 mg, 5.78 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (5.24 mg, 14.45 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (300 MHz, CD3CN/CDCl3 4/1): d=9.35 (s, 1H), 8.45
(dd, J=1.2, 5.4 Hz, 2H), 8.25–8.10 (m, 5H), 7.56 (d, J=8.8 Hz, 2H), 7.44
(dd, J=5.2, 7.2 Hz, 2H), 3.77 ppm (s, 6H).


1kLPb2 : As described for 1aLPb2, with 1k (2 mg, 4.74 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (6.00 mg, 11.85 mmol, 2.5 equiv) in CD3CN (0.5 mL); red solu-
tion. 1H NMR (400 MHz, CD3CN): d=8.64 (s, 2H), 8.50 (d, J=4.7 Hz,
2H), 8.18–8.06 (m, 5H), 7.90–7.83 (m, 3H), 7.63 (d, J=8.5 Hz, 2H), 7.44
(t, J=6.3 Hz, 2H), 3.78 ppm (s, 6H).


1lLPb2 : As described for 1aLPb2, with 1 l (2 mg, 4.93 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (6.23 mg, 12.32 mmol, 2.5 equiv) in CD3CN (0.5 mL); orange
solution. 1H NMR (300 MHz, CD3CN): d=9.60 (s,1H), 8.68 (s, 2H), 8.60
(d, J=4 Hz, 2H), 8.18 (s, 1H), 8.12–8.03 (m, 2H), 7.72 (d, J=8.9 Hz,
2H), 7.42 (dd, J=6.7, 5.5 Hz, 2H), 4.48 (t, J=5.2 Hz, 4H), 4.06 (t, J=
6.0 Hz, 4H), 3.65 ppm (s, large, 2H); FAB-MS: calcd for [1lPb2 ACHTUNGTRENNUNG(OTf)3]


+


= [C23H22F9N8O11Pb2S3]
+ : 1269.0; found 1268.8; calcd for [1lPb2 ACHTUNGTRENNUNG(OTf)2-


H]+ = [C22H21F6N8O8Pb2S2]
+ : 1119.0; found 1118.8; ES-MS: calcd for


[1lPb2 ACHTUNGTRENNUNG(OTf)2]
2+ = [C22H22F6N8O8Pb2S2]


2+ : 560.0; found 559.7.


1mGZn4 : As described for 1aLPb2, with 1m (3 mg, 3.13 mmol, 1 equiv)
and Zn ACHTUNGTRENNUNG(OTf)2 (1.14 mg, 3.13 mmol, 1 equiv) in CD3CN (0.5 mL); red solu-
tion. 1H NMR (400 MHz, CD3CN/CDCl3 1/1): d=8.22 (s, 4H), 8.12 (t,
J=7.8 Hz, 4H), 7.84 (s, 8H), 7.65 (t, J=7.2 Hz, 4H), 7.45 (d, J=4.7 Hz,
8H), 7.09 (t, J=7.6 Hz, 4H), 6.99 (dd, J=7.8, 5.1 Hz, 8H), 6.93 (d, J=
5.1 Hz, 8H), 5.88 (d, J=7.1 Hz, 4H), 5.58 (d, J=7.0 Hz, 4H), 4.10–3.90
(m, 16H), 3.69 (s, 24H), 1.90–1.80 (m, 16H), 1.60–1.20 (m, 240H),
0.86 ppm (t, J=6.7 Hz, 24H); ES-MS: m/z calcd for [1m4Zn4 ACHTUNGTRENNUNG(OTf)6]


2+ =


[C246H376N32O26S6F18Zn4]
2+ : 2496.9, found 2496.2.


1mLPb2 : As described for 1aLPb2, with 1m (3 mg, 3.13 mmol, 1 equiv)
and Pb ACHTUNGTRENNUNG(OTf)2 (3.96 mg, 7.83 mmol, 2.5 equiv) in CD3CN (0.5 mL); red
solution. 1H NMR (400 MHz, CD3CN): d=8.65 (s, 2H), 8.12–8.02 (m,
5H), 7.86–7.78 (m, 3H), 7.71 (d, J=8.4 Hz, 2H), 7.50 (dd, J=8.4, 5.1 Hz,
2H), 4.17 (t, J=6.4 Hz, 4H), 3.86 (s, 6H), 1.93–1.83 (m, 4H), 1.60–1.20
(m, 60H), 0.87 ppm (t, J=7 Hz, 6H).


1nLPb2 : As described for 1aLPb2, with 1n (3 mg, 8.02 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (10.14 mg, 20.05 mmol, 2.5 equiv) in CD3CN (0.5 mL); red solu-
tion. 1H NMR (400 MHz, CD3CN): d=9.74 (s, 1H), 8.48 (d, J=4.1 Hz,
2H), 8.46 (s, 1H), 8.05 (t, J=7.7 Hz, 2H), 7.42 (d, J=8.5 Hz, 2H), 7.31
(t, J=6.3 Hz, 2H), 3.76 (s, 6H), 2.79 ppm (s, 6H).


1nLZn2 : As described for 1aLPb2, with 1n (2 mg, 5.53 mmol, 1 equiv) and
Zn ACHTUNGTRENNUNG(OTf)2 (4.85 mg, 13.37 mmol, 2.5 equiv) in CD3CN (0.5 mL); yellow
solution. 1H NMR (300 MHz, CD3CN): d=9.42 (d, J=1.1 Hz, 1H), 8.42
(d, J=1.2 Hz, 1H), 8.40 (ddd, J=5.5, 1.8, 0.8 Hz, 2H), 8.17 (ddd, J=8.7,
7.4, 1.8 Hz, 2H), 7.45 (d, J=8.7 Hz, 2H), 7.40 (ddd, J=7.4, 5.5, 0.8 Hz,
2H), 3.91 (s, 6H), 2.86 ppm (s, 6H); ES-MS: m/z calcd for
ACHTUNGTRENNUNG[1nZn2 ACHTUNGTRENNUNG(OTf)3]


+ = [C23H22N8O9S3Zn2F9]
+ : 952.5, found: 952.9.


2LPb3 : As described for 1aLPb2, with 2 (2 mg, 4.17 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (11.60 mg, 22.94 mmol, 5.5 equiv) in CD3CN (0.6 mL); light
orange solution. 1H NMR (500 MHz, CD3CN): d=9.62 (s, 1H), 9.08 (s,
1H), 8.96 (d, J=3.4 Hz, 1H), 8.75 (s, 1H), 8.69–8.56 (m, 2H), 8.49 (s,
1H), 8.24 (td, J=7.7, 1.2 Hz, 1H), 8.22 (s, 1H), 8.14–8.09 (m, 1H), 8.06
(d, J=7.8 Hz, 1H), 7.83 (t, J=6.0 Hz, 1H), 7.60 (d, J=8.2 Hz, 1H), 7.42
(t, J=5.9 Hz, 1H), 6.90 (s, 1H), 3.80 (s, 3H), 3.76 (s, 3H), 3.73 ppm (s,
3H).


3LPb4 : As described for 1aLPb2, with 3 (3 mg, 4.88 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (11.11 mg, 21.98 mmol, 4.5 equiv) in CD3CN (0.6 mL); light
orange solution. 1H NMR (400 MHz, CD3CN): d=9.70 (s, 1H), 9.09 (s,
2H), 8.96 (d, J=4.9 Hz, 2H), 8.77 (s, 2H), 8.66 (s, 2H), 8.32 (s, 1H), 8.25
(td, J=7.9, 1.8 Hz, 2H), 8.06 (d, J=7.9 Hz, 2H), 7.86–7.80 (m, 2H), 6.96
(s, 2H), 3.84 (s, 6H), 3.80 ppm (s, 6H); 207Pb NMR (indirect observation):
d=960.21, 566.81 ppm.


3GPb16 : The complex was obtained by mixing 3 (2 mg, 2.99 mmol,
1 equiv) and Pb ACHTUNGTRENNUNG(OTf)2 (3.31 mg, 2.99 mmol, 1 equiv) in CD3NO2


(0.5 mL); stirred on magnetic stirrer overnight at 40–45 8C; orange solu-
tion. 1H NMR (400 MHz, CD3NO2): d=9.25 (s, 4H), 8.96 (s, 8H), 8.95 (s,
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4H), 8.92 (s, 8H), 8.73 (s, 4H), 8.64 (s, 8H), 8.61 (s, 8H), 8.58–8.53 (m,
16H), 8.36 (s, 4H), 8.34 (d, J=5.0 Hz, 8H), 8.22 (s, 8H), 8.02–7.86 (m,
32H), 7.26(t, J=6.4 Hz, 8H), 7.19 (t, J=6.2 Hz, 8H), 6.97 (s, 8H), 6.91 (s,
8H), 3.98 (s, 24H), 3.94 (s, 24H), 3.87 (s, 24H), 3.81 ppm (s, 24H).


4LPb6 : As described for 1aLPb2, with 4 (3 mg, 3.40 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (11.17 mg, 22.10 mmol, 6.5 equiv) in CD3CN (0.5 mL); light
orange solution. 1H NMR (500 MHz, CD3CN/CD3NO2 1/1): d=9.75 (s,
2H), 9.24 (s, 1H), 9.15 (s, 2H), 8.96 (d, J=4.9 Hz, 2H), 8.86 (s, 2H), 8.77
(s, 2H), 8.74 (s, 2H), 8.40 (s, 2H), 8.27 (td, J=7.7, 1.4 Hz, 2H), 8.10 (d,
J=7.7 Hz, 2H), 7.87 (dd, J=6.8, 5.2 Hz, 2H), 7.18 (s, 1H), 7.05 (s, 2H),
3.93 (s, 6H), 3.91 (s, 6H), 3.87 ppm (s, 6H); 207Pb NMR (104.3 MHz,
CD3CN/CD3NO2 1/1): d=1006.83, 602.06, 564.44 ppm.


5LPb8 : As described for 1aLPb2, with 5 (1.5 mg, 1.30 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (5.93 mg, 11.73 mmol, 9 equiv) in CD3CN (0.5 mL); light orange
solution. 1H NMR (500 MHz, CD3CN): d=9.72 (s, 3H), 9.19 (s, 2H), 9.11
(s, 2H), 8.96 (d, J=4.8 Hz, 2H), 8.77 (s, 2H), 8.76–8.67 (m, 6H), 8.37 (s,
1H), 8.35 (s, 2H), 8.25 (td, J=7.6, 1.5 Hz, 2H), 8.07 (d, J=7.6 Hz, 2H),
7.83 (ddd, J=7.6, 5.2, 1.0 Hz, 2H), 7.11 (s, 2H), 6.97 (s, 2H), 3.88 (s,
12H), 3.85 (s, 6H), 3.81 ppm (s, 6H).


6LPb10 : As described for 1aLPb2, with 6 (2 mg, 1,41 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (7.83 mg, 15.50 mmol, 11 equiv) in CD3CN (0.5 mL); light
orange solution. 1H NMR (400 MHz, CD3CN): d=9.74 (s, 2H), 9.72 (s,
2H), 9.21 (s, 3H), 9.13 (s, 2H), 8.94 (d, J=4.7 Hz, 2H), 8.75 (s, 2H), 8.70
(s, 6H), 8.65 (s, 2H), 8.37 (s, 2H), 8.35 (s, 2H), 8.24 (td, J=7.5, 1.4 Hz,
2H), 8.05 (d, J=7.9 Hz, 2H), 7.86–7–78 (m, 2H), 7.10 (s, 3H), 6.96 (s,
2H), 3.87 (s, 18H), 3.84 (s, 6H), 3.80 ppm (s, 6H).


12Pb : As described for 1aLPb2, with 12 (2 mg, 9.43 mmol, 1 equiv) and
Pb ACHTUNGTRENNUNG(OTf)2 (4.77 mg, 9.43 mmol, 1 equiv) in CD3CN (0.5 mL); yellow solu-
tion. 1H NMR (400 MHz, CD3CN): d=8.70 (dd, J=4.7 Hz, 1H), 8.59 (s,
1H), 8.49 (d, J=4.4 Hz, 1H), 8.18 (td, J=7.3, 1.2 Hz, 1H), 8.02 (td, J=
8.8, 1.8 Hz, 1H), 7.94 (d, J=7.6 Hz, 1H), 7.74 (t, J=6.0 Hz, 1H), 7.44 8d,
J=8.8 Hz, 1H), 7.29 (t, J=6.3 Hz, 1H), 3.67 ppm (s, 3H).


Structural interconversion experiments


Conversion of 1a into 1aGPb4 and 1aLPb2 (
1H NMR, 400 MHz): Ligand


1a (1 mg, 2.89 mmol, 1 equiv) was dissolved in CDCl3 (100 mL) and intro-
duced in a NMR tube, CD3CN (400 mL) was added and the NMR spec-
trum of the free ligand was recorded, after decantation of the amount of
precipitated ligand. A solution was prepared by dissolving Pb ACHTUNGTRENNUNG(OTf)2
(2.92 mg, 5.78 mmol, 2 equiv) in CD3CN (30 mL), and 15 mL of this solu-
tion was added to the NMR tube solution, converting 1a into 1aGPb4


and producing the change of the color from colorless to pale yellow and
the complete dissolution of the ligand. Further addition of the rest of the
Pb ACHTUNGTRENNUNG(OTf)2 solution (15 mL) leads to conversion of 1aGPb4 into 1aLPb2.
Further addition of PbACHTUNGTRENNUNG(OTf)2 (0.5 equiv, 0.73 mg) caused only minor
changes in chemical shift positions and lead to the spectrum 1aLPb2


shown in Figure 13.


Acid–base neutralization modulated contractions of ligand 3 using
ACHTUNGTRENNUNGPb ACHTUNGTRENNUNG(OTf)2 (1H NMR, 400 MHz): Ligand 3 (1 mg, 1.63 mmol, 1 equiv) was
dissolved in CDCl3 (200 mL) and introduced in a NMR tube, then
CD3CN (200 mL) was added. A solution of PbACHTUNGTRENNUNG(OTf)2 (3.29 mg, 6.52 mmol,
4 equiv) in CD3CN (30 mL) was added to the NMR tube solution, pro-
ducing the change of the color from yellow (free ligand) to orange (3!
3LPb4). Tren (1 mL, 0.95 mg, 6.52 mmol, 4 equiv) was added to the NMR
tube solution with a syringe, producing the change of the color from
orange to yellow (3LPb4!3). TfOH (1.72 mL, 2.93 mg, 19.56 mmol,
12 equiv) was added to the NMR tube solution with a syringe, producing
a change of the color of the solution from yellow to orange (3 ! 3LPb4).
Et3N (2.72 mL, 1.97 mg, 19.56 mmol, 12 equiv) was added to the NMR
tube with a syringe, producing the change of color from orange to yellow,
as well as the conversion of 3LPb4 into 3.


Acid–base neutralization modulated contractions of ligand 4 using
ACHTUNGTRENNUNGPb ACHTUNGTRENNUNG(OTf)2 (1H NMR, 400 MHz): Ligand 4 (1 mg, 1.13 mmol, 1 equiv) was
dissolved in CDCl3 (160 mL) and introduced in a NMR tube, then
CD3CN (240 mL) was added. A solution of PbACHTUNGTRENNUNG(OTf)2 (3.73 mg, 7.37 mmol,
6.5 equiv) in CD3CN (30 mL) was added to the NMR tube solution, pro-
ducing the change of the color from yellow (free ligand color) to orange,
as well as the conversion 4!4LPb6. Tren (1.15 mL, 1.08 mg, 7.37 mmol,


6.5 equiv) was added to the NMR tube solution with a syringe, producing
a change of the color from orange to yellow, as well as the conversion
4LPb6!4. TfOH (1.95 mL, 3.32 mg, 22.11 mmol, 19.5 equiv) was added to
the NMR tube solution with a syringe, producing a change of color of
the solution from weak yellow to orange, as well as the conversion 4!
4LPb6. Et3N (3.1 mL, 2.23 mg, 22.11 mmol, 19.5 equiv) was added to the
NMR tube with a syringe, producing the change of color from orange to
yellow, as well as the conversion 4LPb6!4. Similar transformations were
effected by using other 4 :PbII molar ratios such as 1:7 or 1:8. Consequent-
ly, in these cases, the amount of the other reagents used should be adapt-
ed. Depending on the quality of the reagents employed (tren, TfOH) and
especially on their degree of hydration, their amounts should be slightly
(5–10%) increased with respect to the theoretically calculated amount.


Crystal structure determinations : The crystals were obtained by diffu-
sion-recrystallization by using the appropriate solvent and nonsolvent:
CH3NO2/Et2O for 1aLPb2 and 1kLPb2 ; CH3CN/iPr2O for 1eLZn2 and
1fLPb2 ; CH3CN/Et2O for 1eLPb2, 1jLPb2, 1lLPb2, 1aGPb4 and 3LPb4.


The crystals were placed in oil, and a single crystal was selected, mounted
on a glass fibber and placed in a low-temperature N2 stream (T=173 K).
The X-ray-diffraction data were collected on a Nonius-Kappa-CCD dif-
fractometer with graphite monochromatized MoKa radiation (l=
0.71073 N), f scans, by means of a “f scan” type scan mode. The struc-
tures were solved by direct methods and refined (based on F2 with all in-
dependent data) by full-matrix least-squares methods (OpenMoleN pack-
age).


Data for 1aLPb2 : Formula: C91H75F48N33O51Pb8S16=


4C18H18N8Pb2·16SO3CF3·CH3NO2·“C2H6O”; M=5529.32 gmol�1; crystal
system: triclinic; space group: P1̄; a=13.6176(2), b=16.4680(2), c=
19.7257(3) N; a=67.347(5), b=89.399(5), g=89.428(5)8 ; V=


4082.0(1) N3; Z=1; color: yellow; crystal dimensions: 0.16G0.12G
0.10 mm3; 1calcd=2.249 gcm�3; F ACHTUNGTRENNUNG(000): 2604; m=8.564 mm�1; trans. min
and max: 0.3411/0.4813; hkl limits: 0,19/�23,23/�27,27; limits(8): 2.5�
q�30.048 ; number of data measured: 23792; number of data with I>
2s(I): 20727; number of variables: 1101; R=0.0786; Rw=0.2024; GOF:
1.236; largest peak in final difference: 1.639 eN�3.


Data for 1eLPb2 : Formula: C38H34F12N12O12Pb2S4=


C26H22N8Pb2·4CF3SO3·4CH3CN; M=1621.38 gmol�1; crystal system: tri-
clinic; space group: P1̄; a=13.1193(2), b=13.9098(3), c=15.9317(3) N;
a=91.901(5)8, b=113.845(5)8, g=95.253(5)8 ; V=2640.13(13) N3; Z=2;
color: yellow; crystal dimensions: 0.20G0.10G0.04 mm3; 1calcd=


2.04 gcm�3 ; F ACHTUNGTRENNUNG(000): 1556; m=6.638 mm�1; trans. min and max: 0.461/
0.767; hkl limits: 0,18/�19,19/�22,20; 2.5�q�30.068 ; number of data
measured: 15408; number of data with I>3s(I): 10551; number of varia-
bles: 721; R=0.041; Rw=0.060; GOF: 1.134; Largest peak in final differ-
ence: 1.642 eN�3.


Data for 1eLZn2 : Formula: C74H65F24N23O24S8Zn4=


2C26H22N8Zn2·8CF3SO3·7CH3CN; M=2624.58 gmol�1; crystal system:
triclinic; space group: P1̄; a=12.5357(1), b=14.1927(2), c=15.4786(2) N;
a=82.767(5), b=67.102(5), g=88.631(5)8 ; V=2515.73(5) N3; Z=1;
color: colorless; crystal dimensions: 0.18G0.10G0.10 mm3; 1calcd=


1.732 gcm�3 ; F ACHTUNGTRENNUNG(000): 1319.5; m=1.234 mm�1; trans. min and max: 0.862/
0,888; hkl limits: 0,17/�19,19/�19,21; 2.5�q�30.068 ; number of data
measured: 15405; number of data with I>3s(I): 10914; number of varia-
bles: 718; R=0.039; Rw=0.059; GOF: 1.099; largest peak in final differ-
ence: 0.622 eN�3.


Data for 1fLPb2 : Formula: C50H39F12N11O12Pb2S4=


C40H30N8Pb2·4CF3SO3·3CH3CN; M=1756.55 gmol�1; crystal system: tri-
clinic; space group: P1̄; a=12.8916(2), b=14.2089(2), c=17.5909(3); a=
84.233(5)8, b=88.660(5)8, g=70.193(5)8 ; V=3016.06(12) N3; Z=2;
color: orange; crystal dimensions: 0.16G0.08G0.03 mm3; 1calcd=


1.93 g·cm�3; F ACHTUNGTRENNUNG(000): 1696; m=5.819 mm�1; trans. min and max: 0.573/
0.830; hkl limits: �18,17/�20,19/�24,19; 2.5�q�30.068 ; number of data
measured: 25733; number of data with I>3s(I): 9347; I>3s(I); number
of variables: 823; R=0.046; Rw=0.054; GOF: 1.317; largest peak in final
difference: 1.517 eN�3.


Data for 1jLPb2 : Formula: C13H12F6N5O6PbS2=1/
2C18H18N8Pb2·2CF3SO3·CH3CN; M=719.59 gmol�1; crystal system: mon-
oclinic; space group: C12/c1; a=24.2087(4), b=8.7239(2), c=
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22.1859(4) N; b=108.849(5)8 ; V=4434.3(1) N3; Z=8; color: yellow; crys-
tal dimensions: 0.14G0.12G0.10 mm3; 1calcd=2.156 gcm�3 ; F ACHTUNGTRENNUNG(000): 2728;
m=7.888 mm�1; trans. min and max: 0.4047/1.5059; hkl limits: �31,31/
�10,11/�28,28; 2.5�q�27.888 ; number of data measured: 9116; number
of data with I>2s(I): 4073; number of variables: 301; R=0.0314; Rw=


0.0960; GOF: 1.068; largest peak in final difference: 1.558 eN�3.


Data for 1kLPb2 : Formula: C60H50F24N18O29Pb4S8=


2C24H22N8Pb2·8CF3SO3·2CH3NO2·“C2H6O”; M=3028.42 gmol�1; crystal
system: monoclinic; space group: P121/n1; a=15.3338(2), b=15.7555(3),
c=20.0979(3) N; b=102.298(5)8 ; V=4744.1(1) N3; Z=2; color: yellow;
crystal dimensions: 0.10G0.10G0.08 mm3; 1calcd=2.120 gcm�3 ; F ACHTUNGTRENNUNG(000):
2880; m=7.382 mm�1; trans. min and max: 0.5256/0.5897; hkl limits:
�20,20/�21,19/�27,27; 2.5�q�29.128 ; number of data measured: 21962;
number of data with I>2s(I): 7976; number of variables: 612; R=


0.0632; Rw=0.1757; GOF: 0.998; largest peak in final difference:
1.894 eN�3.


Data for 1lLPb2 : Formula: C24H20F12N8O14Pb2S4=C20H20N8-
ACHTUNGTRENNUNG(“OH”)2Pb2·4CF3SO3; M=1415.10 gmol�1; crystal system: orthorhombic;
space group: Fdd2; a=42.9522(1), b=40.2922(4), c=9.4120(4) N; V=


16288.8(7) N3; Z=16; color: orange; crystal dimensions: 0.10G0.10G
0.08 mm3; 1calcd=2.308 gcm�3 ; F ACHTUNGTRENNUNG(000): 10688; m=8.590 mm�1; trans. min
and max: 0.4805/0.5465; hkl limits: �13,13/�56,56/�59,60; 2.5�q�
30.008, number of data measured: 11835; number of data with I>2s(I):
5796; number of variables: 577, R=0.0349; Rw=0.0973; GOF: 1.016;
largest peak in final difference: 1.880 eN�3.


Data for 1aGPb4 : Formula: C88H84F24N36O26Pb4S8=


C72H72N32Pb4·8CF3SO3·4CH3CN·2“H2O”; M=3603.15 gmol�1; crystal
system: triclinic; space group: P1̄; a=15.9249(2), b=20.3215(3), c=
22.7099(4) N; a=63.851(5), b=87.501(5), g=72.198(5)8 ; V=


6245.5(2) N3; Z=2; color: yellow; crystal dimensions: 0.08G0.06G
0.06 mm3; 1calcd=1.916 gcm�3; F ACHTUNGTRENNUNG(000): 3488; m=5.627 mm�1; trans. min
and max: 0.6617/0.7289; hkl limits: 0,20/�24,26/�29,29; 2.5�q�26.008 ;
number of data measured: 24404; number of data with I>2s(I): 17988;
number of variables: 1583; R=0.0586; Rw=0.1647; GOF: 1.253; Largest
peak in final difference: 2.431 eN�3.


Data for 3LPb4 : Formula: C38H30F24N16O28Pb4S8=


C30H30N16Pb4·8CF3SO3·4“H2O”; M=2700.02 gmol�1; crystal system: tri-
clinic; space group: P1̄; a=10.0990(1), b=13.9413(1), c=28.1295(4) N;
a=86.012(5), b=82.968(5), g=88.094(5); V=3919.91(7) N3; Z=2;
color: orange; crystal dimensions: 0.14G0.10G0.10 mm3; 1calcd=


2.288 gcm�3 ; F ACHTUNGTRENNUNG(000): 2532; m=8.917 mm�1; trans. min and max: 0.3683/
0.4692; hkl limits: 0,14/�19,19/�39,39; 2.5�q�30.04; number of data
meas.: 22147; Number of data with I>2s(I): 13642; number of variables:
896; R=0.0851; Rw=0.2763; GOF: 1.022; largest peak in final difference:
2.444 eN�3.


CCDC-229275 (1aLPb2), CCDC-284971 (1eLPb2), CCDC-284972
(1eLZn2), CCDC-292586 (1fLPb2), CCDC-292796 (1jLPb2), CCDC-
284970 (1kLPb2), CCDC-284969 (1lLPb2), CCDC-229276 (1aGPb4) and
CCDC-229277 (3LPb4) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Effective Manipulation of the Electronic Effects and Its Influence on the
Emission of 5-Substituted Tris(8-quinolinolate) Aluminum ACHTUNGTRENNUNG(iii) Complexes


Victor A. Montes,[a] Radek Pohl,[a] Joseph Shinar,[b] and Pavel Anzenbacher, Jr.*[a]


Organic light-emitting diodes (OLEDs) are a promising
technology for fabrication of full-color flat-panel displays,[1,2]


and some are already being commercialized.[3] Nevertheless,
a widespread use of OLED-based displays relies on wide
availability of stable materials emitting red/green/blue
(RGB) light of high color purity. Electroluminescent organ-
ACHTUNGTRENNUNGometallic complexes are valued emitters for the fabrication
of the so-called small-molecule OLEDs (SMOLEDs). Their


advantages are, in general, good emission-color purity, their
availability both as singlet[4] or triplet emitters,[5] and their
ease of deposition by means of thermal vacuum evapora-
tion. A major obstacle in the fabrication of SMOLED-based
full-color displays so far appears to be the limited availabili-
ty of long-lived complexes that cover the whole visible spec-
trum, while also possessing similar optoelectronic, semicon-
ductor, and charge-transport properties.[1,2]


Success in the preparation of long-lasting SMOLED de-
ACHTUNGTRENNUNGvices requires the careful design of materials possessing
proper alignment of the HOMO/LUMO levels with other
device components such as charge-injection and charge-
transport layers in order to balance the mobility of the carri-
ers and achieve efficient charge recombination in the emit-
ting layer.[6] In undoped structures, the materials must also
possess sufficiently large HOMO–LUMO gaps for the emis-
sion at the required wavelengths, high solid-state emission
quantum yields, and high emission-color stability.


Since an early report in 1987,[7] tris(8-quinolinolate)
aluminumACHTUNGTRENNUNG(iii) (Alq3) has been used as an emitter and one of
the most stable electron-transporting materials and host for
saturated green and red colors currently used in SMO-
LEDs.[2,8] Although the past decade has seen great progress


Abstract: The unique electron-trans-
port and emissive properties of tris-
(8-quinolinolate) aluminum ACHTUNGTRENNUNG(iii) (Alq3)
have resulted in extensive use of this
material for small molecular organic
light-emitting diode (OLED) fabrica-
tion. So far, efforts to prepare stable
and easy-to-process red/green/blue
(RGB)-emitting Alq3 derivatives have
met with only a limited success. In this
paper, we describe how the electronic
nature of various substituents, project-
ed via an arylethynyl or aryl spacer to
the position of the highest HOMO
density (C5), may be used for effective


emission tuning to obtain blue-, green-,
and red-emitting materials. The syn-
thetic strategy consists of four different
pathways for the attachment of elec-
tron-donating and electron-withdraw-
ing aryl or arylethynyl substituents to
the 5-position of the quinolinolate ring.
Successful tuning of the emission color
covering the whole visible spectrum


(l=450–800 nm) was achieved. In ad-
dition, the photophysical properties of
the luminophores were found to corre-
late with the Hammett constant of the
respective substituents, providing a
powerful strategy with which to predict
the optical properties of new materials.
We also demonstrate that the electron-
ic nature of the substituent affects the
emission properties of the resulting
complex through effective modification
of the HOMO levels of the quinolino-
late ligand.
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in the preparation of hosts and emitters comparable to Alq3,
further improvement in both the efficiency and durability of
OLED materials is still highly desirable.[9] Hence, we decid-
ed to investigate Alq3-related materials in order to gain
better understanding of the processes that may allow ratio-
ACHTUNGTRENNUNGnal manipulation of the HOMO/LUMO levels in this funda-
mentally interesting and industrially important material.


Both the semiconductor and emissive properties are large-
ly defined by the HOMO/LUMO levels of the quinolinolate
ligand and its lowest electronic p–p* transitions.[10,11] A
number of studies aimed at tuning the HOMO/LUMO
levels and emission color in the Alq3-type materials were at-
tempted with a variable degree of success.[9] Physical and
theoretical studies providing an insight into the distribution
of the HOMO/LUMO densities in the quinolinolate ligand
were also performed. According to density functional theory
(DFT) calculations performed on mer-Alq3,


[10b–c] the HOMO
orbitals are located mostly on the phenoxide side, and, in
particular, at C5 of the ligand, whereas the highest LUMO
density is found at the pyridine ring. It appears logical that
substitution with suitable functional groups at the phenoxide
ring would result in changes in the HOMO levels, and that
the LUMO levels would be tuned by substituents on the
pyridine ring.[12–13] However, the natural question as to
whether substitution in a HOMO node or LUMO node
would induce changes in both the HOMO and LUMO
levels remained unanswered.


Previous attempts to modify Alq3 by focusing mainly on
manipulating the HOMO–LUMO gap (i.e. , the emission
energy) were motivated by the assumption that the substitu-
tion of electron-donating groups (EDGs) such as methyl at
the 2-, 3-, and 4-positions of the quinolinolate ligand would
induce a destabilizing effect on the LUMO, thus increasing
the LUMO energy and the HOMO–LUMO gap. By the
same token, substitution with electron-withdrawing groups
(EWGs) at the 5-, 6-, and 7-positions should deplete the
HOMO density, resulting in an increase in the energy of the
p–p* transition and an emission that is blueshifted relative
to the parent Alq3 (lmax=525 nm).[9,12] Although this
common-sense approach ought to provide a handle for
tuning the complex emission, the literature does not provide
evidence supporting this relationship between the electronic
nature of the substituent and the emissive properties of the
respective aluminum quinolinolate. In particular, the C5-
substituted complexes, the most widely represented group of
Alq3 derivatives, do not show this correlation. The only no-
table example of blueshifted fluorescence in an Alq3 deriva-
tive was obtained with the piperidyl amide of Alq3-5-sulfon-
ic acid with the emission maximum at l=480 nm.[14] Other
attempts at emission tuning failed to yield significant effects
or blue-emitting complexes. For example, the introduction
of a cyano group at the 5-position of the quinolinolate re-
sulted only in a 4 nm blueshift,[15] whereas the fluoro and
chloro[16] substituents yielded, against expectations, Alq3


complexes with slightly redshifted emissions of l=535 and
540 nm, respectively.


Perhaps the best example of a systematic effect on the
complex emission is represented by the introduction of a
(weakly electron-donating) methyl group into the quinolino-
late ligand. When a methyl group is attached to the elec-
tron-deficient pyridyl ring it causes a blueshift in the emis-
sion (lmax increases from 490 to 523 nm for positions 2 to 4,
respectively), whereas substitution on the electron-rich
phenoxide ring produces a redshift (lmax increases from 525
to 568 nm for positions 5 to 7, respectively).[12, 16–17] However,
it should be noted that because of steric hindrance, the tris-
aluminumACHTUNGTRENNUNG(iii) complex with 8-hydroxy-2-methylquinoline
(the bluest emitter) is not stable, so one of the three quinoli-
nolate ligands must be replaced by a smaller phenolato-type
ligand, thus creating the pentacoordinate complexes in-
stead.[1,18] Hence, one cannot be certain whether the dramat-
ic blueshifted emission (l�490 nm) of the 8-hydroxy-2-
methylquinoline complexes is due to methyl-mediated elec-
tronic tuning or simply to the less sterically favorable geom-
etry of the 2-methylquinolinolate–aluminum ACHTUNGTRENNUNG(iii) bonding.


Thus, the convoluted effects observed in the materials
with the substituents attached directly to the quinolinolate
ligand may be due to the competing resonance and induc-
tive effects. In an effort to limit the direct mesomeric partic-
ipation of substituent p electrons, in order to better under-
stand the substituent effect on the energy and distribution
of the HOMO and LUMOs and its possible use in the emis-
sion-color tuning in Alq3 complexes, we decided to synthe-
size complexes 1a–k and 2a–n. The series comprise 5-substi-
tuted 8-quinoline ligands and various substituents connected
by an arylethynyl or aryl spacer (see Figure 1).


In this paper, we describe how the electronic nature of
various substituent groups, when projected through the se-
lected spacers, allows for systematic tuning of the HOMO/
LUMO levels and of the corresponding emission from the
aluminumACHTUNGTRENNUNG(iii) quinolinolates.


Results and Discussion


Syntheses : The ligands and the corresponding AlIII com-
plexes were prepared following previously published meth-
ods.[19,20] The hydroxyl group in the starting material, 5-
bromo-8-hydroxyquinoline,[21] was protected by t-butyloxy-
carbonyl (Boc) or benzyl (Bn) protecting groups prior to
the Pd-catalyzed coupling reactions. The Boc group shows
excellent compatibility with the mild conditions for the So-
nogashira–Hagihara cross-coupling used to attach the ethyn-
yl-TMS (TMS= trimethylsilyl) and ethynylarenes to the qui-
nolinolate (Scheme 1). Because the electron-rich (EDG)
arenes do not undergo oxidative addition to Pd0 as readily
as electron-poor arenes, the EDG-substituted ethynylarenes
were prepared separately and coupled to 5-Br-8-O-Boc-qui-
noline 3 in 60–82% yield. For the introduction of EWG
arenes, quinoline 3 was first substituted with acetylene to
give 8-O-Boc-5-ethynylquinoline 4 (obtained in two steps
with 70% overall yield) followed by a cross-coupling reac-
tion with suitable EWG bromoarenes to give 5a,b,d–f (in
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62–97% yield). The piperidine-promoted removal of the
Boc group proceeds quantitatively, furnishing the free li-
gands 6a–k.


The removal of the Boc group may also be accomplished
by treatment of the Boc-protected intermediate with tri-
fluoroacetate (TFA) resulting in crystalline TFA salts of the
deprotected ligands. Unfortunately, with electron-rich aryl


moieties attached to the ethyn-
ACHTUNGTRENNUNGylene, lower yields of the de-
protected TFA salts were ob-
tained. This is due to the addi-
tion of TFA to the triple bond
followed by hydrolysis as
shown in Scheme 2. In the case
of the dimethylamino-deriva-
tive 6k, the resulting addition–
hydrolysis product (25–30%)
was isolated and its structure
determined by using NMR and
mass spectroscopies. The criti-
cal structural features in the
NMR spectra of 7k are charac-
teristic signals for C=O
(13C NMR: d=194.5 ppm) and
�CH2� (1H NMR: d=


4.73 ppm).
The presence of a strong


base in the Suzuki–Miyaura
coupling reaction (such as
aqueous K2CO3) precluded
using the hydrolytically unsta-
ble Boc group as protection,
and the stable benzyl group
was used to protect the 8-hy-
droxy group instead. The syn-
thesis described in Scheme 3
employs an approach similar
to the one described in
Scheme 1. Here too, two dif-
ferent pathways were devised
to attach the electron-rich
EDG arenes by using previ-
ously prepared arene boronic
acids in cross-coupling reac-
tions with 8-benzyloxy-5-bro-
moquinoline 8, while the intro-
duction of electron-poor EWG
arenes proceeded with higher
yields when boronate ester 9
was cross-coupled to an EWG-
substituted haloarene. The pi-
nacolato boronate ester 9 was
prepared by Pd0-catalyzed bo-
ACHTUNGTRENNUNGrylation of 8 in 95% yield. Al-
ternatively, the aryl–aryl cross-
coupling may be achieved
through a Stille reaction, in


which intermediate 8 is reacted with a trialkylstannyl arene.
This method, however, requires stannylarene intermediates,
which are less readily available compared with a large
number of commercially available boronic acids. Deprotec-
tion of the benzyl group was achieved by transfer hydroge-
nation using 1,4-cyclohexadiene as a hydrogen source.[22]


Figure 1. Structure of Alq3 complexes 1a–k and 2a–n with electron-rich and electron-poor aromatic moieties.


Scheme 1. Reaction conditions: a) di-tert-butyl dicarbonate, DMAP, hexane, RT, 5 h; b) [Pd ACHTUNGTRENNUNG(PPh3)4] (5%), CuI
(5%), DIPEA, THF, 60 8C, 24 h; c) KF (2 equiv), MeOH, RT, 3 h; d) piperidine (3 equiv), CH2Cl2, 5 min.
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The final AlIII complexes 1a–k and 2a–n were obtained
by reacting the deprotected ligands (free base or TFA salt)
with AlCl3·6H2O in ethanol, followed by neutralization with
triethylamine. The resulting complexes can exist as a mix-
ture of two geometrical isomers, fac and mer, in the solid
state.[23] Nevertheless, the mer-Alq3 isomer is predicted to be
more stable[10,24] and is the only species observed in solution
due to rapid interconversion from the fac form.[25] Indeed,
the 1H NMR and 19F NMR spectra recorded for complexes
1a–k and 2a–n support the presence of only one type of
isomer in solution, with a magnetic environment consistent
with the mer geometry (C3v symmetry).[26]


Spectroscopic properties : The complexes 1a–k and 2a–n
were studied by using UV-visible and fluorescence spectros-
copies and the resulting data are summarized in Table 1. For
both series, the p–p* absorption maxima of the complexes
shifted to lower energies relative to the transition of the
parent Alq3 (labs


max=388 nm), presumably the result of an ex-
tension in the conjugation of the quinoline chromophore.
As one could expect, the attachment of an aryl group onto a
triple bond results in a higher degree of conjugation (lower
p–p* transition energies) for the complexes 1a–k relative to
the aryl series 2a–n. A higher oscillator strength relative to


Alq3 (e=7K103
m


�1 cm�1) was
also observed for the extended
chromophores in both series (1
and 2).


A simple visual examination
of the photoluminescence
upon excitation of sample solu-
tions in dichloromethane with
black light (365 nm) reveals
successful color tuning, mediat-
ed by the arylethynyl and aryl
electronic spacers (Figure 2).
Despite the functional-group-
mediated systematic tuning in
the acetylene series, it appears
that the through-the-bridge
conjugation is perhaps too ef-
fective, resulting in relatively
electron-rich species. We pre-
sume this to be the reason that
precluded obtaining a signifi-
cant blueshifted emission in
the acetylene series. Neverthe-
less, the clearly observable
substituent-mediated emission
tuning observed for the first
time in 5-substituted Alq3 de-
rivatives was encouraging.


We believed that the com-
pounds of the aryl series (2a–
n) with the electronic effectors
attached directly to the quino-
linolate fluorophore (i.e. , with-


out the acetylene bridge) would show amplified emission
tuning. This hypothesis was confirmed by fluorescence spec-
tra recorded for both the ethynylarene 1a–k and aryl series
2a–n compounds (Figure 2). In both series, the emission
profiles cover a significant portion of the visible spectrum.
The emission maxima for 1a–k span l=80 nm (520–
600 nm), whereas for the series 2a–n they span l=120 nm
(490–612 nm).


The photophysical data obtained from spectroscopic
measurements of Alq3 complexes 1a–k and 2a–n are sum-
marized in Table 1. In both series, we observed a remarkable
correlation between the photophysical properties and the
electronic nature of the attached substituents. One can see
that both the absorption and the emission shift systematical-
ly from blue to green, yellow, and red depending on the
electronic nature of the modulator group. This attests to a
fine balance of electronic communication between the qui-
nolinolate fluorophores and the appended moieties, while
suppressing direct mesomeric participation of substituent p


electrons of the aryl substituent.
X-ray crystallographic structure determination for the li-


gands suggests that there is a higher degree of coplanarity
for the arylethynyl derivatives than for the aryl compounds
(see Figure 3). By the same token, the ortho interactions be-


Scheme 2. Deprotection of electron-rich ligands 5 by TFA resulted in formation of carbonyl-containing impuri-
ties of general structure 7. Values for characteristic signals from the NMR spectra of 7k are shown (see text
for more details).


Scheme 3. Reaction conditions: a) Bn-Cl, K2CO3, CH3CN, reflux, 16 h; b) [Pd ACHTUNGTRENNUNG(PPh3)4] (5%), 1m aq K2CO3, tol-
uene, TBACl, 90 8C, 24 h; c) [Pd ACHTUNGTRENNUNG(PPh3)4] (3%), Et3N/THF, 100 8C, 24 h; d) 1,4-cyclohexadiene, Pd-C (10%),
iPrOH, reflux, 3 h.
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tween the aryl groups and quinoline reduce the degree of
conjugation between the two moieties, which reduces the ef-
ficacy of electronic communication. Specifically, compound
5 i, in which the pyrene moiety is separated from quinoline
by ethynylene, displays a 308 dihedral angle between the
planes of quinoline and pyrene, whereas the angles between
quinoline and the 2-pyrimidyl (10c), chlorophenyl (11h),
pentafluorophenyl (10d), and 9-anthryl (10 j) groups are 28,
50, 65, and 788, respectively.


Close inspection of the data in Table 1 also shows that the
fluorescence quantum yield and lifetime correlate with the
electronic nature of the ligands. For the complexes bearing
electron-poor substituents, the quantum yield and fluores-
cence lifetime were increased, whereas the electron-rich
moieties resulted in a decrease in both the emission quan-
tum yield and lifetime of the resulting complex with respect
to a neutral substituent such as a phenyl group. In accord-
ance with the energy-gap law,[27,28] analysis of the data con-
firmed an exponential dependence of the nonradiative-
decay rate constant (knr) on the energy gap between the sin-
glet and ground states, suggesting a uniform nature of the
photophysical behavior in each series of complexes (see the
Supporting Information for details). It is noteworthy that
compounds 1e and 1 f do not follow the trend in the aryl-
ACHTUNGTRENNUNGethynyl series; this can be explained by considering that par-


tial localization of the LUMO density on the nitro and pyri-
dinium oxide moieties and alteration of the nature of the ex-
cited state take place.[13]


Furthermore, the fluorescence quantum yields and life-
times exhibited excellent Hammett correlations with the
constants sp.


[29,30] This shows that the electronic effects are
projected through the conjugated spacers to the quinolino-
late emitter, thus providing an effective tool not only for
systematic tuning of the photophysical properties, but also


Table 1. Photophysical properties[a] recorded for Alq3 and complexes 1a–
k and 2a–n in oxygen-saturated dichloromethane at 22 8C.


Complex labs
max (e)


[b] lF [nm] FF
[c] tF [ns]


Alq3 388 (7.0K103) 526 0.171 15.38
C5-ethynylarene series


1a 407 (3.5K104) 520 0.317 11.85
1b 410 (2.7K104) 538 0.228 8.67
1c 414 (2.4K104) 541 0.235 8.95
1d 414 (8.4K104) 545 0.203 6.61
1e 423 (1.0K104) 559 0.037 2.14
1 f 429 (4.7K104) 573 0.003 –
1g 421 (2.2K104) 561 0.088 3.56
1h 421 (4.1K104) 561 0.092 3.30
1 i 421 (1.8K104) 569 0.047 1.86
1j 385 (6.8K104)[d] 573 0.036 1.28
1k 425 (3.9K104) 600 0.009 0.89


C5-aryl series
2a 390 (2.7K104) 490 0.533 29.50
2b 410 (2.7K104) 501 0.511 23.01
2c 397 (2.0K104) 513 0.536 15.61
2d 388 (1.1K104) 516 0.453 20.31
2e 397 (7.5K103) 530 0.301 16.57
2 f 398 (1.4K104) 534 0.298 14.53
2g 394 (1.4K104) 537 0.234 12.76
2h 402 (1.0K104) 541 0.201 11.13
2 i 402 (1.0K104) 545 0.100 9.72
2j 389 (1.7K104)[d] 538 0.105 10.10
2k 385 (2.2K104)[d] 551 0.098 6.53
2 l 410 (4.7K104) 564 0.057 4.73
2m 404 (9.8K104) 564 0.049 4.33
2n 422 (1.0K104) 612 0.008 1.49


[a] labs
max=absorption maximum, lF= fluorescence maximum, FF= fluores-


cence quantum yield, tF= fluorescence lifetime. [b] Units are [nm]
(m�1 cm�1). [c] Determined by using quinine sulfate (in 0.05m H2SO4) as a
standard. [d] Absorption maxima are dominated by the pyrene/anthra-
cene chromophores.


Figure 2. Emission of complexes 1a–k and 2a–n upon illumination with
black light and the corresponding fluorescence spectra of complexes.
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for predicting the properties of the complexes based on the
Hammett correlation approach (Figure 4).


Electrochemical studies—estimation of HOMO/LUMO
levels : Solution electrochemistry methods are known to pro-
vide insight into electron-transfer reactions in the condensed
phase.[31a] The cyclic voltammogram of Alq3 in solution is
characterized by irreversible single reduction and oxidation
processes. Experimental estimation of the HOMO–LUMO
energy gap is in good agreement[32,33] with theoretical mod-
els.[10d] In order to achieve better understanding of the effect
of the appended EWG/EDG moieties, we performed cyclic
voltammetry (CV) measurements for complexes 1a–k and
2a–n. The main motivation, however, was not only to assess
the energy gap of the materials, but to estimate the actual
position of the HOMO and LUMO levels.


In both series 1a–k and 2a–n, we observed an electro-
chemical behavior similar to Alq3.


[32] Interestingly, the re-
duction process for the majority of the materials was ob-
served to remain constant circa �1.9 V, whereas the oxida-


tion process took place at voltages ranging from 0.27 to
1.32 V (Table 2). Also, in the derivatives with the most blue-
shifted emission (2a–d), the oxidation process became diffi-
cult, an observation in accordance with the expected behav-


ior of the more electron-defi-
cient systems.


Because the actual HOMO
and LUMO energy levels can
be calculated from redox po-
tentials by calibrating the scale
of a reference to the zero
vacuum level (Fermi level or
absolute scale),[31a,34] we could
estimate the frontier orbital
energies for 1a–k and 2a–n
(see the Supporting Informa-
tion for details). In both series
the LUMO was found to be
largely unaffected throughout
the series, and only the energy
level of the HOMO was being


Figure 3. Single-crystal X-ray structures of compounds 5 i, 10c, 11h, 10d,
and 10j showing the difference in dihedral angle (a) between 5 i with an
acetylene bridge and the compounds with an aryl–aryl bridge.


Figure 4. Hammett correlation of the quantum yield (left) and lifetime (right) for complexes 1d,g,j,k (~) and
2 f–i,l,n (*).


Table 2. Redox potentials, determined from cyclic voltammetry experi-
ments,[a] of Alq3 and derivatives 1a–k and 2a–n, and the calculated
HOMO–LUMO gaps.


Complex Eox [V] Ered [V] HOMO–LUMO [eV]


Alq3 1.02 �1.93 2.95
C5-ethynylarene series


1a 1.12 �1.96 3.08
1b 0.96 �1.93 2.89
1c 0.73 �1.94 2.67
1d 0.75 �1.89 2.64
1e 0.66 �1.90 2.56
1 f 0.81 �1.64 2.45
1g 0.64 �1.89 2.53
1h 0.62 �1.93 2.55
1 i 0.50, 1.10[b] �1.85 2.35
1j 0.52, 1.18[b] �1.83 2.35
1k 0.27, 0.52[b] �1.93 2.20


C5-aryl series
2a nd[c] �1.93 nd[c]


2b 1.32 �1.86 3.18
2c 1.29 �1.82 3.11
2d 1.21 �1.91 3.12
2e 1.16 �1.91 3.07
2 f 1.14 �1.93 3.07
2g 1.09 �1.88 2.97
2h 1.09 �1.94 3.03
2 i 1.08 �1.90 2.98
2j 0.95[d] �1.74[d] nd[d]


2k 1.03[b] (br) �1.92 2.95
2 l 0.53, 1.04[b] �1.94 2.47
2m 0.53, 0.97[b] �1.94 2.47
2n 0.36, 0.53[b] �1.94 2.30


[a] Measurements were performed in deoxygenated solutions of freshly
distilled CH2Cl2 at room temperature. Potentials are reported against the
ferrocene/ferrocenium redox couple (estimated error 50 mV). [b] Ac-
cording to literature reports, these additional peaks can be assigned to
oxidation processes from pyrene, anisol, and dimethylaniline moieties.[31]


[c] No detectable oxidation peak was observed. [d] Redox behavior at-
tributed to the anthracene moiety. nd=not detected.[31a]
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effectively manipulated. The data are shown in the graph in
Figure 5.


These results represent unambiguous proof that the elec-
tronic properties of the moieties attached to the quinolino-


late ligand through aryl and arylethynyl modulators are di-
rectly correlated with the position of the HOMO level of
the complexes, supporting our initial notion for tuning the
emission of Alq3 derivatives through position C5, which has
the highest HOMO density. Although it was expected that
this approach may also lead to changes in the LUMO levels,
surprisingly, the LUMO levels were unperturbed within the
experimental error. Preserving the LUMO level in a more
or less constant position is very important for homogeneous
device manufacturing because these derivatives behave as
electron-transport layers.


The HOMO–LUMO gaps calculated for 1a–k and 2a–n
from electrochemical experiments show excellent correla-
tion with the emission energies obtained from the photolu-
minescence (PL) spectra (see Figure 6). These data provide
unequivocal confirmation not only of our structural design,
but also of the photophysical nature of the tuning process.


OLED fabrication : The OLED fabrication was performed
by using vacuum deposition and the typical architecture
used for Alq3.


[35] The OLEDs were fabricated by using
indium tin oxide (ITO)-coated glass substrates (150–200 nm;
anode), copper phthalocyanine (5 nm), N,N’-diphenyl-N,N’-
bis(1-naphthylphenyl)-1,1’-biphenyl-4,4’-diamine (60 nm), an
Alq3-type emitter (50 nm), a CsF (1 nm) buffer layer, and
an Al cathode (150 nm).


For derivatives that could not be thermally evaporated,
the OLEDs were fabricated by means of spin coating: the
ITO substrates were spun with poly(3,4-ethylenedioxythio-
phene)/poly(styrene sulfonate) (PEDOT/PSS) at 4000 rpm
and were annealed at 150 8C for 60 min. The emitters were
dissolved in a poly(9-vinylcarbazole) matrix (10 mgmL�1 in
toluene) and spin coated at 2000 rpm onto the PEDOT/PSS.
A 30 nm-thick layer of 2,9-dimethyl-4,7-diphenyl-1,10-phen-
ACHTUNGTRENNUNGanthroline (BCP) was then vacuum deposited onto the emit-
ter layer, followed by the CsF and Al cathode.


Although we were originally concerned with the possible
effect of the acetylene moiety on the stability of the actual
devices, the OLEDs made of acetylene-substituted acenes[36]


encouraged us to incorporate some of the acetylene-bearing
materials in the OLEDs. Unfortunately, the thermal and
electric stability of 1a–k precluded their vacuum deposition,
and the performance of the spin-coated devices was likewise
unsatisfactory. We believe this to be due to the instability of
the bridge triple bond. On the other hand, the performance
of OLEDs fabricated by using complexes 2a–n confirmed
that these complexes are, indeed, electroluminophores, and,
more importantly, that the electroluminescence (EL) spectra
essentially reproduced the emission-tuning pattern observed
in solution (Figure 7). Thus, the presence of electron-poor


Figure 5. HOMO/LUMO energy levels calculated from the redox poten-
tials of 1a–e,g–k and 2b–i,k–n.


Figure 6. HOMO–LUMO gap (&) and HOMO level (~) for 1a–k and
2a–n as a function of the fluorescence emission energy.
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substituents resulted in blueshifted EL maxima whereas the
presence of electron-rich groups resulted in redshifted EL.


Overall, the emission obtained from OLEDs fabricated
from 2a–n covered most of the visible region with the peak
emission of the most blueshifted complex at l=479 nm (2a)
and the most redshifted derivative centered at l=616 nm
(2n). To the best of our knowledge, this represents the most
blue- and redshifted emission obtained from Alq3 host mate-
rials reported to date. Interestingly, the blueshifted emitting
materials 2a,d,e displayed slightly blueshifted EL maxima
compared with the corresponding PL patterns (see Table 3).
A similar but less pronounced effect was also observed for


the green- and yellow-emitting devices based on 2g,h and
2 l. OLEDs based on complexes 2 j and 2k carrying 9-an-
ACHTUNGTRENNUNGthryl and 2-pyrenyl moieties showed a distinct emission pro-
file with two components. In these cases, one of the EL
maxima resembles the observed fluorescence spectra while
the second lower-energy transition suggests exciplex emis-
sion generated between anthracene or pyrene moieties from
the Alq3 derivatives and the triarylamine (a-NPD) from the
hole-transporting layer (see Figure 8). This hypothesis was


indirectly supported by co-spin coating the respective com-
plexes with a-NPD and recording solid-state PL spectra,
which also showed similar bimodal patterns. In the absence
of a-NPD, the films from 2 j and 2k showed only one-com-
ponent emission in agreement with their recorded solution
spectra. In the OLEDs, the relative peak intensity of the ex-
ciplex maxima decreases with increased driving voltage. This
is explained by moving the charge-recombination zone from
the emitter–HTL (HTL=hole-transporting layer) interface
with increasing voltage. Efforts toward utilizing this feature
in the design of OLEDs emitting white light are currently
being investigated.


The luminance and efficiency of the OLEDs based on
2a–n were generally lower than that of homogeneous Alq3


devices (see Table 3). The slightly inferior performance for
devices constructed with our materials can be attributed to a
number of reasons. In particular, the misalignment of the
HOMO levels between the employed hole-transport layer
(for a-NPD EHOMO=5.40 eV, for PEDOT/PSS EHOMO=


4.90 eV)[14b,37] and the materials 2a–f with EWG (EHOMO=


5.95–6.13 eV for 2a–f) would hinder hole injection into the
emitter material, shifting the recombination zone towards
the interface with the hole-transport layer thus lowering the
EL efficiency. Likewise, in electron-rich complexes, low
emission quantum yields would be a direct result of the
energy-gap law dependence. Also, an exciplex formation
leading to new redshifted emission bands also reduces the


Figure 7. The OLEDs fabricated by using 2a–g,i–l,n and the correspond-
ing EL spectra confirm effective blue-to-red emission tuning in the solid
state.


Table 3. HOMO levels, photophysical data, and electroluminescence
(EL) recorded for Alq3 and complexes 2a–n.


Complex EHOMO


[eV]
lPL


[nm]
lEL


[a]


[nm]
FPL Cd/Amax


[b] hmax
[c]


Alq3 5.85 526 520 0.171 2.57 0.83
2a nd[d] 490 479 0.533 1.62 0.90
2b 6.13 501 505 0.511 0.31 0.12
2c 6.09 513 528 0.536 0.34 0.12
2d 6.01 516 500 0.453 0.69 0.29
2e 5.96 530 522 0.301 1.45 0.42
2 f 5.95 534 541 0.298 1.24 0.38
2g 5.90 537 531 0.234 2.37 0.78
2h 5.90 541 531 0.201 0.04 0.01
2 i 5.88 545 551 0.100 0.35 0.19
2j 5.75[e] 538 542/672 0.105 0.07 0.03
2k 5.84 551 555/660 0.098 1.01 0.30
2 l 5.33 564 562 0.057 0.58 0.18
2m 5.33 564 nd[d] 0.049 nd[d] nd[d]


2n 5.16 612 616 0.008 0.10 0.06


[a] The peak EL wavelength did not change significantly with applied
voltage. [b] Maximum ratio between the forward-directed luminance of
the device and the measured current density passing through the device.
[c] Maximum external efficiency of the device. [d] Not detected.
[e] Redox behavior attributed to anthracene moiety.[31a]


Figure 8. Electroluminescence dependence on voltage for the OLED
based on 2k.
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efficiency of the devices. In spite of the fact that the OLED
architecture and components were not performance opti-
mized for the new materials, two derivatives, 2a and 2 f,
show a performance comparable to Alq3 that is particularly
significant for the blue 2a-based OLED due to the scarcity
of stable efficient blue emitters and hosts. Furthermore, the
EL performance of these materials could be enhanced by in-
troducing a different hole-transporting material with suit-
ACHTUNGTRENNUNGable ionization potentials so as to favor recombination of
holes and electrons in the emitter layer. Individual optimiza-
tion of the devices by using combinatorial matrix array tech-
niques[38] is expected to yield devices with significantly
higher performance.


Conclusion


The synthesis, optical properties, electrochemistry, electrolu-
minescence, and OLED performance of a series of 5-substi-
tuted tris(8-quinolinolate) aluminumACHTUNGTRENNUNG(iii) complexes bearing
ED/EW groups connected through aryl or arylethynyl moi-
eties were described. Four pathways based on Sonogashira–
Hagihara and Suzuki–Miyaura methodologies were devised
to carry out the preparation of materials of diverse electron-
ic nature in a simple yet effective fashion. From the spectro-
scopic measurements, it was shown that the substituent elec-
tronic effects, when projected to the quinolinolate chromo-
phore via the selected conjugated spacers, provide an effec-
tive tool for a remarkable and systematic tuning of the emis-
sion over l=350 nm (450–800 nm). Additionally, the corre-
lation between the electronic nature of the substituents and
the emissive properties of the complexes suggests that our
strategy may be used even to predict the properties of new
Alq3-based electroluminescent materials.


The HOMO–LUMO gaps estimated for 1a–k and 2a–n
from electrochemical studies are in agreement with the
emission energies obtained from the photoluminescence
spectra. More importantly, the calculated levels for the fron-
tier orbitals obtained demonstrated that the HOMO level
was effectively manipulated, while the LUMO level was
found to be largely unaffected in both series of derivatives.
In conjunction, these results confirm the hypothesis that the
electronic properties of the moieties attached to the quinoli-
nolate ligand through aryl and arylethynyl modulators are
directly correlated with the position of the HOMO level of
the complexes.


Finally, OLED fabrication using materials 2a–n, compris-
ing an aryl group as an electronic spacer, was successfully
achieved and the resulting devices displayed strong electro-
luminescence. Their spectra essentially reproduced the emis-
sion-tuning pattern observed in solution suggesting that this
approach may be used to generate potentially useful elec-
tron-transporting and emissive OLED materials that could
act either as energy hosts for guest dyes or as red/green/blue
(RGB) emitters. This work has given insight into the design
criteria for the development of potentially useful Alq3-based
materials and OLEDs.


Experimental Section


General : Commercially available solvents and reagents were used as re-
ceived from the chemical suppliers. Reactions that required anhydrous
conditions were carried out under an inert atmosphere of argon in oven-
dried glassware. Tetrahydrofuran (THF) was distilled from a K-Na alloy
under argon, and dichloromethane (CH2Cl2) was distilled from CaH2


under argon. All reactions were monitored by using Whatman K6F silica
gel 60 M analytical TLC plates with UV detection (l=254 and 365 nm).
Silica gel (60 M, 32–63 mm) from EMD Science was used for column
chromatography. Melting points (uncorrected) were measured by using
Thomas Hoover capillary melting point apparatus. 1H, 13C ATP (APT=


attached proton test), and 19F NMR spectra were recorded by using a
Varian Unity 400 spectrometer with a working frequency of 400.0 MHz.
Chemical shifts were referenced to the residual resonance signal of the
deuterated solvent. Low-resolution mass spectra were recorded on a Shi-
madzu GC–MS QP5050A instrument equipped with a direct probe (ioni-
zation 70 eV). High-resolution mass spectra (HRMS) were measured on
a magnetic sector mass spectrometer using electron impact (EI) or elec-
tron spray ionization (ESI). Elemental analyses were measured by Atlan-
tic Microlab, Inc. and ICT, Prague. Absorption spectra were recorded by
using a Hitachi U-3010 double-beam spectrophotometer, accurate to
�0.3 nm. Steady-state and time-resolved fluorescence measurements
were performed on a single-photon-counting spectrofluorimeter from Ed-
inburgh Analytical Instruments. The solutions of the complexes were
30 mm in dichloromethane. Quantum yields were determined by using
quinine sulfate (in 0.05m H2SO4) as a standard. X-ray data were collected
at room temperature on a Nonius Kappa CCD diffractometer using a
graphite monochromator with MoKa radiation (l=0.71073 M).


CCDC 287976–287979 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Synthesis


5-Bromo-8-tert-butoxycarbonyloxyquinoline (3): 4-Dimethylaminopyri-
dine (DMAP; 136 mg, 1.12 mmol) was added at room temperature to a
stirred suspension of 5-bromoquinolin-8-ol (5 g, 22.32 mmol) and di-tert-
butyl dicarbonate (4.87 g, 22.32 mmol) in hexane (500 mL). The mixture
was stirred for 5 h at room temperature, filtered by using a paper filter,
and the filtrate was concentrated under vacuum to provide a crude prod-
uct as a yellowish oil. The product was recrystallized from hexanes to
yield white crystals (6.27 g, 87%). M.p. 86–88 8C; 1H NMR (CDCl3): d=
1.60 (s, 9H), 7.42 (d, J=8.1 Hz, 1H), 7.55 (dd, J=4.1, 8.5 Hz, 1H), 7.81
(d, J=8.1 Hz, 1H), 8.53 (dd, J=1.5, 8.5 Hz, 1H), 8.96 ppm (dd, 1H, J=
1.5, 4.1 Hz); 13C APT NMR (CDCl3): d=27.7 (CH3), 84.1 (C), 118.7 (C),
121.6 (CH), 122.8 (CH), 128.6 (C), 129.8 (CH), 135.9 (CH), 141.7 (C),
147.1 (C), 150.8 (CH), 151.6 ppm (C); EI-MS (direct insertion probe
(DIP), 70 eV): m/z (%): 225 (100) [M+�Boc]; elemental analysis calcd
(%) for C14H14BrNO3 (324.17): C 51.87, H 4.35, N 4.32, Br 24.65; found:
C 51.62, H 4.57, N 4.15, Br 24.60.


8-tert-Butoxycarbonyloxy-5-ethynylquinoline (4): A solution of 2 (3.0 g,
9.25 mmol) and diisopropylethylamine (DIPEA; 30 mL) in THF
(300 mL) was purged with argon for 10 min at room temperature. Trime-
thylsilylacetylene (6.54 mL, 46.27 mmol) was added at room temperature
under an argon atmosphere followed by addition of [Pd ACHTUNGTRENNUNG(PPh3)4] (530 mg,
0.46 mmol) and CuI (88 mg, 0.46 mmol). The mixture was stirred for 24 h
in a sealed tube under an argon atmosphere at 60 8C. The mixture was
cooled to room temperature, poured into diethyl ether (300 mL), and fil-
tered through a silica gel pad (10 g) by using diethyl ether (100 mL) as
the eluent. The filtrate was concentrated under vacuum and the residue
was redissolved in methanol (300 mL). KF (717 mg, 12.24 mmol) was
added to the solution and the mixture was stirred for 3 h at room temper-
ature. The reaction mixture was filtered using a paper filter, and water
(300 mL) was added. Methanol was evaporated under vacuum at room
temperature and the residue was extracted with dichloromethane
(300 mL). The dichloromethane layer was separated, dried over anhy-
drous sodium sulfate, filtered, and concentrated under vacuum. The resi-
due was purified by using column chromatography on silica gel (mobile
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phase hexanes/acetone 9:1) to provide a white powder (1.72 g, 69%).
The analytical sample was recrystallized from acetone/hexanes to provide
white crystals. M.p. 116–118 8C; 1H NMR (CDCl3): d=1.59 (s, 9H), 3.47
(s, 1H), 7.48 (d, J=7.9 Hz, 1H), 7.52 (dd, J=4.2, 8.5 Hz, 1H), 7.76 (d,
J=7.9 Hz, 1H), 8.63 (dd, J=1.7, 8.5 Hz, 1H), 8.96 ppm (dd, J=1.7,
4.2 Hz, 1H); 13C APT NMR (CDCl3): d=27.6 (CH3), 80.0 (CH), 82.6
(C), 84.0 (C), 118.0 (C), 120.5 (CH), 122.5 (CH), 130.0 (C), 131.3 (CH),
134.5 (CH), 140.9 (C), 148.2 (C), 150.8 (CH), 151.6 ppm (C); EI-MS
(DIP, 70 eV): m/z (%): 169 (100) [M+�Boc]; elemental analysis calcd
(%) for C16H15NO3 (269.30): C 71.36, H 5.61, N 5.20; found: C 71.44, H
5.43, N 5.16.


General method A


Sonogashira–Hagihara coupling for preparation of 5a,b,d–f : A solution
of 4 (400 mg, 1.49 mmol), haloarene (1.35 mmol), and DIEPA (4 mL) in
THF (40 mL) was purged with argon for 10 min at room temperature. A
mixture of solid [Pd ACHTUNGTRENNUNG(PPh3)4] (78 mg, 0.068 mmol) and CuI (13 mg,
0.068 mmol) was added into the solution under an argon atmosphere and
the mixture was stirred at 60 8C for 24 h. The reaction mixture was
cooled to room temperature, diluted with diethyl ether (40 mL), and fil-
tered through a silica gel pad (5 g) by using diethyl ether (40 mL) as the
eluent. The filtrate was concentrated under vacuum and the residue was
purified by using column chromatography on silica gel.


8-tert-Butoxycarbonyloxy-5-[2-(4,6-dimethoxy-1,3,5-triazinyl) ethynyl]quin-
ACHTUNGTRENNUNGoline (5a): 2-Chloro-4,6-dimethoxy-1,3,5-triazine was used as the starting
haloarene. Mobile phase for column chromatography: hexanes/acetone
4:1. Yield: 503 mg (83%). An analytical sample was recrystallized from
acetone/hexanes to provide off-white crystals. M.p. 141–142 8C; 1H NMR
(CDCl3): d=1.60 (s, 9H), 4.12 (s, 6H), 7.55 (d, J=7.9 Hz, 1H), 7.58 (dd,
J=4.3, 8.5 Hz, 1H), 7.97 (d, J=7.9 Hz, 1H), 8.77 (dd, J=1.7, 8.5 Hz,
1H), 8.99 ppm (dd, J=1.7, 4.3 Hz, 1H); 13C APT NMR (CDCl3): d=27.7
(CH3), 55.6 (CH3), 84.2 (C), 87.0 (C), 91.8 (C), 116.3 (C), 120.6 (CH),
122.9 (CH), 130.4 (C), 133.0 (CH), 134.5 (CH), 141.0 (C), 149.7 (C),
151.1 (CH), 151.4 (C), 162.7 (C), 172.5 ppm (C); EI-MS (DIP, 70 eV): m/
z (%): 308 (100) [M+�Boc]; elemental analysis calcd (%) for
C21H20N4O5 (408.41): C 61.76, H 4.94, N 13.72; found: C 61.80, H 5.08, N
13.67.


General method B


Sonogashira–Hagihara coupling for the preparation of 5c,g–k : A solution
of 3 (1.0 g, 3.09 mmol), the acetylene derivative (3.09 mmol), and DIPEA
(10 mL) in THF (100 mL) was purged with argon for 10 min at room
temperature. A solid mixture of [Pd ACHTUNGTRENNUNG(PPh3)4] (180 mg, 0.155 mmol) and
CuI (30 mg, 0.155 mmol) was added under an argon atmosphere and the
mixture was stirred at 60 8C for 24 h. The reaction mixture was cooled to
room temperature, diluted with diethyl ether (100 mL), and filtered
through a silica gel pad (10 g) by using diethyl ether (50 mL) as the
eluent. The filtrate was concentrated under vacuum and the residue was
purified by using column chromatography on silica gel (mobile phase:
hexanes/acetone 9:1).


8-tert-Butoxycarbonyloxy-5-(4-pyridylethynyl)quinoline (5c): 4-Ethynyl-
pyridine hydrochloride was used as the starting acetylene derivative.
Yield: 520 mg (49%) of a white crystalline compound. An analytical
sample was recrystallized from dichloromethane/hexanes. M.p. 101–
102 8C; 1H NMR (CDCl3): d=7.47 (m, 2H), 7.54 (d, J=7.8 Hz, 1H), 7.56
(dd, J=4.1, 8.4 Hz, 1H), 7.82 (d, J=7.8 Hz, 1H), 8.63–8.67 (m, 3H),
8.99 ppm (dd, J=1.7, 4.1 Hz, 1H); 13C APT NMR (CDCl3): d=27.7
(CH3), 84.1 (C), 90.1 (C), 91.8 (C), 117.9 (C), 120.6 (CH), 122.6 (CH),
125.5 (CH), 129.7 (C), 130.9 (C), 131.2 (CH), 134.2 (CH), 141.1 (C),
148.6 (C), 149.9 (CH), 150.9 (CH), 151.6 ppm (C); EI-MS (DIP, 70 eV):
m/z (%): 246 (100) [M+�Boc]; elemental analysis calcd (%) for
C21H18N2O3 (346.38): C 72.82, H 5.24, N 8.09; found: C 72.40, H 5.24, N
8.01.


General method for the basic deprotection of a Boc derivative—prepara-
tion of 6a–c,e,f,h,k : Piperidine (0.1 mL, 1 mmol) was added to a stirred
solution of Boc derivative (0.35 mmol) in dry CH2Cl2 (1 mL) at room
temperature and the mixture was stirred for 5 min at the same tempera-
ture. The mixture was concentrated under vacuum and the residue was
treated with acetone (5 mL). The resulting precipitate was isolated by


using filtration and the filter cake was washed with acetone and dried to
provide a product.


8-Hydroxy-5-[2-(4,6-dimethoxy-1,3,5-triazinyl)ethynyl] quinoline (6a):
Yellowish powder (79%); m.p. 228–230 8C; 1H NMR (CDCl3): d=4.11 (s,
6H), 7.18 (d, J=8.0 Hz, 1H), 7.60 (dd, J=4.3, 8.5 Hz, 1H), 7.93 (d, J=
8.0 Hz, 1H), 8.75 (dd, J=1.5, 8.5 Hz, 1H), 8.85 ppm (dd, J=1.5, 4.3 Hz,
1H); 13C APT NMR (CDCl3): d=55.5 (CH3), 88.9 (C), 90.8 (C), 108.4
(C), 110.1 (CH), 123.2 (CH), 129.7 (C), 134.9 (CH), 135.4 (CH), 137.8
(C), 148.7 (CH), 155.1 (C), 163.0 (C), 172.4 ppm (C); EI-MS (DIP,
70 eV): m/z (%): 308 (100) [M+]; elemental analysis calcd (%) for
C16H12N4O3 (308.29): C 62.33, H 3.92, N 18.17; found: C 62.61, H 3.96, N
18.16.


General method for the acidic deprotection of a Boc derivative—prepa-
ration of 7d,g,i–k : Trifluoroacetic acid (0.42 mL, 616 mg, 5.40 mmol) was
added to a stirred solution of a Boc derivative (1.08 mmol) in dry CH2Cl2
(40 mL) under an argon atmosphere at room temperature. The mixture
was stirred for 24 h at room temperature under an argon atmosphere.
The solvent was evaporated under vacuum and the residue was recrystal-
lized from acetone.


5-(4-Cyanophenylethynyl)-8-hydroxyquinolinium trifluoroacetate (7d):
Yellow powder (99%); m.p. 181–182 8C; 1H NMR ([D6]DMSO): d=7.21
(d, J=8.1 Hz, 1H), 7.82 (dd, J=4.3, 8.4 Hz, 1H), 7.85–7.96 (m, 5H), 8.86
(dd, J=1.5, 8.4 Hz, 1H), 9.00 ppm (dd, J=1.5, 4.3 Hz, 1H); 13C APT
NMR ([D6]DMSO): d=90.7 (C), 91.7 (C), 108.9 (C), 110.7 (C), 112.4
(CH), 118.5 (C), 123.3 (CH), 127.4 (C), 129.1 (C), 132.0 (CH), 132.6
(CH), 133.5 (CH), 136.1 (CH), 136.6 (C), 148.3 (CH), 154.5 (C),
158.2 ppm (C; CF3COO�, JCF=36.6 Hz); EI-MS (DIP, 70 eV): m/z (%):
270 (100) [M+�CF3COOH]; elemental analysis calcd (%) for
C20H11F3N2O3·


3=4CH2Cl2 (448.01): C 55.64, H 2.79, N 6.25; found: C 55.82,
H 2.53, N 5.94.


8-(Benzyloxy)-5-(4,4,5,5-tetramethyl ACHTUNGTRENNUNG[1,3,2]dioxaborolan-2-yl)quinoline
(9): A flame-dried screw-cap flask was loaded with 8-(benzyloxy)-5-bro-
moquinoline (4.713 g, 15.00 mmol), dry Et3N (15.00 mL), and dry THF
(75.00 mL). The solution was purged with argon for 10 min, then 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (2.400 mL, 2.112 g, 16.50 mmol) and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (0.520 g, 0.45 mmol) were added. The mixture was stirred for
24 h at 100 8C under an argon atmosphere, cooled to room temperature,
diluted with diethyl ether (100 mL), and filtered through a silica gel pad
by using diethyl ether as the eluent. The filtrate was concentrated under
vacuum, and the residue was purified by using column chromatography
on silica gel (mobile phase: hexanes/acetone 4:1) to provide the product
as a yellowish oil (5.17 g, 95%), which was recrystallized from acetone/
hexanes to provide white crystals. M.p. 123–124 8C; 1H NMR (CDCl3):
d=1.38 (s, 12H), 5.47 (s, 2H), 7.01 (d, J=7.9 Hz, 1H), 7.27 (m, 1H), 7.34
(m, 2H), 7.47 (dd, J=4.1, 8.6 Hz, 1H), 7.50 (m, 2H), 7.99 (d, J=7.9 Hz,
1H), 8.96 (dd, J=1.8, 4.1 Hz, 1H), 9.1 ppm (dd, J=1.7, 8.6 Hz, 1H); 13C
APT NMR (CDCl3): d=24.9 (CH3), 70.5 (CH2), 83.6 (C), 109.1 (CH),
121.8 (CH), 127.0 (CH), 127.8 (CH), 128.6 (CH), 133.4 (C), 136.7 (CH),
137.0 (CH), 140.4 (C), 148.9 (CH), 156.9 ppm (C); EI-MS (DIP, 70 eV):
m/z (%): 361 (22) [M+], 284 (17) [M+�Ph], 255 (25) [M+�BnO], 91
(100) [tropylium+].


General method C


Suzuki–Miyaura coupling for the preparation of 10a–e,j,k : Compound 4
(1.242 g, 3.44 mmol), haloarene (3.44 mmol), tetrabutylammonium chlo-
ACHTUNGTRENNUNGride (0.110 g, 0.37 mmol), and tetrakis(triphenylphosphine) palladium
(0.180 g, 0.16 mmol) were added to an air-free two-phase mixture of tol-
uene (25 mL) and an aqueous 1m K2CO3 solution (25 mL). The reaction
mixture was intensively stirred under an argon atmosphere at 90 8C for
24 h. The organic layer was separated and the aqueous phase was extract-
ed with toluene (3K30 mL). The organic layers were combined, washed
with water (2K50 mL), and dried with anhydrous Na2SO4. The solvent
was evaporated and the residue was dissolved in dichloromethane and fil-
tered over silica gel by using 25% methanol/dichloromethane as the
mobile phase.


8-(Benzyloxy)-5-[2-(4,6-dimethoxy-1,3,5-triazinyl)] quinoline (10a): 2-
Chloro-4,6-dimethoxy-1,3,5-triazine was used as the starting aryl halide.
Mobile phase for chromatography: hexanes/acetone 7:3. Yield: 0.190 g
(51%) of white solid. The analytical sample was obtained by crystalliza-
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tion from an acetone/hexanes mixture to provide white crystals. M.p.
122–123 8C; 1H NMR (CDCl3): d=4.13 (s, 6H), 5.53 (s, 2H), 7.11 (d, J=
8.4 Hz, 1H), 7.30 (m, 1H), 7.37 (m, 2H), 7.53 (m, 2H), 7.55 (dd, J=4.0,
8.9 Hz, 1H), 8.53 (d, J=8.4 Hz, 1H), 9.01 (dd, J=1.7, 4.0 Hz, 1H),
9.72 ppm (dd, J=1.7, 8.9 Hz, 1H); 13C APT NMR (CDCl3): d=55.2
(CH3), 70.8 (CH2), 108.6 (CH), 122.4 (CH), 123.9 (C), 127.0 (CH), 127.9
(CH), 128.2 (C), 128.6 (CH), 132.5 (CH), 134.8 (CH), 136.1 (C), 140.3
(C), 149.1 (CH), 157.7 (C), 172.3 (C), 175.5 ppm (C); EI-MS (DIP,
70 eV): m/z (%): 374 (21) [M+], 297 (14), 268 (17) [M+�BnO], 91 (100)
[tropylium+].


General method D


Suzuki–Miyaura coupling for the preparation of 10 f–h,l–n : 8-(Benzyl-
ACHTUNGTRENNUNGoxy)-5-bromoquinoline (1.057 g, 3.37 mmol), a phenylboronic acid deriva-
tive (3.40 mmol), tetrabutylammonium chloride (TBACl; 0.110 g,
0.37 mmol), and tetrakis(triphenylphosphine) palladium (0.180 g,
0.16 mmol) were added to an air-free two-phase mixture of toluene
(30 mL) and an aqueous 1m K2CO3 solution (30 mL). The resulting mix-
ture was intensively stirred under an argon atmosphere at 90 8C for 24 h.
The organic layer was separated and the aqueous phase was extracted
with toluene (3K30 mL). The organic layers were combined, washed with
water (2K50 mL), and dried with anhydrous Na2SO4. The solvent was
evaporated and the residue was dissolved in dichloromethane and filtered
over silica gel by using 25% methanol/dichloromethane as the mobile
phase. The crude product was purified by recrystallization or column
chromatography.


8-(Benzyloxy)-5-(4-cyanophenyl)quinoline (10 f): 4-Cyanophenylboronic
acid was used as the starting material for the cross-coupling. The result-
ing compound was recrystallized from ethanol to provide white crystals
(0.536 g, 46%). M.p. 180–181 8C; 1H NMR (CDCl3): d=5.51 (s, 2H), 7.09
(d, J=7.9 Hz, 1H), 7.32 (m, 2H), 7.38 (m, 2H), 7.43 (dd, J=4.3, 8.5 Hz,
1H), 7.51–7.56 (m, 4H), 7.76 (m, 2H), 8.11 (dd, J=1.8, 8.5 Hz, 1H),
9.03 ppm (dd, J=1.8, 4.3 Hz, 1H); 13C APT NMR (CDCl3): d=70.9
(CH2), 109.4 (CH), 111.2 (C), 118.8 (C), 122.0 (CH), 127.1 (CH), 127.2
(C), 127.6 (CH), 128.0 (CH), 128.3 (C), 128.7 (CH), 130.3 (C), 130.8
(CH), 132.3 (CH), 133.4 (CH), 136.7 (CH), 140.6 (C), 144.3 (C), 149.5
(CH), 149.7 (C), 153.1 (C); EI-MS (DIP, 70 eV): m/z (%): 336 (20) [M+],
259 (7) [M�C6H6


+], 230 (11) [M�benzaldehyde+], 91 (100) [tropylium+


].


General method for the deprotection of the benzyl derivative by catalytic
transfer hydrogenation—preparation of the ligands 11a–n : 1,4-Cyclohex-
adiene (0.500 mL, 5.4 mmol) was added in one portion to a mixture of
the benzyl derivatives 10 (1.80 mmol) and 10% Pd/C catalyst (300 mg) in
degassed isopropanol (30 mL). The mixture was heated at 110 8C for 3 h
in a screw-cap flask. The solution was cooled to room temperature and
filtered over filter paper to remove the catalyst. The solvent was evapo-
rated and the crude product was purified by means of recrystallization or
column chromatography.


8-Hydroxy-5-[2-(4,6-dimethoxy-1,3,5-triazinyl)]quinoline (11a): 8-(Ben-
ACHTUNGTRENNUNGzyl ACHTUNGTRENNUNGoxy)-5-[2-(4,6-dimethoxy-1,3,5-triazinyl)]quinoline (10a) was used as
the starting material. The resulting product was recrystallized from etha-
nol to give white crystals (0.84 g, 59%). M.p. 227–229 8C; 1H NMR
(CDCl3): d=4.15 (s, 6H), 7.25 (d, J=8.3 Hz, 1H), 7.56 (dd, J=4.1,
8.9 Hz, 1H), 8.76 (d, J=8.3 Hz, 1H), 8.81 (dd, J=1.6, 4.1 Hz, 1H),
9.89 ppm (dd, J=1.6, 8.9 Hz, 1H); 13C APT NMR (CDCl3): d=55.1
(CH3), 109.2 (CH), 122.3 (C), 122.9 (CH), 127.8 (C), 134.0 (CH), 136.0
(CH), 138.4 (C), 147.6 (CH), 156.5 (C), 172.6 (C), 175.7 ppm (C); EI-MS
(DIP, 70 eV): m/z (%): 284 (100) [M+], 269 (50), 212 (33).


General method for the preparation of complexes 1a–k : A 0.05m aque-
ous solution of AlCl3·6H2O (0.07 mol) was added to a boiling solution of
the ligand (free base or TFA) (0.210 mmol) in ethanol (15 mL). The mix-
ture was left at reflux for 1 h, neutralized with Et3N and cooled to room
temperature. The precipitated aluminum complex was collected by using
filtration and the filter cake was washed with water, ethanol, and diethyl
ether to provide the desired product. Complexes 1a–k can be recrystal-
lized from ethanol or dichloromethane/hexanes.


Aluminum ACHTUNGTRENNUNG(iii) tris[5-(4-dimethylaminophenylethynyl)]-8-quinolinolate
(1k): Orange solid (84%); m.p. 245–247 8C (decomp); 1H NMR (CDCl3):
d=2.98 (s, 12H; CH3), 2.99 (s, 6H; CH3), 6.67 (m, 6H), 7.07 (m, 3H),


7.24 (dd, J=1.5, 4.9 Hz, 1H), 7.30 (dd, J=4.9, 8.3 Hz, 1H), 7.40–7.50 (m,
7H), 7.54 (dd, J=4.9, 8.3 Hz, 1H), 7.75 (m, 3H), 8.73 (dd, J=1.5, 8.3 Hz,
1H), 8.77 (dd, J=1.5, 8.3 Hz, 1H), 8.81 (m, 2H), 8.85 ppm (dd, J=1.5,
4.9 Hz, 1H); 13C APT NMR (CDCl3): d=40.4 (CH3), 84.0 (C), 84.3 (C),
84.7 (C), 92.8 (C), 93.1 (C), 93.4 (C), 106.3 (C), 106.4 (C), 106.7 (C),
110.3 (C), 110.5 (C), 110.7 (C), 111.9 (CH), 112.7 (CH), 113.2 (CH),
113.8 (CH), 121.5 (CH), 122.0 (CH), 122.2 (CH), 129.7 (C), 129.9 (C),
130.0 (C), 132.5 (CH), 134.7 (CH), 134.9 (CH), 135.2 (CH), 138.8 (CH),
138.9 (CH), 139.15 (C), 139.24 (CH), 139.8 (C), 142.7 (CH), 144.9 (CH),
145.2 (CH), 149.9 (C), 149.98 (C), 150.04 (C), 158.7 (C), 159.0 (C),
159.2 ppm (C); HRMS (ESI): m/z calcd for C57H46AlN6O3 [M+H+]:
889.3447; found: 889.3487; elemental analysis calcd (%) for
C57H45AlN6O3·5H2O (979.08): C 69.93, H 5.66, N 8.58; found: C 70.17, H
5.02, N 8.38.


General method for the preparation of the aluminum complexes 2a–n : A
mixture of the ligand (0.15 mmol) and AlCl3·6H2O (12 mg, 0.05 mmol) in
degassed ethanol (5 mL) was left at reflux for 3 h. The mixture was
cooled to room temperature and neutralized by using triethylamine.
Water (10 mL) was added and the precipitated complex was filtered off.
The filter cake was washed thoroughly with water, ethanol, and diethyl
ether, and dried under vacuum to provide the desired product.


Aluminum ACHTUNGTRENNUNG(iii) tris{5-[2-(4,6-dimethoxy-1,3,5-triazinyl)]-8-quinolinolate}
(2a): Yellow solid (28 mg, 95%); m.p. >260 8C; 1H NMR (CDCl3): d=
4.11 (s, 6H), 4.12 (s, 6H), 4.13 (s, 6H), 7.15 (m, 2H), 7.19 (d, J=8.5 Hz,
1H), 7.29 (dd, J=1.5, 4.7 Hz, 1H), 7.38 (dd, J=4.7, 8.7 Hz, 1H), 7.55
(dd, J=4.7, 8.7 Hz, 1H), 7.63 (dd, J=4.7, 8.7 Hz, 1H), 8.83 (dd, J=1.5,
4.7 Hz, 1H), 8.86–8.94 (m, 3H), 8.96 (d, J=8.5 Hz, 1H), 10.17 (dd, J=
1.5, 8.7 Hz, 1H), 10.21 (dd, J=1.5, 8.7 Hz, 1H), 10.26 ppm (dd, J=1.5,
8.7 Hz, 1H); HRMS (ESI): m/z calcd for C42H33AlN12O9 [M+H+]:
877.2387; found: 877.2409.


Calculation of the energy-gap law correlation data : Values for the emis-
sion energy (Eem) and the radiative (kr) and nonradiative (knr) rate decay
rate constants were calculated by using the Equations (1)–(3):


Eem ¼ hnmax ¼
hc
lmax


ð1Þ


kr ¼
�


tF
ð2Þ


knr ¼
1
tF


�kr ð3Þ


Estimation of the HOMO/LUMO energy levels for the complexes : The
HOMO and LUMO energies were calculated by using a commonly ac-
cepted procedure.[34] According to this, the value for ferrocene (Fc) with
respect to the zero vacuum level is estimated as �4.8 eV, determined
from �4.6 eV for the standard electrode potential EA of a normal hydro-
gen electrode (NHE) on the zero vacuum level, and 0.2 V for Fc versus
NHE. Thus, the values for the HOMO and LUMO levels were obtained
through Equations (4) and (5) as follows:


HOMO ¼ �ðEox þ 4:8Þ eV ð4Þ


LUMO ¼ �ðEred þ 4:8Þ eV ð5Þ


in which Eox and Ered are the redox potentials referenced against ferro-
cene.


Construction of the devices : The OLEDs were fabricated on Applied
Films Corp ITO-coated glass substrates (150–200 nm thick; resistance, R
�20 W/square). The ITO-coated substrates, which served as the anode,
were degreased by a detergent and organic solvents and then UV-ozone
cleaned to increase the ITO work function. The organic layers, CsF elec-
tron injection buffer layer, and Al cathode were deposited by thermal
evaporation in a high-vacuum (�106 torr) chamber installed in an Ar-
filled glove-box (<1 ppm O2, H2O). The organic layers consisted of a
5 nm-thick copper phthalocyanine (CuPc) layer, a 60 nm-thick N,N’-di-
phenyl-N,N’-bis(1-naphthylphenyl)-1,1’-biphenyl-4,4’-diamine (a-NPD)
layer, and a 50 nm-thick layer of the Alq3 derivative. The cathode consist-
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ed of a �1 nm-thick CsF layer and a �150 nm-thick Al layer. The depo-
sition rate of the organic layers was 0.05–0.1 nms�1, controlled by a cali-
brated quartz-crystal thickness monitor. The CsF layer was deposited at
�0.01 nmsec�1. The Al was deposited at 0.5–0.7 nmsec�1 through a mask
of 3.0 mm diameter holes. The Alq3 derivatives that could not be ther-
mally evaporated were dissolved in toluene and embedded in a poly(9-vi-
nylcarbazole) (PVK) (10 mgmL�1 in toluene) matrix. The “1K1” ITO
substrates were then spin coated at 4000 rpm with poly(3,4-ethylenediox-
ythiophene) (PEDOT)/poly(styrene sulfonate) (PSS) and baked at 150 8C
for 60 min. The Alq3 derivative/PVK blend was then spin coated at
2000 rpm onto the PEDOT/PSS. A 30 nm-thick layer of 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP), a hole-blocking electron-transport-
ing layer, was then thermally evaporated onto the spin-coated Alq3 deriv-
ative-doped PVK. CsF and Al films were deposited as described above.


Characterization of the OLEDs : The current–voltage and electrolumines-
cence intensity–voltage curves were measured by using a Keithley 2000
digital multimeter (DMM) and Minolta L100 luminance meter. The EL
spectra were measured by using an OceanOptics Chem-2000 spectrome-
ter. The external maximum efficiency of the diodes was determined by
using Equation (6):


h ¼ pe
Kmhc


L
J


R
FðlÞdl


R FðlÞyðlÞdl
l


ð6Þ


in which L is the measured forward-directed luminance [cdm�2], J is the
current density [Am�2], Km is the maximum luminous efficacy (namely,
680 LmW�1), y(l) is the normalized photopic spectral response function,
F(l) is the electroluminescence emission spectrum for the device, and l


is the wavelength.
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AVariety of Spin-Crossover Behaviors Depending on the Counter Anion:
Two-Dimensional Complexes Constructed by NH···Cl� Hydrogen Bonds,
[FeIIH3L


Me]Cl·X (X = PF6
�, AsF6


�, SbF6
�, CF3SO3


�; H3L
Me = Tris[2-{[(2-


methylimidazol-4-yl)methyl ACHTUNGTRENNUNGidene]amino}ethyl]amine)
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Masaaki Kojima,[b] FranÅoise Dahan,[c] Jean-Pierre Tuchagues,[c] Nazzareno Re,[d] and
Seiichiro Iijima[e]


Introduction


Spin-crossover (SC) is a representative example of molecu-
lar bistability, in which the high-spin (HS) and low-spin (LS)
states are interconvertible by physical perturbations such as
a change in temperature, pressure, an external magnetic
field, or irradiation with light.[1,2] While SC behavior is es-
sentially a phenomenon of individual molecules, the interac-
tion between the SC sites is an important factor governing
the SC properties such as the steepness and multistep
nature of the spin transition, hysteresis, and the LIESST
(light-induced excited spin state trapping) effect, which are
important properties with regard to applications in informa-
tion storage, molecular switches, and visual displays.[3] The
synthesis of SC compounds exhibiting interactions between
the SC sites is of current interest. For example, in the cur-
rent decade, polymeric SC compounds with bridging li-
gands[4] and mononuclear SC compounds exhibiting inter-


Abstract: A family of spin-crossover
(SC) complexes, [FeIIH3L


Me]Cl·X (X�


= PF6
�, AsF6


�, SbF6
�, CF3SO3


�), 1–4,
has been synthesized, in which H3L


Me


denotes the hexadentate N6 tripod-like
ligand tris[2-{[(2-methylimidazol-4-yl)-
methylidene]amino}ethyl]amine, con-
taining three imidazole groups, with a
view to establishing the effect of the
counter anion on the SC behavior.
These complexes have been found to
crystallize in the same monoclinic crys-
tal system with similar cell dimensions.
The general crystal structure consists of
a two-dimensional (2D) extended net-
work constructed by NH···Cl� hydro-
gen bonds between Cl� and the imida-
zole NH groups of three neighboring
[FeIIH3L


Me]2+ ions, while the anion X


exists as an isolated counter anion and
occupies the space between the 2D
sheets. Magnetic susceptibilities and
Mçssbauer spectra have revealed a va-
riety of SC behaviors depending on the
counter anion, including a one-step HS
Q (HS + LS)/2 (1, X = PF6


�), a two-
step HS Q (HS + LS)/2 Q LS with a
slow thermal relaxation (2, X =


AsF6
�), a gradual one-step HS Q LS


(3, X = SbF6
�), and a steep one-step


HS Q LS with hysteresis (4, X =


CF3SO3
�). The complexes assume the


space group P21/n in the HS state, P21


in the HS + LS state, and P21/n in the
LS state. The Fe�N bond lengths and
the N-Fe-N bond angles are indicative
of the HS, HS + LS, and LS states.
The molecular volumes, V, of the coun-
ter anions have been evaluated by
quantum-chemical calculations as fol-
lows: 53.4 >3 (BF4


�), 54.4 >3 (ClO4
�),


73.0 >3 (PF6
�), 78.5 >3 (AsF6


�), 88.7 >3


(SbF6
�), and 86.9 >3 (CF3SO3


�). The
size and shape of the counter anion af-
fects the flexible 2D network structure
constructed by the hydrogen bonds,
leading to modifications of the SC be-
havior. These estimated relative sizes
of the counter anions correlate well
with the observed SC behaviors.


Keywords: hydrogen bonds · iron ·
magnetic properties · Mçssbauer
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molecular interactions such as hydrogen bonding and p–p
stacking[5] have been extensively investigated, and they have
been found to show interesting SC behavior. It is also
known that the presence of solvent molecules in the crystal
lattice and the nature of the counter anion significantly
affect the SC behavior, although such species do not directly
interact with the SC site.[6] This highlights the need for a
more systematic investigation of such subfactors, as well as
for a rational explanation of the complicated results.


We have investigated metal complexes containing imida-
zole groups.[7] Of these, iron complexes with tripod ligands
containing three imidazole groups, H3L


R (R = H, Me, Ph),
H3L


R = tris[2-{[(2-R-imidazoyl-4-yl)methylidene]amino}-
ethyl]amine, have been found to constitute a new family of
SC complexes.[6] These systems comprise [FeIIH3L


R]X2,
[FeIIIH3L


R]X3, [FeIIILR], [FeIIH3L
R]ACHTUNGTRENNUNG[FeIILR]X, and


[FeIIH3L
R]ACHTUNGTRENNUNG[FeIIILR]X2 complexes, where X denotes a mono-


negative anion such as ClO4
� or PF6


�. In particular, com-
plexes of the type [FeIIH3L


R]ACHTUNGTRENNUNG[FeIILR]X and [FeIIH3L
R]-


ACHTUNGTRENNUNG[FeIIILR]X2, in which two component Fe sites, [FeIIH3L
R]2+


and [FeIILR]� or [FeIIILR]0, are connected through an imida-
zole–imidazolate hydrogen bond to produce a two-dimen-
sional (2D) extended network structure, have been found to
exhibit steep and multistep SC behavior.[6] We have also
identified another new type of 2D SC complex with the
chemical formula [FeIIH3L


Me]Cl·I3.
[8] This compound shows a


steep spin transition, and the crystal structure consists of a
new type of 2D extended network constructed by NH···Cl�


hydrogen bonds. Since we have already shown that the
counter anion in [FeIIH3L


Me] ACHTUNGTRENNUNG[FeIILMe]X significantly affects
the SC properties,[6] it was anticipated that the counter
anion in [FeIIH3L


Me]Cl·X may have a similar influence. Var-
iation of X would then allow us to address the issue of how
the counter anion modifies the SC behavior of the 2D com-
plex through intra- and interlayer elastic interactions. To-
wards this objective, a series of complexes with the general
formula [FeIIH3L


Me]Cl·X (X� = PF6
�, AsF6


�, SbF6
�, or


CF3SO3
�) has been prepared. Depending on the counter


anion, this series of complexes has been found to exhibit a
variety of SC behaviors, including a one-step (HS Q (HS +


LS)/2), a two-step (HS Q (HS + LS)/2 Q LS) with slow
thermal relaxation, a gradual one-step (HS Q LS), and a
steep one-step (HS Q LS) transition with hysteresis. We
now report the 2D structure constructed by NH···Cl� hydro-
gen bonds between the imidazole groups of the complex
cation and Cl� ions, the detailed crystal structures of the HS,
(HS + LS)/2, and LS states, and a variety of SC behaviors
as revealed by the temperature dependences of the magnetic
susceptibilities and the Mçssbauer spectra.


Results and Discussion


Synthesis and characterization of [FeIIH3L
Me]Cl·X (X� =


PF6
�, AsF6


�, SbF6
�, CF3SO3


�): FeII complexes with the for-
mulas [FeIIH3L


Me]X2 (X� = ClO4
�, BF4


�) and
[FeIIH3L


Me]Cl·X (X� = AsF6
�, SbF6


�, CF3SO3
�) were easily


obtained as orange or dark-orange crystals by mixing the
neutral form of the tripodal ligand H3L


Me (H3L
Me = tris[2-


{[(2-methylimidazol-4-yl)methylidene]amino}ethyl]amine),
FeIICl2·4H2O, and NaX in a 1:1:2 molar ratio in methanol,
without protection from air, as detailed in the Experimental
Section. A combination of the FeII complex cation with the
neutral ligand, [FeIIH3L


Me]2+ , and a rather small counter
anion, such as ClO4


� or BF4
�, crystallized with the chemical


formula [FeIIH3L
Me]X2, whereas a combination of this com-


plex cation with a larger counter anion, such as AsF6
�,


SbF6
�, or CF3SO3


�, crystallized with the chemical formula
[FeIIH3L


Me]Cl·X. The PF6
� salt was found to crystallize from


MeOH with the formula [FeIIH3L
Me]Cl·PF6·MeOH, a high-


spin complex over the temperature range 5–300 K that
showed distinctly different magnetic properties from those
of the compound without methanol. The compound without
the solvent of crystallization, [FeIIH3L


Me]Cl·PF6 (1), can be
obtained by performing the reaction in H2O/CH3CN. It
should be noted that anaerobic conditions are not always
necessary for the syntheses of the present FeII complexes. X-
ray crystal structures at selected temperatures were deter-
mined for all of the complexes. The crystallographic data
are summarized in Table 1. They indicate that all of the
complexes crystallized in the same monoclinic space group
with very similar crystal dimensions. All of the IR spectra
for the series of complexes with the neutral ligand showed a
characteristic sharp single band at around 1640 cm�1 at am-
bient temperature due to the C=N stretching vibration of
the Schiff-base ligand, which can be assigned to the HS FeII


state.[6,9]


SC properties and structures of [FeIIH3L
Me]Cl·X (X� =


PF6
�, AsF6


�, SbF6
�, CF3SO3


�)


General : The SC behavior of the complexes was investigat-
ed by measuring their temperature-dependent magnetic sus-
ceptibilities, as well as by Mçssbauer spectroscopy and X-
ray analyses. The general procedures outlined below were
used, unless otherwise noted. The magnetic susceptibilities
were measured in the 5–300 K temperature range, at a
sweep rate of 1 Kmin�1, in an applied magnetic field of 1 T.
The sample was quickly cooled from room temperature to
5 K, and the magnetic susceptibility was measured in the
warming mode from 5 to 300 K as a first run and then meas-
ured in the cooling mode from 300 to 5 K as a second run.
Mçssbauer spectra were recorded in the 4.2–298 K range.
The sample was initially cooled from room temperature to
4.2 K within 3 min and Mçssbauer spectra were then meas-
ured in the warming and cooling modes. Crystal structures
were determined by single-crystal X-ray diffraction analyses
at the appropriate temperatures to confirm the spin states.
Table 1 summarizes the crystallographic data for all of the
complexes at the selected temperatures. These complexes
not only crystallized in the same monoclinic crystal system
with similar cell dimensions, but also assumed the same
space groups, that is, P21/n in the HS state, P21 in the HS +


LS state, and P21/n in the LS state. All complexes in the HS
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and LS states assume a similar 2D extended structure, and
so, except for the anions, the same atom numbering scheme
applies throughout. Complexes 1 and 2 in the HS + LS
state assume similar 2D structures and, except for the
anions, the same atom numbering scheme applies.


[FeIIH3L
Me]Cl·PF6 (1): Figure 1 shows cMT versus T plots for


the warming and cooling modes, where cMT is the molar
magnetic susceptibility and T is the absolute temperature.
The magnetic behaviors in the warming and cooling modes
are almost the same and show an SC of the HS Q (HS +


LS)/2 type. In the 300–150 K region, the cMT value is nearly
constant at about 3.5 cm3Kmol�1, as expected for an HS FeII


species (S = 2). Upon further cooling of the sample in the
150–100 K region, the cMT value abruptly decreases at
around 130 K, and then reaches a plateau value of about
1.8 cm3Kmol�1 below 100 K. This cMT value of
1.8 cm3Kmol�1 is approximately half of the 3.5 cm3Kmol�1


observed in the HS temperature region, indicating that one
of two FeII sites converts to the LS state, while the other re-
mains in the HS state (HS Q (HS + LS)/2); a value of T1/2


= 122 K for the HS Q (HS + LS)/2 transition was evaluat-
ed from the first derivative of cMT.


Selected Mçssbauer spectra in the warming mode are
shown in Figure 2, which serve to corroborate the HS Q
(HS + LS)/2 SC behavior. Table 2 lists the Mçssbauer pa-
rameters at each selected temperature in the warming and


cooling modes. The Mçssbauer spectra in the warming and
cooling modes are nearly the same, showing that there is no
frozen-in effect. In the temperature region 4.2–120 K, each
spectrum consists of two doublets attributable to the HS FeII


species (for example, at 4.2 K, isomer shift d = 1.12 mms�1,
quadrupole splitting DEQ = 2.18 mms�1) and the LS FeII


species (at 4.2 K, d = 0.47 mms�1 and DEQ = 0.22 mms�1),


Table 1. Crystallographic data for complexes 1–4.


1 2 3 4
296 K 93 K 180 K 110 K 90 K 180 K 90 K 296 K


formula C21H30ClF6-
FeN10P


C21H30ClF6-
FeN10P


C21H30AsClF6-
FeN10


C21H30AsClF6-
FeN10


C21H30AsClF6-
FeN10


C21H30ClF6-
FeN10Sb


C21H30ClF6-
FeN10Sb


C22H30ClF3-
FeN10O3S


Fw 658.80 658.80 702.75 702.75 702.75 749.60 749.60 662.90
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space
group


P21/n
ACHTUNGTRENNUNG(no. 14)


P21


ACHTUNGTRENNUNG(no. 4)
P21/n
ACHTUNGTRENNUNG(no. 14)


P21


ACHTUNGTRENNUNG(no. 4)
P21/n
ACHTUNGTRENNUNG(no. 14)


P21/n
ACHTUNGTRENNUNG(no. 14)


P21/n
ACHTUNGTRENNUNG(no. 14)


P21/n
ACHTUNGTRENNUNG(no. 14)


a [>] 17.501(5) 17.212(5) 17.450(5) 17.230(6) 17.089(5) 17.5367(14) 17.2127(14) 18.055(4)
b [>] 13.212(4) 12.680(4) 13.096(3) 12.796(3) 12.522(6) 13.2154(10) 12.7252(11) 12.636(4)
c [>] 13.105(4) 13.109(6) 13.068(3) 13.090(3) 13.104(7) 13.1112(11) 13.0765(11) 13.589(4)
b [8] 96.51(1) 95.57(1) 96.53(1) 95.44(1) 94.88(2) 95.817(7) 94.727(7) 98.62(1)
V [>3] 3010(1) 2847(1) 2967(1) 2873(1) 2794(2) 3022.9(4) 2854.5(4) 3065(1)
Z 4 4 4 4 4 4 4 4
F ACHTUNGTRENNUNG(000) 1352 1352 1424 1424 1424 1496 1496 1368
l [>] 0.71075 0.71075 0.71075 0.71075 0.71075 0.71073 0.71073 0.71073
T [K] 296�2 93�2 180�2 110�2 90�2 180�2 90�2 296�2
1calcd [Mgm�3] 1.453 1.536 1.537 1.625 1.670 1.647 1.744 1.436
m ACHTUNGTRENNUNG(MoKa) [mm�1] 7.09 7.50 17.73 18.31 18.83 15.27 16.17 7.07
q range [8 min–max] 3.1–27.5 3.1–27.5 3.1–27.5 3.1–27.6 3.1–27.5 2.13–26.04 3.23–32.37 3.0–27.5
no. of data collected 29321 26630 29167 28156 25898 30088 27838 30324
no. of unique data 6872 12777 6745 12867 6365 9965 9378 7022
R ACHTUNGTRENNUNG(int) 0.023 0.027 0.047 0.048 0.216 0.034 0.043 0.022
no. of variable parameters 391 782 391 782 391 406 406 400
no. of obsd. refl.[a] 4695 11438 4199 9417 1557 5660 6333 5024
R[b] obsd., all 0.061, 0.077 0.044, 0.049 0.061, 0.090 0.052, 0.072 0.120, 0.219 0.041, 0.077 0.042, 0.063 0.045, 0.058
Rw[c] obsd., all 0.192 0.130 0.180 0.136 0.289 0.092, 0.105 0.096, 0.107 0.144
S 1.001 0.999 0.999 0.998 0.850 0.879 0.956 0.992
ACHTUNGTRENNUNG(D/s)max 0.000 0.000 0.000 0.000 0.007 0.001 0.001 0.000
ACHTUNGTRENNUNG(D/1)max,min [e>�3] 1.13, �0.61 1.76, �1.17 1.75, �1.89 2.14, �1.91 3.22, �2.93 1.09, �0.63 0.857, �0.722 1.98, �0.63


[a] Data with Fo>4s(Fo). [b] R = � j jFo j� jFc j j /� jFo j . [c] Rw = [�w(jFo
2j�jFc


2 j )2/�w jFo
2 j 2]1/2.


Figure 1. Magnetic behavior of [FeIIH3L
Me]Cl·PF6 (1) in the form of cMT


versus T plots in the warming and cooling modes. The sample was quick-
ly cooled from 300 K to 5 K and cMT was first measured in the course of
warming from 5 to 300 K at a sweep rate of 1 Kmin�1 (~). Values were
then measured in the course of cooling from 300 to 5 K at a sweep rate
of 1 Kmin�1 (!).
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in an area ratio of 1:1. Upon increasing the sample tempera-
ture from 120 to 160 K, the relative intensity of the doublet
due to the HS FeII species increases, while the doublet due
to the LS FeII species decreases and ultimately disappears.
At 298, 200, and 160 K, each spectrum consists only of a


doublet attributable to the HS FeII species. A deconvolution
analysis was performed to determine the HS versus total
FeII molar fraction, nHS, and the results are presented in
Table 2 and Figure 3. The Mçssbauer results demonstrate
that 50% of the FeII species is converted from the HS to the
LS state, which is consistent with the magnetic susceptibility
result.


Since the magnetic susceptibility and Mçssbauer spectral
measurements demonstrated a one-step spin-crossover be-
tween the HS and (HS+LS)/2 states at around 130 K, crys-
tal structures were determined at 296 and 93 K to confirm
these two spin states. The unit cell parameters at 296 K are
similar to those at 93 K, but the cell volume is reduced by
5.4% upon the spin transition. The space group P21/n at
296 K becomes P21 at 93 K and consequently the number of
unique molecules changes from one at 296 K to two at 93 K.
Figure 4 and Figure 5 show ORTEP drawings of the unique
molecules in the HS and (HS + LS)/2 states, respectively,
together with the atom-numbering schemes adopted. Table 3
shows selected bond lengths and hydrogen-bond lengths.


The crystal structures at both temperatures reveal similar
2D networks, in which chloride ions serve as connectors
through forming hydrogen bonds to the imidazole NH
groups of three neighboring cations [FeIIH3L


Me]2+ (see Fig-
ure 6a). Figure 6b shows the 2D network structure at 296 K,
in which the hydrogen-bond lengths are Cl···N4* =


3.095(3), Cl···N(7)** = 3.065(3), and Cl···N(10) =


3.105(4) >. It should be noted that all three imidazole NH
groups of the [FeIIH3L


Me]2+ ion are involved in the construc-
tion of the 2D layer structure. The geometry of the ClN3


unit defined by the Cl� ion and three hydrogen-bonded imi-
dazole nitrogen atoms is not planar as the four paired elec-
trons of the Cl� ion are oriented in a tetrahedral geometry.
The PF6


� ion exists as an isolated counter anion. As shown
in Figure 6c, each 2D layer assumes a thickness correspond-


Figure 2. Selected 57Fe Mçssbauer spectra of [FeIIH3L
Me]Cl·PF6 (1) re-


corded at 78, 120, 125, and 160 K upon warming the sample from 78 K.


Table 2. Mçssbauer data for [FeIIH3L
Me]Cl·PF6 (1).


A. On heating after rapid cooling to 4.2 K
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Area ratio [%]


298 0.98 1.76 0.27 100
200 1.07 1.83 0.27 100
160 1.09 1.85 0.28 100
140 1.10 1.88 0.27 90


0.45 0.23 0.25 10
130 1.11 1.90 0.27 83


0.48 0.22 0.28 17
125 1.11 1.92 0.27 77


0.48 0.21 0.26 23
120 1.11 2.03 0.28 55


0.48 0.22 0.25 45
110 1.12 2.08 0.28 52


0.48 0.22 0.25 48
78 1.10 2.16 0.27 50


0.47 0.23 0.26 50
4.2 1.12 2.18 0.26 52


0.47 0.22 0.26 48


B. On slow cooling from room temperature
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Area ratio [%]


78 1.12 2.15 0.27 51
0.49 0.22 0.26 49


4.2 1.13 2.17 0.27 53
0.49 0.22 0.25 47


[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.


Figure 3. Molar fraction of HS versus total FeII, nHS, for [FeIIH3L
Me]Cl·PF6


(1) in the warming (~) and cooling modes (!) obtained by deconvolution
analysis of the Mçssbauer spectra, together with nHS obtained from the
magnetic susceptibility measurements. The nHS value from the magnetic
susceptibility measurements was calculated using the equation (cMT)obs =


nHS ACHTUNGTRENNUNG(cMT)HS + (1 � nHS) ACHTUNGTRENNUNG(cMT)LS, with (cMT)HS = 3.5 cm3Kmol�1 and
(cMT)LS = 0.0 cm3Kmol�1 as the limiting values.
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ing to two molecular units of the complex, and the 2D
layers are separated by a layer of PF6


� ions. The
[FeIIH3L


Me]2+ ion is a chiral species with either a D (clock-
wise) or L (anticlockwise) configuration due to the screw
coordination arrangement of the achiral tripod ligand
around the FeII ion. Within a 2D layer, the D and L enan-
tiomers are connected by hydrogen bonds in an alternating
array, thus making it a racemic rather than homochiral
layer. It should be noted that this is in contrast to the 2D
layer of [FeIIH3L


Me]ACHTUNGTRENNUNG[FeIILMe]X, constructed through imida-
zole–imidazolate hydrogen bonds, which is a homochiral
layer.[6,7]


At 93 K, the chiral space group P21 is adopted and the
crystallographically unique unit consists of two independent
FeII sites, Fe1 and Fe2. In Figure 5, these can be seen to


have different chiralities. Figure 7 shows the 2D structure at
93 K, in which the HS Fe1 and LS Fe2 species are highlight-
ed in red and green, respectively. Two crystallographically
unique [FeIIH3L


Me]2+ ions represent chiral species with dif-
ferent D (clockwise) and L (anticlockwise) configurations.
Within a 2D layer, the D and L enantiomers are arranged in
an alternating array. As shown in Figure 7, the HS Fe1 sites
with the D configuration are arranged along the c-axis to
give a layer structure, interspersed with layers of LS Fe2
sites with the L configuration. The spin conversion from the
HS to the (HS+LS)/2 state, in other words a stable HS+LS
state, can be rationalized in terms of this striped layer struc-
ture with different chiralities.


Figure 4. ORTEP drawing of [FeIIH3L
Me]Cl·PF6 (1) at 296 K (HS state)


showing the atom numbering scheme. Since all of the complexes 1–4
assume similar cell dimensions and the same space group, P21/n, in the
HS and LS states, the same atom-numbering scheme applies throughout,
except for the anions.


Figure 5. ORTEP drawing of [FeIIH3L
Me]Cl·PF6 (1) at 93 K ((HS + LS)/2 state) showing the atom-numbering scheme. Complexes 1 and 2 in the HS +


LS state assume a similar 2D structure and so, except for the anions, the same atom-numbering scheme applies.


Table 3. Relevant coordination bond lengths [>], angles [8], and hydro-
gen-bond lengths [>] for [FeIIH3L


Me]Cl·PF6 (1) at 296 and 93 K.


296 K 93 K


Fe1�N2 2.180(3) 2.177(3)
Fe1�N3 2.232(3) 2.214(3)
Fe1�N5 2.192(3) 2.178(3)
Fe1�N6 2.208(3) 2.198(3)
Fe1�N8 2.174(3) 2.164(3)
Fe1�N9 2.221(3) 2.216(3)
Fe2�N12 1.978(3)
Fe2�N13 2.002(3)
Fe2�N15 1.996(3)
Fe2�N16 1.989(3)
Fe2�N18 1.992(3)
Fe2�N19 1.987(3)
hydrogen bonds


296 K 93 K
Cl1···N4[a] 3.095(3) Cl1···N14[a] 3.096(3)
Cl1···N7[b] 3.065(3) Cl1···N7[b] 3.057(3)
Cl1···N10 3.105(4) Cl1···N10 3.120(3)


Cl2···N4[a] 3.092(3)
Cl2···N17[b] 3.054(3)
Cl2···N20 3.110(3)


Symmetry operations: [a] �x, �y, 1 � z ; [b] �x, 1=2 + y, 3=2 � z.
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The FeII ion assumes an octahedral coordination environ-
ment made up of the six N donor atoms of three Fe�N
(imine) bonds and three Fe�N (imidazole) bonds. On the
basis of the Fe�N bond lengths and N-Fe-N bond angles,
the spin state can be inferred. At 296 K (Figure 4), the Fe�
N bond lengths (2.174(4)–2.232(4) >) are typical of what
one would expect for an HS FeII complex with six similar N
donor atoms. At 93 K (Figure 5), the Fe1�N bond lengths
(2.164(3)–2.216(3) >) are characteristic of a high-spin FeII


complex, while the Fe2�N bond lengths (1.978(3)–
2.00(3) >) are characteristic of a low-spin FeII complex. The
difference in the average Fe�N bond lengths at Fe1 and Fe2
is 0.201 >, which is comparable to the HS-LS difference of
about 0.2 > reported for FeII SC complexes with the same


N6 donors such as [FeIIH3L
Me] ACHTUNGTRENNUNG[FeIILMe]PF6.


[6c] The N-Fe-N
bond angles also indicate that Fe1 assumes the HS state and
Fe2 the LS state, since the angle at Fe2 is closer to that of a
regular octahedron compared to that at Fe1 (for example,
N2-Fe1-N3 = 76.1(1)8 and N12-Fe2-N13 = 82.2(1)8 at
93 K).


SC properties and structure of [FeIIH3L
Me]Cl·AsF6 (2):


Figure 8 shows cMT versus T plots for 2, demonstrating a
two-step SC of the type HS Q (HS + LS)/2 Q LS. Consider-
ing the first set of measurements, the cMT value of
1.3 cm3Kmol�1 at 5 K after rapid cooling is substantially
smaller than that of the HS (S = 2) FeII state and slightly
smaller than that for one half of the expected HS (S = 2)


Figure 6. Molecular structure of [FeIIH3L
Me]Cl·PF6 (1) at 296 K. a) One Cl� ion is hydrogen-bonded to three imidazole NH groups of three adjacent cati-


onic complexes [FeIIH3L
Me]2+ . b) Top view of a 2D layer. The [FeIIH3L


Me]2+ ions and Cl� anions are hydrogen-bonded to form a 2D layered structure.
The network of the 2D sheet consists of fused dinuclear and tetranuclear cyclic structures made up of two and four [FeIIH3L


Me]2+ units, respectively, con-
nected by Cl�-mediated hydrogen bonds. c) Side view showing the stacking of the 2D layers. All of the complexes 1–4 in the HS and LS states assume a
similar 2D extended structure.


Figure 7. X-ray structure of [FeIIH3L
Me]Cl·PF6 (1) at 93 K in the HS + LS state. a) Projection on the ab plane showing a 2D sheet in which the HS (red)


and LS (green) [FeIIH3L
Me]2+ components of different chiralities are linked together through the Cl� ion by hydrogen bonds. b) Side view of a puckered


sheet looking along the b axis. In this 2D supramolecular structure, the capped tripod-like HS and LS [FeIIH3L
Me]2+ components are arranged in alternat-


ing up and down orientations. The HS Fe1 sites with the D configuration extend along the c axis to form a layer structure, interspersed with layers of LS
Fe2 sites with the L configuration. Complexes 1 and 2 in the HS + LS state assume a similar 2D structure.
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state. As the temperature is raised, cMT increases to reach a
plateau value of around 1.7 cm3Kmol�1, as expected for one
half of the normal HS FeII complex. The decrease from the
half-HS value in the lower temperature region can be ascri-
bed to the zero-field splitting effect of the HS (S = 2) state.
This result indicates that half of the HS FeII sites are frozen-
in. Upon further increasing the temperature, cMT rapidly de-
creases to nearly zero at around 80 K, then rapidly increases
beyond 90 K to reach the plateau value of 1.7 cm3Kmol�1 in
the temperature region 90–120 K, and finally steeply in-
creases from 140 K to reach a plateau value of
3.5 cm3Kmol�1. This complicated magnetic behavior can be
rationalized in terms of a two-step SC of the type HS Q
(HS + LS)/2 Q LS exhibiting a thermal relaxation process,
as evidenced by the measurements described below.


On lowering the temperature from 300 to 5 K at a rate of
1 Kmin�1 to acquire a second set of measurements, the cMT
value of about 3.5 cm3Kmol�1 is constant in the region 300–
150 K, but then sharply decreases at around 130 K from
about 3.5 cm3Kmol�1 to a plateau value of 1.7 cm3Kmol�1


(ca. half of the HS value), and thereafter shows a moderate
decrease to 1.1 cm3Kmol�1. The inflection points for these
first and second SC transitions are estimated to be at 122
and 82 K, respectively. The magnetic behavior thus shows a
two-step spin transition, but the second SC in the lower tem-
perature region is not perfect at the cooling rate of
1 Kmin�1 employed. To investigate this unusual SC behavior
more closely, further magnetic measurements were carried
out. After cooling the sample from 300 K at a rate of
1 Kmin�1, the sample temperature was maintained at 85 K
and the time dependence of the cMT value was measured.
As shown in Figure 9, the cMT value at 85 K was seen to
gradually decrease from 1.49 cm3Kmol�1 at t = 0 min to
0.24 cm3Kmol�1 at t = 750 min, demonstrating the existence
of a thermal relaxation process. The decay curve shows a de-


viation from a simple exponential equation (nHS = exp-
ACHTUNGTRENNUNG(�kHLt)).


Representative Mçssbauer spectra recorded in the course
of warming after a rapid cooling to 4.2 K and in the course
of slow cooling from room temperature are shown in Figure
10a and b, respectively. In the heating mode, the spectrum
at 4.2 K consists of two doublets attributable to the HS FeII


(d = 1.11 mms�1 and DEQ = 2.16 mms�1) and LS FeII (d =


0.47 mms�1 and DEQ = 0.23 mms�1), with relative areas of
0.48 and 0.52. The spectrum recorded at 4.2 K after the
rapid cooling indicates that about one half of the FeII sites
are in the HS FeII state, thus corroborating the magnetic sus-


Figure 8. Magnetic behavior of [FeIIH3L
Me]Cl·AsF6 (2) in the form of cMT


versus T plots in the warming and cooling modes. The sample was quick-
ly cooled from 300 to 5 K within a few seconds and cMT was first meas-
ured in the course of warming from 5 to 300 K at a sweep rate of
1 Kmin�1 (~). It was then measured in the course of cooling from 300 to
5 K at a sweep rate of 1 Kmin�1 (!). When the sample was maintained
at 85 K for 750 min after cooling from 300 K at 1 Kmin�1, cMT was found
to decrease with time to reach a minimum value; thereafter, the sample
was cooled from 85 to 5 K at a sweep rate of 1 Kmin�1 (!).


Figure 9. Time dependence of the normalized HS fraction (nHS) at 85 K
for [FeIIH3L


Me]Cl·AsF6 (2). The sample was maintained at 85 K after
cooling from 300 K to 85 K at a sweep rate of 1 Kmin�1.


Figure 10. a) Selected 57Fe Mçssbauer spectra of [FeIIH3L
Me]Cl·AsF6 (2)


recorded at 4.2, 50, 60, 78, 100, 120, 140, 170, 200, and 298 K during
warming of the sample after rapid cooling from room temperature to
4.2 K. b) Selected 57Fe Mçssbauer spectra recorded at 4.2, 78, and 100 K
during cooling.
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ceptibility result. On increasing the temperature, the relative
intensity of the doublet due to the HS FeII species abruptly
decreases at around 60 K to reach 8% at 78 K and then
sharply increases to 100% above 170 K, in the course of
which an intermediate HS + LS state is clearly observed in
the region 100–120 K. Above 170 K, the spectrum consists
of a doublet attributable to the HS FeII species. On slowly
cooling the sample from 298 K, the relative intensity of the
doublet due to the HS FeII species decreases, while the dou-
blet due to the LS FeII appears and intensifies. Although the
time dependence of the thermal relaxation process was ob-
served through the aforementioned magnetic susceptibility
measurements at 85 K, it was not possible to observe this
time dependence through the Mçssbauer spectra at 78 K,
probably due to the longer measurement time. A deconvolu-
tion analysis of the spectra was performed in order to deter-
mine the HS versus total FeII molar fraction, nHS. The Mçss-
bauer parameters are listed in Table 4, and plots of the var-


iation of nHS with temperature derived from the Mçssbauer
spectra are shown in Figure 11, together with the variation
of nHS derived from the magnetic susceptibility measure-
ments. The plots are nearly the same for the warming and
cooling modes. The Mçssbauer and magnetic susceptibility
results are consistent.


To investigate the structures in the HS, (HS + LS)/2, and
LS states, crystal structures were determined by single-crys-
tal X-ray diffraction analysis at 180, 110, and 90 K. The


sample was cooled to 90 K, taking into consideration the
thermal relaxation observed in the magnetic measurements.
Apart from the anions, the same atom-numbering scheme
applies throughout. Table 5 shows selected bond lengths and
hydrogen-bond lengths. The space group P21/n adopted at
180 K becomes P21 at 110 K and then becomes P21/n once
more at 90 K. In the HS and LS states, the complex consists
of one molecular unit (Figure 4) and assumes a similar 2D
extended structure (Figure 6), while in the (HS + LS)/2
state it consists of two molecules and assumes a striped, lay-
ered structure (Figure 7). Although the number of unique
molecules changes from one at 180 K to two at 110 K and
back to one at 90 K, the crystal structures at the three tem-
peratures are essentially the same except for the FeII envi-
ronments. Thus, a 2D layered structure is formed, construct-
ed by three imidazole NH···Cl� hydrogen bonds around a
Cl� ion, a common network structural motif in the series
[FeIIH3L


Me]Cl·X, where the PF6
� ion of 1 is replaced by the


AsF6
� ion in the present complex.


The [FeIIH3L
Me]2+ ion is a chiral species with either a D


(clockwise) or L (anticlockwise) configuration due to the
screw coordination arrangement of the achiral tripod ligand
around the FeII ion. At 180 and 90 K, there is only one
unique molecule in the unit cell, in which the D and L enan-
tiomers are related by a symmetry operation to give a race-
mic crystal. At 110 K, the chiral space group P21 is adopted,
with either a combination of D-HS-FeII and L-LS-FeII or a
combination of L-HS-FeII and D-LS-FeII being present in
the crystal. As shown in Figure 5, the D (HS Fe1) and L (LS
Fe2) enantiomers within a layer are connected by hydrogen
bonds so as to form an alternating 2D array. The spin con-
version from the HS (180 K) to the LS (90 K) state through
the HS + LS (110 K) state can be rationalized in terms of a
stable HS + LS state, as provided by the striped layer struc-
ture with different chiralities.


At 180 K, the Fe�N bond lengths (2.169(4)–2.211(4) >)
are typical of what one would expect for a high-spin FeII


Table 4. Mçssbauer parameters for [FeIIH3L
Me]Cl·AsF6 (2).


A. On heating after rapid cooling to 4.2 K
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


298 1.00 1.74 0.25 100
200 1.05 1.80 0.26 100
170 1.09 1.82 0.25 100
140 1.09 1.85 0.24 79


0.48 0.21 0.28 21
120 1.10 1.99 0.25 54


0.47 0.22 0.24 49
100 1.12 2.08 0.26 50


0.48 0.22 0.25 50
78 1.11 2.14 0.30 8


0.48 0.23 0.25 92
60 1.10 2.18 0.25 11


0.46 0.23 0.28 89
50 1.13 2.18 0.25 43


0.48 0.22 0.26 57
4.2 1.11 2.16 0.25 48


0.47 0.23 0.23 52


B. On slow cooling from room temperature
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


100 1.12 2.08 0.26 47
0.48 0.22 0.25 53


78 1.11 2.17 0.30 11
0.49 0.22 0.25 89


4.2 1.10 2.19 0.24 5
0.47 0.24 0.27 95


[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.


Figure 11. Molar fraction of HS versus total FeII, nHS, for
[FeIIH3L


Me]Cl·AsF6 (2) in the warming (~) and cooling modes (!) ob-
tained by deconvolution analysis of the Mçssbauer spectra, together with
nHS obtained from the magnetic susceptibility measurements. nHS was cal-
culated by using the equation (cMT)obs = nHS ACHTUNGTRENNUNG(cMT)HS + (1 � nHS) ACHTUNGTRENNUNG(cMT)LS,
with (cMT)HS = 3.5 cm3Kmol�1 and (cMT)LS = 0.0 cm3Kmol�1 as the
limiting values.


Chem. Eur. J. 2006, 12, 4536 – 4549 O 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4543


FULL PAPERAnion Dependence of Spin-Crossover Behavior



www.chemeurj.org





complex with six similar N donor atoms. At 110 K, the crys-
tallographically unique unit consists of two independent FeII


sites, Fe1 and Fe2, where the Fe1�N bond lengths (2.159(5)–
2.211(5) >) and the Fe2�N bond lengths (1.979(5)–
2.013(5) >) are typical for a HS and LS FeII complex, re-
spectively. The difference between the average Fe�N bond
lengths at Fe1 and Fe2 is 0.192 >, which is comparable to
the HS-LS difference of 0.17 > reported for FeII SC com-
plexes with the same N6 donor set, such as [FeIIH3L


Me]-
ACHTUNGTRENNUNG[FeIILMe]PF6.


[6c] The N-Fe-N bond angles also indicate that
Fe1 assumes the HS state and that Fe2 assumes the LS
state, since that at Fe2 is closer to the value for a regular oc-
tahedron than that at Fe1 (for example, N2-Fe-N3 77.1(2)8 ;
N12-Fe2-N13 81.4(2)8 at 110 K). At 90 K, the Fe�N bond
lengths (1.945(9)–1.990(9) >) are typical of what one would
expect for a LS FeII complex. The average Fe�N bond
length decreases by 0.221 > from 2.190 > at 180 K to
1.969 > at 90 K. The N-Fe-N bond angles shift towards the
value for a regular octahedron at 90 K (for example, N2-Fe-
N3 76.4(1)8 at 180 K, 81.2(4)8 at 90 K).


SC properties and structure of [FeIIH3L
Me]Cl·SbF6 (3):


Figure 12 shows cMT versus T plots in the cooling and warm-
ing modes for 3, which displays a gradual one-step SC of the
type HS Q LS. A small difference between the warming and
cooling modes is observed in the lower temperature region,
indicative of a small frozen-in effect. On increasing the tem-
perature from 5 K, the initial cMT value of 0.2 cm3Kmol�1,
which is slightly higher than that of LS FeII (S = 0), remains
essentially constant in the temperature range 5–80 K. The
cMT value then decreases to nearly zero at around 90 K, but
increases once more at around 120 K to reach the HS value.
On lowering the temperature from 300 K to obtain a second
set of measurements, cMT decreases from about


3.4 cm3Kmol�1 at 300 K to
nearly zero at 5 K, showing a
gradual one-step SC between
the HS (S = 2) and LS (S = 0)
states at T1/2 = 117 K.


Representative Mçssbauer
spectra recorded upon heating
after rapid cooling to 4.2 K and
upon slow cooling from room
temperature are shown in
Figure 13. In the range 4.2–
78 K, the spectrum consists of a
main doublet attributable to LS
FeII (at 4.2 K; d = 0.47 mms�1,
DEQ = 0.24 mms�1) and a
small doublet attributable to
HS FeII (at 4.2 K; d =


1.11 mms�1, DEQ =


2.20 mms�1). Upon increasing
the sample temperature from
4.2 K, the relative intensity of


the doublet due to the LS FeII species decreases, while the
doublet due to the HS FeII species intensifies. A deconvolu-
tion analysis of the spectra was performed to determine the
HS versus total FeII molar fraction, nHS. The Mçssbauer pa-
rameters are listed in Table 6. Plots of the variation of nHS


with temperature derived from the Mçssbauer spectra and
from the magnetic susceptibility measurements are shown in
Figure 14. The plots are nearly the same for the warming
and cooling modes. The Mçssbauer and magnetic suscepti-
bility results are almost consistent. The small frozen-in
effect detected in the magnetic susceptibility measurements
was not evident from the Mçssbauer spectra.


Since the magnetic susceptibility and Mçssbauer spectral
measurements demonstrate that the complex assumes the


Table 5. Relevant coordination bond lengths [>], angles [8], and hydrogen-bond lengths [>] for
[FeIIH3L


Me]Cl·AsF6 (2) at 180, 110, and 90 K.


180 K 110 K 90 K


Fe1�N2 2.177(3) 2.175(5) 1.978(9)
Fe1�N3 2.195(4) 2.207(5) 1.972(9)
Fe1�N5 2.182(4) 2.174(4) 1.945(9)
Fe1�N6 2.211(4) 2.192(5) 1.96(1)
Fe1�N8 2.169(4) 2.159(5) 1.97(1)
Fe1�N9 2.205(3) 2.211(5) 1.990(9)
Fe2�N12 1.979(5)
Fe2�N13 2.013(5)
Fe2�N15 1.987(5)
Fe2�N16 1.991(5)
Fe2�N18 1.996(5)
Fe2�N19 1.999(4)
hydrogen bonds


180 K 110 K 90 K
Cl1···N4[a] 3.086(4) Cl1···N(14)[a] 3.105(5) Cl1···N4[a] 3.12(1)
Cl1···N7[b] 3.051(4) Cl1···N7[b] 3.062(5) Cl1···N7[b] 3.02(1)
Cl1···N10 3.109(4) Cl1···N10 3.105(5) Cl1···N10 3.146(9)


Cl2···N4[a] 3.072(3)
Cl2···N17[b] 3.052(3)
Cl2···N20 3.132(3)


Symmetry operations: [a] �x, �y, 1 � z ; [b] �x, 1=2 + y, 3=2 � z.


Figure 12. Magnetic behavior of [FeIIH3L
Me]Cl·SbF6 (3) in the form of


cMT versus T plots in the warming and cooling modes. The sample was
quickly cooled from 300 K to 5 K and cMT values were first measured in
the course of warming from 5 to 300 K at a sweep rate of 1 Kmin�1 (~).
Values were then measured in the course of cooling from 300 to 5 K at a
sweep rate of 1 Kmin�1 (!).
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HS and LS states at 180 and 90 K, respectively, it was sub-
jected to single-crystal X-ray diffraction analysis at these
two temperatures. In the HS and LS states, the complex
consists of a single crystallographically unique molecule
(Figure 4) and assumes a similar 2D extended structure
(Figure 6); as before, except for the anions, the same atom
numbering scheme applies. Table 7 lists selected bond
lengths and angles, together with the hydrogen-bond lengths.
The structure consists of the [FeIIH3L


Me]2+ ion and the Cl�


and SbF6
� ions and assumes a 2D layered structure, again


constructed by three imidazole NH···Cl� hydrogen bonds,
the common network structural motif in the [FeIIH3L


Me]Cl·X
series.


The FeII ion assumes an octahedral coordination environ-
ment made up by the six N donor atoms, and the Fe�N


bond lengths are 2.170(2)–2.206(2) > at 180 K and 1.997(2)–
2.015(2) > at 90 K. The average Fe�N bond length decreas-
es by 0.182 > from 2.189 > at 180 K to 2.007 > at 90 K. The
N-Fe-N bond angles shift towards the value for a regular oc-
tahedron at 90 K (for example, N2-Fe-N3 = 76.66(8)8 at
180 K, 81.29(8)8 at 90 K).


SC properties and structure of [FeIIH3L
Me]Cl·CF3SO3 (4):


Figure 15 shows cMT versus T plots, which are indicative of
a steep one-step SC of the type HS Q LS and a perfect
frozen-in effect. In the first set of measurements, the cMT
value of 2.7 cm3Kmol�1 at 4.2 K after rapid cooling is lower
than that expected for the HS (S = 2) FeII state, but the
value increases to reach a plateau value of about
3.5 cm3Kmol�1, as would be expected. Such a decrease from
the HS value in the low-temperature region is frequently
observed for HS FeII complexes, and is ascribed to zero-field
splitting. On increasing the temperature further, cMT rapidly
decreases at around 80 K and then rapidly increases to
reach the HS value of 3.5 cm3Kmol�1, reflecting the thermal
relaxation from the HS to the LS state at around 75 K and


Figure 13. Selected 57Fe Mçssbauer spectra of [FeIIH3L
Me]Cl·SbF6 (3) re-


corded at 78, 122, 141, and 200 K upon warming the sample from 4.2 K.


Table 6. Mçssbauer parameters for [FeIIH3L
Me]Cl·SbF6 (3).


A. On heating after rapid cooling to 4.2 K
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


298 1.00 1.69 0.27 100
200 1.06 1.80 0.29 100
180 1.07 1.83 0.27 95


0.46 0.21 0.24 5
160 1.07 1.86 0.28 86


0.48 0.21 0.24 14
141 1.09 1.90 0.26 63


0.49 0.22 0.26 37
122 1.10 1.97 0.30 43


0.48 0.22 0.28 57
100 1.18 2.00 0.29 24


0.48 0.22 0.26 76
78 1.10 2.21 0.29 12


0.49 0.24 0.26 88
4.2 1.13 2.20 0.28 10


0.48 0.24 0.26 90


B. On slow cooling from room temperature
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


78 1.12 2.18 0.30 11
0.48 0.23 0.26 89


4.2 1.11 2.20 0.28 8
0.47 0.24 0.26 92


[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.


Figure 14. Molar fraction of HS versus total FeII, nHS, for
[FeIIH3L


Me]Cl·SbF6 (3) in the warming (~) and cooling modes (!) ob-
tained by deconvolution analysis of the Mçssbauer spectra, together with
nHS obtained from the magnetic susceptibility measurements. nHS was cal-
culated by using the equation (cMT)obs = nHS ACHTUNGTRENNUNG(cMT)HS + (1 � nHS) ACHTUNGTRENNUNG(cMT)LS,
with (cMT)HS = 3.5 cm3Kmol�1 and (cMT)LS = 0.0 cm3Kmol�1 as limiting
values.


Table 7. Relevant coordination bond lengths [>], angles [8], and hydro-
gen-bond lengths [>] for [FeIIH3L


Me]Cl·SbF6 (3) at 180 and 90 K.


180 K 90 K


Fe1�N2 2.179(2) 1.997(2)
Fe1�N3 2.204(2) 2.013(2)
Fe1�N5 2.179(2) 2.008(2)
Fe1�N6 2.197(2) 2.007(2)
Fe1�N8 2.170(2) 2.002(2)
Fe1�N9 2.206(2) 2.015(2)
hydrogen bonds


180 K 90 K
Cl1···N4[a] 3.081(2) Cl1···N4[a] 3.099(2)
Cl1···N7[b] 3.052(2) Cl1···N(7)[b] 3.056(2)
Cl1···N(10) 3.100(2) Cl1···N(10) 3.121(2)


Symmetry operations: [a]�x, �y, 1 � z ; [b]�x, 1=2 + y, 3=2 � z
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the spin transition from the LS to the HS state at around
80 K.


On lowering the temperature from 300 K to 5 K at a rate
of 1 Kmin�1, the cMT value of about 3.7 cm3Kmol�1 is con-
stant in the region 300–100 K, but then steeply decreases at
around 80 K from about 3.5 cm3Kmol�1 to nearly zero. As
shown in Figure 15 (inset), the third (warming mode) and
fourth (cooling mode) sets of measurements reveal hystere-
sis, and the evaluated T1/2› and T1/2fl values are 84 and 80 K,
respectively.


Representative Mçssbauer spectra are shown in Figure
16a and b. On increasing the temperature of the sample
after rapid cooling to 4.2 K, spectra were recorded at 4.2,
40, 78, 85, 87, 90, 120, and 298 K. At 4.2 K, the spectrum
consists of two doublets attributable to HS FeII (d =


1.13 mms�1 and DEQ = 2.09 mms�1) and LS FeII (d =


0.5 mms�1, DEQ = 0.23 mms�1) in an intensity ratio of
48:52. This result indicates that one half of the HS FeII is
frozen, which is at variance with the magnetic susceptibility
result. This inconsistency may be due to the difference in
the cooling times, since the sample used to obtain the Mçss-
bauer spectrum was cooled from 298 to 4.2 K over 3 min,
whereas the sample that provided the magnetic susceptibili-
ty data was cooled within a few seconds. At 78 K, the dou-
blet due to the HS FeII species has almost disappeared and
the doublet due to the LS species is the main peak, indicat-
ing that the frozen HS FeII species converts to the LS state
due to thermal relaxation. On further increasing the temper-
ature from 78 K, the relative intensity of the doublet due to
the LS state decreases, while that of the doublet due to the
HS state increases, showing a steep one-step SC behavior.
Above 120 K, only the doublet due to the HS species is ob-


served. During slow cooling of the sample from 298 K to
4.2 K, Mçssbauer spectra were recorded at 90, 87, 85, 78, 40,
and 4.2 K. At 90 K, the spectrum consists of a main doublet
attributable to HS FeII (d = 1.12 mms�1 and DEQ =


2.01 mms�1) and a small doublet attributable to LS FeII (d
= 0.49 mms�1 and DEQ = 0.22 mms�1). On lowering the
temperature, the relative intensity of the doublet due to the
HS FeII species decreases, while that of the doublet due to
the LS FeII increases.


A deconvolution analysis of the spectra was performed to
determine the HS versus total FeII molar fraction, nHS. The
Mçssbauer parameters are listed in Table 8, and plots of the
variation of nHS with temperature are shown in Figure 17.
As is clearly apparent from Figure 17 and Table 8, the Mçss-
bauer and magnetic susceptibility results are not consistent
in the low-temperature region and hysteresis is observed in
the Mçssbauer measurements.


The crystal structure was determined by single-crystal X-
ray diffraction analysis at 296 K. Table 9 shows selected
bond lengths and hydrogen-bond lengths. The complex as-
sumes a 2D layered structure constructed by three imidazole
NH···Cl� hydrogen bonds (see Table 9), the common net-
work structural motif for [FeIIH3L


Me]Cl·X. At 296 K, the
Fe�N bond lengths are distributed in the range 2.165(2)–
2.236(2) > and the average value is 2.202 >, which is typical
of what one would expect for a HS FeII complex with coor-
dination by six similar N atoms.


Concluding Remarks


As described above, a variety of SC behaviors, namely 1) a
one-step SC of the type HS Q (HS + LS)/2, 2) a two-step
SC of the type HS Q (HS + LS)/2 Q LS, 3) a gradual one-


Figure 15. Magnetic behavior of [FeIIH3L
Me]Cl·CF3SO3 (4) in the form of


cMT versus T plots in the warming and cooling modes. The sample was
quickly cooled from 300 to 5 K and cMT values were first measured in
the course of warming from 5 to 300 K at a sweep rate of 1 Kmin�1 (~).
Values were then measured in the course of cooling from 300 to 5 K at a
sweep rate of 1 Kmin�1 (!). The inset figure reveals hysteresis.


Figure 16. a) Selected 57Fe Mçssbauer spectra of [FeIIH3L
Me]Cl·CF3SO3


(4) recorded at 40, 78, 85, 87, 90, and 120 K upon warming the sample
after rapid cooling to 4.2 K. b) Selected 57Fe Mçssbauer spectra recorded
at 87, 85, 78, and 40 K upon gradual cooling from 300 K.
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step SC of the type HS Q LS, and 4) a steep one-step SC of
the type HS Q LS with hysteresis, has been observed in a
series of complexes with the general formula
[FeIIH3L


Me]Cl·X (X� = PF6
�, AsF6


�, SbF6
�, CF3SO3


�) (1–4).
These complexes not only crystallized in the same monoclin-
ic crystal system with similar cell dimensions, but also as-


sumed the same space groups, that is, P21/n in the HS state,
P21 in the HS + LS state, and P21/n in the LS state. The
general crystal structure consists of a 2D extended network
constructed by NH···Cl� hydrogen bonds between Cl� and
the imidazole NH groups of three neighboring [FeIIH3L


Me]2+


cations, while the anion X exists as an isolated counter
anion and occupies the space between the 2D sheets. It can
easily be envisaged how the size of the counter anion might
affect the 2D network structure leading to modifications of
the SC behavior, since the present 2D network structure
constructed by the hydrogen bonds is quite flexible and a
counter anion residing in the space between the 2D sheets
may well lead to some distortion of the network. The molec-
ular volumes, V, of the counter anions have been evaluated
by quantum-chemical calculations[10] as follows: 53.4 >3 for
BF4


�, 54.4 >3 for ClO4
�, 73.0 >3 for PF6


�, 78.5 >3 for AsF6
�,


88.7 >3 for SbF6
�, 86.9 >3 for CF3SO3


�, and 94.4 >3 for I3
�.


These estimated relative sizes and the shapes of the counter
anions can be correlated with the crystal structures and SC
behaviors. The salts with the smaller counter anions BF4


�


and ClO4
� have the chemical formula [FeIIH3L


Me]X2. These
anions are too small to occupy the space between the 2D
sheets, and so these complexes cannot assume the formula
[FeIIH3L


Me]Cl·X with the 2D structure. The salts with the
anions of intermediate size, PF6


� and AsF6
�, assume the


chemical formula [FeIIH3L
Me]Cl·X and exhibit a two-step SC


behavior involving the HS + LS state. The salts with the
large-sized anions, SbF6


�, CF3SO3
�, and I3


�,[8] assume the
chemical formula [FeIIH3L


Me]Cl·X and exhibit one-step SC
behavior, where the SbF6


� salt shows a gradual SC behavior
and the latter two salts show a steep SC behavior. From this,
it is apparent that the shape of the counter anion can also
affect the SC behavior, since despite having almost the same
molecular volume, the SbF6


� and CF3SO3
� ions assume a


sphere and a dumbbell shape, respectively, while the much
larger anion I3


� assumes a cylindrical shape.
The network of these 2D sheets consists of fused binu-


clear and tetranuclear cyclic structures made up of two and
four [FeIIH3L


Me]2+ units, respectively, connected by Cl�-
mediated hydrogen bonds; see Figure 4b and Figure 5a. As
a consequence of this network structure, each [FeIIH3L


Me]2+


unit on one of the alternate rows of the Fe sites with the D


Table 8. Mçssbauer parameters for [FeIIH3L
Me]Cl·CF3SO3 (4).


A. On heating after rapid cooling to 4.2 K
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


298 1.00 1.76 0.24 100
120 1.05 1.80 0.26 100
90 1.11 2.00 0.26 89


0.48 0.20 0.25 11
87 1.11 2.03 0.26 58


0.51 0.23 0.23 42
85 1.11 2.03 0.26 27


0.50 0.23 0.25 73
78 1.13 2.08 0.29 6


0.50 0.24 0.27 94
40 1.13 2.08 0.25 42


0.50 0.23 0.24 58
4.2 1.13 2.09 0.27 48


0.50 0.23 0.24 52


B. On slow cooling from room temperature
T [K] d[a] [mms�1] DEQ [mms�1] G[b] [mms�1] Relative area [%]


90 1.12 2.01 0.25 90
0.49 0.22 0.25 10


87 1.12 2.02 0.26 85
0.50 0.23 0.23 15


85 1.14 2.08 0.28 57
0.52 0.23 0.24 43


78 1.13 2.07 0.25 4
0.50 0.23 0.25 96


40 1.13 2.08 0.25 3
0.50 0.23 0.27 97


4.2 1.12 2.12 0.25 6
0.50 0.24 0.27 94


[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.


Figure 17. Molar fraction of HS versus total FeII, nHS, for
[FeIIH3L


Me]Cl·CF3SO3 (4) in the warming (~) and cooling modes (!) ob-
tained by deconvolution analysis of the Mçssbauer spectra, together with
nHS obtained from the magnetic susceptibility measurements. nHS was cal-
culated by using the equation (cMT)obs = nHS ACHTUNGTRENNUNG(cMT)HS + (1 � nHS) ACHTUNGTRENNUNG(cMT)LS,
with (cMT)HS = 3.5 cm3Kmol�1 and (cMT)LS = 0.0 cm3Kmol�1 as the
limiting values.


Table 9. Relevant coordination bond lengths [>], angles [8], and hydro-
gen-bond lengths [>] for [FeIIH3L


Me]Cl·CF3SO3 (4) at 296 K.


296 K


Fe1�N2 2.179(2)
Fe1�N3 2.233(2)
Fe1�N5 2.176(2)
Fe1�N6 2.225(2)
Fe1�N8 2.165(2)
Fe1�N9 2.236(2)
hydrogen bonds


296 K
Cl1···N4[a] 3.139(2)
Cl1···N7[b] 3.112(2)
Cl1···N10 3.144(2)


Symmetry operations: [a]�x, �y, 1 � z ; [b]�x, 1=2 + y, 3=2 � z.
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and L configuration that make up the 2D sheet forms a bi-
nuclear cyclic structure with a unit of opposite chirality on
an adjacent row and two tetranuclear cyclic structures with
one unit on the same row and two on the adjacent rows.
Moreover, one of the counter anions shows significant con-
tacts (ca. 0.2 > shorter than the sum of the van der Waals
radii) with methyl, imino, and imidazole hydrogen atoms on
the units of the binuclear cyclic structure. Therefore, the
entire 2D structure can be considered to be made up of
loosely interacting dimers of [FeIIH3L


Me]2+ units. This pic-
ture allows simulation of the SC behavior by the theoretical
model developed by Real et al. for FeII binuclear com-
pounds.[11] In this model, three possible states are allowed
for the binuclear molecules, [LS-LS], [LS-HS], and [HS-
HS], and it is assumed that the enthalpy of the [HS-LS]
state does not exactly correspond to the average enthalpy of
the [HS-HS] and [LS-LS] states. Writing HHS-LS = (HLS-LS +


HHS-HS)/2 + W, where W is a small positive or negative in-
tradimer interaction parameter, and assuming an excess
Gibbs free energy due to intermolecular interactions and de-
scribed by an interaction parameter g, they showed that a
two-step transition may be observed only if W�0 and g is
sufficiently large. In other words, the two-step character of a
transition arises from a synergy between an intramolecular
interaction favoring the mixed-spin [HS-LS] state and inter-
molecular interactions favoring the formation of domains
consisting of identical spin states. This approach can be used
to explain the present SC behavior. According to the model
of Real et al. , it seems that the increase in the size of the
counter anion in the series PF6


�, AsF6
�, SbF6


�, CF3SO3
�,


and I3
�, while maintaining the same crystal structure leads


to a decrease in both the stabilization of the intradimer in-
teraction and the interdimer interactions. This is probably
achieved through subtle intra- and interlayer modification
or distortion of the 2D layer with increasing size of the
counter anion.


It should be noted that the two-step transition for mono-
nuclear FeII complexes has also been explained using the
following approaches: 1) the compounds have a low-symme-
try structure with nonequivalent crystallographic sites;[12]


2) the complexes have all equivalent lattice sites but strong
nearest-neighbor interactions operating among them leads
to the formation of superstructures and correlations, as in
the first observed stepwise thermal spin transition of [FeII


ACHTUNGTRENNUNG(2-
pic)3]Cl2·EtOH (2-pic = 2-picolylamine);[13] 3) the spin tran-
sition in the compounds is coupled to a crystallographic
phase transition.[14]


Thus, the present SC complexes constitute very useful
model compounds for experimental and theoretical investi-
gation of the exact microscopic origin of the multistep spin
transition. It is hoped that further studies, including calori-
metric measurements and investigation of the LIESST and
thermal relaxation processes, as well as a theoretical ap-
proach, will provide the relevant information for a full un-
derstanding of the SC mechanism.


Experimental Section


General : All chemicals and solvents, obtained from Tokyo Kasei Co.,
Ltd., and Wako Pure Chemical Industries, Ltd., were of reagent grade
and were used for the syntheses without further purification. All the syn-
thetic procedures were carried out in air.


[FeIIH3L
Me]Cl·PF6 (1): Tris(2-aminoethyl)amine (0.731 g, 5 mmol) was


added to a solution of 2-methyl-4-formylimidazole (2.58 g, 15 mmol) in
acetonitrile (20 mL) and the mixture was stirred at 50 8C for 10 min. The
solution of the tripod-like ligand (5 mmol) thus prepared was treated
with a solution of FeIICl2·4H2O (0.994 g, 5 mmol) in water (10 mL), fol-
lowed by a solution of KPF6 (1.84 g, 10 mmol) in acetonitrile (20 mL).
The mixture was stirred overnight and then filtered. The filtrate was al-
lowed to stand for several days, during which the precipitated orange
crystals were collected by suction filtration and dried in vacuo to provide
a 25% yield. Elemental analysis calcd (%) for [FeIIH3L


Me]Cl·PF6: C
38.29, H 4.59, N 21.26; found: C 38.06, H 4.39, N 21.86; IR (KBr): ñ=
1641 (nC=N), 844 (nP�F (PF6


�)) cm�1.


[FeIIH3L
Me]Cl·AsF6 (2), [FeIIH3L


Me]Cl·SbF6 (3), and
[FeIIH3L


Me]Cl·CF3SO3 (4): These complexes were prepared by way of a
similar synthetic procedure, employing methanol as the reaction solvent.
The synthesis of 2 is representative. A solution of the tripod-like ligand
(5 mmol) in methanol (30 mL) was treated first with a solution of
FeIICl2·4H2O (0.994 g, 5 mmol) in methanol (10 mL) and then with a sol-
ution of NaAsF6 (2.11 g, 10 mmol) in methanol (20 mL). The mixture
was stirred for 1 h and then filtered. The filtrate was allowed to stand for
several days, during which the precipitated orange crystals were collected
by suction filtration and dried in vacuo. Well-grown dark-orange crystals
were obtained in yields of 25% (2), 39% (3), and 34% (4). Elemental
analysis calcd (%) for [FeIIH3L


Me]Cl·AsF6 (2): C 35.89, H 4.30, N 19.93;
found: C 35.87, H 4.25, N 20.10; IR (KBr): ñ = 1640 (nC=N), 703 (nAs�F-
ACHTUNGTRENNUNG(AsF6


�) cm�1; elemental analysis calcd (%) for [FeIIH3L
Me]Cl·SbF6 (3): C


33.65, H 4.03, N 18.69; found C 33.72, H 4.02, N 18.78; IR (KBr): ñ=
1640 (nC=N), 661 (nSb�F ACHTUNGTRENNUNG(SbF6


�)) cm�1; elemental analysis calcd. for
[FeIIH3L


Me]Cl·CF3SO3 (4): C 39.86, H 4.56, N 21.13; found C 39.54, H
4.58, N 20.99; IR (KBr): nC=N = 1640 cm�1, nC�F ACHTUNGTRENNUNG(CF3SO3


�) = 1268 cm�1.


Physical measurements : C, H, and N elemental analyses were performed
by Miss Kikue Nishiyama at the Center for Instrumental Analysis of Ku-
mamoto University. Infrared spectra were recorded at room temperature
using a Perkin-Elmer FT-IR PARAGON 1000 spectrometer with samples
in KBr disks. Magnetic susceptibilities were measured in the 5–300 K
temperature range, at a sweep rate of 1 Kmin�1, under an applied mag-
netic field of 1 T, using an MPMS5 SQUID susceptometer (Quantum
Design). The apparatus was calibrated with palladium metal. Corrections
for diamagnetism were applied by using PascalVs constants.[15] Mçssbauer
spectra were recorded using a Wissel 1200 spectrometer and a propor-
tional counter. 57Co(Rh) moving in a constant acceleration mode was
used as the radioactive source. Hyperfine parameters were obtained by a
least-squares fitting of the Lorentzian peaks. Isomer shifts are reported
relative to iron foil at 293 K. The sample temperature was controlled by
means of a Heli-tran liquid-transfer refrigerator (Air Products and
Chemicals, Inc.) to within an accuracy of �0.5 K.


X-ray crystallography : X-ray diffraction data for 1, 2, and 4 were collect-
ed by using a Rigaku RAXIS RAPID imaging plate diffractometer with
graphite-monochromated MoKa radiation (l = 0.71073 >). The tempera-
ture of the crystal was maintained at the selected value by means of a
Rigaku cooling device to within an accuracy of �2 K. The data were cor-
rected for Lorentz, polarization, and absorption effects. The structures
were solved by direct methods and expanded using the Fourier tech-
nique.[16] Hydrogen atoms were fixed in calculated positions and refined
by using a riding model. All calculations were performed by using the
Crystal Structure crystallographic software package.[17]


Crystal structures of 3 were collected at 180 and 90 K by using an Oxford
Diffraction Xcalibur diffractometer. The selected crystal was mounted on
a diffractometer equipped with an Oxford Instruments Cryojet cooler
device[18] and examined by using graphite-monochromated MoKa radia-
tion (l = 0.71073 >). Gaussian absorption corrections were applied. The
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structures were solved by direct methods using SHELXS-97[19] and re-
fined against F2 by full-matrix least-squares techniques using SHELXL-
97[20] with anisotropic displacement parameters for all non-hydrogen
atoms. The SbF6


� anion appeared to be disordered. The occupancy fac-
tors were refined in the ratio 60:40 for the Sb atom and four F atoms, the
two other F atoms being refined with an occupancy factor of 1.0. Hydro-
gen atoms were located on a difference Fourier map and introduced into
the calculations as a riding model with isotropic thermal parameters 1.1
times higher than those of the atom to which they are bonded. Scattering
factors were taken from reference [21]. Other atomic scattering factors
and anomalous dispersion terms were taken from a standard compila-
tion.[10] The crystal data collection and refinement parameters for 1, 2, 3,
and 4 are given in Table 1.


Theoretical calculations : Quantum chemical calculations were performed
using the Spartan Package.[19] Geometry optimizations were performed
on all of the considered counter anions using the PM3 semiempirical mo-
lecular orbital method and molecular volumes were then estimated at the
same level of theory. The molecular volume obtained by this method rep-
resents an isodensity surface and was derived by considering an electron
density of 0.002 a.u.
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Synthesis and Application of Chiral N-Heterocyclic Carbene–Oxazoline
Ligands: Iridium-Catalyzed Enantioselective Hydrogenation


Steve Nanchen and Andreas Pfaltz*[a]


Introduction


Chiral phosphino-oxazolines A (PHOX ligands) and related
compounds such as B are highly versatile and efficient li-
gands for the enantioselective iridium-catalyzed hydrogena-
tion of imines and a wide range of functionalized and un-
functionalized olefins.[1–4] To improve the enantioselectivity
and widen the application range, many variants of ligands A
and B have been synthesized, giving rise to a large library of
P,N ligands.[5] In addition we developed a series of pyridyl-
phosphinites C and related pyridine- and quinoline-derived
ligands, which were devised to mimic the coordination
sphere of the Crabtree catalyst ([IrACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(pyridine)-
ACHTUNGTRENNUNG(cod)]PF6).


[6] These ligands also showed high asymmetric in-
duction in iridium-catalyzed hydrogenations.[7] Other groups
have also reported efficient P,N ligands containing a pyri-
dine or oxazole as the coordinating unit.[8,9]


Recently, Burgess and co-workers synthesized chiral iridi-
um complexes from ligands E containing a seven-membered


chelate ring, in which phosphorus was replaced by an N-het-
erocyclic carbene unit (NHC).[10,11] Among the various de-
rivatives tested, one particular structure 1, with R1 = 1-ada-
mantyl (1-Ad) and R2 = 2,6-diisopropylphenyl clearly gave
the best enantioselectivities with
98% ee for trans-a-methylstilbene.
Although high enantioselectivities
were observed for a range of sub-
strates with this ligand, the overall
performance was still inferior to the
most efficient P,N ligands. We
became interested in evaluating
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Abstract: Two libraries of enantiomeri-
cally pure imidazolium salts bearing an
oxazoline unit were synthesized. De-
protonation of the imidazolium salts
and complexation of the resulting oxa-
zoline–carbene ligands to iridium(i)
was achieved in one step by mixing the
imidazolium salts with NaOtBu and
[(h4-cod)IrCl]2 in THF at room temper-
ature. The air-stable complexes were
purified by flash chromatography. All
complexes were analyzed by two-di-


mensional (2D) NMR methods and
one compound from each family was
characterized by X-ray structure analy-
sis. The two libraries of iridium com-
plexes were successfully tested in the
asymmetric hydrogenation of unfunc-
tionalized and functionalized olefins.


Enantioselectivities of up to 90% ee
were obtained with trans-a-methylstil-
bene. Upon complexation of imidazoli-
um salt 15p with R1 = phenyl, C�H
bond activation of the phenyl ring gave
rise to iridium ACHTUNGTRENNUNG(iii) complex 17, which
was fully characterized by NMR spec-
troscopy and X-ray structure analysis.
Complex 17 proved to be catalytically
inactive in the hydrogenation.


Keywords: asymmetric catalysis ·
carbene ligands · enantioselectivity ·
hydrogenation · iridium
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NHC–oxazoline ligands that form a six-membered chelate
ring because the most efficient P,N ligands for iridium-cata-
lyzed hydrogenation all form such chelate rings.[12]


Previously reported ligands D were thought to be good
candidates for this study.[13] In addition, in view of the good
results obtained with ligands B, we devised a second genera-
tion of oxazoline-carbene ligands (structure F), in which the
R1 substituents are derived from a carboxylic acid. There-
fore, ligand libraries of high structural diversity can be pre-
pared, starting from different carboxylic acid derivatives.


We report herein the synthesis of two libraries of iridi-
um(oxazoline-carbene) complexes Ir-D and Ir-F and their
application in the asymmetric iridium-catalyzed hydrogena-
tion.


Results and Discussion


Synthesis of chiral imidazolium salts : The syntheses of imi-
dazolium salts 6a–g and 15a–p, which are precursors of li-
gands D and F, are summarized in Schemes 1 and 2. Imida-
zolium salts 6a–g were synthesized by using a pathway in
which the imidazolium salt moiety is introduced in the last
step, thus allowing easy variation of the imidazolin-2-ylidene
substituents. This route differs from the previously published
synthesis[13] that starts from an imidazole and introduces the
oxazoline ring at the end. The key intermediates, chlorome-
thyloxazolines 5,[14] were prepared by condensation of chloro-


acetyl chloride 3 with (S)-tert-leucinol or (S)-valinol, fol-
lowed by ring-closure by using Burgess reagent.[15,16] After
purification by distillation, chloromethyloxazolines 5 were
allowed to react with a range of imidazoles, which were
either commercially available or prepared according to liter-
ature procedures.[17–19] The resulting imidazolium chlorides


Scheme 1. Synthesis of iridium complexes D : i) NEt3, CH2Cl2, RT, 10 h,
(83–99%); ii) Burgess reagent, THF, reflux, 4 h, (50–66%); iii) imidazole,
DMF, 80 8C, 8 h; iv) NaBArF (BArF


� = tetrakisACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)-
phenyl]borate), CH2Cl2, RT, 15 min, (58–78% over two steps); v) [{(h4-
cod)IrCl}2], NaOtBu, THF, RT, 3 h, (44–65%).


Scheme 2. Synthesis of iridium complexes F : i) (S)-serine methyl ester hydrochloride, NEt3, CH2Cl2, RT, 10 h, (80–93%); ii) Burgess reagent, THF,
reflux, 4 h, (65–72%); iii) 1,2-dichlorethane, reflux, 20 h, (91%); iv) DIBAL, THF, RT, 12 h, (52–78%); v) NEt3, TsCl, CH2Cl2, RT, (50–83%); vi) imida-
zole, DMF, 80 8C, 8 h; vii) NaBArF (BArF


� = tetrakis ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)phenyl]borate), acetone, RT, 15 min, (50–78% over two steps); viii) [{(h4-co-
d)IrCl}2], NaOtBu, THF, 3 h, (48–83%).
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were treated with NaBArF (BArF
� = tetrakis ACHTUNGTRENNUNG[3,5-bis(tri-


fluoromethyl)phenyl]borate) to give the corresponding
BArF


� salts 6a–g in moderate-to-high yield.
The weakly coordinating BArF


� counterion was used for
two reasons. First, it allowed simple purification of imidazo-
lium salts 6a–g by standard chromatography on silica gel,
which was not possible with the corresponding chloride
salts. Second, the BArF


� ion is known to improve the per-
formance of iridium complexes as hydrogenation catalysts
compared to other weakly coordinating anions such as hexa-
fluorophosphate, tetrafluoroborate, or triflate anions.[20,21]


In the synthesis of ligands F, the imidazolium moiety was
again introduced in the last step (Scheme 2). Oxazolines 12
were obtained by reacting (S)-serine methyl ester hydro-
chloride 9, either with commercially available benzimidate
hydrochloride 8, or with acyl chlorides 10 followed by ring-
closure by using Burgess reagent. Reduction of the ester
group by using diisobutylaluminum hydride (DIBAL) in
THF gave oxazoline alcohols 13 in moderate-to-good yields.
Tosylation and subsequent nucleophilic substitution with a
range of imidazoles yielded the corresponding imidazolium
tosylates, which were converted into BArF


� salts 15a–p by
anion exchange with NaBArF, followed by flash chromatog-
raphy on silica gel. By this method, four different sets of li-
gands (R1 = tert-butyl, adamantyl, 2,6-dimethylphenyl, and
phenyl) with various R2 groups were prepared.


Preparation of the Ir complexes : Cationic iridium(i) com-
plexes 7a–f and 16a–o were synthesized in a one-step proce-
dure, starting from the corresponding imidazolium salts 6a–
g and 15a–o (Schemes 1 and 2). Deprotonation at the imida-
zolium ring[22] by using sodium tert-butoxide in the presence
of [{(h4-cod)IrCl}2] allowed simultaneous generation and
complexation of the N-heterocyclic carbene.[23] The chloride
anions were removed from the reaction mixture by precipi-
tation as NaCl. The resulting yellow-orange crystalline
BArF


� salts were purified by flash chromatography on silica
gel.


Whereas complexation of imidazolium salts 6a–f was suc-
cessful, no complex formation was observed with imidazoli-
um salt 6g, even when more forcing conditions with a strong
base such as nBuLi were applied. In this particular case,
steric hindrance by the two tert-butyl substituents seems to
prevent complexation of imidazolium salt 6g to the iridium
center. However, the analogous imidazolium salt 15e, which
also contains two tert-butyl groups, was metalated in respect-
able yield (59%).


Under the reaction conditions described above, complexa-
tion of imidazolium salt 15p gave an unexpected product 17
as a colorless powder in 84% yield (Scheme 3). Full charac-
terization, including single-crystal X-ray diffraction analysis,
allowed the assignment of structure 17.[24] Apparently, com-
plexation of ligand 15p was accompanied by insertion of the
iridium(i) center into one of the ortho C�H bonds of the
phenyl substituents at the oxazoline ring.


The presence of an Ir-bound hydride, resulting from C�H
activation, was proven by the observation of a hydride


signal at d=�14.6 ppm in the 1H NMR spectrum. The crys-
tal structure of compound 17 shows the iridium atom in a
pseudo-octahedral coordination environment with the iridi-
um atom lying within 0.02 M in the best plane fitted through
the carbene atom C13, the phenyl C1 atom, and the mid-
points of the cyclooctadiene double bonds (Figure 1). This
geometry implies that the hydride is located trans to the ox-
azoline ring. Since complex 17 proved to be unreactive in
hydrogenation, no other complexes of this type were synthe-
sized.


Structural analysis of the Ir complexes : All 13C and 1H reso-
nances of complexes 7a–f and 16a–o were assigned by
standard two-dimensional (2D) NMR techniques. In the
13C NMR spectra, a shift of the NCN signal from d=


134(�3) ppm for the imidazolium salts to d=173(�4) ppm
for the carbene complexes was observed upon NHC com-
plexation.


Single crystals suitable for X-ray analysis were obtained
for complexes 7c and 16q, the latter being an analogue of
complex 16b containing PF6


� instead of BArF
� as counterion


(Figures 2 and 3).[25] In both crystal structures, the iridium
atom adopts a nearly square-planar coordination geometry
with the cod double bonds perpendicular to the coordina-
tion planes. The bond angles observed at the carbene cen-
ters (N2-C14-N3 104.88 for 7c and N2-C1-N1 104.38 for
16q) are in good agreement with the value expected for a
singlet N-heterocyclic carbene.[26]


Scheme 3. Synthesis of complex 17: i) [{(h4-cod)IrCl}2], NaOtBu, THF,
RT, 3 h, (84%).


Figure 1. Structure of the cation of 17. Selected bond lengths [M] and
angles [8]: Ir1�C1 2.029(4), Ir1�N1 2.159(3), Ir1�C13 2.054(4), Ir1�C23
2.281(4), Ir1�C24 2.300(4), Ir1�C27 2.226(4), Ir1�C28 2.248(4), C23�C24
1.380(7), C27�C28 1.373(7); N2-C13-N3 104.3(3), N1-Ir1-C1 78.27(15),
C13-Ir1-N1 78.34(14).
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The 13C NMR chemical shifts of the cyclooctadiene olefin-
ic C atoms and the Ir–(C=C) distances trans to the oxazoline
and trans to the NHC moiety were compared with those of
the most efficient P,N ligands developed in our laboratory
(Table 1). According to the observed values, the trans influ-
ence of the imidazolin-2-ylidene group lies between that of
the phosphine and the oxazoline groups. This is reflected by
the Ir–(C=C) distances trans to the coordinating units, which
increase from 200–204 pm for the oxazoline to 205–207 pm
for the imidazolin-2-ylidene and 211–212 pm for the phos-
phine group.


As shown in the crystal structures of complexes 7c
(Figure 2) and 16q (Figure 3), the ligand arrangement
around the iridium atoms in the two complexes is very simi-
lar. In both complexes, the six-membered chelate rings give
rise to rigid structures with the R1 and R2 substituents point-
ing in the same direction.


Enantioselective hydrogenation : To investigate the potential
of these complexes, we tested them in the asymmetric hy-
drogenation of four different unfunctionalized alkenes (21–
24) and one a,b-unsaturated carboxylic ester (25). For each
substrate, our complexes were compared with Burgess’ best
catalyst [Ir(1) ACHTUNGTRENNUNG(cod)]BArF, with R1 = 1-adamantyl and R2 =


2,6-diisopropylphenyl, and one threonine-derived phosphin-
ite-oxazoline iridium complex (19). All reactions were set
up under inert atmosphere with 1 mol% catalyst and
0.1 mmol of substrate in CH2Cl2 (0.5 mL).


In the hydrogenation of trans-a-methylstilbene 21, up to
90% ee was obtained with the best catalysts of type D and F
(7a and 16b ; Table 2). For type D catalysts (7a–f), the
choice of R1 = tert-butyl is crucial for activity as well as
enantioselectivity; a decrease from 90 to 50% ee was ob-
served when R1 = tert-butyl was replaced by an isopropyl
group. The strong influence of the oxazoline substituent is
consistent with the findings of Burgess and co-workers for li-
gands of type E, which were rationalized by computational
studies that suggested a strong steric interaction between
the R1 substituent and the substrate.[30] Although the R2 sub-
stituent at the imidazolin-2-ylidene unit plays a less impor-
tant role, the asymmetric induction increases when the size
of R2 is reduced (see complexes 7a, 7c, and 7d).


Both activity and enantioselectivity of type F catalysts
strongly depend on the oxazoline substituent. High conver-
sion was obtained for R1 = tert-butyl and 1-adamantyl, with
the exception of complexes 16e and 16 j bearing a tert-butyl
group at the NHC unit. In these two catalysts, the coordina-
tion sphere seems to be too congested to allow high catalytic
activity. With R1 = 2,6-dimethylphenyl, activities were low-
to-moderate (16k–o). As for the D series, the best enantio-
selectivities were recorded for catalysts with a tert-butyl
group at the oxazoline ring (16a–e). Replacement of R1 =


tert-butyl by 1-adamantyl reduced the enantioselectivities by
about 20%. With R1 = 2,6-dimethylphenyl, the asymmetric
induction was even lower. Only the catalysts bearing small


Figure 2. Structure of the cation of 7c. Selected bond lengths [M] and
angles [8]: Ir1�C14 2.034(4), Ir1�N1 2.089(4) Ir1�C15 2.175(3), Ir1�C16
2.193(4), Ir1�C19 2.105(5), Ir1�C20 2.136(3), C15�C16 1.388(6), C19�
C20 1.418(7); N2-C14-N3 104.8(3), N1-Ir1-C14 82.28(15).


Figure 3. Structure of the cation of 16q. Selected bond lengths [M] and
angles [8]: Ir1�C1 2.042(3), Ir1�N3 2.094(2), Ir1�C15 2.159(3), Ir1�C16
2.167(3), Ir1�C19 2.115(3), Ir1�C20 2.124(3), C15�C16 1.383(6), C19�
C20 1.403(5); N2-C1-N1 104.3(3), N3-Ir1-C1 79.47(11).


Table 1. Structural data of complexes 7c and 16q compared with those
of complexes 18,[27] 19,[28] and 20.[29]


Ir–(C=C) distance to the Ir
atom [pm][a]


Ir–(C=C) 13C NMR chemical
shift [ppm]


trans to N trans to P/C trans to N trans to P/C


18 204 211 67.5 67.4 95.0 90.0
19 203 212 69.2 64.9 102.8 96.6
20 201 212 64.5 60.6 99.8 97.4
7c 200 207 65.7 60.1 84.6 82.9
16q 200 205 66.2 56.0 80.8 79.9


[a] Distance calculated from the midpoint of the C=C bond to the iridium
atom.
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R2 substituents such as methyl and isopropyl in addition to
the presence of substituent R1 = tert-butyl reached 90% ee,
a trend already observed in the D series.


Hydrogenation of (E)-2-(4-methoxyphenyl)-2-butene 22
and (Z)-2-(4-methoxyphenyl)-2-butene 23 showed similar
trends (Tables 3 and 4). Contrary to trans-a-methylstilbene,
the highest enantioselectivity values, 87% ee for alkene 22
and 73% ee for alkene 23, were obtained with type F cata-
lysts 16b and 16c, respectively.


Among type D catalysts, complex 7a, which bears the
least bulky substituent on the NHC ring, was again the most
selective catalyst with 76% ee for substrate 22 and 56% ee
for substrate 23.


The results with type F catalysts confirmed the trend that
the R1 substituent has a strong influence on both activity
and enantioselectivity. Similar to the hydrogenation of trans-
a-methylstilbene, catalysts with R1 = tert-butyl gave by far
the highest enantiomeric excesses followed by catalysts with
R1 = 1-adamantyl and R1 = 2,6-dimethylphenyl substitu-
ents. The R2 substituent at the NHC unit allowed fine
tuning of the enantioselectivity of substrates 22 and 23.
While the highest enantiomeric excesses were obtained for
substrate 22 with a small R2 group such as methyl (16a) and
isopropyl (16b), the best enantioselectivities for substrate 23
were obtained with R2 = 2,4,6-trimethylphenyl (16c).


Two further aspects of the hydrogenation of alkene 23
with Ir-F catalysts are remarkable. First, the three catalysts
16k, 16 l, and 16n produce the opposite enantiomer. The ob-


served formation of R products starting from both the E
and Z olefins is in contrast to the general trend that E and
Z olefins give products of opposite configuration.[5] A possi-
ble explanation of these unexpected results could be that
cis–trans isomerization takes place during hydrogenation
such that the reaction of the less-stable Z isomer 23 pro-
ceeds mainly through the E isomer 22.[31] Second, catalysts
16e, 16 j, and 16o with a tert-butyl group on the NHC
moiety not only gave low conversion but also no asymmetric
induction (see Table 4).


The terminal olefin 2-(4-methoxyphenyl)-1-butene 24 is a
much more reactive substrate than those discussed so far.
Since previous work on substrate 24 showed that low hydro-
gen pressure increases the asymmetric induction,[5,32] catalyst
screening was performed at 1 bar H2 gas pressure (Table 5).


For type D catalysts, R1 = tert-butyl was required for
high activity. In this series, the importance of the R2 sub-
stituent was demonstrated by a remarkable inversion of
enantioselectivity from 15% ee (R) to 79% ee (S) when R2


= methyl was replaced by an isopropyl group. With a value
of 79% ee, complex 7c was the most selective catalyst of
both the 7a–f and the 16a–o libraries.


Type F catalysts gave low-to-moderate enantioselectivi-
ties. The best enantiomeric excesses of substrate 24 were
again observed with R1 = tert-butyl, even though the differ-
ence between the tert-butyl and the 1-adamantyl substituent
was less pronounced than for substrates 21, 22, and 23.


Table 2. Hydrogenation of trans-a-methylstilbene 21.[a]


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


7a >99 90 (R)
7b 25[d] 55 (R)
7c >99 87 (R)
7d 76 59 (R)
7e 96 84 (R)
7 f 99 85 (R)
16a >99 89 (R)
16b >99 90 (R)
16c >99 79 (R)
16d >99 87 (R)
16e 66 78 (R)
16 f 97 69 (R)
16g >99 72 (R)
16h >99 61 (R)
16 i >99 71 (R)
16j 70 66 (R)
16k 27 68 (R)
16 l 92 59 (R)
16m 15 rac
16n 58 50 (R)
16o 7 32 (R)
[Ir(1) ACHTUNGTRENNUNG(cod)]BArF


[11] >99 98 (S)
19[4] >99 99 (R)


[a] See Schemes 1 and 2 for formulae for catalysts. [b] Determined by
GC. [c] Determined by HPLC. [d] 5 mol% catalyst.


Table 3. Hydrogenation of (E)-2-(4-methoxyphenyl)-2-butene 22.[a]


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


7a >99 76 (R)
7b 5 –
7c >99 69 (R)
7d >99 9 (R)
7e >99 69 (R)
7 f >99 69 (R)
16a >99 85 (R)
16b >99 87 (R)
16c >99 75 (R)
16d >99 84 (R)
16e 50 80 (R)
16 f >99 69 (R)
16g >99 71 (R)
16h >99 61 (R)
16 i >99 73 (R)
16j 87 75 (R)
16k 83 74 (R)
16 l 89 59 (R)
16m 20 11 (R)
16n 84 61 (R)
16o 6 rac
[Ir(1) ACHTUNGTRENNUNG(cod)]BArF


[11] >99 91 (S)
19[4] >99 99 (R)


[a] See Schemes 1 and 2 for formulae for catalysts. [b] Determined by
GC. [c] Determined by HPLC.
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Complexes 16e, 16 j, and 16o, bearing a tert-butyl substitu-
ent on the NHC moiety, showed no catalytic activity.


Finally, our catalyst library was tested in the hydrogena-
tion of (E)-2-methylcinnamic acid ethyl ester 25 (Table 6).
Type D complexes gave moderate enantioselectivities of up
to 59% ee (7a). Complexes with less sterically hindered R2


substituents such as methyl (7a), isopropyl (7c), and isobu-
tyl (7d) were again the most enantioselective catalysts.


Higher enantioselectivities were obtained with catalysts of
type F. Contrary to previous substrates 21–24, the R2 sub-
stituent in complexes 16a–j plays a more important role
than the R1 substituent. The best enantiomeric excesses,
76% and 72% ee, were obtained with R2 = 2,4,6-trimethyl-
phenyl (16c and 16h).


Moreover, in contrast to the results obtained with unfunc-
tionalized alkenes, catalysts with R1 = 1-adamantyl showed
higher ee values than their analogues with R1 = tert-butyl.
With R1 = 2,6-dimethylphenyl (16k–o), enantioselectivities
were moderate. Contrary to catalysts 16a–j, no positive
effect on the asymmetric induction was observed with R2 =


2,4,6-trimethylphenyl.


Conclusion


Simple and efficient syntheses for two families of chiral iri-
dium(oxazoline-carbene) complexes D and F with a six-
membered chelate ring have been developed. The modular


Table 4. Hydrogenation of (Z)-2-(4-methoxyphenyl)-2-butene 23.[a]


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


7a 97 56 (S)
7b 3 – (S)
7c >99 41 (S)
7d 65 27 (S)
7e 91 30 (S)
7 f 97 46 (S)
16a >99 56 (S)
16b >99 66 (S)
16c >99 73 (S)
16d >99 50 (S)
16e 68 rac
16 f >99 33 (S)
16g >99 43 (S)
16h >99 66 (S)
16 i >99 10 (S)
16j 79 rac
16k 89 25 (R)
16 l >99 38 (R)
16m 38 17 (S)
16n >99 41 (R)
16o 18 rac
[Ir(1) ACHTUNGTRENNUNG(cod)]BArF


[11] 95 78 (R)
19[4] >99 72 (S)


[a] See Schemes 1 and 2 for formulae for catalysts. [b] Determined by
GC. [c] Determined by HPLC.


Table 5. Hydrogenation of 2-(4-methoxyphenyl)-1-butene 24 at 1 bar H2


gas pressure.[a]


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


7a >99 15 (R)
7b 2 –
7c >99 79 (S)
7d >99 54 (S)
7e >99 70 (S)
7 f >99 78 (S)
16a >99 69 (S)
16b >99 66 (S)
16c >99 55 (S)
16d >99 65 (S)
16e 0 –
16 f >99 62 (S)
16g >99 56 (S)
16h >99 56 (S)
16 i >99 65 (S)
16j 0 –
16k >99 29 (S)
16 l 90 20 (S)
16m 20 rac
16n >99 27 (S)
16o 0 –
[Ir(1) ACHTUNGTRENNUNG(cod)]BArF


[11] >99 89 (R)
19[4] >99 94 (S)


[a] See Schemes 1 and 2 for formulae for catalysts. [b] Determined by
GC. [c] Determined by HPLC.


Table 6. Hydrogenation of (E)-2-methylcinnamic acid ethyl ester 25.[a]


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


7a >99 59 (R)
7b 0 –
7c >99 54 (R)
7d 93 13 (S)
7e >99 48 (R)
7 f >99 55 (R)
16a >99 12 (R)
16b >99 38 (R)
16c >99 72 (R)
16d >99 30 (R)
16e >99 rac
16 f >99 16 (R)
16g >99 46 (R)
16h >99 76 (R)
16 i >99 44 (R)
16j 96 36 (R)
16k >99 50 (R)
16 l >99 41 (R)
16m >99 30 (R)
16n >99 27 (R)
16o 70 rac
[Ir(1) ACHTUNGTRENNUNG(cod)]BArF


[11] – –
19[4] >99 94 (R)


[a] See Schemes 1 and 2 for formulae for catalysts. [b] Determined by
GC. [c] Determined by HPLC.
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nature of these ligands allowed the preparation of a wide
range of derivatives.


The complexes were tested in the iridium-catalyzed asym-
metric hydrogenation of olefins. Among type D complexes,
catalyst 7a gave the highest enantiomeric excesses for all
substrates except terminal olefin 24. Remarkably, catalyst
7a is the one bearing the least bulky R2 substituent at the
NHC moiety.


The most selective catalysts in the F series were found to
be equivalent or superior to type D complexes. Good enan-
tioselectivities were generally induced by catalysts with a
bulky tert-butyl or adamantyl–oxazoline unit in combination
with a smaller methyl or isopropyl group at the NHC
moiety. The functionalized substrate 25 was an exception.
Here, the most efficient catalyst was complex 16h bearing
two bulky groups (1-adamantyl and 2,4,6-trimethylphenyl).


The six-membered chelate complexes differ strongly from
the seven-membered chelate analogues E developed by Bur-
gess. Whereas only one particular complex of type E ([Ir(1)-
ACHTUNGTRENNUNG(cod)]BArF with R1 = 1-adamantyl and R2 = 2,6-diisopro-
pylphenyl) was found to give high enantioselectivities, sever-
al representatives of type D and F were identified that in-
duced similar ee levels. In contrast to the Burgess’ catalysts,
which require large substituents both at the NHC and oxa-
zoline units for high enantioselectivity, the six-membered
chelate analogues D and F in general give better results
with less sterically demanding ligands. However, despite the
wide range of D and F type catalysts investigated, the enan-


tiomeric excesses are not as high as those obtained with
Burgess’ best complex [Ir(1) ACHTUNGTRENNUNG(cod)]BArF. Nevertheless, our
results indicate that carbene-oxazoline ligands of this type
have considerable potential. Their modular nature, which
enables easy tuning of the ligand structure, suggests that
these ligands could be applied in other areas of asymmetric
catalysis.


Experimental Section


General : Reactions with air- or moisture-sensitive compounds were per-
formed under Ar gas by using standard Schlenk techniques or under pu-
rified N2 gas in an MBraun glovebox. Glassware was oven- and flame-
dried prior to use. All chemicals were purchased from Fluka Chemie
GmbH (Buchs, Switzerland) with the exception of 3,5-bis(trifluorometh-
yl)-bromobenzene, which was obtained from Fluorochem Ltd (Derby-
shire, UK). Diethyl ether, pentane, and tetrahydrofuran were dried over
sodium/benzophenone, dichloromethane over CaH2 and all were freshly
distilled under a stream of nitrogen prior to use. Melting points were
measured with a BOchi 535 melting point apparatus and were not correct-
ed. Optical rotations: sodium lamp, 1-dm cuvette, c in g per 100 mL.
HPLC analysis: Shimadzu Systems, SCL-10 A system controller, CTO-
10 AC column oven, LC10-AD pump system, DGU-14 A degasser, SPD-
M10 A diode-array detector or UV/Vis detector (220 and 254 nm).


General procedure for the preparation of chloroacetamides 4a and 4b :
A solution of (S)-tert-leucinol (3.02 g, 25.8 mmol) and triethylamine
(5.2 g, 51.6 mmol) in CH2Cl2 (100 mL) was cooled to �20 8C under argon
gas. Chloroacetyl chloride (2.91 g, 25.8 mmol) was added dropwise over
5 min. The cooling bath was removed and the mixture was stirred at
room temperature for 12 h. After concentration in vacuo, ethyl acetate


was added (30 mL). The mixture was filtered and concentrated in vacuo.
The crude product was purified by chromatography on silica gel (5P
20 cm column, Rf=0.57, AcOEt) eluting with AcOEt to yield a white
solid (4a, 4.14 g, 83%).


Compound 4a : M.p. 69–70 8C; [a]20
D =�18.7 (c=1.00, CHCl3);


1H NMR
(400.1 MHz, CDCl3, 300 K): d=6.75 (br, 1H; NH), 4.10 (mc, 2H;
ClCH2), 3.86 (mc, 2H; CH2OH, CHCC ACHTUNGTRENNUNG(CH3)3), 3.62 (mc, 1H; CH2OH),
2.13 (br, 1H; OH), 0.97 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR
(100.6 MHz, CDCl3, 300 K): d=167.4 (NHCO), 63.1 (NCH2OH), 60.5
(NCHC ACHTUNGTRENNUNG(CH3)3), 43.3 (ClCH2), 34.0 (C ACHTUNGTRENNUNG(CH3)3), 27.2 ppm (CACHTUNGTRENNUNG(CH3)3); IR
(KBr): ñ=3405 (mbr), 3277 (m), 2963 (m), 1665 (s), 1636 (s), 1531 (s),
1369 (w), 1276 (w), 1088 (w), 1049 (m), 911 (w), 771 (w), 666 cm�1 (w);
MS (FAB): m/z (%): 194 (100) [M+H]+ ; elemental analysis calcd (%)
for C8H16ClNO2 (193.67): C 49.61, H 8.33, N 7.23, O 16.52; found: C
49.22, H 8.37, N 7.04, O 16.68.


General procedure for the preparation of chloromethyloxazolines 5a and
5b : A solution of chloroacetamide 4a (1.29 g, 6.65 mmol) and methyl-N-
triethylammoniosulfonyl-carbamate (1.74 g, 7.32 mmol) in THF (20 mL)
was refluxed for 12 h. The mixture was concentrated in vacuo. The resi-
due was diluted with dichloromethane and extracted three times with
water. The organic layer was dried over anhydrous magnesium sulfate
and concentrated in vacuo. The crude product was purified by distillation
(50 8C, 0.1 mbar) to yield a colorless oil (5a, 1.45 g, 50%).


Compound 5a : [a]20
D =�108.5 (c=0.94, CHCl3);


1H NMR (400.1 MHz,
CDCl3, 300 K): d=4.28 (mc, 1H; CH2O), 4.15 (mc, 1H; CH2O), 4.10
(mc, 2H; ClCH2), 3.91 (mc, 1H; NCHC ACHTUNGTRENNUNG(CH3)3), 0.89 ppm (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (100.6 MHz, CDCl3, 300 K): d=162.4 (OCN),
76.1 (NCHCH ACHTUNGTRENNUNG(CH3)2), 69.8 (CH2O), 36.5 (ClCH2), 33.8 (C ACHTUNGTRENNUNG(CH3)3),
25.8 ppm (CACHTUNGTRENNUNG(CH3)3); IR (NaCl): ñ=2957 (s), 2906 (m), 2870 (m), 1671
(s), 1479 (m), 1430 (w), 1395 (w), 1360 (m), 1243 (m), 1155 (w), 983 (s),
944 (w), 892 (w), 733 cm�1 (w); MS (FAB, Xe, 8 kV): m/z (%): 176 (100)
[M+H]+ ; elemental analysis calcd (%) for C8H14ClNO (175.66): C 54.70,
H 8.03, N 7.97; found: C 53.83, H 7.90, N 8.03.


General procedure for the preparation of imidazolium salts 6a–g : A solu-
tion of chloromethyloxazoline 5a (235 mg, 1.33 mmol) and 1-methyl-1H-
imidazole (93 mg, 1.33 mmol) in DMF (0.4 mL) was heated at 80 8C for
8 h. The mixture was concentrated in vacuo at 80 8C and the residue was
diluted in CH2Cl2 (5 mL). NaBArF (1.18 g, 1.33 mmol) was added to the
solution, which was then stirred at room temperature for 30 min. The
mixture was filtered and concentrated in vacuo. The crude product was
purified by chromatography on silica gel (5P8 cm column) eluting with
CH2Cl2 (1 L) to yield a white solid (6a, 1.13 g, 78%).


Compound 6a : M.p. 103–104 8C; [a]20
D =�8.2 (c=0.50, CHCl3);


1H NMR
(400.1 MHz, CDCl3, 300 K): d=8.31 (s, 1H; NCHN), 7.69 (mc, 8H; BArF


ortho-CH), 7.53 (mc, 4H; BArF para-CH), 7.15 (mc, 1H; imid CH), 6.95
(mc, 1H; imid CH), 4.71 (mc, 2H; NCH2), 4.27 (mc, 1H; oxaz CH2), 4.14
(mc, 1H; oxaz CH2), 3.88 (mc, 1H; oxaz CH), 3.70 (s, 3H; NCH3),
0.82 ppm (s, 9H; tBu CH3);


13C{1H} NMR (100.6 MHz, CDCl3, 300 K):
d=162.1 (q, 1J ACHTUNGTRENNUNG(B,C)=49.9 Hz, 4C; BArF quat C ipso to B), 158.1 (OCN),
135.7 (NCHN), 135.1 (br, 8C; BArF ortho-CH), 129.3 (qq, 2J ACHTUNGTRENNUNG(F,C)=
31.12 Hz, 3J ACHTUNGTRENNUNG(B,C)=2.9 Hz, 8C; BArF C ipso to CF3), 124.9 (q, 1J ACHTUNGTRENNUNG(F,C)=
272.5 Hz, 8C; BArF CF3), 124.2 (imid CH), 123.8 (imid CH), 117.9 (sept,
3J ACHTUNGTRENNUNG(F,C)=3.8 Hz, 4C; BArF para-CH), 76.4 (oxaz CH), 71.0 (oxaz CH2),
46.7 (NCH2), 37.0 (NCH3), 33.8 (tBu C), 25.8 ppm (3C; tBu CH3); IR
(KBr): ñ=3185 (w), 2967 (w), 1686 (w), 1610 (w), 1356 (m), 1277 (s),
1115 (sbr), 887 (w), 838 (w), 743 (w), 711 (w), 682 (w), 671 (w), 623 cm�1


(w); MS (FAB): m/z (%): 222 (100) [M�BArF]
+ ; elemental analysis


calcd (%) for C44H32BF24N3O (1085.52): C 48.68, H 2.97, N 3.87; found:
C 48.72, H 2.99, N 3.84.


General procedure for the preparation of iridium complexes 7a–f and
16a–p : Freshly sublimed NaOtBu (14.3 mg, 0.148 mmol) was added to a
solution of imidazolium salt 6a (161 mg, 0.148 mmol) and [(h4-cod)IrCl]2
(50 mg, 0.074 mmol) in THF (10 mL). The reaction mixture was stirred at
room temperature for 3 h and was then concentrated in vacuo. The crude
product was purified by chromatography on silica gel (3P20 cm column)
eluting with CH2Cl2 to yield a yellow/orange solid (7a, 134 mg, 65%).


Compound 7a : [a]20
D =++48 (c=0.159, CHCl3);


1H NMR (500.1 MHz,
CDCl3, 295 K): d=7.70 (mc, 8H; BArF ortho-CH), 7.53 (mc, 4H; BArF
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para-CH), 6.81 (mc, 1H; imid CH), 6.79 (mc, 1H; imid CH), 4.98 (mc,
1H; NCH2), 4.61 (mc, 1H; oxaz CH2), 4.49 (mc, 1H; cod CH), 4.38 (mc,
2H; NCH2, oxaz CH2), 4.15 (mc, 2H; cod CH), 3.86 (mc, 1H; cod CH),
3.80 (mc, 1H; oxaz CH), 3.74 (s, 3H; NCH3), 2.29 (mc, 2H; cod CH2),
2.11 (mc, 2H; cod CH2), 2.00 (mc, 2H; cod CH2), 1.75 (mc, 1H; cod
CH2), 1.63 (mc, 1H; cod CH2), 0.73 ppm (s, 9H; tBu CH3);


13C{1H} NMR
(125.7 MHz, CDCl3, 295 K): d=174.1 (NCN), 165.1 (OCN), 161.7 (q,
1J ACHTUNGTRENNUNG(B,C)=49.9 Hz, 4C; BArF quat C ipso to B), 134.8 (br, 8C; BArF


ortho-CH), 128.9 (qq, 2J ACHTUNGTRENNUNG(F,C)=31.12 Hz, 3J ACHTUNGTRENNUNG(B,C)=2.9 Hz, 8C; BArF C
ipso to CF3), 124.5 (q, 1J ACHTUNGTRENNUNG(F,C)=272.5 Hz, 8C; BArF CF3), 123.5 (imid
CH), 121.1 (imid CH), 117.5 (sept, 3J ACHTUNGTRENNUNG(F,C)=3.8 Hz, 4C; BArF para-CH),
85.4 (cod CH), 81.9 (cod CH), 73.3 (oxaz CH), 72.8 (oxaz CH2), 64.4
(cod CH), 59.0 (cod CH), 46.8 (NCH2), 38.0 (NCH3), 34.0 (cod CH2),
33.5 (tBu C), 31.1 (cod CH2), 29.9 (cod CH2), 28.3 (cod CH2), 25.1 ppm
(3C; tBu CH3); IR (KBr): ñ=2971 (w), 1648 (w), 1610 (w), 1435 (w),
1355 (m), 1277 (s), 1124 (sbr), 960 (w), 894 (w), 839 (w), 712 (w), 682
(w), 671 cm�1 (w); MS (FAB): m/z (%): 522 (100) [M�BArF]


+ ; elemental
analysis calcd (%) for C52H43BF24IrN3O (1384.91): C 45.10, H 3.13, N
3.03; found: C 45.25, H 3.24, N 2.87.


General procedure for the preparation of compounds 11a, f, k : A solution
of (S)-serine methyl ester hydrochloride (6.00 g, 38.6 mmol) and triethyl-
amine (11.7 g, 115.7 mmol) in CH2Cl2 (150 mL) was cooled to �10 8C
under argon gas. Pivaloyl chloride (4.65 g, 38.6 mmol) was added drop-
wise over 5 min. The mixture was stirred at room temperature for 12 h
and was then diluted with water (100 mL). The dichloromethane layer
was separated, dried over magnesium sulfate, and concentrated in vacuo
to yield a yellow oil. The crude product was purified by chromatography
on silica gel (7P30 cm column, Rf=0.43) eluting with a mixture of
AcOEt and hexane (4:1) to yield a colorless oil (11a, 5.90 g, 80%).


Compound 11a : [a]20
D =++24.6 (c=1.00, CHCl3);


1H NMR (400.1 MHz,
CDCl3, 300 K): d=6.61 (br, 1H; NH), 4.63 (mc, 1H; NHCHCO2CH3),
3.93 (mc, 2H; CH2OH), 3.78 (s, 3H; CO2CH3), 2.68 (br, 1H; OH),
1.23 ppm (s, 9H; CACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (100.6 MHz, CDCl3, 300 K):
d=179.7 (NCO), 171.6 (CO2CH3), 64.1 (CH2OH), 55.2 (NHCHCO2),
53.2 (CO2CH3), 39.2 (C ACHTUNGTRENNUNG(CH3)3), 27.8 ppm (CACHTUNGTRENNUNG(CH3)3); IR (NaCl): ñ=3396
(sbr), 2960 (s), 2878 (m), 1744 (s), 1645 (s), 1521 (s), 1438 (m), 1368 (m),
1204 (s), 1081 (m), 979 (w), 938 (w), 857 cm�1 (w); MS (FAB): m/z (%):
204 (100) [M+H]+ , 57 (66); elemental analysis calcd (%) for C9H17NO4


(203.24): C 53.19, H 8.43, N 6.89; found: C 52.88, H 8.54, N 7.00.


General procedure for the preparation of esters 12a, f,k : A solution of
amide 11a (2.40 g, 12.6 mmol) and methyl N-triethylammoniosulfonyl-
carbamate (3.29 g, 13.8 mmol) in THF (40 mL) was refluxed for 12 h.
The mixture was concentrated in vacuo and the residue was diluted in di-
chloromethane. The organic layer was extracted three times with water,
dried over magnesium sulfate, and concentrated in vacuo to give an oil
that was purified by distillation (45 8C, 0.08 mbar) to yield a colorless oil
(12a, 1.51 g, 65%).


Compound 12a : [a]20
D =++150.9 (c=0.94, CHCl3);


1H NMR (400.1 MHz,
CDCl3, 300 K): d=4.67 (mc, 1H; oxaz CH), 4.42 (mc, 1H; oxaz CH2),
4.34 (mc, 1H; oxaz CH2), 3.74 (s, 3H; CO2CH3), 1.20 ppm (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (100.6 MHz, CDCl3, 300 K): d=177.3 (NCO),
172.3 (CO2CH3), 69.8 (oxaz CH2), 68.5 (oxaz CH), 52.9 (CO2CH3), 33.8
(C ACHTUNGTRENNUNG(CH3)3), 28.1 ppm (C ACHTUNGTRENNUNG(CH3)3); IR (NaCl): ñ=2975 (s), 1742 (s), 1651
(s), 1482 (m), 1438 (m), 1396 (w), 1363 (m), 1300 (m), 1144 (s), 1061 (w),
981 (m), 785 (w), 728 cm�1 (w); MS (FAB): m/z (%): 186 (100) [M+H]+ ;
elemental analysis calcd (%) for C9H15NO3 (185.22): C 58.36, H 8.16, N
7.56; found: C 58.17, H 7.98, N 7.61.


Preparation of ester 12p : Ethyl benzimidate hydrochloride (5.00 g,
26.9 mmol) was dissolved in dichloromethane (100 mL). The solution was
extracted three times with an aqueous solution of NaHCO3 and concen-
trated in vacuo to yield an oil (3.77 g). The oil was dissolved in 1,2-di-
chlorethane (150 mL) and (S)-serine methyl ester hydrochloride (4.32 g,
27.8 mmol) was added. The suspension was refluxed for 20 h, then was
filtered and concentrated in vacuo to remove the solvent. The crude
product was purified by chromatography on silica gel (7P30 cm column,
Rf=0.57) eluting with a mixture of AcOEt and hexane (3:1) to yield a
colorless oil (12p, 5.02 g, 91%).


Compound 12p : [a]20
D =++99.3 (c=1.36, CHCl3);


1H NMR (400.1 MHz,
CDCl3, 300 K): d=7.97 (mc, 2H; arom CH), 7.49 (mc, 1H; arom CH),
7.40 (mc, 2H; arom CH), 4.95 (mc, 1H; oxaz CH), 4.69 (mc, 1H; oxaz
CH2), 4.59 (mc, 1H; oxaz CH2), 3.81 ppm (s, 3H; OCH3);


13C{1H} NMR
(100.6 MHz, CDCl3, 300 K): d=172.0 (CO2CH3), 166.7 (NCO), 132.3
(arom CH), 129.0 (2C; arom CH), 128.8 (2C; arom CH), 127.3 (arom
C), 70.0 (oxaz CH2), 69.0 (oxaz CH), 53.1 ppm (CO2CH3); IR (NaCl):
ñ=2953 (w), 1742 (s), 1642 (m), 1450 (w), 1362 (m), 1210 (m), 1090 (m),
1026 (w), 971 (w), 779 (w), 697 cm�1 (m); MS (FAB): m/z (%): 206 (100)
[M+H]+ ; elemental analysis calcd (%) for C11H11NO3 (205.21): C 64.38,
H 5.40, N 6.83; found: C 64.26, H 5.66, N 7.06.


General procedure for the preparation of oxazoline alcohols 13p,a, f,k :
Ester 12p (11.0 g, 53.9 mmol) and dried THF (300 mL) were added
under argon gas to a 2 L round-bottomed flask equipped with a ther-
mometer and an addition funnel. A solution of DIBAL in THF (170 mL,
1.0 mmolmL�1) was added dropwise at �10 8C. The mixture was stirred
overnight at room temperature. A solution of the Seignette salt (400 mL,
20% w/w) was carefully added with stirring and the mixture was extract-
ed three times with ethyl acetate. The combined organic layers were
dried over magnesium sulfate and concentrated in vacuo to yield a
yellow oil. The crude product was purified by chromatography on silica
gel (7P20 cm column, Rf=0.33) eluting with AcOEt to yield a white
solid (13p, 6.4 g, 67%).


Compound 13p : M.p. 99–100 8C; [a]20
D =++89.0 (c=1.00, CHCl3);


1H NMR (400.1 MHz, CDCl3, 300 K): d=7.97 (mc, 2H; arom CH), 7.42
(mc, 1H; arom CH), 7.31 (mc, 2H; arom CH), 4.30–4.50 (m, 3H; 2P
oxaz CH2, 1Poxaz CH), 3.99 (mc, 1H; CH2OH), 3.65 (mc, 1H; CH2OH),
3.53 ppm (br, 1H; OH); 13C{1H} NMR (100.6 MHz, CDCl3, 300 K): d=
166.0 (NCO), 131.9 (arom CH), 128.7 (2C; arom CH), 128.6 (2C; arom
CH), 127.5 (arom C), 69.5 (oxaz CH2), 68.5 (oxaz CH), 64.1 ppm
(CH2OH); IR (KBr): ñ=3266 (sbr), 2928 (m), 1652 (s), 1500 (m), 1363
(m), 1276 (m), 1098 (m), 958 (m), 783 (w), 693 cm�1 (m); MS (FAB): m/z
(%): 178 (100) [M+H]+ ; elemental analysis calcd (%) for C10H11NO2


(177.20): C 67.78, H 6.26, N 7.90, O 18.06; found: C 67.60, H 6.28, N
7.87, O 17.80.


General procedure for the preparation of tosylate 14p,a, f,k : Triethyl-
ACHTUNGTRENNUNGamine (3.98 g, 39.4 mmol) was added dropwise to a solution of alcohol
13p (6.35 g, 35.8 mmol) and tosyl chloride (13.65 g, 71.6 mmol) in di-
chloromethane (40 mL). The mixture was stirred at room temperature
for 8 h and was then concentrated in vacuo to remove the solvent. The
crude product was purified by chromatography on silica gel (7P25 cm
column, Rf=0.48, AcOEt/hexane 1:1) eluting with a mixture of AcOEt
and hexane (from 3:7 to 7:3) to yield a colorless oil that crystallized on
standing (14p, 8.41 g, 71%).


Compound 14p : M.p. 109–110 8C; [a]20
D =++96.5 (c=1.00, CHCl3);


1H NMR (400.1 MHz, CDCl3, 300 K): d=7.86 (mc, 2H; tos CH), 7.77
(mc, 2H; tos CH), 7.49 (mc, 1H; arom CH), 7.40 (mc, 2H; arom CH),
7.30 (mc, 2H; arom CH), 4.49 (mc, 2H; oxaz CH, oxaz CH2), 4.34 (mc,
1H; oxaz CH2), 4.27 (mc, 1H; CH2OH), 4.04 (mc; CH2OH), 2.43 ppm (s,
3H; tos CH3);


13C{1H} NMR (100.6 MHz, CDCl3, 300 K): d=145.4 (tos
C), 132.9 (tos C), 132.3 (arom CH), 130.3 (2C; tos CH), 128.8 (2C; arom
CH), 128.8 (2C; arom CH), 128.4 (2C; tos CH), 127.3 (arom C), 71.1
(CH2), 70.3 (CH2), 65.4 (oxaz CH), 22.1 ppm (tos CH3), 1 quat C not de-
tected; IR (NaCl): ñ=2976 (w), 1648 (m), 1452 (w), 1366 (s), 1269 (w),
1176 (s), 1023 (m), 969 (m), 837 (m), 690 (m), 555 cm�1 (m); MS (FAB):
m/z (%): 332 (100) [M+H]+ ; elemental analysis calcd (%) for
C17H17NO4S (331.39): C 61.61, H 5.17, N 4.23, O 19.31; found: C 61.56, H
5.20, N 4.19, O 19.50.


General procedure for the preparation of imidazolium salts 15a–p : A sol-
ution of tosylate 14a (400 mg, 1.28 mmol) and 1-methyl-1H-imidazole
(105 mg, 1.28 mmol) in DMF (0.5 mL) was heated at 80 8C for 8 h. The
mixture was concentrated in vacuo at 80 8C and the residue was diluted
in acetone (5 mL). NaBArF (1.13 g, 1.28 mmol) was added to the solution
that was stirred at room temperature for 30 min. The mixture was filtered
and concentrated in vacuo to remove the solvent. The crude product was
purified by chromatography on silica gel (5P10 cm column) eluting with
CH2Cl2 (1 L) to yield a white solid (15a, 1.06 g, 0.973 mmol, 76%).
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Compound 15a : M.p. 120–121 8C; [a]20
D =++35.5 (c=1.00, CHCl3);


1H NMR (500.1 MHz, CDCl3, 295 K): d=8.45 (s, 1H; NCHN), 7.69 (mc,
8H; BArF ortho CH), 7.52 (mc, 4H; BArF para CH), 7.07 (mc, 1H; imid
CH), 6.92 (mc, 1H; imid CH), 4.40 (mc, 1H; oxaz CH2), 4.30 (mc, 1H;
oxaz CH), 4.05 (mc, 1H; NCH2), 3.81 (mc, 2H; oxaz CH2, NCH2), 3.72
(s, 3H; NCH3), 1.16 ppm (s, 9H; tBu CH3);


13C{1H} NMR (125.7 MHz,
CDCl3, 295 K): d=178.0 (OCN), 161.7 (q, 1J ACHTUNGTRENNUNG(B,C)=49.9 Hz, 4C; BArF


quat C ipso to B), 135.3 (NCHN), 134.7 (br, 8C; BArF ortho CH), 129.0
(qq, 2J ACHTUNGTRENNUNG(F,C)=31.12 Hz, 3J ACHTUNGTRENNUNG(B,C)=2.9 Hz, 8C; BArF C ipso to CF3), 124.5
(q, 1J ACHTUNGTRENNUNG(F,C)=272.5 Hz, 8C; BArF CF3), 123.7 (imid CH), 122.9 (imid CH),
117.5 (sept, 3J ACHTUNGTRENNUNG(F,C)=3.8 Hz, 4C; BArF para CH), 69.2 (oxaz CH2), 64.7
(oxaz CH), 54.1 (NCH2), 36.5 (NCH3), 33.5 (tBu C), 27.4 ppm (3C; tBu
CH3); IR (KBr): ñ=3163 (w), 3098 (w), 2980 (w), 1655 (w), 1610 (w),
1577 (w), 1562 (w), 1482 (w), 1356 (m), 1282 (s), 1122 (sbr), 932 (w), 889
(w), 839 (w), 745 (w), 713 (w), 682 (w), 671 (w), 624 cm�1 (w); MS
(FAB): m/z (%): 222 (100) [M�BArF]


+ ; elemental analysis calcd (%) for
C44H32BF24N3O (1085.52): C 48.68, H 2.97, N 3.87; found: C 48.63, H
3.15, N 3.64.


General procedure for catalytic hydrogenation at elevated pressure : In a
glovebox, 0.1 mmol substrate, 1 mol% iridium complex, and 0.5 mL
CH2Cl2 were added to a 60-mL autoclave (Premex AG, Lengnau, Swit-
zerland) with four glass inserts (1.5 mL) and magnetic stirrer bars. The
autoclave was pressurized to 50 bar H2 gas (Carbagas, Switzerland,
99.995%) and the mixture was stirred for 2 h. After pressure release, the
solvent was evaporated and heptane (3 mL) was added. The resulting
suspension was filtered through a short plug of silica gel (0.5P6 cm) elut-
ing with a mixture of hexane and Et2O (1:1) and the filtrate was analyzed
by GC and chiral HPLC to determine conversion and enantioselectivity
(for analytical procedures and data, see reference [3]).


General procedure for catalytic hydrogenation at low pressure (1 bar
H2): A solution of 0.1 mmol substrate with 1 mol% iridium complex in
dry CH2Cl2 (2–3 mL) was prepared under inert atmosphere in a 20 mL
Schlenk flask (1~1.5 cm). The mixture was stirred for 0.5–2 h with slow
bubbling of hydrogen gas through the solution introduced through a
stainless-steel needle. The temperature was kept constant at 25 8C by
using a water bath. Work-up and analyses were performed as described
for the hydrogenation at high pressure.


Crystal structure analysis : CCDC-288265 (7c), CCDC-288267 (16q), and
CCDC-288266 (17) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Introduction


Many familiar chemical reactions take a different, often un-
expected course when the reactants are subjected to one-
electron oxidation or reduction.[1,2] In other cases the ex-
pected products are formed, but the reactions are greatly ac-
celerated (electron transfer catalysis[3]). In particular, many
studies have been devoted to elucidate the kinetic and
mechanistic effects of removing an electron from reagents
involved in pericyclic reactions.[4] Among those are the vi-
nylcyclopropane[5–8] and vinylcyclobutane[9,10] rearrange-
ments, the latter often in the context of a stepwise pathway
for radical cation Diels–Alder reaction.[11–13]


When the vinylcyclobutane moiety is part of a rigid poly-
cyclic framework, as it is the case in a- and b-pinene, then


the sigmatropic rearrangement appears to be suppressed for
steric reasons (in the case of b-pinene it would lead to a
bridgehead olefin). Instead one-electron oxidation leads to
products derived from ring-opened distonic radical cat-
ions.[14–17]


On the other hand, cyclobutanes have also been found to
undergo cycloreversion on oxidation;[18–21] the distonic radi-
cal cations which arise as primary products of the cleavage
of a single bond in ionized cyclobutanes often show interest-
ing ensuing rearrangements.[22, 23]


Three tricyclic vinylcyclobutanes that we have recently
synthesized have yielded some intriguing products upon
photoinduced electron transfer.[24] This paper is dedicated to
the elucidation of these rearrangements which we have in-
vestigated by studying the reactive intermediates that are
generated on ionization of the vinylcyclobutanes in Ar ma-
trices, and by computational chemistry. In particular, we
studied the three substrates 1–3 shown below.


Abstract: Three tricyclic vinylcyclobu-
tanes (3-methylenetricyclo[5.3.0.02,6]-
decanes 1–3) have been subjected to
ionization by photoinduced electron
transfer in solution and by X-irradia-
tion in Ar matrices. All three com-
pounds undergo oxidative cyclorever-
sion; the cleavage of the four-mem-
bered ring, however, occurs in a differ-
ent direction depending on the pres-
ence of a methyl group in position 6 of
the tricyclic framework. In those deriv-
atives, cycloreversion is found to lead


to 1-methyl-8-methylene-1,6-cyclodeca-
diene radical cations (5C+ from 1, 8C+


from 2) which upon back electron
transfer yield two different hydrocar-
bons (6 from 5C+ , 9 from 8C+), depend-
ing on the configuration around the en-
docyclic double bonds of the respective


cyclodecadiene derivative. In the ab-
sence of a methyl group on C6, the cy-
cloreversion leads to a radical cation
complex between 1-methylenecyclo-
pent-2-ene and cyclopentene (12C+)
which appears to revert to 3 on back
electron transfer. The intermediate rad-
ical cations 5C+ , 8C+ , and 12C+ have
been identified and characterized by
UV/Vis and IR spectra in Ar matrices.
The mechanism of their formation is
elucidated by quantum chemical calcu-
lations.
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Methods


Syntheses : The tricyclic vinylcyclobutanes used in this study were synthe-
sized according to previously published procedures.[25]


Matrix isolation : The substrates were premixed in a 1:1000 ratio with a
gas mixture consisting of 85% Ar, 15% N2 (which was added to improve
the optical quality of the matrices) and 0.1% CH2Cl2 (which acts as an
electron scavenger). This mixture was deposited slowly onto a CsI
window held at 20 K in a closed-cycle cryostat. After that the sample was
cooled to the lowest temperature attainable by the cryostat (6 or 10 K,
depending on the adsorbant used in the second expansion stage), and ex-
posed to X-irradiation (W anode, 40 kV, 20 mA) for different intervals of
time.


Spectroscopy : Electronic absorption (EA) spectra were recorded be-
tween 200 and 2000 nm on a Perkin-Elmer Lambda 900 instrument with
1 nm resolution. For IR spectra we employed a Bomem DA3 FT-interfer-
ometer which was operated at a resolution of 0.5 cm�1 with an MCT de-
tector. Usually 256 scans were accumulated for each IR spectrum.


Computations : Except where noted otherwise we employed the B3LYP
density functional method (BeckeOs three-parameter hybrid exchange
functional[26] combined with the Lee–Yang–Parr correlation functional[27])
with the 6-31G* basis set as implemented in the Gaussian 98 program
package[28] for geometry optimizations and frequency calculations. Excit-
ed state calculations were carried out by time-dependent response
theory, based again on density functional methods (the so-called TD-
DFT method),[29] as implemented in G03.[30] Thereby the B3LYP func-
tional and the 6-31G* basis set were again used.


Experimental Results


Figures 1–3 document the spectral changes observed on X-
irradiation (black curves) and on subsequent selective pho-
tolyses (red and blue curves) in the UV/Vis/NIR and in the
IR spectroscopical range. These spectra will be discussed
separately for each compound in the following three subsec-
tions.


Compound 1: In the case of 1, ionization leads to a broad
band peaking at 675 nm, in addition to a range of sharper
bands with lmax of 460, 400 und 325 nm. Photolysis at the
low energy edge of the visible band (>780 nm) leads to a
decrease at >700 nm and a concomitant increase at the
high-energy edge of this band (red curve in Figure 1). Simi-
lar behavior is observed for the other bands in the spectrum.
Conversely, irradiation through a 578 nm interference filter
bleaches mainly the high-energy part of the broad visible
band while the NIR absorptions increase (blue curve in
Figure 1).


Similarly, the IR difference spectra show new peaks upon
X-irradiation (black curve) while subsequent photolysis at
>780 nm leads to changes that involve mainly very close-
lying peaks (see, e.g., the bands at 1350 and 1380 cm�1 in


the red trace). The IR difference spectrum for 578 nm irra-
diation (blue trace) is almost a mirror image of the red
trace, although the increasing peaks are quite weak in this
case, indicating only partial reversibility of the process.


From these findings, we conclude that ionization of 1
leads to two species that can be partially interconverted.
The great similarity of these species, as it becomes evident
from the difference spectra, indicates that they have a simi-
lar structure. Indeed, the calculations presented in the fol-
lowing sections show that the spectra can be well explained
in terms of two conformers of the 1-methyl-8-methylene-1,6-
cyclodecadiene radical cation that arise by cycloreversion of
the four-membered ring in ionized 1.


Compound 2 : For the syn-tricyclodecane derivative 2, the
picture is quite similar in that we see again a new broad
band peaking at the long wavelength edge of the visible
range, accompanied by some sharper peaks between 300
and 500 nm (black spectrum in Figure 2). In addition there
appears to be a weak, broad absorption that tails into the
near IR range. Attempts to selectively bleach that absorp-
tion by irradiation at >970 nm led to a difference spectrum
(red trace in Figure 2) that shows a weak decrease in the
NIR accompanied by a further growth of the band peaking
at 750 m. Bleaching at the low-energy edge of this band led
to its complete disappearance (blue trace) whereby no new
absorptions arise above 400 nm.


Figure 1. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 1 in Ar matrices (black traces, a) and for subse-
quent photolyses at >780 nm (red traces, b) and then at 578 nm (blue
traces, c).
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The IR difference spectra give a congruent picture. Un-
fortunately, the one for >970 nm bleaching (red trace) is
too weak to furnish useful information about the identity of
the product that absorbs in the NIR, it only confirms that a
small additional amount of the main product of ionization
of 2 is formed in the process. Finally, bleaching at >850 nm
(blue trace) leads to a pronounced decrease of the peaks of
the main ionization product. Surprisingly, no IR peaks were
found that increase during this irradiation, so this experi-
ment does not reveal much information about the fate of
the primary product of ionization on photolysis. The calcula-
tions discussed below will show that this product is again a
1-methyl-8-methylene-1,6-cyclodecadiene radical cation,
that is, isomer 2 also undergoes spontaneous cycloreversion
on ionization in Ar.


Compound 3 : Finally, the unmethylated compound 3 was
subjected to the same experimental protocol. Thereby dis-
tinctly different spectra were obtained compared with the
previous two cases, indicating that a different type of prod-
uct is formed in this case. The main product of ionization
distinguishes itself by a double-humped band that spans
most of the visible range and extends up to 1100 nm into the
NIR (black spectrum in Figure 3). NIR irradiations were
quite inefficient and did not reveal any composite bands. On
photolysis at >830 nm, the band peaking at this wavelength


was bleached, together with some sharper peaks at 450 and
380 nm, while a broad absorption at 500–600 nm increased
(blue trace). The shoulder at 650 nm did not seem to be af-
fected by this irradiation, so we exposed the sample to pho-
tolysis at 578 nm, the result of which is shown in the red
trace. Indeed, this irradiation leads to the decrease of a
broad band peaking at about 650 nm and the concomitant
increase of the 830 nm band (the maximum of which is shift-
ed to longer wavelength in the difference spectrum).


The corresponding IR spectra show the formation (black
trace) and bleaching of a species with a distinct IR spectrum
(blue trace), but the difference spectrum for 578 nm irradia-
tion does not reveal much information on the species that is
bleached in this process, it only shows that more of the main
product of ionization of 3 is formed. The calculations pre-
sented below will demonstrate that this main product is a
radical cation complex between 1-methylenecyclopent-2-ene
and cyclopentene, so 3 also undergoes cycloreversion, albeit
in a different way in that the two bonds which remain intact
on ionization of 1 and 2 are separated in 3.


In the following section we will offer assignments of
the spectra mentioned above and try to explain the chemis-
try that is expressed in these spectra in terms of the po-
tential energy surfaces of the radical cations that are formed
as primary species on X-irradiation of compounds 1–3 in
Ar.


Figure 2. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 2 in Ar matrices (black traces, a) and for subse-
quent photolyses at >970 nm (red traces, b) and then at >850 nm (blue
traces, c).


Figure 3. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 3 in Ar matrices (black traces, a) and for subse-
quent photolyses at 578 nm (red traces, b) and then at 830 nm (blue
traces, c).
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Calculations and Discussion


Compound 1: In spite of its rigidity, the tricyclic carbon
frame of hydrocarbon 1 has some conformational freedom,
especially with regard to the peripheral methylene groups
which can assume an endo- or an exo-position with regard
to the rest of the molecule. This gives rise to four conform-
ers depicted in Figure 4, the relative free energies of which
are listed in Table 1.


These predictions are in good agreement with the NMR
spectra of 1[24,31] so we assume that 1 is present predomi-
nantly as conformers 1a and 1b.


Upon ionization of 1 the five-membered ring carrying the
exo-methylene group becomes planar. Hence 1a and 1b
relax to the same radical cation, 1aC+ , whereas ionization of
1c and 1d leads to different conformers of 1C+ . As these are
both formed from minor constituents of 1 and lie about
3.5 kcalmol�1 above 1aC+ on a 298 K enthalpy scale, we will
not consider them further. Figure 5 shows that the HOMO
of 1a extends significantly into the four-membered ring
bond which is antiperiplanar to the olefinic p-MO (C2�C6).
Therefore it comes as no surprise that ionization does not
only lead to elongation of the double bond, but also to that
of the antiperiplanar s bond, while the other bonds in the
four-membered ring retain approximately the lengths they
had in neutral 1a. This leads to a trapezoidal structure
which is typical of 1,2-disubstituted cyclobutane radical cat-
ions.[32]


Thus one would assume that the C1�C2 bond is poised to
break in 1aC+ , but a potential energy scan wherein this bond


was further stretched led steadily uphill without yielding a
stable product (the distonic radical cation that would be at-
tained in this process collapses back to 1aC+ on optimiza-
tion). In contrast, we found that cleavage of the adjacent
C2�C6 bond proceeds with almost no activation, via a tran-
sition state with a kite-shaped cyclobutane moiety,[32] to
yield the radical cation 4aC+ which again has a trapezoidal
cyclobutane frame, but this time perpendicular to that of
1aC+ . The spin distribution in the singly occupied HOMO of
4aC+ (cf. Figure 5) indicates that this species may also be re-
garded as an intramolecular complex between an allyl radi-
cal and a trialkylcarbonium cation.


In an attempt to induce net cycloreversion of 1aC+ we
subjected the C1�C7 bond in 4aC+ to stepwise dilation.
However, this resulted once again in an uphill process the
result of which was that the C2�C6 bond was re-formed,
which means that cleavage of the C1�C7 bond led to a radi-
cal cation that does not profit from stabilization by allylic
resonance (as 1aC+ and 4aC+ , cf. Figure 5) and collapses back
to 4aC+ upon optimization.


On the other hand we found that 4aC+ may be converted
in a low-barrier process into another conformer, 4bC+ which
differs in the conformation of the saturated five-membered
ring and has a somewhat longer C2�C6 bond (cf. Figure 5,
the same species is also formed directly by decay of the two
minor conformers of 1C+). In contrast to 4aC+ , stretching of
the C1�C7 bond in 4bC+ led to nearly activationless (and
quite exothermic) cleavage to yield the radical cation of 1-
methyl-8-methylene-(E,E)-1,6-cyclodecadiene (5bC+). When
we explored the conformational space of 5C+ we found an-
other minimum, 5cC+ , which differs from 5bC+ mainly in the
conformation of the trimethylene bridge. However, as seen
in Figure 6, this change affects also the distance between the
diene and the olefin moieties which are bound in an inter-
molecular p-complex cation.[19] This binding is less strong in
5cC+ which is therefore about 3 kcalmol�1 less stable than
5bC+ . Also, the 5bC+ ! 5cC+ rearrangement involves a pre-
dicted barrier of 8.8 kcalmol�1, that is, it would not proceed


Table 1. Relative free energies (from B3LYP/6-31G* calculations) and
equilibrium composition of 1a–d.


Conformer DG [kcalmol�1] % in equilibrium at 298 K


1a (0) 81.2
1b 1.07 13.3
1c 1.64 5.1
1d 3.09 0.4


Figure 4. Four conformers of 1 (from B3LYP/6-31G* calculations. Note
that many hydrogen atoms in the ball-and-stick models are left away for
clarity).


Figure 5. HOMOs of 1a, 1aC+ , 4aC+ and 4bC+ . Numbers indicate bond
lengths in Q.
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spontaneously from thermalized 5bC+ at cryogenic tempera-
tures.


Figure 7 sums up the sequence of events discussed above
in the form of an enthalpy diagram. From this we conclude
that the first species to be detectable after ionization of 1 is
likely to be radical cation 5bC+ because the small activation
barriers that exist on the way to this species are easily over-
come, either with the thermal energy at room temperature,
or with the excess energy that is imparted onto the incipient
radical cations formed by charge transfer from ionized Ar in
the cryogenic experiments. It is not impossible that enough
excess energy is available to induce also the conformational
rearrangement of 5bC+ to 5cC+ , and the experiments descri-
bed in the Experimental Results section seem to indicate
that this is indeed the case, because ionization of 1 results in
formation of two species that have very similar electronic
and vibrational absorption spectra, and these spectra are in
good accord with those that are predicted for 5bC+ and 5cC+ ,
as shown in Figure 8 (IR) and Table 2 (UV/Vis/NIR).


It can be assumed that the small barriers separating
ionized 1 from 5C+ are also readily overcome in PET
experiments involving 1. Therefore the question arises
in what way the main product which was found in
these experiments,[24] that is, 1-methyl-8-methylenetricy-
clo[4.4.0.02,7]decane (6), is formed.


In principle 6 could arise by cross-cycloaddition of 5C+ to
6C+ , but calculations indicate that this reaction is thermody-
namically unfeasible because 6C+ lies 12.7 kcalmol�1 above
5bC+ on a free energy scale.[33] Conversely, the reduction of
5bC+ to the triplet state of 5 is strongly exergonic (DG =


�125.7 kcalmol�1 according to B3LYP/6-31G*). As the trip-
let sensitized [2+2] cycloaddition of a 8-methylene-1,6-cy-
clodecadiene derivative to give the corresponding 8-methyl-
enetricyclo[4.4.0.02,7]decane is known,[34] we assume that 6 is
formed after back electron transfer from 5C+ to the sensitizer
radical anion.


Figure 7. Enthalpy diagram for the decay of 1aC+ .


Figure 8. IR difference spectrum from Figure 1 (top trace), compared
with spectra calculated by B3LYP/6-31G* for 5bC+ and 5cC+ (bottom two
traces).


Table 2. Optical transitions and transition moments for 5bC+ and 5cC+ ac-
cording to TD-B3LYP calculations.


Compound Wavelength Transition moment


5bC+ 323 0.0148
341 0.0053
372 0.0877
418 0.0563
598 0.0843


5cC+ 356 0.0028
393 0.0095
416 0.0101
488 0.0266
779 0.0887


Figure 6. Structures and singly occupied MOs of 1-methyl-8-methylene-
1,6-cyclodecadiene radical cations 5bC+ and 5cC+ . Numbers indicate dis-
tances in Q.
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Compound 2 : The syn-isomer of 1, compound 2, exists also
in different conformations, but, to simplify the calculations,
only the lowest-energy conformer 2a was considered (where
one of the peripheral methylene groups is in an endo- and
the other in an exo-position). Upon ionization, this species
also relaxes to a structure 2aC+ with a trapezoidal cyclobu-
tane moiety, but, as in the case of 1, the bond which is most
easily broken is not the one that is lengthened on ionization.
Instead, extension of the C2�C6 bond leads to radical cation
7aC+ , the analogue of 4aC+ above (see Figure 9). Again, this
latter compound undergoes a facile conformational change
to a structure 7bC+ in which the methylene group in the
intact five-membered ring adopts an exo-position. In this
case, this small conformational change entrails, however, a
complete cleavage of the C2�C6 bond which results in a
truly distonic radical cation with an allylic moiety that car-
ries most of the spin, while the LUMO (which can be re-
garded as the “charge-bearing” MO) is localized mostly on


C6. Also 7bC+ is about 2 kcalmol�1 more stable than 7aC+ ,
so that any further chemistry must be assumed to originate
from 7bC+ (Figure 9).


Indeed, cleavage of the C1�C7 bond occurs, as in 4bC+ ,
with no activation on an enthalpy scale (see Figure 10) and
leads to the much more stable radical cation of 1-methyl-8-
methylene-(Z,Z)-1,6-cyclodecadiene (8bC+) of which we
were only able to find a single stable conformer. Thus, as in
the case of the anti isomer 1, ionization of 2 leads to com-
plete cycloreversion (see Figure 10), and the IR and UV
spectra obtained after X-irradiation of Ar matrices contain-
ing 1 are indeed in good agreement with those predicted for
8bC+ , as shown in Figure 11.


In the PET experiments with 2 the products that were
found are 1, 6, and, in addition, bicyclic hydrocarbon 9.[24]


We had previously argued that
cross-cycloaddition of deca-
diene 5bC+ occurs after reduc-
tion to the triplet state, and we
presume that the same is hap-
pening in the case of 8bC+ .


Suprafacial cyclization of
8bC+ to 1C+ (or 4+) is also


Figure 9. Species on the decay path of 2a on ionization. Numbers indi-
cate bond lengths in Q. The MO shown is the HOMO, which is singly oc-
cupied in the radical cations. Some hydrogen atoms are omitted in the
ball-and-stick structures for clarity.


Figure 10. Energy (black, solid bars) and enthalpy diagram (red) for the
decay of 2a on ionization.


Figure 11. IR difference spectrum from Figure 2 (top) compared with
that calculated by B3LYP/6-31G* for 8bC+ (bottom).
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strongly endothermic and requires cis–trans isomerizations
of both endocyclic double bonds. Such isomerizations are
known to take place on triplet sensitization of 8-methylene-
(Z,Z)-1,6-cyclodecadienes,[34] hence we believe that this
process occurs also on the triplet surface, in competition
with cross-cycloaddition to yield 6. Most probably, 2 is also
regenerated in this process, but this cannot be proven exper-
imentally.


In contrast, there is no precedent for the formation of 9 in
triplet-sensitized processes which suggests that this com-
pound is at least pre-formed before back electron transfer
occurs. Although the formation of 9C+ from 2aC+ is thermo-
chemically feasible according to our calculations, it is ender-
gonic by over 7 kcalmol�1 from 8bC+ to which 2aC+ decays
spontaneously. Thus, the first reaction step leading from
2aC+ to 9C+ would have to compete with cleavage to 7aC+


which has a negligible activation enthalpy (the ensuing
decay of 7aC+ to 9C+ is also practically barrierless). In com-
putational experiments, we explored all sorts of feasible re-
arrangements of 2aC+ that may ultimately lead to 9C+ [35] but
none of them comes even close to compete with its decay to
7aC+ .


Compound 3 : In PET experiments 3, which differs from 1
only by the lack of a methyl group on C6, showed only a
very slow decomposition which was not accompanied by the
formation of products that were detectable by GC. This
could be due to the fact that the barriers for “productive”
rearrangements are too high for these processes to compete
with back electron transfer. Alternatively the volatility of
the products is such that they either do not make it through
the GC column (i.e., polymers) or that they appear together
with the solvent. In contrast, ionization of 3 in an Ar matrix
led to at least three products the major one of which could
be clearly identified by its IR spectrum.


Compound 3 exists also in four conformations 3a–d which
closely correspond to those of 1 (cf. Figure 4). Conformer
3a is largely predominant (94% in the mixture at 298 K)
while 3b almost makes up for the rest. These two conform-
ers give the same radical cation 3aC+ on ionization, but at-
tempts to stretch the C1�C2 or the C2�C6 bonds in 3aC+


did not lead to stable products. However, flipping over the
methylene group in the saturated five-membered ring leads
to a conformer 3bC+ (Figure 12) which is 2.9 kcalmol�1


higher in free energy but which is more amenable to cleav-
age of the bonds that are in a,b-position to the exocyclic
methylene group.


Cleavage of the C2�C6 bond, analogous to 4aC+ lead to a
species 10C+ that lies 6.7 kcalmol�1 higher in free energy
than 3bC+ and is not protected from collapse back to 3bC+ .
Stretching the C1�C7 bond in 10C+ led to re-formation of
the C2�C6 bond, as it had in 4aC+ , and did not lead to a
stable product. Conversely, C1�C2 dissociation in 3bC+


which involves an activation enthalpy of only 6 kcalmol�1


leads to the distonic radical cation 11C+ which in turn under-
goes spontaneous cleavage of the C6�C7 bond to yield the
radical cation complex 12C+ between 3-methylenecyclopen-


tene and cyclopentene (see Figure 12). The overall process
leading from the incipient radical cation 3aC+ to 12C+ is exer-
gonic by 9.6 kcalmol�1, that is, it is thermochemically feasi-
ble (Figure 13).


Complex 12C+ is expected to show an intense low-energy
charge transfer transition, and this is exactly what is predict-
ed by TD-DFT calculations (lmax=854 nm, f=0.188) and
what is observed in the Ar matrix experiment. The IR spec-
tra found after X-irradiation of 3 in Ar are also in good
accord with those predicted for 12C+ (Figure 14) which cor-
roborates the hypothesis that this species is formed in these


Figure 12. Species on the decay path of 3a upon ionization. Numbers in-
dicate bond lengths in Q. The MO shown is the HOMO, which is singly
occupied in the radical cations.


Figure 13. Energy (black) and enthalpy diagram (red) for the decay of 2a
on ionization.
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experiments. Note that another radical cation with a maxi-
mum at about 620 nm is formed concomitantly and can be
photoconverted to 12C+ . Most likely this is unrearranged
3aC+ and TD-DFT calculations predict indeed a transition at
668 nm (f=0.044) for this species.


Thus the picture with regard to the Ar matrix experiments
is quite consistent: apparently, a part of the incipient parent
radical cations 3aC+ are endowed with enough excess energy
to surmount the 9.4 kcalmol�1 barrier that is required for
cleavage of the C1�C2 bond (which is followed promptly by
dissociation of the C6�C7 bond) to yield the complex cation
12C+ . The only question that remains is what happens on
bleaching of 12C+ (Figure 3, blue traces) because the product
does not manifests itself palpably in the spectral regions we
have investigated.


With regard to the PET experiments it is likely that the
9.4 kcalmol�1 barrier which is involved in the decay of 3aC+


to 12C+ make that this process cannot compete with return
electron transfer. The low quantum yield of PET-induced
decomposition seems to indicate that this is indeed the case.
However, even if some 12C+ was formed, this would have
given 3-methylenecyclopentene and cyclopentenene on re-
neutralization, both compounds that would have escaped
GC detection due to their high volatility.


Conclusion


Figure 15 sums up the findings of the present study, as well
as of that on the fate of the tricyclic vinylcyclobutanes 1–3
in photoinduced electron transfer (PET) reactions. This fate
depends critically on seemingly minor structural features
such as the initial stereochemistry of the hydrocarbon and/
or the absence or presence of a methyl group. Oxidative
cleavage of one of the four-membered ring bonds adjacent
to the vinyl group (which leads to a species that profits from
allylic resonance) can only occur if a tertiary carbonium ion
can be formed in the process. Hence, in the presence of a
methyl group on C6 it is invariably the C2�C6 bond that is
cleft, in spite of the fact that the C1�C2 bond is lengthened


in the incipient radical cations 1C+ and 2C+ . This process is
followed in both compounds by dissociation of the C1�C7
bond to yield a 1-methyl-8-methylene-1,6-cyclodecadiene
radical cation (5C+/8C+) the configuration of which with
regard to the newly formed double bonds depends on the
geometry of the reactant (E,E from 1, Z,Z from 2).


Compounds 5C+ and 8C+ are unambiguously identified as
reactive intermediates in the Ar-matrix experiments. In the
case of 1, the PET product is 6, a formal cross-cycloaddition
product of 5. As formation of 6C+ from 5C+ is thermochemi-
cally unfeasible, we assume that 6 arises after back electron
transfer, probably from the triplet state of 5. In the case of 2
where one of the major PET products is hydrocarbon 9 we
cannot decide from our experiments whether this is formed
via 9C+ , followed by back electron transfer, or via 38. Our
search for a feasible pathway for the transformation 2C+!
9C+ did not turn up any rearrangements that could possibly
compete with the rapid decay of 2C+ to 8C+ .


In the absence of a methyl group on C6, cleavage of the
C2�C6 bond is unfavorable and does not lead to stable
products. Instead, 3C+ undergoes stepwise cycloreversion to
yield a complex between the radical cation of 1-methylene-
2-cyclopentadiene and cyclopentadiene (12C+ in Figure 15),
which has been identified in an Ar matrix, mainly by the in-
tense charge transfer band which is typical for such radical
ion complexes. In PET experiments, 3 did not yield any de-
tectable products, probably because the activation enthalpy
for the cycloreversion to 12C+ (9.4 kcalmol�1 according to
B3LYP/6-31G* calculations) is too high for this process to
compete successfully with back electron transfer which leads
presumably back to 3.
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Complex of a Novel Diimine Ligand by Using PhI ACHTUNGTRENNUNG(OAc)2 and Sulfonamide
as Nitrene Precursors
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Introduction


The enantioselective aziridination of olefins catalyzed by
transition-metal complexes represents one of the important
C�N bond-forming reactions in asymmetric catalysis,[1] and
its products, optically active aziridines, have been found to
be very useful intermediates in the synthesis of natural or
biologically important products.[2] Although a variety of
chiral catalysts including Fe, Mn, and Cu complexes have
been developed in the past two decades,[1,3–5] the field of
asymmetric aziridination catalysis has remained relatively
undeveloped. The most promising catalyst systems devel-
oped so far are the CuI complexes of C2-symmetric biden-
tate N,N-ligands (for example, 1–2) and [N-(4-tolylsulfonyl)-
imino]phenyliodinane (PhI=NTs) was usually used as the
nitrene source.[4,5] However, Dauban and Dodd have revised
this reaction in a one-pot fashion[6a] by using sulfonamide
and iodosylbenzene in the presence of molecular sieves to
avoid the preparation and purification of unstable and ex-


plosive PhI=NTs.[7] Very recently, Che and co-workers re-
ported an alternative procedure for the in situ formation of
nitrene by using iodobenzene diacetate [PhI ACHTUNGTRENNUNG(OAc)2] and sul-
fonamides.[6b] However, in both cases, the substrates were
limited to the highly reactive electron-rich styrene deriva-
tives and the enantioselectivity of the reaction was only
moderate (<75% ee). In the present work, we will report
our results on the development of the new chiral C2-sym-
metric 1,4-diimine ligand 3a containing a bicyclic backbone,
which produced excellent enantioselectivity and activity in
the CuI-catalyzed enantioselective aziridination of electron
deficient olefin derivatives by using either PhI=NTs or sul-
fonamide/iodosylbenzene diacetate as the nitrene source.


Results and Discussion


To develop efficient and enantioselective catalysts for asym-
metric reactions, the search for a well-designed chiral ligand


Abstract: A novel chiral C2-symmetric
1,4-diamine with multistereogenic cen-
ters at the backbone of the ligand has
been synthesized from cheap natural
product d-mannitol through multistep
transformations. Its diimine derivative
(3a) was found to be highly effective
for the enantioselective control of the
copper-catalyzed asymmetric aziridina-
tion of olefin derivatives with PhI=NTs


as the nitrene source, affording the cor-
responding N-sulfonylated azirindine
derivatives in good to excellent yields
with up to 99% ee (ee=enantiomeric
excess). The catalyst system discovered


in the present work was also extended
to a one-pot enantioselective aziridina-
tion by using sulfonamide/iodobenzene
diacetate as the nitrene source. In this
case, most reactions proceeded smooth-
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with a new structural skeleton is highly desirable. The
common practice for the synthesis of chiral diimine ligands
is the use of the corresponding diamines as the precursors,
including 1,2-diaminocyclohexane, 1,2-diarylethylenedia-
mine, and axially chiral 1,4-diamines, such as 1,1’-binaphth-
yl-2,2’-diamine or 1,1’-biphenyl-2,2’-diamine derivatives.[1,3–5]


(2R,2’R,3S,3’S)-5,5,5’,5’-Tetramethyloctahydro-2,2’-bifuranyl-
3,3’-diamine (9, Scheme 1) is a C2-symmetric chiral 1,4-dia-


mine with four stereogenic carbon centers and contains rela-
tively rigid five-membered rings at the backbone. We envi-
sioned that the multistereogenic centers and conformational
rigidity of the backbone, and the more basic properties of
chelating nitrogen atoms (in comparison with the diimine li-
gands derived from 1,1’-biaryl-2,2’-diamine)[5] in 3 might be
favorable for the enantioselective discrimination of its com-
plexes in the catalysis.


Synthesis of chiral C2-symmetric 1,4-diimine ligands 3 : 2,2-
Dimethyl-4,5-bis-oxiranyl-[1,3]dioxolane 4 can be easily pre-
pared by starting from naturally occurring and commercially
available compound d-mannitol according to the literature
procedure (Scheme 1).[8] Grignard addition of 2-methyl
ethenyl mangnesium bromide[9] to 4 afforded 5 in 93%
yield. Treatment of 5 with methanesulfonyl chloride (MsCl)
in the presence Et3N gave the corresponding methanesul-
fonic acid ester 6 in quantitative yield. Cyclization of 6 cata-
lyzed by aqueous HClO4


[9] gave 7 in good yield, which can
be transformed to 8 with a 65% yield upon reaction with
NaN3 in DMF (5 equiv, 100 8C). Hydrogenation of diazide 8
occurred by catalysis on Pd/C (10%) in methanol (25 8C,
1 atm H2) and gave the diamine 9 in >99% yield. Finally,


two diimine ligands 3a–b were prepared from diamine 9 by
simple condensation in refluxing methanol with 2,6-dichlo-
robenzaldehyde and 2,4,6-trimethylbenzaldehyde, respec-
tively. The molecular structure of 3a determined by X-ray
crystal structural analysis is shown in Figure 1.[10]


Asymmetric aziridination of olefin derivatives catalyzed by
3/Cu complexes : With ligands 3a–b in hand, we started to
first investigate their asymmetric induction capability in the
CuI-catalyzed aziridination of the methyl cinnamate 10a by
employing PhI=NTs as the nitrene source. Under the experi-
mental conditions (Table 1, entries 1–7) [CuACHTUNGTRENNUNG(MeCN)4]ClO4


turns out to be the best copper source (entry 4) in the pres-
ence of ligand 3a. CuI salts are obviously superior to CuII


(entries 6–7) in terms of both activity and enantioselectivity
of the catalysis. Although the reactions proceeded very well
in benzene and acetonitrile, the enantioselectivities of the
reactions dropped significantly in these solvents (entry 8–9).
By decreasing the reaction temperature to �75 8C, the enan-
tioselectivity of the reaction could be improved to 80.4% ee
(entry 10). When 3b was employed as the chiral ligand, the
enantiomeric excess of product 11a was only 69.5% with a
poor yield (entry 11), indicating the significant impact of the
benzylidene moieties of the ligand. Increasing the catalyst
loading from 5 to 10% resulted in a further improvement in
the enantioselectivity of the reaction to 87.6% ee with a
high yield (entry 12). To compare the catalytic properties of
the catalysts composed of newly developed ligand 3 with
those of ligand 2, reported previously by Jacobsen, the aziri-
nations of 10a with PhI=NTs were carried out in the pres-
ence of in situ prepared catalysts 3/CuI or 2/CuI under the
same experimental conditions, respectively. It is obvious that
in this reaction the catalyst 3/CuI is comparable to 2/CuI in


Scheme 1. Synthesis of chiral 1,4-diamine 9 and its diimine derivatives
(3a–b): a) C3H5MgBr, CuI (20%), THF, �30 8C, 93%; b) MsCl, Et3N,
10 8C, >99%; c) CH2Cl2, HClO4 (70% aq), 70%; d) NaN3, DMF, 65%;
e) 10% Pd/C, H2 (1 atm), >99%; f) 2,6-dichlorobenzaldehyde or 2,4,6-
trimethylbenzaldehyde, MeOH, reflux, 24 h, 3a : 93%, 3b : 75%.


Figure 1. Molecular structure of ligand 3a.
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terms of both catalytic activity and enantioselectivity
(entry 13 versus 14).


Encouraged by the preliminary results obtained above,
the asymmetric aziridination reactions of a variety of al-
kenes (most are cinnamates) were then investigated by
using the optimized reaction conditions. The size of the
ester alkyl substituent R1 has a significant impact on the
enantioselectivity of the reaction (Table 2, entries 1–3). The
bulky tert-butyl ester 10c afforded the best enantioselectivi-
ty with up to >99% ee being obtained (entry 3). The other
tert-butyl cinnamate esters 10c–j were then used in the cat-
alysis reaction. It is obvious that the substrate adaptability
of the catalyst composed of ligand 3a is excellent (entries 3–
10, 94–99% ee, 63–99% yield) with the exception of sub-
strate 10h, which contains an electron-donating group (95%
yield, 80% ee). The absolute configuration of (�)-10 f was
determined to be (2S,3R) unambiguously by X-ray crystallo-
graphic analysis, by using the Bijvoet method based on the
anomalous dispersion of the Br heavy atom (Figure 2) with
a Flack parameter of �0.001(12).[10]


Under the same experimental conditions, aziridination of
electron-rich cis-olefin 2,2-dimethylchromene 10k also gave
an excellent enantiomeric excess of azrindine derivative 11k
with quantitative yield, despite the poor enantioselectivity
(28.5% ee) for the reactions of simple olefins, such as sty-
rene (Scheme 2).[4c–d]


One-pot procedure for the asymmetric aziridination of
olefin derivatives catalyzed by 3/CuI complexes : On the
basis of the results obtained above, we switched our atten-


tion to the development of a one-pot procedure for the
asymmetric alkene aziridination with sulfonamide and iodo-
benzene diacetate or idosylbenzene instead of PhI=NTs as


Table 1. Asymmetric aziridination of methyl cinnamate.[a]


Entry Ligand Copper salt Solvent T
[8C]


t
[h]


Yield
[%][b]


ee
[%][c]


1 3a CuOTf CH2Cl2 0 24 4 n.d
2 3a [CuACHTUNGTRENNUNG(MeCN)4]BF4 CH2Cl2 0 24 78 54.9
3 3a [CuACHTUNGTRENNUNG(MeCN)4]PF6 CH2Cl2 0 24 92 67.8
4 3a [CuACHTUNGTRENNUNG(MeCN)4]ClO4 CH2Cl2 0 24 93 70.6
5 3a [CuACHTUNGTRENNUNG(OTf)2] CH2Cl2 0 24 19 24.5
6 3a [CuACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG[BF4]2 CH2Cl2 0 24 trace n.d
7 3a [CuACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG[ClO4]2 CH2Cl2 0 24 trace n.d
8 3a [CuACHTUNGTRENNUNG(MeCN)4]ClO4 CH3CN 0 24 93 <5
9 3a [CuACHTUNGTRENNUNG(MeCN)4]ClO4 C6H6 0 24 90 27.9


10 3a [CuACHTUNGTRENNUNG(MeCN)4]ClO4 CH2Cl2 �75 48 67 80.4
11 3b [CuACHTUNGTRENNUNG(MeCN)4]ClO4 CH2Cl2 �75 48 29 69.5
12 3a[d] [CuACHTUNGTRENNUNG(MeCN)4]ClO4 CH2Cl2 �75 48 97 87.6
13 3a[d,e] [CuACHTUNGTRENNUNG(MeCN)4]PF6 CH2Cl2 0 24 99 73.6
14 2[d,e] [CuACHTUNGTRENNUNG(MeCN)4]PF6 CH2Cl2 0 24 60 73.4


[a] The reactions were carried out with the ratio of 10a/PhI=NTs/3/Cu
5:1:0.055:0.05 in a 0.125 mmol scale of PhI=NTs (0.042m) in the presence
of 100 mg of MS 4 L. [b] The yield of isolated product. [c] The enantio-
meric excess was determined by HPLC on Chiralcel columns and the ab-
solute configuration was determined to be (2S,3R) by comparison of
their optical rotations with that of literature data.[4b] n.d. = not deter-
mined. [d] The catalyst loading was 10 mol%. [e] In the absence of MS
4 L.


Table 2. Asymmetric aziridination of olefin derivatives.[a]


Entry Substrate R1 R2 Yield [%][b] ee [%][c] Config.[d]


1 10a Me H 97 87.6 2S,3R (�)
2 10b Ph H 96 87.1 2S,3R (�)
3 10c tBu H 99 >99 2S,3R (�)
4 10d tBu 4-F 99 97.8 (�)
5 10e tBu 4-Cl 97 98.1 (�)
6 10 f tBu 4-Br 97 98.3 2S,3R (�)
7 10g tBu 4-Me 86 94.4 (�)
8 10h tBu 4-MeO 95 80.1 (+)
9 10 i tBu 2-NO2 63 98.6 (+)


10 10j tBu 2,3-MeO 67 97.0 (+)


[a] The reactions were carried out with the ratio of 10/PhI=NTs/3a/Cu
5:1:0.11:0.1 in a 0.125 mmol scale of PhI=NTs (0.042m) in the presence
of 100 mg of MS 4 L. [b] The yield of isolated product. [c] The enantio-
meric excess was determined by HPLC on Chiralcel columns. [d] The ab-
solute configurations of 11a–c and 11k–l were determined by comparison
of their optical rotations with those of literature data.[4b] The absolute
configuration of (�)-11 f was determined to be (2S,3R) by the Bijvoet
method based on the anomalous dispersion of Br heavy atom.[10]


Figure 2. Molecular structure of product 11 f.


Scheme 2. Aziridination of electron-rich olefin derivatives.
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the nitrene source in the presence of the 3a/CuI catalyst.
The reaction of 10 f proceeded at 0 8C in the presence of MS
4 L to give the corresponding aziridine 11 f in 34% yield
with high enantioselectivity (89.7% ee, Table 3, entry 1). On


the contrary, the reaction catalyzed by 2/CuI under the same
experimental conditions afforded a much lower yield (11%)
and enantioselectivity (75.7% ee, entry 2). Decreasing the
reaction temperature to �75 8C produced comparable enan-
tioselectivity, but with a very low yield (14%, entry 3). For-
tunately, when the reaction temperature was adjusted to
�30 8C, both the yield and enantioselectivity of the reaction
could be significantly improved (44% yield, 95.8% ee,
entry 4). Although the yield of the reaction could be slightly
improved by using PhI=O instead of PhI ACHTUNGTRENNUNG(OAc)2 as the oxi-
dant, the enantioselectivity dropped to some extent (entry 5
versus 2). Therefore, the subsequent extension of the sub-
strates was carried out under the experimental conditions
shown by entry 4. Again, all the cinnamate substrates exam-
ined in Table 3, except 10 i, afforded good to excellent enan-
tiomeric excesses of the aziridine derivatives (75–95% ee)
with moderate yields (entries 6–10). Although the enantiose-
lectivity for the reaction of 10 i was very high (entry 11), the
yield of the product was very modest (19%). The low reac-
tivity of this substrate might be attributed to the reduced
electron density of the reactive site due to the presence of
the electron-withdrawing NO2 group in the substrate. The
much higher yield of the reaction for electron-rich olefin
10k (entry 12) further supported the above-mentioned spec-
ulation. Generally speaking, the yields for this one-pot reac-
tion system are lower than those obtained by using isolated
PhI=NTs as nitrene source. This may be attributed to the
lower efficiency in the in situ formation of PhI=NTs at a
lower temperature (�30 8C) in the reaction system, the in-
stability of the Cu-nitrene intermediate, and the electron-de-
ficient (less reactive) nature of most of the substrates. In
fact, the preparation of PhI=NTs from sulfonamide and io-


dobenzene diacetate requires reaction conditions of room
temperature and the presence of KOH.[11]


The origin of enantioselectivity : By comparing the struc-
tures of ligands 2 and 3a, it is obvious that the distance be-
tween the two imino nitrogen atoms in 3a is longer than
that in 2, which might result in the formation of a larger bite
angle (N-Cu-N) in the 3a/CuI complex. On the other hand,
the bite angle in the 3a/CuI complex could be easily adjust-
ed as a result of the relative flexibility of the C1�C1A single
bond in ligand 3a (Figure 1) upon the approach of the sub-
strates. These structural features of ligand 3a might be re-
sponsible for its excellent performance in the CuI-catalyzed
enantioselective azirination of olefin derivatives. On the
basis of the absolute configuration of the products observed
in the experiment (Figure 2), the crystal structure of ligand
3a (Figure 1), and the transition state previously proposed
by Scott for the catalysis,[5c] a possible model for asymmetric
induction in the aziridination of cinnamates under the pres-
ent catalytic system has been constructed (Figure 3). After
the complexation of 3a with CuI, the sterically bulky 2,6-di-


chlorophenyl moieties significantly extend forward in the
quadrants II and IV, and as a result, the nitrene will bind to
CuI in quadrant III and the p–p-stacking interaction be-
tween one of the 2,6-dichlorophenyl moieties and the tosyl
group might further stabilize the orientation of the nitrene
species. Accordingly, the olefin substrate will approach the
Cu-bound nitrene intermediate from quadrant IV, in which
the CO2R group in the olefin substrate can facilitate the co-
ordination of carbonyl oxygen to three-coordinated copper,
giving the product with (2S,3R) configuration. The sense of
asymmetric induction expected according to this model is
consistent with that observed in the experiment. On the
basis of this asymmetric induction model, it can be also ex-
pected that the increase in the steric demand of the alkoxy
group in the a,b-unsaturated ester substrate will be favor-
able for enantioface discrimination in the catalysis, account-
ing for the results observed in the experiment (entries 1–3 in
Table 2).


Table 3. One-pot asymmetric olefin aziridination.[a]


Entry Substrate Oxidant T [8C] t [h] Yield [%][b] ee [%][c]


1 10 f PhIACHTUNGTRENNUNG(OAc)2 0 24 34 89.7 (2S,3R)
2[d] 10 f PhIACHTUNGTRENNUNG(OAc)2 0 24 11 75.7 (2S,3R)
3 10 f PhIACHTUNGTRENNUNG(OAc)2 �75 48 14 89.6 (2S,3R)
4 10 f PhIACHTUNGTRENNUNG(OAc)2 �30 36 44 95.8 (2S,3R)
5 10 f PhI=O �30 24 46 91.8 (2S,3R)
6 10c PhIACHTUNGTRENNUNG(OAc)2 �30 36 49 96.1 (�)
7 10d PhIACHTUNGTRENNUNG(OAc)2 �30 36 55 95.5 (�)
8 10e PhIACHTUNGTRENNUNG(OAc)2 �30 36 45 95.3 (�)
9 10g PhIACHTUNGTRENNUNG(OAc)2 �30 36 39 88.3 (�)


10 10h PhIACHTUNGTRENNUNG(OAc)2 �30 36 41 74.3 (+)
11 10 i PhIACHTUNGTRENNUNG(OAc)2 �30 36 19 97.4 (+)
12 10k PhIACHTUNGTRENNUNG(OAc)2 �30 36 86 75.0 (3S,4S)


[a] The reaction was carried out with the ratio of 10/TsNH2/oxidant/3a/
Cu 5:1:1:0.11:0.1 in a 0.125 mmol scale of TsNH2 (0.042m). [b] The yield
of isolated product. [c] The enantiomeric excess was determined by
HPLC on Chiralcel columns. The absolute configuration was determined
by comparison of optical rotations with those of literature data.[4b,10]


[d] By using ligand 2 instead of 3a under otherwise identical conditions.


Figure 3. Schematic representation of the proposed asymmetric induction
pathway for 3a/CuI-catalyzed aziridination of cinnamate derivatives.
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Conclusion


A novel chiral C2-symmetric 1,4-diamine with multistereo-
genic centers at the backbone of the ligand has been de-
signed and synthesized from the cheap commercially availa-
ble natural product d-mannitol, and its diimine derivative
3a was found to be highly effective for the enantioselective
control of the copper-catalyzed asymmetric aziridination of
olefin derivatives by using either PhI=NTs or sulfonamide/
iodobenzene diacetate as the nitrene source in a one-pot
fashion. The research on the application of this novel dia-
mine and its derivatives as the chiral ligands in other asym-
metric reactions[12] is currently underway in our laboratory.


Experimental Section


General remarks : NMR spectra were recorded in CDCl3 on a Varian
Mercury 300 spectrometer (1H and 13C NMR spectra were recorded at
300 and 75 MHz, respectively). Chemical shifts are reported in ppm rela-
tive to an internal standard: TMS (d=0 ppm) for 1H NMR and CDCl3
(d=77.0 ppm) for 13C NMR spectra. Coupling constants, J, are listed in
Hz. Melting points were measured on a XT-4 microscopic instrument and
are uncorrected. Optical rotation was measured with a PE-341 automatic
polarimeter. Liquid chromatographic analyses were conducted on a
JASCO 1580 system. EIMS (70 eV) and ESIMS were obtained on
HP5989 A and Mariner LC-TOF spectrometers, respectively. HRMS
were determined on a Kratos Concept instrument, Q-Tof micro instru-
ment, or APEXIII 7.0 TESLA FTMS. IR spectra were measured with a
BIO-Rad FIS-185 instrument. Elemental analysis was performed with an
Elemental VARIO EL apparatus. All the experiments sensitive to mois-
ture or air were carried out under an argon atmosphere by using standard
Schlenk techniques. Commercial reagents were used as received without
further purification unless otherwise noted. Benzene and THF were
freshly distilled over sodium benzophenone ketyl. Dichloromethane,
N,N-dimethylformamide, and acetonitrile were distilled from calcium hy-
dride, and methanol from magnesium prior to use. The key intermediate,
2,2-dimethyl-4,5-bis-oxiranyl-1,3-dioxolane 4 was synthesized from natu-
ral d-mannitol following a literature method.[8] 3-Arylacrylic esters 10a–h
were prepared from corresponding acid derivatives by following litera-
ture methods.[5e]


ACHTUNGTRENNUNG(4R,5R)-4,5-Bis[(1R)-1-hydroxy-3-methylbut-3-enyl]-2,2-dimethyl-1,3-di-
oxolane (5): A solution of the 2-methylvinyl magnesium bromide, pre-
pared from the reaction of 2-bromopropene (5.3 mL, 59.7 mmol) with
magnesium ribbon (1.45 g, 60 mmol) in dry THF (25 mL) was added
dropwise to a stirred solution of CuI (1.14 g, 6 mmol) in dry THF
(30 mL) at �30 8C. After the resulting mixture had been stirred for
15 min at �30 8C, a solution of 4 (2.7 g, 13.4 mmol) in dry THF (20 mL)
was added dropwise over 30 min. Stirring was continued for 1 h at �30 8C
and an additional 1 h at 0 8C. After this time, the reaction was quenched
first by the addition of MeOH (4 mL) and then by being poured into sa-
turated NH4Cl solution (150 mL). The mixture was extracted with
EtOAc (3N150 mL) and the combined organic extracts were washed
with H2O and brine, dried over Na2SO4, and concentrated in vacuo. The
residue was purified by flash chromatography (hexane/EtOAc 8:1–7:1) to
give 5 (3.6 g, 93%) as a colorless oil. [a]20D =++1.1 (c=0.8 in CHCl3);
1H NMR (300 MHz, CDCl3): d=4.93–4.87 (m, 4H), 3.78–3.76 (m, 4H),
3.25 (br, 2H), 2.57 (d, J=14.1 Hz, 2H), 2.21–2.01 (m, 2H), 1.68 (s, 6H),
1.28 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=142.5, 113.7, 109.2,
83.1, 70.5, 42.7, 27.1, 22.7 ppm; FTIR (KBr pellet): ñ=3369, 2938, 1651,
1455, 1373, 1239, 1070, 880 cm�1; EIMS (70 eV): m/z (%): 271 (0.6)
[M+1]+ , 255 (11), 215 (6), 157 (17), 115 (29), 109 (37), 81 (57), 59 (100);
HRMS (EI): calcd for C15H20O4: 270.1831; found: 270.1811 [M]+ .


ACHTUNGTRENNUNG(4S,5S)-4,5-Bis[(1R)-1-methanesulfonyloxy-3-methylbut-3-enyl]-2,2-di-
methyl-1,3-dioxolane (6): To a solution of 5 (3.24 g, 12 mmol) in CH2Cl2


(50 mL) was added NEt3 (4 mL, 28.8 mmol) at 0 8C under argon. After
stirring for 10 min, MsCl (4 mL, 28.8 mmol) in CH2Cl2 (50 mL) was
added at 0 8C and the reaction temperature was then increased to RT.
After the mixture had been stirred at RT overnight, the mixture was
quenched with H2O (40 mL) and extracted with CH2Cl2 (3N50 mL). The
combined organic extracts were washed with brine and dried over
Na2SO4. After removal of the solvent under vacuum, the residue was pu-
rified by flash-column chromatography on silica gel (hexane/EtOAc 4:1–
2:1) to afford 6 (5.1 g, >99%) as a colorless oil. [a]20D =++14.3 (c=1.1 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=4.95–4.91 (m, 6H), 4.25–4.24
(m, 2H), 3.06 (s, 6H), 2.55–2.52 (m, 4H), 1.83 (s, 6H), 1.45 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=139.9, 115.3, 111.0, 79.5, 78.7, 38.8, 38.7,
27.0, 22.2 ppm; FTIR (KBr pellet): ñ=2987, 2942, 1651, 1456, 1358, 1340,
1174, 1083, 952, 910, 798, 527 cm�1; EIMS (70 eV): m/z (%): 426 (0.6)
[M]+ , 411 (136), 371 (2), 291 (13), 177 (15), 159 (19), 109 (77), 81 (100),
55 (51), 43 (48); HRMS (MALDI-DHB): calcd for C17H30O8S2Na:
449.1279; found: 449.1274 [M+Na]+ .


(2S,2’S,3R,3’R)-3,3’-Dimethanesulfonyloxy-5,5,5’,5’-tetramethyloctahy-
dro-2,2’-bifuranyl (7): Aqueous perchloric acid solution (20 mL, 70%)
was added dropwise to a solution of 6 (3.5 g, 8.2 mmol) in CH2Cl2
(50 mL) at �10 8C. After stirring for 0.5 h at �10 8C, the reaction mixture
was neutralized with saturated NaHCO3. The aqueous layer was extract-
ed with CH2Cl2 (2N150 mL) and the combined organic extracts were
washed with H2O and brine, and were then dried over Na2SO4. After re-
moval of the solvent under vacuum, the residue was purified by flash-
column chromatography on silica gel (hexane/EtOAc 3:1–2:1) to afford 7
(2.4 g, 75%) as a white solid. M.p. 94–95 8C [a]20D =�60.4 (c=1.0 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=5.17–5.15 (m, 2H), 4.29 (d, J=
2.4 Hz, 2H), 3.04 (s, 6H), 2.08 (d, J=4.2 Hz, 4H), 1.31 (s, 6H), 1.29 ppm
(s, 6H); 13C NMR (75 MHz, CDCl3): d=82.7, 82.4, 82.3, 44.9, 38.3, 28.7,
27.4 ppm; FTIR (KBr pellet): ñ=2979, 2941, 2864, 1435, 1357, 1181,
1164, 1116, 1052, 964, 942, 890 cm�1; EIMS (70 eV): m/z (%): 193 (6),
137 (2), 98 (100), 83 (9), 79 (15), 69 (14), 57 (9), 43 (23); elemental analy-
sis (%) calcd for C14H26O8S2: C 43.51, H 6.78%; found: C 43.49, H 6.85.


(2R,2’R,3S,3’S)-3,3’-Diazido-5,5,5’,5’-tetramethyloctahydro-2,2’-bifuranyl
(8): A solution of 7 (100 mg, 0.26 mmol) and NaN3 (84.2 mg, 1.4 mmol)
in dry DMF (5 mL) was heated at 100 8C for 12 h, and then another
equivalent of NaN3 (84.2 mg, 1.4 mmol) was added. The resulting mixture
was then stirred for 12 h at this temperature before being cooled to RT.
After removing the solvent in vacuo, the residue was diluted with H2O
(5 mL) and extracted with EtOAc (3N5 mL). The combined organic ex-
tracts were washed with brine and dried over Na2SO4. After removal of
the solvent under vacuum, the residue was purified by flash-column chro-
matography on silica gel (hexane/EtOAc 12:1) to afford 8 (40 mg, 65%
Yield) as a colorless oil. [a]20D =++212.8 (c=1.0 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=4.27–4.24 (m, 2H), 3.99–3.98 (m, 2H), 2.20–2.04
(m, 4H), 1.39 (s, 6H), 1.31 ppm (s, 6H); 13C NMR (75 MHz, CDCl3): d=
80.5, 80.3, 63.3, 44.1, 29.2, 28.5 ppm; FTIR (KBr pellet): ñ=2974, 2936,
2895, 2512, 2105, 1760, 1736, 1687, 1450, 1368, 1268, 1135, 1062, 1014,
885, 790, 734 cm�1; MS (MALDI-TOF): 303.2 [M+Na]+ ; HRMS
(MALDI-DHB): calcd for C12H20N6O2Na: 303.1546; found: 303.1540
[M+Na]+ .


(2R,2’R,3S,3’S)-5,5,5’,5’-Tetramethyloctahydro-2,2’-bifuranyl-3,3’-diamine
(9): Pd/C (10%, 140 mg) was added to a stirred solution of 8 (700 mg,
2.5 mmol) in MeOH (15 mL) under argon. The argon gas was replaced
with a stream of hydrogen, and then the mixture was stirred at 258C
under 1 atm of hydrogen for 24 h. After this time, the catalyst was re-
moved by filtration through a Celite pad. The solution obtained was then
concentrated under reduced pressure to give 9 (570 mg, >99%) as a
white solid, which could be used without further purification. This com-
pound can be recrystallized from hexane. M.p. 40–41 8C; [a]20D =�110.2
(c=0.6 in CHCl3);


1H NMR (300 MHz, CDCl3): d=4.04 (d, J=6.0 Hz,
2H), 3.75 (q, J=6.9 Hz, 2H), 2.02 (dd, J=4.8, 7.2 Hz, 2H), 1.67 (dd, J=
4.8, 7.2 Hz, 2H), 1.63 (br, 4H), 1.37 (s, 6H), 1.20 ppm (s, 6H); 13C NMR
(75 MHz, CDCl3): d=79.2, 78.7, 54.9, 49.0, 29.2, 28.0 ppm; FTIR (KBr
pellet): ñ=3352, 3264, 3189, 2969, 2932, 2907, 1600, 1450, 1381, 1362,
1312, 1249, 1131, 1095, 1048, 969, 898, 863, 794, 535 cm�1; EIMS (70 eV):
m/z (%): 229 [M+1]+ (1), 211 (7), 155 (6), 144 (11), 114 (6), 98 (13), 84
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(39), 70 (100), 58 (30), 43 (15); HRMS (MALDI-DHB): calcd for
C12H24N2O2Na: 251.1735; found: 251.1730 [M+Na]+ .


(2R,2’R,3S,3’S)-5,5,5’,5’-Tetramethyl-3N,3’N-bis(2,6-dichlorobenzylide-
ne)octahydro-2,2’-bifuranyl-3,3’-diamine (3a): A solution of 9 (510 mg,
2.2 mmol) and 2,6-dichlorobenzaldehyde (783 mg, 4.5 mmol) in dry
MeOH (15 mL) was heated to reflux for 24 h. After removal of part of
the solvent by evaporation, the concentrated solution was cooled to RT
to give 3a (1130 mg, 93%) as colorless crystals. M.p. 197–198 8C; [a]20D =


+139.8 (c=0.6 in CHCl3);
1H NMR (300 MHz, CDCl3): d=8.49 (s, 2H),


7.40–7.37 (m, 4H), 7.30–7.25 (m, 2H), 4.31–4.32 (m, 2H), 4.19 (d, J=
6.6 Hz, 2H), 2.19 (q, J=6.9 Hz, 2H), 1.89 (dd, J=1.2, 12.0 Hz, 2H), 1.49
(s, 6H), 1.35 ppm (s, 6H); FTIR (KBr pellet): ñ=2968, 2934, 2891, 1651,
1585, 1561, 1447, 1435, 1377, 1369, 1330, 1301, 1173, 1130, 1092, 1055,
1031, 963, 938, 857, 791, 774 cm�1; EIMS (70 eV): m/z (%): 543 (44) [M]+


, 367 (21), 311 (100), 270 (224), 242 (40), 226 (55), 185 (34), 174 (35), 159
(46), 123 (28), 98 (37), 69 (22), 55 (21), 43 (43), 41 (51); elemental analy-
sis (%) calcd for C26H28Cl2N2O2: C 57.58, H 5.20, N 5.17; found: C 57.74,
H 5.15, N 5.15.


X-ray crystallographic analysis of 3a :[10] A single crystal of 3a was ob-
tained by slow evaporation of the solvent (MeOH) at room temperature.
X-ray crystallographic analysis was performed with a Bruker SMART
CCD-APEX at 20 8C by using graphite monochromated MoKa radiation
(l=0.71073 L). A total of 4095 reflections were measured and 2796 were
unique (Rint=0.0385). The structure was solved by direct methods
(SHELX-97) and refined by full-matrix least-squares to R=0.0436 and
Rw=0.0533. Crystal data for 3a : C26H28N2O2Cl4, formula weight: 542.30,
monoclinic, space group: C2, a=20.193(3), b=6.8532(9), and c=
11.2737(14) L, V=1343.2(3) L3, Z=2, 1calcd=1.341 gcm�3, F ACHTUNGTRENNUNG(000)=564,
m (MoKa)=0.466 mm�1.


(2R,2’R,3S,3’S)-5,5,5’,5’-Tetramethyl-3N,3’N-bis(2,4,6-trimethylbenzyli-
dene)octahydro-2,2’-bifuranyl-3,3’-diamine (3b): Following a similar pro-
cedure for the preparation of 3a, 3b was obtained in 75% yield. M.p.:
168–169 8C; [a]20D =++228.4 (c=0.5 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=8.51 (s, 2H), 6.90 (s, 4H), 4.33–4.35 (m, 2H), 3.79–3.81 (m,
2H), 2.46 (s, 12H), 2.31 (s, 6H), 2.12 (dd, J=6.0, 6.9 Hz, 2H), 1.73 (dd,
J=1.8, 8.1 Hz, 2H), 1.47 (s, 6H), 1.33 ppm (s, 6H); 13C NMR (75 MHz,
CDCl3): d=159.0, 139.3, 138.3, 129.9, 82.3, 80.5, 73.5, 49.0, 30.0, 29.2,
21.6, 21.1 ppm; FTIR (KBr pellet): ñ=2978, 2922, 2888, 1635, 1610, 1484,
1450, 1427, 1378, 1360, 1338, 1295, 1237, 1179, 1136, 1077, 1044, 1029,
966, 952, 857, 786, 767 cm�1; EIMS (70 eV): m/z (%): 488 (3) [M]+ , 404
(3), 355 (3), 341 (487), 326 (14), 285 (59), 244 (30), 187 (28), 159 (100),
148 (67), 133 (56), 117 (30), 98 (27), 41 (23); elemental analysis (%)
calcd for C32H44N2O2: C 78.65, H 9.07, N 5.73; found: C 78.36, H 9.08, N
5.37.


tert-Butyl-3-(2-nitrophenyl)acrylate (10 i): Thionyl chloride (40 mL) was
added to 3-(2-Nitrophenyl)acrylic acid (2.9 g, 15.0 mmol) in a 100 mL
round-bottomed flask. The mixture was heated to reflux and kept at the
corresponding temperature for 60 min. After this time, the hot solution
was poured into cold hexane (100 mL) and the solution was distilled until
a minimum amount of liquid remained. Hexane (50 mL) was again
added and the solution redistilled. Finally, the solvent was removed in
vacuo to leave a pale yellow solid, which was dissolved in t-butanol
(60 mL) and pyridine (6 mL). The reaction mixture was heated to reflux
for 10 h and then cooled to RT and quenched with a solution of saturated
NaHCO3 (5.69 g, 28.3 mmol). The resulting mixture was extracted with
diethyl ether (3N50 mL) and the combined organic extracts were dried
over MgSO4. After removal of the solvent under vacuum, the residue
was purified by flash-column chromatography on silica gel (hexane/
EtOAc 30:1) to afford 10 i (1.87 g, 50%) as a white solid. M.p. 69–70 8C;
1H NMR (300 MHz, CDCl3): d=8.05–7.99 (m, 2H), 7.65–7.52 (m, 3H),
6.30 (d, J=15.9 Hz, 1H), 1.55 ppm (s, 9H); 13C NMR (75 MHz, CDCl3):
d=165.0, 148.2, 138.7, 133.4, 130.7, 130.0, 129.1, 125.2, 124.8, 81.1,
28.0 ppm; FTIR (KBr pellet): ñ=3072, 2983, 1702, 1639, 1606, 1571,
1525, 1475, 1442, 1368, 1341, 1291, 1213, 1159, 984, 867, 854, 792, 749,
719 cm�1; EIMS (70 eV): m/z (%): 194 (29), 147 (9), 130 (39), 120 (106),
102 (14), 92 (9), 77 (8), 65 (9), 57 (100), 41 (28); HRMS (MALDI-DHB):
calcd for C13H15NO4SNa: 272.0898; found: 272.0893 [M+Na]+ ; elemental


analysis (%) calcd for C13H15NO4S: C 62.64, H 6.07, N 5.62; found: C
63.10, H 6.10, N 5.26.


tert-Butyl-3-(2,3-dimethoxyphenyl)acrylate (10 j): Concentrated H2SO4


(1.1 mL, 20 mmol) was added dropwise to a stirred suspension of MgSO4


(9.62 g, 80 mmol) in CH2Cl2 (80 mL). After stirring for 15 min, 3-(2,3-di-
methoxyphenyl)acrylic acid (4.16 g, 20 mmol) and tert-butanol (9.56 mL,
100 mmol) were added. The reaction mixture was stirred for 24 h at RT,
and then quenched with saturated NaHCO3 solution (100 mL). The resul-
tant mixture was extracted with diethyl ether (3N100 mL) and the com-
bined organic extracts were dried over MgSO4. After removal of the sol-
vent under vacuum, the residue was purified by flash-column chromatog-
raphy on silica gel (hexane/EtOAc 30:1) to afford 10j (2.17 g, 41%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): d=7.92 (d, J=16.2 Hz, 1H),
7.15 (dd, J=1.8, 6.2 Hz, 1H), 7.05 (t, J=8.1 Hz, 1H), 6.92 (dd, J=1.8,
6.2 Hz, 1H), 6.41 (d, J=16.2 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H),
1.56 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=166.5, 153.1, 148.2,
138.2, 128.8, 124.1, 121.3, 119.0, 113.5, 80.4, 61.3, 55.8, 28.2 ppm; FTIR
(KBr pellet): ñ=3007, 2933, 1706, 1630, 1595, 1581, 1520, 1467, 1456,
1367, 1342, 1255, 1147, 1134, 1019, 984, 861, 846, 804, 759 cm�1; EIMS
(70 eV): m/z (%): 264 (54) [M]+ , 208 (89), 191 (70), 177 (100), 148 (19),
133 (15), 121 (31), 105 (19), 91 (18), 77 (25), 65 (6), 57 (44), 41 (31);
HRMS (MALDI-DHB): calcd for C15H20O4SNa: 287.1255; found:
287.1254 [M+Na]+ .


General procedure for 3a/CuI-catalyzed aziridinations : Dry CH2Cl2
(3 mL) was added to a Schlenk tube containing the copper salt
(0.0125 mmol) and the chiral diimine ligand (0.014 mmol) under argon,
The mixture was then stirred at room temperature for 1 h. After this
time, the reaction system was cooled to �75 8C and the olefin
(0.625 mmol) and PhI=NTs (47 mg, 0.125 mmol) were added sequentially
to the stirred solution against a slow positive flow of argon. The reaction
was monitored by TLC. After the completion of reaction, the mixture
was concentrated to dryness and the residue was purified by flash chro-
matography on silica gel (EtOAc/hexane 1:4–1:6) to give the correspond-
ing aziridine derivatives 11.


Compound 11a : 87.6% ee, [a]20D =�27.8 (c=1.3 in CH2Cl2); lit.
[4b] 96% ee


(2R,3S); [a]25D =++33.1 (c=1.00 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=7.77 (d, J=8.7 Hz, 2H), 7.32–7.24 (m, 7H), 4.44 (d, J=3.9 Hz, 1H),
3.86 (s, 3H), 3.53 (d, J=3.9 Hz, 1H), 2.41 ppm (s, 3H); EIMS (70 eV):
m/z (%): 331 (0.3) [M]+ , 300 (2), 272 (2), 155 (6), 176 (59), 144 (19), 116
(100), 91 (37), 77 (11), 65 (20), 49 (15). The enantiomeric excess of 11a
was determined by HPLC on a Chiralcel AS-H column (hexane/2-propa-
nol 60:40; flow rate: 0.6 mLmin�1; UV detection at l=230 nm; tR1=


21.8 min (major isomer), tR2=35.7 min (minor isomer)).


Compound 11b : 87.0% ee, [a]20D =�41.5 (c=1.1 in CH2Cl2); lit.[4b]


97% ee (2R,3S), lit.[4b] [a]25D =++44.4 (c=1.03 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d=7.85 (d, J=8.4 Hz, 2H), 7.45–7.23 (m, 12H), 4.63
(d, J=3.9 Hz, 1H), 3.71 (d, J=3.9 Hz, 1H), 2.44 ppm (s, 3H); EIMS
(70 eV): m/z (%): 300 (39), 238 (71), 183 (27), 155 (38), 139 (66), 116
(54), 91 (100), 77 (28), 65 (39). The enantiomeric excess of 11b was deter-
mined by HPLC on a Chiralcel OJ-H column (hexane/2-propanol 60:40;
flow rate: 0.6 mLmin�1; UV detection at l=230 nm; tR1=57.1 min
(major isomer), tR2=92.2 min (minor isomer)).


Compound 11c : >99% ee, [a]20D =�22.9 (c=1.0 in CH2Cl2); lit.[4b]


96% ee (2R,3S), [a]25D =++27.5 (c=1.03 in CH2Cl2);
1H NMR (300 MHz,


CDCl3): d=7.80 (d, J=8.4 Hz, 2H), 7.32–7.26 (m, 7H), 4.39 (d, J=
3.9 Hz, 1H), 3.41 (d, J=3.9 Hz, 1H), 2.42 (s, 3H), 1.55 ppm (s, 9H);
ESIMS (m/z): 396.1 [M+Na]+ . The enantiomeric excess of 11c was de-
termined by HPLC on a Chiralcel OJ-H column (hexane/2-propanol
70:30; flow rate: 0.7 mLmin�1; UV detection at l=230 nm; tR1=16.0 min
(major isomer), tR2=20.7 min (minor isomer)).


Compound 11d : 97.8% ee, [a]20D =�37.8 (c=0.7 in CH2Cl2); lit.[5c]


98% ee ; [a]30D =�42.2 (c=0.25 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=7.75 (d, J=8.1 Hz, 2H), 7.25 (d, J=8.1 Hz, 2H), 7.23–7.16 (m, 2H),
6.98–6.93 (m, 2H), 4.32 (d, J=3.6 Hz, 1H), 3.37 (d, J=3.6 Hz, 1H), 2.39
(s, 3H), 1.51 ppm (s, 9H); EIMS (70 eV): m/z (%): 336 (30), 318 (21),
292 (18), 180 (31), 155 (6), 136 (16), 108 (15), 91 (24), 57 (100). The enan-
tiomeric excess of 11d was determined by HPLC on a Chiralcel OD
column (hexane/2-propanol 97:3; flow rate: 1.0 mLmin�1; UV detection
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at l=230 nm; tR1=11.6 min (major isomer), tR2=13.0 min (minor
isomer)).


Compound 11e : 98.1% ee, [a]20D =�39.6 (c=0.6 in CH2Cl2); lit.[5c]


93% ee ; [a]26D =�41.0 (c=0.66 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=7.80 (d, J=8.7 Hz, 2H), 7.31–7.27 (m, 4H), 7.19–7.17 (m, 2H), 4.35
(d, J=3.9 Hz, 1H), 3.39 (d, J=3.9 Hz, 1H), 2.43 (s, 3H), 1.60 ppm (s,
9H); ESIMS m/z : 430.0 [M+Na]+ . The enantiomeric excess of 11e was
determined by HPLC on a Chiralcel OD column (hexane/2-propanol
97:3; flow rate: 1.0 mLmin�1; UV detection at l=230 nm; tR1=12.2 min
(major isomer), tR2=14.3 min (minor isomer)).


Compound 11 f : 98.3% ee, [a]20D =�40.4 (c=0.6 in CH2Cl2); lit.[5c]


98% ee, [a]30D =�41.8 (c=0.33 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=7.79 (d, J=8.7 Hz, 2H), 7.29 (d, J=8.7 Hz, 2H), 7.28 (d, J=8.4 Hz,
2H), 7.10 (d, J=8.4 Hz, 2H), 4.33 (d, J=3.9 Hz, 1H), 3.38 (d, J=3.9 Hz,
1H), 2.42 (s, 3H), 1.54 ppm (s, 9H); ESIMS m/z : 474.0 [M+Na]+ . The
enantiomeric excess of 11 f was determined by HPLC on a Chiralcel OD
column (hexane/2-propanol 97:3; flow rate: 1.0 mLmin�1; UV detection
at l=230 nm; tR1=12.7 min (major isomer), tR2=16.1 min (minor
isomer)).


X-ray crystallographic analysis of (�)-11 f :[10] A single crystal of (�)-11 f
was obtained by slow evaporation of the solvent (dichloromethane/
hexane) at room temperature. X-ray crystallographic analysis was per-
formed by using a Bruker SMART CCD-APEX at 20 8C with graphite
monochromated MoKa radiation (l=0.71073 L). A total of 6175 reflec-
tions were measured and 4404 were unique (Rint=0.0931). The structure
was solved by direct methods (SHELX-97) and refined by full-matrix
least-squares to R=0.0582 and Rw=0.0875. Crystal data for (�)-11 f :
C20H22BrN2O4S, formula weight=452.32, monoclinic, space group P21,
a=6.113(10), b=20.414(3), and c=8.4961(13) L, V=1058.7(3) L3,
1calcd=1.419 gcm�3, Z=2, F ACHTUNGTRENNUNG(000)=464, m (MoKa)=2.064 mm�1. The abso-
lute configuration of (�)-11 f was determined by the Bijvoet method,
based on the anomalous dispersion of Br heavy atom, to be unambigu-
ously (2S,3R) with a Flack parameter of �0.001(12).


Compound 11g : 94.4% ee, [a]20D =�16.3 (c=1.1 in CH2Cl2); lit.[5c]


88% ee, [a]30D =�18.9 (c=0.84 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=7.80 (d, J=6.6 Hz, 2H), 7.31–7.27 (m, 2H), 7.18–7.11 (m, 4H), 4.36
(d, J=3.9 Hz, 1H), 3.46 (d, J=3.9 Hz, 1H), 2.43 (s, 3H), 2.34 (s, 3H),
1.55 ppm (s, 9H); EIMS (70 eV): m/z (%): 387 (0.3) [M]+ , 332 (13), 314
(17), 288 (8), 176 (100), 158 (13), 130 (83), 117 (17), 91 (32), 77 (13), 65
(16), 57 (74), 41 (26). The enantiomeric excess of 11g was determined by
HPLC on a Chiralcel OD column (hexane/2-propanol 98:2; flow rate:
1.0 mLmin�1; UV detection at l=230 nm; tR1=11.4 min (major isomer),
tR2=13.2 min (minor isomer)).


Compound 11h : 80.1% ee, [a]20D =++5.9 (c=0.7 in CH2Cl2); lit.
[5c] 93% ee,


[a]26D =++30.4 (c=1.06 in CH2Cl2);
1H NMR (300 MHz, CDCl3): d=7.93


(d, J=8.1 Hz, 2H), 7.36 (d, J=8.1 Hz, 2H), 7.23 (d, J=8.7 Hz, 2H), 6.80
(d, J=8.7 Hz, 2H), 4.03 (d, J=7.5 Hz, 1H), 3.76 (s, 3H), 3.57 (d, J=
7.5 Hz, 1H), 2.45 (s, 3H), 1.18 ppm (s, 9H); EIMS (70 eV): m/z (%): 403
(0.5) [M]+ , 348 (15), 330 (8), 304 (5), 192 (100), 174 (10), 146 (40), 91
(33), 77 (11), 65 (11), 57 (64), 41 (21). The enantiomeric excess of 11h
was determined by HPLC on a Chiralcel OD column (hexane/2-propanol
97:3; flow rate=1.0 mLmin�1; UV detection at l=230 nm; tR1=12.3 min
(major isomer), tR2=13.8 min (minor isomer)).


Compound 11 i : M.p. 110–111 8C; 98.6% ee ; [a]20D =++15.9 (c=0.7 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=8.15 (d, J=7.5 Hz, 1H), 7.90
(d, 2H, J=8.1 Hz), 7.51–7.47 (m, 2H), 7.36 (d, J=8.1 Hz, 2H), 7.22–7.19
(m, 1H), 4.97 (d, J=3.9 Hz, 1H), 3.21 (d, J=3.9 Hz, 1H), 2.46 (s, 3H),
1.59 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=163.8, 148.0, 144.4,
137.5, 134.1, 130.2, 129.7, 129.5, 128.9, 127.5, 125.1, 83.8, 49.0, 46.4, 29.3,
27.8 ppm; FTIR (KBr pellet): ñ=2924, 2854, 1743, 1597, 1528, 1344,
1164, 1086, 930, 843, 816, 687, 598 cm�1; ESIMS m/z : 419.1 [M+1]+ ;
HRMS (MALDI-DHB): calcd for C20H22N2O6SNa: 441.1096; found:
441.1091 [M+Na]+ .


The enantiomeric excess of 11 i was determined by using HPLC on a
Chiralcel AS-H column (hexane/2-propanol 70:30; flow rate=
0.8 mLmin�1; UV detection at l=230 nm; tR1=22.5 (minor isomer), tR2=


27.6 min (major isomer)).


Compound 11j : M.p. 53–54 8C; 97.0% ee ; [a]20D =++4.0 (c=1.30 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.85 (d, J=8.1 Hz, 2H), 7.29
(d, J=8.1 Hz, 2H), 6.97–6.85 (m, 2H), 6.60 (d, J=6.6 Hz, 1H), 4.65 (d,
J=4.2 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.40 (d, J=4.2 Hz, 1H), 2.43
(s, 3H), 1.55 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=164.6, 152.5,
148.4, 144.0, 137.6, 129.5, 127.5, 127.3, 124.0, 118.5, 112.7, 83.28, 61.0,
55.8, 48.3, 43.7, 27.8, 21.6 ppm; FTIR (KBr pellet): ñ=2926, 2844, 1734,
1582, 1481, 1337, 1223, 1161, 1087, 912, 840, 815, 713, 676 cm�1; EIMS
(70 eV): m/z (%): 433 (1) [M]+ , 360 (6), 222 (100), 204 (11), 176 (28),
162 (17), 147 (12), 91 (13), 77 (4), 57 (18), 41 (6); HRMS (ESI): calcd for
C22H27NO6SNa: 456.1457; found: 446.1451 [M+Na]+ . The enantiomeric
excess of 11j was determined with HPLC on a Chiralcel AS-H column
(hexane/2-propanol 80:20; flow rate=0.6 mLmin�1; UV detection at l=
230 nm; tR1=21.8 (minor isomer), tR2=25.6 min (major isomer)).


Compound 11k : 93.0% ee, [a]20D =�110.8 (c=1.25 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.81 (d, J=8.7 Hz, 2H), 7.55 (d, J=2.4 Hz, 1H),
7.47 (dd, J=1.8, 6.6 Hz, 1H), 7.32 (d, J=8.1 Hz, 2H), 6.81 (d, J=8.7 Hz,
1H), 3.86 (d, J=7.2 Hz, 1H), 3.37 (d, J=7.2 Hz, 1H), 2.43 (s, 3H), 1.29
(s, 3H), 1.25 ppm (s, 3H); EIMS (70 eV): m/z (%): 354 (0.5) [M]+ , 199
(100), 184 (5), 157 (8), 145 (16), 130 (22), 91 (43), 77 (9), 65 (24), 55 (22),
41 (17). The enantiomeric excess of 11k was determined by using HPLC
on a Chiralcel OJ column (hexane/2-propanol 80:20; flow rate=
1.0 mLmin�1; UV detection at l=230 nm; tR1=32.5 (major isomer, S,S),
tR2=43.3 min (minor isomer, R,R)).[4c]


Compound 11 l : 28.5% ee, [a]20D =++26.7 (c=0.7 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.88 (d, J=8.1 Hz, 2H), 7.35–7.21 (m, 7H), 3.79
(dd, J1=3.0 Hz, J2=4.5 Hz, 1H), 2.99 (d, J=7.2 Hz, 1H), 2.44 (s, 3H),
2.40 ppm (d, J=4.5 Hz, 1H); EIMS (70 eV): m/z (%): 273 (0.5) [M]+ ,
180 (8), 155 (2), 134 (3), 118 (70), 91 (100), 77 (3), 65 (26), 57 (13), 41
(77). The enantiomeric excess of 11 l was determined by using HPLC on
a Chiralcel OJ column (hexane/2-propanol 90:10; flow rate=
0.8 mLmin�1; UV detection at l=230 nm; tR1=33.4 (major isomer, R),
tR2=41.2 min (minor isomer, S)).[4c]


General procedure for the one-pot procedure of the asymmetric alkene
aziridinations : Dry CH2Cl2 (3 mL) was added to a Schlenk tube contain-
ing [Cu ACHTUNGTRENNUNG(CH3CN)4]ClO4 (4.2 mg, 0.0125 mmol) and the chiral diimine
ligand 3a (7.7 mg, 0.014 mmol) under argon, and the resultant mixture
was stirred at RT for 1 h. After the reaction system was cooled to
�30 8C, the olefin (0.625 mmol, 5 equiv) was added to the solution under
a slow positive flow of argon and the mixture was stirred for an addition-
al 30 min. TsNH2 (21.4 mg, 0.125 mmol) and PhI ACHTUNGTRENNUNG(OAc)2 (40.3 mg,
0.125 mmol) were then added in one portion to the stirred solution.
After the reaction was completed, the mixture was concentrated to dry-
ness and the residue was purified by flash chromatography on silica gel
(EtOAc/hexane 1:4–1:6). The product was identified by 1H NMR spectros-
copy and its enantiomeric excess was determined by HPLC on a Chiracel
column.
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Understanding Sulfone Behavior in Palladium-Catalyzed Domino Reactions
with Aryl Iodides


In(s Alonso,*[a] Manuel Alcam.,[b] Pablo Maule0n,[a] and Juan C. Carretero[a]


Introduction


Among the numerous palladium-catalyzed processes for
C�C bond formation,[1] the Heck reaction is one of the most
versatile and widely used methods in modern organic syn-
thesis.[2] The mechanism of this reaction is accepted to pro-
ceed according to a Pd0/PdII cycle through oxidative addi-
tion/syn-carbopalladation/syn-b-hydride elimination as the
main steps.[3] On the other hand, additional C�C bonds can
be formed if, after the carbopalladation step, the syn-b-de-
hydropalladation is structurally not feasible or energetically
unfavorable. In this case the resulting s-alkylpalladium(ii)
intermediate undergoes further intra- or intermolecular car-
bopalladation[4] or intramolecular C�H activation processes
to give palladacycle intermediates.[5] This latter domino


process has been widely studied in the palladium-catalyzed
reaction of aryl halides with norbornene,[6] because in this
rigid bicyclic alkene the syn-b-dehydropalladation step is
not possible. Thus, in this case the insertion step generates
the long-lived s-alkylpalladium intermediate (A) that, being
unable to undergo b-hydrogen elimination, suffers an intra-
molecular aromatic C�H activation process with the forma-
tion of the key five-membered palladacycle intermediate
(B). Depending on experimental conditions 1:1, 2:1, 3:1 or
2:2 coupling products are finally isolated[7] (Scheme 1).


Abstract: Unlike traditionally used
acyclic 1,2-disubstituted alkenes, the re-
action of a,b-unsaturated phenyl sul-
fones with aryl iodides under Heck re-
action conditions takes place mainly by
means of a four-component domino
process, involving one unit of the
alkene and three units of the aryl
iodide, affording substituted 9-phenyl-
sulfonyl-9,10-dihydrophenanthrenes.


We report here the results of a compu-
tational study on the mechanism of this
domino arylation reaction. Based on
these results we can explain why vinyl
sulfones, unlike other electron-deficient


alkenes such as enones, preferentially
follow this domino pathway instead of
the usual Heck pathway. The key step
is a C�H activation process in which a
five-membered palladacycle is formed.
The greater ability of vinyl sulfones,
relative to enones, to reach the transi-
tion state that leads to the formation of
the initial palladacycle makes the dif-
ference.
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We recently reported the first example of a polyarylation
process of an acyclic alkene (in which the b-dehydropallada-
tion step is not precluded for structural reasons) under typi-
cal Heck reaction conditions. In particular, we found that
the intermolecular palladium-catalyzed reaction of b-substi-
tuted a,b-unsaturated sulfones I with a large excess of iodo-
benzene (or p-substituted iodoarenes), in the presence of
Ag2CO3 as base, occurs mainly through a domino reaction
in which three molecules of iodobenzene and one molecule
of vinyl sulfone are involved, affording 9,10-dihydrophenan-
threnes III, instead of the expected Heck trisubstituted
olefin II[8] (Table 1, entry 1). Moreover, although less fa-


vored than in the case of the arylation of a,b-unsaturated
sulfones, related substituted 9,10-dihydrophenanthrenes
were obtained in the case of a,b-unsaturated sulfonamides
(entry 2), a,b-unsaturated phosphine oxides (entry 3), and
phosphonate esters (entry 4). To our surprise, the corre-
sponding dihydrophenanthrenes were also detected in the


reaction of a,b-unsaturated esters and ketones (entries 5
and 6),[8a] although in these two cases the Heck product
largely predominated.


The formation of the 3:1 coupling product III, in which
four C�C bonds are formed in a single synthetic step, indi-
cates that ortho-C�H activation processes can favorably
compete with the expected Heck reaction. According to the
existing precedents on the polyarylation of norbornene,[7] we
proposed a tentative simplified mechanistic hypothesis
(Scheme 2).[8] Oxidative addition of iodobenzene to the Pd0


catalyst in the presence of Ag2CO3 could give a highly elec-
trophilic phenylpalladium species that would undergo regio-
selective syn-insertion into the C�C double bond of I to
form the sulfonylalkylpalladium intermediate IV. Unlike the
usual behavior of other types of acyclic alkenes, which
cleanly afford Heck-type products (II), complex IV would
evolve faster through a C�H activation process, to give the
five-membered palladacycle V. This intermediate could fur-
ther react with iodobenzene to give the s-alkylpalladium in-
termediate VI. Two different mechanisms can be envisaged
for this step: an oxidative addition/reductive elimination
pathway via a PdIV palladacycle intermediate[9] or a ligand
exchange reaction between two PdII complexes.[10] The repe-
tition of the same mechanistic sequence at the next available
ortho-position would lead to the sequential formation of the


Abstract in Spanish: Al contrario que los alquenos ac�clicos
1,2-disustituidos tradicionalmente utilizados, la reacci�n de
fenil sulfonas a,b-insaturadas con yoduros de arilo bajo con-
diciones de reacci�n de Heck tiene lugar mayoritariamente a
trav%s de un proceso domin� de cuatro componentes, en el
que participan una unidad de alqueno y tres unidades de
yoduro de arilo, dando lugar a 9-fenilsulfonil-9,10-dihidrofe-
nantrenos sustituidos. Aqu� se presentan los resultados de un
estudio computacional sobre el mecanismo de esta reacci�n
de arilaci�n domin�. De acuerdo con estos resultados se
puede explicar por qu% en el caso de las vinil sulfonas este
camino de reacci�n predomina sobre la reacci�n de Heck, al
contrario que en el caso de otros alquenos pobres en electro-
nes como las enonas. La etapa clave es un proceso de activa-
ci�n C�H en el que se forma un paladaciclo de cinco miem-
bros. La mayor capacidad de las vinil sulfonas en compara-
ci�n con las enonas para alcanzar el estado de transici�n que
conduce al paladaciclo es la causa fundamental de este com-
portamiento diferencial.


Table 1. Palladium-catalyzed reaction of electron-deficient alkenes with
iodobenzene.[8a]


Entry W II:III


1 SO2Ph 5:95
2 SO2NEt2 21:79
3 P(O)Ph2 53:47
4 PO3Et2 65:35
5 CO2Et 82:18
6 COPh 91:9


Scheme 2. Mechanistic proposal for the palladium-catalyzed domino re-
action of vinyl sulfones with iodobenzene (ligands at palladium atom
have been omitted for clarity).
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intermediates VII and VIII. Finally, a third C�H activation
process would give the seven-membered palladacycle IX,
which would afford the main product III after reductive
elimination.


In agreement with the sequence of formation of C�C
bonds depicted in Scheme 2, the palladium-catalyzed reac-
tion with para-substituted iodoarenes, such as p-iodotoluene
and ethyl p-iodobenzoate, led exclusively to the dihydrophe-
nanthrenes bearing substitution at C-3 and C-7 positions[8a]


(Scheme 3).


Moreover, as an additional experimental argument in
favor of the trans-substituted five-membered palladacycle
intermediates, in the reaction of a cis-substituted b-(p-tolyl)-
a,b-unsaturated sulfone (Scheme 4) we obtained the dihy-


drophenantrene, in which the C�H activation process had
taken place in the p-tolyl unit instead of the phenyl ring in-
troduced after the syn-carbopalladation step.[8a] This result
can be easily explained assuming the formation of the key
trans-substituted five-membered palladacycle C.


To shed some light to the intriguing findings on the selec-
tivity of the Heck/polyarylation reaction of electron-defi-
cient disubstituted alkenes and the spectacular results found
for sulfones, a theoretical analysis of the palladium-cata-
lyzed arylation process has been carried out. As described


herein, this study provides a plausible mechanistic explana-
tion that is consistent with the available experimental re-
sults. Additionally, our theoretical study reveals the crucial
effect of acetate ion acting as a basic ligand during the C�H
activation process. This effect could presumably operate in
analogous Pd ACHTUNGTRENNUNG(OAc)2-catalyzed process reported by other au-
thors.[4a,6, 7]


Computational Methods


All calculations were performed by using hybrid density functional
theory (B3 LYP).[11] Geometries were fully optimized by using the 6–
31G(d) basis set for all the atoms except Pd and I, for which the
LANDL2Z basis set supplemented with a d function of exponent 0.289
were used.[12] Frequencies and zero-point energies (ZPE) were also com-
puted at the same level of theory. Final energies were obtained by using
the more extended 6–311+G ACHTUNGTRENNUNG(2df,2p) basis set for all atoms. For I and Pd
basis set of similar quality with the Stuttgart effective core potentials
(ECP) were used.[13] Relative free energies (in kcal mol�1) were evaluated
at the B3 LYP/6–311+G ACHTUNGTRENNUNG(2df,2p) level with entropy correction evaluated
at 298 K by using the frequencies previously calculated at B3 LYP/6–
31G(d) level. All calculations were performed by using the Gaussian 03
program[14] and the AIMPAC program provided by J. Cheeseman and R.
F. W. Bader for AIM analysis.


Results and Discussion


To gain insight into the factors controlling the different
trends shown by a,b-unsaturated sulfones with respect to
other electron-deficient alkenes, such as enones, we carried
out the theoretical characterization of the main intermedi-
ates and transition states that may be present when both
processes, Heck and domino, take place. As model alkenes
for this study we chose trans-1-propenyl methyl sulfone (Ia)
and trans-3-penten-2-one (Ib ; Figure 1). Taking into account


Scheme 3.


Scheme 4.


Figure 1. Energy profile for the coordination-insertion step of sulfone Ia
and ketone Ib.
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recent studies on the mechanism of the oxidative addition of
aryl halides to Pd0 species generated from Pd ACHTUNGTRENNUNG(OAc)2,


[15]


which strongly support that one acetate ligand remains
bound to palladium and influences its reactivity,[3a] we used
PhPdOAc as the catalyst model. In this case, as well as in
the intermediates of the Heck reaction, in the absence of
strong donating ligands the acetate ion occupies two coordi-
nation sites of the metal.[16]


The intermediates have been further named with a prefix
that indicates the approximate situation in the simplified
mechanistic proposal shown in Scheme 2. For simplicity rea-
sons, only the most relevant transition states (TS) have been
included in the figures. Additionally, intermediates are dif-
ferentiated by a letter: H for intermediates involved in the
Heck reaction and D for those in the domino process.


Coordination–insertion step : As shown in Figure 1, a first
intermediate (IV1) was identified after the initial coordina-
tion of the C�C double bond to PhPdOAc. This complex
leads, through TS1, to the insertion intermediate IV2,
which actually can be regarded as the starting point from
which both pathways, Heck and domino, diverge (vide
infra). For both, ketone and sulfone substrates, intermediate
IV1 and TS1 are quite similar regarding their energy con-
tent and the orientation of the carbonyl or sulfonyl group as
none of them is coordinated to the metal. However, once
the phenyl group has been inserted in the double bond,
giving rise to intermediate IV2, the coordination site left
vacant is occupied by an oxygen atom from the carbonyl or
sulfonyl groups. At this point structural differences begin to
appear. While the sulfone[17] is coordinated exclusively
through electron pairs located on the oxygen atom, in the
case of the ketone an oxa-p-allyl arrangement is shown[18]


(Figure 2). As can be observed, the sulfonyl intermediate


IV2a is around 3 kcal mol�1 more stable than the carbonyl
analogue IV2b. This can be ascribed, at least in part, to the
loss of the thermodynamically stabilizing effect of the p-con-
jugation in the starting enone Ib.


Heck reaction pathway : In this pathway (Figure 3), inter-
mediate IV2 may suffer a rotation through the C1�C2 bond
(via TSH1) to afford IVH1, an intermediate that shows the


phenyl group in a complete anti arrangement with respect to
the palladium atom (compare dihedral angle values in Fig-
ures 2 and 4). Thus, no interactions between palladium and
the aromatic ring can exist (unlike the case of the domino
process) and b-hydride elimination occurs. This step takes
place from IVH2, in which an agostic interaction between
palladium and the hydrogen to be eliminated was found[19]


(Figure 4: distance Pd�H2=1.90 and 1.84 O; C2�H2=1.18
and 1.19 O for the sulfone and the ketone intermediates, re-
spectively). Further b-hydride elimination through the four-
membered transition state TSH2 affords IVH3. Finally, a
highly endothermic decomplexation leads to the Heck prod-
uct II.


As it can be seen in Figure 3, TSH1 and IVH1 show the
same coordination pattern indicated for IV2. Thus, as in the
case of IV2, the difference in energy content between the
sulfone and ketone intermediates is around 3 kcal mol�1.
Nevertheless in the final intermediates IVH3, as well as in
the Heck products, there is a reversion in the relative ther-
modynamic stability of sulfone and ketone compounds,
being somewhat more stable for the carbonyl partners. This
fact can be attributed to the recovery of the C�C double
bond in these species, and consequently the favorable p-con-
jugation with the carbonyl in the case of the ketone deriva-
tives.[20] On the other hand, according to the energy profile
shown in Figure 3 it can be said that the intermediate steps
in the Heck process are reversible (IV2/IVH1 and IVH2/
IVH3).


Domino reaction pathway : Several complexes that imply
the displacement of an oxygen atom of the acetate ligand by
a p bond from the previously inserted aromatic ring have
been found from IV2. However, the most plausible complex
to trigger the alternative domino mechanism is complex


Figure 2. Molecular structures of intermediates IV2. Dihedral angle H2-
C2-C1-Pd: 63.28 for IV2a and 52.38 for IV2b ; angle C3-C2-C1-Pd:
�54.0 for IV2a and �65.88 for IV2b.


Figure 3. Energy profile for the Heck reaction of sulfone Ia and ketone
Ib.
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IVD1 (see Figure 5). In this structure a s-C�H bond is asso-
ciated to palladium (distances: Pd�C=2.35 and 2.40 O, Pd�
H=2.26 and 2.37 O for the sulfone and ketone species, re-
spectively). The coordinated C�H bond is oriented in an or-


thogonal fashion with respect to the coordination plane of
the metal. Its activation through TSD1, in which the simul-
taneous C�H breaking and C�Pd and O�H bond formation
or “s-bond metathesis” take place,[21] will lead to the five-
membered palladacycle VD2. This is the energetically key
step that determines whether the reaction proceeds through
the domino mechanism or leads to the Heck product. In the
case of the sulfone, the energy required to form TSD1 is
slightly lower than the energy for the Heck product (7.0 vs.
7.8 kcal mol�1), while in the case of the ketone the energy of
TSD1 is much higher than that corresponding to the Heck
product (12.1 vs. 7.2 kcal mol�1). Thus, the high energy for
TSD1 in the case of the ketone prevents the domino mech-
anism from occurring and would be consistent with the
usual behavior of enones in Heck reactions.


Once the palladacycle VD2 is formed, the following step
(V!VI according to Scheme 2) is much more complex, and
taking into account the size of the models employed, a de-
tailed analysis exceeds the scope of this study. Additionally,
considering that the repetition of the C�H activation at the
next available ortho-position would afford quite similar in-
termediates, and would considerably increase the size of the
models, we decided to study on VI the last C�H activation
process leading to the dihydrophenanthrene-type product
III’ (Figure 6). As in IVD1, in VID3 it was also observed
that a s-C�H bond is associated with the palladium atom
(distances: Pd�C=2.28 and 2.31 O, Pd�H=2.45 and 2.39 O


Figure 4. Molecular structures of intermediates IVH1 and IVH2. Dihe-
dral angle H2-C2-C1-Pd: �55.08 for IVH1a, �68.48 for IVH1b, �1.18
for IVH2a and 5.78 for IVH2b ; C3-C2-C1-Pd: �168.38 for IVH1a,
177.78 for IVH1b, �113.78 for IVH2a and �107.08 for IVH2b.


Figure 5. Energy profile for the formation of the five-membered pallada-
cycle in the palladium-catalyzed domino arylation of sulfone Ia and
ketone Ib.


Figure 6. Energy profile[22] for the last steps of the palladium-catalyzed
domino arylation of sulfone Ia and ketone Ib.
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for the sulfone and the ketone, respectively). Then, the C�H
activation takes place through TSD2 affording the seven
membered palladacycle IXD4. From this point a reductive
elimination takes place (TSD3) giving rise to complex
XD5, which after a decomplexation step leads to dihydro-
phenanthrene III’ (lacking the phenyl group at C-1 with re-
spect to III).


From a global mechanistic point of view, both ketone and
sulfone starting compounds I must overcome a first activa-
tion barrier for the insertion step (TS1) before the Heck or
domino competitive process occur. This is in agreement with
the fact that the reaction only takes place by heating
(120 8C). After this common step, the more energetically de-
manding steps are the final decomplexation (to afford the
Heck product) and the initial C�H activation process in the
domino pathway. All the intermediate steps in the Heck
process are reversible (IV2/IVH1 and IVH2/IVH3),
whereas in the domino process, once VD2 has been formed
the following steps are highly exothermic (VID3!IXD4!
XD5). Therefore, the relative energies of the Heck product
and TSD1 determine the preferred pathway trend. In other
words, the Heck product is much more stable (in compari-
son with TSD1) for ketones and should be the main prod-
uct formed; this observation is in agreement with experi-
mental evidence. However, for sulfones, although evolution
through TSD1 is only slightly more favorable than the
Heck product formation, the domino process is thermody-
namically much more favorable and can effectively compete
with the Heck process.


The nature of the intermediates that would connect VD2
and VID3 in Figures 5 and 6 is a controversial issue. Al-
though a detailed study was not possible due to the size of
these models, the final presumed intermediates involved in
the two mechanisms usually proposed [oxidative addition
via PdIV[9] (PdIV) or ligand exchange reactions between two
PdII complexes[10] (PdLE) have been characterized
(Figure 7). The latter case implies a bimolecular reaction
and appropriate kinetic experiments have not been under-
taken. However, although the reaction is conducted under
catalytic conditions,[24] the concentration of PhPdOAc could
be enough for the reaction to proceed through a bimolecular
pathway. It is important to note that the intermediate PdLE
(resulting from a ligand exchange) is by far much more
stable (19–20 kcal mol�1) than the hypothetical PdIV inter-
mediate PdIV. In fact, the par-
ticipation of these PdIV inter-
mediates would make the
domino pathway unfeasible.


Structural differences between
sulfonyl and carbonyl palladi-
um-coordinated species : An in-
teresting observation from the
energy profiles on Figures 1, 3,
5, and 6 is the higher stability
of complexes and transition
states in which the sulfonyl


group is coordinated to the palladium atom instead of the
carbonyl group (from IV2 to IVH1 in the Heck pathway
and in IVD1!VD2!VID3!IXD4 and in XD5 in the
domino pathway). In contrast, the sulfone versus carbonyl
differences in the stability of the complexes are lower or
even inverted when the coordination with the palladium
atom is not present (species IVH2, TSH2, IVH3 and
TSD3). These results are noteworthy, since sulfones are not
usually considered as highly metal-coordinating groups.
However, the inspection of the electronic densities[25] shows
the formation of very similar bonds between the Pd atom
and the carbonylic or the sulfonylic oxygen atoms. Com-
plexes formed in the reaction of the enone I b show a well -
established oxa-p-allyl coordination,[18] whereas in com-
plexes derived from sulfone Ia only the carbon atom at the
a-position (C1) and one of the sulfonylic oxygen atoms[17]


are involved in the coordination to the metal. Spatial ar-
rangements of the key intermediates TSD1 showing these
modes of coordination are depicted in Figure 8.


An inspection of the electronic densities between Pd and
its coordinating atoms shows that the electronic effects are
very similar in both sulfone and ketone intermediates. The
carbon atom C1 is slightly better donor in the case of the
sulfone, and the bond between Pd and O6 presents the same
characteristics regardless of its carbonyl or sulfonyl nature.


Figure 7. Relative energies[23] and structures of the hypothetical inter-
mediates PdIV and PdLE allowing the step process VD2!VID3.


Figure 8. Spatial representation of intermediates TSD1. The values of the electronic density at the bond criti-
cal points[25] located around Pd are indicated.
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The main differences between
both complexes emerge from
the different coordination
modes. As it is depicted in
Figure 8, TSD1a shows a con-
formation almost free of steric
interactions. Due to the exis-
tence of two oxygen atoms on
the sulfonyl group the coordi-
nation is established between
Pd and O6 (and not O8), in
such a way that the methyl sul-
fonyl group can be located far
from carbon atoms C2 and C3.
However, in the case of the car-
bonyl species, there is an impor-
tant steric interaction between
the methyl ketone group (C8)
and the benzylic position
(atoms C2 and C3) on TSD1b.
This repulsive interaction forces
the oxa-p-allyl moiety to deviate from the usual perpendicu-
lar arrangement with respect to the coordination plane of
the palladium atom. As in p-allyl coordination, the angle
Pd-C1m-C7 (in which C1m is the midpoint of the C1�O6
bond; see Figure 8) should be close to 908 in order to reach
the highest degree of stabilization. The deviation from the
perpendicular plane can be directly related with the differ-
ences in the stability for ketone and sulfone intermediates.
Thus, as shown in Table 2 for the key intermediates IVD1
and VD2 and the transition state TSD1 leading to the five-
membered palladacycle, the higher the difference in stability
between sulfone and carbonyl species, the higher the angle
Pd-C1m-C7 observed in the oxa-p-allyl unit. The increase of
the value of this angle also produces a decrease in the corre-
sponding orbital interactions (last column in Table 2).


Conclusion


In summary, DFT calculations provide a plausible mecha-
nism for the domino arylation reaction observed in the Pd-
ACHTUNGTRENNUNG(OAc)2-catalyzed reaction of a,b-unsaturated sulfones with
iodoarenes and its great predominance over the expected
Heck reaction. We have found that the acetate ligand is es-
sential in the key C�H activation process leading to pallada-
cycles intermediates. We have also found that the different
palladium coordination modes shown by sulfones and ke-
tones could be at the origin of the opposite reactivity of
enones (Heck reaction pathway) and a,b-unsaturated sul-
fones (polyarylation domino pathway) under the same palla-
dium-catalyzed reaction conditions. Moreover, the theoreti-
cal results presented here suggest that the ability of sulfonyl-
ic oxygen atoms to coordinate palladium should be carefully
considered when using this functional group in metal-cata-
lyzed reactions.
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Total Synthesis of Pteridic Acids A and B


Takashi Nakahata, Shohei Fujimura, and Shigefumi Kuwahara*[a]


Introduction


In the course of screening for plant-growth regulators pro-
duced by epiphytic microorganisms on live plants, Igarashi
and co-workers discovered two novel spirocyclic polyketides,
pteridic acids A (1) and B (2, 11-epi-1), from the fermenta-


tion broth of the actinomycete Streptomyces hygroscopicus
TP-A0451, isolated from the stems of the bracken Pteridium
aquilinum and determined their structures on the basis of


extensive spectroscopic analyses including HMBC and
NOESY experiments.[1] These two epimeric octaketides both
exhibited potent promoting activity in the formation of ad-
ventitious roots in the hypocotyls of kidney beans compara-
ble to that of indole-3-acetic acid (a natural plant hormone,
auxin) at an extremely low concentration of 1 nm. This is the
lowest value so far reported for the plant-growth-promoting
activity of microbial secondary metabolites,[2] which might
allow us to envisage the presence of a symbiosis-like interre-
lationship between phytoepiphytic actinomycetes and their
host plants by secondary metabolites.[3] Our interest in such
substantial biological roles of secondary metabolites of mi-
crobial origin in the natural ecosystem and in complex mo-
lecular architectures featuring a spiroacetal ring bearing
eight stereogenic centers around it prompted us to embark
on the total synthesis of pteridic acids, and our synthetic ef-
forts recently culminated in the first enantioselective total
synthesis of pteridic acid A (1).[4] We describe herein a full
account of our synthetic study on 1, together with the con-
version of its synthetic intermediate into the other plant-
growth promoter, pteridic acid B (2).
Our retrosynthetic analysis of pteridic acid A (1) is shown


in Scheme 1. The conjugated diene carboxylic acid moiety
incorporated in 1 was considered to be readily installable by
using the Horner–Wadsworth–Emmons olefination of alde-
hyde 3 with known phosphonate 4. The spiroacetal 3 could
be obtained either by the addition of an alkenyl anion de-
rived from iodide 6a or by the addition of an acetylide
anion derived from 6b to carbonyl compound 5 (X=H or
an appropriate leaving group), followed by some additional


Abstract: Pteridic acid A (1) is a spiro-
cyclic octaketide produced by the phy-
toepiphytic actinomycete Streptomyces
hygroscopicus TP-A0451 and possesses
potent plant-growth-promoting activity
comparable to that of indole-3-acetic
acid. The enantioselective total synthe-
sis of this natural product was achieved
by employing the Sn ACHTUNGTRENNUNG(OTf)2-mediated
Evans aldol reaction and the Fukuya-


ma acetylenic coupling reaction as the
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transformations. Finally, retrosynthetic disconnection of the
C7�C8 bond in 5 enabled us to think of its construction
through an asymmetric aldol reaction between ketone 7 and
aldehyde 8. On the other hand, the synthesis of pteridic acid
B (2), the 11-epimer of 1, was anticipated to be more diffi-
cult due to its anomerically disfavored conformation at the
spirocenter.[1] This potential difficulty was, however, success-
fully overcome by applying a MgBr2-promoted epimeriza-
tion reaction to a spirocyclic synthetic intermediate of 1 as
described later in this paper.


Results and Discussion


Preparation of the C5–C11 fragment 13 : The preparation of
our subtarget 13 (compound 5 in Scheme 1; X=H, R1 and
R2=acetonide) began with the diastereoselective aldol reac-
tion of known aldehyde 8[5] with b-keto imide derivative 7
developed by Evans et al.,[6] which produced an inseparable
13:1 mixture of the desired 7,8-syn-8,10-anti-aldol 9 and its
(7R,8S)-diastereomer, as judged by the 1H NMR analysis of
the reaction product (Scheme 2). The mixture then under-
went hydroxyl-directed diastereoselective reduction by
treatment with NaBHACHTUNGTRENNUNG(OAc)3


[7] to give 7,9-anti-diol 10 with


considerably high diastereose-
lectivity (7,9-anti/7,9-syn ap-
proximately 10:1). The protec-
tion of diol 10 as acetonide 11
and subsequent reductive re-
moval of the chiral auxiliary
with LiBH4 afforded stereo-
chemically homogeneous alco-
hol 12 in 75% yield from 10
after chromatographic purifica-
tion. The 7,9-anti relative ster-
eochemistry of 12 was readily
confirmed by analyzing its
13C NMR spectrum, in which
the signals assignable to the
quaternary carbon and the two


methyl carbon atoms of the acetonide moiety were observed
at d=100.6, 24.9, and 23.5 ppm, respectively, in good ac-
cordance with a general rule proposed for the assignment of
the relative stereochemistry of 1,3-syn- and 1,3-anti-diol ace-
tonides.[8] Finally, oxidation of 12 with Dess–Martin periodi-
nane (DMP) completed the preparation of the C5–C11 frag-
ment 13.


Preparation of the C12–C16 fragment 18 and its attempted
coupling with 13 : Next, we set about the preparation of al-
kenyl iodide 18 (compound 6a in Scheme 1, R4=EE), one
of the candidates for the coupling partner of 13 (Scheme 3).


Protection of known hydroxy ester 14[9] as its ethoxyethyl
ether 15 was followed by reduction of the ester functionality
to give alcoholic intermediate 16, which was then exposed
to Swern oxidation conditions to furnish protected aldehyde
17. (Z)-Selective Wittig olefination of 17 with Ph3P=CHI
proceeded smoothly to afford 18 with >20:1 Z/E selectivi-
ty.[10]


Scheme 1. Retrosynthetic analysis of pteridic acid A (1). PMB=p-methoxybenzyl.


Scheme 2. Preparation of the C5–C11 fragment 13 : a) SnACHTUNGTRENNUNG(OTf)2, Et3N, 8,
CH2Cl2, �78 8C, 2 h (82%); b) NaBH ACHTUNGTRENNUNG(OAc)3, AcOH, RT, 1.5 h (92%);
c) Me2CACHTUNGTRENNUNG(OMe)2, TsOH·H2O, acetone, RT, 24 h (96%); d) LiBH4, MeOH,
THF, RT, 3 h (78%); e) DMP, CH2Cl2, RT, 24 h (94%). DMP=Dess–
Martin periodinane.


Scheme 3. Preparation of the C12–C16 fragment 18 and its coupling with
13 : a) CH2=CHOEt, PPTS, CH2Cl2, RT, 24 h (quant); b) DIBAL,
CH2Cl2, �78 8C, 24 h (quant); c) DMSO, (COCl)2, Et3N, �78 8C, 1 h
(quant); d) (Ph3PCH2I)


+I�, NaHMDS, THF, �20 8C, 3 h (68%);
e) tBuLi, THF, �78 8C, 12 h; f) CrCl2, NiCl2, DMSO, DMF, RT, 24 h.
EE=ethoxyethyl, PPTS=pyridinium p-toluenesulfonate; DIBAL=diiso-
butylaluminum hydride; HMDS=hexamethyldisilazide.
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The coupling of 18 with aldehyde 13 was examined in two
ways: 1) addition of the alkenyllithium reagent prepared
from 18 to 13[11] and 2) direct coupling of the two compo-
nents under the Nozaki–Hiyama–Kishi coupling condi-
tions.[12] Under the former conditions, however, the only
isolable product was the b-elimination product 20, while
under the latter conditions, no detectable product was ob-
tained, resulting only in the recovery of the substrates.
We also attempted the coupling of WeinrebLs amide 23


and the alkenyllithium reagent derived from 25a
(Scheme 4), which in turn was obtained from 14 by the same


procedure as described for 18 except for the protection step
(TBSOTf/2,6-lutidine/CH2Cl2 instead of CH2=CHOEt/
PPTS/CH2Cl2). To prepare 23, the C7�OH group of diol 10
was protected as its mono-TBS ether 21, followed by the re-
placement of the chiral auxiliary with a methoxymethylami-
no group under conventional conditions to give 22.[13] Final-
ly, TBS-protection of the remaining hydroxyl at the C9 posi-
tion produced the desired amide 23 in about 30% overall
yield from 10 (the chemical yield was not optimized). The
nucleophilic substitution of 23 with the alkenyl anion pre-
pared by treating 25a with tBuLi to form olefinic ketone 24,
however, did not proceed at all, giving only the starting
amide 23 along with deiodinated terminal olefin 25b gener-
ated from 25a.


Preparation of the C12–C16 fragment 27 and its coupling
with 13 : To circumvent the difficulties encountered in the
coupling reaction with alkenyl iodides 18 or 25a, we turned
our attention to the utilization of terminal acetylene 27
(compound 6b in Scheme 1; R4=EE) for the construction
of the C11�C12 bond (Scheme 5). The acetylenic segment
was readily prepared by dibromomethylenation of aldehyde
17 in the presence of pyridine and subsequent treatment of
the resulting dibromoolefin 26 with nBuLi.[14] The presence
of pyridine as an additive was essential in this case, as its ab-
sence brought about complete deprotection of the ethoxy-
ethyl group. After treatment of 27 with nBuLi, the resulting


lithium acetylide was reacted successfully with aldehyde 13
to give a 40% yield of desired coupling product 28, which
was then oxidized to ketone 29. In this coupling reaction,
again, the main byproduct was the b elimination product 20
(approximately 40% yield). Use of the less basic magnesium
acetylide prepared by treating 27 with EtMgBr in THF was
not successful, resulting only in the recovery of 13 and 27.
The unexpected problems in this coupling step with alde-
hyde 13 as a precursor of 29 made us seek an alternative
protocol for the formation of the C11�C12 linkage.


Construction of the C11�C12 bond via thiol ester intermedi-
ate 30 : Although we could secure a,b-acetylenic ketone 29,
which was a requisite for the installation of the spiroacetal
ring, by oxidation of 28 as just described, the low chemical
yield (40%) and the formation of a substantial amount of
byproduct 20 (approximately 40%), stemming from the b


elimination of aldehyde 13 in the coupling step, called on us
to alter our synthetic plan to a small extent. We envisaged
obtaining 29 without the intervention of 13. Among numer-
ous methodologies so far reported for the preparation a,b-
acetylenic ketones,[15] we adopted a protocol recently devel-
oped by Fukuyama and co-workers, which could effect the
coupling of a variety of thiol esters and terminal acetylenes
in the presence of [PdCl2ACHTUNGTRENNUNG(dppf)] and CuI under mild reac-
tion conditions (Scheme 6).[16] Thus, oxazolidinone deriva-


Scheme 4. Preparation of the C5–C11 fragment 23 and its coupling with
25a : a) TBSOTf, 2,6-lutidine, CH2Cl2, �5 8C, 24 h; b) AlMe3, (MeO)-
MeNH·HCl, THF, �20 8C, 24 h; c) TBSOTf, 2,6-lutidine, CH2Cl2, �78 8C,
24 h (30% from 10); d) 25a, tBuLi, THF, �78 8C, 2.5 h. TBS= tert-butyl-
silyl; Tf= triflate.


Scheme 5. Preparation of the C12–C16 fragment 27 and its coupling with
13 : a) CBr4, Ph3P, Py, CH2Cl2, 0 8C, 1.5 h (64%); b) nBuLi, THF, �78 8C,
24 h (79%); c) nBuLi, 13, �78 8C, 24 h (40%); d) DMP, CH2Cl2, 0 8C,
24 h (94%).


Scheme 6. Preparation of the C5–C11 fragment 30 and its coupling with
27: a) n-C12H25SH, nBuLi, �78–�20 8C, 5 h (77%); b) [PdCl2ACHTUNGTRENNUNG(dppf)], CuI,
(2-furyl)3P, Et3N, 27, DMF, 50 8C, 3 h (83%, 3 cycles). dppf=bis(diphe-
nylphosphino)ferrocene.
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tive 11 was first converted into the corresponding dodecane-
thiol ester 30 by treatment with lithium dodecanethiolate in
THF.[16b] Gratifyingly, the palladium-catalyzed coupling reac-
tion of 30 with terminal acetylene 27 (approximately
2 equiv) produced 29 cleanly, without the formation of any
other products arising from 30. This transformation was,
however, accompanied by an oxidative homocoupling reac-
tion of the acetylenic substrate 27 to afford the correspond-
ing Glaser-type diyne compound 31,[17] which competitively
consumed 27 and, as a result, precluded the reaction from
proceeding to completion. Thus, the chemical yield of this
coupling reaction was approximately 40–45% per single op-
eration, but the thiol ester substrate 30 could be recovered
almost quantitatively, which made it possible to obtain an
83% yield of 29 in total by repeating the same operation
two more times with recovered 30. This alteration of the
coupling protocol enabled us to not only reduce the number
of synthetic steps, but also to improve the overall yield of 29
(five steps, 46% overall yield from 7).


Completion of the synthesis of pteridic acid A (1): The suc-
cessful assembly of the C5–C16 segment 29 set the stage for
the formation of the spiroacetal ring and subsequent four-
carbon elongation toward the total synthesis of pteridic acid
A (1, Scheme 7). Simultaneous removal of the two types of
acetal-protecting groups of 29 in acidic methanol below 0 8C
brought about the formation of cyclic acetal 32 as an insepa-
rable 3:1 diastereomeric mixture in 91% yield. Keeping the
reaction temperature below 0 8C was essential to obtain re-
producibly high yields, as elevating the reaction temperature
to 25 8C resulted in considerably low yields (53–78%), pro-
ducing unidentified byproducts. Exposure of 32 to catalytic
semihydrogenation conditions followed by acidic treatment
of the resulting olefin 33 afforded spiroacetal 34 as a single
stereoisomer. The stereochemistry of the spirocenter of 34
was tentatively assigned based on the amomeric effect and
the similarity in the 1H NMR spectrum between 34 and
pteridic acid A (1), and was eventually confirmed by its con-
version to 1. After protection of the hydroxyl group of 34 as
its acetate 35, the PMB-protecting group was removed by
DDQ oxidation to give 36 without any epimerization at the
spirocenter. In our previous communication,[4] we reported
the occurrence of partial epimerization at the C11 spirocen-
ter during the oxidation step, producing a 6:1 mixture of 36
and 11-epi-36. This small degree of epimerization, however,
could be avoided by immediately conducting chromato-
graphic purification of the crude reaction mixture. This find-
ing made us suspect that the ring-opening/closure process
leading to the epimeric mixture might have taken place as a
result of exposure of the initially formed spiroacetal 36 to a
high concentration of the considerably acidic 2,3-dichloro-
5,6-dicyanohydroquinone generated from the oxidizing re-
agent DDQ, as in our previous experiment,[4] the crude reac-
tion product was left to stand overnight at room tempera-
ture without purification after the evaporation of the
EtOAc employed for extraction.


The oxidation of alcohol 36 with DMP proceeded un-
eventfully to give aldehyde 37, for which four-carbon elon-
gation with phosphonate 4 furnished geometrically pure 38
possessing all the carbon atoms and stereochemically correct
asymmetric centers of pteridic acid A (1). Finally, deprotec-
tion of the acetyl group by methanolysis to 39 and subse-
quent hydrolysis of the methyl ester moiety gave 1 ([a]24D =


+24 (c=0.15 in CHCl3); lit.[1] [a]24D =++22.3 (c=1.0 in
CHCl3)).


1H and 13C NMR spectra were identical to those of
natural pteridic acid A.[1] The enantiomeric homogeneity of
our synthetic pteridic acid A was confirmed by directly com-
paring the 1H NMR spectrum of the (S)-MTPA ester (40)
derived from 39 with those of the (S)- and (R)-MTPA esters
prepared previously by Igarashi from natural pteridic acid
A.[1]


Synthesis of pteridic acid B through epimerization of inter-
mediate 39 : With the enantioselective total synthesis of 1
completed, we attempted the epimerization of the spirocen-
ter of an appropriate synthetic intermediate for 1 to obtain
pteridic acid B (2), the C11 epimer of pteridic acid A (1).
As reported in our previous communication,[4] the epimeri-
zation must have occurred at the stage of the formation of


Scheme 7. Completion of the synthesis of pteridic acid A (1): a) CSA,
MeOH, CH2Cl2, 0 8C, 3 d (91%); b) LindlarLs catalyst, 1-hexene, EtOAc,
RT, 15 min (89%); c) PPTS, toluene, RT, 1 h (99%); d) Ac2O, DMAP,
Py, RT, 24 h (quant); e) DDQ, H2O, CH2Cl2, 0 8C, 1 h (86%); f) DMP, Py,
CH2Cl2, 0 8C, 24 h (91%); g) 4, LiHMDS, THF, �78 8C, 3 h (94%);
h) K2CO3, MeOH, RT, 3 h (83%); i) KOH, H2O, MeOH, 6 h (99%);
j) (R)-MTPACl, Py. CSA=camphorsulfonic acid; DMAP=4-dimethyl-
aminopyridine; DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
MTPA=a-methoxy-a-(trifluoromethyl)phenylacetyl.
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36 when the crude reaction product was exposed to a high
concentration of the phenolic byproduct generated from
DDQ, giving an inseparable 6:1 mixture of 36 and 11-epi-
36 ; this epimeric mixture was converted through a three-
step sequence into a separable mixture of 39 and 11-epi-39,
the former of which was then successfully transformed into
pteridic acid A (1) by saponification. Although the previous
synthetic efforts failed to produce 2 in its chemically pure
form due to its paucity,[4] the observation that 39 and 11-epi-
39 were separable, helped us chose 39 as a suitable epimeri-
zation substrate for the synthesis of 2. Our literature search
for reaction conditions used for analogous conversions sug-
gested the utilization of MgBr2, which had previously been
employed as catalyst for the epimerization of a spiroacetal
intermediate in the total synthesis of pinnatoxin A by Kishi
et al.[18] Gratifyingly, treatment of a solution of 39 in CH2Cl2
with 3–4 equivalents of anhydrous MgBr2 at room tempera-
ture brought about clean equilibration to give a separable
3:2 mixture of 39 and 11-epi-39 without formation of any
other detectable product (Scheme 8). Increasing the amount


of the Lewis acid catalyst did not improve the outcome, but
merely promoted the gradual decomposition of the products,
as judged by TLC monitoring. This successful equilibration
yielding a considerably high proportion of anomerically dis-
favored 11-epi-39 is in sharp contrast to the exclusive forma-
tion of anomerically favored spirocyclic compound 34 on
treatment of 33 with a protic acid (PPTS in toluene,
Scheme 7), which might allow us to assume some kind of
positive participation of Mg2+ to promote the production of
11-epi-39. It might be possible to presume the intervention
of a chelation-stabilized species, such as 41, which could be
formed from 39 through Lewis acid catalyzed epimerization
at the spirocenter and conformational change at both of the
two rings (Scheme 9). The conformation of 41 should be
suitable for the formation of the magnesium chelate be-
tween the C9- and the C15-oxygen functionalities while


keeping the anomerically favored conformation at the spiro-
center. Quenching the equilibrium mixture with aqueous
NaHCO3 would then have led to the irreversible 3:2 mixture
of the starting spiroacetal 39 and the epimerization product
(11-epi-39, generated by an additional conformational
change at the tetrahydropyran ring of 41 after the basic
workup), probably reflecting the equilibrium ratio between
some kind of magnesium complex of 39 and the chelation-
stabilized intermediate 41. Chromatographic separation of
the mixture enabled us to isolate 39 (60%) and 11-epi-39
(40%), the latter of which was then hydrolyzed to furnish
pteridic acid B (2, [a]24D =�20.2 (c=0.05 in CHCl3); lit.


[1]


[a]24D =�20.8 (c=0.68 in CHCl3)). The
1H and 13C NMR


spectra of 2 were identical to those of natural pteridic acid
B.[1]


Conclusion


The enantioselective total synthesis of pteridic acid A (1)
employing the Sn ACHTUNGTRENNUNG(OTf)2-mediated Evans aldol reaction of
oxazolidinone 7 with aldehyde 8 and the Fukuyama cou-
pling reaction of thiol ester intermediate 30 with acetylene
27 as the key C�C bond-forming steps was accomplished in
22% overall yield from 7 through a considerably short 14-
step sequence. MgBr2-mediated equilibration of the spirocy-
clic intermediate 39 brought about partial epimerization of
the spirocenter to give anomerically disfavored 11-epi-39,
which was then converted into pteridic acid B (2).


Experimental Section


General methods : IR spectra were measured by a Jasco FTIR-4100 spec-
trometer. NMR spectra were recorded with TMS as an internal standard
in CDCl3 by a Varian Gemini 2000 spectrometer (300 MHz for 1H and


Scheme 8. Synthesis of pteridic acid B (2) by epimerization of intermedi-
ate 39 : a) MgBr2, CH2Cl2, RT, 3 h (40% for 11-epi-39, 60% for 39);
b) KOH, H2O, MeOH, 6 h (99%).


Scheme 9. A plausible mechanism for the formation of the anomerically
disfavored spiroacetal, 11-epi-39.
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75 MHz for 13C NMR spectra), a Varian UNITY plus-500 spectrometer
(500 MHz for 1H and 125 MHz for 13C NMR spectra), or a Varian
UNITY plus-600 spectrometer (600 MHz for 1H and 150 MHz for
13C NMR spectra). Optical rotation values were measured with a Jasco
DIP-371 polarimeter, and mass spectra were obtained with a Jeol JMS-
700 spectrometer operated in the EI or FAB mode. Merck silica gel 60
(70–230 mesh) was used for silica gel column chromatography. Solvents
for reactions were distilled prior to use: THF from Na and benzophe-
none, MeOH from Mg and I2, CH2Cl2 and DMF from CaH2, and toluene
from LiAlH4. All air- or moisture-sensitive reactions were conducted
under a nitrogen atmosphere.


(2S,4R,5S,6S)-1-[(S)-4-Benzyl-2-oxooxazolidin-3-yl]-5-hydroxy-7-(4-me-
thoxybenzyloxy)-2,4,6-trimethylheptane-1,3-dione (9): Et3N (1.21 mL,
8.71 mmol) was added to a stirred suspension of stannous triflate (3.03 g,
7.26 mmol) in CH2Cl2 (30 mL) at room temperature. The resultant pale
yellow slurry was immediately cooled to �20 8C and stirred for 10 min
before a solution of 7 (1.40 g, 4.84 mmol) in CH2Cl2 (12 mL) was added
dropwise over 5 min. The resulting almost clear solution was stirred at
�20 8C for 1 h and then cooled to �78 8C. A solution of 8 (1.13 g,
5.81 mmol) in CH2Cl2 (5 mL) was then added to the solution, and the re-
sulting mixture was stirred at �78 8C for a further 2 h before being
poured into a vigorously stirred mixture of CH2Cl2 (200 mL) and
NaHSO4 (1m, 200 mL) at 0 8C. The mixture was stirred for 30 min and
extracted with CH2Cl2. The extract was washed with saturated aqueous
NaHCO3, dried (MgSO4), filtered, and concentrated in vacuo. The resi-
due was chromatographed over silica gel (hexane/EtOAc 10:1) to give 9
(1.98 g, 82%) as a pale yellow oil. The 1H NMR spectrum indicated that
the product was a mixture of 9 and its (4S,5R)-diastereomer. [a]24D =


+36.3 (c=1.60 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.90 (d, J=


6.9 Hz, 3H), 1.18 (d, J=7.1 Hz, 3H), 1.47 (d, J=7.2 Hz, 3H), 1.85–1.95
(m, 1H), 2.76 (dd, J=13.5, 9.6 Hz, 1H), 2.91 (dq, J=3.0, 7.1 Hz, 1H),
3.30 (dd, J=13.5, 3.6 Hz, 1H), 3.42 (d, J=2.6 Hz, 1H; OH), 3.54 (d, J=
5.8 Hz, 2H), 3.80 (s, 3H), 3.90 (ddd, J=8.8, 3.0, 2.6 Hz, 1H), 4.11–4.24
(m, 2H), 4.45 (s, 2H), 4.67–4.76 (m, 1H), 4.94 (q, J=7.2 Hz, 1H), 6.87
(deformed d, J=8.5 Hz, 2H), 7.18–7.37 ppm (m, 7H); 13C NMR
(75 MHz, CDCl3): d=9.0, 13.4, 13.9, 35.9, 37.9, 47.4, 50.9, 55.3, 55.4, 66.4,
73.1, 74.1, 74.5, 113.8, 127.4, 129.0, 129.3, 129.4, 130.0, 135.0, 153.6, 159.2,
170.5, 210.4 ppm; IR (film): ñ=3475 (m), 3050 (w), 3020 (w), 1770 (vs),
1710 (s), 1690 (s), 1610 (m), 1510 (s), 1240 (s), 755 cm�1 (s); HRMS
(FAB): m/z : calcd for C28H35NO7Na: 520.2311; found: 520.2313 [M+Na]+.


(S)-4-Benzyl-3-[(2S,3R,4R,5S,6S)-3,5-dihydroxy-7-(4-methoxybenzyloxy)-
2,4,6-trimethylheptanoyl]oxazolidin-2-one (10): To stirred acetic acid
(neat, 80 mL) was added portionwise NaBH4 (1.87 g, 50 mmol) at 0 8C.
After hydrogen evolution ceased, the mixture was warmed to room tem-
perature, and stirred for 1 h. To this solution was added a solution of 9
(2.40 g, 4.95 mmol) in acetic acid (28 mL) over a period of 5 min, and the
resulting mixture was stirred for 1.5 h, and then concentrated in vacuo.
The resulting oily product was diluted with toluene, concentrated again
in vacuo to remove residual acetic acid, and finally mixed with saturated
aqueous NaHCO3. The mixture was extracted with CH2Cl2, and the ex-
tract was dried (Na2SO4), filtered, and concentrated in vacuo. The residue
was chromatographed over silica gel (hexane/EtOAc 3:1) to give 10
(2.28 g, 92%) as a colorless oil. The 1H NMR spectrum indicated that the
product contained the (5R)-isomer of 10 (10/(5R)-10 approximately 10:1)
together with a minute amount of other diastereomers. [a]24D =++30.0 (c=
1.40 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.72 (d, J=7.2 Hz, 3H),
0.96 (d, J=7.2 Hz, 3H), 1.32 (d, J=6.9 Hz, 3H), 1.26 (s, 1H; OH), 1.67–
1.76 (m, 1H), 1.93–2.05 (m, 1H), 2.78 (dd, J=13.4, 9.3 Hz, 1H), 3.27 (dd,
J=13.4, 3.3 Hz, 1H), 3.46 (t, J=9.1 Hz, 1H), 3.57 (dd, J=9.1, 3.8 Hz,
1H), 5.59 (d, J=4.9 Hz, 1H; OH), 3.80 (s, 3H), 3.89–4.06 (m, 3H), 4.13–
4.22 (m, 2H), 4.42 (d, J=11.4 Hz, 1H), 4.48 (d, J=11.4 Hz, 1H), 4.62–
4.70 (m, 1H), 6.88 (deformed d, J=8.5 Hz, 2H), 7.16–7.37 ppm (m, 7H);
13C NMR (75 MHz, CDCl3): d=9.3, 11.6, 12.9, 35.6, 36.5, 37.6, 40.2, 55.2
(two overlapping peaks), 66.0, 69.6, 73.1, 74.2, 76.1, 113.9, 127.4, 129.0,
129.4, 129.5, 129.6, 135.2, 153.0, 159.4, 177.5 ppm; IR (film): ñ=3450 (m),
3050 (w), 1770 (vs), 1685 (s), 1605 (s), 1505 (s), 1240 (s), 750 cm�1 (s);
HRMS (FAB): m/z : calcd for C28H37NO7Na: 522.2468; found: 522.2471
[M+Na]+ .


(S)-4-Benzyl-3-((S)-2-{(4R,5R,6S)-6-[(S)-2-(4-methoxybenzyloxy)-1-meth-
ylethyl]-2,2,5-trimethyl-1,3-dioxan-4-yl}propanoyl)oxazolidin-2-one (11):
TsOH·H2O (25 mg, 0.13 mmol) was added to a stirred solution of 10
(665 mg, 1.33 mmol) and 2,2-dimethoxypropane (5 mL) in acetone
(5 mL) at room temperature. After 24 h, the reaction was quenched with
saturated aqueous NaHCO3, and the resulting mixture was extracted
with EtOAc. The extract was washed with brine, dried (MgSO4), filtered,
and concentrated in vacuo. The residue was chromatographed over silica
gel (hexane/EtOAc 3:1) to give 11 (688 mg, 96%) as a pale yellow oil.
[a]24D =++37.1 (c=1.10 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.93
(d, J=6.9 Hz, 3H), 0.94 (d, J=6.6 Hz, 3H), 1.26 (s, 3H), 1.27 (d, J=
7.1 Hz, 3H), 1.29 (s, 3H), 1.76–1.88 (m, 1H), 1.88–1.99 (m, 1H), 2.76 (dd,
J=13.5, 9.9 Hz, 1H), 3.32 (dd, J=13.5, 3.0 Hz, 1H), 3.38 (dd, J=8.5,
6.0 Hz, 1H), 3.53 (dd, J=8.5, 3.0 Hz, 1H), 3.56–3.64 (m, 2H), 3.80 (s,
3H), 4.01 (dq, J=4.7, 7.1 Hz, 1H), 4.09–4.20 (m, 2H), 4.41 (s, 2H), 4.59–
4.67 (m, 1H), 6.86 (deformed d, J=8.8 Hz, 2H), 7.20–7.38 ppm (m, 7H);
13C NMR (75 MHz, CDCl3): d=11.6, 11.8, 13.2, 23.6, 24.9, 33.7, 34.8,
37.7, 41.2, 55.2, 55.8, 66.0, 70.0, 72.1, 72.8, 75.7, 100.6, 113.7, 127.4, 129.0,
129.2, 129.5, 131.1, 135.5, 153.3, 159.1, 175.0 ppm; IR (film): ñ=3060 (w),
1780 (vs), 1700 (s), 1615 (m), 1515 (s), 1250 (s), 760 cm�1 (s); HRMS
(FAB): m/z : calcd for C31H42NO7: 540.2961; found: 540.2961 [M+H]+ .


(R)-2-{(4S,5S,6S)-6-[(S)-2-(4-Methoxybenzyloxy)-1-methylethyl]-2,2,5-tri-
methyl-1,3-dioxan-4-yl}-1-propanol (12): LiBH4 (63 mg, 2.89 mmol) was
added portionwise to a stirred solution of 11 (788 mg, 1.45 mmol) and
MeOH (0.12 mL) in THF (3 mL) at 0 8C, and the resulting mixture was
warmed to room temperature and stirred for 3 h. The reaction was
quenched with saturated aqueous RochelleLs salt, and the mixture was
extracted with EtOAc. The extract was washed with brine, dried
(MgSO4), filtered, and concentrated in vacuo. The residue was chromato-
graphed over silica gel (hexane/EtOAc 10:1) to give 12 (411 mg, 78%) as
a pale yellow oil. [a]24D =++0.55 (c=1.37 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=0.87 (d, J=6.6 Hz, 3H), 0.95 (d, J=6.6 Hz, 3H), 0.97 (d, J=
6.9 Hz, 3H), 1.27 (s, 3H), 1.34 (s, 3H), 1.76–1.95 (m, 3H), 2.42–2.53 (br s,
1H; OH), 3.39 (dd, J=8.8, 6.0 Hz, 1H), 3.48–3.55 (m, 2H), 3.57–3.68 (m,
3H), 3.80 (s, 3H), 4.41 (s, 2H), 6.88 (deformed d, J=8.5 Hz, 2H),
7.26 ppm (deformed d, J=8.5 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=
10.7, 12.1, 13.4, 23.5, 24.9, 33.7, 34.1, 37.6, 55.2, 67.0, 70.2, 72.0, 72.8, 77.8,
100.6, 113.6, 129.1, 130.9, 159.0 ppm; IR (film): ñ=3420 (m), 1610 (m),
1510 (s), 1250 (vs), 1220 (s), 1035 (s), 760 cm�1 (s); HRMS (FAB): m/z :
calcd for C21H35O5: 367.2484; found: 367.2487 [M+H]+ .


(S)-2-{(4R,5R,6S)-6-[(S)-2-(4-Methoxybenzyloxy)-1-methylethyl]-2,2,5-
trimethyl-1,3-dioxan-4-yl}propanal (13): Dess–Martin periodinane
(463 mg, 1.09 mmol) was added portionwise to a stirred solution of 12
(286 mg, 0.78 mmol) in CH2Cl2 (3 mL) at 0 8C. The solution was then
warmed to room temperature and stirred for 24 h. The reaction was
quenched with saturated aqueous Na2S2O3, and the resulting mixture was
extracted with EtOAc. The extract was washed with brine, dried
(MgSO4), filtered, and concentrated in vacuo. The residue was chromato-
graphed over silica gel (hexane/EtOAc 10:1) to give (267 mg, 94%) of 13
as a pale yellow oil. [a]24D =++22.0 (c=0.50 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=0.91 (d, J=6.9 Hz, 3H), 0.94 (d, J=6.9 Hz, 3H),
1.15 (d, J=6.9 Hz, 3H), 1.25 (s, 3H), 1.32 (s, 3H), 1.79–1.95 (m, 2H),
2.42 (ddq, J=1.1, 3.3, 6.9 Hz, 1H), 3.41 (dd, J=8.4, 6.0 Hz, 1H), 3.52
(dd, J=8.4, 3.3 Hz, 1H), 3.62 (dd, J=10.7, 4.4 Hz, 1H), 3.75 (dd, J=7.4,
3.3 Hz, 1H), 3.81 (s, 3H), 4.41 (s, 2H), 6.87 (deformed d, J=8.8 Hz, 2H),
7.25 (deformed d, J=8.8 Hz, 2H), 9.70 ppm (d, J=1.1 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=7.8, 11.8, 13.3, 23.4, 24.6, 33.6, 34.5, 49.0,
55.2, 70.1, 72.0, 72.9, 74.1, 100.9, 113.7, 129.2, 131.1, 159.2, 204.6 ppm; IR
(film): ñ=2720 (w), 1725 (s), 1610 (m), 1510 (s), 1250 (s), 1220 cm�1 (s);
HRMS (FAB): m/z : calcd for C21H32O5Na: 387.2147; found: 387.2148
[M+Na]+ .


Methyl (2R,3R)-3-(1-ethoxyethoxy)-2-ethylbutanoate (15): Ethyl vinyl
ether (1.48 g, 20.5 mmol) was added dropwise to a stirred solution of 14
(1.00 g, 6.84 mmol) and PPTS (0.17 g, 0.68 mmol) in CH2Cl2 (5 mL) at
0 8C. The solution was then warmed to room temperature and stirred for
24 h. After this time, the reaction was quenched with saturated aqueous
NaHCO3 at 0 8C, and the resulting mixture was extracted with EtOAc.
The extract was washed with brine, dried (Na2SO4), filtered, and concen-
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trated in vacuo. The residue was chromatographed over silica gel
(hexane/EtOAc 6:1) to give (1.49 g, quant) of 15. [a]24D =�5.51 (c=1.70
in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.89 (t, J=7.4 Hz, 1.5H),
0.90 (t, J=7.4 Hz, 1.5H), 1.15 (d, J=6.3 Hz, 1.5H), 1.18 (t, J=7.0 Hz,
1.5H), 1.19 (t, J=7.0 Hz, 1.5H), 1.22 (d, J=6.3 Hz, 1.5H), 1.23 (d, J=
5.5 Hz, 1.5H), 1.29 (d, J=5.5 Hz, 1.5H), 1.50–1.61 (m, 2H), 2.36–2.47 (m,
1H), 3.41 (dq, J=9.2, 7.0 Hz, 0.5H), 3.49 (dq, J=9.2, 7.0 Hz, 0.5H), 3.60
(dq, J=9.2, 7.0 Hz, 0.5H), 3.61 (dq, J=9.2, 7.0 Hz, 0.5H), 3.69 (s, 3H),
3.80 (dq, J=8.1, 6.3 Hz, 0.5H), 3.91 (dq, J=8.1, 6.3 Hz, 0.5H), 4.68 (q,
J=5.5 Hz, 0.5H), 4.75 ppm (q, J=5.5 Hz, 0.5H); 13C NMR (75 MHz,
CDCl3): d=11.8, 11.9, 15.1, 15.2, 17.6, 18.8, 20.3, 20.5, 21.1, 21.2, 51.2
(two overlapping peaks), 54.2, 54.3, 59.8, 60.0, 72.0, 75.2, 97.9, 100.7,
174.9, 175.7 ppm; IR (film): ñ=1730 (s), 1190 (m), 1080 cm�1 (m);
HRMS (FAB): m/z : calcd for C11H22O4Na: 241.1416; found: 241.1422
[M+Na]+ .


ACHTUNGTRENNUNG(2S,3R)-3-(1-Ethoxyethoxy)-2-ethyl-1-butanol (16): DIBAL (1m in
hexane, 20 mL, 20 mmol) was added dropwise to a stirred solution of 15
(1.50 g, 6.87 mmol) in CH2Cl2 (10 mL) at �78 8C. After 24 h, the reaction
was quenched with saturated aqueous potassium sodium tartrate and the
mixture was warmed gradually to room temperature and stirred for 24 h.
After this time, the mixture was extracted with EtOAc, and the extract
was washed with brine, dried (Na2SO4), filtered, and concentrated in
vacuo. The residue was chromatographed over silica gel (hexane/EtOAc
10:1) to give 16 (1.56 g, quant). [a]24D =�28.3 (c=2.03 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.96 (t, J=7.2 Hz, 3H), 1.20 (t, J=
7.0 Hz, 1.5H), 1.20 (d, J=6.0 Hz, 1.5H), 1.22 (t, J=7.0 Hz, 1.5H), 1.28
(d, J=6.0 Hz, 1.5H), 1.31 (d, J=5.2 Hz, 1.5H), 1.32 (d, J=5.2 Hz, 1.5H),
1.30–1.48 (m, 3H), 2.70 (dd, J=6.6, 5.1 Hz, 0.5H; OH), 3.17 (dd, J=8.1,
5.1 Hz, 0.5H; OH), 3.44–3.68 (m, 3H), 3.68–3.81 (m, 1H), 3.84–3.97 (m,
1H), 4.69 (q, J=5.2 Hz, 0.5H), 4.70 ppm (q, J=5.2 Hz, 0.5H); 13C NMR
(75 MHz, CDCl3): d=11.7, 11.8, 15.1 (two overlapping peaks), 18.3, 19.4,
20.3, 20.5, 21.0, 21.2, 47.6, 48.0, 60.3, 60.9, 61.6, 62.5, 74.4, 77.2, 98.2,
100.5 ppm; IR (film): ñ=3425 (m), 1130 (s), 1080 (s), 1050 cm�1 (s);
HRMS (FAB): m/z : calcd for C10H23O3: 191.1647; found: 191.1651
[M+H]+ .


ACHTUNGTRENNUNG(2R,3R)-3-(1-Ethoxyethoxy)-2-ethylbutanal (17): A solution of dimethyl
sulfoxide (1.53 g, 19.6 mmol) in CH2Cl2 (5 mL) was added dropwise to a
stirred solution of oxalyl chloride (1.24 g, 9.81 mmol) in CH2Cl2 (10 mL)
at �78 8C, and the mixture was stirred for 30 min. After this time, a solu-
tion of 16 (1.56 g, 8.17 mmol) in CH2Cl2 (10 mL) was added dropwise to
the mixture at �78 8C. After 1.5 h, Et3N (4.56 mL, 32.7 mmol) was added
dropwise, and the resulting mixture was stirred for 1 h. The reaction was
quenched with saturated aqueous NH4Cl, and the mixture was extracted
with EtOAc. The extract was washed with brine, dried (Na2SO4), filtered,
and concentrated in vacuo. The residue was chromatographed over silica
gel (hexane/EtOAc 10:1) to give 17 (1.56 g, quant). [a]24D =�27.0 (c=1.60
in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.93 (t, J=7.5 Hz, 3H), 1.19
(t, J=7.1 Hz, 1.5H), 1.196 (d, J=6.3 Hz, 1.5H), 1.198 (t, J=7.1 Hz,
1.5H), 1.26 (d, J=6.3 Hz, 1.5H), 1.286 (d, J=5.2 Hz, 1.5H), 1.288 (d, J=
5.2 Hz, 1.5H), 1.51–1.65 (m, 1H), 1.65–1.80 (m, 1H), 2.18–2.32 (m, 1H),
3.41–3.54 (m, 1H), 3.54–3.67 (m, 1H), 3.94 (quin, J=6.3 Hz, 0.5H), 4.06
(quin, J=6.3 Hz, 0.5H), 4.72 (q, J=5.2 Hz, 0.5H), 4.77 (q, J=5.2 Hz,
0.5H), 9.69 (d, J=3.3 Hz, 0.5H), 9.70 ppm (d, J=3.3 Hz, 0.5H);
13C NMR (75 MHz, CDCl3): d=11.59, 11.64, 15.1, 15.2, 17.9, 18.7, 19.1,
19.2, 20.1, 20.3, 59.4, 59.6, 59.8, 59.9, 70.6, 73.0, 97.5, 100.2, 204.9,
205.1 ppm; IR (film): ñ=2720 (w), 1720 (s), 1135 (s), 1080 (s), 1060 cm�1


(m); HRMS (FAB): m/z : calcd for C10H19O3: 187.1334; found: 187.1348
[M�H]� .
ACHTUNGTRENNUNG(3S,4R)-4-(1-Ethoxyethoxy)-3-ethyl-1-iodo-1-pentene (18): NaHMDS
(1m in THF, 1.03 mL, 1.03 mmol) was added dropwise to a stirred sus-
pension of iodomethyltriphenylphosphonium iodide (0.55 g, 1.03 mmol)
in THF (3.9 mL) at room temperature. After 10 min, a solution of 17
(0.16 g, 0.82 mmol) in THF (1 mL) was added dropwise at �20 8C and
the resulting mixture was stirred for 3 h before being gradually warmed
to room temperature. Hexane (5 mL), Celite (1.5 g) and water (0.5 mL)
were then successively added to the mixture and the resulting slurry was
stirred for a few minutes. After filtration, the filtrate was concentrated in
vacuo and the resulting residue was diluted with water and extracted


with EtOAc. The extract was washed with brine, dried (MgSO4), filtered,
and concentrated in vacuo. The residue was chromatographed over silica
gel (hexane/EtOAc 20:1) to give 18 (0.18 g, 68%) as a pale yellow oil.
[a]24D =++33.1 (c=2.63 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.90
(t, J=7.5 Hz, 1.5H), 0.91 (t, J=7.5 Hz, 1.5H), 1.09 (d, J=6.3 Hz, 1.5H),
1.15 (d, J=6.3 Hz, 1.5H), 1.20 (t, J=7.2 Hz, 1.5H), 1.21 (t, J=7.2 Hz,
1.5H), 1.29 (d, J=5.2 Hz, 1.5H), 1.31 (d, J=5.2 Hz, 1.5H), 1.38–1.54 (m,
1H), 1.54–1.70 (m, 1H), 2.39–2.50 (m, 1H), 3.42–3.58 (m, 1H), 3.58–3.70
(m, 1H), 3.71 (dq, J=3.3, 6.3 Hz, 0.5H), 3.80 (dq, J=3.3, 6.3 Hz, 0.5H),
4.736 (q, J=5.2 Hz, 0.5H), 4.743 (q, J=5.2 Hz, 0.5H), 6.03 (dd, J=9.9,
7.2 Hz, 0.5H), 6.06 (dd, J=9.9, 7.2 Hz, 0.5H), 6.346 (d, J=7.2 Hz, 0.5H),
6.353 ppm (d, J=7.2 Hz, 0.5H); 13C NMR (75 MHz, CDCl3): d=11.6,
11.7, 15.1, 15.2, 17.6, 18.5, 20.4, 20.6, 22.6, 23.1, 52.06, 52.11, 59.97, 60.00,
72.4, 74.8, 84.0, 84.2, 97.7, 100.0, 142.2, 142.3 ppm; IR (film): ñ=3070
(w), 1610 (w), 1130 (s), 1085 (s), 1055 cm�1 (s); HRMS (EI): m/z : calcd
for C11H21IO2: 312.0587; found: 312.0589 [M]+ .


ACHTUNGTRENNUNG(3S,4R)-1,1-Dibromo-4-(1-ethoxyethoxy)-3-ethyl-1-pentene (26): A solu-
tion of CBr4 (2.22 g, 6.69 mmol) in CH2Cl2 (5 mL) was added dropwise to
a stirred mixture of Ph3P (3.51 g, 13.0 mmol) and pyridine (1.1 mL) in
CH2Cl2 (10 mL) at 0 8C, and the mixture was stirred for 15 min. A solu-
tion of 17 (600 mg, 3.19 mmol) in CH2Cl2 (5 mL) was then added, and
the resulting mixture was stirred at 0 8C for 1.5 h before being diluted
with CH2Cl2. The solution was washed with saturated aqueous NaHCO3,
dried (Na2SO4), filtered, and concentrated in vacuo. The residue was
chromatographed over silica gel (hexane/EtOAc 20:1) to give 26
(700 mg, 64%) as a pale yellow oil. [a]24D =++18.0 (c=1.82 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.91 (t, J=7.2 Hz, 1.5H), 0.92 (t, J=
7.2 Hz, 1.5H), 1.10 (d, J=6.3 Hz, 1.5H), 1.17 (d, J=6.3 Hz, 1.5H), 1.20
(t, J=7.0 Hz, 3H), 1.29 (d, J=5.2 Hz, 1.5H), 1.30 (d, J=5.2 Hz, 1.5H),
1.35–1.51 (m, 1H), 1.51–1.66 (m, 1H), 2.31–2.42 (m, 1H), 3.43–3.54 (m,
1H), 3.57–3.68 (m, 1H), 3.69 (dq, J=3.6, 6.3 Hz, 0.5H), 3.79 (dq, J=3.6,
6.3 Hz, 0.5H), 4.69 (q, J=5.2 Hz, 0.5H), 4.73 (q, J=5.2 Hz, 0.5H), 6.30
(d, J=9.9 Hz, 0.5H), 6.33 ppm (d, J=9.9 Hz, 0.5H); 13C NMR (75 MHz,
CDCl3): d=11.7, 11.8, 15.19, 15.24, 17.9, 19.0, 20.3, 20.5, 23.1, 23.4, 51.66,
51.68, 59.8, 59.9, 71.9, 74.5, 89.2, 89.4, 97.6, 100.3, 139.8, 140.0 ppm; IR
(film): ñ=1130 (s), 1090 (s), 1060 (m), 760 (s), 670 cm�1 (m); HRMS
(EI): m/z : calcd for C11H20


79Br2O2: 341.9830; found: 341.9837 [M]+ .


ACHTUNGTRENNUNG(3S,4R)-4-(1-Ethoxyethoxy)-2-ethyl-1-pentyne (27): nBuLi (1.6m in
hexane, 5.11 mL, 8.18 mmol) was added dropwise to a stirred solution of
26 (700 mg, 2.05 mmol) in THF (4 mL) at �78 8C, and the solution was
stirred for 24 h. After this time, the reaction was quenched with saturated
aqueous NH4Cl, and the resulting mixture was extracted with EtOAc.
The extract was washed with brine, dried (MgSO4), filtered, and concen-
trated at atmospheric pressure. The residue was chromatographed over
silica gel (pentane/ether 20:1) to give 27 (297 mg, 79%) as a pale yellow
oil. [a]24D =++22.2 (c=1.65 in CHCl3);


1H NMR (300 MHz, CDCl3): d=
1.040 (t, J=7.4 Hz, 1.5H), 1.044 (t, J=7.4 Hz, 1.5H), 1.195 (t, J=7.1 Hz,
1.5H), 1.203 (t, J=7.1 Hz, 1.5H), 1.21 (d, J=6.2 Hz, 1.5H), 1.26 (d, J=
6.2 Hz, 1.5H), 1.31 (d, J=5.2 Hz, 1.5H), 1.32 (d, J=5.2 Hz, 1.5H), 1.36–
1.55 (m, 1H), 1.55–1.71 (m, 1H), 2.08 (d, J=2.5 Hz, 0.5H), 2.09 (d, J=
2.5 Hz, 0.5H), 2.35–2.47 (m, 1H), 3.45–3.56 (m, 1H), 3.58–3.71 (m, 1H),
3.79 (dq, J=4.2, 6.2 Hz, 0.5H), 3.83 (dq, J=4.2, 6.2 Hz, 0.5H), 4.77 (q,
J=5.2 Hz, 0.5H), 4.78 ppm (q, J=5.2 Hz, 0.5H); 13C NMR (75 MHz,
CDCl3): d=12.0, 12.1, 15.2 (two overlapping peaks), 16.9, 18.0, 20.3, 20.5,
22.4, 22.6, 39.8, 40.0, 59.8, 60.2, 70.5 (two overlapping peaks), 72.4, 74.3,
85.2, 98.3, 99.9 ppm; IR (film): ñ=3300 (m), 2250 (w), 2110 (w), 1125 (s),
1080 (s), 1060 (s), 760 cm�1 (vs); HRMS (FAB): m/z : calcd for C11H19O2:
183.1385; found: 183.1386 [M�H]� .
S-Dodecyl (S)-2-{(4R,5R,6S)-6-[(S)-2-(4-methoxybenzyloxy)-1-methyleth-
yl]-2,2,5-trimethyl-1,3-dioxan-4-yl}propanethioate (30): nBuLi (1.6m in
hexane, 0.66 mL, 1.06 mmol) was added dropwise to a stirred solution of
dodecanethiol (225 mg, 1.11 mmol) in THF (3.5 mL) at �5 8C. After
30 min, the reaction mixture was cooled to �78 8C and a solution of 11
(150 mg, 0.278 mmol) in THF (1 mL) was added. The resulting solution
was stirred for 2 h at �78 8C and was then gradually warmed to 0 8C over
a period of 3 h before being quenched with saturated aqueous NH4Cl.
The mixture was extracted with AcOEt, and the extract was washed with
brine, dried (MgSO4), filtered, and concentrated in vacuo. The residue
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was chromatographed over silica gel (hexane/EtOAc 20:1) to give 30
(120 mg, 77%) as a pale yellow oil. [a]24D =++18.2 (c=6.35 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.87 (d, J=6.9 Hz, 3H), 0.88 (t, J=
6.6 Hz, 3H), 0.93 (d, J=6.9 Hz, 3H), 1.22 (d, J=6.9 Hz, 3H), 1.18–1.37
(m, 21H), 1.31 (s, 3H), 1.48–1.60 (m, 2H), 1.75–1.93 (m, 2H), 2.72 (quin,
J=6.9 Hz, 1H), 2.82 (dt, J=13.2, 7.1 Hz, 1H), 2.91 (dt, J=13.2, 7.1 Hz,
1H), 3.39 (dd, J=8.8, 6.3 Hz, 1H), 3.53 (dd, J=8.8, 2.7 Hz, 1H), 3.58
(dd, J=6.9, 5.8 Hz, 1H), 3.62 (dd, J=10.7, 4.1 Hz, 1H), 3.81 (s, 3H), 4.41
(s, 2H), 6.87 (deformed d, J=8.8 Hz, 2H), 7.25 ppm (deformed d, J=
8.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=11.9, 12.6, 13.2, 14.0, 22.6,
23.7, 24.9, 28.7, 28.8, 29.0, 29.2, 29.4 (two overlapping peaks), 29.48, 29.53
(two overlapping peaks), 31.8, 33.6, 35.4, 52.4, 55.2, 69.9, 72.1, 72.8, 76.2,
100.8, 113.7, 129.2, 131.1, 159.2, 201.9 ppm; IR (film): ñ=1680 (s), 1610
(m), 1510 (s), 1250 (s), 1220 cm�1 (s); HRMS (EI): m/z : calcd for
C33H56O5S: 564.3848; found: 564.3852 [M]+ .


ACHTUNGTRENNUNG(2S,6S,7R)-7-(1-Ethoxyethoxy)-6-ethyl-2-{(4R,5R,6S)-6-[(S)-2-(4-methoxy-
benzyloxy-1-methylethyl)-2,2,5-trimethyl-1,3-dioxan-4-yl]-4-octyn-3-one (29):
A solution of 30 (120 mg, 0.212 mmol) in DMF (0.5 mL) was added to a
stirred mixture of [PdCl2 ACHTUNGTRENNUNG(dppf)] (17 mg, 0.020 mmol), CuI (69 mg,
0.36 mmol), tri ACHTUNGTRENNUNG(2-furyl)phosphine (12 mg, 0.050 mmol), and Et3N
(0.3 mL) in DMF (1.0 mL) at room temperature. A solution of 27
(74 mg, 0.404 mmol) in DMF (0.3 mL) was then added at 50 8C, and the
resulting mixture was stirred for 3 h. After this time, the mixture was di-
luted with EtOAc and brine, and was filtered through a Celite pad. The
filtrate was extracted with EtOAc, and the extract was washed with
brine, dried (MgSO4), filtered, and concentrated in vacuo. The residue
was chromatographed over silica gel (hexane/EtOAc 20:1) to give 29
(45 mg, 39%) as a pale yellow oil together with recovered 30 (74 mg,
61%). The recovered thiol ester was retreated with same reaction condi-
tions to give a mixture of 29 and 30, the latter of which was, after chro-
matographic separation, treated once more to the same operation to
eventually provide a maximum yield of 29 (96 mg, 83% in total). [a]24D =


+11.4 (c=4.65 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.92 (d, J=


6.3 Hz, 3H), 0.94 (d, J=6.6 Hz, 3H), 1.05 (t, J=7.4 Hz, 3H), 1.16–1.37
(m, 18H), 1.45–1.96 (m, 4H), 2.52–2.65 (m, 2H), 3.39 (dd, J=8.8, 6.0 Hz,
1H), 3.44–3.65 (m, 4H), 3.76–3.95 (m, 2H), 3.81 (s, 3H), 4.41 (s, 2H),
4.75 (q, J=5.4 Hz, 0.5H), 4.76 (q, J=5.4 Hz, 0.5H), 6.87 (deformed d,
J=8.8 Hz, 2H), 7.25 ppm (deformed d, J=8.8 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=9.5, 11.6, 12.2, 13.3, 15.2, 17.2 (0.5C), 18.3 (0.5C),
20.2 (0.5C), 20.4 (0.5C), 22.0 (0.5C), 22.4 (0.5C), 23.5, 24.6, 33.7, 35.1,
40.4 (0.5C), 40.7 (0.5C), 51.6, 55.2, 59.8 (0.5C), 60.0 (0.5C), 70.0, 72.1,
72.9, 73.3 (0.5C), 73.6 (0.5C), 75.0, 77.2, 96.1, 98.1 (0.5C), 99.9 (0.5C),
100.8, 113.7, 129.2, 131.0, 159.2, 186.2 ppm; IR (film): ñ=2200 (m), 1670
(s), 1610 (m), 1510 (vs), 1250 (vs), 1225 (vs), 1080 cm�1 (vs); HRMS
(FAB): m/z : calcd for C32H50O7Na: 569.3454; found: 569.3459 [M+Na]+ .


(2S,3S,4R,5S,6S)-2-[(3S,4R)-3-Ethyl-4-hydroxy-1-pentynyl]-2-methoxy-6-
[(S)-2-(4-methoxybenzyloxy)-1-methylethyl]-3,5-dimethyltetrahydropyr-
an-4-ol (32): Camphorsulfonic acid (1.3 mg, 5.5 mmol) was added to a stir-
red solution of 29 (12 mg, 22 mmol) and MeOH (0.2 mL) in CH2Cl2
(1.5 mL) at 0 8C, and the resulting mixture was stirred at 0 8C for 3 d.
After this time, the reaction was quenched with saturated aqueous
NaHCO3, and the resulting mixture was extracted with EtOAc. The ex-
tract was washed with brine, dried (Na2SO4), filtered, and concentrated
in vacuo. The residue was chromatographed over silica gel (hexane/
EtOAc 5:1) to give 32 (9.0 mg, 91%) as a pale yellow oil. The 1H NMR
spectrum indicated that the product was a 3:1 mixture of 32 and its C2-
epimer. [a]24D =�65.4 (c=1.65 in CHCl3);


1H NMR (300 MHz, CDCl3):
d=0.92 (d, J=6.9 Hz, 3H), 0.94 (d, J=6.6 Hz, 3H), 1.05 (t, J=7.2 Hz,
3H), 1.13 (d, J=6.9 Hz, 3H), 1.27 (d, J=6.9 Hz, 3H), 1.50–1.64 (m. 3H),
1.75–1.95 (br s, 2H; 2NOH), 1.88–2.03 (m, 2H), 2.32–2.41 (m, 1H), 3.25
(s, 3H), 3.52–3.58 (m, 3H), 3.72–3.81 (m, 2H), 3.81 (s, 3H), 4.41 (s, 2H),
6.87 (deformed d, J=8.8 Hz, 2H), 7.25 ppm (deformed d, J=8.8 Hz,
2H); 13C NMR (75 MHz, CDCl3): d=4.3, 11.9, 12.3, 13.1, 21.2, 24.3, 34.7,
35.5, 41.7, 42.3, 50.2, 55.2, 69.0, 71.7, 71.9, 72.2, 72.7, 81.7, 84.1, 98.8,
113.7, 129.1, 130.9, 159.1 ppm; IR (film): ñ=3400 (s), 2230 (w), 1610 (s),
1510 (s), 1250 cm�1 (s); HRMS (FAB): m/z : calcd for C26H40O6Na:
471.2723; found: 471.2727 [M+Na]+ .


(2R,3S,4R,5S,6S)-2-[(1Z,3S,4R)-3-Ethyl-4-hydroxy-1-pentenyl]-2-me-
thoxy-6-[(S)-2-(4-methoxybenzyloxy)-1-methylethyl]-3,5-dimethyltetrahy-
dropyran-4-ol (33): A mixture of 32 (28 mg, 0.062 mmol), LindlarLs cata-
lyst (approximately 200 mg) and 1-hexene (0.5 mL) in EtOAc (1 mL) was
vigorously stirred for 15 min at room temperature under a hydrogen at-
mosphere. After this time, the mixture was filtered through a Celite pad
and concentrated in vacuo. The residue was chromatographed over silica
gel (hexane/EtOAc 5:1) to give 33 (25 mg, 89%) as a pale yellow oil.
[a]24D =�62.6 (c=1.65 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.87 (t,
J=7.5 Hz, 3H), 0.96 (d, J=6.9 Hz, 3H), 0.97 (d, J=6.9 Hz, 3H), 1.03 (d,
J=6.6 Hz, 3H), 1.19 (d, J=6.0 Hz, 3H), 1.50–1.81 (m, 4H; H-3+OH),
1.88–2.05 (m, 2H), 2.60–2.73 (m, 1H), 3.04 (br s, 1H; OH), 3.15 (s, 3H),
3.41 (dd, J=7.7, 6.0 Hz, 1H), 3.51–3.58 (m, 2H), 3.71–3.88 (m, 2H), 3.79
(s, 3H), 4.36 (d, J=11.5 Hz, 1H), 4.40 (d, J=11.5 Hz, 1H), 5.36 (dd, J=
12.1, 10.9 Hz, 1H), 5.72 (d, J=12.1 Hz, 1H), 6.86 (deformed d, J=
8.5 Hz, 2H), 7.23 ppm (deformed d, J=8.5 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d=5.1, 11.4, 12.0, 13.3, 21.9, 24.5, 35.1, 35.6, 41.9, 48.2, 48.6, 55.2,
69.4, 71.9, 72.3, 72.4, 72.6, 102.7, 113.7, 129.2, 130.9, 133.4, 137.1,
159.1 ppm; IR (film): ñ=3425 (m), 1610 (m), 1510 (s), 1250 (s), 1035 (s),
760 cm�1 (s); HRMS (FAB): m/z : calcd for C26H42O6Na: 473.2879; found:
473.2882 [M+Na]+ .


(2S,3S,4R,5S,6R,8R,9S)-9-Ethyl-2-[(S)-2-(4-methoxybenzyloxy)-1-methyl-
ethyl]-3,5,8-trimethyl-1,7-dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-4-ol (34): A catalyt-
ic amount of PPTS was added to a stirred solution of 33 (25 mg,
0.056 mmol) in toluene (1.5 mL) and the mixture was stirred at room
temperature for 1 h. After this time, the reaction was quenched with sa-
turated aqueous NaHCO3 and the resulting mixture was extracted with
EtOAc. The extract was washed with brine, dried (MgSO4), filtered, and
concentrated in vacuo. The residue was chromatographed over silica gel
(hexane/EtOAc 5:1) to give 23 mg (99%) of 34 as a pale yellow oil.
[a]24D =�5.3 (c=1.55 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.89 (d,
J=6.9 Hz, 3H), 0.90 (d, J=6.9 Hz, 3H), 0.941 (d, J=6.9 Hz, 3H), 0.944
(t, J=7.4 Hz, 3H), 1.26 (s, 1H; OH), 1.31 (d, J=6.6 Hz, 3H), 1.47 (quin,
J=7.4 Hz, 2H), 1.55–1.71 (m, 2H), 1.87–1.97 (m, 1H), 1.97–2.07 (m,
1H), 3.29 (dd, J=8.9, 7.2 Hz, 1H), 3.58 (dd, J=8.9, 3.3 Hz, 1H), 3.77–
3.87 (m, 2H), 3.80 (s, 3H), 3.93 (q, J=6.6 Hz, 1H), 4.36 (s, 2H), 5.53 (dd,
J=10.3, 1.3 Hz, 1H), 5.99 (ddd, J=10.3, 5.4, 0.8 Hz, 1H), 6.86 (deformed
d, J=8.6 Hz, 2H), 7.24 ppm (deformed d, J=8.6 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=4.3, 11.8, 12.4, 13.3, 21.7, 26.1, 35.3, 36.0, 40.2, 40.9,
55.2, 71.2, 71.9, 72.5 (three overlapping peaks), 96.8, 113.7, 127.9, 129.3,
130.1, 131.0, 159.1 ppm; IR (film): ñ=3450 (m), 3030 (w), 1610 (m), 1510
(s), 1250 (s), 1030 cm�1 (s); HRMS (FAB): m/z : calcd for C25H38O5Na:
441.2617; found: 441.2623 [M+Na]+ .


(2S,3R,4R,5S,6R,8R,9S)-9-Ethyl-2-[(S)-2-(4-methoxybenzyloxy)-1-meth-
ylethyl]-3,5,8-trimethyl-1,7-dioxaspiroACHTUNGTRENNUNG[5.5]undec-10-en-4-yl acetate (35):
Acetic anhydride (20 mL, 0.21 mmol) and a catalytic amount of DMAP
was added to a stirred solution of 34 (10 mg, 0.024 mmol) in pyridine
(0.3 mL) at room temperature. After 24 h, the mixture was diluted with
saturated aqueous NH4Cl and extracted with EtOAc. The extract was
washed with brine, dried (Na2SO4), filtered, and concentrated in vacuo.
The residue was chromatographed over silica gel (hexane/EtOAc 10:1)
to give 35 (11 mg quant) as a pale yellow oil. [a]24D =�17.0 (c=1.65,
CHCl3);


1H NMR (300 MHz, CDCl3): d=0.78 (d, J=6.6 Hz, 3H), 0.88
(d, J=6.9 Hz, 3H), 0.92 (d, J=6.9 Hz, 3H), 0.93 (t, J=7.4 Hz, 3H), 1.29
(d, J=6.8 Hz, 3H), 1.40–1.51 (m, 2H), 1.61–1.70 (m, 1H), 1.80 (dq, J=
11.6, 6.6 Hz, 1H), 1.84–1.95 (m, 1H), 2.06 (s, 3H), 2.11–2.20 (m, 1H),
3.27 (dd, J=8.7, 7.5 Hz, 1H), 3.59 (dd, J=8.7, 3.3 Hz, 1H), 3.80 (s, 3H),
3.88 (dd, J=10.5, 2.1 Hz, 1H), 3.94 (q, J=6.8 Hz, 1H), 4.36 (s, 2H), 5.07
(dd, J=11.6, 4.7 Hz, 1H), 5.54 (dd, J=10.2, 1.4 Hz, 1H), 6.00 (ddd, J=
10.2, 5.8, 0.8 Hz, 1H), 6.86 (deformed d, J=8.8 Hz, 2H), 7.24 ppm (de-
formed d, J=8.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=5.2, 11.8, 12.4,
13.3, 21.0, 21.7, 26.0, 33.4, 35.3, 38.0, 40.8, 55.2, 71.2, 71.3, 72.5 (two over-
lapping peaks), 75.4, 96.7, 113.7, 127.5, 129.2, 130.6, 131.0, 159.1,
170.7 ppm; IR (film): ñ=3020 (w), 1735 (s), 1610 (m), 1510 (s),
1230 cm�1 (s); HRMS (FAB): m/z : calcd for C27H40O6Na: 483.2723;
found: 483.2727 [M+Na]+ .


(2S,3R,4R,5S,6R,8R,9S)-9-Ethyl-2-[(S)-2-hydroxy-1-methylethyl]-3,5,8-
trimethyl-1,7-dioxaspiroACHTUNGTRENNUNG[5.5]undec-10-en-4-yl acetate (36): DDQ (25 mg,
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0.11 mmol) was added to a stirred mixture of 35 (36.0 mg, 0.078 mmol)
and water (0.2 mL) in CH2Cl2 (1 mL) at 0 8C. After 1 h, the mixture was
diluted with water and extracted with EtOAc. The extract was washed
with brine, dried (Na2SO4), filtered, and concentrated in vacuo. The resi-
due was chromatographed over silica gel (hexane/EtOAc 30:1) to give
23 mg (86%) of 36 as a pale yellow oil. [a]24D =�21.9 (c=1.15 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.77 (d, J=6.8 Hz, 3H), 0.80 (d, J=
6.8 Hz, 3H), 0.92 (d, J=6.9 Hz, 3H), 0.94 (t, J=7.2 Hz, 3H), 1.26 (br s,
1H; OH), 1.39 (d, J=6.8 Hz, 3H), 1.37–1.53 (m, 2H), 1.68–1.77 (m, 1H),
1.83 (dq, J=11.5, 6.8 Hz, 1H), 1.90–2.01 (m, 1H), 2.07 (s, 3H), 2.12–2.22
(m, 1H), 3.45 (brd, J=10.7 Hz, 1H), 3.64 (dd, J=10.7, 8.5 Hz, 1H), 3.99
(brq, J=6.8 Hz, 1H), 4.01 (dd, J=10.2, 2.5 Hz, 1H), 5.09 (dd, J=11.5,
4.8 Hz, 1H), 5.54 (dd, J=10.2, 1.4 Hz, 1H), 6.03 ppm (ddd, J=10.2, 5.5,
0.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=5.4, 11.6, 12.3, 12.7, 21.0,
21.2, 25.9, 33.7, 36.3, 38.1, 40.6, 68.5, 71.7, 74.7, 76.9, 97.0, 126.9, 131.6,
170.7 ppm; IR (film): ñ=3500 (m), 1720 (s), 1240 (s), 1030 (s), 990 (s),
760 cm�1 (vs); HRMS (FAB): m/z : calcd for C19H33O5: 341.2328; found:
341.2333 [M+H]+ .


(2R,3R,4R,5S,6R,8R,9S)-9-Ethyl-3,5,8-trimethyl-2-[(R)-1-methyl-2-oxo-
ethyl]-1,7-dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-4-yl acetate (37): Dess–Martin pe-
riodinane (43 mg, 0.10 mmol) was added to a stirred solution of 36
(23 mg, 0.068 mmol) and pyridine (30 mL) in CH2Cl2 (2 mL) at 0 8C. The
resulting solution was warmed to room temperature and stirred for 24 h.
The reaction was quenched with saturated aqueous Na2S2O3, and the re-
sulting mixture was extracted with EtOAc. The extract was washed with
brine, dried (MgSO4), filtered, and concentrated in vacuo. The residue
was chromatographed over silica gel (hexane/EtOAc 10:1) to give 37
(21 mg, 91%) as a pale yellow oil. [a]24D =�40.9 (c=1.05 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.80 (d, J=6.8 Hz, 3H), 0.925 (t, J=
7.4 Hz, 3H), 0.929 (d, J=7.1 Hz, 3H), 0.97 (d, J=6.9 Hz, 3H), 1.23 (d,
J=6.9 Hz, 3H), 1.39–1.50 (m, 2H), 1.61–1.71 (m, 1H), 1.84 (dq, J=11.7,
6.8 Hz, 1H), 2.08 (s, 3H), 2.14–2.24 (m, 1H), 2.55 (ddq, J=10.4, 3.2,
6.9 Hz, 1H), 3.96 (q, J=6.9 Hz, 1H), 4.24 (dd, J=10.4, 2.2 Hz, 1H), 5.10
(dd, J=11.7, 4.9 Hz, 1H), 5.53 (dd, J=10.4, 1.4 Hz, 1H), 6.00 (ddd, J=
10.2, 5.8, 1.1 Hz, 1H), 9.73 ppm (d, J=3.2 Hz, 1H); 13C NMR (75 MHz,
CDCl3): d=5.3, 9.6, 11.7, 12.3, 21.0, 22.2, 26.0, 33.2, 38.1, 40.7, 47.6, 71.4,
71.5, 74.7, 97.1, 126.9, 131.0, 170.6, 205.2 ppm; IR (film): ñ=3030 (w),
1735 (s), 1730 (s), 1240 (s), 990 cm�1 (s); HRMS (FAB): m/z : calcd for
C19H31O5: 339.2172; found: 339.2177 [M+H]+ .


Methyl (S)-6-[(2S,3R,4R,5S,6R,8R,9S)-4-acetoxy-9-ethyl-3,5,8-trimethyl-
1,7-dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-2-yl]-2,4-heptadienoate (38): LiHMDS
(1m in hexane, 36 mL, 0.036 mmol) was added dropwise to a stirred solu-
tion of 4 (8.7 mg, 0.037 mmol) in THF (0.3 mL) at �78 8C. After 20 min,
37 (6.0 mg, 0.018 mmol) in THF (0.5 mL) was added and the resulting
mixture was stirred at �78 8C for 3 h. After this time, the reaction was
quenched with saturated aqueous NH4Cl and the mixture was extracted
with EtOAc. The extract was washed with brine, dried (MgSO4), filtered,
and concentrated in vacuo. The residue was chromatographed over silica
gel (hexane/EtOAc 50:1) to give 38 (7.0 mg, 94%) as a pale yellow oil.
[a]24D =++17.3 (c=0.75 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.78
(d, J=6.9 Hz, 3H), 0.90 (d, J=6.9 Hz, 3H), 0.92 (t, J=7.3 Hz, 3H), 0.97
(d, J=6.9 Hz, 3H), 1.24 (d, J=6.9 Hz, 3H), 1.38–1.49 (m, 2H), 1.58–1.68
(m, 1H), 1.80 (dq, J=11.7, 6.9 Hz, 1H), 2.07 (s, 3H), 2.15–2.25 (m, 1H),
2.37–2.50 (m, 1H), 3.73 (s, 3H), 3.84 (dd, J=9.9, 2.1 Hz, 1H), 3.93 (q, J=
6.9 Hz, 1H), 5.06 (dd, J=11.7, 4.8 Hz, 1H), 5.52 (dd, J=10.2, 1.2 Hz,
1H), 5.78 (d, J=15.3 Hz, 1H), 5.97 (ddd, J=10.2, 5.8, 1.0 Hz, 1H), 6.10–
6.23 (m, 2H), 7.18 ppm (dd, J=15.3, 10.2 Hz, 1H); 13C NMR (75 MHz,
CDCl3): d=5.2, 11.8, 12.3, 15.1, 21.0, 22.7, 26.1, 33.5, 38.0, 38.3, 40.8, 51.3,
71.5, 73.7, 75.3, 96.8, 118.9, 127.1, 127.2, 130.8, 145.5, 148.8, 167.9,
170.7 ppm; IR (film): ñ=3020 (w), 1720 (vs), 1640 (s), 1620 (m), 1240
(vs), 1000 (vs), 760 cm�1 (vs); HRMS (FAB): m/z : calcd for C24H37O6:
421.2590; found: 421.2594 [M+H]+ .


Methyl (S)-6-[(2S,3S,4R,5S,6R,8R,9S)-9-ethyl-4-hydroxy-3,5,8-trimethyl-
1,7-dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-2-yl]-2,4-heptadienoate (39): A catalytic
amount of K2CO3 was added to a stirred solution of 38 (12 mg,
0.029 mmol) in MeOH (1 mL) and the mixture was stirred at room tem-
perature for 3 h. After this time, the mixture was diluted with water and
extracted with EtOAc. The extract was washed with brine, dried


(MgSO4), filtered, and concentrated in vacuo. The residue was chromato-
graphed over silica gel (hexane/EtOAc 30:1) to give 39 (9.0 mg, 83%) as
a pale yellow oil. [a]24D =++23.4 (c=0.55 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=0.90 (d, J=6.6 Hz, 3H), 0.92 (d, J=6.6 Hz, 3H), 0.93 (t, J=
7.2 Hz, 3H), 0.99 (d, J=6.6 Hz, 3H), 1.25 (d, J=6.6 Hz, 3H), 1.46 (quin,
J=7.2 Hz, 2H), 1.54–1.67 (m, 2H), 2.01–2.11 (m, 1H), 2.42–2.51 (m,
1H), 3.72 (s, 3H), 3.75 (dd, J=9.9, 2.1 Hz, 1H), 3.84 (dd, J=11.1, 4.7 Hz,
1H), 3.91 (q, J=6.6 Hz, 1H), 5.51 (dd, J=10.4, 1.5 Hz, 1H), 5.78 (d, J=
15.3 Hz, 1H), 5.96 (dd, J=10.4, 5.7 Hz, 1H), 6.17 (dd, J=15.3, 10.2 Hz,
1H), 6.18 (dd, J=15.3, 7.0 Hz, 1H), 7.19 ppm (dd, J=15.5, 10.2 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=4.4, 11.8, 12.4, 15.1, 22.8, 26.1, 36.2, 38.4,
40.3, 40.8, 51.4, 71.6, 72.4, 74.5, 96.9, 118.9, 127.0, 127.6, 130.3, 145.6,
149.1, 167.9 ppm; IR (film): ñ=3475 (m), 1700 (s), 1640 (s), 1620 (m),
1270 (s), 1220 (s), 1150 (s), 1030 (s), 1000 (s), 760 cm�1 (vs); HRMS
(FAB): m/z : calcd for C22H35O5: 379.2484; found: 379.2485 [M+H]+.


(S)-6-[(2S,3S,4R,5S,6R,8R,9S)-9-Ethyl-4-hydroxy-3,5,8-trimethyl-1,7-
dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-2-yl]-2,4-heptadienoic acid (1): A solution of
KOH (0.5m in MeOH, 0.2 mL, 0.1 mmol) was added to a mixture of 39
(7.0 mg, 0.018 mmol) and water (0.1 mL), and the resulting mixture was
stirred at room temperature for 6 h. After this time, the mixture was ex-
tracted with ether and the aqueous layer was acidified to pH 2 with aque-
ous HCl (0.5m) and then extracted with EtOAc. The extract was washed
with brine, dried (MgSO4), filtered, and concentrated in vacuo. The resi-
due was purified by using preparative TLC (Merck silica gel 60 F254,
0.5 mm thick; CHCl3/EtOAc 20:1) to give 1 (6.7 mg (99%) as a colorless
oil. [a]24D =++24 (c=0.15 in CHCl3);


1H NMR (500 MHz, CDCl3): d=0.90
(d, J=6.8 Hz, 3H), 0.92 (d, J=6.5 Hz, 3H), 0.93 (t, J=7.3 Hz, 3H), 1.00
(d, J=6.8 Hz, 3H), 1.24 (d, J=6.8 Hz, 3H), 1.46 (quin, J=7.3 Hz, 2H),
1.56–1.67 (m, 2H), 2.03–2.10 (m, 1H), 2.49 (ddq, J=9.8, 6.8, 6.8 Hz, 1H),
3.75 (dd, J=9.8, 2.0 Hz, 1H), 3.85 (dd, J=11.2, 4.9 Hz, 1H), 3.91 (brq,
J=6.8 Hz, 1H), 5.51 (d, J=10.3 Hz, 1H), 5.78 (d, J=15.1 Hz, 1H), 5.96
(dd, J=10.3, 5.4 Hz, 1H), 6.19 (dd, J=15.4, 10.0 Hz, 1H), 6.25 (dd, J=
15.4, 6.8 Hz, 1H), 7.25 ppm (dd, J=15.1, 10.0 Hz, 1H); 13C NMR
(125 MHz, CDCl3): d=4.5, 11.9, 12.5, 15.2, 22.9, 26.2, 36.2, 38.5, 40.3,
40.8, 71.6, 72.5, 74.5, 96.8, 118.1, 126.8, 127.5, 130.2, 147.5, 150.1,
171.0 ppm; IR (film): ñ3400 (m), 3020 (w), 2960 (s), 2925 (s), 2875 (s),
2650 (w), 1680 (s), 1635 (m), 1610 (m), 1455 (m), 1370 (w), 1300 (w),
1270 (m), 1200 (w), 1020 (m), 990 (s), 960 cm�1 (m); HRMS (FAB): m/z :
calcd for C21H32O5Na: 387.2147; found: 387.2151 [M+Na]+ .


Methyl (S)-6-[(2S,3S,4R,5S,6S,8R,9S)-9-ethyl-4-hydroxy-3,5,8-trimethyl-
1,7-dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-2-yl]-2,4-heptadienoate (11-epi-39): An-
hydrous MgBr2 (9.0 mg, 0.049 mmol) was added to a stirred solution of
39 (5.0 mg, 0.013 mmol) in CH2Cl2 (2 mL) at room temperature. After
3 h, the reaction was quenched with saturated aqueous NaHCO3 and the
mixture was extracted with EtOAc. The extract was washed with brine,
dried (Na2SO4), filtered, and concentrated in vacuo. The residue was
chromatographed over silica gel (hexane/EtOAc 20:1) to give 11-epi-39
(2.0 mg, 40%) as a pale yellow oil together with recovered 39 (3.0 mg,
60%). [a]24D =�22.3 (c=0.10 in CHCl3);


1H NMR (300 MHz, CDCl3): d=
0.88 (t, J=7.4 Hz, 3H), 0.92 (d, J=6.9 Hz, 3H), 0.96 (d, J=6.6 Hz, 3H),
0.97 (d, J=7.1 Hz, 3H), 1.16–1.28 (m, 1H), 1.22 (d, J=6.0 Hz, 3H), 1.44–
1.55 (m, 1H), 1.78 (dq, J=11.3, 6.9 Hz, 1H), 1.81–1.90 (m, 1H), 1.95–
2.12 (m, 2H; H-1+OH), 2.52 (ddq, J=9.8, 6.6, 6.6 Hz, 1H), 3.26 (dd, J=
9.8, 1.6 Hz, 1H), 3.69 (dd, J=11.0, 4.7 Hz, 1H), 3.73 (s, 3H), 3.90 (dq,
J=9.8, 6.0 Hz, 1H), 5.77 (d, J=15.4 Hz, 1H), 5.89 (d, J=11.2 Hz, 1H),
5.93 (dd, J=11.2, 1.6 Hz, 1H), 6.09 (dd, J=15.4, 6.6 Hz, 1H), 6.21 (dd,
J=15.4, 10.4 Hz, 1H), 7.20 ppm (dd, J=15.4, 10.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3): d=4.8, 9.9, 11.4, 15.3, 19.5, 23.3, 36.2, 38.2, 40.7, 42.2,
51.4, 68.1, 74.3, 75.6, 97.9, 118.8, 123.5, 127.6, 134.0, 145.7, 148.3,
168.0 ppm; IR (film): ñ=3450 (m), 3030 (w), 1720 (s), 1640 (s), 1260 (m),
1000 cm�1 (s); HRMS (FAB): m/z : calcd for C22H35O5: 379.2484; found:
379.2489 [M+H]+ .


(S)-6-[(2S,3S,4R,5S,6S,8R,9S)-9-Ethyl-4-hydroxy-3,5,8-trimethyl-1,7-
dioxaspiro ACHTUNGTRENNUNG[5.5]undec-10-en-2-yl]-2,4-heptadienoic acid (2): By the same
protocol as that described for the preparation of 1, 11-epi-39 (2.0 mg,
5.3 mmol) was converted into 2 (1.9 mg, 99%, colorless oil). [a]24D =�20.2
(c=0.05 in CHCl3);


1H NMR (600 MHz, CDCl3): d=0.87 (t, J=7.5 Hz,
3H), 0.92 (d, J=6.6 Hz, 3H), 0.97 (d, J=6.8 Hz, 3H), 0.98 (d, J=6.7 Hz,
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3H), 1.16–1.25 (m, 1H), 1.22 (d, J=6.2 Hz, 3H), 1.45–1.54 (m, 1H), 1.78
(dq, J=11.2, 6.6 Hz, 1H), 1.82–1.88 (m, 1H), 2.04–2.10 (m, 1H), 2.53
(ddq, J=9.8, 6.8, 6.8 Hz, 1H), 3.26 (dd, J=9.8, 1.8 Hz, 1H), 3.69 (dd, J=
11.2, 4.7 Hz, 1H), 3.89 (dd, J=9.8, 6.2 Hz, 1H), 5.77 (d, J=15.5 Hz, 1H),
5.89 (d, J=11.0 Hz, 1H), 5.93 (dd, J=11.0, 2.1 Hz, 1H), 6.14 (dd, J=
15.4, 6.8 Hz, 1H), 6.24 (dd, J=15.4, 10.9 Hz, 1H), 7.26 ppm (dd, J=15.5,
10.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=4.7, 9.8, 11.4, 15.2, 19.4,
23.3, 36.1, 38.3, 40.7, 42.2, 68.1, 74.2, 75.6, 97.9, 118.2, 123.5, 127.5, 134.1,
147.8, 149.5, 171.7 ppm; HRMS (FAB): m/z : calcd for C21H31O5:
363.2172; found: 363.2175 [M�H]� .
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Introduction


Artificial optical sensors that respond selectively to biologi-
cally important metal ions (e.g., Li+ , Na+ , K+ , Mg2+ , and
Ca2+) have attracted much attention for their potential use
in chemical and biological applications.[1] Because of the im-
portance of ionic calcium in physiological processes,[2] che-
mosensors that display specificity toward Ca2+ ions are in
particular demand.[3] Currently, most fluorescence detectors
are prepared by covalently linking molecular receptors to
fluorophores; signal processing is achieved through variation
of the molecule)s electronic nature[4] or of the chromo-
phore)s properties[3f,5] after association with the metal ion.
Although indicator-displaceable ensembles[6] and cyclodex-


trin-based supramolecular host–guest systems[7] have been
applied in many elegant supramolecular sensing complexes,
1:1 host–guest mixtures have yet to be applied as fluores-
cence probes in submillimolar concentrations for the detec-
tion of trace amounts of Ca2+ ions. Part of the difficulty in
developing supramolecular host–guest complexes that oper-
ate as optical sensors at low concentrations is that a very
strong binding affinity must exist between the host and
guest species to avoid a strong background signal from the
fluorescent, free species.[8] Herein, we report a crown ether
based molecular cage[9] that forms extremely stable supra-
molecular complexes with dimethyldiazapyrenium
(DMDAP) ions in CD3CN through the collaboration of mul-
tiple weak C�H···O hydrogen bonds. The very strong bind-
ing affinity in this host–guest system allows the molecular
cage to substantially bleach the fluorescence signal of
DMDAP in equimolar solutions at concentrations as low as
1;10�5m. Remarkably, a 1;10�5m equimolar solution of the
molecular cage and DMDAP is highly selective toward Ca2+


ions: the solution displays a substantial increase in its fluo-
rescence intensity in the presence of Ca2+ , but much less so
in the presence of Li+ , Na+ , K+ , or Mg2+ ions. As a result,
this molecular cage/DMDAP complex behaves as a supra-
molecular fluorescence probe for the detection of Ca2+ ions
in solution.


Abstract: Herein, we report a crown
ether based molecular cage that forms
extremely stable supramolecular com-
plexes with dimethyldiazapyrenium
(DMDAP) ions in CD3CN through the
collaboration of multiple weak C�
H···O hydrogen bonds. The very strong
binding affinity in this host–guest
system allows the molecular cage to
bleach the fluorescence signal of


DMDAP substantially in equimolar
solutions at concentrations as low as
1;10�5m. Remarkably, a 1;10�5m
equimolar solution of the molecular


cage and DMDAP is highly selective
toward Ca2+ ions—relative to other bi-
ologically important Li+ , Na+ , K+ , and
Mg2+ ions—and causes a substantial in-
crease in the fluorescence intensity of
the solution. As a result, this molecular
cage/DMDAP complex behaves as a
supramolecular fluorescence probe for
the detection of Ca2+ ions in solution.
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Results and Discussion


Inspired by a jawlike ditopic
[18]crown-6 (18C6) host that is
capable of forming stable face-to-
face complexes with diammoni-
um ions through multiple N+�
H···O hydrogen bonds[10] and by
the crown ether bis(para-phenyl-
ene)[34]crown-10 (BPP34C10),
which forms a pseudorotaxane-
like complex with DMDAP
through aryl–aryl interactions
and C�H···O hydrogen bonds,[11]


we expected that the cage-like
host 1 would form a very stable
complex with DMDAP in solu-
tion, that is, one that would be
stabilized through multiple weak C�H···O hydrogen bonds
between the methyl and a-pyridinium protons of the
DMDAP ion and the oxygen atoms of the triethylene glycol
chains of molecular cage 1 (Figure 1).[12] In addition, we ex-
pected that the capture of DMDAP within molecular cage 1
would quench the fluorescence emission of the DMDAP ion
through intermolecular, radiationless, energy-transfer[13] or
charge-transfer[14] processes, and we hoped that the addition
of a metal ion to this solution would cause the dissociation
of the complex [1�DMDAP]2+ to release free DMDAP
ions into solution with a concomitant increase in the fluores-
cence emission intensity of the mixture.
We synthesized molecular cage 1 from 2,3,6,7-tetrahy-


droxy-9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene
(2)[15] in three steps (Scheme 1). The reaction of the biscate-


chol 2 with triethyleneglycol monotosylate (3) under basic
conditions gave the tetraol 4, which we then reacted with
tosyl chloride to give the tetrakistosylate 5. The [1+1] mac-
rocyclization reaction of 5 and the biscatechol 2 gave the de-
sired molecular cage 1 in 8% yield.
The 1H NMR spectrum of an equimolar mixture of molec-


ular cage 1 and DMDAPACHTUNGTRENNUNG[PF6]2 in CD3CN (4 mm) at room
temperature displays significant changes in the chemical
shifts of the protons of the complex relative to those of its
free components (Figure 2). To confirm that the disappear-


ance of the signals of the free species in the spectrum is due
to complete complexation of both components, rather than
being the result of fast rates of exchange in the complexa-
tion/decomplexation processes under these conditions, we
used 1H NMR spectroscopy to monitor a nonstoichiometric
mixture of molecular cage 1 (4 mm) and DMDAP ACHTUNGTRENNUNG[PF6]2
(10 mm) in CD3CN; we observed two sets of signals, which
integrated in a 2:3 ratio, with the stronger absorption set
corresponding to the signals of the free DMDAP ions (Fig-
ure 2d). This observation suggests that the binding stoichi-Figure 1. Design of molecular cage 1 for the complexation of DMDAP.


Scheme 1. Synthesis of molecular cage 1.


Figure 2. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) molec-
ular cage 1, b) an equimolar mixture of 1 and DMDAP ACHTUNGTRENNUNG[PF6]2 (4 mm), c)
DMDAP ACHTUNGTRENNUNG[PF6]2, and d) a mixture of 1 (4 mm) and DMDAP ACHTUNGTRENNUNG[PF6]2
(10 mm).
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ometry of the molecular cage 1 to DMDAP is 1:1 and that
the exchange rates for their complexation and decomplexa-
tion are slow under these conditions.[16] We did not observe
any signals of the free species in the 1H NMR spectra upon
diluting an equimolar mixtures of molecular cage 1 and
DMDAP ACHTUNGTRENNUNG[PF6]2 from 1 mm to 10 mm (Figure 3), suggesting
that the binding between molecular cage 1 and DMDAP is
extremely tight.[17]


The 1H NMR spectra of the complex display a downfield
shift for the signal of the protons of the methyl group of
DMDAP and spreading of the protons of the ethylene
glycol signals of molecular cage 1; these features suggest the
possible existence of C�H···O hydrogen bonds in the com-
plex.[18] The upfield shifts of the signals of the aromatic pro-
tons of both 1 (from d=6.81 to 6.14 ppm) and DMDAP
(from d=9.79 and 8.79 ppm to d=9.26 and 8.19 ppm, re-
spectively) suggest possible shielding between the aromatic
rings of the two components in the complex. These results
support our proposed molecular geometry for complex
[(1�DMDAP)] ACHTUNGTRENNUNG[PF6]2 (Figure 1).
We grew single crystals suitable for X-ray crystallography


through liquid diffusion of isopropyl ether into an equimolar
solution of molecular cage 1 and DMDAP ACHTUNGTRENNUNG[PF6]2 in CH3CN.
The solid-state structure confirms the binding geometry in
complex [1�DMDAP]2+ (Figure 4),[19] in which fourteen C�
H···O hydrogen bonds formed between the methyl and a-
pyridinium protons of DMDAP and the oxygen atoms on
the ethylene glycol chains of molecular cage 1. Although C�
H···O hydrogen-bonding interactions are quite weak, the
multiple copies of this weak interaction lead to a very stable
complex [1�DMDAP]2+ in solution.
Figure 5 provides a comparison of the emission spectra


observed upon addition of molecular cage 1 to a solution of
DMDAP ACHTUNGTRENNUNG[PF6]2 ([1]= [DMDAP ACHTUNGTRENNUNG[PF6]2]=1;10�5m); it is clear
that one equivalent of molecular cage 1 quenches the fluo-
rescence of DMDAP substantially under these conditions.
We monitored the fluorescence intensities of the supramo-
lecular system in the presence of various metal ions. For
Li+ , Na+ , K+ , and Mg2+ ions, the fluorescence changes


were much weaker than that observed for Ca2+ ions, sug-
gesting that the interactions of the first four ions with mo-
lecular cage 1 are much weaker than those of the last one
(Figure 5). The value of the fluorescence enhancement ratio
[(F�F0)/F0] after we had added one equivalent of Ca2+ ions
to an equimolar mixture of molecular cage 1 and DMDAP-
ACHTUNGTRENNUNG[PF6]2 (1;10


�5
m) was at least ten times higher than those


determined after the addition of the same amount of Li+ ,
Na+ , K+ , and Mg2+ ions in the same solution (Figure 6);
this result suggests that this molecular cage/DMDAP com-
plex displays good selectivity toward Ca2+ ions among this
set of biologically important metal ions.[20]


The 1H NMR spectrum of a 2:1 molar ratio mixture of
molecular cage 1 and KPF6 displayed a discernable shift in
the signals of the ethylene glycol protons, but the shift
seems to be quite different to the one in the spectrum of a
mixture of 1 and Ca2+ (see Supporting Information); there-
fore, we suspected that the modes of complexation of mo-


Figure 3. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of equimo-
lar mixtures of 1 and DMDAP ACHTUNGTRENNUNG[PF6]2 at concentrations of a) 1, b) 0.1, and
c) 0.01 mm.


Figure 4. ORTEP plot of the solid state structure of [1�DMDAP]2+ . The
dashed lines indicate intracomplex C�H···O hydrogen bonds (see Sup-
porting Information for the bond lengths and bond angles).


Figure 5. The corresponding fluorescence spectra (MeCN, 1;10�5m,
298 K; excitation at 247 nm) of equimolar mixtures of 1, DMDAP, and a)
Li+ , b) Na+ , c) K+, d) Mg2+ , and e) Ca2+ .
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lecular cage 1 to these two types of ions may be different.
We grew single crystals suitable for X-ray crystallography
through liquid diffusion of isopropyl ether into 1:2 molar
ratio solutions of molecular cage 1 and Ca ACHTUNGTRENNUNG(ClO4)2 or KPF6


in CH3CN. The solid-state structures reveal that the com-
plexation of molecular cage 1 with Ca2+ ions utilized only
one of the triethylene glycol chains of each crown ether
moiety[21] (Figure 7), whereas the complex formed with the
two K+ ions involved the cooperation of all of the triethyl-
ACHTUNGTRENNUNGene glycol loops[22] (i.e., each K+ ion was bound to all eight
oxygen atoms of each crown ether unit; Figure 7). Because
the complexation geometries of the molecular cage 1 to
these metal ions involve either one or two triethylene glycol
chains, it is not evident why 1 has a much stronger binding
affinity toward Ca2+ ions than toward Li+ , Na+ , K+ , or
Mg2+ ions; presumably it results from a combination of ef-
fects including the size of the pseudocrown ether)s cavity
and the charge densities, sizes, and coordination numbers of
the cations.[3f, 23]


Conclusion


We have demonstrated that the presence of multiple C�
H···O hydrogen-bonding interactions can lead to the forma-
tion of an extremely stable supramolecular complex be-
tween molecular cage 1 and DMDAPACHTUNGTRENNUNG[PF6]2. The strong
binding affinity between these two species allows this com-
plex to act as a fluorescence probe under dilute conditions
(1;10�5m), in which Ca2+ ions respond highly selectively
with respect to Li+ , Na+ , K+ , and Mg2+ ions. This result
suggests that supramolecular host–guest complexes can be
used as efficient optical probes for detecting analytes at low
concentrations, as long as the binding affinity between the
host and guest is sufficiently strong, yet labile.


Experimental Section


General : All glassware, stirrer bars, syringes, and needles were either
oven- or flame-dried prior to use. All reagents, unless otherwise indicat-


ed, were obtained from commercial sources. Anhydrous CH2Cl2 and
MeCN were obtained by distillation from CaH2 under N2. Reactions
were conducted under N2 or Ar atmospheres. Thin-layer chromatography
(TLC) was performed on Merck 0.25 mm silica gel (Merck Art. 5715).
Column chromatography was undertaken over Kieselgel 60 (Merck, 70–
230 mesh). Melting points are determined by Fargo MP-2D melting point
apparatus. Fluorescence spectra were recorded on Hitachi F-4500. In
NMR spectra, the deuterated solvent was used as the lock, while either
the solvent)s residual protons or TMS was employed as the internal
standard. Chemical shifts are reported in parts per million (ppm). Multi-
plicities are given as s (singlet), d (doublet), t (triplet), q (quartet), m
(mutiplet), and br (broad).


X-ray crystallographic analysis : CCDC-294241, CCDC-294242, and
CCDC-294243 contain the supplementary crystallographic data for
[1�DMDAP] ACHTUNGTRENNUNG[PF6]2·H2O, [1�K2] ACHTUNGTRENNUNG[PF6]2·4MeCN, and [(1�Ca2]-
ACHTUNGTRENNUNG[ClO4]4·8H2O·2CH2Cl2, respectively, contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.


Tetraol 4 : A mixture of K2CO3 (13 g, 94.2 mmol), 2 (2.6 g, 8.6 mmol), and
3 (11.7 g, 38.5 mmol) in CH3CN (150 mL) was heated under reflux for
48 h. The crude product obtained after evaporation of the organic solvent
was partitioned between CH2Cl2 (500 mL) and H2O (500 mL); the organ-
ic layer was collected, dried (MgSO4), and concentrated to afford a


Figure 6. Fluorescence enhancement ratio profiles of a solution of 1 and
DMDAP (1;10�5m in MeCN) in the presence of equimolar selected
metal ions. Excitation was performed at 247 nm; emission was monitored
at 423 nm.


Figure 7. ORTEP plots of the solid state structures of [1�Ca2]4+ ·8H2O
(top) and [1�K2]


2+ ·2MeCN (bottom).
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yellow liquid (4.2 g). This crude material was used directly in the next re-
action without purification.


Tetrakistosylate 5 : A solution of TsCl (4.9 g, 25.7 mmol) in CH2Cl2
(25 mL) was added over 10 min to a solution of tetraol 4 (4.2 g,
5.0 mmol) and triethylamine (3.6 mL, 25.7 mmol) in CH2Cl2 (50 mL) at
0 8C. The mixture was slowly warmed to room temperature, stirred for a
further 12 h, and then partitioned between CH2Cl2 (300 mL) and H2O
(300 mL). The organic layer was separated, dried (MgSO4), concentrated,
and purified (SiO2; EtOAc/hexane, 7:3) to afford the tetrakistosylate 5 as
a pale-yellow liquid (2.5 g, 35%). 1H NMR (400 MHz, CDCl3): d=1.52
(s, 4H), 1.83 (s, 6H), 2.40 (s, 12H), 3.55–3.80 (m, 32H), 4.00–4.15 (m,
16H), 6.85 (s, 4H), 7.29 (d, J=8 Hz, 8H), 7.76 ppm (d, J=8 Hz, 8H);
13C NMR (100 MHz, CDCl3): d=19.0, 21.9, 36.4, 41.4, 68.7, 69.3, 69.6,
70.0, 70.6, 70.7, 109.1, 127.5, 129.4, 132.4, 139.7, 144.2, 145.9 ppm; HR-MS
(FAB): m/z calcd for C70H91O24S4: 1443.4783 [M+H]+ ; found: 1443.4794.


Molecular cage 1: K2CO3 (5.3 g, 38.4 mmol) was added to a solution of
biscatechol 2 (276 mg, 0.93 mmol) and tetrakistosylate 5 (1.3 g,
0.93 mmol) in CH3CN (100 mL) at room temperature. The mixture was
heated under reflux for 12 days and then the organic solvent was evapo-
rated under reduced pressure. The crude product was partitioned be-
tween CH2Cl2 (250 mL) and H2O (250 mL) and then the organic layer
was collected, dried (MgSO4), and concentrated to give a yellow solid,
which was purified (SiO2; MeOH/CH2Cl2, 5:95) to afford the molecular
cage 1 as a white solid (78 mg, 8%). M.p. >288 8C (decomp); 1H NMR
(400 MHz, CDCl3): d=1.50 (s, 8H), 1.77 (s, 12H), 3.60–3.90 (m, 32H),
3.95–4.10 (m, 16H), 6.72 ppm (s, 8H); 13C NMR (100 MHz, CDCl3): d=
19.0, 36.3, 41.3, 69.8, 69.9, 71.0, 108.3, 139.5, 145.7 ppm; HR-MS (FAB):
m/z calcd for C60H77O16: 1053.5212 [M+H]+ ; found: 1053.5216.
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Introduction


Multitopic ligands that contain two or more 2,2’:6’,2’’-terpyr-
idine (tpy) metal-binding domains are now well established
as building-blocks for the assembly of supramolecular sys-
tems.[1,2] While bipyridine (bpy) metal-binding domains are
also commonly used,[3] their disadvantage is that they give
rise to chiral (D and L) [cis-M ACHTUNGTRENNUNG(bpy)2X2] and [M ACHTUNGTRENNUNG(bpy)3] spe-
cies. In contrast, tpy ligands substituted at the 4’-position, or
symmetrically on the outer rings, give achiral [M ACHTUNGTRENNUNG(tpy)2] com-
plexes.[4] Metal-directed self-assembly based on the coordi-
nation chemistry of ditopic tpy ligands has received signifi-
cant recent attention. In most cases, metallamacrocycles are
formed by the reaction of the ditopic tpy ligand with metal
ions, but a significant problem is the competition between


the formation of metallamacrocycles (often entropically fav-
oured under conditions of high dilution)[5–22] and metalla-
ACHTUNGTRENNUNGpolymers.[22–28] Designing spacers between the metal-bonding
domains that possess appropriate structural coding is one
strategy for driving the reaction towards metallamacrocycle
rather than polymer formation. This has been demonstrated
by Newkome and co-workers in both the assembly of molec-
ular triangles[13] and hexagons.[7,9,10,14] Conversely, the use of
flexible spacers that impose little restriction in conforma-
tional space, appears to favour metallapolymer forma-
tion.[22–28] In our own work, we have demonstrated the for-
mation of a range of metallamacrocycles with less well pre-
organised ligands,[15–19,21] but have also shown that the 788
angle between the least-squares planes of the two central
pyridine rings in tpySStpy preorganises the ligand for the
formation of a [4+4] metallamacrocycle upon reaction with
iron(ii) salts.[20] In this report, we focus attention on the use
of 4’-(4-pyridyl)-2,2’:6’,2’’-terpyridine (pytpy) as a building
block in supramolecular chemistry.


The pytpy ligand[29] exhibits versatile coordination chemis-
try, forming mononuclear complexes with one or two pen-
ACHTUNGTRENNUNGdant pyridine groups,[29–37] coordination polygons,[38,39] and
coordination polymers.[40,41] The pendant pyridine donor has
been used to control the self-assembly of monolayers on
platinum, the monolayers being investigated by scanning
tunnelling microscopy and electrochemical techniques.[31,42, 43]


Some years ago, we presented a preliminary report of a


Abstract: A series of N-alkylated de-
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strategy for the construction of a [2+2] metallamacrocycle
containing {Fe ACHTUNGTRENNUNG(tpy)2} motifs based on the N-alkylation of
the pendant pyridine ring in coordinated pytpy.[5] We have
also described a series of N-alkylation reactions of the 4’-
pyridyl groups in [M ACHTUNGTRENNUNG(pytpy)2]


2+ that allow the introduction
of functional substituents to generate a series of metallaviol-
ogens analogous to viologens.[29,30, 44] The strategy of N-al-
ACHTUNGTRENNUNGkylation of free and coordinated pytpy has potential for use
in a range of applications. Williams and co-workers have ob-
served that iridium ACHTUNGTRENNUNG(iii)–bis ACHTUNGTRENNUNG(tpy) complexes containing 4’-(3-
N-methylpyridyl) or 4’-(4-N-methylpyridyl) substituents
function as luminescent sensors for chloride ions,[45] and
Loeb has shown that the N-alkylation of pytpy by 1-bromo-
2-(4,4’-bipyridinium)ethane bromide leads to an effective
building block for the axle of a [2]-rotaxane that has the ca-
pability of binding metal ions.[46] In an elegant piece of
work, Kurth has reported the assembly of a pytpy-based co-
balt(ii)–metallaviologen[47] that has been incorporated as a
functional component of electrochromic thin films.[48–50] This
diversity of applications of N-alkylated pytpy ligands leads
us to present a full account of our recent activities in this
area.


Results and Discussion


Model N-alkyl derivatives of [Ru ACHTUNGTRENNUNG(pytpy)2]
2+ : We have previ-


ously reported the preparation, characterisation and reactiv-
ity of a series of complexes formed by the N-alkylation of
[Fe ACHTUNGTRENNUNG(pytpy)2]


2+ (12+).[29, 44] These studies confirmed that 12+


behaves in an analogous manner to 4,4’-bipyridine, undergo-
ing N-alkylation reactions at both non-coordinated nitrogen
atoms to produce metallaviologens.[5] A crystallographic
study of the N-benzylated derivative [Fe(N-PhCH2pytpy)2]-
ACHTUNGTRENNUNG[PF6]4


[44] illustrated that the spatial properties of [Fe(N-
PhCH2pytpy)2]


4+ render it and its related complexes ideal
building blocks for the formation of metallamacrocyclic
complexes from cyclic bis(4,4’-bipyridinium) salts.[51] We
have now extended our investigation of model N-alkylated
complexes to the reactions of [Ru ACHTUNGTRENNUNG(pytpy)2]


2+ (22+),[30] with a
range of alkylating agents.


We have previously shown that whereas 12+ readily reacts
with MeI to give [Fe(N-Mepytpy)2]


4+ (N-Mepytpy=4’-(N-
methyl-4-pyridinio)-2,2’:6’,2’’-terpyridine), N-methylation of
22+ requires an excess of [Me3O] ACHTUNGTRENNUNG[BF4] in CH3CN under
reflux.[30] The reaction of 2 ACHTUNGTRENNUNG[PF6]2 with an excess of benzyl


bromide in CH3CN at reflux proceeded smoothly to give,
after workup, 3 ACHTUNGTRENNUNG[PF6]4 as a pink solid in 68% yield. The elec-


trospray (ES) mass spectrum exhibited peak envelopes at
m/z=1339 ([M�PF6]


+) and 597 ([M�2PF6]
2+) and a base


peak in the mass spectrum at m/z=362 ([Ru ACHTUNGTRENNUNG(pytpy)2]
2+).


Each envelope showed the correct distribution of isotopo-
logues. The 1H and 13C NMR spectra of 3 ACHTUNGTRENNUNG[PF6]4 confirmed a
symmetrical product and were fully assigned by using
COSY, HMBC, and HMQC techniques. In terms of the sig-
nals assigned to the pytpy protons, the 1H NMR spectrum is
very similar to that of [Ru(N-Mepytpy)2] ACHTUNGTRENNUNG[PF6]4,


[30] with only
signals for H3B, H2C and H3C showing significant differences
between 22+ and 34+ (Table 1). Of these, the signal for
proton H3C undergoes the largest change, moving 0.53 ppm
to higher frequency. Confirmation that N-alkylation had oc-
curred at both pendant pyridine rings came from the results
of a single-crystal structure determination of the complex.
Crystals of 3 ACHTUNGTRENNUNG[PF6]4·2 ACHTUNGTRENNUNG(CH3)2CO·1=3 CH3CN were grown by
slow diffusion of diethyl ether into a solution of 3 ACHTUNGTRENNUNG[PF6]4 in
acetonitrile/acetone . Although the crystal quality was poor,
it was sufficient to permit the gross structural features of
ACHTUNGTRENNUNG3 ACHTUNGTRENNUNG[PF6]4 to be confirmed. The molecular structure of the 34+


ion is presented in Figure 1 (top), and selected bond lengths
and angles are given in the caption. The bond lengths and
angles within the {Ru ACHTUNGTRENNUNG(tpy)2} moiety are unexceptional. Of
the four [PF6]


� ions, one has each F atom disordered over
two sites, each with 50% occupancy. One of the acetone sol-
vent molecules is disordered over two positions (1:1), with
one site coinciding with the position of the 33% occupancy
acetonitrile molecule. In the solid state, two types of interac-
tion between 34+ ions are important. Firstly, rows of cations
run parallel to the crystallographic a axis, with the cations in
each row off-set from one another to facilitate p-stacking
between pyridine rings containing atoms N4 and N6 of adja-
cent cations (shortest contacts between planes=3.5 N).
Complementing this arrangement is one in which cations
align parallel to the b axis (Figure 1 bottom) so that there
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are weak edge-to-face interactions[52,53] between benzyl aro-
matic rings (H521�centroid of ring containing atom C22=
3.1 N; angle C52-H521-centroid=155.48). These interactions
control the relative orientations of the benzyl groups in the
crystalline solid. Interestingly, similar edge-to-face interac-
tions between benzyl groups are absent in the solid-state
structure of the iron(ii) analogue[44] and, as a result, the rela-
tive orientations of the benzyl groups differ between the
iron(ii) and ruthenium(ii) complexes.


A second N-alkylated derivative of 22+ was prepared by
the reaction of 2 ACHTUNGTRENNUNG[PF6]2 with an excess of 2-bromomethyl-
naphthalene in CH3CN under reflux. The reaction was
monitored by TLC and had reached completion after 24 h.
After chromatographic workup 4 ACHTUNGTRENNUNG[PF6]4 was isolated in 71%
yield. The electrospray mass spectrum of 4 ACHTUNGTRENNUNG[PF6]4 showed
peak envelopes at 1439 ([M�PF6]


+), 1294 ([M�2PF6]
+),


1152 ([M�ACHTUNGTRENNUNG(napCH2)�2PF6]
+), 867 ([Ru ACHTUNGTRENNUNG(pytpy)2ACHTUNGTRENNUNG(PF6)]


+)
and 722 ([Ru ACHTUNGTRENNUNG(pytpy)2]


+), each with the correct isotope dis-
tribution. The 1H NMR spectrum of 4 ACHTUNGTRENNUNG[PF6]4 is similar to that
of 3 ACHTUNGTRENNUNG[PF6]4, and both the 1H and 13C NMR spectra confirmed
the presence of a symmetrical, homotopic complex. In addi-
tion to the 1H NMR signals listed in Table 1, a singlet at d=
6.07 ppm was assigned to the CH2 group, and signals at d=
8.17, 8.07, 8.01 and 7.66 ppm to the naphthalene protons.


The electronic absorption spectra of solutions of the two
complexes 3 ACHTUNGTRENNUNG[PF6]4 and 4 ACHTUNGTRENNUNG[PF6]4 in CH3CN resemble that of
[Ru(N-Mepytpy)2]ACHTUNGTRENNUNG[PF6]4.


[30] Alkylation of 2 ACHTUNGTRENNUNG[PF6]2 results in a
red shift of the MLCT absorption from 488 nm in 2 ACHTUNGTRENNUNG[PF6]2 to
507 nm in [Ru(N-Mepytpy)2]ACHTUNGTRENNUNG[PF6]4,


[30] 511 nm in 3 ACHTUNGTRENNUNG[PF6]4 and
513 nm in 4 ACHTUNGTRENNUNG[PF6]4. Each complex also shows a series of in-
tense bands in the UV region that are assigned to ligand-
centred p* !


p transitions; the absorption at 224 nm for
ACHTUNGTRENNUNG4 ACHTUNGTRENNUNG[PF6]4 arises from the naphthalene group.


Both 3 ACHTUNGTRENNUNG[PF6]4 and 4 ACHTUNGTRENNUNG[PF6]4 are redox active and were stud-
ied by using cyclic and differential pulse voltammetries. We
have previously reported that on going from [Ru ACHTUNGTRENNUNG(tpy)2]-
ACHTUNGTRENNUNG[PF6]2 to [Ru ACHTUNGTRENNUNG(pytpy)2]ACHTUNGTRENNUNG[PF6]2, there is a small shift to positive
potential (+0.92 to +0.95 V) for the Ru2+/Ru3+ oxidation


Table 1. 1H NMR spectroscopic data [d in ppm] for CD3CN solutions of pytpy and symmetrical ruthenium(ii) and iron(ii) complexes. See schematic dia-
grams and Schemes 2 and 3 for compound numbering and ring labelling.


H3A H4A H5A H6A H3B H2C H3C


pytpy[a] 8.72 7.99 7.47 8.74 8.80 8.77 7.83
ruthenium(ii) complexes
2 ACHTUNGTRENNUNG[PF6]2


[a] 8.66 7.97 7.20 7.43 9.07 8.97 8.14
[Ru(N-Mepytpy)2] ACHTUNGTRENNUNG[PF6]4


[a] 8.68 8.01 7.23 7.43 9.13 8.95 8.72
3 ACHTUNGTRENNUNG[PF6]4 8.70 8.00 7.23 7.43 9.14 9.09 8.77
4 ACHTUNGTRENNUNG[PF6]4 8.72 7.99 7.22 7.43 9.19 9.18 8.83
5 ACHTUNGTRENNUNG[PF6]4 8.70 8.00 7.22 7.43 9.16 9.11 8.78
6 ACHTUNGTRENNUNG[PF6]4 8.72 8.01 7.23 7.45 9.19 9.04 8.78
7 ACHTUNGTRENNUNG[PF6]4 8.70 (8.72, H3F) 8.00 (8.04, H4F) 7.22 (7.52, H5F) 7.43 (8.74, H6F) 9.18 (8.79, H3E) 9.17 8.80
8 ACHTUNGTRENNUNG[PF6]4 8.69 8.01 7.24 7.44 9.15 9.03 8.76
16 ACHTUNGTRENNUNG[PF6]8 8.55 7.54 6.63 7.28 9.12 9.00 8.75
iron(ii) complexes
1 ACHTUNGTRENNUNG[BF4]2


[b] 8.63 7.92 7.09 7.17 9.23 9.03 8.23
[Fe(N-PhCH2pytpy)2] ACHTUNGTRENNUNG[PF6]4


[c] 8.63 7.96 7.13 7.18 9.27 9.13 8.82
14 ACHTUNGTRENNUNG[PF6]8 8.50 7.80 6.99 7.01 9.16 9.14 8.76
15 ACHTUNGTRENNUNG[PF6]8 8.44 7.44 6.52 6.99 9.19 9.03 8.78


[a] Reference [30]. [b Reference [29]. [c] Reference [44].


Figure 1. Top: Molecular structure of the 34+ ion in the complex 3 ACHTUNGTRENNUNG[PF6]4·2
ACHTUNGTRENNUNG(CH3)2CO·0.3CH3CN. Selected bond parameters: Ru1�N1=2.064(5),
Ru1�N2=1.966(5), Ru1�N3=2.066(5), Ru1�N4=2.073(5), Ru1�N5=
1.970(5), Ru1�N6=2.080(5), C8�C18=1.484(8), N7�C21=1.500(9),
C35�C45=1.493(10), N8�C48=1.486(9) N; N1-Ru1-N2=79.0(2), N2-
Ru1-N3=78.1(2), N4-Ru1-N5=78.6(2), N5-Ru1-N6=79.1(2), N7-C21-
C22=114.8(7), N8-C48-C49=109.8(8)8. Bottom: Part of one chain of cat-
ions that pack along the b axis, supported by weak edge-to-face aromatic
interactions.
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process, indicating that the 4-pyridyl substituent is very
weakly electron-withdrawing.[30] Methylation of the pendant
pyridyl groups results in a further shift to +1.03 V, consis-
tent with an increase in the electron-withdrawing effect on
going from pytpy to [N-Mepytpy]+ .[30] For 3 ACHTUNGTRENNUNG[PF6]4 and
ACHTUNGTRENNUNG4 ACHTUNGTRENNUNG[PF6]4, metal-centred oxidation processes were observed at
+1.01 and +1.02 V, respectively, illustrating that the benzyl
and naphthylmethyl substituents behave in a similar manner
to the methyl substituent in [Ru(N-Mepytpy)2]


4+ . Each of
ACHTUNGTRENNUNG3 ACHTUNGTRENNUNG[PF6]4 and 4 ACHTUNGTRENNUNG[PF6]4 also exhibits several ligand-centred re-
ductions; in the case of 3 ACHTUNGTRENNUNG[PF6]4, these are quasi-reversible,
while 4 ACHTUNGTRENNUNG[PF6]4 shows a reversible ligand reduction at �0.89 V
and two quasi-reversible processes at �1.48 and �1.96 V.


Functionalised N-alkyl derivatives of [Ru ACHTUNGTRENNUNG(pytpy)2]
2+ : Given


the successful preparation and isolation of the N-alkylated
complexes 44+ and 54+ , we turned our attention to N-al-
ACHTUNGTRENNUNGkylated derivatives of 22+ containing pendant functionalities.
The strategy for the formation of complexes 54+ , 64+ and
74+ was the same as for 34+ and 44+ . In each case, 22+ was
treated with an alkylating agent in large excess to ensure
the formation of the N,N’-dialkylated products. In the case
of the preparation of 54+ and 64+ , the excess of 1,4-bis(bro-
momethyl)benzene or 1,10-dibromodecane also ensured that
reaction occurred at only one of the bromo groups, thus pro-
viding complexes 54+ and 64+ with pendant electrophilic
groups. The reactions of 2 ACHTUNGTRENNUNG[PF6]2 with 1,4-bis(bromomethyl)-
benzene or 1,10-dibromodecane were significantly slower
than with benzyl bromide or 2-bromomethylnaphthalene,
and reactions times >48 h were required to achieve com-
plete alkylation. The progress of the reactions was moni-
tored by spot TLC. After only 24 h, two pink products were
present; prolonged heating of the reaction mixture in reflux-
ing acetonitrile led to the gradual disappearance of the spe-
cies with the lower Rf value, and an increase in the amount
of the other fraction. We assume that the lower Rf fraction
is the monoalkylated derivative of 22+ . After workup,
ACHTUNGTRENNUNG5 ACHTUNGTRENNUNG[PF6]4 and 6 ACHTUNGTRENNUNG[PF6]4 were isolated in 35 and 74% yields, re-
spectively.


In the ES mass spectrum of 5 ACHTUNGTRENNUNG[PF6]4, no parent ion nor
ions with characteristic Br-containing isotopic distributions
could be observed. The dominant peak envelopes in the
mass spectrum arose from the fragments [Ru ACHTUNGTRENNUNG(pytpy)2 ACHTUNGTRENNUNG(PF6)]


+


(m/z=867), [Ru ACHTUNGTRENNUNG(pytpy)2]
+ (m/z=720) and [RuACHTUNGTRENNUNG(pytpy)2]


2+


(m/z=362, base peak). In contrast, the ES mass spectrum of
6 ACHTUNGTRENNUNG[PF6]4 exhibited peaks at m/z=1597 and 1451 assigned to
[M�PF6]


+ and [M�2PF6]
+ , respectively, in addition to the


base peak at m/z=362 assigned to [RuACHTUNGTRENNUNG(pytpy)2]
2+ and a


peak at m/z=529 arising from [Br ACHTUNGTRENNUNG(CH2)10pytpy]
+ . The iso-


topic distribution of each peak matched those of the simu-
lated spectrum. The 1H NMR spectrum of 5 ACHTUNGTRENNUNG[PF6]4 confirmed
the expected molecular symmetry with a single set of signals
for the pytpy unit with chemical shifts close to those found
for 34+ and 44+ (Table 1). In addition, singlets at d=5.89
and 4.65 ppm were assigned to the NCH2 and CH2Br pro-
tons, and an AB pattern (d=9.11 and 8.78 ppm) to the 1,4-
phenylene protons. The 1H NMR spectroscopic signature for


the pytpy unit in 6 ACHTUNGTRENNUNG[PF6]4 was similar to that in 5 ACHTUNGTRENNUNG[PF6]4
(Table 1), and signals in the range d=4.68–�1.3 ppm were
assigned to the (CH2)10Br chain. The 13C NMR spectrum
confirmed the symmetry of the system and was fully as-
signed by using HMQC and HMBC tech ACHTUNGTRENNUNGniques.


Complexes 54+ and 64+ possess pendant electrophilic sites
and are potential building blocks for metallamacrocyclic or
polymeric systems. An alternative strategy that has already
been widely exploited[5–28] is to design building blocks that
are terminated in metal-binding domains, and we have now
coupled this approach with the N-alkylation of 22+ to gener-
ate a new class of functionalised metallasupramolecules. The
reaction of 2 ACHTUNGTRENNUNG[PF6]2 with an excess of 4’-(4-bromomethyl-
phenyl)-2,2’:6’,2’’-terpyridine in CH3CN under reflux was
monitored by spot TLC and was judged to be complete
after 64 h; complex 7 ACHTUNGTRENNUNG[PF6]4 was isolated as a pink solid. The
highest mass peak in the ES mass spectrum came at m/z=
1334 and was assigned to the ion [M�CH2C6H4tpy�2PF6]


+ ;
a peak at m/z=632 ([pytpyCH2C6H4tpy]


+) was also ob-
served. Other dominant peaks in the mass spectrum arose
from [Ru ACHTUNGTRENNUNG(pytpy)2ACHTUNGTRENNUNG(PF6)]


+ (m/z=867), [Ru ACHTUNGTRENNUNG(pytpy)2]
+ (m/z=


722) and [RuACHTUNGTRENNUNG(pytpy)2]
2+ (m/z=362, base peak). When re-


cording the 1H NMR spectrum of 7 ACHTUNGTRENNUNG[PF6]4, it was necessary
to add a small amount of K2CO3 to the solution in the NMR
tube to prevent protonation of the pendant tpy nitrogen
atoms; in the absence of base, only broad resonances, indi-
cative of protonation, were observed. The 1H NMR spec-
trum confirmed that both pyridine rings in 22+ had been al-
kylated, with two tpy environments being apparent, and the
signals were assigned from the COSY spectrum. While one
set of signals for the tpy protons in 74+ resembled those for
34+ , 44+ , 54+ and 64+ , the second set was diagnostic of a
non-coordinated tpy ligand; signals for protons H3B, H5A and
H6A are significantly perturbed upon coordination (Table 1).
The 13C NMR spectrum of 7 ACHTUNGTRENNUNG[PF6]4 also clearly indicated the
presence of two tpy environments, and the spectrum was
fully assigned by using HMQC and HMBC techniques.


In the present work, the conditions for the synthesis of
ACHTUNGTRENNUNG2 ACHTUNGTRENNUNG[PF6]2 varied from those previously reported[30] in that
RuCl3·3H2O and pytpy were heated in ethane-1,2-diol for
one rather than three hours. Under these conditions (and
after workup), a second product was isolated which was
identified as 8 ACHTUNGTRENNUNG[PF6]4. Its formation clearly originates from
the alkylation of 2 ACHTUNGTRENNUNG[PF6]2 by ethane-1,2-diol. Although isolat-
ed in only 8% yield, 8 ACHTUNGTRENNUNG[PF6]4 represents a further example of
a functionalised N-alkyl derivative of [Ru ACHTUNGTRENNUNG(pytpy)2]


2+ . The
FAB mass spectrum of 8 ACHTUNGTRENNUNG[PF6]4 exhibited peaks at m/z=1247
([M�PF6]


+) and 1102 ([M�2PF6]
+). The 1H and 13C NMR


spectra of 8 ACHTUNGTRENNUNG[PF6]4 were consistent with the formation of a
symmetrical product and the spectra were fully assigned by
using COSY, HMQC and HMBC methods. The data in
Table 1 show that the signals assigned to the pytpy protons
appear at chemical shifts close to those of the other N-al-
ACHTUNGTRENNUNGkylated derivatives.


The electronic absorption spectra of solutions of 5 ACHTUNGTRENNUNG[PF6]4,
6 ACHTUNGTRENNUNG[PF6]4, 7 ACHTUNGTRENNUNG[PF6]4 and 8 ACHTUNGTRENNUNG[PF6]4 in CH3CN were similar to those
of the complexes 3 ACHTUNGTRENNUNG[PF6]4 and 4 ACHTUNGTRENNUNG[PF6]4. Each complex exhibit-


Chem. Eur. J. 2006, 12, 4600 – 4610 A 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4603


FULL PAPERMetallamacrocycles



www.chemeurj.org





ed an MLCT absorption in the range 508–512 nm, and a
series of intense bands in the UV region assigned to ligand-
centred p* !


p transitions. Each complex was redox active
and was studied by CV and DPV methods. The complexes
ACHTUNGTRENNUNG5 ACHTUNGTRENNUNG[PF6]4, 6 ACHTUNGTRENNUNG[PF6]4, 7 ACHTUNGTRENNUNG[PF6]4 and 8 ACHTUNGTRENNUNG[PF6]4 exhibited ruthenium-
centred oxidations at +1.01, +0.99, +1.01 and +1.02 V, re-
spectively, showing little variation from the behaviour of the
model complexes. Each complex exhibited a series of
ligand-based reduction processes, which were typically
quasi-reversible or irreversible.


Metallamacrocycle formation : The ready N-alkylation of 12+


[44] and 22+ led us to apply this strategy to the formation of
iron(ii) and ruthenium(ii)-containing metallamacrocyclic
complexes by reaction with bis(alkylating) reagents. By


analogy with the reactions of 12+


and 22+ with benzyl bromide, we
chose the dibromo derivatives 9
and 10 to react with 12+ and 22+


in the hope of forming [2+2] met-
allamacrocycles.


Initially, we attempted a one-
step assembly process by the
direct reaction of 12+ with 9 in re-
fluxing CH3CN. Complex 1 ACHTUNGTRENNUNG[PF6]2
was added to a solution of 9 over
a six hour period and then heating


was continued for a further 72 hours. When the resulting
dark blue solution was analysed by TLC, one major blue
component was observed and was shown (see below) to be
11 ACHTUNGTRENNUNG[PF6]6 (Scheme 1). Chromatographic separation of the re-
action mixture led to the isolation of several minor fractions,
but none proved to be the target [2+2] macrocyclic product.
By using a 2:1 molar ratio of
12+/9 in the reaction, 11 ACHTUNGTRENNUNG[PF6]6
could be isolated in 23% yield.
The 1H NMR spectrum of 11-
ACHTUNGTRENNUNG[PF6]6 (assigned by using
COSY and NOESY techni-
ques) confirmed the presence
of two different coordinated
tpy environments. Signals for
the pendant pyridine protons
also indicated two different en-
vironments, one N-alkylated
and one not.[30] Electrochemi-
cal studies showed that
ACHTUNGTRENNUNG11 ACHTUNGTRENNUNG[PF6]6 exhibits one iron-cen-
tred oxidation process at
+0.79 V, and a second process
at ACHTUNGTRENNUNG+1.04 V, the origin of which
we have not elucidated. Re-
duction processes are dominat-
ed by an absorption peak at �
�1.2 V.


Attempts to react 11 ACHTUNGTRENNUNG[PF6]6
with another equivalent of 9 in


order to achieve the desired [2+2] metallamacrocyclic com-
plex were unsuccessful. We therefore turned to the alterna-
tive strategy outlined in Scheme 2 involving alkylation of
the free pytpy ligand. The reaction between pytpy and
either 9 or 10 in CH3CN at reflux followed by precipitation
of the products as hexafluorophosphate salts, resulted in the
formation of 12 ACHTUNGTRENNUNG[PF6]2 or 13 ACHTUNGTRENNUNG[PF6]2 in 62 and 55% yields, re-
spectively. Solvent choice is important; attempts to prepare
12 ACHTUNGTRENNUNG[PF6]2 in EtOH, iPrOH or DMF resulted in yields of 0, 28
or 37%, respectively. The MALDI-TOF mass spectra of
ACHTUNGTRENNUNG12 ACHTUNGTRENNUNG[PF6]2 and 13 ACHTUNGTRENNUNG[PF6]2 each showed a peak assigned to
[M�PF6]


+ (m/z=947 and 959, respectively). The 1H NMR
spectra of the two compounds were similar, with the excep-
tion of the alkyl region. For 12 ACHTUNGTRENNUNG[PF6]2, this exhibited a singlet


Scheme 1. The 1:1 reaction of 12+ and 9 : i) 9, CH3CN, reflux. The ring la-
belling is that used for NMR spectroscopic assignments.


Scheme 2. Reaction steps for the formation of [2+2] iron-containing macrocyclic complexes: i) 9 or 10,
CH3CN, reflux; ii) Fe ACHTUNGTRENNUNG(BF4)2·6H2O, CH3CN/CH3OH. The ring labelling is that used for NMR spectroscopic as-
signments.
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at d=5.83 ppm for the NCH2, while 13 ACHTUNGTRENNUNG[PF6]2 showed two
singlets at d=5.72 and 4.04 ppm (relative integrals 2:1) as-
signed to NCH2 and the CH2 group between the D rings
(Scheme 2), respectively. A single set of tpy proton signals
for each compound confirmed the expected molecular sym-
metry. The assignment of the pyridine protons HC2 and HC3


was made by NOE experiments.
The N-alkylated species 122+ or 132+ are sufficiently flexi-


ble bis ACHTUNGTRENNUNG(tpy) ligands to enable the formation of metalla-
ACHTUNGTRENNUNGmacrocycles when treated with iron(ii). Since competitive
polymer formation was expected, reactions were carried out
at high dilution to optimise the formation of metallamacro-
ACHTUNGTRENNUNGcyclic products. Solutions of 12 ACHTUNGTRENNUNG[PF6]2 or 13 ACHTUNGTRENNUNG[PF6]2
(�10�4 moldm�3 in CH3CN) and Fe ACHTUNGTRENNUNG(BF4)2·6H2O
(�10�4 moldm�3 in CH3CN) were added simultaneously to
a stirred mixture of CH3CN and CH3OH (1:1) over a period
of four days at room temperature. The solution developed a
blue colour, which deepened during the reaction period. At-
tempts to separate the products by chromatography on silica
led to decomposition, and fractional precipitation was used
to separate 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8 from residual precursors
and any polymeric material. Initially, all complexes in the
reaction mixture were precipitated as hexafluorophosphate
salts by adding aqueous NH4PF6. These salts were dissolved
in CH3CN and a few drops of saturated aqueous KNO3


were added causing a deep blue precipitate to form. Analy-
sis by thin-layer chromatography revealed this material to
be intractable and it was therefore assumed to be polymeric.
Dropwise addition of further saturated aqueous KNO3 to
the filtrate led to additional precipitate. Again, this was ana-
lysed by TLC, and the process was repeated until a blue pre-
cipitate that was mobile on silica was obtained. Careful rep-
etition of this process resulted in 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8 being
collected in 35 and 16% yields, respectively.


The highest mass peak in the ES mass spectrum of
ACHTUNGTRENNUNG14 ACHTUNGTRENNUNG[PF6]8 appeared at m/z 1291 and was assigned to the frag-
ment [M�2PF6]


2+ . Loss of further PF6
� led to a series of


peaks at m/z=813 ([M�3PF6]
3+), 573 ([M�4PF6]


4+), 430
([M�5PF6]


5+ , the base peak) and 334 ([M�6PF6]
6+). In the


ES spectrum of 15 ACHTUNGTRENNUNG[PF6]8, peaks at m/z=822 ([M�3PF6]
3+)


and 580 ([M�4PF6]
4+) were observed in addition to a rela-


tively intense peak at m/z=338 ([Fe ACHTUNGTRENNUNG(pytpy)2]
2+). The base


peak at m/z=407 and an intense peak at m/z=959 were as-
signed to 132+ and [13+PF6]


+ , respectively.
The solution 1H NMR spectra of 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8


confirmed the formation of a symmetrical products. All
proton signals were fully assigned by standard techniques.
The shift of signals assigned to protons H6A (from d=8.91 to
7.01 ppm) and H3B (from d=8.88 to 9.16 ppm) on going
from 12 ACHTUNGTRENNUNG[PF6]2 to 14 ACHTUNGTRENNUNG[PF6]8 confirmed coordination of the tpy
domains to iron(ii). Similar shifts were observed on forming
15 ACHTUNGTRENNUNG[PF6]8. We have previously pointed to the fact that pro-
tons H4A and H5A are diagnostic probes for metallamacrocy-
clic complex versus metallapolymer formation.[21] On going
from ligand 122+ to complex 148+ , the shift difference
ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(ligand)�dACHTUNGTRENNUNG(complex)} is +0.21 ppm for H4A and +0.56 ppm
for H5A (both in CD3CN). These are consistent with the for-


mation of a macrocyclic complex. Significantly greater
values for {dACHTUNGTRENNUNG(ligand)�dACHTUNGTRENNUNG(complex)} of +0.52 ppm for H4A


and +0.92 ppm for H5A are observed on going from ligand
132+ to complex 158+ (both in CD3CN). The origin of this
increased shift to lower frequency can be traced to the
change in shape of the macrocyclic cavity when the addi-
tional CH2 groups are introduced into the backbone of
ligand on going from 122+ to 132+ . Figure 2 shows modelled
structures of 148+ and 158+ , and illustrates the elongation of
the cavity. The modelled structures suggest that two pyridine
rings face each other across the macrocyclic cavity, elonga-
tion of which results in the pyridine rings coming closer to-
gether and the evolution of possible p-stacking interactions.
The pyridine ring centroid–-centroid distances are �7.5 N in
148+ , and �3.6 N in 158+ . The presence of a through-space
interaction between protons H3A and H6A of different {Fe-
ACHTUNGTRENNUNG(tpy)2} units in 14 ACHTUNGTRENNUNG[PF6]8 and in 15 ACHTUNGTRENNUNG[PF6]8 was confirmed by
ROESY experiments. The room-temperature solution
1H NMR spectrum of each of 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8 showed
that the two terminal pyridine rings of each tpy unit were
equivalent and indicated that there was rotation of each {Fe-
ACHTUNGTRENNUNG(tpy)2} unit on the NMR timescale. Variable-temperature
1H NMR spectra of solutions of 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8 in ace-
tonitrile were recorded over a temperature range of 295–
228 K. Apart from some broadening of the signals and slight
shifting to lower frequency, no significant changes were ob-
served.


Both iron(ii) macrocyclic complexes were electrochemi-
cally active. Complexes 14 ACHTUNGTRENNUNG[PF6]8 and 15 ACHTUNGTRENNUNG[PF6]8 exhibit iron-
centred oxidation processes at +0.85 and +0.86 V, respec-
tively. These potentials are similar to those reported for N-
alkylated derivatives of [FeACHTUNGTRENNUNG(pytpy)2]


2+ .[44] Only one Fe2+/
Fe3+ process was observed for each diiron complex. Ligand-
centred reductive processes were observed at �1.09, �1.47
and �1.76 V for 14 ACHTUNGTRENNUNG[PF6]8, and at �1.07, �1.33 and �1.77 V
for 15 ACHTUNGTRENNUNG[PF6]8. All are quasi-reversible or irreversible, and the
peaks for the most negative processes in the cyclic voltam-
mograms were poorly resolved.


Attempts to prepare 168+ in a two-step process involving
double N-alkylation of 22+ with two equivalents of 10 fol-
lowed by ring closure by treatment with a second equivalent
of 22+ were unsuccessful. Although our efforts to prepare
142+ by reaction of 22+ with an equimolar amount of 9 had
failed, this strategy proved to be the most efficient for the
formation of the related ruthenium(ii) macrocyclic complex
168+ (Scheme 3). Equimolar amounts of the dibromo deriva-
tive 10 and 2 ACHTUNGTRENNUNG[PF6]2 were heated at reflux in CH3CN (concen-
tration �10�2 moldm�3) and the reaction was monitored by
TLC. Two pink products in addition to the red starting ma-
terial were observed after several hours, and a third pink
material (RF=0.1) appeared after 24 h. Over the next 72 h,
the last product became the predominant component of the
reaction mixture, and only traces of the initial two pink
products remained. After workup, 16 ACHTUNGTRENNUNG[PF6]8 was isolated in
29% yield. The highest mass peak in the MALDI-TOF
mass spectrum of 16 ACHTUNGTRENNUNG[PF6]8 was observed at m/z=2701
([M�2PF6]


+), and the base peak (m/z=722) arose from the
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fragment [Ru ACHTUNGTRENNUNG(pytpy)2]
+ . The solution 1H and 13C NMR


spectra of the complex were fully assigned by using COSY,
HMQC and HMBC techniques, and confirmed the forma-
tion of a symmetrical species. The appearance of the signals
assigned to protons H4A and H5A at d=7.54 and 6.63 ppm,
respectively, was diagnostic (as discussed above for 148+ and


158+) of the formation of a cyclic rather than acyclic system.
The presence of a single set of signals for the outer rings of
the tpy ligands indicated that the {Ru ACHTUNGTRENNUNG(tpy)2} units undergo
rotation on the NMR spectroscopic timescale. The electron-
ic absorption spectrum of a solution of 16 ACHTUNGTRENNUNG[PF6]8 in acetoni-
trile was similar to those of the N-alkylated ruthenium(ii)
complexes described above. An MLCT absorption was ob-
served at 507 nm, and intense bands in the UV region were
assigned to ligand-centred p* !


p transitions. The complex
16 ACHTUNGTRENNUNG[PF6]8 was electrochemically active. CV and DPV studies
revealed a single metal-centred oxidation process at
ACHTUNGTRENNUNG+1.06 V, which is reminiscent of the mononuclear rutheni-
ACHTUNGTRENNUNGum(ii) N-alkylated complexes discussed earlier. Three
ligand-centred reduction processes were observed at
�1.03 V (reversible reduction), �1.48 V (quasi-reversible re-
duction) and �1.65 V (irreversible reduction).


Conclusion


We have prepared and characterised a series of N-alkylated
derivatives of [RuACHTUNGTRENNUNG(pytpy)2]


2+ (22+), which includes both
model and functionalised complexes. The results have al-
lowed a comparison with analogous iron(ii) species, and il-
lustrate that the [M ACHTUNGTRENNUNG(pytpy)2]


2+ (M=Fe, Ru) complex has
the potential to be used as a building block for the forma-
tion of metallamacrocyclic complexes through N-alkylation
at the pendant pyridine rings. However, it has been shown
that a single synthetic approach cannot be used to form
both iron(ii) and ruthenium(ii) [2+2] metallamacrocycles.
Whereas treatment of 22+ with the dibromo derivative 10
leads to the formation of 168+ in moderate yield, related
iron(ii) macrocycles could not be accessed by this route. A
two-step route involving the initial formation of ditopic li-
gands 122+ and 132+ followed by treatment with iron(ii) was
found to be the most efficient means of generating macrocy-


Figure 2. Space-filling models of 148+ (top) and 158+ (bottom) illustrating
the difference in the shape of the macrocyclic cavity which allows the
{Fe ACHTUNGTRENNUNG(tpy)2} units to approach more closely.


Scheme 3. Strategy for the formation of [2+2] ruthenium-containing mac-
rocycle: i) 10, CH3CN, reflux. The ring labelling is that used for NMR
spectroscopic assignments.
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cles 148+ and 158+ . In each dinuclear complex, electrochemi-
cal studies provide no evidence for electronic communica-
tion between the metal centres.


Experimental Section


General methods : Infrared spectra were recorded on a Mattson Genesis
Fourier transform spectrophotometer with samples in compressed KBr
discs or on a FTIR-8400S spectrophotometer with samples as solids using
a Golden Gate ATR accessory. 1H and 13C NMR spectra were recorded
on Bruker AM250, DRX500 or DRX600 MHz spectrometers; the num-
bering scheme adopted for the ligands is shown in the structure diagrams,
and chemical shifts are referenced with respect to TMS d=0 ppm. UV/
Vis measurements were recorded on a Varian Cary 5000 UV/Vis/NIR
spectrophotometer in acetonitrile. Electrospray mass spectra (ESMS)
were recorded on a Finnigan MAT LCQ ESI/MS instrument. MALDI-
TOF mass spectra were recorded on a PerSeptive Biosystems Voyager
DEPRO Biospectrometry Workstation. Elemental analyses were carried
out in the Department of Chemistry, University of Basel, at CMAS Mi-
croanalytical Services, Melbourne, or at the Campbell Microanalytical
Laboratory, University of Otago. Electrochemical measurements were
performed with an Eco Chemie Autolab PGSTAT 20 system using glassy
carbon (except for 5 ACHTUNGTRENNUNG[PF6]4) or platinum (for 5 ACHTUNGTRENNUNG[PF6]4) working and plati-
num auxiliary electrodes with a silver wire as quasi-reference; the work-
ing electrode was polished with aluminium oxide powder (0.3 microme-
ter) before use; purified CH3CN (Fluka) was used as solvent and 0.1m
[nBu4N] ACHTUNGTRENNUNG[BF4] as supporting electrolyte. Potentials are quoted versus the
ferrocene/ferrocenium couple (Fc/Fc+ =0.0 V), and all potentials were
referenced to internal ferrocene added at the end of each experiment.
The compounds pytpy,[29] [Fe ACHTUNGTRENNUNG(pytpy)2]


2+ salts,[29] 9,[54] 10[55, 56] and 4’-(4-
methylphenyl)-2,2’:6’,2’’-terpyridine[57] were prepared by literature meth-
ods. All solvents were freshly distilled and reactions were carried out
under N2.


Complexes 2 ACHTUNGTRENNUNG[PF6]2 and 8 ACHTUNGTRENNUNG[PF6]4 : The literature method[30] was followed
but with a heating time of 1 h instead of 3 h. Reaction scale: RuCl3·3H2O
(19 mg, 0.079 mmol) and pytpy (49 mg, 0.16 mmol) in ethane-1,2-diol
(10 cm3). Column chromatographic workup (silica, CH3CN/saturated
aqueous KNO3/water 7:1:0.5) gave two fractions. The major red fraction
was collected and volume of solvent was reduced; 2 ACHTUNGTRENNUNG[PF6]2 (54 mg, 68%)
was precipitated by addition of saturated methanolic solution of NH4PF6.
Spectroscopic data were identical with those reported.[30] A pink fraction
with lower Rf value than the major product was also collected and was
identified as [8] ACHTUNGTRENNUNG[PF6]4 (9 mg, 8%). FAB-MS: m/z : 1247 [M�PF6]


+ , 1102
[M�2PF6]


+ ; 1H NMR (500 MHz, CD3CN): d=9.15 (s, 4H; H3B), 9.03
(d(AB), J=7.0 Hz, 4H; H2C), 8.76 (d(AB), J=6.5 Hz, 4H; H3C), 8.69 (d,
J=8.0 Hz, 4H; H3A), 8.01 (dt, J=8.0, 1.5 Hz, 4H; H4A), 7.44 (d, J=5.6,
1.4, 0.7 Hz, 4H; H6A), 7.24 (ddd, J=7.5, 5.7, 1.3 Hz, 4H; H5A), 4.77 (t, J=
5.0 Hz, 4H; CH2), 4.10 (br t, 4H; OCH2), 3.60 ppm (brs, 2H; OH);
13C NMR (125 MHz, CD3CN): d=158.3 (C2A), 156.8 (C2B), 153.7 (C4B/4C),
153.6 (C6A), 146.8 (C2C), 142.1 (C4C/4B), 139.5 (C4A), 128.9 (C5A), 127.0
(C3C), 125.9 (C3A), 123.3 (C3B), 64.7 (COCH2CH2


), 61.2 ppm (COCH
2); UV/Vis


(CH3CN): lmax (e)=246 (40.9Q103), 274 (90.3Q103), 310 (38.2Q103), 338
(50.2Q103), 508 nm (48.3Q103 dm3mol�1 cm�1); IR (solid): ñ=3579 (w),
3084 (w), 1644 (s), 1605 (m), 1535 (m), 1467 (m), 1424 (s), 1398 (m),
1355 (m), 1246 (w), 1174 (w), 1025 (m), 780 (vs), 751 (vs), 742 cm�1 (s);
elemental analysis calcd (%) for C44H38F24N8O2P4Ru·CH3CN·H2O: C
38.1, H 3.0, N 8.7; found: C 38.2, H 3.6, 8.6; E8 (vs. Fc/Fc+)=++1.02,
�0.89 (reversible reduction), �1.48 (quasi-reversible reduction), �1.96 V
(irreversible reduction).


Complex 3 ACHTUNGTRENNUNG[PF6]4 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (21 mg, 0.020 mmol) was dissolved in
CH3CN (25 cm3) and benzyl bromide (1.0 cm3, 8.4 mmol) was added. The
red solution was heated under reflux for 2 h, after which TLC analysis
(silica, CH3CN/saturated aqueous KNO3/water 7:1:0.5) revealed the dis-
appearance of all starting material and formation of a single pink prod-
uct. After evaporating the solvent, a saturated methanolic solution
(5 cm3) of NH4PF6 was added to the mixture of crude product and excess


alkylating agent, and a red solid precipitated. This was filtered through
Celite and washed with methanol (5 cm3), and then water (20 cm3). The
solid was dried in air, and then removed from the Celite by dissolution in
CH3CN. After removal of solvent, 3 ACHTUNGTRENNUNG[PF6]4 was collected; a small amount
of residual benzyl bromide (shown by 1H NMR spectroscopy) was re-
moved by washing with Et2O (3Q5 cm3) and decanting the supernatant
solution. Yield 24 mg, 68%; ES-MS: m/z : 1339 [M�PF6]


+ , 597
[M�2PF6]


2+ , 362 [Ru ACHTUNGTRENNUNG(pytpy)2]
2+ ; 1H NMR (500 MHz, CD3CN): d=9.14


(s, 4H; H3B), 9.09 (d(AB), J=7.0 Hz, 4H; H2C), 8.77 (d(AB), J=7.0 Hz,
4H; H3C), 8.70 (ddd, J=8.3, 1.5, 0.8, 4H; H3A), 8.00 (dt, J=7.8, 1.5 Hz,
4H; H4A), 7.58 (m, 10H; HD), 7.43 (ddd, J=5.5, 1.5, 0.5 Hz, 4H; H6A),
7.23 (ddd, J=7.5, 5.5, 1.5 Hz, 4H; H5A), 5.91 ppm (s, 4H; CH2);
13C NMR (125 MHz, CD3CN): d=158.4 (C2A), 157.0 (C2B), 154.2 (C4B/4C),
153.7 (C6A), 146.4 (C2C), 142.1 (C4C/4B), 139.7 (C4A), 133.9 (C1D), 131.2
(C4D), 130.7 (C2D/3D), 130.4 (C3D/2D), 129.1 (C5A), 127.8 (C3C), 126.1 (C3A),
123.4 (C3B), 65.6 ppm (CCH2


); UV/Vis (CH3CN): lmax (e)=241 (48.2Q103),
277 (74.1Q103), 312 (31.5Q103), 341 (34.3Q103), 511 nm (35.9Q
103 dm3mol�1 cm�1); IR (solid): ñ=3507 (w), 3399 (w), 3072 (w), 1664 (s),
1636 (s), 1524 (m), 1457 (m), 1423 (s), 1410 (m), 1355 (m), 1292 (m),
1249 (w), 1164 (m), 1091 (w), 1029 (m), 817 (vs), 793 (vs), 787 (vs), 740
(vs), 732 cm�1 (s); elemental analysis calcd (%) for
C54H42F24N8P4Ru·CH3CN: C 44.1, H 3.0, N 8.3; found: C 44.0, H 2.9, 8.3;
E8 (vs. Fc/Fc+): +1.01, �0.98, �1.24, �1.52, �1.89 V (quasi-reversible re-
ductions).


Complex 4 ACHTUNGTRENNUNG[PF6]4 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (20 mg, 0.020 mmol) and 2-bromo-
ACHTUNGTRENNUNGmethylnaphthalene (18 mg, 0.081 mmol) was dissolved in CH3CN
(20 cm3), and the solution was heated to reflux. After 24 h, heating was
stopped and a red precipitate was observed. Water (1 cm3) was added
and the precipitate dissolved. The solution was concentrated in volume
to 5 cm3, and saturated aqueous NH4PF6 was added to precipitate the
product. However, the residue formed an oil. CHCl3 (5 cm3) was added
in an attempt to remove excess alkylating agent, but no solid product
could be obtained from the biphasic mixture. The chloroform, excess
CH3CN and some water were removed by evaporation, causing the oil to
form a dark pink solid. This was filtered through Celite and washed with
water (50 cm3) and CHCl3 (30 cm3) to remove excess 2-bromomethyl-
naphthalene. The solid was dried in air, and then removed from the
Celite by dissolution in CH3CN. Solvent was removed, and the crude
product was purified by column chromatography (silica, CH3CN/saturat-
ed aqueous KNO3/water 7:1:0.5). The major pink fraction was collected,
evaporated and reprecipitated with NH4PF6 solution to afford [4] ACHTUNGTRENNUNG[PF6]4.
Yield 22 mg, 71%; ES-MS: m/z : 1439 [M�PF6]


+ , 1294 [M�2PF6]
+ , 1152


[M� ACHTUNGTRENNUNG(napCH2)�2PF6]
+ , 867 [Ru ACHTUNGTRENNUNG(pytpy)2 ACHTUNGTRENNUNG(PF6)]


+ , 722 [RuACHTUNGTRENNUNG(pytpy)2]
+, 362


[Ru ACHTUNGTRENNUNG(pytpy)2]
2+ ; 1H NMR (500 MHz, CD3CN): d=9.19 (s, 4H; H3B), 9.18


(d(AB), J=6.9 Hz, 4H; H2C), 8.83 (d(AB), J=6.9 Hz, 4H; H3C), 8.72 (d,
J=8.0 Hz, 4H; H3A), 8.17 (s, 2H; H1D), 8.07 (d, J=8.5, 2H; H4D), 8.01
(m, 4H; H5D,8D), 7.99 (dt, J=7.9, 1.3 Hz, 4H; H4A), 7.66 (m, 6H;
H3D,6D,7D), 7.43 (dd, J=5.7, 1.3 Hz, 4H; H6A), 7.22 (ddd, J=7.4, 5.6,
1.2 Hz, 4H; H5A), 6.07 ppm (s, 4H; CH2);


13C NMR (125 MHz, CD3CN):
d=158.3 (C2A), 156.8 (C2B), 154.0 (C4B/4C), 153.6 (C6A), 146.5 (C2C), 141.9
(C4C/4B), 139.5 (C4A), 134.5 (C4aD/8aD), 134.2 (C8aD/4aD), 131.2 (C2D), 130.5
(C1D/4D), 130.4 (C4D/1D), 129.1 (C5D/8D), 128.9 (C5A), 128.8 (C8D/5D), 128.5
(C6D/7D), 128.2 (C7D/6D), 127.6 (C3C), 126.7 (C3D), 126.0 (C3A), 123.3 (C3B),
65.5 ppm (CCH2


); UV/Vis (CH3CN): lmax (e)=224 (114.5Q103), 277 (57.7Q
103), 341 (23.3Q103), 513 nm (23.0Q103 dm3mol�1 cm�1); IR (solid): ñ=
3400 (w), 3063 (w), 1668 (w), 1636 (s), 1603 (m), 1525 (w), 1422 (m),
1338 (s), 1331 (s), 1293 (m), 1248 (m), 1160 (m), 1091 (w), 1029 (m), 823
(vs), 786 (vs), 754 cm�1 (vs), elemental analysis calcd (%) for
C62H46F24N8P4Ru·3CH3CN·3H2O: C 46.4, H 3.5, N 8.8; found: C 46.4, H
3.2, N 9.2; E8 (vs. Fc/Fc+): +1.01, �1.21, �1.47 V (quasi-reversible re-
ductions).


Complex 5 ACHTUNGTRENNUNG[PF6]4 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (21 mg, 0.020 mmol) and 1,4-bis(bro-
momethyl)benzene (16 mg, 0.061 mmol) were dissolved in CH3CN
(25 cm3) and the mixture heated at reflux for 72 h. The solution was then
concentrated in vacuo to �5 cm3, and saturated aqueous solution of
NH4PF6 was added to precipitate the crude product. The solid was fil-
tered through Celite and washed with water (20 cm3), and CHCl3
(20 cm3) to remove excess 1,4-bis(bromomethyl)benzene. Purification of
the product by column chromatography (silica, CH3CN/saturated aque-
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ous KNO3/water 7:1:0.5) and precipitation with aqueous NH4PF6 afforded
5PF6]4 as a dark pink solid (12 mg, 35%). Crystalline material suitable
for microanalysis was obtained by diffusion of Et2O vapour into a solu-
tion of 5 ACHTUNGTRENNUNG[PF6]4 in CH3CN. MALDI-TOF: m/z : 867 [Ru ACHTUNGTRENNUNG(pytpy)2 ACHTUNGTRENNUNG(PF6)]


+ ,
720 [Ru ACHTUNGTRENNUNG(pytpy)2]


+ , 362 [Ru ACHTUNGTRENNUNG(pytpy)2]
2+ ; 1H NMR (250 MHz, CD3CN): d=


9.16 (s, 4H; H3B), 9.11 (d(AB), J=6.8 Hz, 4H; H2C), 8.78 (d(AB), J=
7.0 Hz, 4H; H3C), 8.70 (d, J=8.0 Hz, 4H; H3A), 8.00 (dt, J=8.0, 1.4 Hz,
4H; H4A), 7.60 (m, 8H; HD), 7.43 (dd, J=5.3, 0.8 Hz, 4H; H6A), 7.22
(ddd, J=7.7, 5.7, 1.1 Hz, 4H; H5A), 5.89 (s, 4H; NCH2), 4.65 ppm (s, 4H;
CH2Br); UV/Vis (CH3CN): lmax=238, 274, 309, 337, 512; elemental anal-
ysis calcd (%) for C56H44Br2F24N8P4Ru·CH3CN·H2O: C 39.9, H 2.9, N 7.2;
found: C 39.5, H 2.9, N 7.2; E8 (vs. Fc/Fc+): +1.01, �0.91, �1.61 V (irre-
versible reductions).


Complex 6 ACHTUNGTRENNUNG[PF6]4 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (42 mg, 0.042 mmol) and 1,10-dibro-
modecane (0.50 cm3, 2.2 mmol) were dissolved in CH3CN (30 cm3) and
the mixture was heated at reflux for 24 h. Additional 1,10-dibromodecane
(0.50 cm3, 2.2 mmol) was then added and heating was continued for a fur-
ther 30 h. Solvent was then evaporated and the residue triturated with
chloroform (5 cm3) to give a red precipitate. The solid was filtered
through Celite and was washed with chloroform (30 cm3) to remove
excess 1,10-dibromodecane. Aqueous CH3CN (1:1) was used to wash the
crude product from the Celite, and the red solution was concentrated in
volume to �5 cm3. Addition of saturated aqueous NH4PF6 resulted in
precipitation of the crude product. This was collected by filtration and
purified by column chromatography (silica, CH3CN/saturated aqueous
KNO3/water 7:1:0.5). The major red fraction was collected, and 6 ACHTUNGTRENNUNG[PF6]4
was precipitated from solution as a red solid on addition of saturated
aqueous NH4PF6. Yield 54 mg, 74%; ES-MS: m/z : 1597 [M�PF6]


+, 1451
[M�2PF6]


+ , 529 [Br ACHTUNGTRENNUNG(CH2)10pytpy]
+ , 362 [RuACHTUNGTRENNUNG(pytpy)2]


2+ ; 1H NMR
(500 MHz, CD3CN): d=9.19 (s, 4H; H3B), 9.04 (d(AB), J=7.0 Hz, 4H;
H2C), 8.78 (d(AB), J=6.8 Hz, 4H; H3C), 8.72 (d, J=8.0 Hz, 4H; H3A),
8.01 (dt, 8.0, 1.3 Hz, 4H; H4A), 7.45 (dd, J=5.4, 0.8 Hz, 4H; H6A), 7.23
(ddd, J=7.5, 5.7, 1.1 Hz, 4H; H5A), 4.68 (t, J=7.5 Hz, 4H; NCH2), 3.48
(t, J=6.8 Hz, 4H; CH2Br), 2.11 (quintet, J=7.2 Hz, 4H; NCH2CH2),
1.84 (quintet, J=7.0 Hz, 4H; CH2CH2Br), 1.3–1.5 ppm (overlapping m,
24H; CH2);


13C (125 MHz, CD3CN): d=158.3 (C2A), 156.9 (C2B), 153.6
(C6A), 153.4 (C4C/4B), 146.2 (C2C), 141.9 (C4C/4B), 139.5 (C4A), 128.9 (C5A),
127.4 (C3C), 126.0 (C3A), 123.2 (C3B), 62.7 (CNCH2


), 35.4 (CCH2Br), 33.5
(CCH2


), 31.8 (CNCH2CH2
), 29.9 (CCH2


), 29.5 (CCH2
), 29.3 (CCH2


), 28.7 (CCH2
),


26.6 (CCH2
), 22.4 (CCH2CH2Br); UV/Vis (CH3CN): lmax (e)=276 (96.9Q103),


305 (48.0Q103), 340 (39.7Q103), 509 nm (31.9Q103 dm3mol�1 cm�1); IR
(solid): ñ=3075 (w), 2925 (m), 2853 (m), 1663 (m), 1640 (s), 1604 (m),
1527 (m), 1484 (w), 1467 (w), 1423 (s), 1360 (m), 1293 (w), 1248 (w),
1175 (m), 1030 (m), 820 (vs), 788 cm�1 (vs); elemental analysis calcd (%)
for C60H68N8Br2RuP4F24·2H2O C 40.5, H 4.0, N 6.3; found: C 40.5, H 4.0,
N 6.5; E (vs. Fc/Fc+): +0.99, �1.02, �1.58, �1.90 V (irreversible reduc-
tions, poorly resolved).


4’-(4-Bromomethylphenyl)-2,2’:6’,2’’-terpyridine : This was prepared by a
route modified from that reported by Calzaferri.[57] 4’-(4-Methylphenyl)-
2,2’:6’,2’’-terpyridine (0.65 g, 2.0 mmol) and N-bromosuccinimide (0.37 g,
2.1 mmol) were dissolved in benzene (60 cm3). Dibenzoyl peroxide
(�20 mg) was added, and the reaction mixture heated under reflux for
42 h. After cooling to room temperature, the suspension was filtered and
the solution was washed with water (2Q20 cm3), dried over Na2SO4 and
the solvent removed under reduced pressure. Recrystallisation of the
brown solid from EtOH/acetone (2:1) gave 4’-(4-Bromomethylphenyl)-
2,2’:6’,2’’-terpyridine as white needles, which were collected by filtration
and washed with a small amount of cold 95% EtOH. Yield 377 mg,
47%; spectroscopic data were identical to those in the literature.[57–59]


Complex 7 ACHTUNGTRENNUNG[PF6]4 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (21 mg, 0.020 mmol) and 4’-(4-bromo-
methylphenyl)-2,2’:6’,2’’-terpyridine (17 mg, 0.42 mmol) were dissolved in
CH3CN (20 cm3), and the red solution was heated under reflux for 48 h,
followed by addition of more 4’-(4-bromomethylphenyl)-2,2’:6’,2’’-terpyri-
dine (8 mg, 0.2 mmol); the extent of reaction was monitored by TLC
analysis (silica, CH3CN/saturated aqueous KNO3/water 7:1:0.5). Further
heating for 18 h allowed the reaction to proceed to completion. The for-
mation of a fine pink precipitate was observed. The mixture was cooled
to room temperature, and water (2 cm3) was added to dissolve the precip-


itate (as the bromide salt). The solution was reduced in volume to 5 cm3,
and a saturated methanolic solution of NH4PF6 was added to precipitate
the product as the hexafluorophosphate salt. After filtration through
Celite, the pink solid was washed with a small amount of cold CH3OH,
followed by water to remove excess NH4PF6. The Celite was washed with
CH3CN to remove the product, and solvent was removed. Complex 7-
ACHTUNGTRENNUNG[PF6]4 was isolated as a pink powder (29 mg, 72%). A small amount of
solid K2CO3 was added to the NMR tube which was left standing for sev-
eral hours. ES-MS: m/z : 1334 [M�CH2C6H4tpy�2PF6]


+ , 867 [Ru-
ACHTUNGTRENNUNG(pytpy)2 ACHTUNGTRENNUNG(PF6)]


+ , 722 [Ru ACHTUNGTRENNUNG(pytpy)2]
+ , 632 [pytpyCH2C6H4tpy]


+ , 362 [Ru-
ACHTUNGTRENNUNG(pytpy)2]


2+ ; 1H NMR (500 MHz, CD3CN): d=9.18 (s, 4H; H3B), 9.17 (d,
J=6.5 Hz, 4H; H2C), 8.80 (d, J=7.0 Hz, 4H; H3C), 8.79 (s, 4H; H3E), 8.74
(m, 4H; H6F), 8.72 (d, J=8.0 Hz, 4H; H3F), 8.70 (d, J=8.0 Hz, 4H; H3A),
8.12 (d, J=8.5 Hz, 4H; H2D), 8.04 (dt, J=7.8, 1.8 Hz, 4H; H4F), 8.00 (dt,
J=8.0, 1.5 Hz, 4H; H4A), 7.81 (d, J=8.5 Hz, 4H; H3D), 7.52 (ddd, J=7.5,
5.0, 1.0 Hz, 4H; H5F), 7.43 (d, J=5.5 Hz, 4H; H6A), 7.22 (ddd, J=8.0, 5.5,
1.0 Hz, 4H; H5A), 6.01 ppm (s, 4H; CH2).


13C NMR (125 MHz, CD3CN):
d=158.2 (C2B,2E), 156.85 (C4E), 156.8 (C4B/4C), 156.0 (C2F), 154.1 (C2A),
153.5 (C6A), 150.0 (C6F), 146.5 (C2C), 141.9 (C4B/4C), 140.7 (C1D), 139.5
(C4A), 139.0 (C4F), 134.9 (C4D), 131.2 (C3D), 129.3 (C2D), 128.9 (C5A), 127.7
(C3C), 126.0 (C3A), 125.6 (C5F), 123.3 (C3B), 122.4 (C3F), 119.7 (C3E),
64.9 ppm (CH2); UV/Vis (CH3CN): lmax (e)=249 (104.1Q103), 275
(134.6Q103), 511 nm (35.6Q103 dm3mol�1 cm�1); IR (solid): ñ=3648 (w),
3069 (w), 1637 (s), 1604 (w), 1583 (m), 1469 (m), 1422 (s), 1391 (m),
1358 (m), 1292 (w), 1165 (m), 1090 (w), 825 (vs), 785 (vs), 751 (s),
740 cm�1 (s); elemental analysis calcd (%) for C84H60N14RuP4F24·9H2O:
C 47.9, H 3.7, N 9.3; found: C 47.7, H 3.5, N 9.3; E8 (vs. Fc/Fc+): +1.01,
�0.99 (quasi-reversible reduction), �1.72 V (irreversible reduction).


Complex 11 ACHTUNGTRENNUNG[PF6]6 : [Fe ACHTUNGTRENNUNG(pytpy)2] ACHTUNGTRENNUNG[PF6]2 (114 mg, 0.118 mmol) was heated
to reflux in CH3CN (15 cm3). A solution of 9 (20 mg, 0.059 mmol) was
added over 6 h and heating was continued for another 72 h. A saturated
aqueous solution of NH4PF6 was added to the blue reaction mixture and
the precipitate that formed was collected by filtration. Column chroma-
tography (silica, CH3CN/saturated aqueous KNO3/water 7:1:0.5) was
used to separate the dark blue product, which was eluted as the third
fraction. The volume of solvent in the fraction was reduced to half under
vacuum, and a solution of aqueous NH4PF6 was added to precipitate
ACHTUNGTRENNUNG11 ACHTUNGTRENNUNG[PF6]6, which was separated by filtration. This process was repeated
several times to ensure complete ion exchange. Complex 11 ACHTUNGTRENNUNG[PF6]6 was
isolated as a blue solid (33 mg, 23%). ES MS: m/z : 255 [M�6PF6]


6+ , 456
[M�4PF6]


4+ , 656 [M�3PF6]
3+; 1H NMR (250 MHz, CD3CN): d=9.32 (s,


4H; H3F), 9.26 (s, 4H; H3B), 9.20 (d, J=6.8 Hz, 4H; H2C), 9.03 (d, J=
6.4 Hz, 4H; H3G), 8.91 (d, J=6.8 Hz, 4H; H3C), 8.65 (m, 8H; H3E,3A), 8.24
(d, J=5.9 Hz, 4H; H2G), 7.94 (m, 8H; H4E,4A), 7.93 (d(AB), J=8.3 Hz,
4H; H2D/3D), 7.77 (d(AB), J=8.3 Hz, 4H; H3D/2D), 7.17 (m, 8H; H6E,6A),
7.12 (m, 8H; H5E,5A), 6.00 ppm (s, 4H; CH2); E8 (vs. Fc/Fc+): +1.04,
+0.79 V.


Complound 12 ACHTUNGTRENNUNG[PF6]2 : A mixture of pytpy (132 mg, 0.43 mmol) and 9
(70 mg, 0.21 mmol) in CH3CN (10 cm3) was heated at reflux for 4 h and
then allowed to cool to room temperature. The white precipitate that
formed was collected by filtration, was washed with CH2Cl2 and then was
redissolved in CH3OH. A saturated aqueous solution of NH4PF6 in
CH3OH (made slightly basic by addition of ten drops N-ethylmorpho-
line) was added, and the resulting precipitate was collected by filtration.
After being washed with CH2Cl2, the product was dried under vacuum.
Compound 12 ACHTUNGTRENNUNG[PF6]2 was isolated as a white solid (140 mg, 62%). M.p.
195–196 8C; MALDI-TOF MS: m/z : 947 [M�PF6]


+ , 801 [M�2PF6]
+ ;


1H NMR (250 MHz, CD3CN): d=8.91 (d, J=6.8 Hz, 4H; H6A), 8.88 (s,
4H; H3B), 8.73 (m, 8H; H3C,2C/3A), 8.50 (d, J=6.8 Hz, 4H; H2C/3 A), 8.01
(ddd, J=7.8, 2.0 Hz, 4H; H4A), 7.80 (d, J=8.8 Hz, 4H; H2D/3D), 7.59 (d,
J=8.3 Hz, 4H; H2D/3D), 7.55 (m, 4H; H5A), 5.83 ppm (s, 4H; CH2); UV/
Vis (CH3CN): lmax (e)=336 (7.6Q103), 272 nm (73.1Q
103 dm3mol�1 cm�1); IR (KBr): ñ=3125 (w), 3103 (w), 3058 (w), 1639
(m), 1606 (w), 1585 (m), 1567 (w), 1549 (w), 1519 (w), 1471 (w), 1395
(m), 1155 (w), 840 (s; PF6


�), 791 (m), 781 (m), 740 (w), 558 cm�1 (m;
PF6


�); elemental analysis calcd (%) for C54H40F12N8P2·6H2O: C 54.10, H
4.37, N 9.35; found: C 54.31, H 4.32, N 9.24%.
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Compound 13 ACHTUNGTRENNUNG[PF6]2 : A mixture of pytpy (116 mg, 0.37 mmol) and 10
(60 mg, 0.17 mmol) in CH3CN (10 cm3) was heated under reflux for 6 h.
Workup and purification was as for 12 ACHTUNGTRENNUNG[PF6]2; compound [13] ACHTUNGTRENNUNG[PF6]2 was
isolated as a white solid (103 mg, 55%). MALDI-TOF MS: m/z : 959
[M�PF6]


+ , 502 [M�pytpy�2PF6]
+ ; 1H NMR (250 MHz, CD3CN): d=


8.84 (d, J=7.0 Hz, 4H; H2C), 8.79 (s, 4H; H3B), 8.67 (m, 4H; H6A), 8.66
(m, 4H; H3A), 8.42 (d, J=7.0 Hz, 4H; H3C), 7.96 (dt, J=7.8, 1.5 Hz, 4H;
H4A), 7.44 (m, 4H; H5A), 7.40 (d(AB), J=8.5 Hz, 4H; H2D/3D), 7.36
(d(AB), J=8.5 Hz, 4H; H3D/2D), 5.72 (s, 4H; NCH2), 4.04 ppm (s, 2H;
CH2); IR (KBr): ñ=3126 (w), 3103 (w), 3060 (w), 3028 (w), 1639 (m),
1606 (w), 1585 (m), 1568 (w), 1549 (m), 1516 (w), 1471 (w), 1395 (m),
1155 (w), 841 (s; PF6


�), 791 (m), 781 (m), 740 (w), 558 cm�1 (m; PF6
�).


Complex 14 ACHTUNGTRENNUNG[PF6]8 : Nitrogen-purged solutions of 13 ACHTUNGTRENNUNG[PF6]2 (75 mg,
0.069 mmol) in CH3CN (500 cm3) and FeACHTUNGTRENNUNG(BF4)2·6H2O (23 mg,
0.068 mmol) in CH3OH (500 cm3) were added simultaneously to a stirred
mixture of CH3OH and CH3CN (1:1, 500 cm3) over a four day period at
room temperature. The volume of solvent was then reduced to 500 cm3


under vacuum, and a saturated aqueous solution of NH4PF6 was added.
A blue precipitate formed and was collected by filtration. This was dis-
solved in CH3CN and a saturated aqueous solution of KNO3 was added;
the precipitate formed was removed by filtration leaving an enriched sol-
ution of the desired product. The procedure was repeated until TLC
(silica, CH3CN/saturated aqueous KNO3/H2O 7:2:2) showed the presence
of a single product (Rf=0.32). Aqueous NH4PF6 was added to a solution
of the product in CH3CN and the precipitate that formed was collected
by fitration. This step was repeated several times to ensure that anion ex-
change was complete. The final precipitate was dissolved in a mixture of
CH3CN and CH3OH (1:1, 50 cm3) and Et2O was added until a blue pre-
cipitate formed and a colourless supernatent liquid were obtained; this
step was repeated several times. Complex 14 ACHTUNGTRENNUNG[PF6]8 was obtained as a
blue solid (69 mg, 35%). ES-MS: m/z : 1291 [M�2PF6]


2+ , 813
[M�3PF6]


3+ , 573 [M�4PF6]
4+ , 430 [M�5PF6]


5+ , 334 [M�6PF6]
6+ ;


1H NMR (250 MHz, CD3CN): d=9.16 (s, 8H; H3B), 9.14 (d, J=6.9 Hz,
8H; H2C), 8.76 (d, J=6.6 Hz, 8H; H3C), 8.50 (d, J=8.2 Hz, 8H; H3A),
7.83 (d, J=8.5 Hz, 8H; H2D/3D), 7.80 (m, 8H; H4A), 7.70 (d, J=8.5 Hz,
8H; H3D/2D), 7.01 (m, 8H; H6A), 6.99 (m, 8H; H5A), 5.97 ppm (s, 8H;
CH2); UV/Vis (CH3CN): lmax (e)=294 (157.8Q103), 286 (150.8Q103), 330
(54.1Q103), 384 (17.7Q103), 599 nm (46.8Q103 dm3mol�1 cm�1); IR (KBr):
ñ=1638 (s), 1608 (w), 1523 (w), 1425 (m), 1158 (w), 1091 (w), 838 (s;
PF6


�), 788 (m), 755 (w), 593 (w), 558 cm�1 (m; PF6
�); E8 (vs. Fc/Fc+):


ACHTUNGTRENNUNG+0.85, �1.09, �1.47, �1.76 V.


Complex 15 ACHTUNGTRENNUNG[PF6]8 : The method of preparation was as for complex 14-
ACHTUNGTRENNUNG[PF6]8 starting with [13] ACHTUNGTRENNUNG[PF6]2 (30 mg, 0.027 mmol) and Fe ACHTUNGTRENNUNG(BF4)2·6H2O
(10 mg, 0.030 mmol). Complex 15 ACHTUNGTRENNUNG[PF6]8 was collected as a blue powder
(13 mg, 16%). ES-MS: m/z : 959 13+PF6]


+, 822 [M�3PF6]
3+, 580


[M�4PF6]
4+ , 407 [13]2+ , 338 [Fe ACHTUNGTRENNUNG(pytpy)2]


2+ ; 1H NMR (600 MHz,
CD3CN): d=9.19 (s, 8H; H3B), 9.03 (d, J=6.5 Hz, 8H; H2C), 8.78 (d, J=
7.0 Hz, 8H; H3C), 8.44 (d, J=8.0 Hz„ 8H; H3A), 7.57 (m, 16H; H2D,3D),
7.44 (dt, J=7.5, 1.0 Hz, 8H; H4A), 6.99 (d, J=5.0 Hz, 8H; H6A), 6.52 (dt,
J=6.5, 1.0 Hz, 8H; H5A), 5.90 (s, 8H; NCH2), 4.18 ppm (s, 4H; CH2);
UV/Vis (CH3CN): lmax (e)=278 (132.4Q103), 286 (131.8Q103), 332 (51.3Q
103), 379 (17.5Q103), 595 nm (44.1Q103 dm3mol�1 cm�1); IR (KBr): ñ=


1639 (s), 1424 (m), 841 (s; PF6
�), 790 (m), 559 cm�1 (m; PF6


�). E8 (vs. Fc/
Fc+): +0.86, �1.07, �1.33, �1.77 V.


Complex 16 ACHTUNGTRENNUNG[PF6]8 : Complex 2 ACHTUNGTRENNUNG[PF6]2 (23.2 mg, 0.023 mmol) and 10
(8.1 mg, 0.023 mmol) were dissolved in CH3CN (20 cm3) and the red solu-
tion was heated under reflux. After several hours, TLC analysis (silica,
CH3CN/saturated aqueous KNO3/water 7:1:0.5) showed the presence of
two pink spots with higher RF values than the starting material. After
24 h, a further pink product (low RF=0.1) was detected. Over the next
72 h, the amount of this material increased at the expense of both 2 ACHTUNGTRENNUNG[PF6]2
and the higher RF pink fractions, until it became the dominant product.
The solution was cooled to ambient temperature and the solvent was
evaporated. Column chromatography (silica gel, CH3CN/saturated aque-
ous KNO3/water 7:1:0.5) was used to separate the components. The
major product eluted very slowly, and elution was continued only until
the product had separated fully from the head of the column. The prod-
uct-containing silica was removed and suspended in CH3CN/water (1:1,


30 cm3). Solid NH4PF6 (�200 mg) was added, and the suspension was
stirred until all of the silica was decolorised (30 min). The silica was re-
moved by filtration, and the CH3CN removed in vacuo leaving a pink
precipitate. After filtering the suspension through Celite, the product was
washed with water (50 cm3) and then dissolved in CH3CN. Solvent evapo-
ration yielded 16 ACHTUNGTRENNUNG[PF6]8 as a dark pink solid (10 mg, 29%). MALDI TOF:
m/z : 2701 [M�2PF6]


+ , 1482 [(tpy)Ru(pytpyCH2C6H4CH2C6H4-
ACHTUNGTRENNUNGCH2pytpy)Ru ACHTUNGTRENNUNG(tpy)]+ , 722 [Ru ACHTUNGTRENNUNG(pytpy)2]


+ ; 1H NMR (500 MHz, CD3CN):
d=9.12 (s, 8H; H3B), 9.00 (d, J=7.0 Hz, 8H; H2C), 8.75 (d, J=7.0 Hz,
8H; H3C), 8.55 (td, J=8.0, 1.5 Hz, 8H; H3A), 7.55 (s, 16H; HD), 7.54 (dt,
J=8.0, 1.5 Hz, 8H; H4A), 7.28 (ddd, J=5.5, 1.5, 0.5 Hz, 8H; H6A), 6.63
(ddd, J=7.5, 5.5, 1.5 Hz, 8H; H5A), 5.85 (s, 8H; NCH2), 4.13 ppm (s, 4H;
CH2);


13C NMR (125 MHz, CD3CN): d=158.2 (C2A), 156.5 (C2B), 154.1
(C4B/4C), 153.3 (C6A), 146.1 (C2C), 144.3 (C1D), 142.1 (C4C/4B), 138.9 (C4A),
131.4 (C4D), 130.9 (C2D/3D), 130.7 (C3D/2D), 128.4 (C5A), 127.5 (C3C), 125.9
(C3A), 123.5 (C3B), 64.9 (CNCH2


), 41.9 ppm (CCH2
); UV/Vis (CH3CN): lmax


(e)=222 (107.4Q103), 236 (95.0Q103), 274 (127.9Q103), 311 (62.5Q103),
340 (62.5Q103), 507 nm (57.2Q103 cm�1); IR (solid): ñ=2966 (m), 2879
(m), 1473 (s), 1399 (m), 1045 (w), 880 (m), 832 (vs), 793 (m), 740 cm�1


(m); elemental analysis calcd (%) for C110H84F48N16P8Ru2·5H2O: C 42.87,
H 3.07, N 7.27; found C 42.87, H 3.26, N 7.14; E8 (vs. Fc/Fc+): +1.06,
�1.03 (reversible reduction), �1.48(quasi-reversible reduction), �1.65 V
(irreversible reduction).


X-ray crystal structure analysis of [3] ACHTUNGTRENNUNG[PF6]4·2 ACHTUNGTRENNUNG(CH3)2CO·0.3CH3CN : De-
termination of the cell parameters and collection of the reflection intensi-
ties were performed on an Enraf-Nonius Kappa CCD diffractometer
(graphite monochromated MoKa radiation, l=0.71073 N). Purple plate,
0.12Q0.16Q0.47 mm, monoclinic, space group P21/n, a=8.9023(13) , b=
56.033(6), c=14.1966(16) N, b=107.400(9)8, T=173 K, V=


6757.5(15) N3, Z=4, 1calcd=1.585 gcm�3, m=0.442 mm�1, F ACHTUNGTRENNUNG(000)=3250.4.
Number of reflections measured 55219 (unique 31808); 10733 observed
reflections, I>3s(I), were used for the determination (1009 parameters);
direct methods, Denzo/Scalepack,[60] SIR92.[61] CRYSTALS[62] was used
for structure refinement. The refinement converged at R=0.2294 (all
data), 0.0854 [observed I>3s(I)], wR=0.2301 (all data), 0.0965 [ob-
served I>3s(I)], min and max residual electron density 1.88 and
�1.45 eN�3; gof=1.123. CCDC-294985 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Molecular modelling : Molecular mechanics calculations was carried out
at the MM+ level using HyperChem release 7.0 (Hypercube Inc., 2002)
in order to gain approximate structures of the iron(ii) macrocyclic com-
plexes.
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Introduction


The design of d6 transition-metal complexes that bind to
DNA is an area of burgeoning research activity.[1] Following
the report of the DNA “light-switch” effect, observed when
[Ru ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(dppz)]


2+ (dppz=dipyrido-[3,2-a :2’,3’-c]-phena-
zine, phen=1,10-phenanthroline) intercalates into DNA,[2]


complexes incorporating [M ACHTUNGTRENNUNG(dppz)] moieties (in which M=


Ru,[3] Re,[4] and Os[5]) have attracted particular attention.
Further studies on [Ru ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(dppz)]


2+ have revealed that
while the intensity and lifetime of emission can be modulat-
ed by the structure and sequence of the target DNA,[6,7]


emission energies are much less effected, for example, while
the largest lem perturbations for duplex structures are
around 10–15 nm, binding to triplex DNA produces no per-
turbation of emission wavelength.[8]


Although work on metallated porphyrins is well establish-
ed, studies involving quadruplex DNA and complexes relat-


ed to [Ru ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(dppz)]
2+ are rare. The Thorp group used


[Ru ACHTUNGTRENNUNG(bpy)3]
2+—a complex that displays low affinity, nonspe-


cific interactions with DNA—to investigate redox damage
in G-quartets,[9] while Barton, et al. probed G-quartet
damage in short duplex/quadruplex conjugates using a RhIII


complex intercalated into the duplex structure.[10] The direct
interaction between metal complexes and quadruplex has
yet to be fully investigated. This is probably because quad-
ruplexes are formed at high ionic strengths (e.g., [KCl]=
180 mm). In such conditions [RuACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]


2+ binding af-
finities are greatly reduced.[11]


Nonetheless, higher order G-quadruplex structures have
considerable biological importance. Telomeric DNA, from a
variety of species, has the consensus sequence dACHTUNGTRENNUNG(T1–3 ACHTUNGTRENNUNG(T/
A)G3–4) and these G-rich sequence motifs are repeated for
many thousands of bases in humans. The in vitro formation
of quadruplex DNA in models suggests that telomeric DNA
at the 3’ termini of chromosomes may be an important che-
motherapeutic target for new antitumor agents.[12] In part,
this strategy is based on telomerase inhibitory activity found
for K+ , Na+ , and a number of small organic molecules, in
which quadruplex stabilization is inferred to impede access
to the telomeric DNA template.[13, 14] It is also known that
promoter regions of some genes contain G-rich sequences
that have the potential to adopt a quadruplex secondary
structure. Therefore, quadruplex formation may play a key
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role in regulating gene expression. Indeed, it has been dem-
onstrated that ligand-induced quadruplex formation in the
c-Myc promoter leads to transcriptional down regulation.[15]


It is clear that high affinity binding to quadruplex by
metal complexes will only be accomplished by systems
whose binding properties are much less sensitive to changes
in salt concentration. Recent work by the NordKn group has
demonstrated that dinuclear potentially bisintercalating sys-
tems based on [Ru ACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]


2+ bind to duplex DNA
with enhanced affinity, lower salt concentration dependence,
and increased site sizes. For example, they have reported
that, due to threading interactions, enantiopure diastereoiso-
ACHTUNGTRENNUNGmers of the [{Ru ACHTUNGTRENNUNG(phen)2}2ACHTUNGTRENNUNG{m-dppz ACHTUNGTRENNUNG(11,11’)-dppz}]


4+ ion (1)


display binding affinities (Kb>108m�1) that are around two
orders of magnitude higher than that of the mononuclear
complex.[16] Similar nonthreading structures have been
shown to bind to extended sequences, albeit with lower af-
finities.[17,18]


Much less work has been carried out on systems with di-
topic ligand bridges. In 1993 Carson et al. showed that the
binding affinity of dinuclear monointercalating systems can
be highly dependent on the ancillary ligands of the metal
centers.[19] More recently, NordKn, Lincoln and colleagues
have described the extremely slow association and dissocia-
tion kinetics (several hours at 50 8C, 100 mm NaCl) of the
threading dinuclear complex 2,[20] while Wang and co-work-
ers have reported on the DNA binding and pH-induced


emission switching of a somewhat related dinuclear ligand
bridged system.[21]


Tysoe et al. ,[22] and others,[23] have investigated the interac-
tion with DNA of a mononuclear complex of the ditopic
ligand tetrapyrido[3,2-a :2’,3’-c :3’’,2’’-h :2’’,3’’-j]phenazine
(tppz) and shown that it binds with affinities that are entire-
ly comparable to those of [Ru ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(dppz)]2+ . However,
the DNA binding properties of the previously reported re-
lated dinuclear complexes 3,[24] 4,[25] and their analogue
5,[26,27] based on the tetraazatetrapyrido[3,2-a :2’3’-c :3’’,2’’-
l :2’’’,3’’’-n]pentacene (tatpp) ligand have yet to be investigat-
ed. Herein we report on the interaction of these complexes
with duplex and quadruplex DNA.


Experimerntal Section


Materials : Commercially available ma-
terials were used as received. The
complexes [Ru ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(dppz)]2+ , 3, 4,
and 5 were synthesized by using adapt-
ed literature procedures.[24–27] All reac-
tions were carried out under an inert
argon atmosphere. Calf thymus DNA
(CT-DNA) was purchased from Sigma
chemical company. It was purified by
phenol extraction until Abs 260 nm/
Abs 280 nm was >1.9. The 22-mer oli-
gonucleotide sequence 5’-AGGG-
ACHTUNGTRENNUNG(TTAGGG)3 (G3) was supplied as a
lyophilized solid by Eurogentec
(Liege, Belgium). Following dialysis
into the appropriate buffer and an an-
nealing step for G3 (heating to 95 8C
for 5 minutes followed by slow cooling
to room temperature and storage at
4 8C for 48 h), concentrations of DNA
solutions were determined spectro-
scopically by using the extinction coef-
ficient of CT-DNA, e=6600 mol (nu-
cleotides)�1m3cm�1 at 260 nm,[28] and
2.16N105 mol (quadruplex)�1m3cm�1 at
260 nm for G3.


Luminescence titrations were carried
out using CT-DNA or G3 DNA and
nitrate salts of the relevant complex in
25 mm NaCl, 5 mm TRIS pH 7.0 or
200 mm KCl, 10 mm KH2PO4/K2HPO4,
1 mmK2EDTA, pH 7.0 buffers made


with doubly distilled water (Millipore).


Instrumentation : Electronic absorption spectra were recorded on a Carey
Bio-3 UV/Vis spectrophotometer. Emission spectra were recorded on a
Hitachi F4500 spectrophotometer.


The luminescence lifetime measurements were collected using the Edin-
burgh instrument 199 spectrometer operating under single-photon-count-
ing conditions. The MHz repetition-rate excitation source was an IBH
nanoLED-05 (450 nm excitation). Fluorescence emission was isolated
through the use of appropriate narrow band (�10 nm) interference filters
(600 nm as appropriate).


Thermal denaturation experiments for CT-DNA were preformed by
using a Cary 3-bio UV/Vis spectrophotometer at low salt buffer condi-
tions. All samples were run in a 1 cm path length Teflon-stoppered
quartz cuvette. Absorbance changes at 260 nm versus temperature were
collected at a heating rate of 1 8Cmin�1, over the temperature range of
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25–98 8C by using a block temperature controller. Thermal denaturation
experiments for G3-DNA were preformed using a Jasco J-810 spectropo-
larimeter at high salt buffer conditions. All samples were run in a 0.1 cm
path length, stoppered quartz cuvette. CD [mdeg] signal changes at
295 nm versus temperature were collected at a heating rate of 1 8Cmin�1


by using a Peltier controller. G3-DNA concentrations of 20 mm and com-
plex concentration of 15 mm were used.


ITC experiments were conducted by using a VP-ITC from MicroCal
LLC (Northampton MA, USA) interfaced to a Gateway PIII PC. Data
acquisition and analysis was performed by using Origin 5.0 (MicroCal
LLC) and all titrations were performed at 25 8C in either low salt
(25 mm) or high salt (200 mm) buffers as appropriate.


Viscosity data was obtained by using a Cannon–Fenske capillary viscom-
eter submerged in a water bath at 27 8C. CT-DNA. Samples were first so-
nicated for 30 mins. CT-DNA solutions were approx 1 mmbp (bp=base
pair) and flow times were recorded in triplicate using a digital stopwatch.
All solutions were in a Tris buffer.


Results and Discussion


Duplex binding studies : The complexes were synthesized as
hexafluorophosphate salts and then converted to nitrate
salts by anion metathesis. As has been described before,[26,27]


it was confirmed that complex 5 is nonemissive in all sol-
vents. However, 3 and 4 display photophysical properties
that are related to dppz-based systems: although they are lu-
minescent in nonaqueous solutions they are effectively non-
emissive in water. The interaction of these complexes with
duplex DNA was then investigated.


Thermal denaturation experiments : As a preliminary screen,
UV spectroscopy was used to assess induced melting point
(Tm) shifts of CT-DNA in the presence of complexes 3, 4,
and 5 (Table 1).


It was found that all three complexes stabilize duplex
DNA to varying degrees, with 3 producing the highest DTm


value of +5.6 8C. No hysteresis is observed in any of these
experiments. These observations are consistent with a rever-
sible noncovalent interaction between the complexes and
CT-DNA.


Viscosity studies : It is known that dinuclear complexes such
as 2 can, at least initially bind to DNA through groove bind-
ing interactions.[20] It is well-established that intercalation re-
sults in a lengthening of DNA, thus producing increases in
relative specific viscosity of solutions of DNA.[29,30] There-
fore, to probe the nature of the interaction between the di-
nuclear complexes and DNA, the effect of the addition of
the complexes on the viscosity of aqueous CT-DNA solu-


tions was investigated. It was found that viscosity increases
on addition of 3, 4, or 5 confirming that all these complexes
are intercalators (Figure 1). It should be noted that although


the change in viscosity is small compared to many metallo-
intercalators, there is a clear increase when compared to the
typical groove binder Hoechst 33258.


Absorption spectroscopy studies : Addition of CT-DNA to
buffered aqueous solution of the complexes produces dis-
tinctive changes in their absorption spectra. In all three
cases, p!p* and RuII!L metal-to-ligand charge-transfer
(MLCT3) bands display pronounced hypochromicity, with
several bands shifting in energy and shape (Figure 2).


Fitting data from titrations to the McGhee–von Hippel
model for non-cooperative binding to an isotropic lattice[31]


consistently gave sites sizes of around 2–3 base pairs, which
are comparable to mononuclear intercalators; however, fits
of binding affinities for all three complexes gave values
much greater than 106m�1. Given these results the effect of
DNA on the emission properties of the complexes was in-
vestigated.


Table 1. Tm and DTm for CT-DNA in 25 mm NaCl, 5 mm TRIS pH 7.0.


Tm [8C] DTm [8C]


CT-DNA 73.3 –
+ [3] ACHTUNGTRENNUNG[(NO3)4] 78.9 +5.6
+ [4] ACHTUNGTRENNUNG[(NO3)4] 77.5 +4.2
+ [5] ACHTUNGTRENNUNG[(NO3)4] 76.8 +3.5


Figure 1. Plot of relative viscosity (h/h0)
1/3 of CT-DNA versus 1/R for [3]-


ACHTUNGTRENNUNG[(NO3)4] (&, dotted line), [4] ACHTUNGTRENNUNG[(NO3)4] (^, solid line) and [5] ACHTUNGTRENNUNG[(NO3)4] (N ,
broken line) and the established groove binder Hoechst 33258 (*, thick
line) in a Tris buffer (5 mm Tris, 25 mm NaCl, pH 7).


Figure 2. Changes in the UV/Vis spectra of [5] ACHTUNGTRENNUNG[(NO3)4] in the presence of
titrated CT-DNA using 25 mm NaCl, 5 mm TRIS pH 7.0 at 25 8C.
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Luminescence studies involving duplex DNA : Complex 5
shows no evidence of emission, even in the presence of
excess DNA. In contrast, addition of CT-DNA to 25 mm


NaCl solutions of 3 and 4 result in large steady-state lumi-
nescent enhancements (>60 times; Figure 3).


This effect has been reported for the monomeric ana-
logues of 3[22,23] and 4[25] and has been rationalized by using
the same arguments employed to explain the light-switch
effect of [Ru ACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]


2+ . This analogy with dppz sys-
tems has been confirmed by computational studies on RuII


complexes of dppz, tppz, and other related ligands.[32] How-
ever, in contrast to the behavior of the monomeric ana-
logues, emission from 3 (lem=658 nm) and 4 (lem=637 nm)
is blue-shifted relative to their emission in acetonitrile in
which lem(3)=710 nm[24] and lem(4)=671 nm.[22]


For each titre of CT-DNA, luminescent enhancements
occur within minutes of DNA addition, indicating that asso-
ciation rates are relatively rapid. These observations confirm
that in contrast with systems such as 1 and 2, in which emis-
sion enhancements may take days to saturate, the rigid
planar structures of complexes 3–5 result in conventional
nonthreading intercalation.
Estimates of binding parameters obtained from McGhee–


von Hippel fitting of the luminescent data again reveal that
while the site sizes are consistent with those obtained for
analogous mononuclear systems, the binding affinities of the
complexes are higher than those reported for any other
monointercalating complex, and are comparable to those
found for threading complexes such as 1 in similar condi-
tions[16] (Table 2).
Given these affinities it seemed likely that appreciable


binding would be observed at salt concentrations represen-
tative of in vivo conditions. Consequently, analogous studies
were carried out using 200 mm KCl, 10 mm KH2PO4/
K2HPO4, 1 mm K2EDTA, buffered solutions of 3 and 4—
conditions that are commonly employed to promote the for-
mation of quadruplex structures. As might be expected from
polyelectrolyte theory,[33,34] there is some reduction in over-


all affinities, although values of Kb for 3 and 4 are still high
(>105m�1) and again are comparable to threading bisinter-
calator complexes in such conditions.[16] These affinities are
particularly striking as it has been shown that, due to hydra-
tion effects, binding constants of cationic complexes meas-
ured in phosphate buffers are significantly lower than those
obtained in tris buffers at the same cation concentrations[35]


The estimates of binding site sizes for 3 and 4 at higher
ionic strengths were a little lower than values obtained at
low salt concentrations. To investigate binding stoichiometry
at high salt concentration in more detail, changes in lumi-
nescence signal were used to construct continuous variance
Job plots[36] (Figure 4).


For each complex one major inflection point was re-
vealed; for [3]ACHTUNGTRENNUNG[(NO3)4] this occurred at x=0.22, which is
consistent with a stoichiometry approaching 1:3 bp, while
for [4] ACHTUNGTRENNUNG[(NO3)4] an inflection point at x=0.32 indicates a
binding ratio of 1:2 bp. These studies indicate stoichiome-
tries that are slightly higher than those obtained from fits of
the titration data at high salt concentrations, but corre-
sponds well the data obtained by using lower salt concentra-
tion, and are consistent with the nearest neighbor exclusion
model of intercalation.


Figure 3. Changes in the emission of [3] ACHTUNGTRENNUNG[(NO3)4] on addition of titrated
CT-DNA using 25 mm NaCl, 5 mm TRIS pH 7.0 at 25 8C.


Table 2. Estimates of binding parameters for [3] ACHTUNGTRENNUNG[(NO3)4], [4] ACHTUNGTRENNUNG[(NO3)4] and
[5] ACHTUNGTRENNUNG[(NO3)4] binding to CT-DNA obtained by fits of luminescence data to
the noncooperative McGhee–von Hippel model for binding to an isotrop-
ic lattice.[a]


25mm NaCl aqueous buffer 200mm KCl aqueous buffer
Complex Kb S Kb S


[3] ACHTUNGTRENNUNG[(NO3)4] 1.1 x107 2.6 3.1N106 2.0
[4] ACHTUNGTRENNUNG[(NO3)4] 3.3N108 2.2 6.0N106 1.8
[5] ACHTUNGTRENNUNG[(NO3)4]


[b] 1.1N107 1.1 3.7N105 1.3


[a] Averaged values of several titrations. [b] Nonluminescent, therefore
parameters obtained represent an upper limit estimated from fits of ab-
sorption data.


Figure 4. Job plots using luminescence data for [3] ACHTUNGTRENNUNG[(NO3)4] (^) and [4]-
ACHTUNGTRENNUNG[(NO3)4] (&) with CT-DNA at 10 mm final using 200 mm KCl, 10 mm


KH2PO4/K2HPO4, 1 mmK2EDTA, pH 7. x=mole fraction of complex
added to DNA.
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Isothermal titration calorimetric (ITC) studies of 3 and 4
with CT-DNA : To further probe the thermodynamics of the
interaction of these complexes with CT-DNA at high salt
concentrations, and dissect the observed binding free energy
into enthalpic and entropic components, we have conducted
ITC experiments. These titrations were conducted in a
buffer containing 200 mm KCl; CT-DNA was used as the
substrate. Complex 5 was insufficiently soluble at these con-
centrations to obtain interpretable data. Figure 5 shows typi-
cal ITC data for the interaction of 4 with CT-DNA.


The ITC data were then fit to a single set of identical
binding sites model to yield the parameters shown in
Table 3. Comparison of the data in Tables 2 and 3 shows


some discrepancies between calorimetrically determined
binding constants and those obtained from spectroscopic
titrations. There are several explanations for this observa-
tion.


One difficulty is that the binding parameters are obtained
from techniques in which data are fitted to different models.
For absorption/luminescence titration, the binding isotherms
are fitted by using the neighbor exclusion model, based on
the observation that these ligands bind by intercalation.
However ITC data is fitted by using the more simplistic
single set of identical binding sites model. The reason for
the simplistic treatment of the ITC data is that the raw data
are straightforward sigmoidal curves and hence there is no
statistical justification for using more complex models. In
addition ITC data analysis that incorporates cooperativity is
a nontrivial task. Significant discrepancies between spectro-
scopic and calorimetric binding constants are regularly re-
ported in the literature. One source of the discrepancy is the
different concentration regimes employed in the different
techniques, that is, millimolar quantities in ITC and micro-
molar in luminescence. The way in which these concentra-
tion differences can lead to observed differences in binding
constant has been previously discussed in full.[37] Briefly the
binding constant can be determined accurately only if the
ligand (titrant) is added to a fixed and constant concentra-
tion [So] of DNA (titrate) such that [So]!1/Kb. If [So]@1/Kb


then [So] must be greater than the ligand concentration in
order to obtain a binding isotherm that will yield a reliable
value for the binding constant. In our ITC experiments [So]
was typically ~0.25 mm binding sites (assuming a site size of
2 bp); this value is clearly larger than 1/Kb, which is ~3N
10�7. However, the principal motivation for conducting ITC
experiments was not to obtain another estimate of binding
affinity, but to directly measure binding enthalpies.
Direct and model-independent determinations of the


binding enthalpies for 3 and 4 show that the interaction of
both complexes with duplex DNA is entropically driven. In
both cases, enthalpy changes are positive and hence make a
net unfavorable contribution to the binding free energy.
This is a similar thermodynamic profile to practically all
transition metal compounds that we have examined to
date.[11,17,38] The conventional explanation for this pattern of
thermodynamic parameters is that the favorable entropy,
typical of hydrophobic interactions,[39, 40] derives from large
changes in solvation of the ligands and the DNA grooves
that accommodate phenanthroline or bipyridyl ligands. In
addition these compounds are tetracationic and hence there
is a significant release of condensed counterions from the
DNA lattice upon binding. This phenomenon also serves as
a source of favorable entropy. The profile of such interac-
tions is in contrast to the thermodynamics of binding of
many other proven intercalators, such as ethidium or propi-
dium, which typically have large favorable enthalpy driven
interactions.[41] However, the intercalator actinomycin is also
reported to bind to DNA with a near zero enthalpy.[42] It has
been pointed out previously that actinomycin shares some
structural features in common with [Ru ACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]


2+ ,[43]


which are also displayed by complex 3 ; these compounds
possess planar intercalating chromophores to which bulky
ancillary groups are attached. In the case of actinomycin
these are cyclic peptide groups, while for[Ru ACHTUNGTRENNUNG(phen)2-


Figure 5. Sample ITC data for the interaction of [4] ACHTUNGTRENNUNG[(NO3)4] with CT-
DNA in 200 mm KCl, 10 mm KH2PO4/K2HPO4, 1 mmK2EDTA, pH 7.0 at
25 8C. Upper panel: addition of ligand into buffer and titration of com-
plex into DNA. Lower panel: binding isotherm obtained from integration
of upper panel data after correcting for molar concentration of reactants.


Table 3. Calorimetrically measured thermodynamic parameters for the
interaction of 3 and 4 with CT-DNA in 200 mm KCl, pH 7.0 at 25 8C.[a]


Complex Kb


ACHTUNGTRENNUNG[mbp�1]
DGobs


ACHTUNGTRENNUNG[kJmol�1]
DHB


ACHTUNGTRENNUNG[kJmol�1]
TDS
ACHTUNGTRENNUNG[kJmol�1]


[3] ACHTUNGTRENNUNG[(NO3)4] 2.3ACHTUNGTRENNUNG(�0.8)N105 �30.7�0.9 11.3�0.3 42.0�1.0
[4] ACHTUNGTRENNUNG[(NO3)4] 3.8ACHTUNGTRENNUNG(�0.7)N105 �31.8�1.5 14.1�0.4 45.9�0.6


[a] Enthalpy values were measured directly using ITC and the standard
relationship DG=DH�TDS was used to compute changes in entropy.
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ACHTUNGTRENNUNG(dppz)]2+ and 3 these are phenanthroline ligands. Clearly
accommodating these bulky constituents into a groove re-
sults in similar energetic costs and a similar pattern of expel-
ling site specifically bound water and counterions that nor-
mally reside in the grooves of duplex.
The overall trend in binding thermodynamics for 3 and 4


determined by ITC is entirely consistent with absorptions
and luminescence data obtained at correspondingly high salt
concentrations. For example, we find that compound 4 binds
to duplex DNA with an affinity that is approximately twice
that of compound 3. The interaction of 4 with CT-DNA is
also associated with a larger unfavorable enthalpy as com-
pared to 3 and the slightly larger favorable free energy ob-
served for 4 comes from ~4 kJmol�1 more favorable entropy
as compared to 3. These data demonstrate the importance
of the ancillary ligand, since 3 and 4 have the identical inter-
calating chromophores and differ only in the composition of
the ligands attached to the metal center.


Quadruplex binding studies : Having established that 3–5
bind to duplex DNA at high ionic strengths, their interaction
with quadruplex structures in these conditions was then in-
vestigated.
The complexes incorporate ligands with planar, electron-


deficient aromatic ring systems that are structurally reminis-
cent of molecules known to bind quadruplexes, such as tri-
substituted acridines, porphyrins, and pentacyclic quinoacri-
dinium salts.[44] While these molecules have the structural
characteristics of intercalators, and are known to intercalate
into duplex DNA, their binding mode with quadruplex
structures is less well-defined, with NMR and crystallo-
graphic studies revealing nonintercalative stacking interac-
tions, such as end pasting.[45]


Thermal denaturation experiments : Initial experiments in-
volved the 22-mer d ACHTUNGTRENNUNG(AG3ACHTUNGTRENNUNG[T2AG3]3) [G3], human telomeric
sequence, which folds into a intramolecular antiparallel
quadruplex structure in the presence of K+ . CD spectrosco-
py was used to confirm that the DNA had folded into a
quadruplex conformation, and also as an initial screen to
assess Tm shifts in the presence of subsaturating (0.75:1
ligand/quadruplex) amounts of complex. Comparisons with
known quadruplex binding agents, suggested that 5 would
bind with the highest affinity to quadruplex DNA. Contrary
to these expectations, while 3 and 4 induced positive Tm


shifts of +3.8 and +5.4 8C, respectively, 5 led to quadruplex
destabilization by �1.0 8C. Under the same conditions, [Ru-
ACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]


2+ produced a Tm shift of +0.8 8C. As a con-
sequence of this screen, the quadruplex binding properties
of complexes 3 and 4 were further investigated through lu-
minescent titrations studies involving the telomere se-
quence.


Luminescence studies involving quadruplex DNA : Addition
of G3-DNA to aqueous buffered solutions of both com-
plexes also results in a light switch effect, but in this case an
emission enhancement, about 2.5 times larger than that ob-


served for duplex DNA occurs (i.e., emission enhancements
�N150), and the luminescence is also blue-shifted by up to
32 nm (Figure 6).
These observations imply that the complexes are more in-


accessible to water molecules and that there is a greater
overlap between the aromatic surfaces of the metal com-
plexes and the bases when bound to quadruplex as opposed
to duplex DNA. Further evidence for this hypothesis is pro-
vided by initial studies on the emission lifetimes of the
bound complexes (Table 4).


Surprisingly, it was found that for both complexes data
fitted best for a single luminescence lifetime. Whereas life-
times for both 3 and 4 when bound to CT-DNA are almost
identical to the previously reported value of 90 ns measured
for 4 in acetonitrile, lifetimes for the quadruplex bound
complexes are noticeably longer. Again, this is consistent
with lowered solvent accessibility when bound to quadru-
plex as opposed to duplex DNA; more complete p-overlap,
and hence more optimized stacking interactions on binding
to G3 relative to duplex. would give rise to greater shielding
from solvent and hence lengthen lifetimes and blue-shift lu-
minescence.
Binding stoichiometries with quadruplex were then inves-


tigated through luminescence based Job plots (Figure 7).
Again, two major inflection points for both complexes, at


Figure 6. Comparison of emission observed for 5 mm solution of 3 in the
presence of G3 quadruplex and calf-thymus duplex DNA. lEx=450 nm.
Buffer: 200 mm KCl, 10 mm KH2PO4/K2HPO4, 1 mmK2EDTA, pH 7.00 at
25 8C.


Table 4. Photophysical data for complexes 3 and 4 bound to CT-DNA
and G3-DNA quadruplex.[a]


Duplex binding[b] Quadruplex binding[c]


Complex lem [nm] t [ns] lem [nm] t [ns]


3 658 84 631 129
4 637 92 605 123


[a] Buffer: 200 mm KCl, 10 mm KH2PO4/K2HPO4, 1 mmK2EDTA,
pH 7.00. [b] Data obtained from a 3.1 [bp]/ ACHTUNGTRENNUNG[complex] mixing ratio.
[c] Data obtained from a 1.1 [quadruplex]/ ACHTUNGTRENNUNG[complex] mixing ratio.


www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4611 – 46194616


J. A. Thomas, I. Haq et al.



www.chemeurj.org





x=0.55 for [3]ACHTUNGTRENNUNG[(NO3)4] and at x=0.42 for [3]ACHTUNGTRENNUNG[(NO3)4], were
observed. These data are consistent with a 1:1 [quadruplex]/
ACHTUNGTRENNUNG[complex] binding mode.


Quadruplex binding affinities : Based on the luminescence
emission enhancement observed for the binding of the com-
plexes with G3 DNA, equilibrium binding experiments were
conducted in order to quantify the binding interactions at
25 8C. The concentrations of 3 and 4 were fixed at 5 mm and
the concentration of DNA quadruplex was incrementally in-
creased until saturation emission. These data were used to
construct binding curves, which best fitted to a simple one
set of sites binding model revealing that 3 binds to G3 with
an affinity of 4.4N106m (quadruplex)�1, while 4 binds with a
slightly higher affinity of 9.5N106m (quadruplex)�1. Hence,
both 3 and 4 bind to quadruplex with affinities that are
higher than to duplex DNA.


Calorimetry studies with quadruplex : To further probe the
affinities observed in luminescence titration experiments, we
conducted isothermal titration calorimetry experiments at
25 8C. Due to solubility problems associated with 4 at the
concentrations required for such studies, calorimetry experi-
ments were restricted to the interaction of 3 with G3 quad-
ruplex. Figure 8 shows primary ITC data for the interaction
of 3 with G3 quadruplex DNA.
It was found that the stoichiometry of this interaction was


1:1, confirming the luminescence titration data (Table 3).
The overall thermodynamic profile for the binding of 3 to
quadruplex DNA is summarized in Table 5.
For reasons similar to those outlined in the duplex studies


above, the binding constant determined from calorimetry
for the interaction of 3 with G3-DNA is less than the value
determined from luminescence titrations. Again, it should
be emphasized that the main intention of conducting ITC
experiments in this study is to dissect the binding free
energy into enthalpic and entropic components. The overall
picture that emerges from this thermodynamic analysis is
that, in contrast to the entirely entropically driven binding


to duplex, there is also a small favorable enthalpic contribu-
tion to the interaction of 3 with G3 quadruplex, with a DH
value of �3.5 kJmol�1, which is consistent with favorable
stacking interactions with G-tetrads.
Given the lateral loop conformations delineated in a


recent X-ray structure of the G3 quadruplex,[46] intercalation
of 3 and 4 in between successive G-tetrads of the conforma-
tion would seem to be an unlikely binding mode, although,
stoichiometry and binding thermodynamics are consistent
with interactions such as “end-pasting” or threading through
the lateral loops. However, it should also be pointed out
that a very recent report[47] has revealed that in solution the
G3 quadruplex structure is conformationally dynamic sug-
gesting that a variety of alternative interactions, including
intercalation, cannot be ruled out. Studies designed to re-
solve this issue are currently underway.


Conclusion


In summary, we report an almost complete thermodynamic
profile for dinuclear, monointercalating RuII complexes that,


Figure 7. Job plot using luminescence data for [3] ACHTUNGTRENNUNG[(NO3)4] (^) and [4]-
ACHTUNGTRENNUNG[(NO3)4] (&) with G3-DNA at 10 mm final using 200 mm KCl, 10 mm


KH2PO4/K2HPO4, 1 mmK2EDTA, pH 7. x=mole fraction of complex
added to DNA.


Figure 8. ITC data showing 18 15 mL injections of 0.96 mm [3] ACHTUNGTRENNUNG[(NO3)4] ti-
trated into 80 mm(quadruplex) G3-DNA in 200 mm KCl, 10 mm KH2PO4/
K2HPO4, 1 mmK2EDTA, pH 7.0 at 25 8C.


Table 5. Calorimetrically derived thermodynamic profile for the interac-
tion of 3 with G3 DNA using 200 mm KCl, 10 mm KH2PO4/K2HPO4,
1 mmK2EDTA, pH 7.0 at 25 8C.[a]


Kb


ACHTUNGTRENNUNG[m�1]
DHB


ACHTUNGTRENNUNG[kJmol�1]
�Gobs


ACHTUNGTRENNUNG[kJmol�1]
TDS
ACHTUNGTRENNUNG[kJmol�1]


N


[3] ACHTUNGTRENNUNG[(NO3)4] 3.0 ACHTUNGTRENNUNG(�1.1)N105 �3.5�0.1 �31.3�0.9 27.8�0.9 0.7


[a] Enthalpy values were measured directly using ITC and the standard
relationship DG=DH�TDS was used to compute changes in entropy. All
values per quadruplex.
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even at high ionic strengths, binds to duplex DNA with very
high affinities that are only equalled by threaded metallo–
bis ACHTUNGTRENNUNGintercalators. Furthermore, compounds 3 and 4 bind to
quadruplex DNA with affinities that are comparable, or
higher, than those obtained for duplex binding. Indeed, ITC
data for compound 3 clearly show that binding to quadru-
plex is about 5 kJmol�1 more favorable than binding to
duplex DNA. In addition, binding to quadruplex DNA is ac-
companied by a distinctive “quadruplex light-switch” effect,
in which emission is blue-shifted and considerably more en-
hanced relative to duplex binding.
The properties of these systems indicate that related com-


pounds may have potential as in vivo quadruplex probes: if
systems that display a “quadruplex light-switch” effect suffi-
ciently blue-shifted away from the normal duplex phenom-
enon so that “cross-talk” between emission signals can be
eliminated, only modest differentials in binding preference
for quadruplex over duplex will be required.
It should be pointed out that this initial work the com-


plexes studied are present as a mixture of diasteromers.
However, methodologies for the syntheses of enantiomeri-
cally pure isomers of 3[24] and 5[26] have been reported. Con-
sequently, future biophysical and photophysical studies will
investigate the interaction of enantiopure isomers of these
complexes with duplex and G3-DNA as well as other quad-
ruplex structures. Ongoing synthetic studies, targeting sys-
tems that display enhanced differential binding preferences
and/or luminescent emission for quadruplex over duplex
DNA, will be reported in future publications.
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A Challenge to Chemical Intuition: Donor–Acceptor Interactions in H3B�L
and H2B


+�L (L=CO; EC5H5, E=N–Bi)


Stefan Erhardt[a, b] and Gernot Frenking*[b]


Introduction


Chemical bonding between a Lewis acid and a Lewis base is
usually described in terms of donor–acceptor interactions
between the occupied orbitals of the donor and the vacant
orbitals of the acceptor. The generally accepted bonding


model, first suggested by Dewar[1] and later elaborated by
Chatt and Duncanson,[2] focuses on donor!acceptor s don-
ation and acceptor!donor p backdonation.[3] Figure 1
shows as a typical example for the Dewar–Chatt–Duncanson
(DCD) model of the orbital interactions between a main-
group Lewis acid A and CO as a Lewis base. An often ne-
glected component is the donor!acceptor p donation
which may occur from the degenerate occupied CO p orbi-
tal into a vacant p* orbital of the Lewis acid (Figure 1c).[4]


We recently carried out a systematic theoretical study of
the donor–acceptor interactions in complexes with hetero-
benzene ligands EC5H5 (E=N–Bi), which can serve as six-
electron donors through the p electrons or as two-electron
donors via the electron lone-pair of E.[5] The orbital interac-
tions of the latter are schematically shown in Figure 2.


Abstract: The equilibrium geometries
and bond energies of the complexes
H3B�L and H2B


+�L (L=CO; EC5H5:
E=N, P, As, Sb, Bi) have been calculat-
ed at the BP86/TZ2P level of theory.
The nature of the donor–acceptor
bonds was investigated by energy de-
composition analysis (EDA). The bond
strengths of H3B�L have the order
CO>N>P>As>Sb>Bi. The calcu-
lated values are between De=37.1 kcal
mol�1 for H3B�CO and De=


6.9 kcalmol�1 for H3B�BiC5H5. The
bond dissociation energies of the cati-
ons H2B


+�CO and H2B
+�EC5H5 are


larger than for H3B�L, particularly for
complexes of the heterobenzene li-
gands. The calculated values are be-
tween De=51.9 kcalmol�1 for H2B


+�
CO and De=122.1 kcalmol�1 for H2B


+


�NC5H5. The trend of the BDE of
H2B


+�CO and H2B
+�EC5H5 is N>


P>As>Sb>Bi>CO. A surprising
result is found for H2B


+�CO, which


has a significantly stronger and yet sub-
stantially longer bond than H3B�CO.
The reason for the longer but stronger
bond in H2B


+�CO compared with that
in H3B�CO comes mainly from the
change in electrostatic attraction and p


bonding at shorter distances, which in-
creases more in the neutral system
than in the cation, and to a lesser
extent from the deformation energy of
the fragments. The H2B


+ !NC5H5 p?


donation plays an important role for
the stronger interactions at shorter dis-
tances compared with those in H3B�
NC5H5. The attractive interaction in
H2B


+�CO further increases at bond
lengths that are shorter than the equili-
brium value, but this is compensated


by the energy which is necessary to
deform BH2


+ from its linear equilibri-
um geometry to the bent form in the
complex. The EDA shows that the con-
tributions of the orbital interactions to
the donor–acceptor bonds are always
larger than the classical electrostatic
contributions, but the latter term plays
an important role for the trend in bond
strength. The largest contributions to
the orbital interactions come from the
s orbitals. The EDA calculations sug-
gest that heterobenzene ligands may
become moderately strong p donors in
complexes with strong Lewis acids,
while CO is only a weak p donor. The
much stronger interaction energies in
H2B


+�EC5H5 compared with those in
H3B�EC5H5 are caused by the signifi-
cantly larger contribution of the p? or-
bitals in H2B


+�EC5H5 and by the in-
crease of the binding interactions of
the s+pk orbitals.
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Clearly, EC5H5 can also in principle serve as a p donor (Fig-
ure 2c), besides the familiar s donation and p backdonation
(Figure 2a and b). One difference between the ligands CO
and EC5H5 is that the p orbitals in the former are degener-
ate, while in the latter they are split into out-of-plane (p? )
and in-plane (pk) orbitals. Donation and backdonation of
the p? and pk orbitals are shown in Figure 2b–e. Note that
the p(p) AO of E stands for the ring orbitals of EC5H5. We
were interested in the p-donor strength and a comparison of
heterobenzene ligands EC5H5 with CO. To this end we cal-
culated the complexes of EC5H5 and CO with the Lewis
acids BH3 and BH2


+ . BH2
+ was chosen because it has no


occupied out-of-plane p? orbital. The calculated energy
contributions of the p? orbital interactions are therefore a
direct estimate of the p-donor strength of EC5H5 and CO.


We investigated the nature of the donor–acceptor interac-
tions with the energy decomposition analysis (EDA) of the


program ADF,[6] which is based on the methods developed
by Ziegler and Rauk[7] and Morokuma and Kitaura.[8] The
EDA has successfully been used by us in systematic studies
of donor–acceptor complexes.[9] The advantage of EDA is
that the donor–acceptor bonding is analyzed not only in
terms of orbital interactions but also in terms of quasiclassi-
cal electrostatic interaction. The two components, that is, or-
bital interactions and electrostatic attraction, are the two
poles of the hard and soft acids and bases (HSAB) model
introduced by Pearson.[10] A third component of the total
donor–acceptor interaction is the Pauli repulsion between
electrons having the same spin. The Pauli repulsion is the
force which is considered as the main factor in the valence-
shell electron pair repulsion (VSEPR) model of Gillespie
et al.[11] The EDA is thus a method which encompasses all
factors that are considered in the DCD, HSAB, and VSEPR
models. Here we report on surprising results which chal-
lenge chemical intuition.


Methods


The geometries of the molecules were optimized at the non-
local DFT level of theory by using the exchange functional
of Becke[12] in conjunction with the correlation functional of
Perdew[13] (BP86). Uncontracted Slater-type orbitals (STOs)
were employed as basis functions for the SCF calculations.[14]


The basis sets have triple-z quality augmented by two sets
of polarization functions, that is, p and d functions on hydro-
gen and d and f functions on the other atoms. This level of
theory is denoted BP86/TZ2P. An auxiliary set of s, p, d, f,
and g STOs was used to fit the molecular densities and to
represent the Coulomb and exchange potentials accurately
in each SCF cycle.[15] Scalar relativistic effects were consid-
ered by using the zero-order regular approximation
(ZORA).[16] All structures were verified as minima on the
potential energy surface by calculating the Hessian matrices.
The partial charges were calculated with the Hirshfeld parti-
tioning scheme.[17] The calculations were carried out with
the program package ADF ACHTUNGTRENNUNG(2.3).[18]


The H3B�L and H2B
+�L (L=CO, EC5H5) donor–accep-


tor interactions were analyzed by means of the energy parti-
tioning scheme of ADF.[6] The focus of the bonding analysis
is the instantaneous interaction energy DEint of the bond,
which is the energy difference between the molecule and
the fragments in the frozen geometry of the compound. The
interaction energy can be divided into three main compo-
nents [Eq. (1)]:


DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ


where DEelstat is the electrostatic interaction energy between
the fragments, which are calculated by using the frozen elec-
tron density distribution of the fragments H3B, H2B


+ , CO,
EC5H5 in the geometry of the molecules H3B�L and H2B


+�
L. DEPauli refers to the repulsive interactions between the


Figure 1. Schematic representation of the most important orbital interac-
tions between CO as donor and a main-group Lewis acid A as acceptor.
a) CO!A s donation. b) A!CO p backdonation. c) CO!A p dona-
tion.


Figure 2. Schematic representation of the most important orbital interac-
tions between heterobenzenes EC5H5 as donor and a main-group Lewis
acid A as acceptor. a) EC5H5!A s donation. b) A!EC5H5 p? back-
ACHTUNGTRENNUNGdonation. c) EC5H5!A p? donation. d) A!EC5H5 pk backdonation.
e) EC5H5!A pk donation. Note that the out-of-plane p(p?) orbital of E
represents the p? orbitals of the ring. Also, the in-plane p(pk) orbital of
E represents the pk orbitals of the ring. The p? orbitals are defined as or-
bitals that are antisymmetric with respect to the mirror plane which lies
in the ring plane. The pk orbitals are defined as orbitals that are antisym-
metric with respect to the mirror plane which bisects the ring plane.
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fragments, which are caused by the fact that two electrons
with the same spin cannot occupy the same region in space.
DEPauli is calculated by enforcing the Kohn–Sham determi-
nant on the superimposed fragments to obey the Pauli prin-
ciple by antisymmetrization and renormalization. The stabi-
lizing orbital interaction term DEorb is calculated in the final
step of the energy partitioning analysis when the Kohn–
Sham orbitals relax to their optimal form. This term can be
further partitioned into contributions by the orbitals belong-
ing to different irreducible representations of the point
group of the interacting system. Note that the DEorb term in-
cludes also effects of polarization which come from the elec-
trostatic interactions yielding deformation of the charge dis-
tribution without genuine orbital interactions taking place.
Previous studies have shown that the contribution of the po-
larization term is rather small.[31d] The interaction energy
DEint can be used to calculate the bond dissociation energy
De by adding DEprep, which is the energy necessary to pro-
mote the fragments from their equilibrium geometry to the
geometry in the compounds [Eq. (2)] Further details of the
energy partitioning analysis can be found in the literature.[6]


�De ¼ DEprep þ DEint ð2Þ


The geometries of H3B�CO and H2B
+�CO were also opti-


mized at the QCISD level[19] with a 6-311G ACHTUNGTRENNUNG(d,p) basis set.[20]


The bond energies were then calculated by the CBS-QB3
method of Petersson et al.[21] The latter calculations were
carried out with the program package Gaussian03.[22]


Results and Discussion


Geometries and bond dissocia-
tion energies : The geometry op-
timization of H3B�CO gave the
expected C3v-symmetric struc-
ture, while the equilibrium
structures of H3B�EC5H5 have
Cs symmetry, as schematically
shown in Figure 3a. Table 1 lists
the most important bond
lengths and angles and the
bond dissociation energies of
the complexes. The calculated
value for the H3B�CO bond
length at the BP86/TZ2P level
(1.508 L) is slightly shorter
than the experimental value
(1.534	0.01 L)[23] while the
QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p) value
(1.577 L) is a bit too long. The
lowest lying conformation of
the BH3 moiety in H3B�EC5H5


has one B�H bond orthogonal


to the ring plane. The B-E-C4 angle is slightly less than 1808
except for H3B�BiC5H5, which has a more acute angle of
136.38. Thus, the mirror plane of the Cs equilibrium struc-
tures of H3B�EC5H5 bisects the ring plane of the EC5H5


moiety. This is important for the orbital interaction analysis
given below.


The theoretically predicted values for the bond dissocia-
tion energy (BDE) of the neutral compounds H3B�L have
the order L=CO>N>P>As>Sb>Bi, where the atomic
symbols stand for the heteroarenes. A comparison with ex-
perimental results and previous theoretical studies indicates
that the BP86/TZ2P value for H3B�CO (Do=34.0 kcal
mol�1) is too large. Experimental heats of formation of the


Figure 3. Schematic representation of the optimized geometries of com-
plexes H3B�EC5H5. a) Equilibrium geometry (Cs). b) Symmetry-con-
strained (Cs) structure which was used for the EDA calculations. In the
latter structure the mirror plane of the ring moiety EC5H5 is also the
mirror plane of the complex H3B�EC5H5. Note that the angle B-E-C4 in
the equilibrium geometry is nearly 1808 for E=N, P, As, Sb (Table 1).


Table 1. Calculated and experimental bond lengths [L], bond angles [8], and bond dissociation energies De


and Do [kcalmol�1] of H3B�CO, H3B�EC5H5, H2B
+�CO, and H2B


+�EC5H5 (E=N, P, As, Sb, Bi) at the BP86/
TZ2P level. Experimental values are given in parentheses. The calculated values for H3B�CO and H2B


+�CO
at the CBS/QB3//QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p) level are given in italics.


CO N P As Sb Bi


H3B�CO, H3B�EC5H5


B�E 1.508; 1.577 1.605 1.933 2.086 2.355 2.586
(1.534	0.01)[a]


E�C2 (C-O) 1.143;[b] 1.130[c] 1.352 1.725 1.847 2.050 2.170
(1.135	0.01)[a]


C2�C3 1.389 1.394 1.391 1.390 1.384
C3�C4 1.396 1.397 1.401 1.403 1.407
C2-E-C6 118.7 104.4 100.8 94.9 90.5
B-E-C4 177.9 178.7 178.8 178.2 136.3
De 37.1; 25.2 35.6; 36.1 25.8 16.6 12.1 6.9
Do 34.0; 22.1[d] 31.2; 31.7 22.4 15.2 12.5 6.6


ACHTUNGTRENNUNG(24.6)[e]


H2B
+�CO, H2B


+�EC5H5


B�E 1.611; 1.661 1.491 1.888 1.993 2.200 2.290
E�C2 (C-O) 1.122;[b] 1.117[c] 1.373 1.725 1.845 2.044 2.142
C2�C3 1.380 1.388 1.385 1.384 1.379
C3�C4 1.400 1.405 1.407 1.409 1.409
C2-E-C6 120.0 108.7 104.8 98.6 95.3
De 51.9; 45.4 122.1; 119.3 94.7 83.6 75.8 65.4
Do 49.0; 42.5[d] 117.2; 114.4 91.2 81.8 74.8 64.8


[a] Experimental value.[23] [b] Calculated value for free CO: 1.136 L. [c] Calculated value for free CO:
1.133 L. [d] ZPE correction at BP86/TZ2P level. [e] Experimental value taken from the heats of formation.[24]
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complex and the dissociation products[24] give a value of
Do=24.6 kcalmol�1 which is in good agreement with previ-
ous ab initio studies[25,26] at the MP2/TZ2P[27] (Do=23.0 kcal
mol�1) and CBS-4[21] levels (Do=21.9 kcalmol�1). The latter
work also gives a BDE for H3B�NC5H5 (Do=32.0 kcal
mol�1) which is in excellent agreement with the BP86/TZ2P
value reported here (Do=31.2 kcalmol�1, Table 1). It thus
seems that BP86/TZ2P overestimates the bond energy of
H3B�L for L=CO but not for L=EC5H5. Our calculated
BDE values at the CBS/QB3 level for H3B�CO and H3B�
NC5H5 are in good agreement with previous results
(Table 1).


Table 1 also lists the interatomic distances, bond angles,
and bond dissociation energies of the planar (C2v) equilibri-
um structures of H2B


+�CO and H2B
+�EC5H5. A compari-


son of the calculated data for the neutral complexes with
those of the cations shows some peculiar results. The bond
energies of the H2B


+�L complexes are as expected higher
than the values for H3B�L, because positively charged BH2


+


is a stronger Lewis acid than BH3. However, the increase is
much larger when L=EC5H5 than for L=CO, for which the
bond energy increases only moderately. For example, the Do


value of the carbonyl complexes increases from 34.0 kcal
mol�1 in H3B�CO to 49.0 kcalmol�1 in H2B


+�CO, while the
values for the pyridine complexes increase from 31.2 kcal
mol�1 in H3B�NC5H5 to 117.2 kcalmol�1 in H2B


+�NC5H5


(Table 1). The theoretically predicted bond energies of the
H2B


+�L complexes have the order N>P>As>Sb>Bi>
CO, that is, CO is now the most weakly bonded ligand. This
result does not change when the calculated bond energies at
the CBS/QB3 level for H2B


+�CO (Do=42.5 kcalmol�1) and
H2B


+�NC5H5 (Do=114.4 kcalmol�1) are considered
(Table 1). The results clearly show that it is not possible to
establish a generally valid order for the strength of the
Lewis basicity of nucleophilic species. The strength of the
donor–acceptor interactions depends on the nature of the
bond, and different Lewis acids may exhibit different orders
of bond strength with a set of Lewis bases because the
nature of the donor–acceptor interactions is not the same.


A second surprising result are the calculated H2B
+�L


bond lengths. The higher BDE of the charged complexes
suggests that the donor–acceptor bonds should become


shorter in the cations than in the neutral compounds H3B�
L. Table 1 shows that this is indeed the case when L=


EC5H5. The B�E distances in H2B
+�EC5H5 are always sig-


nificantly shorter than in H3B�EC5H5. This does not hold
for L=CO, however. The calculated H2B


+�CO bond is
clearly longer (1.611 L) than the H3B�CO bond (1.508 L),
although the former has a stronger bond than the latter. To
rule out that this result is an artifact of the method we car-
ried out ab initio calculations for H2B


+�CO and H3B�CO
at the CBS/QB3 level[21] using QCISD/6-311G ACHTUNGTRENNUNG(d,p) opti-
mized geometries.[19] Table 1 shows that the ab initio calcula-
tions make the same prediction, that is, the H2B


+�CO bond
is longer (1.661 L) but stronger (Do=42.5 kcalmol�1) than
the H3B�CO bond, which is shorter (1.577 L) but weaker
(Do=22.1 kcalmol�1). Shorter but weaker donor–acceptor
bonds have been reported before,[28] and it has been pointed
out that bond lengths and bond strength do not necessarily
correlate with each other, although this is generally as-
sumed.[29] The present example is particularly striking and
deserves to be analyzed in detail (see next section).


Bonding analysis : We investigated the nature of the donor–
acceptor bonds in H3B�L and H2B


+�L by energy decompo-
sition analysis (EDA) in order to understand the peculiar re-
sults presented above. Table 2 lists the EDA results for
H3B�CO and H3B�EC5H5. The EDA calculations on the
former compound were carried out on the C3v equilibrium
geometry. The bonding analysis of H3B�EC5H5 was per-
formed not for the equilibrium geometries but for optimized
structures with symmetry constraints as shown in Figure 3.
The equilibrium structures (Figure 3a) and the distorted
form (Figure 3b) both have Cs symmetry. The difference be-
tween the two forms is that the mirror plane of the former
structure bisects the ring plane of the EC5H5 moiety, while
in the latter the ring plane lies in the mirror plane. This
means that the a’ orbitals of the H3B�EC5H5 equilibrium
structure have contributions coming from the s and p? orbi-
tals of EC5H5 while the a’’ orbitals of the complex have con-
tributions from the pk orbitals of EC5H5. The energy contri-
butions of the s and p? EC5H5 orbitals can therefore not be
calculated separately. In the constrained structure (Fig-
ure 3b) the a’ orbitals of the H3B�EC5H5 equilibrium struc-


Table 2. EDA results [kcalmol�1] of H3B�CO and H3B�EC5H5 (E=N, P, As, Sb, Bi) and partial charges q ACHTUNGTRENNUNG(BH3) at the BP86/TZ2P level. H3B�EC5H5


was analyzed with the Cs structure shown in Figure 3b.


Term CO N P As Sb Bi


DEint �50.3 �51.1 �38.2 �26.1 �17.8 �9.3
DEPauli 151.9 122.0 111.7 83.6 60.9 38.5
DEelstat


[a] �73.9 (36.5%) �86.5 (49.9%) �57.4 (38.3%) �39.6 (36.1%) �27.3 (34.7%) �15.8 (33.2%)
DEorb


[a] �128.3 (63.5%) �86.7 (50.1%) �92.4 (61.7%) �70.0 (63.9%) �51.5 (65.3%) �31.9 (66.8%)
a’ (s+pk)


[b] �109.7 (85.5%) �77.7 (89.6%) �83.9 (90.7%) �64.5 (92.1%) �48.0 (93.3%) �29.9 (93.7%)
a’’ (p? )


[b] �18.6 (14.5%) �9.0 (10.4%) �8.6 (9.3%) �5.5 (7.9%) �3.4 (6.7%) �2.0 (6.3%)
DEprep 13.2 15.6 12.5 9.4 5.7 2.4
De 37.1 35.6 25.8 16.6 12.1 6.9
Do 33.9 31.7 23.4 14.5 10.2 5.4
q ACHTUNGTRENNUNG(BH3) 0.08 �0.14 �0.08 �0.11 �0.12 �0.11


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The symmetry notation in parentheses refers to the
orbitals of the donor moiety. The value in parentheses gives the percentage contribution to the total orbital interactions.
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ture have contributions from the s and pk orbitals of
EC5H5, while the a’’ orbitals of the complex have contribu-
tions from the p? orbitals of EC5H5. Since the latter contri-
bution is the focus of the orbital analysis (Figure 2), we used
the structure shown in Figure 3b for the EDA calculations.
The constrained structures of H3B�EC5H5 are only slightly
higher in energy than the equilibrium structure. The calcu-
lated differences are less than 0.1 kcalmol�1 for E=N–Sb
and 0.41 kcalmol�1 for H3B�BiC5H5. We think that the
energy differences are negligible for the EDA, which now
yields the contribution of the p? orbitals of the ligand to
the DEorb term. To facilitate comparison, the EDA data of
H3B�CO in Table 2 are also given in Cs symmetry. Note that
the contributions of the p? and pk orbitals in H3B�CO are
the same, and therefore it is possible to calculate the s and
p interactions for this complex from the EDA data of the Cs
structure.


The EDA shows that the largest contribution to the over-
all interaction energy DEint in all complexes H3B�L comes
from the repulsive term DEPauli. The largest attractive contri-
bution to the H3B�CO bond comes from the orbital term
DEorb, which provides 63.5% of the binding interactions,
while the electrostatic attraction contributes 36.5%. The
two terms DEorb and DEelstat are nearly equally strong in
H3B�NC5H5. The relative contribution of the DEorb term in-
creases for the H3B�EC5H5 bond when E becomes heavier
(Table 2). We note that a change in the classical electrostatic
interactions has a significant influence on the trend of the
H3B�L bond strength. The DEelstat value in H3B�NC5H5 is
larger (�86.5 kcalmol�1) than that in H3B�CO (�73.9 kcal
mol�1), although the former complex has a longer donor–ac-
ceptor bond than the latter. This can be explained with the
more diffuse (greater p character) lone pair orbital of
NC5H5 compared to that of CO. The larger DEelstat value and
the smaller Pauli repulsion of H3B�NC5H5 compensate for
the clearly weaker orbital interactions (�86.7 kcalmol�1)
compared with H3B�CO (�128.3 kcalmol�1). Note that the
DEelstat values of H3B�EC5H5 follow the same diminishing
trend N>P>As>Sb>Bi as the total values for DEint, while
DEorb first increases from N to P before it becomes smaller
(Table 2).


Very interesting information comes from the breakdown
of the DEorb term into contributions from orbitals having a’
and a’’ symmetry. The former orbitals are the s and pk orbi-
tals (Figure 2a), while the latter are the p? orbitals (Fig-
ure 2b) of the complex and the ligand. The EDA data in
Table 2 show that the DEorb ACHTUNGTRENNUNG(a’’) term of the complexes
H3B�EC5H5 is not very large. It contributes only between
6.3 and 10.4% to the total orbital interactions. The contribu-
tion of the DEorbACHTUNGTRENNUNG(a’’) term in H3B�CO is larger. In the latter
compound, the p? and pk orbitals are degenerate. Each
component contributes 14.5% to the total orbital interac-
tions, which means that the p orbitals in H3B�CO yield
29.0% of the DEorb term. It remains open, however, how
much of the DEorbACHTUNGTRENNUNG(a’’) interaction energy comes from
H3B


!L p? donation and how much comes from H3B!L
p? backdonation. To address the question of p-donor
strength of CO and EC5H5, and also to understand the dif-
ferences in the nature of the chemical bond, we carried out
EDA calculations on the complexes H2B


+�CO and H2B
+�


EC5H5. The results are listed in Table 3.
The EDA calculations show that the H2B


+�L bonds have
more pronounced covalent character than the H3B�L bonds.
The relative contribution of the DEorb term to the attractive
interactions in the former compounds is between 57.4 and
90.4% (Table 3), while it is only between 50.5 and 66.8% in
the latter species. This can be explained by the much lower
lying acceptor orbitals of the Lewis acid BH2


+ compared
with the vacant orbitals of BH3.


[30] The EDA of the H2B
+�L


bonds could be carried out with C2v symmetry, which makes
it possible to separate the contributions of the in-plane pk
orbitals (b2) from the out-of-plane p? orbitals (b1) and from
the s orbitals (a1). The contributions of the a2 orbitals,
which have d symmetry, arise from the admixture of the po-
larization functions. The calculated energy values of the
latter are very small and can be neglected.


The calculated data for the p-orbital contribution to the
DEorb term for H2B


+�L indicate that the relative contribu-
tion of the in-plane pk orbitals (b2) is only between 1.9 and
6.4% for L=EC5H5, while it becomes 9.4% for L=CO
(Table 3). The interaction of the pk orbitals arises from don-
ation and backdonation between the Lewis acid and Lewis


Table 3. EDA results [kcalmol�1] for H2B
+�CO and H2B


+�EC5H5 (E=N, P, As, Sb, Bi) in C2v symmetry and partial charges qACHTUNGTRENNUNG(BH2) at the BP86/TZ2P
level.


Term CO N P As Sb Bi


DEint �70.4 �146.2 �120.9 �107.3 �96.9 �82.7
DEPauli 110.4 151.5 117.7 98.0 81.8 67.7
DEelstat


[a] �57.0 (31.5%) �126.8 (42.6%) �67.7 (28.4%) �46.6 (22.7%) �30.0 (16.8%) �14.4 (9.6%)
DEorb


[a] �123.7 (68.5%) �170.8 (57.4%) �170.9 (71.6%) �158.6 (77.3%) �148.1 (83.2%) �136.0 (90.4%)
a1 (s)


[b] �103.6 (83.8%) �120.4 (70.5%) �129.8 (76.0%) �120.0 (75.7%) �113.5 (76.4%) �100.9 (74.2%)
a2 (d)


[b] 0.0 (0.0%) �3.4 (2.0%) �1.6 (1.0%) �1.2 (0.8%) �1.0 (0.6%) �0.8 (0.6%)
b1 (p? )


[b] �8.5 (6.8%) �36.1 (21.1%) �32.1 (18.8%) �32.0 (20.2%) �30.4 (20.5%) �31.7 (23.3%)
b2 (pk)


[b] �11.6 (9.4%) �10.9 (6.4%) �7.3 (4.3%) �5.3 (3.3%) �3.7 (2.5%) �2.6 (1.9%)
DEprep 18.5 24.1 26.2 23.6 21.1 17.4
De 51.9 122.1 94.7 83.6 75.8 65.4
Do 48.9 117.4 92.0 81.0 73.6 63.4
q ACHTUNGTRENNUNG(BH2) 0.83 0.66 0.61 0.58 0.54 0.51


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value in parentheses gives the percentage con-
tribution to the total orbital interactions.
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base. The orbital interaction of the out-of-plane p? orbitals
(b1) in H2B


+�L comes only from H2B
+ !L donation, be-


cause BH2
+ does not have an occupied p? orbital. The data


for the DEorb(b1) contribution in H2B
+�L are thus a direct


measure of the p? donor strength of L. Table 4 shows that
the p-donor strength of CO is rather small, only
8.5 kcalmol�1, which contributes 6.8% to the DEorb term.
The p? donor strength of the heterobenzene ligands EC5H5


is significantly higher. The DEorb(b1) contribution to the
DEorb term is remarkably constant between 30.4 (E=Sb)
and 36.1 kcalmol�1 (E=N). The relative contributions of pk
donation are between 18.8 (E=P) and 23.3% (E=Bi). The
EDA results clearly demonstrate that the heterobenzene li-
gands EC5H5 are mainly s-donor ligands, but the p? donor
strength is not negligible. The p? donation of EC5H5 in a
donor–acceptor complex may contribute about 20% to the
total orbital interactions if the Lewis acid has a low-lying
empty p? orbital.


The next part of the bonding analysis focuses on why the
H2B


+�CO bond is stronger but longer than the H3B�CO
bond, and why the heterobenzene ligands EC5H5 become
much more strongly bonded than CO in H2B


+�L whereas
EC5H5 is more weakly bonded than CO in the neutral com-
plexes H3B�L. For the second question we compare the
EDA results of H3B�EC5H5 (Table 2) with the data for
H2B


+�EC5H5 (Table 3). It becomes clear that the cations
have a larger relative contribution of the DEorb term to the
attractive B�E interactions, which becomes between 57.4%
for E=N and 90.4% for E=Bi. A striking difference be-
tween the DEorb values of the two sets of compounds is the
significantly larger contribution of the p? orbitals in H2B


+�


EC5H5, which accounts for an
increase of of the interaction
energy by about 30 kcalmol�1.
An even larger increase on
going from H3B�EC5H5 to
H2B


+�EC5H5 is calculated for
the s+pk orbitals, which con-
tribute 55–70 kcalmol�1 more
to the orbital interaction of the
latter complexes (Tables 2 and
3). The increase in the in-plane
orbital interactions (s+pk) is
partly compensated by the in-
creased Pauli repulsion, which
also becomes larger (6–
30 kcalmol�1), Interestingly, the
DEPauli value of H2B


+�PC5H5 is
only 6.0 kcalmol�1 larger than
that of H3B�PC5H5.


The strength of the electro-
static interactions changes only
slightly (<10 kcalmol�1) be-
tween H3B�EC5H5 and H2B


+�
EC5H5 except for E=N, for
which the DEelstat term increases
by 40.3 kcalmol�1. This explains


why H2B
+�NC5H5 clearly has the strongest donor–acceptor


bond of all compounds investigated here. The absolute and
relative contributions of DEelstat to the donor–acceptor bond-
ing in the heavier H2B


+�EC5H5 species become significantly
smaller than for E=N (Table 3).


In summary, the much larger interaction energies in H2B
+


�EC5H5 compared with H3B�EC5H5 are caused by several
factors. One factor is the significantly larger contribution of
the p? orbitals in H2B


+�EC5H5, which accounts for an in-
crease of about 30 kcalmol�1 in the interaction energy. A
second important factor is the increased binding interactions
of the s+pk orbitals, which strengthen the donor–acceptor
bonds of the cations by 55–70 kcalmol�1. The increased
Pauli repulsion between electrons having the same spin in
the s+pk orbitals reduces the net binding effect in H2B


+�
EC5H5 by up to 30 kcalmol�1. The contribution of the elec-
trostatic interactions to the enhanced binding is less than
10 kcalmol�1 except for E=N, for which the DEelstat term in-
creases by 40.3 kcalmol�1.


To explain the longer but stronger H2B
+�CO bond com-


pared with H3B�CO, we performed EDA calculations on
molecules with different B�C bond lengths. The numerical
results are given in Tables 4 and 5.


The geometries of H2B
+�CO and H3B�CO were opti-


mized with frozen B�C distances of 1.45, 1.508 (equilibrium
distance of H3B�CO), 1.55, and 1.611 L (equilibrium dis-
tance of H2B


+�CO). Tables 4 and 5 show that the energy
differences between the equilibrium structures and the spe-
cies which are calculated with the optimized B�C bond
length of the other species are rather small. It takes only
2.1 kcalmol�1 to contract the H2B


+�CO bond to the value


Table 4. EDA results [kcalmol�1] for H2B
+�CO with different C�B distances at the BP86/TZ2P level.


C�B [L]
Term 1.45 1.508 1.55 1.611


DEint �69.4 �71.3 �71.5 �70.4
DDEint


[c] �0.9 0.0
DEPauli 165.9 143.3 128.9 110.3
DDEPauli


[c] 32.9 0.0
DEelstat


[a] �72.3 (30.7%) �66.8 (31.1%) �62.8 (31.3%) �57.0 (31.5%)
DDEelstat


[c] �9.8 0.0
DEorb


[a] �163.0 (69.3%) �147.8 (68.9%) �137.6 (68.7%) �123.7 (68.5%)
DDEorb


[c] �24.1 0.0
a1 (s)


[b] �129.7 (79.6%) �120.2 (81.3%) �113.4 (82.4%) �103.6 (83.8%)
Da1 (s)


[c] �16.6 0.0
a2 (d)


[b] 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
b1 (p? )


[b] �13.5 (8.3%) �11.4 (7.7%) �10.0 (7.3%) �8.5 (6.8%)
b2 (pk)


[b] �19.7 (12.1%) �16.3 (11.0%) �14.2 (10.3%) �11.6 (9.4%)
Db (p)[d] �7.6 0.0
DEprep 23.3 21.5 20.3 18.5
DDEprep


[c] 3.0 0.0
De 46.1 49.8 51.2 51.9
DDe


[c] �2.1 0.0
Do 48.9
DErel 5.8 2.1 0.7 0.0


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B


+�CO and H3B�CO. [d] Difference between the p-orbital inter-
actions (b1+b2) at the equilibrium bond lengths of H2B


+�CO and H3B�CO.
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in H3B�CO, and only 2.2 kcalmol�1 is necessary to stretch
the H3B�CO bond to the value in H2B


+�CO.
The EDA data (Tables 2–4) show that the interaction


energy of H2B
+�CO (DEint=�70.4 kcalmol�1) is higher


than that of H3B�CO (DEint=�50.3 kcalmol�1), but the
three major components DEelstat, DEPauli, and DEorb are
weaker in the cation than in the neutral system, which is
reasonable because of the longer donor–acceptor bond in
H2B


+�CO. The most striking result is that the value of DEint


in H2B
+�CO becomes larger when the B�C bond is short-


ened (Table 4). This means that the equilibrium bond length
in H2B


+�CO is not the distance at which the net attractive
donor–acceptor interactions are strongest. Table 4 shows
that the DEint values at 1.55 L (�71.5 kcalmol�1) and even
at 1.508 L (�71.3 kcalmol�1) are larger than the equilibrium
value at 1.611 L (�70.4 kcalmol�1). The reason why the
total energy of H2B


+�CO is lower at the longer distance
lies in the lower preparation energy DEprep of the fragments
(Table 4). The stronger interaction energy of H2B


+�CO at
shorter distances is compensated by the deformation energy
of the fragments H2B


+ and CO. Inspection of the energy
values reveals that the major contribution to DEprep comes
from the bending deformation of H2B


+ .
So what is the difference between H2B


+�CO and H3B�
CO which explains the peculiar bond length/bond strength
correlation? We compare the changes in the energy terms of
the EDA calculated at the equilibrium values of H2B


+�CO
(1.611 L) and H3B�CO (1.508 L). At the shorter bond
length, the DEprep value for H2B


+�CO increases by
3.0 kcalmol�1, while that of H3B�CO increases by only
2.6 kcalmol�1 (Tables 4 and 5). Thus, the DEprep values favor
the neutral species at the short bond length of 1.508 L by
only 0.4 kcalmol�1. A much larger difference is found when
the interaction energies are compared. The DEint value for
H2B


+�CO at the shorter bond length is only 0.9 kcalmol�1


higher than at its equilibrium
value, while the DEint value for
H3B�CO becomes
4.8 kcalmol�1 larger when the
bond length becomes shorter.
The difference between the two
species is 3.9 kcalmol�1. The
main difference between the
two energy terms of H2B


+�CO
and H3B�CO which give the
dissociation energy thus come
from the DEint values but not
from the DEprep values. The
breakdown of the DEint values
of the two compounds shows
(Tables 4 and 5) that the in-
crease in Pauli repulsion in
H3B�CO at shorter distance is
larger (34.8 kcalmol�1) than in
H2B


+�CO (33.0 kcalmol�1).
The difference is 1.8 kcalmol�1.
The stronger increase of the


DEint value in the neutral compound at shorter distance by
3.9 kcalmol�1 must therefore come from an increase in the
attractive interactions. The EDA data in Tables 4 and 5
show that 3.4 kcalmol�1 comes from the increase in DEelstat,
while 2.3 kcalmol�1 originates from stronger orbital interac-
tions. The total increase in attractive interactions by
5.7 kcalmol�1 becomes smaller by 1.8 kcalmol�1 larger Pauli
repulsion yielding a 3.9 kcalmol�1 larger DDEint value for
H3B�CO. Note that the larger increase of the orbital inter-
actions DDEorb in the neutral compound comes exclusively
from the p interactions, which become stronger by
9.9 kcalmol�1, whereas in the cation the D(p) value increas-
es only by 7.6 kcalmol�1.


Closer examination of the trend of the energy terms of
H2B


+�CO and H3B�CO reveals interesting details about
the differences in the bonding interactions. At the shorter
equilibrium distance of H3B�CO (1.508 L) the interaction
energy in H2B


+�CO (DEint=�71.3 kcalmol�1) is still much
higher than in H3B�CO (DEint=�50.3 kcalmol�1), because
in the former the Pauli repulsion is weaker (DEPauli=


143.3 kcalmol�1) and the orbital interaction is much stronger
(DEorb=�147.8 kcalmol�1) than in the latter (DEPauli=


151.9 kcalmol�1; DEorb=�128.3 kcalmol�1). The larger Pauli
repulsion comes from the additional B�H electron pair in
H3B�CO, while the larger DEorb value comes mainly from
the s-orbital interactions (Table 4), which are caused by the
low-lying empty s orbital in BH2


+ . However, the electrostat-
ic attraction in H2B


+�CO at d ACHTUNGTRENNUNG(B�C)=1.508 L (DEelstat=


�66.8 kcalmol�1) is weaker than in H3B�CO (DEelstat=


�73.9 kcalmol�1). Like the larger Pauli repulsion, this
comes from the additional B�H electron pair. In summary,
the longer but stronger bond in H2B


+�CO compared with
H3B�CO is mainly due to the change in the electrostatic at-
traction and p bonding at shorter distances and to a lesser
extent to the deformation energy of the fragments.


Table 5. EDA results [kcalmol�1] for H3B�CO with different C�B distances at the BP86/TZ2P level.


C�B [L]
Term 1.45 1.508 1.55 1.611


DEint �50.2 �50.3 �49.2 �45.5
DDEint


[c] �4.8 0.0
DEPauli 177.5 151.9 135.9 117.1
DDEPauli


[c] 34.8 0.0
DEelstat


[a] �82.4 (36.2%) �73.9 (36.5%) �68.1 (36.8%) �60.7 (37.3%)
DDEelstat


[c] �13.2 0.0
DEorb


[a] �145.2 (63.8%) �128.3 (63.5%) �117.0 (63.2%) �101.9 (62.7%)
DDEorb


[c] �26.4 0.0
a1 (s)


[b] �101.1 (69.6%) �91.1 (71.0%) �84.1 (71.9%) �74.6 (73.2%)
Da1 (s)


[c] �16.5 0.0
e (p)[b] �44.1 (30.4%) �37.2 (29.0%) �32.9 (28.1%) �27.3 (26.8%)
De (p)[c] �9.9 0.0
DEprep 14.0 13.2 12.6 10.6
DDEprep


[c] 2.6 0.0
De 36.2 37.1 36.6 34.9
DDe


[c] 2.2 0.0
Do 33.9
DErel 0.9 0.0 0.5 2.2


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B


+�CO and H3B�CO.
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What difference between the Lewis bases CO and EC5H5


causes the different behavior in the interactions with the
Lewis acids BH3 and BH2


+? Heteroarenes like CO bind
more strongly to the cation BH2


+ than to neutral BH3, but
the donor–acceptor bond becomes shorter in the former
complexes and the increase in the bond strength is much
larger (Table 1). Since this behavior is found for all hetero-
arenes EC5H5 (E=N–Bi) and because the preparation
energy plays only a minor role (see Table 1) we analyzed
only the interaction energies of the nitrogen systems H2B


+�
NC5H5 and H3B�NC5H5 at different B�N bond lengths. The
results are listed in Tables 6 and 7.


A comparison of the DEint values of the two systems at
their equilibrium distances of 1.605 (H3B�NC5H5) and
1.491 L (H2B


+�NC5H5) shows that bond shortening yields a
greater increase in binding energy in H2B


+�NC5H5


(�6.1 kcalmol�1) than in H3B�NC5H5 (�2.0 kcalmol�1).
This is opposite to the CO com-
plexes, where the neutral com-
plex H3B�CO exhibited a
larger increase of DEint at short-
er distance than the charged
species H2B


+�CO. Part of the
larger increase in DEint value in
H2B


+�NC5H5 comes from the
Pauli term, which increase by
2.0 kcalmol�1 less than in H3B�
NC5H5 (Tables 6 and 7). The re-
mainder comes from the orbital
interactions, which increase
more in H2B


+�NC5H5 than in
H3B�NC5H5 by 3.1 kcalmol�1,
while the latter system actually
enjoys a larger increase of the
electrostatic attraction at short-
er distance than the former
complex. The large increase of
the DEorb term particularly ben-
efits from the significantly
stronger p? interactions in
H2B


+�NC5H5, which show an
absolute increase by
�8.4 kcalmol�1 and a relative
increase from 19.0 to 21.1%.
This clearly indicates that H2B


+


!NC5H5 p? donation plays an
important role in binding.


The above discussion shows
that the ligands CO and EC5H5


exhibit a different behavior
concerning p-orbital interac-
tions. CO is a clearly stronger p
acceptor but weaker p donor
than EC5H5. The latter can
easily be explained with the
energy levels of the highest oc-
cupied p orbitals. The occupied


p orbital of CO is energetically much lower lying
(�11.84 eV) than the highest occupied p orbitals of EC5H5,
which have a coefficient at atom E (b1 symmetry). The
energy levels of the latter are between �5.28 (E=Bi) and
�7.33 eV (E=N).[5a] The greater p-acceptor strength of CO
can not easily be explained with the orbital energy. The
b1(p) LUMO of CO (�2.08 eV) is lower lying than the
b1(p) LUMO of NC5H5 (�1.91 eV) but it is higher in energy
than the b1(p) LUMO of the other EC5H5 molecules, which
lie between �2.40 (E=P) and �2.78 eV (E=Sb). The much
longer H2B


+�EC5H5 and H3B�EC5H5 distances for the
heavier elements E yield smaller overlaps of the p orbitals
which weaken the p-acceptor strength.


An interesting detail in the calculated data for H3B�CO
and H2B


+�CO deserves special attention. The calculated
C�O distance in H2B


+�CO is shorter than in H3B�CO. The
theoretically predicted shortening at the BP86/TZ2P level is


Table 6. EDA results [kcalmol�1] for H2B
+�NC5H5 with different B�N distances at the BP86/TZ2P level.


B�N [L]
Term 1.450 1.491 1.550 1.605


DEint �146.8 �146.2 �143.6 �140.1
DDEint


[c] �6.1 0.0
DEPauli 168.2 151.5 129.7 112.4
DDEPauli


[c] 39.1 0.0
DEelstat


[a] �134.5 (42.7%) �126.8 (42.6%) �116.0 (42.4%) �106.6 (42.2%)
DDEelstat


[c] �20.2 0.0
DEorb


[a] �180.5 (57.3%) �170.8 (57.4%) �157.4 (57.6%) �145.9 (57.8%)
DDEorb


[c] �24.9 0.0
a1 (s)


[b] �125.1 (69.3%) �120.4 (70.5%) �113.2 (71.9%) �106.7 (73.2%)
Da1 (s)


[c] �13.7 0.0
a2 (d)


[b] �3.5 (1.9%) �3.4 (2.0%) �3.2 (2.0%) �3.1 (2.1%)
Da2 (d)


[c] �0.3 0.0
b1 (p? )


[b] �39.8 (22.1%) �36.1 (21.1%) �31.4 (20.0%) �27.7 (19.0%)
Db1 (p? )


[c] �8.4 0.0
b2 (pk)


[b] �12.1 (6.7%) �10.9 (6.4%) �9.5 (6.1%) �8.4 (5.8%)
Db2 (pk)


[c] �2.5 0.0


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B


+�NC5H5 and H3B�NC5H5.


Table 7. EDA results [kcalmol�1] for H3B�NC5H5 with different B�N distances at the BP86/TZ2P level.


B�N [L]
Term 1.450 1.491 1.550 1.605


DEint �52.4 �53.1 �52.6 �51.1
DDEint


[c] �2.0 0.0
DEPauli 180.9 163.1 140.5 122.0
DDEPauli


[c] 41.1 0.0
DEelstat


[a] �116.0 (49.7%) �107.7 (49.8%) �96.4 (49.9%) �86.5 (49.9%)
DDEelstat


[c] �21.2 0.0
DEorb


[a] �117.3 (50.3%) �108.5 (50.2%) �96.7 (50.1%) �86.7 (50.1%)
DDEorb


[c] �21.8 0.0
a’ (s+pk)


[b] �101.1 (86.2%) �94.6 (87.2%) �85.7 (88.6%) �77.7 (89.6%)
Da’ (s+pk)


[c] �16.9 0.0
a’’(p?)


[b] �16.2 (13.8%) �13.8 (12.8%) �11.1 (11.5%) �9.0 (10.4%)
Da’’ (p? )


[c] �4.8 0.0


[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The sym-
metry notation in parentheses refers to the orbitals of the donor moiety. The value in parentheses gives the
percentage contribution to the total orbital interactions. [c] The symmetry notation in parentheses refers to
the orbitals of the donor moiety. The values give the difference between the results at the equilibrium bond
lengths of H2B


+�NC5H5 and H3B�NC5H5.
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0.021 L, while the difference at the QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p)
level is 0.019 L (Table 1). Both methods predict that the C�
O bond lengths in H2B


+�CO are also shorter than in free
CO by 0.014 L (BP86/TZ2P) and 0.016 L (QCISD(T)/6-
311G ACHTUNGTRENNUNG(d,p)). Carbonyl complexes which have shorter C�O
distances than CO have been termed nonclassical carbon-
yls.[31] The shortening indicates that H2B


+!CO p backdona-
tion should be very small, since the donation into the p* or-
bital of CO yields a longer bond. Theoretical studies have
shown that the strength of M!CO p backdonation, where
M is a transition metal, correlates well with the lengthening
of the C�O bond.[32] The strength of H2B


+!CO p backdo-
nation can be quantitatively estimated from the EDA results
in Table 3. The b1 contribution of the DEorb term (�8.5 kcal
mol�1) gives the p? interactions, which only come from
H2B


+!CO donation. The b2 contribution gives the pk inter-
actions (�11.6 kcalmol�1). Since the in-plane and out-of-
plane p orbitals of CO are degenerate, the difference be-
tween the b1 and b2 values directly gives the strength of
H2B


+!CO p backdonation, which is only �3.1 kcalmol�1.
The strength of the p interactions in H3B�CO is �37.2 kcal
mol�1 (Table 2, twice the value of the p? interactions). To
estimate the contribution of the H3B!CO p backdonation
to this value, we carried out EDA calculations on H3B�CO
in which the vacant p* orbitals of CO were deleted. The cal-
culated value for the remaining p interactions is only
�5.6 kcalmol�1. The difference between this value and the
total p interactions (�37.2 kcalmol�1) is �31.6 kcalmol�1,
which gives the strength of H3B!CO p backdonation. The
last-named value is significantly larger than the calculated
H2B


+!CO p backdonation of �3.1 kcalmol�1.
The significant contribution of the H3B!CO p backdona-


tion to the orbital interactions is in agreement with the cal-
culated partial charges (Table 2), which suggest that the
Lewis acid BH3 carries a small positive charge in H3B�CO,
while it has a small negative charge in H3B�EC5H5. The
same trend is also found in H2B


+�L, in which the charge
donation from L=CO to the BH2


+ fragment is only 0.17e,
while for L=EC5H5 it is in the range 0.34–0.49e (Table 3).


What causes the C�O bond in H2B
+!CO to become


shorter than in free CO? The orbital interactions in H2B
+�


CO are dominated by the s orbitals (Table 3). A popular
textbook explanation suggests that the s HOMO of CO is
antibonding, but the shape of the HOMO does not show a
node between the atoms.[4,33] Detailed investigations of the
factors which influence the C�O bonds revealed that a posi-
tive charge which approaches CO from the carbon end
yields a shorter bond because the CO orbitals become less
polarized towards oxygen.[34] This leads to a larger overlap
of the atomic orbitals, and the MOs become more like those
in N2. This explanation is in agreement with the finding that
the C�O bond becomes longer when a positive charge ap-
proaches CO from the oxygen end. An antibonding HOMO
should lead to bond lengthening in both cases.


The above discussion about the bonding situation in the
complexes demonstrates the detailed insight which can be
gained from the results of EDA. The EDA calculations


make it possible to discuss the differences among the bind-
ing interactions in H3B�CO, H3B�EC5H5, H2B


+�CO, and
H2B


+�EC5H5 in terms of well-defined energy contributions
which provide a quantitative estimate of the strength not
only of s and p orbital bonding, but also of electrostatic
bonding and Pauli repulsion. The last-named contributions
are often neglected in discussions of chemical bonding that
focus only on orbital interactions.


Conclusion


The calculated BDEs of the donor–acceptor complexes
H3B�L (L=CO, EC5H5) at the BP86/TZ2P level have
values between De=37.1 kcalmol�1 for H3B�CO and De=


6.9 kcalmol�1 for H3B�BiC5H5. The BDE trend is CO>N>


P>As>Sb>Bi. The BDEs of the cations H2B
+�CO and


H2B
+�EC5H5 are larger, particularly for the complexes of


the heterobenzene ligands. The calculated values are be-
tween De=51.9 kcalmol�1 for H2B


+�CO and De=


122.1 kcalmol�1 for H2B
+�NC5H5. The BDE trend of H2B


+


�CO and H2B
+�EC5H5 is N>P>As>Sb>Bi>CO. The


energy decomposition analysis of the donor–acceptor bonds
shows that the contributions of the orbital interactions to
the donor–acceptor binding are always larger than the elec-
trostatic contributions, particularly for the bonds in the cati-
ons. The largest contributions to the orbital interactions
come from the s orbitals. The heterobenzene ligands may
become moderately strong p donors in complexes with
strong Lewis acids, while CO is only a weak p donor.


The much larger interaction energies in H2B
+�EC5H5


compared with H3B�EC5H5 are caused by the significantly
larger contribution of the p? orbitals in H2B


+�EC5H5 and
by the increase of the binding interactions of the s+pk or-
bitals. The contribution of the electrostatic interactions to
the enhanced binding is small except for E=N, for which
the DEelstat term increases by 40.3 kcalmol�1. The reason for
the longer but stronger bond in H2B


+�CO compared with
that in H3B�CO comes mainly from the change in the elec-
trostatic attraction and the p bonding at shorter distances,
which increases more in the neutral system than in the
cation, and to a lesser extent from the deformation energy
of the fragments. H2B


+ !NC5H5 p? donation plays an im-
portant role for the stronger interactions at shorter distances
compared with H3B�NC5H5.
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In Search of Ionic Liquids Incorporating Azolate Anions
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Introduction


The growing social pressure for new green technologies and
the promise of ionic liquids (ILs) to deliver such has led to


high academic and industrial interest in IL technologies.[1–10]


Ionic liquids make a unique architectural platform on
which, at least potentially, the properties of both anion and
cation components can be independently modified, enabling
tunability in the design of new functional materials. This
design approach can be used as a platform strategy to deliv-
er different functional attributes in the corresponding cati-
onic and anionic components of an IL, while retaining the
core desirable features of the IL state of matter, and has ap-
plicability in many different materials areas.
The desire to develop energetic salts[11] as advanced mate-


rials with reduced environmental footprints and overall ex-
posure to hazardous and potentially toxic materials includ-
ing hydrazine, metals, and perchlorates, has led to renewed
efforts to explore this area. Drake and co-workers utilized
one aspect of the platform approach to IL design to prepare
nonvolatile, thermally stable, liquid energetic materials[12] by
combining energetic cations (based on 1,2,4-triazole, 4-
amino-1,2,4-triazole, and 1,2,3-triazole cores[13]) and anions
([NO3]


� , [ClO4]
� , and [N ACHTUNGTRENNUNG(NO2)2]


�). It was suggested that
the ready formation of ILs using these cations was due to
their similar topographical shape and charge distribution to
more conventional imidazolium cations.
Our interest in functionalized heterocycles in this context


comes from 1) the ongoing study of the formation of ILs


Abstract: Twenty-eight novel salts with
tetramethyl-, tetraethyl-, and tetrabuty-
lammonium and 1-butyl-3-methylimi-
dazolium cations paired with 3,5-dini-
tro-1,2,4-triazolate, 4-nitro-1,2,3-triazo-
late, 2,4-dinitroimidazolate, 4,5-dini-
troimidazolate, 4,5-dicyanoimidazolate,
4-nitroimidazolate, and tetrazolate
anions have been prepared and charac-
terized by using differential scanning
calorimetry (DSC), thermogravimetric
analysis (TGA), and single-crystal X-
ray crystallography. The effects of
cation and anion type and structure on


the physicochemical properties of the
resulting salts, including several ionic
liquids, have been examined and dis-
cussed. Ionic liquids (defined as having
m.p.<100 8C) were obtained with all
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midazolium cation ([C4mim]+) and the
heterocyclic azolate anions studied,
and with several combinations of tet-
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azolates were liquid at room tempera-
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forming glasses on cooling with glass-
transition temperatures in the range of
�53 to �82 8C (except for the 3,5-dini-
tro-1,2,4-triazolate salt with m.p.
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containing energetic components, in which heterocycles can
furnish either the cationic or anionic portion of the resultant
salt, and 2) investigation of the influence of heterocycle sub-
stitution patterns on the ability of these materials to form
IL phases. That is, using the platform strategy to deliver the
energetic characteristics of nitro- and amine-substituted het-
erocycles in an IL material in which the liquid characteris-
tics are controlled through the complementary counterion.
Whereas nitro- and cyano-functionalized imidazoles can


be used to prepare imidazolium-based ILs,[14] the addition of
electron-withdrawing substituents leads to an overall desta-
bilization of the heterocyclic cation relative to the corre-
sponding azole, thus limiting their applicability in the forma-
tion of conventional ILs. However, the anionic azolate form
of the heterocycles are stabilized further by the introduction
of such electron-withdrawing substituents and presents op-
portunities to investigate the formation of ILs containing
heterocyclic anions.
Surprisingly, the investigation of potential ILs containing


planar heterocyclic anions has been largely neglected. A
small number of tetraalkylammonium and -phosphonium
1,2,4-triazolates and imidazolates (formed from onium hal-
ides and azolates) have been described as solvents and
highly active catalysts for oligomerization of isocyanates in
the patent literature.[15] Ohno et al. described the prepara-
tion and electrochemical properties of two ILs 1-ethyl-3-
methylimidazolium tetrazolate and triazolate, which were
prepared through the reaction of imidazolium hydroxide
(generated by anion exchange from the halide) with the cor-
responding azole.[16, 17]


This formation of low-melting, relatively low-viscosity ILs
containing both heterocyclic planar cations and anions was
somewhat unexpected and prompted us to investigate
whether comparable low-melting ILs could be prepared in-
corporating highly functionalized azolate anions. The salt,
tetrabutylammonium 4-nitroimidazolate[18] (m.p. 120 8C),
had been reported as an intermediate for the synthesis of N-
alkyl-4-nitroimidazoles, and following this, we described the
formation of 1-butyl-3-methylimidazolium 3,5-dinitro-1,2,4-
triazolate, a crystalline low-melting solid (m.p. �33 8C),
which demonstrated that ILs could be readily obtained even
with more highly functionalized heterocyclic anions[19] by
using the appropriate selection of complementary cations
and anions.
Most recently, Shreeve and co-workers[20,21] have reported


that a wide range of energetic azolium azolate salts can be
prepared with melting points approaching the definition of
“ionic liquids”, however to date, a systematic study of the
complementarity of cation and anion selection, which can
be used to obtain room-temperature energetic ILs, has not
been reported.
To extend the scope of these promising results, the availa-


bility of more organic anions (rather than the common inor-
ganic anions now in vogue) that provide the same architec-
tural flexibility as the commonly used organic cations cur-
rently studied (e.g., substituted imidazolium cations) needs
to be achieved. With diverse anions available, an improve-


ment in the basic understanding of the key physical and
chemical properties of these complex liquids can be made.
Here we present the synthesis and characterization, in-


cluding elucidation of solid-state crystal structures, of a sys-
tematic series of twenty-eight novel tetraalkylammonium
and 1-butyl-3-methylimidazolium ([C4mim]+) salts prepared
by combining the four cations with seven heterocyclic tetra-
zolate, triazolate, and imidazolate anions. Figure 1 illustrates


the diversity of azolate salts that can be prepared by using
simple procedures (also see Figure 1 in the Supporting Infor-
mation). Many of the azoles used to furnish the anion com-
ponent of these salts are energetic heterocyclic compounds
and have been studied extensively as potential energetic ma-
terials. The ability to readily form IL examples with en-
hanced stability relative to the starting heterocycles (con-
trolling melting points, higher thermal decomposition tem-
perature, and reduced volatility), and the generic observa-
tion that IL materials can be formed from a wide range of
flat heterocyclic anions by modification or selection of the
appropriate ions, sets out principles by which ILs containing
a new class of anions can be developed and exploited.


Results and Discussion


Organic tetraalkylammonium (methyl, ethyl, butyl) and 1-
butyl-3-methylimidazolium salts were prepared with seven
different azolate anions (Figure 1), 3,5-dinitro-1,2,4-triazo-
late (a), 4-nitro-1,2,3-triazolate (b), 2,4-dinitroimidazolate
(c), 4,5-dinitroimidazolate (d), 4,5-dicyanoimidazolate (e), 4-
nitroimidazolate (f), and tetrazolate (g), by metathesis reac-
tion of the corresponding potassium azolate salts with the
tetraalkylammonium or [C4mim]+ halides in acetone/di-
chloromethane. The cation choice was made in order to es-
tablish the broad relative potentials of the organic azolate
salts prepared to form IL phases, using the progression in
size from tetramethylammonium to tetrabutylammonium to
identify the range of melting points that might be anticipat-
ed when using other cations that have a higher tendency to
form IL salts, and to isolate crystalline salts from which
solid-state data could be obtained by using X-ray crystallog-
raphy analysis. Salts with [C4mim]+ cations were then pre-
pared and examined to determine the validity of these pre-


Figure 1. Cations and anions explored in this work (note: compounds
1a–g are covalent, all others are ionic salts).
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dictions. ([C4mim]+ is currently the most investigated
common IL supporting cation and it was used to give ther-
mal data directly comparable to the body of existing IL sys-
tems.)
The potassium azolate salts 2a–d were initially prepared


by treatment of the corresponding azoles 1a–d with potassi-
um carbonate in acetone (Scheme 1). Reaction of potassium


azolates 2a–d with equivalent amounts of appropriate tet-
raalkylammonium chlorides or bromides or [C4mim]+ chlor-
ide in acetone/dichloromethane (1:1 v/v) at 20–25 8C gave
the corresponding tetraalkylammonium and [C4mim]+ azo-
lates (3–6)a–d in high yields (78–99%) after removal of the
precipitated potassium halide and evaporation of the sol-
vent.
It proved difficult to isolate pure potassium 4,5-dicyano-


imidazolate (2e), potassium 4-nitroimidazolate (2 f), and po-
tassium tetrazolate (2g) due to their low solubility. For the
synthesis of the organic 4,5-dicyanoimidazolate (3–6)e, 4-ni-
troimidazolate (3–6) f, and tetrazolate (3–6)g salts, the re-
spective potassium azolate intermediates 2e–g were generat-
ed in situ in the presence of potassium carbonate and not
isolated. Thus, treatment of azoles 1e–g with tetraalkylam-
monium or [C4mim]+ halides in the presence of potassium
carbonate in acetone/dichloromethane gave good yields of
ILs (3–6)e–g except salt 3g, which was obtained in only
15% yield, perhaps as a result of the low solubility of both


tetramethylammonium chloride and potassium tetrazolate in
acetone/dichloromethane.
The structures of salts (3–6)a–g were supported by data


from 1H and 13C NMR spectra and elemental analyses (see
the Experimental Section).


Thermal characterization : The salts varied in their physical
state from high-melting-point solids (with tetramethylammo-
nium cations) to ILs at room temperature, forming glassy
solids on cooling ([C4mim]+ cations). The thermal behaviors
of the salts (Table 1) were characterized by using differential
scanning calorimetry (DSC). The crystalline salts all dis-
played a sharp melting transition on heating, and crystal-
lized on cooling from the melt. However, in the bulk, sever-
al of the lower melting salts only crystallized very slowly on
cooling from the melt. The melting transitions of many of
the salts were poorly defined in the DSC data, commonly
having a characteristic broad transition with a strong “lead-
ing edge”. In contrast, the crystallization peaks were excep-
tionally sharp. This behavior has been observed for other
IL-forming salts.[22]


The salts with the 3,5-dinitro-1,2,4-triazolate (a), 2,4-dini-
troimidazolate (c), and 4-nitroimidazolate (f) anions all
showed simple thermal behavior, with melting and crystalli-
zation or glass transitions (6c and 6 f) that were constant
and independent of the sampleEs thermal history. The re-
maining salts, with 4-nitro-1,2,3-triazolate (b), 4,5-dinitroimi-
dazolate (d), 4,5-dicyanoimidazolate (e), and tetrazolate (g)
anions, showed more extensive and complicated behavior
exhibiting both reversible solid–solid and irreversible transi-
tions.
Salts (3–4)a–g, 5a–f, and 6a were crystalline or microcrys-


talline solids, which were isolated by precipitation from solu-
tion, whereas 5g and all the [C4mim]+ cation salts 6b–g
were isolated as room-temperature liquids. The tetramethy-
lammonium salts 3a–g were high-melting solids with melting
points ranging from 157 to 216 8C, with only small, or no
liquid ranges and with decomposition generally being initiat-


Scheme 1. Synthesis strategies.


Table 1. Thermal transitions for 3–6 ACHTUNGTRENNUNG(a–g) and related salts.[a]


Me4N
+ (3) Et4N


+ (4) Bu4N
+ (5) ACHTUNGTRENNUNG[C4mim]+ (6)


Anion m.p. Tdecomp m.p. Tdecomp m.p. Tdecomp m.p. Tdecomp


3,5-dinitro-1,2,4-triazolate (a) 214 (97) 235 (275) 114 (156)[c] 205 (296) 139 (186) 219 (298) 33 (77) 239 (318)
4-nitro-1,2,3-triazolate (b) 157 (170)[b] 180 82 (101)[c] 194 87 (113)[c] 192 �73[d] 219
2,4-dinitroimidazolate (c) 181 (132) 222 (274) 86 (132) 216 (271) 81 (101) 221 (297) �53[d] 254 (313)
4,5-dinitroimidazolate (d) 215[b] 225 (258) 84 (97) 215 (253) 85 (38)[c] 222 (287) �64[d] 241 (288)
4,5-dicyanoimidazolate (e) 197[b] 202 (232) 118 (142) 212 (255) 79 (85)[b] 215 (258) �74[b] 230 (280)
4-nitroimidazolate (f) 185 165 (215) 124 (201) 188 (230) 106 (122) 193 (232) �63[b] 200 (244)
tetrazolate (g) 216[b] 198 (241) 114 (138)[c] 189 (231) �66[d] 180 (220) �82[d] 208 (253)
bistriflimide 133[34] – 109[34] – 96[34] – �86/�16/�5[e][35, 36] –
triflate >300[37] – 160–161[38] – 111–112[38] – �82/3/16[e][36] –
tetrafluoroborate >300 – >300[39] – 159–162 – �85– ACHTUNGTRENNUNG(�71)[e][36, 40] –


[a] Melting (m.p.) or glass transition (Tg) points [8C] were measured from transition onset temperature and transition enthalpy (Jg�1, in parentheses) de-
termined by using DSC from the second heating cycle at 5 8C min�1, after initially melting and then cooling samples to �100 8C unless otherwise indicat-
ed. Decomposition temperatures (Tdecomp) were determined by TGA, heating at 5 8C min�1 under argon, and are reported as onset to 5 wt% mass loss
and are shown with the inflection point for total mass loss in parentheses. Salts meeting the definition of ionic liquids (m.p.<100 8C) have values given
in bold. [b] Reversible solid–solid transitions: 3b, 118 (13); 3d, 51 (7) and 86 (50); 3e, 15 (14) and 60 (64); 3g, 83 (82); 5e, 52 (28). [c] Irreversible solid–
solid transition, from first heating: 4a, 102 (19); 4b, 32 (83); 4g, 49 (97); 5b, 59 (16); 5d, 55 (47). [d] Glass transitions, measured on cooling. [e] Glass
transition/crystallization point/melting point.
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ed upon melting. For each of the anions here, increased
cation size is connected with a significant decrease in melt-
ing point. The tetraethylammonium salts 4a–g all exhibited
melting points around 100 8C (82–124 8C), which correspond-
ed to a destabilization of the crystal state of around 100 8C
relative to the tetramethylammonium analogues. When the
larger tetrabutylammonium cation was used (5a–g), a great-
er variation in the melting point with anion was observed,
from 139 8C for 5a to room-temperature liquid with sub-am-
bient glass formation for 5g. The characteristic heating and
cooling profiles for the tetrabutylammonium salts 5a,c–f are
shown in Figure 2.


As anticipated, introduction of the asymmetric [C4mim]+


cation (6) led to a further reduction in the melting points of
the salts. Salts 6b–g were liquids at room temperature, and
6a, the only [C4mim]+ salt isolated as a crystalline solid, had
a melting point of only 33 8C. The ILs with [C4mim]+ cations
6b–g showed only a glass transition point in the range be-
tween �53 and �82 8C, and no freezing transition was ob-
served. This behavior, widely observed in IL samples, is
comparable to the results reported for 1-ethyl-3-methylimi-
dazolium triazolate and tetrazolate by Ohno and co-work-
ers.[16]


In the 4,5-dinitroimidazolate (d) series, reversible solid–
solid transitions were observed for 3d at 51 and 86 8C. In
contrast, 5d showed a sharp solid–solid transition at 55 8C in
the first heating cycle followed by a broad melting transition
at �95 8C. On cooling, the sample of 5d crystallized at
65 8C, and on subsequent heating scans, melted at 85 8C.
For the 4,5-dicyanoimidazolates (e), two reversible crys-


tal–crystal transitions at 15 and 60 8C were observed for 3e
(Table 1). 5e showed a reversible crystal–crystal transition
that was observed at 60 8C on first heating, and at 52 8C on
the second heating cycle (shown in Figure 2) followed by
melting at 79 8C. Only a single crystallization peak, at 20 8C,
was observed in the cooling scan.


The tetrazolate salt, 3g, also displayed a reversible solid-
solid transition at 83 8C. A solid–solid transition at 49 8C was
observed in the first heating scan only for 4g.
The most striking evidence for polymorphism was found


in the 4-nitro-1,2,3-triazolate salt 4b, which was obtained as
a low-temperature monotropic polymorph from solution.
On heating, the salt appears to melt at 30 8C to form a clear
viscous phase, which transforms on standing to a more
stable solid polymorph. This transition is observed in the
DSC trace as a first-order endothermic peak on the first
heating cycle. After cooling and on the second heating, a
more stable polymorph (reversible m.p. 82 8C, crystallizing
at 63 8C) is obtained (Figure 3).


Thermal stability was measured by using thermogravimet-
ric analysis (TGA), with isocratic heating at 5 8Cmin�1


under an inert argon atmosphere. All the salts prepared
were thermally stable to greater than 200 8C, except for the
4-nitro-1,2,3-triazolates (3–6)b, which started to decompose
between 180 and 219 8C (Table 1). The decomposition tem-
peratures shown in Table 1 were determined from both the
onset to 5 wt% mass loss in an isocratic TGA experiment,
and from the inflection point for complete decomposition,
and all showed a single-step decomposition profile. The salts
show a slight increase in upper stability temperature on in-
creasing the cation alkyl chain from methyl to butyl, and on
changing from ammonium to imidazolium cations. However,
the increased stability is relatively small and is probably not
significant. The high-melting tetramethylammonium salts all
showed the onset of decomposition around the melting
points, whereas appreciable liquid ranges could be obtained
with the larger cations, most notably with [C4mim]+ , with
liquidus ranges from sub-ambient to above 150 8C.
The melting points (and Tg points for noncrystallizing


salts) varied most significantly with change in the size and
shape of the organic cation, as anticipated, in that they de-
creased with increasing cation size and with much less varia-


Figure 2. Characteristic DSC traces for the tetrabutylammonium salts
5a,c–f showing the characteristic broad melting and sharp crystallization
transitions, and the relative changes in melting point with anion type.
Transitions are shown from the second heating and cooling cycles.


Figure 3. Characteristic DSC traces for the tetraethylammonium 4-nitro-
1,2,3-triazolate (4b) showing the polymorphic behavior of the character-
ized salt. Transitions are shown from the first and second heating and
cooling cycles to indicate the differences in the melting points of the
ACHTUNGTRENNUNGpolymorphs.
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tion than was found with anion type. The liquid ranges for
each salt, determined from the lower melting transition
through to the decomposition temperatures, are shown in
Figure 4 grouped by anion type. It can be clearly seen that


for each cation (3–6), the melting and decomposition tem-
peratures measured are largely invariant with anion. Two
observations are worth noting, first that all the anions stud-
ied could be used to form low-melting ILs, and that with
each cation type, the 4-nitro-1,2,3-triazolate anion (b) yield-
ed salts with the lowest melting points.
Comparison of the thermal properties of azolate ILs (3–


6)a–g with data for the corresponding bistriflimides, tri-
flates, and tetrafluoroborate salts (Table 1) shows that intro-
duction of the flat heterocyclic azolate anion tends to lead
to salts with melting points that are either comparable to or
lower than those for the bistriflimide salts. The most signifi-
cant depression of melting points was observed for the azo-


lates versus triflates and tetrafluoroborates in the tetraethyl-
and tetramethylammonium salts.
It can be clearly seen that the liquid range for these ILs is


governed principally by the choice of cation, which has the
greatest influence on the lower melting (or glass) transition
temperature, with the [C4mim]+ salts 6a–g showing the
lowest temperatures of all.


X-ray crystallography : Crystals suitable for X-ray structure
analysis were obtained for six of the anions with tetraalky-
lammonium cations (4a, 3c, 5c, 5d, 4e, and 4 f) by tritura-
tion and slow crystallization from dichloromethane/diethyl
ether (Table 2). All non-hydrogen atoms were fully refined
anisotropically and all hydrogen atoms were refined isotrop-
ically, except for the hydrogen atoms in the disordered 3c.
The six structurally characterized salts are depicted in Fig-
ures 5 and 6 with an ORTEP view of each asymmetric unit
(displayed such that the hydrogen-bonding contact most
under the van der Waals separation is noted) and a packing
diagram.
Salt 3c was the only structure to exhibit disorder, and


only one of the cations in this structure is disordered. Three
of the four methyl groups on the disordered cation are rota-
tionally displaced with occupancies of 70:30. As in 4a, the
cations and anions form discrete ionic columns. In 3c the
two positions for the disordered carbon atoms have different
close contacts: 2.38 O for C72�H72B···O32 and 2.50 O for
C72A�H72E···O12 (Table 3).
Structures 3c and 5c were the only structures to crystal-


lize with more than one cation and anion per unit cell. As
mentioned above, one difference in the two cations in 3c is
the disorder, however, there is also a difference in the close
contacts between the ions. The nondisordered cation in 3c


Figure 4. Liquid range from melting or glass-transition points (open sym-
bols) to onset of decomposition (filled symbols) for (3–6)a–g, showing
the significant changes in thermal range and stability with variation in
cation ([NMe4]


+ (3), diamond; [NEt3]
+ (4), square; [NBu4]


+ (5), triangle;
[C4mim]+ (6), circle) and the relatively small variation with anion.


Table 2. Crystallographic data.


4a 3c 5c 5d 4e 4 f


color/shape colorless/platelet yellow/platelet colorless/fragment yellow/fragment colorless/fragment colorless/fragment
formula C10H20N6O4 C7H13N5O4 C19H37N5O4 C19H37N5O4 C13H21N5 C11H22N4O2


Mr 288.3 231.22 399.54 399.54 247.35 242.33
crystal system orthorhombic orthorhombic triclinic monoclinic orthorhombic monoclinic
space group P212121 Pnma P1̄ P21/c Pbcm P21/n


ACHTUNGTRENNUNG(no. 19) ACHTUNGTRENNUNG(no. 62) ACHTUNGTRENNUNG(no. 2) ACHTUNGTRENNUNG(no. 14) ACHTUNGTRENNUNG(no. 57) ACHTUNGTRENNUNG(no. 12)
T [K] 173 173 173 173 173 173
a [O] 6.9962(17) 9.810(5) 12.278(4) 12.428(3) 7.902(2) 14.391(4)
b [O] 12.148(3) 19.469(9) 13.596(5) 11.967(3) 15.154(5) 12.516(3)
c [O] 16.572(4) 16.745(8) 13.628(5) 15.047(4) 12.082(4) 7.5669(17)
a [8] 90 90 90.477(6) 90 90 90
b [8] 90 90 95.765(7) 91.644(4) 90 106.380(3)
g [8] 90 90 91.929(7) 90 90 90
V [O3] 1408.5(6) 3198(3) 2262.0(14) 2237.0(10) 1446.8(8) 1307.6(6)
Z 4 12 4 4 4 4
1calcd [gcm


�3] 1.360 1.441 1.173 1.186 1.136 1.231
independent/
obsd reflns


2021 (Rint = 0.0145)/
1957 ([I>2s])


2377 (Rint = 0.0285)/
1962 ([I>2s)])


6508 (Rint = 0.0188)/
4726 ([I>2s])


3216 (Rint = 0.0138)/
2871 ([I>2s])


1095 (Rint = 0.0276)/
1016 ([I>2s])


1763 (Rint = 0.0393)/
865 ([I>2s])


GooF 1.073 1.072 1.062 1.033 1.030 1.018
R1, wR2


[a]


ACHTUNGTRENNUNG[I>2s(I)]
0.0198, 0.0486 0.0804, 0.2202 0.0525, 0.1445 0.0312, 0.0774 0.0285, 0.0705 0.0509, 0.1575


R1, wR2
[a]


ACHTUNGTRENNUNG(all data)
0.0207, 0.0493 0.0909, 0.2325 0.0710, 0.1626 0.0360, 0.0807 0.0311, 0.0725 0.0806, 0.1855


[a] R = � j jFo j� jFc j j /� jFo j . R2 = {�[w(F2
o�F2


c)
2]/�(w(F2


o)
2]}1/2.
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has a longer cation–anion shortest contact at 2.62 O, versus
the 2.38 and 2.50 O close contacts for the disordered cation.
On close examination of the cations and anions in 5c,


there is little difference in conformation of the individual
cations and anions, but as shown in Figure 5, there is a dif-


ference in the close contacts between the cation and anion
of the two unique IL formula units. The two closest anion/
cation contacts are C91�H91A···O41 (2.62 O) and C182�
H18C···O32 (2.35 O). This difference in close contacts dis-
rupts any higher-order symmetry that would be possible in


Figure 5. ORTEP views of the asymmetric units and packing diagrams for tetraethylammonium 3,5-dinitro-1,2,4-triazolate (4a), tetramethylammonium
2,4-dinitroimidazolate (3c), and tetrabutylammonium 2,4-dinitroimidazolate (5c).
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these highly symmetric ions, resulting in a low-symmetry
(triclinic) space group.
Bond lengths and angles of the azolate anions are shown


in Table 4. A comparison of the imidazolate anions (3c, 4e,
4 f, 5c, and 5d) indicates that there is little effect of substitu-
tion on the bond lengths and angles in the ring.


The nitro substituents in the structures of 4a, 3c, 5c, 5d,
and 4 f exhibit some twisting out of the plane of the ring
(Table 5) ranging from a slight twist in 4a, 3c, 5c, and 4 f to
32.73 and 17.958 in 5d. The observation of larger twist
angles for the nitro groups in 5d is consistent with the steric
hindrance inherent in the 4,5-substituted ring.


Table 3. Cation···anion close-contact geometries.[a]


Hydrogen
type


D�H···A D�H [O] H···A [O] �DvdW D···A [O] D�H···A [8] Symmetry code


4a N�CH2CH3 C10�H10B···O2 1.010(16) 2.408(16) �0.31 3.3952(17) 165.5(11)
C12�H12A···O1 0.948(13) 2.552(12) �0.17 3.2001(18) 125.8(9) 1�x, �0.5+y, 1.5�z


3c[b] N�CH3 C72�H72B···O32 0.98 2.38 �0.34 2.828(11) 106.9
C92�H92B···O32 0.98 2.41 �0.31 3.072(11) 124.4 �x, 1�y, 1�z
C82�H82A···O41 0.98 2.49 �0.23 2.983(12) 110.8 �0.5�x, 1�y, �0.5+z
C72A�H72E···O12 0.98 2.50 �0.22 3.386(6) 150.7 �1+x, y, z
C62�H62C···O22 0.98 2.53 �0.19 3.299(5) 134.9
C92�H92B···O12 0.98 2.56 �0.16 3.440(13) 148.9 �1+x, y, z
C82�H82B···O31 0.98 2.58 �0.14 3.177(11) 119.4 �1�x, 1�y, 1�z
C81�H81C···O11 0.98 2.62 �0.11 3.520(5) 152.8
C82A�H82E···O12 0.98 2.62 �0.11 3.486(6) 146.8 �1+x, y, z


5c N�CH2- C182�H18C···O32 0.98(2) 2.35(2) �0.37 3.325(3) 174.0(16)
C142�H14C···O31 0.98(2) 2.43(2) �0.29 3.403(3) 173.3(16) x, y, 1+z
C182�H18D···O32 0.97(2) 2.45(2) �0.27 3.400(3) 166.8(16) 1�x, 1�y, 2�z
C62�H62B···O31 0.98(2) 2.52(2) �0.19 3.459(3) 158.9(15) x, 1�y, 1�z
C142�H14D···O31 0.98(2) 2.55(2) �0.18 3.458(3) 155.6(15)
C101�H10A···N12 1.02(2) 2.65(2) �0.10 3.669(3) 172.5(15) 1�x, 1�y, 1�z


-CH3 C131�H13A···O42 1.01(3) 2.58(3) �0.12 3.411(4) 140(2)
C171�H17C···O41 1.00(3) 2.62(3) �0.10 3.457(3) 141.0(19) �x, �y, 1�z


5d N�CH2- C18�H18A···O1 0.961(14) 2.440(15) �0.28 3.3311(19) 154.2(11)
C14�H14B···O3 0.986(13) 2.462(14) �0.26 3.4202(19) 164.0(10) x, 0.5�y, 0.5+z
C6�H6A···O2 0.968(14) 2.466(14) �0.26 3.3362(18) 149.5(10) �x, �0.5+y, 1.5�z
C10�H10A···N3 0.972(14) 2.498(14) �0.25 3.4550(19) 168.4(10)


4e N�CH2CH3 C10�H10B···N3 0.977(12) 2.613(12) �0.14 3.5043(17) 151.6(8)
C8�H8A···N7 0.961(12) 2.641(13) �0.12 3.5089(18) 150.4(8) 2�x, �0.5+y, 0.5�z
C10�H10A···N1 0.987(12) 2.650(13) �0.11 3.6013(18) 162.0(8) 1�x, �0.5+y, 0.5�z


4 f N�CH2CH3 C12�H12B···N3 0.99(3) 2.50(3) �0.24 3.443(5) 158(3)
C8�H8B···N3 0.90(3) 2.58(3) �0.18 3.459(6) 164(3) �2�x, 2�y, 1�z


N�CH2CH3 C11�H11B···O2 1.05(3) 2.54(3) �0.20 3.441(6) 144(2) �2.5�x, �0.5+y, 1.5�z
C11�H11A···O1 1.03(4) 2.61(4) �0.11 3.354(6) 129(3)
C9�H9C···O2 1.08(5) 2.64(5) �0.11 3.711(7) 169(4) �3�x, 2�y, 1�z


[a] The contacts included in this table are those at least 0.1 O under the van der Waals (vdW) separation. [b] The hydrogen atoms of 3c were constrained
due to the presence of disorder.


Table 4. Bond lengths [O] and angles [8] in the azolate rings.


4a 3c 5c 5d 4e 4 f


N(1)�N(2) 1.3585(16) N(1)�C(2) 1.343(5) 1.340(4) 1.354(3) 1.359(3) 1.348(2) 1.342(2) 1.371(4)
N(2)�C(3) 1.3326(16) C(2)�N(3) 1.325(5) 1.324(4) 1.324(3) 1.329(3) 1.3370(19) 1.340(2) 1.326(4)
C(3)�N(4) 1.3329(17) N(3)�C(4) 1.349(6) 1.344(4) 1.335(3) 1.336(3) 1.3438(17) 1.3595(19) 1.360(3)
N(4)�C(5) 1.3258(16) C(4)�C(5) 1.381(6) 1.386(5) 1.386(3) 1.392(3) 1.3907(19) 1.389(2) 1.388(4)
C(5)�N(1) 1.3323(17) C(5)�N(1) 1.346(6) 1.346(5) 1.337(3) 1.345(3) 1.3409(18) 1.358(2) 1.343(4)


N(1)-N(2)-C(3) 103.93(10) N(1)-C(2)-N(3) 118.8(4) 119.2(3) 118.8(2) 118.5(2) 116.91(13) 116.59(14) 116.5(3)
N(2)-C(3)-N(4) 117.10(11) C(2)-N(3)-C(4) 99.4(4) 99.5(3) 99.59(19) 99.9(2) 102.15(11) 102.64(13) 101.4(2)
C(3)-N(4)-C(5) 97.64(10) N(3)-C(4)-C(5) 112.3(4) 111.9(3) 112.3(2) 112.4(2) 109.43(11) 109.00(13) 111.2(2)
N(4)-C(5)-N(1) 117.35(11) C(4)-C(5)-N(1) 107.5(4) 107.8(3) 107.9(2) 107.7(2) 109.63(12) 109.35(13) 107.9(2)
C(5)-N(1)-N(2) 103.98(10) C(5)-N(1)-C(2) 102.0(4) 101.6(3) 101.40(19) 101.5(2) 101.87(12) 102.42(13) 103.0(2)
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Three related crystal structures of simple nitroazolate
anions were found in the Cambridge Crystallographic Data-
base:[23] a sodium 2-nitroimidazolate complex with
[15]crown-5,[24] potassium 4,5-dinitroimidazolate,[25] and 1,8-
bis(dimethylamino)naphthalene 2,4-dinitroimidazolate.[26] In
the 1,8-bis(dimethylamino)naphthalene salt of 2,4-dinitroi-
midazolate (anion c), the C(2)�NO2 group of the anion re-
sides in the plane of the ring, however, the C(4)�NO2 group
is twisted out of the anion plane (dihedral angle = 13.618),
whereas the maximum deviation of either nitro group from
the plane of the anion in 5c is 5.628. The anion ring in potas-
sium 4,5-dinitroimidazolate has both nitro groups twisted
out of the heterocycle ring plane, with dihedral angles of
14.0 and 14.318 (compared with 14.13 and 32.198 in 5d).
What is most obvious from the packing diagrams of 5c,


4e, and 4 f (Figures 5 and 6) is that the salts crystallize in
layered structures, forming sheets of anions separated by
layers of tetraethylammonium or tetrabutylammonium cati-
ons that close-pack at the van der Waals separation distan-
ces. The cations flatten out into an oblate conformation that
enables maximum space filling within the layers, and a
number of short hydrogen-bonding contacts from the most
polar hydrogen-bond donor positions on the cations, adja-
cent to the hetero atom, to the most basic sites of the
anions.
In contrast to the layered structures described above, 5d


forms a close-packed crystalline phase with each ion sur-
rounded by five counterions. The out of plane nitro groups
are good hydrogen-bond acceptors and contribute to rela-
tively short hydrogen bonds with a-hydrogen atoms on the
cations. The tetrabutylammonium cations have extended
alkyl chains, closer to tetrahedral symmetry (terminal CH3�
CH3 distances are 8.25�1.03 O) relative to the other struc-
tures here.
The smaller tetramethylammonium cation in 3c prevents


efficient formation of an insulating cation layer between
sheets of anions (in contrast to 5c). Instead, a layered struc-
ture with both cations and anions in each layer is observed.
In 4a, the nitrogen and carbon atoms of the triazolate


anion ring are planar, with both nitro groups also in the
plane of the ring. The cations and anions form an ordered
alternating array held together primarily by Coulombic in-
teractions. The three shortest and most significant cation–
anion close contacts are C4�H···N3 (2.60 O), C5�H···O2
(2.41 O), and C7�H···O1 (2.54 O).


A unique aspect of the anions in these structures is their
potential to form anion–anion hydrogen-bonding interac-
tions, and the salts 3c, 4e, and 4 f exhibit such close contacts
(Table 6). In 3c the interactions are between the C5 hydro-
gen atoms on both anions to a nitro group oxygen of an ad-
jacent anion (Figure 5). The anions in the tetraethylammoni-
um salts 4e and 4 f interact in a head to tail fashion forming
planes with C2�H···N (cyano) or C2�H···O (nitro) close
contacts, respectively (Figure 6).
The anions in 4a, 5c, and 5d have no similar close anion–


anion interactions. The anion in 4a lacks a hydrogen-bond
donor. In the structures 5c and 5d, the larger tetrabutylam-
monium cations appear to more effectively separate the
anions in the lattice.


Conclusion


Challenges facing the preparation of energetic ILs based on
ring-substituted heterocyclic cations result from the destabi-
lization of the aromatic core by substitution with electron-
withdrawing groups (such as nitro or nitrile). In contrast,
the electron-withdrawing characteristics of these same func-
tional groups can be utilized to prepare correspondingly sta-
bilized anionic azolate anions, which leads to opportunities
to form ILs containing heterocyclic anions. A wide range of
heterocyclic anions can be used to prepare ILs and fifteen
such examples have been illustrated here: seven from all
combinations of [C4mim]+ and the seven heterocyclic azo-
late anions studied, six from combinations of tetraethyl- or
tetrabutylammonium cations and anions b, c, and d, and two
additional ionic liquids from the combination of tetrabuty-
lammonium with e and g.
It is most interesting that ILs can be readily formed with


N-heterocyclic cations and anions. The [C4mim]+ azolates
are liquid at room temperature (except for the low melting
3,5-nitrotriazolate), with tetraalkylammonium azolates
showing melting points lower than those of the correspond-
ing triflates and tetrafluoroborates, especially in the tetra-
methyl- and tetraethylammonium series, and comparable
with corresponding bistriflimides. Efficient packing, and sub-
sequent crystallization, presumably is suppressed by the in-
troduction of N-alkyl substituents, which block close p–p
stacking of cations and anions. In the structures of the tet-


Table 5. Torsion angles [8] for the NO2 groups in the anions.


4a 3c 5c 5d 4 f


N(2)-C(3)-N(6)-O(1) �5.97(17) N(11)-C(21)-N(61)-O(11) 0.000(1)
�0.1(4)


179.9(2)
�5.3(3)


N(1)-C(5)-N(7)-O(4) �32.73(18) –


N(2)-C(3)-N(6)-O(2) 173.53(11) N(11)-C(21)-N(61)-O(21) 180.0
179.5(3)


0.4(3)
175.6(2)


N(1)-C(5)-N(7)-O(3) 145.36(13) –


N(1)-C(5)-N(7)-O(3) �178.67(12) N(31)-C(41)-N(71)-O(31) 0.000(1)
�1.9(4)


�4.7(3)
1.1(3)


N(3)-C(4)-N(6)-O(1) �17.95(19) 1.4(6)


N(1)-C(5)-N(7)-O(4) 2.72(17) N(31)-C(41)-N(71)-O(41) 180.000(1)
178.2(3)


174.77(19)
�178.6(2)


N(3)-C(4)-N(6)-O(2) 162.87(12) �178.9(4)
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raalkylammonium salts, flattening of the cations into an
oblate form allows enhanced ion–ion packing.


Experimental Section


Caution! Although no problems were
encountered during this work, the in-
troduction of energetic functionalities
into heterocyclic compounds has in-
herent risks and appropriate proce-
dures must be taken and all materials
must be handled with extreme care.


General methods : Melting points
were determined on a hot-stage appa-


ratus and are uncorrected. NMR spectra were recorded in CDCl3 (unless
otherwise stated) at 25 8C with tetramethylsilane (TMS) as the internal


Figure 6. ORTEP views of the asymmetric units and packing diagrams for tetrabutylammonium 4,5-dinitroimidazolate (5d), tetraethylammonium 4,5-di-
cyanoimidazolate (4e), and tetraethylammonium 4-nitroimidazolate (4 f).


Table 6. Anion···anion close-contact geometries.[a,b]


Hydrogen
type


D�H···A D�H [O] H···A [O] �DvdW D···A [O] D�H···A [8]


3c C�H C51�H51A···O41 0.97(4) 2.55(4) �0.17 3.227(6) 127(3)
C52�H52B···O42 0.99(4) 2.54(3) �0.17 3.236(5) 127(2)


4e C�H C2�H2A···N6 0.996(16) 2.420(17) �0.33 3.406(2) 170.6(12)
4 f C�H C2�H2A···O2 1.01(3) 2.36(3) �0.36 3.356(5) 172(2)


[a] The contacts included in this table are those at least 0.1 O under the van der Waals (vdW) separation.
[b] Compounds 4a, 5c, and 5d have no anion–anion close contacts.
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standard for 1H (300 MHz) or the solvent as the internal standard for 13C
(75 MHz). All of the chemicals were employed as supplied.


Materials : Potassium 3,5-dinitro-1,2,4-triazolate (2a) was prepared (in
46% yield) according to the published one-pot procedure by the reaction
of cyanoguanidine with hydrazine followed by diazotization of intermedi-
ate 3,5-diamino-1,2,4-triazole and substitution at the diazonium group.[27]


4-Nitro-1,2,3-triazole (1b) was prepared according to a published proce-
dure from 2-phenyl-1,2,3-triazole by trinitration followed by treatment of
intermediate 2-(2,4-dinitrophenyl)-4-nitro-1,2,3-triazole with sodium
methoxide in methanol under reflux.[28] 2,4-Dinitroimidazole (1c) was
prepared by N-nitration[29,30] of 4-nitroimidazole (1 f) followed by isomer-
ization of the intermediate 1,4-dinitroimidazole in chlorobenzene at
115 8C.[31] 4,5-Dinitroimidazole (1d) was prepared by nitration of 4-nitroi-
midazole with fuming nitric acid in concentrated sulfuric acid under
reflux.


Procedure for the preparation of 4,5-dinitroimidazole (1d): A mixture of
concentrated sulfuric acid (10 mL) and fuming nitric acid (90%, 8 mL,
0.17 mol) was added to 4-nitroimidazole (1 f) (2.0 g, 18 mmol) dissolved
in a minimum quantity of concentrated sulfuric acid. The mixture was
heated under reflux for 5 h. After cooling, the mixture was poured into
ice, and the pH was adjusted to 2 by the addition of sodium bicarbonate.
The product was extracted with ethyl acetate. The extract was concen-
trated to give 4,5-dinitroimidazole (1d) as yellow crystals from water
(1.55 g, 55%). M.p. 166–169 8C (ref. [30]: 188–189 8C); 1H NMR
([D6]DMSO): d = 12.37 (br s, 1H), 8.06 ppm (s, 1H); 13C NMR
([D6]DMSO): d = 135.5, 134.9 ppm.


General procedure for the preparation of potassium azolates 2a–d : Po-
tassium carbonate (0.85 g, 6 mmol) was added to a solution of the appro-
priate azole (4 mmol) in acetone (40 mL) (Figure 1 and Scheme 1). The
mixture was stirred at 20 8C for 6 h, filtered, and the precipitate was
washed with acetone. The solvent was evaporated and the residue was
dried under vacuum to give potassium azolates 2a–d.


General procedure for the preparation of azolates (3–6)a–d : A solution
of the appropriate tetraalkylammonium or imidazolium halide (3 mmol)
in dichloromethane (30 mL) was added to a solution of the potassium
azolate 2a–d (3 mmol) in acetone (30 mL) at 20–25 8C. The reaction mix-
ture was stirred for 3 h (24 h for the preparation of tetramethylammoni-
um salts 3a–d). The resultant precipitate of potassium halide was re-
moved by using filtration and the solvent was evaporated under vacuum.
The residue was dried under vacuum. The product was extracted with
acetone, the extract was filtered, and the solvent was removed to give (3–
6)a–d.


General procedure for the preparation of azolates (3–6)e–g : Anhydrous
potassium carbonate (0.7 g, 5 mmol) was added to a solution of the ap-
propriate azole 1e–g (3 mmol) in acetone (30 mL) and the mixture was
stirred for 10 min at 20–25 8C. Then a solution of the appropriate tetraal-
kylammonium or imidazolium halide (3 mmol) in dichloromethane
(30 mL) was added and the reaction mixture was stirred for 3 h (24 h for
the preparation of tetramethylammonium salts 3e–g). The mixture was
filtered and concentrated under vacuum. The product was extracted with
acetone, the extract was filtered, and the solvent was removed to give (3–
6)e–g.


Tetramethylammonium 3,5-dinitro-1,2,4-triazolate (3a): Microcrystals
from acetone (84%); m.p. 219–221 8C; 1H NMR: d = 3.13 ppm (s, 12H);
13C NMR: d = 54.4 (t, J = 4.0 Hz, 4C), 162.9 ppm (2C); elemental anal-
ysis calcd (%) for C6H12N6O4 (232.2): C 31.04, H 5.21, N 36.19; found: C
31.41, H 5.17, N 36.20.


Tetramethylammonium 4-nitro-1,2,3-triazolate (3b): Microcrystals from
acetone (92%); m.p. 124–126 8C; 1H NMR ([D6]DMSO): d = 3.13 (s,
12H), 8.05 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J = 4.0 Hz,
4C), 129.5, 154.1 ppm; elemental analysis calcd (%) for C6H13N5O2


(187.2): C 38.50, H 7.00, N 37.41; found: C 38.81, H 7.08, N 37.36.


Tetramethylammonium 2,4-dinitroimidazolate (3c): Microcrystals (83%);
m.p. 178–180 8C; 1H NMR ([D6]DMSO): d = 3.13 (s, 12H), 7.75 ppm (s,
1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J = 4.0 Hz, 4C), 130.1, 146.8,
154.1 ppm; elemental analysis calcd (%) for C7H13N5O4 (231.2): C 36.36,
H 5.67, N 30.29; found: C 36.69, H 5.76, N 29.79.


Tetramethylammonium 4,5-dinitroimidazolate (3d): Microcrystals from
acetone (98%); m.p. 215–218 8C; 1H NMR ([D6]DMSO): d = 3.11 (s,
12H), 6.99 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J = 4.0 Hz,
4C), 139.4, 140.3 ppm (2C); elemental analysis calcd (%) for C7H13N5O4


(231.2): C 36.36, H 5.67, N 30.29; found: C 36.51, H 5.71, N 30.46.


Tetramethylammonium 4,5-dicyanoimidazolate (3e): Microcrystals from
acetone (98%); m.p. 197–199 8C; 1H NMR ([D6]DMSO): d = 3.11 (s,
12H), 7.31 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J = 4.0 Hz,
4C), 116.9, 117.5, 148.8 ppm; elemental analysis calcd (%) for C9H13N5


(191.2): C 56.53, H 6.85, N 36.62; found: C 54.95, H 7.18, N 35.79.


Tetramethylammonium 4-nitroimidazolate (3 f): White microcrystals
(91%); m.p 170–172 8C; 1H NMR ([D6]DMSO): d = 3.11 (s, 12H), 7.09
(s, 1H), 7.71 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J =


4.0 Hz, 4C), 131.6, 137.4, 146.0 ppm; elemental analysis calcd (%) for
C7H16N4O3 (186.2): C 41.17, H 7.90, N 27.43; found: C 41.54, H 7.21, N
28.41.


Tetramethylammonium tetrazolate (3g): Microcrystals from acetone
(15%); m.p. 216–218 8C; 1H NMR ([D6]DMSO): d = 3.10 (s, 12H),
8.03 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 54.4 (t, J = 4.0 Hz, 4C),
148.6 ppm; elemental analysis calcd (%) for C5H13N5 (143.2): C 41.94, H
9.15, N 48.91; found: C 42.36, H 9.53, N 47.67.


Tetraethylammonium 3,5-dinitro-1,2,4-triazolate (4a): Colorless crystals
from dichloromethane/diethyl ether (94%); m.p. 104–106 8C; 1H NMR: d
= 1.40 (tt, J = 7.3, 1.6 Hz, 12H), 3.46 ppm (q, J = 7.3 Hz, 8H);
13C NMR: d = 7.5 (4C), 52.6 (t, J = 2.9 Hz, 4C), 163.3 ppm (2C); ele-
mental analysis calcd (%) for C10H20N6O4 (288.3): C 41.66, H 6.99, N
29.15; found: C 41.79, H 7.12, N 27.34.


Tetraethylammonium 4-nitro-1,2,3-triazolate (4b): Microcrystals from
acetone (99%); m.p. 30–31 8C; 1H NMR: d = 1.30 (tt, J = 7.3, 1.7 Hz,
12H), 3.31 (q, J = 7.3 Hz, 8H), 8.16 ppm (s, 1H); 13C NMR: d = 7.3
(4C), 52.3 (t, J = 2.9 Hz, 4C), 130.0, 154.5 ppm; elemental analysis calcd
(%) for C10H21N5O2 (243.3): C 49.36, H 8.70, N 28.78; found: C 48.26, H
8.84, N 27.95.


Tetraethylammonium 2,4-dinitroimidazolate (4c): Microcrystals (97%);
m.p. 76–78 8C; 1H NMR: d = 1.36 (tt, J = 7.3, 1.5 Hz, 12H), 3.40 (q, J =


7.3 Hz, 8H), 7.79 ppm (s, 1H); 13C NMR: d = 7.3 (4C), 52.5 (t, J =


2.9 Hz, 4C), 130.7, 147.3, 154.3 ppm; elemental analysis calcd (%) for
C11H21N5O4 (287.3): C 45.98, H 7.37, N 24.37; found: C 45.54, H 7.57, N
23.85.


Tetraethylammonium 4,5-dinitroimidazolate (4d): Microcrystals from
acetone (96%); m.p. 101–103 8C; 1H NMR: d = 1.32 (tt, J = 7.3, 1.6 Hz,
12H), 3.28 (q, J = 7.3 Hz, 8H), 7.09 ppm (s, 1H); 13C NMR: d = 7.3
(4C), 52.5 (t, J = 2.9 Hz, 4C), 139.9, 140.1, 140.6 ppm; elemental analysis
calcd (%) for C11H21N5O4 (287.3): C 45.98, H 7.37, N 24.37; found: C
45.78, H 7.57, N 23.60.


Tetraethylammonium 4,5-dicyanoimidazolate (4e): Microcrystals from
acetone (85%); m.p. 129–131 8C; 1H NMR: d = 1.33 (tt, J = 7.3, 1.8 Hz,
12H), 3.25 (q, J = 7.3 Hz, 8H), 7.46 ppm (s, 1H); 13C NMR: d = 7.4
(4C), 52.5 (t, J = 2.9 Hz, 4C), 117.1, 118.4, 149.2 ppm; elemental analysis
calcd (%) for C13H21N5 (247.3): C 63.13, H 8.56, N 28.31; found: C 63.04,
H 8.79, N 28.32.


Tetraethylammonium 4-nitroimidazolate (4 f): Microcrystals (78%); m.p.
124–126 8C; 1H NMR: d = 1.24 (tt, J = 7.3, 1.6 Hz, 12H), 3.18 (q, J =


7.3 Hz, 8H), 7.33 (s, 1H), 7.93 ppm (s, 1H); 13C NMR: d = 7.2 (4C),
52.3 (t, J = 2.9 Hz, 4C), 132.2, 146.7, 148.3 ppm; elemental analysis calcd
(%) for C11H22N4O2 (242.3): C 54.52, H 9.15, N 23.12; found: C 53.43, H
9.27, N 22.68.


Tetraethylammonium tetrazolate (4g): Microcrystals from acetone
(81%); m.p. 94–96 8C; 1H NMR: d = 1.21 (tt, J = 7.3, 1.8 Hz, 12H),
3.12 (q, J = 7.3 Hz, 8H), 8.35 ppm (s, 1H); 13C NMR: d = 7.3 (4C), 52.1
(t, J = 2.9 Hz, 4C), 149.8 ppm; elemental analysis calcd (%) for C9H21N5


(199.3): C 54.24, H 10.62, N 35.14; found: C 53.55, H 11.18, N 33.60.


Tetrabutylammonium 3,5-dinitro-1,2,4-triazolate (5a): Microcrystals from
acetone (95%); m.p. 136–138 8C; 1H NMR: d = 0.96 (t, J = 7.3 Hz,
12H), 1.39 (sext, J = 7.3 Hz, 8H), 1.65–1.75 (m, 8H), 3.30–3.36 ppm (m,
8H); 13C NMR: d = 13.4 (4C), 19.6 (4C), 23.8 (4C), 58.8 (4C),
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163.3 ppm (2C); elemental analysis calcd (%) for C18H36N6O4 (400.5): C
53.98, H 9.06, N 20.98; found: C 53.36, H 9.07, N 21.51.


Tetrabutylammonium 4-nitro-1,2,3-triazolate (5b): Microcrystals from
acetone (82%); m.p. 60–61 8C; 1H NMR: d = 0.97 (t, J = 7.3 Hz, 12H),
1.33–1.45 (m, 8H), 1.55–1.66 (m, 8H), 3.20–3.26 (m, 8H), 8.19 ppm (s,
1H); 13C NMR: d = 13.4 (4C), 19.5 (4C), 23.7 (4C), 58.6 (4C), 130.0,
154.5 ppm; elemental analysis calcd (%) for C18H39N5O3 (355.5): C 57.88,
H 10.52, N 18.75; found: C 58.63, H 10.28, N 20.96.


Tetrabutylammonium 2,4-dinitroimidazolate (5c): Microcrystals (84%);
m.p. 79–81 8C; 1H NMR: d = 0.93–0.98 (m, 12H), 1.37 (sext, J = 7.3 Hz,
8H), 1.62–1.72 (m, 8H), 3.26–3.31 (m, 8H), 7.80 ppm (s, 1H); 13C NMR:
d = 13.4 (4C), 19.6 (4C), 23.7 (4C), 58.8 (4C), 130.7, 147.3, 154.3 ppm;
elemental analysis calcd (%) for C19H39N5O5 (399.5): C 54.65, H 9.41, N
16.77; found: C 54.64, H 9.10, N 18.19.


Tetrabutylammonium 4,5-dinitroimidazolate (5d): Microcrystals from
acetone (92%); m.p. 64–65 8C; 1H NMR: d = 0.97 (t, J = 7.3 Hz, 12H),
1.38 (sext, J = 7.2 Hz, 8H), 1.56–1.68 (m, 8H), 3.15–3.21 (m, 8H),
7.08 ppm (s, 1H); 13C NMR: d = 13.4 (4C), 19.5 (4C), 23.7 (4C), 58.6
(4C), 139.9, 140.7, 141.7 ppm; elemental analysis calcd (%) for
C19H39N5O5 (399.5): C 54.65, H 9.41, N 16.77; found: C 54.93, H 9.26, N
18.23.


Tetrabutylammonium 4,5-dicyanoimidazolate (5e): Microcrystals from
acetone (93%); m.p. 69–70 8C; 1H NMR: d = 1.00 (t, J = 7.3 Hz, 12H),
1.41 (sext, J = 7.3 Hz, 8H), 1.56–1.67 (m, 8H), 3.13–3.19 (m, 8H),
7.45 ppm (s, 1H); 13C NMR: d = 13.4 (4C), 19.5 (4C), 23.7 (4C), 58.7
(4C), 117.1, 118.4, 149.1 ppm; elemental analysis calcd (%) for C21H37N5


(359.6): C 70.15, H 10.37, N 19.48; found: C 70.44, H 10.66, N 20.07.


Tetrabutylammonium 4-nitroimidazolate (5 f): Microcrystals (95%); m.p.
103–105 8C; 1H NMR: d = 0.97 (t, J = 7.3 Hz, 12H), 1.37 (sext, J =


7.3 Hz, 8H), 1.49–1.60 (m, 8H), 3.08–3.13 (m, 8H), 7.36 (s, 1H),
7.96 ppm (s, 1H); 13C NMR: d = 13.4 (4C), 19.5 (4C), 23.7 (4C), 58.5
(4C), 131.9, 146.4, 148.4 ppm; elemental analysis calcd (%) for
C19H38N4O2 (354.5): C 64.37, H 10.80, N 15.80; found: C 63.33, H 11.06,
N 16.52.


Tetrabutylammonium tetrazolate (5g): Colorless oil (95%); 1H NMR: d
= 0.96 (t, J = 7.2 Hz, 12H), 1.30–1.42 (m, 8H), 1.47–1.57 (m, 8H), 3.06–
3.11 (m, 8H), 8.33 ppm (s, 1H); 13C NMR: d = 13.1 (4C), 19.1 (4C),
23.3 (4C), 58.0 (4C), 149.2 ppm; elemental analysis calcd (%) for
C17H37N5 (311.5): C 65.55, H 11.97, N 22.48; found: C 64.66, H 12.92, N
21.67.


1-Butyl-3-methylimidazolium 3,5-dinitro-1,2,4-triazolate (6a): Pale yellow
microcrystals (78%); m.p. 35–36 8C; 1H NMR: d = 0.91 (t, J = 7.4 Hz,
3H), 1.35 (sext, J = 7.3 Hz, 2H), 1.90 (quin, J = 7.4 Hz, 2H), 4.13 (s,
3H), 4.36 (t, J = 7.4 Hz, 2H), 7.56 (s, 1H), 7.61 (s, 1H), 9.72 ppm (s,
1H); 13C NMR: d = 13.1, 19.2, 31.9, 36.4, 49.8, 122.3, 123.8, 136.9,
163.0 ppm (2C); elemental analysis calcd (%) for C10H15N7O4 (297.3): C
40.80, H 5.09, N 32.98; found: C 40.40, H 5.10, N 32.58.


1-Butyl-3-methylimidazolium 4-nitro-1,2,3-triazolate (6b): Colorless oil
(99%); 1H NMR: d = 0.90 (t, J = 7.3 Hz, 3H), 1.25–1.38 (m, 2H), 1.78–
1.88 (m, 2H), 4.04 (s, 3H), 4.26 (t, J = 7.3 Hz, 2H), 7.43 (br s, 1H), 7.47
(br s, 1H), 8.19 (s, 1H), 10.01 ppm (s, 1H); 13C NMR: d = 13.1, 19.2,
31.8, 36.2, 49.7, 122.0, 123.4, 130.0, 137.4, 154.6 ppm; elemental analysis
calcd (%) for C10H16N6O2 (252.3): C 47.61, H 6.39, N 33.31; found: C
46.77, H 6.56, N 33.01.


1-Butyl-3-methylimidazolium 2,4-dinitroimidazolate (6c): Colorless oil
(90%); 1H NMR: d = 0.89 (t, J = 7.3 Hz, 3H), 1.32 (sext, J = 7.3 Hz,
2H), 1.81–1.91 (m, 2H), 4.07 (s, 3H), 4.30 (t, J = 7.3 Hz, 2H), 7.52 (t, J
= 1.6 Hz, 1H), 7.56 (t, J = 1.5 Hz, 1H), 7.80 (s, 1H), 9.97 ppm (s, 1H);
13C NMR: d = 13.1, 19.1, 31.8, 36.2, 49.7, 122.1, 123.5, 130.6, 137.3, 147.2,
154.0 ppm; elemental analysis calcd (%) for C11H16N6O4 (296.3): C 44.59,
H 5.44, N 28.36; found: C 44.24, H 5.51, N 28.38.


1-Butyl-3-methylimidazolium 4,5-dinitroimidazolate (6d): Colorless oil
(95%); 1H NMR ([D6]DMSO): d = 0.90 (t, J = 7.3 Hz, 3H), 1.26 (sext,
J = 7.4 Hz, 2H), 1.77 (quin, J = 7.3 Hz, 2H), 3.86 (s, 3H), 4.17 (t, J =


7.1 Hz, 2H), 6.96 (s, 1H), 7.71 (t, J = 1.6 Hz, 1H), 7.77 (t, J = 1.6 Hz,
1H), 9.13 ppm (s, 1H); 13C NMR ([D6]DMSO): d = 13.2, 18.8, 31.4, 35.7,
48.5, 122.3, 123.6, 136.5, 139.4, 140.3 ppm (2C); elemental analysis calcd


(%) for C11H16N6O4 (296.3): C 44.59, H 5.44, N 28.36; found: C 44.21, H
5.44, N 28.45.


1-Butyl-3-methylimidazolium 4,5-dicyanoimidazolate (6e): Colorless oil
(98%); 1H NMR: d = 0.94 (t, J = 7.3 Hz, 3H), 1.35 (sext, J = 7.4 Hz,
2H), 1.81–1.91 (m, 2H), 3.98 (s, 3H), 4.19 (t, J = 7.4 Hz, 2H), 7.40 (s,
1H), 7.41 (s, 1H), 7.46 (s, 1H), 9.26 ppm (s, 1H); 13C NMR: d = 13.1,
19.2, 31.6, 36.4, 49.8, 116.8, 118.1, 122.3, 123.6, 135.9, 148.8 ppm; elemen-
tal analysis calcd (%) for C13H16N6 (256.3): C 60.92, H 6.29, N 32.79;
found: C 59.72, H 6.46, N 32.36.


1-Butyl-3-methylimidazolium 4-nitroimidazolate (6 f): Colorless oil
(96%); 1H NMR: d = 0.92 (t, J = 7.4 Hz, 3H), 1.32 (sext, J = 7.3 Hz,
2H), 1.81 (quin, J = 7.4 Hz, 2H), 3.94 (s, 3H), 4.17 (t, J = 7.4 Hz, 2H),
7.32–7.34 (m, 3H), 7.36 (s, 1H), 7.96 ppm (s, 1H); 13C NMR: d = 13.2,
19.3, 31.9, 36.1, 49.6, 121.8, 123.3, 131.9, 137.3 (m, 1C), 146.0, 148.3 ppm;
elemental analysis calcd (%) for C11H19N5O3 (251.3): C 49.06, H 7.11, N
26.01; found: C 49.47, H 7.30, N 26.43.


1-Butyl-3-methylimidazolium tetrazolate (6g): Colorless oil (89%);
1H NMR: d = 0.89 (t, J = 7.3 Hz, 3H), 1.22–1.34 (m, 2H), 1.73–1.83 (m,
2H), 3.91 (s, 3H), 4.15 (t, J = 7.3 Hz, 2H), 7.39 (s, 1H), 7.44 (s, 1H),
8.39 (s, 1H), 9.72 ppm (s, 1H); 13C NMR: d = 13.1, 19.1, 31.7, 36.0, 49.4,
121.9, 123.4, 137.1, 149.7 ppm; elemental analysis calcd (%) for C9H16N6


(208.3): C 51.90, H 7.74, N 40.35; found: C 50.26, H 8.25, N 39.73.


Analysis : Melting points of the isolated salts were determined by using
differential scanning calorimetry (MDSC) using a TA Instruments model
2920 Modulated differential scanning calorimeter (New Castle, DE)
cooled with a liquid-nitrogen cryostat. The calorimeter was calibrated for
temperature and cell constants using indium (m.p. 156.61 8C, DHA =


28.71 Jg�1). Data were collected at constant atmospheric pressure, using
samples between 10 and 40 mg in aluminum sample pans sealed by using
pin-hole caps. Experiments were performed by heating the samples at a
rate of 5 8Cmin�1. The calorimeter was adjusted so that zero heat flow
was between 0 and �0.5 mW, and the baseline drift was less than 0.1 mW
over the temperature range 0–180 8C. An empty sample pan was used as
reference.


Thermal decomposition temperatures were measured in the dynamic
heating regime using a TGA 2950 TA instrument under argon. Samples
between 2 to 10 mg were heated from 40–500 8C under constant heating
at 5 8Cmin�1.


X-ray crystallographic studies : Samples were recrystallized from metha-
nol by trituration with diethyl ether at 25 8C. Single crystals suitable for
X-ray analysis were isolated in air, mounted on fibers, and transferred to
the goniometer. The crystals were cooled to �100 8C with a stream of ni-
trogen gas and data were collected on a Siemens SMART diffractometer
with a charge-coupled device (CCD) area detector, using graphite mono-
chromated MoKa radiation. The SHELXTL software (version 5) was used
for solutions and refinements.[32] Absorption corrections were made with
SADABS.[33] Each structure was refined by using full-matrix least-squares
methods on F2.


In each structure, the atoms were readily located; the positions of all
non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were added in approximated positions and allowed to refine unconstrain-
ed in order to obtain proper close-contact interactions. In only one case
(3c) was disorder observed. The disorder present in the structure was re-
solved with an occupancy of the two conformations of the disordered
methyl group of 70:30. Due to the disorder, the hydrogen atoms of 3c
were added in calculated positions and refined by using a constrained
riding model.


CCDC-252733 and 278498–278502 contain the supplementary crystallo-
graphic data for salts 4a, 3c, 5c, 5d, 4e, and 4 f, respectively. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Methoxyperylene Bisimides and Perylene Lactame Imides: Novel, Red
Fluorescent Dyes


Heinz Langhals,*[a] Reda El-Shishtawy,[b] Petra von Unold,[a] and Maximilian Rauscher[a]


Introduction


Perylene dyes, perylene-3,4:9,10-tetracarboxylic bisimides
(1) are remarkable for their extraordinarily high lightfast-
ness.[1,2] Readily soluble derivatives were obtained by the at-
tachment of tert-butylphenyl substituents[3] or long-chain
sec-alkyl groups (“swallow-tail substituents”)[4,5] at the nitro-
gen atoms of 1. These dyes exhibit very strong fluorescence.


The substitution of the core of the perylene dyes is of spe-
cial interest because the introduction of donor groups, such
as ether groups in the positions 1, 6, 7 and 12,[6] should
cause bathochromic shifts. Such shifts were documented for
four aliphatic and aromatic ether groups,[7–9] respectively.
However, the accumulation of substituents in these positions
causes a strong deformation of the aromatic core by steric
interactions.[10] We wanted to test if one single donor group,
although causing less steric strain, could nevertheless pro-
duce a sufficiently strong bathochromic shift. For example,
one could halogenate the core of 1 and then exchange the
halogen group with an ether function, as was described for
the tetraether derivatives. However, the halogenation gives
mixtures of halogenation products that are difficult to sepa-
rate. The exchange reaction with the rough halogenation
product is not a solution to this problem, because the sepa-


ration of the resulting reaction mixtures proved to be simi-
larly difficult. The tracked synthesis of the hitherto unknown
monoalkoxy derivatives of 1 would enable appreciable prog-
ress to be made.


Results and Discussion


We attempted to incorporate a methoxy group into 1 by the
direct nucleophilic attack on its core. However, the basic re-
action conditions necessary for this cause the hydrolysis of 1
to dominate. We applied the dipolar aprotic solvent dimeth-
yl sulfoxide (DMSO) to increase the nucleophilicity of the
methoxylate for competing with the hydrolysis (Scheme 1).
Dyes 1 with aromatic substituents R undergo efficiently a
ring contraction under these conditions, initiated by a nucle-
ophilic attack on a carbonyl group of 1. However, this novel
ring transformation proceeds only slowly if the substituents
R are aliphatic,[11] presumably because of the stronger elec-
tron-releasing properties of these groups. Therefore, the
attack of the methoxide anion on the perylene core offers
an alternative route. Finally, the product-forming step is ex-
pected to be the release of a hydride ion; this is favoured by
the presence of methanol as a weak acid under the strongly
alkaline conditions. This selected combination of reagents
favour the formation of 4a up to 8 %. We introduced b-hy-
droxy groups into the side chain of 1 to suppress hydroly-
sis.[11] To this end, we alkylated cyano acetic acid (7) with 5-
bromononane; this single alkylation proceeds easily and the
double alkylation proved to be difficult. The alkylated
cyano ester 8 was reduced to the amino alcohol 9, then con-
densed with perylene tetracarboxylic bisanhydride to 1c and
finally allowed to react to 4c ; thus, the yield of methoxy de-
rivative could be increased to about 24 %.


Keywords: dyes/pigments · fluores-
cence spectroscopy · nucleophilic
displacement · perylenes


Abstract: The synthesis of methoxyperylene bisimides and perylene lactame
imides with aliphatic N-substituents is described. Both classes of dyes exhibit fluo-
rescence in the bathochromic region of visible light so that red light is obtained.
The lightfastness of the dyes is very high, thus, there is special interest for diverse
applications.
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The suppression of hydrolysis by the substituents of 1c
has a further consequence: the use of KOH in tert-butyl al-
cohol with additional methanol as the standard mixture for
hydrolysing perylene imides 1c causes not only a ring con-
traction of one carboxylic imide to a lactam unit, but also
the loss of the alkyl group at the remaining carboxylic imide
structure to form 2, and a difficult-to-separate mixture of 5
and 6 as products of the substitution of the core. The forma-
tion of 2 proceeds presumably by a nucleophilic displace-
ment reaction because the carboxylic imide anion is an ac-
ceptable leaving group, the attached carbon atom is primary
and the neighboured carbon atom is only tertiary. Dye 2 is
of special interest because there is no synthetic procedure
for such dyes and because the imide nitrogen atom can be
readily deprotonated and applied as a nucleophile for label-
ling or linkage to other chromophores (compare refer-
ence [12]).


The UV-visible absorption and fluorescence spectra of 1c
correspond to the spectra of other perylene bisimides with
aliphatic substituents R, and the spectra of 3c correspond to
those of other lactame imides with aliphatic substituents.[11]


The UV-visible spectra of the methoxy derivatives 4 are
remarkable because of the bathochromic shift induced by
the methoxy group; about 30 nm for 4c relative to 1c
(Figure 1). The bright-red fluorescence of 4c is comparable
with the fluorescence of the perylene bisimide tetraether de-


rivatives and exhibits a fluorescence quantum yield of 86 %.
This bathochromic shift facilitates the use of 4c not only in
the operation region of the widely used laser dye Rhodami-
ne 6G, but also for many applications that require a red flu-
orescent material, such as the fluorescent planar concentra-
tor.[13] The photostability of 4c is very high; no bleaching
process could be detected by using solar radiation (many
dyes direct solar radiation of a diluted solution in chloro-
form), and the rate of photobleaching is more than 50 times


Scheme 1. Synthesis of the perylene dyes 2 and 3. i) KOH/MeOH; ii) KOH/MeOH/DMSO; iii) BrCH ACHTUNGTRENNUNG(C4H9)2/K2CO3; iv) LiAlH4.


Figure 1. UV/Vis absorption spectrum (E) of compound 1a (thin line)
and UV/Vis absorption (thick line left) and fluorescence spectra (I, thick
line right)of compound 4c in chloroform.
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lower than that of Rhodamine B (see Supporting Informa-
tion).


Experimental Section


1,8-Bis(1-hexylheptyl)-1H-indolo[5’,4’,3’:10,5,6]anthra[2,1,9-def]isoquino-
line-2,7,9(8H)-trione (3a) and 2,9-bis-(1-hexylheptyl)-5-methoxyan-
thra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone (4a): 2,9-Bis-
(1-hexylheptyl)anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tet-
raone (1a, 380 mg, 0.503 mmol) was heated with a mixture of potassium
hydroxide (85 %, 700 mg, 12.5 mmol), DMSO (4 mL) and methanol
(6 mL) at 100 8C for 5 h to give a deep green mixture. This was quenched
with distilled water to yield a red and bluish-black precipitate that was
neutralised with 2n HCl (colour change to red and violet), collected by
vacuum filtration, washed with distilled water, treated twice with boiling
aqueous K2CO3 (200 mL, 10%) and purified by column separation (silica
gel, chloroform) to obtain the starting material as the first fraction, fol-
lowed closely by a mixture of 3a and 4a. The latter was separated by
column separation (silica gel, chloroform/acetone 5:1).


First fraction : Yield 30 mg (8 %) fine, violet powder of 4a. Rf=0.64
(silica gel, CHCl3); lH NMR (400 MHz, CDCl3): d=0.83 (t, 12 H; 2CH3),
1.24–1.39 (m, 32H; 16CH2), 1.83–1.92 (m, 4 H; 2CH2), 2.17–2.31 (m, 4 H;
2CH2), 4.34 (s, 3H; O�CH3), 5.19 (m, 2H; 2CH), 8.47 (br s, 1H; pery-
lene), 8.55 (d, 2 H; perylene), 8.58 (d, 1H; perylene), �8.56 (br s, 1 H;
perylene), 8.64 (br s, 2H; perylene), 9.48 ppm (d, 1 H; perylene);
13C NMR (CDCl3): d=164.1, 165.2, 158.3, 134.5, 134.3, 134.0, five signals
between 133 and 130 ppm, 129.2, 128.6, 128.4, 127.0, 124.5, 123.4, 122.8,
122.4, 121.9, 120.8, 118.0, 117.4, 56.9, 54.6, 32.4, 31.8, 29.2, 27.0, 22.6,
14.1 ppm; IR (KBr): ñ=3443 (m), 2980 (m), 2925 (s), 2859 (m), 1695 (s),
1680 (s), 1670 (s), 1660 (s), 1615 (m), 1590 (s), 1575 (m), 1556 (m), 1520
(s), 1498 (w), 1489 (w), 1469 (m), 1450 (s), 1428 (m), 1405 (s), 1490 (s),
1485 (s), 1349 (s), 1330 (s), 1266 (m), 1250 (m), 1240 (m), 1145 (m), 1110
(w), 930 (w), 902 (m), 865 (m), 850 (m), 811 (m), 795 (w), 751 (m), 712
(w), 695 (w), 640 (m) cm�1; UV/Vis ACHTUNGTRENNUNG(CHCl3): lmax=372, 387, 408, 485,
515, 552 nm; fluorescence (CHCl3): lmax=575, 604 nm; MS (70 eV): m/z
(%): 784 (100) [M+], 767 (14) [M+�17], 713 (1), 699 (4) [M+�C6H13],
615 (2) [699�C6H13], 602 (45) [M+�C13H26], 585 (9) [602�17], 517 (1)
[602�C6H13], 420 (78) [M+�2C13H26], 406 (20), 405 (16) [420�CH3], 403
(5), 378 (2), 362 (9), 360 (5), 334 (5); HRMS (70 eV): m/z calcd for
C51H64N2O5: 784.4815; found: 784.4765.


Second fraction : Yield 25 mg (6 %) violet powder of 3a. Rf=0.43 (silica
gel, CHCl3); Rf=0.96 (silica gel, CHCl3/acetone 10:3); 1H NMR
(400 MHz, CDCl3): d=0.82 (t, 12H; 4CH3), 1.19–1.29 (m, 32 H; 16CH2),
1.78–1.86 (m, 4H; 2 CH2), 2.10–2.15 (m, 2 H; CH2), 2.20–2.25 (m, 2 H;
CH2), 4.51 (br m, 1H; CH), 5.17 (m, 1H; CH), 7.14 (d, J ACHTUNGTRENNUNG(H,H)=7.8 Hz,
1H; perylene), 8.14 (d, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H; perylene), 8.23 (d, J ACHTUNGTRENNUNG(H,H)=
7.9 Hz, 1H; perylene), 8.33 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H; perylene), 8.47 (d, J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H; perylene), 8.48 (d, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1 H; perylene),
8.57 ppm (br dd, 2H; perylene); 13C NMR (CDCl3): d=168.3, 135.8,
134.8, 133.8, 130.2, 126.4, 126.3, 126.0, 125.6, 124.8, 124.5, 123.8, 123.7,
122.0, 120.1, 108.2, 55.2 (CH), 55.15 (CH), 33.4 (2 CH2), 32.4 (2 CH2), 31.8
(2 CH2), 31.6 (2 CH2), 29.2 (2 CH2), 29.0 (2 CH2), 27.0 (2 CH2), 26.6
(2 CH2), 22.6 (2 CH2), 22.5 (2 CH2), 14.0 (2 CH3), 13.99 ppm (2 CH3); IR
(KBr): ñ=3440 (m), 2960 (s), 2934 (s), 2862 (s), 1719 (s), 1700 (s), 1665
(s), 1605 (s), 1626 (m), 1590 (s), 1560 (w), 1542 (w), 1521 (w), 1511 (w),
1497 (m), 1470 (m), 1460 (m), 1405 (m), 1358 (s), 1342 (m), 1290 (w),
1270 (w), 1252 (w), 1225 (w), 1070 (w), 826 (w), 815 (w), 749 (w) cm�1;
UV/Vis ACHTUNGTRENNUNG(CHCl3): lmax=578 (sh), 543, 482 (sh), 444, 411, 396, 362 nm; fluo-
rescence (CHCl3): lmax=621 nm; MS (70 eV): m/z (%): 726 (100) [M+],
709 (8) [M+�17], 641 (9) [M+�C6H13], 544 (23) [M+�C13H26], 527 (3)
[544�OH], 459 (15) [544�C6H13], 389 (3), 375 (14), 362 (21)
[544�C13H26], 345 (3) [362�17], 317 (3) [345�CO].


1,8-Bis(1-heptyloctyl)-1H-indolo[5’,4’,3’:10,5,6]anthra[2,1,9-def]isoquino-
line-2,7,9(8H)-trione (3b) and 2,9-bis-(1-heptyloctyl)-5-methoxyan-
thra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone (4b): 2,9-Bis-
(1-heptyloctyl)anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tet-


raone (1b, 390 mg, 0.450 mmol) was allowed to react analogously to 3a.
Yield 5 mg (1 %) violet powder of 4b. Rf=0.92 (silica gel, CHCl3);
1H NMR (400 MHz, CDCl3): d=0.81 (t, 12H; 4CH3), 1.19–1.52 (m, 20H;
10CH2), 1.85 (m, 4H; 2CH2), 2.23 (m, 4 H; 2 CH2), 4.34 (s, 3H; O�CH3),
5.17 (m, 2H; 2CH), 8.50 (m, 2H; perylene), 8.64 (d, J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
2H; perylene), 8.68 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; perylene), 9.56 ppm (d, J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H; perylene); MS (70 eV): m/z (%): 840 (71) [M+], 823
(12) [M+�OH], 755 (1), 741 (3) [M+�C7H15], 644 (6) [M+�2C7H14], 630
(45) [M+�C15H30], 613 (9) [630�17], 450 (3), 434 (11), 420 (100) [M+


�2C15H30], 407 (11), 406 (30), 405 (20), 403 (6), 362 (10), 360 (6); UV/
Vis ACHTUNGTRENNUNG(CHCl3): lmax=371, 388, 408, 485, 516, 553 nm; fluorescence (CHCl3):
lmax=574, 606 nm.


2-Cyano-3-butyl-1-methylheptanoate (8): Anhydrous K2CO3 (6.9 g,
50 mmol) was added to a mixture of methyl cyanoactate (7, 3.96 g,
39.6 mmol) and 5-bromononane (10.5 g, 50.6 mmol) in dry DMF (20 mL)
and heated with stirring under argon for 12 h, diluted with distilled water
and extracted with ether (3 L 50 mL). The combined ether phases were
washed with water (3 L 30 mL), dried (MgSO4), filtrated and evaporated
(10.3 g of a viscous oil) and purified by flash chromatography (silica gel,
isohexane) to remove unconverted 5-bromononane. The reaction product
was eluted after the addition of 10% ethyl acetate. Yield 3.19 g (86 %
with respect to converted starting material) colourless oil. 1H NMR
(400 MHz, CDCl3): d=0.91 (m, 6 H; 2 CH3), 1.40 (m, 12H; 6 CH2), 2.10
(m, 1 H; CH), 3.62 (d, J ACHTUNGTRENNUNG(H,H)=4.15 Hz, 1H; CH) 3.82 ppm (s, 3 H;
CO2CH3); 13C NMR (100 MHz, CDCl3): d=13.89, 13.93, 22.58, 22.67,
28.86, 29.03, 31.36, 31.52, 39.41, 41.87, 53.27, 115.53, 166.98 ppm; IR
(KBr): ñ=2933 (s), 2958 (s), 2862 (s), 2249 (w), 1749 (s), 1467 (m), 1459
(m), 1437 (m), 1380 (w), 1256 (s), 1209 (s), 1018 (m), 732 (w) cm�1; MS
(70 eV, EI): m/z (%): 226 (68) [M++H], 227 (8) [M++H+1], 196 (2)
[M++H�C2H6], 168 (12), 143 (4), 140 (22), 136 (12), 108 (4), 100 (100)
[M++H�C9H18], 85 (8), 71 (10), 41 (13); elemental analysis calcd (%)
for C13H23NO2 (225.3): C 69.29, H 10.29, N 6.22; found: C 69.37, H 10.38,
N 6.37.


2-Aminomethyl-3-butyl-1-heptanol (9): 2-Cyano-3-butyl-1-methylhepta-
noate (8, 3.60 g, 16.0 mmol) in tert-butyl methyl ether (50 mL) was added
under argon to a stirred suspension of LiAlH4 (3.56 g, 93.6 mmol) in an-
hydrous tert-butyl methyl ether (50 mL) over 1 h (ice bath), allowed to
react at room temperature for 1 h, refluxed for 5 h, allowed to stand for
16 h, quenched by the addition of 10% NaOH and extracted with tert-
butyl methyl ether. The combined organic phases were washed with dis-
tilled water (3 L 50 mL), dried (MgSO4), filtrated, evaporated (3.31 g vis-
cous oil) and purified by vacuum distillation. Yield 2.35 g (73 %) colour-
less oil. 1H NMR (300 MHz, CDCl3): d=0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 6 H;
2CH3), 1.26 (m, 12 H; 6CH2), 1.70 (m, 1 H; CH), 2.70 (2 H; CH2)
3.75 ppm (2 H; CH2); 13C NMR (75 MHz, CDCl3): d=14.11 (6 C; 2CH3),
38.62 (1 C; CH), 43.65 (1 C; CH), 23.05 (2 C; 2CH2), 30.04 (2 C; 2CH2),
30.73 (1 C; CH2), 30.91 (1 C; CH2), 45.37 (1 C; CH2�NH2), 67.06 ppm
(1 C; CH2�OH); IR (KBr): ñ=3293 (br), 2956 (s), 2928 (s), 2860 (s),
1574 (m), 1467 (s), 1378 (m), 1327 (w), 1152 (m), 1035 (s), 828 (w), 729
(w) cm�1; MS (70 eV, EI): m/z (%): 202 (13) [M+H]+ , 172 (11), 168 (10),
144 (12), 126 (32), 112 (30), 98 (35), 84 (28), 75 (70), 70 (73), 69 (48), 58
(16), 57 (50), 56 (52), 55 (100), 46 (19); elemental analysis calcd (%) for
C12H27NO (201.4): C 71.58, H 13.52, N 6.96; found: C 72.16, H 13.60, N
6.57.


2,9-Bis-(3-butyl-2-hydroxymethylheptyl)anthra[2,1,9-def ;6,5,10-d’e’f’]dii-
soquinoline-1,3,8,10-tetraone (1c): Perylene-3,4:9,10-tetracarboxylic-
3,4:9,10-bisanhydride (2.10 g, 5.36 mmol), 2-aminomethyl-3-butyl-1-hep-
tanol (6, 2.42 g, 12.1 mmol) and imidazole (20 g) were heated under
argon with stirring to 140 8C for 5 h, allowed to cool, treated while still
warm (�90 8C) with 2n HCl (100 mL), allowed to stand for 1 h at room
temperature, collected by vacuum filtration, washed with distilled water,
dried in air (80 8C, 16 h) and purified by column separation (silica gel,
chloroform/5 % methanol). Yield 3.50 g (86 %) red powder of 1c. M.p.
266–268 8C; 1H NMR (400 MHz, CDCl3): d=0.94 (t, J ACHTUNGTRENNUNG(H,H)=6.8 Hz,
12H; 4CH3), 1.38–1.58 (m, 24H; 12 CH2), 1.68 (m, 2 H; 2 CH), 2.01 (m,
2H; 2 CH), 3.54 (ABq, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 2H; CH2), 3.71 (ABq, J ACHTUNGTRENNUNG(H,H)=
4.4 Hz, 2 H; CH2), 4.24 (ABq, J ACHTUNGTRENNUNG(H,H)=4 Hz, 2H; CH2), 4.36 (m, 2 H;
CH2), 8.58 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 4 H; perylene), 8.67 ppm (d, J ACHTUNGTRENNUNG(H,H)=8 Hz,
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4H; perylene); 13C NMR (100 MHz, CDCl3): d=14.18 (4 C; 4 CH3), 23.15
(4 C; 4CH2), 29.57 (2 C; CH2), 29.67 (2 C; 2CH2), 30.54 (2 C; 2 CH2),
30.63 (2 C; CH2), 38.71 (1 C; CH), 40.75 (1 C; CH2), 42.04 (1 C; CH),
61.39 (1 C; CH2), 123.15 (4 C; 4 CH perylene), 131.72 (4 C; 4 CH pery-
lene), 126.35 (2 C; 2 C perylene), 129.34 (2 C; 2C perylene), 134.71 (4 C;
4C perylene), 164.15 ppm (4 C; 4 CO perylene); IR (KBr): ñ=3447 (br),
2956 (s), 2928 (s), 2860 (m), 1695 (s), 1652 (s), 1595 (s), 1579 (m), 1508
(w), 1443 (m), 1404 (m), 1342 (s), 1153 (m), 1170 (w), 1017 (w), 975 (w),
854 (w), 811 (s), 747 (m) cm�1; UV/Vis (CHCl3): lmax (e)=529 (86 320),
492 (51 880), 461 nm (18 860 L mol�1 cm�1); fluorescence quantum yield
(CHCl3, reference 1a with F=100 %)=1.0 %; MS (70 eV, EI): m/z (%):
760 (21), 759 (15), 758 (13) [M]+ , 587 (22), 576 (27), 575 (62), 557 (13),
431 (19), 417 (19), 416 (19), 405 (43), 404 (65), 403 (39), 393 (23), 392
(72), 391 (100), 390 (27), 376 (21), 375 (19), 373 (21), 347 (13), 346 (18),
345 (13), 321 (17); elemental analysis calcd (%) for C48H58N2O6 (759.0):
C 75.96, H 7.70, N 3.69; found: C 75.99, H 8.00, N 3.63.


1,8-Bis-(3-butyl-2-hydroxymethylheptyl)-1H-indolo[5’,4’,3’:10,5,6]an-
thra[2,1,9-def]isoquinoline-2,7,9(8H)-trione (3c) and 1-(3-butyl-2-hydroxy-
methyl-heptyl)-4,11-dimethoxy-1H-indolo[5’,4’,3’:10,5,6]anthra[2,1,9-de-
f]isoquinoline-2,7,9(8H)-trione (2c): A mixture of 2,9-bis-(3-butyl-2-hy-
droxymethylheptyl)anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-
tetraone (1c, 100 mg, 0.130 mmol) and KOH powder (85 %, 400 mg,
6.07 mmol) in methanol (30 mL) was refluxed for 1.5 h, evaporated
(50 8C), dispersed in tert-butyl alcohol (50 mL), refluxed with stirring
(5 h, bath at 100 8C), poured into distilled water (300 mL), acidified with
2n HCl (20 mL), diluted with distilled water (200 mL), heated to 100 8C
for 10 min, cooled to room temperature, collected by vacuum filtration,
dried in air (120 8C, 2 h, 88 mg) and purified by column separation (silica
gel, 2% MeOH/CHCl3).


First fraction : Yield 14 mg (15 %) reddish-violet powder of 3c. MS
(70 eV, EI): m/z (%): 730 (100) [M]+ .


Second fraction : Yield 15 mg (21 %) dark violet powder of 2c. IR (KBr):
ñ=3442 (br), 2954 (w), 2925 (m), 2856 (w), 1692 (s), 1644 (s), 1583 (s),
1492 (s), 1462 (w), 1441 (w), 1390 (s), 1352 (w), 1319 (w), 1243 (m), 1164
(w), 843 (w), 806 (m), 740 (m) cm�1; MS (70 eV): m/z (%): 546 (30) [M]+


; elemental analysis calcd (%) for C35H34N2O4 (546.7): C 76.90, H 6.27, N
5.12; found: C 75.33, H 6.77, N 4.74.


2,9-Bis-(3-butyl-2-hydroxymethylheptyl)-5-methoxyanthra[2,1,9-
def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone (4c), 1,8-bis-(3-butyl-2-
hydroxymethyl-heptyl)-4,11-dimethoxy-1H-indolo[5’,4’,3’:10,5,6]an-
thra[2,1,9-def]isoquinoline-2,7,9(8H)-trione (5c) and 1,8-bis-(3-butyl-2-
hydroxymethyl-heptyl)-5,11-dimethoxy-1H-indolo[5’,4’,3’:10,5,6]an-
thra[2,1,9-def]isoquinoline-2,7,9(8H)-trione (6c): A mixture of N,N’-bis-
(2-hydroxymethyl-3-butylheptyl)perylene-3,4:9,10-bis(dicarboximide)
(1c, 400 mg, 0.520 mmol) and KOH powder (85 %, 1.72 g, 26.0 mmol) in
DMSO/MeOH (80:40, 120 mL) was refluxed at 110 8C for 3 h, cooled to
RT, poured into 2n HCl (100 mL), stirred for 2 h, collected by vacuum
filtration, dried in air (120 8C, 2 h; 265 mg of a dark violet powder) and
purified by column separation (silica gel, 2 % MeOH/CHCl3).


First fraction : Approximately 100 mg (24 %) reddish-violet powder of
2,9-bis-(3-butyl-2-hydroxymethyl-heptyl)-5-methoxyanthra[2,1,9-
def;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone (4c). M.p. >250 8C; Rf=


0.31 (silica gel, CHCl3/ethanol 20:1); 1H NMR (600 MHz, CDCl3, 25 8C):
d=0.84–0.88 (m, 12 H; 4 CH3), 1.25–1.69 (m, 28 H; 12 CH2, 4CH), 2.04 (s,
2H; CH2), 2.95 (br s, 2 H; 2OH), 3.57 (m, 2H; N�CH2), 3.73 (m, 2H; N�
CH2), 4.13–4.40 (m, 7H; 2OCH2R, ROCH3), 8.13–8.48 (m, 6 H; aromatic
CH), 9.17–9.28 ppm (m, 1H; aromatic CH); 13C NMR (151 MHz, CDCl3,
25 8C): d=14.2, 23.0, 23.2, 29.7, 30.5, 30.7, 38.7, 40.7, 40.9, 42.0, 56.8
(ROCH3), 61.8, 117.3, 121.2, 121.6, 122.2, 122.3, 123.2, 123.4, 123.7, 126.2,
128.5, 128.7, 130.3, 131.8, 134.0, 158.0, 163.6, 164.0, 164.1 ppm; IR (KBr):
ñ=3468.0 (w, br), 2956.5 (s), 2924.6 (vs), 2854.6 (s), 1737.8 (m), 1693.1
(m), 1649.9 (m), 1593.6 (m), 1462.8 (m), 1404.2 (w), 1378.0 (w), 1335.0
(w), 1268.1 (w), 1120.0 (w), 1072.0 (w), 808.0 (w), 746.0 (w) cm�1; UV/Vis
(CHCl3): lmax (Erel)=391 (0.10), 411 (0.09), 489 (sh) (0.27), 520 (0.66),
558 nm (1.00); fluorescence (CHCl3): lmax (Irel)=575 (1.00), 620 nm
(0.61); fluorescence quantum yield (CHCl3, lexc=483 nm, E483 nm=


0.0138 cm�1, reference: 2,9-bis-(1-hexylheptyl)anthra[2,1,9-def ;6,5,10-
d’e’f’]diisoquinoline-1,3,8,10-tetraone (1a) with F=1.00)=0.86; MS
(70 eV, DEI+): m/z (%): 788 (100) [M+], 770 (17) [M+�17], 760 (14)
[M+�CO], 758 (13) [M+�OCH3], 727 (10) [M+�2CH2OH], 605 (79)
[M+�C12H25O], 587 (16) [M+�C12H25O�OH], 575 (8) [M+


�C12H25O�OCH3], 420 (56) [M+�2C12H25O], 390 (9) [M+


�2C12H25O�OCH3]: HMRS: m/z calcd for (C49H60N2O7): 788.4401;
found: 788.4452.


Second fraction : Yield �30 mg (7 %) bluish-violet powder of a mixture
of 1,8-bis-(3-butyl-2-hydroxymethylheptyl)-4,11-dimethoxy-1H-indo-
lo[5’,4’,3’:10,5,6]anthra[2,1,9-def]isoquinoline-2,7,9(8H)-trione (5c) and
1,8-bis-(3-butyl-2-hydroxymethylheptyl)-5,11-dimethoxy-1H-indo-
lo[5’,4’,3’:10,5,6]anthra[2,1,9-def]isoquinoline-2,7,9(8H)-trione (6c). M.p.
>250 8C; Rf=0.21 (silica gel, CHCl3/ethanol 20:1); 1H NMR (600 MHz,
CDCl3, 25 8C): d=0.80–0.90 (m, 12 H; 4 CH3), 1.19–1.64 (m, 28H; 4CH,
12CH2), 1.88–2.02 (m, 2H; CH2), 3.42–3.68 (m, 4 H; 2CH2), 3.83–4.39
(m, 7 H; 2 CH2, OCH3), 6.87–6.92 (m, 1 H; aromatic CH), 8.26–8.63 (m,
5H; aromatic CH), 8.96–9.06 ppm (m, 1H; aromatic CH); 2D-NMR
(dQCOSY, 400 MHz, CDCl3, 24 8C): two sets of signals in the aromatic
region and several sets of signals in the aliphatic region because of stereo
isomers were obtained; 13C NMR (151 MHz, CDCl3, 25 8C): d=14.1,
23.1, 29.5, 29.6, 29.7, 29.8, 30.0, 30.1, 30.2, 30.6, 30.7, 38.3, 38.7, 40.0, 42.1,
42.5, 56.0 (OCH3), 56.8 (OCH3), 61.2 ppm; IR (KBr): ñ=3435.9 (vs, br),
2955.6 (s), 2924.8 (vs), 2855.1 (m), 1685.7 (m), 1637.1 (m), 1583.7 (m),
1501.3 (w), 1463.5 (m), 1390.5 (m), 1344.1 (w), 1240.0 (w), 1166.5 (w),
1068.0 (w), 802.5 (w), 740.6 (w) cm�1; UV/Vis (CHCl3): lmax (Erel)=373
(0.28), 389 (0.40), 408 (0.52), 574 nm (1.00); fluorescence (CHCl3): not
detectable; MS (70 eV, DEI+): m/z (%): 760 (100) [M+], 730 (7) [M+


�OCH3], 577 (48) [M+�C12H25O], 435 (3) [M+


�OCH3�C9H19�C12H25NO], 419 (9) [M+�C12H25O�OCH3�C9H19], 391
(15) [M+�C12H25O�OCH3�C9H19�CO], 346 (3) [M+


�C12H25O�OCH3�C9H19�C3H7NO]; HMRS: m/z calcd for
(C49H60N2O7): 790.4557; found: 790.4650.
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Synthesis and Antioxidant Activity of [60]Fullerene–BHT Conjugates**
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Maria Grazia Fumo,[b] Gian Franco Pedulli,*[b] and Luca Valgimigli[b]


Introduction


Oxidative damage plays a significant pathological role in
human diseases such as cancer and age-related neurodege-
nerative diseases.[1,2] This oxidative damage, mainly due to
free radicals and reactive oxygen species (ROS), can be pre-
vented by antioxidants. It is generally accepted that diets
rich in food containing antioxidants help to reduce oxidative
damage in humans.[3,4] In recent years, it was shown that full-
erene derivatives can be used as protective drugs against
neurodegenerative diseases related to oxidative stress.[5–8]


This observation is directly related to the fact that fullerenes


and their organic derivatives can trap several radicals per
molecule; these compounds may be regarded as “radical
sponges”.[9,10]


This makes [60]fullerene an interesting lead structure in
the development of novel radical-scavenging compounds
with specific functionalities. For instance, it was recently
shown that a number of water-soluble fullerene derivatives
behave as potent ROS scavengers in cell cultures and can
protect human skin keratinocytes from UV irradiation and
oxidative damage by tert-butyl hydroperoxide.[11]


Recently, some of us described the synthesis of new fuller-
ene derivatives bearing structural moieties with known anti-
oxidant activity (e.g., flavonoids).[12] Here we report the syn-
thesis and antioxidant activity of four C60 derivatives incor-
porating one or two aryl groups structurally related to
BHT,[13] a phenolic antioxidant widely used in the food in-
dustry.[14,15]


The aim of this project is to develop phenolic antioxidants
with special functionalities, such as limited diffusion in poly-
meric matrices and biomembranes, or extended reactivity
toward alkyl radicals,[16] and to investigate possible varia-
tions in the antioxidant behavior of the BHT-like structure
as a consequence of its conjugation with [60]fullerene, par-
ticularly a synergistic effect between the two type of antioxi-
dants (the [60]fullerene moiety and the phenolic antioxi-
dant).


Abstract: Fullerene derivatives incor-
porating one or two 3,5-di-tert-butyl-4-
hydroxyphenyl groups were synthe-
sized by 1,3-dipolar cycloaddition of
azomethine ylides to C60. The O�H
bond dissociation enthalpies (BDEs) of
these compounds were estimated by
studying, by means of EPR spectrosco-
py, the equilibration of each of these
phenols and 2,6-di-tert-butyl-4-methyl-
phenol (BHT) with the corresponding
phenoxyl radicals. The antioxidant ac-
tivity of the investigated phenols was


also determined by measuring the rate
constants for their reaction with perox-
yl radicals in controlled autoxidation
experiments and compared to that re-
corded under identical experimental
settings for [60]fullerene itself and un-
linked BHT. The results indicate that
linking of the BHT structure to C60


does not substantially alter the thermo-
chemistry and kinetics of its reaction
with peroxyl radicals, but such adducts
may behave as interesting bimodal rad-
ical scavengers. The inherent rate con-
stant for trapping of peroxyl radicals
by C60 per se (kinh=3.1�1.1=
102m�1 s�1) indicates that, contrary to
previous reports, [60]fullerene is an ex-
tremely weak chain-breaking antioxi-
dant.


Keywords: antioxidants · EPR
spectroscopy · fullerenes · radical
reactions · radicals
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To evaluate the antioxidant activity of these compounds
we measured two physicochemical parameters which are be-
lieved to be crucial in determining the ease with which phe-
nolic antioxidants reduce the rate of oxidation of oxidizable
substrates, that is, the bond dissociation enthalpy (BDE) of
the O�H bond[19] broken during the inhibition reaction and
the rate constant kinh for the reaction of the antioxidant with
peroxyl radicals.[20,21]


Results and Discussion


Synthesis : [60]Fullerene derivatives 1–4 were obtained in
low to moderate yields (16–58%) by 1,3-dipolar cycloaddi-
tion reactions of C60 with azomethine ylides generated in
situ in refluxing toluene, as already described for similar sys-
tems.[12] Products were purified by flash chromatography on
silica with toluene/cyclohexane.
Fullerene derivatives 1 and 2 were obtained from the re-


action of the commercially available aldehydes 5 and 6, re-
spectively, with N-methylglycine and C60 (Scheme 1). While
compound 1 was obtained in 58% yield, its isomer 2 was
isolated in only 16% yield. This difference reflects the lower
reactivity of 2-hydroxybenzaldehyde derivative 6, presuma-
bly due to intramolecular hydrogen bonding.
The mass spectra of compounds 1 and 2 show the


[M+H]+ ion (m/z 982) and the NMR spectra confirm the
expected structures. The main difference in the 1H NMR
spectra of the two isomers is the position of the OH proton
signal, which appears at d=4.85 ppm in 1, but at d=


11.34 ppm in 2 due to intramolecular hydrogen bonding
with the nitrogen atom of the pyrrolidine ring. This intramo-
lecular hydrogen bonding hampers rotation around the C2�
Ar bond at room temperature.[22] This is confirmed by the
well-resolved signals corresponding to H-4 and H-6 of the
aryl group, which appear as an AB spin system at d=7.11–
7.13 ppm with J=2.4 Hz.
In the 1H NMR spectrum of 1 the signal corresponding to


the ortho protons of the aryl group is a broadened singlet,
indicative of restricted rotation of this aryl group. This
effect has already been ob-
served in similar com-
pounds.[23,24] Synthesis of 3 and
4 required use of glycine deriv-
ative 8, which was prepared in
two steps by reductive amina-
tion of aldehyde 5 with glycine
methyl ester in 90% overall
yield (Scheme 2). The struc-
tures of 7 and 8 were confirmed
by 1H and 13C NMR and MS.
Compound 3 was obtained in


reasonable yield by reaction of
glycine derivative 8, parafor-
maldehyde and C60 in refluxing
toluene (Scheme 3). Compound
4 was obtained under similar


conditions from aldehyde 5 with La ACHTUNGTRENNUNG(OTf)3 as catalyst. In the
absence of the catalyst the reaction does not occur. Al-
though formation of two adducts 4 (with cis or trans config-
uration) could be expected, only one diastereoisomer was
detected. The absence of correlation between pyrrolidine
protons H-2 and H-5 in the NOESY spectrum of 4 presuma-
bly indicates that these protons are in a trans configuration.
In both 3 and 4, the NCH2 protons are diastereotopic and


geminal coupling is observed in the 1H NMR spectra. While
the resonances of these protons appear as a AB system (J=
13.5 Hz) in 3, in 4 they appear as two doublets (J=13.9 Hz).


Scheme 1.
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The signals of the ortho protons of the substituted benzyl
group in compounds 3 and 4 appear as sharp singlets at d=
7.42 and 7.52 ppm, respectively. In contrast, and as observed
for 1 and 2, in the 1H NMR spectrum of compound 4 the
resonances of the ortho protons of the aryl group at the 5-
position of the pyrrolidine ring appear as a broad singlet
due to restricted rotation of the aryl group. In the 13C NMR
spectra of compounds 3 and 4 the signal corresponding to
the ester carbonyl group appears at d=170.5 and 172.1 ppm,
respectively.


EPR spectra of the free radicals obtained from 1–4 : Radi-
cals were produced at room temperature inside the cavity of
an EPR spectrometer by reaction of 1–4 with alkoxyl radi-
cals generated photolytically from di-tert-butyl peroxide in
deoxygenated benzene solution [Eq. (1)]. In the case of 1, 3,
and 4 highly persistent radicals were obtained whose EPR
spectra showed good signal-to-noise ratio and g factors of
2.0046–2.0047 (see Table 1 for spectral parameters). When


solutions of 2 were photolyzed
the only signal observed was a
broad singlet centered at g=
2.0024 with a peak-to-peak line
width of 1.9 G. On the basis of
the small g factor and the line
width, we attribute this singlet
to a persistent radical adduct to
the [60]fullerene moiety. Simi-
lar spectra were observed by
Krusic et al.[25] when photolyz-
ing toluene or benzene solu-
tions of C60 in the presence of a
variety of radical precursors
and attributed to C60–radical


adducts. The same singlet, superimposed on the spectrum of
the phenoxyl radical, was also observed on prolonged pho-
tolysis of solutions of 3. The reason why no phenoxyl radical
from 2 could be detected is likely a combination of two fac-
tors, that is, its low persistency due to the absence of a
second tert-butyl substituent ortho to the radical oxygen
atom, and the very limited reactivity of the OH group
toward hydrogen abstraction due to intramolecular hydro-
gen bonding with the pyrrolidine nitrogen atom.


Photolysis of 4 in the presence of the peroxide gave rise
to an EPR pattern consisting of the superimposition of spec-
tra due to two different species arising from the H abstrac-
tion from the OH group on the substituted benzyl group
(4’a) and from the OH group on aryl ring directly bonded to
the pyrrolidine ring (4’b). The observed EPR spectrum and
its computer simulation are shown in Figure 1.
Interestingly, in the spectra of both radicals 3’ and 4’a, the


central line of the expected 1:2:1 triplet due to the benzyl
protons was not observed, while the separation between the
two outer lines (ca. 22–24 G) was twice as large as the hy-
perfine splitting constant of the methyl protons in the radi-
cal from BHT (11.2 G).[19] This means that central triplet
line is strongly broadened by spin-relaxation effects. A simi-
lar behavior was previously observed in the EPR spectra of
the phenoxyl radicals obtained from 2,6-di-tert-butylphenols
substituted at the 4-position with unsymmetrical N,N’-di-
alkylaminomethyl groups CH2N(R)R’ and attributed to the
magnetic inequivalence of the benzyl protons, which are dia-
stereotopic due to slow inversion at nitrogen on the EPR
timescale.[26] Since the same explanation can also be given in
the present case, we tried to accelerate the rate of intercon-
version between the benzyl proton splittings to reach the


Scheme 2.


Scheme 3.


Table 1. EPR spectral parameters for the phenoxyl radicals obtained by
abstraction of the OH hydrogen atom from 1, 3, and 4.


Phenol Radical a ACHTUNGTRENNUNG(2Hm) [G] a(N) [G] aACHTUNGTRENNUNG(other) [G] g factor


1 1’ 1.85 0.80 4.80 (H-2)[a] 2.0046
3 3’ 1.80 1.80 11.20 (2H)[b,c] 2.0047


12.20 (2H)[b,c]


4’a 1.84 1.53 7.60 (H-2)[a] 2.0046
4’b 1.76 1.40 1.74 (H-5)[a] 2.0046


[a] Hyperfine splitting (hfs) constants at the pyrrolidine ring protons.
[b] Average value of the hfs constants at the two diastereotopic benzyl
protons. [c] Only the two outer multiplets were observed due to selective
line-broadening effects.
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fast-exchange region where the selective line-broadening
effect might disappear.[27] Thus, the sample temperature was
increased to the boiling point of benzene, but no substantial
changes in the EPR spectrum were detected.
The remarkable difference between the hyperfine split-


tings at the pyrrolidine nuclei (both nitrogen and protons)
in the similar phenoxyl radicals 1’ and 4’b is also noteworthy.
This is likely due to different geometry of the two radicals
arising from the very strong steric crowding in 4’.


O�H bond dissociation enthalpies (BDE): To measure the
O�H BDEs of the title compounds we used the EPR radical
equilibration technique, which, among the various experi-
mental methods for the determination of bond strengths,
seems to guarantee the best accuracy at present.[19, 28] For
this purpose we measured the equilibrium constant Ke for
hydrogen-atom transfer between BHT as reference phenol
Ar’OH (revised BDE value 79.9 kcalmol�1[29]), one of the
phenols 1, 3, and 4 (ArOH), and the corresponding phenox-
yl radicals [Eq. (2)] generated under continuous photolysis
in deoxygenated benzene at room temperature (25 8C).


ArOHþAr0OC Ð ArOC þAr0OH ð2Þ


Experiments were performed on benzene solutions with
the highest concentration of the [60]fullerene derivatives
compatible with their low solubility (ca. 10�3m). The persis-
tence of the related phenoxyl radicals guarantees achieve-
ment of equilibrium, despite the relatively low concentration
of their precursors. In the calculation of Ke, the initial con-
centrations of ArOH and Ar’OH were used, while the rela-
tive radical concentrations were determined by means of
EPR spectroscopy. The BDEs for ArOH were calculated,


under the assumption that the entropic term can be neglect-
ed,[27] by means of Equation (3) from Ke and the BDE of
BHT.


BDEðArO�HÞ � BDEðAr0O�HÞ�RT lnðKeÞ ð3Þ


Measurements were repeated under different light intensi-
ty to check the constancy of Ke. The BDEs obtained in ben-
zene solution (Table 2) show that all the C60-containing phe-


nols are characterized by O�H bond strengths very close to
that of their precursor BHT. This suggests that the
[60]fullerene moiety is not substantially involved in the hy-
drogen transfer reaction [Eq. (2)]. Indeed, closer inspection
of the data in Table 2 reveals that the C60-containing sub-
stituent slightly increases the O�H BDE, perhaps due to the
weak electron-withdrawing behavior expected for [60]fuller-
ene.


Inhibition rate constants : The rate constants kinh for reaction
of 1, 3, and 4 with peroxyl radicals were determined by
studying the inhibition of the thermally initiated autoxida-
tion of cumene.[21] Cumene was chosen because of its lower
oxidizability, which magnifies the antioxidant behavior of a
given compound and allows the antioxidant activity of mod-
erately effective inhibitors to be more easily differentiated.
The reaction was followed by monitoring the oxygen con-


sumption (Figure 2) during the autoxidation with an auto-
matically recording gas-absorption apparatus, built in our
laboratory and described previously,[32] which uses as detec-
tor a commercial differential pressure transducer. The reac-
tions [Eqs. (4)–(9)], initiated by the thermal decomposition
of 2,2’-azobis(2,4-dimethylvaleronitrile) (AMVN), were car-
ried out at 30 8C under controlled conditions in air-saturated
solutions of cumene, both in the absence and in the pres-
ence of each antioxidant; BHT was used as reference chain
breaking inhibitor.


Figure 1. Room-temperature experimental (top) and simulated (bottom)
EPR spectrum observed under continuous irradiation of a deoxygenated
benzene solution of 4 containing di-tert-butyl peroxide The outer multip-
lets are due to radical 4’a (see text for additional details), and the central
part of the spectrum is due to 4’b.


Table 2. O�H BDEs for 1–4 measured at room temperature in benzene
containing 10% di-tert-butyl peroxide, rate constants kinh for their reac-
tion with peroxyl radicals in cumene at 30 8C, and number of radicals n
trapped by each antioxidant molecule.


Compound BDE
[kcalmol�1]


kinh
[103m�1 s�1]


n


1 80.1�0.1 7.3�1.1 2
2 – 0.40�0.10 n.d.
3 80.3�0.2 8.2�1.1 2
4 80.4�0.3[a] 6.7�1.3 4


80.3�0.3[b]


BHT 79.9�0.1[c] 10.7�1.0 2
[60]fullerene – 0.31�0.11 n.d.


[a] For the OH group linked to the substituted benzyl group (radical 4’a).
[b] For the OH group linked to the aryl ring directly bonded to the pyr-
rolidine ring (radical 4’b). [c] Recalculated from the data of ref. [15] on
the basis of the revision of the O�H BDE of reference phenol
tBu3C6H2OH from 81.2 to 80.1 kcalmol�1.[30]
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Initiator Ri
�!RC ð4Þ


RC þO2 ! ROOC ð5Þ


ROOC þRH kp
�!ROOHþRC ð6Þ


ROOC þROOC 2kt
�!products ð7Þ


ROOC þArOH kinh
�!ROOHþArOC ð8Þ


ROOC þArOC ! products ð9Þ


The inhibition rate constant kinh [Eq. (8)] of each com-
pound was determined by means of a kinetic treatment[32]


consisting of measuring the initial rates of oxidation of
cumene both in the presence (�d[O2]/dt=Rox) and absence
((�d[O2]/dt)0=Rox,0) of antioxidant, ArOH, and calculating
kinh from these data by means of Equation (10).


Rox,0


Rox
� Rox


Rox,0
¼ nkinh½AH�0


ffiffiffiffiffiffiffiffiffiffiffiffi


2 ktRi


p ð10Þ


This equation allows evaluation of kinh even when the in-
hibition and termination [Eq. (7)] rates are comparable. The
use of Equation (10) requires knowledge of the initiation
rate Ri, which was determined in preliminary experiments as
described in the Experimental Section, and the termination
constant 2kt for the self-combination of cumylperoxyl radi-
cals. Unfortunately, the value of this constant, measured by
following the decay of the cumylperoxyl radicals, shows con-
siderable variations with cumene concentration.[33] This is
due to the irreversible decomposition of the tetroxide,
formed in reaction (7), to give molecular oxygen and two
caged alkoxyl radicals, 10% of which combine to give the
corresponding peroxide, while the greater portion (ca. 90%)
escapes into the reaction medium and undergoes reactions
typical of the ROC radical such as hydrogen-atom abstraction
and b scission.[21]


The true value of 2kt for cumylperoxyl radicals was ob-
tained by an indirect procedure by measuring the ratio kinh/
ffiffiffiffiffiffiffiffi


2kt
p


[Eq. (10)] during the initiated oxidation of cumene in-
hibited by BHT. Under these conditions the formation of
tetroxide from cumylperoxyl radicals is almost negligible,
since most of them terminate by reacting with the antioxi-
dant [Eqs. (8) and (9)]. Then, a very accurate determination
of the value of BHT was made by using styrene as oxidiza-
ble substrate and analyzing the data obtained at different
antioxidant concentrations with the method proposed by
Darley-Usmar et al.[34] The resulting kinh value of 1.1=
104m�1 s�1 is only slightly different from that determined for
BHT by Ingold et al. (1.4=104m�1 s�1).[20] By inserting the in-
hibition rate constant in the ratio kinh/


ffiffiffiffiffiffiffiffi


2 kt
p


experimentally
determined as 50.2m�1=2 s�


1=2, the 2kt value at 30 8C was ob-
tained as 4.6=104m�1 s�1.[35]


A second determination of 2kt for cumene at 30 8C was
made by following, by EPR spectroscopy, the decay of the
signal due to the cumylperoxyl radical in pure cumene.
Under these conditions (cumene concentration 7.2m) the
fragmentation of cumyloxyl radicals to acetophenone and
methyl radicals (kf=1.23=106 s�1)[36] is 15 times slower than
hydrogen-atom abstraction from cumene (kH=2.6=
106m�1 s�1)[36] and thus the measured termination rate con-
stant is expected to be very close to the true value. This de-
termination led to a 2kt value of 4.5=104m�1 s�1, which is
surprisingly similar to that obtained from autoxidation ex-
periments.
The term n represents the stoichiometric coefficient, that


is, the number of peroxyl radicals trapped by each antioxi-
dant molecule, and can be determined from Equation (11)
by measuring the length of the induction period t during
which the rate of oxygen consumption in the inhibited au-
toxidation of cumene is strongly reduced. The results of
these determinations are reported in Table 2.


n ¼ Rit
½AH� ð11Þ


From Figure 2 it can be inferred that 1 and 3 show, during
the inhibition period, moderate antioxidant activity, compa-
rable to that of BHT. In fact, the inhibition rate constants
are only slightly lower than that of BHT, that is, the pres-
ence of the [60]fullerene group does not improve the radi-
cal-scavenging ability of BHT. Phenol 2, on the other hand,
is practically devoid of any antioxidant activity, presumably
due to formation of an intramolecular hydrogen bond be-
tween the phenolic OH group and the nitrogen atom of the
pyrrolidine ring (d(OH)=11.34 ppm in the 1H NMR spec-
trum), which leads to a large increase in O�H bond
strength. Compound 4, although characterized by a kinh
value similar to those of 1 and 3, shows an antioxidant effi-
cacy lasting twice as long as that of the other phenols. This
can be easily explained in terms of the presence of two radi-
cal-scavenging units.


Careful examination of Figure 2 shows that the slopes of
the oxygen-consumption plots for 1, 3, and 4, after the end


Figure 2. Oxygen consumption observed during the autoxidation of
cumene initiated by AMVN (5=10�3m) at 30 8C in the absence of any an-
tioxidant (not inhibited, n.i.) and in the presence of BHT, [60]fullerene,
or each of the four investigated derivatives (5.0=10�6m).
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of the inhibition period, are not exactly parallel to that ob-
served with BHT. This might suggest that these compounds,
even when no more phenolic hydrogen atoms are present in
solution, still retain a weak scavenging ability for peroxyl
radicals, conceivably due to the C60 group per se. An investi-
gation by Hwang et al.[37] attributes to C60 an antioxidant ac-
tivity in liposomes higher than that of a-tocopherol, based
on the relative ability of a series of antioxidants (at the
same concentration) to prevent pH changes in the aqueous
phase internal to the liposomes during the generation of hy-
droxyl or superoxide radicals. The authors, who were them-
selves surprised at this result, suggest that this is due to the
multiple binding sites (30 double bonds) available on C60 to
accept several peroxyl radicals per molecule, as opposed to
a-tocopherol, which is able to quench “only” two peroxyl
units. Although the ability of [60]fullerene to add several
tert-butylpexoxyl radicals to form stable multiple peroxides
has been proven by NMR spectroscopy,[38] it should be kept
in mind that the antioxidant ability of a given compound
does not merely reflect the stoichiometry of its reaction with
peroxyl radical, but it is mainly due to the rate of such reac-
tion. For this reason we measured the antioxidant activity of
unsubstituted [60]fullerene under the same experimental
conditions employed for its derivatives 1–4. The resulting
rate constant for peroxyl radical trapping (kinh=313m�1 s�1)
is not significantly different from the value recorded for
compound 2 (see errors in Table 2) and indicates that, con-
trary to previous reports, [60]fullerene itself is an extremely
weak chain-breaking antioxidant. When this value is divided
by 30, that is, the number of double bonds in the C60 struc-
ture, its “intrinsic” reactivity (k�10m�1 s�1) with peroxyl
radical is not greater than that of styrene (k�41m�1 s�1).[21]


The reason why [60]fullerene behaves as a poor antioxidant
rather than propagating the oxidation chain like styrene is
the lack of reactivity of the resulting extensively conjugated
carbon-centered radical. In this respect, C60 shows a reactivi-
ty quite similar to that of other polyenes such as b-caro-
tene.[39,40]


Thus, the rate of reaction of [60]fullerene itself, or the
[60]fullerene moiety in the investigated derivatives, with per-
oxyl radicals does not justify further development of C60-
linked phenols. However, the C60 unit is known to be an ex-
tremely efficient trap for alkyl radicals that outperforms
BHT nearly 3000-fold and even a-tocopherol 23-fold, as can
be judged by comparison of their rate constants of reaction
at room temperature.[16] Due to the high reactivity of
carbon-centered radicals with molecular oxygen, this addi-
tional radical-scavenging ability would be relevant only at
low partial pressures of oxygen, for example, in vivo under
hypoxic conditions or in bulk polymers, where oxygen diffu-
sion is limited.


Conclusion


Three different types of [60]fullero[c]pyrrolidines bearing
one or two 3,5-di-tert-butyl-4-hydroxyphenyl groups were


synthesized and their antioxidant activities determined. The
experimental results suggest that the introduction of the
[60]fullerene moieties affects only marginally the overall
rate of reaction with peroxyl radicals with respect to the
simpler precursor BHT. The lower rates of inhibition corre-
late nicely with the corresponding slightly higher O�H BDE
values.[41]


Although these compounds behave as moderately effi-
cient antioxidants under aerobic conditions, an additional
radical-scavenging mode, that is, efficient trapping of alkyl
radicals, is expected to be contributed by the C60 group
under hypoxic conditions, and this would make these phe-
nolic C60 derivatives interesting bimodal radical scavengers
that could find interesting applications in pharmaceuticals
and polymer chemistry (e.g., as polymerization inhibitors
and antioxidants).[42] In these areas the bulky C60 unit could
also contribute additional properties to these adducts, for
example, limited mobility or preferential location in some
biological compartment.


Experimental Section


1H and 13C NMR spectra were recorded on Bruker Avance 300 or 500
spectrometers at 300 or 500 MHz and 75 or 125 MHz, respectively.
CDCl3 and CDCl3/CS2 were used as solvents, and TMS was used as inter-
nal reference. Mass spectra and HRMS were recorded on VG AutoSpec
Q and M mass spectrometer. m-Nitrobenzyl alcohol was used as matrix
for FAB+ mass spectrometry. Melting points were determined with a
Reichert Thermovar electric instrument and are uncorrected. Flash chro-
matography was carried out with silica gel 0.032–0.063 mm.


Synthesis of C60 derivatives 1 and 2 : General procedure: A solution of
C60 (70 mg, 9.7=10�5 mol), N-methylglycine (43 mg, 5 equiv), and alde-
hyde 5 or 6 (24 mg, 1 equiv) in toluene (60 mL), was heated at reflux
under N2 for 6 h. The mixture was concentrated and purified by flash
chromatography with a gradient of cyclohexane/toluene as eluent. The
first fraction was unconsumed C60, and the second the monoadduct. Com-
pounds 1 and 2 were crystallized from CS2/chloroform.


1-Methyl-2-(3,5-bis-tert-butyl-4-hydroxyphenyl)[60]fullero[c]pyrrolidine
(1): M.p. >310 8C. 1H NMR (500 MHz, CDCl3/CS2): d=1.36 (s, 18H;
tBu), 2.79 (s, 3H; NCH3), 4.20 (d, J=9.3 Hz, 1H; H-5), 4.85 (s, 1H; OH),
4.89 (d, J=9.3 Hz, 1H; H-5), 5.05 (s, 1H; H-2), 7.46 ppm (br s, 2H;
ArH); 13C NMR (125 MHz, CDCl3/CS2): d=30.2 (C ACHTUNGTRENNUNG(CH3)3), 34.1 (C-
ACHTUNGTRENNUNG(CH3)3), 39.8, 68.6, 69.8, 77.6, 83.8, 125.9, 127.1, 135.6, 135.7, 136.3, 139.0,
139.4, 139.8, 140.0, 141.3, 141.4, 141.5, 141.7, 141.8, 141.90, 141.97, 142.0,
142.1, 142.4, 142.5, 142.8, 143.0, 144.2, 144.5, 144.6, 144.9, 145.0, 145.16,
145.23, 145.3, 145.4, 145.6, 145.7, 145.88, 145.92, 146.0, 146.1, 146.4, 146.7,
147.1, 153.4, 153.6, 153.9, 154.2, 156.2 ppm; MS (FAB+): m/z : 982
[M+H]+ , 720 [C60C+]; HRMS (ESI): m/z calcd for C77H28NO [M+H]+ :
982.2165, found: 982.2174.


1-Methyl-2-(3,5-bis-tert-butyl-2-hydroxyphenyl)[60]fullero[c]pyrrolidine
(2): M.p. >310 8C. 1H NMR (300 MHz, CDCl3/CS2): d=1.18 (s, 9H; tBu),
1.31 (s, 9H; tBu), 3.06 (s, 3H; NCH3), 4.28 (d, J=9.5 Hz, 1H; H-5), 5.06
(d, J=9.5 Hz, 1H; H-5), 5.07 (s, 1H; H-2), 7.12 and 7.13 (AB, J=2.4 Hz,
2H; ArH), 11.34 ppm (s, 1H; OH); 13C NMR (75 MHz, CDCl3/CS2): d=
29.0, 31.3 (C ACHTUNGTRENNUNG(CH3)3), 33.6, 34.6 (C ACHTUNGTRENNUNG(CH3)3), 40.1, 68.0, 69.4, 76.8, 84.5,
117.9, 123.7, 124.2, 135.1, 136.23, 136.27, 136.7, 138.6, 139.3, 139.7, 139.8,
140.16, 140.23, 141.05, 141.09, 141.2, 141.4, 141.6, 141.69, 141.73, 141.76,
141.81, 141.87, 141.91, 142.15, 142.22, 142.4, 143.96, 143.97, 144.2, 144.69,
144.77, 144.84, 144.86, 145.1, 145.27, 145.28, 145.46, 145.51, 145.55, 145.68,
145.79, 145.84, 145.9, 146.1, 146.2, 146.9, 147.0, 151.4, 152.5, 152.6, 152.9,
154.6 ppm; MS (FAB+): m/z: 982 [M+H]+ , 720 [C60C+]; HRMS (ESI): m/
z calcd for C77H28NO [M+H]+ : 982.2165, found: 982.2180.
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Synthesis of C60 derivatives 3 and 4 : General procedure: a solution of C60


(70 mg, 9.7=10�5 mol), glycine derivative 8 (36 mg, 1.2 equiv), and para-
formaldehyde (5.9 mg, 2 equiv) or aldehyde 5 (35 mg, 1.5 equiv) in tol-
uene (60 mL) was heated at reflux under N2 for 6 h. For the synthesis of
compound 4, LaACHTUNGTRENNUNG(OTf)3 (5.7 mg, 0.1 equiv) was also added. The mixture
was concentrated and purified by flash chromatography with a gradient
of cyclohexane/toluene as eluent. The first fraction was unconsumed C60,
and the second the monoadduct. Compounds 3 and 4 were crystallized
from chloroform/methanol.


Methyl 1-(3,5-bis-tert-butyl-4-hydroxyphenylmethyl)[60]fullero[c]pyrroli-
dine-2-carboxylate (3): M.p. 147–149 8C. 1H NMR (300 MHz, CDCl3): d=
1.53 (s, 18H; tBu), 3.89 (s, 3H; OCH3), 4.29 and 4.49 (AB, J=13.5 Hz,
2H; NCH2Ar), 4.35 (d, J=9.4 Hz, 1H; H-5), 4.98 (d, J=9.4 Hz, 1H; H-
5), 5.06 (s, 1H), 5.29 (s, 1H), 7.42 ppm (s, 2H; ArH); 13C NMR (75 MHz,
CDCl3): d=30.4 (C ACHTUNGTRENNUNG(CH3)3), 34.4 (C ACHTUNGTRENNUNG(CH3)3), 52.3, 55.3, 64.2, 69.3, 72.8,
75.6, 126.0, 126.5, 130.1, 135.6, 136.0, 136.2, 136.5, 137.7, 139.7, 139.8,
140.2, 140.3, 141.8, 141.9, 141.97, 142.01, 142.08, 142.11, 142.2, 142.3,
142.62, 142.64, 142.7, 143.0, 144.4, 144.48, 144.54, 144.7, 145.26, 145.27,
145.30, 145.36, 145.40, 145.5, 145.6, 145.7, 145.8, 145.9, 146.04, 146.06,
146.2, 146.3, 146.4, 147.3, 147.4, 151.3, 153.4, 153.6, 154.7, 154.8,
170.5 ppm (C=O); MS (FAB+): m/z: 1040 [M+H]+ , 720 [C60C+]; HRMS
(ESI): m/z calcd for C79H30NO3 [M+H]+ : 1040.2220, found: 1040.2200.


Methyl 5-(3,5-bis-tert-butyl-4-hydroxyphenyl)-1-(3,5-bis-tert-butyl-4-hy-
droxyphenylmethyl)[60]fullero[c]pyrrolidine-2-carboxylate (4): M.p.
>310 8C. 1H NMR (300 MHz, CDCl3): d=1.37 (s, 18H; 5-(ArtBu)), 1.51
(s, 18H; 1-(ArtBu)), 3.89 (s, 3H; OCH3), 4.03 (d, J=13.9 Hz, 1H;
NCH2Ar), 4.62 (d, J=13.9 Hz, 1H; NCH2Ar), 5.17 (s, 1H; 5-ArOH),
5.23 (s, 1H; 1-ArOH), 5.55 (s, 1H; H-2), 6.57 (s, 1H; H-5), 7.48 (br s,
1H; 5-ArH), 7.52 (s, 2H; 1-ArH), 7.92 ppm (br s, 1H; 5-ArH); 13C NMR
(75 MHz, CDCl3): d=30.40 (5-ArCACHTUNGTRENNUNG(CH3)3), 30.44 (1-ArC ACHTUNGTRENNUNG(CH3)3), 34.44
(5-ArCACHTUNGTRENNUNG(CH3)3), 34.48 (1-ArC ACHTUNGTRENNUNG(CH3)3), 51.3 (CH2Ar), 51.6 (OCH3), 70.3
(C60-sp


3), 73.2 (C-2), 76.7 (C-5 and C60-sp
3), 124.9, 127.3, 128.8, 134.9,


135.9, 136.0, 136.1, 136.2, 137.5, 139.1, 139.7, 139.8, 141.46, 141.52, 141.55,
141.9, 142.97, 142.05, 142.15, 142.18, 142.3, 142.55, 142.61, 142.7, 142.9,
145.05, 145.17, 145.20, 145.23, 145.36, 145.42, 145.47, 145.50, 145.53,
145.79, 145.86, 145.90, 145.92, 146.05, 146.08, 146.14, 146.4, 146.6, 147.0,
147.3, 147.4, 151.0, 151.6, 152.4, 153.1, 153.66, 153.75, 155.15, 156.15,
172.1 ppm (C=O); MS (FAB+): m/z: 1244 [M+H]+ , 720 [C60C+]; HRMS
(ESI): m/z calcd for C93H50NO4 [M+H]+ :1244.3734, found: 1244.3745.


Synthesis of glycine derivative 8 : Glycine methyl ester hydrochloride
(154 mg, 3 equiv), K2CO3 (170 mg, 3 equiv), and La ACHTUNGTRENNUNG(OTf)3 (24 mg,
0.1 equiv) were added to a solution of aldehyde 1 (100 mg, 0.41 mmol) in
anhydrous toluene (40 mL). The reaction mixture was refluxed under ni-
trogen atmosphere for 14 h. The mixture was cooled to room tempera-
ture and filtered, and the solvent evaporated to afford imine 7 as a
yellow solid (125 mg, 100% yield). M.p. 178–180 8C. 1H NMR (300 MHz,
CDCl3): d=1.46 (s, 18H; tBu), 3.77 (s, 3H; OCH3), 3.37 (s, 2H; a-CH2),
5.54 (s, 1H; OH), 7.59 (s, 2H; ArH), 8.20 ppm (s, 1H; N=CHAr);
13C NMR (75 MHz, CDCl3): d=30.2 (CACHTUNGTRENNUNG(CH3)3), 34.3 (CACHTUNGTRENNUNG(CH3)3), 52.0,
61.9, 125.8, 127.6, 136.1, 156.8, 166.2, 171.0 ppm; MS (EI+): m/z (%): 305
(26) [MC+], 290 (27), 246 (12), 234 (36), 219 (100), 203 (7).
Imine 7 (125 mg, 0.41 mmol) was dissolved in anhydrous methanol
(10 mL), the solution cooled to 0 8C, and NaBH4 (47 mg, 3 equiv) added.
The mixture was stirred for 15 min under nitrogen atmosphere at 0 8C.
Acetic acid (0.8 mL) was then added and the solvent was evaporated.
The resulting residue was dissolved in chloroform (60 mL) and washed
with water (2=25 mL). The organic phase was dried (Na2SO4) and the
solvent was evaporated to afford compound 8 (113 mg, 90% yield). M.p.
72–74 8C. 1H NMR (300 MHz, CDCl3): d=1.43 (s, 18H; tBu), 3.45 (s,
2H; a-CH2), 3.70 (s, 2H; NCH2Ar), 3.73 (s, 3H; OCH3), 5.15 (s, 1H;
OH), 7.11 ppm (s, 2H; ArH); 13C NMR (75 MHz, CDCl3): d=30.3 (C-
ACHTUNGTRENNUNG(CH3)3), 34.3 (CACHTUNGTRENNUNG(CH3)3), 50.0, 51.7, 53.7, 125.1, 129.9, 135.8, 152.9,
173.0 ppm; MS (EI+ ): m/z (%): 307 (21) [MC+], 292 (8), 250 (23), 248
(4), 234 (78), 219 (100), 203 (16); elemental analysis (%) calcd for
C18H29NO3: C 70.32, H 9.51, N 4.56; found: C 70.42, H 9.24, N 4.84.


Kinetic measurements : The rate constants for the reaction of the title
compounds with peroxyl radicals were measured by following the autoxi-
dation of pure cumene at 303 K with AMVN (5=10�3m) as initiator. The


reaction was performed in a oxygen-uptake apparatus built in our labora-
tories and based on a Validyne DP15 differential-pressure transducer,
which has been previously described in detail.[31] The entire apparatus
was immersed in a thermostatically controlled bath which ensured a con-
stant temperature within �0.1 8C.


In a typical experiment, air-saturated cumene containing the antioxidant
was equilibrated with the reference solution containing an excess of a-to-
copherol (1=10�3 to 1=10�2m) in the same solvent at 30 8C. After equili-
bration, a concentrated chlorobenzene solution of AMVN was injected
into both the reference and sample flasks, and the oxygen consumption
in the sample was measured, after calibration of the apparatus, from the
differential pressure recorded with time between the two channels. This
instrumental setting allowed the N2 production and the oxygen consump-
tion due to decomposition of the azo initiator to already be subtracted
from the measured reaction rates. The antioxidant concentration was
kept constant for all measurements (5.0=10�6m) in order to compare
more easily their behavior. Initiation rates Ri were determined for each
condition in preliminary experiments by the inhibitor method with a-to-
copherol as reference antioxidant: Ri=2 ACHTUNGTRENNUNG[a-TOH]/t.[21]


EPR and thermochemical measurements : Deoxygenated benzene solu-
tions containing the phenols (0.01–0.001m), and di-tert-butyl peroxide
(10 vol%) were sealed under nitrogen in a suprasil quartz EPR tube. The
sample was inserted at room temperature into the cavity of an EPR spec-
trometer, and photolyzed with the unfiltered light from a 500 W high-
pressure mercury lamp. The temperature was controlled with a standard
variable-temperature accessory and was monitored before and after each
run with a copper–constantan thermocouple.


The EPR spectra were recorded on a Bruker ESP 300 spectrometer
equipped with a Hewlett Packard 5350B microwave frequency counter
for the determination of the g factors, which were corrected with respect
to that of perylene radical cation in concentrated H2SO4 (g=2.00258).


For mixtures of BHT and one of the investigated phenols, the molar ratio
of the two equilibrating radicals was obtained from the EPR spectra and
used to determine the equilibrium constant K1. Spectra were recorded a
few seconds after starting irradiation to avoid significant consumption of
the phenols during the course of the experiment.


Relative radical concentrations were determined by comparison of the
digitized experimental spectra with computer-simulated ones, as previ-
ously described.[19]
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Introduction


Olefin metathesis has evolved towards a powerful tool for
the formation of carbon–carbon bonds, resulting in the
recent Nobel Prize awarding of Y. Chauvin, R. R. Schrock
and R. H. Grubbs, who made groundbreaking contributions
to the development of olefin metathesis reactions and intro-
duced a large number of catalytic initiators.[1,2] The intensive
research effort has culminated in the discovery of well-de-
fined ruthenium–carbene catalysts, such as the Grubbs first-
generation catalyst 1.[3] An important breakthrough in cata-


lyst design was the substitution of one phosphine ligand by a
bulky N-heterocyclic carbene (NHC) ligand, leading to in-
creased activity and stability. The H2IMes-substituted
(H2IMes=1,3-bis-(mesityl)-4,5-dihydroimidazol-2-ylidene)
complex 2 is nowadays widely known as the Grubbs second-
generation catalyst.[4]


In spite of their booming success, variation of NHC li-
gands has remained rather unexplored for Grubbs second-
generation type catalysts, while it is evident that this varia-
tion could have a significant influence on the catalytic activi-
ty and selectivity.[5] Symmetrical dihydro NHC ligands seem
to be limited to aromatic N-substituents (e.g., mesityl,[4] 2,6-
diisopropylphenyl[6]). Aiming at further improvement of the
application profile of Grubbs second-generation catalysts,
we decided to pursue the coordination of dihydro NHC li-
gands bearing aliphatic groups with different steric bulk.
However, a previous attempt towards coordination of an ali-
phatic NHC ligand by Mol et al. was not promising. They
described the synthesis of 1,3-di(1-adamantyl)-4,5-dihydro-
imidazolinium chloride [H2IAd(H)][Cl] and the unsymmet-
rical 1-(1-adamantyl)-3-mesityl-4,5-dihydroimidazolinium
chloride [H2IAdMes(H)][Cl].[7] It should be noted that only
H2IAdMes reacted in a favourable manner to give its
second-generation analogue 3. Failure of the reaction with
H2IAd was assigned to the bulkiness of the adamantyl
moiety which could not take place directly over the benzyl-
idene unit. The X-ray structure of 3 showed that the only
isomer formed had the mesityl group above the benzylidene
moiety. Surprisingly, complex 3 displayed only negligible
metathesis activity, which was ascribed to steric blocking.
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We were hoping that a reduced bulkiness of the N-substitu-
ents would allow easier NHC coordination and have a posi-
tive effect on the metathesis activity of the resulting cata-
lysts. Higher electron density at the carbenic centre of satu-
rated NHCs compared to their unsaturated analogues[8] in
combination with even further enhancement of this electron
donation caused by alkyl N-substituents[9] would allow an in-
crease in catalyst activity. However this constitutes a subject
of discussion, since Nolan et al. reported unexpected weaker
Pd�C ACHTUNGTRENNUNG(NHC) bonds for electron-donating alkyl-substituted
NHCs.[10] Even more noteworthy was their study of the CO
stretching frequencies in [Ni(CO)3ACHTUNGTRENNUNG(NHC)] complexes.[11]


Alkyl-substituted NHCs were found to be only marginally
more electron donating than aryl-substituted ones. Further-
more saturated NHCs turned out slightly less electron do-
nating than their unsaturated counterparts; this result is not
in line with the common assumption that metal complexes
bearing a saturated NHC perform better in catalytic reac-
tions because of a higher electron donation. This demon-
strates that considering only ligand basicity would be an
oversimplification of the metal–NHC bonding properties.[12]


In this respect, it is worth mentioning that Plenio et al. re-
cently concluded from cyclic voltammetry experiments that
the donor properties of aryl-substituted NHC ligands are
characterised by s-donation from the carbene carbon atom
and by transfer of electron density between the aromatic
NHC side groups and the Ru=CHPh unit.[13] It should also
be noted that there is so far no straightforward explanation
for the enhanced reactivity of Grubbs second-generation
catalysts, although a lot of research is ongoing in this partic-
ular area.[14]


Results and Discussion


The synthesised NHC precursors include 1,3-diisopinocam-
pheyl-4,5-dihydroimidazolinium chloride (4a), 1,3-di-tert-
butyl-4,5-dihydroimidazolinium chloride (4b), 1,3-dicyclo-
hexyl-4,5-dihydroimidazolinium chloride (4c), 1,3-di-n-octyl-
4,5-dihydroimidazolinium chloride (4d) and the pinane-
based imidazolinium chloride 4e. Ligands 4a and 4e could
induce some enantioselectivity,[15] which might be driven to
a higher extent by modification of the pinane-derived
moiety. As a base to deprotonate the imidazolium chloride,
we used potassium bis(trimethylsilyl)amide (KHMDS). This
base liberates the free carbene at room temperature and its
steric bulk is high enough to prevent fast reaction with
Grubbs catalyst 1.[16]


Reaction of one equivalent of 4a with one equivalent of
base and 1 in dry toluene did not allow substitution of the
phosphine, even when the reaction mixture was heated or
stirred for several hours. An excess of NHC ligand
(1.5 equiv) led to the observation of a new benzylidene a-
proton at d=20.61 ppm with a conversion of approximately
25%. The 31P NMR spectrum showed a new signal at d=


20.14 ppm as well as a signal corresponding to free PCy3
(Figure 1). This was assigned to NHC coordination. Howev-


er, the downfield shift of the benzylidene signal surprised us,
since generally for Grubbs second-generation complexes
this peak is situated more upfield. The addition of more
than a twofold excess of ligand allowed full conversion, but
at this point difficulties to remove the ligand excess and free
phosphine arose. Effort to isolate pure compound by precip-
itation remained unsuccessful due to high solubility in all
common organic solvents. The complex decomposed upon
chromatography on silica gel.
Several attempts to exchange one phosphine with H2ItBu


4b, applying an excess of ligand as well as prolonged reac-
tion times, were unsuccessful. Hahn et al. recently reported
the synthesis of a H2ItBu substituted rhodium(i) complex,
which showed low stability in solution. This was rationalised
by the steric demand of the N-tert-butyl substituents, result-
ing in a weak bond between the metal and the carbene
carbon atom.[17] Likewise we assume to have encountered
steric obstruction, and we decided to synthesise 4c–4e,
hoping that their different geometry would allow coordina-
tion. Our endeavour involving ligand precursor 4c led to the
observation of a new 1H benzylidene resonance at d=


Figure 1. 31P spectrum showing partial reaction of 1 with ligand 4a.
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20.28 ppm, and a new 31P signal at d=27.49 ppm. The
13C NMR spectrum of the crude mixture showed a small
doublet at d=210.2 ppm, which corresponds to the NHC
carbene carbon atom coordinated to ruthenium. Various at-
tempts were undertaken to achieve isolation in order to get
full characterisation, but the new complex was found to be
too unstable. Reaction involving 4e gave rise to a new small
1H peak at d=20.08 ppm; this is a little downfield to the
original benzylidene signal. Efforts to obtain full conversion
of 1 by applying longer reaction times led to decomposition
of most of the catalytic species, which made it impossible to
obtain pure product. Also ligand 4d derived from a primary
amine, did not allow the isolation of a NHC-substituted
complex and induced decomposition of the catalytic system.
Given these observations, we decided to synthesise the


unsymmetrical analogues of our NHC precursors, that is, 1-
mesityl-3-isopinocampheyl-4,5-dihydroimidazolium chloride
(5a), 1-mesityl-3-tert-butyl-4,5-dihydroimidazolium chloride
(5b), 1-mesityl-3-cyclohexyl-4,5-dihydroimidazolium chlo-
ACHTUNGTRENNUNGride (5c), 1-mesityl-3-n-octyl-4,5-dihydroimidazolium chlo-
ACHTUNGTRENNUNGride (5d) and 1-mesityl-3-methyl-4,5-dihydroimidazolium
chlo ACHTUNGTRENNUNGride (5e), and to react them with 1. Preparation of these
NHCs was straightforward following a synthetic pathway de-
scribed by Grubbs et al.[18] Condensation of ethyl chloroox-
oacetate and 2,4,6-trimethylaniline affords the desired oxa-
nilic ethylester, which is then treated with the aliphatic
amine to provide the corresponding oxalamide. Reduction
and subsequent addition of HCl results in the dihydrochlo-
ACHTUNGTRENNUNGride salt, which undergoes cyclisation to the desired 4,5-di-
hydroimidazolium chloride in reaction with triethyl ortho-
formate. Exposure of the Grubbs catalyst 1 to these asym-
metrically substituted NHC precursors and KHMDS as a
base afforded the complexes 6a–6e under mild reaction
conditions (Scheme 1)


Compared to the unsymmetrical ligands bearing one mesi-
tyl moiety, the symmetrical ligands 4a–4e were much more
difficult to coordinate to the Grubbs parent complex 1. We
observed coordination of ligands 4a, 4c and 4e, but ligand
excesses were required and the so-formed complexes
showed limited stability, which prevented their isolation.
Therefore, we assume that p interactions between the ben-
zylidene and the amino side group might be of significant
importance. This is confirmed by the observation that the
carbene derived from 5c coordinates in such a way that the
mesityl group is oriented towards the benzylidene moiety
(single-crystal X-ray analysis of complex 6c : Figure 2,


Table 1) Both aromatic rings are nearly coplanar, allowing
p–p interactions. The observation that intramolecular p–p
stacking between the benzylidene carbene unit and the N-
aryl substituents on the NHC residue might constitute a
strong structural element in second-generation metathesis


Scheme 1. Synthetic pathway towards complexes 6a–6e.


Figure 2. ORTEP diagram of 6c. For clarity hydrogen atoms have been
omitted.


Table 1. Selected bond lengths [K] and angles [8] and sructural compari-
son of 6c, 2 and 3.


6c[a] 2[b] 3{c}


Ru=C 1.830(6) 1.835(2) 1.851(5)
Ru�CNN 2.060(5) 2.085(2) 2.083(5)
Ru�Cl(1) 2.419(3) 2.3988(5) 2.427(1)
Ru�Cl(2) 2.376(3) 2.3912(5) 2.398(1)
Ru�P 2.481(3) 2.4245(5) 2.521(1)


Cl�Ru�Cl 167.73(6) 167.71(2) 167.98(5)
N2C�Ru�P 162.42(14) 163.73(6) 171.1(1)
N2C�Ru=C 98.9(2) 100.24(8) 96.9(2)
P�Ru=C 98.63(18) 95.98(6) 91.5(2)
N2C�Ru�Cl(1) 85.58(15) 83.26(5) 84.7(1)
N2C�Ru�Cl(2) 89.18(16) 94.55(5) 88.1(1)
Ru=C�Ph 137.2(4) 136.98(16) 137.0(4)


[a] This work. [b] Reference [20]. [c] Reference [7].
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catalysts was previously reported by FNrstner et al. for unsa-
turated NHC entities.[5,19]


In contrast to the MolOs complex 3, most of our complexes
showed nice olefin metathesis activities. Their catalytic per-
formance in the ring-opening metathesis polymerisation
(ROMP) of cycloocta-1,5-diene (COD) was compared with
the reactivity of Grubbs catalysts 1 and 2, using different
solvents and monomer/catalyst ratios (Figures 3 and 4). Co-
ordination of the NHC ligand led to a positive effect on the
ROMP actvity for complexes 2, 6a, 6c, 6d and 6e. In con-
trast, for complexes 3 and 6b, NHC coordination induced
activity loss. These last two complexes required heating and
low COD/catalyst ratio in order to obtain high conversion.
(Table 2, entries 14 and 15)


It is worth noting that the catalytic activity of complex 2
strongly depends on the solvent used, while a solvent effect
is less significant for complexes 6a–6e. The catalysts 6a, 6c,
6d and 6e show a slightly higher ROMP-activity in CDCl3
than in C6D6 when a monomer/catalyst ratio of 300 is used.
Their activity is somewhat higher in C6D6 when the mono-
mer/catalyst ratio equals 3000, which is due to an induction
period and loss of activity in the CDCl3 polymerisation.
Complex 2 is unambiguously more active in C6D6. Such an
increased reactivity in aromatic solvents was also observed
by FNrstner et al. for [RuCl2ACHTUNGTRENNUNG(=CHPh) ACHTUNGTRENNUNG(IMes)ACHTUNGTRENNUNG(PCy3)]. This
was assigned to competing interactions of the N-mesityl


Figure 3. Monitoring ROMP of COD by 1H NMR spectroscopy (20 8C).
Conditions: monomer/catalyst=300, catalyst concentration=4.52 mm.
Top: solvent=CDCl3. Bottom: solvent=C6D6. 1: P ; 2 : &; 6a : ^; 6b : *;
6c : ~; 6d : *; 6e : *.


Figure 4. Monitoring ROMP of COD by 1H NMR spectroscopy (20 8C).
Conditions: monomer/catalyst=3000, catalyst concentration=0.452 mm.
Top: solvent=CDCl3. Bottom: solvent=C6D6. 2 : &; 6a : ^; 6c : ~; 6d : *;
6e : *.
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group with the solvent molecules, which reduce the intramo-
lecular p–p interactions with the benzylidene moiety.[5] As
mentioned earlier, we expect 6a, 6c, 6d and 6e to have sim-
ilar p–p interactions, but when lower COD/catalyst ratios
were applied, we did not observe such a competition effect.
The increased activity of 2 in aromatic solvents might be as-
signed to a p–p interaction between the mesityl group that
is not coplanar with the benzylidene moiety and the aromat-
ic solvent. (Scheme 2) An alternative explanation for the


different response of complex 2 on the solvent change might
be that a rotation of the NHC ligand allows two populations
to be stabilised by p–p interactions, compared to only one
for catalysts 6a–6e. This would also explain its longer induc-
tion period and high reactivity after the retarding p–p stack-
ing effect is lost. It is, however, taken for granted that for


6a–6e, no rotation of the NHC ligand is possible due to the
high steric demand of the N-alkyl substituents.
Furthermore it is evident that when high substrate/catalyst


ratios are used, decomposition of the catalyst system is not
negligible, leading to incomplete conversion as observed for
catalyst 6a.


13C NMR spectroscopy allowed the determination of the
cis fraction of the newly formed double bonds in the poly-
mer chains (Table 2).[21] The cis/trans ratio can be seen as
the primary microstructural characteristic, having a well-es-
tablished relationship with the solid state and solution prop-
eries of the ROMP polymer.[1a] Grubbs second-generation
catalyst 2 gave rise to a ROMP polymer with a predomi-
nately trans-olefin content, while other catalyst systems gen-
erally led to a higher cis value. A high trans content for 2
was also observed by Grubbs et al., as it could be expected
for an equilibrium-controlled polymerisation in which secon-
dary chain transfer occurs.[22] Entries 1–8 in Table 2 demon-
strate that all NHC-bearing complexes (except 6b) show a
significantly higher trans-content than the first-generation
Grubbs complex 1. For a higher COD/catalyst ratio (en-
tries 9–13) all catalysts but 2 show a predominately cis-
olefin content; these results indicate that for 6a, 6c, 6d and
6e considerably less chain transfer occurred, probably
caused by a quicker decomposition of the catalyst systems.
ItOs worth pointing out that complexes 6b and 3 are both


bright green complexes, while the more active complexes 2,
6a, 6c, 6d and 6e are all pinkish. We assume this is the
result of higher steric requirements of the tert-butyl and ada-
mantyl groups. These NHCs are the only ones in the series
in which the first carbon atom adjacent to the amino group
is bonded to three other carbon atoms. Whereas the other
NHC entities can orient their side groups perpendicularly to
the imidazoline plane in order to minimise steric interac-
tions, such an orientation cannot be obtained for the ada-
mantyl- and tert-butyl-bearing ligands.[11] Mol et al. reported
the possibility of an interaction of a b-carbon atom of the
adamantyl group with the metal centre.[7] Analogously 6b
might show a similar interaction resulting in the green
colour and reduced activity of the catalyst.
The RCM activity of the new complexes was tested on


the standard RCM substrate diethyl diallylmalonate.
(Figure 5) A significant dependence of the reactivity on the
bulkiness of the NHC entities was observed. The most
crowded NHCs correspond to the lowest RCM activity,
while activity increases considerably for complexes bearing
less bulky NHCs. The most active catalyst system was found
to be complex 6e, bearing an NHC ligand with a small
methyl amino moiety. This complex was substantially more
active than the Grubbs complex 2. It is therefore undeniable
that the steric bulk of the amino side group is of great im-
portance. (Scheme 3) During the course of our investigation,
Blechert et al. preceded us with a report on the synthesis of
complex 6e. Complex 6e was found to give a better diaste-
ACHTUNGTRENNUNGreoselective RCM and significantly different E/Z ratios in
cross metathesis.[23] This study constitues more evidence of
the interesting characteristics of these novel metathesis ini-


Table 2. ROMP of COD.


Entry Catalyst T [8C] COD/cat. t [min] Conver
sion [%]


cis [%][a]


1 1 RT 3000 30 23 75
60 55 71


2 2 RT 3000 30 100 9
3 3 RT 3000 30 0 –
4 6a RT 3000 30 100 17
5 6b RT 3000 30 0 –
6 6c RT 3000 30 100 37
7 6d RT 3000 30 100 51
8 6e RT 3000 30 100 46
9 2 RT 30000 30 86 12


[b] 100 13
10 6a RT 30000 30 7 –


[b] 30 80
11 6c RT 30000 30 48 78


[b] 71 76
12 6d RT 30000 30 74 82


[b] 94 83
13 6e RT 30000 60 10 –


120 26 80
[b] 34 80


14 3 70 300 120 69 75
15 6b 70 300 120 72 77


[a] Percent olefin with cis configuration in the polymer backbone; ratio
based on data from 1H and 13C NMR spectra (13C NMR spectroscopy:
d=32.9 ppm allylic carbon trans ; d=27.6 ppm allylic carbon cis).
[b] Overnight.


Scheme 2. Increased activity of 2 in aromatic solvents.
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tiators and we agree with Blechert et al. that further investi-
gation to gain a better understanding of the selectivity ef-
fects is welcome.


Conclusion


A series of NHC ligands bearing aliphatic amino side
groups were synthesised and reacted with the Grubbs first-
generation catalyst. Reactions involving symmetrical NHCs
did not allow us to isolate any pure NHC-substituted com-
plexes due to their instability. Unsymmetrical NHCs with a
planar mesityl group on one amino side chain reacted in a
favourable manner, and the resulting complexes were stable
enough to be isolated. X-ray crystallographic analysis dem-
onstrated that the mesityl group is coplanar with the phenyl
ring of the benzylidene; this result indicates that p–p inter-
action between the mesityl arm and the benzylidene moiety
might constitute an important structural element and that
this needs to be considered in future catalyst design of
Grubbs second-generation analogues. Catalysts 6a, 6c, 6d
and 6e were found to surpass the parent complex 1 for the
ROMP of cycloocta-1,5-diene. Catalyst 6b, substituted with
an NHC derived from tBu-NH2 was considerably less meta-
thesis active than the catalysts derived from amines with pri-


mary or secondary groups on the nitrogen atom. Further-
more the observation that the least steric complex 6e is the
most active for RCM, clearly demonstrates that modifica-
tion of the NHC ligand can induce substantial changes in
the reactivity pattern of the corresponding catalysts and that
systematic variation of the N-substituents may eventually
allow fine tuning.


Experimental Section


All reactions and manipulations involving organometallic compounds
were conducted in oven-dried glassware under argon atmosphere using
standard Schlenk techniques and dried, distilled and degassed solvents.
Starting chemicals were purchased from commercial sources and used as
received. 1H, 13C and 31P NMR measurements were performed with a
Varian Unity-300 spectrometer.


One-pot procedure for synthesis of complexes 3, 6a and 6c : [RuCl2 ACHTUNGTRENNUNG(=
CHPh) ACHTUNGTRENNUNG(PCy3)2] (1 equiv), NHC chloride salt (1.5 equiv) and KHMDS
(1.5 equiv, 0.5m in toluene) were dissolved in dry toluene and stirred at
room temperature for 1 h. Toluene was evaporated under vacuum and a
small amount of MeOH was added under vigorous stirring. The precipi-
tate was filtered off, washed with MeOH, and dried. The spectroscopic
and analytical data of the complexes prepared by this method are com-
piled below.


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)ACHTUNGTRENNUNG(IAdMesH2) ACHTUNGTRENNUNG(PCy3)] (3): Bright green solid; yield: 81%;
NMR data equal those described by Mol et al.[11]


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)(IiPCampMesH2) ACHTUNGTRENNUNG(PCy3)] (6a): Pink solid; yield 79%;
1H NMR (CDCl3): d=19.20 (s, 1H; Ru=CHPh), 8.91 (br s, 1H; o-C5H6),
7.42 (t, 1H; p-C5H6), 7.15 (m, 2H; m-H), 6.64 and 5.81 (2Pbrs, 2H;
o-C5H6 and C6H2Me3), 5.19 (s, 1H; C6H2Me3), 4.09 (m, 1H; N-CaH),
3.76 (m, 2H; iPCampNCH2CH2NMes), 3.63 (m, 2H;
iPCampNCH2CH2NMes), 2.89 (br s, 1H), 2.52–1.05 ppm (several peaks);
31P NMR (CDCl3): d=22.41 ppm; 13C NMR (CDCl3): d=297.2 (Ru=
CHPh), 217.1 (d, J ACHTUNGTRENNUNG(P,C)=77.0 Hz, iPCampNCNMes), 151.1 (iC6H5),
137.8, 137.3, 131.8–126.8 (several peaks), 58.6 (Ca iPCamp), 50.9 (iP-
CampNCH2CH2NMes), 48.0 (iPCampNCH2CH2NMes), 44.3, 41.9, 40.7,
38.7, 35.9, 35.1, 33.8, 32.8, 28.3–26.5 (several peaks), 24.2, 21.2 (p-Me),
18.6 ppm (o-Me); elemental analysis calcd (%) for C47H71N2Cl2PRu
(867.04): C 65.11, H 8.25, N 3.23; found: C 64.73 H 8.25 N 3.19.


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)(ItBuMesH2) ACHTUNGTRENNUNG(PCy3)] (6b): Since [ItBuMesH2]Cl was
found to be a sticky compound, which dissolved only slowly in toluene, it
was treated with KHMDS before addition of 1. A solution of KHMDS in
toluene (0.5m, 1.7 mL, 0.850 mmol) was added to [ItBuMesH2]Cl
(0.231 g, 0.823 mmol) in dry toluene (5 mL). The resulting suspension
was stirred for 30 min. Complex 1 (0.34 g, 0.414 mmol) was added and
the reaction mixture was stirred for another 1.5 h to reach full conversion
of the Ru precursor. The solution was filtered and evaporated. Since the
desired complex dissolved in MeOH and hexane, acetone was used to
precipitate the catalyst. The desired complex was filtered off as a bright
green powder in 56% yield. 1H NMR (CDCl3): d=19.09 (s, 1H; Ru=
CHPh), 9.16 (br s, 1H; o-C5H6), 7.38 (t, 1H; p-C5H6), 7.24 (m, 2H; m-
C6H5), 6.95 (br s, 1H; o-C6H5), 6.71 (s, 1H; C6H2Me3), 5.80 (s, 1H;
C6H2Me3), 3.91–3.64 (m, 4H; tBuNCH2CH2NMes), 2.42 (s, 6H; o-CH3),
2.37 (s, 3H; p-CH3), 2.06 (s, 9H; (CH3)3C), 2.09, 1.94, 1.90, 1.70, 1.56,
1.27, 1.10 ppm (all PCy3 protons); 31P NMR (CDCl3): d=22.92 ppm;
13C NMR (CDCl3): d=300.3 (Ru=CHPh), 217.5 (d, J ACHTUNGTRENNUNG(P,C)=77.3 Hz,
tBuNCNMes), 152.4 (iC6H5), 138.2, 137.9, 137.8, 137.2, 132.7, 131.3,
129.5, 129.3, 128.8, 128.6, 127.2, 57.3 ((CH3)3C), 51.2
(tBuNCH2CH2NMes), 46.1 (tBuNCH2CH2NMes), 35.5, 33.2, 30.3, 28.9,
27.9, 27.2, 27.1, 26.7, 26.5, 21.1 (p-CH3), 19.0, 18.6 ppm (o-CH3); elemen-
tal analysis calcd (%) for C41H63N2Cl2PRu (786.91): C 62.58, H 8.07, N
3.56; found C 62.09, H 7.77, N 3.40.


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)ACHTUNGTRENNUNG(ICyMesH2) ACHTUNGTRENNUNG(PCy3)] (6c): Pink solid; yield: 87%;
1H NMR (CDCl3): d=19.10 (s, 1H; Ru=CHPh), 8.73 (br s, 1H; o-C5H6),
7.39 (t, 1H; p-C5H6), 7.12 (m, 2H; m-C6H5), 6.62 (br s, 1H; o-C6H5), 6.00


Figure 5. Monitoring RCM of diethyl diallylmalonate by 1H NMR spec-
troscopy (20 8C). Conditions: diethyl diallylmalonate/catalyst=200, cata-
lyst concentration=4.52 mm, solvent=CD2Cl2. 2 : &; 6a : ^; 6b : *; 6c : ~;
6d : *; 6e : *.


Scheme 3. Importance of the steric bulk of the amino side groups.
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(br s, 2H; C6H2Me3), 4.53 (m, 1H; N-CH), 3.89 (m, 2H; CyN-
CH2CH2NMes), 3.72 (m, 2H; CyNCH2CH2NMes), 3.47 (s, 1H), 2.46
(br s, 1H), 2.22, 1.89, 1.60–1.11 ppm (several peaks); 31P NMR (CDCl3):
d=28.13; 13C NMR (CDCl3): d=295.7 (Ru=CHPh), 215.5 (d, J ACHTUNGTRENNUNG(P,C)=
76.9 Hz, CyNCNMes), 151.2 (iC6H5), 137.7, 137.6, 136.7, 130.7–128.1 (sev-
eral peaks), 58.2 (C1 Cy), 50.7 (CyNCH2CH2NMes), 43.8 (CyN-
CH2CH2NMes), 32.3, 31.1, 30.5, 29.4–25.0 (several peaks), 21.1 (p-Me),
18.7 ppm (o-Me); elemental analysis calcd (%) for C43H65N2Cl2PRu
(812.95): C 63.53, H 8.06, N 3.45; found C 63.20, H 7.99, N 3.40; single
crystals suitable for X-ray analysis were grown by slow evaporation of a
solution of 6c in CH2Cl2 (Figure 2).


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)(InoctMesH2)ACHTUNGTRENNUNG(PCy3)] (6d): Imidazolinium chloride 5d
(0.29 g, 0.861 mmol) was stirred with an equimolar quantity of KHMDS
in toluene (0.5m, 1.722 mL) for 15 min. Complex 1 (0.4 g, 0.487 mmol)
was added and the resulting solution was allowed to stir at room temper-
ature for 1 h, during which the mixture changed colour from purple to
dark red. The solution was filtered to remove salts and the solvent was
evaporated. The crude mixture was loaded onto a column of silica gel
and the product was eluted by flash chromatography (9:1 hexane/Et2O).
Complex 6d was obtained as a pure pinkish compound with 49% yield.
1H NMR (CDCl3): d=18.99 (s, 1H; Ru=CHPh), 7.96 (br s, 1H; o-C5H6),
7.37 (m, 1H; p-C6H5), 7.09 (m, 2H; m-C6H5), 6.88 (br s, 1H; o-C6H5),
6.86 (br s, 1H; C6H2Me3), 6.22 (br s, 1H; C6H2Me3), 4.17 (t, 2H;
NCH2CH2N-CH2), 3.89 (t, 2H; n-octNCH2CH2NMes), 3.74 (t, 2H; n-
octNCH2CH2NMes), 2.27, 2.16, 1.87, 1.61, 1.30, 1.11, 0.90 ppm (57H);
31P NMR (CDCl3): d=32.61 ppm; 13C NMR (CDCl3): d=294.5–293.3 (br,
Ru=CHPh), 217.1 (d, J ACHTUNGTRENNUNG(P,C)=75.2 Hz, n-octNCNMes), 149.9 (iC6H5),
136.5, 136.2, 135.4, 129.4 (br), 128.4, 127.8, 127.4, 127.0, 126.8, 125.5, 49.9,
49.7 (n-octNCH2CH2NMes and C1-n-octyl), 47.3 (n-octNCH2CH2NMes),
34.8, 34.0, 30.9, 30.8, 30.5, 28.8, 28.3, 27.4, 26.8, 26.7, 26.1, 25.9, 25.5, 25.4,
25.2, 24.4, 21.7 (p-CH3), 19.8, 17.4 (o-CH3), 13.1 ppm (C8-n-octyl); ele-
mental analysis calcd (%) for C45H71N2Cl2PRu (843.02): C 64.11, H 8.49,
N 3.32; found: C 63.27 H 8.38 N 3.28.


ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(=CHPh)ACHTUNGTRENNUNG(IMeMesH2) ACHTUNGTRENNUNG(PCy3)] (6e): Imidazolinium chloride 5e
(0.091 g, 0.381 mmol) was stirred with an equimolar quantity of KHMDS
in toluene (0.5m, 0.762 mL) for 30 min. Complex 1 (0.2 g, 0.24 mmol) was
added and the resulting solution was allowed to stir at room temperature
for 1 h. The solution was filtered to remove salts and evaporated in
vacuo. Precipitation of pure pink product was achieved by addition of
hexane to a concentrated solution of the complex in CH2Cl2. Yield: 77%;
1H NMR (CDCl3): d=18.89 (s, 1H; Ru=CHPh), 7.81 (br s, 1H; o-C5H6),
7.37 (t, 1H; p-C6H5), 7.10 (m, 2H; m-C6H5), 6.90 (s, 1H; o-C6H5), 6.82
(br s, 1H; C6H2Me3), 6.28 (br s, 1H; C6H2Me3), 3.95 (m, 2H;
MeNCH2CH2NMes), 3.82 (s, 3H; NCH3), 3.49 (m, 2H;
MeNCH2CH2NMes), 2.32, 2.17, 1.89, 1.61, 1.27, 1.12, 0.88 ppm; 31P NMR
(CDCl3): d=34.92 ppm; 13C NMR (CDCl3): d=294.3–239.4 (br, Ru=
CHPh), 219.4 (d, J ACHTUNGTRENNUNG(P,C)=74.4 Hz, MeNCNMes), 151.0 (iC6H5), 137.8,
137.2, 136.5, 130.5, 130.0 (br), 129.0, 128.3, 127.9, 52.4
(MeNCH2CH2NMes), 51.4 (MeNCH2CH2NMes), 37.6, 35.9, 35.1, 31.7,
31.5, 31.4, 30.6, 30.1, 29.6, 28.0, 27.1, 26.8, 22.8, 21.1 (p-CH3), 18.4 ppm
(o-CH3); elemental analysis calcd (%) for C38H57N2Cl2PRu (744.83):
C 61.28, H 7.71, N 3.76; found C 60.98, H 7.55, N 3.60.


Note : For all of these complexes only one 31P signal and one single 1H a-
benzylidene signal were found, suggesting that only one single isomer
had been formed.


Monitoring ROMP of COD (Figures 3 and 4): After charging an NMR
tube with the appropriate amount of catalyst dissolved in dry, deuterated
solvent (CDCl3 or C6D6), COD was injected into the tube. The polymeri-
sation reaction was monitored as a function of time at 20 8C by integrat-
ing olefinic 1H signals of the formed polymer and the disappearing mono-
mer.


Monitoring RCM of diethyl diallylmalonate (Figure 5): An NMR tube
was charged with of a solution of the catalyst in CD2Cl2 (0.6 mL; 4.52 mm


or 0.002712 mmol catalyst). Diethyl diallylmalonate (200 equiv or
0.13 mL) was added and the NMR tube was closed. The ethylene gener-
ated during the reaction process was not removed so that the RCM reac-
tions were carried out under equilibrium conditions. The progress of the
ring-closing reaction was monitored at 20 8C by integration of 1H signals


of allylic protons of the ring-closed product and of the disappearing sub-
strate.


Representative procedure for ROMP tests (Table 2): Small oven-dried
glass vials with septum were charged with a stirring bar and the appropri-
ate amount of catalyst taken from a CH2Cl2 stock solution. The dichloro-
methane was subsequently evaporated, and the glass vials with solid cata-
lyst were kept under argon atmosphere. To start the ROMP test, toluene
(200 mL) was added in order to dissolve the catalyst. The appropriate
amount of COD monomer was then transferred to the vial by syringe
under vigorous stirring at room temperature for 2, 6a, 6c, 6d and 6e and
at 70 8C for 3 and 6b. After a certain time span, a small quantity of the
reaction mixture, which had become viscous, was taken out of the vial
and dissolved in CDCl3. Conversion was then determined by 1H NMR
spectroscopy.


CCDC-295190 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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a-Carbonyl Substituent Effect on the Lifetimes of Triplet 1,4-Biradicals from
Norrish-Type-II Reactions


Xichen Cai,[a] Peter Cygon,[b] Bernd Goldfuss,[b] Axel G. Griesbeck,*[b]


Heike Heckroth,[b] Mamoru Fujitsuka,[a] and Tetsuro Majima*[a]


Introduction


Triplet 1,4-biradicals (butane-1,4-diyls) have been investigat-
ed in detail because they constitute important reactive
open-shell intermediates in thermal and photochemical reac-
tions.[1–3] The classical photochemical process resulting in 1-
hydroxybutane-1,4-diyls is the Norrish-Type-II reaction, a g-
hydrogen transfer initiated from an electronically excited
carbonyl state.[4,5] Aryl-substituted ketones preferentially in-
volve the first excited triplet state. Three competing path-
ways are known for the Norrish-Type-II reaction of aryl
alkyl ketones from the triplet state (T1) via the correspond-


ing triplet 1,4-biradicals : Yang cyclization, b-cleavage, and
hydrogen back transfer reconstituting the starting material.[6]


The product selectivity ratios for Yang cyclization/b-cleav-
age have been studied for a series of ketones.[7–10] It has
been confirmed that, among other factors, the intermediate
hydrogen bonding and spin orbit coupling (SOC) geometries
preferentially govern the relative product yields.[11]


To characterize the geometry and lifetimes of these 1,4-
biradicals, laser-flash transient absorption spectroscopy is an
important tool. It has been reported that the lifetime of 1-
hydroxybutane-1,4-diyls generated by the Norrish-Type-II
process is usually shorter than 200 ns.[3] Herein we report a
remarkable effect of substituents at the a-position of b-
branched butyrophenone derivatives upon the lifetime of
triplet 1,4-biradicals. The lifetimes are found to vary by a
factor of more than 200, from low (<25 ns) up to unusually
high (5 ms) lifetimes. The structures of the a-substituted bu-
tyrophenones used in this study (1–6) are shown here. The
photochemistry of these compounds has already been evalu-
ated by us[7,8] and by Wessig et al.[12] for the mesylate 5.


Results and Discussion


Transient absorption : The transient absorption experiments
of 1–6 were performed by using a 308 nm XeCl excimer
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laser (25 ns, 8 mJpulse�1) in argon-saturated acetonitrile
(AN) and benzene (BZ) at room temperature. The transient
absorption spectra and time profiles observed during the
laser flash photolysis of 1 and 3 in BZ are shown in
Figure 1. Those for the other compounds (2, 4–6) and aceto-


phenone as the triplet carbonyl model compound are given
in the Supporting Information. The transient absorption
band was observed around 350 nm for 1 and 440 nm for 2–4
during the 308 nm excitation. The transient absorption spec-
tra of 1–4 are clearly not due to the triplet states, which
should have similar absorption spectra to that of acetophe-
none in the T1 state with a characteristic absorption at
330 nm.[13]


On the other hand, the transient absorption peak around
440 nm is characteristic for a 1,4-biradical generated from a
Norrish-Type-II hydrogen transfer reaction of the triplet-ex-
cited phenyl alkyl ketones.[14,15] Excitation of 5 has been re-
ported to give efficiently 2-methylcyclopropyl phenyl ketone
in 90% yield,[12,16] and excitation of 6 gives efficiently a mix-
ture of cyclization and Norrish-Type-II cleavage products.[17]


No transient absorption spectra were detected from 5


during the 308 nm laser excitation; this observation supports
the postulated exceedingly fast-reaction, secondary cleavage
process.[12] Compared with 1, the transient absorption band
of 6 showed a slight blue shift and shorter lifetime. These
laser flash photolysis results of 1–6 give strong evidence that
the transient absorption spectra of 1–4 are not due to the
triplet states. Otherwise, the transient absorption spectra of
2–4 should be similar to that of 5, and the transient absorp-
tion spectra of 1 should be similar to that of 6, because of
their similar structure. The possibility of other transient spe-
cies with similar transient absorption spectra is ruled out.
Strong evidence for this assumption also came from the
308 nm laser flash photolysis experiments of 2-hydroxyace-
tophenone in Ar-saturated AN and BZ (Figure S8 in the
Supporting Information), in which the transient absorption
spectra of 2-hydroxyacetophenone were very similar to that
of acetophenone in the T1 state. It has been reported by
Turro et al. that benzoin in the T1 state has the transient ab-
sorption spectrum similar to that of acetophenone in the T1


state.[18] Consequently, the transient absorption spectra sig-
nals at 347 nm for 1 and 440 nm for 2–4 are assigned to 1,4-
biradicals generated from Norrish-Type-II reactions of 1–4
during the 308 nm laser excitation. The lifetimes of the 1,4-
biradicals are given in Table 1.


To evaluate the significance of the transient decay analy-
ses, we performed a laser power study with the long-lived
transients reported in this manuscript (Figure 2; more de-
tails are given in the Supporting Information). For example,
in the case of 1 in benzene, the parameters of the first-order
exponential fits (Y=Y0+A1e


ACHTUNGTRENNUNG(�x/t1)) are shown in Table 2,
demonstrating that the t1 values are identical within 10%
error with the variation of the laser power. These experi-
ments were performed under slightly different conditions
than those for which the results given Table 1 are based and
therefore the t1 values are about 50 ns longer.


Figure 1. Transient absorption spectra obtained at 200 ns after the 308 nm
laser flash photolysis of 1 (top) and 3 (bottom), respectively, in argon-sa-
turated BZ. The insets show the time profiles of transient absorptions ob-
tained at 350 nm for 1 and at 440 nm for 3. The time profiles were fitted
by the first-order decay function (solid line).


Table 1. Transient absorption measurements during the 308 nm laser
flash photolysis of 1–6 and AP.[a]


Substituent at the
a-position


Solvent Lifetime
ACHTUNGTRENNUNG(tBR) [ns]


Absorption
peak [nm]


1 NHCOCH3 BZ[b] 160 345
1 NHCOCH3 AN[c] 450 347
2 OH BZ 790 441
2 OH AN 1390 432
3 OCOCH3 BZ 4930 443
3 OCOCH3 AN 1540 435
4 O(CO)OCH2CH3 BZ 4910 441
4 O(CO)OCH2CH3 AN 1460 438
5 OSO2CH3 (OMs) BZ < 25 –
5 OSO2CH3 (OMs) AN < 25 –
6 NHCOCH3 BZ < 100 325
6 NHCOCH3 AN < 100 325
AP – BZ 630 326
AP – AN 710 330
PP[d] H BZ 150 –


[a] AP=acetophenone. [b] BZ=benzene. [c] AN=acetonitrile. [d] PP=
propiophenone (reference [3]).
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The possibility of the occurrence of Norrish-Type-I cleav-
age in 1–6 can also be excluded on the basis of the following
three arguments. Firstly, the occurrence of Norrish-Type-I
cleavage in 1–6 should give the 4-methylbenzoyl (4-
CH3C6H4COC) or the benzoyl radical (C6H5COC) with an ab-
sorption around 325 nm.[19] The molar absorption coeffi-
cients of the transient absorption of 4-CH3C6H4COC and
C6H5COC are e325=3700m�1 cm�1 and e325=3500m�1 cm�1


(e317=12000m�1 cm�1 of the transient absorption of benzyl
radical as the reference).[20] Therefore, the transient absorp-
tion of 4-CH3C6H4COC or C6H5COC can be easily detected,
as shown in Figure 3 in which the C�O bond cleavage of
benzoic acid a-naphthyl ester (C6H5CO-OaNp) occurred to


give C6H5COC and aNpOC with bsorption peaks around 325
and 397 nm, respectively, during the 266 nm laser flash pho-
tolysis of C6H5CO�OaNp.


On the other hand, the transient absorption of C6H5CO�
OaNp in the triplet excited state (e415=23000m�1 cm�1, with
e415=24500m�1 cm�1 of the transient absorption of naphtha-
lene in the triplet state as the reference)[13] was observed
with a peak at 415 nm, while no cleavage occurred during
the 355 nm laser flash photolysis of C6H5CO�OaNp in the
presence of benzophenone (BP) used as the triplet sensitiz-
er, as shown in Figure 3. Therefore, in case of a Norrish-
Type-I cleavage contribution for 1–6, the absorption band of
ArCOC radical around 325 nm could be detected during the
laser flash photolysis; the experimental results clearly indi-
cate that no Norrish-Type-I cleavage occurs during the laser
flash photolysis of 1–6.


Secondly, if a Norrish-Type-I cleavage were to occur in 1–
6, 4,4’-dimethylbenzil or benzil should be obervable as one
of the reaction products. We did, however, detect Norrish–
Yang as well as Norrish-Type-II cleavage products.[7,8] Third-
ly, these results are also consistent with experiments per-
formed by de Mayo and Ramnath on the photochemistry of
a-methoxy acetophenones.[21] These compounds preferen-
tially underwent Norrish-Type-II cleavage if no additonal
substituent was present at the of a-carbon atom. Norrish-
Type-I cleavage was the major reaction pathway only for
quaternary substrates or for acetophenones with an addi-
tional phenyl group at the a-carbon atom.


Transient lifetimes : The lifetimes of triplet 1,4-biradicals
generated from the a-substituted b-methylbutyrophenone
derivatives 1–4 are in the range 0.2–5 ms; these values are
10–40 times longer than those of non-substituted deriva-
tives.[3] For comparison, a value for the lifetime of the
parent 1,4-biradical from butyrophenone of 150 ns in ben-
zene is reported. Thus, the unusually long lifetimes especial-
ly for the biradicals from 2–4 can be attributed to an a-sub-
stituent effect. We assume that the use of the p-methylben-
zoyl chromophore (conditional on the substrate synthesis) in
1 and 6 does not significantly contribute to the reduced life-
times of the corresponding intermediates. Although the ef-
fects of substituents at the 1- and 4-position of triplet 1-hy-
droxytetramethylenes have been elucidated,[15,22] there are
no reports on such a-substituent effects. Apparently, only
the properties of the heteroatom substituent at the 2-posi-
tion of the triplet biradical leads to these dramatic differen-
ces.


If the lifetimes of these biradicals are determined only by
the intersystem crossing (ISC) processes, which are mainly
controlled by spin orbit coupling (SOC, that is, kisc=1/
tBR),


[3,23, 24] two major stereoelectronic effects are relevant:
substituent influence on the relative angular orientation of
the orbitals at the spin-bearing centers C1 and C4 and the
degree of overlap between two radical centers. In the pres-
ent study, the degree of substitution is constant over all sub-
strates (apart from the extra methyl group in 6). Therefore,
we expected a minor influence on the geometries of the in-


Figure 2. Time profiles of the transient absorption observed at 440 nm
during the 308 nm laser flash photolysis of 3 at three 308 nm laser intensi-
ties in Ar-saturated AN and BZ. The negative signal in the time region
of 0–100 ns is due to the 308 nm laser emission.


Table 2. Laser-power study for compound 1.


Laser intensity
[mJpulse�1]


Y0 A1 t1 [s]


5 0.00027 0.0575 2.18O10�7


9 0.0 0.0934 2.41O10�7


12 0.0001 0.129 2.12O10�7


Figure 3. Transient absorption spectra observed during the 266 nm (solid
line) and 355 nm (dotted line) laser flash photolysis of benzoic acid a-
naphthyl ester (C6H5CO�OaNp) in Ar-saturated acetonitrile at room
temperature.[35]
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termediate triplet biradicals.[7,8] Inspection of the photo-
chemically produced products (Scheme 1), however, re-
vealed that there is a pronounced substituent effect: a-
amido-substituted b-methyl butyrophenones in general
(here 1 and 6) give the Yang cyclization products in good
yields, as well as minor amounts of Norrish-Type-II cleavage
products.


The a-oxy-substituted butyrophenone derivatives 2–4
result in lower amounts of cyclobutanols and preferentially
give the Norrish-Type-II cleavage products. Finally, the a-
mesyloxy compound 5 results in a substituent cleavage/cycli-
zation product.


An appealing interpretation of this product pattern to-
gether with the lifetime data is the degree of stabilization of
the a-heteroatom-substituted carbon radical center. By in-
creasing the “leaving group ability” of the substituent X at
the a-carbonyl position, the negative hyperconjugative
interaction between the p orbital at the carbon radical
center and the s* orbital of the C�X bond is increased. This
lowers the energy of the a-heteroatom-substituted carbon
radical center and also decreases the SOC of the two radical
centers in the 1,4-biradicals. Consequentially, hyperconjuga-
tive interaction increases the singlet–triplet gap and the trip-
let 1,4-biradical lifetimes.[25] Assuming the following se-
quence of s* acceptor abilities—NHAc!OH<O(CO)CH3,
O(CO)OCH2CH3—the triplet biradical lifetimes should in-
crease in this sequence (Table 1, 160 ns<790 ns<4930,
4910 ns in BZ). This assumption is in agreement with quan-
tum chemical calculation (vide infra). In the case of the
even better mesyloxy leaving group, a switch in mechanism
is observed and a “spin shift reaction” results in the forma-
tion of the 2-methylcyclopropyl phenyl ketone in 90% yield
following the excitation of 5.[12, 16] In this case, the lifetime of
the triplet biradical intermediate is remarkable short (<
25 ns), because of the rapid elimination at the stage of the
triplet biradical (Scheme 2).


It has been frequently observed for triplet 1-hydroxytetra-
methylenes that an increase in solvent polarity leads to a
triplet-biradical lifetime increase.[3,23] It has been suggested
that hydrogen bonding of the biradical with the solvent
modifies the biradical conformation and reduces the ISC
rate. Additionally, increasing hydrogen-bonding between the
solvent and the biradical is expected to slow down the hy-
drogen back-transfer process.[3,16] This solvent effect is appa-
rent for substrates 1 and 2, for which tBR increased from 160
to 450 ns and from 790 to 1390 ns, respectively, when going
from benzene to acetonitrile. In contrast, with substrates 3
and 4, the tBR values decreased from 4930 to 1540 ns and
4910 to 1460 ns, respectively, when changing the solvent
from benzene to acetonitrile. This indicates that the long
lifetimes for the triplet biradicals 3 and 4 in benzene are in
part a consequence of intramolecular stereoelectronic ef-
fects, which are attenuated in more polar medium. The as-
sumption of stereoelectronic effects are in accord with theo-
retical calculations (vide infra) and are expected to slow
down bond rotations in the biradical that are necessary to
reach optimal geometries for intersystem crossing and sub-
sequent product formation.[26,27]


The amido group is an excellent hydrogen-bond acceptor,
actually the best in the row NHAc, OH, OAc, and
O(CO)OEt. Thus, intramolecular hydrogen-bonding at the
stage of the triplet 1,4-biradical was postulated by us as the
decisive interaction, which 1) directs the reaction path into
the cyclization channel by “freezing” the precyclization con-
formation and 2) maximizes the diastereoselectivity of the
cyclobutanol formation due to this conformational fixa-
tion.[7] When going to weaker hydrogen-bonding acceptor
groups, the cyclization efficiency decreased and also, to a
lesser extent, the diastereoselectivity. In Table 3 the quan-
tum yields for product formation for the a-amido- with the
a-oxy-substituted butyrophenone derivatives 1,[8] 3, and 4
are compiled. Whereas only a slight increase in the total


Scheme 1. Photochemical reactivities (acetonitrile irradiation at 350 nm).


Scheme 2. Reaction modes: biradical cleavage, cyclization, elimination.


Table 3. Quantum yields for photoprocesses of 1, 3, 4.[a]


Substrate Ft Fc Ff


1[8] 0.21 0.19 0.02
3 0.30 0.09 0.21
4 0.34 0.15 0.19


[a] In benzene, �0.02, by valerophenone actinometry; t= total, c=cycli-
zation, f= fragmentation.
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product formation quantum
yield Ft appears, the fragmen-
tion path (Ff) is increased by a
factor of ten.


The solid-state structures of
a-heteroatom-substituted bu-
tyrophenones (e.g., 5 see
Figure 4),[28] indicated that
there is a stereoelectronic pref-
erence for the syn-periplanar
arrangement of the a�CX
bond with the carbonyl group.
From this geometry, however,
the hydrogen transfer cannot
occur and bond rotation has to
precede the Norrish-Type-II
process. To stabilize the ben-
zylic radical center formed by


g-hydrogen transfer, in case of the less effective hydrogen-
bond acceptors, OAc and O(CO)OEt, a staggered confor-
mation of the 1,4-biradicals with antiperiplanar C�O-bonds
is likely.


Computational results and methods : To analyze stabilization
effects in nucleophilic a-hydroxy radicals[29] with varying N
and O substituents in the b-position, UB3LYP/6–31G*[30]


and natural bond orbital (NBO) analyses[31] were performed
on the model b-nitrogen-substituted radicals A and B as
well as for the b-oxygen-substituted radicals C and D. As it
is apparent from relative energies (Erel.) of coplanar versus
perpendicular C�X conformations in A–D, the coplanar ar-
rangements become more favored with increased s* C�X
acceptor abilities in the order X=NH2<NH-formyl�OH<


O-formyl. In agreement, the SOMO (donor) s* C�X ac-
ceptor interactions of coplanar arrangements increase in the
same order and point to strongest radical stabilizations
through negative hyperconjugation[32] with b-positioned O-
formyl (12.6 kcalmol�1) and OH (10.1 kcalmol�1) groups
(Table 4 and Figure 5).[33]


This arrangement imprints a zwitterionic contribution to
the 1,4-biradical (Figure 6), which might explain the increase


in triplet lifetime.[23] Such zwitterionic character of the trip-
let 1,4-biradicals may be responsible to the difference of the
absorption peaks between AN and BZ (Table 1). In the
polar solvent (AN) the zwitterionic character makes a great-
er contribution, and the absorption peak shows a blue shift
relative that found in the nonpolar solvent (BZ).


In conclusion, a remarkable effect of substituents at the
a-carbonyl position upon the lifetimes of triplet 1,4-biradi-
cals generated from Norrish-Type-II reaction is observed.
The s* acceptor ability of the substituent at the a-carbonyl
position has a serious consequence on the rate of intersys-
tem crossing. The lifetimes of these 1,4-biradicals are almost
10–40 times longer than those of unsubstituted compounds.
Whereas interactions with polar solvents lead to an increase
in biradical lifetimes for the unsubstituted or a-amido-sub-
stituted cases, a-oxy-substituted 1-hydroxytetramethylenes
are destabilized in the presence of polar solvents.


Figure 4. Structure of the mesylate 5 in the crystal.


Table 4. UB3LYP/6–31G* computed model structures A–D with relative energies and NBO donor (SOMO)–
acceptor (s*) interactions.[a]


Coplanar Perpendicular


A, X=NH2


Erel [kcalmol�1] +1.5 0.0
NBO [kcalmol�1] SOMO !s* C�N: SOMO !s* C�H:


8.1 5.3
B, X=NH�C(=O)H (NH-formyl)
Erel [kcalmol�1] 0.0 +0.8
NBO [kcalmol�1] SOMO !s* C�N: SOMO !s* C�H:


8.7 5.0
C, X=OH
Erel [kcalmol�1] 0.0 +0.8
NBO [kcalmol�1] SOMO !s* C�O: SOMO !s* C�H:


10.1 5.3
D, X=O�C(=O)H (O-formyl)
Erel [kcalmol�1]: 0.0 +1.7
NBO [kcalmol�1] SOMO !s* C�O: SOMO !s* C�H:


12.6 5.1


[a] UB3LYP/6–31G* optimized structures, ZPE were scaled by 0.9806.


Figure 5. UB3LYP/6–31G* computed model structures with coplanar and
perpendicular C�X moieties.


Figure 6. 1-Hydroxytetramethylene biradicals with zwitterionic contribu-
tion.
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Experimental Section


The samples of 1–6 were prepared according to procedures described in
references [7, 8]. Acetophenone was purchased from Nacalai Tesque Inc.
and recrystallized twice from ethanol before use. Acetonitrile (spectral
grade) and benzene (spectral grade) were purchased from Nacalai
Tesque Inc. and used directly. Sample solutions were freshly prepared
and deoxygenated by bubbling with argon (Ar) gas before irradiation.
All experiments were carried out at room temperature.


The laser flash at 308 nm (5 mJpulse�1, 25 ns) was obtained from a XeCl
excimer laser (Lambda Physik, COMPex). The probe light was obtained
from a 450 W Xe-lamp (Osram XBO-450). The probe beam was passed
through an iris with a diameter of 0.3 cm and sent into the sample with a
perpendicular intersection of the laser beam. The probe beam was then
focused on a monochromator (Nikon G250). The output of the mono-
chromator was monitored using a PMT (photomultiplier tube; Hamamat-
su Photonics R928). The signal from the PMT was recorded on a transi-
ent digitizer (TDS 580D four channel digital phosphor oscilloscope,
1 GHz, Tektronix). A Hamamatsu Photonics multichannel analyzer
(C5967) system was used for measurement of the transient absorption
spectra. The whole system was controlled with a personal computer by
means of a GP-IB interface. To avoid any damage of the sample solution
by the probe light, a suitable cutoff filter was used in front of the sample.


The quantum yields for the photodecomposition of substrates 3 and 4
were determined by using a merry-go-round apparatus with valerophe-
none as an actinometer.[34] The product composition was measured as a
function of time by gas chromatography and the total quantum yields FT


for substrate photodecomposition were separated into quantum yields for
cyclization FC and quantum yields for Norrish-Type-II fragmentation FF


from the total product analysis after complete conversion.
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Introduction


Agrobacterium tumefaciens gains in importance as it causes
crown gall disease in a wide range of dicotyledonous plant
species. The disease characterized by neoplastic transforma-
tion at the site of infection results from the transfer and ex-
pression of oncogenes from the bacterium to susceptible
plant cells. Most of the genes required for tumorgenesis are
found on large extrachromosomal elements called Ti plas-
mids as demonstrated by the transformation of nonpatho-
genic bacteria in plant pathogenic bacteria, after transferring
of such plasmid.[1]


The infection itself is a complex process and it is depend-
ing on the recognition and absorption of the bacterium on
the host: according to the accepted mechanism, A. tumefa-
ciens is attracted to wound sites of the root surfaces by che-


motaxis; the presence of phenolic compounds in synergy
with monosaccharides then triggers the activation of the vir-
ulence genes.[2] In order to transfer its T-DNA into the plant
cell, the bacterium has to be adsorbed on the wounded
area; this event is modulated by the components of the ex-
ternal membrane of the bacterium, both proteins and lipo-
polysaccharides (LPS).[3] In the last case, the interaction is
based on the recognition of a portion of the lipopolysacchar-
ide, defined by the term epitope, by particular receptor pro-
teins[4] situated on the plant cell wall. Further studies
showed that the epitope recognized by the plant is located
in the O-specific polysaccharide (OPS) of the LPS, as dem-
onstrated by a reduced virulence of bacteria mutated in
genes encoding the biosynthesis of the OPS.[4,5]


Despite the wealth of information regarding the biological
role of the different LPS regions of these bacterial species,
that is, lipid A, core region and OPS, only few data are
available on their chemical structures so far.[6–8] However,
such information is a prerequisite for the understanding of
the pathogenesis mechanism. In this context, the present
strain DSM 30150 (equivalent to strain ATCC 4720, here re-
ferred as A1) has been studied. A classification based on bi-
ochemical, physiological and nutritional characters places
this strain in the TT111 group,[9] but differently to the repre-
sentative strain of this and to all other groups, A1 possesses
very low oncogenic properties.[10] Therefore, a punctual
structural investigation of the membrane carbohydrate com-
ponents of A. tumefaciens A1 was promoted in order to clar-
ify whether its pathogenic profile can be correlated to struc-
tural features of its LPS.


Keywords: mass spectrometry ·
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Abstract: Three different oligosaccharide structures from the lipooligosaccharide
fraction of Agrobacterium tumefaciens strain A1 were determined by means of
chemical and spectrometrical methods. The peculiar feature of this oligosaccharide
family consisted of its unusual length, that was very close to the that minimal re-
quested for the external membrane functionality as exemplified from oligosacchar-
ide 3, where the inner core is glycosylated from only one sugar moiety onwards.
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Results and Discussion


Bacteria and bacterial LPS : Dry cells were recovered by
centrifugation from the culture medium (120 mgL�1 yield)
and sequentially extracted with phenol/chloroform/light pe-
troleum (PCP) and the hot phenol/water methods. The two
organic and the water phases were screened for the presence
of LPS by SDS-PAGE which was found only in the PCP ex-
tract (yield 2 %, gLPS per gcells) and showed the typical mobi-
lity of low molecular mass molecules characteristic for lipoo-
ligosaccharide (LOS).


Compositional analyses : Combining the information from
sugar compositional and methylation analyses, this LOS
fraction contained terminal- and 6-substituted Man, terminal
Gal, 6-linked GlcN, 4,5- and 8-linked 3-deoxy-d-manno-oct-
2-ulosonic acid (Kdo) residues, and as a minor component
terminal Kdo. The d-configuration was assigned to the man-
nose, glucosamine and galactose residues by analysing the 2-
(+)-octyl derivatives and 2-(+)-butyl derivatives whereas
for the Kdo it was assumed as d, in analogy to the configu-
ration of Kdo in other LPS.


Fatty acid analysis identified C14:0ACHTUNGTRENNUNG(3-OH), C16:0 ACHTUNGTRENNUNG(3-OH),
C18:1 ACHTUNGTRENNUNG(3-OH) and C28:0 ACHTUNGTRENNUNG(27-OH).


ESIFT-Mass spectrometry : The charge deconvoluted nega-
tive ion ESIFT-MS spectrum (see also Experimental Sec-
tion) of the native LOS revealed, besides some contamina-
tions with phospholipids, two abundant molecular species at
2759.609 and 2921.664 u differing by one hexose unit. Both
species show satellite peaks corresponding to molecules car-
rying an additional phosphate group (marked by +P) and
to molecules with a different fatty acid composition
(marked by �26 u). According to the fatty acid analysis this
mass difference originates from the exchange of a C18:1ACHTUNGTRENNUNG(3-
OH) by a C16:0 ACHTUNGTRENNUNG(3-OH) residues. Mass peaks marked by
+22 u represent sodium adduct ions. Capillary skimmer dis-
sociation (CSD) of the native LPS (Figure 1a) induces the
cleavage between lipid A and core oligosaccharide.[11] Due
to an accompanying fragment ion induced by the decarboxy-
lation of Kdo (Dm=�44 u) two core oligosaccharides could
be identified at m/z 925.268 and 763.217. Based on the com-
ponent analyses these ions were in agreement with oligosac-
charides consisting of two Kdo and three or two Hex (calcu-
lated masses of the B-fragment ions 925.2678 and 763.2150,
respectively). The corresponding Y-fragment ion at m/z
1994.374 represents the most abundant lipid A species.
Taking into account the fatty acid component analysis and
literature data that b-hydroxybutyric acid was found in LOS
of other members of this species,[12] its composition could be
identified consisting of two GlcN, two C14:0ACHTUNGTRENNUNG(3-OH), one
C16:0 ACHTUNGTRENNUNG(3-OH), one C18:1 ACHTUNGTRENNUNG(3-OH), one C28:0 (27-OH), one
C4 ACHTUNGTRENNUNG(3-OH) and two P (calculated mass 1994.374). Further
lipid A species comprising an additional phosphate group
and the exchange of C18:1ACHTUNGTRENNUNG(3-OH) by C16:0 ACHTUNGTRENNUNG(3-OH) are also
visible in the spectrum. Combining the respective lipid A
and core oligosaccharides add up to the various intact LPS


species shown in the Figure 1b. The CSD spectrum compris-
es further fragmentation of the lipid A species, for example,
the loss of phosphate group and successive cleavage of the
two ester-linked C14:0 ACHTUNGTRENNUNG(3-OH) fatty acid residues at m/z
1670.200 and 1426.015, respectively (Figure 1a).


Isolation of oligosaccharide phosphates and NMR spectro-
scopy : Mild hydrazinolysis of the LOS mixture (50 mg) led
to the de-O-acylated products (35 mg, 70 %) that were fur-
ther subjected to strong alkaline treatment in order to
remove the amide-linked acyl residues. From this mixture of
oligosaccharide phosphates (7 mg, 14 % of the LPS), oligo-
saccharides 1, 2 and 3 were isolated by high-performance
anion-exchange chromatography (HPAEC) (1.2, 1.0 and
0.7 mg, 2.4, 2.0 and 1.4 % of the LPS, with retention time of
67.73, 90.60 and 123.07 min, respectively), representing the
complete carbohydrate backbone of three different LOS
molecules. Their structures were elucidated by NMR spec-
troscopy.


The complete assignment of 1H and 13C NMR resonances
of each oligosaccharide was achieved (Tables 1–3), combin-
ing the information obtained from DQF-COSY, TOCSY,
ROESY, gHSQC and gHMBC NMR experiments according
to the general strategy shown below in detail for the more


Figure 1. Negative ion ESIFT mass spectra of the native LOS from Agro-
bacterium tumefaciens A1. a) Capillary skimmer dissociation (CSD) mass
spectrum; b) charge deconvoluted mass spectrum obtained under normal
conditions. Mass numbers given refer to the monoisotopic molecular
mass.
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complex oligosaccharide 1. Anomeric protons were sequen-
tially labelled with a capital letter reflecting their decreasing
order of chemical shifts. Five anomeric protons were present
(Figure 2a) in a 1:1 ratio at d 5.67, 5.25, 4.93, 4.84 and


4.50 ppm (A–E, respectively), whereas in the high-field
region two sets of the diastereotopic methylene signals were
observed, due to the presence of two Kdo residues. Thus, a
heptasaccharide structure was identified in the deacylated
LOS.


The stereochemistry of each residue was immediately rec-
ognized from the analysis of the TOCSY spectrum of the
anomeric region (Figure 3). In this experiment, the efficien-
cy of the magnetisation transfer is ruled by the vicinal cou-
pling constants 3J ACHTUNGTRENNUNG(H,H) and hence by the stereochemistry of
monosaccharides investigated. Small 3JACHTUNGTRENNUNG(H,H) values, charac-
teristics of axial/equatorial- or equatorial/equatorial-ar-
ranged protons on a pyranose ring, hinder the magnetisation
transfer, thus decreasing the intensity of the successive cor-
relations in the spectrum or, in some cases, preventing them
completely. Residues with large coupling values such as
gluco-configured residues, show a complete correlation pat-
tern as found for both, A and D. Their H-1 protons showed
six different correlations, however, for unit D some of them
were partially overlapped. A different scenario appeared for
the anomeric protons of B and C. Each residue showed one
main correlation (with H-2) and a less intense one (H-3),
which is typical for manno-configured residues. H-1 of E
correlated only with three densities, a pattern typical for a
galacto-configured residue.


Combining the information of the TOCSY experiment
with those arising from the COSY spectrum allowed the
complete assignment of all protons of residues A, B, C and
D. Those of residue E and the two Kdo units could be com-


pletely assigned only after
analysis of the ROESY spec-
trum.


The two gluco-configured
residues A and D were attrib-
uted to GlcN units due to the
correlations of their H-2 pro-
tons at 3.41 and 3.06, respec-
tively, to the nitrogen-bearing
carbons at 55.6 and 56.5 ppm,
respectively. A was identified
as GlcN I of lipid A, being
phosphorylated at O-1 in ac-
cordance with the double dou-
blet multiplicity of its anome-
ric proton (3J ACHTUNGTRENNUNG(H-1,H-2)=
3.2 Hz; 3J ACHTUNGTRENNUNG(H-1,P)=8.1 Hz) and
its anomeric carbon value at
91.7 ppm. Its a-configuration
was indicated by the rather
small 3J ACHTUNGTRENNUNG(H-1,H-2) value of
3.2 Hz. The complete assign-
ment of all the proton and
carbon resonances identified a
clear low field displacement of
the C-6 resonance,[12] due to
the glycosylation effect of an
aldose residue.


Residue D could be attributed to the second sugar (GlcN
II) of the lipid A backbone, being b-configured, as inferred
by the value of 8.1 Hz of its 3J ACHTUNGTRENNUNG(H-1,H-2), and linked to O-6
of GlcN I. This structural feature was indicated in the


Figure 2. 1H NMR spectra recorded at 600 MHz and 303 K of the three different HPAEC fractions a) 1, b) 2
and c) 3.


Figure 3. Anomeric region of the TOCSY spectrum of 1, recorded at
600 MHz and 303 K.
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ROESY spectrum by the spatial proximity of H-6 protons
of GlcN I with the anomeric proton of GlcN II and support-
ed by the scalar connectivity of this latter proton with the
C-6 of the GlcN I residue, as deduced by the HMBC experi-
ment. In agreement with the location of GlcN II in the lipid
A backbone was the chemical shift of its C-6 indicating a
mild glycosylation effect consistent with a substitution by a
ketose residue. A 1H,31P-HSQC experiment confirmed the
phosphorylation at the anomeric centre of A, and at O-4 of
D.


The two mannose residues B and C were a-configured ac-
cording to the 13C chemical shift values of their C-3 signals
around 71 ppm (in the b-configuration, this signal occurs at
around 74 ppm). Assignment of the proton and carbon
chemical shifts for residue B was straightforward since the
COSY spectrum showed clear cross-peak correlations for all
of its protons. Additionally, the interpretation of the HSQC
spectrum allowed the determination of the corresponding
carbon chemical shifts, of which the signal of C-6 was dis-
placed at low field (66.4 ppm) due to the glycosylation
effect.


Proton resonance determination of the second mannose
unit C was complicated by the absence of the H-4/H-5 cross
peak in the COSY spectrum due to the similar resonances
associated to these two protons. Therefore the position of
H-5 was determined by its long range correlation with C-4
and confirmed by the correlation H-1/C-5 in the HMBC
spectrum. The H-5/H-6b correlation was easily identified in
the COSY spectrum, and the successive analysis of the
HSQC spectrum suggested the terminal location of this resi-
due, since all the carbon chemical shift values did not differ
from those reported for the corresponding unsubstituted res-
idue.[13]


The galactose unit E was b-configured on the basis of its
anomeric carbon chemical shift at 104.6 ppm and its cou-
pling constant 3JACHTUNGTRENNUNG(H-1,H-2) = 7.8 Hz. COSY analysis afford-
ed the resonance identification of the first four protons, the
absence of any coupling with H-5 prevented its initial as-
signment which was achieved exploiting its spatial proximity
with the syn–axial anomeric proton of the b-anomer in the
ROESY spectrum. Proton H-1 showed a medium strong
NOE contact with H-5 in addition to the expected one with
the already identified H-3 and two other ones later identi-
fied as the hydroxymethylene protons of Kdo F. Determina-
tion of the H-6 protons was possible by the heteronuclear
long range correlation among H-6a at 3.81 ppm and C-4, the
corresponding H-6a overlapped with H-6a of C. Analysis of
the carbon chemical shift of this residue suggested its termi-
nal location in agreement with the methylation data.


As far as the two Kdo residues were concerned, their
characteristic diastereotopic H-3ax and H-3eq proton signals
in the high-field area of the proton spectrum were used as
basis for spectroscopical assignments. The two methylene
signals were present at d 1.81/2.02 (H-3ax of residues F and
G, respectively) and d 2.12/2.08 (H-3eq of residues F and G,
respectively). While exploring scalar connectivities for each
Kdo residue, it was possible to assign the sequence only


from H-3 through H-5. The H-5/H-6 cross peak was not
present due to the small value of the coupling constant 3J-
ACHTUNGTRENNUNG(H-5,H-6). As for residue F, identification of proton H-6
was made possible by the presence of the two intra-residue
NOE contacts H-4/H-6 (medium) and H-5/H-6 (strong).
Scalar connectivities between the other exocyclic Kdo pro-
tons were also clearly present and carbon chemical shifts
identified this unit as an O-8 glycosylated Kdo.


Determination of H-6 of G was more difficult due to the
overlapping of H-5 of G and the H-6b of A. In fact the
ROESY spectrum showed a strong correlation between H-5
of G and H-6a of A. On the other hand, H-4 of G showed a
medium NOE contact with a proton possessing the same
chemical shift of H-6a of A. These confirm the assignment
of the H-6 of G, which overlaps with H-6a of GlcN I. The
resonance of proton H-7 was considered to overlap with
that of H-6 due to the lack of any H-6/H-7 cross peak. In-
stead, a correlation with the hydroxymethylene proton H-8a


was identified in the COSY spectrum. The C-4 and C-5
carbon chemical shifts of G were clearly identified and were
similar with those reported for a Kdo glycosylated at posi-
tion 4 by a ketose and at position 5 by a manno-configured
residue, a substitution pattern consistent with methylation
analysis data. The C-6 and C-7 values were attributed on the
basis of the literature data.[13]


The a-configuration of both Kdo residues was established
on the basis of the chemical shift values of the H-3eq pro-
tons.[14] In addition, the presence of the interresidual
medium NOE between H-3eq of G and H-6 of F indicated
that G was substituted at position 4 by residue F,[15] defining
residue G as the internal Kdo of the backbone and F as the
external one.


The substitution pattern deduced for each monosacchar-
ide from the spectroscopical data was in agreement with the
methylation data, and with analysis of the dipolar couplings
present in the ROESY spectrum together with the hetero-
nuclear scalar long range couplings in the HMBC spectrum,
allowed to ascertain the correct sequence among all the resi-
dues.


Residue C was linked to O-6 of B, since its H-1 showed
an intense NOE contact with the diastereotopic proton H-6a


at 3.70 ppm of B, which was confirmed by the corresponding
C–H long range correlation. Similar considerations showed
that B was bound to O-5 of Kdo G, in turn bearing Kdo F at
its O-4, as shown by the aforementioned NOE contact be-
tween its H-3eq and H-6 of F. Galactose E was identified as
substituent of O-8 of Kdo F as shown by the NOE contact
between its H-1 and both the diastereotopic H-8 protons of
this Kdo. This linkage was confirmed by the corresponding
long range correlation in the HMBC spectrum. Kdo G did
not show any diagnostic NOE correlation, still it was placed
at O-6 of GlcN D, in agreement with both, literature data
and the C-6 chemical shift of D.


In summary, the above data identified the following
chemical structure for oligosaccharide 1.


All residues were pyranoses. Oligosaccharide 1 represents
the fully deacetylated backbone consistent with the molecu-
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lar species at 2921.55 u in the ESI mass spectrum (Fig-
ure 1b).


The 1H NMR spectrum of the second compound isolated
by HPAEC (Figure 2b) showed the presence of one major
molecular species together with another less abundant one
that was not further investigated. The anomeric signals of
the first (oligosaccharide 2) were labelled A’–G’ in analogy
to oligosaccharide 1. A comparison of the two proton spec-
tra identified the main difference among the two oligosac-
charides. Namely, 2 lacked the second mannose unit (C in
1). In the spectrum of 2 four anomeric signals were present
at 5.66 (A’), 5.25 (B’), 4.83
(D’) and 4.50 ppm (E’), togeth-
er with the diastereotopic H-3
methylene signals of two Kdo
residues (F’ and G’) at high
field. The in-depth 1D and 2D
NMR analyses led to the com-
plete assignment of all 1H, 13C
NMR signals (Table 2), thus,
residue B’ was identified as a
terminal mannose unit linked
to position 5 of Kdo G’.


Taken together, the struc-
ture of 2 differed from that of
1 in the absence of the termi-
nal mannose C unit.


Oligosaccharide 2 represent-
ed the molecular species con-
sistent with the ion peak at
2759.61 u in the ESI mass spec-
trum (Figure 1b).


More straightforward was
the structural elucidation of
the third HPAEC fraction, that
is, 3 ; its 1H NMR spectrum
(Figure 2c) showed only three
anomeric signals occurring at d
5.65, 5.24 and 4.87 ppm, label-
led as A’’, B’’ and D’’, respec-
tively, in addition to the dia-
stereotopic H-3 methylene sig-
nals of the two Kdo residues,
F’’ and G’’, at higher field. The
NMR spectroscopical analysis


led to the complete assignment of all 1H, and 13C signals
(Table 3) and to the complete structural determination of 3
that differed from the previous one by lacking the terminal
galactose unit.


This oligosaccharide could not be attributed to a pseudo-
molecular ion in the ESI-mass spectrum of the intact LOS
mixture, probably due to its low abundance. Concluding, in-
depth chemical and spectroscopical analyses of the carbohy-
drate backbone of the LOS fraction of the phytopathogenic
bacterium Agrobacterium tumefaciens A1 identified three
different oligosaccharides. Oligosaccharide 1 represented
the most complex structure in which both, the external Kdo
and the mannose B units bore an additional hexose, namely


Table 1. 600 MHz 1H and 150 MHz 13C chemical shifts of oligosaccharide 1 isolated by HPAE chromatogra-
phy, measured in D2O at 303 K with acetone as internal standard.


H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6a,b/C-6


[6)-a-d-GlcN-1P] 5.67 3.41 3.91 3.66 4.16 3.75–4.29
A 91.7 55.6 70.6 70.6 72.7 70.7
[6)-a-d-Man-(1!] 5.25 4.12 3.93 3.84 4.16 3.70–4.08
B 101.9 71.2 71.6 67.2 72.6 66.4
ACHTUNGTRENNUNG[a-d-Man-(1!] 4.93 4.02 3.87 3.66 3.70 3.76–3.88
C 100.8 70.9 71.4 67.6 73.8 62.0
[6)-b-d-GlcN-4P-(1!] 4.84 3.06 3.86 3.76 3.73 3.46–3.71
D 100.8 56.5 73.2 75.0 75.9 63.4
ACHTUNGTRENNUNG[b-d-Gal-(1!] 4.50 3.54 3.70 3.94 3.73 3.75–3.81
E 104.6 71.9 73.5 69.6 75.7 62.0


H-3ax,eq/C-3 H-4/C-4 H-5/C-5 H-6/C-6 H-7/C-7 H-8a,b/C-8


[8)-a-d-Kdo-(2!] 1.81/2.12 4.01 4.02 3.78 4.21 3.92–4.22
F 35.4 66.9 68.0 72.8 70.5 72.3
ACHTUNGTRENNUNG[4,5)-a-d-Kdo-(2!] 2.02/2.08 4.04 4.29 3.75 3.75 3.65/3.91
G 35.4 72.2 74.6 72.9* 70.5* 64.7


[*] Chemical shifts attributed on the basis of literature data.[13]


Table 2. 600 MHz 1H and 150 MHz 13C chemical shifts of oligosaccharide 2 isolated by HPAE chromatogra-
phy, measured in D2O at 303 K with acetone as internal standard.


H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6a,b/C-6


[6)-a-d-GlcN-1P] 5.66 3.41 3.92 3.66 4.18 3.78–4.31
A’ 91.7 55.9 70.8 70.8 73.6 71.1
ACHTUNGTRENNUNG[a-d-Man-(1!] 5.25 4.15 3.97 3.84 4.07 3.89
B’ 101.9 71.5 71.7 67.6 74.0 61.9
[6)-b-d-GlcN-4P-(1!] 4.83 3.05 3.85 3.72 3.72 3.49–3.73
D’ 100.8 56.5 73.2 75.2 75.6 63.4
ACHTUNGTRENNUNG[b-d-Gal-(1!] 4.50 3.56 3.72 3.97 3.76 3.80
E’ 104.5 72.3 74.0 70.0 76.4 62.2


H-3ax,eq/C-3 H-4/C-4 H-5/C-5 H-6/C-6 H-7/C-7 H-8a,b/C-8


[8)-a-d-Kdo-(2!] 1.81/2.14 4.04 4.05 3.81 4.24 3.94–4.23
F’ 36.3 67.1 68.3 73.2 71.0 72.7
ACHTUNGTRENNUNG[4,5)-a-d-Kdo-(2!] 2.03/2.09 4.07 4.30 3.78 3.78 3.38–3.71
G’ 35.8 72.6 74.7 73.4* 70.8* 64.8


[*] Chemical shifts attributed on the basis of literature data.
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a galactose and a mannose, respectively. Oligosaccharide 2
maintained the terminal galactose on the external Kdo, but
lacked the mannose. It is noteworthy that all LOS species
possessed low molecular mass, compared with LOS from
other bacteria and that the few residues decorating the
inner core moiety were usual hexoses. No heptoses were
present. These features are important compared with data
known about LPS of other phytopathogenic bacteria. Mem-
bers of different genera[16] such as Pseudomonas, Xanthomo-
nas and Burkholderia produce high-molecular mass LPS due
to the presence of the O-specific polysaccharide. In addition,
the monosaccharide composition showed a high content of
deoxysugars such as rhamnose and fucose, or of acetamido
residues, all of which are monosaccharides with less hydro-
philic properties than their hexose counterparts. The same
feature was confirmed when A. tumefaciens A1 LOS struc-
ture was compared with LPS structures from other members
of this genus possessing a more pronounced phytopathogen-
ic activity, such as A. tumefaciens strains B6,[6] C58[7] and
F1.[8] These species synthesise high-molecular mass LPS, the
hydrophobic pattern of which is maintained through a selec-
tion of deoxysugar derivatives. In this context, it appears
that less hydrophilic sugar residues play an important role in
pathogenesis, probably supporting an efficient adhesion
process during the colonisation step of the bacterium on the
plant cell wall; a process in which strain A1 is disadventaged
with respect to other competitors due to the lack of these
sugars on its external membrane surface.


Together with the potential role of these molecules in the
pathogenic process of this bacterium, their structural analy-
sis might be of importance in the chemotaxonomical classifi-
cation Scheme of Agrobacterium. Recently, a debated issue
centred on a possible amalgamation of the genus Agrobacte-


rium in the genus Rhizobium,
reflecting a proposal based on
several phenotypic features
shared by this two genera.[17]


The structural features of
the inner core residues, which
are rather conserved within
members of the same species,
have been generally considered
as an additional tool inside the
classification issue. The struc-
tures reported here represent
the first core structure deter-
mined so far for Agrobacteri-
um tumefaciens. Only one was
reported for the closely related


genus Rhizobium, that is, for the LPS of R. etli (reclassifica-
tion of R. leguminosarum bv. phaseoli type I),[18] the struc-
ture of which is shown below.


Comparing the inner core structures from LPS of these
two bacteria, it appears that they share the substitution pat-
tern of a sugar residue attached to the internal Kdo unit,
whereas the external one is also substituted but in a differ-
ent fashion, having one galactose in A. tumefaciens and two
iso-configured but acidic sugars in R. etli, located in differ-
ent positions.


A different structural arrangement was found in the LPS
of A. larrymorey,[19] another phytopathogenic species be-
longing to the Agrobacterium genus, for which a closer iden-
tity in the core structure was expected. Surprisingly the in-
ternal Kdo was substituted by a galactose and not by a man-
nose residue, whereas the external Kdo was simply terminal.


Rationalization of taxonomical relationship through the
LOS inner core structure is an impossible task at this stage
due to the low number of information available, but struc-
tural analysis might become an additional tool in the future,
adding useful information to the field of taxonomical classi-
fication.


Experimental Section


Bacteria : Agrobacterium tumefaciens strain DSM 30150 (here referred as
A1) was grown at 27 8C in liquid shaking culture (200 rpm) in Nutrient
Broth (Fluka Nutrient Broth No 4 cod. 03856) for 18 h (early stationary
phase).


The bacterial suspension was centrifuged (3500 L g, 5 min) and harvested
cells were washed sequentially with 0.85 % aqueous NaCl, ethanol, ace-
tone and diethyl ether.


Table 3. 500 MHz 1H and 125 MHz 13C chemical shifts of oligosaccharide 3 isolated by HPAE chromatogra-
phy, measured in D2O at 313 K with acetone as internal standard.


H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6a,b/C-6


[6)-a-d-GlcN-1P] 5.65 3.39 3.90 3.59 4.15 3.75–4.28
A’’ 91.7 56.0 71.1 71.1 73.7 70.9
ACHTUNGTRENNUNG[a-d-Man-(1!] 5.24 4.12 3.94 3.77 4.02 3.86
B’’ 101.8 71.5 71.7 67.8 74.0 62.0
[6)-b-d-GlcN-4P-(1!] 4.87 3.06 3.84 3.71 3.71 3.48–3.71
D’’ 101.0 57.0 73.9 75.5 75.5 63.8


H-3ax,eq/C-3 H-4/C-4 H-5/C-5 H-6/C-6 H-7/C-7 H-8a,b/C-8


[8)-a-d-Kdo-(2!] 1.80/2.14 4.02 4.00 3.72 4.01 3.76–3.94
F’’ 36.0 67.3 68.0 73.4 71.8 64.2
ACHTUNGTRENNUNG[4,5)-a-d-Kdo-(2!] 2.01/2.08 4.12 4.28 3.76 3.76 3.68–3.90
G’’ 35.8 71.7 74.4 73.5* 70.7* 64.9


[*] Chemical shifts attributed on the basis of literature data.
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Isolation and purification of the LOS : Dried cells were extracted with
PCP[20] yielding the LOS (2 % gLPS per gcells). The pellet was further ex-
tracted with hot phenol/water.[21]


Discontinuous SDS PAGE (Sodium Dodecyl Sulphate Polyacrylamide
Electrophoresis)[22] was performed with a 12% acrylamide separating gel
on a miniprotean gel system (Bio-Rad). The samples were run at con-
stant voltage (150 V) and stained with silver nitrate according to the pro-
cedure of Kittelberger.[23]


General and analytical methods : Determination of Kdo, neutral sugars
including the determination of the absolute configuration of the hexoses,
organic bound phosphate, and GLC-MS were all carried out as described
elsewhere.[24] For methylation analysis of the Kdo region, LOS was first
N-acetylated with acetic anhydride (15 mL) in 0.5m NaOH (150 mL) for
10 min, then carboxy-methylated with methanolic HCl (0.1m, 5 min) and
subsequently with diazomethane in order to improve its solubility in
DMSO. After methylation,[25] LOS was hydrolyzed with 2m trifluoroace-
tic acid (100 8C, 1 h), carbonyl-reduced with NaBD4, carboxy-methylated
as before, carboxyl-reduced with NaBD4 (4 8C, 18 h), acetylated and ana-
lyzed by GLC-MS.[26]


Isolation of oligosaccharides 1, 2 and 3 : LOS was dissolved in anhydrous
hydrazine (25 mg mL�1), stirred at 37 8C for 30 min, cooled, poured into
ice-cold acetone (100 mL), and allowed to precipitate. The precipitate
was then centrifuged (3000 L g, 30 min), washed twice with ice-cold ace-
tone, dried, and then dissolved in water and lyophilized. The sample was
de-N-acylated with 4m KOH as described,[23] and desalted by gel-permea-
tion chromatography [Sephadex G-10 (Pharmacia) 50 L 1.5 cm, in water,
flow 0.5 mL min�1]. The resulting oligosaccharide fraction eluted in the
void volume and was further purified by HPAEC on a Carbopack PA-
100 column (9 L 250 mm) eluted with a linear gradient of 30–37 % of 1m
sodium acetate in 0.1m NaOH at 2.0 mL min�1 over 140 min.


Electrospray ionisation (ESI) mass spectrometry : High resolution Fouri-
er-transform mass spectrometer (FT-MS) equipped with a 7 Tesla actively
shielded magnet and an Apollo ESI source (Apex II, Bruker Daltonics,
Billerica, USA) was used for the analysis of native LOS. Mass spectra
were acquired by using standard experimental sequences as provided by
the manufacturer. Samples were dissolved at a concentration of
~10 ngmL�1 in a 50:50:0.001 (v/v/v) mixture of 2-propanol, water, and
triethylamine and sprayed at a flow rate of 2 mL min�1. Capillary entrance
voltage was set to 3.8 kV, and dry gas temperature to 180 8C. The spectra,
which showed several charge states for each component, were charge de-
convoluted, and mass numbers given refer to the monoisotopic molecular
masses. Capillary skimmer dissociation (CSD) was induced by increasing
the capillary exit voltage from �100 to �350 V.


NMR spectroscopy: 1D spectra were recorded with a Bruker DRX 600
spectrometer at 303 K, and 2D NMR spectra of 1 and 2 were recorded in
0.5 mL D2O on the same instrument. 2D NMR spectra of oligosaccharide
3 were acquired at 313 K on a Varian Inova 500 of Consortium INCA
(L488/92, Cluster 11). Both NMR spectrometers were equipped with a
with a z gradients reverse probe and chemical shifts were referred rela-
tive to internal acetone [d(1H) 2.225, d ACHTUNGTRENNUNG(13C) 31.5]. 31P NMR was meas-
ured for oligosaccharide 1 and were calibrated on 85% phosphoric acid
which was used as external standard.


For the homonuclear experiment, solvent saturated DQF-COSY, TOCSY
and ROESY spectra, 512 FIDs of 2048 complex data points were collect-
ed, with 48 scans per FID and using standard manufacturer software. The
spectral width was set to 10 ppm and the frequency carrier was placed at
the residual HOD peak and mixing times of 120 and 200 ms were used
for TOCSY and ROESY, respectively. For the HSQC and HMBC (the
last recorded only for oligosaccharide 1) spectra, 256 FIDS of 2048 com-
plex points were acquired with 50 scans per FID, the GARP sequence
was used for 13C decoupling during acquisition. Conversion of the Varian
data and processing was performed with standard Bruker Xwinnmr 1.3
program, the spectra were assigned using the computer program
Pronto.[27]


NOENs classification as strong, medium or weak, was evaluated directly
on the ROESY spectrum counting the number of the contour levels in
the 2D plot; intraresidual NOEs cross peaks were analyzed first in order


to related their size to the known distance (i.e., the medium NOE H-3/
H-5 protons of residue E, is related to a distance of ca. 2.70 O), on the
basis of this preliminary examination, the contour levels of interresidual
NOEs cross-peaks were counted and classified accordingly.
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Introduction


The fac-configured ReI(CO)3 fragment is particularly suited
to bind to a variety of ligands including biomolecules and
mimics thereof and is thus a prominent building block in
that area of rhenium chemistry devoted to the preparation
of tumour diagnostics and therapeutics.[1] Hydrolytic stabili-
ty of the ReI(CO)3–biomolecule links appears to be a pre-
requisite in this field of interest. Among biomolecules, both
amino acids and their oligomers appear to be reliably bind-
ing chelators, and nucleobase coordination has also been in-
vestigated.[2] Direct carbohydrate ligation to the ReI(CO)3


centre has not been reported,[3] though these polyols are
generally powerful chelators of metal centres sufficiently
Lewis acidic to stabilise the deprotonated forms of a carbo-
hydrate. Carbohydrate complexes of high thermodynamic
stability are thus expected, perhaps even in neutral aqueous


solution, if the ligand provides an O-atom pattern so suita-
ble that its deprotonated state is supported by the corre-
sponding metal-atom assembly. This work is a first attempt
to unravel the rules of carbohydrate–ReI(CO)3 binding, to
clarify whether there are such well suited central metal/O-
atom pattern combinations in the carbohydrate–ReI(CO)3


area.
Both the bioinorganic orientation of this work and the


solution behaviour of the more complex carbohydrates
place the focus of this research on aqueous environments.
The aqueous chemistry of the ReI(CO)3 fragment may be
derived from the mononuclear aqua complex [ReI(CO)3-
ACHTUNGTRENNUNG(H2O)3]


+ , which is the main species at pH values of about
five or less in the absence of strong ligands.[4] At higher pH
values, deprotonation produces hydroxo ligands, which, as a
result of their pronounced tendency to act as m2 and m3


bridging ligands, give rise to the formation of oxorhenium
clusters. The main species of aqueous solutions are thus
[Re3(CO)9 ACHTUNGTRENNUNG(m3-OH) ACHTUNGTRENNUNG(m-OH)3]


� in about neutral solution, and
[Re2(CO)6 ACHTUNGTRENNUNG(m-OH)3]


� at higher pH values,[4] and analogous
species are predominant in methanol as solvent. The binu-
clear [Re2(CO)6ACHTUNGTRENNUNG(m-OMe)3]


� has thus been used as a precur-
sor for the preparation of related compounds including alk-
oxides other than methoxide.[5] The formation tendency of
the [Re2(CO)6ACHTUNGTRENNUNG(m-OR)3]


� motif is underlined by the finding
that ethane-1,2-diol does not act as a bidentate ligand to-
wards a ReI(CO)3 centre but forms a binuclear (m2-alkoxo)3


Abstract: With the [Re(CO)3Br3]
2� ion


as a precursor for the ReI(CO)3 frag-
ment, the diols (1R,2R)-cyclohexane-
1,2-diol [(1R,2R)-Chxd], anhydroery-
thritol (AnEryt), and (1S,2S)-cyclopen-
tane-1,2-diol [(1S,2S)-Cptd] form dinu-
clear monoanions in the salts (NBu4)-
ACHTUNGTRENNUNG[(Re2(CO)6{m-ACHTUNGTRENNUNG(1R,2R)-ChxdH�1}3] (1),
[K([18]crown-6)] ACHTUNGTRENNUNG[Re2(CO)6ACHTUNGTRENNUNG(m-
OMe)2(m-AnErytH�1)] (2) and (NBu4)-
ACHTUNGTRENNUNG[Re2(CO)6{m- ACHTUNGTRENNUNG(1S,2S)-CptdH�1}3] (3).
The monoanionic diolato ligands in
these triply bridged dirhenates(i) are


monodentate. Bridging triolato ligation
in the trirhenates(i) is supported by the
anions of glycerol (Glyc) and methyl b-
d-ribopyranoside (Me-b-d-Ribp), the
latter binding in its 1C4 conformation,
in (DBUH)2ACHTUNGTRENNUNG[Re3(CO)9ACHTUNGTRENNUNG(m3-O)(m3-
GlycH�3)]·0.5MeCN (4a), (NEt4)-
ACHTUNGTRENNUNG[Re3(CO)9ACHTUNGTRENNUNG(m3-OMe)(m3-GlycH�3)] (4b)


and (DBUH) ACHTUNGTRENNUNG[Re3(CO)9ACHTUNGTRENNUNG(m3-
OMe)(m3-


1C4-Me-b-d-Ribp2,3,4H�3)]
(5). The chiral sugar alcohols l-threitol
(l-Thre) and d-arabitol (d-Arab) act as
tetra- and pentadentate ligands, respec-
tively, in (NEt4) ACHTUNGTRENNUNG[Re2(CO)6(l-
ThreH�3)]·MeCN (6) and (NEt4)2-
ACHTUNGTRENNUNG(DBUH)2ACHTUNGTRENNUNG[Re6(CO)18(d-ArabH�5)2] (7).
Complexes 6 and 7 are free of support-
ing oxo or methoxo ligands and use
solely the O-atom pattern of the polyol
for the connection of the ReI(CO)3


moieties.
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bridged compound, leaving one hydroxy function of each
HOCH2CH2O


� ligand un-coordinated.[5b] This finding illus-
trates the main problem to be solved: m-hydroxo and m-
alkoxo ligands are difficult to displace from the bridged
ReI(CO)3 cores in favour of a chelator. The question is thus
focussed on whether or not carbohydrate-based diol, triol or
higher polyol bonding patterns are able to force chelation of
ReI(CO)3 centres rather than simply reacting as monovalent
alkoxides.


In this first approach, we thus investigated the coordina-
tion of sterically restricted diols such as cyclopentane- and
cyclohexanediol to the rhenium fragment. Subsequently, li-
gands closely resembling the carbohydrates or truly belong-
ing to the class of carbohydrates were used.


Results and Discussion


Carbohydrate-mimicking diols form the binuclear
[Re2(CO)6ACHTUNGTRENNUNG(m-OR)3]


� motif : The diol moiety is the basic
functional group that enables a carbohydrate to act as a che-
late ligand. The steric requirements for the chelation of
quite a large central metal such as rhenium(i) should be met
by cis- and trans-pyranose diol functions and by cis-furanose
functions, but not by trans-furanose diols, due to the unsuita-
bly large O-C-C-O torsion angle in this case.[6] In terms of
furanose- and pyranose-mimicking diols, cis- and trans-cyclo-
hexane-1,2-diol, cis-cyclopentane-1,2-diol and anhydroery-
thritol (cis-oxolane-3,4-diol), but not trans-cyclopentane-1,2-
diol, would appear to be candidates for rhenium chelation.


A first attempt to synthesise a tricarbonylrhenium(i) che-
late was made with the two isomers of cyclohexane-1,2-diol
(Chxd). Because of the synthetic restrictions described
above, acetonitrile was chosen as the solvent when (NBu4)-
ACHTUNGTRENNUNG[Re2(CO)6 ACHTUNGTRENNUNG(m-OMe)3] was treated with a threefold amount of
diol. 13C NMR spectra indicated not chelation, but the for-
mation of the same [Re2(CO)6(m-DiolH�1)3]


� ion that had
been synthesised with the sterically unrestricted ethanediol
by Klausmeyer and Beckles.[5b] Attempts to substantiate this
result by crystal-structure analysis revealed an obviously
general methodological restriction for this class of com-
pounds. If two Re(CO)3 fragments are bridged by three
monodentate diolato ligands, one of the two hydroxy func-
tions of each diol is left hanging. Which of the two oxygen
atoms binds the rhenium centre and which leaves it unbond-
ed is arbitrary, and the result—unless a C2-symmetric diol is
chosen—is heavy disorder of the crystalline packing. All at-
tempts to prepare well ordered crystals of the cis-cyclohexa-
nediol derivative thus failed, but crystals of (NBu4)-
ACHTUNGTRENNUNG[(Re2(CO)6{m-ACHTUNGTRENNUNG(1R,2R)-ChxdH�1}3] (1) of suitable quality,
containing the trans isomer of the ligand, could be grown.
Crystal-structure analysis (Figure 1) corresponded to the
NMR spectroscopic results (Table 1; note the “coordination-
induced shifts” (CISs), the typical downfield shifts of the sig-
nals of those carbon atoms that bear a metal-binding oxygen
substituent). The three diolato ligands are monoanionic and
monodentate and do not bind in a chelate-like fashion.


Generally, the dianion of anhydroerythritol (cis-oxolane-
3,4-diol; AnEryt) is a much better chelating ligand than the
cyclohexanediols towards a variety of central metals and in
special cases has even been found to be a better ligand than
a glycose itself. Some 20 metal and semimetal chelate com-
plexes of anhydroerythritol are known.[6] Usually a bidentate
k2O,O�-AnErytH�2 ligand forms five-membered chelate
rings in these compounds, the central atoms spanning a size
range from silicon(iv) to lead(ii). The unusual versatility of
the AnErytH�2 ligand is the result of the variability of a fur-
anoidic ligandRs bite, AnEryt being the prototype of this
kind of ligand. In terms of size, rhenium(i) centres appear
well suited for chelation by a furanoidic diol. Treatment of
AnEryt and base with (NEt4)2[Re(CO)3Br3] in methanol,
however, yielded mixtures of hexacarbonyl-dirhenates(i) of
the general formula [Re2(CO)6ACHTUNGTRENNUNG(m-OMe)3�n(kO-m-AnEr-
ytH�1)n]


� in terms of 13C NMR spectra. In accordance with
the apparent Cs-symmetry of AnEryt, attempts to crystallise
any of the constituents of these mixtures were unsuccessful.
Eventually, a few crystals of the K([18]crown-6) salt of the
anion with n = 1—[K([18]crown-6)] ACHTUNGTRENNUNG[Re2(CO)6ACHTUNGTRENNUNG(m-
OMe)2(kO-m-AnErytH�1)] (2)—were obtained from a low-
conversion batch obtained with use of short reaction times
and low temperatures. Structure analysis revealed the same


Figure 1. Structure of the [Re2(CO)6{m- ACHTUNGTRENNUNG(1R,2R)-ChxdH�1}3]
� ion in 1


(40% probability ellipsoids; the number n at the carbonyl ligands should
be read as Cn and On). Distances [T] and angles [8]: Re1�O10 2.194(8),
Re1�O20 2.142(9), Re1�O30 2.167(8), Re2�O10 2.140(9), Re2�O20
2.164(9), Re2�O30 2.147(8), mean Re�CCO 1.906, mean C�OCO 1.130;
nonbonded Re–Re distance 3.163(1); donor–acceptor distances in intra-
molecular hydrogen bonds: O11···O30 3.004(14), O21···O10 2.986(16),
O31···O20 3.151(15); mean Re-O-Re 94.2.


Table 1. 13C NMR chemical shifts (in ppm) in CH2Cl2 solutions of: 1
(free (1R,2R)-Chxd: C1/2 74.8, C3/6 32.0, C4/5 23.4) and 3 (free (1S,2S)-
Cptd: C1/2 78.6, C3/5 30.9, C4 19.3). Bold: Dd values of carbon atoms
bearing a rhenium-binding oxygen atom.


C1 C2 C3 C4 C5 C6


1 d 86.9 76.2 31.5 23.6 24.0 33.3
Dd 12.1 1.4 �0.5 0.2 0.6 1.3


3 d 90.1 79.7 29.8 18.2 32.3
Dd 11.5 1.1 �1.1 �1.1 1.4
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result as before, even for such a reliable chelator as AnEryt.
Sharing the same bonding mode with the diols above, a
single monodentate kO-m-AnErytH�1 ligand takes one of
the three alkoxo positions in the usual hexacarbonyl-trial-
koxo-dirhenate(i) anion, leaving the other two for methoxo
groups (Figure 2).


Since no chelation at all was observed with carbohydrate-
mimicking diols, no distinction needed to be made between
the usually chelating members of this substance class and
the furanoidic trans-diols, which usually give nonchelated re-
action products.[6] Thus, in the case of the ReI(CO)3 moiety,
trans-cyclopentanediol resembled the other diols. Consis-
tently with the rule of thumb regarding crystallisation, well
ordered crystals of these C2-symmetric diols could be pre-
pared. With trans-cyclopentanediol, crystals of (NBu4)-
ACHTUNGTRENNUNG[Re2(CO)6{m- ACHTUNGTRENNUNG(1S,2S)-CptdH�1}3] (3) showed the triply bridg-
ed pattern (Figure 3). The 13C NMR data corresponded to
the solid-state species (Table 1).


1,2,3-Triols support a truncated heterocubane assembly : The
predominance of the kO-m-binding in the case of a diol may
be associated with a mismatch of these potentially bidentate
chelators and the fac-pattern of three coordination sites at
the rhenium(i) central atom. Triols thus appear to be candi-
dates promising a better match of binding sites. However,
treatment of the parent triol, glycerol, with the Re precursor
and base under various conditions did not result in NMR
spectra of pure compounds in aprotic environments. Eventu-
ally, after checking the effect of hydrolytic conditions, a pro-
cedure including the addition of small amounts of water was
developed. A small quantity of water (typically 0.03 mL per
2 mL of acetonitrile) greatly improved the 13C NMR spectra
of the reaction products. Application of this recipe to solu-
tions of a 1:1:1.4 ratio of Re/Glyc/DBU (DBU = 1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene) resulted in spectra indicat-
ing two signals of unreacted glycerol and two signals of rhe-


nium-bonded glycerol, the larger signal of the methylene-C
atoms being downfield-shifted by almost 20 ppm (Table 2).
Though this shift pattern was consistent with a mononuclear,


Cs-symmetric [Re(CO)3(k
3O,O’,O’’-GlycH�n)]


1�n species, the
large amount of unreacted glycerol indicated a higher Re/
Glyc molar ratio in the product. Finally, a 13C NMR spec-
trum free of unreacted glycerol was obtained at a 3:1 Re/
Glyc ratio, whilst the maximum yield of crystalline product
was obtained at a 3:1:5 ratio of Re/Glyc/DBU. The result of
the structure analysis is shown in Figure 4. In accordance
with the NMR spectra, the complex dianion in (DBUH)2-
ACHTUNGTRENNUNG[Re3(CO)9 ACHTUNGTRENNUNG(m3-O)(m3-GlycH�3)]·0.5MeCN (4a) has (noncrys-
tallographic) Cs symmetry, the mirror plane containing O2,
C2, O4 and Re3. The glycerol ligand is trianionic and triply
bridging as a whole, each O atom bridging two rhenium(i)
centres. The need for the addition of water in the course of
the preparation is obvious from the structure: a water-de-
rived m3-oxo ligand opposite the GlycH�3 ligand completes
the trinuclear rhenate(i). The structure is closely related to


Table 2. 13C NMR chemical shifts (ppm) in acetonitrile solutions (free
MeOH: 50.1) of: 4 (free Glyc: CH = 73.7, CH2 = 64.1), the tentative
trinuclear [Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(l-Thre1,2,3H�3)] complex (free Thre: CH
= 72.9, CH2 = 64.3), and 5 (free Me-b-d-Ribp : C1 = 102.9, C2 = 72.0,
C3 = 70.4, C4 = 67.1, C5 = 64.3, O1�Me = 55.7). Bold: Dd values of
carbon atoms bearing a rhenium-binding oxygen atom.


C1 C2 C3 C4 C5 O1-CH3 m3-OCH3


4a d 82.7 76.9 82.7
Dd 18.6 3.2 18.6


4b d 82.7 76.5 82.7 80.4
Dd 18.6 2.8 18.6 30.3


k3O,O’,O’’-Thre d 85.0 77.4 90.6 67.0 80.8
Dd 20.7 4.5 17.7 2.7 30.7


5 d 102.5 79.3 72.0 78.6 63.4 55.3 81.2
Dd �0.4 7.3 1.6 11.5 �0.9 �0.4 31.1


Figure 2. Structure of the [Re2(CO)6 ACHTUNGTRENNUNG(m-OMe)2(m-AnErytH�1)]
� ion in 2


(30% probability ellipsoids; the number n at the carbonyl ligands should
be read as Cn and On). Distances [T] and angles [8]: Re1�O2 2.156(8),
Re1�O16 2.101(8), Re1�O17 2.130(8), Re2�O2 2.174(8), Re2�O16
2.117(7), Re2�O17 2.105(9), mean Re�CCO 1.894, mean C�OCO 1.155;
Re1-O2-Re2 92.1(3), Re1-O16-Re2 95.4(3), Re1-O17-Re2 94.8(3); non-
bonded Re�Re distance: 3.118(2); intramolecular hydrogen bond O3�
H···O2: O3�H 0.84, H···O2 2.21, O3···O2 2.691(13); O3�H···O2 116; diol
torsion angle O2-C2-C3-O3 42.6(15).


Figure 3. Structure of the [Re2(CO)6{m- ACHTUNGTRENNUNG(1S,2S)-CptdH�1}3]
� ion in 3 (30%


probability ellipsoids; the number n at the carbonyl ligands should be
read as Cn and On). Distances [T] and angles [8]: Re1�O10 2.152(8),
Re1�O20 2.102(8), Re1�O30 2.160(8), Re2�O10 2.143(8), Re2�O20
2.130(9), Re2�O30 2.131(8); mean Re�CCO 1.867, mean C�OCO 1.181;
mean Re-O-Re 93.78 ; nonbonded Re�Re distance: 3.117(1); donor–
acceptor distances in intermolecular hydrogen bonds: O11···O11i


2.837(16), O21···O31ii 2.790(17), O31···O21ii 2.790(17). Symmetry codes:
i : �x, y, 1�z ; ii : 1�x, y, 1�z.


Chem. Eur. J. 2006, 12, 4675 – 4683 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4677


FULL PAPERTowards Carbohydrate Derivatives of the ReI(CO)3 Fragment



www.chemeurj.org





one of the predominant rhenate(i) species of an aqueous sol-
ution of the [Re(CO)3ACHTUNGTRENNUNG(H2O)3]


+ parent complex. On raising
the pH value of such solutions, Alberto et al. identified the
[Re3(CO)9 ACHTUNGTRENNUNG(m3-OH) ACHTUNGTRENNUNG(m2-OH)3]


� ion, which, due to its m3-hy-
droxo ligand instead of an oxo bridge, appears as the parent
conjugate acid of the glycerol complex.[10] A closer look at
the individual distances and angles makes it necessary criti-
cally to scrutinize the finding that there is a m3-oxo bridge in
4a (mean values: Re�O 2.122 T, Re-O-Re 103.28) rather
than a m3-hydroxo ligand as in AlbertoRs compound (mean
values: Re�O 2.167 T, Re-O-Re 104.38). It is the unexpect-
edly small Re-O-Re angle in 4a that needs an explanation.
In the crystal structure, the m3-oxo atom O4 is within hydro-
gen-bonding distance of the enimine N of a DBU molecule
(O···N 2.718 T). In a difference Fourier synthesis, residual
electron density corresponding to a hydrogen atom is be-
tween the O and N atoms at about 1.16 T from the N atom.
Refinement of H ACHTUNGTRENNUNG(x,y,z) left the atom in this position (N�H
1.1, H···O 1.6 T, N�H···O 1638). Refinement of other kinds
of H distribution (close to O or statistical) always resulted
in the N�H···O hydrogen bridge (i.e. , the formulation of a
m3-oxo rather than a m3-hydroxo bridge appears to be ensur-
ed). Accordingly, the preparation of crystalline 4a needed
the 3:1:5 Re/Glyc/DBU ratio but was hampered at a lower
base content. Attempts to isolate the related conjugate acid
[Re3(CO)9 ACHTUNGTRENNUNG(m3-OH)(m3-GlycH�3)]


� failed. When one equiva-
lent of base was kept back, the 13C NMR spectra remained
unchanged, but crystallisation did not occur.


Replacement of water, the source of the m3-oxo ligand,
with methanol results in the synthesis of a m3-methoxo com-
plex as an analogue of the missing hydroxo species. On ap-
plication of the same procedure as above, except that a drop
of methanol was added instead of water, the same two-
signal pattern was observed in the 13C NMR spectra
(Table 2). In addition to the signals observed for 4a, a meth-
anol-derived signal turned up downfield-shifted by about


30 ppm, which is indicative of a m3-methoxo ligand. Crystals
were grown by cooling the solutions. The structure of the
methoxo-bridged trirhenate(i) ion in (NEt4)ACHTUNGTRENNUNG[Re3(CO)9ACHTUNGTRENNUNG(m3-
OMe)(m3-GlycH�3)] (4b) corresponds to the structure of 4a
(see Figure 5 for distances and angles), as well as to the me-


thoxo analogue of the hydroxo-bridged [Re3(CO)9ACHTUNGTRENNUNG(m3-OH)-
ACHTUNGTRENNUNG(m2-OH)3]


� ion, the [Re3(CO)9ACHTUNGTRENNUNG(m3-OMe)ACHTUNGTRENNUNG(m2-OMe)3]
� ion.[11]


The largest differences between the rhenate(i) parts of the
structures of 4a and 4b were observed, as expected, for the
bonding parameters about the m3-O atom (mean values for
the oxo ligand in 4a : see above; for the methoxo ligand in
4b : Re�O 2.191 T, Re-O-Re 101.28).


The m3-methoxo ligand of 4b may be replaced by a diol.
Attempts to prepare diol-linked trirhenates such as
[{Re3(CO)9(m3-GlycH�3)}2(m3,m3-EthgH�2)]


2� did not result in
the formation of crystals but the mass spectra contained the
expected signals of hexanuclear species. This point should
be kept in mind when carbohydrates with terminal hydroxy
functions are used as ligands. In particular, the pentofurano-
ses and the hexopyranoses feature such functionalities in
their terminal hydroxy groups attached to C5 and C6, re-
spectively.


Methyl b-d-ribopyranoside (Me-b-d-Ribp) was used to
check whether the triolate moiety of 4 can also be provided
as part of a carbohydrate molecule. Crystals of suitable
quality were obtained by the acetonitrile-plus-one-drop-of-
methanol route, after crystallisation was initiated by the ad-
dition of water. The crystal structure of (DBUH)ACHTUNGTRENNUNG[Re3(CO)9-
ACHTUNGTRENNUNG(m3-OMe)(m3-


1C4-Me-b-d-Ribp2,3,4H�3)] (5) revealed the
O2/3/4 part of the riboside as the attempted tridentate che-
lator (Figure 6). The carbohydrate ligand has adopted the
1C4 conformation instead of the 4C1 conformation of its pyr-
anose ring (cf. Scheme 1), a situation that is energetically
less suited to the free riboside. This structural peculiarity
should be kept in mind when the 13C NMR data are inspect-
ed for typical shift differences, the “coordination-induced


Figure 4. Structure of the [Re3(CO)9 ACHTUNGTRENNUNG(m3-O)(m3-GlycH�3)]
2� ion in 4a


(30% probability ellipsoids; the number n at the carbonyl ligands should
be read as Cn and On). Distances [T] and angles [8]: Re1�O1 2.130(5),
Re1�O2 2.220(5), Re1�O4 2.117(4), Re2�O2 2.168(5), Re2�O3 2.127(5),
Re2�O4 2.111(5), Re3�O1 2.174(5), Re3�O3 2.168(5), Re3�O4 2.137(4),
Re1-O1-Re3 101.4(2), Re1-O2-Re2 96.3(2), Re2-O3-Re3 103.4(2), Re2-
O4-Re1 101.3(2), Re2-O4-Re3 105.1(2), Re1-O4-Re3 103.1(2); mean
Re�CCO 1.898, mean C�OCO 1.161, mean nonbonded Re�Re distance
3.324 T. Figure 5. Structure of the Cs-symmetric [Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(m3-


GlycH�3)]
� ion in 4b (25% probability ellipsoids; the number n at the


carbonyl ligands should be read as Cn and On). Distances [T] and angles
[8]: Re1�O1 2.131(7), Re1�O2 2.141(6), Re1�O4 2.198(5), Re2�O1
2.157(7), Re2�O4 2.178(8); Re1-O1-Re2 104.7(3), Re1-O2-Re1i 103.8(4);
mean Re-O4-Re 101.2; mean Re�CCO 1.899, mean C�OCO 1.152, mean
nonbonded Re�Re distance 3.386 T. Symmetry code: i : x, y, 0.5�z.


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4675 – 46834678


P. KlAfers et al.



www.chemeurj.org





shifts” (CISs). Since the shift values of free Me-b-d-Ribp
refer to solutions that are enriched with the 4C1-conformer
of the glycoside, the differences between a bonded and a
free ligand may be biased. In fact, the values in Table 2
differ markedly from the corresponding glycerol values
though they repeat the general pattern of larger CISs for
the triolateRs terminal carbon atoms and a smaller CIS for
the carbon in the middle.


The crystallisation procedures for the triolato complexes
show that the trinuclear triolato rhenates(i) are not sensitive
to rapid hydrolysis. Attempts to prepare 4 or 5 directly from
alkaline aqueous solutions as the only products, however,
failed. Instead, the precipitation of the hydroxorhenate spe-
cies interfered with the attempted reactions.


The glycerol partial structure is common to both glyco-
sides and sugar alcohols. Accordingly, the typical 13C NMR
shift-difference pattern of the trinuclear triolato-rhenate(i)
was observed with some polyols. The tetraol l-threitol was
examined as an example (Table 2). Figure 7 top shows a typ-


ical 13C NMR spectrum of the tetraol-derived triolato com-
plex. At this point, however, we experienced another practi-
cal restriction regarding crystallisation. In all the cases stud-
ied, the presence of pendant hydroxy functions have until
now thwarted all attempts to crystallize any further trinu-
clear polyolatorhenate(i).


The threitol partial structure dinucleates the ReI(CO)3
moiety : In accordance with the findings described above,
13C NMR spectra of reaction mixtures of a 3:1:4 stoichiome-
try of Re precursor, Thre and base, plus a drop of methanol,
pointed to the trinuclear anion as the only species in an ace-
tonitrile solution (Figure 7, top). On keeping back of one
third of the Re, at 2:1:4 reactant molar ratio, and, more sig-
nificantly, avoiding the addition of methanol, the typical
four-signal pattern of the Re3 anion was superimposed on
by a component that showed two signals for the four threitol
carbons, thus indicating a new, C2-symmetric threitolatorhe-


Figure 6. Structure of the [Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(m3-
1C4-Me-b-d-


Ribp2,3,4H�3)]
� ion in 5 (50% probability ellipsoids; the number n at the


carbonyl ligands should be read as Cn and On). Distances [T] and angles
[8]: Re1�O2 2.171(7), Re1�O3 2.158(7), Re1�O7 2.187(7), Re2�O2
2.200(7), Re2�O4 2.158(7), Re2�O7 2.169(7), Re3�O3 2.160(7), Re3�O4
2.133(7), Re3�O7 2.193(6); Re1-O2-Re2 103.8(3), Re1-O3-Re3 101.9(3),
Re2-O4-Re3 104.5(3); mean Re-O7-Re 102.2; mean Re�CCO 1.901, mean
C�OCO = 1.156, mean nonbonded Re�Re distance 3.396 T; pyranose
torsion angles: O2-C2-C3-O3 42.4(11), O3-C3-C4-O4 �38.7(10).


Scheme 1. Polyols used in this work.


Figure 7. DEPT-assigned 13C NMR spectra of various threitol complexes
(triangles and rectangles denote the trinuclear and dinuclear species, re-
spectively, described in the text; free Thre is marked by open circles).
Top: Re/Thre/DBU molar ratio 3:1:4, MeOH added, MeCN solvent; the
trinuclear complex is the main species; the DBU signal is drawn as a
dashed line; no NEt4 signal is recorded due to the use of [Re(CO)5Br] as
the rhenium educt. Middle: Re/Thre/DBU 2:1:4, no MeOH or H2O
added, MeCN solvent; the dinuclear complex is the main species; the
DBU (left) and the NEt4 (right) signals are drawn as dashed lines. Bot-
tom: Re/Thre/DBU 2:1:4, H2O solvent; the dinuclear complex is the only
Thre-containing species; the DBU (left) and the NEt4 (right) signals are
drawn as dashed lines. See Table 2 for shift differences for the trinuclear
complex; for the dinuclear complex: Dd = 5.8 (C1/4), 4.9 (C2/3).
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nium complex (middle part of Figure 7). Crystallisation oc-
curred only if added DBU base was withheld, but at the
same time the corresponding 13C NMR spectra became low
in quality. Crystals suitable for structure determination were
obtained at a 2:1:3 stoichiometry of Re precursor, Thre and
base, though the resulting molecular structure is consistent
with the two-signal threitol part of the 13C NMR spectrum.
Figure 8 shows the structure of the binuclear anion of


(NEt4) ACHTUNGTRENNUNG[Re2(CO)6(k
4O-l-ThreH�3)]·MeCN (6). Deprotonated


threitol is the only alkoxide component in a binuclear anion,
the two Re(CO)3 parts of which are bridged in a different
way from the (m-OR)3 motif of the mono-alkoxide class of
binuclear compounds. With four O atoms instead of three
for the bridge, the more basic terminal alkoxo functions are
in the m2 mode, whereas the O atoms of the secondary alco-
hol functions bind to one central atom only. The O4 set pro-
vided by the threitolato ligand resembles the O atom pat-
tern in related binuclear compounds containing the
Re(CO)3 fragment. Firstly, there is Alberto and Hegetsch-
weilerRs tentative [Re2(CO)6ACHTUNGTRENNUNG(m-OH)2ACHTUNGTRENNUNG(H2O)2] species, the (m-
OH)2 ACHTUNGTRENNUNG(H2O)2 part of which is replaced in 6 by the tetraden-
tate threitolato ligand.[4] Substitution of the two aqua ligands
by a k2O,O’-binding carboxylate yields the second group of
related complexes, recently described by Klausmeyer and
Beckles. In this class of compounds, the m-hydroxo ligands
could be substituted by methoxo or kO-carboxylato ligand-
s.[5a]


The crystal structure of 6 is remarkable in terms of its hy-
drogen bonds. The binuclear anions form hydrogen-bridged
columns along [100], which are arranged into a hexagonal
column packing. The individual columns are made up of
anions that show contacts indicative of strong hydrogen
bonding between the non-Re-bridging O2 and O3 atoms of
the threitolato ligands. The O�O distance of 2.364 T in
these hydrogen bonds is exceptionally short (cf. the values
of about 2.5 T for the related hydrated hydroxide ion,
H3O2


�[7]). To the best of our knowledge, no shorter hydro-
gen bond has ever been observed in an alkoxide structure.


Intermolecular hydrogen bonding, the apparent trigger of
crystallisation, adds one proton per threitolato ligand to the
formula of the solid compound, the net formula of which
thus contains ThreH�3 instead of the tetradeprotonated li-
gands that appear to be the constituents of the more basic
solutions giving the clearer 13C NMR spectra.


The more elaborate tetradentate pattern in the binuclear
compound 6 lends this species a particularly high stability.
Whereas, perhaps for kinetic reasons, the trinuclear structur-
al motif is not hydrolytically sensitive, the thermodynamic
stability of 6 is high enough to allow the preparation of this
anion in an aqueous solution. The bottom part of Figure 7
shows the 13C NMR spectrum of an aqueous solution of the
rhenium precursor, Thre and DBU at a molar ratio of 2:1:4.
As usual, a substantial amount of the Re precursor has been
transformed into hydroxorhenate precipitate, but the dinu-
clear threitolatorhenate is clearly detectable in the spectrum
of the remaining solution. The Re2-Thre pattern has thus
emerged, for the first time, as a promising starting point for
the search for even more elaborate ligands that might pave
the way towards aqueous carbohydrate chemistry of the car-
bonylrhenium(i) core.


The higher polyol d-arabitol supports an oxorhenium cluster
architecture : Pentitols show more complex NMR spectra,
which are not discussed in this work since their interpreta-
tion is still obscured by too many ambiguities. However,
there is evidence that a higher polyol acts with its specific O
atom pattern: 1) as a polydentate ligand in its own right,
2) as a triolato ligand with one of its triol partial structures,
and 3) as a tetraolato ligand with a Thre partial structure.
(There is promising carbonylrhenium chemistry of the tet-
raol erythritol as well, but due to the lack of structural infor-
mation from crystals it is not considered in this work). The
most interesting question of whether such ligands are able
to provide extended O atom patterns and thus support new
cluster architectures has been answered for the chiral penti-
tol d-arabitol (d-Arab, cf. Scheme 1). On attempts to pre-
pare Arab-ReI(CO)3 complexes, precipitates were usually
formed. Mass spectra indicated hexanuclear species, but no
reliable crystallisation routine could be developed. Finally,
crystallisation was successful at least once and the crystals
proved to be of suitable quality for an X-ray investigation.
Structure analysis of crystalline (NEt4)2ACHTUNGTRENNUNG(DBUH)2-
ACHTUNGTRENNUNG[Re6(CO)18(d-ArabH�5)2] (7) revealed a hexanuclear com-
plex in which the ReI(CO)3 centres are connected solely by
the entirely deprotonated pentitol (Figure 9). An apparent
mirror plane, the trace of which runs perpendicular to the
figure should be noted. All the atoms except the C5 chain of
the Arab ligands approximately match this symmetry ele-
ment, so it was expected that an analogous xylitol complex
(the right half of the rhenate plus its mirror image), as well
as an analogous ribitol complex (the left half of the rhenate
plus its mirror image) should form as more symmetrical de-
rivatives of the anion of 7. At present, however, there are
no hints that such complexes of the two meso-pentitols
exist.


Figure 8. Structure of the [Re2(CO)6(l-ThreH�3)]
� ion in 6 (40% proba-


bility ellipsoids; H+ from intermolecular hydrogen bond omitted; the
number n at the carbonyl ligands should be read as Cn and On). Distan-
ces [T] and angles [8]: Re1�O1 2.164(5), Re1�O2 2.123(5), Re1�O4
2.178(6), Re2�O1 2.162(5), Re2�O3 2.114(5), Re2�O4 2.154(5); Re1-O1-
Re2 102.3(2), Re1-O4-Re2 102.0(2); mean Re�CCO 1.891, mean C�OCO


1.157, nonbonded Re�Re distance 3.357(1); threitol torsion angles: O1-
C1-C2-O2 56.4(8), O2-C2-C3-O3 �133.4(6), O3-C3-C4-O4 55.9(9).
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Conclusion


According to the pKA value of the [Re(CO)3ACHTUNGTRENNUNG(H2O)3]
+ ion


(about 7.5[4]), the metal centre is of moderate Lewis acidity.
The synthesis of complexes of the ReI(CO)3 fragment con-
taining a carbohydrate anion as the ligand thus requires, in
an aqueous solution, a pH value in the basic region. Metal
centres of similar acidity, such as lead(ii), prefer carbohy-
drate- to hydroxo-ligand binding, due to the chelate effect.
In ReI(CO)3 chemistry, however, di- and trinuclear hydroxo
species are of particularly high stability. With strong ligands
such as amino acid anions, on the one hand, complex forma-
tion is not hampered by the hydroxo species.[8] Carbohydrate
anions, on the other hand, obviously cannot compete with
hydroxo ligands unless they exhibit multidentate O-atom
patterns. The requirements for a carbohydrate-provided O-
atom pattern to act as a powerful ligand to the ReI(CO)3


core are unexpectedly high. The [Re3(CO)9ACHTUNGTRENNUNG(m3-OH)ACHTUNGTRENNUNG(m2-
OH)3]


� ion appears to be an instructive example. On substi-
tution of the three m2-hydroxo ligands by a sterically well-fit-
ting tridentate triolato ligand a complex of so high a stability
was expected that its synthesis in an aqueous environment
appeared as possible. However, the hydroxo-rhenate
formed. Even the tetradentate threitolato(4�) ligand merely
begins to compete with its hydroxo counterpart in an aque-
ous solution. Nevertheless, a strategy is emerging from the
gains in stability in the series of diols, triols and threo-tet-
raols. Well matching multidentate O-atom patterns thus
seem to open a way to aqueous carbohydrate chemistry of
the ReI(CO)3 fragment.


These problems do not arise outside of medicinal chemis-
try. In a nonaqueous environment, carbohydrate ligands sup-
port interesting and new assemblies of ReI(CO)3 moieties.
In particular, the hexanuclear anion of 7, to the best of our
knowledge the largest assembly of ReI(CO)3 fragments, im-
pressively shows the synthetic potentiality of a multidentate
ligand derived from a carbohydrate backbone.


Experimental Section


Tetrabutylammonium bromide, (1R,2R)-cyclohexane-1,2-diol, (1S,2S)-cy-
clopentane-1,2-diol, glycerol, and 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene
(DBU) were used as supplied by Fluka, d-arabitol (Slovak Academy of
Sciences, Institute of Chemistry), diethyleneglycol dimethyl ether (di-
glyme, Aldrich), decacarbonyldirhenium (Strem) and tetraethylammoni-
um bromide (Merck) were also used as supplied. Solvents were dried
(molecular sieve) and deoxygenated: acetonitrile was supplied by Fisher
Scientific, whilst tetrahydrofuran (THF), toluene, and dichloromethane
were purchased from Fluka. Bromo-pentacarbonyl-rhenium(i) was pre-
pared by standard procedures.[9] Standard Schlenk techniques (nitrogen
as the inert gas) were used.


ACHTUNGTRENNUNG(NEt4)2[Re(CO)3Br3]: The general route given in reference [10] was
used. [Re(CO)5Br] (4.90 g, 12.1 mmol) was suspended in diglyme
(80 mL) and heated to 50 8C. NEt4Br (5.47 g, 26.0 mmol) was suspended
in diglyme (250 mL) and heated to 70 8C. The suspensions were com-
bined and heated to 115 8C with stirring. A colourless precipitate formed
over the course of 5 h. The precipitate was filtered off, washed three
times with diglyme and diethyl ether, and dried in vacuo. Excess NEt4Br
was removed by suspension of the solid in ethanol (40 mL) and drying in
vacuo again. The product was obtained as a colourless powder (7.36 g,
9.55 mmol, 79.3% yield). IR carbonyl valence absorptions (KBr): ñ =


2000(s), 1866(s) cm�1; elemental analysis (%) calcd for
C19H40Br3N2O3Re: C 29.6, H 5.2, N 3.6, Br 31.1; found: C 29.7, H 5.2, N
3.6, Br 30.9.


ACHTUNGTRENNUNG(NBu4) ACHTUNGTRENNUNG[Re2(CO)6 ACHTUNGTRENNUNG(m-OMe)3]: The general route given in reference [11]
was used. [Re(CO)5Br] (406 mg, 1.00 mmol) was suspended in a mixture
of THF (10 mL) and methanol (5 mL). A clear solution formed on addi-
tion of a solution of NaOMe in methanol (6 mL 0.5m NaOMe solution,
3 mmol NaOMe). The solution was stirred for 1 h at room temperature
under reduced pressure. Stirring was continued for 12 h under nitrogen.
The solvent was removed, the colourless residue was dried in vacuo and
redissolved in methanol (25 mL), and the solution was filtered. A solu-
tion of NBu4Br (3.22 g, 10 mmol) in water (25 mL) was added. The col-
ourless precipitate was washed with a small amount of water and dried in
vacuo (358 mg, 0.41 mmol, 81.7% yield). Selected IR bands (KBr): ñ =


1986(s), 1888 (s), 1854(s), 1837(s) cm�1; elemental analysis (%) calcd for
C25H45NO9Re2: C 34.3, H 5.2, N 1.6; found: C 34.3, H 5.2, N 1.6.


ACHTUNGTRENNUNG(NBu4) ACHTUNGTRENNUNG[(Re2(CO)6{m- ACHTUNGTRENNUNG(1R,2R)-ChxdH�1}3] (1): (NBu4) ACHTUNGTRENNUNG[Re2(CO)6 ACHTUNGTRENNUNG(m-
OMe)3] (175 mg, 0.200 mmol) and (1R,2R)-cyclohexane-1,2-diol (61 mg,
0.60 mmol) were dissolved in acetonitrile (70 mL) and the mixture was
heated to 100 8C in a distillation apparatus. On completion of the distilla-
tion, more acetonitrile (70 mL) was added and the distillation was repeat-
ed. This procedure was repeated again. Residual solvent was removed in
vacuo. The obtained colourless solid was dissolved in dichloromethane
(3 mL), the solution was filtered, and toluene (7 mL) was added. Colour-
less crystals of 1 formed over the course of one day at a temperature of
4 8C. The yield was improved by addition of more toluene (2 mL)
(119 mg, 0.1 mmol, 50.0% yield). 13C NMR (67.93 MHz, CH2Cl2, 25 8C):
d = 86.9 (C1), 76.2 (C2), 33.3 (C6), 31.5 (C3), 24.0 (C5), 23.6 (C4) ppm;
selected IR bands (KBr): ñ = 2000(s), 1877 (s) cm�1; MS-FAB� : m/z
calcd for C24H33O12Re2 = [(CO)3Re{m- ACHTUNGTRENNUNG(1R,2R)-trans-
ChxdH�1)3Re(CO)3]


�: 885.9; found 884.9 with a typical Re2 pattern; ele-
mental analysis (%) calcd for C40H69NO12Re2: C 42.6, H 6.2, N 1.2;
found: C 42.5, H 6.1, N 1.3.


Figure 9. Structure of the [Re6(CO)18(d-ArabH�5)2]
4� ion in 7 (30% prob-


ability ellipsoids; the number n at the carbonyl ligands should be read as
Cn and On). Distances [T] and angles [8]: Re1�O4 2.158(10), Re1�O5
2.159(11), Re1�O5i 2.195(11), Re2�O2 2.170(10), Re2�O3 2.092(8),
Re2�O4 2.176(12), Re3�O1 2.112(12), Re3�O1i 2.147(12), Re3�O2
2.159(9); Re3-O1-Re3i 104.4(4), Re2-O2-Re3 126.1(5), Re1-O4-Re2
131.5(6), Re1-O5-Re1i 101.3(4); mean Re�CCO 1.898, mean C�OCO 1.159,
mean nonbonded distance in doubly bridged Re–Re pairs 3.367; arabitol
torsion angles: O1-C1-C2-O2 41.7(15), O2-C2-C3-O3 29.1(14), O3-C3-
C4-O4 �60.7(13), O4-C4-C5-O5 47.6(15). Symmetry codes: i :
1�x, y, 1�z.
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[K([18]crown-6)] ACHTUNGTRENNUNG[Re2(CO)6 ACHTUNGTRENNUNG(m-OMe)2(m-AnErytH�1)] (2): Anhydroery-
thritol (0.400 mL, 1m solution in methanol, 0.400 mmol) was added to
(NEt4)2[Re(CO)3Br3] (154 mg, 0.200 mmol) in methanol (1.2 mL).
[18]crown-6 (53 mg, 0.20 mmol) and subsequently KOMe (0.4 mL, 1m
solution in methanol) were added. The mixture was stirred at room tem-
perature for 2 h and was then cooled to 4 8C, and diethyl ether vapour
was allowed to diffuse into it. After 5 d the solution was separated from
colourless crystals of NEt4Br. Hexane vapour was now allowed to diffuse
into the solution at 4 8C. In the course of one day, a few small crystalline
needles formed.


ACHTUNGTRENNUNG(NBu4) ACHTUNGTRENNUNG[Re2(CO)6{m- ACHTUNGTRENNUNG(1S,2S)-CptdH�1}3] (3): A colourless powder of 3
was prepared by the procedure described for 1. After drying in vacuo,
the solid was dissolved in dichloromethane (3 mL). Toluene (1 mL) was
added to 0.5 mL of the filtered solution, small amounts of precipitate
being dissolved with a few drops of dichloromethane. Keeping the solu-
tion at 4 8C made colourless crystals grow within 30 minutes (97.7 mg,
0.09 mmol, 45.0% yield). 13C NMR (67.93 MHz, CH2Cl2, 25 8C): d = 90.1
(C1), 79.7 (C2), 32.3 (C5), 29.8 (C3), 18.2 (C4) ppm; selected IR bands
(KBr): ñ = 1995 cm�1 (s), 1865(s); MS-FAB� : m/z calcd. for
C21H27O12Re2 = [(CO)3Re{m- ACHTUNGTRENNUNG(1S,2S)-CptdH�1)3Re(CO)3]


�: 843.9; found


842.5 with a typical Re2 pattern; elemental analysis (%) calcd for
C37H63NO12Re2: C 40.9, H 5.9, N 1.3; found: C 40.4, H 5.9, N 1.3.


ACHTUNGTRENNUNG(DBUH)2 ACHTUNGTRENNUNG[Re3(CO)9 ACHTUNGTRENNUNG(m3-O)(m3-GlycH�3)]·0.5MeCN (4a): (NEt4)2-
ACHTUNGTRENNUNG[Re(CO)3Br3] (154 mg, 0.200 mmol) and glycerol (6 mg, 0.07 mmol) were
dissolved in acetonitrile (2 mL). After the addition of DBU (53 mg,
0.35 mmol) and one drop of water (0.03 mL) the solution was heated (6 h,
85 8C). The reaction mixture was filtered after cooling to room tempera-
ture. Water was added to the point at which a transient precipitate redis-
solved (ca. 1 mL). In the course of one day, pale yellow crystals formed
on keeping of the solution at 4 8C (39 mg, 0.0313 mmol, 47% yield). The
measured crystal grew from an anhydrous 1:1:3 batch of Re/Glyc/base,
which did not give the typical NMR spectra of the pure trinuclear com-
plex but contained free glycerol as well as uninterpreted signals; a few
crystals grew after the addition of water just to the point where a transi-
ent precipitate redissolved. 13C NMR (67.93 MHz, MeCN, 25 8C): d =


82.7 (CH2), 76.9 (CH) ppm; selected IR bands (KBr): ñ = 2010(m),
1983(s), 1868 (s), 1845(s) cm�1; MS-FAB� : m/z calcd. for C12H5O13Re3 =


[Re3(CO)9 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(GlycH�3)]
2� : 915.8; found 916.8 with a typical Re3 pat-


tern; elemental analysis (%) calcd for C31H40.5N4.5O13Re3: C 30.0, H 3.3,
N 5.1; found: C 29.6, H 3.3, N 4.8.


Table 3. Crystallographic data.


1 2 3 4a 4b 5 6 7


empirical for-
mula


C40H69NO12Re2 C24H36KO17Re2 C37H63NO12Re2 C31H40.50N4.50O13Re3 C21H28NO13Re3 C25H29N2O15Re3 C20H29N2O10Re2 C62H88N6O28Re6


Mr [gmol�1] 1128.389 1008.045 1086.310 1242.797 1031.067 1156.123 829.866 2482.628
crystal size
[mm]


0.25V0.22V0.14 0.28V0.08V0.07 0.36V0.20V0.10 0.18V0.17V0.11 0.08V0.05V0.04 0.15V0.1V0.08 0.18V0.08V0.05 0.15V0.10V0.04


T [K] 200(2) 200(2) 200(2) 200(2) 200(2) 200(2) 200(2) 200(2)
diffractometer Stoe IPDS Stoe IPDS Stoe IPDS KappaCCD KappaCCD KappaCCD KappaCCD KappaCCD
crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic monoclinic orthorhombic monoclinic
space group P21 C2/c C2 P2/n Pbcm P21 P212121 C2
a [T] 13.1068(16) 23.100(14) 16.7594(14) 19.0360(3) 13.4042(2) 12.8610(2) 10.83200(10) 17.3800(4)
b [T] 13.3313(11) 13.876(3) 22.5613(16) 9.23400(10) 9.3686(2) 12.5560(2) 18.6490(2) 24.7230(5)
c [T] 13.3885(16) 22.997(8) 11.2651(12) 21.0590(4) 21.8892(5) 19.3160(4) 24.9750(3) 9.6980(2)
b [8] 89.281(15) 113.45(5) 91.619(11) 98.5010(10) 90 90.2930(9) 90 116.2970(9)
V [T3] 2339.2(4) 6763(5) 4257.8(7) 3661.05(10) 2748.81(10) 3119.16(9) 5045.10(9) 3735.84(14)
Z 2 8 4 4 4 4 8 2
1 [gcm�3] 1.6021(3) 1.9801(15) 1.6947(3) 2.25481(6) 2.56397(9) 2.46196(7) 2.18516(4) 2.20703(8)
m [mm�1] 5.225 7.346 5.738 9.964 13.242 11.687 9.643 9.765
absorption
correction


numerical none numerical numerical numerical numerical numerical none


transmission
factor range


0.2928–0.5091 – 0.2290–0.5533 0.2157–0.3789 0.4938–0.6275 0.2389–0.4295 0.3738–0.6349 –


refls. meas-
ured


13430 19230 15039 37365 28335 38773 45449 25375


Rint 0.0792 0.1211 0.0776 0.0787 0.0755 0.0704 0.0701 0.1301
mean s(I)/I 0.1263 0.1540 0.0975 0.0498 0.0379 0.0774 0.0522 0.0910
q range 1.55–24.15 1.75–24.02 1.81–25.84 3.14–27.46 3.24–27.46 3.16–27.44 3.27–27.57 3.25–27.59
observed refls. 4984 2858 5651 6513 2433 11374 9154 6746
x, y (weighting
scheme)


0.0300, 0 0.0196, 0 0.0482, 0 0.0491, 9.2294 0.0309, 36.9014 0.0418, 0 0.0111, 12.8528 0.0521, 23.1749


Flack parame-
ter


0.026(16) – �0.029(18) – – �0.014(11) �0.006(12) 0.08(2)


refls in refine-
ment


7126 5302 7237 8327 3220 14149 11543 8547


parameters 497 397 471 455 165 812 618 377
restraints 7 18 7 2 6 1 0 23
R ACHTUNGTRENNUNG(Fobs) 0.0422 0.0483 0.0470 0.0411 0.0422 0.0430 0.0347 0.0510
Rw(F


2) 0.0890 0.0876 0.1015 0.1037 0.0982 0.0977 0.0775 0.1394
S 0.831 0.783 0.929 1.030 1.065 1.007 1.029 1.032
shift/errormax 0.005 0.001 0.001 0.002 0.001 0.002 0.002 0.001
max electron
density [e T�3]


1.411 2.156 2.012 1.864 1.890 2.210 1.961 2.259


min electron
density [eT�3]


�1.861 �0.968 �2.181 �2.024 2.027 �1.393 �1.279 �2.219
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ACHTUNGTRENNUNG(NEt4) ACHTUNGTRENNUNG[Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(m3-GlycH�3)] (4b): (NEt4)2[Re(CO)3Br3]
(154 mg, 0.200 mmol) and glycerol (6 mg, 0.07 mmol) were dissolved in
acetonitrile (2 mL). DBU (43 mg, 0.28 mmol) and one drop of methanol
(0.1 mL) were added. The solution was heated to 85 8C for 5 h. After fil-
tration, colourless crystals formed on cooling overnight (29 mg,
0.027 mmol, 39% yield). 13C NMR (67.93 MHz, MeCN, 25 8C): d = 82.7
(CH2), 80.4 (CH3), 76.5 (CH) ppm; selected IR bands (KBr): ñ =


2026(s), 2004 (s), 1897(s), 1861(s) cm�1; MS-FAB� : m/z calcd. for
C13H8O13Re3 = [Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe) ACHTUNGTRENNUNG(GlycH�3)]


�: 930.8; found 930.9 with
a typical Re3 pattern; elemental analysis (%) calcd for C21H28NO13Re3: C
23.8, H 2.7, N 1.3; found: C 24.0, H 2.8, N 1.5.


ACHTUNGTRENNUNG(DBUH)ACHTUNGTRENNUNG[Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(m3-
1C4-Me-b-d-Ribp2,3,4H�3)] (5): (NEt4)2-


ACHTUNGTRENNUNG[Re(CO)3Br3] (154 mg, 0.2 mmol) and Me-b-d-ribopyranoside (11 mg,
0.07 mmol) were dissolved in acetonitrile (2 mL). DBU (43 mg,
0.28 mmol) and one drop of methanol (0.1 mL) were added. The solution
was heated to 85 8C for 3 h, cooled and filtered. Water was added drop-
wise just to the point where a transient precipitate redissolved. Colour-
less crystals of 5 formed over the course of 1 h (35 mg, 0.031 mmol, 45%
yield). 13C NMR (100.63 MHz, MeCN, 25 8C): d = 102.5 (C1), 81.2 (m3-
OMe), 79.3 (C2), 78.6 (C4), 72.0 (C3), 63.4 (C5), 55.3 (OMe) ppm; select-
ed IR bands (KBr): ñ = 2028(m), 2005(s), 1896(s), 1883 (s) cm�1; MS-
FAB� : m/z calcd. for C16H12O15Re3 = [Re3(CO)9 ACHTUNGTRENNUNG(m3-OMe)(Me-b-d-
RibpH�3)]


�: 1002.9; found 1002.3 with a typical Re3 pattern; elemental
analysis (%) calcd for C25H29N2O15Re3: C 26.0, H 2.5, N 2.4; found: C
26.4, H 2.8, N 2.3.


ACHTUNGTRENNUNG(NEt4) ACHTUNGTRENNUNG[Re2(CO)6(l-ThreH�3)]·MeCN (6): (NEt4)2[Re(CO)3Br3] (154 mg,
0.200 mmol) and l-threitol (12 mg, 0.10 mmol) were dissolved in acetoni-
trile (2 mL), and DBU (45 mg, 0.30 mmol) was added. The solution was
heated to 85 8C for 3.5 h. A colourless precipitate formed after some mi-
nutes and redissolved on continued heating. The solution was cooled to
room temperature and filtered. Water was added dropwise just to the
point where a transient precipitate redissolved. On standing overnight, a
few colourless crystals grew.—A solution that contained 6 as the main
species in terms of NMR spectra was obtained by using more DBU
(61 mg, 0.40 mmol). 13C NMR (100.52 MHz, MeCN, 25 8C): d = 77.7 (C2/
3), 69.9 (C1/4) ppm.


ACHTUNGTRENNUNG(NEt4)2 ACHTUNGTRENNUNG(DBUH)2 ACHTUNGTRENNUNG[Re6(CO)18(d-ArabH�5)2] (7): (NEt4)2[Re(CO)3Br3]
(154 mg, 0.2 mmol) and d-arabitol (11 mg, 0.07 mmol) were dissolved in
acetonitrile (2 mL). DBU (43 mg, 0.28 mmol) and 1 drop of methanol
(0.1 mL) were added. The solution was heated to 85 8C for 3.5 h, cooled
and filtered. Colourless crystals of 7 formed overnight. Selected IR
bands (KBr): ñ = 2001 (s), 1837 (s), 1644(m) cm�1; MS-FIB� : m/z calcd.
for C28H14O28Re6 = [Re6(CO)18 ACHTUNGTRENNUNG(ArabH�5)]


4� : 1915.6; found: 1917.4 with
a typical Re6 pattern = [Re6(CO)18ACHTUNGTRENNUNG(ArabH�5)]


4�+2H+ and 2047.5 with a
typical Re6 pattern = [Re6(CO)18ACHTUNGTRENNUNG(ArabH�5)]


4�+2H++NEt4
+ ; elemental


analysis (%) calcd for C62H88N6O28Re6: C 30.0, H 3.6, N 3.4; found: C
30.2, H 3.5, N 3.8.


Spectroscopy : 13C{1H} spectra were recorded with 1 mL of filtered reac-
tion mixture in a 5 mm tube. Equipment used: 13C NMR: Jeol EX-400,
GSX 270, 400e; mass spectra: Jeol JMS-700 (ionisation method: FAB�);
IR: Jasco FT/IR-460plus. NMR shift differences are given according to
Dd = d ACHTUNGTRENNUNG(complex)�d(free polyol). Only NMR signals of the anionic parts
of the compounds are considered throughout the Experimental Section
and Table 1 and Table 2.


Crystal structure determination and refinement : Crystals suitable for X-
ray crystallography were selected with the aid of a polarization micro-
scope, mounted on the tip of a glass fibre and investigated either on a
Nonius KappaCCD diffractometer with graphite-monochromated MoKa


radiation (l = 0.71073 T) or a Stoe IPDS diffractometer with the same
radiation. The structures were solved by Direct Methods (SIR 97,
SHELXS) and refined by full-matrix, least-squares calculations on F2


(SHELXL-97). Anisotropic displacement parameters were refined for all
non-hydrogen atoms. The numbers of restraints given refer to ISOR and
DFIX restraints. Crystallographic data are listed in Table 3.


CCDC-292785 (1), CCDC-292786 (2), CCDC-292787 (3), CCDC-292788
(4a), CCDC-292789 (4b), CCDC-292790 (5), CCDC-292791 (6) and
CCDC-292792 (7), contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.
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Squaraine-Derived Rotaxanes: Highly Stable, Fluorescent Near-IR Dyes


Easwaran Arunkumar, Na Fu, and Bradley D. Smith*[a]


Introduction


Molecular bioimaging is a rapidly developing technology
that is expected to improve human health in a variety of
ways, such as, the early identification of disease, facile moni-
toring of treatment efficacy, and acceleration of the drug-
discovery process.[1] Optical imaging using fluorescent
probes is a relatively recent approach compared with more
established methods like radioimaging or magnetic reso-
nance imaging (MRI). The obvious limitation with optical
imaging is restricted tissue penetration, however, it is pre-
dicted that low-energy, near-IR (NIR) radiation can pass
through 10–20 cm of tissue.[2] Major advances in tomograph-
ic three-dimensional reconstruction are also helping optical
imaging to become a more feasible proposition.[3] At pres-


ent, only a limited number of fluorescent NIR dyes are
available for development into bioimaging agents, and con-
tinued progress in optical imaging will require the invention
of new NIR fluorophores that exhibit improved perform-
ance in biological media. For bioimaging purposes, an ideal
NIR dye should have high chemical stability, high photosta-
bility, excellent photophysical properties, insensitivity to self
and biomolecular quenching, low phototoxicity, low chemi-
cal toxicity, and suitable chemical functionality for bioconju-
gation. Another desirable property is the ability to construct
multivalent probes, that is, molecular beacons with dendritic
structures consisting of a core chromophore that emits in
the NIR region and a periphery of functional groups that
can interact with biological targets (especially membrane-
bound receptors) in a multivalent fashion. Nanoparticles
and quantum dots have this sort of architecture and are
under active investigation as imaging agents, but this tech-
nology is limited by slow diffusion of these relatively large
probes to the target tissue, and their potential to elicit im-
munogenic responses in vivo. In addition, the constituents of
quantum dots can be cytotoxic, especially upon irradiation.[4]


There is a need for small organic NIR dyes that possess the
same favorable photophysical properties as quantum dots
but do not have the undesirable slow diffusion or toxicity
properties. At present, there is no organic NIR dye that has
all of these desirable properties.[5]
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This report focuses on squaraine dyes, a family of NIR
fluorophores with photophysical properties that are appro-
priate for many biomedical applications.[6] Squaraines have a
donor–acceptor–donor structure that can be represented by
the resonance structures A, B, and C. The central cyclobu-
tene ring is electron deficient and susceptible to nucleophilic
attack at the equivalent 2 and 4 positions (see arrows in
Scheme 1), which limits the use of sqauraines.[6e,f] Another


drawback is their tendency to form nonfluorescent aggre-
gates in water. We have discovered that both problems can
be greatly attenuated by encapsulating the dye inside an
amide-containing macrocycle.[7] In other words, the squar-
aine (1) becomes the thread component in a Leigh-type ro-
taxane, a permanently interlocked molecule (2 and 3).[8] Our
preliminary communication on this topic included X-ray
crystal structures of rotaxanes 2a and 2c. In both cases, the
surrounding macrocycle sits perfectly over both faces of the
electrophilic cyclobutene core of the squaraine thread and
blocks attack at the ring by strong nucleophiles like hydrox-
ide and thiols (see Figure 1 below).[7] The steric protection
provided by the surrounding macrocycle also explains why
there is no aggregation-induced broadening of absorption or
self-quenching of fluorescence. Even when aggregated, the
inner squaraine chromophores are unable to get close
enough to interact.


Here, we disclose two new rotaxanes, the analogue 2b,
which contains four tri(ethyleneoxy) chains that greatly en-
hance water solubility and allow characterization in biologi-
cal media, and rotaxane 3, which is an isomer of 2a that dif-
fers by having an encapsulating macrocycle with transposed
carbonyl groups. We compare the stabilities of these com-
pounds in various solvents, including serum, with the com-
mercially available cyanine dye 4. We find that the squar-
aine rotaxane architecture of 2 is remarkably resistant to
chemical and photochemical degradation, and likely to be
very useful as a versatile fluorescent scaffold for construct-
ing various types of highly stable, NIR imaging probes.


Results and Discussion


Molecular designs : Our preliminary studies showed that the
pyridyl-containing macrocycle in rotaxane 2c protected the
squaraine thread slightly better than the isophthalamide-
containing macrocycle in analogue 2a.[7] X-ray crystal struc-
tures indicated that the pyridyl-containing macrocycle forms
internal hydrogen bonds between the pyridyl nitrogen and
the two adjacent amide NH residues, which contracts the
macrocycle and wraps it more tightly around the cyclobu-
tene core of the squaraine thread. The limited solubility of
2c in mixed aqueous/organic solvents prevented a quantita-
tive evaluation of its long-term stability; therefore, rotaxane
2b, with four peripheral tri(ethyleneoxy) chains attached to
the squaraine, was designed as a more water-soluble ana-
logue. At present, most optical-imaging studies employ cya-
nine dyes.[1,2] Thus, it was of interest to compare the stability
of 2b with a representative cyanine dye. Compound 4 was
chosen for this comparison primarily because of its commer-
cial availability and its similar absorption/emission wave-
lengths.


Scheme 1. Resonance structures (A, B, and C) of squaraines. The arrows
show where the central cyclobutene ring is susceptible to nucleophilic
attack.
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The other new molecular design that is reported here is
rotaxane 3, an isomer of 2a that differs in the location of
the four carbonyl groups on the surrounding macrocycle.
Rotaxane 2a employs a normal Leigh-type macrocycle with
electron-rich 1,4-xylylene units; whereas, the macrocycle in
3 incorporates electron-deficient 1,4-phthaloyl units.[9] The
goal was to determine if rotaxane 3 can be synthesized, and
if so, to compare its structure and photochemical properties
with isomer 2a. In other words, what are the effects of “re-
versing” the aromatic electron density in the surrounding
macrocycle?


Synthesis and structure : Rotaxanes 2 and 3 were prepared
by using the templated amide macrocylization chemistry de-
veloped by Leigh and co-workers.[8,9] Squaraine dyes 1a,b
were obtained by reacting aniline derivatives 5a,b and squa-
ric acid under azeotropic distillation conditions
(Scheme 2).[10] The purified dyes were treated with an ap-


propriate mixture of diacid dichloride and xylylenediamine
under high-dilution conditions to consistently give rotaxanes
2a and 2b in yields of 30–35% and 3 in 9% yield. Although
these yields are fairly low, it should be remembered that in
each case the one-pot reaction forms four covalent bonds
and captures five molecular components. Our observation
that the reaction yield for 3 is significantly less than that for
isomeric architecture 2 agrees with the reactivity trend re-
ported by Leigh.[9]


The X-ray crystal structure of 3 is illustrated in Figure 1,
along with the previously reported structure for 2a.[7] In
both cases, the four macrocyclic NH residues form bifurcat-
ed hydrogen bonds with the two squaraine oxygen atoms. In
addition to the expected variations in macrocycle conforma-
tion produced by the different conjugation patterns, there is
a major difference in macrocycle orientation relative to the
squaraine thread. In the case of 2a, the two 1,4-xylylene
units are positioned exactly over both faces of the central,
electron-deficient cyclobutene ring, whereas the equivalent
1,4-phthaloyl units in 3 are staggered such that they avoid
the central cyclobutene ring and partially overlap with the
adjacent electron-rich, squaraine anilinium rings. It appears
that an important structural factor with both rotaxane archi-


tectures is the maximization of favorable, aromatic stacking
interactions between the surrounding macrocycle and the
squaraine thread. Unlike rotaxane 2a, isomer 3 is poorly
soluble in weakly polar solvents, which prohibited attempts
to conduct low-temperature NMR spectroscopic studies.
The difference in rotaxane solubilities is surprising because
in both cases, the solid-state structures show all four NH res-
idues involved in internal hydrogen bonds.


Photophysical properties : As expected, rotaxane 2b, with its
four tri(ethyleneoxy) chains, exhibits improved solubility in
aqueous systems compared with 2a and 2c, but nonetheless,
it is not completely water soluble. For example, a solution of
2b (5.8 mm) in 100% aqueous solution can be prepared by
using sonication, but it precipitates after sitting overnight,
which hinders studies of long-term stability. To circumvent
this precipitation problem, all measurements in aqueous sol-
ution included 20% THF.


Scheme 2. Conditions: a) squaric acid, benzene/n-butanol (2:1), reflux;
b) 2,6 pyridinedicarbonyl dichloride or isophthaloyl dichloride, p-xylyle-
nediamine, TEA, CHCl3; c) terephthaloyl chloride, m-xylylenediamine,
TEA, CHCl3. Figure 1. X-ray crystal structures of a) 2a (reprinted with permission


from reference [7] ; copyright (2005) American Chemical Society) and
b) 3. Both structures are shown from two views, side and top. Intramolec-
ular hydrogen-bond lengths [M] and angles [8] in 2a are 3.05, 165; 2.80,
163; 3.02, 163; 2.76, 164, and in 3 are 3.04, 139; 3.16, 152. A color version
of this picture is available in the Supporting Information.
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The absorption and emission properties for compounds 1–
4 in different solvent mixtures are listed in Table 1. In dry
THF, all of the squaraine derivatives absorb strongly at


around labs=640 nm (loge�5.7) and emit at around lem=


660 nm with high quantum yields in the range of Ff=0.61–
0.67. In comparison, the cyanine dye 4 exhibits an absorp-
tion maximum at labs=610 nm and a shoulder band at labs=


565 nm, indicating that the dye forms a nonfluorescent H-
type aggregate (head-to-head stacking), which explains why
the fluorescence quantum yield is only 0.03.[11] In the more
polar solvent mixture of water/THF (4:1) the absorption
and emission maxima of the squaraine derivatives are red-
shifted by about 10–15 nm, which is in accordance with pre-
vious theoretical and experimental results.[12] A notable ob-
servation is the high fluorescence quantum yields for squar-
aine 1b and related rotaxane 2b even in aqueous solution,
whereas, squaraine 1a forms nonfluorescent aggregates.
Thus, the presence of the four tri(ethyleneoxy) chains ap-
pears to greatly diminish dye aggregation.[13] The susceptibil-
ity of rotaxane 2b to biological quenchers was evaluated by
addition of an excess of tryptophan (30 mm), which reduced
the fluorescence intensity by a negligible amount.[14] Thus,
rotaxane 2b is predicted to be quite resistant to quenching
in biological media.


Chemical and photochemical stability : Previously, we re-
ported that squaraine 1a is susceptible to nucleophilic
attack by thiols, whereas, rotaxane 2a is quite stable for
months under the same conditions.[7] Here, we expand the
stability profile by first describing hydrolytic bleaching ex-
periments with squaraine derivatives 1–3 at different values
of pH and temperature. These bench-top studies were con-
ducted in the presence of laboratory lights.


The pH study monitored the change in the absorption and
emission spectra of each dye in water/THF (4:1) over a pH
range of 1.5 to 12. The chromophores of squaraine 1b and
rotaxane 3 were readily destroyed in basic solution but were


moderately stable in acid. In contrast, solutions of rotaxane
2b were completely stable for days over the entire pH
window. The enhanced stability of 2b relative to 3 is notable
and is consistent with the idea that the surrounding macro-
cycle sterically hinders nucleophilic attack at the central cy-
clobutene core of the squaraine thread. The macrocycle in 3
is less effective because it leaves the cyclobutene unit parti-
ally exposed.


The temperature study produced essentially the same sta-
bility trend. As shown in Figure 2, the hydrolytic decomposi-
tion of cyanine 4, and especially squaraine 1b, increases sig-
nificantly with temperature; whereas, rotaxane 2b is quite
stable at 60 8C and pH 7.


An important technical problem with fluorescence imag-
ing is photobleaching, which leads to loss of signal. The sus-
ceptibility of compounds 1–4 to photobleaching was meas-
ured in the following way. In each case, a quartz cuvette
containing a solution of dye in water/THF (4:1) was exposed
to light irradiating from a 60 W tungsten filament bulb at a
distance of 30 cm. The changes in the absorption and emis-
sion spectra for the separate samples are shown in Figure 3.
The rotaxane 2b was essentially unchanged over a five hour
irradiation period; whereas, compounds 1b, 3, and 4 under-
went extensive bleaching. The resulting decay curves were
fitted to a first-order kinetic model and the following first-
order rate constants were extracted: 1b, 8.54N10�2 min�1; 3,
3.621N10�2 min�1; 4, 7.57N10�3 min�1. These decay rates are
only about two times faster than the rates obtained in the
presence of weak laboratory lights, which indicates that
strong irradiation does not greatly accelerate dye bleaching.
The data further demonstrate that the steric protection pro-
vided by the surrounding macrocycle in rotaxane 2b is much
greater than that provided by the macrocycle in rotaxane 3.


Table 1. The absorption and emission properties for compounds 1–4 in
different solvent mixtures.


Solvent Compound labs loge lem
[a] Ff


[b]


THF 1a 631 5.7 650 0.61
1b 636 5.7 656 0.67
2b 644 5.7 667 0.66
3 644 5.7 672 0.61
4 610, 565 4.3 628 0.03


water/THF (4:1) 1a 737, 540 5.6 671 0.0001
1b 637 5.7 677 0.27
2b 653 5.7 681 0.38
3 655 5.7 678 0.002
4 603, 560 4.7 622 0.003


serum/THF (4:1) 2b 653 5.7 680 0.34
4 605, 561 4.7 628 0.003


[a] Solutions were excited at 580 nm and emission monitored in the
region 600–750 nm for estimating Ff. [b] Fluorescence quantum yields
were determined using 4,4-[bis(N,N-dimethylamino)phenyl]squaraine dye
as the standard (Ff=0.7 in CHCl3), error limit �5%.


Figure 2. Time-dependant variation in absorption maxima of 1b and 2b
(top) and 4 (bottom) in water/THF (4:1) with increasing temperature. A
is the absorbance at time t and A0 is the initial absorbance.
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Stability in serum solution : As a final and more extreme in
vitro test of biological stability, the decomposition of com-
pounds 1–4 was monitored in solutions containing serum.
Separate samples of each dye were prepared in a solvent
mixture of serum/THF (4:1) in which the serum was an 8%
aqueous fetal bovine serum solution. The absorbance and
fluorescence spectra for each sample was monitored over
time. In the cases of squaraine 1b and rotaxane 3, the chro-
mophores were destroyed within seconds after sample prep-
aration (presumably due to attack by the biomolecular nu-
cleophiles present in the serum); whereas, the color associat-
ed with cyanine 4 disappeared over a few minutes. In dra-
matic contrast, the absorption and emission spectra for ro-
taxane 2b were unaltered after standing for several days on
a laboratory bench top.


Conclusion


Squaraines have promising photophysical properties as fluo-
rescent NIR dyes, but their utility in optical bioimaging ap-
plications is limited by their susceptibility to chemical attack
by nucleophilic biomolecules. Permanent encapsulation of a
squaraine dye, as the thread component in a Leigh-type ro-
taxane, provides tremendous chemical stabilization as seen
with squaraine rotaxane 2b. This compound can sit on the
bench top, in the presence of serum, for many weeks with-
out apparent degradation, which makes it one of the most
stable, organic NIR dyes ever reported. The rotaxaneOs en-
hanced stability is due to the surrounding macrocycle that
sits perfectly over both faces of the electrophilic cyclobutene
core of the squaraine thread and blocks nucleophilic attack.
The steric protection provided by the macrocycle depends
on its precise molecular structure, which controls its orienta-
tion relative to the encapsulated squaraine. For example, the
macrocycle in rotaxane 3 does not perfectly cover the cen-
tral cyclobutene core of its squaraine thread and so the dye


is more susceptible to bleaching through nucleophilic attack.
Future synthetic efforts will attempt to prepare analogues of
2b that can be converted into practical, useful fluorescent
bioconjugates.


Experimental Section


Measurements : 1H and 13C NMR spectra were recorded by using Varian
Unity Plus spectrometers. Fast atom bombardment (FAB) mass spectra
(MS) were recorded on a JEOL AX 505 HA instrument.


Procedure to synthesize squaraine dyes (1a,b): The dibenzylaniline deriv-
ative 5a or 5b (0.67 mmol) was added to a solution of squaric acid
(38 mg, 0.34 mmol) in a mixture of n-butanol (15 mL) and benzene
(30 mL) in a 100 mL round-bottomed flask equipped with Dean–Stark
apparatus. The reaction mixture was left at reflux, while the water
formed in the reaction mixture was trapped in the Dean–Stark apparatus.
After 12 h the deep-green reaction mixture was concentrated to remove
the solvent and the crude product was precipitated by adding hexane
(30–40 mL). After filtering, the product was washed several times with
hexane to give the dark green squaraine dye, which was further purified
by using column chromatography over silica gel with MeOH/CHCl3
(1:19) as the eluent.


Dye 1a :[7a] Yield 35%; 1H NMR (500 MHz, CDCl3, TMS): d=4.80 (s,
8H), 6.87 (d, J=9 Hz, 4H), 7.19–7.38 (m, 20H), 8.36 ppm (d, J=9 Hz,
4H); 13C NMR data were not acquired because of poor solubility; FAB-
MS (NBA matrix): m/z : 626 [M+H]+ .


Dye 1b : Yield 37%; 1H NMR (300 MHz, CDCl3, TMS): d=3.37 (s, 12H;
-OCH3), 3.55 (t, J=4.5 Hz, 8H; -OCH2), 3.64–3.75 (m, 24H; -OCH2),
3.86 (t, J=4.8 Hz 8H; -OCH2), 4.12 (t, J=4.8 Hz, 8H; -OCH2), 4.69 (s,
8H; -Ph-CH2), 6.89 (d, J=8.7 Hz, 12H; aromatic), 7.09 (d, J=8.7 Hz,
8H; aromatic), 8.38 ppm (d, J=9.3 Hz, 4H; aromatic); 13C NMR
(150 MHz, CDCl3, TMS): d=53.2, 59.1, 67.5, 69.7, 70.6, 70.7, 70.8, 71.9,
113.1, 115.2, 120.7, 127.8, 127.9, 133.6, 155.1, 158.4, 183.1, 189.9 ppm;
FAB-MS (NBA matrix): m/z : 1274 [M+H]+ .


Procedure to synthesize squaraine rotaxanes 2a–c and 3 : Clear solutions
of the corresponding diacid dichloride (1.28 mmol) and diamine
(1.28 mmol) in chloroform (5 mL) were simultaneously added dropwise,
by using a mechanical syringe pump (kd Scientific) apparatus, over five
hours to a stirred solution of 1 (0.32 mmol) and triethylamine (TEA;
3.2 mmol) in CHCl3 (40 mL). After stirring overnight, the reaction mix-
ture was filtered through a pad of Celite to remove any polymeric mate-


Figure 3. Change in absorption (top) and emission (bottom) spectra for solutions (5.8 mm) of 1b, 2b, 3, and 4 in water/THF (4:1) mixture exposed to a
60 W bulb light. Measurements were recorded at 30 min intervals.
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rial, and the resulting crude product was subjected to chromatography by
using a silica column and a mixture of methanol/chloroform (1:19) as the
eluent.


Rotaxane 2a :[7a] Yield 30%; TLC: Rf=0.5 (methanol/chloroform 1:19);
1H NMR (500 MHz, CDCl3, TMS): d=4.38 (d, J=5 Hz, 8H; -Ph-CH2


(wheel)), 4.79 (s, 8H; -Ph-CH2 (thread)), 6.47 (d, J=9 Hz, 4H; thread),
6.66 (s, 8H; wheel), 7.16 (d, J=8 Hz, 8H; thread), 7.37 (t, J=7 Hz, 4H;
thread), 7.41 (t, J=8 Hz, 8H; thread), 7.51 (t, J=8 Hz, 2H; wheel), 7.69
(d, J=10 Hz, 4H; thread), 8.06 (t, J=10 Hz, 4H; -NH), 8.20 (d, J=
10 Hz, 4H; wheel), 9.22 ppm (s, 2H; wheel); 13C NMR (125 MHz,
CDCl3, TMS): d=44.1, 54.6, 113.2, 118.7, 124.5, 126.4, 128.2, 129.1, 129.2,
129.3, 131.6, 133.1, 133.9, 135.2, 136.4, 155.3, 166.0, 183.1, 184.9; FAB-MS
(NBA matrix): m/z : 1158 [M+H]+ .


Rotaxane 2b : Yield 34%; TLC: Rf=0.3 (methanol/chloroform 1:19);
1H NMR (300 MHz, CDCl3, TMS): d=3.37 (s, 12H; -OCH3), 3.55 (t, J=
4.4 Hz, 8H; -OCH2), 3.64–3.75 (m, 24H; -OCH2), 3.89 (t, J=4.8 Hz, 8H;
-OCH2), 4.17 (t, J=4.8 Hz, 8H; -OCH2), 4.50 (d, J=5.7 Hz, 8H; -Ph-
CH2 (wheel)), 4.56 (s, 8H; -Ph-CH2 (thread)), 6.28 (d, J=9.6 Hz, 4H;
thread), 6.56 (s, 8H; wheel), 6.92 (d, J=9 Hz, 8H; thread), 6.99 (d, J=
8.7 Hz, 8H; thread), 8.02 (t, J=7.8 Hz, 2H; wheel), 8.07 (d, J=9.3 Hz
4H; thread), 8.40 (d, J=8.1 Hz, 4H; wheel), 9.89 ppm (t, J=5.9 Hz, 4H;
-NH); 13C NMR (150 MHz, CDCl3, TMS): d=43.2, 53.4, 59.0, 67.5, 69.7,
70.5, 70.6, 70.8, 71.9, 112.5, 115.1, 119.6, 125.1, 127.5, 127.8, 128.9, 133.5,
136.6, 138.6, 149.3, 154.8, 158.5, 163.4, 184.9, 185.5 ppm; FAB-MS (NBA
matrix): m/z : 1810 [M+H]+ .


Rotaxane 2c :[7a] Yield 30%; TLC: Rf=0.5 (methanol/chloroform 1:19);
1H NMR (500 MHz, CDCl3, TMS): d=4.50 (d, J=6 Hz, 8H; -Ph-CH2


(wheel)), 4.67 (s, 8H; -Ph-CH2 (thread)), 6.26 (d, J=9 Hz, 4H; thread),
6.66 (s, 8H; wheel), 7.11 (d, J=9 Hz, 8H; thread), 7.34–7.41 (m, 20H;
thread), 7.99 (t, J=8 Hz, 4H; wheel), 8.06 (d, J=9 Hz, 4H; thread), 8.37
(d, J=8 Hz, 4H; wheel), 9.86 ppm (t, J=6 Hz, 4H; -NH); 13C NMR
(125 MHz, CDCl3, TMS): d=43.4, 54.5, 112.7, 120.0, 125.3, 126.6, 128.2,
129.0, 129.4, 133.8, 135.7, 136.9, 138.7, 149.4, 155.1, 163.6, 185.0, 186.3;
FAB-MS (NBA matrix): m/z : 1159 [M+H]+ .


Rotaxane 3 : Yield 9%; TLC: Rf=0.5 (methanol/chloroform 1:19);
1H NMR (800 MHz, DMSO, TMS): d=4.43 (d, J=5.6 Hz, 8H; -Ph-CH2


(wheel)), 4.80 (s, 8H; -Ph-CH2 (thread)), 6.23 (d, J=8.8 Hz; 4H, thread),
6.93 (s, 8H; wheel), 6.97 (t, J=7.6 Hz, 2H; wheel), 7.2 (d, J=8 Hz, 4H;
wheel), 7.24–7.26 (m, 12H; thread), 7.35 (t, J=7.2 Hz, 4H; thread), 7.43
(t, J=7.6 Hz, 4H; thread), 7.7 (s, 2H; wheel), 8.28 ppm (t, J=6 Hz, 4H;
-NH); 13C NMR data were not acquired because of poor solubility; FAB-
MS (NBA matrix): m/z : 1158 [M+H]+ .


X-ray crystallographic structure determinations


Rotaxane 3 : Crystallization was carried out in dimethylformamide
(DMF)/diisopropyl ether (1:1). Molecular formula=C88H92N10O10; Mr=


1449.72; crystal size=0.43N0.11N0.06 mm3; monoclinic; space group
P21/c ; translucent blue needles; a=9.8115(4), b=16.4125(6), c=
24.0231(10) M; b=99.994(3)8 ; V=3809.8(3) M3; Z=2; 1calcd=


1.264 mgm�3. Crystals were examined under a light hydrocarbon oil. The
crystal was affixed to a thin glass fiber mounted atop a tapered copper
mounting pin and transferred to the 100 K nitrogen stream of a Bruker
APEX diffractometer equipped with an Oxford Cryosystems 700 series
low-temperature apparatus. Cell parameters were determined with Cell_-
Now by using reflections harvested from three sets of twenty 0.38 w


scans. The orientation matrix derived from this was passed to COSMO to
determine the optimum data-collection strategy. Average fourfold redun-
dancy was achieved by using four w scan series. Data were measured to
0.80 M. Cell parameters were refined by using 5480 reflections with I=
10s(I) and 2.128=s=23.128 harvested from the entire data collection. In
total, 70216 reflections were measured, 12323 unique, 7395 observed, I>
2s(I). All data were corrected for Lorentz and polarization effects and
runs were scaled by using TWINABS. The structure was solved by using
data from the dominant component and refined against data from all
three components. The scale factors for the second and third components
are 0.3274(14) and 0.1938(14), respectively. The asymmetric unit contains
a 1=2 molecule each of the squaraine and macrocycle. In addition, there
are two molecules of DMF. The complete structure is generated by inver-
sion. Hydrogen atoms were placed at calculated geometries and allowed


to ride on the positions of the parent atoms. All non-hydrogen atoms
were refined with parameters for anisotropic thermal motion. There were
no significant peaks in the final difference map; the largest peak=
0.26 eM�3. The deepest hole was of similar magnitude, 0.25 eM�3.


CCDC-297976 (3) contains the supplementary crystallographic data for
this paper. This data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Transition-metal hydrides have received substantial atten-
tion over the past two decades for their role in formation,


activation, and storage of hydrogen.[1] Particularly relevant
to biology and catalysis are hydrogenation processes at dinu-
clear frameworks. In this context, we mention our recent
DFT and NMR mechanistic study of the double reversible
activation of H2 over the Rh2S2 core.[2] At the biological
level, the hydrogenases are comparably functional. In partic-
ular, the active site of Fe-only hydrogenases features a coop-
erative pair of iron centers, which in the early stage involve
a bridging hydride intermediate.[3] Rauchfuss et al., in devel-
oping models of the latter, demonstrated that the Fe�Fe dis-
tance elongates by about 0.05 - when the anion [Fe2-
ACHTUNGTRENNUNG(S2C3H6)(CN)(CO)4ACHTUNGTRENNUNG(PMe3)]


� is protonated in the bridging
region.[4]


Hydrido-bridged M�M bonds have received much theo-
retical attention, aimed to provide an adequate description
of the electron redistribution at the three centers.[5] Howev-
er, there are only a few structural reports on pairs of bimet-
allic precursors and hydrogenated derivatives, a selection of
which is given in reference [6]. Elongation of the M�M dis-


Abstract: Protonation across the
metal–metal bond in the complexes
[(CO)2M ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2) ACHTUNGTRENNUNG(m-H)-
ACHTUNGTRENNUNGM(CO)2] (M=Fe or Ru, dppm=


Ph2PCH2PPh2) induces M�M bond
shortening of up to about 0.05 -. DFT
calculations on simplified iron models
reproduce this trend well. Conversely,
the computations show that the M�M
distance in the dimer [{Cp*Ir(CO)}2]
lengthens with two consecutive proto-
nations, but there are no crystal struc-
ture determinations to highlight the ef-
fects on the Ir�Ir bond. DFT calcula-
tions and the analogous cobalt system
confirm that the transformation of a
two-electron, two-center (2e–2c) bond
into a 2e–3c bond is accompanied by


the predicted elongation. An MO anal-
ysis indicated similar nature and evolu-
tion of the M�M bonding these cases.
In particular, the HOMOs of the
mono-hydrido cations [Cp(CO)M ACHTUNGTRENNUNG(m-
H)M(CO)Cp]+ (M= Ir, Co) have evi-
dent M�M bent-bond character, and
hence subsequent protonation invaria-
bly causes a decrease in the bond
index. The Fe2 and Co2 systems have
also been analyzed with the quantum
theory of atoms in molecules


(QTAIM) method, but in no case was
an M�M bond critical point located
unless an artificially shorter M�M dis-
tance was imposed. However, the
trends for the atoms-in-molecules
(AIM) bond delocalization indexes
dM�M ACHTUNGTRENNUNG confirm the overall M�M bond
weakening on protonation. In conclu-
sion, all the computational results for
the iron system indicate that the para-
digm of a direct correlation between
bond strength and distance is not
always applicable. This is attributable
to a very flat potential energy surface
and various competing effects imposed
by the bridging ligands.
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tance is generally predictable, since the two-electron, two-
center (2e–2c) bond transforms into a 2e–3c one. In con-
trast, Puddephatt et al.[7] first pointed out the unexpected
shortening of an Rh�Co bond on protonation (from
2.6858(2) to 2.6480(8) -). The structures of parent dimer
[(CO)Rh ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-dppm)2Co(CO)] (dppm=Ph2PCH2PPh2)
and its protonated derivative are shown in Figure 1 (data


obtained from the Cambridge Structural Database[8]). Theo-
retical analysis of this heterodinuclear system, which ap-
proximately combines a T-shaped RhL3) and a trigonal-pyr-
amidal CoL4 fragment, is complicated by the semibridging
CO ligand and lack of symmetry.


One covalent or dative M�M s bond must be present in
the unprotonated precursor (possibly, a d9–d9 or d8–d10 com-
bination of metal configurations). Following protonation,
the metal s hybrids reorient somewhat toward the H bridge
and form a 2e–3c bond, as indicated by the bending of the
Co-Rh-(CO)term group and the more symmetrically bridging
CO. For the precursor, the Rh=Co bond suggested by the
total electron count of 32 is inconsistent with the orientation
of the fragments which does not allow dp–pp overlap be-
tween Co and the planar-coordinated Rh centers. It was
originally suggested[7] that protonation could activate a dor-
mant M=M bond, but this remained unsupported by a sub-
sequent theoretical analysis.[9] According to the latter, even


the presence of a M�M s bond in the precursor can be seri-
ously questioned owing to the lack of a suitable HOMO[10]


and the absence of the corresponding bond critical point
(bcp; AIM analysis[11]). Thus, the shortening of the distance
in the protonated derivative would simply stem from a
newly formed 2e–3c interaction.[9] In the dirhodium ana-
logue, the Rh�Rh distance is unaffected by protonation
(2.739(1) versus 2.731(2) -).[12] In this case, a quantum
theory of atoms in molecules (QTAIM) analysis of the pre-
cursor showed that, on rearranging the CO bridge from
symmetric to semibridging, the Rh�Rh bcp disappears.[13] In
conclusion, an irrefutable explanation of the effects of M�M
bond protonation is not available yet. In particular, the
QTAIM approach seems to have evident difficulties in clari-
fying the nature of M�M bonding, especially in the presence
of CO ligands, which subtract a significant amount of elec-
tron density away from the intermetallic region.[14]


The structures of the complexes [(CO)2M ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-
PtBu2) ACHTUNGTRENNUNG(m-H)M(CO)2] (M=Fe (1),[15] Ru (2)[16]) and
[(CO)3M ACHTUNGTRENNUNG(m-PtBu2)ACHTUNGTRENNUNG(m-CO)M(CO)3]


� (M=Fe (3)[17]) together
with those of their H-bridged derivatives (4–6, in that
order),[17,18] provide new examples of M�M bond shortening
on protonation. The extent of the effect (almost 0.05 - in
most cases) and the relatively symmetric metal environ-
ments encouraged us to perform specific DFT and AIM
analyses to evaluate the electronic underpinnings of the phe-
nomenon, especially by focusing on the diiron species 1 and
4. By idealizing the H bridges as protons and the phosphido
anion as a four-electron donor, the dimers consist of two


connected L4M d8 fragments, isolobal with CH2.
[19] Thus, an


Fe=Fe bond could exist in the hypothetical monoanionic
precursor [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]


� (7) with s


and p components analogous to those of the C=C bond in
ethylene.


Figure 2 illustrates the above-mentioned isolobal analo-
gies, which are eventually extended to pairs of Cp(L)M d8


fragments, because the known complex [{Cp*Ir(CO)}2] (8)
has been reported to accept two protons across the Ir�Ir
linkage in two separate steps.[20]


Of the iridium series 8–10, only the precursor has been
structurally characterized. In fact, this species features two


Figure 1. Structures of parent dimer [(CO)RhACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-dppm)2Co(CO)]
(dppm=Ph2PCH2PPh2) and its protonated derivative.
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bridging CO ligands, but spectroscopic evidence suggests
that these are shifted to terminal positions on protona-
tion.[20] It therefore seems challenging to compare with com-
putational methods the behavior of the diiron and diiridium
systems with respect to the effects on the intermetallic dis-
tance.


The analysis is then extended to the analogous dicobalt
system (models 11–13), for which no protonation chemistry
is reported, while there are several structural reports of the
precursor 11 with various substituents on the Cp rings.[21] In
our view, the contiguity of the metals Fe and Co makes the
study of the latter system even more appropriate than that
for the iridium system.


We present systematic DFT calculations for the above-
mentioned dinuclear Fe, Ir, and Co complexes and interpret
the M�M interactions in terms of perturbation theory and
by chemical intuition. Additionally, a QTAIM approach[11]


was adopted, also because the method has been scarcely ap-
plied to 3e–3c bonds formed by two metals and one bridging
hydride. An example is the anion [(CO)5Cr ACHTUNGTRENNUNG(m-H)Cr(CO)5]


� ,
in which the long Cr�Cr distance (ca. 3.3 -) is at the limit
of bonding/nonbonding interactions,[22] and the other relata-
ble study is that on [CpMnHSiCl3], in which the MnHSi ring
contains only one metal center.[23]


Results and Discussion


Iron dimers: mono- and diprotonated species : The first cal-
culations were carried out for models based on the experi-
mental structures of 1 and 4[15, 18] with H atoms replacing all
the bulky substituents on phosphorus. Figure 3 shows opti-
mized models 1a and 4a. The geometries compare satisfac-
torily; in particular, the trend towards a shorter Fe�Fe dis-
tance is respected in the doubly H bridged species (Dr=0.02
versus 0.05 -, in the computed and experimental structures,
respectively).


Consistent results were also obtained for the further sim-
plified models 1b and 4b (Figure 4), in which two PH3 li-
gands replace the bridging dppm. This result excludes that
the origin of this effect is due to the small and constrained
bite angle of the dppm ligand.


The consistency of the simpler and more symmetrical
models facilitates the examination of other subtle effects on


the geometry. For example, 4b
has almost C2v symmetry, while
in 1b (quasi-Cs) the Fe2Pbridge


plane is no longer a mirror
plane, not only because of the
presence of only one H bridge.
In fact, the two Fe ACHTUNGTRENNUNG(PH3)(CO)2
fragments are rotated by about
t=88 around their inner Fe�P
vectors, so that the two L4M s


hybrids are reoriented toward


the single H bridge and favor, in principle, a stronger 2e–3c
bond (s–p rehybridization also occurs, vide infra). Another
noticeable trend is the elongation of all the M�L bonds on
going from 1b to 4b. In fact, the distances Fe�Pbr, Fe�Pterm,
and Fe�CO increase (on average) from 2.19 to 2.23 -, 2.23
to 2.30 -, and 1.78 to 1.81 -, respectively. Correspondingly,
the C�O distances shorten by about 0.02 -, as reflected in
the larger CO wavenumbers (by about 100 cm�1) of the bis-
H derivative. In conclusion, the added proton seems to sub-
tract electron density from the metal centers and hence re-
duces backdonation to both the terminal CO and phosphine
ligands.


Figure 2. Isolobal relationships between L4M d8, methylene, and Cp(L)M d8 fragments.


Figure 3. Optimized models 1a and 4a with computed and average exper-
imental (italic) parameters.
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With the goal of determining the geometric parameters
which directly affect the M�M distance, models 1b and 4b
were optimized again by imposing a fixed Fe�Fe distance
significantly longer (2.65 -) or shorter (2.33 -) than that at
equilibrium. In the latter case, no convergence was obtained
for the bis-H species. In general, the bridging Fe�H and
Fe�P distances undergo modest changes, since the necessary
structural rearrangements occur at the Fe-bridge-Fe angles.
For the mono-H derivative, however, there is an evident
effect on the t rotation of each Fe ACHTUNGTRENNUNG(PH3)(CO)2 fragment (see
Figure 4). This is practically zero at the long separation, but
it is maximized (ca. 128) at 2.33 -. The total energy varia-
tions are rather small in any case. For the bis-H derivative
4b, the elongation of the Fe�Fe distance to 2.65 - causes an
energy increase of 2.7 kcalmol�1. For the mono-H species
1b, the DE values are 2.4 and 1.4 kcalmol�1 at 2.33 and
2.65 -, respectively. Moreover, in the more restricted range
of distances 2.42–2.57 -, the variation of the potential
energy surface (PES) is no more than 0.5 kcalmol�1, and
this suggests a quite flexible intermetallic framework for
both the singly and doubly H-bridged species.


The Mayer bond index[24] of the Fe�Fe bond is significant-
ly greater for 1b than for 4b (0.98 versus 0.75). Also, the
Fe�Fe reduced overlap populations from simple EHMO cal-
culations[25,26] follow the trend (0.27 versus 0.11, for 1b and
4b, respectively) and indicate that bond length and strength
are not directly correlated. A similar conclusion was reached


by us in a previous theoretical analysis for the classical
[M3(CO)12] systems (M=Fe, Ru, Os).[27] In the trinuclear
iron cluster, the unique CO-bridged Fe�Fe bond is shorter
than the unbridged ones in spite of the reversed bond in-
dexes.


Structure of the unprotonated precursor [(CO)2Fe(m-
Ph2PCH2PPh2)ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]


�: The d8–d8 anionic spe-
cies of the type [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2)Fe(CO)2]


� (7)
can be considered as an inorganic analogue of ethylene
(Figure 2). A similar point was raised by Hoffmann, who hy-
pothesized for Fe2(CO)8 the unbridged structure I with a
Fe=Fe bond. As an alternative, the structure II with two CO
bridges was also considered.[19] Later computations showed
that various other conformers are also possible.[28–30]


In the absence of structural information on the hypotheti-
cal precursor of 1 and 4, two isomers were optimized at the
DFT level of theory with one (7a) or two CO bridges (7b ;
Figure 5). Models with discrete PH3 ligands in place of
dppm have consistent geometries.


Complex 7a has a semibridging CO ligand (Fe1-C1-O1
1518), similar to that of the complex in Figure 1[7] and the
dirhodium analogue.[12] On the other hand, the doubly bridg-
ed isomer 7b is energetically disfavored with respect to 7a
by about 18 kcalmol�1, and does not even correspond to a
minimum, in view of two imaginary frequencies. However,
the significantly shorter Fe�Fe distance in 7b (Dd=0.12 -)
suggests multiple-bond character which is not present in 7a,
in which the potential Fe=Fe double bond remains hidden.
In other words, the structure of the most stable unprotonat-
ed precursor is inappropriate for simultaneous s and p


bonding (see Figure 2). Some associated electronic problems
are addressed in the qualitative MO analysis (vide infra).


There is a strong correlation between the computed CO
stretching vibrations and the Fe�CO bond lengths in the
series of model compounds. As expected, the semibridging
or bridging CO ligands have the lowest frequencies, while
those of the terminal CO ligands progressively increase in
going from the unprotonated to the mono- and diprotonated
derivatives. The decreased electron density on the metal
center is consistent with the d8, d7, and d6 configurations at-
tributable to the Fe centers in 7, 1, and 4, respectively. This
is indirectly confirmed also by the protonation energies,
which were roughly estimated by excluding the effects of
the solvent and in the absence of a corresponding base. As
is predictable from the increasing oxidation number, the ad-
dition of the first proton is significantly more exothermic
than that of the second proton (�342.4 and �245.5 kcal
mol�1 for 7a!1a and 1a!4a, respectively).


Figure 4. Optimized models 1b and 4b with computed parameters.
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Protonation of Group 9 dimers [{CpM(CO)}2] and isolobal
main-group analogues : Stepwise protonation of
[{Cp*Ir(CO)}2] (8) yields 9 and 10.[20] The precursor has a
doubly CO bridged structure similar to those of several Co-
based analogues with variously substituted Cp ligands.[21]


DFT calculations were carried out on the precursors and the
protonated derivatives (never structurally characterized) of
both metals to verify the effects on the M�M distance. Un-
substituted Cp ligands were invariably used.


As for the iron precursor 7, two iridium isomers were op-
timized as real minima. The CO-bridged model 8a is slightly
more stable (by 1.1 kcalmol�1) than the one with terminal
CO groups (8b) as shown in Figure 6. Remarkably, a signifi-
cantly longer Ir�Ir distance in 8a (2.60 versus 2.51 -) sug-
gests that an actual M=M bond can be realized in the ab-
sence of ligand bridges.


The calculations on the analogous Co-based precursor af-
forded only the bridged structure 11 (not shown), in which
the Co�Co distance is somewhat longer than the experimen-
tal value[21a] (2.360 versus 2.322 -). Other X-ray structures
show that the separation increases with greater bulkiness of
the Cp substituents.[21] This suggests that steric repulsion be-
tween opposite Cp and CO ligands plays an important role
and that the unbridged dicobalt isomer may be considerably
destabilized if the Co�Co distance is as short as that of a
double bond.


The mono- and bis-H derivatives of diiridium (9 and 10,
Figure 7) and dicobalt (12 and 13, not shown) were all opti-
mized as real minima. In the former case, starting from the
unbridged precursor 8b, the Ir�Ir distance progressively in-
creases from 2.51 - to 2.59 (in 9) to 2.72 - (in 10). This is
consistent with two consecutive transformations of a 2e–2c
into a 2e–3c M�M bond.


Since the unprotonated cobalt precursor 11 shows only
the CO-bridged structure, only the final step of protonation
is comparable to that of the iridium system. In any case, the
elongation trend is fully confirmed (from 2.32 to 2.43 -). In
both cases, the Mayer bond indexes[24] (0.98 and 0.81 for 9
and 10 and 0.342 and 0.258 for 12 and 13, respectively) sug-
gest a direct correlation between M�M distance and bond
strength, which does not apply to the diiron system. Another
similarity between the Ir and Co systems concerns the pro-
gressively longer M�C and shorter C�O distances. Thus,
metal backdonation to CO diminishes whenever the added
proton transforms into a hydride.[31] The trend is well reflect-
ed by the CO stretching frequencies.[32]


The M�M distance computed for the protonated deriva-
tive [Cp(CO)Co ACHTUNGTRENNUNG(m-H)Co(CO)Cp]+ (12) is about 0.17 -
shorter than that in [(PH3)(CO)2Fe ACHTUNGTRENNUNG(m-PH2) ACHTUNGTRENNUNG(m-H)Fe(CO)2-
ACHTUNGTRENNUNG(PH3)] (1b) in spite of the almost equal metal radii (D=


0.01 -). The more contracted intermetallic region in the
cobalt species is also reflected by the shorter Co�Hbr distan-


Figure 5. DFT optimized isomers 7a and 7b.


Figure 6. DFT optimized isomers 8a and 8b.
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ces with respect to the Fe�Hbr ones (1.64 versus 1.70 -). On
the other hand, these data are apparently in contrast with
first and second protonation energies of the cobalt species
(�220.4 and �131.5 kcalmol�1, respectively) which are
about 100 kcalmol�1 less exothermic than those of the corre-
sponding iron species. Certainly, the presence of several P
donors in the latter case is responsible for electron richer
metal centers. Other influencing factors are the require-
ments of the bridging phosphido group, which is addressed
below in the MO analysis.


The terminal Cp(CO)M fragments in both the monopro-
tonated Ir and Co species 9 and 11 are rotated by a few de-
grees with respect to the M�M axis, that is, the equivalent
of the t rotation in models 1a and 1b. As pointed out for
the latter, this type of deformation strongly favors better
overlap between the metal s hybrids and the H 1s orbital
and thus results in a more effective (stronger) 2e-3c bond.
In this respect, constrained optimizations of the mono-H
cobalt complex 12 were also carried out at different Co�Co
distances, which were either shorter (2.24 -) or longer
(2.50 -) than the equilibrium distance (2.36 -). Again, a
correlation is observed between the intermetallic distance
and the somewhat different orientation of the terminal frag-
ments (t rotation). Moreover, a very flat PES is observed,
as indicated by the DE values of +0.6 and +1.4 kcalmol�1


at the shortest and longest Co�Co separations, respectively.
Finally, in view of the analogy between d8 ML4 and CR2


fragments (see Figure 2), the bonding in the present metal
dimers is comparable to that in olefins.[19] Accordingly, the


single and double protonation of the C=C bond of ethylene
was computationally tested by systematically optimizing the
species C2H4/C2H5


+/C2H6
2+ , all of which were found to be


minima. The progressive elongation of the C�C distance
from 1.33 to 1.38 to 1.54 - confirms that transformation of
a 2e–2c into a 2e–3c bond weakens the interaction between
the backbone atoms.


Qualitative MO analysis : Since the counterintuitive re-
sponse to protonation on the diiron system is well repro-
duced by the DFT calculations, a detailed orbital analysis
may highlight the electronic origin of the phenomenon, es-
pecially in comparison with the normal behavior of the Co
and Ir systems. Figure 8 illustrates how one or two lateral


hydrogen atoms perturb the central frontier MOs of a sym-
metric L3M ACHTUNGTRENNUNG(m-PH2)ML3 moiety.


For two d8-configured metal atoms, the in-phase combina-
tions of dp and s hybrids are both populated, but the stabili-
zation of a M=M bond requires a sufficiently large HOMO–
LUMO gap. This is not warranted by the intrinsic high
energy of the combining s hybrids, which prevents the sM�M
bonding combination from lying much lower than the ACHTUNGTRENNUNGdp–dp


antibonding one (p* LUMO). Thus, a second-order Jahn–
Teller distortion may be activated, as confirmed by the
highly asymmetric structure of the diiron precursor 7a
(Figure 5), in which the M=M bond may actually be dor-
mant. One lateral H bridge added to the ideal-C2v precursor
breaks one of the mirror symmetries and forces the mixing
of the s and p M�M bonding MOs (right side of Figure 8).
Rehybridization is further enhanced by the significant t ro-
tation of the ML3 fragments (as defined in Figures 3 and 4)
and the overall 2e–3c bond is strengthened (see the lower
box of Figure 8). Opposite to the H bridge, a bent sM�M


bond (definitely nondormant) results from s–p rehybridiza-
tion (upper box), which is fully confirmed by the picture of


Figure 7. Optimized structures of 9 and 10 with computed parameters.


Figure 8. Comparative diagrams for the interaction of the frontier orbitals
of a M2L7 fragment (middle) with one (right) or two (left) bridging H
atoms.
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the HOMO obtained from the DFT coefficients (Figure 9a).
The HOMOs of mono-H diiridium and dicobalt complexes
9 and 12 (Figure 9b) have a similar nature.


Interestingly, a similar p*/s* mixing determines the final
shape of the LUMO with a specific antibonding character
for the bent M�M bond, as shown in the upper box of
Figure 8. This level is occupied in the complex [(CO)2CoACHTUNGTRENNUNG(m-
dppm)ACHTUNGTRENNUNG(m-PPh2) ACHTUNGTRENNUNG(m-H)Co(CO)2]


[33] (15), which can be consid-
ered the analogue of two-electron-reduced diiron complex
1. The M�M experimental distance in 15 (2.637(1) -) is
elongated by about 0.20 - with respect to that in 1. As ex-
pected for electron-rich systems, the DFT computed Co�Co
distance is overestimated (by about 0.10 -) for the model
15a, which contains an H-substituted dppm ligand. In spite
of the electron richer metal atoms, no protonation chemistry
is reported for 15. Provided that H+ addition is possible, it
is unlikely that H bridges are formed due to the absence of
a bent M�M bond.


The various attractive and repulsive interactions activated
by the occupied MOs could also be qualitatively monitored
by tools such as interaction and Walsh diagrams, the MOOP
table (overlap population orbital by orbital), and so on.[26b]


For instance, the t rotation enhances both the sM-H-M and
sM�M interactions (two-thirds of the M�M bonding is associ-
ated with the HOMO) and reduces the repulsion between
pairs of dx2�y2 orbitals belonging to the t2g set. As shown in
Figure 10, the antibonding combination becomes less desta-


bilized with increasing t, and this also justifies why the pa-
rameter is maximized at the shorter Fe�Fe distance of
2.33 - and zero at 2.64 -. However, other occupied MOs
follow the opposite trend, so that the overall PES appears
rather flat and featureless.


As was already pointed out, the M�M distance appears
definitely longer in the diiron than in the comparable
Cp2Co2 complexes in spite of the almost equal radii. This is
due to the different assembly of the two opposed ML4 frag-


ments, as exemplified in Figure 11, which compares a system
with all terminal ligands (also applicable to a CpM deriva-
tive) with the phosphido-bridged analogue.


On the left side, the parallel and accepting metal hybrids
are out of phase with respect to each other, that is, the com-
bination is p* in character. Conversely, the interaction with
the pp orbital of the phosphido bridge (right side of
Figure 11) imposes a significant reorientation of the metal
hybrids toward each other, with some s–dp mixing. As a
consequence, the accepting combination acquires significant
M�M s* repulsive character, which is activated by the elec-
tron density donated by the phosphido bridge. The corre-
sponding elongation of the intermetallic distance seems also
to imply that the further elongating effect of protonation on
an already stretched Fe�Fe bond can be much less evident.


We now briefly address the relation of the iron complexes
discussed above with some of their formal derivatives in
which a third, non-H bridge (CO, CH2, or SO) substitutes
for the second H bridge in 4. The experimentally character-
ized compounds are [(CO)2Fe(m-Ph2PCH2PPh2) ACHTUNGTRENNUNG(m-PCy2)ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-CO)Fe(CO)2],


[34] (16), [(CO)2Fe(m-Ph2PCH2PPh2)ACHTUNGTRENNUNG(m-
PtBu2) ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CH2)Fe(CO)2],


[16] (17), and [(CO)2Fe(m-
Ph2PCH2PPh2) ACHTUNGTRENNUNG(m-PtBu2)ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-SO)Fe(CO)2]


[35] (18). At
variance with the hydride bridge, all the new m-type ligands
have both s-donor and p-acceptor capabilities, the latter
being characterized by an empty pp orbital (CH2) or a p*
level (CO and SO; for the latter the orthogonal p* level is
occupied). Recall that the addition of a proton to 1 causes
transfer of the Fe�Fe bonding electrons (see Figure 9a) to
the resulting hydrido bridge (oxidative addition). In con-
trast, the new bridge in 16–18 carries a s lone pair, which is
strongly repulsive with the Fe�Fe bent bond. As shown in
Figure 12, the problem is avoided if one of the two electron


Figure 9. a) HOMO of the model [(PH3)(CO)2Fe ACHTUNGTRENNUNG(m-PH2) ACHTUNGTRENNUNG(m-H)Fe(CO)2-
ACHTUNGTRENNUNG(PH3)] (1b). b) HOMO of the model [Cp(CO)Co ACHTUNGTRENNUNG(m-H)Co(CO)Cp]+


(12).


Figure 10. Orbital underpinnings of the stabilizing trend due to t rota-
tion.


Figure 11. Comparison of selected orbital interactions with all terminal li-
gands with one phosphido bridge.


Figure 12. Interactions between the frontier MOs of the mono-H model
1b and the s-donor and the p-acceptor orbitals at the bridge.
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pairs transfers into the p-bonding combination between the
bridge pp acceptor orbital (e.g., CO p*) and the metal-cen-
tered p* combination (ex-LUMO in Figure 8). Importantly,
the partial population of the ex-LUMO level explains why
in all three species 16–18, the Fe�Fe distance (2.579(2),
2.496(1) and 2.613(1) -, respectively) is about 0.1 - longer
than in the complexes 1 and 4.


QTAIM analysis : The noncanonical behavior of the Fe2
system on protonation was studied by using the quantum
theory of atoms in molecules (QTAIM),[11] also with the aim
of characterizing the electron-density topology in the region
of the M�M bond. The detailed results will be reported else-
where,[36] but we summarize here the relevant comparison of
the Fe2 and Co2 systems because of the contiguity of the
metals in the periodic table. The Ir2 analogues could not be
studied due to the lack of an appropriate basis set.


The connection between any two bonded atoms in the
QTAIM method is signified by the appearance of a saddle
point of minimum electron density 1 along the interatomic
vectors, that is, a bond critical point (bcp).[11] For the mono-
and bis-H diiron models 1b and 4b, (Figure 4), as well as
the dicobalt models 12 and 13 (see the Ir2 analogues in
Figure 7), all the expected metal–ligand and intraligand bcp
were located, and the corresponding 1 values correlate well
with the bond lengths (see Supporting Information). In par-
ticular, the metal–ligand interactions appear to decrease
from the mono- to the bis-H derivatives. These results are
consistent with the trends for the optimized geometric pa-
rameters, which were already interpreted in terms of re-
duced p backdonation from the metals. The M�H interac-
tions are almost unaffected by the second protonation, as
shown by the corresponding bcp. Interestingly, the Co�H
bcp in both 12 and 13 are characterized by electron densities
which are somewhat higher than that of the corresponding
Fe�H bcp, and thus follow the difference in bond lengths
(1.63 versus 1.70 -, respectively).


In none of the cases could an M�M bcp be located, simi-
lar to other complexes with chemically predictable M�M
bonds.[14] Recall, in this respect, that no Rh�Co bcp could
be detected[9] for the system [(CO)Rh ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-
dppm)2Co(CO)] (Figure 1),[7] which behaves identically to
the diiron species on protonation. Other classical failures
are [Co2(CO)8]


[37] and [Fe2(CO)9],
[38] for which symmetry


and perturbation theory arguments, as well as a detailed ab
initio analysis,[39] support the presence of an, albeit weak,
Fe�Fe bond. Conversely, the bcp has been detected for
some dimetal carbonyl compounds (e.g., [Mn2(CO)10]) by
using either theoretical[40] or experimental[41] determinations
of the electron density. In particular, an experimental study
on the complex [Co2(CO)6ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-C4O2H2)] revealed the
Co�Co bcp, although the surface in the intermetallic region
is quite flat.[42]


Interestingly, our AIM analysis shows incipient detection
of the M�M bcp as a function of the M�M distance. Recall
that for both the diiron and dicobalt systems, models with
imposed short M�M distances were optimized with the goal


of finding some correlation with other geometrical parame-
ters (e.g., the t rotation defined in Figures 3 and 4). The
electron density profiles along the M�M vector of the
mono-H complexes 1b and 12 are depicted at the top and
bottom of Figure 13, respectively. The black and gray lines


refer to the fully optimized and constrained models. The
common origin is fixed at the left metal atom and, in any
case, the electron density starts to descend very steeply at
about 0.55 - with practically the same gradient. A flat pla-
teau of almost equal electron density is invariably reached.


The longer the M�M separation, the wider is the plateau,
and the longer the gradient remains invariant. For this
reason, the detection of the bcp is possible only if the M�M
distance is short enough to allow a sufficiently rapid and
symmetric inversion of gradient. For the cobalt case
(Figure 13, bottom), the curve of the stationary point and
the model exhibiting the bcp are rather comparable. In con-
trast, the difference is more significant for the diiron system,
where the Fe�Fe distance must be two times shorter before
the bcp appears. In particular, the curve relative to the fully
optimized geometry presents a quite extended zero-gradient
region. As previously discussed, the presence of the phos-
phido bridge stretches the Fe�Fe separation to a point at
which the H bridge has only limited influence over the
M�M bond. This does not occur for the dicobalt complex, in
which the overall Co�Co and the Co-H-Co bridge bonding
are more directly correlated.


Figure 13. Electron density profiles 1(r) along the metal–metal vector for
the mono-H complexes 1b (Fe, top) and 12 (Co, bottom). The black lines
refer to the fully optimized models, and the gray lines to those with a
short arbitrarily fixed M�M distance. The latter cases are the only ones
to exhibit a bcp. The 1(r) cutoff value is 1.0 e-�3.
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The appearance of the bcp at shorter M�M distances is
attributable to the improved overlap between the metal
atoms with a concentration of higher electron density in the
intermetallic region. Recall that M�M bonding, which
mainly results from the overlap of contracted d orbitals,
may significantly differ from the typical M�L or intraligand
bonds, in which the electrons of the contributing s and p or-
bitals are in diffuse lobes, properly aligned with the bonding
direction.


The AIM method also allows quantification of interatom-
ic interactions through the evaluation of the delocalization
indices between basins dA–B.


[42,43] In the mono-H diiron
model 1b, the dACHTUNGTRENNUNG(Fe�H) indexes are all slightly less than 0.5,
while dACHTUNGTRENNUNG(Fe�Fe) has a higher value (about 0.62) which is
almost as large as that of dACHTUNGTRENNUNG(Fe�PH3). Importantly, in the
bis-H derivative 4b, the d ACHTUNGTRENNUNG(Fe�Fe) of 0.30 is practically
halved with respect to 1b. As remarked by other authors,[14]


the M�M delocalization indices follow the trends of the
Mayer bond indices, which also predict Fe�Fe bond weaken-
ing in going from 1b to 4b. As another significant result, the
AIM charge Q(Fe) in 1b is significantly greater than in 4b,
which again supports the idea that the metal configuration
changes from d7 to d6. This is also consistent with the deter-
mined Laplacian maps, which show a significant M�M de-
pletion. The backdonation capabilities of the metals must
decrease accordingly. A completely analogous picture ap-
plies to the dicobalt derivatives 12 and 13, for which dACHTUNGTRENNUNG(Co�
Co) decreases from 0.73 to 0.31.


In conclusion, the AIM delocalization indexes fully con-
firm that, in all the studied systems, there is significant M�
M bonding, but the strength of interaction decreases when
the bond is protonated. Thus, this approach reveals the un-
usual inconsistency between bond length and strength in the
diiron system.


Conclusion


One axiom in chemistry is that the transformation of a 2e–
2c bond into a 2e–3c one weakens the interaction between
the two pivotal atoms. Also, the direct correlation between
bond strength and bond length is a widely accepted para-
digm.


Herein we have addressed a rare case in which these prin-
ciples are apparently contradicted. Different theoretical
strategies (quantitative and qualitative MO theory as well as
the QTAIM method) were applied to understand the elec-
tronic underpinnings of Fe�Fe bond shortening on protona-
tion of [(CO)2Fe ACHTUNGTRENNUNG(m-dppm) ACHTUNGTRENNUNG(m-PtBu2) ACHTUNGTRENNUNG(m-H)Fe(CO)2]. Gas-
phase optimizations are consistent with the experimentally
observed shortening of the Fe�Fe distance in the bis-H de-
rivative 4 with respect to the mono-H precursor 1 and ex-
clude the possibility of a solid-state origin of the effect. On
the other hand, no M�M bond shortening was detected in
comparable studies on the diiridium (9–10) and dicobalt
(12–13) complexes. Noteworthily, these are also relevant for
providing the first structural characterization of known and


unknown protonation products of the [{CpM(CO)}2] com-
pounds (M=Co, Ir). An active M�M bent bond is observed
in all the mono-H bridged species, which is then oxidized on
protonation with transfer of the bonding electron pair into
the new hydrido bridge (oxidative addition). The bond
strength indicators (e.g., the Mayer and AIM delocalization
indexes) confirm the expected M�M bond weakening even
when the distance is shortened rather than elongated. Ac-
cordingly, the direct correlation between bond length and
strength is reversed. The failure of such a chemical para-
digm has also been pointed out by Frenking et al.,[44] who
calculated bond dissociation energies (BDE) of the M�P
bond (M=Cr, Mo, W) for differently substituted phosphane
ligands. In this present case, however, the origin of the phe-
nomenon is not substituent-dependent but regulated by
more subtle effects.


As is often observed for dimeric transition metal com-
plexes, the AIM method has problems in detecting M�M
bonding due to the absence of the expected bcp. Given a
large degree of variance for the M�M distance, the present
case study has highlighted how the gradient of electron den-
sity becomes suitable to define the bcp only below a certain
lower limit of M�M distance.


In the case of the diiron system, the flat PES can also be
associated with the presence of the phosphido bridge, which
imposes a rather long M�M distance already in the mono-H
system. Thus, it is not totally surprising that an already
stretched bond cannot be definitely elongated on the trans-
formation into a 2e–3c bond. The low energetic cost for re-
arranging the geometry of M-H-M systems like the present
ones may have significant implications for organometallic,
catalytic, and biological metal–hydrogen chemistry.


Finally, this paper has addressed current and crucial as-
pects of the combined usage of MO and electron density
(QTAIM) analyses, which have recently been a source of
controversy[45–47] and public debate.[48] Here we show how
their complementary usage can provide more in-depth
chemical information.


Computational Details


BeckeRs three-parameter hybrid exchange-correlation functional[49] and
the nonlocal gradient correction of Lee, Yang, and Parr[50] (B3LYP) were
used for DFT calculations with the Gaussian98 program suite.[51] All of
the fully optimized structures were confirmed as minima by calculation
of the vibrational frequencies. All the reported wavenumbers were prop-
erly scaled.[52] The metal atoms were treated with the effective core po-
tentials of Hay and Wadt[53] with the associated double-z valence basis
functions. The basis set used for the remaining atomic species was 6-31G
with the addition of the polarization functions (d, p) for all atoms, includ-
ing hydrogen.[54] The reported protonation energies were simply calculat-
ed as the difference of the total energies between the protonated and the
precursor models optimized in the gas phase. Qualitative MO arguments
were derived from EHMO calculations[25] with the graphic capabilities of
the package CACAO.[26] The AIM2000 package (vers. 1.0)[55] was used
for the QTAIM bonding analysis.[11] To avoid the problems related to the
core potentials of the metals, the corresponding wavefunctions were ob-
tained from single-point calculations by using the basis set 6-311++G-
ACHTUNGTRENNUNG(2d,2p) for the metals and bridging atoms. The M�M profiles were con-
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structed with the PROFIL program as part of the AIMPAC suite of pro-
grams.[56]
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… The ease-of-synthesis, high reac-
tivity, and low cost of the PEPPSI
(pyridine-enhanced precatalyst,
preparation, stabilization, and ini-
tiation) precatalyst greatly
improves the ease-of-use and relia-
bility of the methodology based on
the use of palladium N-heterocy-
clic carbene (NHC) complexes.
M. Organ et el. report on its use in
Suzuki–Miyaura reactions on
page 4743 ff. and in Negishi reac-
tions on page 4749 ff.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


trans-Pyrazolylborate Ligands
Tris(pyrazol-1-yl)borate (“scorpionate”) ligands are a well-
established class of cis-coordinating tridentate chelators.
Their highly modular assembly makes a multitude of differ-
ent tailor-made derivatives readily available. In their Full
Paper on page 4735 ff., M. Wagner et al. describe how the
advantages of pyrazolylborate chemistry can be exploited
for the development of N,O,N’ tridentate and trans-chelat-
ing ligands.


Expanded Porphyrins
In their Full Paper on page 4909 ff. , A. Osuka et al. report
on the synthesis and characterization of a series of
expanded porphyrins as the first examples bearing meso-
alkyl substituents. The influence that these meso-trifluoro-
methyl substiuents have on the structures and stabilities of
the expanded porphyrins is also discussed.


Instant Ligand Libraries
In their Concept on page 4722 ff. , J. G. de Vries and L.
Lefort describe how the development of new ligands based
on monodentate phosphoramidites enabled the develop-
ment of an integral high-throughput experimentation
(HTE) protocol for asymmetric hydrogenation. They also
discuss other concepts, still under development, based on
chiral ruthenacycles as new transfer hydrogenation catalysts
and the use of enzymes as ligands for transition-metal com-
plexes.
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The Combinatorial Approach to Asymmetric Hydrogenation:
Phosphoramidite Libraries, Ruthenacycles, and Artificial Enzymes


Johannes G. de Vries* and Laurent Lefort[a]


Industrial Perspective on Asymmetric
Hydrogenation


Since the Nobel Prize for chemistry was awarded to W.
Knowles, R. Noyori and B. K. Sharpless, asymmetric cataly-


sis and in particular asymmetric hydrogenation can be
viewed as a mature science. In addition, few people would
disagree with the assessment that asymmetric catalysis is
one of the most economic and environmentally friendly
ways to produce enantiopure fine chemicals.[1]


Yet, a careful analysis of the number of production pro-
ACHTUNGTRENNUNGcesses using this wonderful technology reveals a surprising
paradox: the majority of chiral intermediates are still pro-
duced by using classical resolution through crystallisation of
diastereomeric salts or occasionally by using hydrolytic en-
zymes.[2,3] A number of publications that analyse this para-
dox have recently appeared.[4–7] A major hurdle is caused by
the time-to-market pressure. Once a new drug has finally
been cleared to enter the market, there is a strong pressure
to start production as soon as possible. This means that de-
velopment times for these processes are measured in
months rather than years. It is not surprising that given
these circumstances, most development chemists choose to
fall back on well-established chemistry, that is, resolution
processes for the production of chiral building blocks. An
additional problem is caused by the fact that existing chiral
ligands often do not induce sufficiently high enantioselectiv-
ity for the substrate of interest. Developing a new ligand is
usually extremely time consuming; in addition, there is no
guarantee of success as there is no such thing as ligand
design.[8] And this touches upon the next bottleneck: the
costs of these catalysts. Not only the metals, such as rhodi-
um, iridium, ruthenium and palladium, but also the chiral li-
gands that are often prepared through multistep syntheses,
including chromatographic separations, can be extremely ex-
pensive.[9] Thus, it is not very surprising that until recently,
asymmetric catalysis was used mostly for second-generation
processes of drugs and agrochemicals.[3,4]


It is clear that asymmetric catalysis can only break through
as a major production technology for new drugs and agrochem-
icals if something can be done about timelines and costs. We
have thus embarked on a mission to solve these problems.
Central to this is the use of high-throughput experimenta-
tion (HTE) as a means to substantially shorten the time nec-
essary for catalyst screening and process development.[6,10]


Abstract: For a more general implementation of asym-
metric catalysis in the production of fine chemicals, the
screening for new catalysts and ligands must be dramati-
cally accelerated. This is possible with a high-through-
put experimentation (HTE) approach. However, imple-
mentation of this technology requires the rapid prepara-
tion of libraries of ligands/catalysts and consequently
dictates the use of simple ligands that can be readily
synthesised in a robot. In this concept article, we de-
scribe how the development of new ligands based on
monodentate phosphoramidites enabled the develop-
ment of an integral HTE protocol for asymmetric hy-
drogenation. This “instant ligand library” protocol
makes it possible to synthesise 96 ligands in one day
and screen them the next day. Further diversity is possi-
ble by using mixtures of monodentate ligands. This con-
cept has already led to an industrial application. Other
concepts, still under development, are based on chiral
ruthenacycles as new transfer hydrogenation catalysts
and the use of enzymes as ligands for transition-metal
complexes.
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HTE is a methodology whereby a large number of chemi-
cal entities are quickly synthesised and tested in parallel.
Not only the chiral ligand is an important parameter in
asymmetric catalysis. Other important parameters are the
metal precursor, additives, solvents and the reaction condi-
tions. Moreover, not only the yield and (enantio)selectivity
have to be analysed, but also the catalyst activity to deter-
mine if there is any prospect of industrial application. It is
evident that the parameter space to be covered is huge and
that HTE represents an efficient way to explore as much of
it as possible, in a relatively short amount of time.
HTE requires hardware, high-throughput analysis, libra-


ries of ligands and the right mindset. Many useful robots
and synthesisers have recently come on the market and we
currently use a Chemspeed ASW2000, an Endeavour (8 au-
toclaves), a Premex 96 (96 high-pressure reactors) and an
AMTECH robot (16 autoclaves). These last two machines
were developed in collaboration with DSM and are com-
mercially available. Analysis turned out not to be a major
bottleneck and conventional GC and HPLC could be used
after some adaptation. In addition, we have set up a flow
NMR system that can handle one sample every three min-
ACHTUNGTRENNUNGutes; this technique can be used for analysis of reaction mix-
tures. The mindset this approach demands is by no means
trivial as most researchers are used to work with one or a
few experiments at the time and build up their knowledge
as they go. With the HTE approach, the available diversity
space has to be assessed right from the start. In our own ex-
perience, this takes some getting used to and the discussions
on what the right timing is to switch from single experiments
to HTE never went away. However, the most formidable
challenge we faced was the development of ligand libra-
ries.[11]


We are aware of only three reports in the literature on
the automated synthesis of phosphorus ligands (vide infra).
The scarceness of reports describing ligand or catalyst libra-
ries is related to the difficulties associated with such an en-
deavour. One of the most important requirements is the
ease of synthesis; a prerequisite for the development of au-
tomated procedures for the preparation of large libraries.
The lengthy syntheses, including chromatographic purifica-
tion associated with the current state-of-the-art bisphos-
phines, suggests that this class is not a viable target for a li-
brary approach. To obviate the need for a parallel resolution
procedure use of enantiopure starting materials is an addi-
tional requirement. For this reason, we have decided to
focus on simple chiral ligands that can be prepared in 1–2
synthetic steps.
In this article, we present three concepts for catalyst or


ligand libraries for use in asymmetric hydrogenation that
are amenable to HTE. In our first example, concerning the
use of monodentate phosphoramidites, we have completed
the HTE set-up, which is now used routinely for screening
catalyst libraries for new reactions stemming from our cus-
tomers. This methodology has already led to the discovery
of a catalyst for the ton-scale production of a drug inter-
mediate. Our second example deals with ruthenacycles,


which are new catalysts for transfer hydrogenation. Here
also, we will show how we were able to prepare libraries of
these catalysts. And finally, we will discuss our contribution
to a new concept at the border between homogeneous catal-
ysis and biochemistry, taking advantage of the tools of the
biochemists for modifying proteins and creating extensive li-
braries of them which we will try to use as chiral ligands.


Monodentate Phosphoramidites as Ligands for
Asymmetric Hydrogenation


In collaboration with the group of Feringa/Minnaard from
the University of Groningen, we have developed the use of
monodentate phosphoramidites as ligands for asymmetric
hydrogenation.[12] These ligands had previously been used
for the highly enantioselective copper-catalysed 1,4-addition
of diethylzinc to enones.[13] This class of ligands is admirably
suitable for HTE purposes. First of all, they are modular,
basically composed of two parts, a diol moiety and an amino
moiety. There is a large diversity available in chiral and non-
chiral diols, bisphenols and bisnaphthols; the same is true
for the amines. In addition, their synthesis is simple and
high yielding [Eq. (1a)–(1c)]. The method depicted in Equa-
tion (1a) is the one employed most frequently.[14] It entails
refluxing the diol (or 1,1’-bis-2-naphthol (BINOL)) in pure
PCl3. This affords the chlorophosphite that, in the case of
BINOL, is stable and can be stored under inert atmosphere
for prolonged periods. Reaction of this compound with an
amine in the presence of a base yields the phosphoramidite,
which is usually 90–95% pure (based on phosphorus) and is
further purified by crystallisation or column chromatogra-
phy. The second method, developed by van Leeuwen et al.
is well suited for more hindered amino groups [Eq. (1b)].[15]


MonoPhos (1a) is conveniently made by refluxing enantio-
pure BINOL and HMPT (hexamethyl phosphorus triamide)
in toluene; the product crystallises spontaneously
[Eq. (1c)].[16] MonoPhos itself can serve as starting material
for other ligands by catalysed exchange with primary or sec-
ondary amines [Eq. (1c)]. Initially, we used tetrazole as a
catalyst.[12d] Since this material is shock-sensitive, we have
discontinued its use. It seems that N-methylanilium trifluo-
ACHTUNGTRENNUNGroacetate (TAMA) is a very good alternative.[17]
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Rhodium-catalysed asymmetric hydrogenation using
MonoPhos as ligand shows an extreme solvent dependency.
Best results are obtained in nonprotic solvents like dichloro-
methane or ethyl acetate. Some of the more important
MonoPhos ligands (1–4) are shown here. We have now es-


tablished their use, as ligand for rhodium-catalysed hydroge-
nation, of N-acetyl-, N-formyl- and N-BOC-protected a-de-
hydroamino acids and esters,[12a,d,j] N-acetyl-b-dehydroamino
acids and esters,[12b] aromatic N-acetyl enamides,[12c] itaconic
acid and esters,[12c] Stobbe condensation products, a-alkylat-
ed cinnamates[12h] and enolacetates, enol carbamates and
dienol carbamates (Scheme 1).[12i]


As the use of the MonoPhos ligands in asymmetric hydro-
genation has been reviewed a number of times,[18] we will
not dwell on these asymmetric hydrogenations per sN, but
rather concentrate on the HTE and combinatorial catalysis
aspects from the perspective of industrial application.


Parallel to our development of the monodentate phos-
phoramidites, Pringle et al. have developed the use of mono-
dentate phosphonites[19] and Reetz and co-workers devel-
oped the use of monodentate phosphites[20] as ligands for
asymmetric hydrogenation. In particular, this latter class has
similar possibilities in terms of a library approach as the
phosphoramidites.
It is important to note that different substrates require


different members of the phosphoramidite family. More-
over, from our own experiences we know that most new
types of substrates may require a new type of ligand. To
fulfil the demands of our customers most efficiently, we real-
ised that a huge, highly diverse ligand library is desired.


Instant Ligand Libraries


At the time we started this enterprise, very few people had
made libraries of phosphorus ligands. Many researchers
would have made up to a dozen ligands by conventional
means using chromatography for purification and used these
for screening a reaction of interest. However, larger libraries
of phosphorus ligands were not readily available. Upon pe-
rusal of the literature, we only found three previous exam-
ples. Gilbertson and Wang had synthesised a phosphine-con-
taining amino acid and had incorporated this in libraries of
peptides.[21] Unfortunately, this appealing concept was not
rewarded: all combinations led to poor enantioselectivities
when used as ligands in rhodium-catalysed asymmetric hy-
drogenation. In another example, a library of aminomethyl
phosphines was made by Lapointe in parallel fashion
through condensation of a secondary phosphine, an arylal-
dehyde and a primary or secondary amine (2phosphinesO
6aldehydesO8amines=96 ligands).[22] Purity of the library
ligands varied between 80–95% upon analysis by 31P NMR
spectroscopy of 20 of the library members. The last example
was a library of phosphoramidite ligands synthesised on
solid phase by Waldmann; these ligands were tested while
still attached to the resin as their copper complexes in the
asymmetric addition of Et2Zn to cyclohexenone.[23] Al-
though Waldmann found good correlations between the ee
obtained with the library ligands “on the bead” and the cor-
responding purified ligands, this approach is not useful for
asymmetric hydrogenation, as here we need to have two li-
gands per metal.
We thus looked into methods for solution-phase, parallel


synthesis of phosphoramidite ligands. The ideal setup would
allow a fully automated sequence starting with solution
phase ligand synthesis, followed by screening and completed
by analysis as depicted in Figure 1.
A major bottleneck in parallel ligand synthesis is the


ligand purification. In the case of the phosphoramidites, the
first step of the synthesis, that is, the reaction between
BINOL (or another chiral diol) and PCl3, proceeds with es-
sential 100% selectivity, obviating any need for purification
in this step. In the next step, the chlorophosphite is treated
with an amine as in Equation (1a). The chemical purity of


Scheme 1. Products obtained via asymmetric hydrogenation with Rh/
MonoPhos.
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the ligand is usually between 90–95% (based on phospho-
rus) in most of the cases we checked. The major real impuri-
ty is the triethylammonium hydrochloride salt. Upon testing,
the crude product of the reaction between BINOL-based
chlorophosphite and piperidine in the rhodium-catalysed hy-
drogenation of methyl 2-acetamido-cinnamate, we found
that reaction was much slower and the product was obtained
in only 60% ee, whereas 99% was obtained with pure 1d.
Evidently, the reason for this poor performance is the pres-
ence of a stoichiometric amount of chloride, which functions
as a catalyst poison.[24] Remarkably, performing the coupling
reaction in toluene and removing the salt by a simple filtra-
tion led to a crude ligand, which after removal of toluene
performed quite satisfactorily in the above hydrogenation
reaction. In this case, the conversion went to 100% and the
product was obtained with 96% ee, which is only slightly
lower as with the purified ligand.
Next, we transferred this simple protocol to a liquid han-


dling robot, set up in a glove box (Figure 2).
The coupling reactions were performed in a 96-well mi-


crotiterplate equipped with an oleophobic filter. After 2 h of


reaction, the microplate was placed on a manifold, vacuum
was applied and the filtered ligand solutions were collected
in another 96-well plate. We have tested this protocol initial-
ly on a series of 32 ligands, which were subsequently
screened in the Rh-catalysed asymmetric hydrogenation of
two model substrates (see Figure 3).[25]


In Figure 4, we show the result of this library of 32 phos-
phoramidites in the asymmetric hydrogenation at 6 bar H2


of methyl 2-acetamido-cinnamate and methyl Z-3-acetami-
do-2-butenoate. For the first substrate, almost all of the
members of the library led to full conversions, indicating
that most of the ligands were formed with an acceptable
degree of purity. 31P NMR spectroscopy revealed the pres-
ence of trace amounts of other phosphorus species, which,
remarkably, did not affect the performance of the catalyst.
The best results were obtained with ligands based on secon-
dary amines, such as PipPhos (1d, position B7), and 1b
(A7); in addition, two new good ligands (in positions A8
and C7) were found. The enantioselectivities are on average
5% lower than with the purified ligands.
The results of the hydrogenation of methyl Z-3-acetami-


do-2-butenoate resulted in more surprises. Although we had
already found that ligand 1 i, based on a primary amine,
gave an excellent performance in these hydrogenation reac-
tions, the library shows that in general all BINOL ligands
that contain a primary amine with branching in the a-posi-
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Figure 1. Fully automated ligand synthesis, screening and analysis (re-
printed with permission from the American Chemical Society from refer-
ence [25]).


Figure 2. Liquid handling robot in glove box. (Stock solutions on the left.
In the middle, the oleophobic filter on a vacuum manifold. On the right
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tion give excellent results. We have taken four ligands from
this library and compared the results of the parallel screen
with the results obtained with the purified ligands (Table 1).


This comparison clearly shows that there is some erosion of
rate and enantioselectivity due to the impurities present in
the library ligands. However, the relative order remains the
same. The results thus have an excellent predictive value.
This means that we have finally achieved our objectives


of building up the capability to find a new ligand for a given
substrate within a period of weeks. We now routinely use
this method of screening for our customerQs requests.
Evidently, the method can also be used for other mono-


dentate ligands. We have already shown that the method
works equally well with phosphite ligands. In addition, using
this library approach for other chemistries is even easier.
We have applied the library approach to rhodium-catalysed
asymmetric C�C bond formation as well.[26] In this case, the
reaction is accelerated by chloride, obviating the need for
filtration of the crude library mixture.


Asymmetric Hydrogenation with Mixtures of
Ligands


It seems clear that in the MonoPhos hydrogenation reac-
tions the active catalysts contain two ligands. Proof for this
assumption was obtained by the observation of nonlinear ef-
fects on the enantioselectivity and by the work described in
this subchapter.[12d] One of the more interesting aspects of
the use of monodentate ligands is the possibility to create
catalysts containing two different ligands. This could in prin-
ciple increase the number of accessible catalysts to a large
extent. Initially, it does not seem very appealing to use mix-
tures of two different ligands as one would expect the for-
mation of an equilibrium mixture of the two homocomplex-
es and the heterocomplex (Scheme 2).


However, it is possible that the mixed catalyst becomes
the dominant one, either if it is more stable and thus formed
in large excess, or if it is a more active, kinetically dominant
catalyst. Recently, both Reetz et al. and we in collaboration
with the group of Feringa/Minnaard have shown that this
approach can be beneficial. Earlier attempts by Chen and
Xiao using mixtures of monodentate phosphites based on
bisphenol and a chiral alcohol were not successful.[27]


In the Reetz work, rhodium catalysts based on mixtures
of monodentate phosphites, monodentate phosphonites and
combinations of the two were screened in the asymmetric
hydrogenation of a- and b-N-acetyldehydroamino acid
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Figure 4. Parallel synthesis and screening of monodentate phosphoramidites in asymmetric hydrogenation.


Table 1. Comparison of library ligands with purified ligands.


Purified ligands Library ligands
Conv. [%] ee [%] Conv. [%] ee [%]


1b 8 46 11 41
1d 11 55 7 43
1 i 96 94 51 88
1m 100 95 95 92


Scheme 2. Mixture of catalytic complexes obtained when using mixtures
of ligands.
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esters, enamides and dimethyl itaconate.[28] In Table 2 we
have summarised a number of the more striking results. The
effect seems to be strongest with combinations of two phos-
phonites or one phosphonite and one phosphite, in particu-
lar when one of the ligands carries a bulky substituent and
the other a small one.
We have independently developed this approach using the


monodentate phosphoramidites. In this research we
screened mixtures of two phosphoramidite ligands, namely,
1a, 1 f, 1 i, 1 j, 1k and 2a, in the asymmetric hydrogenation
of an aliphatic and an aromatic (Z)-b-dehydroamino acid
ester (5a and 5b ; Figure 5). In Figure 5, the results of the
screening are displayed. Entries 1–6 show the results with
the homocatalysts. We then started to screen mixtures of
these ligands. Not surprisingly, most combinations of two
different ligands induced lower enantioselectivity. However,
there was one marked exception: all combinations that in-
cluded the NH ligand 1 i led to better results (Figure 5, en-
tries 7–11).[29] Particularly striking is the combination of
ligand 1 j, which was the worst performer in the homoseries
in combination with 1 i (entry 9).
Gennari and Piarulli created a library of 16 bisphenol-


based phosphite and phosphoramidite ligands made from
chiral alcohols and chiral amines, respectively. In addition to
the homocatalysts, they tested 115 mixed combinations in
the rhodium-catalysed hydrogenation of methyl 2-acetami-
do-acrylate. They found that neither combinations of two
different phosphites nor of two different phosphoramidites
improved the enantioselectivity. On the other hand, they
found 16 combinations of phosphites with phosphoramidites
that induced higher enantioselectivity than the “homocata-


lysts” whilst retaining the high
rate induced by the phosphite
ligands.[30]


The simple concept of mix-
tures of monodentate ligands
allows one to generate large li-
braries of catalysts. For instance
ten ligands can lead to 55 possi-
ble combinations, while a li-
brary of 96 ligands leads to
4656 combinations; a finding
which tremendously increases
the scope of these hydrogena-
tion reactions.[31]


In collaboration with the
Gennari group, we have ex-
plored another parameter in
the ligand mixture concept,
namely the ratio between the
two ligands.[32] In this research,
we were able to show that a 1:1
mixture of the two monoden-
tate ligands L1 and L2 (while
keeping the (L1+L2)/Rh ratio


equal to 2) was not necessarily the best ratio. The best ee
(98% ee) for the hydrogenation of methyl 2-acetamidocin-
namate was obtained for a ratio L1/L2 equal to 0.25:1.75. In
Figure 6, a striking case is reported where 59% ee is ob-
tained (with a 0.25:1.75 ratio) instead of 34% ee (with a 1:1
ratio). This finding can be explained by the different activi-
ties of the less enantioselective homocomplexes RhL1L1 and
RhL2L2 under the assumption that the heterocomplex is


Table 2. Use of mixtures of monodentate phosphonites and or phosphites in the rhodium-catalysed hydroge-
nation of substituted olefins.


R1=CO2Me
R2=H
R3=NHAc


R1=CO2Me
R2=Ph
R3=NHAc


R1=Ar
R2=H
R3=NHAc


R1=CH2CO2Me
R2=H
R3=CO2Me


R1=Me
R2=CO2Me
R3=NHAc


La 92 90 76 90 95
Lb 92 – – 22 66
Lc 93 69 13 57 45
Lp 77 – – – 75
Lq 32 – – – –
Lr 94 – – – –
La/Lb 98 97 – 89 –
La/Lc 98 99 96 96 –
Lp/Lq 85 – – – –
Lb/Lp 96 – – – 92
Lc/Lp 98 – – – 99
Lc/Lr 97 – – – –
Lb/Lr 96 – – – –


Figure 5. Rh/phosphoramidite-catalysed hydrogenations using homo- (en-
tries 1–6) and hetero- (entries 7–11) catalysts (blue bars: results with 5a,
red bars: results with 5b ; 1=1a, 2=2a, 3=1j, 4=1k, 5=1 f, 6=1 i, 7=
1a+1 i, 8=2a+1 i, 9=1j+1 i, 10=1k+1 i, 11=1 f+1 i). Reprinted by
permission of the RSC from reference [29].
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more enantioselective than the homocomplexes (i.e. , benefi-
cial effect of the ligand mixture). In this case, RhL1L1 is a fast
catalyst and RhL2L2 is slow relative to the heterocomplex.
Thus, using an excess of L2 strongly minimises the amount
of the faster RhL1L1 complex. Although the homocomplex
RhL2L2 is the major complex present in solution, this is in-
consequential since it has a low activity. Consequently, the
observed enantioselectivity is mainly due to the catalytic
action of the heterocomplex, that is, the most enantioselec-
tive catalyst. We also confirmed by kinetic measurements
that the homocomplex RhL1L1 was fast, whilst RhL2L2 was
slow—this fact is consistent with our explanation. The ratio
L1/L2 in the case of mixtures of ligands must thus be consid-
ered as an important parameter that needs to be fine-tuned.


Mixtures of MonoPhos and Nonchiral Ligands


In addition to complexes based on the combination of two
different chiral monodentate ligands, combinations of a
single chiral monodentate ligand with other nonchiral li-
gands are also possible. Reetz et al. have published about
this approach using mixtures of chiral monodentate phos-
phites or phosphonites with nonchiral phosphines in asym-
metric hydrogenations. This led to large changes in the
enantioselectivity of the reaction; in one case reversal of
enantioselectivity was observed from 92% (S) to 59%
(R).[28b] In a more recent paper, Reetz and Li describe the
use of mixtures of a chiral phosphonites and a biphenyl-
based phosphite in the rhodium-catalyzed asymmetric hy-
drogenation of aliphatic b-dehydroamino acid esters. These


biphenyl-based ligands are flux-
ionally atropisomeric. Here, the
enantioselectivity increases
from 45% to 98% upon switch-
ing from the homocatalyst
based on phosphonites Lc to a
1:1 mixture of Lc and Lv or a
1:1 mixture of Lc and Lw
(Scheme 3). In addition, they
found that in several cases the
enantioselectivity could be im-
proved by using mixtures of
either Lc or Lp with an achiral
monodentate phosphine or
phosphite.[33]


Here we present an example
in which the addition of nonchi-
ral phosphines, for example,
PPh3, to chiral phosphorami-
dites results in a large enhance-
ment of both rate and ee. Such
a catalyst combination is cur-
rently used by DSM in a large-
scale process.
Chiral dihydrocinnamic acid


derivatives are key intermedi-
ates in the synthesis of several bioactive compounds, includ-
ing the renin inhibitor Aliskiren.[34] One of the key steps in
the synthesis of this renin inhibitor is the asymmetric hydro-
genation of the cinnamic acid derivative depicted in
Figure 7. The asymmetric hydrogenation of this class of sub-
strate, let alone the actual substrate, has hardly been investi-
gated. Recently, Walphos, a ferrocene-based bisphosphine
compound, was found to give good results with this particu-
lar substrate, while other well-known bisphosphine ligands
are not suitable.[35]


When we tested MonoPhos (1a) in the asymmetric hydro-
genation of the key cinnamic acid derivative, we were happy
to see that the in situ derived catalyst of [Rh ACHTUNGTRENNUNG(COD)2]BF4


(COD=cyclooctadiene) and two equivalents of 1a gave
50% conversion and 20% ee after 5 h in isopropanol at
60 8C and 25 bar of hydrogen. Other phosphoramidites, like
the sterically demanding ligand 1 j were slightly better in ac-
tivity and enantioselectivity. However, the rate of the reac-
tion worried us. In hydrogenation reactions with rhodium,
the oxidative addition of hydrogen is the rate-determining
step. The rate of this reaction is strongly influenced by the
electron density of the complex, which in term can be great-
ly influenced by the nature of the ligands.[36] Since phosphor-
amidites are good p acceptors but poor s donors, we decid-
ed to probe the effect of using additional ligands. Among
others, we used good s donors such as phosphines and
amines as a way to increase the electron density on the
metal.
In Figure 7, we show the effect of a range of additives on


the asymmetric hydrogenation of the cinnamic acid precur-
sor. One trend that emerges from this screen is the positive


Figure 6. The ee obtained in the Rh-catalysed hydrogenation of methyl 2-acetamidocinnamate versus ligand
ratio.


Scheme 3. Use of mixtures of ligands increases enantioselectivity.
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effect of the monodentate phos-
phines. In particular, the result
with tri-p-tolylphosphine
looked very promising.
Further library screening re-


sulted in the finding of the 3,3’-
dimethyl-substituted ligand 1 l.
The reaction temperature is a
compromise between rate and
enantioselectivity. At 55 8C, the
reaction is fast allowing an eco-
nomic substrate/catalyst ratio of
5000. The enantioselectivity of
the product is 90% (Scheme 4).[37]


In this case, the instant ligand library concept combined
with the mixing of monodentate ligands allowed us not only
to find a ligand that induced sufficiently high enantioselec-
tivity, but also to improve the rate by a factor of 100!
In collaboration with the Feringa/Minnaard group, we


have further extended the scope of this cinnamate hydroge-
nation (Table 3).[12h] In all cases a pronounced effect of the
added triarylphosphine was found; usually the best results
were obtained with a combination of ligands 1 l or 1n in
combination with tri-ortho-tolylphosphine. In practice, we
found that the ratio Rh/phosphoramidite/Ar3P of 1:2:1 gives
the best results. NMR spectroscopic studies revealed that
under these conditions we find the mixed complex
[Rh(phosphoramidite) ACHTUNGTRENNUNG(PAr3)ACHTUNGTRENNUNG(COD)]BF4 is present in addi-


tion to a substantial amount of [Rh(phosphoramidite)2]BF4.
However, we know this latter complex leads to a catalyst
that is 100 times slower than the mixed complex, hence it
has no effect. If on the other hand a ratio of 1:1:1 is used
the NMR spectra shows substantial amounts of [Rh-
ACHTUNGTRENNUNG(PAr3)2]BF4, a fast catalyst leading to racemic product.


Ruthenacycles for Asymmetric Transfer
Hydrogenation


Asymmetric hydrogenation of carbonyl compounds using
ruthenium/MonoPhos catalysts is currently under develop-
ment. However, in the mean time we have been working on
new concepts for asymmetric transfer hydrogenation that
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Figure 7. Screening additives for the asymmetric hydrogenation of a-alkylcinnamicacids.


Scheme 4. Asymmetric hydrogenation of the Aliskiren intermediate.
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would fit in the instant ligand library concept. In collabora-
tion with the group of Pfeffer from ULP Strasbourg, we
have developed an entirely new class of catalysts based on
ruthenacycles. These chiral ruthenacycles are easily synthe-
ACHTUNGTRENNUNGsised from an enantiopure aromatic compound with an ami-
noalkyl side chain and a commercially available ruthenium
precursor in a single step as shown in Scheme 5.[38]


It turns out these compounds are remarkably good cata-
lysts for the asymmetric transfer hydrogenation of ke-
tones.[39] Better still, it is possible to perform the catalyst
synthesis in the robot, immediately followed by screening of
its catalytic activity for the substrate of interest. It is neces-
sary to remove the acetonitrile that was used as a solvent
for the ruthenacycle synthesis, as it disturbs the catalytic ac-
tivity in the transfer hydrogenation. In this way, a number of
enantiopure primary and secondary amines were tested as
ligand in the asymmetric transfer hydrogenation of aceto-
phenone (Scheme 6).


It turns out that the majority of ligands leads to catalysts
with interesting activity; in particular, the catalyst based on
1-naphthylethylamine turned out to be very fast. The 2,5-di-
phenylpyrrolidine-based catalyst induced a relatively high
enantioselectivity. It is clear that once the library of chiral
amines has been extended, this is an excellent method to
rapidly find a catalyst for an asymmetric ketone reduction.


Artificial Enzymes


In all the cases described above the basic reactivity has been
provided by the metal; the ligand mainly serves as a source
of chirality. There is another source of chirality that we have
not considered so far. Enzymes are of course interesting bio-
catalysts and perform well in a number of asymmetric reac-
tions, such as hydrolytic reactions and some addition reac-
tions. Recent advances in genetic engineering have allowed
the production of extensive libraries of enzymes.[40] We were
intrigued by the possibility to wed the best properties of a
transition-metal catalyst with the chirality of an enzyme. In
this concept, the natural activity of the enzyme is not impor-
tant. It merely serves as a source of chirality. Thus it would
be possible to make enzymatic catalysts that can perform re-
actions for which no enzymes exists, such as hydroformyla-
tion reactions, or for which existing enzymes do not perform
well, such as in olefin hydrogenation reactions. Recently, a
number of groups have developed enzyme–transition-metal


Table 3. Asymmetric hydrogenation of acrylates and cinnamates.[a,b]


Substrate Product Ligand Ar ee[c]


1 9 15 1n m-Tol 87
2 10 16 1 l – 2[d]


3 10 16 1 l Ph 88
4 10 16 1 l o-Tol 97
5 11 17 1 l o-Tol 99[e]


6 12 18 1 l Ph 92
7 13 19 1 l m-Tol 95
8[f] 14 20 1 l o-Tol 95


[a] Reaction conditions: substrate (1 mmol) in solvent (4 mL) with [Rh-
ACHTUNGTRENNUNG(COD)2]BF4 (0.01 mmol), phosphoramidite (0.02 mmol) and PR3


(0.01 mmol). [b] Reactions were run for 16 h. [c] In all cases the R enan-
tiomer of ligand gave the S enantiomer of product. [d] 34% conversion.
[e] 98% conversion. [f] Reaction was performed at 60 8C.


Scheme 5. Synthesis of ruthenacycles.


Scheme 6. Instant ruthenacycle-catalysed transfer hydrogenation of ace-
tophenone (enantioselectivity given below ligand structure; values be-
tween brackets obtained at 0 8C).
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conjugates as catalysts for
asymmetric transformations,
such as hydrogenation and ep-
oxidation reactions.[41] The very
first publication in this area
stems from Whitesides, who co-
valently attached a nonchiral
rhodium–bisphosphine catalyst
to biotin.[41a] Subsequent bind-
ing of this conjugate to the pro-
tein avidin resulted in an enan-
tioselective hydrogenation cata-
lyst. Ward has further refined
this concept and obtained very
high enantioselectivities in
asymmetric hydrogenation with
these catalysts.[41b–d] Reetz has
published the attachment of
catalysts and ligands to papain
by using a maleimide linker.[41h]


The catalysts were active, but the enantioselectivity in these
reactions remained at very low levels. He also reported the
attachment of a bisphosphine ligand, without reporting fur-
ther catalytic use.
We had independently decided to develop a ligand system


that can easily be anchored on certain classes of enzymes
through a linker that has known affinity for the active site
of the catalyst.[42] Once this concept is proven, it can be ap-
plied to large libraries of enzymes, which can then be tested
again on the substrate of choice. We decided to test out the
concept on papain, a well-characterised enzyme with a cys-
teine residue in position 25. Phenacyl bromides are known
to selectively bind to the thiol group of this amino acid resi-
due. We thus devised a phosphorus ligand that could be at-
tached to phenacyl bromide. In view of the high electrophi-
licity of phenacyl bromide, the ligand cannot be a phos-
phine. We thus decided on a phosphite, decorated with
bulky tert-butyl groups to enhance hydrolytic stability. In ad-
dition, these bulky groups increase the cone angle of the
ligand to such an extent that only a single ligand can bind to
the metal. Examples are known in which such monoligated
catalysts were shown to be extremely active in hydroformy-
lation[43] or in aromatic substitution reactions.[44] Finally, we
had to attach triethylene glycol tails to the ligand in order to
increase the solubility in water. With the ligand attached to
the linker (23) we then modified papain in an aqueous buf-
fered solution containing 10% dioxane. The progress of this
reaction was monitored by measuring the hydrolytic activity
of the enzyme with a chromogenic substrate. Addition of
the rhodium precursor followed by purification over an ion
exchange resin gave the pure modified enzyme (24)
(Scheme 7). Its structure was proven with EI-MS. In addi-
tion, analysis of the tryptic digest showed modification at
position 25.[45]


The enzyme conjugate 24 is an active hydrogenation cata-
lyst. At a substrate catalyst ratio of 800, it was capable of
hydrogenating methyl 2-acetamidoacrylate with 100% con-


version in a buffered water solution overnight at 12 bar H2


(Scheme 8).
Unfortunately, the product was racemic. This may be due


to the fact that there still is a lot of conformational freedom
for the transition-metal catalyst. We are currently reconsi-
dering the mode of attachment. In addition, further enzymes
will be tested as originally planned.


Conclusion


At the beginning of this research, we had set ourselves the
target of being able to find a proper chiral hydrogenation
catalyst for a new substrate within three weeks. We have
reached this goal by implementation of HTE techniques, by
developing new classes of catalysts and ligands that can
easily be assembled in a robot and by developing a robotic
protocol (instant ligand libraries), which allows synthesis of
the ligands or catalysts and subsequent testing without isola-
tion. In addition, we have shown that mixtures of ligands
can be used to great advantage. These methods have revolu-
tionised the manner in which we develop new catalysts for
implementation in industrial processes. Indeed, using the
methods described in this article we managed to find an eco-
nomic catalyst for a process now run on ton scale.


Scheme 7. Modification of papain to create an artificial enzyme.


Scheme 8. Hydrogenation of methyl 2-acetamido acrylate with metal-
enzyme conjugate 24.
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Chemistry
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Introduction


In the field of homogeneous catalysis, tridentate ligands are
widely used in order to create tailor-made molecular envi-
ronments for the catalytically active metal ion and thereby
to influence the (stereo)selectivity of the catalysed reaction
in the desired way. Two fundamentally different classes of
tridentate chelators have to be distinguished: trans- and cis-
coordinating ligands. Among the former, pincer-type mole-
cules A,[1–3] 2,6-bis ACHTUNGTRENNUNG(imino)pyridines B,[4–8] as well as chiral
pyridine-2,6-bis(oxazoline) ligands (Pybox, C)[9] turned out
to provide versatile platforms for the generation of many
and diverse derivatives that can be specifically designed for
numerous catalytic applications (Figure 1). The development
of cis-coordinating ligands was greatly advanced by the dis-
covery of poly(pyrazol-1-yl)borate (“scorpionate”) donors
D[10, 11] 40 years ago (Figure 1). Since then, scorpionate li-
gands have enjoyed tremendous success, because they are
readily accessible by means of a highly modular assembly.
The scorpionate ligands allow for extensive variation of the
substituents R1–R3, by which both the electronic and the


steric properties of the ligand framework can be fine-tuned
almost at will.
Given this background, it is our goal to exploit the advan-


tages of pyrazolylborate chemistry also for the preparation


Abstract: Two anionic tridentate
N,O,N’ chelators, [pz(Ph)B ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(m-
O)B(Ph)pz]� (3�) and [pzPh(Ph)B ACHTUNGTRENNUNG(m-
pz) ACHTUNGTRENNUNG(m-O)B(Ph)pzPh]� (4�), as well as
the corresponding complexes
[Fe(3)(py)Cl], [Fe(3)Cl2] and
[Cu(3)Cl], have been synthesised and
structurally characterised by X-ray
crystallography (pz: pyrazolyl, pzPh: 3-
phenylpyrazolyl, py: pyridine). Since
our synthesis approach takes advantage


of the highly modular pyrazolylborate
chemistry, inexpensive and relatively
resistant N,O,N’ ligands of varying
steric demand are readily accessible.
The complexes [Fe(3)(py)Cl] and
[Fe(3)Cl2] possess a distorted trigonal-


bipyramidal configuration with the pyr-
azolyl rings occupying equatorial posi-
tions and the oxygen donor being lo-
cated at an apical position. The com-
plex [Cu(3)Cl] crystallises as chloro-
bridged dimers featuring CuII ions with
ligand environments that are inter-
mediate between a square-planar and a
trigonal-bipyramidal geometry.


Keywords: boron · chelates · ligand
design · N,O ligands · pyrazolyl-
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Figure 1. Tridentate meridionally coordinating pincer (A), 2,6-bis-
ACHTUNGTRENNUNG(imino)pyridine (B), and pyridine-2,6-bis(oxazoline) (C) ligands; triden-
tate facially coordinating tris(pyrazol-1-yl)borate ligands (D ; substituents
R1–R3 on two pyrazolyl rings not shown); proposed tridentate meridio-
nally coordinating bis(pyrazol-1-yl)borate ligands (E).
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of molecules with the potential to be trans-chelating ligands.
We have selected compounds of the general structure E
(Figure 1) as promising target molecules for which many of
the established design principles in scorpionate chemistry
are expected to be still valid. Appropriate choice of substitu-
ents R1 thus offers the possibility to adjust the steric
demand of E, whereas substituents R2 can be employed to
influence its electronic properties. To meet the specific re-
quirements of the coordinated complex fragment, the
system may further be optimised by varying the central
donor site X (e.g., X=O, S, NH).


Results and Discussion


To restrict the conformational flexibility of the ligand back-
bone, we decided to introduce a rigid pyrazolide bridge be-
tween the two boron atoms of E as a substitute for two dan-
gling R side chains. Moreover, an oxygen atom was chosen
as third donor X to make the ligand as resistant as possible
to hydrolysis. These considerations led to the selection of
the monoanionic compound 3� (Scheme 1) as promising ini-


tial system for the development of trans-chelating scorpi-
ACHTUNGTRENNUNGonate analogues.


Syntheses: The already known 1,3-diboroxane 2[12] turned
out to be a proper starting material for the preparation of
3� (Scheme 1). Following the published procedure,[12] 2 can
be obtained in 54% yield from the reaction of B,B’,B’’-tri-
phenylboroxin, [-B(Ph)O-]3, and bis(dimethylamino)phenyl-
borane, PhB ACHTUNGTRENNUNG(NMe2)2. However, we preferred to synthesise 2
by hydrolysis of bromo(dimethylamino)phenylborane,
PhB(Br)NMe2,


[13,14] with 0.5 equivalents of water in the pres-
ence of triethylamine (yield: 82%, cf. Experimental Sec-
tion). Treatment of 2 with 1 equivalent of lithium pyrazolide
(Lipz) and 2 equivalents of pyrazole (Hpz) in a toluene/


THF mixture at reflux temperature leads to the clean as-
sembly of ligand 3� through a transamination reaction. In
contrast, according to a study conducted by Niedenzu
et al. ,[12] 2 reacts with 2 equivalents of Hpz in the absence of
Lipz to form the bridged pyrazabole PhB ACHTUNGTRENNUNG(m-pz)2ACHTUNGTRENNUNG[m-OB-
ACHTUNGTRENNUNG(Ph)O]BPh as the major product besides substantial quanti-
ties of the 1,3-diboroxane derivative [pz(Ph)B ACHTUNGTRENNUNG(m-
pz)2B(Ph)]2O. In the latter compound, two pyrazabole moi-
eties are linked by an oxygen atom. NMR spectroscopy on
the crude product 3� excludes the formation of cis-/trans-iso-
mers in which the two pyrazolyl substituents would be locat-
ed either at the same side or at opposite sides of the [BACHTUNGTRENNUNG(m-
pz) ACHTUNGTRENNUNG(m-O)] plane. Our current working hypothesis is that the
observed cis-selectivity of the reaction (cf. X-ray crystallog-
raphy) may be due to a template effect of the Li+ counter-
ion. To prove the versatility of our synthesis approach, we
have next prepared ligand 4� bearing phenyl substituents at
the 3-positions of its terminal pyrazolyl groups. First,
1 equivalent of Lipz was added to 2 in toluene/THF, the
mixture was then refluxed for 8 h to form the likely inter-
mediate LiACHTUNGTRENNUNG[Me2N(Ph)B ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(m-O)B(Ph)NMe2], which was
subsequently treated with 2 equivalents of HpzPh to give 4�


in decent yield (Scheme 1, R=Ph). The successful synthesis
of 4� is important for perspective applications of our ligand
system in homogeneous catalysis, because steric protection
of the active site is often a decisive factor in catalyst design.
For example, Brookhart[4] and Gibson[5] have shown that the
performance as ethylene polymerisation catalysts of 2,6-bis-
ACHTUNGTRENNUNG(imino)pyridine-based FeII and CoII complexes crucially de-
pends on the presence of bulky aryl substituents R at the
imino nitrogen atoms (cf. B, Figure 1). The FeII, FeIII and
CuII complexes of ligand Li-3 are readily accessible from
THF upon addition of anhydrous FeCl2, FeCl3 and CuCl2,
respectively (cf. 5–7, respectively; Scheme 2). In the case of


the FeII complex 5, it was necessary to add a small amount
of pyridine to obtain a well-defined single-crystalline prod-
uct.


NMR spectroscopy: The 11B NMR spectra of ligands Li-3
and Li-4 are characterised by one single resonance at d=


5.4 ppm testifying[15,16] to the presence of four-coordinate


Scheme 1. Synthesis of the tridentate N,O,N’ ligands Li-3 and Li-4. i) H2O
(0.5 equiv), NEt3 (1 equiv); toluene, RT; ii) 1. Lipz (1 equiv), 2. HpzR


(2 equiv); toluene/THF, reflux temperature.


Scheme 2. Synthesis of the metal complexes 5–7. i) 5 : FeCl2 (1 equiv);
THF/pyridine, RT; 6 : FeCl3 (1 equiv); THF, RT; 7: CuCl2 (1 equiv); THF,
RT.
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boron nuclei. In its 1H NMR spectrum, Li-3 gives rise to two
sets of pyrazolyl signals at d=6.27, 7.55, 7.59 ppm (intensity
ratio 2:2:2) and d=6.58, 7.86 ppm (intensity ratio 1:2).
These data are in accord with a molecular framework con-
taining one symmetrically coordinated and two magnetically
equivalent but unsymmetrically coordinated pyrazolyl rings.
This interpretation is further supported by the 13C NMR
spectrum of Li-3. However, it is difficult to decide at this
stage whether Li-3 possesses cis- or trans configuration. As
to be expected, the NMR parameters of Li-3 and Li-4 are
similar, but for the fact that Li-4 shows only two resonances
for the terminal pyrazolyl fragments and that a second set
of phenyl resonances can clearly be identified both in the 1H
and 13C NMR spectra. As a result of their paramagnetic
nature, meaningful NMR spectra of the complexes 5–7
could not be acquired.


X-ray crystallography: All the compounds under investiga-
tion were structurally characterised by X-ray crystallogra-
phy. Selected crystal data and structure refinement details
are compiled in Table 1. The lithium salt Li-3 crystallises
from THF/hexane with one THF molecule coordinated to
the Li+ ion (Li ACHTUNGTRENNUNG(thf)-3, triclinic space group P1̄; Figure 2).
The X-ray crystal structure analysis of LiACHTUNGTRENNUNG(thf)-3 confirms the
proposed structure of the ligand framework, with one bridg-
ing and two terminal pyrazolyl groups. Most importantly,
the structure analysis also shows that the latter are located
in a mutual cis-arrangement thereby enabling 3� to coordi-
nate the Li+ ion in a tridentate fashion through two nitro-
gen atoms and one oxygen donor. The ligand sphere of the
Li+ centre is distorted from a tetrahedral geometry in the
direction of a square-planar environment with the N-Li1-O1


bond angles being contracted to about 908 while the N12-
Li1-N22 and the O1-Li1-O61 angles are expanded to
115.9(2)8 and 123.8(2)8, respectively. The dihedral angle be-
tween the two pyrazolyl rings amounts to 109.78. Despite of
the supporting chelate effect and the electrostatic attraction,
the Li�O contact to 3� is 0.052 P longer than the bond to


Table 1. Crystal data and structure refinement details for Li ACHTUNGTRENNUNG(thf)-3, Li ACHTUNGTRENNUNG(thf)-4, 5, 6 and [(7)2].


Li ACHTUNGTRENNUNG(thf)-3 Li ACHTUNGTRENNUNG(thf)-4 5 6 [(7)2]


formula C25H27B2LiN6O2 C37H35B2LiN6O2·0.5C6H14 C26H24B2ClFeN7O·C4H8O C21H19B2Cl2FeN6O C42H38B4Cl2Cu2N12O2


Mr 472.09 667.36 635.55 519.79 984.06
colour, shape colourless, block colourless, block colourless, block dark yellow, block blue, needle
T [K] 173(2) 173(2) 173(2) 173(2) 173(2)
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1̄ P1̄ P21 P21/c P21/c
a [P] 9.5835(10) 9.8802(5) 10.5983(9) 8.9100(4) 17.1292(13)
b [P] 9.8411(10) 14.1338(7) 8.9755(4) 14.0959(4) 16.2248(10)
c [P] 14.4380(15) 14.3611(7) 16.6678(12) 18.8314(9) 17.1173(13)
a [8] 74.836(8) 78.950(4) 90 90 90
b [8] 75.329(8) 72.460(4) 101.508(6) 96.752(4) 110.275(6)
g [8] 74.406(8) 76.886(4) 90 90 90
V [P3] 1241.1(2) 1845.86(16) 1553.65(19) 2348.72(17) 4462.4(6)
Z 2 2 2 4 4
1calcd [gcm


�3] 1.263 1.201 1.359 1.470 1.465
F ACHTUNGTRENNUNG(000) 496 706 660 1060 2008
m [mm�1] 0.081 0.074 0.611 0.896 1.125
crystal size [mm] 0.52R0.48R0.46 0.39R0.32R0.25 0.17R0.15R0.11 0.27R0.24R0.22 0.26R0.07R0.05
reflns collected 22472 50552 19796 50938 58911
independent reflns (Rint) 4647 (0.0511) 8113 (0.0326) 5754 (0.0831) 4411 (0.0376) 8404 (0.1740)
data/restraints/parameters 4647/0/325 8113/0/461 5754/1/388 4411/0/298 8404/6/577
GOOF on F2 1.079 1.059 1.041 1.057 1.170
R1/wR2 [I>2s(I)] 0.0555/0.1505 0.0531/0.1427 0.0533/0.0904 0.0274/0.0653 0.1347/0.3070
R1/wR2 (all data) 0.0674/0.1571 0.0558/0.1450 0.0691/0.0950 0.0307/0.0667 0.1662/0.3219
largest diff. peak/hole [eP�3] 0.618/�0.641 0.418/�0.354 0.246/�0.385 0.320/�0.344 3.254/�2.019


Figure 2. ORTEP plot (50% probability ellipsoids) of Li ACHTUNGTRENNUNG(thf)-3 ; H atoms
omitted for clarity. Selected bond lengths [P], bond angles [8] and torsion
angles [8]: Li1�N12 2.023(4), Li1�N22 2.034(4), Li1�O1 1.940(4), Li1�
O61 1.888(4), B1�N11 1.566(3), B1�N51 1.585(3), B1�O1 1.448(2), B2�
N21 1.573(3), B2�N52 1.584(3), B2�O1 1.445(2); N12-Li1-N22 115.9(2),
N12-Li1-O1 88.8(2), N22-Li1-O1 88.3(2), O1-Li1-O61 123.8(2), B1-O1-
B2 115.9(2), N51-B1-O1 101.7(2), N52-B2-O1 101.6(2), O1-B1-C31
116.1(2), O1-B2-C41 116.6(2); O1-B1-N11-N12 15.5(2), O1-B2-N21-N22
�11.4(2), B1-N11-N12-Li1 �11.6(2), B2-N21-N22-Li1 1.6(2).
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the THF ligand (Li1�O1=1.940(4) P, Li1�O61=
1.888(4) P). The B�N bond lengths lie in the usually ob-
served range for pyrazaboles and poly(pyrazol-1-yl)bo-
rates.[17] The B�O bonds are also unexceptional. Most of the
corresponding bond angles are close to the ideal value of
1098 expected for sp3-hybridised boron atoms. The largest
deviations are found for the two O-B-C angles (mean
values: 116.48) and the (m-pz)N-B-O angles, which, as a
result of their incorporation into the five-membered ring,
are rather acute (N51-B1-O1=101.7(2)8, N52-B2-O1=
101.6(2)8). X-ray crystallography on Li-4, which crystallises
as a THF adduct Li ACHTUNGTRENNUNG(thf)-4 (triclinic space group P1̄;
Figure 3), provides conclusive evidence that the unsubstitut-


ed pyrazolyl ring indeed occupies the B,B’-bridging position,
while the 3-phenylpyrazolyl moieties act as the dangling
substituents. Evidently, no pyrazolyl scrambling has occurred
during ligand synthesis. As desired, the terminal pyrazolyl
donors are again found in a mutual cis-arrangement (dihe-
dral angle: 110.18). The key structural parameters of Li ACHTUNGTRENNUNG(thf)-
4 are essentially the same as in the case of Li ACHTUNGTRENNUNG(thf)-3, with
the notable exception that the Li1�O61 bond in LiACHTUNGTRENNUNG(thf)-4 is
elongated by 0.032 P to a value of 1.920(2) P. This finding
indicates that, similar to the chemistry of poly(pyrazol-1-yl)-
borate ligands, attachment of bulky phenyl substituents to
the terminal pyrazolyl rings leads to a measurable steric
shielding of the coordinated metal ion.
The FeII complex 5 (monoclinic, P21; Figure 4) contains a


five-coordinate iron centre that binds to a chloro ligand, a
pyridine molecule and the tridentate chelator 3�. For five-


coordinate complexes, the parameter t= (q�f)/608[18] pro-
vides a quantitative measure of whether the ligand sphere
more closely approaches a square-pyramidal (t=0) or a
trigonal-bipyramidal geometry (t=1; q, f are the two larg-
est bond angles and q>f). In the case of 5, we have q=


N61-Fe1-O1=159.9(1)8 and f=N22-Fe1-Cl1=120.4(1)8,
such that t possesses a value of 0.66. The coordination ge-
ometry about the FeII ion is thus best described as distorted
trigonal bipyramidal with the pyridine molecule and the
oxygen atom occupying the apical positions. All angles be-
tween equatorial ligands are close to 1208 (N12-Fe1-N22=
117.9(2)8, N12-Fe1-Cl1=119.7(1)8, N22-Fe1-Cl1=
120.4(1)8). The two pyrazolyl rings include a dihedral angle
of 129.48. As to be expected for geometric and electrostatic
reasons, the mean Fe�N(pz) bond length is smaller by
0.097 P than the Fe1�N61=2.180(4) P contact. According-
ly, the Fe�N(pz) bonds of 5 are also shorter than those of
the related complex [Fe(L)Cl2]


[19] bearing a neutral ligand
L=2,6-bis(3,5-dimethyl-N-pyrazolyl)pyridine (5 : mean
value=2.083 P; [Fe(L)Cl2]: mean value=2.158 P). The Fe�
Cl bond lengths in 5 (Fe1�Cl1=2.292(1) P) and [Fe(L)Cl2]
(Fe�Cl=2.304(2), 2.308(1) P), however, are almost identical
within experimental error. Complex 5 crystallises together
with 1 equivalent of THF, the oxygen atom of which forms a
short contact to one of the pyridine ortho-H atoms
((THF)O···HACHTUNGTRENNUNG(pyridine)=2.662 P).
A similar ligand arrangement as in 5 is observed in the


FeIII complex 6 (monoclinic space group P21/c ; Figure 5),
apart from the fact that a chloro ligand is substituted for the
pyridine donor in the apical position (O1-Fe1-Cl2=


Figure 3. ORTEP plot (50% probability ellipsoids) of Li ACHTUNGTRENNUNG(thf)-4 ; H atoms
omitted for clarity. Selected bond lengths [P], bond angles [8] and torsion
angles [8]: Li1�N12 2.035(3), Li1�N22 2.051(2), Li1�O1 1.942(2), Li1�
O61 1.920(2), B1�N11 1.578(2), B1�N31 1.592(2), B1�O1 1.455(2), B2�
N21 1.579(2), B2�N32 1.587(2), B2�O1 1.458(2); N12-Li1-N22 114.9(1),
N12-Li1-O1 90.1(1), N22-Li1-O1 88.7(1), O1-Li1-O61 122.3(1), B1-O1-
B2 115.8(1); O1-B1-N11-N12 14.7(2), O1-B2-N21-N22 �1.7(2), B1-N11-
N12-Li1 �13.5(1), B2-N21-N22-Li1 �10.0(1).


Figure 4. ORTEP plot (50% probability ellipsoids) of 5 ; H atoms omitted
for clarity. Selected bond lengths [P], bond angles [8] and torsion angles
[8]: Fe1�N12 2.082(3), Fe1�N22 2.084(4), Fe1�N61 2.180(4), Fe1�O1
2.179(3), Fe1�Cl1 2.292(1); N12-Fe1-N22 117.9(2), N12-Fe1-N61 93.7(1),
N12-Fe1-O1 78.4(1), N12-Fe1-Cl1 119.7(1), N22-Fe1-N61 89.3(1), N22-
Fe1-O1 78.5(1), N22-Fe1-Cl1 120.4(1), N61-Fe1-O1 159.9(1), N61-Fe1-
Cl1 101.1(1), O1-Fe1-Cl1 98.9(1); O1-B1-N11-N12 5.7(5), O1-B2-N21-
N22 �3.7(5), B1-N11-N12-Fe(1) 2.8(5), B2-N21-N22-Fe1 �3.7(4).
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161.8(1)8) and that the N12-
Fe1-N22 angle is expanded to
125.2(1)8 as compared to only
117.9(2)8 in 5 (6 : t=0.61; dihe-
dral angle between the pyrazol-
yl rings=139.88). Due to the
trivalent oxidation state of the
central iron atom, all Fe�X
bond lengths are shorter in 6
than the corresponding bond
lengths in 5 (X=N, O, Cl).
The CuII complex 7 crystalli-


ses in the monoclinic space
group P21/c and forms chloro-
bridged dimers [(7)2] in the
solid state (Figure 6). The indi-
vidual monomeric units possess
pronouncedly planarised struc-
tures with bond angles N12-
Cu1-N22=150.2(4)8 and N62-
Cu2-N72=147.4(4)8. The corre-
sponding dihedral angles be-
tween the pyrazolyl rings are
153.38 and 140.68. Most impor-
tantly, both halves of the dimer
molecule have a t value of 0.46
indicating the ligand environ-
ment of each CuII ion in [(7)2]
to be closer to a square-pyrami-
dal rather than a trigonal bipyr-


amidal configuration. Steel et al. have recently published a
CuII complex [Cu(L’)Cl2] (L’=8-(2-pyridylmethoxy)quino-
line) that bears a tridentate N,O,N’ ligand with sp2-hybri-
dised nitrogen atoms and, moreover, establishes a distorted
square-pyramidal geometry in the crystal lattice (t=0.27).[20]


A comparison of [(7)2] with [Cu(L’)Cl2] reveals somewhat
shorter Cu�N bond lengths in the former (mean value=
1.962 P) than in the latter compound (mean value=
1.992 P). Differences in Cu�Cleq bond lengths are small be-
tween both compounds ([(7)2]: Cu1�Cl2=2.294(3) P, Cu2�
Cl1=2.292(3) P; [Cu(L’)Cl2]: Cu�Cleq=2.244(1) P), where-
as a large discrepancy is observed for the Cu�O contacts
([(7)2]: Cu1�O1=2.035(8) P, Cu2�O2=2.015(7) P;
[Cu(L’)Cl2]: Cu�O=2.170(1) P). As an explanation, one
has again to bear in mind that [(7)2] contains anionic ligands,
whereas L’ is uncharged. Moreover, the oxygen atoms of
[(7)2] are bonded to two electropositive four-coordinate
boron atoms; this probably leads to a pronounced accumula-
tion of negative partial charge and in turn to a contraction
of the Cu�O bond.


Conclusion


Tris(pyrazol-1-yl)borate (“scorpionate”) ligands are a well-
established class of cis-coordinating tridentate chelators.
Their highly modular assembly makes a multitude of differ-


Figure 5. ORTEP plot (50% probability ellipsoids) of 6 ; H atoms omitted
for clarity. Selected bond lengths [P], bond angles [8] and torsion angles
[8]: Fe1�N12 2.027(1), Fe1�N22 2.030(1), Fe1�O1 2.119(1), Fe1�Cl1
2.219(1), Fe1�Cl2 2.239(1); N12-Fe1-N22 125.2(1), N12-Fe1-O1 78.5(1),
N12-Fe1-Cl1 118.2(1), N12-Fe1-Cl2 93.3(1), N22-Fe1-O1 78.9(1), N22-
Fe1-Cl1 112.8(1), N22-Fe1-Cl2 93.1(1), O1-Fe1-Cl1 94.5(1), O1-Fe1-Cl2
161.8(1), Cl1-Fe1-Cl(2) 103.7(1); O1-B1-N11-N12 2.7(2), O1-B2-N21-N22
�0.4(2), B1-N11-N12-Fe1 �5.2(2), B2-N21-N22-Fe1 7.8(2).


Figure 6. ORTEP plot (50% probability ellipsoids) of [(7)2]; H atoms omitted for clarity. Selected bond
lengths [P], atom···atom distances [P], bond angles [8] and torsion angles [8]: Cu1�N12 1.960(11), Cu1�N22
1.977(9), Cu1�O1 2.035(8), Cu1�Cl1 2.637(3), Cu1�Cl2 2.294(3), Cu2�N62 1.972(10), Cu2�N72 1.940(11),
Cu2�O2 2.015(7), Cu2�Cl1 2.292(3), Cu2�Cl2 2.767(4), Cu1···Cu2 3.545(2); N12-Cu1-N22 150.2(4), N12-Cu1-
O1 83.3(3), N22-Cu1-O1 84.4(4), N12-Cu1-Cl1 107.7(3), N12-Cu1-Cl2 95.3(3), N22-Cu1-Cl1 99.6(3), N22-Cu1-
Cl2 96.1(3), O1-Cu1-Cl1 90.8(2), O1-Cu1-Cl2 177.8(3), N62-Cu2-N72 147.4(4), N62-Cu2-O2 84.6(4), N72-Cu2-
O2 83.8(4), N62-Cu2-Cl1 98.3(3), N62-Cu2-Cl2 97.9(3), N72-Cu2-Cl1 95.6(3), N72-Cu2-Cl2 112.0(3), O2-Cu2-
Cl1 175.0(3), O2-Cu2-Cl2 87.6(2), Cl1-Cu1-Cl2 91.2(1), Cl1-Cu2-Cl2 88.0(1), Cu1-Cl1-Cu2 91.7(1), Cu1-Cl2-
Cu2 88.4(1); O1-B1-N21-N22 3.1(15), O1-B2-N11-N12 �11.1(15), O2-B3-N61-N62 0.3(14), O2-B4-N71-N72
�1.1(15), B1-N21-N22-Cu1 4.6(14), B2-N11-N12-Cu1 2.8(14), B3-N61-N62-Cu2 7.7(13), B4-N71-N72-Cu2
�3.2(13).
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ent tailor-made derivatives readily available. It is our aim to
exploit the advantages of pyrazolylborate chemistry for the
development of N,O,N’ tridentate and trans-chelating li-
gands. To this end, we prepared two anionic tridentate
N,O,N’ ligands, [pz(Ph)B ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(m-O)B(Ph)pz]� (3�) and
[pzPh(Ph)B ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(m-O)B(Ph)pzPh]� (4�), and investigated
their coordination behaviour towards FeII, FeIII and CuII cen-
tres. Depending from the nature of the coordinated complex
fragment, 3� turned out to achieve (pz)N-M-N(pz) bite
angles between 117.9(2)8 and 150.2(4)8 (pz: pyrazolyl ; pzPh:
3-phenylpyrazolyl). In contrast, the corresponding bite
angles in tris(pyrazol-1-yl)borate complexes of iron and
copper are found within an interval of 808–1048[17] and 808–
1038,[17] respectively (no restrictions to oxidation state and
coordination number of the metal centres were applied). A
further flattening of the ligand framework of 3� is most


likely to be incompatible with
the simultaneous presence of 1)
an sp3 oxygen donor, 2) sp3


boron atoms and 3) the pyra-
zolyl brace (cf. Figure 7). Com-
parable and truly trans-coordi-
nating ligands are either confor-
mationally more flexible (e.g.,
[(ArNCH2CH2)2O]2� ; Ar=2,6-
Me2C6H3, 2,6-iPr2C6H3)


[21] or
feature exclusively sp2-hybrid-
ACHTUNGTRENNUNGised atoms along the ligand
backbone (e.g., 4,6-dibenzofur-


andiyl-2,2’-bis(4-phenyloxazoline)[22] and 2,6-bis(pyrazol-1-
yl)pyridine[19,23]). Interestingly, the [(tBuN-o-C6H4)2O]2�


ligand, which is an analogue of [(ArNCH2CH2)2O]2� with a
more rigid backbone, was found to adopt a coordination
mode similar to 3� rather than to [(ArNCH2CH2)2O]2�.[24] In
summary, ligands 3� and 4� represent the first pincer-type
N,O,N’ ligands that are based on pyrazolylborate chemistry.
They are easy to derivatise and exhibit a flexible coordina-
tion mode that makes them useful in many areas of coordi-
nation chemistry.


Experimental Section


General considerations : All reactions and manipulations of air-sensitive
compounds were carried out in dry, oxygen-free nitrogen using standard
Schlenk glassware. Solvents were freshly distilled under argon from Na/
benzophenone (toluene, THF), Na/Pb alloy (hexane, heptane) or stored
over 4 P molecular sieves prior to use (CH2Cl2, CD3CN). NMR: Bruker
Avance 400, Bruker AM 250, Bruker DPX 250 spectrometers. 11B NMR
spectra are reported relative to external BF3·Et2O. Unless stated other-
wise, all NMR spectra were run at ambient temperature. Abbreviations:
s= singlet; d=doublet; t= triplet; vt=virtual triplet; dd=doublet of dou-
blets; br=broad; n.r.=multiplet expected in the 1H NMR spectrum but
not resolved; n.o.= signal not observed; Me=methyl; Ph=phenyl; py=
pyridine, pz=pyrazolide, THF= tetrahydrofuran. Elemental analyses
were performed by the microanalytical laboratory of the University of
Frankfurt and by Quantitative Technologies Inc. (QTI). Compound 1 can
be synthesised according to a literature procedure.[13]


Synthesis of 2: Water (63 mL, 0.063 g, 3.50 mmol) and triethylamine
(0.713 g, 7.05 mmol) were added to a solution of 1 (1.484 g, 7.00 mmol) in
toluene (20 mL) at RT with stirring whereupon a colourless precipitate
formed. The resulting slurry was stirred for 8 h, the precipitate collected
on a frit (G4) and the filtrate evaporated in vacuo. The off-white, slightly
oily product obtained can be used without further purification. Yield:
0.802 g (2.86 mmol, 82%); 11B NMR (128.4 MHz, CDCl3): d=29.8 ppm
(h1/2=270 Hz); 1H NMR (250.1 MHz, CDCl3): d=2.60, 2.72 (2s, 2R6H;
CH3), 7.08–7.14 ppm (m, 10H; PhH); 13C NMR (62.9 MHz, CDCl3): d=
36.4, 38.8 (CH3), 127.1 (PhCp), 127.4 (PhCm), 132.5 ppm (PhCo), n.o. (C�
B).


Synthesis of Li ACHTUNGTRENNUNG(thf)-3 : Lithium pyrazolide (0.847 g, 11.45 mmol) and pyr-
azole (1.556 g, 22.86 mmol) in THF (10 mL) were added to a solution of
2 (3.199 g, 11.43 mmol) in toluene (20 mL) with stirring. The resulting
solution was heated to reflux temperature for 8 h, the solvent was re-
moved in vacuo and the resulting colourless solid residue washed with
hexane (10 mL). X-ray quality crystals of Li ACHTUNGTRENNUNG(thf)-3 were grown by layer-
ing a solution of the crude product in THF with hexane. Yield of Li ACHTUNGTRENNUNG(thf)-
3 : 3.443 g (7.29 mmol, 64%); 11B NMR (128.4 MHz, CD3CN): d=


5.4 ppm (h1/2=160 Hz); 1H NMR (400.1 MHz, CD3CN): d=6.27 (vt, 3J-
ACHTUNGTRENNUNG(H,H)=1.9 Hz, 2H; pzH-4), 6.58 (t, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; m-pzH-4),
7.08–7.11 (m, 6H; PhHm, PhHp), 7.14–7.17 (m, 4H; PhHo), 7.55 (d, 3J-
ACHTUNGTRENNUNG(H,H)=1.7 Hz, 2H; pzH-3 or 5), 7.59 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 2H; pzH-5 or
3), 7.86 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 2H; m-pzH-3,5); 13C NMR (100.6 MHz,
CD3CN): d=106.4 (pzC-4), 110.8 (m-pzC-4), 127.4 (PhCp), 127.9 (PhCm),
131.1 (m-pzC-3,5), 132.5 (PhCo), 132.9 (pzC-5 or 3), 139.1 ppm (pzC-3 or
5), n.o. (C�B); elemental analysis calcd (%) for
C21H19B2LiN6O·C4H8O·0.5H2O (481.10): C 62.41, H 5.87, N 17.46; found:
C 62.19, H 5.67, N 17.25.


Synthesis of Li ACHTUNGTRENNUNG(thf)-4: Neat lithium pyrazolide (0.225 g, 3.04 mmol) was
added to a solution of 2 (0.850 g, 3.04 mmol) in toluene (20 mL) and
THF (5 mL) with stirring. After the resulting solution had been heated
to reflux temperature for 8 h, it was allowed to cool to RT for the addi-
tion of 3-phenylpyrazole (0.877 g, 6.08 mmol). The mixture was refluxed
for further 8 h, all volatiles were removed in vacuo and the resulting col-
ourless solid residue was washed with hexane (10 mL). X-ray quality
crystals of Li ACHTUNGTRENNUNG(thf)-4 were grown by layering a solution of the crude prod-
uct in THF with hexane. Yield of Li ACHTUNGTRENNUNG(thf)-4 : 1.003 g (1.61 mmol, 53%);
11B NMR (128.4 MHz, CD3CN): d=5.4 ppm (h1/2=180 Hz); 1H NMR
(250.1 MHz, CD3CN): d=6.61 (d, 3J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; PhpzH-4), 6.65
(t, 3J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1H; m-pzH-4), 7.14–7.18 (m, 6H; PhHm, PhHp),
7.23–7.27 (m, 10H; PhHo, PhpzHm, PhpzHp), 7.68–7.72 (m, 4H; PhpzHo),
7.70 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 2H; PhpzH-5), 7.98 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=2.3 Hz,
2H; m-pzH-3,5); 13C NMR (100.6 MHz, CD3CN): d=104.6 (PhpzC-4),
111.3 (m-pzC-4), 126.7 (PhpzCo), 127.7 (PhCp), 128.2 (PhCm), 128.4
(PhpzCp), 129.7 (PhpzCm), 131.6 (m-pzC-3,5), 132.5 (PhCo), 134.7, 134.8
(PhpzC-3,5), 152.0 ppm (PhpzCi), n.o. (C�B); elemental analysis calcd
(%) for C33H27B2LiN6O·C4H8O·0.5C6H14 (667.36): C 71.99, H 6.34, N
12.59; found: C 71.17, H 6.24, N 12.65.


Synthesis of 5: The ligand Li ACHTUNGTRENNUNG(thf)-3 (0.195 g, 0.41 mmol) was dissolved in
a mixture of THF (15 mL) and pyridine (2 mL). Neat FeCl2 (0.053 g,
0.41 mmol) was added at RT. After the reaction mixture had been stirred
for 10 h, the resulting yellow solution was evaporated and the yellow resi-
due recrystallised from THF/hexane (1:3). Yield of crystalline 5 : 0.123 g
(0.22 mmol, 54%); LR-MS (MALDI+): m/z (%): 563 (37) [M]+ ; elemen-
tal analysis calcd (%) for C26H24B2ClFeN7O·C4H8O (635.55): C 56.70, H
5.08, N 15.42; found: C 56.25, H 5.04, N 15.86.


Synthesis of 6: Neat FeCl3 (0.069 g, 0.42 mmol) was added at RT to a sol-
ution of Li ACHTUNGTRENNUNG(thf)-3 (0.200 g, 0.42 mmol) in THF (20 mL). After stirring for
10 h, the red solution was evaporated to dryness in vacuo. The resulting
red residue was extracted into CH2Cl2 (10 mL). Layering of the solution
of the residue in CH2Cl2 with hexane gave red crystals suitable for an X-
ray crystal structure analysis. Yield of crystalline 6 : 0.154 g (0.30 mmol,
71%); elemental analysis calcd (%) for C21H19B2Cl2FeN6O (519.79): C
48.52, H 3.68, N 16.16; found: C 48.46, H 3.58, N 15.96.


Synthesis of 7: Neat anhydrous CuCl2 (0.042 g, 0.31 mmol) was added at
RT to Li ACHTUNGTRENNUNG(thf)-3 (0.145 g, 0.31 mmol) in THF (12 mL). During the first
5 min of stirring, the colour of the reaction mixture changed from blue to


Figure 7. Structural peculiari-
ties of ligand 3� preventing a
fully planar tridentate coordi-
nation mode.
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green. After 10 h, the solution was evaporated and the resulting green
oily residue extracted into CH2Cl2 (10 mL). Layering of the solution of
the residue in CH2Cl2 with heptane gave turquoise crystals of [(7)2] suita-
ble for an X-ray crystal structure analysis. Yield of crystalline 7: 0.116 g
(0.24 mmol, 77%); elemental analysis calcd (%) for C21H19B2ClCuN6O
(492.03): C 51.26, H 3.89, N 17.08; found: C 51.20, H 3.93, N 17.18.


Crystal structure determinations of Li ACHTUNGTRENNUNG(thf)-3, Li ACHTUNGTRENNUNG(thf)-4, 5, 6 and [(7)2}:
Data collections were performed on a Stoe-IPDS-II two-circle diffrac-
tometer with graphite-monochromated MoKa radiation (l=0.71073 P).
Empirical absorption corrections with the MULABS option[25] in the pro-
gram PLATON[26] were performed. The structures were solved by direct
methods[27] and refined with full-matrix least-squares on F2 using the pro-
gram SHELXL97.[28] Hydrogen atoms were placed on ideal positions and
refined with fixed isotropic displacement parameters using a riding
model. Ligand Li ACHTUNGTRENNUNG(thf)-4 crystallises together with half a molecule of
hexane in the asymmetric unit. The crystal lattice of 5 contains one
equivalent of THF solvate molecules; for 5 the absolute structure was de-
termined: Flack x parameter=0.08(2). CCDC-294679 (Li ACHTUNGTRENNUNG(thf)-3), CCDC-
294680 (Li ACHTUNGTRENNUNG(thf)-4), CCDC-294681 (5), CCDC-294682 (6) and CCDC-
294683 ([(7)2]) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Easily Prepared Air- and Moisture-Stable Pd–NHC (NHC=N-Heterocyclic
Carbene) Complexes: A Reliable, User-Friendly, Highly Active Palladium
Precatalyst for the Suzuki–Miyaura Reaction


Christopher J. O4Brien,[a] Eric Assen B. Kantchev,[a] Cory Valente,[a] Niloufar Hadei,[a]


Gregory A. Chass,[a] Alan Lough,[b] Alan C. Hopkinson,[a] and Michael G. Organ*[a]


The use of N-heterocyclic carbenes (NHCs) as ligands has
led to an array of exciting developments in Pd-catalyzed
cross-coupling reactions.[1] The high sensitivity of isolated
NHCs[2] necessitates handling under rigorously anhydrous
conditions. In situ preparation of active Pd–NHC catalysts
has been the dominant strategy to circumvent this prob-
lem.[3,4] Recently, we disclosed the first Negishi alkyl–alkyl
cross-coupling protocol with a Pd–NHC catalyst prepared
from the imidazolium salt 1 and common Pd sources, and
proposed that the active catalyst is a monoligated Pd–NHC
complex.[5] However, the uncertainty surrounding the stoi-
chiometry and composition of the active species is a major
drawback in mechanistic interpretation of the results.[6]


Moreover, the rate and efficiency of catalyst formation is
difficult to control under these conditions, possibly leading


to waste of precious Pd metal and ligand precursor. The de-
velopment of stable, easy-to-prepare-and-handle Pd–NHC
complexes that are readily activated under the reaction con-
ditions would increase the use of Pd–NHC catalysts in aca-
demic and industrial laboratories. Recently, the groups of
Herrmann,[7] Nolan,[8] Beller,[9] and Sigman[10] have publish-
ed an array of monoligated Pd–NHC complexes that show
high levels of activity in Pd-catalyzed reactions. However,
these catalysts were all prepared under rigorous anhydrous
conditions even when the isolated carbene was not used. A
major step forward, then, would be to develop a process for
the preparation of Pd–NHC precatalysts in air, using readily
available starting materials on a large scale. We envisioned
stable, PdII species bearing one NHC ligand, two anionic li-
gands (e.g., Cl, Br, OAc) and a fourth, “throw-away” ligand.
Even though a number of Pd complexes of NHC–pyridine
bidentate chelating ligands have been prepared,[7a,11] ana-
logues containing monodentate NHC and pyridine ligands
are virtually unknown.[12] Hence, analogous to Grubbs
et al. ,[13a] we concluded that a suitably substituted pyridine
would be an excellent candidate for the role of the throw-
away ligand. Gratifyingly, heating of imidazolium salts 1, 2,
or 3 with PdCl2, and K2CO3 in neat 3-chloropyridine, in air
(Scheme 1) led to the corresponding complexes 4–6
(Figure 1) in excellent yields by direct C�H insertion.[13b]


When we submitted complex 4 (1 mol%) to alkyl–alkyl
Suzuki and Negishi cross-coupling reactions, rapid (Suzuki
5 minutes, Negishi 30 minutes) quantitative formation of 7


Abstract: The synthesis of NHC-PdCl2-
3-chloropyridine (NHC=N-heterocy-
clic carbene) complexes from readily
available starting materials in air is de-
scribed. The 2,6-diisopropylphenyl de-
rivative was found to be highly catalyti-
cally active in alkyl–alkyl Suzuki and
Negishi cross-coupling reactions. The


synthesis, ease-of-use, and activity of
this complex are substantial improve-
ments over in situ catalyst generation
and all current Pd–NHC complexes.


The utilization of complex 4 led to the
development of a reliable, easily em-
ployed Suzuki–Miyama protocol. Em-
ploying various reaction conditions al-
lowed a large array of hindered biaryl
and drug-like heteroaromatic com-
pounds to be synthesized without diffi-
culty.
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was observed at room temperature (Table 1). Not only were
the yields with the diethyl analogue 5 moderate (31–34%),
the rate of the reaction was also much slower than with


complex 4 (Table 1, Figure 2). These results imply that bulky
NHC ligands lead to fast reductive elimination, which sup-
presses undesired side reactions or catalyst decomposition in
a manner analogous with bulkyphosphines.[14] It is unlikely
that pyridine dissociation initiates catalyst activation consid-
ering the high stability of complex 4.[13c] Rather, rapid reduc-
tion facilitated by the organometallic reagent takes place
followed by pyridine dissociation from the generated Pd0


species (Scheme 2). To support this rationale we treated
complex 4 with two equivalents of n-heptylzinc bromide and


analyzed the reaction mixture by GC/MS. From this analysis
we observed the formation of n-tetradecane and liberation
of 3-chloropyridine.[15] Additionally, preliminary computa-
tional studies further collaborate our proposed activation
mechanism.[15b] Thus, after palladium reduction the pyridine
dissociates, analogous to the loss of a phosphine group. A
significant increase in rate was observed when catalysis with
precatalyst 4 at 1 mol% was compared to the [Pd2ACHTUNGTRENNUNG(dba)3]/1
(dba=dibenzylideneacetone) in situ protocol at 4 mol%
(Figure 3a). Extremely fast rates at 1 mol% of 4 made it dif-
ficult to reliably measure the reaction rate, therefore a load-
ing of 0.1 mol% was used (Figure 3b). Interestingly, after
one hour there was a considerable difference in turnover
frequency (TOF, Figure 3b) when the isolated complex and
in situ processes were compared. If we assume that the
same active catalyst is generated in solution when either
protocol is employed and that turnover number (TON) and


Scheme 1. Synthesis of NHC-PdCl2-3-chloropyridine complexes.


Figure 1. ORTEP representation of the crystal structure of 4. The crucial
role of the auxiliary pyridine ligand is highlighted.


Table 1. Catalytic activity of the Pd–NHC catalysts 4–6 in alkyl–alkyl
cross-coupling reactions.


Entry M Yield of n-heptylbenzene (7) [%][a,b]


4 5 6


1 ZnBr[c] 100 34 8.0
2 BBu2


[d] 100 31 6.5


[a] GC yield (internal standard-undecane) after 24 h at RT; all reactions
in duplicate. [b] Control experiments with no catalyst showed no conver-
sion in all cases. [c] n-Butylzinc bromide (1.3 equiv), THF/NMP=2:1.
[d] Tri-n-butylborane (1.2 equiv), tBuOK (1.3 equiv), iPrOH.


Figure 2. Rate studies with precatalysts 4 and 5 in the alkyl–alkyl cross-
coupling reactions: a) Suzuki reaction; b) Negishi reaction. Yields deter-
mined by GC/MS against a calibrated internal standard (undecane).


Scheme 2. Activation and use of complex 4.
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TOF are inherent properties of a compound it appears that
only ~0.1 mol% of active catalyst is actually formed when
utilizing the in situ protocol, even though 4 mol% of the
precursors are used. The fact that most published protocols
make use of in situ catalyst formation, with the inherent
problems detailed above, may account for the limited use
and capricious nature of Pd–NHC-based methodology.


To further demonstrate the utility of compounds 4–6, we
decided to evaluate the complexes in a highly industrial ap-
plicable process, the Suzuki–Miyaura reaction. The palladi-
um-catalyzed Suzuki–Miyaura reaction is the most readily
utilized C�C cross-coupling protocol due to boronic acid
availability and stability, substrate compatibility, ease-of-use,
and waste disposal. In recent years there have been signifi-
cant advances in palladium–phosphine-based Suzuki–
Miyaura methodology.[16] Fu and co-workers detailed the
employment of alkyl halides and toylates with alkylboranes,
a variety of boronic acids, and in one instance an alkyl bor-
onic acid.[17] The coupling of hindered aromatic halides with
aryl and vinyl boronic acids was disclosed by Buchwald and
co-workers.[18] Additionally, Capretta et al.[19] successfully
coupled secondary bromides with aryl boronic acids. In con-
trast to phosphine-ligated processes, the development of
NHC-based protocols has been less successful. Indeed, pal-
ladium–NHC catalysts lack the substrate scope and ease-of-
use of their phosphine cousins.[1] Progress has been made,
but either the cross-coupling reaction or catalyst synthesis
must be carried out in a rigorously dry and inert environ-
ment, typically employing a glove box.[3,20] Furthermore,
most NHC methodology relies on in situ formation of the
active catalyst, which leads to irreproducibility and wide
yield variations.[5] We therefore submitted complexes 4–6


into a variety of Suzuki–Miyaura reaction conditions with
no anhydrous precautions taken (Table 2). We were delight-
ed to find that all complexes functioned as excellent cata-
lysts at 80 8C (Table 2, entries 1, 2 and 4).


However, under closer scrutiny we found that complex 4
was superior as it was possible to conduct reactions in both
dioxane and iPrOH at room temperature with a judicious
choice of base (Table 2, entries, 10 and 12).


Expansion of the protocol to potassium trifluoroboroates
was accomplished by simply changing the solvent to metha-
nol (Table 3, entries 2 and 5–8). The employment of a varie-
ty of reaction conditions allowed a large array of hindered
biaryls and drug-like heteroaromatics to be easily synthe-
sized (Scheme 3). A notable result is the synthesis of 19


Figure 3. In situ catalyst versus NHC-PdCl2-3-chloropyridine complexes
in the alkyl–alkyl Negishi reaction: a) rate comparison with [Pd2 ACHTUNGTRENNUNG(dba)3]/1
and 4 ; b) TON comparison between [Pd2 ACHTUNGTRENNUNG(dba)3]/1 and 4 after 1 h.


Table 2. Optimization of Suzuki–Miyaura conditions for boronic acids.


Entry Catalyst
ACHTUNGTRENNUNG(mol%)


Solvent Base
ACHTUNGTRENNUNG(equiv)


T
[8C]


Yield
[%][a,b]


1 6 (2) dioxane Cs2CO3 (2) 80 74
2 5 (2) dioxane Cs2CO3 (2) 80 95
3 5 (2) DME Cs2CO3 (2) 80 54
4 4 (2) dioxane K3PO4 (2) 80 48
5 4 (2) dioxane Cs2CO3 (2) 80 92
6 4 (2) DME Cs2CO3 (2) 80 77
7 4 (2) dioxane K2CO3 (2) 80 80
8 4 (2) dioxane K2CO3 (3) 80 95
9 4 (2) dioxane K2CO3 (3) 60 97
10 4 (2) dioxane K2CO3 (3) RT 86
11 4 (1) dioxane K2CO3 (3) 80 74
12 4 (1) iPrOH tBuOK RT 97


[a] GC yield (internal standard, undecane) after 2 h at RT; all reactions
in duplicate. [b] Control experiments with no catalyst showed no conver-
sion.


Table 3. Optimization of Suzuki–Miyaura conditions for potassium tri-
fluoroborates.


Entry Solvent Base (equiv) T [8C] Yield [%][a,b]


1 dioxane K2CO3 (3) 60 0
2 MeOH K2CO3 (3) 60 90
3 EtOH K2CO3 (3) 60 30
4 iPrOH K2CO3 (3) 60 27
5 MeOH K2CO3 (3) RT 86
6 MeOH CsF 60 0
7 MeOH KOH 60 91
8 MeOH K3PO4 60 84


[a] GC yield (internal standard, undecane) after 24 h at RT; all reactions
in duplicate. [b] Control experiments with no catalyst showed no conver-
sion.
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(Scheme 3), which when used in combination with triethyl-
phosphine has been demonstrated to form a highly effective
asymmetric Morita–Baylis–Hillman (MBA) catalyst.[21]


Use of isopropanol/tBuOK (Method A) allowed for rapid
cross-coupling at room temperature, whereas more sensitive
coupling partners were effectively coupled utilizing K2CO3


in dioxane (Method B) or methanol in the case of potassium
trifluoroborates (Method C).


In conclusion we have developed a series of NHC-PdCl2-
3-chloropyridine complexes that are: 1) readily prepared in
air on a large-scale from cheap starting materials, 2) handled
and stored in air—no glove box necessary, and 3) in the case


of 4, easily reduced to a highly active Pd0–NHC species. We
believe the pyridine ligand plays a pivotal role in the facile
preparation and stabilization of the PdII complex, while
readily dissociating upon catalyst activation. We have coined
the term PEPPSI (pyridine-enhanced precatalyst, prepara-
tion, stabilization, and initiation) to describe this effect. Ad-
ditionally the method of preparation of complex 4 is a sub-
stantial improvement over previously reported Pd–NHC
complexes and allows easy synthesis on a kilogram
scale.[13b,22] The high activity of complex 4 (PEPPSI-IPr;
IPr=diisopropylphenylimidazolium derivative) in alkyl–
alkyl couplings with Zn and B derivatives (arguably the
most challenging case) holds great promise that 4 will be
generally applicable to a wide variety of cross-coupling pro-
tocols. To this end we demonstrated the utility of 4 in the
Suzuki–Miyaura reaction. The employment of various reac-
tion conditions allowed a large array of hindered biaryl and
drug-like heteroaromatic compounds to be synthesized with-
out difficulty. In one case a highly active MBA catalyst was
readily produced in one step. We believe that complex 4
with all of the advantages stated above will be widely adopt-
ed in industrial and academic research laboratories world
wide.[22,23]


Experimental Section


Below are representative procedures for the formation of the PEPPSI
complexes and the Suzuki–Miyaura cross-coupling reactions. A detailed
account of reaction conditions and characterization of products can be
found in the Supporting Information.


Synthesis of the NHC-PdCl2-3-chloropyridine complexes : In air, a vial
was charged with PdCl2 (177 mg, 1.0 mmol), NHC·HCl (1.1 mmol),
K2CO3 (691 mg, 5.0 mmol) and a stirrer bar. 3-Chloropyridine (4.0 mL)
was added, the vial was capped with a TeflonR-lined screw cap and
heated with vigorous stirring for 16 h at 80 8C. After cooling to RT, the
reaction mixture was diluted with CH2Cl2 and passed through a short pad
of silica gel covered with a pad of Celite eluting with CH2Cl2 until the
product was completely recovered. Most of the CH2Cl2 was removed
(rotary evaporator) at RT, and the 3-chloropyridine was then vacuum-dis-
tilled (water aspirator vacuum) and saved for reuse. The pure complexes
4–6 were isolated after triturating with pentane, decanting of the super-
natant and drying in high vacuum.


Data for complex 4 : Using the above method NHC·HCl (468 mg,
1.1 mmol) gave complex 4 (677 mg, 97%) as a yellow solid. M.p. 240 8C
(decomp); 1H NMR (400 MHz, CDCl3): d=8.62 (d, J=1.6 Hz, 1H), 8.54
(d, J=5.6 Hz, 1H), 7.57 (d, J=8.2 Hz, 1H), 7.52 (t, J=7.7 Hz, 2H), 7.37
(d, J=7.7 Hz, 4H), 7.16 (s, 2H), 7.09 (dd, J=8.0 Hz, 5.7 Hz, 1H), 3.18
(m, 4H), 1.50 (d, J=6.7 Hz, 12H), 1.14 ppm (d, J=6.8 Hz, 12H);
13C NMR (100 MHz, CDCl3): d=153.5, 150.5, 149.4, 146.7, 137.4, 135.0,
132.0, 130.3, 125.1, 124.3, 124.1, 28.7, 26.3, 23.2 ppm; elemental analysis
calcd (%) for C32H40Cl3N3Pd: C 56.57, H 5.93, N 6.18; found: C 56.90, H
5.99, N 6.52.


Procedure for method A : In air, a vial was charged with potassium tert-
butoxide (154 mg, 1.30 mmol) and complex 4 (6.8 mg, 0.01 mmol), and
the vial was sealed and purged with argon (3S). Technical grade isopro-
panol (1.0 mL) was added and the contents were stirred at room temper-
ature until a color change from yellow to red/brown was observed
(~10 min). Under a cone of argon, the boronic acid (1.20 mmol) was added,
the vial was resealed with a septum, and the organohalide (1.00 mmol)
was injected with a microliter syringe. Alternatively, if the boronic acid
was soluble in isopropanol, it can be added as a solution (1.0 mL). The


Scheme 3. Sp2–sp2 substrate scope. All reactions were performed by using
standard laboratory techniques. Method A: 4 (1 mol%), KtOBu
(1.3 equiv), reagent grade isopropanol, RT. Method B: 4 (2 mol%), diox-
ane, 60 8C . Method C: 4 (2 mol%), K2CO3 (3.0 equiv), methanol, 60 8C.
Method D: 4 (2 mol%), KOHs (3.0 equiv), dioxane, RT. Compound 11
was isolated in 70% yield after 12 h at RT. Compound 19 was prepared
from 4 (4 mol%) K2CO3 (6.0 equiv), and RBACHTUNGTRENNUNG(OH2) (2.4 equiv); this prod-
uct has been made on a 10 g scale with a yield of 80%.
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solution was stirred at room temperature for the indicated period of
time. The reaction was then diluted with diethyl ether (2 mL) and trans-
ferred to a round-bottomed flask. The reaction vial was rinsed with addi-
tional diethyl ether (2 mL) and combined with the previous dilution.
Each reaction was performed in duplicate and the contents were com-
bined, concentrated onto silica gel, and purified by flash chromatography.


Procedure for method B : In air, a vial was charged with complex 4
(6.8 mg, 0.01 mmol), potassium carbonate (207 mg, 1.50 mmol), the bor-
onic acid (0.6 mmol), and the organohalide (0.5 mmol). The vial was
sealed with a septum and purged with argon (3S). Dioxane (2.0 mL) was
added and the contents were stirred at 60 8C for the specified period of
time. The reaction was then diluted with diethyl ether (2 mL) and trans-
ferred to a round-bottomed flask. The reaction vial was rinsed with addi-
tional diethyl ether (2 mL) and combined with the previous dilution.
Each reaction was performed in duplicate and the contents were com-
bined, concentrated onto silica gel, and purified by flash chromatography.


Procedure for method C : In air, a vial was charged with complex 4
(6.8 mg, 0.01 mmol), potassium carbonate (207 mg, 1.50 mmol), the potas-
sium trifluoroborate (0.55 mmol), and the organohalide (0.5 mmol). The
vial was sealed with a septum and purged with argon (3S). Technical
grade methanol (2.0 mL) was added and the contents stirred at 60 8C for
the specified period of time. The reaction was then diluted with diethyl
ether (2 mL) and transferred to a round-bottomed flask. The reaction
vial was rinsed with additional diethyl ether (2 mL) and combined with
the previous dilution. Each reaction was performed in duplicate and the
contents were combined, concentrated onto silica gel, and purified by
flash chromatography.


Procedure for method D : Method B was followed; however, in the place
of solid potassium carbonate, solid KOH (84 mg, 1.50 mmol) was utilized.
Additionally, the reaction was carried out at room temperature instead of
60 8C.
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Introduction


Over the last 30 years, the development of transition-metal-
catalyzed cross-coupling reactions transformed the way
carbon–carbon bonds are created.[1] Within the current ar-
senal of transition-metal-catalyzed cross-coupling protocols,
palladium processes are amongst the most widely employed
and include Hiyama,[2] Kumada,[3] Negishi,[4] Suzuki,[5] and
Stille[6] reactions. Central to the success of these transforma-
tions are palladium metal centers ligated most often with
tertiary phosphines or, recently, N-heterocyclic carbenes
(NHC).[7] Although yearly improvements to these support-
ing ligands are made,[8] advanced ligands[8,9] are still under-
used, mainly due to sensitivity, difficulty-of-use, limited
availability, and expense. Indeed, most synthetic chemists


still rely on the reasonably versatile [Pd ACHTUNGTRENNUNG(PPh3)4], first syn-
thesized by Malatesta and Angoletta in 1957.[10] Unfortu-
nately, [Pd ACHTUNGTRENNUNG(PPh3)4] is very unstable and has modest reactivi-
ty. Recently the groups of Beller,[11] Herrmann,[12] Nolan,[13]


and Sigman[14] have made significant progress towards the
development NHC-based palladium catalysts or precata-
lysts; however, their synthesis is still unattractive.[15] There-
fore, it became clear to us that the development of an easily
prepared single Pd–NHC precatalyst for routine and ad-
vanced cross-coupling reactions would be a significant
breakthrough.


Working towards this goal, we recently detailed the syn-
thesis of a new Pd–NHC complex (1; Figure 1) and demon-
strated the complex<s superiority to catalysts generated in
situ from the corresponding imidazolium salt and a common
Pd source ([Pd2ACHTUNGTRENNUNG(dba)3]) in alkyl–alkyl cross-coupling reac-
tions.[16] Here, we now report a comprehensive evaluation of
complex 1 in the Negishi cross-coupling reaction
(Scheme 1). The Negishi reaction[1,4] owes much of it versa-
tility to the excellent functional group tolerance and high re-
activity of organozinc reagents.[17] However, for any Negishi
cross-coupling protocol to be employed widely it must fulfil
two main criteria: 1) the reaction must be conducted easily
and require no special handling, for example, use of a glove
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box; and 2) the protocol must be applicable to a large array
of substrates.


Results and Discussion


We previously reported the rapid cross coupling (30 minutes
at room temperature) of n-butylzinc bromide (nBuZnBr)
with 1-bromo-3-phenylpropane promoted by 1 (1 mol%;
Scheme 2).[16] These studies were performed using nBuZnBr


produced under conditions developed by Rieke et al.[18]


However, the use of Rieke zinc to generate organozinc hal-
ides can be problematic.[19] Subsequently, Hou disclosed a
more convenient route to alkylzinc reagents[20] by heating
zinc metal (dust, powder, granule, or shot) and the required
bromoalkane in polar aprotic solvents, such as N,N-dimeth-
ACHTUNGTRENNUNGylacetamide (DMA), at 80 8C.


When we employed nBuZnBr, prepared via Hou<s proto-
col, in 1,3-dimethyl-2-imidazolidinone (DMI), complete re-
covery of the starting alkyl bromide resulted. We reasoned
that the lithium halide, formed as a byproduct in the Rieke
protocol,[18] was responsible for the activation of the alkyl-
zinc reagent,[21] possibly through formation of a lithium zinc-
ACHTUNGTRENNUNGate. Indeed, upon addition of two equivalents of LiBr to
nBuZnBr prepared under Hou<s conditions, quantitative
conversion to heptylbenzene was achieved (Scheme 2). This
information enabled us to couple alkyl chlorides and sulfo-
nates by simply adding LiBr (2 equiv) to the reaction
medium. Accordingly, alkyl bromides were successfully cou-
pled in THF/N-methylpyrolidinone (NMP) 2:1 or THF/DMI
2:1, whereas alkyl chlorides, mesylates, and tosylates re-
quired a solvent ratio of 1:3 in order to achieve high yields.
These results invitingly suggest the exciting possibility to se-
lectively couple an alkyl bromide in the presence of an alkyl
chloride followed by coupling the chloride in sequential cou-
pling reactions.[22] Intriguingly, alkyl tosylates and mesylates
were coupled in high yield (Table 1, entries 4, 5, 15, and 16),


Figure 1. Pyridine-enhanced precatalyst preparation, stabilization and ini-
tiation (PEPPSI) precatalyst family. The most active and versatile cata-
lyst, 1 (PEPPSI-IPr), bearing 2,6-diisopropylphenyl substituents at the N
atom of the carbene ring is shown.


Scheme 1. General, simplified mechanism for Negishi cross-coupling re-
actions catalyzed by PEPPSI complex 1.


Scheme 2. PEPPSI complex 1 submitted to Negishi cross-coupling reac-
tions: a) THF/NMP, 2:1, nBuZnBr prepared from Rieke zinc; b) THF/
DMI, 2:1, nBuZnBr produced using Hou<s protocol; c) THF/DMI, 2:1,
nBuZnBr produced using Hou<s protocol with addition of two equiva-
lents of LiBr.


Table 1. Evaluation of PEPPSI complex 1 in the Negishi reaction.


Entry R1 X R2 Yield [%][a]


1 Ph ACHTUNGTRENNUNG(CH2)3 Cl nBu[c] 88
2 Ph ACHTUNGTRENNUNG(CH2)3 Br nBu[b,g] 100
3 Ph ACHTUNGTRENNUNG(CH2)3 I nBu[c] 68
4 Ph ACHTUNGTRENNUNG(CH2)3 OTs nBu[c] 100
5 Ph ACHTUNGTRENNUNG(CH2)3 OMs nBu[c] 100
6 Ph Cl n-heptyl[d] 100
7 Ph Br n-heptyl[b] 100
8 Ph I n-heptyl[d] 95
9 Ph OTf n-heptyl[d] 100


10 Ph OMs n-heptyl[d] 0
11 Ph OTs n-heptyl[d] 0
12 n-heptyl Cl Ph[f] 70
13 n-heptyl Br Ph[e] 100
14 n-heptyl I Ph[f] 100
15 n-heptyl OTs Ph[f] 90
16 n-heptyl OMs Ph[f] 87
17 p-tolyl Cl p-MeOC6H4


[e] 80
18 p-tolyl Br p-MeOC6H4


[e] 88
19 p-tolyl I p-MeOC6H4


[e] 73
20 p-tolyl OTf p-MeOC6H4


[e] 71
21 p-tolyl OMs p-MeOC6H4


[e] 0
22 p-tolyl OTs p-MeOC6H4


[e] 0


[a] GC yield against calibrated internal standard (undecane) performed
in duplicate. [b] THF/DMI, 2:1. [c] THF/DMI, 1:3. [d] THF/DMI, 1:2.
[e] THF/NMP, 2:1, no LiCl/Br. [f] THF/NMP, 1:2, no LiCl/Br. [g] Yielded
63% after 24 h with a catalyst loading of 0.1 mol%.
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in contrast to the corresponding aryl analogues (Table 1, en-
tries 10, 11, 21, and 22). This differing reactivity is unlikely
to be due to a more facile oxidative addition in the case of
the alkyl tosylate with respect to the aryl tosylate. Rather,
an alkyl halide is formed in situ.[23] In contrast, the coupling
of aryl zinc reagents with aromatic halides and pseudoha-
lides did not require any additive (Table 1, entries 17–22).
Arylhalides and triflates also participated in cross-coupling
with alkylzinc reagents in excellent yields (Table 1, en-
tries 6–9). As a whole, the results presented in Table 1 dem-
onstrate that the pyridine-enhanced precatalyst preparation,
stabilization and initiation (PEPPSI) complex 1 (PEPPSI-
IPr; IPr=diisopropylphenylimidazolium derivative) is able
to catalyze the cross-coupling of organochlorides, ACHTUNGTRENNUNG-bromides,
and ACHTUNGTRENNUNG-iodides; aryl triflates; and alkyl tosylates and mesylates
in all possible pairings in high yield at room temperature
(Table 1, entries 1–3, 6–8, 12–14, and 17–19). To the best of
our knowledge, this is the broadest substrate range ever
achieved with a single catalytic protocol.


Encouraged by the results in Table 1, we examined addi-
tional substrates to evaluate the functional group and steric
tolerance, such as might be seen in the synthesis of materials
or biologically active systems. We were delighted to find
that functionalization of the reactants did not diminish the
generality of this protocol, with sp3(RX)–sp3


ACHTUNGTRENNUNG(RZnX), sp3–
sp2, sp2–sp3, and sp2–sp2 cross-coupling reactions (Scheme 3)
easily accomplished with 1 mol% of PEPPSI-IPr (1). Cou-
pling of a range of alkyl bromides, chlorides, and tosylates
was achieved at room temperature (Scheme 3, compounds
2–7). Remarkably, by careful choice of reaction conditions it
was possible to selectively couple a bromide in the presence
of a chloride (Scheme 3, compound 2). An array of function-
ality was tolerated including esters, nitriles, amides, and ace-
tals (Scheme 3, 2–5). Noteworthy examples are the coupling
of (S)-citronellyl bromide in high yield (Scheme 3, com-
pound 8) and the stability of the TMS group in the reaction
conditions (Scheme 3, compounds 6, 9, and 10). The cou-
pling of alkylzinc reagents with aryl halides or aryl triflates
occurred in high yield with no transmetalation to the aryl-
zinc observed (Scheme 3, compounds 12–15). Aryl halides,
as expected, provided excellent coupling partners. Accord-
ingly, the facile synthesis of a range of druglike heteroaro-
matics and sterically congested biaryls was accomplished in
high yield (Scheme 3, compounds 16–22). A significant entry
is the coupling of o-chlorotoluene and 2,4,6-triisopropylphe-
nylzinc chloride at 60 8C—the lowest temperature this has
been accomplished with any protocol[8] (Scheme 3, com-
pound 16). N-Boc-protected indole (Boc= tert-butyloxycar-
bonyl), pyridine, and multiple heteroatom-containing het-
erocycles were well tolerated (Scheme 3, compounds 12, 13,
15, 18, 20–22) Finally, the cross-coupling of a chiral zinc re-
agent with an acyl chloride (Scheme 3, compound 14) pro-
ceeded without concomitant decarbonylation, demonstrating
the mildness of this protocol.


Scheme 3. Complex substrate evaluation: all yields are of isolated prod-
uct and reactions were performed in duplicate. See the Experimental
Section for detailed reaction conditions.
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Conclusion


We have developed the first user-friendly Negishi protocol
capable of routinely cross-coupling all combinations of alkyl
and aryl partners. The use of an easily synthesized, air
stable, highly active, well-defined precatalyst 1 substantially
increases the scope, reliability and ease-of-use of the Negishi
reaction. Additionally, all reactions were performed by
using general laboratory techniques, with no glove-box nec-
essary as the precatalyst was weighed and stored in air. This
methodology also allowed for the easy synthesis of sterically
encumbered biaryls and druglike heteroaromatics, demon-
strating the usefulness of the PEPPSI-IPr system. Further-
more, this is also the first time Pd–NHC methodology has
surpassed the related phosphine-ligated Negishi processes
both in activity and use.[8] The benefits of this protocol as
summarized above beckon wide adoption of the PEPPSI-IPr
precatalyst in research laboratories and chemical industries.


Experimental Section


General : All reagents were purchased from commercial sources and
were used without further purification, unless indicated otherwise. Dry 1-
methyl-2-pyrrolidinone (NMP) and 1,3-dimethyl-2-imidazolidinone
(DMI) were purchased from Fluka, stored over 4 O molecular sieves,
and handled under argon. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone prior to use. All reaction vials (screw-cap thread-
ed, caps attached, 17P60 mm) were purchased from Fischer Scientific.
CDCl3 was purchased from Cambridge Isotopes. Thin-layer chromatogra-
phy (TLC) was performed on Whattman 60 F254 glass plates and were vi-
sualized by using UV light (254 nm), potassium permanganate, or phos-
phomolybdic acid stains. Column chromatography purification was car-
ried out by using the flash technique on Silicycle silica gel 60 (230–
400 mesh). NMR spectra were recorded on a Bruker 400AV spectrome-
ter or a Bruker 300AV spectrometer, as indicated. The chemical shifts
(d) for 1H are given in ppm referenced to the residual proton signal of
the deuterated solvent. The chemical shifts (d) for 13C are referenced rel-
ative to the signal from the carbon of the deuterated solvent. Gas chro-
matography was performed on Varian Series GC/MS/MS 4000 System.
Optical rotations were measured on a Perkin–Elmer Model 241 polarim-
eter by using 10 cm cells and the sodium D line at ambient temperature
in the solvent specified (concentration c is given as g per 100 mL).


Synthesis of the PEPPSI-IPr complex (1)—medium-scale synthesis : In
air a 250 mL beaker was charged with PdCl2 (9.82 g, 55.4 mmol), IPr·HCl
(24.5 g, 57.6 mmol), Cs2CO3 (98.2 g, 300 mmol) and a stirrer bar. 3-Chlo-
ACHTUNGTRENNUNGropyridine (150 mL) was added; the beaker was covered with aluminum
foil (to prevent solvent evaporation) and heated with vigorous stirring
for 16 h at 80 8C directly on the stirrer hotplate. After cooling to RT, the
reaction mixture was diluted with CH2Cl2 and passed through a short pad
of silica gel covered with a pad of Celite eluting with CH2Cl2 until the
product was completely recovered. Most of the CH2Cl2 was removed
(rotary evaporator) at RT, and the 3-chloropyridine was recovered for
reuse by vacuum distillation (water aspirator vacuum). Complex 1 was
isolated after triturating with pentane, decanting the supernatant, and
drying in high vacuum. trans-Dichloro ACHTUNGTRENNUNG(1,3-bis-(2,6-diisopropylphenyl)imi-
dazolylidinium)(3-chloro-pyridine)palladium(ii) (1; 35 g, 93%) was ob-
tained as a yellow solid after triturating with pentane, decanting the su-
pernatant, and drying under high vacuum. M.p. 240 8C (decomp); 1H
NMR (400 MHz, CDCl3): d=8.62 (d, J=1.6 Hz, 1H), 8.54 (d, J=5.6 Hz,
1H), 7.57 (d, J=8.2 Hz, 1H), 7.52 (t, J=7.7 Hz, 2H), 7.37 (d, J=7.7 Hz,
4H), 7.16 (s, 2H), 7.09 (dd, J=8.0 Hz, 5.7 Hz, 1H), 3.18 (m, 4H), 1.50 (d,
J=6.7 Hz, 12H), 1.14 ppm (d, J=6.8 Hz, 12H); 13C NMR (100 MHz,
CDCl3): d=153.5, 150.5, 149.4, 146.7, 137.4, 135.0, 132.0, 130.3, 125.1,


124.3, 124.1, 28.7, 26.3, 23.2 ppm; elemental analysis calcd (%) for
C32H40Cl3N3Pd: C 56.57, H 5.93, N 6.18; found: C 56.90, H 5.99, N 6.52.


Cross-coupling procedures (Scheme 3): All cross-coupling reactions were
run with a final solvent volume of 2.4 mL. The specific solvent ratio for
each reaction is listed within the experimental results for each compound
following the general procedures.


General procedure A (sp3–sp3): In air, a vial was charged with 1 (3.4 mg,
1 mol%) and under an inert atmosphere LiBr (139.0 mg, 0.8 mmol) and
a stirrer bar were added. The vial was then sealed with a septum and
purged with argon after which THF (x mL) and DMI (x mL) or NMP
(x mL) were added and the suspension was stirred until the solids dis-
solved. After this time, the organozinc (0.8 mL, 1.0m in DMI or NMP,
0.8 mmol) and the organohalide or pseudohalide (0.5 mmol) were added.
The septum was replaced with a TeflonR-lined screw cap under an inert
atmosphere and the reaction stirred for 2 h. After this time, the mixture
was diluted with diethyl ether (15 mL) and washed successively with
Na3EDTA solution [1m ; prepared from EDTA (ethylenediaminetetraace-
tic acid) and 3 equiv of NaOH], water, and brine. After drying (anhy-
drous MgSO4) the solution was filtered, the solvent removed in vacuo,
and the residue purified by flash chromatography.


General procedure B (sp3–sp2): In air, a vial was charged with 1 (3.4 mg,
1 mol%) and under an inert atmosphere ZnCl2 (107 mg, 0.8 mmol) and a
stirrer bar were added. The vial was then sealed with a septum and
purged with argon. THF (x mL) was added followed by the requisite
Grignard reagent (0.8 mL, 1.0m in THF, 0.8 mmol) and stirring continued
for 15 minutes at which time a white precipitate formed. Under an inert
atmosphere, LiBr (139.0 mg, 1.6 mmol), NMP (x mL) or DMI (x mL)
and the organohalide or pseudohalide (0.5 mmol) were added. The
septum was replaced with a TeflonR-lined screw cap under an inert at-
mosphere and the reaction stirred for 2 h. After this time, the mixture
was diluted with diethyl ether (15 mL) and washed successively with
Na3EDTA solution (1m prepared from EDTA and 3 equiv of NaOH),
water, and brine. After drying (anhydrous MgSO4) the solution was fil-
tered, the solvent removed in vacuo, and the residue purified by flash
chromatography.


General procedure C (sp2–sp3): In air, a vial was charged with 1 (3.4 mg,
1 mol%) and under an inert atmosphere LiBr (139.0 mg, 1.6 mmol) and
a stirrer bar were added. The vial was then sealed with a septum and
purged with argon. THF (x mL) and DMI (x mL), or NMP (x mL) were
then added and the suspension stirred until the solids had dissolved.
After this time, the organozinc (0.8 mL, 1.0m in DMI or NMP, 0.8 mmol)
and the organohalide or pseudo halide (0.5 mmol) were added. The
septum was replaced with a TeflonR-lined screw cap under an inert at-
mosphere and the reaction stirred for 2 h. After this time, the mixture
was diluted with diethyl ether (15 mL) and washed successively with
Na3EDTA solution (1m ; prepared from EDTA and 3 equiv of NaOH),
water, and brine. After drying (anhydrous MgSO4), the solution was fil-
tered, the solvent removed in vacuo, and the residue purified by flash
chromatography.


General procedure D (sp2–sp2): In air, a vial was charged with 1 (3.4 mg,
1 mol%) and under an inert atmosphere ZnCl2 (0.8 mmol) and a stirrer
bar were added. The vial was then sealed with a septum and purged with
argon. THF (x mL) was then added followed by the requisite Grignard
reagent (0.8 mL, 1.0m in THF, 0.8 mmol) and stirring continued for
15 minutes, at which time a white precipitate formed. NMP (x mL) was
then added followed by the organohalide or pseudo halide (0.5 mmol).
The septum was replaced with a TeflonR-lined screw cap under an inert
atmosphere and the reaction stirred for 2 h. After this time, the reaction
mixture was diluted with diethyl ether (15 mL) and washed successively
with Na3EDTA solution (1m ; prepared from EDTA and 3 equiv of
NaOH), water, and brine. After drying (anhydrous MgSO4) the solution
was filtered, the solvent removed in vacuo, and the residue purified by
flash chromatography.


Data for compound 2 : Following general procedure A (THF/DMI, 2:1),
13-chloro-2,2-dimethyltridecanenitrile (104 mg, 81% yield) was isolated
(Rf=0.18, 3 vol% diethyl ether in pentane) as a clear oil. The 1H and 13C
NMR spectra were identical to those previously described.[8d]
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Data for compound 3 : Following general procedure A (THF/DMI, 2:1),
2-(5-cyclohexylpentyl)isoindole-1,3-dione (115 mg, 80% yield) was isolat-
ed (Rf=0.40, 20 vol% diethyl ether in pentane) as a white solid (m.p.
74–75 8C). The alkylzinc bromide reagent was purchased from Aldrich.
1H NMR (300 MHz, CDCl3): d=7.86–7.80 (m, 2H), 7.75–7.67 (m, 2H),
3.68 (t, J=7.2 Hz, 2H), 1.80–1.65 (m, 7H), 1.36–1.27 (m, 4H), 1.25–1.10
(m, 6H), 0.97–0.85 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=168.4,
133.8, 132.2, 123.1, 38.0, 37.5, 37.3, 33.3, 28.6, 27.1, 26.7, 26.4 ppm; ele-
mental analysis calcd (%) for C19H25NO2: C 76.22, H 8.42, N 4.68; found:
C 76.49, H 8.42, N 5.08.


Data for compound 4 : Following general procedure A (THF/NMP, 2:1),
2-(5-phenylpentyl) ACHTUNGTRENNUNG[1,3]dioxane (107 mg, 86% yield) was isolated (Rf=


0.20, 5 vol% diethyl ether in pentane) as a clear oil. 1H NMR (300 MHz,
CDCl3): d=7.29 (t, J=7.2 Hz, 2H), 7.19 (d, J=7.3 Hz, 3H), 4.52 (t, J=
4.8 Hz, 1H), 4.12 (dd, J=11.7, 4.8 Hz, 2H), 3.76 (dt, J=12.6, 2.4 Hz,
2H), 2.63 (t, J=7.5 Hz, 2H), 2.17–2.00 (m, 1H), 1.74–1.55 (m, 4H), 1.50–
1.28 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=142.7, 128.4, 128.2,
125.5, 102.3, 66.9, 35.8, 35.1, 31.3, 29.1, 25.8, 23.8 ppm; elemental analysis
calcd (%) for C15H22O2: C 76.88, H 9.46; found: C 76.57, H 9.85.


Data for compound 5 : Following general procedure A (THF/DMI, 2:1),
(9S,13)-dimethyltetradec-12-enoic acid ethyl ester (123 mg, 87% yield)
was isolated (Rf=0.60, 5 vol% diethyl ether in pentane) as a clear vis-
cous oil. [a]23


D =++0.84 (c=2.5 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=5.11 (t, J=6.0 Hz, 1H), 4.13 (q, J=7.1 Hz, 2H), 2.30 (t, J=7.4 Hz,
2H), 2.05–1.90 (m, 2H), 1.75–1.58 (m, 8H), 1.45–1.20 (m, 14H), 1.20–
1.05 (m, 2H), 0.86 ppm (d, J=6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=173.9, 130.9, 125.0, 60.1, 37.1, 36.9, 34.4, 32.4, 29.8, 29.3, 29.1, 26.9,
25.7, 25.5, 25.0, 19.5, 17.6, 14.2 ppm; elemental analysis calcd (%) for
C18H34O2: C 76.54, H 12.13; found: C 76.08, H 12.48.


Data for compound 6 : Following general procedure A (THF/NMP, 1:2),
2,2-dimethyl-1-trimethylsilanylundec-10-ynenitrile (97 mg, 74% yield)
was isolated (Rf=0.50, 5 vol% diethyl ether in pentane) as a clear oil
after removing volatile impurities under reduced pressure for 12 h. 1H
NMR (300 MHz, CDCl3): d=2.22 (t, J=7.2 Hz, 2H), 1.60–1.45 (m, 6H),
1.45–1.30 (m, 12H), 0.15 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=
125.2, 107.5, 84.3, 41.1, 32.3, 29.4, 28.8, 28.6, 28.5, 26.7, 25.2, 19.8,
0.1 ppm; elemental analysis calcd (%) for C16H29NSi: C 72.93, H 11.09;
found: C 72.58, H 11.42.


Data for compound 7: Following general procedure A (THF/NMP, 1:2),
2,2-dimethyl-9-phenylnonanenitrile (85 mg, 70% yield) was isolated (Rf=


0.50, 5 vol% diethyl ether in pentane) as a clear oil after removing vola-
tile impurities under reduced pressure for 12 h. 1H NMR (400 MHz,
CDCl3): d=7.29 (t, J=6.8 Hz 2H), 7.21 (d, J=6.4 Hz, 3H), 2.64 (t, J=
7.6 Hz, 2H), 1.70–1.60 (m, 2H), 1.58–1.45 (m, 4H), 1.40–1.30 ppm (m,
12H); 13C NMR (100 MHz, CDCl3): ?142.8, 128.4, 128.3, 125.6, 125.3,
41.1, 35.9, 32.4, 31.5, 29.5, 29.3, 29.2, 26.7, 25.3 ppm. 1H and 13C NMR
spectra have been provided in the Supporting Information to attest
purity.


Data for compound 8 : Following general procedure B (THF/NMP, 2:1),
of 1-[(3S,7)-dimethyloct-6-enyl]-2-methoxybenzene (107 mg, 87% yield)
was isolated (Rf=0.40, 5 vol% diethyl ether in pentane) as a clear vis-
cous oil. [a]23


D =++8.55 (c=2.29 in CH2Cl2);
1H NMR (400 MHz, CDCl3):


d=7.25–7.15 (m, 2H), 6.93 (t, J=7.6 Hz, 1H), 6.88 (d, J=8.1 Hz, 1H),
5.17 (t, J=6.9 Hz, 1H), 3.87 (s, 3H), 2.72–2.58 (m, 2H), 2.11–1.97 (m,
2H), 1.74 (s, 3H), 1.65–1.40 (m, 7H), 1.30–1.17 (m, 1H), 1.00 ppm (d, J=
6.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=157.4, 131.6, 131.0, 129.7,
126.7, 125.1, 120.4, 110.2, 55.3, 37.1, 37.0, 32.5, 27.7, 25.8, 25.5, 19.6,
17.7 ppm; elemental analysis calcd (%) for C17H26O: C 82.87, H 10.64;
found: C 83.02, H 10.92.


Data for compound 9 : Following general procedure B (THF/NMP, 1:2),
trimethyl-[5-(2,4,6-trimethylphenyl)pent-1-ynyl]silane (115 mg, 89%
yield) was isolated (Rf=0.80, pentane) as a clear oil. 1H NMR (300 MHz,
CDCl3): d=6.88 (s, 2H), 2.80–2.72 (m, 2H), 2.39 (t, J=6.8 Hz, 2H), 2.30
(s, 6H), 2.26 (s, 3H), 1.75–1.66 (m, 2H), 0.22 ppm (s, 9H); 13C NMR
(100 MHz, CDCl3): d=136.1, 135.6, 135.1, 128.9, 107.3, 85.0, 28.5, 28.1,
20.8, 20.3, 19.7, 0.2 ppm. elemental analysis calcd (%) for C17H26Si: C
79.00, H 10.14; found: C 78.69, H 10.42.


Data for compound 10 : Following general procedure B (THF/NMP, 1:2),
[5-(2-methoxyphenyl)pent-1-ynyl]trimethylsilane (113 mg, 92% yield)
was isolated (Rf=0.30, 5 vol% diethyl ether in pentane) as a clear vis-
cous oil. 1H NMR (400 MHz, CDCl3): d=7.23–7.15 (m, 2H), 6.96–6.85
(m, 2H), 3.84 (s, 3H), 2.74 (t, J=7.5 Hz, 2H), 2.27 (t, J=7.4 Hz, 2H),
1.84 (quint, J=7.7 Hz, 2H), 0.19 ppm (s, 9H); 13C NMR (100 MHz,
CDCl3): d=157.5, 130.1, 130.0, 127.2, 120.3, 110.2, 107.7, 84.6, 55.2, 29.4,
28.8, 19.6, 0.2 ppm. 1H and 13C NMR spectra have been provided in the
Supporting Information to attest purity.


Data for compound 11: Following general procedure B (THF/NMP, 1:2),
3-phenyl-1-(4-fluorophenyl)propane (97 mg, 91% yield) was isolated
(Rf=0.40, pentane) as a clear viscous oil. 1H NMR (400 MHz, CDCl3):
d=7.31 (t, J=8.0 Hz, 2H), 7.22 (t, J=8.0 Hz, 3H), 7.18–7.12 (m, 2H),
6.99 (t, J=8.4 Hz, 2H), 2.66 (q, J=7.6 Hz, 4H), 1.96 ppm (quint, J=
7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=161.2 (1J ACHTUNGTRENNUNG(C,F)=242 Hz),
142.1, 137.8 (4J ACHTUNGTRENNUNG(C,F)=2 Hz), 129.8 (3J ACHTUNGTRENNUNG(C,F)=8 Hz), 128.4, 128.3, 125.8,
115.0 (2J ACHTUNGTRENNUNG(C,F)=21 Hz), 35.3, 34.6, 33.1 ppm; 1H and 13C NMR spectra
have been provided in the Supporting Information to attest purity.


Data for compound 12 : Following general procedure C (THF/DMI, 2:1),
6-benzo ACHTUNGTRENNUNG[1,3]dioxol-5-yl-2,2-dimethylhexanenitrile (99 mg, 81% yield) was
isolated (Rf=0.25, 25 vol% diethyl ether in pentane) as a clear oil. 1H
NMR (300 MHz, CDCl3): d=6.74 (d, J=8.0 Hz, 1H), 6.69 (s, 1H), 6.63
(d, J=8.0 Hz, 1H), 5.94 (s, 2H), 2.58 (t, J=7.6 Hz, 2H), 1.67–1.59 (m,
2H), 1.57–1.50 (m, 4H), 1.35 ppm (s, 6H); 13C NMR (100 MHz, CDCl3):
d=147.5, 145.6, 136.0, 125.2, 121.0, 108.7, 108.1, 100.7, 40.9, 35.4, 32.4,
31.7, 26.7, 24.8 ppm; 1H and 13C NMR spectra have been provided in the
Supporting Information to attest purity.


Data for compound 13 : Following general procedure C (THF/DMI, 2:1),
6-pyridine-2-yl-hexanoic acid ethyl ester (108 mg, 98% yield) was isolat-
ed (Rf=0.10, 30 vol% diethyl ether in pentane) as a clear oil. 1H NMR
(300 MHz, CDCl3): d=8.50 (dd, J=4.2, 0.6 Hz, 1H), 7.56 (dt, J=7.2,
1.8 Hz, 1H), 7.14–7.03 (m, 2H), 4.10 (q, J=7.2 Hz, 2H), 2.77 (t, J=
7.5 Hz, 2H), 2.28 (t, J=7.5 Hz, 2H), 1.82–1.60 (m, 4H), 1.48–1.30 (m,
2H), 1.21 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


173.7, 162.1, 149.2, 136.2, 122.7, 120.9, 60.1, 38.2, 34.2, 29.5, 28.8, 24.8,
14.2 ppm. elemental analysis calcd (%) for C13H19NO2: C 70.56, H 8.65;
found: C 70.67, H 8.95.


Data for compound 14 : Following general procedure C (THF/DMI, 2:1),
1-(4-fluorophenyl)-(4S,8)-dimethylnon-7-en-1-one (114 mg, 87% yield)
was isolated (Rf=0.40, 3 vol% diethyl ether in pentane) as a clear vis-
cous oil. [a]23


D =++1.07 (c=1.68 in CH2Cl2);
1H NMR (300 MHz, CDCl3):


d=8.01 (m, 2H), 7.14 (t, J=8.6 Hz, 2H), 5.11 (t, J=5.9 Hz, 1H), 3.00–
2.87 (m, 2H), 2.07–1.95 (m, 2H), 1.90–1.65 (m, 4H), 1.60–1.48 (m, 5H),
1.47–1.30 (m, 1H), 1.25–1.13 (m, 1H), 0.95 ppm (d, J=6.3 Hz, 3H); 13C
NMR (100 MHz, CDCl3): d=199.1, 167.2 (1J ACHTUNGTRENNUNG(C,F)=337 Hz), 133.4, 131.3,
130.7 (3J ACHTUNGTRENNUNG(C,F)=12.2 Hz), 124.6, 115.5 (2J ACHTUNGTRENNUNG(C,F)=27.8 Hz), 36.8, 36.2, 32.2,
31.3, 25.7, 25.5, 19.4, 17.6 ppm. elemental analysis calcd (%) for
C17H23FO: C 77.82, H 8.84; found: C 78.07, H 9.05.


Data for compound 15 : Following general procedure C (THF/DMI, 2:1),
6-(N-boc-indol-5-yl)hexanoic acid ethyl ester (149 mg, 83% yield) was
isolated (Rf=0.15, 3 vol% diethyl ether in pentane) as a clear viscous oil.
1H NMR (400 MHz, CDCl3): d=8.04 (d, J=8.1 Hz, 1H), 7.60 (d, J=
3.4 Hz, 1H), 7.38 (s, 1H), 7.16 (d, J=8.5 Hz, 1H), 6.54 (d, J=3.4 Hz,
1H), 4.15 (q, J=7.2 Hz, 2H), 2.73 (t, J=7.5 Hz, 2H), 2.32 (t, J=7.5 Hz,
2H), 1.75–1.65 (m, 13H), 1.44–1.35 (m, 2H), 1.28 ppm (t, J=7.1 Hz,
3H); 13C NMR (100 MHz, CDCl3): d=173.8, 149.8, 136.9, 133.6, 130.8,
125.9, 125.0, 120.3, 114.9, 107.2, 83.4, 60.2, 35.6, 34.3, 31.6, 28.7, 28.2, 24.9,
14.3 ppm; elemental analysis calcd (%) for C21H29NO4: C 70.17, H 8.13;
found: C 70.49, H 8.39.


Data for compound 16 : This reaction was carried out at 60 8C. Following
general procedure D (THF/NMP, 1:1), 2,4,6-triisopropyl-2’-methylbiphen-
yl (133 mg, 90% yield) was isolated (Rf=0.50, hexanes) as a white solid
(m.p. 94–95 8C). The melting point, 1H and 13C NMR spectra were identi-
cal to those previously described.[24]


Data for compound 17: The organozinc reagent was prepared through di-
rected ortholithiation followed by transmetalation to ZnCl2 following a
literature procedure.[8f] The cross coupling was carried out at 60 8C. Fol-
lowing general procedure D (THF/NMP, 1:2), of 2,6-dimethoxy-2’,6’-di-
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methylbiphenyl (108 mg, 89% yield) was isolated (Rf=0.15, 3 vol% di-
ethyl ether in pentane) as a white solid (m.p. 104–105 8C) after removing
volatile impurities under reduced pressure for 12 h. The melting point,
1H and 13C NMR spectra were identical to those previously described.[24]


Data for compound 18 : Following general procedure D (THF/NMP, 1:1),
3-phenyl-6-thiophen-2-ylpyridazine (114 mg, 96% yield) was isolated
(Rf=0.48, 33 vol% ethyl acetate in hexanes) as pale yellow crystals (m.p.
161–162 8C). 1H NMR (300 MHz, CDCl3): d=8.16 (dd, J=3.9, 1.5 Hz,
2H), 7.87 (q, J=4.8 Hz, 2H), 7.76–7.70 (m, 1H), 7.58–7.47 (m, 4H),
7.24–7.15 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=157.4, 153.5,
140.7, 136.0, 130.0, 129.2, 129.0, 128.1, 126.7, 126.1, 124.0, 122.6 ppm.
Spectral data is provided as it is more detailed with respect to the litera-
ture values.[25]


Data for compound 19 : Following general procedure D (THF/NMP, 1:1),
1-mesitylnaphthalene (118 mg, 96% yield) was isolated (Rf=0.65, pen-
tane) as a colorless, viscous oil. The 1H and 13C NMR spectra were identi-
cal to those previously described.[26]


Data for compound 20 : Following general procedure D (THF/NMP, 2:1),
5-(2,4,6-trimethylphenyl)benzo ACHTUNGTRENNUNG[1,2,5]thiadiazole (114 mg, 90% yield) was
isolated (Rf=0.26, 2 vol% diethyl ether in pentane) as yellow crystals
(m.p. 54–55 8C). 1H NMR (300 MHz, CDCl3): d=8.07 (d, J=9.0 Hz, 1H),
7.81 (s, 1H), 7.42 (dd, J=4.5, 1.5 Hz, 1H), 7.02 (s, 2H), 2.39 (s, 3H),
2.08 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=155.3, 154.0, 142.8,
137.5, 137.3, 135.7, 132.4, 128.4, 121.2, 21.1, 20.8 ppm (one carbon signal
missing); elemental analysis calcd (%) for C15H14N2S: C 70.83, H 5.55, N
11.01; found: C 70.61, H 5.92, N 11.06.


Data for compound 21: Following general procedure D (THF/NMP, 2:1),
5-(4-fluorophenyl)benzo ACHTUNGTRENNUNG[1,3]dioxole (106 mg, 98% yield) was isolated
(Rf=0.60, 5 vol% diethyl ether in pentane) as a white solid (m.p. 42–
43 8C). 1H NMR (400 MHz, CDCl3): d=7.52–7.48 (m, 2H), 7.13 (t, J=
9.2 Hz 2H), 7.01 (d, J=9.2 Hz, 2H), 6.90 (d, J=8.0 Hz, 1H), 6.03 ppm (s,
2H); 13C NMR (100 MHz, CDCl3): d=162.2 (1J ACHTUNGTRENNUNG(C,F)=245 Hz), 148.2,
147.1, 137.1, 134.6, 128.4, 120.5, 115.6 (2J ACHTUNGTRENNUNG(C,F)=21 Hz), 108.6, 107.6,
101.2 ppm. 1H and 13C NMR spectra have been provided in the Support-
ing Information to attest purity.


Data for compound 22 : Following general procedure D (THF/NMP, 1:2),
2-cyano-6-(2-methoxyphenyl)pyridine (95 mg, 90% yield) was isolated
(Rf=0.30, 50 vol% diethyl ether in pentane) as white crystals (m.p. 109–
110 8C). The melting point, 1H and 13C NMR spectra were identical to
those previously described.[27]
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Introduction


The aim of catalyst scientists is to control the synthesis of
the active site of a heterogeneous catalyst, as well as the en-
vironment of the active site and the access to it.[1,2] Unfortu-
nately, single-site heterogeneous catalysts have been ob-
tained in only a few cases,[3] and usually, one ends up with a
broad distribution of active sites.[4] An example of this is the
Phillips polymerization catalyst, which is composed of a
chromium oxide supported on a silica carrier.[1–7] This cata-


lyst, responsible for about 40% of the worldwide production
of polyethylene,[1–7] is characterized by large polydispersity
indexes (PDI) of 6–15.[8–13] Such high values (single-site cata-
lysts have typical PDI indexes of around 1–4) indicate that
each active site has its own specific catalytic behavior, lead-
ing to the production of different polyethylene chains and,
therefore, to a broad molecular-weight distribution. Hence,
it is not surprising that in spite of many efforts in catalyst
characterization over the last four decades, there is still a lot
of controversy regarding the active site and the related reac-
tion mechanism of Phillips-type polymerization catalysts.[5–10]


CrII is generally considered as the active site in polymeri-
zation processes, although several different CrII structures
were identified by using the in situ infrared CO-adsorption
technique and labeled as CrIIA, Cr


II
B, Cr


II
C, and CrIID. Be-


sides, chromium sites in the oxidation state of three, four,
and five may coexist. Evidently, such a complex system is
difficult to investigate and methods to reduce or, if possible,
to remove its complexity should be developed. McDa-
niel[12,13] was the first to report on a method with CO at ele-
vated temperature in which CrIIA sites are almost integrally
converted into CrIIB sites. The polydispersion of the system
is modestly reduced. Another approach to increase the ho-
mogeneity of the surface was recently investigated by Zec-


Abstract: X-ray absorption spectrosco-
py at the Cr K- and L2,3-edges was used
to study the assembling process of a
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china and co-workers.[14] They succeeded in partially con-
verting CrIIA species into CrIIB species simply by using ther-
mal treatments after the reduction step. Both approaches
are based on the tendency of naked CrIIA sites to seek po-
tential vicinal ligands and to consequently sink into the su-
perficial layer of the silica lattice to reduce their high degree
of unsaturation. In other words, Cr finds a better position
on the surface and becomes better coordinated, and, thus,
more stable. In fact, these methods were focused on only
CrIIA and CrIIB sites, and are, therefore, incomplete as long
as CrIIC, Cr


II
D sites and different structures of CrIIB sites still


exist on the surface. Another interesting approach by the
groups of Niemantsverdriet[15–20] and Grange[21,22] has target-
ed this complexity issue by spin coating a Cr precursor on
SiO2/SiACHTUNGTRENNUNG(100) wafers, aiming to reduce the number of poly-
merization centers as well as to form isolated CrII polymeri-
zation centers. The latter allows the formation of polyethy-
lene islands to be monitored by using scanning force micro-
scopy.


In a recent communication and related patent applica-
tion,[23,24] we reported briefly on a novel TAC-modified Cr/
SiO2 catalyst that is very active and selective in the trimeri-
zation of ethylene, with activities well above those of its ho-
mogeneous counterpart. Specific tests also showed that the
catalyst is truly heterogeneous and, therefore, its remarkable
catalytic activity is due to newly Cr-assembled surface spe-
cies. However, more intriguing is that the catalyst possesses
a polydispersity index of 1.87, indicative of the single-site
catalytic behavior. Despite its outstanding catalytic proper-
ties, the molecular structure of the active site is unknown.
Moreover, this novel catalyst system is ideally suited for a
detailed characterization study
because data analysis is rela-
tively straightforward compared
with those systems involving a
broad spectrum of active CrII


sites.
Here, we present a full ac-


count and show that a broad
distribution of active CrII sites
in Phillips-type Cr/SiO2 cata-
lysts can be significantly re-
duced by anchoring a 1,3,5-tri-
benzylhexahydro 1,3,5-triazine
(TAC) ligand and chloride li-
gands onto the surface Cr spe-
cies. The reduction in the poly-
dispersity and the assembling
process of the new active sites
are depicted in Scheme 1. X-ray
absorption spectroscopy and
DFT calculations were used to
unravel the assembling process
of the ethylene-trimerization
site and to elucidate the geome-
try and the local environment
of the active site of this catalyt-


ic system. The results are discussed in relation to the com-
plex surface chemistry of reduced Cr species, usually ob-
served for Phillips-type catalysts.


Experimental Section


Catalyst preparation : Catalyst preparation began with the anchoring of
1 wt% CrO3 (p.a., UCB) onto silica through esterification with its silanol
groups, after calcination at 720 8C. The silica support had a surface area
of 500 m2g�1, a pore volume of 1.5 mLg�1, a purity of 99.6% and an iso-
electric point of 3.2. After calcination, the yellow-orange material (sam-
ple A, Scheme 1) was reduced in either CO or H2 and the solid turned
blue, due to CrII formation (sample B, Scheme 1). Reduction was fol-
lowed by coordination of the ligand to the reduced Cr center after im-
pregnation of the pore volume with a solution of the 1,3,5-tribenzylhexa-
hydro 1,3,5-triazine ligand (TAC) in a chlorinated solvent, such as di-
chloromethane (Aldrich, 99.99% purity, oxygen- and water-free). A
light-purple solid was obtained after solvent removal (sample C,
Scheme 1).


All treatments were carried out in a specially designed spectroscopic cell
that allowed electronic as well as Raman spectra of the solid to be meas-
ured. Impregnation of the pore volume was performed under inert at-
mosphere because of the moisture sensitivity of CrII. In this respect, it
was noted that the as-prepared solid was also sensitive to water. Treat-
ment of the catalyst with a water-saturated gas stream caused a color
change to olive-green due to reoxidation of CrII to CrVI and the partial
formation of Cr2O3. Consequently, all further manipulations were carried
out under nitrogen atmosphere within a glove box, and deoxygenated
extra-dry solvents were used to avoid catalyst deactivation.


X-ray absorption fine-structure (XAFS) spectroscopy


XAFS beamlines : Soft X-ray absorption near-edge structure (XANES)
spectra at the Cr L2,3-edge (570–590 eV) were measured on beamline
U49/2-PGM1 of BESSY (Berlin, Germany). Details of the soft X-ray
measurements and equipment can be found in the literature.[25] Two col-
lector plates served as detectors of the ionized gas and of the subsequent


Scheme 1. Assembly of a single-site catalyst starting from a Phillips-type catalyst (simplified structures of CrII


sites were used).
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nonradiative decay of the core hole. The spectral resolution of the mono-
chromator was 0.2 eV. Multiple scans were collected under 2.5 mbar He
and averaged. XAFS measurements with hard synchrotron radiation
were carried out at the Cr K-edge (5989 eV) on beamline E4 of HASY-
LAB (Hamburg, Germany) and on beamline BM26A of the ESRF (Gre-
noble, France). The positron storage ring at HASYLAB operated at
4.4 GeV with an average current of 120 mA. Beamline E4 was equipped
with a Si ACHTUNGTRENNUNG(110) monochromator. Higher-order harmonics were eliminated
by using a stabilization feedback control system. The fluorescence experi-
mental setup consisted of a 7-pixel Si(Li) detector. The electron storage
ring at ESRF operated at 6 GeV with a maximum current of 200 mA,
and the higher-order harmonics were effectively rejected by using mir-
rors. A double-crystal Si ACHTUNGTRENNUNG(111) water-cooled monochromator was used. A
9-pixel Ge detector collected the fluorescence signal. In transmission
mode, gas-ionization detectors were used. The energy steps for measure-
ments in the XANES region were 0.3 eV at HASYLAB and 0.5 eV at
ESRF.


XAFS data collection : The soft X-ray data were collected at RT and the
3.2 mbar He atmosphere was maintained during acquisition of the spec-
tra. The hard X-ray data were measured at 77 K. Samples were pressed
as self-supported discs and placed in a specially designed extended X-ray
absorption fine-structure spectroscopy (EXAFS) cell,[26] then measured
in either fluorescence mode (for Cr-diluted samples) or transmission
mode (for reference compounds). For sample B, the in situ measurements
of the Cr K-edge XANES spectra were carried out under a continuous
flow of pure CO at 400 8C. The in situ experiments of sample C were re-
corded under He atmosphere with a time resolution of 20 min. The
energy scale was calibrated by measuring the Cr K-edge of the metallic
foil.


XAFS data analysis : All XANES spectra were normalized at 1 and the
edge position was chosen, for consistency reasons, at 0.5 of the normal-
ized intensity. To extract quantitative information from the Cr L-edge it
was necessary to simulate the spectra. The MULTIPLET program[27,28]


performs charge-transfer multiplet calculations combining atomic multip-
let theory, crystal field theory, and many-body model Hamiltonians. This
approach takes into account electronic Coulomb interactions, spin-orbit
coupling on every shell and treats the geometry of the absorbing atom
through a combination of a crystal field potential and a mixture of cou-
pled configurations, for example, to model the metal-to-ligand charge
transfer (MLCT). The XANES spectra of the Cr L-edge were calculated
from the sum of all possible transitions for an electron moving from the
2p level to a 3d level.


EXAFS data analysis : EXAFS data analysis was carried out using the
XDAPW2 code developed by Vaarkamp et al.[29] The pre-edge was sub-
tracted by using a second-order polynomial. The edge position was cali-
brated by taking the second derivative of a Cr-foil spectrum and deter-
mining the position of the first inflection point. Normalization was car-
ried out by dividing the data by the height of the absorption at 50 eV
above the absorption edge. The background was subtracted by employing
cubic spline routines with a continuously adjustable smooth parameter.[30]


This yielded the normalized oscillatory part of the XAFS data, for which
all the contributions to the spectrum, including the AXAFS, were maxi-
mized.[30] The EXAFS data-analysis program XDAPW2 allows one to
perform multiple-shell fitting in R space by minimizing the residuals be-
tween both the absolute and the imaginary part of the Fourier transforms
of the data and the fit. R-space fitting has important advantages over the
usually applied fitting in k space and is extensively discussed in a paper
by Koningsberger et al.[30] The variances of the magnitude and imaginary
part of the Fourier transforms of fit and data were calculated according
to Equation (1):


variance ¼
R
½FTðkncmodelÞ � FTðkncexptlÞ�2dRR


½FTðkncexptlÞ�2dR
� 100 ð1Þ


The difference-file technique was applied together with phase-corrected
Fourier transforms to resolve the different contributions in the EXAFS
data.[30] If the experimental spectrum is composed of different contribu-
tions, then:


exptl data ¼
XN


i¼1


ðfitÞi ð2Þ


in which (fit)i represents the fitted contribution of the coordination shell
i and N is the number of shells. For each individual contribution, Equa-
tion (3) should then logically be valid:


ðfitÞj ¼ exptl data �
XN


i¼1 and i 6¼j
ðfitÞi ð3Þ


The right-hand side of Equation (3) is further denoted as the difference
file of shell j. A good fit is obtained only if the total fit and each individu-
al contributing coordination shell describe correctly the experimental
EXAFS and the difference file, respectively. In this way, not only the
total EXAFS fit, but also the individual fits of all separate contributions
can be determined reliably. In this study, the statistical significance of a
contribution was checked by comparing the amplitude of (fit)j with the
noise level present in the experimental data. The data discussed in this
paper were analyzed by using a multiple-shell R-space fit with k1 and k3


weightings, Dk=3–11 =�1 and DR=1.5–3.5 =. The validity of the fit was
checked in all k weightings (kn, for which n=0, 1, 2, and 3). The applied
fit ranges allowed the number of independent parameters (Nind) to be
13.4, according to the Nyquist theorem:[31]


N ind ¼ 2DRDk
p


þ 2 ð4Þ


Data for the Cr–O, Cr–N, Cr–C, and Cr–Cl phase shifts and backscatter-
ing amplitudes were obtained from calculations using the FEFF8
code.[32,33] Table 1 gives the input parameters of the FEFF8 code. The the-


oretical references were calibrated on experimental EXAFS data of
Cr2O3, CrCl3, and CrCl3–TAC by using an R-space fit. The input parame-
ters of the FEFF8 code were adjusted until the experimental reference
was fitted with Ds2=0, DE0=0, with distance and coordination number
taken to be the same as the crystallographic data of the reference com-
pounds. Further details of the calibration procedure are given in the Sup-
porting Information.


DFT calculations : Quantum-chemical calculations were performed by
using the GAMESS-UK program. Exchange-correlation energy was
added to the calculations by using the B3LYP density functional.[34,35] All
calculations were performed with the CERNBL basis set and accompa-
nying ECPs from the EMSL basis-set database. The structures of the
clusters were optimized to a maximum gradient of 4.4N10�4. After opti-
mization, a natural-orbital population analysis was conducted with the
natural bond orbital (NBO) module in GAMESS-UK.[34,36]


Results


X-ray absorption near-edge structure (XANES) of Cr L-
and K-edge : Figure 1 shows the Cr K-edge XANES spectra
of the starting catalyst (sample A) and of the catalyst after
reduction with CO (sample B). Basically, reference chro-


Table 1. FEFF8 input parameters used for the calculation of phase shifts
and backscattering amplitudes.


Atom pair Experimental
reference


N R
[=]


s2


[=2]
S0


2 Vr


[eV]
Vi


[eV]


Cr–O Cr2O3 3 1.900 0.0005 1.0 �13 1.0
Cr–N CrCl3–TAC 3 2.095 0.0020 1.0 �8 1.0
Cr–Cl CrCl3 6 2.330 0.0016 0.7 �3.5 1.0
Cr–C CrCl3–TAC 3 2.615 0.0080 1.0 1.1 1.0
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mate compounds present similar Cr K-edge XANES spectra
and, therefore, we can conclude that sample A consists
mainly of surface chromates, although the presence of traces
of polychromates cannot be excluded. One reference for
chromate species together with other reference compounds,
as well as the most important XANES features of sample-
s A, B, and C are listed in Table 2.


Under CO atmosphere and at 400 8C, sample A is reduced
in situ to sample B. In Figure 1A, the Cr K-edge is plotted
as a function of time during the progressive conversion of
sample A to sample B. The spectrum of sample A exhibits a
sharp and intense pre-edge peak at 5993.6 eV, known to be
characteristic for the dipole-forbidden transition 1s!3d in


chromium compounds with an oxidation state of six and tet-
rahedral geometry. Due to the reduction with CO, the in-
tense pre-edge peak of sample A is gradually diminished
until it is completely replaced by a very low-intensity peak
positioned at 5990.1 eV. This new peak indicates a change in
the symmetry of the Cr absorber towards octahedral. The
edge transition is also shifted to lower energies, from
6006.5 eV (sample A) to 5999.4 eV (sample B), indicating an
average oxidation state of between two and three.[37] Apart
from the edge shift, the intense shoulder is indicative for the
conversion of the oxidation state six in sample A towards
oxidation state two in sample B.[38]


Figure 2 presents the Cr L2,3-edge spectra of sample C and
those of the reference compound, Cr2O3. The L2,3-edge X-
ray absorption spectra were analyzed by performing charge-
transfer multiplet calculations, which yielded information on


the ground-state electronic structure of the metal ion. Only
a few studies exist in the literature on the L2,3-edges of chro-
mium systems,[39–44] and all involve bulk oxides. Systems with
low concentrations of chromium, as is the case for sample C,
have not yet been reported. The close similarity of the spec-
tra of sample C and Cr2O3 indicates that both chromium sys-
tems are present in a similar electronic state. The Cr in
Cr2O3 occupies a (distorted) octahedral position and the
ligand field multiplet simulations yield a CrIII ground state
that has ~80% 3d3 character and ~20% 3d4L character, in
which a hole exists on the oxygen neighbors.[45,46] The (over-
all) ligand field splitting is 2.0 eV. The charge-transfer fit of
the sample C is less accurate, due mainly to variations in the
background and to the measurements being made in a gas-
phase environment. Nevertheless, it is clear that the ground
state of chromium is very similar to that of Cr2O3, in which
the lower intensity of the first peak of the L3-edge suggests
a smaller crystal field, of the order of 1.5 eV. Thus, Cr is
found in a valence state of three in sample C, which is in
agreement with the XANES analysis at the Cr K-edge.
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Figure 1. A) Cr K-edge XANES spectra of sample A, converted in situ
into sample B through the reduction of surface chromates to surface-
anchored Cr2+ species. The intense pre-edge peak of the tetrahedral sam-
ple A decreases gradually and a low-intensity peak appears for the octa-
hedral sample B. The edge transition of sample A is shifted towards
lower energies in sample B as indicated by the arrow. Spectra were col-
lected after each 20 min. B) XANES spectra of sample C and its refer-
ence complex CrCl3–TAC.


Table 2. Cr K-edge XANES features of the catalytic material and refer-
ence compounds studied.


Compound Coordination
geometry


Oxidation
state


Cr K-edge
position [eV]


References


Cr foil[a] cubic 0 5990.7 –
sample A[a] tetrahedral +6 6006.5 [37, 53–55]
sample B[a] distorted


octahedral
>+2 5999.0 [52]


sample C[a] distorted
octahedral


+3 5994.2 –


CrCl3–TAC[a] octahedral +3 5994.5 –
CrN[a] octahedral +3 5994.0 –
CrO3 octahedral +6 6008.0 [53–55]
Cr2O3 octahedral +3 5999.5 [51, 53–55]
CaCrO4 tetrahedral +6 6008.7 [51]


[a] Our own measurements compared with the literature data, where pos-
sible.


Cr
2
O


3


N
or


m
al


iz
ed


 in
te


ns
ity


/a
.u


.


Energy/eV


sample C


575             580             585


Figure 2. XANES spectra of the Cr L2,3-edge of sample C (top, dotted
region) and Cr2O3 (bottom, dotted region) together with the simulated
spectra obtained with charge-transfer multiplet calculations.
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Extended X-ray absorption fine-structure (EXAFS) data
analysis : The XANES spectra and the EXAFS spectra with
the corresponding FTs (k1, Dk=3–13 =�1) of the newly as-
sembled Cr/SiO2 catalyst (sample C) and the CrCl3–TAC
reference compound are shown in Figure 1B and Figure 3,


respectively. The structural properties of the Cr/SiO2 cata-
lysts and the CrCl3–TAC are not the same. From a synthetic
point of view, it is very likely that the TAC ligand will be at-
tached to Cr, but it is also logical to assume that Cr is linked
to the support through a Cr�O bond. Moreover, during the
preparation, a chlorinated solvent CH2Cl2 was used and the
crucial question to be answered is whether Cl is coordinated
to Cr in the final Cr complex. The resemblance of sample C
XANES data with that of the reference CrCl3–TAC (see
Figure 1B) strongly suggests a distorted octahedral-like co-
ordination. Therefore, the EXAFS data were analyzed by
using Cr–O, Cr–Cl, and Cr–N (N=3; R=2.095 =) and Cr–C
(N=3; R=2.615 =) coordinations, thereby assuming that 1)
the TAC stays intact as ligand, 2) the complex is anchored
by support oxygen bonds, and 3) Cl is coordinated to the
final Cr complex.


The R-space fit (k1, Dk=3–13 =�1, DR=0.5�2.5 =) was
applied with four coordination shells, thereby fixing the co-
ordination number and coordination distance of Cr–N and
Cr–C in the Cr–TAC coordination. This leads to a total of
12 fit parameters. The fit is allowed, as the number of fit pa-


rameters is still lower than the number of allowed indepen-
dent parameters (14.7), calculated according to the Nyquist
theorem [Eq. (4)]. The final fit results of the four-shell fit
are given in Table 3. The variances of the R-space fit are ac-


ceptable. The fits in R space obtained by using both k1 and
k3 weightings are plotted in Figure 4 with a dotted line. This
fit in both weightings adequately describes the data. In
Figure 5 the Fourier transforms of the difference files of all
four contributions (solid lines) are plotted with the corre-
sponding Fourier transforms of the fitted contributions
(dotted lines). The intensity of the different contributions is
in the order Cr–O>Cr–N>Cr–Cl>Cr–C. The fitted Cr–O
and Cr–N contributions are described closely by the corre-
sponding difference files.
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Figure 3. a) EXAFS spectra and b) Fourier transform (k1, Dk=3–13 =�1)
of the Cr/SiO2 sample C (solid line) and reference complex CrCl3–TAC
(dotted line)


Table 3. Fit result for the experimental data obtained by using the theo-
retical references. The fit was performed in R space, FT[a] (k1, DR=0.5–
2.5 =, Dk=3–13 =�1). Number of free parameters is 14.7.


Shell Absorber–
backscatterer


N R
[=]


Ds2


[=2]
DE0


[eV]
Calculated
distances [=]


1 Cr–O 2.0 1.91 0.003 �8.4 1.88
2 Cr–N 3.0[b] 2.10[b] 0.007 4.0 2.20
3 Cr–Cl 1.0 2.28 0.012 �12.8 2.34
4 Cr–C 3.0[b] 2.62[b] 0.018 10.6 2.69


[a] Variances: ImFT=0.4; AbsFT=0.2. [b] Fixed input parameter.
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Figure 4. a) k1-weighted and b) k3-weighted Fourier transform (Dk=3–
13 =�1) of raw EXAFS data of the Cr/SiO2 sample C (solid line) and
total fit with four shells (dotted lines).
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Ab initio calculations : The natural bond orbital (NBO)
analysis[36,47] of the optimized structure results in three un-
paired electrons in d-orbitals of the Cr atom and shows a
total charge on Cr of 1.2 after coordination of all ligands.
The DFT optimization calculation of sample C resulted in
internal distances that compare very well with the results
from the EXAFS fit, as can be seen in Table 3. Although
the calculated Cr–N distances are slightly greater than the
radial distances proposed by EXAFS, this is due to the
weak coordination of the TAC ligand. In fact, DFT cannot
describe this effect accurately. The remaining distances
match well with the EXAFS data.


Discussion


We started our systematic structural investigation from the
classical Phillips-type system (sample A). This material was
reduced by CO to yield polymerization-active species,
mainly CrII sites (sample B), on which the new active sites
were assembled (sample C). The conversion of sample A
into sample B involves a typical reduction of surface chro-
mates towards highly unsaturated CrII sites, which is already
well known.[2,3,8–12,48,49] Nevertheless, some chromium refer-
ence compounds in different oxidation states were also re-
corded and analyzed.[50] On the other hand, the conversion
of sample B into sample C is completely unknown and re-
quires further extensive investigation. The reference com-
pounds were selected to have local environments with at


least some similarity to the surface species of samples A, B,
and C.


The results obtained for samples A and B are in good
agreement with the Cr K-edge literature data,[37,51–55] al-
though some studies are contradictory,[56,57] depending on
the analysis method used by the respective group.


Based on the results shown in Table 2, we can conclude
that the average oxidation state of sample C should be close
to three, because the edge position of sample C is close to
that of other chromium compounds in oxidation state three.
The most appropriate comparison that can be made for sam-
ple C regarding its oxidation state and its local geometry is
nevertheless with the CrCl3–TAC reference compound. The
Cr K-edge XANES spectra of these compounds are com-
pared in Figure 1B. The good overlap of the edge position in
these compounds confirms an equal oxidation state, that is,
+3. It is also evident that the octahedral geometry is domi-
nant in both systems. However, the asymmetrical shape of
the pre-edge peak of sample C indicates a distorted geome-
try in contrast to the regular octahedral geometry found for
the CrCl3–TAC complex.


The proposed structure for the newly prepared Cr/SiO2


catalyst (sample C) based upon the final EXAFS fit and ab
initio calculation is shown in Scheme 1. The coordination of
sample C is a distorted octahedron, as already predicted by
XANES data. The analyzed Cr–N and the Cr–C distances
demonstrate that during the preparation procedure, the
TAC ligand does indeed coordinate to the supported Cr spe-
cies. The Cr complex is anchored to the support by two Cr�
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Figure 5. Fourier transforms (k1, Dk=3–13 =�1) of difference files (solid lines) and fits (dotted lines) of a) Cr–O, b) Cr–N, c) Cr—Cl, and d) Cr–C.
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Osupport bonds with a coordination distance of 1.91 =, almost
identical to the first shell distance, as found in Cr2O3. One
Cl neighbor at a distance of 2.28 = was needed to make the
fit acceptable. The difference files presented in Figure 5
made clear that strong antiphase effects are present between
the different contributions. The imaginary parts of the FTs
of the Cr–N and Cr–Cl/Cr–C also demonstrate the antiphase
behavior of these contributions. A fit procedure using both
weightings is necessary to unravel these interference effects,
because antiphase behavior affects k1 and k3 weightings dif-
ferently. A close inspection of the difference file and the fit
of the Cr–Cl and Cr–C contribution (see Figure 5) shows
that nonfitted higher-shell peaks are present, which interfere
strongly with the fitted EXAFS on the high R side of the
FT peak.


In conclusion, the EXAFS analysis indicates the presence
of two oxygen scatterers as the closest atoms to the chromi-
um absorber. The obtained distance of 1.9 = is in full agree-
ment with the Cr–O distance obtained for the first coordina-
tion shell, for example, CrIII (Oh) in Cr2O3. In addition,
three nitrogen scatterers and three carbon scatterers found
at 2.08 and 2.64 =, respectively, indicate that the TAC
ligand is indeed attached to chromium through three nitro-
gen atoms. Finally, one chlorine scatterer at a distance of
2.28 = was found, which completes the octahedral geometry
of the chromium center. In Table 3, the average distances
between the chromium absorber and the closest detected
scatterers are shown.


Ab initio DFT calculations validate the local structure of
sample C, as proposed by the EXAFS analysis. In this re-
spect, the calculated distances listed in Table 3 are conclu-
sive. The value for the unpaired electrons of Cr and the re-
sulting oxidation state are in good agreement with the CrIII


oxidation state found by XANES analyses.


Conclusion


The detailed XAFS structural analysis has revealed that:


1) The average oxidation state of sample A has changed
subsequently from six to two in sample B and, during the
assembling procedure, from two to three in sample C.


2) The octahedral coordination geometry of chromium in
sample C is preserved after the assembling process, but
this becomes highly distorted, as indicated by scatterers
at different distances.


3) Cr is linked to the TAC ligand, to the silica lattice and to
a chloride ligand, indicating the formation of a new site.


The molecular structure of sample C obtained after
XAFS analysis by using an R-space fit up to R=2.5 =, to-
gether with the proposed assembling process, is shown in
Scheme 1. Consequently, strong coordinating ligands are
able to mediate subtly the spatial and electronic structure of
the heterogeneous sites, in our case, supported CrII.


This study shows that sample B can bind electron-donor
ligands, that is, rigid TAC rings, as well as electron-accepting
ligands (i.e. , chloride) to reach a more-stable electronic con-
figuration of chromium. Electron-accepting and -donating
processes should appear internally as a prime condition for
the assembly of sample C. Indeed, after the assembly pro-
cess, a single-site heterogeneous Cr-based site is obtained.
In this respect, we assume that the coordination of chloride
and TAC ligands to CrII sites had modified significantly the
electronic and spatial environment of chromium sites, lead-
ing to uniform structures. Most likely, the displacement of
the weakly coordinated siloxane ligands by the more-strong-
ly coordinated ones, the TAC ligand and chloride ligands,
respectively, forces the sunken CrII sites of sample B to
ascend to the surface. Thereby, the structural heterogeneity
of the resultant system is reduced considerably by erection
of new molecular structures on the surface, so that it be-
comes basically a monodisperse system. To the best of our
knowledge, this approach regarding the reduction in com-
plexity of a heterogeneous catalytic system is reported here
for the first time, but it should, in principle, also apply for
other metal-oxide systems.
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Towards Photocontrol over the Helix–Coil Transition in Foldamers: Synthesis
and Photoresponsive Behavior of Azobenzene-Core Amphiphilic
Oligo(meta-phenylene ethynylene)s


Anzar Khan and Stefan Hecht*[a]


Introduction


Recent years have witnessed tremendous progress in the
design of artificial backbones capable of adopting well-de-
fined secondary structures—in particular of the helix type—
in solution.[1] The helical folding process is governed by non-
covalent interactions such as hydrogen bonding, metal coor-
dination, and electrostatic and p,p-stacking interactions,
among others. The helix–coil transition is therefore most fre-
quently induced by increasing the temperature, changing the
solvent composition, or adding folding-promoting/-disrupt-
ing agents. Typical denaturation experiments provide insight
into the stability of the helical conformation and the cooper-
ativity involved in the folding process. However, methods
that use light, perhaps the most advantageous external stim-
ulus, to control helix–coil conformational transitions in fol-
damers have been limited.


Photochromic molecules,[2] displaying two independently
addressable switching states, have been used to affect struc-


ture and function at the molecular level.[3] In an attempt to
utilize photochromic moieties to control helix–coil transi-
tions in various polypeptide backbones, two approaches
have been followed: the side-chain approach and the tether
approach.[4,5]


Side-chain approach :[4] In this approach, photochromic units
have been introduced in the side chains of various polypep-
tide backbones. Spiropyran units, for example, have been in-
corporated as side chains in poly(l-glutamic acid).[6] Photo-
ACHTUNGTRENNUNGisomerization of these units results in the conformational
transition of the poly(l-glutamic acid) backbone from the
random coil to the a-helical structure. Similarly, azobenzene
units have been attached to the side chains of poly(l-gluta-
mic acid). Irradiation induces a conformational transition
from the random coil to the a-helical structure.[7] Further-
more, poly ACHTUNGTRENNUNG(l-lysine) appended with azobenzene chromo-
phores has been shown to transform from a b-sheet struc-
ture to an a-helix structure upon photoisomerization.[8] The
remarkable conformational transitions in all of these cases
were found to be strongly dependent on the polymer4s envi-
ronment and employed solvent mixtures and hence were at-
tributed to the changes in the polarity of the photochromic
side chains affecting the surrounding media. The side-chain
approach has also been successfully utilized to photomodu-
late the helix–coil transition in related poly(isocyanate)s
with appended azobenzene photochromes.[9]
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Tether approach :[5] In this approach, the azobenzene unit
has been used as a cross-linker between two different (cys-
teine) segments of a peptide backbone. In one case the pho-
tochromic molecule links the i and i+4 cysteine groups and
photogeneration of the cis-azobenzene favors a helical back-
bone conformation. In the opposite case, the azobenzene
unit connects the i and i+11 cysteine residues and so the
trans!cis isomerization destabilizes the helical conforma-
tion. The helix content of a peptide is thereby shown to be
controlled by the steric requirements of the azobenzene
linker, which are conveniently modulated by photoisomeri-
zation.[10]


Thus far, however, no examples of photomodulation of
the helix–coil transition within (artificial abiotic) foldamers
through incorporation of the photochromic molecules into
the main chain of the helical backbone have been reported.
We have recently disclosed the first successful design of a
photoswitchable foldamer prototype based on azobenzene-
core amphiphilic oligo(meta-phenylene ethynylene)s
(OmPEs).[11] Here we wish to give a full account detailing
our extensive work relating to the synthesis of various azo-
benzene-containing OmPEs foldamers and investigation of
their photoresponsive behavior.


Results and Discussion


Design


Choice of the stimulus and the photochromic moiety : The
use of light as an external stimulus is particularly attractive,
due to its noninvasive nature, ease of control and dose, the
potential temporal and spatial resolution of exposure, and
the absence of generated byproducts. These advantageous
properties clearly make light the stimulus of choice, yet ne-
cessitate selection of an appropriate switchable chromo-
phore.[2] Ideally, the photochromic system should consist of
two independently addressable switching states, interconver-
sion of which is associated with large changes in the molecu-
lar geometry. The system should be robust, allowing for
many switching cycles, and the photoreaction should be con-
veniently quantifiable by means of spectroscopic methods.
Taking these requirements—together with synthetic accessi-
bility—into account, we chose the azobenzene moiety as the
“classic” photochromic unit, because it displays a very clean
and reversible trans!cis photoisomerization that proceeds
with large structural changes in the geometry of the chromo-
phore. It should be noted that alternative more quantitative-
ly switching and thermostable electrocyclization-based pho-
tochromes[2] such as dithienylethenes, fulgides, or spiropyr-
ans were not chosen because the interconversion between
their switching states is associated with much smaller rela-
tive geometrical changes.


Choice of the folding backbone : Amphiphilic OmPEs are
known to adopt helical conformations in polar solvents.[12]


The driving force for such folding reactions is the solvopho-


bicity of the rather nonpolar aromatic backbone in the polar
environment, resulting in an intramolecular segregation
analogous to nanophase separation in block copolymers.
The meta connectivity allows the molecule to fold back on
itself, enabling favorable p,p interactions between the stack-
ing electron-deficient aromatic repeat units. Starting at a
sufficient length (n>8) the enthalpic gain overcompensates
the entropic loss and therefore leading to preferential for-
mation of a helical structure,[13] in which six repeat units
constitute a turn.[14] Consistent with helix–coil theory,[15]


quantitative analysis of absorption and fluorescence data
has established a linear relationship between chain length
and helix stabilization energy for 8<n�18.[13] The helix–coil
transition in OmPE-related foldamers is governed by the
nature of the solvent,[16] temperature,[17] metal complexa-
tion,[18] and acidity/basicity.[19] Thus far, however, no photo-
control over folding transitions in OmPE-based or other fol-
damers has been achieved, so we became interested in ach-
ieving this goal through the incorporation of a photochromic
azobenzene moiety into the main chain of the helical back-
bone, as illustrated in Figure 1.


Design of the foldamer system : Our working hypothesis was
based on replacement of a single internal diphenylacetylene
unit in an OmPE foldamer with differently substituted azo-
benzene chromophores (Figure 2). Both thermally stable
helices and coils should be accessible in this way, so the heli-
cal conformation could be turned off or on by use of irradia-
tion. The lengths of the oligomeric sequences attached to
the photochromic unit would have to be adjusted in such a
way that they would not be able to adopt stable helical con-
formations by themselves, but photoisomerization would
either disrupt or create a kinked connection, resulting either
in helix denaturation or in helix formation.


These two design approaches, resembling “turn-on” and
“turn-off” helices, were followed by the introduction of
kinked cis- and trans-azobenzene units, respectively, in the
folding backbone.


1) “Turn-on” helices: In this design attempt we anticipated
that incorporation of a para-substituted trans-azobenzene
core in an OmPE foldamer should furnish a random coil,
due to the linear geometry of the para linkage. The
trans!cis photoisomerization should trigger the folding
reaction as the curved geometry of the cis isomer should


Figure 1. Incorporation of a photoisomerizable core unit (magenta) into
a helical foldamer strand (blue) should allow for photoswitching of the
helix–coil transition through the use of light as an external noninvasive
stimulus offering potential spatial and temporal control over exposure.
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in principle provide the nec-
essary kink in the structure
to allow the molecule to
fold in on itself in the ap-
propriate polar environ-
ments (Figure 2, left).


2) “Turn-off” helices: In our
second design, we expected
that a meta-substituted
trans-azobenzene should
structurally resemble a
single tolane unit of the
OmPE foldamer. In its trans
state the chromophore
should provide the necessa-
ry curvature in the structure
to form a helix in polar sol-
vents, while irradiation
should result in disruption
of the helical conformation
by breaking the aromatic
contacts due to the nonpla-
narity and incorrect curva-
ture of the cis-azobenzene
(Figure 2, right).


“Turn-on” helices


Synthesis of the oligomers : Or-
thogonally protected tetramer 1
and octamer 2 were synthesized
by a divergent/convergent
growth strategy.[20, 21] One termi-
nus in each of these oligomers
was capped by treatment with
acetylene 3 to yield the phenyl-
terminated oligomers 4 and 5,
while the other terminus was
used for coupling to the appro-
priate bifunctional azobenzene
core (Scheme 1). Removal of
the trimethylsilyl groups in
oligomers 4 and 5, followed by
palladium-catalyzed coupling
with the azodiiodide 8, furnish-
ed the target oligomers 10 and
11. Model compound 9 was also
synthesized by coupling acety-
lene 3 with the azodiiodide 8.


The synthesized oligomers
were thoroughly characterized
by using several analytical tools.
1H NMR spectroscopy, for ex-
ample, permitted rapid identifi-
cation of the molecular struc-
ture, as evidenced by symmetri-
cal signal sets including identifi-
able end groups. Matrix-assisted


Figure 2. Structural resemblance of para-substituted cis-azobenzene (left) and meta-substituted trans-azoben-
zene (right) chromophores to the diphenylacetylene unit of the oligo(m-phenylene ethynylene) foldamer. Side
(middle) and top (bottom) views of space-filling models of the expected helical conformation (n = 5).


Scheme 1. Synthesis of the para-linked azobenzene-core oligomers 9–11. TEA = triethylamine, DIPA = di-
ACHTUNGTRENNUNGisopropylamine.
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laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS) measurements corroborated the
NMR results by showing the expected [M+Na]+ signals.
Each oligomer exhibited a single, symmetrical peak in gel
permeation chromatograms. The purities of the oligomers
were determined to be greater than 99 % by using gel-per-
meation chromatography (GPC).[20]


The central azobenzene chromophore common to oligom-
ers 9, 10, and 11 is attached to oligomer segments with
lengths of one, five, and nine repeat units, respectively, so
the oligomeric arms on each side of the photochrome
should not be able to fold in isolation. Moreover, communi-
cation between the two oligomeric arms of one chromo-
phore is not possible because of the linear structure of the
trans-azobenzene. However, photoisomerization should gen-
erate a curved structure associated with cis-azobenzene.
This curvature should in principle allow communication be-
tween the two oligomeric arms through p,p-stacking interac-
tions between the aromatic repeat units, so we expected that
stable helices of 12 and 20 repeats units, respectively, should
be formed from oligomers 10 and 11 upon irradiation in a
helix-promoting solvent.


Photoisomerization studies : The absorption spectra of
oligomers 10 and 11 each exhibit two bands, associated with
the backbone and the photochrome units. The absorption
maximum at l = 380 nm (Figure 3) corresponds to the p–


p* transition of the trans-azobenzene chromophore, while
the absorption band at l = 290 nm belongs to the phenyl-
ene ethynylene backbone. The strong bathochromic shift of
the azobenzene core in oligomers 9–11 in relation to the
native chromophore (lmax�320 nm) is a result of the extend-
ed p conjugation due to para substitution with the phenyla-
cetylene unit.


Irradiation of oligomer 10trans with 395 nm light for 2 min
resulted in rapid conversion into the corresponding 10cis
isomer. The photoisomerization event could easily be moni-
tored with the aid of UV-visible spectroscopy: irradiation
causes a decrease in the absorption of the p–p* (380 nm)


band and an increase in the absorption in the backbone
chromophore range at l = 290 nm (Figure 4). This increase
is related to the contribution of the cis isomer of the azo-


benzene core to this absorption band (that is, the hypso-
chromically shifted p–p* band). Two well-developed iso-
sbestic points can be detected at l = 339 and 448 nm, con-
firming clean interconversion between two species. The pho-
togenerated 10cis present in the photostationary state
(PSS)[22] slowly reverts back to the 10trans in the dark at room
temperature confirming the reversibility of the isomeriza-
tion.


Oligomer 11 was also exposed to 395 nm light for the
same period of time. Similar changes to those seen in the
case of oligomer 10 could be observed in the absorption
spectrum, with two clear isosbestic points at l = 339 and
448 nm. Figure 5 shows the thermal cis!trans isomerization
of oligomer 11 in chloroform and acetonitrile.


Kinetics of thermal cis!trans isomerization : Because of the
anticipated conformational changes accompanying both
photochemical and thermal isomerization, we were interest-
ed in studying the kinetics to reveal potential effects on the
rates of interconversion. In view of the convenient time
frames of the thermal cis!trans isomerizations, with half-
lives of the order of hours, thermal reversal of solutions in


Figure 3. UV/Vis absorption spectra of oligomers 9 (g), 10 (a), and
11 (c) in CHCl3 (25 8C).


Figure 4. UV/Vis absorption spectra of oligomer 10 in CHCl3 (top) and
CH3CN (bottom), showing thermal relaxation at 25 8C after irradiation at
395 nm ([10cis]PSS ACHTUNGTRENNUNG(CHCl3)�69 % and [10cis]PSS ACHTUNGTRENNUNG(CH3CN)�63% by UV/Vis
spectroscopy[22]). a.u. = arbitrary units.
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the photostationary state (PSS) was investigated as a func-
tion of chain length and solvent. In all these experiments
the temperature was kept constant at 25 8C. We were ex-
pecting that the rates of cis!trans isomerization of oligomer
9 should be similar in two different solvents as it is too short
to form a stable helix. In contrast, oligomers 10 and 11—if
they adopted stable helical conformations upon isomeriza-
tion—should undergo slower back reactions in the helix-pro-
moting solvent, as favorable p,p-stacking interactions would
have to be broken in order to reach the trans configuration.
The experimental results[20] (Table 1) revealed that the rates
were strongly dependent on solvent, but no chain-length de-
pendence, as anticipated in the case of helical folding, was
found.


Fluorescence spectroscopy : Fluorescence spectroscopy is a
valuable tool for study of conformational changes of OmPE
foldamers. In denaturing solvents such as chloroform, emis-


sion from individual cross-conjugated, and hence isolated,
repeat units is observed, due to the absence of a folded con-
formation. In polar solvents such as acetonitrile, however,
the helical conformation prevails, so excimer-like emission
arising from the p-stacked aromatic rings is seen.[13] As fluo-
rescence spectroscopy is a rather sensitive technique, the
presence of the non-emissive but potentially emission-
quenching azobenzene chromophore could complicate anal-
ysis. In the case of oligomer 10 (Figure 6, top), fluorescence


spectra in chloroform show a band at l = 350 nm before
and after irradiation. In acetonitrile, the presence of a heli-
cal secondary structure before irradiation is unlikely, be-
cause the attached oligomers on both sides of the azoben-
zene core are not long enough to fold into stable individual
helices. Hence, only the monomer emission was observed in
acetonitrile before irradiation. However, irradiation of
oligomer 10 in acetonitrile at l = 395 nm causes no change
in the shape of the emission spectrum, suggesting that there
is no conformational change associated with the photoiso-
merization. Interestingly, the azobenzene moiety does not
seem to influence the emission characteristics notably, per-
haps as a result of its p conjugation to the neighboring phe-
nylacetylene units.


Figure 5. UV/Vis absorption spectra of oligomer 11 in CHCl3 (top) and
CH3CN (bottom), showing thermal relaxation at 25 8C after irradiation at
l = 395 nm ([11cis]PSS ACHTUNGTRENNUNG(CHCl3)�63% and [11cis]PSS ACHTUNGTRENNUNG(CH3CN)�44% by
UV/Vis spectroscopy[22]).


Table 1. Rates of thermal back reaction for oligomers 9–11 in chloroform
and acetonitrile at 25 8C.


Oligomer krev in chloroform [s�1] krev in acetonitrile [s�1]


9 (n = 1) k = 7.89�0.04 N 10�5 k = 3.51�0.05 N 10�5


10 (n = 5) k = 8.90�0.08 N 10�5 k = 1.26�0.09 N 10�5


11 (n = 9) k = 9.09�0.47 N 10�5 k = 1.62�0.19 N 10�5


Figure 6. Fluorescence spectra of oligomer 10 (top) before irradiation
(a) and after irradiation (c) in CHCl3 and before irradiation (g)
and after irradiation (d) in CH3CN, and of oligomer 11 (bottom),
before irradiation (a) and after irradiation (c) in CHCl3 and before
irradiation (g) and after irradiation (d) in CH3CN at an excitation
wavelength of 290 nm (25 8C).
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Solutions of the longer oligomer 11 in chloroform dis-
played the expected monomer emission at l = 350 nm both
before and after irradiation. In acetonitrile before irradia-
tion, however, the 350 nm band shows unexpected partial
quenching of monomer emission and the appearance of a
redshifted, broad featureless band centered at 425 nm. This
band can be attributed to p-stacked aromatic chromophores
and indicates that there is partial population of folded
oligomers in solution before irradiation (Figure 6, bottom).
Most probably, the electron-deficient azobenzene core en-
gages in stronger p,p-stacking interactions, resulting in more
pronounced stabilization of the helical conformation and
hence folding at shorter lengths than observed with the
parent amphiphilic OmPEs.[12] After trans!cis photoisome-
rization a similar spectrum is observed, indicating no signifi-
cant conformational change in the folding backbone before
and after irradiation. The nonplanarity of the cis-azoben-
zene core most probably destabilizes the helical conforma-
tion by disturbing the p,p-stacking interactions, as indicated
by molecular modeling (Figure 2), and hence prevents for-
mation of a stable helix. The photochromic behavior of azo-
benzene is caused by the nonplanar structure of the cis
isomer, allowing for the necessary spectral differences be-
tween trans and cis isomers.[2] We therefore abandoned the
turn-on helix design and focused on efforts to introduce the
planar trans isomer into the helical backbone: that is, turn-
off helices.


“Turn-off” helices


Synthesis of the oligomers : The synthesis of the azobenzene
core molecule 15 was accom-
plished in three linear steps
Scheme 2). Methyl 3-nitroben-
zoate was brominated, with
subsequent treatment with zinc
under basic conditions to yield
the desired azobenzene bis-acid
13, which was then converted
into the corresponding acid
chloride in thionyl chloride at
reflux. The crude bis-acid chlor-
ide was treated with the chiral
alcohol 14 to furnish the de-
sired azobenzene core 15. The
introduction of chiral alcohol
14 was deliberate, to allow
study of the conformational
changes of the synthesized
oligomers with the help of cir-
cular dichroism (CD) spectro-
scopy. Finally, both bromine
functionalities in the azoben-
zene core molecule 15 were
coupled to acetylene-terminat-
ed oligomers 3 and 6, carrying
achiral side chains, to yield


model compound 16 and oligomer 17, respectively. The
structural integrities and purities of these oligomers were
verified by several analytical tools, including 1H NMR spec-
troscopy, MALDI-TOF MS, and GPC.[21]


Folding studies in the dark state : The absorption spectrum of
the phenylacetylene chromophore shows two absorption
maxima at l = 288 and 303 nm. These two peaks can be re-
garded as two vibronic bands belonging to the cisoid and
transoid conformations of the phenylene ethynylene back-
bone. Conformational change of the OmPEs results in hypo-
chromism of the 303 nm band.[12]


To investigate the folding properties of oligomer 17, UV-
visible spectra were recorded in a series of solvent mixtures
ranging from pure chloroform to pure acetonitrile. Addition
of acetonitrile causes a decrease in the 303 nm band and in
pure acetonitrile this band vanishes completely. Plotting of
the absorbance ratio (A303 nm/A288 nm) as a function of the sol-
vent composition yielded a titration curve that revealed a
sigmoidal shape, indicating the cooperative nature of the
folding process (Figure 7).


From solvent denaturation data, the helix stabilization
energy in pure acetonitrile was calculated to be DG
(CH3CN) = �1.6 kcal mol�1.[21] While these results already
show the folding of oligomer 17, fluorescence spectroscopy
did not aid conformational analysis, due to the presence of
several unassigned emission bands (Figure 8), most probably
caused by the presence of the meta-linked azobenzene core.


To gain additional insight into the prevailing solution con-
formation, CD spectroscopy was employed to study oligo-
ACHTUNGTRENNUNGmer 17, which is decorated with two interior chiral side


Scheme 2. Synthesis of the meta-linked azobenzene-core oligomers 16 and 17. DIB = dibromoisocyanuric
acid.
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chains. Incorporation of these enantiomerically pure side
chains caused efficient chirality transfer to the backbone, re-
sulting in a twist sense bias due to the presence of a non-
equivalent ratio of right- and left-handed diastereomeric
helices. The generated excess helicity can conveniently be
detected by using CD spectroscopy.


As expected, oligomer 17 showed no CD signal in chloro-
form, independently verifying the absence of any helical sec-
ondary structure in solution (Figure 9). In acetonitrile, how-
ever, a CD signal could be detected in the absorption region
of the backbone (l = 250–350 nm), confirming the ability
of oligomer 17 to adopt a helical conformation in acetoni-
trile, as shown above by the UV-visible spectroscopy data.
The observed CD signal was rather weak, however, suggest-
ing inefficient chirality transfer, associated with the rather
small energy difference separating the two diastereomeric
helices, resulting in only a mediocre twist sense bias. The
population of the helical conformation could further be atte-
nuated by the addition of water to the sample solution in
acetonitrile, making the environment significantly more
polar and thereby increasing the solvophobic driving force


for folding. As a result of the larger overall helix content,
and hence absolute excess of one helical twist sense, a more
intense CD signal was observed (Figure 9). The positive
Cotton effect arising from excitonic coupling of the aromatic
repeat units indicates a P-helical twist sense.[23] Interestingly,
side chains with b-methyl instead of a-methyl substitution
show inverse helicity and point to “odd–even effects” in
these and related oligomers.[24,25]


Irradiation studies : The photoisomerization of oligomers 16
and 17 was unsuccessful, as irradiation at l = 320 nm result-
ed in irreversible changes in the absorption spectra. This be-
havior can be understood in the following way. In the case
of the turn-on oligomers 10 and 11 the azobenzene chromo-
phore is extended due to conjugation with both neighboring
phenylacetylene units, so the p–p* absorption maximum of
the photochromic moiety is centered at 380 nm. The lack of
conjugation in the cases of oligomers 16 and 17, due to the
meta connectivity, results in a blueshifted p–p* absorption
maximum at 320 nm. Because the backbone absorption
dominates at this wavelength, selective excitation of the azo-
benzene photochrome is not possible and the light is mainly
absorbed by the phenylene ethynylene units, resulting in as
yet unidentified irreversible photochemistry.[26]


Selective excitation of the azobenzene chromophore : In
order to allow selective excitation of the photochromic
moiety, the p–p* absorption maximum has to be shifted
bathochromically. One way to achieve redshifts of p–p*
bands is based on the use of donor–acceptor-substituted azo-
benzene chromophores, but the short lifetimes of their cis
forms present a severe limitation to our studies. Alternative-
ly the introduction of two donor substituents into the azo-
benzene chromophore also gives a considerable redshift. For
synthetic reasons we chose symmetrical disubstitution of the
azobenzene moiety by two (4,4’) methoxy groups. The ex-
perimental results confirmed that the absorption band of
the non-methoxy azobenzene core compound 15 (lmax


�320 nm) could be shifted to longer wavelengths (lmax


�350 nm) in this manner (Figure 10), so selective excitation


Figure 7. UV/Vis absorption spectra of oligomer 17 in CHCl3 with in-
creasing CH3CN content (100 % CHCl3!100 % CH3CN). The spectra,
measured at approximately the same concentration, have been normal-
ized with respect to their maximum intensity. The inset shows a plot of
the UV/Vis absorbance ratio (A303 nm/A290 nm) as a function of the volume
percent chloroform in acetonitrile (25 8C).


Figure 8. Fluorescence spectra of oligomer 17 in CHCl3 (c) and
CH3CN (a) at an excitation wavelength of l = 290 nm (25 8C).


Figure 9. CD spectra of oligomer 17 in chloroform (g), acetonitrile
(a), and 40 vol % water in acetonitrile (c) (25 8C).
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of the photochromic unit can
be—at least partially—achieved
without interfering with the
phenylene ethynylene back-
bone.


Synthesis of donor-substituted
azobenzene core foldamers : The
methoxy-substituted azoben-
zene-core oligomer 19 was ob-
tained by palladium-catalyzed
coupling of azobenzene dibro-
mide 18[11] with pentamer acety-
lene 6 in 9 % yield (Scheme 3).
The low yields of the coupling
reactions are presumably the
result of the more difficult oxi-
dative addition to the ortho-me-
thoxy-substituted aryl bromide.
Solvent titration studies involv-
ing UV-visible and CD spectro-
scopy revealed that oligomer 19
did not adopt a stable helical
conformation in acetonitrile.
Apparently the introduction of
the methoxy groups significant-
ly changes the electronics of the
azobenzene moiety—an effect
desired in terms of shifting the
absorption maximum—but p,p-
stacking interactions between
the aromatic units are conse-
quently weakened.[27] We ex-
pected that lengthening the oli-
gomeric segment should com-
pensate for this effect and
might perhaps result in the for-
mation of a more stable helical
conformation due to an in-


creased number of p,p-stacking contacts, so the synthesis of
oligomer 24 was carried out (Scheme 3).


Azobenzene core 18 was extended by palladium-catalyzed
coupling with trimethylsilylacetylene (TMSA) to furnish
compound 20, which was deprotected by treatment with tet-
rabutylammonium fluoride (TBAF) to give bis-acetylene 21.
The free acetylene groups in 21 were subjected to a tenfold
excess of diiodide 22 under Sonogashira–Hagihara coupling
conditions at room temperature to yield compound 23. Use
of the excess of diiodide 22 allowed undesired side reactions
such as oligomerization and polymerization to be avoided.
Coupling of the diiodide 23 with acetylene-terminated
oligomer 6 gave the desired oligomer 24. This overall exten-
sion of the sterically hindered dibromide 18 to the more re-


Figure 10. UV/Vis absorption spectra of compound 15 (c) and 18
(g) in chloroform (25 8C).


Scheme 3. Synthesis of the meta-linked methoxy-substituted azobenzene-core oligomers 19 and 24.
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active elongated diiodide 23 resulted in significantly higher
coupling efficiency for the formation of 24. Several analyti-
cal tools such as 1H NMR spectroscopy, electrospray
ionization ACHTUNGTRENNUNG(ESI) MS, and GPC were used to characterize
oligomer 24 extensively.[11]


Folding studies in the dark state : The folding behavior of
azobenzene-core oligomer 24 was investigated by means of
typical solvent denaturation experiments with use of UV-
visible absorption to monitor the conformational transition
(Figure 11). The sigmoidal shape of the obtained titration


curve indicates the cooperative nature of the folding proc-
ess.


Analysis of the data obtained by the UV-visible titration
experiments reveals a helix stabilization energy in pure ace-
tonitrile of DG ACHTUNGTRENNUNG(CH3CN) = �1.7 kcal mol�1. The replace-
ment of the central tolane unit in the parent tetradecam-
er[12,13] by the azobenzene core thus gives rise to only slight
helix destabilization. The destabilization effect can be attrib-
uted to the weaker p,p-stacking interactions due to the pres-
ence of the electron-donating methoxy substituents.[27]


CD spectroscopy in pure acetonitrile did not reveal a
large Cotton effect, so addition of water was again utilized
to increase the driving force for helical structure formation.
In 60 vol % water in acetonitrile the induced CD signal is of
significant intensity and the positive Cotton effect indicates
the presence of an excess of the P-helical conformation
(Figure 12), as observed in the case of oligomer 17. These
experiments complement the independently obtained UV-
visible spectroscopic evidence for helix formation in the
case of trans-azobenzene oligomer 24.


Photoisomerization studies : Irradiation of the oligomer
24trans with use of 365 nm light to excite the central azoben-
zene chromophore selectively resulted in rapid conversion


into the corresponding cis isomer as monitored by using
UV-visible absorption spectroscopy (Figure 13). The ob-
served absorbance changes—decreasing p–p* (350–400 nm),


weakly increasing n–p* (400–450 nm), and increasing p–p*
(<265 nm) absorptions, as well as the presence of two well-
defined isobestic points at l = 265 nm and 418 nm—are in-
dicative of the trans!cis photoisomerization process. While
the photochemical trans!cis conversion is achieved within
irradiation times of seconds, the thermal cis!trans reversion
occurs over the time frame of several hours at room temper-
ature.


Conformational change during photoisomerization as moni-
tored by using CD : In order to monitor the conformational
changes during both forward and backward isomerization
processes, CD spectra of oligomer 24trans in folding-promot-
ing solvent mixtures were recorded. Irradiation of the heli-
cally folded oligomer 24trans at 365 nm resulted in a rapid de-


Figure 11. UV/Vis absorption spectra of oligomer 24 in CHCl3 with in-
creasing CH3CN content (100 % CHCl3!100 % CH3CN). The spectra,
measured at approximately the same concentration, have been normal-
ized with respect to their maximum intensity. The inset shows a plot of
the UV/Vis absorbance ratio (A303 nm/A290 nm) as a function of the volume
percentage chloroform in acetonitrile (25 8C).


Figure 12. CD spectra of oligomer 24 in chloroform (g, not visible—on
baseline) and in 60 vol % water in acetonitrile (c) (25 8C). q = elliptic-
ity.


Figure 13. UV/Vis absorption spectra obtained during photochemical
trans!cis isomerization of oligomer 24 caused by l = 365 nm irradiation
in acetonitrile at 25 8C (t = 0, 1, 3, 7, 15, 31, 63 s). The inset shows a
magnification of the characteristic p–p* band of the azobenzene core.
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crease in the CD signal, indicating depopulation of the heli-
cal conformation, while thermal reversion resulted in com-
plete recovery of the initial CD signal intensity, indicating
that the original complete population of the helical back-
bone conformation had been reinstated. The presence of a
well-developed isodichroic point at 295 nm suggested a
clean conversion between both conformations (Figure 14).


The composition of the mixture in the 24cis/24trans PSS (
�40 %) can be directly deduced from the ratio of the CD
signals.[11] Kinetic analysis of the data at 25 8C provides the
rate of the thermal cis!trans isomerization kcis!trans�3.8 N
10�5 s�1, corresponding to a half-life of t1=2


�5 h and an acti-
vation energy of DG��23.5 kcal mol�1, typical for azoben-
zene-cored macromolecules in solution.[28]


Conclusion


Through a rigorous synthetic effort involving several design
cycles, we have been able to demonstrate the feasibility of
using light as an external stimulus to control helix–coil tran-
sitions in helically folding amphiphilic OmPEs. Although
our initial approach targeting turn-on helices, based on in-
corporation of para-connected azobenzene within the core
of the helix, was not successful, introduction of a meta-con-
nected trans-azobenzene chromophore proved viable and re-
sulted in the formation of stable turn-off helices. Photochro-
mic trans!cis isomerization of the central azobenzene chro-
mophore disrupts the helix while thermal cis!trans rever-
sion restores the original helical conformation. Such light-
triggered systems can potentially function as photorespon-
sive dynamic receptors and hence promise applications in
the field of “smart” delivery devices.


Ongoing work in our laboratory is concerned with the
design of polymeric analogues featuring better spectral sepa-
ration of photoisomerizable unit and the helical backbone in
order to achieve more quantitative switching between com-
pact helical and extended coil structures.


Experimental Section


For details of the general methods, optical spectroscopy, irradiation ex-
periments, derivation of the rate constants for thermal cis!trans isomeri-
zation, and syntheses, please see the Supporting Information.


Acknowledgements


Christian Kaiser is greatly acknowledged for synthesizing the chiral side
chains. The authors thank Dr. Eckhard Bill (MPI for Bioinorganic Chem-
istry, M=lheim/Ruhr) for the extensive use of the CD spectrometer. Gen-
erous support by the Sofja Kovalevskaja Program of the Alexander von
Humboldt Foundation sponsored by the Federal Ministry of Education
and Research and the Program for Investment in the Future (ZIP) of the
German Government, the German Research Foundation (DFG: SFB
448, HE 3675/2-1), and the Max Planck Society (MPG) is gratefully ac-
knowledged.


[1] D. G. Hill, M. J. Mio, R. B. Prince, T. S. Hughes, J. S. Moore, Chem.
Rev. 2001, 101, 3893 –4012.


[2] a) Photochromism—Molecules and Systems (Eds.: H. D=rr, H.
Bouas-Laurent), Elsevier, Amsterdam, 2003 ; b) Molecular Switches
(Ed.: B. L. Feringa), Wiley-VCH, Weinheim, 2001; c) special Issue:
“Photochromism: Memories and Switches”, Chem. Rev. 2000, 100,
1683 – 1890; d) Organic Photochromic and Thermochromic Com-
pounds (Eds.: J. C. Crano, R. J. Guglielmetti), Kluwer Academic/
Plenum Publishers, New York, 1999 ; e) Organic Photochromes (Ed.:
A. V. El’tsov), Consultants Bureau, New York, 1990.


[3] a) V. Balzani, A. Credi, M. Venturi, Molecular Devices and Ma-
chines: A Journey into the Nanoworld, Wiley-VCH, Weinheim,
2003 ; b) S. Hecht, Small 2005, 1, 26– 29.


[4] O. Pieroni, A. Fissi, N. Angelini, F. Lenci, Acc. Chem. Res. 2001, 34,
9– 17.


[5] G. A. Woolley, Acc. Chem. Res. 2005, 38, 486 –493.
[6] a) F. Ciardelli, D. Fabbri, O. Pieroni, A. Fissi, J. Am. Chem. Soc.


1989, 111, 3470 –3472; b) for a very recent example of a photo- and
thermoresponsive spiropyran-appended peptide tetradecamer, see:
K. Fujimoto, M. Amano, Y. Horibe, M. Inouye, Org. Lett. 2006, 8,
285 – 287.


[7] F. Ciardelli, O. Pieroni, A. Fissi, J. L. Houben, Biopolymers 1984, 23,
1423 – 1437.


[8] O. Pieroni, A. Fissi, F. Ciardelli, Biopolymers 1987, 26, 1993 –2007.
[9] S. Mayer, R. Zentel, Prog. Polym. Sci. 2001, 26, 1973 –2013.


[10] D. J. Flint, J. R. Kumita, O. S. Smart, G. A. Woolley, Chem. Biol.
2002, 9, 391 –397.


[11] a) A. Khan, C. Kaiser, S. Hecht, Angew. Chem. 2006, 118, 1912 –
1915; Angew. Chem. Int. Ed. 2006, 45, 1878 –1881; b) A. Khan, S.
Hecht, Polym. Prepr. Am. Chem. Soc. Div. Polym. Chem. 2004, 45,
743 – 744.


[12] a) J. C. Nelson, J. G. Saven, J. S. Moore, P. G. Wolynes, Science 1997,
277, 1793 – 1796; b) C. R. Ray, J. S. Moore, Adv. Polym. Sci. 2005,
177, 91 –149; c) M. T. Stone, J. M. Heemstra, J. S. Moore, Acc.
Chem. Res. 2006, 39, 11 –20.


[13] R. B. Prince, J. G. Saven, P. G. Wolynes, J. S. Moore, J. Am. Chem.
Soc. 1999, 121, 3114 –3121.


[14] K. Matsuda, M. T. Stone, J. S. Moore, J. Am. Chem. Soc. 2002, 124,
11836 –11837.


[15] B. H. Zimm, J. K. Bragg, J. Chem. Phys. 1959, 31, 526 –535.
[16] D. J. Hill, J. S. Moore, Proc. Natl. Acad. Sci. USA 2002, 99, 5053 –


5057.
[17] R. B. Prince, PhD thesis, University of Illinois at Urbana-Cham-


paign, Urbana, IL, 2000.
[18] R. B. Prince, T. Okada, J. S. Moore, Angew. Chem. 1999, 111, 245 –


248; Angew. Chem. Int. Ed. 1999, 38, 233 – 236.


Figure 14. CD spectra obtained during thermal cis!trans isomerization
of 24 in H2O in CH3CN (60 vol %, 9.5 N 10�6


m) at 22 8C (starting at PSS: t
= 0, 1.5, 3, 4.5, 7.5, 10, 48, 53, 72 h).


Chem. Eur. J. 2006, 12, 4764 – 4774 D 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4773


FULL PAPERPhotoresponsive Helices



www.chemeurj.org





[19] H. Abe, N. Masuda, M. Waki, M. Inouye, J. Am. Chem. Soc. 2005,
127, 16 189 –16 196.


[20] a) E. Igner, O. I. Peynter, D. J. Simmonds, M. C. Whiting, J. Chem.
Soc. Perkin Trans. 1 1987, 2447 – 2454; b) J. Zhang, J. S. Moore, Z.
Xu, R. A. Aguirre, J. Am. Chem. Soc. 1992, 114, 2273 – 2274; for a
review, see: c) R. E. Martin, F. Diederich, Angew. Chem. 1999, 111,
1440 – 1469; Angew. Chem. Int. Ed. 1999, 38, 1350 –1377; d) J. S.
Moore, R. B. Prince in Synthesis of Polymers (Ed.: A. D. Schl=ter),
Wiley-VCH, New York, 1999, pp. 11 –36.


[21] See the Supporting Information.
[22] The cis content present in the PSS can be roughly estimated by


using UV/Vis absorption from the formula [cis]PSS = [trans]0�(APSS/
etrans), in which e is the molar ellipticity and A is the absorbance,
though the data are associated with a certain error due to residual
absorption of the cis isomer. Alternative techniques have been em-
ployed to determine the compositions of the PSSs, yet 1H NMR
spectroscopy was only applicable in the cases of compounds 9–11,
due to limited spectral resolution, and HPLC or GPC separation
were unsuccessful.


[23] a) N. Berova, K. Nakanishi in Circular Dichroism Principles and Ap-
plications (Eds.: N. Berova, K. Nakanishi, R. B. Woody), Wiley-
VCH, 2000, pp. 337 –376; b) D. A. Lightner, J. E. Gurst, Organic
Conformational Analysis and Stereochemistry from Circular Dichro-
ism Spectroscopy, Wiley-VCH, 2000, pp. 423 –454.


[24] For the use of (S)-b-methyltri(ethyleneglycol) side chains, see:
a) R. B. Prince, L. Brunsveld, E. W. Meijer, J. S. Moore, Angew.
Chem. 2000, 112, 234 –236; Angew. Chem. Int. Ed. 2000, 39, 228 –
230; b) R. B. Prince, J. S. Moore, L. Brunsveld, E. W. Meijer, Chem.
Eur. J. 2001, 7, 4150 –4154.


[25] So called “odd–even effects” have been observed in the self-assem-
bly of p-conjugated oligothiophenes bearing various chiral oligo(e-
thyleneglycol) side chains: E. R. Lermo, B. M. W. Langeveld-Voss,
R. A. J. Janssen, E. W. Meijer, Chem. Commun. 1999, 791 –792. In-
terestingly, a related helical oligothiophene did not give rise to a CD
signal: J. R. Matthews, F. Goldoni, A. P. H. J. Schenning, E. W.
Meijer, Chem. Commun. 2005, 5503.


[26] The nature of the products arising from the irreversible photochemi-
cal processes, most likely cycloaddition and isomerization products,
has not yet been deduced.


[27] For the most prominent examples, consult: a) S. Lahiri, J. L. Thomp-
son, J. S. Moore, J. Am. Chem. Soc. 2000, 122, 11 315 – 11319; b) H.
Goto, J. M. Heemstra, D. J. Hill, J. S. Moore, Org. Lett. 2004, 6, 889 –
892.


[28] For example, see: L.-X. Liao, F. Stellacci, D. V. McGrath, J. Am.
Chem. Soc. 2004, 126, 2181 –2185.


Received: December 14, 2005
Published online: March 10, 2006


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4764 – 47744774


A. Khan and S. Hecht



www.chemeurj.org






DOI: 10.1002/chem.200600085


Conformational Behavior of Pyrazine-Bridged and Mixed-Bridged
Cavitands: A General Model for Solvent Effects on Thermal “Vase–Kite”
Switching


Pamela Roncucci,[a] Laura Pirondini,[a] Giuseppe Paderni,[a] Chiara Massera,[c]


Enrico Dalcanale,*[a] Vladimir A. Azov,[d] and FranÅois Diederich*[b]


Introduction


Among the most fascinating classes of receptors for chemi-
cal molecular recognition studies are the resorcin[4]arene


cavitands, initially introduced and studied by Cram and co-
workers in the early 1980"s[1] (Figure 1, top). The “vase”-
shaped architecture of the parent quinoxaline-bridged cavi-


Abstract: The controllable switching of
suitably bridged resorcin[4]arene cavi-
tands between a “vase” conformation,
with a cavity capable of guest inclusion,
and a “kite” conformation, featuring
an extended flattened surface, provides
the basis for ongoing developments of
dynamic molecular receptors, sensors,
and molecular machines. This paper
describes the synthesis, X-ray crystallo-
graphic characterization, and NMR
analysis of the “vase–kite” switching
behavior of a fully pyrazine-bridged
cavitand and five other mixed-bridged
quinoxaline-bridged cavitands with one
methylene, phosphonate, or phosphate
bridge. The pyrazine-bridged resor-
ACHTUNGTRENNUNGcin[4]arene cavitand displayed an unex-
pectedly high preference for the kite
conformation in nonpolar solvents, rel-
ative to the quinoxaline-bridged ana-
logue. This observation led to extensive


solvent-dependent switching studies
that provide a detailed picture of how
solvent affects the thermal vase–kite
equilibration. As for any thermody-
namic process in the liquid phase, the
conformational equilibrium is affected
by how the solvent stabilizes the two
individual states. Suitably sized solvents
(benzene and derivatives) solvate the
cavity of the vase form and reduce the
propensity for the vase-to-kite transi-
tion. Correspondingly, the kite geome-
try becomes preferred in bulky solvents
such as mesitylene, incapable of pene-
trating the vase cavity. As proposed


earlier by Cram, the kite form is pre-
ferred at low temperatures due to the
more favorable enthalpy of solvation
of the enlarged surface. Furthermore,
the kite conformation is more prefer-
red in solvents with substantial hydro-
gen-bonding acidity: weak hydrogen-
bonding interactions between the
mildly basic quinoxaline and pyrazine
nitrogen atoms and solvent molecules
are more efficient in the open kite than
in the closed vase form. Vase-to-kite
conversion is entirely absent in dipolar
aprotic solvents lacking any H-bonding
acidity. Thermal vase–kite switching re-
quires fully quinoxaline- or pyrazine-
bridged cavitands, whereas pH-control-
led switching is also applicable to sys-
tems incorporating only two or three
such bridges.


Keywords: cavitands · conforma-
tional equilibria · molecular devi-
ces · NMR spectroscopy · structure
elucidation · supramolecular chem-
istry


[a] P. Roncucci, Dr. L. Pirondini, G. Paderni, Prof. Dr. E. Dalcanale
Dipartimento di Chimica Organica ed Industriale and
Unit> INSTM, Universit> di Parma
Parco Area delle Scienze 17A, 43100 Parma (Italy)
Fax: (+39)0521-905-472
E-mail : enrico.dalcanale@unipr.it


[b] Prof. Dr. F. Diederich
Laboratorium fDr Organische Chemie
ETH ZDrich, Hçnggerberg, HCI, 8093 ZDrich (Switzerland)
Fax: (+41)1-632-1109
E-mail : diederich@org.chem.ethz.ch


[c] Dr. C. Massera
Dipartimento di Chimica Generale ed Inorganica
Chimica Analitica, Chimica Fisica, Universit> di Parma
Parco Area delle Scienze 17A, 43100 Parma (Italy)


[d] Dr. V. A. Azov
Institut fDr Organische Chemie
UniversitHt Bremen, Leobener Strasse
NW 2C, 28334 Bremen (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2006, 12, 4775 – 4784 M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4775


FULL PAPER







tand 1 features a hollow hydrophobic space of about 720 P3,
suitable for guest complexation.[2,3]


A particularly interesting property of these systems is the
reversible switching between a closed “vase” conformation
(C4v symmetry), with a deep cavity for guest complexation,
and an open “kite” conformation (C2v symmetry) with a flat,
extended surface about 19.3Q15.6 P in size (Figure 1,
bottom), calculated from an available crystal structure.[4]


Conformational switching can be reversibly induced by tem-
perature[1] or pH[5] changes, with the kite conformation
being preferred at low temperatures and low pH values, or
by metal-ion addition.[6] The controllable switching of quin-
ACHTUNGTRENNUNGoxaline-bridged cavitands resembles the movement of a me-
chanical gripper and implies the synthesis of specifically
tuned dynamic molecular receptors, sensors, and molecular
machines[7] that feature an addressable, geometrically de-
fined switching between the closed vase and opened kite
conformations. Significant efforts of our groups were aimed
at preparing new modified cavitand architectures[8] and at a
detailed exploration of their switching properties, in particu-
lar the dependency of the conformational interconversion
on environmental factors such as polarity, polarizability, and
size of solvent molecules.[5,6b,9] Still, after years of study, very
surprising results, not rationalizable within the existing
theory, can be encountered.


In this paper, we describe the synthesis and X-ray crystal-
lographic characterization of the pyrazine-bridged cavitand
2, which, according to NMR switching studies, quite unex-
pectedly displays high preference for the kite conformation.
Besides, five other mixed-bridged quinoxaline-bridged cavi-
tands with a methylene (3), phosphonate (4 and 5), or phos-
phate (6 and 7) bridge were synthesized to explore the
effect of different bridging groups on the vase–kite equilibri-
um. A general model of solvent effects on vase–kite isomeri-
zation is presented.


Results and Discussion


Synthesis and X-ray crystal structure of pyrazine-bridged
cavitand 2 : The synthesis of pyrazine-bridged cavitand 2 was
carried out following the established procedure for the prep-
aration of homo-bridged cavitands.[1] Specifically, resor-
ACHTUNGTRENNUNGcin[4]arene 8 was treated with 2,3-dibromopyrazine in the
presence of K2CO3 to give 2 in 50% yield (Scheme 1).


Crystals of 2 were obtained by exposing a solution of the
compound in dichloromethane to ethanol vapors. The X-ray
crystal structure analysis shows the cavitand in the vase con-
formation (Figure 2, the atomic numbering scheme is dis-


played for subunit a and identically repeated in the remain-
ing three subunits). Partially disordered solvent is localized
within the cavity and in the crystal lattice (three ethanol
molecules for each cavitand molecule). One ethanol mole-
cule is hosted in the large intramolecular void available at
the end of the aliphatic chains attached to the bridging
carbon atoms of the macroring, the atom C2t being
3.35(1) P below the reference mean-square plane R passing
through C4a, C4b, C4c, C4d. The second ethanol molecule
is located in the intramolecular cavity with the atom C2s
2.45(1) P above the reference plane R. The third ethanol


Figure 1. Top: Structures of quinoxaline-bridged (1) and pyrazine-bridged
(2) resorcin[4]arene cavitands. Bottom: Molecular models of the vase
and kite conformers of 1. The equilibrium is temperature- and pH-de-
pendent. Hydrogen atoms and “legs” are omitted for clarity.


Scheme 1. Synthesis of pyrazine-bridged cavitand 2. DMA=N,N-di-
ACHTUNGTRENNUNGmethylacetamide.


Figure 2. Perspective view of 2 showing the two disordered ethanol mole-
cules, one inside the intramolecular cavity and the other in the void be-
tween the alkyl chains. The hydrogen atoms are omitted for clarity.
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molecule fills the intermolecular voids of the crystal lattice.
In all three cases, large intermolecular host–guest distances
are indicative of only weak attraction between the cavitand
and the solvent molecules. In the crystal lattice, the mole-
cules of 2 display a head-to-head arrangement with a small
shift between the pseudocavity axes, in contrast to the
known X-ray structures[3a,b,5a,8c] of quinoxaline-bridged cavi-
tand 1 featuring infinite head-to-tail columns.


The large intramolecular cavity of the cavitand available
for complexation can be described as a truncated cone sur-
mounted by a cylinder (Figure 3). The principal dimensions


of cavitand 2 are given in Table 1 along with those obtained
from the X-ray crystal structure of 1[3a,b] for comparison. The
cylinder, bound on the top by the circular ribbon of the
atoms C8 and C9 of the pyrazine and on the bottom by the
bridging O1 and O2 atoms, has a diameter D2 of 8.989(5) P,
measured at the mouth of the cavity, and a height h2 of
2.904(6) P. The truncated cone, bound on the top by the cir-


cular array of the atoms O1 and O2 (shared with the cylin-
der) and on the bottom by the atoms C4a–d, has a minor di-
ameter D1 of 5.173(5) P and a height h1 of 1.734(3) P. It
can be emphasized that cavitand 2 is significantly different
from 1 in the common parameters (D1, D2, h1, h2, q): the cyl-
inder in 2 is almost 0.5 P shorter (h2) and about 1.0 P larger
(D2) than in 1 and the cone is more open (q=133.8(1) vs.
125.5(2)8). In contrast, the dihedral angle q1 (defined as the
average angle between the mean-square plane passing
through the bridging oxygen atoms and each of the four pyr-
azine planes) is quite similar to that of 1 (q1=83.47(7) vs.
83.6(2)8). Overall, the cavity of pyrazine-bridged cavitand 2
is 3.4 P shallower than that of quinoxaline-bridged 1
(Table 1).


Synthesis and X-ray crystal structures of mixed-bridged cavi-
tands : Trisquinoxaline-bridged cavitand 9 was prepared by
reacting resorcin[4]arene 10 with three equivalents of 2,3-di-
chloroquinoxaline. The methylene-bridged target compound
3 was subsequently obtained by bridging 9 with CH2BrCl in
Me2SO (Scheme 2).


Phosphonate-bridged cavitands 4 and 5 were prepared by
reacting phenylphosphonic dichloride with trisquinoxaline-
bridged cavitand 9 and Et3N in dry THF, whereas acetone
was used as the solvent for the reaction between cavitand 9
and p-tolyl dichlorophosphate to yield the phosphate-
bridged cavitands 6 and 7 (Scheme 2). The presence of a
stereogenic phosphorus(v) center gives rise to two diaster-
eomers in which the P=O group is oriented either inward
(in) or outward (out) with respect to the cavity. The configu-
ration of all diastereomers was assigned by established spec-
troscopic methods[10] and confirmed in the case of 4 by X-
ray structure analysis. Particularly diagnostic is the upfield
shift of the aromatic protons of the phenyl substituents on
the phosphorus atom upon inclusion within the cavity (out
isomers).


Crystals of methylene-bridged 3 were obtained from a sol-
ution of dichloromethane and ethyl acetate. Similar to 1 and
2, cavitand 3 also prefers the vase conformation in the solid
state (Figure 4, top) with the formation of head-to-head
dimers (Figure 4, bottom). Two ethyl acetate molecules for
each independent unit were found in the solid state. One,
statistically distributed over two different orientations, is lo-
cated inside the cavity of the receptor with the C4r atom
lying 2.77(1) P from the least-squares plane passing through
C1a, C1c, C1d, and C1e; the second is positioned in the in-
termolecular holes of the crystal lattice, stabilized by van
der Waals interactions with the nearest neighboring mole-
cules. The values of D1, h1, h2, h3, q, and q1 (Figure 3) for 3
are reported in Table 1.


Crystals of phosphonate-bridged cavitand 4 were obtained
by slow evaporation of a solution of the sample in dichloro-
methane. The crystal structure of 4 is shown in Figure 5
(top). It crystallizes with a disordered water molecule, which
is presumably taken from the environment, inside the intra-
molecular cavity. Other water molecules and a dichlorome-
thane molecule are found in the voids of the crystal lattice.


Figure 3. Schematic representation of the cavitand architecture. h1: height
of the truncated cone formed by the atoms C4a–d on the bottom and
O1a–d/O2a–d on the top; q : opening angle of the cone; h2 : height of the
bottom cylinder formed by the atoms O1a–d/O2a–d on the bottom and
C8a–d/C9a–d on the top; h3 : height of the upper cylinder added by extra
benzene ring of quinoxaline (related to quinoxaline-bridged cavitands
only); D1: minor diameter formed by the atoms C4a–d on the bottom of
the cavity; D2 : average diameter measured at the mouth of the cavity.
Labeling of the atoms refers to cavitand 2, Figure 2.


Table 1. Geometrical dimensions for cavitands 1 and 2, and resorcinar-
enes 3 and 4. Values are calculated from averaged interatomic dis-
ACHTUNGTRENNUNGtances.[a]


1 2 3 4


D1 [P] 5.013(6) 5.173(5) 5.227(4) 5.238(7)
D2 [P] 8.013(5) 8.989(5) – –
q [8] 125.5(2) 133.8(1) 124.4(1) 125.2(1)
q1 [8] 83.6 (2) 83.47 (7) 84.68 (3) 84.5 (2)
h1 [P] 2.209(4) 1.734(3) 2.248(3) 2.28(4)
h2 [P] 3.420(5) 2.904(6) 3.352(4) 3.45(3)
h3 [P] 2.365(5) – 2.385(5) 2.38(2)


[a] For the definition of most parameters, see Figure 3. q1 is defined as
the average angle between the mean-square plane passing through the
bridging oxygen atoms and the four pyrazine planes.
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In the crystal packing, the cavitands form dimeric structures,
with the phenyl ring of the phosphonate group pointing
inside the free cavity of the opposite cavitand (Figure 5,
bottom). Thus in the solid state, the cavities prefer the inclu-
sion of aromatic guests with respect to crystallization sol-
vents.


The rather poor data and the limited number of reflec-
tions prevented an accurate discussion on the bond lengths
and angles, but it nevertheless allowed establishing the
shape and the main geometrical parameters of the macrocy-
clic structure, which prefers the vase conformation in the
solid state (Table 1). In both cases (3 and 4) the introduction
of a different fourth bridge does not modify significantly the
vase structure in the solid state.


1H NMR switching studies of the pyrazine-bridged cavitand
2 : As it was shown before,[1,5] cavitand 1 with four quinoxa-
line bridges experiences a dynamic equilibrium between
vase and kite conformations (Figure 1, bottom); the vase
form is preferred at T>290 K, whereas the kite conformer
is predominant below 230 K. Besides, the equilibrium be-
tween the two degenerate kite conformations becomes fast
on the NMR timescale above 210 K.[5b] The kite 1–kite 2


equilibration of 1 was studied
in acidic solutions, in which the
kite conformation is the only
existing one throughout the
entire temperature range. The
vase–kite equilibrium is con-
veniently monitored by
1H NMR spectroscopy: in the
vase form, the methine protons
in the resorcin[4]arene skeleton
appear at d�5.5 ppm, whereas
upon switching to the kite form,
this resonance shifts upfield to
d�3.7 ppm.


1H NMR spectra of cavitand
2 in CDCl3 undoubtedly indi-
cated a dynamic behavior at
room temperature (Scheme 3),
with broadened lines in the aro-
matic region and the methine
resonance broadly smeared be-
tween d=3.6 and 5.6 ppm.


Variable-temperature (VT)
NMR studies of pyrazine-bridg-
ed 2 in CDCl3 demonstrated
that the vase conformation is
favored at higher temperatures
and that the kite structure is
the predominant conformation
at lower temperatures as in the
case of quin ACHTUNGTRENNUNGoxoline-bridged 1.
Nevertheless, the vase-to-kite
transition occurred at much
higher temperatures compared


with 1, which is fixed in the vase conformation at room tem-
perature and starts to display the transition to the kite con-
formation only 20–30 degrees below. Fully resolved
1H NMR spectra of the vase conformation of 2 were ob-
tained only at 353 K, whereas the quinoxaline-bridged cavi-
tand spectrum displayed a resolved (vase) spectrum already
at 293 K. Low-temperature experiments (below 273 K) dem-
onstrated the disappearance of the vase conformation at ap-
proximately 263 K; nevertheless, even below this tempera-
ture, the aromatic resonances were broadened down to
223 K due to kite 1–kite 2 equilibration on the NMR time-
scale (Figure 6). Only at 223 K did the 1H NMR spectra
become fully resolved, showing an AX system for the pyra-
zine protons and a complex multiplet for the (resorcin[4]ar-
ene) methine protons. The absence of the vase conformation
below 263 K gave an opportunity to determine for the first
time activation parameters for the kite 1–kite 2 equilibration
in neutral solution, which was not possible for 1 due to the
lower temperature of the vase!kite transition. The parame-
ters for cavitand 2 were found to be: DH�=12.4�
1.5 kcalmol�1, DS�=0.1�3 calmol�1K�1 (Table 2).


Titration of 2 in CDCl3 with trifluoroacetic acid (TFA) at
298 K displayed a behavior similar to that of 1: the methine


Scheme 2. Synthesis of methylene-bridged cavitand 3, phosphonate-bridged cavitands 4 (“in”) and 5 (“out”),
and phosphate-bridged cavitands 6 (“in”) and 7 (“out”).
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multiplet shifted to about 3.8 ppm (corresponding to the
kite conformation) at 0.1m TFA, and all resonances became
fully resolved at ~0.3m TFA, indicating complete switching
of 2 to the kite conformation.


VT-NMR studies of cavitand 2 in acidic solution (0.75m
TFA) in CDCl3 displayed a fast kite 1–kite 2 equilibrium at
higher temperatures that slowed down upon cooling below
273 K, a behavior reminiscent of that of quinoxoline-bridged
1. NMR modeling was performed with this set of VT spectra
in order to determine the activation parameters of the
kite 1–kite 2 equilibration of pyrazine-bridged 2 in acidic
solution. Quite unexpectedly, they were found to be: DH�=


12.6�1.5 kcalmol�1, DS�=�3.2�3 calmol�1, very similar to
the values for neutral chloroform (Table 2). Thus, in both
neutral and acidic media, the kite 1–kite 2 switching is likely
to proceed through similar transition states. Activation en-
tropy and enthalpy differ sharply from those measured for
the cavitand 1 kite 1–kite 2 switching mode in acidic solu-
tion[5b] (Table 2). The kite 1–kite 2 switching process presum-
ably involves a vase-type transition state,[5b] which requires a


large degree of desolvation. Hence the activation enthalpy,
due to loss of solvation, is much more unfavorable in the
case of 1 with its larger surface, while at the same time


Figure 4. Top: Perspective view of 3 showing the ethyl acetate molecule
inside the intramolecular cavity. Bottom: Head-to-head arrangement of 3
in the crystal lattice. Hydrogen atoms are omitted for clarity, only one al-
ternative orientation of the cavity-bound ethyl acetate molecule is
shown.


Figure 5. Top: Perspective view of 4. Bottom: Head-to-head arrangement
of 4 in the crystal lattice. Hydrogen atoms and the disordered water mol-
ecule inside the cavity are omitted for clarity.


Scheme 3. Interconversions between vase, kite 1, and kite 2 conforma-
tions of the resorcin[4]arene cavitand with four pyrazine flaps.
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the desolvation entropy is more favorable than in the case
of 2.


The higher preference for the kite conformation of 2,
compared with 1, is quite remarkable. According to the
commonly accepted theory[1] suggested by Cram in the
1980s, the favorable enthalpy of solvation of the larger kite
surface (as compared to the smaller vase surface) is the
main driving force for the vase!kite transition of the quin-
ACHTUNGTRENNUNGoxaline-bridged cavitands, overriding the slightly higher
strain of the four dioxa-containing nine-membered rings in


the kite form. In the case of pyrazine-bridged cavitand 2
(ca. 200 P2), the area of the kite surface is much smaller
with respect to 1 (ca. 300 A2);[1,4] nevertheless, it shows a
higher relative preference for the kite conformation! This
result led us to extend the switching model proposed by
Cram by establishing the hypothesis, that not only a higher
kite stabilization, but also a weaker vase stabilization are
the solvent-mediated driving forces for the vase!kite tran-
sition.


Solvent dependence of the vase–kite conformational switch-
ing : To better understand the factors influencing the vase–
kite equilibrium, we undertook a solvent scan of the confor-
mational behavior of 2 at room temperature. The results are
summarized in Table 3.


Two different factors contribute to the destabilizing of the
vase conformation in pyrazine-bridged 2 : cavity solvation
and solvent hydrogen-bonding acidity. Cavitand 1 has a
deep cavity with four polarizable quinoxaline walls that is
efficiently stabilized by polarizable chlorinated solvents and,
especially well, by the aromatic solvents that are nearly
complementary to the cavity size.[11] In contrast, cavitand 2
has a shallower cavity with less polarizable pyrazine walls
(Table 1); therefore, stabilization of the cavity by solvation
is less efficient in comparison with 1.


Studies of 2 in [D8]toluene (entry 2) revealed that it is
fixed in the vase conformation even at low temperatures
(223 K), like a similar derivative with eight chloride sub-
stituents on the pyrazine rings.[1b] Nevertheless, 2 switches to
the kite conformation upon addition of TFA 0.5m, display-
ing a behavior similar to 1.[5b] Cavitand 2 was also fixed in
the vase conformation in benzene, nitrobenzene, and 1,2-di-
chlorobenzene (entries 1, 3, 4) and, similarly to toluene,
could be switched to the kite conformation upon addition of


Figure 6. 1H NMR spectra of 2 (c=1Q10�2
m, 300 MHz, CDCl3) at differ-


ent temperatures: a) T=353 K (cavitand frozen in the vase conforma-
tion); b) T=283 K (equilibration of the vase and the kite conforma-
tions); c) T=258 K (kite 1–kite 2 equilibration on the NMR timescale);
d) T=223 K (cavitand frozen in the kite conformation). For peak assign-
ment see Scheme 3. Singlet at 7.26 ppm belongs to CDCl3.


Table 2. Thermodynamic and kinetic parameters for different switching
modes of 1 and 2.


Cavitand Conditions Switching
Mode


DH�


[kcalmol�1]
DS�


[calmol�1K�1]


1[a] CD2Cl2,
0.75m TFA


kite 1–kite 2 21.2�1.5 26.6�3


2 CDCl3,
0.75m TFA


kite 1–kite 2 12.6�1.5 �3.2�3


2 CDCl3 kite 1–kite 2 12.4�1.5 0.1�3


[a] Values adopted from reference [5b]. TFA= trifluoroacetic acid.


Table 3. Solvent scan of the vase–kite equilibrium of 2 at 298 K. The �a


and �b values are taken from references [12].


Solvent �a �b Confor ACHTUNGTRENNUNGmation d (CHAr2)
[ppm]


1 [D6]benzene 0.00 0.14 vase 6.00
2 [D8]toluene 0.00 0.14 vase 5.87
3 [D5]nitrobenzene 0.00 0.28 vase 5.79
4 [D4]1,2-dichlorobenzene 0.00 0.04 vase 5.77
5 [D12]mesitylene 0.00 0.19 fluxional 5.63
6 CD2Cl2 0.10 0.05 fluxional 5.06
7 CDCl2CDCl2 0.16 0.12 fluxional 4.78
8 CDCl3 0.15 0.02 fluxional 4.93
9 CDBr3 0.15 0.06 fluxional 4.83
10 CH3CCl3 0.00 0.09 vase 5.85
11 C2Cl4 0.00 0.00 vase 5.45
12 CCl4 0.00 0.00 vase 5.79
13 (CD3)2SO 0.00 0.78 vase 5.48
14 (CD3)2CO 0.04 0.49 vase 5.66
15 CS2 0.00 0.07 vase 5.65
16 [D8]THF 0.00 0.48 vase 5.73
17 [D12]cyclohexane 0.00 0.00 vase 5.78
18 pyrazine 0.00 0.62 –
19 quinoxaline 0.00 0.59 –


www.chemeurj.org M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4775 – 47844780


F. Diederich, E. Dalcanale et al.



www.chemeurj.org





TFA>0.5m. Unfortunately, the conformational behavior of
the octachlorinated cavitand[1b] has been studied only in
[D8]toluene, therefore a more precise comparison cannot be
made.


Unlike the smaller benzene-based solvents, deuterated
mesitylene (entry 5) cannot stabilize the vase conformation
of 2. As a result, all the resonances remained broadened at
295 K, displaying resolved peaks corresponding to the vase
conformer only at approximately 350 K. Upon cooling to
253 K, the spectrum featured a pattern corresponding to the
slow exchange between the vase and kite conformations.
Thus, similar to cavitand 1, the vase conformation of 2 is de-
stabilized, since the bulky mesitylene molecules do not fit
inside the cavity. On the other hand, toluene, benzene, nitro-
benzene, and 1,2-dichlorobenzene stabilize preferentially the
vase conformation as a consequence of a better fitting of
these solvents into the inner cavity of the vase structure. In
the case of halogenated hydrocarbons, the trend is not un-
equivocal. Cavitand 2 is either fluxional (entries 6–9) or
fixed in the vase form (entries 10–12) at room temperature,
depending on the solvent used. This conflicting behavior
cannot be rationalized in terms of different van der Waals
interactions between the solvent and the vase and kite
forms, but it requires the introduction of a second intermo-
lecular interaction mode.


We identified weak solute–solvent hydrogen-bonding in-
teractions as the second interaction mode. A linear solvation
energy relationship (LSER) has been reported that de-
scribes and quantifies solute–solvent interactions, with the
hydrogen-bonding acidity (�a) and basicity (�b) being key
parameters.[12] The �a and �b values of all solvents used in
the conformation analysis of 2 are reported in Table 3 to-
gether with the hydrogen-bond basicity of pyrazine and qui-
noxaline (entries 18 and 19). According to the reported
data, pyrazine nitrogen atoms are slightly more basic than
the corresponding quinoxaline ones found in 1, as expected.


Within the chlorinated hydrocarbon series (entries 6–12),
whenever the hydrogen-bonding acidity �a is substantial,
cavitand 2 is fluxional at room temperature. Instead, when
�a=0, cavitand 2 adopts the rigid vase form. It becomes
clear that solvent polarizability and van der Waals interac-
tions are not the only factor favoring the switching to the
kite geometry. Instead, weak hydrogen-bonding interactions
between solvent and the basic nitrogen atoms of the pyra-
zine (and quinoxaline)-bridged cavitands are important to
provide additional stabilization to the kite form. In the open
kite geometry, the cavitand nitrogen atoms are much more
accessible for undergoing such weak hydrogen-bonding in-
teractions with solvent molecules than in the closed vase ge-
ometry, which explains why such interactions shift the equi-
librium towards the kite conformation. Furthermore, the
slightly higher basicity of the pyrazine nitrogen atoms
should also make a contribution to the observed higher ten-
dency of 2 to adopt the kite conformation.


The absence of significant hydrogen-bonding acidity (�a
�0.00) presumably is also the reason why 2 (and 1) prefer
the vase form in dipolar aprotic solvents such as Me2SO,


acetone, carbon disulfide, and THF (entries 13–16). Also, in
the aromatic solvents series (entries 1–4) the relationship
between preferential vase conformation and absence of hy-
drogen-bonding acidity is respected, even if in this case pref-
erential solvation of the cavity in the vase form is presum-
ACHTUNGTRENNUNGably the major player. This is confirmed by the behavior of
mesitylene (entry 5), which destabilizes the vase conformer
since it is too large to fit within the cavity.


1H NMR switching studies of the mixed-bridged cavitands :
Cram"s interpretation of the vase–kite equilibrium in quin-
ACHTUNGTRENNUNGoxaline-bridged 1, based on the different solvation of the
two conformers, implies the presence of a completely delim-
ited cavity with a single entrance for the vase form. Only in
this case, the differential solvation among the two conform-
ers is sizable. To verify this hypothesis, we studied the con-
formational behavior of mixed-bridged cavitands 3–7, with
one of the four quinoxaline wings displaced by a different
bridge, leaving a wider entrance. None of the mixed-bridged
cavitands displayed VT-triggered switching in CD2Cl2 and
were fixed in the vase conformation over the entire temper-
ature range from 203 to 313 K. Addition of TFA (1m) led to
the shift of the methine protons, neighboring the quinoxa-
line bridges, from d~5.9 ppm to ~4.2 and ~4.6 ppm (the res-
onance of the methine proton near the other bridge re-
mained at about d=4.9 ppm) and to the change of the aro-
matic region pattern, indicating the opening of the quinoxa-
line flaps. Similar behavior was previously observed for the
cavitand 3 with one methylene bridge.[5b] Addition of base
(K2CO3) to the acidic solution reversibly led to the initial
spectra, indicating the transition to the initial conformation.
The inward (4, 6) or outward (5, 7) orientation of the P=O
groups[10] in cavitands 4–7 does not influence the stability of
the vase conformer.


The thermal vase–kite equilibrium in neutral solutions
completely depends on the integrity of the four cavity walls.
The absence of a single quinoxaline moiety switches off the
thermal vase-to-kite interconversion by substantially de-
creasing the solvation of the kite form. Mixed-bridged cavi-
tands can only adopt the kite conformation by protonation
of the quinoxaline nitrogen atoms with an acid such as TFA,
as a result of the developing Coulombic repulsion in the
vase geometry.


Conclusions


Based on the present study, a much clearer picture now
emerges how solvent affects the thermal vase–kite equilibra-
tion of quinoxaline- and pyrazine-bridged cavitands. The
earlier proposal by Cram that the kite geometry is preferred
at low temperatures due to the larger enthalpy of solvation
of the more extended kite surface (as compared to the vase
surface) remains fully valid but needs to be extended by sev-
eral parameters. The correlation of kite stabilization with
surface area is demonstrated in an impressive way by the ac-
tivation parameters for the kite 1–kite 2 interconversion of
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quinoxaline-bridged 1 and pyrazine-bridged 2. The vase-like
transition state of this interconversion requires substantial
desolvation, and this is clearly reflected in the enthalpy and
entropy of activation. The conformational interconversion
of 1, with its much larger surface relative to 2, is enthalpical-
ly less favorable, due to loss of solute–solvent interactions,
but at the same time entropically much more favorable as a
result of solvent release from the surface. However, an ex-
tended solvent scan revealed for the first time that kite sta-
bilization not only results from enhanced solvent–surface
van der Waals interactions, but also from weak hydrogen-
bonding interactions between the mildly basic pyrazine and
quinoxaline nitrogen atoms and solvent molecules with a
substantial hydrogen-bonding acidity as measured by �a


values. For steric reasons, such interactions are less effective
in the vase form. The kite geometry is also more favorable
for the pyrazine- than for the quinoxaline-bridged cavitands,
due to the higher hydrogen-bonding basicity of the latter. In
fact, vase-to-kite conversion is entirely absent in dipolar
aprotic solvents lacking any hydrogen-bonding acidity. Free
energy simulations in the liquid state are planned to further
support the existence of this hitherto unrecognized solvation
mode.


The major addition to the initial rational developed by
Cram considers that thermodynamic equilibria, such as con-
formational isomerisms, are two-state functions and that not
only the stabilization of the kite but also of the vase form
needs to be taken into account in explaining experimental
results. This is nicely revealed by the fact that 2, despite its
smaller surface, has a higher preference for the kite geome-
try than 1. The cavity of 1 in the vase form is more extended
and deeper than the cavity of 2. As a result, suitably-sized
solvent molecules, such as benzene, toluene, or 1,2-dichloro-
benzene solvate and stabilize the deeper vase form of 1
more efficiently than the shallower vase form of 2 (see Fig-
ures 2 and 3 and Table 1). This vase stabilization overweighs
the kite stabilization and leads to a less favorable vase-to-
kite transition in the case of 1, while the reduced vase stabi-
lization is at the origin of the facilitated transformation into
the kite form in the case of 2. The importance of vase stabi-
lization is seen with both cavitands in a solvent such as mesi-
tylene, which is too bulky to fit into the cavity: due to the
lack of inner solvation, the kite geometry becomes much
more preferable. Finally, thermal vase–kite switching re-
quires fully quinoxaline- or pyrazine-bridged cavitands,
whereas pH-controlled switching is also applicable to sys-
tems incorporating only three such bridges.


The described class of cavitands provides fascinating mod-
ules for molecular switches[9] and, possibly in the future, for
molecular machines. Such developments towards technolo-
gies and device fabrication greatly benefit from the under-
standing of the basic physical–organic principles governing
the switching process.


Experimental Section


General : Reagent-grade solvents and reagents were purchased and used
without further purification. Resorcin[4]arenes 8 and 10[13] and 2,3-dibro-
mopyrazine[14] were prepared according to literature procedures. Solvents
were dried over 3 and 4 P molecular sieves. All reactions were carried
out under Ar or N2 atmosphere. 1H NMR spectra were recorded in
CDCl3 on Bruker AC300 (300 MHz), Avance (300 MHz), and AMX400
(400 MHz) spectrometers; chemical shifts (d) are reported in parts per
million (ppm) downfield from tetramethylsilane using the residual sol-
vent peak as internal reference. 31P NMR spectra were recorded on a
Bruker AMX400 (162 MHz), with the chemical shifts reported in ppm
relative to external 85% H3PO3 at d=0.00 ppm. FT-IR spectra were re-
corded on a Nicolet 5PC spectrometer. Mass spectra of the organic com-
pounds were measured with a Finnigan MAT SSQ710 spectrometer,
using the CI (chemical ionization) technique. Melting points (m.p.) were
obtained with an electrothermal capillary melting-point apparatus and
were not corrected. Microanalyses were performed by using the facilities
at Parma University. Analytical thin-layer chromatography (TLC) was
performed on precoated SiO2 glass plates with F-254 fluorescent indica-
tor. Column chromatography was carried out by using silica gel 60 (70–
230 mesh) from Merck.


Pyrazine-bridged cavitand 2 : A mixture of resorcinarene 8 (0.72 g,
0.87 mmol), K2CO3 (1.21 g, 8.81 mmol), and 2,3-dibromopyrazine (1.04 g,
4.42 mmol) in dry DMF (20 mL) was stirred in a sealed tube at 80 8C for
1 d. The reaction was quenched by the addition of HClaq (10%), and the
solid formed was filtered, washed with water, and dried. The crude prod-
uct was purified by column chromatography on silica gel by using
hexane/EtOAc (8:2 v/v) as eluent to give compound 2 as a white solid
(0.50 g, 0.44 mmol, 50%). M.p. 142–144 8C; 1H NMR (300 MHz, CDCl3):
d=0.87 (t, 3J=6.4 Hz, 12H; CH3), 1.28 (m, 32H; (CH2)4), 2.16 (m, 8H;
CH ACHTUNGTRENNUNG(CH2)R), 4.93 (br s, 4H; CHAr2), 7.05 (s, 4H; ArH), 7.57 (s, 4H;
ArH), 7.98 ppm (s, 8H; PzH); MS (CI): m/z (%): 1129 (100) [M+].


Trisquinoxaline-bridged resorcinarene 9 : Resorcin[4]arene 10 (1.63 g,
3 mmol), 2,3-dichloroquinoxaline (1.81 g, 9 mmol), and K2CO3 (1.24 g,
9 mmol) in dry Me2SO (350 mL) were stirred at room temperature for
2 d. The reaction was quenched by the addition of HClaq (10%), and the
solid formed was filtered, washed with water, and dried. The crude prod-
uct was purified by column chromatography on silica gel by using
CH2Cl2/EtOAc (9:1 v/v) as eluent to give compound 9 as a white solid
(0.53 g, 0.57 mmol, 19%). M.p.>360 8C; 1H NMR (300 MHz, CDCl3):
d=1.73 (d, 3J=7.2 Hz, 3H; CH3), 1.79 (d, 3J=7.4 Hz, 6H; CH3), 1.83 (d,
3J=7.4 Hz, 3H; CH3), 4.53 (q, 3J=7.2 Hz, 1H; CHAr2), 5.54 (m, 3H;
CHAr2), 7.06 (s, 2H; ArH), 7.21 (s, 2H; ArH), 7.35 (s, 2H; ArH), 7.51
(m, 4H, AA’ part of a AA’BB’ system in QxH, Qx’H), 7.57 (dt, 3J=
7.1 Hz, 4J=1.1 Hz, 2H; Qx’H), 7.73 (dd, 3J=7.1 Hz, 4J=1.1 Hz, 2H;
Qx’H), 7.82 (m, 2H; BB’ part of a AA’’BB’ system in QxH), 7.93 (dd,
3J=7.1 Hz, 4J=1.1 Hz, 2H; Qx’H), 8.09 (br s, 2H; ArOH), 8.11 ppm (s,
2H; ArH); MS (CI): m/z (%): 923 (100) [M�].


Trisquinoxalinemethylene-bridged cavitand 3 : A solution of CH2BrCl
(69 mL, 1 mmol) and trisquinoxaline-bridged resorcinarene 9 (0.23 g,
0.25 mmol) in dry Me2SO (30 mL) were slowly added to a mixture of
K2CO3 (0.12 g, 0.3 mmol) in dry Me2SO (20 mL). The mixture was stirred
at 50 8C for 12 h, then it was quenched by the addition of HClaq (10%),
and the solid formed was filtered, washed with water, and dried. The
crude product was purified by column chromatography on silica gel by
using CH2Cl2/EtOAc (97:3 v/v) as eluent to give compound 3 as a white
solid (0.05 g, 0.05 mmol, 20%). M.p.>360 8C; 1H NMR (300 MHz,
CDCl3): d=1.78 (d, 3J=7.4 Hz, 3H; CH3), 1.83 (d, 3J=7.5 Hz, 6H; CH3),
1.88 (d, 3J=7.5 Hz, 3H; CH3), 4.00 (d, 3J=7.2 Hz, 1H; OCHinO), 4.92 (q,
3J=7.4 Hz, 1H; CHAr2), 5.64 (d, 3J=7.2 Hz, 1H; OCHoutO), 5.90 (m,
3H; CHAr2), 7.20 (s, 2H; ArH), 7.33 (s, 2H; ArH), 7.34 (s, 2H; ArH),
7.48 (m, 4H; Qx’H), 7.56 (m, 2H, AA’ part of a AA’BB’ system in
QxH), 7.68 (dd, 3J=8.1 Hz, 4J=1.2 Hz, 2H; Qx’H), 7.80 (m, 2H; BB’
part of a AA’BB’ system in QxH), 7.83 (dd, 3J=8.5 Hz, 4J=1.5 Hz, 2H;
Qx’H), 8.26 ppm (s, 2H; ArH); MS (CI): m/z (%): 934 (100) [M�].


Trisquinoxalinephosphonate-bridged cavitands 4 (in isomer) and 5 (out
isomer): Phenylphosphonic dichloride (0.20 mL, 1.40 mmol) was slowly
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added to a solution of trisquinoxaline-bridged resorcinarene 9 (0.26 g,
0.28 mmol) and Et3N (0.39 mL, 2.80 mmol) in THF (100 mL). The solu-
tion was stirred at room temperature for 15 h, filtered, and the filtrate
concentrated under vacuum. The crude product was purified by column
chromatography on silica gel by using CH2Cl2/Me2CO (19:1 v/v) as
eluent to give compounds 4 (0.092 g, 0.09 mmol, 31%) and 5 (0.062 g,
0.06 mmol, 21%).


Data for 4 : M.p.>360 8C; 1H NMR (400 MHz, CDCl3): d=1.84 (m, 6H;
CH3), 1.88 (d, 3J=7.5 Hz, 6H; CH3), 4.87 (dq, 3J=7.5 Hz, 5J ACHTUNGTRENNUNG(H,P)=
2.2 Hz, 1H; CHAr2), 5.97 (m, 3H; CHAr2), 7.30 (m, 2H; AA’ part of a
AA’BB’ system in QxH), 7.32 (s, 2H; ArH), 7.38 (s, 2H; ArH), 7.39 (s,
2H; ArH), 7.48 (m, 2H; Qx’H), 7.55–7.67 (m, 7H; BB’ part of a AA’BB"
system in QxH, Qx’H, PhHm and PhHp), 7.74 (d, 3J=8.3 Hz, 2H; Qx’H),
7.99 (ddd, 3J ACHTUNGTRENNUNG(H,P)=14.5 Hz, 3J=8.0 Hz, 4J=1.5 Hz, 2H; PhHo), 8.05 (d,
3J=8.3 Hz, 2H; Qx’H), 8.35 ppm (s, 2H; ArH); 31P NMR (162 MHz,
CDCl3): d=9.85 ppm (t, 3J ACHTUNGTRENNUNG(H,P)=14 Hz); FT-IR: ñ=1267 cm�1 (P=O);
MS (CI): m/z (%): 1044 (100) [M�].


Data for 5 : M.p.>360 8C; 1H NMR (400 MHz, CDCl3): d=1.74 (m, 9H;
CH3), 1.85 (d, 3J=6.9 Hz, 3H; CH3), 4.91 (q, 3J=7.0 Hz, 2H; CHAr2),
5.17 (q, 3J=6.9 Hz, 1H; CHAr2), 5.34 (q, 3J=7.3 Hz, 1H; CHAr2), 7.01
(s, 2H; ArH), 7.10 (s, 2H; ArH), 7.20 (s, 2H; ArH), 7.38 (m, 2H; PhHm),
7.54–7.74 (m, 9H; AA’ part of a AA’BB’ system in QxH, Qx’H, PhHo


and PhHp), 7.77 (dd, 3J=8.0 Hz, 4J=1.4 Hz, 2H; Qx’H), 7.83 (s, 2H;
ArH), 7.89 (m, 2H; BB’ part of a AA’BB’ system in QxH), 7.97 ppm (dd,
3J=8.2 Hz, 4J=1.2 Hz, 2H; Qx’H); 31P NMR (162 MHz, CDCl3): d=


11.7 ppm (t, 3J ACHTUNGTRENNUNG(H,P)=14 Hz); FT-IR: ñ=1264 cm�1 (P=O); MS (CI): m/z
(%): 1044 (100) [M�].


Trisquinoxalinephosphate-bridged cavitands 6 (in isomer) and 7 (out
isomer): A solution of p-tolyl dichlorophosphate (84 mL, 0.50 mmol) in
dry Me2CO (10 mL) was slowly added to a solution of trisquinoxaline-
bridged resorcinarene 9 (0.09 g, 0.10 mmol) and Et3N (0.14 mL, 1 mmol)
in dry Me2CO (20 mL). The solution was stirred at room temperature for
12 h, filtered, and the filtrate concentrated under vacuum. The crude
product was purified by column chromatography on silica gel by using
hexane/EtOAc (1:1 v/v) as eluent to give compounds 6 (0.021 g,
0.02 mmol, 20%) and 7 (0.010 g, 0.01 mmol, 9%).


Data for 6 : M.p.>360 8C; 1H NMR (300 MHz, CDCl3): d=1.79 (d, 3J=
5.5 Hz, 3H; CH3), 1.83 (d, 3J=6.3 Hz, 3H; CH3), 1.86 (d, 3J=5.7 Hz, 6H;
CH3), 2.37 (s, 3H; CH3-Ph), 4.71 (q, 3J=5.5 Hz, 5J ACHTUNGTRENNUNG(H,P)=1.7 Hz, 1H;
CHAr2), 5.94 (m, 3H; CHAr2), 7.21 (br s, 4H; PhH), 7.30 (s, 2H; ArH),
7.32 (m, 2H, AA’ part of a AA’BB’ system in QxH), 7.35 (s, 2H; ArH),
7.39 (d, 4J ACHTUNGTRENNUNG(H,P)=0.7 Hz, 2H; ArH), 7.50 (m, 2H; Qx’H), 7.62 (m, 2H;
Qx’H), 7.66 (m, 2H; BB’ part of a AA’BB’ system in QxH), 7.75 (d, 3J=
8.3 Hz, 2H; Qx’H), 8.04 (d, 3J=8.3 Hz, 2H; Qx’H), 8.33 ppm (s, 2H;
ArH); 31P NMR (81 MHz, CDCl3): d=�18.7 ppm (s); FT-IR: ñ=


1336 cm�1 (P=O); MS (CI): m/z (%): 1075 (100) [M�].


Data for 7: M.p.>360 8C; 1H NMR (300 MHz, CDCl3): d=1.84 (d, 3J=
5.6 Hz, 6H; CH3), 1.87 (d, 3J=5.4 Hz, 3H; CH3), 1.88 (d, 3J=5.2 Hz, 3H;
CH3), 2.20 (s, 3H; CH3-Ph), 4.94 (q, 3J=5.4 Hz, 5J ACHTUNGTRENNUNG(H,P)=1.9 Hz, 1H;
CHAr2), 5.86 (m, 3H; CHAr2), 6.60 (d, 3J=8.2 Hz, 2H; PhH), 6.81 (d,
3J=8.2 Hz, 2H; PhH), 7.36 (s, 2H; ArH), 7.39 (s, 2H; ArH), 7.45 (d, 4J-
ACHTUNGTRENNUNG(H,P)=1.0 Hz, 2H; ArH), 7.47–7.55 (m, 8H; AA’ part of a AA’BB’
system in QxH, Qx’H), 7.80 (m, 2H; BB’ part of a AA’BB’ system in
QxH), 7.84 (d, 3J=6.1 Hz, 2H; Qx’H), 8.16 ppm (s, 2H; ArH); 31P NMR
(81 MHz, CDCl3): d=�24.0 ppm (s); FT-IR: ñ=1333 cm�1 (P=O); MS
(CI): m/z (%): 1075 (100) [M�].


Determination of thermodynamic and kinetic parameters for conforma-
tional switching and solvent scan by NMR spectroscopy : 1H and
13C NMR spectra were recorded with a Varian Mercury 300 spectrome-
ter. Deuterated solvents were used as internal references. For the vari-
ACHTUNGTRENNUNGable temperature experiments, the temperature was calibrated with
100% MeOH (T�313 K) or CH2OH�CH2OH (T�313 K) reference
samples. Temperature regulation was stable within �0.58 between 363 K
and 243 K, and within �1.58 at lower temperatures. Fitting of NMR spec-
tra was performed with the gNMR v3.6 for Macintosh program (Cher-
well Scientific, Oxford, UK). For the lineshape fitting of the kite 1–kite 2
equilibrium of the cavitand 2, all the aromatic protons and methine
proton were included into a two-site exchange model.


Determination of activation enthalpy and entropy was based on Equa-
tion (1)[15] in which k [Hz] is an exchange constant obtained from spectral
fitting, T the temperature in Kelvin and a=4.575Q10�3 for DH� in kcal
mol�1 and DS� in kcalmol�1K�1.


logðk=TÞ ¼ �DH�=aT þ DS�=aþ 10:319 ð1Þ


According to Equation (1), a plot of log ACHTUNGTRENNUNG(k/T) versus 1/T (Eyring plot)
has a slope of (�DH�/a) and an intercept at 1/T=0 of (DS�/a+10.319).
Equation (2) was used to calculate the free energy of activation at the
temperature of coalescence[16] of an equally populated two-site systems.


DG�


c ¼ aT½9:972þ logðT=dnÞ� ð2Þ


In Equation (2) T is the temperature in Kelvin, dn [Hz] the chemical
shift between two coalescing resonances in the absence of exchange, and
a=4.575Q10�3 for DG�


c in kcalmol�1.


X-ray crystallographic studies. The crystal structure of solvates 2, 3, and 4
were determined by single-crystal X-ray diffraction methods. Crystallo-
graphic and experimental details for the structures are summarized in the
Supporting Information (Table 1SI). Crystals of 2 suitable for X-ray anal-
ysis were obtained exposing a solution of the compound in dichlorome-
thane to ethanol vapors; as a consequence, each cavitand crystallized
with three alcohol molecules in the asymmetric unit. Due to statistical
disorder, it was not possible to univocally assign the oxygen atoms of the
ethanol molecules, which were therefore considered as carbon atoms
during the refinement of the structure.


Intensity data and cell parameters were recorded on a Siemens AED (3
and 4) and on an Enraf Nonius CAD4 (2) diffractometer using graphite-
monochromated CuKa radiation. One standard reflection, collected every
100 to monitor crystal decay and instrumental linearity, showed a linear
decay of almost 20% for compound 2. The intensities were corrected for
Lorentz and polarization but not for absorption.


The structures were solved by Direct Methods using the SIR92 pro-
gram[17] and refined by full-matrix least-squares procedures (based on F2


o


for 2 and 4 and on Fo for 3), using the SHELXL-97 program.[18] In com-
pound 4, all the atoms were refined isotropically, while in 2 and 3 all
non-hydrogen atoms were refined with anisotropic atomic displacements
(with the exception of the atoms of the ethyl acetate molecule inside the
cavity in 3, the three ethanol molecules and the terminal carbon atoms of
three aliphatic chains in 2, all were affected by statistic disorder). The hy-
drogen atoms were introduced into the geometrically calculated positions
and refined “riding” on the corresponding parent atoms for all the com-
pounds. The weighting scheme used in the last cycle of refinement was
w=1/[s2F2


o+ (0.1115P)2] for 2, w=1/[s2F2
o+ (0.1821P)2+21.8601P] for 3,


and w=1/[s2F2
o+ (0.1600P)2+20.4294P] for 4, in which P= (F2


o+2F2
c)/3.


Molecular geometry calculations were carried out using the PARST97
program.[19] Drawings were obtained by ORTEP3 in the WinGX suite[20]


and by DS ViewerPro.[21] All calculations were carried out on a DIGI-
TAL Alpha Station 255 computer.


CCDC-285183–285185 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Recently, a broad variety of novel lanthanide-containing
materials has been investigated, giving rise to promising ap-
plications. Although oxidic rare-earth materials are still
dominant,[1–7] nitridic rare-earth compounds are gaining
more and more importance as they often exhibit even better


material properties. Advances in the fields of semi- and su-
perconductivity,[8–10] heterogeneous and homogeneous catal-
ysis,[11–13] and the development of novel phosphor materials
for highly efficient white-light-emitting phosphor-converted
diodes[14,15] are prominent examples that prove that nitride
chemistry of the rare-earth elements is full of exciting reac-
tions and useful applications.


New pathways to simple nitrogen-containing compounds
are of general interest, especially in solid-state chemistry, in
which basic compounds are often obtained in a higher
purity by non-classical reaction routes. Binary lanthanide ni-
trides are amongst fundamental rare-earth materials. There
are, however, only a few synthetic approaches known for
the synthesis of such simple compounds with defined com-
position. Molecular precursor compounds, such as [Ln{N-
ACHTUNGTRENNUNG(SiMe3)2}3],


[16] or the reaction of rare-earth chlorides with
lithium nitride,[17,18] emerged as alternative procedures for


Abstract: The decomposition process
of ammine lanthanide metallocenes
was studied by X-ray diffractometry,
spectroscopy and theoretical investiga-
tions. A series of ammine-tris(h5-
cyclopentadienyl)lanthanideACHTUNGTRENNUNG(iii) com-
plexes 1-Ln (Lanthanide (Ln)=Sm,
Gd, Dy, Ho, Er, Yb) was synthesised
by the reaction of [Cp3Ln] complexes
(Cp=cyclopentadienyl) with liquid am-
monia at �78 8C and structurally char-
acterised by X-ray diffraction methods,
mass spectrometry and vibrational (IR,
Raman) spectroscopy. Furthermore,
amido-bis(h5-cyclopentadienyl)lantha-
ACHTUNGTRENNUNGnide ACHTUNGTRENNUNG(iii) complexes 2-Ln (Ln=Dy, Ho,
Er, Yb) were synthesised by heating
the respective ammine adduct 1-Ln in
an inert gas atmosphere at tempera-


tures of between 240 and 290 8C. X-ray
diffraction studies, mass spectrometry
and vibrational (IR, Raman) spectros-
copy were carried out for several 2-Ln
species and proved the formation of di-
meric m2-bridged compounds. Species
1-Ln are highly reactive coordination
compounds and showed different be-
haviour regarding the decomposition to
2-Ln. The reaction of 1-Ln and 2-Ln
with inorganic bases yielded lanthanide
nitride LnN powders with an estimated
crystallite size of between 40 and


90 nm at unprecedented low tempera-
tures of 240 to 300 8C. Temperature-de-
pendent X-ray powder diffraction and
transmission electron microscopy
(TEM) investigations were performed
and showed that the decomposition re-
action yielded nanocrystalline material.
Structural optimisations were carried
out for 1-Ln and 2-Ln by employing
density functional (DFT) calculations.
A good agreement was found between
the observed and calculated structural
parameters. Also, Gibbs free energies
were calculated for 1-Ln, 2-Ln and the
pyrolysis reaction to the nitride materi-
al, and were found to fit well with the
expected ranges.
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the synthesis of LnN at temperatures of less than 500 8C.
These approaches have been studied for both thin-film dep-
osition and bulk solid syntheses of metal nitrides.[17] With re-
spect to their importance for several applications in solid-
state rare-earth chemistry, a facile synthetic method to pro-
duce reactive lanthanide nitride powders at low tempera-
tures (below 300 8C) is desirable.


As we are generally targeting new nitride-containing ma-
terials employing molecular-precursor syntheses,[19–26] we
have recently started to utilise organolanthanide molecular
precursors for the synthesis of highly activated rare-earth ni-
trido compounds.


Organolanthanide complexes have been used frequently
in the field of catalysis,[12,13, 27–29] however, they also represent
highly reactive species for the synthesis of novel functional-
ised materials.[3]


Therefore, we searched for a simple molecular precursor
with ligands showing an adequate thermal lability for subse-
quent pyrolysis reactions. Nitrogen should be already pres-
ent in the complex in order to achieve preorganisation at
the metal centre. Nevertheless, other ligands or fragments
should be easily removable during the decomposition pro-
ACHTUNGTRENNUNGcess.


In the 1960s, Wilkinson[30] and Fischer[30–33] synthesised the
first rare-earth metallocenes and observed their ability to
bind ammonia. Further investigations on the ytterbium com-
pound revealed that ammine-tris(h5-cyclopentadienyl)-
ACHTUNGTRENNUNGytterbium ACHTUNGTRENNUNG(iii) [Cp3YbNH3] (1-Yb; Cp=cyclopentadienyl)
can be isolated easily by sublimation in vacuo.[31,32,34] Subse-
quent heating under normal pressure yielded bis-[amido-
bis(h5-cyclopentadienyl)ytterbiumACHTUNGTRENNUNG(iii)] [{Cp2YbNH2}2] [2-Yb;
Eq. (1) and (2)].[31–35]


These complexes show thermal stability up to almost
400 8C and a high reactivity towards acids and bases. The
high stability of the ammonia ligand demonstrates the
strong interaction of nitrogen with the metal centre and
proves that this system might be appropriate for our purpos-
es.


Analytical data were available especially for the Yb com-
pound.[31,33–36] Thus, first and foremost we had to focus on
the synthesis of [Cp3Ln] ammoniates and amides of other
rare-earth elements (Sm, Gd, Dy, Ho, Er). The existence of


neither [Cp3LnNH3] nor [{Cp2LnNH2}2] has been confirmed
previously by crystal-structure determinations. The knowl-
edge of the arrangement of the complex molecules in the
unit cell gave us the possibility to consider also packing ef-
fects for their solid-state reactivity. Therefore, we report
here the first crystal-structure determinations of
[Cp3GdNH3] (1-Gd), [Cp3DyNH3] (1-Dy), [Cp3HoNH3] (1-
Ho), [Cp3ErNH3] (1-Er), [Cp3DyNH3] (2-Dy),
[{Cp2HoNH2}2] (2-Ho), [{Cp2ErNH2}2] (2-Er) and
[{Cp2YbNH2}2] (2-Yb).


To the best of our knowledge, the next step, a solid-state
decomposition reaction of either 1-Ln or 2-Ln to nitride
compounds, has not yet been described in the literature. The
pyrolysis of these reactive complexes in the presence of in-
organic bases yielded LnN in most satisfying quality, reactiv-
ity and at very low temperatures.


Based on the experimentally postulated reaction mecha-
nism, DFT calculations were carried out on the amido and
ammine complexes and for the reaction to the nitride com-
pounds. Calculations on lanthanide complexes are of in-
creasing interest, but are still rather scarce in the literature.
The 4f electrons do not participate in the chemical bond-
ing,[37] which allowed the use of relativistic effective core po-
tentials (RECPs)[38–40] including these electrons into the core
(not treated explicitly). Moreover, DFT (B3PW91)[41,42] cal-
culations on lanthanide complexes were successfully per-
formed on a wide variety of reaction mechanisms involving
lanthanide centres.[43–46] The lanthanide centres were treated
with the previously described large-core RECPs together
with their adapted basis sets. All other atoms (carbon, hy-
drogen or nitrogen) were treated with an all-electron
double-z basis set augmented by a set of polarisation func-
tion (p for hydrogen and d for carbon and nitrogen). All the
structures were optimised without symmetry constraints by
using the Gaussian 98 suite of programs.[47] The natures of
the minima were verified by analytic determination of vibra-
tional frequency. The optimised geometry can be compared
directly to the refinement results of the X-ray data, because
the experimental complexes involved real Cp (C5H5) rings
and no ligand modelling was necessary. This comparison will
be useful for checking the validity of the theoretical ap-
proach. Due to the complexity of the reaction mechanism
involving phase changes, only thermodynamic data of the re-
actions in the gas phase at room temperature and at 300 8C
were computed. Furthermore, as it was shown previously
that calculated reaction energies are not very sensitive to
the change of lanthanide centre[44] (energy change of 1–
2 kcalmol�1), reaction energies at 300 8C were computed for
selected lanthanides only (Dy and Sm).


Results and Discussion


Ammine-tris(h5-cyclopentadienyl) lanthanides (1-Sm, 1-Gd,
1-Dy, 1-Ho, 1-Er): Cp3 complexes of lanthanides show a
high affinity for the coordination of NH3. All these com-
plexes (Ln=Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb) are re-
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ported to decolourise upon stirring in liquid ammonia.[30,32]


However, the true composition of the products formed is
still unknown. The formation of large NH-bridged com-
plexes (oligomers) seems probable, in which more than one
NH3 molecule can be involved in the coordination sphere of
the central atom.


After evaporating and pumping off residual NH3, most of
the compounds become coloured again and form ammoni-
ates. The stability of the isolated species towards sublima-
tion varies significantly for the different lanthanide metals:
The ammonia adducts of [Cp3Yb], [Cp3Er], [Cp3Ho] and
[Cp3Gd] are easily formed and were obtained with satisfying
purity and yields. In contrast, those of [Cp3Dy] and [Cp3Sm]
showed only moderate yields after sublimation, and
[Cp3Ce], [Cp3Eu] and [Cp3Nd] did not form sublimable
ammine complexes, even after prolonged stirring in liquid
ammonia. Actually, [Cp3Ce], [Cp3Nd] and [Cp3Eu] decol-
ACHTUNGTRENNUNGourise upon stirring in NH3, but after evaporation of the
liquid, the original colour reappeared again and the starting
compounds were recovered. In contrast, the Yb, Er, Ho, Gd,
Dy and Sm compounds obtained showed a remarkable ther-
mal stability up to 300 8C.


To understand this variation of reactivity towards ammo-
nia in the solid state, we performed a more detailed investi-
gation of these complexes. As only partial analytical data
was available for the ammonia adducts of the known lantha-
nide–Cp3 complexes (elemental analysis for Pr,[30] Sm,[30]


nothing for Eu,[30] for Yb only:[30,31, 33,48] elemental analysis,
IR/NIR/UV/Vis), we also characterised the synthesised com-
pounds by using IR/Raman spectroscopy, mass spectrometry
and single-crystal X-ray diffraction analysis.


Spectroscopic measurements for 1-Ln : Each of the obtained
ammonia adducts of the lanthanide–Cp3 complexes (1-Sm,
1-Eu, 1-Gd, 1-Dy, 1-Ho, 1-Er, 1-Yb) was characterised by
IR and Raman spectroscopy. The coordinated ammonia can
be identified easily by the strong N�H stretching vibrations
at around 3365, 3330 and 3250 cm�1 and by the intense
asymmetrical and symmetrical N�H deformation modes at
around 1600, 1225 and 500 cm�1 seen in the infrared spectra
of 1-Sm, 1-Gd, 1-Dy, 1-Ho, 1-Er and 1-Yb (Figure 1). The
vibrations differ only slightly, within a range of �7 cm�1,
from one complex to the other. Complexes 1-Sm and 1-Gd
show additional shoulders in these regions. The seven typical
stretching (2 n(CH), 2 n(CC)) and deformation (1 d(CH) parallel,
2 d(CH) perpendicular) vibrations of the cyclopentadienyl
rings at 3090, 3070, 1440, 1360, 1010, 790 and 775 cm �1 were
also observed and differ only slightly from one complex to
the other.[30,31] Only very weak NH-absorption signals were
found for the Nd and Eu compounds. Therefore, there was
no convincing evidence for the formation of significant
amounts of either 1-Nd or 1-Eu.


The Raman spectra correspond well with the IR results,
but show only weak intensities for the N�H vibrations
(Figure 1 for 1-Er). The most intense signal at 1130 cm�1


can be attributed to a symmetrical expansion of the Cp
rings. The strong signals of less than 400 cm�1 correspond to


the expected signal-rich spectrum for a metal centre sur-
rounded by three Cp ligands in a trigonal pyramidal manner
(metal-ring deformation and stretching modes for the mo-
lecular skeleton).


Mass spectrometry data for 1-Dy were collected and ex-
hibit the typical defragmentation pattern for metallocene
complexes. Sequential loss of C5H5 (m/z=65) occurred,
forming [Cp3Ln


+], [Cp2Ln
+] and [CpLn+], respectively. The


most intense peak corresponds to the C5H5
+ fragment. The


[M+] peak of the compound was not observed, due to the
severe conditions of the EI (electron ionisation) experiment.
Once ionised, the NH3 ligand seems to detach immediately.
Therefore, measurements for lower m/z were carried out
and clearly showed the presence of free NH3 at m/z=17.


Structural data : The complexes 1-Gd, 1-Dy, 1-Ho and 1-Er
were definitively characterised by X-ray crystallography. Ac-
cordingly, all were found to consist of mononuclear species,
however, these complexes are not isostructural as they do
not crystallise in the same space group. Table 1 shows that
1-Gd crystallises in a cubic primitive lattice exhibiting a
higher symmetric molecular structure than 1-Dy, 1-Ho and
1-Er, which crystallise in a monoclinic primitive space
group. Figure 2 shows the molecular structure of 1-Er. Com-
parative crystallographic data for all of the characterised
compounds are given in Table 1, and bond lengths and
angles are listed in Table 2 (Ln–Ctr=distance between the
centre of the C5-plane (centroid) and the central atom).


The distances between the Cp rings and the lanthanide
atoms correspond well to the expected ranges given in the
literature for the solvated Cp3 complexes. Figure 3 shows
the variation of the metal–ligand distances as a function of
the atomic number of the respective lanthanides.


The Ln–Cp distances decrease slightly as atomic number
increases, due to the lanthanide contraction. The Cp–Ln dis-
tances vary slightly (within 2 pm) for 1-Dy, 1-Ho and 1-Er.
This effect was observed and discussed for several metallo-
cenes with three or four Cp ligands and is normally based
on attraction by the ligands of neighbouring complexes in
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Figure 1. Raman (right, bottom) and IR (left, top) spectra of [Cp3ErNH3]
(1-Er).
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the structure.[31,49] In this type
of compounds the attraction of
the ammonia ligand seems to
be a crucial structure-deter-
mining factor. Except for 1-
Gd, the Ln–N distances match
the shortest M–Cp distances of
the complexes exactly. Interest-
ingly, the Cp ligand closest to
the central atom also exhibits
the closest contact to the NH3


ligand of the neighbouring
complex. Only in 1-Gd does
the Ln–N distance differ signif-
icantly from the Cp–Gd distan-
ces.


Until now, no explanation
has been given as to why 1-Sm
and 1-Gd do not undergo de-
composition to the respective


amido complexes at higher temperatures [Eq. (2)]. The
structural observations made above, and the distances of
Ln–N shown in Figure 3 for all of the complexes character-
ised, could give a reasonable explanation for this difference
in the reactivity of 1-Sm, 1-Gd, 1-Dy, 1-Ho, 1-Er and 1-Yb
towards pyrolysis to the amido derivatives. Due to its higher
molecular symmetry, all the Cp–Ln distances in complex 1-
Gd are equal, but at the same time the distance Gd–N in-
creases to almost 250 pm. The Gd–N and the Dy–N distan-
ces differ by about 6 pm.


Furthermore, there are no differences in the intermolecu-
lar distances to the neighbouring Cp ligands for
[Cp3GdNH3], in contrast to 1-Dy, 1-Ho and 1-Er (see
above). Thus, the neighbouring Cp ligands can no longer in-
teract well with the coordinated ammonia in an intermolec-
ular manner. Figure 4 shows these packing differences clear-
ly for 1-Ho and 1-Gd. Presumably, these solid-state effects


Table 1. Crystallographic data for the [Cp3LnNH3] complexes 1-Gd, 1-Dy, 1-Ho and 1-Er.


1-Gd 1-Dy 1-Ho 1-Er


formula C15H18NGd C15H18NDy C15H18NHo C15H18NEr
Mr 369.55 374.80 377.23 379.56
T [K] 130 130 150 130
size [mm3] 0.12x0.11x0.11 0.10x0.05x0.04 0.13x0.12x0.10 0.20x0.14x0.06
crystal system cubic monoclinic monoclinic monoclinic
space group Pa3̄ P21/c P21/c P21/c
a [pm] 1411.5(2) 825.9(2) 826.8(2) 823.0(2)
b [pm] – 1102.1(2) 1103.8(2) 1099.1(2)
c [pm] – 1481.6(3) 1482.0(3) 1477.2(3)
b [8] – 101.61(3) 101.60(3) 101.57(3)
V [R106pm3] 2812.2(6) 1321.0(5) 1325.0(5) 1309.0(5)
Z 8 4 4 4
1calcd [Mgm�3] 1.746 1.885 1.891 1.926
F ACHTUNGTRENNUNG(000) 1432 724 728 732
m [mm�1] 4.695 5.633 5.948 6.388
refl. collected 22913 30071 12412 18375
independent refl. 1137 5801 2986 2984
no. of parameters 53 213 163 140
R ACHTUNGTRENNUNG(int) 0.0922 0.0792 0.0452 0.0676
R1 [I>2s(I)] 0.0444 0.0374 0.0204 0.0302
wR2 (all data) 0.1301 0.0584 0.0395 0.0658
max. peak/min. hole [eS�3] 1.517/�1.032 1.371/�2.520 0.788/�0.640 1.780/�1.827


Figure 2. Molecular structure of [Cp3ErNH3] (1-Er) at 130 K (50% prob-
ability ellipsoids). The hydrogen atoms were calculated (Cp rings) or un-
equivocally found in the difference Fourier map (ammine group), respec-
tively, and refined with fixed isotropic thermal parameters.


Table 2. Selected bond lengths [pm] and angles [8] for [Cp3LnNH3] com-
plexes 1-Gd, 1-Dy, 1-Ho and 1-Er.


Compound 1-Gd 1-Dy 1-Ho 1-Er


Ln�N 250.1(6) 244.5(3) 243.7(4) 242.3(5)
Ln�Ctr(1) 247.1(2) 244.2(2) 243.8(3) 242.5(3)
Ln�Ctr(2) – 244.3(2) 244.7(2) 243.3(3)
Ln�Ctr(3) – 246.0(2) 245.5(2) 244.3(3)
N-Ln-Ctr(1) 101.0(2) 97.22(2) 97.19(2) 97.28(3)
N-Ln-Ctr(2) – 98.35(2) 98.56(2) 98.41(3)
N-Ln-Ctr(3) – 99.01(2) 99.01(2) 99.07(3)
Ctr(1)-Ln-Ctr(2) 116.6(2) 117.89(2) 117.83(2) 117.93(3)
Ctr(1)-Ln-Ctr(3) – 118.04(2) 118.01(2) 117.93(3)
Ctr(2)-Ln-Ctr(3) – 118.08(2) 118.08(2) 118.06(3)
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Figure 3. Metal–ligand distances (pm) as a function of the atomic number
of the respective lanthanides of the ammine complexes of Gd(64),
Dy(66), Ho(67), Er(68). !: Ln–N distances; *: Ln–Cp distances; error
bars are depicted for each value.
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could be responsible for the absence of decomposition lead-
ing to [{Cp2GdNH2}2] and [{Cp2SmNH2}2].


DFT calculations for [Cp3LnNH3]: Geometry optimisations
were carried out for 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er. The
characteristic geometrical parameters are presented in
Table 3.


The optimised bond lengths, either Ln�Cp or Ln�N, are
in good agreement with the experimental values. The maxi-
mum deviation is obtained for the Dy�N bond, which is
overestimated by 9 pm. Notably, all the calculated bond


lengths are slightly larger than the experimental ones, but
remain within the range of the admitted precision of calcula-
tions (10 pm). Moreover, the experimental trend (decrease
of the bond lengths as atomic number increases) is repro-
duced by the calculation. This decrease is apparently associ-
ated with the lanthanide contraction, as mentioned before.
It has been reported that the lanthanide contraction is cor-
rectly reproduced by DFT calculations (B3PW91). Contrary
to experimental results, for all lanthanide complexes, the
Ln–N distance is found to be slightly longer than the Ln–Cp
distance (3–6 pm), and the 1-Gd complex does not exhibit
any special behaviour. However, the observed discrepancy
between Ln–N and Ln–Cp distances is lower than the
common accuracy of the theoretical method used. The cal-
culated bond angles are also found to be in agreement with
the X-ray data (maximum deviation of 38 for Gd).


The Gibbs free energies of bonding of NH3 to [Cp3Ln]
complexes were calculated at two different temperatures (25
and 300 8C) and are presented in Table 4. These bonding en-
ergies were obtained by considering the Gibbs free energies
of the complex with the two relaxed fragments.


Notably, the reactions are found to be exergonic at room
temperature for all lanthanides, but slightly endergonic at
300 8C. This can be explained simply by the fact that the re-
action is under entropy control, as there is a loss of transla-
tional entropy between free ammonia and coordinated
ammine. The stability (up to 280 8C) is fairly well repro-
duced by the calculations as, at 300 8C, the reactions are
only slightly endergonic. The calculated bonding energy is
found to decrease along the series and this is in agreement
with an increase of steric repulsion between the Cp rings.


Amido-bis(h5-cyclopentadienyl) lanthanides (2-Dy, 2-Ho, 2-
Er, 2-Yb): Amido–Cp2 complexes of erbium and ytterbium
have been discussed in the literature and can also be pre-
pared by using other synthetic approaches (2-Er, 2-Yb).[34,50]


However, difficulties in synthesising further [{Cp2LnNH2}2]
species with different lanthanides have been reported.[31,50]


Figure 4. Projection of the unit cell of 1-Ho (top) and 1-Gd (bottom) on
the ac plane.


Table 3. Selected bond lengths [pm] and angles [8] for [Cp3LnNH3] complexes 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er.


ACHTUNGTRENNUNG[Cp3LnNH3] Ln�Cp1 Ln�Cp2 Ln�Cp3 Cp1-Ln-Cp2 Cp1-Ln-Cp3 Cp2-Ln-Cp3 Ln�N N-Ln-Cp1 N-Ln-Cp2 N-Ln-Cp3


ACHTUNGTRENNUNG[Cp3SmNH3] 254 254 254 118.7 118.7 118.6 260 96.7 97.0 96.6
ACHTUNGTRENNUNG[Cp3GdNH3] 252 252 252 118.6 118.6 118.6 256 97.0 96.7 96.7
ACHTUNGTRENNUNG[Cp3DyNH3] 249 249 249 118.6 118.6 118.6 253 96.7 96.7 97.0
ACHTUNGTRENNUNG[Cp3HoNH3] 247 249 250 118.6 118.4 118.7 252 96.9 96.9 97.0
ACHTUNGTRENNUNG[Cp3ErNH3] 247 247 247 118.7 118.6 118.6 250 96.7 97.0 96.7


Table 4. Bonding Gibbs free energies [kcalmol�1] in [Cp3LnNH3] com-
plexes 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er.


25 8C 300 8C 25 8C 300 8C


Sm �7.12 2.55 Gd �6.97 –
Dy �6.57 3.25 Ho �6.43 –
Er �6.30 –
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Furthermore, to the best of our knowledge, no crystal-struc-
ture investigations have been reported for 2-Ln.


The decomposition of 1-Er, 1-Ho and 1-Dy according to
Equation (2) yielded 2-Er, 2-Ho and 2-Dy, respectively.
These compounds exhibit a remarkable thermal stability.
The products show melting points of greater than 300 8C
(determined by differential scanning calorimetry (DSC)
measurements). On the other hand, 2-Dy, 2-Ho and 2-Er
are highly reactive towards acids and other bases. The diffi-
culty in decomposing [Cp3LnNH3] to [{Cp2LnNH2}2] increas-
es as the atomic number of the lanthanide element decreas-
es. Thus, it has not yet been possible to obtain 2-Gd and 2-
Sm. In the same sequence of the lanthanides, the yields of
the reactions from [Cp3LnNH3] to [{Cp2LnNH2}2] signifi-
cantly decrease from 2-Yb to 2-Dy.


Spectroscopic measurements : Complexes 2-Dy, 2-Ho, 2-Er
and 2-Yb were characterised by IR and Raman spectrosco-
py. The m2-briged amido ligand can be identified easily by
the intense N�H stretching vibrations at 3350, 3290 cm�1


and the intense asymmetrical and symmetrical N�H defor-
mation modes at around 1540, 670 and 440 cm�1. A strong
vibration mode at 3500 cm�1, probably due to a combination
of two lower signals, is typical for each of the synthesised
amido compounds (Figure 5). The modes differed from one


metal ion to the other significantly and lay within a range of
�20 cm�1, which is greater than for the respective ammoni-
ates. Also, the seven typical stretching (2 n(CH), 2 n(CC)) and
deformation (1 d(CH) parallel, 2 d(CH) perpendicular) vibra-
tions for the cyclopentadienyl rings at 3080, 3070, 1435,
1360, 1010, 790 and 775 cm�1, respectively, were identified
and differ only slightly for the different complexes.


Raman measurements correspond well with the IR spec-
troscopy results, but show only weak intensities for the N�H
vibrations. Figure 5 shows this fact clearly for 2-Ho. The
most intense signal at 1130 cm�1 can be attributed to a sym-
metrical expansion of the Cp rings. The strong signals of less
than 400 cm�1 represent the expected signal-rich spectrum


for a metallocene compound with additional ligands. These
signals can be attributed to metal-ring deformation and
stretching modes for the molecular skeleton. The stretching
vibration for the Ln�NH2 bond is represented by a very
weak signal at 850 cm�1.


Mass spectrometry data for 2-Dy and 2-Ho were collected
and showed a defragmentation pattern similar to that pub-
lished for 2-Yb.[35,36] Sequential loss of C5H5 (m/z=65) and
decomposition of NH2 was observed, forming ACHTUNGTRENNUNG[Cp3Ln2N2H4


+],
[Cp3Ln2NH+], [Cp2Ln2N2H4


+], [Cp2Ln2NH+], [Cp2Ln2
+],


[Cp3Ln
+], [Cp2Ln


+], [CpLn+] and Ln+ . The most intense
peak in the spectrum changed for the different compounds.
Compounds 2-Dy and 2-Yb exhibit their most intense peak
at m/z=552 ([Cp3Ln2N2H4


+]) and m/z=294 ([Cp2Ln
+]). For


2-Ho, the most intense peak was centred at m/z=66 and
represents the C5H6


+ fragment. Also, the intensity of the
[M+] signals changed significantly. Compounds 2-Dy and 2-
Yb showed intensities at the 15% level, whereas the [M+]
signal of 2-Ho showed a relative height of 3%.


Structural data : Single crystals were obtained for 2-Dy, 2-
Ho, 2-Er and 2-Yb and were characterised by X-ray crystal-
lography. All four complexes are dimeric, but exhibit differ-
ent packing of the molecules in the solid, and different
space groups exist. Compound 2-Er crystallises in the highly
symmetric space group Im3̄, in contrast to 2-Dy, 2-Ho and
2-Yb, for which the monoclinic space group P21/n was ob-
served (Table 5).Changes in types of structure and crystal
symmetry due to variation of the lanthanide ion are quite
common. However, in the series 2-Dy, 2-Ho, 2-Er and 2-Yb
the cubic erbium compound seems to be an exception to the
rule, as the neighbouring lanthanides on both the right and
left sides form isotypic monoclinic amido lanthanide metal-
locene complexes. As already suggested from the mass-spec-
trometric investigations, the amido complexes are dimeric
with two m2-bridged amido ligands (Figure 6). Compound 2-
Er shows a crystal structure with a remarkably high symme-
try. The four Cp rings are oriented to each other in an
eclipsed position, so that only three of the five carbon atoms
are situated in the asymmetrical unit (Figure 7). Compara-
tive crystallographic data for all of the characterised com-
pounds are given in Table 5, and bond lengths and angles
are listed in Table 6.


The distances between the Cp rings and the metal atoms
in 2-Dy and 2-Yb (calculated as the distances between the
centre of the C5-plane (Ctr) and the central atom) are small-
er than those in the respective ammine complexes. The for-
mation of dimeric lanthanocene species with m2-briged
ligand atoms is well known for the chloro-bis(cyclopenta-
dienyl) lanthanides.[51–54] These compounds were considered
as reference structures for the discussion of intramolecular
distances obtained for the 2-Ln complexes. Although the
Ln–Cp distances of 2-Dy and 2-Yb are up to 5 pm longer
than those of the chloro species, the angles Cp-Ln-Cp are
quite similar. They coincide quite precisely at values be-
tween 129 and 1308. The angles Ln-N-Ln vary only slightly,
by less than 28, from those of [{Cp2LnCl}2]. Figure 8 shows
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Figure 5. Raman (right, bottom) and IR (left, top) spectra of
[{Cp2HoNH2}2] (2-Ho).
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the variation of the distances between the metal atoms and
the ligands as a function of the atomic numbers of the lan-
thanides 2-Dy and 2-Yb.


The two crystallographically
independent distances from
the Cp ligands to the central
atom vary only slightly, howev-
er, the values for the contacts
Ln–N are remarkably different
for 2-Dy, 2-Ho and in particu-
lar for 2-Yb (Figure 8). In con-
trast to the measurements at
room temperature, this effect
increases at low temperatures.
The analogous chloro com-
plexes did not show this behav-
iour.[51–54] Due to the high crys-
tal symmetry, the Ln–N distan-
ces in 2-Er are equivalent.


The two nitrogen and metal
atoms of the dimeric complex
form a rhombus in 2-Er and a
parallelogram in 2-Dy, 2-Ho
and 2-Yb. For the earlier lan-


thanides the formation of infinite double chains could be
possible, as reported for chloro-bis(cyclopentadienyl)-
dysprosium ACHTUNGTRENNUNG(iii).[51] However, to the best of our knowledge,
attempts to synthesise [{Cp2LnNH2}2], with Gd or any earli-
er lanthanide, have not yet been successful.


Thermal treatment of the ammine complexes causes a
loss of one hydrogen atom of the ammonia group and for-
mation of the respective dimeric amido complexes. Al-
though the NH group exhibits a higher Lewis basicity, a fur-
ther deprotonation of the amido group could be possible. To


Table 5. Crystallographic data for the [{Cp2LnNH2}2] complexes 2-Dy, 2-Ho, 2-Er and 2-Yb.


2-Dy 2-Ho 2-Er 2-Yb


formula C20H24N2Dy2 C20H24N2Ho2 C20H24N2Er2 C20H24N2Yb2


Mr 617.42 622.27 626.94 638.49
T [K] 150 150 130 150
crystal system monoclinic monoclinic cubic monoclinic
size [mm3] 0.09x0.08x0.06 0.11x0.09x0.06 0.22x0.18x0.16 0.17x0.16x0.15
space group P21/n P21/n Im3̄ P21/n
a [pm] 842.4(2) 843.2(2) 1435.1(2) 848.9(2)
b [pm] 1065.6(2) 1064.6(2) – 1057.5(2)
c [pm] 1123.2(2) 1119.3(2) – 1113.7(2)
b [8] 106.86(3) 107.07(3) – 107.72(3)
V [R106pm3] 964.9(4) 960.5(3) 2955.6(6) 952.4(4)
Z 2 2 6 2
1calcd [Mgm�3] 2.125 2.152 2.113 2.224
F ACHTUNGTRENNUNG(000) 580 584 1764 596
m [mm�1] 7.686 8.180 8.462 9.761
refl. collected 8072 8649 21358 1720
independent refl. 2295 2290 638 1720
no. of parameters 131 154 44 110
R ACHTUNGTRENNUNG(int) 0.0395 0.0529 0.0547 0.0517
R1 [I>2s(I)] 0.0210 0.0258 0.0258 0.0417
wR2 (all data) 0.0403 0.0552 0.0526 0.1121
max. peak/min. hole [eS�3] 0.918/�0.566 1.057/�0.618 0.698/�0.656 1.930/�1.867


Figure 6. Molecular structure of [{Cp2ErNH2}2] (2-Er) at 130 K (50%
probability ellipsoids). The positions of all hydrogen atoms were unequiv-
ocally located in the difference Fourier map and refined with fixed iso-
tropic thermal parameters.


Figure 7. Projection of the unit cell of [{Cp2ErNH2}2] (2-Er) on the ab
plane.


Table 6. Selected bond lengths [pm] and angles [8] for [{Cp2LnNH2}2]
complexes 2-Dy, 2-Ho, 2-Er and 2-Yb.


Compound 2-Dy 2-Ho 2-Er 2-Yb


Ln�N 235.3(4) 233.8(6) 232.5(2) 229(1)
Ln�N* 236.8(4) 234.7(6) – 233(1)
Ln�Ctr1 240.2(3) 238.5(3) 236.0(2) 234.6(7)
Ln�Ctr2 240.3(3) 237.9(4) 236.0(2) 234.3(6)
Ctr1-Ln-Ctr2 129.7(3) 129.7(3) 130.8(1) 130.2(7)
N-Ln-Ctr1 106.8 107.1 108.5 107.4
N*-Ln-Ctr1 109.6 109.7 – 109.2
N-Ln-Ctr2 108.3 108.5 108.5 108.3
N*-Ln-Ctr2 111.1 110.8 – 110.7
N-Ln-N* 79.5(2) 79.6(2) 80.8(1) 80.2(4)
Ln-N-Ln* 100.5(2) 100.4(2) 99.2(1) 99.8(4)
Ctr1-Ln-Ln-Ctr2 4.4 3.9 0.0 3.0


Chem. Eur. J. 2006, 12, 4785 – 4798 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4791


FULL PAPERNanocrystalline Lanthanide Nitride Materials



www.chemeurj.org





investigate the thermal behaviour of the amido lanthanide
metallocene complexes, temperature-dependent X-ray
powder diffraction (XRD) and differential scanning calorim-
etry (DSC) experiments of 2-Ho and 2-Yb were performed
at temperatures of up to 700 8C.


A further dehydrogenation and the formation of nitrides
was observed. The amido complexes 2-Ho and 2-Yb show
melting points of between 320 and 360 8C and decompose to
the nitrides at temperatures less than 400 8C. The tempera-
ture-dependent XRD measurements also shed light on the
observation of different types of structure with different
space groups for 2-Er, 2-Ho and 2-Yb. These compounds
undergo phase transitions at temperatures of between 220
and 300 8C to form higher symmetrical cubic phases. These
are the same temperatures necessary to sublime this com-
pound under vacuum. Nevertheless, until now we had not
succeeded in obtaining suitable single crystals of monoclinic
2-Er or cubic 2-Ho.


DFT calculations for [{Cp2LnNH2}2]: The computational
cost/demands of DFT calculations increases rapidly as the
number of atoms increases. Consequently, the dimers
[{Cp2LnNH2}2] were not studied explicitly. The geometry op-
timisations were, thus, performed for the monomers
[Cp2LnNH2] of 2-Er, 2-Ho, 2-Dy and 2-Sm. The characteris-
tic geometrical parameters are presented in Table 7. The di-
merisation of the complex should affect the Cp�Ln bond
lengths only slightly, so that a comparison between the theo-
retical and experimental Ln–Cp distances is relevant. In
contrast, the Ln–N distances probably increase from the
ACHTUNGTRENNUNGmonomer to the dimer, so that the calculated distances
should be underestimated with respect to the X-ray data.


Similarly to the calculations elaborated for 1-Ln, the cal-
culated Ln�Cp bond lengths for 2-Ln are in good agreement
with the X-ray data, with a maximum error of 3 pm for the
Ho–Cp distances. The Ln–Cp distance still decreases from
Sm to Er, due to the lanthanide contraction. These results
confirm that the Ln�Cp bond lengths are not affected by di-
merisation. However, the modelling of the dimers 2-Ln by
monomers has several effects. Firstly, the Ln–N distances
are found to be smaller in the monomers than in the dimers
by about 17 pm. Moreover, in the monomers, the calculated
angles are larger than the experimental ones (about 88 for
the Cp-Ln-Cp angles and 3–68 for the N-Ln-Cp angles).
This can be understood by the fact that in the dimer, the
steric repulsion between the Cp rings of each [Cp2LnNH2]
moiety is enhanced. This repulsion should decrease the Cp-
Ln-Cp angle of each moiety. In any case, the experimental
trend from 1-Ln to 2-Ln is qualitatively reproduced: in the
latter, the Ln�N bonds are shorter and the N-Ln-Cp angles
are smaller.


As only the monomer was optimised, the thermodynamic
data were computed for the reaction: [Cp3LnNH3]!
ACHTUNGTRENNUNG[Cp2LnNH2]+CpH. The Gibbs free energy of this reaction
was calculated at room temperature and at 300 8C (Table 8).


The decomposition reaction is calculated to be quite en-
dergonic at room temperature and more favorable at high
temperature. The calculated enthalpy of reaction is very
high (about 31 kcalmol�1 at 25 8C) and stable with respect to
the temperature (about 30 kcalmol�1 at 300 8C). Thus, the
important difference in Gibbs free energies can be ex-
plained by the entropic effect. Indeed, the calculated en-
tropic term is positive, because two molecules are released.
Consequently, at high temperature, at which the effect of
entropy is larger, the reaction becomes thermodynamically
favorable. This can explain the high temperature that is re-
quired experimentally for this decomposition reaction. The
highly positive reaction enthalpy might be explained by the
loss of electronic delocalisation between the aromatic Cp
ring in the lanthanide complex and the released C5H6. More-
over, the theoretical results could provide a qualitative ex-
planation for why the decomposition of 1-Sm to 2-Sm could


not be observed experimental-
ly; this reaction was calculated
to be about 4 kcalmol�1 more
endergonic for 1-Sm than 1-Dy
at 25 and 300 8C.
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Figure 8. Bond lengths (pm) of the amido complexes of Dy(66), Ho(67),
Er(68), Yb(70) as a function of the atomic number of the corresponding
lanthanide. ! and ~: Ln–N distances; *: Ln–Cp distances; error bars are
depicted for each value.


Table 7. Selected bond lengths [pm] and angles [8] for [{Cp2LnNH2}2] complexes 2-Sm, 2-Dy, 2-Ho and 2-Er.


ACHTUNGTRENNUNG[Cp2LnNH2] Ln�N Ln�Cp1 Ln�Cp2 N-Ln-Cp1 N-Ln-Cp2 Cp1-Ln-Cp2


ACHTUNGTRENNUNG[Cp2SmNH2] 223 249 249 110.8 110.9 138.3
ACHTUNGTRENNUNG[Cp2DyNH2] 217 241 241 111.2 111.3 137.5
ACHTUNGTRENNUNG[Cp2HoNH2] 216 241 241 111.2 111.3 137.4
ACHTUNGTRENNUNG[Cp2ErNH2] 215 238 239 111.2 111.2 137.6


Table 8. Gibbs free energy of the decomposition [kcalmol�1] to 2-Sm, 2-
Dy, 2-Ho and 2-Er.


25 8C 300 8C 25 8C 300 8C


Sm 21.58 5.83 Dy 17.03 1.60
Ho 15.80 – Er 15.79 –
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Pyrolysis to lanthanide nitrides : Because of the strong Ln�
N bond, the dimeric amido complexes [{Cp2LnNH2}2] (2-Ln)
decompose at temperatures greater than 400 8C to form the
respective binary lanthanide nitrides. Large amounts of
graphite are formed as a byproduct, because the Cp ligands
start to carbonise at this temperature. To avoid the forma-
tion of carbon, nanocrystalline and purer nitride powders
LnN, in which Ln=Sm, Gd, Dy, Ho, Er or Yb, were pre-
pared by using solid-state metathesis reactions, according to
Equations (3)–(5):


½Cp2LnNH2� þ 2LiNH2
DT
�!LnNþ 2LiCpþ 2NH3 ð3Þ


½Cp3LnNH3� þ 3LiNH2
DT
�!LnNþ 3LiCpþ 3NH3 ð4Þ


½Cp2LnNH2� þ CaH2
DT
�!LnNþ CaCp2 þ 2H2 ð5Þ


Due to the basicity of the amido ligand, a strong base was
necessary to achieve deprotonation of the coordinated
amide. Both alkaline and alkaline-earth amides, as well as
their hydrides, were used as reactants. Lithium amide and
calcium hydride were found to be most appropriate for our
purposes, because LiCp and [Cp2Ca], respectively, are
formed as byproducts. These compounds can be easily re-
moved from the reaction system by sublimation at tempera-
tures greater than 200–250 8C in vacuo. Only traces of
carbon remained in the product after evacuation and, thus, a
brownish solid LnN was obtained after the pyrolysis.


Powder diffractometry and determination of crystal size :
The formation of nitride material LnN was monitored by
conducting temperature-dependent X-ray diffraction experi-
ments. According to Equations (3)–(5), 2-Dy, 2-Ho, 2-Er
and 2-Yb, and 1-Sm, 1-Gd, 1-Ho, 1-Er and 1-Yb formed ni-
trides at temperatures of between 220 and 240 8C. The
amido compounds seem to form purer products, evidenced
by the formation of smaller amounts of graphite during the
decomposition process. Elemental analysis of the products
obtained showed graphite impurities of 1–3 and 2–5% upon
using 2-Ln or 1-Ln, respectively. Given the observation that
not all lanthanides seem to form the amido compound
easily, the synthesis of nitrides directly from the ammoniates
represents an acceptable alternative. Figure 9 shows the
XRD patterns obtained within a temperature range from
room temperature up to 640 8C for the reaction of 2-Er with
LiNH2, and an XRD pattern after annealing 2-Dy with
LiNH2 at 400 8C. The formation of the byproduct LiCp con-
firms the reaction of LiNH2 with 2-Dy [Eq. (3) and (4)]. X-
ray data of crystalline LiCp[55] was used to calculate a simu-
lated XRD pattern of LiCp and was compared with the pat-
tern of the crude reaction product (Figure 9, bottom).


Crystalline LnN can be recognised easily by the appear-
ance of two broadened reflections at 14.5 and 16.88 (lMo-Ka),
which can be attributed to the (111) and (200) reflections,
respectively. Whereas the LnN reflections start to grow sig-
nificantly above 240 8C, the LiCp reflections (at 7.0, 7.6, 8.0,
10.8 and 11.58, lMo-Ka) are already present at 180 8C and
remain until decomposition occurs at 500 8C. The early for-


mation of this byproduct can be regarded as proof for the
subsequent elimination of the Cp rings. LiNH2 exhibits one
characteristic reflection at 13.88 (lMo-Ka), which rapidly
looses intensity at between 220 and 320 8C as the binary ni-
tride LnN is formed. The decomposition temperature for
formation of the nitrides according to Equation (3) did not
change for the different lanthanides (Dy, Ho, Er, Yb). Tem-
perature-dependent XRD measurements of mixtures of the
ammoniates 1-Ln with LiNH2 [Eq. (4)] showed that nitride
powders can be obtained without preliminary synthesis of
the amido compounds. Consequently, nanocrystalline SmN
and GdN can be synthesised easily, starting directly from 1-
Sm or 1-Gd, although synthesis of the amido derivative has
so far been unsuccessful. Figure 10 shows XRD patterns
(13–198, lMo-Ka) of the nitride material obtained from the py-
rolysis reaction of 1-Sm (a), 1-Gd (b), 1-Dy (c), 2-Ho (d), 1-
Er (e), 2-Er (f), 1-Yb (g). Figure 10 shows clearly that differ-
ences in the crystallinity do not occur by using the ammine
or the amido complex (e.g., patterns e and f). In contrast,
the use of CaH2, according to Equation (5), resulted in the
formation of more crystalline HoN material (Figure 10d).
Additionally, the powder pattern of the product shows clear-


Figure 9. Top: temperature-dependent XRD patterns of the reaction of
2-Er with LiNH2 between 20 and 300 8C under Ar atmosphere (lMo-Ka=


0.71073 S). Bottom: XRD pattern of the crude product of the reaction
of 1-Dy with LiNH2 after annealing at 350 8C. The simulated XRD of
LiCp is depicted at the bottom.
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ly the presence of impurities identified as CaH2 reflections
at 13.5 and 18.68.


According to the Scherrer equation, broadened reflections
indicate that crystallites in the powder are smaller than ap-
proximately 100000 unit cells of the substance. With a=
483.9 pm for the cubic structure of ErN, the particle sizes in
a powder diffraction pattern with broadened reflections
must be significantly smaller than 225 nm (edge length).
From the Scherrer equation, based on the XRD line width,
the ErN crystallite sizes should be within the range 10–
40 nm. This value cannot be confirmed clearly by the results
of scanning electron microscopy (SEM) experiments be-
cause of the formation of agglomerates. SEM images of the
bulky material are depicted in Figure 11a,b.


Consequently, transmission electron microscopy (TEM)
measurements were recorded. The crude product showed
particle sizes of between 80 and 100 nm (Figure 11c). Elec-
tron diffraction (ED) experiments on these particles proved
the crystallinity of the product and confirmed the formation
of LnN (Figure 11d). Unfortunately, contamination with
oxygen cannot be avoided during the preparation of the
probe for the TEM measurement. Therefore, the quality of
the crystallites was not as good as that obtained directly
after the decomposition reaction. Agglomerated nanocrys-
tals only were found during the TEM experiment, therefore,
diffraction experiments on the polycrystalline material were
elaborated.


From Figure 11d a very crude estimation for some lattice
distances could be made. Powder patterns calculated subse-
quently were in good agreement with the literature 2q
values for crystalline ErN powder. Thus, the X-ray diffrac-
tion experiments of the LnN powder and the electron mi-
croscopy measurements agreed well with each other and
proved the formation of nanocrystalline nitride material.


Calculations for the pyrolysis reactions : Because the experi-
ment involved solid compounds and phase transitions, the
calculated Gibbs free energy of reaction in the gas phase
will certainly not be in agreement with the experimental ob-
servations. However, some qualitative information could be
extracted from these calculations. Thus, Gibbs free energies
for Equations (3) and (4) were computed at 25 and 300 8C
(Table 9). As expected, the Gibbs free energies decreasing
as the temperature decreases, which can be explained by en-
tropic considerations. However, for both temperatures and a
given lanthanide, the two reactions are calculated to be
highly endergonic. This is qualitatively in agreement with
the fact that extreme experimental conditions are needed to
achieve nitride formation.


Figure 10. Diffraction patterns showing the most intense (111) and (200)
reflections of LnN registered during temperature-dependent XRD meas-
urements at 300 8C (lMo-Ka=0.71073 S). Precursors used: a) 1-Gd+
LiNH2, b) 1-Sm+LiNH2, c) 1-Dy+LiNH2, d) 2-Ho+CaNH2, e) 1-Er+
LiNH2, f) 2-Er+LiNH2, g) 1-Yb+LiNH2.


Figure 11. a) SEM image of ErN showing the bulky nitride powder.
b) Enlarged SEM image of the ErN powder. c) TEM image of ErN crys-
tallites. d) Corresponding ED pattern showing the ErN phase.


Table 9. Gibbs free energies for Equations (3) and (4) for Dy and Sm
[kcalmol�1].


Reaction 25 8C 300 8C


3 Sm 84.00 63.80
Dy 96.71 75.70


4 Sm 67.54 40.76
Dy 75.73 33.09
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Conclusions


The reaction of [Cp3Ln] complexes with liquid ammonia
(Ln=Sm, Gd, Dy, Ho, Er, Yb) yielded sublimable ammine
complexes. Other lanthanide metallocenes (Ce, Nd, Eu) also
reacted with NH3, but did not show thermal stability. Struc-
tural analysis, carried out for the first time for [Cp3LnNH3]
compounds, showed that the Ln–N distances do not increase
linearly from 1-Er to 1-Gd. The Gd complex showed surpris-
ingly long Ln�NH3 bonds, and structural analysis of 1-Sm
remains problematic, due to the difficulties of crystallisation.
Geometry optimisations and calculations of the Gibbs free
energies for the ammine products suggested little difference
in behaviour. Therefore, intermolecular effects during the
solidification process are considered to be responsible for
the stabilisation of the NH3 group for 1-Sm to 1-Yb.


Thermal decomposition yielding [{Cp2LnNH2}2] (2-Ln) oc-
curred for 1-Yb, 1-Er, 1-Ho and 1-Dy only. In contrast,
1-Sm and 1-Gd sublime before the decomposition to the
amido complex. X-ray data of amido–cyclopentadienyl–
lantha ACHTUNGTRENNUNGnide ACHTUNGTRENNUNG(iii) complexes were collected for the first time
and proved the formation of a dimeric species. DFT calcula-
tions performed for the respective monomers showed that
decomposition to the amide [Eq. (2)] at higher temperatures
changes significantly from 1-Dy (1.60 kcalmol�1) to 1-Sm
(5.83 kcalmol�1), and confirmed the experimental results.


Further pyrolysis of 1-Ln and 2-Ln with inorganic bases
[Eq. (3)–(5)] resulted in the formation of reactive nanocrys-
talline lanthanide nitride powders with an estimated particle
size of about 40–90 nm. LiCp was observed as a byproduct
and could be separated easily by using organic solvents or
sublimation in vacuo. Results of temperature-dependent X-
ray powder diffraction experiments proved the formation of
LnN at temperatures less than 300 8C. The decomposition of
1-Ln and 2-Ln without the use of inorganic bases resulted in
the need for higher temperatures for the formation of LnN
and higher contamination by graphite, due to the complete
decomposition of the Cp ligand.


DFT calculations carried out for the decomposition pro-
ACHTUNGTRENNUNGcess of the amido [Eq. (3)] and the ammine [Eq. (4)] com-
plexes in the gas phase showed that the reaction still re-
mains endothermic at 300 8C. Surprisingly, Reaction 4
[Eq. (4)] showed slightly lower endergonic Gibbs free ener-
gies than Reaction 3 [Eq. (3)]. These theoretical results
could not be verified by the experimental observations
made (temperature-dependent X-ray powder diffraction
measurements). Thus, no difference between these two reac-
tion pathways was observed. Therefore, advanced solid-state
effects seem to be responsible for the fact that nitride mate-
rial was formed easily at temperatures less than 300 8C. Fur-
ther investigations on packing effects, base catalysis and in-
termolecular activation could elucidate the mechanism and
reasons for this new convenient pathway to reactive lantha-
nide nitrides.


Experimental Section


All manipulations described below were performed with rigorous exclu-
sion of oxygen and moisture in flame-dried Schlenk-type glassware on a
Schlenk line, interfaced to a vacuum (10�3 mbar) line or in an argon-
filled glovebox. Argon was purified by passage over columns of silica gel,
molecular sieve, KOH, P4O10 and titanium sponge (650 8C), and nitrogen
by passage over columns of silica gel, molecular sieve, KOH, P4O10,
BTS[56] and CrII oxide catalyst.[57] Ammonia was predried by passage over
columns of KOH and CrII oxide catalyst,[57] and then condensed and
stored over Na and K before use. THF was predried over KOH and dis-
tilled under argon over NaK alloy (benzophenone as indicator). Anhy-
drous lanthanide ACHTUNGTRENNUNG(iii) chlorides were purchased from Alfa Aesar (99.99%,
ultra dry) and were used as obtained. LiNH2 and CaH2 were prepared ac-
cording to the literature.[56] NaCp was prepared according to a novel liter-
ature method.[58] [LnCp3] compounds (Ln=Nd, Sm, Eu, Gd, Dy, Ho, Er,
Yb) were prepared according to well-known procedures[59] and before
use were sublimed twice under vacuum (10�3 mbar) at temperatures of
between 150 and 250 8C. The syntheses of complexes 1-Ln and 2-Ln are
based mainly on a procedure reported earlier, in particular for the Yb
compounds. Because significant experimental variations were necessary
for the syntheses of these compounds, a short protocol containing analyti-
cal data for every species is given.


FTIR and FT-Raman spectra were recorded by using a Bruker IFS 66v/S
spectrometer with DTGS detector. The samples were thoroughly mixed
with dried KBr. The preparation procedures were performed in a glove-
box under dried argon atmosphere. The spectra were collected within the
range 400 to 4000 cm�1 with a resolution of 2 cm�1. During the measure-
ment, the sample chamber was evacuated. For FT-Raman measurements,
a Bruker FRA 106/S Raman module with a Nd:YAG laser (l=1064 nm)
and a scanning range of 0 to 3500 cm�1 was used. Mass spectra were
measured by using a JEOL MStation JMS700. The source was operated
at a temperature of 200 8C. Temperature-dependent in situ measurements
were performed as follows: a Schlenk tube containing the sample was at-
tached directly to the probe chamber of the spectrometer and evacuated
until the necessary pressure was reached (10�6 mbar). The tube was then
fitted in a Carbolite MTF 9/15/130 furnace and heated to 300 8C
(5 8Cmin�1). During the heating phase, EIMS+ spectra were collected in
steps of 5 8C. DSC curves from 20 to 800 8C were recorded by using a
Metler-Toledo DSC 25, using aluminium crucibles. All measurements
were carried out under nitrogen atmosphere. Scanning electron microsco-
py (SEM) measurements were carried out by using a JEOL JSM-6500F
(field emission source). Electron diffraction and microscopy experiments
were performed by using a JEOL-JEM 2011 transmission electron micro-
scope (TEM, 200 kV). The powder diffraction investigations were carried
out in Debye–Scherrer geometry and diffraction data were collected by
using a conventional powder diffractometer (STOE Stadi P, Mo and
CuKa1 radiation). Temperature-dependent measurements were performed
by using the same diffractometer (MoKa1 radiation) with a STOE fur-
nace: Samples were enclosed in silica capillaries and heated from RT up
to 900 8C and investigated within the angular range 4.58	2q	20.58.
Powder diffraction patterns were recorded mostly in temperature steps of
20 K. Products were identified by using the STOE WinXPOW program
package (Version 1.22, 1999).


General procedure for [Cp3LnNH3] (Ln=Sm (1-Sm), Gd (1-Gd), Dy (1-
Dy), Ho (1-Ho), Er (1-Er), Yb (1-Yb)): Anhydrous ammonia was con-
densed at �78 8C (dry ice, iPrOH) onto [LnCp3] (4–10 mmol). The result-
ing colourless mixture was stirred rapidly for 1–10 h and then allowed to
stir for an additional 6–24 h without further cooling. After complete
evaporation of residual ammonia, the pale-coloured solid was dried
under vacuum (10�2–10�3 mbar, RT), removed from the glass wall of the
Schlenk tube, recollected at the bottom of the Schlenk and sublimed
under reduced pressure (10�2–10�3 mbar, 180–210 8C). The sublimation
yielded crystalline 1-Ln (50–91%). Suitable single crystals were obtained
directly from the glass wall of the Schlenk tube or after subsequent subli-
mation.


1-Sm: [Cp3Sm] (3.40 g, 9.8 mmol); 30 mL NH3; stirring time 1 h at
�78 8C, 10 h without further cooling; subl. temp. 180 8C; yield 2.98 g
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(81%), yellow/orange crystals. IR (KBr): ñ=3535 (w), 3365 (m), 3322
(s), 3252 (ss), 3188 (m), 3165 (m), 3086 (m), 2707 (w), 2415 (w), 1732
(wbr), 1651 (mbr), 1600 (ss), 1439 (ms), 1356 (m), 1230 (s), 1216 (s), 1124
(w), 1058 (m), 1010 (ss), 874 (w), 842 (w), 773 (vs), 620 (w), 499 cm�1


(mbr); elemental analysis calcd (%) for C15H18NSm (362.7): C 49.7, H
5.0, N 3.9, Sm 41.5; found: C 48.9, H 4.7, N 3.5, Sm 42.0.


1-Gd: [Cp3Gd] (2.30 g, 6.5 mmol); 25 mL NH3; stirring time 2 h at
�78 8C, 24 h without further cooling; subl. temp. 190 8C; yield 1.83 g
(76%), colourless crystals. IR (KBr): ñ=3914 (w), 3323 (m), 3254 (m),
3191 (vw), 3167 (w), 1961 (vw), 2711 (vw), 2418 (vw), 1765 (vw), 1602
(m), 1436 (w), 1358 (w), 1238 (m), 1125 (vw), 1059 (vw), 1009 (m), 877
(w), 844 (w), 775 (s), 666 (w), 622 (w), 535 cm�1 (w); elemental analysis
calcd (%) for C15H18NGd (369.6): C 48.7, H 4.9, N 3.8, Gd 42.5; found: C
47.5, H 4.7, N 3.4, Gd 42.7.


1-Dy: [Cp3Dy] (2.07 g, 5.8 mmol); 30 mL NH3; stirring time 2 h at
�78 8C, 14 h without further cooling; subl. temp. 210 8C; yield 1.09 g
(50%), pale-yellow crystals. IR (KBr): ñ=3916 (w), 3571 (vw), 3368 (w),
3324 (m), 3258 (s), 3191 (w), 3168 (w), 3080 (w), 3069 (w), 2712 (vw),
2418 (vw), 1766 (w), 1649 (w), 1602 (s), 1441 (w), 1436 (w), 1358 (vw),
1226 (s), 1126 (vw), 1060 (w), 1010 (s), 878 (w), 843 (w), 776 (s), 668 (w),
621 (w), 511 cm�1 (m); MS (70 eV): m/z (%): 359 (11) [DyCp3


+], 294
(36) [DyC2


+], 229 (10) [DyCp+], 164 (4) [Dy+], 66 (100) [C5H6
+], 65


(40) [C5H5
+], 39 (33) [C3H3


+], 17 (5) [NH3
+].


1-Ho: [Cp3Ho] (2.49 g, 6.9 mmol); 30 mL NH3; stirring time 2 h at
�78 8C, 12 h without further cooling; subl. temp. 180 8C; yield 2.17 g
(83%), orange crystals. IR (KBr): ñ=3917 (w), 3859 (w), 3322 (s), 3254
(s), 3194 (w), 3169 (m), 3091 (m), 2714 (w), 2421 (vw), 1768 (m), 1650
(m), 1603 (s), 1436 (m), 1358 (m), 1244 (vs), 1060 (m), 1008 (vs), 880 (m),
845 (sh), 775 (vs), 621 (w), 525 cm�1 (m); elemental analysis calcd (%)
for C15H18NHo (377.3): C 47.8, H 4.8, N 3.7, Ho 43.7; found: C 48.5, H
4.7, N 3.0, Ho 44.4.


1-Er: [Cp3Er] (3.17 g, 8.7 mmol); 30 mL NH3; stirring time 6 h at �78 8C,
10 h without further cooling; subl. temp. 200 8C; yield 3.01 g (91%), pink
crystals. IR (KBr): ñ=3552 (m), 3366 (w), 3331 (s), 3300 (w), 3258 (ss),
3193 (w), 3170 (w), 3090 (m), 2708 (w), 2417 (w), 1768 (wb), 1650 (wb),
1603 (s), 1548 (m), 1437 (ms), 1358 (m), 1232 (s), 1122 (w), 1060 (w),
1010 (ss), 891 (w), 844 (w), 701 (vs), 690 (m), 525 (w), 469 (w), 451 (w),
432 cm�1 (w); elemental analysis calcd (%) for C15H18NEr (379.6): C
47.5, H 4.8, N 3.7, Er 44.1; found: C 46.4, H 4.1, N 3.7, Er 43.8.


1-Yb: [Cp3Yb] (1.51 g, 4.1 mmol); 30 mL NH3; stirring time 2 h at
�78 8C, 14 h without further cooling; subl. temp. 180 8C; yield 1.41 g
(89%), green crystals. IR (KBr): ñ=3558 (mb), 3368 (w), 3333 (s), 3261
(ss), 3171 (w), 3092 (w), 2715 (w), 2421 (w), 1772 (wbr), 1661 (wbr), 1603
(s), 1442 (m), 1365 (w), 1232 (s), 1121 (w), 1060 (w), 1012 (ss), 891 (w),
781 (vs), 669 (w), 523 cm�1 (w); elemental analysis calcd (%) for
C15H18NYb (385.4): C 46.7, H 4.7, N 3.6, Yb 44.9; found: C 46.0, H 4.0, N
3.3, Yb 45.0.


General procedure for [{Cp2LnNH2}2] (Ln=Dy (2-Dy), Ho (2-Ho), Er
(2-Er), Yb (2-Yb)): A Schlenk tube was flame dried, set under nitrogen
atmosphere and filled with [Cp3DyNH3] (500 mg, 1.33 mmol). The
Schlenk tube was heated (200–290 8C) under slight argon or nitrogen
overpressure (30–85 mbar). Formation of both a colourless amorphous
and a crystalline solid were observed after sublimation (200–250 8C). Iso-
lation of the crystalline part of the sublimate and further analysis proved
the formation of 2-Ln (17–70%). Single crystals were obtained directly
from the glass wall of the Schlenk reaction tube.


2-Dy: [Cp3DyNH3] (500 mg, 1.3 mmol); reaction temperature 290 8C;
subl. temp. 250 8C; yield 70.8 mg (17%), colourless crystals. IR (KBr):
ñ=3546 (w), 3345 (vw), 3293 (w), 3074 (w), 2703 (vw), 1742 (vw), 1638
(vw), 1539 (w), 1436 (vw), 1353 (vw), 1310 (vw), 1121 (vw), 1061 (vw),
1010 (m), 885 (vw), 845 (vw), 781 (s), 762 (s), 667 (m), 438 cm�1 (w); MS
(70 eV): m/z (%): 617 (16) [M+], 552 (98) [Dy2Cp3N2H4


+], 535 (40)
[Dy2Cp3NH2


+], 516 (10) [Dy2Cp3
+], 486 (3) [Dy2Cp2NH2


+], 469 (13)
[Dy2Cp2N


+], 403 (9) [Dy2CpN
+], 359 (22) [DyCp3


+], 294 (100) [DyCp2
+


], 229 (26) [DyCp+], 164 (6) [Dy+], 66 (52) [C5H6
+], 65 (23) [C5H5


+], 39
(13) [C3H3


+], 17 (2) [NH3
+].


2-Ho: [Cp3HoNH3] (1.86 g, 4.9 mmol); reaction temperature 240 8C; subl.
temp. 210 8C; yield 1.08 g (70%), pale-pink crystals. IR (KBr): ñ=3915
(vw), 3549 (m), 3347 (vw), 3296 (w), 3075 (w), 2704 (vw), 1744 (vw), 1639
(w), 1542 (m), 1436 (w), 1322 (w), 1121 (vw), 1061 (vw), 1010 (s), 886
(vw), 782 (vs), 764 (s), 673 (s), 444 cm�1 (m); MS (70 eV): m/z (%): 622
(2) [M+], 557 (16) [Ho2Cp3N2H4


+], 540 (6) [Ho2Cp3NH+], 474 (2)
[Ho2Cp2N


+], 360 (8) [HoCp3
+], 295 (32) [HoCp2


+], 230 (6) [HoCp+],
165 (2) [Ho+], 66 (100) [C5H6


+], 65 (40) [C5H5
+].


2-Er: [Cp3ErNH3] (2.65 g, 7.0 mmol); reaction temperature 250 8C; subl.
temp. 220 8C; yield 1.40 g (65%), pink crystals. IR (KBr): ñ=3553 (m),
3365 (w), 3350 (w), 3300 (s), 3087 (m), 2706 (w), 2413 (w), 2271 (w), 1747
(wb), 1642 (wb), 1548 (s), 1437 (ms), 1354 (m), 1258 (w), 1232 (w), 1121
(w), 1060 (w), 1010 (ss), 886 (w), 844 (w), 783 (vs), 765 (vs), 683 (s),
451 cm�1 (w); elemental analysis calcd (%) for C10H12NEr (313.47): C
38.3, H 3.9, N 4.5, Er 53.3; found: C 36.9, H 4.0, N 4.1, Er 53.6.


2-Yb: [Cp3YbNH3] (765 mg, 2.0 mmol); reaction temperature 250 8C;
subl. temp. 220 8C; yield 494 mg (78%), yellow crystals. IR (KBr): ñ=
3562 (m), 3545 (w), 3304 (s), 3097 (m), 2707 (w), 2410 (w), 1753 (wbr),
1640 (wbr), 1558 (s), 1438 (ms), 1370 (m), 1121 (w), 1060 (w), 1010 (ss),
891 (w), 784 (vs), 767 (vs), 703 (s), 510 cm�1 (w).


Procedures for the pyrolysis reaction to LnN (Ln=Sm, Gd, Dy, Ho, Er,
Yb)


Route A ([Eq. (3)], Ln=Ho, Er, Yb): 2-Ln (0.5–1.5 mmol) was mixed to-
gether with LiNH2 (1.5–3.0 mmol), ground thoroughly in a mortar and
transferred to a glazed clay crucible situated in a quartz tube, which was
connected to a Schlenk line. The boat was heated to 188 8C (2 8Cmin�1)
under argon atmosphere. After 6 d at this temperature, the tube was
cooled to RT and the brown powder was analysed by X-ray powder dif-
fraction (XRD). After opening the tube under argon atmosphere, the
typical smell of ammonia was detected. Subsequently, the mixture was
heated to 250 8C (2 8Cmin�1) for 3 d and then cooled to RT. The forma-
tion of a colourless, feltlike crystalline solid covering the brown solid in
the crucible was observed. Again, after opening the tube under argon at-
mosphere, the typical smell of ammonia was detected. Subsequently, the
solid was thoroughly ground in a mortar and heated to 250 8C under
vacuum (10�3 mbar) for a further 2 d. The formation of a colourless mi-
crocrystalline powder was observed at the cooler part of the tube and a
dark brown solid remained inside the alumina boat. The brown solid was
identified by X-ray powder diffractometry as erbium nitride. Elemental
analysis calcd (%) for ErN (181.3): C 0.0, H 0.0, N 7.7, Er 92.1; found: C
1.5, H 0.1, N 7.9, Er 90.8.


Route B ([Eq. (4)], Ln=Dy, Ho, Er): 1-Ln (0.3–1.0 mmol) was mixed to-
gether thoroughly with (0.9–3.0 mmol) of LiNH2 in an alumina crucible
situated inside a quartz tube, which was connected to a Schlenk line and
heated to 200 8C (2 8Cmin�1) under nitrogen or argon atmosphere. After
24 h at this temperature, the following procedure was repeated three
times: the tube was heated to 260 8C (2 8Cmin�1) for 12 h and afterwards
cooled to RT (4 8Cmin�1). To achieve complete reaction of the compo-
nents the crude product was ground thoroughly in a mortar.


Formation of a colourless crystalline solid was observed at the cooler
part of the tube after heating. Opening of the tube under argon atmos-
phere revealed the typical smell of ammonia and on the top of the cruci-
ble, the formation of a colourless feltlike film over the crude product was
observed. Both products were identified by X-ray powder diffractometry
as cyclopentadienyl–lithium[55] and lanthanide nitride. CpLi: IR (KBr):
ñ=3938 (w), 3677 (w), 3087 (w), 2922 (w), 2677 (w), 2396 (w), 2023 (w),
1757 (w), 1642 (m), 1544 (m), 1433 (w), 1259 (w), 1005 (m), 748 (s),
520 cm�1 (m); elemental analysis calcd (%) for ErN (181.3): C 0.0, H 0.0,
N 7.9, Er 92.1; found: C 3.2, H 0.2, N 8.3, Er 87.9.


Route C ([Eq. (5)]): 2-Yb (493 mg, 1.54 mmol) was mixed together with
CaH2 (130 mg, 3.1 mmol) in a glazed clay crucible situated inside a
quartz tube, which was connected to a Schlenk line and then heated to
360 8C (1 8Cmin�1) under argon atmosphere. After 7 d at this tempera-
ture, the tube was cooled to RT (1 8Cmin�1). The formation of small
amounts of colourless, green, orange, yellow and red crystals was ob-
served at the cooler part of the tube. After opening the tube under argon
atmosphere, the typical smell of ammonia was detected and inside the
crucible, a black microcrystalline solid was formed. The black solid was
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identified by X-ray powder diffractometry as ytterbium nitride. The side
products were identified by single-crystal diffractometry as [Cp3Yb],
[CaCp2] and [YbxCa1�xCp2].


X-ray single-crystal data collection, structure solution and refinement


Because reflection data were collected by using different instruments,
data reduction was performed by using different program packages and
will be reported for each crystal. In the discussion of data of higher quali-
ty, only the low-temperature measurements will be mentioned in this arti-
cle. Nevertheless, both low-temperature and RT data are available at
CCDC. CCDC 287096–287111 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Subsequent calculations after the determination of the
unit-cell parameters and data reduction to the hkl-format were carried
out by using the SHELXS[60] and SHELXL[61] programs. The analytical
scattering factors for neutral atoms were used throughout the analysis.
Hydrogen atoms were either treated isotropically, if found in the Fourier
maps, or were included manually by using a riding model.


ACHTUNGTRENNUNG[Cp3GdNH3] (1-Gd): The diffraction symmetry was m3 and the systemat-
ic absences were consistent with the centrosymmetric cubic space group
Pa3̄, which was later determined to be correct. The structure of 1-Gd was
solved by direct methods and refined on F2 by using full-matrix least-
square techniques. The Ln�N bond is located along the 3-fold axis of the
unit cell, so that only a C5H5GdNH fragment is situated in the asymmet-
ric unit and the metal atom and the nitrogen atom are located on special
positions. The STOE IPDS program package was used to determine the
unit-cell parameters, for data collection and to transform the raw data
into the reflection-data file. The refinement was carried out by using un-
merged data to obtain more precise results. Further details are given in
Table 1, and bond lengths and angles are listed in Table 2.


ACHTUNGTRENNUNG[Cp3LnNH3] (1-Dy, 1-Ho, 1-Er): The diffraction symmetry was 2/m and
the systematic absences were consistent with the centrosymmetric mono-
clinic space group P21/c, which was later determined to be correct. The
structures of 1-Dy, 1-Ho and 1-Er were solved by direct methods and re-
fined on F2 by using full-matrix least-square techniques. The STOE IPDS
program package was used for 1-Ho to determine the unit-cell parame-
ters, for data collection and to transform the raw data into the reflection-
data file. However, for 1-Dy and 1-Er the Collect program package (sca-
lepack cell, hkl scalepack and hkl Denzo) was used to determine the
unit-cell parameters, for data collection and to transform the raw data
into the reflection-data file. Further details are given in Table 1, and
bond lengths and angles are listed in Table 2.


ACHTUNGTRENNUNG[{Cp2LnNH2}2] (2-Dy, 2-Ho and 2-Yb): The diffraction symmetry was 2/
m and the systematic absences were consistent with the centrosymmetric
monoclinic space group P21/n, which was later determined to be correct.
The structures of 2-Dy, 2-Ho and 2-Yb were solved by direct methods
and refined on F2 by using full-matrix least-square techniques. A 2-fold
axis is situated in the centre of the dimeric complex, therefore, only one
half of the entire molecule is situated in the asymmetrical unit. The
STOE IPDS program package was used to determine the unit-cell pa-
rameters, for data collection and to transform the raw data into the re-
flection-data file. Further details are given in Table 5, and bond lengths
and angles are listed in Table 6.


ACHTUNGTRENNUNG[{Cp2ErNH2]}2] (2-Er): The diffraction symmetry was m3 and the system-
atic absences were consistent with the centrosymmetric cubic space
group Im3̄, which was later determined to be correct. The structure of 2-
Er was solved by direct methods and refined on F2 by using full-matrix
least-square techniques. The molecular structure is highly symmetrical, so
that three carbon, four hydrogen, one nitrogen and one erbium atom are
situated in the asymmetrical unit of the elementary cell. The Collect pro-
gram package (scalepack cell, hkl scalepack and hkl Denzo) was used to
determine the unit-cell parameters, for data collection and to transform
the raw data into the reflection-data file. The refinement was carried out
by using unmerged data to obtain more precise results. Further details
are given in Table 5, and bond lengths and angles are listed in Table 6.
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Sulfonatocalix[4]arene—Towards Enzyme-Mimetic pKa Shifts
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Introduction


One of the most fascinating aspects of host–guest inclusion
complexes is perhaps how the formation of such very simple
and discrete supramolecular assemblies is able to modify the
chemical reactivity of guests, an important goal in the under-
standing and mimicking of enzymatic activity.[1,2] One of the
simplest ways to alter chemical reactivity is to modify acidi-
ty or basicity constants by supramolecular inclusion, which
would pave the way for catalytic and biomimetic applica-
tions of host–guest complexes and places the focus on the
study of water-soluble systems. There are two principal ways
to achieve such pKa shifts, and both are intuitive. The first
one involves unspecific hydrophobic interactions resulting
from the immersion of an organic water-soluble guest in a
nonpolar environment (hydrophobic pocket). This will disfa-


vor ionized sites and states, thereby resulting in reduced and
enhanced pKa values of the ammonium and carboxylic acid
groups of amino acids, for example. The second approach
requires specific electrostatic interactions with accurate posi-
tioning of the acidic or basic functional groups of the com-
plexed guest near regions of negative or positive charge in
the host, thereby shifting acidity constants on account of
electrostatic repulsions or attractions.


pKa shifts resulting from unspecific hydrophobic and spe-
cific electrostatic effects are well-documented in biological
systems,[3–7] and shifts of up to 5 units have been reported,
potentially corresponding to a rate enhancement of an acid–
base-catalyzed reaction of five orders of magnitude. Al-
though dissection of the various contributing effects is often
difficult in enzymes, evidence for predominantly electrostat-
ic effects has been presented in some cases, for example, in
acetoacetate decarboxylase.[8] However, relatively little
quantitative data have been documented with regard to the
pKa shifts of guests upon binding to water-soluble macrocy-
clic hosts like cyclodextrins, calixarenes, and cucurbiturils,
which could serve as supramolecular models for enzyme–
substrate interactions. We have previously observed such
pKa shifts in the complexation of amines by cyclodextrins[9]


and cucurbiturils,[10,11] but without realizing their importance


Abstract: The pD dependence of the
complexation of p-sulfonatocalix[4]ar-
ene (CX4) with the azoalkanes 2,3-
diazabicyclo ACHTUNGTRENNUNG[2.2.1]hept-2-ene (1), 2,3-
diazabicyclo ACHTUNGTRENNUNG[2.2.2]oct-2-ene (2), 2,3-
diazabicyclo ACHTUNGTRENNUNG[2.2.3]non-2-ene (3), and 1-
methyl-4-isopropyl-2,3-diazabicyclo-
ACHTUNGTRENNUNG[2.2.2]oct-2-ene (4) in D2O has been
studied. The pD-dependent binding
constants, determined by 1H NMR
spectroscopy, were analyzed according
to a seven-state model, which included
the CX4 tetra- and penta-anions, the
protonated and unprotonated forms of
the azoalkanes, the corresponding com-


plexes, as well as the complex formed
between CX4 and the deuteriated hy-
dronium ion. The variation of the UV
absorption spectra, namely the hypso-
chromic shift in the near-UV band of
the azo chromophore upon protona-
tion, was analyzed according to a four-
state model. Measurements by inde-
pendent methods demonstrated that


complexation by CX4 shifts the pKa


values of the guest molecules by
around 2 units, thereby establishing a
case of host-assisted guest protonation.
The pKa shift can be translated into im-
proved binding (factor of 100) of the
protonated guest relative to its unpro-
tonated form as a result of the cation-
receptor properties of CX4. The results
are discussed in the context of supra-
molecular catalytic activity and the pKa


shifts induced by different types of
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in a more general context or developing this work towards a
systematic understanding of these findings.


We recently observed that p-sulfonatocalix[4]arene (CX4)
shows a pronounced shape complementarity with the non-
charged bicyclic azoalkanes 1–4 leading to unexpectedly
high binding constants.[12] It appeared therefore mandatory


to investigate to what degree the low basicity of these azoal-
kanes is affected by the complexation with calixarenes. The
purpose of this study was not only to qualitatively invoke
such effects on protonation equilibria (which would be trivi-
al because one intuitively expects them), but to analyze
them quantitatively, to scrutinize their importance for the
complexation mechanism of calixarenes,[13] and to predict
their absolute magnitude in terms of the cation-receptor
properties of the host. Finally, by extending our previous
work on cucurbiturils and cyclodextrins to calixarenes, we
expected to be able to establish some general trends for
enzyme-mimetic pKa shifts in different supramolecular host–
guest systems.


The effects on acid–base equilibria induced by tert-butyl-
substituted p-sulfonatocalixarenes were, in fact, noted earli-
er by Shinkai et al. for the inclusion of large aromatic
dyes,[14] but detailed experimental descriptions and data
analyses of the UV spectrophotometric titration data were
not provided. In a more recent study, the effect of calixarene
complexation on the pKa values of stilbene dyes was studied
by UV spectrophotometry;[15] in this study, a four-state
equation for the pH dependence of binding constants was
derived, which, however, was not experimentally tested in
terms of pH-dependent binding constants. In this paper, we
provide data analyses and experimental tests for a refined
seven-state model which previous studies did not focus on.


Results


The host-concentration-dependent chemical shifts of azoal-
kanes 1–4 (see Figure 1 for an example) were employed to
determine the complex stoichiometry and binding constants
at pD 2.4, 7.4, and 13.2 by 1H NMR titrations; the consistent
formation of 1:1 host–guest complexes was established
(Table 1, inset of Figure 2). The binding constants of the
azoalkane 2,3-diazabicyclo ACHTUNGTRENNUNG[2.2.2]oct-2-ene (2) were exam-


ined in greater detail over a larger range of pD owing to its
importance in recently established fluorescent sensor appli-
cations to monitor the competitive binding of choline and
carnitine derivatives[16] as well as inorganic cations[17] by flu-
orescence regeneration. The binding constants reported in
this work refer to the concentrations of host and guest
rather than to their activity. Note, in this context, that a con-
stant ionic strength at varying pD could not be employed
because competitive binding of cations[17] to the host would
occur with any added electrolyte.


Bicyclic azoalkanes are very weak bases (pKa=1.5 in
D2O, Table 2) and exist in their unprotonated form in neu-
tral aqueous solution. The binding constants of the unproto-


Figure 1. 1H NMR shifts of the exo and endo protons of 2 (1.0mm) upon
addition of 8mm CX4 at pD 2.4. The inset shows the 1H NMR peak-
broadening of the methylene protons of CX4 (2.0mm) upon addition of
20mm 2 at pD 2.4.


Table 1. pD-Dependent binding constants of azoalkanes 1–4 with CX4 in
D2O.


Azoalkane pD[a] K [m�1][b]


1 2.4 490
7.4 690


13.2 470
2 �0.7 530


0.9 10800
1.4 12500
2.4 4300 [4700][c]


3.4 1200
7.4 900 [1200][c]


13.2 570
3 2.4 15000


7.4 950
13.2 850


4 2.4 3300
7.4 480


13.2 580


[a] The pD was adjusted by addition of DCl or NaOD. [b] An average
value for different protons, as determined by 1H NMR titration; 10%
error. The values at pD 7.4 are from reference [12]. [c] Determined by
UV spectrophotometric titration, taken from reference [16].
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nated azoalkanes (near pD 7.4) with CX4, which were re-
ported previously,[12] are in the range of around 500–1000m�1


(Table 1). Interestingly, the binding constants increased by a
factor of 5–15 at pD 2.4, except for 1. This increase for
azoalkanes 2–4 was attributed to the binding of the proto-
nated azoalkane, that is, the guest is being protonated when
complexed to CX4. Azoalkane 1 did not show the same be-
havior since its pKa value is too low (Table 2) to allow pro-
tonation even in the presence of CX4. Note that the data in
Table 1 also reveal that the binding constant of 2 decreased
again at strongly acidic pD values (<1). This results in a
characteristic up-and-down feature of the pD-dependent
binding constants with a maximum at around pD 1.5
(Figure 2).


The bicyclic azoalkanes 1–4 exhibit a characteristic weak
near-UV absorption in water with lmax (e) values of 330
(110) for 1, 365 (50) for 2, 377 (70) for 3, and 372 nm
(55 m


�1 cm�1) for 4. Protonation of azoalkanes results in a di-
agnostic hypsochromic shift of their UV absorption band
(insets of Figure 3).[16,21] The protonation equilibrium of


azoalkanes 2–4 in the absence and presence of CX4 was
therefore spectrophotometrically monitored to provide in-
formation on the acidity constants. The decrease in the near-
UV absorbance of uncomplexed 2–4 (in the absence of
CX4) due to protonation was followed by recording UV
spectra at varying pD. The fitting of this titration according
to a two-state model afforded pKa values in the range of 1–
1.5 in D2O (Table 2). Similarly, the decrease in the near-UV
absorbance of complexed 2–4 with decreasing pD was fol-
lowed under conditions of significant (60–90%, pD-depend-
ent) complexation (2mm 2–4, 4mm CX4). As becomes clear
from Figure 3, there are substantial differences in the pKa


values of the uncomplexed and complexed azoalkanes. The
fitting of the UV titration data in the presence of CX4 was
performed according to a four-state complexation model,
that is, by considering absorbance contributions from four
different forms of the guest (the complexed and uncom-
plexed and protonated and unprotonated forms, cf. the Ex-
perimental Section); this fitting procedure corrects for parti-


al complexation. The resulting
acidity constants are listed as
pKa’(UV) values in Table 2.
Based on the UV titrations, the
pKa values of the azoalkanes
increase by 1.5–2 units upon
complexation. Azoalkane 1,
however, remained unprotonat-
ed down to pD 1 even in the
presence of CX4, which pre-
vented the determination of a
pKa shift due to complexation
by CX4.


Complexation-induced 1H
NMR shifts and 2D ROESY
NMR measurements at pD 7.4
have previously afforded evi-
dence for the formation of


deep inclusion complexes with an equatorial inclusion geom-
etry for 1–3 and an axial one for 4.[12] The complexation-in-
duced 1H NMR shifts in acidic (Figure 1) and alkaline solu-
tions, determined in this study, are very similar to the data
obtained at neutral pD and afforded no indication of a
major change in the complexation geometry. An exception
was azoalkane 4, for which the bridgehead methyl group
showed a significantly larger shift at pD 2.4, which may be
indicative of a slightly tilted complex geometry, with the
methyl group partially included. Such tilting could improve
the centrosymmetric electrostatic interaction of the formal
positive charge on the protonated azoalkane with the sur-
rounding sulfonato groups (Scheme 1). ROESY spectra ob-
tained for azoalkanes 2–4 at pD 2.4 afforded no significant
differences from the spectra at pD 7.4[12] either. We there-
fore assume that protonation of the azoalkane in acidic solu-
tion results in only a minor change in the inclusion geometry
from that in neutral solution[12] and propose the complex
geometries shown in Scheme 1 for the protonated azoal-
kanes.


Figure 2. Variation of the binding constants of the CX4·2 inclusion com-
plex with pD in D2O and fitted according to Equation (1). The inset
shows the 1H NMR titration plots of the chemical shift of the endo pro-
tons at varying pD.


Table 2. pKa values of azoalkanes 1–4 in their uncomplexed (pKa) and CX4-complexed state (pKa’) in D2O
and extrapolated binding constants of the unprotonated and protonated azoalkanes 1–4 with the CX4 tetra-
anion.


Azoalkane pKa pKa’ pKa’ DpKa KG,1 [10
3
m


�1][a] KGH+ [105 m�1][b,c]


(UV) ACHTUNGTRENNUNG(NMR) (unprotonated) (protonated)


1 ACHTUNGTRENNUNG[�0.8][d] – – – ACHTUNGTRENNUNG[0.69][e] –
2 1.0[f] 2.5 3.0 1.8�0.3 1.0�0.1[c] 1.0
3 1.5[g] 3.4 3.9 2.2�0.3 ACHTUNGTRENNUNG[0.95][e] 2.5
4 1.1[h] 2.6 3.1 1.8�0.3 ACHTUNGTRENNUNG[0.48][e] 0.49


[a] Binding constant for the unprotonated azoalkane with the CX4 tetra-anion, cf. Scheme 2. [b] Binding con-
stant for the protonated azoalkane with the CX4 tetra-anion, cf. Scheme 2. [c] Obtained by fitting the experi-
mental binding constants below pD 8 (Table 1) according to Equation (1), see text; 10% error. [d] Estimated
from the value of �1.4 in H2O from reference [18] by adding 0.6 units as a typical offset for D2O, cf. refer-
ence [19,20]. [e] Taken as the binding constant at pD 7.4, cf. Table 1. [f] This work; the value for 2 in H2O was
determined as 0.5, which compares with a value of 0.4 reported in reference [18]. [g] This work; the value of
3.0 for 3 from ref. [18] in H2O appears to be in error. [h] This work.
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Discussion


Herein, we describe a quantitative analysis of the pD-de-
pendent binding and host-assisted guest protonation of
azoalkanes 1–4, as guests, with p-sulfonatocalix[4]arene
(CX4). The first part of the discussion is devoted to the un-
derstanding of the accurate complexation mechanism, which
was a prerequisite for an accurate determination of the acid-
ity constants. The second part focuses on a generalization


and comparison of the observed pKa shifts of different host
and guest molecules.


Mechanism of complexation with CX4 : Our interpretations
will first concentrate on azoalkane 2. As can be seen from
Table 1 and Figure 2, the binding constant of 2 increases
from 900 m


�1 at pD 7.4 to 12500 m
�1 at pD 1.4. This full


order of magnitude variation in the binding of an organic
guest by CX4 is substantially larger than, for example, the
factor of 2–3 observed for amino acids, in which pH-depend-
ent electrostatic effects related to the charged residues
cause a minor modulation.[22] As borne out by NMR line-
broadening effects, the conformational rigidity of CX4 in-
creases with pD[23,24] as a consequence of different degrees
of ionization of the phenoxy groups.[25] The most flexible
tetra-anion (with none of the phenoxy groups being depro-
tonated) converts with a pKa of 3.26 (H2O) to the penta-
anion, which is transformed with a pKa of 11.8 (H2O) to the
hexa-anion;[25] this last species is presumed to dominate in
strongly alkaline solution,[26] although an additional ioniza-
tion may occur, judging by the values of pKa reported for
the third and fourth phenoxy ionizations which are subject
to larger uncertainty.[25] Nevertheless, CX4 is presumed to
adopt a cone conformation across the entire pD
range,[23,24,27,28] such that complexation by different confor-
mations appears an unlikely cause of the observed pD-de-
pendent binding affinity. In addition, complexation by the
flexible host CX4 is generally presumed to proceed effi-
ciently by an induced-fit mode of action, which in the case
of a virtually spherical guest is best met by the postulated
conical cavity.[24,29, 30] In fact, line-broadening of the methyl-
ene peak of CX4 in the presence of an excess of 2 at pD 2.4
(see inset of Figure 1) strongly suggests that the cone shape
of the host is stabilized by the presence of the guest even
for the most flexible tetra-anion form.[23,24] Note that a pD-
dependent change in the complexation geometry of the
guest has previously been observed with the trimethylanili-
nium ion as guest,[23,24, 30] but the underlying reasons held re-
sponsible, namely differential cation–p interactions that are
dependent on the degree of ionization of the phenoxy moi-
eties, are not relevant to our case. In fact, we have recently
demonstrated[16] that cation–p interactions increase the
binding at higher pD by a factor of around five as a result
of the ionization of the phenolic hydroxy groups of CX4,
which produces better electron-donating phenolate aryl
sites, yet the observed trends for azoalkanes 2–4 are the op-
posite.


Surprisingly, although uncomplexed 2 is hardly protonated
in D2O near pD 2.4 (pKa=1.0 in D2O), it is clearly being
significantly protonated within the supramolecular complex
near pD 2–4, as reflected in the characteristic changes in the
UV spectra (insets of Figure 3). This establishes a case for
host-assisted guest protonation for calixarenes, which can be
directly related to a large pKa shift. From the UV titrations
in the absence and presence of CX4 (Figure 3), the pKa’
value for 2 when complexed by CX4 was estimated to be
2.5. The observed protonation of 2 accounts for the en-


Figure 3. pD titration plots for the UV absorbance of 2mm 2–4 in D2O in
the absence (filled circles) and presence (open circles) of 4mm CX4. The
insets show the corresponding evolution of the UV spectra in the pres-
ence of CX4 with pD; note that isosbestic points (approximately ob-
served for 2 and 4 but not for 3) were not necessarily expected owing to
the involvement of a four-state (or seven-state) equilibrium in the pres-
ence of CX4.
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hanced binding constant with CX4 at pD 2.4 since, in addi-
tion to the hydrophobic interactions,[27,31] there is additional
“charge-assisted” binding.[17,30,32] Very similar pKa shifts
(1.5–2) were determined for azoalkanes 3 and 4 by UV titra-
tions (Table 2) despite the fact that the pKa value of uncom-
plexed 3 was shifted by approximately 0.5 units (Table 2)
and that the binding constant of 4 at pD 7.4 was about a
factor of two smaller than that of 2 (Table 1).


The quantitative understanding of the pD-dependent
complexation equilibria in the critical region below pD 8
presented a major challenge. On one hand, CX4 is known to
undergo the first ionization of one phenoxy group in this pD
range (pKa,CX�3.9 in D2O, assuming a 0.6 unit offset[19,20]


relative to H2O as is commonly found for weak acids).[25]


Moreover, the protonation of 2 needs to be taken into ac-
count such that at least six species need to be considered.
Such a model, however, can only account for an increase in
binding at a strongly acidic pD, at which the most stable
complex between CX4 and protonated 2 is expected to be
formed. Experimentally, however, the binding decreases
again at pD values below about 1.4 (Table 1 and Figure 2),
such that an additional process needed to be implicated that
leads to a destabilization of the complex. Protonation of the
sulfonato or phenolic hydroxy groups could be responsible
for destabilization of the complex, but this appears unlikely
in view of the strongly negative pKa values of arylsulfonic
acids[33] as well as protonated phenols (ArOH2


+).[34] More
likely, what is being observed is competitive binding be-
tween the deuteriated hydronium ion and the CX4 tetra-
anion; such a complexation of inorganic as well as organic
cations is expected to lead to competitive binding, a release
of 2, and therefore a lower observed binding constant.[16, 17]


Consideration of the formation of the hydronium-ion com-
plex of CX4, the existence of which cannot be negated in
any case, results then in a seven-state equilibrium
(Scheme 2), for which the observed binding constant for
complexation between CX4 and 2 can be analytically ex-
pressed by Equation (1).


K ¼ Ka,GKa,CXKG,2 þKa,GKG,1½Hþ� þKGHþ ½Hþ�2
ðKa,G þ ½Hþ�ÞðKa,CX þ ½Hþ� þ ½Hþ�2=KH3OþÞ ð1Þ


As shown in Figure 2, the fitting of data according to the
seven-state model in Equation (1) reproduces the experi-


mental results excellently. The thermodynamic parameters
obtained from the data fitting are also of great interest.
First, it can be seen that the fitted binding constant of un-
protonated 2 with the tetra-anion of CX4 (KG,1=1000�
200 m


�1) is very similar to that with the CX4 penta-anion
(KG,2=900 m


�1, the value at pD 7.4). The somewhat lower
binding in alkaline solution (pD 13.2; KG,3=570 m


�1), at
which the CX4 hexa- or hepta-anion prevails, can be ac-
counted for by the presence of metal cations (required to
adjust the pD), which affect the binding adversely.[17] Impor-
tantly, there appears to be no significant increase in binding
with increasing cone flexibility (lower pD), which suggests
that the differently ionized calixarenes bind the neutral
guest with comparable strength. This notion is independent-
ly supported by the rather pD-independent binding con-
stants of azoalkane 1 with CX4 (Table 1), since this guest
does not undergo protonation as a consequence of its nega-
tive pKa value (Table 2). The slightly reduced binding con-
stants for azoalkane 1 in acidic and alkaline solution can
again be rationalized by competitive binding by hydronium
and alkali ions, respectively.


Secondly, by extrapolation, the binding constant of proto-
nated 2 with the tetra-anion of CX4 [KGH+ = (1.0�0.1)L
105 m�1] was found to be very high, in the upper range of the
binding constants of quaternary ammonium ions.[16,23, 24,27, 35]


As can be seen from comparison of the binding constants of
unprotonated and protonated 2, the electrostatic contribu-
tion to the binding is large (factor of 100), but the hydro-
phobic effect (which accounts for the binding of the unpro-
tonated form) is larger (factor of 1000) owing to the strong
binding of noncharged 2 (Table 2).[12] Thus, our case pro-
vides an exception to the general conclusion that electrostat-
ic effects dominate over hydrophobic effects in CX4 bind-
ing.[36]


Note in Table 1 that the experimental binding constants
for 2 at around pD 1 (ca. 10000 m


�1) are nearly one order of
magnitude below the extrapolated limit (KGH+) since at this
pD binding by the deuteriated hydronium ion has already
become strongly competitive. The absolute binding constant
for the deuteriated hydronium ion with CX4 (KH3O+ �40�
10 m


�1) was found to be very low, however, and corresponds
to an apparent “first” pKa value of 1.6 for CX4 in D2O,
which is of interest in view of the known difficulties in deter-
mining the pKa values of CX4.[25,37–41] The binding constant


Scheme 1. Presumed complexation geometries for the CX4 complexes (tetra-anion, acidic pD) of the protonated azoalkanes 2–4.
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for the hydronium ion is very reasonable in comparison with
the binding constants recently determined for other inorgan-
ic monocations like alkali (70–150 m


�1) and ammonium
(95 m


�1) at pD 2.4.[17] In particular, if ammonium has a siza-
ble binding constant with CX4, there is absolutely no reason
why the hydronium ion should not also form a complex, and
this mechanistic intricacy is exactly what is required by the
present experimental data. The binding of the hydronium
ion with CX4 competes, however, only in strongly acidic
media (pD<3).


The binding constant of the
deuteriated hydronium ion with
CX4 (obtained for 2) was sub-
sequently kept fixed to estimate
the binding constants for the
protonated forms of azoalkanes
3 and 4 with CX4 as well (two-
point fittings from NMR
data!). The resulting values
were again very large (Table 2),
in the range of 105 m�1. By
using the relationship KGH+/
KG=Ka,G/Ka’G for the pertinent
thermodynamic cycle,[10] the
pKa’ values for the complex
formed between CX4 and the
protonated azoalkanes could be
independently projected from
the NMR data [see the pKa’-
ACHTUNGTRENNUNG(NMR) values for azoalkanes
2–4 in Table 2]; these values
were slightly larger than those
obtained from the UV spectro-
photometric titrations
(Figure 3) which is presumably
related to the use of a four-
state model in the latter
method. Conservatively, we
have provided the pKa shifts
(DpKa values in Table 2) as an
average of the determinations
by the two independent meth-
ods with a considerable uncer-
tainty range. The combined
data for the different guest mol-
ecules suggest therefore a pKa


shift of around 2 pKa units
(Table 2).[42]


The electrostatic stabilization
of the complex, which is re-
sponsible for the stronger bind-
ing of the protonated form and
therefore the pKa shift, corre-
sponds to about 10 kJmol�1.
Importantly, this extra stabiliza-
tion is essentially the same as
the total stabilization of the


CX4 complex with inorganic monocations.[17] We therefore
generalize tentatively as follows: The protonation of a non-
charged guest molecule increases the binding with CX4 by a
factor of around 100; the associated electrostatic stabiliza-
tion adds to an existing hydrophobic stabilization; for small
inorganic cations the binding constants are around 100 m


�1


because hydrophobic interactions are absent. It should
therefore be possible to quite reliably predict from the bind-
ing constants of protonated guest molecules those of their
conjugate noncharged forms. This is important, because the


Scheme 2. Mechanism for the complexation of azoalkane 2 with CX4; data were obtained by using Equa-
tion (1) and refer to equilibria in deuteriated water as solvent (exchanged deuterium atoms are not shown for
simplicity).
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binding constants of noncharged guests are typically very
small and therefore difficult to determine directly experi-
mentally[14] (with the high binding of azoalkanes 1–4 provid-
ing a notable exception).[12]


Note that the pKa shift reveals an interesting peculiarity
of the complexation mechanism between azoalkanes 2–4
and CX4, which is reminiscent of the situation of amine
binding by cucurbit[6]uril between pH 10.5–12:[10] In the
narrow pD region between around pD 1 and 3, the proto-
nated complex may not only form by direct complexation of
the protonated guest, but, alternatively, the unprotonated
guest could be preferably complexed owing to its greater
abundance in solution. Once captured the basicity of the un-
charged guest increases steeply such that rapid protonation
occurs to form the more stable protonated guest complex;
the net result of the latter mechanism is a complexation ac-
companied by protonation, that is, a host-assisted protona-
tion (dashed arrow in Scheme 3).


Complexation-induced pKa shifts and catalytic activity : As
can be seen, CX4 increases the pKa value of bicyclic azoal-
kanes by around 2 pKa units, which is significantly larger
than the effect of 1.3 units quantified for the complexation
of cyclohexylmethylamine by cucurbit[6]uril,[10] and opposite
to the situation for cyclodextrins, which were frequently
shown to depress the pKa value of the conjugate acids of
neutral bases by around 0.4–1 units (Scheme 3).[9,43–46] The
pKa shift for cucurbit[6]uril indicates a positioning of the
positive charge in the proximity of the ureidocarbonyl
groups, such that stabilizing ion–dipole interactions now
favor the protonated ammonium ion over the amine form.
The larger pKa shift observed for CX4 can also be rational-
ized since full anionic charges at the sulfonato groups are
now involved which allow
stronger ion–ion interactions to
select the protonated over the
unprotonated guest. The in-
verse pKa shift for cyclodextrins
is readily accounted for in
terms of the relocation of the
guest to a hydrophobic environ-
ment, which disfavors ionized
states in general, and in an un-


specific manner. The data for the various host–guest systems
are summarized in Table 3. As can be seen, the pKa shifts in
supramolecular host–guest complexes appear to be gov-
erned by some systematic trends which may afford design
criteria for further optimization. However, the shifts are
clearly smaller than the values reported in some biological
systems (shifts of up to 5 pKa units).


Finally, the observed pKa shifts have immediate implica-
tions for the rational use of CX4 in acid-catalyzed reac-
tions.[47] These are predictively (Ka/Ka’) accelerated by a
factor of around 100 on the basis of the more favorable pro-
tonation equilibrium alone; this compares very well with the
rate enhancement observed, for example, in the acid-cata-
lyzed methanolysis of N-acetylamino acids upon addition of
CX4 (factor 12–86).[48]


Conclusion


In conclusion, the mechanistic investigations into the com-
plexation of azoalkanes 1–4 by the water-soluble CX4 have
revealed pKa shifts of the order of 2, which have been inde-
pendently determined from the pD-dependent binding con-
stants (by 1H NMR spectroscopy) and from the pD-depend-
ent changes in the UV absorption spectra of azoalkanes 2–4.
The pKa shifts result in larger binding constants for the pro-
tonated azoalkanes and therefore in an increased binding
constant in acidic solution (pD 2.4). In more highly acidic
solutions, the binding constant decreases again. This has
been attributed to competitive binding by the hydronium
ion (K�40 m


�1). The observed host-assisted guest protona-
tion appears to be a rather general phenomenon for macro-
cyclic cation acceptors and some relationships between the


Scheme 3. Water-soluble host–guest complexes exhibiting pKa shifts of included guests (DBO=2,3-diazabicyclo ACHTUNGTRENNUNG[2.2.2]oct-2-ene).


Table 3. pKa shifts of guest molecules in macrocyclic water-soluble hosts.


Host b-Cyclodextrin Cucurbit[6]uril CX4
Guest 1-Aminomethyl-DBO[a] Cyclohexylmethylamine Azoalkanes 1–4


DpKa �1.1 1.3 ca. 2
interaction[b] hydrophobic ion–dipole ion–ion
interaction sites unspecific 6C=O 4SO3


�


titration method ICD[c] 1H NMR 1H NMR/UV
state model 4-state 4-state 7-state (NMR)/ 4-state (UV)
source reference [9] reference [10] this work


[a] DBO: 2,3-diazabicyclo ACHTUNGTRENNUNG[2.2.2]oct-2-ene. [b] With protonated guest. [c] Induced circular dichroism.
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type of host und guest as well as the interaction topology
have emerged. Related pKa shifts are of course well-recog-
nized in biological systems, in which protein-assisted proto-
nation or deprotonation of substrates is of functional impor-
tance.[6,7] The design and understanding of supramolecular
or polymeric systems that mimic this enzymatic action pres-
ents therefore a great challenge[49–51] which should provide
an incentive to study additional cation and anion receptors
with respect to their ability to modulate the protonation
equilibria of organic guests. Finally, host-assisted changes to
the ionization states of guest molecules are not limited to
pKa shifts but should be transferable to shifts in their redox
potentials, the understanding of which is of current inter-
est.[52–55]


Experimental Section


p-Sulfonatocalix[4]arene CX4 (>97%) was purchased from Fluka and
used as received. Azoalkanes 1–4 were available from previous work.[56]


All experiments were performed at ambient temperature in D2O (99.8%,
Applichem, Omnilab, Germany). The pD values of the solutions were ad-
justed by addition of DCl or NaOD. pH readings were taken with a
WTW 330i pH meter equipped with a combined pH glass electrode
(SenTix Mic) and converted to pD (+0.40 units)[20] where applicable. To
obtain pD �0.7 we used 3.2m DCl and applied an approximate mean ac-
tivity coefficient of 1.4, based on comparison with tabulated data for
HCl.[57] 1H NMR spectra were recorded with a JEOL ECX 400 MHz
NMR spectrometer. UV spectra were obtained with a Varian Cary 4000
spectrophotometer (0.2 nm resolution) and were corrected with blank
measurements of solutions containing only CX4. All experiments were
performed at ambient temperature (25 8C).


The pD dependence of the binding constants was analyzed by using a
seven-state model [Equation (1), see text]; the nonlinear fitting proce-
dure of the ProFit software[58] was employed. The pD dependence of the
UV absorbance was approximated using a four-state model (by consider-
ing a single protonated and unprotonated complex) as a result of the
complexity of the analytical expression already at this level; the model
assumes that the guest (G) absorbance in the complexes is independent
of the degree of protonation of CX4, that is, it is the same for the tetra-
and penta-anion complexes.[59] The formula relating to the pD depend-
ence of the UV absorbance was obtained by extension of an expression
derived for the fitting of induced circular dichroism data of protonated
versus unprotonated CD–guest complexes.[9] Specifically, the UV absorb-
ance contributions of the uncomplexed protonated and unprotonated
guest were included in Equation (2), where A is the experimental UV ab-
sorbance normalized for the selected path length (d), eCX·G, eCX·GH+, eG,
and eGH+ are the extinction coefficients of the unprotonated and proto-
nated complexed and uncomplexed guest at the particular wavelength,
respectively, Ka (known) and Ka’ (to be fitted) are the acidity constants
of the uncomplexed and complexed guest, KG is the apparent binding
constant of the unprotonated complex (see Table 2), and [G]0 and [CX4]0
are the total concentrations of guest and host. The fitting of the pD titra-
tion data for the free guest was performed according to the usual two-
state equation (2).


A=d ¼ P
�
eCX
GK


0
a þ eCX
GHþ½Hþ� þ K0


a


ð½CX4�0�PfK0
a þ ½Hþ�gÞKG


�
eG þ eGHþ


½Hþ�
Ka


��


ð2Þ


with


P ¼ ½G�0 þ ½CX4�0
2ðK0


a þ ½Hþ�Þ þ K0
að½Hþ� þ KaÞ


2KGKaðK0
a þ ½Hþ�Þ2 �


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKGKað½G�0 þ ½CX4�0ÞðK0


a þ ½Hþ�Þ þ K0
að½Hþ� þ KaÞÞ2 � 4½G�0½CX4�0KG


2Ka
2ðK0


a þ ½Hþ�Þ2
p


2KGKaðK0
a þ ½Hþ�Þ2
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Assembly of Nanotubes of Poly(4-vinylpyridine) and Poly(acrylic acid)
through Hydrogen Bonding


Ying Tian, Qiang He, Yue Cui, Cheng Tao, and Junbai Li*[a]


Introduction


Considerable attention has been paid to the preparation of
various one-dimensional nanomaterials, because of their
unique physicochemical properties and potential applica-
tions in various fields, such as electronics, optics, catalysis,
and biological systems.[1–3] Most research has focused on the
synthesis and functionalization of polymer nanotubes
through the development of different approaches. A fre-
quently used method is the template technique developed
by Martin et al. ,[4] in which highly ordered nanotube arrays
can be obtained by using template membranes containing
highly ordered pores.[5] A combination of self-assembly and
the template technique is one of the most popular ap-
proaches.[6,7]


On the other hand, the novel layer-by-layer (LbL) assem-
bly technique developed by Decher et al.[8,9] allows the fabri-
cation of multilayer complex films on the planar substrates
through the alternative deposition of oppositely charged
polyelectrolytes in aqueous solution. This technique was ap-
plied by several groups for coating various particle surfaces
as well as in constructing microcapsules.[10–12] Furthermore,


uncharged driving forces, such as hydrogen bonds,[13] cova-
lent bonds,[14] and ligand bonds,[15] have also been used to
fabricate multilayer complex films, which clearly increases
the area assembled by using the LbL assembly technique.


Recently, we developed the template-filter-pressure tech-
nique by combining the template technique and LbL assem-
bly method, and used this to fabricate multicomponent
nanotubes through electrostatic and covalent interac-
tions.[16–18] In most cases, the sizes, shapes, and other struc-
tural properties of the assembled system can be well con-
trolled by the pore structure obtained by using the template
method.[19,20]


Herein, we use the template technique combined with the
LbL assembly method to fabricate complex nanotubes
through hydrogen bonding. The hydrogen-bonded LbL as-
sembly was first introduced by Rubner and Zhang7s groups,
respectively.[21–23]


The advantage of the hydrogen-bonded LbL assembly is
that it allows the fabrication of multilayer films in organic
solvents. This is eventually impossible with electrostatic in-
teractions, because a polycation and a polyanion will form a
salt and precipitate in solution.[21] Strong interactions of the
specific hydrogen-bonded polymers may enhance the stabili-
ty of the assembled materials.


The assembled complex film of polyallylamine hydro-
chloride (PAH) and poly(acrylic acid) (PAA) can form a mi-
croporous structure upon exposure in solutions with differ-
ent pH values.[24,25] Another reported system is the poly(4-
vinylpyridine) (PVP) and PAA complex film, which is also
sensitive to pH values. This film demonstrates that PAA can
be dissolved out from the multilayer films in a basic solution


Abstract: Nanotubes of poly(4-vinyl-
pyridine) (PVP) and poly(acrylic acid)
(PAA) were fabricated by hydrogen
bonding based on layer-by-layer (LbL)
assembly. The uniform and flexible tub-
ular structures were characterized by
scanning electron microscopy (SEM)
and transmission electron microscopy


(TEM). FTIR and X-ray photoelectron
spectroscopy (XPS) measurements con-
firm the formation of hydrogen bonds


in the assembled nanotubes. PAA can
be released from the assembled PAA/
PVP nanotubes in a basic aqueous sol-
ution to give the walls of the tubes a
porous structure. Such assembled nano-
tubes can be considered as carriers for
catalysts or drugs, especially in aqueous
solution against capillary force.
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to produce pore structures without destroying the frame-
work of the film.[26,27] Sukhishvili et al. prepared erasable hy-
drogen-bonded multilayers containing weak polyacids,
which could be assembled at low pH values and subsequent-
ly dissolved at higher pH values.[28, 29] With this feature, one
could consider constructing a new type of porous polymer
complex film with potential applications in many fields, such
as biology and medicine.[28,30]


In this study, we used PVP and PAA as hydrogen accept-
or and donor, respectively, to prepare multilayer complex
nanotubes via a hydrogen-bonded LbL assembly in an or-
ganic solvent. The structural changes in these assembled
nanotubes were also investigated in a basic aqueous solu-
tion. Due to the low solubility of PVP in the basic solution,
it remains in the substrate. Thus, the porous structures in
the wall of the assembled nanotubes are formed.


Results and Discussion


Results of UV spectroscopy show the growth process of the
multilayer assembly of PVP and PAA obtained by perform-
ing the LbL technique on a quartz slide. Figure 1A shows
the UV absorption spectra of the assembled PAA/PVP film
containing different numbers of layers. To increase the de-


tected intensity we measured the UV absorption spectrum
after the assembly of every four layers. Thus, a total of 12
measurements were taken for the total of 48 assembled
layers. The feature absorption band at 256 nm represents
the contribution of pyridine from the PVP layers. Figure 1B
shows that the UV absorbance of the assembled complex
films at 256 nm increases linearly as the number of layers in-
creases, indicating that there is an approximately equal dep-
osition of PAA and PVP in each adsorption process.


Scanning electron microscopy (SEM) images (Figure 2A)
show that the assembled (PAA/PVP)5 possesses a typically
tubular structure. The regular (PAA/PVP)5 array exhibits


tubes with smooth and clean surfaces, a wall thickness of
around 50�5 nm, and lengths in the order of the thickness
of a polycarbonate (PC) membrane (ca. 13 mm). The fabri-
cated (PAA/PVP)5 nanotubes exhibit a good stability and
flexibility (Figure 2B). The tube diameter is controlled by
the pore size as well as the assembled layers. The transmis-
sion electron microscopy (TEM) image in Figure 2C demon-
strates further the tubular structure and provides informa-
tion on the wall thickness, approximately 50 nm, which is
similar to that estimated by SEM. Figure 2D displays the
energy-dispersive X-ray (EDX) spectra. The main elements
of carbon, nitrogen, and oxygen (hydrogen excepted) are
detected, indicating that the expected composites from PAA
and PVP are exiting from the tubes.


The formation of hydrogen bonds between the two poly-
mers was confirmed by recording FTIR spectra (Figure 3A).
The broad absorption band of PAA at around 3000 cm�1


and the peak at 1710 cm�1 are assigned to vibrations of the
carbonyl function of carboxylic acid groups in the associated
state.[15] The peaks appearing at 1597, 1555, and 1452 cm�1


Figure 1. A) UV spectra of (PAA/PVP)n multilayer films, in which n=4–
48, assembled on a quartz substrate. The spectra were obtained after
every four cycles of assembly. B) Feature absorbance of pyridine from
PVP at 256 nm versus the number of layers deposited.


Figure 2. A) and B) SEM images of assembled (PAA/PVP)5 nanotubes at
different magnitudes. C) TEM image of a single (PAA/PVP)5 nanotube.
D) EDX analysis of a (PAA/PVP)5 nanotube.
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are attributed to the ring vibration of the pyridine of PVP.
Figure 3A also shows the IR spectrum of five-bilayer (PVP/
PAA)5 nanotubes. A C=O stretching vibration appeared at
1712 cm�1, revealing that the carbonyl group is in a less-as-
sociated state than that in pure PAA. A clear O�H stretch-
ing vibration appeared at 2499, and the peak at 1944 cm�1


demonstrates that the hydroxyl group is formed through hy-
drogen bonds within PAA and PVP rather than by the for-
mation of the weak inner hydrogen bond in pure PAA. This
proves that the assembled PAA/PVP nanotubes are con-
structed through hydrogen bonds. No significant changes are
found in the band positions from 1100 to 1700 cm�1 in the
assembled nanotubes, in contrast to those of the pure PAA
or PVP film within the same range. These results provide
further evidence that the assembled PAA/PVP nanotubes
are formed through hydrogen bonding rather than through
electrostatic attraction. X-ray photoelectron spectroscopy
(XPS) was used to detect the compositions of the nanotubes
(Figure 3B). The peak of N1s appeared at 398.5 eV (curve
a), which represents the contribution of the pyridine nitro-
gen of pure PVP film.[12] However, the absorption of N1s
obtained in the assembled (PAA/PVP)5 nanotubes appears


as two peaks (curve b). One is at 399 eV (zone I), which can
be ascribed to the contribution of a nitrogen atom from
PVP. Another peak located at 403 eV (zone II) indicates a
nitrogen atom that has a new chemical environment. The in-
crease in binding energy means that the partial nitrogen in
the assembled (PAA/PVP)5 has been occupied by a newly
formed hydrogen bond. At this stage, some nitrogen atoms
in the pyridine ring serve as electron donors for the forma-
tion of the hydrogen bond.


As the number of assembled PAA/PVP layers increases,
the wall thickness of the complex tubes obtained should in-
crease. Figure 4A shows the SEM image of the nanotubes


obtained by assembling ten bilayers of PAA/PVP within the
pores of the PC template. The tubular channel becomes
smaller and is hardly observed. The TEM image of the
(PAA/PVP)10 nanotubes in Figure 4B proves that the wall
thickness of the nanotubes increases to about 80�10 nm
(estimated from a nonuniform tube), which is clearly thicker
than that of the (PAA/PVP)5 nanotubes. Therefore, the wall
thickness of the assembled nanotubes does indeed increase
as the number of assembled layers increases. The thickness
of each bilayer estimated roughly from the wall thickness of
(PAA/PVP)5 nanotubes is about 10 nm, and the value ob-
tained from the (PAA/PVP)10 nanotubes is approximately
8 nm. The estimated bilayer thickness is in the same order
and is definitely consistent. However, relative to the theoret-
ical values calculated from the chemical structure, the esti-
mated thickness is still large. This can be ascribed to the
effect of the residual materials that are not removed from
the wall. Nevertheless, even accounting for the errors, we
can still deduce that the wall thickness of the assembled
nanotubes increases as the cycle number increases, and is to
some degree controllable.


As reported by Zhang and co-workers, PAA can be re-
leased from the assembled complex film of (PAA/PVP)n, in
which n is the number of deposition cycles, if the film is im-
mersed in a more basic solution. To prove this, we deposited
the assembled (PAA/PVP)5 nanotubes in an aqueous NaOH
solution of pH 11 for 10 min, then removed the samples and
rinsed them with water in preparation for the XPS measure-
ments. Figure 5 shows the variation in composition of the as-
sembled (PAA/PVP)5 nanotubes before (curve A) and after


Figure 3. A) FTIR spectrum of (PAA/PVP)5 nanotubes on a CaF2 sub-
strate compared with pure PAA and PVP films. B) Nitrogen (1s) XPS
spectra of (PAA/PVP)5 nanotubes (curve b) and pure PVP film (curve
a).


Figure 4. A) SEM image of (PAA/PVP)10 nanotubes. B) TEM image of a
(PAA/PVP)10 nanotube.
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(curve B) immersion in the NaOH solution. The main peaks
observed are those of C1s at 285 eV (curves A and B).
Curve A demonstrates that before the nanotubes were im-


mersed in the NaOH solution, a weak peak appeared at
291 eV, corresponding to the carbon atom of carboxylic acid
in PAA, which was also reported by Zhang.[26] After immer-
sion, the weak peak disappeared, indicating that PAA was
removed from the assembled nanotubes by the basic aque-
ous solution. To demonstrate further that PVP remains in
the framework after immersion, we performed AFM.
Figure 6 displays the height and deflection AFM images of
the assembled (PAA/PVP)5 nanotubes before and after
etching with the basic solution. Figure 6A represents the as-
sembled tube before immersion, showing the clearly tubular
structure with a relatively smooth surface. Figure 6B repre-
sents the tube after immersion, indicating the porous struc-
ture within the tube wall. The pore size was estimated
roughly from the enlarged insert image of Figure 6B to be
about 50 nm. These results demonstrate further the release
of PAA from the assembled (PAA/PVP)5 nanotubes.


Figure 7 shows HRTEM images of the assembled (PAA/
PVP)5 nanotubes before (A) and after (B) treatment with


basic solution. Figure 7A shows the tubular structure with a
nonporous wall, however, as the tubes were immersed in a
NaOH solution of pH 11 for 10 min, pores in the wall could
be observed (Figure 7B). This proves that PAA is released
from the assembled (PAA/PVP)5 nanotubes and that PVP
remains in the wall to serve as the framework of the tubes.


Conclusion


We have demonstrated that PAA and PVP can be fabricated
into nanotubes through hydrogen bonding within the wall of
template pores. The assembled nanotubes have a uniform
size and flexible shape. The wall thickness of the nanotubes
depends strongly on the number of PAA/PVP pairs assem-
bled. To some extent, the wall thickness is controllable. Re-
sults of FTIR and XPS analysis determined the composition
of the assembled nanotubes and confirmed the formation of
hydrogen bonds within the tubes. We also proved that PAA
can be released from the assembled nanotubes under strong-
ly basic conditions. Such assembled nanotubes with porous
walls may be applied as carriers of catalysts and drugs to
achieve a better dispersion and diffusion of species, especial-
ly in an aqueous system.


Experimental Section


Materials : Polycarbonate (PC) membranes with a pore diameter of
200 nm and a membrane thickness of 13 mm were obtained from What-
man. Poly(4-vinylpyridine) (PVP, Mr=60000) obtained from Sigma-Al-
drich and poly(acrylic acid) (PAA, Mr=135,000, 25% solution in water)
purchased from ACROS were used without further treatment. PVP and
PAA were prepared as 0.05 wt% methanol solutions.


Methods : The NH2-terminated quartz substrate was first immersed in a
PVP/methanol solution for 10 min. The slide was then rinsed with metha-
nol and dried under nitrogen. Next, the slide was transferred into a PAA/
methanol solution for 10 min. The multilayer film is expressed as (PAA/
PVP)n, in which n is the number of deposition cycles. For the preparation
of complex nanotubes, the PC membrane was first coated with PAA by
filtering the PAA solution through the pores of the membrane. Then the
PVP solution was deposited in the template pores and interacted with
PAA through hydrogen bonding. After several cycles, multilayer films
were formed on the inner walls of the PC membrane pores. Finally, the


Figure 5. Carbon (1s) XPS spectra of (PAA/PVP)5 assembled nanotubes
before (A) and after (B) immersing in NaOH aqueous solution (pH 11)
for 5 min.


Figure 6. Height and deflection AFM images (3 mmN3 mm) of (PAA/
PVP)5 LbL-assembled nanotubes before (A) and after (B) immersing in
NaOH aqueous solution. The insert image (700 nmN700 nm) shows the
pores within the nanotube wall.


Figure 7. HRTEM images of (PAA/PVP)5 LbL-assembled nanotubes
before (A) and after (B) immersing in NaOH aqueous solution.
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films deposited on the top and bottom surfaces of the membrane were
removed by wiping the surfaces with filter paper. Once the PC mem-
brane was dissolved by dichloromethane, the nanotubes were liberated
into the solution. The assembly procedure is depicted in Scheme 1.


Characterizations : The quartz slide and CaF2 plate were used for UV/Vis
analysis and FTIR spectroscopy measurements, respectively. Both surfa-
ces of quartz and CaF2 were modified with a precursor layer of polyethy-
leneimine (PEI). FTIR spectra were recorded by using a TENSOR 27 in-
strument (BRUKER, Germany). The UV/Vis spectra were recorded by
using a HITACHI U-3010 UV/Vis spectrometer. The SEM micrographs
were acquired by using an S-4300 apparatus (HITACHI, Japan) and
TEM was performed by using a 200-CX microscope (JEM, Japan).
HRTEM images were obtained by using a Philips CM200-FEG instru-
ment.
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Scheme 1. Assembly of PAA/PVP nanotubes within the walls of the PC
template by means of the LbL technique based on hydrogen bonding.
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Introduction


In heterofullerenes one or more carbon atoms in the C60
skeleton are substituted by heteroatoms, leading to an alter-
ation of the electronic and geometric properties of the origi-


nal C60 framework. Azaheterofullerenes (AZA), in which
one carbon atom in the C60 sphere is substituted by nitrogen,
a trivalent atom with a lone pair of electrons, are the only
class of heterofullerenes that has been isolated in macro-
scopic quantities.[1–4] The first isolated AZA was the dimer


Abstract: We have synthesised nine
monomeric azaheterofullerene (AZA)
derivatives, RC59N, with a wide variety
of different side chains R and investi-
gated their spectroscopic and photo-
physical properties in toluene and o-di-
chlorobenzene (ODCB). Measure-
ments include their ground-state ab-
sorption spectra, molar absorption co-
efficient (eG), fluorescence spectra,
fluorescence quantum yields (FF), sin-
glet-state lifetimes (tF), triplet-state ab-
sorption spectra, triplet molar absorp-
tion coefficients (eT), singlet oxygen


(FD), and triplet state (FT) quantum
yields. The replacement of a carbon by
a nitrogen atom in the C60 sphere
strongly affects most of the spectro-
scopic and photophysical properties.
The chemical nature of the R moiety
has definite effects on these properties
in contrast with minor effects on the


chemical nature of the addends in
[6,6]-ring bridged monoadduct metha-
no[60]fullerene derivatives. These ef-
fects concern properties of the ground
state, singlet excited state, and triplet
states of our nine RC59N derivatives
and in particular the values of photo-
physical parameters eG, eT, FD, and FT,
which are significantly lower than
those of analogous monoadduct [6,6]-
ring bridged methano[60]fullerene de-
rivatives.


Keywords: flash photolysis · fuller-
enes · pulse radiolysis · synthetic
methods · triplet-state properties ·
UV/Vis spectroscopy
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(C59N)2,
[1] in which the two C59N moieties are linked by an


sp3 carbon atom, adjacent to the nitrogen atom embedded
in the fullerene framework. The dimer bond is relatively
weak (18 kcalmol�1) and can undergo homolysis through
photolysis or thermolysis leading to free-radical reactions.
The (C59N)2 synthesis was followed by the preparation of
monomeric C59N derivatives such as the hydroazafullerene
HC59N.


[2] Replacement of a C59N moiety in the dimer by an
R group leads to the formation of RC59N derivatives, in
which the R is always bound to the C atom that forms a
[6,6] bond with the heteroatom.[4–6]


The presence of the extra electron on the nitrogen atom
in the C60 core results in a modification of molecular orbitals
of AZA, RC59N, as compared to their C60 analogues. This al-
teration leads to a change in the spectroscopic and photo-
physical properties of these derivatives and particularly
their photosensitisation efficiencies, an important feature for
potential applications in material science and biology.
In this study, we have synthesised monomeric AZA deriv-


atives, RC59N, bearing different R groups (Figure 1) and de-
termined their spectroscopic and photophysical properties in
toluene and o-dichlorobenzene. The absorption spectra of
the ground state have been determined between 300 and
900 nm. Steady-state and time-resolved fluorescence meas-


urements have been used to characterise the singlet excited
state, in particular the quantum yields of fluorescence, FF,
the singlet-state lifetimes (tF), and the fluorescence spectra.
Nanosecond laser flash photolysis and pulse radiolysis have
been employed to determine triplet-excited-state properties,
including triplet-state absorption spectra, triplet molar ab-
sorption coefficients, eT, singlet-oxygen, and triplet-state
quantum yields, FD and FT.
The spectroscopic and photophysical properties of these


nine AZA derivatives are compared in this study with those
of fullerene C60,


[7] the hydroazafullerene HC59N,
[8,9] the


dimer (C59N)2,
[1] (Ph2CH)C59N,


[6] the alkoxide ROC59N (with
R = O ACHTUNGTRENNUNG(CH2)2OMe) in cyclohexane,


[10] three arylated azaful-
lerenes ArC59N,


[11] the fullerene–heterofullerene dyad C60–
C59N,


[4e] and methano[60]fullerene monoadduct deriva-
tives,[12,13] in particular C60[CACHTUNGTRENNUNG(COOEt)2] here denoted as
F.[14]


Results and Discussion


Ground-state absorption spectra in toluene and o-dichloro-
benzene : Solutions of azaheterofullerene compounds in tol-
uene and o-dichlorobenzene are green-yellow in colour. At


Figure 1. Structure and ground-state absorption of the azaheterofullerenes 1–9 in toluene. Absorbances in arbitrary units.
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approximately 10�5m, compounds 1–4 dissolve more easily
in both solvents than compounds 5–9. The ground-state ab-
sorption spectrum of each of the nine RC59N derivatives is
rather similar in both solvents, with no increase of solubility
in o-dichlorobenzene. The spectra recorded in toluene are
shown in Figure 1. They exhibit bands at 310–325, 430–442,
708–724, and 799–813 nm, with a shoulder at 570–607 nm
(Table 1). The absorption bands observed for compounds 1–
4 are generally sharper than those observed for compounds
5–9.


In the ultraviolet region between 300 and 400 nm : Each ab-
sorption spectrum of the nine azafullerenes exhibits a band
located between 310 and 325 nm (eG~ (2.8–3.2)Q
104m�1 cm�1) in toluene that is blue-shifted from the 328 nm
peak of the C60 absorption in n-hexane that corresponds to
the allowed 31T1u


!11Ag transition of C60,
[7] the molar ab-


sorption coefficient of which is 6.2Q104m�1 cm�1. The UV
band associated with our RC59N derivatives is also related
to the 325–329 nm band of the methano[60]fullerene mono-
adducts in n-hexane and cyclohexane.[12,13] This UV band
corresponds to a similar band observed for other AZA de-
rivatives at i) 324 nm for the hydroazafullerene HC59N in
toluene,[2] ii) 320–325 nm in toluene for the dimer
(C59N)2,


[1,2] iii) 328 nm for the fullerene–azafullerene dyad in
1,2-dichlorobenzene,[4e] iv) 321 nm for the alkoxide ROC59N
with R = OACHTUNGTRENNUNG(CH2)2OMe in cyclohexane[10] and v) 320–
323 nm for three monoarylated heterofullerenes ArC59N in
cyclohexane.[11] The set of sharp bands observed for C60 be-
tween 380 and 410 nm associated with the allowed
11T1u


!11Ag transition
[15] are not observed as resolved fea-


tures in the spectra of the AZA derivatives.


In the visible region between 400 and 620 nm : An absorp-
tion band at 434–442 nm with a broad shoulder at 570–
607 nm is observed for the nine azaheterofullerenes 1–9
(Table 1). This band and this shoulder are similar to the ab-
sorption features observed for i) HC59N (446, 596 nm in tol-
uene),[2,9] ii) (C59N)2 (446, 596 nm in toluene),[1,2,10] iii)
(Ph2CH)C59N (446, 596 nm in toluene[6] iv) ROC59N (436,
582 nm in cyclohexane),[10] v) three monoarylated ArC59N
(436–44, 580–591 nm in cyclohexane)[11] and vi) the fuller-
ene–heterofullerene dyad C60–C59N (447, 596 nm in 1,2-di-
chlorobenzene).[4e] In the visible region the spectra of 1–9


differ in important aspects from that of the parent C60.
Apart from a band around 440 nm, we note that two sets of
broad bands that are prominent in the C60 spectra and the
principal maxima of which are at 540 and 600 nm,[7] do not
appear as such in the AZA monoadducts.[1,4e,6,8–11] In the
visible region, the spectra of 1–9 do not exhibit the sharp
peak at 429–433 nm and the broad band at 490–492 nm that
are characteristic of the monoadduct methano[60]fuller-
enes.[12,13]


In the red and near-infrared region between 700 and
820 nm : Each absorption spectrum of the nine azafullerenes
shows two weak principal bands in this region at 708–
724 nm and at 799–813 nm. The interval between these
bands is about 1480–1580 cm�1 probably corresponding to a
C=C or C�N vibration in the excited state. These two princi-
pal bands of our RC59N in the red part of the spectrum are
also present in the spectra of other azaheterofullerenes in-
cluding i) C59N


+ at about 1.8 eV (689 nm) and 1.61 eV
(770 nm) in toluene,[16] ii) HC59N (738, 818 nm in o-dichloro-
benzene, carbon disulfide, and toluene),[2,9] iii) (C59N)2 (720–
738, 800–818 nm in toluene),[1,2,10] iv) (Ph2CH)C59N (720–
738, 800–818 nm in toluene),[6] v) ROC59N (710, 789 nm in
cyclohexane)[10] and vi) three monoarylated ArC59N (711–
723, 789, 793 nm in cyclohexane).[11] In the fullerene–hetero-
fullerene dyad C60–C59N in cyclohexane only a band at
726 nm is observed.[4e]


For 1–9, the first singlet-excited-state energy (see later) is
lower than that of the parent C60 and that of the C60 mono-
adduct methano[60]fullerene derivatives, for which the S0–S1
absorption bands are observed at 691–698 nm.


Singlet-excited-state properties in toluene : Fluorescence
emission spectra of compounds 1–4, and 7 (Figure 2a) show


wavelength maxima lmax at 812–824 nm (Table 2). These
emission spectra are mirror images of the S0–S1 absorption
bands as shown in the case of 1 (inset Figure 2a). Com-
pounds 2–4 and 7 give emission spectra identical to that of 1
(Figure 2). The AZA emission band is red-shifted by about
110 nm as compared to that of the standard methanofuller-


Table 1. Wavelengths [nm] of maxima and shoulders of the ground-state
absorption spectra of 1–9 in toluene (Figure 1).


Compound l1 l2 l3(sh) l4 l5


1 324 441 587 713 799
2 322 440 570 724 808
3 324 442 587 713 799
4 325 440 588 722 806
5 320 430 593 708 808
6 325 437 586 721 805
7 310 440 607 715 806
8 322 441 593 721 812
9 320 441 605 717 813


Figure 2. Fluorescence spectra of standard C60[C ACHTUNGTRENNUNG(COOEt)2], compound F
(~), of azafullerene 1 (*), and azafullerene 5 (*) in toluene. Inset: nor-
malised absorption and fluorescence spectra of compound 1. Excitation
wavelength: 530 nm, absorbances A=0.1 at 530 nm for all compounds.
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ene monoadduct C60-CACHTUNGTRENNUNG(COOEt)2 (that is, F). Compounds 5,
6, 8 and 9 do not exhibit a measurable fluorescence as typi-
cally shown for 5 in Figure 2.
Fluorescence quantum yields, FF, were determined by


using Equation (1):


FF ¼
FAZA


FSt
� 1�10�ASt t


1�10�AAZA
� n2AZA


n2St
�FSt ð1Þ


where A is the absorbance of the solution at the excitation
wavelength, F is the area of the fluorescence spectrum, and
n is the refractive index of the solution. The subscripts AZA
and St refer to the studied compound and the standard, re-
spectively. In our measurements, the index of refraction n is
similar for both the AZA derivatives and the standard solu-
tions (n2AZA�n2St), since the absorbances A=0.1 at the exci-
tation wavelength 530 nm and the solvents were identical.
By using the methanofullerene monoadduct C60-CACHTUNGTRENNUNG(COOEt)2
as a standard for which FF=4.9Q10


�4,[28] the FAZA values of
our five compounds (1–4 and 7) are between 2.2 and 3.5Q
10�4 in toluene (Table 2). Previously, for 1, a fluorescence
quantum yield, FF=1.6Q10


�4, has been reported with no
fluorescence standard indicated.[17] For azafullerenes with R
groups different from ours, fluorescence quantum yields
with values ranging from ~1.3–6.4Q10�4 have been repor-
ted,[4f, g,17] with a near-infrared fluorescence emission (lmax at
825 nm). The fact that 5, 6, 8, and 9 do not exhibit measura-
ble fluorescence indicates that the nature of the addend R
can play an important role in the deactivation of the singlet
excited state of the RC59N compound.
Fluorescence lifetimes (tF) of 1–9, which were obtained


by picosecond laser excitation, (tF~0.69–0.79 ns) are report-
ed in Table 2. These parameters allow a calculation of the
radiative rate constants kr indicated in Table 2. Energy
values, ES, of the first singlet excited state S1, calculated
from the 0–0 transition considered to be at the intersection
of the normalised absorption and fluorescence spectra, are
between 145 and 148 kJmol�1 (Table 2). These ES values are
~25–28 kJmol�1 lower than that of monoadduct derivative
F. The remarkably constant values of ES, although 50 kJ
below that of C60, show that the R moiety hardly affects the


fullerene core when a nitrogen atom is within the fullerene
skeleton. We note however that, in the AZA, the nitrogen
atom lowers the ES value more than an external nitrogen
containing adduct, for which ES is similar to that of adduct
F.[15]


Triplet excited-state properties


Triplet absorption spectra in toluene : The absorption profiles
of the triplet minus singlet ground state difference absorp-
tion spectra of 3, 4 and 7 obtained by laser excitation at
355 nm between 425 and 1000 nm show two maxima located
at 650 and 850 nm (Figure 3). An additional band at 500 nm


is most probably related to the ground-state depletion be-
coming important below 500 nm. These difference absorp-
tion spectra between 450 and 950 nm are similar to those
previously reported by Guldi and co-workers who reported
a weak band at 1040 nm for compounds 2 and 3 over a spec-
tral range extending more into the red region.[17] They differ
from the T–T spectrum of HC59N that exhibits a very dis-
tinct difference absorption spectrum with a main band at
750 nm.[9] For compounds AZA5, AZA6, and AZA8, al-
though there is definite triplet absorption, no individual
bands are observable.


Determination of the quantum yields of singlet oxygen pro-
duction, FD : The quantum yield FD of the sensitised photo-
production of singlet oxygen (1O2,


1Dg) by the triplets of 1–9
in toluene was assessed by a comparative method similar to
that used for the determination of FT.


[18] We compared the
slopes of linear plots of Io (the amplitude of the time-re-
solved 1O2 (


1Dg) 1270 nm phosphorescence signal extrapolat-
ed to t=0) versus laser intensity, with the slopes obtained
for optically-matched solutions of the standard compound
St, C60. The ratio of the slopes, a


AZA, of 1O2 production sen-
sitised by the AZA compound as a function of the laser in-
tensity, to the corresponding slopes, aSt, determined for 1O2


production sensitised by the standard, C60, as a function of
the laser intensity, allows the determination of the quantum
yield of singlet-oxygen production by the AZA compound


Table 2. Molar absorption coefficients, eG at 324 nm, fluorescence life-
times tF, wavelength maxima lmax of the fluorescence spectra, radiative
rate constant kr=FF/tF in 10


5 s�1, and energy values, Es, of the first sin-
glet-excited state S1 of C60, C60[CACHTUNGTRENNUNG(COOEt)2] (F), and RC59N azafuller-
enes, in toluene.


Compound eG ACHTUNGTRENNUNG(324)
[m�1 cm�1]


tF
[ns]


FF in
10�4


kr in
105 s�1


lmax
[nm]


ES


[kJmol�1]


C60 62000[a] 1.2[b] 1 0.8 660[b] 193[b]


F[c] – 1.5 4.9 3.3 705 172
1 28000�5600 0.79 2.2 2.8 812 148
2 32000�6400 0.79 2.8 3.5 822 145
3 – 0.77 2.6 3.4 818 146
4 – 0.69 2.1 3.0 821 146
7 – 0.76 3.5 4.6 824 145


[a] From ref. [7]. [b] From ref. [31]. [c] From ref. [28].


Figure 3. Triplet-minus-singlet difference absorption spectra of azafuller-
enes 3–8 in toluene recorded 1.5 ms after the laser flash (laser energy:
12 mJ).
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from the slope ratio, (after correction for any small differen-
ces in the fraction of light absorbed by the solutions at the
laser excitation wavelength, lexc), through Equation (2):


FAZA
D ¼ FSt


D � aAZA


aSt
� 1�10�A


St
lexc


1�10�A
AZA
lexc


ð2Þ


where ASt
lexc
and AAZA


lexc
are the absorbances for the standard


and for the azafullerene solutions at the excitation wave-
length, 355 nm with fStD of the standard, C60, being near
unity.[19] The nine measured FD values are given in Table 3


for two solvents toluene and o-dichlorobenzene. For these
determinations the same solvent was used for the AZA de-
rivatives and the standard, since the radiative properties of
singlet oxygen are dependent on the solvent. The experi-
mental error can be estimated to be �15%. The FD values
obtained (Table 3) are rather similar in both solvents within
the experimental error. They are approximately half the FD


value of 0.48 determined by Tagmatarchis and co-workers
for HC59N in toluene.[8]


The aggregation of fullerenes can decrease their FD and
FT quantum yields.[13,20] Thus, in order to investigate any de-
pendence of FD on potential aggregates of 3, 6 and 8, FD


was determined for solutions with ground-state absorbances
of 0.1 and 0.4–0.5 at the laser excitation wavelength. The FD


values obtained are rather similar for high and low concen-
trations. This similarity suggests that the relatively low FD


values (0.14–0.26) of RC59N as compared to the near unity
values for monoadduct methano[60]fullerenes in organic sol-
vents[12,13] are not due to aggregation of the AZA derivatives
in toluene and o-dichlorobenzene.


Determination of the triplet molar absorption coefficients :
The molar absorption coefficients eT have been independ-
ently determined by pulse radiolysis by using an energy-
transfer technique[21–23] and with laser flash photolysis by
using a comparative method.[18,24,25]


Pulse radiolysis : Pulse radiolysis was used to measure the
triplet molar absorption coefficients, eT, of 4 and 7 in toluene
through a method that exploits quantitative triplet-energy
transfer. The lowest triplet of each AZA compound in tol-
uene was produced by energy transfer from the triplet excit-
ed state of another solute, a donor (D), biphenyl, present in
greater concentration (10�1m versus 1–2Q10�4m), with a
triplet molar absorption coefficient at 365 nm[22] of
27100m�1 cm�1. Three reactions must be taken into account
in this system with respective rate constants, k1, k2, k3:


1) Decay of the donor triplet, 3D, to its ground state, DG:


3D k1
�!DG


2) The energy-transfer reaction from 3D to AZAG, the
ground state of the AZA:


3DþAZAG
kq
�!DG þ 3AZA


and 3) Decay of the acceptor triplet 3AZA to its ground
state while it is formed:


3AZA k3
�!AZAG


with k2=k1+kqACHTUNGTRENNUNG[AZA]. Values of the rate constants ob-
tained for 4 are k1=3Q10


4 s�1, k2=k1+kqACHTUNGTRENNUNG[AZA]=1Q
105 s�1, and k3=7.5Q10


4 s�1.
Taking into account a correction due to the decay of the


donor triplet (3D) through routes other than energy transfer
and a correction due to a decay of the acceptor triplet
(3AZA) during its formation leads to the molar absorption
coefficient of 4 at 880 nm [Eq. (3)]:


eTð34Þ880 ¼ eTð3DÞ365 �
DA880ð34Þ
DA365ð3DÞ ¼ 4800� 700m�1 cm�1


ð3Þ


where DA880(4) is the corrected value of the maximum tran-
sient absorbance of the triplet 34 at 880 nm and DA365(


3D) is
the transient absorbance of the biphenyl donor triplet at
365 nm.
For 7, a rather similar value was obtained eT(


37)880~
5100�800m�1 cm�1. In both eT(4) and eT(7) determinations,
the molar absorption coefficients of the ground state, eG(4)
and eG(7) at 880 nm, are considered as negligible.
By using these molar absorption coefficients we were able


to determine the FT of 4 and 7 by a comparative
method.[18,24] Linear plots of the absorbance changes ex-
trapolated at t=0 and observed at appropriate monitoring
wavelengths versus laser intensity were constructed. The


Table 3. Quantum yields of singlet-oxygen production FD in toluene and
o-dichlorobenzene (ODCB), molar triplet absorption coefficients, eT at
880 nm, measured by two independent methods in toluene and triplet
quantum yields FT.


Compound FD


ACHTUNGTRENNUNG(toluene)
FD


(ODCB)
eTACHTUNGTRENNUNG(880)


[d]


ACHTUNGTRENNUNG[m�1 cm�1]
(p.r.)


FT
[e] eT ACHTUNGTRENNUNG(880)


[f]


ACHTUNGTRENNUNG[m�1 cm�1]
(l.f.p.)


C60 1[a] – – 1 –
F 0.97[b] – – – –
C59NH 0.48[c] – – – –
1 0.24 0.24 – – –
2 0.22 0.22 – – –
3 0.23 0.23 – – 5200
4 0.24 0.27 4800 0.24 5000
5 0.16 0.14 – – –
6 0.16 0.18 – – –
7 0.26 0.19 5100 0.26 4100
8 0.25 0.21 – – –
9 0.17 0.21 – – –


[a] From ref. [19]. [b] From ref. [14]. [c] From ref. [8]. [d] Determined by
triplet energy transfer by pulse radiolysis (p.r.) (see text). [e] Determined
by using eT measured by triplet energy transfer through pulse radiolysis.
[f] Determined by the comparative method through laser flash photolysis
(l.f.p.) (see text).
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slopes of these linear plots are bAZA for solutions of the
AZA derivative and bSt for solutions of the standard C60 in
toluene, for which eStT =20200m


�1 cm�1 at 750 nm[26] and
FSt
T ~1.


[19] The FAZA
T of 4 and 7 can be calculated by using


the expression (4):


FAZA
T ¼ FSt


T � DAAZA


DASt � eStT
eAZAT


� 1�10�ASt


1�10�AAZA
ð4Þ


where ASt and AAZA are the absorbances for the standard
and for the AZA solutions at the excitation wavelength,
355 nm, with FSt


T of the standard, C60, being near unity.
[19]


The triplet quantum yields FT of 4 (0.24) and 7 (0.26), thus
calculated, are very similar to the quantum yields of singlet-
oxygen photosensitised production, FD, reported in Table 3.
The parameters FT and FD are related by the product
[Eq. (5)]:


FD ¼ FTSDSQ ð5Þ


where SD is the fraction of triplet states quenched by oxygen
leading to formation of singlet oxygen and SQ is the fraction
of triplet states quenched by oxygen.[27]


Thus, for 4 and 7, it can be concluded that SD and SQ are
near unity as already observed for C60 and methano[60]ful-
lerene derivatives.[12] These FT values for 4 and 7 (Table 3)
are consistent with the FT value equal to 0.30, previously
determined for 1 and for another RC59N compound with R
= phenyl-OCH2CH2OCH2CH2OCH2CH2OH, by a method
that was not stated by the authors.[17] Previously, relative
triplet quantum yields FT have been reported[4g] for five
AZA compounds with subsituent R different from ours
(except for 7). These relative FT values were between 0.88
and 0.98, related to an arbitrary value of unity for FT of an
AZA compound, 2-azafullerenyl-1-(phenyl)ethanone,
chosen as standard, with no corresponding triplet molar ab-
sorption coefficients indicated.[4g]


Laser flash photolysis : For 4 and 7, we have observed that
the quantum yields of singlet oxygen and triplet production,
FT and FD, are very similar (Table 3) and thus that SD=SQ=
1. Assuming that for all the other AZA compounds, SD and
SQ are also near unity, and therefore that FT=FD, it is possi-
ble to estimate the triplet-state molar absorption coefficients
of the AZA derivatives by using the comparative
method.[21,24] By using Equation (4), expressing FAZA


T , re-
ported above, it is possible to write Equation (6):


eAZAT ¼ eStT � FSt
T


FAZA
T


� bAZA


bSt
� 1�10�ASt


1�10�AAZA
ð6Þ


Equation (6) allowed us to determine the triplet molar ab-
sorption coefficients of three compounds in toluene at
880 nm, eAZAT =5200 for 3, 5000 for 4, and 4100m�1 cm�1 for
7, values very similar to those reported above and measured
by an independent method,[21–23] by using pulse radiolysis


and triplet-energy transfer (Table 3). For all these AZA de-
rivatives, eG is negligible as compared to eT at 880 nm.


Conclusion


The replacement of a carbon atom of the C60 framework by
a nitrogen atom strongly affects most of the photophysical
properties of RC59N. The ground-state absorption spectra of
1–9 exhibit bands at 320–325, 430–442, 708–724, and 799–
813 nm, and a shoulder at 570—607 nm, this shoulder being
less noticeable for compounds 5, 8 and 9. The visible region
of the ground-state absorption spectrum of the monomeric
azafullerenes differs from that of monoadducts of methano-
fullerenes that display a sharp peak at 429–432 nm, a broad
band peaking at 490–492 nm, and weak structures between
650–700 nm with the strongest feature at 691–698 nm.[12]


Moreover, the chemical nature of the R group has definite
effects on some spectroscopic and especially photophysical
properties of RC59N in contrast with minor effects on the
chemical nature of the addend in most monoadduct metha-
no[60]fullerene derivatives. The effects of the nature of the
R group concern features of the ground-state and triplet-
state absorption spectra, fluorescence properties, as well as
values of the photophysical parameters, eG, eT, FD, and FT,
that are significantly lower than those of monoadduct meth-
ano[60]fullerene derivatives.


Experimental Section


Synthesis of heterofullerene-fluorophore-conjugates 1–9 : (C59N)2
(60 mmol), prepared according to literature procedures,[1] and p-TosOH
were dissolved in o-dichlorobenzene (20 mL). The corresponding amount
of the aromatics or enolisable-carbonyl compounds (experimental details
given in the references and below) was added to the solution, and the
mixture was heated to 150 8C for 15 min while a constant stream of air
was passed through the solution. The purification of the heterofullerenes
1–9 was performed by flash chromatography and HPLC, all the products
were completely characterised by 1H and 13C NMR spectroscopy, IR
spectroscopy, and mass spectrometry (spectroscopic data are given in the
references and in the paragraphs below).


Diethyl 2-(hydroazafullerenyl)malonate 1 (30 equiv p-TosOH, 15 equiv
diethylmalonate, 49% yield).[4c]


p-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}phenylhydroazafullerene (p-
MEEEP-hydroazafullerene) 2 (20 equiv p-TosOH, 40 equiv 1-{2-[-(2-me-
thoxyethoxa)ethoxy]ethoxy}benzene 82% yield).[4c]


2-(Hydroazafullerenyl)-1-(4’-pyridinyl)ethanone 3 (30 equiv p-TosOH,
200 equiv 4-acetylpyridine, 24.3% yield).[4d]


1-(Hydroazafullerenyl)-2,4-pentanedione 5 (40 equiv p-TosOH, 20 equiv
acetylacetone, 30.8% yield).[4c]


4-(Hydroazafullerenyl)croton aldehyde 6 (20 equiv p-TosOH, 15 equiv
croton aldehyde, 42.1% yield).[4c]


2-(Hydroazafullerenyl)-1-(phenanthren-2-yl)ethanone 7 (40 equiv p-
TosOH, 20 equiv acetylphenanthrene, 14.2% yield).[4g]


2-[4-(Hydroazafullerenyl)phenyloxy]ethanol (4) was obtained by a
10 min reaction of (C59N)2 with p-TosOH (10 equiv) and ethylene glycol
phenyl monoether (5 equiv) at 150 8C in 33.0% yield. 1H NMR (CS2/
CDCl3, 400 MHz): d=8.75 (AA’BB’, 2H), 7.40 (AA’BB’, 2H), 4.31 (m,
2H), 4.15 (t, 1H), 4.08 ppm (m, 2H); 13C NMR (CS2/CDCl3, 100.4 MHz):
d=159.51 (1C), 154.18 (2C), 148.60 (2C), 147.66 (1C), 147.49 (2C),
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147.44 (2C), 147.13 (2C), 146.96 (2C), 146.48 (2C), 146.27 (2C), 146.10
(2C), 145.73 (2C), 145.71 (1C), 145.96 (2C), 144.91 (4C), 144.45 (2C),
144.18 (2C), 143.85 (2C), 143.01 (2C), 142.63 (2C), 141.96 (2C), 141.66
(2C), 141.38 (2C), 141.31 (2C), 140.87 (2C), 140.75 (2C), 139.68 (2C),
137.38 (2C), 133.67 (2C), 132.79 (1C), 128.62 (2C), 123.91 (2C), 115.63
(2C), 82.37 (1C), 69.44 (1C), 61.36 ppm (1C); IR (KBr): ñ=3410, 3012,
2914, 2866, 2813, 1605, 1532, 1505, 1445, 1420, 1345, 1309, 1281, 1252,
1197, 1177, 1102, 1062, 1000, 946, 900, 843, 823, 796, 772, 720, 670, 659,
643, 568, 578, 555, 522, 482, 468 cm�1; MS (FAB, NBA): m/z : 860 [M]+ ,
722 [C59N]


+ .


2-(Hydroazafullerenyl)-1-(1-hydroxynaphth-2-yl)ethanone (8) was pre-
pared from the reaction of 2-acetyl-1-naphthol (10 equiv) and p-TosOH
(20 equiv) with (C59N)2 in 35.1% yield. 1H NMR (CS2/CDCl3, 400 MHz):
d=8.56 (d, 3J=8.0 Hz, 2H), 8.22 (d, 3J=8.0 Hz, 1H), 7.83 (d, 3J=8.8 Hz,
1H), 7.70 (m, 1H), 7.59 (m, 1H), 7.47 (d, 3J=8.8 Hz, 1H), 7.19 (s, 1H),
5.55 ppm (s, 2H); 13C NMR (CS2/CDCl3, 100.4 MHz): d=200.15 (1C),
163.48 (1C), 154.91 (2C), 148.28 (2C), 147.60 (1C), 147.35 (2C), 147.16
(2C), 146.92 (2C), 146.82 (2C), 146.38 (2C), 146.31 (2C), 146.02 (2C),
145.74 (2C), 145.61 (1C), 145.50 (2C), 144.90 (2C), 144.75 (2C), 144.17
(2C), 144.14 (2C), 143.80 (2C), 142.90 (2C), 142.59 (2C), 141.89 (2C),
141.57 (2C), 141.25 (2C), 141.03 (2C), 140.86 (2C), 140.78 (2C), 139.48
(2C), 137.41 (2C), 137.38 (1C), 134.46 (2C), 130.46 (1C), 127.31 (1C),
126.08 (1C), 125.24 (1C), 124.78 (2C), 124.67 (1C), 123.83 (1C), 118.85
(1C), 113.07 (1C), 78.63 (1C), 49.56 ppm (1C); IR (KBr): ñ=3423, 2013,
2936, 2851, 1698, 1609, 1548, 1509, 1459, 1422, 1362, 1318, 1239, 1197,
1172, 1107, 1093, 966, 900, 841, 823, 797, 775, 744, 730, 719, 682, 640, 587,
568, 556, 544, 523, 482, 440 cm�1; MS (FAB, NBA): m/z : 907 [M]+ , 722
[C59N]


+ .


4-(Hydroazafullerenyl)-2,6-dimethylphenol (9) was obtained as a black
solid in 27.9% yield from reacting (C59N)2 for 15 min with 2,6-dimethyl-
phenol (5 equiv) and p-TosOH (10 equiv) at 150 8C. 1H NMR (CS2/
CDCl3, 400 MHz): d=8.04 (s, 2H), 4.95 (s, 1H), 2.58 ppm (s, 6H);
13C NMR (CS2/CDCl3, 100.4 MHz): d=154.19 (2C), 153.24 (1C), 148.92
(2C), 147.62 (1C), 147.49 (2C), 147.43 (2C), 147.06 (2C), 147.05 (2C),
146.43 (2C), 146.22 (2C), 146.05 (2C), 145.70 (2C), 145.66 (1C), 145.48
(2C), 144.88 (2C), 144.86 (2C), 144.38 (2C), 144.13 (2C), 143.84 (2C),
142.95 (2C), 142.57 (2C), 141.91 (2C), 141.63 (2C), 141.40 (2C), 141.25
(2C), 140.81 (2C), 140.70 (2C), 139.60 (2C), 137.38 (2C), 132.73 (2C),
132.61/132.55 (2C/1C), 127.58 (2C), 124.00 (2C), 82.41 (1C), 16.24 ppm
(2C); IR (KBr): ñ=3415, 3016, 2934, 2852, 1612, 1567, 1530, 1515, 1458,
1433, 1422, 1363, 1318, 1197, 1106, 1080, 966, 900, 841, 823, 797, 744, 720,
684, 640, 588, 568, 555, 523, 482, 440 cm�1; MS (FAB, NBA): m/z : 844
[M]+ , 722 [C59N]


+ .


Spectroscopic studies : Ground-state absorption spectra, at room temper-
ature in toluene and o-dichlorobenzene were recorded in the 300–900 nm
range, by using a Uvikon 922 spectrophotometer (Kontron Instruments).
Steady-state emission spectra in toluene were recorded by a Varian Cary
Eclipse spectrofluorimeter upon excitation at 530 nm. Solution absorban-
ces at the excitation wavelength were optically matched at A=0.1. Fluo-
rescence quantum yields were obtained by comparison of the areas of
the fluorescence spectra and by using the methanofullerene monoadduct
C60–C ACHTUNGTRENNUNG(COOEt)2 as a standard for which FF=4.9Q10


�4.[28] Time-resolved
fluorescence measurements were performed upon excitation of the sam-
ples at 532 nm with a frequency-doubled picosecond Nd:YAG laser
(pulse duration 25 ps, ~300 mJcm�2 ; Continuum Instrument). The detec-
tion wavelength was selected by interference filters and signals were de-
tected with a microchannel plate photomultiplier tube (R2566U, Hama-
matsu) and a 7 GHz digitising oscilloscope (IN7000, Intertechnique).


Triplet-state properties were determined by using laser flash photolysis
and pulse radiolysis techniques. In the laser flash photolysis experiments,
solutions were excited at 355 nm by using a JK Lasers System 2000
Nd:YAG laser[29] with typical absorbance of 0.3–0.4 in toluene. The detec-
tion system consisted of a water-cooled Xe arc lamp and a pulsing unit,
high radiance monochromator, and quartz optics. Optical transmissions
at various wavelengths selected with the monochromator (bandwidths 2–
20 nm) were observed as a function of time before and after the laser
flash by using a Hamamatsu R928 photomultiplier.


The pulse radiolysis experiments were carried out with a 12 MeV Radia-
tion Dynamics Ltd (UK) 3 GHz electron linear accelerator. We used a
single-pulse mode with a pulse duration from 0.22 to 2 ms and with a
peak current of about 30 mA. The accelerator is normally operated at
ten pulses per second but the single-pulse mode is achieved by modifying
the pulses to the electron gun.[30] The detection system consisted of a Xe
arc lamp and a pulsing unit, high-radiance Kratos monochromator, and
quartz optics. Optical transmissions at various wavelengths selected with
the monochromator (bandwidths 10–40 nm) were observed as a function
of time before and after the laser flash by using photoelectric detection.
The output of the photomultiplier (EMI 9558Q) was displayed on a Tek-
tronix TDS 380 digitising oscilloscope. Data processing was performed on
a Dan PC by using software developed in house. The sample cell, con-
structed in Spectrosil quartz, had an optical path-length of 25 mm.
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Introduction


a,b-Unsaturated thiocarbonyl compounds (thioaldehydes,
thioketones, dithioesters) are valuable diene equivalents in
cycloaddition reactions.[2–6] Their high reactivity in hetero-
Diels–Alder (HDA) reactions originates from an unusually


small HOMO–LUMO gap which allows for rapid addition
reactions of both electron-poor and -rich dienophiles.[3]


While a,b-unsaturated dithioesters and thioketones are isol-
able compounds[6] or easily accessible from their Diels–
Alder dimers,[4,6] the corresponding a,b-unsaturated thioal-
dehydes are difficult to obtain (a notable exception are mes-
omerically stabilized amino-substituted derivatives,[7,8] which
can be seen as vinylogous thioformamides). Thioacetals of
a,b-unsaturated aldehydes or ketones have been introduced
as synthetic equivalents; the Lewis acid promoted ring open-
ing and addition to olefins involves a thienium ion inter-
mediate.[9–13] Very recently, thiocinnamaldehyde has been
produced from cinnamaldehyde and (Me2Al)2S and trapped
as its Diels–Alder dimer.[14]


Thioaldehydes can be stabilized as ligands in transition-
metal complexes.[6] While this as expected attenuates their
otherwise high reactivity, the coordinated C=S group is still
susceptible to a range of nucleophilic addition and cycload-
dition reactions.[15] Surprisingly, there are only a few exam-
ples of complexes of a,b-unsaturated thioaldehydes with the
metals tungsten,[16–18] iron,[19,20] cobalt,[19–21] and iridium.[22]


Abstract: Ruthenium hydrogensulfido
complexes [CpRu ACHTUNGTRENNUNG(P�P)(SH)] ((P�P)=
Ph2PCH2PPh2 (dppm), Ph2PC2H4PPh2
(dppe)) were obtained from the corre-
sponding chloro complexes by Cl/SH
exchange. Condensation with a range
of cinnamaldehydes gave thiocinnamal-
dehyde complexes [CpRu ACHTUNGTRENNUNG(P�P)(S=
CH�CR2=CHR1)]PF6 (R1=C6H4X,
R2=H, Me, X=H, OMe, NMe2, Cl,
NO2) as highly-colored crystalline com-
pounds. The thiocinnamaldehyde com-
plexes undergo [4+2]-cycloaddition re-
actions with vinyl ethers CH2=CHOR


3


(R3=Et, Bu) and styrenes H2C=


CHC6H4Y (Y=H, Me, OMe, Cl, Br,
NO2) to give complexes of 2,4,5-trisub-
stituted 3,4-dihydro-2H-thiopyrans as
mixtures of two diastereoisomers. The
rate of addition of para-substituted
styrenes H2C=CHC6H4Y to [CpRu-
ACHTUNGTRENNUNG(dppm)(S=CH�CH=CHPh)]PF6 in-
creases in the series Y=NO2, Br, Cl,
H, Me, OMe, indicating that the cyclo-
addition is dominated by the HOMO-


(dienophile)–LUMOACHTUNGTRENNUNG(diene) interaction.
The strained dienophiles norborna-
diene and norbornene also add, giving
ruthenium complexes of 3-thia-tricy-
clo[6.2.1.02,7]undeca-4,9-dienes and 3-
thia-tricyclo[6.2.1.02,7]undec-4-enes, re-
spectively. Addition reactions with ac-
rolein, methacrolein, methyl vinyl
ketone, acrylic ester, or ethyl propio-
late finally yielded ruthenium com-
plexes of 3,4-disubstituted 3,4-dihydro-
2H-thiopyrans and 4H-thiopyrans, re-
spectively.
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The reactivity of these compounds has not yet been ad-
dressed.
The cationic ruthenium thiobenzaldehyde complexes


[CpRu ACHTUNGTRENNUNG(PR’3)2ACHTUNGTRENNUNG(S=CHR)]
+ are easily accessible and stable


compounds which are nevertheless sufficiently reactive to
undergo nucleophilic addition and cycloaddition reac-
tions.[23, 24] Here we report the synthesis and reactions of
analogous complexes of thiocinnamaldehydes. A prelimina-
ry account of this work was included in a recent review.[24]


Results


Synthesis of thiocinnamaldehyde ruthenium complexes : As
a promising synthetic route we chose the condensation of
Ru�SH complexes with cinnamaldehydes, which has some
precedent in the synthesis of thioaldehyde complexes of
tungsten.[16,18,25, 26] Beginning with the universal starting ma-
terial 1,[27] exchange of the monodentate phosphine ligands
for bis(diphenylphosphino)methane (dppm) gave 2,[28] which
was subsequently transformed in high yield into the hydro-
gensulfido complex 3 by reaction with NaSH. The synthesis
of the corresponding 1,2-bis(diphenylphosphino)ethane
(dppe) complex 4 could even be carried out as a one-pot re-
action (Scheme 1).


Compounds 3 and 4 are yellow crystalline, slightly air-sen-
sitive compounds. A characteristic feature of their 1H NMR
spectra is the high-field (d=�4.0 ppm) triplet resonance of
the SH group. In that, 3 and 4 are similar to the well-known
complex [CpRu ACHTUNGTRENNUNG(PPh3)2(SH)].


[29] The reactions of 3 and 4
with a range of cinnamaldehydes in the presence of tri-
fluoroacetic acid, ammonium hexafluorophosphate, and
magnesium sulfate (as an absorbent for the water formed
during the reaction) were accompanied by a conspicuous
color change to deep purple. After chromatographic purifi-
cation, the thiocinnamaldehyde complexes 5a–f and 6a–g
were obtained in very good yields (Scheme 2).
Complexes 5a–f and 6a–g are highly-colored crystalline


compounds. Due to their ionic nature they are soluble only


in polar media, such as dichloromethane or acetone. The
presence of the end-on-coordinated thioaldehyde function
was inferred from downfield 1H (d=9.5 ppm) and 13C NMR
(d=205 ppm) spectroscopic resonances, the latter being split
into triplets due to coupling with the two equivalent phos-
phorus nuclei. The 1H NMR spectra of 5d and 6d exhibited
broadened signals at ambient temperature. Upon cooling,
decoalescence set in, and at 200 K separate signals for two
isomeric forms in a ratio of 65:35 (5d) and 95:5 (6d) were
observed. We attribute this to a hindered rotation around
the formal single bond adjacent to the C=S group of the 4-
dimethylamino-thiocinnamaldehyde ligand.


X-ray structure determinations of [CpRuACHTUNGTRENNUNG(dppe)(S=CH�
CH=CHC6H4NMe2)]PF6 ACHTUNGTRENNUNG(6d) and 4-dimethylamino-cinna-
maldehyde : A deep blue crystal of 6d·CDCl3 suitable for
structure determination was obtained from CDCl3. Figure 1
shows the cation portion of that structure.
The geometry of the cation of 6d is very similar to


that of the related complex [CpRu ACHTUNGTRENNUNG(dppe)(S=
CHC6H4OMe)]PF6.


[23,24] This includes the length of the Ru�
S bond and the orientation of the thioaldehyde ligand with
the C�H bond pointing towards the Cp ring. The unsaturat-


Scheme 1. Synthesis of ruthenium-SH complexes (dppm=Ph2PCH2PPh2,
dppe=Ph2PC2H4PPh2).


Scheme 2. a : R=X=H; b : R=H, X=2-OMe; c : R=H, X=4-OMe; d :
R=H, X=4-NMe2; e : R=H, X=4-Cl; f : R=Me, X=H; g : R=H, X=


2-NO2.


Figure 1. Structure of the cation of [CpRu ACHTUNGTRENNUNG(dppe)(S=CH�CH=
CHC6H4NMe2)]PF6 (6d), hydrogen atoms omitted for clarity. Space
group P21/n ; selected distances [pm] and angles [8] (standard deviations
in parentheses): Ru�P(1) 228.47(13), Ru�P(2) 229.26(12), Ru�S(1)
232.00(13), S(1)�C(71) 165.5(5), C(71)�C(72) 139.3(6), C(72)�C(73)
135.8(6), C(73)�C(74) 144.0(7), P(1)-Ru-P(2) 83.02(4), P(1)-Ru-S(1)
86.73(5), P(2)-Ru-S(1) 90.73(4), Ru-S(1)-C(71) 112.0(2), S(1)-C(71)-
C(72) 124.2(4), C(71)-C(72)-C(73) 121.0(5), C(72)-C(73)-C(74) 127.2(5).
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ed ligand is tilted out of the pseudo-mirror plane of the
[CpRuP2] framework, approaching one of the phenyl groups
of the dppe ligand. The most conspicuous feature is the suc-
cession of bond lengths along the Ru�S=C�C=C�C chain.
While the Ru�S distance is the same as in the thiobenzalde-
hyde complex, the C=S double bond is 2 pm longer. The ad-
jacent C�C bond is much shorter than the central C�C
single bond in butadiene (147.6 pm)[30] to which it might rea-
sonably be compared. The next formal double bond is fairly
long. The entire thiocinnamaldehyde ligand is almost per-
fectly planar, including even the dimethylamino group in
the para position. The structure of 4-dimethylamino-cinna-
maldehyde was determined for comparison (Figure 2).


As expected the unsaturated aldehyde adopts an almost
planar transoid structure. The largest deviation from copla-
narity is manifested in the dihedral angle C(21)-C(22)-
C(23)-O(1) of 10.6(3)8. The lengths of the formal single and
double bonds in this molecule conform exactly to their ex-
pected values. Almost identical geometric parameters have
previously been found in the structures of the closely related
4-nitro-cinnamaldehyde[31] and 4-hydroxy-3-methoxy-cinna-
maldehyde.[32]


ACHTUNGTRENNUNG[4+2]-Cycloaddition reactions with vinylethers : To test the
reactivity of the thiocinnamaldehyde complexes towards
electron-rich dienophiles, the compounds 5a–f and 6a–f
were treated with a large excess of ethylvinylether or butyl-
vinylether. Monitoring the progress of the reaction by
31P NMR spectroscopy revealed the slow disappearance of
the starting materials (except for 5d and 6d which were un-
reactive and 6g which decomposed too rapidly) whilst one
or two AB systems began to appear, signaling the possible
formation of diastereomeric products. Chromatographic
workup gave the cycloadducts 7a–f and 8a–f in generally
good yields (Table 1).
The cycloadducts are brownish-orange or -red crystalline


materials that are readily soluble in polar organic solvents.
Their 1H NMR spectra are fairly complex but nevertheless
allow an unambiguous assessment of the constitution of the


newly-formed 3,4-dihydro-2H-thiopyran rings. We begin
with the signal at d=3.0 ppm whose assignment to H4 fol-
lows known precedence[33–37] and is further supported by the
observation, in the H,H-COSY spectra, of weak crosspeaks
with the signals of the aryl group R1. H4 is coupled to three
vicinal protons, establishing the regioselectivity of the cyclo-
addition as shown in Table 1. For this six-membered ring
system, two conformers of both diastereoisomers have to be
taken into consideration (Figure 3).


In the major products, the only H,H coupling exceeding
J=8 Hz is the geminal coupling between H3a and H3e. This
immediately rules out conformer B of the endo adduct and
both conformers of the exo adduct. All of those would con-
tain pairs of protons in antiperiplanar positions which


Figure 2. Structure of 4-dimethylamino-cinnamaldehyde, hydrogen atoms
omitted for clarity. Space group Pbca ; selected distances [pm] and angles
[8] (standard deviations in parentheses): C(14)�C(21) 144.7(2), C(21)�
C(22) 134.1(2), C(22)�C(23) 144.2(2), C(23)�O(1) 121.8(2), C(14)-C(21)-
C(22) 128.12(14), C(21)-C(22)-C(23) 120.88(15), C(22)-C(23)-O(1)
124.90(18).


Table 1. Products from the [4+2]-cycloaddition reactions with vinyleth-
ers.


Ph2P�PPh2 R1 R2 R3 Yield [%] endo/exo


7a’ dppm Ph H Bu 78 84:16
7b dppm 2-MeOC6H4 H Et 88 74:26
7c dppm 4-MeOC6H4 H Et 82 endo only
7e dppm 4-ClC6H4 H Et 66 endo only
7 f dppm Ph Me Et 90 endo only
8a dppe Ph H Et 73 >90:<10
8a’ dppe Ph H Bu 81 82:18
8c dppe 4-MeOC6H4 H Et 65 >90:<10
8e dppe 4-ClC6H4 H Et 73 >90:<10
8 f dppe Ph Me Et 74 endo only


Figure 3. Conformers of endo and exo adducts 7 and 8.
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should give rise to another large H,H coupling in the range
of J=8–13 Hz. A careful inspection of the 1H NMR spectra
of the raw materials revealed additional signals which in the
cases of 7a’, 7b, 8a, and 8a’ could be assigned to the respec-
tive exo adducts. In these, H4 exhibits a large (J=13 Hz)
coupling to one of the methylene protons and thus has to be
assigned an axial position, while the small couplings of the
H-2 signal hint at an equatorial site for that proton. Thus
conformer A can also be identified as the predominant one
of the exo adducts.


ACHTUNGTRENNUNG[4+2]-Cycloaddition reactions with styrenes : Styrenes, in
particular those bearing electron-withdrawing substituents,
added less readily to the thiocinnamaldehyde complexes.
Thus the reactions of the sterically more hindered dppe
complexes 6 were too slow and accompanied by decomposi-
tion. As a consequence, pure cycloaddition products could
not be obtained. The dppm complexes 5, however, reacted
readily with a series of styrenes to give ruthenium-coordi-
nated 2,4-diaryl-3,4-dihydro-2H-thiopyrans (Table 2).


The reactions were monitored by 31P NMR spectroscopy.
In addition to the signals of the main product, two or even
three small AB systems also began to appear. We have not
been able to fully identify these side products, but it is rea-
sonable to assume that besides the expected two diastereoi-
someric 2,4-diaryl-3,4-dihydro-2H-thiopyrans the corre-
sponding 3,4-diaryl-3,4-dihydro-2H-thiopyrans were also
formed. After chromatographic separation the main prod-
ucts were isolated in generally good yields as yellow crystal-
line materials. Their 1H NMR spectra are distinctly different
from those of the vinylether adducts 7 and 8. The H2 signal


at d=3.8 ppm consistently exhibits one large and one small
coupling indicating that this proton resides in an axial posi-
tion. The H4 signal at d=2.3 ppm was unfortunately ob-
served only as a broad multiplet. However, its large (J=2.4–
2.8 Hz) allylic coupling to H6 could be seen in the signal of
that proton. This value is near the upper limit for that type
of coupling and indicates that the C4�H4 bond is almost
parallel to the p orbitals of the C5�C6 p bond,[38] which
means that H4 is also axial. Thus the addition of styrenes
also gives predominantly endo diastereoisomers that prefer
the all-equatorial conformation B (Figure 3, R3 instead of
OR3).
The rate of reaction of 5a with the para-substituted styr-


enes H2C=CHC6H4Y (Y=OMe, Me, H, Cl, Br, NO2) was de-
termined to gain some insight into the electronic character
of this [4+2]-cycloaddition. Reactions were carried out at
37.5 8C under pseudo-first-order conditions with a large
excess of the respective styrene (Table 3 and Figure 4).


The rate of reaction covers a fivefold range and it increas-
es with electron-releasing substituents at the aromatic ring.
This implies that the energy of the transition state is domi-
nated by the incipient interaction of the HOMO of the dien-
ophile with the LUMO of the coordinated thiocinnamalde-
hyde.


ACHTUNGTRENNUNG[4+2]-Cycloaddition reactions with norbornadiene and nor-
bornene : The thiocinnamaldehyde complexes did not react


Table 2. Products from the [4+2]-cycloaddition reactions with styrenes.


R1 R2 R3 Yield [%]


9a Ph H Ph 79
9b Ph H 4-MeC6H4 87
9c Ph H 4-MeOC6H4 79
9d Ph H 4-ClC6H4 73
9e Ph H 4-BrC6H4 83
9 f Ph H 4-O2NC6H4 83
9g 4-MeOC6H4 H 4-MeC6H4 70
9h 4-ClC6H4 H 4-MeC6H4 65
9 i Ph Me 4-MeC6H4 70


Table 3. Rates of addition of the para-substituted styrenes H2C=
CHC6H4Y to 5a at 37.5 8C (c (styrene)=0.60 molL�1).


Y OMe Me H Cl Br NO2


sp
+ [a] �0.78 �0.31 0.00 0.11 0.15 0.79


k [10�5 s�1] 3.10 1.39 1.04 0.97 0.76 0.59
k2 [10


�5 Lmol�1 s�1] 5.17 3.21 1.73 1.61 1.26 0.98
k2 ACHTUNGTRENNUNG(rel) 2.99 1.86 1.00 0.93 0.73 0.57
log[k2ACHTUNGTRENNUNG(rel)] 0.48 0.27 0.00 �0.03 �0.14 �0.25


[a] Values taken from reference [39].


Figure 4. Hammett plot of log[k2 ACHTUNGTRENNUNG(rel)] for the addition of para-substituted
styrenes H2C=CHC6H4Y to 5a.
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with simple olefins, such as 1-hexene, cyclohexene, or cyclo-
pentene. A clean addition, however, was observed with the
strained olefins norbornadiene and norbornene. Thus, treat-
ment of 5a,b,d or 6a,b,d with a large excess of norborna-
diene at room temperature gave the expected complexes of
3-thia-tricyclo[6.2.1.02,7]undeca-4,9-dienes 10a–c and 11a–c
as mixtures of two diastereoisomers (Table 4).


The constitution of the major isomers was unambiguously
deduced by 1H NMR spectroscopy combined with H,H-
COSY and NOE spectroscopic measurements, taking exo-
10a as a typical example: we begin with the pair of doublets
at d=0.90 and 1.57 ppm. The latter exhibits a strong Over-
hauser correlation with the ddd signal at d=2.97 ppm and is
thus assigned to H11 (Figure 5).


The signal at d=2.97 ppm in turn has Overhauser correla-
tions with the ortho protons of the phenyl group and one
olefinic signal at d=6.01 ppm, and therefore can be assigned
to H6. A large 3J ACHTUNGTRENNUNG(H,H) coupling shows that H6 and its cou-
pling partner H7 (d=1.84 ppm) reside in axial positions. H7
is connected through a large coupling with the doublet at
d=2.88 ppm, belonging to H2. The two narrow unresolved
multiplets at d=1.80 and 2.30 ppm arise from the bridge-
head protons. The former shows a distinct Overhauser cor-


relation with the cyclopentadienyl ligand and must therefore
be assigned to H1. Crosspeaks in the H,H-COSY spectrum
connect H1 to H10 (d=5.82 ppm) and H8 to H9 (d=
5.95 ppm). Finally, the signals of H4 and H5 can be assigned
by their chemical shift, the fairly large allylic coupling be-
tween H4 and H6, and the Overhauser correlation between
H5 and H6. The 1H NMR spectra of the other exo isomers
are, as expected, very similar. Many of the signals of the
minor isomers were hidden beneath those of the exo ad-
ducts. Taking the available evidence together (and assuming
that a minor substituent change at the aryl group would not
completely change the stereochemical course of the cycload-
dition), it is nevertheless safe to assume that the minor iso-
mers have the endo structure shown in Table 4. Further sup-
port for this assignment comes from a comparison with the
1H and 13C NMR spectra of the uncoordinated 6-phenyl-3-
thia-tricyclo[6.2.1.02,7]undeca-4,9-diene[14] and the corre-
sponding 6-phenyl-3-thia-tricyclo[6.2.1.02,7]undec-4-ene.[13]


The reaction of norbornene with the thiocinnamaldehyde
complexes gave completely analogous products with even
better selectivity for the exo addition (Table 5).


The 1H NMR spectra could not always be fully assigned
due to the serious overlap of the many aliphatic signals.
Nevertheless, the similarity of the characteristic resonances
of H6, H7, H11, and H11’ to those of the norbornadiene ad-
ducts leaves no doubt that the two groups of cycloadducts
have analogous stereochemistry.


ACHTUNGTRENNUNG[4+2]-Cycloaddition reactions with a,b-unsaturated carbon-
yl compounds : The reaction of 5a,b with acrolein, methacro-
lein, ethyl acrylate, and methylvinylketone proceeded
smoothly to give the cycloadducts 14a–e in generally good
yields as mixtures of two diastereoisomers (Table 6).
The outcome of this reaction with regard to regio- and di-


astereoselectivity as shown in Table 6 has some precedence


Table 4. Products from the [4+2]-cycloaddition reactions with norborna-
diene.


Ph2P�PPh2 dppm dppe
R Yield [%] endo/exo Yield [%] endo/exo


Ph 10a 87 90:10 11a 90 75:25
2-MeOC6H4 10b 82 82:18 11b 87 77:23
4-Me2NC6H4 10c 89 86:14 11c 78 89:11


Figure 5. Atom numbering schemes for the norbornadiene adducts exo-
10a–c and exo-11a–c (left) and the norbornene adducts exo-12a–c and
exo-13a–c (right).


Table 5. Products from the [4+2]-cycloaddition reactions with norbor-
nene.


Ph2P�PPh2 dppm dppe
R Yield [%] endo/exo Yield [%] endo/exo


Ph 12a 91 93:7 13a 90 88:12
2-MeOC6H4 12b 76 91:9 13b 81 89:11
4-Me2NC6H4 12c 88 96:4 13c 81 91:9
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in the cycloaddition chemistry of a,b-unsaturated thioke-
tones and -amides.[33,34,43] The assignment of the 1H NMR
spectrum of the methylvinylketone adduct 14d may serve as
an example. In the major isomer, the CH2 group next to
sulfur shows the expected large geminal coupling and a
large vicinal coupling to H3, which establishes an axial posi-
tion for the latter. H3 gives rise to a ddd signal with a large
coupling to H2a, a medium one to H4 (indicating an equato-
rial position of that proton), and a small one to H2e which,
due to a slight broadening of the H2 signals, is not resolved
in the 1H NMR spectrum but can still be seen in the H,H-
COSY spectrum. H4 appears as an unresolved multiplet,
but the vicinal coupling 3J ACHTUNGTRENNUNG(H4,H5)=5.1 Hz can be seen in
the signal of H5. In the minor isomer, H4 produces a large
coupling to H3 and a very small one to H5, establishing
axial positions for H3 and H4. Thus it is clear that the major
isomer has the endo and the minor isomer the exo configu-
ration (Figure 6).


ACHTUNGTRENNUNG[4+2]-Cycloaddition reactions with ethyl propiolate : Three
representative thiocinnamaldehyde complexes were treated
with a large excess of ethyl propiolate. The addition was
quite slow but produced the expected 4H-thiopyran com-
plexes 15a–c in reasonable yields (Table 7).


The direction of the cycloaddition is immediately evident
from the NMR signal of H4, which couples with only one
olefinic proton. Other noteworthy spectroscopic features are
a long-range coupling between H2 and H6 and the apparent,
if sometimes broad, singlet in the 31P NMR spectrum. The
stereogenic center at C4 is too far removed from the phos-
phine ligand to lead to a significant shift difference of the
two diastereotopic P nuclei.


Discussion


The synthesis of the thiocinnamaldehyde complexes via the
condensation reaction (Scheme 2) exploits the high nucleo-
philicity of the Ru�SH group, a result of the antibonding in-
teraction of the p orbital at sulfur and one of the d orbitals
out of the occupied t2g set at ruthenium.


[40] The deep color
of the products 5 and 6 arises from an intense absorption
with a broad maximum around 510 nm which tails out all
the way into the NIR region of the spectrum. Thus it ap-
pears that the already fairly small HOMO–LUMO separa-
tion of a,b-unsaturated thiocarbonyl compounds[41] is further
lowered by coordination to the electron-rich ruthenium
complex. The structure of 6d points to some degree of elec-
tron delocalization along the unsaturated C�C�C chain
(Figure 7). It is tempting to also invoke the planarity of the
dimethylamino group as an indication of this delocalization.
On the other hand, the nitrogen in 4-dimethylamino-cinna-
maldehyde is also planar, although there are no further indi-
cations of delocalization within this molecule.
The Diels–Alder addition of vinyl ethers to the thiocinna-


maldehyde complexes is slow as a result of the steric hin-
drance by the ruthenium complex. It is nevertheless com-
plete and gives the expected 2,4,5-trisubstituted 3,4-dihydro-
2H-thiopyrans in good yields with high regio- and good dia-
stereoselectivities. The preference for the endo adducts is in
line with previous results obtained with a,b-unsaturated thi-


Table 6. Products from the [4+2]-cycloaddition reactions with a,b-unsa-
turated carbonyl compounds.


R1 R2 R3 Yield [%] endo/exo


14a Ph H H 88 62:38
14b Ph H Me 83 90:10
14c 2-MeOC6H4 H Me 81 69:31
14d Ph Me H 76 77:23
14e Ph OEt H 81 95:5


Figure 6. Atom numbering schemes for the endo and exo adducts of
14a–e.


Table 7. Products from the [4+2]-cycloaddition reactions with ethyl pro-
piolate.


R1 R2 Yield [%]


15a 4-C6H4OMe H 62
15b 4-C6H4Cl H 51
15c Ph Me 65
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oketones,[42, 43] dithioesters,[44,45] or thioamides.[33] The fact
that the diastereoselectivity is even higher than in most of
the previous cases[33,42–45] is certainly due to the restrictions
imposed by the bulky ruthenium complex. In the products,
the dihydropyran should be able to undergo a rapid ring in-
version like its oxo analogue.[46] This would have to be ac-
companied by a rapid inversion at sulfur which, for thioeth-
er complexes, is a facile process.[47] Nevertheless, the ob-
served NMR data, in particular the large diaxial couplings,
indicate that only the conformer with both the alkoxy and
the aryl groups in axial positions is present in solution. Ob-
viously the preference of the alkoxy group for the axial posi-
tion at C2 dominates the conformational equilibrium regard-
less of the presence of the large ruthenium complex.
The addition of styrenes gives a largely analogous result


with perhaps slightly lower regioselectivity, the only differ-
ence being the fact that now the conformer with both sub-
stituents in equatorial positions is thermodynamically fa-
vored. The decrease of the rate of addition with the increas-
ing Hammett substituent constant s+ shows that this is a
Diels–Alder addition with “inverse electron demand”.[48]


Nevertheless, highly electrophilic dienophiles, such as a,b-
unsaturated aldehydes, ketones, and esters as well as ethyl
propiolate add readily to the thiocinnamaldehyde com-
plexes. Obviously, for dienophiles with very low LUMO en-
ergies the reaction is dominated by the HOMO ACHTUNGTRENNUNG(diene)–
LUMO(dienophile) interaction.
3,4-Dihydro-2H-thiopyrans belong to a well-known class


of heterocycles.[49, 50] However, due to a lack of suitable syn-
thetic procedures there are only a few known examples
which bear hydrogen substituents at the 5- and 6-positions.
The isomeric 3,6-dihydro-2H-thiopyrans have previously
been obtained as [W(CO)5] or [CpRu ACHTUNGTRENNUNG(PR3)2]


+ complexes by
Diels–Alder addition of dienes to the corresponding thio-
benzaldehyde complexes.[23,51] Thus the use of transition-
metal-stabilized thioaldehydes as starting materials provides
suitable alternatives for the synthesis of six-membered
sulfur heterocycles. In this context it should be mentioned
that the cleavage of thioether ligands from halfsandwich
ruthenium complexes can be achieved under mild condi-
tions.[52–54]


Conclusion


The work presented here shows that ruthenium complexes
of thiocinnamaldehydes are readily accessible and undergo
[4+2]-cycloadditions with a range of electron-rich and -poor
dienophiles. Thus the thiocinnamaldehyde ruthenium com-
plexes described here can serve as protected forms of thio-


cinnamaldehydes. The ruthenium complex does not signifi-
cantly change the electronic character of the heterodiene
but exerts a pronounced steric effect. We may therefore
expect that by introducing chiral, enantiomerically pure
phosphine ligands at the ruthenium complex, we should be
able to obtain enantiomerically enriched Diels–Alder ad-
ducts. Work along these lines is forthcoming from our labo-
ratory.


Experimental Section


All preparations were carried out in an inert atmosphere by using stand-
ard Schlenk techniques. [CpRu ACHTUNGTRENNUNG(PPh3)2Cl],


[27] [CpRu ACHTUNGTRENNUNG(dppm)Cl],[28] and
NaSH[55] were prepared by following published procedures. The cinna-
maldehydes and dienophiles were vacuum-distilled or recrystallized prior
to use; other starting materials were employed as received from commer-
cial sources. Chromatographic separations were performed by using a
silica (Merck, grain size 0.062–0.20 mm) column of 20 cm length and
2 cm diameter. Elemental analyses were carried out by the microanalyti-
cal laboratory of the Institut fCr Anorganische Chemie. Melting or de-
composition points were determined by differential scanning calorimetry
(DSC). UV spectra were recorded by using a Hewlett–Packard HP
8452 A diode array spectrophotometer. Samples were measured as dilute
solutions in 1.00 mm quartz cells. 1H, 13C{1H}, and 31P{1H} NMR spectra
were recorded by using Jeol JNM-LA 300 or Bruker AMX 400 instru-
ments. The assignment of the 13C NMR spectra was routinely checked by
recording DEPT 135 spectra. H,H-COSY spectra were consulted to elu-
cidate the complicated coupling patterns in the 1H NMR spectra of the
cycloadducts. The 1H and 13C NMR spectroscopic signals of the chelate
phosphine ligands dppm and dppe are very similar for all compounds and
have therefore been omitted from the lists of spectral data. All PF6


� salts
exhibited a septet at d=�144.1 ppm (1J ACHTUNGTRENNUNG(P,F)=710 Hz) in their 31P NMR
spectra.


ACHTUNGTRENNUNG[CpRuACHTUNGTRENNUNG(dppm)(SH)] (3): A solution of [CpRu ACHTUNGTRENNUNG(dppm)Cl] (0.35 g,
0.60 mmol) and NaSH (0.24 g, 2.50 mmol) in THF (15 mL) and EtOH
(10 mL) was heated under reflux for 16 h. The mixture was evaporated in
vacuo to 10 mL, toluene (15 mL) was added, and the resulting mixture
further evaporated to 10 mL. The precipitated solids were filtered off
and the filtrate evaporated to 5 mL. Addition of hexane (20 mL) and
cooling to 0 8C caused the product to crystallize. Yield 0.30 g (87%);
yellow crystalline powder; m.p. 83 8C (decomp); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=�3.98 (t, 3J ACHTUNGTRENNUNG(P,H)=10.5 Hz, 1H; RuSH), 4.60 (dt,
2J ACHTUNGTRENNUNG(H,H)=14.1, 2J ACHTUNGTRENNUNG(P,H)=11.4 Hz, 1H; CH2), 4.83 (s, 5H; Cp), 4.90 ppm
(dt, 2J ACHTUNGTRENNUNG(H,H)=14.1, 2J ACHTUNGTRENNUNG(P,H)=9.7 Hz, 1H; CH2);


31P NMR (162 MHz,
C6D6, 25 8C, H3PO4): d=18.2 ppm (s); elemental analysis (%) calcd for
C30H28P2RuS (583.6): C 61.74, H 4.84; found: C 61.49, H 4.88.


ACHTUNGTRENNUNG[CpRuACHTUNGTRENNUNG(dppe)(SH)] (4): A solution of [CpRu ACHTUNGTRENNUNG(PPh3)2Cl] (0.30 g,
0.41 mmol), dppe (0.20 g, 0.50 mmol), and NaSH (35 mg, 0.61 mmol) in
THF (10 mL) and EtOH (7 mL) was heated under reflux for 45 min. The
volatiles were removed in vacuo and the residue extracted with benzene
(20 mL). The mixture was filtered and the clear filtrate evaporated to
5 mL. Addition of hexane (20 mL) and cooling to 0 8C caused the product
to crystallize. Yield 0.22 g (90%); yellow crystalline powder; m.p. 59 8C
(decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=�4.56 (t,
3J ACHTUNGTRENNUNG(P,H)=8.1 Hz, 1H; RuSH), 2.23 (m, 2H; CH2), 2.77 (m, 2H; CH2),
4.67 ppm (s, 5H; Cp); 31P NMR (162 MHz, C6D6, 25 8C, H3PO4): d=


85.7 ppm (s); elemental analysis (%) calcd for C31H30P2RuS (597.7): C
62.30, H 5.06; found: C 62.76, H 5.14.


General procedure for the synthesis of thiocinnamaldehyde complexes
5a–f and 6a–g : Trifluoroacetic acid (5.0 mL, 0.40 mmol) was added to a
suspension of RuSH complex 3 or 4 (0.40 mmol), the respective cinna-
maldehyde (1.20 mmol), NH4PF6 (0.10 g, 0.61 mmol), and MgSO4 (0.10 g,
0.83 mmol) in THF (10 mL). After stirring for 4 h, the mixture was
evaporated to 3 mL, and the crude product precipitated by adding diethyl
ether (10 mL) and hexane (30 mL). The deep purple solid was dissolved


Figure 7. Electron delocalization within the cation of 6d.
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in acetone (5 mL) and chromatographed by using dichloromethane/ace-
tone 20:1 as an eluent. The deep purple band was collected and evaporat-
ed to a few milliliters, and the product precipitated by adding diethyl
ether.


Compound 5a : Yield 0.30 g (88%); deep purple crystalline powder; m.p.
116 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=5.01 (s,
5H; Cp), 6.80 (m, 2H; CH), 9.21 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; CHS);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=84.6 (s; Cp), C(b) signal
obscured by phenyl resonances, 142.0 (s; PhCH), 206.8 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=
7 Hz; CHS); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=9.2 ppm (s);
elemental analysis (%) calcd for C39H35F6P3RuS (843.8): C 55.52, H 4.18;
found: C 56.13, H 4.28.


Compound 5b : Yield 0.30 g (85%); deep purple crystalline powder; m.p.
118 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=3.85 (s,
3H; OMe), 5.05 (s, 5H; Cp), 6.80 (m, 2H; CH), 9.11 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
10.4 Hz, 1H; CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=55.6
(s; OMe), 85.1 (s; Cp), C(b) signal obscured by phenyl resonances, 140.4
(s; PhCH), 212.6 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (162 MHz,
CDCl3, 25 8C, H3PO4): d=9.3 ppm (s); elemental analysis (%) calcd for
C40H37F6OP3RuS (873.8): C 54.98, H 4.27, S 3.67; found: C 54.96, H 4.36,
S 3.48.


Compound 5c : Yield 0.32 g (91%); deep purple crystalline powder; m.p.
127 8C (decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=3.83
(s, 3H; OMe), 5.35 (s, 5H; Cp), 6.78 (d, 3J ACHTUNGTRENNUNG(H,H)=16.0 Hz, 1H; PhCH),
7.01 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.0, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H; SCCH), 9.68 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H; CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=55.3 (s; OMe), 83.7 (s; Cp), 114.7 (s; C(b)), 143.8 (s; PhCH),
208.5 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (121.5 MHz, [D6]acetone,
25 8C, H3PO4): d=10.2 ppm (s); elemental analysis (%) calcd for
C40H37F6OP3RuS (873.8): C 54.98, H 4.27, S 3.67; found: C 54.88, H 4.44,
S 3.70.


Compound 5d : Yield 0.30 g (85%); dark blue crystalline powder; m.p.
133 8C (decomp); 1H NMR (400 MHz, CDCl3, �53 8C, TMS): d=3.02 (s,
6H; NMe2), 5.00 (s, 5H; Cp), 6.73 (d,


3J ACHTUNGTRENNUNG(H,H)=14.0 Hz, 1H; PhCH),
6.81 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.3, 3J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H; SCCH), 9.18 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; CHS); 31P NMR (162 MHz, CDCl3, �53 8C,
H3PO4): d=11.3 ppm (s); elemental analysis (%) calcd for
C41H40F6NP3RuS (886.8): C 55.53, H 4.55, N 1.58, S 3.62; found: C 55.26,
H 4.45, N 1.77, S 3.36.


Compound 5e : Yield 0.30 g (85%); deep purple crystalline powder; m.p.
123 8C (decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=5.39
(s, 5H; Cp), 6.73 (d, 3J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; PhCH), 7.07 (dd, 3J ACHTUNGTRENNUNG(H,H)=
15.0, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; SCCH), 9.56 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz,
1H; CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=84.9 (s; Cp),
C(b) signal obscured by phenyl resonances, 140.9 (s; PhCH), 206.4 ppm
(t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (121.5 MHz, [D6]acetone, 25 8C,
H3PO4): d=9.3 ppm (s); elemental analysis (%) calcd for
C39H34ClF6OP3RuS (878.2): C 53.34, H 3.90, S 3.65; found: C 53.76, H
4.36, S 3.50.


Compound 5 f : Yield 0.28 g (81%); deep purple crystalline powder; m.p.
113 8C (decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.96 (s,
3H; Me), 5.06 (s, 5H; Cp), 6.50 (s, 1H; CH), 9.05 ppm (s, 1H; CHS);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=13.6 (s; Me), 85.6 (s; Cp),
C(b) signal obscured by phenyl resonances, 143.0 (s; PhCH), 212.4 ppm
(t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=
9.1 ppm (s); elemental analysis (%) calcd for C40H37F6P3RuS (857.8): C
56.01, H 4.35, S 3.74; found: C 57.03, H 4.87, S 3.60.


Compound 6a : Yield 0.28 g (82%); deep purple crystalline powder; m.p.
190 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=4.93 (s,
5H; Cp), 6.70 (dd, 3J ACHTUNGTRENNUNG(H,H)=15.3, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H; SCCH), 6.92
(d, 3J ACHTUNGTRENNUNG(H,H)=15.3 Hz, 1H; PhCH), 9.25 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H;
CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=85.5 (s; Cp), C(b)
signal obscured by phenyl resonances, 144.0 (s; PhCH), 210.9 ppm (t,
3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=


80.1 ppm (s); elemental analysis (%) calcd for C40H37F6P3RuS (857.8): C
56.01, H 4.35; found: C 56.33, H 4.10.


Compound 6b : Yield 0.29 g (82%); deep purple crystalline powder; m.p.
150 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=3.86 (s,
3H; OMe), 4.91 (s, 5H; Cp), 6.80 (m, 2H; CH), 9.09 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
10.8 Hz, 1H; CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=55.5
(s; OMe), 84.3 (s; Cp), C(b) signal obscured by phenyl resonances, 139.2
(s; PhCH), 212.1 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (162 MHz,
CDCl3, 25 8C, H3PO4): d=80.3 ppm (s); elemental analysis (%) calcd for
C41H39F6OP3RuS (887.8): C 55.47, H 4.43, S 3.61; found: C 55.85, H 4.57,
S 3.44.


Compound 6c : Yield 0.31 g (86%); deep purple crystalline powder; m.p.
178 8C (decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=3.78 (s,
3H; OMe), 4.90 (s, 5H; Cp), 6.64 (dd, 3J ACHTUNGTRENNUNG(H,H)=15.0, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz,
1H; SCCH), 6.88 (d, 3J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; PhCH), 9.18 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=55.6 (s; OMe), 85.1 (s; Cp), 121.1 (s; C(b)), 140.7 (s; PhCH),
212.7 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (121.5 MHz, CDCl3, 25 8C,
H3PO4): d=79.6 ppm (s); elemental analysis (%) calcd for
C41H39F6OP3RuS (887.8): C 55.47, H 4.43, S 3.61; found: C 55.51, H 4.62,
S 3.42.


Compound 6d : Yield 0.29 g (81%); dark blue crystalline powder; m.p.
144 8C (decomp); 1H NMR (400 MHz, CD2Cl2, �80 8C, TMS): d=3.02 (s,
6H; NMe2), 5.83 (s, 5H; Cp), 6.74 (d,


3J ACHTUNGTRENNUNG(H,H)=14.4 Hz, 1H; PhCH),
6.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.8, 3J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H; SCCH), 8.40 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H; CHS); 31P NMR (162 MHz, CDCl3, �80 8C,
H3PO4): d=79.8 ppm (s); elemental analysis (%) calcd for
C42H42F6NP3RuS (900.8): C 56.00, H 4.70, N 1.55, S 3.56; found: C 55.77,
H 4.61, N 1.51, S 3.66.


Compound 6e : Yield 0.27 g (77%); deep purple crystalline powder; m.p.
120 8C (decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=4.93 (s,
5H; Cp), 6.61 (dd, 3J ACHTUNGTRENNUNG(H,H)=15.0, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; SCCH), 6.94
(d, 3J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; PhCH), 9.28 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=85.9 (s; Cp), C(b)
signal obscured by phenyl resonances, 142.4 (s; PhCH), 210.8 ppm (t,
3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=
80.4 ppm (s); elemental analysis (%) calcd for C40H36ClF6OP3RuS
(892.2): C 53.85, H 4.07, S 3.59; found: C 53.33, H 4.02, S 3.47.


Compound 6 f : Yield 0.28 g (80%); deep purple crystalline powder; m.p.
185 8C (decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.87
(s, 3H; Me), 5.21 (s, 5H; Cp), 6.71 (s, 1H; CH), 9.44 ppm (s, 1H; CHS);
13C NMR (100 MHz, [D6]acetone, 25 8C, TMS): d=13.4 (s; Me), 86.3 (s;
Cp), C(b) signal obscured by phenyl resonances, 144.3 (s; PhCH),
216.1 ppm (t, 3J ACHTUNGTRENNUNG(P,C)=7 Hz; CHS); 31P NMR (162 MHz, [D6]acetone,
25 8C, H3PO4): d=80.1 ppm (s); elemental analysis (%) calcd for
C41H39F6P3RuS (871.8): C 56.49, H 4.51, S 3.68; found: C 56.57, H 4.73, S
3.41.


Compound 6g : Yield 0.22 g (60%); violet crystalline powder; m.p. 136 8C
(decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.07 (s, 5H; Cp),
6.69 (dd, 3J ACHTUNGTRENNUNG(H,H)=15.0, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; SCCH), 7.01 (d,
3J ACHTUNGTRENNUNG(H,H)=15.0 Hz, 1H; PhCH), 9.15 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H;
CHS); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=87.7 (s; Cp), C(b)
signal obscured by phenyl resonances, 139.8 (s; PhCH), 207.2 ppm (t,
3J ACHTUNGTRENNUNG(P,C)=6 Hz; CHS); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=


80.6 ppm (s); elemental analysis (%) calcd for C40H36F6NO2P3RuS
(902.8): C 53.22, H 4.02, N 1.55, S 3.55; found: C 53.51, H 4.45, N 1.69, S
3.08.


General procedure for the synthesis of 3,4-dihydro-2H-thiopyran com-
plexes 7a–f, 8a–f, and 9a–i : The dienophile (ca. 16 mmol) was added to
a solution of the respective thiocinnamaldehyde complex 5 or 6
(0.20 mmol) in acetone (5 mL). After stirring for 2–9 d a color change
from purple to brown was observed; at this point the starting material
had been consumed (31P NMR). The mixture was then evaporated to dry-
ness and the crude product dissolved in dichloromethane (5 mL) and pre-
cipitated by adding diethyl ether (10 mL) and hexane (30 mL). The solid
was redissolved in acetone (5 mL) and chromatographed by using di-
chloromethane/acetone 20:1 as the eluent. The brownish fraction was col-
lected and evaporated to a few milliliters, and the product precipitated
by adding diethyl ether and hexane.
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Compound 7a’: Yield 0.15 g (78%); grey crystalline powder; m.p. 125 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
0.66 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH3), 0.75–1.15 (m, 4H; C2H4), 2.21 (dt,
2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 1H; OCH2), 2.25 (ddd, 2J ACHTUNGTRENNUNG(H,H)=14.5,
3J ACHTUNGTRENNUNG(H,H)=4.8, 3J ACHTUNGTRENNUNG(H,H)=4.2 Hz, 1H; H3a), 2.35 (ddd, 2J ACHTUNGTRENNUNG(H,H)=14.5,
3J ACHTUNGTRENNUNG(H,H)=6.8, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; H3e), 2.73 (dt, 2J ACHTUNGTRENNUNG(H,H)=8.8,
3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 1H; OCH2), 3.30 (m, 1H; H4), 4.00 (m, 1H; H2), 5.04
(s, 5H; Cp), 5.08 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6), 5.96 ppm (dd,
3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=4.3 Hz, 1H; H5); exo isomer: d=0.78 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH3), 1.94 (ddd, 2J ACHTUNGTRENNUNG(H,H)=13.5, 3J ACHTUNGTRENNUNG(H,H)=13.5,
3J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 1H; H3a), 3.00 (dt, 2J ACHTUNGTRENNUNG(H,H)=9.8, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz,
1H; OCH2), 3.15 (dt,


2J ACHTUNGTRENNUNG(H,H)=9.8, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H; OCH2), 3.55
(ddd, 3J ACHTUNGTRENNUNG(H,H)=12.8, 3J ACHTUNGTRENNUNG(H,H)=3.0, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H4), 4.09 (m,
1H; H2), 4.90 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6), 5.04 (s, 5H; Cp), 5.84 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H5), other signals obscured by endo isomer;
13C NMR (100 MHz, CDCl3, 25 8C, TMS): endo isomer: d=13.6 (s; CH3),
18.8 (s; CH2), 31.0 (s; CH2), 33.7 (s; C3), 36.7 (s; C4), 69.2 (s; OCH2),
81.4 (s; Cp), 87.5 (s; C2), 119.6 ppm (s; C6), C5 signal obscured by
phenyl resonances; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): endo
isomer: d=7.0, 7.6 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); exo isomer: d=
6.8, 7.5 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); elemental analysis (%) calcd
for C45H47F6OP3RuS (943.9): C 57.26, H 5.02, S 3.40; found: C 57.28, H
5.10, S 3.15.


Compound 7b : Yield 0.17 g (88%); brown powder; m.p. 139 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
0.67 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3), 2.21 (m, 2H; H3a, H3e), 2.30 (dq,
2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 2.82 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.8,
3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; OCH2), 3.68 (m, 1H; H4), 3.79 (s, 3H; OMe), 3.85
(m, 1H; H2), 5.02 (s, 5H; Cp), 5.13 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6),
5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; H5); exo isomer: d=
0.85 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH3), 2.01 (ddd,


2J ACHTUNGTRENNUNG(H,H)=13.4, 3J ACHTUNGTRENNUNG(H,H)=
13.4, 3J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; H3a), 2.18 (m, 1H; H3e), 3.03 (dt, 2J ACHTUNGTRENNUNG(H,H)=
10.0, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 3.20 (dt, 2J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=
7.0 Hz, 1H; OCH2), 3.78 (s, 3H; OMe), 4.07 (m, 1H; H2), 4.30 (m, 1H;
H4), 4.87 (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H6), 5.06 (s, 5H; Cp), 5.82 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=9.8 Hz, 1H; H5); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
endo isomer: d=14.5 (s; CH3), 30.6 (s; C4), 31.4 (s; C3), 55.1 (s; OMe),
81.3 (s; Cp), 86.1 (s; C2), 121.1 ppm (s; C6), C5 signal obscured by
phenyl resonances; exo isomer: d=14.8 (s; CH3), 29.7 (s; C4), 31.1 (s;
C3), 55.2 (s; OMe), 81.3 (s; Cp), 86.6 ppm (s; C2), other signals obscured
by endo isomer; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): endo isomer:
d=7.0, 7.8 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); exo isomer: d=7.1,
7.6 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); elemental analysis (%) calcd for
C44H45F6O2P3RuS (945.9): C 55.87, H 4.80, S 3.39; found: C 56.57, H 4.45,
S 3.17.


Compound 7c : Yield 0.16 g (82%); brownish-red powder; m.p. 179 8C
(decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=0.75 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 2.20 (m, 2H; H3a, H3e), 2.42 (dq,


2J ACHTUNGTRENNUNG(H,H)=
8.7, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 2.75 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=
6.3 Hz, 1H; OCH2), 3.13 (d, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz, 1H; H4), 3.71 (s, 3H;
OMe), 3.99 (m, 1H; H2), 4.64 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.0, 4J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H;
H6), 5.00 (s, 5H; Cp), 5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=4.1 Hz,
1H; H5); 31P NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=6.8, 7.7 ppm
(AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); elemental analysis (%) calcd for
C44H45F6O2P3RuS (945.9): C 55.87, H 4.80, S 3.39; found: C 55.81, H 4.50,
S 3.23.


Compound 7e : Yield 0.13 g (66%); dark brown crystalline powder; m.p.
122 8C (decomp); 1H NMR (300 MHz, CD2Cl2, 25 8C, TMS): d=0.68 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 2.24 (m, 2H; H3a, H3e), 2.29 (dq,


2J ACHTUNGTRENNUNG(H,H)=
8.8, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; OCH2), 2.78 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 1H; OCH2), 3.39 (d, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz, 1H; H4), 3.90 (d,
3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H2), 5.06 (s, 5H; Cp), 5.16 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.2,
4J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H; H6), 5.97 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.1, 3J ACHTUNGTRENNUNG(H,H)=
4.2 Hz, 1H; H5); 13C NMR (75 MHz, [D6]acetone, 25 8C, TMS): d=14.2
(s; CH3), 33.4 (s; C4), 36.1 (s; C3), 65.1 (s; OCH2), 81.2 (s; Cp), 86.8 (s;
C2), 121.1 (s; C6), 141.6 ppm (s; C5); 31P NMR (121.5 MHz, CDCl3,
25 8C, H3PO4): d=7.0, 7.5 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); elemental


analysis (%) calcd for C43H42ClF6OP3RuS (950.3): C 54.35, H 4.45, S 3.37;
found: C 55.09, H 4.56, S 3.18.


Compound 7 f : Yield 0.17 g (90%); brownish-orange powder; m.p. 122 8C
(decomp); 1H NMR (300 MHz, CD3CN, 25 8C, TMS): d=0.50 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 1.49 (s, 3H; Me), 1.97 (dq,


2J ACHTUNGTRENNUNG(H,H)=8.8,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H; OCH2), 2.25 (m, 1H; H3a), 2.46 (m, 1H; H3e),
2.74 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.9, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 3.38 (m, 1H; H4),
4.15 (m, 1H; H2), 4.89 (d, 4J ACHTUNGTRENNUNG(H,H)=1.3 Hz, 1H; H6), 5.31 ppm (s, 5H;
Cp); 13C NMR (75 MHz, CD3CN, 25 8C, TMS): d=14.8 (s; CH3), 24.6 (s;
Me), 34.6 (s; C3), 41.9 (s; C4), 65.6 (s; OCH2), 82.4 (s; Cp), 88.1 (s; C2),
116.5 ppm (s; C6), C5 signal obscured by phenyl resonances; 31P NMR
(121.5 MHz, CD3CN, 25 8C, H3PO4): d=8.2, 8.7 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=91 Hz); elemental analysis (%) calcd for C44H45F6OP3RuS
(929.9): C 56.83, H 4.88, S 3.45; found: C 56.35, H 4.96, S 3.69.


Compound 8a : Yield 0.14 g (73%); brown crystalline powder; m.p.
131 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=0.87 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 1.93 (m, 1H; H3a), 2.10 (m, 1H; H3e), 2.84
(m, 1H; OCH2), 2.92 (m, 1H; H4), 2.99 (m, 1H; OCH2), 3.47 (d,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H; H2), 4.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=2.5 Hz,
1H; H6); 4.92 (s, 5H; Cp), 5.77 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=
3.5 Hz, 1H; H5); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=14.7 (s;
CH3), 34.9 (s; C4), 39.8 (s; C3), 64.2 (s; OCH2), 82.2 (s; Cp), 84.5 (s; C2),
119.6 ppm (s; C6), C5 signal obscured by phenyl resonances; 31P NMR
(162 MHz, CDCl3, 25 8C, H3PO4): d=74.3, 74.5 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=26 Hz); elemental analysis (%) calcd for C44H45F6OP3RuS
(929.9): C 56.83, H 4.88, S 3.45; found: C 56.70, H 4.65, S 3.20.


Compound 8a’: Yield 0.16 g (81%); grey crystalline powder; m.p. 127 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
0.74 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH3), 1.00 (tq, 3J ACHTUNGTRENNUNG(H,H)=7.2, 3J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 2H; CH2), 1.14 (tt, 3J ACHTUNGTRENNUNG(H,H)=6.6, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H; CH2),
1.94 (ddd, 2J ACHTUNGTRENNUNG(H,H)=15.0, 3J ACHTUNGTRENNUNG(H,H)=6.8, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H; H3a), 2.13
(ddd, 2J ACHTUNGTRENNUNG(H,H)=15.0, 3J ACHTUNGTRENNUNG(H,H)=6.4, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; H3e), 2.65 (dt,
2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; OCH2), 2.89 (dt, 2J ACHTUNGTRENNUNG(H,H)=8.4,
3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; OCH2), 3.04 (m, 1H; H4), 3.44 (d, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 1H; H2), 4.37 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.8, 4J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; H6), 4.91
(s, 5H; Cp), 5.81 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; H5); exo
isomer: d=0.82 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH3), 4.27 (d, 3J ACHTUNGTRENNUNG(H,H)=
10.6 Hz, 1H; H6), 5.00 (s, 5H; Cp), 5.71 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H;
H5), other signals obscured by endo isomer; 13C NMR (100 MHz, CDCl3,
25 8C, TMS): endo isomer: d=14.8 (s; CH3), 20.0 (s; CH2), 31.2 (s; CH2),
35.1 (s; C4), 38.3 (s; C3), 64.0 (s; OCH2), 82.8 (s; Cp), 85.6 (s; C2),
119.7 ppm (s; C6), C5 signal obscured by phenyl resonances; 31P NMR
(162 MHz, CDCl3, 25 8C, H3PO4): endo isomer: d=74.1, 74.4 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); exo isomer: d=73.6, 75.5 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=26 Hz); elemental analysis (%) calcd for C46H49F6OP3RuS
(957.9): C 57.68, H 5.16, S 3.35; found: C 57.37, H 4.93, S 3.47.


Compound 8c : Yield 0.12 g (65%); brown powder; m.p. 126 8C
(decomp); 1H NMR (300 MHz, CD2Cl2, 25 8C, TMS): d=0.90 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 1.95 (m, 2H; H3a, H3e), 2.84 (m, 1H; H4),
2.93 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 3.06 (dq,
2J ACHTUNGTRENNUNG(H,H)=8.9, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 3.54 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.8,
4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; H2), 4.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz,
1H; H6), 4.95 (s, 5H; Cp), 5.75 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=
3.3 Hz, 1H; H5); 13C NMR (75 MHz, CD2Cl2, 25 8C, TMS): d=15.0 (s;
CH3), 35.7 (s; C4), 38.2 (s; C3), 55.5 (s; OMe), 64.1 (s; OCH2), 83.2 (s;
Cp), 84.4 (s; C2), 114.0 ppm (s; C6), C5 signal obscured by phenyl reso-
nances; 31P NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): endo isomer: d=
74.5, 74.7 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=25 Hz); exo isomer: d=78.1,
83.0 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=23 Hz); elemental analysis (%) calcd for
C45H47F6O2P3RuS (959.9): C 56.31, H 4.94, S 3.34; found: C 55.97, H 5.00,
S 2.93.


Compound 8e : Yield 0.14 g (73%); brownish-green crystalline powder;
m.p. 124 8C (decomp); 1H NMR (300 MHz, CD2Cl2, 25 8C, TMS): d=0.81
(t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 1.94 (m, 1H; H


3a), 2.11 (m, 1H; H3e),
2.75 (dq, 2J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; OCH2), 3.14 (dq,
2J ACHTUNGTRENNUNG(H,H)=9.0, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H; OCH2), 3.26 (d, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz,
1H; H4), 3.54 (d, 4J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; H2), 4.71 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0,
4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H6), 5.20 (s, 5H; Cp), 5.88 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=
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10.1, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz, 1H; H5); 13C NMR (75 MHz, CD2Cl2, 25 8C,
TMS): d=14.9 (s; CH3), 34.9 (s; C4), 37.7 (s; C3), 64.7 (s; OCH2), 83.2
(s; Cp), 84.6 (s; C2), 120.6 (s; C6), 141.9 ppm (s; C5); 31P NMR
(121.5 MHz, [D6]acetone, 25 8C, H3PO4): endo isomer: d=73.9, 74.3 ppm
(AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); exo isomer: d=79.3, 84.2 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=22 Hz); elemental analysis (%) calcd for C44H44ClF6OP3RuS
(950.3): C 54.80, H 4.60, S 3.33; found: C 54.90, H 4.38, S 3.56.


Compound 8 f : Yield 0.14 g (74%); brownish crystalline powder; m.p.
152 8C (decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=0.71
(t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 1.36 (s, 3H; Me), 2.07 (m, 2H; H3a,
H3e), 2.50 (dq, 2J ACHTUNGTRENNUNG(H,H)=9.1, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H; OCH2), 2.90 (dq,
2J ACHTUNGTRENNUNG(H,H)=8.9, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H; OCH2), 3.19 (m, 1H; H4), 3.52 (dd,
3J ACHTUNGTRENNUNG(H,H)=5.5, 4J ACHTUNGTRENNUNG(H,H)=1.3 Hz, 1H; H2), 4.29 (d, 4J ACHTUNGTRENNUNG(H,H)=1.3 Hz, 1H;
H6), 5.22 ppm (s, 5H; Cp); 13C NMR (75 MHz, [D6]acetone, 25 8C,
TMS): d=14.7 (s; CH3), 23.0 (s; Me), 35.0 (s; C3), 41.3 (s; C4), 65.0 (s;
OCH2), 83.7 (s; Cp), 86.1 (s; C2), 125.4 ppm (s; C6), C5 signal obscured
by phenyl resonances; 31P NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4):
d=73.2, 74.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); elemental analysis (%)
calcd for C45H47F6OP3RuS (943.9): C 57.26, H 5.02, S 3.40; found: C
56.98, H 4.89, S 3.22.


Compound 9a : Yield 0.15 g (79%); greenish-yellow powder; m.p. 149 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.90 (m, 2H;
H3a, H3e), 2.24 (m, 1H; H4), 3.72 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 2J ACHTUNGTRENNUNG(H,H)=2.4 Hz,
1H; H2), 4.30 (s, 5H; Cp), 4.95 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz,
1H; H6), 5.92 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H5); 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=41.4 (s; C3), 41.7 (s; C4), 54.9 (s; C2), 80.7 (s;
Cp), 118.9 (s; C6), 137.4 ppm (s; C5); 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): d=3.9, 10.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=86 Hz); elemental analy-
sis (%) calcd for C47H43F6P3RuS (947.9): calcd: C 59.55, H 4.57, S 3.38;
found: C 59.25, H 4.50, S 3.26.


Compound 9b : Yield 0.17 g (87%); yellow crystalline powder; m.p. 98 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.90 (m, 2H;
H3a, H3e), 2.22 (m, 1H; H4), 2.33 (s, 3H; Me), 3.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0,
4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H2), 4.31 (s, 5H; Cp), 4.95 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4,
4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H6), 5.91 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H5);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=21.3 (s; Me), 41.5 (s; C3),
41.8 (s; C4), 54.7 (s; C2), 80.7 (s; Cp), 119.0 (s; C6), 137.3 ppm (s; C5);
31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=4.0, 10.9 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=86 Hz); elemental analysis (%) calcd for C48H45F6P3RuS
(961.9): C 59.93, H 4.72, S 3.33; found: C 60.66, H 4.70, S 2.71.


Compound 9c : Yield 0.15 g (79%); yellow crystalline powder; m.p.
160 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.87 (m,
2H; H3a, H3e), 2.25 (m, 1H; H4), 3.65 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 4J ACHTUNGTRENNUNG(H,H)=
2.4 Hz, 1H; H2), 4.33 (s, 5H; Cp), 4.79 (s, 3H; OMe), 4.97 (dd,
3J ACHTUNGTRENNUNG(H,H)=10.8, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H6), 5.89 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
10.8 Hz, 1H; H5); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=41.5 (s;
C3), 41.9 (s; C4), 54.3 (s; C2), 55.5 (s; OMe), 80.8 (s; Cp), 114.6 (s; C6),
137.1 ppm (s; C5); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=3.8,
11.1 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=86 Hz); elemental analysis (%) calcd for
C48H45F6OP3RuS (977.9): C 58.95, H 4.64, S 3.28; found: C 59.96, H 4.64,
S 2.85.


Compound 9d : Yield 0.14 g (73%); yellow powder; m.p. 120 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.87 (m, 2H;
H3a, H3e), 2.35 (m, 1H; H4), 3.84 (m, 1H; H2), 4.40 (s, 5H; Cp), 5.02
(dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H6), 5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=
10.4, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; H5); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=41.4 (s; C4), 41.7 (s; C3), 55.0 (s; C2), 80.9 (s; Cp), 119.4 (s;
C6), 136.8 ppm (s; C5); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=
3.7, 9.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=86 Hz); elemental analysis (%) calcd
for C47H42ClF6P3RuS (982.4): C 57.47, H 4.31, S 3.26; found: C 57.23, H
4.20, S 2.96.


Compound 9e : Yield 0.17 g (83%); yellow crystalline powder; m.p.
146 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.86 (m,
2H; H3a, H3e), 2.34 (m, 1H; H4), 3.84 (d, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H; H2),
4.40 (s, 5H; Cp), 5.02 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H6),
5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 3J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; H5); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=41.4 (s; C4), 41.6 (s; C3), 55.2 (s;
C2), 81.0 (s; Cp), 119.4 (s; C6), 136.7 ppm (s; C5); 31P NMR (162 MHz,


CDCl3, 25 8C, H3PO4): d=3.6, 9.8 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=87 Hz); ele-
mental analysis (%) calcd for C47H42BrF6P3RuS (1026.8): C 54.98, H 4.12,
S 3.12; found: C 54.81, H 3.98, S 2.81.


Compound 9 f : Yield 0.16 g (83%); yellow powder; m.p. 134 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.94 (m, 2H;
H3a, H3e), 2.72 (m, 1H; H4), 4.20 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.8, 4J ACHTUNGTRENNUNG(H,H)=3.2 Hz,
1H; H2), 4.57 (s, 5H; Cp), 5.20 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz,
1H; H6), 5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; H5);
31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): d=3.7, 8.1 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=87 Hz); elemental analysis (%) calcd for C47H42F6NO2P3RuS
(992.9): C 56.86, H 4.26, S 3.23; found: C 56.65, H 4.42, S 2.96.


Compound 9g : Yield 0.14 g (70%), greyish-yellow powder; m.p. 141 8C
(decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.89 (m, 2H;
H3a, H3e), 2.24 (m, 1H; H4), 2.33 (s, 3H; Me), 3.63 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.0,
4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H2), 3.70 (s, 3H; OMe), 4.30 (s, 5H; Cp), 4.91 (dd,
3J ACHTUNGTRENNUNG(H,H)=10.0, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; H6), 5.88 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
10.3 Hz, 1H; H5); 13C NMR (75 MHz, CD2Cl2, 25 8C, TMS): d=21.6 (s;
Me), 41.8 (s; C3), 42.8 (s; C4), 55.3 (s; C2), 55.8 (s; OMe), 81.9 (s; Cp),
119.8 (s; C6), 138.2 ppm (s; C5); 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): d=3.9, 10.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=87 Hz); elemental analy-
sis (%) calcd for C49H47F6OP3RuS (992.0): C 59.33, H 4.78, S 3.23; found:
C 59.09, H 4.87, S 2.98.


Compound 9h : Yield 0.13 g (65%), brownish powder; m.p. 143 8C
(decomp); 1H NMR (300 MHz, CD2Cl2, 25 8C, TMS): d=1.95 (m, 2H;
H3a, H3e), 2.30 (m, 1H; H4), 2.37 (s, 3H; Me), 3.63 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.6,
4J ACHTUNGTRENNUNG(H,H)=3.1 Hz, 1H; H2), 4.37 (s, 5H; Cp), 5.03 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.9,
4J ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; H6), 5.85 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H5);
13C NMR (75 MHz, CD2Cl2, 25 8C, TMS): d=21.4 (s; Me), 41.6 (s; C3),
41.8 (s; C4), 55.0 (s; C2), 81.3 (s; Cp), 120.4 (s; C6), 136.8 ppm (s; C5);
31P NMR (121.5 MHz, CD2Cl2, 25 8C, H3PO4): d=4.8, 10.9 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=87 Hz); elemental analysis (%) calcd for
C48H44ClF6OP3RuS (996.4): C 57.86, H 4.45, S 3.22; found: C 57.34, H
4.22, S 2.86.


Compound 9 i : Yield 0.14 g (70%); yellow powder; m.p. 144 8C
(decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.23 (s, 3H;
Me), 2.25 (m, 2H; H3a, H3e), 2.34 (s, 3H; Me), 2.83 (m, 1H; H4), 3.71
(dd, 3J ACHTUNGTRENNUNG(H,H)=12.1, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H2), 4.51 (s, 5H; Cp),
4.93 ppm (s, 1H; H6); 13C NMR (75 MHz, [D6]acetone, 25 8C, TMS): d=
21.2 (s; Me), 24.4 (s; Me), 42.6 (s; C3), 47.2 (s; C4), 54.1 (s; C2), 81.9 (s;
Cp), 115.8 ppm (s; C6), C5 signal obscured by phenyl resonances;
31P NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=3.8, 10.4 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=86 Hz); elemental analysis (%) calcd for C49H47F6P3RuS
(976.0): C 60.30, H 4.85, S 3.29; found: C 59.89, H 4.87, S 3.17.


Kinetic experiments : Reactions were carried out under pseudo-first-
order conditions by using a large excess of the dienophile. For every ki-
netic run, a 1.00 mm quartz cell was filled with 0.35 mL of a 5.0S10�4m
stock solution of complex 5a in acetone. The respective styrene
(0.24 mmol) was added with a microliter syringe, and acetone was added
to give a total volume of 0.40 mL. The cell was placed in a thermostatted
cell holder equipped with a molybdenum thin-film temperature probe.
The setup was calibrated against a certified mercury thermometer and
was found to be accurate to within �0.2 K. 60 seconds were allowed to
reach thermal equilibrium, and then about 30 spectra in the range l=


350–705 nm were automatically recorded at regular intervals and over up
to four halflifes. A wavelength with maximum change of absorbance was
chosen (typically at l=510 nm) and the change of absorbance with time
approximated by a single-exponential law by using the HP89531 A UV/
VIS Operating Software provided by the manufacturer. The results con-
formed with the conventional data analysis using plots of ln ACHTUNGTRENNUNG{AtA0


�1}
versus time, which were linear for at least three halflifes. Each entry in
Table 3 represents the average of three individual runs.


General procedure for the cycloaddition reaction with norbornadiene
and norbornene : The olefin (ca. 16 mmol) was added to a solution of the
respective thiocinnamaldehyde complex 5 or 6 (0.20 mmol) in acetone
(5 mL). After stirring for 24 h the mixture was evaporated to dryness and
the crude product dissolved in dichloromethane (5 mL) and precipitated
by adding diethyl ether (10 mL) and hexane (30 mL). The solid was then
redissolved in acetone (5 mL) and chromatographed by using dichloro-
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methane/acetone 20:1 as the eluent. The brownish fraction was collected
and evaporated to a few milliliters, and the product precipitated by
adding diethyl ether and hexane.


Compound 10a : Yield 0.16 g (87%); brownish-yellow powder; m.p. 90 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.90
(d, 2J ACHTUNGTRENNUNG(H,H)=9.1 Hz, 1H; H11’), 1.57 (d, 2J ACHTUNGTRENNUNG(H,H)=9.1 Hz, 1H; H11),
1.80 (m, 1H; H1), 1.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.0, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; H7),
2.30 (m, 1H; H8), 2.88 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; H2), 2.97 (ddd,
3J ACHTUNGTRENNUNG(H,H)=11.0, 3J ACHTUNGTRENNUNG(H,H)=4.0, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; H6), 5.06 (s, 5H;
Cp), 5.51 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.5, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; H4), 5.82 (dd,
3J ACHTUNGTRENNUNG(H,H)=5.7, 3J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H10), 5.95 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.7,
3J ACHTUNGTRENNUNG(H,H)=2.9 Hz, 1H; H9), 6.01 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.5, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz,
1H; H5); endo isomer: d=1.03 (d, 2J ACHTUNGTRENNUNG(H,H)=9.8 Hz, 1H; H11’), 1.68 (d,
2J ACHTUNGTRENNUNG(H,H)=9.8 Hz, 1H; H11), 2.00 (m, 1H; H1), 2.18 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
1H; H2), 5.51 (s, 5H; Cp), 6.33 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=9.4, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz,
1H; H5), other signals obscured by exo isomer; 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): exo isomer: d=44.1 (s; C11), 45.6 (s; C1/8), 45.9 (s;
C1/8), 46.9 (s; C6), 55.0 (s; C7), 65.3 (s; C2), 80.9 (s; Cp), 135.1 (s; C10),
140.5 (s; C5/9), 141.3 ppm (s; C5/9), C4 signal obscured by phenyl reso-
nances; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=6.0,
6.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); endo isomer: d=6.8, 7.9 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=85 Hz); elemental analysis (%) calcd for C46H43F6P3RuS
(935.9): C 59.04, H 4.63, S 3.43; found: C 58.76, H 4.65, S 3.28.


Compound 10b : Yield 0.16 g (82%); yellow crystalline powder; m.p.
171 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer:
d=0.90 (d, 2J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H; H11’), 1.58 (d, 2J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H;
H11), 1.75 (m, 1H; H1), 1.90–1.99 (m, 1H; H7), 2.27 (m, 1H; H8), 2.86
(d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 3.30–3.37 (m, 1H; H6), 3.78 (s, 3H;
OMe), 5.05 (s, 5H; Cp), 5.47 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H;
H4), 5.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H10), 5.95 (dd,
3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H9), 6.00 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.6,
3J ACHTUNGTRENNUNG(H,H)=4.2 Hz, 1H; H5); endo isomer: d=0.97 (d, 2J ACHTUNGTRENNUNG(H,H)=9.2 Hz,
1H; H11’), 1.52 (d, 2J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H11), 1.67 (m, 1H; H1), 2.34
(m, 1H; H8), 2.40 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H2), 3.88 (s, 3H; OMe), 5.15
(s, 5H; Cp), 5.42–5.46 (m, 1H; H4), 5.86 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.4, 3J ACHTUNGTRENNUNG(H,H)=
3.0 Hz, 1H; H10), 6.26 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.4, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz, 1H; H9),
6.33 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=9.0, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H; H5), other signals ob-
scured by exo isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS): exo
isomer: d=44.4 (s; C11), 45.6 (s; C1/8), 45.7 (s; C1/8), 54.9 (s; OMe/C7),
55.1 (s; OMe/C7), 65.0 (s; C2), 80.8 (s; Cp), 134.7 (s; C10), 140.7 (s; C5/
9), 141.2 ppm (s; C5/9), C4 signal obscured by phenyl resonances;
31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=6.1, 7.1 ppm
(AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); endo isomer: d=7.5, 8.2 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=89 Hz); elemental analysis (%) calcd for C47H45F6OP3RuS
(965.9): C 58.44, H 4.70, S 3.32; found: C 58.47, H 4.61, S 3.31.


Compound 10c : Yield 0.16 g (81%); yellow crystalline powder; m.p.
153 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer:
d=0.88 (d, 2J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 1H; H11’), 1.54 (d, 2J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 1H;
H11), 1.75–1.83 (m, 2H; H1, H7), 2.29 (m, 1H; H8), 2.85–3.03 (m, 1H;
H2, H6), 2.96 (s, 6H; NMe2), 5.06 (s, 5H; Cp), 5.48 (dd,


3J ACHTUNGTRENNUNG(H,H)=8.4,
4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H4), 5.82 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H;
H10), 5.93 ppm (m, 2H; H5, H9); endo isomer: d=1.00 (d, 2J ACHTUNGTRENNUNG(H,H)=
8.6 Hz, 1H; H11’), 1.63 (d, 2J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H; H11), 1.98 (m, 1H;
H1), 2.16 (d, 3J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H; H2), 2.97 (s, 6H; NMe2), 5.10 (s,
5H; Cp), 5.85–5.88 (m, 1H; H10), 6.27 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 3J ACHTUNGTRENNUNG(H,H)=
2.4 Hz, 1H; H5), other signals obscured by exo isomer; 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): exo isomer: d=42.8 (s; NMe2), 44.3 (s;
C11), 46.0, 46.1, 46.3 (all s; C1, C6, C8), 55.2 (s; C7), 65.4 (s; C2), 81.2 (s;
Cp), 135.2 (s; C10), 140.8 (s; C5/9), 141.6 ppm (s; C5/9), C4 signal ob-
scured by phenyl resonances; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4):
exo isomer: d=6.1, 6.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); endo isomer:
d=6.8, 8.0 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=90 Hz); elemental analysis (%)
calcd for C48H48F6NP3RuS (979.0): C 58.89, H 4.94, N 1.43, S 3.28; found:
C 58.17, H 4.82, N 1.31, S 2.75.


Compound 11a : Yield 0.17 g (90%); grey powder; m.p. 136 8C (decomp);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=1.12 (d,
2J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H11’), 1.56 (d, 2J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H11), 1.75
(dd, 3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H; H7), 1.78 (m, 1H; H1), 2.30 (m,


1H; H8), 2.51 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H; H2), 2.70–2.74 (m, 1H; H6),
4.85 (s, 5H; Cp), 5.14 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 4J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H4), 5.68
(dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H10), 5.84–5.89 (m, 1H; H9),
5.91 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H; H5); endo isomer: d=
0.98 (d, 2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H11’), 1.63 (d, 2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H;
H11), 2.10 (m, 1H; H1), 4.58 (d, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H4), 5.07 (s, 5H;
Cp), 5.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H10), 5.76–5.80 (m,
1H; H9), 6.10 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; H5), other
signals obscured by exo isomer; 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): exo isomer: d=44.0 (s; C11), 46.0 (s; C1/8), 46.4 (s; C1/8), 46.8 (s;
C6), 54.0 (s; C7), 61.9 (s; C2), 83.1 (s; Cp), 126.6 (s; C4), 135.1 (s; C10),
140.5 (s; C5/9), 140.7 ppm (s; C5/9); 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): exo isomer: d=71.3, 74.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz);
endo isomer: d=71.0, 72.9 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=28 Hz); elemental
analysis (%) calcd for C47H45F6P3RuS (949.9): C 59.43, H 4.78, S 3.38;
found: C 59.54, H 4.93, S 3.69.


Compound 11b : Yield 0.17 g (87%); brownish powder; m.p. 139 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=1.11
(d, 2J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H11’), 1.60–1.68 (m, 1H; H7), 1.75 (m, 1H;
H1), 1.76 (d, 2J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H11), 2.25 (m, 1H; H8), 2.46 (d,
3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 3.13–3.20 (m, 1H; H6), 3.78 (s, 3H; OMe),
4.84 (s, 5H; Cp), 5.08 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H4), 5.63
(dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H10), 5.86 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6,
3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H9), 5.90 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz,
1H; H5); endo isomer: d=0.94 (d, 2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H11’), 1.60 (m,
1H; H1), 1.99 (d, 2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H11), 2.39 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H; H7), 3.87 (s, 3H; OMe), 4.13 (ddd, 3J ACHTUNGTRENNUNG(H,H)=6.0,
3J ACHTUNGTRENNUNG(H,H)=3.6, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H6), 4.29 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H;
H4), 5.10 (s, 5H; Cp), 5.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H;
H10), 5.79 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H9), 6.12 ppm (dd,
3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H5), other signals obscured by exo
isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS): exo isomer: d=44.1
(s; C11), 45.9 (s; C1/8), 46.3 (s; C1/8), 46.9 (s; C6), 54.1 (s; OMe/C7),
54.8 (s; OMe/C7), 61.4 (s; C2), 82.9 (s; Cp), 125.2 (s; C4), 139.8 (s; C5/9),
140.5 ppm (s; C5/9), C10 signal obscured by phenyl resonances; 31P NMR
(162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=71.3, 75.1 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); endo isomer: d=72.4, 73.0 ppm (AB system, 2J-
ACHTUNGTRENNUNG(P,P)=28 Hz); elemental analysis (%) calcd for C48H47F6OP3RuS (979.9):
C 58.83, H 4.83, S 3.27; found: C 58.06, H 4.84, S 3.07.


Compound 11c : Yield 0.16 g (78%); yellow powder; m.p. 139 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=1.11
(d, 2J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H; H11’), 1.51 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.0, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz,
1H; H7), 1.73 (d, 2J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H; H11), 1.78 (m, 1H; H1), 2.34
(m, 1H; H8), 2.49 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 2.60–2.70 (m, 1H; H7),
2.94 (s, 6H; NMe2), 4.84 (s, 5H; Cp), 5.09 (dd,


3J ACHTUNGTRENNUNG(H,H)=8.4, 4J ACHTUNGTRENNUNG(H,H)=
3.0 Hz, 1H; H4), 5.67 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H10),
5.88 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.8, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H9), 5.90 ppm (dd,
3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; H5); endo isomer: d=0.98 (d,
2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H11’), 1.65 (d, 2J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H11), 2.31
(m, 1H; H8), 2.94 (s, 6H; NMe2), 4.53 (d,


3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H4),
5.06 (s, 5H; Cp), 5.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.2, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H10),
5.81 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 3J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H9), 6.07 ppm (dd,
3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H5), other signals obscured by exo
isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS): exo isomer: d=42.6
(s; NMe2), 44.0 (s; C11), 45.9, 46.1, 46.5 (all s; C1, C6, C8), 53.9 (s; C7),
65.0 (s; C2), 83.1 (s; Cp), 135.4 (s; C10), 140.5 (s; C5/9), 141.6 ppm (s;
C5/9), C4 signal obscured by phenyl resonances; 31P NMR (162 MHz,
CDCl3, 25 8C, H3PO4): exo isomer: d=71.1, 74.9 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=26 Hz); endo isomer: d=71.1, 73.1 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=
28 Hz); elemental analysis (%) calcd for C49H50F6NP3RuS (993.0): C
59.27, H 5.08, N 1.41, S 3.23; found: C 58.79, H 5.31, N 1.28, S 3.14.


Compound 12a : Yield 0.17 g (91%); brownish-yellow powder; m.p.
125 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer:
d=0.44 (d, 2J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; H11’), 0.82–0.99 (m, 2H; H9a, H10a),
1.18–1.34 (m, 3H; H1, H9e, H10e), 1.50 (d, 2J ACHTUNGTRENNUNG(H,H)=11.0 Hz, 1H; H11),
1.68 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.4, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H; H7), 1.84 (m, 1H; H8),
2.73 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.6, 3J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; H6), 2.75 (d, 3J ACHTUNGTRENNUNG(H,H)=
9.3 Hz, 1H; H2), 5.10 (s, 5H; Cp), 5.45 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.5, 4J ACHTUNGTRENNUNG(H,H)=
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2.6 Hz, 1H; H4), 5.89 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.5, 3J ACHTUNGTRENNUNG(H,H)=4.1 Hz, 1H; H5);
endo isomer: d=5.51 ppm (s, 5H; Cp), other signals obscured by exo
isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS): exo isomer: d=28.5,
29.5 (both s; C9, C10), 34.7 (s; C11), 41.1, 41.4 (both s; C1, C8), 45.7 (s;
C6), 56.8 (s; C7), 67.1 (s; C2), 81.2 (s; Cp), 126.8 (s; C4), 139.9 ppm (s;
C5); 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=6.3,
7.3 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); endo isomer: d=6.2, 7.4 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=82 Hz); elemental analysis (%) calcd for C46H45F6P3RuS
(937.9): C 58.91, H 4.84, S 3.42; found: C 58.82, H 4.88, S 3.37.


Compound 12b : Yield 0.15 g (71%); yellow powder; m.p. 142 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.45
(d, 2J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H11’), 0.84–0.99 (m, 2H; H9a, H10a), 1.19–
1.29 (m, 4H; H1, H9e, H10e, H11), 1.78 (m, 1H; H8), 1.79–1.84 (m, 1H;
H7), 2.73 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 3.07–3.12 (m, 1H; H6), 3.77 (s,
3H; OMe), 5.05 (s, 5H; Cp), 5.40 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz,
1H; H4), 5.89 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; H5); endo
isomer: d=0.65 (d, 2J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H11’), 2.66 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.2 Hz, 1H; H2), 3.90 (s, 3H; OMe), 5.14 (s, 5H; Cp), 6.31–6.35 ppm (m,
1H; H5), other signals obscured by exo isomer; 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): exo isomer: d=28.6, 29.5 (both s; C9, C10), 36.7 (s;
C11), 41.1, 41.5 (both s; C1, C8), 45.6 (s; C6), 56.2. (s; OMe), 56.3 (s;
C7), 68.2 (s; C2), 81.0 (s; Cp), 120.8 (s; C4), 140.2 ppm (s; C5); 31P NMR
(162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=6.3, 7.5 ppm (AB
system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); endo isomer: d=7.4, 8.5 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=89 Hz); elemental analysis (%) calcd for C47H47F6OP3RuS
(967.9): C 58.32, H 4.89, S 3.31; found: C 58.04, H 4.77, S 3.16.


Compound 12c : Yield 0.17 g (88%); brownish powder; m.p. 122 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.44
(d, 2J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; H11’), 0.79–0.89 (m, 2H; H9a, H10a), 1.10–1.33
(m, 3H; H9e, H10e, H11), 1.32 (m, 1H; H1), 1.65 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.2,
3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H7); 1.78 (m, 1H; H8), 2.70–2.76 (m, 2H; H2,
H6), 3.02 (s, 6H; NMe2), 5.07 (s, 5H; Cp), 5.40 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8,
4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; H4), 5.77–5.81 ppm (m, 1H; H5); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): exo isomer: d=28.2, 29.2 (both s; C9,
C10), 34.4 (s; C11), 40.9, 41.1, (both s; C1, C8), 44.1 (s; NMe2), 46.8 (s;
C6), 56.4 (s; C7), 66.8 (s; C2), 80.9 (s; Cp), 139.2 ppm (s; C5), C4 signal
obscured by phenyl resonances; 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): exo isomer: d=6.4, 7.3 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=89 Hz); ele-
mental analysis (%) calcd for C48H50F6NP3RuS (981.0): C 58.77, H 5.14,
N 1.43, S 3.27; found: C 58.49, H 5.26, N 1.30, S 3.00.


Compound 13a : Yield 0.17 g (90%); greyish-yellow powder; m.p. 134 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.68
(d, 2J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H; H11’), 0.79–0.90 (m, 2H; H9a, H10a), 1.17–
1.35 (m, 2H; H9e, H10e), 1.43 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.5, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H;
H7), 1.46 (d, 2J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H; H11), 1.81 (m, 1H; H8), 2.39 (d,
3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H; H2), 2.51 (ddd, 3J ACHTUNGTRENNUNG(H,H)=10.5, 3J ACHTUNGTRENNUNG(H,H)=4.0,
4J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H6), 4.86 (s, 5H; Cp), 5.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8,
4J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; H4), 5.82 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz,
1H; H5); endo isomer: d=1.95 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H2), 5.06 (s,
5H; Cp), 6.07 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; H5), other
signals obscured by exo isomer; 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): exo isomer: d=28.8, 29.1 (both s; C9, C10), 34.4 (s; C11), 41.2,
41.5 (both s; C1, C8), 45.5 (s; C6), 56.4 (s; C7), 63.6 (s; C2), 83.1 (s; Cp),
126.4 (s; C4), 139.4 ppm (s; C5); 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): exo isomer: d=71.2, 75.0 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz);
endo isomer: d=72.6, 75.0 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); elemental
analysis (%) calcd for C47H47F6P3RuS (951.9): C 59.30, H 4.98, S 3.37;
found: C 59.01, H 4.93, S 3.43.


13b : Yield 0.16 g (81%); brownish yellow powder; m.p. 140 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.68
(d, 2J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H11’), 0.77–0.86 (m, 2H; H9a, H10a), 1.17–
1.20 (m, 2H; H9e, H10e), 1.24 (m, 1H; H1), 1.48–1.54 (m, 2H; H7, H11),
1.74 (m, 1H; H8), 2.35 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H; H2), 2.57–2.64 (m, 1H;
H6), 3.77 (s, 3H; OMe), 4.85 (s, 5H; Cp), 4.98 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8,
4J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; H4), 5.80 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz,
1H; H5); endo isomer: d=0.85 (d, 2J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H; H11’), 0.92–
0.95 (m, 2H; H9a, H10a), 1.80 (m, 1H; H8), 2.21 (d, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz,
1H; H2), 3.90 (s, 3H; OMe), 4.31 (d, 3J ACHTUNGTRENNUNG(H,H)=9.3 Hz, 1H; H4), 5.08 (s,


5H; Cp), 6.12 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=9.2, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; H5), other
signals obscured by exo isomer; 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): exo isomer: d=29.0, 29.1 (both s; C9, C10), 34.5 (s; C11), 41.4,
41.5 (both s; C1, C8), 45.3 (s; C6), 55.4. (s; OMe), 55.5 (s; C7), 83.0 (s;
Cp), 140.2 ppm (s; C5), C4 signal obscured by phenyl resonances;
31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): exo isomer: d=71.4,
75.2 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); endo isomer: d=72.3, 73.4 ppm
(AB system, 2J ACHTUNGTRENNUNG(P,P)=28 Hz); elemental analysis (%) calcd for
C48H49F6OP3RuS (982.0): C 58.71, H 5.03, S 3.27; found: C 58.46, H 4.74,
S 3.13.


Compound 13c : Yield 0.16 g (81%); greyish powder; m.p. 139 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): exo isomer: d=0.67
(d, 2J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H11’), 0.78–0.86 (m, 2H; H9a, H10a), 1.17–
1.24 (m, 2H; H9e, H10e), 1.26 (m, 1H; H1), 1.36 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4,
3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H7); 1.44 (d, 2J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H; H11), 1.84
(m, 1H; H8), 2.37 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 2.43 (ddd, 3J ACHTUNGTRENNUNG(H,H)=
10.4, 3J ACHTUNGTRENNUNG(H,H)=3.6, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H6), 2.93 (s, 6H; NMe2), 4.84
(s, 5H; Cp), 4.99 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H4), 5.79 ppm
(dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; H5); 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): exo isomer: d=28.8, 29.1 (both s; C9, C10), 33.4 (s;
C11), 41.2, 41.5, (both s; C1, C8), 41.4 (s; NMe2), 44.2 (s; C6), 56.5 (s;
C7), 63.7 (s; C2), 85.9 (s; Cp), 139.2 ppm (s; C5), C4 signal obscured by
phenyl resonances; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): exo
isomer: d=71.3, 75.0 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=26 Hz); elemental analy-
sis (%) calcd for C49H52F6NP3RuS (995.0): C 59.15, H 5.27, N 1.41, S
3.22; found: C 58.90, H 5.05, N 1.28, S 2.97.


General procedure for cycloaddition reactions with a,b-unsaturated car-
bonyl compounds : The freshly distilled dienophile (ca. 16 mmol) was
added to a solution of the thiocinnamaldehyde complex 5a,b (0.20 mmol)
in acetone (5 mL). After stirring for 5 d the mixture was evaporated to
dryness and the crude product dissolved in dichloromethane (3 mL) and
precipitated by adding diethyl ether (5 mL) and hexane (15 mL). The
solid was redissolved in acetone (3 mL) and chromatographed by using
dichloromethane/acetone 20:1 as the eluent. The dark yellow fraction
was collected and evaporated to a few milliliters, and the product precipi-
tated by adding diethyl ether and hexane.


Compound 14a : Yield 0.16 g (88%); yellow crystalline powder; m.p.
155 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer:
d=2.07 (d, 2J ACHTUNGTRENNUNG(H,H)=13.0 Hz, 1H; H2e), 2.45 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.0,
3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H; H2a), 3.68–3.76 (m, 2H; H3, H4), 5.04 (s, 5H;
Cp), 5.38 (d, 3J ACHTUNGTRENNUNG(H,H)=10.6 Hz, 1H; H6), 5.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.6,
3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 1H; H5), 9.09 ppm (s, 1H; CHO); exo isomer: d=2.39
(m, 1H, H2), 2.86 (m, 1H, H4), 3.05 (m, 1H, H3), 5.10 (s, 5H; Cp), 5.87
(d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H5), 8.36 ppm (s, 1H; CHO), other signals ob-
scured by the endo isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
endo isomer: d=37.7 (s; C2), 40.1 (s; C4), 53.0 (s; C3), 81.8 (s; Cp),
123.9 (s; C6), 198.7 ppm (s; C=O), C5 signal obscured by phenyl resonan-
ces; 31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): endo isomer: d=7.2 ppm
(s); exo isomer: d=5.8, 7.2 ppm (AB system, 2J ACHTUNGTRENNUNG(P,P)=91 Hz); elemental
analysis (%) calcd for C42H39F6OP3RuS (899.8): C 56.06, H 4.39, S 3.56;
found: C 56.28, H 4. 14, S 3.41.


Compound 14b : Yield 0.15 g (83%); yellow crystalline powder; m.p.
117 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer:
d=0.85 (s, 3H; CH3), 2.07/2.08 (AB system, 2J ACHTUNGTRENNUNG(H,H)=13.5 Hz, 2H; H2a,
H2e), 3.41 (m, 1H; H4), 5.08 (s, 5H; Cp), 5.43 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.2,
4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; H6), 5.87 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.2, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz,
1H; H5), 9.20 ppm (s, 1H; CHO); exo isomer: d=0.47 (s, 3H; CH3),
1.85/2.27 (AB system, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 2H; H2a, H2e), 3.73 (m, 1H;
H4), 4.38 (s, 5H; Cp), 5.40 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H;
H6), 5.82 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 3J ACHTUNGTRENNUNG(H,H)=3.7 Hz, 1H; H5), 8.95 ppm (s,
1H; CHO); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
20.2 (s; CH3), 42.9 (s; C2), 48.0 (s; C4), 65.6 (s; C3), 82.8 (s; Cp), 124.1
(s; C6), 201.6 ppm (s; C=O), C5 signal obscured by phenyl resonances;
31P NMR (162 MHz, CDCl3, 25 8C, H3PO4): endo isomer: d=6.7, 7.6 ppm
(AB system, 2J ACHTUNGTRENNUNG(P,P)=91 Hz); exo isomer: d=6.9 ppm (s); elemental
analysis (%) calcd for C43H41F6OP3RuS (913.8): C 56.52, H 4.52, S 3.51;
found: C 56.21, H 4.42, S 3.43.
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Compound 14c : Yield 0.15 g (81%); brownish powder; m.p. 123 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
0.87 (s, 3H; CH3), 1.59/2.27 (AB system, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 2H; H2a,
H2e), 3.73 (s, 3H; OMe), 3.81 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.8, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H;
H4), 5.10 (s, 5H; Cp), 5.39 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6), 5.73 (dd,
3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H; H5), 9.10 ppm (s, 1H; CHO); exo
isomer: d=0.46 (s, 3H; CH3), 1.81/2.39 (AB system, 2J ACHTUNGTRENNUNG(H,H)=12.8 Hz,
2H; H2a, H2e), 3.70 (s, 3H; OMe), 4.16 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.0, 4J ACHTUNGTRENNUNG(H,H)=
3.0 Hz, 1H; H4), 5.07 (s, 5H; Cp), 5.39 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6),
5.75 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H; H5), 8.89 ppm (s, 1H;
CHO); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): endo isomer: d=19.7
(s; CH3), 38.6 (s; C4), 41.3 (s; C2), 55.2 (s; OMe), 81.4 (s; Cp), 200.8 ppm
(s; C=O), C3 signal not detected, C5 and C6 signals obscured by phenyl
resonances; exo isomer: d=15.9 (s; CH3), 35.8 (s; C4), 44.1 (s; C2), 55.0
(s; OMe), 81.7 (s; Cp), 200.4 ppm (s; C=O), C3 signal not detected, C5
and C6 signals obscured by phenyl resonances; 31P NMR (162 MHz,
CDCl3, 25 8C, H3PO4): endo isomer: d=6.8, 7.5 ppm (AB system,
2J ACHTUNGTRENNUNG(P,P)=91 Hz); exo isomer: d=7.1 ppm (s); elemental analysis (%)
calcd for C44H43F6O2P3RuS (943.9): C 55.99, H 4.59, S 3.40; found: C
56.51, H 4.36, S 3.53.


Compound 14d : Yield 0.14 g (76%); red crystalline powder; m.p. 176 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
1.75 (d, 2J ACHTUNGTRENNUNG(H,H)=13.2 Hz, 1H; H2e), 1.78 (s, 3H; CH3), 2.44 (dd,
2J ACHTUNGTRENNUNG(H,H)=13.2, 3J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H; H2a), 2.95 (ddd, 3J ACHTUNGTRENNUNG(H,H)=11.2,
3J ACHTUNGTRENNUNG(H,H)=5.2, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H3), 3.86 (m, 1H; H4), 5.07 (s, 5H;
Cp), 5.38 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6), 5.92 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0,
3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 1H; H5); exo isomer: d=1.34 (s, 3H; CH3), 2.48 (dd,
2J ACHTUNGTRENNUNG(H,H)=13.0, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H2a), 2.82 (ddd, 3J ACHTUNGTRENNUNG(H,H)=10.4,
3J ACHTUNGTRENNUNG(H,H)=10.4, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H3), 3.53 (ddd, 3J ACHTUNGTRENNUNG(H,H)=10.0,
3J ACHTUNGTRENNUNG(H,H)=2.4, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H4), 5.03 (s, 5H; Cp), 5.29 (d,
3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; H6), 5.76 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 3J ACHTUNGTRENNUNG(H,H)=
2.8 Hz, 1H; H5); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): endo isomer:
d=29.0 (s; CH3), 34.6 (s; C2), 40.5 (s; C4), 51.1 (s; C3), 81.4 (s; Cp),
123.9 (s; C6), 206.2 ppm (s; C=O), C5 signal obscured by phenyl resonan-
ces; exo isomer: d=29.8 (s; CH3), 42.8 (s; C4), 53.4 (s; C3), 81.7 (s; Cp),
207.6 ppm (s; C=O), other signal obscured by endo isomer; 31P NMR
(162 MHz, CDCl3, 25 8C, H3PO4): endo isomer: d=6.9 ppm (s); elemental
analysis (%) calcd for C43H41F6OP3RuS (913.8): C 56.52, H 4.52, S 3.51;
found: C 56.78, H 4.33, S 3.30.


Compound 14e : Yield 0.15 g (81%); red crystalline powder; m.p. 103 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): endo isomer: d=
1.03 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH3), 1.68 (d, 2J ACHTUNGTRENNUNG(H,H)=13.2 Hz, 1H;
H2e), 2.43 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.0, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H; H2a), 2.83 (ddd,
3J ACHTUNGTRENNUNG(H,H)=12.0, 3J ACHTUNGTRENNUNG(H,H)=5.2, 3J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; H3), 3.83–3.91 (m,
3H; OCH2, H4), 5.01 (s, 5H; Cp), 5.49 (d,


3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H; H6),
5.93 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 3J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H; H5); exo isomer: d=
0.99 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 4.83 ppm (s, 5H; Cp), other signals
obscured by endo isomer; 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
endo isomer: d=13.9 (s; CH3), 25.4 (s; C2), 40.7 (s; C4), 44.4 (s; C3),
61.0 (s; OCH2), 81.5 (s; Cp), 124.4 (s; C6), 170.1 ppm (s; C=O), C5 signal
obscured by phenyl resonances; 31P NMR (162 MHz, CDCl3, 25 8C,
H3PO4): endo isomer: d=7.3 ppm (s); elemental analysis (%) calcd for
C44H43F6O2P3RuS (943.9): C 55.99, H 4.59, S 3.40; found: C 55.58, H 4.54,
S 3.22.


General procedure for the cycloaddition reaction with ethyl propiolate :
The alkyne (1.0 mL, 10.0 mmol) was added to a solution of the respective
thiocinnamaldehyde complex 5c,e,f (0.20 mmol) in acetone (5 mL). After
stirring for 10 d the mixture was evaporated to dryness and the crude
product dissolved in dichloromethane (5 mL) and precipitated by adding
diethyl ether (10 mL) and hexane (30 mL). The solid was then redis-
solved in acetone (5 mL) and chromatographed by using dichlorome-
thane/acetone 20:1 as the eluent. The brownish fraction was collected
and evaporated to a few milliliters, and the product precipitated by
adding diethyl ether and hexane.


Compound 15a : Yield 0.12 g (62%); brownish powder; m.p. 113 8C
(decomp); 1H NMR (300 MHz, CD2Cl2, 25 8C, TMS): d=1.19 (t,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3), 3.73 (s, 3H; OMe), 4.04 (q of AB systems,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2J ACHTUNGTRENNUNG(H,H) not determined, 2H; CH2), 4.39 (d,


3J ACHTUNGTRENNUNG(H,H)=


5.2 Hz, 1H; H4), 5.01 (s, 5H; Cp), 5.08 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.7, 4J ACHTUNGTRENNUNG(H,H)=
2.8 Hz, 1H; H6), 5.88 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.7, 3J ACHTUNGTRENNUNG(H,H)=5.3 Hz, 1H; H5),
6.31 ppm (d, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; H2); 13C NMR (75 MHz, CD2Cl2,
25 8C, TMS): d=14.3 (s; CH3), 39.1 (s; C4), 55.6 (s; OMe), 61.9 (s;
OCH2), 82.7 (s; Cp), 117.8 (s; C6), 163.5 ppm (s; C=O), other olefinic sig-
nals obscured by phenyl resonances; 31P NMR (121.5 MHz, CD2Cl2,
25 8C, H3PO4): d=6.6 ppm (s); elemental analysis (%) calcd for
C45H43F6O3P3RuS (971.9): C 55.61, H 4.46, S 3.30; found: C 55.02, H 4.64,
S 2.91.


Compound 15b : Yield 0.10 g (51%); maroon powder; m.p. 138 8C
(decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.18 (t,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH3), 4.05 (q of AB systems, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
2J ACHTUNGTRENNUNG(H,H) not determined, 2H; CH2), 4.58 (d,


3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; H4),
5.29 (s, 5H; Cp), 5.48 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.9, 4J ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; H6), 6.05
(dd, 3J ACHTUNGTRENNUNG(H,H)=9.9, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; H5), 6.49 ppm (d, 4J ACHTUNGTRENNUNG(H,H)=
2.7 Hz, 1H; H2); 13C NMR (75 MHz, [D6]acetone, 25 8C, TMS): d=14.4
(s; CH3), 39.8 (s; C4), 61.9 (s; OCH2), 83.4 (s; Cp), 119.9 (s; C6), 141.6
(s; C5), 164.6 ppm (s; C=O), other olefinic signals obscured by phenyl
resonances; 31P NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=


6.5 ppm (s); elemental analysis (%) calcd for C44H40ClF6O2P3RuS (976.3):
C 54. 31, H 4.13, S 3.28; found: C 54.44, H 4.30, S 2.88.


Compound 15c : Yield 0.125 g (65%); maroon powder; m.p. 116 8C
(decomp); 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.19 (t,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH3), 1.59 (s, 3H; CH3), 4.04 (q of AB systems,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2J ACHTUNGTRENNUNG(H,H) not determined, 2H; CH2), 4.26 (s, 1H; H4),
5.19 (s, 1H; H6), 5.27 (s, 5H; Cp), 6.52 ppm (d, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H;
H2); 13C NMR (75 MHz, [D6]acetone, 25 8C, TMS): d=14.4 (s; CH3),
22.6 (s; CH3), 45.3 (s; C4), 61.7 (s; OCH2), 83.1 (s; Cp), 114.0 (s; C6),
163.5 (s; C=O), other olefinic signals obscured by phenyl resonances;
31P NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=6.9 ppm (s); ele-
mental analysis (%) calcd for C44H40ClF6O2P3RuS (955.9): C 56.54, H
4.53, S 3.35; found: C 56.42, H 4.76, S 3.17.


X-ray structure determinations : An Enraf Nonius CAD4 instrument was
used for data collection (graphite monochromator, MoKa radiation, l=
0.71073 T). The structures were solved by using Patterson (6d) or direct
methods (4-dimethylamino-cinnamaldehyde) and refined with full-matrix
least-squares against F2 (SHELX-97).[56] Hydrogen atoms were included
in their calculated positions and refined in a riding model. The details of
the measurements are summarized in Table 8. CCDC-148939 (6d·CDCl3)
and -148289 (4-dimethylamino-cinnamaldehyde) contain the supplemen-
tary crystallograhic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 8. Details of the structure determinations of [CpRu ACHTUNGTRENNUNG(dppe)(S=CH�
CH=CHC6H4NMe2)]PF6·CDCl3 (6d·CDCl3) and 4-dimethylamino-cinna-
maldehyde.


6d·CDCl3 4-dimethylamino-cinna-
maldehyde


empirical formula C42H42F6NP3RuS·CDCl3 C11H13NO
formula mass 1021.18 175.22
crystal color/habit dark blue block yellow plate
crystal system monoclinic orthorhombic
space group P21/n Pbca
a [T] 12.689(6) 9.890(2)
b [T] 14.742(3) 7.6091(15)
c [T] 24.696(10) 25.428(5)
a [8] 90 90
b [8] 93.05(2) 90
g [8] 90 90
V [T3] 4613(3) 1913.6(7)
V [8] 2.12–21.93 2.61–25.98
h 0 to 13 �12 to 12
k 0 to 15 �9 to 0
l �25 to 25 �31 to 2
Z 4 8
m ACHTUNGTRENNUNG(MoKa) [mm


�1] 0.405 0.078
crystal size [mm] 0.35S0.35S0.50 0.30S0.30S0.10
1calcd [gcm


�3] 1.470 1.216
T [K] 293(2) 193(2)
reflections collect-
ed


5964 3993


independent re-
flections


5655 1879


parameter 606 171
R1 [I>2s(I)] 0.0347 0.0406
R1 (overall) 0.0436 0.0536
wR2 [I>2s(I)] 0.0904 0.1021
wR2 (overall) 0.1069 0.1126
goof on F2 0.885 1.035
diff. peak/hole
[eT�3]


0.392/�0.318 0.166/�0.141


CCDC 148939 148289
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trans–cis Photoisomerization of the Styrylpyridine Ligand in
[Re(CO)3(2,2’-bipyridine)(t-4-styrylpyridine)]


+ : Role of the Metal-to-Ligand
ACHTUNGTRENNUNGCharge-Transfer Excited States


Julien Bossert and Chantal Daniel*[a]


Introduction


Third-row transition-metal complexes substituted by accept-
or ligands are widely studied for their fascinating photophys-
ical properties. After irradiation under visible light several
routes are opened towards various processes, such as elec-
tron/energy transfer, luminescence, ultrafast dissociation,
and isomerization.[1,2] Photochromic molecules and their
photoisomerization reactions have been the subject of a
number of experimental studies.[3,4] A series of rhenium(i)
diimine complexes with photoisomerizable pyridyl-azo, -eth-
enyl, or -ethyl ligands have been investigated for their pho-


tochemical, electrochemical, and photophysical properties.[5]


The trans!cis photoisomerization of [Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+


was observed for the first time in the course of these experi-
ments. The photoizomerisation quantum yield determined
for similar complexes with a NO2-substituted styrylpyridine
ligand ranges between 0.47 and 0.66.[5] The ultrafast excited-
state dynamics of fac-[Re(Cl)(CO)3(t-4-styrylpyridine)2] and
fac-[Re(t-4-styrylpyridine)(CO)3(2,2’-bipyridine)]


+ have
been investigated in recent picosecond/femtosecond time-re-
solved spectroscopy experiments (Resonance Raman, emis-
sion, absorption) in the condensed phase.[6] It has been
shown that the trans–cis isomerization mechanism is charac-
terized by a switch from a spin singlet to a triplet pp* excit-
ed state4s potential energy surface. The rhenium(i) center
acts as an intramolecular triplet sensitizer, facilitating the
1pp*!3pp* intersystem crossing within the femtosecond
range. An indirect population of the reactive 3IL (pp*) state
by a picosecond 3MLCT (dRe!p*bpy) internal conversion is
proposed in the case of fac-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ .


Abstract: The trans-cis isomerization of
the styrylpyridine carbon–carbon
double bond induced by visible light ir-
radiation in fac-[Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]


+


(bpy = 2,2’-bipyridine; stpy = t-4-styr-
ylpyridine) has been investigated by
means of quantum-chemical methods.
The structures of the various cis and
trans conformers of [Re(CO)3ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(stpy)]+ have been optimized at the
density functional theory (DFT) level.
Three rotational conformers for the
most stable trans isomer lie within
2.3 kJmol�1 each other. The energy dif-
ference between the cis and trans iso-
mers is 27.0 kJmol�1. The electronic
spectroscopy of the most stable con-
formers has been investigated by time-
dependent DFT (TD-DFT) and com-


plete active space self-consistent field/
CAS second order perturbation theory
(CASSCF/CASPT2) calculations. The
lowest absorption bands are dominated
by metal-to-ligand charge-transfer
(MLCT, dRe!p*bpy) transitions calcu-
lated at about 25000 cm�1 and by a
strong intraligand 1IL (pstpy!p*stpy)
transition in the near UV region. On
the basis of CASSCF potential energy
curves (PECs) calculated as a function
of the torsion angle of the C=C bond
of the styrylpyridine ligand, it is shown
that the role of the low-lying MLCT


states is important in the photoisomeri-
zation mechanism. In contrast to the
free organic ligand, in which the singlet
mechanism is operational via the 1IL
(S1) and electronic ground (S0) states,
coordination to the rhenium steers the
isomerization to the triplet PEC corre-
sponding to the 3IL state. From the 3ILt


(t = trans) the system evolves to the
perpendicular intermediate 3ILp (p =


perpendicular) following a 908 rotation
around the styrylpyridine C=C bond.
The metal center acts as a photosensi-
tizer because of the presence of photo-
active MLCT states under visible irra-
diation. The position of the crossing
between the 3IL and electronic ground
state PEC determines the quantum
yield of the isomerization process.


Keywords: charge transfer · density
functional calculations · photoiso-
merization · rhenium
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Whereas the trans–cis photoisomerization of an olefinic
C=C bond is well documented for organic stilbene-like mol-
ecules, both in terms of experimental and theoretical stud-
ies,[7–9] the mechanism governing this process in ligands coor-
dinated to transition metals is not known.


The aim of the present work based on accurate quantum-
chemical calculations is twofold: 1) the theoretical descrip-
tion of the trans!cis photoisomerization mechanism of the
title molecule and 2) comparison with the photoisomeriza-
tion mechanism that occurs under UV irradiation in organic
molecules.


Computational Methods


The geometric structures of the conformers of each trans and cis isomer
of [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]


+ have been optimized by means of density func-
tional theory (DFT)[10] with no symmetry constraints with the B3LYP
functional.[11]


The electronic configuration of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ in its 1A ground


state is given by (5dyz)
2
ACHTUNGTRENNUNG(5dxz)


2
ACHTUNGTRENNUNG(5dxy)


2 with 284 electrons. The electronic
structure of the ground and excited states of the lowest conformers of
each trans and cis isomer were calculated at the complete active space
self-consistent field/multi state-CAS perturbation theory second order
(CASSCF/MS-CASPT2) level of theory[12, 13] and by means of time-de-
pendent DFT calculations.[14] Eight electrons (the six 5d electrons and
the two pstpy electrons) were correlated into nine active orbitals: the four
doubly occupied orbitals in the electronic ground state, the 5d’ orbitals of
correlation, and the two lowest p*bpy and p*stpy vacant orbitals. The
vacant 5d orbitals of the rhenium are too high in energy to play a role in
the spectroscopy and do not contribute to the active space represented in
Figure 1.


The level-shift technique was applied to the MS-CASPT2 calculations to
avoid intruder-state problems and the stability of the perturbative treat-
ment was tested with values in the 0.0–0.4 hartree range.[15]


To choose appropriate basis sets adapted to the correlated methods, the
theoretical problem, and the size of the molecule, various basis sets were
tested at the CASSCF/MS-CASPT2 level on the model system [Re(CO)3-
ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(NHCH2)]


+ .[16] For this model system eight electrons were correlat-
ed in fourteen active orbitals and the CASSCF was averaged over the
ten lowest 1A’ states. MS-CASPT2 calculations were performed on the
basis of this CASSCF wave function with a level shift of 0.2 hartree. The
following basis sets were tested: the relativistic pseudopotentials of Stutt-
gart and associated valence basis sets[17] on all atoms (without and with
polarized d functions on the second row atoms) and the pseudopotentials
of Stuttgart with associated valence basis sets on the metal centre com-
bined either with the Dunning double-x polarized (DZP) basis func-
tions[18] or with the atomic natural orbitals small (ANO-S)[19] on the
second-row atoms. A last test was performed with the Dunning4s correla-
tion consistent double-x polarized (cc-pVDZ) basis sets[20] on the second-
row atoms. ANO-S and DZP basis sets on the second-row atoms com-
bined with the ECP of Stuttgart on the rhenium atom gave nearly identi-
cal descriptions of the excited states of the model complex and mean de-
viations on MS-CASPT2 transition energies on the order of 150 cm�1.
The use of pseudopotentials on all atoms, even with polarized d functions
on the second-row atoms, led to large qualitative and quantitative differ-
ences in the electronic spectroscopy assignment of [Re(CO)3 ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(NHCH2)]


+ .[16]


For the geometric optimizations of the real complex [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , relativistic pseudopotentials of Stuttgart were used with the fol-
lowing valence basis sets: a (8 s7p6d) set contracted to [6s5p3d] for the
rhenium atom (Zeff = 15.0), a (4 s4p) set contracted to [2s2p] for the
carbon (Zeff = 4.0) and nitrogen (Zeff = 5.0) atoms, and a (4 s5p) set
contracted to [2s3p] for the oxygen atom (Zeff = 6.0).


The excited state calculations of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ were performed


with the following basis sets for the second row atoms: the Dunning
double-x polarized sets (9 s5p1d) contracted to [4s2p1d] at the TD-DFT
level and the ANO-S sets (10 s6p3d) contracted to (3 s2p1d) at the
CASSCF/MS-CASPT2 level.


The potential energy curves (PECs) corresponding to the low-lying sin-
glet and triplet states correlating the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]


+ isomer
to the cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]


+ isomer were calculated as a function of
the double-bond torsion angle, which is the driving coordinate of the iso-
merization process as shown for the stilbene, for instance in Figure 2.[7]


Figure 1. The six active orbitals most relevant for the electronic spectros-
copy for the most symmetric isomer of trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ .


Figure 2. The PECs corresponding to the low-lying singlet and triplet
states correlating the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ isomer to the cis-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]


+ isomer calculated as a function of the double-bond
torsion angle, as shown for the stilbene.
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According to the size of the molecu-
lar system, the low symmetry of the
process, and the high density of elec-
tronic states in the UV/Vis domain of
energy, other methods such as a sys-
tematic search for minimum energy
paths or critical geometries from the
Franck–Condon point are definitely
impracticable. The present ab initio
calculations are at the limit of what
can currently be done on these large
molecules. The TD-DFT calculations
were performed with Gaussian 98[21]


and the ab initio calculations with
MOLCAS 5.0 Quantum Chemistry
software.[22]


Results and Discussion


Structures of the various con-
formers of trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ and cis-
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ : The
DFT-optimized geometries of
the two isomers of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ for the dif-
ferent conformers are repre-
sented in Figure 3 with the rel-
ative energies in kJmol�1 and
eV. The geometry optimiza-
tions produce three rotational
conformers for the trans
isomer within 2.3 kJmol�1 (or
0.024 eV) and four rotational
conformers for the cis isomer
within 3.3 kJmol�1 (0.034 eV).
The energy difference be-
tween the two isomers is
27.0 kJmol�1 (0.28 eV).


The rotamer with the most
stable calculated structure cor-
responds to that established by
means of NMR studies of simi-
lar complexes in solution.[23]


Characteristic bond lengths and bond angles of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ are given in Table 1 for the trans and cis
isomers and are compared with the values for the X-ray
structure of a photoisomerizable derivative of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ represented in Figure 4.[24] The
CASSCF-optimized bond lengths and bond angles of the
cis-stilbene are also reported for comparison.


The trans-styrylpyridine is planar in the complex, like in
the uncoordinated 2-trans-styrylpyridine or the 2,6-di-trans-
styrylpyridine.[25] The central double bond is identical in
both isomers (calcd: 1.358–1.359 P). It can be compared
with the X-ray data (1.320 P)[26] or to the CASSCF-opti-
mized value in the stilbene (1.352 P).[27] When going from
the trans to the cis isomer the distances between the aromat-


ic groups and the ethylenic bond increase by 0.01 P, which
leads to a small decrease in the conjugation relative to the
trans form. The bond length with the pyridinic cycle (C16–
C19) is shorter than the one with the benzenic cycle (C20–
C21), which is close to the typical value of 1.470 P. The de-
formations of the cis-styrylpyridine are due to the steric in-
teractions between the two rings. The main consequence is a
destabilization of the cis isomers with respect to the trans
isomers, owing to a decrease of the conjugation between the
aromatic rings and the ethylenic bond.


Otherwise, the DFT-optimized structures of the two iso-
mers are very similar and agree rather well with the experi-
mental data available for the surfactant derivative of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ .


Figure 3. Optimized structures of the cis-and trans-[Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+ isomers. The relative energies are in


kJmol�1 (and eV) with respect to the most stable conformer A.
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Qualitative analysis of the absorption spectra of trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ and cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ by TD-


DFT: The UV/Vis absorption spectrum of [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ recorded in acetonitrile[6,28] exhibits one broad band
between 400 and 300 nm centered at about 332 nm, which is
assigned to a stpy-localized intraligand (1IL) transition
(pstpy!p*stpy), with a spike at 320 nm attributed to a bpy-lo-
calized IL transition (Figure 5).


The unusually high molar absorptivity of this band and
resonance Raman spectra indicate that this IL band contains
contributions from metal-to-ligand charge-transfer (MLCT)
states. A weak tail extending to about 420 nm is attributed
to an MLCT transition corresponding to a dRe!p*bpy excita-
tion. The upper part of the spectrum is not assigned.


The low-lying singlet and triplet states of [ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ obtained by TD-DFT calculations are reported in
Table 2 for the trans (conformers A and B, Figure 3) and cis
(conformer C, Figure 3) isomers.


The electronic spectra of the trans and cis isomers are
qualitatively similar and contain a series of low-lying


1,3MLCT transitions corre-
sponding to dRe!p*bpy excita-
tions (calcd between
20000 cm�1 and 25000 cm�1;
400–500 nm). The two highest
states are nearly degenerate at
about 23500 cm�1 (425 nm)
with significant oscillator
strengths, the values of which
depend on the conformer. The
next absorbing states, which
are very close in energy, corre-
spond to ligand-to-ligand
charge transfer (LLCT)
(pstpy!p*bpy) and IL (pstpy!
p*stpy) transitions calculated
between 25880 and 26730 cm�1


(at about 385 nm), depending
on the isomers with a strong
oscillator strength for the IL
state (nearly 1.0 in the trans


isomer). This state is characterized by an excitation localized
at the level of the C=C bond of the stpy ligand, seat of the


Table 1. Bond lengths [P] and bond angles [8] of [Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]
+ . The numbering of the atoms corre-


sponds to Figure 4.


trans cis X-ray[a] cis-Stilbene[b]


Re�N1 2.202–2.205 2.202–2.206 2.177 (4)
Re�N2 2.202–2.205 2.202–2.206 2.176 (6)
Re�N3 2.245–2.249 2.246–2.251 2.219 (4)
Re�C1 1.943–1.945 1.943–1.945 1.928 (7)
Re�C2 1.951 1.951 1.927 (9)
Re�C3 1.951 1.951 1.927 (9)
N1-Re-N2 74.4–74.6 74.4–74.6 75.0 (2)
N1-Re-C3 97.5–97.8 97.4–97.9 99.4 (2)
N1-Re-C4 97.5–97.8 97.4–97.9 98.6 (2)
C1-Re-C3 90.6–89.8 90.7–89.7 86.9 (3)
C19�C20 1.358–1.359 1.358–1.359 1.320 (8) 1.352
C20�C21 1.459 1.471–1.472 1.488
C16�C19 1.453 1.464–1.465 1.488
C16-C19-C20 126 131
C19-C20-C21 127 131–132
C16-C19-C20-C21 9–10 9–10
C17-C16-C19-C20 0 35–37 43.5
C19-C20-C21-C22 0 25–27 43.5


[a] From ref. [23]. [b] From ref. [26]


Figure 4. The [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+ derivative for which the photoisomerization has been observed in the visible.[23]


Figure 5. UV/Vis absorption spectrum of stpy (a) and [Re(CO)3ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(stpy)]+ (c) in acetonitrile.[27]
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isomerization process. The corresponding 3IL state, which
may play an important role in the mechanism, is the lowest
triplet state, with a transition energy of about 16500 cm�1. A
low-lying LLCT state is calcu-
lated at 18520 (trans isomer
A) or 17940 cm�1 (cis isomer
C) (at about 550 nm) with a
significant oscillator strength.
The TD-DFT transition ener-
gies are shifted to the red rela-
tive to the experimental bands
(by 4000 cm�1 or 0.5 eV) for
the 1IL state localized on the
stpy ligand. The theoretical
spectrum disagrees with the
proposed assignment through
the presence of a low-lying
LLCT state that is not ob-
served in the experimental
spectrum. The presence of this
state in the lowest part of the
theoretical spectrum could be
an artefact of TD-DFT, which tends to underestimate the
transition energies to the long-range CT[29–31] such as the one
in this case which corresponds to a stpy to bpy excitation.
Moreover there is no evidence from the calculations of an
IL bpy-localized state which was anticipated at 320 nm.
Rather good agreement is obtained for the MLCT states. To
explore the electronic spectroscopy of [ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ in more detail, CASSCF/MS-CASPT2 calculations
were performed.


Theoretical analysis of the absorption spectrum of trans-
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ by CASSCF/MS-CASPT2 calcula-
tions : Ab initio calculations were performed on the most
symmetric isomer of trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ , namely
the conformer B (Figure 3). Eight electrons (six dRe elec-
trons and two pstpy electrons) were correlated in nine active
orbitals, the six active orbitals most relevant for the elec-
tronic spectroscopy are depicted in Figure 1. The choice of


the CASSCF characteristics
was based on the knowledge of
the experimental spectrum and
on the preliminary TD-DFT
results. The CASSCF and MS-
CASPT2 transition energies
are reported in Table 3.


The CASSCF absorption
spectrum is qualitatively simi-
lar to the TD-DFT spectrum
with the 3IL (pstpy!p*stpy) state
as the lowest triplet state fol-
lowed by a series of 1,3MLCT
states corresponding to dRe!
p*bpy excitations. The upper
part of the spectrum is charac-
terized by two nearly degener-


ate singlets, namely the 1IL (pstpy!p*stpy) state and the
1LLCT state corresponding to the pstpy!p*bpy excitation. In
contrast to the TD-DFT results and in agreement with the


experimental data, the CASSCF spectrum does not indicate
the presence of low-lying LLCT states. CASSCF calcula-
tions are only qualitative and lead to overestimated transi-
tion energies, by nearly 1.0 eV for the 1IL (pstpy!p*stpy) and
the 1MLCT states. The large singlet–triplet energy gap of
12000 cm�1 found for the 1IL state is characteristic of the
transitions corresponding to pstpy!p*stpy excitations in or-
ganic free ligands. The calculated oscillator strengths follow
the experimental and TD-DFT trends and correctly repro-
duce the relative intensities of the 1IL and 1MLCT states.
The 1MLCT states are correctly described at the MS-
CASPT2 level, the transition energies were calculated to be
23550 (425 nm), 25840 (387 nm), and 26800 cm�1 (373 nm),
the two highest states having significant oscillator strengths.
These MLCT states definitively contribute to the experi-
mental band observed between 400 and 300 nm. The 3IL
(pstpy!p*stpy) state was calculated to be at 20990 cm�1 and
remains the lowest triplet state at the MS-CASPT2 level.


Table 2. TD-DFT transition energies [cm�1] of [Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]
+ and associated oscillator strengths.


States trans trans cis
conformer A conformer B conformer C


3IL (stpy) 16470 16450 17940
3LLCT (stpy!bpy) 18070 17610 18850
1LLCT (stpy!bpy) 18520 0.0126 17900 0.0008 19320 0.0147
3MLCT (Re!bpy) 20240 21000 20350
3MLCT (Re!bpy) 21680 21300 21750
1MLCT (Re!bpy) 21690 0.0025 22020 0.0019 21830 0.0024
3MLCT (Re!bpy) 22980 22970 23110
1MLCT (Re!bpy) 23160 0.0088 23090 0.0134 23290 0.0156
1MLCT (Re!bpy) 23620 0.0655 23850 0.0989 23610 0.0577
3IL (bpy) 24790 24590 24800
3LLCT (stpy!bpy) 25180 25000 24870
1LLCT (stpy!bpy) 25210 0.0003 25000 0.0 24880 0.0
1LLCT (stpy!bpy) 26030 0.1765 25880 0.0009 27030 0.0307
1IL (stpy) 26730 0.9663 26270 1.1095 25740 0.3779


Table 3. CASSCF and MS-CASPT2 transition energies [cm�1], associated wavelengths [nm] and oscillator
strengths [f] of trans-[Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]


+ conformer B of Cs symmetry (see Figure 3).


State One-electron excitation
in the main configuration


CASSCF[a] l f MS-CASPT2 l


3IL a3A’ pstpy!p*stpy (92%) 25550 (24530) 20990
a3MLCT b3A’ 5dyz !p*bpy (81%) 26470 (25280) 24190
b3MLCT c3A’ 5dx2�y2!p*bpy (81%) 28000 (25840) 25990
c3MLCT a3A’’ 5dxz!p*bpy (90%) 28790 (28060) 23170
a1MLCT a1A’’ 5dxz!p*bpy (91%) 29140 (29860) 343 0.011 23550 425
b1MLCT b1A’ 5dx2�y2!p*bpy (60%) 32830 (29870) 305 0.140 25840 387


5dyz!p*bpy (33%)
c1MLCT c1A’ 5dyz!p*bpy (59%) 33700 (31650) 297 0.209 26800 373


5dx2�y2!p*bpy (34%)
3LLCT b3A’’ pstpy!p*bpy (88%) 36 670 28190
1LLCT b1A’’ pstpy!p*bpy (89%) 36810 272 0.003 28400
1IL d1A’ pstpy!p*stpy (91%) 37950 (38350) 264 1.512 23130


[a] In parenthesis CASSCF transition energies of the conformer A of C1 symmetry for which the PEC have
been computed.
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The perturbational treatment has some difficulties in cor-
rectly describing the corresponding 1IL. This failure is due
to the limitation of the CASSCF active space, which should
include the totality of the p system of the stpy ligand (four-
teen electrons p-correlated in fourteen bonding and anti-
bonding orbitals). This feature has been well documented
by previous theoretical studies on stilbene-like mole-
cules.[27, 32] A huge active space would be needed to describe
this part of the electronic correlation at the zero-order in
the CASSCF wavefunction.


Potential energy curves describing the trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ to cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]
+ isomeriza-


tion, a CASSCF analysis: According to the previous sec-
tions, the electronic absorption spectrum of [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ is qualitatively well described at the CASSCF level
with a systematic overestimation of the transition energies
by about 1.0 eV (8000 cm�1). To follow the evolution of the
1MLCT and 1IL absorbing states and of the corresponding
3IL and 3MLCT states as a function of the angular torsion of
the C=C bond (q) in the stpy ligand, PECs have been com-
puted at the CASSCF level (eight electrons correlated in
nine orbitals, state average over five to six roots). Other sec-
ondary modes such as the rotation of the benzenic and pyri-
dinic rings, the elongation of
the double bond, or the carbon
pyramidalization are neglected
in this qualitative study, which
focuses on the electronic di-
mensionality. Moreover this
approximation is justified by
the presence of a heavy atom,
which may reduce the nuclear
flexibility of the molecule rela-
tive to the organic free ligands
such as stilbene or azobenzene.
The initial geometry (q = 08)
corresponds to the structure of
the trans-[ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ conformer A
(Figure 3), and the C1 symme-
try has been retained along the
reaction pathway. The corre-
sponding CASSCF transition
energies are reported in Table 3. They do not differ drasti-
cally from the transition energies obtained for the confor-
mer B with two nearly degenerate 1MLCT absorbing states
at about 29860 and 29870 cm�1, one strongly absorbing
MLCT state at 31650 cm�1, and the 1IL state calculated at
38350 cm�1. The corresponding triplet states are at
24530 cm�1 (3IL), and range between 25280 and 28060 cm�1


(3MLCT). The calculated PEC corresponding to the elec-
tronic ground state 1A, the three low-lying a1MLCT,
b1MLCT, and c1MLCT states, the 1IL state, the three low-
lying 3MLCT states, and the 3IL state, for values of q varying
between 08 and 908, are depicted in Figure 6. The corre-
sponding energy values are reported in Table 4.


The energy of the a1A electronic ground state increases as
a function of the torsion angle to reach a maximum at the
perpendicular geometry (q = 908). At the same time the
weight varies from 91% for the (pC=C)


2
ACHTUNGTRENNUNG(5dyz)


2
ACHTUNGTRENNUNG(5dxz)


2
ACHTUNGTRENNUNG(5dxy)


2-
ACHTUNGTRENNUNG(p*C=C)


0 electronic configuration at the equilibrium geome-
try, to 90% for the (pC=C)


1
ACHTUNGTRENNUNG(5dyz)


2
ACHTUNGTRENNUNG(5dxz)


2
ACHTUNGTRENNUNG(5dxy)


2
ACHTUNGTRENNUNG(p*C=C)


1 elec-
tronic configuration at the perpendicular geometry, in which
the p bonding does not exist anymore. The pC=C orbital is
purely localized on one carbon atom of the C=C bond of
the styrylpyridine and the p*C=C orbital on the other one.


At this point, corresponding to the diradical formation at
the level of the C=C bond, the 3IL state characterized by a
nearly flat PEC is quasi-degenerate with the a1A state. The


Figure 6. CASSCF PECs corresponding to the low-lying singlet and trip-
let (dashed lines) excited states of [Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]


+ as a function
of the torsion angle q of the carbon–carbon double bond of the styrylpyr-
idine ligand.


Table 4. CASSCF energies [a.u. �1461] of the electronic ground state a1A, the low-lying 1,3MLCT states, and
1,3IL states of [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]


+ as a function of q. The values in italic correspond to the CASSCF calcu-
lations limited to three electronic states, namely the a1A ground state and the 1,3IL states (the weights on the
a1A electronic ground state and on the 1IL state are given in parenthesis).


State q 08 308 608 808 908 1008 1208


a1A 0.23312 0.21576 0.17244 0.13447 0.12553
0.23480 0.18888 0.14854 0.13664 0.14355 0.17296
ACHTUNGTRENNUNG(93%) ACHTUNGTRENNUNG(59%) ACHTUNGTRENNUNG(23%) ACHTUNGTRENNUNG(<5%) ACHTUNGTRENNUNG(20%) ACHTUNGTRENNUNG(59%)


3IL 0.12133 0.11906 0.12035 0.12170 0.12500
0.15876 0.16080 0.16171 0.15954 0.15812 0.15643 –


a3MLCT 0.11792 0.10779 0.05885 0.01929 –
b3MLCT 0.11537 0.10465 0.05553 0.01752 –
c3MLCT 0.10526 0.09452 0.04543 0.01400 –
a1MLCT 0.09707 0.08065 0.04391 0.00869 0.00726
b1MLCT 0.09704 0.08028 0.04271 0.00723 0.00349
c1MLCT 0.08893 0.07223 0.03574 0.00422 0.00178
1IL 0.05837 0.04796 0.02502 0.04017 0.04235


0.07930 0.07575 0.09532 0.10204 0.09350 0.06616
ACHTUNGTRENNUNG(93%) ACHTUNGTRENNUNG(59%) ACHTUNGTRENNUNG(23%) ACHTUNGTRENNUNG(<5%) 20% ACHTUNGTRENNUNG(59%)
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energy profile of the corresponding 1IL state affords an
energy barrier of about 0.62 eV at q = 608 and an energy
gap of 2.19 eV with the a1A state at q = 908. At the equilib-
rium geometry the 1IL is characterized by a weight of 91%
for the (pC=C)


1
ACHTUNGTRENNUNG(5dyz)


2
ACHTUNGTRENNUNG(5dxz)


2
ACHTUNGTRENNUNG(5dxy)


2
ACHTUNGTRENNUNG(p*C=C)


1 electronic configu-
ration. This weight decreases to 66% (at the barrier), at
which point the state gains some character from the double
excited state corresponding to the (pC=C)


0 (5dyz)
2
ACHTUNGTRENNUNG(5dxz)


2-
ACHTUNGTRENNUNG(5dxy)


2
ACHTUNGTRENNUNG(p*C=C)


2 configuration. The interaction between these
two states generates an avoided crossing responsible for the
observed energy barrier. At q = 908 the 1IL state becomes
nearly pure with 91% for the (pC=C)


2
ACHTUNGTRENNUNG(5dyz)


2
ACHTUNGTRENNUNG(5dxz)


2
ACHTUNGTRENNUNG(5dxy)


2-
ACHTUNGTRENNUNG(p*C=C)


0 electronic configuration in which pC=C is purely lo-
calized on one carbon atom of the C=C bond of the styryl-
pyridine and p*C=C on the other one. The three low-lying
1MLCT states as well as the corresponding 3MLCT states
are strongly bound with respect to the angular torsion of the
C=C bond of the styrylpyridine ligand within the limit of
the one-dimensional model. For the sake of clarity allowed
crossings are represented between the 1IL state and the
MLCT states. If this picture is correct for the 3MLCT states,
avoided crossings should occur between the 1MLCT and 1IL
adiabatic PEC. However this simplified representation
should not modify our analysis of the mechanism of trans–
cis photoisomerization represented in Figure 7.


After excitation to the c1MLCT state corresponding to a
dRe!p*bpy excitation, the system could populate the lowest
1MLCT and 3MLCT state by means of internal conversion
and intersystem crossing, respectively. During these elemen-
tary processes, which should occur within the picosecond
(ps) time scale, there is no deactivation channel towards the
perpendicular intermediate, owing to the bound character of
the MLCT states. The role of the rhenium center is to
switch the mechanism from the 1IL state in the free organic
ligands (stilbene, azobenzene) to the 3IL state by a fast
3MLCT!3IL internal conversion (~3.5 ps according to the
experiments).[6] From this state the system may progress
along the 3IL PEC towards the perpendicular intermediate
in the 3ILp state degenerate with the a1A state and evolve


either back to the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ complex or


to the cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]
+ isomer. The flat shape of


the 3IL PEC may explain the rather slow, experimentally de-
termined rotation of 908 around the C=C bond of the styryl-
pyridine (~12 ps).[6] The coordination to the metal center
acts as a triplet photosensitization and the rate-determining
step to reach the 3IL is the 1MLCT!3MLCT intersystem
crossing. The presence of the low-lying MLCT states enables
the photoisomerization process to occur after visible irradia-
tion instead of UV irradiation in the free organic com-
pounds. The isomerization quantum yield of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ was reported to be very low.[5] Accord-
ing to the mechanism depicted in Figure 7 this could be due
to the presence of concurrent deactivation channels from
the low-lying MLCT states to the electronic ground states.
However there is no experimental evidence of such lumines-
cent processes.[6] Another aspect concerns vibrational relaxa-
tion effects in the low-lying MLCT states, which may be
active for the isomerization process. Indeed other nuclear
deformations that are not taken into account in this simpli-
fied one-dimensional model may support the isomerization
process.


To compare the mechanism of photoisomerization of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ with that of free organic ligands,[7–9,33–35]


PECs corresponding to the a1A ground state and to the 1,3IL
state of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]


+ have been computed by
means of state-specific CASSCF (3IL) and of two states
average CASSCF (a1A, 1IL) with the same active space
characteristics but without the low-lying MLCT states.
These PECs calculated as a function of q between 08 (trans
isomer) and 1208 are represented in Figure 8 and the corre-
sponding energies values are reported in Table 4. The a1A


Figure 7. Simplified representation of the mechanism of the trans–cis
photoisomerization.


Figure 8. CASSCF PECs corresponding to the electronic ground state
and the 1,3IL excited states of [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]


+ as a function of the
torsion angle q of the carbon–carbon double bond of the styrylpyridine
ligand.
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electronic ground state, called the S0 state in the stilbene-
like molecules, presents an energy barrier with a maximum
at the perpendicular geometry corresponding to an angle of
908 and to a diradical with the electronic configurations de-
scribed above. The 3IL PEC is nearly flat with a crossing
with the a1A ground state PEC before 808 earlier than the
one observed in Figure 6 on the whole set of PECs. The 1IL
PEC corresponding to the S1 state in the free organic ligand
presents an energy barrier before 608 and an avoided cross-
ing with the electronic ground state PEC. A careful analysis
of the CASSCF weights (see Table 4) points to a clear
change of electronic configuration between 608 and 1208
with a completely symmetric exchange between the a1A and
1IL states. The 3IL state remains nearly pure along the pho-
toisomerization pathway with a weight of 93%.


According to this qualitative picture the position of the
crossing point between the 3IL and the electronic ground
state PEC could control the quantum yield of the photoiso-
merization process leading to an asymmetric mechanism. In
the less favorable case such as the one depicted in Figure 8
this crossing occurs too early along the torsion coordinate to
reach the maximum of the energy barrier and to lead to the
cis isomer. Again the limitation of the one-dimensional
model restricted to the torsion angle around the C=C bond
of the styrylpyridine ligand does not allow any conclusions,
but according to experimental data steric constraints in the
low-symmetry [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]


+ complex investigated
in the present work could be responsible for such inefficient
photoisomerizations.


Conclusion


On the basis of a careful theoretical analysis of the struc-
tures, electronic spectroscopy, and evolution of the potential
energy of the low-lying IL and MLCT excited states of
[Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]


+ as a function of the carbon–carbon
double bond torsion angle of the styrylpyridine, it has been
shown that the photoisomerization of the ligand under visi-
ble light operates by a triplet intraligand mechanism via the
3IL (pstpy!p*stpy) state. This state is populated by intramo-
lecular energy transfer from the ReI(CO)3ACHTUNGTRENNUNG(bpy) chromo-
phore to the styrylpyridine ligand. The early photoisomeri-
zation dynamics (within a few ps) is governed by the evolu-
tion of the system from the 1MLCT absorbing state to the
3IL via the set of low-lying 3MLCT states in the Franck–
Condon region. The trans–cis isomerization of the styrylpyri-
dine ligand is preceded by a rotation of about 908 around
the carbon–carbon double bond in the 3IL state. At about
the perpendicular conformation the 3IL state potential
crosses the ground state potential. The isomerization process
occurs after intersystem crossing on the electronic ground
state potential energy surface from the perpendicular con-
formation of the ligand, according to the mechanism pro-
posed for the free ligand. The role of the rhenium is to
switch the mechanism from the 1IL state accessible through
UV irradiation in the free organic ligand to the 3IL state


easily reached after visible excitation to the low-lying
MLCT states. The metal-to-styrylpyridine charge-transfer
states do not participate in the mechanism of photoisomeri-
zation. The calculated theoretical picture of the photochemi-
cal mechanism agrees remarkably well with the experimen-
tal mechanism proposed by Busby et al.[6]
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Photosensitized Oxidation of Sulfides: Discriminating between the Singlet-
Oxygen Mechanism and Electron Transfer Involving Superoxide Anion or
Molecular Oxygen


Sergio M. Bonesi,[a, b] Ilse Manet,[c] Mauro Freccero,[b] Maurizio Fagnoni,[b] and
Angelo Albini*[b]


Introduction


Methods for the mild and selective oxidation of sulfides to
sulfoxides that minimize production of sulfones and side re-
actions are interesting from both synthetic and mechanistic
points of view.[1] Photosensitized reactions play an important


role in this field and occur according to two main mecha-
nisms. Singlet oxygen produced on energy transfer from the
sensitizer reacts efficiently with dialkyl sulfides to yield the
sulfoxide via an intermediate persulfoxide [Eqs. (1)–(3)].[2]


A peculiarity of sulfide oxidation via 1O2 is the strong
medium effect on the efficiency of the reaction, which is
high in protic media, in which the intermediate persulfoxide
is hydrogen-bonded.[2] Sulfide oxidation by the singlet-
oxygen mechanism is sluggish in aprotic media and in the
case of aryl alkyl and diaryl sulfides.[2]


Sens* þO2 ! Sensþ 1O2 ð1Þ


1O2 þR2S ! R2S
þ�O�O� ð2Þ


R2S
þ�O�O� þR2S ! 2R2SO ð3Þ


Abstract: The oxidation of diethyl and
diphenyl sulfide photosensitized by di-
cyanoanthracene (DCA), N-methylqui-
nolinium tetrafluoroborate (NMQ+),
and triphenylpyrylium tetrafluorobo-
rate (TPP+) has been explored by
steady-state and laser flash photolysis
studies in acetonitrile, methanol, and
1,2-dichloroethane. In the Et2S/DCA
system sulfide-enhanced intersystem
crossing leads to generation of 1O2,
which eventually gives the sulfoxide via
a persulfoxide; this mechanism plays
no role with Ph2S, though enhanced
formation of 3DCA has been demon-
strated. In all other cases an electron-
transfer (ET) mechanism is involved.
Electron-transfer sulfoxidation occurs
with efficiency essentially independent


of the sulfide structure, is subject to
quenching by benzoquinone, and does
not lead to Ph2SO cooxidation. Forma-
tion of the radical cations R2SC+ has
been assessed by flash photolysis
(medium-dependent yield, dichloro-
ethane@CH3CN>CH3OH) and con-
firmed by quenching with 1,4-dime-
thoxybenzene. Electron-transfer oxida-
tions occur both when the superoxide
anion is generated by the reduced sen-
sitizer (DCAC�, NMQC) and when this
is not the case (TPPC). Although it is
possible that different mechanisms op-


erate with different ET sensitizers, a
plausible unitary mechanism can be
proposed. This considers that reaction
between R2SC+ and O2C� mainly in-
volves back electron transfer, whereas
sulfoxidation results primarily from the
reaction of the sulfide radical cation
with molecular oxygen. Calculations
indeed show that the initially formed
fleeting complex RS2


+ ···O�OC adds to a
sulfide molecule and gives strongly sta-
bilized R2S�OC�+O�SR2 via an accessi-
ble transition state. This intermediate
gives the sulfoxide, probably via a radi-
cal cation chain path. This mechanism
explains the larger scope of ET sulfoxi-
dation with respect to the singlet-
oxygen process.
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The second mechanism involves photosensitized electron-
transfer (ET) oxidation[3] and operates with electron poor
(hetero)aromatics[3a–h] or aryl ketones[3f,h,4] as sensitizers
[Eqs. (4)–(6)].


1Sens* þR2S ! SensC� þR2S
Cþ ð4Þ


SensC� þO2 ! O2
C� þ Sens ð5Þ


O2
C� þR2S


Cþ ! R2SO ð6Þ


The sulfide radical cation forms on electron transfer to
the excited sensitizer, which is then regenerated by reaction
with oxygen yielding the superoxide anion. Recombination
of the sulfide radical cation and the superoxide anion yields
the final sulfoxide. Both Baciocchi et al.[3d] and Lacombe
et al.[3f] recently showed that the oxidation of dibutyl sulfide
in acetonitrile with 9,10-dicyanoanthracene (DCA), N-meth-
ylquinolinium tetrafluoroborate (NMQ+), and benzophe-
none can occur both via the ET path [Eqs. (4)–(6)] and via
the 1O2 mechanism [Eqs. (1)–(3), Sens=DCA or benzophe-
none]. Only the ET path is followed in the case of sulfoxida-
tion of thioanisole sensitized by DCA and NMQ+ . Discrimi-
nating between the two mechanisms is not trivial, because
these sensitizers also generate singlet oxygen; indeed, for-
mation of 1O2 with a limiting quantum yield of two has been
demonstrated for some “typical” ET sensitizers.[3d,5] Further-
more, Baciocchi et al. proposed a different ET mechanism
in which recombination of sulfide radical cation and super-
oxide anion gives a cyclic adduct, namely, a thiadioxirane,
rather than the persulfoxide involved in the 1O2 reactions.


[3d]


Since the efficiency of the singlet-oxygen mechanism strong-
ly depends on the nature of the medium,[2,6] it appeared
likely that extending the exploration of photosensitized sul-
fide oxidation to other solvents could offer new mechanistic
insight. We decided to extend the sulfoxidation from
CH3CN to dichloroethane (DCE), a less polar solvent, and
to methanol, a protic solvent. Two prototype sulfides were
studied, diethyl sulfide and diphenyl sulfide; the former is
known to react smoothly with 1O2, and the latter is virtually
unreactive (rate constant k=3.9L104m�1 s�1 and 2.7L
107m�1 s�1 for Ph2S and Et2S, respectively).


[7] Moreover Ph2S
lacks a-hydrogen atoms which could be involved in the reac-
tion. Reasoning that a sensitizer with different characteris-
tics could in turn afford useful information, we added tri-
phenylpyrylium tetrafluoroborate (TPP+) to the above-men-
tioned sensitizers, DCA and NMQ+ . In contrast to DCA
and NMQ+ , singlet excited TPP+ is known to be a poor


oxygen sensitizer because of its small singlet–triplet energy
gap (11 kcalmol�1)[8] compared to the activation energy of
singlet oxygen (22 kcalmol�1). Furthermore, TPP+ in the
ground state is a worse oxidizer than NMQ+ and DCA,[9]


but both singlet and triplet excited TPP+ are known as very
strong oxidizing agents.[8] In the ET mechanism, ET from
the radical TPPC to oxygen according to Equation (5) is an
endothermic process, so no formation of superoxide anion is
expected.[8] To obtain further mechanistic indications from
the effect of additives, we used diphenyl sulfoxide and p-
benzoquinone (BQ), known as quenchers of potential inter-
mediates, that is, persulfoxide and superoxide anion, respec-
tively.[3d] We also employed 1,4-dimethoxybenzene (DMB)
in low concentrations, which is expected to quench the sul-
fide radical cations.


Results


Photosensitized oxidation : Electron transfer from both sul-
fides to the singlet excited sensitizers is exoergonic. In the
case of Et2S (Ph2S) in CH3CN, the Gibbs free energy change
for electron transfer DGET calculated according to WellerMs
equation[10] is �8.7 (�13.7) kcalmol�1, �23.4 (�28.4) kcal
mol�1, and �19.9 (�24.9) kcalmol�1 for 1DCA, 1NMQ+ , and
1TPP+ , respectively.[9] Experimentally, it was found that the
fluorescence of all of the sensitizers was quenched at close
to diffusion-controlled rate by both sulfides in the consid-
ered solvents. (e.g., KSV is 110, 248, and 150m�1 for DCA
with Ph2S in DCE, CH3CN, and CH3OH; 77, 102, and 77m�1


for TPP+ with Ph2S in the same solvents; and 77m�1 for
TPP+ with Et2S in DCE). No significant change in the emis-
sion spectrum was observed in any case, and thus there is no
spectral evidence of exciplex formation. Irradiation of
oxygen-free solutions of the sensitizers in the presence of
the sulfides caused at most a sluggish reaction, except for
the case of TPP+ , which was rapidly bleached under these
conditions. The sulfides were consumed by irradiation in
oxygen-equilibrated solutions with conservation of the pho-
tosensitizer and were converted to the corresponding sulfox-
ides, by far the main photoproducts up to high conversion.
However, in the case of TPP+ , addition of a further portion
of the sensitizer was required in MeOH and MeCN for high
sulfide conversion, while no sensitizer consumption took
place in DCE. The oxidation efficiency was compared for
0.01m solutions of the sulfides. The amount of sulfoxide
formed (mmol per min) under various conditions is reported
in Tables 1 and 2. To avoid interference by secondary reac-


Table 1. Amount [mmolmin�1] of sulfoxide formed on photosensitization of diethyl sulfide.


DCA TPT+ NMQ+


BQ[a] DMB[b] Ph2SO
[c] BQ[a] DMB[b] Ph2SO


[c] BQ[a] DMB[b] Ph2SO
[c]


CH3CN 2.5 5.1 1.8 2.4 (0.05)[e] 0.89 –[d] –[d] 1.0[f] 3.3 –[d] 1 3.5[f]


DCE 1.7 1.6 1.9 2.5 (0.06)[e] 0.73 0.58 0.41 1.0[f] 4.5 1.5 2.5 3.9[f]


CH3OH 5.1 4.5 3.4 4.5 (0.12)[e] 0.77 –[d] 0.4 1.0[f] 0.56 –[d] 0.39 0.52[f]


[a] 5L10�2m BQ. [b] 1.25L10�3m DMB. [c] 2.5L10�3m Ph2SO. [d] <0.008 mmolmin�1 sulfoxide formed. [e] Ph2SO2 formed [mmolmin�1]. [f] No apprecia-
ble amount of Ph2SO2 formed.
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tions, the data reported refer to a conversion of 5% or less.
DMB was used at low concentration (1.25L10�3m) so that
competition with the sulfide in the quenching of the excited
sensitizer could be neglected. The concentrations of BQ and
Ph2SO were 2.5L10�3 and 5L10�2m, respectively.
As can be seen from Tables 1 and 2, Et2S underwent


DCA-sensitized sulfoxidation with increasing efficiency in
the order DCE<CH3CN<CH3OH, and under these condi-
tions Ph2SO was susceptible to cooxidation yielding the sul-
fone Ph2SO2. The results were different with the other two
sensitizers; in the case of TPP+ the oxidation efficiency was
low in the three solvents examined and no cooxidation of
Ph2SO occurred. In the presence of NMQ+ the oxidation ef-
ficiency was similar to that obtained with DCA in DCE and
CH3CN, while it was lower in CH3OH; again no cooxidation
of Ph2SO was observed. A small amount of acetaldehyde
was formed in CH3OH. In the case of NMQ+ and TPP+ sul-
fide oxidation was inhibited by both BQ and DMB.
Photosensitized sulfoxidation of Ph2S occurred at rates


generally lower than those of Et2S. DCA-sensitized sulfoxi-
dation occurred only in CH3CN. In the presence of the two
cationic sensitizers the sulfoxide was formed in the three
solvents, though for NMQ+ the yield was lower in CH3OH.
The sulfoxidation was inhibited by both DMB and BQ re-
gardless of the type of sensitizer or solvent, contrary to what
was observed with Et2S.


Study of the intermediates : Laser flash photolysis (LFP) in
the presence of NMQ+ is first illustrated. Excitation of
NMQ+ in the presence of Et2S in argon-saturated dichloro-
ethane resulted in a transient absorption spectrum consisting
of a broad band with maximum at 525 nm, attributable to
overlap of the absorptions of the radical NMQC (lmax=


550 nm)[11] and the sulfide radical cation dimer (Et2S)2C+


(lmax�485 nm).[12] In the presence of oxygen, the absorption
was less intense in the long-wavelength region, consistent
with quenching of NMQC. The decay was fitted satisfactorily
with a second-order rate law (see Table 4; representative
decays are reported as insets in the figures) both in argon-
and in oxygen-saturated solutions. In CH3CN and CH3OH,
transient absorptions of similar shape but much lower inten-
sity were recorded (see Figure 1 and Table 3)
In the case of Ph2S and NMQ+ in argon-saturated


CH3CN the transient absorption consisted of two distinct
bands with maxima at 550 and 740 nm. The former is attrib-
utable to the NMQC radical and the latter to the diphenyl
sulfide radical cation Ph2SC+ (see Figure 2a).[13] In the pres-


Table 2. Amount [mmolmin�1] of sulfoxide formed on photosensitization
of diphenyl sulfide.[a]


DCA TPT+ NMQ+


BQ DMB BQ DMB BQ DMB


CH3CN 1.5 –[b] –[b] 0.7 –[b] –[b] 1.6 –[b] 0.25
DCE 0.02 0.008 –[b] 0.5 –[b] –[b] 1.4 –[b] 0.36
CH3OH 0.04 –[b] –[b] 0.8 –[b] –[b] 0.065 –[b] –[b]


[a] Additives as in Table 1. [b] <0.008 mmolmin�1 sulfoxide formed.


Figure 1. Transients observed 1 ms after flashing a NMQ+ solution in the
presence of 0.02m Et2S in DCE/Ar, DCE/O2, MeCN, and MeOH. Inset:
decay of the absorbance at 520 nm in Ar-equilibrated DCE, MeCN,
MeOH (top to bottom; spectrum in MeCN multiplied L5).


Table 3. Transient formation quantum yield F obtained on LFP in
argon-saturated solution and sulfoxidation quantum yield FSO obtained
for diethyl and diphenyl sulfides.


Sensitizer Sulfide, solvent Transient (F) FSO


NMQ+ Et2S, CH3CN ACHTUNGTRENNUNG(Et2S)2C+ (0.10) 0.14
Et2S, DCE ACHTUNGTRENNUNG(Et2S)2C+ (0.82) 0.19
Et2S, CH3OH ACHTUNGTRENNUNG(Et2S)2C+ (0.04) 0.02


DCA Et2S, CH3CN ACHTUNGTRENNUNG(Et2S)2C+ (0.025) 0.10
TPP+ Et2S, CH3CN ACHTUNGTRENNUNG(Et2S)2C+ (0.025) 0.038


Et2S, DCE ACHTUNGTRENNUNG(Et2S)2C+ (0.11) 0.031
Et2S, CH3OH ACHTUNGTRENNUNG(Et2S)2C+ (0.02) 0.033


NMQ+ Ph2S, CH3CN Ph2SC+ (0.23), NMQC (0.30) 0.07
Ph2S, DCE Ph2SC+ (1.0), NMQC (1.0) 0.06
Ph2S, CH3OH – 0.003


DCA Ph2S, CH3CN – 0.064
Ph2S, DCE 3DCA (0.77, 800 nm) 0.001
Ph2S, CH3OH – 0.002


TPP+ Ph2S, CH3CN Ph2SC+ (0.04), TPPC (0.04) 0.03
Ph2S, DCE Ph2SC+ (0.27), TPPC (0.27) 0.03
Ph2S, CH3OH – 0.03


Table 4. Rate constant for the decay of the transients observed on flash
photolysis of diethyl and diphenyl sulfides.[a]


Sensitizer Sulfide,
solvent


109k2 [m
�1 s�1]


Sulfide radical
cation


Reduced sensitizer, other
transients


DCA Ph2S,
CH3CN


30 (Ar), 60 (O2) 31 (Ar)[a]


Ph2S, DCE – 12 (3DCA, Ar)[a]


NMQ+ Et2S, DCE 23 (Ar), 26 (O2)
Ph2S,
CH3CN


8.0 (Ar), 24 (O2) 28 (Ar)[a]


Ph2S, DCE 3.1 (Ar), 8.8 (O2) 2.2 (Ar), 30 (O2)
TPP+ Et2S, DCE 17 (Ar), 17 (O2)


Ph2S,
CH3CN


22 (Ar), 8.3 (O2)


Ph2S, DCE 3.8 (Ar), 4.1 (O2) 3.9 (Ar), 4.1 (O2)


[a] The signal is quenched by oxygen.


www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4844 – 48574846


A. Albini et al.



www.chemeurj.org





ence of oxygen the transient absorption band centered at
550 nm disappeared because of NMQC radical quenching
(see inset). The decay at 550 and 740 nm, both in the pres-
ence of Ar and O2, was perfectly fitted with a second-order
rate law. Similar transient absorption spectra were recorded
in DCE, but the intensity was much higher (Figure 2b). In
the presence of oxygen the decay at 550 and 740 nm perfect-
ly fitted a second-order rate law, while in the argon-saturat-
ed medium neither a second-order rate law nor exponential
analysis gave a perfect fitting of the decays at 740 and
550 nm. No transient absorption signals were measured in
methanol.
With DCA as sensitizer the behavior changed with the


solvent, as can be seen for Ph2S in Figure 3. In argon-satu-
rated CH3CN the transient absorption extended over the
range 600–850 nm, where the DCAC� radical anion (lmax=


704 nm),[14] triplet 3DCA (lmax=735 nm, 810 nm),[15] and the
diphenyl sulfide radical cation (lmax=740 nm) all absorb
(Figure 3a). In oxygen-saturated CH3CN the spectrum
changed shape and was less intense (Figure 3b). This was
mainly attributable to Ph2SC+ , in accordance with the known
quenching by oxygen of both triplet 3DCA and DCAC�. The
decay at 740 nm followed a second-order rate law. In argon-
saturated DCE, the transient absorption spectrum extended
from 600 nm up to the red edge of the visible region (Fig-


ure 3c). This absorbance disappeared completely in the
presence of oxygen. The maxima at 730 and 810 nm corre-
spond well to the values reported for the triplet–triplet ab-
sorption of DCA.[15] In methanol, only a very weak signal
was detected around 730 nm under argon and none under
oxygen. Essentially the same situation was observed for
Et2S. A transient around 500 nm was barely detected in
argon-saturated CH3CN, but not in CH3OH or DCE.
In the case of TPP+ and diethyl sulfide a transient absorp-


tion extending from 420 to 650 nm with lmax=530 nm was


Figure 2. Transients observed on flashing a NMQ+ solution in the pres-
ence of 0.02m Ph2S. Solvent: a) DCE (1 (c), 3 (g), 30 ms (d)),
b) MeCN (0.6 (c), 4 (g), 30 ms (d)). Inset: decay of the absorb-
ance at 750 and 550 nm in argon- and oxygen-equilibrated solutions.


Figure 3. Transients observed on flashing a DCA solution in the presence
of 0.02m Ph2S a) in Ar-equilibrated MeCN (1 (c), 3 (g), 30 ms
(d)), b) in oxygen-equilibrated MeCN (0.4 (c), 4 (g), 30 ms
(d)), and c) in Ar-equilibrated DCE (1 (c), 10 (g), 70 ms (d)).
Inset: decay of the absorbance at 750 and 550 nm in argon- and oxygen-
equilibrated solutions.
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measured. The sulfide radical cation dimer, TPPC, and triplet
excited TPP+ are known to absorb in the observed region
with lmax=485 (in water), 550, and 480 nm respectively.[16]


The signal was much more intense in DCE than in CH3CN
and CH3OH (Figure 4).


With diphenyl sulfide, the transient absorption spectrum
in both argon-saturated CH3CN and DCE exhibited maxima
at 540 and 760 nm attributable to TPPC and to the sulfide
radical cation, respectively (Figure 5a and b). The absorp-
tion was much more intense in DCE (Figure 5b) than in
CH3CN (Figure 5a) and very weak in CH3OH. In DCE
both maxima underwent second-order decay with rate con-
stants that did not change on oxygen saturation, though the
intensity of both bands was reduced. In CH3CN the signal of
the radical cation decay was little affected by O2, while the
540 nm transient disappeared.
The molar absorption coefficients of several of the transi-


ents involved ((Et2S)2C+ ,[12] DCAC�,[14] 3DCA,[15]) have been
previously reported. We evaluated the molar absorption co-
efficients of the diphenyl sulfide radical cation and the
NMQC and TPPC radicals, assuming that ET to excited sensi-
tizer from the sulfide occurred with unitary quantum yield
in the NMQ+/Ph2S system in DCE, where the transient ab-
sorptions were most intense. The assumption was supported
by the fact that experiments with NMQ+ solutions in DCE
with increasing concentrations of both Et2S and Ph2S (up to
0.1m) showed that the transient intensity did not grow fur-
ther; the molar absorption coefficient thus evaluated for
Ph2SC+ , e750=5900m�1 cm�1, was close to that obtained for
other sulfide radical cations.[12,13] The reduced species NMQC
and TPPC were formed in equimolar amounts with respect to
the sulfide radical cation, and the values e550=2200 and
5900m�1 cm�1, respectively, were calculated. This is a higher
value than that reported (e=2790m�1 cm�1) for TPPC at
550 nm in CH3CN.


[16] Relative LFP formation quantum
yields of the transients are compared with the quantum


yields of sulfoxidation FSO in Table 3. Second-order fitting
of the observed decay afforded the rate constants k2 of the
observed transients from the experimental rate constants
kobs=k2/e and the above e data. These are reported in
Table 4, both for argon- and for oxygen-saturated solutions.


Calculations : Theoretical calculations were performed to ra-
tionalize the mechanism of the observed sulfoxidation. Since
sulfide radical cations were formed, it was explored how
these interact with molecular oxygen or the superoxide
anion. The radical cation of dimethyl sulfide (1) was taken
as model, and calculations were carried out at the B3LYP/6-
31+G ACHTUNGTRENNUNG(2d,p) level of theory. The reactions considered are
reported in Equations (7)–(10).


Me2S
Cþ ð1CþÞ þO2


C� ! Me2S
þ�O�O� ð7Þ


1Cþ þO2
C� ! Me2


N O
S�O�O ð8Þ


1Cþ þO2
C� ! Me2SþO2 ð9Þ


1Cþ þO2 ! Me2S
þ�O�OC ð10Þ


Figure 4. Transients observed 1 ms after flashing a TPP+ solution in the
presence of 0.02m Et2S in DCE, MeCN, and MeOH. Inset: decay of the
absorbance at 520 nm in the same solvents (MeCN, MeOH L5).


Figure 5. Transients observed on flashing a TPP+ solution in the presence
of 0.02m Ph2S. Solvent: a) DCE (2 (c), 10 (g), 80 ms (d)),
b) MeCN (1 (c), 10 (g), 70 ms (d)). Inset: decay of the absorb-
ance at i) 760 and ii) 550 nm in argon- and oxygen-equilibrated solutions.
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The addition of 1C+ to the superoxide anion to give either
the persulfoxide or the thiadioxirane [Eq. (7) and (8)] have
been previously calculated by Baciocchi et al.[3d] at the same
level of theory to be strongly exothermic processes: DH=


�156.9 kcalmol�1 in the gas phase (�47.8 in CH3CN) and
�158.6 (�48.6 in CH3CN), respectively. Furthermore, the in-
teraction between these two intermediates may also involve
electron transfer [Eq. (9)]. We calculated that this process is
even more exothermic, both in the gas phase (DH=


�184.8 kcalmol�1) and in acetonitrile solution (�63.6 kcal
mol�1).[17]


For the reaction with molecular oxygen [Eq. (10)], Rauk
et al.[18] previously calculated that 1C+ forms only weakly
bound complexes. However, we felt that exploring in detail
the potential energy surface (PES) of the reaction pathways
involving 1 and 1C+ in the presence of oxygen was worth-
while.
The PES of the addition reaction of 1C+ to triplet oxygen


at the B3LYP/6-31+GACHTUNGTRENNUNG(2d,p) level of theory followed closely
the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) hypersurface described by Rauk
et al. In fact, it reached the same shallow minima: 1-OOC+(i)
with Cs symmetry and 1-OOC+(ii), both of which lie below
1C+ and triplet O2 on the PES (by �4.0 and �3.6 kcalmol�1,
respectively, in the gas phase; Table 5). The large S1�O2 dis-


tance (2.61 P, see Figure 6) and the weak interaction be-
tween 1C+ and triplet O2 suggested that the structures were
ion-induced dipole complexes in equilibrium with free 1C+


and triplet O2. Thermal contributions in the gas phase to the
Gibbs free energy (DG) and solvation effects in acetonitrile
computed by the PCM model (dDGsolv) shifted the equilibri-
um toward the free reactants, which were roughly
10 kcalmol�1 below the complexes in acetonitrile solution.
The interaction with a molecule of dimethyl sulfide made


a new reaction pathway available for both of the loosely
bonded complexes 1-OOC+(i) and 1-OOC+(ii) (Figure 6).
Such a chemical pathway ended with the formation of a
much more stable dimeric radical cation P-1-OO-1C+ , which


existed as three equilibrating conformers P-1-OO-1C+(i)–
(iii).
In more detail, at the beginning of the reaction coordi-


nate, two additional minima were located on the PES: 1-
OOC+ ···1(i) and 1-OOC+ ···1(ii) (Figure 6). In such intermedi-
ates the S4 atom (see Figure 6 for numbering) of the ap-
proaching dimethyl sulfide is 2.43–2.45 P from the distal
oxygen atom O3.


Table 5. Reaction energies DE[a] and reaction free energies DG in the
gas phase and in acetonitrile solution for formation of the complexes 1-
OOC+(i) and 1-OOC+(ii) starting from 1C+ and O2, along with the solvation
energies for each stationary point dDGsolv [in kcalmol�1] in acetonitrile at
the UB3LYP/6-31+G ACHTUNGTRENNUNG(2d,p) and PCM-UB3LYP/6-31+GACHTUNGTRENNUNG(2d,p) levels of
theory.


Stationary points Gas phase Acetonitrile solution
DEgas


[a] DGgas
[b] dDGsolv DEsolv DGsolv


O2(T) – – 1.8 – –
1 – – 0.9 – –
1C+ – – �48.2 - –
1-OOC+(i) �4.0 4.5 �39.4 6.4 11.5
1-OOC+(ii) �3.6 4.2 �39.9 6.6 10.7


[a] Relative to free reactants: 1C+ and triplet O2, �628.049443 Hartree.
[b] For conversion from 1 atm standard state to 1 molL�1 standard state,
the following contribution was added to the standard Gibbs free energy:
RTlnR’T, where R’ is the value of R in Latmmol�1K. For a reaction with
A+B=C stoichiometry, the correction for DG¼6 is RTlnR’T. At 298 K
the corrections amount to �1.90 kcalmol�1 for DG¼6 .


Figure 6. Structure of the stationary points (intermediates and transition
structures) involved in the reaction of dimethyl sulfide radical cation
(1C+) with triplet oxygen.
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The formation of the new intermediates 1-OOC+ ···1(i) and
1-OOC+ ···1(ii) starting from the complexes 1-OOC+ is an en-
ergetically favorable process. In fact, these two states were
located �12.7 and �14.0 kcalmol�1 below free 1-OOC+(i)
and 1 on the PES, respectively (Table 6). The process was


almost barrierless, since we were unable to locate a TS con-
necting them with complexes 1-OOC+ . To unambiguously
prove that intermediate 1-OOC+ ···1(i) is generated by nucle-
ophilic addition of dimethyl sulfide to the ion-induced
dipole complex 1-OOC+(i), we performed stepwise stretching
of the O3�S4 distance in the intermediate 1-OOC+ ···1(i) from
2.4 to 3.39 P by a standard scan procedure and observed a
parallel elongation of the S1�O2 bond in the intermediate up
to 1.91 P with concomitant increase in energy.
Up to this point the examination has been carried out in


terms of energy on the PES. However, a balanced evalua-
tion of the stabilities of intermediates 1-OOC+ ···1(i) and 1-
OOC+ ···1(ii) relative to the complex 1-OOC+(i) and dimethyl
sulfide (1) should be based on free energy data (DG). When
these were considered, it resulted that 1-OOC+-1(i) and 1-
OOC+-1(ii) were again both more stable than the starting
complexes 1-OOC+(i) and 1 by �0.8 and �1.7 kcalmol�1, re-
spectively, in the gas phase. Taking into account solvation
led to destabilization and placed these intermediates 9–
10.5 kcalmol�1 above the complex 1OOC+(i) and 1 (Table 6),
a result due to the weaker solvation of the former radical
cations (�27.2, �27.9 kcalmol�1) with respect to the latter
(�39.4, �39.9 kcalmol�1).
Furthermore, 1-OOC+ ··1(i) evolved along the reaction co-


ordinate toward a covalently bonded intermediate P-1-OO-
1C+(i), which is much more stable than the original ion-in-
duced dipole complex 1-OOC+(i) and 1, both in the gas
phase (DGgas=�42.9 kcalmol�1) and in acetonitrile solution
(DGsolv=�29.6 kcalmol�1). This involved passing through
transition structure TS-1-OOC+ ···1(i). Similarly, 1-OOC+ ···1(ii)
evolved to intermediate P-1-OO-1C+(ii) (DGgas=�40.8 kcal
mol�1, DGsolv=�27.5 kcalmol�1), and also in this case the
connecting TS-1-OOC+ ···1(ii) was located.


Internal reaction coordinate (IRCs) were calculated at
the B3LYP/6-31+GACHTUNGTRENNUNG(2d,p) level to connect both TSs TS-1-
OOC+ to the corresponding precomplexed reactants (1-OOC+


) and products (P-1-OO-1C+).
The two final radical cations P-1-OO-1C+(i) and P-1-OO-


1C+(ii) and a third form (see Figure 6) were interconverting
conformers and were much more stable than the starting re-
actants both in the gas phase and in acetonitrile solution,
and this afforded the driving force for arriving at such prod-
ucts through the equilibria in Figure 6. The stretched O�O
bond length in the final adducts P-1-OO-1C+ (2.31–2.33 P)
suggested this intermediate further evolved by breaking of
the peroxo bond.


Discussion


Photosensitized sulfoxidation mechanism : Steady-state and
laser flash photolysis results support that at least two differ-
ent reaction paths are involved in the photosensitized oxida-
tion of sulfides, depending on reagent, sensitizer, and sol-
vent. Dialkyl sulfides are known to react with singlet oxygen
to yield persulfoxide intermediates. Baciocchi et al.[3d] have
supplied evidence that the DCA-sensitized oxidation of di-
butyl sulfide in CH3CN involves this reaction mechanism,
since sulfoxidation is inhibited by DABCO, an efficient sin-
glet-oxygen quencher, and cooxidation of Ph2SO to the cor-
responding sulfone occurs on reaction with the nucleophilic
persulfoxide intermediate [Eq. (11)]. The same conclusions
apply to the oxidation of diethyl sulfide sensitized by DCA,
and are supported by the diagnostic effect of the addition of
Ph2SO in the three solvents considered.


R2S
þ�O�O� þ Ph2SO ! R2SOþ Ph2SO2 ð11Þ


The extent of sulfoxidation in the presence of DCA de-
pends on the solvent and increases by a factor three on
going from DCE to CH3CN and CH3OH; this can be ration-
alized as arising from the more efficient conversion of the
persulfoxide intermediate to the sulfoxide in protic solvents
(by a factor of up to 20),[6] though the effect is attenuated,
probably because of the different 1O2 lifetimes in these sol-
vents (ca. 50 ms for CH3CN and C2H4Cl2, 7 ms for
CH3OH),[19] which is relevant at the employed Et2S concen-
tration of 0.01m. The fact that neither BQ nor DMB affects
the DCA-sensitized oxidation confirms the 1O2 mechanism.
The experiments on Et2S in the presence of NMQ+ or


TPP+ as sensitizer show that Ph2SO cooxidation does not
take place in any solvent, and sulfoxidation is inhibited in
all cases by BQ, known as a quencher of O2C�,[3d,20a–d] In fact,
ET from O2C� to BQ is exoergonic (E8 ACHTUNGTRENNUNG(BQ/BQC�)=�0.47
and E8 ACHTUNGTRENNUNG(O2/O2C�)=�0.87 V versus SCE).[20a,b] Moreover, the
reactions are inhibited also by a small amount of DMB,
which is expected to reduce the sulfide radical cation
(E8(Et2S/Et2SC+)=1.65 V and E8(DMB/DMBC+)=1.41 V
versus SCE).[20e,f] Further evidence comes also from the de-
tection in laser flash photolysis of the dimeric sulfide radical


Table 6. Reaction energies DE[a] and reaction free energies DG in the
gas phase and in acetonitrile solution for the reaction of the complex 1-
OOC+ with 1, along with the solvation energies for each stationary point
dDGsolv [kcalmol�1] in acetonitrile at the UB3LYP/6-31+G ACHTUNGTRENNUNG(2d,p) and
PCM-UB3LYP/6-31+G ACHTUNGTRENNUNG(2d,p) levels of theory.[b]


Stationary points Gas phase Acetonitrile solution
DEgas


[a] DGgas dDGsolv DEsolv DGsolv


1-OOC+ ···1(i) �12.7 �0.8 �27.2 �2.6 10.5
1-OOC+ ···1(ii) �14.0 �1.7 �27.9 �4.2 9.0
TS-1-OOC+ ···1(i) �8.8 3.0 �26.7 2.2 14.7
TS-1-OOC+ ···1(ii) �10.2 1.8 �25.4 0.9 14.9
P-1-OO-1C+(i) �56.9 �42.9 �25.1 �45.7 �29.6
P-1-OO-1C+(ii) �55.1 �42.5 �24.2 �-43.6 �28.3
P-1-OO-1C+ ACHTUNGTRENNUNG(iii) �54.0 �41.6 �23.0 �41.5 �26.1


[a] Relative to the complex 1-OOC+(i) and 1: �1106.083589 Hartree.
[b] See footnote [b] in Table 5
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cation (Et2S)2C+ . For these reasons we can safely conclude
that in the case of sensitization by TPP+ and NMQ+ an ET
mechanism is involved in the sulfoxidation of Et2S.
In the case of diphenyl sulfide there is no indication of


the 1O2 mechanism. Thus, no cooxidation of Ph2SO to the
sulfone has been observed. Further, sulfoxidation is in all
cases inhibited both by BQ and by DMB, which are expect-
ed to reduce Ph2SC+ (E8(Ph2S/Ph2SC+)=1.43 V versus
SCE).[20g] The sulfide radical cation in its monomeric form
(no indication for a dimeric form, in accord with previous
literature[13c]) is detected by laser flash photolysis along with
the reduced sensitizer, and under oxygen the absorbance of
the reduced sensitizer disappears partially or completely,
while that of the sulfide radical cation persists. With NMQ+


and TPP+ the oxidation quantum yield shows little depen-
dence on solvent (decreasing in CH3OH for NMQ+), while
with DCA the reaction takes place in CH3CN but is negligi-
ble in both DCE and CH3OH.


Role of the photosensitizers : It is known that both DCA
and NMQ+ in the singlet excited state are capable of sensi-
tizing singlet-oxygen formation with a limiting quantum
yield of two, due to the near coincidence of the sensitizer
singlet–triplet energy gap and the activation energy of sin-
glet oxygen (24 and 21 kcalmol�1 for DCA and NMQ+ , re-
spectively).[5d,e] Rate constants for quenching by oxygen in
CH3CN are 5.9L109m�1 s�1 and 6.8L109m�1 s�1 for 1DCA
and 1NMQ+ , respectively.[3d] Since rate constants of sensitiz-
er quenching by sulfides via ET are (1–3)L1010 at sulfide
concentrations of 0.02m, the contribution of quenching by
oxygen is less than 15%. As 1TPP+ is a poor singlet-oxygen
sensitizer, we can conclude that oxygen quenching based on
direct sensitization as in Equation (12) does not contribute
significantly in any case studied.


1SensþO2 ! 3Sensþ 1O2 ð12Þ


Another mechanism leading to singlet oxygen is sulfide-
enhanced intersystem crossing (ISC) of 1Sens to 3Sens via
the initial contact pair (Scheme 1, path b), followed by
oxygen sensitization according to Equation (13).


3SensþO2 ! Sensþ 1O2 ð13Þ


The triplet state is lower in energy than the radical ion
pair only in the case of DCA.[21] Examination of Figure 3a
and c shows that some DCA triplet is formed along with the
radical anion in argon-saturated CH3CN, and indeed in a
less polar solvent such as DCE (e=10.36 versus 37.5 for
CH3CN and 32 for CH3OH) path b completely substitutes
path a leading to 3DCA with a quantum yield of 0.7. Forma-
tion of 3DCA has been previously reported for exciplexes in
apolar solvents[22] and related to the charge-transfer charac-
ter of such species.[22a] In conclusion, in the case of DCA,
quenching by sulfide enhances ISC to 3DCA and 1O2 is
formed mainly through path b Scheme 1, rather than by
direct sensitization [Eqs. (12) and (13)]. With this sensitizer,
diethyl sulfide is oxidized by singlet oxygen (Scheme 2,


path a). Ph2S, which scarcely reacts with 1O2 (k=3.9L
104m�1 s�1),[6] is not oxidized in DCE, though LFP clearly
demonstrates that efficient ISC to 3DCA (F=0.7 and thus
1O2 formation) takes place. Ph2S is oxidized only in CH3CN,
where the ET mechanism plays a role.
In contrast to DCA, for the cationic sensitizers NMQ+


and TPP+ path a requires no charge separation. The forma-
tion of the R2SC+/SensC pair is favored in the moderately
polar solvent DCE, where the formation quantum yields of
these transients are 4–8 times higher than in CH3CN or
CH3OH, possibly because these more basic solvents specifi-
cally solvate Sens+ cations, and significant solvent reorgani-
zation is required to form the radical ion pair. The
formation quantum yield of the radical ions is higher for
NMQ+ than for TPP+ , in part due to incomplete quenching
of the short-lived singlet of the latter sensitizer by the
sulfide (compare t=2.7 ns for 1TPP+ with t=20 ns for
1NMQ+).[5d,e,8]


In most cases studied, the disappearance of the radical
ions in the absence of oxygen is satisfactorily fitted by a
second-order decay process, which is reasonably attributed
to back electron transfer. This occurs at a diffusion-control-
led rate with the aliphatic sulfide Et2S, while with aromatic
Ph2S, back electron transfer from NMQC or TPPC to the sul-
fide radical cation is slower in DCE than in CH3CN (see
Table 4), probably because of the above-mentioned prefer-
ential stabilization of Sens+ in the former solvent.[23] In the
presence of oxygen, both DCAC� and NMQC are quenched
(see the insets in Figures 2 and 3b) and most likely yield the
superoxide anion. The free-energy change for reduction ofScheme 1. Sensibilization paths.


Scheme 2. Oxygenation mechanisms.
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oxygen is DG8ET=�2.5 kcalmol�1 for DCAC� in CH3CN and
�0.8 kcalmol�1 for NMQC in CH3CN (+0.1 kcalmol�1 in
DCE). Under these conditions, the decay of R2SC+ reasona-
bly involves reaction with O2C� and is again well fit by a
second-order rate law and diffusion control or close to it.
When using TPP+ the shape of the transient absorptions
and the decay kinetics of both TPPC and R2SC+ are insensi-
tive to the presence of oxygen (see the insets in Figure 5).
As an example, Ph2SC+ and TPPC produced in DCE decay at
the same rate (3.9 and 4.1L109m �1 s�1) in the absence and
in the presence of O2. The superoxide anion is not apprecia-
bly formed with this sensitizer, in accord with the fact that
ET from TPPC is endothermic
(DG8ET=++10.2 kcalmol�1 in
CH3CN). However, the initial
absorbance intensity of the rad-
ical ions is somewhat lower in
oxygenated solution (see Figur-
e 5b), since part of the singlet
excited TPP+ decays through
path b and triplet TPP+ (t=
10 ms) can be quenched by
oxygen in this case.[24]


ET sulfoxidation : As seen
above, apart from the DCA/
Et2S system, all of the present
sulfoxidations share the same
characteristics, including
quenching of the sensitizer sin-
glet state by the sulfide. Thus,
these reactions are safely recog-
nized as ET-sensitized reactions,
but the exact mechanism of the
chemical process needs to be
defined, also with respect to
previous reports. An appealing rationalization is that the
sulfide radical cation (or its dimer) adds to the superoxide
anion and forms the same intermediate involved in singlet-
oxygen reactions, the persulfoxide, and, after reaction with a
second sulfide molecule, two sulfoxide molecules.
This analogy of the two paths for forming persulfoxide


[Eqs. (2) and (14)] was suggested earlier.[25]


R2S
Cþ þO2


C� ! R2S
þ�O�O� ð14Þ


Extensive studies, mainly in water, later established that
the reaction of the sulfide radical cation with O2C� is very
fast ((2.3	1.2)L1011m�1 s�1 for Me2SC+ in water), that the
oxygen atom in sulfoxides arises from oxygen (under some
conditions), and that persulfoxide is involved (e.g., SOD
effect on sulfoxide formation).[26, 27]


However, Baciocchi et al. recognized that NMQ+-photo-
sensitized oxidation in CH3CN does not exhibit the diagnos-
tic Ph2SO cooxidation [Eq. (11)] and proposed that, al-
though sulfoxidation involves reaction between R2SC+ and
O2C�, the adduct formed is a thiadioxirane (path b in


Scheme 2) rather than the persulfoxide formed in the R2S+
1O2 reaction (path a).[3d] The thiadioxirane is an electrophile
and thus reacts with the sulfide as indicated, but not with
Ph2SO. Calculations showed that this intermediate is ap-
proximately isoenergetic with the persulfoxide but, in con-
trast to the latter, is separated from R2S+


1O2 by a sizeable
barrier (ca. 10 kcalmol�1). Thus, it is conceivable that it is
formed when starting from the high-energy radical cation/
superoxide pair,[3d] though not from R2S+


1O2 and, also in
contrast to the persulfoxide, is sufficiently persistent to react
with the sulfide according to Equation (3) (see below and
Figure 7).


The present evidence from flash photolysis experiments in
various solvents and the inhibition of sulfoxidation by a
small amount of dimethoxybenzene leave no doubt about
the role of sulfide radical cation. However, reaction of R2SC+


with the superoxide anion is not fully established, since sul-
foxidation occurs when electron transfer from the reduced
sensitizer to oxygen [Eq. (5)] is exoergonic (e.g., DCAC�),
close to thermoneutral (NMQC), or markedly endoergonic
(TPPC).[28] Thus, it may be that some reactions occur via
R2SC+ +O2C�, while others do not.
If the O2C� mechanism applies to both DCA- (with Ph2S)


and NMQ+-sensitized oxidations, the TPP+-sensitized oxi-
dation follows a different path. A possible explanation is the
formation of peroxyl radicals TPP-OOC from TPPC (path c in
Scheme 2) that oxidize the sulfides. This has analogy with
the well-known oxygen transfer to aromatic and aliphatic
sulfides by radicals of this type, for example, the cumylper-
oxyl radical or halogenated peroxyl radicals.[29] Indeed, elec-
trochemical evidence indicates that TPPC chemically reacts
with molecular oxygen (on a long timescale).[8a] Thus, reac-
tion via a TPP-OOC radical is a possibility, but in such a case


Figure 7. Energy profile for the reaction of dimethyl sulfide radical cation (1C+) with oxygen. For the sake of
clarity, not all of the located intermediates are shown. For comparison the singlet-oxygen oxidation of 1 via
persulfoxide and rearrangement to 2 (right), as well as the possible processes from 1C+ +O2C� (electron transfer
and addition, left), are also shown.
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oxygen transfer should involve consumption of the sensitiz-
er, since the alkoxyl radicals resulting from oxygen transfer
(TPP-OOC+R2S!TPP-OC+R2SO) would further react with
irreversible degradation of the pyrylium ring. Experiments
show that TPP+ (2L10�3m) does not react stoichiometrically
and is only partially consumed when the sulfide (0.01m in
Table 1, but tested also at 0.03m) is completely oxidized.[10]


Furthermore, flash photolysis shows that decay of Ph2SC+/
TPPC is not affected by oxygen and is identical to that of the
Ph2SC+/NMQC pair in DCE. This supports that back electron
transfer to TPPC remains the main path.[30] Finally, sulfide-
enhanced ISC of 1TPP+ is possible, and singlet oxygen gen-
eration by unquenched 3TPP+ cannot be excluded but
should not interfere with the decay of the radical ions and
only lowers their initial absorbance intensity.
Alternatively, one can look for a hypothesis that would


apply to all sulfoxidations not involving singlet oxygen. In
this case, O2C� can have no role and the only remaining pos-
sibility is reaction of the sulfide radical cation with molecu-
lar oxygen. This has been generally excluded as a viable
path,[26,31] though it does occur under “forced” conditions,
such as high oxygen pressure,[32a] confinement in zeoli-
tes,[32b,c] and catalysis by amines or bases in water,[31d–f]


cerium salts,[31h] and nitrogen dioxide.[31i] We thus examined
whether such mechanisms may play a role.


Reaction with molecular oxygen : While addition of radical
cation 1C+ to superoxide [Eq. (7) or (8)] is exothermic by
about �48 kcalmol�1 in CH3CN, electron transfer between
the same species [Eq. (9)] is even more so (�64 kcalmol�1,
see Figure 7), which makes this process competitive with
bond formation.
Although it has been demonstrated that superoxide adds


to some neutral organic radicals (in water), rather than re-
ducing them,[3] it is difficult to imagine that electron transfer
would not be the main path when oppositely charged radical
ions are involved, particularly in organic solvents. Indeed,
flash photolysis provides evidence that O2C� is formed and
reacts with the sulfide radical cation at a rate close to kdiff,
as also found in previous studies. The high reaction rate is at
least as well explained by Equation (9) as by Equations (7)
and (8). Furthermore, the role of back electron transfer is
supported by the fact that the yield of sulfoxidation may be
considerably smaller than the yield of ion formation (partic-
ularly in a moderately polar solvent such as DCE, see
Table 2).
As for combination with oxygen [Eq. (10)], calculations


by Rauk,[18] confirmed in this work, support that Me2SC+


does not form a covalent bond with molecular oxygen, but
only loose dipole complexes (1-OOC+). These lie about
6 kcalmol�1 above the components, and taking into account
the entropic contribution (which is, however, overestimated
by the presently used methods)[34] brings them about
10 kcalmol�1 above the reagents. However, the ensuing re-
action of this species with 1 opens an unexpected pathway
leading, via the further complex 1-OOC+ ···1 and the transi-
tion state TS-1-OOC+ ···1, to the covalently bound radical


cation P-1-OO-1C+ in a strongly exoergonic process. This in-
termediate is characterized by a somewhat elongated O�O
bond in all of the conformers (see Figure 6) and radical
character at the oxygen atom. Therefore, the essentially
single-electron sO�O bond is expected to cleave either direct-
ly or on interaction with a sulfide molecule to yield the sulf-
oxide and regenerate Me2SC+ [Eq. (15)].[35]


R2S�O �
þ O�SR2 ! ðR2SO
Cþ 
 
 
OSR2Þ R2S


��!2R2SOþR2S
Cþ


ð15Þ


In this way, a radical cation chain process is initiated.
Precedents for such mechanism are known, for example, in
the ET oxidation of some arylalkenes[8a] and arylcyclopro-
panes.[36] Such a mechanism is in agreement with the
quenching of the sulfide radical cation by a small amount of
DMB (1.25L10�3m). Electron transfer from O2C� or from
the reduced sensitizers terminates the chain [Eq. (16)]. The
length of the chain depends on structure and conditions
(e.g., see the moderate effect of DMB with Et2S in DCE,
Table 1).


R2S�O �
þ O�SR2 þO2
C� ðTPP, BQ�Þ !


ProductsþO2 ðTPPþ, BQÞ
ð16Þ


The oxidation of sulfides is differentiated from the previ-
ously known cases by the inhibition by BQ, an effect not ob-
served with alkenes and cyclopropanes[36] and indeed not ex-
pected if the only action of this additive is quenching of
O2C�, since the latter is not involved in chain propagation.
We rather suggest that BQ terminates the chain [Eq. (17)],
because the radical character of intermediate P-1-OO-1C+


makes it react with BQ in a way similar to that of O-cen-
tered radicals.[37]


R2S�O �
þ O�SR2 þ BQ ! Products ð17Þ


On passing from the loose ion-induced dipole complexes
1-OOC+ to the final covalently bonded intermediates P-1-
OO-1C+ , the stationary points with the highest energies are
the two TSs TS-1-OOC+-1(i), (ii). Therefore these control the
kinetics of the overall addition reaction. The potential
energy (DEsolv, with no entropic contribution) of TS-1-OOC+-
1(ii) in acetonitrile is quite similar to that of the complex be-
tween 1-OOC+(i) and 1 (only 0.9 kcalmol�1 higher). With the
inclusion of the non-potential-energy terms, the barrier,
evaluated through the Gibbs free-energy data (DGsolv,
Table 2), becomes 14.7 kcalmol�1 higher. This suggests that
addition to a nucleophile such as dimethyl sulfide does not
encounter any activation enthalpy, and that the activation
energy must be ascribed entirely to entropic factors. In
other words, the reaction could compete efficiently with any
potential alternative bimolecular reaction.
Thus, reaction with oxygen is a definite possibility, and


complex 1-OOC+ may serve as the key electrophile in place
of the thiadioxirane (see Scheme 2b), despite the low stabil-
ity of this first-formed intermediate.
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Interestingly, the energy profile of the oxidation via 1C+ +
O2 has a shape similar to that of the reaction of sulfides
with singlet oxygen [Eq. (18), cf. Figure 7].


Me2Sþ 1O2 ! Me2S
þ�O�O� ð18Þ


In that case, the intermediate persulfoxide 1+OO� (see
Figure 7) has been calculated to be less stable than the re-
agents, with DH=6.6 and DG=17.9 kcalmol�1[3d] (previous
calculations had DH slightly negative, but this does not
change the sense of the following reasoning).[38] Neverthe-
less, sulfoxidation via 1O2 is actually initiated by this step,
because rearrangement to hydroperoxysulfurane 2 ensues,
and this intermediate reacts with 1 to give two molecules of
sulfoxide (Figure 7). Protonation of 1+OO� likewise allows
oxygen transfer forming sulfoxide. Therefore, in both mech-
anisms [Eq. (10) and (18)] the initial interaction with oxygen
lends no stabilization, and only the intervention of ensuing
steps leads to stable products. This is the likely cause of the
low quantum yield of both oxidations. Separation into the
starting components both of zwitterion 1+OO� and of the
radical cation complex 1-OOC+ results in physical quenching
rather than chemical reaction.
A difference between the two paths is that when rear-


rangement to 2 is precluded, as in diaryl or di-tert-alkyl sul-
fides, the singlet-oxygen path is not operative, while ET oxi-
dation remains viable, because intermediate 1-OOC+ is per
se an electrophile, contrary to the persulfoxide, which re-
quires previous rearrangement to 2. Presumably, the strong-
ly electrophilic character of this intermediate also makes the
following reaction with the sulfide less dependent on the
steric hindrance or nucleophilicity of the latter compounds,
another factor that has been found to slow down the singlet-
oxygen reaction.[7] These characteristics suggest that ET sul-
foxidation is essentially independent of the structure of the
sulfide (provided of course that the initial sensitization is ef-
ficient), as is indeed observed. As an example, the presently
considered sulfides Et2S and Ph2S differ by a factor of 103 in
1O2 sulfoxidation rate,[6] but exhibit a similar reactivity in
the ET process. Furthermore, alcohols favor the singlet
oxygen path (because of partial protonation of 1+OO�) but
disfavor the ET path (because hydrogen transfer to some of
the radical intermediates may hinder the path to sulfox-
ide).[39] In this mechanism, in contrast to the 1O2 reaction,
there is no nucleophilic intermediate such as 1+OO�, and
thus diphenyl sulfoxide is not cooxidized.
We explicitly note that we have no direct evidence for the


reaction of the sulfide radical cation with oxygen. Flash pho-
tolysis rather supports reaction with superoxide, but obvi-
ously does not distinguish whether this is via a chemical or
physical quenching channel. In the TPP+ experiment, in
which superoxide is not formed, the decay rate of the sulfide
radical cation does not change in the presence of oxygen
(Ph2SC+ continues to react with TPPC, see Figure 5), while it
does change when O2C� is formed, as when NMQ+ is the
sensitizer (Ph2SC+ reacts faster with O2C� than with DCAC� or
NMQC, see Figure 2). Furthermore, pulse radiolysis has pre-


viously indicated that in water the rate constant for the reac-
tion of the dimethyl sulfide radical cation with triplet
oxygen [see Eq. (10)] is less than 1L106m�1 s�1.[31a] However,
care should be taken when extending conclusions from
pulsed experiments to steady-state irradiation. The present
flash experiments involve the absorption of about 1L
10�8 Einstein across a small volume of solution (6L
10�5 dm3) in 20 ns. Under these conditions decay is dominat-
ed by second-order processes in which both of the species
involved are transients, such as Equations (7)–(9). However,
in steady-state reactions at low absorbed flux (ca. 1L
10�6 Einstein in 2 cm3 per minute, ca. 109 times less intense
than in the previous case), the concentration of such transi-
ents is many orders of magnitude lower. It is therefore pos-
sible that the reaction with molecular oxygen, too slow to be
detected on the flash photolysis timescale, is the actual
mechanism of the observed sulfoxidation under steady-state
irradiation (with low quantum yield and via a chain proc-
ess), because the conspicuous reaction with O2C� leads only
to physical decay.[40]


Conclusion


In conclusion, (hetero)aromatic molecules sensitize the pho-
tooxidation of sulfides through at least two mechanisms in-
volving respectively 1) singlet oxygen and 2) the sulfide radi-
cal cation (ET sensitization). Path 1 is followed with neutral
sensitizers such as DCA and aliphatic sulfides and has maxi-
mal efficiency in protic solvents; path 2 applies when cation-
ic sensitizers are used with both aliphatic and aromatic sul-
fides, as well as to a neutral sensitizer such as DCA with an
aryl sulfide in a polar medium. When the sensitizer has a re-
duction potential lower than or equal to �0.87 V versus
SCE, superoxide is formed. Various tests show that with
TPP+ , for which this condition does not apply, ET sensitiza-
tion occurs in a way closely analogous to the other sensitiz-
ers. Although it is possible that two different paths are fol-
lowed in the two cases, a unitary mechanism for ET sensi-
tized sulfoxidation can be formulated and involves reaction
of the sulfide radical cation with molecular oxygen, followed
by electrophilic addition of the resulting intermediate to a
molecule of sulfide. Calculations support that this path is
viable, while interaction of the sulfide radical cation with su-
peroxide mainly leads to chemically unproductive back elec-
tron transfer. The radical cation/molecular oxygen mecha-
nism is similar to that operating with other singlet oxygen-
resistant substrates, for example, in the ET oxidation of
some alkenes and cyclopropanes.[36] The ET sensitized oxi-
dation of sulfides is as clean as that via 1O2, though less effi-
cient than the best cases of sulfoxidation via 1O2 (unhin-
dered aliphatic sulfides in protic solvents). It is distinguished
by its wide scope and insensitivity to substrate structure and
conditions, facts that may make this method preparatively
useful for sulfides resistant to singlet oxygen. Solvents of
moderate polarity such as DCE are preferred in this case, in
view of the good efficiency and enhanced stability of the
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photosensitizer. The finding that reaction of the sulfide radi-
cal cation with triplet oxygen is a viable path to sulfoxides
has a bearing on the long-debated issues of the role of these
intermediates and of the mechanism of (biological) oxida-
tion of sulfides.[41]


Experimental Section


Materials : Diethyl sulfide, diphenyl sulfide, and TPP+ were commercial
products; TPP+ was washed with water and dried before use to eliminate
traces of acids. The sulfoxides and sulfones[42a] for comparison with the
photoproducts, as well as DCA[42b] and NMQ+ ,[42c] were prepared by pub-
lished procedures.


Photoreactions : The photooxidations were carried out by using 0.01–
0.1m solutions (2 mL) of the sulfides in the presence of DCA, NMQ+ , or
TPP+ (5L10�4 to 1L10�3 m) in acetonitrile, methanol, or 1,2-dichlor-
ethane. The solutions were contained in rubber-stoppered Pyrex tubes
(1 1 cm). These were exposed to four phosphor-coated 15 W lamps with
center of emission at 400 nm (for DCA and TPP+) or 360 nm (for
NMQ+) while a steam of dry oxygen saturated with the appropriate sol-
vent was passed into the solution through a needle.


The products were determined by GC on the basis of calibration curves
in the presence of dodecane as internal standard and by HPLC with bi-
phenyl as internal standard. The presence of possible side products such
as disulfides or acids was checked by comparison with authentic samples.
Experiments for quantum yield determination were limited to �10%
conversion and the DCA-sensitized oxidation of 1,1-diphenylethene was
used for actinometry.[43] Experiments at a higher conversion (>50%)
were also carried out, and no significant difference in the product distri-
bution was noted. In this case TPP+ in CH3OH CH3OH was appreciably
bleached and the addition of further amounts of the sensitizer was re-
quired in order to continue the oxidation.


Flash photolysis : Transient absorption spectroscopy was carried out by
using a setup for nanosecond absorption measurements described previ-
ously.[44] The minimum response time of the detection system was about
2 ns. The laser beam from a JK-Lasers Nd-YAG, operated either at l=
266 or 355 nm, pulse width 20 ns FWHM, was focused on a 3-mm high
and 10-mm wide rectangular area of the cell, and the first 2 mm in depth
were analyzed at right-angle geometry. The incident pulse energies used
were around 3 mJ per pulse. The bandwidth used for the transient ab-
sorption measurements was typically 2 nm (0.5 mm slit width). The spec-
tra were reconstructed point by point from time profiles taken each
10 nm. The sample absorbance at 266 or 355 nm was typically 0.5–1 over
1 cm. Experiments were carried out after bubbling the solutions with a
constant flux of either Ar or oxygen. The solution, in a flow cell of 1 cm
optical path, was renewed after each laser shot. The temperature was
295	2 K. Acquisition and processing of absorption signals were per-
formed with a homemade program using Asyst 3.1 (Software Technolo-
gies, Inc.). Nonlinear fitting procedures by the least-squares method and
c2 and distribution of residuals were used to judge the goodness of fit.


Calculations : All calculations were carried out by using the B2 version of
the Gaussian03 program package.[45] All the geometric structures of the
located reactants and transition states were fully optimized both in the
gas phase and in acetonitrile solution using the hybrid density functional
UB3LYP with the 6-31+G ACHTUNGTRENNUNG(2d,p) basis set. The extension of the basis set
is recommended to achieve better treatment of stationary points contain-
ing S atoms.[46]


Thermal contributions (dG), to activation free energy (DG�) were com-
puted from UB3LYP/6-31+G ACHTUNGTRENNUNG(2d,p) structures in the gas phase, and har-
monic frequencies by using the harmonic oscillator approximation and
the standard expressions for an ideal gas in the canonical ensemble at
298.15 K and 1 atm.


The stationary points in the bulk solvent were optimized by the self-con-
sistent reaction field (SCRF) method with PCM solvation model as im-
plemented in the B.02 version of Gaussian03. The cavity is composed of


interlocking spheres centered on non-hydrogen atoms with radii obtained
by the HF parameterization by Barone et al. , known as united atom
topological model (UAHF).[47] Such a model includes the nonelectrostatic
terms (cavitation, dispersion, and repulsion energy) in addition to the
classical electrostatic contribution.


We explicitly note that the energies resulting from PCM computations
have the status of free energies, since they take implicitly into account
thermal and entropic contributions by the solvent, but they do not in-
clude the thermal contributions (dG). The gas-phase thermal contribu-
tion of solute molecular motions was added to obtain the corresponding
activation free energy in water (DG�


sol).
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Introduction


Alkylating agents, such as dimethyl sulfate[1] and alkyl hal-
ides,[2,3] are commonly used in organic synthesis[2,4] and are
widely used in large-scale industrial synthesis.[5] Similar alky-
lating agents are also used as soil sterilizers,[6] anticancer
drugs,[7] and unfortunately also as warfare agents.[8]


Many of these materials, especially the methylating
agents,[9] are toxic and/or mutagenic owing to their ability to
react with many nucleophilic species in the body.[10] It has
been established that such alkylating materials alkylate nu-
cleobases, introducing defects into the genetic code.[11] This
process is associated with mutagenesis and carcinogenesis.[12]


Considering the wide use and high toxicity of alkylating
agents the need for improved, simple, sensitive, and selec-
tive methods for their detection in solution and in the gas
phase becomes apparent.


Previous attempts made by different groups to develop ef-
ficient sensing tools for alkylating agents have focused
mainly on colorimetric systems that change their color
either upon reaction with an alkylating agent[13] or in a two-
step reaction, in which the sensing molecule reacts with the
alkylating agent and the adduct further reacts with a third
component.[14] Some of these systems are both specific and
rather sensitive, compared to colorimetric detection meth-
ods. Nevertheless, owing to the inherent advantages of lumi-
nescence-based sensing, it is clear that systems that rely on a
switching-on of the luminescence upon reaction with an al-
kylating agent should display improved sensing properties.
Photoinduced electron-transfer (PET) signaling of a recog-
nition process is a very elegant method that was developed
for reporting the presence of metal cations and protons.[15, 16]


This approach was first proposed by Weller[17] and later per-
fected by De Silva et al.[15] and other groups.[16] PET-based
sensing has been successfully applied for the detection of
different metal ions,[18] protons,[19] and more recently
anions,[20] mostly in solution.


PET-based chemosensors consist of a luminescent species
that is attached to a recognition group, Scheme 1. In the un-
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bound dark state, the binding moiety of the recognition
group serves as a quencher for the excited state of the lumi-
nescent part. This process relies on the fact that binding of
protons and metal ions is usually achieved by using Lewis
bases that possess lone-pair electrons. These lone-pair elec-
trons serve as efficient quenchers for the excited state.[15a]


Upon binding of a metal ion or a proton, the lone-pair elec-
trons of the binding moiety become engaged in the newly
formed bond and are dramatically stabilized. Consequently,
these electrons can no longer serve as quenchers for the lu-
minescent part of the molecule. Therefore, in the complex
form, the luminescence is regained, thus signaling the cap-
ture of a guest. The use of such an approach to signal the
capture of an alkylating agent should also be possible, pro-
vided that the atom that bears the lone-pair electrons of the
recognition group also acts as an efficient nucleophile.


Herein, we report on the application of the PET chemo-
sensing method for the efficient and selective detection of
alkylating agents both in solution and in the gas phase. 2-(2-
Dimethylaminoethyl)benzo[de]isoquinoline-1,3-dione (1) is


found to be a highly selective and effective PET chemosen-
sor that turns fluorescent upon reaction with different alky-
lating agents. PET-based sensing of alkylating agents may be
performed either in solution or in the solid state and is capa-
ble of detecting even rather weak alkylating agents such as
dichloromethane. A combined experimental–computational
approach has been applied to rationalize the results.


Experimental Section


Materials : Compound 1 was prepared according to a previously reported
literature procedure.[21]


General procedure for the preparation of alkyl derivatives of 1: Com-
pound 1 (100 mg, 0.37 mmol) was dissolved in dichloromethane (10 mL)
that contained one drop of triethylamine. Upon addition of the alkylating
agent, the product precipitated as a white powder. The white powder was
filtered and recrystallized to obtain high-quality crystals for X-ray diffrac-
tion measurements.


[2-(1,3-Dioxo-1H,3H-benzo[de]isoquinolin-2-yl)ethyl]ethoxymethyldime-
thylammonium chloride (2): 1H NMR (200 MHz, [D6]DMSO, 25 8C,
TMS): d=8.52 (d, J=7.3 Hz, 2H), 8.50 (d, J=8.1 Hz, 2H), 7.90 (t, J=
7.7 Hz, 2H), 4.79 (s, 2H), 4.46 (t, J=6.8 Hz, 2H), 3.86 (q, J=7.0 Hz,
2H), 3.54 (t, J=6.8 Hz, 2H), 3.12 (s, 6H), 1.19 ppm (t, J=7.0 Hz, 3H);
MS (TOF LD+ ): m/z : 327.2 [M+].


[2-(1,3-Dioxo-1H,3H-benzo[de]isoquinolin-2-yl)ethyl]-(2-ethylsulfanyle-
thyl)dimethylammonium chloride (3): 1H NMR (200 MHz, [D6]DMSO,
25 8C, TMS): d=8.53 (d, J=7.3 Hz, 2H), 8.51 (d, J=8.1 Hz, 2H), 7.90 (t,
J=7.8 Hz, 2H), 4.44 (t, J=7.4 Hz, 2H), 3.73–3.54 (m, 4H), 3.21 (s, 6H),
2.96 (m, 2H), 2.63 (q, J=7.3 Hz, 2H), 1.22 ppm (t, J=7.4 Hz, 3H); MS
(TOF LD+ ): m/z : 357.1 [M+].


Chloromethyl[2-(1,3-dioxo-1H,3H-benzo[de]isoquinolin-2-yl)ethyl]dime-
thylammonium chloride (4): 1H NMR (300 MHz, [D6]DMSO, 25 8C,
TMS): d=8.53 (d, J=6.1 Hz, 2H), 8.51 (d, J=6.4 Hz, 2H), 7.90 (t, J=
7.5 Hz, 2H), 5.53 (s, 2H), 4.49 (t, J=7.5 Hz, 2H), 3.73 (t, J=7.5 Hz, 2H),
3.31 ppm (s, 6H); MS (TOF LD+ ): m/z : 317.1 [M+].


Benzyl-[2-(1,3-dioxo-1H,3H-benzo[de]isoquinolin-2-yl)ethyl]dimethylam-
monium chloride (5): 1H NMR (200 MHz, [D6]DMSO, 25 8C, TMS): d=
8.54 (d, J=8.2 Hz, 2H), 8.50 (d, J=7.8 Hz, 2H), 7.90 (t, J=7.7 Hz, 2H),
7.63–7.51 (m, 5H), 4.68 (s, 2H), 4.57 (t, J=7.7 Hz, 2H), 3.58 (t, J=
7.7 Hz, 2H), 3.13 ppm (s, 6H); MS (TOF LD+ ): m/z : 359.2 [M+].


High-quality crystals of 1 for single-crystal X-ray diffraction were ob-
tained by crystallization from dichloromethane. Crystals of the alkylated
derivatives 2, 3, and 5 were obtained by slow evaporation of their respec-
tive solutions in acetonitrile. Crystals of 4 were obtained by slow evapo-
ration of its solution in dichloromethane. All reagents and solvents were
used as received unless otherwise stated.


Apparatus : NMR spectra were recorded on Bruker AC-200F and Bruker
AM-300 spectrometers. Mass spectra were recorded by using MALDI
micro MX (MICROMASS). Absorption spectra were recorded on a Shi-
madzu UV-1601 spectrometer and fluorescence spectra were recorded on
a Perkin–Elmer LS 50 luminescence spectrometer. All the optical meas-
urements were performed in analytical grade solvents. The effect of re-
sidual water in the solvents and materials was tested and found to be
negligible.


Solid-state reactions were performed by using a homemade system,
Scheme 2. Filter paper (Whatman, Cat. No. 1001070) was dipped into a
solution of 1 (20 mgmL�1) in acetonitrile for 1 min. The filter paper was
left to dry in the dark, then placed in a Teflon holder. The Teflon holder
was fitted into one of two ground joints of a round-bottomed flask. The
second joint was fitted with a tube that contained calcium chloride beads.


Scheme 1. A schematic presentation of the PET-based sensing approach
and its respective generalized energy diagram.


Scheme 2. Schematic presentation of the gas-phase detection system.
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The Teflon holder was connected to a vacuum pump that aspirated the
atmosphere of the flask through the filter paper. The experiment was per-
formed by placing the relevant alkylating agent (10 mg) and Na2CO3 (10
mg) at the bottom of the two-necked round-bottomed flask, then allow-
ing the system to equilibrate for about 30 min and then aspirating the at-
mosphere of the flask for different periods of time.


Crystallography : Single crystals of 1, 3, 4, and 5[22] were mounted on a
Nonius KappaCCD diffractometer and the data was collected by using
MoKa (l=0.7107 J) radiation. The diffraction intensities were collected
at room temperature by w and f scans by using the “Collect” software.
Data reduction was carried out with the help of the DENZO-SMN pro-
gram;[23] the structures were solved by direct methods with SHELXS97[24]


and refined against F2 with SHELXL97.[24] ORTEP and TEXRAY pro-
grams were used for structure analysis and material publication.


All the non-hydrogen atoms of 1, 3, and 4 were refined anisotropically.
The hydrogen atoms were then placed at their calculated positions and
refined isotropically by applying a riding model. Crystals of 5 included
unspecified amounts of chloride and bromide ions in the unit cell and
were therefore only refined isotropically.[22]


Crystal data for 1: C16H16N2O2; Mr=268.31, crystal size 0.45N0.25N
0.10 mm; triclinic space group P1̄, a=7.253(1), b=9.627(2), c=
10.867(2) J, a=99.45(3), b=91.91(2), g=111.31(3)o, Z=2, 1calcd=


1.284 gcm�3, m ACHTUNGTRENNUNG(MoKa)=0.086 mm�1, F ACHTUNGTRENNUNG(000)=284, 2q=50.58, final R1=


0.0657 for 2483 reflections [I>2s(I)], R1=0.1629 for all 5712 reflections,
residual maximum peaks 0.275 eJ�3.


Crystal data for 3 : 2[C40H51Cl2N4O6S2], Mr=818.89, crystal size 0.72N
0.15N0.09 mm, monoclinic space group P21/c, a=15.189(3), b=23.277(5),
c=11.754(2) J, b=98.83(3)o, Z=4, 1calcd=1.325 gcm�3, mACHTUNGTRENNUNG(MoKa)=
0.310 mm�1, F ACHTUNGTRENNUNG(000)=1732, 2q=50.38, final R1=0.0549 for 7262 reflec-
tions [I>2s(I)], R1=0.1260 for all 43485 reflections, residual maximum
peaks 0.252 eJ�3.


Crystal data for 4 : C17 H18 Cl2 N2 O2, Mr=353.23, crystal size 0.45N0.24N
0.18 mm, monoclinic space group P21/c, a=7.353(1), b=21.862(4), c=
11.800(2) J, b=114.74(3)o, Z=4, 1calcd=1.362 gcm�3, m ACHTUNGTRENNUNG(MoKa)=
0.387 mm�1, F ACHTUNGTRENNUNG(000)=736, 2q=50.08, final R1=0.0522 for 2595 reflections
[I>2s(I)], R1=0.1260 for all 11028 reflections, residual maximum peaks
0.227 eJ�3.


Crystal data for 5 : 2[C23 H24 N2 O2]+Br2 Cl2, Mr=951.60, crystal size
0.12N0.10N0.08 mm, orthorhombic space group Pccn, a=21.251(4), b=
33.159(7), c=12.707(3) J, Z=8, 1calcd=1.412 gcm�3, mACHTUNGTRENNUNG(MoKa)=
1.977 mm�1, F ACHTUNGTRENNUNG(000)=3904, 2q=47.48, final R1=0.1745 for 4886 reflec-
tions [I>2s(I)].


Results and Discussion


Compound 1 is a well documented PET sensor for protons
and metal ions.[21] In the absence of protons and ligating
metal ions, 1 is a very weak luminophore (the reported
quantum yield is 6.9N10�3 in acetonitrile),[21a] with an emis-
sion at the red end (382 nm in acetonitrile) of the UV spec-
tral region. The exceptionally low emission is attributed to
an efficient PET process that takes place between the pho-
toexcited aromatic skeleton and the lone-pair electrons of
the free amine. In the presence of Lewis acids, such as pro-
tons or ligating metal ions, the lone-pair electrons of the
free amine quencher are engaged in a hydrogen–nitrogen or
metal–nitrogen bond. Once engaged in such a new bond
with a Lewis acid, the former lone-pair electrons of the
amine group can no longer serve as efficient quenchers of
the photoexcited aromatic skeleton, since they are dramati-
cally stabilized in the form of a s bond. When bound to a
Lewis acid 1 is a highly luminescent species.[21]


The process of PET sensing of protons and metal ions
relies on Lewis acid/Lewis base chemistry and on the fact
that the free amine is a rather strong Lewis base. Neverthe-
less, the same free amine is also a relatively strong nucleo-
phile, and is therefore also capable of reacting with different
electrophiles. These types of reactions may result in the for-
mation of a stable carbon–nitrogen covalent bond. In this
case, the reaction no longer has a dynamic equilibrium and
therefore may report the presence of even extremely low
concentrations of the electrophile, provided that the reac-
tion is characterized by reasonable kinetics.


The reaction of 1 with different alkylating agents with var-
ious electrophilic properties makes it fluoresce. Figure 1 de-
picts the absorption and emission spectra of 1 in acetonitrile
with increasing concentrations of chloromethylethyl ether
(6) as the electrophile. As displayed in Figure 1 (left) the ab-


sorption spectrum of 1 is practically insensitive to the addi-
tion of the electrophile, indicating that the energy levels
that are involved in the electronic process (p and *p orbitals
of the aromatic skeleton, which represent the HOMO�1
and LUMO of 1) are not affected by the alkylation process.
In contrast, the presence of the electrophile turns the lumi-
nescence on (Figure 1 (right)).


At saturation, the luminescence is about 130 times stron-
ger than that of the free compound 1. Saturation occurs at
an electrophile/1 ratio of approximately 1:1, indicating the
presence of an efficient reaction that proceeds to comple-
tion even at rather low concentrations. This allows detection
of micromolar concentrations of electrophiles in solution,
Figure 2. Similar results were obtained with other alkylating
agents with similar electrophilicity. Even dichloromethane, a
rather weak electrophile, is found to react with 1 turning its
luminescence on. As expected from the nature of the new
bond and in contrast to the case of protonation and most
metal complexes, the luminescence of the naphthaleneimide
skeleton cannot be turned off simply by reducing the con-
centration of the alkylating agent or by the addition of a
base. It is therefore easy to distinguish between such metal
ions and protons, and alkylating agents.


Figure 1. The absorption (left) and photoluminescence emission (right)
spectra of 1 in acetonitrile in the presence of triethylamine (1 mL/3 mL of
solvent). [1]=2.21N10�5m, [chloromethylethyl ether] = a) 0m ; b) 4.27N
10�6


m ; c) 8.54N10�6
m ; d) 1.71N10�5


m ; e) 2.56N10�5
m ; f) 3.41N10�5


m.
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Interestingly, the PET process of 1 with a mustard ana-
logue, 1-chloro-2-sthylsulfanylethane (7), is found to be sol-
vent dependent. The addition of 7 to a solution of 1 in ace-
tonitrile does not result in a switching-on of the lumines-
cence of 1, even though NMR studies clearly indicate that
an efficient reaction takes place between the two com-
pounds. In contrast, the same reaction in alcohol media,
such as in ethanol, results in an intensive switching-on of the
luminescence.


With the aim of gaining a better understanding of the
process, we grew crystals of 1 and its alkyl derivatives, ana-
lyzed their crystal structures by using single crystal X-ray
diffraction, and their electronic states by using electronic
energy calculations [Gaussian 98[25] software package,
b3Lyp/6-31 g(d)[26]]. Figures 3–5 depict the top and side
views of the crystal structures
of the free compound 1, its N-
(2-ethylsulfanylethyl) adduct 3,
and its N-chloromethyl adduct
4.


With regard to the crystal
structure of 1,[22] the dimethyla-
minoethyl group is folded in a
conformation that brings the ni-
trogen atom N2 into close con-
tact with the p system of
the naphthalene imide,
dACHTUNGTRENNUNG(N2···Ct1(N1C11C9C10C1C12))=
3.987 J. The position of the di-
methylaminoethyl group with
respect to the naphthalene
imide skeleton is not symmet-
ric. The nitrogen atom points
towards one of the carbonyl
groups, dACHTUNGTRENNUNG(N2···C12)=3.542 J,
dACHTUNGTRENNUNG(N2···O2)=3.594 J, while the
second carbonyl group is fur-
ther away, dACHTUNGTRENNUNG(N2···C11)=
3.792 J, dACHTUNGTRENNUNG(N2···O1)=4.036 J.
Though at first glance, the ni-
trogen atom seems to be inter-
acting with the aromatic skele-


ton, it appears that the major reason for this specific confor-
mation of the molecule arises from the supramolecular
packing of the molecules in the crystal. Molecules of 1 form
dimers in which the naphthaleneimide skeletons form a p


interaction with one another, with a naphthaleneimide–
naphthaleneimide interplane distance of d=3.395 J, Figure
3c. In this dimeric form of 1 the free amine of each mole-
cule interacts with its close neighbor within the dimer struc-
ture, through a weak �N···H�C� hydrogen bond, d-
ACHTUNGTRENNUNG(N2···H4)=2.612 J, d ACHTUNGTRENNUNG(N2···C4)=3.511 J, a(N2···H4�C4)=
162.838. Electronic energy calculations (b3lyp/6-31g(d))
clearly indicate that the minimum energy conformation for
the free compound 1 in the gas phase is such that the free
amine group is distant from the naphthaleneimine group.
Furthermore, detailed analysis of the p-HOMO, p-LUMO,
and lone-pair orbitals of the free amine clearly indicates
that the symmetry mismatch between the p orbitals and the
lone pair exclude any possibility for ground-state attractive
orbital overlap between the naphthaleneimide skeleton and
the lone pair of the free amine. In all the quaternized deriv-
atives of 1 that we examined the nitrogen atom points out
of the p system, a(N1�C13�C14�N2)=177.08 and a(N1�
C13�C14�N2)=170.28 in 3 and 4, respectively.


The reappearance of luminescence upon reaction with al-
kylating agents may be rationalized with the aid of electron-
ic energy calculations. The calculations were performed by
using the Gaussian 98[25] software package. First, the struc-
tures of the different molecules were optimized at the b3lyp/
6-31g(d) level.[27] In the next step, the energies of the
LUMO, HOMO, HOMO�1 and any other relevant orbitals


Figure 2. Relative fluorescence intensity of a solution of 1 in acetonitrile
([1]=2.2N10�5


m) as a function of the concentration of 6.


Figure 3. Top (a) and side (b) views of the crystal structure of 1. c) Crystal structure of the dimeric form
of 1.[28]
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of the energy-minimized systems were extracted from the
calculations. The energy levels of the different systems, in-
cluding all relevant orbitals, are presented in Figure 6.


The energy levels of the free compound 1 are arranged in
a way that the lone-pair electrons of the amine group
occupy the HOMO and are located in between the LUMO
(a p* orbital) and the highest occupied p orbital,
HOMO�1. In all cases, upon quaternization of 1, the lone-
pair electrons become engaged in a new s bond and are
considerably stabilized. Consequently, these electrons can
no longer serve as quenchers for the photoexcited naphtha-
leneimide fluorophore. Nevertheless, in all the alkylation
processes we have studied in this work, quaternization of
the amine group adds new nonbonding electrons (2, 3, and
4) or p electrons (5) to the system.


The only system in which the new orbitals are located in
an energy level that can result in a PET process is the mus-
tard analogue adduct 3. In this case, the energy level of the
lone-pair electrons of the newly introduced sulfur atom are
situated just 0.05 eV below the lowest occupied p orbital,
which is also the HOMO orbital. As already mentioned
above, regain of the luminescence upon reaction between
the mustard analogue 7 and 1 is found to be sensitive to the
medium in which the reaction is performed. When the reac-
tion is performed in THF or acetonitrile, the gain in fluores-
cence intensity is negligible, although the reaction occurs ef-
ficiently. However, when the reaction is performed in etha-
nol, the gain in luminescence is almost as high as in the case
of 6. This solvent dependence of the luminescence may be
attributed to hydrogen bonds that are formed between the
sulfur atom, which acts as a Lewis base, and the alcohol,
which acts as a Lewis acid. This effect stabilizes the lone-
pair electrons of the sulfur atom and prevents them from
participating in the PET process.


This hydrogen-bond stabilization of the lone-pair elec-
trons of the sulfur atom could be demonstrated by calculat-
ing the energy-level position in a model system that consists
of one dimethyl sulfide molecule and two solvent molecules,
each of them interacting with one lone-pair orbital of the di-
methyl sulfide, Figure 7. The energy level of the lone-pair
orbitals of an isolated dimethylsulfide molecule is located at
Elp=�5.91 eV. The addition of two dimethyl ether mole-
cules does not yield any type of significant attractive interac-
tion with the sulfur atom. The energy level of the lone-pair
orbital was found to be located at Elp=�5.43 eV, indicative
of the destabilization of these orbitals by the presence of
the ether molecules. Addition of two molecules of acetoni-
trile results in the formation of a weakly hydrogen-bonded
complex of dimethyl sulfide·2(acetonitrile). The formation
of the complex does not significantly influence the energy
level of these lone pairs, although some stabilization results
from the apparently very weak �C�H···S� hydrogen bonds,
Elp=�5.97 eV. In contrast, addition of two ethanol mole-
cules results in the formation of a dimethyl sulfide·ethanol
hydrogen-bonded complex. The formation of this complex
results in significant stabilization of the energy level of the
lone-pair orbitals of the sulfur atom through �C�H···S� hy-
drogen bonds, Elp=�6.29 eV. This rather simple calculation
clearly demonstrates the solvent-dependent PET process we
observed in the case of the mustard analogue.


Figure 4. Top (a) and side (b) views of the crystal structure of 3. [28]


Figure 5. Top (a) and side (b) views of the crystal structure of 4. [28]
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Conclusions


Application of the PET-based chemosensing concept for ef-
ficient and selective detection of alkylating agents has been
demonstrated. Compound 1 was found to be a highly selec-
tive and effective PET chemosensor that turns irreversibly
fluorescent upon reaction with different alkylating agents.
PET-based sensing of alkylating agents was performed in
solution and was capable of detecting even rather weak al-
kylating agents such as dichloromethane. A combined exper-
imental–theoretical approach was applied to rationalize the
results.


The reaction between 1 and
alkylating agents is not limited
to solutions and could also be
performed very efficiently when
1 was adsorbed on a simple
filter paper, Figure 8. Com-
pound 1 was adsorbed onto
filter paper by dipping the
paper into a solution of 1 in
acetonitrile. Upon drying, the
filter paper turned very weakly
luminescent (lex=366 nm,
UG11 filter) in the blue region.
The vapor that is generated by
an alkylating agent (10 mg, in
the presence of sodium carbo-
nate powder (10 mg)), such as
chloromethylethyl ether, was
sufficient to turn on the lumi-
nescence of 1 that was loaded
onto the filter paper even after
a few seconds of aspiration.
The reaction between the
vapors of the alkylator and the
adsorbed compound 1 induced
a dramatic increase in the lumi-
nescence and a red-shift in its


color. Passing triethylamine vapors through the luminescent
filter did not turn the fluorescence off. This result implies an
irreversible alkylation process rather than protonation. Simi-
lar experiments that were performed with hydrochloric acid
and different metal ions did not change the luminescence of
the filter paper owing to the presence of the base (which
eliminates the effect of hydrochloric acid) and low vapor
pressure (which eliminates the effect of metal ions). It is
therefore suggested that such systems may serve as very
simple but highly sensitive and selective sensing elements
for different alkylating agents.


Figure 6. Orbital energy diagrams for 1, 2, 3, and 4 (Gaussian 98[25] software package, b3lyp/6-31g(d)). The
dominant nature of each orbital is provided in brackets.


Figure 7. Energy-minimized structures and respective lone-pair energy di-
agram of dimethyl sulfide and two representative solvent molecules
(DMS, DME, MeCN, EtOH). [28]


Figure 8. Gas-phase detection of chloromethylethyl ether: a) 1 adsorbed
on filter paper, b) 1 adsorbed on filter paper after exposure to vapors of
6. [28]
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Novel m5-Coordination Modes of Aryl and Alkyl Ethynides and Classification
of Metal–Ligand Interactions in Silver(i) Complexes


Liang Zhao,[a] Wai-Yeung Wong,[b] and Thomas C. W. Mak*[a]


Introduction


Recent interest in the study of d10-metal ethynide complexes
is spurred by their structural diversity[1] and potential appli-
cation as photoluminescent materials.[2] Diverse coordina-
tion modes of the ethynide moiety, abetted by metallophilic
interactions[3] between coinage metal centers (Cu, Ag, and
Au), usually lead to the formation of clusters, multinuclear
aggregates, or extended solid-state architectures.[4] However,
although a plethora of coinage metal ethynide complexes
are known, the significant metal–ethynide interactions and
their classification have not been thoroughly investigated.
Our previous studies on double and multiple salts of sil-


ver(i) acetylenediide (Ag2C2) and silver(i) 1,3-butadiynediide
(Ag2C4) demonstrated that each terminal carbon atom of an
ethynide moiety can at most bind to four silver atoms.[5]


This stimulated us to carry out similar studies on silver(i)
complexes of aryl and alkyl ethynides. Herein we report the
synthesis and structural characterization of the silver(i) com-
plexes 1–5, in which the aryl or alkyl ethynide ligand exhib-
its the highest ligation number[6] to date.


2AgC�CC6H5 � 6AgC2F5CO2 � 5CH3CN ð1Þ


AgC�CC6H5 � 3AgCF3CO2 � CH3CN ð2Þ


AgC�CC6H4C�N-4 � 3AgCF3CO2 � xH2O ðx ¼ 0:3Þ ð3Þ


AgC�CtBu � 6AgCF3CO2 � 2CH3CN � 6H2O ð4Þ


AgC�CtBu � 2Ag2ðO2CCF2CF2CO2Þ � 9H2O ð5Þ


Results and Discussion


The known coordination modes of the phenylethynide anion
in complexes containing Group 11 metal ions are illustrated
in Scheme 1. The most common ones are m1 (mode I)


[7] and
m2-h


1,h2 (II),[8] and the higher modes m3-h
1,h1,h1 (IIIa),[9] m3-


h1,h1,h2 (IIIb),[10] m4-h
1,h1,h1,h1 (IVa, M=Ag, M’=Cu),[11a]


and m4-h
1,h1,h2,h2 (IVb, M=Cu)[11b] have been reported. As


to the tert-butylethynide anion, m3- and m4-coordination
modes are found in some organometallic complexes.[12]


To obtain silver–ethynide aggregates with higher ligation
numbers and more complex coordination modes of the ethy-
nide moiety, we synthesized the crude polymeric compounds
[AgC�CC6H5]n (6),


[13] [AgC�CC6H4C�N-4]n (7), and [AgC�C-
tBu]n (8) as starting materials. Complex 7 was synthesized
and characterized for the first time. Generally, compound 8
can be prepared from the reaction of a silver salt with tert-
butylacetylene in the presence of NEt3.


[14] We report here a
new synthesis of 8 by the reaction of silver nitrate with an
equimolar quantity of lithium tert-butylethynide (generated
in situ from tert-butylacetylene and nBuLi) in THF under an
inert atmosphere of nitrogen at room temperature. The new


Keywords: argentophilicity · coor-
dination modes · coordination poly-
mers · metal–ligand interactions ·
silver complexes


Abstract: Novel m5-h
1,h1,h1,h1,h2 and m5-h


1,h1,h1,h2,h2 coordination modes of alkyl
and aryl ethynide moieties are found in silver(i) complexes 1–5, and the metal–
ligand distances can be classified into s, p and mixed (s,p) types. With the consis-
tent square-pyramidal capping Ag5 baskets of the ethynide moiety as supramolecu-
lar synthons, a series of two- and three-dimensional coordination networks are ob-
tained.
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complexes 1–5 were then obtained from the crystallization
of the corresponding crude polymeric silver ethynide in a
concentrated aqueous solution of AgCF3CO2 or AgC2F5CO2


plus AgBF4, the latter being used to increase the silver(i)
ion concentration.[15] A solvent mixture of water and aceto-
nitrile was used to improve the solubility of 6–8 in the syn-
theses.


2AgC�CC6H5·6AgC2F5CO2·5CH3CN (1): In the crystal
structure of 1, there are two independent phenylethynide
anions. The ethynide group composed of C1 and C2 is
capped by a square-pyramidal Ag5 basket in an unprece-
dented m5-h


1,h1,h1,h1,h2 coordination mode (mode Va in
Scheme 1),[16] and the other one comprising C9 and C10 by
a butterfly-shaped Ag4 basket in a m4-h


1,h1,h1,h2 coordination
mode, as shown in Figure 1. With an inversion center locat-
ed at the center of the Ag1···Ag1A bond, two Ag5 baskets


share an edge to engender a Ag8 aggregate, whereas another
Ag8 aggregate results from fusion of a pair of inversion-re-
lated Ag4 baskets. Two adjacent Ag8 aggregates are linked
by two pentafluoropropiolate groups (O7�O8 and O11�
O12) via m3-O,O’,O’ and m2-O,O’ coordination modes, re-
spectively, to generate an infinite column along the [111] di-
rection. The other four pentafluoropropiolate groups are all
bonded to one Ag�Ag edge of the Ag4 or Ag5 baskets by
the m2-O,O’ mode, and the five independent acetonitrile
groups (N1–N5) coordinate to different silver atoms
(Figure 2).


The infinite columns arranged in a hexagonal array are in-
terconnected by relatively weak C5�H···F14 (H�F14
2.503 I), C42�H···O2 (H�O2 2.420 I) and C42�H···O5 (H�
O5 2.566 I)[17] hydrogen bonds to form a three-dimensional
network (Figure 3).


Scheme 1. Coordination modes of the phenylethynide anion in transition
metal complexes. (Complexes exhibiting modes II to IVb can be hetero-
metallic).


Figure 3. Hexagonal array of coordination chains in complex 1 cross-
linked by weak C5-H···F14 (H�F14 2.503 I), C42�H···O2 (H�O2
2.420 I) and C42�H···O5 (H�O5 2.566 I) hydrogen bonds to form a
three-dimensional network. Other ligands are omitted for clarity.


Figure 1. Atom labeling (50% thermal ellipsoids) and coordination
modes of the independent phenylethynide ligands in 1. Adjacent Ag8 ag-
gregates are connected by two pentafluoropropionate groups (O7�O8
and O11�O12). Other pentafluoropropionate groups, acetonitrile mole-
cules, and hydrogen atoms are omitted for clarity. Selected bond lengths
[I]: C1�C2 1.21(2), C9�C10 1.17(2), Ag···Ag 2.843(1)–3.351(2). Symme-
try code: A: �x, �y, �z ; B: 1�x, 1�y, 1�z.


Figure 2. Coordination modes of pentafluoropropionate and acetonitrile
ligands in complex 1. CF3 moieties of pentafluoropropionate groups and
hydrogen atoms of phenyl rings are omitted for clarity.
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AgC�CC6H5·3AgCF3CO2·CH3CN (2): In an attempt to ach-
ieve an ordered arrangement of the aromatic rings of phe-
nylacetylide ligands in a supramolecular assembly, the qua-
ternary ammonium salt (BzMe3N)BF4 (Bz=benzyl) was in-
troduced as an additive in crystallization, with the anticipa-
tion that its benzyl group would serve as a p–p induction
template. In the resulting complex 2, an infinite array of par-


allel phenyl rings stabilized by p–p stacking (center-to-
center distance 4.189 I) indeed occurs (Figure 4). Further-
more, a unique m5-h


1,h1,h1,h2,h2 coordination mode of the
phenylethynide group (mode Vb in Scheme 1) is observed
for the first time. The capping square-planar Ag5 basket is
composed of atoms Ag1, Ag2, Ag2A, Ag2B, and Ag2C; the
Ag1�C1 bond length of 2.06(2) I is in good agreement with
those observed in [Ag4{m-ACHTUNGTRENNUNG(C�CC6H5)4} ACHTUNGTRENNUNG(PCy3)2],


[8a] which ex-
hibit coordination mode II (2.048–2.055 I). Furthermore,
only the simple m2-O,O’ coordination mode is observed for
all trifluoroacetate groups in this structure, in which two car-
boxylic ligands span the same Ag2A�Ag2B edge of the Ag5
basket. The external silver atom Ag3, which bears one ace-
tonitrile group, is bonded to the Ag5 basket through an ar-
gentophilic interaction with Ag1, which is further strength-
ened by the connection of the trifluoroacetate group O1�
O2 (Figure 5).
Interestingly, the Ag5 baskets are fused through argento-


philic interactions through edge-sharing to form an infinite
coordination column along the [100] direction (Figure 4),
with continuous p–p stacking of phenyl rings lying on the
same side of the column. Linkage of adjacent columns by a
weak Ag···Ag interaction (3.603 I) between two external
silver atoms of type Ag3 along the c direction, and by weak
hydrogen bonds of 2.415 I (F11�H) between F11···H6A�C6
along the b direction, generates a three-dimensional net-
work (Figure 6).


AgC�CC6H4C�N-4·3AgCF3CO2·xH2O (x=0.3) (3): Consid-
ering the role of acetonitrile in facilitating the crystallization
of ethynide-containing silver(i) complexes, we decided to in-


vestigate the use of an aromatic ligand that incorporates the
isoelectronic groups �C�C� and �C�N, and subsequently
obtained the new complex 7 and its double salt 3, which
crystallizes in the higher-symmetry space group Ibam. The
ethynide moiety C1�C2 in 3 also exhibits the m5-h


1,h1,h1,h2,h2


coordination mode (mode Vb), but with a much shorter car-
bon�carbon triple bond distance of 1.10(2) I, in contrast
with the corresponding values in complexes 1 (1.21(2) I)
and 2 (1.22(2) I), which can be attributed to the electron-
withdrawing effect of the p-C�N substituent. In addition,
two Ag5 baskets share an edge to yield a Ag8 aggregate with
an inversion center located at the center of the Ag1�Ag1A
bond (Figure 7). One group O3�O4 binds one edge of the
Ag5 basket Ag2�Ag3 through a simple m2-O,O’ coordination
mode. The other one O1�O2 acts as a bridging ligand to
link all Ag5 units together through the m3-O,O’,O’ mode to
form a silver column along the c direction (Figure 8).
Bridged by cyano groups of 4-C�NC6H4C�C�Ag5 moiet-


ies, these silver columns are interwoven to produce a three-


Figure 4. Coordination mode of the C6H5C�C� ligand in 2 with atom la-
beling (50% thermal ellipsoids). The silver column is connected by edge
sharing between adjacent square-pyramidal Ag5 aggregates, and continu-
ous p···p stacking of phenyl rings occurs on one side of the column. Tri-
fluoroacetate groups and acetonitrile molecules are omitted for clarity.
Selected bond lengths [I]: C1�C2 1.22(2), Ag···Ag 3.017(2)–3.215(2).
Symmetry code: A: 1=2+x, y, �1=2�z ; B: 1=2�x, 1+y, 1=2�z ; C: �x, y, z.


Figure 6. Silver columns (viewed end-on) in complex 2 are linked by
weak Ag···Ag interactions (3.603 I) along the c direction, and further
consolidated by weak hydrogen bonds between F11···H6A�C6 along the
[010] direction (F11�H 2.415 I), to give a three-dimensional network.
Other ligands are omitted for clarity.


Figure 5. Coordination modes of trifluoroacetate and acetonitrile ligands
in complex 2.
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dimensional network, in which an infinite channel partially
filled with water molecules is found (Figure 9). Although all
phenyl rings are parallel to each other, no p–p interaction
arises in view of the remarkably large inter-ring separation
(8.592 I).


AgC�CtBu·6AgCF3CO2·2CH3CN·6H2O (4): In the crystal
structure of 4, the alkyl ethynide moiety C1�C2 taking the
m5-h


1,h1,h1,h2,h2 coordination mode (mode Vb in Scheme 1,
Ph replaced by tBu) lies perpendicular to the plane compris-
ing silver(i) atoms Ag2, Ag3, Ag4, and Ag5, pointing almost
linearly at Ag1 (Figure 10). The C1�C2 triple bond length is
1.18(1) I, in good agreement with the values observed in


other silver tert-butylethynide complexes (1.171–1.221 I,[18a]


1.207–1.224 I[18b]). Utilizing two m3-O,O’,O’ coordination
groups (O5�O6, O7�O8) and a water molecule O1W as
linkage components, the external silver atom Ag6 bearing
one acetonitrile group N1 is connected together with the
square-pyramidal Ag5 (Ag1–Ag5) basket. Linkage of two
square-pyramidal Ag5 baskets by a pair of inversion-related
trifluoroacetate groups (O3�O4 and O3A�O4A) produces a
Ag5-(m3-h


1,h2-CF3CO2)2-Ag5 building unit, and such units are
connected by O1W through hydrogen bonding (O1W�
H···O4, O1W�O4 2.758 I) to generate a winding infinite
chain along the a direction. The remaining trifluoroacetate
groups (O1�O2, O9�O10, O11�O12) each coordinates with


Figure 7. The m5-coordination mode of the 4-C�NC6H4C�C� ligand in 3
with atom labeling (40% thermal ellipsoids). The acetylide-coordinated
Ag5 unit and its inversion-related counterpart are fused by sharing one
edge Ag1�Ag1A. The Ag···Ag distances lie in the range 2.89(1)–
3.079(2) I. All fluorine and hydrogen atoms are omitted for clarity. Sym-
metry code: A: 1�x, 1�y, 1�z ; B: x, y, 1�z ; C: �1=2+x,


1=2�y, z ; D: 1�x,
y, 1=2+z ; E: 1�x, y, 1=2�z.


Figure 8. One-dimensional silver column in complex 3 bridging by tri-
fluoroacetate group O1�O2 through m3-O,O’,O’ coordination mode. Hy-
drogen atoms and CF3 groups of trifluoroacetate ligands are omitted for
clarity.


Figure 9. Three-dimensional network in complex 3 cross-linked by two
isoelectronic moieties: cyano group -C�N and acetylide C�C�. Water
molecules partially filling a one-dimensional channel are stabilized by
four O1W�H···O3 (O1W�O3 2.796 I, dashed bonds) and two O1W�
H···N1 (O1W�N1 2.675 I, dashed bonds) hydrogen bonds. Other ligands
are omitted for clarity.


Figure 10. Coordination mode of the tBuC�C� ligand in 4 with atom la-
beling (50% thermal ellipsoids). The Ag···Ag distances lie in the range
2.873(1)–3.130(1) I. Other trifluoroacetate groups, acetonitrile molecules
and hydrogen atoms are all omitted for clarity. Symmetry code: A: 1�x,
1�y, �z.
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one edge of the Ag5 basket to stabilize this [Ag5ACHTUNGTRENNUNG(tBu�C�
C)]4+ cationic moiety. Acetonitrile group N2, together with
two aqua molecules (O3W and O6W), bond to silver atom
Ag7 and constitute an independent peripheral unit, which is
trapped in the crystal structure of 4 by a large number of hy-
drogen bonds (Figure 11). By utilizing the external silver


atom Ag7 and the remaining water molecules (O2W�O6W)
as bridging groups, adjacent infinite chains are cross-linked
in the [001] direction through hydrogen bonds involving
four trifluoroacetate groups (O1�O2, O3�O4, O9�O10,
O11�O12) to generate a two-dimensional network parallel
to the (010) plane (Figure 12).


AgC�CtBu·2Ag2(O2CCF2CF2CO2)·9H2O (5): To intercon-
nect the planar arrays composed of silver(i) cations and
tBuC�C� anions in complex 4 into a three-dimensional net-
work, tetrafluorobutanedioate was employed as a bridging


ligand in 5. A similar m5-h
1,h1,h1,h2,h2 coordination mode


also occurs in this compound (Figure 13). Two tetrafluorobu-
tanedioate groups (O5�O6, O7�O8) act as linkers to form


an undulating silver chain by bridging a series of Ag5 bas-
kets (Figure 14), which are extended along the [010] direc-
tion, and further bridged by another tetrafluorobutanedioate


group (O1�O4) to generate a three-dimensional network,
which contains a series of channels of approximately square
cross-section that accommodate the tert-butyl groups
(Figure 15).
Notably, the silver–ethynide interactions within the


square-pyramidal Ag5 baskets in 1–5 can be classified into
three types: s, p and mixed (s,p). As listed in Table 1, the
s-bond between the terminal carbon atom C1 of the ethy-
nide moiety and its almost linearly bonded silver atom Ag1
(C2-C1-Ag1 163.3(3)-176(2)8) is much shorter than other
Ag�C bonds. With reference to the distances between
carbon atom C2 and the remaining silver atoms and the C2-


Figure 11. Coordination modes of trifluoroacetate, aqua and acetonitrile
ligands in 4. All fluorine atoms of trifluoroacetate groups are omitted for
clarity.


Figure 12. Layer structure in complex 4 linked by O1W�H···O4 (O1W�
O4 2.758 I) and C20�H···F21 (H�F21 2.505 I) hydrogen bonds between
two Ag5-(m3-h


1,h2-CF3CO2)2-Ag5 building units and further connected by
external silver atom Ag7 and the remaining aqua ligands (O2W�O6W,
indicated as small gray balls). The tert-butyl groups and other ligands are
omitted for clarity.


Figure 13. Coordination mode of the tBuC�C� ligand in 5 with atom la-
beling (50% thermal ellipsoids). Selected bond lengths [I]: C1�C2
1.205(5), Ag···Ag 2.831(2)–3.032(3). Symmetry code: A: �x, 1�y, �z.


Figure 14. Undulating silver chain in complex 5 linked by two tetrafluoro-
butanedioate groups O5�O6 and O7�O8.
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C1-Ag bond angles, the p and (s,p) types of silver–ethynide
interactions can be differentiated. The p-type Ag�C2 distan-
ces vary from 2.587(4) I to 2.792(6) I with C2-C1-Ag
angles in the range 86.0(9)–102.7(5)8, in contrast to the
longer distances of 2.858–3.094 I with 97.7(9)–108.0(6)8,
corresponding to mixed (s,p)-type interactions.


Conclusion


Two unprecedented m5-coordination modes for the alkyl and
aryl ethynide moieties (Va and Vb in Scheme 1) are ob-


served in silver(i) complexes 1–5, in contrast to the highest
ligation number[6] of four hitherto reported for such ligands.
The silver–ethynide interactions within the square-pyramidal
Ag5 baskets of 1–5 are systematically classified as s, p and
mixed (s,p) types according to the measured Ag�C bond
lengths and C�C-Ag bond angles. This finding provides a ra-
tionale for the general occurrence of silver(i) polyhedra of
6–10 vertices with encapsulated �C�C� species in a wide va-
riety of double and multiple salts of silver acetylenediide.[5]


Supramolecular synthons, defined as recognition motifs of
basic building blocks consolidated by intermolecular interac-
tions, usually involve hydrogen bonding and weaker forces
such as p–p stacking and halogen–halogen interactions.[19] In
the present study, we have established the utility of a new
class of supramolecular synthons, symbolized by R�C�


C�Agn (R=aryl or alkyl; n=4,
5), for the generation of coordi-
nation polymeric structures.
The interplay of ethynide–silver
bonding, argentophilicity, and
p–p interaction highlights the
complexity and challenge in
programming supramolecular
assembly of metal-organic net-
works.


Experimental Section


Reagents : Phenylacetylene (Merck,
purity>97%), 4-bromobenzonitrile
(IL, >98%), 3,3-dimethylbut-1-yne
(Alfa Aesar, >98%), trimethylsilyla-
cetylene (Alfa Aesar, 98%) and
nBuLi in hexane (Merck, 1.6m) were
available commercially and used with-
out further purification. 4-Ethynylben-
zonitrile was synthesized according to
the literature method by the reaction
of 4-bromobenzonitrile with trimethyl-
silylacetylene.[20] Tetrahydrofuran
(THF) was purified through refluxing
over sodium and benzophenone. All
reactions were carried out under a ni-
trogen atmosphere unless otherwise
noted.


CAUTION! Silver acetylide complexes
are potentially explosive and should be handled with care and in small
amounts.


[AgC�CC6H5]n (6): Compound 6 was prepared according to the litera-
ture method.[13] Silver nitrate (0.742 g, 4.4 mmol) was dissolved in aceto-
nitrile (50 mL). Then phenylacetylene (1.45 mL, 13.2 mmol) and triethyl-
amine (1.83 mL, 13.2 mmol) were added with vigorous stirring for 48 h.
The pale yellow precipitate formed was collected by filtration and
washed thoroughly with acetonitrile (3N30 mL) and methanol (3N
30 mL) successively, and dried under vacuum. Yield: 0.653 g (71%). IR:
ñ=2050 cm�1 (m, n ACHTUNGTRENNUNG(C�C)).
[AgC�CC6H4C�N-4]n (7): Compound 7 was synthesized as a yellow
powder by the reaction of 4-ethynylbenzonitrile with AgNO3 using a
method similar to that employed for complex 6. IR: ñ=2040 cm�1 (m, n-
ACHTUNGTRENNUNG(C�C)), 2221 cm�1 (m, nACHTUNGTRENNUNG(C�N)).


Table 1. Classification of different types of silver-ethynide interactions within the square-pyramidal Ag5 bas-
kets of complexes 1–5.


Complex Bond type Bond lengths [I] and angles [8]
C1�M C2�M C2-C1-M


1 s C1�Ag1 2.21(2) Ag1 167(1)
p C1�Ag3 2.40(1) C2�Ag3 2.69(1) Ag3 90.3(9)
ACHTUNGTRENNUNG(s,p) C1�Ag4 2.48(1) C2�Ag4 2.899 Ag4 98(1)


C1�Ag1A 2.71(1) C2�Ag1A 3.109 Ag1A 97.7(9)
C1�Ag2 2.17(1) C2�Ag2 2.858 Ag2 112(1)


2 s C1�Ag1 2.06(2) Ag1 176(2)
pN2 C1�Ag2 2.426(7) C2�Ag2 2.772 Ag2 93.1(7)


C1�Ag2C 2.426(7) C2�Ag2C 2.772 Ag2C 93.1(7)
ACHTUNGTRENNUNG(s,p)N2 C1�Ag2A 2.61(1) C2�Ag2A 3.094 Ag2A 102(1)


C1�Ag2B 2.61(1) C2�Ag2B 3.094 Ag2B 102(1)
3 s C1�Ag1 2.25(1) Ag1 172(1)


p C1�Ag2 2.32(1) C2�Ag2 2.783 Ag2 102.7(5)
C1�Ag2A 2.32(1) C2�Ag2A 2.783 Ag2A 102.7(5)


ACHTUNGTRENNUNG(s,p) C1�Ag1A 2.70(1) C2�Ag1A 3.087 Ag1A 100(1)
C1�Ag3 2.45(1) C2�Ag3 2.950 Ag3 106(1)


4 s C1�Ag1 2.187(7) Ag1 171.9(6)
p C1�Ag2 2.346(7) C2�Ag2 2.792 Ag2 99.4(5)


C1�Ag5 2.375(7) C2�Ag5 2.740 Ag5 94.9(6)
ACHTUNGTRENNUNG(s,p) C1�Ag3 2.312(7) C2�Ag3 2.902 Ag3 108.0(6)


C1�Ag4 2.375(7) C2�Ag4 2.913 Ag4 105.0(6)
5 s C1�Ag1 2.186(4) Ag1 163.3(3)


p C1�Ag2 2.473(4) C2�Ag2 2.682(5) Ag2 86.4(3)
C1�Ag3 2.375(4) C2�Ag3 2.587(4) Ag3 86.0(3)


ACHTUNGTRENNUNG(s,p) C1�Ag4 2.331(4) C2�Ag4 3.013 Ag4 113.0(3)
C1�Ag5 2.267(3) C2�Ag5 2.905 Ag5 109.8(3)


Figure 15. A series of channels in complex 5 linked by bridging tetrafluor-
obutanedioate ligands. The water molecules, tert-butyl groups and other
ligands are omitted for clarity.
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ACHTUNGTRENNUNG[AgC�CtBu]n (8): In a 100-mL Schlenk flask, THF (20 mL) was cooled
to �78 8C in a cold bath. Then nBuLi (1.6m in n-hexane, 4.4 mmol) was
added by using a syringe, and the mixture was stirred for 15 min at
�78 8C. A solution of 3,3-dimethylbut-1-yne (0.329 g, 4.0 mmol) dissolved
in THF (5 mL) was added dropwise. The cold bath was then replaced by
an ice–water bath and the mixture was stirred for 2 h. Under a stream of
nitrogen, AgNO3 crystals (0.680 g, 4.0 mmol) were added to the flask and
dissolved gradually while the mixture was stirred overnight. A white pre-
cipitate of crude 8 was isolated by filtration, washed several times with
THF, and finally with de-ionized water. Yield: 0.524 g (69.3%). IR: ñ=
2056 cm�1 (m, n ACHTUNGTRENNUNG(C�C)).
2AgC�CC6H5·6AgC2F5CO2·5CH3CN (1): AgCF3CF2CO2 (0.270 g,
1 mmol) and AgBF4 (0.382 g, 2 mmol) were dissolved in a mixture of de-
ionized water (1 mL) and acetonitrile (0.2 mL). Then [AgC�CC6H5]n
(~0.1 g) solid was added to the solution. After stirring for one hour, the
solution was filtered and the filtrate was stored in a refrigerator at
�10 8C. After several days, pale yellow prismatic crystals of 1 were de-
posited in about 20% yield. Compound 1 decomposes above 135 8C. Ele-
mental analysis (%)calcd for C44H25F30O12N5Ag8: C 23.64, H 1.12, N 3.11;
found: C 23.50, H 1.30, N 2.87; IR: ñ=2104 cm�1 (vw, n ACHTUNGTRENNUNG(C�C)).
AgC�CC6H5·3AgCF3CO2·CH3CN (2): [AgC�CC6H5]n (~0.1 g) was
added to a concentrated aqueous solution of AgCF3CO2 (0.220 g, 1 mL,
1 mmol) and AgBF4 (0.382 g, 2 mmol) in a beaker with stirring until satu-
ration. The excess [AgC�CC6H5]n was filtered off. Then a solution of
[BzMe3N]BF4 in acetonitrile (0.1 mL, 1m) was added to the filtrate,
which was then placed in a refrigerator at �10 8C. After a few days, trans-
parent pale yellow prismatic crystals of 2 were deposited in about 15%
yield. Compound 2 melts with decomposition between 103.2 8C and
105.7 8C. Elemental analysis (%) calcd for C16H8F9O6NAg4: C 21.06, H
0.88, N 1.53; found: C 21.19, H 0.75, N 1.29; IR: ñ=2005 cm�1 (vw, n ACHTUNGTRENNUNG(C�
C)).


AgC�CC6H4C�N-4·3 AgCF3CO2·xH2O (x=0.3) (3): A mixture of water
(1 mL) and acetonitrile (0.2 mL) was used to dissolve AgCF3CO2


(1 mmol) and AgBF4 (2 mmol). Then [AgC�CC6H4C�N-4]n (~0.1 g) was
added to this mixture with stirring for an hour. The filtered solution was
put into a refrigerator at �10 8C and yellow prismatic crystals of 3 were
obtained in about 5% yield after a few days. Compound 3 decomposes
above 125 8C. Elemental analysis (%) calcd for C15H4.6F9O6.3NAg4: C
19.97, H 0.51, N 1.55; found: C 20.09, H 0.47, N 1.32; IR: ñ=2090 cm�1


(vw, n ACHTUNGTRENNUNG(C�C)), 2264 cm�1 (vw, n ACHTUNGTRENNUNG(C�N)).
AgC�CtBu·6AgCF3CO2·2CH3CN·6H2O (4): AgCF3CO2 (0.220 g,
1 mmol) and AgBF4 (0.382 g, 2 mmol) were dissolved in de-ionized water
(1 mL). Then [AgC�CtBu]n (~0.1 g) was added to the solution. After stir-
ring for about five minutes, the solution was filtered. To the filtrate was
added acetonitrile (0.1 mL), and then the solution was placed in a refrig-
erator (�10 8C). After one day, colorless crystals of 4 were collected in
about 60% yield. Compound 4 has a melting point ranging from 49.8 8C
to 51.4 8C. Elemental analysis (%) calcd for C22H27F18O18N2Ag7: C 15.50,
H 1.60, N 1.64; found: C 15.10, H 1.37, N 1.29; IR: ñ=2121 cm�1 (m, n-
ACHTUNGTRENNUNG(C�C)).
AgC�CtBu·2Ag2(O2CCF2CF2CO2)·9H2O (5): Ag2(O2CCF2CF2CO2)
(0.203 g, 0.5 mmol) and AgBF4 (0.382 g, 2 mmol) were dissolved in de-
ionized water (1 mL). Then [AgC�CtBu]n (~0.1 g) was added with stir-
ring for half an hour and the solution was filtered off. To the filtrate was
added acetonitrile (0.1 mL), and then the filtered solution was placed in
a refrigerator at �10 8C. After one day, colorless crystals of 5 were col-
lected in about 40% yield. Compound 5 decomposes above 130 8C. Ele-
mental analysis (%) calcd for C14H27F8O17Ag5: C 14.51, H 2.35; found: C
14.33, H 2.20; IR: ñ=2094 cm�1 (m, n ACHTUNGTRENNUNG(C�C)).
X-ray crystallography: Data collection was performed at 293 K on a
Bruker SMART 1000 CCD diffractometer using frames of oscillation
range 0.38, with 1.58<q<288. An empirical absorption correction was ap-
plied by using the SADABS program[21] to all the compounds. The struc-
tures were solved by direct methods, and non-hydrogen atoms were lo-
cated from difference-Fourier maps. All the non-hydrogen atoms, unless
otherwise noted, were refined anisotropically by full-matrix least-squares
on F2 using the SHELXTL program.[22]


Crystal data: 1, 2AgC�CC6H5·6 AgC2F5CO2·5CH3CN,
C44H25F30O12N5Ag8, Mr=2248.65, triclinic, space group P1̄ (no. 2), a=
14.195(1), b=15.233(1), c=17.313(1) I, a=95.004(2), b=97.081(2), g=
113.718(1)8, V=3362.6(4) I3, Z=2, 11814 unique reflections (Rint=


0.0534), R1=0.0673, wR2=0.1867, goodness-of-fit=0.896 for 5230 ob-
served reflections with I>2s(I). Five atoms (C22, C25, C31, F25, and
F64) were refined isotropically.


2, AgC�CC6H5·3AgCF3CO2·CH3CN, C16H8F9O6NAg4, Mr=912.70, ortho-
rhombic, space group Cmca (no. 64), a=7.374(2), b=30.430(6), c=
20.717(4) I, V=4649(2) I3, Z=8, 2234 unique reflections (Rint=0.0925),
R1=0.0639, wR2=0.2035, goodness-of-fit=1.014 for 1294 observed re-
flections with I>2s(I).


3, AgC�CC6H4C�N-4·3AgCF3CO2·xH2O (x=0.3), C15H4.6F9O6.3NAg4,
Mr=902.06, orthorhombic, space group Ibam (no. 72), a=21.513(3), b=
13.378(2), c=15.617(2) I, V=4494(1) I3, Z=8, 2066 unique reflections
(Rint=0.0336), R1=0.0492, wR2=0.1732, goodness-of-fit=1.070 for 1463
observed reflections with I>2s(I). The site occupancy of water molecule
O1W was derived from the elemental analysis results and structural anal-
ysis. The water hydrogen atoms were not included in the structure model.


4, AgC�CtBu·6AgCF3CO2·2CH3CN·6H2O, C22H27F18O18N2Ag7, Mr=


1704.50, triclinic, space group P1̄ (no. 2), a=11.440(1), b=12.814(2), c=
18.218(2) I, a=100.994(2), b=106.988(2), g=105.691(2)8, V=


2351.0(5) I3, Z=2, 8103 unique reflections (Rint=0.0202), R1=0.0457,
wR2=0.1364, goodness-of-fit=1.027 for 6191 observed reflections with
I>2s(I). Hydrogen atoms of water molecules were not included in the
refinement.


5, AgC�CtBu·2Ag2(O2CCF2CF2CO2)·9H2O, C14H27F8O17Ag5, Mr=


1158.56, monoclinic, space group P21/c (no. 14), a=11.815(2), b=
12.816(2), c=20.109(3) I, b=96.715(3)8, V=3024.1(9) I3, Z=4, 7511
unique reflections (Rint=0.0299), R1=0.0296, wR2=0.0831, goodness-of-
fit=1.016 for 5916 observed reflections with I>2s(I). Hydrogen atoms
of water molecules were not included in the refinement.


CCDC-279157 (1), CCDC-279158 (2), CCDC-288078 (3), CCDC-279156
(4), and CCDC-288077 (5) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Probing the Transition between the Localised (Class II) and Localised-to-
Delocalised (Class II–III) Regimes by Using Intervalence Charge-Transfer
Solvatochromism in a Series of Mixed-Valence Dinuclear Ruthenium
Complexes
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F. Richard Keene*[a]


Introduction


A pivotal problem in the analysis of mixed-valence com-
plexes is the extent of electronic delocalisation between the
metal centres, which is governed by competition between
the electronic coupling (Hab) and the sum of the Franck–
Condon reorganisational energies (l), the redox asymmetry
(DE0) and additional contributions due to spin–orbit cou-
pling and ligand-field asymmetry (DE’).[1,2] Classically, l is
partitioned into an inner-sphere vibrational component (li),


corresponding to the energy required for reorganisation of
the metal–ligand and intraligand bond lengths and angles,
and an outer-sphere component (lo), corresponding to the
energy required for reorganisation of the surrounding sol-
vent medium. According to Marcus–Hush theory,[1–4] these
fundamental parameters govern the activation barrier to in-
tramolecular electron transfer, and may be assessed by prob-
ing the characteristics of the IVCT transitions—specifically,
their energy (nmax), intensity (emax) and bandwidths (Dn1/2)—
observed in dinuclear mixed-valence complexes. In weakly
coupled systems, the energy of the IVCT band is given by
Equation (1):[1,2]


nmax ¼ li þ lo þ DE0 þ DE0 ð1Þ


The degree of delocalisation, and the classification of
mixed-valence systems within the Robin and Day scheme[5]


is dependent on the relative magnitudes of Hab and the sum
of the factors that govern the activation barrier to electron
transfer in Equation (1): “localised” class II systems are dis-
tinguished by weakly coupled centres (2Hab !l) and “delo-


Abstract: Intervalence charge-transfer
(IVCT) solvatochromism studies on
the diastereoisomeric forms of [{Ru-
ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


5+ (bpy=2,2’-bipyri-
dine; BL=a series of di-bidentate
poly ACHTUNGTRENNUNGpyridyl bridging ligands) reveal
that the solvent dependencies of the
IVCT transitions decrease as the “tail”
of the bridging ligand is extended, and
the extent of delocalisation increases.
Utilising a classical theoretical ap-
proach for the analysis of the interva-
lence charge-transfer (IVCT) solvato-
chromism data, the subtle and system-


atic variation in the electronic proper-
ties of the bridging ligands can be cor-
related with the shift between the
localised (class II) and localised-to-de-
localised (class II–III) regimes. The in-
vestigation of the diastereoisomeric
forms of two series of complexes incor-
porating analogous structurally rigid
(fused) and nonrigid (unfused) bridging


ligands demonstrates that the differen-
ces in the IVCT characteristics of the
diaste ACHTUNGTRENNUNGreoisomers of a given complex
are accentuated in the latter case, due
to a stereochemically induced redox
asymmetry contribution. The marked
dependence of the IVCT transitions on
the stereochemical identity of the com-
plexes provides a quantitative measure
of the fundamental contributions of the
reorganisational energy and redox
asymmetry to the intramolecular elec-
tron-transfer barrier at the molecular
level.
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calised” class III systems by strongly coupled centres
(2Hab@l). Experimentally, the classification of mixed-va-
lence complexes is generally based upon the solvent depen-
ACHTUNGTRENNUNGdence and observed bandwidth at half-height.[1,2] In localised
systems, the IVCT bands are of low intensity and broad
(emax�5000m�1 cm�1, Dn1/2�2000 cm�1) due to coupling with
solvent. In delocalised species, the bands arise from transi-
tions within the molecular orbital manifold of the systems
and the bands are intense, narrow (emax�5000m�1 cm�1,
Dn1/2�2000 cm�1) and solvent-independent.


The elucidation of the factors that govern the localised-
to-delocalised transition in mixed-valence systems is compli-
cated by the interplay between the timescales for intramo-
lecular electron transfer and the coupled nuclear and solvent
vibrations. A recent seminal review by Meyer and co-work-
ers[6] addressed these issues from a semiclassical perspective,
by defining mixed-valence systems in the localised-to-delo-
calised transition as “class II–III” (2Hab	l). This classifica-
tion poses a further complexity as two transition regions—
between classes II and II-III, and between classes II-III and
III—are additionally required.


The distinction between the various classes is based on
the dynamic characteristics of the systems and the relative
timescales of the solvent, vibrational and electronic mo-
tions.[6,7] The lower-frequency solvent modes are treated
classically, while the collective higher-frequency, inner-shell
vibrations are treated quantum mechanically (i.e. , l=lo+


�li). As Hab increases in a closely related series of com-
plexes, the barrier to electron transfer decreases, as does the
timescale for this process. If the solvent barrier is initially
eliminated (lo<�li), then the solvent modes for the donor
and acceptor sites are averaged in the region in which lo<


2Hab<lo+�li. However, the two sites remain structurally
distinct and will exhibit localised oxidation states. This sce-
nario occurs if the rate of electron transfer (ket) is intermedi-
ate between the frequencies for solvent reorientations (1011–
1012 s�1) and bond vibrations (1013–1014 s�1), such that ket~
1012–1013 s�1 and 0.7<2Hab/l<1. On this basis, operational
definitions[6] for the various classes have been proposed: in
class II the solvent and exchanging electron are localised; in
class II–III the solvent modes are averaged, but the ex-
changing electron is localised;
and in class III, the exchanging
electron is delocalised and the
solvent and vibrational modes
are averaged. Although a
system is considered to be fully
delocalised when 2Hab@l, the
effects of transient charge lo-
calisation may still be observed
on the IR timescale for a bor-
derline class III system.[6,7]


In reality, the transitions be-
tween the regimes are not
abrupt, and experimental stud-
ies have revealed a gradation
in behaviour between the fully


localised (class II) and fully delocalised (class III) limits that
is governed by the relative timescales for intramolecular
electron transfer and multiple nuclear and solvent vibrations
coupled to the electron transfer.[6] The description is further
challenged experimentally by the appearance of multiple
IVCT and IC (interconfigurational) transitions in transition-
metal-containing chromophores, in addition to contributions
from environmental effects such as specific solvation and
ion-pairing.[8]


While the classification of mixed-valence systems is not
straightforward and relies on observations from several ex-
perimental techniques with widely different timescales,[6] the
appearance of IVCT bands and their solvent dependence
provides the most useful experimental criterion for distin-
guishing between classes II (broad, solvent-dependent, local-
ised oxidation states) and II–III (narrow, solvent-indepen-
ACHTUNGTRENNUNGdent, localised oxidation states). Due to the limited number
of experimental studies in which the intricacies in behaviour
in the localised-to-delocalised transition have been systemat-
ically explored, there is currently extensive interest in the
elucidation of the fundamental factors that govern the tran-
sition.[6,7,9–11]


Recent studies in our laboratory have demonstrated that
the diastereoisomers of symmetrical dinuclear mixed-va-
lence complexes of the form [{M(pp)2}2 ACHTUNGTRENNUNG(m-BL)]


5+ (M=Ru,
Os; pp=a symmetrical polypyridyl bidentate ligand such as
2,2’-bipyridine (bpy); BL=a di-bidentate polypyridyl bridg-
ing ligand such as those shown here) provide subtle and sys-
tematic probes to examine the microscopic origins of the
factors that govern the electron transfer barrier in Equa-
tion (1). These include solvent reorganisational contribu-
tions,[12] ion-pairing and temperature effects,[13] redox asym-
metry contributions due to stereochemically induced struc-
tural distortions[14,15] and spin–orbit coupling contribu-
tions,[16] which are manifested by different electrochemical
and IVCT properties for the diastereoisomeric forms of the
same complex.


While the identity and coordination environments of the
metal centres are identical in each diastereoisomeric form, a
significant difference may be discerned in the nature of the
“clefts” formed between the planes of the terminal bpy li-
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gands.[17] Interior clefts are formed between the bpy ligands
immediately above and below the plane of the bridging
ligand, and are approximately parallel in the meso (LD

DL) form and approximately orthogonal in the rac (DD/
LL) form, as shown in Figure 1.[17,18] In addition, exterior
clefts are evident between the planes of the terminal bpy li-
gands at either end of the complex, and are identical for
two diastereoisomeric forms.


The variation in the dimensions of the clefts between the
diastereoisomeric forms of the same complex may have sig-
nificant consequences for differential solvent and anion as-
sociation at the molecular level. Indeed, the differential as-
sociation of eluent anions such as toluene-4-sulfonate ([CH3-
ACHTUNGTRENNUNG(C6H4)SO3]


�) gives rise to the separation of the diastereoiso-
meric forms in the chromatographic cation-exchange separa-
tion process.[17–20]


The diastereoisomers exhibit several attractive features
over dinuclear complexes that have been employed to date
for IVCT studies: 1) the complexes are structurally rigid
and 2) the dimensions of the clefts may be systematically
modified through stereochemical variation, bridging ligand
modification, or the judicious positioning of substituents on
the terminal polypyridyl ligands, while maintaining the iden-
tity and coordination environments of the component metal
centres. A further important feature is the extensive tuning
of the ground-state electronic properties of the mixed-va-
lence complexes [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]


5+ , which provides a
means for examining changes in the IVCT characteristics
whilst traversing the localised-to-delocalised transition.


In the present study, IVCT solvatochromism studies on
the diastereoisomeric forms of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


5+ pro-
vide insights into the modification of solvent reorganisation-
al effects (lo). In addition to the systematic electronic varia-
tions in the bridging ligands, the subtle structural and stereo-
chemical variations within the series of complexes permit in-
sights into spatially directed solvent interactions at the mo-
lecular level.


While the electrochemical, photochemical and photophys-
ical properties of many of these complexes have been the
subject of extensive research efforts over the past two deca-
des,[21–25] the measurements have often been conducted with-
out regard for the inherent stereoisomeric complexities,[17, 18]


and in many cases the theoretical implications of the results
have been complicated by ion-pairing and ambiguities in the
geometries of the complexes, due to a lack of structural ri-
gidity and/or stereoisomeric purity.[17,18]


The redox and spectral properties for the diastereoisomer-
ic forms of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb, dpb’),[14,26, 27]


and for diastereoisomeric mixtures of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]
4+


(BL=dpb, dpq, and 2,3-dpp)[28–38] have been reported previ-
ously. However, their IVCT properties have received limited
attention.[14,26,27] The bridging ligands possess unoccupied
low-lying p* orbitals and mediate electron transfer between
the metal centres by means of a superexchange-assisted
electron-transfer mechanism.[37] By the systematic variation
in the energy of the lowest unoccupied molecular orbital
(LUMO) of the bridging ligands, the change in the degree
of electronic delocalisation (Hab) on the IVCT properties
may be assessed. The variations in the bridging ligands in-
clude the addition of electron-withdrawing phenyl groups
fused to the side of the pyrazine ring through the two series.


Since the planarity of the bridging ligand influences its
degree of electronic delocalisation, a comparison of the
IVCT properties of the diastereoisomers of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-
dpb’)]5+ and [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpb)]


5+ incorporating the
“fused” and “unfused” bridging ligands provides insights
into the influence of stereochemically induced structural dis-
tortions on the degree of delocalisation.


Results and Discussion


Diastereoisomer synthesis, separation and structural charac-
terisation : The complexes [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb’,
dpq’, ppz, dpb, dpq and 2,3-dpp) were synthesised by the re-
action of 2.2 equivalents of cis-[Ru ACHTUNGTRENNUNG(bpy)2Cl2]·2H2O with the
bridging ligand in ethylene glycol, by using microwave-as-
sisted methodology, which is well established for the synthe-
sis of a range of dinuclear polypyridyl complexes of rutheni-
um.[14,19,26, 27,39] This technique produced equivalent or in-
creased reaction yields of the dinuclear species compared
with previously reported thermal methods for the syntheses
of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb,[30] ppz,[40,41] dpq and 2,3-
dpp[28,31–35]). However, there was a significant reduction in
the reaction times (typically from 2–24 h under the thermal
refluxing procedure) to appoximately ten minutes under mi-
crowave-assisted conditions.


The separation of the diastereoisomeric forms of the dinu-
clear complexes was achieved by cation-exchange chroma-
tography by using SP Sephadex C-25 as the support with
aqueous solutions of sodium toluene-4-sulfonate as the
eluent. In all cases, the band 1 and 2 eluates were deter-
mined to be the meso and rac diastereoisomers, respectively,
from 1H NMR characterisation and X-ray crystallography.


The assignments of the 1H NMR spectra for the diaste-
ACHTUNGTRENNUNGreoisomers of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb’, dpq’, ppz,
dpb and 2,3-dpp) have been reported previously.[13, 14,42] The
1H numbering schemes for the diastereoisomers of [{Ru-
ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpq)]


4+ are shown in Figure S1 in the Supporting


Figure 1. Chem3D representations (view from above the plane of the
bridging ligand) of the meso (LD) and rac (DD) diastereoisomers of
[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpq’)]


4+ . The bpy ligands above the plane of the bridge
are highlighted to show the different dimensions of the clefts in the two
forms.
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Information and the assignments of the spectra were per-
formed with the assistance of 1H COSY spectra and by com-
parison with the previously reported spectral assignments
for [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ . The coordinated bpy ligands ex-
hibited the expected coupling constant values[43] (J3,4=8 Hz,
J3,5=1.5 Hz, J4,5=8 Hz, J4,6=1.5 Hz and J5,6=5 Hz) and cou-
pling patterns based on the symmetry requirements of the
complexes.


X-ray crystallography : The complex rac-(DD)-[{Ru-
ACHTUNGTRENNUNG(bpy)2}2(m-2,3-dpp)]ACHTUNGTRENNUNG[PF6]4·4H2O crystallised in the ortho-
rhombic space group Fdd2 with four dinuclear cations in the
unit cell. A perspective view of the dinuclear cation is
shown in Figure 2 and details of the crystal data and refine-
ment are reported in Table S1 in the Supporting Informa-
tion.


The crystal structure reveals a significant distortion of the
bridging ligand, which is comparable to that observed previ-
ously for the dpb bridging ligand in meso-[{MACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-
dpb)]4+ (M=Ru,[13,16] Os[16]). The 2,3-dpp ligand exhibits
considerable distortion in the central pyrazine ring in addi-
tion to a large dihedral skew of the two pyridyl rings due to
steric hindrance between the protons at the 3-position of the
pyridyl rings. The metal centres reside in distorted octahe-
dral environments and the average “bite-angles” subtended
by the Ru centres and nitrogen atoms of the bridging ligand
are 78.6(3)8. The Ru�N ACHTUNGTRENNUNG(pyrazine) and Ru�N ACHTUNGTRENNUNG(pyridine)
bond lengths are 2.031(5) and 2.068(5) T, respectively. The
intermetal distance of 6.813(5) T is consistent with the
values reported previously for the complexes meso-[{Ru-
ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb, dpb’ and dpq’)[13] of 6.870(3),
6.887(1) and 6.818(1) T, respectively.


At the present time a limited number of crystal structures
of dinuclear ruthenium complexes containing bidentate
poly ACHTUNGTRENNUNGpyridyl terminal and bridging ligands have been report-
ed in the literature.[44–50] The present report represents one
of only a handful of structures that have been obtained
through selective diastereoisomer isolation prior to crystal
growth.[13,19,51–53]


Electrochemical and UV/Vis/NIR spectral characterisation :
The redox potentials for the Eox1 ([5+/4+]; i.e. , RuIII–RuII/
RuII–RuII) and Eox2 ([6


+/5+]; i.e., RuIII-RuIII/RuIII-RuII) cou-
ples for the series of complexes meso- and rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2-
ACHTUNGTRENNUNG(m-BL)]4+ (BL=dpb’, dpq’, ppz, dpb, dpq and 2,3-dpp) were
investigated by cyclic and differential pulse voltammetry in
acetonitrile containing 0.1m [(n-C4H9)4N]PF6, and are re-
ported in Table 1. The reduction potentials are reported in


Table S2 in the Supporting Information. Some details of the
redox and spectral properties for the diastereoisomeric
forms of [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=dpb, dpb’, dpq’,
ppz),[13,14, 26,27, 42] and for diastereoisomeric mixtures of [{M-
ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (M=Os, Ru; BL=dpb, 2,3-dpp) have
been reported previously.[28–38,54–56] The parameter DEox de-
fines the potential difference between the [6+/5+] and [5+/
4+] couples.


The dinuclear systems are each characterised by two re-
versible one-electron redox processes corresponding to suc-
cessive oxidation of the metal centres. There are multiple re-
versible ligand-based reductions in the cathodic region, for
which the first two processes are assigned to the successive
one-electron reductions of the bridging ligands (BL0/� and
BL�/2�), consistent with the stronger p-acceptor nature of
the bridging ligand relative to the terminal bpy ligands.[28–38]


The subsequent four one-electron processes correspond to
successive reduction of the terminal bpy ligands and their
potentials remain relatively constant with bridging ligand
variation. In comparison, a cathodic shift of Ered1 and Ered2 is
observed for the series of complexes that is consistent with
the stabilisation of the p*(BL) LUMOs in the order ppz,
dpq’, dpb’ for the fused bridging ligands, and 2,3-dpp, dpq,
dpb for the unfused ligands. The parameters Ered1 and Ered2


are also shifted cathodically for the complexes that incorpo-
rate the unfused ligands, relative to their fused analogues.


Measurable differences in the DEox values are evident be-
tween the different complexes and between the diastereoiso-
meric forms of the same complex (with the exception of the


Figure 2. ORTEP plot of the X-ray crystal structure of the cation in rac-
(DD)-[{Ru ACHTUNGTRENNUNG(bpy)2}2(m-2,3-dpp)] ACHTUNGTRENNUNG[PF6]4·4H2O. Hydrogen atoms are omitted
for clarity.


Table 1. Redox potentials for the oxidation processes [in mV relative to
the Fc+/Fc0 couple] and Kc values[a] for the diastereoisomers of [{Ru-
ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]


4+ in 0.1m [(n-C4H9)4N]PF6/CH3CN.
[b]


BL Diastereo-
isomer


Kc [U10
�3] DEox Eox2 Eox1


dpb’ meso 8.35 232 1300 1068
rac 6.11 224 1304 1080


dpq’ meso 2.40 200 1285 1085
rac 2.40 200 1297 1097


ppz meso 6.11 224 1280 1056
rac 4.48 216 1278 1062


dpb meso 2.06 196 1280 1084
rac 0.944 176 1280 1104


dpq meso 1.80 192 1312 1120
rac 1.12 180 1268 1088


2,3-dpp meso 3.92 212 1256 1044
rac 3.92 212 1244 1032


[a] Kc values are given by Kc=expACHTUNGTRENNUNG(DEoxF/RT), in which F/RT=38.92 V�1


at 298 K.[57] [b] DEox=Eox2-Eox1. Potentials are quoted �3 mV.
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dpq’- and 2,3-dpp-bridged forms). The DEox values for the
complexes incorporating the dpb and dpq bridging ligands
were decreased relative to the other complexes in the series,
and exhibited the largest differences between the values for
the diastereoisomers of the same complex. The decrease in
the DEox values for the diastereoisomers incorporating the
unfused ligands relative to their fused counterparts and the
significant difference in the values between the diastereoiso-
meric forms partly reflects the presence of structural distor-
tions, which have been observed in the solid-state crystal
structures of meso-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpb)]


4+ [13] and rac-[{Ru-
ACHTUNGTRENNUNG(bpy)2}2(m-2,3-dpp)]


4+ (reported herein). However, these dif-
ferences cannot be solely ascribed to variations in the extent
of electronic delocalisation due to structural factors, as the
magnitude of DEox also reflects contributions from ion-pair-
ing interactions.[58] solvation energies and statistical fac-
tors.[56,59]


The UV/Vis/NIR spectral data for the unoxidised (+4),
mixed-valence (+5) and fully-oxidised (+6) forms of [{Ru-
ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


n+ (BL=ppz, dpq’, dpb’, 2,3-dpp, dpb) over
the range 3050–30000 cm�1 have been reported previous-
ly,[13,42] and the data for [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpq)]


4+ are reported
in Table S3 in the Supporting Information. The spectra are
characterised by a combination of overlapping dpACHTUNGTRENNUNG(RuII)!
p* ACHTUNGTRENNUNG(BL, bpy) singlet metal-to-ligand (1MLCT) transitions.
The lowest energy absorption band shifts to the red as BL is
varied through the series ppz,
dpq’, dpb’ for the fused bridg-
ing ligands, and 2,3-dpp, dpq,
dpb for the unfused ligands,
consistent with the increasing
stabilisation of the p*(BL) or-
bitals for each series. The
mixed-valence state was char-
acterised by asymmetrically-
shaped IVCT bands in the
region 3500–9000 cm�1.


Intervalence charge transfer
(IVCT): The IVCT properties
for the diastereoisomers of
[{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


4+ (BL=


dpb, dpb’, dpq’, ppz) in
CH3CN/0.1m [(n-C4H9)4N]PF6


have been discussed previous-
ly.[13,16,42] In the present study,
IVCT solvatochromism measurements on the diastereoiso-
ACHTUNGTRENNUNGmers incorporating the full series of fused and unfused
bridging ligands were performed at �35 8C in 0.02m [(n-
C4H9)4N][B ACHTUNGTRENNUNG(C6F5)4] electrolyte[60] using a series of solvents
including acetonitrile (CH3CN, AN), propionitrile
(CH3CH2CN, PN), n-butyronitrile (CH3 ACHTUNGTRENNUNG(CH2)2CN, BN), iso-
butyronitrile ((CH3)2HCCN, iBN), acetone ((CH3)2CO, AO)
and dichloromethane (CH2Cl2, DCM). The solutions con-
tained a uniform low concentration of the given diaster-
eoisomer (0.40U10�3


m) to eliminate ion-pairing artefacts
that are known to influence the IVCT characteristics.[13] An


overlay of the IVCT bands for the full series of complexes
in acetonitrile are shown in Figure 3, and the results of the
band maxima (nmax), molar absorption coefficients {(e/n)max}


and bandwidths (Dn1/2) are summarised in Table 2. For all
complexes, the bands are asymmetrically shaped and nar-
rower on the lower energy side. A moment analysis of the
IVCT bands was pursued,[1,61] and the results for the first-
order moment analysis are also presented in Table 2, in


which the zeroth- (M0) and first-order (M1) moments repre-
sent the band area and average band energy, respectively,
and jm12 j is the adiabatic transition moment. The electronic
coupling parameters (Hab) were determined from Equa-
tion (2),[62,63] in which e is the unit electronic charge and rab
was assumed to be similar to the geometrical intermetal dis-
tance of 6.8 T for all complexes.


Hab ¼ ðjm12j=e rabÞnmax ð2Þ


A classical two-state analysis[64] of the IVCT transitions


Figure 3. Overlay of the IVCT bands in CH3CN for the meso (solid
curves) and rac (dashed curves) [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]


5+ (BL=dpb, dpq,
2,3-dpp, dpb’, dpq’, ppz) in 0.02m [(n-C4H9)4N][B ACHTUNGTRENNUNG(C6F5)4]/CH3CN at
�35 8C.


Table 2. IVCT spectral data of the reduced absorption spectra (e/n vs. n) for the diastereoisomeric forms of
[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]


5+ in 0.02m [(n-C4H9)4N][BACHTUNGTRENNUNG(C6F5)4]/CH3CN at �35 8C and parameters derived from the
moment analysis of the transitions.[a]


BL Diastereo- nmax ACHTUNGTRENNUNG(e/n)max Dn1/2 M0 M1 jm12 j Hab Dno1=2
isomer ACHTUNGTRENNUNG[cm�1] ACHTUNGTRENNUNG[m�1] ACHTUNGTRENNUNG[cm�1] ACHTUNGTRENNUNG[m�1] ACHTUNGTRENNUNG[cm�1] ACHTUNGTRENNUNG[eT] ACHTUNGTRENNUNG[cm�1] ACHTUNGTRENNUNG[cm�1]


dpb meso 5125 0.367 1718 688 5615 0.540 394 3070
rac 4990 0.421 1634 753 5422 0.565 400 3026


dpq meso 5092 0.312 2160 702 5344 0.531 398 3058
rac 4948 0.253 2229 584 5384 0.496 360 3014


2,3-dpp meso 5340 0.870 1812 1717 5152 0.806 632 3131
rac 5340 0.707 1715 1349 5293 0.715 561 3131


dpb’ meso 5250 0.393 1048 482 5496 0.447 333 3105
rac 5295 0.300 1250 460 5608 0.442 333 3118


dpq’ meso 5230 0.418 1755 802 5644 0.583 437 3100
rac 5264 0.498 1566 871 5630 0.608 460 3110


ppz meso 5356 1.084 1506 1892 5759 0.898 707 3136
rac 5365 0.903 1566 1645 5500 0.836 660 3138


[a] The errors in the observed parameters are �10 cm�1 for nmax, M1 and Dn1/2 ; �0.001m�1 for ACHTUNGTRENNUNG(e/n)max; �5m�1


for M0 ; and �0.001 eT for jm12 j .
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reveals that all the systems exhibit significant electronic de-
localisation. On the basis of the narrow bandwidths com-
pared with the theoretical bandwidths (Dno1=2=
[16RT ln2(l)]1/2, in which 16RT ln2=1836 cm�1 at 238 K),
the systems lie close to the transition between the localised
and delocalised regimes.


The data reveal significant differences in the IVCT char-
acteristics not only between the different complexes, but
also between the diastereoisomeric forms of the same com-
plex. As the size of the “tail” of the bridging ligand increas-
es through the series ppz, dpq’ and dpb’, and 2,3-dpp, dpq
and dpb, the delocalisation of electron density over a larger
area decreases the charge density at the Ru coordination
sites. As a consequence, the values for M0 (i.e. , the band
area) and the transition moment (jm12 j ) decrease through
each series of complexes. A corresponding trend in the mag-
nitudes of Hab is evident for the series ppz, dpq’ and dpb’,
and to a lesser extent for the series 2,3-dpp, dpq and dpb.
Similar trends were observed the full range of solvents em-
ployed. It should be noted that since the transfer of electron
density decreases the effective electron-transfer distance rel-
ative to the diabatic distance (rab), the Hab values shown in
Table 2 represent lower limits only for the electronic-cou-
pling parameter. A recent study re-evaluating the effective
electron-transfer distance by Stark effect spectroscopy for
the dpb’- and dpb-bridged complexes showed that the Hab


values required an upwards revision by a factor of at least
three.[16]


While the IVCT energies (nmax) were found to be identical
within experimental error for both diastereoisomers of each
complex incorporating ppz, dpq’, dpb’ and 2,3-dpp, the dpq-
and dpb-bridged complexes exhibited a difference in energy
of 144 and 135 cm�1, respectively, between their diaster-
eoisomers. These observations were consistent across the
full series of solvents. The energy differences between the
IVCT bands for the diastereoisomers incorporating unfused
bridging ligands may be regarded as redox asymmetry con-
tributions to the electron transfer barrier in Equation (1),
and denoted by DEstruct.


[15,16]


While structural distortions are likely to be present in the
series of complexes incorporating the unfused bridging li-
gands, and are observed in the solid-state structures of
meso-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpb)]


4+ [13] and rac-[{RuACHTUNGTRENNUNG(bpy)2}2(m-2,3-
dpp)]4+ , the extent of the differential distortion between the
diastereoisomers may be expected to become increasingly
more pronounced as the length of the “tail” of the bridging
ligand is extended. By virtue of the greater extension of the
benzoquinoxaline “tail” of the ligand, the distorted confor-
mation of the bridge in this structure is maintained to a
greater extent due to steric interactions between the hydro-
gen atoms on the long axis of the dpb bridge and the termi-
nal bpy ligands, which are oriented differently in the two di-
astereoisomeric forms. Due to the smaller more compact
nature of the 2,3-dpp bridging ligand, the extent of the dif-
ferential distortion between the diastereoisomers is expected
to be less pronounced than the dpb- and dpq-bridged com-
plexes, and this is likely to account for the comparable


values of the IVCT energies for the 2,3-dpp-bridged com-
plex.


IVCT solvatochromism : The results for the IVCT character-
istics as a function of 1/Dop�1/Ds are reported in Tables S4–
S8 in the Supporting Information. Panels A and B in
Figure 4 display overlays of the solvent dependence of nmax,
Dn1/2 and M1 for the complexes incorporating the fused and
unfused bridging ligands, respectively.


In accordance with the dielectric continuum model
[Eq. (3)], nmax [Eq. (1)] should exhibit a linear dependence
on 1/Dop�1/Ds, with slope e2ACHTUNGTRENNUNG(1/a�1/d) and intercept li+


DE0+DE’.[1,2] The parameters a and d define the molecular
radii and distance between the donor and acceptor, and Ds


and Dop are the static and optical dielectric constants of the
solvent, respectively.


lo ¼ e2ð1=a�1=dÞð1=Dop�1=DsÞ ð3Þ


In general, the IVCT parameters for the series of com-
plexes exhibit a weak dependence on 1/Dop�1/Ds, as shown
in panels A and B of Figure 4; this dependence is consistent
with charge-transfer transitions involving a minimal dipole
moment change, a small residual barrier to intramolecular
electron transfer and the classification of the complexes as
borderline localised-to-delocalised systems.[6] Table S9 (in
the Supporting Information) summarises the results for the
slopes and intercepts of the solvatochromism plots of nmax as
a function of 1/Dop�1/Ds.


Despite the weak solvent dependence of nmax, differences
are evident in the solvatochromism plots of M1 as a function
of 1/Dop�1/Ds between the different complexes, and be-
tween the diastereoisomeric forms of the same complex.
The M1 values are found to be relatively invariant to solvent
for the dpb’- and dpb-bridged complexes, while the ppz- and
2,3-dpp-bridged complexes exhibit the steepest slopes, and
hence the greatest solvent dependence. The solvent depen-
ACHTUNGTRENNUNGdencies for the dpq’- and dpq-bridged complexes are inter-
mediate between the two sets. Since the coordination geo-
metries of the metal centres are identical for a given diaste-
ACHTUNGTRENNUNGreoisomer across the series of complexes, the differences in
IVCT solvatochromism properties arise from variations in
the electronic and structural characteristics of the bridging
ligands.


The trends in the solvent dependencies of nmax and M1 are
mirrored in the plots of the Dn1/2 as a function of 1/Dop�
1/Ds, shown in Figure 4. In general, the complexes incorpo-
rating the fused bridges exhibited narrower bandwidths and
higher band energies than their unfused analogues, as shown
in Figure S2 in the Supporting Information. The dpb’-bridg-
ed diastereoisomers exhibit the narrowest, solvent-indepen-
ACHTUNGTRENNUNGdent bands, and the Dn1/2 values for rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-
dpb)]5+ are found to be solvent-independent, while a scat-
tered variation in Dn1/2 is evident for the meso form. The
complexes incorporating the dpq’, ppz, dpq and 2,3-dpp
bridging ligands exhibit an increase in Dn1/2 with 1/Dop�1/Ds,
which is more pronounced for the unfused bridging ligands.
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For both diastereoisomers of the dpb’-, ppz-, dpq- and 2,3-
dpp-bridged complexes, the Dn1/2 values were approximately
identical across the series of solvents in each case, while the
bandwidths for meso-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpq’)]


5+ were consis-
tently 200–300 cm�1 higher than the corresponding rac form.


From a classical approach,[1,2] the influence of the elec-
tronic coupling on the IVCT solvatochromism may be con-
sidered from two perspectives. Firstly, an increase in the
electronic coupling decreases the effective charge-transfer
distance relative to the geometrical distance. The results of
the Stark effect measurements for meso-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-
BL)]5+ (BL=dpb and dpq’)[16] revealed effective charge-
transfer distances that were appreciably smaller than the
geometrical metal–metal distances. This effect should be
manifested by a decrease in the slope of the nmax and M1 sol-
vatochromism plots due to the inverse dependence of lo on
d at fixed d [Eq. (3)]. A similar explanation was proposed
for the lower than expected solvent dependence of [{Ru-
ACHTUNGTRENNUNG(NH3)5}2(m-4,4’-bpy)]


5+ .[65] Secondly, the influence of appre-
ciable electronic delocalisation may be considered through
the introduction of “effective amount of charge transfer”,


(1�2b2)e, rather than e. The slope of the solvatochromism
plot is given by e2 ACHTUNGTRENNUNG(1/a�1/d) according to Equation (3); how-
ever, this equation is frequently expressed in terms of the ef-
fective amount of charge transferred, and the slope is given
instead as (De)2ACHTUNGTRENNUNG(1/a�1/d). Since the effective amount of
charge transferred is reduced from unit charge transfer by
delocalisation, this explanation may provide a qualitative ra-
tionale for the decrease in the overall solvent dependence
for the series of complexes incorporating the fused bridging
ligands in the order ppz, dpq’ dpb’, and for the series incor-
porating the unfused bridging ligands in the order 2,3-dpp,
dpq, dpb.


While electronic coupling effects provide a qualitative ra-
tionale for the weak solvent dependence of nmax across the
series of complexes, the trends in M1 appear to signal a tran-
sition between the localised (class II) and localised-to-delo-
calised (class II–III) regimes.[6] The relatively strong solvent
dependence for the ppz- and 2,3-dpp-bridged diastereoiso-
ACHTUNGTRENNUNGmers indicates that these complexes lie in the class II region,
and therefore exhibit localised oxidation states. The slight
solvent-dependence of dpq’- and dpq-bridged diastereoisom-


Figure 4. Solvent dependence of nmax, Dn1/2 and M1 for the meso and rac diastereoisomers of [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]
5+ with A) BL=dpb’, dpq’, ppz and


B) BL=dpb, dpq, 2,3-dpp in 0.02m [(n-C4H9)N][B ACHTUNGTRENNUNG(C6F5)4]/solvent at �35 8C. The Dn1/2 values for meso-[{RuACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpq)]
5+ and rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-


BL)]5+ (BL=dpq, 2,3-dpp) in dichloromethane could not be obtained reliably and are excluded. Error bars are omitted for clarity.
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ers indicates that these complexes also lie in the class II
region, approaching class II–III, while the solvent-indepen-
ACHTUNGTRENNUNGdent dpb’- and dpb-bridged complexes lie in the class II–III
regime, in which the oxidation states are averaged. For the
last two complexes, electron transfer occurs faster than sol-
vent reorganisation and the solvent reorganisation is uncou-
pled from the electron transfer.


The trends in the bandwidths for the series of complexes
support these classifications. For the fused bridging ligands,
the broadening in the IVCT bands (in the full series of sol-
vents) through the series dpb’ to dpq’ to ppz supports the in-
crease in the degree of solvent coupling. The broader band-
widths for the complexes incorporating the unfused bridging
ligands relative to their fused analogues can be rationalised
primarily by the non-zero redox asymmetry contribution in
the former case. The IVCT manifolds are composed of three
underlying IVCT transitions that arise due to spin–orbit
coupling and ligand-field asymmetry,[6] and we have recently
demonstrated that the energy splitting between the compo-
nents is increased due in the presence of structural distor-
tions in meso- and rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


5+ (BL=dpb, 2,3-
dpp).[16] On this basis, the increase in the Dn1/2 values for the


complexes incorporating the unfused bridging ligands rela-
tive to their fused counterparts can be rationalised primarily
by the increase in the splitting of the three underlying com-
ponents of the IVCT bands, rather than due to increased
solvent coupling.


Stereochemically directed specific solvent effects : Specific
solvation effects are reflected in the plots of the difference
between the IVCT parameters for the diastereoisomers
{Dnmax ACHTUNGTRENNUNG(meso-rac), D ACHTUNGTRENNUNG(Dn1/2)ACHTUNGTRENNUNG(meso-rac) and DM1ACHTUNGTRENNUNG(meso-rac)} in
panels A and B in Figure 5. These effects arise due to the
penetration of solvent molecules within the interior clefts
between the terminal bpy ligands, as the exterior clefts are
identical for all diastereoisomers of the series of complexes.
The plots of Dnmax and DM1 for the dpb’- and dpq’-bridged
complexes exhibit similar trends across the series of sol-
vents, as do the analogous unfused complexes incorporating
the dpb and dpq bridging ligands. The magnitudes of Dnmax


and DM1 are larger for the complexes incorporating the un-
fused ligands relative to their fused counterparts due to the
inherent stereochemically induced redox asymmetry. It is
likely that the specific interactions will couple to the solvent


Figure 5. Differential energies, bandwidths and first moments of the IVCT transitions for the diastereoisomers of [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]
5+ with A) BL=


dpb’, dpq’, ppz and B) BL=dpb, dpq, 2,3-dpp in 0.02m [(n-C4H9)N][B ACHTUNGTRENNUNG(C6F5)4]/solvent at �35 8C. The Dn1/2 values for meso-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpq)]
5+ and


rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-BL)]
5+ (BL=dpq, 2,3-dpp) in dichloromethane could not be obtained reliably and are excluded.
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and electronic coordinates and invalidate the Franck–
Condon approximation for this series of complexes.[8]


Predictions for the inner-sphere reorganisational barrier :
According to the classical model,[1,2] the intercepts of the
IVCT solvatochromism plots of nmax as a function of
1/Dop�1/Ds given in Table S9 (see Supporting Information)
provide estimates of the li contributions in Equation (1).
For the complexes incorporating the fused bridging ligands,
the intercept is given by li+DE’ (since DE0=0), and for the
series of complexes incorporating the unfused ligands by
li+DE’+DEstruct (assuming that DE’ and DEstruct are solvent-
invariant). While the li values for the three IVCT compo-
nents may be extracted from Gaussian deconvolution of the
IVCT manifolds, the errors in obtaining unique fits to the
IVCT manifolds precluded such analyses. The parameter li
was therefore obtained from Equation (4),[66] in which D


represents the energy difference between nmax and the
lowest energy component of the IVCT manifold, IVCT(1).
Since the IVCT manifold consists of three IVCT transitions
arising due to ligand-field and spin-orbit coupling, the first
component {IVCT(1)} can be used to directly extract infor-
mation about the mixed valence ground state.[6]


nmax ¼ li þ lo þ D ð4Þ


Since the spin–orbit coupling constant for Ru (xRu) is
known to be approximately one-third of that for Os (xOs),
an estimate of D for ruthenium complexes in the range
1750–1790 cm�1 has been obtained from the IC bands of
analogous dinuclear osmium complexes (see Table S10 in
the Supporting Information).[16] From Equation (4), li can
be estimated by subtracting the estimated value for D from
the intercept of the nmax versus 1/Dop�1/Ds plot (lo is zero as
the intercept shows only solvent-independent contribution
to nmax). The intercepts for the complexes incorporating the
fused and unfused bridging ligands were found to be within
the ranges 4840–5475 and 3600–5185 cm�1, respectively
(Table S9 in the Supporting Information), which yields ap-
proximations for the value of li as 3050–3725 cm�1 (fused)
and 1810–3435 cm�1 (unfused). The larger range for li in the
latter case is consistent with the presence of a DEstruct term
in expression for the intercept.


The significant magnitudes of li are surprising in view of
the small bond-length changes that occur upon oxidation of
the complexes.[57, 67] Estimates based on the Ru�N bond-
length changes between [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and [Ru ACHTUNGTRENNUNG(bpy)3]
3+ have


led to an approximation of li of less than 400 cm�1,[68] which
is not compatible with the predicted values for li in the pres-
ent case. Such anomalies have been noted previously for re-
lated complexes such as [{Ru ACHTUNGTRENNUNG(bpy)2(py)}2(m-4,4’-bpy)]


5+ ,[69]


in which the relatively large intercept of 6000 cm�1 was also
difficult to rationalise from the small bond-length variations
with oxidation.[57,67] The origin of the anomalous behaviour
was attributed to delocalisation of the electron between the
two sites, which invalidates the weak-coupling approxima-
tion that is implicit in Equation (3). In the present case,


non-negligible electronic delocalisation [and so the invalidi-
ty of the localised assumption of Eq. (3)] may provide an ex-
planation for the larger than expected li values.


Conclusion


The systematic variation in the electronic properties of a
series of di-bidentate bridging ligands in the complexes
[{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


5+ has demonstrated the subtle influence
of stereochemical and structural factors on the reorganisa-
tional energies (lo and li) and the redox asymmetry (DE0)
contributions to the electron transfer barrier, as expressed
in Equation (1). The consideration of the trends in the
“raw” IVCT parameters (nmax, Dn1/2 and (e/n)max) in addition
to the moments of the bands (M0 and M1), according to the
dielectric continuum model, provides a qualitative basis for
explaining the relative degree of coupling, with the allow-
ance for stereochemically induced redox asymmetry and
specific solvation effects.


IVCT solvatochromism studies on the diastereoisomers of
[{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]


5+ reveal that the solvent dependence of
the IVCT parameters decreases through the series BL=ppz,
dpq’, dpb’ (fused) and BL=2,3-dpp, dpq, dpb (unfused).
The trends are consistent with the increase in the degree of
delocalisation as the “tails” of the bridging ligands are ex-
tended in each series. From a classical perspective, the sol-
vent-independent systems bridged by dpb and dpb’ may be
classified as class II–III systems, while the complexes incor-
porating ppz and 2,3-dpp exhibited the greatest solvent de-
pendence, consistent with their class II classification. The
solvent dependencies for the dpq- and dpq’-bridged diaste-
ACHTUNGTRENNUNGreoisomers are intermediate between these two sets of com-
plexes, in support of their classification as class II systems
which lie at the borderline with the class II–III region. In
general, the diastereoisomers of the complexes incorporat-
ing the unfused bridging ligands (2,3-dpp, dpq and dpb) ex-
hibit more pronounced differences in their IVCT character-
istics (over the full series of complexes) relative to their
fused analogues due to the presence of a stereochemically
induced redox asymmetry contribution.


The series of complexes [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-BL)]
4+ based on


these bridging ligands have been investigated extensively
over the past two decades as the basis of novel molecular
materials capable of performing useful light- and/or redox-
induced functions.[21–25] While these studies were performed
without regard for the inherent stereochemistry of the sys-
tems, the present work demonstrates that stereochemical in-
fluences provide a significant contribution to the barrier to
intramolecular electron transfer, and are indeed manifested
in the electrochemical, spectral and IVCT properties. The
realisation that metal–metal interactions in dinuclear poly-
pyridyl complexes can be modified by the variation of their
stereochemical properties has significant consequences for
controlling such interactions in higher nuclearity polymetal-
lic assemblies.
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Experimental Section


Materials : Hydrated ruthenium trichloride (RuCl3·3H2O; Strem, 99%),
potassium hexafluorophosphate (KPF6; Aldrich, 98%), lithium tetrakis-
ACHTUNGTRENNUNG(pentafluorophenyl)borate (Li[B ACHTUNGTRENNUNG(C6F5)4]·Et2O; Boulder Scientific), ethyl-
ene glycol (Ajax 95%), sodium toluene-4-sulfonate (Aldrich, 98%),
DOWEXW 1U8, 50–100 mesh (Aldrich), AmberliteW IRA-400 (Aldrich)
Cl� ion exchange resins, Celite (Aldrich) and laboratory reagent solvents
were used as received. Tetra-n-butylammonium hexafluorophosphate
([(n-C4H9)4N]PF6; Fluka, 99+ %) was dried in vacuo at 60 8C and ferro-
cene (Fc; BDH) was purified by sublimation prior to use. SP Sephadex
C-25, Sephadex LH-20 (Amersham Pharmacia Biotech), and silica gel
(200–400 mesh , 60 T, Aldrich) were employed for the chromatographic
separation and purification of ruthenium complexes.[17] Prior to use, ace-
tonitrile (CH3CN; Aldrich, 99.9+ %) and propionitrile (PN; Aldrich)
were distilled over CaH2, while acetone (BDH, HPLC grade) was distil-
led over K2CO3 and dichloromethane over CaCl2. n-Butyronitrile (BN;
Aldrich, 99+ %), isobutyronitrile (iBN; Aldrich), and benzonitrile (BzN;
Aldrich) were used as received. [(n-C4H9)4N][B ACHTUNGTRENNUNG(C6F5)4]


[60] was prepared
by metathesis from Li[B ACHTUNGTRENNUNG(C6F5)4]·Et2O as described previously.[12] The
bridging ligand dpq was supplied by Dr Laurence Kelso and was pre-
pared according to the literature methodology.[70]


General : 1D and 2D 1H NMR spectra were collected on a Varian Mercu-
ry 300 MHz spectrometer. 1H NMR chemical shifts for all complexes are
reported relative to 99.9% [D3]acetonitrile (CD3CN; Cambridge Isotope
Laboratories (CIL)) at d=1.93 ppm. 1H NMR assignments were per-
formed with the assistance of COSY experiments to identify each pyri-
dine ring system. Elemental microanalyses were performed at the Micro-
analytical Unit in the Research School of Chemistry, Australian National
University. An allowance for hydration was necessary to account for
analysis figures within the acceptable limits (�0.4%).


Electrochemistry : Electrochemical measurements were performed under
argon by using a Bioanalytical Systems (BAS) 100 A Electrochemical
Analyser. Cyclic (CV) and differential pulse (DPV) voltammograms
were recorded in a standard three-electrode cell using a glassy carbon or
platinum button working electrode, a platinum wire auxiliary electrode
and an Ag/AgCl reference electrode (0.1m [(n-C4H9)4N]PF6 in CH3CN).
Ferrocene was added as an internal standard on completion of each ex-
periment (the ferrocene/ferrocenium couple (Fc+/Fc0) occurred at
+550 mV versus Ag/AgCl). Solutions contained 0.1m [(n-C4H9)4N]PF6 as
electrolyte. Cyclic voltammetry was performed with a sweep rate of
100 mVs�1; differential pulse voltammetry was conducted with a sweep
rate of 4 mVs�1 and a pulse amplitude, width and period of 50 mV, 60 ms
and 1 s, respectively. All potentials are reported �3 mV.


UV/Vis/NIR spectroelectrochemistry : UV/Vis/NIR spectroelectrochemis-
try was performed by using a CARY 5E spectrophotometer interfaced to
Varian WinUV software. The absorption spectra of the electrogenerated
mixed-valence species were obtained in situ by the use of a cryostatted
optically semitransparent thin-layer electrosynthetic (OSTLE) cell.[71] An
account of the procedure employed in the spectroelectrochemical meas-
urements has been detailed previously.[72] Solutions for the spectroelec-
trochemial experiments contained 0.02m [(n-C4H9)4N][B ACHTUNGTRENNUNG(C6F5)4] support-
ing electrolyte in CH3CN and the complex (ca. 0.4U10�3


m). The temper-
ature was stabilised to �0.3 8C prior to commencing electrolysis. The di-
nuclear systems required approximately 6 h for data collection at �35 8C.


The analysis and spectral deconvolution of the data were performed as
described in a previous report.[13] The IVCT spectra were scaled as se(n)/
ndn[1, 61] and deconvolution of the NIR transitions was performed by
using the curve-fitting subroutine implemented within the GRAMS32
commercial software package, as described previously.[72] Based on the
reproducibility of the parameters obtained from the deconvolutions, the
uncertainties in the energies (nmax), intensities {(e/n)max} and bandwidths
(Dn1/2) were estimated as �10 cm�1, �0.001m�1 cm�1 and �10 cm�1, re-
spectively.


For asymmetrically shaped IVCT bands, an examination of the moments
of the band is required, rather than the experimentally observed quanti-
ties (nmax, Dn1/2 and (e/n)max). The first-order moment (M1) defines the


average energy of the absorption manifold and is given by Equation (5).[1]


The parameter f(n) is the line-shape function of the reduced absorption
spectrum {(e/n) vs. n}. The denominator represents the area under the
band of the reduced absorption spectrum, that is, the zeroth-moment M0


[Eq. (6)]. The transition moment (jm12 j in eT) is defined as 0.0206 TU
M0


1/2.


Ml ¼
1
M0


Zn2


n1


nf ðnÞ dv ð5Þ


M0 ¼
Zn2


n1


f ðnÞ dv ð6Þ


Synthesis of dinuclear complexes and separation of diastereoisomers : A
detailed account of the microwave techniques and column chromato-
graphic procedures employed for the separation and purification of the
diastereoisomers is provided has been reported previously.[19] [Ru-
ACHTUNGTRENNUNG(bpy)2Cl2]·2H2O,[73] [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpb)] ACHTUNGTRENNUNG[PF6]4,


[13, 14, 26] [{RuACHTUNGTRENNUNG(bpy)2}2(m-2,3-
dpp)] ACHTUNGTRENNUNG[PF6]4,


[16] [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpb’)] ACHTUNGTRENNUNG[PF6]4,
[14] [{Ru ACHTUNGTRENNUNG(bpy)2}2ACHTUNGTRENNUNG(m-dpq’)]-


ACHTUNGTRENNUNG[PF6]4
[13] and [{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-ppz)] ACHTUNGTRENNUNG[PF6]4


[42] were prepared according to the
previously reported methods.


[{Ru ACHTUNGTRENNUNG(bpy)2}2 ACHTUNGTRENNUNG(m-dpq)]ACHTUNGTRENNUNG[PF6]4·5H2O : A suspension of dpq (55 mg,
0.192 mmol) and cis-[Ru ACHTUNGTRENNUNG(bpy)2Cl2]·2H2O (200 mg, 0.384 mmol) in ethyl-
ene glycol (3 cm3) was heated at reflux in a modified microwave oven
(Sharp, Model R-2 V55; 600 W, 2450 MHz) on medium high power for
3U3 mins during which time the solution attained a dark green coloura-
tion. The mixture was diluted in water (ca. 40 cm3) and the dinuclear
product was separated from the crude mixture via a gradient elution pro-
cedure using aqueous 0.1–0.5m NaCl as the eluent. A claret-red band of
mononuclear material eluted first (0.3m NaCl) followed by the desired
dark green product (0.6m NaCl) which was precipitated as the PF6


� salt
by addition of a saturated solution of aqueous KPF6. The solid was isolat-
ed by vacuum filtration and washed with diethyl ether (3U10 cm3). Yield:
198 mg (61%). Elemental analysis calcd (%) for C58H54F24N12O5P4Ru2: C
39.11, H 3.00, N 9.44; found: C 39.08, H 2.61, N 9.12.


Separation of the diastereoisomers was achieved by cation exchange
chromatography on SP Sephadex C-25 support (dimensions 96 cm
lengthU1.6 cm diameter). The complex (ca. 80 mg) was loaded onto the
column in aqueous solution (as the Cl� form, obtained by stirring an
aqueous suspension of the complex with AmberliteW anion exchange
resin) and eluted with 0.25m sodium toluene-4-sulfonate solution.[19] The
diastereoisomers separated after passing through an effective column
length of 3 m. The two bands were collected, saturated aqueous KPF6 sol-
ution added and the products extracted with dichloromethane. The or-
ganic extracts were dried with anhydrous Na2SO4 and the solvent re-
moved by rotary evaporation.


Rigorous purification methods were employed prior to characterisation
and physical measurements due to the potentially strong associations be-
tween the complex cations and the anions present in the eluents em-
ployed in the chromatographic separations.[19, 20] Each product was dis-
solved in a minimum volume of acetone and loaded onto a short column
of silica gel (dimensions 3U2.5 cm), washed with acetone, water and ace-
tone and eluted with acetone containing 5% NH4PF6. Addition of water
and removal of the acetone under reduced pressure afforded dark green
solids, which were collected by filtration through Celite and washed with
diethyl ether (3U5 cm3). Bands 1 and 2 were determined to be the meso
and rac diastereoisomers, respectively, as established by X-ray crystallog-
raphy and NMR characterisation.


Band 1 (meso): 1H NMR (CD3CN): d=6.69 (dd, J=5.8, 0.6 Hz, 1H), 7.10
(dd, J=8.7, 0.6 Hz, 1H), 7.23 (d, J=7.9 Hz, 1H), 7.27 (d, J=4.7 Hz, 1H),
7.35 (t, J=8.8 Hz, 2H), 7.36–7.49 (m, 10H), 7.59 (t, J=7.1 Hz, 1H), 7.64
(t, J=5.8 Hz, 1H), 7.70 (d, J=4.6 Hz, 1H), 7.78 (dd, J=5.6, 1.3 Hz, 1H),
7.83 (td, J=8.1, 1.3 Hz, 1H), 7.87–8.25 (m, 16H), 8.31 (dd, J=8.3, 0.6 Hz,
1H), 8.36 (dd, J=5.5, 0.9 Hz, 1H), 8.43 (dd, J=7.7, 0.6 Hz, 1H), 8.49
(dd, J=7.8, 0.6 Hz, 1H), 8.56 (td, J=9.0, 0.6 Hz, 2H), 8.72 (dd, J=5.7,
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0.9 Hz, 1H), 8.75 (dd, J=5.8, 0.7 Hz, 1H), 8.82 ppm (dd, J=8.1, 0.6 Hz,
1H).


Band 2 (rac): 1H NMR (CD3CN): d=7.19 (td, J=6.1, 1.0 Hz, 2H), 7.36–
7.54 (m, 12H), 7.57 (dd, J=5.3, 1.0 Hz, 2H), 7.62 (td, J=6.1, 1.0 Hz,
2H), 7.75 (d, J=4.1 Hz, 2H), 7.76 (d, J=4.2 Hz, 2H), 7.85 (dd, J=5.6,
1.0 Hz, 2H), 7.98–8.10 (m, 6H), 8.14 (td, J=7.9, 1.5 Hz, 2H), 8.18 (td,
J=7.9, 1.2 Hz, 2H), 8.23 (d, J=5.4 Hz, 2H), 8.34 (d, J=8.3 Hz, 4H), 8.68
(d, J=8.2 Hz, 4H), 8.74 ppm (d, J=8.1 Hz, 2H). The 1H NMR number-
ing scheme is shown in Figure S1 (in the Supporting Information). Com-
plete spectral assignments were not possible due to the convoluted
nature of the 1D and 2D spectra.


X-ray crystallography : Single crystals of rac-[{Ru ACHTUNGTRENNUNG(bpy)2}2(m-2,3-dpp)]-
ACHTUNGTRENNUNG[PF6]4·4H2O were grown by slow evaporation of a solution of about
1 mmol of the complex in acetone/water (2:1 ca. 1 mL) under ambient
conditions in the absence of light. The collection and refinement of X-ray
data was performed in the Advanced Analytical Centre at James Cook
University. Hemispheres of data were collected (on crystals coated with
polyacrylamide glue) at �50 8C on a Bruker SMART CCD diffractome-
ter using the omega scan mode. A summary of the data collection and re-
finement details is provided in Table S1 in the Supporting Information.
Data sets were corrected for absorption using the program SADABS.[74]


The solution and refinement for all structures was carried out by using
SHELXL-97[75] utilising the graphical interface WinGX.[76] CCDC-291106
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Noncovalent interactions play a dominant role in many fore-
front areas of modern chemistry and biology.[1] One such ex-
ample is the cation–p interaction, which now has been char-
acterized in a wide range of contexts.[2–12] Interest in design-
ing superfunctional materials involving these noncovalent
interactions has grown dramatically during the past few dec-
ades.[13–16] Recently, Hong et al. reported self-assembled


arrays of calix[4]hydroquinone (CHQ) nanotubes and self-
synthesized metal nanoclusters, nanowires, and nanostruc-
tures.[17,18] In this self-synthesis process, transition-metal cat-
ACHTUNGTRENNUNGions TMn+ can be bound inside (or outside) the CHQ nano-
tubes, and the redox reaction toward oxidized calix[4]qui-
nones (CQ) yields reduced transition-metal nanowires (or
thin films): CHQ+8/nTMn+!CQ+8/nTM+8H+ . Under-
standing this mechanism is of importance for the self-synthe-
sis of nanowires using organic molecular systems.


Since each CHQ has four hydroquinone (HQ) moieties,
and CQ has four quinone (Q) moieties, we may consider
these monomeric units as a part of the model system, in
which the overall electrochemical reaction is HQ+2/nTMn+


!Q+2/nTM+2H+ . In this process, the reduction potential
E0 for Q+2H+ +2e�!HQ is �0.70 V in aqueous solution.
The reduction potential of this model system also applies to
the “real” TMn+/CHQ nanosystems, because the spontane-
ous redox process in aqueous solution is observed only in
five metal cation systems with E0<�0.70 V, that is, Ag+ ,
Au+ , Pd2+ , Pt2+ , and Hg2+ , where the E0 values are �0.80,
�1.69, �0.95, �1.12, and �0.85 V, respectively. The sponta-
neous reduction does not take place for Cu+ , because its E0


value is �0.52 V, and is thus less negative than that of Q.
There is, however, no direct relation between the magnitude
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(which do not take part in self-synthe-
sis by CHQ) are also included. In gen-
eral, TM–ligand coordination is con-
trolled by symmetry constraints im-


posed on the respective orbital interac-
tions. Calculations predict that, due to
synergetic interactions, silver and gold
are very efficient metals for one-di-
mensional (1D) nanowire formation in
the self-assembly process, platinum and
mercury favor both nanowire/nanorod
and thin film formation, while palladi-
um favors two-dimensional (2D) thin
film formation.


Keywords: ab initio calculations ·
hydroquinone · metal-cation–p in-
teractions · nanowires · transition
metals


[a] Dr. H.-B. Yi, Dr. M. Diefenbach, Y. C. Choi, E. C. Lee,
Dr. H. M. Lee, Dr. B. H. Hong, Prof. Dr. K. S. Kim
Center for Superfunctional Materials
Department of Chemistry
Pohang University of Science and Technology
San 31, Hyojadong, Namgu, Pohang 790–784 (Korea)
Fax: (+82)54-279-8137
E-mail : kim@postech.ac.kr


[b] Dr. H.-B. Yi, Dr. M. Diefenbach
Contributed equally to this work.


[c] Dr. B. H. Hong
Current address: Department of Physics, Columbia University, 538
West 120th Street, New York, NY 10027 (USA)


[**] Contribution from the National Creative Research Initiative Center
for Superfunctional Materials.


Chem. Eur. J. 2006, 12, 4885 – 4892 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4885


FULL PAPER







of the resulting redox potential and the efficiencies of the
observed redox reactions for the nanowire formation. While,
for example, uniformly aligned silver nanowire arrays are
formed with Ag+ in a fast redox reaction that releases
�0.1 V, the experiment suggests that the reduction of Pd+


yields only thin layers of metallic palladium, though the
overall redox potential is more negative (DE0=�0.25 V).


To understand the self-synthesis and self-assembly phe-
nomena of this nanomaterial, it is essential to investigate
the interactions of HQ and Q with the transition-metal cat-
ACHTUNGTRENNUNGions and the reduced neutral metal atoms. Furthermore, the
cation–HQ/Q model system plays an important role in
chemistry and biology due to the strong electron-donating/
accepting abilities, for example, as electron carriers through
p backdonation.[19–22] Therefore, an investigation of transi-
tion-metal binding with p systems such as quinoid molecules
is important in a more general context, that is, for under-
standing the basis of metal-promoted transformations of ar-
omatic compounds, which may lead to the design of novel
nanomaterials.


In the present work, we discuss the interactions between
the ring compounds (HQ and Q) and transition-metal cat-
ACHTUNGTRENNUNGions (TMn+ =Ag+ , Au+ , Pd2+ , Pt2+ , and Hg2+) and their
neutral counterparts by using ab initio calculations. For com-
parison, the metal cations Na+ and Cu+ as well as the
ligand benzene (Bz) are also included, and Na is included in
the TM notation for convenience. We investigate the confor-
mational structures, binding sites, and binding energies,
which are essential for understanding of the self-assembly
process of the transition-metal nanoclusters, nanowires and
nanofilms self-synthesized from HQ/CHQ by electrochemi-
cal redox processes. Furthermore, implications from energy
changes with respect to the redox process are discussed.


Computational Details


All calculations were performed at the MP2 ACHTUNGTRENNUNG(full) level of
theory.[23] DunningLs correlation consistent basis sets[24] were
employed, that is, aug-cc-pVDZ for the non-metal elements
C, H, and O, and cc-pCVDZ for Na. For the remaining
metal centers, the scalar relativistic pseudopotentials
(MWB) of the Stuttgart–Dresden–Bonn type were used, re-
placing 10 (Cu),[25] 28 (Pd, Ag),[26] or 60 (Pt, Au, Hg)[26] core
electrons. The valence space was described by the corre-
sponding (8s7p6d)/ ACHTUNGTRENNUNG[6s5p3d] basis sets. This basis-set combi-
nation is abbreviated as aVDZ. All minima were identified
through analysis of the Hessian matrix from frequency cal-
culations.


Interaction energies were determined by calculating MP2-
ACHTUNGTRENNUNG(full)/aVTZ single points on the optimized MP2/aVDZ min-
imum geometries. For the aVTZ basis set, a set of two f and
one g polarization functions were added to the valence basis
set of the transition-metal atoms (Cu, Pd, Ag, Pt, Au,
Hg),[27] the cc-pCVTZ basis set was used for Na, and the
aug-cc-pVTZ basis set was employed for C, H, and O. Basis
set superposition error (BSSE) corrections were done with


the counterpoise method.[28] Zero-point energy (ZPE) cor-
rections were made using the MP2/aVDZ frequency calcula-
tions. All numbers reported here refer to this MP2 ACHTUNGTRENNUNG(full)/
aVTZ//MP2ACHTUNGTRENNUNG(full)/aVDZ approach with interaction energies
including ZPE and BSSE corrections. The basis sets and
pseudopotentials were retrieved from the EMSL Basis Set
Library.[29] Charges were calculated based on natural bond
orbital (NBO) analysis.[30]


Results and Discussion


We have considered four different conformations for the
binding of TMs with HQ/Bz/Q (Figure 1). pcen denotes cen-
trosymmetric h6-coordinate complexes (h4 in the case of


TM-Q), poff denotes complexes in which the TM coordinates
off-center towards the perimeter of the ring; pC stands for
h3 coordination (located above a single carbon of Bz), and
sO stands for coordination to an oxygen lone pair of HQ or
Q. In the following, the conformations for the binding of the
cationic/neutral TM with HQ and Q are discussed. Where
applicable, comparisons to the most stable TM–Bz com-
plexes are made.


Binding of TMn+ to HQ: In the initial stage of the self-as-
sembly within the redox process, a metal cation interacts
with a HQ moiety. A metal cation may bind to HQ either
by coordinating to the p face (ring site) or to a lone pair of
an oxygen atom (O site). The general aspect of oxygen
versus ring binding was discussed previously for singly
charged 3d transition-metal cations with phenol.[31] In these
systems, the ring binding site is found to be favored over the
O binding site. Differences in bond strength (to the ring
site) among the 3d series are reflected by the difference in
binding energies (BEs) of the corresponding TM+–(C6H6)
complexes.


Figure 1. Binding sites of TMn+ complexes with HQ (top), Bz (middle),
and Q (bottom). Symmetries are given in parentheses. Note that the
TM–OH plane is perpendicular to the ring plane in sO-bound TMn+–HQ.
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In transition-metal-cation–arene complexes,[32] the p-
bonding to an aromatic ligand L is generally discussed in
terms of the L!TM p–d donation and the TM!L d–p*
backdonation.[33,34] For main-group cations, the bonding sit-
uation is simpler than for transition-metal cations, as the
bonding is dominated by purely electrostatic contributions,
that is, charge–dipole and charge–quadrupole interactions.
The interaction of Na+ with HQ, for example, results in a
moderate binding energy of 23–24 kcalmol�1 (Table 1) with
no distinct preference for either the ring site or the O site.
The 3d transition metal cation Cu+ on the other hand clear-
ly favors a pcen coordination at the ring site with a much
larger binding energy of 60.4 kcalmol�1, reflecting p back-
bonding contributions. The sO-bound isomer is 17 kcalmol�1


less favorable in energy (43.5 kcalmol�1).
Like Cu+ , the Ag+ and Au+ cations also favor a ring-


bound conformation over a sO coordination, which again is
due to the additional L !TM p backdonation in the p-
bound complex. For Ag(HQ)+ , there is not even a minimum
for sO coordination; rather, the silver ion moves downhill
on the energy surface towards the ring site. The structural
features in the two lighter complexes, Cu(HQ)+ and
Ag(HQ)+ are still governed by strong electrostatic character
of the bonding in these complexes. Au+ on the other hand
stands out and prefers a poff coordination outside the center
on the perimeter of the ring. This deviation from a central
position in the cationic gold complex is also observed for
the corresponding benzene complex (Table 1). Such a phe-
nomenon is ascribable to symmetry restrictions, as has been
shown previously by Dargel et al.[35]


In the Au+–HQ case, the situation may be characterized
as follows. Owing to the d10 occupation in the noble metal
cation, the L!TM pp–dp donation is not straightforward. A
pcen structure in TM(HQ)+ is C2-symmetric; Figure 2 shows
a schematic representation of the relevant orbital symme-
tries. While the L !TM p* backdonation is viable from the
doubly occupied dxy and dx2�y2 orbitals into the empty
LUMO orbitals of matching symmetry, there are restrictions
for donations from the ligand to the electron-deficient
metal. Within C2 symmetry, the highest occupied p MO of
HQ (belonging to the b irreducible representation) may not
interact with the empty 6s orbital (because it is of different


symmetry) of the metal cation. Upon changing from C2 sym-
metry to C1, no such limitations exist, and the highest occu-
pied HQ orbitals now all transform into the “a” representa-
tion, such that the HOMO of HQ can interact with the
6s(a) orbital of Au. As a consequence, the electron transfer
from HQ to Au+ is possible, because the relativistic effects
dramatically lower the energy of the 6s orbital, making it


highly electrophilic.[36] Accord-
ingly, in the C1-symmetric
Au(HQ)+ complex, the sub-
stantial s-orbital occupation
along with considerable charge
transfer is observed, and the
partial charge on the ligand
amounts to q(HQ)=0.31.


The charge transfer from a
neutral ligand L to a cationic
metal TM+ is only possible in
appreciable amounts if the ioni-
zation energy IE(L)� IE(TM).
Thus, in the other TM+–HQ
complexes, the charge transfer


Table 1. Binding energies in kcalmol�1 of TMn+–L complexes (L=HQ, Bz, Q) including ZPE contributions
and BSSE corrections, calculated at the MP2/aVTZ//MP2/aVDZ level of theory. Values are given only for
structures that correspond to local minima. Boldface entries indicate lowest energy structures.


ACHTUNGTRENNUNG(TMn+–L) L=HQ L=Bz L=Q
pcen poff sO pcen poff pC pcen poff sO


1
ACHTUNGTRENNUNG(Na+–L) 23.1 23.6 21.7[a] 4.5 4.5 25.6


1
ACHTUNGTRENNUNG(Cu+–L) 60.4 43.5 57.2[b] 31.4 35.4 47.5


1
ACHTUNGTRENNUNG(Ag+–L) 42.3 40.9[c] 21.9 25.0 34.3


1
ACHTUNGTRENNUNG(Au+–L) 56.8 71.7 43.2 55.0 67.1[d] 66.2 41.5 56.1 51.1


1
ACHTUNGTRENNUNG(Pd2+–L) 239.3 237.1 232.8 196.3 176.4 91.2


1
ACHTUNGTRENNUNG(Pt2+–L) 249.8 258.7 218.6 224.5 204.7 213.3 162.9 141.3


1
ACHTUNGTRENNUNG(Hg2+–L) 125.6 144.7 172.1 126.3 129.0 129.5 92.7 88.1 122.5


3
ACHTUNGTRENNUNG(Pd2+–L) 215.3 204.2 182.5 117.4 107.0


3
ACHTUNGTRENNUNG(Pt2+–L) 238.2 220.1 209.7 188.4 175.8


[a] Exptl 22.1�1.4, ref. [47]. [b] Exptl 52�5, ref. [48]. [c] Exptl 37.4�1.7, ref. [49]. [d] Exptl 69�7, ref. [50].


Figure 2. Schematic molecular orbital diagram for a TM–HQ complex. A
C2h-symmetric HQ ligand has two p-type HOMOs of bg symmetry and
two p-type LUMOs of au symmetry. In a pcen C2-symmetric complex,
these transform into the b and a irreducible representations, respectively.
Similarly, the atomic s and d orbitals of the TM transform into either a
or b irreducible representation, which may then overlap with the ligandLs
orbitals of matching symmetry.
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is only small (q(HQ)�0.02), which is in line with the ioniza-
tion energy of HQ (7.99 eV)[37] versus those of Na, Cu, Ag,
and Au, which are 5.14, 7.73, 7.59, and 9.23 eV, respective-
ly.[38]


For analogous reasons as above, the binding properties of
TM+–HQ are mirrored in the corresponding TM+–Bz com-
plexes, in which the monocations Na+ , Cu+ , and Ag+ are
pcen coordinated, whereas Au+ binds in a h2 fashion to the
perimeter of the ring. The charge transfer in the TM+–Bz
complex is again only noticeable in the gold complex
(q(Bz)=0.21); it is smaller than in the TM+–HQ complex,
due to the higher IE of benzene (9.24 eV).[37]


An h2 complex with benzene is sixfold degenerate. With a
ligand like HQ, however, there are two energetically differ-
ent poff sites for complexation above a C�C bond due to the
lower symmetry of the HQ ligand, that is, one with TMn+


sitting above C1�C2 (in the proximity to the OH group, Fig-
ure 3a) and one above C2�C3 (Figure 3b). If poff coordinat-


ed, most of the cations studied here prefer binding to C2�
C3 because of better pp–dxz overlap—the metal sits above
the nodal plane such that the two dxz lobes with opposite
sign overlap with the matching p lobes of the ligandLs
HOMO. Only those metals with a full d10 shell and a highly
electrophilic 6s orbital bind to C1�C2, such that a single 6s
lobe may overlap with a p lobe of the same sign. According-
ly, the latter is preferable for
the gold cation and for the poff-
bound mercury dication, due to
favorable pp–6s overlap.


In the p-bound Na+–HQ
system, the metal–ligand dis-
tance is 249 pm (Table 2), and
the charge induced ion–dipole
interactions afford a ZPE cor-
rected binding energy of D0=


23.1 kcalmol�1. The cationic
copper–HQ complex is much
more compact with a metal–
ligand distance of only
170 pm—although the ionic


radii[39] of Na+ (95 pm) and Cu+ (96 pm) are nearly identi-
cal—and it yields a much stronger binding energy of D0=


60.4 kcalmol�1, which is partly due to the L !TM p-backdo-
nation. Owing to the larger ionic radius of Ag+ (126 pm)
compared to Cu+ , the metal–ligand distance increases to
211 pm such that the binding energy of Ag+–HQ is smaller
and amounts to D0=42.7 kcalmol�1. In the heavier cationic
gold complex, the metal–ligand distance is 200 pm and thus
shorter than in the silver complex, even though the ionic
radius of Au+ is 137 pm and thus larger than that of Ag+ .
Relativistic contraction of the 6s orbital along with destabili-
zation of the 5d shell to permit better dp–pp overlap for
backbonding affords a strong interaction with covalent char-
acter.[40] Therefore, both the L!TM s donation into the
Au(6s) orbital and the L !TM p backdonation from the
Au(5d) orbitals are large, and the binding energy amounts
to 71.7 kcalmol�1. The features of the p-bound monocation-
ic TM+–HQ structures by and large resemble those of their
benzene counterparts. The slightly larger binding energy in
TM+–HQ as compared to TM+–Bz is attributed to the
larger electron density in HQ, which provides more efficient
electron transfer to the electron-deficient cationic metal.


For the HQ complexes with the doubly charged metals
Pd2+ , Pt2+ , and Hg2+ , efficient L!TM donation (i.e., elec-
tron transfer from the ligand to the dicationic metal) is even
more important. The ionization energies of the correspond-
ing monocations Pd+ , Pt+ , and Hg+ are 19.43, 18.56, and
18.76 eV, respectively.[38] Therefore, the charge transfer is ac-
cordingly large, and the partial charges on HQ are 1.02,
1.30, and 1.14 in Pd(HQ)2+ , Pt(HQ)2+ , and Hg(HQ)2+ , re-
spectively. We note that in this work, only interaction ener-
gies between the two counterparts are considered, since the
binding energies with respect to the lowest-energy asymp-
totes (TM+ + L+), are not of primary interest. Thus, the re-
sulting dicationic complexes only represent metastable
minima on the corresponding potential energy surfaces.


The arguments for the Au+ complex regarding the change
from C2 symmetry to C1 also apply to TM2+–HQ, particular-
ly for the heavier 5d elements, where the 6s orbitals are rel-
ativistically lowered in energy (see for example refer-
ence [41] for a discussion of binding anomalies in HgII com-
plexes). Pd2+ and Pt2+ have unoccupied d orbitals which


Figure 3. Binding scenarios of poff TMn+ complexes with HQ. Orbitals
which may overlap are schematically shown. a) p(HQ) HOMO matches
an s(TM) orbital, and b) p(HQ) HOMO matches a dxz(TM) orbital.


Table 2. Selected MP2/aVDZ structural parameters of TMn+–L complexes (L=HQ, Bz, Q), given in pm. dring


denotes the length of the TMn+–L distance vector perpendicular to the ligandLs plane defined by at least three
carbon atoms. For the off-center structures, the distance doff of the TM–L axis (dring) away from the ring center
is also given. dO is the TMn+–O distance in sO complexes. Boldface entries indicate lowest energy structures.


TMn+ L=HQ L=Bz L=Q
pcen poff sO pcen poff pC pcen poff sO


dring dring/doff dO dring dring/doff dring/doff dring dring/doff dO


Na+ 249 217 241 270 275/115 214
Cu+ 170 192 170 178 195/108 189
Ag+ 211 212 209 218/111 213
Au+ 205 200/161 207 206 202/155 207/151 209 196/168 204
Pd2+ 187 184/17 241 163/12 167 198
Pt2+ 189 194/85 220 170/72 163/136 163 283/100 191
Hg2+ 208 243/174 265 211 221/174 220/185 213 229/167 208
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favor the formation of p complexes, and the coordination to
oxygen is somewhat less effective. Thus, palladium may
slightly more efficiently interact with the ring site, where the
p orbitals of the arene ligand may donate into the empty d
orbitals of the metal; here, a poff coordination is energetical-
ly in close proximity to the centrosymmetric one. Platinum
prefers an off-center conformation due to better overlap
with the electrophilic, relativistically lowered s orbital. Inter-
estingly, the divalent Hg2+ ion on the other hand prefers the
s coordination over the ring site and preferentially binds to
the lone pair of the oxygen moiety. Here, the filled 5d shell
does not allow the straightforward L!TM p donation, and
the high charge density in the dication is best compensated
through a directional sO bond rather than interacting with a
diffuse p-electron cloud.


Pd2+ and Pt2+ both have triplet ground states with a d8


configuration giving rise to 3F4 terms. However, for both
HQ and Bz, all complexes have singlet electronic ground
states. In the benzene complexes of Pd2+ and Pt2+ , a centro-
symmetric C6v structure would result in two singly occupied,
degenerate d(e2) orbitals. Within CS symmetry, they trans-
form into a doubly occupied d(a’) orbital and an energetical-
ly less favorable dACHTUNGTRENNUNG(a’’) orbital, such that a singlet configura-
tion becomes more favorable over a triplet state. In a pcen


structure of the hydroquinone complex, C2 symmetry ap-
plies, and the two highest MOs of the ligand are no longer
degenerate. The heavier platinum complex is nevertheless
poff bound for more efficient L!TM donation into the low-
lying empty 6s orbital of Pt due to the relativistic effect.


Binding of TMn+ to Q : For most transition-metal complexes
of TMn+ to Q, the ring site is less popular than the sO coor-
dination. Due to its lower p electron density, quinone is a
less effective p donor than HQ. The lone electron pairs of
the carbonyl oxygen atoms in Q on the other hand are
stronger s donors than those of the hydroxy groups in HQ.
This is also corroborated by the orbital energies of the p-
ACHTUNGTRENNUNG(ring) MOs versus the s(O) ones: In Q, the sO MOs are
much closer in energy to the p HOMO than in HQ. There-
fore, in the quinone complexes, sO coordination becomes
more important.


The lighter monocationic quinone complexes with Na+ ,
Cu+ , and Ag+ are clearly sO-bound (see Table 1). Au+ still
shows a slight preference for p coordination, but the O site
is close in energy. Like in the Au+–arene complexes, the p-
coordinated Au+–Q binds off-center to the ring. Again,
symmetry restrictions are responsible for this phenomenon,
as in a centrosymmetric complex (which is of C2v symmetry)
the p HOMO belongs to the b1 irreducible representation
and does not mix with the 6s(a1) LUMO of Au+ . In a CS-
symmetric poff structure, both orbitals belong to the same a’
representation such that the electron transfer to the empty
6s orbital of gold is feasible. Due to the high ionization
energy of Q (IE=10.1 eV),[37] the amount of electron trans-
fer from quinone to Au+ is, however, smaller than that from
HQ to the gold cation (q(Q)=0.15).


Because (unlike the noble metal monocations) the dicat-
ACHTUNGTRENNUNGionic Pd2+ and Pt2+ have unoccupied d orbitals, their qui-
none complexes are of the C2v-symmetric pcen type. Here,
the p(b1) HOMO of Q may donate into an empty dxz(b1) or-
bital of the cationic metal. The d10 Hg2+ on the other hand
favors the sO site, in analogy to the Hg2+–HQ complex.


Binding of neutral TM to HQ and Q: Upon completion of
the redox process, the reduced neutral metal is hosted inside
(or plated outside) the oxidized CQ nanotube, where it is in
contact with quinone moieties. Generally, the interaction en-
ergies of most neutral metals with either Q or HQ are much
weaker than in the corresponding cationic complexes, due to
the lack of contributions from ion–dipole interactions.
Rather, the L!TM p donation and TM!L p* backdona-
tion are the only leading interactions, and p coordination
dominates over s-type bonding. The sO coordination is gen-
erally not preferred in the neutral complexes. If at all, such
structures are the weakest bound, and in the quinone struc-
tures, pCO coordination is the preferable site for binding
near an oxygen moiety.


The coinage metal atoms have a doublet ground state
with a filled d10 shell and an unpaired valence s electron. As
a consequence, the neutral Cu, Ag, and Au complexes are
loosely interacting doublet ground state structures (Table 3),
which may be viewed as weakly interacting species with an
unpaired electron in a more or less nonbonding HOMO.
The mercury complexes are a result of dispersive closed
shell–closed shell interactions between a singlet HQ/Q
ligand and singlet HgACHTUNGTRENNUNG(5d106s2), which lead to similarly weak
interactions. These particularly weak interactions are also
reflected in the larger metal–ligand distances in these three
complexes (Table 4), as compared to those of the cationic
ones, for example, the incremental distance Ddring=35, 27,
24, and 60 pm for the copper, silver, gold, and mercury com-
plexes with HQ, respectively.


In marked contrast to copper, silver, gold, and mercury,
the neutral palladium complexes are bound more strongly.
Formally, a ground state Pd ACHTUNGTRENNUNG(4d105s0) interacts with a p


ligand, such that the ligandLs HOMO donates into the


Table 3. Binding energies in kcalmol�1 of neutral TM–L complexes (L=


HQ, Q) including ZPE contributions and BSSE corrections, calculated at
the MP2/aVTZ//MP2/aVDZ level of theory. Values are given only for
structures that correspond to the local minima. Boldface entries indicate
lowest energy structures.


ACHTUNGTRENNUNG(TM–L) L=HQ L=Q
pcen poff sO pcen poff pCO sO


2
ACHTUNGTRENNUNG(Cu–L) 1.4 12.2


2
ACHTUNGTRENNUNG(Ag–L) 2.5 2.5 ACHTUNGTRENNUNG(~0)[a] 0.0


2
ACHTUNGTRENNUNG(Au–L) 5.9 7.2 4.1 0.7


1
ACHTUNGTRENNUNG(Pd–L) 29.2 34.6 46.5 48.5 35.3 11.0


1
ACHTUNGTRENNUNG(Pt–L) 39.9 59.8 20.6 62.5 76.4 50.9 35.4


1
ACHTUNGTRENNUNG(Hg–L) 6.9 0.6 4.9 3.6 0.9


3
ACHTUNGTRENNUNG(Pt–L) 17.5 28.7


[a] This value is actually slightly negative (�2.3) due to BSSE. The
BSSE-corrected optimal energy conformation would give near zero bind-
ing energy.
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empty s orbital of Pd, whereas the occupied d orbitals of Pd
contribute to the TM!L backbonding. For more efficient
pp–5s donation, the Pd complexes favor an off-center coor-
dination.


The platinum complexes are more strongly bound than
the lighter palladium species, because the 6s orbital of Pt is
more electrophilic than the 5s orbital of Pd. The singlet
states of Pt(HQ) and Pt(Q) are lower in energy than the
triplet ones, despite that the ground state configuration of
neutral Pt is 3DACHTUNGTRENNUNG(5d96s1). The promotion to a 1SACHTUNGTRENNUNG(5d106s0) state
is preferred, which costs only 0.24 eV (6.5 kcalmol�1;
weighted average over all J, where the energy level for each
state is calculated according to Equation (1)); the more
compact d10 s0 valence configuration allows a closer interac-
tion with the ligand, while at the same time in the poff struc-
ture both the efficient electron transfer (to the low-lying 6s
orbital of Pt) and the dp–pp backbonding are also feasible.


Eavg ¼


PJmax


Jmin


ð2J þ 1ÞEJ


ð2Lþ 1Þð2Sþ 1Þ
ð1Þ


In the TM–HQ complexes, Au coordinates to C1–C2 such
that the HOMO of HQ may donate into the singly occupied
6s orbital of Au, in analogy to the cationic complex. Pt
binds to C2–C3, but C1–C2 coordination is almost isoenerget-
ic—Pt is “ambivalent” in this respect, as it may coordinate
either starting from its 5d96s1 ground state configuration or
after promotion to the first excited 5d106s0 configuration.
The former allows p(HQ)–dxz(Pt) donation, while the latter,
allows p(HQ)–6s(Pt) donation. The remaining metals bind
to C2–C3.


Implications for the self-redox process : In the formation
of metal nanowires from the corresponding metal salt, there
are several competing factors that are decisive for efficiency
or even for mere occurrence of the redox reaction and self-
synthesis. Next to the obvious and necessary condition of
E0


ACHTUNGTRENNUNG(TMn+) < �0.70 V, which is the pre-requisite for the
redox reaction to take place, the most important aspect to
be concluded from the energetic properties is the following.
All transition-metal cations interact more strongly with HQ
than with Q. The relevance of this aspect is immediately


clear when considering the stepwise procedure of coordina-
tion and electron transfer in the redox reaction. During the
coordination process, a transition-metal cation may ap-
proach either a HQ or Q moiety. To initiate the redox pro-
ACHTUNGTRENNUNGcess, the cation must bind to HQ. Once they are interacting,
HQ is oxidized to Q, while the metal cation is reduced to
the neutral state. Thus, even if the necessary condition re-
garding E0 is met, self-synthesis will only take place effi-
ciently for those metal cations with a binding preference to-
wards HQ over Q.


More importantly, the binding of TMn+ with HQ is much
greater than that of TM with either HQ or Q, which ensures
continuous progress in the self-synthesis. In addition, the in-
teraction energies of the neutral metals either are very weak
for both ligands or clearly favor binding to Q. Hence, once
the neutral metal is formed, it will not block the interaction
sites of the reduced form of the ligand (i.e., HQ), such that
the HQ sites are available for the remaining metal cations
to be reduced to the corresponding neutrals.


Furthermore, to form 1D nanowire structures, the BE of
TM–Q should be smaller than (or at least comparable to)
that of a 1D TM nanowire, such that aggregation is favored
over formation of isolated TM atoms coordinated to Q.
During the growth process, different stages of dimensionali-
ty are passed along the way from the initial dimerization
step. The resulting cohesive energy per metal atom generally
increases from an isolated dimer via a 1D wire and a 2D
layer to the three-dimensional (3D) bulk (Figure 4,
Table 5).[42–46] Therefore, an initially weak bimetallic interac-
tion may be overcome in a final 1D or 2D metallic array,
but encompasses a barrier en route to the metallic product.


The above condition for wire formation, that is, D0 ACHTUNGTRENNUNG(TM–
Q) < BE ACHTUNGTRENNUNG(1D-TM), is met for Ag (22 @ 0 in kcalmol�1),
Au (41 @ 4) and Pt (77	76) [also for Hg (2	5)] (Table 5)
among the five metals, which satisfy the redox potential con-
dition [E0


ACHTUNGTRENNUNG(TMn+) < �0.7 V]. In the case of Hg, we expect
that the nanowire formation would be more likely to be
nanorod-like with a few atoms in the cross section, as sug-


Table 4. Selected MP2/aVDZ structural parameters of neutral TM–L
complexes (L=HQ, Q), given in pm. dring denotes the length of the
TMn+–L distance vector perpendicular to the ligandLs plane which is de-
fined by at least four carbon centers. For the off-center structures, the
distance doff of the TM-L axis (dring) away from the ring center is also
given. Boldface entries indicate lowest energy structures.


TM L=HQ L=Q
pcen poff sO pcen poff pCO sO


dring dring/doff dO dring dring/doff dring/doff dO


Cu 205 165
Ag 254 246/97 198 265
Au 252 224/55 228 269
Pd 182 194/159 182 195/149 189/231 202
Pt 177 187/172 202 174 186/164 167/262 189
Hg 303 368 333 319/126 324


Figure 4. Comparison of binding energies per transition metal for TM–Q,
(TM)2, 1D, 2D, and 3D structures of the transition metal.
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gested by experiment. In the case of the Ag/Au system, the
TM–Q binding energy (0/4 kcalmol�1) is very weak, while
both, the dimerization energy (21/28 kcalmol�1) as well as
the 1D-TM nanowire formation energy (22/41 kcalmol�1)
are large. This indicates that the formation of a metallic
nanostructure is favored over formation of isolated metal
atoms coordinated to quinone moieties, resulting in effective
nanowire formation. On the other hand, for the Pd system,
the Pd–Q binding energy (49 kcalmol�1) is much larger than
the 1D nanowire formation energy (25 kcalmol�1), which
forbids the nanowire formation; thus, the 2D film formation
is favored because BE ACHTUNGTRENNUNG(2D-TM)=58 kcalmol�1 is larger than
that of Pd–Q (49 kcalmol�1). As a consequence, metal nano-
wire growth is expected to occur efficiently for Ag and Au,
but not for Pd, while Pt and Hg will exhibit competing be-
havior between aggregation to nanowires or nanorods and
attachment to the ligand. This trend is actually mirrored
from the experimental implications.


Conclusion


We have discussed the interactions in transition-metal HQ/
Q model systems relevant to the metal nanowire formation
in calix[4]hydroquinone nanotubes. In general, the p-bound
structures are influenced by symmetry restrictions, which
affect charge transfer and orbital interactions; that is, off-
center p coordination may throughout be traced back to
symmetry constraints in analogy to the TM+–benzene com-
plexes. In most cationic complexes investigated, ring-bound
structures are preferred for HQ due to the synergetic L!
TM bonding and TM!L backbonding contributions, while
the O-bound species gain their importance in the case of Q;
the dicationic mercury complexes favor the sO coordination
in both cases owing to the high oxophilicity of the mercury
dication. Without exception, the HQ complexes are bound
more strongly than the corresponding quinone complexes,
because the higher electron density in HQ provides more ef-
ficient L!TM donation and charge transfer to the electron-
deficient metal. For the neutral counterparts, on the other
hand, none of the transition metals favors binding near an
oxygen site. Rather, all minimum structures are p-bound at
the ring-site, and all neutral complexes investigated here are


less strongly bound than their cationic counterparts owing
to the lack of ion–dipole interactions. While the neutral
complexes of silver, gold and mercury are barely bound, pal-
ladium and platinum interact with noticeable strength with
the respective organic ligands; in the latter two cases, a com-
pact d10 s0 valence configuration in the metal, upon complex-
ation, allows a closer interaction with the ligand.


With regard to the real CHQ/CQ system, the model
system chosen in this work also explains the efficiency of
the overall process in which favorable synergy aspects play a
key role. A preferential binding of TM cations to HQ en-
ACHTUNGTRENNUNGables efficient initiation of the self-assembly for the redox
process to occur spontaneously. At the same time, weak
binding of neutral TM species towards either Q or HQ war-
rants a smooth continuation of the process by ensuring that
the coordination sites of still unreacted HQ are preserved
for further cationic species to be reduced. Aggregation of
neutral TM to form nanowire assemblies is viable if the 1D
nanowire formation energy is larger than the TM–L binding
energy. Thus, the nanowire formation is most efficient for
TM=Ag/Au, but less favorable for TM=Pt/Hg, while Pd
cannot form nanowires but it can form 2D layers.
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Introduction


N,O-Acetal compounds A are important intermediates as
they are relatively stable, but readily generate unstable N-
imines B, which are attacked by various nucleophiles to pro-
duce functionalized amine and amino acid derivatives C.


a-Amino acids and b-amino alcohols have recently at-
tracted attention because they are easily available and con-
stitute versatile building blocks as well as chiral auxiliaries.
Therefore, the synthesis of N,O-acetal compounds from a-
amino acids or b-amino alcohols facilitates the synthesis of
functionalized natural and unnatural amine or amino acid
derivatives and natural products containing a nitrogen atom
(Scheme 1).[2]


Several methods have appeared for the synthesis of N,O-
acetal compounds from a-amino acids and b-amino alcohols,
for example, the electrochemical oxidation of a-amino
acids,[3] the oxidation by lead tetraacetate[4] or the oxidative
radical reaction[5] by phenyliodineACHTUNGTRENNUNG(iii) diacetate (PIDA) and
iodine. However, these methods are problematic with re-


gards to the use of highly toxic reagents, side reactions by
iodine, generality and yield.


Over the past two decades, hypervalent iodine ACHTUNGTRENNUNG(iii) re-
agents have received significant attention due to their low
toxicity, ready availability, easy handling, and reactivities
similar to those of heavy metal reagents. As a continuation
of our studies on hypervalent iodine chemistry, we have al-
ready reported various oxidative reactions of carbonyl, al-
kynyl, phenol, and phenyl ether derivatives[6] by using
phenyliodineACHTUNGTRENNUNG(iii) bis(trifluoroacetate) (PIFA) and PIDA. We
have also accomplished the first diastereoselective total syn-
thesis of the marine anticancer alkaloid (+)-discorhabdin
A.[7] The key step in the stereocontrolled total synthesis of
(+)-discorhabdin A involves the diastereoselective oxidative
spirocyclization with PIFA. It has been clarified that the
N,O-acetal compound is an important intermediate in the
synthesis of (+)-discorhabdin A. However, up to this point
we had only converted the b-amino alcohol into the N,O-
acetal intermediate by using highly toxic lead tetraacetate
(Scheme 2).


We recently succeeded in the novel and efficient direct
synthesis of N,O-acetal compounds by the oxidative frag-
mentation reaction of a-amino acids or b-amino alcohols
with the hypervalent iodine ACHTUNGTRENNUNG(iii) reagent, bis(trifluoro-
acetoxy)iodoACHTUNGTRENNUNG(iii) pentafluorobenzene (C6F5I ACHTUNGTRENNUNG(OCOCF3)2)
and communicated that this reaction could be applied to the
improved synthesis of the N,O-acetal discorhabdin inter-
mediate, which contains functionalized and unstable pyrro-


Keywords: discorhabdin A · hyper-
valent iodine reagents ·
N,O-acetal · natural products ·
synthetic methods


Abstract: Hypervalent iodine ACHTUNGTRENNUNG(iii) reagents are readily available, easy to handle,
and have a low toxicity and similar reactivities to those of heavy metal reagents,
and hence they are used for various oxidative reactions. The oxidative cleavage of
alkynes or carbonyl compounds by using bis(trifluoroacetoxy)iodoACHTUNGTRENNUNG(iii) pentafluoro-
benzene (C6F5I ACHTUNGTRENNUNG(OCOCF3)2) has been reported.[1] Herein, the efficient direct syn-
thesis of N,O-acetal compounds as key intermediates of discorhabdin A, by the ox-
idative fragmentation reaction of a-amino acids or b-amino alcohols by using
C6F5I ACHTUNGTRENNUNG(OCOCF3)2, is described.
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loiminoquinone moieties.[8] We now report the details of the
composition of these N,O-acetal compounds and the appli-
cation to the total synthesis of (+)- and (�)-discorhabdin A
(Scheme 3).


Results and Discussion


To optimize the reaction conditions, we first examined the
MeO-introduction reaction via the iminium salt with the N-
Fmoc serine methyl ester (1a, Table 1, Fmoc= fluorenylme-
thoxycarbonyl). Almost no reaction occurred when PIDA
and PIFA were used, well-known hypervalent iodineACHTUNGTRENNUNG(iii) re-
agents, (entries 10 and 11) or when lead tetraacetate or
NaIO4 were used (entries 12–15), while surprisingly, the re-
action proceeded smoothly with C6F5IACHTUNGTRENNUNG(OCOCF3)2 to give
the desired N,O-acetal compounds (entries 1–7). Specifically,
the reaction employing CH3CN/MeOH 10:1 (slightly diluted
conditions) produced the N,O-acetal compound 2a in good
yield (entry 6).


Similarly, by using these reaction conditions (entry 6,
Table 1), the reactions of other N-protected-b-amino alco-


hols (1a–h) with C6F5I-
ACHTUNGTRENNUNG(OCOCF3)2 were investigated
(Table 2). Although the protect-
ing groups on nitrogen were
changed from the carbamates
to Cbz and Bz groups (en-
tries 6–8), most reactions pro-
duced good yields of the N,O-
acetal compounds (2a–h).


Next, we applied this method
to the a-amino acid derivatives
(3a–d) to produce the N,O-
acetal compounds (4a–d) and
examined its application to in-


tramolecular reaction in the absence of MeOH (Table 3).
The formation of 4e (entry 5) is reasonably explained by
supposing that 3e initially produces the iminium intermedi-
ate by treatment with C6F5IACHTUNGTRENNUNG(OCOCF3)2 followed by an in-
tramolecular cyclization involving the carboxyl group
(Scheme 4).


A plausible reaction mechanism for the formation of N,O-
acetal compounds from b-amino alcohols or a-amino acids
is shown in Scheme 5. It is possible that the reaction pro-
ceeds by a radical pathway, but no signal corresponding to
this was found in our ESR spectroscopic studies. We rather
propose that the reaction proceeds via the five-membered
ring intermediate as proposed in the reaction with lead tet-
raacetate.[9]


At the end of this reaction, we examined the application
of this methodology to the synthesis of (+)- and (�)-disco-
rhabdins (Table 4). Almost no reaction of the naphthoqui-
none (5a) occurred when the optimized conditions were
used (entry 1). An explanation for this could be that the
N,O-acetal compound (6a) may be undergoing disintegra-
tion as a result of the acidic reaction conditions. The reac-
tion with NaHCO3 proceeded smoothly (entry 2) to give the
N,O-acetal compound (6a) in almost the same yield as that
when lead tetraacetate was used (entry 3). Similarly, without
NaHCO3 almost no reaction of the b-amino alcohol com-
pound, (+)-5b occurred (entry 4). When NaHCO3 was
added, the N,O-acetal intermediate of (+)-discorhabdin A,
(+)-6b was produced in high yield (entries 5 and 8). The
N,O-acetal compound (�)-6b was also produced in 93%
yield under the same conditions (entry 9).


The N,O-acetal (�)-6b was converted to (�)-dicorhabdin
A by a similar series of reactions as those for (+)-discorhab-
din A, derived from (l)-tyrosine methyl ester (Scheme 6).


Conclusion


We have found a mild and efficient fragmentation method
for a-amino acids and b-amino alcohols by using the hyper-
valent iodine ACHTUNGTRENNUNG(iii) reagent C6F5I ACHTUNGTRENNUNG(OCOCF3)2 in place of toxic
lead tetraacetate. This method facilitates the synthesis of
functionalized amine or amino acid derivatives. The present
fragmentation method of b-amino alcohols could be success-


Scheme 1. Synthesis and efficient use of N,O-acetals.


Scheme 2. First total synthesis of (+)-discorhabdin A.


Scheme 3. Fragmentation reaction by C6F5I ACHTUNGTRENNUNG(OCOCF3)2.
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fully applied to an improved synthesis of (+)- and (�)-disco-
rhabdin A.


Experimental Section


1H and 13C NMR spectra were meas-
ured at 300 or 270 MHz with TMS as
the internal standard. IR spectra were
recorded by a diffuse reflectance
measurement of samples dispersed in
KBr powder. Elemental analyses and
HRMS were performed by the Ele-
mental Analysis Section of Osaka Uni-
versity. Merck silica gel 60 for column
chromatography and Merck precoated
TLC plates, silica gel F254, for prepara-
tive TLC were used, respectively.


Materials : N-Fmoc[10] and N-Cbz[11]


amino acids or amino alcohols were
prepared according to the reported
procedure. Phenyliodine ACHTUNGTRENNUNG(iii) bis(tri-
fluoroacetate) (PIFA) was prepared
from commercially available phenylio-
dine diacetate (PIDA) and trifluoro-
acetic acid.[12]


Bis(trifluoroacetoxy)iodo ACHTUNGTRENNUNG(iii) penta-
fluorobenzene (C6F5IACHTUNGTRENNUNG(OCOCF3)2) was
prepared from pentafluoroiodoben-
zene and nitric acid.[13]


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-hydroxypropionic acid
methyl ester (1a): 1H NMR (270 MHz, CDCl3): d=7.69 (d, J=7.2 Hz,
2H), 7.53 (br s, 2H), 7.33 (t, J=7.2 Hz, 2H), 7.24 (t, J=7.5 Hz, 2H), 5.90
(d, J=7.8 Hz, 1H), 4.41–4.29 (m, 3H), 4.15 (t, J=6.6 Hz, 1H), 3.93 (dd,
J=10.2, 3.0 Hz, 1H), 3.82 (dd, J=9.7, 2.7 Hz, 1H), 3.69 (s, 3H),
2.78 ppm (br s, 1H); 13C NMR (67.8 MHz CDCl3): d=171.06, 156.27,
143.69, 143.56, 141.20, 141.17, 127.65, 126.99, 124.98, 119.89, 67.09, 32.97,
55.96, 52.63, 46.98 ppm; IR (KBr): ñ=3350, 2953, 2251, 1693, 1504 cm�1;
HRFABMS: calcd for C19H19NO5Na: 364.12 [M+Na]+; found: 364.12.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-hydroxybutyric acid methyl
ester (1b): 1H NMR (300 MHz, CDCl3): d=7.69 (d, J=7.5 Hz, 2H), 7.54
(d, J=6.9 Hz, 2H), 7.33 (t, J=7.2 Hz, 2H), 7.24 (td, J=7.5, 1.2 Hz, 2H),
5.59 (d, J=9.0 Hz, 1H), 4.36 (d, J=6.9 Hz, 2H), 4.28 (d, J=9.3H, 2H),
4.17 (t, J=6.9 Hz, 1H), 3.70 (s, 3H), 2.01 (br s, 1H), 1.18 ppm (d, J=
6.0 Hz, 3H); 13C NMR (75.5 MHz, CDCl3): d=171.65, 156.71, 143.81,
143.65, 141.28, 127.70, 127.05, 125.06, 119.96, 67.93, 67.18, 59.02, 52.63,
47.12, 19.82 ppm; IR (KBr): ñ=3433, 2953, 2253, 1713, 1514 cm�1;
HRFABMS: calcd for C20H22NO5: 356.15 [M+H]+ ; found: 356.15.


(2-Hydroxyethyl)carbamic acid 9H-fluoren-9-yl methyl ester (1c):
1H NMR (300 MHz, CDCl3): d=7.75 (d, J=7.5 Hz, 2H), 7.57 (d, J=
7.5 Hz, 2H), 7.39 (t, J=7.5 Hz, 2H), 7.30 (td, J=7.8, 1.2 Hz, 2H), 5.13
(br s, 1H), 4.42 (d, J=6.6 Hz, 2H), 4.20 (t, J=6.6 Hz, 1H), 3.70 (t, J=
4.5 Hz, 2H), 3.34 ppm (t, J=5.4 Hz, 2H); 13C NMR (75.5 MHz, CDCl3):
d=143.84, 141.31, 127.69, 127.04, 124.99, 119.97, 47.22 ppm; IR (KBr):
ñ=3477, 3352, 1672, 1537 cm�1; HRFABMS: calcd for C17H17NO3Na:
306.11 [M+Na]+ ; found: 306.11.


(2-Hydroxy-1-methylethyl)carbamic acid 9H-fluoren-9-yl methyl ester
(1d): 1H NMR (300 MHz, CDCl3): d=7.75 (d, J=7.2 Hz, 2H), 7.58 (d,
J=7.5 Hz, 2H), 7.39 (t, J=7.5 Hz, 2H), 7.30 (td, J=7.5, 1.2 Hz, 2H),
4.83 (br s, 1H), 4.42 (d, J=6.6 Hz, 2H), 4.20 (t, J=6.6 Hz, 1H), 3.81 (br s,


Table 1. Examination of the reaction conditions with N-Fmoc serine methyl ester.


Entry Reagent Solvent T [8C] c [M] t [h] Yield [%]


1[a] C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 2:1 50 0.1 24 13[b]


2 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 50:1 50 0.1 24 26[b]


3 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 10:1 50 0.1 24 41[b]


4 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 10:1 reflux 0.1 24 58[b]


5 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 10:1 reflux 0.1 5 66[b]


6 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 CH3CN/MeOH 10:1 reflux 0.02 5 89
7 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (1.2 equiv) CH3CN/MeOH 10:1 reflux 0.02 5 41[b]


8 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 AcOEt/MeOH 10:1 reflux 0.02 5 76
9 C6F5I ACHTUNGTRENNUNG(OCOCF3)2 AcOEt/MeOH 10:1 reflux 0.1 5 43[b]


10 C6H5I ACHTUNGTRENNUNG(OCOCF3)2ACHTUNGTRENNUNG(PIFA) CH3CN/MeOH 10:1 reflux 0.02 24 trace[b]


11 C6H5I ACHTUNGTRENNUNG(OCOCH3)2 ACHTUNGTRENNUNG(PIDA) CH3CN/MeOH 10:1 reflux 0.02 24 trace[b]


12 Pb ACHTUNGTRENNUNG(OAc)4 CH3CN/MeOH 10:1 reflux 0.02 24 trace[b]


13 Pb ACHTUNGTRENNUNG(OAc)4 AcOEt/MeOH 10:1 reflux 0.02 24 trace[b]


14 Pb ACHTUNGTRENNUNG(OAc)4 CH2Cl2/MeOH 10:1 RT 0.02 24 trace[b]


15 NaIO4 MeOH RT!reflux 0.02 24 trace[b]


[a] Without MS 3 K. [b] Starting materials remained.


Table 2. Synthesis of N,O-acetals by oxidative fragmentation of b-amino
alcohols with C6F5I ACHTUNGTRENNUNG(OCOCF3)2.


Entry Reactant R1 R2 R3 t [h] Yield [%]


1 1a Fmoc CO2Me H 5 89
2 1b Fmoc CO2Me CH3 1 98
3 1c Fmoc H H 3 90
4 1d Fmoc CH3 H 0.5 63
5 1e Fmoc CH ACHTUNGTRENNUNG(CH3)2 H 0.5 76
6 1 f Cbz CO2Me H 7 80
7 1g Cbz CO2Bn CH3 1 quant.
8 1h Bz CO2Me CH3 2 47


Table 3. Synthesis of N,O-acetals by oxidative fragmentation of a-amino
acids with C6F5I ACHTUNGTRENNUNG(OCOCF3)2.


Entry Reactant R1 R2 t [h] Yield [%]


1 3a Fmoc H 1 73
2 3b Fmoc CH3 0.25 54
3 3c Fmoc CH2CH2CO2Me 0.25 55
4 3d Cbz CO2Et 1 46
5 3e Fmoc CH2CH2CO2H 0.5 73[b]


[a] The reaction does not proceed at room temperature. [b] Without


MeOH. Product=4e .


Scheme 4. Plausible reaction mechanism for the formation of 4e.
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1H), 3.67–3.64 (m, 1H), 3.54–3.52 (m, 1H), 1.16 ppm (d, J=6.6 Hz, 3H);
13C NMR (75.5 MHz, CDCl3): d=156.55, 143.83, 143.81, 141.27, 127.65,
127.01, 124.93, 119.93, 66.58, 48.89, 47.18, 17.21 ppm; IR (KBr): ñ=3321,
2945, 1693, 1537 cm�1; HRFABMS: calcd for C18H20NO3: 298.14 [M+H]+;
found: 298.15.


(1-Hydroxy-methyl-2-methylpropyl)carbamic acid 9H-fluoren-9-ylmethyl
ester (1e): 1H NMR (300 MHz, CDCl3): d=7.75 (d, J=7.5 Hz, 2H), 7.58
(d, J=7.5 Hz, 2H), 7.39 (t, J=7.2 Hz, 2H), 7.30 (td, J=7.8, 1.2 Hz, 2H),
4.85 (d, J=7.8 Hz, 1H), 4.44 (t, J=6.3 Hz, 2H), 4.21 (t, J=6.6 Hz, 1H),
3.66 (dd, J=9.6, 3.0 Hz, 2H), 3.47–3.45 (m, 1H), 1.87–1.80 (m, 1H), 0.94
(d, J=8.1 Hz, 3H), 0.91 ppm (d, J=7.5 Hz, 3H); 13C NMR (75.5 MHz,
CDCl3): d=143.90, 143.86, 141.34, 127.66, 127.04, 124.97, 119.95, 66.57,


63.79, 58.57, 47.34, 29.19, 19.47,
18.63 ppm; IR (KBr): ñ=3331, 2961,
1697, 1514 cm�1; HRFABMS: calcd
for C20H24NO3: 326.18 [M+H]+ ;
found: 326.18.


2-Benzyloxycarbonylamino-3-hydroxy-
propionic acid methyl ester (1 f):
1H NMR (300 MHz, CDCl3): d=7.26
(s, 5H), 5.77 (d, J=6.2 Hz, 1H), 5.03
(s, 2H), 4.36 (t, J=3.6 Hz, 1H), 3.90
(dd, J=11.1, 3.0 Hz, 1H), 3.81 (dd, J=
11.1, 2.7 Hz, 1H), 3.68 ppm (s, 3H);
13C NMR (75.5 MHz, CDCl3): d=


171.03, 156.24, 135.99, 128.49, 128.20,
128.07, 67.15, 63.11, 56.01, 52.67 ppm;
IR (KBr): ñ=3364, 2955, 1693,
1504 cm�1; HRFABMS: calcd for
C12H16NO5: 254.10 [M+H]+ ; found:
254.10.


2-Benzyloxycarbonylamino-3-hydroxy-
butyric acid benzyl ester (1g):
1H NMR (270 MHz, CDCl3): d=7.24
(s, 5H), 5.57 (d, J=8.6 Hz, 1H), 5.09
(s, 1H), 5.02 (s, 1H), 4.29–4.24 (m,
1H), 1.94 (br s, 1H), 1.12 ppm (d, J=
6.48 Hz, 2H); 13C NMR (75.5 MHz,
CDCl3): d=170.99, 156.70, 136.09,
135.15, 128.60, 128.49, 128.44, 128.16,
128.00, 68.00, 67.32, 67.16, 59.21,
19.88 ppm; IR (KBr): ñ=3427, 2978,
1715, 1520 cm�1; HRFABMS: calcd
for C19H22NO5: 344.15 [M+H]+ ;
found: 344.15.


2-Benzoylamino-3-hydroxybutyric acid
methyl ester (1h): Benzoyl chloride
(0.34 mL, 2.95 mmol) and Et3N
(0.82 mL, 5.90 mmol) were added to a
solution of 2-amino-3-hydroxy-butyric
acid methyl ester (500 mg, 2.95 mmol)
in DMF (15 mL) at room temperature.
The reaction mixture was stirred for
10 h, quenched with water and extract-
ed with AcOEt. The combined organic
layers were then washed with brine
and dried over Na2SO4. The product
was isolated by silica-gel column chro-
matography. 1H NMR (300 MHz,
CDCl3): d=7.77 (d, J=7.2 Hz, 2H),
7.44 (t, J=6.9 Hz, 1H), 7.35 (t, J=
6.9 Hz, 2H), 7.00 (d, J=8.7 Hz, 1H),
4.74 (dd, J=8.7, 2.1 Hz, 1H), 4.41–
4.34 (m, 1H), 3.70 (s, 3H), 1.20 ppm
(d, J=6.3 Hz, 3H); 13C NMR
(75.5 MHz, CDCl3): d=171.59, 167.97,
133.58, 131.88, 128.56, 127.18, 68.12,
57.64, 52.62, 19.99 ppm; IR (KBr): ñ=


3358, 2976, 1745, 1651, 1537 cm�1; HRFABMS: calcd for C12H16NO4:
238.11 [M+H]+ ; found: 238.11.


(9H-Fluoren-9-ylmethoxycarbonylamino)acetic acid (3a): 1H NMR
(270 MHz, CD3OD): d=7.79 (d, J=7.0 Hz, 2H), 7.67 (d, J=7.6 Hz, 2H),
7.38 (t, J=7.3 Hz, 2H), 7.30 (td, J=7.6, 1.4 Hz, 2H), 4.34 (t, J=6.2 Hz,
2H), 4.24 (d, J=6.8 Hz, 1H), 3.83 ppm (s, 2H); 13C NMR (75.5 MHz,
CD3OD): d=173.58, 159.10, 145.23, 142.53, 128.75, 128.13, 126.23, 120.89,
68.15, 43.07 ppm; IR (KBr): ñ=3319, 3047, 1737, 1697, 1549 cm�1;
HRFABMS: calcd for C17H16NO4: 298.11 [M+H]+ ; found: 298.11.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)propionic acid (3b): 1H NMR
(300 MHz, CD3OD): d=7.79 (d, J=7.2 Hz, 2H), 7.67 (t, J=6.9 Hz, 2H),
7.38 (t, J=7.5 Hz, 2H), 7.30 (td, J=7.2, 1.2 Hz, 2H), 4.39–4.14 (m, 4H),


Scheme 5. Plausible reaction mechanism for the formation of the N,O-acetals.


Table 4. Synthesis of N,O-acetal compounds by oxidative fragmentation of amino alcohol compounds of disco-
rhabdins with C6F5I ACHTUNGTRENNUNG(OCOCF3)2.


Entry Reagent
ACHTUNGTRENNUNG(equiv)


Solvent Additive
ACHTUNGTRENNUNG(equiv)


T
[8C]


t
[h]


Yield
[%]


1 5a C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH3CN/MeOH 10:1 none RT!reflux 5.0 3
2 5a C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH3CN/MeOH 10:1 NaHCO3 (7.0) RT 4.0 50
3 5a Pb ACHTUNGTRENNUNG(OAc)4 (4.0) CH2Cl2/MeOH 2:1 none RT 5.0 61
4 (+)-5b C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH3CN/MeOH 10:1 none RT!reflux 1.0 trace
5 (+)-5b C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH3CN/MeOH 10:1 NaHCO3 (7.0) RT 1.0 79
6 (+)-5b C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (4.0) CH3CN/MeOH 10:1 NaHCO3 (7.0) RT 24 26
7 (+)-5b C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH2Cl2/MeOH 2:1 NaHCO3 (7.0) RT 1.5 51
8 (+)-5b Pb ACHTUNGTRENNUNG(OAc)4 (2.0) CH2Cl2/MeOH 2:1 none 0 1.5 80
9 (�)-5b C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (2.0) CH3CN/MeOH 10:1 NaHCO3 (7.0) RT 0.75 93
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1.39 ppm (d, J=7.2 Hz, 3H); 13C NMR (75.5 MHz, CD3OD): d=176.52,
145.33, 145.17, 142.54, 128.75, 128.15, 128.12, 126.27, 126.21, 120.88, 67.96,
50.81, 17.78 ppm; IR ACHTUNGTRENNUNG(KBr): ñ=3310, 2924, 1693, 1537 cm�1; HRFABMS:
calcd for C18H18NO4: 312.12 [M+H]+ ; found: 312.12.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)pentanedioic acid 5-methyl
ester (3c): 1H NMR (300 MHz, CDCl3): d=7.65 (d, J=7.5 Hz, 2H), 7.47
(d, J=3.3 Hz, 2H), 7.29 (t, J=7.2 Hz, 2H), 7.19 (t, J=7.2 Hz, 2H), 5.65
(br s, 1H), 4.39 (br s, 1H), 4.29 (d, J=6.6 Hz, 2H), 4.10 (t, J=6.6 Hz,
1H), 3.55 (s, 3H), 3.40 (s, 1H), 2.37–2.34 (m, 2H), 2.18–2.16 (m, 1H),
2.00–1.92 ppm (m, 1H); 13C NMR (75.5 MHz, CDCl3): d=173.61, 163.50,
156.31, 143.80, 143.58, 141.20, 127.64, 127.00, 125.03, 119.89, 67.09, 51.81,
47.00, 36.90, 31.79, 30.05, 27.26 ppm; IR (KBr): ñ=3323, 1951, 1713,
1531 cm�1; HRFABMS: calcd for C21H22NO6: 384.14 [M+H]+ ; found:
384.15.


2-Benzyloxycarbonylaminomalonic acid monoethyl ester (3d): 1H NMR
(270 MHz, CO ACHTUNGTRENNUNG(CD3)2): d=7.34 (m, 5H), 6.92 (d, J=6.8 Hz, 1H), 5.11 (s,
2H), 4.99 (d, J=8.1 Hz, 1H), 4.22 (q, J=7.1 Hz, 2H), 1.25 ppm (t, J=
7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3): d=206.35, 129.17, 128.71,
128.65, 67.18, 62.58, 14.21 ppm; IR (KBr): ñ=2982, 1732, 1520 cm�1;
HRFABMS: calcd for C13H16NO6: 282.10 [M+H]+ ; found: 282.10.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)pentanedioic acid (3e):
1H NMR (300 MHz, CD3OD): d=7.79 (d, J=7.2 Hz, 2H), 7.69–7.65 (m,
2H), 7.38 (t, J=7.2 Hz, 2H), 7.30 (td, J=7.5, 1.5 Hz, 2H), 4.35 (d, J=
7.8 Hz, 2H), 4.25–4.18 (m, 2H), 2.41 (t, J=7.5 Hz, 2H), 2.24–2.12 (m,
1H), 1.96–1.85 ppm (m, 1H); 13C NMR (75.5 MHz, CD3OD): d=176.39,
175.38, 158.69, 145.32, 145.18, 142.55, 130.11, 128.77, 128.16, 126.27,
120.89, 68.01, 54.63, 32.22, 27.88 ppm; IR (KBr): ñ=3000, 2253,
1713 cm�1; HRFABMS: calcd for C20H20NO6: 370.13 [M+H]+ ; found:
370.13.


General procedure for the oxidative fragmentation reaction of a-amino
acids or b-amino alcohols with C6F5I ACHTUNGTRENNUNG(OCOCF3)2 : Under a nitrogen at-
mosphere, C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (0.2 mmol) and molecular sieves (3 K,
850 mgmmol�1) were added to a stirred solution of the amino acid or
amino alcohol (0.1 mmol) in CH3CN (4.5 mL) and CH3OH (0.5 mL) at


room temperature. The reaction mixture was refluxed at 95 8C with stir-
ring for 0.25–7 h. The solution was then quenched with aqueous saturated
NaHCO3 and extracted with AcOEt. The combined organic layers were
washed with brine, dried, and concentrated in vacuo. Purification of the
residue by silica-gel column chromatography gave the corresponding
N,O-acetal compounds.


[(9H-Fluoren-9-ylmethoxycarbonylamino)]methoxyacetic acid methyl
ester (2a): 1H NMR (300 MHz, CDCl3): d=7.67 (d, J=7.5 Hz, 2H), 7.50
(d, J=6.9 Hz, 2H), 7.29 (t, J=7.2 Hz, 2H), 7.22 (t, J=7.2 Hz, 2H), 5.85
(d, J=9.0 Hz, 1H), 5.27 (d, J=9.6 Hz, 1H), 4.31–4.45 (m, 2H), 4.14 (t,
J=6.6 Hz, 1H), 3.72 (s, 3H), 3.34 ppm (s, 3H); 13C NMR (67.8 MHz,
CDCl3): d=167.69, 155.39, 143.29, 143.16, 141.03, 140.99, 127.46, 126.81,
126.77, 126.76, 126.70, 124.61, 119.75, 119.69, 80.27, 66.92, 55.88, 52.60,
46.71 ppm; IR (KBr): ñ=3325, 2953, 1715, 1504 cm�1; HRFABMS: calcd
for C19H19NO5Na: 364.12 [M+Na]+ ; found: 364.12.


Methoxymethylcarbamic acid 9H-fluoren-9-yl methyl ester (2c):
1H NMR (300 MHz, CDCl3): d=7.67 (d, J=7.5 Hz, 2H), 7.50 (d, J=
7.5 Hz, 2H), 7.31 (t, J=7.2 Hz, 2H), 7.22 (t, J=7.2 Hz, 2H), 5.50 (br s,
1H), 4.53 (d, J=7.4 Hz, 2H), 4.37 (d, J=6.9 Hz, 2H), 4.14 (t, J=6.9 Hz,
1H), 3.22 ppm (s, 3H); 13C NMR (75.5 MHz, CDCl3): d=156.37, 143.68,
141.27, 127.69, 127.01, 124.90, 119.95, 73.51, 66.74, 55.54, 53.40,
47.06 ppm; IR (KBr): ñ=3346, 2943, 1697, 1537 cm�1; HRFABMS: calcd
for C17H17NO3Na: 306.11 [M+Na]+ ; found: 306.11.


(1-Methoxy-ethyl)carbamic acid 9H-fluoren-9-ylmethyl ester (2d):
1H NMR (300 MHz, CDCl3): d=7.69 (d, J=7.2 Hz, 2H), 7.52 (d, J=
7.5 Hz, 2H), 7.33 (t, J=7.2 Hz, 2H), 7.23 (t, J=7.5 Hz, 2H), 4.97 (br s,
1H), 4.44 (dd, J=6.9, 10.5 Hz, 1H), 4.32 (dd, J=6.6, 10.5 Hz, 1H), 4.15
(t, J=6.3 Hz, 1H), 3.22 (s, 3H), 1.27 ppm (t, J=2.4 Hz, 3H); 13C NMR
(75.5 MHz, CDCl3): d=155.80, 143.78, 143.68, 141.31, 127.70, 127.04,
127.01, 124.97, 124.89, 124.72, 119.98, 80.00, 66.54, 55.26, 47.17,
21.70 ppm; IR ACHTUNGTRENNUNG(KBr): ñ=3317, 2932, 1713, 1514 cm�1; HRFABMS: calcd
for C18H19NO3Na: 320.13 [M+Na]+ ; found: 320.13.


(1-Methoxy-2-methylpropyl)carbamic acid 9H-fluoren-9-ylmethyl ester
(2e): 1H NMR (270 MHz, CDCl3): d=7.69 (d, J=7.6 Hz, 2H), 7.52 (d,


Scheme 6. Improved synthesis of (+)- and (�)-discorhabdin A.
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J=7.8 Hz, 2H), 7.32 (t, J=7.3 Hz, 2H), 7.24 (t, J=7.6 Hz, 2H), 4.85 (d,
J=10.26 Hz, 1H), 4.56–4.33 (m, 3H), 4.15 (t, J=6.48, 1H), 3.21 (s, 3H),
1.77–1.67 (m, 1H), 0.87 (d, J=6.8 Hz, 3H), 0.83 ppm (d, J=6.8 Hz, 3H);
13C NMR (67.8 MHz, CDCl3): d=156.21, 143.69, 143.59, 141.23, 127.60,
126.94, 126.92, 124.86, 124.82, 119.91, 87.73, 66.44, 55.72, 47.34, 33.15,
17.93, 17.26 ppm; IR (KBr): ñ=3296, 2960, 1693, 1537 cm�1; HRFABMS:
calcd for C20H23NO3Na: 348.16 [M+Na]+ ; found: 348.16.


Benzyloxycarbonylaminomethoxyacetic acid methyl ester (2 f): 1H NMR
(300 MHz, CDCl3): d=7.30 (s, 5H), 5.78 (br s, 1H), 5.29 (d, J=9.3 Hz,
1H), 5.08 (s, 2H), 3.74 (s, 3H), 3.39 ppm (s, 3H); 13C NMR (75.5 MHz,
CDCl3): d=167.95, 167.93, 135.70, 128.53, 128.31, 128.13, 80.62, 80.58,
67.34, 67.32, 56.19, 52.86 ppm; IR (KBr): ñ=3425, 2955, 1730, 1504 cm�1;
HRFABMS: calcd for C12H16NO5: 254.10 [M+H]+ ; found: 254.10.


Benzyloxycarbonylaminomethoxyacetic acid benzyl ester (2g): 1H NMR
(300 MHz, CDCl3): d=7.28 (s, 5H), 5.79 (br s, 1H), 5.30 (d, J=9.0 Hz,
1H), 5.14 (s, 2H), 5.07 (s, 2H), 3.37 ppm (s, 3H); 13C NMR (75.5 MHz,
CDCl3): d=136.30, 135.28, 129.27, 129.20, 129.05, 128.98, 128.80, 81.40,
68.49, 68.14, 68.11, 57.08, 57.05 ppm; IR (KBr): ñ=3323, 2936, 1730,
1514 cm�1; HRFABMS: calcd for C18H20NO5: 330.13 [M+H]+ ; found:
330.14.


Benzoylaminomethoxyacetic acid methyl ester (2h): 1H NMR (300 MHz,
CDCl3): d=7.79 (dd, J=6.0, 0.9 Hz, 2H), 7.51–7.39 (m, 3H), 7.15 (d, J=
8.7 Hz, 1H), 5.71 (d, J=9.0 Hz, 1H), 3.77 (s, 3H), 3.46 ppm (s, 3H);
13C NMR (75.5 MHz, CDCl3): d=168.56, 167.46, 133.04, 132.30, 128.69,
127.23, 78.64, 56.86, 53.00 ppm; IR (KBr): ñ=3333, 2953, 1755,
1666 cm�1; HRFABMS: calcd for C11H14NO4: 224.09 [M+H]+ ; found:
224.09.


The spectral data of methoxymethyl-carbamic acid 9H-fluoren-9-ylmethyl
ester (4a) and (1-methoxyethyl)carbamic acid 9H-fluoren-9-ylmethyl
ester (4b) are in good accordance with those of 2c and d, respectively.


4-(9H-Fluoren-9-ylmethoxycarbonylamino)-4-methoxybutyric acid
methyl ester (4c): 1H NMR (300 MHz, CDCl3): d=7.75 (d, J=7.5 Hz,
2H), 7.57 (d, J=6.9 Hz, 2H), 7.39 (t, J=7.5 Hz, 2H), 7.30 (t, J=7.5 Hz,
2H), 5.10 (d, J=9.6 Hz, 1H), 4.89–4.86 (m, 1H), 4.48 (t, J=7.2 Hz, 1H),
4.40 (t, J=6.3 Hz, 1H), 4.20 (t, J=6.6 Hz, 1H), 3.65 (s, 3H), 3.28 (s, 3H),
2.44–2.35 (m, 2H), 1.98–1.91 ppm (m, 2H); 13C NMR (75.5 MHz,
CDCl3): d=201.98, 173.51, 156.00, 150.47, 143.73, 143.67, 141.33, 127.72,
127.03, 124.90, 119.98, 84.39, 66.61, 55.55, 51.74, 47.20, 30.43, 29.48 ppm;
IR ACHTUNGTRENNUNG(KBr): ñ=3327, 2951, 1719, 1528 cm�1; HRFABMS: calcd for
C21H23NO5Na: 392.15 [M+Na]+ ; found: 392.15.


Benzyloxycarbonylaminomethoxyacetic acid ethyl ester (4d): 1H NMR
(300 MHz, CDCl3): d=7.32–7.23 (m, 5H), 5.80 (d, J=8.4 Hz, 1H), 5.26
(d, J=9.6 Hz, 1H), 5.09 (s, 2H), 4.19 (q, J=6.3 Hz, 2H), 3.39 (s, 3H),
1.25 ppm (t, J=7.2 Hz, 3H); 13C NMR (67.8 MHz, CDCl3): d=167.31,
155.50, 135.63, 128.46, 128.24, 128.06, 80.67, 67.38, 62.23, 56.21,
14.11 ppm; IR (KBr): ñ=3329, 2939, 1732, 1520 cm�1; HRFABMS: calcd
for C13H18NO5: 268.12 [M+H]+ ; found: 268.12.


(5-Oxo-tetrahydrofuran-2-yl)carbamic acid 9H-fluoren-9-yl methyl ester
(4e): 1H NMR (270 MHz, CDCl3): d=7.69 (d, J=7.3 Hz, 2H), 7.50 (d,
J=7.3 Hz, 2H), 7.34 (t, J=7.0 Hz, 2H), 7.25 (td, J=7.6, 1.4 Hz, 2H),
5.92 (d, J=5.7 Hz, 1H), 5.5 (d, J=9.7 Hz, 1H), 4.41 (d, J=5.1 Hz, 2H),
4.15 (t, J=6.5 Hz, 1H), 2.66–2.45 (m, 3H), 1.97 ppm (br s, 1H); 13C NMR
(75.5 MHz, CDCl3): d=143.44, 141.28, 127.83, 127.13, 124.91, 120.02,
83.31, 46.90, 28.12 ppm; IR (KBr): ñ=1715, 1537 cm�1; HRFABMS:
calcd for C19H18NO4: 324.12 [M+H]+ ; found: 324.12.


General procedure for the oxidative fragmentation reaction of b-amino
alcohol compounds of discorhabdins with C6F5I ACHTUNGTRENNUNG(OCOCF3)2 : Under a ni-
trogen atmosphere, C6F5I ACHTUNGTRENNUNG(OCOCF3)2 (0.2 mmol) and molecular sieves
(3 K, 850 mgmmol�1) were added to a stirred solution of the amino alco-
hol compounds of discorhabdins (0.1 mmol) and NaHCO3 (0.7 mmol) in
CH3CN (4.5 mL) and CH3OH (0.5 mL) at room temperature. The reac-
tion mixture was stirred for 1–5 h. After this time, the solution was con-
centrated in vacuo. Purification of the residue by silica-gel column chro-
matography gave the corresponding N,O-acetal compounds. Spectral data
of compounds, 5a, 6a, (+)-5b, and (+)-6b are in good agreement with
those of the reported data.[7]


Compound (�)-5b was prepared from (d)-tyrosine methyl ester by a sim-
ilar method to that used for the synthesis of (+)-discorhabdin A from
(l)-tyrosine methyl ester.


5-(Toluene-4-sulfonyl)-3,5,7,8,9,10-hexahydro-2H-1,5,7-triazaacephenan-
thrylen-6-one-8-(hydroxymethyl)-10-spiro-4’-(2’-bromo)cyclohexa-2’,5’-
dien-1’-one ((�)-5b): 1H NMR (300 MHz, CD3OD): d=8.00 (d, J=
8.4 Hz, 2H), 7.41 (d, J=2.7 Hz, 1H), 7.36 (d, J=8.1 Hz, 2H), 7.09 (dd,
J=2.7, 9.6 Hz, 1H), 6.34 (d, J=9.9 Hz, 1H), 3.54–3.80 (m, 5H), 3.11 (m,
1H), 2.81 (m, 2H), 2.34 (s, 3H), 1.91 (t, J=6.9 Hz, 1H), 1.68 ppm (dd,
J=13.5 Hz, 1H); IR (KBr): ñ=3240, 3465, 1938 cm�1; HRFABMS: calcd
for C26H23BrN3O5S: 568.05 [M+H]+ ; found: 568.05.


5-(Toluene-4-sulfonyl)-3,5,7,8,9,10-hexahydro-2H-1,5,7-triazaacephenan-
thrylen-6-one-8-methoxy-10-spiro-4’-(2’-bromo)cyclohexa-2’,5’-dien-1’-
one ((�)-6b): 1H NMR (300 MHz, CO ACHTUNGTRENNUNG(CD3)2): d=7.95 (d, J=8.3 Hz,
4H), 7.64 (d, J=2.8 Hz, 1H), 7.53 (d, J=0.75 Hz, 1H), 7.30–7.37 (m,
7H), 7.21–7.25 (m, 2H), 6.90–6.93 (m, 1H), 6.08 (d, J=9.9 Hz, 1H), 5.98
(d, J=9.9 Hz, 1H), 4.84 (s, 2H), 3.91–3.93 (m, 4H), 3.63–3.80 (m, 2H),
3.24 (s, 3H), 3.22 (s, 3H), 2.51–2.60 ppm (m, 4H); HRFABMS: calcd for
C25H20BrN3O5S: 553.03 [M+H]+ ; found: 553.03.


(�)-Discorhabdin A : 1H NMR (300 MHz, CDCl3): d=9.00 (br s, 1H),
7.55 (s, 1H), 6.86 (s, 1H), 5.91 (br s, 1H), 5.33 (br s, 1H), 4.70 (dd, J=7.5,
11.5 Hz, 1H), 4.26 (td, J=6.5, 18.0 Hz, 1H), 3.95 (td, J=8.5, 17.5 Hz,
1H), 2.70–2.89 ppm (m, 6H); 13C NMR (75.5 MHz, (CD3)2SO): d=188.3,
170.0, 157.5, 154.2, 141.4, 124.1, 122.5, 121.1, 118.1, 117.4, 115.2, 61.2,
55.9, 50.3, 50.2, 45.2, 39.0, 17.9 ppm; IR (KBr): ñ=3345, 1680, 1650, 1605,
1555, 1525, 1475, 1445, 1400, 1385, 1310 cm�1; HRFABMS: calcd for
C18H15BrN3O2S: 416.01 [M+H]+ ; found: 416.01; [a]D=�390 (c=0.05 in
MeOH).
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Introduction


The parent compound H2BPH2 of the well-known class of
substituted phosphanylboranes (R2BPR’2)n


[1] has not yet
been isolated and no experimental approach has been suc-
cessful. Only ab initio calculations concerning the structure
have been performed.[2] Under standard conditions only the
poly(phosphanylboranes) of the formulae [H2BPH2]n


[3] or
[H2BPPhH]n


[4] are known; these were recently obtained by
dehydrocoupling catalysis by either B ACHTUNGTRENNUNG(C6F5)3 or RhI com-
plexes from corresponding precursor compounds. Looking
more closely into the sparse examples of similar monomeric
compounds with only a few organic substituents, compounds
of type A, containing sterically demanding protecting
groups such as mesityl, phenyl, or (iBu)2N on the boron
atom, are found.[1] In these examples some degree of intra-
molecular p overlap of the P�B bond, caused by the lone


pair on the phosphorus atom and the acceptor orbital on the
boron atom, adds to their stabilization.


Only one example of a compound stabilized in the reverse
manner exists (with a poorly sterically protected phosphorus
atom and an unprotected (H-bound) boron atom) and it still
requires additional electronic saturation at the boron atom
by a Lewis base (type B).[5] An alternative route to mono-
meric parent compounds of phosphanylboranes was devel-
oped in our group by using Lewis acid and Lewis base stabi-
lization. By blocking the lone pair and acceptor orbital by a
Lewis acid (LA) such as W(CO)5 and a Lewis base (LB)


Abstract: The abstraction of the Lewis
acid from [W(CO)5(PH2BH2·NMe3)]
(1) by an excess of PACHTUNGTRENNUNG(OMe3)3 leads to
the quantitative formation of the first
Lewis base stabilized monomeric
parent compound of phosphanylborane
[H2PBH2·NMe3] 2. Density functional
theory (DFT) calculations have shown
a low energetic difference between the
crystallographically determined anti-
periplanar arrangement of the lone
pair and the trimethylamine group rel-


ative to the P�B core and the synperi-
planar conformation. Subsequent reac-
tions with the main-group Lewis acid
BH3 as well as with an [Fe(CO)4] unit
as a transition-metal Lewis acid led to
the formation of [(BH3)PH2BH2·NMe3]
(3), containing a central H3B�PH2�


BH2 unit, and [Fe(CO)4-
(PH2BH2·NMe3)] (4), respectively. In
oxidation processes with O2, Me3NO,
elemental sulfur, and selenium, the
boranylphosphine chalcogenides
[H2P(Q)BH2·NMe3] (Q = S 5b ; Se 5c)
as well as the novel boranyl phosphon-
ic acid [(HO)2P(O)BH2·NMe3] (6a) are
formed. All products have been charac-
terized by spectroscopic as well as by
single-crystal X-ray structure analysis.
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such as NMe3, respectively, compound 1 (type C) was syn-
thesized.[6]


Thermodynamic calculations for the isodesmic reactions
between H2BPH2 and NMe3 or W(CO)5 have shown that
the monomer should also be stable with only one of the sta-
bilizing moieties (DH0


298 for H2PBH2NMe3 =


�98.1 kJmol�1; for (CO)5W ACHTUNGTRENNUNG(H2PBH2) =


�121.2 kJmol�1),[6b] although both possibilities have so far
not been experimentally realized. To approach the parent
compound H2BPH2 experimentally a Lewis acid free com-
pound of type D is of particular interest, since it is a useful
starting material for the synthesis of diverse functionalized
phosphinoboranes and furthermore can become an interest-
ing precursor for inorganic materials.


Herein we describe the synthesis and the comprehensive
characterization of the first Lewis base stabilized monomer-
ic parent compound of phosphanylborane [H2PBH2·NMe3]
(2), together with the results of theoretical calculations on
this system. Furthermore, investigations of the reactivity of
2 in oxidation processes with chalcogens (O, S, Se) and with
the Lewis acids BH3 and Fe(CO)4 were performed. This led
to the isolation and characterization of novel boranyl-substi-
tuted phosphonic acid as well as phosphine sulfide and sele-
nide derivatives in the former reaction. The latter reactions
led to the first structurally characterized compound contain-
ing a H3B�PH2�BH2 sequence, for example.[7]


Results and Discussion


Synthesis and characterization of the Lewis base stabilized
phosphanylborane [PH2BH2·NMe3] (2): The principal meth-
ods for removing W(CO)5 fragments from a phosphine are:
1) oxidation with iodine to give [(CO)4WI]+ [I]� and com-
plexed phosphine, with subsequent quenching with N-meth-
ylimidazole to cleave the W�P bond[8] and 2) a ligand-ex-
change reaction with a bidentate ligand such as 1,2-bis(di-
phenylphosphino)ethane (dppe).[9] Both of these methods
applied to [W(CO)5(PH2BH2·NMe3)] (1) did not lead to the
Lewis acid free phosphanylborane. Thus, 3) reaction with a
strong coordinating ligand, such as trimethylphosphite,[10]


was successfully applied for this preparative target as shown
in Equation (1). Whereas the classical method for carrying
out this reaction under thermal conditions failed,[11] the pho-
tochemical activation of a mixture of 1 with an excess of tri-
methylphosphite led to the quantitative formation of com-
plex 2 [Eq. (1)].


Based on the large excess of phosphite in reaction (1) the
characterization of the by-products [(CO)W{[P ACHTUNGTRENNUNG(OMe)3}5],
cis-[(CO)2W{P ACHTUNGTRENNUNG(OMe)3}4], and fac-[(CO)3W{P ACHTUNGTRENNUNG(OMe)3}3] by
31P{1H} NMR spectroscopy was possible.[10] DFT calculations
at the B3LYP/6–31G* level of theory[12,13] (ECP basis set on


W[14]) show that reaction (1) in the gas phase with formation
of [(CO)5WP ACHTUNGTRENNUNG(OMe)3] at 298 K is slightly exothermic by
�3.9 kJmol�1 (Gibbs energy at 298 K is �10.5 kJmol�1).
The same should be valid in solution, but without irradiation
no reaction is observed. Thus, the photochemical removal of
CO seems to be the initial step necessary for facilitating sub-
stitution with phosphite, which weakens the W�P bond of
the phosphanylborane unit and leads to the formation of 2.


Compound 2 was isolated at low temperature (<12 8C) as
colorless crystals that are readily soluble in solvents such as
toluene and CH2Cl2. Above 12 8C compound 2 is a colorless
liquid with a density of about 0.87 gcm�3. In n-hexane it is
poorly soluble and above 12 8C forms a two-phase system.
The mass spectrum reveals the appropriate molecular ion
peak. The IR spectra of 2 show absorptions for the P�H and
B�H valence stretching frequencies at 2282 and 2375 cm�1,
respectively, which are in accordance with the calculated
values.[15a,b] The 31P NMR spectrum of 2 consists of a broad
triplet at d = �215.5 ppm (1J ACHTUNGTRENNUNG(P,H) = 189 Hz), which is due
to P–H coupling; in the proton-decoupled 31P{1H} NMR
spectrum the signal is a quartet, owing to coupling with the
11B nucleus. Relative to the starting complex 1 (d =


�184.2 ppm), the signal is shifted to high field, as expected
for Lewis acid free compounds,[6] and is in good agreement
with chemical shifts found for compounds of the formula
R2BPH2 (e.g. R = iBu2N, d = �228 ppm).[16] The structure
of 2 was confirmed by an X-ray diffraction study and shows
an antiperiplanar orientation of the lone pair at the phos-
phorus atom and the trimethylamine group at the boron
atom (Figure 1).


According to thermodynamic calculations, only a small
difference of less than 0.1 kJmol�1 exists between the anti-
periplanar (Figure 2, left) and the synperiplanar (Figure 2,


right) conformations. In the
latter case, possible interaction
between the lone pair and an H
atom of a methyl group occurs
(P···H distance 2.826 R, com-


Figure 1. Molecular structure of [H2PBH2·NMe3] (2) in the crystal. Select-
ed bond lengths [R] and angles [8]: P1�B1 1.976(2), B1�N1 1.630(2),
N1�C1 1.501(1), N1�C2 1.504(2); P1-B1-N1 117.29(11), B1-N1-C1
112.37(9), B1-N1-C2 107.67(12), H1P-P1-B1-H1B 167.15(1).
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pared with 3.087 R in antiperiplanar conformation), but that
seems too insignificant a difference to favor one of the con-
formers. Thus, the arrangement of the lone pair is not a ther-
modynamically controlled process but rather a packing
effect in the solid state. All experimentally found angles and
distances correspond with the calculated values for com-
pound 2 in the gas phase.


The experimentally observed distance of 1.976(2) R be-
tween the phosphorus and the boron atom is typical for a
single bond (1.90–2.00 R)[1] and close to that of the equiva-
lent bond in reactant 1 (1.955(4) R).[6] Thus, the coordina-
tion of the phosphorus lone pair to the tungsten carbonyl
moiety leads to a small decrease of the phosphorus–boron
bond length.


Investigations of the reactivity pattern of [H2PBH2·NMe3]
(2):


Synthesis and structural characterization of the Lewis acid/
base compounds [(LA)H2PBH2·NMe3] (LA = BH3,
Fe(CO)4): To gain insight into the Lewis base behavior of
compound 2, reactions of the main-group Lewis acid BH3


and the transition-metal Lewis acid Fe(CO)4 (generated
from Fe2(CO)9) with 2 were performed to obtain the Lewis
acid/base adducts 3 and 4, respectively [Eq. (2) and (3)].


Both reactions were performed in toluene and were com-
plete within a short period with quantitative yield. For the


preparation of 3 a solution of BH3 in THF was added at
room temperature to a solution of 2 in toluene. The result-
ing colourless complex [(H3B)H2PBH2·NMe3] (3) was puri-
fied by sublimation. The corresponding iron tetracarbonyl
containing complex [(CO)4Fe(H2PBH2·NMe3)] (4) was pre-
pared by reacting 2 with [Fe2(CO)9] at 50 8C in toluene. The
colorless compound 3 and the yellow crystalline compound
4 are readily soluble in toluene and CH2Cl2. Whereas com-
pound 3 sublimes at 60 8C in a high vacuum, compound 4
decomposes to unidentified products.


In the molecular structure of 3 (Figure 3) all substituents
around the B2-P-B1-N core have a distorted tetrahedral
conformation. The NMe3 and H3B2 moieties adopt a per-
fectly staggered conformation around the central P�B1 core
(a(B2-P-B1-N) = 180.08). In 3 the distances between the
phosphorus atom and the boron atoms B1 and B2 are
nearly identical (1.962(2) R, 1.958(2) R) and are in good
agreement with such distances in related phosphanylbor-
anes.[1,7] To our knowledge, compound 3 represents the lon-
gest structurally characterized B-P-B chain with only hydro-
gen substituents.[7]


In the molecular structure of the iron carbonyl compound
4 (Figure 4) the phosphorus lone pair of the central phos-
phorus-boron core coordinates to the [Fe(CO)4] fragment,


Figure 2. Calculated molecular structures (B3LYP/6–31G* level of
theory) of the antiperiplanar (top) und synperiplanar (bottom) conforma-
tion of the lone pair and the trimethylamine group relative to the P�B
core in 2 (lengths in R).


Figure 3. Molecular structure of [(H3B)H2PBH2·NMe3] (3) in the crystal.
Selected bond lengths [R] and angles [8]: P1�B1 1.962(2), P1�B2
1.958(2), B1�N1 1.620(2); B2-P1-B1 116.38(8), P1-B1-N1 114.70(10), B2-
P1-B1-N1 180.00(1). Calculated at the B3LYP/6–31G* level of theory,
the structural parameters for 3 in the gas phase (P1�B1 1.967, P1�B2
1.978, B1�N1 1.650; B2-P1-B1 117.1, P1-B1-N1 116.6, B2-P1-B1-N1
180.0) are in good agreement with experimental data from the crystal.
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which leads also to a staggered conformation (a ACHTUNGTRENNUNG(Fe-P-B-N)
= 175.06(12)8). At 2.279(1) R, the P�Fe bond length is
slightly longer than in the comparable compound
[(CO)4FePPh3] (2.244(1) R).[17] The P�B bond length in 4
(1.964(2) R) is also in the range typical of a single bond and
is comparable to the distances in compound 3 (1.962(2) R).
Interestingly, coordination of the phosphorus lone pair by
the BH3 and [Fe(CO)4] units in 3 and 4 leads only to a very
small decrease in the P�B1 bond length of the phosphanyl-
borane moiety (�0.01 R) relative to that in the starting ma-
terial 2 (1.972(2) R).


Oxidation of [H2PBH2·NMe3] 2 with different chalcogenides :
Another point of interest was the study of the reaction be-
havior of 2 with Group 16 elements like O, S, and Se to
obtain boranylphosphine chalcogenide compounds. To ach-
ieve controlled reaction conditions, we first carried out stoi-
chiometric reactions between 2 and elemental sulfur and red
selenium, respectively, in CH2Cl2 at room temperature, ac-
cording to Equation (4). This led to the quantitative forma-
tion of the new boranylphosphine chalcogenides 5b and 5c.
Interestingly, to our knowledge, both compounds are the
first structurally characterized boranylphosphine sulfides
and selenides, respectively, possessing two hydrogen atoms
at the phosphorus atom. Additionally, the selenium com-
pound 5c represents the first structurally characterized pri-
mary phosphine selenide.


Attempts to synthesize the oxygen analogue 5a by using
Me3NO in a stoichiometric reaction at room temperature
failed, since no transformation of the starting material 2 was
observed. Consequentially, the mixture was refluxed for 12 h
in CH2Cl2. Workup of the reaction mixture led to a white
powder, which was only sufficiently soluble in [D6]DMSO
for spectroscopic characterization. In the 31P{1H} NMR spec-
trum of this solution, we observed unreacted 2 as the main
component and two broad signals at d=49.6 and 34.1 ppm;
at d=6.4 ppm a quartet was observed, which is due to cou-
pling with the boron atom (1JACHTUNGTRENNUNG(P,B) = 110 Hz). Only the
latter signal splits into a triplet in the 31P NMR spectrum,


owing to coupling with the hydrogen atoms (1JACHTUNGTRENNUNG(P,H) =


355 Hz). Thus, one could assume that this signal belongs to
the boranylphosphine oxide 5a, which is shifted strongly
downfield, as expected for an oxidized primary phosphine;
however, it is not shifted as far downfield as the signal for
the boranylphosphonic acid 6a [Eq. (5)], in which the phos-
phorus atom experiences the deshielding influence of three
oxygen atoms. Unfortunately, all attempts to isolate 5a from
this mixture failed.


Reactions of 2 with an excess of the chalcogens proceed
in a reversed manner than discussed for the stoichiometric
reactions. Whereas a mixture of products were obtained for
the reactions with sulfur and selenium, according to 31P
NMR investigations of the crude reaction mixture, with
spectroscopic evidence of the formation of the trithiobora-
nylphosphonates 6b and triselenoboranylphosphonates
6c,[18] the reaction of 2 with an excess of oxygen leads to the
isolation of 6a [Eq. (5)]. The best results for the formation
of the novel boranyl phosphonic acid [(HO)2P(O)BH2NMe3]
(6a) were obtained if 2 was dissolved in THF and exposed
to air. After two days, white needles of 6a were obtained.
Compound 6a is only soluble in solvents of high polarity
such as MeOH or DMSO. In water it decomposes slowly
under gas evolution.


Spectroscopic properties : In the mass spectra of compounds
3–6 the appropriate molecular ion peak is observed. Addi-
tionally, a characteristic fragmentation pattern of successive
CO group eliminations is observed for 4. With the exception
of the acid 6a, the IR spectra show typical absorptions for
the B�H and P�H valence stretching frequencies at about
2400 and 2300 cm�1, respectively. The boranylphosphine
chalcogenides 5b and 5c show the P=S (656 cm�1) and P=Se
(443 cm�1) stretching vibrations, respectively, which are in
good agreement with those of comparable compounds such
as (Me3Si)2HCP(S)Cl2 (673 cm�1) and (Me3Si)2HCP(Se)Cl2
(574 cm�1).[19] In the solid state, 6a shows a typical P=O
stretching frequency at 1217 cm�1 and furthermore a broad
band at 2954 cm�1 for the POH frequency, which indicates
hydrogen bonds.


The 31P NMR spectra of 3 and 4 reveal broad triplets at
d = �116.0 (1J ACHTUNGTRENNUNG(P,H) = 323 Hz) and �110.3 ppm (1J ACHTUNGTRENNUNG(P,H) =


Figure 4. Molecular structure of [(CO)4Fe(H2PBH2·NMe3)] (4) in the
crystal. Selected bond lengths [R] and angles [8]: Fe1�P1 2.2790(6), P1�
B1 1.964(2), B1�N1 1.610(3); Fe1-P1-B1 114.23(7), P1-B1-N1 116.59(12),
Fe1-P1-B1-N1 �175.06(12).
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312 Hz), respectively, which a shifted strongly downfield rel-
ative to the initial compound 2. The 31P{1H} NMR spectrum
of 4 consists of a quartet (1JACHTUNGTRENNUNG(P,B) = 78 Hz) owing to cou-
pling with the 11B nucleus. In the 31P{1H} NMR spectrum of
3 the triplet signal changes to a quartet of quartets with two
different coupling constants (1J ACHTUNGTRENNUNG(P,B1) = 72 Hz, 1J ACHTUNGTRENNUNG(P,B2) =


36 Hz) due to coupling with two different boron atoms B1
and B2, respectively. The section of the 11B NMR spectrum
of 3 in Figure 5 reveals a triplet of doublets (1J ACHTUNGTRENNUNG(B1,H) =


109 Hz, (1J ACHTUNGTRENNUNG(B1,P) = 72 Hz) at d = �10.3 ppm, which are
assigned to the internal H2B1 group (Figure 5, top) and an
additional signal at d = �39.5 ppm of the terminal H3B2
moiety as a quartet of doublets (1JACHTUNGTRENNUNG(B2,H) = 99 Hz, 1J ACHTUNGTRENNUNG(B2,P)
= 36 Hz) (Figure 5, bottom). The chemical shifts correspond
to those found in the literature for R3N-BH2-PMe2-BH3


compounds.[20]


The 1H NMR spectra of compounds 5b and 5c exhibit
quartets at d = 2.18 (1JACHTUNGTRENNUNG(B,H) = 109 Hz) and 2.40 ppm (1J
(B,H) = 111 Hz), respectively, owing to coupling with the B
atom. At d = 5.98 (5a) and 5.04 ppm (5b) the hydrogen
atoms of the PH2 group could be detected as a doublet of
multiplets, which are shifted strongly downfield because of
the deshielding influence of the S and Se atoms, respectively.
The chemical shifts correlate with the different electronega-
tivities of the chalcogenides. The 31P NMR spectra of both
compounds show a triplet of quartets at d = �45.6 ppm (1J
(P,H) = 376 Hz, 1J ACHTUNGTRENNUNG(P,B) = 89 Hz) for the sulfur compound
and d = �84.5 ppm (1JACHTUNGTRENNUNG(P,H) = 372 Hz, 1J ACHTUNGTRENNUNG(P,B) = 82 Hz)
for the selenium compound, the latter additionally display-
ing selenium satellites (1JACHTUNGTRENNUNG(P,Se) = 575 Hz). The results for
the coupled 31P NMR spectra are in good agreement with
those values determined for the NMR characterized com-
pound PhP(X)H2 (X = S, d = �15 ppm, 1J ACHTUNGTRENNUNG(P,H) = 464 Hz;
X = Se, d = �38 ppm, 1J ACHTUNGTRENNUNG(P,H) = 459 Hz).[21] The 31P{1H}
and 31P NMR spectra of 6a show broad quartets at d =


56.1 ppm (1J ACHTUNGTRENNUNG(P,B) = 192 Hz), which are also shifted strongly
downfield relative to the starting material 2 as a result of
the oxidation of the phosphorus atom. The 11B NMR spec-
trum of 6a consists of a broad doublet of triplets at d =


�9.6 ppm (1J ACHTUNGTRENNUNG(B,H) = 103 Hz, 1J ACHTUNGTRENNUNG(B,P) = 192 Hz) owing to
coupling of the boron atom with both hydrogen atoms and
additionally with the phosphorus atom. All values are in
good agreement with those of the ionic compound
[NH4]2[(HO)P(O)2BH3], which contains a coordinative P�B
bond.[22]


Crystal structure analysis of the boranylphosphine chalcoge-
nides and the boranylphosphonic acid : Crystals of 5b and
5c suitable for X-ray crystal determination were obtained
by slow evaporation of CH2Cl2 from the reaction mixture
under a stream of inert gas. Compounds 5b and 5c crystal-
lize in the acentric orthorhombic space group P212121 and
the molecular structures are depicted in Figures 6 and 7, re-
spectively. In the solid state the free rotation around the P�
B bond of the central H2(X)PBH2 unit is frozen; the gauche
conformers formed in the structures of compounds 5 (5b:


Figure 5. Sections of the 11B NMR spectrum of [(H3B)H2PBH2·NMe3] (3)
in C6D6.


Figure 6. Molecular structure of [H2P(S)BH2·NMe3] (5b) in the crystal.
Selected bond lengths [R] and angles [8]: S1�P1 1.9995(9), P1�B1
1.964(2), B1�N1 1.604(3); S1-P1-B1 123.51(10), P1-B1-N1 114.75(14), S1-
P1-B1-N1 59.7(2).
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�59.7(2)8, 5c: 57.6(2)8) are thus chiral. Whereas 5b crystal-
lizes in an enantiometrically pure form, for the selenium
compound 5c both conformers are found to be in a racemic
mixture with a ratio of about 1:1. With a value of 2.000(1) R
the P=S distance in 5b shows no remarkable difference to
common phosphine sulfide compounds (c.f. 1.967(1) R in
[tBu2P(S)H][23]). Similar observations were made for the
structure of the selenium-containing compound 5c. The P=
Se bond length (2.154(1) R) is in agreement with those


found for R3P=Se compounds (e.g. R = C6H11:
2.108(1) R).[24] The P�B bond lengths in both compounds
(5b: 1.964(2) R; 5c : 1.973(3) R) are similar to the initial
compound 2 (1.976(2) R). Thus, the chalcogenation of the P
atom has no significant influence on the B�P bond length of
the Lewis base stabilized phosphanylborane. Crystallograph-
ic data for compounds 2–6 are presented in Table 1.


Only the oxidation and complete transformation of the
P�H bonds to POH, as found in the phosphonic acid 6a
(Figure 8 A), leads to significant shortening of the P�B core
by 0.045 R relative to the starting material 2 (1.976(2) R).
The shortest P�O1 bond in 6a (1.525(2) R) indicates the
double-bond character, whereas the average P�OH bond
lengths (1.581(2) R) are in the typical range of P�O single
bonds. Both bond lengths are in agreement with those found
in the related ionic compound [NH4]2[(HO)P(O)2BH3].


[22]


Owing to the increased steric demand of the double bonded
O1 atom in 6a a deviation from tetrahedral angles around
the central phosphorus atom is observed. The torsion angle
O3-P1-B1-N1 (172.78(15)8) indicates the staggered confor-
mation of 6a. An interesting structural feature is the inter-
molecular association of the molecules of 6a in the solid
state (Figure 8B). The alignment of the molecule of 6a in
the crystal lattice reveals average distances of 2.624(1) and
2.644(1) R between the O1 atom and the oxygen atoms O2
and O3 of adjacent molecules, respectively. These distances


Figure 7. Molecular structure of [H2P(Se)BH2·NMe3] (5c) in the crystal.
Selected bond lengths [R] and angles [8]: Se1�P1 2.1538(7), P1�B1
1.973(3), B1�N1 1.593(4); Se1-P1-B1 123.67(9), P1-B1-N1 115.1(2), Se1-
P1-B1-N1 57.6(2).


Table 1. Crystallographic data for compounds 2–6.


2 3 4 5b 5c 6a


empirical formula C3H13B1N1P1 C3H16B2N1P1 C7H13B1Fe1N1O4P1 C3H13B1N1P1S1 C3H13B1N1P1Se1 C3H13B1N1O3P1


formula mass [gmol�1] 104.92 118.76 272.81 136.99 183.88 152.92
collection T [K] 110 123 123 123 123 173
l [R] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic monoclinic
space group P21/m (no. 11) P21/m (no. 11) P21 (no. 4) P212121 (no. 19) P212121 (no. 19) P21/n (no. 14)
a [R] 5.5495(7) 5.4339(7) 6.6172(6) 7.7800(11) 7.8969(9) 6.1404(7)
b [R] 8.8939(16) 8.6621(10) 9.7557(9) 9.0257(10) 9.1264(9) 16.9559(16)
c [R] 7.3545(10) 8.8879(11) 9.9637(10) 11.3197(12) 11.3441(10) 7.7260(10)
a [8] 90 90 90 90 90 90
b [8] 106.932(15) 101.486(15) 97.741(11) 90 90 96.917(15)
g [8] 90 90 90 90 90 90
V [R3] 347.26(9) 409.97(9) 637.35(11) 794.87(17) 817.57(14) 798.55(16)
Z 2 2 2 4 4 4
1calcd [gcm�1] 1.003 0.962 1.422 1.145 1.494 1.272
m [mm�1] 0.276 0.238 1.301 0.509 4.691 0.289
F ACHTUNGTRENNUNG(000) 116 132 280 296 368 328
crystal dimensions [mm] 0.16T0.32T0.40 0.04T0.18T0.48 0.12T0.24T0.38 0.02T0.10T0.28 0.08T0.19T0.46 0.06T0.10T0.42
2q range 2.9–28.2 2.3–27.9 2.9–27.9 2.9–27.0 2.9–26.9 3.5–26.9
index ranges �7�h�7 �7�h�7 �8�h�8 �9�h�9 �10�h�10 �7�h�7


�11�k�11 �11�k�11 �12�k�12 �11�k�11 �11�k�11 �21�k�21
�9� l�9 �11� l�11 �13� l�13 �14� l�14 �14� l�14 �9� l�9


reflections collected 4182 4291 6781 9275 9668 6520
independent reflections 839 1038 3006 1700 1758 1324
goodness-of-fit on F2 1.110 1.00 1.05 1.00 1.05 1.01
Rint 0.082 0.081 0.034 0.035 0.042 0.063
Flack parameter – – �0.005(12) 0.07(14) 0.433(9) –
parameters 61 56 148 76 77 94
R1


[a] [I>2 s(I)] 0.0342 0.0392 0.0256 0.0322 0.0218 0.0422
wR2


[b] (all data) 0.0955 0.1022 0.0652 0.0747 0.0505 0.1024
max/min D1 [e R�3] 0.47/�0.32 0.38/�0.34 0.60/�0.26 0.31/�0.23/ 0.49/�0.24 0.42/�0.19


[a] R1 = � jF0 j� jFc j j /� jF0 j . [b] wR2 = [�wACHTUNGTRENNUNG(F0
2�Fc


2)2]/[�ACHTUNGTRENNUNG(F0
2)2]1/2.
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indicate hydrogen bonds (Hd+ ···d�O) that link the molecules
together to form chains along the crystallographic a axis as
shown in Figure 8B.


Conclusion


Our results have shown that removal of the Lewis acid from
the Lewis acid/base stabilized phosphanylboranes
[W(CO)5(PH2BH2NMe3)] leads to the isolation of the first
parent compound of a phosphanylborane [H2PBH2·NMe3]
(2) stabilized only by a Lewis base. This compound has a
high potential for use in subsequent reactions for the high-
yield synthesis of diverse functionalized phosphanylboranes,
as was exemplified by the formation of novel Lewis acid
substituted phosphanylboranes. Thus, we obtained
[(H3B)H2PBH2·NMe3] (3), which contains a main-group
Lewis acid, as well as [Fe(CO)4(H2PBH2·NMe3)] (4), which
possesses a transition-metal moiety as a Lewis acid. The
BH3 substituted compound 3 represents the longest structur-
ally characterized B-P-B chain with only hydrogen as a sub-
stitutent. Furthermore, with the synthesis of the novel bor-
anyl-substituted phosphonic acid 6a and the boranylphos-


phine sulfide 5b and selenide 5c, insight was obtained into
the stepwise oxidation processes of this unusual compound.
The phosphonic acid [(HO)2P(O)BH2·NMe3] 6a displays in-
termolecular association in the solid state through hydrogen
bonds. Owing to the high volatility of the Lewis base stabi-
lized compound 2, it also has the ability to become an inter-
esting precursor in CVD techniques.


Experimental Section


General techniques : All manipulations were performed under an atmos-
phere of dry nitrogen using standard glovebox and Schlenk techniques.
Solvents were purified and degassed by standard procedures. The starting
material 1 was prepared according to our literature method.[6a] Photolysis
reactions were carried out with a Hanau TQ 150 mercury lamp.


Synthesis of [H2PBH2·NMe3] (2): [(CO)5WACHTUNGTRENNUNG(H2PBH2)NMe3] (1) (500 mg,
1.166 mmol) in Et2O (30 mL) and P ACHTUNGTRENNUNG(OMe)3 (4.1 mL, 30 equiv,
34.76 mmol) were placed in a Schlenk tube sealed with a mercury valve.
The bottom of the tube was cooled by an ice-water bath. The solution
was irradiated for 12 h by a mercury UV lamp, which was placed 4–5 cm
from the Schlenk flask. The volatile by-products were removed under
vacuum, to leave a yellow oil. The product was obtained by vacuum
transfer from the oily residue at 60–65 8C (1T10�3 mbar) and condensa-
tion into a nitrogen-cooled Schlenk tube. n-Hexane (0.5 mL) was added
to the colorless liquid, and 2 precipitated at �25 8C as a white crystalline
solid (85 mg, 69% yield). M.p. ~12 8C; 1H NMR (400 MHz, [D6]C6D6,
300 K, TMS ext.): d = 1.58 (dm, 1J ACHTUNGTRENNUNG(P,H) = 189 Hz, 2H; PH2), 1.81 (s,
9H; NMe3), 2.60 ppm (q, 1J ACHTUNGTRENNUNG(B,H) = 106 Hz, 2H; BH2);


1H ACHTUNGTRENNUNG{31P} NMR
(400 MHz, C6D6, 300 K, TMS ext.): d = 1.58 (m, 2H; PH2), 1.80 (s, 9H;
NMe3), 2.59 ppm (q, 1J ACHTUNGTRENNUNG(B,H) = 106 Hz, 2H; BH2);


31P NMR (162 MHz,
C6D6, 300 K, 85% H3PO4 ext.): d = �215.5 ppm (br t, 1J ACHTUNGTRENNUNG(P,H)
= 189 Hz; PH2);


31P{1H} (162 MHz, C6D6, 300 K, 85% H3PO4 ext.): d =


�215.5 ppm (q, 1J ACHTUNGTRENNUNG(P,B) = 31 Hz; PH2);
11B NMR (128 MHz, [D6]C6D6,


300 K, Et2O�BF3 ext.): d = �6.7 ppm (dt, 1J ACHTUNGTRENNUNG(B,P) = 30, 1J ACHTUNGTRENNUNG(B,H) =


107 Hz; BH2);
11B{1H}(128 MHz, C6D6, 300 K, Et2O�BF3 ext.): d =


�6.7 ppm (d, 1J ACHTUNGTRENNUNG(B,P) = 30 Hz; BH2); IR (film): ñ = 3016(w), 2998(m),
2943(m), 2917(w), 2375(vs), 2282(vs), 1482(s), 1462(vs), 1403(w),
1252(m), 1153(m), 1123(s), 1091(m), 1056(s), 1019(m), 981(m), 842(s),
576 cm�1(w); EI-MS (70 eV): m/z (%): 105 (26) [M+], 72 (100) [M+


�PH2]; HRMS calcd for C3H13N1B1P1: m/z : 105.0879, found: 105.0879.


Synthesis of [(H3B)H2PBH2·NMe3] (3): A 1m H3B–THF solution
(0.48 mL, 0.476 mmol) was added to a solution of 2 (50 mg, 0.476 mmol)
in toluene (3 mL) at room temperature. After stirring overnight and puri-
fication by sublimation (100 8C, 1T10�3 mbar), colorless crystals (46 mg,
82% yield) were obtained. 1H NMR (400 MHz, C6D6, 300 K, TMS ext.):
d = 1.67 (q, 1J ACHTUNGTRENNUNG(B2,H) = 99 Hz 3H; B2H3), 1.82 (s, 9H; NMe3), 2.25 (q,
1J ACHTUNGTRENNUNG(B1,H) = 109 Hz, 2H; B1H2), 3.32 ppm (dm, 1J ACHTUNGTRENNUNG(P,H) = 323 Hz, 2H;
PH2);


1H ACHTUNGTRENNUNG{31P} NMR (400 MHz, C6D6, 300 K, TMS ext.): d = 1.67 (q, 1J-
ACHTUNGTRENNUNG(B2,H) = 99 Hz 3H; B2H3), 1.82 (s, 9H; NMe3), 2.25 (q, 1J ACHTUNGTRENNUNG(B1,H) =


109 Hz, 2H; B1H2), 3.32 ppm (m, 2H; PH2);
31P NMR (162 MHz, C6D6,


300 K, 85% H3PO4 ext.): d = �116.0 ppm (br t, 1J ACHTUNGTRENNUNG(P,H) = 323 Hz; PH2);
31P{1H} (162 MHz, C6D6, 300 K, 85% H3PO4 ext.): d = �116.0 ppm (qq,
1J ACHTUNGTRENNUNG(P,B1) = 72, 1J ACHTUNGTRENNUNG(P,B2) = 36 Hz; PH2);


11B NMR (128 MHz, C6D6,
300 K, Et2O–BF3 ext.): d = �39.5 (dq, 1J ACHTUNGTRENNUNG(B2,H) = 99, 1J ACHTUNGTRENNUNG(B2,P) = 36 Hz;
B2H3), �10.3 ppm (dt, 1J ACHTUNGTRENNUNG(B1,H) = 109, 1J ACHTUNGTRENNUNG(B1,P) = 72 Hz); B1H2);
11B{1H}(128 MHz, C6D6, 300 K, Et2O–BF3 ext.): d = �39.5 (d, 1J ACHTUNGTRENNUNG(B2,P)
= 36 Hz; B2H3), �10.3 ppm (d, 1J ACHTUNGTRENNUNG(B1,P) = 72 Hz); B1H2); IR (KBr):
ñ = 3017(m), 3002(m), 2956(m), 2928(w), 2900(w), 2420(s), 2374(vs),
2298(m), 2261(m), 1480(s), 1472(s), 1405(m), 1246(m), 1153(m), 1128(s),
1072(vs), 1055(s), 1009(m), 978(m), 877(w), 852 cm�1(s); EI-MS (70 eV):
m/z (%): 118 (7) [M+�HC], 105 (56) [M+�BH3], 72 (100) [H2BNMe3];
HRMS calcd for C3H15N1


10B1
11B2P1 [(M�HC)+]: m/z : 117.1165, found:


117.1165.


Synthesis of [(CO)4Fe(H2PBH2·NMe3)] (4): A suspension containing
Fe2CO9 (274 mg, 0.752 mmol) in toluene (15–20 mL) was combined with


Figure 8. A) Molecular structure of [(HO)2P(O)BH2·NMe3] (6a) in the
crystal. Selected bond lengths [R] and angles [8]: P1�B1 1.931(2), B1�N1
1.607(3), P1�O1 1.525(2), P1�O2 1.575(2), P1�O3 1.587(2); P1-B1-N1
115.59(15), O1-P1-B1 117.00(10), O2-P1-B1 109.15(10), O3-P1-B1
105.86(10), O1-P1-O2 110.30(9), O3-P1-B1-N1 172.79(0). B) Arrange-
ment of the boranylphosphonic acid chains along the crystallographic a
axis. The H atoms at the B atom and the methyl groups have been omit-
ted for clarity. Selected interatomic bond lengths [R]: O3···O1 2.644(1),
O2···O1 2.624(1).
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2 (79 mg, 0.752 mmol) in toluene (5 mL) at room temperature. The reac-
tion was considered complete after all solid disappeared. The resulting
red solution was filtered over Celite and the solvent removed under
vacuum, to leave a red oil. Toluene (2 mL) was added to the oily residue.
At �20 8C 4 was obtained (142 mg, 69% yield) as yellow crystals. 1H
NMR (400 MHz, C6D6, 300 K, TMS ext.): d = 1.56 (s, 9H; NM3),
3.06 ppm (dm, 1J ACHTUNGTRENNUNG(P,H) = 312 Hz, 2H; PH2);


31P NMR (162 MHz,
[D6]C6D6, 300 K, 85% H3PO4 ext.): d = �110.3 ppm (br t, 1J ACHTUNGTRENNUNG(P,H) =


312 Hz; PH2);
31P{1H} (162 MHz, C6D6, 300 K, 85% H3PO4 ext.): d =


�110.3 ppm (q, 1J ACHTUNGTRENNUNG(P,B) = 78 Hz; PH2);
11B NMR (128 MHz, C6D6,


300 K, Et2O–BF3 ext.): d = �8.5 ppm (dt, 1J ACHTUNGTRENNUNG(B,P) = 78, 1J ACHTUNGTRENNUNG(B,H) =


140 Hz; BH2);
11B{1H}(128 MHz, C6D6, 300 K, Et2O-BF3 ext.): d =


�8.5 ppm (d, 1J ACHTUNGTRENNUNG(B,P) = 78 Hz; BH2); IR (toluene): ñ = 2436(w),
2403(w), 2265(w), 2042(vs), 1962(vs), 1934(vs), 1261(s), 1098(m),
1403(w), 1015(m), 809 cm�1(m); EI-MS (70 eV): m/z (%): 273 (17) [M+],
245 (25) [M+�CO], 217 (9) [M+�2CO], 189 (47) [M+�3CO], 161 (61)
[M+�4CO].


Synthesis of [H2P(X)BH2·NMe3] (X = S (5b), Se (5c)): A solution of 2
(61 mg, 0.581 mmol) in CH2Cl2 was combined with either solid sulfur
(18.6 mg, 0.581 mmol) or red selenium (45.9 mg, 0.581 mmol). After stir-
ring at room temperature for 2 days, the mixture was filtered and the sol-
vent was removed in vacuo to yield 5b (66 mg; 83%) or 5c (83 mg,
77%). 5b : 1H NMR (400 MHz, CD2Cl2, 300 K, TMS ext.): d = 2.18 (q,
1J ACHTUNGTRENNUNG(B,H) = 109 Hz, 2H; BH2), 2.91 (s, 9H; NMe3), 5.98 ppm (brd, 1J ACHTUNGTRENNUNG(P,H)
= 376 Hz, 2H; (S)PH2);


31P NMR (162 MHz, CD2Cl2, 300 K, 85%
H3PO4 ext.): d = �45.6 ppm (tq, 1J ACHTUNGTRENNUNG(P,H) = 376, 1J ACHTUNGTRENNUNG(P,B) = 89 Hz;
(S)PH2);


31P{1H} (162 MHz, CD2Cl2, 300 K, 85% H3PO4 ext.): d =


�45.6 ppm (q, 1J ACHTUNGTRENNUNG(P,B) = 89 Hz, (S)PH2);
11B NMR (128 MHz, CD2Cl2,


300 K, Et2O–BF3 ext.): d = �9.2 ppm (dt, 1J ACHTUNGTRENNUNG(B,P) = 89, 1J ACHTUNGTRENNUNG(B,H) =


109 Hz; BH2);
11B{1H}(128 MHz, CD2Cl2, 300 K, Et2O–BF3 ext.): d =


�9.2 (d, 1J ACHTUNGTRENNUNG(B,P) = 89 Hz; BH2); IR (KBr): ñ = 2996(w), 2945(w),
2435(vs), 2372(vs), 2295(vs), 1483(vs), 1468(vs), 1406(w), 1248(m),
1151(s), 1069(vs), 1007(m), 978(m), 959(m), 914(s), 874(vs), 822(w),
656(vs), 562 cm�1(vs); CI-MS (NH3): m/z (%): 138 (100) [MH+], 106 (90)
[MH+�S]. 5c : 1H NMR (400 MHz, CD2Cl2, 300 K, TMS ext.): d = 2.40
(q, 1J ACHTUNGTRENNUNG(B,H) = 111 Hz, 2H; BH2), 2.92 (s, 9H; NMe3), 5.04 ppm (dm, 1J-
ACHTUNGTRENNUNG(P,H) = 372 Hz, 2H; (Se)PH2);


31P NMR (162 MHz, CD2Cl2, 300 K,
85% H3PO4 ext.): d = �84.5 ppm (tq, 1J ACHTUNGTRENNUNG(P,H) = 372, 1J ACHTUNGTRENNUNG(P,B) = 82 Hz;
(Se)PH2);


31P{1H} (162 MHz, CD2Cl2, 300 K, 85% H3PO4 ext.): d =


�84.5 ppm (q, 1J ACHTUNGTRENNUNG(P,B) = 82 Hz, 1J ACHTUNGTRENNUNG(P,Se) = 575 Hz; (Se)PH2);
11B NMR


(128 MHz, CD2Cl2, 300 K, Et2O–BF3 ext.): d = �9.2 ppm (dt, 1J ACHTUNGTRENNUNG(B,P) =


82, 1J ACHTUNGTRENNUNG(B,H) = 111 Hz; BH2);
11B{1H}(128 MHz, CD2Cl2, 300 K, Et2O–BF3


ext.): d = �9.2 (d, 1J ACHTUNGTRENNUNG(B,P) = 82 Hz; BH2); IR (KBr): ñ = 3007(w),
2993(w), 2942(w), 2435(vs), 2369(vs), 2301(s), 1947(m), 1482(m), 1467(s),
1404(m), 1262(w), 1241(m), 1151(s), 1126(s), 1079(m), 1063(vs), 1004(m),
892(s), 872(s), 834(w), 443 cm�1(s); CI-MS (NH3): m/z (%): 186 (61)
[MH+], 106 (100) [MH+�Se].


Synthesis of [(HO)2P(O)BH2·NMe3] (6a): Compound 2 (50 mg,
0.476 mmol) in THF (5 mL) was stirred in a broad Schlenk flask for two
days under air until colorless crystals in an oily by-product were ob-
tained. The crystals of 5 were washed with acetone (4 mL) and dried
under vacuum to yield 43 mg (59%). 1H NMR (600 MHz, [D6]DMSO,
300 K, TMS ext.): d = 2.06 (brq, 1J ACHTUNGTRENNUNG(H,B) = 103 Hz, 2H; BH2), 2.71 ppm
(s, 9H; NMe3);


[25] 31P NMR (243 MHz, [D6]DMSO, 300 K, 85% H3PO4


ext.): d = 56.1 ppm (brq, 1J ACHTUNGTRENNUNG(P,B) = 192 Hz; PB); 31P{1H} (243 MHz,
[D6]DMSO, 300 K, 85% H3PO4 ext.): d = 56.1 ppm (brq, 1J ACHTUNGTRENNUNG(P,B) =


192 Hz; PB); 11B NMR (193 MHz, [D6]DMSO, 300 K, Et2O–BF3 ext.): d
= �9.6 ppm (td, 1J ACHTUNGTRENNUNG(B,H) = 103, 1J ACHTUNGTRENNUNG(B,P) = 192 Hz; BH2);
11B{1H}(193 MHz, [D6]DMSO, 300 K, Et2O–BF3 ext.): d = �9.6 ppm
(brd, 1J ACHTUNGTRENNUNG(B,P) = 192 Hz); IR (KBr): ñ = 3015(s), 2954(s), 2813(vs),
2422(s), 2393(s), 2309(m), 1635(w), 1485(s), 1467(s), 1217 (vs), 1137(w),
1102(s), 1082(s), 980(m), 941(s), 902(m), 862 cm�1(s); CI-MS (NH3): m/z
(%): 154 (34) [MH]+ , 153 (9) [M]+ ; HRMS calcd for C3H12N1B1P1O3:
m/z : 152.0648, found: 152.0644.


Computational details : The geometries of the compounds were fully opti-
mized with gradient-corrected density functional theory (DFT) in the
form of BeckeVs three-parameter hybrid method B3LYP[14] with the 6–
31G* standard, all electron basis sets as implemented in the Gaussian 98


program package.[15] All structures correspond to the minimum on the
potential energy surface (PES).


Crystal structure analysis : The crystal structure analyses of 2–6 were per-
formed on a STOE IPDS diffractometer with MoKa radiation (l =


0.71073 R). The structures were solved by direct methods with the pro-
gram SHELXS-97[26a] and full-matrix least-squares refinement on F2 in
SHELXL-97[26b] was performed with anisotropic displacements for non-
hydrogen atoms. Hydrogen atoms at the B, P, and O atoms of all com-
pounds could be localized by residual electron density and were freely re-
fined. The other H atoms were located in idealized positions and refined
isotropically according to the riding model. All examined crystals of com-
plex 3 consisted of at least two intergrown domains; no twinning law
could be found. Therefore the reflections of the crystal with the strongest
main domain were used for all calculations, regardless of whether they
were influenced by the weak domains or not. This led to a somewhat ele-
vated wR2 value. The crystal of compound 6a was found to be a twin
(twin axes [100]). Only those reflections that were not influenced by the
second domain were used for all calculations. Complexes 4 and 5b,c crys-
tallize in acentric space groups and show Flack parameters that indicate
the existence of pure enantiomers for 4 and 5b and the occurrence of a
racemic mixture in the crystal of 5c.


CCDC-289418 (2), CCDC-289419 (3), CCDC-296923 (4), CCDC-296924
(5b), CCDC-296925 (5c), and CCDC-289420 (6a), contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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meso-Trifluoromethyl-Substituted Expanded Porphyrins


Soji Shimizu, Naoki Aratani, and Atsuhiro Osuka*[a]


Introduction


Expanded porphyrins[1] are emerging functional molecules
in light of their potential utilities in a range of applications,
such as anion receptors,[2] transition or lanthanoid ion che-
lates,[3] photodynamic therapy sensitizers,[4] and magnetic
resonance imaging (MRI) contrast agents.[5] In addition,
their large two-photon absorption cross sections have been
recently revealed as promising attributes for their uses in
three-dimensional microfabrication, optical data storage,
and optical limiting.[6] These fascinating properties have en-
couraged synthetic efforts towards a variety of expanded
porphyrins differing in ring size, ring connectivity, peripheral
substituent, and core modification. As a consequence, many
carefully designed expanded porphyrins have been devel-


oped in recent years,[1,7–14] but homologous expanded por-
phyrins that consist of more than four pyrrolic units with the
regular alternate arrangement of pyrrole groups and meth-
ACHTUNGTRENNUNGine carbon atoms still remain rather limited. Although such
expanded porphyrins may be formed along with a porphyrin
by one-pot condensation of pyrrole and aldehyde, only three
reactions have been reported that are effective for the syn-
thesis of homologous expanded porphyrins; 1) the reaction
of pyrrole with 2,6-disubstituted benzaldeACHTUNGTRENNUNGhyde,[15a] 2) the re-
action of 3,4-difluoropyrrole with pentafluorobenzal-
dehyde,[15b] and 3) the reaction of 3,4-diethylpyrrole with
triisopropylsilylpropynal.[16] These expanded porphyrins
allow systematic investigations on the optical, electrochemi-
cal, and coordination properties upon change in number of
pyrrolic units, for which meso-substituents are expected to
play a profound impact.
With this background, we wished to prepare meso-alkyl-


substituted homologous expanded porphyrins. In our synthe-
ses of meso-aryl-substituted expanded porphyrins, the use of
aromatic aldehydes that bear electron-deficient substituents
at 2- and 6-positions is crucial,[15] since 2-halobenzaldehyde,
2,4-dihalobenzaldehyde, or 2,6-dimethylbenzaldehyde failed
to give expanded porphyrins under similar conditions. These
results imply that the presence of bulky substituents at the
meso-positions in porphyrinogen precursors may shift an
acid-formed equilibrated mixture favorably toward cyclic ex-


Abstract: A series of meso-trifluoro-
methyl-substituted expanded porphy-
ACHTUNGTRENNUNGrins, including N-fused [24]pentaphyrin
3, [28]hexaphyrin 4, [32]heptaphyrin 5,
[46]decaphyrin 6, and [56]dodecaphyrin
7, were synthesized by means of an
acid-catalyzed one-pot condensation
reaction of 2-(2,2,2-trifluoro-1-hydroxy-
ACHTUNGTRENNUNGethyl)pyrrole (1) as the first examples
bearing meso-alkyl substituents. Be-
sides these products, porphyrin 2 and
two calix[5]phyrins 8 and 9 were also
obtained. [28]Hexaphyrin 4 was quanti-
tatively oxidized to [26]hexaphyrin 14


with MnO2. These expanded porphyr-
ins have been characterized by mass
spectrometry, 1H and 19F NMR spec-
ACHTUNGTRENNUNGtroscopy, and UV/Vis spectroscopy.
The single-crystal structures have been
determined for 3, 4, 6, 7, and 14. The
N-fused [24]pentaphyrin 3 displays a
distorted structure containing a tri-
cyclic fused moiety that is similar to


those of meso-aryl-substituted counter-
parts, whereas 8 and 9 are indicated to
take roughly planar conformations with
an inverted pyrrole opposite to the sp3-
hybridized meso-carbon atom. Both
[28]- and [26]hexaphyrins 4 and 14
have figure-of-eight structures. Solid-
state structures of the decaphyrin 6 and
dodecaphyrin 7 are remarkable, exhib-
iting a crescent conformation and an
intramolecular two-pitch helical confor-
mation, respectively.
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panded porphyrinogens, or the electron-deficient substitu-
ents either on aromatic aldehyde or pyrrole may tend to sta-
bilize such precursors. This consideration drove us to exam-
ine the synthesis of meso-trifluoromethyl-substituted ex-
panded porphyrins. A trifluoromethyl group is sufficiently
electron-deficient and certainly sterically demanding, which
may meet the above synthetic requirements. In this paper,
the syntheses of meso-trifluoromethyl-substituted expanded
porphyrins are described as the first examples bearing meso-
alkyl substituents;[17] 2-(2,2,2-trifluoro-1-hydroxyethyl)pyr-
role (1) or 2-(2,2,2-trifluoro-1-hydroxyethyl)-6-trifluorome-
thyldipyrromethane (11) were successfully employed as key
precursors. Expanded porphyrins reported in this paper are
named partly based on the nomenclature put forward by
Franck and Nonn for porphy ACHTUNGTRENNUNGrinoids.[1h,i]


Results and Discussion


Syntheses : 2-(2,2,2-Trifluoro-1-hydroxyethyl)pyrrole (1) was
prepared from acylation reaction of pyrrole with trifluoro-
acetic anhydride (TFAA) in benzene at 0 8C, followed by re-
duction with NaBH4 in THF/MeOH.


[18] After acid-catalyzed
cyclization reactions of 1 had been examined for the synthe-
sis of expanded porphyrins under various reaction condi-
tions, we found the reaction conditions that allowed the syn-
thesis of a series of meso-trifluoromethyl-substituted ex-
panded porphyrins in small but reproducible yields. A solu-
tion of 1 (66.6 mm) in CH2Cl2 was refluxed with an equiva-
lent amount of HCl (1.0m in diethyl ether) for 12 h. After
oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone


(DDQ; 2.3 equiv) for 6 h at room temperature, the reaction
mixture was separated by repeated chromatography over
silica gel and gel permeation chromatography (GPC) col-
umns to give meso-trifluoromethyl-substituted expanded
porphyrins (porphyrin 2 (2–3%), N-fused pentaphyrin 3 (5–
10%), hexaphyrin 4 (3–4%), heptaphyrin 5 (4–6%), decap-
hyrin 6 (~1%), and dodecaphyrin 7 (~1%), Scheme 1).[19]


In addition to these fully conjugated expanded porphyrins,
meso-hydroxy-substituted calix[5]phyrin 8 was also obtained
in 4% yield. Methanesulfonic acid (MSA) was found to be
also effective for this reaction. With a catalytic amount of
MSA (0.4 equiv)[20] under the similar conditions, the reaction
gave 2, 3, 4, 5, 6, 7, and 8 in 2, 2, 2, 6, ~1, ~1, and 4%
yields, respectively, along with another calix[5]phyACHTUNGTRENNUNGrin 9 in
2% yield.
Ring-size selective syntheses[21] of meso-trifluoromethyl-


substituted expanded porphyrins have been explored by
using oligopyrrolic precursors 11, 12, and 13 (Schemes 2 and
3). meso-Trifluoromethyl-substituted dipyrromethane[22] 10
was treated with four equivalents of TFAA in THF at
�20 8C to give 2-trifluoroacetyl-6-trifluoromethyldipyrro-
ACHTUNGTRENNUNGmethane in 82–88% yield, which was quantitatively reduced
with NaBH4 to its carbinol 11. Self-condensation reaction of
11 with one equivalent of HCl in refluxing CH2Cl2 provided
a series of meso-trifluoromethyl-substituted expanded por-
phyrins bearing an even number of regularly arranged pyr-
role rings and methine carbon atoms (2 1–3%, 4 8–10%, 6
~1%, and 7 ~1%, Scheme 2). When treated with excess
pyrrole (11 equiv) and HCl (0.9 equiv) in THF under reflux-
ing conditions for 4 h, the dipyrromethane derivative 11 was
converted to meso-trifluoromethyl-substituted tripyrrometh-


Scheme 1. Synthesis of a series of meso-trifluoromethyl-substituted expanded porphyrins.
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ACHTUNGTRENNUNGane 12 in 56% yield.[18] Even under temperature-controlled
conditions similar to monoacylation of 10, the tripyrrome-
thane 12 gave a mixture of mono- and diacylated tripyrro-
methane that was hard to separate. Diacylation reaction of
10 with an excess amount of TFAA in toluene at room tem-
perature quantitatively afforded 2,2’-bis(trifluoroacetyl)-6-
trifluoromethyldipyrromethane, which was then reduced to
dipyrromethane dicarbinol 13. A condensation reaction of
12 and 13 with 0.5 equivalents of MSA gave 3, 8, and 9 in 1–
2%, ~1.5%, and 4–5% yields, respectively (Scheme 3),
while the reaction with one equivalent of HCl gave 9 in a
better yield (5–7%).


Structural characterization of N-fused [24]pentaphyrin 3 :
High-resolution electrospray ionization time-of-flight (HR-
ESI-TOF) mass spectroscopy revealed the parent ion peak
of 3 at 726.0771 ([M�H]� , calcd for C30N5F15H11, 726.0780).
X-ray diffraction analysis has unambiguously revealed a dis-
torted N-fused pentaphyrin (NFP5) structure of 3 (Figure 1),
in which the nitrogen atom of the pyrrole B is attached at
the b-position of the pyrrole A to form a fused tricyclic seg-
ment and the pyrroles A, C, and D possess NH hydrogen
atoms, thus indicating its formulation as a [24]NFP5. The tilt-
ing angles of the pyrroles from the macrocyclic mean-plane
defined by 30 core atoms are large; 18.68 (pyrrole E), 25.68
(pyrrole D), and 76.88 (pyrrole C). Thus, the entire structure


is quite distorted, being unfavorable for overall macrocyclic
conjugation. Reflecting this structural feature, the 1H NMR
spectrum of 3 in CD2Cl2 at room temperature contained
three NH proton signals at d=9.26, 8.62, and 8.05 ppm and
nine b-CH protons resonated at d=7.80, 7.63–7.59 (2H),
7.52, 7.28, 7.12, 6.43, 5.95, and 3.09 ppm. These data indicate
the nonaromatic character of 3 in contrast to the antiaroma-
ticity of meso-aryl-substituted [24]NFP5.


[23,24] The most up-


Scheme 2. Ring-size selective synthesis from 11.


Scheme 3. Ring-size selective synthesis from 12 and 13.


Figure 1. X-ray crystal structure of 3, top view (left) and side view
(right). The thermal ellipsoids are scaled to the 50% probability level.
meso-Trifluoromethyl substituents are omitted in the side view for clarity.
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field shifted peak at d=3.09 ppm has been assigned to the
inner b-CH proton of the pyrrole A (H(1) in Figure 1),
which exhibits correlation with the outer NH at d=


8.62 ppm in the H-H COSY spectrum. Hence, the large up-
field shift of H(1) may be ascribed to the local diatropic ring
current effect of the pyrrole C, which is close to H(1) with a
distance of 2.57 L. In contrast to the quantitative and rever-
sible redox interconversions between [24]- and [22]NFP5


[23,24]


bearing meso-pentafluorophenyl substituents, oxidation of 3
to its [22]NFP5 counterpart was found to be difficult even
with DDQ or MnO2 under forcing conditions.


Structural characterization of calix[5]phyrins 8 and 9 : The
HR-ESI-TOF mass spectra of 8 and 9 exhibited the parent
ion peaks at 744.0855 and 728.0913, respectively ([M�H]� ;
calcd for C30N5F15H13O for 8, 744.0886 and C30N5F15H13 for
9, 728.0937) in line with the assigned calix[5]phyrin struc-
tures bearing a hydroxyl group and a hydrogen atom at the
saturated sp3-hybridized meso-carbon atom, respectively, as
shown in Scheme 1. Preliminary single-crystal structures
were obtained for both compounds, which revealed that the
pyrrole ring A is pointing outward and the other are orient-
ing inward with three NH hydrogen atoms at the pyrroles
A, C, and D (Scheme 1 and see Supporting information).
The 1H NMR spectrum of 8 in CDCl3 exhibited two signals
due to the NH protons at d=10.02 and 9.22 ppm in a 2:1
ratio; four signals due to the b-CH protons at d=7.84, 7.55,
7.42, and 4.94 ppm in a 2:1:1:1 ratio; and one singlet due to
the meso-OH proton at d=2.23 ppm. Similarly, the
1H NMR spectrum of 9 in CDCl3 showed two signals due to
NH protons at d=10.81 and 9.19 ppm in a 2:1 ratio; five
peaks due to the b-CH protons at d=7.74, 7.73, 7.45, 7.34,
and 5.26 ppm in a 1:1:1:1:1 ratio; and a quartet peak due to
the sp3-meso-CH proton at d=2.64 ppm, which is coupled
with the fluorine atoms of the meso-trifluoromethyl substitu-
ent. The 19F NMR spectra of 8 and 9 in CDCl3 showed three
peaks in a 2:2:1 ratio at d=�53.65, �55.59, and �82.85 ppm
and at d=�52.79, �54.59, and �70.16 ppm, respectively.
The 13C NMR spectrum of 9 showed peaks between d=100
and 150 ppm, except for one peak at d=47.4 ppm that cor-
related with the proton peak at d=2.64 ppm in the H-C
COSY spectrum, while the 13C NMR spectrum of 8 exhibit-
ed most peaks between d=100 and 150 ppm and one peak
at d=73.4 ppm. These NMR spectra supported the prelimi-
nary crystal structures. Since 8 and 9 can be classified as an-
alogues of calixphyrin, we named them as calix[5]phyrin for
8 and 9.[25] These macrocycles are, to the best of our knowl-
edge, the first calix[5]phyrin-type molecules with homolo-
gous pentaphyrin frameworks. Plausibly, the formation of 9
may be caused by sterically bulky meso-trifluoromethyl sub-
stituents that retard full oxidation of a pentaphyrinogen pre-
cursor.


Structural characterization of [28]hexaphyrin 4 and
ACHTUNGTRENNUNG[26]hexaphyrin 14 : The HR-ESI-TOF mass spectrum of 4
showed its parent ion peak at 873.1064 ([M�H]� ; calcd for
C36N6F18H15: 873.1076). The X-ray diffraction analysis re-


vealed a twisted figure-of-eight conformation of 4 consisting
of two oblique near planar tripyrrolic hemimacrocycles held
with a dihedral angle of 668 (Figure 2). These hemimacrocy-


cles are both helically wound with the aid of mutual hydro-
gen-bonding interactions between the amine and imine moi-
eties of the pyrroles A, B, and C, and D, E, and F with N�
H···N distances and angles of 2.07 L and 1248 (A to B),
1.94 L and 1348 (B to C), 2.33 L and 1088 (D to E), and
2.00 L and 1318 (E to F), respectively. The structure of 4 is
similar to that of perfluorinated [28]hexaphyrin[15b] with re-
spect to the helical structure as well as the presence of four
NH hydrogen atoms, which leads to the assignment of 4 as a
[28]hexaphyrin. In accord with this structural assignment,
the 1H NMR spectrum of 4 in CD2Cl2 at room temperature
has two peaks due to the NH protons at d=14.95 and
12.35 ppm and broad peaks due to the b-CH protons be-
tween d=7.37 and 6.88 ppm, which became six well-re-
solved peaks at d=7.43, 7.23, 7.00, 6.95, 6.90, and 6.77 ppm
at �80 8C. The 19F NMR spectrum exhibited three peaks at
d=�55.40, �56.65, and �57.51 ppm at �80 8C, reflecting a
C2 symmetric structure of 4.
The hexaphyrin 4 was found not to oxidize while stored


under ambient conditions, but was smoothly oxidized with
MnO2 to give [26]hexaphyrin 14 quantitatively (Scheme 4).


HR-ESI-TOF mass spectrum of 14 exhibited molecular ion
peak at 873.1061 ([M+H]+ ; calcd for C36N6F18H15:
873.1065), which confirmed the loss of two hydrogen atoms
from 4. The 1H NMR spectrum exhibited six peaks due to
the b-CH protons at d=7.88, 7.67, 7.54, 7.38, 6.33, and
5.99 ppm and one peak due to the NH protons at d=


Figure 2. X-ray crystal structure of 4, top view (left) and side view
(right). The thermal ellipsoids are scaled to the 50% probability level.
meso-Trifluoromethyl substituents are omitted in the side view for clarity.


Scheme 4. Oxidation of 4 to 14.
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11.11 ppm, which disappeared upon the addition of D2O.
These results indicate that there is no strong diatropic ring
current in 14, despite its cyclic 26p-electron conjugation. Fi-
nally the structure of 14 was determined by X-ray diffrac-
tion analysis. Compound 14 exhibits a twisted figure-of-eight
structure with two NH hydrogen atoms at the pyrroles B
and E (Figure 3), similar to that of 4. Here it is to be noted


that the hexaphyrin 14 is, to the best of our knowledge, the
first nonaromatic [26]hexaphyrin(1.1.1.1.1.1), which is due to
non-planarity of the molecule caused by the substantial
steric hindrance.[26]


Structural characterization of [32]heptaphyrin 5 : The HR-
ESI-TOF mass spectrum of 5 showed its molecular ion peak
at 1018.1213 ([M�H]� ; calcd for C42N7F21H17: 1018.1216).
The 1H NMR spectrum in CDCl3 at room temperature dis-
plays two signals at d=15.68 and 11.15 ppm due to the NH
protons and five signals due to the b-CH protons at d=9.93,
8.90, 7.79, 7.56, and 6.60 ppm. The 19F NMR spectrum of 5
exhibited four peaks at d=�50.72, �51.17, �55.26, and
�57.46 ppm in a 2:1:2:2 ratio. Overall these NMR data sug-
gested a C2 symmetric structure with four NH protons, thus
indicating 32p-electronic conjugation for 5. It is notable that
the heptaphyrin 5 is thermally quite stable in a solution, in
contrast to meso-pentafluorophenyl[32]heptaphyrin[15a] and
perfluorinated[32]heptaphyrin,[15b] which are both thermally
unstable, being gradually converted to their N-fused hepta-
phyrins just on standing. The chemical stability of 5 evident-
ly arises from the lack of meso-pentafluorophenyl substitu-
ents, since the ortho-fluorine atoms in the heptaphyrins are
susceptible for the nucleophilic substitution reaction of the
neighboring pyrrolic nitrogen atom.


Structural characterization of [46]decaphyrin 6 : meso-Tri-
fluoromethyl-substituted decaphyrin 6 could not be purified
by silica-gel column chromatography, because calix[5]phyrin
9 had similar polarity in silica-gel column, but the large dif-
ference in molecular size enabled clear separation through
gel-permeation chromatography. The HR-ESI-TOF mass
spectrum of 6 exhibited the parent ion peak at 1455.1784
([M�H]� ; Calcd for C60N10F30H25: 1455.1790). The solid-
state structure of 6 was determined by X-ray single crystal


diffraction analysis. Compound 6 has a near C2 symmetric
crescent-like conformation consisting of six aminopyrrole
rings and four iminopyrrole rings, thus indicating its formu-
lation as a [46]decaphyrin (Figure 4). The structure of 6 con-


sists of two segments: semihelical tripyrrolic subunits (the
pyrroles A, B, and C, and the pyrroles F, G, and H) and
near planar dipyrromethene subunits (the pyrroles D and E,
and the pyrroles I and J). Both semihelical subunits are held
by the aid of hydrogen bonding between the amine NH
groups and imine nitrogen atoms of the pyrrole rings. The
19F NMR spectrum of 6 in CDCl3 at room temperature ex-
hibited rather broad two sets of peaks, which became sharp
on lowering temperature. At �60 8C, one set of peaks ap-
peared at d=�44.55, �46.02, �47.04, �47.84, �48.44,
�49.39, �54.87, �56.64, and �58.53 ppm in a
2:1:1:1:1:1:1:1:1 ratio and the other, which consists of five
peaks, appeared at d=�50.93, �51.97, �52.18, �54.54, and
�59.18 ppm, indicating that asymmetric and symmetric con-
formations (6-I and 6-II, respectively) exist in equilibrium in
1:0.3 ratio in CDCl3 (see the Supporting Information). Vari-
able-temperature 1H NMR measurements were also exam-
ined to confirm the existence of two conformations in solu-
tion. At �60 8C, the peaks became well-resolved and were
assigned to each conformer by H-H COSY experiments to
reveal that the twenty peaks due to b-CH protons of 6-I ap-
peared at d=8.32, 8.21, 7.94, 7.84, 7.78, 7.76, 7.67, 7.60, 7.57,
7.41, 7.20–7.19 (2H), 6.74, 6.59, 6.56, 6.49, 6.37, 5.86, 4.83,
and 4.30 ppm, and six NH protons resonated at d=8.16,
7.14, 5.82, 3.44, 3.35, and 1.08 ppm, while the b-CH peaks of
6-II were observed at d=7.73, 7.60, 7.48, 7.34, 7.31, 7.26,
7.16, 7.13, 6.80, and 6.77 ppm and six NH protons resonated


Figure 3. X-ray crystal structure of 14, top view (left) and side view
(right). The thermal ellipsoids are scaled to the 50% probability level.
meso-Trifluoromethyl substituents are omitted in the side view for clarity.


Figure 4. X-ray crystal structure of 6, top view (top) and side view
(bottom). The thermal ellipsoids are scaled to the 50% probability level.
meso-Trifluoromethyl substituents are omitted in the side view for clarity.
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at d=12.45, 10.72, and 10.61 ppm; these results reflect the
asymmetric and symmetric nature of 6-I and 6-II, respective-
ly. The conformer 6-I exhibits large up-field shifts for some
b-CH protons and NH peaks, which may be accounted for
in terms of some diatropic ring current effect arising from
46p-electron conjugation.[27]


Structural characterization of [56]dodecaphyrin 7: The HR-
ESI-TOF mass spectrum of 7 exhibited its parent ion peak
at 1747.2201 ([M�H]� ; Calcd for C72N12F36H31: 1747.2225).
The solid-state structure of 7 has been revealed by single-
crystal X-ray diffraction analysis (Figure 5). Curiously, the


dodecaphyrin macrocycle contains an intramolecularly
wound helix, consisting of seven pyrrole rings (the pyrroles
D, E, F, G, H, I, and J), that is linked to another semihelix
of three pyrrole rings (the pyrroles L, A, and B) through the
pyrroles C and K (Figure 5). These two spiral helixes are
held with the aid of hydrogen bonding between the amine
NH groups and imine nitrogen atoms, in a similar manner as
observed in the structures of 4, 6, and 14. The bridging pyr-
roles C and K possess inward-pointing NH hydrogen atoms,
which are used for hydrogen bonding with fluorine atom of
the adjacent trifluoromethyl substituents. The helix in 7 can
be characterized by a one-pitch distance of ca. 3.6 L and a
diameter of 3.2 L, while the diameter of semihelix is ap-
proximately 3.2 L. The dodecaphyrin 7 possesses eight NH
hydrogen atoms, thus leading to the assignment of 7 as a
[56]dodecaphyrin. Similar to the case of 6, both 1H and
19F NMR spectra at room temperature showed very broad


peaks. In the 19F NMR spectrum of 7 in CD2Cl2, six broad
peaks were observed at room temperature, which became
well-resolved peaks at d=�45.00, �49.34, �51.18, �54.78,
�56.33, and �59.47 ppm with twelve smaller peaks at d=
�44.06, �45.88, �49.50, �50.20, �51.37, �53.39, �53.82,
�56.59, �56.75, �56.99, �57.33, and �57.61 ppm at �90 8C,
suggesting the existence of symmetric and asymmetric con-
formers, 7-I and 7-II, respectively, in a 1:0.3 ratio (see the
Supporting Information). In agreement with this considera-
tion, the 1H NMR spectrum exhibited the NH proton peaks
due to the major conformer 7-I at d=12.80, 9.40, 8.23, and
6.31 ppm, and its b-CH protons appeared at d=8.92, 8.35,
7.74, 7.32, 7.13, 7.04–6.98, 6.78, 6.74, and 6.46 ppm, while the
peaks due to the minor asymmetrical conformer 7-II were
hard to assign at �90 8C (see the Supporting Information).
To the best of our knowledge, 7 is the largest structurally
well-characterized expanded porphyrin formed from a one-
pot condensation of a monopyrrolic substrate.


UV/Vis absorption spectra : Absorption spectra of expanded
porphyrins are known to shift to the lower energy side as
the ring-size (conjugation) becomes larger. The same trend
is observed for the present series. Figure 6 shows absorption
spectra of various meso-trifluoromethyl-substituted expand-
ed porphyrins taken in CH2Cl2. The N-fused pentaphyrin 3
has a broad band at 472 nm and a less intense broad absorp-
tion at 643 nm, both of which are blue-shifted relative to
those of meso-pentafluorophenyl-substituted [24]NFP5 (Fig-
ure 6b).[23,24] The absorption spectra of the calix[5]phyrins 8
and 9 are similar to each other, exhibiting a broad absorp-
tion band at 481 nm and a weak absorption band at 673 nm
for 8 and those at 466 and 663 nm for 9 (Figure 6c and d).
These spectra are also analogous to that of 3 in respect of
shape and position, but their absorption coefficients are
larger than that of 3. The [28]hexaphyrin 4 exhibits a split
absorption band at 506 and 557 nm without any low energy
bands (Figure 6e), while the [26]hexaphyrin 14 exhibits a
much sharper and intense absorption band at 581 nm with a
broad weaker band at 748 nm (Figure 6f). The heptaphyrin
5 displays two broad absorption bands at 572 and 363 nm
(Figure 6g), which are similar to those of meso-pentafluoro-
phenyl-substituted [32]heptaphyrin[15a] and perfluorinated
[32]heptaphyrin.[15b] The absorption spectrum 6 shows three
broad bands at 447, 746, and 1036 nm (Figure 6h). It is inter-
esting to note that the lowest energy band reaches into near-
IR region, probably reflecting its extensive p conjugation.
Finally, the absorption spectrum of 7 shows three broad
bands at 397, 532, and 778 nm, with a very broad band tail-
ing up to 1500 nm (Figure 6i).


Conclusion


meso-Trifluoromethyl-substituted expanded porphyrins 3, 4,
5, 6, 7, 8, and 9 were synthesized as the first examples bear-
ing meso-alkyl substituents. meso-Trifluoromethyl substitu-
ents exert a large influence on the structures and stabilities


Figure 5. X-ray crystal structure of 7, top view (top) and side view
(bottom). The thermal ellipsoids are scaled to the 50% probability level.
meso-Trifluoromethyl substituents are omitted in the side view for clarity.
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of the expanded porphyrins; this influence can clearly been
seen in that the pentapyrrolic macrocycles 8 and 9 were iso-
lated as calix[5]phyins for the first time, both [28]- and
[26]hexaphyrins 4 and 14 take figure-of-eight conformations,
the heptaphyrin 5 is chemically quite stable, and crescent
and partial helical structures have been revealed for decap-
hyrin 6 and dodecaphyrin 7. These expanded porphyrins are
expected to have different properties from those of the
normal expanded porphyrins, particularly in multiple coordi-


nation of metal ions, which will be an attractive next target.
Investigations along this direction are now currently in prog-
ress in our laboratory.


Experimental Section


General procedure : All reagents and solvents were of the commercial re-
agent grade and were used without further purification except where


Figure 6. UV/Vis absorption spectra of a) 2, b) 3, c) 8, d) 9, e) 4, f) 14, g) 5, h) 6, and i) 7.
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noted. Dry CH2Cl2 was obtained by distilling over CaH2.
1H, 13C, and


19F NMR spectra were recorded on a JEOL ECA-600 spectrometer (op-
erating as 600.17 MHz for 1H, 150.91 MHz for 13C, and 564.73 MHz for
19F) using the residual solvent as the internal reference for 1H (d=
7.260 ppm for CDCl3 and d=5.320 ppm for CD2Cl2), and


13C (d=
77.0 ppm for CDCl3) and hexafluorobenzene as an external reference for
19F (d=�162.9 ppm). Spectroscopic grade CH2Cl2 was used as the solvent
for all spectroscopic studies. UV/Vis absorption spectra were recorded on
a Shimadzu UV-3100 spectrometer. Mass spectra were recorded on a
JEOL HX-110 spectrometer using positive-FAB ionization method with
accelerating voltage 10 kV and a 3-nitrobenzylalcohol matrix, or on a Shi-
madzu/KRATOS KOMPACT MALDI4 spectrometer by using positive-
MALDI ionization method. ESI-TOF-MS spectra were recorded on a
BRUKER microTOF by using positive- and negative-ion modes and ace-
tonitrile as a solvent. Preparative separations were performed by silica-
gel flash column chromatography (Merck Kieselgel 60H Art. 7736),
silica-gel gravity column chromatography (Wako gel C-400), or recycling
preparative GPC-HPLC that was carried out on JAI LC-908 using prepa-
rative JAIGEL-2H, 2.5H, and 3H columns.


Crystallographic data collection and structure refinement : Data collec-
tion for the compounds 4 and 6 were carried out at �150 8C on a Rigaku
RAXIS-RAPID diffractometer with graphite-monochromated MoKa ra-
diation (l=0.71069 L). Data collection for the compounds 3, 7, and 14
were carried out at �153 8C for 3 and 7 and at �183 8C for 14 on a
Bruker SMART APEX diffractometer with graphite-monochromated
MoKa radiation (l=0.71069 L). Details of the crystallographic data are
listed in Table 1. The structures were solved by direct methods (Sir 97[28]


or SHELXS-97[29]) and refined with Rigaku CrystalStructure software or
with full-matrix least square technique (SHELXL-97).[29]


CCDC-296241 (3), CCDC-296243 (4), CCDC-296244 (6), CCDC-296245
(7), and CCDC-296242 (14) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Preparation of meso-trifluoromethyl-substituted expanded porphyrins : In
a 100 mL round-bottomed flask under nitrogen 2-(2,2,2-trifluoro-1-hy-
droxyethyl)pyrrole 1 (0.413 g, 2.5 mmol) was dissolved in dichlorometh-
ACHTUNGTRENNUNGane (37.5 mL) and was refluxed with HCl in diethyl ether (1.0m ; 2.5 mL


purchased from Aldrich) for 12 h. After addition of DDQ (1.28 g,
5.7 mmol), the solution was stirred for an additional 6 h at room temper-
ature. The resulting solution was washed with a saturated aqueous
NaHCO3 solution and water. After being dried over Na2SO4, the mixture
was separated by silica-gel column chromatography and gel-permeation
chromatography to afford 2 (2–3%), 3 (5–10%), 4 (3–4%), 5 (4–6%), 6
(~1%), 7 (~1%), and 8 (4%).


Preparation of 2-(2,2,2-trifluoro-1-hydroxyethyl)-6-trifluoromethyldipyr-
romethane 11: Trifluoroacetic anhydride (10.3 mL, 4.0 equiv) was added
to a solution of meso-trifluoromethyl-substituted dipyrromethane 10
(4.0 g, 18.7 mmol) in THF (186 mL) cooled at �20 8C, and then the mix-
ture was stirred for 12 h. The reaction mixture was poured into aqueous
NaHCO3 and extracted with dichloromethane. The combined organic ex-
tracts were washed with water and brine, and dried over Na2SO4. After
removal of the solvent, the residue was subjected to distillation through a
glass tube oven at 160–180 8C under high vacuum to give pure monoacy-
lated compound as yellow oil in 82–88% yield. The acylated dipyrro-
ACHTUNGTRENNUNGmethane was reduced with NaBH4 in a mixture of THF and methanol to
give 11.


Synthesis of meso-trifluoromethyl-substituted expanded porphyrins from
11: HCl in diethyl ether (1.0m ; 1.58 mL, 1.0 equiv) was added to a solu-
tion of 11 (492 mg, 1.58 mmol) in dichloromethane ACHTUNGTRENNUNG(24 mL), and the mix-
ture was then refluxed for 12 h. After cooling to room temperature,
DDQ (807 mg, 3.57 mmol) was added and the reaction mixture was stir-
red for 6 h. The reaction mixture was neutralized by washing with aque-
ous NaHCO3 and dried over Na2SO4. After removal of the solvent, the
mixture was separated into each fractions to give 2, 4, 6, and 7 in 1–3%,
8–10%, ~1%, and ~1% yields, respectively.


Preparation of meso-trifluoromethyl substituted tripyrromethane 12 : Pyr-
role (6.0 mL, 10.8 equiv) and HCl (0.6 mL, 0.9 equiv) were added to a
solution of 11 (2.5 g, 8.0 mmol) in THF (40 mL), and the resulting mix-
ture was refluxed for 4 h. The reaction mixture was poured into aqueous
NaHCO3, and the organic layer was extracted with CH2Cl2. The organic
phase was washed with water and brine, and dried over Na2SO4. After re-
moval of the solvent, the mixture was purified by silica-gel column chro-
matography to give pure 12 as a white powder (1.61 g, 56% yield).


Preparation of 2,2’-bis(2,2,2-trifluoro-1-hydroxyethyl)-6-trifluoromethyl-
dipyrromethane 13 : meso-Trifluoromethyl-substituted dipyrromethane 10


Table 1. Crystallographic details for 3, 4, 6, 7, and 14.


3 4 6 7 14


formula C30N5F15H12 C36N6F18H16 C61N10F30H26Cl2 C80N12F36H34OCl2 C36N6F18H14


Mr 727.45 874.53 1539.80 1934.09 872.53
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1̄ (2) P1̄ (2) P2/c (13) P21/n (14) P21/c (14)
a [L] 8.3513(8) 11.2767(8) 8.50(1) 12.0151(7) 8.4856(10)
b [L] 10.9428(10) 11.3922(2) 12.06(2) 40.273(2) 41.522(5)
c [L] 15.4333(14) 13.9713(8) 28.41(4) 16.0233(10) 9.8799(11)
a [8] 104.309(2) 108.486(4) 90 90 90
b [8] 97.035(2) 96.708(6) 95.7(1) 98.183(1) 103.642(2)
g [8] 100.594(2) 96.264(8) 90 90 90
V [L3] 1322.3(2) 1670.1(2) 2898.5(8) 7674.4(8) 3382.9(7)
Z 2 2 2 4 4
1calcd [gcm


�3] 1.827 1.739 1.764 1.674 1.713
m ACHTUNGTRENNUNG(MoKa) [cm


�1] 1.85 1.76 2.63 2.30 1.74
F ACHTUNGTRENNUNG(000) 724 872 1532 3856 1736
crystal size [mm3] 0.45Q0.20Q0.02 0.30Q0.20Q0.15 0.25Q0.15Q0.05 0.20Q0.20Q0.10 0.40Q0.20Q0.10
2qmax [8] 56.6 54.7 55.0 50.0 56.4
total reflections 8592 14151 22208 40720 20302
unique reflections 5962 7269 6605 13505 7643
reflection used 5962 4821 2452 13505 7643
parameters 451 569 470 1140 597
absorption correction empirical – – empirical empirical
R1 0.0707 0.060 0.099 0.0823 0.0704
wR2 0.1471 0.072 0.113 0.2201 0.1645
GOF 1.131 1.300 1.254 1.050 1.158


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4909 – 49184916


A. Osuka et al.



www.chemeurj.org





(2.14 g, 10 mmol) was dissolved in toluene (60 mL). Trifluoroacetic anhy-
dride (6.9 mL, 50 mmol) was added to the solution at room temperature,
and the resultant solution was stirred for 5 h. Then the reaction mixture
was poured into aqueous NaHCO3 and extracted with dichloromethane.
The combined organic extracts were washed with water and brine, and
dried over Na2SO4. After removal of the solvent, recrystallization in di-
chloromethane and hexane gave diacylated dipyrromethane as a white
solid (3.56 g, 88% yield). Reduction with NaBH4 in THF and MeOH
gave 13 quantitatively as yellow oil.


ACHTUNGTRENNUNG[3+2]Condensation reaction of 12 and 13 : Compounds 12 (120 mg,
0.33 mmol) and 13 (135 mg, 0.33 mmol) were dissolved in dichloro-
ACHTUNGTRENNUNGmethane (5 mL, 66 mm). After the addition of methanesulfonic acid
(10.7 ml, 0.5 equiv), the resultant solution was refluxed for 12 h and then
was treated with DDQ (170 mg, 2.3 equiv) at room temperature for 6 h.
The reaction mixture was neutralized by washing with aqueous NaHCO3


and dried over Na2SO4. After removal of the solvent, the mixture was
separated into each fractions to give 3, 8, and 9 in 1–2%, ~1.5%, and 4–
5% yields, respectively.


meso-Trifluoromethyl-substituted [18]porphyrin 2 : 1H NMR (600 MHz,
CDCl3, 298 K): d=9.62 (s, 8H; b-CH), �2.08 ppm (s, 2H; NH);
19F NMR (565 MHz, CDCl3, 298 K): d=�39.03 ppm (s, 12F); UV/Vis
(CH2Cl2): lmax (e)=404 (126000), 510 (9900), 545 (9900), 594 (4800),
649 nm (10000m�1 cm�1); HR-ESI-TOF-MS: m/z (%): 581.0640 (100)
[M�H]� ; calcd for C24N4F12H9: 581.0641.


meso-Trifluoromethyl-substituted [24]NFP5 3 : 1H NMR (600 MHz,
CD2Cl2, 298 K): d=9.26 (s, 1H; NH), 8.62 (s, 1H; NH), 8.05 (s, 1H;
NH), 7.80 (dd, J=5.3, 2.8 Hz, 1H; b-CH), 7.63–7.59 (m, 2H; b-CH), 7.52
(dd, J=5.0, 2.3 Hz, 1H; b-CH), 7.28 (d, J=5.9 Hz, 1H; b-CH), 7.12 (dd,
J=7.0, 2.3 Hz, 1H; b-CH), 6.43 (br s, 1H; b-CH), 5.95 (t, J=3.2 Hz, 1H;
b-CH), 3.09 ppm (d, J=1.4 Hz, 1H; b-CH); 19F NMR (565 MHz, CD2Cl2,
298 K): d=�50.54 (s, 3F), �51.06 (s, 3F), �56.58 (s, 3F), �56.65 (s, 3F),
�57.56 ppm (s, 3F); UV/Vis (CH2Cl2): lmax (e)=361 (23000), 472
(34900), 643 nm (7500m�1 cm�1); HR-ESI-TOF-MS: m/z (%): 726.0771
(100) [M�H]� ; calcd for C30N5F15H11: 726.0780.


meso-Trifluoromethyl-substituted [28]hexaphyrin 4 : 1H NMR (600 MHz,
CD2Cl2, 193 K): d=14.99 (s, 2H; NH), 12.14 (s, 2H; NH), 7.43 (d, J=
2.0 Hz, 2H; b-CH), 7.23 (s, 2H; b-CH), 7.00 (s, 2H; b-CH), 6.95 (s, 2H;
b-CH), 6.90 (d, J=2.8 Hz, 2H; b-CH), 6.77 ppm (s, 2H; b-CH); 19F NMR
(565 MHz, CD2Cl2, 193 K): d=�55.40 (s, 6F), �56.65 (s, 6F),
�57.51 ppm (s, 6F); UV/Vis (CH2Cl2): lmax (e)=312 (22600), 506
(62700), 557 nm (66800m�1 cm�1); HR-ESI-TOF-MS: m/z (%): 873.1064
(100) [M�H]� ; calcd for C36N6F18H15: 873.1076.


meso-Trifluoromethyl-substituted [32]heptaphyrin 5 : 1H NMR (600 MHz,
CDCl3, 298 K): d=15.68 (s, 2H; NH), 11.15 (s, 2H; NH), 9.93 (s, 2H; b-
CH), 8.90 (s, 2H; b-CH), 7.79 (s, 2H; b-CH), 7.56 (s, 2H; b-CH),
6.60 ppm (m, 6H; b-CH); 19F NMR (565 MHz, CDCl3, 298 K): d=


�50.72 (s, 6F), �51.17 (s, 3F), �55.26 (s, 6F), �57.46 ppm (s, 6F); UV/
Vis (CH2Cl2): lmax (e)=363 (42000), 572 nm (66500m�1 cm�1); HR-ESI-
TOF-MS: m/z (%): 1018.1213 (100) [M�H]� ; calcd for C42N7F21H17:
1018.1216.


meso-Trifluoromethyl-substituted [46]decaphyrin 6


Conformer 6-I : 1H NMR (600 MHz, CDCl3, 213 K): d=8.32 (br s, 1H; b-
CH), 8.21 (dd, J=4.8, 2.8 Hz, 1H; b-CH), 8.16 (s, 1H; NH), 7.94 (d, J=
4.1 Hz, 1H; b-CH), 7.84 (d, J=2.1 Hz, 1H; b-CH), 7.78 (m, 1H; b-CH),
7.76 (dd, J=4.8, 2.0 Hz, 1H; b-CH), 7.67 (dd, J=2.0, 2.0 Hz, 1H; b-CH),
7.60 (d, J=2.8 Hz, 1H; b-CH), 7.57 (s, 1H; b-CH), 7.41 (br s, 1H; b-CH),
7.20–7.19 (m, 2H; b-CH), 7.14 (s, 1H; NH), 6.74 (br s, 1H; b-CH), 6.59
(d, J=5.5 Hz, 1H; b-CH), 6.56 (d, J=3.5 Hz, 1H; b-CH), 6.49 (dd, J=
4.1, 2.0 Hz, 1H; b-CH), 6.37 (s, 1H; b-CH), 5.86 (d, J=4.8 Hz, 1H; b-
CH), 5.82 (s, 1H; NH), 4.83 (s, 1H; b-CH), 4.30 (s, 1H; b-CH), 3.44 (s,
1H; NH), 3.34 (s, 1H; NH), 1.08 ppm (s, 1H; NH); 19F NMR (565 MHz,
CDCl3, 213 K): d=�44.55 (s, 6F), �46.02 (s, 3F), �47.04 (s, 3F), �47.84
(s, 3F), �48.44 (s, 3F), �49.39 (s, 3F), �54.87 (s, 3F), �56.64 (s, 3F),
�58.53 ppm (s, 3F)
Conformer 6-II : 1H NMR (600 MHz, CDCl3, 213 K): d=12.45 (s, 2H;
NH), 10.72 (s, 2H; NH), 10.61 (s, 2H; NH), 7.73 (br s, 2H; b-CH), 7.60
(2H; a b-CH peak was hidden in the peak due to the conformer 6-I),


7.48 (d, J=2.8 Hz, 2H; b-CH), 7.34 (br s, 2H; b-CH), 7.31 (dd, J=5.4,
2.1 Hz, 2H; b-CH), 7.26 (2H; a b-CH signal was hidden in the peak due
to the residual CHCl3), 7.16 (d, J=2.8 Hz, 2H; b-CH), 7.13 (s, 2H; b-
CH), 6.80 (br s, 2H; b-CH), 6.77 ppm (dd, J=4.8, 2.8 Hz, 2H; b-CH);
19F NMR (565 MHz, CDCl3, 213 K): d=�50.93 (s, 6F), �51.97 (s, 6F),
�52.18 (s, 6F), �54.54 (s, 6F), �59.18 ppm (s, 6F); UV/Vis (CH2Cl2):
lmax (e)=364 (51200), 447 (60800), 746 (50000) 1036 nm
(14600m�1 cm�1); HR-ESI-TOF-MS: m/z (%): 1455.1784 (100) [M�H]� ;
calcd for C60N10F30H25: 1455.1790.


meso-Trifluoromethyl-substituted [56]dodecaphyrin 7


Conformer 7-I : 1H NMR (600 MHz, CD2Cl2, 183 K): d=12.80 (s, 2H;
NH), 9.40 (s, 2H; NH), 8.92 (s, 2H; b-CH), 8.35 (s, 2H; b-CH), 8.23 (s,
2H; NH), 7.74 (s, 2H,; b-CH), 7.32 (s, 2H; b-CH), 7.13 (s, 2H; b-CH),
7.04–6.98 (m, 8H; b-CH), 6.78 (s, 2H; b-CH), 6.74 (s, 2H; b-CH), 6.46 (s,
2H; b-CH), 6.31 ppm (s, 2H; NH); 19F NMR (565 MHz, CD2Cl2, 183 K);
d=�45.00 (s, 6F), �49.34 (s, 6F), �51.18 (s, 6F), �54.78 (s, 6F), �56.33
(s, 6F), �59.47 ppm (s, 6F).
Conformer 7-II : 19F NMR (565 MHz, CD2Cl2, 183 K); d=�44.06 (s, 3F),
�45.88 (s, 3F), �49.50 (s, 3F), �50.20 (s, 3F), �51.37 (s, 3F), �53.39 (s,
3F), �53.82 (s, 3F), �56.59 (s, 3F), �56.75 (s, 3F), �56.99 (s, 3F),
�57.33 (s, 3F), �57.61 ppm (s, 3F); UV/Vis (CH2Cl2): lmax (e)=345
(52100), 397 (53600), 532 (73900), 778 nm (57900m�1 cm�1); HR-ESI-
TOF-MS: m/z (%): 1747.2201 (100) [M�H]� ; calcd for C72N12F36H31:
1747.2225.


meso-Hydroxy-substituted calix[5]phyrin 8 : 1H NMR (600 MHz, CDCl3,
298 K): d=10.02 (s, 2H; NH), 9.22 (s, 1H; NH), 7.84 (m, 4H; b-CH),
7.55 (d, J=4.1 Hz, 2H; b-CH), 7.42 (d, J=4.6 Hz, 2H; b-CH), 4.94 (d,
J=1.9 Hz, 2H; b-CH), 2.23 ppm (s, 1H; OH); 19F NMR (565 MHz,
CDCl3, 298 K): d=�53.65 (m, 6F), �55.59 (s, 6F), �82.85 ppm (s, 3F);
13C NMR (150 MHz, CDCl3, 298 K): d=151.3, 146.1, 141.4, 139.5, 135.8,
131.5, 130.4, 129.2, 125.6, 124.7, 123.9, 123.7, 122.2, 115.6, 100.6,
73.4 ppm; UV/Vis (CH2Cl2): lmax (e)=358 (29400), 481 (55200), 673 nm
(8100m�1 cm�1); HR-ESI-TOF-MS: m/z (%): 744.0855 (100) [M�H]� ;
calcd for C30N5F15H13O: 744.0886.


meso-Trifluoromethyl-substituted calix[5]phyrin 9 : 1H NMR (600 MHz,
CDCl3, 298 K): d=10.81 (s, 2H; NH), 9.19 (s, 1H; NH), 7.74–7.73 (m,
4H; b-CH), 7.45 (d, J=4.1 Hz, 2H; b-CH), 7.34 (d, J=4.1 Hz, 2H; b-
CH), 5.26 (d, J=1.9 Hz, 2H; b-CH), 2.64 ppm (q, J=8.8 Hz, 1H; CH);
19F NMR (565 MHz, CDCl3, 298 K): d=�52.79 (s, 6F), �54.59 (s, 6F),
�70.16 ppm (d, J=8.7 Hz, 3F); 13C NMR (150 MHz, CDCl3, 298 K): d=
151.8, 146.4, 140.3, 139.7, 136.4, 131.7, 130.1, 128.3, 125.0, 124.8, 123.9,
123.6, 122.9, 116.7, 100.8, 47.4 ppm; UV/Vis (CH2Cl2): lmax (e)=359
(34700), 466 (57200), 663 nm (10100m�1 cm�1); HR-ESI-TOF-MS: m/z
(%): 728.0913 (100) [M�H]� ; calcd for C30N5F15H13: 728.0937.


meso-Trifluoromethyl-substituted [26]hexaphyrin 14 : MnO2 (Chemicals
Treated, 23 mg, 0.26 mmol) was added to a solution of compound 4
(10 mg, 11 mmol) in CH2Cl2 (15 mL). The resulting solution was stirred
for 20 min to give an violet solution, which was filtered and evaporated
to afford compound 14 quantitatively. 1H NMR (600 MHz, CDCl3,
298 K): d=11.11 (s, 2H; NH), 7.88 (m, 2H; b-CH), 7.67 (m, 2H; b-CH),
7.54 (dd, J=4.6, 2.0 Hz, 2H; b-CH), 7.38 (d, J=2.7 Hz, 2H; b-CH), 6.33
(d, J=4.8 Hz, 2H; b-CH), 5.99 ppm (dd, J=4.8, 2.1 Hz, 2H; b-CH);
19F NMR (565 MHz, CDCl3, 298 K): d=�51.73 (s, 6F), �53.32 (s, 6F),
�55.81 ppm (s, 6F); UV/Vis (CH2Cl2): lmax (e)=329 (38100), 391
(20000), 581 (90300), 748 nm (9700m�1 cm�1); HR-ESI-TOF-MS: m/z
(%): 873.1061 (100) [M+H]+ ; calcd for C36N6F18H15: 873.1065.
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Introduction


The genetic “code” of most living organisms is contained in
their DNA. In mammalian cells, approximately 3 cm of
DNA carries the information needed to assemble and sus-
tain the entire organism.[1] Processing of the genetic infor-
mation (transcription or replication) requires sequence-spe-
cific recognition. This is achieved by proteins, most fre-
quently through major-groove binding interactions, as the
size and shape of the major groove of B-DNA varies more
with base sequence. In addition, this groove contains more
hydrogen-bond donor and acceptor sites whose spatial dis-
positions are sequence dependent. For example, zinc-finger
subunits are found in many DNA-binding proteins and con-
tain a zinc ion that holds together a cylindrical loop of
amino acids that recognises the DNA major groove.[1,2]


Other helical DNA-recognition motifs employed by proteins
include a-helices, and such protein recognition of DNA usu-
ally occurs through noncovalent interactions. Traditional
synthetic DNA-recognition agents are generally much small-
er than those of proteins and, as a consequence, frequently
act through either intercalation or minor-groove binding.[3,4]


Synthetic agents that target the DNA major groove by bind-
ing through noncovalent interactions have the potential to
be powerful agents for sequence-specific DNA recognition.
We recently reported the noncovalent DNA binding of syn-


Abstract: The DNA binding of a di-
ACHTUNGTRENNUNGcationic pyridylimine-based dicopper(i)
metallosupramolecular cylinder is re-
ported together with its ability to act as
an artificial nuclease. The cylinder
binds strongly to DNA; more strongly
than the spherical dication [Ru-
ACHTUNGTRENNUNG(phen)3]


2+ (phen=1,10-phenanthro-
line), but more weakly than the corre-
sponding tetracationic cylinders. DNA
coiling effects are not observed with


this di ACHTUNGTRENNUNGcation, in contrast to the situa-
tion with the previously reported tetra-
cationic cylinder involving a similar
ligand. Linear dichroism (LD) data
suggests that the dicopper cylinder


binds in a different orientation from
that of the tetracationic iron cylinder.
Furthermore, the dicopper cylinder
shows DNA-cleavage activity in the
presence of peroxide. Of particular
note is that the cylinder displays a
marked and unusual ability to cleave
both DNA strands at the same site,
probably reflecting its dinuclear nature
and possibly its mode of binding to the
DNA.
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thetic tetra ACHTUNGTRENNUNGcationic metallosupramolecular cylinders that are
similar in size and shape to protein DNA-recognition
units.[5] These cylinders target the DNA major groove, span-
ning five or more base pairs, and induce dramatic intramo-
lecular DNA coiling, which is unprecedented for synthetic
agents and, in part, reminiscent of DNA coiling induced by
histones in the cell nucleus.


DNA recognition by metal complexes is an area of in-
tense investigation, driven primarily by the GG recognition,
believed to be the key to the clinical activity of the metallo-
drugs cisplatin, carboplatin and oxaliplatin, which are
among the most effective clinical anticancer agents.[6] This
recognition takes place by the formation of platinum–nitro-
gen bonds.[7] However, metal complexes are also particularly
suited for noncovalent approaches[7] and molecular designs,
due to 1) the wide range of geometries and structures that
metal units can support, 2) the ease of molecular assembly
that coordination chemistry can afford, 3) the enhanced po-
larisation on coordination of hydrogen-bond acceptor and
donor residues and, perhaps most importantly, 4) the cation-
ic charge that the metallocentres impart to the reagents,
which affords a substantial energetic contribution to the
noncovalent binding to anionic DNA.


Examples of metal complexes that exhibit noncovalent in-
teractions[3,8–12] with DNA include the octahedral rutheni-
ACHTUNGTRENNUNGum(ii) complex [Ru ACHTUNGTRENNUNG(phen)3]


2+ (phen=1,10-phenanthroline)
(although the precise binding modes of the D and L


enantio ACHTUNGTRENNUNGmers of this compound seem complex)[9] and func-
tionalised analogues that can act as metallointercalators,
such as [RuACHTUNGTRENNUNG(phen)2ACHTUNGTRENNUNG(dppz)]2+ (dppz=dipyridophenazine).
Barton has shown that the dppz ligand intercalates between
base pairs of the DNA while the two phen ligands reside in
a DNA groove,[10] and has recently applied related mole-
cules to detect base-pair mismatches.[12] NordNn et al. report-
ed bis ACHTUNGTRENNUNGintercalation for the complex [Ru2ACHTUNGTRENNUNG{m-C4 ACHTUNGTRENNUNG(cpdppz)2}-
ACHTUNGTRENNUNG(phen)4]


4+ (cpdppz=cyclopentadipyridophenazine). They
suggest that the dppz groups of the molecule intercalate
from either the major or minor groove with the bridging
chain lying in the opposite groove.[11]


In previous studies[5] we used tetracationic cylinders[13] as-
sembled by using metal dications. These cylinders are metal-
losupramolecular triple helicates,[14] in which three ligand
strands are wrapped around two iron(ii) centres. The molec-
ular design is based on pyridylimine ligands and the cylin-
ders can be assembled in one-pot reactions from commercial
aldehydes, amines and metal salts. This allows the design to
be varied systematically.[13,15, 16] The various monometal com-
plexes mentioned above are smaller than the dinuclear cyl-
inders that we have developed and afford smaller molecular
surfaces that span only two to three DNA base pairs. More-
over, none exhibit the dramatic intramolecular DNA coiling
observed with the cylinder. Herein, we now describe the
DNA binding of a dinuclear double-helical metallosupramo-
lecular cylinder[16] assembled by copper(i) centres. We were
intrigued to explore the effects of using copper(i) cylinders
for two reasons. Firstly, the copper(i) cylinders would have a
low charge, which might allow us to probe the effect of


charge on strength of binding and extent of DNA coiling.
Secondly, copper complexes of diimine ligands, such as phe-
nanthroline, are known to exhibit oxidative DNA-cleavage
activity that is thought to proceed by means of Fenton-gen-
erated hydroxyl-radical or copper-bound oxidants, such as
[CuO]+ or [Cu(OH)]2+ [17,18] (and there has been some
recent interest[19] in polynuclear analogues). This opens up
the exciting possibility that copper(i) cylinders might act as
artificial nucleases.


There has been a single report of DNA binding of cop-
per(i) supramolecular double-helicates based on an oligobi-
pyridine unit.[20] Binding to DNA was confirmed, although
the precise binding mode was not unambiguously establish-
ed. The dicationic copper(i) cylinders described herein bind
strongly to DNA and do indeed cleave DNA in the presence
of an oxidising agent. In contrast to mononuclear copper-
containing artificial nucleases, such as the elegant Clip-Phen
agents of Meunier,[18] which usually cleave a single DNA
strand, these new copper(i) cylinders show a tendency to
cleave both DNA strands at the same site.[21]


Results and Discussion


Our previous studies focused on the DNA binding of tetra-
ACHTUNGTRENNUNGcationic cylinders with a triple-helical architecture formed
by three ligand strands (structure L) wrapped around two
metal dications.[5,13] Reaction of this ligand L with mono-


ACHTUNGTRENNUNGcations, such as copper(i), leads to dinuclear double-stranded
complexes with 2:2 stoichiometry [M2L2]


2+ .[15, 16] However, in
solution, these complexes are an equilibrium mixture of two
dimeric isomers: a helicate (rac-isomer) and a metallocyclo-
phane (meso-isomer) (Figure 1). To obtain exclusively the
helical isomer, we introduced ethyl groups onto the spacer
to give ligand La.[16]


Addition of ethyl groups to the central spacer destabilises
the cyclophane configuration so that only [M2(L


a)2]
2+ heli-


cate species are present in solution. This is evident from the
1H NMR spectrum that reveals a single solution species at
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room temperature and low temperature, and the central
CH2 resonance that being a singlet confirms the helical con-
formation (the cyclophane conformation gives rise to two
doublets). Electrospray ionisation mass spectrometry (ESI-
MS) confirms the dinuclear stoichiometry. The PF6 salt has
been crystallographically characterised and further confirms
the double-helicate structure. This double-helical
[Cu2(L


a)2]
2+ cation represents a dicationic cylinder. Before


detailing the DNA-binding studies it is pertinent to compare
this copper cylinder with the previously studied iron(ii),
nickel(ii) and cobalt(ii) triple-stranded cylinders that bind in
the major groove and induce the dramatic coiling
(Figure 2).[5] These three triple-stranded cylinders are essen-


tially isostructural and distances quoted are for the iron(ii)
cylinder only. The new copper(i) cylinder and the previously
reported iron cylinder are of very similar length. Lengths
along the cylinder axis between the extreme carbon atoms
or the extreme hydrogen atoms[22] are: for copper 16.6 and
18.5 Q, respectively, and for iron 17.3 and 19.3 Q, respective-
ly. Thus, the copper cylinder is very slightly shorter (~5%).
The two cylinders are also similar in radius: for copper,


radius-to-carbon is 4.5 Q and radius-to-hydrogen is 5.5 Q,
and for iron, radius-to-carbon is 4.3 Q and radius-to-hydro-
gen is 5.3 Q. Thus, the copper cylinder is slightly wider
(~4%). When viewed down the metal–metal axis (Fig-
ure 2b) the copper cylinder is more square. Thus, the copper
cylinder has very similar dimensions to the iron(ii) cylinder,
but is slightly different in shape.


Absorption and circular dichroism spectroscopy : Circular di-
chroism (CD) was used as an initial screen to confirm the
DNA binding of the copper cylinder. The CD and absorp-
tion spectra of calf-thymus DNA (ct-DNA) and [Cu2(L


a)2]
2+


alone and together in solution in different mixing ratios
were recorded. The UV-visible absorption spectrum of
[Cu2(L


a)2]
2+ is shown in Figure 3 and reveals absorption


bands with maxima at 320 and 480 nm; DNA has no absorb-
ance above 300 nm. All of the spectra of the DNA/
[Cu2(L


a)2]
2+ solutions show cylinder absorption bands con-


sistent with the increasing concentration of the cylinder,
however, evidence of light scattering at higher cylinder load-
ings suggests some degree of DNA condensation or aggrega-
tion.


Figure 1. Representation of metallocyclophane (box) and helicate confor-
mations.


Figure 2. Space-filling side views (a) and end views (b) of the iron(ii) cyl-
inder[13] [Fe2(L)3]


4+ (left) and the copper(i) cylinder [Cu2(L
a)2]


2+ (right);
hydrogen atoms are omitted for clarity.


Figure 3. a) Absorption spectrum of 25 mm [Cu2(L
a)2]


2+ in water. b) Ab-
sorption spectra of ct-DNA (500 mm DNA, 10 mm Na cacodylate, 20 mm


NaCl) in the presence of [Cu2(L
a)2]


2+ . Mixing ratios ([DNA base]:
ACHTUNGTRENNUNG[Cu2(L


a)2]
2+]) are indicated. Pathlength=1 cm.
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As expected, [Cu2(L
a)2]


2+ has no intrinsic CD signal be-
cause this compound exists as a racemic mixture of P and M
helices. Therefore, any CD signal above 300 nm correspond-
ing to cylinder absorbances that appears upon the addition
of [Cu2(L


a)2]
2+ to DNA indicates interaction of the metal


complex with the chiral DNA, as illustrated in Figure 4. The


weak, long-wavelength absorbance above 550 nm seen in
the absorbance spectrum (Figure 3) is not apparent in the
CD spectra. The induced CD (ICD) of the cylinder is nega-
tive from long wavelength to 305 nm, then shows a small
positive signal from 295–305 nm, is negative from 252–
295 nm and positive below this wavelength. The ICD in the


DNA region could be due either to the presence of a com-
peting ICD signal (from the cylinder) at the same wave-
length, or to a ligand-induced DNA ICD, or to small struc-
tural changes in the DNA as a result of the helicate binding.
Plots of ICD signal versus concentration of cylinder at 477,
345 and 270 nm (data not shown) all show smooth increases
in signal, except for the last two data points in the DNA
region, which is where there is evidence in all the spectra of
DNA aggregation.


Flow linear dichroism : Linear dichroism (LD) is the differ-
ence between the absorption of linearly polarised light that
is parallel to a chosen plane and that of linearly polarised
light that is perpendicular to the chosen plane and can be
used to probe the orientation of molecules. Long molecules,
such as DNA (minimum length of ~250 base pairs), can be
oriented in a flow Couette cell by viscous drag.[23] The line-
arly polarised light is incident radial to the flow cell and per-
pendicular to the flow direction. Small unbound molecules
are not orientated in the experiment and show no signal.
Similarly, molecules bound randomly to the DNA show no
signal. However, molecules bound in a specific orientation
with respect to the DNA will give a signal.


A flow LD titration series was carried out while keeping
the DNA concentration constant at 500 mm (Figure 5). A
negative signal was observed from 220–300 nm for the ct-
DNA. This is characteristic of ct-DNA and is due to the
base pairs lying approximately perpendicular to the DNA
axis.[24] In the absence of DNA, the cylinder shows no signal,


Figure 4. CD spectra of ct-DNA (500 mm DNA, 10 mm Na cacodylate,
20 mm NaCl) in the presence of [Cu2(L


a)2]
2+ in a 2-mm pathlength (295–


220 nm) and in a 1-cm pathlength (750–295 nm). Mixing ratios ([DNA
base]: ACHTUNGTRENNUNG[Cu2(L


a)2]
2+]) are indicated.


Figure 5. LD spectra of free ct-DNA (500 mm ; 10 mm Na cacodylate, 20 mm NaCl) and in the presence of [Cu2(L
a)2]


2+ . Mixing ratios ([DNA base]:
[Cu2(L


a)2]
2+]) are indicated. a) Full scale, b) expanded scale. c) Reduced LD spectra (LD/Absorbance). Beyond 600 nm the absorbance tends to zero and


LDr becomes unreliable. d) Film LDr spectrum of [Cu2(L
a)2]


2+ together with those of the z (orientation direction, long axis of cylinder) and y (perpendic-
ular to z, i.e., in the x/y plane) component spectra.
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being too small to be oriented by this flow method. A posi-
tive LD signal is observed from 400–700 nm (Figure 5b)
upon the addition of [Cu2(L


a)2]
2+ to the DNA solution and


a smaller negative signal is apparent for the in-ligand band
at ~340 nm. The presence of these signals confirm that the
cylinder is binding to the DNA in a specific orientation(s).
As more [Cu2(L


a)2]
2+ is added, the metal-to-ligand charge-


transfer (MLCT) band increases, indicating that more heli-
cate is binding to DNA upon each addition, in accord with
the CD data. In contrast to the effect previously observed
with the iron helicate, the copper cylinder has little bending
effect on the DNA (little or no loss in the DNA signal at
~260 nm confirms DNA still orientated) until a ratio of
~10:1, at which scattering becomes significant in the absorb-
ance and CD spectra (see above). We conclude, therefore,
that the copper cylinder does not coil the DNA. The posi-
tive LD of the long-wavelength MLCT transition of the cyl-
inder indicates that its transition moments are more parallel
than perpendicular to the average DNA axis. By way of con-
trast, the in-ligand band at ~337 nm is negative and so polar-
ised further from the DNA axis.


Because the DNA is not coiled by the copper cylinder, we
can use the DNA LD to determine the orientation of the
DNA and, hence, estimate the orientations of the cylinder
transition moments on the DNA. The reduced LD (LDr) is
defined in Equation (1) in which a is the angle between the
DNA helix axis and the transition moment polarisation and
S is the orientation parameter.


LDr ¼ LD=Absorbance ¼ 3S=2ð3cos2a�1Þ ð1Þ


The value of a is approximately 868 for the DNA bases,[24]


thus, S~0.18 in this experiment. To analyse the LD data fur-
ther, we need to understand something about the spectro-
scopy of [Cu2(L


a)2]
2+ itself. To study this, the copper cylinder


was immobilised in a polyvinylalcohol (PVA) film that was
then stretched. Under such conditions the long axis of the
cylinder is preferentially aligned along the stretch direction,
allowing component spectra to be determined from the LD
data (Figure 5d). The method of deconvolution to compo-
nent spectra is outlined in the Supporting Information. The
long-wavelength MLCT band is almost completely polarised
perpendicular to the helicateSs long axis. This transition is
polarised approximately along the line joining the Cu to the
centre of the chelate. By contrast, the in-ligand region of
~340 nm is dominated by transitions moving along the li-
gands, which couple to give predominantly a transition po-
larised from the Cu to a point between the ligands. By
taking the LDr values from Figure 5c at the low ligand load-
ing (no scattering; little contribution at 260 nm from cylin-
der spectroscopy), it follows that the long axis of the copper
helicate lies at approximately 708 to the axis of the DNA
helix (see Supporting Information for the calculation).


Fluorescence competition-binding assays : Both iron(ii) and
copper(i) cylinders bind strongly to cellulose,[25] which
makes membrane dialysis unsuitable for the determination


of binding constants. Therefore, to estimate the strength of
binding, an ethidium bromide (EB) competition assay was
carried out. This method monitors the displacement of EB
from DNA by following the decrease in its fluorescence in-
tensity as it is displaced from DNA into an aqueous environ-
ment. The concentrations of DNA and EB were kept con-
stant throughout the experiment at a DNA:EB ratio of 4:5,
and [Cu2(L


a)2]
2+ was added sequentially. The cylinder dis-


places EB and the EB fluorescence is quenched. At a DNA
base:cylinder ratio of about 15:1, the shape of the curve
changes, presumably indicating the aggregation of the DNA.
This occurs at a lower cylinder loading than in the CCD and
LD experiments, because of the bound cationic EB. Thus,
the copper cylinder does not completely displace the EB, in
contrast to the situation with the iron cylinder. The data in
Figure 6 allow us to conclude that the copper cylinder binds


more strongly to DNA than does EB or [Ru ACHTUNGTRENNUNG(phen)3]
2+ and


less strongly than the iron cylinder. This confirms that (as
would be expected) electrostatic charge is an important
factor in determining the strength of binding to the anionic
DNA (the tetracations bind much more strongly than the di-
cation). Nevertheless, the shape is also a significant factor,
with the cylindrical dication exhibiting a higher binding con-
stant than the spherical [Ru ACHTUNGTRENNUNG(phen)3]


2+ , despite the fact that
the latter will have a higher charge density. Thus, the shape
(and the fit on the DNA) of the supramolecular cylinder is
indeed important.


NMR studies : NMR titration experiments were performed
to try to study the interaction between the copper(i) cylinder
and a decamer d(TATGGCCATA)2. Initial experiments in-
volved the decamer (0.35 mm) dissolved in water with 10%
of D2O, 50 mm phosphate buffer and 40 mm NaCl. However,
it became clear rapidly that the copper(i) cylinder was not
stable in phosphate buffer (thus, phosphate buffer is not
used in any of the other experiments described herein). To
try to circumvent this problem, a second titration experi-
ment was performed in which the decamer was dissolved in
water with 10% D2O and 30 mm NaCl at pH 5.95, at duplex
concentration 0.4 mm. A 36 mm solution of the cylinder in
100% [D6]DMSO was added to achieve a cylinder:duplex


Figure 6. Fluorescence at 593 nm versus concentration of [Cu2(L
a)2]


2+


(&), [Fe2(L)3] (&) and [Ru ACHTUNGTRENNUNG(phen)3]
2+ (*) in the presence of ct-DNA and


EB (12 mm DNA, 15 mm EB, 10 mm Na cacodylate, 20 mm NaCl).
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ratio of 1:1. Although the cylinder was stable under these
conditions, the addition led simply to precipitation of a red-
brown solid that did not redissolve in water or aqueous
methanol with ultrasound or heating. It seems likely that the
cylinder precipitates the DNA at the concentrations re-
quired for NMR studies, which is consistent with the results
at high loading ratios in the more-dilute CD, LD and UV-
visible studies.


Artificial nuclease activity : To assess DNA-cleavage activity
the interaction of the cylinder with pUC19 plasmid DNA
was studied. Gel electrophoresis (1% agarose gel) was used
to visualise the effects (Figure 7). Incubation was for one


hour at 37 8C. The plasmid (lane C1) contains predominantly
supercoiled DNA (band II) with small amounts of relaxed
DNA (band IV). Addition of the cylinder to this plasmid
DNA resulted in very little change in the gel chromatogram
(lane C3). Similarly, addition of peroxide to the DNA
caused no change (lane C2). However, addition of both cyl-
inder and peroxide (lane 4) led to a reduction in supercoiled
DNA (band II) and a corresponding increase in relaxed
DNA (band IV). Relaxation of the supercoiling requires
nicking of a single strand and, thus, implies that cylinder-in-
duced DNA-strand scission occurs under these conditions.
Increasing the concentration of cylinder (lanes 2, 3) leads to
a further increase in relaxed DNA and a decrease in super-
coiled DNA. Intriguingly, a band (band III) corresponding
to linearised DNA (arising from cleavage of both strands at
the same site) is apparent even in lane 4, well before the su-
percoiled DNA has disappeared. This is unusual (normally
supercoiled DNA almost disappears before the formation of
linear DNA) and could be explained as follows: 1) the com-
plex has more than one reactive centre and cuts both DNA
strands simultaneously; or 2) after the first cut, the complex
stays bound and cuts the second strand; or 3) the binding of


the copper cylinder is cooperative, leading to double-strand
breaks. Although it is hard to be definitive, it seems that the
ratios of the double-strand and single-strand breaks are in-
dependent of concentration, suggesting that the third pro-
posal is unlikely. The first explanation is an attractive one,
given the two-fold symmetry of the copper cylinder and the
approximate two-fold symmetry of the DNA helix.


If the concentration of the cylinder is further increased
(Figure 7, lane 1) the DNA is cleaved into short fragments
(band I) that have high mobility within the gel. Control sam-
ples (free ligand with and without peroxide; and simple cop-
per(ii) chloride and hexafluorophosphate salts with and
without peroxide) confirm that the complex is essential for
cleavage. Very similar results were obtained with pBR322
plasmid (see Supporting Information).


A similar gel electrophoresis experiment with ct-DNA (a
linear, polymeric DNA, as used in the spectroscopic experi-
ments) confirmed that the effect is not merely restricted to
circular DNAs. After addition of cylinder and peroxide to
the ct-DNA, the bands corresponding to long DNA (closer
to the loading well) disappeared, and only fast-running,
short DNA fragments were observed (see Supporting Infor-
mation).


Further confirmation of the DNA cleavage comes from
linear dichroism experiments. As described, addition of the
cylinder to ct-DNA has no effect on the DNA LD. Solutions
incubated over periods of a few hours show no loss in DNA
LD signal. However, if peroxide is added to the cylinder-
DNA solution there is a fairly rapid loss of the DNA LD
signal, consistent with cleavage of the ct-DNA into small
fragments that can no longer be oriented in the flow cell.
Peroxide alone has no effect on the ct-DNA LD signal.


Visual conformation of the DNA-cleavage activity comes
from molecular-level images of the pBR322 plasmid DNA
and copper(i) cylinder, obtained by using tapping-mode
atomic force microscopy (AFM) (Figure 8). Plasmid samples
incubated for one hour with cylinder alone show no evi-
dence of strand scission (Figure 8a, b), whereas the sample
incubated with 6 mm copper(i) cylinder and hydrogen perox-
ide shows clear evidence of DNA-strand scission to give
linear fragments (Figure 8c). This effect is even more dra-
matic upon addition of a higher concentration of copper(i)
cylinder (20 mm) to the DNA (Figure 8d). In this case, we
observe just short pieces of DNA as a result of the cleavage
activity. Extended incubation times led to small fragments
even at lower cylinder concentration.


Conclusion


The results obtained with this dicationic copper(i) cylinder
cast further light on the role of charge in the binding and
coiling of DNA by tetracationic cylinders.


Charge is important in binding (as expected), and tetra-
ACHTUNGTRENNUNGcationic cylinders bind more strongly than this dicationic
cylinder. Indeed, electrostatic forces will be important in de-
signing noncovalent DNA-recognition agents that bind


Figure 7. Gel electrophoresis of plasmid pUC19 after being incubated
with [Cu2(L


a)2]
2+ and hydrogenperoxide (HP). Lane C1, nonmodified


plasmid; lane C2, plasmid with HP (hydrogen peroxide); lane C3, plas-
mid with [Cu2(L


a)2]
2+ at 10:1 (base:cylinder) ratio; lanes 1—4, plasmid


with HP and modified with [Cu2(L
a)2]


2+ at different mixing ratios of 10:1,
20:1, 40:1 and 100:1, respectively. Band I, short fragments of DNA; band
II, supercoiled plasmid; band III, linearised plasmid; band IV, relaxed
plasmid. [HP]=6.6 mm ; [DNA]=250 mm.
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strongly to DNA. However, the molecular shape is also im-
portant, with the cylindrical dication exhibiting stronger
binding than spherical [Ru ACHTUNGTRENNUNG(phen)3]


2+ , despite a lower charge
density. This validates our original hypothesis[5] that benefits
could be accrued by scaling up from small molecules to de-
signing supramolecular arrays with size and shape similar to
natureSs own DNA-recognition motifs. The results also
imply that charge may be important in the DNA bending
and coiling observed with the tetracationic iron(ii) cylinder.
Our dicat ACHTUNGTRENNUNGionic copper(i) cylinder does not cause such coil-
ing. Charge has been proposed as an important factor in
DNA-bending processes[26] and indeed is believed to play a
role in DNA coiling about histones. The copper cylinder in-
duces DNA aggregation (leading to precipitation) at mixing
ratios much lower than those for the tetracationic cylinders,
despite its lower binding constant, and this may be related
to the lack of observed intramolecular DNA coiling (in the
intramolecular coils the cylinders are wrapped up by the
DNA, so they cannot bridge between and aggregate DNA
molecules).


The copper cylinder binds to DNA without disturbing its
B-DNA configuration. Based on the size of the cylinder and
the pitch of the DNA, a cylinder lying perfectly along the
major groove would make an angle between its long axis
and the axis of the DNA helix of around 608. The observed
average binding angle (~708) of this copper(i) cylinder
would, therefore, be consistent with binding in the major
groove or with a minor-groove binding mode (which, due to
the cylinder size, might involve lying outside the minor
groove, perhaps with partial insertion of the cylinder into
the groove). Support for this comes from a preliminary mo-


lecular-dynamics simulation[27] of poly-d(AT)2 focused on
configurations in which the cylinder made angles of 708
(�58) with the DNA axis. This revealed several binding
modes in which the cylinder sat nicely in the major groove,
together with one configuration outside the minor groove.
These potential binding modes are visualised in images pro-
vided in the Supporting Information, although these are not
intended to imply definitive binding modes.


Interestingly, this copper cylinder exhibits DNA-cleavage
activity in the presence of peroxide. The cylinder exhibits an
unusual tendency to perform a double-strand cleavage at
the same site, possibly reflecting its dinuclear nature. The
cleavage ability extends the potential applications of these
metallosupramolecular cylinders, opening up the possibility
of using copper-based cylinders as artificial nucleases. Stud-
ies are currently underway to impart sequence selectivity to
the cylinder systems for this purpose.


Experimental Section


Materials : Ultrapure water (18.2 MW) was used in all experiments. The
ct-DNA (highly polymerised) was purchased from Sigma-Aldrich and
was dissolved in water without any further purification. Stock solutions
of ct-DNA were kept frozen until the day of use. DNA solutions were
prepared as required from the frozen samples by diluting to the desired
concentration of polynucleotide with a buffer of 10 mm cacodylate (pre-
pared from sodium cacodylate adjusted to pH 6.8 with hydrochloric acid)
and 20 mm NaCl. The DNA concentrations were determined spectroscop-
ically by using the known molar-extinction coefficient of e258=


6600 mol�1dm3cm�1 per DNA base.[28] Commercially available tris-ace-
tate-EDTA (TAE, from Fisher) working buffer was used for gel electro-
phoresis of pUC19 plasmid DNA (New England Biolabs). The gel load-
ing buffer was prepared by dissolving 0.25% (w/v) of xylene cyanole,
0.25% (w/v) of bromophenol blue and 30% (w/v) of glycerol in water.


Preparation of ligand La : This was prepared by mixing two equivalents of
pyridine-2-carboxyaldehyde and one equivalent of 4,4’-methylene-bis(2,6-
diethylaniline) in methanol as previously reported.[16] Preparation of the
chloride salt of the copper(i) complex was analogous to that of the corre-
sponding PF6 salt, which has been characterised crystallographically:[16]


[Cu2(L
a)2][Cl]2 was prepared by mixing ligand La and copper(i) chloride


in a 1:1 ratio in methanol. The dark-red solution was heated under reflux
overnight and then cooled to RT. The solvent was removed by rotary
evaporation and the red solid was dried over P2O5.


1H NMR (MeOH,
298 K): d=8.79 (s, 1H; Hi), 8.62 (d, J=4.5 Hz, 1H; H6), 8.28, (t, J=
7.3 Hz, 1H; H4/5), 8.14 (d, J=7.5 Hz, 1H; H3), 7.87 (brdd, J=7.0, 5.3 Hz,
1H; H4/5), 7.07 (br s, 1H; HPh), 6.57 (br s, 1H; HPh), 3.87 (s, 1H; central
CH2), 2.73 (brm, 1H; CH2), 2.64 (brm, 1H; CH2), 2.21 (brm, 1H; CH2),
2.04 (brm, 1H; CH2), 1.04 (br s, 3H; CH3), 0.56 ppm (br s, 3H; CH3);
UV/Vis (H2O): lmax (e)=258 (6600), 478 (9450), 321 (14800), 278 nm
(36800 mol�1dm3cm�1); ESI-MS (MeOH): m/z : 552 [Cu2(L


a)2]
2+ .


Circular dichroism : Spectra were collected in cuvettes of pathlength
2 mm and 1 cm by using a Jasco J-715 spectropolarimeter. Spectroscopic
titrations were performed from which CD and UV/Vis absorption spectra
were recorded. Titrations were carried out at constant concentrations of
DNA (500 mm), NaCl (20 mm) and sodium cacodylate buffer (10 mm).
The ratio of DNA:metal complex was decreased during the titration
series by incrementing the concentration of metal complex in the cuvette
from 0–62.5 mm. Two stock solutions were prepared. The first was of
metal complex in water (500 mm) and the second solution contained
DNA (1000 mm), NaCl (40 mm) and sodium cacodylate buffer (20 mm).
After the addition of x cm3 of the metal-complex solution to the cuvette,
an equivalent volume of the second DNA stock solution was added. This


Figure 8. pBR322 DNA with (a) 6 mm copper(i) cylinder, (b) 20 mm cop-
per(i) cylinder, (c) 6 mm copper(i) cylinder with H2O2 and (d) 20 mm cop-
per(i) cylinder with H2O2. All samples were incubated for 1 hr at 20 8C.
The dimensions are in mm.
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meant that the concentrations of DNA, NaCl and sodium cacodylate
buffer in the cuvette remained unaltered.[29]


Linear dichroism : Flow LD spectra were collected by using a flow Cou-
ette cell in a Jasco J-715 spectropolarimeter adapted for LD measure-
ments. Long molecules, such as DNA (minimum length of ~250 base
pairs), can be orientated in a flow Couette cell. The flow cell consists of
a fixed outer cylinder and a rotating solid quartz inner cylinder, separat-
ed by a gap of 0.5 mm, giving a total pathlength of 1 mm.[23,29]


Stretch film is used to orient small molecules and involves dissolving the
molecule of interest in a polymer solution, such as polyvinylalcohol
(PVA). A 10% (w/v) low-molecular-weight PVA solution in water
(4.8 cm3) was prepared and heated to near boiling to ensure that all the
PVA had dissolved. The solution was cooled and a saturated aqueous sol-
ution of metal complex (0.2 cm3) added. The viscous solution was then
cast onto a glass plate and left to dry in a ventilated, dust-free environ-
ment. A blank film was also prepared by adding water (0.2 cm3) instead
of metal complex to the PVA solution. When dry, both films were care-
fully peeled from the glass plate by using a scalpel and were then placed
in a mechanical stretcher. Under gentle heating the films were stretched
by a factor of two. The UV/Vis and LD spectra of both films were re-
corded and the spectra of the blank film was subtracted from that of the
metal-complex film. It was then possible to calculate component spectra
(see Supporting Information).


Fluorescence competition assay : An ethidium bromide (EB) competi-
tion-binding assay was carried out according to a modified literature
method[30] by using a Perkin–Elmer LS-50B spectrofluorimeter.


Gel electrophoresis : All electrophoresis experiments were carried out by
using a Pharmacia GNA-100 submarine unit. Gel trays of 110U100 mm
were used, with an 11-toothed comb to produce the sample wells. A
Pharmacia Electrophoresis Power Supply, ECPS-3000, was used as a con-
stant voltage supply set to 70 V and 65 mA. The volume of agarose solu-
tion to be used was calculated so as to produce a gel with a depth of
4 mm. TAE working buffer was used for the gel electrophoresis. Gels
were stained with ethidium bromide visualised under a UV lamp and
were photographed by using a UVP white/UV transilluminator. The sam-
ples were prepared by mixing the metal complex with DNA in different
ratios, keeping the DNA concentration constant at 2.5U10�4


m. For the
DNA cleavage studies, all samples were incubated for 1 hr at 37 8C in
1 mm sodium cacodylate and 20 mm NaCl prior to analysis by gel electro-
phoresis.


Atomic force microscopy :[31] AFM images of pBR322 plasmid DNA were
collected by using two different concentrations of copper(i) cylinder (6
and 20 mm). DNA–metal-complex adducts were prepared as follows:
pBR322 DNA was incubated in an appropriate volume with the required
metal complex in 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES) buffer (HEPES 4 mm pH 7.4, KCl 5 mm, MgCl2 2 mm). All sol-
utions were prepared with water (18.2 MW) that had been filtered
through 0.2 nm FP030/3 filters (Schleider and Schuell, Germany) and
centrifuged at 4000 g several times to avoid salt deposits and to provide a
clear background upon imaging. The samples were left to equilibrate at
37 8C for 30 min in the dark. Samples were prepared for AFM by placing
a drop (6 mL) of DNA–metal-complex adduct solution onto mica (Ash-
ville–Schoonmaker Mica, Newport News, VA). After adsorption for
5 min at RT, the samples were rinsed for 10 s in a jet of deionised water
(18 MWcm�1 Milli-Q water) directed from a squeeze bottle onto the sur-
face. The samples were blow-dried with compressed argon over silica gel
and then imaged by using a Nanoscope III Multimode AFM (Digital In-
strumentals, Santa Barbara, CA) operating in tapping mode in air at a
scan rate of 1–3 Hz. The AFM probes were 125 mm long monocrystalline
silicon cantilevers with integrated conical-shaped Si tips.
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Introduction


Reversible coordination polymers are dynamic supramolec-
ular polymers[1,2] with coordinative bonds in their main
chain. Much attention in this relatively new research area is
directed towards the characterization of the dynamic proper-
ties of these polymers, such as exchange kinetics,[3] ring–
chain equilibria,[4–6] solvent interactions,[6,7] and new metal–
ligand combinations.[8] At the same time, coordination poly-
mers are already beginning to find applications as smart ma-
terials, for instance, as stimuli-responsive[9] and photoactive
polymers.[10, 11] Our interest in this field concerns the direct
manipulation of the coordination sphere of transition-metal
complexes by mechanical forces. Ultrasound is known as
one of the most efficient techniques to break polymers in
solution,[12,13] but high molecular weights are required to
transduce the mechanical forces.[14] Employing weaker


bonds in the polymer chain allows for preferential scission
at these bonds over other, stronger bonds.[15,16] Ultrasonica-
tion of reversible coordination polymers enables the specific
rupture of a coordinative bond.[17] Our ultimate goal is to
develop mechanochemical synthetic procedures in coordina-
tion chemistry and to enable the mechanical formation of
highly active catalytic species.


Recently, we reported on the use of ultrasound to reversi-
bly break coordination polymer 1, which is based on diphe-
nylphosphine telechelic poly(tetrahydrofuran) and palladi-
um(ii) dichloride.[17] The weight-averaged molecular weight
(Mw) of the coordination polymer was reversibly reduced
from 1.73105 to 1.03105 gmol�1 upon irradiation with ultra-
sound for one hour. Upon equilibration, the original molec-
ular-weight distribution was fully restored within 24 h. The
reversibility of the ultrasonic scission process indicated that
only coordinative bonds and no covalent bonds were


Abstract: A kinetically inert, reversible
coordination polymer (3) was obtained
through complexation of dicyclohexyl-
phosphine telechelic poly(tetrahydro-
furan) with palladium(ii) dichloride.
This coordination polymer is unreac-
tive towards palladium(ii) dichloride
bis(1-diphenylphosphino)dodecane (4),
because ligand dissociation in the coor-
dination polymer is slow. However,
upon ultrasonication of solutions of 3
in toluene in the presence of 4, forma-
tion of palladium(ii) heterocomplexes


was observed with 31P NMR spectro-
scopy. Heterocomplex formation, the
consumption of 4, and changes in mo-
lecular weight were used to quantify
the scission process. In the presence of
60 equivalents of the alkyldiphenyl-
phosphine stopper complex, the reduc-


tion in molecular weight was strongly
enhanced; over a period of eight hours
the weight-averaged molecular weight
was reduced from 1.13105 to 2.33
104 gmol�1 while 47% of the palladi-
ACHTUNGTRENNUNGum(ii) complexes in the coordination
polymer had been converted into het-
erocomplexes. These results show that
the system of 3 in combination with
scavenger 4 is a suitable system to
study the efficiency of ultrasound-in-
duced chain scission of coordination
polymers.
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broken. Hence, the procedure constitutes a novel method to
create coordinatively unsaturated metal ions.


For the application of this method in coordination chemis-
try and catalysis, the scission process needs to be highly effi-
cient, and a method to quantify scission efficiency is desira-
ble. However, quantification of scission in polymer 1 is com-
plicated by relatively rapid equilibration and the formation
of cyclic oligomers.


In this paper, we present the quantification of ultrasound-
induced chain scission in kinetically stable coordination poly-
mer 3, which is composed of dicyclohexylphosphine tele-
chelic poly(tetrahydrofuran) and palladium(ii) dichloride.
The use of an alkyldiphenylphosphine palladium(ii) com-
plex, which suppresses cyclization by scavenging reactive
phosphine chain ends, is described, and the rate of ultrasonic
chain scission is analyzed by using two independent meth-
ods: size-exclusion chromatography (SEC) and 31P NMR
spectroscopy.


Results


Synthesis of a kinetically stable coordination polymer : Re-
cently we reported on the synthesis of several palladium(ii)
dichloride bis-phosphine complexes.[5] From studies concern-
ing their ligand-exchange kinetics, it was concluded that al-
kyldicyclohexylphosphine ligands form extremely stable
complexes with palladium(ii) dichloride with equilibration
times of several months. These ligands would be suitable for
the synthesis of a coordination polymer that is kinetically
more stable than polymer 1.


Therefore, dicyclohexylphosphine telechelic poly(tetrahy-
drofuran) was synthesized by cationic polymerization of tet-
rahydrofuran, and was terminated with lithium dicyclohexyl-
phosphine (LiPCy2). This yielded polymeric ligand 2 with a
number-average molecular weight (Mn) of 6.73103 gmol�1,
obtained from 1H NMR analyses, and a polydispersity index
(PDI) of 1.11. Coordination polymer 3 was obtained by stir-
ring a solution of ligand 2 in toluene (20.0 gL�1, 2.91 mm)
with an excess of palladium(ii) dichloride for seven days
(Scheme 1). SEC analysis of 3 showed the presence of high-
molecular-weight material (Mtop=1.13105 gmol�1 (Mtop=


peak molecular weight), Mw=6.13104 gmol�1, based on pol-
ystyrene (PS) standards), accompanied by a peak at 1.03
104 gmol�1 that represents the cyclic monomer (see Figure


2a). The maximum degree of supramolecular polymerization
(DPmax) is approximately 16 units, which corresponds to ap-
proximately 6% impurity in the material; most likely, mono-
functionalized polymeric ligands or ligands with one oxi-
dized phosphine end group act as a stopper.


Design of the stopper complex : For the scavenging of reac-
tive phosphine chain ends created by ultrasonic scission, a
compound is required with high reactivity towards alkyldicy-
clohexylphosphine ligands and coordinatively unsaturated
palladium, whereas the scavenger compound itself, and any
of its reaction products, should not display reactivity to-
wards the coordination polymer. These requirements sug-
gested the use of palladium(ii) dichloride with less-nucleo-
philic bis(alkyldiphenylphosphine) ligands, for example,
complex 4, as a candidate for scavenging chain ends. It was
anticipated that the high nucleophilicity of the alkyldicyclo-
hexylphosphine ligands would result in complete displace-
ment of one alkyldiphenylphosphine ligand (Scheme 2),
while the liberated alkyldiphenylphosphine ligand would be
unreactive towards the coordination polymer, but would
react with coordinatively unsaturated Pd chain ends.


The validity of this assumption was first studied by mixing
1-(dicyclohexylphosphino)dodecane 5 with four equivalents
of complex 4 in [D8]toluene (Figure 1). This immediately led
to quantitative formation of heterocomplex 6, as is evident
from the 31P NMR spectrum depicted in Figure 1. After
mixing, the signal of free ligand 5 had disappeared and a
new peak, originating from free 1-(diphenylphosphino)dode-
cane ligand 7, was observed at d=�16.0 ppm. Formation of
heterocomplex 6 was confirmed by the appearance of two
doublets at d=27.5 and 13.0 ppm (JP,P=527 Hz) in the
31P NMR spectrum. The large coupling constant implies that
the heterocomplex adopts a trans configuration in tol-
uene.[18]


To evaluate the reactivity of stopper complex 4 towards
the coordination polymer, a solution of 3 in toluene
(1.5 mm) containing complex 4 (1.7 equiv) was stirred with-
out sonication at 20 8C. The reaction was followed by moni-
toring the reduction of the peak of 4 in the SEC trace (see
the Supporting Information). Within the first hour approxi-
mately 1.2% heterocomplex formed, whereas after five
hours only 2.2% heterocomplex was observed. This time
course suggests that the initial exchange is due to the pres-
ence of impurities, such as bridged palladium(ii) dichloride


complexes and free dicyclohex-
ylphosphine ligands, and that
the true exchange rate between
coordination polymer 3 and
stopper complex 4 is very low.
This hypothesis was verified by
mixing a solution of the
chloro-bridged coordination
polymer 8 with stopper com-
plex 4. After 30 min, approxi-
mately 15% exchange had
taken place, leading to the for-


Scheme 1. Synthesis of a,w-bis(dicyclohexylphosphino)poly(tetrahydrofuran) (2) and its palladium(ii) chloride
coordination polymer 3. Tf= trifluoromethanesulfonyl.
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mation of heterocomplexes (see the Supporting Informa-
tion).


Quantification of scission by monitoring the reduction of
molecular weight : Solutions of 3 in toluene (1.5 mm mono-
mer) were sonicated for three hours by using a sonication


probe in the presence of 0, 1.7, 10, and 60 equivalents of
complex 4. Samples for 31P NMR and SEC analyses were
taken at regular intervals (see Figure 2a). In the absence of


4, a decrease in the weight-averaged molecular weight from
1.33105 to 7.63104 gmol�1 was observed after three hours,


while a greater decrease in Mw


was observed in the presence
of 4, to 4.53104 (1.7 equiv),
4.43104 (10 equiv), and 4.13
104 gmol�1 (60 equiv). After
eight hours of sonication, in
the presence of 60 equivalents
of 4, Mw was further decreased
to 2.33104 gmol�1.


In addition to giving rise to
a faster decrease in molecular
weight, the presence of 4 also
led to the formation of differ-
ent products. Upon extensive
sonication for eight hours, the
SEC trace of the solution con-
taining 60 equivalents of 4 dis-
played two peaks correspond-
ing to molecular weights of


Scheme 2. General scheme for the interception of dicyclohexylphosphine
chain ends with a low-molecular-weight complex containing less-nucleo-
philic diphenylphosphine ligands.


Figure 1. 31P NMR spectrum of the product mixture obtained upon addition of 5 to a solution of 4 in
[D8]toluene.


Figure 2. SEC traces measured before and after a) 3 h of sonication of 3
in the presence of 0, 1.7, and 60 equivalents of 4 and b) before and after
8 h of sonication of 3 in the presence of 60 equivalents of 4, with assign-
ment.
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1.53104 and 2.63104 gmol�1 (PS standards, see Figure 2b).
These peaks are absent in the SEC trace of 3 sonicated in
the absence of 4, and are assigned to dodecyldiphenylphos-
phine-stoppered monomers and dimers, respectively. The
molecular weights of these species were used to calibrate
the number and weight-averaged degrees of polymerization
(DPn and DPw, respectively) in the SEC traces of the sonica-
tion experiment in the presence of 60 equivalents of 4 (Fig-
ure 3a). These changes were used to calculate the amount of


chain scission expressed as the fraction of broken complexes
in the coordination polymer [Eq. (1)] by using the assump-
tion that no recombination takes place. This analysis indi-
cates that sonication results in 39% scission of coordination
complexes over the course of eight hours, with 25% being
broken after three hours (Figure 3b).


Fraction of broken complexes in 3 ¼ 1
DPN,t¼x


� 1
DPN,t¼0


ð1Þ


in which DPN is the number averaged degree of polymeriza-
tion. The SEC trace can only be used to evaluate chain scis-
sion when a high concentration of 4 is present. If scavenging
is inefficient, an unknown fraction of cyclic species with
lower hydrodynamic volumes[19] is formed, making calibra-
tion impossible.


Quantification of scission by monitoring ligand exchange
with 31P NMR and SEC analyses : The rate of ultrasound-in-
duced chain scission of polymer 3 was further quantified by
monitoring the formation of the palladium(ii) heterocom-
plex with 31P NMR spectroscopy. Upon sonicating the solu-
tions of 3 (in toluene) containing alkyldiphenylphosphine


complex 4, two new doublets appeared in the 31P NMR
spectrum at d=27.5 and 13.0 ppm (JP,P=527 Hz), which
were assigned to the alkyldicyclohexylphosphine and the al-
kyldiphenylphosphine phosphorus atoms in the heterocom-
plex, respectively, in accordance with the earlier described
ligand-exchange experiment. The fraction of broken com-
plexes of 3 was calculated by determining the ratio of the
peak intensities (integral, I) by using Equation (2):


Fraction of broken complexes in 3 ¼
IPCy2 hetero


IPCy2 hetero þ IPCy2 homo


ð2Þ


The extent of ultrasonic scission was determined in an inde-
pendent fashion by monitoring the decrease in intensity of
the signal of 4 in SEC traces of the same solutions.[20]


During sonication, 4 is consumed by ligand exchange and
the intensity of the corresponding peak decreases. Taking
the stoichiometry of the stopper complex into account, the
amount of ultrasonic scission was calculated with Equa-
tion (3):


Fraction of broken complexes in 3 ¼ ½4�t¼0�½4�t¼x


½3�t¼0
ð3Þ


In Figure 4, ultrasonic scission, as derived from NMR and
SEC analyses, has been plotted against time. For sonication
times below 30 min, NMR data are not available, because
the signal to noise ratio of the peaks of the heterocomplex
was insufficient. Nevertheless, a good agreement between
the two quantification methods is observed. The plots of
Figure 4 show that a higher concentration of stopper com-
plex 4 led to increased heterocomplex formation. In the


Figure 3. a) Weight- and number-averaged degree of polymerization and
b) ligand exchange of 3 during sonication with 60 equivalents of 4.


Figure 4. Ligand exchange in 3 in the presence of a) 1.7 and b) 60 equiv-
alents of 4.


Chem. Eur. J. 2006, 12, 4928 – 4934 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4931


FULL PAPERPdII–Phosphine Coordination Polymers



www.chemeurj.org





presence of 1.7 equivalents of 4, approximately 20% of the
complexes in the coordination polymer were converted into
a heterocomplex after three hours, against 35% when
60 equivalents of 4 were present; after eight hours of sonica-
tion, a total of 47% of heterocomplex had formed. Because
the presence of 4 is not expected to influence the rate of
scission, the differences reflect the increased efficiency of
scavenging. Even in the presence of 60 equivalents of 4,
scavenging is not guaranteed to be quantitative. The rate of
heterocomplex formation in the presence of 60 equivalents
of 4 is therefore a lower limit for the true rate of chain scis-
sion.


Discussion


In a previous publication on the reversible, ultrasound-in-
duced chain scission of polymer 1, we proposed that the
phosphine-free chain ends initiate a series of ligand-ex-
change reactions, which is terminated by recombination of
chain ends (Scheme 3). Because this process only leads to
redistribution, and not to a reduction in molecular weight,
the stable fragments observed with SEC analyses were pro-
posed to be cyclic species formed by backbiting (step 3 in
Scheme 3).


In the kinetically stable system of coordination polymer 3
in combination with efficient scavenging of chain ends by
complex 4, cyclization and redistribution are suppressed,
and a higher efficiency of chain scission is predicted. Quali-
tative comparison of the SEC traces in Figure 2a shows that
the addition of complex 4 indeed strongly enhances the effi-
ciency of molecular-weight reduction. This confirms the hy-
pothesis that without a stopper, only a fraction of the scis-
sion events results in a reduction of molecular weight.


The system of 3 in combination with scavenger 4 is a suit-
able system to study the efficiency of ultrasound-induced
chain scission of coordination polymers. Three independent
methods have been used to quantify the efficiency of the


scission process. In principle, the method based on the re-
duction in DP observed with SEC analyses can be used to
analyze the scission experiment either in the absence or the
presence of an excess of 4, because the coordination poly-
mer is kinetically inert and does not re-equilibrate during
the experiment. However, only in the presence of 4 can the
method be used in a quantitative manner, because in the ab-
sence of stopper an unknown amount of cyclic material with
smaller hydrodynamic volume is formed. Quantification of
the scission efficiency in the presence of 60 equivalents of
stopper shows that the DPn is reduced from 2.7 to 1.3 over
the course of eight hours, implying that during this time
each chain, on average, is broken more than once. It is also
evident that the efficiency of the process is much higher in
the initial stages of sonication, when longer chains are still
present, than during the last four hours. This is in line with
the higher susceptibility of longer chains to scission.[12,21,22]


The chain-length dependence of the scission rate means that
in the present system of highly polydisperse polymers it is
difficult to give a number for the overall rate of scission.


The other two methods to quantify scission described
here directly probe the amount of ligand exchange by meas-
uring either the intensity of the heterocomplex in the
31P NMR spectrum, or the amount of stopper complex con-
sumed according to SEC analyses. These data give scission


rates that are in very good
agreement with each other.
Comparison of these data with
the DP measurements also
gives a fair agreement, al-
though the amount of chain
scission based on DP gives a
lower estimate for the rate of
scission (39 vs 47% after 8 h,
see Figure 3b). The difference
may be ascribed to a reduction
in the fraction of cyclic species
upon sonication. Because
linear products have a larger
hydrodynamic volume than the
corresponding rings, this re-
sults in an underestimatation
of the change in DP.


Conclusion


In summary, all three methods used to quantify chain scis-
sion have limitations. Although the SEC traces give the
most detailed information on the scission process, using
these traces to extract changes in DP is restricted by the
need for calibration and the presence of a changing fraction
of cyclic species. The other two methods, using NMR or the
signal of the stopper, are limited in the amount of informa-
tion they give on changes in molecular-weight distribution,
but these methods are convenient and their results are in ex-
cellent agreement with each other.


Scheme 3. Proposed mechanism for the reversible ultrasonic scission of coordination polymers in the absence
of a chain-end scavenger.[17]
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The heterocomplex formation reported here is an impor-
tant step toward ultrasound-induced coordination mechano-
chemistry and mechanocatalysis. For application in catalysis,
however, practical applications require an increased scission
rate. In future work, addressing this issue by using coordina-
tion polymers with star and network architectures will be in-
vestigated. The use of ultrasound in the synthesis of new co-
ordination compounds on the other hand, is within reach
when monofunctionalized polymeric phosphine ligands are
used. These ligands will lead to complexes with a single
metal center in the middle of the chain, which will allow
quantitative scission and enable ultrasound-controlled coor-
dination chemistry.


Experimental Section


General procedures : 1H NMR (400 MHz), 13C NMR (100 MHz), and
31P NMR (162 MHz) spectra were recorded on a Bruker 400 spectrome-
ter. Chemical shifts are referenced to tetramethylsilane and chloroform
(proton and carbon, respectively) and external 85% phosphoric acid
(phosphorus). Size-exclusion chromatography was performed on a Shi-
madzu LC10-AT instrument, using a Polymer Laboratories PL Gel 5 mm
mixed-D column (linear range of Mr=200–400000 gmol�1), a Shimadzu
SPD-10AV UV/Vis detector at 254 nm, and chloroform as the eluent at a
flow rate of 1 mLmin�1 (20 8C). Polystyrene standards were used for cali-
bration. Sonication experiments were carried out with a Sonics VCX
500 Watt Ultrasonic Processor purchased from Sonics & Materials Inc. A
13 mm probe was used at a frequency of 20 kHz, at 30% of the maxi-
mum amplitude of 125 mm. Syntheses of the ligands and the complexes
were carried out under a dry argon atmosphere using standard Schlenk
techniques. Tetrahydrofuran was distilled from a sodium–potassium
alloy; diethyl ether was distilled from molecular sieves; dichloromethane
and deuterated chloroform were distilled from P2O5. Diethyl ether, ace-
tonitrile, and n-hexane were degassed before use. n-Butyllithium was ti-
trated before use. n-Butyllithium (1.6m) was purchased from Aldrich;
palladium dichloride (99.9%) and dicyclohexylphosphine (98%) were
purchased from STREM. The syntheses of 1-(diphenylphosphino)dode-
cane, 1-(dicyclohexylphosphino)dodecane, and their palladium(ii) dichlor-
ide complexes have been reported earlier.[5]


a,w-Bis(dicyclohexylphosphino)poly(tetrahydrofuran) (2): Dicyclohexyl-
phosphine (1.04 g, 5.24 mmol, 2.2 equiv) was dissolved in tetrahydrofuran
(30 mL) and the stirred solution was cooled to �90 8C. n-Butyllithium in
hexane (1.6m, 3.27 mL, 5.2 mmol, 2.2 equiv) was slowly added to the mix-
ture. After complete addition, the yellow mixture was stirred and left to
warm to room temperature.


A mixture of di-tert-butylpyridine (DTBP; 42.6 mg, 0.22 mmol,
0.09 equiv) and dry tetrahydrofuran (100 mL) was cooled to 0 8C with ice.
Trifluoromethane sulfonic anhydride (0.67 g, 2.4 mmol) was added to the
mixture. After stirring for 50 min at 0 8C, a solution of lithium dicyclohex-
ylphosphine in tetrahydrofuran was added to the reaction mixture. This
mixture was stirred for 30 min and left to warm to room temperature.
The solvent was removed under vacuum, resulting in a yellow oil. In
order to remove residual impurities, the oil was dissolved in 150 mL di-
ethyl ether and this mixture was filtered over silica that had been dried
from water and air. At �18 8C, 2 crystallized out and precipitated. This
was repeated once to remove all impurities. Finally the solvent was re-
moved under vacuum yielding a white solid (10.9 g, 68%). 1H NMR
(400 MHz, CDCl3): d=3.55–3.2 (m, n34H, CH2O), 1.74–1.17 ppm (m,
n34H, CH2CH2O; 44H, alkyl); 13C NMR (100 MHz, CDCl3): d=70.70
(s, n32C, CH2O), 33.40 (d, 4C, alkyl), 30.45 (d, 8C, alkyl), 29.09 (d, 8C,
alkyl) 27.44–25.34 (m, n32C, CH2CH2O; 4C, alkyl), 21.27 ppm (d, 2C,
PCH2);


31P NMR (162 MHz, CDCl3): d=�3.25 ppm (s, 2P); molecular
weight: by end-group determination (1H NMR): Mn=6700 gmol�1; by


SEC (PS standards): Mn=15200 gmol�1, Mw=16900 gmol�1, PDI=Mw/
Mn=1.11.


Palladium(ii) dichlorido [a,w-bis(dicyclohexylphosphino)poly(tetrahydro-
furan)] (3): Due to the sensitivity of ligand 2 towards oxygen, a large
amount of the ligand is rapidly complexed by using a soluble palladium
source and the insoluble palladium dichloride was used to obtain perfect
stoichiometry.[5] Dichloro(1,5-cyclooctadiene)palladium(ii) (91 mg,
0.32 mmol, 0.75 equiv), palladium(ii) dichloride (27 mg, 0.15 mmol,
0.35 equiv), and 2 (2.69 g, �0.27 mmol) were dissolved in dry toluene
(135 mL) and this mixture was stirred for 7 d. The mixture was filtered to
remove the excess palladium(ii) dichloride yielding a clear, yellow solu-
tion. The solvent was not evaporated; the solution (20 gL�1) was immedi-
ately used in sonication experiments. Only a small sample was dried for
analysis purposes. 1H NMR (400 MHz, CDCl3): d=3.58–3.22 (m, n34H,
CH2O), 1.90–1.19 ppm (m, m3n34H, CH2CH2O;m344H, alkyl);
13C NMR (100 MHz, CDCl3): d=70.74 (s, m3n32C, CH2O), 33.03 (s,
m34C, alkyl), 29.43 (s, m38C, alkyl), 28.96 (d, m38C, alkyl), 27.52–26.3
(m, m3n32C, CH2CH2O; 4C, alkyl), 22.09 ppm (s, 2C, PCH2);


31P NMR
(162 MHz, CDCl3): d=23.24 ppm (s, m32P) (n is the degree of polymer-
ization of polymer 2, m is the degree of supramolecular polymerization
of coordination polymer 3).


Dipalladium(ii) (di-m-chlorido) dichlorido [a,w-bis(dicyclohexylphosphi-
no)poly(tetrahydrofuran)] (8): Coordination polymer 3 (1.23 g,
0.178 mmol) was dissolved in toluene (50 mL) and palladium(ii) dichlor-
ide (51 mg, 0.178 mmol) was added. The mixture was heated to 80 8C for
24 h. The solvent was removed under vacuum yielding a dark yellow oil
(1.18 g, 95%).
1H NMR (400 MHz, CDCl3): d=3.60–3.34 (m, n34H, CH2O), 2.00–
1.25 ppm (m, m3n34H, CH2CH2O; m344H, alkyl); 13C NMR
(100 MHz, CDCl3): d=70.54 (s, m3n32C, CH2O), 35.36 (s, m34C,
alkyl), 29.24 (s, m38C, alkyl), 28.76 (d, m38C, alkyl), 26.62 (m, m3n3
2C, CH2CH2O; 4C, alkyl), 22.051 ppm (s, 2C, PCH2);


31P NMR
(162 MHz, CDCl3): d=55.29 ppm (s, m32P) (n is the degree of polymer-
ization of polymer 2, m is the degree of supramolecular polymerization
of coordination polymer 8).


Sonication experiments : Part of the 20.0 gL�1 solution of 3 in toluene
(2.91 mm) was diluted with toluene to 10.0 gL�1 (1.45 mm) and a water-
cooled glass vessel was filled with 30.0 mL of this diluted solution. The
solution was sonicated while argon was slowly bubbled through it, and
samples for SEC analysis were taken at regular intervals. These samples
were immediately frozen in liquid nitrogen and left to warm to room
temperature only just before SEC measurement. In the case of quantifi-
cation experiments, a specific amount of complex 4 was added (1.7 equiv:
65.5 mg, 7.40310�5 mol; 10 equiv: 385 mg, 4.35310�4 mol; 60 equiv:
2.31 g, 2.61310�3 mol).
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Introduction


Di- and polynuclear metal complexes can display distinctive
chemical properties as a consequence of their multimetallic
reaction sites and intermetallic cooperation phenomena.
These features can drive unusual transformations inaccessi-
ble to mononuclear complexes and might enable new facile


alternative pathways for conventional reactions.[1,2] Such ad-
vantages seem to be widely exploited by nature, through en-
zymes containing polymetallic active sites,[3] although their
use in technological catalytic applications remains a chal-
lenge.


Recent investigations on intermetallic cooperation phe-
nomena during catalysis allowed us to identify a new dinu-
clear hydrogenation mechanism,[4] which operates in alkene
and alkyne hydrogenations, by using complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
Pz)2(H)3ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (1) as the catalyst precursor. In
such a mechanism [illustrated for diphenylacetylene in
Equation (1)], the transmission of ligands trans effects be-
tween metals,[5] together with the high mobility of hydrides,
permit an alternate use of the two-metal centers for sub-
strate activation and product release. Apart from this pecu-
liarity, the catalysis seems to involve the concerted elemen-
tary steps common to most conventional hydrogenation
cycles. After recognizing the ionic mechanism for imine hy-
drogenation described in the preceding paper,[6] we became


Abstract: Treatment of [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
Pz)2H3 ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(PiPr3)2] (1) with one
equivalent of HBF4 or [PhNH=


CHPh]BF4 affords efficient catalysts
for the homogeneous hydrogenation of
N-benzylideneaniline. The reaction of 1
with HBF4 leads to the trihydride–di-
hydrogen complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2-
ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2]BF4 (2), which
has been characterized by NMR spec-
troscopy and DFT calculations on a
model complex. Complex 2 reacts with
imines such as tBuN=CHPh or PhN=
CHPh to afford amine complexes [Ir2-
ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe){L} ACHTUNGTRENNUNG(PiPr3)2]BF4


(L = NH ACHTUNGTRENNUNG(tBu)CH2Ph, 3 ;
NH(Ph)CH2Ph, 4) through a sequence
of proton- and hydride-transfer steps.
Dihydrogen partially displaces the
amine ligand of 4 to form 2 ; this com-


plements a possible catalytic cycle for
the N-benzylideneaniline hydrogena-
tion in which the amine-by-dihydrogen
substitution is the turnover-determining
step. The rates of ligand substitution in
4 and its analogues with labile ligands
other than amine are dependent upon
the nature of the leaving ligand and in-
dependent on the incoming ligand con-
centration, in agreement with dissocia-
tive substitutions. Water complex [Ir2-
ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(OH2)-
ACHTUNGTRENNUNG(PiPr3)2]BF4 (7) hydrolyzes N-benzyli-
deneaniline, which eventually affords
the poor hydrogenation catalyst [Ir2ACHTUNGTRENNUNG(m-


H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(NH2Ph)-
ACHTUNGTRENNUNG(PiPr3)2]BF4 (11). The rate law for the
catalytic hydrogenation in 1,2-dichloro-
ethane with complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3) ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (8)
as catalyst precursor is rate =


k[8]{p(H2)}; this is in agreement with
the catalytic cycle deduced from the
stochiometric experiments. The hydro-
genation reaction takes place at a
single iridium center of the dinuclear
catalyst, although ligand modifications
at the neighboring iridium center pro-
voke changes in the hydrogenation
rate. Even though this catalyst system
is also capable of effectively hydroge-
nating alkenes, N-benzylideneaniline
can be selectively hydrogenated in the
presence of simple alkenes.
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reaction mechanisms
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interested in how such hydrogenations could proceed in a
more versatile dinuclear environment. Our investigation on
the hydrogenation of N-benzylideneaniline catalyzed by de-
rivatives of 1 has again concluded with a mechanism of ionic
type, which comprises the sequential transfer to the imine of
the two hydrogens of an h2-H2 ligand, in the form of H+ and
H� moieties. Noteworthy, such a mechanism does not have
any elementary step in common with that described in the
preceding paper for the same substrate and closely related
catalyst precursors, thus illustrating the variety of mechanis-
tic resources available for ionic hydrogenation.[7] The de-
duced mechanism also displays very significant differences
with that previously recognized for C=C hydrogenations of
1 [Eq. (1)]. Such differences have been exploited to achieve
selective imine hydrogenations in the presence of readily hy-
drogenable alkenes: a desirable and previously anticipated
consequence of the mechanistic understanding of C=N hy-
drogenations.[8]


Results and Discussion


Neutral complex 1 has been recognized as inactive for the
catalytic hydrogenation of N-benzylideneaniline. However,
this compound has been observed to afford very effective
C=N hydrogenation catalysts upon addition of catalytic
amounts of a protic acid, either in the form of a diethyl
ether solution of HBF4 or as the iminium salt [PhNH=


CHPh]BF4. As illustrated in Figure 1, the use of one equiva-
lent of acid per mol of catalyst leads to the fast hydrogena-
tion of the imine under mild conditions, whereas larger
amounts of acid diminish the catalytic activity.


Protonation and hydride-transfer reactions : The possible
effect of the acidic additive on the catalyst precursor and
the catalysis has been examined through NMR studies of
stoichiometric reactions. The reaction of complex 1 with one
equivalent of HBF4 in CD2Cl2 has been found to quantita-
tively afford a new compound; the 1H NMR hydride reso-
nances are shown in Figure 2. The two signals at higher


field, two doublets displaying a mutual JACHTUNGTRENNUNG(H,H) coupling con-
stant of 3 Hz and J ACHTUNGTRENNUNG(H,P) couplings of 9 and 18 Hz, are at-
tributable to a bridging and a terminal hydride, respectively.
The remaining broad signal corresponds to three protons
and displays a short T1 relaxation time, which indicates
short H–H distances and suggests the presence of a dihydro-
gen ligand. On the basis of this information, the most likely
result of the reaction seems to be the trihydride–h2-dihydro-
gen complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(h


2-H2)ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2]BF4


(2) [Eq. (2)], in which a terminal hydride would rapidly ex-
change in the NMR time scale with a dihydrogen ligand, as
usually found in cis hydride–dihydrogen species.[9]


Figure 1. H2-uptake profiles for the hydrogenation of N-benzylideneani-
line catalyzed by 1 in the presence of HBF4. Conditions: 1,2-dichloro-
ethane (8 mL), T=333 K, p=1.0 bar, [PhN=CHPh]0=0.125 molL�1,
[1]=1.25P10�3 molL�1 (0.01 mmol).


Figure 2. High-field region of the 1H NMR spectrum of 2 in CD2Cl2 at
293 K.
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Unfortunately, the proposed hydride/dihydrogen exchange
has been observed to remain fast at the lowest temperature
attainable in CD2Cl2 solution, thus precluding identification
of the ground-state structure of 2. In order to provide a
more accurate structural description, we have carried out
the structure optimization of model cation [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
Pz)2H4 ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(PH3)2]


+ (2’) by use of DFT (B3LYP) calcu-
lations. The calculations indicate the existence of the two
minima shown in Figure 3, both corresponding to trihy-


dride–dihydrogen compounds. The minima are separated by
an energy of 6.9 kcalmol�1, in agreement with the experi-
mentally observed fast exchange. Interestingly, the most
stable structure, 2b’, is also that featuring a more intact di-
hydrogen moiety, which is coordinated trans to a pyrazolate
nitrogen.


The analysis of the hydride ligands natural population
analysis partial charges in these calculated structures (in pa-
rentheses in Figure 3) indicates the dihydrogen ligand H
atoms to be acidic.[10] Therefore, it could be expected the
protonation reaction of Equation (2) would revert in the
presence of a base. The base can be, for example, imine
tBuN=CHPh, which has been observed by NMR to react
with 2 affording the corresponding iminium cation and com-
plex 1 [Eq. (3)]. In CD2Cl2, this reaction is fast and quantita-
tive already at 195 K. Interestingly, the mixture of reaction
products has been found to evolve at temperatures above


253 K, affording trihydride complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2-
ACHTUNGTRENNUNG(NCMe){NH ACHTUNGTRENNUNG(tBu)CH2Ph} ACHTUNGTRENNUNG(PiPr3)2]BF4 (3). The NMR data
obtained for this new complex are consistent with the pres-
ence of a tert-butylbenzylamine ligand, also confirming the
structural disposition of hydride and phosphine ligands
shown in Equation (3). The formation of this compound in-
dicates that the imine has been able to consecutively extract
the two H atoms of the dihydrogen ligand to complete its
hydrogenation to an amine ligand.


The use of the N-benzylideneaniline substrate as a base in
this reaction has led to the formation of an analogue of 3,
the complex [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe){NH(Ph)CH2Ph}-
ACHTUNGTRENNUNG(PiPr3)2]BF4 (4), which has been isolated and characterized
by analytic and spectroscopic methods. In this case, the two
steps of the reaction could not be observed separately, a
likely result of the lower basicity of this phenyl-substituted
imine which is expected to relatively disfavor the initial de-
protonation against the hydride-transfer step. In any case,
compound 4 has also been obtained in good yield by reac-
tion of 1 with the corresponding iminium salt [PhNH=


CHPh]BF4, in agreement with the proposed sequence of H+


and H� transfer steps leading to hydrogenation. The latter
reaction between 1 and [PhNH=CHPh]BF4 is also one of
those experimentally observed to promote fast catalysis, so
that complex 4, as well as 2, could be considered likely com-
ponents of the catalytic reaction and potential hydrogena-
tion intermediates. In fact, the completion of a catalytic
cycle on the basis of the experimentally observed stoichio-
metric reactions of Equation (3) just requires the amine by
dihydrogen substitution reaction of Equation (4) to be feasi-
ble.


Figure 3. DFT (B3LYP) optimized structures for the stable isomers of the
model complex 2’. Interatomic distances are in R. Values in parentheses
are natural charges of the hydride ligands. Relative energies are free en-
ergies in standard conditions.
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The reaction has been experimentally observed to be rela-
tively slow and slightly disfavored in thermodynamic terms.
The exposition of 3.0P10�2 molL�1 solutions of 4 in CD2Cl2
to dihydrogen (1 bar) at 273 K has consistently led to the
formation of N-benzylaniline and thermodynamic distribu-
tions of complexes 4 and 2 of relative molar composition
85:15, which require several minutes to be developed. In the
frame of the proposed hydrogenation catalytic cycle, these
latter features indicate the amine by dihydrogen substitution
to be the most likely turnover-determining step.


Substitution reactions : The substitution of the amine ligand
of 4 has allowed the systematic preparation of several iso-
structural derivatives. Equation (5) depicts some selected ex-


amples for such substitution reactions with neutral or anion-
ic incoming ligands, which lead to compounds relevant to
the following discussion on imine hydrogenation catalysis.
Figure 4 shows the structures determined for three of these
substitution products and Table 1 gives their most relevant
structural parameters.


All substitution reactions have been observed to be slow
at room temperature and require reaction times of about
30 min to be complete, irrespective of the incoming ligand.
The behavior of the bis-acetonitrile compound [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-
Pz)2H2 ACHTUNGTRENNUNG(NCMe)2ACHTUNGTRENNUNG(PiPr3)2]BF4 (5) in the reaction leading to
[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe){P ACHTUNGTRENNUNG(OMe)3} ACHTUNGTRENNUNG(PiPr3)2]BF4 (6) allows
to conclude that the most labile coordination position of the
dinuclear compound is that trans to the bridging hydride.
This indicates that the selective substitution reactions of
Equation (5) are caused by a very weak imine coordination,
which is attributable to its large steric demands. Neverthe-
less, smaller ligands such as water or triflate can also be re-


leased from the coordination position trans to nitrogen, as il-
lustrated by the reaction of [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)-
ACHTUNGTRENNUNG(OH2)ACHTUNGTRENNUNG(PiPr3)2]BF4 (7) with acetonitrile leading to 5, or by
the transformation of [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(OSO2CF3)-
ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (8) into analogue 5 with triflate as the
anion. This triflate ligand substitution has been observed to
proceed at a rate comparable to those of amine substitutions
in 4, while the replacement of the water ligand of 7 has
been found to be clearly slower. Furthermore, the rate of
2.1P10�6 molL�1 s�1 estimated by 31P NMR spectroscopy for
this latter reaction (in CD2Cl2 at 253 K) has been found to
be independent upon the concentration of the incoming ace-
tonitrile ligand. The dependence of the substitution rate
upon the nature of the leaving ligand and its independence


upon the incoming ligand concentration indicates these sub-
stitution reactions to proceed through a dissociative mecha-
nism. Taking into account that the amine-by-dihydrogen
substitution constitutes the slow step of the proposed cata-
lytic cycle, the feasibility of hydrogenation with this catalyst
and the hydrogenation rates are expected to strongly
depend upon the coordination capability of the amine prod-
ucts and, in particular, on the size of the substituents at the
nitrogen.


Equation (5) also describes alternative routes to the neu-
tral substitution products 8 and 9, starting from complex 1,
that provide further support for the occurrence of a hydride
transfer elementary step during hydrogenation. Thus, triflate
complex 8 can be alternatively obtained by treatment of 1
with methyl triflate, in a reaction also producing methane.
The use of 1-(1-phenylethylidene)pyrrolidinium tetrafluoro-
borate as hydride acceptor has been found to readily pro-
duce the corresponding amine, which is too hindered to ef-
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fectively coordinate to the resulting unsaturated complex.
This reaction can result in a wealth of substitution products
just by addition of the desired incoming ligand, although in
the absence of potential ligands and in chlorinated solvents,
the reaction has been found to afford chloride complex [Ir2-


ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2(Cl) ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (9). Formation of 9
seems to involve the cleavage of a solvent C�Cl bond at the
unsaturated species generated after hydride transfer. Inter-
estingly, the same reaction in the absence of hydride accept-
or was found to slowly afford an isomer of 9 with the chlor-
ide ligand trans to the bridging hydride.[5,11]


Imine hydrolysis : Water complex 7, which crystallizes as an
ion pair, featuring a short H(1A)···F(1) distance of
1.76(2) R, is depicted in Figure 4. This interaction suggests
the acidic character of the water ligand hydrogen atoms,
which could be responsible for the observed fast reaction
between 7 and the basic imine substrate. This reaction has
been found to eventually afford aniline complex [Ir2ACHTUNGTRENNUNG(m-H)-
ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(NH2Ph) ACHTUNGTRENNUNG(PiPr3)2]BF4 (11) and benzalde-
hyde [Eq. (6)], although the NMR examination of the proc-
ess at low temperature (CDCl3, 273 K) revealed benzalde-
hyde complex [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(OCHPh)-
ACHTUNGTRENNUNG(PiPr3)2]BF4 (10) and aniline as the hydrolysis kinetic prod-
ucts. Again, the substitution of the benzaldehyde ligand of
10 by aniline produced in the hydrolysis has been observed
to be slow. The identity of complexes 10 and 11 has been es-
tablished by comparison of the NMR spectra of the “in
situ” hydrolysis reactions with those of pure samples, which
can easily be obtained from 4 through substitution reactions
similar to those in Equation (5) using benzaldehyde and ani-
line, respectively.


The hydrolysis reaction of Equation (6) has been found to
readily take place under the conditions of catalytic hydroge-


Figure 4. Molecular structures of the cations of complexes 5 (top) and 7
(middle), and complex 9 (bottom).


Table 1. Selected bond lengths [R] and angles [8] for complexes 5, 7 and
9.


5 7 9


Ir(1)···Ir(2) 3.0210(4) 3.0150(5) 3.0481(5)
Ir(1)�P(1) 2.2672(17) 2.268(2) 2.271(2)
Ir(1)�N(1) 2.073(5) 2.104(6) 2.098(6)
Ir(1)�N(3) 2.166(5) 2.162(6) 2.167(6)
Ir(1)�N(5) 2.032(6) 2.059(7) 2.021(7)
Ir(1)�H(01) 1.58(2) 1.65(6) 1.434(13)
Ir(1)�H(02) 1.60(4) 1.52(6) 1.57(6)
Ir(2)�P(2) 2.2955(17) 2.280(2) 2.278(2)
Ir(2)�N(2) 2.034(5) 1.995(6) 2.034(6)
Ir(2)�N(4) 2.067(5) 2.072(6) 2.063(6)
Ir(2)�N(6) 2.002(5)
Ir(2)�O(1) 2.187(6)
Ir(2)�Cl(1) 2.379(2)
Ir(2)�H(01) 1.83(2) 1.77(6) 1.661(14)
Ir(2)�H(03) 1.61(5) 1.68(6) 1.70(6)
P(1)-Ir(1)-N(1) 171.82(15) 172.60(17) 172.43(18)
P(1)-Ir(1)-N(3) 102.99(13) 102.95(16) 102.04(16)
P(1)-Ir(1)-N(5) 94.22(16) 94.94(17) 94.56(17)
P(1)-Ir(1)-H(01) 87.4(15) 94(2) 104(2)
P(1)-Ir(1)-H(02) 82.4(15) 82(2) 92(2)
P(2)-Ir(2)-N(2) 94.93(15) 93.92(17) 93.89(18)
P(2)-Ir(2)-N(4) 175.38(15) 175.63(17) 176.54(17)
P(2)-Ir(2)-H(01) 101.1(13) 96.0(19) 113(2)
P(2)-Ir(2)-H(03) 78.2(16) 89(2) 81(2)
P(2)-Ir(2)-N(6) 90.57(14)
P(2)-Ir(2)-O(1) 92.00(17)
P(2)-Ir(2)-Cl(1) 92.72(8)
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nation, constituting a very effective catalyst poisoning pro-
cess in the presence of water traces. In fact, complex 11 has
been observed to be a poor hydrogenation catalyst, as ex-
pected from the strong coordinating capability and small
size of its aniline ligand.


Hydrogenation kinetics and mechanism : Due to the effec-
tiveness of the hydrolysis process, the catalytic hydrogena-
tion reactions were found to hardly afford reproducible ki-
netic results when using hygroscopic co-catalyst such as
HBF4 or iminium salts. For this reason, the kinetic study of
this hydrogenation was based on the neutral triflate complex
8, which avoided the use of additives and simplifies the reac-
tions set-up. The use of this compound as a catalyst precur-
sor adds a potential competitor for the catalyst coordination
vacancy, the triflate anion, although this has been experi-
mentally observed to have a very minor effect in the reac-
tion rates. Indeed, the H2-uptake profile shown in Figure 5
clearly illustrates that the use of 8 still leads to very fast hy-
drogenations under mild conditions. This linear profile also
indicates the hydrogenation rate to be independent upon N-
benzylideneaniline concentration.


The logarithmic representations in Figure 5, based on the
rates collected in Table 2, indicate a first-order dependence
of the reaction rate upon catalyst concentration and dihy-
drogen pressure. This is in agreement with the catalytic
cycle deduced from the aforementioned reactivity studies
[Eq. (7)] in which the reaction between 4 and dihydrogen is
the rate-determining step. The cycle consists of fast elemen-
tary steps of H+ transfer to the imine and H� transfer to the
iminium cation, followed by a slow amine by dihydrogen
substitution. This mechanism is similar to that recently re-
ported by Norton et al. for the hydrogenation of iminium to
ammonium cations catalyzed by [CpRu(diphosphine)H]
complexes, in which H� transfer was found to be slow
step.[12] A similar cycle has also been recently proposed for
high-pressure imine hydrogenations catalyzed by rhenium
complexes.[13]


The catalytic cycle in Equation (7) is likely to be inter-
fered by the basic N-benzylaniline hydrogenation product,


Figure 5. H2-uptake profile (top) for the hydrogenation of N-benzylide-
neaniline catalyzed by 8. Conditions: 1,2-dichloroethane (8 mL), T=
323 K, p=1.0 bar, [PhN=CHPh]0 = 0.125 molL�1, [8] = 3.0P
10�3 molL�1. Logarithmic plots for the dependence of the hydrogenation
rates upon catalyst concentration (middle), and dihydrogen partial pres-
sure pressure (bottom).
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which has been observed to readily deprotonate complex 2
under the same experimental conditions shown for imines
tBuN=CHPh and PhN=CHPh in Equation (3). Nevertheless,
such a competing process, which affects the steps prior to
the rate-determining step, does not have any apparent effect
in the hydrogenation rate, which remains constant despite
the increasing of amine concentration during the reaction
(Figure 5).


According to Equation (7), this catalytic imine hydrogena-
tion involves the participation of a single metal center of the
dinuclear compound. Nevertheless, taking into account the
effective intermetallic communication through the bridging
hydride previously recognized in these compounds,[5] the re-
placement of acetonitrile by other ligands was expected to
influence the electronic properties of the neighboring metal
center and, as a consequence, the hydrogenation rates.
Indeed, our exploratory experiments using analogues of 8
with ligands such as CO, pyridine or ethylene instead of ace-
tonitrile, [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(OSO2CF3)(L) ACHTUNGTRENNUNG(PiPr3)2] (L=CO,
12 ; py, 13 ; h2-C2H4, 14), have evidenced a strong influence
of the ligand occupying the position trans to the bridging hy-
dride on the catalysis. Unfortunately, the catalyst precursors
bearing CO (12) and pyridine (13) have led to hydrogena-
tion rates much slower than those obtained with 1, while the
ethylene complex 14 has been observed to be just slightly
faster than 1 (Table 3). In any case, these results indicate the


nature of the axial ligand at the spectator iridium center to
be a crucial aspect for catalyst optimization.


Selective imine hydrogenation in the presence of alkenes :
Comparison of the imine hydrogenation mechanism in
Equation (7) with that responsible for the C=C and C�C hy-
drogenations in Equation (1) evidences profound mechanis-
tic differences between the two hydrogenations, but a spe-
cies common to both catalytic cycles, that is, precursor 1.
This suggests that, in the presence of substrate mixtures con-
taining both C�C multiple bonds and C=N functionalities,
complex 1 can be directed to selectively hydrogenate one
type of bonds by simply adjusting the acidity of the reaction
media, thus favoring the presence of neutral or cationic
active species. This has been found to be facile for the selec-
tive hydrogenation of C�C multiple bonds, while our explor-
atory experiments on the reverse selectivity have reached
very remarkable percentages of C=N versus C=C hydroge-
nation, in the range 90–100% depending on the alkene.
Under the conditions employed in this study, the completely
selective C=N hydrogenation has been found possible only
in the presence of relatively hindered alkenes, due to the
fact that the cationic derivatives involved in the C=N hydro-
genation also are very efficient C=C hydrogenation cata-
lysts, as illustrated for precursor 8 and several alkenes in
Table 3.


A more detailed course of these selective C=N hydroge-
nations is shown in Figure 6 for a mixture of N-benzylide-
neaniline and cyclooctene, the selectivity of which reaches a
90%. Figure 6 and the values in Table 3 show that the hy-
drogenation of the mixture is much slower than the hydro-
genation of each separate component. In the frame of the
mechanism in Equation (7), this effect is likely to result
from the competing alkene coordination at the catalyst,
which should hinder the rate-determining dihydrogen coor-
dination. However, we still do not have a plausible rationali-
zation for the competing effect of the imine substrate (or
the amine product) during C=C hydrogenations. This aspect
of the catalytic properties of complex 1 and its derivatives is
currently being investigated within our search for conditions
which should allow completely selective C=N hydrogena-
tions in presence of C�C multiple bonds.


Summary and Conclusions


Under simple experimental conditions, the dinuclear com-
plex [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H3ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (1) can be trans-
formed into derivatives such as [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2(L)-
ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2]BF4 (L=h2-H2, 2 ; NH(Ph)CH2Ph, 4) or
[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3) ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(PiPr3)2] (8), which
are very efficient catalyst precursors for the hydrogenation
of N-benzylideneaniline. The hydrogenation reaction pro-
ceeds through an ionic mechanism comprising the rate-de-
termining substitution of the amine ligand of 4 by dihydro-
gen to give 2, followed by fast elementary steps of proton
and hydride transfer to the imine substrate. Such a mecha-


Table 2. Initial reaction rates for the hydrogenation of N-benzylideneani-
line catalyzed by 8 in 1,2-dichloroethane at 323 K.[a]


[8] [molL�1] p(H2) [bar][b] Rate [mol s�1]


3.00P10�4 0.74 7.99P10�8


6.25P10�4 0.74 1.73P10�7


1.25P10�3 0.74 3.28P10�7


1.50P10�3 0.74 3.67P10�7


3.05P10�3 0.74 8.33P10�7


1.25P10�3 0.54 2.20P10�7


1.25P10�3 0.34 1.46P10�7


[a] [PhN=CHPh]0=0.125 molL�1. [b] 1,2-Dichloroethane vapor pressure
0.31 bar (323 K).


Table 3. Hydrogenation reactions catalyzed by [Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2-
ACHTUNGTRENNUNG(OSO2CF3)(L) ACHTUNGTRENNUNG(PiPr3)2] complexes.[a]


Catalyst
precursor


Substrate t [min] Imine
conversion [%]


Alkene
conversion [%]


8 PhN=CHPh 25 > 99 –
12 PhN=CHPh 1020 81 –
13 PhN=CHPh 1080 73 –
14 PhN=CHPh 16 > 99 –
8 1-octene 30 – > 99
8 PhN=CHPh


1-octene
90 81 12


8 PhCH=CH2 90 – 94
8 PhN=CHPh


PhCH=CH2


35 > 99 5


8 Ph(Me)C=CH2 240 – 26
8 PhN=CHPh


Ph(Me)C=CH2


40 > 99 0


[a] Conditions: 1,2-dichloroethane (8 mL), T=333 K, initial concentra-
tion of each substrate=0.125 molL�1, catalyst precursor concentration=
1.25P10�3 molL�1, p=1.0 bar.
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nism permits the selective hydrogenation of N-benzylidenea-
niline in the presence of readily hydrogenable alkenes, with
selectivities toward C=N hydrogenation above 90%. The
catalysis takes place at a single iridium center of the dinu-
clear compound although, in agreement with the effective
intermetallic communication previously recognized in this
type of compounds, ligand modifications at the spectator
metal atom can provoke significant changes in the hydroge-
nation rate. The catalyst system is very sensitive to the pres-
ence of water, which favors the formation of complex [Ir2 ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-Pz)2H2ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(OH2) ACHTUNGTRENNUNG(PiPr3)2]BF4 (7). This compound
effectively hydrolyzes the imine substrate, yielding an analo-
gous complex with a hardly dissociable aniline ligand that
displays poor catalytic activity.


The mechanistic studies in this work, together with those
in the preceding paper, illustrate that imines can be effec-
tively and selectively hydrogenated by iridium catalysts
through mechanisms that are ionic and outer-sphere, since
they involve steps of proton and hydride transfer (simulta-
neous or not), and use hydrogen bonds rather than metal
coordination vacancies to anchor the imine substrate to the
catalyst. Nevertheless, these C=N hydrogenations can also
involve intermediates and elementary steps compatible with
classical concerted mechanisms, such as dihydrogen com-
pounds, concerted H2 oxidative additions or ligand substitu-
tion reactions. Such a variety of mechanistic resources ena-
bles C=N hydrogenation to connect the existing rationaliza-
tions of catalytic C=C and C=O reductions, thus contribu-
ting to an enriched unified view of the transition-metal-cata-
lyzed hydrogenations that could assist the rational
development of more selective catalysts and applications.


Experimental Section


Details about equipment and catalytic reactions are given in the preced-
ing article.[6] The N-benzylideneaniline solutions in 1,2-dichloroethane
used in catalytic experiments were prepared under argon from the com-


mercial imine (Aldrich), and dried with molecular sieves during one
week before use.


Synthesis : All experiments were carried out under argon atmosphere by
Schlenk techniques. Solvents were dried by known procedures and distil-
led under argon before use. Complex 1 and its derivatives with CO and
ethylene axial ligands, [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H3(L)ACHTUNGTRENNUNG(PiPr3)2] (L=CO, h2-C2H4),
were prepared as previously reported.[11] The pyridine analogue [Ir2 ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-Pz)2H3(py) ACHTUNGTRENNUNG(PiPr3)2] was prepared by treatment of 1 (506.0 mg,
0.57 mmol) with pyridine (92.6 mL, 1.14 mmol) in toluene, followed by
precipitation in methanol (466.0 mg, 78%). 1H NMR (C6D6, 293 K): d=
�25.42 (dddd, J ACHTUNGTRENNUNG(H,P)=16.1, 4.4, J ACHTUNGTRENNUNG(H,H)=4.4, 3.6 Hz, 1H; IrHIr), �23.18
(dddd, J ACHTUNGTRENNUNG(H,P)=22.0, 3.6, J ACHTUNGTRENNUNG(H,H)=8.0, 3.6 Hz, 1H; IrH), �21.24 (dd,
J ACHTUNGTRENNUNG(H,P)=19.8, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; IrH), �20.88 (dd, J ACHTUNGTRENNUNG(H,P)=19.0,
J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; IrH), 1.01, 1.15 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 9H each; PCHCH3), 1.34, 1.35 (2Pdd, J ACHTUNGTRENNUNG(H,P)=12.5, J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 9H each; PCHCH3), 2.26, 2.44 (2Pm, 3H each; PCHCH3), 6.23,
6.29 (2Pdt, J ACHTUNGTRENNUNG(H,P)=2.2, J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H each; CH), 6.30 (t,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H; CH), 6.45 (d, J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H; CH), 6.94 (t,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; CH), 7.68, 7.81, 8.06 (3Pd, J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H
each; CH), 9.15 (br, 2H; CH); 31P{1H} NMR (C6D6, 293 K): d=8.80,
30.30 (2Ps); 13C{1H} NMR (C6D6, 293 K): d=17.2, 18.8, 19.0, 19.1 (all s;
PCHCH3), 24.0 (d, J ACHTUNGTRENNUNG(C,P)=28.5 Hz; PCHCH3), 25.2 (d, J ACHTUNGTRENNUNG(C,P)=30.0 Hz;
PCHCH3), 102.7, 103.2 (2Pd, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 123.5 (s; CH), 132.3
(d, J ACHTUNGTRENNUNG(C,P)=4.4 Hz; CH), 133.6 (br; CH), 134.5 (s; CH), 138.3 (br; CH),
142.8 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 156.7 (s; CH); IR (KBr): ñ = 2158 (IrH),
1661 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 921 (100) [M +]; elemental
analysis calcd (%) for C29H57N5Ir2P2: C 37.77, H 6.23, N 7.59; found: C
37.52, H 6.10, N 7.49.


Iminium salts [PhNH=CHPh]BF4, [tBuNH=CHPh]BF4, [PhNH=


CHPh]SO3CF3 were prepared as white solids in ca. 90% yield by treat-
ment of diethyl ether solutions of the commercial imines with the corre-
sponding commercial acids: HBF4 (54% in diethyl ether) and
HOSO2CF3, respectively.


[PhNH=CHPh]BF4 :
1H NMR (CD2Cl2, 293 K): d=7.55 (m, 3H; CH),


7.66 (t, J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; CH), 7.78 (m, 2H; CH), 7.86 (tt, J ACHTUNGTRENNUNG(H,H)=
7.5, 1.0 Hz, 1H; CH), 8.26 (dt, J ACHTUNGTRENNUNG(H,H)=8.2, 1.0 Hz, 2H; CH), 9.06 (s,
1H; =CH), 12.55 (br, 1H; NH); 13C{1H} NMR (CD2Cl2, 293 K, all s): d=
121.4 (CH), 126.8 (C), 130.9, 131.0, 132.1, 133.7 (all CH), 136.5 (C), 139.7
(CH), 165.6 (=CH); IR (KBr): ñ=3333 (NH), 1667 cm�1 (C=N); elemen-
tal analysis calcd (%) for C13H12NBF4: C 58.03, H 4.50, N 5.20; found: C
57.76, H 4.52, N 5.28.


[tBuNH=CHPh]BF4 :
1H NMR (CD2Cl2, 293 K): d=1.63 (s, 9H; C-


ACHTUNGTRENNUNG(CH3)), 7.66 (t, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; CH), 7.85 (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H;
CH), 8.16 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; CH), 8.63 (s, 1H; =CH), 11.45 (br,
1H; NH); 13C{1H} NMR (CD2Cl2, 293 K, all s): d=27.9 (C ACHTUNGTRENNUNG(CH3)3), 37.0
(C ACHTUNGTRENNUNG(CH3)3), 126.6 (C), 130.5, 132.7, 138.5 (all CH), 167.0 (s; =CH); IR
(KBr): ñ=3332 (NH), 1663 cm�1 (C=N); elemental analysis calcd (%)
for C11H16NBF4: C 53.04, H 6.47, N 5.62; found: C 52.70, H 6.15, N 5.62.


[PhNH=CHPh]SO3CF3 : The NMR spectra were similar to those of the
tetrafluoroborate analogue with an additional signal in the 13C{1H} spec-
trum: d=120.6 (q, J ACHTUNGTRENNUNG(C,F)=319.8 Hz; CF3SO3); elemental analysis calcd
(%) for C14H12NSF3O3: C 50.76, H 3.65, N 4.23, S 9.66; found: C 50.60, H
3.66, N 4.30, S 9.61.


1-(1-Phenylethylidene)pyrrolidinium tetrafluoroborate was prepared as
described in the literature.[14] All other reagents were obtained from com-
mercial sources and used as received. All new compounds described
below are air-sensitive in solution.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(h
2-H2)ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(PiPr3)2]BF4 (2): A solution of 1


(44.9 mg, 0.05 mmol) in CD2Cl2 (0.5 mL) in a NMR tube at 195 K was
treated with (6.9 mL, 0.05 mmol) of a HBF4 solution (54% in diethyl
ether). The NMR spectra of the resulting orange solution indicated the
quantitative formation of complex 2. 1H NMR (CD2Cl2, 233 K): d=


�21.81 (dd, J ACHTUNGTRENNUNG(H,P)=9.0, J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; IrHIr), �20.43 (dd,
J ACHTUNGTRENNUNG(H,P)=18.0, J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; IrH), �11.43 (br, 3H; IrH), 1.02 (dd,
J ACHTUNGTRENNUNG(H,P)=14.3, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 18H; PCHCH3), 1.06 (dd, J ACHTUNGTRENNUNG(H,P)=14.3,
J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 9H; PCHCH3), 1.21 (dd, J ACHTUNGTRENNUNG(H,P)=13.7, J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
9H; PCHCH3), 2.08, 2.30 (2Pm, 3H each; PCHCH3), 2.64 (s, 3H;
NCCH3), 5.99, 6.07 (2Ptd, J ACHTUNGTRENNUNG(H,H)=1.8, J ACHTUNGTRENNUNG(H,P)=1.3 Hz, 1H each; CH),


Figure 6. H2-uptake (c) and product formation (GC) profiles for the
competitive hydrogenation of N-benzylideneaniline (&) and cyclooctene
(&) catalyzed by 8. Conditions: 1,2-dichloroethane (8 mL), T=333 K, p=
1.0 bar, [PhN=CHPh]0 = 0.125 molL�1, [cyclooctene]0 = 0.125 molL�1,
[8] = 1.25P10�3 molL�1.
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7.22 (m, 2H; CH), 7.46, 7.53 (2Pd, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H each; CH);
31P{1H} NMR (CD2Cl2, 233 K): d=15.21, 20.60 (2Ps); 13C{1H} NMR
(CD2Cl2, 233 K): d=4.65 (s; NCCH3), 19.03, 19.14, 19.34, 19.67 (all s;
PCHCH3), 24.31 (d, J ACHTUNGTRENNUNG(C,P)=31.6 Hz; PCHCH3), 27.41 (d, J ACHTUNGTRENNUNG(C,P)=
32.8 Hz; PCHCH3), 106.02 (d, J ACHTUNGTRENNUNG(C,P)=3.3 Hz; CH), 106.92 (d, J ACHTUNGTRENNUNG(C,P)=
2.8 Hz; CH), 119.74 (s; NCCH3), 136.17 (d, J ACHTUNGTRENNUNG(C,P)=4.3 Hz; CH), 138.16
(d, J ACHTUNGTRENNUNG(C,P)=3.6 Hz; CH), 140.26 (d, J ACHTUNGTRENNUNG(C,P)=3.3 Hz; CH), 142.78 (d,
J ACHTUNGTRENNUNG(C,P)=5.3 Hz; CH).


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe){NH ACHTUNGTRENNUNG(tBu)CH2Ph}ACHTUNGTRENNUNG(PiPr3)2]BF4 (3): A NMR
tube containing a solution of 2 (0.05 mmol) in CD2Cl2 at 195 K was treat-
ed with tBuN=CHPh (5.2 mL, 0.05 mmol). The NMR spectra of the re-
sulting solution at 195 K indicated the quantitative formation of 1 and
iminium cation [tBuN=CHPh]+ , which were identified by their 1H NMR
spectra. After increasing the sample temperature to 253 K, this mixture
was observed to partially transform (ca. 70%) into complex 3. Selected
NMR data: 1H NMR (CD2Cl2, 213 K): d=�21.78 (dd, J ACHTUNGTRENNUNG(H,P)=19.5,
J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; IrH), �21.24 (dddd, J ACHTUNGTRENNUNG(H,P)=13.2, 3.3, J ACHTUNGTRENNUNG(H,H)=
3.3, 3.3 Hz, 1H; IrHIr), �20.71 (dd, J ACHTUNGTRENNUNG(H,P)=19.5, J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H;
IrH), 1.11 (s, 9H; CCH3), 2.55 (s, 3H; NCCH3), 3.99 (s, 2H; CH2), 4.30
(br, 1H; NH), 5.82, 6.08, 6.82 (all m, 1H each; CH); 31P{1H} NMR
(CD2Cl2, 213 K): d=12.63, 16.05 (2Ps); 13C{1H} NMR (CD2Cl2, 253 K):
d=4.44 (s; NCCH3), 18.64, 18.76, 19.36, 19.77 (all s; PCHCH3), 24.02 (d,
J ACHTUNGTRENNUNG(C,P)=30.2 Hz; PCHCH3), 27.39 (d, J ACHTUNGTRENNUNG(C,P)=31.4 Hz; PCHCH3), 46.84
(s; CH2), 104.98 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 106.04 (d, J ACHTUNGTRENNUNG(C,P)=2.5 Hz;
CH), 119.04 (s; NCCH3), 129.55, 130.07, 130.44 (all s; CH), 134.70 (d,
J ACHTUNGTRENNUNG(C,P)=3.6 Hz; CH), 134.76 (s; C), 135.53 (d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH),
138.50 (d, J ACHTUNGTRENNUNG(C,P)=3.4 Hz; CH), 141.70 (d, J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH).


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe){NH(Ph)CH2Ph} ACHTUNGTRENNUNG(PiPr3)2]BF4 (4): A solution
of 1 (200.0 mg, 0.23 mmol) in CH2Cl2 (4 mL) was treated with [PhNH=


CHPh]BF4 (61.2 mg, 0.23 mmol) at 233 K. The resulting solution was con-
centrated, maintaining the solution temperature below 250 K, to ca.
0.5 mL. Addition of diethyl ether (ca. 4 mL) produced the formation of a
pale yellow solid, which was separated by decantation, washed with Et2O
and dried in vacuo (190 mg, 73%). 1H NMR (CD2Cl2, 243 K): d=�22.94
(dd, J ACHTUNGTRENNUNG(H,P)=19.8, J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; IrH), �21.62 (dddd, J ACHTUNGTRENNUNG(H,P)=
13.2, 3.3, J ACHTUNGTRENNUNG(H,H)=3.3, 3.3 Hz, 1H; IrHIr), �20.72 (dd, J ACHTUNGTRENNUNG(H,P)=19.8,
J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; IrH), 1.03 (dd, J ACHTUNGTRENNUNG(H,P)=13.8, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9H;
PCHCH3), 1.12 (dd, J ACHTUNGTRENNUNG(H,P)=13.6, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 9H; PCHCH3), 1.22
(dd, J ACHTUNGTRENNUNG(H,P)=14.0, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 9H; PCHCH3), 1.25 (dd, J ACHTUNGTRENNUNG(H,P)=
14.1, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 2.04, 2.25 (2Pm, 3H each;
PCHCH3), 2.53 (s, 3H; NCCH3), 3.62 (s, 2H; CH2), 4.40 (s, 1H; NH),
5.77, 6.09 (2Ptd, J ACHTUNGTRENNUNG(H,H)=2.0, J ACHTUNGTRENNUNG(H,P)=1.4 Hz, 1H each; CH), 6.57 (d,
J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H; CH), 6.78 (m, 1H; CH), 6.85 (d, J ACHTUNGTRENNUNG(H,H)=7.7 Hz,
1H; CH), 6.94, 7.12 (2Pm, 1H each; CH), 7.16 (dd, J ACHTUNGTRENNUNG(H,H)=7.5, 7.1 Hz,
1H; CH), 7.21 (t, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; CH), 7.27 (d, J ACHTUNGTRENNUNG(H,H)=2.0 Hz,
1H; CH), 7.28 (m, 2H; CH), 7.32 (m, 1H; CH), 7.52, 7.62 (2Pd,
J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H each; CH); 31P{1H} NMR (CD2Cl2, 243 K): d=


12.78, 16.54 (2Ps); 13C{1H} NMR (CD2Cl2, 243 K): d=4.62 (s; NCCH3),
18.59, 18.94, 19.37 (all s; PCHCH3), 23.68 (d, J ACHTUNGTRENNUNG(C,P)=30.2 Hz;
PCHCH3), 27.27 (d, J ACHTUNGTRENNUNG(C,P)=29.3 Hz; PCHCH3), 67.75 (s; CH2), 105.62
(d, J ACHTUNGTRENNUNG(C,P)=3.0 Hz; CH), 105.77 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 118.68 (s;
NCCH3), 128.62, 129.18, 129.25, 129.45, 129.64, 130.00 (all s; CH), 135.04
(d, J ACHTUNGTRENNUNG(C,P)=3.6 Hz; CH), 135.25 (s; C), 138.26 (d, J ACHTUNGTRENNUNG(C,P)=3.6 Hz; CH),
142.37 (d, J ACHTUNGTRENNUNG(C,P)=2.6 Hz; CH), 143.17 (d, J ACHTUNGTRENNUNG(C,P)=4.7 Hz; CH), 149.02
(s; C); 19F NMR (CD2Cl2, 243 K): d=�152.5 (s); IR (KBr): ñ=2185
(IrH), 1756 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 1066 (15) [M +]; ele-
mental analysis calcd (%) for C39H67N6BF4Ir2P2: C 40.61, H 5.86, N 7.28;
found: C 40.23, H 5.99, N 7.01.


Reaction of 4 with H2 : A solution of 4 (16.0 mg, 0.015 mmol) in CD2Cl2
(0.5 mL) was allowed to react under dihydrogen atmosphere (1 bar) for
30 min at 273 K in a WILMAD NMR tube provided with a J-Young
valve. The spectroscopic analysis of the resulting solution at 273 K indi-
cated the presence of a mixture consisting of N-benzylaniline and com-
pounds 2 and 4 in a 15:15:85 molar ratio, respectively. The identity of the
components of the mixture was established by comparison of their
1H NMR signals with those of pure samples in the same solvent.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe)2 ACHTUNGTRENNUNG(PiPr3)2]BF4 (5): A solution of 4 (230.0 mg,
0.20 mmol) in CH2Cl2 (5 mL) was treated with NCMe (100 mL) and al-


lowed to react for 30 min at room temperature. The resulting solution
was concentrated to ca. 0.5 mL and treated with diethyl ether to give a
white solid. The solid was separated by decantation, washed with Et2O,
and dried in vacuo (186 mg, 92%). 1H NMR (CDCl3, 293 K): d=�22.66
(dddd, J ACHTUNGTRENNUNG(H,P)=12.6, 3.6, J ACHTUNGTRENNUNG(H,H)=3.6, 2.7 Hz, 1H; IrHIr), �22.54 (dd,
J ACHTUNGTRENNUNG(H,P)=19.2, J ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; IrH), �20.70 (dd, J ACHTUNGTRENNUNG(H,P)=19.2,
J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; IrH), 1.06 (dd, J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 9H;
PCHCH3), 1.08 (dd, J ACHTUNGTRENNUNG(H,P)=14.7, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 9H; PCHCH3), 1.19
(dd, J ACHTUNGTRENNUNG(H,P)=13.5, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 1.22 (dd, J ACHTUNGTRENNUNG(H,P)=
13.5, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 2.07, 2.25 (2Pm, 3H each;
PCHCH3), 2.47, 2.56 (2Ps, 3H each; NCCH3), 5.75, 5.95 (2Ptd, J ACHTUNGTRENNUNG(H,H)=
2.0, J ACHTUNGTRENNUNG(H,P)=1.2 Hz, 1H each; CH), 6.84, 7.21, 7.26, 7.42 (all d, J ACHTUNGTRENNUNG(H,H)=
2.0 Hz, 1H each; CH); 31P{1H} NMR (CDCl3, 293 K): d=12.80, 16.55
(2Ps); 13C{1H} NMR (CDCl3, 293 K): d=3.37, 3.40 (2Ps; NCCH3), 18.52
(d, J ACHTUNGTRENNUNG(C,P)=1.2 Hz; PCHCH3), 18.81 (d, J ACHTUNGTRENNUNG(C,P)=1.1 Hz; PCHCH3), 19.08
(d, J ACHTUNGTRENNUNG(C,P)=1.4 Hz; PCHCH3), 19.20 (d, J ACHTUNGTRENNUNG(C,P)=1.3 Hz; PCHCH3), 23.71
(d, J ACHTUNGTRENNUNG(C,P)=30.2 Hz; PCHCH3), 26.70 (d, J ACHTUNGTRENNUNG(C,P)=31.1 Hz; PCHCH3),
104.92 (d, J ACHTUNGTRENNUNG(C,P)=3.2 Hz; CH), 105.42 (d, J ACHTUNGTRENNUNG(C,P)=3.0 Hz; CH), 118.73,
118.78 (s; NCCH3), 135.00 (d, J ACHTUNGTRENNUNG(C,P)=4.0 Hz; CH), 137.39 (d, J ACHTUNGTRENNUNG(C,P)=
3.7 Hz; CH), 140.83 (d, J ACHTUNGTRENNUNG(C,P)=3.0 Hz; CH), 141.29 (d, J ACHTUNGTRENNUNG(C,P)=4.8 Hz;
CH); 19F NMR (CDCl3, 293 K): d=�155.7 (s); IR (KBr): ñ=2186 (Ir-H),
1744 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 923 (35) [M +]; elemental
analysis calcd (%) for C28H57N6BF4Ir2P2: C 33.27, H 5.68, N 8.31; found:
C 33.14, H 5.48, N 8.06. The crystals used in the X-ray diffraction experi-
ment were obtained by slow diffusion of diethyl ether into a saturated
solution of 5 in CH2Cl2 at 253 K.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe){P ACHTUNGTRENNUNG(OMe)3} ACHTUNGTRENNUNG(PiPr3)2]BF4 (6): A solution of 5
(100.0 mg, 0.10 mmol) in CH2Cl2 (5 mL) was treated with P ACHTUNGTRENNUNG(OMe)3


(35.1 mL, 0.30 mmol) and stirred for 1 h at 323 K. The resulting solution
was concentrated to ca. 0.5 mL, cooled to 213 K, and treated with diethyl
ether to give a white solid. The solid was separated by decantation,
washed with Et2O, and dried in vacuo (78.1 mg, 72%). 1H NMR (CDCl3,
293 K): d=�19.92 (ddd, J ACHTUNGTRENNUNG(H,P)=19.5, 18.3, J ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; IrH),
�19.34 (ddd, J ACHTUNGTRENNUNG(H,P)=60.0, 18.9, J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 1H; IrH), �12.33
(dddd, J ACHTUNGTRENNUNG(H,P)=129.9, 7.8, J ACHTUNGTRENNUNG(H,H)=5.1, 1.1 Hz, 1H; IrHIr), 0.81 (dd,
J ACHTUNGTRENNUNG(H,P)=13.8, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9H; PCHCH3), 1.08 (dd, J ACHTUNGTRENNUNG(H,P)=14.1,
J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 1.16 (dd, J ACHTUNGTRENNUNG(H,P)=14.0, J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
9H; PCHCH3), 1.18 (dd, J ACHTUNGTRENNUNG(H,P)=13.5, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3),
2.04, 2.39 (2Pm, 3H each; PCHCH3), 2.51 (s, 3H; NCCH3), 3.55 (d,
J ACHTUNGTRENNUNG(H,P)=11.1 Hz, 9H; POCH3), 5.67, 5.88 (2Pddd, J ACHTUNGTRENNUNG(H,H)=1.8, 1.6,
J ACHTUNGTRENNUNG(H,P)=1.3 Hz, 1H each; CH), 6.79, 7.19 (2Pd, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H
each; CH), 7.42, 7.49 (2Pd, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H each; CH); 31P{1H}
NMR (CDCl3, 293 K): d=11.99 (d, J ACHTUNGTRENNUNG(P,P)=24.8 Hz; PiPr3), 13.07 (s;
PiPr3), 84.92 (d, J ACHTUNGTRENNUNG(P,P)=24.8; P ACHTUNGTRENNUNG(OMe)3);


13C{1H} (CDCl3, 293 K): d=3.16
(s; NCCH3), 17.98, 18.51, 18.81, 20.30 (all s; PCHCH3), 23.31, 28.54 (2P
d, J ACHTUNGTRENNUNG(C,P)=30.4 Hz; PCHCH3), 52.44 (d, J ACHTUNGTRENNUNG(C,P)=6.5 Hz; POCH3), 105.14
(d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH), 105.66 (d, J ACHTUNGTRENNUNG(C,P)=2.7 Hz; CH), 118.72 (s;
NCCH3), 138.89, 140.43, 142.63 (all d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH), 143.91 (d,
J ACHTUNGTRENNUNG(C,P)=2.7 Hz; CH); 19F NMR (CDCl3, 293 K): d=�156.3 (s); IR
(KBr): ñ=2175 (Ir-H), 1736 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 1008
(100) [M +]; elemental analysis calcd (%) for C29H63N5BF4Ir2O3P3: C
31.83, H 5.80, N 6.40; found: C 31.81, H 5.89, N 6.17.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(OH2) ACHTUNGTRENNUNG(PiPr3)2]BF4 (7): The compound was
prepared as detailed for 5, using 4 (104.2 mg, 0.09 mmol) and water
(8.5 mL, 0.45 mmol); yield: 67.0 mg, 75%. 1H NMR (CD2Cl2, 293 K): d=
�23.03 (dd, J ACHTUNGTRENNUNG(H,P)=20.1, J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; IrH), �21.60 (dddd,
J ACHTUNGTRENNUNG(H,P)=9.9, 3.6, J ACHTUNGTRENNUNG(H,H)=3.3, 3.3 Hz, 1H; IrHIr), �20.74 (dd, J ACHTUNGTRENNUNG(H,P)=
19.8, J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; IrH), 1.09, 1.14 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.9,
J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H each; PCHCH3), 1.26, 1.29 (2Pdd, J ACHTUNGTRENNUNG(H,P)=14.0,
J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9H each; PCHCH3), 2.12, 2.30 (2Pm, 3H each;
PCHCH3), 2.55 (s, 3H; NCCH3), 3.50 (s, 2H; OH2), 5.77 (td, J ACHTUNGTRENNUNG(H,H)=
2.1, J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 1H; CH), 6.09 (td, J ACHTUNGTRENNUNG(H,H)=1.8, J ACHTUNGTRENNUNG(H,P)=1.6 Hz,
1H; CH), 6.80 (m, 1H; CH), 7.27 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH), 7.54 (d,
J ACHTUNGTRENNUNG(H,P)=1.8 Hz, 1H; CH), 7.60 (m, 1H; CH); 31P{1H} NMR (CD2Cl2,
293 K): d=12.55, 17.09 (2Ps); 13C{1H} NMR (CD2Cl2, 293 K): d=5.58 (s;
NCCH3), 20.13, 20.44, 20.87 (all s; PCHCH3), 25.33 (d, J ACHTUNGTRENNUNG(C,P)=30.0 Hz;
PCHCH3), 28.73 (d, J ACHTUNGTRENNUNG(C,P)=31.3 Hz; PCHCH3), 107.07 (d, J ACHTUNGTRENNUNG(C,P)=
3.8 Hz; CH), 107.12 (d, J ACHTUNGTRENNUNG(C,P)=3.5 Hz; CH), 120.16 (s; NCCH3), 136.63
(d, J ACHTUNGTRENNUNG(C,P)=4.7 Hz; CH), 139.67 (d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH), 143.90 (d,
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J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 144.65 (d, J ACHTUNGTRENNUNG(C,P)=4.8 Hz; CH); 19F NMR (CD2Cl2,
293 K): d=�152.5 (s); IR (KBr): ñ=3412 (O-H), 2179 (IrH), 1755 cm�1


(Ir-HI-r); MS (FAB+ ): m/z (%): 882 (45) [M +�OH2]; elemental analy-
sis calcd (%) for C26H56N5BF4Ir2OP2: C 31.61, H 5.71, N 7.09; found: C
32.01, H 5.57, N 6.97. The crystals used in the X-ray diffraction experi-
ment were obtained by slow diffusion of hexane into a saturated solution
of 7 in CH2Cl2 at 253 K.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3) ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(PiPr3)2] (8): Method 1: A solution
of 4 (110.0 mg, 0.10 mmol) in CH2Cl2 (5 mL) was treated with an excess
of Na ACHTUNGTRENNUNG(SO3CF3) (ca. 200 mg) and stirred for 2 h at room temperature. The
resulting suspension was taken to dryness and the residue was extracted
with toluene (5 mL) and filtered through Celite. The resulting colorless
solution was dried and the residue treated with hexane to give a white
solid, which was separated by decantation, washed with hexane, and
dried in vacuo (75.0 mg, 73%).


Method 2 : A solution of 1 (210.7 mg, 0.24 mmol) in toluene (5 mL) was
treated with MeOSO2CF3 (27.0 mL, 0.24 mmol) and stirred for 1 h at
273 K. The resulting solution was filtered through Celite and taken to
dryness. The residue was treated with hexane to give a white solid, which
was separated by decantation, washed with hexane, and dried in vacuo
(218.7 mg, 89%). Compound 8 was also found by NMR to be quantita-
tively formed in the reaction of 1 with one equivalent of [PhNH=


CHPh]SO3CF3 in CD2Cl2 at 233 K. 1H NMR ([D8]toluene, 293 K): d=


�23.71 (dd, J ACHTUNGTRENNUNG(H,P)=20.6, J ACHTUNGTRENNUNG(H,H)=2.9 Hz, 1H; IrH), �20.98 (dddd,
J ACHTUNGTRENNUNG(H,P)=13.4, 6.3, J ACHTUNGTRENNUNG(H,H)=3.4, 2.9 Hz, 1H; IrHIr), �20.09 (dd, J ACHTUNGTRENNUNG(H,P)=
20.2, J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H; IrH), 1.22 (dd, J ACHTUNGTRENNUNG(H,P)=13.5, J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
9H; PCHCH3), 1.29 (dd, J ACHTUNGTRENNUNG(H,P)=14.5, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3),
1.34 (dd, J ACHTUNGTRENNUNG(H,P)=13.7, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3), 1.35 (dd,
J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 1.48 (s, 3H; NCCH3),
2.17, 2.36 (2Pm, 3H each; PCHCH3), 5.84 (td, J ACHTUNGTRENNUNG(H,H)=2.1, J ACHTUNGTRENNUNG(H,P)=
1.4 Hz, 1H; CH), 6.17 (td, J ACHTUNGTRENNUNG(H,H)=2.1, J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 1H; CH), 7.00
(m, 1H; CH), 7.37 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH), 7.65 (m, 1H; CH), 8.17
(d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH); 31P{1H} NMR ([D8]toluene, 293 K) d


11.12, 18.26 (2Ps); 13C{1H} NMR ([D8]toluene, 293 K): d=1.29 (s;
NCCH3), 18.65, 18.85, 19.22, 19.44 (all s; PCHCH3), 23.86 (d, J ACHTUNGTRENNUNG(C,P)=
29.2 Hz; PCHCH3), 26.51 (d, J ACHTUNGTRENNUNG(C,P)=31.0 Hz; PCHCH3), 104.15 (d,
J ACHTUNGTRENNUNG(C,P)=3.0 Hz; CH), 104.69 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 117.06 (q, J ACHTUNGTRENNUNG(C,F)=
319.8 Hz; OSO2CF3), 117.71 (s; NCCH3), 134.70 (d, J ACHTUNGTRENNUNG(C,P)=3.8 Hz; CH),
136.21 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 142.45 (d, J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH), 143.75
(d, J ACHTUNGTRENNUNG(C,P)=5.2 Hz; CH); 19F NMR ([D8]toluene, 293 K): d=�77.4 (s;
CF3SO3); IR (KBr): ñ=2175 (IrH), 1771 cm�1 (Ir-H-Ir); MS (FAB+ ):
m/z (%): 882 (24) [M +�OSO2CF3]; elemental analysis calcd (%) for
C27H54N5SF3Ir2O3P2: C 31.42, H 5.27, N 6.78, S 3.11; found: C 31.46, H
5.28, N 6.66, S 2.95.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2(Cl) ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2] (9): Method 1: A solution of 4
(110.0 mg, 0.10 mmol) in methanol (5 mL) was treated with an excess of
NaCl (ca. 200 mg) and stirred for 2 h at room temperature. The resulting
suspension was taken to dryness and the residue was extracted with
CH2Cl2 (5 mL) and filtered through Celite. The resulting colorless solu-
tion was dried and the residue treated with hexane to give a white solid,
which was separated by decantation, washed with hexane, and dried in
vacuo (71.1 mg, 77%).


Method 2 : A solution of 1 (110.9 mg, 0.13 mmol) in CH2Cl2 (4 mL) was
treated with 1-(1-phenylethylidene)pyrrolidinium tetrafluoroborate
(31.0 mg, 0.13 mmol) and stirred for 15 min at room temperature. The re-
sulting orange solution was taken to dryness, and the residue was extract-
ed with diethyl ether (20 mL) and filtered through Celite. The solution
was dried and the residue treated with hexane to give a white solid. The
solid was separated by decantation, washed with hexane, and dried in
vacuo (76.8 mg, 67%). 1H NMR (CD2Cl2, 293 K): d=�26.62 (dd,
J ACHTUNGTRENNUNG(H,P)=21.3, J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H; IrH), �22.42 (dddd, J ACHTUNGTRENNUNG(H,P)=14.4,
4.5, J ACHTUNGTRENNUNG(H,H)=3.6, 2.8 Hz, 1H; IrHIr), �20.66 (dd, J ACHTUNGTRENNUNG(H,P)=20.1, J ACHTUNGTRENNUNG(H,H)=
3.6 Hz, 1H; IrH), 1.07 (dd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H;
PCHCH3), 1.16 (dd, J ACHTUNGTRENNUNG(H,P)=12.9, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 1.25,
1.28 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H each; PCHCH3), 2.21,
2.27 (2Pm, 3H each; PCHCH3), 2.37 (s, 3H; NCCH3), 5.80 (td, J ACHTUNGTRENNUNG(H,H)=
2.1, J ACHTUNGTRENNUNG(H,P)=1.2 Hz, 1H; CH), 6.00 (dt, J ACHTUNGTRENNUNG(H,H)=1.8, J ACHTUNGTRENNUNG(H,P)=1.5 Hz,
1H; CH), 6.94 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz,


1H; CH), 7.36 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH), 7.50 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz,
1H; CH); 31P{1H} NMR (CD2Cl2, 293 K): d=10.27, 16.86 (2Ps); 13C{1H}
NMR (CD2Cl2, 293 K): d=3.75 (s; NCCH3), 18.33, 19.02, 19.33, 19.44 (all
s; PCHCH3), 23.21 (d, J ACHTUNGTRENNUNG(C,P)=29.9 Hz; PCHCH3), 26.72 (d, J ACHTUNGTRENNUNG(C,P)=
30.9 Hz; PCHCH3), 103.87 (d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH), 104.56 (d, J ACHTUNGTRENNUNG(C,P)=
2.7 Hz; CH), 117.40 (s; NCCH3), 134.47 (d, J ACHTUNGTRENNUNG(C,P)=4.2 Hz; CH), 136.35
(d, J ACHTUNGTRENNUNG(C,P)=4.1 Hz; CH), 141.09 (d, J ACHTUNGTRENNUNG(C,P)=5.1 Hz; CH), 141.63 (d,
J ACHTUNGTRENNUNG(C,P)=3.2 Hz; CH); IR (KBr): ñ=2206 (Ir-H), 1761 cm�1 (Ir-H-Ir); MS
(FAB+ ): m/z (%): 918 (22) [M +]; elemental analysis calcd (%) for
C26H54N5ClIr2P2: C 34.00, H 5.93, N 7.62; found: C 34.21, H 5.99, N 7.60.
The crystals used in the X-ray diffraction experiment were obtained by
slow diffusion of hexane into a saturated solution of 9 in CH2Cl2 at
253 K.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(OCHPh) ACHTUNGTRENNUNG(PiPr3)2]BF4 (10): The compound
was prepared as detailed for 5, using 4 (128.8 mg, 0.11 mmol) and benzal-
dehyde (34.0 mL, 0.33 mmol): yield 104.0 mg (87%). 1H NMR (CDCl3,
293 K): d=�21.81 (dd, J ACHTUNGTRENNUNG(H,P)=19.2, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; IrH), �21.37
(dddd, J ACHTUNGTRENNUNG(H,P)=12.9, 3.6, J ACHTUNGTRENNUNG(H,H)=3.6, 3.6 Hz, 1H; IrHIr), �20.70 (dd,
J ACHTUNGTRENNUNG(H,P)=19.8, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; IrH), 0.87, 1.07, 1.16 (all dd, J ACHTUNGTRENNUNG(H,P)=
13.8, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H each; PCHCH3), 1.25 (dd, J ACHTUNGTRENNUNG(H,P)=13.5,
J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 2.11, 2.22 (2Pm, 3H each; PCHCH3),
2.60 (s, 3H; NCCH3), 5.70 (dt, J ACHTUNGTRENNUNG(H,P)=J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; CH), 6.00
(dt, J ACHTUNGTRENNUNG(H,P)=J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; CH), 6.70 (m, 1H; CH), 7.19 (m, 2H;
CH), 7.49 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; CH), 7.51 (dd, J ACHTUNGTRENNUNG(H,H)=8.1, 6.9 Hz,
2H; CH), 7.67, 7.70 (2Pd, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H each; CH), 7.21 (t,
J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H; CH), 10.25 (s, 1H; OCH); 31P{1H} NMR (CDCl3,
293 K): d=11.85, 17.23 (2Ps); 13C{1H} NMR (CDCl3, 293 K): d=3.11 (s;
NCCH3), 18.12, 18.25, 18.88, 18.95 (all s; PCHCH3), 23.37, 26.46 (2Pd,
J ACHTUNGTRENNUNG(C,P)=30.0 Hz; PCHCH3), 105.48 (d, J ACHTUNGTRENNUNG(C,P)=3.2 Hz; CH), 105.70 (d,
J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH), 118.86 (s; NCCH3), 128.61, 128.95, 129.67 (all s;
CH), 131.21 (d, J ACHTUNGTRENNUNG(C,P)=4.7 Hz; CH), 134.34 (s; C), 135.16 (d, J ACHTUNGTRENNUNG(C,P)=
3.7 Hz; CH), 138.13 (d, J ACHTUNGTRENNUNG(C,P)=6.0 Hz; CH), 141.88 (d, J ACHTUNGTRENNUNG(C,P)=5.0 Hz;
CH), 208.33 (s; OCH); IR (KBr): ñ=2183 (Ir-H), 1757 (Ir-H-Ir),
1612 cm�1


ACHTUNGTRENNUNG(C=O); MS (FAB+ ): m/z (%): 988 (17) [M +]; elemental anal-
ysis calcd (%) for C33H60N5BF4Ir2OP2: C 36.83, H 5.62, N 6.50. Found: C
36.55, H 5.52, N 6.54.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(NH2Ph) ACHTUNGTRENNUNG(PiPr3)2]BF4 (11): The compound
was prepared as detailed for 5, using 4 (182.8 mg, 0.16 mmol) and aniline
(43.2 mL, 0.48 mmol): yield 143.2 mg (85%). 1H NMR (CDCl3, 293 K):
d=�23.77 (dd, J ACHTUNGTRENNUNG(H,P)=21.0, J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H; IrH), �22.34 (dddd,
J ACHTUNGTRENNUNG(H,P)=12.3, 3.6, J ACHTUNGTRENNUNG(H,H)=3.6, 1.8 Hz, 1H; IrHIr), �20.52 (dd, J ACHTUNGTRENNUNG(H,P)=
20.1, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; IrH), 1.01 (dd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
9H; PCHCH3), 1.19 (dd, J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3),
1.30, 1.32 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.5, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H each; PCHCH3),
2.01, 2.37 (2Pm, 3H each; PCHCH3), 2.56 (s, 3H; NCCH3), 5.19, 5.48
(2Pd, J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H each; NH), 5.73 (td, J ACHTUNGTRENNUNG(H,H)=2.1, J ACHTUNGTRENNUNG(H,P)=
1.5 Hz, 1H; CH), 5.95 (td, J ACHTUNGTRENNUNG(H,H)=2.1, J ACHTUNGTRENNUNG(H,P)=1.4 Hz, 1H; CH), 6.85
(d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH), 7.12 (m, 1H; CH), 7.22 (m, 2H; CH), 7.24
(d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH), 7.31 (m, 2H; CH), 7.35 (m, 1H; CH), 7.54
(d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H; CH); 31P{1H} NMR (CDCl3, 293 K): d=9.20,
17.65 (2Ps); 13C{1H} NMR (CDCl3, 293 K): d=3.16 (s; NCCH3), 17.94,
18.65, 18.86, 19.27 (all s; PCHCH3), 23.79 (d, J ACHTUNGTRENNUNG(C,P)=30.0 Hz;
PCHCH3), 26.87 (d, J ACHTUNGTRENNUNG(C,P)=30.9 Hz; PCHCH3), 104.92, 105.16 (2Pd,
J ACHTUNGTRENNUNG(C,P)=3.2 Hz; CH), 118.19 (s; NCCH3), 122.88, 126.15, 128.66 (all s;
CH), 134.69 (d, J ACHTUNGTRENNUNG(C,P)=4.6 Hz; CH), 138.30 (d, J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH),
141.01 (d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz; CH), 142.75 (d, J ACHTUNGTRENNUNG(C,P)=3.6 Hz; CH), 144.50
(s; C); 19F NMR (CDCl3, 293 K): d=�154.6 (s); IR (KBr): ñ=3288 (N-
H), 2183 (Ir-H), 1742 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 975 (10)
[M +]; elemental analysis calcd (%) for C32H61N6BF4Ir2P2: C 36.15, H
5.78, N 7.90; found: C 36.22, H 5.42, N 7.87.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3)(CO) ACHTUNGTRENNUNG(PiPr3)2] (12): A solution of [Ir2 ACHTUNGTRENNUNG(m-
H) ACHTUNGTRENNUNG(m-Pz)2H3(CO) ACHTUNGTRENNUNG(PiPr3)2] (86.0 mg, 0.10 mmol) in toluene (5 mL) was
treated with MeOSO2CF3 (11.2 mL, 0.10 mmol) and stirred for 2 h at
273 K. The resulting solution was filtered through Celite and taken to
dryness. The residue was treated with hexane at 213 K to give a white
solid, which was separated by decantation, washed with hexane and dried
in vacuo (83.8 mg, 83%). 1H NMR ([D8]toluene, 293 K): d=�22.55 (dd,
J ACHTUNGTRENNUNG(H,P)=21.2, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; IrH), �16.81 (dd, J ACHTUNGTRENNUNG(H,P)=16.8,
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J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H; IrH), �9.39 (dddd, J ACHTUNGTRENNUNG(H,P)=11.7, 3.0, J ACHTUNGTRENNUNG(H,H)=3.0,
2.2 Hz, 1H; IrHIr), 0.65, 0.87 (2Pdd, J ACHTUNGTRENNUNG(H,P)=14.6, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H
each; PCHCH3), 0.94 (dd, J ACHTUNGTRENNUNG(H,P)=13.9, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3),
1.00 (dd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3), 1.83, 1.94 (2Pm,
3H each; PCHCH3), 5.30 (td, J ACHTUNGTRENNUNG(H,H)=2.2, J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 1H; CH),
5.74 (td, J ACHTUNGTRENNUNG(H,H)=2.2, J ACHTUNGTRENNUNG(H,P)=1.4 Hz, 1H; CH), 6.56, 6.89, 7.08, 7.92 (all
d, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H each; CH); 31P{1H} NMR ([D8]toluene, 293 K):
d=11.85, 22.68 (2Ps); 13C{1H} NMR ([D8]toluene, 293 K): d=17.29,
17.43, 18.38, 18.44 (all s; PCHCH3), 22.78 (d, J ACHTUNGTRENNUNG(C,P)=30.3 Hz;
PCHCH3), 26.50 (d, J ACHTUNGTRENNUNG(C,P)=32.2 Hz; PCHCH3), 104.60 (d, J ACHTUNGTRENNUNG(C,P)=
3.7 Hz; CH), 105.33 (d, J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH), 116.08 (q, J ACHTUNGTRENNUNG(C,F)=
319.8 Hz; OSO2CF3), 138.55, 143.32 (2Pbr; CH), 144.32 (d, J ACHTUNGTRENNUNG(C,P)=
3.7 Hz; CH), 167.72 (d, J ACHTUNGTRENNUNG(C,P)=9.2 Hz; IrCO); 19F NMR ([D8]toluene,
293 K): d=�77.5 (s; OSO2CF3); IR (KBr): ñ=2192 (Ir-H), 2043 cm�1


(C=O); MS (FAB+ ): m/z (%): 869 (75) [M +�OSO2CF3]; elemental
analysis calcd (%) for C26H51N4SF3Ir2O4P2: C 30.64, H 5.04, N 5.49, S
3.15; found: C 30.75, H 5.27, N 5.47, S 3.13.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3)(py)ACHTUNGTRENNUNG(PiPr3)2] (13): The complex was pre-
pared as described for 12 using [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H3(py) ACHTUNGTRENNUNG(PiPr3)2] (124.7 mg,
0.14 mmol) and MeOSO2CF3 (15.3 mL, 0.14 mmol); yield: 118.1 mg, 82%.
1H NMR (C6D6, 293 K): d=�24.00 (dd, J ACHTUNGTRENNUNG(H,P)=21.2, J ACHTUNGTRENNUNG(H,H)=2.2 Hz,
1H; IrH), �22.52 (dddd, J ACHTUNGTRENNUNG(H,P)=14.6, 4.4, J ACHTUNGTRENNUNG(H,H)=4.4, 2.2 Hz, 1H;
IrHIr), �21.26 (dd, J ACHTUNGTRENNUNG(H,P)=20.3, J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; IrH), 0.85 (dd,
J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3), 0.93 (dd, J ACHTUNGTRENNUNG(H,P)=13.9,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3), 1.08, 1.19 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.2,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H each; PCHCH3), 1.96, 2.03 (2Pm, 3H each;
PCHCH3), 5.50 (td, J ACHTUNGTRENNUNG(H,H)=2.2, J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 1H; CH), 5.90 (d,
J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; CH), 6.10 (td, J ACHTUNGTRENNUNG(H,H)=2.2, J ACHTUNGTRENNUNG(H,P)=1.5 Hz, 1H;
CH), 6.19 (t,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H; CH), 6.84 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 1H; CH), 6.93, 7.49,
8.36 (all d, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H each; CH), 8.74 (br, 2H; CH); 31P{1H}
NMR (C6D6, 293 K): d=11.04, 11.63 (2Ps); 13C{1H} NMR (C6D6, 293 K):
d=17.08 (d, J ACHTUNGTRENNUNG(C,P)=2.2 Hz; PCHCH3), 17.83, 18.76, 19.19 (all s;
PCHCH3), 22.88 (d, J ACHTUNGTRENNUNG(C,P)=28.5 Hz; PCHCH3), 25.99 (d, J ACHTUNGTRENNUNG(C,P)=
30.7 Hz; PCHCH3), 103.96, 104.05 (2Pd, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH), 116.20 (q,
J ACHTUNGTRENNUNG(C,F)=319.8 Hz; OSO2CF3), 123.91 (s; CH), 132.72 (d, J ACHTUNGTRENNUNG(C,P)=3.7 Hz;
CH), 135.11 (br; CH), 135.32 (s; CH), 141.98 (br; CH), 142.72 (s; CH),
143.45 (br; CH); IR (KBr): ñ=2176 (Ir-H), 1735 cm�1 (Ir-H-Ir); MS
(FAB+ ): m/z (%): 920 (38) [M +�OSO2CF3]; elemental analysis calcd
(%) for C30H56N5SF3Ir2O3P2: C 33.67, H 5.27, N 6.54, S 3.00; found: C
33.89, H 5.01, N 6.39, S 2.98.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H2 ACHTUNGTRENNUNG(OSO2CF3) ACHTUNGTRENNUNG(h
2-C2H4) ACHTUNGTRENNUNG(PiPr3)2] (14): The complex was


prepared as described for 12 using [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H3 ACHTUNGTRENNUNG(h
2-C2H4) ACHTUNGTRENNUNG(PiPr3)2]


(93.5 mg, 0.11 mmol) and MeOSO2CF3 (12.2 mL, 0.11 mmol); yield:
91.2 mg, 83%. 1H NMR ([D8]toluene, 253 K): d=�22.76 (d, J ACHTUNGTRENNUNG(H,P)=
21.6 Hz, 1H; IrH), �16.32 (d, J ACHTUNGTRENNUNG(H,P)=17.5 Hz, 1H; IrH), �9.29 (d,
J ACHTUNGTRENNUNG(H,P)=13.4 Hz, 1H; IrHIr), 0.73, 1.03 (2Pdd, J ACHTUNGTRENNUNG(H,P)=13.5, J ACHTUNGTRENNUNG(H,H)=
6.8 Hz, 9H each; PCHCH3), 1.20 (dd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=6.5 Hz,
9H; PCHCH3), 1.26 (dd, J ACHTUNGTRENNUNG(H,P)=13.2, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9H; PCHCH3),
1.74, 2.08 (2Pm, 3H each; PCHCH3), 3.16, 3.33 (2Pbr, 2H each; h2-
C2H4), 5.56, 6.07 (2Ptd, J ACHTUNGTRENNUNG(H,H)=2.0, J ACHTUNGTRENNUNG(H,P)=1.4 Hz, 1H each; CH),
6.45, 6.86, 7.54, 8.24 (all d, J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H each; CH); 31P{1H} NMR
([D8]toluene, 253 K): d=1.47, 10.37 (2Ps); 13C{1H} NMR ([D8]toluene,
253 K): d=18.25, 18.52, 19.54, 19.82 (all s; PCHCH3), 23.96 (d, J ACHTUNGTRENNUNG(C,P)=
29.5 Hz; PCHCH3), 49.40 (s; h2-C2H4), 104.95 (d, J ACHTUNGTRENNUNG(C,P)=2.9 Hz; CH),
105.77 (d, J ACHTUNGTRENNUNG(C,P)=1.5 Hz; CH), 117.10 (q, J ACHTUNGTRENNUNG(C,F)=319.4 Hz; OSO2CF3),
128.93 (br; CH), 139.43 (d, J ACHTUNGTRENNUNG(C,P)=2.8 Hz; CH), 144.01, 145.08 (2Pbr;
CH); 19F NMR ([D8]toluene, 253 K): d=�77.8 (s; OSO2CF3); IR (KBr):
ñ=2191 (Ir-H), 1651 (C=C), 1633 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%):
870 (48) [M +�OSO2CF3]; elemental analysis calcd (%) for
C27H55N4SF3Ir2O3P2: C 31.82, H 5.44, N 5.50, S 3.15; found: C 32.03, H
5.35, N 5.49, S 3.08.


Kinetics : The transformation of 7 into 5 was studied at 253 K in CD2Cl2
solutions of initial concentration 3.0P10�2 molL�1, in the presence of 10,
30 and 60 equivalents of CD3CN, respectively. Reaction rates were ob-
tained from the least-squares fitting of the intensity decrease of the
31P{1H} NMR signals of 7 as a function of time, during the initial 10% of


the reaction (zero-order conditions). The values obtained were: 2.05P
10�6, 2.05P10�6 and 2.11P10�6 molL�1 s�1, respectively.


Structural analysis of 5, 7 and 9 : X-ray data were collected on a Bruker
SMART APEX CCD diffractometer with graphite monochromated
MoKa radiation (l=0.71073 R) using w scans (0.38). Data were collected
over the complete sphere by a combination of four sets, and corrected
for absorption using a multi-scan method applied with SADABS pro-
gram.[15] The structures were solved by the Patterson method. Refine-
ment, by full-matrix least squares on F 2 by using SHELXL97,[16] was sim-
ilar for all complexes, including isotropic and subsequently anisotropic
displacement parameters for all non-hydrogen non-disordered atoms. Hy-
drogen atoms were included in calculated positions and refined either
riding on carbon atoms with the thermal parameter related to bonded
atoms or with very weak positional restrains. Particular details concern-
ing the presence of solvent, static disorder and hydrogen refinement are
given below. The highest electronic residuals were observed in close
proximity of the Ir centers and make no chemical sense.


Crystal data for 5 : C28H57BF4Ir2N6P2·CH2Cl2, M=1095.87; colorless plate,
0.30P0.30P0.04 mm3; monoclinic, P2(1)/n; a=15.5327(12), b=
13.5193(11), c=19.3055(15) R, b=93.3190(10); Z=4; V=4047.2(6) R3;
1calcd=1.799 gcm�3 ; m=6.827 mm�1, minimum and maximum transmis-
sion factors 0.2339 and 0.6719; 2qmax=57.048 ; T = 100.0(2) K; 47567 re-
flections collected, 9621 unique [R ACHTUNGTRENNUNG(int)=0.0613]; number of data/re-
strains/parameters 9621/22/436; final GoF 0.927, R1=0.0384 [6960 reflec-
tions I > 2s(I)], wR2=0.0879 for all data; largest difference peak
1.631 eR�3. The BF4 anion was found to be disordered by rotation about
a B�F bond. This anion was refined with retrains in the geometry and
with isotropic displacement parameters for all atoms except the boron. A
solvent molecule (dichloromethane) was also observed and refined
freely. Hydride ligands H(01), H(02) and H(03) were observed and re-
fined with fixed thermal parameters (10.05) and with weak positional re-
strains for H(01).


Crystal data for 7: C26H56BF4Ir2N5OP2·0.38 CH2Cl2, M=1019.77; colorless
irregular block, 0.20P0.12P0.06 mm3; monoclinic, C2/c; a=33.923(3),
b=11.7074(11), c=24.696(2) R, b=125.5620(10); Z=8; V=


7978.9(13) R3; 1calcd=1.697 gcm�3 ; m=6.839 mm�1, minimum and maxi-
mum transmission factors 0.342 and 0.684; 2qmax=57.168 ; temperature
100.0(2) K; 46205 reflections collected, 9561 unique [R ACHTUNGTRENNUNG(int)=0.0689];
number of data/restrains/parameters 9561/12/423; final GoF 0.848, R1=
0.0392 [5674 reflections I > 2s(I)], wR2=0.0890 for all data; largest dif-
ference peak 2.070 eR�3. Two dichloromethane molecules were found
disordered at the same crystal site, and were refined with restraints in the
geometry and thermal parameters. Their final occupancy factors were es-
timated from the thermal parameters as 0.25 and 0.13, respectively. The
hydrogen atoms of the water ligand, H(1A) and H(1B), were refined
with weak positional and thermal parameters restraints (O(1)�H(1A)
and O(1)�H(1B) 0.95(1) R, 1.2 P Ueq O(1)). The hydride ligands were
observed and refined as free isotropic atoms.


Crystal data for 9 : C26H54ClIr2N5P2, M=918.53; pale yellow irregular
block, 0.14P0.11P0.05 mm3; monoclinic, P2(1)/n ; a=33.923(3), b=
103.414(2), c=24.696(2) R, b=125.5620(10); Z=8; V=7978.9(13) R3;
1calcd=1.837 gcm�3 ; m=8.206 mm�1, minimum and maximum transmis-
sion factors 0.393 and 0.684; 2qmax=57.848 ; T = 100.0(2) K; 40895 reflec-
tions collected, 8229 unique [R ACHTUNGTRENNUNG(int)=0.0714]; number of data/restrains/
parameters 8229/2/348; final GoF 0.821, R1=0.0413 [5049 reflections I >


2s(I)], wR2=0.0740 for all data; largest difference peak 2.115 eR�3. Hy-
dride ligands H(01), H(02) and H(03) were observed and refined with
fixed thermal parameters (10.05) and weak positional restrains for H(01).


CCDC-285574 (5), -285575 (7) and -285576 (9) contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Computation : The computational method used for geometry optimiza-
tion of model compound 2’ was density functional theory in its B3LYP
formulation,[17] using the Gaussian03[18] series of programs. The basis set
used were the LanL2DZ effective core potential for iridium atoms, 6-
31G** for atoms directly bonded to the metals, and 6-31G for the re-
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maining atoms. Natural population analysis[19] was used for generation of
natural charges.
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Introduction


There is a growing demand for high affinity and specific bio-
molecular probes capable of detecting selected base sequen-
ces in human, viral, bacterial and vegetal nucleic acids.
For human DNA sequences, the objective is to detect the


disease-related punctiform mutations responsible for heredi-
tary and other disorders, and the different individual re-
sponses to drugs. One promising method for detecting DNA
involves the use of peptide nucleic acids (PNAs), nucleic


acid mimics introduced by Nielsen in 1991,[1] in which the
sugar-phosphate backbone is replaced by a neutral achiral
pseudopeptide chain of N-(2-aminoethyl)glycine units, with
the nucleobases linked to the glycine nitrogen through car-
bomethylene bridges. PNA oligomers can be prepared in
relatively large quantities by using a peptide synthesizer,
and are highly stable in biological environments.[2] The nu-
cleobases form highly specific duplex hybrids with comple-
mentary DNA sequences based on the Watson–Crick base-
pairing rules; these products are much more thermally
stable than the analogous DNA–DNA or DNA–RNA du-
plexes because the PNA chain is neutral and therefore does
not give rise to any repulsive electrostatic interstrand inter-
action with the negatively charged DNA sequence.[3] The
stability of a PNA–DNA duplex, measured on the basis of
melting temperature (Tm),


[4,5] is related to the ability of
PNA oligomers (15–20 units) to discriminate even a single
mismatched base in a given DNA sequence,[6–8] an ability
that is further increased in PNAs containing the so-called
“chiral box”.[9,10] These characteristics give PNAs great po-
tential as antigene or antisense drugs,[11,12] and as biomolecu-
lar probes in biotechnologies,[2,13] thus making it worth
trying to equip them with sensitive markers capable of de-
tecting the hybridisation event and converting it into an
easily measurable analytical signal.
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As a part of our research project concerning bioorgano-
metallic chemistry,[14] we have recently been interested in
PNA properties and we have synthesised some metal-conju-
gated PNA monomers[15] with the aim of evaluating their an-
alytical characteristics as a preliminary step to the synthesis
of new metal-conjugated PNA oligomers to be used as
DNA probes. In the search for new DNA detection meth-
ods, the use of an electro-active DNA as analytical probe
has been widely investigated,[16] because electrochemistry
seems to be a very promising alternative to fluorescence in
terms of sensitivity, response times and costs. However, elec-
trochemistry has been much less used for PNA probes.[17] Of
the various organometallic complexes, useful electrochemi-
cally detectable fragments, ferrocene is known to be one of
the most convenient, because it is very stable and undergoes
reversible electron oxidation.[18] Both ourselves[15] and other
authors[19] have synthesised and electrochemically studied a
number of ferrocene-labelled PNA monomers and oligom-
ers; in particular the electrochemical behaviour and efficien-
cy of a monoferrocene end-labelled PNA 10-mer, in a sur-
face immobilized duplex, was recently investigated by Metz-
ler-Nolte.[20]


In a previous work we have synthesised the tyrosine-de-
rived ferrocene-labelled monomer 1a, which is chiral and
has amino and carboxylic functions available for the oligo-


merization; this could allow the in-
sertion of more than one ferrocene
unit into a PNA chain and, in prin-
ciple, the enhancement of the elec-
trochemical response. Cyclic vol-
tammetry (CV) studies of 1a led to
good results, producing a reversible
CV curve, and the product was de-
tected in concentrations as low as


10�7m by using differential pulse voltammetry (DPV).[15,21a]


As improving sensitivity is valuable for analytical purpos-
es, the above results convinced us to seek more efficient sys-
tems, and thus to design and
synthesise a molecule contain-
ing multiple ferrocene groups
that could act as a flexible,
general marker and would
have improved electrochemical
properties and sensitivity.
In principle, any such mole-


cule should:


1) Be easy and inexpensive to
make.


2) Bear a versatile and reac-
tive functional group for
linking the marker to the
substrate.


3) Have electrochemically
equivalent ferrocene units
in order to obtain a single,
multiple-independent-elec-


tron oxidation wave; this means proportionality between
current density and the number of ferrocene groups.


We selected the structure tris(ferrocenemethylenoxymeth-
yl)aminomethane (2, Tris-Fc),[21b] because it has a versatile
and reactive functional amino group, and
the ferrocene units are electronically iso-
lated in the sense that they have no evi-
dent interactions other than unpredicta-
ble “through space” interactions. These
characteristics should produce the elec-
trochemical equivalence of the ferrocene
groups. In this paper we report, the syn-
thesis of compound 2, its use for labelling PNA monomers
and the electrochemical characterisation of the conjugates
obtained.


Results and Discussion


Synthesis : Tris-Fc 2 was synthesised following the sequence
shown in Scheme 1. The amino group of tris(hydroxymethyl)-
aminomethane was Cbz-protected to give 4, a compound
that had been previously reported (30% yield),[22] but we
improved the yield to 88% by changing the organic solvent
from CH2Cl2 to AcOEt. Compound 4 was then reacted with
an excess of ferrocene methanol 5[15] by heating to 60 8C in
toluene in the presence of a catalytic amount of trifluoro-
acetic acid. After chromatographic purification, the N-Cbz
protected Tris-Fc 6 was isolated in 73% yield as a yellow
solid, together with a small amount (about 10% each) of
the di- and monosubstituted derivatives 7 and 8. The cleav-
age of the Cbz group in 6 by ammonium formate and Pd/C,
in MeOH at room temperature, afforded 2 as a dark yellow
solid in 73% yield.


Scheme 1. Synthesis of Tris-Fc 2.
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The next step was the study of a suitable protocol to link
the new marker 2 to the tyrosine PNA monomer 9,[15] to do
this the hydroxyl group of 9 was activated through the for-
mation of the bis-pentafluorophenyl carbonate 10, which
easily reacted with Tris-Fc 2 in CH2Cl2 at room temperature,
affording triferrocenyl monomer 11 in 80% yield
(Scheme 2).
The synthesis of monomer 11 allowed us to quickly reach


two objectives, which were firstly, the verification of the
good reactivity of the amino group in Tris-Fc 2 and secondly,
to check the amplification of the electrochemical signal in
monomer 11 (see discussion below) with respect to the mon-
oferrocene-labelled monomer 1a. To be able to construct
PNA oligomers, it was necessary to check the stability of the


carbamate group in 11 under the alkaline hydrolysis condi-
tions of the methyl ester[23] but, unfortunately, even the mild
treatment of monomer 11 with two equivalents of LiOH at
room temperature caused the cleavage of the carbamate
group.
Thus, it was necessary to select a linker group stable in


basic conditions and we focused on the ureido function.
Therefore, we synthesised the monomer 18 bearing an ami-
noethyl linker at the tyrosine phenol group, to which 2 was
connected to give the new trisferrocene-labelled monomers
20 and 21 (Scheme 3).
The synthesis of the tyrosine PNA monomer 18 is depict-


ed in Scheme 3. l-N-Cbz tyrosine methyl ester 13 reacted
with N-Boc-2-amino ethanol 12 in THF, in the presence of


Scheme 2. Synthesis of Tris-Fc-labelled monomer 11.


Scheme 3. Synthesis of Tris-Fc-labelled tyrosine PNA monomer 21.
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PPh3 and DEAD, under Mitsunobu conditions at room tem-
perature to give the tyrosine derivative 14 in 73% yield.
The cleavage of the Cbz group with ammonium formate


and Pd/C in MeOH at room temperature gave 15, which
was then reacted with N-Cbz aminoacetaldehyde under re-
ductive amination conditions (NaCNBH3/ZnCl2) in metha-
nol at room temperature to afford the corresponding N-ami-
noethyl derivative 16 in very good yield (93%). The subse-
quent condensation of 16 with 1-carboxymethylthymine was
conducted in the presence of 3,4-dihydro-3-hydroxy-4-oxo-
1,2,3-benzotriazine (DhBtOH) and diisopropylcarbodiimide
(DIC) to give compound 17 in 70% yield. After cleavage of
the Boc-protecting group with TFA, the new monomer 18
was isolated as the trifluoroacetate salt in 97% yield.
Compound 18 was linked to the Tris-Fc isocyanate deriva-


tive 19, which was obtained by treating 2 with Boc2O in the
presence of dimethylamino pyridine,[24] and afforded trisfer-
rocene-labelled monomer 20 in good yield (80%). The sub-
sequent methyl ester hydrolysis was successfully conducted
by using Ba(OH)2 and gave acid 21 in 75% yield.
In addition, as a further possibility for labelling a PNA


strand, we investigated the reaction of Tris-Fc 2 with the ter-
minal amino group of an aminoethylglycine (aeg) PNA
monomer 22. Tris-Fc 2 was transformed into the intermedi-
ate pentafluorophenyl carbamate, which was directly reacted
with monomer 22 in the presence of diisopropylamine and
gave 23 in 75% yield (Scheme 4). Monomer 23 was also ob-
tained from the reaction of Tris-Fc isocianate 19 and 22 in
DMF at room temperature, but in lower yield (58%).
At this stage of the research, after the check of the syn-


thetic efficiency of 2,[25] it was important to study the elec-
trochemical behaviour of the monomers labelled with Tris-
Fc, 11, 20, 21 and 23, in comparison with that of mono-Fc
monomers 1a,b.[15] Thus, all compounds were investigated
by cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV), the results of which are discussed below.


Electrochemical characterization : The voltammetric features
of ferrocene derivatives 2, 6, 7 and 8 have already been re-
ported.[21b] Figures 1, 2, 5 and Table 1 summarise the most
significant CV features of our six ferrocene-labelled PNA
monomers (1a, 1b, 11, 20, 21 and 23) and the reference
compound ferrocene (Fc) obtained at potential scan rate v=
0.2 Vs�1 on GC at 298 K. The effect of the molecular struc-
ture of the ester monomers (monoferrocene 1a and triferro-


cene derivatives 11, 20 and 23) is shown in Figure 1, which
contrasts the voltammetric be-
haviours of the four com-
pounds at v=0.2 Vs�1.
The effect of a free carbox-


ylic function is shown in Fig-
ures 2 and 5; these Figures
compare the CV features of
the two PNA acid monomers
1b and 21 with their parent
esters 1a and 20, respectively.
The effects of the solvent and
molecular structure on peak
currents can be seen in


Figure 4 in which the squared slopes of the linear character-
istics (normalised current densities versus v0.5) are plotted as
a function of the reciprocal of solvent viscosity.
In the case of a diffusive electrochemically reversible


peak and a given number of transferred electrons, such
squared slopes are proportional to the substrate diffusion
coefficients,[26] and should verify StokesL law (i.e. the diffu-
sion coefficients should be inversely proportional to solvent


Scheme 4. Synthesis of Tris-Fc-labelled aeg-monomer 23 : a) (C6F5CO)2O, DIPEA, DMF; b) 22, DMF, DIPEA.


Figure 1. A synopsis of the CV patterns obtained at v=0.2 Vs�1 for the
four ester substrates 1a, 11, 20 and 23 in the three organic solvents
CH2Cl2, MeCN and DMF, with ferrocene as a reference.
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viscosity). The electrochemical behaviour of the mono- and
trisferrocene-labelled series are analysed in detail below.


Monoferrocene-labelled derivatives 1a and 1b : Figure 1 and
Table 1 show that, in all solvents, the monoferrocene-label-
led ester 1a has an oxidation peak that is chemically and
electrochemically reversible according to all of the criteria
(see Experimental Section) and, in the case of acetonitrile
(MeCN) and CH2Cl2, is located at a slightly more positive
potential than the reference ferrocene because of the ferro-
cene derivatisation with the aryl ether bridge in the b-posi-
tion. On the whole, both the shape and potential of the
peak seem to be almost unaffected by the nature of the
working solvent. The currents are lower than those of ferro-


cene because of the bulkier
structure implying lower diffu-
sion coefficients and, as in the
case of ferrocene, their modu-
lation by the solvent is consis-
tent with StokesL law
(Figure 3).
The corresponding monofer-


rocene-labelled acid 1b (the
comparison of CV patterns of
1a and 1b is reported in
Figure 2) has a slightly wider
spread of peak potentials, with
a significant anticipation in the
case of DMF. Remarkably, in
the case of CH2Cl2, sharp peak
shapes were observed, espe-
cially at low scan rates and in
relation to the return peak.
Moreover, the return peak


had a much larger area (i.e., a
larger quantity of charge trans-


ferred in the process) than the forward peak, and this asym-
metry increased as the potential scan rate decreased, that is,
with increasing time between the anode and cathode peak.
Furthermore, the return peak markedly increased when the
potential scan was paused for different times immediately
after the oxidation peak, and when the solution was increas-
ingly stirred during the pause. This phenomenon was studied
in detail for the trisferrocene-labelled acid 21 (see Figure 6),
which showed the same behaviour as the monoferrocene-la-
belled acid 1b. Actually, the CV patterns of both 21 and 1b
in CH2Cl2 closely resemble that of stripping voltammetry,


[27]


the most sensitive voltammetric technique, in which, be-
cause its concentration is below the detection limits of CV
and DPV (typically, at ppb level), the analyte is preconcen-
trated on the working electrode. In our case, we could
assume that given the presence of the carboxylic group (as
the same does not occur with the parent ester 1a, Figure 2),
the oxidation product is so poorly soluble in the hydropho-
bic CH2Cl2 solvent that it films the glassy carbon electrode
surface despite its being nearly inert to specific adsorption.
This film results in a large-scale increase in the local concen-
tration of the substrate available for the backward reaction,
and appears to be conductive (which is consistent with the
high density of the ferrocene groups). Accordingly, the peak
associated with the stripping-like process is highly intense
and very reproducible.


Trisferrocene-labelled monomers : The CV characteristics of
the trisferrocene-labelled monomers 11, 20, 21 and 23 are
shown in Figures 1 and 5, together with those of the parent
monoferrocene-labelled monomers. On the whole, the triple
functionalisation only slightly affects reduction peak poten-
tials and shapes.
One relevant feature is that the three ferrocene groups do


not seem to be entirely equivalent in the polar MeCN and


Figure 2. Comparison of the CV patterns obtained at v=0.2 Vs�1 in the three organic solvents CH2Cl2, MeCN
and DMF, for the monoferrocene-labelled ester 1a and acid 1b.


Figure 3. Squared slopes of the normalised current versus v0.5 linear char-
acteristics, plotted against the reciprocal of solvent viscosity h (verifica-
tion of StokesL law): the reference ferrocene compound (~); the monofer-
rocene-labelled ester and acid, 1a (*) and 1b (*); and the trisferrocene-
labelled esters 11 (&) and 20 (^).
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DMF solvents as the oxidation peak is significantly larger
than in the case of the monoferrocene-labelled ester 1a
(Figure 1); in other words, although they are not conjugated,
the three ferrocene groups apparently maintain some inter-
communication in the polar solvents, probably as a result of
conformational effects. The same does not apply for CH2Cl2,
in which the three ferrocene groups seem to be independ-
ent, possibly because of strong solvation or the fact that the
oxidation product forms a tightly bound ionic couple with
the supporting electrolyte anion.[28] However, the effect is
slight and, in all three solvents, we obtained currents that
were three times higher for the trisferrocene-labelled ester


11 than for the monoferro-
cene-labelled ester 1a (a fun-
damental characteristic in view
of our applicative aim), and
consistent with StokesL law
(Figure 3).
As a result, despite its bulki-


ness, 11 has significantly more
electrochemical activity than
the reference ferrocene com-
pound (Figure 1), affording
DPV detection limits in the
order of 10�8/10�6mol dm3, de-
pending on the working sol-
vent (Figure 4), even in the ab-
sence of amplification steps.
The very similar trisferro-


cene-labelled ester 20, which
includes a urea-based linker,
has oxidation peak potentials
that are slightly less positive
and have a wider spread than
those of 11 (Table 1 and


Figure 1). As for the trisferrocene-labelled ester 11, only in
the case of MeCN and DMF (but not CH2Cl2), the CV
peaks somewhat broaden and reveal some communication
among the ferrocene groups. The currents are still very high,
and only slightly lower than in the case of 11, which is con-
sistent with the slightly bulkier structure of 20.
The NH2-Tris-Fc labelled ester 23, (dotted line in


Figure 1) produces slightly higher peak currents, with re-
spect to compound 20 (consistently with the lower molecular
weight), confirming that triple functionalisation results in a
triplication of the electrochemical signal, despite the bulkier
structures of the compounds. Accordingly, compound 23 af-


Table 1. Selected cyclovoltammetric features of the investigated PNA monomers and the reference ferrocene compound on a GC electrode at 298 K in
different organic media: the anodic peak potentials Ep,a, anodic half-peak widths, (Ep�Ep/2), half-wave potentials E1=2= (Ep,a+Ep,c)/2, E’1=2 and aapp parame-
ters from the convolutive analysis (all referring to a scan rate v = 0.2 Vs�1) and the slopes of the normalised current densities versus v0.5 linear character-
istics.


Substrate Solvent Supporting
electrolyte (0.1m)


c [moldm�3] Ep,a
[V] (Fc+/Fc)


ACHTUNGTRENNUNG(Ep�Ep/2) [V] E1=2


[V] (Fc+/Fc)
E’1=2 [V] (Fc


+/Fc) aapp d ACHTUNGTRENNUNG(ip,a/c)/dv
0.5


[Acm�2 mol�1dm3V�0.5 s0.5]


Fc MeCN TBAP 0.000770 0.030 0.055 0.001 �0.001 1.04 1.32
DMF TBAP 0.000753 0.031 0.057 0.003 �0.003 1.03 0.76
CH2Cl2 TBAP 0.000788 0.032 0.058 �0.001 0.001 0.97 1.25


1a MeCN TBAP 0.000730 0.072 0.057 0.043 0.039 0.91 0.77
DMF TBAP 0.000761 0.035 0.059 0.005 �0.005 1.03 0.46
CH2Cl2 TBAP 0.000752 0.063 0.062 0.018 0.015 0.91 0.64


1b MeCN TBAP 0.000738 0.069 0.056 0.040 0.034 1.14 0.83
DMF TBAP 0.000806 �0.015 0.059 �0.044 �0.050 1.08 0.22
CH2Cl2 TBAP 0.000718 0.028 0.059 �0.025 �0.005 0.98 0.76


11 MeCN TBAP 0.000748 0.056 0.065 0.024 0.022 0.93 2.10
DMF TBAP 0.000758 0.057 0.069 0.020 0.015 0.86 1.15
CH2Cl2 TBAP 0.000758 0.026 0.053 �0.002 �0.001 1.09 1.94


20 MeCN TEATFB 0.000087 0.050 0.088 0.011 0.028 0.68 2.04
DMF TEATFB 0.0000927 �0.042 0.079 �0.081 �0.089 0.76 0.98
CH2Cl2 TEATFB 0.0000851 0.027 0.066 �0.012 �0.004 1.01 1.49


21 CH2Cl2 TBAP 0.000405 �0.026 0.056 �0.026 �0.030 1.08 6.39
23 CH2Cl2 TBAP 0.000387 0.008 0.055 �0.024 �0.021 0.96 2.34


Figure 4. DPV patterns obtained by working with very low concentrations (c) of the Tris-ferrocene-labelled
esters 11 in the three organic solvents CH2Cl2, MeCN, DMF and 23 in CH2Cl2 (dotted line) for the evaluation
of the relevant detection limits.
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fords DPV detection limits in the order of 10�7m in CH2Cl2
(Figure 4).
Finally, in comparison with parent ester 20, the trisferro-


cene-labelled acid 21 in CH2Cl2 (Figures 5 and 6) shows the
same slight but significant peak potential anticipation and
the same peculiar shape, which indicates the accumulation


of the oxidation product on the electrode surface. This, to-
gether with the additivity of the three ferrocene groups in
terms of current, leads to an exceptionally high peak current
for the return peak.


Conclusions


We have designed and synthesised a new organometallic
molecule containing three ferrocene groups for use as a
highly sensitive electrochemical marker in biological assays.
This trisferrocene-derivative was conjugated to different


PNA monomers, and the electrochemical activities of the
conjugates were extensively investigated in view of their po-
tential diagnostic applications. All of the synthesised mono-
and trisferrocene-labelled PNA monomers have clear elec-
trochemical features and, even in the case of the trisferro-
cene conjugates, a single, multiple-independent-electron oxi-
dation wave. The increased molecular complexity only im-
plies a limited reduction in current signals in comparison
with the reference ferrocene molecule. However, the intro-
duction of three ferrocene units triples the current signal,
thus giving the conjugated PNA monomer more electro-
chemical activity than the reference ferrocene. The detec-
tion limits for compound 11 and 23 are therefore 10�6–
10�8m, depending on the nature of the solvent, with the best
results being observed in acetonitrile (10�8m). The labelling
of PNA oligomers with Tris-Fc units is currently in progress
in our laboratories with the aim of improving sensitivity in
ferrocene-based electrochemical biosensors.


Experimental Section


Materials and methods : All chemicals were purchased from Sigma-Al-
drich or Fluka unless otherwise indicated. All reactions were performed
under a nitrogen atmosphere by using a standard vacuum line. THF was
distilled over sodium benzophenone ketyl, other reagent grade solvents
were dried by standard procedures. Column chromatography was per-
formed by using Merck silica gel 60 (70–230 mesh). 1H and 13C NMR
spectra were recorded at 25 8C on a Bruker AC 300 and AMX at
300 MHz. IR spectra were recorded on a Perkin–Elmer 1725X FT–IR.
MS data were obtained by using a VG 70 EQ Micromass or a Thermo-
Finningam mass spectrometer. Melting points were measured with a
BOchi B-540 apparatus and are uncorrected. Optical rotations were meas-
ured by using a Perkin–Elmer 243 polarimeter.


Electrochemical experiments : The CV investigations were carried out in
a cell thermostated at 298 K at scan rates ranging from 0.02–20 Vs�1 in
the following: 1) MeCN, DMF and CH2Cl2 (Merck, HPLC grade), with
tetraethylammonium tetrafluoborate (TEATFB, 0.1m) or tetrabutylam-
monium perchlorate (TBAP, Fluka, electrochemical grade) as supporting
electrolytes, 2) ultrapure water (Millipore Milli Q system) with NaClO4
(0.1m) as the supporting electrolyte. The solutions were carefully deaer-
ated by nitrogen bubbling and analyzed using an Autolab PGSTAT 12 or
Autolab PGSTAT 30 potentiostat/galvanostat (EcoChemie, The Nether-
lands) run by a PC with GPES software; the ohmic drop was corrected
by means of the positive feedback technique[29] with a glassy carbon GC
(Amel, surface 0.071 cm2) as the working electrode, a platinum counter
electrode and an aqueous saturated calomel electrode (SCE) as the oper-
ating reference electrode. The formal redox potentials of the ferricinium/
ferrocene redox couple recommended by IUPAC for the intersolvental


Figure 5. Comparison of the CV patterns obtained at v=0.2 Vs�1 in
CH2Cl2 for the Tris-ferrocene-labelled ester 20 and acid 21 derivatives.


Figure 6. Stripping voltammetry characteristics obtained at v=0.2 Vs�1 in
CH2Cl2 with TBAP (0.1m) for the Tris-Fc 21 (0.0008m): A) Time of depo-
sition at 0.8 V (SCE) ranging from 0 to 30 s, without stirring, B) 30 s dep-
osition time at 0.8 V (SCE), stirring at 500 rpm, C) 30 s deposition time
at 0.8 V (SCE), stirring at 750 rpm and D) 30 s deposition time at 0.8 V
(SCE), stirring at 1000 rpm.


Chem. Eur. J. 2006, 12, 4091 – 4100 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4097


FULL PAPERElectrochemistry



www.chemeurj.org





comparison of potential scales[30] were 0.390, 0.476 and 0.488 V, respec-
tively, when measured against our aqueous SCE in MeCN, DMF and
CH2Cl2. The optimized polishing procedure for the working GC electrode
consisted of surface treatment with diamond powder (Aldrich, diameter
1 mm) on a wet cloth (DP-Nap, Struers).


The chemical and electrochemical reversibility of each well-defined CV
peak were checked by means of classical tests,[26] including analyses of
1) half-peak width (Ep�Ep/2), 2) Ep versus logv characteristics, 3) the dis-
tance between the anode and cathode peak potential (Ep,a�Ep,c), 4) Ip
versus v0.5 characteristics and 5) the “stationary” step-like waves obtained
by means of convolutive analysis of the original CV characteristics.[31]


N-Cbz-Tris(hydroxymethyl)aminomethane (4): At room temperature
benzylchloroformate (6.0 g, 35 mmol, 5.2 mL) was slowly dropped into a
stirred suspension of NaHCO3 (53 mmol, 4.4 g) and tris(hydroxymethy-
l)aminomethane (5.0 g, 42 mmol) in H2O (20 mL) and AcOEt (40 mL),
keeping the temperature around 20 8C. After stirring for 5 h at room tem-
perature, the solid was filtered off and the layers separated. The aqueous
phase was extracted with AcOEt (3P40 mL) and the combined organic
layers were washed with H2O (40 mL). After evaporation of the solvent,
the residue was dissolved in diisopropyl ether (20 mL) and cooled in an
ice-bath. The white solid was filtered to give 4 (9.5 g, 88%). M.p. 101–
103 8C (lit.[22] 28%, m.p. 102–104 8C).


N-Cbz-Tris(ferrocenylmethylenoxymethyl)aminomethane (6): A solution
of ferrocene methanol 5[15] (2.0 g, 9.26 mmol) in toluene (10 mL) and
CH2Cl2 (3 mL) was heated at 60 8C under N2. At this temperature a por-
tion of 4 (0.12 g, 0.47 mmol) and CF3CO2H (0.2 mL of a 0.65m toluene
solution) was added. The same amount of the two reagents was added
every 30 min until a further four additions had been carried out. After
two hours, four additions of ferrocenemethanol (0.32 g, 3.8 mmol), each
every 4 h, were made, and the mixture was then heated at the same tem-
perature for 8 h. After evaporation of the solvent, the residue was dis-
solved in CH2Cl2 (20 mL) and washed with saturated NaHCO3 solution
(20 mL). The aqueous phase was extracted with CH2Cl2 (2P20 mL) and
the resulting combined organic phases were washed with water (40 mL),
dried over Na2SO4 and evaporated. The crude product was purified by
column chromatography on silica gel (tert-butyl methyl ether/petroleum
ether 2:8) to afford 6 (1.45 g, 73%) as an orange powder. Compounds 7
(0.1 g, 10%), 8 (0.13 g, 13%) and diferrocenylmethylether (1.5 g) were
also recovered.


Compound 6 : M.p. 115–117 8C (pentane); 1H NMR (300 MHz, CDCl3):
d=7.32 (m, 5H; Ph), 5.2 (br s; NH), 5.02 (s, 2H; CH2Ph), 4.20 (s, 6H;
CH2Fc), 4.16 (t, J=1.7 Hz, 6H; CH Fc), 4.11 (t, J=1.7 Hz, 6H; CH Fc),
4.09 (s, 15H; CH Fc), 3.67 ppm (s, 6H; CH2O);


13C NMR (300 MHz,
CDCl3): d=156, 137, 128.4, 128.0, 127.9, 83.8, 69.5, 69.0, 68.8, 68.4, 68.2,
66.1, 58.8 ppm; IR (Nujol): ñ=1723 (NHCO), 1055, 1098 cm�1 (Fc); MS
(FAB+ ): m/z : 850 [M]+ ; elemental analysis calcd (%) for C45H47Fe3NO5:
C 63.63, H 5.58, N 1.65; found: C 63.44, H 5.59, N 1.65.


Compound 7: Orange oil; 1H NMR (300 MHz, CDCl3): d=7.35–7.38 (m,
5H; Ph), 5.4 (br s; NH), 5.04 (s, 2H; CH2Ph), 4.27 (d, J=11.4 Hz, 2H;
OCH2Fc), 4.21 (d, J=11.4 Hz, 2H; OCH2Fc), 4.17 (t, J=1.76 Hz, 4H;
CH Fc), 4.12 (t, J=1.76 Hz, 4H; CH Fc), 4.10 (s, 10H; CH Fc), 3.77 (d,
J=6.6 Hz, 2H; CH2OH), 3.69 (d, J=9.16 Hz, 2H; CH2OCH2Fc), 3.63
(br s; OH), 3.48 ppm (d, J=9.16 Hz, 2H; CH2OCH2Fc);


13C NMR
(300 MHz, CDCl3): d=156, 136, 128.5, 128.07, 128.0, 83.3, 69.71, 69.56,
69.01–69.08, 69.49, 68.38, 66.6, 65.1, 59.1 ppm; IR (neat): ñ=3414 (OH),
1714 cm�1 (CONH); MS (ESI): m/z : 651.3 [M]+ , 674.3 [M+Na]+ ; ele-
mental analysis calcd (%) for C34H37Fe2NO5: C 60.94, H 6.00, N 3.09;
found: C 60.54; H 5.60, N 3.06.


Compound 8 : Orange solid; m.p. 113–115 8C (decomp) (pentane);
1H NMR (300 MHz, CDCl3): d=7.35 (m, 5H; Ph), 5.74 (s; NH), 5.08 (s,
2H; CH2Ph), 4.3 (s, 2H; OCH2Fc), 4.18 (t, J=1.8 Hz, 2H; CH Fc), 4.16
(t, J=1.8 Hz, 2H; CH Fc), 4.09 (s, 5H; CH Fc), 3.72 (d, J=11.6 Hz, 2H;
CH2OH), 3.58 (s, 2H; CH2OCH2Fc), 3.53 ppm (d, J=11.6 Hz, 2H;
CH2OH);


13C NMR (300 MHz, CDCl3): d=156.5, 136.0, 128.5, 128.2,
128.0, 83.0, 70.8, 69.9, 68.7, 67, 64.5, 59.1 ppm; IR (Nujol): ñ=3300 (OH),
1685 cm�1 (CONH); MS (ESI): m/z : 453.5 [M]+ , 476.4 ppm [M+Na]+ ; el-
emental analysis calcd (%) for C23H27FeNO5: C 60.94, H 6.00, N 3.09;
found: C 60.90, H 5.90, N 3.06.


Tris(ferrocenemethylenoxymethyl)aminomethane (2): Pd/C (10%, 0.3 g)
and HCO2NH4 (0.3 g, 4.7 mmol) were added, at room temperature under
nitrogen, to a stirred solution of N-Cbz Tris-ferrocene 4 (0.85 g,
1.0 mmol) in MeOH (10 mL) and CH2Cl2 (18 mL). After 90 min, the mix-
ture was filtered through a pad of celite and the solvent evaporated, the
residue was then dissolved in CH2Cl2 (40 mL), washed with brine (2P
40 mL) and the aqueous phase was extracted with CH2Cl2 (3P40 mL).
The combined organic phases were dried over Na2SO4 and evaporated.
The crude product was purified by column chromatography on silica gel
(Rf=0.25, AcOEt) affording 2 as an orange powder (0.650 g, 90%). M.p.
105–107 8C (pentane); 1H NMR (300 MHz, CDCl3): d=4.24 (s, 6H;
OCH2Fc), 4.18 (t, Jortho=1.8 Hz, 6H; Fc), 4.13 (t, Jmeta=1.8 Hz, 6H; Fc),
4.10 (m, 15H; Fc), 3.45 (s, 6H; CCH2O), 2.28 ppm (br s, 2H; NH2);
13C NMR (300 MHz, CDCl3): d=83.84, 71.48, 69.45, 69.08, 68.4, 68.2,
56.51 ppm; IR (Nujol): ñ=3093 cm�1 (NH2); MS (EI): m/z : 715 [M]


+ ,
199 (CH2Fc), 121; elemental analysis calcd (%) for C37H41Fe3NO3: C
62.13, H 5.78, N 1.96; found: C 62.76, H 5.75, N 1.95.


Tris-Fc monomer 11: d,l-Tyrosine monomer 9[15b] (0.5 g, 0.93 mmol) was
added at 0 8C to a solution of bis(pentafluorophenyl)carbonate (0.38 g,
0.94 mmol) in CH2Cl2 (5 mL). Diisopropylamine (DIPEA, 0.16 mL,
0.93 mmol) was then added to the resulting suspension, and the clear sol-
ution was stirred at 0 8C for 2 h. After this time, the solution was diluted
with CH2Cl2 (15 mL), washed with NaHCO3 (5%, 2P10 mL) and the
aqueous phase was extracted with CH2Cl2 (2P15 mL). The organic
phase, after washing with 20 mL of H2O, was dried over Na2SO4, concen-
trated to 2 mL and added to a solution of 2 (0.5 g, 0.75 mmol) and
DIPEA (0.16 mL, 0.92 mmol) in CH2Cl2 (5 mL) cooled at 0 8C. The re-
sulting orange solution was stirred at room temperature for 5 h. After
this time, the mixture was washed with NaHCO3 (10%, 2P10 mL) and
the aqueous phase was extracted with CH2Cl2 (3P10 mL). The combined
organic layers were then washed with H2O (15 mL), dried over Na2SO4
and evaporated. The crude product was purified by column chromatogra-
phy (AcOEt) to give 11 (0.4 g, 80%) as an orange solid. M.p. 98–103 8C
(pentane); 1H NMR (300 MHz, CHCl3): d=8.01 (s, 1H; NH T), 7.25–
7.35 (m, 5H; Ph), 7.10 (d, J=8.47 Hz, 2H; PhO), 7.02 (d, J=8.47 Hz,
2H; PhO), 6.58 (s, 1H, CH=), 5.61 (br s, 1H; NH Cbz), 5.46 (br s, 1H;
NH), 5.19 (d, J=12 Hz, 1H; PhCH2O), 4.99 (d, J=12 Hz, 1H; PhCH2O),
4.52 (d, J=16.2 Hz, 1H; CH2CO), 4.24 (s, 6H; CH2Fc), 4.19 (s, 6H;
CHortho Fc), 4.14 (s, 6H; CHmeta Fc), 4.11 (s, 15H; Fc), 3.82–3.86 (m, 2H;
CH+CH2CO), 3.77 (s, 3H; CO2CH3), 3.67 (br s, 6H; CH2OCH2Fc),
3.00–3.10 (m, 4H; CH2), 2.60 (d, 1H, J=10.5 Hz; CH2NCH), 1.84 ppm (s,
3H; CH3);


13C NMR (300 MHz, CHCl3): d=172, 166.95, 164.1, 156, 155,
151.4, 141.0, 136, 129.9, 128.4, 127, 122.14, 110.8, 83, 69.6, 69.2, 68.6, 68.5,
66.9, 63.6, 60, 50.34, 49.5, 48.7, 39.03, 33.50, 12.3 ppm; IR (Nujol): ñ=
1670 cm�1 (CO); UV (CH2Cl2): lmax (e)=261 (20690 mol


�1dm3cm�1);
HRMS (ESI): m/z : 1279.30186 [M]+ .


Tyrosine derivative 14 : N-Boc ethanolamine 12 (0.78 mL, 5.0 mmol), fol-
lowed by PPh3 (1.85 g, 7.0 mmol) was added to a solution of l-N-Cbz ty-
rosine methylester 13 (1.98 g, 6 mmol) in anhydrous THF (50 mL). The
mixture was cooled to �30 8C and DEAD (3.2 mL of 20% toluene solu-
tion) was added. The mixture was allowed to warm at room temperature
and was then stirred for 48 h. After this time, the solvent was evaporated
and the residue dissolved in AcOEt (100 mL) was washed with NaOH
(0.1m, 2P50 mL), followed by brine (2P50 mL). The organic phase was
dried over Na2SO4 and evaporated. The crude product was purified by
column chromatography (Rf=0.47, AcOEt/petroleum ether 1:1) to give
14 (73%) as a white solid. M.p. 79–81 8C (pentane); [a]20D=++38.8 (c=
0.23 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.33 (br s, 5H; Ph Cbz),
6.98 (d, J=8.5 Hz, 2H; PhO), 6.78 (d, J=8.5 Hz, 2H; PhO), 5.29–4.98
(m, 4H; CH2-Cbz + NH-Cbz + NH-Boc), 4.62–4.59 (m, 1H; CH), 3.96
(t, J=5.1 Hz, 2H; CH2O), 3.71 (s, 3H; OCH3), 3.45–3.53 (m, 2H;
CH2NHBoc), 3.09–2.97 (m, 2H; CH2Ph), 1.44 ppm (s, 9H; tBu);
13C NMR (300 MHz, CDCl3): d=171.9, 157.4, 155.8, 155.5, 136.1, 130.1,
128.5–127.9, 114.3, 79.4, 66.8–66.6, 54.8, 52.02, 39.9, 37.0, 28.2 ppm; IR
(CHCl3): ñ=1708–1718 cm


�1 (NHCO); MS (ESI): m/z : 495.3 [M+Na]+ ;
elemental analysis calcd (%) for C25H32N2O7: C 63.95, H 6.83, N 5.93;
found: C 63.76, H 6.85, N 5.94.
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Tyrosine derivative 15 : Ammonium formate (0.5 g, 7.9 mmol) and Pd/C
10% (150 mg) were added to a solution of 14 (1.5 g, 3.2 mmol) in MeOH
(30 mL). The mixture was stirred at room temperature for 3 h, then fil-
tered over a pad of celite. The solvent was evaporated and the residue
was dissolved in AcOEt (100 mL) and washed with brine (60 mL). The
organic phase was dried over Na2SO4 and evaporated. The crude product
15 (colourless oil, 75%) was used for the subsequent reaction without
any further purification. Rf=0.23 (AcOEt);


1H NMR (300 MHz, CDCl3):
d=7.10 (d, J=8.5 Hz, 2H; Ph), 6.81 (d, J=8.5 Hz, 2H; Ph), 5.00 (br s,
1H; NH-Boc), 3.97 (t, J=5.1 Hz, 2H; CH2O), 3.80–3.71 (m, 4H;
OCH3+CH), 3.53–3.48 (m, 2H; CH2NH-Boc); 3.12–2.70 (m, 4H;
CH2Ph+NH2), 1.43 ppm (s, 9H; tBu); MS (ESI): m/z : 339 [M+1]+ .


Tyrosine backbone 16 : A mixture of ZnCl2 (0.18 g, 1.32 mmol) and
NaCNBH3 (0.165 g, 2.65 mmol) in dry MeOH (1 mL) was slowly added
at 0 8C, to a solution of 15 (0.82 g, 2.42 mmol) and N-Cbz-2-amino acetal-
dehyde (0.425 g, 2.42 mmol) in dry MeOH (4 mL). The mixture was then
stirred at room temperature for 2 h. After evaporation of the solvent, the
residue was dissolved in AcOEt (100 mL), washed with H2O (2P50 mL)
and the aqueous phase was extracted with AcOEt (3P20 mL). The com-
bined organic phases were washed with H2O (50 mL), dried over Na2SO4
and evaporated. The crude product 16 was recovered as a colourless oil
(93%). Rf=0.52 (AcOEt); [a]


20
D=�6.60 (c=0.076 in CHCl3); 1H NMR


(300 MHz, CDCl3): d=7.30 (d, J=8.5 Hz, 2H; PhO), 6.76 (d, J=8.5 Hz,
2H; PhO), 5.20–4.90 (m, 4H; NHCbz+OCH2Ph, NHBoc), 3.90 (br t, J=
4.85 Hz, 2H; PhOCH2), 3.60 (s, 3H; OCH3), 3.50–3.40 (m, 3H;
CH2NHBoc+CH), 3.20–3.10 (m, 2H; CH2NHCbz), 2.90–2.70 (m, 3H;
CH2PhO+CH2NH), 2.60–2.50 (m, 1H; CH2NH), 1.84 (s, 3H, CH3), 1.80
(br s, 1H; NHCH), 1.43 ppm (s, 9H; tBu); 13C NMR (300 MHz, CDCl3):
d=174.8, 157.4, 156.4, 155.7, 136.6, 130.1, 129.5, 128.4, 127.9, 114.3, 79.4,
67.0, 66.5, 62.5, 51.6, 47.13, 40.6, 40.0, 38.0, 28.3 ppm; IR (neat): ñ=
1718 cm�1 (NHCO); MS (ESI): m/z : 538 [M+Na]+ , 516 [M+1]+ ; elemen-
tal analysis calcd (%) for C27H37N3O7: C 62.90, H 7.23, N 8.15; found: C
63.01, H 7.22, N 8.16.


PNA monomer 17: At room temperature N,N-diisopropyl carbodiimide
(0.48 mL, 3.1 mmol) was added to a solution of 1-carboxy methyl thy-
mine (0.57 g, 3.1 mmol) in dry DMF (4 mL). DhBtOH (0.5 g, 3.1 mmol)
was then added and the precipitation of N,N-diisopropyl urea (DIU) was
observed. After the mixture had been stirred at room temperature for
2 h, a solution of 16 (0.9 g, 1.75 mmol) in dry DMF (7 mL) was added.
The mixture was stirred for a further 3 h at room temperature, and then
the solvent was evaporated. The resulting residue was dissolved in
CH2Cl2 (10 mL), the DIU was filtered off over a pad of celite and the
solvent was evaporated. Finally, the residue was dissolved in AcOEt
(50 mL), washed with saturated NaHCO3 (4P30 mL) and then with
water (50 mL), dried over Na2SO4 and evaporated. The crude product
was purified by column chromatography on silica gel (AcOEt/light petro-
leum 8:2, Rf = 0.23) to afford the PNA monomer 17 (70%) as a white
solid. M.p. 128–132 8C (pentane); [a]20D=�82.4 (c=0.074 in CHCl3);
1H NMR (300 MHz, CDCl3): d=8.80 (s, 1H; NH), 7.40–7.20 (m, 5H;
Ph), 7.04 (d, J=8.5 Hz, 2H; PhO), 6.82 (d, J=8.5 Hz, 2H; PhO), 6.60 (s,
1H; CH=), 5.50 (br s, 1H; NHCbz), 5.16 (d, Jgem=12.2 Hz, 1H;
PhCH2O), 5.00 (d, Jgem=12.2 Hz, 1H; PhCH2O), 4.50 (d, Jgem=16.2 Hz,
1H; CH2CO), 3.96 (t, J=5.18 Hz, 2H; CH2O), 3.90–3.76 (m, 5H;
OCH3+CH+CH2CO), 3.50–3.00 (m, 7H; CH2N + CH2PhO +


CH2NHCbz + CH2NHBoc), 2.60 (brd, Jgem=15.5 Hz, 1H; CH2N), 1.84
(s, 3H; CH3), 1.44 ppm (s, 9H; tBu); 13C NMR (300 MHz, CDCl3): d=
170.7, 167, 164.5, 157.4, 156.4, 155.7, 151.6, 141, 136.6, 130.2, 129.5, 128.4–
128.2, 114.7, 110.3, 79.4, 66.9, 66.7, 63.5, 52.6, 48.7, 48.2, 39.9, 39.0, 33.1,
28.3, 12.2 ppm; IR (Nujol): ñ=1664–1719 cm�1 (NHCO); MS (ESI): m/z :
704.2 [M+Na]+ ; elemental analysis calcd (%) for C34H43N5O10: C 59.90,
H 6.36, N 10.27; found: C 61.02, H 6.35, N 10.25.


PNA monomer 18 : At room temperature a solution of TFA (1m,
0.35 mL, 4.4 mmol) in CH2Cl2 was added to a solution of 17 (0.5 g,
0.73 mmol) in CH2Cl2 (3 mL), and the mixture was stirred at room tem-
perature for 48 h. After this time, the solvent was evaporated and the res-
idue was dissolved in AcOEt (30 mL) and evaporated. The crude product
was precipitated from pentane (5 mL) and filtered to give 18 (97%).
1H NMR (300 MHz, CD3OD): d=7.4–7.2 (m, 6H; Ph + CH=), 7.17 (d,


J=8.5 Hz, 2H; PhO), 6.93 (d, J=8.5 Hz, 2H; PhO), 5.05 (d, Jgem=
12.2 Hz, 2H; PhCH2O), 4.65 (d, J=16.4 Hz, 1H; CH2COTym), 4.34 (d, J=
16.4 Hz, 1H; CH2COTym), 4.20–4.10 (m, 3H; CH2O+CH), 3.90–3.76 (br s,
3H; OCH3), 3.50–3.00 (m, 7H; CH2NCH + CH2Ph + CH2NHCbz +


CH2NH3
+), 2.60 (m, 1H; CH2N), 1.84 ppm (s, 3H; CH3);


13C NMR
(300 MHz, CD3OD); d=172.2, 169.4, 167, 158.4, 152.8, 143.2, 138.2,
132.2, 131.8, 128.5–128.1, 115.8, 110.9, 67.7, 65.3, 65.0, 52.9, 40.4, 40.1,
34.4, 12.2 ppm; IR (Nujol): ñ=1660–1719 cm�1 (NHCO); MS (ESI): m/z :
582.3 [M+Na]+ .


Tris(ferrocenemethylenoxymethyl)methylisocyanate (19): 4-Dimethylami-
nopyridine (45 mg, 0.35 mmol) was added to a solution of 2 (0.250 g,
0.35 mmol) in anhydrous THF (15 mL). The mixture was cooled to
�15 8C and a solution of Boc2O (0.095 g, 0.43 mmol) in THF (3 mL) was
slowly added. The mixture was allowed to warm at room temperature
and was stirred for 20 h, then the solvent was evaporated. The residue
was dissolved in CH2Cl2 and purified by column chromatography
(AcOEt/light petroleum 3:7) to afford isocyanate 19 as an orange oil
(76%). 1H NMR (300 MHz, CDCl3): d=4.25–4.10 (m, 33H; Fc+
OCH2Fc), 3.46 ppm (s, 6H, CH2O); IR (Nujol): ñ=2294 cm�1 (NCO);
MS (ESI): m/z : 741 [M]+ ; elemental analysis calcd (%) for
C38H39Fe3NO4: C 61.57, H 5.30, N 1.89; found: C 61.60, H 5.28, N 1.88.


Tris-Fc tyrosine ester monomer 20 : At room temperature DIPEA
(0.25 mL, 1.45 mmol) was added to a solution of Tris-isocyanate 19
(0.535 g, 0.72 mmol) and PNA monomer 18 (0.335 g, 0.48 mmol) in anhy-
drous DMF (6 mL), and the mixture was stirred at room temperature for
24 h. After this time, CH2Cl2 (20 mL) was added and the solution was
washed with H2O (2P15 mL). The aqueous phase was extracted with
CH2Cl2 (2P15 mL) and the combined organic layers were treated with
KHSO4 (0.3m, 2P15 mL). After the organic phase had been washed with
H2O (20 mL), it was dried over Na2SO4 and evaporated. The residue was
purified by column chromatography on silica gel (AcOEt/light petroleum
4:6 then AcOEt/MeOH 9:1) to afford monomer 20 (84%) as a yellow
solid and unreacted isocyanate 19 (30%). Rf=0.45 (AcOEt); m.p. 178–
180 8C (pentane); [a]20D=�67.2 (c=0.064 in CHCl3); 1H NMR (300 MHz,
CDCl3): d=8.80 (s, 1H; NHTym), 7.40–7.20 (m, 5H; Ph), 7.03 (d, J=
8.5 Hz, 2H; PhO), 6.81 (d, J=8.5 Hz, 2H; PhO), 6.60 (s, 1H; CH=), 5.5
(br s, 1H; CbzNH), 5.16 (d, Jgem=12.2 Hz, 1H; PhCH2O), 5.00 (d, Jgem=
12.2 Hz, 1H; PhCH2O), 4.50 (brd, 1H; CH2), 4.30–4.00 (m, 33H;
OCH2Fc+Fc), 3.96–3.76 (m, 7H; OCH3+CH+CH2CO+CH2O), 3.70
(s, 6H; C ACHTUNGTRENNUNG(CH2)3O), 3.50–3.00 (m, 7H; CH2N+ CH2Ph+CH2NHCbz+
CH2NHCONH), 2.60 (br s, 1H; CH2N), 1.84 ppm (s, 3H, CH3);


13C NMR
(300 MHz, CDCl3): d=170.7, 167, 164.1, 157.7–156.4, 151.7, 141, 136.6,
130.2, 129.4, 128.4, 128.3, 128.2, 114.9, 110.3, 83.6, 69.6, 69.3–68.2, 67.5,
66.9, 63.5, 58.8, 52.6, 48.9, 48.2, 39.6, 39.0, 33.1, 12.2 ppm; IR (CH2Cl2):
ñ=1688, 1716 cm�1 (NHCO, COOMe); MS (ESI): m/z : 1345 [M+Na]+ ;
elemental analysis calcd (%) for C67H74Fe3N6O12: C 60.83, H, 5.64, N
6.35; found: C 61.02, H 5.65, N 6.37.


Tris-Fc tyrosine acid monomer 21: At room temperature Ba(OH)2·8H2O
(0.090 mg, 0.28 mmol) was added to a solution of 20 (0.15 g, 0.11 mmol)
in CH2Cl2 (1 mL), MeOH (0.5 mL) and H2O (0.10 mL). The mixture was
vigorously stirred for 2 h at the same temperature, and then CH2Cl2
(20 mL) was added and the organic phase was washed with KHSO4
(0.3m, 2P15 mL) (pH 2). The organic phase was then washed again with
H2O, dried over Na2SO4 and evaporated. The yellow residue produced
was dissolved in pentane (5 mL), cooled and filtered (96%). M.p. 225–
230 8C; [a]20D=�32.26 (c=0.062 in CHCl3); 1H NMR (300 MHz, CDCl3):
d=10.2 (s, 1H; NH), 7.40–7.20 (m, 5H; Ph), 7.20–6.95 (m, 2H; PhOH),
6.90–6.70 (m, 3H; CH=++PhOH), 6.10 (br s, 1H; NH), 5.60 (br s, 1H;
NH), 5.10–4.90 (m, 3H; PhCH2O+NH), 4.50–3.76 (m, 38H; CH+


CH2CO+CH2O, CH2Fc+Fc), 3.70–2.30 (m, 14H; CH2N + CH2PhO +


CH2NH-Cbz + CH2NHCONH; C ACHTUNGTRENNUNG(CH2)3O), 1.84 ppm (s, 3H; CH3);
13C NMR (300 MHz, CDCl3); d=170.7, 167.0, 164.1, 158.2, 157.5, 156.6,
151.9, 141, 136.4, 130.2, 129.4, 128.4–128.1, 114.7, 110.3, 83.6, 69.5, 69.2–
68.4, 67.3, 66.8, 63.3, 58.8, 48.7, 39.6, 38.6, 33.1, 12.2 ppm; IR (CH2Cl2)
ñ=3050 cm�1 (COOH), 1688, 1716 cm�1 (NHCO); MS (ESI): m/z : 1308
[M]+ , 1331 [M+Na]+ ; elemental analysis calcd (%) for C66H72Fe3N6O12:
C 60.57, H 5.54, N 6.42; found: C 60.53, H 5.55, N 6.44.
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Tris-Fc aminoethylglycine monomer 23 : A solution of 2 (0.21 g,
0.30 mmol) and DIPEA (0.13 mL, 0.74 mmol) in DMF (0.5 mL) was
added at 0 8C to a solution of pentafluorophenyl carbonate (0.115 g,
0.30 mmol) in N-methyl pyrrolidone (1.5 mL) and the mixture was stirred
for 1 h at the same temperature. This solution was then slowly added to a
solution of monomer 22[32] (0.070 g, 0.17 mmol) and DIPEA (0.05 mL,
0.3 mmol) in DMF (1 mL). The solution was heated at 45 8C for 2 h, fol-
lowed by dilution with CH2Cl2 (25 mL). This mixture was washed with a
saturated solution of NaHCO3 (3P15 mL) and the aqueous phase was ex-
tracted with CH2Cl2 (20 mL). The combined organic layers, after washing
with H2O (20 mL), were dried over Na2SO4 and evaporated. The residue
was purified by column chromatography on silica gel (AcOEt/light petro-
leum 4:6, increasing progressively the polarity of the solvent) to afford 23
(75%) as a yellow solid. M.p. 176–178 8C (pentane); 1H NMR (300 MHz,
CDCl3): d=8.11 (br s, 1H; NH), 6.76 (s, 1H; CH=), 5.70 (br s, 2H; NH),
4.28 (s, 2H; CH2CO), 4.20 (s, 6H; CH2Fc), 4.17 (t, 6H; Fc), 4.12 (t, 6H;
Fc), 4.10 (s, 15H; Fc), 3.96 (s, 2H; CH2COO), 3.72 (s, 3H; OCH3), 3.62
(s, 6H; C ACHTUNGTRENNUNG(CH2)3), 3.40–3.30 (m, 4H; CH2CH2), 1.80 ppm (s, 3H;
CH3CH=);


13C NMR (300 MHz, CDCl3); d=170.1, 167.6, 163.9, 157.2,
150.9, 141.9, 110.0, 83.5, 69.7, 69.4, 69.3, 68.5–68.4, 58.9, 52.5, 49.5, 49.0,
48.8, 37.7, 12.3 ppm; MS (ESI): m/z : 1039 [M]+ , 1062 [M+Na]+ ; IR
(Nujol): ñ=1651 (CO), 1455 cm�1 (NHCONH); elemental analysis calcd
(%) for C50H57Fe3N5O9: C 57.77, H 5.53, N 6.74; found: C 60.10, H 5.52,
N 6.71.
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A Dynamic Tricopper Double Helicate


Marie Hutin, Richard Frantz, and Jonathan R. Nitschke*[a]


Introduction


The development of subcomponent self-assembly builds
upon the accomplishments of “classical” metallo-organic
self-assembly[1,2] by combining it with dynamic covalent
chemistry.[3,4] Subcomponent self-assembly has allowed for
the creation of complex structures[5,6] from simple building
blocks through the dynamic formation of two distinct hier-
archical[7,8] layers of linkages: covalent (C=N) and coordina-
tive (N!metal) bonds. As a result of the reversible nature
of these connections, these structures also possess the fea-
ture of being reconfigurable through substitution chemistry
on both covalent and coordinative levels,[6,9, 10] with the two
levels being independently addressable in certain cases.[11]


A central challenge of subcomponent self-assembly is the
difficulty of simultaneously programming the two distinct
self-assembly processes, or how to template[12] the formation
of specific structures or collections of structures from out of
large dynamic libraries[13–15] of products. It is also of interest
to investigate how subcomponent substitution might be used
to cleanly and selectively transform one structure into an-


other. Such transformations could permit the incorporation
of function based upon structural rearrangement, as has
been demonstrated in the cases of a signal-amplifying allos-
teric catalyst,[16] a “chain-walking” epoxidation catalyst,[17] a
reversible molecular motor,[18] a fluid-transporting rotaxane
surface,[19] and a molecular elevator.[20]


We report herein the results of a study into the dynamic
chemistry of a new tricopper double helicate. In addition to
being accessible through subcomponent self-assembly, this
structure could also be quantitatively prepared through
ligand-subcomponent substitution[9–11] starting from a dicop-
per helicate,[10, 21,22] an unprecedented transformation to the
best of our knowledge. Both di- and tricopper helicates
could also be prepared simultaneously from a library of dy-
namically interconverting ligand subcomponents in a process
that eliminated all mixed and partially-formed structures;
this subcomponent sorting phenomenon has not been ob-
served previously in polynuclear complexes.


Results and Discussion


Copper(i) tetrafluoroborate (3 equiv), 8-aminoquinoline
(4 equiv), and 1,10-phenanthroline-2,9-dicarbaldehyde
(2 equiv) reacted in dimethyl sulfoxide (DMSO) or acetoni-
trile solution to give a single product, 1. Results of ESI-MS
indicated Cu3L2


3+ stoichiometry and NMR spectra were


Abstract: The reaction between 8-ami-
noquinoline, 1,10-phenantholine-2,9-di-
carbaldehyde, and copper(i) tetrafluor-
oborate gave a quantitative yield of a
tricopper double helicate. The presence
of dynamic covalent imine (C=N)
bonds allowed this assembly to partici-
pate in two reactions not previously
known in helicate chemistry: 1) It
could be prepared through subcompo-
nent substitution from a dicopper
double helicate that contained aniline
residues. An electron-poor aniline was


quantitatively displaced; a more elec-
tron-rich aniline competed effectively
with the aminoquinoline, setting up an
equilibrium between dicopper and tri-
copper helicates that could be dis-
placed towards the tricopper through
the addition of further copper(i). 2)
Both dicopper and tricopper helicates


could be prepared simultaneously from
a mixture of phenanthroline dialde-
hyde, aniline, and aminoquinoline,
which contained all possible imine con-
densation products in equilibrium. Fol-
lowing the addition of copper(i), ther-
modynamic equilibration on both cova-
lent and coordinative levels eliminated
all partially-formed and mixed imine li-
gands from the mixture, leaving the
helicates as exclusive products.
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consistent with the D2-symmetric double-helical structure of
1 shown in Equation (1).


Similar helicate structures that consist of three CuI centers
surrounded by two ligands each bearing six sp2 nitrogen
donor atoms have been reported by Constable,[23] Potts,[24]


and Thummel.[25] Because we lacked crystals of sufficient
quality for X-ray analysis, we based our structural assign-
ment of 1 primarily upon NMR data. COSY, HSQC, and
HMBC experiments allowed us to assign all resonances in
the 1H and 13C NMR spectra of 1. NOESY and ROESY ex-
periments showed a large set of correlations, all of which
were consistent with the assigned structure of 1. The most
revealing of the observed NOEs are shown as double-
headed arrows in Equation (1). A correlation between the
imine and 7-quinoline protons indicated that the ligand
adopted the configuration shown, and correlations between
protons that are spatially distant on the same ligand strand
are readily explained by structure 1 as interligand correla-
tions.[26]


The addition of D-TRISPHAT anion, shown to be a
useful chiral shift reagent by Lacour,[27] split all observed


signals in two, as shown in Figure 1. This observation provid-
ed clear evidence for the presence of two enantiomers, as
expected for helical structure 1.[28]


The use of 8-aminoquinoline together with 1,10-phenan-
throline-2,9-dicarbaldehyde may be considered to program[1]


the formation of this tricopper helicate: The bis-
ACHTUNGTRENNUNG(imine)ligand formed by the condensation of these two
starting materials possesses six nitrogen donor atoms, and
two such ligands are well suited to generate a helicate con-
taining three pseudotetrahedral copper(i) ions.[23–25] If 4-
chloroaniline was used in place of 8-aminoquinoline, the re-
sulting self-assembled ligand contained only four nitrogen
donors. Thus, the structure generated in the presence of CuI


was dicopper helicate 2 (Scheme 1), of a structure type ini-
tially reported by Ziessel.[21] We have previously detailed
the preparation through subcomponent self-assembly of hel-
icates structurally similar to 2.[10]


The addition of 8-aminoquinoline (4 equiv) and copper(i)
tetrafluoroborate (1 equiv) to a solution of dinuclear heli-


Abstract in French: La r�action entre la 8-aminoquinoline, la
1,10-phenanthroline-2,9-dicarbaldehyde et le cuivre(i) tetra-
fluoroborate conduit $ la formation quantitative d%un double
h�licate $ trois cuivres. Gr(ce $ la liaison imine (C=N) dyna-
mique et covalente, cet assemblage participe $ deux r�actions
nouvelles dans la chimie des h�licates : 1) L%h�licate peut Þtre
pr�par� par la substitution de composants $ partir d%un
double h�licate $ deux cuivres incorporant des anilines. Une
aniline pauvre en �lectrons est d�plac�e quantitativement par
l%aminoquinoline ; une aniline plus riche en �lectrons est d�-
plac�e plus difficilement, conduisant ainsi $ un �quilibre
entre l%h�licate $ deux cuivres et celui $ trois cuivres. Cet
�quilibre peut Þtre d�plac� vers la formation de l%h�licate $
trois cuivres par l%addition d%un exc0s de cuivre(i). 2) Les h�-
licates $ deux et trois cuivres peuvent Þtre pr�par�s simultan�-
ment en ajoutant du cuivre(i) $ un m�lange d%aminoquinoli-
ne, d%aniline et de phenanthrolinecarbaldehyde contenant
tous les produits de condensation possibles $ l%�quilibre. Suite
$ cet ajout, l%�quilibre thermodynamique �limine les ligands
partiellement form�s ou mixtes, laissant les h�licates comme
uniques produits.


Figure 1. 1H NMR signals of 1 (top trace) split into two (bottom trace)
following the addition of the enantiodifferentiation agent D-TRISPHAT
anion.


Scheme 1. Substitution of aminoquinoline for chloroaniline, generating
trimetallic 1 from dimetallic 2.
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cate 2 resulted in quantitative subcomponent substitution, as
shown in Scheme 1. If the reaction was conducted in aceto-
nitrile solution, helicate 1 and 4-chloroaniline were the only
observed products after 1 h at 323 K. However, in DMSO
solution, the reaction had reached only 17% completion
after 6 h at 323 K. After 48 h, the reaction had run its
course in DMSO, with no further signals of 2 being visible
in the NMR spectrum. The electron-poor 4-chloroaniline
(Hammett spara=0.37 for �Cl)[29] thereby served as an excel-
lent leaving group in the subcomponent-substitution reac-
tion.


Acetonitrile appears to facilitate the dynamic equilibra-
tion necessary for the strict (thermodynamic) self-assem-
bly[30] process. This solvent effect could be a consequence of
the fact that acetonitrile is a good ligand for copper(i): fol-
lowing dissociation of one “arm” of a chelating ligand, ace-
tonitrile could coordinate to the vacant metal site, blocking
the immediate reassociation of the chelating ligand and al-
lowing covalent imine exchange to occur on the dissociated
part of the ligand away from the crowded coordination
sphere of the metal.


If the subcomponent-substitution reaction shown in
Scheme 1 was conducted in acetonitrile in the absence of ad-
ditional copper(i), the reaction still proceeded. Substitution
stopped only after 2 had been entirely consumed, to give 1
in 66% yield (limited only by the availability of CuI). Thus,
the formation of 1 appeared to be preferred over the forma-
tion of alternative structures, such as a helicate containing
the ligands of 1, but only two copper ions. Although such a
dicopper structure would suffer from less Coulombic repul-
sion than would a tricopper structure, the preorganization of
the ligands by two metal ions should render the insertion of
a third metal ion highly entropically favorable.[31]


Helicates have proven themselves to be extremely fruitful
systems for the study of dynamic behavior in self-assem-
bly.[32] Constable[23] and Potts[24] have described the prepara-
tion of oligopyridines capable of accommodating a variable
number of copper(i) ions in helical structures. Lehn has de-
scribed circular helicates whose nuclearity may be changed
as a function of template anion,[33] a system that expresses
different helicate structures as a function of the metal ions
present,[34] and a helicate that dynamically expands and con-
tracts as a function of pH.[35] Albrecht[15] and Raymond[36]


have described systems in which a tetrahedron or helicate
may be selected as product based on template or solvent ef-
fects, and Albrecht and Schalley have also studied a system
in which the dynamic forces holding the two halves of a hi-
erarchically self-assembled helicate may be quantified.[7] We
have investigated a system in which arylamines replaced al-
kylamines within dinuclear helicates based upon pKa differ-
ences.[10] We are not aware, however, of a precedent for the
covalent and supramolecular transformation of one helicate
into another of different nuclearity and bearing different li-
gands.


The reaction of helicate 3 (1 equiv) with 8-aminoquinoline
(4 equiv) and copper tetrafluoroborate (1 equiv) in acetoni-
trile resulted in only 18% conversion to 1, the equilibrium


being established after 90 h at 323 K. The electron-rich 4-
methoxyaniline (Hammett spara=�0.27 for �OMe)[29] com-
peted effectively with the 8-aminoquinolines, which allowed
both helicates to coexist in the presence of free subcompo-
nents at equilibrium.


The addition of copper(i) naturally pushed the equilibri-
um shown in Scheme 2 further to the right: following the
addition of three additional equivalents of copper(i) tetra-
fluoroborate, the percentage of 1 present increased from 18
to 26% within 22 h at 323 K.


The failure of any intermediates to appear in the 2-to-1
and 3-to-1 transformations led us to suspect that dicopper
and tricopper double helicates might be synthesized side-by-
side from a mixed set of ligand subcomponents.[11] Following
the mixing of 4-chloroaniline, 8-aminoquinoline, and 1,10-
phenanthroline-2,9-dicarbaldehyde (4 equiv each) in aceto-
nitrile, a dynamic library[4,13,37] of products formed
(Scheme 3). NMR spectra indicated that this library was
composed of numerous imine condensation products in dy-
namic equilibrium with the starting materials. Following the
addition of copper(i) tetrafluoroborate (5 equiv), this library
collapsed within 80 h at room temperature to give helicates
1 and 2 as the uniquely templated products.


These two structures were the smallest ones that could be
constructed from the available self-assembled ligands, while
simultaneously ensuring that all copper(i) ions were tetra-
coordinate, and that all nitrogen atoms were bound to
copper. The mixed imine ligand, which contains both amino-
quinoline and chloroaniline residues, possesses five donor
atoms and, therefore, would not be able to self-assemble
into a coordinatively saturated structure without dimerizing
into an entropically-disfavored L4Cu5 assembly.[38] Enthalpy
(coordinative saturation) and entropy (avoidance of larger
structures when possible) thereby worked together to direct
the two hierarchical levels[7,8] of this simultaneous self-as-
sembly process. Figure 2 shows 1H NMR spectra of the mix-
ture shown in Scheme 3 before and after the addition of
copper(i).


Scheme 2. Equilibrium between 3 and 1 in the presence of free subcom-
ponents.
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NMR spectra revealed that the same dynamic library of
ligands formed in DMSO solution, and both 1 and 2 were
identified in the spectrum 24 h after the addition of cop-
per(i) tetrafluoroborate. However, 1 and 2 together account-
ed for only 38% of the total mass of ligand subcomponents
present (as measured by 1H integration against an internal
standard). The rest of the subcomponents were observed as
numerous minor peaks that diminished slightly following
heating to 323 K over five days, at which point 1 and 2 ac-
counted for 50% of the total mass. Because there was no
change in the NMR spectrum of a mixture of 1 and 2
heated to 323 K for four days, we concluded that the minor
peaks correspond to kinetic products that rearranged only
with difficulty into the thermodynamic products 1 and 2 in
DMSO. These observations reinforced the hypothesis that
acetonitrile accelerates the dynamic equilibration process, in
the same manner as was observed during the conversion of
2 to 1.


Conclusion


The parallel self-assembly of 1 and 2 builds upon the self-
recognition studies of Lehn and KrOmer[39] and Raymond,[40]


which demonstrated that different helicates could self-as-
semble together in solution. In the present case, however,
the dynamic interchange observed between the potential li-
gands means that the “self” is defined only at the moment
of self-assembly.[41] The two distinct hierarchical layers of
self-assembly, covalent (C=N) and coordinative (N!Cu),
grant the present system more degrees of freedom than are
present in a purely supramolecular system. The ability to
apply these degrees of freedom rationally and in parallel
allows one to envisage the rapid construction of larger self-
assembled systems, in which the “programs” directing the
assembly of these systems serve as “subroutines” in the as-
sembly of architectures that bear the necessary degree of
complexity to serve a useful function.[19,42]


The present study thereby serves as a point of departure
for the creation of architectures containing 1 as a structural
element; for example, models suggest that the use of a bis-
aminoquinoline building block in which the two aminoqui-
nolines were linked by a flexible alkyl chain might result in
the exclusive formation of a knot[43] built around 1 as a
structure-determining motif. The successful simultaneous
preparation of 1 and 2 also indicates that these moieties
might be incorporated together into a larger structure. The
use of a bifunctional aminoquinoline–aniline building block
could also facilitate the emergence[44] of architectures of
considerable topological complexity.


Experimental Section


General : All manipulations were carried out in degassed solvents by
using reagents of the highest commercially available purity. [Cu-
ACHTUNGTRENNUNG(NCMe)4]BF4


[45] and 1,10-phenanthroline-2,9-dicarbaldehyde[46] were pre-
pared by following literature procedures. The 1H NMR spectra of 1, 2,
and 3 were assigned by using COSY, ROESY, HSQC, and HMBC meas-
urements.[47] NMR spectra were referenced to the residual 1H or
13C NMR signal of the solvent.


Scheme 3. Simplification of a dynamic library of ligands through the templated formation of helicates 1 and 2.


Figure 2. Clean conversion of the dynamic library shown in Scheme 3
(top trace) into a mixture of 1 and 2 (bottom trace) following the addi-
tion of copper(i).
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Preparation of helicate 1: 8-Aminoquinoline (40.9 mg, 0.284 mmol), 1,10-
phenanthroline-2,9-dicarbaldehyde (33.5 mg, 0.142 mmol), and [Cu-
ACHTUNGTRENNUNG(NCMe)4]BF4 (66.9 mg, 0.213 mmol) were added to a 50-mL Schlenk
flask. Methanol (5 mL) was added, the flask was sealed, and the atmos-
phere was purified of dioxygen by performing three evacuation/argon-fill
cycles. The reaction mixture was stirred at RT overnight. The supernatant
was removed by cannula-filtration and the product was dried under dy-
namic vacuum, giving an isolated yield of 84 mg (82%) of brown micro-
crystalline 1, shown by NMR spectroscopy to be pure. 1H NMR
(500 MHz, 298 K, [D6]DMSO): d=9.53 (s, imine, 4H), 8.31 (d, J=8 Hz,
4H; 3,8-phenanthroline), 8.22 (d, J=8 Hz, 4H; 4,7-phenanthroline), 8.03
(d, J=8 Hz, 4H; 4-aminoquinoline), 7.93 (dd, J=4 Hz, J’=1 Hz, 4H; 2-
aminoquinoline), 7.51 (d, J=8 Hz, 4H; 5-aminoquinoline), 7.22 (m, 2Q
4H; 5,6-phenanthroline, 7-aminoquinoline), 7.15 ppm (m, 2Q4H; 3-ami-
noquinoline, 6-aminoquinoline); 13C NMR (125.77 MHz, 298 K,
[D6]DMSO): d=155.4, 149.7, 149.0, 141.1, 139.8, 138.9, 136.7, 128.7,
128.3, 127.4, 127.3, 126.5, 125.9, 122.5, 116.1 ppm; ESI-MS: m/z (%):
389.4 (100) [1]3+ , 1341.6 (5) [1+2BF4]


+ .


Preparation of helicate 2 : 4-Chloroaniline (54.2 mg, 0.425 mmol), 1,10-
phenanthroline-2,9-dicarbaldehyde (50.2 mg, 0.213 mmol), and [Cu-
ACHTUNGTRENNUNG(NCMe)4]BF4 (66.8 mg, 0.212 mmol) were added to a 50-mL Schlenk
flask. Methanol (5 mL) was added, the flask was sealed, and the atmos-
phere was purified of dioxygen by performing three evacuation/argon-fill
cycles, giving immediately a homogeneous orange solution. The reaction
was stirred at RT overnight, during which time the solution turned green.
Volatile components were evaporated to give 124 mg (97.4%) of green
microcrystalline 2, shown by NMR spectroscopy to be pure. 1H NMR
(500 MHz, 298 K, [D6]DMSO): d=9.09 (s, 4H; imine), 8.64 (d, J=
8.0 Hz, 4H; 4,7-phenanthroline), 8.34 (d, J=8.0 Hz, 4H; 3,8-phenanthro-
line), 7.90 (s, 4H; 5,6-phenanthroline), 6.67 (d, J=8.5 Hz, 8H; phenylene
b to Cl), 6.20 ppm (d, J=8.5 Hz, 8H; phenylene b to N); 13C NMR
(125.77 MHz, 298 K, [D6]DMSO): d=159.73, 148.17, 143.40, 139.76,
137.09, 132.29, 131.61, 128.08, 127.51, 126.83, 122.54 ppm; ESI-MS: m/z
(%): 519.3 (100) [2]2+ , 1123.2 (7) [2+BF4]


+ .


Preparation of helicate 3 : A combination of 4-methoxyaniline (28.4 mg,
0.231 mmol), 1,10-phenanthroline-2,9-dicarbaldehyde (27.2 mg,
0.115 mmol), and [CuACHTUNGTRENNUNG(NCMe)4]BF4 (36.3 mg, 0.115 mmol) was added to
a 50 mL Schlenk flask. Methanol (5 mL) was added, the flask was sealed,
and the atmosphere was purified of dioxygen by performing three evacu-
ation/argon-fill cycles, giving immediately a homogeneous orange solu-
tion. The reaction was stirred at RT overnight, during which time the sol-
ution turned green. Volatile components were evaporated to give 66 mg
(96%) of green microcrystalline 3, shown by results of NMR spectrosco-
py to be pure. 1H NMR (500 MHz, 298 K, [D6]DMSO): d=9.03 (s, 4H;
imine), 8.55 (d, J=8.0 Hz, 4H; 4,7-phenanthroline), 8.26 (d, J=8.0 Hz,
4H; 3,8-phenanthroline), 7.78 (s, 4H; 5,6-phenanthroline), 6.13 (m, 16H;
phenylene), 3.58 ppm (s, 12H; methyl); 13C NMR (125.77 MHz, 298 K,
[D6]DMSO): d=158.85, 156.02, 148.02, 140.13, 137.82, 136.51, 131.19,
127.19, 125.91, 122.30, 113.25, 55.28 ppm; ESI-MS: m/z (%): 509.1 (66)
[3]2+ , 1106.2 (11) [3+BF4]


+ .


Use of D-TRISPHAT to observe the two enantiomers of 1: A combina-
tion of 1 mg of 1, 0.15 mL of CD3CN, and 0.55 mL of CD2Cl2 was added
to an NMR tube with a Teflon screw-cap. The sample was deoxygenated
by performing three vacuum/argon-fill cycles. Portions of tetrabutylam-
monium D-TRISPHAT were then added and 1H NMR spectra were re-
corded. All signals in the 1H NMR spectra were observed to split cleanly
and reached the separation shown in Figure 1 following the addition of
8.7 equiv of TRISPHAT.


Preparation of 1 from 2 : A combination of 2 (8.2 mg, 0.007 mmol), 8-
aminoquinoline (4.1 mg, 0.028 mmol), [Cu ACHTUNGTRENNUNG(NCMe)4]BF4 (2.2 mg,
0.007 mmol), and CD3CN (0.5 mL) was added to an NMR tube with a
Teflon screw-cap. The resulting dark-green solution was deoxygenated by
performing three vacuum/argon-fill cycles. After 1 h at 323 K, the color
had turned dark brown, and the 1H NMR spectrum contained signals cor-
responding to a mixture of 1 and 4-chloroaniline only.


Simultaneous preparation of 1 and 2 : A combination of 1,10-phenanthro-
line-2,9-dicarbaldehyde (4.6 mg, 0.019 mmol), 4-chloroaniline (2.5 mg,
0.019 mmol), 8-aminoquinoline (2.8 mg, 0.019 mmol), [Cu ACHTUNGTRENNUNG(NCMe)4]BF4


(7.5 mg, 0.024 mmol), and CD3CN (0.4 mL) was added to an NMR tube
with a Teflon screw-cap. The solution was deoxygenated by performing
three vacuum/argon-fill cycles, giving immediately a dark-brown homoge-
neous solution. After 80 h at RT, 1 and 2 were the only products ob-
served by 1H NMR spectroscopy.
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Introduction


During the last years, the molecular recognition properties
of small circular oligonucleotides have attracted consider-
ACHTUNGTRENNUNGable attention.[1,2] These molecules have emerged as promis-
ing tools in research, for diagnosis and as therapeutic agents
due to their increased nuclease resistance relative to their
linear analogues. In addition, in many cases cyclic oligonu-
cleotides exhibit higher binding affinities and greater target
specificity than their lineal counterparts. Since the early
1990s, cyclic oligonucleotides have been used to target


single-stranded DNA[3] and RNA,[4] by forming triplexes,
and double-stranded DNA, by forming either triplexes or
more complex structures, named catenanes, in which a short
ssDNA chain is threaded on a large circular DNA duplex.[5]


This topic has been extensively reviewed by Kool and co-
workers.[1,2]


In this paper, we explore a different mechanism for recog-
nition between short linear and cyclic oligonucleotides,
which may have applications to target specific regions of ge-
nomic DNA. We have found that cyclic octamers can recog-
nize either cyclic or linear oligonucleotides with the appro-
priate sequence. Recognition occurs by forming four-strand-
ed structures that are stabilized by tetrads resulting from the
association of four bases forming two Watson–Crick base
pairs. All the previously found structures are homodimers
formed by two tetrads connected by four two-nucleotide
loops. Such unusual DNA structures were first observed in
the crystallographic structure of the linear heptamer
dACHTUNGTRENNUNG(GCATGCT)[6] and, more recently, in crystallographic[7]


and solution studies of several cyclic oligonucleotides.[8,9]


This four-stranded motif is different than the classical G-
quadruplex, in which four guanine residues are paired
through their Watson–Crick and Hoogsteen sides. In some
cases guanine quadruplexes contain unusual tetrads. For ex-
ample, pure adenine-,[10] thymine-,[11,12] and cytosine-tet-
rads[13] have been found within the scaffold of parallel gua-


Abstract: We have investigated the
molecular interaction between cyclic
and linear oligonucleotides. We have
found that short cyclic oligonucleotides
can induce hairpinlike structures in
linear DNA fragments. By using NMR
and CD spectroscopy we have studied
the interaction of the cyclic oligonu-
cleotide d<pCCTTCGGT> with
d<pCAGTCCCT> , as well as with its
two linear analogs d ACHTUNGTRENNUNG(GTCCCTCA)
and dACHTUNGTRENNUNG(CTCAGTCC). Here we report
the NMR structural study of these


complexes. Recognition between these
oligonucleotides occurs through forma-
tion of four intermolecular Watson–
Crick base pairs. The three-dimension-
al structure is stabilized by two tetrads,
formed by facing the minor-groove side
of the Watson–Crick base pairs. Over-
all, the structure is similar to those ob-


served previously in other quadruplex-
es formed by minor-groove alignment
of Watson–Crick base pairs. However,
in this case the complexes are heterodi-
meric and are formed by two different
tetrads (G:C:A:T and G:C:G:C).
These complexes represent a new
model of DNA recognition by small
cyclic oligonucleotides, increasing the
number of potential applications of
these interesting molecules.
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nine quadruplexes. Mixed tetrads resulting from the associa-
tion of Watson–Crick base pairs have been found in parallel
and fold-back quadruplex structures.[14–18] In contrast, tetrads
formed by minor grove alignment of Watson–Crick base
pairs have never been found to co-exist with pure guanine
tetrads in the same structure.
In this paper, we have investigated the molecular inter-


action of the cyclic octamer d<pCCTTCGGT> with
the linear oligonucleotides dACHTUNGTRENNUNG(GTCCCTCA), and
dACHTUNGTRENNUNG(CTCAGTCC) and their cyclic analogues. The sequences
of these oligonucleotides have been designed to explore the
formation of heterodimeric structures with this DNA motif.
In such heterodimeric structures, nucleotides written in bold
letters would be involved in intermolecular base pairs,
whereas the others would be part of the loop regions. It has
been observed in previous works that some octameric cyclic
oligonucleotides can form stable monomeric dumbbell-like
structures, consisting of a short stem of two base pairs con-
nected by two miniloops of two residues.[19,20] The sequences
studied in this paper have been designed to avoid the forma-
tion of such structures. The numbering scheme of these mol-
ecules is shown here.


Results


Complex formation : Exchangeable proton spectra of the
isolated oligonucleotides do not show any imino signal
except in the case of d<pCCTTCGGT> , indicating that
this molecule has an appreciable residual structure under
the buffer conditions used in the experiment (see Fig-
ACHTUNGTRENNUNGure 1A). Complex formation of the above-mentioned cyclic
octamer with d<pCAGTCCCT> (complex I), with
dACHTUNGTRENNUNG(GTCCCTCA) (II), and with d ACHTUNGTRENNUNG(CTCAGTCC) (III) was
monitored by observing the changes in this region of the
one-dimensional NMR spectra. Upon addition of one equiv-
alent of d<pCAGTCCCT> , the imino signals observed at
d=11.4, 12.2 and 13.6 ppm disappear and new resonances
emerge between d=13.0 and 15.0 ppm (Figure 1B). A simi-
lar effect is observed when titrating dACHTUNGTRENNUNG(GTCCCTCA) or
dACHTUNGTRENNUNG(CTCAGTCC) with a d<pCCTTCGGT> sample. In
these cases, some signals of the isolated species of
d<pCCTTCGGT> are still observable when adding an
excess amount of linear oligonucleotide, indicating a lower
affinity of d<pCCTTCGGT> for linear DNA than for the
cyclic analogue (Figure 1C, D). In the three complexes, the


presence of imino resonances between d=12.0 and
15.0 ppm suggests that recognition occurs through formation
of intermolecular Watson–Crick base pairs.
Interestingly, this effect is not observed when the linear


oligonucleotide is RNA. The addition of up to five equiva-
lents of r ACHTUNGTRENNUNG(GUCCCUCA) leaves the exchangeable proton
spectra of d<pCCTTCGGT> virtually unaffected
(Figure 1E).
CD spectra of the different complexes are shown in


Figure 2, and exhibit a characteristic maximum around
270 nm and a minimum around 240 nm. The common fea-
tures of the CD spectra suggest a similar structure in the
three complexes.


Figure 1. Imino region of the one-dimensional spectra in H2O at 1 8C of
A) d<pCCTTCGGT> , B) d<pCCTTCGGT> ·d<pCAGTCCCT> 1:1
(complex I), C) d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(GTCCCTCA) 1:5 (complex II),
D) d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(CTCAGTCC) 1:5 (complex III), and E) d<
pCCTTCGGT> ·rACHTUNGTRENNUNG(GUCCCUCA) 1:5.
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NMR assignment : The NMR spectra of the three complexes
contain severe signal overlapping. Nevertheless, an almost
complete sequential assignment could be carried out for
d<pCCTTCGGT> ·d<pCAGTCCCT> , following stand-
ard methods. The assignment list can be found in Table 1. A
fragment of the two-dimensional NOESY spectrum of this
complex in D2O is shown in the Supporting Information
(Figure S1). All intranucleotide H1’-base NOE correlations
are medium or weak, indicating that the glycosidic angle in
all the nucleotides is in an anti conformation. In both mole-
cules we observed strong sugar–base sequential connections
between residues 2!3, and 6!7, but not many NOE corre-
lations could be assigned for the residues in the loops. The
exchangeable proton spectra of this complex were particu-


larly informative for the assignment (see Figure 3). Amino
protons of all cytosines were assigned from their NOE
cross-peaks with the H5 protons. In the case of C1 and C5,
these resonances are broad and completely degenerate;
however, in the other cases, the amino protons present
strong cross-peaks with the three imino signals observed be-
tween d=12.5 and 15.0 ppm. Imino and amino guanine res-
onances were sequentially assigned by following the connec-
tion from H5 of C through the G·C base pair (H5C!
HN4C!H1G!HN2G). This NOE pattern is characteristic
of GC Watson–Crick base pairs. It is interesting to note the
large downfield shift of the two amino protons of G3 of
d<pCAGTCCCT> and G7 of d<pCCTTCGGT> . The
imino signal at 15.0 ppm presents cross-peaks with the ade-
nine H2 and its two amino protons (Figure 3). This signal
was assigned to T3 of d<pCCTTCGGT> . Two more imino
signals are observed in the d=10–11 ppm region, indicating
that the other thymine residues are not base-paired. Overall,
it can be concluded from the exchangeable proton spectra
that the complex is stabilized by formation of three G·C and
one A·T Watson–Crick base pairs.
In complex II, d<pCCTTCGGT> ·dACHTUNGTRENNUNG(GTCCCTCA), and


III, d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(CTCAGTCC), the broad lines
and large signal overlapping prevent the complete sequen-
tial assignment of the spectra. However, many spectral fea-
tures are common to all cases, indicating that the structures
are very similar overall. In particular, in the case of II, three
G.C Watson–Crick base pairs were clearly identified (see
Figure 4), and all the glycosidic angles are in an anti confor-
mation, as shown by the intranucleotide H1’-base NOE
cross-peaks. Some guanine amino protons also have down-
field-shifted signals in these complexes. The imino resonance
arising at d=14.0 ppm (see Figure 1C) indicates the pres-
ence of a base-paired thymine, most probably T3, but no
NOE cross-peaks with H2A8 were found. This probably re-
flects an enhanced flexibility of the 3’-terminal base. A simi-
lar effect is observed in the terminal base pair of the com-
plex III.


Solution structure of d<pCCTTCGGT> ·
d<pCAGTCCCT> : To get further insight into the solution
structure of these complexes, a restrained molecular dynam-
ics calculation of the structure of d<pCCTTCGGT> ·
d<pCAGTCCCT> was carried out based on 132 experi-
mental distance constraints, 46 of which were intermolecu-
lar, derived from a complete relaxation matrix analysis of
the NOE intensities. In addition, torsion angle restraints de-
rived from the J coupling constants for deoxyriboses were
also used. Structure calculations were carried out by using
the program DYANA and further refined with the molecu-
lar dynamics package AMBER. A summary of the experi-
mental constraints and structural statistics is shown in
Table 2. The final structures exhibit low residual violations,
which show that they are consistent with the experimental
constraints. Also, the final AMBER energies and NOE
terms are reasonably low in all the structures. Although the
overall structure is not very well-defined (root mean square


Figure 2. CD spectra of complexes I, d<pCCTTCGGT> ·d<
pCAGTCCCT> (A), II, d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(GTCCCTCA) (B), and
III, d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(CTCAGTCC) (C), at different temperatures.


Chem. Eur. J. 2006, 12, 4035 – 4042 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4037


FULL PAPERDNA Recognition



www.chemeurj.org





distance (RMSD) around 2.5 O for all heavy atoms), this is
mainly due to the lack of constraints in the loop residues.
When only base-paired residues are considered, the RMSD
decreases to 0.6 O. This is clearly illustrated in Figure 5. The
overall superposition, shown in the top panel, indicates a
poorly defined structure. However, the core nucleotides are
fairly well-defined.
As can be seen in Figure 5, the resulting structure of this


complex consists of two oligonucleotides arranged in an an-
tiparallel fashion. The two octamers associate by forming
four intermolecular Watson–Crick base pairs, which are ar-
ranged in two tetrads. In both cases the tetrads result from


the association of the Watson–
Crick base pairs through their
minor groove sides. In one case,
the tetrad is formed by the
alignment of a GC and an AT
base pair, forming a G:C:A:T
tetrad, and in the other case, by
two GC base pairs, forming a
G:C:G:C tetrad. All glycosidic
angles in these tetrads are anti,
with values ranging from �988
to �1408, and deoxyribose rings
are in the general S-domain. In
addition to the Watson–Crick
hydrogen bonds, the G:C:G:C
tetrad is stabilized by two addi-
tional intermolecular hydrogen
bonds between the amino pro-
tons that are not involved in
the Watson–Crick base pairs,
and the N3 of the neighboring
guanine, as shown in Figure 6.


These hydrogen bonds account for the unusual chemical
shifts observed in the exchangeable proton spectra, in which
both amino protons of these two guanine residues show a
large downfield shift.
The two-residue loops are poorly defined, due to the lack


of distance constraints. The low number of distance con-
straints involving protons in the loop residues is not a con-
sequence of an enhanced flexibility in this region, but to
the severe spectral overlapping between the signals of
the four thymines in the first position of the loops. In
fact, the H4’ and H5’/H5’’ protons of these thymines
present a large upfield shift. This unusual values have
been observed in the spectra of the homodimeric struc-
tures of d<pTGCTCGCT> , d<pCATTCATT> and
d<pCGCTCATT> , in which the loops are well-defined,
suggesting that the conformation of the loops is probably
very similar in this case.


Structure of d<pCCTTCGGT> ·dACHTUNGTRENNUNG(GTCCCTCA) and
d<pCCTTCGGT> ·d ACHTUNGTRENNUNG(CTCAGTCC): Some interesting
features in the spectra of the complexes between
d<pCCTTCGGT> and the linear octamers
dACHTUNGTRENNUNG(GTCCCTCA) and dACHTUNGTRENNUNG(CTCAGTCC) (complexes II and III,
respectively) can be readily explained in light of the struc-
ture of d<pCCTTCGGT> ·d<pCAGTCCCT> (complex
I). Although the spectra of II and III could not be fully as-
signed, the observation of Watson–Crick base pairs together
with the unusual shifts of some amino resonances suggests
that complexes II and III are also stabilized by a G:C:G:C
tetrad. Under these experimental conditions, the G:C:A:T
tetrad appears to be disrupted in both complexes, with the
terminal base pair of the linear oligonucleotide partially dis-
ordered. The upfield shift of some protons of the thymine
residues in the first position of the loops suggests that these
residues adopt a similar conformation as that in complex I.


Table 1. Assignment of the proton resonances [d in ppm] of the complex d<pCCTTCGGT> ·
d<pCAGTCCCT> (100 mm NaCl, 10 mm MgCl2, phosphate buffer pH 7, T=5 8C).


Residue NH NH2(2) NH2(1) H6/H8 H2/H5/Me H1’ H2’ H2’’ H3’ H4’


d<pCCTTCGGT>


1Cyt – – 8.00 6.08 6.48 2.20 2.56 4.56 4.20
2Cyt 8.65 7.60 7.88 6.08 6.52 2.25 2.84 4.65 4.34
3Thy 15.01 7.61 1.90 6.34 2.55 2.33 5.08 4.12
4Thy [a] 7.21 1.84 5.87 1.86 2.40 4.57 3.43
5Cyt – – 8.04 6.14 6.48 2.25 2.61 4.55 4.22
6Gua 12.85 8.51 6.64 8.14 5.80 2.92 2.92 4.59 4.13
7Gua 13.83 8.71 8.33 8.13 6.35 2.67 3.02 5.20 4.69
8Thy [a] 7.64 1.87 5.98 1.95 2.38 4.69 3.80
d<pCAGTCCCT>


1Cyt – – 7.97 6.14 6.49 2.27 2.60 4.64 4.19
2Ade 7.85 7.10 8.61 8.30 6.00 2.95 2.95 5.07 4.65
3Gua 13.44 9.39 8.37 8.07 6.34 3.02 2.65 5.20 4.68
4Thy [a] 7.64 1.85 5.98 1.95 2.39 4.69 3.89
5Cyt – – 8.02 6.14 6.48 2.23 2.61 4.68 4.20
6Cyt 9.27 7.71 7.90 6.16 6.50 2.32 2.70 4.93 4.67
7Cyt 8.72 7.38 7.80 5.94 6.52 2.28 2.63 5.14 4.25
8Thy [a] 7.14 1.67 5.86 1.87 2.43 4.57 3.15


[a] Imino protons of T4 and T8 of both molecules resonate at d=10.83 and 10.34 ppm, but the sequential as-
signment of these signals could not be carried out.


Figure 3. Region of the NOESY spectrum (150 ms mixing time) of the
complex I, d<pCCTTCGGT> ·d<pCAGTCCCT> , in H2O (2 mm com-
plex concentration, 100 mm NaCl, 10 mm MgCl2, T=5 8C, pH 7). Watson–
Crick base pairing can be established from the intermolecular NOE
cross-peaks H1G1-H42C8, H1G5-H42C4, and H1G4-H42C5 for GC
pairs, and H3T1-H2A8, H3T1-H62 A8, and H3T1-H61 A8 for the AT
pair. Proton resonances of d<pCAGTCCCT> are labeled with bold let-
ters, and those of d<pCCTTCGGT> with plain letters.
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The overall structure of the three complexes is shown sche-
matically in Figure 7.


Discussion


It is well known that cyclic oligonucleotides can recognize
ssDNA by forming stable triplexes. Cyclic oligonucleotides
can be designed to bind either purine-rich[3] or pyrimidine-
rich[21] sequences with high affinities. The results described
in this paper establish a novel mode of binding between
cyclic oligonucleotides and ssDNA. Although the affinity of
d<pCCTTCGGT> for its targets is not comparable with
the affinities observed in triplex-forming cyclic oligonucleo-
tides, this mode of recognition may have interesting applica-


tions when targeting sequences that are not susceptible of
forming triplexes. Especially attractive is the possibility of
targeting miniloop DNA hairpins, since these structures may
play roles in gene regulation, recombination, or mutagene-
sis.[22,23] In this sense, the structure of the complex
d<pCCTTCGGT> ·d<pCAGTCCCT> can be envisioned
as a model of recognition between two miniloop DNA hair-
pins, analogous to the kissing complexes found between
some RNA and DNA hairpins with larger loops.[24–26] In par-
ticular, some DNA sequences containing short nucleotide
repeats may be interesting targets, since they tend to adopt
hairpin structures.[27] It has been postulated that these hair-


Figure 4. Region of a NOESY spectrum (300 ms mixing time) of the
complex II, d<pCCTTCGGT> ·dACHTUNGTRENNUNG(GTCCCTCA) ACHTUNGTRENNUNG(1:1), in H2O (0.6 mm


of each oligonucleotide, 100 mm NaCl, 10 mm MgCl2, T=5 8C, pH 7).
Subindexes a, b, and c indicate the three G·C base pairs observed.


Table 2. Experimental constraints and calculation statistics.


Experimental distance constraints


total number 132
intraresidue 49
sequential 25
range >1 58
intramolecular 86
intermolecular 46


RMSD [O]


all well-defined bases[a] 0.6�0.1
all well-defined heavy atoms[a] 1.1�0.2
backbone 1.5�0.4
all heavy atoms 2.5�0.5


Residual violations average range


sum of violation [O] 2.7 2.4–3.1
max violation [O] 0.2 0.16–0.25
NOE energy [kcalmol�1] 18 13–19


[a] Residues 2, 3, 6, and 7.


Figure 5. Superposition of the ten refined structures (top), and two views
of the average structure of the complex d<pCCTTCGGT> ·
d<pCAGTCCCT> (bottom).
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pins provoke instabilities during replication, causing the ex-
pansion of the repeat. There are around twenty hereditary
neurological diseases that are linked to the expansion of
these repeat sequences.[28]


It is interesting to compare the structure of the complex
d<pCCTTCGGT> ·d<pCAGTCCCT> with other struc-
tures stabilized by minor groove aligned tetrads. Minor
groove G:C:G:C tetrads have been observed in the crys-
ACHTUNGTRENNUNGtallographic structure of the linear heptamer
dACHTUNGTRENNUNG(GCATGCT)[6,29] and in the solution structure of the cyclic
octamer d<pTGCTCGCT> .[8] Similar tetrads formed by
minor groove alignment of two AT base pairs[7,8] and one
AT and one GC base pairs[9] have been also found in the
dimeric structures of d<pCATTCATT> and
d<pCGCTCATT> , respectively. In all these cases, the
structures are homodimeric, and are stabilized by two iden-
tical tetrads. Interestingly, the complex d<pCCTTCGGT> ·
d<pCAGTCCCT> is the first case reported in which this
DNA motif is found in a heterodimeric structure. Moreover,
this is the first case where two different minor groove tet-
rads co-exist in the same structure.


As in previous cases, the structure is formed by two stacks
of base pairs with a mutual inclination of 30–40 degrees. In
all homodimeric structures, the oligonucleotide sequence in
the stacks was 5’-Pur–Pyr (pur=purine, pyr=pyrimidine).
However, in this case the stack sequence is the 5’-Pur–Pur
and 5’-Pyr–Pyr. This shows that an alternating purine–pyri-
midine sequence is not an absolute requirement for the for-
mation of the motif, although it might affect its stability.
The G:C:A:T tetrad found in this complex is very sim-


ACHTUNGTRENNUNGilar to that observed in the dimeric structure of
d<pCGCTCATT> .[9] However, there are significant differ-
ences between the G:C:G:C tetrad observed in this struc-
ture and other minor groove G:C:G:C tetrads found in pre-
vious studies. In the G:C:G:C tetrad of the dimeric struc-
tures of dACHTUNGTRENNUNG(GCATGCT) and d<pTGCTCGCT> , the two
G·C pairs align directly opposite each other. The interaction
between the two base pairs is stabilized by two additional
intramolecular hydrogen bonds between one of the guanine
amino protons and the O2 of the cytosine (see Figure 8A in
reference [8]). In the G:C:G:C tetrad shown in Figure 6, the


two base pairs are shifted along
the axis defined by the Watson–
Crick base pairs. This tetrad is
also stabilized by two additional
hydrogen bonds, but in this case
they are formed between the
guanine amino protons and the
N3 atom of the neighboring
guanine.
The heptamer dACHTUNGTRENNUNG(GCATGCT)


is the only case reported to
date in which a linear oligonu-
cleotide adopts a quadruplex
structure stabilized by minor
groove aligned tetrads. The di-
meric structure of that DNA


hairpin has been solved by crystallographic methods under
different conditions.[6,29] Such result suggests that the
motif is plausible in cellular DNA. The dimeric structures
of d<pTGCTCGCT> , d<pCATTCATT> , and
d<pCGCTCATT> , as well as the structure of complex I in
this paper, suggest that the conformational restriction
caused by cyclization is playing an analogous role to crystal
packing forces in the case of dACHTUNGTRENNUNG(GCATGCT). In the light of
our results with complexes II and III, cyclization of only one
of the chains confers enough stability to the motif to be ob-
served in solution. A detailed thermodynamic study of the
dimeric structures formed by cyclic oligonucleotides of dif-
ferent sequences, and their affinity for lineal oligonucleo-
ACHTUNGTRENNUNGtides is now in progress.
Finally, it is worth mentioning that the cyclic oligo-


ACHTUNGTRENNUNGnucleotide d<pCCTTCGGT> exhibits no affinity for
r ACHTUNGTRENNUNG(GUCCCUCA), as shown in Figure 1E. The different bind-
ing properties of this cyclic octamer for linear RNA or
DNA may be a consequence of the close proximity between
the sugar moieties of the tetrads aligned in the minor
groove. Such contacts may lead to favorable hydrophobic


Figure 6. Detail of the two tetrads forming the core of the heterodimeric
structure.


Figure 7. Scheme of the three complexes, indicating the intermolecular base pairs.
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contacts in the case of DNA, but to unfavorable interactions
when the 2’OH group is present.
In conclusion, we have shown that cyclic oligonucleotides


can form complexes with other cyclic and linear DNAs by
inducing quadruplex structures based on tetrads aligned in
the minor groove. The structures of these complexes belong
to a four-stranded motif that had been found earlier in self-
associated structures of linear and cyclic oligonucleotides. In
this report, we show that this DNA motif may serve as a
template for an induced-fit recognition of DNA oligonucleo-
tides with a minimum requirement of sequence complemen-
tarity. This structure may be a model of recognition between
DNA stem-loop hairpins. Such a recognition process sug-
gests that small cyclic oligonucleotides might be good candi-
dates to target small DNA hairpins, which are known to be
present in regulatory regions of the DNA, and are sites of
preferential interactions of numerous proteins.[22, 30,31]


Experimental Section


Sample preparation : The cyclic octamers were synthesized as reported by
Alazzouzi et al.[32] The stoichiometry for complex formation was deter-
mined by UV absorbance. Samples for NMR were suspended (in Na+


salt form) in either D2O or 9:1 H2O/D2O (100 mm NaCl, 10 mm MgCl2,
sodium phosphate buffer, pH 7).


Circular dichroism : Circular dichroism spectra were collected on a Jasco
J-810 spectropolarimeter fitted with a thermostatted cell holder. CD
spectra were recorded at concentrations of the complexes ranging from
300 to 600mm. The spectra were normalized to facilitate comparisons.


NMR spectroscopy : All NMR spectra were acquired on Bruker spec-
trometers operating at 600 MHz or 800 MHz, and processed with the
XWIN-NMR software. For the experiments in D2O, presaturation was
used to suppress the residual H2O signal. A jump-and-return pulse se-
quence[33] was employed to observe the rapidly exchanging protons in
one-dimensional H2O experiments. NOESY[34] spectra in D2O were ac-
quired with mixing times of 100, 200, and 300 ms. TOCSY[35] spectra
were recorded with the standard MLEV-17 spin-lock sequence and a
mixing time of 80 ms. In two-dimensional experiments in H2O, water sup-
pression was achieved by including a WATERGATE[36] module in the
pulse sequence prior to acquisition. NOESY spectra in H2O was acquired
with a mixing time of 150 ms. The spectral analysis programs XEASY[37]


and SPARKY[38] were used for semiautomatic assignment of the NOESY
cross-peaks, and quantitative evaluation of the NOE intensities.


Structure calculation : Distance constraints were obtained from NOE
cross-peak intensities by using a complete relaxation matrix analysis with
the program MARDIGRAS.[39] Final constraints were obtained by aver-
aging the upper and lower distance limits obtained in different calcula-
tions with several initial models, mixing times, and correlation times. In
addition to these experimentally derived constraints, Watson–Crick hy-
drogen-bond restraints were used. Target values for distances and angles
related to hydrogen bonds were set as described from crystallographic
data. Torsion angle constraints for the sugar moieties were derived form
the analysis of J coupling data obtained from DQF-COSY experiments.
No constraints for backbone angles were used.


Structures were calculated with the program DYANA 1.4[40] and further
refined with the SANDER module of the molecular dynamics package
AMBER 5.0[41] following standard annealing protocols used in our
group.[8, 42] Analysis of the average structures as well as the molecular dy-
namics trajectories was carried out with the programs Curves V5.1[43] and
MOLMOL.[44]
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Mechanism of Hydrolysis and Aminolysis of Homocysteine Thiolactone
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Introduction


Homocysteine (Hcy) is a known risk factor for cardiovascu-
lar disease and stroke in humans, although its mechanism of
action is largely unknown.[1,2] Recently, the toxicity of Hcy
has been attributed, amongst other factors, to homocysteine
thiolactone (tHcy, Scheme 1), a product of Hcy editing by
tRNA synthetases.[1,2] tHcy was shown to acylate protein
lysine side chains (“N-homocysteinylation”, Scheme 2) in an
irreversible fashion.[2–6]


Due to the presence of a thioester moiety that acts as an
electron-withdrawing group, the pKa value of the amine
group of tHcy is 7.1,[7] which is �3 units below the pKa


value of ordinary amino groups, for example, the e-amino
group of lysine side chains (pKa=10.6). Consequently, N-ho-
mocysteinylation causes a modification of the protein0s


structure and of its isoelectric point. It also attaches a free
thiol group at its surface. These changes can induce loss of
protein function, denaturation and precipitation and can
elicit autoimmune responses.[2,3] N-homocysteinylation has
been investigated at the protein level, but surprisingly little
attention has so far been devoted to the basic chemical as-
pects of the reaction.[8] The aminolysis reactions of


Abstract: Homocysteine thiolactone
(tHcy) is deemed a risk factor for car-
diovascular diseases and strokes, pre-
sumably because it acylates the side
chain of protein lysine residues (“N-ho-
mocysteinylation”), thereby causing
protein damage and autoimmune re-
sponses. We analysed the kinetics of
hydrolysis and aminolysis of tHcy and
two related thiolactones (g-thiobutyro-
lactone and N-trimethyl-tHcy), and we
have thereby described the first de-
tailed mechanism of thiolactone ami-
nolysis. As opposed to the previously


studied (thio and oxo)esters and (oxo)-
lactones, aminolysis of thiolactones was
found to be first order with respect to
amine concentration. Anchimeric assis-
tance by the a-amino group of tHcy
(through general acid/base catalysis)
could not be detected, and the Brønst-
ed plot (nucleophilicity versus pKa) for
aminolysis yielded a slope (bnuc) value


of 0.66. These data support a mecha-
nism of aminolysis where the rate-de-
termining step is the formation of a
zwitterionic tetrahedral intermediate.
The bnuc value and steric factors dictate
a regime whereby, at physiological pH
values (pH 7.4), maximal reactivity of
tHcy is exhibited with primary amine
groups with a pKa value of 7.7; this
allows the reactivity of various protein
amino groups towards N-homocystei-
nylation to be predicted.
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Scheme 1. The thiolactones studied : A) Homocysteine thiolactone in its
base (tHcy8) and acid forms (tHcyH+), B) g-thiobutyrolactone (gTBL),
and C) N-trimethylhomocysteine thiolactone (N3Me-tHcy+) and its
enolic tautomer.
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esters,[9–14] thioesters[9,11] and oxolactones[15] have been all
studied in the past but, to the best of our knowledge, no
such study has been performed with thiolactones, let alone
with tHcy. In the case of N-homocysteinylation of proteins,
several important questions have not been answered yet.
What is especially astonishing is that relatively rapid nonen-
zymatic[3] N-acylation of proteins takes place in the serum at
physiological pH values, conditions under which less than
one thousandth of the lysine residues are deprotonated, and
numerous other nucleophiles (including water) can compete.
The steric and electronic factors that govern the reactivity
of amino groups with tHcy have not been studied either; in
particular, N-terminal amino groups of proteins exhibit
lower pKa values (�8.5) and are therefore obvious targets
for modification, yet they do not seem to preferentially un-
dergo N-homocysteinylation.[2,3] Likewise, it is not known,
apart from in the specific case of Lys525 in human serum al-
bumin (HSA),[6] whether and why certain lysine residues
react faster than others with tHcy.


To provide further insight into the mechanism of N-homo-
cysteinylation, kinetic studies of hydrolysis and aminolysis
of tHcy were performed. Amines with various pKa values
and steric crowding were used to examine the influence of
steric and electronic effects on the reaction rates. The pH–
rate profiles of hydrolysis and aminolysis of tHcy were con-
structed, along with the Brønsted plot (amine nucleophilici-
ty versus pKa value). Our goals were to investigate the
mechanisms of both reactions and analyse the steric and
electronic factors that govern the reactivity of amino group
in proteins. Amongst others, one question that drew our at-
tention regarded the role of the a-amino group of tHcy: Is
its influence on the reaction rates merely electrostatic, or
does it provide intramolecular catalysis through anchimeric
assistance (Scheme 3)? Anchimeric assistance could, for one
thing, facilitate the reaction of protonated amino groups,
thereby accounting for the rapid N-homocysteinylation of
lysine residues at physiological pH values.


To better understand the effects of the a-amino group of
tHcy, the hydrolysis and aminolysis of two reference com-
pounds, g-thiobutyrolactone (gTBL) and N-trimethylhomo-
cysteine thiolactone (N3Me-tHcy+ ; Scheme 1), were also in-
vestigated. Comparison of the kinetics of tHcy with those of
gTBL allowed us to distinguish between general features of
thiolactones and the effect of the a-amino group, for exam-


ple, anchimeric assistance. The N3Me derivative of tHcy
was chosen because it mimics the electrostatic contribution
of tHcy0s amino group in its protonated state (tHcyH+ ;
Scheme 1), yet it is unable to participate in intramolecular
general acid/base catalysis. Analysis of the rates and pH–
rate profiles observed with tHcy and the above reference
compounds provides no indication for anchimeric assistance
by the a-amino group of tHcy. Altogether, the data provide
a detailed mechanism for both the hydrolysis and aminolysis
of thiolactones in general, and tHcy in particular, and allows
the prediction of the reactivity of various protein amino
groups towards N-homocysteinylation.


Results


Mechanism of hydrolysis


pH–rate profile of gTBL : The hydrolysis of gTBL (Scheme
1B) was first studied as a simpler model for the hydrolysis
of tHcy, and its pH–rate profile was constructed (Figure 1).
Equation (1), where k(OH�/gTBL) and k(H2O/gTBL) were left as


Scheme 2. N-homocysteinylation of protein amino groups.


Scheme 3. Putative models of anchimeric assistance in tHcy: intramolecu-
lar general base catalysis (left), and intramolecular general acid catalysis
(right). NuH refers to H2O (hydrolysis) or RNH3


+ (aminolysis).


Figure 1. pH–rate profiles of hydrolysis of gTBL, tHcy and N3Me-tHcy+ .
Logarithmic values of the apparent rate constants of gTBL (~), tHcy (*)
and N3Me-tHcy+ (&) hydrolysis are plotted against pH value. The values
reported correspond to the rate constants measured at I=0.2m, and 21�
1 8C, except for gTBL (pH 4–8) and tHcy (pH 4 and 5) for which the
values plotted were extrapolated from measurements at 60 8C. All rates
were extrapolated to zero buffer concentration. The estimated maximum
of experimental error ranges for the rate constants is �10% for the
rates directly measured and �25% for the extrapolated rates. Data were
fitted to Equation (1) for gTBL, Equation (3) for tHcy and Equation (4)
for N3Me-tHcy+ , as indicated in the Results section.
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floating parameters and [H2O]=55m, provided a good fit
for the experimental data throughout the pH range.


v ¼ ðkðOH�=gTBLÞ½OH��þkðH2O=gTBLÞ½H2O�Þ 
 ½gTBL� ð1Þ


The pH–rate profile indicates OH�-catalysed hydrolysis
for pH>7 and noncatalysed (“water-catalysed”) hydrolysis
for pH<7. The introduction of an H+ catalysis component
into Equation (1) did not provide a better fit to the experi-
mental data and was therefore ignored. The second-order
rate constants derived from the fit to Equation (1) are pro-
vided in Table 1.


pH–rate profile of tHcy : The general rate law of tHcy hy-
drolysis is affected by the acidic and basic forms of tHcy
(tHcyH+ and tHcy8, respectively), which can exhibit specific
acid catalysis, specific base catalysis and water catalysis with
different rate constants. It is a sum of six terms,[16] with the
concentrations of tHcy8 and tHcyH+ being themselves pH
dependent [Eq. (2)].


v ¼ ðkðHþ=tHcyoÞ½Hþ�þkðOH�=tHcyoÞ½OH��þkðH2O=tHcyoÞ½H2O�Þ

½tHcyo�þðkðHþ=tHcyHþÞ½Hþ�þkðOH�=tHcyHþÞ½OH��
þkðH2O=tHcyHþÞ½H2O�Þ 
 ½tHcyHþ�


ð2Þ


Fitting the pH–rate profile to Equation (2) is not suffi-
cient to determine the six second-order rate constants it
contains because some of the terms are kinetically indistin-
guishable (for instance, the term [OH�]ACHTUNGTRENNUNG[tHcyH+] has the
same variation with pH value as [H2O] ACHTUNGTRENNUNG[tHcy8]). However,
additional data indicated below resolve this ambiguity. The
pH–rate profile of tHcy (Figure 1) was constructed from
pH 4 to pH 11, and a rate law that carries only part of the
terms of Equation (2) was sufficient to account for the ex-
perimental data [Eq. (3)], with [tHcyH+]= [tHcy]tot/
(1+10(pH�7.1)) and [tHcy8]= [tHcy]tot/(1+10(7.1�pH)).


v ¼ kðOH�=tHcyoÞ½OH��½tHcyo�þðkðOH�=tHcyHþÞ½OH��
þkðH2O=tHcyHþÞ½H2O�Þ 
 ½tHcyHþ�


ð3Þ


As for gTBL, acid catalysis was not observed within the
pH range surveyed, and tHcy hydrolysis is hydroxide cata-
lysed at pH>8 and water catalysed at pH<6. The shoulder
appearing for intermediate pH values around the pKa value
of tHcy (7.1) seems to indicate that hydroxide-catalysed hy-
drolysis is faster for tHcyH+ than for tHcy8. Indeed, pH var-


iations around the pKa value of tHcy entail variations of
tHcyH+ and OH� concentrations in two opposite ways,
thereby giving rise to the observed shoulder, if it is assumed
that tHcyH+ is hydrolysed faster that tHcy8. Alternatively,
this shoulder could correspond to water hydrolysis of tHcy8.
These mechanisms are kinetically indistinguishable and the
actual mechanism could be described by either one of these
hypotheses or a combination of both.


pH–rate profile of N3Me-tHcy+ : To provide further insights
about the relative importance of these two descriptions of
the pH–rate shoulder and, specifically, to estimate the level
of activation by the positively charged a-amino group of
tHcyH+ , N3Me-tHcy+ (Scheme 1C) was synthesised, and its
pH–rate profile was constructed. The replacement of hydro-
gen atoms by three methyl groups renders impossible the
loss of the positive charge on the nitrogen atom and thereby
simplifies the rate law and pH–rate profile (Figure 1). The
plateau observed at pH>9 probably corresponds to an acid-
obasic equilibrium, that is, to the formation of an enolate
(Scheme 1C). The a proton is labile due to the presence of
two electron-withdrawing groups (the carbonyl group of the
thioester and the positively charged quaternary ammonium).
Indeed, in contrast to the results with tHcy, the a proton of
N3Me-tHcy+ gives no signal in the proton NMR spectrum
in D2O, a result suggesting a fast exchange with deuterium
atoms due to the low pKa value. The hydrolysis of the zwit-
terionic enolate form is probably extremely slow, hence the
plateau observed. Below pH 8, the rates are linearly propor-
tional to hydroxide concentration, and the experimental
data could be readily fitted to Equation (4) to yield k(OH�/


N3Me�tHcy+)=4.2N104m�1h�1 and pKa(N3Me-tHcy+)=8.8.


v ¼ kðOH�=N3Me�tHcyþÞ½OH��½N3Me-tHcyþ�tot=
ð1þ10ðpH�pKaðN3Me�tHcyþÞÞÞ


ð4Þ


Mechanism of tHcy hydrolysis : The hydroxide-catalysed hy-
drolysis occurs 23 times faster with N3Me-tHcy+ than with
tHcy8 (Table 1). If N3Me-tHcy+ is actually a good model
for the protonated form of tHcy (tHcyH+), the latter result
is consistent with the facts that tHcyH+ is much more reac-
tive than tHcy8 towards hydroxide-catalysed hydrolysis and
that hydroxide-catalysed hydrolysis of the former dominates
the shoulder part of the pH–rate profile at pH>7. Indeed,
fitting the pH–rate profile of tHcy with Equation (3) gives
the following value for the base-catalysed hydrolysis con-
stant of tHcyH+ : k(OH�/tHcyH+)=5.0N104m�1h�1. Thus, accord-
ing to this model, k(OH�/tHcyH+) and k(OH�/N3Me-tHcy+) are equal
within the margin of experimental error, and the hydroxide-
catalysed hydrolysis of tHcyH+ turns out to be 28 times
faster than that of tHcy8 (Table 1). It seems therefore un-
likely that the “water-catalysed” hydrolysis of the neutral
form of tHcy significantly participates in the reaction
around pH 7–8.


These results are also of significance concerning the pro-
pensity of the a-amino group of tHcy to accelerate the reac-


Table 1. Kinetic parameters of hydrolysis of gTBL, tHcy8, tHcyH+ and
N3Me-tHcy+ .[a]


Rate constants gTBL tHcy8 tHcyH+ N3Me-tHcy+


k(OH�) [m�1h�1] 6.5N102 1.8N103 5.0N104 4.2N104


k(H2O) [m�1h�1] 1.2N10�6 N.D. 1.7N10�5 N.D.


[a] The maximal estimated error range for the second-order rate con-
stants is �35% (�25% from the experimental error and �10% from
deviations from the fit). N.D.=not determined.
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tion rates through anchimeric assistance. First, it appears
that intramolecular general acid catalysis by the protonated
a-amino group is nonexistent in the case of hydrolysis.
There is only a 14-fold difference between k(H2O/tHcyH+) and
k(H2O/gTBL) (in comparison to a 28-fold difference between
tHcy8 and tHcyH+ for the hydroxide-catalysed reaction),
which strongly suggests that intramolecular general acid cat-
alysis is not a contributing factor. Second, it is likely that in-
tramolecular general base catalysis provided by the neutral
a-amino group is essentially none. Although its exact value
cannot be directly determined, a maximum estimate of
k(H2O/tHcy8) can be assessed. Assuming that water catalysis of
tHcy8 accounts fully for the presence of the shoulder in the
pH–rate profile of tHcy (which is the most unlikely hypoth-
esis), we find kmax


(H2O/tHcy8)�1.1N10�4
m


�1h�1�7Nk(H2O/tHcyH+).
Thus, k(H2O/tHcy8) is of the same order of magnitude as
k(H2O/tHcyH+), species for which intramolecular general base
catalysis cannot occur. Consequently, proficient anchimeric
assistance through the neutral amino group of tHcy is very
unlikely to occur in the case of hydrolysis.


To summarise, the hydroxide-catalysed hydrolysis occurs
with tHcyH+ approximately 28 times faster than with tHcy8
and approximately 77 times faster than with gTBL. The
water-catalysed hydrolysis occurs with tHcyH+ approxi-
mately 14 times faster than with gTBL. Electrostatic effects
largely account for these differences, and no contribution of
the a-amino group of tHcy through intramolecular general
acid/base catalysis was identified.


Mechanism of tHcy aminolysis


Steric effects on aminolysis of tHcy : The rates of aminolysis
of tHcy by glycinamide, l-leucinamide and tris(hydroxyme-
thyl)aminomethane were measured at pH 8 with amine con-
centrations ranging from 0.025–0.4m. These amines have
similar pKa values but different steric crowding on the a-
carbon atom. The apparent rates measured were plotted
against the amine concentration and are presented in
Figure 2. The data could be fitted to a straight line with a
good correlation, which indicates that, within the range of
concentrations surveyed, the rate of aminolysis of tHcy
shows a first-order dependency with respect to the total con-
centration of amine.


As expected, the rate of aminolysis decreases when steric
crowding of the a-carbon atom increases. Despite almost
identical pKa values, glycinamide reacts approximately 9
times faster than l-leucinamide and at least 22 times faster
than tris(hydroxymethyl)aminomethane. However, since all
three amines absorb at around 200 nm, the actual formation
of the amide bond could not be detected, and tris(hydroxy-
methyl)aminomethane, in particular, could also accelerate
the disappearance of tHcy through general base-catalysed
hydrolysis. Thus, the above values represent a minimum esti-
mate for the steric effects.


Electronic effects on aminolysis of tHcy : The pH–rate pro-
files of tHcy aminolysis with aminocaproic acid (ACA), 2-


methoxyethylamine (MEA), propargylamine (PAA), glyci-
namide (GA) and 2,2,2-trifluoroethylamine (FEA) were
constructed. These amines possess varying pKa values and
nonhindered a carbon atoms. Figure 3 presents the logarith-
mic values of the apparent rate constants for a total amine
concentration of 25 mm, plotted against pH value. The ex-
perimental data could be readily fitted to Equation (5),
where k(RNH2/tHcyH+) and k(RNH2/tHcy8) were left as floating pa-


Figure 2. Rates of aminolysis of tHcy by glycinamide, l-leucinamide and
tris(hydroxymethyl)aminomethane (21�1 8C, I=0.2m). The apparent
first-order rate constants of disappearance of tHcy in aqueous solutions
(pH 8) of glycinamide (pKa=8.0), l-leucinamide (pKa=7.8) and tris(hy-
droxymethyl)aminomethane (pKa=8.0; for pKa values, see referen-
ces [17–19]) were plotted against amine concentration. The rates of tHcy
hydrolysis under the same conditions were substracted, and the data
were fitted to a straight line whose slope and intercept were left as float-
ing parameters. The slopes correspond to the second-order rate constant
of aminolysis at pH 8 (in m


�1 h�1). TRIS= tris(hydroxymethyl)amino-
ACHTUNGTRENNUNGmethane.


Figure 3. pH–rate profiles of aminolysis of tHcy (21 8C, I=0.2m,
[Amine]=25 mm). Logarithmic values of the apparent rate constants of
aminolysis of tHcy by aminocaproic acid (ACA, *), 2-methoxyethyl-
ACHTUNGTRENNUNGamine (MEA, &), propargylamine (PAA, ^), glycinamide (GA, ~) and
2,2,2,-trifluoroethylamine (FEA, *) were plotted against pH value. The
rates were extrapolated to zero buffer concentration, and the rates of hy-
drolysis at the same pH value were substracted. The maximum estimated
error range for the apparent rate constants is �20%. Data were fitted to
Equation (5) as indicated in the Results section.
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rameters and RNH2 refers to the neutral (basic) form of the
attacking amine ([RNH2]= [Amine]tot/(1+10(pKa�pH)); the
pKa values of the various amines and the second-order rate
constants determined by this fit are indicated in Table 2.


v ¼ ðkðRNH2=tHcyHþÞ½tHcyHþ�þkðRNH2=tHcyoÞ½tHcyo�Þ 
 ½RNH2�
ð5Þ


From the pH–rate profiles, we can deduce several impor-
tant conclusions concerning the mechanism of aminolysis of
tHcy. First, the rates of aminolysis of tHcy are directly pro-
portional to the concentration of the neutral (basic) form of
the attacking amine and obey a first-order regime. The
effect of the charged (acidic) form of the attacking amine
on the rate of aminolysis of tHcy is essentially none, which
rules out its participation in the reaction. Besides the fact
that the experimental data can be fitted to an equation in
which the charged form of the attacking amine (RNH3


+) is
not taken into account, it is immediately visible that the
rates correlate with the concentration of the basic form of
the amine: below the pKa value of each amine, a straight
line with a slope of +1 is observed, whereas a plateau for
logkobs appears above the pKa value (Figure 3). As it is the
case for hydrolysis, the a-amino group of tHcy does not
seem to participate in the mechanism through anchimeric
assistance.


Second, the aminolysis of tHcy is not hydroxide catalysed.
Several instances report that the aminolysis of esters or thio-
esters is base catalysed,[10–14] in particular, by the attacking
amine itself (which requires the introduction of quadratic
terms in the rate law) or by hydroxide ions. In the present
case, no catalysis by hydroxide ions seems to occur, since
the apparent rates measured are pH independent above the
pKa value of the attacking amine. In order to determine
whether this was particular to homocysteine thiolactone or a
general feature of thiolactones, the pH–rate profiles of ami-
nolysis of gTBL with aminocaproic acid, 2-methoxyethyla-
mine and glycinamide was constructed; the same behaviour
was observed (data not shown). Additionally, the average
ratio for k(RNH2/tHcy8)/k(RNH2/gTBL) is approximately 9�1, which
is similar to the value determined for the hydroxide-cata-
lysed hydrolysis (k(OH�/tHcy8)/k(OH�/gTBL)�3; Table 1).


Third, unlike the rate of hydrolysis, the rate of aminolysis
is largely independent of the protonation state of tHcy.
Unlike the pH–rate profile of hydrolysis (Figure 1), the pH–
rate profile of aminolysis does not present a shoulder


around the pKa value of tHcy (7.1). This reveals that the
rates of aminolysis of tHcy8 and tHcyH+ are of the same
order of magnitude, which is also apparent from the rate
constants obtained from the fit of the pH–rate profile to
Equation (5) (Table 2).


We have also tried to measure the rate of aminolysis of
N3Me-tHcy+ , but we could not detect any aminolysis at
pH 8 in the presence of 0.1m of aminocaproic acid, 2-me-
thoxyethylamine or glycinamide, nor in the presence of 0.1m
of ammonium chloride (data not shown), with the latter
showing that steric effects do not account for the low reac-
tivity of N3Me-tHcy+ towards amines. Assuming an experi-
mental error of 20% on the measured second-order rate
constants, we assess that k(RNH2/N3Me-tHcy+)�k(RNH2/tHcy8)/40, but
at this stage we cannot provide an unambiguous explanation
for this difference.


Brønsted plot : The logarithmic values of k(RNH2/tHcy8) were
plotted against the pKa value of the attacking amine (a
Brønsted plot, Figure 4). Apart from a slight discrepancy ob-


served for propargylamine, the data could be fitted with
good correlation to a straight line with a slope of
ACHTUNGTRENNUNGbnuc


ACHTUNGTRENNUNG(tHcy8)=0.66. (Propargylamine exhibits an aminolysis
rate that is approximately fivefold higher than expected for
its pKa value, possibly owing to an a effect by the adjacent
triple bond.) This suggests that the mechanism and the rate-
determining step of tHcy aminolysis remain constant
throughout the range of pKa values surveyed.


[14,15] The loga-
rithmic values of k(RNH2/tHcyH+) are also represented, although
the range of pKa values is restricted. (Due to technical rea-
sons, the second-order rate constant of tHcyH+ aminolysis
with 2,2,2-trifluoroethylamine could not be measured.) With
the exception of propargylamine, a linear correlation with
pKa value is observed, thereby providing an estimated slope
of bnuc


ACHTUNGTRENNUNG(tHcyH+)�0.56.


Table 2. Kinetic parameters of aminolysis of tHcy (21 8C, I=0.2m).[a]


Rate constants ACA MEA PAA GA FEA


k(tHcy8) [m�1h�1] 440 70 30 7 0.2
k(tHcyH+) [m�1 h�1] 600 110 80 16 N.D.
k(tHcyH+)/k(tHcy8) 1.4 1.6 2.7 2.2 N.D.
literature pKa values


[17–19] 10.8 9.4 8.2 8.0 5.6


[a] The maximal estimated error range for the second-order rate con-
stants is �30%(�20% from the experimental error and �10% from de-
viations from the fit). N.D.=not determined.


Figure 4. Brønsted plot for tHcy aminolysis. Logarithmic values of the
second-order rate constants of tHcy8 (solid line) and tHcyH+ (dashed
line) aminolysis with various amines were plotted against the pKa value
of the attacking amine. The data, excluding propargylamine, were fitted
to straight lines to give slopes (bnuc) of 0.66 (tHcy8) and 0.56 (tHcyH+).
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Discussion


The mechanism of tHcy hydrolysis and aminolysis : This
study indicates that the a-amino group activates tHcy (rela-
tive to gTBL) towards both hydrolysis (by �3-fold for
tHcy8 and �77-fold for tHcyH+ for hydroxide-catalysed hy-
drolysis; Table 1) and aminolysis (by �9-fold for tHcy8 and
<20-fold for tHcyH+ ; Table 2). This activation seems to
result from through-bond electrostatic effects, since neither
the hydrolysis nor the aminoly-
sis of tHcy involves significant
general base or acid catalysis
through the a-amino group.
This is in accordance with the
intuitive representation of the
geometry of the reactants in
the corresponding transition
states: intramolecular general
base catalysis would force the
nucleophile to attack on the
bulky side of tHcy, while intra-
molecular general acid cataly-
sis would lead to the formation
of a loose five-membered hy-
drogen-bonded ring. Both of
these models seem to be irrele-
vant to tHcy hydrolysis and
aminolysis. Indeed, it has been
pointed out that intramolecular general acid/base catalysis
demands a very precise positioning of the groups in-
volved[16,20–23] and would otherwise only have minor effects
on the reaction rates.[22]


Our results also highlight the fact that the basic and acidic
forms of tHcy exhibit different reactivities towards different
nucleophiles. Both tHcyH+ and its methylated counterpart
(N3Me-tHcy+) were shown to react with hydroxide ions ap-
proximately 25 times faster than tHcy8. By contrast, the rate
constants of aminolysis of tHcyH+ and of tHcy8 are of the
same order of magnitude (Table 2), and N3Me-tHcy+ exhib-
its unexpectedly low reactivity towards amines. The noncata-
lysed (water) hydrolysis seems to follows the same pattern
as that with amines. Although the rates of tHcy8 hydrolysis
by water could not be directly determined, we measured
k(H2O/tHcyH+)/k(H2O/gTBL)�14, whereas k(OH�/tHcyH+)/k(OH�/gTBL)


�77. Thus, the difference of reactivity between tHcyH+ and
tHcy8 (as well as gTBL) is much more pronounced for the
hydroxide-catalysed hydrolysis than for the water-catalysed
hydrolysis and for aminolysis. The reactivity of the nucleo-
phile therefore correlates with its charge: neutral nucleo-
philes (water, amines) react with both forms of tHcy with
similar rates, whereas anionic nucleophiles (hydroxide) react
much faster with the protonated form of tHcy.


General notes on the mechanism of thiolactone hydrolysis
and aminolysis : Our results allow the description of a gener-
al reaction mechanism of thiolactones that has not been
available thus far. However, the aminolysis reactions of


(oxo)esters,[9–14] thioesters[9,11] and (oxo)lactones[15] have
been thoroughly studied, both experimentally and computa-
tionally, and several important features have been reported.
First, relative to the simple mechanisms with anionic nucleo-
philes, aminolysis is complicated by the involvement of sev-
eral proton-transfer steps.[9] Hence, a more complex mecha-
nism (for example, that in Scheme 4) and rate laws with
linear as well as quadratic terms in amine and hydroxide
concentration become necessary.[10–12,15] Proton transfer can


occur in an intra- as well as intermolecular fashion, hence
the role of base catalysis (by a hydroxide, or a second amine
molecule) observed in the aminolysis of esters, thioesters
and lactones.[10–15] Second, whereas oxoesters and thioesters
exhibit similar reactivities towards hydrolysis, aminolysis
occurs more readily with thioesters than with oxoesters. This
has been rationalised in terms of a change in the rate-deter-
mining step[9,11] (opening of the C�O bond for oxoesters,
nucleophilic attack for thioesters, since thiolate is a better
leaving group than alkoxide) and by the higher electrophi-
licity of the thioester bond due to the smaller degree of res-
onance of the sulphur lone electron pair.[9] Third, the ami-
nolysis and hydrolysis[24] of lactones are much faster than
those of the corresponding open-chain esters. Indeed, the
opening of the C�O bond is facilitated in lactones by the
chain randomisation and the relief of steric strains that it
induces.[15]


It follows from these studies that both thioesters and oxo-
lactones react faster than the corresponding oxoesters with
amines and that, in both cases, the transition state is shifted
upstream (that is, the opening of the C�O or C�S bond is
easier than for oxoesters). We may therefore assume that
the rate-determining step of tHcy aminolysis is the nucleo-
philic attack of the amine, that is, once a tetrahedral inter-
mediate is formed, the proton transfer and the breakage of
the C�S bond will occur very rapidly. Our data support this
hypothesis. First, no quadratic term in amine or hydroxide
catalysis is detected in the rate law (that is, aminolysis is not
base catalysed), and proton transfer thus does not occur in


Scheme 4. A simplified scheme of the mechanism of aminolysis of esters (X=O) and thioesters (X=S). For
oxoesters, the second step (breaking of the C�X bond) was shown to be rate determining, whereas for thio-
ACHTUNGTRENNUNGesters the first step (formation of the tetrahedral intermediate) is rate determining.[9,11] B=base.
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the rate-determining step. Second, the fact that amines, but
not hydroxide ions, react with similar rates with tHcy8 and
tHcyH+ is consistent with both reactions exhibiting “early”,
possibly zwitterionic, tetrahedral transition states that follow
the nucleophilic attack by an amine or OH� ion. If this as-
sumption is followed, although the protonation of the a-
amino group of tHcy would destabilise the ground state in
both cases, it may stabilise the transition state for hydrolysis
but destabilise that of aminolysis, hence the large differences
in reactivity observed between tHcyH+ and tHcy8 in the
case of hydrolysis but not aminolysis. This might be the
reason for the very low rate of aminolysis of N3Me-tHcy+ ,
where the presence of a permanent positive charge on the
a-amine dramatically decreases the rate (by at least 40-fold
relative to tHcy8). Third, the linear fit of the Brønsted plot
indicates that the rate-determining step of tHcy aminolysis
remains constant throughout the pKa range surveyed,[14,15]


which seems to refute the possibility of a “late” transition
state. Indeed, it is highly improbable that the nucleophilic
attack would not be rate determining for low pKa value
amines of poor nucleophilicity, such as 2,2,2-trifluoroethyl-
amine. The comparatively high bnuc value (Figure 4) suggests
that a partial positive charge is located on the nucleophilic
nitrogen atom in the transition state and could indicate the
presence of a zwitterionic tetrahedral intermediate
(Scheme 4).


To summarise the mechanistic discussion, this study points
out significant differences between the mechanism of thio-
lactone aminolysis versus that of lactones, esters and thioest-
ers. General base catalysis, by either an additional amine
molecule or a hydroxide ion is not required. The rate-deter-
mining step is the nucleophilic attack by the amine and not
the opening of the C�O or C�S bond. Finally, tHcy aminol-
ysis and hydrolysis do not involve efficient anchimeric assis-
tance from the a-amino group of tHcy, and the propensity
of tHcy to react with amines stems primarily from the high
reactivity of thiolactones and the electron-withdrawing
properties of the a-amino group in both its neutral and pro-
tonated states.


Implications for N-homocysteinylation of proteins : The
mechanistic insights also enable the prediction of the pro-
pensity of protein lysine side chains to undergo N-homocys-
teinylation in vivo. Let us assume first that protein lysine
residues exhibit the same reactivity as free lysine in solution
(pKa=10.6). We can thus evaluate the rates of tHcy hydrol-
ysis and aminolysis at the average serum pH value (7.4) to
be k(hydrolysis)�4.8N10�3 h�1 (first-order apparent rate con-
stant) and k(aminolysis)�4.1N102m�1 h�1 (second-order rate
constant). The aminolysis rate would therefore match the
hydrolysis rate at a total lysine concentration of approxi-
mately 19 mm (corresponding to approximately 1.2N10�5


m


deprotonated lysine). Indeed, this concentration (19 mm) is
comparable to the concentration of lysine side chains in the
serum. The total concentration of HSA lysines, for instance,
is approximately 40 mm.[25] Since HSA is the most abundant
protein in serum, and by far the major target of homocystei-


nylation,[6] our results suggest that in vivo protein N-homo-
cysteinylation may effectively compete with tHcy hydrolysis.


However, in contrast to this simplistic model, the pKa


value of the lysine side chains of proteins may significantly
deviate from the solution value of 10.6.[26] A decrease of sev-
eral units in the pKa value is not uncommon for protein side
chains: an unusually reactive lysine residue with a pKa value
of 5.9 has been identified in acetoacetate decarboxylase,[27]


and a pKa value of 7.9 was reported for Lys199 in HSA.[25]


Generally speaking, pKa depression of a lysine can occur if
it is buried in a hydrophobic environment[28,29] or if it neigh-
bours positively charged amino acids (such as histidine, argi-
nine or another lysine[29]). What then is the optimal pKa


value for tHcy aminolysis? If it is assumed that protein
lysine residues would react with the same rates as nonhin-
dered primary amines with the same pKa value in solution,
the dependency of the relative rate of aminolysis on the pKa


value of the attacking amine at the physiological pH value
(7.4) is given by Equation (6).


vðpKaÞ / 10ðb
nucðtHcyoÞ
pKaðamineÞÞ=ð1þ10ðpKaðamineÞ�7:4ÞÞ ð6Þ


For bnuc=0.66 (Figure 3), this function admits a maximum
at a pKa value of 7.7, thereby indicating that an amine with
a pKa value of 7.7 should react with tHcy approximately 6.5
times faster than free lysines in solutions.[30]


This model could therefore explain why certain lysine
side chains are preferential sites for N-homocysteinylation.
For instance, the high reactivity of Lys525 in HSA towards
N-homocysteinylation was attributed to a cross-talk with
Cys34.[6] Alternatively, this reactivity could be accounted for
by a lower pKa value. In fact, Lys525 is one of the two most
reactive lysines in HSA and it proficiently reacts with other
kinds of nucleophiles that do not contain a thiol group (for
example, it is, in particular, a predominant site for nonenzy-
matic glycosylation).[25]


In general, the existence of preferential sites for N-homo-
cysteinylation seems a priori paradoxical, given that the
rates of homocysteinylation measured for various proteins
correlate with their content of lysine and with the rate of
aminolysis measured for free lysine in solution.[3] However,
as demonstrated previously,[27] significant variations of pKa


value concern only a small fraction of protein lysine resi-
dues. Consequently, if bulk rate constants are measured, the
high reactivity of a few activated lysines is largely masked
by the vast majority that possess a normal pKa value.


[3]


Our model may also explain why the N termini of pro-
teins that exhibit low pKa values (�8.5) do not comprise a
primary target for N-homocysteinylation.[2] At pH 7.4, the
lower pKa value accounts for a mere 5-fold increase in the
rate of N-homocysteinylation compared to free lysine,
whereas steric effects (unlike lysine side chains, the N termi-
ni possess a secondary carbon substituent) may induce up to
10-fold lower rates (Figure 2). These two effects roughly
cancel each other out, and it therefore seems that protein N
termini have no preference over lysine side chains. A statis-
tical argument could then explain why homocysteinylation
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of N-termini could not be detected: since there is only one
N-terminal amino acid and many lysines per protein, the
propensity of N-termini to undergo N-homocysteinylation
remains undetectable in bulk measurements.


Experimental Section


Kinetics : Chemicals were purchased from Aldrich Chemicals Co. and
Acros Chemicals. Spectrophotometric measurements were performed on
a microtiter plate reader (PowerWave HT Microplate Scanning Spectro-
photometer; optical length�0.5 cm).


Hydrolysis: The hydrolysis of tHcy, gTBL and N3Me-tHcy+ was followed
spectrophotometrically by monitoring the decrease in the absorbance of
the thioester bond at l=240 nm[2] (e=2300�100 ODNm�1). tHcy hydrol-
ysis was found to go to completion in all of the conditions surveyed, and
infinity points were stable. The values of kobs, the pseudo-first-order rate
constants, were computer calculated by using a rigorous least squares
procedure; they were found to be independent of the initial concentra-
tion of tHcy (0.5 mm in most cases). Various buffers were used: acetate
(pH 4–6), phosphate (pH 6–8), borate (pH 8–10) and carbonate (pH 11).
Mild buffer catalysis was observed with phosphate and acetate under the
conditions of the experiments (50 mm buffer). When necessary, the rates
were extrapolated to zero buffer concentration. Ionic strength was kept
constant at 0.2m by supplementation with NaCl. Most of the apparent
rate constants were measured directly at room temperatures (21 8C�
1 8C). In case the rates at 21 8C were too slow to provide reliable data
(pH 4 and 5 for tHcy, pH 4–8 for gTBL), the experiments were carried
out at 60 8C: the apparent rates at 60 8C were measured from pH 4–10
for tHcy and gTBL. The ratio kACHTUNGTRENNUNG(60 8C)/k ACHTUNGTRENNUNG(21 8C) was found to be constant
within the margin of experimental error and equals 40�6. The apparent
rate constants at 21 8C were extrapolated by using this ratio, while assum-
ing that it is pH independent. When the measurements were duplicated
(tHcy, pH 6, 7 and 9; N3Me-tHcy+ , pH 8) or triplicated (tHcy, pH 8 and
10), the standard deviation observed was less than �10%. The experi-
mental error was thus assessed to 25% (10% (standard deviation)+15%
(temperature factor)).


Aminolysis : tHcy aminolysis reactions were monitored by following the
absorbance of the solution of tHcy at 240 nm, which yielded a first-order
apparent rate constant after substraction of the background of hydrolysis.
Amide bond formation was also monitored directly by following the ab-
sorbance increase at 204 nm. (This wavelength was determined with 2-
amino-4-mercapto-N-propylbutanamide synthesised from tHcy and pro-
pylamine.) The initial concentration of tHcy was 0.5 mm. In order to
obtain pseudo-first-order rate constants, the attacking amine was used in
excess. In most cases, the amine concentration was fixed at 25 mm ; how-
ever, in cases when 25 mm amine were not sufficient to overcome the
background hydrolysis, higher concentrations of amines (up to 200 mm)
were used. To construct the pH–rate profile, the data were extrapolated
to a concentration of 25 mm amine, with the assumption that the aminoly-
sis of tHcy was first order in amine concentration. This assumption was
verified by the experiments carried out with varying concentrations of
glycinamide, l-leucinamide and tris(hydroxymethyl)aminomethane. Ami-
nolysis was studied under the same buffer and ionic-strength conditions
as hydrolysis, except that all reactions were carried out at 21 8C�1 8C.
The dependency of the rates upon buffer concentration was investigated
for glycinamide from pH 6–10 by variation of the buffer concentration
and extrapolation to zero buffer concentration: the influence of buffer
concentration was found to be feeble, and aminolysis rates were correct-
ed accordingly. The experiments performed at pH 8 with varying concen-
trations of glycinamide, l-leucinamide and tris(hydroxymethyl)aminome-
thane were carried out without buffer, since the attacking amine itself
can act as a buffer in the vicinity of its pKa value. The aminolysis experi-
ments of tHcy with aminocaproic acid and 2-methoxyethymlamine at
pH 9 and 10 were duplicated, and the standard deviation observed was
less than �20%. Aminolysis of gTBL and N3Me-tHcy+ was investigated
by following the same protocol as for tHcy.


Synthesis :


N3Me-tHcy+ : Homocysteine thiolactone hydrochloride (500 mg,
3.26 mmol), methyl iodide (1215 mL, 19.6 mmol, 6 equiv) and triethyl-
amine (1810 mL, 52.1 mmol, 16 equiv) were dissolved in acetonitrile
(�10 mL) and stirred at room temperature. The reaction was monitored
by thin-layer chromatography (eluent: 5% methanol in dichlorome-
thane). A white precipitate appeared after approximately 15 min. After
1.5 h, the reaction mixture was cooled to 4 8C for 15 min, and the precipi-
tated product (78 mg; yield=8%, purity95%) was collected; 1H NMR
(250 MHz, D2O, tetramethylsilane (TMS)): d=2.52 (m, 1H), 2.80 (m,
1H), 3.16 (s, 9H), 3.31 ppm (m, 1H).


2-Amino-4-mercapto-N-propylbutanamide : Homocysteine thiolactone hy-
drochloride (200 mg, 1.30 mmol) and propylamine (321 mL, 4.90 mmol,
3 equiv) were dissolved in dichloromethane (20 mL) and stirred at room
temperature. The reaction was followed by thin-layer chromatography
(eluent: dichloromethane). After 24 h, the reaction mixture was cooled
to 4 8C for 2 h and filtered under vacuum. The filtrate was evaporated
and dried under vacuum, and an oily product (194 mg; yield=68%,
purity80%) was collected; 1H NMR (250 MHz, CDCl3, TMS): d=0.76
(t, 3H), 1.39 (m, 2H), 1.80 (m, 2H), 2.43 (t, 1H), 3.04 (m, 3H), 3.49 ppm
(t, 2H).
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Helicate, Macrocycle, or Catenate: Dynamic Topological Control over
Subcomponent Self-Assembly
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Introduction


To create useful molecular machines,[1] control over the mo-
lecular topology[2,3] must be exercised. The subcomponents
of molecular-scale devices must be threaded together with
the same precision as the yarns of a textile or the shafts and
gears of a macroscopic machine; the complex topologies of
biochemical machinery[4] bear witness to the necessity of the
correct form for a particular function.


The use of metal-ion templates to control the topology of
mechanically interlinked structures by Sauvage and co-
workers[5] represents a key advance in the synthetic control
of the molecular topology, and allows knots and catenanes
to be prepared in multigram quantities. Important mile-
stones in supramolecular control over topology were like-
wise the use of p interactions between electron-rich and
electron-poor arenes to program the self-assembly of oligo-
catenanes by Stoddart's group,[6] the dynamic reassembly of
two cages to form a single triply-linked catenane by Fujita
and co-workers[7] and the control of product topology as a
function of the order in which reaction steps were carried
out by Leigh and co-workers.[8] Recently, several groups[9,10]


have demonstrated the application of dynamic covalent
chemistry[11] in the form of olefin metathesis[12] to the syn-
theses of catenanes, dramatically improving yields through
error checking, whereby “incorrectly templated” structures
reassemble into a thermodynamically favoured “correct”
product.


At the intersection of dynamic covalent[11] and supramo-
lecular[13] chemistries lies the domain of subcomponent self-
assembly, during which covalent (carbon–heteroatom) and
dative (heteroatom–metal) bonds form as part of the same
process. The resulting strict (thermodynamic) self-assem-


Abstract: The aqueous reaction be-
tween equimolar amounts of 2-(2-(2-
aminoethoxy)ethoxy)ethanamine, 1,10-
phenanthroline-2,9-dialdehyde and
copper(i) produced a dimeric helical
macrocycle in quantitative yield. This
ring could also be generated by the ad-
dition of two equivalents of the di-
amine to an acyclic helicate containing
four mono-imine residues: A transimi-
nation occurred, the chelate effect
being implicated as a driving force. In
the case of a helicate containing mono-
imines derived from anilines, the sub-


stitution of diamine for monoamine
was reversible upon lowering the pH.
The aliphatic diamine was protonated
at a higher pH than the arylamine,
which left the arylamine free for incor-
poration instead of the alkyl diamine.
This reaction thus opened the possibili-
ty of switching between closed macro-
cyclic and open helicate topologies by


changing the pH. An additional closed
topology became accessible through
the use of a diamine that incorporates
two rigid phenylene spacer groups be-
tween a flexible chain and the imine-
forming nitrogen atoms. The resulting
catenate consists of a pair of topologi-
cally interlinked macrocycles. The pres-
ence of the phenylene groups appeared
to dictate the topology of the final
product, making the formation of a
single macrocycle energetically disfa-
voured.
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bly[14] allows complex structures to be generated from
simple building blocks;[15–17] these structures may then dy-
namically rearrange on both covalent and supramolecular
levels.[16–19] The generation of topological complexity by this
method has recently been demonstrated through the synthe-
ses of catenates,[10] rotaxanes[20] and a Borromean link.[21] We
report herein the development of a subcomponent self-as-
sembly reaction that allowed either of two distinct product
topologies, a helical macrocycle or catenate, to be uniquely
selected based upon the geometry of the ligand components
employed. Dynamic control over the topology of the macro-
cyclic product was also demonstrated as a function of the
pH: in the presence of sulfanilic acid, the macrocycle was
transformed into a topologically open helicate at low pH,
whereas the closed macrocycle was regenerated when the
pH was raised.


Results and Discussion


The reaction of 2-(2-(2-aminoethoxy)ethoxy)ethanamine
(diamine a) with 1,10-phenanthroline-2,9-dialdehyde and
copper(i) tetrakis(acetonitrile) tetrafluoroborate in aqueous
solution gave a single product whose NMR spectra were
consistent with macrocyclic structure 1 (Scheme 1).


X-ray crystallography confirmed the presence of this
structure in the solid state. An ORTEP diagram of dication
1 is shown in Figure 1. The dicopper bis(phenanthrolinedii-
mine) double helicate moiety originally reported by Ziessel
and co-workers[22] thus served as the structure-determining
motif for this macrocycle, defining the points of attachment
for the diamines that closed the loop. To make a single,
stable macrocycle, diamine a must thus be long enough to


close the structure without strain (as can be seen in
Figure 1), yet not be so long as to be able to create multiple,
nearly isoenergetic structures that have different connectivi-
ties, conformations or topologies.


Although the copper(i)-bound imine bonds of these heli-
cal structures are thermodynamically stable in aqueous solu-
tion,[19] they are nonetheless capable of dynamic interchange
with free amines. This property gives rise to rich and varied
substitution chemistry. Both enthalpic (differences in basici-
ty) and entropic (chelate effect)[23] effects are implicated as
driving forces for the interconversions of these structures.


As shown in Scheme 2, when diamine a (2 equiv) was
added to an aqueous solution of a helicate (1 equiv) contain-
ing either alkyl amine (2) or aryl amine (3) residues, macro-
cycle 1 was the unique product observed. We suspect that
entropy gain provides the principal driving force for this
transformation; microcalorimetric measurements to test this
hypothesis are planned. In the same manner as the chelate
effect,[23] the entropy gained through the liberation of two
monodentate ligand subcomponents thus appeared to drive
the incorporation of one bidentate ligand subcomponent,
even though the formation of an 11-membered ring would
be expected to substantially reduce any entropic gain.


Abstract in French: La r�action �quimolaire en milieu
aqueux de (2-(2-aminoethoxy)ethoxy)ethanamine, de 1,10-
phenanthroline-2,9-dialdehyde et de cuivre(i) m ne ! la for-
mation quantitative d#un macrocycle h�lico$dal dim�rique.
Cet anneau peut �galement Þtre g�n�r� par l#addition de deux
�quivalents de diamine sur un �quivalent d#h�licate acyclique
incorporant quatre fonctions mono-imine. Il s#agit d#une tran-
simination dirig�e par l#entropie. Si l#h�licate utilis� est form�
! partir d#anilines, cette r�action de substitution est r�versible
en diminuant le pH. Les diamines aliphatiques sont en effet
proton�es ! pH plus �lev� que les arylamines, laissant les ary-
lamines s#incorporer ! la place des diamines aliphatiques.
Cette r�action permet ainsi de passer de la topologie “macro-
cycle-ferm�” ! la topologie “h�licate ouvert” en variant le
pH. Une autre structure ferm�e et topologiquement diff�rente
est accessible en utilisant une diamine incorporant deux grou-
pements ph�nyl nes rigides de part et d#autre d#une cha/ne
aliphatique flexible: un catenate, c#est-!-dire deux anneaux
entreli�s. La topologie du produit final d�pend da la pr�sence
de ces groupements ph�nyl nes, rendant la formation d#un
unique macrocycle �nerg�tiquement d�favorable.


Scheme 1. The preparation of helical macrocycle 1 from ligand subcom-
ponents and copper(i).


Figure 1. Structure of macrocycle 1 (ORTEP diagram; ellipsoids are rep-
resented with 50% probability); anions are not shown. Cu···Cu
2.735(1) U; mean values: Cu�Nphenanthroline 2.093(16), Cu�Nimine


2.005(16) U; Nphenanthroline-Cu-Nphenanthroline 149.5(10), Nimine-Cu-Nimine


128.1(1)8 ; dihedral angle between the mean planes of the phenanthro-
lines is 64.0(1)8.
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In an identical fashion to what has been reported previ-
ously,[17,19, 24] helicate 2 was transformed into 3 upon the ad-
dition of sulfanilic acid (4 equiv) (Scheme 2). We postulated
that proton transfer from a stronger acid (sulfanilic acid) to
a weaker one (aminoethoxyethanol) provides an enthalpic
driving force for this reaction. The use of the chelate effect
as a driving force in the 2!1 and 3!1 conversions thus
provides an additional hierarchical layer of control over
ligand subcomponent substitution.


As shown in Scheme 3, the addition of sulfanilic acid
(4 equiv) to an aqueous solution of macrocycle 1 resulted in
its conversion to helicate 3, reversing the 3!1 transforma-


tion seen under neutral conditions. Basification of this solu-
tion by the addition of NaHCO3 (4 equiv) resulted in the re-
generation of 1, closing the cycle. By changing the pH, it
was thus possible to switch dynamically between the open
topology of helicate 3 and the closed topology of macrocycle
1.


When the longer 4,7,10-trioxa-1,13-tridecanediamine was
allowed to react with 1,10-phenanthroline-2,9-dialdehyde
and CuI, NMR spectra indicated that a mixture of at least
two products was obtained. The NMR spectra did not
change over the course of three days at room temperature,
which suggested that the products, capable of dynamic inter-
change, were of comparable thermodynamic stability.
Models suggested that this amine is long enough to bridge
between nitrogen atoms in three distinct ways, potentially
forming two different macrocyclic topologies and a catenate
(Scheme 4). Diamine a, in contrast, is only long enough to
bridge in one way, which limited the product to the single
topological isomer 1.


We reasoned that positioning a pair of rigid phenylene
spacer groups between the imine nitrogens and the ends of
a flexible chain might cause this chain to stretch in a macro-
cyclic structure similar to 1, thus raising its energy with re-
spect to an isomeric catenate. The synthesis of dianiline b
was thus undertaken in two steps from 1-fluoro-4-nitroben-
zene and 4,9-dioxa-1,12-dodecanediamine (Scheme 5) by
means of a nucleophilic aromatic substitution strategy.[25]


When dianiline b was employed instead of diamine a as a
ligand component, a single product, 4, was observed by
NMR spectroscopy (Scheme 6). In the absence of a crystal
structure, we offer three distinct sets of observations sup-
porting the assignment of 4 as a catenate.


Scheme 2. The subcomponent substitution of diamine a for both aryl
(3!1) and alkyl (2!1) monoamines, complementing the substitution of
arylamines for alkylamines (2!3).


Scheme 3. Cycling between 1 and 3 as a function of the protonation state
of diamine a.


Scheme 4. Three possible topological isomers that could result from the
reaction of 4,7,10-trioxa-1,13-tridecanediamine, 1,10-phenanthroline-2,9-
dialdehyde and CuI.
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Firstly, molecular mechanics calculations were undertaken
to compare the energy of the catenated structure of 4 with
its macrocyclic isomers. The structure of the bis(phenanthro-
linedi(phenyleneimine)) core was extracted from the crystal
structure of helicate 3[17] by removing the sulfonate groups.
The positions of these core atoms were not allowed to vary
during energy minimisations. Two 4,9-dioxo-1,12-dodecane-
diamino chains were added to link the structure into either
a macrocycle with the topological configuration of 1
(Scheme 4, top), a “crossed” macrocyclic topology,
(Scheme 4, centre), or catenate 4 (Scheme 4, bottom). The
resulting isomeric structures were minimised (steepest de-
scent minimisation, convergence to 4.18 J mol�1), by means
of the MM2 force field.[26] Since the energy of the “frozen”
core was the same in all three structures, the differences in
minimised energy should reflect the differences in stability
between the topologies adopted by the linking chains.


The minimised energy of the catenated isomer was thus
calculated to be 335 kJ mol�1 lower than that of the macro-
cycle with the topology of 1, and 569 kJ mol�1 lower than
that of the “crossed” macrocycle. Although exhaustive con-
former searching was not undertaken, the structures were
examined to ensure that chains were not “stuck” in chemi-
cally unreasonable positions, which would lead to local
minima of high energies. Space-filling models of the three
topological isomers are presented in the Supporting Infor-
mation. Although we could draw no conclusions on the sole
basis of the results of these low-level calculations, they rein-
forced the idea that it was reasonable to imagine that the
catenate would be the exclusive product based upon the


magnitude of the difference in energy between catenated
and macrocyclic isomers.


Secondly, a nuclear Overhauser effect was observed be-
tween NMR resonances corresponding to the alkyl and phe-
nanthroline protons, as noted by the double-headed arrows
in Scheme 6. Macrocycle 1 displayed no nOe between any
of the phenanthroline and alkyl protons, and examinations
of models of the three topological isomers of 4 (see the Sup-
porting Information) suggest that these protons would be
close to each other only in a catenate.


Thirdly, the results of a mass spectrometric study per-
formed upon 4 and its derivatives were consistent with a
catenated structure but not with the presence of either a
single, large macrocycle or a pair of smaller macrocycles
that were associated but not topologically interlinked. Al-
though mass spectrometric evidence for a certain structure
is always indirect, this method allows the observation of cer-
tain key differences between topologically distinct struc-
tures, as discussed below.


The ESI-FTICR mass spectrum of 4 was clean and could
be optimised for maximum intensity of the dication generat-
ed by stripping off both counterions (Figure 2). For the


Scheme 5. The synthesis of dianiline b.


Scheme 6. The preparation of catenate 4 from ligand subcomponents and
copper(i). Double-headed arrows correspond to observed 1H NOE sig-
nals.


Figure 2. ESI-FTICR mass spectrum obtained from a �100-mm solution
of 4 in acetone. Insets from top to bottom: a) Experimental isotope pat-
tern, which was in excellent agreement with the one calculated based on
natural abundances. The peak spacing of 0.5 amu indicated a dication.
b) Mass selection of the second signal in the pattern ensured that the
ions contained exclusively 63Cu, and exactly one 13C atom. c) Collisions
with argon generated two singly charged fragments with equal intensities
and elemental compositions, one of which bears the 13C. d) At higher
energy, fragments appearing at +2 and �2 amu relative to the position
of the two major fragments indicated hydrogen transfer between the two
macrocycles of the catenate.


www.chemeurj.org N 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4069 – 40764072


J. R. Nitschke et al.



www.chemeurj.org





tandem MS experiments, a single isotopomer of 4, contain-
ing two 63Cu nuclei and only one 13C, was initially mass-se-
lected. Upon collisions with argon during MS/MS experi-
ments, this dication was observed to fragment cleanly into a
pair of daughter ions possessing half of the initial mass and
charge, distinguishable from each other by the fact that only
one daughter ion possessed the 13C nucleus.


This symmetrical fragmentation behaviour has been ob-
served in other catenated systems[27] and is characteristic of
a topologically interlinked structure. Once a covalent bond
of 4 has been broken, the only interactions holding the
structure together would be coordinative bonds to copper(i).
These weaker linkages could readily come apart under frag-
mentation conditions capable of breaking covalent bonds,
resulting in facile dethreading of the ruptured macrocycle.
Since charge repulsion supported the binding of one copper
ion to each of the fragments, two daughter ions of half the
initial mass and charge were observed.


At higher collision energies, a second process became
more easily visible: “satellite” peaks appeared at positions
2 amu higher and lower than the major fragments. While the
signals below them may have come from a loss of molecular
hydrogen from the primary fragment, those appearing
above the mass of the parent ion clearly indicated the trans-
fer of two hydrogen atoms from one macrocycle to the
other within the parent ion prior to fragmentation. No such
process was observed for the demetallated species (see
below); the participation of the CuI ions is thus implicated
in this rearrangement. Even without detailed mechanistic
knowledge, it is thus clear that rearrangement could com-
pete energetically with the cleavage of the complex into two
halves. This would not be expected for a simple Cu-bridged
dimer of non-intertwined macrocycles.


To compare their fragmentation behaviour with that of
catenate 4, we conducted a series of MS/MS experiments on
topologically “open” helicate 2 (Scheme 2) and “closed”
macrocycle 1. It was immediately clear that helicate 2 frag-
mented more readily than catenate 4 : to generate the intact
dication of the helicate, much softer ionisation conditions
were necessary than for the generation of the catenate dica-
tion. As with 4, the ions of 2 corresponding to the second
signal in the isotope pattern were mass-selected and subject-
ed to collisions with argon. They also fragmented into two
identical halves that were recognisable owing to the fact
that only one of them contained a 13C atom. No H2 transfers
between the two halves were observed, although 2 bore sim-
ilar structural elements to catenate 4. This suggested that
the barrier for H2 transfer must thus be higher than that for
dissociation in the open-chain helicate. In the catenate, how-
ever, the mechanical inter-linkage prevented dissociation
driven by charge-repulsion, which allowed H2 shifts to com-
pete with covalent bond rupture.


Macrocycle 1 did not fragment cleanly, but generated a
series of different fragments consistent with its monocyclic
structure. The rupture of any one covalent bond would give
an open chain having the same mass as the initial macrocy-
cle. A second covalent bond would need to be broken in


order for fragmentation to occur, and there is no reason to
expect this process to proceed cleanly or symmetrically.


As an additional cross-check, we reduced the imine bonds
of 4 with borohydride and removed the copper by treatment
with EDTA under basic, aerobic conditions (Scheme 7),[28]


to give catenane 5. Protonated, as well as sodiated, copper-
free 5 displayed the same symmetrical MS/MS fragmenta-
tion behaviour as did 4 : as the fragmentation voltage was in-
creased, 5 likewise fragmented symmetrically into two
daughter ions of identical mass, implicating the presence of
a catenated structure and precluding the presence of two
non-interlinked macrocycles linked together by copper coor-
dination in some unforeseen way.


Conclusion


In summary, we have demonstrated topological control over
a subcomponent self-assembly reaction, allowing macrocy-
clic or catenated products to be uniquely selected based
upon the rigidity and length of the subcomponents em-
ployed. It has also proven possible to switch reversibly be-
tween a macrocyclic topology and an open, double-helical
topology as a function of the pH. We are investigating the
use of this control over topology for the construction of
more complex assemblies incorporating catenated subunits,
in addition to the construction of other topologically inter-
esting structures, such as knots.[3,29] Unlike the original Sauv-
age catenanes,[5] catenate 4 is helically chiral in addition to
possessing the possibility of becoming topologically chiral
through the incorporation of an asymmetrical dianiline. The
investigation of both kinds of chirality in catenates similar
to 4 is being investigated, particularly in the context of sub-


Scheme 7. The reduction and demetallation of catenate 4 to give cate-
nane 5.
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component substitution chemistry starting from enantiopure
helicates.


Experimental Section


General : All manipulations were carried out in degassed solvents with
reagents of the highest commercially available purity. [CuACHTUNGTRENNUNG(NCMe)4]BF4


[30]


and 1,10-phenanthroline-2,9-dialdehyde[31] were prepared following litera-
ture procedures. The 1H NMR spectra of 1 and 4 were assigned with the
help of COSY, ROESY, HSQC and HMBC measurements.[32] All chemi-
cal shifts were referenced to the residual proton or carbon signal of the
deuterated solvent, or in aqueous solution to 2-methyl-2-propanol at
1.24 ppm (1H) or 30.29 ppm (13C) as the internal standard.


Dianiline precursor 1,12-bis[(4-nitrophenyl)amino]-4,9-dioxadodecane : 1-
Fluoro-4-nitrobenzene (2.89 g, 20.5 mmol), 4,9-dioxa-1,12-dodecanedia-
mine (1.64 g, 8.2 mmol) and triethylamine (3.5 mL, 24.9 mmol) were stir-
red overnight in dimethyl sulfoxide (40 mL) at 353 K. The product mix-
ture was added to dichloromethane (250 mL), and washed with water
(200 mL). The aqueous layer was washed with dichloromethane (250 mL)
and the organics were washed with water (100 mL), then dried over
MgSO4 and filtered. Volatiles were then removed to yield 2.57 g
(5.6 mmol, 70.1 %) of yellow microcrystalline product, which was pure by
1H NMR spectroscopy. 1H NMR (400 MHz, 298 K, [D6]DMSO): d =


7.97 (d, J = 9.0 Hz, 4 H; phenyl), 7.27 (t, J = 5.5 Hz, 2 H; -NH-), 6.61 (d,
J = 9.5 Hz, 4 H; phenyl), 3.42 (t, J = 6.0 Hz, 4H; -NH-
CH2CH2CH2OCH2CH2), 3.36 (m, 4H; -NH-CH2CH2CH2OCH2CH2), 3.19
(m, 4H; -NH-CH2CH2CH2OCH2CH2), 1.77 (pseudo-quint., J = 9.0 Hz,
4H; -NH-CH2CH2CH2OCH2CH2), 1.54 ppm (m, 4 H; -NH-
CH2CH2CH2OCH2CH2).


Dianiline b, 1,12-bis[(4-aminophenyl)amino]-4,9-dioxadodecane : 1,12-
Bis[(4-nitrophenyl)amino]-4,9-dioxadodecane (1.82 g, 4.1 mmol), Pd/C
(0.275 g, 15 wt %) and ethanol (50 mL) were stirred overnight under an
atmosphere of H2. The solution was filtered through diatomaceous earth,
and the volatiles were evaporated to give a purple solid (1.45 g,
3.8 mmol; 92.6 % yield), which was pure by NMR spectroscopy. 1H NMR
(400 MHz, 298 K, [D6]DMSO): d = 6.41 (d, J = 8.5 Hz, 4 H; phenyl),
6.35 (d, J = 8.5 Hz, 4H; phenyl), 4.59 (br s, 2 H; -NH-), 4.21 (br s, 4 H;
NH2-phenyl), 3.44 (t, J = 6.0 Hz, 4H; -NH-CH2CH2CH2OCH2CH2), 3.37
(br m, 4H; -NH-CH2CH2CH2OCH2CH2), 2.94 (t, J = 6.5 Hz, 4H; -NH-
CH2CH2CH2OCH2CH2), 1.72 (pseudo-quint., J = 6.5 Hz, 4H; -NH-
CH2CH2CH2OCH2CH2), 1.54 ppm (br m, 4 H; -NH-
CH2CH2CH2OCH2CH2); 13C NMR (100.62 MHz, 298 K, [D6]DMSO): d
= 140.31, 138.90, 115.50, 113.58, 69.86, 68.20, 41.43, 29.32, 26.14 ppm;
FAB-MS: m/z (%): 386 (100).


Macrocycle 1: Into a 50-mL Schlenk flask was added diamine a (32.5 mg,
0.219 mmol), 1,10-phenanthroline-2,9-dialdehyde (51.8 mg, 0.219 mmol),
[Cu ACHTUNGTRENNUNG(NCMe)4]BF4 (68.9 mg, 0.219 mmol) and water (5 mL) to give a
brown-orange solution. The flask was sealed, and the atmosphere was
purged of dioxygen by five evacuation/argon fill cycles. The reaction mix-
ture was stirred overnight at room temperature. The solution was cannu-
la-filtered, and volatiles were removed under a dynamic vacuum to give
a black-brown microcrystalline product (97 mg, 0.097 mmol; 88.8 %
yield), which was pure by NMR spectroscopy. When this reaction was
conducted in an NMR tube, 1 was the only observed product. 1H NMR
(500 MHz, 298 K, D2O): d = 8.81 (d, J = 8.0 Hz, 4 H; 4,7-phenanthro-
line), 8.59 (s, 4H; imine), 8.21 (s, 4H; 5,6-phenanthroline), 8.19 (d, J =


8.0 Hz, 4H; 3,8-phenanthroline), 3.37 (br d, J = 10.5 Hz, 4H; C=
NCH2CH2OCH2), 3.28 (br t, J = 11.0 Hz, 4H; C=NCH2CH2OCH2), 3.10
(br d, J = 9.5 Hz, 4 H; C=NCH2CH2OCH2), 2.86 (br d, J = 10.5 Hz, 4H;
C=NCH2CH2OCH2), 2.39 (br t, J = 9.0 Hz, 4 H; C=NCH2CH2OCH2),
2.19 ppm (br d, J = 11.5 Hz, 4H; C=NCH2CH2OCH2); 13C NMR
(125.77 MHz, 298 K, D2O): d = 162.99, 149.77, 141.81, 138.82, 133.16,
129.09, 126.69, 71.25, 70.51, 58.66 ppm; ESI-MS: m/z (%): 412.5
(100)([1]2+), 909.5 (12) ACHTUNGTRENNUNG([1+BF4]


+).


Interconversion between 1 and 3 : Into an NMR tube with a Teflon
screw-cap was added 1 (1.3 mg, 1.3V 10�6 mol), sulfanilic acid (0.9 mg,


5.2V 10�6 mol) and deuterium oxide (0.6 mL) to give a brown solution.
The atmosphere was purged of dioxygen by five evacuation/argon fill
cycles. After one night at room temperature, the solution had turned
green and the only observed product in the 1H NMR spectra was 3.
NaHCO3 (0.5 mg, 5.9V 10�6 mol) was added, and the atmosphere was
again purged of dioxygen by five evacuation/argon fill cycles. The solu-
tion was observed to become brown again, and the peaks corresponding
to 1 were observed to reappear after three days at room temperature.


X-ray crystal structure of 1: Fragile crystals of the perchlorate salt of 1
were obtained by counter-diffusion of aqueous solutions of 1 and Ba-
ACHTUNGTRENNUNG(ClO4)2. [(C40H40N8O4)Cu2] ACHTUNGTRENNUNG(ClO4)2; Mr = 1022.9; triclinic, P1̄, a =


12.2197(10), b = 12.8477(9), c = 16.5290(15) U, a = 86.173(10), b =


68.684(10), g = 63.868(8)8, V = 2156.8(4) U3, Z = 2, m = 0.182 mm�1,
1calcd = 1.575 gcm�3, 200 K, Stoe IPDS diffractometer, MoKa radiation.
(l = 0.71073 U). The structure was solved by direct methods (SIR 97),[33]


all other calculations were performed with the XTAL system[34] and
ORTEP-3[35] programs; 22 872 measured reflections, 7785 unique reflec-
tions of which 3585 were observables (jFo j>3s(Fo)); R = 0.043, wR =


0.039. The oxygen atoms of perchlorate a are disordered and refined on
two distinct sites with population parameters of 0.70 and 0.30, respective-
ly. CCDC-266712 (1) contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


Catenate 4 : Into a 50-mL Schlenk flask was added 1,10-phenanthroline-
2,9-dialdehyde (24.7 mg, 0.105 mmol), [Cu ACHTUNGTRENNUNG(NCMe)4]BF4 (33.0 mg,
0.105 mmol) and freshly distilled nitromethane (3 mL) to give a dark red
solution. The flask was sealed, and the atmosphere was purged of dioxy-
gen by three evacuation/argon fill cycles. When the mixture was homoge-
neous, a solution of dianiline b (40.4 mg, 0.105 mmol) in freshly distilled
nitromethane (3 mL) was added, and the atmosphere was purged again
by three evacuation/fill cycles. This mixture was heated at 323 K over-
night with stirring. Volatiles were then evaporated under dynamic
vacuum to give a dark red product (77 mg, 0.052 mmol; 99.4 % yield),
which was pure by NMR spectroscopy. 1H NMR (500 MHz, 298 K,
CD3NO2): d = 8.75 (s, 4 H; imine), 8.36 (d, J = 8.0 Hz, 4H; 4,7-phenan-
throline), 8.06 (d, J = 8.0 Hz, 4H; 3,8-phenanthroline), 7.76 (s, 4H; 5,6-
phenanthroline), 6.06 (d, J = 8.5 Hz, 8H; phenylene next to imine), 5.80
(d, J = 8.5 Hz, 8H; phenylene next to amine), 3.63 (m, 16H;
NHCH2CH2CH2OCH2CH2), 3.05 (m, 8 H; NHCH2CH2CH2OCH2CH2),
1.85 ppm (m, 16 H; NHCH2CH2CH2OCH2CH2); 13C NMR (125.77 MHz,
298 K, CD3NO2): d = 151.67, 150.66, 150.05, 142.98, 137.58, 136.43,
133.05, 129.03, 126.46, 124.43, 112.97, 72.21, 69.91, 41.57, 30.16,
28.15 ppm; ESI-MS: m/z (%): 650.2 ACHTUNGTRENNUNG(100)([4]2+).


MS experiments : High-resolution ESI mass spectra and MS/MS spectra
were recorded on a Bruker APEX IV Fourier-transform ion-cyclotron-
resonance (FT-ICR) mass spectrometer with an Apollo electrospray ion
source equipped with an off-axis 70o spray needle. Typically, the spray
solvent was acetone, and �50 mm solutions of the analytes were used.
Analyte solutions were introduced into the ion source with a syringe
pump (Cole-Palmers Instruments, Series 74900) at flow rates of �3–
4 mLmin�1. Ion transfer into the first of three differential pumping stages
in the ion source occurred through a glass capillary with 0.5-mm inner di-
ameter and nickel coatings at both ends. Ionisation parameters were ad-
justed as follows: capillary voltage: �4.5 kV; endplate voltage: �4.1 kV;
capexit voltage: +150 to +190 V; skimmer voltages: +8 to +12 V; tem-
perature of drying gas: 423 K. The flows of the drying and nebuliser
gases were kept quite low. The ions were accumulated in the instrument's
hexapole for 0.5–1 s and then introduced into the FT-ICR cell, which was
operated at pressures below 10�10 mbar, and detected by a standard exci-
tation and detection sequence. For each measurement, 16 to 128 scans
were averaged to improve the signal-to-noise ratio.


For MS/MS experiments, the whole isotope patterns of the ion of interest
were isolated by applying correlated sweeps. Since the macrocycle 1 as
well as the catenate complex 4 are dications, the peak spacing of the iso-
tope pattern was Dm/z = 0.5. It was important to mass-select the second
isotope peak, since the formation of two identical singly charged frag-
ments in a symmetrical cleavage would otherwise lead to ions appearing
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at exactly the same mass-to-charge ratio as the parent ion. The choice of
the second isotope peak guaranteed that the ions contained only 63Cu
and exactly one 13C. The two symmetrical fragments observed upon in-
creasing the fragmentation voltage thus must differ by 1 Da from each
other and by 0.5 Da from the parent ion on account of their different 13C
content. After isolation of the required isotope peak by shots that selec-
tively removed the unwanted isotope peaks, the ions of interest were sub-
jected to the CID experiment. Argon was introduced into the ICR cell as
the collision gas through a pulsed valve at a pressure of �10�8 mbar. The
ions were accelerated by a standard excitation protocol and detected
after a 2 s pumping delay. A sequence of several different spectra was re-
corded at different excitation pulse attenuations to obtain at least a
rough and qualitative idea of the effects of different collision energies on
the fragmentation patterns.


Demetallation and reduction of 4 to afford 5 : Complex 4 (3.5 mg, 2.3V
10�6 mol) was dissolved in DMSO (0.3 mL) under argon. To this mixture
was added a methanolic solution (0.3 mL) of NaBH4 (7.0 mg, 1.8V
10�4 mol). This solution was deoxygenated by three evacuation/argon fill
cycles and kept at room temperature overnight. The colour of the solu-
tion changed from red to yellow. The solution was filtered through a
cotton plug in a Pasteur pipette, and the product was precipitated by the
addition of doubly distilled water. The supernatant was decanted, and the
solid was washed with a saturated aqueous solution of tetrapotassium
EDTA (4 mL). The isolated product 5 was dried under vacuum and used
directly for mass spectrometric measurements. Because the reaction was
not scaled up, the yield was difficult to determine. Based on a compari-
son between the product resonances and the residual proton resonance
of the solvent, we estimated the yield to be >50%. 1H NMR (400 MHz,
298 K, [D6]DMSO): d = 8.32 (d, J = 8.0 Hz, 2 H; 4,7-phenanthroline),
7.85 (s, 2H; 5,6-phenanthroline), 7.62 (d, J = 8.0 Hz, 2 H; 3,8-phenan-
throline), 5.63 (d, J = 8.5 Hz, 4H; phenylene), 5.56 (d, J = 8.5 Hz, 4 H;
phenylene), 4.15 (s, 4 H; phenanthroline-CH2-NH-phenylene), 3.40 (m,
8H; -NH-CH2CH2CH2OCH2CH2, -NH-CH2CH2CH2OCH2CH2), 2.94 (m,
4H; -NH-CH2CH2CH2OCH2CH2), 1.73 (br m, 4H; -NH-
CH2CH2CH2OCH2CH2), 1.59 ppm (pseudo-quint., J = 7.0 Hz, 4H; -NH-
CH2CH2CH2OCH2CH2); ESI-MS: m/z : 1203.6 ([5+Na]+), 1181.7
([5+H]+), 613.3 ([1=2 5+Na]+), 602.3 ([5+2Na]2+), 591.3 ([1=2 5+H]+).
MS/MS experiments were conducted following the procedure described
above. When the ion corresponding to [5+Na]+ was mass-selected, this
species was observed to fragment cleanly, yielding a daughter ion peak
that corresponds to [1=2 5+Na]+ , with the intensity of this peak increasing
as the collision energy was increased. The spectra are given in the Sup-
porting Information.
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Catalyzed by a Series of Atropisomeric Binaphthyl-Derived Amino Alcohols


Gui Lu,[a, b] Fuk Yee Kwong,[a] Ji-Wu Ruan,[a] Yue-Ming Li,[a] and Albert S. C. Chan*[a]


Introduction


Chiral diarylmethanols are important precursors to many bi-
ologically active compounds, such as (R)-neobenodine, (R)-
orphenadrine, and (S)-cetirizine.[1–8] Two scientifically impor-
tant protocols for their enantioselective syntheses have been


reported: (1) the asymmetric reduction of prochiral diaryl
ketones and (2) the enantioselective aryl transfer to aromat-
ic aldehydes. The successful examples of the former, such as
Corey's CBS reduction[9–11] and Noyori's Ru-(S)-BINAP-cat-
alyzed ketone hydrogenation (BINAP=2,2’-diphenylphos-
phino-1,1’-binaphthyl),[12, 13] required certain substrate attri-
ACHTUNGTRENNUNGbutes, such as ortho-substitution of one of the aryl groups or
the presence of electronically differentiated aryl groups.
Thus, precursors not possessing these structural features had
to be synthesized through indirect protocols. For example, in
the asymmetric synthesis of (R)-neobenodine, compound 2
was synthesized by the asymmetric hydrogenation of inter-
mediate ketone 1, in which the ortho-bromo group acted as
an enantiodirective functional substituent and subsequently
had to be removed (Scheme 1).[12]


The chiral induction in the asymmetric addition of aryl
groups to aromatic aldehydes seems easy to realize because
of the significant difference between the hydrogen atom and
the aryl group of the aldehydes, yet successful examples of
this reaction are mostly limited to the addition of diphenyl-
zinc to aldehydes.[14–27] Altering the structure of diarylzinc
and aldehydes can provide an array of optically active di-
ACHTUNGTRENNUNGaryl ACHTUNGTRENNUNGmethanols and is of high interest. However, the prepara-
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Abstract: The direct addition of in situ prepared arylzinc to aldehydes with chiral
binaphthyl-derived amino alcohols as catalysts can afford optically active diaryl-
ACHTUNGTRENNUNGmethanols in high yields and with excellent enantioselectivities (up to 99% ee,
ee=enantiomeric excess). By using a single catalyst, both enantiomers of many
pharmaceutically interesting diarylmethanols can be obtained by the proper com-
bination of various arylzinc reagents with different aldehydes; this catalytic system
also works well for the phenylation of aliphatic aldehydes to give up to 96% ee.
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tion of diarylzinc reagents (usually from transmetalation
with lithium or Grignard reagents) is tedious and difficult as
salt-free reagents are required for achieving high enantiose-
lectivity. Furthermore, many functionalized diarylzincs
remain inaccessible due to the high reactivity of the organo-
lithium or -magnesium intermediates.
Recently, the metal exchange between organoboron[28–30]


or organoboronic derivatives[31–34] and diethylzinc has been
proposed as an alternative for the synthesis of salt-free or-
ACHTUNGTRENNUNGganACHTUNGTRENNUNGo ACHTUNGTRENNUNGzinc reagents. A notable example of an asymmetric aryl
transfer reaction to aldehydes that involved an arylzinc spe-
cies prepared in situ by an aryl boronic acid/diethylzinc ex-
change[31] has been described by Bolm and coworkers. By
using chiral ferrocenyl oxazoline 3 as a ligand, the catalytic


reaction was easy to perform and a broad range of products
were prepared in high yields and with high enantioselectivi-
ties.[31] We also found that easily accessible chiral tertiary
aminonaphthol 4 could serve as an efficient ligand for this
asymmetric phenyl transfer reaction.[35]


We have reported the application of binaphthyl-derived
amino alcohol ligands 5–9 in the asymmetric alkyl- and alky-
nylzinc additions with high stereoselectivities.[36] The salient
features of these chiral amino alcohol ligands include their
ease of preparation and the flexibility of modifications on
both the binaphthyl moiety and the amino alcohol back-
bone. Their unique rigidity and fine-tuning capability are ex-
pected to play a crucial role in catalytic asymmetric reac-
tions. Herein, we report the application of these ligands to
the asymmetric addition of different arylzinc reagents (pre-
pared in situ) to various aldehydes with high stereoselectivi-
ty and broad substrate tolerance.


Results and Discussion


The enantioselective arylation of aromatic aldehydes was
achieved by differentiation between the aryl group and the
hydrogen atom of the aldehydes. A suitable chiral ligand
with hindered geometry may specifically favor one enantio-
pathway in the transition states and lead to highly enantio-
selective outcomes. The sterically congested chiral binaph-


ACHTUNGTRENNUNGthyl-derived amino alcohol, which also has a great potential
for fine-tuning, seems to be a good candidate for this reac-
tion.
First we examined the chiral amino alcohols 5–9 on their


catalytic performance in the asymmetric phenylation addi-
tion of 4-chlorobenzaldehyde, for which the arylzinc re-
agents were prepared in situ by the transmetalation of phe-
nylboronic acid with diethylzinc (Scheme 2). All catalysts
gave good yields with ee values ranging from 52 to 96%.
The best result was obtained with (1Ra,2S,3R)-5, giving a
chiral alcohol with 96% ee, while ligand (1R,2S)-8 bearing a
smaller backbone gave significantly lower ee (80% ee). The
match of the configurations between the binaphthyl back-
bone and the phenyl substituent alpha to the amino moiety


was quite important for obtain-
ing high enantioselectivity in the
product. In contrast, the un-
matched configuration
(1Ra,2R,3S)-6 was detrimental to
the enantioselectivity (69% ee).
Amino alcohol ligands contain-
ing phenyl substituents at the a-
position were found to be more
effective than those containing a
methyl substituent. In most
cases, the configuration of the al-
cohol product could be correlat-
ed with the chirality of the
amino alcohol moiety of the
ligand.


Further investigations into the optimization of the reac-
tion conditions, such as solvent, reaction temperature, and
catalyst loading for the asymmetric phenylation of 4-chloro-
benzaldehyde with (1Ra,2S,3R)-5 as catalyst are listed in
Table 1. When the reactions were carried out in mixed


Scheme 2.


Table 1. Optimization of the phenylation of 4-chlorobenzaldehyde in the
presence of (1Ra,2S,3R)-5.


[a]


Entry T [8C] Catalyst [mol%] Yield [%] ee [%][b]


1 �20 10 93 97(R)
2 0 10 96 96(R)
3 0 5 74 87(R)
4 25 10 83 95(R)


[a] Aldehyde/phenylboronic acid/diethylzinc=0.5:1.2:3.6 (molar ratio),
toluene as solvent, 12 h. [b] The ee values were determined by HPLC
analysis with a 25 cmM4.6 mm Chiralcel OB-H column (Daicel Chemical
Industries). Absolute configuration was determined by comparison of the
order of peak elution from HPLC analysis with literature values.
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hexane-toluene (1:1) solvent, the enantioselectivity was
about 5% lower than in toluene solvent. A slight increase in
the ee was observed when the reaction temperature was low-
ered from 25 to �20 8C (Table 1, entries 1, 2, and 4). A de-
crease of catalyst loading caused a significant drop in the ee
of the product (Table 1, entries 2 and 3).
The preliminary optimized reaction conditions were then


applied to the phenyl transfer reaction for a variety of aro-
matic aldehydes (Table 2). The reaction generally proceeded
with excellent enantioselectivities (up to 99% ee). Under
the newly developed protocol, the scope of substrates was
not limited to para-substituted aromatic aldehydes, the
meta- or even ortho-substituted substrates also afforded the
corresponding products with good yields and excellent ee's
(Table 2, entries 2–4, 6 and 10).
Next we examined the reactivity of phenyl addition to


para-tolualdehyde and ortho-tolualdehyde. The products of
these reactions were highly-valued intermediates for antihis-
taminic neobenodine and orphenadrine. In this study, we
found that not only the yields of the addition products, but
also the enantioselectivities were uniformly high (>97% ee)
(Table 2, entries 9 and 10). Aromatic aldehydes possessing
steric hindrance, such as 1-naphthaldehyde and 2-naphthal-
dehyde, also proved to be suitable substrates for the asym-


metric phenylation reaction (Table 2, entries 11 and 12). The
in situ prepared phenylzinc reagent also worked well for the
phenyl addition to other aldehydes, particularly aliphatic al-
dehydes, furaldehyde, and a,b-unsaturated trans-cinnamyl
aldehydes, giving products with good to excellent ee's in
most cases.
Another significant advantage of this protocol was that


various substituted arylzinc reagents could be easily transfer-
red to aldehydes by using different arylboronic acids as aryl
sources. We further explored the asymmetric arylzinc addi-
tion and the results indicated that various substituted aryl
groups worked satisfactorily to afford the corresponding di-
ACHTUNGTRENNUNGarylmethanols in good yields and with high ee's (Table 3).
This reaction was rather sensitive to the electronic effect of
arylboronic acids. The presence of an electron-donating
group in the arylboronic acids greatly facilitated the addi-
tion process to give high ee's (up to 99%; Table 3, entries 1,
2, 5, and 6), suggesting a mechanism that involves a nucleo-
philic attack by the aryl group onto the carbonyl carbon.
Steric hindrance around the boron atom retarded the rate of
reaction and lowered both product yield and enantioselec-
tivity (Table 3, entries 8–10). The use of alkylboronic acid
afforded the product in 67% yield and with 45% ee, while


Table 2. Asymmetric phenyl transfer to various aldehydes.[a]


Entry RCHO Product T [8C] Yield [%] ee [%][b] Entry RCHO Product T [8C] Yield [%] ee [%][b]


1 0 96 96(R) 9 �20 92 97(R)


2 0 95 94(R) 10 0 95 98(R)


3 �20 96 90(R) 11 �20 94 93(R)


4 0 96 93(R) 12 0 91 95(R)


5 �20 95 99(R) 13 �20 91 92(R)


6 0 95 97(R) 14 �20 96 79(R)


7 �20 93 98(R) 15 0 96 91(R)


8 �20 96 96(R) 16 0 88 96(R)


[a] Aldehyde/5/phenylboronic acid/diethylzinc=0.5:0.05:1.2:3.6 (molar ratio), toluene as solvent, 60 8C, 12 h. [b] The ee's were determined by HPLC
spectroscopic analyses. Absolute configurations were determined by comparison of the order of peak elution from HPLC analyses with literature values.
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ferrocenylboronic acid produced the product in a 91% yield
and with 61% ee (Table 3, entries 12–13).
This methodology was quite flexible for the asymmetric


syntheses of diarylmethanols. By using the same chiral
binaph ACHTUNGTRENNUNGthyl-derived amino alcohol (e.g., (1Ra,2S,3R)-5) as a
catalyst, both enantiomers of the corresponding alcohols
could be obtained in good yields and with high ee's. Hence,
with the aid of a proper combination of arylboronic acids
and aromatic aldehydes, a diverse array of oppositely config-
ured chiral diarylmethanols can be obtained.
In the structural evaluation of the ligand backbone of the


chiral ferrocenyl oxazoline ligand 3, binaphthyl-derived N,O
ligand (1Ra,2S,3R)-5 offers additional parameters (bi-
naphthyl-moiety) for fine-tuning the ligand structure, which
will have high potential and versatility in dealing with a
board scope of reactants. In our experiments, ligand 5 did
provide us comparable and sometimes even higher enantio-
selectivities for the arylation of both aromatic and aliphatic
aldehydes when compared with ligand 3.
The rational design of the ligand scaffold 5 was based on


the rigidity level of the ligand architecture (Scheme 3). We
speculated that the low rigidity of the amino-alcohol 9 (op-
posite configuration) afforded low enantioselectivity in the
product (Schemes 2 and 3). In contrast, the relatively rigid
structure of 8 produced better enantioselectivity. This rigid
configuration presumably provided a better enantio-locking
of the substrate. Thus, it prompted us to propose the incor-


poration of the azepine moiety in ligand 5 to provide a
better stereooutcome. Notably, apart from the 7-membered
azepine scaffold, we also introduced atropo-chirality into
this ligand to provide a better match for stereocommunica-
tion to the orientation of the substrate on approach. The
unique features of this ligand design are the chiral-wall
(from binaphthyl-skeleton) moiety and the rigid ligand scaf-
fold. These rational concepts will potentially provide us with
a valuable direction for future ligand design in related asym-
metric catalysis.


Conclusion


We have applied a series of structurally rigid chiral bi-
naphthyl-derived amino alcohol ligands to the asymmetric


Table 3. Asymmetric aryl transfer to benzaldehyde.[a]


Entry ArB(OH)2 Product T [8C] Yield [%] ee [%][b] Entry ArB(OH)2 Product T [8C] Yield [%] ee [%][b]


1 �20 96 97(S) 8 0 92 74(S)


2 �20 91 98(S) 9 0 89 rac


3
4


0
�20


95
91


87(S)
73(S)


10 0 85 rac


5
6


0
�20


95
92


93(S)
99(S)


11 0 90 16(S)


7 �20 90 71(S) 12 0 67 45(R)


13 0 91 61(S)


[a] Benzaldehyde/5/arylboronic acid/diethylzinc=0.5:0.05:1.2:3.6 (molar ratio), toluene as solvent, 12 h. [b] The ee's were determined by HPLC spectro-
scopic analyses. Absolute configurations were determined by comparison of the order of peak elution from HPLC analyses with literature values.


Scheme 3.
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addition of arylzinc (prepared in situ) to various aldehydes.
The N,O ligand (1Ra,2S,3R)-5 produced excellent enantiose-
lectivities (up to 99% ee) in the asymmetric arylation of
both aromatic and aliphatic aldehydes. A diverse array of
optically active diarylmethanols, which are of high interest
in biological and pharmaceutical sciences, can be obtained
in one step by altering the structures of nucleophiles and the
aldehydes. Because of the simplicity of the ligand synthesis
and the ease of ligand modification, these chiral amino alco-
hols may constitute a new set of versatile catalysts for the
enantioselective arylation of various carbonyl compounds.


Experimental Section


All experiments were carried out under a nitrogen atmosphere. Unless
otherwise stated, commercial reagents were used as received without fur-
ther purification. The reactions were carried out in solvents distilled from
standard drying agents. Toluene and THF were freshly distilled from
sodium and sodium benzophenone ketyl under nitrogen, respectively.[37]


Aldehydes were freshly distilled under reduced pressure before use.
1H NMR spectra were recorded on a Varian (500 MHz) spectrometer.
Spectra were referenced internally to the residual proton resonance in
CDCl3 (d)=7.26 ppm) or with tetramethylsilane (TMS, d=0.00 ppm) as
the internal standard. Chemical shifts (d) were reported as parts per mil-
lion (ppm) in d scale downfield from TMS. 13C NMR spectra were re-
corded on a Varian 500 spectrometer and referenced to CDCl3 (d=
77.0 ppm). TLC was performed on Merck precoated silica gel 60 F254
plates. Silica gel (Merck or MN, 230–400 mesh) was used for flash-
column chromatography. HPLC analyses were conducted on a WatersTM


600 instrument by using ChiralcelN columns (0.46 cm diameterM25 cm
length). The absolute configurations of the products were determined
based on the comparison of HPLC traces and/or the direction of optical
rotation with known compounds.


General procedure for the catalytic addition of arylzinc to benzaldehyde :
A solution of phenylboronic acid (1.2 mmol, 146.3 mg) in toluene
(1.5 mL) was mixed with a diethylzinc solution (1.1m in toluene,
3.6 mmol, 3.27 mL) in a sealed vessel under a nitrogen atmosphere. After
the reaction mixture had been stirred for 12 h at 60 8C, the vessel was
cooled to 0 8C and a solution of chiral amino alcohol 5 (0.05 mmol) in tol-
uene was added with continued stirring for 15 min. 4-Chlorobenzalde-
hyde (0.50 mmol, 70.3 mg) was subsequently added and the mixture was
allowed to stir at 0 8C overnight. The reaction was then quenched with
aqueous HCl solution (5%, ~6 mL), extracted with EtOAc (3M5 mL),
and dried with Na2SO4. The crude product diarylmethanol was purified
by flash- column chromatography (silica gel, 10% EtOAc/hexane) to
give the product in 96% yield and with 96% ee. The ee was determined
by HPLC analysis with a 25 cmM4.6 mm Chiralcel OB-H column (Daicel
Chemical Industries) (eluent: 10% 2-propanol in hexane; flow rate:
0.5 mLmin�1; UV lamp=270 nm): tR(R)=27.4 min, tR(S)=42.5 min.


(R)-(4-Chlorophenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3):
d=7.37–7.26 (m, 9H; ArH), 5.72 (s, 1H; CH), 2.90 ppm (d, J=3.5 Hz,
1H; OH); HPLC (Daicel Chiralcel OB-H; hexane/iPrOH 90:10;
0.5 mLmin�1; l=270 nm): tR(R)=27.4 min, tR(S)=42.5 min.


(R)-(3-Chlorophenyl)phenylmethanol :[21] 1H NMR (500 MHz, CDCl3):
d=7.40 (m, 1H; ArH), 7.37–7.33 (m, 4H; ArH), 7.32–7.29 (m, 1H;
ArH), 7.26–7.23 (m, 3H; ArH), 5.74 (d, J=3.0 Hz, 1H; CH), 2.69 ppm
(d, J=3.0 Hz, 1H; OH); HPLC (Daicel Chiralcel OB-H; hexane/iPrOH
95:5; 1.0 mLmin�1; l=254 nm): tR(R)=28.5 min, tR(S)=44.5 min.


(R)-(2-Chlorophenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3):
d=7.63 (m, 1H; ArH), 7.41–7.28 (m, 7H; ArH), 7.25–7.22 (m, 1H;
ArH), 6.21 (d, J=3.5 Hz, 1H; CH), 2.72 ppm (d, J=4.0 Hz, 1H; OH);
HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 95:5; 1.0 mLmin�1; l=
254 nm): tR(R)=12.9 min, tR(S)=16.7 min.


(R)-(2-Methoxyphenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3):
d=7.47–7.26 (m, 7H; ArH), 7.03–7.00 (m, 1H; ArH), 6.94–6.92 (m, 1H;
ArH), 6.12 (s, 1H; CH), 3.81 (s, 3H; CH3), 3.32 ppm (s, 1H; OH); HPLC
(Daicel Chiralcel OD-H; hexane/iPrOH 97:3; 0.8 mLmin�1; l=254 nm):
tR(S)=38.9 min, tR(R)=43.9 min.


(R)-(4-Biphenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3): d)=
7.59–7.57 (m, 4H; ArH), 7.47–7.42 (m, 6H; ArH), 7.38–7.33 (m, 3H;
ArH), 7.31–7.26 (m, 1H; ArH), 5.91 (d, J=3.0 Hz, 1H; CH), 2.26 ppm
(d, J=3.5 Hz, 1H; OH); HPLC (Daicel Chiralcel OB-H; hexane/iPrOH
95:5; 1.0 mLmin�1; l=254 nm): tR(R)=42.2 min, tR(S)=66.3 min.


(R)-(3-Methoxyphenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3):
d=7.41–7.27 (m, 6H; ArH), 6.98–6.96 (m, 2H; ArH), 6.85–6.82 (m, 1H;
ArH), 5.78 (d, J=15.5 Hz, 1H; CH), 3.79 (s, 3H; CH3), 2.67 (d, J=
3.5 Hz, 1H; OH); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 95:5;
0.8 mLmin�1; l=254 nm): tR(S)=30.9 min, tR(R)=47.0 min.


(R)-(4-Methoxyphenyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3):
d=7.39–7.26 (m, 7H; ArH), 6.89–6.87 (m, 2H; ArH), 5.78 (s, 1H; CH),
3.79 (s, 3H; CH3), 2.54 ppm (s, 1H; OH); HPLC (Daicel Chiralcel AD;
hexane/iPrOH 97:3; 0.5 mLmin�1; l=254 nm): tR(R)=64.6 min, tR(S)=
70.0 min; HPLC (Daicel Chiralcel OJ; hexane/iPrOH 90:10;
1.0 mLmin�1; l=254 nm): tR(R)=30.7 min, tR(S)=34.1 min.


(R)-(4-Bromophenyl)phenylmethanol :[31] 1H NMR (500 MHz, CDCl3):
d=7.47–7.44 (m, 2H; ArH), 7.37–7.29 (m, 5H; ArH), 7.21–7.19 (m, 2H;
ArH), 5.67 (d, J=3.0 Hz, 1H; CH), 3.16 (d, J=3.0 Hz, 1H; OH); HPLC
(Daicel Chiralcel OB-H; hexane/iPrOH 90:10; 0.5 mLmin�1; l=254 nm):
tR(R)=26.3 min, tR(S)=35.2 min.


(R)-(4-Tolyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3): d=7.40–
7.34 (m, 4H; ArH), 7.29–7.26 (m, 3H; ArH), 7.18–7.16 (m, 2H; ArH),
5.81 (d, J=3.5 Hz, 1H; CH), 2.36 (s, 3H; CH3), 2.32 ppm (d, J=3.0 Hz,
1H; OH); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 98:2;
0.9 mLmin�1; l=254 nm): tR(S)=28.5 min, tR(R)=33.7 min.


(R)-(2-Tolyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3): d=7.55 (d,
J=7.0 Hz, 1H; ArH), 7.38–7.24 (m, 7H; ArH), 7.19 (m, 1H; ArH), 6.00
(d, J=3.5 Hz, 1H; CH), 2.35 (d, J=3.5 Hz, 1H; OH), 2.27 ppm (s, 3H;
CH3); HPLC (Daicel Chiralcel OB-H; hexane/iPrOH 96:4; 0.8 mLmin�1;
l=254 nm): tR(R)=24.9 min, tR(S)=32.4 min.


(R)-(2-Naphthyl)phenylmethanol :[26] 1H NMR (500 MHz, CDCl3): d=


7.90 (m, 1H; ArH), 7.87–7.84 (m, 2H; ArH), 7.82–7.80 (d, J=9.0 Hz,
1H; ArH), 7.54–7.49 (m, 2H; ArH), 7.45–7.43 (m, 3H; ArH), 7.39–7.35
(m, 2H; ArH), 7.33–7.30 (m, 1H; ArH), 5.96 (s, 1H; CH), 2.73 ppm (d,
J=3.5 Hz, 1H; OH); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH
95:5; 1.0 mLmin�1; l=254 nm): tR(S)=28.2 min, tR(R)=34.8 min.


(R)-(1-Naphthyl)phenylmethanol :[31] 1H NMR (500 MHz, CDCl3): d=


8.07 (d, J=8.5 Hz, 1H; ArH), 7.96 (d, J=7.0 Hz, 1H; ArH), 7.90 (d, J=
8.5 Hz, 1H; ArH), 7.66 (d, J=7.0 Hz, 1H; ArH), 7.57–7.48 (m, 3H;
ArH), 7.45–7.34 (m, 5H; ArH), 6.43 (s, 1H; CH), 3.47 (d, J=4.5 Hz, 1H;
OH); HPLC: Daicel Chiralcel OD-H; hexane:iPrOH=90:10;
1.0 mLmin�1; l=254 nm; tR(S)=13.2 min, tR(R)=28.3 min.


(R)-(2-Furyl)phenylmethanol :[16] 1H NMR (500 MHz, CDCl3): d=7.45–
7.43 (m, 2H; 1 ArH, 1=CH�O), 7.40–7.37 (m, 3H; ArH), 7.35–7.32 (m,
1H; ArH), 6.33 (m, 1H; =CH�), 6.12 (d, J=3.0 Hz, 1H; =CH�), 5.81 (s,
1H; CH(OH)), 2.69 ppm (s, 1H; OH); HPLC (Daicel Chiralcel OD-H;
hexane/iPrOH 97:3; 1.0 mLmin�1; l=254 nm): tR(S)=21.2 min, tR(R)=
25.1 min.


(S)-(E)-1,3-Diphenyl-2-propenol :[26] 1H NMR (500 MHz, CDCl3): d=


7.47–7.45 (m, 2H; ArH), 7.42–7.38 (m, 4H; ArH), 7.35–7.31 (m, 3H;
ArH), 7.29–7.26 (m, 1H; ArH), 6.72–6.69 (d, J=15.5 Hz, 1H; CH=
CHCH(OH)(Ph)), 6.43–6.38 (m, 1H; PhCH=CH), 5.39 (d, J=6.5 Hz,
1H; CH), 2.41 ppm (s, 1H; OH); HPLC (Daicel Chiralcel OD-H;
hexane/iPrOH 80:20; 0.8 mLmin�1; l=254 nm): tR(S)=10.6 min, tR(R)=
12.9 min.


(S)-Cyclohexylphenylmethanol :[26] 1H NMR (500 MHz, CDCl3): d=7.36–
7.33 (m, 2H; ArH), 7.31–7.27 (m, 3H; ArH), 4.37–4.36 (m, 1H; CHOH),
1.97–2.05 (m, 2H; 1CH, 1OH), 1.78–1.75 (m, 1H; CH2), 1.70–1.59 (m,
3H; CH2), 1.40–1.37 (m, 1H; CH2), 1.25–0.92 ppm (m, 5H; CH2); HPLC
(Daicel Chiralcel AD; hexane/iPrOH 97:3; 0.5 mLmin�1; l=254 nm):
tR(S)=22.0 min, tR(R)=24.1 min.


Chem. Eur. J. 2006, 12, 4115 – 4120 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4119


FULL PAPERAddition of Arylzinc to Aldehydes



www.chemeurj.org





(S)-2,2-Dimethyl-1-phenylpropanol :[26] 1H NMR (500 MHz, CDCl3): d=
7.34–7.25 (m, 5H; ArH), 4.39 (d, J=3.0 Hz, 1H; CH), 1.93 (s, 1H; OH);
0.93 ppm (s, 9H; CH3); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH
98:2; 0.9 mLmin�1; l=254 nm): tR(S)=11.7 min, tR(R)=13.4 min.


(S)-(2-Bromophenyl)phenylmethanol :[31] 1H NMR (500 MHz, CDCl3):
d=7.60–7.54 (m, 2H; ArH), 7.42–7.29 (m, 6H; ArH), 7.17–7.14 (m, 1H;
ArH), 6.19 (d, J=4.0 Hz, 1H; CH), 2.52 ppm (d, J=3.5 Hz, 1H; OH);
HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 90:10; 1.0 mLmin�1; l=
254 nm): tR(R)=8.8 min, tR(S)=11.9 min.


(R)-1-Phenylpentanol :[38] 1H NMR (500 MHz, CDCl3): d=7.28–7.23 (m,
4H; ArH), 7.21–7.17 (m, 1H; ArH), 4.49 (t, J=6.5 Hz, 1H; CH), 2.01 (s,
1H; OH), 1.78–1.62 (m, 3H; CH2), 0.83 ppm (m, 4H; 3CH3, 1CH2);
HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 99:1; 1.0 mLmin�1; l=
254 nm): tR(R)=24.3 min, tR(S)=31.5 min.


(S)-(Ferrocenyl)phenylmethanol :[31] 1H NMR (500 MHz, CDCl3): d=


7.31–7.30 (m, 2H; ArH), 7.24 (t, J=7.5 Hz, 2H; ArH), 7.18–7.15 (m, 1H;
ArH), 5.38 (s, 1H; CH), 4.14 (s, 5H; CH=CH), 4.14–4.00 (m, 4H; CH=
CH), 2.45 ppm (s, 1H; OH); 13C NMR (125 MHz, CDCl3): d=143.3,
128.3, 127.5, 126.3, 94.3, 73.8, 72.4, 72.1, 68.8, 68.6, 68.2, 68.2, 67.5,
66.1 ppm; HPLC (Daicel Chiralcel OD-H; hexane/iPrOH 93:7;
1.0 mLmin�1; l=254 nm): tR(R)=14.8 min, tR(S)=24.3 min.
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[g-1,2-H2SiV2W10O40] Immobilized on Surface-Modified SiO2 as a
Hetero ACHTUNGTRENNUNGgeneous Catalyst for Liquid-Phase Oxidation with H2O2


Jun Kasai,[a] Yoshinao Nakagawa,[a] Sayaka Uchida,[a, b] Kazuya Yamaguchi,[a, b] and
Noritaka Mizuno*[a, b]


Introduction


The epoxidation of olefins is an important reaction in the
chemical industry as well as in the laboratory because epox-
ides, with their reactive oxirane groups, are useful inter-
mediates in various organic syntheses.[1] Although a number


of epoxidation processes with various catalysts and oxidants
have been developed, stoichiometric processes that use
chlorine- or heavy-metal-based oxidants or catalytic process-
es based on expensive oxidants such as organic peroxides
and peracids are still used extensively.[1] Recently, hydrogen
peroxide-based catalytic epoxidation has received much at-
tention from the viewpoint of green chemistry.[2] There are
three important reasons for the use of hydrogen peroxide in
oxidation reactions: 1) it generates water as the sole by-
product, 2) it has a high content of active oxygen species,
and 3) it is much cheaper and safer to use than organic per-
oxides or peracids.[3]


Many soluble transition-metal-based catalysts have been
developed for epoxidation with aqueous hydrogen perox-
ide.[2] Among them, tungsten-based compounds, including
polyoxometalates (POMs), seem to be some of the best cat-
alysts because their efficiency of hydrogen peroxide use and
their selectivity for the epoxides are high.[4] We have report-
ed efficient and simple routes for the highly selective and ef-


Abstract: An organic–inorganic hybrid
support has been synthesized by cova-
lently anchoring an N-octyldihydroimi-
dazolium cation fragment onto SiO2


(denoted as 1-SiO2). This modified sup-
port was characterized by solid-state
13C, 29Si, and 31P NMR spectroscopy, IR
spectroscopy, and elemental analysis.
The results showed that the structure
of the dihydroimidazolium skeleton is
preserved on the surface of SiO2. The
modified support can act as a good
anion exchanger, which allows the cata-
lytically active polyoxometalate anion
[g-1,2-H2SiV2W10O40]


4� (I) to be immo-
bilized onto the support by a stoichio-
metric anion exchange (denoted as I/1-
SiO2). The structure of anion I is pre-
served after the anion exchange, as


confirmed by IR and 51V NMR spec-
troscopy. The catalytic performance for
the oxidation of olefins and sulfides,
with hydrogen peroxide (only one
equivalent with respect to substrate) as
the sole oxidant, was investigated with
I/1-SiO2. This supported catalyst shows
a high stereospecificity, diastereoselec-
tivity, regioselectivity, and a high effi-
ciency of hydrogen peroxide utilization
for the oxidation of various olefins and
sulfides without any loss of the intrinsic
catalytic nature of the corresponding


homogeneous analogue of I (i.e., the
tetra-n-butylammonium salt of I, TBA-
I), although the rates decreased to
about half that with TBA-I. The oxida-
tion can be stopped immediately by re-
moval of the solid catalyst, and vanadi-
um and tungsten species can hardly be
found in the filtrate after removal of
the catalyst. These results rule out any
contribution to the observed catalysis
from vanadium and tungsten species
that leach into the reaction solution,
which means that the observed cataly-
sis is truly heterogeneous in nature. In
addition, the catalyst is reusable for
both epoxidation and sulfoxidation
without any loss of catalytic perform-
ance.
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ficient epoxidation of olefins and allylic alcohols with hydro-
gen peroxide catalyzed by the divacant lacunary silicotung-
state [g-SiW10O34ACHTUNGTRENNUNG(H2O)2]


4�[5] and the dinuclear peroxotung-
state [W2O3(O2)4ACHTUNGTRENNUNG(H2O)2]


2�,[6] respectively. Very recently, we
also reported that the doubly hydroxo-bridged dioxovanadi-
um-substituted polyoxotungstate [g-1,2-H2SiV2W10O40]


4� (I)
can catalyze the epoxidation of olefins in the presence of
only one equivalent of hydrogen peroxide with high epoxide
yield, high efficiency of hydrogen peroxide utilization, un-
usual regioselectivity, and unprecedented diastereoselectivi-
ty.[7]


While many efficient epoxidation systems with hydrogen
peroxide have been developed based on POMs, most of
them are homogeneous and share common drawbacks such
as difficult catalyst/product separation and poor catalyst re-
usability.[4–7] Therefore, the practical application of POM-
based oxidation requires the development of easily recover-
able and recyclable catalysts. One strategy in this area is the
immobilization (heterogenization) of catalytically active spe-
cies. The development of heterogeneous oxidations with
POMs and related compounds has been attempted many
times and the strategies can be classified into five groups,
namely dispersion onto inert supports,[8] formation of insolu-
ble solid ionic materials,[9] incorporation into a silica matrix
using sol–gel techniques,[10] intercalation into anion-ex-
change materials,[11] and immobilization on surface-modified
supports.[12] However, the intrinsic catalytic activities of the
homogeneous catalysts are greatly decreased upon immobi-
lization in many cases.[13] Another strategy is to use a liquid–
liquid biphasic system, where the catalyst and products
phases can be separated and the catalyst phase can be
reused.[14–17] Many liquid–liquid biphasic systems with cata-
lysts in aqueous,[14] fluorous,[15] supercritical fluid,[16] and
ionic liquid phases[17] have recently been reported.


Herein we report the synthesis of an organic–inorganic
hybrid support by covalently anchoring a dihydroimidazoli-
um cation fragment onto SiO2


[12c] to immobilize the polyoxo-
metalate I, which shows high catalytic activity and interest-
ing selectivity for the epoxidation and is rather stable under
the reaction conditions.[7] The immobilized catalyst shows
high catalytic activity for the oxidation of various olefins
and sulfides without any loss of its intrinsically high selectiv-
ity for the desired compounds [Eqs. (1) and (2)]. Further-
more, catalyst/product separation is very easy and the cata-
lyst is recyclable.


Results and Discussion


Preparation and characterization of the catalysts : First of all
we synthesized the dihydroimidazolium cation with an octyl


chain at the N1 position (See Experimental Section and Fig-
ure S1 in the Supporting Information).[18] Triethoxy[3-(2-imi-
dazolin-1-yl)propyl]silane was treated with three equivalents
of 1-chlorooctane at 353 K for 24 h to give 1-octyl-3-(3-tri-
ACHTUNGTRENNUNGethoxysilylpropyl)-4,5-dihydroimidazolium chloride. This
compound was further treated with sodium hexafluorophos-
phate in acetonitrile at room temperature for five days to
give the corresponding dihydroimidazolium cation with the
PF6


� ion (1). Compound 1 was isolated in almost quantita-
tive yield (95% total yield based on triethoxy[3-(2-imidazo-
lin-1-yl)propyl]silane). The 1H and 13C NMR spectra of 1
and the assignments are given in Figure 1. The 29Si NMR


spectrum of 1 shows a signal at d=�49.5 ppm. The positive-
ion ESI mass spectrum of an acetonitrile solution of 1 exhib-
its a peak at m/z 387 attributed to [C20H43N2O3Si]


+


(Figure 2). These NMR and ESI mass spectra show that
compound 1 was synthesized with high purity (>95% by
NMR spectroscopy). Next, the SiO2 surface was modified
with compound 1 (see Experimental Section and Figure S1
in the Supporting Information). SiO2 was heated at 393 K
under vacuum for three hours and then the pretreated SiO2


was refluxed (bath temperature, 353 K) for 24 h in a chloro-
form solution containing 1 with vigorous stirring. The result-
ing solid was separated by filtration, washed with n-heptane
and acetonitrile, and dried in vacuo to afford the surface-
modified SiO2 with covalently anchored 1 (1-SiO2).


Figure 1. 1H NMR (in [D6]acetone (a)) and 13C NMR (in CDCl3 (b))
spectra of 1. Circles indicate the signals corresponding to the solvents.
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The IR spectra of 1-SiO2 show bands characteristic of the
parent 1 [n ACHTUNGTRENNUNG(C=N)=1654, n ACHTUNGTRENNUNG(C�H)=2860–2960, n ACHTUNGTRENNUNG(F�P�F)=
869, and dACHTUNGTRENNUNG(F�P�F)=560 cm�1; Figure 3b]. This suggests that
the main structure of the parent dihydroimidazolium skele-
ton of 1 is retained in 1-SiO2. Figure 4b shows the solid-state
13C CP MAS NMR spectrum of 1-SiO2. The spectrum shows
signals at d=152.2, 47.0–50.0, 21.5–35.2, and 11.0 ppm as-
signable to the carbon between the nitrogen atoms (i), four


carbons neighboring nitrogens (h, j, k, and l), methylene and
methyl carbons (a–g and m), and the carbon next to silicon
(n), respectively. These signal positions are similar to those
of the parent 1 (Figure 4a) except that the resonances corre-
sponding to the two carbon atoms of the ethoxy group of 1
at d=18.3 and 58.5 ppm (o and p in Figure 4a) are much
weaker. These results show that a condensation reaction be-
tween the surface silanol groups of SiO2 and ethoxy groups
of 1 occurs during the grafting process to form a covalent
Si�O�Si linkage whilst maintaining the dihydroimidazolium
skeleton of 1.


The 29Si MAS NMR spectrum of the unmodified SiO2


shows two main signals at d=�111 and �101 ppm corre-
sponding to Q4 and Q3 species, respectively (Qn=Si-
ACHTUNGTRENNUNG(OSi)n(OH)4�n, n=3, 4; Figure 5a).[19] The Q3 sites are asso-
ciated with isolated reactive silanol groups. In the 29Si CP
MAS NMR spectrum of 1-SiO2, two new signals appear at
d=�67 and �58 ppm assignable to T3 and T2 organosilica
species, respectively (Tm=RSi ACHTUNGTRENNUNG(OSi)mACHTUNGTRENNUNG(OEt)3�m, m=2, 3;
Figure 5, inset).[19] The curve-fitting analyses show that the
Q3/ ACHTUNGTRENNUNG(Q3+Q4) ratio decreases from 0.25 (SiO2) to 0.17 (1-
SiO2) after the immobilization. This decrease (0.08) corre-
sponds to the reaction of 33% of the silanol groups of the
parent unmodified SiO2 to form a covalent Si�O�Si linkage.
The loading amount of the dihydroimidazolium cation on
the surface of SiO2 was found to be 353 mmol per gram of 1-
SiO2.


Figure 2. Positive ion ESI mass spectra of the acetonitrile solution of 1
(m/z 100–2000 (a) and m/z 380–400 (b)). The lines in (c) are the calculat-
ed pattern of [C20H43N2O3Si]


+ .


Figure 3. IR spectra of unmodified SiO2 (a), modified silica 1-SiO2 (b), I/
1-SiO2 (c), and RbK-I (d).


Figure 4. 13C NMR spectrum of 1 in CDCl3 (a) and 13C CP-MAS NMR
spectrum of the modified silica 1-SiO2 (b). The labels o and p indicate
the signals corresponding to the methylene and methyl carbons of ethoxy
group in 1, respectively. A circle indicates the signals corresponding to
CDCl3.
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Immobilization of I was then carried out according to the
following procedure. The Rb+/K+ mixed-cation salt of I
(RbK-I, >99% purity by 51V NMR spectroscopy) was dis-
solved in an aqueous solution of HCl (1 mm). 1-SiO2 was
then added to the solution and the suspension was vigorous-
ly stirred at room temperature for 24 h. It was then filtered


and the solid was washed with a large amount of water and
dried in vacuo to afford the immobilized catalyst containing
I (I/1-SiO2). Compound I could not be immobilized onto un-
modified SiO2 by a similar procedure.


The 31P MAS NMR spectrum of 1-SiO2 shows one set of
signals for the PF6


� ion centered at d=103 ppm (Figure 6a),
whereas no 31P MAS NMR signals were observed for I/1-
SiO2 (Figure 6b). The elemental analysis showed that Rb, K,
and P are not detectable in I/1-SiO2. The loading amount of
I was found to be 91 mmol per gram of 1-SiO2, which is
almost one-quarter of that of the dihydroimidazolium cation
on the surface of 1-SiO2. These figures show the progress of
the stoichiometric anion exchange of monovalent PF6


� with
tetravalent I.


The 51V MAS NMR spectrum of I/1-SiO2 shows one set of
signals centered at d=�561 ppm (Figure 7b), thereby sug-
gesting the existence of a single vanadium species. This
signal was assigned to the doubly hydroxy-bridged dioxova-
nadium species {VO ACHTUNGTRENNUNG(m-OH)2VO} in I since the chemical
shift is almost the same as that of the tetra-n-butylammoni-
um salt of I (TBA-I) (d=�562 ppm, Figure 7a).[7,20] The IR
spectrum of I/1-SiO2 (in the range 450–4000 cm�1) exhibits
bands at 795, 871, 918, and 965 cm�1 in addition to the char-
acteristic bands of 1 (Figure 3c). These bands in the range
800–1000 cm�1 coincide with those of the parent I (Fig-
ure 3d). In the range 250–450 cm�1, the IR spectrum of I/1-


Figure 5. 29Si MAS NMR spectra of unmodified SiO2 (a) and the modi-
fied silica 1-SiO2 (b). Inset:


29Si CP MAS NMR spectrum of 1-SiO2.


Figure 6. 31P MAS NMR spectra of 1-SiO2 (a) and I/1-SiO2 (b).


Figure 7. 51 V MAS NMR spectra of TBA-I (a), I/1-SiO2 (b), and I/1-SiO2


recovered after epoxidation of cyclooctene under the conditions in
Table 1 (c). The center signals are indicated with asterisks.
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SiO2 shows bands at 313, 333, 357, 389, and 408 cm�1 charac-
teristic of the g-Keggin structure of I.[21] These 51V MAS
NMR and IR results show the maintenance of the g-Keggin
structure of I in I/1-SiO2.


Catalytic oxidation of olefins and sulfides with hydrogen
peroxide : The catalytic activities for the epoxidation of 1-
octene using one equivalent of hydrogen peroxide in an ace-
tonitrile/tert-butyl alcohol solvent mixture (1/1 v/v) at 293 K
were compared (Table 1). The reaction did not proceed in


the absence of the catalyst or in the presence of unmodified
SiO2 (Table 1, entry 4) or modified SiO2 (1-SiO2; Table 1,
entry 3). 1-Octene was epoxidized to 1,2-epoxyoctane in
82% conversion with 98% selectivity with I/1-SiO2.


[22,23] The
epoxidation rate was 13.8 mmh�1, which is lower than that
of the corresponding homogeneous analogue of TBA-I
(23.6 mmh�1).[7]


The present I/1-SiO2 system was applied to the epoxida-
tion of various kinds of olefins using only one equivalent of
hydrogen peroxide, as shown in Table 1. Unactivated ali-
phatic terminal olefins could be transformed into the corre-
sponding epoxides in moderate to high yields (Table 1, en-
tries 1, 6, and 7). Cyclic olefins such as 2-norbornene and cy-


clooctene were oxidized to the corresponding epoxides with
high selectivity (Table 1, entries 13 and 14). When 1.5 equiv-
alents of hydrogen peroxide was used for the epoxidation of
cyclooctene the yield of the corresponding epoxide was
greater than 99% (Table 1, entry 17). In the case of cyclo-
hexene, hydrolytic (solvolytic) decomposition of the epoxide
occurred to some extent (Table 1, entry 12). cis-2,3- (76%
yield), cis-3,4- (71% yield), and trans-2,3-Epoxyoctanes
(5% yield) were obtained from the epoxidation of cis-2-,
cis-3-, and trans-2-octenes, respectively, and the configura-
tions around the C=C double bonds were completely re-
tained in the corresponding epoxides (Table 1, entries 8–10).
Moreover, the epoxidation rate and selectivity were not
changed by addition of the free-radical trap 2,6-di-tert-butyl-
4-methylphenol. These results suggest that free-radical inter-
mediates are not involved in the present epoxidation.


The present system also catalyzes the oxidation of various
sulfides. The results are summarized in Table 2. The reaction


did not proceed in the absence of the catalyst under the
present reaction conditions (Table 2, entry 4). Various kinds
of sulfides were selectively mono-oxygenated to the corre-
sponding sulfoxides (ca. 90%) along with formation of the
corresponding sulfones (ca. 10%). In the oxidation of aryl
sulfides, the reaction rates were found to depend on the sub-
stituents on the aromatic rings: sulfides with electron-donat-
ing substituents were oxidized faster than those with elec-
tron-withdrawing ones (Table 2, entries 1–3 and 5–9). Both
aryl and alkyl sulfides could be converted into the corre-
sponding sulfoxides in excellent yields (Table 2, entries 10
and 11).


For the competitive epoxidation of cis- and trans-2-oc-
tenes (Figure 8), the formation rate of cis-2,3-epoxyoctane


Table 1. Epoxidation of olefins with one equivalent of hydrogen per-
ACHTUNGTRENNUNGoxide.[a]


Entry Catalyst Olefin Conv. of olefin
[%]


Select. to epoxide
[%]


1 I/1-SiO2 1-octene 82 98
2 TBA-I 1-octene 93 99
3[b] 1-SiO2 1-octene <1 –
4[b] SiO2 1-octene <1 –
5 none 1-octene <1 –
6 I/1-SiO2 1-hexene 73 98
7 I/1-SiO2 1-decene 66 96
8 I/1-SiO2 cis-2-octene 78 97[c]


9 I/1-SiO2 cis-3-octene 71 98[c]


10 I/1-SiO2 trans-2-octene 5 99[d]


11 I/1-SiO2 cis-b-methylstyr-
ene


36 85[c,e]


12 I/1-SiO2 cyclohexene 80 84[f]


13 I/1-SiO2 2-norbornene 70 90 [g]


14 I/1-SiO2 cyclooctene 81 >99
15[h] I/1-SiO2 cyclooctene 79 >99
16[h] I/1-SiO2 cyclooctene 79 >99
17[i] I/1-SiO2 cyclooctene >99 >99


[a] Reaction conditions: Olefin (0.2 mmol), catalyst (I, 10 mmol), hydro-
gen peroxide (30% aq., 0.2 mmol), acetonitrile/tert-butyl alcohol (3/
3 mL), 293 K, 24 h. Conversions and selectivities were determined by gas
chromatography or 1H NMR spectroscopy using an internal standard
technique and were based on olefins. [b] 100 mg. [c] The configuration of
the epoxide is only cis. [d] The configuration of the epoxide was only
trans. [e] Phenyl-2-propanone (4% selectivity) was formed. [f] 1,2-Cyclo-
hexanediol (6% selectivity) and 2-tert-buthoxycyclohexanol (6% selectiv-
ity) were formed. [g] The configuration of the epoxide was only exo. 2,3-
Norbornanediol (3% selectivity) was formed. [h] These experiments used
a recycled catalyst ; 1 st reuse (entry 15) and 2nd reuse (entry 16). Yields
are the average values of two runs. The initial rates for the recycle runs
were almost the same as that for the run with fresh catalyst (entry 14).
[i] 1.5 equivalents of H2O2 were used.


Table 2. Oxygenation of sulfides with one equivalent of hydrogen perox-
ide catalyzed by I/1-SiO2.


[a]


Entry Sulfide Time
[h]


Conv. of
sulfide
[%]


Select. to
sulfoxide
[%]


1 thioanisole 6 92 92
2 4-methoxythioanisole 4 94 93
3[b] 4-methoxythioanisole 4 94 92
4[c] 4-methoxythioanisole 6 <1 -
5 4-methylthioanisole 5 93 91
6 4-fluorothioanisole 7 77 97
7 4-chlorothioanisole 8 81 95
8 4-(methylthio)acetophe-


none
8 82 92


9 4-(methylthio)benzonitrile 8 86 90
10 ethyl n-propyl sulfide 10 95 94
11 methyl n-octyl sulfide 10 95 96


[a] Reaction conditions: Sulfide (0.5 mmol), I/1-SiO2 (I, 2 mmol), hydro-
gen peroxide (30% aq., 0.5 mmol), acetonitrile/tert-butyl alcohol (1.5/
1.5 mL), 293 K. Conversions and selectivities were determined by gas
chromatography or 1H NMR spectroscopy using an internal standard
technique and were based on sulfides. The main by-products were the
corresponding sulfones. [b] Recycling experiment. The initial rate for the
recycle run was almost the same as that for the run with fresh catalyst
(entry 2). [c] Blank experiment. The reaction was carried out without cat-
alyst.
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was 14.9 mmh�1, much higher
than that of the trans isomer
(0.137 mmh�1, kcis/ktrans=109).
The epoxidation of 3-methyl-1-
cyclohexene was highly diaster-
eoselective and gave the corresponding epoxide with the ox-
irane ring trans to the substituent (anti configuration)
[Eq. (3)]. Further, the more accessible, but less nucleophilic,
double bonds in nonconjugated dienes were highly regiose-
lectively epoxidized. For example, trans-1,4-hexadiene gave
only the 1,2-epoxide and the [1,2-epoxide]/[total epoxide]
ratio was higher than 0.99 [Eq. (4)]. This value is much
higher than those reported for the epoxidation catalyzed by
sterically hindered porphyrins with NaOCl or PhIO ([Mn-
ACHTUNGTRENNUNG(TTPPP) ACHTUNGTRENNUNG(OAc)]/NaOCl (0.35),[24] [Mn(T(2’,6’-G1APh)P)Cl]/
PhIO (0.20),[25] [Mo(CO)6]/CHP (0.14),[26] [Mn ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(OAc)]/
NaOCl (0.03),[24] and [Mn(T(3’,5’-G2Ph)P)Cl]/PhIO
(0.03)).[27] In addition, for the (+)-limonene epoxidation
[Eq. (5)], the [8,9-epoxide]/[total epoxide] ratio was 0.98,
which is much higher than those reported for the epoxida-
tion with H2O2 and PhCN/KHCO3 (0.37),


[28] or Ti–b-zeolite
(0.55).[29] Even the comparison with sterically hindered por-
phyrin catalysts with NaOCl or PhIO showed that the regio-
selectivity for I/1-SiO2 is much higher than with these sys-
tems (0.62–0.75).[24,30] This unusual stereospecificity, diaster-
eoselectivity, and regioselectivity are very similar to those
for the homogeneous epoxidation by TBA-I,[31] which indi-
cates that the intrinsic homogeneous catalysis has been het-
erogenized with retention of the catalytic performance in
the present surface-modified support.


Heterogeneous nature of the catalyst : The use of solid cata-
lysts can make the workup procedures very simple: the cata-
lyst can easily be recovered after the reaction and can be
reused without significant loss of catalytic activity or selec-
tivity. However, leaching and/or deactivation of the hetero-
geneous catalyst are often responsible for severe drawbacks
and are frequently observed.


To verify whether the observed catalysis is truly heteroge-
neous or not, the catalytic epoxidation of 1-octene was car-
ried out with I/1-SiO2 under the conditions in Table 1. After
1.5 h (at 30% conversion), the solid I/1-SiO2 was removed
from the reaction mixture by filtration and the reaction was
allowed to proceed with the filtrate under the same condi-
tions. As shown in Figure 9, the epoxidation was completely


stopped by the removal of I/1-SiO2. Next, the catalyst was
separated by filtration after completion of the epoxidation
and the leaching of vanadium and tungsten species was ex-
amined by ICP–AES analysis. These species were essentially
undetectable in the filtrate (below 0.9%) in the case of I/1-
SiO2.


Successful recovery of the catalyst can be achieved in the
present system by simple decantation (or filtration) after the
reaction. The IR and 51V NMR spectra (Figure 7c) of the re-
covered catalyst are almost the same as those of the fresh
catalyst, which shows the stability of the catalyst under the
present conditions. It is worth noting that the recovered cat-
alyst can be reused for both epoxidation and sulfoxidation
without any loss of catalytic performance: the initial rates


Figure 8. Competitive epoxidation of cis- and trans-2-octenes with I/1-
SiO2 catalyst. Reaction conditions: cis- and trans-2-Octenes (0.2 mmol
each), I/1-SiO2 (I, 10 mmol), hydrogen peroxide (30% aq., 0.2 mmol),
acetonitrile/tert-butyl alcohol (3/3 mL), 293 K. Rcis=14.9 mmh�1, Rtrans=


0.137 mmh�1.


Figure 9. Effect of removal of I/1-SiO2 on the epoxidation of 1-octene.
Without removal of I/1-SiO2 (~); an arrow indicates the removal of I/1-
SiO2 (&). Reaction conditions were the same as those in Table 1.
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and final yields for the recycle runs were almost the same as
that for the run with fresh catalyst (entries 15 and 16 in
Table 1 and entry 3 in Table 2). Furthermore, the first-order
dependence of the oxidation rate on the amount of I/1-SiO2


was observed (Figure S2 in the Supporting Information).
The above results rule out any contribution to the observed
catalysis from vanadium and tungsten species that leach into
the reaction solution, therefore this catalysis is truly hetero-
geneous.[32]


Conclusion


In conclusion, we have successfully immobilized the active
polyoxometalate I on SiO2 modified with the dihydroimida-
zolium cation by anion exchange. The catalyst is capable of
heterogeneously oxidizing a broad range of olefins and sul-
fides with high selectivity to the desired compounds. The
unique stereospecificity, diastereoselectivity, and regioselec-
tivity of the catalyst are very similar to those of the homoge-
neous analogue under the same reaction conditions, which
shows that the homogeneous catalysis has been heterogen-
ized without loss of its intrinsic catalytic nature. Further, cat-
alyst/product separation is very simple and the catalyst re-
covered after the reaction is reusable with retention of the
catalytic performance.


Experimental Section


Instruments : GC analyses were performed with a Shimadzu GC-2014
with a FID detector equipped with a TC-WAX or TC-5 capillary column.
Mass spectra were determined with a Shimadzu GCMS-QP2010 at an
ionization voltage of 70 eV. Liquid-state NMR spectra were recorded
with a JEOL JNM-EX-270. The 1H and 13C NMR spectra of 1 were
measured at 270 and 67.8 MHz, respectively, in [D6]acetone or
[D1]chloroform with TMS as an internal standard. The 29Si and 31P NMR
spectra of 1 were measured at 53.5 and 109.1 MHz, respectively, in
[D6]acetone with TMS and H3PO4 (85%) as an external standard. The
51V and 183W NMR spectra of RbK-I were measured at 70.75 and
11.2 MHz, respectively, in D2O. The respective external standards were
VOCl3 (neat) and Na2WO4 (2m D2O solution). Solid-state MAS NMR
spectra (4 kHz for 13C and 29Si, 6 kHz for 31P, 14 kHz for 51V) were re-
corded with a Chemagnetics CMX-300 Infinity spectrometer operating at
75.6 (13C), 59.7 (29Si), 121.0 (31P), or 79.0 MHz (51 V). Single-pulse-excita-
tion 29Si MAS NMR spectra were recorded with a p/4 flip angle (2.0 ms)
and a repetition time of 25 s; peak deconvolutions were performed with
Gaussian functions. Single-pulse-excitation 31P MAS NMR spectra were
recorded with a p/2 flip angle (4.0 ms) and a repetition time of 20 s.
Single-pulse-excitation 51V MAS NMR spectra were recorded with a p/2
flip angle (0.5 ms) and a repetition time of 1.0 s. The center signal was de-
termined by changing the spinning speed (3–14 kHz). 13C and 29Si MAS
NMR spectra with cross polarization (CP) were acquired with a contact
time of 5 ms. Adamantane (13C: d=28.5 and 37.9 ppm), polydimethylsi-
lane (29Si: d=�34.2 ppm), NH4H2PO4 (


31P: d=1.33 ppm), and 0.16m aq.
NaVO3 (51V: d=�574.28 ppm) were used as external standards for the
calibration of the chemical shifts. ESI mass spectra were recorded with a
JMS-T100LC spectrometer. Typical settings are as follows: orifice volt-
age: 90 V; sample flow: 0.05 mLmin�1; solvent: acetonitrile; spray temp.:
523 K; ion source temp.: 353 K. IR spectra were measured with a Jasco
FT/IR-460 Plus spectrometer using KBr disks.


Reagents : Olefins, sulfides, and solvents used for the oxidation reactions
were purchased from Tokyo Kasei or Aldrich (reagent grade) and puri-
fied prior to use.[33] Hydrogen peroxide (30% aqueous solution, Kanto)
and triethoxy[3-(2-imidazolin-1-yl)propyl]silane (Fluka) were of analyti-
cal grade and were used without further purification. SiO2 was obtained
form Fuji Silysia (CARiACT Q-10, Lot No. C-0502007, 75–150 mm; BET
surface area: 273 m2g�1; pore volume: 1.23 cm3g�1).


Synthesis of compound 1: All operations were performed by using
Schlenk techniques under argon. A mixture of triethoxy[3-(2-imidazolin-
1-yl)propyl]silane (25 mmol) and 1-chlorooctane (75 mmol) was heated
at 353 K for 24 h under argon. After this time the mixture was cooled to
room temperature and the volatiles were removed by evaporation under
reduced pressure. An orange, viscous liquid was obtained after washing
with n-pentane (3O50 mL) and evaporation to dryness. Extraction of the
material into dichloromethane (ca. 50 mL) and filtration through activat-
ed carbon gave 1-octyl-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazolium
chloride (98% yield), 25 mmol of which was dissolved in acetonitrile
(80 mL) and treated with sodium hexafluorophosphate (25 mmol). The
resulting mixture was vigorously stirred at room temperature for five
days. After removal of the precipitate formed (NaCl) by filtration, the
volatiles were evaporated under reduced pressure to give 1-octyl-3-(3-
triethoxysililpropyl)-4,5-dihydroimidazolium hexafluorophosphate (1;
97% yield). IR (KBr disk): ñ=2959, 2929, 2858 (C�H), 1660 (C=N), 869
(F�P�F), 560 cm�1 (F�P�F); 1H NMR (270 MHz, [D6]acetone, TMS,
298 K): d=8.40 (s, 1H), 4.10–4.15 (m, 4H), 3.81 (q, 3JH,H=6.93 Hz, 6H),
3.58–3.64 (m, 4H), 1.24–1.87 (m, 14H), 1.20 (t, 3JH,H=6.93 Hz, 9H), 0.87
(t, 3JH,H=6.42 Hz, 3H), 0.58–0.64 ppm (m, 2H) (see also Figure 1a);
13C{1H} NMR (67.8 MHz, CDCl3, TMS, 298 K): d=156.7, 58.5, 50.2, 48.3,
48.2, 48.0, 31.7, 29.1, 29.0, 27.1, 26.3, 22.6, 20.9, 18.3, 14.1, 7.0 ppm (see
also Figure 1b); 29Si NMR (53.5 MHz, [D6]acetone, TMS, 298 K): d=


�45.9 ppm; 31P NMR (109.1 MHz, [D6]acetone, 85% H3PO4, 298 K): d=
32.8 ppm (7, 1JP,F=708 Hz); ESI-MS (positive-ion mode): m/z 387
[C20H43N2O3Si]


+ (see also Figure 2).


Preparation of 1-SiO2 : All operations were performed using Schlenk
techniques under argon. A typical example is as follows: SiO2 was pre-
treated at 393 K for 3 h under reduced pressure (<10�2 Torr). The TG/
DTA analysis revealed the presence of 3.5 silanol groups per square
nanometer on the surface of this pretreated SiO2.


[34] The pretreated SiO2


(3.0 g) was then vigorously stirred with a chloroform solution of 1
(0.24m, 50 mL) for 24 h under reflux conditions (bath temperature:
353 K). The solid was separated by filtration, washed with n-heptane
(50 mL) and acetonitrile (50 mL), and then dried in vacuo to afford 1-
SiO2 as a pale yellow solid. The elemental analysis of 1-SiO2 (N: 1.03%)
revealed the presence of 353 mmol of the dihydroimidazolium cation per
gram of 1-SiO2. IR (KBr disk): ñ=2960, 2931, 2860 (C�H), 1654 cm�1


(C=N); 13C CP MAS NMR (75.6 MHz): d=152.2, 47.0–50.0, 21.5–35.2,
11.0 ppm; 29Si CP MAS NMR (59.7 MHz): d=�58 (T2), �67 (T3), �101
(Q3), �111 ppm (Q4); 31P MAS NMR (121.7 MHz): d=103.0 ppm (7,
1JP,F=708 Hz); BET surface area: 199 m2g�1. Pore volume: 0.44 cm3g�1.


Preparation of I supported on modified SiO2 : An aqueous solution of [g-
1,2-H2SiV2W10O40]


4� was prepared according to a literature procedure.[20]


The anion was isolated as the mixed-cation salt of Rb+ and K+ (RbK-I)
as it could be obtained with high purity (>99% by 51V NMR). RbK-I
(0.25 mmol) was dissolved in an aqueous solution of HCl (1 mm), 1-SiO2


was added to this solution, and the resulting mixture was vigorously stir-
red at room temperature for 24 h. The solid was then filtered off, washed
with a large amount of water, and dried in vacuo to afford I/1-SiO2. The
loading amount of I was found to be 91 mmol per gram. It was proved by
elemental analyses that K+ and Rb+ were not incorporated into I/1-SiO2


and that all PF6
� had been exchanged during the treatment. 51V MAS


NMR (79.0 MHz): d=�561 ppm. BET surface area: 146 m2g�1. Pore
volume: 0.30 cm3g�1.


Catalytic oxidation : The catalytic oxidation was carried out in a glass
tube reactor. A typical procedure for the oxidation is as follows: Catalyst
I (10 mmol for epoxidation and 2 mmol for sulfoxidation), acetonitrile/tert-
butyl alcohol (3/3 mL for epoxidation and 1.5/1.5 mL for sulfoxidation),
substrate (0.2 mmol for epoxidation and 0.5 mmol for sulfoxidation), and
hydrogen peroxide (30% aq. solution; one equiv with respect to sub-
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strates) were added to the reaction vessel. The reaction was carried out
at 293�0.2 K. The reaction solution was periodically sampled and ana-
lyzed by GC (or 1H NMR). The products were identified by comparison
of their mass and NMR spectra with those of authentic samples. The
carbon balance in each experiment was in the range of 95–100%. After
the reaction, the catalyst and reaction solution were separated by decant-
ation (or filtration). The recovered catalyst was washed with a solvent
mixture (acetonitrile/tert-butyl alcohol, 1/1 v/v; 2O6 mL) and then used
again.
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Photooxidative Degradation of Dye Pollutants Accumulated in Self-
Assembled Natural Polyelectrolyte Microshells under Visible Radiation


Xia Tao,*[a] Jingmei Su,[a] and Jian-Feng Chen*[b]


Introduction


Dye pollutants in effluents from the textile and paper indus-
tries are a major source of environmental contamination,
owing to their nonbiodegradability and toxicity.[1–3] The
Fenton reaction (Fe2+or Fe3+/H2O2) as an economically at-
tractive and environmentally benign choice has shown high
efficiency in the degradation of organic pollutants.[4–6] In this
process, active oxygen species with high oxidation activity,
for example, hydroxyl radicals, hydroperoxyl radicals, and/or
high-valence iron complexes, are involved.[7–10] However, use
of the Fenton reaction to treat pollutants at lower concen-
trations suffers the drawback of an excessive loss of the
active species generated prior to reacting with pollutants,


which results in increased wastewater-treatment costs. Thus,
developing new strategies to utilize effectively the active
species generated in the Fenton system for the treatment of
pollutants remains a challenge.


Layer-by-layer (LbL) self-assembly[11] of oppositely charg-
ed polyelectrolytes onto dissolvable colloidal particles has
been utilized in recent years to create ultrathin nano- and
microshells with customized physicochemical properties.
These assembled shells have been studied in many applica-
tions ranging from drug delivery to biomedicial and materi-
als science.[12,13] However, very few studies have been con-
ducted that aim to use the nano- and micron-sized shells for
the environmental treatment of organic pollutants in water.
The hollow shells can provide a microcontainer for the
treatment of dye pollutants in wastewater because they are
composed of synthetic polyelectrolytes that are permeable
to low-molecular-weight species, such as dyes, and can en-
capsulate the dye molecules in the interior of the shells in
response to alterations in bulk pH values or salt concentra-
tions.[12]


Here, we describe a novel route for the effective elimina-
tion of dye pollutants by introducing the assembled shells
into dye-polluted systems. Firstly, we constructed a natural
green polyelectrolyte (PE) microshell composed of alginate
sodium (ALG) and chitosan (CHI) by using the LbL self-as-


Abstract: A novel route to facilitate
the degradation of dye pollutants, a
class of well-known recalcitrant organic
pollutants, is reported. This new ap-
proach is based on a natural polyelec-
trolyte microshell that was preformed
by the alternate adsorption of the
anionic alginate sodium (ALG) and
the cationic chitosan (CHI) onto
weakly cross-linked melamine formal-
dehyde (MF) colloidal particles, and
the subsequent sacrifice of MF tem-
plates in 0.1m HCl. The as-prepared
microshells could accumulate rhodami-


ne B (RhB) and fluorescein (Flu) effi-
ciently in water under ordinary condi-
tions by means of a simple mixing
process. The photodegradation of the
accumulated RhB and Flu was exam-
ined in the presence of Fe3+ and H2O2


under visible radiation. The accumulat-
ed RhB and Flu are rapidly degraded
and the assembled shells maintain their


intact spherical shape throughout the
photoreaction process. Results of recy-
cling degradation experiments and the
photochemical behavior of the shells,
as demonstrated by confocal laser scan-
ning microscopy (CLSM), UV-visible
spectroscopy, and scanning force mi-
croscopy (SFM), further suggest that
the constructed shells may be used as
environmentally friendly microcontain-
ers for the elimination of dyes in waste-
water.
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sembly technique. Subsequently, the constructed shells were
used as carriers to accumulate dye pollutants in water. Pre-
liminary results reported in a recent communication[14]


showed that dye molecules can be accumulated inside the
preformed microshells by a simple mixing process under
moderate conditions, and in the visible-light-assisted Fenton
system the accumulated dyes in defined regions can be de-
graded efficiently (Scheme 1). In this paper, rhodamine B
(RhB), a stable laser dye was chosen as a representative
target pollutant. The accumulation and photodegradation of
RhB in the ALG/CHI shells was examined in more detail
by confocal laser scanning microscopy (CLSM), UV-visible
spectroscopy, and scanning force microscopy (SFM). For
comparison, the photodegradation of another fluorescent
dye, fluorescein (Flu), was also investigated. Of particular
interest is that the constructed ALG/CHI shells, after com-
pleting the first accumulation and photodegradation, can be


reused. The changes in wall texture of the microshells prior
to and after the photoreaction, as well as differences in the
kinetics and adsorption amount in the recycling degradation
are also discussed.


Results and Discussion


Preparation of natural microshells : ALG and CHI were
chosen as the wall components to build the microshells
owing to their proven biocompatibility and safety.[15] Micro-
electrophoresis measurements were recorded to monitor the
number of layers on weakly cross-linked melamine formal-
dehyde (MF) colloidal particles. Figure 1 shows the stepwise
assembly of ALG and CHI on MF particles as variation in z


potentials. An initial value of approximately 47 mV corre-
sponds to uncovered MF latex particles. The subsequent al-


ternation in z potentials ob-
served with each coating step
strongly suggest the multilayer
growth of the assembled shells.
Typically, five (ALG/CHI) bi-
layers were deposited, after
which the MF templates were
removed by exposure to HCl
(pH 1). A CLSM image directly
verified the successful assembly
of the (ALG/CHI) shells tem-
plated onto MF colloidal parti-
cles (Figure 2). The fluorescent
rings of the shells are formed
by the fluorescein isothiocya-
nate (FITC)-labeled albumin.
The assembled shells were
found to maintain their intact


Scheme 1. The procedure for the visible-light-assisted degradation of dye pollutants accumulated in the natural
polyelectrolytes microshells.
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spherical architecture after removal of the template and re-
mained stable for at least one month.


Accumulation of dyes in the microshells : The accumulation
of dyes inside the assembled hollow shells was performed
under moderate conditions by adding a suspension of the
(ALG/CHI) shells to a solution of RhB or Flu overnight at
room temperature. CLSM images verified directly the effi-
cient accumulation of RhB and Flu in the interior of the
(ALG/CHI) shells with almost complete integrity, yielding a
higher concentration than in the bulk, as shown in Figure 3.
As reported in a recent communication,[14] the accumulated
amount of dye in a single shell composed of (ALG/CHI)5 is
6.0I10�11 g for RhB and 4.2I10�11 g for Flu, which corre-
sponds to 7.5I1010 RhB molecules and 6.7I1010 Flu mole-
cules.


Degradation of dyes : After simple separation by filtration,
the dye-accumulating microshells were dispersed in the
Fenton reagent. Figure 4 shows the degradation of the accu-
mulated RhB under various conditions. After 45 min of visi-
ble radiation, the accumulated RhB in the Fe3+ solution was


scarcely decomposed (curve a), and slightly decomposed in
the presence of H2O2 (curve b). If both Fe3+ and H2O2 were
present, approximately 18% of the accumulated RhB disap-
peared after reaction for 45 min in the dark (curve c). In
contrast, under the same conditions as (c), but with visible
illumination, approximately 80% of the accumulated RhB
was degraded (curve d). Evidently, visible radiation acceler-
ated considerably the degradation process. In addition, the
rate of photodegradation of RhB accumulated inside the mi-
croshells is slightly slower than that of free RhB in the ho-
mogeneous Fe3+/H2O2 solution. This is understandable be-
cause, according to Serpone et al. in a review of processes
occurring in confined spaces,[16] the photoreaction kinetics in
restricted spaces, that is, dye molecules in the microshells
and the Fenton reagent in the aqueous phase, are different
from those in a completely free space. Furthermore, the
nanometer-sized polyelectrolyte microshells might block to
some extent the visible-light radiation, thereby leading to
the decrease in photoefficiency.


Direct visualization on the changes in the accumulated
dyes inside the shells before and after the photoreaction was
traced by CLSM. Figure 5 displays CLSM fluorescence


Figure 1. Plot of z potential of ALG/CHI multilayers on 4.3 mm MF latex
particles as a function of the number of deposition steps. The uncovered
MF latex particles exhibit a z potential of approximately 47 mV.


Figure 2. CLSM image of microshells composed of (ALG/CHI)5 templat-
ed onto 4.3 mm MF particles, in which FITC–albumin was used to label
the shells (FITC= fluorescein isothiocyanate).


Figure 3. CLSM images of the (ALG/CHI) shells accumulating RhB (a)
and Flu (b).


Figure 4. Changes in concentration of the accumulated RhB (15 mm) as a
function of radiation time under different conditions. a) Solution of the
accumulated RhB and Fe3+ (0.2 mm) under visible radiation; b) solution
of the accumulated RhB and H2O2 (0.5 mm) under visible radiation;
c) accumulated RhB in the presence of Fe3+ and H2O2 in the dark; d) ac-
cumulated RhB in the presence of Fe3+ and H2O2 under visible
ACHTUNGTRENNUNGradiation.
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images of the (ALG/CHI)5 shells accumulating RhB in the
presence of Fe3+ and H2O2 before (a) and after irradiation
for 45 (b) and 60 min (c). The fluorescence intensity in the
shell interior, which is proportional to the RhB concentra-
tion, decreases rapidly as the visible radiation increases. In
addition, we used CLSM to examine the photodegradation
of the accumulated Flu inside the shells in the Fenton re-
agent (Figure 6). A CLSM transmission image instead of a


CLSM fluorescence image is displayed in Figure 6b because
the fluorescence intensity of the Flu-accumulating shells,
after the photoreaction for 30 min, was extremely weak.
This also suggests that the accumulated Flu can be photode-
graded at a fast rate in the Fenton system. In addition,
during the whole photodegradation reaction, no fluores-
cence was observed in the bulk solution, which means that
the dye molecules are located well inside the shells. More-
over, because the wall of the shells is permeable to Fenton
reagent, the photoreaction process can be deduced to take
place within the microshells rather than in the bulk solution.


To gain further insight into changes in the wall texture of
the nano- and microshells in diverse cases, the SFM techni-
que can be employed.[17] Figure 7 shows SFM images of the
air-dried hollow (ALG/CHI)5 shell (a), the RhB-accumulat-
ing (ALG/CHI)5 shell (b), and the RhB-accumulating
(ALG/CHI)5 shell after the photoreaction (c).


Many folds and creases aris-
ing from evaporation of the
aqueous content were dis-
cerned. Figure 7d shows a high-
resolution SFM image of the
surface-wall texture of a select-
ed area of the (ALG/CHI) shell
(Figure 7a, small white panel)
that has no folds. Calculations
of roughness over a 300 nmI
300 nm area free of folds for
the three cases described in Fig-


ure 7a, b, and c gave values of ~3.4�0.5 nm, 4.5�0.5 nm,
and 7.4�0.5 nm, respectively. Compared with the hollow
(ALG/CHI) shells, no apparent change in surface-wall tex-
ture occurs upon accumulation of the shells with RhB,
whereas after the photoreaction, an obvious enhancement in
the RhB-accumulating shell wall is observed. A similar en-
hancement in the surface roughness of the microshells
caused by the photochemical reaction was also observed by
assembling a Congo red dye onto the surface of the polye-
lectrolyte shells and inducing a photoreaction by applying
visible radiation.[18]


Recycled accumulation and degradation : Because the
(ALG/CHI) shells can be easily recovered by filtration, we
carried out two consecutive photodegradations of RhB with


Figure 5. Variations in CLSM of the (ALG/CHI)5 shells accumulating RhB (15 mm) in the presence of Fe3+


(0.2 mm) and H2O2 (0.5 mm) before (a) and after irradiation for 45 (b) and 60 min (c).


Figure 6. CLSM images of the (ALG/CHI)5 shells accumulating Flu
(10 mm) in the presence of Fe3+ (0.2 mm) and H2O2 (0.5 mm) before (a)
and after irradiation for 30 min (b). Note: fluorescence image (a); trans-
mission image (b).


Figure 7. SFM images of the air-dried (ALG/CHI)5 shell (a), RhB-accu-
mulating (ALG/CHI)5 shell (b), and RhB-accumulating (ALG/CHI)5


shell after 60 min of visible radiation in a solution of Fe3+ (0.2 mm) and
H2O2 (0.5 mm) (c). d) HR-SFM image of the area 300 nmI300 nm
marked in (a) showing the surface texture of the (ALG/CHI)5 microshell
free of folds.
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the (ALG/CHI) shells as the microcontainers. The (ALG/
CHI) shells were reutilized repetitively after the color at-
tributed to the RhB in the shell interior disappeared com-
pletely. Figure 8 shows the photoreaction kinetics in two


rounds of recycling degradation. The kinetics of the two sets
of data are not totally uniform, namely, the rate of the first
round is faster than that of the second, and the accumulated
amount of RhB in the second recycling run is slightly lower
than that in the first run (see below for discussion of the
photoreaction process occurring in defined microshells).


Microscopy observations of the RhB-accumulating shells
in two repeated experiments were obtained by CLSM.
Figure 9 shows CLSM images of the RhB-accumulating
shells prior to (a, c) and after (b, d) the photoreaction. Like-
wise, we recorded CLSM transmission images to reveal
changes in morphology of the shells after exposure to visible
radiation, exhibited as faint fluorescence of the shell interi-
or. Apparently, the accumulated RhB can be efficiently de-
graded in every run.


Additionally, we measured the total amount of iron pres-
ent in the bulk solution after the first photodegradation by
using a modified 1,10-phenanthroline method.[19] The result
shows that approximately 75% of the added iron ions are in
the supernatant liquid, which means that a certain propor-
tion of iron ions exists in the microshells. Also, due to the
restricted space of the microshells, the intermediates and
products produced during the photoreaction are unlikely to
enter into the bulk solution completely. Thus, the existence
of these species, such as iron ions, as well as the intermedi-
ates and products produced in the microshells may lead to
1) the wall-texture changes of the microshells prior to and
after the photoreaction (Figure 7), 2) the decrease in the
amount of dye adsorbed in the recycling experiment, and 3)
the differences in the kinetics in the two recycling photode-
gradation reactions (Figure 8). Importantly, during the
whole process of the accumulation and subsequent photode-


gradation of dyes, the constructed (ALG/CHI) microshells
are quite stable and retain their intact spherical shape,
which indicates that the shells are stable against attack from
highly active species generated during a photoassisted
Fenton reaction.


Conclusion


This work introduces a novel route, based on assembled nat-
ural polyelectrolyte microshells, for the treatment of dye
pollutants in water. UV-visible spectra, CLSM, and SFM
were employed to verify the efficient degradation of dye
pollutants in defined microregions. This approach is signifi-
cant for several reasons: 1) it allows the accumulation of a
variety of dye pollutants under moderate conditions in
shells comprised of natural polyelectrolytes, 2) the photode-
gradation reaction can proceed in aqueous media without
addition of other organic reagents, and 3) the assembled
shells possess good photostability. Further, due to the tail-
ored shell thickness on a nanometer scale as well as the or-
dered shell composition and the versatility of the LbL
method, this technique is likely to be extended to heteroge-
neous photocatalytic reactions for the remediation of organ-
ic pollutants in aqueous ecosystems.


Figure 8. Recycling degradation of RhB (25 mm) accumulated in the
(ALG/CHI) shells in the presence of Fe3+ (0.2 mm) and H2O2 (0.5 mm)
under visible radiation. Left: first round; right: second round.


Figure 9. CLSM images of the RhB-accumulating shells before (a, c) and
after (b, d) the photoreaction for 120 min: (a) and (b) correspond to the
first accumulation and subsequent degradation, (c) and (d) correspond to
the second accumulation and subsequent degradation.
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Experimental Section


Materials : ALG (Mw=12000–80000) was obtained from Sigma, Canada.
CHI (Mw=30000) was obtained from Primex Biochemicals, Norway. MF
particles (4.31�0.18 mm) were purchased from Microparticles, Germany.
FITC–albumin was purchased from Sigma. RhB and Flu were of analyti-
cal reagent grade and were used without further purification. All chemi-
cals were used as received. Millipore water was used throughout the
study.


Procedure for the assembly of the hollow and dye-accumulating shells :
1.5 mL of alginate solution (1 mgmL�1 in 0.5m NaCl) or 1.5 mL of chito-
san solution (1 mgmL�1 in 0.2m NaCl at pH 3.8), with a charge opposite
to that of either MF templates or the last layer deposited, was added to a
template colloidal solution (0.3 mL) and left to absorb for 1 h. The excess
of added species was removed after each layer was deposited by perform-
ing three centrifugation (2500 g, 3 min)/washing/redispersion cycles with
dilute aqueous NaCl. Subsequent layers were deposited until the desired
number of multilayers was achieved. Hollow shells were obtained by dis-
solving the MF cores with HCl (0.1m, 30 min), centrifuging (2500 g,
2 min), and washing three times with water.


Equal amounts of a microshell suspension (aged for approximately two
days) and a dye solution were mixed together overnight. The filled shells
were rinsed with Millipore water until no dye in the supernatant solution
was detected by UV/Vis measurements.


Photoreactor and light source : A 500 W halogen lamp (Institute of Elec-
tric Light Source, Beijing) was positioned inside a cylindrical Pyrex
vessel surrounded by a jacket with circulating water (Pyrex) to cool the
lamp. A light filter was used to eliminate wavelengths of less than
420 nm.


Procedures and analyses : All radiation experiments were performed by
using a quartz cell with an appropriate stirrer. At given radiation time in-
tervals, samples (4 mL) at an initial pH of 2.5 were removed and ana-
lyzed by observation of variations in UV/Vis spectra by using a Lambda
Bio 20 spectrophotometer (Perkin–Elmer).


Multilayer growth of the assembled hollow shell wall on MF particles
was monitored by measuring the microelectrophoretic mobility of the
coated particles with a Malvern Zetasizer HAS 3000, by taking the aver-
age of ten measurements at the stationary level. The mobility (u) was
converted into the zeta potential (z) by using the Smoluchowski relation
(z=uh/e), in which h and e are the viscosity and permittivity of the solu-
tion, respectively.


Confocal micrographs were taken by using a LSM 510 confocal micro-
scope (Carl Zeiss) equipped with multiple laser lines from UV to infra-
red for excitation of fluorophores. The optical parameters of the CLSM
remained unchanged prior to and after the photoreaction so that the
measured intensities could be compared quantitatively.


The scanning force microscopy (SFM) images were recorded at ambient
temperature by using a Digital Instrument Nanoscopy IIIa in the tapping
mode. Samples were prepared by applying a drop of the shell solution
onto a freshly cleaved mica substrate. After the shells were allowed to
settle, the substrate was extensively rinsed with Millipore water and then
dried under a gentle stream of nitrogen.
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A Spontaneous Combustion Reaction for Synthesizing Pt Hollow Capsules
Using Colloidal Carbon Spheres as Templates


Ruizhi Yang,[a] Hong Li,*[a] Xinping Qiu,[b] and Liquan Chen[a]


Introduction


Hollow nanostructures of metals, such as hollow metal
spheres/capsules have attracted a great deal of attention due
to their potential application in many fields, owing to their
high specific surface area, easy permeability, and enhanced
reactivity.[1] Hollow metal spheres/capsules can be fabricated
by template-assisted methods,[2] in which colloidal templates
are initially coated with a thin layer of the desired material
and then the template is removed selectively by calcination
or wet-chemical etching.[2] Here we report that Pt hollow
capsules (PtHC) can be obtained by a spontaneous combus-
tion reaction. In brief, colloidal carbon spheres were used as
template and the Pt precursor was loaded on the surface of
these spheres by wet-chemical impregnation. The resulting
Pt composite supported on the carbon spheres combusted
spontaneously when it was taken out of a cooled tube-fur-
nace purged with argon and exposed to air at room temper-
ature. Removal of the carbon spheres templates left nano-
structured Pt hollow capsules. There are at least two critical
conditions for the occurrence of the spontaneous combus-


tion reaction. It should be emphasized that such a reaction
is interesting not only for the preparation of hollow metal
capsules, but this finding is quite relevant for solving two
very important but technologically difficult problems,
namely, removal of accumulated carbon on catalysts, and
soot oxidation at room temperature.[3]


Well-dispersed colloidal carbon spheres were chosen as
templates. The colloidal carbon spheres were prepared by a
hydrothermal method using sugar as the precursor. The
preparation and characterization of the colloidal carbon
spheres were reported previously.[4] These colloidal carbon
spheres are in fact disordered microporous carbon with a
smooth spherical shape. The colloidal carbon spheres coated
with Pt nanoparticles were prepared by initially impregnat-
ing the Pt precursor [Pt ACHTUNGTRENNUNG(NH3)4]Cl2 with the carbon spheres
in aqueous ammonia solution. Then the products were re-
duced in H2/Ar gas (8:92, v/v) at a certain temperature in a
tube furnace for 3 h. The tube furnace was allowed to cool
down to room temperature, and the product was taken out.
For the samples treated at 250–600 8C, once the products
were exposed to air, they burned-off spontaneously showing
dark red color for a few minutes. These samples were dem-
onstrated to be Pt hollow capsules by field-emission scan-
ning electronic microscopy (FESEM). Whereas for the sam-
ples treated at 700–1000 8C, the spontaneous combustion did
not occur. The details are described as below.


Abstract: Here we report a spontane-
ous combustion reaction in synthesiz-
ing Pt hollow capsules. In brief, Pt
nanoparticles were loaded on the sur-
face of colloidal carbon spheres by
wet-chemical impregnation. When Pt-
loaded carbon spheres were taken out
of an argon-filled tube furnace at room
temperature and exposed to air, they
underwent spontaneous combustion.


The internal carbon spheres templates
were removed to leave nanostructured
Pt hollow capsules. There are at least
two critical conditions for the occur-
rence of the spontaneous combustion:


the Pt particle size is below 5.8 nm, and
the hydrogen content in the carbon
spheres is above 2.570 wt%. Such a re-
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evant with respect to removal of accu-
mulated carbon on catalysts and for
soot oxidation at room temperature.
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Results and Discussion


Figure 1a shows the FESEM image of the well-dispersed
colloidal carbon spheres. The particle size of this template
ranges from 800 nm to 1.5 mm. A sample the Pt nanoparti-


cles supported on colloidal carbon spheres was reduced in
H2/Ar gas (8:92, v/v) at 400 8C for 3 h, allowed to cool down
to room temperature, and taken out carefully from the tube
furnace under an Ar gas flow. Then the sample was placed
into a sealed Ar-filled bottle and transferred to the vacuum
chamber of the FESEM microscope to investigate the mor-
phology. The whole transfer of the sample was performed
under an inert Ar gas flow.


It can be seen that the Pt particles on carbon spheres are
about 4.3 nm in size (Figure 1b). When the same Pt/C
sample was taken out but exposed to air, it burned-off spon-
taneously, and Figure 1c shows the FESEM image of the
final product. It can be seen that well-defined Pt capsules
are formed that range in size from 250 to 400 nm. The
image of a broken capsule of Pt in the inset of Figure 1c
clearly shows that the capsule is hollow. The diameter of the
Pt particles in the Pt hollow capsule is 9–10 nm, indicating
that small Pt particles merged together after spontaneous
combustion.


The X-ray diffraction (XRD) pattern of the Pt hollow
capsules (corresponding to the FESEM sample in Figure 1c)
is shown in Figure 2. All the peaks can be indexed to the


face-centered cubic (fcc) structure. The average grain size of
the Pt hollow capsules is estimated to be 11 nm by using the
Scherrer formula. Raman spectra of this sample did not
show the presence of any signal from carbon, indicating that
carbon is removed completely (Figure 3).


The transmission electron microscope (TEM) image of
the Pt capsules (corresponding to the FESEM sample in Fig-
ure 1c) further confirms the hollow nature of the capsules
(Figure 4a). The electron diffraction pattern (the inset of
Figure 4a) suggests that these Pt hollow capsules are poly-
crystalline. As shown in Figure 4b, the shell of the Pt hollow


Figure 1. FESEM images of a) the colloidal carbon spheres templates, b)
the Pt nanoparticles supported on the surface of the carbon spheres,
treated at 400 8C, taken out from the tube furnace under the protection
of an Ar gas flow, and c) the nanostructured Pt hollow capsules obtained
when the sample in b) was exposed to air.


Figure 2. XRD pattern of the nanostructured Pt hollow capsules (the
sample corresponding to that in Figure 1c). I= intensity, arbitrary units.


Figure 3. Raman spectra of a) the colloidal carbon spheres, b) Pt nano-
particles supported on carbon spheres reduced in H2 and Ar at 400 8C
and c) Pt hollow capsules obtained when b) was exposed to air.
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capsules is made of discrete Pt particles with diameters of
11–12 nm, consistent with the estimation from the XRD re-
sults. In addition, the shell thickness of the Pt hollow capsu-
les is around 30 nm, and the Pt hollow capsules are connect-
ed together through short chains (Figure 4c). Significantly,
these three facts indicate that the initial small Pt nanoparti-
cles (4.3 nm) merge during the spontaneous burn-off reac-
tion.


The spontaneous combustion should be an oxidation reac-
tion of carbon catalyzed by Pt at room temperature in air.
Therefore, the catalytic activity of Pt could be one of the
key factors to determine the occurrence of the combustion,
which is always related to the particle size of Pt.


The FESEM images for the samples treated at 250–
1000 8C and taken out under an Ar gas flow are shown in
Figure 5. The average diameters of the resulting Pt nanopar-
ticles supported on the surface of the carbon spheres are
listed in Table 1. It can be seen that the diameter of the Pt
nanoparticles increases as the treatment temperature in-
creases. As mentioned above, the reduction temperature of
less than 600 8C for the Pt nanoparticles supported on
carbon spheres is the critical temperature for the occur-
rence of the spontaneous combustion. Therefore, a Pt
particle size of less than 5.8 nm is necessary to cause sponta-
neous combustion of the carbon support at room tempera-
ture.


For the samples treated at 250–600 8C and taken out in
air, spontaneous combustion occurred and Pt hollow capsu-
les were obtained (Figure 6), the morphologies of which are
similar to that those in Figure 1c.


For the samples treated at 700 8C, 800 8C, and 900 8C and
exposed to air, the spontaneous combustion did not occur,
but in contrast with the samples under the protection of an
Ar gas flow (Figure 5, e, f, g), the diameters of Pt nanoparti-
cles (Figure 7 a, b, c) increase when they are exposed to air.
The diameters of the Pt particles increase from 6.5 nm
(700 8C), 7.2 nm (800 8C), and 8.1 nm (900 8C) to 50.0 nm
(700 8C), 24.0 nm (800 8C), and 13.5 nm (900 8C), respective-
ly. Thus, the oxidation reaction also occurs for these cases,
but not so violently to burn the internal carbon template
completely. It is notable that the size of the Pt nanoparticles
after exposure to air is inversely proportional to the size of
the initial Pt nanoparticles. This is a further indication that
the catalytic activity of small Pt nanoparticles is higher. The
extent of the oxidation of the surface of the carbon spheres
and the subsequent heat from the oxidation reaction should
be correlated to the activity of Pt nanoparticles. It is clear
that the 6.5–8.1-nm Pt particles can still catalyze the oxida-
tion of carbon to a certain extent, but the produced reaction
heat is not sufficient to allow further oxidation reactions
and the reaction is limited to the surface regions.


For the sample treated at 1000 8C, the spontaneous com-
bustion did not occur. The diameter of the Pt particles of
the sample exposed to air is still 10.2 nm, which indicates
that the oxidation of carbon does not occur.


It seems from the above results that the treatment tem-
perature in the tube furnace determines the size of the Pt
particles formed, and, in turn, the size of the Pt particles de-
termines the occurrence and the extent of oxidation of
carbon. It is well-known that the size of Pt particles in many
commercial Pt/C catalysts is less than 5.8 nm; however, the
spontaneous combustion phenomenon was not reported in
those cases. In our previous study on carbon spheres as a
catalyst support for the electrooxidation of methanol,[5] Pt
particles with the average diameter of 4.7 nm were support-


Figure 4. TEM images of the nanostructured Pt hollow capsules (the
sample corresponding to that in Figure 1c).
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ed on carbon spheres treated at 1000 8C, and the composite
did not burn-off spontaneously. Therefore, we suppose that
this unusual spontaneous combustion reaction is also related
to the chemical properties of the carbon substrate used in
our samples.


To investigate this further, FTIR spectra of the initial col-
loidal carbon spheres, the initial colloidal carbon spheres
loaded with [Pt ACHTUNGTRENNUNG(NH3)4]Cl2, and the loaded colloidal carbon
spheres that were treated at different temperatures under
H2/Ar and taken out under the Ar protection (the same


Figure 5. FESEM images of Pt nanoparticles supported on the surface of carbon spheres treated at different temperatures (samples under Ar): a) 250 8C;
b) 300 8C; c) 500 8C; d) 600 8C; e) 700 8C; f) 800 8C; g) 900 8C; and h)1000 8C.
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batch samples as in Figure 5) were recorded (Figure 8) and
the bands were assigned (Table 2). In brief, the oxygen-con-
taining group COO� (1591–1610 cm�1)[6] exists in all the
samples (Figure 8 c–k). Some bands for the hydrogen-con-
taining groups COH and CCH (1300–1000 cm�1)[6] exist,
whereas those for CH3 or CH2 (2968–2820 cm�1,
1440 cm�1)[7] decrease slightly as the treatment temperature
increases. To clarify this, the content of hydrogen in the
carbon spheres treated at different temperatures under H2/
Ar gas (8:92, v/v) for 3 h was determined by elemental anal-
ysis (Table 1). It can be seen that the hydrogen content in
the carbon spheres decreases as the treatment temperature
increases. The content of hydrogen in the colloidal carbon
spheres is 4.707 wt%. When the colloidal carbon spheres
were treated at 250–600 8C, the hydrogen content ranged be-
tween 4.565 and 2.570 wt%, and when the colloidal carbon
spheres were treated between 700 and 1000 8C, the hydrogen
content ranged between 1.843 and 0.808 wt%.


For the samples that can
burn-off spontaneously, the hy-
drogen content in the carbon
spheres is above 2.570 wt% and
the Pt particle size is below
5.8 nm. The Pt particle size
plays an important role in the
spontaneous combustion reac-
tion as mentioned previously.
However, the hydrogen content
in carbon black usually used in
commercial Pt/C catalysts is
about 0.203 wt% (2030�


200 ppm).[8] The hydrogen content in the carbon spheres
treated at 1000 8C used as the catalyst support of Pt for the
electrooxidation of methanol in our previous study is about
0.808 wt%.[5] The spontaneous combustion of carbon did
not occur although the size of the Pt particles is below
5.8 nm in these cases. The above results indicate that the hy-
drogen content in the carbon spheres could be another im-
portant factor that determines the spontaneous burn-off re-
action.


It is well-known that soot oxidation catalyzed by Pt-based
catalysts occurs above 300 8C and that the reactivity is relat-
ed to the feed gas composition and substrates.[3] A recent
report shows that Ru/CeO2 as anode in a solid oxide fuel
cell (SOFC) does not show coking if 10% air was mixed
with fuel in advance.[9] Our results indicate that small Pt par-
ticles and a carbon sample with a certain hydrogen content
could be two critical conditions leading to the spontaneous
combustion of carbon at room temperature (as also shown


Table 1. The average diameter of Pt nanoparticles supported on the surface of carbon spheres treated at dif-
ferent temperatures (under Ar), the hydrogen content in carbon spheres, and the state of Pt nanoparticles sup-
ported on the carbon spheres following exposure to air.


Temperature [8C] Colloidal
carbon
spheres


250 300 400 500 600 700 800 900 1000


the average diameter of
Pt nanoparticles [nm]


/ 2.5 2.9 4.3 5.0 5.8 6.5 7.2 8.1 10.2


the content of hydrogen in
carbon spheres [wt%]


4.707 4.565 4.322 3.714 3.146 2.570 1.843 1.132 0.860 0.808


burn-off spontaneously in
air?


/ yes yes yes yes yes no no no no


Figure 6. FESEM images of the nanostructured Pt hollow capsules treated at a) 250 8C, b) 300 8C, c) 500 8C, and d) 600 8C, and then exposed to air.
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in Figure 9). Clearly, the second prerequisite is applicable
for most of the hydrocarbon compounds or H-containing
carbon reactants. The key point for the first prerequisite is
to maintain the size of the Pt nanoparticle below 5.8 nm in
the reactions. Therefore, a moderate distance between each
Pt nanoparticle on the substrate may be necessary to main-
tain the catalysis activity towards the oxidation of carbon;
this aspect requires further study.


Conclusion


In summary, nanostructured Pt hollow capsules with a diam-
eter ranging from 250 to 400 nm were obtained by using col-
loidal carbon spheres as templates, which were removed by


a spontaneous burn-off process when the fresh Pt/C compo-
site was exposed to air at room temperature. Two critical
conditions for the spontaneous combustion reaction are a Pt
particle size of below 5.8 nm and a hydrogen content of hy-
drogen above 2.570 wt% in the carbon spheres. These find-
ings may lead to a method to remove accumulated carbon
on catalysts and a way to oxidize soot at room temperature.
This work also provides a special template method to pre-
pare nanostructured Pt hollow spheres/capsules.


Experimental Section


Synthesis of Pt hollow capsules : Well-dispersed colloidal carbon spheres
were used as templates. The colloidal carbon spheres were prepared by a
hydrothermal method. For the preparation of Pt hollow capsules, in a
typical experiment, the colloidal carbon spheres (624 mg) were added to
aqueous ammonia solution (25 wt%; 30 mL) under constant stirring over
30 min to form a suspension. Then, an aqueous solution of 4 mm [Pt-
ACHTUNGTRENNUNG(NH3)4]Cl2 (200 mL) was added slowly to the suspension. The product
was rinsed with de-ionized water repeatedly. Subsequently, the dried
product was treated in H2 and Ar (H2/Ar=8:92, v/v) at different temper-
atures (250–1000 8C) in a tube furnace. When the temperature of the
tube furnace had cooled to room temperature, the product was taken
out. For the samples treated at 250–600 8C, it was found that once the
products were exposed to air, they burned-off spontaneously showing a
dark red color for a few minutes. These samples were Pt hollow capsules.
On the other hand, the spontaneous combustion did not occur for the
samples treated above 600–1000 8C.


Characterization : X-ray diffraction (XRD) was performed by using a
Rigaku B/max-2400 X-ray diffractometer with CuKa radiation. The mor-
phology of the samples was examined by using a thermal-field emission
scanning electron microscope (FESEM: XL30S-FEG). Transmission elec-


Figure 7. FESEM images of Pt nanoparticles supported on the surface of
carbon spheres treated at a) 700 8C, b) 800 8C, and c) 900 8C, and then ex-
posed to air.


Figure 8. FTIR spectra of a) the colloidal carbon spheres, b) the colloidal
carbon spheres–[Pt ACHTUNGTRENNUNG(NH3)4]Cl2 composite, and c)–k) the Pt nanoparticles
supported on carbon spheres, treated at different temperatures in H2 and
Ar (samples under Ar): c) 250 8C; d) 300 8C; e) 400 8C; f) 500 8C; g)
600 8C; h) 700 8C; i) 800 8C; j) 900 8C; k) 1000 8C. I= intensity, arbitrary
units.
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tron microscope (TEM) images and se-
lected-area electron diffraction
(SAED) patterns of the samples were
recorded on a Tecnai F20 TEM operat-
ing at 200 kV. The Fourier transformed
infrared (FTIR) spectra were recorded
on a FTS-60 V spectrometer between
4000 and 400 cm�1. The elemental
analysis was performed on a Elemen-
tar Vario EL elementalanalyzer. The
samples of Pt nanoparticles supported
on colloidal carbon spheres that had
been treated in H2 and Ar (H2/Ar=
8:92, v/v) in a tube furnace were taken
out and transferred to a glass bottle
filled with Ar quickly under the pro-
tection of an Ar gas flow and sealed
for SEM imaging and FTIR measure-
ment. For SEM imaging, the sample
was transferred to the vacuum cham-
ber of the FESEM microscope quickly
under an Ar gas flow. For the FTIR


Table 2. FTIR transmittance bands of the colloidal carbon spheres, [Pt ACHTUNGTRENNUNG(NH3)4]Cl2-colloidal carbon spheres, and Pt/C treated at different temperatures in
H2 and Ar with a tentative assignment.


Sample Band [cm�1] Assignment


colloidal carbon spheres 3450 nOH


2968–2850, 1440[7] nCH3
, nCH2


and dCH3
, dCH2


1710[7] nC=O


1300–1000[6] dCOH, dCCH, nCO, nCC


[Pt ACHTUNGTRENNUNG(NH3)4]Cl2-colloidal carbon spheres 3196[6] nOH


2968–2850, 1440 nCH3
, nCH2


and dCH3
, dCH2


1710 nC=O


1609 and 1396[6] nasCOO
� and nsCOO


�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 250 8C 2968–2850, 1450 nCH3
, nCH2


and dCH3
,dCH2


1710 nC=O


1609 and 1378 nasCOO
� andnsCOO


�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 300 8C 2968–2850, 1444 nCH3
, nCH2


and dCH3
, dCH2


1710 nC=O


1608 and 1378 nasCOO
� andnsCOO


�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 400 8C 2966, 2913, 2850 and 1444 nCH3
, nCH2


and dCH3
, dCH2


1710 nC=O


1597 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 500 8C 2960, 2915, 2850, and 1444 nCH3
, nCH2 and dCH3


,dCH2


1710 nC=O


1591 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 600 8C 2923, 2851 nCH3
, nCH2


1594 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 700 8C 2921, 2830 nCH3
, nCH2


1610 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 800 8C 2917, 2824 nCH3
, nCH2


1593 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 900 8C 2920, 2825 nCH3
, nCH2


1598 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Pt/C reduced at 1000 8C 2923, 2825 nCH3
, nCH2


1607 nasCOO
�


1300–1000 dCOH, dCCH, nCO, nCC


Figure 9. Temperature dependence of the Pt particle size d, and the hydrogen content in carbon spheres under
a H2/Ar (8:92, v/v) atmosphere for spontaneous combustion of Pt nanoparticles supported on the surface of
carbon spheres.
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measurements, the sample was mixed with KBr in a glove box and press-
ed into pellets.
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1. Introduction


Among the most basic theoretical tools of chemistry are the
concepts of chemical elements, of the periodic system and
its representations by different periodic tables, of atomic or-
bitals (AOs), and electron configurations. Many-electron
atoms in compounds are described in general chemistry with
the help of single-electron orbital functions.


The way of thinking about the electronic structure of
atoms has strongly been influenced by the historical writings
of Madelung and of Pauling.[1,2] Their ideas about the order
of valence AOs have penetrated into all chemistry text-
books, either in the form of acceptably simplified theoretical
models (e.g.[2–5])—or more common in oversimplified or
even inappropriate forms (e.g.[6,7]). Some logically inconsis-
tent ideas have become particularly popular, for instance
the belief that in a transition metal atom, 4s is occupied
before 3d, but 4s is also easier to ionize.


More than one third of all elements belong to the d block
of the periodic system. It is known since the early days of
ligand field theory[8] that the chemical, spectroscopic, and
magnetic properties of transition-metal complexes are domi-
nated by the nd shells, with little influence of the (n+1)s
shells. Complex chemistry is d-shell chemistry.


Nevertheless, most chemists and physicists believe in the
so-called Madelung or n+ l rule [Eq. (1)], with nd valence
shifted above (n+1)s Rydberg, while chemical experience,
as codified in periodic tables, corresponds to some quite dif-
ferent orders such as that given in expression (2), in which
(n+1)s Rydberg is stabilized with respect to the hydrogenic
value, though in most cases not below nd valence.


Abstract: Quite different meanings are
attached by chemists to the words ele-
ment, atom, orbital, order of orbitals
or configurations. This causes concep-
tual inconsistencies, in particular with
respect to the transition-metal ele-
ments and their atoms or ions. The dif-
ferent meanings will here be distin-
guished carefully. They are analyzed on
the basis of empirical atomic spectral
data and quasi-relativistic density func-
tional calculations. The latter are quite
reliable for different average configura-
tion energies of transition-metal atoms.
The so-called “configurations of the
chemical elements”, traditionally dis-


played in periodic tables, are the domi-
nant configurations of the lowest spin-
orbit levels of the free atoms. They are
chemically rather irrelevant. In many-
electron systems the ns and np AOs
are significantly below the more hydro-
gen-like nd ones. Even (n+1)s is
below nd for all light neutral atoms
from C onwards, but only up to the


first elements of the respective long
rows! The most common orbital order
in transition-metal atoms is 3p ! 3d <


4s etc. The chemically relevant configu-
ration in group g is always dg instead of
dg�2 s2. Conceptually clear reasoning
eliminates apparent textbook inconsis-
tencies between simple quantum-chem-
ical models and the empirical facts.
The empirically and theoretically well-
founded Rydberg (n�dl) rule is to be
preferred instead of the historical Ma-
delung (n+ l) rule with its large
number of exceptions.
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The Madelung (n+ l) rule from textbooks:


1s < 2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s


< 4d < 5p < 6s < 4f < 5d < 6p < 7s < 5f < 6d < 7p
ð1Þ


The Rydberg (n�dl) rule from chemical and spectroscopic
experience:


1s � 2s < 2p � 3s < 3p � 3d < 4s < 4p


� 4d < 5s < 5p � 4f < 5d < 6s < 6p


� 5f < 6d < 7s < 7p


ð2Þ


To understand this paradoxical situation, the different
meanings attached to the words element, atom, orbital, con-
figuration, order of orbitals or configurations are clarified in
Section 2. The correct energies and orders of orbitals and of
configurations, in well-defined senses, are determined and
described in Section 3 on the basis of available experimental
data and of present density functional calculations. The con-
clusions are summarized in Section 4. Some cases are stud-
ied in detail in the Appendix, Section 5.


2. Clarification of Concepts


Different meanings of “chemical element”: The common
meaning of “chemical element” is basic sub-stance, standing
“under or behind” (latin “sub”) real chemical matter and
obeying the law of mass conservation. In this sense benzene
or fullerene contain the element carbon. The second mean-
ing of “element” is simple stuff such as diamond or the full-
erenes. In textbook discussions of the electron configura-
tions in the periodic table, however, “element” means an
isolated non-charged independent atom. Atomic vacuum
spectroscopy is dominated by diffuse Rydberg orbitals. (The
term Rydberg orbital has been popularized in the NBO
analysis misleadingly with a completely different mean-
ing.)[11,12] On the other hand, chemically bonded atoms in
condensed phases and in multiatomic molecules are pertur-
bed by the compact atomic environment. The diffuse orbi-
tals of free atoms become destabilized. Furthermore, transi-
tion-metal atoms are positively charged in many compounds,
the ionic charge stabilizing the nd shell relative to the (n+
1)s shell. Therefore, higher s-AOs are less important in
chemistry.


Different meanings of “electron configuration”: The con-
cept of electron orbital configuration assumes that the wave
function Y of the N-electron system can be approximated
by (a symmetry-adapted sum of) products of one-electron
orbital functions f (the orbital or Fock approximation; ex-
pression (3)),[32]


YðX1,::,XNÞ � A f�aðX1Þ � �bðX2Þ � :: � �wðXNÞg ð3Þ


A is the symmetrization operator guaranteeing the fulfill-
ment of the Pauli principle and further spatial and spin sym-


metry requirements of the correct N-electron wave function
Y. Y depends on the positional and spin coordinates Xi of
electrons i, i=1 to N. Y is approximated with the help of
one-electron orbitals fj, j=a to w 	 N. Configuration
means the set of occupied orbital shells and the ACHTUNGTRENNUNG(partial) oc-
cupation numbers of the shells, such as B 2s22p1. Approxima-
tion (3) works reasonably well for many states of low
energy.


One can clearly speak of the state of lowest energy of an
isolated noninteracting atom. It has a well-defined configu-
ration within approximation (3), provided the mixing with
functions of same symmetry from other configurations is
weak. If the configuration contains partially occupied degen-
erate or near-degenerate shells with same or similar orbital
energies, such as 2p (spin-orbit split into 2p1=2 and 2p3=2) or
3d–4s (often with rather similar energies), several states
emerge from such an open shell. There are, for instance, six
individual states of B 2s22p1 or nearly seven thousand ones
of Sm* 4f7 6s. Provided none of those states strongly mixes
with states from other configurations, the average energy of
all states of the configuration is also a well-defined number.


The energy level splittings of open-shell configuration
averages into individual energy levels is schematically
sketched for a hypothetical case of d2 and ds in Scheme 1.


For the upper rows of the periodic table it is appropriate to
account at first for the instantaneous Coulomb repulsions
(comprising direct and exchange parts) between the differ-
ent orbitals of the partially filled shells. This yields the split-
ting into LS-term averages, for example, for d2 into LS terms
3F, 1G, 3P, 1D, 1S. Next the relativistic spin-orbit interactions
are to be considered. 3F, for example, is split into three dif-
ferent J-level averages 3F2,


3F3,
3F4. If the nucleus has non-


vanishing spin and is not approximated by a structureless
Coulomb charge, the J levels are split into hyperfine suble-
vels,[10] for example, the 13C s2p2 3P1 into F= 1=2 and 3=2. These
may be finally split into individual states by additional elec-
tromagnetic fields. At each type of averaging, a different


Scheme 1. Schematic energy levels of hypothetical configurations d2 and
ds. They are split and shifted by LS and SO couplings and by many-elec-
tron correlations. EF means the energy at the Fock orbital approximation,
E means the correlation-corrected or experimental values. The case
shown has EF(ds) < EF(d


2), after LS-splitting EF ACHTUNGTRENNUNG(d
2 3F) < EF ACHTUNGTRENNUNG(ds 3D),


after further SO-splitting EF ACHTUNGTRENNUNG(ds 3D1) < EF ACHTUNGTRENNUNG(d
2 3F2), and with correlation E-


ACHTUNGTRENNUNG(d2 3F2) < E ACHTUNGTRENNUNG(ds 3D1). Further hyperfine splittings are neglected here.
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configuration may correspond to the lowest energy, as
sketched in Scheme 1. And at each type of averaging, one
may account, or not, for electron correlation, by mixing dif-
ferent configurations, that is, orbital occupation schemes
(CI). Thereby one goes from the orbital approximation to a
more accurate level (i.e. accurate theory or experiment). If
CI is strong, the very concept of a ’leading configuration’
looses its meaning.


The configurations given in periodic tables are the leading
configurations of the lowest experimental J-level averages of
the free atoms (comprising 2J+1 states). The implicit as-
sumption that the single-configuration approach still makes
sense is justified in most cases. Some authors (e.g.,[9]) have
suggested to refer to LS averages instead of J averages.
However, relativistic interactions become more important
than Coulomb interactions in the valence shells of the most
heavy atoms. Then it is more appropriate to consider the ad-
jacent J levels corresponding to jj-term averages. In the case
of d2 those are d3=2


2, d3=2d
5=2, d5=2


2. The LS and jj schemes
just correspond to two different partitionings of the whole
set of J levels of the configuration. The different kinds of
configurations are sketched Scheme 2. Whether none or


some choice or choices are appropriate depends on the par-
ticular case. In correlated intermediate coupling cases, any
reference of a J level to some LS term, or to some jj term,
or even to some configuration, may be inappropriate be-
cause of strong term or configuration mixings. For instance,
the conventional LS nomenclature of J levels of lanthanoid
atoms often has no physical significance.[22]


The Hamiltonian of a free atom is rotationally symmetric,
and the coupling of orbital and spin angular momenta is im-
portant for atomic spectra. These couplings are partially
quenched in molecules and solids by strong nonspherical
fields.[33] Consequently, many atomic J-levels are mixed in
the molecules. That is, several lower atomic configurations
determine the chemistry of the element, not just the one
corresponding to the lowest J level of the free atom. For
several transition metals the lowest J level configuration
even does not at all belong to the chemically relevant ones.
For instance, the lowest J-level average of the free Ni atom


has 3d84s2 as leading configuration, the lowest LS level aver-
age has 3d94s1, and chemically bound Ni0 has 3d10. Some
case studies are presented in the Appendix.


Different kinds of atomic orbitals : The wave function Y of
the stationary ground state of an isolated N-electrons atom
is uniquely defined (up to a gauge-dependent phase-factor).
However, the atomic orbital set {fj} to approximate Y ac-
cording to Equation (3) can be precisely defined in different
manners. The AO concepts must be distinguished in three
respects.


1) The AOs depend somewhat on the approximation strat-
egy. One must distinguish AOs as symmetry restricted or
unrestricted AOs; as spin-orbit averaged or SO-split
AOs; as optimized level or optimized average AOs; as
ab initio single or multi-configuration self-consistent
field or some kind of density functional AOs; as AOs op-
timized concerning the energy or the wave function over-
lap or some other property.


2) Depending on the atomic state and on the approxima-
tion procedure, there is more or less arbitrariness in
choosing different equivalent sets {f’j} of hybrid AOs as
linear combinations of the original set of occupied orbi-
tals {fj}.


3) One must distinguish the AOs of atoms under different
physical conditions: AOs of free atoms in vacuum from
bonded atoms surrounded by other atoms; AOs of neu-
tral atoms from those of charged atomic ions; AOs opti-
mal for a specific state or for the average of some set of
states. In any case, the AOs of the chosen kind are then
uniquely determined by the physical nature of the state
of the system.


Different orbital energies and orbital filling rules : We can
ask different well-specified questions concerning one-elec-
tron aspects of N-electron systems. For instance, what is the
change of energy and of electron density, when we eliminate
one unit of charge from an atom A with minimal reorganiza-
tion? A simple or direct one-electron (vertical) ionization
A0 ! A+ does not necessarily yield the ground state of A+ .
For instance, it is known from spectroscopy[22] that the adia-
batic ionization of the vanadium atom to its cationic ground
state is, already at the lowest order of approximation, a two-
electron “shake down” process (4):


V0 3d3 4s2 4F3=2 � e� ! Vþ 3d4 5D0 ð4Þ


The direct vertical one-electron ionizations from 3d or 4s
[Expression (5)], are higher in energy.


V0 3d3 4s2 � e� ! Vþ 3d2 4s2 3F2 or 3d3 4s 5F1 ð5Þ


According to a theorem of Koopmans,[13] energies and
densities of occupied eigen-orbitals f of an appropriately
formulated, canonical effective one-electron Fock operator


Scheme 2. Different meanings of “lowest configuration”.
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are reasonable approximations for vertical ionization proc-
esses.


Whether da+1 sb and da sb+1 is the ground configuration,
that is, has lower configuration average energy, can be ap-
proximately predicted by comparing the two direct ioniza-
tion processes [Expression (6)] with the help of the ab initio
Fock (F) orbital energies[32] �eF


dACHTUNGTRENNUNG(d
a+1 sb) and �eF


s ACHTUNGTRENNUNG(d
a sb+1).


daþ1 sb ! da sb  da sbþ1 ð6Þ


That is, the ground configuration can be predicted from
the order of orbital energies of the two different configura-
tions. The energies of an orbital are different for configura-
tions with different occupation schemes, even if we choose
the same average orbital functions for the two configura-
tions. For instance, for an s-AO, Expression (7) applies,
where Gij means the average repulsion energy between two
electrons in shells i and j.


eF
sðdaþ1 sbÞ � eF


sðda sbþ1Þ ¼ Gds � Gss ð7Þ


It is well known in ligand field theory[8] that a higher
energy orbital level becomes occupied even if a lower orbi-
tal is not yet full (e.g. deg > dt2g in Oh symmetry) if the orbi-
tal energy difference is smaller than the difference of some
electron repulsion integrals Gij. At the level of the average
orbital approximation with the same set of orbitals for the
different states, da sb+1 is below da+1 sb even if eF


d < eF
s (eF


s


� eF
d=DeF > 0), provided the inequalities (8) hold. There,


two Fock orbital energies of the same configuration are
compared to two electron interaction integrals Gij :


da sb+1 below da+1 sb , if


DeFðdaþ1 sbÞ < dG ¼ Gds � Gss ð8aÞ


or


De ðda sbÞ < dG þ DG ¼ Gdd � Gss ð8bÞ


or


De ðda sbþ1Þ < DG ¼ Gdd � Gds ð8cÞ


A theorem by Janak[14] states that a simpler form of the
Aufbau rule applies to Kohn–Sham (KS) density functional
orbital energies.[34] Neglecting some details of the exchange
functional and again using average orbitals, the ground con-
figuration is given by (9), for:


da s0; ifDeKSðdas0Þ < 0 ð9aÞ


da�1 s1; ifDeKSðda�1 s1Þ � 0 ð9bÞ


da�2 s2; ifDeKSðda�2 s2Þ > 0 ð9cÞ


To be correct for the intermediate case, the fractional oc-
cupation number (FON) density functional formalism
should be applied[15] yielding fractional s-occupations y be-
tween 0 and 2, with DeKS


ACHTUNGTRENNUNG(da�y sy)=0. Comparison of Equa-
tions (8) and (9) shows that the Fock orbital energies (de-
scribing ionization potentials) are in general more negative,
and the orbital energy gaps are larger, than the Kohn–Sham
ones (describing occupation schemes).[34] Since the nd shell
is spatially more compact than the (n+1)s shell, the terms
dG and DG are positive. For case studies see the Appendix.


From rules (8,9) follow the possible ground configurations
of transition-metal atoms M and their ions Mq (Scheme 3).


For the higher charged cations Mq+ , nd is significantly
below (n+1)s. The ground configuration of M3+ is dg�3 s0, g
being the group number. De in Scheme 3 means the Fock or-
bital energy differences eF


s � eF
d of the middle configuration


dg�q�1 s1 of Mq. In general 0 < De (s above d) and 0 < dG
< DG (d more compact than s). The tendency to occupy s
instead of d, although d < s, is due to the small interelec-
tronic repulsions of diffuse s orbitals. A few authors stated
that “3d is always below 4s!”.[8,16] However, experiment and
theory both yield nd below (n+1)s in most though not all
cases (see below). In these discussions one must also distin-
guish the orbital energies of the ab initio Fock and of the
Kohn–Sham density functional pictures.[34]


Scheme 3. Possible relations of lowest configuration energy averages of
transition-metal atoms M0, and ions Mq, at the average orbital level of
the ab initio Fock orbital approach. De=es�ed refers to configuration
dg�q�1 s1; Gss < Gds ! Gdd, 0 < dG=Gds � Gss < DG=Gdd � Gds. Cases
with dashed arrow do not occur because the required DG/De relations do
not occur for Mq. For instance, most Mq+ have dg�q s0 and M� have
dg�1 s2.[17] For cases with bold arrow, electronic d!s reorganization occurs
due to e–e repulsion, that is, dg�2 + e ! dg�3 s2 (Y2+!Y+), dg�1 + e !
dg�2 s2 (Cr+!Cr0) or dg + e ! dg�2 s2 (Pd0!Pd�).[22] Compare also
Table 4.
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3. Actual Values of Orbital and Total Energies


Since many graphs in the textbooks are misleading, we here
present graphs based on reliable numerical values of orbital
and configuration energies. We analyze their dependence on
nuclear charge Z and quantum numbers n,l, and on the con-
figuration of the other electrons in the atom.


Numerical details : Neutral atoms were calculated with the
relativistic ZORA approximation,[18,32] using the Slater–
Vosko–Becke–Perdew[19] density functional approach and
extended Slater type basis sets.[20] The Amsterdam code
ADF was applied.[21] This yields configuration average ener-
gies within a few tenths of an eV, that is, more accurate than
individual open shell LS- or J-level values. Experimental
configuration average energies from atom spectroscopy data
are more accurate,[22] but only in cases where all J levels of
the configuration are available. However, this is not always
the case, in particular not for the central and the lower re-
gions of the periodic table. Here the experimental average
energies must be estimated, for example, with the help of
Slater–Condon rules,[23] and then they may also be in error
by up to a few tenths of an eV.


If not explicitly mentioned, all calculations were per-
formed at the relativistic level (R), either averaging over
spin-orbit splittings (AR) or taking SO splittings explicitly
into account (SR). In a few cases the error of the nonrelativ-
istic approximation (NR) was estimated.


To average over different orbital couplings, spin-restricted
(re) calculations were performed. The two spin-orbitals f+


ACHTUNGTRENNUNG(r,s) and f� ACHTUNGTRENNUNG(r,s) of a Kramers pair, for which r and s are po-
sition and spin direction, respectively, are then chosen to
have the same spatial part and be equally (fractionally) oc-
cupied: f+ =y(r)·a(s) and f�=y(r)·b(s) in the nonrelativis-
tic case with real y ; f+ =y·a + x·b and f�=x*·a�y*·b in
the spin-mixed relativistic case with complex y,x. These con-
figuration averages govern the short-rage bonding interac-
tions between open shell atoms. Alternatively one can per-
form spin-unrestricted (un) calculations with different orbi-
tals for f+ and f�, and preferentially occupying the lower f.
These calculations yield (averages over) lower energy high-
spin states, which govern the long-range tails of interatomic
interaction curves.


Linear Z-e scales are not appropriate for plotting orbital
energies e for large ranges of Z values and quantum num-
bers n,l,j. Therefore logarithmic or square root scales have
been used in the literature: e versus Z2; � (�e)�1/2 versus Z ;
or ln(�e) versus lnZ. However, it is rather common in text-
books not to specify the chosen scales, or to use irregular
scales. In the nonrelativistic, hydrogen-like, nuclear point
charge approximation, e=�Z2/n2· ACHTUNGTRENNUNG[0.5 a.u.], that is, n=Z/ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�e=RyÞ


p
, where 1Ry= 1=2 a.u �13.6 eV. For electrons of


neutral atoms at large nuclear distances, the effective nucle-
ar charge Zeff ! 1.


We here define neffACHTUNGTRENNUNG(Z,n,l)=1/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�eðZ,n,lÞ=RyÞ


p
and plot


neff versus Z. A higher effective nuclear attraction Zeff of
core-penetrating AOs is represented by a lower effective


quantum number neff. The famous Rydberg rule (10) for the
series of higher orbital energies enlj of a (neutral) atom
states that the quantum defect dlj=n � neffACHTUNGTRENNUNG(Z,n,l) is nearly
independent of n for given Z and l.[24]


enlj ¼ �1 Ry=ðn�dljÞ2 ð10Þ


Atomic orbital shells of light atoms : Dirac–Fock orbital en-
ergies approximating spectroscopic vertical ionization ener-
gies of configuration averages are plotted in Figure 1 in


terms of neff for orbitals nl=2s, 2p, … 6s of the light neutral
atoms H (Z=1) to Mg (Z=12).[22,25] An increase of nuclear
charge with simultaneous filling of the inner 1s, 2s, 2p shells
hardly changes e, neff, or Zeff for outer AOs with high angular
momentum l	2. For penetrating AOs with lower l, the nu-
clear attraction becomes incompletely shielded, and es and
ep drop. The order of screening is s < p < d < f, as in
Equation (2), corresponding to increasing quantum defect
for decreasing l. Empirically dl �a/ ACHTUNGTRENNUNG(l+b)k with parameters
a,b,k. Around Z=6 (carbon), the (n+1)s drop below the
nd, with (n+1)�ds < n�dd for all n=3,4,5,…, in agreement
with the Rydberg rule (10), though in contrast to typical
textbook artwork. “nd is shifted above (n+1)s” is also a
somewhat misleading formulation.


The 2s22pg�2, 2s12pg�1 and 2s02pg configuration average en-
ergies for the second row of the periodic table for group
numbers g=1 (Li) to g=7 (F) are shown in Figure 2. The
configuration energies vary smoothly, while the J-level split-
tings are somewhat irregular. The same holds for the first
atomic ionization potentials (IPs) corresponding to J levels
(Figure 3). The electronegativity values (EN), which govern
the chemistry of the elements, show a more regular behav-
ior. The irregular shape of the IP line changes when going
down in the periodic table, because of increasing relativistic
SO coupling (Figure 4).


Figure 1. Experimental ionization energies or theoretical Dirac–Fock or-
bital energies,[22,25] in terms of neff=1/


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�e=RyÞ


p
, of neutral atoms with


Z=1 to 12. 1Ry=0.5 a.u. �13.6 eV. The lowest full line is for 2sp in the
unscreened hydrogen-like case, neff=2/Z. (Differently shaped graphs in
many scientific textbooks are due to artistic modifications of data.)
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Variation of canonical Fock atomic orbital energies over the
periodic table : The canonical 3d, 4s, 4d, 5s orbital energies
(corresponding to vertical IPs) from spectroscopic and/or
Dirac–Fock data, of neutral atoms with “standard configura-
tion” dg�2 s2, are plotted in terms of neff=1/


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�e=Ry


p
versus


Z from 1 to 46 (Pd) in Figure 5. Two points are to be noted.


1) For small Z=1 (H) to 5 or 6 (B,C), the orbitals are
rather hydrogen-like with nd < (n+1)s. Then incom-
plete screening of s-AOs becomes so strong that (n+1)s
< nd until Z=20 (Ca) for n=3, until Z=38 or 39 (Sr,Y)
for n=4, and until Z=72 (Hf) for n=5. The nd are par-
ticularly weakly bound for the alkali metal atoms (g=1)
at the beginning of the long rows.


2) Incomplete screening of d-AOs develops, when overlap-
ping or outer s-AO become occupied.[26] The d orbitals
then shrink drastically, as shown in Figure 6. This is the
so-called d-orbital collapse, known already for deca-
des.[27] For all first-row transition metals from Sc on-
wards, the canonical 3d AO is again below 4s; 4d < 5s
for all second-row atoms from Zr onwards (ed �es for
Y); and 5d < 6s for La and all third-row atoms from Ta
onwards (i.e. except Lu; for Hf ed �es).


The overall behavior of orbital energies as displayed in
Figure 5 is not new. For instance, Mazurs[28] plotted theoreti-
cal data of 1963.[29] Qualitatively correct plots can also be
found in some of the textbooks.[4] Orbital energy plots show
a more irregular behavior, if they refer to a series of config-
urations with different s populations.


Variation of Kohn–Sham orbital energies of transition-metal
atoms : The energetic variation of Kohn–Sham density func-
tional AOs is even more systematic (Figure 7). Compared to


Figure 2. Relative experimental configurational energies DE of second-
row atoms [in eV]. Zero line is for s1pg�1, upper line for pg, lower line for
s2pg�2. g=Group number (Li: 1, F: 7). The vertical bars indicate the
lowest and highest J-level energies. The bars are non-overlapping: config-
urational splittings are smaller than LS and SO splittings, in contrast to
the transition-metal atoms (see Figure 8).


Figure 3. Experimental atomic IPs (*, for J levels, left scale) and chemi-
cal electronegativities EN (~, dashed line, right scale) of second-row
atoms. Note the IP maxima for Be s2 1S0, N p3 4S3/2, Ne p6 1S0.


Figure 4. Experimental IPs (J levels) of sixth-row atoms A=Au to Rn.
Compare with Figure 3 and note the IP maxima for Hg (s1=2)


2 0, Pb
(p1=2)


2 0, Rn (p3=2)
4 0. (The A lk SLJ nomenclature of light atoms must


here be replaced by A (lj)k J).


Figure 5. Effective quantum numbers neff of 3d, 4d (dotted lines) and 4s,
5s (full lines) from canonical Fock type orbitals of neutral atoms with
Z=1–46. Below the Z values it is indicated which nl shells have been
filled. Note the comparatively smooth variation of ns, and the sharp
drops of nd at Z=11(Na), 19(K), 37(Rb), where inner and outer s-shells
become occupied. Note the 3d maximum for K, with 3d > 4s, 4p, 5s.
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the Fock AOs, the Kohn–Sham AOs of d-type are shifted
upwards. While for the dg�2 s2 configurations of all neutral
transition metal atoms, eF


nd < eF
(n+1)s, e


KS
(n+1)s < eKS


nd still
holds in the Kohn–Sham picture for the early transition-
metal atoms. On the other hand, for Rh and Pd at the end
of the second row, eKS


nd < eKS
(n+1)s yields a populated d-


shell with an empty s-shell for the lowest energy configura-
tion. In the middle of the second row, configurations dg�2 s2,
dg�1 s1 and dg s0 are near in energy, with states of same LSJ
symmetry showing strong configuration mixing.[22] This is
represented by fractional sy occupations, see the Appendix.


Variation of configurational energies of the transition-metal
atoms : Configuration average energies (both, the ones de-
termined from atom spectroscopic data,[22] and the ones
from present relativistic density functional calculations) for
the three configurations dg�2 s2, dg�1 s1, and dgs0 are displayed
in Figure 8 and in the Appendix. The trends are quite regu-
lar as in the case of the main group elements. There is rea-
sonable agreement between experiment and calculation,
concerning both the trends and the energy variations. (Indi-
vidual LS, jj, or J energies are more difficult to obtain from
quantum calculations than configuration averages). The re-
sulting average ground configurations of the atoms are
listed in Table 1. Experimental energies of the lowest J
levels of the three configurations are displayed in Figure 9.
They are somewhat irregular due to the large LSJ splittings.
The configurations of the lowest J levels (listed in common
periodic tables), of the lowest LS terms, of the lowest jj
terms, and the lowest configuration averages are different in
many cases (Table 2).


Chemically interacting atoms : An important aspect of free
transition-metal atoms is the competition of compact nd and
diffuse (n+1)s orbitals. Atoms in chemical compounds are
surrounded by other atoms, in particular by chemically
bound atoms at standard bond distances, and by weakly in-
teracting atoms at van der Waals or so-called non-bonded
reduced distances. Closed atomic core shells repel overlap-


ping orbitals of adjacent atoms according to the Pauli princi-
ple (corresponding to kinetic energy increase upon orbital
orthogonalization). The diffuse (n+1)s AOs are thereby
shifted energetically upwards, the more ligand atoms are
surrounding the transition-metal atom.


Figure 6. 3d orbital radii (<3d j r j3d> in W) of atoms Ar (Z=18) to V
(Z=23).


Figure 7. Kohn–Sham valence orbital energies of transition-metal atoms,
ei (in eV), for nd (···) and (n+1)s (–-) at the relativistic spin-averaged
spin-restricted ZORA level: first row 3d,4s (top scheme), second row
4d,5s (middle), and third row 5d,6s (bottom), each for dg s0 (upper lines),
dg�1 s1


ACHTUNGTRENNUNG(middle) and dg�2 s2 configurations (lower lines).
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Figure 10 shows the gap between the higher (n+1)s and
the lower (averaged) nd levels of a Mn+ d5 s1 ion, symmetri-


cally surrounded by two (D1h),
six (Oh), and twelve (Ih) closed
shell He atoms at various in-
teratomic separations R ACHTUNGTRENNUNG(Mn–
He). At separations R < 3 W,
the diffuse 4s Rydberg AO be-
comes energetically raised,


Figure 8. Configurational energy differences DE of first- (top), second-
(middle), and third-row transition-metal atoms (bottom), from density
functional calculations (*, dashed lines) and derived from experimental
spectra (*, full lines). Zero reference line is for dg�1 s1, line decreasing in
energy is for dg s0, line increasing in energy for dg�2 s2; g=Group number
from 2 (Ca,Sr,Yb) to 11 (Cu,Ag,Au). Vertical bars indicate the lowest
and highest experimental J-level energies. Due to the strong overlap of
the bars, no simple rule holds for the configurations of the lowest J-
levels. This is different from the main-group elements (Figure 2).


Table 1. Lowest average dg�y sy ground configurations of free transition-metal atoms (g=Group number or
number of valence electrons of the neutral atom).


Transition row dg�2 s2 config. for: dg�1 s1 config. for: dg s0 config. for:


1st g=2–7 (Ca–Mn) g=8–11 (Fe–Cu) –
2nd g=2–5 (Sr–Nb) g=6–8,11 (Mo–Ru, Ag) g=9, 10 (Rh,Pd)
3rd g=2–8 (Ba–Os) g=8–11 (Os–Au) –


Figure 9. Experimental differences DE of lowest J levels of dg�1 s � dg�2 s2


and of dg � dg�1 s configurations of first-, second-, and third-row transi-
tion-metal atoms. Note the extrema due to particularly stable J levels for
d5 and d10, while the average configurations d5 and d10 are not particularly
stable (see Figure 8).
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while the 3d valence AO is significantly perturbed only for
R < 2 W. At R �2 W a compact ligand shell has increased
the 3d–4s gap by about 2 eV. As a general rule, the (n+1)s-
AO of coordinated transition-metal atoms is destabilized
and therefore becomes less important for bonding at ordina-
ry equilibrium bond lengths.


The relative raising of 4s had already been detected spec-
troscopically a long time ago.[31] Optical bands correspond-
ing to 3d ! 4s electronic excitations of divalent first-row
cations in fluoride host crystals observed at 5.5 to 8.5 eV,
were 0.3 to 0.6 eV higher than in the free cations. The 3d–4s
gap of Cu+ in LiCl is raised even by 2.5 eV from 2.8 to
5.3 eV.


4. Summary


To obtain a clear picture of chemistry, one must distinguish
between concepts that are different. One must distinguish:


* between “basic” elements in chemical compounds,
“simple” elemental materials, and completely atomized
matter,


* between a free atom and a chemically perturbed atom in
compounds and condensed phases,


* between the atomic configuration of the lowest Coulomb
(direct and exchange) and spin-orbit split J-level and the
chemically relevant configuration(s) of a low energy en-
semble average,


* between Kohn–Sham density functional orbitals, fulfilling
a simple Aufbau rule and describing the lowest experi-
mental configuration averages, and canonical Fock orbi-
tals, describing experimental vertical ionizations and
obeying the more complex Aufbau rule known for low-
spin/high-spin complexes,


* between the lowest adiabatic ionization potential, some-
times corresponding to a rearrangement of the cationic
configuration, and the vertical direct one-electron orbital
ionization, sometimes leading to an excited cationic con-
figuration,


* between changes of orbital energies and orbital occupa-
tions from one neutral atom to the next one in the period-
ic system, and changes from one ion to the next one of
the same atom.


The filling order of orbitals cannot be derived directly
from orbital ionization energies, neither experimentally nor
theoretically, because there is no general simple relation
owing to possible orbital reorganizations. The values of any
kind of orbital energies strongly depend on the ionic charge
and on the orbital occupation scheme. For instance, the
order of a given kind of nd and (n+1)s energies changes
from dg�2 s2 to dg�1 s1 to dg. The configuration of lowest aver-
age energy, that is, the ground configuration, is obtained by
occupying the lowest energy Kohn–Sham orbitals; or equiv-
alently by occupying the corresponding canonical Fock orbi-
tals, which are not necessarily the lowest in energy. In the
Fock picture, the order of total energies differs from the
order of orbital energies by (direct and exchange) Coulomb
energy differences dG or DG.


Occupied inner s, p, d, and f shells exert different nuclear
screening powers on s, p, d, and f valence orbitals. The order
of orbitals varies quite regularly along the periodic table, as
long as the same type of reference configurations are con-
sidered. Concerning theoretical Fock or experimental direct
ionization energies, the (n+1)s are above the nd for Z < 5
or 6. Then the (n+1)s drop below nd. However, after the
respective rare gas atoms, the nd become also stabilized and
contracted and suddenly collapse below the (n+1)s at the
beginning of the transition rows: 3d at Sc, 4d at Zr, 5d at
Hf. The hydrogen-like tendency of nd < (n+1)s is even
more pronounced for transition-metal cations and for chem-
ically bound atoms.


The ground states of free atoms are determined by the
Coulomb and spin-orbit couplings of the open nl orbital
shells. If one wants to explain the configurations of the
lowest atomic states, one must do this at a highly sophisticat-
ed theoretical level, which is not appropriate in general
chemistry. These typically atomic couplings are significantly
damped by the intramolecular fields and are of little impor-
tance for most chemical phenomena. A chemically rather
unimportant small spin-orbit energy shift by a few kJmol�1


can result in a different atomic ground level and a different
corresponding configuration, as for example, for Cr or Ni.
Energetic near degeneracy of two different configurations is
better described by fractional occupation schemes, which


Table 2. The number y of s electrons in different kinds of experimental
ground configurations dg�y sy of transition-metal atoms, depending on
which sets of states are averaged: whole configuration, lowest jj term (for
3rd row), lowest LS term, or lowest J level.


Group 5 6 6 7 8 8 9 9 9 10
row 2nd 1st 3rd 2nd 1st 3rd 1st 2nd 3rd 1st
atom Nb Cr W Tc Fe Os Co Rh Ir Ni
config. 2 2 2 1 1 1;2[a] 1 0 1 1
jj term 2 2 1
LS term 1 1 1 2 2 2 2 1 2 1
J level 1 1 2 2 2 2 2 1 2 2


[a] Some experimental data for Os are missing, the estimated experimen-
tal configuration energies are comparable.


Figure 10. Energy gap De (in eV) between lower 3d average and upper 4s
Kohn–Sham AOs of Mn+ d5 s, symmetrically surrounded by 2, 6, and 12
He atoms, versus internuclear separation R ACHTUNGTRENNUNG(Mn–He) in W.
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change from atom to atom in small steps. This is in accord
with the concept of partial occupations and partial charges
of atoms and AOs in molecules. Average configuration ener-
gies vary quite smoothly over the periodic table and can be
explained most easily and satisfactorily at the density func-
tional orbital approximation.


So-called exceptions and irregularities occur in the period-
ic table, if one compares data of neighbor atoms referring to
non-analogous configurations. Or if the data depend on cou-
plings and nondynamic correlations specific for the free
atoms. Parameters that have a more direct meaning for the
chemical behavior of the elements, such as configuration
average energies, electronegativities, or covalent, ionic and
van der Waals radii, vary more regularly over the periodic
table. Half filled shells are not particularly stable, but they
give rise to a particularly low atomic LS term. The separa-
tion of different nsynpg�y configurations of main-group
atoms is much larger than that of ndg�ynsy configurations of
transition-metal atoms. Therefore, the order of configura-
tional energies of main-group atoms does not depend on LS,
jj, and SO couplings and different state averagings, as in the
case of the transition metal atoms.


All trends from the first- to the second- to the third-tran-
sition row are non-monotonous. This reflects the well-
known “secondary periodicity”:[19–24] The first 3d-row is built
on a 3s23p6 core, the seond 4d-row on a 3d104s24p6 core, and
the third 5d-row on a 4d105s25p64f14 core. The insertion of
the f14 shell not only causes the lanthanid contraction, also
the relativistic effects increase strongly. That is because of
the large increase of Z from the seond to the third row and
because relativity varies with a high power of Z.[33]


The stabilization of AOs by
incomplete nuclear screening
and the resulting deviations of
the order of AOs from the hy-
drogenic order is reasonably
described by the Rydberg “-1/
l�2” rule, neff=n�dl with dl~a/ ACHTUNG-
TRENNUNG(l+b)2. The popular Madelung
n+ l (“+ l”) rule has two de-
fects: 1) the plus presumes a
rise of d and f instead of the
lowering of s and p, 2) squaric rules like n�a/ ACHTUNGTRENNUNG(l+b)2 can sim-
ulate correct orders of AOs, but not a linear n+ l rule.


5. Appendix


Continuous variation of ground configurations : For the
early transition metals with ndg�2 (n+1)s2 ground configura-
tions, eKS


(n+1)s < eKS
nd holds for the Kohn–Sham orbital ener-


gies. When Z increases and nd begins to drop again below
(n+1)s, electronic charge flows from the diffuse (n+1)s
into the more compact nd. At the density functional level
one then obtains a fractionally occupied ndg�y ACHTUNGTRENNUNG(n+1)sy


ground configuration corresponding to a mixed ensemble.
This indicates strong configuration mixing of atomic states


(both in vacuum and in molecular environment).[15] As long
as ndg�2


ACHTUNGTRENNUNG(n+1)s2 is the experimental atomic ground configu-
ration average, the density functional s-population is 2 or a
little smaller; for 1.5 	 y 	 0.5, the experimental ground
configuration is usually ndg�1 (n+1)s1; and for vanishing or
small y, the ground configuration is ndg. The respective s oc-
cupations, obtained from FON density functional calcula-
tions, and those derived from experimental atomic energies,
are displayed in Figure 11 and Table 3. They agree reasona-
bly well with each other and vary systematically over the
three rows.


Order of ground configurations upon electron attachment :
It had been pointed out in Scheme 3 that configurational re-
organization can be induced by adding electrons. The six
possible cases of configurational sequences of transition-
metal cations from Mg+ to M0, with explicit examples, are
displayed in Table 4.


Different orbital levels for different configurations and the
Aufbau rule (example: Group 10): In Figure 12 the Kohn–
Sham spin-unrestricted orbital levels of dg�2 s2, dg�1 s1, and
dg s0 configurations of the transition-metal atoms of Group
10 are shown. Five points may be noted.


1) The ground configuration of Ni(!) and Pt is d9 s1. In ac-
cordance with JanakXs simple Aufbau rule,[14] the lowest


Figure 11. Fractional (n+1)s-AO population y of ground configuration
dg�y sy of first-, second-, and third-row transition metal atoms. a : FON
density functional calculations (ed=es for partially occupied s–d shells) ;
c : parabolic interpolation of experimental average configuration ener-
gies.


Table 3. ACHTUNGTRENNUNG(n+1)s occupancy of ground configuration averages of free transition-metal atoms from FON-DFT
calculations (g=Group number=number of valence electrons of the neutral atom).


Transi-
tion row


s0 s1 s2 “Fractionally” occupied s


1st – K, Cu (g=1, 11) Ca to Ti, Zn (g=2–4, 12) V[a] to Ni (g=5–10)
2nd Rh[a] , Pd (g=9, 10) Rb, Ag (g=1, 11) Sr to Nb, Cd (g=2–5, 12) Mo to Ru (g=6–10)
3rd – Cs, Au (g=1, 11) Tm to Re, Hg (g= ’1’-7, 12) Os, Ir[a] , Pt (g=8–10)


[a] The FON-DFT and experimental s-occupancies, respectively, are: for V 1.9 and 2.0; for Rh 0.0 and 0.2; for
Ir near to 1.0.
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orbital levels are occupied, that is full d+ < full s+ <


partially occupied d� < empty s� . For Ni 3d84s2 the par-
tially occupied d+


3 is below the occupied s+
1 and s�


1.
Therefore 3d84s2 is not the ground configuration, in ac-
cordance with experimental energies, but is about
100 kJmol�1 above 3d94s1, and 3d10 (with empty s below
full d) is even higher, see Figure 8. Why, then is 3d84s2


usually given for Ni?
2) Subtle and chemically irrelevant energy splittings must


be considered to obtain the d8 s2 3F4 ground level of Ni.
First, the Coulomb exchange coupling of the compact 3d
hole with the diffuse 4s of 3d94s1 is small, while the Cou-
lomb coupling of the two compact 3d holes of 3d8 is
large. Accordingly, the lowest LS term 3F of d8 s2 is


strongly stabilized and is then only 3 kJmol�1 above the
lowest LS term 3D of d9 s (lower ends of the vertical bars
for Ni in Figure 8 are similar). Second, since the (small)
SO splitting of d8 3F is also bigger than that of d9 s 3D,[23]


the lowest J level 3F4 of d8 s2 is finally 2.5 kJmol�1 below
the lowest J level 3D3 of d9 s.


3) Due to the electron repulsions increasing from s–s to d–s
to d–d, the orbital energies rise from configuration dg�2 s2


to dg�1 s1 to dg s0, in particular the compact nd level (see
also Figure 7). For instance, nd is above (n+1)s for the
excited d10 configurations of Ni and Pt (Figure 12).


4) The trends from Ni to Pd to Pt are non-monotonous, as
mentioned in the Summary. Owing to the large relativis-
tic SO splittings, the collection of J levels into jj terms


Table 4. Six different filling orders of lowest configuration averages of some transition metal atoms M, derived from spectroscopic data.[22]


Atom Lowest ionic configuration averages Filling order Case


Ca Ca2+ ! Ca+ 4s ! Ca04s2 + s+ s 1
Sc[a] Sc3+ ! Sc2+ 3d ! Sc+ 3d4s ! Sc03d4s2 +d + s+ s 2
Ti[a] Ti4+ ! Ti3+ 3d ! Ti2+ 3d2 ! Ti+ 3d24s ! Ti03d24s2 +d+d + s+ s 2
V V5+ ! V4+ 3d ! V3+ 3d2 ! V2+ 3d3 ! V+ 3d4 ! V03d34s2 +d+d+d+d + (2s–d) 3[b]


Cr Cr6+ ! Cr5+ 3d ! …! Cr2+ 3d4 ! Cr+ 3d5 ! Cr03d44s2 +d+d+d+d+d + (2s–d) 3[b]


Mn Mn7+ ! Mn6+ 3d !… ! Mn2+ 3d5 ! Mn+ 3d6 ! Mn03d44s2 +d+d+d+d+d+d + (2s–d) 3[b]


Fe Fe8+ ! Fe7+ 3d !… ! Fe2+ 3d6 ! Fe+ 3d7 ! Fe03d74s +d+d+d+d+d + s 4
Co[c] Co9+ ! Co8+ 3d ! …! Co2+ 3d7 ! Co+ 3d8 ! Co03d84s +d+d+d+d+d+d + s 4
Y Y3+ ! Y2+ 4d ! Y+ 5s2 ! Y04d5s2 +d + (2s–d) + s 5[d]


Rh Rh9+ ! Rh8+ 4d !… ! Rh2+ 4d7 ! Rh+ 4d8 ! Rh04d9 +d+d+d+d+d+d +d 6


[a] Zn also belongs to case 2. [b] Configurational reorganization occurs upon adding an electron to M+ dg�1, yielding M0dg�2 s2, although d < s. [c] Ni(!)
and Cu, too, belong to case 4. [d] For Y, configurational reorganization upon adding an electron occurs already at Y2+ , and for Y05s24d we have the ex-
ceptional order s<d.


Figure 12. nd- and (n+1)s-AO energy levels eKS
i (in eV) of Group 10 atoms, occupied ones (c), partially occupied ones (a), empty ones (g),


each for dg�2 s2, dg�1 s1, and dg s0 configurations, from spin-unrestricted SO-averaged relativistic (AR) density functional calculations: a) Ni0, b) Pd0, c) Pt0,
d) Pt+ . The ground configurations (in boxes) fulfill JanakXs theorem.[14]
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(instead of LS terms) is more appropriate for Pt. The
lowest J level of d9 s is (d5/2s1/2) J=3, and Pt d8 s2 (d5/2


2)
J=4 is still 10 kJmol�1 higher. At the level of the nonre-
lativistic approximation, a wrong ground configuration
would result for Pt, namely d10, as for Pd.


5) When the number of valence electrons is reduced, form-
ing atomic cations, the compact d levels are more stabi-
lized than the diffuse s levels. For singly ionized Ni+ ,
Pd+ and Pt+ , nd is already significantly below (n+1)s,
and the s-AO remains empty throughout. The ground
configurations of bound atoms Aq+ are always dg�q.


Averages over different sets of J levels; fractional orbital oc-
cupations (example: Group 6): Another interesting case is
Group 6 (Figure 13), with the so-called exceptional configu-
rations d5 s1 for Cr and Mo and a so-called regular d4 s2 one
for W. Spin-restricted spin-averaged relativistic (re-AR) cal-
culations yield configuration energies averaged over all
states of the configuration. Spin-unrestricted (AR) and/or
SO split (SR) calculations yield energy averages over specif-
ic selections of lower states.


For Cr, the lowest experimental average configuration
energy corresponds to d4 s2 with 210 states in 34 J levels. The
lowest d4 s2 J level 5D0 is stabilized by ~2.5 eV. The d5 s1 aver-
age (504 states, 74 J levels) is ~0.66 eV above the d4 s2


ground configuration. But its lowest J level d5 s1 7S3 is split
down by more than 4 eV and thus forms the ground level of
Cr (see Figure 8 and Table 2). Since the two configurations
d4 s2 and d5 s1 have similar energies for Cr (and also for the
following atoms Mn and Fe), strong configuration mixing
occurs for several states.[22] In such cases, the lowest energy
from Kohn–Sham calculations is obtained for some inter-


mediate fractional occupation scheme,[15] d4.4 s1.6 for Cr.
Quadratically interpolating the experimental configuration
energies yields d4.2 s1.8 (Figure 11). Any integer occupation
Scheme for Cr violates JanakXs Aufbau rule (Figure 13a).


AR calculations of Cr(d+)
4(s+)


1(s�)
1, Cr(d+)


5(s+)
1 and


Cr(d+)
5(d�)


1 yield averages of the low-energy J levels of Cr
d4 s2 5D0,1,2,3,4, Cr d5 s1 7S3, and Cr d6 5D0,1,2,3,4, respectively, that
is, the lowest LS-term averages. Figure 13b shows that Cr
d5 s1 fulfills the Aufbau rule, that is, the lowest LS term of
Cr has configuration d5 s1. The situation for Mo is similar.


Owing to the lanthanoid contraction and increased rela-
tivistic effects in the sixth row, d4 s2 is again the ground con-
figuration of W, more than 1 eV below d5 s1 (Figure 8 and
13c). However, because of the larger LS and SO splittings
of d5 s1, the lowest terms or levels of d5 s1 and d4 s2 are near
to each other. As in Ni, the lowest J level of W just ’acciden-
tally’ happens to correspond to s2. The AP and SR calcula-
tions (Figure 13d and 13e) reproduce this situation.
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Correlation between the 6Li,15N Coupling Constant and the Coordination
Number at Lithium


Johan Granander, Richard Sott, and Gçran Hilmersson*[a]


Introduction


Alkyllithium compounds and lithium amides constitute
some of the most frequently used organometallic reagents in
organic synthesis. In recent years, there have been extensive
efforts to develop new chiral lithium amides for use in asym-
metric synthesis. In addition, Asami, Simpkins, Koga,
O!Brien, Singh and Andersson have reported various chiral
lithium amides that mediate enantioselective deprotonation
reactions and asymmetric epoxide rearrangements.[1] In
1994, Asami and co-workers reported that cyclohexene
oxide could be rearranged to cyclohexen-3-ol under substoi-
chiometric conditions.[2] This lead to an intensified interest
in developing catalytic systems. Ahlberg and co-workers ex-
plained and developed the concept of achiral bulk bases in
these catalytic systems.[3,4] Chiral lithium amides were also


successfully employed as chiral inducers in stereoselective
1,2-addition reactions.[5–8] Maddaluno, Williard and our
group have reported NMR studies revealing the reactive
species in stereoselective additions of n-butyllithium
(nBuLi), methyllithium and lithioacetonitrile to alde-
hydes.[7–11]


Because of the importance of chiral lithium amides with
chelating groups, it is essential that their structures and the
effect of chelating groups are better understood. Recently,
there has been an increased focus on studies of structure–re-
activity relationships for the development of efficient and
selective transformations, often needed within, for example,
the pharmaceutical industry.[12] Solution-state studies are ad-
vantageous as they give information about all species pres-
ent in the solution, including mixed aggregates and the com-
plex equilibrium. NMR spectroscopy techniques are particu-
larly suitable for analysis of organolithium compounds be-
cause there are two stable isotopes of lithium, each having
an observable nuclear spin, allowing direct observation by
NMR spectroscopy. Although both lithium isotopes have
quadrupole nuclei, the quadrupole moment of the 6Li iso-
tope is very small and the dipole relaxation mechanism is


Abstract: The 6Li,15N coupling con-
stants of lithium amide dimers and
their mixed complexes with n-butyl-
lithium, formed from five different
chiral amines derived from (S)-
[15N]phenylalanine, were determined in
diethyl ether (Et2O), tetrahydrofuran
(THF) and toluene. Results of NMR
spectroscopy studies of these com-
plexes show a clear difference in
6Li,15N coupling constants between di-,
tri- and tetracoordinated lithium atoms.
The lithium amide dimers with a che-
lating ether group exhibit 6Li,15N cou-
pling constants of ~3.8 and ~5.5 Hz
for the tetracoordinated and tricoordi-
nated lithium atoms, respectively. The


lithium amide dimers with a chelating
thioether group show distinctly larger
6Li,15N coupling constants of ~4.4 Hz
for the tetracoordinated lithium atoms,
and the tricoordinated lithium atoms
have smaller 6Li,15N coupling con-
stants, ~4.9 Hz, than their ether ana-
logues. In diethyl ether and tetrahydro-
furan, mixed dimeric complexes be-
tween the lithium amides and n-butyl-
lithium are formed. The tetracoordinat-


ed lithium atoms of these complexes
have 6Li,15N coupling constants of
ACHTUNGTRENNUNG~4.0 Hz, and the 6Li,15N coupling con-
stants of the tricoordinated lithium
atoms differ somewhat, depending on
whether the chelating group is an ether
or a thioether; ~5.1 and ~4.6 Hz, re-
spectively. In toluene, mixed trimeric
complexes are formed from two lithi-
um amide moieties and one n-butyl-
lithium. In these trimers, two lithium
atoms are tricoordinated with 6Li,15N
coupling constants of ~4.6 Hz and one
lithium is dicoordinated with 6Li,15N
coupling constants of ~6.5 Hz.


Keywords: chiral lithium amides ·
coordination number · coupling
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dominating, yielding sharp signals in the 6Li NMR spectra
even at low temperatures. The linewidths of the 6Li NMR
signals are typically less than 1.0 Hz at half height. The ag-
gregation state of a 6Li,15N doubly labelled lithium amide is
obtained directly from the multiplicity of the 6Li NMR
signal, due to scalar coupling between the nitrogen-15 and
lithium-6 nuclei. A lithium nucleus bonded directly to one
nitrogen-15 appears as a doublet, whereas lithium bonded to
two nitrogen-15 nuclei is split into a triplet. Extensive NMR
studies of 6Li,15N doubly labelled lithium amides by Collum
and his group have increased considerably the knowledge of
solution structures and the aggregation state of several fre-
quently used lithium amides.[13] This technique has also been
used by us and other groups to establish the aggregation
state of several chiral lithium amides, as well as the aggrega-
tion state of the mixed complexes they form with other or-
ganolithium compounds.[4,8,10, 11,14,15]


It is known that the specific solvation at lithium may
affect not only the reactivity, but also the stereoselectivity
obtained in reactions with chiral lithium amides. Unfortu-
nately, the design of new and powerful chiral lithium amides
and catalytic systems is limited by lack of a thorough under-
standing of the factors determining the solvation at lithium.
Jackman and co-workers have shown that the magnitude of
the 7Li,15N quadrupole splitting constant of lithium aryl-
ACHTUNGTRENNUNGamides and enolates corresponds very well to the aggregation
and solvation at lithium.[16] Kikuchi and co-workers have re-
ported, based on theoretical studies, that the magnitude of
the 6Li,15N coupling constant reflects the coordination at the
lithium atom bonded to nitrogen.[17] There have been some
reports, by Davidsson and Maddaluno respectively,[15,18] in
which the 6Li,15N coupling constant (1J ACHTUNGTRENNUNG(6Li,15N)) was used to
estimate the coordination number at lithium based on the
results reported by Kikuchi. However, these studies present-
ed only scattered results and there has been no systematic
report that proves the existence of a 1J ACHTUNGTRENNUNG(6Li,15N)-dependence
on the coordination number at lithium. Thus, we decided to
establish if there is a correlation between the 1J ACHTUNGTRENNUNG(6Li,15N) and
the coordination number at lithium. Such a finding would
be important for improving the study of and understanding
the interactions between lithium and the coordinating sol-
vent molecules or internal coordinating groups. We have
synthesised and studied five
6Li,15N doubly labelled lithium
amides from the corresponding
15N-labelled amines (1–5), as
well as the mixed complexes
they form with nBuLi, and have
determined the coupling con-
stants in diethyl ether (Et2O),
tetrahydrofuran (THF) and tol-
uene. Here, we report the
measured 1J ACHTUNGTRENNUNG(6Li,15N) for several
different lithium amide dimers
and mixed nBuLi/lithium amide
complexes in Et2O, THF and
toluene, respectively.


Results


The 15N-labelled chiral amines (1–5) were all synthesised
from (S)-[15N]phenylalanine. Amines 1–4 were made accord-
ing to previously published methods.[5] The key step in pre-
paring amine 5 from (S)-[15N]phenylalanine was the SmI2-
mediated reduction of the tert-butyloxycarbonyl (tBOC)-
protected aminoiodide to the corresponding tBOC-protect-
ed amine by using a procedure developed in our laborato-
ry.[19]


Lithium amide dimers : Initially, we studied the aggregates
of the lithium amides Li-1–Li-5 in Et2O and THF, respec-
tively. The degree of aggregation of the complexes was de-
duced directly from the splitting of the 6Li NMR signals, due
to coupling to 15N nuclei. All lithium amides were observed
to exist exclusively as dimers in both Et2O and THF
(Scheme 1). Chelating lithium amide dimers can exist as
either equivalently or nonequivalently solvated dimers. The
equivalently solvated dimers give rise to one 6Li NMR
signal, whereas nonequivalently solvated dimers give rise to
two 6Li NMR signals in a 1:1 ratio. The 1H and 13C NMR
spectra display only one set of signals for the lithium
amides, irrespective of whether the lithium atoms are equiv-


Scheme 1. Solution structures of the lithium amide dimers in Et2O and THF.
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alently or nonequivalently solvated, indicating that the com-
plexes are C2-symmetric.
The 6Li NMR chemical shifts of lithium amides are


known to be sensitive to solvents, in particular coordinating
solvents or ligands. The number of ethers specifically coordi-
nated to the respective lithium amide was determined by
conducting volumetric titration of Et2O or THF in small
quantities (0.3 to 10 equiv) to the respective lithium amide
in [D8]toluene. The titration experiments revealed that the
chelating amides, Li-1–Li-4, are only monosolvated, that is,
only one ether is coordinated at low concentrations of ether,
yielding nonequivalently solvated lithium atoms in the
dimers (Figure 1). However, such monosolvated amides


were not observed for Li-5 in either Et2O or THF.
Addition of equivalent amounts of THF to the Et2O sol-


vates results in almost complete replacement of the Et2O
ligand by THF in the nonequivalently solvated dimers. Thus,
THF binds much tighter than Et2O to lithium. Upon further
addition of THF, the lithium amides Li-1, Li-3 and Li-4
become disolvated dimers, with equivalently solvated lithi-
um atoms. Surprisingly, THF does not favour an equivalent-
ly solvated lithium amide dimer of Li-2, which was observed
to exist as a nonequivalently solvated dimer also at high
THF concentrations (10m). The lithium amide Li-3 is also
unique because it forms disolvated lithium amide dimers
with equivalently solvated lithium atoms at higher concen-
trations of Et2O, which is not observed for any of the other
lithium amide dimers with an internal chelating group.[11]


The lithium amide Li-5 was observed to be an equivalently
disolvated dimer in both Et2O and THF.


In the presence of added nondeuterated ethers, the specif-
ic solvent coordination of Et2O or THF to the lithium nuclei
of the respective lithium amides was supported by strong
heteronuclear NOE, between the a protons of the ether and
the lithium nucleus coordinated by the solvent, observed in
the respective 6Li,1H-HOESY[20] spectra.
In the nonequivalently solvated dimers, one lithium is tet-


racoordinated by two nitrogen anions and two chelating
groups, and the other is tricoordinated by two nitrogen
anions and one coordinated solvent molecule. In contrast, in
equivalently solvated dimers both lithium atoms are tetra-
coordinated by two nitrogen anions, the chelating group and
a solvent molecule. The observed 1J ACHTUNGTRENNUNG(6Li,15N) for the non-
ACHTUNGTRENNUNGequivalently solvated lithium amide dimers are given in
Table 1, and the 1J ACHTUNGTRENNUNG(6Li,15N) for the equivalently solvated lith-
ium amide dimers are given in Table 2. The difference in co-
ordination around the lithium atoms is clearly reflected in
the observed 1JACHTUNGTRENNUNG(6Li,15N).


The 1J ACHTUNGTRENNUNG(6Li,15N) of the tetracoordinated lithium nuclei of
the equivalently and nonequivalently solvated lithium amide
dimers were observed to be between 3.7 and 4.6 Hz. All of
the tetracoordinated lithium atoms of the nonequivalently
solvated lithium amide dimers with a chelating ether group
have 1J ACHTUNGTRENNUNG(6Li,15N) close to 3.8 Hz, whereas the thioether ana-
logues have substantially larger 1J ACHTUNGTRENNUNG(6Li,15N) of around 4.5 Hz.


Figure 1. 6Li NMR spectra of a THF titration of a solution of Li-1 in
[D8]toluene at �90 8C. In pure toluene, Li-1 exists as an oligomer, howev-
er, upon addition of a small amount of THF, two triplets from the none-
quivalently solvated (Li-1)2 appear at d=1.5 (J=3.8 Hz) and 1.7 ppm
(J=5.7 Hz). Upon further addition of THF, these signals are eventually
replaced by a single triplet of the equivalently solvated (Li-1)2 at d=
0.9 ppm (J=4.2 Hz).


Table 1. Coupling constants, 1J ACHTUNGTRENNUNG(6Li,15N), and chemical shifts [in parenthe-
sis, in ppm] of the nonequivalently solvated dimeric lithium amide com-
plexes observed in the 6Li NMR spectra recorded in Et2O and toluene at
�90 8C.
Entry Complex 1J ACHTUNGTRENNUNG(6Li,15N) [Hz]


Tetracoordinated Li


1J ACHTUNGTRENNUNG(6Li,15N) [Hz]
Tricoordinated Li


1[a] ACHTUNGTRENNUNG(Li-1)2·Et2O 3.7 (1.7) 5.4 (1.8)
2[b] ACHTUNGTRENNUNG(Li-1)2·THF 3.8 (1.5) 5.7 (1.7)
3[a] ACHTUNGTRENNUNG(Li-2)2·Et2O 3.8 (1.7) 5.5 (1.9)
4[b] ACHTUNGTRENNUNG(Li-2)2·THF 3.8 (1.3) 5.5 (1.8)
5[b] ACHTUNGTRENNUNG(Li-3)2·Et2O 4.6 (3.0) 4.9 (1.2)
6[b] ACHTUNGTRENNUNG(Li-3)2·THF 4.6 (2.9) 4.8 (1.3)
7[a] ACHTUNGTRENNUNG(Li-4)2·Et2O 4.4 (3.2) 5.2 (1.8)
8[b] ACHTUNGTRENNUNG(Li-4)2·THF 4.4 (2.7) 4.9 (1.3)


[a] Complex studied in [D10]Et2O. [b] Complex studied in [D8]toluene.


Table 2. Coupling constants, 1J ACHTUNGTRENNUNG(6Li,15N), and chemical shifts (in parenthe-
sis, in ppm) of the equivalently solvated dimeric lithium amide complexes
observed in the 6Li NMR spectra recorded in Et2O, THF or toluene at
�90 8C.
Entry Complex 1J ACHTUNGTRENNUNG(6Li,15N) [Hz]


Tetracoordinated Li


1J ACHTUNGTRENNUNG(6Li,15N) [Hz]
Tricoordinated Li


1[a] ACHTUNGTRENNUNG(Li-1)2·2THF 4.2 (0.9) –
2[a] ACHTUNGTRENNUNG(Li-3)2·2Et2O 4.4 (0.9) –
3[a] ACHTUNGTRENNUNG(Li-3)2·2THF 4.5 (1.3) –
4[a] ACHTUNGTRENNUNG(Li-4)2·2THF 4.4 (1.2) –
5[b] ACHTUNGTRENNUNG(Li-5)2·2Et2O – 5.2 (2.3)
6[c] ACHTUNGTRENNUNG(Li-5)2·2THF – 5.0 (2.0)


[a] Complex studied in [D8]toluene. [b] Complex studied in [D10]Et2O.
[c] Complex studied in [D8]THF.
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The difference in 1JACHTUNGTRENNUNG(6Li,15N) between the ether and thio-
ACHTUNGTRENNUNGether lithium amide analogues is not as large for the equiva-
lently solvated dimers; 4.2 and 4.4 Hz, respectively.
The 1J ACHTUNGTRENNUNG(6Li,15N) of the tricoordinated lithium nuclei of the


nonequivalently solvated lithium amide dimers are observed
to be between 4.8 and 5.7 Hz, which is clearly larger than
those of the tetracoordinated lithium atoms. Again, there is
a rather substantial difference between the 1J ACHTUNGTRENNUNG(6Li,15N) of the
lithium amides with a chelating ether group and their ana-
logues with a chelating thioether group. The ether chelates
exhibit 1JACHTUNGTRENNUNG(6Li,15N) close to 5.5 Hz, whereas the thioether
chelates have smaller 1JACHTUNGTRENNUNG(6Li,15N) of around 4.9 Hz. The
1J ACHTUNGTRENNUNG(6Li,15N) for the lithium amide dimer without a chelating
group, (Li-5)2, in Et2O and THF are 5.0 and 5.2 Hz, respec-
tively. The average values of the 1J ACHTUNGTRENNUNG(6Li,15N) are 5.2 Hz for
the tricoordinated lithium atoms and 4.2 Hz for the tetra-
coordinated lithium atoms.


Mixed complexes : Mixed complexes are formed upon addi-
tion of nBuLi to the respective chiral lithium amides. The
characteristic carbanionic carbon signal, a quintet with 1J-
ACHTUNGTRENNUNG(6Li,13C)�8 Hz, observed at chemical shifts of around
10 ppm in the 13C NMR spectra, is clear evidence for the
formation of a mixed complex between nBuLi and the lithi-
um amide. In the noncoordinating solvent [D8]toluene, only
mixed cyclic trimers were observed, as indicated by two
6Li NMR signals in an intensity ratio of 1:2. In contrast, only
1:1 mixed dimers were observed in Et2O and THF. The
6Li NMR signals of the mixed dimers become well-resolved
doublets, due to coupling to one nitrogen-15. In contrast,
the mixed trimers give rise to a doublet and a triplet, due to
coupling to one and two nitrogen atoms, respectively
(Scheme 2).


The measured coupling constants for the dimeric mixed
complexes containing the chiral lithium amides Li-1–Li-5
and nBuLi in Et2O and THF are given in Table 3, and the
1J ACHTUNGTRENNUNG(6Li,15N) for the trimeric complexes observed in toluene
are given in Table 4. The coupling constants clearly fall into
one of three different categories corresponding to di-, tri- or
tetracoordinated lithium atoms. The dicoordinated lithium
atoms have 1J ACHTUNGTRENNUNG(6Li,15N) between 6.4 and 6.6 Hz, the tricoordi-
nated lithium atoms have 1J ACHTUNGTRENNUNG(6Li,15N) between 4.4 and 5.2 Hz


and the tetracoordinated lithium atoms have 1J ACHTUNGTRENNUNG(6Li,15N) be-
tween 3.9 and 4.3 Hz. The difference in 1J ACHTUNGTRENNUNG(6Li,15N) between
the lithium amides with chelating ether and those with che-


lating thioether groups is small-
er for the mixed complexes
than for the lithium amide
dimers. The 1J ACHTUNGTRENNUNG(6Li,15N) of the
tricoordinated lithium atoms
are slightly smaller for the thio-
ethers, whereas those of the tet-
racoordinated lithium atoms
are virtually identical. The
1J ACHTUNGTRENNUNG(6Li,15N) of the tricoordinated
lithium atoms in the mixed
trimers are smaller, ~4.6 Hz,
than those of the tricoordinated
lithium atoms of the mixed
dimers, ~4.9 Hz, indicating


some degree of tetracoordination, which is possible in a
ladder-type arrangement.
Titration of solutions of the mixed trimeric complexes be-


tween two lithium amides and one nBuLi in toluene with
THF resulted in the formation of the respective nonequiva-
lently solvated lithium amide dimers together with free
nBuLi. If the lithium amido ethers, Li-1 and Li-2, were
used, further addition of THF caused the lithium amide
dimers to dissociate and form mixed dimeric complexes with


Scheme 2. Different mixed complexes formed from the lithium amides and nBuLi.


Table 3. Coupling constants, 1J ACHTUNGTRENNUNG(6Li,15N), and chemical shifts (in parenthe-
sis, in ppm) of the mixed dimeric nBuLi/lithium amide complexes ob-
served in the 6Li NMR spectra recorded in Et2O and THF at �90 8C.
Entry Complex 1J ACHTUNGTRENNUNG(6Li,15N) [Hz]


Tetracoordinated Li


1J ACHTUNGTRENNUNG(6Li,15N) [Hz]
Tricoordinated Li


1[a] (nBuLi/Li-1)·2Et2O 4.0 (2.1) 5.1 (2.7)
2[a] (nBuLi/Li-1)·2THF 3.9 (2.0) 5.1 (2.6)
3[a] (nBuLi/Li-2)·2Et2O 4.1 (2.1) 5.2 (2.7)
4[a] (nBuLi/Li-2)·2THF 4.1 (2.1) 5.2 (2.8)
5[a] (nBuLi/Li-3)·2Et2O 4.3 (2.7) 4.7 (2.8)
6[b] (nBuLi/Li-3)·THF – 4.4 (2.6), 4.9 (2.8)
7[a] (nBuLi/Li-3)·2THF 4.0 (1.9) 4.5 (2.5)
8[a] (nBuLi/Li-4)·2Et2O 4.1 (2.7) 4.9 (2.8)
9[b] (nBuLi/Li-4)·THF – 4.4 (2.5), 4.9 (2.8)
10[c] (nBuLi/Li-4)·2THF 3.9 (1.5) 4.4 (2.1)
11[a] (nBuLi/Li-5)·2Et2O – 4.8 (3.2)
12[c] (nBuLi/Li-5)·2THF – 4.5 (1.8), 4.7 (2.2)


[a] Complex studied in [D10]Et2O. [b] Complex studied in [D8]toluene.
[c] Complex studied in [D8]THF.


Table 4. Coupling constants, 1J ACHTUNGTRENNUNG(6Li,15N), and chemical shifts (in parenthe-
sis, in ppm) of the mixed trimeric nBuLi/lithium amide complexes ob-
served in the 6Li NMR spectra recorded in [D8]toluene at �90 8C.
Entry Complex 1J ACHTUNGTRENNUNG(6Li,15N) [Hz]


Tricoordinated Li


1J ACHTUNGTRENNUNG(6Li,15N) [Hz]
Dicoordinated Li


1 nBuLi/ ACHTUNGTRENNUNG(Li-1)2 4.5 (2.2) 6.5 (1.5)
2 nBuLi/ ACHTUNGTRENNUNG(Li-2)2 4.5 (2.2) 6.6 (1.5)
3 nBuLi/ ACHTUNGTRENNUNG(Li-3)2 4.8 (3.2) 6.4 (1.1)
4 nBuLi/ ACHTUNGTRENNUNG(Li-4)2 4.8 (3.0) 6.4 (1.1)
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nBuLi. Neither the 1J ACHTUNGTRENNUNG(6Li,15N) of the lithium resonances nor
the chemical shifts varied greatly upon increased addition of
THF, indicating that the disolvated mixed complexes were
formed. However, the lithium amido thioethers behaved dif-
ferently. Addition of THF to the nonequivalently solvated
lithium amide dimer of Li-3 did not result in formation of
the mixed complex. Instead, the lithium amide dimer solvat-
ed by two THF molecules was formed before any mixed di-
meric complex. Upon addition of more THF, the two dou-
blets of the mixed dimeric complex appeared. Interestingly,
the 1J ACHTUNGTRENNUNG(6Li,15N) of the doublets, 4.9 and 4.4 Hz, respectively,
differed markedly from the coupling constants measured in
Et2O and THF. Continued addition of THF caused the lithi-
um resonance with the larger coupling constant to drift up-
field. Simultaneously, the signal broadened into a poorly re-
solved doublet and the 1J ACHTUNGTRENNUNG(6Li,15N) decreased. Eventually, the
lithium resonance had shifted more than 1.2 ppm upfield
and the 1JACHTUNGTRENNUNG(6Li,15N) coupling constant decreased to 4.2 Hz.
This indicates that the mixed complex was initially solvated
by one THF molecule with both lithium atoms tricoordinat-
ed, but as more and more THF was added, another mole-
cule of THF coordinates to the complex resulting in the
same complex that is present in ethers (Scheme 3). Titration


of the complexes containing Li-4 resulted in spectra similar
to those of Li-3, with the exception that the equivalently sol-
vated lithium amide dimer was formed simultaneously to
the mixed complex, rather than before. The mixed complex
with nBuLi that initially formed exhibited 1JACHTUNGTRENNUNG(6Li,15N) cou-
pling constants of 4.9 and 4.4 Hz, and continued addition of
THF caused the downfield resonance to move upfield and
the 1J ACHTUNGTRENNUNG(6Li,15N) to decrease. Eventually, the 1JACHTUNGTRENNUNG(6Li,15N) cou-
pling constants for the mixed complex between Li-4 and
nBuLi were measured to be 4.4 and 4.3 Hz, respectively.
From our observations, it is evident that the coupling con-


stants are affected only slightly by the replacement of the ni-
trogen anion by the carbanion of nBuLi. The observed
1J ACHTUNGTRENNUNG(6Li,15N) of the tetracoordinated lithium atoms of the
mixed complexes with a lithium amide containing a chelat-
ing thioether group is about 0.4 Hz smaller than those of the
lithium amide dimer, whereas the tetracoordinated lithium
atoms of the mixed complexes between nBuLi and a lithium


amide containing an ether group experience a slight increase
in 1J ACHTUNGTRENNUNG(6Li,15N) of about 0.2 Hz. The 1JACHTUNGTRENNUNG(6Li,15N) for the tricoor-
dinated lithium atoms of the mixed complexes of all lithium
amides are reduced by about 0.4 Hz upon progression from
the lithium amide dimers to the corresponding mixed com-
plex with nBuLi.


Discussion


The 1J ACHTUNGTRENNUNG(6Li,15N) of 20 different tetracoordinated lithium
atoms in chiral lithium amides and their mixed complexes
with nBuLi were measured and range from 3.7 to 4.6 Hz,
with an average value of 4.1 Hz. The 1JACHTUNGTRENNUNG(6Li,15N) of 25 differ-
ent tricoordinated lithium atoms were also measured and
range from 4.5 to 5.7 Hz, with an average value of 4.9 Hz.
This value is clearly larger than that of the tetracoordinated
lithium atoms. Four dicoordinated lithium atoms were stud-
ied and exhibit an average 1JACHTUNGTRENNUNG(6Li,15N) of 6.5 Hz.
Interestingly, these values differ slightly with solvent and


amide structure. The 1J ACHTUNGTRENNUNG(6Li,15N) of the tetracoordinated lithi-
um atoms of the lithium amides containing a chelating ether
group are all smaller than those measured for the lithium
amides with a chelating thioether group. The situation is re-
versed for the tricoordinated lithium atoms of the lithium
amide dimers, for which the 1JACHTUNGTRENNUNG(6Li,15N) is larger for the lithi-
um amides with a chelating ether group. The 1J ACHTUNGTRENNUNG(6Li,15N) for
the tricoordinated lithium atoms of the monodentate lithium
amides exhibit values between those measured for the lithi-
um amides with chelating groups.
The mixed complexes are even more insensitive to differ-


ences in the amide structure, but notably, the measured
1J ACHTUNGTRENNUNG(6Li,15N) for the tricoordinated lithium in all mixed com-
plexes formed between the lithium amides and nBuLi are
approximately 0.4 Hz smaller than those of the correspond-
ing lithium amide dimers. The lithium atoms of the lithium
amides with a chelating thioether group experience a lower-
ing of the 1J ACHTUNGTRENNUNG(6Li,15N) of the same magnitude as for the tetra-
coordinated lithium atoms, whereas the tetracoordinated
lithium atoms of the mixed complexes with a chelating ether
groups experience a slight increase in 1J ACHTUNGTRENNUNG(6Li,15N). The sol-
vent–lithium interaction in these mixed dimers is clearly dif-
ferent, due to the presence of an anionic carbon bonded to
the lithium.
In summary, these results show that a good estimation of


the coordination number for a given lithium nucleus in a
lithium amide or its mixed complex can be obtained directly
from the magnitude of the 1J ACHTUNGTRENNUNG(6Li,15N) coupling constant. Ki-
kuchi and co-workers did report, based on quantum chemi-
cal calculations, that the coupling constant should show a
dependence on the coordination number at lithium, and our
findings support their results by showing that the 1J ACHTUNGTRENNUNG(6Li,15N),
in fact, decreases as solvation at the lithium increases. It is
tempting to assume that the magnitude of the 1J ACHTUNGTRENNUNG(6Li,15N)
coupling constant reflects the covalent character of the N�
Li bond, because scalar couplings are known to arise
through a Fermi contact mechanism between the nuclei.


Scheme 3. Equilibrium between the monosolvated and disolvated mixed
complexes of lithium amido thioethers and nBuLi.
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The lithium atom in a nonsolvated dimer only interacts with
two anions with some degree of covalent character in the
N�Li bond. The fraction of covalency in the N�Li bond
should be expected to decrease upon coordination of a
Lewis base to the atom. Although this dependency does not
rely on a theoretical basis, it serves as a rough guide in the
analysis of the observed 1J ACHTUNGTRENNUNG(6Li,15N) coupling constants.
Based on our findings, it is possible to estimate the number
of ether molecules actually coordinating to a lithium nu-
cleus. Such information is crucial for the understanding of
the reactivity of, for example, chiral lithium amides in ethe-
real solvents.


Experimental Section


Synthesis of the amines


The chiral 15N-labelled amines 1–4 were prepared from (S)-
[15N]phenylalanine according to previously published methods.[5]


(R)-2-Isopropylamino-1-phenylpropane ((R)-5): (S)-2-[(tert-Butoxycar-
ACHTUNGTRENNUNGbonyl)amino]-1-iodo-3-phenylpropane[21] (4.30 g, 11.9 mmol, 1.0 equiv)
was dissolved in a solution of SmI2 (270 mL, 0.11m, 29.8 mmol, 2.5 equiv)
in THF under nitrogen atmosphere. Triethylamine (6.02 g, 8.25 mL,
59.5 mmol, 5.0 equiv) followed by water (1.61 mL, 89.3 mmol, 7.5 equiv)
were added by using gas-tight syringes and the mixture was stirred at RT
for 20 min. The septum was removed and air was allowed to react with
the excess SmI2 until the solution was decolourised. The mixture was fil-
tered and the precipitate was extracted with THF (3L25 mL). The com-
bined filtrates were concentrated under reduced pressure and the result-
ing solid was dissolved in Et2O, washed with brine (50 mL), dried over
Na2SO4 and again concentrated under reduced pressure, resulting in a
white solid (2.69 g, 96%), (R)-2-[(tert-butoxycarbonyl)amino]-phenylpro-
pane (spectral data consistent with literature[21]).


The amide (2.69 g, 11.4 mmol, 1.0 equiv) was dissolved in dichlorome-
thane (100 mL) and trifluoroacetic acid (7.80 g, 5.08 mL, 68.4 mmol,
6.0 equiv) was added to the solution. The resulting mixture was stirred
overnight at RT before a NaOH solution (100 mL, 2.0m) was added. The
phases were separated and the aqueous phase was extracted with di-
chloromethane (3L25 mL). The combined organic extracts were washed
with brine (100 mL), dried over Na2SO4 and concentrated under reduced
pressure yielding a clear yellow oil (1.54 g, quantitative yield), (R)-2-
amino-1-phenylpropane (spectral data consistent with literature[22]).


The amine (1.54 g, 11.4 mmol. 1.0 equiv) and acetone (2.65 g, 3.35 mL,
45.6 mmol, 4.0 equiv) were dissolved in benzene (50 mL) and refluxed by
using a Dean–Stark trap for 6 h. The mixture was allowed to cool to RT
and the solvent and excess acetone were removed under reduced pres-
sure. The residue was dissolved in dry ethanol (50 mL), NaBH4 (0.86 g,
22.8 mmol, 2.0 equiv) was added and the mixture was stirred overnight at
RT. Water (50 mL) was added and the ethanol was removed under re-
duced pressure. The residue was extracted with dichloromethane (3L
50 mL) and the combined organic extracts were washed with brine
(50 mL), dried over Na2SO4 and concentrated under reduced pressure
yielding a clear yellow oil. The crude product was purified by column
chromatography (aluminium oxide, ethyl acetate/hexane 1:4) yielding the
desired product as a clear colourless oil (1.01 g, 50%, spectral data con-
sistent with literature[23]).


The chiral 15N-labelled amine (R)-[15N]5 was prepared from (S)-
[15N]phenylalanine by following the same procedure as the preparation
of (R)-5 above.


NMR spectroscopy studies : The chiral lithium amides and their mixed
complexes with nBuLi were generated in situ in septum-sealed NMR
tubes by the careful addition of the respective amine and nBuLi through
gas-tight syringes to the deuterated solvent. During this procedure, the
solutions were kept cooled to �78 8C over an acetone/dry-ice cooling


bath. For experimental details regarding the 6Li,1H-HOESY experiments,
see previous studies.[24]


NMR spectroscopy instrumentation : The NMR studies were conducted
by using a Varian Unity 500 spectrometer equipped with a 5 mm
13C,6Li,1H triple-resonance probe head manufactured by the Nalorac
Company. Measuring frequencies were 500 (1H), 125 (13C) and 73 MHz
(6Li). The 1H and 13C NMR spectra were referenced to the solvent
[D10]Et2O signals at d=1.06 (1H, �CH3) and d=65.5 ppm (13C, �CH2),
the [D8]THF signals at d=1.72 (


1H, �CH3) and d=67.6 ppm (13C, �CH2)
and the [D8]toluene signals at d=2.09 (


1H, �CH3) and d=20.4 ppm (13C,
�CH3). The 6Li NMR spectra were referenced to external 0.3m 6LiCl in
[D1]methanol (d=0.0 ppm). Probe temperatures were measured after
more than 1 h of temperature equilibrium by using both a calibrated
methanol–freon NMR spectroscopy thermometer and the standard meth-
anol thermometer supplied by Varian Instruments.
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Tetrabutylammonium Decatungstate-Photosensitized Alkylation of
Electrophilic Alkenes: Convenient Functionalization of Aliphatic C�H
Bonds
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Introduction


The mild and selective functionalization of aliphatic C�H
bonds remains a major goal in synthesis,[1] in particular in
the context of current interest in sustainable methods that
adhere to the principle of atom economy by minimizing the
use of reagents and auxiliary agents and operate under mild,
energy-saving conditions.[2] Catalysis by transition metal
complexes is a promising possibility,[3] although metal com-
plexation of compounds not containing p orbitals is less
common than that of alkenes or aromatics, thus limiting the
versatility of this approach. An appealing alternative would
be a photochemical reaction. The photon is the ideal
“green” reagent, since it leaves no residue and transfers
large amounts of energy, while operating under mild and


versatile conditions.[4] The excited states of alkanes and
many simple aliphatic derivatives are high in energy and un-
dergo unselective fragmentation, so photochemistry has
little preparative value in this case. However, chemical acti-
vation through reaction with a photoexcited compound can
be achieved under mild conditions and probably deserves
more attention than it has received up to now. In this
method, an activated intermediate is generated; in many in-
stances this is a carbon-centered radical arising by hydrogen
abstraction from a C�H bond [Eq. (1)].


These reactions include photoinduced radical chain proc-
esses (quantum yield @1, Scheme 1 a), such as halogenation
and related reactions. Other reactions, such as oxygenation,
take place thermally following a chain course at high tem-
peratures, but can be carried out photochemically at room
temperature by stoichiometric generation and trapping of
the radicals. A triplet ketone, a photogenerated acyl radical,
or a photoexcited semiconductor can be used for the C�H
bond activation. An excellent choice for a photoinitiator is a


Abstract: Tetrabutylammonium deca-
tungstate (TBADT, 2 3 10�3


m) is an ef-
fective photocatalyst for the alkylation
of electrophilic alkenes (0.1m, a,b-un-
saturated nitriles, esters, ketones) by al-
kanes, alcohols, and ethers. The prod-
ucts are in most cases obtained in
>70 % isolated yields, through an ex-
perimentally very simple procedure.
The kinetics of the radical processes
following initial hydrogen abstraction
by excited TBADT in deoxygenated
MeCN have been studied. In the ab-
sence of a trap, back hydrogen transfer


from reduced tungstate is the main
pathway for alkyl radicals, while a-hy-
droxyalkyl radicals are oxidized to ke-
tones by ground-state TBADT. With
both radical types the reaction ceases
at a few percent conversion. However,
trapping by electrophilic alkenes is fol-
lowed by reduction of the radical
adduct and regeneration of the catalyst,


which allows the alkylation to proceed
up to complete alkene conversion with
the mentioned good yields of products.
With a nucleophilic (a-hydroxyalkyl)
radical, alkylation is efficient (F =


0.58) and can also be carried out when
degassing is omitted, the only differ-
ence being a short induction period.
With a less reactive (cyclohexyl) radi-
cal, the quantum yield is lower (F =


0.06) and the reaction is considerably
slowed in aerated solutions, but the
chemical yield remains good.
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polyoxometalate (Mn+=O in Scheme 1 b),[5] provided that it
is regenerated in the course of the reaction and functions as
a photochemically activated catalyst (i.e., it is not consumed
over several cycles), although the reaction of the organic
compound is stoichiometric in terms of adsorbed photons.


Photocatalyzed oxygenation of alkanes with use of a poly-
oxometalate has been particularly well studied (sodium, po-
tassium, or tetraalkylammonium decatungstate are most
often used). Hydroperoxides or, under different conditions,
ketones have been selectively obtained, sometimes with
high levels of alkane conversion,[6] in contrast to the mix-
tures obtained under conventional (peroxide-initiated) au-
tooxidation conditions. Under these conditions, the catalyst
is reoxidized back by oxygen. Oxygenation may be taken as
an example of radical addition to a multiple bond A=B (O=


O in this case), but the extension of this concept to other re-
actions, in particular to addition to carbon–carbon multiple
bonds, with the goal of achieving synthetically desirable C�
C bond formation, has so far met with limited success. Radi-
cal addition of alkanes to alkenes and alkynes,[7a] or to
CO,[7b] through polyoxometalate photocatalysis has been
demonstrated but occurs only up to small degrees of conver-
sion of the reagent (ca. 5–8 %), although good yields of ni-
triles and/or a-iminoesters have been obtained by addition
to cyanoformates.[8,9]


Addition to a C�C multiple bond, in contrast, is the most
useful radical process in synthesis and occurs as a chain re-
action (after initiation, in several cases photochemical), pro-
vided that an easily fragmentable precursor (R�X, with
X = Br or, better, I) and a mediator, typically a tin derivative,
are used (Scheme 1 c).[10] Extension of this principle to a
chain radical process based on the cleavage of a strong bond
such as a C�H one is out of the question. However, an ap-
pealing possibility is a non-chain, photocatalyzed process as
shown in Scheme 1 d, involving H abstraction by the excited
initiator, radical addition to a C�C p bond, and back hydro-
gen transfer to the radical adduct, leading to the regenera-
tion of the photoinitiator. In comparison to Scheme 1 c, this
path has the disadvantage of being a stoichiometric (in
terms of photons; the oxometalate is a regenerated catalyst)
rather than a chain process, but this shortcoming is counter-
balanced by the excellent atom economy, since the reagents
are 100 % incorporated in the products (unlike in Scheme
1 c, in which the atom or group X is lost). Furthermore, no
mediator such as a tin derivative is used, conditions are
mild, and toxic reagents are avoided. A first attempt to
apply this concept—in the photocatalyzed addition of cyclo-
alkanes to a,b-unsaturated nitriles—was successful[11] and
we now report a study on the scope and mechanism of C ACHTUNGTRENNUNGH
activation and C�C bond formation through radical alkyla-
tion of a,b-unsaturated compounds under photocatalytic
conditions.


Results


Products studies : In this work, the easily prepared
tetrabutyl ACHTUNGTRENNUNGammonium decatungstate (TBADT) was used as
the photocatalyst in acetonitrile, with alkanes, alcohols,
ethers, and acetals serving as the radical precursors and elec-
trophilic alkenes as radical traps. The reaction kinetics of
radical generation and trapping were studied in detail in
representative cases.


The photocatalyzed reactions were studied both in prepa-
rative experiments (100 mL argon-flushed solutions) for
product isolation and characterization and in small-scale ex-
periments (2 mL samples, deoxygenated by several freeze-
degas-thaw cycles) for quantum yield measurements.
TBADT was quite photostable when irradiated in oxygen-
free MeCN, and under our conditions several hours were re-
quired for observable reduction to take place. Irradiation of
this salt (0.002m) in a nitrogen-flushed acetonitrile solution
containing propan-2-ol (0.5m), however, caused the develop-
ment after a few minutes of the intense blue color character-
istic of the reduced tungsten species. The only organic prod-
uct was acetone, quantified by HPLC as its 2,4-dinitrophe-
nylhydrazone.


When a similar solution containing acrylonitrile (AN,
0.1m) was irradiated, the color was again apparent and per-
sisted, but a new product besides acetone was formed and
was identified after separation by distillation (isolated yield
72 % on the basis of the starting amount of AN) as 4-hy-


Scheme 1. Some of the different mechanisms for photoinduced reactions
of aliphatic derivatives. a) (Photoinitiated) radical chain process. b) Non-
chain photoreaction catalyzed by a polyoxometalate (Mn+=O). c) (Photo-
initiated) radical chain alkyation reaction. d) Non-chain photocatalyzed
alkylation reaction.
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droxypentanenitrile (1a ; see Scheme 2, Table 1). Similarly,
photocatalysis of propan-2-ol in the presence of isopropyl-
ACHTUNGTRENNUNGidenemalonitrile (IPMN, 0.1m) under the same conditions
gave the corresponding hydroxyalkylmalononitrile 1b in a
satisfactory yield (50%).


Other alcohols, such as methanol, were oxidized under
these conditions and similarly caused a fast development of
the blue color. Tetrahydrofuran (THF) and 1,3-dioxolane
(DIOX) were then examined as a representative ether and
acetal, respectively. Irradiation of the tungstate in the pres-
ence of both substrates again gave the blue color, but no
GC-detectable products. When the reactions were carried
out in the presence of a,b-unsaturated nitriles, alkylation
took place satisfactorily. Tetrahydrofuran thus gave 3-(2-tet-
rahydrofuranyl)propanenitrile (2a) from AN in 78 % yield
and dinitrile 2b from IPMN in 75 % yield. Similarly, the di-
oxolane gave the dioxolanylpropanenitrile 3a in 76 % yield
with AN and dinitrile 3b in 50 % yield with IPMN.


We had previously reported that cyclohexane gave alky-
lated nitriles 4a (63 %) and 4b (66 %) in the presence of the


above alkenes (see Table 1), while small amounts of bicyclo-
hexyl and cyclohexyl methyl ketone (5 % each) were formed
in the absence of such additives.[11] Alkylation with cyclo-
hexane was now extended to other electrophilic alkenes. In
particular, alkylation of both methyl acrylate and cyclohex-
en-2-one was satisfactorily achieved, giving products 5 and
6, respectively (Table 1). In contrast, attempted alkylation
with amines was unsuccessful, irradiation of TBADT in the
presence of Et3N resulting in a rapid darkening of the solu-
tion, from which no products could be isolated.


As indicated, the above irradiations had been carried out
after deoxygenation of the solutions. However, this step
could be omitted. Thus, when carried out in an open tube,
the irradiation of TBADT in the presence of propan-2-ol
and AN gave product 1a in a yield only slightly lower
(64 %) than had been obtained under air exclusion after the
same irradiation time. The blue color was barely detectable
in this case. The alkylation in air-equilibrated solution could
also be carried out with cyclohexane, though in that case the
required irradiation time was four times longer than under
air exclusion.


The source of the b-hydrogen atom in the nitriles formed
was tested by repeating the photocatalyzed addition of tetra-
hydrofuran to AN first in CD3CN and then in CH3CN con-
taining 0.5 % D2O. No measurable deuteration resulted in
the first case, while product 2a was quantitatively obtained
as the 2-[D1] derivative under the latter set of conditions.
Exactly the same result was obtained in the alkylation of
AN with cyclohexane, which quantitatively gave the 2-[D1]
derivative of 4a in the presence of 0.5 % D2O.


Monitoring the photoreaction : The above photocatalyzed
reactions were conveniently carried out by irradiation at
310 nm, since TBADT absorbs strongly at this wavelength,
where the blue reduced tungsten derivative that developed
during the reaction absorbed poorly. The latter species cor-
responded, as previously determined, to a mixture of the
one- and two-electron reduced decatungstate salts
(HW10O32


4�/H2W10O32
4�),[12–14] with the latter species pre-


dominating. Thanks to the 310 nm absorption of the residual
catalyst, alkylation could be pursued up to virtually com-
plete alkene conversion, though at a gradually decreasing
rate. The course of the reaction was monitored and the time
profiles for the formation of acetone from propan-2-ol and
of product 1a from the alcohol in the presence of AN are
shown in Figure 1. These data can be compared with the
moles of electrons accepted by the catalyst to form the tung-
state reduced species, which were calculated from the
known extinction coefficients of such compounds, as shown
in Figure 2.


The reduction of the catalyst proceeded up to over 90 %
conversion in a few minutes. When it was the only additive,
2-PrOH was oxidized to acetone, reaching a 1 3 10�3


m con-
centration in the same time interval. Further irradiation pro-
duced only slow growth. When AN was also present, the
rate of reduction of TBADT decreased to about two thirds
of the previous value and that of formation of acetone to


Scheme 2. Photoproducts arising from the irradiation of TBADT in the
presence of various aliphatic derivatives and electrophilic alkenes.


Table 1. Isolated yields of TBADT-photocatalyzed (0.002m) alkylation of
electrophilic alkenes in acetonitrile (lir 310 nm).


Donor Alkene Alkylated product
ACHTUNGTRENNUNG[0.5m] ACHTUNGTRENNUNG[0.1m] ACHTUNGTRENNUNG(yield [%])


2-PrOH CH2=CHCN 1a (72)
CMe2=C(CN)2 1b (50)


THF CH2=CHCN 2a (78)[a]


CMe2=C(CN)2 2b (75)
DIOX CH2=CHCN 3a (76)


CMe2=C(CN)2 3b (50)
C6H12 CH2=CHCN 4a (63)[b]


CH2=CHCO2Me 5 (65)
cyclohexen-2-one 6 (43)


[a] Irradiation in MeCN containing 0.5% D2O gave 2-[D1]-2a (>90 %
specific deuteration). [b] MeCN containing 0.5% D2O, 2-[D1]-4a (>90%
deuteration) was obtained.
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one third, while formation of product 1a proceeded steadily,
though at a gradually decreasing rate, even when 90 % of
the catalyst had been reduced. The turnover number for 1a
(the ratio between the moles of product formed and the
moles of electrons transferred to the catalyst) grew from ca.
12 in the initial phase to >35 at advanced conversion (see
Figure 3). The same experiment in aerated solution showed
an induction phase of a few minutes, but the amount of
product 1a formed later increased over that observed in de-
gassed solution (as mentioned above, very little reduced
TBADT was formed in this case).


With cyclohexane, reduction of the catalyst took place at
a much slower pace, although it continued, reaching a pla-
teau at which about 30 % of the starting amount had been
reduced after 8 h. In contrast with the 2-PrOH case, the rate
of TBADT reduction increased in the presence of AN, while
alkylation proceeded effectively up to turnover numbers of
50 and above.


The above reactions were carried out at a 0.5m starting
concentration of the hydrogen donors. The initial quantum
yields for the above reactions were estimated by extrapola-
tion of the curves in Figure 1 and Figure 2 and are reported
in Table 2. Further experiments were carried out with lower


concentrations of propan-2-ol and cyclohexane and the ini-
tial quantum yields of the TBADT reduction were likewise
evaluated and are plotted in Figure 4 a and Figure 5 a.


The reaction course was also monitored by flash photoly-
sis (FP). Previous studies by Hill et al. ,[15,16] Giannotti et
al.,[17] and Tanielian et al.[13] and others had found evidence
of complex behavior after excitation of TBADT in MeCN.
Picosecond transients preceded the reactive excited state (t
= 55 ns) and this gave the reduced polytungstate (first half-
life ca. 700 ns), all of these species absorbing around
760 nm. In MeCN, the yield and the lifetime of the last spe-
cies decreased in the presence of oxygen, and its lifetime
was shortened, while addition of 2-PrOH (in air-saturated
solution) increased the yield and made this species persis-
tent over several hundred ns.


On repetition of the flash experiment in oxygen-free
MeCN the above transient was observed (t = 58�4 ns)
with a small persistent component (>5 ms). The long-lived


Figure 1. Products formed (m) upon irradiation of a degassed (except
when noted) 23 10�3


m TBADT solution in MeCN in the presence of vari-
ous reagents: (*) acetone (multiplied 3 10 for better visibility) in the
presence of 2-PrOH (0.5m); (&) acetone (3 10) and (^) product 1a in the
presence of 2-PrOH (0.5m) and AN (0.1m); (~) product 4a in the pres-
ence of cyclohexane (0.5m) and AN (0.1m); (!) product 1a in the pres-
ence of 2-PrOH (0.5m) and AN (0.1m) in an air-equilibrated solution.


Figure 2. Electrons (m) accepted by the catalyst upon irradiation of a de-
gassed 23 10�3


m TBADT solution in MeCN in the presence of various
additives: (*) in the presence of 2-PrOH (0.5m); (&) in the presence of
2-PrOH (0.5m) and AN (0.1m); (!) in the presence of cyclohexane
(0.5m); (~) in the presence of cyclohexane (0.5m) and AN (0.1m).


Figure 3. Turnover number of the photocatalyst for the formation of:
1) (~) product 1a, and 2) (!) acetone (multiplied 3 10) from a deaerated
solution of 2-PrOH (0.5m) and AN (0.1m) in MeCN versus the AN con-
version. (*) The same for product 1a in air-equlibrated MeCN solution.
(&) The same for product 4a in deaerated MeCN in the presence of 0.5m
cyclohexane and 0.1m AN.


Table 2. Initial quantum yields for the photochemical reduction of
TBADT (Fr) and for photocatalyzed product formation (Fp) in MeCN
and in the presence of AN (lir = 313 nm).


Neat MeCN 0.1m AN in MeCN
R�H Fr products (Fp) Fr products (Fp)


none 0.004
2-PrOH 0.52 Me2CO (0.31) 0.23 Me2CO (0.09), 1a (0.58)
C6H12 0.013 ACHTUNGTRENNUNG(C6H11)2 (0.008),


C6H11COMe (0.0065)
0.037 4a (0.06)


C6H12 0.004 5 (0.05)[a]


MeOH 0.25 0.04
THF 0.47 0.05 2a (0.20)
DIOX 0.36 0.04 3a (.38)


[a] In the presence of 0.1m methyl acrylate.
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transient increased greatly and become dominant in the
presence of increasing amounts of both cyclohexane and 2-
PrOH (Figure 6). The addition of 0.1m AN to these solu-
tions caused no appreciable change.


The quantum yields for TBADT reduction under FP con-
ditions were measured by use of benzophenone as actinome-
ter. The results are plotted in Figure 4 b and Figure 5 b as a
function of the additive concentration and the key parame-
ters are reported in Table 2.


Discussion


Course of the reaction : The irradiation of TBADT in deoxy-
genated MeCN has been found to induce C ACHTUNGTRENNUNGH activation of
various aliphatic derivatives and formation of dehydrogenat-
ed products. Thus, propan-2-ol is oxidized to acetone. As


can be seen in Figure 1, the amount of this product formed
reaches a plateau slightly above 1 mm. At this stage most of
the catalyst (starting concentration 2 mm) is in the reduced
form. The observed stoichiometry is fitted well by Equa-
tion (2).


2 W10O32
4� þ Me2CHOH


! 2 HW10O32
4� ðor H2W10O32


4�Þ þ Me2C¼O
ð2Þ


As for cyclohexane, this gives a little bicyclohexyl and cy-
clohexyl methyl ketone, but again a plateau is reached at a
few percent conversion (not shown in the Figure 1).


The tungstate thus activates C�H bonds, but it behaves as
a stoichiometric oxidant and accumulates in the inactive re-
duced state. Known reoxidation mechanisms are hydrogen
evolution—demonstrated to occur, although inefficiently, in
the presence of platinum[12]—or reaction with oxygen, which
also traps the radicals to form peroxy derivatives.[6a]


In this work the reaction was carried out in the presence
of electrophilic alkenes and alkylation was found to occur
efficiently, overcoming the other photoinduced processes
either for the major part (with propan-2-ol) or completely
(with cyclohexane, THF, or DIOX). Under these conditions,
TBADT is not a stoichiometric reagent, but rather a photo-
catalyst (TON>35 at the end of the reaction). Although the
rate of alkylation may vary considerably—the irradiation
time required for converting propan-2-ol, for example, is
much shorter than that for cyclohexane (by a factor of ca.


Figure 4. Initial quantum yields for photoinduced electron transfer to
TBADT (2 3 10�3


m) by irradiation in MeCN in the presence of 2-PrOH
as determined: a) by steady-state irradiation, and b) by flash photolysis.


Figure 5. Initial quantum yields for photoinduced electron transfer to
TBADT (2 3 10�3


m) by irradiation in MeCN in the presence of cyclohex-
ane as determined: a) by steady-state irradiation, and b) by flash photoly-
sis.


Figure 6. Time profile of the absorption at 760 nm after flashing of a 63
10�5


m solution of TBADT in MeCN in the presence: a) of propan-2-ol
(0, 0.05, 0.1, 0.2 and 0.5m, bottom-to-top), and b) of cyclohexane (0, 0.1,
0.2, 0.3, and 0.5m). The curves were identical in the presence of 0.1m
AN.
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10)—the alkylation proceeds steadily in all cases, as shown
by the regular increase in TON with conversion (see
Figure 3).


Hydrogen abstraction : As mentioned in the Introduction,
the nature and reactivity of the decatungstateNs excited
states and the primary events in the presence of several ali-
phatic derivatives have been clarified previously.[13,15–17] The
reactive excited state of the W10O32


4� ion, indicated simply
as W* in Scheme 3, is characterized by a hole in a O-based


MO and accordingly efficiently abstracts hydrogen from ali-
phatic derivatives to yield reduced HW10O32


4� (indicated as
HW in Scheme 3) and alkyl radicals. The discussion below
on the early steps is very limited, because the current data
essentially confirm previous work, while the subsequent rad-
ical reactions and their exploitation in synthesis are the
target of this study and are discussed in some detail.


Reduced polytungstate is easily monitored by FP through
the strong absorption in the visible region and, according to
Scheme 3, the quantum yield associated with the reduction
(Fred) is given by Equation (3), where h is the formation ef-
ficiency of the reactive excited state W* (from the literature
h�0.55[13]). Reduction of the tungstate involves two compo-
nents: reaction with the hydrogen donor RH (kr ; see
Scheme 3) and reaction with the solvent (kb; this path in-
cludes any contribution to the reduction by the counter
cation TBA+ or by any impurity) in competition with decay
of the excited state (kd).


Fred ¼ h
kb þ kr½RH



kd þ kb þ kr½RH
 ð3Þ


This can be expressed by means of the Stern–Volmer type
Equation (4),[18] where K = kr/ ACHTUNGTRENNUNG(kd + kb) and the value of
Fred in neat acetonitrile [F8 = hkb/ ACHTUNGTRENNUNG(kd + kb)], as well as the
limiting value from extrapolation at growing [RH] (Flim �
h) are introduced.


Fred ¼ Fo þFlim K½RH

l þK½RH
 ð4Þ


The quantum yields of formation of (monoelectronic) re-
duced tungstate in the presence of either cyclohexane or
propan-2-ol in FP experiments are plotted in Figure 4 b and


Figure 5 b versus the hydrogen donor concentration. The
lines connecting the experimental points were drawn accord-
ing to Equation (4) and the values were obtained: K = 5.3
and 2.1m�1 for propan-2-ol and cyclohexane, respectively.
These correspond to the rate constants kr = 10.1 and 4.0 3
107


m
�1 s�1 when account is taken of the measured TBADT


lifetime in MeCN (58 ns; see Figure 6 and Table 3), close to
the previously measured values (kr = 8 and 3.7 3
107


m
�1 s�1).[13] Some reduction occurs in neat MeCN (F8 =


0.09), indicating that the solvent and the tetrabutylammoni-
um counter cation contribute,
although inefficiently, to the
photoreduction (see
Scheme 3). If such contribu-
tion were due to MeCN only,
this would give k’r = 9 3
104


m
�1 s�1. It may be noted


that the rate of hydrogen ab-
straction by W* is about two
orders of magnitude faster
than by excited states of or-
ganic molecules similarly char-
acterized by holes localized on


oxygen, such as the ketone triplet state. As an example, ben-
zophenone has kr = 7.5 3 105, 1.8 3 106, and 1.3 3 102


m
�1 s�1


with cyclohexane, propan-2-ol, and MeCN.[19a–c] Similarly,
TBADT has a much broader scope as a photocatalyst than
titanium dioxide, to which it is often compared, since it is a
stronger oxidant, able to activate alkanes and their simple
derivatives, on which the latter is hardly active.[19d]


Radical reactions—neat solvent : As is apparent from com-
parison of Figure 4 a, b and Figure 5 a, b, the quantum yields
for polytungstate reduction (Fred) in flash photolysis (FP)
and in the steady-state (SS) experiments are different. The
initial values of Fred (SS) with cyclohexane are much lower
(about 2 %) than the corresponding FP values at the same
RH concentration, while Fred (SS) with propan-2-ol is larger
than Fred (FP), about twice as much at low alcohol concen-
tration. The quantum yield of reduction in neat MeCN—
F8 (SS)—is also much lower (4 % of the FP value).


This is due to further reactions of the radicals formed in
the primary step, in particular to paths leading to reoxida-


Scheme 3. Competing paths in the photocatalyzed activation of alkanes.


Table 3. Parameters for the TBADT-photoinduced activation of cyclo-
hexane and propan-2-ol in MeCN.


Reagent Flim K [m�1] kq [m�1 s�1]


C6H12
[a] 0.52 2.1 4.03 107


C6H12
[b] 0.52 0.024


2-PrOH[a] 0.52 5.3 1.03 108


2-PrOH[b] 0.55 18.4
FACHTUNGTRENNUNG(neat)


MeCN[a,c] 0.09 93 104


MeCN[b] 0.004


[a] From flash photolysis experiments. [b] From steady-state experiments.
[c] Under the simplified assumption that the polytungstate is reduced
only by the solvent; compare reference [13].
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tion of the catalyst (see Scheme 3). As it appears from
Figure 6, the amount of reduced polytungstate remains un-
changed over several ms. On a longer timescale, however, a
further evolution takes place.[12] This involves disproportio-
nation of the monoelectronic reduced anion HW10O32


4�


(HW) to yield the two-electron reduced polytungstate
H2W10O32


4� (kds = 9 3 104
m


�1 s�1).[12] Furthermore, HW is in
part reoxidized by reaction with the alkyl radicals, either
through back hydrogen transfer (kbh) or through electron
transfer to give a carbanion (krd; see Scheme 3). However,
the alkyl radical R· is also consumed through reactions not
involving HW, which are typically quite fast (kc>1 3
109


m
�1 s�1).[20] The unbalance of kds and kc causes the pro-


gressive accumulation of reduced tungstate during the pro-
cess and correspondingly the decrease of the alkyl radicals,
since the [HW]/[RC] ratio is determined by the reaction be-
tween the two species (kbh + krd). This is a classical case of
the persistent radical effect, as evidenced by Fischer et al.[21]


In the case of cyclohexane, the radicals undergo both di-
merization to bicyclohexyl and disproportionation to cyclo-
hexene and cyclohexane[16, 20] [the latter reaction has not
been specifically assessed here, but it obviously contributes
to the observed Fred (SS)]. According to Scheme 3, the
steady-state yield of reduced tungstate is a fraction of that
initially formed, as expressed by the efficiency factor
[Eq. (5)]; see Equation (6).


a ¼ kc½RC

ðkbh½HW
 þ krd½HW
 þ kc½RC
 ffi


kc½RC

fðkbh þ krdÞ½HW
g ð5Þ


Fred ðSSÞ ¼ h
kb þ akr½RH



kd þ kb þ kr½RH
 ¼ Fo þ aFlim K½RH

l þK½RH
 ð6Þ


The Fred (SS) versus [C6H12] plot (Figure 5 a) and compari-
son with Figure 5 b indicate that a is slightly over 1 %. The
rate constant for the back reaction HW + RC can be deter-
mined (83 109


m
�1 s�1; see below) through the competition


with addition to electrophilic alkenes. Hydrogen transfer
(kbh) is by far the main path in this reaction (Table 4), while
formation of the cyclohexyl anion, as deduced from the pro-
portion of cyclohexyl methyl ketone produced through trap-
ping by MeCN, corresponds to about 5 % (krd�4 3
108


m
�1 s�1).[22] This relatively low value is reasonable, be-


cause electron transfer is largely endothermic as evaluated
on the basis of the reduction potential of the sec-butyl radi-
cal [E ACHTUNGTRENNUNG(R�/RC) = �1.72 V versus SCE;[23] compare E ACHTUNGTRENNUNG(HW/
W) = �0.97 V[24] .]


Steady accumulation of HW causes a dramatic drop in the
steady-state concentration of cyclohexyl radicals during the
course of the process, and this actually becomes so low after
a small (ca. 5 %) amount of conversion that formation of
coupling products terminates. Such a limited conversion has
been observed with other donors upon photocatalysis in the
absence of oxygen.[5a]


Conversion back to MeCN is also important for the
·CH2CN radicals formed by H abstraction from the solvent.
Succinonitrile has been detected in small amounts under
these conditions, but this is clearly a minor process.[12a] Ac-
tually, the steady-state value of Fred (SS) in neat MeCN is
0.004, 22 times smaller than the flash photolysis value, indi-
cating that regeneration of TBADT and MeCN (rate con-
stant k’bh, see Scheme 3, right-hand side) efficiently com-
petes with coupling of the cyanomethyl radicals (k’c = 1.2 3
109


m
�1 s�1).[25]


Unlike in the cyclohexane case, the steady-state quantum
yield of tungstate reduction with propan-2-ol is larger than
the flash photolysis value. Thus, at [2-PrOH] = 0.5m, the in-
itial value of Fred is 1.86 times larger than Fred (FP), and
plotting of Fred (SS) versus the starting alcohol concentra-
tion (Figure 4 a) gives an apparent K value 3.4 times larger
than the FP-derived value. As previously suggested,[12,21,26]


but not quantitatively assessed, this is due to the oxidation
of the a-hydroxyalkyl radical by the decatungstate (indi-
cated as W) as shown in Scheme 4 and Equation (7).


Me2CCOH þ W ! Me2CO þ HW ð7Þ


Indeed, at a low starting propan-2-ol concentration (=
0.1m), Fred (SS)ffi2 3Fred (FD), indicating that virtually every
ketyl radical is oxidized. This is in accord with the easy oxi-
dation of such radicals—E(Me2C


·OH/Me2C
+OH) =


�0.61 V versus SCE[27]—and, coupled with the rapid depro-
tonation of the cation to give acetone, supports electron
transfer according to Equation (7) as a viable pathway.[19]


The rate constant for radical reaction (kox) was again deter-
mined by competition with addition to electrophilic alkenes
(see below). It may be noted that the excess of Fred (SS)
over Fred (FP) diminishes with increasing alcohol concentra-
tion (compare Figure 4 a/b), reasonably because when a rela-
tively high Me2CCOH concentration is generated, oxidation
according to Equation (7) results in local depletion of the


Table 4. Bimolecular rate constants (k, m�1 s�1) for the radical reactions
in the TBADT photocatalytic processes in MeCN (see Scheme 3,
Scheme 4).


C6H12 2-PrOH


kc 13109 kad 1.53 108


kad 23 106 kox 231010


kbh 8 3 109


krd 43108


Scheme 4. Competing paths in the photocatalyzed activation of propan-2-
ol.
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decatungstate and thus in incomplete oxidation of the radi-
cals.[28a] As a result, the limiting value of Fred (SS) is only
slightly larger than Fred (FP).


Figure 1 and Figure 3 show that the rather efficient oxida-
tion of propan-2-ol to acetone (quantum yield 0.32 at 0.5m
alcohol starting concentration) stops when all of the starting
amount of decatungstate has been reduced.[28b]


Thermal oxidation of the initially formed a-oxygen-substi-
tuted radicals may also occur with ethers and acetals such as
tetrahydrofuran and 1,3-dioxolane, in view of the relatively
accessible oxidation potentials of such species (oxidation po-
tential of the 2-tetrahydrofuranyl radical = �0.35 V versus
SCE, of the dioxolanyl radical = �0.9 V;[29] deprotonation,
in this case from the a carbon, is a fast process).[30] In con-
trast, oxidation is excluded for alkyl radicals, for which the
oxidation potential has a positive value versus SCE.[30] In
the last case, oxidation (again coupled with deprotonation)
occurs when a more easily reduced polyoxometalate (e.g., a
phosphapolytungstate)is used.[24]


Radical reactions—trapping by electrophilic alkenes : As dis-
cussed above, with alcohols TBADT is a consumed reagent
rather than a catalyst, whist with alkanes efficient back hy-
drogen transfer and HW accumulation severely limit the
alkyl radical concentration. Thus, although for opposite rea-
sons, the reactions stop at an early stage in both cases, de-
priving an otherwise promising (high rate constant for H ab-
straction; see above) method of photoinduced C�H bond
activation of preparative interest. The reaction continues in
oxygen-equilibrated solutions because molecular oxygen re-
generates TBADT, thus maintaining the operation of the
photocatalytic cycle, besides trapping the organic radical to
give hydroperoxides.[6a,31] Under these conditions, Tanielian
indeed found that a plot of the SS quantum yield of oxygen
consumption versus cyclohexane concentration gave a value
of K quite close to that obtained from the tungstate reduc-
tion in flash photolysis experiments.[13] Furthermore, the
yield of hydroperoxides from cyclohexane corresponded to
the amount of oxygen adsorbed, at least up to a certain
level of conversion. Scheme 1 b is therefore operative and
reduced tungstate does not accumulate.


As the above data show, electrophilic alkenes are likewise
efficient traps. Table 1 shows that a,b-unsaturated nitriles,
dinitriles, esters and ketones (0.1m) are smoothly alkylated
under these condition up to complete conversion and, except
for the case of cyclohexenone (where competitive light ad-
sorption may have a negative effect), the isolated yields of
the alkylation products are always >50 % and in most cases
>70 %.


From the mechanistic point of view, the data show that
trapping by AN contributes significantly to the decay of cy-
clohexyl radicals, which brings about an increase in accumu-
lated HW (see Figure 2) due to the decreased contribution
of back hydrogen transfer. Trapping is not complete, though,
and the initial quantum yield of alkylation (0.06) corre-
sponds to 22 % of the initial yield of radicals as determined
by flash photolysis Fred (FP). The competition between trap-


ping and back hydrogen transfer is expressed in Equa-
tion (8).


Fad


Fred ðFPÞ ¼ kad½AN

fðkbh þ krdÞ½HW
 þ kad½AN
g ð8Þ


This allows the rate of the latter process to be evaluated,
since Fred is measured under the same conditions as Fad. On
the basis of the moderate rate of addition to AN (kad ca. 2 3
106


m
�1 s�1),[32] this gives (kbh+krd) = 83109


m
�1 s�1. In con-


junction with the a value determined above, this gives a
[HW]/[cyclo-C6H11


·] ratio of 800 under steady-state condi-
tions in neat MeCN in the early phase of the reaction (com-
pare with [HW]/[cyclo-C5H9


·] = 900, measured by EPR in
the reaction with cyclopentane).[21] The proportion of re-
duced anion increases during the conversion, resulting in a
decreased rate of alkylation, which nevertheless proceeds
steadily and reaches a satisfactorily turnover number
(Figure 3). The final step in the alkylation process is reduc-
tion of the adduct radical with regeneration of TBADT.
This occurs by electron followed by proton transfer, as indi-
cated by the experiments in 0.5 % D2O/CH3CN and in
CD3CN, in accord with the much easier reduction of a-
cyano-substituted alkyl radicals (of known high electron af-
finity)[33] with respect to their unsubstituted counterparts.
This is obviously a key step, both for allowing the catalytic
role of the tungstate[34a] and for the reaction selectivity. As
for the latter point, this introduces some limit to alkene con-
centration. Indeed, when a 1m AN concentration is used,
trapping of the radical adduct by the alkene (a relatively
slow process, k�1 3 104


m
�1 s�1)[32] becomes competitive with


electron transfer from HW and certain amounts of the di-
meric and trimeric adducts are formed.[11]


In the case of propan-2-ol, initial H abstraction is much
more efficient, resulting in fast accumulation of the reduced
form HW.[34b] On the other hand, trapping by AN is also
more efficient (kad�1.5 3108


m
�1 s�1).[32] Since the alkylation


cycle regenerates TBADT (Scheme 4), reduced HW is accu-
mulated to a smaller extent with respect to neat solvent (see
Figure 2), in contrast with what happens in the slow alkyla-
tion by cyclohexane, where the determining factor is back H
transfer. The initial quantum yield of alkylation is somewhat
larger than Fred (FP), while the quantum yield for the oxida-
tion to acetone is 29 % of the value in the absence of the
trap. These data confirm that oxidation is practically the
only process from the a-hydroxyalkyl radical. The ratio be-
tween the quantum yield of acetone in the absence and in
the presence of AN corresponds to the ratio kox[W]/ ACHTUNGTRENNUNG(kox[W]
+ kad [AN]) and allows calculation of kox = 2 3 1010


m
�1 s�1.


This high (diffusion-controlled) value is consistent with oxi-
dation being the main process for the Me2CCOH radical
under these conditions (kox [W]@kbh [HW]), as mentioned
above. Other oxygen-substituted radicals such as those from
tetrahydrofuran and dioxolane are likewise efficiently trap-
ped. As with simple alkyl radicals, the final step is electron
transfer to the (a-cyano) radical adduct, as established by
deuteration experiments in the THF case.
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It is interesting to compare the effects of oxygen and of
alkenes on TBADT-photoinduced reactions. Both reagents
are effective radical traps and the tungstate is regenerated
in their presence, allowing conversion to proceed. The reac-
tion with oxygen is complicated by the fact that the peroxy
radical formed may give different reactions according to the
substrate chosen and the conditions.[6b] Alcohols or ketones
are thus formed from alkane hydroperoxides in different
amounts. Trapping by unsaturated nitriles, esters, and ke-
tones is a clean process, since it produces an electrophilic
radical that is efficiently reduced by HW, avoiding compet-
ing processes. Furthermore, the alkylation can also be car-
ried out in air-equilibrated solutions. As shown in Figure 1,
in the case of propan-2-ol the alkylation efficiency actually
becomes somewhat larger than under oxygen exclusion,
after a short induction time, and reduced tungstate accumu-
lates to a small degree. Dissolved oxygen ([O2] = 2 3 10�3


m,
with kO2


ffi5 3 109
m


�1 s�1)[35] competes with AN ([AN] =


0.1m, with kad�1.5 3 108
m


�1 s�1) for the short-lived radicals
but on the other hand contributes to the reoxidation of HW,
a persistent species, and thus to the overall efficiency of the
process. The first effect causes the induction period, but the
oxygen concentration then decreases, since equilibration
with the atmosphere does not compensate for chemical con-
sumption, and the alkylation proceeds under favorable con-
ditions. With cyclohexane, on the other hand, alkylation is
considerably slowed down (the rate becomes a quarter of its
original value) in an aerated solution, consistently with the
fact that the lower rate of addition to AN (kad�2 3
106


m
�1 s�1) makes trapping of the radicals by oxygen more


important. Nevertheless, a good yield of the alkylated prod-
uct is also obtained in this case, though after a longer irradi-
ation time.


Conclusion


As mentioned in the Introduction, the wealth of data from
previous research support the contention that the high reac-
tivity of photoexcited decatungstates might make these ma-
terials highly suited for the mild activation of aliphatic C�H
bonds. However, this rarely produces high chemical conver-
sion, either because of a rapid drop in the alkyl radical con-
centration after a few percent conversion (due to reaction
with the persistent reduced tungstate), or because of the cat-
alyst consumption when an easily oxidized radical is used.
Useful reactions are obtained when the radical is trapped ef-
ficiently by a path that regenerates the catalyst,[36] as is
indeed the case for oxygenation, which can be carried out to
a rather high level of conversion (>50 %).[6] In the present
case, the alkene serves the same function as oxygen: it both
traps the radicals and regenerates the catalyst (in this case
indirectly, via the radical adduct as shown in the cycle in
Scheme 3). Competition between trapping by the above al-
kenes and the other available paths allows the key kinetic
parameters for the reactions of the radicals generated by
photocatalysis to be obtained. Neither oxygenation[31] nor al-


kylation[34a] are chain reactions, and the limiting quantum
yield is in both cases about 0.5, close to the expected value
Flim = h. As one might expect, alkylation is more efficient
with more nucleophilic radicals—Fad is 10 times larger with
propan-2-ol than with cyclohexane, for example. This makes
reaction with a “moderately activated” (a-hydroxy-substitut-
ed) alkyl derivative particularly convenient (e.g., it can also
be carried out in air-equilibrated solution; indeed, it gives
slightly better results under those conditions), but does not
detract from the preparative value of alkylation with an
alkane, since there are no significant competing processes
and so a good chemical yield can be obtained, although
after a longer irradiation time.


These results demonstrate that TBADT photocatalysis is
a viable and rather general method for the mild functionali-
zation of aliphatic C�H bonds, and that, besides for oxygen-
ations, it can be conveniently used for C�C bond-forming
reactions. Thermal analogy for such process is quite limited,
variously involving the use of high temperature and pressur-
e,[37a] the preparation and cleavage of peroxides,[37b] or a cat-
alyzed process based on some sophisticate metal complex
that requires a much more elaborate setup than the photo-
chemical synthesis.[38,39] The reactions presented above are
paradigmatic examples of 100 % atom efficiency and the
small amount of catalyst used, as well as the simple experi-
mental setup, both during irradiation (e.g., no anhydrifica-
tion or deoxygenation required) and during workup, make
this method an example of “green” synthesis, comparing fa-
vorably with other approaches to C ACHTUNGTRENNUNGH functionalization.


Experimental Section


Materials : Tetrabutylammonium decatungstate (TBADT)[12a] and unsatu-
rated dinitrile IPMN[41] were prepared by published procedures. The
other materials and the solvents were of commercial origin.


Preparative irradiations : These were carried out in 1 cm diameter quartz
tubes containing a solution (6 mL) of TBADT (40 mg, 0.002m), the
alkane (0.5m), and the electrophilic alkene (0.1m). These were purged
with purified argon for 10 min, septum-capped, and irradiated for 15–
20 h in a multilamp apparatus fitted with six 15-W phosphor-coated
lamps (center of emission 310 nm). The irradiated solution was flushed
with oxygen until colorless, passed through a 4-cm layer of neutral alumi-
na, and concentrated. The residue was first examined by GC/MS and
then chromatographed on silica gel with cyclohexane and cyclohexane/
ethyl acetate 98:2 mixture as eluents. With IPMN essentially the same re-
sults were also obtained when degassing was omitted.


Compounds 1a,[40, 42] 2a,[43] 3a,[44] 4a,[11] and 5[45] had physical characteris-
tics identical to those of the compounds prepared by alternative proce-
dures as reported in the literature. Bicyclohexyl and cyclohexyl methyl
ketone were recognized and determined by comparison of their GC/MS
spectra with those of authentic samples.


2-Cyano-4-hydroxy-3,3,4-trimethylpentanenitrile (1b): Colorless crystals,
m.p. 138–140 8C; 1H NMR (300 MHz, CDCl3, TMS): d = 1.15 (s, 6H),
1.3 (s, 6H), 4.4 (br s, each, 1 H), 5.2 ppm (s, 1 H); IR (KBr): ñ = 3415,
2170 cm�1.


3-(2-Tetrahydrofuranyl)propanenitrile (2a) [D1]-2 : Oil that solidifies on
standing; 1H NMR (300 MHz, CDCl3, TMS): d = 1.5 (m, 1H), 1.7–2.1
(m, 5H), 2.5 (m, 1 H—2 H in the non-deuterated analogue), 3.7–4.0 ppm
(m, 3H); 13C NMR (75 MHz, CDCl3): d = 13.9 (t, J = 20.6 Hz, CHD),
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25.6 (CH2), 30.9 (CH2), 31.1 (CH2), 67.7 (CH2), 77.0 (CH), 119.6 ppm
(CN).


2-Cyano-3-methyl-3-(2-tetrahydrofuranyl)butanenitrile (2b): Oil that sol-
idifies on standing; 1H NMR (300 MHz, CDCl3, TMS): d = 1.15 (s, 3H),
1.3 (s, 3H), 1.7 (m, 1H), 1.95 (m, 3H), 3.75–3.9 (m, 3 H), 4.0 ppm (s,
1H); 13C NMR (75 MHz, CDCl3): d = 18.2 (CH3), 21.1 (CH3), 26.1
(CH2), 26.2 (CH2), 32.8 (CH), 41.7 (C), 68.8 (CH2), 81.5 (CH), 111.9
(CN), 112.3 ppm (CN); IR (KBr): ñ = 2230, 1070 cm�1.


2-Cyano-3-[2-(1,3-dioxolanyl)]-3-methylbutanenitrile (3b): 1H NMR
(300 MHz, CDCl3, TMS): d = 1.25 (s, 6H), 3.9 (s, 1H), 3.95–4.1
(AA’BB’, 4 H), 4.8 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d = 20.1
(CH3), 29.8 (CH), 41.3 (C), 65.5 (CH2), 105.8 (CH2), 111.6 ppm (CN); IR
(KBr): ñ = 2230, 1070 cm�1.


Steady-state measurements : Solutions (2 mL) of TBADT in MeCN
(0.002m) containing the appropriate additives in 1-cm optical path spec-
trophotometric cuvettes were degassed by five freeze–degas–thaw cycles
(to 10�6 Torr). The samples were irradiated by means of a focalized
Osram 150 W high-pressure mercury arc fitted with an interference filter
at 313 nm or a band-pass filter (the former for quantum yield measure-
ments, the latter for comparing reactivities). Light absorbed was deter-
mined by photometer and the light flux was measured by ferrioxalate ac-
tinometry. Formation of the alkylated products was determined by GC
on the basis of calibration curves with use of benzophenone as internal
standard). Formation of the two reduced forms of TBADT was moni-
tored by spectroscopy in the visible region on the basis of the known mo-
lecular extinction coefficients of such molecules.[12, 13b] Acetone was deter-
mined by HPLC by the method reported by Franco.[46]


Flash photolysis measurements : Flash photolysis measurements were car-
ried out with an Applied Photophysics kinetic spectrometer and use of
the fourth harmonic of a Nd-YAG Lumonics HY 200 laser. The quantum
yield of transient formation was determined by comparison with the
ketyl radical formed by excitation of benzophenone in propan-2-ol (e540


= 3220m�1 cm�1)[47] from benzophenone as the reference.
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Introduction


Transition-metal nanocrystalline chalcogenides have attract-
ed much attention over the past years because of their inter-
esting properties and many potential applications.[1,2]


Among them, tellurides are attractive materials for thermo-
electric applications owing to their very high thermopower
values and the fact that both p- and n-type materials can be
obtained by doping.[3] For instance, silver telluride alloys
possess interesting thermoelectrical, electrical, and magneto-
resistive properties and find wide applications in the fields
of thermoelectronics, magnetics, and sensors. The low-tem-
perature phase of monoclinic silver telluride is a semicon-
ductor with a narrow band gap, high carrier mobility, and
low lattice thermal conductivity, whereas its high-tempera-
ture phase gives rise to superionic conductivity.[4] A large
positive magnetoresistance effect has also been observed in


both Ag- (n-type) and Te-rich (p-type) silver telluride.[5–7]


Copper telluride thin films have many applications in vari-
ous devices such as solar cells, superionic conductors, photo-
detectors, photothermal conversion, electroconductive elec-
trodes, microwave-shielding coatings, and so forth.[8–10]


Traditionally, metal tellurides have been synthesized by
an elemental reaction at elevated temperatures, typically
500–600 8C, in evacuated tubes,[11] or by the reaction of
aqueous metal–salt solutions with a toxic and malodorous
gas H2Te,


[12] or by mechanical alloying from elemental pow-
ders.[13] Parkin and co-workers reported a room-temperature
route to synthesize Ag and Cu chalcogenides in liquid am-
monia.[14] Most of the products Parkin obtained were amor-
phous and usually crystallized after thermal treatment at
300 8C.[15] During Parkin3s experiments, manipulations had
to be carried out very carefully at �77 8C in thick-walled
glass vessels. Qian and co-workers synthesized copper and
silver chalcogenides by using solvothermal methods at tem-
peratures in the range 140–180 8C. The products were usual-
ly formed as nanoparticles.[16,17]


Low-dimensional nanostructures, including nanowires,
nanorods, and nanosheets, are of importance because they
may exhibit promising mechanical, electrical, optical, and
magnetic properties different from those of their corre-
sponding polycrystalline powders. These low-dimensional
materials have potential applications in molecular-based
electronic devices such as optical memories, switches, dis-
plays, and data records.[18] Until now, there have been few
studies on low-dimensional nanostructures of silver tellur-
ides, such as silver telluride nanowire arrays synthesized by
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cathodic electrolysis into porous anodic alumina mem-
branes.[19,20] To the best of our knowledge, low-dimensional
copper telluride nanostructures have not been synthesized.
Recently, we have developed a general solution-phase


strategy to grow nanostuctured metal chalcogenides through
hydrothermal reaction of metal foils with chalcogen pow-
ders. Lead telluride nanotubes and nanowires on lead foils
and oriented nanostructured nickel sufides on nickel foils
have been reported.[21,22] Herein we report that various
nanostructured copper and silver telluride films can be con-
trollably obtained by means of a modified method. Nano-
structures ranging from nanowires, nanorods, nanobelts, and
nanosheets to dendrites can be obtained. A possible forma-
tion mechanism of the nanostructured metal chalcogenides
is discussed based on the characterization results.


Results and Discussion


Films of nanostructured copper tellurides : Figure 1 shows a
representative X-ray diffraction (XRD) pattern of the re-
sulting copper telluride on copper foil. Apart from the (111)


and (200) peaks of copper (JCPDS No 04-0836), all of the
other peaks can be indexed as (006), (106), (213), (220), and
(306) in the hexagonal Cu2Te structure [space group: P3m1
(156)]. The calculated lattice constants a=8.3460 and c=
21.5932 K are in agreement with the standard literature
values (JCPDS No. 49-1411). We conclude that the films are
composed of pure copper telluride.
The morphology and microstructure of the resulting


copper telluride films were investigated by using scanning
electron microscopy (SEM). Figure 2 shows that different
copper telluride nanostructures were obtained by varying
the reaction media. In deionized (DI) water, the resulting
film is composed of irregular particles and minor hexagonal
plates (Figure 2a). When an aqueous cetyltrimethylammoni-
um bromide (CTAB) solution was used as the reaction
media, rodlike structures were obtained (Figure 2b). These


micrometer-sized rods possess sharp tips or are hollow
inside. A higher magnification SEM image (Figure 2c) re-
veals that the rods are aggregates of nanosheets. The thick-
ness of the nanosheets is about 50 nm. It is thought that
self-assembly of these nanosheets results in the formation of
rods. To the best of our knowledge, the synthesis of copper
telluride nanosheets and their self-assembly have never pre-
viously been reported. When an aqueous hydrazine solution
was used as the reaction media, the resulting copper tellur-
ide grew into nanowires of more than ten micrometers in
length (Figure 2d). The diameters of the nanowires were in
the range 50–300 nm. In a mixed CTAB and aqueous hydra-
zine solution, copper telluride nanorods were formed on the
copper foil (Figure 2e). The diameters of the nanorods were
in the range 80–400 nm and their lengths were several mi-
crometers. These results indicate that the hydrothermal re-
action of copper foils and telluride powders can selectively
produce various copper telluride nanostructures through the
addition of CTAB and/or hydrazine to water.
The resulting copper telluride nanostructures were further


investigated by transmission electron microscopy (TEM).
Figure 3 displays the TEM and high-resolution TEM
(HRTEM) images of various copper telluride nanostructures
hydrothermally grown in different reaction media. Copper
telluride nanosheets grown in the CTAB aqueous solution
were confirmed by the TEM image displayed in Figure 3a.
It was found that the aggregates of nanosheets can be sepa-
rated by ultrasound while some sheets were destroyed


Figure 1. XRD pattern of copper telluride on a copper foil.


Figure 2. Various copper telluride nanostructures hydrothermally grown
in different reaction media: a) DI water, b) and c) an aqueous CTAB sol-
ution (1.1 mmol CTAB in 15 mL DI water), d) an aqueous hydrazine sol-
ution (1 mL hydrazine in 14 mL DI water), and e) an aqueous mixed
CTAB and hydrazine solution (1.1 mmol CTAB and 1 mL hydrazine in
14 mL DI water). The scale bars in a, c, d, and e are 2 mm. The scale bar
in b is 10 mm.
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during the TEM sample preparation. Figure 3b reveals the
single-crystalline nature of the nanosheets, free of disloca-
tion and stacking faults. The two-dimensional Fourier trans-
form pattern (inset of Figure 3b) can be indexed to the
[0001] zone of hexagonal copper telluride. Figure 3c displays
the copper telluride nanowires grown in the aqueous hydra-
zine solution. Most of the observed nanowires were about
40–50 nm in diameter, but some long sheets (or wide belts)
were found, displayed in Figure 3c. This figure clearly shows
that the nanostructure is composed of half wire and half
sheet (as indicated by the arrow). HRTEM analysis shows
that the nanowires were also single crystalline and free of
dislocation and stacking faults. The inset of Figure 3d shows
the two-dimensional Fourier transform pattern of the
HRTEM image, which can be indexed to the [2̄112] zone of
hexagonal copper telluride. From these results, we conclude
that the nanowires grow along the (2̄203̄) plane. A TEM


image of copper telluride nanorods grown in the mixed
CTAB and aqueous hydrazine solution is shown in Figure
3e. Figure 3f displays the HRTEM image of a nanorod and
its corresponding two-dimensional Fourier transform pat-
tern, which can be indexed to the [303̄2] zone of hexagonal
copper telluride. So, the growing direction of the nanorods
can be concluded to be along the (1̄013) plane.


Films of nanostructured silver tellurides : A representative
XRD pattern of silver telluride nanostructures on silver foils
is shown in Figure 4. Similar to the XRD results of copper
telluride on copper, the peaks can be indexed to face-cen-
tered cubic Ag (JCPDS No 87-0718) and monoclinic phase
of Ag2Te [Hessite, space group: P2/n (13), JCPDS No. 34-
0142]. Therefore, the nanostructured films formed on silver
foils are thought to be pure silver telluride.


Different silver telluride nanostructures are shown in
Figure 5. Figure 5a shows that only irregular particles were
grown on the silver substrate in DI water. The introduction
of CTAB into the system resulted in the formation of nano-
belts with a width of about 80 to 200 nm and a length of
about a few micrometers (Figure 5b). The rectangle-like
cross section of the materials can be observed from the
SEM images. Branched and helical nanobelts were also
found (indicated by arrows in Figure 5b). In an aqueous hy-
drazine solution, mostly nanowires and minor nanosheets
were obtained (Figure 5c). The resulting nanowires, which
were several micrometers in length, were not uniform in di-
ameter. When mixed CTAB and aqueous hydrazine solu-
tions were used as reaction media, two kinds of silver tellur-
ide nanostructures (nanowires and hierarchical dendrites)
were found on the silver substrate. Nanowires were ob-
served to cover the whole silver substrate in the presence of
2.2 mmol CTAB (Figure 5d). The nanowires possess diame-
ters in the range ~50–300 nm with lengths of several micro-
meters. As apposed to what was observed in the aqueous
hydrazine solution, there were no nanosheets found in the
nanostructured film when a mixed CTAB and hydrazine sol-


Figure 3. TEM and HRTEM images of various copper telluride nano-
structures hydrothermally grown in different reaction media: a and b) an
aqueous CTAB solution (1.1 mmol CTAB in 15 mL DI water), c and
d) an aqueous hydrazine solution (1 mL hydrazine in 14 mL DI water),
and e and f) an aqueous mixed CTAB and hydrazine solution (1.1 mmol
CTAB and 1 mL hydrazine in 14 mL DI water). The insets in b, d, and f
show the two-dimensional Fourier transform patterns of the correspond-
ing HRTEM images.


Figure 4. XRD pattern of silver telluride on a silver foil.
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ution was used. If the amount of CTAB was decreased to
1/16 of the original concentration (from 2.2 mmol to
0.1375 mmol), nanowires (similar to the wires shown in Fig-
ure 5d) grew in the middle part of the silver substrate along
with oriented hierarchical dendrites at the edge of the sub-
strates (Figure 5e). The dendritic structures radially grew to
form arrays. The individual Ag2Te dendrites possessed
three-dimensional structures with one trunk and four
branches. The lengths of the branches were several micro-
meters and the trunks more than twenty micrometers. The
branches were perpendicular to the trunk. Some longer
branches were found to possess four side branches similar to
the trunk, forming a hierarchical structure (Figure 5f). A
higher magnification SEM image also shows that the width
of the branches diminishes from bottom to top, forming
sharp tips. More interestingly, these towerlike branches were
composed of square cross sections, different from the report-
ed dendritic nanostructures of PbS,[23–25] Ag,[26,27] Pt,[28]


ZnS,[29] CdS,[30] and so forth. We believe that this is the first
report of such hierarchical silver telluride dendrites. This
successful controlled synthesis of various silver telluride
nanostructures further confirms that our method is a general
one for the preparation of nanostructured metal telluride
films.
Figure 6 displays TEM and HRTEM images of various


silver telluride nanostructures hydrothermally grown in dif-


ferent reaction media. Figure 6a displays the beltlike struc-
ture of silver telluride grown in the aqueous CTAB solution.
The nanobelt shown is about 70 nm in width. Figure 6b
shows that the nanobelt is single crystalline and free of
stacking faults. The two-dimensional Fourier transform pat-
tern of the HRTEM image (inset of Figure 6b) can be in-


Figure 5. Various silver telluride nanostructures hydrothermally grown in
different reaction media: a) DI water; b) an aqueous CTAB solution
(2.2 mmol CTAB in 14 mL DI water); c) an aqueous hydrazine solution
(1 mL hydrazine in 14 mL DI water); d) an aqueous mixed CTAB and
hydrazine solution, in the middle of the foil (2.2 mmol CTAB and 1 mL
hydrazine in 14 mL DI water); and e and f) an aqueous mixed CTAB
and hydrazine solution, at the edge of the foil (0.1375 mmol CTAB and
1 mL hydrazine in 14 mL DI water). The scale bars in a, b, c, d, and f are
2 mm. The scale bar in e is 10 mm.


Figure 6. TEM and HRTEM images of various silver telluride nanostruc-
tures hydrothermally grown in different reaction media: a) DI water; b)
an aqueous CTAB solution (2.2 mmol CTAB in 14 mL DI water); c, d, e,
f) an aqueous hydrazine solution (1 mL hydrazine in 14 mL DI water); g
and h) an aqueous mixed CTAB and hydrazine solution (2.2 mmol
CTAB and 1 mL hydrazine in 14 mL DI water). The insets in b, d, f, and
h show the two-dimensional Fourier transform patterns of the corre-
sponding HRTEM images.
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dexed to the [1̄11] zone of monoclinic silver telluride. The
growth direction of the nanobelt was concluded to be along
the (523̄) plane. Besides the normal nanowires, an interest-
ing nanowire with a helical part is observed in the silver tel-
luride nanostructures grown in the aqueous hydrazine solu-
tion (Figure 6c). This nanowire is also single crystalline and
grows along the (1̄01) plane, as concluded from HRTEM
and a two-dimensional Fourier transform pattern of the
HRTEM image, which was indexed to the [010] zone of
monoclinic silver telluride (Figure 6d). The coexistence of
nanosheets and nanowires in the sample grown in the aque-
ous hydrazine solution was confirmed through the image
displayed in Figure 6e. More importantly, it can be seen that
there is a nanosheet partially folded on one side of the
image. This observation provides direct evidence for the
mechanism of hydrothermally driven rolling up of nano-
sheets to form one-dimensional metal telluride nanostur-
tures, proposed in our previous study.[22] HRTEM analysis
shows that the nanosheets are single crystalline. The two-di-
mensional Fourier transform pattern of the HRTEM image
(inset of Figure 6f) can be indexed to the [012̄] zone of mon-
oclinic silver telluride. In the aqueous mixed CTAB and hy-
drazine solution, more abundant nanowires were obtained,
as shown in Figure 6g. These nanowires were single crystal-
line and free of dislocation and stacking faults, as revealed
by HRTEM analysis (Figure 6h). The inset of Figure 6h
shows the corresponding two-dimensional Fourier transform
pattern, which can be indexed to the [101̄] zone of mono-
clinic silver telluride. It can been concluded that the growing
direction of the nanowires is along the (03̄0) plane.


Possible formation mechanism of nanostructured metal tel-
lurides : It is known that natural and artificial lamellar solids
can be rolled up into one-dimensional structures (nanotubes
and nanowires) under appropriate conditions.[31–34] For non-
lamellar solids, Schmidt and Eberl designed a rolling-up ap-
proach from a thin solid film to prepare nanotubes; this
method relies on the release of thin layers of the materials
from a substrate by a selective etching procedure.[35] Similar
to the rolling-up mechanism of thin solid films, an in situ hy-
drothermal rolling mechanism may explain the growth of
one-dimensional lead telluride nanostructures on lead foils,
described in our previous paper.[22] This mechanism may
also be applied to the growth of one-dimensional copper
and silver telluride nanostructures based on the characteri-
zation results in this study. The first step is the deposition of
copper and silver telluride nanofilms on metal foils. Howev-
er, we believe that this deposition step is different from that
of lead telluride films, because copper and silver are not as
reactive as lead and therefore active hydrogen could not be
produced. We believe that copper and silver metals are first
converted into their oxides under hydrothermal reactions;[35]


the resulting oxides subsequently react with tellurium
powder[36] depositing the corresponding metal tellurides on
metal foils. Subsequent in situ hydrothermal rolling of the
deposited films then takes place producing the one-dimen-
sional nanostructures.


We found that the geometry of metal foils is crucial for
the formation of one-dimensional metal chalcogenides.
When metal foils were replaced by metal powders, only ir-
regular particles were obtained.[21,22] So, the foils serve not
only as a metal source, but also as a flat platform for the
deposition and subsequent wrapping up of metal chalcoge-
nide nanofilms. In this study, aqueous hydrazine and/or
CTAB solutions play two roles in the growth of one-dimen-
sional metal chalcogenides. These roles include assisting in
the deposition of metal chalcogenide nanofilms and acting
as a selective etchant to aid the rolling up of the in situ
formed films. One-dimensional metal telluride nanostruc-
tures could not be obtained in the absence of both hydra-
zine and CTAB (Figure 2a and Figure 5a). Moreover, nano-
structures composed of half wires and half sheets (Figure 3c)
and of half rolling nanosheets (Figure 6e and Figure 7) fur-


ther confirm that one-dimensional copper and silver tellur-
ides nanostructures are formed through a hydrothermally
driven rolling of in situ deposited nanofilms. Furthermore,
the single-crystalline nature of the nanosheets (Figure 6e)
explains why the subsequently formed one-dimensional
nanostructures are single crystalline. This single-crystalline
nature represents an attractive advantage of our one-dimen-
sional tellurides compared to those formed by natural, artifi-
cial lamellar, and nonlamellar solids.[31–35]


Silver telluride dendrites without one-dimensional shape
are found at the silver foil edges (Figure 5e and f). This fur-
ther proves the importance of the geometry of the metal
foils for the formation of one-dimensional metal chalcoge-
nides, because the edge parts cannot provide a flat platform
for the deposition and subsequent wrapping up of metal
chalcogenide nanofilms. The growth of silver telluride den-
drites cannot be explained by the in situ hydrothermal roll-
ing mechanism. It is thought that nonequilibrium growth on
the edges of the silver foil would produce the dendrites of
silver telluride through oriented aggregation.[37,38]


Figure 7. SEM image of nanostructured silver telluride displaying half-
rolling nanosheets. The scale bar is 2 mm.
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Conclusions


In this study, various nanostructured copper and silver tel-
luride films on the corresponding metal foils were prepared
through hydrothermal reactions between the foils and tellu-
rium powder in different media. Based on the characteriza-
tion results and our previous studies, the formation of one-
dimensional tellurides can be explained by an in situ hydro-
thermal rolling mechanism. This provides a low-temperature
solution-phase method to grow low-dimensional nanostruc-
tured metal tellurides with controllable morphologies. The
tunable nanostructured telluride films are ideal candidates
for studying nanoarchitecture-dependent performance for
applications in different fields.


Experimental Section


Synthesis : In a typical procedure, a piece of copper or silver foil (Aldrich,
purity: >99.99%, thickness: 0.25 mm, 1.5 cmQ0.5 cm, used after rinsing
with ethanol), telluride powder (Aldrich, purity: >99.0%, 0.5 mmol),
and an appropriate amount of CTAB (Sigma, purity: >99.0%) were
placed in a 20 mL Teflon-lined autoclave, and then an aqueous hydrazine
solution (6.6% by volume, 15 mL) or DI water (15 mL) was added. The
autoclave was maintained at 200 8C for 12 h and then air cooled to room
temperature. The copper or silver foil was taken out of the solution and
washed with ethanol, and finally air dried for characterization.


Characterization : X-ray powder diffraction patterns were obtained on a
Bruker D8 Advance X-ray diffractometer with CuKa radiation (l=
1.54178 K). The SEM images and energy-dispersive XRD spectra were
performed on a LEO 1450 VP scanning electron microscope with an
energy-dispersive XRD instrument. TEM images were recorded on a
Tecnai 20 FEG transmission electron microscope.
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Introduction


Numerous lipid-modified proteins are involved in important
biological events, such as signal transduction, organisation
of the cytoskeleton and vesicular transport.[1–3] Lipidation of
these proteins is a prerequisite for a correct biological func-
tion, and the lipid groups are believed to participate in pro-
tein–protein and protein–membrane interactions, which, for
instance, may determine the selective intracellular localiza-
tion of lipid-modified proteins.
The most common lipid modifications are prenylation


with farnesyl or geranylgeranyl moieties and acylation with
myristoyl or palmitoyl residues. It was shown that peptides
that resemble the dual lipidation motifs of Ras or G-protein
a subunits are efficiently palmitoylated and localized at the
plasma membrane.[4,5] The effect of palmitoylation on differ-
entiation of cells was investigated by microinjection experi-
ments. After microinjection of full-length recombinant onco-


genic RasACHTUNGTRENNUNG(G12V) protein to the rat pheochromocytoma cell
line PC12, nearly 80% of injected cells developed neurites.[6]


When truncated Ras ACHTUNGTRENNUNG(G12V)DC181 protein lacking both the
isoprenylation motif and one of two possible palmitoylation
sites was microinjected, no neurites were formed. These
findings strongly indicate that palmitoylation has regulatory
functions in living cells.
Unlike myristoylation or farnesylation, palmitoylation is a


dynamic process due to the reversibility of the thioester
modification. Palmitoylated proteins cycle between acylated
and deacylated states many times during their existence
within a cell.[7] The regulation of reversible protein palmi-
toylation has been formally demonstrated for endothelial
nitric oxide synthase, the b-adrenergic receptor, the m2 mus-
carinic receptor and the a subunit of the heterotrimeric G-
protein Gs.


[8–11]


Although protein-acyltransferase (PAT) activity was de-
tected in membrane fractions of different cell types already
20 years ago, the identification of a first bona fide PAT has
been difficult. The inherent instability of PAT activity during
purification employing detergents like Triton-X-100 did not
allow a final identification and isolation of the PAT
enzyme.[12–14] Furthermore, enzymes of the lipid metabolism
are able to mimic PAT activity. The amino acid sequencing
of a protein, described as a H-Ras palmitoylating enzyme
matched the sequence of a previously isolated peroxysomal
thiolase A, an enzyme required for fatty acid b-oxidation.[15]


In addition, several proteins such as G-protein a subunits
are palmitoylated in vitro at the appropriate cysteine resi-
dues in a non enzymatic manner by incubation with palmito-
yl-CoA.[16–18] This observation led to the concept of an auto-
catalytic acylation process in vivo.
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In a genetic approach using Saccharomyces cerevisiae, the
protein complex Erf2/Erf4 could be identified as the Ras2p
palmitoylating enzyme.[19] Although the ERF2-gene has or-
thologues in various eukaryotes, proteins with the corre-
sponding S-palmitoylating activity have not been identified
to date and the Erf2/Erf4 complex does not accept mamma-
lian H-Ras as substrate. Furthermore homologues of the
ERF4-gene exist only in closely related yeast. In contrast to
the principle of biocatalysis, Erf2 mediated protein acylation
in vitro is only performed at equimolar concentrations of
substrate and enzyme, a finding which remains to be clari-
fied.[20] Thus, palmitoylation in eukaryontes is still not well
understood.
The enzymatic process which antagonizes acylation is pro-


tein deacylation. A palmitoyl protein thioesterase (PPT1)
that is able to deacylate Ras and Ga-proteins was purified
and the cDNA was cloned.[21] Subsequent studies revealed
that the enzyme is a lysosomal resident, and mutations in
the PPT1 gene cause a fatal lysosomal storage disease, in-
fantile neuronal ceroid lipofuscinosis.[22,23] Recently, a novel
candidate for a regulatory enzyme of palmitoylated signal-
ling proteins has been identified.[24] A cytosolic acyl protein
thioesterase (APT1) was purified from rat liver which cata-
lyzes the depalmitoylation of G-protein a subunits and H-
Ras. Amino acid sequencing showed that APT1 was previ-
ously identified as a rat lysophospholipase,[25] but its affinity
to acyl protein substrates is 250-fold higher compared with
lysophosphatidylcholine, the substrate for lysophospholi-
pase. In mammalian cells continuously expressing APT1, the
rate of palmitate turnover is significantly faster compared
with control cells.[24] Therefore, APT1 is proposed to be the
first bona fide player in the regulated palmitoylation of in-
tracellular signalling proteins in mammalian cells. Genetic
or pharmacological inactivation of APT1 might serve to illu-
minate the role of the enzymes in reversible protein palmi-
toylation of Ga subunits or other palmitoylated proteins like
H-Ras.
A strain of Saccharomyces cerevisiae, which lacks the


APT1 gene, appears normal with regard to growth and spor-
ulation when compared with the wild-type strain.[26] Al-
though extracts, prepared from this strain have a significant
reduction in biochemically detectable palmitoyl-Gia1 thioes-
terase activity, the yeast shows no obvious phenotypic alter-
ations. Due to the significant differences in amino acid se-
quence and substrate selectivity between APT1, isolated
from yeast and rat liver the development of potent inhibi-
tors is important for the study of the physiological impor-
tance of the mammalian enzyme. In this paper we describe
the design, synthesis and chemical evaluation of several dif-
ferent inhibitors of acyl protein thioesterase 1 (APT1).[27]


Results and Discussion


The human H-Ras protein is a substrate for APT1 in vitro.
Based on this fact, the possible inhibitors we designed to
mimic the C-terminal end of the natural protein (Scheme 1).


In a first step, several peptide analogues with intact peptide
backbone consisting of three or five amino acids were plan-
ned to be synthesized. Therefore, the labile thioester group
was transformed into either a sulfonamide moiety or a
simple secondary alcohol function. In a second step, confor-
mational rigidity should be introduced into the desired com-
pounds. Therefore, we thought of bridging the peptide back-
bone and thus to synthesize proline and lactam derivatives.
Finally, a peptide-imitating benzodiazepinedione core[28] was
chosen as the underlying scaffold and equipped with a hy-
drolysis-stable sulfonamide to mimic the transition state of
the hydrolysis of the thioester moiety. With this methodolo-
gy we were able to generate different classes of possible in-
hibitors for APT1, and with those in hand it was possible to
study structure–activity relationships.


Synthesis of tri- and pentapeptide analogues : For the syn-
thesis of the tri- and pentapeptide analogues, the two diami-
nopropionic acid derivatives 4 and 6 had to be generated
(Scheme 2). Starting from (2S,3)-diaminopropionic acid hy-
drochloride (1), allyl ester 2 was prepared following a
known procedure.[29] Then, the b-amino functionality was
converted into a hexadecyl sulfonamide; subsequently the
allyl group was removed leading to free acid 4. Additionally,
the known bishydrotosylate 5 could be easily transformed
into amine 6.
The tripeptide synthesis commenced with the coupling of


Ac-Dap(SO2C16H33)-OH (4) to H-Lys ACHTUNGTRENNUNG(Aloc)-OtBu (7)
(Scheme 3). After cleavage of the tert-butyl ester, H-Cys-
ACHTUNGTRENNUNG(Far)-OMe (10) was condensed with the resulting free acid
to yield the protected tripeptide 11. Finally, the Aloc group
was removed leading to analogue 12.


Scheme 1. Analysis for the possible inhibitors.
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The synthesis of the first pentapeptide 21 started with the
preparation of dipeptide 16 (Scheme 4). To this end, Ac-
Met-OH (13) and HCl·H-Ser-OBzl (14) were coupled and
the benzyl ester group was cleaved by hydrogenation. Con-
densation of H-Dap(SO2C16H33)-OAll (6) with free dipep-
tide 16 and subsequent deprotection of the allyl ester yield-
ed unprotected tripeptide 18. This intermediate was coupled
with freshly prepared H-LysACHTUNGTRENNUNG(Aloc)-CysACHTUNGTRENNUNG(Far)-OMe (19) lead-
ing to protected pentapeptide 20. Final Pd0-catalyzed allyl
transfer to N,N’-dimethylbarbituric acid gave the first penta-
peptide analogue 21 in high yields.
In order to prepare pentapeptide 30, it was first necessary


to synthesize the central C21


amino acid 27 (Scheme 5).
Therefore, H-l-Glu ACHTUNGTRENNUNG(OMe)-OH
(22) was fully protected using
the tert-butyl ester group for
the carboxylic acid and a diallyl
protection for the amino group.
The two allyl groups were used
to prevent the molecule from
undesired deprotonation in a
subsequent Grignard reaction.
Glutamic acid 24 was then re-
duced at the methyl ester func-
tion with lithiumborohydride as
reducing agent. Next, alcohol
25 was oxidized with Dess–
Martin periodinane and the re-
sulting aldehyde was subse-
quently treated with hexadecyl
magnesium bromide at �78 8C
to yield the secondary alcohol
26. Final deprotection of the
amine using Pd0 chemistry at


elevated temperatures,[30] converted diallyl amine 26 into the
free amino acid 27.
The synthesis of the second pentapeptide started with the


condensation of Ac-Met-Ser-OH (16) with the C21 amino
acid 27 (Scheme 6). Attempts to deprotect the tert-butyl
ester under acidic conditions resulted in lactone formation
between the secondary alcohol of the C21 acid and the C-ter-
minal carboxylic acid in 28. Therefore, basic saponification
conditions were tried, and fortunately it was possible to
cleave the tert-butyl group without any side reactions. Subse-
quently, H-Lys ACHTUNGTRENNUNG(Aloc)-Cys ACHTUNGTRENNUNG(Far)-OMe (19) was coupled to
the resulting acid and the protected pentapeptide 29 could


Scheme 2. Synthesis of the diaminopropionic acids 4 and 6. a)
C16H33SO2Cl, NEtiPr2, DMF, 0 8C ! RT; 75% (3); b) [PdACHTUNGTRENNUNG(PPh3)4], DMB,
THF, 99%; c) C16H33SO2Cl, NEt3, �70 8C ! RT, 72%. All=allyl,
DMB=N,N’-dimethylbarbituric acid, TsOH = para-toluenesulfonic acid.


Scheme 3. Synthesis of the tripeptide analogue 12. a) H-Lys ACHTUNGTRENNUNG(Aloc)-OtBu
(7), EDC, HOBt, CH2Cl2, 0 8C ! RT, 82%; b) TFA/CH2Cl2 1:1, quant.
(9); c) H-Cys ACHTUNGTRENNUNG(Far)-OMe (10), EDC, HOBt, CH2Cl2, 0 8C ! RT, 90%;
d) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 73%. Aloc=allyloxycarbonyl, Dap=diami-
nopropionic acid, EDC=N-ethyl-N’-(3-dimethylaminopropyl)carbodi-
imide hydrochloride, Far= farnesyl, HOBt=1-hydroxybenzotriazole,
TFA= trifluoroacetic acid.


Scheme 4. Synthesis of the pentapeptide analogue 21. a) EDC, HOBt, NEt3, CH2Cl2, 0 8C ! RT, 86% (15);
b) H2, Pd/C (10%), MeOH, 99%; c) H-Dap(SO2C16H33)-OAll (6), EDC, HOBt, DMF, 0 8C ! RT, 73% (17);
d) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 99%; e) H-Lys ACHTUNGTRENNUNG(Aloc)-Cys ACHTUNGTRENNUNG(Far)-OMe (19), EDC, HOBt, CH2Cl2, 0 8C ! RT,
50%; f) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 82%. Bzl=benzyl.
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be obtained in acceptable yield. Finally, Aloc deprotection
led to the second pentapeptide analogue 30.


Synthesis of the proline derivatives : The synthesis of proline
derivatives 42 and 45 commenced with the protection of
(4R)-hydroxy-l-proline (31) (Scheme 7). First, the amino
function was blocked by a Boc group, and then the carbox-
ylic acid was protected as a methyl ester. The resulting alco-
hol 33 was oxidized to the ketone by using Dess–Martin pe-
riodinane. A subsequent Horner–Wadsworth–Emmons reac-
tion[31] yielded acrylic nitrile 36. This intermediate was re-
duced via hydrogenation by using AdamLs catalyst, and,
without further purification, the resulting amino group was
protected by an Aloc moiety to obtain proline derivative 37.
Cleavage of the Boc group yielded trifluoroacetate salt 38,
which is the central building block for the following synthe-
ses of the two proline derivatives 42 and 45.
Compound 38 was coupled to C16H33SO2-b-Ala-OH (39),


and, after cleavage of the methyl ester with sodium hydrox-
ide, H-Cys ACHTUNGTRENNUNG(Far)-OMe (10) was condensed to the C-terminus
(Scheme 8). The resulting tripeptide 41 was finally depro-
tected to yield proline derivative 42.


Coupling of Ac-Dap-
(SO2C16H33)-OH (4) to com-
pound 38 and again saponifica-
tion and condensation of H-
Cys ACHTUNGTRENNUNG(Far)-OMe (10) yielded tri-
peptide 44. The Aloc group was
then cleaved off leading to pro-
line analogue 45.


Synthesis of the lactam deriva-
tives : For the synthesis of the
lactam derivatives, (2S)-amino-
butyrolactone hydrobromide
(46) was doubly protected at
the amino function with Boc
groups (Scheme 9). The result-
ing lactone 47 was then opened
by saponification by using


CsOH and subsequently the obtained cesium salt of the car-
boxylic acid was esterified with methyl iodide to give homo-
serine 48. After Swern oxidation[32] of the alcohol, TMSCN
was used to generate a cyanohydrin from which the remain-
ing TMS group was cleaved off by using ammonium fluo-
ride. The free hydroxyl group of cyanohydrin 49 was then
reprotected with the tert-butyldiphenylsilyl group to yield
compound 50 in order to prevent the alcohol function from
side reactions during ring closure. For this purpose, the
cyano function was hydrogenated with 10% Pd on charcoal
and the resulting amine was heated under reflux in toluene
to give the lactam core structure 51 in good yield. The silyl
group was cleaved, the resulting alcohol was oxidized with
Dess–Martin periodinane, and a Horner–Wadsworth–
Emmons reaction led to the Z-configured acrylic nitrile 53
as the single product. Structure determination was carried
out by means of NOE spectroscopy. The coupling of the vi-
nylic hydrogen with the b-hydrogens but not with the d-hy-
drogens of the cyclic system is a strong argument for Z con-
figuration of the double bond.
For the forthcoming alkylation of the lactam amide, the


corresponding electrophile was needed. To this end, thioest-


Scheme 5. Synthesis of the C21 amino acid 27. a) Isobutene, H2SO4, diox-
ane, 55% (23); b) AllBr, NEt3, TBAI, THF, 80%; c) LiBH4, THF, 71%;
d) DMP, CH2Cl2; e) C16H33MgBr, THF, �78 8C, 63%, two steps; f) [Pd-
ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 35 8C, 75%. TBAI= tetrabutylammonium iodide,
DMP=Dess–Martin periodinane.


Scheme 6. Synthesis of the pentapeptide analogue 30. a) H-Hhe-OtBu (27), EDC, HOBt, CH2Cl2, 0 8C ! RT,
69%; b) 1m NaOH, MeOH; c) H-Lys ACHTUNGTRENNUNG(Aloc)-Cys ACHTUNGTRENNUNG(Far)-OMe (19), EDC, HOBt, CH2Cl2, 0 8C ! RT, 44%, two
steps; d) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 80%. Hhe= (2S)-amino-5-hydroxyheneicosanic acid.


Scheme 7. Synthesis of the central proline building block 38. a) Boc2O,
NaOH, dioxane/H2O 2:1, 0 8C ! RT, 95% (32); b) Cs2CO3, MeOH;
c) MeI, DMF, 88%, two steps; d) DMP, CH2Cl2, 81% (34);
e) (EtO)2OPCH2CN (35), NaH, THF, 85%; f) H2, PtO2·H2O, EtOH,
CHCl3; g) AlocCl, NEtiPr2, CH2Cl2, 95% (37), two steps; h) TFA/CH2Cl2
1:1, quant. Boc= tert-butyloxycarbonyl.
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er 55, which was accessible following a literature proce-
dure,[33] was treated with sodium methylate, and subsequent-
ly the free thiol group was protected as a tert-butyl disulfide
using the methodology of WMnsch et al. (Scheme 10).[34] The
methoxy tetrahydropyran group in 57 was cleaved and the
resulting alcohol was then transformed into the desired me-
sylate 58.
Several alkylation procedures were tried and the follow-


ing proved to be the best: Mesylate 58 and lactam 53 were
dissolved in THF and sodium hydride was added to deproto-
nate the lactam NH. After stirring for several hours the al-
kylated lactam 59 could be isolated in acceptable yield
(Scheme 11). Deprotection of the Boc groups yielded the
central structure 60. Coupling of C16H33SO2-b-Ala-OH (39)
and Ac-Dap(SO2C16H33)-OH (4), respectively, gave the two
lactam derivatives 61 and 62. Unfortunately, the acrylic ni-
trile functionality in both compounds could not be reduced
without complete loss of the disulfide moiety. However, the


structures obtained had very interesting substitution pat-
terns, so that a biological evaluation seemed worthwhile in
any case. Therefore, further alternative syntheses were not
investigated.


Synthesis of the benzodiazepine derivatives : The synthesis
of the benzodiazepines started with the condensation of
(4R)-hydroxy-l-proline (31) and 5-bromoisatoic acid anhy-
dride (63) yielding the benzodiazepine core 64 (Scheme 12).
A subsequent Heck reaction[35] with tert-butyl acrylate gave
compound 65 in high yield. Then, the alcohol function was
converted into a mesylate which was subsequently treated
with NaN3 to obtain azide 66. Deprotonation of the amide
NH and alkylation with bromoacetonitrile led to compound
67, in which the acrylic double bond was cleaved by using
RuCl3/NaIO4.


[36] The resulting free carboxylic acid was pro-
tected with the tert-butyl group yielding benzodiazepine 68


Scheme 8. Synthesis of the proline analogues 42 and 45. a) C16H33SO2-b-
Ala-OH (39), EDC, HOBt, NEtiPr2, CH2Cl2, 0 8C ! RT, 81% (40); b)
1m NaOH, MeOH; c) H-Cys ACHTUNGTRENNUNG(Far)-OMe (10), EDC, HOBt, CH2Cl2, 0 8C
! RT, 87%, two steps; d) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 79%; e) Ac-Dap(S-
O2C16H33)-OH (4), EDC, HOBt, NEtiPr2, CH2Cl2, 0 8C ! RT, 76% (43);
f) 1m NaOH, MeOH; g) H-Cys ACHTUNGTRENNUNG(Far)-OMe (10), EDC, HOBt, CH2Cl2,
0 8C ! RT, 87%, two steps; h) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 64%.


Scheme 9. Synthesis of the lactam building block 53. a) Boc2O, NEt3,
CH2Cl2, 0 8C ! RT; b) Boc2O, DMAP, CH3CN, 94% (47), two steps; c)
CsOH, MeOH; d) MeI, DMF, 79%, two steps; e) (COCl)2, DMSO,
�60 8C, NEtiPr2, �60 8C ! RT; f) TMSCN, CH2Cl2; g) NH4F, 90% (49),
three steps; h) TBDPSCl, imidazole, DMF, 90%; i) H2, Pd/C (10%),
MeOH, 0.1% HOAc; j) toluene, reflux, 67%, two steps; k) TBAF, THF,
quant. (52); l) DMP, CH2Cl2; m) (EtO)2OPCH2CN (35), NaH, THF,
90%, two steps. DMAP=N,N-dimethylaminopyridine, TBAF= tetrabu-
tylammonium fluoride, TBDPSCl= tert-butyldiphenylsilyl chloride,
TMSCN= trimethylsilyl cyanide.


Scheme 10. Synthesis of the mesylate 58. a) NaOMe, MeOH; b) 56,
DMF, 88%, two steps; c) TsOH, MeOH; d) MsCl, pyridine, 0 8C ! RT,
quant., two steps.


Chem. Eur. J. 2006, 12, 4121 – 4143 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4125


FULL PAPERThioesterase Inhibitors



www.chemeurj.org





in very good yield. Selective hydrogenation of the azide
using Pd on BaSO4 gave amine 69. The sulfonamide moiety
was introduced by reaction with hexadecylsulfonic acid
chloride leading to 70 ; subsequent hydrogenation with PtO2


catalysis generated amine 71. From here, simple acidic
cleavage of the tert-butyl ester gave the first benzodiazepine
derivative 72.
Alternatively, protection of amine 71 with the Aloc group,


deprotection of the resulting compound 73 with trifluoroace-
tic acid and subsequent coupling of H-Cys ACHTUNGTRENNUNG(Far)-OMe (10)
to the free acid 74 gave protected benzodiazepine 75 in very
good yield. Finally, the Aloc group was removed leading to
the dually lipidated benzodiazepine 76.
For the synthesis of monolipidated benzodiazepines, com-


pound 69 was mesylated at the amino group to give 77, and
subsequently the nitrile function was hydrogenated by using
AdamLs catalyst (Scheme 13). The free amine in 78 was then
blocked with an Aloc group yielding 79 ; after the tert-butyl
ester was cleaved off under acidic conditions, H-Cys ACHTUNGTRENNUNG(Far)-
OMe (10) was condensed with the resulting free acid. Final
deprotection of 80 using again Pd0 chemistry led to the mon-
olipidated benzodiazepine 81.


Results of the biological evaluation : The syntheses detailed
above had given access to 16 different compounds for bio-
chemical evaluation. The results of the assay for inhibition
of APT1 are shown in Table 1. A detailed procedure for the
assay accompanied with the synthesis of a substrate peptide
for APT1 is provided in the Experimental Section.
Comparison of the data given in Table 1 reveals that if a


hexadecylsulfonamide moiety is present in the molecule, the


IC50 value is always in the low nanomolar range (see com-
pounds 12, 21, 30, 42, 45, 71, 72, 75 and 76). This high activi-
ty of the compounds is important for their application in bi-
ological systems. The long fatty acid chains of the inhibitors
are crucial for their inhibitory activity but they also decrease
the polarity of the molecules and limit their solubility in
aqueous solutions at high concentrations. Nevertheless, the
high inhibitory activity of the compounds enables their ap-
plication in several biological experiments.
The fact, that the tripeptide analogues are slightly more


active than the corresponding pentapeptides, may result
from a higher conformational flexibility of the pentapeptide
backbone compared with the tripeptides. This may also ex-
plain the observation that the conformationally fixed proline


Scheme 11. Synthesis of the two lactams 61 and 62. a) 58, NaH, 0 8C !
RT, 57% (59); b) TFA/CH2Cl2 1:1, 99%; c) C16H33SO2-b-Ala-OH (39),
EDC, HOBt, NEtiPr2, 0 8C ! RT, 67%; d) Ac-Dap(SO2C16H33)-OH (4),
EDC, HOBt, NEtiPr2, 0 8C ! RT, 62%.


Scheme 12. Synthesis of the benzodiazepines 72 and 76. a) 140 8C,
DMSO, 93%; b) tert-butyl acrylate, [Pd ACHTUNGTRENNUNG(OAc)2], P ACHTUNGTRENNUNG(o-tol)3, NEt3, CH3CN,
100 8C, sealed tube, 97%; c) MsCl, pyridine, 0 8C ! RT; d) NaN3, DMF,
45 8C, 89% (66), two steps; e) NaH, THF, �40 8C; f) BrCH2CN, �40 8C
! RT, 95% (67), two steps; g) RuCl3, NaIO4, H2O/CH3CN/CCl4 2:1:1; h)
Me3CBr, K2CO3, Et3 ACHTUNGTRENNUNG(PhCH2)NCl, DMA, 55 8C, 90% (68), two steps; i)
H2, Pd/BaSO4, MeOH, CHCl3, quant.; j) C16H33SO2Cl, NEtiPr2, DMF,
0 8C ! RT, 82% (70); k) H2, PtO2·H2O, EtOH, CHCl3, 81%; l) HCl/
Et2O, quant.; m) AlocCl, NEt3, CH2Cl2, 84% (73); n) TFA/CH2Cl2 1:1,
quant. (74); o) H-Cys ACHTUNGTRENNUNG(Far)-OMe (10), EDC, HOBt, CH2Cl2, 0 8C ! RT,
89%; p) [Pd ACHTUNGTRENNUNG(PPh3)4], DMB, THF, 80%. DMA=dimethylacetamide.
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and benzodiazepine derivatives are the most active inhibi-
tors. If analogues with an Aloc group on the central amine
are compared to those with a free amino group, the conclu-
sion can be drawn, that the inhibitory potency of the pro-
tected compounds is about one order of magnitude lower
(cf. 11/12, 20/21, 44/45 and 75/76). The findings for lactam
derivatives 61 and 62, which have only a nitrile function,
agree with this conclusion. Comparison of the benzodiaze-
pines reveals that compounds 78 and 81, which lack a hexa-
decyl group, are nearly inactive. The presence of a farnesyl
group in 81 leads to an IC50 value that is about one order of
magnitude better than the corresponding tert-butyl ester 78.
Thus, at least one lipid group has to be present in the mole-
cule for inhibition. In summary, a long chain sulfonamide
moiety may be essential for nanomolar activity. If addition-
ally a central free amine group is present, the activity is
about one order of magnitude higher. Compounds with dual
lipidation patterns are better inhibitors than monolipidated
analogues, but the presence of a farnesyl group seems to be
not essential for high activity.


Conclusion


In conclusion, we have designed, synthesized, and evaluated
different inhibitors of acyl protein thioesterase 1. Several in-
hibitors with an activity in the low nanomolar range could
be found. A combinatorial approach starting from the
highly active benzodiazepines may lead to even better inhib-
itors of APT1 with higher diversity. Following this approach,
more precise structure–activity relationships could be ob-
tained. Additionally, the application of the highly potent
compounds in biophysical and biological experiments can
serve to elucidate the physiological significance of APT1 in
the reversible palmitoylation of signalling proteins.[27]


Experimental Section


General procedures : 1H and 13C NMR spectra were recorded on a
Bruker AC 250, AM 400 or DRX 500 and a Varian Mercury 400 spec-
trometer at room temperature. Mass spectra and high-resolution mass
spectra (HRMS) were measured on a Finnigan MAT MS70 spectrometer.
The optical rotation was determined with a Perkin–Elmer polarimeter
241.


Materials : When not otherwise indicated, all reactions were performed
under argon atmosphere with freshly distilled and dried solvents. The sol-
vents were dried following standard methods. Silica gel (40–60 mm) was
used for column chromatography. Commercial reagents were used with-
out further purification.


(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionic acid allyl
ester (3): At 0 8C, NEtiPr2 (1.04 mL, 6.06 mmol) and a solution of hexa-
decanesulfonic acid chloride (965 mg, 2.91 mmol) in DMF (10 mL) were
subsequently added to a solution of hydrochloride 2 (540 mg, 2.43 mmol)
in DMF (5 mL). The solution was warmed to room temperature and stir-
red for 20 h. Then, the reaction mixture was diluted with ethyl acetate
(150 mL) and extracted with 1n HCl (3N30 mL). The organic layer was
dried over Na2SO4, and, after removal of the solvent under reduced pres-
sure, the residue was purified by chromatography (n-hexane/ethyl acetate
1:1) to yield 3 as a colourless solid (865 mg, 75%). M.p. 70 8C; [a]20D =


+17.5 (c=1.0 in CHCl3); Rf=0.20 (cyclohexane/ethylacetate 1:1);
1H NMR (CDCl3, 400 MHz): d=0.84 (t, J=6.6 Hz, 3H, w-CH3 hexadec-
yl), 1.24 (m, 24H, 12NCH2 hexadecyl), 1.38 (m, 2H, g-CH2 hexadecyl),
1.72 (m, 2H, b-CH2 hexadecyl), 2.08 (s, 3H, CH3 acetyl), 2.95 (m, 2H,
a-CH2 hexadecyl), 3.54 (m, 2H, b-CH2 Dap), 4.62 (m, 1H, -OCH2aCH=
CH2), 4.73 (m, 2H, a-CH Dap, -OCH2bCH=CH2), 5.23–5.36 (m, 2H,
-OCH2CH=CH2), 5.66 (t, J=6.8 Hz, 1H, NH), 5.91 (m, 1H, -OCH2CH=
CH2), 7.11 (d, J=7.6 Hz, 1H, NH); 13C NMR (CDCl3, 100.6 MHz): d=
14.3 (w-CH3 hexadecyl), 22.8 (CH3 acetyl), 23.1 (CH2), 23.8 (CH2), 28.4
(CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8
(CH2), 29.8 (CH2), 29.9 (CH2), 30.0 (CH2), 30.2 (CH2), 32.1 (CH2), 44.6
(b-CH2 Dap), 53.2 (a-CH2 hexadecyl), 66.9 (OCH2CH=CH2), 119.5
(OCH2CH=CH2), 131.5 (OCH2CH=CH2), 170.2 (C=O), 171.0 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for C24H47N2O5S: 475.3206, found:
475.3230 [M+H]+ .


(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionic acid (4):
[Pd ACHTUNGTRENNUNG(PPh3)4] (77 mg, 0.07 mmol) was added to a solution of allyl ester 3
(530 mg, 1.12 mmol) and N,N’-dimethylbarbituric acid (104 mg,
0.67 mmol) in THF (40 mL). The mixture was stirred at room tempera-
ture for 1.5 h. After removal of the solvent under reduced pressure, the
residue was purified by chromatography (CH2Cl2/EtOH 10:1 + 1%
HOAc) to yield 4 as a colorless solid (480 mg, 99%). M.p. 91 8C; [a]20D =


+15.7 (c=1.0 in MeOH); Rf=0.22 (CH2Cl2/EtOH 10:1 + 1% HOAc);
1H NMR (CD3OD, 400 MHz): d=0.87 (t, J=6.6 Hz, 3H, w-CH3 hexa-
decyl), 1.30 (m, 24H, 12NCH2 hexadecyl), 1.41 (m, 2H, g-CH2 hexadec-
yl), 1.79 (m, 2H, b-CH2 hexadecyl), 2.03 (s, 3H, CH3 acetyl), 3.04 (m,
2H, a-CH2 hexadecyl), 3.52 (m, 2H, b-CH2 Dap), 4.51 (m, 1H, a-CH
Dap); 13C NMR (CD3OD, 100.6 MHz): d=13.2 (w-CH3 hexadecyl), 21.6
(CH3 acetyl), 23.1 (CH2), 23.8 (CH2), 28.4 (CH2), 29.5 (CH2), 29.6 (CH2),
29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2),
30.0 (CH2), 30.2 (CH2), 32.1 (CH2), 43.3 (b-CH2 Dap), 52.0 (a-CH2 hexa-
decyl), 53.3 (a-CH Dap), 170.2 (C=O), 171.3 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C21H42N2NaO5S: 457.2714, found: 457.2682
[M+Na]+ .


(2S)-Amino-3-(hexadecane-1-sulfonylamino)propionic acid allyl ester (6):
At �70 8C, a solution of hexadecanesulfonic acid chloride (136 mg,
0.41 mmol) in CH2Cl2 (2 mL) was added to a solution of hydrotosylate 5
(200 mg, 0.41 mmol) and NEt3 (174 mL, 2.37 mmol) in CH2Cl2 (2 mL).
The solution was warmed to room temperature and stirred for 15 h.
Then, the reaction mixture was diluted with CH2Cl2 (20 mL) and washed
with Na2CO3 solution (10%, 10 mL). The organic layer was dried over
Na2SO4, and, after removal of the solvent under reduced pressure, the
residue was purified by chromatography (CHCl3/MeOH 5:1) to yield 6 as
a colorless solid (129 mg, 72%). M.p. 73 8C; [a]20D = ++29.5 (c=1.0 in
CHCl3); Rf=0.58 (CHCl3/MeOH 5:1); 1H NMR (CDCl3, 400 MHz): d=


Scheme 13. Synthesis of the benzodiazepine 81. a) MsCl, NEtiPr2, DMF,
0 8C ! RT, 92% (77); b) H2, PtO2·H2O, EtOH, CHCl3, 85%; c) AlocCl,
NEt3, CH2Cl2, 83% (79); d) TFA/CH2Cl2 1:1; e) H-Cys ACHTUNGTRENNUNG(Far)-OMe (10),
EDC, HOBt, CH2Cl2, 0 8C ! RT, 89% (80), two steps; f) [Pd ACHTUNGTRENNUNG(PPh3)4],
DMB, THF, 65%.
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0.84 (t, J=6.5 Hz, 3H, w-CH3 hexa-
decyl), 1.22 (m, 24H, 12NCH2 hexa-
decyl), 1.36 (m, 2H, g-CH2 hexadecyl),
1.76 (m, 2H, b-CH2 hexadecyl), 2.98
(m, 2H, a-CH2 hexadecyl), 3.20 (dd,
J=6.8, 13.1 Hz, 1H, b-CH2a Dap), 3.40
(dd, J=4.5, 13.1 Hz, 1H, b-CH2b Dap),
3.63 (dd, J=4.5, 6.8 Hz, 1H, a-CH
Dap), 4.61 (m, 2H, -OCH2CH=CH2),
5.21–5.36 (m, 2H, -OCH2CH=CH2),
5.91 (m, 1H, -OCH2CH=CH2);
13C NMR (CDCl3, 100.6 MHz): d=


14.3 (w-CH3 hexadecyl), 22.8 (CH2),
23.7 (CH2), 28.5 (CH2), 28.6 (CH2),
28.7 (CH2), 28.9 (CH2), 29.1 (CH2),
29.2 (CH2), 29.3 (CH2), 29.3 (CH2),
29.3 (CH2), 29.5 (CH2), 29.8 (CH2),
32.1 (CH2), 46.2 (b-CH2 Dap), 53.0 (a-
CH Dap), 54.5 (a-CH2 hexadecyl),
66.3 (OCH2CH=CH2), 119.2
(OCH2CH=CH2), 131.7 (OCH2CH=
CH2), 173.1 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C22H45N2O4S:
433.3101, found: 433.3120 [M+H]+ .


N a-[(2S)-Acetylamino-3-(hexadecane-
1-sulfonylamino-propionyl]-N e-(allyl-
oxycarbonyl)-l-lysine tert-butyl ester
(8): At 0 8C, EDC (54 mg, 0.28 mmol)
was added to a solution of diamino-
propionic acid (4) (100 mg,
0.23 mmol), lysine 7 (66 mg,
0.23 mmol) and HOBt (72 mg,
0.46 mmol) in CH2Cl2 (8 mL). The sol-
ution was warmed to room tempera-
ture and stirred for 18 h. Then, the re-
action mixture was diluted with ethyl
acetate (50 mL) and subsequently
washed with 1n HCl (20 mL) and
Na2CO3 solution (10%, 20 mL). The
organic layer was dried over Na2SO4,
and, after removal of the solvent
under reduced pressure, the residue
was purified by chromatography (cy-
clohexane/ethyl acetate 1:3) to yield 8
as a colorless solid (132 mg, 82%).
M.p. 80 8C; [a]20D = �12.1 (c=1.0 in
CHCl3); Rf=0.24 (cyclohexane/ethyl
acetate 1:3); 1H NMR (CDCl3,
400 MHz): d=0.81 (t, J=6.5 Hz, 3H,
w-CH3 hexadecyl), 1.48 (s, 9H, C-
ACHTUNGTRENNUNG(CH3)3), 1.12–1.52 (m, 30H, 13NCH2


hexadecyl, 2NCH2 Lys), 1.54–1.85 (m,
4H, g-CH2 hexadecyl, CH2 Lys), 2.02
(s, 3H, CH3 acetyl), 2.96 (m, 2H, a-
CH2 hexadecyl), 3.02–3.29 (m, 3H, b-
CH2a Dap, e-CH2 Lys), 3.56 (m, 1H, b-
CH2b Dap), 4.30 (m, 1H, a-CH Lys),
4.52 (m, 3H, a-CH Dap, -OCH2CH=
CH2), 4.95 (m, 1H, NH), 5.10–5.25 (m,
2H, -OCH2CH=CH2), 5.76 (m, 1H,
NH), 5.88 (m, 1H, -OCH2CH=CH2),
6.70 (m, 1H, NH), 7.19 (m, 1H, NH);
13C NMR (CDCl3, 100.6 MHz): d=


14.3 (w-CH3 hexadecyl), 22.9 (CH3


acetyl), 23.1 (CH2), 23.8 (CH2), 28.3
(C ACHTUNGTRENNUNG(CH3)3), 28.4 (CH2), 28.5 (CH2),
29.2 (CH2), 29.3 (CH2), 29.5 (CH2),
29.6 (CH2), 29.7 (CH2), 29.7 (CH2),
29.7 (CH2), 29.8 (CH2), 29.9 (CH2),


Table 1. Inhibition of APT1 by the synthesized compounds.[a]


Entry Compound Structure IC50 [nm]


1 11 153�21


2 12 65�3


3 20 1583�240


4 21 291�11


5 30 147�20


6 42 61�6


7 44 1223�258
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29.9 (CH2), 30.0 (CH2), 30.2 (CH2),
32.1 (CH2), 43.3 (b-CH2 Dap), 44.6 (e-
CH2 Lys), 53.5 (a-CH), 54.2 (a-CH2


hexadecyl), 56.0 (a-CH), 67.3
(OCH2CH=CH2), 82.4 (C ACHTUNGTRENNUNG(CH3)3),
115.1 (OCH2CH=CH2), 137.4
(OCH2CH=CH2), 157.5 (C=O), 172.1
(C=O), 174.7 (C=O), 174.8 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for
C35H66N4NaO8S: 725.4501, found:
725.4512 [M+Na]+ .


N a-[(2S)-Acetylamino-3-(hexadecane-
1-sulfonylamino)propionyl]-N e-allyl-
oxycarbonyl-l-lysine (9): TFA (10 mL)
was added to a solution of tert-butyl
ester 8 (117 mg, 0.17 mmol) in CH2Cl2
(10 mL) at room temperature. The sol-
ution was stirred for 4 h. Then, the sol-
vent was removed under reduced pres-
sure. Coevaporation of the residue
with toluene yielded 9 as a colorless
solid (107 mg, 100%). M.p. 83 8C;
[a]20D = �14.0 (c=1.0 in MeOH); Rf=


0.01 (cyclohexane/ethyl acetate 1:3);
1H NMR (CD3OD, 400 MHz): d=0.85
(t, J=6.5 Hz, 3H, w-CH3 hexadecyl),
1.12–1.52 (m, 30H, 13NCH2 hexadec-
yl, 2NCH2 Lys), 1.54–1.85 (m, 4H, g-
CH2 hexadecyl, CH2 Lys), 2.02 (s, 3H,
CH3 acetyl), 2.96 (m, 2H, a-CH2 hexa-
decyl), 3.02–3.29 (m, 3H, b-CH2a Dap,
e-CH2 Lys), 3.56 (m, 1H, b-CH2b


Dap), 4.30 (m, 1H, a-CH Lys), 4.52
(m, 3H, a-CH Dap, -OCH2CH=CH2),
5.10–5.25 (m, 2H, -OCH2CH=CH2),
5.88 (m, 1H, -OCH2CH=CH2);
13C NMR (CD3OD, 100.6 MHz): d=


14.2 (w-CH3 hexadecyl), 22.9 (CH3


acetyl), 23.1 (CH2), 23.8 (CH2), 28.3
(CH2), 28.4 (CH2), 28.5 (CH2), 29.4
(CH2), 29.5 (CH2), 29.6 (CH2), 29.7
(CH2), 29.7 (CH2), 29.8 (CH2), 29.8
(CH2), 29.9 (CH2), 29.9 (CH2), 30.0
(CH2), 30.2 (CH2), 32.1 (CH2), 43.3 (b-
CH2 Dap), 44.6 (e-CH2 Lys), 53.5 (a-
CH), 54.2 (a-CH2 hexadecyl), 56.0 (a-
CH), 67.3 (OCH2CH=CH2), 115.1
(OCH2CH=CH2), 137.4 (OCH2CH=
CH2), 157.5 (C=O), 172.1 (C=O),
174.7 (C=O), 175.8 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for
C31H58N4NaO8S: 669.3875, found:
669.3887 [M+Na]+ .


N a-[(2S)-Acetylamino-3-(hexadecane-
1-sulfonylamino)propionyl]-N e-allyl-
oxycarbonyl-l-lysyl-S-farnesyl-l-cys-
teine methyl ester (11): At 0 8C, EDC
(36 mg, 0.19 mmol) was added to a sol-
ution of dipeptide 9 (100 mg,
0.16 mmol), cysteine 10 (53 mg,
0.16 mmol) and HOBt (72 mg,
0.46 mmol) in CH2Cl2 (10 mL). The
solution was warmed to room temper-
ature and stirred for 18 h. Then, the
reaction mixture was diluted with
ethyl acetate (50 mL) and subsequent-
ly washed with 1n HCl (20 mL) and
Na2CO3 solution (10%, 20 mL). The
organic layer was dried over Na2SO4,


Table 1. (Continued)


Entry Compound Structure IC50 [nm]


8 45 140�18


9 61 725�19


10 62 975�7


11 71 148�6


12 72 97�8


13 75 149�30


14 76 27�5


15 78 252208�159000


Chem. Eur. J. 2006, 12, 4121 – 4143 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4129


FULL PAPERThioesterase Inhibitors



www.chemeurj.org





and, after removal of the solvent under reduced pressure, the residue was
purified by chromatography (cyclohexane/ethyl acetate 1:5) to yield 11 as
a colorless oil (135 mg, 90%). [a]20D = ++5.8 (c=0.5 in CHCl3); Rf=0.22
(cyclohexane/ethyl acetate 1:5); 1H NMR (CDCl3/CD3OD 1:1, 400 MHz):
d=0.81 (t, J=6.5 Hz, 3H, w-CH3 hexadecyl), 1.24 (m, 24H, 12NCH2


hexadecyl), 1.58 (s, 6H, 2NCH3 Far), 1.67 (s, 6H, 2NCH3 Far), 1.35–1.84
(m, 8H, 2NCH2 Lys, 2NCH2 hexadecyl), 2.04 (s, 3H, CH3 acetyl), 1.85–
2.14 (m, 10H, CH2 Lys, 4NCH2 Far), 2.68–3.28 (m, 10H, a-CH2 hexadec-
yl, b-CH2 Cys, -S-CH2, b-CH2 Dap, e-CH2 Lys), 3.71 (s, 3H, OCH3), 4.40
(m, 1H, a-CH Lys), 4.52 (m, 3H, a-CH Dap, -OCH2CH=CH2), 4.72 (m,
1H, a-CH Cys), 5.12–5.30 (m, 5H, 3NCH Far, -OCH2CH=CH2), 5.91 (m,
1H, -OCH2CH=CH2), 6.10 (m, 1H, NH), 6.99 (m, 2H, NH), 7.21 (m,
1H, NH); 13C NMR (CDCl3/CD3OD 1:1, 100.6 MHz): d=14.3 (w-CH3


hexadecyl), 16.5 (CH3 acetyl), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.3 (CH3


Far), 23.1 (CH2), 23.8 (CH2), 25.3 (CH3 Far), 28.3 (CH2), 28.4 (CH2), 28.5
(CH2), 29.4 (CH2), 29.5 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8
(CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2), 30.0 (CH2), 30.2
(CH2), 32.1 (CH2), 33.0 (CH2), 33.3 (CH2), 34.4 (CH2), 39.8 (CH2 Far),
40.5 (CH2 Far), 42.0 (b-CH2 Dap), 44.6 (e-CH2 Lys), 50.4 (OCH3), 53.4
(a-CH), 54.2 (a-CH), 54.5 (a-CH2 hexadecyl), 56.0 (a-CH), 67.3
(OCH2CH=CH2), 115.1 (OCH2CH=CH2), 117.1 (CH Far), 121.7 (CH
Far), 122.5 (CH Far), 133.0 (C Far), 137.5 (OCH2CH=CH2), 138.8 (C
Far), 139.3 (C Far), 157.5 (C=O), 170.9 (C=O), 172.0 (C=O), 174.7 (C=
O), 174.8 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C50H89N5NaO9S2:
990.6002, found: 990.6030 [M+Na]+ .


N a-[(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionyl]-l-
lysyl-S-farnesyl-l-cysteine methyl ester (12): [Pd ACHTUNGTRENNUNG(PPh3)4] (7 mg,
0.01 mmol) was added to a solution of tripeptide 11 (61 mg, 0.06 mmol)
and N,N’-dimethylbarbituric acid (10 mg, 0.06 mmol) in THF (6 mL). The
mixture was stirred at room temperature for 8 h. After removal of the
solvent under reduced pressure, the residue was purified by chromatogra-
phy (CH2Cl2/EtOH 5:1 + 1% NEt3) to yield 12 as a colorless oil (41 mg,
73%). [a]20D = ++8.1 (c=0.5 in MeOH); Rf=0.04 (CH2Cl2/EtOH 1:1);
1H NMR (CD3OD, 400 MHz): d=0.81 (t, J=6.5 Hz, 3H, w-CH3 hexa-
decyl), 1.24 (m, 24H, 12NCH2 hexadecyl), 1.58 (s, 6H, 2NCH3 Far), 1.67
(s, 6H, 2NCH3 Far), 1.35–1.84 (m, 8H, 2NCH2 Lys, 2NCH2 hexadecyl),
2.04 (s, 3H, CH3 acetyl), 1.85–2.14 (m, 10H, CH2 Lys, 4NCH2 Far), 2.68–
3.28 (m, 10H, a-CH2 hexadecyl, b-CH2 Cys, -S-CH2, b-CH2 Dap, e-CH2


Lys), 3.71 (s, 3H, OCH3), 4.20 (m, 1H, a-CH Lys), 4.25 (m, 1H, a-CH
Dap), 4.45 (m, 1H, a-CH Cys), 4.90 (m, 2H, 2NCH Far), 5.02 (m, 1H,
CH Far); 13C NMR (CD3OD, 100.6 MHz): d=14.3 (w-CH3 hexadecyl),
16.5 (CH3 acetyl), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.3 (CH3 Far), 23.1
(CH2), 23.8 (CH2), 25.3 (CH3 Far), 28.3 (CH2), 28.4 (CH2), 28.5 (CH2),
29.4 (CH2), 29.5 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2),
29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2), 30.0 (CH2), 30.2 (CH2),
32.1 (CH2), 33.0 (CH2), 33.3 (CH2), 34.4 (CH2), 39.8 (CH2 Far), 40.5 (CH2


Far), 42.0 (b-CH2 Dap), 44.6 (e-CH2 Lys), 50.4 (OCH3), 53.4 (a-CH), 54.2
(a-CH), 54.5 (a-CH2 hexadecyl), 56.0 (a-CH), 117.1 (CH Far), 121.7 (CH
Far), 122.5 (CH Far), 133.0 (C Far), 138.8 (C Far), 139.3 (C Far), 170.9
(C=O), 172.0 (C=O), 174.7 (C=O), 174.8 (C=O); HRMS (FAB, 3-NBA):
m/z : calcd for C46H86N5O7S2: 884.5969, found: 884.5936 [M+H]+.


N-Acetyl-l-methionyl-l-serine benzyl
ester (15): At 0 8C, EDC (4.036 g,
20.63 mmol) was added to a solution
of Ac-Met-OH 13 (3.288 g,
17.19 mmol), HCl·H-Ser-OBzl 14
(3.983 g, 17.19 mmol), HOBt (5.372 g,
34.38 mmol) and NEt3 (3.6 mL,
25.79 mmol) in CH2Cl2 (100 mL). The
solution was warmed to room temper-
ature and stirred for 20 h. Then, the
reaction mixture was subsequently
washed with 1n HCl (50 mL) and
Na2CO3 solution (10%, 50 mL). The
organic layer was dried over Na2SO4,
and, after removal of the solvent
under reduced pressure, the residue
was purified by chromatography


(CHCl3/MeOH 50:1) to yield 15 as a colorless solid (5.447 g, 86%). M.p.
57 8C; [a]20D = �21.4 (c=1.0 in CHCl3); Rf=0.17 (cyclohexane/ethyl ace-
tate 1:3); 1H NMR (CD3OD, 400 MHz): d=1.92 (m, 1H, b-CH2a Met),
2.01 (s, 3H, CH3 acetyl), 2.06 (m, 1H, b-CH2b Met), 2.08 (s, 3H, CH3


Met), 2.55 (m, 2H, g-CH2 Met), 3.85 (dd, J=3.7, 11.3 Hz, 1H, b-CH2a


Ser), 3.99 (dd, J=3.7, 11.3 Hz, 1H, b-CH2b Ser), 4.54 (dd, J=6.1, 8.0 Hz,
1H, a-CH Met), 4.61 (t, J=3.9 Hz, 1H, a-CH Ser), 5.21 (s, 2H, -OCH2-),
7.31–7.38 (m, 5H, arom. CH); 13C NMR (CD3OD, 100.6 MHz): d=18.7
(CH3 acetyl), 25.9 (CH3 Met), 33.9 (g-CH2 Met), 35.5 (b-CH2 Met), 56.5
(a-CH Met), 59.0 (a-CH Ser), 65.7 (b-CH2 Ser), 71.2 (OCH2), 132.15
(arom. CH), 132.3 (arom.CH), 132.5 (arom. CH), 139.4 (arom. C), 174.1
(C=O), 176.0 (C=O), 176.3 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C17H25N2O5S: 369.1485, found: 369.1493 [M+H]+ .


N-Acetyl-l-methionyl-l-serine (16): Pd (10% on charcoal, 354 mg) was
added to a degassed solution of dipeptide 15 (2 g, 5.43 mmol) in MeOH
(125 mL) and acetic acid (12.5 mL). The reaction mixture was hydrogen-
ated under hydrogen atmosphere at room temperature for 3 d. Then, the
suspension was filtered through a pad of Celite. After removal of the sol-
vents under reduced pressure, the residue was purified by chromatogra-
phy (CHCl3/MeOH 10:1) to yield 16 as a colorless solid (1.496 g, 99%).
M.p. 93 8C; [a]20D = �17.0 (c=1.0 in MeOH); Rf=0.19 (CHCl3/MeOH
5:1); 1H NMR (CD3OD, 400 MHz): d=1.98 (m, 1H, b-CH2a Met), 2.05
(s, 3H, CH3 acetyl), 2.13 (m, 1H, b-CH2b Met), 2.14 (s, 3H, CH3 Met),
2.60 (m, 2H, g-CH2 Met), 3.85 (dd, J=3.7, 11.3 Hz, 1H, b-CH2a Ser), 3.99
(dd, J=3.7, 11.3 Hz, 1H, b-CH2b Ser), 4.39 (dd, J=6.1, 8.0 Hz, 1H, a-CH
Met), 4.54 (t, J=3.9 Hz, 1H, a-CH Ser); 13C NMR (CD3OD,
100.6 MHz): d=18.7 (CH3 acetyl), 25.9 (CH3 Met), 33.9 (g-CH2 Met),
35.5 (b-CH2 Met), 56.5 (a-CH Met), 60.9 (a-CH Ser), 64.7 (b-CH2 Ser),
174.1 (C=O), 176.0 (C=O), 176.3 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C10H19N2O5S: 279.1015, found: 279.1028 [M+H]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-3-(hexadecane-1-sulfonylami-
no)]-propionic acid allyl ester (17): At 0 8C, EDC (43 mg, 0.22 mmol) was
added to a solution of H-Dap(SO2C16H33)-OAll 6 (80 mg, 0.19 mmol),
Ac-Met-Ser-OH 16 (62 mg, 0.22 mmol) and HOBt (58 mg, 0.37 mmol) in
DMF (5 mL). The solution was warmed to room temperature and stirred
for 18 h. After removal of the solvent under reduced pressure, the resi-
due was dissolved in ethyl acetate and subsequently washed with 1n HCl
(15 mL) and Na2CO3 solution (10%, 15 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (CH2Cl2/EtOH 15:1, then
10:1) to yield 17 as a colorless solid (93 mg, 73%). M.p. 78 8C; [a]20D =


�9.4 (c=1.0 in MeOH); Rf=0.28 (CH2Cl2/EtOH 10:1); 1H NMR
(CD3OD, 400 MHz): d=0.87 (t, J=6.5 Hz, 3H, w-CH3 hexadecyl), 1.25
(m, 24H, 12NCH2 hexadecyl), 1.40 (m, 2H, g-CH2 hexadecyl), 1.75 (m,
2H, b-CH2 hexadecyl), 1.95 (m, 1H, b-CH2a Met), 2.02 (s, 3H, CH3


acetyl), 2.11 (s, 3H, CH3 Met), 2.12 (m, 1H, b-CH2b Met), 2.56 (m, 2H,
g-CH2 Met), 2.98 (m, 2H, a-CH2 hexadecyl), 3.53 (m, 2H, b-CH2 Dap),
3.78 (dd, J=3.7, 11.3 Hz, 1H, b-CH2a Ser), 3.92 (dd, J=3.8, 11.3 Hz, 1H,
b-CH2b Ser), 4.40 (t, J=4.3 Hz, 1H, a-CH Ser), 4.45 (dd, J=6.0, 8.1 Hz,
1H, a-CH Met), 4.59 (t, J=5.4 Hz, 1H, a-CH Dap), 4.66 (m, 2H,
-OCH2CH=CH2), 5.24–5.36 (m, 2H, -OCH2CH=CH2), 5.93 (m, 1H,
-OCH2CH=CH2);


13C NMR (CD3OD, 100.6 MHz): d=14.2 (w-CH3 hexa-


Table 1. (Continued)


Entry Compound Structure IC50 [nm]


16 81 26975�17000


[a] For the determination of IC50 values, the described compounds were incubated with enzyme (APT1) and
substrate (a palmitoylated C-terminal fragment of the H-Ras protein) at six different concentrations. The re-
leased palmitate, which directly correlates with the enzyme activity was determined according to the ADIFAB
assay protocol in two independent measurements.
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decyl), 22.6 (CH3 acetyl), 22.9 (CH3 Met), 23.4 (CH2), 23.7 (CH2), 28.5
(CH2), 28.6 (CH2), 28.7 (CH2), 28.9 (CH2), 29.1 (CH2), 29.2 (CH2), 29.3
(CH2), 29.3 (CH2), 29.3 (CH2), 29.5 (CH2), 29.8 (CH2), 30.3 (CH2), 31.2
(g-CH2 Met), 32.1 (b-CH2 Met), 43.5 (b-CH2 Dap), 53.2 (a-CH Dap),
53.3 (a-CH Met), 55.6 (a-CH2 hexadecyl), 60.9 (a-CH Ser), 61.9 (b-CH2


Ser), 66.8 (OCH2CH=CH2), 119.2 (OCH2CH=CH2), 131.6 (OCH2CH=
CH2), 169.5 (C=O), 170.8 (C=O), 172.6 (C=O), 172.8 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for C32H61N4O8S2: 693.3932, found: 693.3944
[M+H]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-3-(hexadecane-1-sulfonylami-
no)]propionic acid (18): [Pd ACHTUNGTRENNUNG(PPh3)4] (15 mg, 0.01 mmol) was added to a
degassed solution of allyl ester 17 (90 mg, 0.13 mmol) and N,N’-dimethyl-
barbituric acid (12 mg, 0.08 mmol) in THF (5 mL). The mixture was stir-
red at room temperature for 1.5 h. After removal of the solvent under re-
duced pressure, the residue was purified by chromatography (CH2Cl2/
EtOH 5:1 + 1% HOAc) to yield 18 as a colorless solid (85 mg, 99%).
M.p. 82 8C; [a]20D = �8.6 (c=1.0 in CHCl3); Rf=0.09 (CHCl3/MeOH 5:1
+ 1% HOAc); 1H NMR (CD3OD, 400 MHz): d=0.86 (t, J=6.5 Hz, 3H,
w-CH3 hexadecyl), 1.27 (m, 24H, 12NCH2 hexadecyl), 1.43 (m, 2H, g-
CH2 hexadecyl), 1.77 (m, 2H, b-CH2 hexadecyl), 1.98 (m, 1H, b-CH2a


Met), 2.09 (s, 3H, CH3 acetyl), 2.12 (s, 3H, CH3 Met), 2.13 (m, 1H, b-
CH2b Met), 2.60 (m, 2H, g-CH2 Met), 3.01 (m, 2H, a-CH2 hexadecyl),
3.51 (m, 2H, b-CH2 Dap), 3.80 (dd, J=3.7, 11.3 Hz, 1H, b-CH2a Ser),
3.96 (dd, J=3.8, 11.3 Hz, 1H, b-CH2b Ser), 4.27 (m, 1H, a-CH Dap), 4.43
(t, J=4.3 Hz, 1H, a-CH Ser), 4.48 (dd, J=6.0, 8.1 Hz, 1H, a-CH Met);
13C NMR (CD3OD, 100.6 MHz): d=14.2 (w-CH3 hexadecyl), 22.6 (CH3


acetyl), 22.9 (CH3 Met), 23.4 (CH2), 23.7 (CH2), 28.5 (CH2), 28.6 (CH2),
28.7 (CH2), 28.9 (CH2), 29.1 (CH2), 29.2 (CH2), 29.3 (CH2), 29.3 (CH2),
29.3 (CH2), 29.5 (CH2), 29.8 (CH2), 30.3 (CH2), 31.2 (g-CH2 Met), 32.1
(b-CH2 Met), 43.5 (b-CH2 Dap), 53.2 (a-CH Dap), 53.3 (a-CH Met), 55.6
(a-CH2 hexadecyl), 60.9 (a-CH Ser), 61.9 (b-CH2 Ser), 169.5 (C=O),
170.8 (C=O), 172.6 (C=O), 175.8 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C29H56N4NaO8S2: 675.3440, found: 675.3469 [M+Na]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-3-(hexadecane-1-sulfonylami-
no)propionyl]-N e-allyloxycarbonyl-l-lysyl-S-farnesyl-l-cysteine methyl
ester (20): At 0 8C, EDC (19 mg, 0.10 mmol) was added to a solution of
tripeptide 18 (52 mg, 0.08 mmol), freshly prepared H-Lys ACHTUNGTRENNUNG(Aloc)-Cys-
ACHTUNGTRENNUNG(Far)-OMe 19 (44 mg, 0.08 mmol) and HOBt (25 mg, 0.16 mmol) in
CH2Cl2 (6 mL). The solution was warmed to room temperature and stir-
red for 16 h. Then, the reaction mixture was diluted with ethyl acetate
(30 mL) and subsequently washed with 1n HCl (10 mL) and Na2CO3 sol-
ution (10%, 10 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent under reduced pressure, the residue was purified
by chromatography (CH2Cl2/EtOH 20:1, then 10:1) to yield 20 as color-
less solid (47 mg, 50%). M.p. 101 8C; [a]20D = ++6.1 (c=0.5 in CHCl3);
Rf=0.30 (CH2Cl2/EtOH 10:1); 1H NMR (CDCl3/CD3OD, 400 MHz): d=
0.78 (t, J=6.6 Hz, 3H, w-CH3 hexadecyl), 1.15 (m, 24H, 12NCH2 hexa-
decyl), 1.49 (s, 6H, 2NCH3 Far), 1.57 (s, 6H, 2NCH3 Far), 1.26–1.68 (m,
8H, 2NCH2 Lys, 2NCH2 hexadecyl), 1.93 (s, 3H, CH3 acetyl), 2.00 (s,
3H, CH3 Met), 1.76–2.05 (m, 12H, b-CH2 Met, CH2 Lys, 4NCH2 Far),
2.46 (m, 2H, g-CH2 Met), 2.68–3.17 (m, 6H, a-CH2 hexadecyl, b-CH2


Cys, -SCH2-), 3.26–3.46 (m, 4H, b-CH2 Dap, e-CH2 Lys), 3.64 (s, 3H,
OCH3), 3.68 (m, 1H, b-CH2a Ser), 3.87 (m, 1H, b-CH2b Ser), 4.25–4.54
(m, 7H, 5Na-CH, -OCH2CH=CH2), 5.00 (m, 2H, 2NCH Far), 5.08–5.22
(m, 3H, CH Far, -OCH2CH=CH2), 5.74 (m, 1H, -OCH2CH=CH2);
13C NMR (CDCl3/CD3OD, 100.6 MHz): d=14.0 (w-CH3 hexadecyl), 16.5
(CH3 acetyl), 16.8 (CH3 Met), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.3 (CH3


Far), 19.3 (CH2), 21.3 (CH2), 24.0 (CH2), 24.3 (CH2), 25.3 (CH3 Far), 28.6
(CH2), 29.2 (CH2), 29.3 (CH2), 30.0 (CH2), 30.0 (CH2), 30.3 (CH2), 30.3
(CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3
(CH2), 30.9 (CH2), 31.8 (CH2), 32.5 (CH2), 33.8 (CH2), 34.4 (CH2), 39.8
(CH2 Far), 40.5 (CH2 Far), 42.0 (b-CH2 Dap), 44.6 (e-CH2 Lys), 50.4
(OCH3), 53.5 (a-CH), 54.2 (a-CH), 54.5 (a-CH2 hexadecyl), 56.0 (a-CH),
56.1 (a-CH), 57.1 (a-CH), 64.8 (b-CH2 Ser), 67.3 (OCH2CH=CH2), 115.1
(OCH2CH=CH2), 117.1 (CH Far), 121.7 (CH Far), 122.5 (CH Far), 133.9
(C Far), 137.5 (OCH2CH=CH2), 138.8 (C Far), 139.3 (C Far), 157.5 (C=
O), 170.9 (C=O), 172.0 (C=O), 174.7 (C=O), 175.4 (C=O); HRMS (FAB,
3-NBA): m/z : calcd for C58H103N7NaO12S3: 1208.6727, found: 1208.6708
[M+Na]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-3-(hexadecane-1-sulfonylami-
no)propionyl]-l-lysyl-S-farnesyl-l-cysteine methyl ester (21): [Pd ACHTUNGTRENNUNG(PPh3)4]
(7 mg, 0.01 mmol) was added to a desgassed solution of pentapeptide 20
(21 mg, 0.02 mmol) and N,N’-dimethylbarbituric acid (3 mg, 0.02 mmol)
in THF (3 mL). The mixture was stirred at room temperature for 4 h.
After removal of the solvent under reduced pressure, the residue was pu-
rified by chromatography (CH2Cl2/MeOH 1:1 + 1% NEt3) to yield 21 as
slightly yellow solid (16 mg, 82%). M.p. 86 8C; [a]20D = ++10.3 (c=0.5 in
MeOH); Rf=0.01 (CH2Cl2/EtOH 10:1); 1H NMR (CD3OD, 400 MHz):
d=0.78 (t, J=6.6 Hz, 3H, w-CH3 hexadecyl), 1.15 (m, 24H, 12NCH2


hexadecyl), 1.49 (s, 6H, 2NCH3 Far), 1.57 (s, 6H, 2NCH3 Far), 1.26–1.68
(m, 8H, 2NCH2 Lys, 2NCH2 hexadecyl), 1.93 (s, 3H, CH3 acetyl), 2.00 (s,
3H, CH3 Met), 1.76–2.05 (m, 12H, b-CH2 Met, CH2 Lys, 4NCH2 Far),
2.46 (m, 2H, g-CH2 Met), 2.68–3.17 (m, 6H, a-CH2 hexadecyl, b-CH2


Cys, -SCH2-), 3.26–3.46 (m, 4H, b-CH2 Dap, e-CH2 Lys), 3.64 (s, 3H,
OCH3), 3.68 (m, 1H, b-CH2a Ser), 3.87 (m, 1H, b-CH2b Ser), 4.25–4.54
(m, 5H, 5Na-CH), 5.00 (m, 2H, 2NCH Far), 5.14 (m, 1H, CH Far);
13C NMR (CD3OD, 100.6 MHz): d=14.0 (w-CH3 hexadecyl), 16.5 (CH3


acetyl), 16.8 (CH3 Met), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.3 (CH3 Far),
19.3 (CH2), 21.3 (CH2), 24.0 (CH2), 24.3 (CH2), 25.3 (CH3 Far), 28.6
(CH2), 29.2 (CH2), 29.3 (CH2), 30.0 (CH2), 30.0 (CH2), 30.3 (CH2), 30.3
(CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3
(CH2), 30.9 (CH2), 31.8 (CH2), 32.5 (CH2), 33.8 (CH2), 34.4 (CH2), 39.8
(CH2 Far), 40.5 (CH2 Far), 42.0 (b-CH2 Dap), 44.6 (e-CH2 Lys), 50.4
(OCH3), 53.5 (a-CH), 54.2 (a-CH), 54.5 (a-CH2 hexadecyl), 56.0 (a-CH),
56.1 (a-CH), 57.1 (a-CH), 64.8 (b-CH2 Ser), 117.1 (CH Far), 121.7 (CH
Far), 122.5 (CH Far), 133.9 (C Far), 138.8 (C Far), 139.3 (C Far), 170.9
(C=O), 172.0 (C=O), 174.7 (C=O), 175.4 (C=O); HRMS (FAB, 3-NBA):
m/z : calcd for C54H100N7O10S3: 1102.6695, found: 1102.6685 [M+H]+ .


l-Glutamic acid 1-tert-butyl ester 5-methyl ester (23): Isobutene (75 mL)
was added to a solution of H-l-GluACHTUNGTRENNUNG(OMe)-OH 22 (5 g, 31.03 mmol) in di-
oxane (45 mL) and conc. H2SO4 (4.5 mL) in a sealed tube. After stirring
at room temperature for 3 d the reaction mixture was poured into a mix-
ture of ethyl acetate (250 mL) and saturated NaHCO3 solution (250 mL).
The organic layer was separated and washed again with saturated
NaHCO3 solution (50 mL). The organic layer was dried over Na2SO4 and
the solvent was removed under reduced pressure to yield 23 as a color-
less oil (3.728 g, 55%). [a]20D = ++25.7 (c=1.0 in CHCl3); Rf=0.17 (cyclo-
hexane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.44 (br s, 2H,
NH2), 1.46 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.78 (m, 1H, b-CH2a Glu), 1.99 (m, 1H, b-
CH2b Glu), 2.42 (t, J=7.8 Hz, 2H, g-CH2 Glu), 3.32 (dd, J=5.3, 8.2 Hz,
1H, a-CH Glu), 3.69 (d, 3H, OCH3);


13C NMR (CDCl3, 100.6 MHz): d=
28.1 (CACHTUNGTRENNUNG(CH3)3), 30.0 (b-CH2 Glu), 30.7 (g-CH2 Glu), 51.8 (a-CH Glu),
54.5 (OCH3), 81.4 (CACHTUNGTRENNUNG(CH3)3), 173.8 (C=O), 175.0 (C=O); HRMS (FAB,
3-NBA): m/z : calcd for C10H20NO4: 218.1393, found: 218.1372 [M+H]+ .


N-Diallyl-l-glutamic acid 1-tert-butyl ester 5-methyl ester (24): A solu-
tion of H-Glu ACHTUNGTRENNUNG(OMe)-OtBu 23 (8 g, 36.82 mmol), tetrabutylammoniumio-
dide (1.36 g, 3.68 mmol), NEt3 (12.8 mL, 92.05 mmol) and allyl bromide
(64.7 mL, 736.39 mmol) in THF (184 mL) was stirred under reflux for
2 d. The suspension was cooled down to room temperature and the sol-
vent was removed under reduced pressure. The residue was dissolved in
ethyl acetate (500 mL) and washed with Na2CO3 solution (10%, 2N
50 mL). The organic layer was dried over Na2SO4 and the solvent was re-
moved under reduced pressure. The residue was purified by chromatog-
raphy (cyclohexane/ethyl acetate 8:1) to yield 24 as a colorless oil (8.76 g,
80%). [a]20D = ++17.3 (c=1.0 in CHCl3); Rf=0.49 (cyclohexane/ethyl ace-
tate 2:1); 1H NMR (CDCl3, 400 MHz): d=1.42 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.84
(m, 2H, b-CH2 Glu), 2.32 (m, 2H, g-CH2 Glu), 2.97 (dd, J=8.0, 14.4 Hz,
2H, 2N-NCH2aCH=CH2), 3.28 (m, 3H, a-CH Glu, 2N-NCH2bCH=CH2),
3.60 (s, 3H, OCH3), 4.98–5.12 (m, 4H, 2N-NCH2CH=CH2), 5.64 (m, 2H,
2N -NCH2CH=CH2);


13C NMR (CDCl3, 100.6 MHz): d=24.7 (b-CH2


Glu), 28.4 (CACHTUNGTRENNUNG(CH3)3), 30.8 (g-CH2 Glu), 51.5 (a-CH Glu), 53.4 (OCH3),
61.3 (NCH2CH=CH2), 80.9 (C ACHTUNGTRENNUNG(CH3)3), 117.0 (NCH2CHCH2), 136.8
(NCH2CH=CH2), 171.9 (C=O), 173.8 (C=O); HRMS (FAB, 3-NBA): m/
z : calcd for C16H28NO4: 298.2019, found: 209.2027 [M+H]+ .


(2S)-Diallylamino-5-hydroxypentanoic acid tert-butyl ester (25): A 2m
solution of LiBH4 in THF (12.2 mL, 24.48 mmol) was added to a solution
of diester 24 (5.6 g, 18.83 mmol) in THF (90 mL). The solution was stir-
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red at room temperature for 36 h. Then, saturated NaCl solution (50 mL)
was added and the mixture was extracted with ethyl acetate (3N100 mL).
The combined organic layers were dried over Na2SO4, and, after removal
of the solvents under reduced pressure, the residue was purified by chro-
matography (cyclohexane/ethyl acetate 3:1) to yield 25 as a colorless oil
(3.601 g, 71%). [a]20D = 24.0 (c=1.0 in CHCl3); Rf=0.31 (cyclohexane/
ethyl acetate 2:1); 1H NMR (CDCl3, 400 MHz): d=1.48 (s, 9H, C-
ACHTUNGTRENNUNG(CH3)3), 1.52–1.73 (m, 4H, b-CH2, g-CH2), 3.21 (dd, J=8.0, 14.4 Hz, 2H,
2N -NCH2aCH=CH2), 3.32 (m, 1H, a-CH), 3.45 (m, 2H, 2N-NCH2bCH=
CH2), 3.53 (m, 1H, d-CH2a), 3.62 (m, 1H, d-CH2b), 5.10–5.24 (m, 4H, 2N
-NCH2CH=CH2), 5.80 (m, 2H, 2N-NCH2CH=CH2);


13C NMR (CDCl3,
100.6 MHz): d=27.7 (b-CH2), 28.5 (C ACHTUNGTRENNUNG(CH3)3), 30.7 (g-CH2), 53.7 (a-CH),
62.8 (NCH2CH=CH2), 63.6 (d-CH2), 81.2 (C ACHTUNGTRENNUNG(CH3)3), 118.1 (NCH2CH=
CH2), 136.0 (NCH2CH=CH2), 172.3 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C15H28NO3: 270.2070, found: 270.2063 [M+H]+ .


(2S)-Diallylamino-5-hydroxyheneicosanic acid tert-butyl ester (26): A sol-
ution of Dess–Martin periodinane in CH2Cl2 (15%, 9.59 mL, 4.51 mmol)
was added to a solution of alcohol 25 (810 mg, 3.01 mmol) in CH2Cl2
(27 mL). The mixture was stirred at room temperature for 1 h. The solu-
tion was diluted with ethyl acetate (100 mL) and a mixture of saturated
Na2S2O3 solution (10 mL) and saturated NaHCO3 solution (30 mL) was
added. After the two phases had become clear, the separated organic
layer was washed with saturated NaHCO3 solution (30 mL). The organic
layer was dried over Na2SO4, and, after removal of the solvents under re-
duced pressure, the residue was purified by chromatography (cyclohex-
ane/ethyl acetate 4:1) to yield the aldehyde as a colorless oil (800 mg,
97%).


At �78 8C, a solution of hexadecyl magnesium bromide freshly prepared
from magnesium (109 mg, 4.48 mmol) and hexadecyl bromide (1.41 mL,
4.48 mmol) in THF (1.5 mL) was added to a solution of the above alde-
hyde (800 mg, 2.92 mmol) in THF (15 mL). After 15 min, water (5 mL)
was added to the reaction mixture. Then, the solution was diluted with
ethyl acetate (50 mL) and washed with water (10 mL). The organic layer
was dried over Na2SO4, and, after removal of the solvents under reduced
pressure, the residue was purified by chromatography (cyclohexane/ethyl
acetate 10:1) to yield 26 as a colorless oil (930 mg, 63%). Rf=0.44 (cyclo-
hexane/ethyl acetate 3:1); 1H NMR (CDCl3, 400 MHz): d=0.82 (t, J=
6.6 Hz, 3H, w-CH3 Hhe), 1.13–1.38 (m, 32H, b-CH2 Hhe, 15NCH2 Hhe),
1.40 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.52–1.80 (m, 2H, g-CH2 Hhe), 3.01 (m, 2H, 2N-
NCH2aCH=CH2), 3.21 (m, 1H -CHOH), 3.24–3.46 (m, 3H, a-CH Hhe,
2N -NCH2bCH=CH2), 5.02–5.14 (m, 4H, 2N-NCH2CH=CH2), 5.86 (m,
2H, 2N-NCH2CH=CH2);


13C NMR (CDCl3, 100.6 MHz): d=14.2 (w-CH3


Hhe), 29.9 (C ACHTUNGTRENNUNG(CH3)3), 24.3–37.6 (17NCH2 Hhe), 53.5 (a-CH Hhe), 61.4
(NCH2CH=CH2), 71.3 (HCOH), 81.2 (C ACHTUNGTRENNUNG(CH3)3), 117.5 (NCH2CH=CH2),
136.1 (NCH2CH=CH2), 172.3 (C=O); HRMS (FAB, 3-NBA): m/z : calcd
for C31H60NO3: 494.4574, found: 494.4540 [M+H]+ .


(2S)-Amino-5-hydroxyheneicosanic acid tert-butyl ester (27): [Pd ACHTUNGTRENNUNG(PPh3)4]
(222 mg, 0.19 mmol) was added to a degassed solution of diallyl amine 26
(950 mg, 1.92 mmol) and N,N’-dimethylbarbituric acid (1.8 g,
11.59 mmolmmol) in CH2Cl2 (100 mL). The mixture was stirred for 6 h at
35 8C. Then, the solution was diluted with ethyl acetate (250 mL) and
washed with Na2CO3 solution (10%, 50 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (cyclohexane/ethyl acetate
3:1, then CH2Cl2/EtOH 10:1) to yield 27 as a yellowish solid (597 mg,
75%). M.p. 63 8C; Rf=0.29 (CH2Cl2/EtOH 10:1); 1H NMR (CDCl3,
400 MHz): d=0.88 (t, J=6.6 Hz, 3H, w-CH3 Hhe), 1.21–1.47 (m, 28H,
14NCH2 Hhe), 1.48–1.52 (m, 4H, d-CH2 Hhe, b-CH2 Hhe), 1.49 (s, 9H,
C ACHTUNGTRENNUNG(CH3)3), 1.59–1.71 (m, 2H, g-CH2 Hhe), 3.30 (m, 1H, a-CH Hhe), 3.55
(m, 1H, -CH(OH)-); 13C NMR (CDCl3, 100.6 MHz): d=14.3 (w-CH3


Hhe), 29.5 (C ACHTUNGTRENNUNG(CH3)3), 24.0–37.5 (17NCH2 Hhe), 53.6 (a-CH Hhe), 71.6
(HCOH), 81.2 (CACHTUNGTRENNUNG(CH3)3), 172.5 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C25H52NO3: 414.3948, found: 414.3929 [M+H]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-5-hydroxy]heneicosanic acid
tert-butyl ester (28): At 0 8C, EDC (272 mg, 1.39 mmol) was added to a
solution of dipeptide 16 (388 mg, 1.39 mmol), H-Hhe-OtBu 27 (480 mg,
1.16 mmol) and HOBt (362 mg, 2.32 mmol) in CH2Cl2 (25 mL). The solu-
tion was warmed to room temperature and stirred for 20 h. Then, the re-


action mixture was diluted with ethyl acetate (100 mL) and subsequently
washed with 1n HCl (50 mL) and Na2CO3 solution (10%, 50 mL). The
organic layer was dried over Na2SO4, and, after removal of the solvent
under reduced pressure, the residue was purified by chromatography
(CH2Cl2/EtOH 15:1, then 10:1) to yield 28 as colorless oil (536 mg,
69%). Rf=0.23 (CH2Cl2/EtOH 10:1); 1H NMR (CDCl3, 400 MHz): d=
0.87 (t, J = 6.6 Hz, 3H, w-CH3 Hhe), 1.24 (m, 28H, 14NCH2 Hhe), 1.40
(m, 4H, d-CH2 Hhe, b-CH2 Hhe), 1.48 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.70–2.14 (m,
4H, g-CH2 Hhe, b-CH2 Met), 2.01 (s, 3H, CH3 acetyl), 2.10 (s, 3H, CH3


Met), 2.53 (m, 2H, g-CH2 Met), 3.54 (m, 1H, -CH(OH)-), 3.72 (dd, J=
3.7, 11.3 Hz, 1H, b-CH2a Ser), 3.95 (dd, J=3.8, 11.3 Hz, 1H, b-CH2b Ser),
4.44 (m, 1H, a-CH Hhe), 4.60 (m, 1H, a-CH Ser), 4.71 (dd, J=6.1,
8.0 Hz, 1H, a-CH Met), 7.02 (m, 1H, NH), 7.62 (m, 2H, 2NNH);
13C NMR (CDCl3, 100.6 MHz): d=14.3, (w-CH3 Hhe), 22.9 (CH3 acetyl),
23.2 (CH3 Met), 25.6–30.3 (17NCH2 Hhe), 30.1 (C ACHTUNGTRENNUNG(CH3)3), 37.6 (b-CH2


Met), 53.0 (a-CH Hhe), 53.4 (a-CH Met), 54.9 (a-CH Ser), 62.9 (b-CH2


Ser), 71.4 (CHOH), 82.5 (C ACHTUNGTRENNUNG(CH3)3), 170.3 (C=O), 171.0 (C=O), 171.5
(C=O), 172.1 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C35H67N3NaO7S [M+Na]+ : 696.4600, found: 696.4612.


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-5-hydroxy]heneicosanoyl-N e-
(allyloxycarbonyl)-l-lysyl-S-farnesyl-l-cysteine methyl ester (29): A 1m
NaOH solution (16 mL) was added to a solution of tripeptide 28
(530 mg, 0.79 mmol) in MeOH (16 mL). The solution was stirred at room
temperature for 3 h. Then, the solvent was removed under reduced pres-
sure. The residue was dissolved in CHCl3 (100 mL) and then washed with
saturated NH4Cl solution (50 mL). The organic layer was dried over
Na2SO4 and the solvent was removed under reduced pressure to yield the
free acid as colorless solid (486 mg, 100%).


At 0 8C, EDC (32 mg, 0.16 mmol) was added to a solution of the above
acid (67 mg, 0.11 mmol), freshly prepared H-Lys ACHTUNGTRENNUNG(Aloc)-Cys ACHTUNGTRENNUNG(Far)-OMe 19
(59 mg, 0.11 mmol) and HOBt (34 mg, 0.22 mmol) in CH2Cl2 (5 mL) and
DMF (3 mL). The solution was warmed to room temperature and stirred
for 15 h. Then, the reaction mixture was diluted with ethyl acetate
(50 mL) and subsequently washed with 1n HCl (15 mL) and Na2CO3 sol-
ution (10%, 15 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent under reduced pressure, the residue was purified
by chromatography (cyclohexane/ethyl acetate 1:1, then CH2Cl2/EtOH
20:1, then 10:1) to yield 29 as colorless oil (55 mg, 44%). Rf=0.11
(CH2Cl2/EtOH 10:1); 1H NMR (CDCl3/CD3OD, 400 MHz): d=0.80 (t,
J=6.6 Hz, 3H, w-CH3 Hhe), 1.52 (s, 6H, 2NCH3 Far), 1.61 (s, 6H, 2N
CH3 Far), 1.13–1.70 (m, 36H, 15NCH2 Hhe, b-CH2 Hhe, 2NCH2 Lys),
1.93 (s, 3H, CH3 acetyl), 2.00 (s, 3H, CH3 Met), 1.72–2.05 (m, 14H, g-
CH2 Hhe, b-CH2 Met, CH2 Lys, 4NCH2 Far), 2.49 (m, 2H, g-CH2 Met),
2.72 (m, 1H, b-CH2a Cys), 2.86 (m, 1H, b-CH2b Cys), 3.00–3.18 (m, 4H,
-SCH2-, e-CH2 Lys), 3.50 (m, 1H, -CH(OH)-), 3.67 (s, 3H, OCH3), 3.72
(m, 1H, b-CH2a Ser), 3.95 (m, 1H, b-CH2b Ser), 4.25–4.60 (m, 7H, 5Na-
CH, -OCH2CH=CH2), 5.01 (m, 2H, 2NCH Far), 5.08–5.22 (m, 3H, CH
Far, -OCH2CH=CH2), 5.80 (m, 1H, -OCH2CH=CH2);


13C NMR (CDCl3/
CD3OD, 100.6 MHz): d=14.3 (w-CH3 Hhe), 17.0 (CH3 Far), 17.2 (CH3


Far), 19.3 (CH3 Far), 22.9 (CH3 acetyl), 23.2 (CH3 Met), 25.3 (CH3 Far),
23.6–34.2 (25NCH2), 37.9 (b-CH2 Met), 39.9 (CH2 Far), 40.5 (CH2 Far),
44.6 (e-CH2 Lys), 50.4 (OCH3), 54.2 (a-CH), 55.9 (a-CH), 56.0 (a-CH),
57.1 (a-CH), 59.6 (a-CH), 64.9 (b-CH2 Ser), 67.3 (OCH2CH=CH2), 82.2
(CHOH), 115.1 (OCH2CH=CH2), 117.1 (CH Far), 121.7 (CH Far), 122.5
(CH Far), 133.9 (C Far), 137.5 (OCH2CH=CH2), 139.3 (C Far), 142.4 (C
Far), 157.5 (C=O), 170.9 (C=O), 172.1 (C=O), 174.7 (C=O), 175.1 (C=
O); HRMS (FAB, 3-NBA): m/z : calcd for C60H106N6NaO11S2: 1173.7261,
found: 1173.7325 [M+Na]+ .


N-Acetyl-l-methionyl-l-seryl-[(2S)-amino-5-hydroxy]heneicosanoyl-l-
lysyl-S-farnesyl-l-cysteine methyl ester (30): [Pd ACHTUNGTRENNUNG(PPh3)4] (1 mg,
0.01 mmol) was added to a solution of pentapeptide 29 (7 mg, 0.01 mmol)
and N,N’-dimethylbarbituric acid (1 mg, 0.01 mmol) in THF (2 mL). The
mixture was stirred at room temperature for 6 h. After removal of the
solvent under reduced pressure, the residue was purified by chromatogra-
phy (CH2Cl2/EtOH 10:1, then CH2Cl2/MeOH 1:1 + 1% NEt3) to yield
30 as a slightly yellow solid (5 mg, 80%). M.p. 71 8C; Rf=0.01 (CH2Cl2/
EtOH 10:1); 1H NMR (CDCl3/CD3OD, 400 MHz): d=0.80 (t, J=6.6 Hz,
3H, w-CH3 Hhe), 1.52 (s, 6H, 2NCH3 Far), 1.61 (s, 6H, 2NCH3 Far),
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1.13–1.70 (m, 36H, 15NCH2 Hhe, b-CH2 Hhe, 2NCH2 Lys), 1.93 (s, 3H,
CH3 acetyl), 2.00 (s, 3H, CH3 Met), 1.72–2.05 (m, 14H, g-CH2 Hhe, b-
CH2 Met, CH2 Lys, 4NCH2 Far), 2.49 (m, 2H, g-CH2 Met), 2.72 (m, 1H,
b-CH2a Cys), 2.86 (m, 1H, b-CH2b Cys), 3.00–3.18 (m, 4H, -SCH2-, e-CH2


Lys), 3.50 (m, 1H, -CH(OH)-), 3.67 (s, 3H, OCH3), 3.72 (m, 1H, b-CH2a


Ser), 3.95 (m, 1H, b-CH2b Ser), 4.25–4.60 (m, 5H, 5Na-CH), 5.01 (m,
2H, 2NCH Far), 5.14 (m, 1H, CH Far); 13C NMR (CDCl3/CD3OD,
100.6 MHz): d=14.2 (w-CH3 Hhe), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.1
(CH3 Far), 22.7 (CH3 acetyl), 23.0 (CH3 Met), 25.3 (CH3 Far), 23.2–34.7
(25NCH2), 37.9 (b-CH2 Met), 39.9 (CH2 Far), 40.5 (CH2 Far), 44.6 (e-
CH2 Lys), 50.4 (OCH3), 54.2 (a-CH), 55.9 (a-CH), 56.2 (a-CH), 57.1 (a-
CH), 59.6 (a-CH), 64.7 (b-CH2 Ser), 82.0 (CHOH), 117.3 (CH Far), 121.7
(CH Far), 122.5 (CH Far), 133.9 (C Far), 139.3 (C Far), 142.4 (C Far),
170.7 (C=O), 172.0 (C=O), 174.7 (C=O), 175.3 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C56H103N6O9S2: 1067.7229, found: 1067.7237
[M+H]+ .


N-tert-Butyloxycarbonyl-(4R)-hydroxy-l-proline (32): At 0 8C, a 1m
NaOH solution (24 mL) and a solution of Boc2O (4.118 g, 18.30 mmol) in
dioxane (6 mL) were subsequently added to a solution of (4R)-hydroxy-
l-proline 31 (2 g, 15.25 mmol) in dioxane/H2O (2:1, 54 mL). The solution
was warmed to room temperature and stirred for 7 h. The solvents were
removed to 30 mL and the residue was dissolved in ethyl acetate
(200 mL). The solution was acidified with 1n HCl to pH 3 and extracted
with ethyl acetate (3N50 mL). The combined organic layers were dried
over Na2SO4 and the solvent was removed under reduced pressure to
yield 32 as a colorless foam (3.36 g, 95%). M.p. 96 8C; [a]20D = �54.1 (c=
1.0 in CHCl3); Rf=0.56 (CHCl3/MeOH 1:1); 1H NMR (CDCl3,
400 MHz): d=1.35 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.06–2.35 (m, 2H, b-CH2 Pro),
3.36–3.58 (m, 2H, d-CH2 Pro), 4.30–4.43 (m, 2H, a-CH Pro, g-CH Pro);
13C NMR (CDCl3, 100.6 MHz): d=20.9 (C ACHTUNGTRENNUNG(CH3)3), 28.5 (b-CH2 Pro), 54.7
(d-CH2 Pro), 54.8 (a-CH Pro), 69.2 (g-CH Pro), 81.2 (C ACHTUNGTRENNUNG(CH3)3), 154.2
(C=O), 178.4 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C10H18NO5:
232.1186, found: 232.1175 [M+H]+ ; elemental analysis calcd (%) for
C10H17NO5: C 51.94, H 7.41, N 6.06; found: C 51.77, H 7.35, N 6.00.


N-tert-Butyloxycarbonyl-(4R)-hydroxy-l-proline methyl ester (33):
Cs2CO3 (2.56 g, 7.24 mmol) was added to a solution of acid 32 (3.35 g,
14.49 mmol) in MeOH (80 mL). After stirring at room temperature for
5 min, the solvent was removed under reduced pressure and the residue
was coevaporated with toluene. The resulting salt was dissolved in DMF
(100 mL). Methyl iodide (1.350 mL, 21.73 mmol) was added to this solu-
tion and the mixture was stirred at room temperature for 20 h. After re-
moval of the solvent under reduced pressure, the residue was dissolved in
ethyl acetate (200 mL) and washed subsequently with Na2CO3 solution
(10%, 50 mL) and saturated NaCl solution (30 mL). The organic layer
was dried over Na2SO4, and, after removal of the solvent, the residue was
purified by chromatography (cyclohexane/ethyl acetate 1:1) to yield 33 as
a yellowish oil (3.138 g, 88%). [a]20D = �50.6 (c=1.0 in CHCl3); Rf=0.22
(cyclohexane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.41 (s,
9H, C ACHTUNGTRENNUNG(CH3)3), 2.03 (m, 1H, b-CH2a Pro), 2.25 (m, 1H, b-CH2b Pro), 2.93
(br s, 1H, OH), 3.41–3.62 (m, 2H, d-CH2 Pro), 3.71 (s, 3H, OCH3), 4.30–
4.48 (m, 2H, a-CH Pro, g-CH Pro); 13C NMR (CDCl3, 100.6 MHz): d=
28.6 (C ACHTUNGTRENNUNG(CH3)3), 39.2 (b-CH2 Pro), 52.2 (d-CH2 Pro), 54.9 (OCH3), 58.1
(a-CH Pro), 69.4 (g-CH Pro), 80.6 (C ACHTUNGTRENNUNG(CH3)3), 154.2 (C=O), 173.8 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for C11H19NO5: 246.1342, found:
246.1338 [M+H]+ .


N-tert-Butyloxycarbonyl-4-oxo-l-proline methyl ester (34): A solution of
Dess–Martin periodinane in CH2Cl2 (15%, 27.2 mL, 12.79 mmol) was
added to a solution of alcohol 33 (2.6 g, 10.6 mmol) in CH2Cl2 (104 mL).
The mixture was stirred at room temperature for 1 h. The solution was
diluted with ethyl acetate (200 mL) and a mixture of saturated Na2S2O3


solution (10 mL) and saturated NaHCO3 solution (30 mL) was added.
After the two phases had become clear, the separated organic layer was
washed with saturated NaHCO3 solution (30 mL). The organic layer was
dried over Na2SO4, and, after removal of the solvents under reduced
pressure, the residue was purified by chromatography (cyclohexane/ethyl
acetate 1:1) to yield 34 as a colorless oil (2.1 g, 81%). [a]20D = �36.7 (c=
0.5 in CHCl3); Rf=0.42 (cyclohexane/ethyl acetate 1:1); 1H NMR
(CDCl3, 400 MHz): d=1.45 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.56 (m, 1H, b-CH2a Pro),


2.90 (m, 1H, b-CH2b Pro), 3.73 (s, 3H, OCH3), 3.87 (m, 2H, d-CH2 Pro),
4.75 (m, 1H, a-CH Pro); 13C NMR (CDCl3, 100.6 MHz): d=28.4 (C-
ACHTUNGTRENNUNG(CH3)3), 40.9 (b-CH2 Pro), 52.8 (OCH3), 53.0 (a-CH Pro), 56.5 (d-CH2


Pro), 81.5 (C ACHTUNGTRENNUNG(CH3)3), 154.22 (C=O), 173.8 (C=O), 206.9 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for C11H18NO5: 244.1186, found: 244.1191
[M+H]+ .


N-tert-Butyloxycarbonyl-4-(cyanomethylen)-l-proline methyl ester (36):
Cyanomethyldiethylphosphonate 35 (4.4 mL, 28.01 mmol) was added to a
suspension of NaH (708 mg, 28.01 mmol) in THF (80 mL). After stirring
at room temperature for 10 min, a solution of ketone 34 (1.974 g,
8 mmol) in THF (80 mL) was added. The reaction mixture was stirred
for 1.5 h and then saturated NH4Cl solution (20 mL) was added. After re-
moval of the solvent under reduced pressure, the residue was dissolved in
ethyl acetate (200 mL) and washed subsequently with saturated NH4Cl
solution (50 mL) and saturated NaCl solution (50 mL). The organic layer
was dried over Na2SO4, and, after removal of the solvent under reduced
pressure, the residue was purified by chromatography (cyclohexane/ethyl
acetate 6:1) to yield 36 as a yellowish oil (1.812 g, 85%). [a]20D = �23.3
(c=1.0 in CHCl3); Rf=0.40 (cyclohexane/ethyl acetate 1:1); 1H NMR
(CDCl3, 400 MHz): d=1.45 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 3.10–3.22 (m, 2H, b-CH2


Pro), 3.72 (s, 3H, OCH3), 4.12–4.40 (m, 2H, d-CH2 Pro), 4.97 (m, 1H, a-
CH Pro), 5.81 (m, 1H, -CHCN); 13C NMR (CDCl3, 100.6 MHz): d=28.5
(C ACHTUNGTRENNUNG(CH3)3), 36.2 (b-CH2 Pro), 52.5 (OCH3), 54.8 (d-CH2 Pro), 60.5 (a-CH
Pro), 80.9 (CACHTUNGTRENNUNG(CH3)3), 93.4 (C=CHCN), 115.7 (CN), 153.2 (C=O), 170.5
(C=CHCN), 171.2 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C13H18N2O4: 266.1267, found: 266.1265 [M]+ .


N-tert-Butyloxycarbonyl-(4S)-(N’-allyloxycarbonylaminoethyl)-l-proline
methyl ester (37): PtO2·H2O (63 mg, 0.25 mmol) was added to a degassed
solution of nitrile 36 (670 mg, 2.52 mmol) in EtOH (114 mL) and CHCl3
(2.2 mL). The reaction mixture was hydrogenated under hydrogen atmos-
phere at room temperature for 2.5 h. Then, the suspension was filtered
through a pad of Celite. The solvents were removed under reduced pres-
sure to yield the amine as a colorless oil (685 mg, 100%).


AlocCl (413 mL, 3.77 mmol) was then added to a solution of the above
amine (685 mg, 2.52 mmol) and NEtiPr2 (861 mL, 5.03 mmol) in CH2Cl2
(27 mL). After stirring at room temperature for 18 h, the reaction mix-
ture was diluted with ethyl acetate (100 mL) and washed with 1n HCl
(30 mL). The organic layer was dried over Na2SO4, and, after removal of
the solvents under reduced pressure, the residue was purified by chroma-
tography (cyclohexane/ethyl acetate 1:1) to yield 37 as a colorless oil
(852 mg, 95%). [a]20D = �17.6 (c=0.5 in CHCl3); Rf=0.31 (cyclohexane/
ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.38 (s, 9H, CACHTUNGTRENNUNG(CH3)3),
1.53 (m, 3H, g-CH Pro, -CH2CH2NH-), 2.10 (m, 1H, b-CH2a Pro), 2.41
(m, 1H, b-CH2b Pro), 2.98 (m, 1H, d-CH2a Pro), 3.14 (m, 2H,
-CH2CH2NH-), 3.62 (s, 3H, OCH3), 3.62–3.74 (m, 1H, d-CH2b Pro), 4.08–
4.20 (m, 1H, a-CH Pro), 4.48 (m, 2H, -OCH2CH=CH2), 4.63 (m, 1H,
NH), 5.11–5.24 (m, 2H, OCH2CH=CH2), 5.84 (m, 1H, OCH2CH=CH2);
13C NMR (CDCl3, 100.6 MHz): d=27.1 (b-CH2 Pro), 27.5 (g-CH Pro),
28.7 (C ACHTUNGTRENNUNG(CH3)3), 33.1 (CH2CH2NH), 42.2 (CH2CH2NH), 48.5 (d-CH2 Pro),
50.4 (OCH3), 57.5 (a-CH Pro), 66.1 (OCH2CH=CH2), 80.9 (C ACHTUNGTRENNUNG(CH3)3),
118.06 (OCH2CH=CH2), 132.8 (OCH2CH=CH2), 156.6 (C=O), 159.4 (C=
O), 172.0 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C17H29N2O6:
357.2026, found: 357.2022 [M+H]+ .


(4S)-(N-Allyloxycarbonylaminoethyl)-l-proline methyl ester hydrotri-
fluoroacetate (38): TFA (15 mL) was added to a solution of proline 37
(698 mg, 1.96 mmol) in CH2Cl2 (60 mL). After stirring at room tempera-
ture for 30 min the solvent was removed under reduced pressure and the
residue was coevaporated with toluene to yield 38 as a colorless oil
(725 mg, quant.). [a]20D = �39.8 (c=1.0 in MeOH); Rf=0.38 (CH2Cl2/
EtOH 5:1); 1H NMR (CDCl3, 400 MHz): d=1.56–1.74 (m, 3H, g-CH
Pro, -CH2CH2NH-), 2.46 (m, 1H, b-CH2a Pro), 2.59 (m, 1H, b-CH2b Pro),
2.96 (m, 1H, d-CH2a Pro), 3.14 (m, 2H, -CH2CH2NH-), 3.62 (s, 3H,
OCH3), 3.54 (m, 1H, d-CH2b Pro), 4.36 (m, 1H, a-CH Pro), 4.48 (m, 2H,
-OCH2CH=CH2), 5.02 (brd, 1H, NH), 5.11–5.23 (m, 2H, -OCH2CH=
CH2), 5.83 (m, 1H, -OCH2CH=CH2);


13C NMR (CDCl3, 100.6 MHz): d=
32.7 (b-CH2 Pro), 34.9 (g-CH Pro), 36.2 (CH2CH2NH), 39.4
(CH2CH2NH), 50.7 (d-CH2 Pro), 53.7 (OCH3), 59.1 (a-CH Pro), 65.8
(OCH2CH=CH2), 117.8 (OCH2CH=CH2), 128.4 (CF3COOH), 132.9
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(OCH2CH=CH2), 161.8 (C=O), 169.5 (C=O), 176.0 (CF3COOH); HRMS
(FAB, 3-NBA): m/z : calcd for C12H21N2O4: 257.1502, found: 257.1512
[M+H]+ .


3-(Hexadecane-1-sulfonylamino)propionic acid (39): TMSCl (651 mL,
5.13 mmol) was added to a suspension of b-alanine (229 mg, 2.56 mmol)
in CH3CN (10 mL) and the reaction mixture was heated under reflux for
1 h. The solution was cooled down to room temperature and then NEt3
(1.43 mL, 10.26 mmol) and a solution of hexadecanesulfonic acid chloride
(1 g, 3.08 mmol) in CH3CN (10 mL) was subsequently added. After stir-
ring at room temperature for 16 h, the reaction mixture was diluted with
ethyl acetate (50 mL) and washed with 1n HCl (20 mL). The organic
layer was dried over Na2SO4, and, after removal of the solvents under re-
duced pressure, the residue was recrystallized from acetone to yield 39 as
a colorless solid (900 mg, 93%). M.p. 124 8C; 1H NMR (CDCl3,
400 MHz): d=0.72 (t, J=6.6 Hz, 3H, w-CH3 hexadecyl), 1.18 (m, 24H,
12NCH2 hexadecyl), 1.24 (m, 2H, g-CH2 hexadecyl), 1.60 (m, 2H, b-CH2


hexadecyl), 2.40 (t, J=6.4 Hz, 2H, a-CH2 b-Ala), 2.82 (m, 2H, a-CH2


hexadecyl), 3.12 (t, J=6.4 Hz, 2H, b-CH2 b-Ala), 4.20 (br s, 1H, NH);
13C NMR (CDCl3, 100.6 MHz): d=17.9 (w-CH3 hexadecyl), 26.7 (CH2),
27.5 (CH2), 32.3 (CH2), 32.4 (CH2), 32.6 (CH2), 32.7 (CH2), 33.0 (CH2),
33.2 (CH2), 33.7 (CH2), 33.8 (CH2), 34.6 (CH2), 34.8 (CH2), 35.2 (CH2),
35.9 (CH2), 38.8 (b-CH2 b-Ala), 42.7 (a-CH2 b-Ala), 56.5 (a-CH2 hexa-
decyl), 178.0 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C19H40NO4S:
378.2679, found: 378.2677 [M+H]+ .


N-[3-(Hexadecane-1-sulfonylamino)propionyl]-(4S)-(N’-allyloxycarbonyl-
aminoethyl)-l-proline methyl ester (40): At 0 8C, EDC (279 mg,
1.43 mmol) was added to a solution of proline 38 (440 mg, 1.19 mmol), b-
alanine 39 (538 mg, 1.43 mmol), HOBt (371 mg, 2.38 mmol) and NEtiPr2
(244 mL, 1.43 mmol) in CH2Cl2 (45 mL). The solution was warmed to
room temperature and stirred for 18 h. Then, the reaction mixture was di-
luted with ethyl acetate (100 mL) and subsequently washed with 1n HCl
(30 mL) and Na2CO3 solution (10%, 30 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (cyclohexane/ethyl acetate
1:2) to yield 40 as colorless oil (593 mg, 81%). [a]20D = �13.2 (c=1.0 in
CHCl3); Rf=0.30 (cyclohexane/ethyl acetate 1:3); 1H NMR (CDCl3,
400 MHz): d=0.86 (t, J=6.6 Hz, 3H, w-CH3 hexadecyl), 1.23 (m, 24H,
12NCH2 hexadecyl), 1.37 (m, 2H, g-CH2 hexadecyl), 1.60 (m, 3H, g-CH
Pro, -CH2CH2NH-), 1.76 (m, 2H, b-CH2 hexadecyl), 2.29 (m, 1H, b-CH2a


Pro), 2.45 (m, 1H, b-CH2b Pro), 2.58 (m, 2H, a-CH2 b-Ala), 2.97 (m, 2H,
a-CH2 hexadecyl), 3.19 (m, 3H, b-CH2 b-Ala, d-CH2a Pro), 3.36 (m, 3H,
-CH2CH2NH-, d-CH2b Pro), 3.71 (s, 3H, OCH3), 4.34 (m, 1H, NH), 4.53
(m, 2H, -OCH2CH=CH2), 4.92 (m, 1H, a-CH Pro), 5.16–5.34 (m, 3H,
NH, -OCH2CH=CH2), 5.88 (m, 1H, -OCH2CH=CH2);


13C NMR (CDCl3,
100.6 MHz): d=14.3 (w-CH3 hexadecyl), 22.8 (CH2), 24.7 (CH2), 28.5
(CH2), 28.6 (CH2), 28.9 (CH2), 29.1 (CH2), 29.5 (CH2), 29.6 (CH2), 29.8
(CH2), 30.3 (CH2), 30.5 (CH2), 30.7 (CH2), 31.5 (CH2), 32.3 (CH2), 33.3
(CH2), 35.2 (g-CH Pro), 35.5 (CH2), 36.7 (CH2CH2NH), 38.8 (b-CH2 b-
Ala), 39.4 (CH2CH2NH), 42.7 (a-CH2 b-Ala), 52.5 (d-CH2 Pro), 52.8
(OCH3), 59.1 (a-CH2 hexadecyl), 59.2 (a-CH Pro), 65.8 (OCH2CH=
CH2), 117.9 (OCH2CH=CH2), 133.0 (OCH2CH=CH2), 156.4 (C=O),
170.2 (C=O), 172.8 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C31H58N3O7S: 616.3996, found: 616.3976 [M+H]+ .


N-[3-(Hexadecane-1-sulfonylamino)propionyl]-(4S)-(N’-allyloxycarbonyl-
aminoethyl)-l-prolyl-S-farnesyl-l-cysteine methyl ester (41): A 1m
NaOH solution (1.75 mL) was added to a solution of dipeptide 40
(539 mg, 0.88 mmol) in MeOH (3.5 mL). After stirring at room tempera-
ture for 3 h, the reaction mixture was diluted with CHCl3 (30 mL), acidi-
fied with 1n HCl to pH 3 and extracted with CHCl3 (2N30 mL). The
combined organic layers were dried over Na2SO4 and the solvents were
removed under reduced pressure to yield the free acid (526 mg, 100%).


At 0 8C, EDC (205 mg, 1.05 mmol) was added to a solution of the above
acid (562 mg, 0.87 mmol), H-Cys ACHTUNGTRENNUNG(Far)-OMe 10 (356 mg, 1.05 mmol) and
HOBt (273 mg, 1.75 mmol) in CH2Cl2 (50 mL). The solution was warmed
to room temperature and stirred for 20 h. Then, the reaction mixture was
diluted with ethyl acetate (100 mL) and subsequently washed with 1n
HCl (30 mL) and Na2CO3 solution (10%, 30 mL). The organic layer was
dried over Na2SO4, and, after removal of the solvent under reduced pres-


sure, the residue was purified by chromatography (cyclohexane/ethyl ace-
tate 1:1, then 1:5) to yield 41 as colorless oil (701 mg, 87%). [a]20D = �8.4
(c=0.5 in CHCl3); Rf=0.29 (cyclohexane/ethyl acetate); 1H NMR
(CDCl3, 400 MHz): d=0.86 (t, J=6.6 Hz, 3H, w-CH3 hexadecyl), 1.23
(m, 24H, 12NCH2 hexadecyl), 1.37 (m, 2H, g-CH2 hexadecyl), 1.50 (s,
6H, 2NCH3 Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3 Far), 1.60 (m,
3H, g-CH Pro, -CH2CH2NH-), 1.76 (m, 2H, b-CH2 hexadecyl), 1.82–2.08
(m, 8H, 4NCH2 Far), 2.29 (m, 1H, b-CH2a Pro), 2.45 (m, 1H, b-CH2b


Pro), 2.58 (m, 2H, a-CH2 b-Ala), 2.72 (m, 2H, -SCH2-), 2.96 (m, 3H, a-
CH2 hexadecyl, d-CH2a Pro), 3.20 (m, 4H, b-CH2 b-Ala, b-CH2 Cys), 3.41
(m, 3H, -CH2CH2NH-, d-CH2b Pro), 3.68 (s, 3H, OCH3), 4.53 (m, 2H,
-OCH2CH=CH2), 4.76 (m, 1H, a-CH Cys), 4.92 (m, 1H, a-CH Pro),
5.04–5.29 (m, 6H, 3NCH Far, NH, -OCH2CH=CH2), 5.54 (m, 1H, NH),
5.90 (m, 1H, -OCH2CH=CH2), 7.11 (m, 1H, NH); 13C NMR (CDCl3,
100.6 MHz): d=14.3 (w-CH3 hexadecyl), 16.2 (CH3 Far), 16.4 (CH3 Far),
16.5 (CH3 Far), 17.9 (CH3 Far), 22.8 (CH2), 22.9 (CH2), 23.8 (CH2), 24.7
(CH2), 28.5 (CH2), 28.6 (CH2), 28.9 (CH2), 29.1 (CH2), 29.5 (CH2), 29.6
(CH2), 29.8 (CH2), 30.3 (CH2), 30.5 (CH2), 30.7 (CH2), 31.5 (CH2), 32.1
(CH2), 32.3 (CH2), 33.3 (CH2), 33.4 (CH2), 35.2 (g-CH Pro), 35.5 (CH2),
36.7 (CH2CH2NH), 38.8 (b-CH2 b-Ala), 39.2 (CH2 Far), 39.4
(CH2CH2NH), 39.8 (CH2 Far), 42.7 (a-CH2 b-Ala), 52.5 (d-CH2 Pro),
52.9 (OCH3), 57.4 (a-CH Cys), 59.1 (a-CH2 hexadecyl), 59.2 (a-CH Pro),
65.8 (OCH2CH=CH2), 117.9 (OCH2CH=CH2), 119.7 (CH Far), 123.9
(CH Far), 124.5 (CH Far), 132.3 (C Far), 133.0 (OCH2CH=CH2), 135.5
(C Far), 140.8 (C Far), 156.4 (C=O), 170.2 (C=O), 171.0 (C=O), 172.8
(C=O); HRMS (FAB, 3-NBA): m/z : calcd for C49H87N4O8S2: 923.5966,
found: 923.5955 [M+H]+ .


N-[3-(Hexadecane-1-sulfonylamino)propionyl]-(4S)-(aminoethyl)-l-
prolyl-S-farnesyl-l-cysteine methyl ester (42): [PdACHTUNGTRENNUNG(PPh3)4] (38 mg,
0.03 mmol) was added to a degassed solution of tripeptide 41 (300 mg,
0.33 mmol) and N,N’-dimethylbarbituric acid (51 mg, 0.33 mmol) in THF
(30 mL). The mixture was stirred at room temperature for 3 h. After re-
moval of the solvent under reduced pressure, the residue was purified by
chromatography (CH2Cl2/EtOH 20:1, then 10:1, then 5:1 + 1% NEt3,
then 1:1 + 1% NEt3) to yield 42 as a slightly yellow foam (216 mg,
79%). [a]20D = �14.5 (c=0.5 in CHCl3); Rf=0.07 (CH2Cl2/EtOH 10:1);
1H NMR (CD3OD, 400 MHz): d=0.86 (t, J=6.6 Hz, 3H, w-CH3 hexa-
decyl), 1.23 (m, 24H, 12NCH2 hexadecyl), 1.37 (m, 2H, g-CH2 hexadec-
yl), 1.50 (s, 6H, 2NCH3 Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3


Far), 1.60 (m, 3H, g-CH Pro, -CH2CH2NH2), 1.76 (m, 2H, b-CH2 hexa-
decyl), 1.82–2.08 (m, 8H, 4NCH2 Far), 2.29 (m, 1H, b-CH2a Pro), 2.45
(m, 1H, b-CH2b Pro), 2.58 (m, 2H, a-CH2 b-Ala), 2.72 (m, 2H, -SCH2-),
2.96 (m, 3H, a-CH2 hexadecyl, d-CH2a Pro), 3.20 (m, 4H, b-CH2 b-Ala,
b-CH2 Cys), 3.41 (m, 3H, -CH2CH2NH2, d-CH2b Pro), 3.68 (s, 3H,
OCH3), 4.76 (m, 1H, a-CH Cys), 4.92 (m, 1H, a-CH Pro), 5.04–5.29 (m,
3H, 3NCH Far); 13C NMR (CD3OD, 100.6 MHz): d=14.3 (w-CH3 hexa-
decyl), 16.2 (CH3 Far), 16.4 (CH3 Far), 16.5 (CH3 Far), 17.9 (CH3 Far),
22.8 (CH2), 22.9 (CH2), 23.8 (CH2), 24.7 (CH2), 28.5 (CH2), 28.6 (CH2),
28.9 (CH2), 29.1 (CH2), 29.5 (CH2), 29.6 (CH2), 29.8 (CH2), 30.3 (CH2),
30.5 (CH2), 30.7 (CH2), 31.5 (CH2), 32.1 (CH2), 32.3 (CH2), 33.3 (CH2),
33.4 (CH2), 35.2 (g-CH Pro), 35.5 (CH2), 36.7 (CH2CH2NH2), 38.8 (b-
CH2 b-Ala), 39.2 (CH2 Far), 39.4 (CH2CH2NH2), 39.8 (CH2 Far), 42.7 (a-
CH2 b-Ala), 52.5 (d-CH2 Pro), 52.9 (OCH3), 57.4 (a-CH Cys), 59.1 (a-
CH2 hexadecyl), 59.2 (a-CH Pro), 119.7 (CH Far), 123.9 (CH Far), 124.5
(CH Far), 132.3 (C Far), 135.5 (C Far), 140.8 (C Far), 170.2 (C=O), 171.0
(C=O), 172.8 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C45H82N4NaO6S2: 861.5576, found: 861.5562 [M+Na]+ .


N-[(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionyl]-(4S)-
(N’-allyloxycarbonylaminoethyl)-l-proline methyl ester (43): At 0 8C,
EDC (81 mg, 0.41 mmol) was added to a solution of proline 38 (150 mg,
0.35 mmol), Ac-Dap(SO2C16H33)-OH 4 (128 mg, 0.35 mmol), HOBt
(108 mg, 0.69 mmol) and NEtiPr2 in CH2Cl2 (15 mL). The solution was
warmed to room temperature and stirred for 18 h. Then, the reaction
mixture was diluted with ethyl acetate (50 mL) and subsequently washed
with 1n HCl (15 mL) and Na2CO3 solution (10%, 15 mL). The organic
layer was dried over Na2SO4, and, after removal of the solvent under re-
duced pressure, the residue was purified by chromatography (cyclohex-
ane/ethyl acetate 1:5) to yield 43 as colorless solid (176 mg, 76%). M.p.
78 8C; [a]20D = �9.2 (c=1.0 in CHCl3); Rf=0.09 (cyclohexane/ethyl ace-
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tate 1:5); 1H NMR (CDCl3, 400 MHz): d=0.81 (t, J=6.5 Hz, 3H, w-CH3


hexadecyl), 1.18 (m, 24H, 12NCH2 hexadecyl), 1.33 (m, 2H, g-CH2 hexa-
decyl), 1.55 (m, 3H, g-CH Pro, -CH2CH2NH-), 1.72 (m, 2H, b-CH2 hexa-
decyl), 1.94 (s, 3H, CH3 acetyl), 2.25 (m, 1H, b-CH2a Pro), 2.45 (m, 1H,
b-CH2b Pro), 2.93 (m, 2H, a-CH2 hexadecyl), 3.14 (m, 3H, d-CH2a Pro,
-CH2CH2NH-), 3.30 (m, 3H, d-CH2b Pro, b-CH2 Dap), 3.68 (s, 3H,
OCH3), 3.99 (m, 1H, NH), 4.40 (m, 1H, a-CH Dap), 4.48 (m, 2H,
-OCH2CH=CH2), 4.86 (m, 1H, a-CH Pro), 5.12–5.25 (m, 2H,
-OCH2CH=CH2), 5.64 (m, 1H, NH), 5.85 (m, 1H, -OCH2CH=CH2), 6.70
(m, 1H, NH); 13C NMR (CDCl3, 100.6 MHz): d=14.3 (w-CH3 hexadec-
yl), 22.8 (CH3 acetyl), 22.9 (CH2), 24.5 (CH2), 28.6 (CH2), 28.8 (CH2),
29.2 (CH2), 29.5 (CH2), 29.6 (CH2), 29.9 (CH2), 30.2 (CH2), 30.5 (CH2),
30.6 (CH2), 31.3 (CH2), 32.0 (CH2), 33.1 (CH2), 35.1 (g-CH Pro), 36.7
(CH2), 36.9 (CH2CH2NH), 39.6 (CH2CH2NH), 45.0 (b-CH2 Dap), 51.1 (d-
CH2 Pro), 52.8 (a-CH Dap), 52.9 (OCH3), 59.3 (a-CH2 hexadecyl), 59.4
(a-CH Pro), 65.7 (OCH2CH=CH2), 117.8 (OCH2CH=H2), 133.0
(OCH2CH=CH2), 156.5 (C=O), 168.5 (C=O), 169.2 (C=O), 172.8 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for C33H60N4NaO8S: 695.4032, found:
695.4054 [M+Na]+ .


N-[(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionyl]-(4S)-
(N’-allyloxycarbonylaminoethyl)-l-prolyl-S-farnesyl-l-cysteine methyl
ester (44): A 1m NaOH solution (416 mL) was added to a solution of di-
peptide 43 (140 mg, 0.21 mmol) in MeOH (832 mL). After stirring at
room temperature for 3 h, the reaction mixture was diluted with CHCl3
(30 mL), acidified with 1n HCl to pH 3 and extracted with CHCl3 (2N
20 mL). The combined organic layers were dried over Na2SO4 and the
solvents were removed under reduced pressure to yield the free acid
(137 mg, 100%).


At 0 8C, EDC (49 mg, 0.25 mmol) was added to a solution of the above
acid (137 mg, 0.21 mmol), H-Cys ACHTUNGTRENNUNG(Far)-OMe 10 (85 mg, 0.25 mmol) and
HOBt (65 mg, 0.42 mmol) in CH2Cl2 (25 mL). The solution was warmed
to room temperature and stirred for 20 h. Then, the reaction mixture was
diluted with ethyl acetate (50 mL) and subsequently washed with 1n HCl
(15 mL) and Na2CO3 solution (10%, 15 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (cyclohexane/ethyl acetate
1:8, then CH2Cl2/EtOH 10:1) to yield 44 as colorless oil (169 mg, 83%).
[a]20D = �9.0 (c=0.5 in CHCl3); Rf=0.13 (cyclohexane/ethyl acetate 1:8);
1H NMR (CDCl3, 400 MHz): d=0.81 (t, J=6.6 Hz, 3H, w-CH3 hexadec-
yl), 1.18 (m, 24H, 12NCH2 hexadecyl), 1.34 (m, 2H, g-CH2 hexadecyl),
1.50 (s, 6H, 2NCH3 Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3 Far),
1.59 (m, 3H, g-CH Pro, -CH2CH2NH-), 1.72 (m, 2H, b-CH2 hexadecyl),
1.94 (s, 3H, CH3 acetyl), 1.82–2.08 (m, 8H, 4NCH2 Far), 2.25 (m, 1H, b-
CH2a Pro), 2.45 (m, 1H, b-CH2b Pro), 2.72 (m, 2H, -SCH2-), 2.96 (m, 3H,
a-CH2 hexadecyl, d-CH2a Pro), 3.20 (m, 4H, b-CH2 Dap, b-CH2 Cys),
3.41 (m, 3H, -CH2CH2NH-, d-CH2b Pro), 3.71 (s, 3H, OCH3), 4.53 (m,
2H, -OCH2CH=CH2), 4.76 (m, 1H, a-CH Cys), 4.92 (m, 1H, a-CH Pro),
5.04–5.29 (m, 6H, 3NCH Far, NH -OCH2CH=CH2), 5.54 (m, 1H, NH),
5.90 (m, 1H, -OCH2CH=CH2), 7.11 (m, 1H, NH); 13C NMR (CDCl3,
100.6 MHz): d=14.3 (w-CH3 hexadecyl), 16.2 (CH3 Far), 16.4 (CH3 Far),
16.5 (CH3 Far), 17.9 (CH3 Far), 22.8 (CH3 Acetyl), 22.8 (CH2), 22.9
(CH2), 23.8 (CH2), 24.7 (CH2), 28.5 (CH2), 28.6 (CH2), 28.9 (CH2), 29.1
(CH2), 29.5 (CH2), 29.6 (CH2), 29.8 (CH2), 30.3 (CH2), 30.5 (CH2), 30.7
(CH2), 31.5 (CH2), 32.1 (CH2), 32.3 (CH2), 33.3 (CH2), 33.4 (CH2), 35.2
(g-CH Pro), 35.5 (CH2), 36.7 (CH2CH2NH), 39.2 (CH2 Far), 39.4
(CH2CH2NH), 39.8 (CH2 Far), 45.7 (b-CH2 Dap), 52.5 (d-CH2 Pro), 52.8
(a-CH Dap), 53.0 (OCH3), 57.4 (a-CH Cys), 59.1 (a-CH2 hexadecyl),
59.2 (a-CH Pro), 65.8 (OCH2CH=CH2), 117.9 (OCH2CH=CH2), 119.7
(CH Far), 123.9 (CH Far), 124.5 (CH Far), 132.3 (C Far), 133.0
(OCH2CH=CH2), 135.5 (C Far), 140.8 (C Far), 156.4 (C=O), 170.2 (C=
O), 171.0 (C=O), 171.2 (C=O), 172.8 (C=O); HRMS (FAB, 3-NBA):
m/z : calcd for C51H90N5O9S2: 980.6181, found: 980.6188 [M+H]+.


N-[(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionyl]-(4S)-
aminoethyl-l-prolyl-S-farnesyl-l-cysteine methyl ester (45): [Pd ACHTUNGTRENNUNG(PPh3)4]
(18 mg, 0.02 mmol) was added to a degassed solution of tripeptide 44
(149 mg, 0.15 mmol) and N,N’-dimethylbarbituric acid (24 mg,
0.15 mmol) in THF (15 mL). The mixture was stirred at room tempera-
ture for 24 h. After removal of the solvent under reduced pressure, the


residue was purified by chromatography (CH2Cl2/EtOH 10:1, then 5:1,
then 1:1, then 1:1 + 1% NEt3) to yield 45 as a slightly yellow foam
(87 mg, 64%). [a]20D = �4.9 (c=0.5 in CHCl3); Rf=0.04 (CH2Cl2/EtOH
1:1); 1H NMR (CD3OD, 400 MHz): d=0.81 (t, J=6.6 Hz, 3H, w-CH3


hexadecyl), 1.18 (m, 24H, 12NCH2 hexadecyl), 1.34 (m, 2H, g-CH2 hexa-
decyl), 1.50 (s, 6H, 2NCH3 Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3


Far), 1.59 (m, 3H, g-CH Pro, -CH2CH2NH2), 1.72 (m, 2H, b-CH2 hexa-
decyl), 1.94 (s, 3H, CH3 acetyl), 1.82–2.08 (m, 8H, 4NCH2 Far), 2.25 (m,
1H, b-CH2a Pro), 2.45 (m, 1H, b-CH2b Pro), 2.72 (m, 2H, -SCH2-), 2.96
(m, 3H, a-CH2 hexadecyl, d-CH2a Pro), 3.20 (m, 4H, b-CH2 Dap, b-CH2


Cys), 3.41 (m, 3H, -CH2CH2NH2, d-CH2b Pro), 3.71 (s, 3H, OCH3), 4.76
(m, 1H, a-CH Cys), 4.92 (m, 1H, a-CH Pro), 5.04–5.29 (m, 3H, 3NCH
Far); 13C NMR (CD3OD, 100.6 MHz): d=14.3 (w-CH3 hexadecyl), 16.2
(CH3 Far), 16.4 (CH3 Far), 16.5 (CH3 Far), 17.9 (CH3 Far), 22.8 (CH3


acetyl), 22.8 (CH2), 22.9 (CH2), 23.8 (CH2), 24.7 (CH2), 28.5 (CH2), 28.9
(CH2), 29.1 (CH2), 29.5 (CH2), 29.6 (CH2), 29.8 (CH2), 30.3 (CH2), 30.5
(CH2), 30.7 (CH2), 31.5 (CH2), 32.1 (CH2), 32.3 (CH2), 33.3 (CH2), 33.4
(CH2), 35.2 (g-CH Pro), 35.5 (CH2), 36.7 (CH2CH2NH2), 39.2 (CH2 Far),
39.4 (CH2CH2NH2), 39.8 (CH2 Far), 45.7 (b-CH2 Dap), 52.5 (d-CH2 Pro),
52.8 (a-CH Dap), 53.0 (OCH3), 57.4 (a-CH Cys), 59.1 (a-CH2 hexadec-
yl), 59.2 (a-CH Pro), 119.7 (CH Far), 123.9 (CH Far), 124.5 (CH Far),
132.3 (C Far), 135.5 (C Far), 140.8 (C Far), 170.2 (C=O), 171.0 (C=O),
171.2 (C=O), 172.8 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C47H86N5O7S2: 897.5969, found: 897.5938 [M+H]+ .


(2S)-[Bis(tert-butyloxycarbonyl)amino]butyrolactone (47): At 0 8C, a sol-
ution of Boc2O (29.666 g, 131.85 mmol) in CH2Cl2 (50 mL) was added to
a solution of (2S)-aminobutyrolactone hydrobromide 46 (20 g,
109.88 mmol) and NEtiPr2 (56.43 mL, 329.63 mmol) in CH2Cl2 (500 mL).
The solution was warmed to room temperature and stirred for 20 h.
Then, the reaction mixture was washed with 1n HCl (100 mL). The or-
ganic layer was dried over Na2SO4 and the solvent was removed under
reduced pressure to yield the monoprotected lactone as a colorless solid
(22.1 g, 100%).


Boc2O (27.2 g, 120.86 mmol) was then added to a solution of the above
lactone (22.1 g, 109.88 mmol) and DMAP (2.74 g, 21.98 mmol) in CH3CN
(380 mL). After stirring at room temperature for 15 h, the solvent was re-
moved under reduced pressure and the residue was purified by chroma-
tography (cyclohexane/ethyl acetate 1:1) to yield 47 as a colorless solid
(31.03 g, 94%). M.p. 75 8C; [a]20D = �42.5 (c=1.0 in CHCl3); Rf=0.51
(cyclohexane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.52 (s,
18H, C ACHTUNGTRENNUNG(CH3)3), 2.53 (m, 2H, b-CH2), 4.26 (dt, J=8.4, 9.1 Hz, 1H, g-
CH2a), 4.48 (dt, J=5.7, 6.3 Hz, 1H, g-CH2b), 5.12 (t, J=9.9 Hz, 1H, a-
CH); 13C NMR (CDCl3, 100.6 MHz): d=26.8 (b-CH2), 28.2 (C ACHTUNGTRENNUNG(CH3)3),
54.0 (a-CH), 65.4 (g-CH2), 84.3 (C ACHTUNGTRENNUNG(CH3)3), 151.7 (C=O), 173.9 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for C14H24NO6: 302.1604, found:
302.1615 [M+H]+ .


(2S)-[Bis(tert-butyloxycarbonyl)amino]-4-hydroxybutyric acid methyl
ester (48): A 1m CsOH solution (102.59 mL) was added to a solution of
lactone 47 (30.915 g, 102.59 mmol) in MeOH (220 mL). After stirring at
room temperature for 2 h, the solvent was removed under reduced pres-
sure and the residue was coevaporated with toluene. The resulting salt
was dissolved in DMF (834 mL). Methyl iodide (7.67 mL, 123.11 mmol)
was added to this solution and the mixture was stirred at room tempera-
ture for 18 h. After removal of the solvent under reduced pressure, the
residue was dissolved in ethyl acetate (500 mL) and washed subsequently
with Na2CO3 solution (10%, 100 mL) and saturated NaCl solution
(30 mL). The organic layer was dried over Na2SO4, and, after removal of
the solvent, the residue was purified by chromatography (cyclohexane/
ethyl acetate 4:1) to yield 48 as a colorless solid (27.019 g, 79%). M.p.
89 8C; [a]20D = �37.8 (c=1.0 in CHCl3); Rf=0.36 (cyclohexane/ethyl ace-
tate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.51 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 2.03
(m, 1H, b-CH2a), 2.42 (m, 1H, b-CH2b), 2.48 (br s, 1H, OH), 3.59 (m, 1H,
g-CH2a), 3.73 (m, s, 4H, g-CH2b, OCH3), 5.01 (dd, J=4.7, 9.8 Hz, 1H, a-
CH); 13C NMR (CDCl3, 100.6 MHz): d=28.1 (C ACHTUNGTRENNUNG(CH3)3), 33.2 (b-CH2),
52.5 (OCH3), 55.6 (a-CH), 59.2 (g-CH), 83.8 (C ACHTUNGTRENNUNG(CH3)3), 152.6 (C=O),
171.5 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C15H28NO7: 334.1867,
found: 334.1886 [M+H]+ .
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(2S)-[Bis(tert-butyloxycarbonyl)amino]-4-cyano-4-hydroxybutyric acid
methyl ester (49): At �60 8C, a solution of DMSO (9.352 mL,
131.78 mmol) in CH2Cl2 (28 mL) was added to a solution of oxalyl chlor-
ide (8.285 mL, 94.48 mmol) in CH2Cl2 (189 mL). The reaction mixture
was stirred at �60 8C for 30 min. Then, a solution of alcohol 48 (13.5 g,
40.49 mmol) in CH2Cl2 (57 mL) was added. After stirring at �60 8C for
4 h, NEtiPr2 (39.293 mL, 281.91 mmol) was added and the reaction mix-
ture was warmed to room temperature. The solution was poured into a
1m KH2PO4 solution and extracted with ethyl acetate (100 mL). The or-
ganic layer was then subsequently washed with H2O (50 mL) and saturat-
ed NaCl solution (50 mL). The organic layers were dried over Na2SO4


and the solvents were removed under reduced pressure to yield the crude
aldehyde as colorless oil (12.314 g, 92%).


TMSCN (9.3 mL, 72.43 mmol) was added to a solution of the above alde-
hyde (12.314 g, 37.25 mmol) in CH2Cl2 (200 mL). The reaction mixture
was stirred at room temperature for 20 h. Then, the solvent was removed
under reduced pressure, the residue was dissolved in methanol and NH4F
(2.7 g, 72.43 mmol) was added. After stirring for 5 min, the solvent was
removed under reduced pressure. The residue was dissolved in ethyl ace-
tate (500 mL) and subsequently washed with H2O (100 mL) and saturat-
ed NaCl solution (100 mL). The organic layer was dried over Na2SO4,
and, after removal of the solvent under reduced pressure, the residue was
purified by chromatography (cyclohexane/ethyl acetate 6:1) to yield 49 as
a colorless oil (11.68 g, 90%). Rf=0.40 (cyclohexane/ethyl acetate 1:1);
1H NMR (CDCl3, 400 MHz): d=1.53 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 2.36 (m, 1H, b-
CH2a), 2.73 (m, 1H, b-CH2b), 3.76 (s, 3H, OCH3), 4.51 (m, 2H, g-CH),
4.74 (br s, 1H, OH), 5.10 (m, 1H, a-CH); 13C NMR (CDCl3, 100.6 MHz):
d=28.2 (C ACHTUNGTRENNUNG(CH3)3), 35.3 (b-CH2), 55.0 (OCH3), 58.7 (a-CH), 58.4 (g-CH),
84.7 (C ACHTUNGTRENNUNG(CH3)3), 119.3 (CN), 152.5 (C=O), 170.4 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C16H27N2O7: 359.1819, found: 359.1846 [M+H]+ .


(2S)-[Bis(tert-butyloxycarbonyl)amino]-4-(tert-butyldiphenylsilanyloxy)-
4-cyanobutyric acid methyl ester (50): TBDPSCl (11.661 mL,
43.95 mmol) was added to a solution of cyanohydrin 49 (10.5 g,
29.3 mmol) and imidazole (6 g, 87.89 mmol) in DMF (30 mL). The solu-
tion was stirred at room temperature for 15 h. Then, the solvent was re-
moved under reduced pressure, the residue was dissolved in ethyl acetate
(500 mL) and washed subsequently with 1n HCl (100 mL) and saturated
NaCl solution (100 mL). The organic layer was dried over Na2SO4, and,
after removal of the solvent under reduced pressure, the residue was pu-
rified by chromatography (cyclohexane/ethyl acetate 10:1) to yield 50 as
a colorless oil (15.517 g, 90%). Rf=0.13 (cyclohexane/ethyl acetate 7:1);
1H NMR (CDCl3, 400 MHz): d=1.09 (s, 9H, CACHTUNGTRENNUNG(CH3)3 silyl), 1.45 (s, 18H,
C ACHTUNGTRENNUNG(CH3)3 Boc), 2.36 (m, 1H, b-CH2a), 2.75 (m, 1H, b-CH2b), 3.66 (s, 3H,
OCH3), 4.53 (dd, J=5.3, 7.4 Hz, 1H, g-CH), 5.05, 5.19 (dd, J=4.9,
8.4 Hz, 1H, a-CH), 7.37–7.49 (m, 6H, arom. CH), 7.63–7.73 (m, 4H,
arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=19.4 (C ACHTUNGTRENNUNG(CH3)3 silyl), 26.9
(C ACHTUNGTRENNUNG(CH3)3 silyl), 28.1 (C ACHTUNGTRENNUNG(CH3)3 Boc), 37.3 (b-CH2), 52.6 (OCH3), 53.8 (a-
CH), 60.5 (g-CH2), 83.7 (C ACHTUNGTRENNUNG(CH3)3 Boc), 119.0 (CN), 128.0 (arom. CH),
128.2 (arom. CH), 128.2 (arom. CH), 130.5 (arom. C), 131.6 (arom. C),
135.9 (arom. CH), 136.1 (arom. CH), 151.7 (C=O), 170.4 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for C32H44N2NaO7Si: 619.2818, found:
619.2830 [M+Na]+ .


(3S)-[Bis(tert-butyloxycarbonyl)amino]-5-(tert-butyldiphenylsilanyloxy)-
piperidine-2-on (51): Pd (10% on charcoal, 1.176 g) was added to a de-
gassed solution of nitrile 50 (6.3 g, 19.56 mmol) in MeOH (630 mL) and
acetic acid (3.5 mL). The reaction mixture was hydrogenated under hy-
drogen atmosphere at room temperature for 15 h. Then the suspension
was filtered through a pad of Celite. After removal of the solvents under
reduced pressure, the residue was dissolved in CHCl3 (250 mL) and
washed with Na2CO3 solution (10%, 50 mL). The organic layer was dried
over Na2SO4, and after removal of the solvent under reduced pressure,
the residue was dissolved in toluene (500 mL). DMAP (0.270 g,
2.21 mmol) was added to this solution and the reaction mixture was re-
fluxed for 42 h. After removal of the solvent under reduced pressure, the
residue was purified by chromatography (cyclohexane/ethyl acetate 2:1)
to yield 51 as a colorless foam (4.022 g, 67%). Rf=0.27 (cyclohexane/
ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.05 (s, 9H, C ACHTUNGTRENNUNG(CH3)3
silyl), 1.48 (s, 18H, C ACHTUNGTRENNUNG(CH3)3 Boc), 2.16–2.30 (m, 2H, b-CH2), 3.11–3.30


(m, 2H, d-CH2), 3.99 (m, 1H, g-CH), 4.57 (m, 1H, a-CH), 6.59 (m, 1H,
NH), 7.36–7.46 (m, 6H, arom. CH), 7.62–7.71 (m, 4H, arom. CH);
13C NMR (CDCl3, 100.6 MHz): d=19.3 (C ACHTUNGTRENNUNG(CH3)3 silyl), 27.0 (C ACHTUNGTRENNUNG(CH3)3
silyl), 28.2 (C ACHTUNGTRENNUNG(CH3)3 Boc), 34.0 (b-CH2), 52.7 (a-CH), 54.2 (d-CH2), 65.7
(g-CH2), 82.9 (C ACHTUNGTRENNUNG(CH3)3 Boc), 128.0 (arom. CH), 130.1 (arom. CH), 130.2
(arom. CH), 133.3 (arom. C), 133.5 (arom. C), 135.7 (arom. CH), 135.8
(arom CH), 151.9 (C=O), 169.5 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C31H44N2NaO6Si: 591.2869, found: 591.2888 [M+Na]+ .


(3S)-[Bis(tert-butyloxycarbonyl)amino]-5-hydroxypiperidine-2-on (52): A
1m TBAF solution in THF (9.7 mL, 9.7 mmol) was added to a solution of
lactam 51 (1.1 g, 1.93 mmol) in THF (30 mL). After stirring at room tem-
perature for 1.5 h, the solvent was removed under reduced pressure. The
residue was purified by chromatography (cyclohexane/ethyl acetate 1:1)
to yield 52 as a colorless solid (638 mg, quant.). M.p. 81 8C; Rf=0.19 (cy-
clohexane/ethyl acetate 1:10); 1H NMR (CDCl3, 400 MHz): d=1.47 (s,
18H, CACHTUNGTRENNUNG(CH3)3), 2.12–2.38 (m, 2H, b-CH2), 3.18–3.41 (m, 2H, d-CH2),
3.44–3.61 (br s, 1H, OH), 4.05 (m, 1H, g-CH), 4.81 (m, 1H, a-CH), 6.51
(m, 1H, NH); 13C NMR (CDCl3, 100.6 MHz): d=27.9 (C ACHTUNGTRENNUNG(CH3)3), 33.0 (b-
CH2), 52.3 (a-CH), 53.3 (d-CH2), 63.5 (g-CH), 82.9 (CACHTUNGTRENNUNG(CH3)3), 152.1 (C=
O), 169.4 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C15H27N2O6:
331.1870, found: 331.1856 [M+H]+ .


(3S)-[Bis(tert-butyloxycarbonyl)amino]-5-(cyanomethylene)piperidine-2-
on (53): A solution of Dess–Martin periodinane in CH2Cl2 (15%, 8.2 mL,
3.86 mmol) was added to a solution of alcohol 52 (638 mg, 1.93 mmol) in
CH2Cl2 (20 mL). The mixture was stirred at room temperature for 1 h.
The solution was diluted with ethyl acetate (100 mL) and a mixture of sa-
turated Na2S2O3 solution (10 mL) and saturated NaHCO3 solution
(30 mL) was added. After the two phases had become clear, the separat-
ed organic layer was washed with saturated NaHCO3 solution (30 mL).
The organic layer was dried over Na2SO4, and, after removal of the sol-
vents under reduced pressure, the residue was purified by chromatogra-
phy (cyclohexane/ethyl acetate 1:1) to yield the ketone as a colorless oil
(445 mg, 70%).


Cyanomethyldiethylphosphonate 35 (746 mL, 28.01 mmol) was added to a
suspension of NaH (120 mg, 4.73 mmol) in THF (15 mL). After stirring
at room temperature for 1 h, a solution of the above ketone (445 mg,
1.35 mmol) in THF (15 mL) was added. The reaction mixture was stirred
for 1.5 h. After removal of the solvent under reduced pressure, the resi-
due was dissolved in ethyl acetate (50 mL) and washed subsequently with
H2O (10 mL), 1n HCl (10 mL) and saturated Na2CO3 solution (10 mL).
The organic layer was dried over Na2SO4, and, after removal of the sol-
vent under reduced pressure, the residue was purified by chromatography
(cyclohexane/ethyl acetate 2:1) to yield 53 as a colorless solid (428 mg,
90%). M.p. 128 8C; [a]20D = ++27.4 (c=1.0 in CHCl3); Rf=0.18 (cyclohex-
ane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.45 (s, 18H, C-
ACHTUNGTRENNUNG(CH3)3), 2.40 (dd, J=9.6, 16.8, 1H, b-CH2a), 2.99 (m, 1H, b-CH2b), 3.02
(m, 2H, d-CH2), 5.13 (m, 1H, a-CH), 6.05 (m, 1H, -CHCN), 7.10 (m,
1H, NH); 13C NMR (CDCl3, 100.6 MHz): d=22.1 (b-CH2), 28.2 (C-
ACHTUNGTRENNUNG(CH3)3), 30.2 (d-CH2), 54.2 (a-CH), 83.7 (C ACHTUNGTRENNUNG(CH3)3, 105.4 (CHCN), 116.5
(CN), 122.6 (C=CHCN), 152.1 (C=O), 167.2 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C17H26N3O5: 352.1873, found: 352.1852 [M+H]+ .


3-tert-Butyldisulfanyl-(2R)-(4-methoxytetrahydropyran-4-yloxy)propionic
acid methyl ester (57): A 0.2m NaOMe solution in MeOH (11.375 mL,
2.28 mmol) was added to a solution of thioester 55 (670 mg, 2.29 mmol)
in MeOH (27 mL). After stirring at room temperature for 30 min, the
solvent was removed under reduced pressure. The residue was dissolved
in ethyl acetate (50 mL) and washed subsequently with saturated NH4Cl
solution (10 mL) and saturated NaCl solution (10 mL). The organic layer
was dried over Na2SO4, the solvent was removed under reduced pressure
and the residue was dissolved in DMF (86 mL). This solution was added
to a solution of 56 (2.200 g, 6.87 mmol) in DMF (43 mL). After stirring at
room temperature for 18 h, the solvent was removed under reduced pres-
sure. The residue was dissolved in ethyl acetate (100 mL) and washed
with saturated NaCl solution (20 mL). The organic layer was dried over
Na2SO4, and, after removal of the solvent under reduced pressure, the
residue was purified by chromatography (cyclohexane/ethyl acetate 8:1)
to yield 57 as a slightly yellow oil (682 mg, 88%). [a]20D = ++23.8 (c=1.0
in CHCl3); Rf=0.27 (cyclohexane/ethyl acetate 3:1); 1H NMR (CDCl3,
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400 MHz): d=1.33 (s, 9H, C ACHTUNGTRENNUNG(CH3)3). 1.78–1.88 (m, 4H, -CH2OCH2-),
3.00 (d, J=6.6 Hz, 2H, b-CH2), 3.23 (s, 3H, CH3O-acetal), 3.61–3.78 (m,
4H, -CH2C(O)CH2-), 3.76 (s, 3H, OCH3 ester), 4.53 (t, J=6.6 Hz, 1H, a-
CH); 13C NMR (CDCl3, 100.6 MHz): d=30.0 (C ACHTUNGTRENNUNG(CH3)3), 34.2
(CH2C(O)2CH2), 34.7 (b-CH2), 43.7 (C ACHTUNGTRENNUNG(CH3)3), 48.3 (OCH3 acetal), 49.0
(OCH3 ester), 65.0 (CH2OCH2), 69.1 (a-CH), 100.0 (C acetal), 172.5 (C=
O); GCMS (100 8C, 3 min, then 20 8Cmin�1 to 300 8C): tR=9.8 min, MS:
m/z : 338 [M]+ , 250 [M+H�ACHTUNGTRENNUNG(CH3)3CS]


+ .


3-tert-Butyldisulfanyl-(2R)-(methanesulfonyloxy)propionic acid methyl
ester (58): TsOH (251 mg, 1.29 mmol) was added to a solution of acetal
57 (435 mg, 1.29 mmol) in MeOH (35 mL). After stirring at room tem-
perature for 1 h, Na2CO3 solution (10%, 5 mL) was added and the sol-
vent was removed under reduced pressure. The residue was dissolved in
ethyl acetate and washed with saturated NaHCO3 solution (10 mL). The
organic layer was dried over Na2SO4 and the solvent was removed under
reduced pressure to yield the free alcohol as a colorless oil (288 mg,
quant.).


MsCl (120 mL, 1.54 mmol) was added to a solution of the above alcohol
(288 mg, 1.29 mmol) in pyridine (9 mL). After stirring at room tempera-
ture for 15 h, the solution was diluted with ethyl acetate (50 mL) and
washed with 1n HCl (10 mL). The organic layer was dried over Na2SO4,
and, after removal of the solvent under reduced pressure, the residue was
purified by chromatography (cyclohexane/ethyl acetate 3:1) to yield 58 as
a slightly yellow oil (388 mg, quant.). [a]20D = ++12.9 (c=0.5, CHCl3);
Rf=0.27 (cyclohexane/ethyl acetate 3:1); 1H NMR (CDCl3, 400 MHz):
d=1.33 (s, 9H, CACHTUNGTRENNUNG(CH3)3), 3.00 (dd, J=8.4, 13.4 Hz, 1H, b-CH2a), 3.15 (s,
3H, CH3SO2-), 3.19 (dd, J=4.1, 13.9 Hz, 1H, b-CH2b), 3.81 (s, 3H,
OCH3), 5.24 (dd, J=4.1, 8.4 Hz, 1H, a-CH); 13C NMR (CDCl3,
100.6 MHz): d=30.0 (C ACHTUNGTRENNUNG(CH3)3), 39.2 (b-CH2), 41.8 (CH3SO2), 45.2 (C-
ACHTUNGTRENNUNG(CH3)3), 48.6 (OCH3), 69.7 (a-CH), 172.4 (C=O); GCMS (100 8C, 3 min,
then 20 8Cmin�1 to 300 8C): tR=8.6 min, MS: m/z : 302 [M]+ , 246
[M+H�ACHTUNGTRENNUNG(CH3)3C)]


+ .


(2S)-{(3S)-[Bis(tert-butyloxycarbonyl)amino]-5-cyanomethylene-2-oxopi-
peridine-1-yl}-3-tert-butyldisulfanylpropionic acid methyl ester (59): At
0 8C, a solution of lactam 53 (235 mg, 0.67 mmol) and mesylate 58
(326 mg, 1.08 mmol) was added to a suspension of NaH (21 mg,
0.84 mmol) in THF (6 mL). The reaction mixture was warmed to room
temperature and stirred for 20 h. Then, the solution was diluted with
ethyl acetate (50 mL) and washed with H2O (10 mL). The organic layer
was dried over Na2SO4, and, after removal of the solvents under reduced
pressure, the residue was purified by chromatography (cyclohexane/ethyl
acetate 4:1, then 1:2) to yield 59 as a colorless oil (213 mg, 57%). [a]20D =


+46.8 (c=0.5 in CHCl3); Rf=0.22 (cyclohexane/ethyl acetate 1:1);
1H NMR (CDCl3, 400 MHz): d=1.32 (s, 9H, C ACHTUNGTRENNUNG(CH3)3 StBu), 1.49 (s,
18H, C ACHTUNGTRENNUNG(CH3)3 Boc), 2.38 (dd, J=9.6, 16.8 Hz, 1H, b-CH2a lactam), 2.99–
3.27 (m, 5H, b-CH2b lactam, b-CH2 Cys, d-CH2 lactam), 3.72 (s, 3H,
OCH3), 5.17 (dd, J=8.4, 15.6 Hz, 1H, a-CH lactam), 5.25 (dd, J=4.1,
8.4 Hz, 1H, a-CH Cys), 6.20 (m, 1H, -C=CHCN); 13C NMR (CDCl3,
100.6 MHz): d=22.3 (b-CH2 lactam), 28.5 (CACHTUNGTRENNUNG(CH3)3 Boc), 29.9 (C ACHTUNGTRENNUNG(CH3)3
StBu), 30.0 (d-CH2 lactam), 39.2 (b-CH2 Cys), 48.8 (C ACHTUNGTRENNUNG(CH3)3 StBu), 49.7
(OCH3), 52.7 (a-CH lactam), 69.7 (a-CH Cys), 83.4 (C ACHTUNGTRENNUNG(CH3)3 Boc), 105.3
(CHCN), 116.5 (CN), 128.9 (C=CHCN), 152.2 (C=O), 166.4 (C=O),
171.3 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C25H39N3NaO7S2:
580.2129, found: 580.2104 [M+Na]+ .


(2S)-[(3S)-Amino-5-cyanomethylene-2-oxopiperidine-1-yl]-3-tert-butyldi-
sulfanylpropionic acid methyl ester hydrotrifluoroacetate (60): TFA
(1.5 mL, 19.54 mmol) was added to a solution of lactam 59 (109 mg,
0.2 mmol) in CH2Cl2 (6 mL). After stirring at room temperature for
30 min, the solvent was removed under reduced pressure and the residue
was coevaporated with toluene to yield 60 as a colorless oil (90 mg,
99%). [a]20D = ++24.4 (c=1.0 in MeOH); Rf=0.01 (CH2Cl2/EtOH 10:1);
1H NMR (CDCl3, 400 MHz): d=1.31 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.62–2.85 (m, 2H,
b-CH2 lactam), 3.16–3.28 (m, 4H, b-CH2 Cys, d-CH2 lactam), 3.73 (s, 3H,
OCH3), 4.19 (m, 1H, a-CH lactam), 5.23 (m, 1H, a-CH Cys), 6.20 (m,
1H, -CHCN); 13C NMR (CDCl3, 100.6 MHz): d=30.1 (C ACHTUNGTRENNUNG(CH3)3), 30.2 (d-
CH2 lactam), 39.2 (b-CH2 Cys), 40.4 (b-CH2 lactam), 48.4 (C ACHTUNGTRENNUNG(CH3)3), 49.4
(OCH3), 52.6 (a-CH lactam), 69.7 (a-CH Cys), 105.4 (CHCN), 116.6
(CN), 126.8 (CF3COOH), 128.7 (C=CHCN), 166.5 (C=O), 171.11 (C=O),


176.0 (CF3COOH); HRMS (FAB, 3-NBA): m/z : calcd for C15H24N3O3S2:
358.1260, found: 358.1245 [M�C2F3O2]


+ .


3-tert-Butyldisulfanyl-(2S)-{5-cyanomethylene-(3S)-[3-(hexadecane-1-sul-
fonylamino)-propionylamino]-2-oxopiperidine-1-yl}-propionic acid
methyl ester (61): At 0 8C, EDC (20 mg, 0.1 mmol) was added to a solu-
tion of lactam 60 (39 mg, 0.08 mmol), C16H33SO2-b-Ala-OH 39 (38 mg,
0.1 mmol), HOBt (26 mg, 0.16 mmol) and NEtiPr2 (17 mL, 0.1 mmol) in
CH2Cl2 (6 mL). The solution was warmed to room temperature and stir-
red for 18 h. Then the reaction mixture was diluted with ethyl acetate
(50 mL) and subsequently washed with 1n HCl (10 mL) and Na2CO3 sol-
ution (10%, 10 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent under reduced pressure, the residue was purified
by chromatography (cyclohexane/ethyl acetate 1:2) to yield 61 as color-
less foam (40 mg, 67%). [a]20D = 4.1 (c=1.0 in CHCl3); Rf=0.16 (cyclo-
hexane/ethyl acetate 1:2); 1H NMR (CDCl3, 400 MHz): d=0.86 (t, J=
6.5 Hz, 3H, w-CH3 hexadecyl), 1.23 (m, 24H, 12NCH2 hexadecyl), 1.33
(s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.38 (m, 2H, g-CH2 hexadecyl), 1.76 (m, 2H, b-CH2


hexadecyl), 2.55 (m, 3H, b-CH2a lactam, a-CH2 b-Ala), 2.71 (m, 1H, b-
CH2b lactam), 2.98 (m, 2H, a-CH2 hexadecyl), 3.16 (m, 2H, b-CH2 b-
Ala), 3.36 (m, 2H, d-CH2 lactam), 3.73 (s, 3H, OCH3), 4.58 (m, 1H, a-
CH Lactam), 5.38 (m, 1H, NH), 5.48 (m, 1H, a-CH Cys), 6.18 (m, 1H,
-CHCN), 6.66 (m, 1H, NH); 13C NMR (CDCl3, 100.6 MHz): d=14.3 (w-
CH3 hexadecyl), 22.1 (CH2), 22.8 (CH2), 23.8 (CH2), 28.5 (CH2), 28.7
(CH2), 28.9 (CH2), 29.1 (CH2), 29.3 (CH2), 29.5 (CH2), 29.7 (CH2), 29.8
(CH2), 29.9 (CH2), 29.9 (CH2), 30.0 (CH2), 30.1 (CACHTUNGTRENNUNG(CH3)3), 31.2 (d-CH2


lactam), 32.1 (b-CH2 Cys), 36.7 (b-CH2 b-Ala), 39.6 (a-CH2 b-Ala), 48.8
(b-CH2 lactam), 49.1 (C ACHTUNGTRENNUNG(CH3)3), 49.4 (OCH3), 52.3 (a-CH lactam), 52.8
(a-CH2 hexadecyl), 52.8 (a-CH Cys), 108.1 (CHCN), 116.3 (CN), 128.5
(C=CHCN), 167.5 (C=O), 170.3 (C=O), 171.7 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C34H61N4O6S3: 718.3754, found: 718.3727 [M+H]+ .


(2S)-{(3S)-[(2S)-Acetylamino-3-(hexadecane-1-sulfonylamino)propionyl-
amino]-5-cyanomethylene-2-oxopiperidine-1-yl}-3-(tert-butyldisulfanyl)-
propionic acid methyl ester (62): At 0 8C, EDC (20 mg, 0.1 mmol) was
added to a solution of lactam 60 (39 mg, 0.08 mmol), Ac-Dap-
(SO2C16H33)-OH 4 (43 mg, 0.1 mmol), HOBt (26 mg, 0.16 mmol) and
NEtiPr2 (17 mL, 0.1 mmol) in CH2Cl2 (3 mL). The solution was warmed
to room temperature and stirred for 18 h. Then the reaction mixture was
diluted with ethyl acetate (50 mL) and subsequently washed with 1n HCl
(10 mL) and Na2CO3 solution (10%, 10 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (cyclohexane/ethyl acetate
1:10) to yield 62 as colorless foam (38 mg, 62%). [a]20D = ++17.2 (c=1.0
in CHCl3); Rf=0.07 (cyclohexane/ethyl acetate 1:3); 1H NMR (CDCl3,
400 MHz): d=0.81 (t, J=6.5 Hz, 3H, w-CH3 hexadecyl), 1.18 (m, 24H,
12NCH2 hexadecyl), 1.33 (s, 9H, CACHTUNGTRENNUNG(CH3)3), 1.36 (m, 2H, g-CH2 hexadec-
yl), 1.71 (m, 2H, b-CH2 hexadecyl), 2.01 (s, 3H, CH3 acetyl), 2.40 (m,
1H, b-CH2a lactam), 2.60 (m, 1H, b-CH2b lactam), 2.94 (m, 2H, a-CH2


hexadecyl), 3.11 (m, 1H, d-CH2a lactam), 3.33 (m, 1H, d-CH2b lactam),
3.52 (m, 2H, b-CH2 Dap), 3.67 (s, 3H, OCH3), 4.55 (m, 2H, a-CH
lactam, a-CH Dap), 5.24 (m, 1H, a-CH Cys), 5.97 (m, 1H, NH), 6.13 (m,
1H, -CHCN), 6.86 (m, 1H, NH), 6.97 (m, 1H, NH); 13C NMR (CDCl3,
100.6 MHz): d=14.3 (w-CH3 hexadecyl), 22.1 (CH2), 22.8 (CH2), 22.9
(CH3 acetyl), 23.8 (CH2), 28.5 (CH2), 28.7 (CH2), 28.9 (CH2), 29.1 (CH2),
29.3 (CH2), 29.5 (CH2), 29.7 (CH2), 29.8 (CH2), 29.9 (CH2), 29.9 (CH2),
30.0 (CH2), 30.1 (C ACHTUNGTRENNUNG(CH3)3), 31.2 (d-CH2 lactam), 32.1 (b-CH2 Cys), 44.7
(b-CH2 Dap), 48.8 (b-CH2 lactam), 49.1 (C ACHTUNGTRENNUNG(CH3)3), 49.4 (OCH3), 52.3 (a-
CH lactam), 52.8 (a-CH2 hexadecyl), 52.8 (a-CH Cys), 53.3 (a-CH Dap),
107.1 (CHCN), 116.3 (CN), 128.5 (C=CHCN), 167.5 (C=O), 170.3 (C=
O), 170.6 (C=O), 171.7 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C36H64N5O7S3: 774.3969, found: 774.3989 [M+H]+ .


7-Bromo-(2R)-hydroxy-1,2,3,11a-tetrahydro-10H-benzo[e]pyrrolo[1,2-
a,1,4]diazepine-5,11-dione (64): A solution of 5-bromoisatoic acid anhy-
dride 63 (5.219 g, 20.9 mmol) and (4R)-hydroxy-l-proline 31 (3.525 g,
26.8 mmol) in DMSO (30 mL) was stirred at 140 8C for 5 h. The reaction
mixture was cooled down to room temperature, poured into ice cold
water (30 mL) and extracted with ethyl acetate (4N50 mL). The com-
bined organic layers were washed with ice cold water (3N30 mL) and
dried over Na2SO4. The solvent was removed under reduced pressure
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and the residue was purified by chromatography (CH2Cl2/CH3OH 10:1)
to yield 64 as a slightly yellow solid (6.043 g, 93%). M.p. 128 8C; [a]20D =


+415 (c=1.0 in CHCl3); Rf=0.22 (CH2Cl2/CH3OH 10:1); 1H NMR
(CD3OD, 400 MHz): d=2.00 (m, 1H, -CH2a-), 2.83 (m, 1H, -CH2b-), 3.61
(dd, J=4.9, 12.5 Hz, 1H, -CH2aN-), 3.76 (ddd, J=1.4, 3.7, 12.3 Hz, 1H,
-CH2bN-), 4.31 (dd, J=5.9, 8.2 Hz, 1H, -CHOH), 4.50 (m, 1H, -CHC(O)-),
7.05 (d, J=8.6 Hz, 1H, arom. CH), 7.67 (dd, J=2.3, 8.6 Hz, 1H, arom.
CH), 7.99 (d, J=2.3 Hz, 1H, arom. CH); 13C NMR (CD3OD,
100.6 MHz): d=34.2 (CH2), 54.0 (CH2N), 55.8 (CHC(O)), 68.2 (CHOH),
117.1 (arom. C), 123.3 (arom. CH), 127.8 (arom. C), 132.9 (arom. CH),
135.4 (arom. CH), 135.7 (arom. C), 165.6 (C=O), 170.5 (C=O); HRMS
(EI, 70 eV): m/z : calcd for C12H11BrN2O3: 309.9953, found: 309.9943
[M]+ ; elemental analysis calcd (%) for C12H11BrN2O3: C 46.32, H 3.56, N
9.00; found: C 46.11, H 3.54, N 8.93.


3-[(2R)-Hydroxy-5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyr-
rolo[1,2-a,1,4]diazepine-7-yl]-acrylic acid tert-butyl ester (65): [Pd-
ACHTUNGTRENNUNG(OAc)2] (145 mg, 0.64 mmol) was added to a solution of benzodiazepine
64 (4 g, 12.86 mmol), P ACHTUNGTRENNUNG(o-tol)3 (404 mg, 1.29 mmol), NEt3 (5.375 mL,
38.57 mmol) and tert-butyl acrylate (5.655 mL, 38.57 mmol) in CH3CN
(16 mL). The solution was stirred at 100 8C in a sealed tube for 20 h. The
reaction mixture was cooled down to room temperature and the solvent
was removed under reduced pressure. The residue was purified by chro-
matography (CH2Cl2/EtOH 20:1) to yield 65 as a yellowish solid (5.588 g,
97%). M.p. 88 8C; [a]20D = ++238.8 (c=1.0 in CHCl3); Rf=0.11 (CH2Cl2/
EtOH 20:1); 1H NMR (CDCl3, 400 MHz): d=1.52 (s, 9H, -C ACHTUNGTRENNUNG(CH3)3),
2.20 (m, 1H, -CH2a-), 2.92 (m, 1H, -CH2b-), 3.50 (br s, 1H, OH), 3.63 (dd,
J=4.5, 12.7 Hz, 1H, -CH2aN-), 4.02 (d, J=12.7 Hz, 1H, -CH2bN-), 4.32
(m, 1H, -CHOH-), 4.61 (m, 1H, -CHC(O)-), 6.35 (d, J=16.0 Hz, 1H,
-CH=CHC(O)-), 7.12 (d, J=8.4 Hz, 1H, arom. CH), 7.48 (d, J=16.0 Hz,
1H, -CH=CHC(O)-), 7.58 (dd, J=2.2, 8.6 Hz, 1H, arom CH), 8.00 (d,
J=2.0 Hz, 1H, arom. CH), 9.27 (s, 1H, NH); 13C NMR (CDCl3,
100.6 MHz): d=28.3 (CACHTUNGTRENNUNG(CH3)3), 34.8 (CH2), 46.3 (CH2N), 55.9
(CH2C(O)), 68.9 (CH2OH), 81.0 (C ACHTUNGTRENNUNG(CH3)3, 121.2 (CH=CHC(O)), 122.0
(arom. CH), 126.6 (arom. C), 131.3 (arom. CH), 131.6 (arom. C), 131.7
(arom. CH), 136.5 (arom. C), 141.6 (CH=CHC(O)), 165.9 (C=O), 166.2
(C=O), 169.2 (C=O); HRMS (EI, 70 eV): m/z : calcd for C19H22N2O5:
358.1529, found: 358.1547 [M]+ .


3-[(2S)-Azido-5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrro-
lo[1,2-a,1,4]diazepine-7-yl]-acrylic acid tert-butyl ester (66): At 0 8C,
MsCl (570 mL, 7.37 mmol) was added to a solution of alcohol 65 (2.2 g,
6.14 mmol) in pyridine (20 mL). The reaction mixture was warmed to
room temperature and stirred for 18 h. Then, the solution was diluted
with CH2Cl2 (100 mL) and washed with 1n HCl (3N30 mL). The organic
layer was dried over Na2SO4 and the solvent was removed under reduced
pressure to yield the mesylate as a brownish solid (2.494 g, 93%).


NaN3 (8.9 g, 137.46 mmol) was then added to a solution of the above me-
sylate (2.494 g, 5.71 mmol) in DMF (40 mL). The reaction mixture was
stirred at 45 8C for 4 d. Then, the solvent was removed under reduced
pressure, the residue was dissolved in H2O (50 mL) and extracted with
CHCl3 (3N50 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent under reduced pressure, the residue was purified
by chromatography (cyclohexane/ethyl acetate 1:1, then CHCl3) to yield
66 as a colorless solid (1.95 g, 89%). M.p. 211 8C; [a]20D = ++305.0 (c=1.0
in CHCl3); Rf=0.53 (CH2Cl2/EtOH 10:1); 1H NMR (CDCl3, 400 MHz):
d=1.53 (s, 9H, -CACHTUNGTRENNUNG(CH3)3), 2.38 (m, 1H, -CH2a-), 3.12 (m, 1H, -CH2b-),
3.72 (d, J=12.9 Hz, 1H, -CH2aN-), 3.82 (dd, J=5.3, 12.9 Hz, 1H, -
CH2bN-), 4.23 (dd, J=2.0, 9.0 Hz, 1H, -CHN3), 4.39 (m, 1H, -CHC(O)-),
6.40 (d, J=15.8 Hz, 1H, -CH=CHC(O)-), 7.16 (d, J=8.4 Hz, 1H, arom.
CH), 7.56 (d, J=15.8 Hz, 1H, -CH=CHC(O)-), 7.62 (dd, J=2.2, 8.4 Hz,
1H, arom CH), 8.15 (d, J=2.0 Hz, 1H, arom. CH), 9.63 (s, 1H, NH);
13C NMR (CDCl3, 100.6 MHz): d=28.3 (C ACHTUNGTRENNUNG(CH3)3), 31.0 (CH2), 53.1
(CH2N), 56.2 (CHN3), 58.0 (CHC(O)), 80.9 (C ACHTUNGTRENNUNG(CH3)3, 121.3 (CH=
CHC(O)), 122.0 (arom. CH), 125.8 (arom. C), 131.5 (arom. CH), 131.8
(arom. C), 131.9 (arom. CH), 136.7 (arom. C), 141.5 (CH=CHC(O)),
165.5 (C=O), 166.1 (C=O), 171.0 (C=O); HRMS (EI, 70 eV): m/z : calcd
for C19H21N5O4: 383.1594, found: 383.1603 [M]+ .


3-[(2S)-Azido-10-cyanomethyl-5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-
benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-yl)-acrylic acid tert-butyl ester


(67): At �40 8C, a solution of the azide 66 (3.99 g, 10.41 mmol) in THF
(20 mL) was added to a suspension of NaH (315 mg, 12.49 mmol) in THF
(20 mL). After stirring for 30 min, bromoacetonitrile (897 mL,
12.49 mmol) was added. The reaction mixture was warmed to room tem-
perature and stirred for 20 h. Then, the solvent was removed under re-
duced pressure, the residue was dissolved in CHCl3 (200 mL) and washed
with H2O (50 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent, the residue was purified by chromatography
(CH2Cl2/EtOH 50:1) to yield 67 as a colorless solid (4.176 g, 95%). M.p.
173 8C; [a]20D = ++468 (c=1.0 in CHCl3); Rf=0.18 (CH2Cl2/EtOH 40:1);
1H NMR (CDCl3, 400 MHz): d=1.54 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.42 (m, 1H, -
CH2a-), 3.08 (m, 1H, -CH2b-), 3.70 (d, J=12.9 Hz, 1H, -CH2aN-), 3.83
(dd, J=5.3, 12.9 Hz, 1H, -CH2bN-), 4.25 (m, 1H, -CHN3), 4.30 (d, J=
17.2 Hz, 1H, -CH2aCN), 4.39 (m, 1H, -CHC(O)-), 4.96 (d, J=17.2 Hz,
1H, -CH2bCN), 6.44 (d, J=16.0 Hz, 1H, -CH=CHC(O)-), 7.45 (d, J=
8.4 Hz, 1H, arom. CH), 7.56 (d, J=16.0 Hz, 1H, -CH=CHC(O)-), 7.75
(dd, J=2.2, 8.4 Hz, 1H, arom. CH), 8.19 (d, J=2.2 Hz, 1H, arom. CH);
13C NMR (CDCl3, 100.6 MHz): d=28.2 (C ACHTUNGTRENNUNG(CH3)3), 31.4 (CH2), 37.3
(CH2CN), 52.6 (CH2N), 56.5 (CHN3), 58.2 (CHC(O)), 81.2 (C ACHTUNGTRENNUNG(CH3)3),
115.4 (CN), 121.3 (CH=CHC(O)), 122.9 (arom. CH), 129.6 (arom. C),
130.8 (arom. CH), 132.0 (arom. CH), 133.7 (arom. CH), 139.0 (arom.C),
140.6 (CH=CHC(O)), 164.7 (C=O), 165.7 (C=O), 169.7 (C=O); HRMS
(EI, 70 eV): m/z : calcd for C21H22N6O4: 422.1703, found: 422.1707 [M]+ .


(2S)-Azido-10-cyanomethyl-5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-
benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-carboxylic acid tert-butyl ester
(68): A solution of RuCl3 in 1 mm HCl (2 mg RuCl3 per mL 1 mm HCl,
73.56 mL) was added to a solution of NaIO4 (10.229 g, 47.34 mmol) in
H2O/CH3CN/CCl4 (2:1:1, 150 mL). After stirring at room temperature
for 5 min, a solution of benzodiazepine 67 (2 g, 4.73 mmol) in CH3CN/
CCl4 (1:1, 150 mL) was added. After stirring for 18 h, the solvent was re-
moved under reduced pressure, the residue was dissolved in 1n HCl
(50 mL) and extracted with CHCl3 (50 mL). The organic layer was dried
over Na2SO4 and the solvent was removed under reduced pressure to
yield the free acid as a colorless solid (1.604 g, quant.).


Then, K2CO3 (17.1 g, 122.29 mmol), and Me3CBr (26.2 mL, 225.69 mmol)
were subsequently added to a solution of the above acid (1.604 g,
4.73 mmol) and Et3 ACHTUNGTRENNUNG(PhCH2)NCl (1.09 g, 4.7 mmol). The reaction mixture
was stirred at 55 8C for 16 h. Then, the solvent was removed under re-
duced pressure, the residue was dissolved in H2O (50 mL) and extracted
with CHCl3 (100 mL). The organic layer was dried over Na2SO4, and
after removal of the solvent, the residue was purified by chromatography
(cyclohexane/ethyl acetate 1:1) to yield 68 as a colorless solid (1.758 g,
90%). M.p. 140 8C; [a]20D = ++287.7 (c=1.0 in CHCl3); Rf=0.28 (cyclo-
hexane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=1.59 (s, 9H,
C ACHTUNGTRENNUNG(CH3)3), 2.40 (m, 1H, -CH2a-), 3.14 (d, J=12.9 Hz, 1H, -CH2b-), 3.68 (d,
J=12.9 Hz, 1H, -CH2aN-), 3.77 (dd, J=5.5, 12.9 Hz, 1H, -CH2bN-), 4.20
(dd, J=2.3, 9.0 Hz, 1H, -CHN3), 4.28 (d, J=17.4 Hz, 1H, -CH2aCN), 4.36
(m, 1H, -CHC(O)-), 4.95 (d, J=17.4 Hz, 1H, -CH2bCN), 7.48 (d, J=
8.8 Hz, 1H, arom.CH), 8.18 (dd, J=2.2, 8.6 Hz, 1H, arom. CH), 8.49 (d,
J=2.2 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=28.3 (C-
ACHTUNGTRENNUNG(CH3)3), 31.5 (CH2), 37.3 (CH2CN), 52.6 (CH2N), 56.5 (CHN3), 58.2
(CHC(O)), 82.4 (CACHTUNGTRENNUNG(CH3)3), 115.3 (CN), 120.7 (arom. CH), 128.7 (arom.
C), 130.8 (arom. CH), 132.6 (arom. CH), 134.0 (arom. C), 141.2 (arom.
C), 163.8 (C=O), 164.6 (C=O), 169.3 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C19H21N6O4: 397.1625, found: 397.1622 [M+H]+ ; elemental
analysis calcd (%) for C19H20N6O4: C 57.57, H 5.09, N 21.20; found: C
57.33, H 5.00, N 20.97.


(2S)-Amino-10-cyanomethyl-5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-
benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-carboxylic acid tert-butyl ester
(69): Pd on BaSO4 (354 mg) was added to a degassed solution of azide 68
(660 mg, 1.67 mmol) in MeOH (132 mL) and CHCl3 (4.4 mL). The reac-
tion mixture was hydrogenated under hydrogen atmosphere at room tem-
perature for 4 h. Then the suspension was filtered through a pad of
Celite and the solvent was removed under reduced pressure to yield 69
as a colorless solid (615 mg, quant.). M.p. 148 8C; [a]20D = 216.2 (c=1.0 in
CHCl3); Rf=0.38 (CH2Cl2/EtOH 1:1); 1H NMR (CD3OD, 400 MHz): d=
1.63 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.67 (m, 1H, -CH2a-), 2.93 (brd, J=14.7 Hz, 1H,
-CH2b-), 3.86 (dd, J=6.3, 13.5 Hz, 1H, -CH2aN-), 4.02 (dd, J=6.3,
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13.5 Hz, 1H, -CH2bN-), 4.13 (m, 1H, -CHC(O)-), 4.53 (brd, J=6.3 Hz,
1H, -CHNH2), 4.94 (d, J=17.6 Hz, 1H, -CH2aCN), 5.13 (d, J=17.6 Hz,
1H, -CH2bCN), 7.62 (d, J=8.6 Hz, 1H, arom. CH), 8.21 (dd, J=2.2,
8.6 Hz, 1H, arom. CH), 8.43 (d, J=2.2 Hz, 1H, arom. CH); 13C NMR
(CD3OD, 100.6 MHz): d=27.1 (C ACHTUNGTRENNUNG(CH3)3), 30.4 (CH2), 36.1 (CH2CN),
49.4 (CH2N), 56.8 (CHNH2), 60.0 (CHC(O)), 82.3 (C ACHTUNGTRENNUNG(CH3)3), 115.5 (CN),
122.3 (arom. CH), 128.5 (arom. C), 130.3 (arom. CH), 131.6 (arom. CH),
133.5 (arom. C), 141.6 (arom. C), 164.0 (C=O), 165.2 (C=O), 169.8 (C=
O); HRMS (FAB, 3-NBA): m/z : calcd for C19H23N4O4: 371.1720, found:
371.1702 [M+H]+ .


10-Cyanomethyl-(2S)-(hexadecane-1-sulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-car-
boxylic acid tert-butyl ester (70): At 0 8C, NEtiPr2 (568 mL, 3.32 mmol)
and hexadecanesulfonic acid chloride (674 mg, 1.99 mmol) were subse-
quently added to a solution of amine 69 (615 mg, 1.66 mmol) in DMF
(20 mL). The solution was warmed to room temperature and stirred for
22 h. Then, the solvent was removed under reduced pressure, the residue
was dissolved in ethyl acetate (50 mL) and washed with 1n HCl (30 mL).
The organic layer was dried over Na2SO4, and, after removal of the sol-
vent under reduced pressure, the residue was purified by chromatography
(n-hexane/ethyl acetate 2:1) to yield 70 as a colorless solid (887 mg,
82%). M.p. 96 8C; [a]20D = ++298.1 (c=1.0 in CHCl3); Rf=0.32 (cyclohex-
ane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz): d=0.88 (t, J=
6.6 Hz, 3H, w-CH3 hexadecyl), 1.22–1.37 (m, 24H, 12NCH2 hexadecyl),
1.43 (m, 2H, g-CH2 hexadecyl), 1.60 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.84 (m, 2H, b-
CH2 hexadecyl), 2.50 (m, 1H, -CH2a-), 2.76 (d, J=14.5 Hz, 1H, -CH2b-),
3.07 (m, 2H, a-CH2 hexadecyl), 3.86 (dd, J=5.5, 13.1 Hz, 1H, -CH2aN-),
3.97 (d, J=13.1 Hz, 1H, -CH2bN-), 4.27 (d, J=8.8 Hz, 1H, -CHNH-),
4.29 (m, 1H, -CHC(O)-), 4.31 (d, J=17.2, 1H, -CH2aCN), 5.05 (d, J=
17.2, 1H, -CH2bCN), 5.40 (d, J=7.4 Hz, 1H, NH), 7.51 (d, J=8.6 Hz, 1H,
arom. CH), 8.23 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.53 (d, J=2.1 Hz,
1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=14.3 (w-CH3 hexa-
decyl), 22.9 (CH2), 23.8 (CH2), 28.3 (CACHTUNGTRENNUNG(CH3)3), 28.5 (CH2), 29.3 (CH2),
29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2),
29.9 (CH2), 29.9 (CH2), 29.9 (CH2), 32.1 (CH2), 33.0 (CH2), 37.4
(CH2CN), 51.9 (CH2N), 54.2 (a-CH2 hexadecyl), 55.4 (CHNH), 57.0
(CHC(O)), 82.6 (CACHTUNGTRENNUNG(CH3)3), 114.9 (CN), 121.1 (arom. CH), 129.4 (arom.
C), 131.4 (arom. CH), 132.7 (arom. CH), 134.1 (arom. C), 141.0 (arom.
C), 163.7 (C=O), 164.1 (C=O), 170.3 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C35H55N4O6S: 659.3843, found: 659.3863 [M+H]+ .


10-(2-Aminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-car-
boxylic acid tert-butyl ester (71): PtO2·H2O (25 mg, 0.1 mmol) was added
to a degassed solution of nitrile 70 (670 mg, 1.02 mmol) in EtOH (45 mL)
and CHCl3 (900 mL). The reaction mixture was hydrogenated under hy-
drogen atmosphere at room temperature for 4.5 h. Then, the suspension
was filtered through a pad of Celite. After removal of the solvents under
reduced pressure, the residue was purified by chromatography (CH2Cl2/
EtOH 10:1, then 1:1) to yield 71 as a colorless solid (543 mg, 81%). M.p.
109 8C; [a]20D = ++287.4 (c=1.0 in MeOH); Rf=0.51 (CH2Cl2/EtOH 1:1);
1H NMR (CDCl3, 400 MHz): d=0.88 (t, J=6.6 Hz, 3H, w-CH3 hexadec-
yl), 1.22–1.37 (m, 24H, 12NCH2 hexadecyl), 1.42 (m, 2H, g-CH2 hexadec-
yl), 1.58 (s, 9H, CACHTUNGTRENNUNG(CH3)3), 1.83 (m, 2H, b-CH2 hexadecyl), 2.41 (m, 1H,
-CH2a-), 2.74 (brd, J=14.5 Hz, 1H, -CH2b-), 2.92–3.13 (m, 4H, a-CH2


hexadecyl, -NCH2CH2NH2), 3.84 (dd, J=5.5, 13.0 Hz, 1H, -CH2aN-), 3.91
(m, 2H, -CH2bN-, NCH2aCH2NH2), 4.17 (d, J=8.8 Hz, 1H, -CHNH-),
4.24 (m, 2H, -CHC(O)-, NCH2bCH2NH2), 7.48 (d, J=8.6 Hz, 1H, arom.
CH), 8.14 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.49 (d, J=2.0 Hz, 1H,
arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=14.3 (w-CH3 hexadecyl),
22.9 (CH2), 23.7 (CH2), 28.3 (C ACHTUNGTRENNUNG(CH3)3), 28.5 (CH2), 29.3 (CH2), 29.5
(CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2), 29.9
(CH2), 30.0 (CH2), 30.0 (CH2), 32.1 (CH2), 33.0 (CH2), 51.8 (CH2N), 54.1
(a-CH2 hexadecyl), 55.2 (CHNH), 57.2 (CHC(O)), 58.1 (NCH2CH2NH2),
60.5 (NCH2CH2NH2), 82.4 (C ACHTUNGTRENNUNG(CH3)3), 121.0 (arom. CH), 129.3 (arom. C),
131.6 (arom. CH), 132.5 (arom. CH), 134.2 (arom. C), 141.2 (arom. C),
163.5 (C=O), 164.4 (C=O), 170.6 (C=O); HRMS (FAB, 3-NBA): m/z :
calcd for C35H59N4O6S: 663.4156, found: 663.4177 [M+H]+ .


10-(2-Aminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-car-
boxylic acid (72): A saturated solution of HCl in Et2O (20 mL) was
added to a solution of benzodiazepine 71 (178 mg, 0.27 mmol) in CH2Cl2.
After stirring at room temperature for 4 h, the solvent was removed
under reduced pressure and the residue was coevaporated with toluene
to yield 72 as a colorless solid (164 mg, quant.). M.p. 166 8C; [a]20D =


+260.2 (c=0.5 in MeOH); 1H NMR (CD3OD, 400 MHz): d=0.88 (t, J=
6.6 Hz, 3H, w-CH3 hexadecyl), 1.22–1.37 (m, 24H, 12NCH2 hexadecyl),
1.42 (m, 2H, g-CH2 hexadecyl), 1.83 (m, 2H, b-CH2 hexadecyl), 2.41 (m,
1H, -CH2a-), 2.74 (m, 1H, -CH2b-), 3.13 (m, 2H, a-CH2 hexadecyl), 3.35
(m, 1H, -CH2bN-), 3.54 (dd, J=5.5, 13.0 Hz, 1H, -CH2aN-), 4.04–4.44 (m,
6H, -NCH2CH2NH2, NCH2CH2NH2, -CHNH-, -CHC(O)-), 7.60 (d, J=
8.6 Hz, 1H, arom. CH), 8.21 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.49 (d,
J=2.0 Hz, 1H, arom. CH); 13C NMR (CD3OD, 100.6 MHz): d=14.3 (w-
CH3 hexadecyl), 22.9 (CH2), 23.7 (CH2), 28.5 (CH2), 29.3 (CH2), 29.5
(CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9 (CH2), 29.9
(CH2), 30.0 (CH2), 30.0 (CH2), 32.1 (CH2), 33.0 (CH2), 51.8 (CH2N), 54.1
(a-CH2 hexadecyl), 55.2 (CHNH), 57.2 (CHC(O)), 58.1 (NCH2CH2NH2),
60.5 (NCH2CH2NH2), 121.0 (arom. CH), 129.3 (arom. C), 131.6 (arom.
CH), 132.5 (arom. CH), 134.2 (arom. C), 141.2 (arom. C), 164.4 (C=O),
170.6 (C=O), 173.5 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C31H51N4O6S: 607.3530, found: 607.3553 [M+H]+ .
10-(2-Allyloxycarbonylaminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-
5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diaze-
pine-7-carboxylic acid tert-butyl ester (73): AlocCl (127 mL, 1.15 mmol)
was added to a solution of amine 71 (510 mg, 0.77 mmol) and NEt3
(214 mL, 1.54 mmol) in CH2Cl2 (20 mL). After stirring at room tempera-
ture for 18 h, the solution was diluted with ethyl acetate (100 mL) and
washed with 1n HCl (30 mL). The organic layer was dried over Na2SO4,
and, after removal of the solvent under reduced pressure, the residue was
purified by chromatography (cyclohexane/ethyl acetate 1:1) to yield 73 as
a colorless solid (483 mg, 84%). M.p. 90 8C; [a]20D = ++269.3 8C (c=1.0 in
CHCl3); Rf=0.31 (cyclohexane/ethyl acetate 1:1); 1H NMR (CDCl3,
400 MHz): d=0.88 (t, J=6.6 Hz, 3H, w-CH2 hexadecyl), 1.22–1.37 (m,
24H, 12NCH2 hexadecyl), 1.42 (m, 2H, g-CH2 hexadecyl), 1.58 (s, 9H, C-
ACHTUNGTRENNUNG(CH3)3), 1.83 (m, 2H, b-CH2 hexadecyl), 2.41 (m, 1H, -CH2a-), 2.74 (brd,
J=14.5 Hz, 1H, -CH2b-), 3.04 (m, 2H, a-CH2 hexadecyl), 3.37 (m, 1H,
-NCH2CH2aNH-), 3.63 (m, 1H, -NCH2CH2bNH-), 3.82 (dd, J=5.8,
13.0 Hz, 1H, -CH2aN-), 3.93 (m, 2H, -CH2bN-, -NCH2aCH2NH-), 4.14 (m,
2H, -CHNH-, -NCH2bCH2NH-), 4.27 (m, 1H, -CHC(O)-), 4.50 (m, 2H,
-OCH2CH=CH2), 5.00 (m, 1H, NH), 5.14–5.28 (m, 2H, -OCH2CH=CH2),
5.86 (m, 1H, -OCH2CH=CH2), 5.93 (m, 1H, NH), 7.44 (d, J=8.6 Hz,
1H, arom. CH), 8.15 (dd, J=2.0, 8.6 Hz, 1H, arom. CH), 8.48 (d, J=
2.1 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=14.2 (w-CH3


hexadecyl), 22.9 (CH2), 23.7 (CH2), 28.3 (C ACHTUNGTRENNUNG(CH3)3), 28.4 (CH2), 29.4
(CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 (CH2), 29.9
(CH2), 29.9 (CH2), 30.0 (CH2), 30.1 (CH2), 32.1 (CH2), 33.1 (CH2), 51.8
(CH2N), 54.0 (a-CH2 hexadecyl), 55.1 (CHNH), 57.2 (CHC(O)), 58.1
(NCH2CH2NH2), 60.4 (NCH2CH2NH2), 66.1 (OCH2CH=CH2), 82.3 (C-
ACHTUNGTRENNUNG(CH3)3), 118.0 (OCH2CH=CH2), 121.2 (arom. CH), 129.3 (arom. C),
131.5 (arom. CH), 132.4 (arom. CH), 132.6 (OCH2CH=CH2), 134.2
(arom. C), 141.2 (arom. C), 156.7 (C=O), 163.4 (C=O), 164.4 (C=O),
170.4 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for C39H63N4O8S:
747.4367, found: 747.4379 [M+H]+ .


10-(2-Allyloxycarbonylaminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-
5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diaze-
pine-7-carboxylic acid (74): TFA (8 mL) was added to a solution of ben-
zodiazepine 73 (405 mg, 0.54 mmol) in CH2Cl2 (8 mL). After stirring at
room temperature for 4 h, the solvent was removed under reduced pres-
sure and the residue was coevaporated with toluene to yield 74 as a col-
orless solid (374 mg, quant.). M.p. 165 8C; [a]20D = ++229.8 (c=1.0,
MeOH); Rf=0.64 (CH2Cl2/EtOH 1:1); 1H NMR (CDCl3, 400 MHz): d=
0.87 (t, J=6.6 Hz, 3H, w-CH2 hexadecyl), 1.22–1.36 (m, 24H, 12NCH2


hexadecyl), 1.44 (m, 2H, g-CH2 hexadecyl), 1.56 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.84
(m, 2H, b-CH2 hexadecyl), 2.42 (m, 1H, -CH2a-), 2.73 (brd, J=14.5 Hz,
1H, -CH2b-), 3.03 (m, 2H, a-CH2 hexadecyl), 3.35 (m, 1H,
-NCH2CH2aNH-), 3.64 (m, 1H, -NCH2CH2bNH-), 3.82 (dd, J=5.8,
13.0 Hz, 1H, -CH2aN-), 3.93 (m, 2H, -CH2bN-, -NCH2aCH2NH-), 4.13 (m,
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2H, -CHNH-, -NCH2bCH2NH-), 4.26 (m, 1H, -CHC(O)-), 4.50 (m, 2H, -
OCH2CH=CH2), 5.28 (m, 1H, NH), 5.14–5.26 (m, 2H, -OCH2CH=CH2),
5.86 (m, 1H, -OCH2CH=CH2), 5.95 (m, 1H, NH), 7.45 (d, J=8.6 Hz,
1H, arom. CH), 8.14 (dd, J=2.0, 8.6 Hz, 1H, arom. CH), 8.46 (d, J=
2.1 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=14.2 (w-CH3
hexadecyl), 22.8 (CH2), 23.6 (CH2), 28.4 (CH2), 29.3 (CH2), 29.5 (CH2),
29.7 (CH2), 29.7 (CH2), 29.8 (CH2), 29.9 (CH2), 29.9 (CH2), 29.9 (CH2),
29.9 (CH2), 30.1 (CH2), 32.1 (CH2), 33.3 (CH2), 51.8 (CH2N), 54.2 (a-CH2


hexadecyl), 55.4 (CHNH), 57.5 (CHC(O)), 58.1 (NCH2CH2NH2), 60.3
(NCH2CH2NH2), 66.1 (OCH2CH=CH2), 118.2 (OCH2CH=CH2), 121.4
(arom. CH), 129.4 (arom. C), 131.6 (arom. CH), 132.5 (arom. CH), 132.6
(OCH2CH=CH2), 134.0 (arom. C), 141.0 (arom. C), 156.5 (C=O), 164.3
(C=O), 170.3 (C=O), 175.1 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C35H55N4O8S: 691.3741, found: 691.3755 [M+H]+ .


10-(2-Allyloxycarbonylaminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-
5,11-dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diaze-
pine-7-yl-S-farnesyl-l-cysteine methyl ester (75): At 0 8C, EDC (125 mg,
0.64 mmol) was added to a solution of acid 74 (367 mg, 0.53 mmol), H-
Cys ACHTUNGTRENNUNG(Far)-OMe 10 (216 mg, 0.63 mmol) and HOBt (166 mg, 1.06 mmol) in
CH2Cl2 (20 mL). The solution was warmed to room temperature and stir-
red for 18 h. Then the reaction mixture was diluted with ethyl acetate
(50 mL) and subsequently washed with 1n HCl (30 mL) and Na2CO3 sol-
ution (10%, 30 mL). The organic layer was dried over Na2SO4, and, after
removal of the solvent under reduced pressure, the residue was purified
by chromatography (cyclohexane/ethyl acetate 1:1) to yield 75 as color-
less solid (423 mg, 89%). M.p. 77 8C; [a]20D = ++194.1 (c=0.5 in CHCl3);
Rf=0.13 (cyclohexane/ethyl acetate 1:1); 1H NMR (CDCl3, 400 MHz):
d=0.88 (t, J=6.7 Hz, 3H, w-CH3 hexadecyl), 1.20–1.35 (m, 24H, 12N
CH2 hexadecyl), 1.43 (m, 2H, g-CH2 hexadecyl), 1.50 (s, 6H, 2NCH3


Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3 Far), 1.73 (m, 2H, b-CH2


hexadecyl), 1.82–2.08 (m, 8H, 4NCH2 Far), 2.33 (m, 1H, -CH2a-), 2.62
(m, 1H, -CH2b-), 2.90–3.24 (m, 6H, a-CH2 hexadecyl, b-CH2 Cys, -SCH2-
), 3.38 (m, 1H, -NCH2CH2aNH-), 3.62 (m, 1H, -NCH2CH2bNH-), 3.76 (s,
3H, OCH3), 3.83–3.99 (m, 3H, -CH2N-, -NCH2aCH2NH-), 4.12–4.30 (m,
3H, -CHNH-, -CHC(O)-, -NCH2bCH2NH-), 4.50 (m, 2H, -OCH2CH=
CH2), 4.96 (m, 1H, a-CH Cys), 5.04–5.29 (m, 6H, 3NCH Far,
-OCH2CH=CH2, NH), 5.84 (m, 1H, OCH2CH=CH2), 5.96 (m, 1H, NH),
7.23 (m, 1H, NH), 7.49 (d, J=8.6 Hz, 1H, arom. CH), 8.08 (dd, J=2.1,
8.6 Hz, 1H, arom. CH), 8.30 (d, J=2.1 Hz, 1H, arom. CH); 13C NMR
(CDCl3, 100.6 MHz): d=14.3 (w-CH3 hexadecyl), 16.2 (CH3 Far), 16.4
(CH3 Far), 16.5 (CH3 Far), 17.9 (CH3 Far), 22.9 (CH2), 23.8 (CH2), 25.9
(CH2), 26.6 (CH2), 26.9 (CH2), 27.0 (CH2), 27.3 (CH2), 27.5 (CH2), 27.7
(CH2), 27.9 (CH2), 28.1 (CH2), 28.2 (CH2), 28.4 (CH2), 28.7 (CH2), 29.0
(CH2), 29.4 (CH2), 29.9 (CH2), 32.1 (CH2), 33.3 (CH2), 39.2 (CH2 Far),
39.8 (CH2 Far), 39.9 (CHNH), 43.3 (NCH2CH2NH), 49.8 (CH2N), 51.9
(OCH3), 52.5 (NCH2CH2NH), 52.9 (CHC(O), 54.3 (a-CH2 hexadecyl),
57.4 (a-CH Cys), 66.0 (OCH2CH=CH2), 118.08 (OCH2CH=CH2), 119.6
(CH Far), 123.4 (arom. CH), 123.9 (CH Far), 124.5 (CH Far), 129.2
(arom. C), 129.8 (arom. CH), 131.5 (arom. CH), 131.7 (arom. C), 132.4
(C Far), 132.9 (OCH2CH=CH2), 135.5 (C Far), 140.3 (C Far), 142.5
(arom. C), 156.7 (C=O), 164.5 (C=O), 165.1 (C=O), 170.2 (C=O), 171.6
(C=O); HRMS (FAB, 3-NBA): m/z : calcd for C54H85N5NaO9S2:
1034.5689, found: 1034.5699 [M+Na]+ .


10-(2-Aminoethyl)-(2S)-(hexadecane-1-sulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-yl-S-
farnesyl-l-cysteine methyl ester (76): [Pd ACHTUNGTRENNUNG(PPh3)4] (23 mg, 0.02 mmol) was
added to a degassed solution of benzodiazepine 75 (200 mg, 0.2 mmol)
and N,N’-dimethylbarbituric acid (31 mg, 0.2 mmol) in THF (20 mL). The
mixture was stirred for 3 h at room temperature. After removal of the
solvent under reduced pressure, the residue was purified by chromatogra-
phy (CH2Cl2/EtOH 30:1, then 15:1, then 5:1 + 1% NEt3) to yield 76 as
a slightly yellow foam (147 mg, 80%). [a]20D = ++165.2 (c=0.5 in CHCl3);
Rf=0.16 (CH2Cl2/EtOH); 1H NMR (CD3OD, 400 MHz): d=0.88 (t, J=
6.7 Hz, 3H, w-CH3 hexadecyl), 1.20–1.35 (m, 24H, 12NCH2 hexadecyl),
1.43 (m, 2H, g-CH2 hexadecyl), 1.50 (s, 6H, 2NCH3 Far), 1.55 (s, 3H,
CH3 Far), 1.57 (s, 3H, CH3 Far), 1.73 (m, 2H, b-CH2 hexadecyl), 1.82–
2.08 (m, 8H, 4NCH2 Far), 2.33 (m, 1H, -CH2a-), 2.62 (m, 1H, -CH2b-),
2.90–3.20 (m, 8H, a-CH2 hexadecyl, b-CH2 Cys, -SCH2-, -NCH2CH2NH2),
3.70 (m, 1H, -NCH2aCH2NH2), 3.74 (s, 3H, OCH3), 3.99 (m, 1H,


-NCH2bCH2NH-), 4.12–4.30 (m, 2H, -CHC(O)-, -CHNH-), 4.80 (m, 1H,
a-CH Cys), 5.01 (m, 2H, 2NCH Far), 5.15 (m, 1H, CH Far), 7.49 (d, J=
8.6 Hz, 1H, arom. CH), 8.08 (dd, J=2.1, 8.5 Hz, 1H, arom. CH), 8.30 (d,
J=2.1 Hz, 1H, arom. CH); 13C NMR (CD3OD, 100.6 MHz): d=14.3 (w-
CH3 hexadecyl), 16.2 (CH3 Far), 16.5 (CH3 Far), 16.5 (CH3 Far), 17.9
(CH3 Far), 22.7 (CH2), 23.7 (CH2), 25.9 (CH2), 26.5 (CH2), 26.8 (CH2),
27.1 (CH2), 27.3 (CH2), 27.4 (CH2), 27.7 (CH2), 27.7 (CH2), 28.2 (CH2),
28.2 (CH2), 28.3 (CH2), 28.6 (CH2), 29.0 (CH2), 29.3 (CH2), 29.9 (CH2),
32.1 (CH2), 33.2 (CH2), 39.1 (CH2 Far), 39.8 (CH2 Far), 39.9 (CHNH),
43.5 (NCH2CH2NH2), 49.7 (CH2N), 51.9 (OCH3), 52.7 (NCH2CH2NH2),
52.7 (CHC(O), 54.3 (a-CH2 hexadecyl), 57.4 (a-CH Cys), 119.5 (CH
Far), 123.5 (arom. CH), 123.9 (CH Far), 124.5 (CH Far), 129.4 (arom. C),
129.7 (arom. CH), 131.5 (arom. CH), 131.6 (arom. C), 132.4 (C Far),
135.5 (C Far), 140.3 (C Far), 142.5 (arom. C), 164.4 (C=O), 165.4 (C=O),
170.4 (C=O), 171.6 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C50H82N5O7S2: 928.5656, found: 928.5638 [M+H]+ .


10-Cyanomethyl-(2S)-(methanesulfonylamino)-5,11-dioxo-2,3,5,10,11,11a-
hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-carboxylic acid tert-
butyl ester (77): At 0 8C, MsCl (37 mL, 0.48 mmol) was added to a solu-
tion of amine 71 (118 mg, 0.32 mmol) and NEtiPr2 (161 mL, 0.64 mmol) in
DMF (15 mL). The reaction mixture was warmed to room temperature
and stirred for 22 h. Then, the solvent was removed under reduced pres-
sure, the residue was dissolved in ethyl acetate (50 mL) and washed with
1n HCl (30 mL). The organic layer was dried over Na2SO4, and, after re-
moval of the solvent under reduced pressure, the residue was purified by
chromatography (cyclohexane/ethyl acetate 1:5) to yield 77 as a colorless
solid (132 mg, 92%). M.p. 114 8C; [a]20D = ++378.4 (c=1.0 in CHCl3);
Rf=0.34 (cyclohexane/ethyl acetate 1:5); 1H NMR (CDCl3, 400 MHz):
d=1.52 (s, 9H, CACHTUNGTRENNUNG(CH3)3), 2.42 (m, 1H, -CH2a-), 2.61 (m, 1H, -CH2b-),
2.95 (s, 3H, CH3SO2-), 3.70 (dd, J=2.5, 12.9 Hz, 1H, -CH2aN-), 3.90 (dd,
(5.9, 12.9 Hz, 1H, -CH2bN-), 4.18 (m, 2H, -CHNH-, -CHC(O)-), 4.34 (d,
J=17.4, 1H, -CH2aCN), 4.93 (d, J=17.4, 1H, -CH2bCN), 7.42 (d, J=
8.6 Hz, 1H, arom. CH), 8.16 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.42 (d,
2.1 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=28.1 (C-
ACHTUNGTRENNUNG(CH3)3), 32.6 (CH2), 37.2 (CH2CN), 41.5 (CH2N), 51.4 (CH3SO2), 54.0
(CHNH), 56.7 (CHC(O)), 82.7 (C ACHTUNGTRENNUNG(CH3)3), 115.1 (CN), 121.2 (arom. CH),
129.0 (arom. C), 132.0 (arom. CH), 132.4 (arom. CH), 134.0 (arom. C),
141.1 (arom. C), 163.9 (C=O), 164.6 (C=O), 169.8 (C=O); HRMS (FAB,
3-NBA): m/z: calcd for C20H25N4O6S: 449.1496, found: 449.1486 [M+H]+.


10-(2-Aminoethyl)-(2S)-(methanesulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-car-
boxylic acid tert-butyl ester (78): PtO2·H2O (8 mg, 0.03 mmol) was added
to a degassed solution of nitrile 77 (123 mg, 0.27 mmol) in EtOH (9 mL)
and CHCl3 (180 mL). The reaction mixture was hydrogenated under hy-
drogen atmosphere at room temperature for 4.5 h. Then, the suspension
was filtered through a pad of Celite. After removal of the solvents under
reduced pressure, the residue was purified by chromatography (CH2Cl2/
EtOH 10:1, then 1:1 + 1% NEt3) to yield 78 as a colorless solid
(105 mg, 85%). M.p. 123 8C; [a]20D = ++310.1 (c=1.0 in CHCl3); Rf=0.39
(CH2Cl2/EtOH 1:1); 1H NMR (CDCl3, 400 MHz): d=1.58 (s, 9H, C-
ACHTUNGTRENNUNG(CH3)3), 2.41 (m, 1H, -CH2a-), 2.74 (brd, J=14.5 Hz, 1H, -CH2b-), 2.95 (s,
3H, CH3SO2-), 3.03 (m, 2H, -NCH2CH2NH2), 3.84 (dd, J=5.5, 13.0 Hz,
1H, -CH2aN-), 3.91 (m, 2H, -CH2bN-, NCH2aCH2NH2), 4.17 (d, J=
8.8 Hz, 1H, -CHNH-), 4.24 (m, 2H, -CHC(O)-, NCH2bCH2NH2), 7.48 (d,
J=8.6 Hz, 1H, arom. CH), 8.14 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.49
(d, J=2.0 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=28.3
(C ACHTUNGTRENNUNG(CH3)3), 33.0 (CH2), 41.8 (CH2N), 51.4 (CH3SO2), 55.2 (CHNH), 57.2
(CHC(O)), 58.1 (NCH2CH2NH2), 60.5 (NCH2CH2NH2), 82.4 (C ACHTUNGTRENNUNG(CH3)3),
121.0 (arom. CH), 129.3 (arom. C), 131.6 (arom. CH), 132.5 (arom. CH),
134.2 (arom. C), 141.2 (arom. C), 163.5 (C=O), 164.4 (C=O), 170.6 (C=
O); HRMS (FAB, 3-NBA): m/z : calcd for C20H29N4O6S: 453.1809, found:
453.1793 [M+H]+ .


10-(2-Allyloxycarbonylaminoethyl)-(2S)-(methanesulfonylamino)-5,11-
dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-
7-carboxylic acid tert-butyl ester (79): AlocCl (40 mL, 0.36 mmol) was
added to a solution of amine 78 (107 mg, 0.24 mmol) and NEt3 (66 mL,
0.47 mmol) in CH2Cl2 (4 mL). After stirring at room temperature for
18 h, the solution was diluted with ethyl acetate (50 mL) and washed
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with 1n HCl (10 mL). The organic layer was dried over Na2SO4, and,
after removal of the solvent under reduced pressure, the residue was pu-
rified by chromatography (cyclohexane/ethyl acetate 1:5) to yield 79 as a
colorless solid (105 mg, 83%). M.p. 111 8C; [a]20D = ++288.3 (c=1.0 in
CHCl3); Rf=0.28 (cyclohexane/ethyl acetate 1:5); 1H NMR (CDCl3,
400 MHz): d=1.58 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 2.41 (m, 1H, -CH2a-), 2.74 (brd, J=
14.5 Hz, 1H, -CH2b-), 2.95 (s, 3H, CH3SO2-), 3.37 (m, 1H,
-NCH2CH2aNH-), 3.63 (m, 1H, -NCH2CH2bNH-), 3.82 (dd, J=5.8,
13.0 Hz, 1H, -CH2aN-), 3.93 (m, 2H, -CH2bN-, -NCH2aCH2NH-), 4.14 (m,
2H, -CHNH-, -NCH2bCH2NH-), 4.27 (m, 1H, -CHC(O)-), 4.50 (m, 2H,
-OCH2CH=CH2), 5.00 (m, 1H, NH Urethan), 5.14–5.28 (m, 2H,
-OCH2CH=CH2), 5.86 (m, 1H, -OCH2CH=CH2), 5.93 (m, 1H, NH), 7.44
(d, J=8.6 Hz, 1H, arom. CH), 8.15 (dd, J=2.0, 8.6 Hz, 1H, arom. CH),
8.48 (d, J=2.1 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=
28.3 (CACHTUNGTRENNUNG(CH3)3), 33.1 (CH2), 41.8 (CH2N), 51.4 (CH3SO2), 55.1 (CHNH),
57.2 (CHC(O)), 58.1 (NCH2CH2NH2), 60.4 (NCH2CH2NH2), 66.1
(OCH2CH=CH2), 82.3 (C ACHTUNGTRENNUNG(CH3)3), 118.0 (OCH2CH=CH2), 121.2 (arom.
CH), 129.3 (arom. C), 131.5 (arom. CH), 132.4 (arom. CH), 132.6
(OCH2CH=CH2), 134.2 (arom. C), 141.2 (arom. C), 156.7 (C=O), 163.4
(C=O), 164.4 (C=O), 170.4 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C24H33N4O8S: 537.2020, found: 537.2007 [M+H]+ .


10-(2-Allyloxycarbonylaminoethyl)-(2S)-(methanesulfonylamino)-5,11-
dioxo-2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo ACHTUNGTRENNUNG[1,2a,1,4]diazepine-
7-yl-S-farnesyl-l-cysteine methyl ester (80): TFA (5 mL) was added to a
solution of benzodiazepine 79 (50 mg, 0.09 mmol) in CH2Cl2 (8 mL).
After stirring at room temperature for 4 h, the solvent was removed
under reduced pressure and the residue was coevaporated with toluene
to yield the acid as a colorless solid (45 mg, quant.).


At 0 8C, EDC (22 mg, 0.11 mmol) was added to a solution of the above
acid (45 mg, 0.09 mmol), H-Cys ACHTUNGTRENNUNG(Far)-OMe 10 (32 mg, 0.09 mmol) and
HOBt (29 mg, 0.19 mmol) in CH2Cl2 (10 mL). The solution was warmed
to room temperature and stirred for 18 h. Then the reaction mixture was
diluted with ethyl acetate (50 mL) and subsequently washed with 1n HCl
(30 mL) and Na2CO3 solution (10%, 30 mL). The organic layer was dried
over Na2SO4, and, after removal of the solvent under reduced pressure,
the residue was purified by chromatography (cyclohexane/ethyl acetate
1:5) to yield 80 as colorless solid (56 mg, 75%). M.p. 92 8C; [a]20D =


+196.6 (c=0.5 in CHCl3); Rf=0.13 (cyclohexane/ethyl acetate 1:5);
1H NMR (CDCl3, 400 MHz): d=1.50 (s, 6H, 2NCH3 Far), 1.55 (s, 3H,
CH3 Far), 1.57 (s, 3H, CH3 Far), 1.82–2.08 (m, 8H, 4NCH2 Far), 2.33 (m,
1H, -CH2a-), 2.62 (m, 1H, -CH2b-), 2.95 (s, 3H, CH3SO2-), 2.90–3.24 (m,
4H, b-CH2 Cys, -SCH2-), 3.38 (m, 1H, -NCH2CH2aNH-), 3.62 (m, 1H,
-NCH2CH2bNH-), 3.76 (s, 3H, OCH3), 3.83–3.99 (m, 3H, -CH2N-,
-NCH2aCH2NH-), 4.12–4.30 (m, 3H, -CHNH-, -CHC(O)-,
-NCH2bCH2NH-), 4.50 (m, 2H, -OCH2CH=CH2), 4.96 (m, 1H, a-CH
Cys), 5.04–5.29 (m, 6H, 3NCH Far, -OCH2CH=CH2, NH), 5.84 (m, 1H,
OCH2CH=CH2), 5.96 (m, 1H, NH), 7.23 (m, 1H, NH), 7.49 (d, J=
8.6 Hz, 1H, arom. CH), 8.08 (dd, J=2.1, 8.6 Hz, 1H, arom. CH), 8.30 (d,
J=2.1 Hz, 1H, arom. CH); 13C NMR (CDCl3, 100.6 MHz): d=16.2 (CH3


Far), 16.4 (CH3 Far), 16.5 (CH3 Far), 17.9 (CH3 Far), 22.9 (CH2 Far), 23.3
(CH2 Far), 32.1 (CH2S), 33.3 (CH2), 39.2 (CH2 Far), 39.4 (CH2), 39.8
(CH2 Far), 39.9 (CHNH), 43.3 (NCH2CH2NH), 49.8 (CH2N), 51.4
(CH3SO2), 51.9 (OCH3), 52.5 (NCH2CH2NH), 52.9 (CHC(O), 57.4 (a-
CH Cys), 66.0 (OCH2CH=CH2), 118.0 (OCH2CH=CH2), 119.6 (CH Far),
123.4 (arom. CH), 123.9 (CH Far), 124.5 (CH Far), 129.2 (arom. C), 129.8
(arom. CH), 131.5 (arom. CH), 131.7 (arom. C), 132.4 (C Far), 132.9
(OCH2CH=CH2), 135.5 (C Far), 140.3 (C Far), 142.5 (arom. C), 156.7
(C=O), 164.5 (C=O), 165.1 (C=O), 170.2 (C=O), 171.6 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for C39H56N5O9S2 [M+H]+ : 802.3520, found:
802.3527.


10-(2-Aminoethyl)-(2S)-(methanesulfonylamino)-5,11-dioxo-
2,3,5,10,11,11a-hexahydro-1H-benzo[e]pyrrolo[1,2-a,1,4]diazepine-7-yl-S-
farnesyl-l-cysteine methyl ester (81): [Pd ACHTUNGTRENNUNG(PPh3)4] (11 mg, 0.01 mmol) was
added to a degassed solution of benzodiazepine 80 (37 mg, 0.05 mmol)
and N,N’-dimethylbarbituric acid (7 mg, 0.05 mmol) in THF (5 mL). The
mixture was stirred for 3 h at room temperature. After removal of the
solvent under reduced pressure, the residue was purified by chromatogra-
phy (CH2Cl2/EtOH 20:1, then 15:1, then 5:1 + 1% NEt3) to yield 81 as


a slightly yellow foam (21 mg, 65%). [a]20D = ++180.5 (c=0.5 in CHCl3);
Rf=0.16 (CH2Cl2/EtOH); 1H NMR (CD3OD, 400 MHz): d=1.50 (s, 6H,
2NCH3 Far), 1.55 (s, 3H, CH3 Far), 1.57 (s, 3H, CH3 Far), 1.82–2.08 (m,
8H, 4NCH2 Far), 2.33 (m, 1H, -CH2a-), 2.62 (m, 1H, -CH2b-), 2.95 (s, 3H,
CH3SO2), 2.90–3.20 (m, 6H, b-CH2 Cys, -SCH2-, -NCH2CH2NH2), 3.70
(m, 1H, -NCH2aCH2NH2), 3.74 (s, 3H, OCH3), 3.99 (m, 1H,
-NCH2bCH2NH2), 4.12–4.30 (m, 2H, -CHC(O)-, -CHNH-), 4.80 (m, 1H,
a-CH Cys), 5.01 (m, 2H, 2NCH Far), 5.15 (m, 1H, CH Far), 7.49 (d, J=
8.6 Hz, 1H, arom. CH), 8.08 (dd, J=2.1, 8.5 Hz, 1H, arom. CH), 8.30 (d,
J=2.1 Hz, 1H, arom. CH); 13C NMR (CD3OD, 100.6 MHz): d=16.2
(CH3 Far), 16.5 (CH3 Far), 16.5 (CH3 Far), 17.9 (CH3 Far), 22.9 (CH2


Far), 23.9 (CH2 Far), 33.2 (CH2), 32.1 (CH2S), 39.1 (CH2 Far), 39.4
(CH2), 39.8 (CH2 Far), 39.9 (CHNH), 43.5 (NCH2CH2NH2), 49.7 (CH2N),
51.4 (CH3SO2), 51.9 (OCH3), 52.7 (NCH2CH2NH2), 52.7 (CHC(O), 57.4
(a-CH Cys), 119.5 (CH Far), 123.5 (arom. CH), 123.9 (CH Far), 124.5
(CH Far), 129.4 (arom. C), 129.7 (arom. CH), 131.5 (arom. CH), 131.6
(arom. C), 132.4 (C Far), 135.5 (C Far), 140.3 (C Far), 142.5 (arom. C),
164.4 (C=O), 165.4 (C=O), 170.4 (C=O), 171.6 (C=O); HRMS (FAB, 3-
NBA): m/z : calcd for C35H51N5NaO7S2: 740.3130, found: 740.3144
[M+Na]+ .


Synthesis of the pentapeptide substrate for the inhibition studies of
APT1


Bis-[(N-Acetyl-l-methionyl)-l-seryl]-l-cystine-di-tert-butyl ester (82): At
0 8C, EDC (253 mg, 1.29 mmol) was added to a solution of Ac-Met-Ser-
OH 16 (300 mg, 1.08 mmol), (HCl·H-Cys-OtBu)2 (252 mg, 0.59 mmol),
HOBt (337 mg, 2.16 mmol) and NEtiPr2 (221 mL, 1.29 mmol) in DMF
(25 mL). The reaction mixture was warmed to room temperature and
stirred for 18 h. After removal of the solvent under reduced pressure, the
residue was dissolved in CHCl3 (100 mL) and subsequently washed with
1n HCl (20 mL) and Na2CO3 solution (10%, 20 mL). The organic layer
was dried over Na2SO4, and, after removal of the solvent under reduced
pressure, the residue was purified by chromatography (CH2Cl2/EtOH
10:1, then 5:1) to yield 82 as a colorless oil (336 mg, 65%). [a]20D = �16.4
(c=1.0 in MeOH); Rf=0.10 (CH2Cl2/ethanol 10:1);


1H NMR (CD3OD,
400 MHz): d=1.48 (s, 18H, 2NC ACHTUNGTRENNUNG(CH3)3), 2.01 (s, 6H, 2NCH3 acetyl),
2.09 (s, 6H, 2NCH3 Met), 1.91–2.14 (m, 4H, 2Nb-CH2 Met), 2.55 (m,
4H, 2Ng-CH2 Met), 3.06 (dd, J=7.8, 13.8 Hz, 2H, 2Nb-CH2a Cys), 3.20
(dd, J=5.3, 13.9 Hz, 2H, 2Nb-CH2b Cys), 3.82 (m, 4H, 2Nb-CH2 Ser),
4.51 (m, 4H, 4Na-CH Ser, Cys), 4.68 (m, 2H, 2Na-CH Met); 13C NMR
(CD3OD, 100.6 MHz): d=14.2 (CH3 acetyl), 21.4 (CH3 Met), 27.1 (C-
ACHTUNGTRENNUNG(CH3)3), 29.9 (b-CH2 Met), 31.6 (g-CH2 Met), 39.9 (b-CH2 Cys), 53.0 (a-
CH Cys), 53.6 (a-CH Met), 55.4 (a-CH Ser), 61.7 (b-CH2 Ser), 82.6 (C-
ACHTUNGTRENNUNG(CH3)3), 169.5 (C=O), 170.8 (C=O), 172.4 (C=O), 172.8 (C=O); HRMS
(FAB, 3-NBA): m/z : calcd for C34H61N6O12S4: 873.3231, found: 873.3268
[M+H]+ .


N-Acetyl-l-methionyl-l-seryl-S-palmitoyl-l-cysteine-tert-butyl ester (83):
1,4-Dithiothreitol (208 mg, 1.35 mmol) and NEt3 (75 mL, 0.54 mmol) were
added to a degassed solution of (Ac-Met-Cys-OtBu)2 82 (0.236 g,
0.27 mmol) in CH2Cl2 (10 mL). After stirring at room temperature for
2 h, the solution was washed with 1n HCl (2N2 mL). The organic layer
was dried over Na2SO4 and cooled down to 0 8C. NEt3 (75 mL, 054 mmol)
and palmitoyl chloride (418 mL, 1.35 mmol) were added to this solution.
The solution was warmed to room temperature and stirred for 3.5 h.
Then, the reaction mixture was diluted with ethyl acetate (100 mL) and
washed with 1n HCl (20 mL). The organic layer was dried over Na2SO4,
and, after removal of the solvents under reduced pressure, the residue
was purified by chromatography (CH2Cl2/EtOH 30:1, then, 20:1, then,
10:1) to yield 83 as a colorless solid (273 mg, 75%). M.p. 53 8C; [a]20D =


�15.0 (c=1.0 in CHCl3); Rf=0.31 (CH2Cl2/EtOH); 1H NMR (CDCl3,
400 MHz): d=0.88 (t, J=6.6 Hz, 3H, w-CH3 Pal), 1.20–1.40 (m, 24H,
12NCH2 Pal), 1.48 (s, 9H, CACHTUNGTRENNUNG(CH3)3), 1.65 (m, 2H, b-CH2 Pal), 2.05 (s,
3H, CH3 acetyl), 2.12 (s, 3H, CH3 Met), 1.94–2.18 (m, 2H, b-CH2 Met),
2.59 (m, 4H, a-CH2 Pal, g-CH2 Met), 3.30 (dd, J=7.8, 13.9 Hz, 1H, b-
CH2a Cys), 3.48 (dd, J=5.3, 13.9 Hz, 1H, b-CH2b Cys), 3.50 (dd, J=5.4,
11.5 Hz, 1H, b-CH2a Ser), 4.03 (dd, J=3.9, 11.7 Hz, 1H, b-CH2b Ser),
4.52 (m, 1H, a-CH Ser), 4.68 (m, 2H, a-CH Cys, a-CH Met), 6.62 (m,
1H, NH), 7.21 (m, 1H, NH), 7.25 (m, 1H, NH); 13C NMR (CDCl3,
100.6 MHz): d=14.3 (w-CH3 Pal), 22.9 (CH3 acetyl), 23.2 (CH3 Met),
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23.3 (CH2), 25.7 (CACHTUNGTRENNUNG(CH3)3), 28.1 (CH2), 28.8 (CH2), 28.4 (CH2), 28.6
(CH2), 28.9 (CH2), 29.1 (CH2), 29.3 (CH2), 29.4 (CH2), 29.5 (CH2), 29.6
(CH2), 29.7 (CH2), 29.8 (CH2), 29.9 (CH2), 30.1 (CH2), 30.2 (CH2), 30.3
(CH2), 32.1 (CH2), 44.3 (a-CH2 Pal), 52.7 (a-CH Cys), 53.4 (a-CH Met),
54.8 (a-CH Ser), 63.0 (b-CH2 Ser), 83.6 (CACHTUNGTRENNUNG(CH3)3), 169.1 (C=O), 170.3
(C=O), 170.6 (C=O), 171.9 (C=O), 197.6 (C=O); HRMS (FAB, 3-NBA):
m/z : calcd for C33H62N3O7S2: 676.4030, found: 676.4008 [M+H]+.


N-Acetyl-l-methionyl-l-seryl-S-palmitoyl-l-cysteine (84): TFA (10 mL)
was added to a solution of Ac-Met-Ser-Cys ACHTUNGTRENNUNG(Pal)-OtBu 83 (100 mg,
015 mmol) in CH2Cl2 (10 mL). After stirring at room temperature for
2 h, the solvent was removed under reduced pressure and the residue was
coevaporated with toluene to yield 84 as a colorless solid (92 mg, quant.).
M.p. 64 8C; [a]20D = �17.0 (c=1.0 in MeOH); Rf=0.04 (CH2Cl2/EtOH
10:1); 1H NMR (CD3OD, 400 MHz): d=0.88 (t, J=6.6 Hz, 3H, w-CH3


Pal), 1.20–1.40 (m, 24H, 12NCH2 Pal), 1.65 (m, 2H, b-CH2 Pal), 2.05 (s,
3H, CH3 acetyl), 2.12 (s, 3H, CH3 Met), 1.94–2.18 (m, 2H, b-CH2 Met),
2.59 (m, 4H, a-CH2 Pal, g-CH2 Met), 3.30 (dd, J=7.8, 13.9 Hz, 1H, b-
CH2a Cys), 3.48 (dd, J=5.3, 13.9 Hz, 1H, b-CH2b Cys), 3.50 (dd, J=5.4,
11.5 Hz, 1H, b-CH2a Ser), 4.03 (dd, J=3.9, 11.7 Hz, 1H, b-CH2b Ser),
4.38 (m, 1H, a-CH Ser), 4.49 (m, 2H, a-CH Cys, a-CH Met); 13C NMR
(CD3OD, 100.6 MHz): d=14.3 (w-CH3 Pal), 22.9 (CH3 acetyl), 23.2 (CH3


Met), 23.3 (CH2), 28.1 (CH2), 28.8 (CH2), 28.4 (CH2), 28.6 (CH2), 28.9
(CH2), 29.1 (CH2), 29.3 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH2), 29.9
(CH2), 30.1 (CH2), 30.2 (CH2), 30.3 (CH2), 32.1 (CH2), 44.3 (a-CH2 Pal),
52.7 (a-CH Cys), 53.4 (a-CH Met), 54.8 (a-CH Ser), 63.0 (b-CH2 Ser),
169.1 (C=O), 170.3 (C=O), 170.6 (C=O), 174.9 (C=O), 197.6 (C=O);
HRMS (FAB, 3-NBA): m/z : calcd for C29H53N3O7S2Na: 642.3225, found:
642.3218 [M+Na]+ .


N-Acetyl-l-methionyl-l-seryl-S-palmitoyl-l-cysteyl-Ne-(allyloxycar-
bonyl)-l-lysyl-S-farnesyl-l-cysteine methyl ester (85): At 0 8C, EDC
(23 mg, 0.12 mmol) was added to a solution of Ac-Met-Ser-Cys ACHTUNGTRENNUNG(Pal)-OH
84 (60 mg, 0.10 mmol), freshly prepared H-LysACHTUNGTRENNUNG(Aloc)-Cys ACHTUNGTRENNUNG(Far)-OMe 19
(53 mg, 0.10 mmol) and HOBt (30 mg, 0.19 mmol) in CH2Cl2 (10 mL).
The solution was warmed to room temperature and stirred for 16 h. Then
the reaction mixture was diluted with ethyl acetate (30 mL) and subse-
quently washed with 1n HCl (10 mL) and Na2CO3 solution (10%,
10 mL). The organic layer was dried over Na2SO4, and, after removal of
the solvent under reduced pressure, the residue was purified by chroma-
tography (CH2Cl2/EtOH 20:1, then 10:1) to yield 85 as colorless solid
(55 mg, 65%). M.p. 71 8C; [a]20D = �11.4 (c=0.5 in CHCl3); Rf=0.31
(CH2Cl2/EtOH 10:1); 1H NMR (CDCl3/CD3OD 1:1, 400 MHz): d=0.78
(t, J=6.6 Hz, 3H, w-CH3 Pal), 1.15 (m, 24H, 12NCH2 Pal), 1.49 (s, 6H,
2NCH3 Far), 1.57 (s, 6H, 2NCH3 Far), 1.26–1.68 (m, 8H, 2NCH2 Lys, 2N
CH2 Pal), 1.93 (s, 3H, CH3 acetyl), 2.00 (s, 3H, CH3 Met), 1.76–2.05 (m,
12H, b-CH2 Met, CH2 Lys, 4NCH2 Far), 2.46 (m, 2H, g-CH2 Met), 2.68–
3.17 (m, 8H, a-CH2 Pal, 2Nb-CH2 Cys, -SCH2-), 3.26–3.46 (m, 2H, e-CH2


Lys), 3.64 (s, 3H, OCH3), 3.68 (m, 1H, b-CH2a Ser), 3.87 (m, 1H, b-CH2b


Ser), 4.25–4.54 (m, 7H, 5Na-CH, -OCH2CH=CH2), 5.00 (m, 2H, 2NCH
Far), 5.08–5.22 (m, 3H, CH Far, -OCH2CH=CH2), 5.74 (m, 1H,
-OCH2CH=CH2);


13C NMR (CDCl3/CD3OD 1:1, 100.6 MHz): d=14.0
(w-CH3 Pal), 16.5 (CH3 acetyl), 16.8 (CH3 Met), 17.0 (CH3 Far), 17.2
(CH3 Far), 19.3 (CH3 Far), 19.3 (CH2), 21.3 (CH2), 24.0 (CH2), 24.3
(CH2), 25.3 (CH3 Far), 28.6 (CH2), 29.2 (CH2), 29.3 (CH2), 30.0 (CH2),
30.0 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2),
30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.9 (CH2), 31.8 (CH2), 32.5 (CH2),
33.8 (CH2), 34.4 (CH2), 34.5 (CH2), 39.8 (CH2 Far), 40.5 (CH2 Far), 44.6
(e-CH2 Lys), 50.4 (OCH3), 53.5 (a-CH), 54.2 (a-CH), 54.5 (a-CH2 Pal),
56.0 (a-CH), 56.1 (a-CH), 57.1 (a-CH), 64.8 (b-CH2 Ser), 67.3
(OCH2CH=CH2), 115.1 (OCH2CH=CH2), 117.1 (CH Far), 121.7 (CH
Far), 122.5 (CH Far), 133.9 (C Far), 137.5 (OCH2CH=CH2), 138.8 (C
Far), 139.3 (C Far), 157.5 (C=O), 170.9 (C=O), 172.0 (C=O), 174.7 (C=
O), 175.4 (C=O), 197.6 (C=O); HRMS (FAB, 3-NBA): m/z : calcd for
C58H100N6O11S3Na: 1175.6512, found: 1175.6524 [M+Na]+ .


N-Acetyl-l-methionyl-l-seryl-S-palmitoyl-l-cysteyl-l-lysyl-S-farnesyl-l-
cysteine methyl ester (86): [Pd ACHTUNGTRENNUNG(PPh3)4] (7 mg, 0.01 mmol) was added to a
degassed solution of pentapeptide 85 (50 mg, 0.04 mmol) and N,N’-dime-
thylbarbituric acid (7 mg, 0.04 mmol) in THF (6 mL). The mixture was
stirred for 4 h at room temperature. After removal of the solvent under


reduced pressure, the residue was purified by chromatography (CH2Cl2/
EtOH 10:1, then 5:1, then 1:1 + 1% NEt3) to yield 4 as a colorless solid
(34 mg, 75%). M.p. 69 8C; [a]20D = �9.0 (c=0.5 in MeOH); Rf=0.01
(CH2Cl2/EtOH 10:1); 1H NMR (CD3OD, 400 MHz): d=0.78 (t, J=
6.6 Hz, 3H, w-CH3 Pal), 1.15 (m, 24H, 12NCH2 Pal), 1.49 (s, 6H, 2NCH3


Far), 1.57 (s, 6H, 2NCH3 Far), 1.26–1.68 (m, 8H, 2NCH2 Lys, 2NCH2


Pal), 1.93 (s, 3H, CH3 acetyl), 2.00 (s, 3H, CH3 Met), 1.76–2.05 (m, 12H,
b-CH2 Met, CH2 Lys, 4NCH2 Far), 2.46 (m, 2H, g-CH2 Met), 2.68–3.17
(m, 8H, a-CH2 Pal, 2Nb-CH2 Cys, -SCH2-), 3.26–3.46 (m, 2H, e-CH2


Lys), 3.64 (s, 3H, OCH3), 3.68 (m, 1H, b-CH2a Ser), 3.87 (m, 1H, b-CH2b


Ser), 4.25–4.54 (m, 5H, 5Na-CH), 5.00 (m, 2H, 2NCH Far), 5.14 (m, 1H,
CH Far); 13C NMR (CD3OD, 100.6 MHz): d=14.0 (w-CH3 Pal), 16.5
(CH3 acetyl), 16.8 (CH3 Met), 17.0 (CH3 Far), 17.2 (CH3 Far), 19.3 (CH3


Far), 19.3 (CH2), 21.3 (CH2), 24.0 (CH2), 24.3 (CH2), 25.3 (CH3 Far), 28.6
(CH2), 29.2 (CH2), 29.3 (CH2), 30.0 (CH2), 30.0 (CH2), 30.3 (CH2), 30.3
(CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3 (CH2), 30.3
(CH2), 30.9 (CH2), 31.8 (CH2), 32.5 (CH2), 33.8 (CH2), 34.4 (CH2), 34.5
(CH2), 39.8 (CH2 Far), 40.5 (CH2 Far), 44.6 (e-CH2 Lys), 50.4 (OCH3),
53.5 (a-CH), 54.2 (a-CH), 54.5 (a-CH2 Pal), 56.0 (a-CH), 56.1 (a-CH),
57.1 (a-CH), 64.8 (b-CH2 Ser), 117.1 (CH Far), 121.7 (CH Far), 122.5
(CH Far), 133.9 (C Far), 138.8 (C Far), 139.3 (C Far), 170.9 (C=O), 172.0
(C=O), 174.7 (C=O), 175.4 (C=O), 197.6 (C=O); HRMS (FAB, 3-NBA):
m/z : calcd for C54H97N6O9S3: 1069.6480, found: 1069.6503 [M+H]+ .


Assay for inhibition of APT1: The assay for inhibition of APT1 is based
on the free fatty acid indicator Acrylodan labeled Intestinal Fatty Acid
Binding Protein (ADIFAB). Our system has been adapted from an assay
described in the literature.[37,38]


ADIFAB storage solution : 200 mg ADIFAB (from Molecular Probes,
Oregon) were dissolved in 1000 mL storage buffer (50 mm HEPES, 1 mm


EDTA, 0.5 mm phenylmethylsulfonylfluoride, 0.05% NaN3, pH 8.0).


Substrate solution in sample buffer : Ac-Met-Ser-Cys ACHTUNGTRENNUNG(Pal)-Lys-Cys ACHTUNGTRENNUNG(Far)-
OMe (86 ; 4 mg, 3.74 mmol) was dissolved in DMSO (500 mL). 5 mL of this
solution were added to 50 mL with sample buffer (20 mm HEPES, 150 mm


NaCl, 5 mm KCl, 1 mm Na2HPO4, pH 7.4).


Inhibitor solutions in sample buffer : According to their molecular mass
all inhibitors were treated like the above substrate leading to the desired
concentrations of the inhibitor solutions.


APT1 solution : The applied APT1 solution was the result of the isolation
of the enzyme from rat liver following a protocol of Duncan et al.[24] and
consisted of 30 mg APT1 in 10 mL buffer (50 mm HEPES, 2 mm MgCl2,
1 mm EDTA, 7.5 mm CHAPS, pH 8.0).


Determination of the maximal palmitate concentration : Substrate solu-
tion (2 mL) were pipetted into a quarz cuvette with sample buffer
(1.5 mL) resulting a substrate concentration of 1 mM. Then, after excita-
tion at 386 nm the fluorescence emissions at 432 and 505 nm were meas-
ured at 25 8C (I505


blank, I432
blank). Subsequently, ADIFAB solution (10 mL)


was added, and again the fluorescence emissions at 432 and 505 nm were
measured (I505


0, I432
0). The R0 value was then calculated as follows:


R0 ¼ I505
0�I505blank


I4320�I432blank


Now, APT1 solution (20 mL) was added, and, after incubation at 25 8C for
15 min, the fluorescence emissions at 432 and 505 nm were measured at
least eight times and averaged (I505, I432). The R value was then calculated
as follows:


R ¼ R0 ¼ I505�I505blank
I432�I432blank


The free palmitate concentration was calculated as follows:


½Pal� ¼ Kd � 19:5� R�R0


11:5�Rþ ½ADIFAB�total � 19:5� ðR�R0Þ
11:5�Rþ 19:5� ðR�R0


In this equation Kd=0.28 and [ADIFAB]total=100 nm according to the lit-
erature.[37]
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Determination of the IC50 values : The free palmitate concentration when
inhibitors are present, was measured with the method described above.
The determination of the blank values (I505


blank, I432
blank) was measured


after the appropriate amount of inhibitor was added. In order to calcu-
late the IC50 values, the relative palmitate concentration in percent (pal-
mitate with inhibitor/palmitate without inhibitor) were used in a curve
fitting with the program Origin.
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Novel Zwitterionic Reverse Micelles for Encapsulation of Proteins in
Low-Viscosity Media
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Introduction


The study of large biomolecular systems by high-resolution
NMR spectroscopy is impeded by their slow rotational
motion, which leads to a very efficient transverse relaxation
and, thus, to line broadening and shortening of signal life-
time. Relaxation-interference methods based on chemical-
shift anisotropy-dipole–dipole cross-correlation in transverse
relaxation optimized spectroscopy (TROSY)-type experi-
ments,[1] combined with the extensive deuteration of 13C-


and 15N-labeled macromolecules, have been used to extend
the size limit of the molecules studied by solution-state
NMR spectroscopy.


In 1998, A. J. Wand and co-workers proposed a quite in-
novative approach for the structural study of large proteins
(>30 kDa).[2] This involves the substitution of water as bulk
solvent by a low-viscosity medium, which would accelerate
the solute6s Brownian motion and, therefore, lengthen its T2


relaxation time. To maintain the natural environment of the
protein for the study of its native three-dimensional struc-
ture, it was proposed to encapsulate it with some hydration
layers into reverse micelles.


Although this ambitious approach was validated for ubiq-
uitin (8 kDa) in reverse micelles of sodium bis(2-ethylhex-
yl)sulfosuccinate (AOT), it has not yet been applied to the
structural studies of large proteins. Indeed, the problems en-
countered are numerous, for example: 1) some surfactants
lack the swelling capacity necessary to encapsulate large
molecular objects, 2) certain micellar systems suffer from
time-instability, 3) the proteins may be encapsulated, but in
a non-native state. Such a conformational transition of pro-
teins encapsulated in AOT micelles could be explained by
the presence of strong electrostatic interactions between the
surfactant polar head groups and the charged residues of
the guest molecule. Therefore, the attenuation of these in-
teractions through the design of new surfactants may facili-
tate protein structural studies in reverse micelles. Here, a
comparison of AOT, CTAB (cetyltrimethylammonium bro-
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mide), and a newly synthesized zwitterionic surfactant, 2-
ammonioethyl 2,3-bis(3-ethylheptanoyloxy)propyl phos-
phate, is presented. Unlabeled cytochrome C was chosen as
a guest candidate, and 1H NMR spectroscopy was used to
confirm not only that the protein was encapsulated, but also
that it had maintained its folded structure.


Results and Discussion


The choice of commercially available cytochrome C for our
experiments was dictated by reasons of simplicity, as the so-
ACHTUNGTRENNUNGlution becomes red upon solubilization of the protein. More-
over, cytochrome C, being a basic protein (pI=10.2) of 104
amino acids, is strongly positively charged at neutral pH.
Due to the presence of several hydrophilic residues at its ex-
ternal surface, cytochrome C remains highly soluble in
water, even at pH conditions close to its isoelectric point.


For unlabeled proteins, the NOESY experiment can give
a rapid estimation of their conformational state. The pres-
ence of numerous cross-peaks between amide protons com-
bined to an expanded amide region indicate a folded pro-
tein. This is the case of the oxidized paramagnetic ferrocyto-
chrome C, at basic or neutral pH, as shown in Figure 1a and
b. The increase in spectral quality achieved by lowering the
pH from 9.3 to 6.4 reflects the decrease in proton-exchange
rates between water and protein amide groups.[3]


For the design of our new surfactant, some characteristics
were desired. Firstly, it should be able to form reverse mi-
celles in apolar solvents and to encapsulate proteins of dif-
ferent isoelectric points at the pH values used for NMR
studies in aqueous solution. Secondly, the use of additives,
such as linear-chain alcohols, should be avoided if possible.
Indeed, with respect to the final objective of the study of
large proteins, the addition of such cosolvents in significant
proportions could become a drawback as they increase the
viscosity of the medium. Finally, the micellar system should
not require a buffer or high salt content.


Clearly, the design of a new surfactant capable of encap-
sulating various protein types in organic solvents is some-
what empirical. In dealing with the shape of the aggregates,
some basic rules exist, such as consideration of the packing
parameter, the hydrophilic–lipophilic balance, or use of the
flexible surface model.[4] However, no accurate prediction of
the objects formed can be made easily, which is even more
the case when a protein is present, even at low concentra-
tion.


For the choice of the polar head, some considerations
from previous works were applied. The article of Shioi et al.
on protein extraction[5] suggests that ionic polar heads favor
the formation of reverse micelles in organic solvents, the
transfer of the protein into the aqueous core being governed
by electrostatic interactions. However, if the protein is
strongly charged, these interactions are also likely to occur
inside the formed micelles between these charges and the
anionic or cationic polar heads.


For example, in the case of AOT micelles in alkanes, it
has been proposed that the protein is located in the interfa-
cial region of the reverse micelles, due to strong electrostatic
attractions between cytochrome C and the negatively charg-
ed surfactant layer of AOT.[6,7] This local environment leads
to a conformational transition of cytochrome C from its
folded structure to an amphiphilic entity.[8] Hence, the
NOESY spectra of cytochrome C in AOT micelles dissolved
in pentane, shown in Figure 1c and d, exhibit a very peculiar
behavior. Whereas the spectrum in AOT/pentane at pH 9.3
reflects a folded protein (without indication of its three-di-
mensional structure), the spectrum at pH 6.4 is more indica-
tive of a molten globule. A reduced amide-proton region,
similar to that of Figure 1d, was also observed by the group
of Wand.[9] By comparing the experiments made in aqueous
solution (Figure 1a and b), the rates of proton exchange
with the solvent cannot be responsible for this spectral deg-
radation. The variation in protein charge between the two
pH values (net charge +5.3 and +9.8, for pH 9.3 and 6.4, re-
spectively), leading to different electrostatic strengths, re-
mains the only explanation for the appearance of the
NOESY maps displayed in Figure 1c and d.


To confirm that the sulfosuccinate function of AOT is ac-
tually responsible for this effect, an AOT analogue with the
same head group, but a different hydrophobic tail, providing
higher solubility in apolar solvents,[10] was synthesized. The
NMR spectra of cytochrome C in micelles of this compound
at two pH values seem very similar to those displayed in
Figure 1c and d (see Supporting Information), indicating
that the nature of the head group is probably the cause of
the observed effects. This also suggests that the influence of
the surfactant tail on the protein conformational state is
rather minor.


The encapsulation of 15N-labeled cytochrome C in cationic
CTAB reverse micelles was reported recently.[11] In such an
environment, the native conformation of the protein is pre-
served, because the electrostatic interactions between the
protein and the CTAB head groups are now repulsive.[12]


However, in the search for a unique surfactant system capa-
ble of encapsulating proteins of different isoelectric points,
this cannot represent our final solution. We suspect that cat-
ionic micelles would unfold acidic proteins if the pH of the
aqueous core is largely inferior to the protein isoelectric
point. However, Wand et al. have successfully encapsulated
a mutant of flavodoxin (pI~4.2) in a folded state in CTAB
micelles. Nevertheless, the formation of CTAB micelles in
short-chain alkanes is quite difficult and requires the addi-
tion of cosolvents, such as n-hexanol at a proportion of 8–
10% of the total volume, thereby penalizing the viscosity of
the solution.[13] In the case of flavodoxin in CTAB/n-hexanol
micelles, the presence of the alcohol may dilute the charge
of the micelle, and may explain the folded form of the pro-
tein. In the absence of cosolvent, we were unable to solubi-
lize cytochrome C in CTAB/pentane with a water-to-surfac-
tant molar ratio W of 20, even after considerable sonication.
After addition of n-hexanol at 10% v/v, the solution turns
slightly red, however, a proportion of the protein remains
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precipitated (see Supporting Information for the recorded
NOESY spectrum). This surfactant is, therefore, not suitable
for our purpose.


Mixtures of anionic, cationic, and even nonionic surfac-
tants have been proposed recently by the group of Wand to


encapsulate proteins in low-viscosity solvents, such as liquid
ethane.[13,14] These surfactant mixtures appear to increase
the stability of the micelles formed, as they facilitate the en-
capsulation of proteins in low-density solvents. The pres-
sures required to stabilize the microemulsions can be de-


Figure 1. Partial contour plots of two-dimensional NOESY spectra of cytochrome C at 298 K (mixing time 150 ms). Each sample contained around 1 mg
of protein, except for (f), in which it was estimated as 0.3 mg. (a) and (b): Spectra recorded in H2O/D2O of 95:5; (a) pH 9.3, (b) pH 6.4. (c) and (d): Spec-
tra recorded in the AOT/ACHTUNGTRENNUNG[D12]pentane system; (c) pH 9.3, W=10, (d) pH 6.4, W=11.7. (e) and (f): Spectra recorded in the surfactant 1/ ACHTUNGTRENNUNG[D12]pentane
system; (e) pH 9.3, W=8, (f) pH 6.4, W=12.0.
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creased if an appropriate cosolvent is used. Thus, a real
breakthrough is achieved by the lengthening of the trans-
verse relaxation time. However, in view of the work of sev-
eral teams who use catanionic reverse micelles for the syn-
thesis of hierarchical nanostructures, the risk of a charge re-
distribution/segregation along the inner surface of the mi-
celle cannot be neglected. The cationic-to-anionic surfactant
ratio influences the structure of the aggregates, and this
value is taken into account in the modification of the size
and shape of the nanocrystals growing in these aggregates
(see, for example, reference [15]). Moreover, adaptation of
the micellar charges according to the surface-charge distri-
bution of the protein is possible.


Another solution that combines the presence of charged
groups in the polar head and the decrease in micellar net
global charge is to conceive a zwitterionic surfactant. It has
been reported that lecithin, a zwitterionic natural phospholi-
pid (a mixture of phosphatidylcholines with acyl chains of
different lengths and degrees of saturation), self-assembles
in alkanes into long, wormlike objects in the presence of
small amounts of water.[16] Such behavior observed at high
surfactant concentrations could arise from the large size of
the polar head group (containing a N ACHTUNGTRENNUNG(CH3)3


+ group) rela-
tive to that of the hydrophobic tail. For this reason, the new
surfactant molecule, 2-ammonioethyl 2,3-bis(3-ethylhepta-
noyloxy)propyl phosphate (compound 1), possesses a small-
er head group (NH3


+), namely that of phosphatidylethanol-
amine, the phospholipid located primarily at the external
surface of biological membranes. The zwitterionic head pre-
vents the release of counter ions into the water pool and the
balance between positive and negative fixed ions gives a
neutral character to the internal wall, making the protein–
micelle interactions weaker than those with other ionic sur-
factants. The alternation of fixed opposite charges on the in-
ternal surface of the micelle reduces perturbation on the


protein due to electrostatic interactions. Clearly, the risk of
redistribution of micellar charge according to the protein
surface potential, as can be the case for a mixture of surfac-
tants (see below), is avoided. This surfactant may act itself
as a buffer for pH levels between its two pK values: ~5 for
the phosphate group and ~8 for the ammonium function.[17]


Based on geometric considerations and basic predictions,
we have kept an AOT-like hydrophobic tail to create the
curvature required for an inverse micelle. The new zwitter-
ionic surfactant, 2-ammonioethyl 2,3-bis(3-ethylheptanoyl-
ACHTUNGTRENNUNGoxy)propyl phosphate (compound 1), was prepared by using
a synthetic pathway that allows for a future perdeuteration
(Figure 2).


During preparation of the samples of cytochrome C en-
capsulated in micelles of either AOT or 1, a remarkable dif-
ference was observed. Whereas the dissolution of the pro-
tein after addition of AOT micelles is immediate, in the case
of 1, it takes much longer (several hours, even with ultra-
sound). For the same reason as stated previously, this may
be due to the zwitterionic nature of the surfactant polar
head, which could hide the net electrostatic interactions re-
quired to form the reverse micelles.


Figure 1e and f displays the NOESY contour maps of cy-
tochrome C initially prepared at pH 9.3 and 6.4, respectively,
in reverse micelles of surfactant 1. The spectra are similar
(the lower signal-to-noise ratio in spectrum f is due to a
lower protein concentration). As for the aqueous solution
studies, and contrary to the spectrum recorded in AOT at
neutral pH, the amide protons cover a wide spectral region,
which characterizes a folded protein.


Experiments to encapsulate larger proteins are underway
in our laboratory. The use of nonionic surfactants from the
poly(oxyethylene) alkyl ether family (CiEj) to encapsulate
cytochrome C at various pH values was also successful in
our hands, however, the resulting spectra gave broad peaks


Figure 2. Pathway for synthesis of surfactant 1. Details of steps i–vii are given in the Experimental Section.
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and the protein was not fully solubilized. Moreover, the
region of the phase diagram indicating reverse micelles in
short-chain alkanes is very sharp and depends strongly upon
temperature.[18] For these last experiments, the addition of
AOT to C12E4 could have improved the encapsulation of cy-
tochrome C, as electrostatic interactions between the surfac-
tant head groups and the protein are paradoxically impor-
tant for this.[5]


Another critical point in the usefulness of our new surfac-
tant in the approach of Wand is its solubility in low-viscosity
solvents and the time-stability of the micelles containing a
protein. Indeed, in the subcritical region, for a chemical
family, such as n-alkanes, viscosity of a medium is strongly
related to its solvating power through the cohesive energy
densities, as introduced by Hildebrand.[19] Thus, the solubili-
ty of this new surfactant was evaluated in an ethane/pro-
pane/pentane mixture (ca. 45:22:33 v/v). 15N-labeled ubiqui-
tin, a protein of 76 amino acids (pI=6.6) used as a model
compound by Wand, was chosen. The 1H,15N-HSQC spec-
trum displayed in Figure 3 resembles that of ubiquitin in
water, thereby indicating a similar three-dimensional struc-
ture. The spectrum obtained with eight scans per transient,
by using a 500 MHz spectrometer equipped with a classical
inverse probe head, exhibits an excellent signal-to-noise
ratio. This is encouraging for future studies of larger pro-
teins by using triple-resonance techniques. The stability of
the micellar system was confirmed, as the same experiment
repeated one month later showed no alteration in the
HSQC spectrum.


Conclusion


This new zwitterionic surfactant appears to facilitate the en-
capsulation of proteins of low or high isoelectric point in the
absence of any buffer or salt. The formation of reverse mi-
celles occurs without the need for any cosurfactant. For
both ubiquitin and cytochrome C, the line widths of the 1H
or 15N NMR spectra show that small micellar objects are
formed in short-chain alkanes, with W values close to 10.
These reverse micelles are stable over a very long period:
after several months no precipitation or phase separation
was observed. The encapsulation of larger proteins and their
NMR analysis in low-viscosity solvents is now underway in
our laboratory. It is also expected that modification of the
aliphatic tail to increase solubility of this surfactant in
apolar solvents would improve its capacity to encapsulate
proteins in greater quantities, or in solvents of lower viscosi-
ty.


Experimental Section


Syntheses


Reagents, solvents, and cytochrome C were purchased from Fluka. 15N-la-
beled ubiquitin was purchased from VLI Research and deuterated sol-
vents from Eurisotop.


Synthesis of the AOT analogue : The AOT analogue was synthesized ac-
cording to S. Nave et al. ,[20] overall yield of 66.5%. ESI-MS: m/z=467.2
[M+Na] corresponding to m/z=444.2 [M]. The purity of the product
(white solid) was verified by NMR spectroscopy.


Synthesis of compound 1


Step i: dibenzyl phosphoryl chloride : Diphenyl phosphonate (7.5 g,
28.5 mmol) and chlorosuccinimide (3.75 g, 28.5 mmol) were dissolved in
50 mL of anhydrous toluene and stirred for 2 h at ambient temperature.
The mixture was filtrated in an anhydrous atmosphere and the solvent
was evaporated under reduced pressure. Due to its instability, the crude
product was used in the subsequent reaction without any purification.


Step ii: dibenzyl (2,2-dimethyl-1,3-dioxolan-4-yl)methyl phosphate : Solke-
tal (2.5 g, 18.5 mmol) was dissolved in 45 mL of anhydrous pyridine and
the mixture was cooled in an ice bath. Dibenzyl phosphoryl chloride was
introduced under vigorous stirring and the mixture was left for 2 h at
0 8C. Unreacted dibenzyl phosphoryl chloride was hydrolyzed by the ad-
dition of aqueous sodium carbonate. After extraction with dichlorome-
thane and purification by flash chromatography using hexane/ethyl ace-
tate (6:4 v/v), 2.1 g of the product was obtained (29%, based on solke-
tal).


Step iii : dibenzyl 2,3-dihydroxypropyl phosphate : Dibenzyl (2,2-dimethyl-
1,3-dioxolan-4-yl)methyl phosphate (2.1 g, 5.35 mmol), previously ob-
tained, was mixed with 1.5 g of Dowex 5W-X8(H+) resin and 40 mL of
methanol. After 4 h, 1.5 g of resin was added and the reaction was left
for 48 h under stirring. The mixture was filtrated and purified by flash
chromatography using ethanol/ethyl acetate (1:9 v/v) to yield 1.03 g of
product (55%).


Step iv: 3-(bis(benzyloxy)phosphoryloxy)propane-1,2-diyl bis(3-ethylhep-
tanoate): Dicyclohexylcarbodiimide (3.352 g) dissolved in 10 mL of di-
chloromethane was added at 0 8C under stirring to a solution of dibenzyl
2,3-dihydroxypropyl phosphate (1 g, 3.125 mmol), 3-ethyl-heptanoic acid
(1.169 g, 7.40 mmol, obtained in 63% yield by chain elongation from 2-
ethylhexyl bromide), and dimethylaminopyridine (763 mg, 6.25 mmol) in
20 mL dichloromethane. The reaction proceeded for 10 min at 0 8C and
overnight at ambient temperature. After filtration of the precipitated
urea and evaporation of the solvent, the crude mixture was purified by


Figure 3. 1H,15N-HSQC spectrum of ubiquitin encapsulated in micelles of
surfactant 1 dissolved in an ethane/propane/ ACHTUNGTRENNUNG[D12]pentane mixture of
45:22:33 v/v. Eight scans were recorded over 160 t1 increments.


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4170 – 41754174


P. Berthault, N. Birlirakis et al.



www.chemeurj.org





flash chromatography using pentane/diethyl ether (2:1 v/v) to yield 1.26 g
of product (63%).


Step v: 2,3-bis(3-ethylheptanoyloxy)propyl phosphate : An amount of 5%
palladium on charcoal (125 mg) was added to a solution of 3-(bis(ben-
ACHTUNGTRENNUNGzyloxy)phosphoryloxy)propane-1,2-diyl bis(3-ethylheptanoate) (1.26 g) in
methanol, and the mixture was stirred overnight under a hydrogen at-
mosphere. After Celite filtration and solvent evaporation, the crude mix-
ture was purified by flash chromatography using dichloromethane/metha-
nol (9:1 v/v) to yield 0.522 g of product (58%).


Step vi: 2-tert-butoxycarbonylamminoethyl-2,3-bis(3-ethylheptanoyloxy)-
propyl phosphate : Triisopropylbenzene sulfonyl chloride (200 mg) dis-
solved in 4 mL of anhydrous pyridine was added to a solution of 2,3-
bis(3-ethylheptanoyloxy)propyl phosphate (100 mg, 0.22 mmol) and N-
Boc-ethanolamine (69 ml, 0.44 mmol, BOC= tert-butyloxycarbonyl) in
6 mL of anhydrous pyridine. After 4 h of stirring, the reaction was
quenched by the addition of water. Following solvent evaporation under
reduced pressure, diethyl ether was added and the precipitated triisopro-
pylbenzene sulfonic acid was filtered out. Purification by flash chroma-
tography using dichloromethane/methanol (95:5 v/v) gave 134 mg of
product (99%).


Step vii: 2-ammonioethyl-2,3-bis(3-ethylheptanoyloxy)propyl phosphate :
Deprotection of the amino function was carried out by using a solution
of 1 mL of trifluoroacetic acid in 10 mL of dichloromethane. After
30 min, the solvent was evaporated under reduced pressure and the prod-
uct was purified by flash chromatography using dichloromethane/metha-
nol (95:5 v/v) to yield 107 mg of final product (95%).


ESI-MS: m/z=518.3 [M+Na] corresponding to m/z=495.3 [M]. The
purity of the product (white solid) was verified by NMR spectroscopy.


Sample preparation : The samples of cytochrome in reverse micelles were
prepared by the solid–liquid transfer method.[21] The protein was dis-
solved in water, the pH was adjusted by the addition of HCl, and the pro-
tein was lyophilized. It was then added to a solution containing the sur-
factant, deionized water, and [D12]pentane (98% enriched). At this step,
the amount of water added was that required for W to reach a value of
10. The final W values, estimated from the 1H NMR spectra, are indicat-
ed in the legend of Figure 1c–f. The AOT concentrations were 70 mm in
500 mL. For spectra c and d, 1 mg of protein was used. The concentrations
of 1 were 113 mm in the case of spectrum e (final W value of 8), and
37 mm for spectrum f, due to the limited quantities of the new surfactant.
In the latter case, the final W value was 12, as measured from the
1H NMR spectrum. The amounts of cytochrome C were 1 and 0.3 mg for
spectra e and f, leading to concentrations of 0.15 and 0.05 mm, respective-
ly.


For the ubiquitin sample, the micellar solution was prepared by the injec-
tion method.[21] The lyophilized protein (1.02 mg) was hydrated by 5.2 mL
of deionized H2O, added by using a Hamilton syringe placed directly into
the NMR tube. A solution containing 17.9 mg of the zwitterionic surfac-
tant dissolved in 500 mL of pentane was added to the hydrated protein.
Manual shaking allowed homogenization of the solution, and a fast
1H,15N-HSQC analysis was performed to ensure that the protein was en-
capsulated in a folded state. An evaporation method[11] was then used to
obtain the final solvent mixture. All of these steps were performed in an
NMR sapphire tube, purchased from the laboratory of A. Merbach.[22] A
dedicated pressure line with a manual pump and pressure gauges was
constructed and used to fill the NMR tube with propane, then ethane.
The solvent volume was determined by measurement of the height of the
liquid in the NMR tube. The propane/ethane ratio was estimated by rela-
tive integration on the 1H NMR spectrum, and the W value was mea-
ACHTUNGTRENNUNGsured on the final sample at pH 6.2. No precipitation appeared at the
bottom of the tube, however, a small viscous droplet could be observed
some minutes after shaking. The maximum concentration of 15N-enriched
ubiquitin observed in Figure 3 is, thus, 0.25 mm, if one considers that all
of the protein is solubilized.


NMR spectroscopy: The conformational state of cytochrome C in various
environments was assessed by conducting NOESY experiments. In the
absence of 15N-enriched protein, the results of these 1H NMR experi-
ments gave an insight into both the encapsulation and the folding state of
the protein. However, due to the presence in the NMR spectra of the in-
tense surfactant peaks (concentration~100 mm), a dedicated pulse se-
quence was required for the spectra shown in Figure 1c–f. It was essen-
tially the classical NOESY pulse scheme followed by a frequency-selec-
tive spin echo (Gradient–Soft 1808–Gradient) prior to acquisition. The
soft pulse selectively inverted the 6–11 ppm region and enabled observa-
tion of through-space polarization transfer involving the amide/aromatic
protons. As the 1H spectrum covers a range from �25 to +25 ppm, clear-
ly some amide protons are excluded from the plot. These NMR experi-
ments were performed by using a Bruker DRX800 spectrometer (18.7 T)
equipped with a 5-mm z-gradient HCN cryoprobe.


To characterize the conformational state of 15N-labeled ubiquitin in mi-
celles of 1, sensitivity-enhanced 1H,15N-HSQC spectroscopy was per-
formed at 293 K by using a Bruker DRX500 spectrometer (11.7 T) equip-
ped with a 5-mm xyz-gradient broadband inverse probehead.
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… are discussed in the Concept
article by J. N. H. Reek and A. W.
Kleij on p. 4218 ff. The authors
show how template ligands can be
used to form assemblies in which
transition-metal catalysts are
encapsulated. These novel supra-
molecular catalysts are not only
aesthetically attractive but show
improved activity and selectivities
compared with their non-encapsu-
lated analogues.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Microwave-Assisted Reactions
In their Full Paper on page 4407 ff. , S. V. Ley et al. describe
the design, optimization, and development of a Suzuki
cross-coupling protocol mediated by an efficient palladium-
encapsulated catalyst under microwave irradiation. The
methodology has been used in both batch mode for classical
library preparation and in continuous-flow applications fur-
nishing multigram quantities of material.


Liquid-Crystalline Materials
In their Full Paper on page 4261 ff. , R. Ziessel and co-
workers describe how the thermotropic and lyotropic prop-
erties of liquid-crystalline terpyridine ligands can be tuned.
Varying the linker (ester, amide, ethynyl group) influences
the structures and properties of the materials.


Autocatalysis
In their Full Paper on page 4229 ff. , J. Peeters et al. set for-
ward the theory that the radical-chain initiation in the main
stage of cyclohexane autoxidation is largely caused by a
concerted bimolecular reaction of the primary cyclohexyl
hydroperoxide intermediate with cyclohexanone, a major
oxygenated product.
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Ligand-Template Directed Assembly: An Efficient Approach for the
Supramolecular Encapsulation of Transition-Metal Catalysts


Arjan W. Kleij and Joost N. H. Reek*[a]


Introduction


Supramolecular chemistry[1] has provided ways to design
and construct molecular receptors that are held together via
a set of non-covalent, complementary interactions. In partic-
ular, molecular capsules[2,3] have recently received a lot of
attention, since this class of spherical compounds held to-
gether by non-covalent bonds enables the reversible encap-
sulation of a variety of organic molecules. It is for this
reason that these types of assemblies hold great promise for
a range of applications where control at the molecular level
is of great importance. A fundamentally interesting prospec-
tive is the manipulation of single molecules,[4] that is, organic
guests, within a predefined area of space that is controlled
by the self-assembly of the individual components. Indeed,
the focus of this research field has recently shifted towards
applications, and chemical conversions have been carried
out in capsular assemblies. Several interesting transforma-
tions have been studied such as Diels–Alder reactions, aza-
Cope rearrangements, condensations and photochemically
induced reactions. These reactions have in common that
they proceed in the absence of additional catalysts. To
extend this interesting field of supramolecular chemistry,
general tools need to be developed that enable a variety of
catalytic conversions to occur within these nano-environ-
ments. So far, only very few examples have been reported
on sophisticated organic transformations (such as transition
metal catalyzed C�C- and C�Y-bond formation, Y=heter-
oatom) that will lead to a broader applicability and thus a
wider interest from the scientific community. After a brief
summary of the systems developed by others, we will discuss
the ligand-template directed assembly of capsules, a new
strategy for the construction of capsules that have a catalyti-
cally active metal fragment encapsulated within the host
system. The local micro-environment and pre-organization
properties of the metallo-assembly together with their meth-
odologies for their construction and catalytic properties are
discussed.


Abstract: Supramolecular encapsulation of small guest
molecules inside well-defined cavities of molecular cap-
sules has witnessed broad attention because of the un-
usual behaviour of these systems. The molecular capsu-
les generally consist of rigid complementary building
blocks that are held together by multiple, complementa-
ry non-covalent interactions. Interestingly, it has been
shown that chemical transformations can take place
inside these capsules and in some examples the reaction
is accelerated, while in other cases otherwise instable in-
termediates could be isolated in the capsulated form.
Many reactions of interest require a transition-metal
(TM) catalyst, and the creation of new capsules in
which such catalysts are implemented within the struc-
ture is thus required for the development of resourceful
type of catalyst systems for these processes. In this con-
cept article we will discuss new strategies to arrive at
such systems, with a focus on a ligand-templated ap-
proach. In this approach, multifunctional ligands are
used as templates for the encapsulation process by su-
pramolecular building blocks and concomitantly for the
formation of TM complexes that are active in catalytic
processes. The obtained encapsulated transition-metal
catalysts show unusual reactivity and selectivity behav-
iour that will be discussed in detail.


Keywords: C�C activation · homogeneous catalysis ·
molecular encapsulation · supramolecular chemistry ·
transition-metal catalysis
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Transformations within Hydrogen-Bonded
Molecular Capsules


The first molecular capsules that were reported are formed
by the assembly of self-complementary concave building
blocks, based on glycoluril, calixarene and resorcinarenes,
and held together by hydrogen bonds.[2] One of the proper-
ties provoked by the molecular encapsulation is the increase
in the local concentration of the substrates. In the event that
at least two molecules are enclosed, this high concentration
can give rise to a more rapid reaction between the mole-
cules and as such the encapsulation has a catalytic effect on
the reaction. In addition, encapsulation can give rise to sta-
bilization of reactive intermediates, a new way to control re-
actions by slow release of reactive components and the ma-
nipulation of the geometrical properties and reactivity of en-
closed guests. An early example was provided by Rebek
et al.[5] who used a hydrogen-bonded, self-assembled “soft-
ball” to accommodate benzoquinone and cyclohexadiene
that reacted within the cavity to provide the Diels–Alder
product (Figure 1). More recently, Rebek and co-workers
have been using self-assembled homo-dimers based on func-
tionalized resorcinarenes and calixarenes as capsular sys-
tems that are able to control the features of small, encapsu-
lated organic molecules.[6]


In a somewhat different approach,[7] an introverted acid
cavitand was used as a bowl-shaped host. The pendant car-
boxylic ester group of this cavitand is directed into a cavity
that accommodates small amines. The pre-organization of
these amines by the cavitand species was successfully ap-
plied in the methylation of the amine substrates. The meth-
ylester-functionalized host system was treated with a range
of tertiary amines to afford the quaternized amine products.
Rate accelerations of up to 2H104 were observed in the
presence of the supramolecular host. The rate acceleration
was explained in terms of the increase in the local substrate
concentration as well as the solvating ability of the cavi-
tandIs aromatic surfaces and polar rims of the host system.


Transformations within Supramolecular
Metallocapsules


Fujita is one of the pioneers of the metallo-based supramo-
lecular assemblies and has introduced molecular panelling[3a]


as a strategy to obtain a variety of metallocapsules. Fre-
quently used capsules, that can be easily prepared and ob-
tained in large quantities, are the M6L4 metallocapsules (M
= Pd(ethylene diamine), N,N,N’,N’-tetramethylethylene di-
amine, L=2,4,6-tris(4-pyridyl)-1,3,5-triazine or comparable
tris ACHTUNGTRENNUNG(pyridine) ligands).[8] These molecular containers are
water-soluble and accommodate a variety of neutral hydro-
phobic organic substrates (Figure 2). As a first example, the
Wacker oxidation of styrene was studied and shown to be
accelerated significantly by the supramolecular assembly as
compared to the parent palladium catalysts in the absence
of the M6L4 metallocapsule, with the yield of the acetophe-
none product increasing from 4 to 82%.[9] Alkane oxidation
via photochemical excitation mediated by a similar metallo-
cage system was reported for adamantane.[10] The oxidation
products of this reaction were produced in high yields as-
suming oxidation of one guest per host molecule. The host–
guest complexation is vital for the reaction, since the ada-
mantane remained unaffected in the absence of the host.
Furthermore, a size-selectivity was observed and larger
cyclic alkanes such as decalin and linear analogues that are
not accommodated by the cage compound, are not oxidized
in the presence of the metallocapsule. Close host–guest con-
tacts were suggested to be essential to convert the substrate.


Raymond et al. reported the formation of tetrahedral
host–guest assemblies of the type [M4L6]


12�, where L is a
bridging naphthalene-based bis(bidentate) catecholamide
ligand and M = Ga3+ , In3+ , Al3+ or Fe3+ ion (Figure 3).[11]


These supramolecular structures were formed by self-assem-
bly through coordinative metal–oxygen patterns and give
rise to the exclusive formation of tetrahedral assemblies
with a metal cation at each corner. The negatively charged
assemblies are very soluble in polar solvents and even in


water. The presence of aromat-
ic units bridging the two cate-
chol units of the building
blocks results in the formation
of metallocapsules with a hy-
drophobic cavity with nanosize
dimensions (0.35–0.5 nm3).
This cavity can be exploited
for the encapsulation of cation-
ic species such as [NR4]


+ (R =


Me, Et), ferrocenium, cobalto-
cenium and related functional
metallocenes.[12]


The same authors communi-
cated the entrapment of the
half-sandwich complex [Cp*-
ACHTUNGTRENNUNG(PMe3)Ir(Me)OTf] (Cp*=h5-
C5Me5), which is known for its
ability to thermally activate


Figure 1. Typical example of a capsule formed by hydrogen bonding frequently used by the group of Rebek.
Reprinted in part with permission from reference [5c].
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the C�H bond of various organic substrates at relatively low
temperatures.[13] An important step in the catalytic process
is believed to be the dissociation of the triflate anion, there-
by concomitantly forming a highly reactive mono-cationic
Ir-intermediate. The iridium methyl ethene complex [Cp*-
ACHTUNGTRENNUNG(PMe3)Ir(Me)ACHTUNGTRENNUNG(C2H4)] ACHTUNGTRENNUNG[OTf] was selected and this could be
readily introduced within the supramolecular cavity
[Ga4L6]


12� (see Figure 3).
The encapsulated complex 2 was then subjected to C�H


bond activation with aldehydes as substrates. Several alde-
hydes were activated to produce a series of product assem-
blies [Cp* ACHTUNGTRENNUNG(PMe3)Ir(R)(CO)] where R is the alkyl fragment
that was originally present in the aldehyde precursor.


Since the activation of an aldehyde results in the forma-
tion of an asymmetric Ir complex, the product assemblies
are diastereomeric. The diastereomer ratio (dr) was moni-
tored by NMR spectroscopy and proved to be size- and
shape-dependent. The dr of the encapsulated C–H activated
product increased with increasing size of the straight-chain
alkyl aldehyde. Aldehydes larger than butyraldehyde (valer-
aldehyde, benzaldehyde) could not be activated and no
product formation was observed. The shape selectivity was
investigated with constitutional isomers of butyraldehyde
(e.g. isobutyraldehyde), considered as a size-extreme for this
supramolecular catalytic process. The more voluminous


character of the isobutyralde-
hyde was hypothesized to be
responsible for lower diaster-
eoselective recognition. Addi-
tionally, of four five-carbon-
skeletal structural isomeric al-
dehydes, only isovaleraldehyde
could be converted into a
product assembly and this
result nicely demonstrates the
delicate influence of the shape
of the substrate.


More recently, the Raymond
group communicated a similar
approach towards supramolec-
ular catalysis with the aim of
activation of a unimolecular


transformation, namely an aza-Cope rearrangement.[14] The
rate constants for free and encapsulated rearrangements for
various substrates were compared and significant rate accel-
erations of up to 854-fold were achieved.[15]


Supramolecular assemblies that are held together through
coordination chemistry are receiving increasing attention.
For instance, synthetic calix[4]arene homocapsules were
constructed by Dalcanale et al.[16] by combining two ligand-
derived calix[4]arene semi-spheres with a suitable ionic
metal salt precursor (M=Pd, Pt). In these molecular capsu-
les, the metal centers reside at the periphery of the struc-
ture, with their anionic counterparts occupying both the
inner- and outer-sphere regions of the supramolecular
system, and consequently these metal centers are not well-
suited for catalytic conversions. The reaction could indeed
take place outside the cavity and the capsule might disinte-
grate if the bridging metal centers are involved in the cata-
lytic process.


Ligand-Template Directed Assembly as New
Approach for the Formation of Encapsulated


Catalysts


Porphyrins are currently used as multipurpose components
in many different types of supramolecular assemblies,[17] and
their photochemical and catalytic properties generally plays
a crucial role.[18] In particular, the pyridine–MII–porphyrin
(M=Zn, Ru, Co) motif has been extensively exploited
giving rise to aesthetically attractive superstructures.[19] The
association of nitrogen ligands with porphyrins has been
studied in great detail and currently pyridines and cyclic
amines such as 1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane (DABCO) are
most widely used as components of functional supramolecu-
lar assemblies.


An interesting approach to arrive at molecular capsules
using this type of pyridine–MII–porphyrin interactions is re-
ferred to as templated encapsulation. In such an approach
the guest molecule is equipped with a sufficient number of
donor ligands for coordination to, for example, porphyrin


Figure 2. Typical example of a M6L4 metallocapsule frequently used by the group of Fujita. Reproduced in
part by permission of The Royal Society of Chemistry from reference [3a].


Figure 3. Tetrahedral assemblies of type [M4L6]
12� capable of encapsulat-


ing half-sandwich, cationic Ir complexes.
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building blocks. Upon assem-
bly formation the templates
guest molecule is enclosed
within a capsule defined by the
porphyrin building blocks. The
first example reported that
used this approach involved
the first-generation diaminobu-
tane tetra(propylene imine)
(DAB) dendrimer, which con-
tains four amine groups, as a
template–guest molecule.
Upon addition of two equiva-
lents of shape-complementary
bis ACHTUNGTRENNUNG(zinc)–porphyrin a closed
molecular capsule was formed,
and held together by the tem-
plate that was enclosed inside (Figure 4).[20] Interestingly, the
guest molecule is enclosed in the capsule formed by the two
building blocks, but the assembly process is fast enabling


rapid exchange processes to occur, which is interesting if
such supramolecular structures are applied in catalysis.


We anticipated that the use of template ligands, molecules
that have the ability to coordinate to zinc(ii)–porphyrins via
nitrogen donor atoms and have soft-donor atoms such as
phosphines that can coordinate to catalytically active transi-
tion metal fragments, would lead to a new and general strat-
egy to encapsulate transition-metal catalysts. Molecular
modelling studies indeed show that the assembly of three
porphyrin building blocks to tris(meta-pyridyl)phosphane re-
sults in complete encapsulation of the ligand (Figure 5). This
strategy, which was recently introduced and studied in more
detail in our group, will be highlighted in the following.


We started this templated approach to catalyst encapsula-
tion using tris(meta-pyridyl)phosphane and zinc(ii)–TPP
(TPP= tetraphenylporphyrin).[21] From NMR and UV/Vis ti-
tration experiments we found a selective assembly process
via coordination of the nitrogen to the zinc(ii)–TPP, render-
ing the phosphine donor atom completely encapsulated by
the three porphyrin components (Scheme 1). The phosphine
center is still available for coordination to transition metals,
providing readily access to hemispherically, encapsulated
transition-metal complexes. Later we found that coordina-


tion of zinc(ii)–TPP to tris(meta-pyridyl)phosphane is coop-
erative, that is, the last zinc(ii)–TPP binds three times more
strongly than the first one, probably because of p–p interac-


tions between the meso-phenyl
groups of two adjacent por-
phyrin units.[22] Importantly, in
the presence of a [Rh-
ACHTUNGTRENNUNG(acac)(CO)2] or PdCl2 as metal
precursors only monophos-
phine coordinated species
were formed when the tem-
plate-ligand was encapsulated
by zinc(ii)–TPP, indicating that
the coordination of the nitro-
gen to the zinc(ii)–TPP is suffi-
ciently strong to enforce one
of the phosphine ligands to


dissociate (or prevent to coordinate) from (to) the metal
complex. This shows that the strategy indeed leads to cata-
lyst encapsulation and, in addition, into in a change in coor-
dination sphere around the catalytically active transition-
metal center.


Initial studies showed that the encapsulated palladium
catalyst based on the assembly outperformed its non-encap-
sulated analogue by far in the Heck coupling of iodoben-
zene with styrene.[21] This was attributed to the fact that the
active species consists of a monophosphine–palladium com-
plex. A similar effect was observed in the rhodium-catalyzed
hydroformylation of 1-octene (Scheme 2). At room temper-
ature the activity of the catalyst was found to be ten times
higher, and, interestingly, the encapsulated rhodium catalyst
formed preferentially the branched aldehyde (L/B ratio 0.6),
a selectivity that is very unusual. These effects were again
partly attributed to the fact that only monophosphine coor-
dinated rhodium complexes are formed, which was con-
firmed by high-pressure IR and NMR spectroscopic tech-
niques.


The origin of the encapsulation effects on catalysis was
studied in more detail at 25 8C. The supramolecular catalyst
derived from monopyridylphosphane template 1 and


Figure 4. Templated approach to molecular encapsulation. Reprinted in part by permission of The Royal Soci-
ety of Chemistry from reference [20].


Figure 5. Templated approach to ligand encapsulation. The molecular modelling picture shows that the phos-
phine ligand is completely encapsulated.
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zinc(ii)–TPP gives rather similar results as 1 in the absence
of zinc(ii)–TPP and the model PPh3 catalyst. The regioselec-
tivity (L/B = 2.8) obtained is comparable to what is usually
encountered in this reaction, that is, the linear aldehyde is
the predominant product. The use of bis ACHTUNGTRENNUNG(pyridyl)phosphane
2 as a template gives rise to a 2:1 assembly, which is approx-
imately three times more active and leads to an increase in
the selectivity for the branched product B (L/B = 1.1). Ac-
cording to high-pressure IR measurements this assembly
also leads to the exclusive formation of monophosphine co-
ordinated rhodium complexes. The effect of complete cata-
lyst encapsulation becomes evident if this result is compared
with that of catalyst assemblies obtained with the tris-
ACHTUNGTRENNUNG(pyridyl)phosphane template 3 and zinc(ii)–TPP: a ten-fold
increase in activity and a higher preference for the branched
product was obtained (L/B = 0.6, 63% B). When 3 was
combined with three equivalents of ruthenium(ii)–TPP(CO),
a similar increase in activity (eight-fold) and high selectivity
for the branched product B was observed (L/B = 0.4, 67%
B). The optimal ratio between the pyridylphosphane and
metalloporphyrin was determined and for templates 2 and 3
the highest B selectivity were achieved at stoichiometric


amounts (or excess) of porphyrin with respect to the
number of pyridine donor atoms. At higher porphyrin con-
centrations, no increase in the selectivity for the branched
product was observed, whereas lowering the porphyrin/
phosphane ratio gave rise to increasing amounts of L prod-
uct. In general similar catalytic effects were encountered at
80 8C, although the differences between the parent templates
1–3 and their encapsulated analogues were smaller. The ap-
proach was extended by using different substituted porphyr-
ins and trisACHTUNGTRENNUNG(pyridyl)phosphite building blocks, giving rise to
a small library of encapsulated catalysts.


The geometry of the template-ligand is of crucial impor-
tance and small changes result in significantly different cap-
sules and consequently in different catalytic behaviour. As
outlined above, the use of tris(meta-pyridyl)phosphane (and
also bis(meta-pyridyl)phosphane) in combination with
zinc(ii)–TPP leads to the formation of monophosphane-li-
gated metal complexes, in which the metal complex is effec-
tively encapsulated. This is a result of the structure of the
template with the nitrogen donor atoms pointing in almost
the same direction as the lone pair of the phosphorus atom.
In contrast, those of template 4 point away with an angle of
approximately 1098. As a result, the structure of the tris-
zinc(ii)–TPP–4 assembly has a much more open structure, as
was evident from molecular modelling studies, which was
later confirmed by an X-ray structure (Figure 6).[23] Interest-
ingly, the structure formed in the solid state did not have
the expected 1:3 ratio of building blocks as found in solu-
tion, but instead a 2:5 stochiometry was observed. One of


Scheme 1. Formation of catalyst assemblies by selective pyridine-ZnII coordinative motifs using ZnII–porphyrin complexes and different pyridylphos-
phane templates. Modelling picture on the right: porphyrin building block (red), templated ligand (blue), and encapsulated {Rh ACHTUNGTRENNUNG(acac)CO} species
(green).


Scheme 2. Rh-catalyzed hydroformylation of alkenes leading to linear
(L) and branched (B) aldehydes and isomerized (IS) olefins.
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the zinc(ii)–porphyrin units is
part of two adjacent capsule
assemblies as a result of a
rather unusual hexacoordinat-
ed zinc metal, leading to as-
sembly [4]2· ACHTUNGTRENNUNG[zinc(ii)–TPP]5.
The presence of both hexa-
and pentacoordinate zinc(ii)–
porphyrins within one supra-
molecular structure is very
rare. Importantly, from the
front view it is clear that the
phosphine is far more accessi-
ble compared with that of as-
sembly (zinc(ii)–TPP)3·3 and as
a consequence, the formation
of bisphosphine ligated metal
complexes is possible with
these assemblies. This is clearly
reflected in catalysis, since the
assembly (zinc(ii)–TPP)3·4
gave identical activity and se-
lectivity in the hydroformyla-
tion of 1-octene as the rhodi-
um catalyst based on 4 (in the absence of zinc(ii)–TPP).[23]


More recently, this approach was further extended to the
formation of catalyst assemblies comprising zinc(ii)–salphen
building blocks using the tris ACHTUNGTRENNUNG(pyridyl)phosphane templates 3
and 4 (Scheme 3).[24] We found a high binding constant for
the pyridine association to zinc(ii)–salphen in toluene (Kass=


105–106m�1), typically two orders of magnitude higher than
the analogous binding of a pyridine to zinc(ii)–TPP. The dif-
ference in coordination chemistry between template ligands
3 and 4 with zinc(ii)–salphens was studied by IR and NMR
spectroscopic studies and X-ray crystallographic analyses.
Figure 7 presents the molecular structure of a 3:1 (zinc(ii)–
salphen)3·4 assembly together with a CPK representation of
a computed structure of (zinc(ii)–salphen)3·3. Also in these


salphen-based molecular capsules the phosphorus center is
more enclosed in the assembly (zinc(ii)–salphen)3·3.


A monophosphane complex is predominantly formed
when 3 is mixed with three equivalents of a zinc(ii)–salphen
complex and half an equivalent of [RhACHTUNGTRENNUNG(acac)(CO)2] (acac=
acetyl acetonate): beside the presence of the monophos-
phane–RhI complex, one equivalent of the free encapsulated
phosphane can be detected by 31P{1H} NMR spectroscopy.
In a similar experiment, the assembly based on template 4
and the zinc(ii)–salphen complexes forms a bis(phosphine)–
rhodium species. In the latter case, the bis(phosphine)–rho-
dium complex is completely encapsulated by six salphen
building blocks. This difference in mono- versus diphosphine
ligation to the RhI center and, to a lesser extend, the differ-


Figure 6. Plot of the molecular crystal structure of [4]2· ACHTUNGTRENNUNG[Zn
IITPP]5 found in the solid state. A front view (right) showing that the phosphine of the tem-


plate-ligand in this case is still rather accessible.


Scheme 3. Formation of catalyst assemblies by selective pyridine–ZnII coordinative motifs using ZnII–salphen
complexes and different pyridylphosphane templates.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4218 – 42274224


J. N. H. Reek and A. W. Kleij



www.chemeurj.org





ence in electronic features (and thus donating properties of
the phosphine) between template ligands 3 and 4 can there-
fore be used to induce a different catalytic behavior. This
template-effect in homogeneously catalyzed hydroformyla-
tion is explained below.


We have examined the effect of the pyridylphosphane
template (tris-para 4 versus tris-meta 3) using the zinc(ii)–
salphen mentioned above in the hydroformylation of 1-
octene. As for the porphyrin assemblies, higher activity and
selectivity towards the branched aldehyde was found (up to
57%) for the capsules based on template 3 and (several dif-
ferently substituted) zinc(ii)–salphen complexes, though in
most cases the effects proved to be somewhat less pro-
nounced. Interestingly, the assemblies based on 4 were less
active than the non-encapsulated parent derivative 4 and
PPh3, with the typical l/b ratio found for bisphosphine ligat-
ed rhodium catalysts. The lower activity is explained by a
complete encapsulation of the catalyst, reducing the accessi-
bility of the active center for substrates, which might be
useful for size-selective catalysis. The catalyst assemblies
based on 3 showed significantly higher activity (at least five-
fold) than parent 3, which is in line with the results obtained
for the porphyrin-based capsules.


A template directed assembly approach, although not
mentioned as such in the original paper, used for a manga-
nese–porphyrin catalyst was reported by Merlau et al.[25]


They applied pyridyl appended MnIII–porphyrin complexes,


in which the pyridyl units form the template and the manga-
nese center serves as the catalyst. A large pre-organized,
ZnII–porphyrin-derived cavity structure was used with
zinc(ii) centers as Lewis acidic receptor sites. Upon mixing
these components an assembly is formed in which the MnIII–
porphyrin is encapsulated in the open box structure formed


by the ZnII–porphyrins (Figure 8). The non-encapsulated
manganese porphyrin degrades rapidly under aerobic condi-
tions and consequently an oxo-bridged, catalytically inactive
dimer is formed. Such a decrease in activity was precluded
by this supramolecular encapsulation affording a ten-fold in-
crease in turnover number and a substantial increase in life-
time of the Mn catalyst was observed. An even higher asso-
ciation with the cavity complex was noted for meso-tetra(4-
pyridyl)porphinatomanganese ACHTUNGTRENNUNG(iii) and as a result a further
increase in catalytic stability and performance.


In the examples mentioned above the template-ligand
was based on pyridyl groups that coordinate to porphyrin or
salphen building blocks to form the capsules. The functional
groups can also be switched; thus combining a porphyrin
functionalized phosphorus ligand with nitrogen containing
templates. Along these line, large sandwich-type assemblies
have been constructed by using the tris(porphyrin)phosphite
5 and the ditopic ligand DABCO.[26] The combined UV/Vis
titration and (high pressure) NMR spectroscopic data point-
ed to the selective formation of the assembled metallocage
structure (Scheme 4) at a ration of dabco/5 1.5, with the cat-
alytically active center at the inside of the structure. At this
ratio a much lower catalyst activity (ca. four-fold decrease)
is observed as compared to the system in the absence of
DABCO. This is explained by the fact that the catalyst is
now based on a supramolecular bidentate ligand, which typi-


Figure 7. X-ray (solid state) structure of the assembly formed by tris-
(para-pyridyl)phosphane 4 and a ZnII–salphen (top) and a CPK represen-
tation (bottom) of a calculated structure (PM3) of the assembly formed
by tris(meta-pyridyl)phosphane 3 and a ZnII–salphen. Figure 8. An encapsulated MnIII–porphyrin by a directed assembly proc-


ess using coordination chemistry.
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cally gives lower activity in the hydroformylation reaction
than monophosphites. This supports the presence of a well-
defined catalyst species, as depicted in Scheme 4, that is re-
sponsible for the catalytic activity. More importantly, a re-
markable high selectivity for the linear aldehyde was ob-
served (94% L), which also points at the formation of a rel-
atively rigid bidentate ligand.


In summary, the design and construction of new, function-
al metallocapsules has become an exciting research area, en-
tering the field of supramolecular catalysis. The most recent
advances described in this concept paper clearly demon-
strate that catalytic transformations within supramolecular
hosts are no longer limited to simple organic transforma-
tions but can also be extended to more relevant and compli-
cated bond breaking and making processes (i.e., C�C and
C�Y bond formation). Whereas conventional chemistry
relies on the use of covalent synthesis to prepare TM (pre)-
catalysts, supramolecular assembly formation opens up ways
to address the performance of a range of catalyst species
simply by changing the molecular building blocks. Obvious-
ly, such an approach can create large libraries of catalytic
species and variations in molecular dimensions, and elec-
tronic and steric effects of the building blocks will be less re-
stricted to synthetic barriers. We therefore believe that the
template-ligand approach to arrive at encapsulated catalysts
is a step forward to practical applications and that it will be
part of the catalyst toolbox of the future. Although the de-
velopment of these novel supramolecular catalysts is still at
an early stage, the present systems already show interesting-
ly high activity and selectivity and catalyst performance
beyond the scope of conventional homogeneous catalysis is
foreseen. The next logic step in this field is the extension of
these capsules to chiral analogues for unprecedented enan-
tioselective conversions.
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To the Core of Autocatalysis in Cyclohexane Autoxidation
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Introduction


The liquid-phase autoxidation of hydrocarbons, such as cy-
clohexane, p-xylene and cumene, is an important process in
the petrochemical value chain.[1–4] The industrial oxidation
of cyclohexane, with a capacity of 6.106 tons per year,
yields cyclohexanone and cyclohexanol, the feedstock chem-
icals for nylon. The oxidation of p-xylene yields terephthalic
acid (capacity of 30.106 tons per year), a building block for


poly(ethylene terephthalate). Likewise, cumene hydroperox-
ide (capacity 5.106 tons per year), derived from the oxida-
tion of cumene, serves as feedstock for both phenol and ace-
tone. Other industrially important autoxidation processes
are, for example, the conversion of ethylbenzene to ethyl-
benzene hydroperoxide (capacity 5.106 tons per year), and
the oxidation of isobutene to tert-butylhydroperoxide (ca-
pacity 4.106 tons per year). A serious drawback of autoxi-
dation chemistry is the free-radical mechanism, often limit-
ing the product yield because the oxygenated products are
oxidised faster than the alkane substrate. For example, the
autoxidation of cyclohexane (CyH) is limited to 5% conver-
sion with cyclohexyl hydroperoxide (CyOOH), cyclohexa-
none (Q=O, Q represents the 1,1-cyclohexylene biradical)
and cyclohexanol (CyOH) still constituting the majority of
the products.[1–7] At higher conversions, significant amounts
of ring-opened byproducts, such as 6-hydroxyhexanoic acid
and adipic acid, appear. Although it would be of interest to
synthesise adipic acid directly from cyclohexane, carboxylic
acids tend to decarboxylate under autoxidation conditions.


Abstract: Despite their industrial im-
portance, the detailed reaction mecha-
nism of autoxidation reactions is still
insufficiently known. In this work,
complementary experimental and theo-
retical techniques are employed to ad-
dress the radical-chain initiation in the
autoxidation of cyclohexane with a par-
ticular focus on the “lighting-off” of
the oxidation by (added) cyclohexa-
none. We used a newly developed
method to quantify the intrinsic rate of
chain initiation as well as the rate en-
hancement by cyclohexanone and sev-
eral other (oxygenated) molecules. On
the basis of first principles, the hitherto
assumed perhemiketale mechanism
was found to be many orders of magni-
tude too slow to account for the ob-


served initiation enhancement by the
ketone. Instead, it is shown that the
pronounced chain-initiation enhance-
ment by the ketone is attributable to a
newly proposed concerted reaction be-
tween cyclohexyl hydroperoxide and
cyclohexanone, in which the COH radi-
cal breaking away from the hydroper-
oxide abstracts an aH atom from the
ketone, thereby energetically assisting
in the cleavage of the RO�OH bond.
This reaction is highly efficient in gen-
erating radicals as it quasi-excludes
geminate in-cage recombination. As a


result, the ketone oxidation product at
a level of 1 mol% increases the initia-
tion rate by one order of magnitude,
and so acts as a highly efficient “auto-
catalyst” in autoxidation reactions. An
analogous reaction with cyclohexanol,
although estimated to be even faster,
has only a marginal effect on the over-
all kinetics, owing to the fast subse-
quent formation of HO2C radicals that
very rapidly terminate with other
ROOC radicals. Finally, solid evidence
is presented that, also in absence of
oxygenates, ROOH initiation is actual-
ly a bimolecular reaction, involving
concerted H abstraction from the
alkane substrate by the nascent COH.
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This results in the appearance of a whole range of C1–C5


(di)acids and COx, significantly decreasing the selectivity.
The same radical autoxidation chemistry is also known to


occur with fats/oils, causing food deterioration. For this
reason, antioxidants, such as substituted phenols, are added
to (poly)unsaturated fats to prevent their oxidation in air.[8,9]


Clearly, a detailed understanding of the autoxidation mecha-
nism would not only be beneficial for industrial process op-
timisation, or the design of catalysts, but it could also be
helpful in preventing harmful radical-chain reactions from
starting.
The present contribution focuses on the autoxidation of


cyclohexane, a model substrate for other hydrocarbons and
a major challenge in its own right.[6] In the autoxidation of
CyH, the homolytic dissociation of CyOOH into CyOC and
COH radicals [Eq. (1)] is considered to be the major chain-
initiation reaction, while the mutual reaction of two peroxyl
radicals [Eq. (2)] constitutes the chain-termination step.[1–7]


CyOOH ! CyOC þ COH ð1Þ


CyOOC þ CyOOC ! CyOHþQ¼OþO2 ð2Þ


CyOOH is produced by fast propagation [Eqs. (3) and
(4)]. At a sufficient O2 pressure, the diffusion-controlled re-
action [Eq. (4)] occurs so fast that the reaction given in
Equation (3) becomes rate-determining in the overall chain-
propagation sequence.[1–7]


CyOOC þ CyH ! CyOOHþ CyC ð3Þ


CyC þO2 ! CyOOC ð4Þ


CyOOH can initiate new radical chains, thus causing a
steady increase in the oxidation rate. Until recently, the lit-
erature failed to explain how the radical-chain reactions are
able to produce the major products cyclohexanol and cyclo-
hexanone. It was assumed that the chain termination
[Eq. (2)] was the exclusive source of ketone, while addition-
al alcohol could originate by H abstraction from CyH by cy-
clohexoxy radicals (CyOC) formed in the initiation [Eq. (1)].
However, given the long radical chain length of �10–100,[2]


it is clear that initiation and termination can indeed account
for a minor fraction of the products. This is not compatible
with the experimental product distribution: for example, the
CyOOH/CyOH/Q=O molar ratio equals 35/35/30 at 4%
CyH conversion and 145 8C. Therefore, the bulk of the prod-
ucts should be formed in much faster propagation reactions.
In recent studies of the autoxidation of cyclohexane,[10,11]


we identified CyOOH as the key primary product, from
which Q=O and CyOH originate by fast subsequent propa-
gation reactions. Indeed, CyOH and Q=O were manifestly
shown to be secondary products. We demonstrated, both by
state-of-the-art theoretical methodologies[10] and experi-
ments,[11] that cyclohexyl peroxylradicals (CyOOC) not only
abstract hydrogen atoms from the substrate molecule (CyH,
Scheme 1a), but also, and much more rapidly, the weakly
bound aH atom of CyOOH (Scheme 1b). The ratio of the


Scheme 1. a)–d) Propagation reactions in the autoxidation of cyclohexane.
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propagation rate constants kCyOOH/kCyH was determined to
be as high as 55. As is well-established, a-hydroperoxyalkyl
radicals, formed here by aH abstraction from CyOOH, are
unstable[12] and spontaneously dissociate into COH and Q=O
[Eq. (5)] in the absence of any energy barrier.


CyOOHþ CyOOC ! Q¼Oþ COHþ CyOOH ð5Þ


A subsequent Franck–Rabinowich cage reaction of the
products of the CyOOH aH-abstraction was identified as
the major source of alcohol CyOH and CyOC radicals
[Eqs. (6) and (7)] (fraction s in Scheme 1b).[10,11]


fQ¼OþCOHþ CyOOHþ CyHgcage !
fQ¼OþH2Oþ CyOOHþ CyCgcage


ð6Þ


fQ¼OþH2Oþ CyOOHþ CyCgcage !
fQ¼OþH2Oþ CyOC þ CyOHgcage


ð7Þ


The competing out-of-cage-diffusion [Eq. (8)] was shown
to contribute only 30% to the CyOOH-propagation flux
(fraction r in Scheme 1). The high CyOH-formation efficien-
cy of this cage reaction is caused by a nano-sized hotspot,[10]


generated by the large amount of released heat
(�60 kcalmol�1) of 1) aH abstraction from CyOOH
ACHTUNGTRENNUNG(Scheme 1b),[12] and 2) the subsequent H abstraction from
CyH by COH [Eq. (6)].


fQ¼OþH2Oþ CyOOHþ CyCgcage !
Q¼OþH2Oþ CyOOHþ CyC


ð8Þ


Because 35% of the CyOC coproduct radicals undergo
ring-opening by b-C�C cleavage (fraction u’ in Scheme 1),
the cage reaction also accounts for the majority of the (acid)
byproducts.[11] An analogous cage reaction can occur after
primary H abstraction from CyH (fraction q in Scheme 1a).
As this cage reaction is not activated, its efficiency is much
smaller, so that it contributes only 5% to the CyH-propaga-
tion flux. Nevertheless, this minor reaction channel explains
the previously observed direct formation of some CyOH
from CyH,[5] which was hitherto not understood. Although
the aH abstraction from CyOH by CyOOC was found to be
somewhat slower than reaction shown in Equation (5), it is
still important (kCyOH/kCyH�10, Scheme 1). The resulting a-
hydroxyalkylperoxyl radical (Q(OH)OOC) was shown to rap-
idly equilibrate into Q=O and HO2C. Because the equilibri-
um is strongly shifted towards the products, it constitutes an-
other, although minor, ketone source.[13] Q=O is even less
reactive than CyOH towards CyOOC (kQ=O/kCyH�5). There-
fore, Q=O can only account for a minor fraction of the by-
products,[11] in contrast to previously published ideas.[1–4]


This contribution focuses on the mechanisms of radical-
chain initiation in the autoxidation of cyclohexane. In the
literature, it has been recognized that “ketones light-off the
reaction”[14] and somehow contribute to its autocatalytic
nature. This major issue in alkane autoxidation—which has
remained rather enigmatic thus far—is the principal subject


of the present work, which aims to unravel the detailed
mechanisms of radical-chain initiation by combining com-
plementary experimental and theoretical methods.


Experimental Section


The autoxidation of cyclohexane (50 mL, HPLC-grade) was studied ex-
perimentally in a stirred (500 rpm) stainless steel high-pressure Parr reac-
tor (100 mL) at an initial room-temperature pressure of 2.76MPa of pure
oxygen. Prior to each experiment, the reactor wall was passivated by
means of a saturated sodium pyrophosphate (p.a.) solution.[15] Acetone
(p.a.) was added to the reaction mixture to dissolve all products. The re-
action products were quantified by GC-FID, after the addition of an ex-
ternal standard (1-heptanol, 99.9%) and the silylating agent N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA); the injection temperature
was set to 150 8C. Peak areas were corrected for sensitivity differences by
calibration.


Computational methods : Quantum-chemical calculations to construct po-
tential energy surfaces (PES), were carried out with the GAUSSIAN03
program.[16] At the DFT level, we used the Becke three-parameter hybrid
exchange functional, combined with the Lee–Yang–Parr nonlocal correla-
tion functional B3LYP-DFT.[17] High-level, single-point G2M calcula-
tions[18] were performed on the B3LYP-DFT geometries to improve the
relative energies. Thermal rate constants were calculated with multicon-
former transition state theory (MC-TST),[19–21] or its variational counter-
part,[20] incorporating tunnelling corrections adopting the asymmetric
Eckart potential approach,[22] and describing partition functions of one-
and two-dimensional hindered internal rotation modes by appropriate
approximations.[23]


Results and Discussion


Autocatalysis caught in the act : Figure 1 depicts the product
concentrations as a function of time for cyclohexane autoxi-
dation at 145 8C.
Based on the recently derived mechanism


(Scheme 1),[10,11] the rate of CyH oxidation, or of formation
of oxygenated products, P, for conversions 
3%, can be cal-
culated with Equation (9).


Figure 1. Concentrations as function of time of the oxidation products
CyOOH (~), CyOH (.), Q=O (*) and ring-opened byproducts (+)
during CyH autoxidation at 145 8C.
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d
P


½P�
dt


¼½CyOOC�fð1þ qtÞkCyH½CyH�þ


ð1þ st0ÞkCyOOH½CyOOH�g
ð9Þ


The values of the coefficients (1+qt) and (1+ st’) and the
ratio kCyOOH/kCyH at 145 8C, derived from experimental
data[10] are equal to 1.03, 1.36 and 55, respectively. With the
radical quasi-steady-state expression [Eq. (10)],[24] Equa-
tion (9) rearranges into Equation (11), in which kinit repre-
sents the apparent (pseudo-)first-order rate constant for
CyOOH dissociation.


½CyOOC�QSS ¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kinit½CyOOH�


kterm


s
ð10Þ


kCyH
ffiffiffiffiffiffiffiffiffi
kinit
kterm


r
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


½CyOOH�
p d


P
½P�=dt


1:03½CyH� þ 73:5½CyOOH� ð11Þ


The rate coefficient kCyH at 145 8C was taken to be equal
to 7.8m�1 s�1, that is, equal to the average of the literature
value (11.4m�1 s�1)[3] and our theoretical prediction
(4.3m�1 s�1);[10] its precise value is of little importance for
what follows. In Figure 2a, the kinit/kterm ratio obtained from


Equation (11) is plotted against �[P] for the 145 8C CyH au-
toxidation. It is striking that the kinit/kterm increases by an
order of magnitude as the reaction progresses and products
gradually build up, indicating that one of the oxygenated
products strongly enhances the initiation. The shape of the
curve points to the secondary nature of this product,
namely, Q=O or CyOH. To identify the product causing au-
tocatalysis, 1 mol% of cyclohexanone or cyclohexanol was
initially added to the CyH autoxidation at 145 8C. Whereas
alcohol addition had only a marginal effect (Figure 3a), cy-
clohexanone (Figure 3b) was indeed found to light-off the


reaction, and to increase the kinit/kterm ratio by more than a
factor of ten compared to the initial value (Figure 2b).
However, at higher conversions (>2%), the enhancement


of the initiation in the autoxidation appears to be counter-
acted by another phenomenon because kinit/kterm is found to
approach an asymptotic value of �3.10�12m (Figure 2).
This levelling-off is most probably caused by HO2C radicals
formed in the CyOH co-oxidation (Scheme 1c). Indeed, the
termination rate constant for HO2C+CyOOC (�2.0.
109m�1 s�1),[25] is several orders of magnitude larger than the
mutual CyOOC termination rate constant (kterm=4.2.
106m�1 s�1).[3] Note that the higher ketone production in the
presence of 1 mol% initial CyOH (Figure 3a), as compared
to the case with pure CyH (Figure 1), is readily rationalised
by the fast co-oxidation of CyOH to Q=O (Scheme 1c). The
lower net production of ketone and the higher yield of by-
products when 1 mol% Q=O is added (Figure 3b) is attrib-
uted to the co-oxidation of the initial ketone (Scheme 1d),
whereas the lower CyOOH yield must be ascribed to an in-
crease of the kCyOOH/kCyH ratio as a result of Q=O addition.


Quantification of the initiation enhancement : To decouple
the initiation enhancement—most likely by cyclohexa-
none—and the enhanced termination by HO2C radicals from


Figure 2. Plot of kinit/kterm against the sum of oxygenated products, �[P],
a) during CyH autoxidation at 145 8C, and b) when initially 1 mol%
ketone was added.


Figure 3. Concentrations of the CyH autoxidation products as a function
of time at 145 8C after initial addition of 1 mol% CyOH (a) or Q=O (b);
CyOOH (~), CyOH (.), Q=O (*) and ring-opened byproducts (+).
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CyOH co-oxidation, we developed a procedure to exclusive-
ly quantify the enhanced initiation. At very low conversions,
namely D ACHTUNGTRENNUNG[CyH]/ ACHTUNGTRENNUNG[CyH]<0.2%, for which [CyOOH] and
[CyOH] are both below 0.1 mol%, HO2C formation by
CyOH co-oxidation (Scheme 1c), and CyOOH removal
(Scheme 1b) can be neglected. The CyOOH formation rate
can thus be expressed, within �10%, by Equation (12) in
which p represents the CyOOH yield of the primary propa-
gation step (Scheme 1a; p=0.95 at 145 8C).[10]


d½CyOOH�
dt


� p kCyH ½CyOOC� ½CyH� ð12Þ


In Equation (12), the time-dependent CyOOC concentra-
tion can be substituted by its quasi-steady-state expression,
[Eq. (10)],[24] resulting in the differential Equation (13),
which upon integration yields Equation (14)


d½CyOOH�=dt ¼ p kCyH ðkinit=ktermÞ0:5 ½CyH� ½CyOOH� ð13Þ


½CyOOH�ðtÞ�½CyOOH�0 ¼
�
C
2


�2


t2 þ C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH�0


p
t ð14Þ


In Equation (14), C=pkCyH ACHTUNGTRENNUNG[CyH](kinit/kterm)
0.5 and


[CyOOH]0 is the initial concentration at t=0; Equation (14)
is only valid when [CyOOH]0 is sufficient to establish the
CyOOC quasi-steady state[24] according to Equation (10)
from the very beginning (t=0) of the autoxidation.
On the other hand, the O2 consumption rate at very low


conversions can be written as Equation (15), in which nO2
is


the total number of moles of oxygen in the reactor and Vliq


is the liquid volume (in which the reaction occurs).[26]


� 1
V liq


dnO2


dt
� kCyH ½CyOOC� ½CyH� ð15Þ


Thus, the oxygen consumption and the CyOOH produc-
tion follow an identical time dependence [Eq. (16)].


nO2


0


V liq
� nO2


ðtÞ
V liq


¼ 1
p


�
C
2


�2


t2 þ 1
p
C


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH�0


p
t ð16Þ


Fitting of the initial oxygen consumption at a conversion
below 0.2% to a quadratic equation in t, allows the evalua-
tion of parameter C. With kCyH=9.5.
109m�1 s�1 exp(�17.3 kcalmol�1/RT),[3,10] the kinit/kterm can be
derived. This was carried out with cyclohexane that initially
contained 0.46 mm CyOOH to assure the quasi-steady
state[24] from the very beginning of the O2 consumption. This
CyOOH solution was prepared by the dilution of a CyH au-
toxidation mixture of low conversion (<0.5%) in which
CyOOH is by far the predominant product (see Figure 1).
The kinit/kterm ratios found for various initially added cyclo-
hexanone concentrations are displayed in Figure 4, showing
that kinit is actually made up of a sum, kdiss+k


Q¼O
enh ACHTUNGTRENNUNG[Q=O],


with kdiss the intrinsic dissociation rate constant of CyOOH
[Eq. (1)], and kQ¼O


enh the bimolecular rate constant for a cy-


clohexanone-enhanced CyOOH dissociation process. The
kinit/kterm ratios are in rather good agreement with those de-
termined from Equation (11) (Figure 2). For kterm=4.2.
106m�1 s�1,[3] a value of kdiss=1.8.10�6 s�1 is found from the
intercept and kQ¼O


enh =1.9.10�4m�1 s�1 from the slope of the
straight line in Figure 4. The ratio {kQ¼O


enh x ACHTUNGTRENNUNG[Q=O]}/kdiss} at
145 8C is 1.0.102m�1. [Q=O], revealing that the cyclohexa-
none-enhanced initiation already rivals the “pure” initiation
when [Q=O]�10 mm. This value is reached in a normal au-
toxidation at CyH conversions as low as 1%.
This method was also used to determine the initiation en-


hancement by several other (oxygenated) molecules
(Table 1). Apparently, not only cyclohexanone but also
other oxygenated compounds significantly enhance the ini-
tiation rate. Therefore, the accuracy of the data for kenh and
kdiss reported above might be questioned because, in this
first approximation [Eq. (16)], the possibility of initiation
enhancement by CyOOH itself was not considered. More-
over, the O2 consumption in the fast CyOOH propagation
(Scheme 1b) was neglected, which will affect dnO2


/dt the
most at larger t, at which CyOOH consumption can no
longer be neglected. Therefore, in a second approximation,
we measured kQ¼O


enh , kCyOOH
enh as well as kdiss, taking into ac-


count the oxygen consumption in the CyOOH propagation.
To do this, the change in time of the CyOOH concentration
is derived from the dnO2


/dt data,[26] by means of the integrat-
ed form of Equation (17).[27]


Figure 4. Change of the kinit/kterm ratio against initially added cyclohexa-
none at 145 8C.


Table 1. Rate constants, kXenh for the enhancement of the dissociation of
CyOOH by several oxygenated compounds, X, measured at 145 8C.


Compound kXenh.10
�5


ACHTUNGTRENNUNG[m�1 s�1]
Compound kXenh.10


�5


ACHTUNGTRENNUNG[m�1 s�1]


cyclohexanone 19.0 cyclopentanone 7.8
caprolactone 3.1 ethylene carbonate 2.2
1-methylcyclohexanol 1.0 benzoic acid 3.7
butyric acid 38.0
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d½CyOOH�
dt


¼ �p
�
1�ðpþ sÞkCyOOH ½CyOOH�ðtÞ


p kCyH ½CyH�


	
1
V liq


dnO2


dt


ð17Þ


An initial estimation for [CyOOH](t) is given by Equa-
tion (18):


½CyOOH�0 þ p
V liq


fnO2


0�nO2


0ðtÞg ð18Þ


Based on our reaction mechanism, the CyOOH concen-
tration change is described by Equation (19),[28] taking into
account the possible enhancement of the initiation by both
CyOOH and Q=O.


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH�


p
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH� þ kinit


kCyOOH
enh


s
¼


� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH�


p
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½CyOOH�0 þ kinit


kCyOOH
enh


s 	
exp


�
kCyH ½CyH�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
kCyOOH
enh


kterm


�s
t
2


�


with kinit ¼ kdiss þ kQ¼O
enh ½Q¼O�


ð19Þ


The CyOOH profiles obtained this way [Eq. (19)] are
plotted in Figure 5, together with the experimental CyOOH
data, derived from the O2 consumption [Eq. (17)]. The sum
of squares of the differences between the experimental data
and the theoretical prediction was minimized by combining
the data of two independent experiments (Figure 5).


This rigorous evaluation reveals that CyOOH does not
significantly enhance its own homolytic dissociation
(kCyOOH


enh =6.0.10�6m�1 s�1). Nevertheless, the values kQ¼O
enh =


1.0.10�4m�1 s�1 and kdiss=1.0.10�6 s�1, derived according to
the second approximation, are each �40% smaller than the


first-approximation estimates of 1.9.10�4m�1 s�1 and 1.8.
10�6 s�1, respectively. Indeed, it is expected that the first ap-
proximation overestimates both the intrinsic dissociation
rate and the Q=O contribution as the neglected CyOOH
propagation will increase the curvature of the nO2


(t) profile.
It follows that the kenh data (Table 1), although slightly over-
estimated, still represent fair first approximations. In any
case, the relative values should be reliable.
It is interesting to note that, although the experimentally


determined “intrinsic” CyOOH dissociation rate constant
(kdiss=1.0.10�6 s�1) is one order of magnitude smaller than
the reported CyOOH initiation rate in CyH (�2.2.
10�5 s�1), it approaches the value for tert-butylhydroperoxide
initiation in n-octane (5.1.10�6 s�1).[3] Clearly, the “homolyt-
ic dissociation” rates measured under autoxidation condi-
tions, even though “extrapolated to infinite dilution”, con-
tain contributions of enhanced initiation by numerous oxy-
genated compounds, particularly ketones. Such ketones are
readily generated from secondary hydroperoxides, such as
CyOOH, by fast aH abstraction, even if only added in a few
percent (cf. kCyOOH/kCyH�55). However, in the case of tert-
butylhydroperoxide (in n-octane), there is no aH atom left,
so that ketones will appear more slowly via oxidation of the
n-octane solvent. Therefore, a more accurate measurement
of the intrinsic dissociation rate constant is expected in the
latter case.


True catalysis against chemical reaction : Recently, we pro-
posed[29] novel initiation catalysts, X, such as perfluorodeca-
line, which are able to form hydrogen bonds with the COH
that is breaking away from CyO�OH [Reaction (20)]:


CyOOHþX ! CyOC þX � � �HOC ! CyOC þXþHOC


ð20Þ


This stabilization substantially decreases the rate-deter-
mining initiation barrier. The hydrogen-bonded complex,
X···HOC, rapidly decomposes to yield X and HOC. Given the
computed hydrogen-bond strengths between HOC and sever-
al oxygenated compounds (see Table 2), the same catalytic
mechanism should, in principle, be possible with, for exam-
ple, ketones, alcohols and other oxygenated compounds.
To examine the feasibility of such a dissociation of


CyOOH assisted by hydrogen bonding to Q=O, we estimat-
ed the thermal rate constant for this process on the basis of
variational TST theory.[30] The upper-limit value (1.8.
10�5m�1 s�1) turns out to be an order of magnitude too small,
making this mechanism unlikely. Moreover, such a mecha-
nism does not explain why caprolactone, among others, is
much less efficient than cyclohexanone, despite its stronger
hydrogen bond with COH. However, the predicted rate con-
stant for hydrogen-bond-assisted initiation (1.8.10�5m�1 s�1)
is consistent with the experimental kXenh of, for example, 1-
methylcyclohexanol (1.0.10�5m�1 s�1) and benzoic acid
(3.7.10�5m�1 s�1).
In the literature, the remarkable autocatalytic effect of cy-


clohexanone was hitherto attributed to the formation of a


Figure 5. Comparison of the experimental (open symbols) and theoretical
(solid lines) [CyOOH](t) profiles at 145 8C for two initial conditions.
a) [CyOOH]0=0.08 mol%, [Q=O]=0.04 mol%. b) [CyOOH]0 and
ACHTUNGTRENNUNG[Q=O]<0.01 mol%.
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perhemiketale structure out of CyOOH and Q=O
(Scheme 2).[1–3] Such a perhemiketale would undergo O�O
cleavage more easily than CyOOH, and thus enhance the in-


itiation rate. However, such a bimolecular reaction between
closed-shell molecules, proceeding through a rigid transition
state, is expected to be very slow in the nonpolar solvent
CyH. The B3LYP-DFT/6-311++G ACHTUNGTRENNUNG(d,p) barrier was found
to be more than 30 kcalmol�1 for (CH3)2C=O+CH3OOH,
while the TST frequency-factor was estimated to be as low
as 2.106m�1 s�1, resulting in a rate constant at 145 8C of, at
most, 10�9m�1 s�1, which is five orders of magnitude too low
compared to the experimental value of 1.0.10�4m�1 s�1


given above.
Moreover, such perhemiketale formation is excluded for


molecules such as ethylene carbonate (DrH=++13.0 kcal
mol�1), caprolactone (DrH=++6.6 kcalmol�1) or butyric acid
(DrH=6.3 kcalmol�1), some of which enhance the initiation
rate even more than Q=O (Table 1). Therefore, we have to
conclude that the perhemiketale hypothesis is unable to ex-
plain the experimental observations.


Initiation enhanced by concerted hydrogen abstraction


A new autocatalytic mechanism : After exploring several
mechanisms involving pre-reaction complexes to explain the
experimental kQ¼O


enh data, and rejecting them for being too


slow, we finally identified and theoretically characterised a
concerted reaction of CyOOH with Q=O that does match
the measured rate. In this process, the COH that breaks away
from CyOOH abstracts a weakly bound aH atom from
Q=O (BDE only 87 kcalmol�1)[31] to form the much more
strongly bound H�OH molecule (BDE=118 kcalmol�1).
The released 31 kcalmol�1 assists in the further breaking of
the O�O hydroperoxide bond (40 kcalmol�1). Indeed, we
were able to locate a TS for this reaction that lies only
27.7 kcalmol�1 above the reactants (UB3LYP/6-311++G-
ACHTUNGTRENNUNG(df,pd)//UB3LYP/6-31G ACHTUNGTRENNUNG(d,p) level). In this TS, the OOH
group of CyOOH is equatorial and an axial aH atom is ab-
stracted from Q=O (Figure 6). The 27.7 kcalmol�1 energy
barrier is far below the 40 kcalmol�1 barrier for the intrinsic


CyOOH homolysis [Eq. (1)]; moreover, and equally impor-
tant, this TS is a very loose structure, entailing a high fre-
quency factor. The O�O bond is already enlarged from 1.46
to 2.04 T in the TS, indicating that the COH radical is almost
free from the CyOC moiety. This is also reflected by the high
(imaginary) reaction-coordinate frequency of 1377 cm�1,
close to that for H abstraction by a free COH radical.[32]


The MC-TST rate constant[21] of this reaction can be cal-
culated by Equation (21), in which kb and h refer to Boltz-
mannUs constant and PlanckUs constant, respectively; QTS


i is
the partition function of the TS conformer i, lying above the
lowest reactant conformer set by the value of Ei


0 ; QCyOOH
j is


the partition function of CyOOH conformer j, lying above
the lowest reactant conformer by an energy of ej.


kQ¼O
enh ðTSTÞ ¼ kbT


h


P
i
QTS
i expð�Ei0=kbTÞ� P


j
QCyOOH
j expð�ej=kbTÞ


	
QQ¼O


ð21Þ


Indeed, a thermal population weighted sum must be
taken over all states.[21] Likewise, QQ=O is the partition func-
tion of Q=O. In this calculation, three internal TS modes, (i,
ii and iii in Figure 6), should be treated as quasi-free one-di-
mensional internal rotations[23] owing to the loose structure
of the TS. Internal rotation i is the movement of the H atom
of CyOOH around the almost co-linear C-H-O-O axis, with


Table 2. Hydrogen-bond strengths [zero-point energy-corrected, in kcal
mol�1] between HOC and several oxygenated compounds, calculated at
the B3LYP-DFT[17] and G2M[18] level.


Compound B3LYP/6-311++G ACHTUNGTRENNUNG(d,p) G2M[a]


formaldehyde 3.4 3.6
acetaldehyde 4.25 4.6
acetone 4.95 5.2
cyclopentanone 5.2 –
cyclohexanone 5.5 –
3-pentanone 5.0 –
methanol 5.4 4.75
isopropylalcohol 5.4 5.3
tert-butanol 5.5 –
cyclohexanol 5.5 –
ethylene carbonate 4.6 –
caprolactone 6.1 –
ethyl hydroperoxide 4.1 4.7


[a] G2M refers to E ACHTUNGTRENNUNG[CCSD(T)/6-311+G ACHTUNGTRENNUNG(d,p)//B3LYP/6-311++G-
ACHTUNGTRENNUNG(d,p)]+ {E[MP2/6-311++GACHTUNGTRENNUNG(3df,3pd)//B3LYP/6-311++G ACHTUNGTRENNUNG(d,p)]�E[MP2/
6-311+G ACHTUNGTRENNUNG(d,p)//B3LYP/6-311++G ACHTUNGTRENNUNG(d,p)]}+ZPE[B3LYP/6-311++G-
ACHTUNGTRENNUNG(d,p)].


Scheme 2.


Figure 6. Lowest TS conformer in the hydrogen-abstraction-enhanced ini-
tiation of CyOOH by Q=O, optimised at the UB3LYP/6-31G ACHTUNGTRENNUNG(d,p)-level.
Critical coordinates are given in T. The important internal rotations i, ii
and iii are indicated (see text).
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a relative moment of inertia Im,i=0.96 amuT2. The partition
function for this free internal rotation (Qfr) is 7.2, whereas
the harmonic oscillator approximation (HOA) for the “vi-
bration” frequency n=189 cm�1[30] gives Qhoa=2.1. Still, the
two values could be consistent, provided the H atom can
occupy three nearly equivalent equilibrium positions around
the O�O axis, which then must be counted as three distinct
rotamers in a HOA-MC-TST calculation. Internal rotation ii
is the counter-rotation of moieties A and B (Figure 6)
around the C-H-O-O axis. The relative moment of inertia
for this motion is Im,ii�220 amuT2, which gives Qfr=110,
whereas Qhoa=27.3 for n=10.8 cm�1.[30] Again, these results
could still be compatible, as also in this case three equiva-
lent rotational conformers might have to be considered in
the HOA. Internal rotation iii is the rotation of moiety B
around its O�Cy axis, with counter-rotation of the rest of
the TS (Figure 6). Its Im,iii is estimated to be �95 amuT2,
such that Qfr=72, whereas the HOA value Qhoa=6.1 for n=
52 cm�1.[30] Thus, Qfr for internal rotation iii remains about
four times larger than the harmonic vibration approxima-
tion, even accounting for three quasi-equivalent rotamers in
the HOA. Thus, the internal partition function of the TS
with appropriate treatment of the internal rotors is at least
six times that for the crude HOA approximation. For the
CyOOH reactant (with OOH equatorial), the partition func-
tion was summed over all twelve rotamers, each weighted
by their relative-energy function exp ACHTUNGTRENNUNG(�ej/kbT). Accounting
for the reaction-path degeneracy of 2 (two equivalent axial
aH atoms), and a small-curvature tunnelling correction[22] of
3.0 at 145 8C for an asymmetric-Eckart potential, one ob-
tains a TST frequency factor of �1.6.1010m�1 s�1. Given the
barrier of Eo=27.7 kcalmol�1, the TST rate coefficient is fi-
nally evaluated to be kQ¼O


enh ACHTUNGTRENNUNG(TST)�6.0.10�5m�1 s�1, which in-
cludes minor routes through a TS at 29.6 kcalmol�1 in which
the equatorial a hydrogens are abstracted from Q=O. This
result, derived entirely from first principles, is close to the
experimental value of 1.0.10�4m�1 s�1. It should be noted,
however, that the UB3LYP/6-311++G ACHTUNGTRENNUNG(df,pd)//UB3LYP/6-
31GACHTUNGTRENNUNG(d,p) method used to evaluate the energy barriers—al-
though agreeing within �0.2 kcalmol�1 with the higher
UB3LYP/6-311++GACHTUNGTRENNUNG(df,pd) level for smaller analogous re-
action systems—might generate errors of 1 kcalmol�1, en-
tailing an error factor of four on the calculated rate coeffi-
cient. Interestingly, the energy barrier for the analogous
CyOOH+cyclopentanone reaction was found to be
0.6 kcalmol�1 higher than for cyclohexanone, such that
ACHTUNGTRENNUNGkenhACHTUNGTRENNUNG(145 8C) for cyclopentanone is expected to be half as
large, in excellent agreement with the experimental data in
Table 1.
Thus, we now have solid complementary experimental


and theoretical evidence that CyOOH dissociation enhanced
by concerted H abstraction from ketones is a predominant,
although hitherto overlooked, initiation process in CyH au-
toxidation.


Reaction dynamics : An important feature of the newly pro-
posed Q=O-assisted initiation is the shape of the PES


(Figure 7). In contrast to the classical, unimolecular homo-
lytic dissociation of CyOOH, the potential energy in the hy-
drogen-abstraction-enhanced initiation decreases sharply


once the TS evolves into reaction products. In the TS, the
COH originating from CyO�OH already forms a hydrogen
bond with the CyOC moiety (COH···O distance=2.1 T).
Therefore, the TS connects the reactants, CyOOH+Q=O,
with the hydrogen-bonded CyOC···HOH complex and the
CQ�aH=O ketonyl radical (i.e., Q=O minus an aH) as pri-
mary products, entailing a potential energy drop from 27.7
to 3.4 kcalmol�1, both relative to the reactants. The large
energy release of �24 kcalmol�1 will be imparted to transla-
tional separation of the CyOC···HOH and ketonyl radical
products. This dynamically forced repulsion will reduce the
fraction of radicals that can undergo geminate combination
in the Franck–Rabinowich solvent cage[33] and instead great-
ly assist their diffusion out of the cage, allowing them effec-
tively to initiate new radical chains.
Indeed, for the classical initiation mechanism, one needs


to consider three elementary reaction steps [Eqs. (22)–(24)].


fCyOOHgCyH ! fCyOC þ COHgCyH ð22Þ


fCyOC þ COHgCyH ! fCyOOHgCyH ð23Þ


fCyOC þ COHgCyH ! CyOC þ COH ð24Þ


The “geminate” in-cage recombination [Eq. (23)] of the
nascent radicals, {CyOC+ COH}CyH, should easily outrun their
diffusion out of the cage [Eq. (24)], thus seriously reducing
the initiation efficiency as compared to the gas phase. In the
concerted aH-abstraction-enhanced mechanism, the initia-
tion efficiency is boosted as its dynamics forces the nascent
radicals apart. Moreover, the CQ�aH=O ketonyl radical is sta-
bilized by vinoxy-type resonance (e.g., O=CH�CH2C,CO�
CH=CH2), which is well-known to reduce radical reactivity;
for instance, acetonyl (2-methylvinoxy, CH3C(O)CH2C) com-
bines nearly ten times slower with O2 than the correspond-
ing CH3CH2CH2C alkyl radical.[34] Last, but not least, the
4.0 Debye large dipole moment of the ketonyl radical
(UB3LYP/6-311++GACHTUNGTRENNUNG(df,pd)//UB3LYP/6-31GACHTUNGTRENNUNG(d,p)-level) will
cause extensive solvation by CyH molecules, thus effectively


Figure 7. Shape of the PES for the unimolecular homolytic dissociation
of CyOOH (left), and the newly proposed Q=O enhanced initiation reac-
tion (right).
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shielding its O=C-CHC radical centre from the geminate
CyOC radical.


Chain-initiation enhancement by other molecules produced
in the autoxidation of CyH : Clearly, other molecules that
have (weak) C�H bonds might also similarly enhance chain
initiation. Table 3 summarizes the results of B3LYP-DFT
calculations on molecules present in the CyH autoxidation
mixture.


The data in Table 3 indicate that CyOOH-initiation en-
hancement by concerted aH abstraction from CyOH faces a
barrier that is 3.2 kcalmol�1 lower than that of the analo-
gous Q=O reaction; accordingly, the TST-evaluated kCyOH


enh of
�6.10�4m�1 s�1, is an order of magnitude higher than kQ¼O


enh .
However, this sharp enhancement of CyOOH initiation by
CyOH is effectively countered by strong negative feedback
effects. Firstly, the QCOH radicals resulting from both the
CyOOH+CyOH reaction and the fast CyOH+CyOOC
propagation reaction (Scheme 1c) will rapidly add O2 to
form Q(OH)OOC, which immediately decomposes to Q=O+


HO2C.[13] The HO2C radicals are known to undergo very fast
termination with CyOOC radicals, the diffusion-controlled
rate constant being �2.0.109m�1 s�1,[25] which is 500 times
faster than that of the mutual CyOOC termination, as de-
ACHTUNGTRENNUNGscribed above. In addition, the fast equilibrium HO2C+
ROOHQH2O2+ROOC (barrier=4.3 kcalmol�1 for R=


CH3) should convert a sizeable fraction of ROOH into the
much less efficient chain initiator H2O2 (BDE of HO�OH
and RO�OH is 50 and 40 kcalmol�1, respectively), in agree-
ment with our observations in CyOH-addition experiments,
for CyH conversions below 1%. A detailed quasi-steady
state (QSS) analysis[30] confirms that the expected almost 50-
fold increase of the initial initiation rate by addition of
1 mol% CyOH is almost entirely off-set by the negative
feedback through HO2C. Indeed, the QSS-calculated concen-
tration of the CyOOC chain propagator, which governs CyH
consumption, was found to increase by only 20%. This
result is fully consistent with our experimental findings at
145 8C because 1) at a conversion of 0.5% the CyOOH con-
centration equals 35 mm in the pure CyH autoxidation,
versus 25 mm when 1 mol% CyOH is initially added and
2) the CyH oxidation rates—governed by [CyOOC]—are
nearly equal for these two cases.


The experimental ratio kQ¼O
enh /kCyOOH


enh =17, determined
above, seems to be in contradiction with the computed bar-
riers (Table 3). However, we need to take into account the
more rigid character of the TS for the CyOOH+CyOOH
initiation reaction, which owes its 3 kcalmol�1 lower barrier
to internal hydrogen bonds that preclude the internal rota-
tions i and ii in the TS of CyOOH+Q=O. The HOA-TST
calculated ratio kQ¼O


enh /kCyOOH
enh of 2, including tunnelling cor-


rections, is an underestimate, as the TS of CyOOH+Q=O
features more internal rotation modes (vide supra). More-
over, the unstable CCy�aHOOH product of the CyOOH+


CyOOH!CCy�aHOOH+CyOC+H2O reaction, immediately
expels its COH,[12] in the general direction of the CyOC prod-
uct, which should favour geminate CyOC+ COH combination,
and hence result in the molecular products, CyOOH+


H2O+Q=O.
Examining the abstraction of the terminal H from


CyOO�H by the COH breaking away from another CyO�
OH molecule, we located a TS for this process at 21.2 kcal
mol�1. However, its nRC frequency of 1640 cm�1 is signifi-
cantly higher than for analogous reactions in Table 3, and is
a fingerprint of a pure H or proton transfer without any con-
tribution of relative O�O motion. Although the O�O dis-
tance (1.89 T) is enlarged in the TS, but less so than in the
TS of CyOOH+Q=O (2.04 T), this suggests re-constitution
of the O�O bond after the TS. Indeed, we suspect this TS to
connect to the zwitterion pair [ROO�]ACHTUNGTRENNUNG[+H2OOR] as reaction
products, driven by the high electron affinity of ROOC and
the high proton affinity of ROOH, which together with the
large Coulombic attraction make this zwitterion-pair forma-
tion exothermic by �10 kcalmol�1. Hence, this is a much
more favourable pathway than the endothermic hydrogen-
abstraction-enhanced radical formation. Unfortunately, we
were unable to perform a rigorous intrinsic reaction coordi-
nate (IRC) analysis of this reaction as DFT fails to describe
the long-range interactions involved in such an IRC analysis,
and other high-level ab initio methods are beyond our com-
putational resources for such large reaction systems.[35]


The newly proposed hydrogen-abstraction-assisted mecha-
nism also readily explains the higher kenh for butyric acid
(soluble mimic of adipic acid) than for benzoic acid. The
C�H bonds of the secondary a-hydrogens of butyric acid
are weakened by a similar resonance-stabilization effect as
for Q=O. Molecules, such as benzoic acid and 1-methyl-cy-
clohexanol, without weakened C�H bonds, are only effi-
ciently active in the CyOOH-homolysis enhancement
through the slower hydrogen-bond mechanism explained
above.


CyOOH initiation revisited : Based on these new insights,
one can question whether the “pure” CyOOH initiation in
the liquid phase is indeed a unimolecular homolytic dissoci-
ation. As shown above, the efficiency of such a homolytic
bond cleavage in the liquid phase is probably very small, if
not negligible. We propose that even the so-called pure ini-
tiation reaction is actually enhanced by a concerted hydro-
gen abstraction from CyH. The barrier for reaction given in


Table 3. Reaction barriers, zero-point energy-corrected and imaginary re-
action coordinate frequencies, nRC, for the (a)H-abstraction-enhanced ini-
tiation of CyOOH by several molecules present in the CyH autoxidation,
calculated at the UB3LYP/6-311++G ACHTUNGTRENNUNG(df,pd)//UB3LYP/6-31G ACHTUNGTRENNUNG(d,p)-level.


Compound Barrier [kcalmol�1][a] nRC ACHTUNGTRENNUNG[i.cm
�1][a]


Q=O 27.7/29.6 1377/1356
CyOH 24.5/24.2 1018/1037
CyOOH 24.8/25.3 966/967
CyH 28.8/28.1 1168/1181


[a] Axial H atom/equatorial H atom.
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Equation (25) is found to be only slightly higher than that of
the Q=O-enhanced initiation reaction.


CyOOHþ CyH ! CyOC � � �HOHþ CyC ð25Þ


The TS is slightly “later”, that is, more product-like
(O···O distance of 2.11 T), and the significantly lower nRC
frequency of 1170 cm�1 shows a larger contribution of rela-
tive O�O motion. Moreover, given the C�H BDE in CyH
of �96 kcalmol�1 (i.e. , 9 kcalmol�1 more than the aC�H
bond in Q=O), the reaction in Equation (25) is endothermic
by 12.5 kcalmol�1, so that the potential energy drop after
the TS is much smaller than in the Q=O enhanced reaction
above (Figure 7). In addition, because the CyC product radi-
cal is more reactive than the resonance-stabilized ketonyl
radical and lacks the solvation screening that protects
CQ�aH=O, in-cage recombination of CyC+ COCy is expected to
be much more important. Based on the measured kdiss (1.0.
10�6 s�1), and given [CyH]=9.3m, we calculate that the ef-
fective kCyHenh should be only �1.10�7m�1 s�1, which indicates
that the majority of the nascent radicals indeed suffers
“geminate” recombination. Thus, it appears that important
in-cage radical recombination subsequent to the initiation
step needs to be invoked to explain the rather low observed
kCyHenh /k


Q¼O
enh ratio.


Arrhenius activation energies of the major initiation steps :
The first-approximation method presented in above was
used to measured the “pure” CyOOH initiation rate kdiss as
well as kQ¼O


enh at a temperature of 130 8C. This gave values of
5.0.10�7 s�1 and 7.3.10�5m�1 s�1, respectively. Combination
with the corresponding measurements at 145 8C yields Ar-
rhenius activation energies of 25�5 kcalmol�1 for both.
These results demonstrate clearly that even “pure” initiation
in CyH autoxidation is not caused by unimolecular homolyt-
ic dissociation of CyO�OH, because this would require an
activation energy close to 40 kcalmol�1. On the other hand,
the experimental activation energies are fully consistent
with the energy barriers computed for the bimolecular, hy-
drogen-abstraction-enhanced initiation processes identified
in this work, thus corroborating the basic tenets of this
work.


Conclusion


We have shown that radical-chain initiation in the main
stage of cyclohexane autoxidation is largely caused by a con-
certed bimolecular reaction of the primary cyclohexyl hy-
droperoxide intermediate with cyclohexanone, a major oxy-
genated product. During this reaction, the breaking of the
hydroperoxide O�O bond is assisted by simultaneous ab-
straction of a weakly bound aH atom from Q=O by the nas-
cent COH radical as it breaks away from the hydroperoxide.
This process is argued to be highly efficient, as “geminate”
in-cage recombination of the radical products CyOC···HOH
and CQ�aH=O is quasi-precluded by the combined effect of
1) dynamics-imposed translational separation of the two


fragments, 2) screening of the CyOC radical site by the hy-
drogen-bonded H2O molecule, 3) resonance-stabilization of
the CQ�aH=O radical and 4) solvation shielding of the strong-
ly polar CQ�aH=O. In this way, Q=O greatly speeds up initia-
tion and contributes significantly to the autocatalytic nature
of the CyH autoxidation.
We also presented complementary theoretical and experi-


mental evidence that so-called “pure” CyOOH initiation
proceeds through a similar bimolecular process, involving
concerted hydrogen abstraction from a CyH substrate mole-
cule by the nascent COH. Although geminate CyC and CyOC
recombination is expected to be predominant for this case,
it appears that the favourable energetics and the high con-
centration of the CyH reaction partner render this process
much more efficient than the true unimolecular CyO�OH
homolysis.


Acknowledgements


This work was performed as part of an IAP and a GOA project. I.H. is
grateful to the FWO (Vlaanderen) for financial support and also thanks
D. De Vos for useful comments.


[1] R. A. Sheldon, J.K. Kochi, Metal-Catalyzed Oxidations of Organic
compounds, Academic Press, 1981.


[2] C. A. Tolman, J. D. Druliner, M. J. Nappa, N. Herron, in Activation
and Functionalization of Alkanes (Ed.: C. L. Hill), Wiley, 1989,
pp. 303.


[3] G. Franz, R. A. Sheldon, Oxidation, Ullmann1s Encyclopedia of In-
dustrial Chemistry, Wiley-VCH, 2000.


[4] S. Bhaduri, D. Mukesh, Homogeneous Catalysis, Mechanisms and In-
dustrial Applications, Wiley, 2000.


[5] I. V. Berezin, E. T. Denisov, N. M. Emanuel, The Oxidation of Cy-
clohexane, Pergamon Press, 1966.


[6] U. Schuchardt, D. Cardoso, R. Sercheli, R. Pereira, R. S. da Cruz,
M. C. Guerreiro, D. Mandelli, E. V. SpinacV, E. L. Pires, Appl. Catal.
A 2001, 211, 1.


[7] M. T. Musser, Cyclohexanol and Cyclohexanone, Ullmann1s Encyclo-
pedia of Industrial Chemistry, Wiley-VCH, 2000.


[8] G. W. Burton, K. U. Ingold, Acc. Chem. Res. 1986, 19, 194.
[9] H.-D. Belitz, W. Grosch, Food Chemistry, Springer, Berlin, Heidel-


berg, 1999.
[10] I. Hermans, T. L. Nguyen, P. A. Jacobs, J. Peeters, ChemPhysChem


2005, 6, 637 and Supporting Information.
[11] I. Hermans, P. A. Jacobs, J. Peeters, J. Mol. Catal. A 2006, in press.
[12] L. Vereecken, T. L. Nguyen, I. Hermans, J. Peeters, Chem. Phys.


Lett. 2004, 393, 432.
[13] I. Hermans, J.-F. MWller, T. L. Nguyen, P. A. Jacobs, J. Peeters, J.


Phys. Chem. A 2005, 109, 4303.
[14] G. W. Parshall, S. D. Ittel, Homogeneous Catalysis: the Applications


and Chemistry of Catalysis by Soluble Transition Metal Complexes,
2nd ed, Wiley, New York, 1992.


[15] I. L. Arest-Yakubovich, F. A. Geberger, T. V. KharUkova, L. E. Mit-
ACHTUNGTRENNUNGauer, G. Z. Lipkina, Kinet. Catal. 1989, 30, 959.


[16] Gaussian 03, Revision B.03, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ACHTUNGTRENNUNGery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.


Chem. Eur. J. 2006, 12, 4229 – 4240 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4239


FULL PAPERCyclohexane Autoxidation



www.chemeurj.org





Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.


[17] a) A. D. Becke, J. Chem. Phys. 1992, 96, 2115; A. D. Becke, J. Chem.
Phys. 1992, 97, 9173; A. D. Becke, J. Chem. Phys. 1993, 98, 5648;
b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.


[18] A. M. Mebel, K. Morokuma, M. C. Lin, J. Chem. Phys. 1995, 103,
7414.


[19] H. Eyring, J. Chem. Phys. 1935, 3, 107.
[20] J. I. Steinfeld, J. S. Francisco, W. L. Hase, Chemical Kinetics and Dy-


namics, Prentice Hall, New Jersey, 1989.
[21] a) L. Vereecken, J. Peeters, J. Chem. Phys. 2003, 119, 5159; b) L.


Vereecken, J. Peeters, J. Phys. Chem. A 1999, 103, 1768.
[22] a) C. Eckart, Phys. Rev. 1930, 35, 1303; b) I. V. Tokmakov, J. Park, S.


Gheyas, M. C. Lin, J. Phys. Chem. A 1999, 103, 3636.
[23] W. Forst, Unimolecular Reactions, Cambridge University Press,


2003.
[24] The characteristic lifetime t of CyOOC radicals is given by 1/


ACHTUNGTRENNUNG{[CyOOC] 2kterm}. At �0.1% CyH conversion, [CyOOC] is already as
high as �5.10�8m (derived experimentally from d�P/dt/ACHTUNGTRENNUNG{kCyH


ACHTUNGTRENNUNG[CyH]}), and hence t as low as �2.5 s, given 2kterm=8.4.
106m�1 s�1.[3] This CyOOC lifetime is much shorter than the timescale
of �2000 s over which [CyOOC] changes significantly, such that a
[CyOOC] quasi-steady state will be established immediately and
maintained throughout the oxidation process.


[25] This value is based on the gas-phase rate constant for HO2C+ROOC,
in which R=C6 alkyl, kgas=9.0.109m�1 s�1 (A.A. Boyd, P. M. Flaud,
N. Daugey, R. Lesclaux, J. Phys. Chem. A 2003, 107(6), 818), com-
bined with the diffusion rate in the liquid phase kdiff=2.7.


109m�1 s�1, assuming a diffusion coefficient of 10�5 cm2s�1 in CyH
and a reaction radius of 3.5 T. The effective termination rate con-
stant in the liquid phase can thus be estimated as 1/ ACHTUNGTRENNUNG{(1/kgas)+ (1/
kdiff)}=2.109m�1 s�1.


[26] nO2
is the total amount of oxygen molecules present in the reactor;


Vliq is the volume of the liquid phase in which O2 is actually con-
sumed. Because in our experiments Vliq=Vgas, and taking account of
the Henry equilibrium between the gas phase and the liquid phase
(H= [O2,gas]/[O2,liquid]=1104/T(K), A.K. Suresh, T. Sridhar, O. E.
Potter, AIChE J. 1988, 34, 55), one can write for the O2 consumption
rate: � 1


Vliq


dnO2


dt =
1
RT


dpO2


dt ACHTUNGTRENNUNG(1+H(T)).


[27] Equation (17) is derived by division of � 1
Vliq


dnO2


dt = {kCyH ACHTUNGTRENNUNG[CyH]+


kCyOOH
ACHTUNGTRENNUNG[CyOOH](t)} ACHTUNGTRENNUNG[ROOC](t) by d½CyOOH�


dt = {pkCyH ACHTUNGTRENNUNG[CyH]�skCyOOH


ACHTUNGTRENNUNG[CyOOH](t)} ACHTUNGTRENNUNG[ROOC](t).
[28] Equation (19) is the solution of the differential equation d½CyOOH�


dt =


{pkCyH ACHTUNGTRENNUNG[CyH]�skCyOOH
ACHTUNGTRENNUNG[CyOOH](t)} ACHTUNGTRENNUNG[ROOC](t) after substituting the


QSS concentration of CyOOC radicals, Equation (10).
[29] I. Hermans, J. Peeters, P. A. Jacobs, ChemPhysChem 2006, in press.
[30] See the Supporting Information.
[31] Owing to a vinoxy-type resonance and ring-strain reduction in the


ketonyl radical; calculated at the B3LYP/6-311++G ACHTUNGTRENNUNG(df,pd)//
B3LYP/6-31G ACHTUNGTRENNUNG(d,p)-level.


[32] L. Vereecken, J. Peeters, Chem. Phys. Lett. 2001, 333, 162.
[33] S. W. Benson, The Foundations of Chemical Kinetics, McGraw-Hill,


New York, 1960.
[34] E. Turpin, C. Fittschen, A. Tomas, P. Devolder, J. Atmos. Chem.


2003, 46, 1, and references therein
[35] a) D. C. Young, Computational Chemistry, Wiley, New York, 2001;


b) W. Koch, M. C. Holthausen, A Chemist1s Guide to Density Func-
tional Theory, 2nd ed., Wiley-VCH, 2001.


Received: February 9, 2006
Published online: April 18, 2006


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4229 – 42404240


J. Peeters et al.



www.chemeurj.org






DOI: 10.1002/chem.200600021


Fullerene Polypyridine Ligands: Synthesis, Ruthenium Complexes, and
Electrochemical and Photophysical Properties


Zhiguo Zhou,*[a, e] Ginka H. Sarova,[b] Sheng Zhang,[c] Zhongping Ou,[d] Fatma T. Tat,[a]


Karl M. Kadish,[d] Luis Echegoyen,[c] Dirk M. Guldi,[b] David I. Schuster,[a] and
Stephen R. Wilson*[a, e]


Introduction


Photoinduced electron transfer (ET) and energy transfer
(ENT) in molecular systems combining various donors and
fullerene acceptors have been extensively studied, and their


electrochemical and photophysical properties are particular-
ly interesting.[1] In recent years, the preparation of various
donor–acceptor systems by coordination of fullerene deriva-
tives bearing one pyridine or polypyridine unit to transition
metals have been reported in the literature.[2,3] Modulation
of the electronic coupling between C60 acceptor and various
donors is a major goal in the synthetic organic chemistry of
fullerenes that may lead to more efficient behavior in
charge-transfer processes.[4] In the pursuit of optimal elec-
tronic and structural connectors between fullerene cores and
photo- and/or electroactive donors, our interest was drawn
to N-pyridinofulleropyrrolidine compounds. We have previ-
ously reported on one such ligand, N-pyridyl-3,4-fulleropyr-
rolidine (1).[5] Strong electronic interaction between the full-
erene core and metalloporphyrin donors was observed in
the study of its axial ligation with a variety of metallopor-
phyrins, suggesting interesting photochemically induced ET
or ENT mechanisms.[5,6]


The synthesis and study of polypyridylruthenium com-
plexes with electron-accepting fullerene cores is particularly
interesting from both the photophysical and electrochemical
points of view.[3] Several polypyridine ligands, such as 2,2’-bi-
pyridine (bpy), 2,2’:6’,6’’-terpyridine (tpy), 1,10-ortho-phen-
anthroline, 3-(2-pyridyl)pyrazoline, 2,3-bipyridine-2-yl-quin-
ACHTUNGTRENNUNGoxaline, and 3,6-di(2-pyridyl)pyridazine, have been covalent-
ly attached to C60 through either flexible or rigid spacers.[3,7]


We were interested in the synthesis of the bipyridine and
terpyridine variants of compound 1, in which the bipyridyl


Abstract: Fullerene coordination li-
gands bearing one bipyridine or terpyr-
idine unit were synthesized, and their
coordination to ruthenium(ii) formed
linear rod-like donor–acceptor systems.
Steady-state fluorescence of [Ru ACHTUNGTRENNUNG(bpy)2-
ACHTUNGTRENNUNG(bpy-C60)]


2+ showed a rapid solvent-de-
pendent, intramolecular quenching of
the ruthenium(ii) MLCT excited state.


Time-resolved flash photolysis in
CH3CN revealed characteristic transi-
ent absorption changes that have been
ascribed to the formation of the C60


triplet state, suggesting that photoexci-
tation of [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(bpy-C60)]


2+ results
in a rapid intramolecular transduction
of triplet excited state energy. The elec-
trochemical studies on both [Ru ACHTUNGTRENNUNG(bpy)2-
ACHTUNGTRENNUNG(bpy-C60)]


2+ and [Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)]
2+


indicated electronic coupling between
the metal center and the fullerene core.
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and terpyridyl building blocks were directly attached to the
nitrogen atom of the fulleropyrrolidines. Compounds 2 and
3 can serve as bidentate and tridentate ligands, respectively,
to coordinate transition metals. The fulleropyrrolidine nitro-
gen atom has good communication with the fullerene
core;[8] therefore we decided to employ a combination of
these structural elements for the bridge between the fuller-
ene core and metal centers. We report herein on the syn-
thesis, electrochemistry and photophysics of [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(bpy-
C60)] ACHTUNGTRENNUNG[PF6]2, as well as the synthesis and electrochemical
study on [Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)] ACHTUNGTRENNUNG[PF6]2.


Results and Discussion


Synthesis of fulleropyrrolidine 2 and its complex [Ru ACHTUNGTRENNUNG(bpy)2-
ACHTUNGTRENNUNG(bpy-C60)]ACHTUNGTRENNUNG[PF6]2 (5): To prepare a fulleropyrrolidine 2 with
a bipyridyl substituent, the precursor N-[4-(2,2’-bipyridyl)]-
glycine (4) had first to be prepared. As far as we know, this
compound has not been reported previously. In our previous
study, N-pyridylglycine was prepared in a high yield by the
treatment of 4-aminopyridine with HCHO, NaHSO3, KCN
and HCl.[5] The same treatment of 4-aminobipyridine only
afforded 4 in very low yield, mainly due to the insolubility
of 4-aminobipyridine in water. Compound 4 was finally syn-
thesized from 4-amino-(2,2’-bipyridine) through reductive
amination (H2, 35 psi, 10% Pd/C) with ethyl glyoxylate[9] in
a yield of 82% in the presence of concentrated HCl
(Scheme 1). 4-Amino-(2,2’-bipyridine) was prepared in three
steps from 2,2’-bipyridine by sequential oxidation, nitration,
and catalytic reduction by using slightly modified procedures
from the literature.[10] N-Bipyridylfulleropyrrolidine (2) was
then synthesized in 52% yield by azomethine ylide cycload-
dition to C60 (Scheme 1) and characterized by NMR spec-
ACHTUNGTRENNUNGtroscopy and MALDI-MS. The coordination of ligand 2 to
RuII was accomplished by refluxing with [RuACHTUNGTRENNUNG(bpy)2(Cl)2] in
the presence of excess NH4PF6 in a mixture of 1,2-dichloro-
ethane (DCE) and orthodichlorobenzene (ODCB). The
mixed solvent was necessary to ensure that all starting mate-
rials were sufficiently dissolved. The coordination reaction
was monitored by TLC, until the disappearance of com-
pound 2. Complex 5 was very soluble in acetonitrile and rea-
sonably soluble in acetone, benzonitrile, and CH2Cl2. Its
MALDI mass spectrum shows peaks at m/z=1474.6 and


1330.2 corresponding to the loss of one PF6 and two PF6


groups, respectively. Interestingly, ions corresponding to ad-
dition of oxygen, that is, [M�2PF6+O]+ and
[M�2PF6+O2]


+ were also observed.
To explore the nature of this unique complex, molecular


modeling was performed at the semiempirical AM1 level
using Spartan. The complex incorporates a linear metal–full-
erene communication pathway through the pyrrolidine ni-
trogen atom on the basis of the computational study
(Figure 1). The bipyridyl unit was directly attached to the ni-
trogen atom of the pyrrolidine ring to ensure a linear rod-
like donor–acceptor structure. A similar configuration was
also observed in the study of axial ligation of ligand 1 with
Zn–TPP.[5]


Electrochemistry and spectroelectrochemistry of complex 5 :
The analysis of the cyclic voltammetric behaviour of dyad 5
was obtained in 0.1m TBAACHTUNGTRENNUNG[PF6]/CH2Cl2 (TBA= tetrabutyl-
ammonium) at the glassy carbon electrode (GCE). The
CVs of ligand 2, complex 5, and reference compound [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ in the cathodic region are shown in Figure 2. From
the comparison of the redox potentials of complex 5 with
those of ligand 2 and the reference compound, the reduc-
tions with E1/2 values of �1.03, �1.39, and �1.92 V were as-
signed to C60-centered one-electron reversible reduction


Scheme 1. Synthesis of fulleropyrrolidine 2 and its RuII complex 5.
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processes, and the reduction located at �1.78 V was as-
signed to the first reduction of the [RuACHTUNGTRENNUNG(bpy)3]


2+ unit. The
reduction potentials of the fullerene moiety shifted positive-
ly by 30–50 mV from ligand 2 to complex 5, suggesting that
reduction of the fullerene unit in complex 5 is easier than
that in the free ligand 2. On the other hand, the Ru-based
reduction potentials of the complex 5 shifted negatively by
50 mV relative to those of the reference compound [Ru-
ACHTUNGTRENNUNG(bpy)3]Cl2, suggesting that the reduction of ruthenium metal
center becomes more difficult in the complex. Similar elec-
trochemical results were also obtained in PhCN (see Sup-
porting Information). The first Ru-based oxidation potential
of complex 5 is negatively shifted by 140 mV relative to that
of [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 in PhCN, and this negative oxidation po-
tential shift was 250 mV in CH2Cl2 (Table 1). This half-wave
potential change (compared to the small C60-centered reduc-
tion potential changes, that is, 30–50 mV) can be explained
by the electron-donating effect of the amino substituent on
one bpy unit in dyad 5.


Thin-layer UV/Vis spectroelectrochemistry was carried
out in CH2Cl2 containing 0.2m TBA ACHTUNGTRENNUNG[PF6]. The spectral
changes of complex 5 obtained upon the first reduction and
first oxidation in CH2Cl2 are illustrated in Figure 3. A spec-
trum with maxima at 770 and 995 nm was obtained upon the


first controlled-potential reduction at �0.70 V. The absorp-
tion band around 1000 nm is known to be a diagnostic
marker of monofunctionalized fullerene radical anion.[11]


The spectral changes obtained upon the electrochemical oxi-
dation of complex 5 at an applied potential of 1.40 V were
almost identical to that of [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 obtained under the
same experimental conditions, and indicated that the first
oxidation of complex 5 occurred at the ruthenium metal
center.


Figure 1. Spartan model of complex 5.


Figure 2. Cyclic Voltammograms of [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 (black), bpy-C60 (red)
and complex 5 (blue) in CH2Cl2 with 0.1m TBA ACHTUNGTRENNUNG[PF6].


Table 1. E1/2 [V vs. Fc/Fc+] values for the bpy series in CH2Cl2 and for
tpy series in ODCB/CH3CN (4:1) with 0.1m TBAPF6.


Oxidation Reduction
I II III IV V


C60-bpy �1.06 �1.44 �1.96
[Ru ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(bpy-C60)]


2+ 0.69 �1.03 �1.39 �1.78 �1.92 �2.05
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ 0.94 �1.73 �1.98
C60-tpy �1.07 �1.46 �1.99
[Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)]


2+ 0.59 �1.04 �1.43 �1.76 �2.02
[Ru ACHTUNGTRENNUNG(tpy)2]


2+ 0.86 �1.66 �1.96
[Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-NH2)]


2+ 0.58 �1.75


Figure 3. Thin-layer UV/Vis spectral changes of complex 5 during the
first reduction (top) and the first oxidation (bottom) in CH2Cl2 contain-
ing 0.2m TBA ACHTUNGTRENNUNG[PF6].
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Absorption spectra : The ground-state absorption spectra of
complex 5, ligand 2, and reference compound [Ru ACHTUNGTRENNUNG(bpy)3]Cl2
were recorded in CH2Cl2 (Figure 4). Complex 5 shows the
typical absorption bands of both the fullerene ligand and


the reference compound, namely the monofunctionalized
fulleropyrrolidine band at 430 nm and the metal-to-ligand
charge transfer (MLCT) transition band of the trisbipyridyl
ruthenium complex at 400–500 nm. The MLCT absorption
of dyad 5 is subjected to a red-shift relative to the reference
compound [RuACHTUNGTRENNUNG(bpy)3]


2+ . In line with the electrochemical re-
sults, these data suggest there is electronic coupling existing
between the fullerene core and the ruthenium metal center.


Luminescence spectra and time-resolved photolysis : To in-
vestigate the extent of electronic interaction between the
MLCT excited state and the fullerene ground state, steady
state and time-resolved emission measurements were carried
out with dyad 5 in solvents of different polarity, and com-
pared to that of reference compound [Ru ACHTUNGTRENNUNG(bpy)3]Cl2. Consid-
ering the nature of the ruthenium MLCT excited states,
namely, triplet character and lifetimes that are on the order
of hundreds of nanoseconds, the presence of molecular
oxygen plays an indispensable role. In particular, it quench-
es the MLCT excited state through singlet oxygen forma-
tion. Consequently, it was necessary to conduct all emission
and transient absorption experiments in oxygen-free solu-
tions. We tested [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 in acetonitrile and complex 5
in dichloromethane, dichloromethane/acetonitrile, and ace-
tonitrile by monitoring the characteristically broad and in-
tense MLCT emission that centers around 610 nm. The
emission spectra were taken for solutions with equal absorb-
ance at the 456 nm excitation wavelength. Relative to [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ , we noticed a strong quenching of the emission in-
tensity for the cation of complex 5 (Figure 5). Interestingly,
the extent of emission quenching increases with solvent po-
larity, and the relative intensities are 0.14 in dichlorome-


thane, 0.1 in dichloromethane/acetonitrile, and 0.07 in aceto-
nitrile; the emission intensity of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ in acetonitrile
was set arbitrarily as 1. This trend infers highly efficient
electronic couplings between the donor and acceptor com-
ponents. A similar trend evolves when looking at the time-
resolved emission decays. For [Ru ACHTUNGTRENNUNG(bpy)3]


2+ in acetonitrile, a
lifetime of 565 ns is seen, while a lifetime of 0.31 ns was de-
rived for complex 5.


Steady-state and time-resolved emission experiments
reveal unmistakable evidence for pronounced quenching of
the MLCT excited-state emission. A product assignment is,
however, only possible through complementary transient ab-
sorption measurements. We then investigated [RuACHTUNGTRENNUNG(bpy)3]


2+


and [RuACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(bpy-C60)]
2+ upon 387 nm excitation with


150 fs laser pulses. This is expected to form the MLCT excit-
ed state almost exclusively, while ligand-centered p–p*
states are not involved at all and fullerene-centered excited
states are formed only as a minor product (i.e. , less than
5%). For [Ru ACHTUNGTRENNUNG(bpy)3]


2+ we noted a transient absorption
spectrum, which on the 1.5 ns scale did not give rise to any
appreciable decay (Figure 6). Features of the transient ab-
sorption spectrum include strong bleaching of the MLCT
transition in the range between 400 and 470 nm and a broad
spectrum in the red part of the recorded spectrum. In fact,
turning to nanosecond spectroscopy reveals that the MLCT
excited-state decays, similar to the conclusion of the time-re-
solved emission experiments, back to the ground state with
unimolecular kinetics. From the decay profiles an MLCT ex-
cited-state lifetime of around 350 ns has previously been de-
termined.[3e]


When photoexciting complex 5 in acetonitrile, the spectral
characteristics at early times (i.e. , immediately following the
150 fs laser pulse) are essentially identical to what has been
seen for [Ru ACHTUNGTRENNUNG(bpy)3]


2+ . The only notable difference is a slight
red shift (Figure 6). These observations affirm the successful
MLCT excited-state formation despite the presence of the
fullerene. The transient absorptions are, however, unstable
on the 1.5 ns timescale. In particular, a rapid decay is dis-


Figure 4. Absorption spectra of ligand 2, complex 5 and [RuACHTUNGTRENNUNG(bpy)3]Cl2 in
CH2Cl2.


Figure 5. Room temperature emission spectra of [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 in deoxy-
genated acetonitrile (solid line) and complex 5 in deoxygenated CH2Cl2
(dotted line) and deoxygenated CH3CN (dashed line) with matching ab-
sorption at the 456 nm.
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cernable, from which a much shorter MLCT excited-state
lifetime of 0.27 ns in acetonitrile was derived. At the conclu-
sion of the intramolecular MLCT excited-state decay, spec-
tral changes evolve that are reminiscent of the fullerene


triplet excited state—a broad transient with a maximum at
700 nm—suggesting a rapid intramolecular transduction of
triplet excited state energy as shown in Equation (1).


½ðbpyÞ2-Ru-ðbpy-C60Þ�2þ ! ½ðbpyÞ2-3*Ru-ðbpy-C60Þ�2þ !
½ðbpyÞ2-Ru-ðbpy-3*C60Þ�2þ


ð1Þ


Such a decay mechanism finds further support upon con-
sidering the redox potentials for 1) reducing the electron-ac-
cepting fullerene and 2) oxidizing the electron-donating
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ complex. The energy of the radical ion pair
state is determined as 1.64 eV, which is noticeably higher
than that of the fullerene triplet excited state (1.5 eV).[3g]


Since triplet-excited-state energy transfer and charge separa-
tion both involve electron transfer, the smaller energy gap
for the former process (i.e. , 0.36 eV)—relative to the latter
one (i.e., 0.5 eV)—governs the photoreactivity of complex 5.


Synthesis of fulleropyrrolidine 3 and [Ru ACHTUNGTRENNUNG(tpy)ACHTUNGTRENNUNG(tpy-C60)]-
ACHTUNGTRENNUNG[PF6]2 (8): N-terpyridyl-3,4-fulleropyrrolidine (3) and its
complex [Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)] ACHTUNGTRENNUNG[PF6]2 (8) were synthesized and
we expected the electronic coupling between the fullerene
core and pyridyl nitrogen atoms to be the same as that in
the case of pyridinofullerene ligands 1 and 2. Ligand 3 is an
important intermediate compound in our ongoing studies.
Herein, we report the synthesis, characterization and elec-
trochemical behaviour of compound 3 and 8. In a manner
similar to N-bipyridyl-3,4-fulleropyrrolidine (2), compound
3 was synthesized by [3+2] cycloaddition of the azomethine
ylide derived from formaldehyde and N-terpyridylglycine
(7), which was prepared from 4’-aminoterpyridine (6) by re-
ductive amination with ethyl glyoxylate[9] in the presence of
conc. HCl (Scheme 2). The characterization of compound 7
was established on the basis of MALDI-MS, and 1H, 13C,
and COSY NMR spectroscopy. 4’-Aminoterpyridine was
synthesized from commercially available 4’-chloroterpyri-
dine in three steps. 4’-Chloroterpyridine was refluxed with
excess hydrazine in isobutanol to form 4’-hydrazinoterpyri-
dine, which was subsequently transformed to 4’-azidoterpyri-
dine in almost quantitative yield.[12] Reaction of 4’-azidoter-
pyridine with hydrogen sulfide at 0 8C in a mixed solvent of
methanol and dichloromethane yielded 4’-aminoterpyridine.
Complex 8 was prepared using similar procedures reported
previously.[3f] Both ligand 3 and complex 8 were character-
ized by NMR spectroscopy and MALDI-MS. The mass
spectrum of complex 8 shows peaks corresponding to the
loss of two, one, and zero PF6


� counterions.


Electrochemistry of [Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)]ACHTUNGTRENNUNG[PF6]2 (8): The cyclic
voltammetric behaviour of complex 8 was measured in 1,2-
dichlorobenzene/CH3CN (4:1). The E1/2 values of ligand 3,
complex 8, and reference compounds [Ru ACHTUNGTRENNUNG(tpy)2] ACHTUNGTRENNUNG[PF6]2


[13] and
[Ru ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-NH2)] ACHTUNGTRENNUNG[PF6]2


[13] are summarized in Table 1.
From the CV response of complex 8, one oxidation and four
reduction processes were recorded. The first two reversible
waves at �1.04 and �1.43 V versus Fc/Fc+ correspond to
the first and second reduction processes of C60. The third re-


Figure 6. Top: Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of [RuACHTUNGTRENNUNG(bpy)3]Cl2 (5.0P10�6


m) in
CH3CN with several time delays between 0 and 1500 ps at room tempera-
ture. Middle: Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of complex 5 (5.0P10�6


m) in
CH3CN with several time delays between 0 and 1500 ps at room tempera-
ture. Bottom: Time-absorption profiles of [Ru ACHTUNGTRENNUNG(bpy)3]Cl2 (red) and com-
plex 5 (black) at 450 nm.
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duction at �1.76 V is quasireversible and is assigned to the
first reduction of the metal center. The fourth reduction at
�2.02 V is broad, which is probably due to the combination
of the third reduction of C60 and the second reduction of the
ruthenium metal center. Compared to those of compound 3,
the first two reductions of compound 8 are anodically shift-
ed by 30 mV, which indicates electronic coupling between
C60 and the terpyridyl nitrogen atoms. Similar anodical shifts
of C60-based reduction potentials were also obtained in the
case of N-bipyridylfulleropyrrolidine and N-pyridylfullero-
pyrrolidine.[5] The first ruthenium-based reduction of com-
plex 8 is negatively shifted by 100 mV and the first oxidation
potential is negatively shifted by 270 mV, relative to [Ru-
ACHTUNGTRENNUNG(tpy)2]


2+ , which are much bigger than those shifts for C60-
centered reductions. This could be due to the existence of
the amino substituent on one tpy residue in complex 8.


Conclusion


In this paper, we have described the synthesis, electrochem-
istry and photophysical behaviour of [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(bpy-C60)]


2+


and/or [RuACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(tpy-C60)]
2+ complexes, in which one bpy or


tpy unit was directly attached to the nitrogen atom of a full-
eropyrrolidine to ensure a linear communication pathway
between the two components. Our studies on the whole


series of three N-pyridinoful-
leropyrrolidines 1--3 reveal
that they are a new type of
fullerene ligand with unique
electronic properties. In partic-
ular, the existence of electronic
coupling between the polypyr-
idyl nitrogen atom and fuller-
ene core makes them potential
candidates of building blocks
for molecular electronics, such
as molecular wires and transis-
tors. In this light, pyridyl or
polypyridyl fulleropyrrolidine
multiple adducts with defined
geometry between pyridyl liga-
tion sites need to be properly
designed and synthesized. Co-
ordination-driven self-assembly
of these fullerene–polypyridyl
building blocks may lead to
novel supramolecular architec-
tures with interesting electron-
ic properties.[14]


Experimental Section


General : Reagents were purchased
from commercial suppliers and used
without further purification. NMR
spectra were obtained on a Bruker


AVANCE-400 or AVANCE-500 NMR spectrometer. The mass spectra
were obtained by using a Bruker Omni Flex MALDI-TOF. Fluorescence
was monitored by using a Shimadzu RF-5301 spectrophotometer, and ab-
sorption spectra were measured on a Perkin-Elmer spectrophotometer.


Electrochemical measurements : All electrochemical measurements were
performed in redistilled solvents (degassed with Ar) with 0.1m TBA ACHTUNGTRENNUNG[PF6]
as the supporting electrolyte on a CHI 660 Electrochemical Workstation
(CH Instruments Inc, Austin, Texas). A platinum wire was employed as
the counter electrode. A silver wire was used as the reference. Ferrocene
(Fc) was added as an internal reference and all the potentials were refer-
enced relative to the Fc/Fc+ couple. A glassy carbon electrode (CHI,
3 mm in diameter), polished with 0.3 mm aluminum paste and ultrasoni-
cated in deionized water and CH2Cl2 bath, was used as the working elec-
trode. UV/Vis spectroelectrochemical experiments were performed with
a home-built thin-layer cell, which had a light transparent platinum-net
working electrode. Potentials were applied and monitored with an
EG&G PAR Model 173 potentiostat. Time-resolved UV/Vis spectra
were recorded with a Hewlett–Packard Model 8453 diode array spectro-
photometer.


Photophysical measurements : Femtosecond transient absorption studies
were performed with 387 nm laser pulses (1 kHz, 150 fs pulse width)
from an amplified Ti:Sapphire laser system (CPA 2101, Clark-MXR).
Nanosecond laser flash photolysis experiments were performed with
337 nm laser pulses from a nitrogen laser (8 ns pulse width) in a front
face excitation geometry. Fluorescence lifetimes were measured with a
Laser Strope Fluorescence Lifetime Spectrometer (Photon Technology
International) with 337 nm laser pulses from a nitrogen laser fiber-cou-
pled to a lens-based T-formal sample compartment equipped with a stro-
boscopic detector. Details of the Laser Strobe systems are described on
the manufactureQs web site. Emission spectra were recorded with a SLM


Scheme 2. Synthesis of fulleropyrrolidine ligand 3 and its RuII complex 8.
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8100 spectrofluorometer. The experiments were performed at room tem-
perature. Each spectrum represents an average of at least five individual
scans, and appropriate corrections were applied whenever necessary.


Synthesis of 4-amino-2,2’-bipyridine : A mixture of 4-nitro-2,2’-bipyridine-
N-oxide (1.1 g, 5.1 mmol) in methanol (20 mL) and 10% Pd/C (0.23 g)
was cooled in an ice bath and vigorously stirred under an inert atmos-
phere. Powder sodium borohydride (2.5 g) was added in small portions.
Stirring and cooling was continued until gas evolution ceased, and the
dissolution of suspended reactant was complete during the course of the
reaction. The catalyst was removed by filtration and methanol was
evaporated under reduced pressure. Water (60 mL) was added and the
aqueous solution was thoroughly extracted with five portions of diethyl
ether (50 mL). The combined organic extracts were dried over Na2SO4


and evaporated to yield white solid (0.86 g, 95%). 1H NMR (300 MHz,
CDCl3): d=4.56 (br, 2H; -NH2), 6.52 (dd, J=5.4, 2.4 Hz, 1H), 7.35 (ddd,
J=7.7, 4.8, 1.2 Hz, 1H), 7.66 (d, J=2.4 Hz, 1H), 7.80 (ddd, J=8.0, 7.7,
1.8 Hz, 1H), 8.27 (d, J=5.4 Hz, 1H), 8.35 (d, J=8.0 Hz, 1H), 8.64 ppm
(d, J=6.4 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=107.1, 109.7, 121.3,
123.5, 136.8, 149.0, 150.0, 153.9, 156.7, 157.0 ppm; ESI-MS: m/z : 174.1
[M+H]+ .


Synthesis of N-bipyridyl glycine (4): A solution of 4’-amino-2,2’-bipyri-
dine (1.9 g, 12 mmol), ethyl glyoxylate (50% in toluene, 2.4 g, 12 mmol),
water (6 mL), and concentrated HCl (7 mL) were allowed to stand at
25 8C for 1 h in a hydrogenation bottle. Catalyst (100 mg of 10% Pd on
carbon) was added, and the mixture was hydrogenated on a low-pressure
reaction apparatus charged initially at 35 psi until no further absorption
of hydrogen was evident (5 h). Water (25 mL) was added, and the mix-
ture was heated on a water bath to dissolve any white precipitate formed
during the reaction. Removal of the catalyst by filtration of the warm
mixture and evaporation of the filtrate gave the glycine hydrochloride as
white solid. Concentrated HCl was added, and the residue was heated at
60 8C for 20 mins and then cooled to 0 8C. Collection of the solid by
vacuum filtration gave (1.52 g, yield 80%) of tan powder in its HCl salt
form. The HCl salt was treated with stoichiometric NaOH solid to give
compound 4. 1H NMR (HCl salt; 400 MHz, D2O): d=8.63 (d, J=6.7 Hz,
1H), 8.11–8.24 (m, 2H), 7.89 (m, 2H), 7.30–7.49 (m, 2H), 6.62 (d, J=
5.6 Hz, 2H), 3.80 ppm (s, 2H); MS (MALDI): m/z : 230 [M+1]+ .


Synthesis of N-[4-(2,2’-bipyridyl)]fulleropyrrolidine (2): A mixture of C60


(100 mg, 0.14 mmol), paraformaldehyde (21 mg, 0.7 mmol), and N-bipyri-
dylglycine (62 mg, 0.28 mmol) was heated at reflux in o-dichlorobenzene
(10 mL) under N2 for 5 h. The solution was washed with NaCl aqueous
solution and dried over Na2SO4. The solvent was removed under reduced
pressure. The crude product was purified by flash column chromatogra-
phy on silica (eluant: toluene, then toluene/triethylamine 100:2), afford-
ing fulleropyrrolidine 2 (49 mg, 52%). 1H NMR (300 MHz, CS2/CHCl3, 2/
3): d=5.50 (s, 4H), 7.06 (dd, J=5.6, 2.1 Hz, 1H), 7.29 (ddd, J=7.1, 4.9,
1.3 Hz, 1H), 7.80 (ddd, J=8.1, 7.1, 1.5 Hz, 1H), 8.31 (d, J=2.2 Hz, 1H),
8.48 (d, J=5.0 Hz, 1H), 8.55 (d, J=8.1 Hz, 1H), 8.64 ppm (d, J=6.4 Hz,
1H); MALDI-MS: m/z : 917.9 [M]+ .


Synthesis of ruthenium complex 5 : A mixture of fulleropyrrolidine 2
(35 mg, 0.038 mmol) and [Ru ACHTUNGTRENNUNG(bpy)2Cl2] (23.3 mg, 0.045 mmol) was re-
fluxed under nitrogen in the dark for 6 h in the presence of excess
NH4PF6 (61.2 mg, 0.38 mmol) in a mixed solvent DCE (10 mL) and
ODCB (10 mL). DCE was removed after the completion of reaction
monitored by TLC. Toluene (10 mL) was added to the resulting mixture,
and precipitates were collected by means of gravity filtration. The result-
ing residue was washed with water and toluene four times, until there no
color was left in the filtrate, and dried to give products (31.7 mg, 49%).
1H NMR (300 MHz, CD3CN): d=2.24 (s, 4H), 7.30–7.39 (m, 5H), 7.68–
7.82 (m. 6H), 8.00–8.11 (m, 6H), 8.42–8.54 ppm (m, 6H); the last four
sets of proton peaks were characteristic for ruthenium(ii) tris(bipyridine)
complexes;[2,3] MALDI-MS: m/z : 1474.6 [M�PF6]


+ , 1328.2 [M�2PF6]
+ ,


1344.4 [M�2PF6+O]+ , 1360.2 [M�2PF6+O2]
+ .


Synthesis of 4’-hydrazino-2,2’:6’,2’’-terpyridine : 4’-Chloro-2,2’:6’,2’’-terpyr-
idine (600 mg, 2.2 mmol) was dissolved in isobutanol (12 mL) with warm-
ing. Excess of hydrazine (4 mL) was added. The mixture was then heated
to reflux under argon, with stirring for overnight. After cooling, white
crystals precipitated out of solution. They were collected by filtration and


washed with a few drops of water to yield pure 4’-hydrazino-2,2’:6’,2’’-ter-
pyridine (489 mg, 84%). M.p 195–197 8C; 1H NMR (300 MHz; CDCl3):
d=8.69 (d, J=4.6 Hz, 2H;), 8.53 (d, J=8.0 Hz, 2H), 7.90 (dd, J=7.4,
1.6 Hz, 2H), 7.82 (s, 2H), 7.41 (dd, J=7.4, 4.9 Hz, 2H), 4.35 (brs, 1H),
3.33 ppm (br s, 2H); MS (ESI): m/z : 264.26 [M+H]+ .


Synthesis of 4’-azido-2,2’:6’,2’’-terpyridine : A solution of 4’-hydrazino-
2,2’:6’,2’’-terpyridine (0.26 g 1.0 mmol) in acetic acid (2.0 mL) and water
(1.0 mL) was treated dropwise at 0 8C with a cold solution of sodium ni-
trite (0.69 g; 1.0 mmol) in water (2.0 mL). A pale brown solid was pre-
cipitated. When the addition was complete, diethyl ether (20 mL) was
added and the aqueous layer was adjusted to alkaline by the addition of
solid NaOH beads. The precipitates dissolved and the aqueous phase was
further extracted with diethyl ether. The combined organic layers were
evaporated and dried to give the product as pale yellow solid (0.27 g,
98%). Crystallization from a mixture of methanol and dichloromethane
gave pale yellow needles. 1H NMR (400 MHz CDCl3): d=7.37 (ddd, J=
5.9, 4.8, 1.0 Hz, 2H), 7.87 (ddd, J=7.8, 7.4, 1.8 Hz, 2H), 8.16 (s, 2H), 8.60
(d, J=8.0 Hz, 2H), 8.72 ppm (d, J=4.7 Hz, 2H); 13C NMR (100 MHz
CDCl3): d=111.4, 121.6, 124.3, 137.3, 148.9, 151.0, 155.0, 156.8 ppm; MS
(ESI): m/z : 275 [M+H]+ .


Synthesis of 4’-amino-2,2’:6’,2’’-terpyridine (6): A solution of 4’-azido-
2,2’:6’,2’’-terpyridine (0.45 g 1.6 mmol) in a mixture of dichloromethane
(5.0 mL) and methanol (5.0 mL) was treated with excess hydrogen sulfide
at 0 8C, and the solution was kept at room temperature for 5 h until com-
plete consumption of the azido compound. The solution was degassed
with nitrogen to remove H2S and then evaporated to dryness. The residue
was treated with 2m H2SO4 and the mixture was filtered and washed with
CH2Cl2. Subsequently, the remaining solution was basified using 50%
NaOH and extracted with CH2Cl2. The combined organic layers were
evaporated to give pale yellow solid. Crystallization from petroleum
ether/dichloromethane gave pale brown solid (0.38 g, 95%). 1H NMR
(400 MHz CDCl3): d=4.35 (br, 2H), 7.32 (dd, J=6.0, 4.8 Hz, 2H), 7.71
(s, 2H), 7.84 (ddd, J=7.7, 7.4, 1.8 Hz, 2H), 8.59 (d, J=8.0 Hz, 2H),
8.68 ppm (d, J=4.7 Hz, 2H); 13C NMR (100 MHz CDCl3): d=106.8,
121.3, 123.6, 136.8, 148.9, 154.6, 156.3, 156.5 ppm; MS: m/z 248.5
[M+H]+ .


Synthesis of N-terpyridyl glycine (7): A mixture of 4’-amino-2,2’:6’,2’’-ter-
pyridine (0.25 g, 1.2 mmol), ethyl glyoxylate (50% in toluene, 0.24 g,
1.2 mmol), water (1 mL), and concentrated HCl (1 mL) was allowed to
stand at 25 8C for 1 h in a hydrogenation bottle. Catalyst (100 mg of 10%
Pd on carbon) was added, and the mixture was hydrogenated on a low-
pressure reaction apparatus charged initially at 35 psi until no further ab-
sorption of hydrogen was evident (5 h). Water (3 mL) was added, and the
mixture was heated on a water bath to dissolve any white precipitate
formed during the reaction. Removal of the catalyst by filtration of the
warm mixture and evaporation of the filtrate gave the glycine hydro-
chloride as white solid. Concentrated HCl was added, and the residue
was heated at 60 8C for 20 min and then cooled to 0 8C. Collection of the
solid by vacuum filtration gave (0.18 g, yield 70%) of tan powder in its
HCl salt form. The HCl salt was treated with stoichiometric NaOH beads
to give compound 7. 1H NMR (HCl salt; 400 MHz, D2O): d=8.58 (d, J=
5.2 Hz, 2H), 8.35 (t, J=7.6 Hz, 2H), 8.28 (d, J=7.8 Hz, 2H), 7.82 (t, J=
6.4 Hz, 2H), 7.05 (s, 2H), 3.84 ppm (s, 2H); 13C NMR (100 MHz, D2O):
d=43.6, 108.6, 123.7, 127.9, 142.2, 145.6, 147.3, 156.5, 172.7 ppm; MS
(MALDI): m/z : 307 [M+1]+ , 306 [M]+ .


Synthesis of N-[4’-(2,2’:6’,2’’-terpyridyl)]fulleropyrrolidine (3): A mixture
of C60 (100 mg, 0.14 mmol), paraformaldehyde (21 mg, 0.7 mmol) and N-
terpyridylglycine (89 mg, 0.28 mmol) was heated at reflux in o-dichloro-
benzene (10 mL) under N2 for 5 h. The reaction mixture was purified by
flash column chromatography on silica (eluant: toluene, then toluene/
triethylamine 100:6), affording fulleropyrrolidine 3 (46 mg, 48%).
1H NMR (400 MHz, CDCl3): d=5.53 (s, 4H), 7.37 (ddd, J=6.1, 4.3,
1.1 Hz, 1H), 7.90 (ddd, J=7.9, 7.1, 1.4 Hz, 1H), 8.43 (s, 2H), 8.71 (d, J=
8.0 Hz, 1H), 8.72 ppm (dd, J=5.8, 1.4 Hz, 2H); 13C NMR (100 MHz,
CS2/CDCl3): d=61.5, 69.5, 107.8, 121.4, 123.8, 136.2, 136.5, 140.5, 142.1,
142.2, 142.3, 142.8, 143.3, 144.7, 145.4, 145.7, 145.8, 145.9, 146.2, 146.4,
147.5, 148.9, 154.0, 154.5, 156.3 ppm; MALDI-MS: m/z : 994.9 [M]+ .
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Synthesis of ruthenium complex 8 : Synthesis of complex 8 followed a
similar procedure reported by Diederich and co-workers.[3f] The yield of
this reaction was 49%. 1H NMR (500 MHz, CD2Cl2): d=5.79 (s, 4H),
7.10 (dd, J=6.1, 1.1 Hz, 2H), 7.17 (dd, J=5.8, 1.4 Hz, 2H), 7.26 (dd, J=
7.9, 1.4 Hz, 2H), 7.56 (d, J=7.5 Hz, 2H), 7.85 (m, 5H), 8.31 (m, 2H),
8.39 (s, 2H), 8.50 (m, 2H), 8.66 ppm (m, 2H); MALDI-MS: m/z : 1328.7
[M�2PF6]


+ , 1473.5 [M�PF6]
+ .


Synthesis of [Ru ACHTUNGTRENNUNG(tpy)ACHTUNGTRENNUNG(tpy-NH2)] ACHTUNGTRENNUNG[PF6]2 and [RuACHTUNGTRENNUNG(tpy)2] ACHTUNGTRENNUNG[PF6]2 : Synthesis of
the two compounds followed reported procedures.[13]


[(tpy)RuACHTUNGTRENNUNG(tpy-NH2)] ACHTUNGTRENNUNG(PF6)2:
1H NMR (500 MHz, MeOD): d=7.04 (ddd,


J=6.8, 4.2, 1.3 Hz, 2H), 7.22 (m, 4H), 7.51 (ddd, J=7.8, 7.4, 1.1 Hz, 2H),
7.80 (ddd, J=6.5, 5.3, 1.5 Hz, 2H), 7.88 (ddd, J=7.7, 7.1, 1.0 Hz, 2H),
7.92 (s, 2H), 8.29 (m, 3H), 8.54 (d, J=8.0 Hz, 2H), 8.80 ppm (d, J=
5.8 Hz, 2H).


[Ru ACHTUNGTRENNUNG(tpy)2] ACHTUNGTRENNUNG[PF6]2:
1H NMR (500 MHz, MeOD): d=7.35 (ddd, J=6.7, 4.2,


1.2 Hz, 4H), 7.73 (dd, J=6.0, 4.8 Hz, 4H), 8.10 (ddd, J=7.4, 7.0, 1.4 Hz,
4H), 8.60 (t, J=5.8 Hz, 2H), 8.82 (d, J=8.4 Hz, 4H), 9.09 ppm (d, J=
5.9 Hz, 4H); MALDI-MS: m/z : 567.4 [M�2PF6]


+ , 710.5 [M�PF6]
+ .
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Site-Selective Formation of Optically Active Inclusion Complexes of Alkoxo-
Subphthalocyanines with b-Cyclodextrin at the Toluene/Water Interface


Kenta Adachi and Hitoshi Watarai*[a]


Introduction


Cyclodextrins (CDs) are cyclic oligosaccharides commonly
consisting of six, seven, or eight a-d-glucopyranose units
bound by a ACHTUNGTRENNUNG(1–4) linkages that are named a-, b-, and g-cyclo-
dextrin, respectively. In particular, b-cyclodextrin (b-CD)
has an internal cavity shaped like a bottomless bucket of
about 8 # in depth and 6.0–6.5 # in diameter (the smaller
value is for the end with the primary hydroxy group (pri-
mary face) and the larger is for the end with the secondary
hydroxy group (secondary face)),[1–3] as shown in Scheme 1.
This cavity has a relatively low polarity and thus allows the
accommodation of organic guest molecules. For this reason,
CDs and their derivatives have been employed for funda-


mental studies in various fields, such as analytical chemis-
try,[4] synthetic chemistry,[5–8] and supramolecular science[9,10]


as well as for application development in pharmaceutical
technology, in which they are used in artificial enzymatic re-
actions,[11] molecular recognition,[12] chiral separation,[13] pho-
todynamic therapy,[14] and drug delivery.[15,16] Despite all this
research, the inclusion phenomena of CDs at the liquid/
liquid interface have received little attention to date.


Abstract: Several subphthalocyanine
derivatives that contain an alkoxo sub-
stituent as an axial ligand (RO-Subpc,
R = 9-anthracenemethyl, benzyl,
phenyl, 3,5-dimethylbenzyl, 3,5-dime-
thylphenyl, 4-methylbenzyl, and 4-
methylphenyl) were synthesized. The
formation of inclusion complexes of
RO-Subpc with b-CD in DMSO and at
the toluene/water interface was investi-
gated by UV/Vis absorption spectro-
scopy, induced circular dichroism
(ICD), and nuclear magnetic resonance
(NMR) measurements. Interfacial ten-
sion measurements suggested that b-
CD adsorbed as a monolayer at the tol-


uene/water interface and probably ori-
entated towards the toluene phase with
its primary face. The 1:1 composition
of b-CD·RO-Subpc inclusion com-
plexes was confirmed in DMSO and at
the toluene/water interface for BzO-
Subpc, PhO-Subpc, MeBzO-Subpc, and
MePhO-Subpc. A 2:1 inclusion com-
plex of AnO-Subpc formed in DMSO.
The observed ICD spectra of b-


CD·RO-Subpc inclusion complexes are
discussed with respect to molecular
modeling and the simulation based on
Tinoco–Kirkwood theory. Interestingly,
the ICD spectra of b-CD·BzO-Subpc
and b-CD·MeBzO-Subpc inclusion
complexes exhibited a negative sign in
DMSO and a positive sign at the tol-
uene/water interface. This reversal of
the ICD sign strongly suggests a differ-
ence in the structure of the inclusion
complexes: b-CD at the interface
formed the inclusion complex with its
primary face, whereas the secondary
face of b-CD bound favorably to RO-
Subpc in DMSO.
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Scheme 1. Schematic representation of the shape of the b-cyclodextrin
molecule with its cross-section on the right.
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In the past decade, we have investigated the adsorption
and aggregation behavior of some dye molecules and metal
complexes in the liquid/liquid system by means of various
techniques.[17] The liquid/liquid interface that forms between
two immiscible liquids is promising as a novel reaction field
because the interface is a two-dimensional liquid with a
thickness of a few nanometers.[18,19] This interface has some
specific functions that are not found in the bulk phases, such
as orientational adsorption, two-dimensional concentration,
and interfacial aggregation.[20,21] Molecular self-organization
and site-selective orientation at the liquid/liquid interface
are predominant motifs in the application of interfacial phe-
nomena for novel material design, biological systems, as
well as their related science and technology. For instance, as
dye molecules could be aligned as aggregates at the liquid/
liquid interface, they may be used as nanometer-sized mo-
lecular devices in which transition dipoles are oriented in
one direction. Moreover, it has been generally recognized
that the interfacial orientation of proteins at the cell mem-
brane governs functions such as molecular recognition and
energy or information transfer on or through the mem-
branes.[22] Therefore, the understanding of the mechanisms
of interfacial adsorption and the inclusion reaction of CDs is
very important for the development of material and life sci-
ences.


Subphthalocyanine (Subpc) is a macrocycle formed by
three coupled isoindole moieties that have a delocalized 14-
p-electron system and an axial ligand coordinated to the
central boron atom.[23,24] Recently, Subpcs have received
considerable attention because they are excellent building
blocks for the synthesis of asymmetric phthalocyanines[25]


and useful materials for crystalline liquid[26,27] and nonlinear
optics.[27–30] Native Subpc has a high molar absorptivity (e>
50 000) and a halogen atom bound to the central boron
atom, which is exchangeable with other nucleophiles. We
have synthesized several novel subphthalocyanine deriva-
tives with an alkoxo substitute at the axial position (RO-
Subpc; see Scheme 2) as candidate guest molecules for b-
CD.


In this study, the formation of inclusion complexes and
the orientation behavior of RO-Subpc with b-CD were in-
vestigated in DMSO and at the toluene/water interface. In-
duced circular dichroism (ICD) spectra of the inclusion
complexes were interpreted within the framework of the
Tinoco–Kirkwood theory,[31, 32] and the molecular modeling
calculation was used to assess the structures of b-CD·RO-
Subpc inclusion complexes in both systems. Experimental
results have revealed for the first time that the inclusion site
of b-CD for RO-Subpc is completely different at the liquid/
liquid interface than in the bulk solution.


Results and Discussion


Spectral characterization of RO-Subpc compounds : The ax-
ially alkoxo-substituted subphthalocyanines were synthe-
sized by the condensation of Cl-Subpc and the appropriate


alcohol (Scheme 2), by using the procedure developed by
Claessens et al.[33] with a slightly modified purification proc-
ess. The formation of alkoxo-subphthalocyanine was moni-
tored by the appearance of a new peak in the IR spectra at
�1370 cm�1, which was tentatively assigned to the stretching
vibration of B�O bonds in RO-Subpc.[34]


RO-Subpc compounds were highly soluble in dichlorome-
thane, chloroform, toluene, dimethyl sulfoxide (DMSO), tet-
rahydrofuran (THF), acetone, and pyridine, and slightly
soluble even in methanol and ethanol, but were insoluble in
acetonitrile. In addition, they were stable in those solvents,
except for aged DMSO and THF, in which they were
bleached after 1 h. Similar to the original Cl-Subpc, RO-
Subpc displays absorption bands in the UV (Soret band)
and visible (Q band) regions (Figure 1 and Figure S1 in the
Supporting Information). In the case of AnO-Subpc (Fig-


Scheme 2. Syntheses of subphthalocyanine derivatives with the alkoxo
substituent in the axial position.


Figure 1. Absorption spectra of a) AnO-Subpc and b) BzO-Subpc in tol-
uene at different concentrations: A) 2.0 K 10�5


m, B) 1.5K 10�5
m, C) 1.0K


10�5
m, D) 8.0K 10�6


m, E) 6.0K 10�6
m, F) 4.0 K 10�6


m, G) 2.0K 10�6
m.
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ure 1a), a new band between the Soret and the Q bands ap-
pears at about 330–400 nm. This smaller absorption band is
assigned to the 1La band of the anthracene moiety according
to PlattMs nomenclature.[35] Lambert–Beer plots for solutions
of AnO-Subpc and BzO-Subpc in toluene are linear over at
least 3 orders of magnitude in concentration (inset of
Figure 1), which rules out any aggregation in toluene. This
behavior is strikingly different from that of planner unsub-
stituted phthalocyanines, which show a high tendency to
form aggregates by p–p stacking.


Formation of an inclusion complex between b-CD and RO-
Subpc in DMSO : Typical examples are given in Figure 2,
which shows the sectional absorption and induced circular
dichroism (ICD) spectra of RO-Subpc in DMSO containing
various concentrations of b-CD. When b-CD was added to
BzO-Subpc solution, the Q band was shifted to a longer
wavelength, accompanied by the appearance of an isosbestic
point at 563 nm (Figure 2b). Other b-CD·RO-Subpc systems
showed similar spectral changes, (see the Supporting Infor-
mation) except for the b-CD·AnO-Subpc system. AnO-


Subpc exhibited a spectral change in the 1La band region
upon addition of b-CD, whereas the Q band did not shift
significantly (Figure 2a).


RO-Subpc compounds are inherently achiral and hence
no circular dichroism bands were observed in DMSO in the
absence of b-CD. In the presence of b-CD; however, BzO-
Subpc displayed a negative ICD spectrum in the Q band
region with the increase of b-CD concentration (Figure 2b).
In the case of AnO-Subpc also, a negative band with some
peaks was observed in the 1La band region, although no
ICD signals were shown around the Q band (Figure 2a).
Other RO-Subpc compounds showed similar circular dichro-
ism spectra with BzO-Subpc (see the Supporting Informa-
tion). The conformation of the b-CD·RO-Subpc inclusion
complex in DMSO will be discussed below on the basis of
these ICD spectral results.


All observed changes in the absorption and circular di-
chroism spectra indicated the formation of an inclusion
complex of b-CD with RO-Subpc in DMSO.[36] Inclusion of
the SubPc skeleton into b-CD is impossible because it is
much larger than the size of the b-CD cavity. Inclusion of
the alkoxo-substituent moiety, therefore, seems more rea-
sonable. To confirm the inclusion of an alkoxo group, we
performed 1H NMR measurements in the absence and pres-
ence of b-CD. Observed 1H NMR spectral data in
[D6]DMSO are listed in Table S1 in the Supporting Informa-
tion. The chemical shift of interior protons H3 and H5 of b-
CD moved upfield by Dd~0.009 ppm. In contrast to this fea-
ture, no change was observed in the chemical shift of the
proton H6, which is located near the rim of the primary
face. Furthermore, although the Subpc skeleton protons
were independent of the presence of b-CD, the alkoxo-sub-
stituent protons of RO-Subpc also shifted upfield (Dd~
0.010 ppm). 1H NMR signals of aromatic molecules are usu-
ally shifted upfield on inclusion in the cavity of CD.[37]


Therefore, the present results clearly indicated that the
alkoxo substituent was included in the b-CD cavity from the
secondary face, whereas the Subpc skeleton was exposed to
DMSO. Moreover, a comparison between the signals of the
ortho proton of the alkoxo substituent in the absence and in
the presence of b-CD (except for AnO-Subpc) showed that
chemical shift changes in (Me)2PhO-Subpc and (Me)2BzO-
Subpc were negligibly small compared to those of other
RO-Subpc compounds. This indicated that the (Me)2PhO
and (Me)2BzO moieties were inserted less deeply into the b-
CD cavity than BzO, PhO, MeBzO, and MePhO groups.[38]


Stability constant of b-CD·RO-Subpc inclusion complex in
DMSO : The formation of a 1:1 inclusion complex between
b-CD and aromatic compounds has been extensively report-
ed.[1–3, 39–45] Assuming the formation of a 1:1 b-CD·RO-Subpc
inclusion complex in the present systems also [Eq. (1)], we
analyzed the observed ICD spectral data by means of a
Benesi–Hildebrand-type equation [Eq. (2)]:[46]


b-CDþRO-Subpc
Kstb,1��! ��b-CD �RO-Subpc ð1Þ


Figure 2. Induced circular dichroism (top) and absorption (bottom) spec-
tra of a) AnO-Subpc and b) BzO-Subpc in DMSO at different concentra-
tions of b-CD: A) 5.0 K 10�4


m, B) 3.0K 10�4
m, C) 2.0K 10�4


m, D) 1.5K
10�4


m, E) 1.0K 10�4
m, F) in the absence of b-CD. [RO-Subpc] = 5.0K


10�6
m.
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1
I�I0


¼ 1
A
þ 1
AKstb,1½b-CD� ð2Þ


where Kstb,1 is the stability constant for the formation of the
1:1 b-CD·RO-Subpc inclusion complex and the constant is
defined as A = D[q] ACHTUNGTRENNUNG[RO-Subpc], in which D[q] and [RO-
Subpc] are, respectively, the change in the molar ellipticity
between the free and complexed RO-Subpc and the initial
concentration of RO-Subpc. I and I0 stand for maximum cir-
cular dichroism intensities in the presence and absence of b-
CD, respectively, and [b-CD] is the initial concentration of
b-CD. Equation (2) holds under the experimental conditions
of a higher concentration of b-CD than that of RO-Subpc
(at least 10 times). In the case of BzO-Subpc, the plot of 1/ACHTUNG-
TRENNUNG(I�I0) versus 1/ ACHTUNGTRENNUNG[b-CD] gave a straight line (Figure 3b), indi-


cating the formation of 1:1 inclusion complexes of b-
CD·BzO-Subpc. The Kstb,1 values were taken as the intercept
on the y axis. The 1:1 stoichiometric analysis was applicable
to all RO-Subpc systems, except for the AnO-Subpc system.


As for the b-CD·AnO-Subpc system, the plot according
to Equation (2) did not afford a straight line (not shown).
Therefore, the formation of the 2:1 b-CD·AnO-Subpc inclu-
sion complex [Eq. (3)] was postulated and the spectral data
was analyzed with Equation (4):


2 b-CDþRO-Subpc Kstb,2��!ðb-CDÞ2 �RO-Subpc ð3Þ


1
I�I0


¼ 1
A
þ 1
AKstb,2½b-CD�2 ð4Þ


where Kstb,2 is the stability constant for the formation of a
2:1 b-CD·RO-Subpc inclusion complex. Figure 3a exhibits
plots of 1/ ACHTUNGTRENNUNG(I�I0) against 1/ ACHTUNGTRENNUNG[b-CD]2 for AnO-Subpc solution
containing b-CD. This plot shows a good linearity, indicating
that the b-CD·AnO-Subpc inclusion complex has mainly a
2:1 stoichiometry in this system. The values of Kstb,n for all
b-CD·RO-Subpc systems examined are summarized in
Table 1. Moreover, we also obtained Kstb,n values from the
UV/Vis absorbance change. In the cases of (Me)2BzO-Subpc
and (Me)2PhO-Subpc, the stability constant, Kstb,1, could not
be obtained because the spectrum-shift upon addition of b-
CD was too small. The Kstb,n values obtained spectrophoto-
metrically are almost equal to those evaluated from the in-
duced CD intensity changes. However, the reliability of
Kstb,n values was better for those obtained from the CD in-
tensity than those obtained from the change in the UV/Vis
absorbance because the absorbance change was smaller than
the CD intensity change.


The stability constants between b-CD and various alkyl
benzene compounds have been reported in which the de-
creasing order of p-xylene> toluene>1,3,5-trimethylben-
zene was found.[47] This is in good agreement with the pres-
ent results for MeBzO-Subpc and MePhO-Subpc, containing
an aromatic ring with a methyl group in the para-position,
that showed large stability constants with b-CD molecule
which decreased in the order MeBzO-Subpc>BzO-Subpc>
(Me)2BzO-Subpc and MePhO-Subpc>PhO-Subpc>
(Me)2PhO-Subpc. From these results, it is concluded that
one methyl group in the para position of alkoxo substituents
can stabilize the inclusion complex with b-CD molecule,
while two methyl groups in the meta positions interferred
with deep insertion of the axial RO substituent into the b-
CD cavity from the secondary face side.


Figure 3. Benesi–Hildebrand plots for a) b-CD·AnO-Subpc and b) b-
CD·BzO-Subpc inclusion complex in DMSO. The solid line is the best fit
of the data to Equation (2) or (4). [RO-Subpc] = 5.0 K 10�6


m.


Table 1. Stability constants of b-CD·RO-Subpc inclusion complexes in DMSO and at the toluene/water interface.


Compound Host:Guest Kstb,1 ACHTUNGTRENNUNG[m
�1][a] Host:Guest K’stb,1 ACHTUNGTRENNUNG[m


�1][b]


ACHTUNGTRENNUNG(in DMSO) UV/Vis ICD (at the interface) HSS


AnO-Subpc 2:1 (2.53�0.53) K 104[c] (3.30�0.29) K 104[c] – –
BzO-Subpc 1:1 (1.57�0.63) K 103 (0.92�0.33) K 103 1:1 (3.24�0.13) K 105


PhO-Subpc 1:1 (1.20�0.55) K 103 (0.88�0.30) K 103 1:1 (2.01�0.43) K 105


(Me)2BzO-Subpc 1:1 – (0.40�0.11) K 103 – –
(Me)2PhO-Subpc 1:1 – (0.31�0.09) K 103 1:1 (3.79�0.09) K 105


MeBzO-Subpc 1:1 (2.23�0.77) K 103 (1.83�0.19) K 103 1:1 (2.24�0.07) K 105


MePhO-Subpc 1:1 (1.85�0.63) K 103 (1.69�0.22) K 103 – –


[a] Stability constant of the b-CD·RO-Subpc inclusion complex. [b] Interfacial stability constant of the bCD·RO-Subpc inclusion complex. [c] Kstb,2 ACHTUNGTRENNUNG[m
�2].
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Interfacial adsorption of b-CD at the toluene/water inter-
face : The equilibrium interfacial tension, g, in the toluene/
water system was measured with various concentrations of
b-CD in the aqueous phase, [b-CD]a (Figure 4). The rela-


tionship between g and [b-CD]a is thus expressed by Equa-
tion (5),[48,49]


g ¼ g0�aRT ln
�


1þK0CD½b-CD�a
a


�
ð5Þ


where g0 is the interfacial tension in the absence of b-CD R
is the gas constant, T is the absolute temperature, and a is
the interfacial saturated concentration. Equation (6) gives
K’CD, the interfacial adsorption constant of b-CD:


K0CD ¼
½b-CD�i
½b-CD�a


ð6Þ


[b-CD]i represents the interfacial concentration, and [b-
CD]a is the aqueous concentration. The values for K’CD and
a in Equation (5) were obtained from Figure 4 as 8.27 K
10�4 dm and 8.54 K10�9 moldm�2, respectively.


From the observed saturated interfacial concentration, the
area per molecule for b-CD was calculated to be �190 #2.
This area is almost equal to the vertical sectional area of the
b-CD molecule against the C7 axis (206 #2; incidentally, the
cross-sectional area along the C7 axis is estimated to be
155 #2). It is known that aromatic compounds such as ben-
zene, toluene, and xylene are well imbedded in the b-CD
cavity with little distortion of the macrocycle structure of b-
CD.[50,51] Therefore, it was concluded that b-CD was adsor-
bed at the toluene/water interface to form the inclusion
complex with a toluene molecule. Moreover, owing to the
higher hydrophobicity of the primary face (the number of
hydroxy groups on the primary face is 7, against 14 on the
secondary face), the primary face of b-CD may be adsorbed
at the toluene/water interface with the inclusion of a toluene
molecule inside the cavity.


Induced circular dichroism of b-CD·RO-Subpc inclusion
complexes at the toluene/water interface : The interfacial


formation of the optically active complex of b-CD with RO-
Subpc in the toluene/water system was directly observed by
means of centrifugal liquid membrane-circular dichroism
spectroscopy (CLM-CD),[52] in which CD spectroscopy is
combined the CLM method to measure CD spectra of the
interfacial species. The principle of the CLM technique was
described elsewhere.[53] Figure 5 shows the ICD spectra of b-


CD·RO-Subpc inclusion complexes at the toluene/water in-
terface. Although ICD spectra are observed in the Q band
region of the absorption spectra of RO-Subpc in toluene,
their signs are different: mainly positive for BzO-Subpc and
MeBzO-Subpc, but negative for PhO-Subpc and MePhO-
Subpc. In the case of other RO-Subpc compounds, no ICD
signal was observed in the toluene/water system. A particu-
larly interesting result is that the negative ICD spectra for
BzO-Subpc and MeBzO-Subpc in DMSO were reversed to
positive ones at the toluene/water interface. This indicates
that the configuration of b-CD·BzO-Subpc and b-CD·MeB-
zO-Subpc inclusion complexes in DMSO is different from
those at the interface. To check the LD effect in this system,
we also measured the LD spectra under the same sample
conditions as for the CD measurement. However, there was
no LD spectra in all cases, which led to the conclusion that
the CD spectra of the b-CD·RO-Subpc inclusion complex
molecules formed at the toluene/water interface did not in-
clude any LD contribution. This suggests their random ori-
entation on the lateral plane of the interface. The structure
of the b-CD·RO-Subpc inclusion complex at the toluene/
water interface will be discussed below, along with that in
DMSO.


We also performed the batch distribution examination for
the above four RO-Subpc compounds in the toluene/water
system (see the Experimental Section), then measured the


Figure 4. Lowering of interfacial tension owing to the adsorption of b-CD
in the toluene/water system at 25 8C. The solid line is the best fit of the
data to Equation (5).


Figure 5. Inversion of the induced circular dichroism spectra of the inter-
facial b-CD inclusion complexes of RO-Subpc in the toluene/water
system; a) BzO-Subpc (c) and PhO-Subpc (a); b) MeBzO-Subpc
(c) and MePhO-Subpc (a). [b-CD]a = 1.0K 10�4


m. [RO-Subpc]o =


2.0K 10�5
m.
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CD spectra of the separated toluene and aqueous phases to
check the solubility of b-CD·RO-Subpc inclusion complexes
in the toluene and aqueous phases; they did not show any
ICD signals. Therefore, it was confirmed that b-CD·RO-
Subpc inclusion complexes were formed only at the toluene/
water interface.


Because the concentrations of b-CD in the aqueous phase
(Figure 5) are similar to that of RO-Subpc in the toluene
phase, we could not estimate an interfacial stability constant,
K’cpx,n, and the stoichiometry of b-CD·RO-Subpc inclusion
complexes formed at the toluene/water interface according
to Equation (1) or (3). Thus, the composition ratio in b-
CD·RO-Subpc complexes was analyzed by means of an ICD
Job plot.[54] For this purpose, the maximum wavelength of
the complexation-induced circular dichroism spectrum was
plotted against the [RO-Subpc]o/ ACHTUNGTRENNUNG{[b-CD]a+ [RO-Subpc]o}
concentration ratios, keeping the sum of the initial concen-
trations of b-CD and RO-Subpc constant (= 2.0 K 10�5


m).
As shown in Figure 6, the continuous variation plots re-
vealed maxima at 0.5, indicating the formation of 1:1 com-
plexes for all BzO-Subpc, PhO-Subpc, MeBzO-Subpc, and
MePhO-Subpc systems. This stoichiometry was in good
agreement with that observed in DMSO.


Stability constant of b-CD·RO-Subpc inclusion complex at
the toluene/water interface : The high-speed stirring (HSS)
method[55] was used to determine the interfacial stability
constant, K’stb, of the b-CD·RO-Subpc inclusion complex.
From HSS measurements in the absence of b-CD, it was
confirmed that any RO-Subpc derivatives were not adsor-
bed at the toluene/water interface. On the other hand, in
the presence of b-CD in the aqueous phase, the RO-Subpc


concentration in the toluene phase was decreased by high-
speed stirring (5000 rpm), which correctly indicated the for-
mation of the b-CD·RO-Subpc inclusion complex at the tol-
uene/water interface. The difference between the absorban-
ces of the toluene phase under the high-speed (5000 rpm)
and low-speed (200 rpm) stirring conditions, DA, and the ab-
sorbance of the bulk toluene phase, Ao, under high-speed
stirring is expressed by Equations (7) and (8):


DA ¼ el½b-CD �RO-Subpc�i
Si


Vo
ð7Þ


Ao ¼ el½RO-Subpc�o ð8Þ


where e is the molar absorptivity of RO-Subpc in toluene,
l is the optical path length of the flow cell (1.0 cm), Si is the
total interfacial area during stirring, Vo is the volume of the
toluene phase, [RO-Subpc]o [m] is the concentration of RO-
Subpc in the toluene phase, and [b-CD·RO-Subpc]i


ACHTUNGTRENNUNG[mol dm�2] is the interfacial concentration of b-CD·RO-
Subpc inclusion complex at the toluene/water interface. The
total interfacial area, Si, in the toluene/water system was al-
ready reported to be 2.0 K 102 dm2.[56] The interfacial forma-
tion constant of the inclusion complex between RO-Subpc
and b-CD at infinitely diluted concentration [Eq. (9)] is de-
fined by Equation (10).


b-CDþRO-Subpc
K0 stb,l��! ��b-CD �RO-Subpc ð9Þ


K0stb,l ¼
½b-CD �RO-Subpc�i
½b-CD�i½RO-Subpc�o


ð10Þ


In the toluene/water system, the [b-CD·RO-Subpc]i values
of each RO-Subpc compound were determined by changing
the concentration of [RO-Subpc]o and keeping the b-CD
concentration fixed at 2.0 K 10�4


m. Only BzO-Subpc,
MeBzO-Subpc, PhO-Subpc, and MePhO-Subpc showed the
formation of an inclusion complex with b-CD at the inter-
face (Figure 7). The observed plots showed saturation
curves resembling a Langmuir adsorption isotherm. From
Equations (6) and (10), and the Langmuir adsorption iso-
therm of b-CD, we obtain Equation (11) for the interfacial
isotherm of b-CD·RO-Subpc inclusion complex.


½b-CD �RO-Subpc�i ¼
aK0CDK0stb,1½b-CD�a½RO-Subpc�o


ðaþK0CD½b-CD�aÞf1þK0stb,l½RO-Subpc�og
ð11Þ


The interfacial stability constant, K’stb,1, of the b-CD·RO-
Subpc inclusion complex was determined by means of a
nonlinear least-squares method according to Equation (11).
The values of K’stb,1 are also listed in Table 1. As can be seen
from Table 1, the RO-Subpc with the methyl group at the
para position of the alkoxo substituent afforded the higher
interfacial stability constants; K’stb,1 = (3.79�0.07) K 105


m
�1


for MeBzO-Subpc and K’stb,1 = (2.24�0.09) K 105
m
�1 for


MePhO-Subpc. This tendency was also observed in DMSO.
The values of the stability constant at the toluene/water in-


Figure 6. Job analysis of b-CD inclusion complex in the toluene/water
system; a) BzO-Subpc, b) MeBzO-Subpc, c) PhO-Subpc, and d) MePhO-
Subpc. The sum of the b-CD and RO-Subpc concentrations is 2.0K
10�5


m.
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terface were �30 K larger than those in DMSO, indicating
that the hydrophobic cavity of b-CD adsorbed at the tol-
uene/water interface could strongly incorporate RO-Subpc
compounds. More recently, Liu et al.[57] studied complexa-
tion between b-CD and various steroids. They concluded
that the stability constant of the b-CD·steroid inclusion com-
plex was enhanced by co-inclusion of an aromatic com-
pound. Because the b-CD molecule adsorbed at the toluene/
water interface is expected to include a toluene molecule,
the stability enhancement observed in the present study sug-
gested the favorable interaction between a co-included tol-
uene molecule and a RO-Subpc in b-CD.


Structure of the b-CD·RO-Subpc inclusion complex in
DMSO and at the toluene/water interface : Many ICD phe-
nomena of cyclodextrin-chromophore inclusion com-
plexes[58–62] have been analyzed with high accuracy on the
basis of the Tinoco–Kirkwood coupled oscillator expres-
sion[31, 32] [Eq. (12)] (see the Experimental Section). Equa-
tion (12) makes it possible to determine the orientation of
the chromophore molecule incorporated in the cyclodextrin
cavity from the sign of the ICD spectra of the inclusion
complex. Figure 8 shows the dependence of the rotational
strength of a chromophore, calculated with Equation (12),
upon the position and orientation of the electric transition
dipole on the C7 axis of b-CD, in which the origin of the C7


axis is the center of b-CD molecule. In the case of b-
CD·RO-Subpc inclusion complexes, the alkoxo substituent
of RO-Subpc is the only group incorporated into the b-CD


cavity. Consequently, the transition dipole of the Subpc skel-
eton is always located outside this cavity. Subpc has two
transition dipoles in the Q band, both in the same plane de-
termined by three meso-nitrogen atoms.[63] As can be seen
from Figure 8a, when the transition dipole of Subpc skeleton
is in the parallel (k ) or perpendicular (? ) position with re-
spect to the C7 axis on the primary face, an observed ICD
spectrum will give a negative or positive sign, respectively.
Conversely, on the secondary face, it shows just the reversed
situation. Additionally, the sign of ICD is reversed at a =


54.78, where a is the tilt angle defined between the transi-
tion dipole moment and the C7 axis of b-CD (Figure 8b). It
appears that the ICD sign is quite sensitive to the position
and orientation of the transition dipole of the Subpc skele-
ton.


Some probable structures with minimum energies in that
are consistent with the ICD spectral behavior of b-CD·RO-
Subpc inclusion complexes in DMSO and at the toluene/
water interface are shown in Figure 9. As can be seen, the
main difference between the interactions with the primary
and the secondary faces in the optimized structures is the
value of the tilt angle (a) of the Subpc skeleton. For the in-
clusion of BzO-Subpc at either the primary or the secondary
face of b-CD, the value of a is greater than 54.78 (Figure 9),
but for the inclusion of PhO-Subpc, values of a are 33.58


Figure 7. The interfacial equilibrium isotherm of b-CD·RO-Subpc inclu-
sion complex measured by means of the HSS method in the toluene/
water system. a) BzO-Subpc (*) and PhO-Subpc (~); b) MeBzO-Subpc
(*) and MePhO-Subpc (~). The solid line is the best fit of the data to
Equation (11). [b-CD]a = 2.0K 10�4


m.


Figure 8. The dependence of calculated rotational strength, R0a, of a b-
CD·chromophore inclusion complex against a) the position and b) the
orientation of the chromophore on the C7 axis of b-CD. a) Solid and
broken lines refer to the transition dipoles perpendicular (? ) and paral-
lel (k ) to the C7 axis, respectively. The gray zone represents the exclusion
region in b-CD for Subpc (�8 #). b) Solid and broken lines refer to the
position of the transition dipoles on the primary and secondary face, re-
spectively.
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and 70.58 for the primary and secondary faces, respectively.
These results are attributable to the tighter embracing of
the alkoxo substituent at the primary face (size: 6.0 #) of b-
CD than at the secondary face (6.5 #). ICD signals of these
optimized structures with minimum energies were estimated
by comparing their tilt angles (a) with the coupled oscillator
simulation according to the Tinoco–Kirkwood theory
(Figure 8). The calculated ICD signals around the Q band of
BzO-Subpc and PhO-Subpc bound with b-CD from the sec-
ondary face were both negative. These are in agreement
with the observed ICD signals in DMSO, indicating a “lid-
type” geometry for the inclusion complexes of BzO-Subpc
and PhO-Subpc from the secondary face of b-CD.[64] The
computed molecular structures indicated that BzO-Subpc
and PhO-Subpc were probably entering the b-CD cavity
from both the primary and the secondary faces. However, at
the toluene/water interface, the alkoxo substituent of BzO-
Subpc and PhO-Subpc may preferentially enter from the
primary face side of b-CD to form the inclusion complex be-
cause the interfacial tension measurement in the toluene/
water system suggested interfacial adsorption with the pri-
mary face of b-CD from the aqueous phase. The estimated
ICD spectra from optimized structures showed that the
signal in the Q band region of b-CD·BzO-Subpc and b-
CD·PhO-Subpc inclusion complex with the primary face was
positive and negative, respectively. This excellent agreement
between the experimental ICD signals in the CLM-CD
measurements and the estimated ones of the molecular


modeling suggested that the
BzO-Subpc and PhO-Subpc
molecules were preferentially
embraced by the primary face
of b-CD adsorbed at the tol-
uene/water interface.


The optimized molecular ge-
ometries for b-CD·MeBzO-
Subpc and b-CD·MePhO-Subpc
inclusion complexes showed
similar structural features and,
therefore, the same estimated
ICD signs to b-CD·BzO-Subpc
(primary face: positive ICD,
secondary face: negative ICD)
and b-CD·PhO-Subpc (primary
face: negative ICD, secondary
face: negative ICD), respective-
ly (see Figure S4 in the Sup-
porting Information).


The widths of (Me)2BzO-
and (Me)2PhO- substituents
have been estimated to be
about 6.3 #, which is larger
than the inner diameter of b-
CD at the primary face (6.0 #).
Actually, the computed struc-
tures confirmed that the
(Me)2PhO and (Me)2BzO moi-


eties can not enter from the primary face side, whereas it is
possible to form the inclusion complex with the secondary
face, yielding a negative ICD signal for the Q band (Fig-
ure S4 in the Supporting Information). A comparison of the
estimated ICD signals and the experimental one revealed
that (Me)2BzO-Subpc and (Me)2PhO-Subpc can form “lid-
type” inclusion complexes at the secondary face of b-CD in
DMSO, but cannot form any inclusion complex with the pri-
mary face of b-CD adsorbed at the toluene/water interface.


The structure with two b-CD molecules, which was com-
puted on the basis of the observed 2:1 composition for the
b-CD·AnO-Subpc inclusion complex, is shown in Figure 10.
The anthracene moiety is axially covered by the cavity of
two b-CD molecules and is fully embedded, whereas the
Subpc skeleton is located far from the C7 axis of the b-CD
molecule. This configuration seems reasonable because the
estimated ICD signal, which shows a negative sign at the
only 1La band, is in good agreement with that observed in
DMSO.


Conclusion


This study discovered the first example of the site-inversed
formation mechanisms of the inclusion complex of CD in a
bulk solution and at the liquid/liquid interface. Measure-
ment of the interfacial tension confirmed that b-CD was ad-
sorbed from the aqueous phase to the toluene/water inter-


Figure 9. Estimated energy-minimized structures of b-CD·BzO-Subpc and b-CD·PhO-Subpc inclusion com-
plexes from the primary face and secondary face. Hydrogen atoms are omitted for clarity.
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face following the Langmuir isotherm, where the primary
face was probably orientated toward the toluene phase. The
stoichiometry and stability of the inclusion complex between
b-CD and RO-Subpc in DMSO and at the toluene/water in-
terface have been analyzed by CLM-CD, the high-speed stir-
ring technique, and molecular modeling calculations. The
molar ratio of the b-CD·RO-
Subpc inclusion complex in
DMSO was 1:1, except for
AnO-Subpc (b-CD:AnO-Subpc
= 2:1). On the other hand, at
the toluene/water interface, b-
CD formed a 1:1 inclusion com-
plex with only four subphthalo-
cyanines, namely BzO-Subpc,
PhO-Subpc, MeBzO-Subpc,
and MePhO-Subpc. The struc-
tural information from the com-
puted modeling and the esti-
mated sign of the ICD signals
on the basis of the Tinoco–
Kirkwood theory could explain
the inversion of the ICD sign
observed for the complexation
of b-CD with BzO-Subpc and
MeBzO-Subpc in DMSO and
at the toluene/water interface,
where the axial substitutes were
accommodated by the secon-
dary face of b-CD in DMSO
and by the primary face at the
toluene/water interface. In all
RO-Subpc systems, the interfa-


cial stability constants in the toluene/water system were
�30 K larger than those in DMSO. The enhancement of the
stability of the inclusion complex at the toluene/water inter-
face may be ascribed to the co-inclusion of a toluene mole-
cule in b-CD. Scheme 3 illustrates a probable formation
model of b-CD·RO-Subpc inclusion complexes suggested by
the present study.


On the basis of the present study, we propose a novel con-
cept of the chirality control of molecules bound by CD at
the liquid–liquid interface, which should be very useful in
various fields, such as interfacial asymmetric synthesis, mo-
lecular recognition, and chiral discrimination chemistry.


Experimental Section


Unless otherwise specified, all measurements in this study were carried
out with a fixed ionic strength of 0.1m (1m = 1 mol dm�3, sodium sulfate)
at pH 6.0, adjusted with acetic acid/sodium acetate buffer, in a thermo-
stated room at 25�2 8C.


Materials : Chloroform, 1-chloronaphthalene, diethyl ether, dimethyl sulf-
oxide (DMSO), and toluene, purchased from Wako Pure Chem. Co. Ltd.
(Japan), were used as received, except for chloroform and toluene.
Chloroform was shaken three times with 2m (1m = 1 mol dm�3) potassi-
um hydroxide solution, followed by shaking 3K with water, dried over
calcium chloride, and then fractionally distilled. Toluene was purified ac-
cording to the reported method,[65] and then saturated with distilled
water prior to measuring the interfacial tension and the centrifugal liquid
membrane-circular dichroism (CLM-CD). b-Cyclodextrin, which was ob-
tained from Wako Pure Chem. Co. Ltd. (Japan), was recrystallized twice
from hot water. Other chemicals (reagent grade) were obtained from Na-
calai Tesque Inc., (Japan), Tokyo Kasei Kogyo Co., Ltd (Japan), or Al-
drich (USA), and were used as received without further purification. The


Figure 10. Estimated energy-minimized structure of the complex with a
2:1 stoichiometry between b-CD and AnO-Subpc. Hydrogen atoms are
omitted for clarity.


Scheme 3. Schematic illustrations of the possible conformations of b-CD·RO-Subpc inclusion complexes in
DMSO (top) and at the toluene/water interface (bottom). Trapezoids represent b-CD molecules (the shorter
and longer sides refer to the primary and secondary faces, respectively). The red arrows indicate the direction
of the transition dipole of Subpc skeleton.
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water used to prepare all samples was first distilled and then passed
through a Milli-Q system (Millipore, USA) to give a specific resistivity of
18.2 MWcm.


General procedure for the preparation of axially substituted subphthalo-
cyanine (RO-Subpc): The precursor chloro-[subphthalocyaninato]boron-
ACHTUNGTRENNUNG(iii) (Cl-Subpc) was prepared according to published proce-
dures.[23, 24, 29, 30, 33, 66] Axially substituted subphthalocyanine was prepared
by a modified procedure described in the literature.[29, 33, 66] A mixture of
the appropriate alcohol (1.5 equiv) and Cl-Subpc (1.0 equiv) in dry tol-
uene was heated at reflux and stirred vigorously under a nitrogen atmos-
phere for over 24 h. The mixture was allowed to cool and was then
evaporated to dryness under reduced pressure. The residue was parti-
tioned between water and chloroform and the aqueous layer extracted
with chloroform (3 K ). The combined organic layers were then dried and
evaporated to dryness. The crude product was purified as outlined in the
following.


9-Anthracenemethyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) (AnO-Subpc):
This was prepared from 9-anthracenemethanol and Cl-Subpc and purified
by column chromatography (silica gel, gradient of chloroform to 9:1
chloroform/methanol. The product was then recrystallized in methanol
by adding a minimum amount of acetone to give AnO-Subpc as a red-
dish-purple solid. Yield: 25.38 % with respect to Cl-Subpc; m.p. >250 8C;
TLC: Rf = 0.26 (chloroform); 1H NMR (300 MHz, CDCl3, 298 K): d =


5.43 (s, 2 H; O-CH2-An), 7.45 (dd, 2 H; H(2)), 7.56 (dd, 2H; H(3)), 7.86
(dd, 6 H; Ar), 8.00 (d, 2H; H(4)), 8.37 (d, 2H; H(1)), 8.43 (s, 1 H; H(5)),
8.80 ppm (dd, 6 H; Ar); FT-IR (KBr): ñ = 3207, 3051, 2907, 2853, 1773,
1749, 1445, 1376 ACHTUNGTRENNUNG(B-O), 1307, 1051, 978, 884, 732, 716, 649, 604 cm�1; UV/
Vis (toluene): l (loge ACHTUNGTRENNUNG[m�1 cm�1])= 564 (4.84), 522 (sh), 366 (4.01), 308
(4.52) nm; MALDI-TOF/MS: m/z : 602 [M]+ , 395 [M�AnO]+ [matrix:
a-cyano-4-hydroxycinnamic acid (a-CHCA)]; elemental analysis calcd
(%) for C39H23BN6O: C 77.75, H 3.85, N 13.95; found: C 78.13, H 4.04, N
13.57.


Benzyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) (BzO-Subpc): This was pre-
pared from benzyl alcohol and Cl-Subpc, and purified by column chro-
matography (silica gel, chloroform). The product was then recrystallized
in methanol by adding a minimum amount of diethyl ether to give BzO-
Subpc as a solid with a golden luster. Yield: 79.31 % with respect to Cl-
Subpc; m.p. >250 8C; TLC: Rf = 0.21 (chloroform); 1H NMR (300 MHz,
CDCl3, 298 K): d = 2.62 (s, 2H; O-CH2-Ph), 6.39 (dd, 2H; H(1)), 6.89
(dd, 2H; H(2)), 6.91 (dd, 1H; H(3)), 7.88 (dd, 6 H; Ar), 8.82 ppm (dd,
6H; Ar); FT-IR (KBr): ñ = 3059, 2922, 2856, 1615, 1455, 1430, 1375 (B�
O), 1288, 1195, 1157, 1131, 1105, 732, 697 cm�1; UV/Vis (toluene): l


(loge ACHTUNGTRENNUNG[m�1 cm�1])=561 (4.85), 519 (sh), 305 (4.50) nm; MALDI-TOF/MS:
m/z : 502 [M]+ , 395 [M�BzO]+ [matrix : a-cyano-4-hydroxycinnamic
acid (a-CHCA)]; elemental analysis calcd (%) for C31H19BN6O: C 74.12,
H 3.81, N 16.73; found: C 74.01, H 3.74, N 16.57.


Phenyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) (PhO-Subpc): This was pre-
pared from phenol and Cl-Subpc, and purified by column chromatogra-
phy (silica gel, chloroform). The product was then recrystallized in meth-
anol by adding a minimum amount of diethyl ether (minimum amount)
to give PhO-Subpc as a solid with a golden luster. Yield: 84.01 % with re-
spect to Cl-Subpc; m.p. >250 8C; TLC: Rf = 0.21 (chloroform); 1H NMR
(300 MHz, CDCl3, 298 K): d = 5.28 (dd, 2 H; H(1)), 6.58 (dd, 1 H; H(3)),
6.72 (dd, 2 H; H(2)), 7.90 (dd, 6 H; Ar), 8.81 ppm (dd, 6H; Ar); FT-IR
(KBr): ñ = 3059, 2928, 2856, 1594, 1491, 1459, 1430, 1373 (B�O), 1285,
1232, 1195, 1130, 1052, 768, 737, 696 cm�1; UV/Vis (toluene): l (loge
ACHTUNGTRENNUNG[m�1 cm�1])=562 (4.83), 520 (sh), 304 (4.45) nm; MALDI-TOF/MS: m/z :
790 [M]+ , 395 [M�PhO]+ [matrix : a-cyano-4-hydroxycinnamic acid (a-
CHCA)]; elemental analysis calcd (%) for C30H17BN6O: C 73.79, H 3.51,
N 17.21; found: C 74.01, H 3.74, N 17.57. These data are consistent with
literature values.[66]


3,5-Dimethylbenzyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) ((Me)2BzO-
Subpc): This was prepared from 3,5-dimethylbenzyl alcohol and Cl-
Subpc, and purified by column chromatography (silica gel, chloroform).
The product was then recrystallized into n-pentane from diethyl ether
(minimum amount) to give (Me)2PhO-Subpc as a solid with a golden
luster. Yield: 82.52 % with respect to Cl-Subpc; m.p. >250 8C; TLC: Rf


= 0.28 (chloroform); 1H NMR (300 MHz, CDCl3, 298 K): d = 1.92 (s,


6H; CH3), 2.46 (s, 2H; O-CH2-Ph), 5.91 (s, 2 H; H(1)), 6.43 (s, 1 H;
H(2)), 7.80 (dd, 6 H; Ar), 8.75 ppm (dd, 6 H; Ar); FT-IR (KBr): ñ =


3062, 2907, 2856, 1613, 1489, 1456, 1429, 1375 (B�O), 1285, 1232, 1194,
1173, 1159, 1132, 1105, 762, 740, 697 cm�1; UV/Vis (toluene): l (loge
ACHTUNGTRENNUNG[m�1 cm�1])=561 (4.87), 520 (sh), 306 (4.49) nm; MALDI-TOF/MS: m/z :
530 [M]+ , 395 [M�(Me)2BzO)]+ [matrix : a-cyano-4-hydroxycinnamic
acid (a-CHCA)]; elemental analysis calcd (%) for C33H23BN6O: C 74.73,
H 4.37, N 15.85; found: C 75.25, H 4.74, N 15.57.


3,5-Dimethylphenyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) ((Me)2PhO-
Subpc): This was prepared from 3,5-dimethylphenol and Cl-Subpc, and
purified by column chromatography (silica gel, chloroform). The product
was then recrystallized into n-pentane from diethyl ether (minimum
amount) to give MePhO-Subpc as a solid with a golden luster. Yield:
78.55 % with respect to Cl-Subpc; m.p. >250 8C; TLC: Rf = 0.29 (chloro-
form); 1H NMR (300 MHz, CDCl3, 298 K): d = 1.95 (s, 6H; CH3), 5.15
(s, 2 H; H(1)), 6.59 (s, 1H; H(3)), 7.81 (dd, 6 H; Ar), 8.78 ppm (dd, 6 H;
Ar); FT-IR (KBr): ñ = 3055, 2812, 1614, 1489, 1455, 1430, 1367 ACHTUNGTRENNUNG(B-O),
1287, 1230, 1194, 1171, 1157, 1130, 1104, 731, 695 cm�1; UV/Vis (toluene):
l (loge ACHTUNGTRENNUNG[m�1 cm�1])=563 (4.87), 520 (sh), 305 (4.47) nm; MALDI-TOF/
MS: m/z : 516 [M]+ , 395 [M�(Me)2BzO]+] [matrix : a-cyano-4-hydroxy-
cinnamic acid (a-CHCA)]; elemental analysis calcd (%) for
C32H21BN6O: C 74.43, H 4.10, N 16.28; found: C 74.75, H 4.34, N 16.25.


4-Methylbenzyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) (MeBzO-Subpc): This
was prepared from 4-methylbenzyl alcohol and Cl-Subpc, and purified by
column chromatography (silica gel, chloroform). The product was then
recrystallized into methanol from diethyl ether (minimum amount) to
give MePhO-Subpc as a as a solid with a golden luster. Yield: 84.03 %
with respect to Cl-Subpc; m.p. >250 8C; TLC: Rf = 0.24 (chloroform);
1H NMR (300 MHz, CDCl3, 298 K): d = 2.06 (s, 3H; CH3), 2.57 (s, 2 H;
O-CH2-Ph), 6.26 (d, 2H; H(1)), 6.70 (d, 2 H; H(2)), 7.86 (dd, 6 H; Ar),
8.80 ppm (dd, 6 H; Ar); FT-IR (KBr): ñ = 3056, 2908, 1614, 1456, 1429,
1369 ACHTUNGTRENNUNG(B-O), 1348, 1286, 1229, 1193, 1174, 1158, 1131, 1110, 761, 737,
696 cm�1; UV/Vis (toluene): l (loge ACHTUNGTRENNUNG[m�1 cm�1])= 562 (4.84), 519 (sh),
306 (4.50) nm; MALDI-TOF/MS: m/z : 516 [M]+ , 395 [M�PhO]+


[matrix : a-cyano-4-hydroxycinnamic acid (a-CHCA)]; elemental analy-
sis calcd (%) for C33H23BN6O: C 74.73, H 4.37, N 15.85; found: C 75.44,
H 4.44, N 16.07.


4-Methylphenyloxo[subphthalocyaninato]boron ACHTUNGTRENNUNG(iii) (MePhO-Subpc):
This was prepared from 4-methylphenol and Cl-Subpc, and purified by
column chromatography (silica gel, chloroform). The product was then
recrystallized into methanol from diethyl ether (minimum amount) to
give MePhO-Subpc as a as a solid with a golden luster. Yield: 79.31 %
with respect to Cl-Subpc; mp >250 8C; TLC: Rf = 0.27 (chloroform);
1H NMR (300 MHz, CDCl3, 298 K): d = 2.04 (s, 3 H; CH3), 5.15 (d, 2H;
H(1)), 6.51 (d, 2H; H(2)), 7.88 (dd, 6H; Ar), 8.82 (dd, 6 H; Ar); FT-IR
(KBr): ñ = 3053, 2972, 1509, 1457, 1431, 1366 (B�O), 1348, 1285, 1234,
1194, 1168, 1129, 1079, 1056, 765, 742, 692 cm�1; UV/Vis (toluene): l


(loge ACHTUNGTRENNUNG[m�1 cm�1])= 563 (4.83), 521 (sh), 302 (4.49) nm; MALDI-TOF/MS:
m/z : 502 [M]+ , 395 [M�MePhO]+ [matrix : a-cyano-4-hydroxycinnamic
acid (a-CHCA)]; elemental analysis calcd (%) for C31H19BN6O: C 74.12,
H 3.81, N 16.73; found: C 74.09, H 3.84, N 16.47.


Centrifugal liquid membrane-circular dichroism (CLM-CD) spectrosco-
py: Circular dichroism measurements of interfacial b-CD complexes
were performed on a spectropolarimeter (J-810E, JASCO, Japan) equip-
ped with a centrifugal liquid-membrane (CLM) cell in its sample cham-
ber.[52] The apparatus for the CLM-CD measurement was essentially the
same as that previously reported.[53] A cylindrical cell, whose height and
outer diameter were 3.3 and 2.1 cm, respectively, was placed horizontally
in the sample chamber and rotated at 10 000 rpm by a speed-controlled
electric motor (NE-22E, Nakanishi Inc., Japan). The sample chamber
was flushed with a constant stream of dry air to avoid an increase in tem-
perature by the electric motor of the CLM apparatus. The toluene solu-
tion of RO-Subpc and the aqueous solution of b-CD (each 0.500 mL)
were introduced into the cylindrical cell by means of a microsyringe. The
sum of the CD spectra of the bulk phases and the interface was measured
in the range of 300–650 nm. The aqueous and toluene phases with RO-
Subpc, but without b-CD, in the CLM cell was used for a baseline mea-
surement.
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Interfacial tension measurement: The interfacial tension, g, of a b-CD
monolayer at the toluene/water interface was measured by Wilhelmy bal-
ance technique with a 10.0 K 10.0 mm filter paper plate (Hybrid Instru-
ments Co., Japan). Into a glass sample tube (f = 30 mm), treated with
dichlorodimethylsilane for hydrophobic coating so as to make a flat tol-
uene/water interface and thermostatted with a water jacket at 25�0.1 8C
were added water (25 mL) and then toluene (25 mL). A measured small
volume of an aqueous solution of b-CD was added into the aqueous
phase with a microsyringe. This procedure was repeated to produce an
incremental increase in the concentration of b-CD. It took at least 1 h
before the interfacial tension reached equilibrium. The interfacial tension
was measured with a precision of �0.05 mN m�1.


Batch experiments : An aliquot (10 mL) of the aqueous solution contain-
ing 1.0K 10�4


m b-CD was transferred into a 50-mL cylindrical glass tube
with a stopper. After the addition of 1.0 K 10�5


m RO-Subpc in toluene
(10 mL), the mixture was agitated for 60 min at 200 reciprocation min�1


in a thermostated incubator (LT-10F SX, Taitec Corp., Japan) at 25�
0.1 8C. After the mixture was centrifuged at 2000 rpm for 5 min, the CD
spectra of the separated toluene and aqueous phases were measured.


High-speed stirring (HSS) method : The interfacial stability constant of
the b-CD·RO-Subpc inclusion complex was measured by means of the
high-speed stirring (HSS) technique.[55] The toluene phase (50 mL), con-
taining the dissolved RO-Subpc compounds, and the aqueous phase
(50 mL ), containing the b-CD, were vigorously agitated in a glass stirring
cell thermostatted with a water jacket at 25�0.1 8C at 5000 rpm (high-
speed stirring) by an electric motor (Nikko Keisoku SC-5, Japan), to gen-
erate a large interfacial area. After a few min, the speed was reduced to
200 rpm (low-speed stirring), to properly separate the two phases. The
bulk toluene phase was continuously separated from the agitated mixture
by a PTFE phase separator and circulated through a flow cell with an op-
tical pathlength of 10 mm at a flow rate of �20 mL min�1. The absorption
spectra of the toluene phase were continuously measured in the range l


= 300–650 nm with a photodiode-array UV/Vis detector (SPD-M6 A, Shi-
madzu, Japan). The quantity of interfacial b-CD·RO-Subpc inclusion
complex was calculated from the difference between the absorbances at
both stirring speeds.


Other apparatus : Melting points were determined on a MP-500D melting
point apparatus (Yanako, Japan) and were uncorrected. Column chroma-
tography was performed with Wakogel C-200 (silica-gel, Wako, Japan).
1H NMR spectra were recorded on a Unity 300 spectrometer (Varian,
USA). Chemical shifts of 1H NMR spectra are relative to an internal
standard of TMS. Elemental analyses were carried out with a CHNS/O
analyzer 2400 (Perkin-Elmer, USA). IR spectra (KBr disk) were meas-
ured with a MAGNA-IR 560 FT-IR spectrometer (Nicolet, USA).
MALDI-TOF mass spectra were obtained on a Voyager DE-Pro spec-
trometer (PerSeptive Biosystems, UK) with a-cyano-4-hydroxycinnamic
acid (a-CHCA) as a matrix. The pH of the aqueous phase was measured
with a F-14 pH meter (HORIBA, Japan) equipped with a 6366-10D glass
electrode. UV/Vis and CD spectra were recorded on a V-570 spectrome-
ter (JASCO, Japan) and J-810 spectropolarimeter (JASCO, Japan), re-
spectively.


Estimation of the induced circular dichroism spectra : Harata et al.[67, 68]


used the Tinoco–Kirkwood equation[31, 32] in a form that was suitable for
the calculation of the rotatory strength, R0a, of CD inclusion complexes
in the j-th transition from the ground state, 0, to an excited state, a
[Eq. (12)]:


R0a ¼ pnam
2
0a


X
j


n2
0jða33�a11ÞjðGFÞj


cðn2
0j�n2


aÞ
ð12Þ


where a11 and a33 represent bond polarizabilities at zero frequency, paral-
lel and perpendicular to the symmetry axis of the j-th bond, respectively,
c is the velocity of light, and n0j and na are frequencies of the electric
transitions of host and guest, respectively, that are located at a distance
rj. The geometrical factor, (GF)j, is defined in Equation (13):


ðGFÞj ¼
1
r3
j


�
e0aej�


3ðe0arjÞðejrjÞ
r2
j


�
e0aejrj ð13Þ


where, e0a and ej are unit vectors along the electric transition moment m0a


and parallel to the j�th bond, respectively. The origin of the system was
located in the center of b-CD molecule, while the z axis was the C7 axis
as shown in Scheme 1. The geometry of b-CD was determined from the
X-ray crystal data obtained from the Cambridge Crystallographic Data-
base. In accordance with the procedure recommended by Kodama
et al. ,[69] all the C6�O6 and O�H bonds were neglected owing to their
flexibility, and all C�H bonds were also neglected because they may have
isotropic polarizability. The averaged frequencies of the electric transi-
tions, n0j, and polarizability, a, of the bonds in a glucose residue were, re-
spectively, n0j : 70850 cm�1 for (C�C) and 67530 cm�1 for (C�O)), and
a33�a11; 0.71 #3 for (C�C) and 0.43 #3 for (C�O).


Molecular modeling : All molecular modeling calculations were carried
out on a DELL Pentium4 3.2 GHz personal computer operating under
Windows XP SP2. The MM2 force field[70] and the semiempirical PM3
method[71] implemented in HyperChem[72] were used. The geometry pa-
rameters of b-CD were taken from X-ray diffraction data in the Cam-
bridge Crystallographic Database. The structure of the RO-Subpc com-
pounds were built with HyperChem, and its geometry was then mini-
mized to attain the energy gradient of 0.1 kcal #�1 mol with the MM2
force field with the Polak–Ribiere (conjugate gradient) minimizer. The
results were used as initial structures for semiempirical SCF-MO calcula-
tions with the PM3 Hamiltonian. The geometry optimization was carried
out by with the Polak–Ribiere algorithm to a maximum energy gradient
of 0.05 kcal #�1 mol. The calculations were conducted as if the system
was in a vacuum. The conformation of b-CD/RO-Subpc complexes were
built by docking the structure of RO-Subpc compounds into the cavity of
b-CD and then minimizing the energy of the complex with molecular me-
chanics.[73, 74]
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Introduction


In the last three decades or so, materials science has devel-
oped into an interdisciplinary field that makes use of organ-
ic, polymeric, and even biological components in addition to
the classical metals and inorganics. One of the challenges
with this is to endow these materials with desirable or pre-
dictable properties such as luminescence, charge transport,
and macroscopic ordering in mesophases.[1–4] In recent years,
there has been a tremendous growth in these scientific areas
loosely described as materials science and supramolecular
chemistry. A wealth of fascinating molecular structures,
often involving interlocking complementary molecular moi-
eties, have appeared for possible use in the future develop-
ment of innovative miniaturized devices.[5,6] Numerous ex-
amples of supramolecular assemblies based on selective
metal-to-ligand interactions have been engineered with the
goal of forming beautiful and highly symmetrical structures.
Elegant strategies have been elaborated to build such as-
semblies and to provide examples of discrete and infinite
helical frameworks,[7] hydrogen-bonded[8] or p–p interacting


Abstract: A rational synthetic strategy
is developed to provide compact and
simple terpyridine (terpy) mesogens
that show liquid-crystallinity both as
pure compounds and in organic solu-
tion (amphotropic compound). The use
of a central 4-methyl-3,5-diacylamino-
phenyl platform equipped with two lat-
eral aromatic rings, each bearing three
appended aliphatic chains, allows con-
nection of a 2,2’:6’,2’’-terpyridine frag-
ment through a polar group such as an
ester, amide, or flat conjugated alkyne
linker. For the T12ester and T12amide
scaffolds, the mesophase is best descri-
bed as a lamellar phase, in which the
molecules self-assemble into columnar


stacks held together in layers. In the
T12amide case, the additional amide
link results in significant stabilization
of the lamellar phase. The driving
forces for the appearance of columnar
ordering are the hydrogen-bonding in-
teractions of the amide groups, which
induce head-to-tail p-stacking of the
terpy subunits. Replacing the polar
linker by a nonpolarized but linear
alkyne spacer, as in the T12ethynyl
compound, provides a columnar meso-


phase organized in a rectangular lattice
of p2gg symmetry. In this arrangement,
two nondiscotic molecules arranged
into dimers by hydrogen bonding and
p–p stacking pile up in a head-to-tail
manner to form columns. In addition,
the T12amide compound proves to be
an excellent gelator of cyclohexane,
linear alkanes, and DMSO. The result-
ing robust and transparent gels are bi-
refringent and formed by large aggre-
gates that are readily aligned by shear-
flow. TEM and freeze-fracture micro-
scopy reveal that the gels have an orig-
inal layered morphology made of
fibers.


Keywords: amphotropic · gelator ·
hydrogen bonds · liquid crystals ·
mesogenic ligand · terpyridine
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networks,[9] three-dimensional complexes displaying defined
channels,[10] cucurbituril assemblies,[11] highly symmetrical
coordination clusters,[12] and organometallic polymers.[13]


Many of the new inorganic supermolecules generated
over the last few years rely on the coordination of transi-
tion-metal cations to polypyridine fragments incorporated
into oligomeric ribbons or macroscopic loops.[14–16] By virtue
of forming relatively stable and well-defined complexes with
metal cations, such ligands have facilitated the assembly of
molecular double- or triple-stranded helicates,[17,18] cate-
nates,[19] ladders, and related exotic frameworks,[20, 21] some
of them exhibiting useful catalytic,[22] electronic,[23] or meso-
morphic[24] properties.


Along these lines 2,2’:6’,2’’-terpyridine (terpy) ligands are
particularly attractive because they can form stable com-
plexes with a variety of transition-metal salts.[25] The result-


ing complexes have many potential applications in fields
such as macromolecular chemistry, biochemistry, photophy-
sics, and nanoscience. In particular, terpy and its multiple
derivatives have been used advantageously as building
blocks for the engineering of novel supramolecular struc-
tures such as spiral lines,[26] dendrimers,[27] micelles,[28] poly-
mers,[29, 30] and liquid-crystalline soft materials.[31] Formation
of ordered architectures on surfaces,[32–34] functional molecu-
lar devices,[35] and biochemical applications[36] are particular-
ly challenging.


Ruthenium–terpy complexes have received much atten-
tion in the field of energy suppliers such as solar cells,[37] and
luminescence devices.[38,39] Immobilization of terpy ligands
and complexes on polymer resins could prove to be of im-
portance in the field of molecular catalysis.[40]


Although terpy ligands offer an enormous structural di-
versity and tunability in terms of potential properties, stabil-
ity, and processability, they also typically suffer from a lack
of predictability when mesomorphic matter has to be engi-
neered. Multiple strategies have been devised, some of
which try to combine a sufficient number of aliphatic chains
to control not only the shape and the amphipatic character
of the molecule but also the microsegregation process
during self-assembly into the mesophase. But this approach
remains empirical and lacks rationality. Up to now, only di-
nuclear metallomesogens involving segmented and bulky
terpy ligands appeared to behave as liquid-crystalline mate-
rials,[24] whereas the uncomplexed ligand has remained non-
mesomorphic.


One way to overcome these difficulties and to fill the gap
of mesomorphic terpy ligands is to engineer a system in
which additional intermolecular hydrogen-bonding vectors
would stabilize the mesophase.[41] We chose to synthesize
terpy platforms with 1,3-diacylaminobenzene scaffolds to
favor intermolecular hydrogen bonding. The introduction of
a methyl group bisecting the central phenyl cycle is motivat-
ed by the need to tilt the amide vectors out of the plane to
extend the dimensionality of the network. Recently, this ap-
proach was successfully applied to produce liquid-crystalline
phenanthroline ligands and complexes.[42] From a general
point of view acylamino platforms have previously been
identified as key elements for the production of liquid-crys-
talline materials and of efficient gelators of various organic
solvents.[43,44] Some of these gels seem to have great poten-
tial as functional soft materials.[45,46] The gelation of nematic
liquid-crystal phases through hydrogen bonding has previ-
ously been reported and the gels thus formed have proven
to be interesting as dynamic materials in electro-optic devi-
ces and as systems responsive to fast stimuli.[47,48] Recent
studies have described terpy-containing carboxylic acids that
form hydro-gels, in which hydrogen bonding is provided by
an electrostatic interaction induced by proton transfer from
the acidic to the basic nitrogen atoms of the terpy ligand.[49]


As observed in classical liquid-crystalline systems, the
shape of the rigid units plays a dominant role in the organi-
zation of the molecules during the microsegregation proc-
ess.[4,50–54] In our case, it is surmised that the connecting unit


Abstract in French: Ce travail d�crit une synth�se rationnelle
des tous premiers ligands m�sog�nes � base d’unit� terpyridi-
ne et montre que les propri�t�s thermotropes et lyotropes de
ces compos�s d�pendent notoirement du choix du connecteur
reliant l’unit� terpyridine � l’unit� structurante. L’utilisation
de l’unit� structurante 4-m�thyl-3,5-diacylaminoph�nyle �qui-
p�e de deux cycles aromatiques portant 3 cha&nes aliphatiques
permet en effet de connecter des sous-unit�s 2,2’:6’,2’’-terpyri-
dine par l’interm�diaire de groupes polaires tels qu’un ester
ou une fonction amide ou encore par le biais d’une conne-
xion apolaire lin�aire comme la liaison triple. La m�sophase
thermotrope obtenue dans le cas des compos�s T12ester et
T12amide est une phase lamellaire dans laquelle les mol�cules
sont organis�es par un r�seau de liaisons hydrog�ne en colon-
ne maintenue entre-elles par des interactions secondaires de
type p-p au sein des lamelles. Les forces motrices de cette or-
ganisation ont �t� �tudi�es par spectroscopie infrarouge et
par l’�tude fine de la structure cristalline d’un compos� parent
mod�le obtenu sur monocristal. L’introduction d’une fonction
amide suppl�mentaire, par le connecteur, r�sulte dans la sta-
bilisation notoire de cette organisation. Le remplacement des
connecteurs polaires par une liaison triple apolaire permet
d’obtenir une organisation mol�culaire diff�rente aboutissant
� la formation d’une m�sophase colomnaire de sym�trie rec-
tangulaire de type p2gg. Dans cet arrangement, deux mol�cu-
les, n’impliquant plus les mÞmes r�seaux de liaisons hydrog�-
ne et d’interactions de type p, forment des dim�res qui s’empi-
lent tÞte-bÞche pour former des colonnes. De plus, le compos�
portant trois fonctions amides s’av�re Þtre un excellent g�li-
fiant du cyclohexane, des alcanes lin�aires et du dim�thylsul-
foxide. Les gels obtenus, robustes et transparents, sont bir�-
fringents et constitu�s d’agr�gats pouvant Þtre align�s sous
�coulement. Des �tudes par microscopie �lectronique � trans-
mission effectu�es sur des gels dilu�s mais �galement des r�-
pliques m�talliques des gels obtenus apr�s cryofracture r�v�-
lent que la formation de ces gels provient de l’auto-organisa-
tion en solution de plans form�s par juxtaposition parall�le
de fibres.
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linking the terpy in the 4’-position of the central ring and
the 1,3-diacylaminobenzene will play a prominent role. The
use of an ester or an amide dipole will introduce a kink (A
and B), whereas a single nonpolarized triple bond will favor
a linear and flat arrangement of the subunits (C).[55] Notice
that in the case of the amide linker in B additional supramo-
lecular hydrogen bonding is expected to favor the stabiliza-
tion of the mesophase. The 4’-substitution position was tar-
geted to provide uncrowned ligands likely to p-stack in the
solid state.[56]


In this report, novel thermo-
tropic liquid-crystalline terpy
ligands are described and the
role of the linker (ester, amide,
and ethynyl) is emphasized in
light of the data obtained by
microscopy, microcalorimetry,
and X-ray diffraction.


Results and Discussion


Synthesis : The synthesis of the
Tnester ligands (n = 8, 12, 16)
was carried out by a conver-
gent strategy outlined in
Scheme 1. Starting from ethyl-
4-methyl-3,5-diaminobenzoate,
the amidation with 3,4,5-trial-
kyloxybenzoic acid chloride (n
= 8, 12, 16) and saponification
yielded the acid platform bear-
ing two amide functions. Six
long aliphatic chains were in-
troduced on the platform to
favor mesophase formation.
The key esterification step re-
quired cross-coupling between
this acid platform and the
4’-hydroxymethyl-2,2’;6’,2’’-
terpy[57] derivative in the pres-
ence of the chloride salt of 1-
ethyl-3-[3-(dimethylamino)pro-
pyl]carbodiimide (EDC·HCl),
under basic conditions provid-


ed by dimethylaminopyridine (DMAP). The trisamide deriv-
ative was prepared under similar conditions from 4’-amino-
methyl-2,2’;6’,2’’-terpyridine itself synthesized from 4’-
methyl-2,2’;6’,2’’-terpyridine[58–60]


With platforms bearing active functional groups such as
iodine,[61] introduction of 4’-ethynyl-2,2’:6’,2’’-terpyridine[62]


was realized in the presence of catalytic amounts of Pd0


(Scheme 2).[63]


Mesomorphic behavior of the novel terpyridine compounds :
The thermotropic behavior of the terpy ligands was studied
by combining thermogravimetric analyses (TGA), differen-
tial scanning calorimetry (DSC), polarized optical microsco-
py (POM), and small-angle X-ray scattering on powder sam-
ples (SAXS). These data are summarized in Table 1.


Tnesters : From TGA analyses, the degradation temperature
of the compounds was found to be above 225 8C. DSC anal-
yses showed that T8ester and T16ester ligands exhibit one
single reversible thermal transition at 215 8C and 205 8C, re-
spectively, whereas the T12ester ligand displays two reversi-
ble thermal transitions centered at 153 8C and 191 8C on the


Scheme 1. Reagents and conditions: i) anhydrous Na2CO3, acetone, reflux, 82% n = 8, 82% n = 12, 57% n
= 16; ii) KOH (50 equiv), THF/H2O (v/v), reflux, 85% n = 8, 82% n = 12, 73% n = 16; iii) EDC·HCl
(2 equiv), DMAP (1 equiv), CH2Cl2/THF, RT, 76% n = 8, 72% n = 12, 69% n = 16; iv) EDC·HCl
(2 equiv), DMAP (2 equiv), CH2Cl2, RT, 56%.
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first cooling curve (Figure S1, Supporting Information).
NMR experiments performed after the DSC measurements
revealed that the compounds did not degrade after several


temperature cycles up to
225 8C. For the T8ester and
T16ester compounds the single
transit was assigned to direct
melting into the isotropic
liquid at 215 8C and 205 8C for
the T8ester and T16ester li-
gands, respectively. X-ray dif-
fraction patterns obtained for
the T8ester and T16ester com-
pounds below these transition
temperatures displayed several
sharp peaks over the whole 2q
(18�2q�308) angular range
and confirmed their cristallini-
ty.


At temperatures above
191 8C the T12ester ligand is in
the isotropic fluid state. On
cooling from the isotropic
liquid, the material becomes
birefringent and fluid and
monodomains are observed in
the texture under polarized
light (Figure 1).


X-ray diffraction patterns
obtained for this compound
were recorded at various tem-
peratures above and below the
thermal transition at 153 8C on
cooling from the isotropic
melt. The X-ray pattern ob-
tained at 100 8C displayed a
diffuse and broad scattering
halo A, centered at 4.6 N in
the wide-angle region, indica-
tive of a liquid-like order of
the aliphatic chains and thus of
the fluid-like nature of the
phase (Figure 2). Two other
diffuse scattering halos associ-
ated with distances of about
7.6 and 3.8 N (halos B and C),
were also observed (halo C is
more visible after mathemati-
cal deconvolution of the scat-
tered halo A signal). In the
small-angle region, the XRD
pattern displayed three reflec-
tions in a 1:2:3 ratio, which
could be indexed as the 001,
002, and 003 reflections of a la-
mellar phase with a periodicity
d = 26.4 N. The scattering


corresponding to C is typical for face-to-face distances be-
tween flat aromatic units (here the terpys), the electron den-
sity modulation (diffuse band) being short-range. Moreover,


Scheme 2. Reagents and conditions: i) [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (6% mol.), (iPr)2NH, CuI (10% mol) THF, RT, 32%.


Table 1. Thermal behavior of the compounds and X-ray characterization of the mesophases.[a]


Compound Transition temperatures [8C]
(enthalpy ACHTUNGTRENNUNG[Jg�1])


dmeas


[N]
I 00l hk dcalcd


[N]
Mesophase
parameters
measured at
T


T8ester Cr 220 I
I 215 (�48.6) Cr


T12ester L1 162 (4.7) L2 196 (8.5) I 26.5 VS 001 26.4 T = 120 8C
13.2 M 002 13.2 d = 26.4 N


I 191 (�8.3) L2 153 (�5.6) L1 8.8 W 003 8.8 AM = 121 N2


7.6 M B
4.6 br A
3.8 br C


26.4 VS 001 26.4 T = 180 8C
7.5 br B d = 26.4 N
4.6 br A AM = 127 N2


3.8 br C
T16ester Cr 224 (70.8) I


I 205 (-54.7) I
T12amide L3 225 (21.8) I 26.3 VS 001 26.1 T = 120 8C


13.0 M 002 13.05 d = 26.1 N
I 225 (21.1) L3 8.7 W 003 8.7 AM = 123 N2


7.5 M B
4.6 br A
3.8 br C


T12ethynyl Cr 187 (20.8) PCr 193 (10.0) Colr 200 (21.0) I 32.0 VS 20 32.0 T = 198 8C
22.1 VS 11 22.1 a = 64.1 N
15.7 M 31 15.8 b = 23.6 N


I 194.5 (�21.9) Colr 174 (�12.2) PCr 150
(�7.0) Cr


11.7 M 12 11.6 Scol =


754.5 N2


11.1 M 22 11.0
7.7 M 42 7.7
7.3 M 23/


13
7.4


6.6 W 53 6.7
4.7 br A
4.2 br B


[a] dmeas and dcalcd are the measured and calculated diffraction spacing; I is the intensity of the sharp reflections
(VS = very strong, M = medium, W = weak); br is used for broad scattering halos; 00l and hk are the index-
ations of the reflections corresponding to lamellar and Colr phases; AM is the molecular area (AM = VM/d);
Scol is the columnar cross section area (Scol = 1/2ab); Cr = crystalline phase; I = Isotropic liquid, Colr = rec-
tangular columnar mesophase; PCr = poorly crystallized material; L = Lamellar phase. Definitions of dcalcd


and Vm are given in the Experimental Section.
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the presence of the diffuse halo B at 7.6 N (double perio-
dicity) further suggests a short-range, face-to-face, head-to-
tail stacking of the molecules, with the central amphipathic
4-methyl-3,5-diacylaminophenyl platforms pointing in oppo-
site directions. In other words, these diffuse signals indicate
the existence of short-range ordered columnar piling within
the layers. Considering the molecular shape and the occur-
rence of the diffuse scattering in the wide-angle region, mo-
lecular rotation is supposed to be hindered or greatly re-
stricted and is consistent with columnar piling of a dozen
molecules (this correlation length is extracted from halo B).


At 180 8C, the diffraction pattern has the same features
(Figure S3, Supporting Information) as those detected at
lower temperature in the L1 phase; the only difference is in
the small-angle region, where a single reflection was detect-
ed, suggesting a decrease in the molecular order within the
lamella (vide infra).


T12amide : TGA measurements performed on the T12amide
compound proved thermal stability up to 250 8C. DSC traces
displayed only one reversible transition at 225 8C in heating
and cooling cycles. XRD patterns obtained below 225 8C re-
vealed that this compound is also liquid crystalline because


they displayed a broad scattering halo (A) centered at
~4.6 N in the wide-angle region, while showing three reflec-
tions in the small-angle region (Figure 3). The broad halo A


corresponds to the average distance between the molten
chains bonded to the ligand. Two slightly less diffuse halos
B and C were also observed at 7.5 and 3.8 N and are attrib-
uted to some liquid-like correlations between neighboring
molecules, that is, head-to-tail, face-to-face stacking, as for
the T12ester described above. Three reflections were ob-
served in the small-angle region and indicate the long-range
positional ordering of large objects. The small-angle reflec-
tions could be indexed as the fundamental 001 for the sharp
and intense reflex and as the 002 and 003 higher-order re-
flections of a lamellar phase (d = 26.1 N at 120 8C). The
low intensity of the higher-order reflections 002 and 003,
close to the experimental detection limit, results in an appa-
rent broadening of the peaks. The texture observed by po-
larized optical microscopy below the transition temperature
is composed of growing monodomains characteristic of col-
umnar mesophases (Figure 4). Above 225 8C, this compound
is both fluid and isotropic. The phase transition therefore
corresponds to the isotropization of a lamellar liquid-crystal-
line phase and it appears that this compound is also liquid-
crystalline (single-phase) from room temperature to 225 8C.


The liquid-crystalline phase observed for the T12amide
compound from room temperature to 225 8C is similar to
that observed for the T12ester compound from room temper-
ature to 153 8C. On the basis of the DSC and POM analysis
and the XRD analysis, the liquid-crystalline phases observed
for T12ester and T12amide compounds can thus be identified
as lamellar mesophases constituted of layers containing
small columnar aggregates.[64] It also appears that the substi-
tution of the ester link by an additional binding amide
group helps in stabilizing the lamellar phase, as shown by an
increase of the isotropization temperature.


T12ethynyl : TGA measurements performed on this com-
pound proved its good thermal stability up to 250 8C. The


Figure 1. T12ester compound examined by optical microscopy between
crossed polarizers upon cooling (symbolized by the cross in the corner of
the picture) at 148 8C.


Figure 2. XRD pattern of the T12ester compound at 100 8C.


Figure 3. XRD pattern of the T12amide compound at 120 8C.
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DSC traces of the T12ethynyl displayed three reversible tran-
sitions. They are close together in the first heating curve but
become well separated on cooling, with an important super-
cooling effect for the low-temperature transitions (Figure S2,
Supporting Information). Above 200 8C, the compound ap-
pears fluid and isotropic between crossed polarizers. Cooling
from the isotropic liquid, the compound becomes birefrin-
gent, and a texture typical of a columnar phase with pseudo-
fan shapes is observed (Figure 5a). Between 174 8C and
150 8C, striations appear on the large oriented domains (Fig-
ure 5b). Below 150 8C, cracks indicative of a crystalline ma-
terial are observed (Figure 5c). The second heating curve is
identical to the first.


XRD measurements were performed on heating at varia-
ble temperatures between 180 and 200 8C by steps of 2 8C.
The crystalline nature of the low-temperature phase was
confirmed by the XRD patterns obtained below 187 8C,
which display sharp peaks in the wide- and small-angle re-
gions. In the temperature range between 187 and 193 8C,
sharp peaks were observed in the small-angle region togeth-
er with a structured broad scattering halo (A) centered at
4.7 N in the wide-angle region. The structure of this halo
corresponds to interference due to the long carbon chains,
typical of a poorly crystallized material. XRD patterns, ob-
tained in the 193–200 8C temperature range, displayed a
broad scattering halo centered at 4.7 N (halo A), which
proves the fluid-like nature of this phase. In the small-angle
region, several sharp peaks were observed, confirming the
two-dimensional liquid-crystalline nature of this high-tem-
perature phase (Figure 6). These peaks could be indexed in
the p2gg rectangular lattice as (hk) = (20), (11), (31), (12),
(22), (42), (23), (13), (33), (53) and thus the phase was as-
signed as a rectangular columnar mesophase (Colr) with lat-
tice parameters a = 64.1 and b = 23.6 N at 198 8C. The
halo centered at 4.2 N (halo B) can be attributed to a mean
distance between tilted molecules stacked on top of each
other along the columns.


Introduction of an ethynyl junction between the platform
and the terpy fragment made the polar part of the molecule


Figure 4. T12amide compound viewed by optical microscopy under
crossed polarizers (symbolized by the cross in the corner of the picture)
at 220 8C.


Figure 5. The T12ethynyl compound viewed by optical microscopy under
crossed polarizers upon cooling (symbolized by the cross in the corner of
the picture) at a) 193 8C, b) 165 8C, and c) 133 8C.


Figure 6. XRD pattern of the T12ethynyl compound at 198 8C.
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flatter. The angle constraint imposed by the ester and the
amide dipole in the Tnester and T12amide molecules is re-
moved and the molecule can orient the terpy and the central
phenyl of the platform in the same plane. However, the
more efficient stacking of the polar part of the molecule
also increases the rigidity of the system, as clearly shown by
the higher transition temperatures, the narrower tempera-
ture range of the mesophase, and the stabilization up to
187 8C of the crystalline phase compared to the ester and
amide derivatives.


FT-IR spectroscopy : IR spectroscopy is a powerful tool for
the study of hydrogen bonds and ordering of hydrocarbon
chains in various states of matter. In the present cases
(T12ester, T12amide, T12ethynyl), the frequencies of the
bands due to CH2 antisymmetric and symmetric modes (na-
ACHTUNGTRENNUNG(CH2) and nsACHTUNGTRENNUNG(CH2)) of the alkyl chains appear at about 2923
and 2852 cm�1 for all three compounds in the mesophase
and correspond to some ordering of the hydrocarbon chains
with an all-trans conformation.[65,66] However, in dilute
CHCl3 solution, these frequencies shift to 2933 and
2861 cm�1 for all three compounds.


From room temperature to the isotropic melt, all amide
dipoles are involved in hydrogen bonding, as clearly evi-
denced by the nNH and nCO stretching vibrations and dNH de-
formation vibration, which lie in the 3340–3200, 1678—1651,
and 1560–1515 cm�1 ranges, respectively.[67,68] Notice that
corresponding values for the free amides are at 3500–
3400 cm�1 for nNH, around 1680 cm�1 for nCO, and 1550–
1510 cm�1 for dNH.[68] For the T12ester and T12amide com-
pounds, the nNH bands located at 3331 and 3320 cm�1, re-
spectively, become stronger by cooling the isotropic melt to
room temperature. In the T12amide case, a broad single
stretching vibration at 1666 cm�1 was observed at 220 8C
whereas a splitting of this band at 1660 and 1641 cm�1 occur-
red at 58 8C. The most intriguing situation was found for the
T12ethynyl compound for which a very weak nNH band and a
large nCO band centered at 1665 cm�1 were found at 205 8C.
Upon cooling from the isotropic melt in the Colr mesophase
at 189 8C, a strong nNH band at 3207 cm�1 and a sharp nCO


band at 1637 cm�1 were found. The dNH deformation vibra-
tions were weak but observed in the mesophases at 1520,
1515, and 1507 cm�1 respectively for T12ester, T12amide, and
T12ethynyl.


These values are consistent with strong hydrogen bonding
involving the amide groups and the absence of free-bonded
amides suggests a well-organized state of matter. The high
stability and robustness of gels obtained in organic solvents
from the T12amide compound (vide infra) also suggest a hy-
drogen-bonded network. By dissolving the T12ester and
T12ethynyl compounds in CHCl3 (ca. 10�3


m) hydrogen bond-
ing is likely to be less effective, as confirmed by the nNH at
3427/8 cm�1, nCO at 1673/2 cm�1, and dNH at 1533/2 cm�1,
characteristic of free amide functions.[69] In marked contrast
with these results and in agreement with the increased sta-
bility of the mesophases provided by the T12amide material
is the fact that even at low concentration (<10�4


m in


CHCl3) hydrogen bonding is still evident (at 3320 cm�1 for
nNH, at 1660 cm�1 for nCO, and at 1517 cm�1 for dNH).


Molecular modeling : To rationalize the molecular organiza-
tion of these species, in particular within the lamellar meso-
phases observed for the T12ester and T12amide compounds, a
model inspired by the crystal structure of the homologue
TOMeester compound is proposed. Although the molecular
arrangement in the crystalline phase might be different from
that in the mesophase, there are nevertheless some features
in the mesophase reminiscent of the crystal packing, which
may be exploited. The formation of the benzyl amide frame-
work was understood by comparison with the crystal pack-
ing of a parent compound of the Tnester family in which the
six alkoxy terminal chains were replaced by four methoxy
groups in the 3,5 positions (TOMeester).[70a] This compound
crystallizes in the triclinic space group P1̄ with a = 8.809(3),
b = 12.032(5), c = 16.928(6) N, a = 79.47(3), b =


86.76(3), g = 82.48(3)8, and Z = 2.[70b] The TOMeester ligand
is nonplanar; the peripheral trisubstituted rings are almost
perpendicular to the central phenyl ring while the terpy sub-
unit is tilted by 648 with respect to the central core (Fig-
ure 7a). It should be noted that the two amide vectors point
in opposite directions, which would favor the formation of a
polymeric network. Two remarkable features are evident
from the packing of this compound. First, intermolecular hy-
drogen bonding[71] is responsible for the formation of a one-
dimensional supramolecular edifice (Figure 7b). The tight
hydrogen bonds connect the amide groups of a given mole-
cule L to its nearest neighbors on top L’ (NH···O
2.858(37) N) and bottom L’’ (NH···O 3.097(47) N) in a cen-
trosymmetric fashion. This strong stabilizing effect forces
the terpy fragments to swing out of the hydrogen-bonded
stacks. Also present are stabilizing interactions between the
almost parallel tetra-substituted phenyl cores with centroid-
centroid distances of L–L’ = 5.6 and L–L’’ = 3.9 N.


Second, another interesting feature of the molecular
structure is the p–p stacking of the terpy fragments, which
runs along the [100] direction between two adjacent one-di-
mensional, hydrogen-bonded networks. The standard distan-
ces between the terpy fragments in the one-dimensional p–p
stacks lie in the 3.7 (L–L’’) and 4.4 N (L–L’) range. This zip-
ping effect leads to the formation of planes strongly stabi-
lized by hydrogen-bonding networks and p–p stacking (Fig-
ure 7c).


As mentioned above, the molecule can form both hydro-
gen bonds through the amide groups and p-stacking through
the terpy units. In the crystal packing, a strong directional
hydrogen network is visible. Parallel pseudo-columns are
formed through the stacking of molecular units in a head-to-
tail fashion in order to optimize the hydrogen-bonding inter-
actions. The average distance between two neighboring moi-
eties is about 4.2–4.6 N, and that between two alternated
molecules corresponds to the a parameter of the triclinic lat-
tice, a = 8.8 N; the columnar axis is thus aligned along the
a-direction. These pre-existing pseudo-columns are held to-
gether in layers defined by the b and c parameters, an ar-
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rangement that arises from the interactions between pend-
ant terpy units along the c direction and between the dime-
thoxyphenyl rings along the b direction. Extrapolation of
this packing to describe the molecular organization of the
lamellar phase L1 in the T12ester mesophase thus seems
straightforward. Making the assumption that the pseudocol-
umns are still present, the two distances observed at 3.8 and
7.6 N at 120 8C or 3.8 and 7.5 N at 180 8C suggest an alter-
nated stacking of the terpy fragments reminiscent of the
crystalline structure. The chains are thus confined to the two
opposite quadrants perpendicular to the columnar hard
core, preventing the stacking of the trialkoxyphenyl units,
whereas the terpys occupy the free volume left and are still
available for p-stacking interactions. This particular organi-
zation allows for the lateral interactions of the columns,
which are forced to lie parallel and confined in well-defined
layers (Figure 8). The layers are separated from each other


by a dense aliphatic continuum that is responsible for the
loss of intercolumnar interactions in the third direction (b
direction), precluding a columnar phase with two-dimen-
sional symmetry. This arrangement is compatible with the
spacing periodicity deduced from XRD (26.0 N versus
32.0 N in the model) and is also in agreement with the mo-
lecular area (6R21 N2). In order to compensate the surface
generated by the formation of this rigid plane, the chains
ought to be in a very disordered state, likely with some in-
terdigitation. The formation of the L2 phase at higher tem-
peratures likely corresponds to the partial loss of such a mo-
lecular arrangement, which probably results from a decrease
of the stacking interactions and an increase of the molecular
diffusion owing to the thermal fluctuations and from the
larger volume required by the aliphatic chains.[72] The same
description can be used for the T12amide mesophase, which
exhibits the same structural features. Moreover, in view of


Figure 7. a) Molecular structure of the TOMeester ligand showing the atom-labeling scheme; b) central trimeric core, setting up the building block of the
supramolecular edifice. A single molecule L of TOMeester (x,y,z) is surrounded by two others (�x, 1�y, 1�z)] for L’ and (1�x, 1�y, 1�z) for L’’. The hy-
drogen bonds (dotted lines) centro-symmetrically connect the amide groups of L to L’ (NH···O = 2.858(37) N, NHO angle 147(1)8) and L“ (NH···O =


3.097(47) N, NHO angle = 135(1)8); c) Plane formed by a zipping effect, through p–p stacking between the terpy fragments, of columns of TOMeester li-
gands stabilized by hydrogen-bonded networks.
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this, it is now clear why the triamide derivative exhibits a
single lamellar phase (L3), the hydrogen-bonding interac-
tions being much stronger in this case than for the ester-dia-
mide compound, inhibiting a random stacking. This is clear-
ly confirmed by the FT-IR measurements in the various
states of matter (vide supra).


For the ethynyl derivative the columnar cross-section in
the Colr mesophase is not circular and the particular ar-
rangement of the elliptical columnar cross-sections leads to
a rectangular lattice. Such an elliptical shape can be generat-
ed if two molecules are arranged into head-to-tail dimers,
with the terpy unit now located in the same plane as depict-
ed in Figure 9a. These dimers stack on top of each other to
form columns but unlike the previous situation, the columns
do not possess any particular lateral registry, and these col-
umns are arranged into a rectangular lattice. The same types
of interactions are responsible for the formation of the mes-
ophase as for the ester and amide compounds: hydrogen
bonding and p–p stacking. Molecular dynamic calculations
confirmed that such dimers can be perfectly organized into
a rectangular lattice of p2gg symmetry with a = 64.1 N and
b = 23.6 N and an occupancy density of 0.9 (Figure 9b).


The proposed models of these novel, self-organized mate-
rials are in keeping with the attribution of the broad peaks
found in the X-ray diffraction patterns for T12ester and T12


amide (A: 4.6 N; B: 7.6 N; C: 3.8 N), as well as for
T12ethynyl (A: 4.7 N; B: 4.2 N). Of particular interest is
peak C, attributed to stacking of the terpyridine subunits as
unambiguously found in the molecular structure determined
by analysis of single crystals. The X-ray crystal structure
clearly shows the head-to-tail stacking of the terpyridine
units with a double distance corresponding to the antiparal-
lel stacking periodicity (expected, since the molecules are
not symmetrical). Therefore, it is reasonable to suppose that
the liquid-crystal mesophase of T12ester and T12amide com-
pounds partly retains some of the structural features of the
crystalline phase of the parent compound TOMeester. Owing
to the dynamics and the fluidity of the phase, the peaks are
broadened, which means that the order is short range. The


shift of the reflection in the case of the ethynyl compound
(peak B) to longer distances indicates a tilt of the molecular
plane (plateau) with respect to the axis of the columns. This
tilt also implies that the second harmonic is dramatically
weak and consequently not visible. This is a common obser-
vation in columnar liquid crystal phases.


Gelation properties of the T12amide compound : Since am-
phiphilic molecules built on a 1,3,5-benzenetricarboxamide
core are known to be good gelators for organic sol-
vents,[43,44, 73] the gelation abilities of the T12amide compound
were evaluated in various polar and nonpolar, protic and
nonprotic solvents. This terpy derivative induced gelation of
cyclohexane, linear alkanes from C6 to C12, and dimethyl
sulfoxide (DMSO). Robust and transparent gels were
formed in cyclohexane and in linear alkanes at 25 8C after
heating a mixture of the ligand and the solvent to form a ho-
mogeneous fluid solution. Upon cooling below the gelation
temperature, the complete volume of solvent is immobilized
and can support its own weight without flowing as shown in
Figure 10a. The organogels exhibited thermally reversible
sol/gel transitions. The minimum gelation concentrations ob-


Figure 8. Molecular modeling of the layer observed in the mesophases of
the T12ester and T12amide compounds, based on the TOMeester crystallo-
graphic structure.


Figure 9. a) Dimer constructed from two head-to-tail T12ethynyl mole-
cules; b) two-dimensional rectangular unit cell of p2gg symmetry built
with the head-to-tail dimer of the T12ethynyl compound (a = 64.1 N; b
= 23.6 N).
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served (MGC, hexane: 0.55% (w/w); cyclohexane: 0.55%
(w/w); dodecane: 0.44% (w/w); DMSO: 1.32% (w/w))
showed that these mesogenic ligands displayed good gelati-
on abilities, comparable to those already reported for other
low-molecular-weight organogelators.[74] The role of hydro-
gen bonding was confirmed by infrared spectroscopy experi-
ments performed with the cyclohexane gel. Two C=O
stretching bands were observed at 1641 and 1660 cm�1 and a
single NH stretching vibration at 3279 cm�1. These spectro-
scopic data are an unambiguous signature of hydrogen-
bonded amides inducing a hydrogen-bonded network. It
should be noted that transparent gels can also be formed
with the T12ester compound—but at higher concentration
(MGC, cyclohexane: 1.3% (w/w))—and that only turbid
gels are formed with the T12ethynyl compound.


Observations by optical microscopy between crossed po-
larizers proved that the gels of the T12amide compound are
strongly birefringent, which suggests that they form a lyo-
tropic liquid-crystalline phase (Figure 10b). SAXS experi-
ments were therefore performed with gels of the T12amide
compound in cyclohexane. The SAXS intensity was easily
observed, even at the rather low concentration of 12% (w/
w), and the SAXS pattern (Figure 11a) of a well-aligned
sample has an anisotropic “butterfly” shape. This pattern is
typical of a single domain of nematic phase comprised of
large aggregates aligned by the shear-flow that occurs when
the X-ray capillary is filled with sample. The scattered inten-
sity regularly decreases with increasing scattering angle,
which suggests that the aggregates are randomly located (no
positional order), since no diffraction peak can be detected.
In contrast, the SAXS pattern (Figure 11b) of a 21% (w/w)
mixture showed an anisotropic diffuse peak located at q =


0.134 N�1. The diffuse peak corresponds to a liquid-like
order of the aggregates with an average distance of 74 N be-
tween them. Even though this scattering data proves that
the mechanical properties of the gels arise from the exis-
tence of large aggregates, this data does not allow us to


identify their nature. More information can be obtained
from electron microscopy images of these gels (see below).
The SAXS pattern (Figure 11c) of a gel of even higher con-
centration, 38% (w/w), displays three sharp diffraction lines
at scattering vectors of 0.235 N�1, 0.404 N�1, and 0.47 N�1 in
ratios 1, 31/2, and 2. These diffraction lines prove that the
T12amide compound stacks in columns that self-assemble on
a hexagonal lattice with a parameter of a = 49 N at this
concentration. The gels thus clearly form a lyotropic hexag-
onal columnar mesophase.


TEM experiments were performed to examine the mor-
phology of these gel materials and the nature of the large
objects that induce the gelation. Images obtained from very
dilute solutions of T12amide ligand in cyclohexane (0.04%
(w/w)) dried onto a carbon-coated grid reveal the presence


Figure 10. a) Gelation test in cyclohexane of the T12amide compound in
cyclohexane (2.6% (w/w)). Gel formation is confirmed if the sample
does not flow in a few hours after the test tube is turned upside-down.
b) Texture of a gel of T12amide in cyclohexane (c = 20.85% ACHTUNGTRENNUNG(w/w)) ob-
served by optical microscopy between crossed polarizers (the black area
corresponds to an isotropic air bubble). The crossed polarizers are sym-
bolized by the white arrows in the top left corner of the picture.


Figure 11. SAXS two-dimensional scattering patterns obtained with gels
of the T12amide compound at various concentrations: a) 12% (w/w);
b) 21% (w/w); and c) 38% (w/w). The black arrows point to the diffrac-
tion lines.
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of very thin fibers (2 nm thick and several mm long) (long
arrow on Figure 12a). An interesting feature is that the di-
ameter of these fibers is monodisperse. The fibers also show
a tendency to associate locally to form sheets in this dried
state (short arrow). To directly examine the morphology of
these fibers in the gel state, freeze-fracture electron micro-
scopy (FFEM) experiments were performed on gels of the
T12amide compound in cyclohexane (C>0.55% (w/w)). In
the gels, a clear lamellar structure was observed, which con-
sists of extended layers (several micrometers) of less than
10 nm in thickness (Figure 12b). The organic layers regular-
ly stack to form large, randomly oriented lamellar domains.
Inside the layers fine striations are seen, which correspond


to the individual fibers observed in dilute solution (arrow)
in a highly compacted state. These fibers are self-assembled
into layers with a regular distance of 4 nm (Figure 12c). The
stars likely correspond to solvent areas trapped in between
the layers. It appears that the compound is not a classical or-
ganogelator for which the formation of a three-dimensional
network of entangled, fiber-like aggregates is responsible for
the immobilization of the solvent.[43, 44,73–75] These microscop-
ic observations reveal that the gel formation in this case
arises from the self-assembly of lamella in solution (lyo-
tropic system).


TEM experiments confirm the presence of large objects
in solution. Below the minimum concentration for gelation
(MGC), the formation of fibers, monodispersed in diameter,
prevails. Above the MGC, the aggregation of these fibers
into layers is responsible for gelation. The organization of
the layer observed in the gel is probably close to that of the
thermotropic mesophase of the T12amide compound. From
IR experiments, it was demonstrated that hydrogen-bonded
amides play a role in the gel formation. Comparison with
the thermotropic mesophase suggests that the fibers are de-
veloped through an extended one-dimensional network of
hydrogen bonds and these fibers are associated through p–p
stacking between the terpy fragments in solution to form
layers. TEM pictures obtained at various concentrations also
reveal that the compactness of the layer, that is, the distance
between the fibers, remains constant. Since the distance de-
termined by SAXS decreases when concentration increases,
the peak observed on the diffraction pattern can be associat-
ed to interference between the layers. The anisotropy of the
SAXS patterns corresponds to the alignment of the layers
along the flow, that is, the long axis of the capillary, induced
when the capillary was filled.[76] At high concentration,
when the interlayer distance is close to the distance between
the fibers within the layer (~4 nm), the packing of the layers
leads to the formation of a hexagonal array. These micro-
scopic observations and SAXS experiments reveal that the
formation of these gels is certainly induced by the self-as-
sembly of lamella stabilized by hydrogen bonding and p–p
stacking interactions as observed in the thermotropic liquid-
crystalline state.[77]


Conclusion


Our results show that substitution of terpy frameworks with
a 4-methyl-3,5-diacylaminobenzene core equipped with two
secondary amide functions, each carrying a phenyl ring with
three paraffin chains, induces the occurrence of liquid-crys-
talline properties. The nature of the group linking the terpy
to the platform and the length of the aliphatic chains play
crucial roles in the formation of the thermotropic mesophas-
es. For the Tnester family, the octyloxy and hexadecyloxy de-
rivatives were not mesomorphic, whereas the dodecyloxy
compound exhibited mesomorphism from room temperature
to 191 8C. Most significantly, the T12amide compound is mes-
omorphic from room temperature to 225 8C, extending the


Figure 12. a) Image obtained by TEM of a very dilute solution of the
T12amide compound in cyclohexane (c = 0.04% (w/w)) showing thin
fibers (2 nm thick and several mm long) (long arrow). The fibers show a
tendency to associate to form sheets (short arrow). The black dots visible
in the figure are the Pt particles seen at high magnification. b) Lamellar
structure as observed by FFEM of a gel of T12amide compound in cyclo-
hexane (c = 2.6% (w/w)). The observed layers display fine striations cor-
responding to the individual fibers observed in diluted solution (arrow)
in a highly compacted state. The stars point to solvent areas trapped be-
tween the layers. c) Image obtained by FFEM clearly showing the regular
aggregation of the fibers into layers (interfiber distance = 4 nm).
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mesomorphic domain by 34 8C. In the cases of the T12ester
and T12amide compounds, a lamellar phase containing col-
umnar aggregates was observed. Replacing the ester or
amide link by a triple bond in the T12ethynyl compound nar-
rowed the mesomorphic domain to 20.5 8C between 194.5
and 174 8C on cooling. X-ray scattering confirmed the exis-
tence of a columnar mesophase with rectangular symmetry.


Based on the crystal structure of a model compound
(bearing methoxy groups in place of the aliphatic chains),
we suggest that the lamellar mesophase of the T12ester and
T12amide derivatives is formed by an alternated organization
of the terpy subunits stabilized by p–p stacking interactions
and hydrogen bonding reminiscent of pseudocolumns, in
which all alkyl chains are pushed to both sides of the layer.
For the more rigid molecule bearing a conjugated ethynyl
spacer, the favorable orientations of the terpy and the cen-
tral phenyl in the same plane induce a spatial arrangement
involving head-to-tail dimers, elliptical in shape. Stacking
these dimers gives rise to the formation of columns. In all
three cases, the amide functions are clearly involved in a su-
pramolecular, hydrogen-bonded network, as deduced from
infrared studies and X-ray diffraction studies on single crys-
tals of a model compound. A remarkable feature of the
T12amide derivative is the gelation of hydrocarbon solvents
and DMSO. TEM measurements and SAXS experiments
reveal that this compound is not a classical organogelator;
instead, the gel is likely formed from one-dimensional swel-
ling of a lamellar phase. Furthermore, it appears that the su-
pramolecular organization in solution is reminiscent of the
lamellar organization of the pure compounds, combining hy-
drogen bonding between the amide functions and p–p stack-
ing interactions between the aromatic moieties of the mole-
cules. FFEM experiments allow us to conclude that the
layers are formed from self-assembled fibers.


The original design and synthesis of molecules (new
amino terpyridine) together with an interplay of crystal
structure, temperature-dependent infrared studies in the
bulk samples, X-ray diffraction in the solid and liquid-crys-
talline phases, molecular modeling, organogel formation
(SAXS on gels), lyotropic properties, and electron microsco-
py (freeze-fracture and classical TEM) allow us to present
these unconventional mesomorphic compounds. The multi-
disciplinary aspect of this work will be pursued further by
complexation of the empty coordination site with transition
metals in order to endow the resulting material with inter-
esting electronic or optical properties. Work is currently in
progress along these lines.


Experimental Section


General : The 300 and 200 (1H), and 75.47 MHz (13C) NMR spectra were
recorded at room temperature with perdeuterated solvents; residual pro-
tiated solvent signals provided internal references. Differential Scanning
Calorimetry (DSC) was performed on a Perkin–Elmer DSC-7 instrument
at a scanning rate of 10 Kmin�1. ThermoGravimetric Analyses (TGA)
were performed on an SDTQ 600 apparatus at a scanning rate of
10 Kmin�1 under argon. Phase behavior was studied by means of polar-


ized light optical microscopy (POM) on a Leitz microscope equipped
with a Mettler–Toledo FP80 hot-stage and an FP80 central processor. X-
ray scattering measurements were carried out with two different experi-
mental setups. In both cases, a linear monochromatic CuKa1 beam (l =


1.5405 N) was obtained using a sealed-tube generator (900 W) equipped
with a bent monochromator. In the first set, the transmission Guinier ge-
ometry was used, whereas a Debye—Scherrer like geometry was used in
the second experimental setup. In all cases, the crude powder was filled
in Lindemann glass capillaries of 1 mm diameter and 10 mm wall thick-
ness. Small-angle X-ray scattering experiments with gel samples were per-
formed with laboratory setups described in detail below. Samples were
held in cylindrical Lindemann glass capillaries of 1 mm diameter and
10 mm wall thickness. UV/Vis spectra were recorded using a UVIKON
940/941 dual-beam grating spectrophotometer (Kontron Instruments)
with a 1 cm quartz cell. FT-IR spectra were recorded using a Perkin–
Elmer “spectrum one” spectrometer on the neat liquids or thin films, pre-
pared with a drop of dichloromethane and evaporated to dryness on KBr
pellets. The molecular-modeling calculations were performed on an SGI
Origin 200 4 CPU computer and on an SGI Octane2 workstation using
the DISCOVER 3 molecular mechanics package from Accelrys (www.ac-
celrys.com) with the pcff force field. Transmission electron microscopy
(TEM) experiments were performed with a CM12 Philips microscope on
dilute solution deposited onto a carbon-coated grid and on metallic repli-
cas of the gels obtained by the freeze-fracture technique.


T12ester : 3,5-Bis(3,4,5-tridodecyloxybenzoylamino)-4-methyl benzoic acid
(0.500 g, 0.338 mmol), dimethylaminopyridine (DMAP) (0.041 g,
0.338 mmol), and distilled CH2Cl2 (20 mL) were introduced in a Schlenk
flask under argon. After complete solubilization of the acid under stir-
ring, 1-[3-(dimethyl-amino)propyl]-3-ethylcarbodiimide hydrochloride
(EDCI, 0.065 g, 0.338 mmol) and 4’-hydroxymethyl-2,2’;6’,2’’-terpyridine
(0.089 g, 0.338 mmol) were added to the clear solution. This mixture was
stirred at room temperature overnight. After removal of the solvent, pu-
rification of the product was performed by flash chromatography on
silica gel with CH2Cl2/MeOH (99:1 to 98:2), followed by crystallization
from CH2Cl2/CH3CN, yielding 0.420 g (72%). 1H NMR (CDCl3,
200 MHz): d = 0.87 (t, 3J = 6.3 Hz, 18H; CH3), 1.27 (m, 108H; CH2),
1.76 (m, 12H; CH2), 2.14 (s, 3H; CH3), 3.93 (m, 12H; OCH2), 5.42 (s,
2H; OCH2), 7.09 (s, 4H; H arom.), 7.30 (m, 2H; CH), 7.82 (td, 3J = 7.8,
4J = 1.8 Hz, 2H; CH), 8.11 (s, 2H; CH), 8.38 (s, 2H; CH), 8.59 ppm (m,
6H; CH+NH); 13C{1H} DEPT NMR (75.47 MHz, CDCl3): d = 14.02
(CH3), 14.10 (CH3), 22.69 (CH2), 26.10 (CH2), 29.38 (CH2), 29.46 (CH2),
29.63 (CH2), 29.67 (CH2), 29.70 (CH2), 29.73 (CH2), 29.77 (CH2), 30.36
(CH2), 31.93 (CH2), 65.25 (OCH2), 69.23 (OCH2), 73.48 (OCH2), 106.01
(CH), 119.21 (CH), 121.43 (CH), 123.90 (CH), 124.37 (CH), 136.82 (CH),
148.95 (CH), 127.81 (Cq), 128.88 (Cq), 133.93 (Cq), 136.86 (Cq), 141.51
(Cq), 146.96 (Cq), 153.11 (Cq), 155.66 (Cq), 155.81 (Cq), 165.20 (C=O),
166.31 ppm (C=O); IR (KBr): ñ = 3437 (nNH), 3261 (nNH), 2923
(nCH), 2853 (nCH), 1728 (nCOO), 1638 (nCO), 1617 (nCO), 1584 (nC=
C, nC=N), 1519 (dNH), 1490, 1468, 1426, 1407, 1384, 1337, 1275, 1263,
1235, 1214, 1114, 1072, 1041 cm�1; UV/Vis (CH2Cl2, 23 8C): lmax (e) =


277 (73700), 252 (66800 m
�1 cm�1); MS (FAB+ , mNBA): m/z (%):


1725.2 (100) [M++H]; elemental analysis calcd (%) for C110H173N5O10: C
76.56, H 10.11, N 4.06; found: C 76.41, H 10.02, N 3.98.


T12amide : A Schlenk flask equipped with a septum and an argon inlet
was charged with 3,5-bis(3,4,5-tridodecyloxybenzoylamino)-4-methylben-
zoic acid (0.35 g, 1.1 equiv, 0.23 mmol) in distilled CH2Cl2 (50 mL) and di-
methylaminopyridine (DMAP, 0.06 g, 2.2 equiv, 0.47 mmol), and the mix-
ture was stirred until the acid was completely dissolved. 1-[3-(dimethyl-
amino)propyl]-3-ethylcarbodiimide hydrochloride (EDCI, 0.09 g,
2.2 equiv, 0.47 mmol) and 4’-aminomethyl-2,2’;6’,2’’-terpyridine (0.06 g,
1 equiv, 0.21 mmol) were added to the clear solution, which was stirred
overnight. After evaporation of the solvent, purification was performed
by flash chromatography on silica gel with CH2Cl2/MeOH (99.9:0.1 to
98:2), followed by crystallization from CH2Cl2/CH3CN to yield 0.20 g
(56%). 1H NMR (CDCl3, 300 MHz): d = 0.89 (t, 3J = 4.5 Hz, 18H;
CH3), 1.26 (m, 108H; CH2), 1.72 (m, 12H; CH2), 2.21 (s, 3H; CH3), 3.95
(m, 12H; OCH2), 4.40 (d, 3J = 3.96 Hz, 2H; CH2), 7.20 (m, 6H; H
arom.), 7.66 (td, 3J = 7.7, 4J = 1.7 Hz, 2H; CH), 7.90 (s, 2H; CH), 8.01
(s, 2H; CH), 8.26 (d, 3J = 7.9 Hz, 2H; CH), 8.49 (d, 3J = 4.3 Hz, 2H;
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CH), 8.65 ppm (s, 3H; NH); 13C{1H} DEPT NMR (75.47 MHz, CDCl3):
d = 13.69 (CH3), 14.10 (CH3), 22.69 (CH2), 26.10 (CH2), 26.16 (CH2),
29.38 (CH2), 29.47 (CH2), 29.62 (CH2), 29.66 (CH2), 29.72 (CH2), 29.75
(CH2), 30.36 (CH2), 31.93 (CH2), 69.16 (OCH2), 73.43 (OCH2), 105.94
(CH), 119.14 (CH), 121.55 (CH), 123.09 (CH), 123.97 (CH), 136.85 (CH),
148.93 (CH), 128.82 (Cq), 132.00 (Cq), 137.02 (Cq), 141.27 (Cq), 148.66
(Cq), 152.24 (Cq), 153.08 (Cq), 154.98 (Cq), 155.53 (Cq), 165.88 (C=O),
168.02 ppm (C=O); IR (KBr): ñ = 3437 (nNH), 3271 (nNH), 2923
(nCH), 2853 ACHTUNGTRENNUNG(nCH), 1640 (nCO), 1584 (nC=C, nC=N), 1521 (dNH), 1494,
1468, 1426, 1406 (nCH2), 1384, 1334, 1263, 1232, 1115 cm�1; UV/Vis
(CH2Cl2, 23 8C): lmax (e) = 277 (107700), 252 (96600 m


�1 cm�1); MS
(FAB+ , mNBA): m/z (%): 1724.2 (100) [M++H]; elemental analysis
calcd (%) for C110H174N6O9: C 76.61, H 10.17, N 4.87; : C 76.52, H 10.04,
N 4.75.


T12ethynyl : A Schlenk flask was charged with 2,6-bis(3,4,5-tridodecyloxy-
benzoylamino)-4-iodo-toluene (0.500 g, 0.32 mmol), 4’-ethynyl-2,2’:6’,2’’-
terpyridine (0.082 g, 0.32 mmol), [PdACHTUNGTRENNUNG(PPh3)2Cl2] (0.014 g, 0.02 mmol),
THF (50 mL), and iPr2NH (5 mL). The mixture was thoroughly degassed
with argon. CuI (0.013 g, 0.06 mmol) was added and the mixture was stir-
red at room temperature for 24 h. The organic phase was filtered over
celite, washed with water (150 mL), and dried over MgSO4. After remov-
al of the solvent, chromatography on silica gel treated with triethylamine
(cyclohexane/CH2Cl2, gradient from 80:20 to 0:100) afforded the pure
compound (0.170 g, 32%). 1H NMR (200.1 MHz, CDCl3): d = 0.87 (m,
18H; CH3), 1.1–1.6 (m, 108H; CH2), 1.7–1.9 (m, 12H; CH2), 2.24 (s, 3H;
CH3), 4.02 (t, 3J = 6.05 Hz, 12H; OCH2), 7.13 (s, 4H), 7.32 (m, 2H), 7.67
(s, 2H), 7.84 (td, 3J = 7.7 Hz, 4J = 1.7 Hz, 2H), 8.04 (s, 2H), 8.48 (s,
2H), 8.56 (d, 3J = 7.8 Hz, 2H), 8.67 ppm (d, 3J = 4.0 Hz, 2H); 13C{1H}
DEPT NMR (75.47 MHz, CDCl3): d = 13.5 (CH3), 14.1 (CH3), 22.7
(CH2), 26.1 (CH2), 29.4 (CH2), 29.6 (CH2), 29.7 (CH2), 30.4 (CH2), 31.9
(CH2), 69.4 (OCH2), 73.6 (OCH2), 106.0 (CH), 121.2 (CH), 122.9 (CH),
123.9 (CH), 125.6 (CH), 136.8 (CH), 149.2 (CH), 87.8 (Cq), 92.9 (Cq),
120.87 (Cq), 128.0 (Cq), 129.1 (Cq), 133.2 (Cq), 136.7 (Cq), 141.7 (Cq),
153.3 (Cq), 155.5 (Cq), 155.7 (Cq), 165.9 ppm (C=O); IR (KBr): ñ =


3400 (nNH), 3194 (nNH), 2915, 2852, 1638 (nCO), 1607, 1583, 1517
(dNH), 1493, 1467, 1426, 1391, 1337, 1264, 1233, 1114, 1067, 1041 cm�1;
UV/Vis (CH2Cl2, 23 8C): lmax (e) = 254 (53910), 284 (77110 m


�1 cm�1);
MS (FAB+ , mNBA): m/z (%): 1691.2 (100) [M++H]; elemental analysis
calcd (%) for C110H171N5O8: C 78.10, H 10.19, N 4.14; found: C 77.90, H
9.83, N 3.93.
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Photochromic Reactions of Diaryl ACHTUNGTRENNUNGethenes in Single Crystals with
Inter ACHTUNGTRENNUNGmolecular O�H···N Hydrogen-Bonding Networks


Masakazu Morimoto and Masahiro Irie*[a]


Introduction


Photochromism is defined as a photoinduced reversible
transformation between two isomers that have different ab-
sorption spectra.[1] Photochromic compounds have attracted
much attention because of their potential applicability to
opto-electronic or photonic devices, such as optical-memory
media and optical switches.[2] Several compounds that show
photochromic reactivities in the crystalline phase have also
been reported.[3–11] However, in most of these compounds,
photogenerated colored isomers in the crystals are thermally
unstable, and the colored crystals return to their initial col-
orless forms in the dark. This thermal instability is a serious
drawback for practical applications.
Recently, we developed diarylethene single crystals that


undergo thermally stable and fatigue-resistant photochromic
reactions.[12–21] Upon irradiation with UV light, the diaryle-
thene molecules in the single crystals undergo photocycliza-
tion to yield corresponding closed-ring isomers, and the col-
orless crystals turn yellow, red, blue, or green, depending on
the chemical structures of the molecules. These colors are


thermally stable and do not fade in the dark. Upon irradia-
tion with visible light, the colored crystals return to their ini-
tial colorless forms. Coloration/decoloration cycles can be
repeated many times by alternate irradiation with UV and
visible light.[13b] In addition, the photochromic diarylethene
crystals exhibit characteristic properties that reflect both
their crystal and molecular structures. The photogenerated
colored crystals exhibit dichroism under polarized light,
which originates from the regular alignment of molecules
within the crystals.[13] The accumulation of molecular struc-
tural changes accompanying the reactions induces photore-
versible, nanoscale morphological changes in the crystal sur-
faces.[18] Photocyclization and photocycloreversion quantum
yields strongly depend on the molecular conformations in
the crystals.[19] Photochromic diarylethene crystals have po-
tential for applications to photoactive devices, such as three-
dimensional optical-memory media,[17,22] optical switches,[23]


color displays,[20] and photodriven nanoactuators.[18] For
these applications, however, rational strategies for the pre-
cise control of crystal structures and photochromic proper-
ties of diarylethene crystals must be established.
In crystal engineering,[24] the essential tools to design and


construct desired structures are intermolecular noncovalent
bonds, such as hydrogen bonds,[25] metal-coordinating
bonds,[26] and aromatic–aromatic interactions.[27] The hydro-
gen-bonding interaction has been recognized as one of the
most useful tools to construct various types of supramolecu-
lar architectures of organic molecules, because of its compa-
rative robustness, directional-specific character, and diversi-


Abstract: The crystal structures and
photochromic performance of a single
crystal of a diarylethene derivative pos-
sessing carboxyl groups, 1,2-bis(5-car-
boxyl-2-methyl-3-thienyl)perfluorocy-
clopentene (1a), and cocrystals of 1a
with 4,4’-, 2,4’-, and 2,2’-bipyridines
were examined. In crystal 1a, a dis-
crete cyclic structure was observed, in
which four 1a molecules are linked


through hydrogen bonds between the
carboxyl groups. In the homocrystal,
photoreactive and photoinactive con-
formers of 1a exist in the ratio of 1:1.
In the cocrystals of 1a with bipyridines,


O�H···N-type hydrogen bonds between
1a and pyridyl groups were formed,
and all 1a molecules are fixed in a pho-
toreactive conformation. Both the ho-
mocrystal 1a and the cocrystals showed
photochromic performances, and color
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was observed, depending on the con-
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molecules.
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ty. Here, we report the development of a crystal-engineering
strategy for photochromic diarylethenes based on intermo-
lecular hydrogen-bonding interactions. A diarylethene deriv-
ative 1 possessing two carboxyl groups at the 5-positions of
thiophene rings was synthesized (Scheme 1). This diaryle-


thene is anticipated to form hydrogen bonds between the
carboxyl groups in the homocrystal and to cocrystallize with
compounds that possess pyridyl groups by intermolecular
O�H···N-type hydrogen-bonding interactions.[28] Such inter-
actions are useful for the hybridization of different types of
functional molecules into a crystal. We prepared a single
crystal of 1a and cocrystals of 1a with 4,4’-, 2,4’-, and 2,2’-bi-
pyridines (4,4’-bpy, 2,4’-bpy, and 2,2’-bpy; Scheme 1), and
examined their crystal structures and photochromic per-
formance.


Results and Discussion


Photochromism of 1 in solution : Figure 1 shows absorption
spectral changes of 1 in acetonitrile. The acetonitrile solu-
tion of the open-ring isomer 1a
was colorless; 1a has no ab-
sorption in the visible region.
Upon irradiation with UV light,
the colorless solution turned
violet. This color change indi-
cates that 1a underwent a pho-
tocyclization reaction to form
the closed-ring isomer 1b by
UV irradiation. The colored
isomer 1b was isolated by
HPLC, and its molecular struc-
ture was characterized by NMR
spectroscopy, mass spectrome-
try, and absorption-spectral
measurement. Isomer 1b has an
absorption maximum at 586 nm
in the visible region and this
compound was thermally stable


in the dark (see Supporting Information). Upon irradiation
with visible light (l>450 nm), the violet solution of 1b was
completely bleached, and the absorption spectrum returned
to that of 1a. The coloration/decoloration cycles could be
repeated many times by alternate irradiation with UV and
visible light. The conversion ratio from 1a to 1b by irradia-
tion with 300 nm light was 90%, as determined from the ab-
sorption spectral change shown in Figure 1. Thus, the diary-
lethene 1 underwent the thermally irreversible and photo-
chemically reversible photochromic reactions.


Single crystal of 1a : Upon slow evaporation of an acetoni-
trile solution of 1a, colorless single crystals were obtained.
The X-ray analysis of the crystal was performed to deter-
mine the crystal structure. The crystallographic data are
listed in Table 1. The crystal has a triclinic crystal system,
and the space group is P1̄. The crystal contains not only 1a
molecules, but also acetonitrile molecules, which were used
as the crystallization solvent. Two 1a molecules and one
acetonitrile molecule are crystallographically independent,
and four 1a molecules and two acetonitrile molecules are in-
cluded in a unit cell. Figure 2a shows the ORTEP drawing


Scheme 1. Diarylethene 1 (1a : open-ring isomer, 1b : closed-ring isomer)
and bipyridines 4,4’-bpy, 2,4’-bpy, and 2,2’-bpy.


Figure 1. Absorption spectra of diarylethene 1 in acetonitrile (3.5M
10�5m): 1a (g), 1b (c), and 1 in the photostationary state under
ACHTUNGTRENNUNGirradiation with 300 nm light (b).


Table 1. Crystal data for crystals 1a, 1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy.


1a 1a·4,4’-bpy 1a·2,4’-bpy 1a·2,2’-bpy


formula (C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C2H3N)


(C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C10H8N2)2· ACHTUNGTRENNUNG(CHCl3)


(C17H10F6O4S2)·
ACHTUNGTRENNUNG(C10H8N2)· ACHTUNGTRENNUNG(H2O)


(C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C10H8N2)· ACHTUNGTRENNUNG(C2H3N)3


formula weight 953.79 1344.48 630.57 1192.09
T [K] 123(2) 123(2) 123(2) 173(2)
crystal system triclinic monoclinic monoclinic triclinic
space group P1̄ C2/c P21/c P1̄
a [N] 8.6813(16) 32.497(12) 13.837(6) 13.757(5)
b [N] 15.432(3) 6.560(3) 17.399(8) 14.835(5)
c [N] 16.190(3) 27.587(10) 11.553(5) 15.571(5)
a [8] 67.980(3) 90 90 65.960(4)
b [8] 85.426(3) 101.033(6) 108.329(7) 77.956(5)
g [8] 77.874(3) 90 90 64.847(5)
V [N3] 1965.9(6) 5772(4) 2640(2) 2624.7(15)
Z 2 4 4 2
1calcd [gcm


�3] 1.611 1.547 1.586 1.508
goodness-of-fit on F2 1.043 1.087 1.041 1.029
data/restraints/parameters 7851/0/559 5944/9/430 5914/0/391 10232/1/723
R1 [I>2s(I)] 0.0350 0.0739 0.0340 0.0678
wR2 (all data) 0.0985 0.1881 0.0948 0.1933
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of the crystallographically asymmetric unit. In the crystal,
two different types of conformers of 1a exist. The one (con-
former A) is fixed in a photoreactive antiparallel conforma-
tion, and the other (conformer B) is fixed in a photoinactive
parallel conformation.[29] It has been proved that the photo-
chromic reactivity of diarylethene derivatives in the single-
crystalline phase is controlled by the molecular conforma-
tions in the crystals.[19] If the molecule is fixed in an antipar-
allel mode and the distance between reacting carbon atoms
on the aryl rings is less than 4.2 N, the molecule undergoes
the photocyclization reaction.[19c] The photocyclization reac-
tion does not proceed from the parallel conformation.[13b]


Figure 2b and c show detailed views of the conformers A
and B, respectively. The conformer A has an antiparallel
conformation, and the distance between reactive carbon
atoms, C1 and C10, is 3.56 N, which is short enough for the
photocyclization reaction to take place in the crystalline
phase.[19c] On the other hand, the conformer B has a photoi-
nactive parallel conformation, and the distance between re-
active carbon atoms, C18 and C27, is 4.52 N. The ratio of
the conformers A to B is 1:1, therefore, only 50% of the di-
arylethene molecules in the crystal can undergo photochro-
mic reactions.


In addition, a unique molecu-
lar assembly was observed in
crystal 1a, as shown in Figure 3.
Four 1a molecules are linked
by hydrogen-bonding interac-
tions between the carboxyl
groups to form a discrete mac-
rocyclic structure. Two of the
participating molecules are the
photoreactive antiparallel con-
former A, and the other two
are the photoinactive parallel
conformer B. The interaction
motif of the carboxyl groups is
the same as that observed in
the benzoic acid dimer.[30]


Cocrystals of 1a with bipyri-
dines : Diarylethene 1a possess-
ing two carboxyl acid groups is
anticipated to form stoichio-
metric cocrystals with bipyri-
dine derivatives through inter-
molecular O�H···N-type hydro-
gen-bonding interactions.[28]


Cocrystallization with different
molecules may change the mo-
lecular conformation, the mo-
lecular packing structure, and
the photochromic performance
of the diarylethene. We at-
tempted to prepare cocrystals
of 1a with 4,4’-, 2,4’-, and 2,2’-
bipyridines (4,4’-bpy, 2,4’-bpy,


and 2,2’-bpy) and examined the crystal structures and photo-
chromic performance of the crystals.
A 1:1 (molar ratio) mixture of 1a and 4,4’-bpy was dis-


solved in chloroform, and the solution was recrystallized by
slow evaporation of the solvent. Colorless crystals with a


Figure 2. ORTEP drawings for crystal 1a : 1a and acetonitrile molecules in the asymmetric unit (a), detailed
views of the photoreactive antiparallel conformer A (b) and the photoinactive parallel conformer B (c) of 1a.
The ellipsoids are drawn at 50% probability level.


Figure 3. Hydrogen-bonding network in crystal 1a. Red dotted lines indi-
cate O�H···O hydrogen-bonding interactions.
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platelike shape were obtained. The X-ray crystallographic
data of the crystal are listed in Table 1. The unit cell is mon-
oclinic C2/c, which is different from that of crystal 1a. One
1a molecule, one 4,4’-bpy molecule, and one half of a
chloroform molecule (crystallization solvent) are crystallo-
graphically independent, and the unit cell includes eight 1a
molecules, eight 4,4’-bpy molecules, and four chloroform
molecules. The crystal is composed of 1a, 4,4’-bpy, and
chloroform in the molar ratio of 2:2:1. Figure 4 shows the
ORTEP drawing of the asymmetric unit in the crystal. The
1a molecule has a photoreactive antiparallel conforma-
tion,[29] and the distance between reactive carbon atoms, C1
and C10, is 3.51 N, which is short enough for the photocycli-
zation reaction to take place in the crystalline phase.[19c]


Figure 5 shows a hydrogen-bonding network in cocrystal
1a·4,4’-bpy. An infinite linear-chain structure is observed, in


which 1a and 4,4’-bpy molecules are linked alternately
through O�H···N-type hydrogen bonds between the carbox-
yl groups of 1a and the nitrogen atoms of 4,4’-bpy. Notably,
all 1a molecules in this cocrystal are fixed in a photoreactive
antiparallel conformation.
An acetonitrile solution containing 1a and 2,4’-bpy in the


molar ratio of 1:1 afforded, upon slow evaporation of the
solvent over a period of several days, colorless single crystals
with a platelike shape. The crystallographic data of the crys-
tal are shown in Table 1. The crystal has a unit cell of mono-
clinic P21/c. One 1a molecule, one 2,4’-bpy molecule, and
one water molecule are crystallographically independent.
Acetonitrile molecules are not incorporated in this crystal.
The unit cell includes four molecules of each component in
the molar ratio of 1:1:1. The ORTEP drawing of the asym-
metric unit is shown in Figure 6. The 1a molecule adopts a


photoreactive antiparallel conformation,[29] and the distance
between reactive carbon atoms, C1 and C10, is 3.44 N. The
molecule meets the requirements for the photocyclization
reaction to take place in the crystalline phase.[19c]


Figure 7 shows a hydrogen-bonding network in the cocrys-
tal 1a·2,4’-bpy. Unlike cocrystal 1a·4,4’-bpy, a two-dimen-
sional hydrogen-bonding sheet, in which 1a, 2,4’-bpy, and
water molecules are involved, is observed. In this sheet, 1a
and water molecules are linked alternately through O�
H···O-type hydrogen bonds to form one-dimensional chain
structures. Furthermore, these linear chains are connected
by O�H···N-type hydrogen bonds between 2,4’-bpy and 1a
or water to form the two-dimensional sheet. The 4-position
nitrogen of the pyridyl ring is an acceptor for the carboxyl
group of the 1a molecule, whereas the 2-position nitrogen
accepts the hydroxyl group of the water molecule. In this
hydrogen-bonding sheet, all 1a molecules are fixed in a pho-
toreactive antiparallel conformation.
A cocrystal of 1a and 2,2’-bpy was prepared by recrystalli-


zation of a 1:1 (molar ratio) mixture of the components
from acetonitrile. Colorless crystals with a platelike shape


Figure 4. ORTEP drawing for cocrystal 1a·4,4’-bpy. The ellipsoids are
drawn at 50% probability level.


Figure 5. Hydrogen-bonding network in cocrystal 1a·4,4’-bpy. Blue dotted
lines indicate O�H···N hydrogen-bonding interactions.


Figure 6. ORTEP drawing for cocrystal 1a·2,4’-bpy. The ellipsoids are
drawn at 50% probability level.


Figure 7. Hydrogen-bonding network in cocrystal 1a·2,4’-bpy. Red and
blue dotted lines indicate O�H···O and O�H···N hydrogen-bonding inter-
actions, respectively.
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were obtained. The X-ray crystallographic data of the crys-
tal are listed in Table 1. The unit cell of the crystal is triclinic
P1̄. Two 1a molecules, one 2,2’-bpy molecule, and three ace-
tonitrile molecules are crystallographically independent. The
crystal comprises 1a, 2,2’-bpy, and acetonitrile in the molar
ratio of 2:1:3. Figure 8 shows the ORTEP drawing of the
asymmetric unit in the crystal. Both of the 1a molecules in
the asymmetric unit are fixed in the photoreactive antiparal-
lel conformation,[29] and the distances between reactive
carbon atoms are 3.57 N (C1 and C10) and 3.56 N (C18 and
C27), which are short enough for the molecules to undergo
photocyclization reactions.[19c]


Figure 9 shows a hydrogen-bonding network in cocrystal
1a·2,2’-bpy. The 1a molecules are linked through S-figured
O�H···O-type hydrogen-bonding interactions between the
carboxyl groups to form a parallel double-chain structure.
The 2,2’-bpy molecules bind to the double chain through O�
H···N-type hydrogen-bonding interactions. The 2-position ni-
trogen atoms on the 2,2’-bpy molecule are fixed in a syn
conformation, and they face in the same direction. One of
the nitrogen atoms acts as a hydrogen acceptor, but the
other is not involved in the hydrogen bond. The bipyridine
molecules break the hydrogen-bonding network in this crys-
tal. It seems that the steric crowding around the nitrogen


atoms hinders the formation of infinite hydrogen-bonding
networks. All 1a molecules in the cocrystal are fixed in a
photoreactive antiparallel conformation, as observed in coc-
rystals 1a·4,4’-bpy and 1a·2,4’-bpy. Cocrystallization with the
bipyridine derivatives increased the proportion of photo-
reactive conformers in the crystals to 100%.


Photochromism of single crystal 1a and cocrystals with bi-
pyridines : The single crystal of 1a and the cocrystals of
1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy underwent photo-
chromic reactions. Upon irradiation with 370 nm light, crys-
tals 1a, 1a·4,4’-bpy, and 1a·2,2’-bpy turned bluish violet, on
the other hand, crystal 1a·2,4’-bpy turned cyan. The absorp-
tion spectra of the colored crystals are shown in Figure 10.


The absorption maxima of crystals 1a, 1a·4,4’-bpy, and
1a·2,2’-bpy are located at 600 nm, whereas that of crystal
1a·2,4’-bpy is shifted by as much as 30 nm to a longer wave-
length of 630 nm. The photogenerated colors were thermally
stable in the dark (see Supporting Information), and com-
pletely bleached by irradiation with visible light (l>
450 nm).
To analyze the origin of the shift in absorption spectra,


the photogenerated colored crystals were dissolved in aceto-
nitrile, and absorption spectra of the solutions were com-
pared. All solutions gave maximum at 586 nm, which is
identical to that of the closed-ring isomer 1b. This indicates
that the color of the crystals is ascribed to 1b. The color var-
iation is attributed to the difference in molecular conforma-
tion of the diarylethene in the crystals.[19d] The absorption
spectrum is considered to reflect the p-conjugation length of
the photogenerated closed-ring isomer 1b in the crystals.
Figure 11 shows the molecular structures of 1a in crystals
1a, 1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy. Parts a, b, and d
of this figure (especially side views) show that the carbonyl
groups of 1a in crystals 1a, 1a·4,4’-bpy, and 1a·2,2’-bpy, re-
spectively, tilt against the molecular planes. On the other
hand, in crystal 1a·2,4’-bpy (Figure 11c), one of the carbonyl


Figure 8. ORTEP drawing for cocrystal 1a·2,2’-bpy. The ellipsoids are
drawn at 50% probability level.


Figure 9. Hydrogen-bonding network in cocrystal 1a·2,2’-bpy. Red and
blue dotted lines indicate O�H···O and O�H···N hydrogen-bonding inter-
actions, respectively.


Figure 10. Absorption spectra of photogenerated colored crystals of 1a
(a), 1a·4,4’-bpy (b), 1a·2,4’-bpy (c), and 1a·2,2’-bpy (d).
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groups (C17=O3) has a coplanar conformation with respect
to the molecular plane, and the other (C16=O2) tilts.
During photocyclization reactions of dithienylethenes, the
thiophene rings rotate, whereas the carboxyl groups at the
5-positions of the thiophene rings do not rotate.[19b,d] There-
fore, the photogenerated closed-ring isomers in crystal
1a·2,4’-bpy have a planar structure and more extended p-
conjugation than those in crystals 1a, 1a·4,4’-bpy, and
1a·2,2’-bpy. This difference in molecular conformation and
p-conjugation length explains why the absorption band of
the former crystal was at longer wavelengths than those ex-
hibited by the latter crystals.


Conclusion


The single crystal of diarylethene 1a possessing two carbox-
yl groups and the cocrystals with three kinds of bipyridine
derivatives, 4,4’-bpy, 2,4’-bpy, and 2,2’-bpy, were prepared
and their crystal structures and photochromic performance
were investigated. In crystal 1a, a discrete macrocyclic as-
sembly was observed, in which four 1a molecules are linked
through hydrogen bonds between the carboxyl groups. The
crystal includes both photoreactive and photoinactive con-
formers of 1a in the ratio of 1:1. In the cocrystals of 1a with
the bipyridines, O�H···N hydrogen-bonding interactions be-
tween the carboxyl groups of 1a and the pyridyl groups of


the bipyridines were observed.
Self-assembled structures of a
linear single chain, a two-di-
mensional sheet, and a parallel
double chain were prepared.
Cocrystallization with the bipyr-
idines increased the proportion
of photoreactive conformers to
100%. All crystals showed pho-
tochromism. The absorption
spectra of UV-irradiated crys-
tals reflected the molecular
conformations of the diaryle-
thene molecules in the crystals.


Experimental Section


General : Solvents used were of spec-
troscopic grade and were purified by
distillation before use. The 4,4’-, 2,4’-,
and 2,2’-bipyridines were purchased
from Tokyo Kasei Kogyo and were pu-
rified by recrystallization from aceto-
nitrile before use. 1H NMR spectra
were recorded by using a Bruker
Avance 400 spectrometer (400 MHz).
Tetramethylsilane (TMS) was used as
an internal standard. Mass spectra
were recorded by using a JEOL JMS-
GCmate II GCMS system. Absorption
spectra in solution were measured by


using a Hitachi U-3410 absorption spectrophotometer. Photoirradiation
was carried out by using an Ushio 500 W super high-pressure mercury
lamp. Monochromic light was obtained by passing the light through a
monochrometer (Ritsu MV-10N). Absorption spectra in the single-crys-
talline phase were measured by using a Leica DMLP polarizing micro-
scope connected to a Hamamatsu PMA-11 photodetector (see Support-
ing Information). Polarizer and analyzer were set in parallel to each
other. Photoirradiation was carried out by using a 75 W xenon lamp or a
100 W halogen lamp. The wavelength of the light was selected by passing
the light through band-pass filters or cut-off filters.


1,2-Bis(5-carboxyl-2-methyl-3-thienyl)perfluorocyclopentene (1a): 15%
nBuLi hexane solution (3.2 mL, 5.2 mmol) was added to a dry THF solu-
tion (20 mL) containing 1,2-bis(5-bromo-2-methyl-3-thienyl)perfluorocy-
clopentene[31] (1.3 g, 2.5 mmol) at �78 8C under argon atmosphere, and
the reaction mixture was stirred for 2 h at this low temperature. An
excess amount of solid CO2 was added to the reaction mixture at �78 8C,
and the mixture was stirred for 2 h at this temperature. A small amount
of water was added to the mixture. The mixture was neutralized with
HCl, and then was extracted with diethyl ether. The organic layer was
dried over MgSO4, filtrated, and concentrated. The residue was purified
by silica gel column chromatography using hexane/ethylacetate (80:20
v/v) as the eluent to give 1a (0.63 g, 56%) as crystals. 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=2.06 (s, 6H; CH3), 7.79 ppm (s, 2H;
thienyl proton); FAB-MS: m/z : 455.9 [M+]; elemental analysis calcd (%)
for C17H10F6O4S2 (455.99): C 44.74, H 2.21; found: C 45.10, H 2.26.


Closed-ring isomer of 1a (1b): Compound 1b was isolated by subjecting
a photostationary solution containing 1a and 1b to HPLC (Hitachi L-
7100 pump system equipped with Hitachi L-7400 detector, silica gel
column (Kanto, MightySil Si 60), hexane/ethyl acetate (70:30) as the
eluent). Retention times for 1a and 1b were 42 and 29 min, respectively.
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=2.24 (s, 6H; CH3), 6.97 ppm
(s, 2H; olefinic proton); FAB-MS: m/z : 455.9 [M+]; UV/Vis (acetoni-
trile): lmax (e)=586 (6.5M10


3), 374 nm (5.9M103m�1 cm�1).


Figure 11. Molecular structures of diarylethene 1a in crystals of 1a (a), 1a·4,4’-bpy (b), 1a·2,4’-bpy (c), and
1a·2,2’-bpy (d). In (a), only the photoreactive conformer A is shown. In (d), the two diarylethene molecules
are crystallographically independent in the unit cell.
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X-ray crystallographic analysis : X-ray crystallographic analysis was per-
formed by using a Bruker SMART1000 CCD-based diffractometer
(50 kV, 40 mA) with MoKa radiation. The crystals were cooled by cryostat
(Rigaku GN2). The data were collected as a series of w-scan frames,
each with a width of 0.38 per frame. The crystal-to-detector distance was
5.340 cm. Crystal decay was monitored by repeating the 50 initial frames
at the end data collection and analyzing the duplicate reflections. Data
reduction was performed by using SAINT software, which corrects for
Lorentz and polarization effects, and decay. The cell constants were de-
termined by the global refinement. The structures were solved by direct
methods using SHELXS-86[32] and refined by full least-squares on F2


using SHELXL-97.[33] The positions of all hydrogen atoms were calculat-
ed geometrically and refined by the riding model. CCDC-283550 (1a),
CCDC-283551 (1a·4,4’-bpy), CCDC-283552 (1a·2,4’-bpy), and CCDC-
283553 (1a·2,2’-bpy) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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pKa Switching Induced by the Change in the p-Conjugated System Based on
Photochromism


Yuka Odo,[a] Kenji Matsuda,[a, b] and Masahiro Irie*[a]


Introduction


Various molecular switching systems have been extensively
explored to apply them to molecular devices.[1] Among
them, photoswitching systems are advantageous from the
viewpoint of fast response and high sensitivity. Most photo-
switching systems are composed of a photochromic unit and
a functional group. Photochemical as well as photophysical
property changes of the photochromic unit control the per-
formance of the functional group. Diarylethene derivatives
are widely used as the photochromic unit to control photo-
switching systems.[2] Changes in the p-conjugated chain
length of diarylethene derivatives upon photoirradiation can
be successfully used to control electronic conduction,
donor–acceptor interactions, and magnetic interactions.[3–6]


Lehn and co-workers reported pKa-switching systems that
use a diarylethene with a phenol group as a proton source
and a pyridinium group as an acceptor at each end of the di-
arylethene p-conjugated chain.[7] The proton dissociation


was accelerated in the closed-ring isomer by the enhanced
acceptor effect of the pyridinium ion.
The switching of diarylethenes so far reported has been


based on the fact that p conjugation between two aryl
groups is disconnected in the open-ring isomer and connect-
ed in the closed-ring isomer. The switching mode can be re-
versed by placing two interaction units in the same aryl unit
(Scheme 1). The interconversion of the orbital hybridization
of the reactive carbon from sp2 to sp3 can be used to control
the p-conjugated chain length.


In this work, we report on pKa-switching systems based
on the interconversion of the orbital hybridization.


Results and Discussion


Design and synthesis : To control the pKa, diarylethene de-
rivatives 1a and 2a were designed (Scheme 2). These com-
pounds have a phenol group as a proton source and a pyridi-
nium group as an acceptor unit.[8] In compound 1, both the
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group have been designed and synthesized. The pKa values of these compounds
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Scheme 1. Photoswitching by placing two interaction units (A and B) in
the same aryl unit.
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pyridinium and phenol units are located on the same thio-
phene ring. The donor and acceptor groups of the open-ring
isomer 1a can interact through the p-conjugated chain, how-
ever, the closed-ring isomer 1b does not have this ability be-
cause the p-conjugated system between the pyridinium and
phenol units has been disconnected by the formation of
a sp3-hybridized carbon atom at the 2-position of the
thiophene ring.[9,10] In compound 2, the phenol unit inter-
acts with the electron-donating methoxy group in the open-
ring isomer, however, in the closed-ring isomer the electron-
accepting pyridinium group interacts with the phenol group.
This switch from the methoxyphenyl to the pyridinium
group is anticipated to affect the pKa of the phenol
group.
Diarylethenes 1 and 2 were synthesized according to the


routes shown in Scheme 3. We were unable to synthesize 3
from route B, therefore, we employed route A. The depro-
tection of the methoxymethyl (MOM) group and the N-al-
kylation were carried out with CF3SO3CH3.


[11,1]


Photochromic reactions


Compounds 1 and 3 : Diarylethenes 1 and 3 underwent re-
versible photochromic reactions by means of alternative ir-


radiation with l=365 and
>600 nm light (see the Sup-
porting Information). Upon ir-
radiation with UV light, a solu-
tion of 3 in methanol changed
from colorless to blue and a
new absorption maximum was
observed at l=600 nm. On the
other hand, the solution of N-
methylated compound 1
changed from light yellow to
green. The absorption maxi-
mum of the photogenerated
isomer showed a redshift to l=


662 nm.
Upon addition of base, the


absorption spectra of 1a and
the photostationary-state solu-
tion changed as shown in
Figure 1. The absorption band
of 1a at l=380 nm decreased
and a new band appeared at
l=465 nm. The absorption
maximum showed a redshift of
as much as l=80 nm, which
suggests the presence of a
strong intramolecular donor–ac-
ceptor interaction between the
phenoxide and pyridinium
units.[13, 14] In the photostation-
ary state, the bands at l=380
and 660 nm decreased and the
band at l=470 nm increased.


The band at l=660 nm was slightly redshifted.


Compounds 2 and 4 : Upon irradiation with UV light, the
solution of 4 in methanol changed from colorless to blue
and a new absorption maximum was observed at l=600 nm.
On the other hand, the solution of N-methylated compound
2 changed from light yellow to green. As a result of the N-
methylation, the absorption maximum of the photoirradiat-
ed solution shifted to a longer wavelength by as much as l=
66 nm (see the Supporting Information).
Although diarylethene 4 underwent reversible, photochro-


mic reactions in methanol, the closed-ring isomer 2b decom-
posed on irradiation with l=365 nm UV light even under
neutral conditions. The decomposition was strongly sup-
pressed by the addition of acid. It is inferred from this acid
effect that the deprotonated closed-ring isomer 2b(O�) is
not stable on being irradiated with UV light. A similar phe-
nomenon has also been reported for a diarylethene with
phenol groups.[5]


Upon addition of base, the absorption spectra of 2a and
the photostationary-state solution changed as shown in
Figure 2. The absorption band of 2a at l=300 nm de-
creased. In the photostationary state, the bands at l=300
and 666 nm decreased and the band at l=732 nm increased.


Scheme 2. Design of pKa switching systems.
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On the addition of base, the absorption maximum at l=


666 nm showed a redshift of as much as l=66 nm.


Photochemical switching of the pKa : pKa values of the
open- and closed-ring isomers were determined spectroscop-
ically for compounds 1 and 2 in a mixed solvent of metha-
nol/water (5:2). The colored isomers were very stable. Ther-
mal cycloreversion was not observed during the acid–base ti-
trations at room temperature. Figures 3 and 4 illustrate the
acid–base titration curves for 1 and 2, respectively. The
curves were obtained by measuring the absorption changes
at l=475 nm for 1a and at l=350 nm for 2a. The absorp-
tion changes at l=660 and 770 nm were followed for 1b
and 2b, respectively. The pKa value of 1a was determined to
be 9.8, whereas it increased to 10.2 for 1b. The pKa value of
1 increased upon photoirradiation. The difference in the pKa


values between 1a and 1b is very small. To increase the
change in pKa upon photoirradiation, we designed com-
pound 2 and measured the photoirradiation effect. The
switch from the donor methoxyphenyl group to the acceptor
pyridinium group is anticipated to strongly perturb the
proton dissociation of phenol in 2. The pKa values of 2a and
2b were determined to be 10.2 and 9.0, respectively. In com-
pound 2, a reversible pKa change upon irradiation with UV
and visible light was observed.


To reveal the difference in behavior between 1 and 2, the-
oretical calculations were carried out by using the B3LYP/6-
31G(d)[15] method in Gaussian 03.[16] The results are summar-
ized in Table 1 and Figure 5. E(OH) and E(O�) are the total
energies of the OH and O� forms, respectively, and DE-
ACHTUNGTRENNUNG(prot) is the difference between E(OH) and E(O�). When
DE ACHTUNGTRENNUNG(prot) is small, a proton readily dissociates even at low
pH.[17] This result indicates that the pKa of 1a is smaller
than that of 1b. On the other hand, the pKa of 2b is much
smaller than that of 2a. Moreover, the difference in DE-
ACHTUNGTRENNUNG(prot) between the open- and closed-ring isomers for 2 is
larger than that for 1. The calculated results agree well with
the experimental results.
Although both 1 and 2 showed pKa changes upon photo-


ACHTUNGTRENNUNGisomerization between the two isomers, the effect observed
for 1 was much smaller than expected. The pKa of 1a(OH)
was larger than that of 2b(OH). To reveal the reason for
this, theoretical calculations of the most stable conforma-
tions of 1a(O�) and 2b(O�) were carried out. Figure 5
shows the conformations of 1a(O�) and 2b(O�). The molec-
ular planarity of the p-conjugated chains, that is, pyridini-
um–thiophene–phenoxide rings, is of interest here. The pla-
narity is strongly perturbed in the case of 1a(O�), whereas
in 2b(O�), the pyridinium and phenoxide groups are almost
coplanar. The phenoxide group rotates due to the steric hin-


Scheme 3. Synthetic routes to compounds 1 (above) and 2 (below). Reagents and conditions: a) N-bromosuccinimide (NBS) and THF; b) nBuLi,
B ACHTUNGTRENNUNG(OBu)3, and then [Pd ACHTUNGTRENNUNG(PPh3)4], 4-bromopyridine hydrochloride, 20 wt% Na2CO3 (aq), and THF; c) nBuLi, and then octafluorocyclopentene and THF;
d) nBuLi and THF; e) dichloromethane.
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drance between the phenylthiophene group and the phenox-
ide group. This is the reason why 1a cannot have a low pKa.
On the other hand, the planar conformation is attained in
form 2b(O�), which results in the formation of quinoid
structure 2b(O). The steric hindrance prevents a large pKa


change in compound 1.
The photochromic reaction was also affected by the addi-


tion of base. Under high-pH conditions, that is, pH values
greater than the pKa of 1a(OH), the photocyclization reac-
tion of 1a(O�) was strongly prohibited. This is ascribed to
the formation of the quinoid-type resonance structure
1a(O).[18]


Conclusion


Diarylethene derivatives 1 and 2 showed reversible, photoin-
duced changes in pKa based on photoisomerization between
open- and closed-ring isomers. A change in the p-conjugated
system in one of the aryl groups caused the pKa to change.
The pKa change of compound 1 from 9.8 to 10.2 upon UV
irradiation was smaller than that observed for compound 2,
in which the pKa value decreased from 10.2 to 9.0. To ex-
plain the small effect observed for 1, theoretical calculations
were carried out. The small difference in pKa for 1 is attrib-
uted to the nonplanar conformation of the pyridinium–thio-


phene–phenoxide rings in the open-ring isomer. The confor-
mation of the molecules also plays an important role in con-
trolling the pKa in addition to the configurational change be-
tween the open- and closed-ring isomers. The concept of
changing the p-conjugated system in one of the aryl groups
by means of the photocyclization reaction is useful for con-
trolling molecular properties, such as, magnetic interactions,
electric conduction, and energy transfer, among others.


Figure 1. a) Absorption spectral change of 1a in a mixed solvent
(CH3OH/water 5:2) following the addition of aqueous KOH. b) Absorp-
tion spectral change of the photostationary-state solution under irradia-
tion with l=365 nm light in a mixed solvent (CH3OH/water 5:2) follow-
ing the addition of aqueous KOH.


Figure 2. a) Absorption spectral change of 2a in a mixed solvent
(CH3OH/water 5:2) following the addition of aqueous HCl and aqueous
KOH. b) Absorption spectral change of the photostationary-state solu-
tion under irradiation with l=365 nm light in mixed solvent (CH3OH/
water 5:2) following the addition of aqueous KOH.


Figure 3. a) Titration curve of 1a. The absorption change at l=475 nm
was monitored in the pH range from 12.94 to 1.88 in a mixed solvent
(CH3OH/water 5:2). b) Titration curve of 1b. The absorption change at
l=660 nm was monitored in the pH range from 13.11 to 2.05 in a mixed
solvent (CH3OH/water 5:2).
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Experimental Section


General : 1H NMR spectra were recorded on a Bruker AVANCE-400
spectrometer operating at 400 MHz. UV/Vis spectra were recorded on a
Hitachi U-3500 absorption spectrophotometer. Fast-atom bombardment
(FAB) high-resolution mass spectrometry (HRMS) data were obtained
on an JEOL JMS mate II instrument. Photoirradiation was carried out
by using a 500 W super-high-pressure mercury lamp as the light source.


Determination of pKa : Measurements of the pH values were carried out
by using a HORIBA pH meter F-51. The pKa values were calculated by


using the Henderson–Hasselbach equation derived from the absorbance
spectral data.


In this work, all acid–base titrations were carried out from pH�13 to 2
by using aqueous HCl and aqueous KOH. The pKa values of the closed-
ring isomers were determined from the absorbance in the photostation-
ary state under irradiation with l=365 nm light.


Syntheses


4-[4-(2,3,3,4,4,5,5-heptafluorocyclopent-1-enyl)-5-(4-methoxymethoxyphe-
nyl)thiophen-2-yl]pyridine (9): Under an argon atmosphere, a solution of
15% n-butyllithium in hexane (7.6 mL, 1.2 mmol) was added to a stirred
solution of 3-bromo-2-(4-methoxymethoxyphenyl)-5-(4-pyridyl)thiophene
8 (4.00 g, 10.6 mmol) in dry THF (250 mL) at �78 8C. After 30 min, octa-
fluorocyclopentene (5.7 mL, 42.4 mmol) was added to the reaction mix-
ture at �78 8C. The mixture was left to reach room temperature. After
1.5 h, the reaction was stopped by the addition of water. The product was
extracted with diethyl ether and washed with brine three times. The or-
ganic layer was dried over MgSO4, filtered, and concentrated. The resi-
due was purified by using silica gel column chromatography with hexane/
ethyl acetate (1:2) as the eluent. Compound 9 was obtained as a yellow
wax (1.45 g, 28%).
1H NMR (CDCl3, 400 MHz): d=3.51 (s, 3H), 5.23 (s, 2H), 7.10 (d, J=
8.8 Hz, 2H), 7.31 (d, J=8.8 Hz, 2H), 7.48 (d, J=6 Hz, 2H), 7.52 (s, 1H),
8.65 ppm (d, J=6 Hz, 2H); FAB HRMS: m/z calcd for C22H15F7NO2S
[M+H]+ : 490.0712; found: 490.0698.


4-{4-[3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-
1-enyl]-5-(4-methoxymethoxyphenyl)thiophen-2-yl}pyridine (3a): Under
an argon atmosphere, a solution of 15% n-butyllithium in hexane
(1.1 mL, 1.84 mmol) was added to a stirred solution of 2-methyl-3-
bromo-5-phenylthiophene (0.41 g, 1.6 mmol) in dry THF (50 mL) at
�78 8C. After 30 min, a solution of 9 (1.19 g, 2.4 mmol) in dry THF
(20 mL) was added to the reaction mixture at �78 8C. The mixture was
left to reach room temperature. After 3 h, the reaction was stopped by
the addition of water. The product was extracted with diethyl ether and
washed with brine three times. The organic layer was dried over MgSO4,
filtered, and concentrated. The residue was purified by using silica gel
column chromatography with hexane/ethyl acetate (1:1) as the eluent
and reversed-phase HPLC with methanol/acetonitrile (1:1). Compound
3a was obtained as a colorless solid (80 mg, 8%).
1H NMR (CDCl3, 400 MHz): d=1.83 (s, 3H), 3.33 (s, 3H), 4.70 (s, 2H),
6.26 (s, 1H), 6.77 (d, J=8.4 Hz, 2H), 6.91 (d, J=8.4 Hz, 2H), 7.34 (m,
5H), 7.49 (d, J=6.8 Hz, 2H), 7.52 (s, 1H), 8.65 ppm (d, J=6 Hz, 2H);
FAB HRMS: m/z calcd for C33H24F6NO2S2 [M+H]+ : 644.1153; found:
644.1146.


Figure 4. a) Titration curve of 2a. The absorption change at l=350 nm
was monitored in the pH range from 12.37 to 2.91 in a mixed solvent
(CH3OH/water 5:2). b) Titration curve of 2b. The absorption change at
l=770 nm was monitored in the pH range from 12.40 to 2.59 in a mixed
solvent (CH3OH/water 5:2).


Table 1. Relative energies calculated at the B3LYP/6-31G(d) level of
theory and the experimental pKa values for 1 and 2.


E(OH) [a.u.][a] E(O�) [a.u.][a] DE ACHTUNGTRENNUNG(prot) [kJmol�1] pKa


1a �2757.8168 �2757.3767 66.01 9.8
1b �2757.7816 �2757.3057 71.37 10.2
2a �2872.3421 �2871.8701 70.79 10.2
2b �2872.3149 �2871.8866 64.24 9.0


[a] a.u.=atomic units.


Figure 5. Conformational structures of 1a(O�) and 2b(O�) calculated at the B3LYP/6-31G(d) level of theory.
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4-{4-[3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-
1-enyl]-5-(4-hydroxyphenyl)thiophen-2-yl}-1-methylpyridinium (1):
Methyl trifluoromethanesulfonate (1.0 mL, 6.1 mmol) was added to a stir-
red solution of 3 (80 mg, 0.12 mmol) in dry dichloromethane (80 mL).
The reaction was stirred at ambient temperature in the dark under a ni-
trogen atmosphere. After 36 h, the resulting suspension was filtered. The
reaction solution was concentrated. The residue was purified by using re-
verse-phase silica gel column chromatography with acetonitrile/methanol
(1:1) as the eluent and reversed-phase HPLC with methanol/acetonitrile
(1:1). Compound 1a was obtained as a yellow solid (50 mg, 68%).
1H NMR (CDCl3, 400 MHz): d=1.77 (s, 3H), 4.25 (s, 3H), 6.21 (s, 1H),
6.54 (d, J=8.4 Hz, 2H), 6.82 (d, J=8.8 Hz, 2H), 7.20 (m, 5H), 7.25 (s,
1H), 8.23 (d, J=6 Hz, 2H), 8.69 ppm (d, J=6.4 Hz, 2H); UV/Vis
(CH3OH/water 5:2): lmax (e)=287 (19870), 380 nm
(13419 mol�1dm3cm�1); FAB HRMS: m/z calcd for C32H22F6NOS2 [M]+ :
614.1041; found: 614.1013.


3-(2,3,3,4,4,5,5-heptafluorocyclopent-1-enyl)-5-(4-methoxymethoxyphen-
yl)-2-(4-methoxyphenyl)thiophene (11): This compound was prepared
from 2.73 g (6.73 mmol) of compound 10 by using a similar procedure to
that used to prepare 9. The product was purified by using silica gel
column chromatography with dichloromethane/hexane (1:1) as the
eluent. Compound 11 was obtained as a yellow wax (2.62 g, 75%).
1H NMR (CDCl3, 400 MHz): d=3.50 (s, 3H), 3.85 (s, 3H), 5.21 (s, 2H),
6.94 (d, J=8.8 Hz, 2H), 7.08 (d, J=8.8 Hz, 2H), 7.22 (s, 1H), 7.30 (d, J=
8.8 Hz, 2H), 7.53 ppm (d, J=8.8 Hz, 2H); FAB HRMS: m/z calcd for
C24H17F7O3S [M]+ : 518.0787; found: 518.0780.


4-(4-{3,3,4,4,5,5-hexafluoro-2-[5-(4-methoxymethoxyphenyl)-2-(4-methoxy-
phenyl)thiophen-3-yl]cyclopent-1-enyl}-5-methylthiophen-2-yl)pyridine
(4): This compound was prepared from 1.22 g (2.35 mmol) of compound
11 by using a similar procedure to that used to prepare 3.


The product was purified by silica gel column chromatography with
hexane/ethyl acetate (1:1) as the eluent and reversed-phase HPLC with
methanol. Compound 4 was obtained as a white solid (50 mg, 4%).
1H NMR (CDCl3, 400 MHz): d=1.86 (s, 3H), 3.42 (s, 3H), 3.50 (s, 3H),
5.23 (s, 2H), 6.59 (d, J=8.8 Hz, 2H), 6.88 (d, J=8.4 Hz, 2H), 7.09 (d, J=
8.4 Hz, 2H), 7.20 (d, J=6.4 Hz, 2H), 7.37 (s, 1H), 7.55 (d, J=8.8 Hz,
2H), 8.56 ppm (d, J=6 Hz, 2H); FAB HRMS: m/z calcd for
C34H25F6NO3S2 [M]+ : 673.1180; found: 673.1184.


4-(4-{3,3,4,4,5,5-hexafluoro-2-[5-(4-hydroxyphenyl)-2-(4-methoxyphe-
nyl)thiophen-3-yl]cyclopent-1-enyl}-5-methylthiophen-2-yl)-1-methylpyri-
dinium (2): This compound was prepared from 50 mg (0.07 mmol) of
compound 4 by using a similar procedure to that used to prepare 1. The
product was purified by using silica gel column chromatography with ace-
tonitrile/methanol (1:1) as the eluent and reversed-phase HPLC with
methanol/water (20:1). Compound 2 was obtained as a yellow solid
(10 mg, 22%).
1H NMR (CD3OD, 400 MHz): d=1.98 (s, 3H), 2.91 (s, 3H), 4.33 (s, 3H),
6.67 (d, J=8.8 Hz, 2H), 6.85 (d, J=8.8 Hz, 2H), 6.91 (d, J=8.8 Hz, 2H),
6.99 (s, 1H), 7.42 (s, 1H), 7.51 (d, J=8.8 Hz, 2H), 7.99 (d, J=7.2 Hz,
2H), 8.74 ppm (d, J=6.8 Hz, 2H); UV/Vis (CH3OH/water 5:2): lmax
(e)=350 nm (21987 mol�1dm3cm�1); FAB HRMS: m/z calcd for
C33H24F6NO2S2 [M]+ : 644.1147; found: 644.1115.
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Introduction


Tertiary phosphanes are a ligand class of prime importance
for well-defined molecular catalysis in homogeneous solu-
tion.[1] The reactivity of such compounds, both coordinated
to transition metals and in their own right, has been the sub-


ject of intense scrutiny, in order to understand and control
possible catalyst degradation.[2] Cleavage, or activation, of
bonds within the ligand under reaction conditions is not un-
common. It was first reported for C�H bonds (“cyclometala-
tion”) and subsequently for C�P bonds.[3] In the latter case,
the observed reactivity follows the order P�Csp>P�Csp2>P�
Csp3, and phosphanylacetylenes are the most reactive. The
next in line, aryl phosphane ligands, have the largest
number of reported C�P bond activations (which may be a
reflection of their preferred use in catalysis). An external
stimulus is usually required, such as the addition of acid.[2b]


In only a handful of recently observed cases can C�P bond
cleavage in such ligands be induced by the solvent acting as
a nucleophile.[4] There appear to be no previous examples of
solvent-induced C�P bond activation in alkyl phosphanes.
The reverse reaction, that is, the specific remaking under
different conditions of a C�P bond that was previously
broken, has never been described.


We report here our first observations concerning the reac-
tivity towards iron(ii) of a novel pentadentate tetraphos-


Abstract: Complex formation between
FeX2·6H2O (X=BF4 or ClO4) and the
pyridine-derived tetrapodal tetraphos-
phane C5H3N ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2PMe2)2]2 (1) in
methanol proceeds with solvent-in-
duced cleavage of one PMe2 group.
Depending on the reaction tempera-
ture and the nature of the counterion,
iron(ii) is coordinated, in distorted
square-pyramidal fashion, by the
anionic remainder of the chelating
ligand, C5H3N ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2PMe2)2]ACHTUNGTRENNUNG[CMe-
ACHTUNGTRENNUNG(CH2PMe2) ACHTUNGTRENNUNG(CH2


�)] (NP3C
� donor set:


X=BF4, �50 8C: 2 ; X=ClO4, RT: 4) or
its protonated form C5H3N ACHTUNGTRENNUNG[CMe-
ACHTUNGTRENNUNG(CH2PMe2)2]ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2PMe2)ACHTUNGTRENNUNG(CH3)],


in which the methyl group is in agostic
interaction with the metal centre (X=


BF4, RT: 3 ; X=ClO4, +50 8C: 5). A
monodentate phosphinite ligand
Me2POMe, formed from the cleaved
PMe2 group and methanol, completes
the coordination octahedron in both
cases. Working in CD3OD (X=BF4,
RT) gives the deuterium-substituted
analogue of 3, with ligands L ACHTUNGTRENNUNG(CH2D)
(L= residual chelating ligand) and


Me2POCD3. A mechanism for the ob-
served phosphorus–carbon bond cleav-
age is suggested. Complex 2, when iso-
lated at �50 8C, is stable in the solid
state even at room temperature. The
reaction of 2 in methanol with carbon
monoxide (10.5 bar) at elevated tem-
perature forms, in addition to as yet
unidentified side products, the carbonyl
complex [(1)Fe(CO)] ACHTUNGTRENNUNG(BF4)2 (7), in
which the previous P�C bond cleavage
has been reversed, reforming the origi-
nal tetrapodal pentadentate NP4 ligand
1. All compounds have been fully char-
acterised, including X-ray structure
analyses in most cases.


Keywords: agostic interactions ·
iron · N,P ligands · P�C activation ·
tetrapodal ligands
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phane ligand derived from pyridine (NP4 donor set).[5]


Ligand 1 (systematic name: 2,6-bis(2-methyl-1,3-bis(dime-
thylphosphino)propan-2-yl)pyridine) has only phosphorus–
carbon bonds of the P�Csp3 type. Complexation reactions
with iron(ii) in the presence of methanol or water lead to
highly specific C�P bond cleavage, which can be reversed in


a separate reaction by coordina-
tion of carbon monoxide, which
leads to reformation of the
intact ligand. The phenyl-substi-
tuted congener of 1, C5H3N-
ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2PPh2)2]2, shows no
such clear-cut reactivity.[6b]


Results and Discussion


Tetraphosphane 1 can be prepared cleanly on a multi-
gramme scale by reaction of the corresponding tetrabromide
C5H3N ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2Br)2]2


[6] with LiPMe2
[7] in diethyl ether.


The ligand is obtained as a colourless oil in good yield (>
80%). When treated with a stoichiometric amount of Fe-
ACHTUNGTRENNUNG(BF4)2·6H2O in methanol at room temperature, red micro-
crystalline 3 is formed within a few minutes. Its well-re-
solved 1H NMR spectrum ([D6]DMSO, RT, 200 MHz) has
two striking features: The pyridine protons are separated
into three signals (ABC, t/d/d between d=8.1 and 7.5 ppm),
and a singlet corresponding to 3H is observed at d=


�3.7 ppm. In the 31P NMR spectrum, one of the four phos-
phorus resonances is at very low field (d=174.5 ppm rela-
tive to 85% H3PO4), separated by at least 125 ppm from the
more closely spaced set of the three others (50.3–17.0 ppm).
The original ligand has C2v symmetry, as indicated by its 1H,
13C, and 31P NMR spectra, and we took the apparent loss of
symmetry (C1) as a first indication that cleavage of the
ligand might have occurred.


Confirmation came from the structural characterisation of
the product (Figure 1; 3·0.5MeOH; single crystals disinte-
grate upon drying in vacuo owing to loss of methanol of sol-
vation to give 3). The product has a tripodal tetradentate
ligand coordinated to iron, in addition to an unusual mono-
dentate methyl dimethylphos-
phinite ligand (P ACHTUNGTRENNUNG(OMe)Me2, a
constitutional isomer of trime-
thylphosphane oxide). Agostic
interaction of one of the C�H
bonds in what now is a CH3


group (formerly P-bonded CH2


in the ligand backbone) with
iron completes the coordination
sphere (all proton positions in
the structure correspond to
maxima in the difference Fouri-
er synthesis which are reasona-
ble both in terms of distance
and angle relative to the carrier
atom, with no residual electron


density in the vicinity; see Experimental Section). The com-
plex is chiral (as are all the other complexes in this series,
see Experimental Section), and quaternary carbon atom
C12 is a stereogenic centre. The coordination geometry at
iron is distorted octahedral (see Table 1), with Fe�P bond
lengths d varying from 2.1720(6) P (P2) through
2.2041(6) P (P4, phosphinite ligand) to 2.2681(6)/
2.2710(6) P (trans P1-Fe-P3). The observation that dACHTUNGTRENNUNG(Fe�
P2), trans to the agostic methyl group is the shortest iron–
phosphorus distance correlates with the weak p-acceptor
ability of the coordinated C�H bond. The resulting polariza-
tion of the iron d orbital towards the diametrically opposite
phosphorus atom P2 helps to increase its p overlap with the
metal centre. The distances in the arrangement P1-Fe-P3 are
significantly longer and uniform, as bonding contributions
are more evenly distributed. The Fe�N distance of
2.058(2) P is similar to the corresponding value in the low-
spin FeII carbonyl complex of a related tetraamine imine
ligand (NN4 donor set),[8] but significantly shorter than in
the FeII carbonyl complex of tetraphosphane ligand 1
(2.143(2) P, see below). In 3, the agostic methyl group in


Figure 1. Structure of the dication in 3·0.5MeOH (BF4
� salt). Hydrogen


atoms are shown only for the methyl group in agostic interaction with
the metal centre.


Table 1. Selected bond lengths [P] and angles [8] in 2, 3·0.5MeOH, 4, 6 and 7 (standard deviations in paren-
theses). Values in italics are parameters involving the “agostic” methyl carbon atom.


2 3·0.5MeOH 4 6·H2O 7·2MeOH


Fe1�N1 2.062(2) 2.058(2) 2.065(2) 2.023(1) 2.143(2)
Fe1�P1 2.2396(7) 2.2681(6) 2.2432(7) 2.2766(5) 2.2629(6)
Fe1�P2 2.2102(7) 2.1720(6) 2.2105(7) 2.3127(5) 2.2394(6)
Fe1�P3 2.2369(7) 2.2710(6) 2.2388(7) 2.2945(5) 2.2482(6)
Fe1�P4 2.1636(7) 2.2041(6) 2.1659(7) 2.2353(6) 2.2460(6)
Fe1···C11 (3); Fe1�C11 (2, 4, 6) 2.068(2) 2.643(2) 2.068(2) 2.079(2) –
Fe1�C22 – – – – 1.739(2)
N1-Fe1-P4 170.81(6) 168.97(5) 170.81(5) 160.55(4) -
N1-Fe-C22 – – – – 177.55(8)
Fe1-C22-O1 – – – – 177.5(2)
P1-Fe1-P3 160.87(3) 163.49(2) 160.69(3) 163.47(2) 159.30(2)
P2-Fe1-C11 175.85(7) 172.11(5) 175.93(7) 175.91(6) –
P2-Fe1-P4 91.49(2) 91.74(2) 91.46(2) 97.71(2) 165.53(2)
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close proximity to the central iron ion is expected to give
rise to a strongly shifted 1H NMR signal, as is indeed ob-
served (rotation of this group, which is fast on the NMR
timescale, causes the three protons to appear as a broadened
singlet). Further, the methoxyl group of the phosphinite
ligand should and does give a unique signal (d=3.42 ppm, d,
3J ACHTUNGTRENNUNG(P,H)=11 Hz; [D6]DMSO, RT, 200 MHz). All other
methyl resonances appear as a complex pattern which has
been fully assigned by 2D techniques (see Experimental
Section). When the complexation reaction is carried out in
[D4]methanol under otherwise identical conditions, the
product contains the phosphinite ligand Me2POCD3 and a
monodeuterated methyl group CH2D, as deduced from a
combination of NMR spectroscopic data and elemental
analysis (1H: no OCH3 resonance, plus a broad singlet at
d=�3.7 ppm corresponding to 2H; 31P: unchanged).


The reaction leading to 3 can thus be summarised as
shown in Scheme 1. The complex is the sole product in the
precipitate and forms in high yield (80%). It is soluble in
water without decomposition. From the anion balance, the
bond lengths, the diamagnetism as manifested in the NMR
spectra, and the degree of saturation in the framework as
determined by spectroscopic and structural analysis, we con-
clude that the iron centre has the oxidation state + ii. The
composition of the salt is AB2 (A: dication; B: monoanion),
and the elemental analysis (C/H/N) agrees with the predict-
ed values.


The complexation of 1 with Fe ACHTUNGTRENNUNG(ClO4)2·6H2O under other-
wise identical conditions, particularly temperature, gives a


strikingly different result. The solution turns orange but
does not deposit a precipitate. After concentration, isother-
mal diffusion of diethyl ether produces an orange microcrys-
talline solid (4) which must be isolated with caution; while
complexes containing organic ligands and perchlorates are
potentially explosive, the material described here will ex-
plode, particularly when dry, if excessive pressure is exerted
during handling, for example, with a spatula. It is therefore
best prepared in amounts not greater than 40 mg. While
1H NMR spectra recorded at 200 MHz ([D4]methanol, RT)
are well resolved, they show only very broad lines at
500 MHz (RT). Obviously, the material is moderately para-
magnetic at room temperature, which is more evident at
higher field strength B, due to the quadratic dependence of
the relaxation times T1 and T2 on B. We are currently inves-
tigating the origins of these phenomena (variable-tempera-
ture NMR studies) and will report our results in a forthcom-
ing paper. In the 200 MHz 1H NMR spectrum of 4, there are
no signals at d<0 ppm, which in 3 are diagnostic of an agos-
tic interaction. Similar to the spectrum of 3, the signals of
the pyridine protons represent an ABC system, which indi-
cates loss of C2v symmetry. The 31P NMR spectrum has four
signals, one of which (d=178.6 ppm) is again clearly sepa-
rated from the rest (d=43.5, 34.4, 18.4 ppm).


While the spectral data therefore suggest a structure
largely similar to that of 3, elemental analysis agrees only
with the formulation of an AB salt, with one perchlorate ion
(Scheme 1). In this case, as is evident from the X-ray crystal
structure (Figure 2), one PMe2 group has again been


cleaved, as in 3, but the RCH2
�


“stump” of the ligand is now
coordinated to the iron ion to
give a monocationic complex.
(All proton positions in the
structure correspond to maxima
of the difference Fourier syn-
thesis which are reasonable
both in terms of distance and
angle relative to the carrier
atom, with no residual electron
density in the vicinity.) A phos-
phinite ligand was again
formed, but the fate of the
methanol proton is as yet unde-
termined (it likely produces
1 equiv of HClO4). The geome-
try at iron is again distorted oc-
tahedral (see Table 1). While
the Fe�N bond lengths in 3 and
4 are virtually identical, the pat-
terns of Fe�P bond lengths are
totally different: The shortest
bond is now that which con-
nects the phosphinite ligand in
the axial position (highlighting
the weak p-acceptor ability of
the pyridine ring), while allScheme 1.
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three equatorial bonds are significantly longer but of overall
similar length. Interestingly, carbanion coordination does
not induce a significant lengthening of the bond in the trans
position (Fe1�P2) compared to the two other equatorial
Fe�P bonds; on the contrary, this bond is the shortest of the
three, the diametrically opposed Fe-C unit being a very
weak p acceptor at best. The electron density provided to
the metal by the carbanionic ligand seems to be funnelled
into the bond to the phosphane ligand in the trans position,
through increased p backdonation.


The trans influence of the carbanionic ligand in 4 is clear-
ly noticeable, however, when comparing d ACHTUNGTRENNUNG(Fe1�P2) in 4
(2.2105(7) P) with the corresponding value in 3
(2.1720(6) P). Based on reasoning similar to that used for 3,
we assign a + ii oxidation state to the central iron ion. It is
noteworthy that 4 dissolves in water without decomposition,
even when no special precaution is taken to exclude atmos-
pheric oxygen.


The outcome of the complexation reaction between
iron(ii) and 1 at room temperature thus appears to be con-
trolled by the nature of the acid HX (Scheme 1) which is
produced in the course of phosphinite formation and the
solubility of the respective salt. Conversely, for one and the
same counterion, protonation is temperature-dependent:
when Fe ACHTUNGTRENNUNG(BF4)2·6H2O reacts with 1 at �50 8C, the only isola-
ble product (upon removal of the solvent and washing with
diethyl ether; microcrystalline red solid, 75% yield) is the
tetrafluoroborate salt 2 containing the carbanionic ligand
(Scheme 1). Once isolated at �50 8C, this salt is stable even
at room temperature; however, if it is not isolated, and the
reaction mixture is allowed to warm to room temperature,
the only detectable product is 3, which has an agostic
methyl group. Similar observations were made in the case of
X=ClO4, the only difference being that while “carbanionic”
complex 4 forms at room temperature, preparation of
“agostic” complex 5 requires heating (to +50 8C, Scheme 1).


We have so far not succeeded in reversing either protona-
tion reaction (at room temperature) by addition of a base
such as lithium methoxide to agostic complexes 3 and 5 to
reform complex 2 and 4, respectively. The cation structures
in the tetrafluoroborate salt 2 and the perchlorate salt 4 are
virtually identical (Table 1), and the two compounds are iso-
structural.


However, quantitative deprotonation of the agostic group
occurs when two equivalents of 3 react with 0.5 equiv of di-
oxygen [Eq. (1)], and products are the carbanionic iron ACHTUNGTRENNUNG(iii)
complex 6 and, remarkably, one equivalent of water. Com-
pound 6·H2O, which is also soluble in bulk water without de-
composition, was isolated as a crystalline green precipitate
in 95% yield. In the solid-state structure of this dication
bis(tetrafluoroborate) solvate (Figure 3 and Table 1), the


Fe�Npy bond length is shorter than in 3 or 4, as expected for
a more highly oxidised metal centre and a ligand of predom-
inantly s-donor character; by contrast, all iron–phosphorus
bonds are longer than in the iron(ii) complexes, and this re-
flects strongly decreased p backdonation from ironACHTUNGTRENNUNG(iii).[9]


While the two bond lengths in the P1-Fe1-P3 moiety are
similar, as is the case in 4, the iron–phosphorus bond trans
to the carbanionic ligand (Fe1�P2) in 6 is significantly
longer than the Fe1�P1/Fe1�P3 pair, whereas it is signifi-
cantly shorter in 4 (Table 1). Decreased p backdonation
from iron ACHTUNGTRENNUNG(iii) to phosphorus seems to be the overriding in-
fluence here. The shortest iron–phosphorus bond in 6, Fe1�
P4, is that which connects the phosphinite ligand, as is the
case in 4.


Our rationalization of the ligand cleavage observed upon
reaction of 1 with iron(ii) is as follows: Given the topology
of the ligand, which provides 5Q2=10 valence electrons
through its NP4 donor set in a square-pyramidal arrange-
ment, complexation to iron(ii) with its d6 electron configura-
tion yields a 16-valence-electron (16-VE), and hence coordi-
natively unsaturated, complex. While this coordinative unsa-


Figure 2. Structure of the monocation in 4 (hydrogen atoms omitted for
clarity). The structure of the cation in 2 (BF4


� salt) is virtually identical.


Figure 3. Structure of the dication in 6·H2O (hydrogen atoms omitted for
clarity).
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turation could be removed simply by coordination of the
Lewis basic solvent MeOH, P�C bond activation is observed
instead to give an 18-VE species as the result of nucleophilic
attack of the solvent on one of the phosphorus atoms. Pre-
liminary data indicate that other nucleophiles will induce
ligand cleavage in the same way:[10] In THF solution, water
of solvation from FeX2·6H2O produces the monodentate
ligand P(OH)Me2 exclusively. On the other hand, when ace-
tonitrile is used as the (non-nucleophilic) solvent in conjunc-
tion with anhydrous iron(ii) salts, such as iron(ii) triflate, the
product obtained is the regular complex [(1)FeNCMe]2+ , in
which the ligand functions as a tetrapodal pentadentate “co-
ordination cap”.


As regards P�C bond breaking in 1 to give 3 or 4, a plau-
sible sequence of events may be as follows: Intermediate co-
ordination of methanol forms the complex [(1)FeHOMe]2+ ;
binding to the metal helps to make the solvent more acidic,
and intramolecular nucleophilic attack by methoxide then
removes an adjoining PMe2 substituent to produce a phos-
phinite ligand and a metal-coordinated alkyl residue. The
nature of the acid (HX) formed in the process (Scheme 1)
then controls the rate of protonation and crystallisation:
With tetrafluoroborate, the protonated product precipitates
at room temperature, whereas with perchlorate protonation/
precipitation is not observed at room temperature. The
overall process bears a distant resemblance to what has
been termed a platinum alkoxide/phosphorus aryl metathe-
sis, as reported by van Leeuwen, Orpen et al.[11] P�C bond
activation in aryl phosphanes (M=Ru) has, however, been
postulated to require the initial formation of an unsaturated
precursor (16-VE), which undergoes insertion of the metal
ion into a phosphorus–carbon bond to give a saturated (18-
VE) system, which is then liable to attack by an incoming
nucleophile.[4] As an alternative mechanism to that descri-
bed above, this process may be operative in our case, too
[Eq. (2)]. It is noteworthy that, depending on which reso-
nance forms are drawn, this entails formal involvement of
either an iron(iv) or a phosphenium (R2P


+) ion.[12] A partic-
ularly striking aspect in our case is the specificity with which
only that P�C bond is cleaved which links the dimethylphos-
phanyl unit to the rest of the ligand; metal insertion into a
P�Me bond is not observed.


In the course of work aimed at the displacement of the
agostic methyl group in 3 or the anionic methylene donor in
2, we treated the latter with carbon monoxide (autoclave;
pCO=10.5 bar, methanol solution, 80 8C, 20 h). We were sur-
prised to find, upon workup of the resultant yellow solution,


the isolated product to be the iron(ii) carbonyl complex of
the intact tetraphosphane ligand 1, [(1)Fe(CO)] ACHTUNGTRENNUNG(BF4)2 (7).
This was obtained as a yellow, single-crystalline solid; while
the yield of isolated product is still low (12% based on 2),
NMR spectroscopic analyses (1H, 31P) of the mother liquor
confirm that it contains a large amount of 7 in addition to
other compounds (31P NMR) as yet unidentified. The NMR
spectroscopic data of 7 (1H, 31P, 13C; obtained from solutions
of previously isolated pure 7 in [D4]methanol) suggest C2v


symmetry for the diamagnetic cation. Specifically, the spec-
tra show an AB2 pattern for the three pyridine protons H3/
H4/H5, equivalent ortho carbon atoms in the pyridine ring,
and only one phosphorus resonance (singlet) at d=19 ppm.
The carbonyl carbon atom appears as a quintet at d=


214.62 ppm (2J ACHTUNGTRENNUNG(P,C)=27.6 Hz), in further support of the
equivalence of all four phosphorus atoms. The carbonyl
ligand gives rise to a prominent band in the solid-state IR
spectrum (KBr; ñ=1969 cm�1). In the mass spectrum (ESI),
the molecular ion [M]2+ is detected at m/z 258.


In the solid state, the dication is distorted from octahedral
geometry by displacement of diametrically opposite pairs of
P donors from the equatorial plane, towards a tetrahedral P4


arrangement (Figure 4, Table 1). The angles subtended by
the iron–nitrogen bond and the iron–phosphorus bonds de-
viate from 908 in an alternating fashion: N1-Fe1-P1 79.54(4),
N1-Fe1-P2 97.31(4), N1-Fe1-P3 79.77(4), N1-Fe1-P4
97.13(4)8. The pyridine-iron-carbonyl moiety is linear (N1-
Fe1-C22 177.55(8)8, Fe1-C22-O1 177.5(2)8). Whereas the
iron–carbon bond length (d ACHTUNGTRENNUNG(Fe1�C22)=1.739(2) P) is virtu-
ally the same as in the related low-spin iron(ii) complex of a
tetraamine imine ligand (NN4 donor set; d ACHTUNGTRENNUNG(Fe�C)=
1.73(2) P),[8] the iron–nitrogen bond (dACHTUNGTRENNUNG(Fe1�N1)=
2.143(2) P) in 7 is significantly longer than with NN4 coordi-
nation (dACHTUNGTRENNUNG(Fe�N)=2.02(1) P), most likely a consequence of
the severe tetrahedral distortion of the basal donors in 7.
The reason for the observed reactivity of 2, with the refor-
mation under different conditions of a bond that was split
when 1 first reacted with iron(ii), is as yet unclear. Whether
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or not the process is intramolecular (and thereby entails
breaking of the P�O bond in the phosphinite ligand, which,
as such, should have considerable strength) or intermolecu-
lar (the required PMe2 unit being provided by another
equivalent of 2, thereby explaining the presence of addition-
al signals in the 31P NMR spectrum of the mother liquor) is
a question under current investigation.


Conclusion


This study describes the unusual reactivity of the tetrapodal
pentadentate phosphane ligand C5H3N ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2PMe2)2]2
(1) towards iron(ii). In methanol, the ligand undergoes se-
lective cleavage of a methylene carbon–phosphorus bond,
with concomitant formation of a phosphinite ligand,
Me2POMe. Given the relative inertness of tertiary alkyl
phosphanes in other contexts (e.g., such compounds do not
undergo alkali metal induced cleavage,[14] in contrast to aryl
phosphanes or mixed aryl/alkyl phosphanes), the observed
reactivity is all the more remarkable. The reaction product
is an organometallic complex with a direct Fe�C bond or an
agostic Fe-H-C interaction, depending on the reaction tem-
perature and the nature of the counterion. The product con-
taining the Fe�C bond reacts, in methanol under CO pres-
sure, in such a way as to reform the intact ligand 1, coordi-
nated to iron(ii), with a carbonyl ligand at the sixth coordi-
nation site. Current work is concerned with elucidating the
mechanism of this unexpected reaction.


Experimental Section


Caution! The perchlorate salt 4 is explosive in the solid state (see text).
It should be prepared in quantities not exceeding 40 mg, and the utmost
care must be exercised in its handling.


Materials and instrumentation : Unless noted otherwise, all reactions
were carried out at room temperature in dried solvents under dry dinitro-
gen by using standard Schlenk techniques. Fe ACHTUNGTRENNUNG(BF4)2·6H2O and Fe-
ACHTUNGTRENNUNG(ClO4)2·6H2O were purchased from Aldrich and used without further pu-
rification. Carbon monoxide (99.997%) was purchased from Air Liquide.


IR spectra of solids were measured by using KBr disks. IR spectra were
assigned on the basis of literature data.[13] Spectroscopic data were ob-
tained with the following instruments: IR spectroscopy: Nicolet Magna
System 750; mass spectrometry: Varian 311 A and Spektrospin CMS FT-
ICR; NMR spectroscopy: Bruker ARX 200 and Bruker ARX 400. Signs
of coupling constants in the 1H, 13C, 19F and 31P spectra were not deter-
mined. Elemental analyses were carried out with a Thermo Finnigan,
Flash EA, 1112 Series analyser. The superscripts for NMR assignments
follow the numbering scheme adopted for the X-ray crystal structures
(compounds 2, 4 : Figure 2; compound 3 : Figure 1).


X-ray crystallography : Crystal data for 2, 3·0.5MeOH, 4, 6·H2O and
7·2MeOH are given in Table 2, and selected distances and angles are
listed in Table 1. Cation structures are presented in Figures 1–4. Com-
pounds 2 and 4 are isostructural. Compounds 2, 3 and 4 have centrosym-
metric space groups (crystallisation of the racemate), whereas the space
groups of compounds 6 and 7 are chiral (spontaneous resolution). Inten-
sity data were collected at 100 K on a Bruker-Nonius KappaCCD diffrac-
tometer with MoKa radiation (l=0.71073 P, graphite monochromator).
All structures were solved by direct methods and refined by full-matrix
least-squares procedures on F2 using SHELXTL NT 6.12 (Bruker AXS,
2002). All non-hydrogen atoms were refined anisotropically. Compounds
2, 3·0.5MeOH (0.5MeOH per formula unit) and 4 contain two symme-
try-independent molecules in the asymmetric unit. Disorder: 2 : One of
the BF4


� ions; two preferential orientations were refined (occupancy fac-
tors 72.8(8) and 27.2(8)%; atom pairs F23/F24 and F23’/F24’, respective-
ly); 3·0.5MeOH: The O atom in the OMe group of one of the symmetry-
independent cations; two preferential orientations refined (O2 28(2), O2’
72(2)%); three BF4


� ions, two preferential orientations refined for each
(see deposited CIF file); 4 : One of the ClO4


� ions; two preferential ori-
entations refined (O23/O24 74.3(9), O23’/24’ 25.7(9)%); 7: One of the
BF4


� ions; two preferential orientations were refined (occupancy factors
69.7(8) and 30.3(8)%; atom pairs F23/F24 and F23’/F24’, respectively).
Treatment of hydrogen atoms: 2, 3·0.5MeOH, 4, 6 : The positions of all H
atoms were determined from a difference Fourier synthesis. The position-
al parameters were refined, and the isotropic displacement parameters
tied to those of the respective carrier C atom or O atom by a factor of
1.2 or 1.5; 3·0.5MeOH: Only the H atoms of the methyl group (C44)
bonded to the disordered O atom O2 and of the MeOH molecule of sol-
vation were calculated in symmetry-optimised positions. 7: All hydrogen
atom positions were calculated by way of geometrical optimisation, and
their isotropic displacement parameters tied to those of the respective
carrier C atom or O atom by a factor of 1.2 or 1.5. CCDC-290737 (2),
CCDC-275781 (3·0.5 MeOH), CCDC-275782 (4), CCDC-290738 (6·H2O)
and CCDC-290739 (7·2MeOH) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


1: A solution of C5H3N ACHTUNGTRENNUNG[CMe ACHTUNGTRENNUNG(CH2Br)2]2
[6] (5.1 g, 10 mmol) in diethyl


ether (60 mL) was added from a dropping funnel to a suspension of LiP-
Me2·0.5Et2O (4.9 g, 47 mmol) in diethyl ether (80 mL) over 5 h at
�70 8C. The mixture was allowed to warm to room temperature over-
night. The colour changed from brown to red, and all solid dissolved.
After distilling off the solvent, the yellow residue was treated with pen-
tane (40 mL) and filtered. The light yellow solution was brought to dry-
ness to yield a colourless oil (3.58 g, 83%). 1H NMR (200 MHz,
[D2]dichloromethane, 25 8C, TMS): d=7.54 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; py-
H4), 7.12 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; py-H3,5), 1.87–2.14 (ddd, AB, 2J-
ACHTUNGTRENNUNG(H,H)=13.7 Hz, 2J ACHTUNGTRENNUNG(P,H)=3.3 Hz, 8H; CH2), 1.53 (s, 6H; CCH3), 0.76–
0.91 ppm (2d, 2J ACHTUNGTRENNUNG(P,H)=2.8 Hz, 24H; PCH3);


13C NMR (100.64 MHz,
[D2]dichloromethane, 25 8C, TMS): d=165.89 (s, py-C2,6), 136.12 (s, py-
C4), 117.79 (s, py-C3,5), 48.67 (m, CCH3), 44.41 (m, CH2), 26.23 (s, CCH3),
16.10 ppm (m, PCH3);


31P NMR (80.95 MHz, [D2]dichloromethane, 25 8C,
85% H3PO4): d=�59.69 ppm (s, 4PMe2); IR (KBr): ñ=2952 (vs), 2893
(s), 1574 (s), 1429 (s), 1370 (s), 1292 (s), 939 (s), 903 (s), 703 cm�1 (s); EI-
MS (70 eV): m/z (%): 430 (100) [M+�H].


2 : A solution of Fe ACHTUNGTRENNUNG(BF4)2·6H2O (205 mg, 0.607 mmol) in methanol
(2.0 mL) was added over 10 min at �50 8C to a solution of 1 (262 mg,
0.607 mmol) in methanol (2.5 mL). The mixture was stirred at this tem-


Figure 4. Structure of the dication in 7·2MeOH (hydrogen atoms omitted
for clarity).
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perature for 1 h to give a red solution. After the solvent had been re-
moved at this temperature, the residue was washed with diethyl ether
(3Q1 mL) and dried in vacuo to yield the product as a red powder
(277 mg, 75%). 1H NMR (200 MHz, [D4]methanol, 25 8C, TMS): d=7.77
(t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; py-H3), 7.39 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H; py-H2),
7.27 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H; py-H4), 3.45 (d, 3J ACHTUNGTRENNUNG(P,H)=10.4 Hz, 3H;
OCH3


22), 2.14, 1.70 (m/m, 2H; CH2
7), 2.10, 1.56 (m/m, 2H; CH2


10), 2.01,
1.58 (m/m, 2H; CH2


8), 1.93, 1.39 (m/m, 2H; CH2
11), 1.69 (s, 3H; CH3


13),
1.67 (s, 3H; CH3


9), 1.64 (m, 3H; PCH3
15), 1.62 (m, 3H; PCH3


21), 1.55 (m,
3H; PCH3


16), 1.54 (m, 3H; PCH3
19), 1.52 (m, 3H; PCH3


20), 1.47 (m, 3H;
PCH3


14), 0.52 (d, 2J ACHTUNGTRENNUNG(P,H)=6.5 Hz, 3H; PCH3
17), 0.24 ppm (d, 2J ACHTUNGTRENNUNG(P,H)=


6.5 Hz, 3H; PCH3
18); 13C NMR (50.32 MHz, [D4]methanol, 25 8C, TMS):


d=176.80 (s, py-C5), 169.77 (s, py-C1), 138.50 (s, py-C3), 120.48 (s, py-C4),
119.93 (s, py-C2), 55.88 (s, CCH3


12), 50.75 (d, 2J ACHTUNGTRENNUNG(P,C)=63.8 Hz, OCH3
22),


47.07 (m, CH2
10), 45.50 (m, CH2


11), 44.07 (m, CCH3
6), 39.75 (m, CH2


8),
39.50 (m, CH2


7), 32.44 (m, CH3
13), 30.88 (m, CH3


9), 25.72 (m, PCH3
15),


22.64 (m, PCH3
20), 22.18 (m, PCH3


21), 21.35 (m, PCH3
14), 18.62 (m,


PCH3
16), 17.09 (m, PCH3


18), 17.16 (m, PCH3
19), 16.20 ppm (m, PCH3


17);


31P NMR (80.95 MHz, [D4]methanol, 25 8C, 85% H3PO4): d=178.18 (m,
P4Me2OMe), 44.05 (m, P2), 34.29 (m, P3), 18.36 ppm (m, P1); 19F NMR
(188.31 MHz, [D4]methanol, 25 8C, CFCl3): d=�147.91 ppm (s, BF4


�); IR
(KBr): ñ=2974 (m), 2923 (m), 1598 (m), 1463 (s), 1296 (s), 1053 (vs)
(BF4


�), 935 (s), 912 (s), 731 cm�1 (s); ESI MS: m/z (%): 518 (100) [M+],
87 (100) [BF4


�]; elemental analysis (%) calcd for C22H44BF4FeNOP4


(605.1): C 43.67, H 7.33, N 2.31; found: C 43.88, H 7.19, N 2.17.


3 : A solution of Fe ACHTUNGTRENNUNG(BF4)2·6H2O (28 mg, 0.08 mmol) in methanol (1.5 mL)
was added over 30 min at room temperature to a solution of 1 (36 mg,
0.08 mmol) in methanol (2 mL). The reaction mixture was stirred for 4 h,
during which it deposited a red microcrystalline precipitate. The product
was filtered off and washed with methanol (2Q1.5 mL) to yield a red
solid (46 mg, 80%). 1H NMR (200 MHz, [D6]DMSO, 25 8C, TMS): d=


8.06 (t, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz, 1H; py-H3), 7.70 (d, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz, 1H; py-
H2), 7.50 (d, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz, 1H; py-H4), 3.42 (d, 3J ACHTUNGTRENNUNG(P,H)=11.4 Hz,
3H; OCH3


22), 2.69, 2.28 (m/m, 2H; CH2
10), 2.29, 1.88 (m/m, 2H; CH2


7),
1.89, 1.70 (m/m, 2H; CH2


8), 1.96 (m, 3H; PCH3
21), 1.90 (m, 3H; PCH3


20),
1.81 (m, 3H; PCH3


15), 1.75 (s, 3H; CH3
9), 1.69 (m, 3H; PCH3


18), 1.58 (s,


Table 2. Crystal data for 2, 3·0.5MeOH, 4, 6·H2O and 7·2MeOH.


2 3·0.5MeOH 4 6·H2O 7·2MeOH


molecular
formula


C22H44BF4FeNOP4 C22.5H47B2F8FeNO1.50P4 C22H44ClFeNO5P4 C22H46B2F8FeNO2P4 C24H49B2F8FeNO3P4


Mr [gmol�1] 605.12 708.96 617.76 709.95 752.99
crystal
size [mm]


0.23Q0.23Q0.14 0.33Q0.24Q0.19 0.20Q0.17Q0.15 0.21Q0.14Q0.10, green 0.18Q0.10Q0.07


colour orange red orange green light yellow
F ACHTUNGTRENNUNG(000) 2544 1476 2608 738 1568
crystal
system


monoclinic triclinic monoclinic monoclinic orthorhombic


space group P21/c (no. 14) P1̄ (no. 2) P21/c (no. 14) P21 (no. 4) P212121 (no. 19)
a [P] 11.129(1) 10.2906(6) 11.202(1) 10.583(1) 12.685(1)
b [P] 13.350(2) 15.4219(6) 13.432(2) 12.219(1) 12.950(2)
c [P] 38.271(2) 19.7564(13) 38.372(3) 12.669(2) 20.084(2)
a [8] 90 91.306(5) 90 90 90
b [8] 95.598(6) 90.493(6) 95.447(5) 110.149(7) 90
g [8] 90 91.533(4) 90 90 90
V [P3] 5658.9(9) 3133.3(3) 5748(1) 1538.0(3) 3299.2(7)
Z 8 4 8 2 4
1calcd [g cm�3] 1.421 1.503 1.428 1.533 1.516
m [mm�1] 0.802 0.755 0.873 0.770 0.725
absorption
correction


SADABS SADABS numeric SADABS SADABS


Tmin/Tmax 0.843/1.000 0.874/1.000 0.859/0.901 0.863/1.000 0.929/1.000
scan f and w rotations with


0.68 and 72 s per frame
f and w rotations with
1.68 and 96 s per frame


f and w rotations with
0.68 and 57 s per frame


f and w rotations with 2.08
and 120 s per frame


w rotations with 1.78
and 255 s per frame


2q range [8] 6.4–54.2 7.0–55.8 6.8–54.2 6.6–57.4 6.6–55.0
measured
reflections


41016 60891 62533 43654 42139


unique re-
flections


11137 14839 12364 7924 7553


observed re-
flections[a]


9054 12110 9639 7110 6657


refined pa-
rameters


896 1069 896 499 421


wR2 (all
data)[b]


0.0781 0.0909 0.0777 0.0545 0.0581


R1 (obsd
data)[c]


0.0381 0.0355 0.0375 0.0269 0.0272


1fin (max/
min) [eP�3]


0.626/�0.489 0.897/�0.901 0.631/�0.448 0.318/�0.360 0.459/�0.303


wighting
scheme[d]


k=0.0267/l=7.0053 k=0.0314/l=0.4.4873 k=0.0317/l=4.6500 k=0.0295/l=0 k=0.0256/l=0.9662


abs. struct.
parameter


– – – 0.013(7) 0.01(1)


[a] With Fo�4s(F). [b] wR2= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2. [c] R1=� j jFo j� jFc j j /� jFo j for Fo�4s(F). [d] w=1/[s2(F2


o)+ (kP)2+ lP] and P= (F2
o+2F2


c)/3.
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3H; CH3
13), 1.43 (d, 2J ACHTUNGTRENNUNG(P,H)=9.8 Hz, 3H; PCH3


16), 1.16 (d, 2J ACHTUNGTRENNUNG(P,H)=
10.0 Hz, 3H; PCH3


17), 0.63 (m, 6H; PCH3
19,14), �3.75 ppm (s, 3H;


CH3
11); 13C NMR (50.32 MHz, [D6]DMSO, 25 8C, TMS): d=168.32 (s, py-


C5), 166.48 (s, py-C1), 140.36 (s, py-C3), 122.14 (s, py-C4), 121.82 (s, py-
C2), 51.15 (d, 2J ACHTUNGTRENNUNG(P,C)=57.7 Hz, OCH3


22), 42.85 (s, CCH3
6), 42.33 (s,


CCH3
12), 41.03 (m, CH2


10), 35.82 (m, CH2
8), 32.73 (m, CH2


7), 32.68 (m,
CH3


9), 30.00 (m, CH3
11), 26.92 (m, CH3


13), 20.98 (m, PCH3
20,21), 19.98 (m,


PCH3
16), 16.49 (m, PCH3


17), 16.25 (m, PCH3
14), 15.22 (m, PCH3


15), 14.87
(m, PCH3


19), 12.95 ppm (m, PCH3
18); 31P NMR (80.95 MHz, [D6]DMSO,


25 8C, 85% H3PO4): d=174.50 (m, P4Me2OMe), 50.29 (m, P2), 27.71 (m,
P3), 17.04 ppm (m, P1); 19F NMR (188.31 MHz, [D4]methanol, 25 8C,
CFCl3): d=� 147.89 ppm (s, BF4


�); IR (KBr): ñ=2966 (s), 2918 (s),
1598 m, 1462 (s), 1310 (s), 1054 (vs, BF4


�), 940 (s), 917 (s), 733 cm�1 (s);
ESI MS: m/z (%): 518 (100) [M+�H], 214 (10) [M2+�PMe2OMe], 87
(100) [BF4


�]; elemental analysis (of single-crystalline material dried in
vacuo to remove methanol of solvation) calcd (%) for
C22H45B2F8FeNOP4 (692.9): C 38.13, H 6.55, N 2.02; found: C 38.35, H
6.43, N 1.99.


4 : A solution of Fe ACHTUNGTRENNUNG(ClO4)2·6H2O (25 mg, 0.07 mmol) in methanol
(1.5 mL) was added over about 10 min at room temperature to a solution
of 1 (32 mg, 0.07 mmol) in methanol (2 mL). The solution spontaneously
turned orange and was then stirred for a further 2 h at room temperature.
The solvent was reduced in volume to about 1.5 mL. Isothermal diffusion
of diethyl ether, filtration and washing with diethyl ether (3Q1.5 mL)
yielded the product as a microcrystalline orange powder (34 mg, 74%).
1H NMR (200 MHz, [D4]methanol, 25 8C, TMS): d=7.77 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.9 Hz, 1H; py-H3), 7.41 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; py-H2), 7.27 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H); py-H4), 3.50 (d, 3J ACHTUNGTRENNUNG(P,H)=10.4 Hz, 3H; OCH3


22),
2.12, 1.68 (m/m, 2H; CH2


7), 2.08, 1.56 (m/m, 2H; CH2
10), 2.05, 1.62 (m/m,


2H; CH2
8), 1.95, 1.42 (m/m, 2H; CH2


11), 1.71 (s, 3H; CH3
13), 1.69 (s, 3H;


CH3
9), 1.63 (m, 3H; PCH3


15), 1.62 (m, 3H; PCH3
21), 1.56 (d, 2J ACHTUNGTRENNUNG(P,H)=


6.5 Hz, 3H; PCH3
16), 1.55 (d, 2J ACHTUNGTRENNUNG(P,H)=6.0 Hz, 3H; PCH3


19), 1.51 (d, 2J-
ACHTUNGTRENNUNG(P,H)=6.5 Hz, 3H; PCH3


20), 1.46 (br, 3H; PCH3
14), 0.54 (d, 2J ACHTUNGTRENNUNG(P,H)=


6.4 Hz, 3H; PCH3
17), 0.25 ppm (d, 2J ACHTUNGTRENNUNG(P,H)=6.6 Hz, 3H; PCH3


18);
13C NMR (50.32 MHz, [D4]methanol, 25 8C, TMS): d=177.11 (s, py-C5),
169.98 (s, py-C1), 138.64 (s, py-C3), 120.71 (s, py-C4), 120.10 (s, py-C2),
56.19 (s, CCH3


12), 50.86 (d, 2J ACHTUNGTRENNUNG(P,C)=63.7 Hz, OCH3
22), 47.28 (m, CH2


10),
45.50 (m, CH2


11), 44.37 (m, CCH3
6), 39.77 (m, CH2


8), 39.76 (m, CH2
7),


32.83 (m, CH3
13), 30.49 (m, CH3


9), 26.04 (m, PCH3
15), 22.80 (m, PCH3


20),
22.51 (m, PCH3


21), 21.55 (m, PCH3
14), 18.95 (m, PCH3


16), 17.42 (m,
PCH3


18), 17.41 (m, PCH3
19), 16.50 ppm (m, PCH3


17); 31P NMR
(80.95 MHz, [D4]methanol, 25 8C, 85% H3PO4): d=178.61 (m,
P4Me2OMe), 43.51 (m, P2), 34.42 (m, P3), 18.44 ppm (m, P1); IR (KBr):
ñ=2919 (s), 1596 (m), 1461 (m), 1293 (m), 1095 (vs, ClO4


�), 1025 (s), 897
(s), 716 cm�1 (s); ESI MS: m/z (%): 518 (100) [M+], 99 (100) [35ClO4


�],
101 (32) [37ClO4


�]; elemental analysis (%) calcd for C22H44ClFeNO5P4


(617.8): C 42.77, H 7.18, N 2.27; found C 42.55, H 7.03, N 2.13.


6 : A stoichiometric amount of dioxygen (2.46 mL, 0.110 mmol) was in-
jected by syringe into a solution of agostic iron complex 3 (305 mg,
0.440 mmol) in methanol (5.0 mL). The solution was stirred at room tem-
perature for 10 min, during which time its colour changed from red to
green. After removal of the solvent the residue was washed with diethyl
ether (3Q2 mL) to yield the product as a dark green microcrystalline
powder (289 mg, 95%). ESI MS: m/z (%): 259 (100) [M2+], 87 (100)
[BF4


�]; elemental analysis (of single-crystalline material dried in vacuo to
remove water of solvation) calcd (%) for C22H44B2F8FeNOP4 (691.9): C
38.19, H 6.41, N 2.02; found: C 37.76, H 6.61, N 1.85.


7: An autoclave (volume: 200 mL) was charged with a red solution of 2
(95 mg, 0.16 mmol) in methanol (20 mL) and CO (10.5 bar), and the mix-
ture heated to 80 8C for 12 h. After the mixture had been cooled to room


temperature, the pressure was released; the yellow solution that had
formed was reduced in volume to about 5 mL and cooled to 2 8C to pre-
cipitate a yellow single-crystalline solid (13 mg, 12%). 1H NMR
(200 MHz, [D4]methanol, 25 8C, TMS): d=8.22 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H;
py-H4), 8.08 (d, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H; py-H3,5), 2.65–1.97 (dd, AB, 2J-
ACHTUNGTRENNUNG(H,H)=18.0 Hz, 8H; CH2), 1.95–1.43 (m, 24H; PCH3), 1.28 ppm (s, 6H;
CCH3);


13C NMR (100.64 MHz, [D4]methanol, 25 8C, TMS): d=214.62
(quintet, 2J ACHTUNGTRENNUNG(P,C)=27.6 Hz, CO), 169.38 (s, py-C2,6), 142.84 (s, py-C4),
126.50 (s, py-C3,5), 46.48 (s, CH2), 35.23 (s, CCH3), 18.25 ppm (m, PCH3),
CCH3 obscured by solvent signal; 31P NMR (80.95 MHz, [D4]methanol,
25 8C, 85% H3PO4): d=19.00 ppm (s, 4PMe2);


19F NMR (188.31 MHz,
[D4]methanol, 25 8C, CFCl3): d=� 153.73 ppm (s, BF4


�); IR (KBr): ñ=
2980 (s), 2924 (s), 1969 (vs) (CO), 1596 (s), 1455 (s), 1322 (s), 1057 (vs)
(BF4


�), 947 (s), 918 cm�1 (s); ESI MS: m/z (%): 258 (28) [M2+], 244 (12)
[M2+�CO], 87 (100) [BF4


�]; elemental analysis calcd (%) for
C22H41B2F8FeNOP4 (688.9): C 38.36, H 6.00, N 2.03; found C 38.69, H
5.91, N 1.93.
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Solvent Exchange in Thermally Stable Resorcinarene Nanotubes


Heidi Mansikkam&ki,[a] Sara Busi,[b] Maija Nissinen,[a] Antti -hman,[a] and
Kari Rissanen*[a]


Introduction


Crystal engineering, the ability to design and prepare molec-
ular crystal structures by using the self-assembling proper-
ties of molecular species, is emerging as a powerful strategy
to develop novel, functional, nanoscale materials. When suc-
cessful, this bottom-up construction of organic materials
from molecules or ions through weak interactions can have
a very high overall efficiency and built-in error correction
compared to traditional covalent synthesis methods.[1–3] The
design of supramolecular materials offers great challenges,
especially when large multifunctional building blocks such
as calixarenes or resorcinarenes are utilised. The design of
the structures and the experiments leading to them still very
much depend on trial and error and the practical experience


of the chemist, rather than on the results of computational
methods or models. From a material science point of view a
major drawback of organic self-assembled structures is their
lack of stability, since the structures are often stable only
under certain, often very limited, conditions.[4–6] This is espe-
cially true for organic self-assembled nanotube structures, in
which the desired functions of controlled storage, transport,
and the release of suitable guests are based on weak interac-
tions between the interior of the tube or pore and the
guests.[2,7] Some exciting structures have been fabricated to
address these challenges, such as the peptide nanotube crys-
tals presented by Gçrbitz et al., in which the cocrystallised
solvent molecules can be removed from the crystal lattice
and be replaced by other small molecules.[8]


In our studies of self-assembling materials, we have used
resorcinarene compounds as building blocks. Resorcinarenes
and their pyrogallol analogues, pyrogallarenes (Scheme 1),
possess electron-rich cavities and are commonly found in a
bowl-shaped conformation, also known as the crown confor-
mation, in which the upper rim has either eight hydroxyl
groups (resorcinarenes), or in the case of pyrogallarenes,
twelve hydroxyl groups.


Crystal engineering using resorcinarenes and pyrogallar-
enes is based on interactions of the hydrophilic upper and
hydrophobic lower rim of the molecule and interactions of


Abstract: The assembly of C-methyl re-
sorcinarene into a tubular supramolec-
ular solid-state structure, its thermal
stability, and its hosting properties are
reported. Careful control of the crystal-
lisation conditions of C-methyl resorci-
narene and 1,4-dimethyl-1,4-
diazoniabicycloACHTUNGTRENNUNG[2.2.2]octane (1,4-di-
methyl DABCO) dibromide leads to a
formation of two crystallographically
different, but structurally very similar,
solid-state nanotube structures. These
structures undergo a remarkable varie-
ty of supramolecular interactions,


which lead to the formation of 0.5 nm
diameter nonpolar tubes through the
crystal lattice. The formation of these
tubes is templated by suitably sized
small alcohols, namely, n-propanol, 2-
propanol, or n-butanol. The self-assem-
bly involves close p···p interactions be-
tween the adjacent resorcinarenes, and


C�H···p and cation···p interactions be-
tween the resorcinarenes and the guest
1,4-dimethyl DABCO dications. The
crystals of these supramolecular tube
structures are thermally very stable
and the included solvent alcohol can be
removed from the tubes without break-
ing the single-crystalline structure of
the assembly. After removal of the sol-
vent molecules the tubes can be filled
with other small, less polar solvent
molecules such as dichloromethane.
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the electron-rich cavity. The upper rim hydroxyl groups
form intra- and intermolecular hydrogen bonds, and the p


basic cavity forms complexes with neutral molecules through
C�H···p and/or p···p interactions,[9–11] and with cationic spe-
cies, through cation···p interactions.[9,10,12, 13] These properties
have been used in, for example, complexing biologically
active acethylcholine in the solid state[14] and in solution.[15]


The packing of these complexes or aggregates can be further
controlled by hydrophilic interactions; the longer the lower
rim alkyl chains, the more probable it is that layers com-
posed of hydrophilic and hydrophobic regions occur.[13,16]


Undoubtedly, one of the most fascinating properties of
readily available resorcinarenes and pyrogallarenes is their
ability to form molecular capsules. MacGillivray and
Atwood[17] were the first to discover that resorcinarenes can
form a hexameric, solvent-mediated capsular assembly of C-
methyl resorcinarene (1) that can now, eight years later, be
considered as an icon for self-assembled molecular capsules.
The hexameric structure of 1 is found in virtually every
modern textbook of supramolecular chemistry. A few years
later Mattay and co-workers[18] reported the crystal structure
of a directly hydrogen-bonded hexameric capsule of tetrai-
sobutyl pyrogallarene. Aoki and co-workers and Atwood
and co-workers reported almost simultaneously the struc-
tures of solvent-mediated dimeric capsules of alkyl resorci-
narenes encapsulating tetraethyl ammonium cations or sol-
vent molecules, respectively.[19,20] These findings have been
followed by several studies on dimeric[6,13,21] and hexame-
ric[22] capsules of unsubstituted resorcinarenes and pyrogal-
larenes in the solid state, in solution, or in the gas phase. To
date all the resorcinarene capsules fabricated have been sol-
vent mediated; however, the four additional hydroxyl
groups in pyrogallarenes makes it possible for them to di-
rectly hydrogen bond to each other forming either hexame-
ric[18] or dimeric[23] capsules.


During the course of our encapsulation studies of diqua-
ternary alkyl ammonium cations by C-methyl resorcinarene
(1) the crystals of a novel tubular solid-state structure of 1
with 1,4-dimethyl-1,4-diazoniabicycloACHTUNGTRENNUNG[2.2.2]octane (1,4-di-
methyl DABCO) dibromide (3) were successfully isolat-
ed.[24] The tube structure is held together by multiple offset
face-to-face p···p interactions in between the neighbouring


molecules of 1 that further pack to form the backbone of a
nanotubular structure (Figure 1). The lower rim methyl
groups of 1 are found in the interior of the hydrophobic


tube, while each of the hydroxyl groups and cavities of 1
that complex a diquaternary cation of 3 are on the outer sur-
face, making the surface hydrophilic.[24]


The resorcinarene tube structure is unique among the
large variety of resorcinarene assemblies in existence. Also,
for the closely related calixarenes only a few examples of
calixarene nanotubes, namely, tubular structures constructed
of p-sulfonatocalix[4]arene[25] and calixhydroquinone,[26] are
known. In both of these the packing of the calixarenes dif-
fers considerably from the packing of the C-methyl resorci-
narenes shown in Figure 1.


Herein we describe crystal-engineering studies, namely
the effect of the solvent and the host on the formation of
the solid-state nanotube by means of single-crystal X-ray
diffraction studies, and thermal stability studies of the tube
crystals, by means of thermogravimetric/differential thermal
analysis (TG/DTA), differential scanning calorimetry (DSC)
and X-ray powder diffraction techniques. Results detailing
the removal of solvent alcohols and their substitution by
other organic solvent molecules are also presented.


Scheme 1. The molecular structure of 1, 2, and 3.


Figure 1. Two different views of the crystal structure of the resorcinarene
nanotube, along the tube and perpendicular to it. a) A CPK presentation
(the salt 3 and the cocrystallised solvents are omitted for clarity). b) The
tube skeleton in stick presentation with the cations in CPK style (hydro-
gen atoms of 1, disordered cations, anions, and water molecules are omit-
ted for clarity).
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Results and Discussion


In our previous studies of resorcinarene capsules and open
complexes, molecules of the crystallization solvents cocrys-
tallised without exception.[6,13] This resulted in thermally un-
stable crystals, which decomposed in most cases when taken
out of the mother liquor. After the discovery of the triclinic
resorcinarene nanotube structure Ttric (Figure 1) with a com-
position of 3C32H32O8·4C8H18N2Br2·6H2O(13·34·6H2O), we
noticed that the tube crystals were surprisingly stable in air
at room temperature (RT), relative to the crystals of the di-
meric capsules of 1 and diprotonated DABCO dichloride or
1,4-dimethyl DABCO dibromide.[13a] These capsule crystals
decomposed within an hour upon exposure to air owing to
the evaporation of weakly bound cocrystallised solvents.


Inspired by this observation, several batches of tube crys-
tals were prepared for detailed thermal-stability measure-
ments. During the crystallization experiments it was noticed
that, in addition to needlelike crystals of Ttric, single crystals
of a different morphology were also obtained under the
same conditions (Figure 2).


The crystal structure of these platelike crystals reveals a
nontubular, open 1:1 complex (OR) with a composition of
C32H32O8·C8H18N2Br2·3H2O (1·3·3H2O). As expected, the
cations are positioned inside the resorcinarene bowls
(Figure 3), now in a horizontal position, whereas in Ttric the
cat ACHTUNGTRENNUNGions complexed in the resorcinarenes are in a vertical po-
sition with one of the methyl groups pointing into the resor-
cinarene cavity. In OR there are also three water molecules
per asymmetric unit; two of them are hydrogen bonded to
the resorcinol hydroxyl groups and one is positioned be-
tween the lower rim methyl groups of 1.


Changing the ratios of 1 and 3 or the concentrations of
the n-propanol (aqueous) solutes in the crystallization ex-
periments did not have an effect on the crystallized Ttric/OR
ratio; crystals of both structures were found in each experi-
ment. In previous studies we found that the conditions lead-
ing to the formation of Ttric were very sensitive to the influ-
ence of the anion. Attempts to crystallize similar tubular ar-
chitectures from 1 and a corresponding 1,4-dimethyl
DABCO dichloride or diiodide instead of the bromide salt
3, led only to the formation of an open nontubular 1:1 com-


plex with the dichloride salt.[24] To elucidate the effect of the
host structure on the tube-structure formation, resorcinar-
ene 1 was substituted with pyrogallarene 2 ; it was hypothe-
sized that 2 might form a similar tubular structure when
crystallized under the same conditions as the resorcinarene
tube. From a solution of the sample in n-propanol, measura-
ble crystals of a complex of 2 with 3 resulted within one day.
This nontubular open complex, OP, has the composition
C32H32O12·1.5C8H18N2Br2·C3H8O (2·31.5·n-propanol). The
structure of this open complex is clearly different from the
resorcinarene complex OR. In OP two of the three cations
are complexed by pyrogallarenes and the uncomplexed, dis-
ordered and more weakly bound cation is positioned in the
same layer as the ordered cations and anions (Figure 4).


The anions are hydrogen bonded between two pyrogallar-
ene molecules with cocrystallised n-propanol molecules. The


Figure 2. Light-microscope images of the two differently shaped crystals.
a) Needlelike tube crystals of Ttric and b) flowerlike aggregates of plate-
shaped crystals.


Figure 3. The crystal structure of the nontubular complex, OR : a) the
asymmetric unit and b) the packing mode along the crystallographic c
axis. The cations are shown in CPK style; the resorcinarenes, anions, and
cocrystallised water molecules are shown in stick presentation. Hydrogen
bonds are shown with dashed lines.


Figure 4. Packing of OP : molecules of 2 and the Br� ions are shown in
stick presentation and the cations of 3 are drawn in CPK style. The disor-
dered cations and n-propanol solvent molecules are omitted for clarity.
Hydrogen bonds are shown with dashed lines.
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pyrogallarenes form a hydrophobic layer, while the salts and
solvent molecules form a hydrophilic one. These results con-
firm that the formation of the nanotube structure is unique
for the complex formed by 1 and 3 ; any change in either the
host structure (one additional hydroxyl group in the 2-posi-
tion), the anions (chloride instead of bromide) or the cations
(diprotonated DABCO or dibenzyl DABCO instead of di-
methyl DABCO), hinders the tube formation, resulting in
various open 1:1 structures or other structures.


No tubes were formed without the combination of resorci-
narene 1 and 3. However, in the course of the recrystallisa-
tion studies it was found that tubular Ttric also crystallises
from aqueous n-butanol and 2-propanol, in addition to n-
propanol. Surprisingly, when toluene was diffused into the
solvent alcohol to enhance the efficiency and speed of the
crystallization, a new tube structure Ttrig was obtained from
the same alcohols. This structure is essentially the same as
Ttric, when the resorcinarenes and the tube structures are
considered. The composition of Ttrig is
3C32H32O8·4C8H18N2Br2·8H2O (13·34·8H2O), the only differ-
ence being the amount of cocrystallised water, which is two
molecules more in Ttrig. The Ttrig structure (Figure 5a) with a
trigonal lattice symmetry and space group P3̄ is more or-
dered than the previously reported triclinic tube structure
Ttric with space group P1̄. Whereas many of the anions and
water molecules are severely disordered in Ttric, they are
well ordered in Ttrig. The positions of the cations in Ttrig are
the same as in Ttric and three of the four cations are present
in an upright position in the resorcinarene cavities, allowing
close C�H···p and cation···p interactions with 1. The fourth
cation, which is equally disordered over two positions,
merely completes the salt layer and fills the interstices in
the crystal lattice. The Br� ions are hydrogen bonded to the
hydroxyl groups of 1 and interact with the cations by elec-
trostatic forces. A view of the packing of Ttrig along the
chrystallographic c axis is presented in Figure 5a. The tube
interior of Ttrig is shaped like a line of stacked hourglasses,
the shortest van der Waals diameter is 0.5 nm. The van der
Waals volume, that is, the solvent accessible volume of the
tube interiors, takes up approximately 10% of the total-crys-
tal volume. In Ttric and also in the case of Ttrig a significant
amount of electron density (1.4–1.0 e=�3) was found inside
the tube that could not, due to severe disorder, be assigned
to a chemically reasonable model. The presence of the crys-
tallization solvents (2-propanol and toluene used in the dif-
fusion experiment) could not therefore be verified; however,
thermal analysis (see below) supported the view that the re-
sidual electron density found inside the tubes in Ttric and
Ttrig was indeed n-propanol. The altered recrystallisation
conditions, namely toluene diffusion into the alcohol,
changed the morphology of the crystals from thin needles to
large blocks, at the same time inhibiting the formation of
the open 1:1 complex OR.


The observed stability under ambient conditions urged us
to study the thermal stability of the tube crystals. The nee-
dlelike crystals of Ttric were manually separated from the
platelike crystals of OR under a light microscope. TG/DTA


and DSC measurements were performed on both complexes
and separately on the starting materials 1 and 3. The TG/
DTA curves of compounds 1, 3, Ttric, and OR, are presented
in Figure 6. The thermal decomposition of resorcinarene 1
started at 327 8C (Figure 6), while the DABCO salt 3 started
to decompose at 259 8C (Figure 6b). Crystals of both Ttric
and OR were taken out of the crystallization liquid and left
to dry in air for approximately one hour before the TG/
DTA measurements. In the case of Ttric (Figure 6c), a slight
decrease can be seen in the beginning of the TG mass-loss
curve, indicating that some solvents are continuously being
evaporated. In the range 70–90 8C there is a small drop in
the TG curve; this drop is due to weakly bound n-propanol
solvent molecules evaporating from the tube interior. On
the basis of the DTA curves, no indication of melting or
solid–solid phase transitions can be seen for Ttric below
252 8C in which, as mentioned before, the DABCO salt 3
starts to decompose. This behaviour was also confirmed by


Figure 5. a) Packing of Ttrig along the crystallographic c axis. The cations
of the salts are highlighted in blue and the hydrocarbon skeletons of 1 in
grey. Hydrogen bonds are shown with dashed lines. b) Solvent accessible
voids (the size of a water molecule) in one unit cell are shown with
yellow surfaces and the unit cell cut-offs along or parallel to the tubes
are shown in red.
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DSC measurements and on the basis of these results, repeat-
ed with three different samples, the tube structure remained
intact up to the point at which decomposition of 3 began.
The open complex OR showed different thermal behaviour.
While the beginning of the TG curve (Figure 6d) is straight,
a drop and hence a loss of the cocrystallised water mole-
cules starts after 140 8C and is complete at 180 8C.


This weight loss corresponds exactly to the loss of three
water molecules per resorcinarene. On the basis of DTA
and DSC measurements we can conclude that the original
supramolecular structure was lost during the evaporation of
water. To verify similar behaviour also observed for the
trigonal tube, TG/DTA measurements were performed on
block crystals of Ttrig. As expected, the stability results ob-
tained for Ttrig and Ttric were similar.


To further confirm the single-crystal stability of the tube
structure and the ability of the crystals to survive intact in
temperatures above the boiling points of the crystallization
solvents, crystals of Ttric and Ttrig were placed in an oven at
100 8C for one hour. After this time the powder diffraction
patterns were measured and compared with patterns of un-
heated crystals. All of these diffraction patterns were then
compared to the theoretical diffraction patterns calculated
from the unit-cell parameters of Ttric and Ttrig.


In the case of Ttric the calculated and experimental diffrac-
tion patterns did not agree very well, as the experimental
powder diffraction sample of Ttric was contaminated with
crystals of the cocrystallised OR. Several crystallization and
separation attempts gave the same results, indicating that
manual separation of the Ttric and OR crystals in sufficient
amounts for powder diffraction measurements was not pos-
sible. However, the high-intensity peaks of Ttric (in the 2q
range <58) could be seen in the experimental powder dif-
fraction patterns (of both the heated and unheated samples).


However, the high-angle part of
the powder diffraction pattern
remained ambiguous, because
the low-intensity peaks of Ttric
were much weaker and less dis-
tinctive than the high-intensity
peaks measured at low angles.
Minute amounts of the contam-
inant complex OR made inter-
pretation of the pattern diffi-
cult, so that only ambiguous re-
sults of the thermal stability of
Ttric crystals were obtained from
powder diffraction methods.
However, the well-ordered and
contaminant-free Ttrig gave en-
couraging results (Figure 7).


The experimental diffraction
pattern of Ttrig agrees well with
the calculated pattern owing to
the fact that large block crystals
of Ttrig were readily available.
The calculated diffraction pat-
tern of Ttrig fits very well to the


Figure 6. The TG (solid line) and DTA curves (dashed line) of a) 1, b) 3, c) Ttric and d) OR.


Figure 7. Results of calculated and experimental powder diffraction anal-
ysis of Ttrig.
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experimental pattern measured from crystals heated at
100 8C for an hour. Based on the TG/DSC and powder dif-
fraction results it can be concluded that the tube structure
Ttrig is very stable at least up to 100 8C.


The stability of the tube crystals and the nonpolar interior
of the 0.5 nm tubes led us to look for possible functionalities
or applications of these intriguing structures. To explore the
storage capability for small molecules we heated the crystals
of Ttric at 100 8C for half an hour to remove the cocrystal-
lised disordered solvent molecules from the tube interior, as
shown by the TG studies. After heat treatment the crystals
were soaked in acetonitrile, chloroform, dichloromethane,
dibromomethane (DCM), benzene and toluene. Water could
not be used since the crystals decomposed in water. The X-
ray structure of one of the heated crystals was measured di-
rectly after heating. The single-crystal nature of the crystals
was retained with only a slight loss of crystal quality; the
structure showed considerably lower electron density inside
the tube (electron density not higher than 1 e=�3) than that
which was observed for a nonheated Ttric tube. Crystal struc-
tures of the soaked crystals were measured after keeping
them for two to four weeks in the corresponding solvent.
All of the crystal structures determined for soaked Ttric crys-
tals showed clear differences in the residual electron density,
which in each case was concentrated in the tube interior, in-
dicating the presence of disordered solvents. In one case
only, namely the crystal soaked in DCM, was the assignment
of the solvent inside the tube unambiguous. A DCM mole-
cule with an occupation factor of 0.5 was determined per
asymmetric unit. The composition of this tube structure,
TtricDCM is 3C32H32O8·4C8H18N2Br2·6H2O·0.5CH2Cl2
(13·34·6H2O ·0.5DCM). However, in this structure some re-
sidual electron density inside the tube interior could not be
assigned to a chemically meaningful model either. This
means that in addition to the disordered DCM molecules
(assigned with a population parameter of 0.5), there are also
other more severely disordered solvents present. The X-ray
structure of TtricDCM and the orientation of the DCM mole-
cules inside the tube are presented in Figure 8.


Conclusion


Depending on the crystallization conditions, the crystalliza-
tion of 1 with 3 from a solution of aqueous alcohols can be
driven to self-assemble into two different crystal structures
of resorcinarene nanotubes, in which the tubes are separated
by a layer of cocrystallised salt 3 and water molecules.


It is worth noting that the crystallization process of the
tube structures is very subtle and any change either in the
cation, anion or the host results in other types of structures.
In the light of our investigations, the formation of the tubu-
lar resorcinarene structures occurs only in the presence of n-
propanol, 2-propanol or n-butanol. We conclude that these
small organic solvents strongly affect the initial stages of
molecular association and act as templating agents for the
assembly of resorcinarenes forming the supramolecular


tubes. It is difficult to determine which of the various weak
interactions is the driving force in the tube formation proc-
ess, but undoubtedly the p–p stacking, the cation···p and
C�H···p interactions between the resorcinarenes and the
cat ACHTUNGTRENNUNGions and the electrostatic interactions between the ionic
groups of 3, play important roles.


The tube crystals exhibit high stability for an organic
porous supramolecular material. This is manifested by the
fact that the cocrystallised solvents can be removed by using
moderately high temperatures, while the tube structure itself
remains intact. TG and DSC measurements indicate that
the tube structures are stable up to 250 8C. This remarkable
stability can be explained by the multiple weak interactions
and the efficient packing of the tube skeleton and salt layers
in between the tubes, that is, the salt and water layers act as
cement between the self-assembled “brick” resorcinarenes.


The stability of the resorcinarene nanotube crystals and
the discovery that small organic solvents can be directed in
and out of the tubes without destroying the tube structure
are encouraging and exciting results. These results will in-
crease our knowledge about self-assembling tubular or
porous materials and emphasise the use of supramolecular
chemistry tools to develop new solutions and strategies for
storage, removal or transport of volatile small organic mole-
cules or gases.


Experimental Section


Crystals of OR were obtained by slow evaporation from a 2:1 mixture of
compound 1 (54.5 mg) and salt 3 (15.1 mg) dissolved in aqueous n-propa-
nol (ca. 4 mL; two drops of water). These are the same conditions and re-
action mixture from which the previously reported tube, Ttric, was crystal-
lized. Ttrig was crystallized from an aqueous n-propanol solution (ca.
4 mL) of 1/3 in the ratio 3:4 (81.5 mg of 1 and 60.5 g of 3) by slow diffu-


Figure 8. The X-ray structure of TtricDCM. a) A view along the tube
showing all of the DMCs in disordered positions (with occupancy of 0.5),
shown in CPK style; molecules of 1 are shown in stick presentation. b) A
stick presentation of TtricDCM in CPK style. c) A view perpendicular of
the tube.
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sion of toluene. The same structure was also obtained by slow diffusion
of toluene into solutions of different ratios of 1 and 3 in either aqueous
2-propanol or n-butanol. TtricDCM crystals were obtained by gently
warming crystals of Ttric at 100 8C for 30 min and then placing the intact
crystals in DCM for two weeks, after which time the single-crystal struc-
ture was measured. Crystals of OP were obtained from an aqueous n-
propanol solution (ca. 4 mL) of 2/3 in the ratio 3:4 (91.2 mg of 2 and
60.5 mg of 3) by slow evaporation.


Single-crystal X-ray structures : The single-crystal X-ray crystallographic
data for all structures were recorded with a Nonius Kappa CCD diffrac-
tometer. Graphite monochromatised MoKa radiation (l=0.71073 =) and
a temperature of 173.0�0.1 K were used in all cases. The CCD data
were processed with Denzo-SMN v0.95.373.[27a] All structures were
solved by direct methods (SHELXS-97)[27b] and refined against F2 by full-
matrix least-squares techniques (SHELXL-97)[27c] by using anisotropic
thermal displacement parameters for all non-hydrogen atoms of 1,
anions, ordered cations, and solvent molecules. All of the OH hydrogen
atoms could be found from the difference Fourier map of OR and Ttrig
and some of them could be found from TtricDCM, while the rest of the
OH hydrogen atoms and all of the C hydrogen atoms were calculated at
their idealised positions with isotropic temperature factors (1.2 or 1.5
times the C temperature factor) and refined as riding atoms. The hydro-
gen atoms of most of the water molecules were not determined. In the
structures Ttrig, TtricDCM and OP the severely disordered cation, anion
and solvent molecules were refined isotropically. In the case of OR and
OP an empirical absorption correction was applied,[27d] while in the struc-
tures Ttrig and TtricDCM an absorption correction was performed but was
not applied in the final refinement, since no improvement was detected
in the data. In the tubular structure Ttrig notable electron density was
found in the interior (from 1.4 to 1.0 e=�3), but could not be assigned to
a chemically reasonable model of, for example, solvent molecules. An
electron density of 4.0 e=�3 was found between a bromide anion and the
aqueous solvent (1.25 = from O87 and 2.10 = from Br8) and an electron
density of 1.1 e=�3 was found 1.0 = away from Br7. These are artefacts
resulting from either the large size or quality of the crystal. In the tube
structure TtricDCM some residual electron density was found (maximum
of 4.0 e=�3) inside the tube and left unassigned, in addition to the disor-
dered DCM molecule with a population parameter of 0.5. The largest
peak found in between the methyl groups of one of the resorcinarenes
was at a distance of 4.1 = from the methyl carbon atoms. In the structure
OP some residual electron density that could be assigned to severely dis-
ordered n-propanol molecules was removed by using the program
SQUEEZE.[27e] The crystal data are presented in Table 1. CCDC 282422-


282425 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request.cif.


X-ray powder diffraction analyses : The powder diffraction data of the
crystals were measured to confirm the structural similarities between all
crystals formed and also to prove the thermal stability of the crystals.
The calculated powder diffraction data were obtained from the structural
parameters of each of the compounds by using the Mercury software
package.[28] X-ray powder diffraction data were obtained at room temper-
ature by a Huber G670 imaging-plate Guinier camera. The sealed-tube
X-ray generator system was operated at 45 kV and 25 mA, and pure line-
focused CuKa1 radiation (l=1.5406 =) was produced by using a primary-
beam-curved germanium monochromator (d=3.266 =). The measure-
ments were carried out with a Guinier-type transmission geometry by
using an angle of incidence of 458 to the sample normal. The diffracted
X-ray photons with an angular range of 4–1008 (2q) were captured on a
curved imaging-plate detector and the diffraction data were recorded
with a step resolution of 0.005 (2q).


Thermal studies : The thermal decomposition paths of the starting materi-
als, 1 and 3, and the decomposition paths of the supramolecular com-
plexes of these materials, namely crystals of Ttrig and OR were deter-
mined. The data were obtained with a Perkin–Elmer Diamond TG/DTA
instrument. The measurements were carried out by using platinum pans
under a synthetic air atmosphere (flow rate 110 mLmin�1). The sample
weights used in the measurements were in the range 2–10 mg.


The DSC measurements were performed with a Perkin–Elmer PYRIS 1
DSC instrument and were carried out (under a nitrogen atmosphere at a
flow rate of 50 mLmin�1) by using 50 mL sealed aluminium sample pans
with pinholes. The temperature calibration was carried out by using three
standard materials (n-decane, In and Zn) and the energy calibration by
using an indium standard. The samples were heated at a rate of
10 8Cmin�1 from �50 8C to temperatures near the predetermined (TG/
DTA) decomposition temperature of each compound. The sample
weights used in the measurements were in the range 2–6 mg.
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Table 1. Crystal data and parameters (for Ttric, see reference [24]).


Structure Ttric OR OP Ttrig TtricDCM


formula 3C32H32O8·4C8H18


N2Br2·6H2O
C32H32O8·C8H18


N2Br2·3H2O
1C32H32O12·1.5C8H18


N2Br2·C3H8O
3C32H32O8·4C8H18


N2Br2·8H2O
3C32H32O8·4C8H18


N2Br2·6H2O·0.5CH2Cl2
a [=] 13.9358(2) 13.3503(4) 13.220(1) 41.9357(5) 14.004(3)
b [=] 23.6272(2) 18.0960(5) 13.777(1) 41.9357(5) 23.541(5)
c [=] 23.9065(3) 31.4469(6) 18.919(2) 14.0434(2) 23.840(5)
a [8] 64.617(1) 90 71.441(3) 90 64.42(3)
b[8] 85.811(1) 90 74.254(4) 90 85.74(3)
g[8] 87.348(1) 90 62.159(5) 120 87.20(3)
V [=3] 7091.7(2) 7597.2(3) 2857.3(4) 21388.0(5) 7068(2)
Z 2 8 2 6 2
crystal system triclinic orthorhombic triclinic trigonal triclinic
space group P1̄ Pbca P1̄ P3̄ P3̄
1calcd [Mg m�3] 1.382 1.575 1.304 1.391 1.406
crystal size [mm�1] 0.30V0.30V0.10 0.32V0.27V0.07 0.45V0.45V0.2 0.90V0.80V0.75 0.40V0.20V0.15
m [mm�1] 2.33 2.20 2.17 2.32 2.36
reflections measured/unique 85764/10857 47482/3836 31089/7649 90477/14694 44202/9828
Rint 0.121 0.1457 0.056 0.0712 0.154
R/Rw


[a] 0.090/0.227 0.056/0.094 0.064/0.150 0.059/0.155 0.112/0.285
parameters 1680 536 610 1697 1580
GOOF 1.034 1.015 1.074 1.126 1.036


[a] I>2s(I).
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Enantio- and Diastereoselective Michael Addition Reactions of Unmodified
Aldehydes and Ketones with Nitroolefins Catalyzed by a Pyrrolidine
Sulfonamide
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Introduction


Herein, we describe the results of an investigation that
proves the tenet that subtle changes in the structure of a cat-


alyst can sometimes significantly improve catalytic activity.
As part of a recent, broad effort to search for novel organo-
catalysts, we have discovered that a l-proline surrogate, (S)-
pyrrolidine trifluoromethanesulfonamide (1), promotes a va-
riety of asymmetric organic transformations.[1] Like l-pro-


line, compound 1 exhibits high catalytic activity for Man-
ACHTUNGTRENNUNGnich[1a] and a-aminoxylation[1b] reactions that take place with
high levels of enantioselectivity. In some cases, the catalytic
activity of 1 is superior to that of l-proline. For example,
much higher enantioselectivities are observed for asymmet-
ric aldol reactions of a,a-dialkylaldehydes with aromatic al-
dehydes[1c] and conjugate addition processes when 1 is used


Abstract: Chiral (S)-pyrrolidine tri-
fluoromethanesulfonamide has been
shown to serve as an effective catalyst
for direct Michael addition reactions of
aldehydes and ketones with nitroole-
fins. A wide range of aldehydes and ke-
tones as Michael donors and nitroole-
fins as acceptors participate in the
process, which proceeds with high
levels of enantioselectivity (up to
99% ee) and diastereoselectivity (up to
50:1 d.r.). The methodology has been
employed successfully in an efficient
synthesis of the potent H3 agonist
Sch50917. In addition, a practical
three-step procedure for the prepara-
tion of (S)-pyrrolidine trifluorometh-


ACHTUNGTRENNUNGaneACHTUNGTRENNUNGsulfonamide has been developed.
The high levels of stereochemical con-
trol attending Michael addition reac-
tions catalyzed by this pyrrolidine sul-
fonamide, have been investigated by
using ab initio and density functional
methods. Transition state structures for
the rate-limiting C�C bond-forming
step, corresponding to re- and si-face
addition to the reactive conformation
of the key enamine intermediates have


been calculated. Analysis of these
structures indicates that hydrogen
bonding plays an important role in cat-
alysis and that the energy barrier for
si-face attack in reactions of aldehydes
to form 2R,3S products is lower than
that for the re-face attack leading to
2S,3R products. In contrast, the energy
barrier for re-face addition is lower
than that for si-face addition in reac-
tions of ketones. The computational re-
sults, which are in good agreement
with the experimental observations, are
discussed in the context of the stereo-
chemical course of these Michael addi-
tion reactions.
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as the catalyst.[1d,e] Moreover, compound 1 serves as an ef-
fective catalyst for a-selenenylation[1f] and a-sulfenylation[1g]


reactions, in which l-proline shows poor catalytic activity
and in which more side products are generated. The en-
hanced catalytic activity, enantioselectivity, and/or diastereo-
selectivity associated with reactions promoted by 1 are a
consequence of the acidic and sterically bulky properties of
the NHTf group (Tf= trifluoromethanesulfonyl; respective
pKa in DMSO for NH2Tf and CH3CO2H are 9.7 and 12.3).[2]


Furthermore, the lipophilic character and high stability of
the NHTf group are responsible for the broad solvent com-
patibility of 1 and the need for only relatively low catalyst
loadings.
Michael addition reactions of nitroolefins with aldehydes


and ketones are important methods for the synthesis of syn-
thetically useful g-nitrocarbonyl compounds, which serve as
versatile building blocks for the preparation of complex or-
ganic targets.[3,4] The nitro group in these substances can be
readily converted into a variety of new functionalities in-
cluding amines, nitrile oxides, ketones, and carboxylic
acids.[4b] In addition, the trans-
formations of the aldehyde and
ketone moieties into other
useful functional groups are
possible. Consequently, the de-
velopment of catalytic, asym-
metric versions of Michael ad-
dition reactions of nitroolefins
with aldehydes and ketones is
of great importance. Although
several catalytic asymmetric processes have been reported,
most require metal catalysts or restricted reaction condi-
tions.[5] Efforts aimed at achieving asymmetric versions of
the process by using chiral organocatalysts have received
great attention in recent years.[6–14] Among them, processes
promoted by l-proline and its derivatives have been exten-
sively investigated.[10–14] However, these works have led to
mixed results in terms of enantio- and diastereoselectivities
and substrate scope. Several pyrrolidine-based catalysts for
asymmetric Michael reactions have been described, but
moderate enantioselectivities are typically seen in these
processes.[10–14] In some cases, high enantio- and diastereose-
lectivities for the processes have been observed, but only for
a narrow range of substrates. For example, Kotsuki and co-
workers described a chiral pyrrolidine–pyridine catalyst that
promotes highly enantio- and diastereoselective Michael ad-
dition reactions of ketones with nitrostyrenes.[13] However,
poor enantioselectivities (ca. 22% ee) were noted when an
aldehyde was used as substrate. (S)-Diphenylprolinol silyl
ether has been employed as a catalyst for this process and
high levels of enantio- and diastereoselectivity are observed
only when aldehydes are used as substrates.[14]


In a recent preliminary publication,[1e] we reported that
pyrrolidine sulfonamide 1 serves as a catalyst for Michael
addition reactions between aldehydes and b-nitrostyrenes;
these reactions take place with high levels of enantioselec-
tivity (89–99% ee) and diastereoselectivity (�20:1 d.r.).


Herein, the results of studies aimed at exploring the full
scope of this process are described. This effort has demon-
strated that 1 catalyzes Michael additions of b-nitrostyrenes
with both aldehydes and ketones, the process can be applied
to an efficient synthesis of the biologically active potent H3


agonist Sch50917, and ab initio and density functional
theory calculations can be used to identify the source of the
high levels of stereochemical control that attends these reac-
tions.


Results and Discussion


A three-step synthesis of (S)-pyrrolidine trifluoromethane-
sulfonamide (1): Organocatalyst 1 has been proven to be a
valuable catalyst for a variety of organic reactions.[1] Conse-
quently, we have developed an efficient and practical
method for its preparation. The key intermediate in the
route is the N-Cbz-protected (Cbz=benzyloxycarbonyl) pyr-
rolidine primary amine 3 (Scheme 1). The only reported


method for the preparation of this substance is lengthy, inef-
ficient, and time consuming, taking place in four steps with
a low overall yield of 33% and requiring about one week of
time.[15] Also, it is important to point out that potentially ex-
plosive NaN3 is used in the approach. We envisioned that a
one-step synthesis of the amine 3 would be possible, starting
with commercially available and cheap (S)-2-carbamoyl-1-
N-Cbz-pyrrolidine (2)[16] and relying on the direct amide-to-
amine reduction reported by Brown and Curran
(Scheme 1).[17] In practice, treatment of 2 with BH3 under
the Brown–Curran conditions led to exclusive reduction of
the amide group without affecting the Cbz protecting group
in an optimized yield of 74%. Sulfonylation of the amine
group in 3 with triflic acid anhydride (Tf2O) in the presence
of triethylamine (TEA) gave sulfonamide 4 (76%). It
should be noted that slow addition of Tf2O (over 1 h) at
0 8C was needed to avoid formation of a bis-sulfonylation
product. Finally the Cbz protecting group in 4 was removed
by Pd-catalyzed hydrogenolysis (93%).


(S)-Pyrrolidine trifluoromethanesulfonamide (1) catalyzed
Michael addition reactions between aldehydes and nitroole-
fins : The efficacy of (S)-pyrrolidine trifluoromethanesul-
ACHTUNGTRENNUNGfonamide (1) as an organocatalyst was initially evaluated
using the reaction of isobutyraldehyde (5a) with trans-b-ni-
trostyrene (6a) at room temperature in iPrOH (Table 1,
entry 1). This process occurred to smoothly form the Mi-
chael adduct 7a, containing two simultaneously generated


Scheme 1. Three-step synthesis of (S)-pyrrolidine trifluoromethanesulfonamide (1). Reagents and conditions:
a) BH3, THF, reflux, 7 h, 74%; b) Tf2O, TEA, CH2Cl2, 4.5 h, 76%; c) 10% Pd/C, H2, MeOH, 3 h, 93%.
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stereogenic and one quaternary carbon centers, in 89%
yield and 83% ee.[18] The absolute configuration of 7a was
determined to be R, by comparing the specific rotation of
7a with that reported earlier for this substance.[11a] An inves-
tigation of different reaction media revealed that solvent
had a significant impact on the efficiency of this process. Re-
actions in polar solvents, such as iPrOH, DMSO, DMF, and
CH3CN (Table 1, entries 1–5), generally proceeded in higher
yields, whereas those in less polar solvents (CH3NO2, THF,
1,4-dioxane and CHCl3; entries 6–9) took place in low
yields. Despite these differences, generally good to high
enantioselectivities were associated with reactions conduct-
ed in all solvents, but those in protic (e.g., iPrOH) and
acidic solvents (e.g., CHCl3) gave highest enantioselectivities
(entries 1 and 9). This is presumably due to participation of
intermolecular hydrogen bonding between the solvent and
oxygen of the CF3SO2 group, which stabilizes the favored
transition state (see below). Lowering the reaction tempera-
ture to 0 8C led to further improvement in the enantioselec-
tivity (up to 90%, entry 2) without significantly compromis-
ing the rate of the reaction. The results demonstrate that or-
ganocatalyst 1 displays a more broad solvent compatibility
than proline as a result of the presence of the more lipophil-
ic CF3SO2 group.
The scope and limitation of this catalytic process were ex-


plored next by using a wide range of aldehydes and nitroole-
fins. As summarized in Table 2, the reaction catalyzed by 1
has broad applicability with respect to aldehydes as Michael
donors. Reactions of sterically demanding a,a-dialkyl alde-
hydes with trans-b-nitrostyrene (6a), although requiring
longer reaction times, efficiently produced Michael adducts
7a–f that contain quaternary carbon centers (Table 2, en-
tries 1–6). Also, high enantioselectivities (89–93% ee) were
observed for reactions with isobutyraldehyde and cyclopen-
tanecarboxaldehyde (entries 1–4), and cyclohexanecarboxal-
dehyde afforded a product with moderate enantioselectivity
(64%, entry 5). These observations suggest that substrate


conformation plays an important role in governing the enan-
tioselectivity of the process. The Michael addition reaction


Table 1. Results of exploratory studies of 1-promoted asymmetric Mi-
chael addition of isobutyraldehyde 5a to trans-b-nitrostyrene 6a.[a]


Entry Solvent t [d] Yield [%][b] ee [%][c]


1 iPrOH 3 89 83
2 iPrOH[d] 4.5 85 90
3 DMSO 2 93 63
4 DMF 3 87 73
5 CH3CN 3 64 73
6 CH3NO2 3 37 71
7 THF 3 <10 [e]


8 1,4-dioxane 3 <10 [e]


9 CHCl3 3 43 79


[a] Reaction conditions: see Experimental Section. [b] Isolated yields.
[c] Enantiomeric excess (ee) determined by chiral HPLC analysis (Chiral-
pak AS-H). [d] At 0 8C. [e] Not determined.


Table 2. Enantioselective Michael reaction of aldehydes 5 with nitroole-
fins 6 in the presence of catalyst 1.[a]


Entry Product 7 t [d] Yield
[%][b]


ee
[%][c]


d.r.
ACHTUNGTRENNUNG(syn/anti)[d]


1 4.5 85 90 –


2 6 67 90 –


3 6 75 89 –


4 1.75 89 93 –


5 4 42(79)[e] 64 –


6 3 72 60(65)[f] 1.3:1


7 1 77 97 12:1


8 0.83 99 96 50:1


9 1.16 63 94 22:1


10 1 86 99 20:1


11 1 94 99 30:1


12 1.08 91 97 50:1


13 1 76 22 50:1


[a] Reaction conditions: see Experimental Section. [b] Isolated yields.
[c] Determined by chiral HPLC analysis (Chiralpak AS-H, or AD and
Chiralcel OD-H). [d] Determined by 1H NMR spectroscopy. [e] Based on
recovered starting material. [f] Major diastereomer: 60% ee, minor
isomer: 65% ee.
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of an unsymmetrically substituted a,a-dialkyl aldehyde also
took place to give a Michael adduct (7 f) in a good yield,
but with relatively low ee and poor diastereoselectivity
(entry 6). Studies with linear chain aldehydes revealed that
these substrates reacted much more rapidly than the more
hindered a,a-dialkyl aldehydes (entries 7–12). More signifi-
cantly, reactions with b-nitrostyrenes, bearing both electron-
withdrawing and electron-donating substituents, occurred
with excellent levels of enantio- (94–99% ee) and diastereo-
selectivities (�20:1 d.r., syn diastereomer major product).
When the aliphatic trans-nitroolefin Ph ACHTUNGTRENNUNG(CH2)2CH=CHNO2


was employed as substrate for the process, a high d.r. (50:1)
but low ee (22%) was observed (Table 2, entry 13).


Direct (S)-pyrrolidine trifluoromethanesulfonamide (1) cata-
lyzed Michael addition reactions between ketones and nitro-
olefins : As discussed above, previous studies of organocata-
lyzed Michael reactions with nitroolefins have shown that
these processes take place with high levels of enantio- and
diastereoselectivities, but they have a narrow substrate
scope, working only for either aldehydes[14] or ketones.[13]


An ideal catalytic system should be able to promote reac-
tions of a broad spectrum of substrates. Accordingly, we
tested the capacity of compound 1 to catalyze reaction of cy-
clohexanone with 6a under the same reaction conditions
(iPrOH, 0 8C) found to be optimal for aldehydes. This pro-
ACHTUNGTRENNUNGcess took place in a short time and almost quantitative yield,
and with remarkably high enantio- (97% ee) and diastereo-
selectivity (50:1 d.r.) (Table 3, entry 1).
The generality of Michael addition reactions between ke-


tones and nitroolefins promoted by 1 was explored. As the
data in Table 3 show, the ring size of cyclic ketones strongly
affects the reaction rate (entries 1–3). Excellent levels of
enantio- (97% ee) and diastereoselectivity (50:1 d.r.) accom-
panied reactions of cyclohexanone, but, in contrast, almost
no reaction occurred for five- and seven-membered ring
cyclic ketones, presumably due to the difficulty of formation
of enamines. A wide range of cyclohexanone derivatives ef-
ficiently reacted with trans-b-nitrostyrenes to give the Mi-
chael adducts with high levels of stereochemical control
(86–99% ee and �30:1 d.r. favoring syn diastereomers)
(Table 3, entries 4–14). More significantly, b-nitrostyrenes
possessing either electron-donating or electron-withdrawing
groups on their aromatic ring underwent this process (en-
tries 4–9). The electronic nature of substituents on the nitro-
olefins has no effect on stereoselectivity (entries 4–6); excel-
lent levels of enantio- (96–99% ee) and diastereoselectivities
(50:1 d.r.) are observed. The substitution pattern of b-nitro-
styrenes influences enantioselectivities, but not diastereose-
lectivities. For example, when a CF3 group is present at the
ortho- position of b-nitrostyrene, a high d.r. (50:1), but a rel-
atively low ee (88%) is observed (entry 7). Finally, the abso-
lute configuration of 8a was determined to be 2S,3R by
comparing its optical rotation, which is opposite to that of
the known 2R,3S aldehyde.[13] Furthermore, the syn configu-
ration of 8 i was determined by X-ray crystallographic analy-
sis (Figure 1).[19]


Table 3. Results of organocatalyst 1 promoted Michael addition of cyclic
ketones to trans-b-nitrostyrenes.


Entry Product 8 t [h] Yield
[%][a]


ee
[%][b]


d.r.
ACHTUNGTRENNUNG(syn/anti)[c]


1 10 96 97 50:1


2 72 11 n.d.[d] n.d.[d]


3 168 7 n.d.[d] n.d.[d]


4 24 84 96 50:1


5 16 92 98 50:1


6 24 83 99 50:1


7 34 70 88 50:1


8 36 79 86 30:1


9 48 91 98 50:1


10 24 87 98 50:1


11 12 95 97 30:1
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In addition, a wide range of cyclohexanone substrates,
bearing various functionalities (entries 10–14) participate in
1-catalyzed Michael addition reactions with nitrostyrenes
and excellent levels of enantio- and diastereoselectivity (95–
99% ee and �30:1 d.r.) are observed. Moreover, the mild
reaction conditions needed for this process are compatible
with substrates bearing acid sensitive groups (e.g., ketals)
and highly functionalized g-nitro ketones bearing two ste-
ACHTUNGTRENNUNGreogenic centers can be produced in a completely stereo-


controlled manner (entries 13–14). Unfortunately, a,a-dime-
thylcyclohexanone, 1-indanone, and a-tetralone failed to un-
dergo reaction under these conditions (entries 15–17).
In this investigation, we also probed reactions of acyclic


ketones with b-nitrostyrenes promoted by organocatalyst 1.
Under the reaction conditions described above, reaction of
acetone with trans-b-nitrostyrene proceeded remarkably fast
(8 h) to afford adduct 8r in 96% yield and with a moderate
enantioselectivity (55% ee ; Table 4, entry 1). This is the


highest % ee achieved for organocatalyzed reaction of ace-
tone thus far.[20] 3-Pentonone reacted with trans-b-nitrostyr-
ene with excellent enantio- (93% ee) and diastereoselectivi-
ty (50:1; Table 4, entry 2). Reactions of unsymmetric ke-
tones took place at the more substituted sites, presumably
because the intermediate enamines were produced under
thermodynamic control (entries 3–6). 2-Butanone gave
product 8 t in 53% ee and poor diastereoselectivity (1.1:1
d.r., entry 3). By increasing the size of the ketone side
chain, both the enantio- and diastereoselectivity of the Mi-
chael addition process were significantly improved (Table 4,
entry 4). The same trend is also observed for a-hydroxyl
ketone and its more bulky, protected silyl ether (entries 5
and 6). For example, 86% ee and 14:1 d.r. was achieved for
reaction of TBDMS protected a-hydroxyl acetone (entry 6).
To our knowledge the organocatalyzed processes described


Table 3. (Continued)


Entry Product 8 t [h] Yield
[%][a]


ee
[%][b]


d.r.
ACHTUNGTRENNUNG(syn/anti)[c]


12 24 83 96 50:1


13 18 81 95 50:1


14[e] 48 93 99 50:1


15 96 <5 n.d.[d] n.d.[d]


16 168 <5 n.d.[d] n.d.[d]


17 168 <5 n.d.[d] n.d.[d]


[a] Isolated yields. [b] Determined by chiral HPLC analysis (Chiralpak
AS-H, or AD and Chiralcel OD-H). [c] Determined by 1H NMR
spectrosACHTUNGTRENNUNGcopy. [d] Not determined. [e] Mixture of DMF/iPrOH (1/1, v/v)
used.


Figure 1. X-ray crystal structure of 8 i.


Table 4. Results of organocatalyst 1 promoted Michael addition of acy-
clic ketones to trans-b-nitrostyrenes.


Entry Product 8 t [h] Yield
[%][a]


ee
[%][b]


d.r.
ACHTUNGTRENNUNG(syn/anti)[c]


1 8 96 55 –


2 36 85 93 50:1


3 72 47 53 1.1:1


4 48 72 77 50:1


5 48 46 46 3:1


6 18 89 86 14:1


[a] Isolated yields. [b] Enantiomeric excess (ee) determined by chiral
HPLC analysis (Chiralpak AS-H). [c] Determined by 1H NMR spectros-
ACHTUNGTRENNUNGcopy.


Chem. Eur. J. 2006, 12, 4321 – 4332 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4325


FULL PAPEROrganocatalysis



www.chemeurj.org





above represent the first examples of efficient asymmetric
Michel addition reactions of acyclic ketones to b-nitrostyr-
enes.[10–14]


Synthesis of Sch50971: Sch50971 (9) is a potent H3 agonist
with potential use for the treatment of a variety of diseases
including obesity, AlzheimerMs disease, and attention defi-
ciency/hyperactivity (Scheme 2).[21,22] This substance was


prepared earlier by applying an EvanMs auxiliary controlled
Michael addition reaction as a key step.[21] However, only a
88% d.r. was achieved in this process and, as a result, an ad-
ditional crystallization was needed in order to obtain enan-
tiomerically pure material. We have designed a route to this
target that relies on asymmetric Michael addition reaction
of nitroolefin 12 to propionaldehyde catalyzed by 1 as a key
step.
A synthetic route for preparation of Sch50971, starting


from commercially available 1H-imidazole-4-carboxalde-
hyde (10), is shown in Scheme 2. N-Protection of imidazole
of 10 was achieved by reaction with TrCl (Tr= trityl) in the
presence of TEA (95%). Condensation of aldehyde 11 with
nitromethane in the presence of piperidine and acetic acid
provided the desired trans-nitroolefin 12 in 79% yield. Mi-
chael addition of 12 to propionaldehyde, in the presence of
20 mol% 1 at 0 8C afforded adduct 13 in 78% yield. In this
reaction, a mixture of iPrOH/CH2Cl2 instead of iPrOH was
used as solvent, owing to the poor solubility of 12 in iPrOH.
Essentially one enantiomer of 13 (99% ee) was obtained,
but with relatively low d.r. (12:1). After silica gel column
purification, the d.r. of the major, desired diastereomer 13
was increased to 20:1. One-pot transformation (65%) of g-
nitro aldehyde 13 into pyrrolidine 14 was promoted by Pd-
catalyzed hydrogenation. Finally, the Tr group was removed
by treatment with trifluoroacetic acid (TFA) to furnish the
target molecule Sch50971 (9) as its HCl salt (91%). Com-
paring the optical rotation of synthetic Sch50971 with that
reported ([a]25D =++36.1 (c=0.6 in MeOH), literature
value[21] [a]25D =++43.5 (c=0.34 in MeOH)) indicates that


synthesized Sch50971 has the correct absolute configuration.
The lower optical rotation of the synthesized Sch50971 is
due to the presence of its minor diastereomer, resulting
from the Michael addition reaction step.


Mechanistic study : The mechanism of (S)-pyrrolidine tri-
fluoromethanesulfonamide 1 catalyzed Michael addition re-
actions of ketones and aldehydes with b-nitrostyrene should
be similar to that for direct aldol reactions catalyzed by l-
proline, which has been studied earlier by using theoretical
methods.[23] In the first step, the catalyst and the aldehyde or
ketone substrates react to form enamine intermediates.[1f, 24]


Stereochemistry of the overall process is believed to be de-
termined by the addition of trans-b-nitrostyrene to these en-
amine intermediates.[1e,f] The bulky sulfonamide group and
the hydrogen bonding between the NH group of pyrrolidine
sulfonamide and the nitro group of b-nitrostyrene are con-
sidered to be important to the high catalytic activity and
enantio- and diastereo-selectivity of the catalyzed reac-
tions.[1e]


Representative transition state models A and B
(Scheme 3) for reactions of energetically favored anti-enam-
ines, formed from 1 and aldehydes (e.g., propanal) and ke-


tones (e.g., pentanone), are proposed to account for the
high enantio- and diastereoselectivity of these Michael addi-
tion reactions. In both, the nitro group of trans-b-nitrostyr-
ene is directed toward the CF3SO2NH group by two hydro-
gen bonds, an intramolecular CF3SO2N�H···O�N=O and an
intermolecular O=S=O···H�O�H···O�N=O involving sol-
vent participation. As observed, 2R,3S configurations are
generated in reactions of aldehydes, while 2S,3R products
derive from ketones. We speculate that the 2R,3S configura-
tion results from a si-face attack, whereas the 2S,3R stereo-
chemical outcome comes from a preferred re-face addition
to the ketone-derived enamine. This difference is presuma-
bly due to the steric hindrance induced by the ketone side
chain (e.g., Et group), which leads to less hindered re face


Scheme 2. Total synthesis of Sch50971 (9). Conditions: a) TrCl, TEA,
CH2Cl2, RT, 14 h, 95%; b) CH3NO2, piperidine, AcOH, RT, 8 h, 79%;
c) propionaldehyde, iPrOH/CH2Cl2 (v/v 1:1) 20 mol% 1, 0 8C, 24 h,
99% ee, 20:1 d.r., 78%; d) 20% Pd(OH)2, MeOH, 45 psi, RT, 96 h, 65%;
e) 95% TFA, 3 h, 91%.


Scheme 3. Proposed transition state models A and B.
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approach. It is noted that there is a certain amount of con-
troversy in proposing transition-state models to explain the
stereochemistry observed in the Michael addition reactions
of aldehydes and ketones with olefines. Enders proposed an
anti-enamine, resulting from ketone for re face addition to
nitroolefin.[10b] However, Barbas III,[11d] Alexakis et al. ,[11f]


and Kotsuki,[13] developed a syn-enamine for the ketone for
re-face-attacking nitroolefin. In addition, a si-face addition
of anti-enamine for aldehyde to nitroolefin was postulated
by Barbas III[11d] and Alexakis et al.[11f]


To gain a more detailed understanding of the origin(s) of
the high enantio- and diastereoselectivity of the processes
catalyzed by 1 and the opposite stereochemistry associated
with aldehydes and ketones, computational studies were
first carried out by employing ab initio methods and density
functional theory (DFT). For these treatments, we assume
that the enamine formation is a fast process and thus has no
bearing on the rate and stereoselectivity of the overall reac-
tion.[25] The subsequent hydrolysis step to recover the cata-
lyst is also considered to involve a low-energy barrier.[1f] As
a result, the rate-limiting C�C bond-forming step involves
formation of the activated reac-
tion complex composed of the
enamine intermediate and b-ni-
trostyrene. To simplify the cal-
culations, we have used propa-
nal and 3-pentanone to repre-
sent the aldehyde and ketone
substrates, respectively. In addi-
tion, a water molecule instead
of iPrOH is included in our
transition-state models to pro-
vide hydrogen-bond interac-
tions between the sulfonamide
group in the catalyst and the
nitro group in b-nitrostyrene.
This is justified by the fact that
water is produced in the forma-
tion of enamine intermediate.
To gain insight into the fac-


tors that can affect catalysis and
stereochemistry, we have deter-
mined the energies and struc-
tures of reactant complexes and
transition states using both ab
initio and DFT methods. The
geometric and energetic param-
eters are listed in Table 5 and
structures are displayed in Fig-
ures 2 and 3.
The enamine intermediates


can adopt anti and syn confor-
mations as shown in Scheme 3.
Similar to the results of studies
on proline-catalyzed aldol reac-
tions,[23b,d,e] we found that the
rate-limiting reaction barriers


for syn-enamines are much higher in energy than those for
anti-enamines. Therefore, only the results for calculations on
pathways arising from the anti-conformation are presented
here. Two possibilities exist for the approach of b-nitrostyr-
ene to the anti-enamine, one from the si face of the enamine
and the other from the re face (Figures 2 and 3). These two
approaches result in formation of the 2R,3S and 2S,3R prod-
ucts, respectively.
As shown in Table 5, the re-face arrangement of the reac-


tant complex has a lower energy than its si counterpart no
matter what type of substrate is involved. For example, the
si complex for 3-pentanone-enamine and b-nitrostyrene is
approximately 4 kcalmol�1 higher in energy.
The HF energy barriers for rate-limiting addition to the


propanal enamine intermediate are 33.45 kcalmol�1 for the
si-face attack and 34.92 kcalmol�1 for the re-face attack.
Thus, there is a significant preference for formation of the
2R,3S product, in accord with the experimental observa-
tion.[1e] This preference is also observed in the B3LYP re-
sults, in which the respective si- and re-face addition barrier
heights are 13.99 and 16.51 kcalmol�1, respectively. The


Table 5. Hartree-Fock and DFT results for the rate-limiting C�C bond formation step of the Michael addition
reaction of propanal and 3-pentanone to trans-b-nitrostyrene catalyzed by (S)-pyrrolidine sulfonamide 1.


si face (2R, 3S) re face (2S, 3R)
reactant
complex


transition
state


reactant
complex


transition
state


propanal
energy [kcalmol�1] (barrier height given in parentheses)
HF/6–31G* opt + ZPE 0.44 33.89 (33.45) 0 34.92
B3LYP/6–31G*opt + ZPE 1.73 15.72 (13.99) 0 16.51
B3LYP/6–31G* + PCM 0.72 8.26 (7.54) 0 9.38
distances [P] (HF results given in parentheses)
N2�H···O1 1.87 (2.00) 1.80 (1.95) 1.85 (2.01) 1.74 (1.86)
O1···H�O�H 4.03 (4.00) 1.93 (2.08) 3.03 (3.87) 1.96 (2.07)
S=O···H�O�H 1.99 (2.13) 2.07 (2.23) 2.09 (2.09) 2.31 (2.55)
C2···C3 5.42 2.04 5.48 2.07
N1···N3 4.61 2.94 4.05 3.18
charges [e]
N1/N3 �0.429/+0.441 �0.380/+0.394 �0.421/+0.450 �0.382/+0.412
O1/O2 �0.430/�0.395 �0.539/�0.481 �0.441/�0.393 �0.540/�0.483


3-pentanone
energy [kcalmol�1] (barrier height given in parentheses)
HF/6–31G* opt + ZPE 4.86 42.37 (37.51) 0 34.39
B3LYP/6–31G*opt + ZPE 3.83 22.26 (18.43) 0 16.24
B3LYP/6–31G* + PCM 4.43 15.47 (11.04) 0 8.94
distances [P] (HF results given in parentheses)
N2�H···O1 1.89 (1.99) 1.77 (1.89) 1.91 (2.65) 1.79 (1.94)
O1···H�O�H 2.89 (3.21) 1.92 (2.06) 2.56 (3.83) 2.02 (2.08)
S=O···H�O�H 1.99 (2.12) 2.38 (2.48) 2.05 (2.26) 2.20 (2.49)
C2···C3 4.91 2.08 5.88 2.11
N1···N3 5.02 3.00 4.57 3.22
C5···Cb 3.81 3.12 3.86 3.68
C5···N2 3.63 3.33 3.52 3.24
C5···SO2 4.11 3.80 4.62 4.44
C5�H···H2Cb 2.88/4.36 2.09/3.42 3.88/4.20 3.65/3.78
charges [e]
N1/N3 �0.473/+0.439 �0.455/+0.392 �0.472/+0.440 �0.455/+0.409
O1/O2 �0.442/�0.392 �0.536/�0.474 �0.441/�0.390 �0.535/�0.475
dihedral angle [8]
C5-C1-Ca-Cb 43.6 �1.6 �102.9 �80.1
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lower barrier heights in the DFT results can be attributed to
partial inclusion of the electron correlation effects. The
normal mode associated with the sole imaginary frequency
mainly involves the motion of C2 and C3, corresponding to
the formation of a C�C bond between the enamine and b-
nitrostyrene. The addition of solvent further decreases the
barriers to 7.54 and 9.38 kcalmol�1, due apparently to the
stabilization of the polar transition states. The lowering of
the reaction barrier in solution is consistent with the experi-
mental observation that the reaction is accelerated in polar
solvents. All the results indicate that the reactive path asso-
ciated with the si-face attack by b-nitrostyrene to the propa-
nal-enamine is more favorable than that associated with the
re-face attack.
On the other hand, the energy barrier for the 3-penta-


none-enamine reaction with b-nitrostyrene follows an oppo-
site trend. The HF barriers for the si and re approaches are
37.51 and 34.39 kcalmol�1, respectively, and the correspond-
ing values obtained from the DFT calculations are 18.43 and
16.24 kcalmol�1, respectively. Like in the aldehyde case, the
reaction coordinate at the transition state involves primarily
the formation of the C2�C3 bond. The preference of the
2S,3R product is also consistent with experimental observa-


tions discussed above. This picture is not changed when sol-
vent effects are considered, resulting in barrier heights of
11.04 and 8.94 kcalmol�1.
From the structure of the reactant complexes and transi-


tion states, it is clear that hydrogen-bonding interactions
play a key role in the catalysis. As shown in Figures 2 and 3,
the N2�H group of the sulfonamide forms a strong hydro-
gen bond with the O1 atom in the nitro group of b-nitrostyr-
ene, whereas a water (solvent) molecule is hydrogen bonded
with an oxygen atom in the sulfonamide group. For propa-
nal–enamine complexes, the N2�H···O1 hydrogen bond
length is 1.87 and 1.85 P in the si and re arrangements, re-
spectively, and the corresponding values for the hydrogen
bond between water and sulfonamide are 1.99 and 2.09 P,
respectively. Apparently, the former interaction is stronger,
presumably due to the acidity of the NH proton and the
negative charges carried by the NO2 oxygen. Similar hydro-
gen-bonding patterns are seen for the 3-pentanone–enamine
complexes, in which the N2�H···O1 hydrogen bond length is


Figure 2. Geometries of stationary points in the rate-determining C�C
bond-formation step of the catalyzed Michael addition reaction of propa-
nal with trans-b-nitrostyrene obtained at the B3LYP/6–31G* level of
theory (hydrogen bonds are represented by thin dashed lines).


Figure 3. Geometries of stationary points in the rate-determining C�C
bond-formation step of the catalyzed Michael addition reaction of 3-pen-
tanone with trans-b-nitrostyrene obtained at the B3LYP/6–31G* level of
theory (hydrogen bonds are represented by thin dashed lines).
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1.89 and 1.91 P in the si face and re conformations, respec-
tively, and the water–sulfonamide values are 1.99 and
2.05 P, respectively.
At transition states, hydrogen bonds are generally


strengthened, due apparently to increased oxygen charges in
the nitro group of b-nitrostyrene as the two C=C bonds are
broken. For propanal, the charge on the oxygen atom
changes from �0.430 (�0.441) in the reactant complex to
�0.539 (�0.540) in the si transition state. As a result, the
N2�H···O1 hydrogen bond length is shortened to 1.80 and
1.74 P in the si and re approaches, respectively. Similarly,
the corresponding hydrogen bond length is reduced to 1.77
and 1.79 P, respectively, for 3-pentanone, resulting from the
negative charge buildup (q=�0.094 for both si and re reac-
tions) at the nitro oxygen atoms. The role played by intra-
molecular hydrogen bonds in organocatalysis has long been
recognized.[1f, 23a,d,e]


More interestingly, the water molecule develops a strong
hydrogen-bond interaction with O1 of the NO2 group, while
maintaining hydrogen bonding with the sulfonamide group.
As shown in Figures 2 and 3, the HO�H···O1 hydrogen
bond length is 1.93 and 1.96 P at the si and re transition
states, respectively, for the propanal reaction and 1.92 and
2.02 P, respectively, for the 3-pentanone reaction. The par-
ticipation of water-assisted, intermolecular hydrogen bonds
observed here underscores the importance of the sulfona-
mide group in the catalysis, which not only provides an elec-
tron-withdrawing force to the neighboring NH group, but
also electrostatic interaction with the nitro group of b-nitro-
styrene through a water molecule. Such a cooperative hy-
drogen-bond network resembles the “oxyanion hole” com-
monly found in enzymes for stabilizing the transition
state.[26]


It is much more difficult to unequivocally identify the
source of the stereoselectivity in these catalyzed reactions.
Hence, we only offer here some tantalizing evidence based
on the structure of the transition states, which might suggest
possible explanations. It appears that the origin of the ste-
ACHTUNGTRENNUNGreoselectivity is quite different for the aldehyde and ketone
substrates. In the former case, it appears that the energy dif-
ference in the transition state correlates with the distance
between the negatively charge nitrogen atom (N1) in the
pyrrolidine ring and the positively charged nitrogen atom
(N3) in the nitro group of b-nitrostyrene. The N1�N3 dis-
tance at the re transition state (3.18 P) is much larger than
that at the si transition state (2.94 P), rendering a stronger
electrostatic interaction in the latter case. The larger N1�N3
distance at the re transition state is apparently due to the
chirality at the Ca position of the catalyst, which pointing
the bulkier sulfonamide group towards the approach b-ni-
trostyrene. In the si approach, however, such stereo-hin-
drance is absent.
The opposite stereoselectivity for the Michael addition of


ketones is most likely due to the bulky alkyl group that re-
places the hydrogen in aldehydes, which might cause strong
stereo hindrance at the transition state. Indeed, such hin-
drance can be readily found in the transition state structures


displayed in Figure 3, in which an ethyl group is much closer
to the sulfonamide group in the si transition state than in
the re counterpart. This is evidenced by the corresponding
C5�Cb distances of 3.12 and 3.68 P and by other distances
between various atoms belonging to the two groups as listed
in Table 5. The stereo hindrance is further illustrated by the
C5-C1-Ca-Cb dihedral angle, which shows that the re transi-
tion state is much closer to gauche (�80.18) than the si tran-
sition state (�1.68).


Conclusion


In conclusion, we have shown that (S)-pyrrolidine trifluoro-
methanesulfonamide (1) is an effective organocatalyst for
promoting direct, highly enantio- and/or diastereoselective
Michael addition of unmodified aldehydes and ketones to b-
nitrostyrenes. The process proceeds under mild reaction
conditions to produce versatile g-nitro aldehydes and ke-
tones. In this investigation, we showed that the Michael ad-
dition reactions have broad applicability with respect to
both the Michael donors and the acceptors; both aldehydes
and ketones and a wide range of nitroolefins can be tolerat-
ed. Furthermore, using the 1-promoted Michael addition as
a key step, we have developed an efficient synthesis of
Sch50971. A practical three-step preparation of organocata-
lyst 1 has also been developed and, as a result, its ready
availability renders it as a valuable catalyst for asymmetric
synthesis.
Computational studies have been conducted to gain an


understanding of the origin of the stereoselectivity of 1-cata-
lyzed the Michael addition process. The results agree quite
well with the observed stereoselectivity of 1-catalyzed Mi-
chael addition reactions of aldehydes and ketones and at-
tribute the activity of the organocatalyst to the formation of
both intramolecular and intermolecular hydrogen bonds.
The preference of the si approach for aldehydes appears to
stem from the alignment of the bulky sulfonamide group
with the b-nitrostyrene, which is in turn determined by the
chirality of the Ca atom in the catalyst. On the other hand,
the preference of the re reaction path in ketone reactions
seems to originate from the stereo hindrance between the
bulky sulfonamide group in the catalyst and an alkyl group
in the enamine intermediate. These results provide valuable
insight into the mechanisms of asymmetric organocatalysis
and might help the design of new and more efficient organo-
catalysts.


Experimental Section


General : Unless specified, all reactions were performed under an aerobic
atmosphere. Commercial, HPLC grade solvents were used directly for re-
actions without further purification. HPLC grade EtOAc and hexanes
were used for column chromatography. Anhydrous THF was obtained
from distillation of Na and benzophenone. Column chromatography was
performed with silica gel (230–400 mesh size). TLC plates with F254 indi-
cator were used for monitoring reactions. The combined organic layers
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were dried over MgSO4. Solvents were evaporated under reduced pres-
sure. All yields given refer to as isolated yields. 1H NMR was recorded
on a 500 MHz and 13C on a 125 MHz spectrometer. HRMS experiment
was performed on a high resolution magnetic sector spectrometer. Tetra-
methylsilane (TMS) was used as a reference for 1H NMR experiments.
Data for 1H are reported as follows: chemical shift (ppm), and multiplici-
ty (s= singlet, d=doublet, t= triplet, q=quartet, m=multiplet). Data for
13C NMR are reported as ppm.


Typical procedure for Michael addition reaction of aldehydes : Catalyst 1
(10 mg, 0.044 mmol) was added to a vial containing isobutyraldehyde
(0.20 mL, 2.19 mmol) and dry iPrOH (1 mL) at 0 8C. The mixture was
vigorously stirred for 15 min, and then trans-b-nitrostyrene (33 mg,
0.219 mmol) was added. After 4.5 d stirring, TLC analysis indicated com-
pletion of the reaction. After the reaction mixture was concentrated
under reduced pressure, the resulting residue was then purified by silica-
gel chromatography (ethyl acetate/hexane=1:30 to 1:5) and fractions
were collected and concentrated in vacuo to provide a clear oil (41 mg,
0.186 mmol, 85%). Relative and absolute configurations of the product
were determined by comparison with the known 1H NMR, 13C NMR and
optical rotation data (see Supporting Information).


Typical procedure for Michael addition reaction of ketones (Tables 3 and
4): Catalyst pyrrolidine sulfonamide 1 (10 mg, 0.044 mmol) was added to
a vial containing cyclohexanone (0.23 mL, 2.19 mmol) and dry iPrOH
(1.0 mL) at 0 8C. The mixture was vigorously stirred for 15 min, and then
trans-b-nitrostyrene (33 mg, 0.219 mmol) was added. After 10 h stirring,
TLC analysis indicated completion of the reaction. After reaction mix-
ture was concentrated under reduced pressure, the resulting residue was
then purified by silica-gel chromatography (ethyl acetate/hexane=1:30 to
1:5) and fractions were collected and concentrated in vacuo to provide a
white solid (52 mg, 0.210 mmol, 96%). Relative and absolute configura-
tions of the product were determined by comparison with the known
1H NMR, 13C NMR and optical rotation data (see Supporting Informa-
tion).


1-(1,1-Diphenylethyl)-1H-imidazole-4-carbaldehyde (11): Chlorotriphe-
nylmethane (1.73 g, 6.3 mmol) was added to a solution of compound 10
(0.5 g, 5.2 mmol) and triethylamine (0.87 mL, 6.3 mmol) in dichlorome-
thane (15 mL) at room temperature; the reaction mixture was stirred for
14 h. After reaction mixture was concentrated under reduced pressure,
the resulting residue was then purified by silica-gel chromatography
(ethyl acetate/hexane=1:10 to 1:2) and fractions were collected and con-
centrated in vacuo to provide a white solid (1.67 g, 95%).


4-[(E)-2-Nitrovinyl]-1-(1,1-diphenylethyl)-1H-imidazole (12):[12] Piperi-
dine (1 drop) and acetic acid (1 drop) were added to a solution of com-
pound 11 (0.2 g, 0.59 mmol) in nitromethane (3 mL) at room tempera-
ture; the reaction mixture was stirred for 8 h. After reaction mixture was
concentrated under reduced pressure, the resulting residue was then puri-
fied by silica-gel chromatography (ethyl acetate/hexane=1:10 to 1:3) and
fractions were collected and concentrated in vacuo to afford a pale solid
(178 mg, 79%).


ACHTUNGTRENNUNG(2R,3R)-2-Methyl-4-nitro-3-(1-trityl-1H-imidazol-4-yl)butanal (13): Cata-
lyst 1 (4 mg, 0.02 mmol) was added to a solution of compound 12 (38 mg,
0.1 mmol) and propionaldehyde (73 mL, 1.0 mmol) in dichloromethane
(0.5 mL) and iPrOH (0.5 mL) at 0 8C; the reaction mixture was stirred
for 24 h. After reaction mixture was concentrated under reduced pres-
sure, the resulting residue was then purified by silica-gel chromatography
(ethyl acetate/hexane=1:10 to 1:3) and fractions were collected and con-
centrated in vacuo to afford a white solid (34 mg, 78%). [a]25D (major)=
+44.4 (c=0.8 in CHCl3);


1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=
9.72 (s, 1H; CHO), 7.39 (s, 1H; Ar), 7.36–7.30 (m, 9H; Ar), 7.11–7.06
(m, 6H; Ar), 6.63 (s, 1H; Ar), 4.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 8.5 Hz, 1H;
CH), 4.72 (dd, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 5.5 Hz, 1H; CH), 3.88 (dd, 3J ACHTUNGTRENNUNG(H,H)=
15.0 Hz, 7.5 Hz, 1H; CH), 2.87–2.78 (m, 1H; CH), 1.05 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3);


13C NMR (125 MHz, 25 8C, CDCl3): d=202.5,
142.1, 139.1, 136.5, 129.6, 128.1, 128.0, 75.4, 47.4, 37.5, 11.1 ppm; HRMS
(EI) calcd for [C8H10N3O3+Na]


+ : 219.0620; found: 219.0626; HPLC
(Chiralpak AD, iPrOH/Hexane=10:90, flow rate 1.0 mLmin�1, l=


254 nm): tminor=28.3 min, tmajor=22.1 min, ee=99%, d.r.=12:1 (after fur-
ther silica-gel column purification, d.r. was improved to 20:1).


4-[(3R,4R)-4-Methylpyrrolidin-3-yl]-1-trityl-1H-imidazole (14): Pd(OH)2
(20%; 21 mg, 30%) was added to a solution of compound 13 (70 mg,
0.16 mmol) in methanol (10 mL) and the reaction mixture was reductive-
ly cyclized at 45 psi for 96 h. After reaction mixture was concentrated
under reduced pressure, the resulting residue was then purified by silica-
gel chromatography (methanol/dichloromethane=1:5) and fractions
were collected and concentrated in vacuo to afford a clear solid (41 mg,
65%).


4-[(3R,4R)-4-Methylpyrrolidin-3-yl]-1H-imidazole (9; Sch50971):
CF3COOH (95%, 5 mL) was added to compound 14 (70 mg, 0.18 mmol)
and the reaction mixture was stirred for 96 h. After reaction mixture was
concentrated under reduced pressure, HCl (1n, 4 mL) was added to the
reaction mixture and products were extracted with Et2O (3S10 mL). The
aqueous phase was concentrated under reduced pressure to afford a
white solid (22 mg, 91%). [a]25D (major)=++36.1 (c=0.6 in MeOH), litera-
ture value[21] [a]25D (major)=++43.5 ( c=0.34 in MeOH).


Computational methods : All the calculations, including Hartree–Fock
(HF) and density functional theory (DFT), were carried out using the
Gaussian 03 suite of programs.[27] The stationary points corresponding to
the enamine–nitrostyrene (reactant) complex and the transition state for
the C�C bond were fully optimized by using both the HF and DFT ap-
proaches. These stationary points were confirmed by additional frequen-
cy calculations and the transition state was verified by the existence of an
imaginary frequency. The energies reported in this work include the
zero-point energy corrections. To confirm the connectivity between the
reactant and transition state, intrinsic reaction coordinate (IRC)[28] calcu-
lations were performed. In the DFT calculations, the B3LYP exchange-
correlation functional[29,30] was used and its accuracy in studying asym-
metric organocatalysis has been well documented.[12c] Two basis sets,
namely the standard 6–31G* and 6–31G** basis sets, were tested in the
DFT calculations and the results are very close (see Supporting Informa-
tion). As a result, only the 6–31G* results are reported here. Atomic
charges were calculated using the CHelpG method.[31] The solvent effects
for the solution phase reaction were estimated for the stationary points
using the polarized continuum model (PCM),[32] with no further geometry
optimization. In all of the PCM calculations, the UAKS radii and a di-
ACHTUNGTRENNUNGelectric constant of 20 were used to simulate the isopropyl alcohol sol-
vent.
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Introduction


Polymer micelles have attracted much recent attention be-
cause of their unique characteristics, such as their nanosize,
core-shell architecture, and good thermodynamic stability
under physiological conditions. They show great potential
for applications in drug and gene delivery.[1–4] Polymer mi-
celles in aqueous solution usually consist of linear amphi-
philic copolymers and several amphiphilic dendrimers have


been reported.[5–8] Nevertheless, very few aqueous micelles
resulting from amphiphilic hyperbranched copolymers have
been reported. Amphiphilic hyperbranched copolymers
show special assembling behavior and have been the subject
of a number of studies.[9,10] Micelles assembled from amphi-
philic hyperbranched copolymers could be viewed as mi-
celles with partially cross-linked shells and, hence, have
good shape stability.[5,11,12] Furthermore, biocompatibility
and biodegradability are of great importance in micelle sys-
tems with applications in vivo.[13] The assembly in aqueous
solution of micelles from biodegradable amphiphilic hyper-
branched copolymers has not yet been reported, except for
the linear hyperbranched amphiphilic poly[(ethylene
glycol)-polyethylenimine-poly(g-benzyl-l-glutamate) (PEG–
PEI–PBLG) copolymer reported by us.[14] Here, we present
a facile synthesis of a novel biodegradable amphiphilic mul-
tiarm hyperbranched PEI–PBLG copolymer and its self-as-
sembly in aqueous solution.


Many hyperbranched amphiphilic copolymers form unim-
olecular micelles. They can be used as effective tools to en-
capsulate and solubilize guest molecules in solvents with
various polarities.[15–18] This process is considered as a phase-
transfer phenomenon. Haag et al.[17] reported pH-sensitive
hyperbranched amphiphilic copolymers for which one criti-


Abstract: A novel, hyperbranched, am-
phiphilic multiarm biodegradable poly-
ethylenimine-poly(g-benzyl-l-gluta-
mate) (PEI–PBLG) copolymer was
prepared by the ring-opening polymeri-
zation of g-benzyl-l-glutamate–N-car-
boxyanhydride (BLG–NCA) with hy-
perbranched PEI as a macroinitiator.
The copolymer could self-assemble
into core-shell micelles in aqueous so-
lution with highly hydrophobic micelle
cores. As the PBLG content was in-
creased, the size of the micelles in-
creased and the critical micelle concen-


tration (CMC) decreased. The surface
of the micelles had a positive z poten-
tial. The cationic micelles were capable
of complexing with plasmid DNA
(pDNA), which could be released sub-
sequently by treatment with polyan-
ions. The PEI–PBLG copolymer
formed unimolecular micelles in
chloroform solution. The pH-sensitive


phase-transfer behavior exhibited two
critical pH points for triggering the en-
capsulation and release of guest mole-
cules. Both the encapsulation and re-
lease processes were rapid and reversi-
ble. Under strong acidic or alkaline
conditions, the release process became
partially or completely irreversible.
Thus, this copolymer system should be
an attractive candidate for a gene- or
drug-delivery system in aqueous media
and could provide the phase-transfer
carriers between water and organic
media.
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cal pH value triggers the release of guest molecules from
the unimolecular micelles. An interesting and exciting
system would be one that has two trigger pH points to con-
trol the release. Here, we report for the first time that the
phase-transfer behavior of the PEI–PBLG copolymer exhib-
its two pH points that trigger the encapsulation and release
of the guest molecules.


Results and Discussion


Micelles : The PEI–PBLG copolymer (PP) (Scheme 1A) in a
good solvent for PBLG could be considered as a unimolecu-
lar micelle, in which hydrophilic PEI is the core and hydro-
phobic PBLG is the shell. Such a structure is illustrated in
Scheme 1B. In an aqueous solution, this copolymer may as-
semble into an inversed core-shell structure, with PEI as the
positively charged shell and PBLG as the hydrophobic core
(Scheme 1C). The latter micelle has several advantages[14]


over common micelle systems (such as PEG–PLA (PLA=


polylactide) or PEG–PCL (PCL=polycaprolactone) mi-
celles) for use in a drug- or gene-delivery system. First, the
interactions between positive charges carried by the PEI
segment and negative charges on cell surfaces might result
in a high cell-uptake efficiency for the cationic micelle
system.[1] Second, not only hydrophobic drugs, but also nega-
tively charged water-soluble proteins or DNA could be car-
ried by this cationic micelle. Finally, the PBLG segment
would confer biodegradability and biocompatibility to this
micelle system.


The micelle formation of the PEI–PBLG copolymer in
aqueous solution was monitored by fluorescence spectrosco-
py using pyrene as a hydrophobic probe. The excitation
spectra of pyrene in PP3 solutions of various concentrations
are shown in Figure 1A. A red-shift from 333 to 338 nm was
observed as PP3 concentration increased, indicating the for-
mation of micelles. The intensity ratio (I338/I333) of pyrene


excitation spectra versus the logarithm of copolymer con-
centration is shown in Figure 1B. The critical micelle con-
centration (CMC) was obtained from the intersection of the
baseline and the tangent of the rapidly rising I338/I333 curve
in Figure 1B.


As shown in Figure 1A, the peak wavelength of pyrene in
PEI–PBLG micelles (338 nm) is longer than that reported
for either the PCL–PEG (336.5 nm) or PLA–PEG (335 nm
systems).[19] Because the red-shift is dependent on the rela-
tive hydrophobicity of the micelle core, the PEI–PBLG is


Scheme 1. A) Structures of PEI–PBLG. B) PEI–PBLG unimolecular micelle in a good solvent. C) Micelle in aqueous solution.


Figure 1. A) Excitation spectra of pyrene as a function of PP3 concentra-
tion in water. B) Plot of I338/I333 against logarithm of PP3 concentration.
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likely to have more-hydrophobic micelle cores than the
other two systems. Thus, this PEI–PBLG system should
have enhanced thermodynamic stability and improved en-
capsulation efficiency towards hydrophobic drugs.


Dynamic light scattering (DLS) was then used to deter-
mine the characteristic size of the micelles. The size-distribu-
tion histogram of the PP3 solution (Figure 2) showed a un-


imodal distribution with a mean micelle diameter of 71 nm.
The micelle morphology was investigated by atomic force
microscopy (AFM). The AFM image of sample PP3 is
shown in Figure 3A. Spherical micelles were observed on
the substrate. The lateral size was about 60 nm, which was
somewhat smaller than that determined by DLS analysis.
The smaller size could be attributed to the micelle shrinkage
during the drying process. Because the AFM tip could not
penetrate into the micelles, the structural information con-
cerning the micelle cores was not attainable by AFM.
Hence, transmission electron microscopy (TEM) was carried
out on PP3 micelles that were negatively stained with uranyl
acetate on a carbon-coated copper grid. As shown in Figure
3B, the micelle appeared as a bright sphere surrounded by a
dark ring, and had a diameter in the range of 40–70 nm. The
thickness of the dark layer was approximately 3–5 nm. The
ring might be considered as the shell of the micelles consist-
ing of PEI segments, and its darkness was attributed to the
negative staining by uranyl acetate. These observations con-
firmed the core-shell structure of the micelles. The morphol-
ogy and structure determined from AFM and TEM studies
were consistent with the proposed structure for the micelles
in aqueous solution shown in Scheme 1C.


The CMC of various micelles in aqueous solution are
summarized in Table 1. In aqueous solutions, PP1 does not
form any micelles under our ex-
perimental conditions, whereas
the other polymers could as-
semble into micelles in aqueous
solution and had CMCs in the
range of 3.278 to 0.034J10�6


m,
which decreased as the PBLG
content increased. This indi-
cates that the content of the hy-
drophobic segment (PBLG)
plays an important role in mi-


celle formation. The formation of micelles from an amphi-
philic copolymer is accomplished through the balance of
two competing functions. The hydrophilic function of the
soluble segments keeps the copolymer molecules dispersed
stably in water. The hydrophobic function of the insoluble
segments induces them to aggregate away from the water
phase to form the micelle cores. Consequently, the hydro-
philic segments form the shell of the micelle. The copolymer
with lower PBLG content has difficulty aggregating from


Figure 2. Size distribution of PP3 micelles in aqueous solution.


Figure 3. AFM image (height) (A) and TEM image (B) of PP3 micelles
(negatively stained with 1 wt% uranyl acetate).


Table 1. Molecular weights and compositions of the copolymer (as estimated by 1H NMR measurements), and
CMC and sizes of PEI–PBLG micelles in aqueous systems.


Sample Monomeric unit Mn CMC Size of freshly Size of micelles
ACHTUNGTRENNUNG[mol%] ACHTUNGTRENNUNG[kDa] ACHTUNGTRENNUNG[mgmL�1] ACHTUNGTRENNUNG[10�6


m] made micelles [nm] stored for 3 weeks [nm]
EI BLG


PP1 91.4 8.6 15 nd[a] nd[a] nd[a] nd[a]


PP2 77.8 22.2 24 0.0786 3.278 56.5 91.5
PP3 67.4 32.6 35 0.0051 0.146 71.6 69.6
PP4 42.6 57.4 79 0.0027 0.034 103.1 113.0


[a] Sample was water soluble within the concentration range used and could not form micelles.
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the solution, and it has a higher CMC than the copolymer
with higher PBLG content. The PBLG content in PP1 is too
low for micelles to form in the concentration range used
here. The average sizes of the different micelles are also
listed in Table 1. The micelle size increases as PBLG content
increases, because the micelle core becomes larger at higher
PBLG concentrations.


The stability of PP micelles in aqueous media was also
evaluated by comparing the size of freshly prepared micelles
with that of the micelles stored for three weeks (Table 1).
The size of PP3 and PP4 micelles did not change much, indi-
cating good stability over three weeks. However, after three
weeks, the PP2 micelles were almost twice the size of freshly
prepared PP2 micelles. Apparently, aggregation of PP2 mi-
celles occurred during this time. The poor stability of PP2
micelles might be caused by the high hydrophilicity of PP2
molecules with high PEI content. The hydrophilic PEI
tended to stretch the PP2 molecules out of the micelle,
thereby inducing a loose structure for PP2 micelles. Conse-
quently, aggregation between these loose PP2 micelles was
likely, in contrast to the PP3 and PP4 micelles.


Furthermore, the positively charged PEI resulted in cati-
onic micelles. Measurements of z potentials of PP3 micelles
revealed positive surface charges of around +43 mV. This
offered the interesting possibility for the application of PEI–
PBLG micelles as gene carriers. We investigated the prepa-
ration of complexes between cationic micelles and negative-
ly charged plasmid DNA (pDNA). The preliminary results
suggested a successful complexation of PP3 micelles with
pDNA, as confirmed by gel retardation assay (Figure 4A).
Complete neutralization was achieved at mass ratios of mi-
celles/plasmid of 3–5.


The physical integrity of the DNA after complexation is a
prerequisite for maintenance of biological activity and medi-
ation of a successful transfection.[20] Disassembly of DNA
from the carrier is a critical step in the final stage of gene


expression. The disassembly reaction was believed to occur
by interaction of the ionic complex of DNA with other
anionically charged macromolecules or cellular components,
such as mRNA, sulfated sugars, and nuclear chromatin.[21]


Releasing of pDNA was studied by incubating the com-
plexed PP3 micelles with sodium polyacrylate (NaPAA). As
shown in Figure 4B, there was no pDNA band in lane 2, in-
dicating that the pDNA was completely complexed with
PP3 micelles. The use of 100- and 300-fold excesses of
NaPAA relative to pDNA (mass ratio) to release pDNA re-
sulted in the appearance of the pDNA bands. This clearly
indicates that pDNA molecules could be readily released
from PP micelles/pDNA complexes by treatment with poly-
anions, such as NaPAA. In addition, the PEI–PBLG copoly-
mer also showed good biocompatibility (see Supporting In-
formation). Thus, the PEI–PBLG micelles in aqueous solu-
tion may find applications in the pharmaceutical field, for
example, as drug- and gene-delivery systems.


pH-Sensitive phase-transfer properties of PEI–PBLG : As
shown in Scheme 1B, PEI–PBLG has a unimolecular micelle
structure with hyperbranched hydrophilic core and hydro-
phobic shell. This structure offers the ability of transferring
guest molecules between two immiscible liquid phases.[15]


DLS measurements of PP in chloroform (0.5 mgmL�1)
were recorded at size scale of less than 50 nm (Figure 5).
The mean size of PP2, PP3, and PP4 samples ranged from


4.7–9.8 nm, indicating the existence of unimolecular micelle
structures of the PEI–PBLG copolymer in chloroform solu-
tion. The increase in size of the unimolecular micelles from
PP2 to PP4 might be caused by the increase of PBLG con-
tent. The higher PBLG content might produce unimolecular
micelles with thicker shells. A small proportion of structures
larger than 120 nm were also found for PP samples in
chloroform. These large particles were clearly not unimolec-
ular micelles, but most likely aggregations of unimolecular
micelles.


Methyl orange (MO), bromophenol blue, Congo red, and
fluorescein were chosen to demonstrate the phase-transfer
ability of PEI–PBLG. As shown in Figure 6, the dye/water
and chloroform phases were separated clearly in the left vial
of each pair. As the copolymer PEI–PBLG was added and


Figure 4. Gel retardation assay: A) Complexation of PP3 micelles with
pDNA at different micelle/pDNA mass ratios. B) Release of pDNA from
PP3 micelle/pDNA complex upon treatment with NaPAA polyanions.


Figure 5. Size distribution of unimolecular micelles for (A) PP2, (B) PP3,
and (C) PP4 in chloroform.
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the vial was shaken manually, the colorless chloroform
became colored (right vial). This indicated that the dye mol-
ecules were encapsulated by PEI–PBLG and transported
from the aqueous phase to the chloroform phase completely.
The load of dye molecules per polymer was determined by
UV-visible spectroscopy. The MO transport capacity for PP3
was 21.4 molmol�1 (MO/PP3) (Supporting information).


The pH-triggered release of MO back into the water
phase is shown in Figure 7B
and C. Upon addition of acid or
alkali solution into the vial, the
dye was released from the PEI–
PBLG and diffused to the
aqueous phase quickly after
shaking. The PEI–PBLG nano-
capsules appeared to have two
trigger pH values, which were
investigated further as follows:
An aqueous solution of MO
(5 mL, 0.01 mgmL�1 or 0.0305J
10�3


m) was mixed with a
chloroform solution of PP3
(5 mL, 0.1 mgmL�1 or 2.857J
10�6


m) and shaken manually
for several seconds. After phase
separation, MO was totally ex-
tracted into the chloroform
phase. A certain amount of an
acid or alkali solution was
added to the water phase to
adjust the pH. After shaking
and phase separation, the pH
value and MO concentration
(determined by UV-visible
spectroscopy) in the water
phase were measured. The per-
centage of MO in the water
phase was plotted against the
pH value (Figure 8). The trigger
pH values were 2.3 and 10.3,
which were determined as the


values at which the amount of
MO in the water phase in-
creased suddenly. The anionic
molecules could be encapsulat-
ed by PEI–PBLG unimolecular
micelles within the pH window
(encapsulation window) be-
tween these two values. Outside
of this window, the dye would
be released from PEI–PBLG
capsules back into the aqueous
solution. To our best knowl-
edge, PEI–PBLG is the first
phase-transfer system with two
trigger pH points. Haag et al.[17]


reported a pH-responsive re-
lease caused by hydrolysis of hydrophobic segment. Howev-
er, in our case, the hydrophobic PBLG shell was not broken
during the release of the dye over several hours. The encap-
sulation and release of the dye were reversible upon appro-
priate adjustment of the pH of the system, and the reversi-
ble process could be completed within one minute. Further
studies showed that strongly acidic conditions (pH<2) and
strongly alkaline conditions (pH>11) caused the release


Figure 6. Encapsulation and transfer of various dyes from the aqueous phase (upper) to the chloroform phase
(lower) by PP2. In the left picture of each pair, the colorless organic phase indicates insolubility of the dye in
the absence of PEI–PBLG, and in the right picture of each pair, the colorless aqueous phase demonstrates
complete transfer of the dye upon encapsulation by the unimolecular micelles.


Figure 7. Mechanism for pH-sensitive encapsulation and release of methyl orange (MO) by PEI–PBLG. Blue
circles represent the MO color group. Black circles represent the PEI and the amine groups of the PBLG
charged state. In each vial or rectangle, the upper phase is water, the lower phase is chloroform. A) Encapsula-
tion of MO by PEI–PBLG unimolecular micelles. B) Acid-triggered release of MO. C) Alkali-triggered release
of MO. D) Maintained in acid (pH 1) for one week. E) Partial re-encapsulation of MO. F) Maintained under
alkaline conditions (pH 12) for one week. G) No phase transfer.
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process to be partially irreversible or totally irreversible, de-
pending on the time. As shown in Figure 7D and E, after
one week of incubation in the strong acid, the pH was ad-
justed back to within the “encapsulation window”, but the
MO could not be transferred totally back into the chloro-
form phase by PEI–PBLG. By contrast, after one week of
incubation in the strong alkali (pH>11), the release process
was totally irreversible (Figure 7F and G).


As reported,[15–18] two criteria are essential for the phase-
transfer system: 1) formation of amphiphilic core-shell mi-
celle-like structures in a good solvent (i.e. one in which PEI-
PBLG is highly soluble), and 2) hydrogen-bonding or elec-
trostatic interactions between hydrophilic cores of the unim-
olecular micelles and the anionic dyes. Thus, in our system,
hydrogen-bonding or electrostatic attraction at the interface
between the two immiscible liquids forced the dye mole-
cules to diffuse into the hyperbranched hydrophilic core of
the unimolecular micelles. Consequently, the unimolecular
micelles with encapsulated dyes could be dispersed into the
oil phase. The encapsulated dyes could be released from the
chloroform phase back into the water phase if either of
these two criteria was not met.


The encapsulation and pH-triggered encapsulation–re-
lease behavior of PEI–PBLG towards MO is explained fur-
ther in Scheme 2 and Figure 7. Scheme 2 shows the MO
color-change mechanism triggered by variation in pH. The
color-change point for MO is at
pH 3.2–4.4. At a pH below 3.2,
MO exists as a red zwitterionic
ion with no net charge, due to
neutralization of the positive
and negative charges. At pH>


4.4, MO exists as a yellow
anion with net negative charges.


At pH 7, PEI and the amine
groups of PBLG were positive-
ly charged and MO existed as a
yellow anion. As the aqueous
solution of MO and the PEI–
PBLG/chloroform solution
were mixed, the MO anion was
absorbed by PEI at the inter-
face of the water and chloro-
form phases. The unimolecular
micelles were then dispersed in


the chloroform phase, making the oil phase yellow (Fig-
ure 7A). The MO becomes red at pH values below the
lower trigger point (i.e. , pH 2.3), at which the electrostatic
interaction between the positively charged PEI–PBLG and
MO was destroyed. MO molecules were released from the
unimolecular micelles and returned to the water phase,
which became red (Figure 7B). The lower trigger pH value
measured (pH 2.3) differed from the MO color-change point
(pH 3.2–4.4) because the protonation of PEI consumed
some of the protons in the chloroform phase, so that a lower
pH was required to trigger the release of MO from the
PEI–PBLG unimolecular micelles. On the other hand, PEI
and the amine groups of PBLG were deprotonated and
became neutral as the pH was increased up to 10.3. The
electrostatic interaction between the neutral PEI–PBLG
and the anionic MO did not exist, so that the anionic MO
was released from the unimolecular micelles into the water
phase, which became yellow (Figure 7C). The electrostatic
attraction between unimolecular micelles and MO could be
restored quickly upon adjustment of the pH back to within
the “encapsulation window” (pH 2.3–10.3). Hence, this elec-
trostatically dominated encapsulation–release was a rapidly
reversible process. Interestingly, the pH-sensitive phase-
transfer behavior reported by Haag et al.[17] was caused by
the cleavage of the hydrophobic shell (i.e., shell damage do-
minated release), and the pH-sensitive release in their work
was slow and irreversible. Our PEI–PBLG system also ex-
hibited this shell-damage-dominated release behavior. In
strong acid or alkali, hydrolysis of the benzyl ester group in
PBLG could occur, followed by gradual degradation of the
PBLG backbones. Some degraded PEI–PBLG fragments
might be repelled from the chloroform phase into the water
phase. This could weaken the phase-transfer ability of PEI–
PBLG. After incubation under strong alkaline conditions
for one week, PEI–PBLG completely lost its phase-transfer
ability, even after the pH was adjusted back into the “encap-
sulation windows” (Figure 7F and G). After one week in
strong acid, PEI–PBLG lost its phase-transfer ability only


Figure 8. Determination of pH points triggering phase transfer by PP3.


Scheme 2. Mechanism for the color change of methyl orange dye (MO) and representation of the “encapsula-
tion window”.
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partially, however, the weakened encapsulation ability of
PEI–PBLG could not transfer all of the MO back into the
chloroform solution after adjustment of the pH to 7 (Fig-
ure 7D and E). In strongly acidic conditions, the phase-
transfer ability will be completely lost over a longer time.


Conclusion


A novel, hyperbranched, amphiphilic multiarm biodegrada-
ble copolymer PEI–PBLG with various compositions was
synthesized. At high PBLG content, the copolymer forms
micelles in aqueous solution, with the highly hydrophobic
PBLG as the micelle core and the positively charged hydro-
philic PEI as the shell. A greater hydrophobic PBLG con-
tent results in a lower CMC and larger PEI–PBLG micelles.
The positively charged micelles have the potential to form
complexes with DNA or to improve the adhesive properties
of cells. The PEI–PBLG copolymers exist in chloroform as
unimolecular micelles and have phase-transfer ability for
dyes between the chloroform and water phases. There are
two trigger pH points for the encapsulation and release of
the methyl orange dye at pH 2.3 and 10.3. The electrostati-
cally dominated pH-sensitive phase transfer was rapid and
reversible. The encapsulation ability of PEI–PBLG unimo-
lecular micelles can be partially or totally destroyed by
strong acidic or alkaline conditions because of the degrada-
tion of the PBLG units. This hyperbranched amphiphilic
multiarm copolymer system has a variety of potential appli-
cations in controlled drug release, gene delivery, and phase
transfer.


Experimental Section


Materials : Hyperbranched PEI (Hy-PEI) with molecular weight of
10000 Da (PEI 10000) was purchased from Aesar Alfar and was dried in
vacuo at 70 8C for 48 h before use. The N-carboxyanhydride used in the
polymerization reaction with g-benzyl-l-glutamate was prepared accord-
ing to the reported method.[22] Tetrahydrofuran (THF) was dried by re-
fluxing over Na metal under argon atmosphere followed by distillation
immediately before use. Chloroform was treated with CaH and distilled.
Plasmid DNA (pGFP) was purchased from Clontech (Palo Alto, CA,
USA).


Synthesis of PEI–PBLG : A series of novel, hyperbranched, amphiphilic
multiarm PEI–PBLG copolymers, as summarized in Table 1, were synthe-
sized by a simple one-step process, in which hyperbranched PEI was used
as a macroinitiator of the ring-opening polymerization of BLG–NCA ac-
cording to a modified literature procedure.[14] In thoroughly dried glass
flasks, mixtures of PEI and BLG–NCA of different ratios in dried chloro-
form were stirred for 72 h at 25 8C. The solutions were then condensed
and dialyzed (molecular weight cut-off 10000–14000 Da) against chloro-
form (500 mL, with four changes over 48 h). The dialysates were finally
dried under a vacuum. 1H NMR and 13C NMR spectra were recorded in
CDCl3 (TMS as reference) at 25 8C by using a Unity-400 NMR spectrom-
eter.


Copolymer analysis : The 1H NMR spectrum of PP4 in CDCl3 is shown in
the Supporting Information (Figure S1). The component ratio of EI/BLG
could be estimated from peak intensities of the methylene proton signal
at 5.05 ppm (�CH2�C6H5) of the PBLG segment and the ethylene proton
signal[23] at 2.3–3.4 ppm (�CH2�CH2�) of the PEI segment. The molecu-


lar weight of the copolymer could be estimated from the ratio of mono-
meric units in the copolymer, as the molecular weight of PEI was availa-
ble. The content of monomeric units and the molecular weights of the co-
polymers calculated from 1H NMR spectra are listed in Table 1. The
13C NMR spectra of PEI and PP3 in CDCl3 are shown in the Supporting
Information (Figure S2) and the results are in agreement with proposed
structures.


Micelle preparation in aqueous solution : The micelles were prepared by
following literature procedures:[24] PEI–PBLG copolymer (0.1 g) was first
dissolved in THF (10 mL), and doubly distilled water (40 mL) was added
dropwise with gentle agitation in a 100 mL volumetric flask, then THF
was removed by using a water aspirator at 25 8C for 4 h. The micellar sol-
ution was then diluted to obtain a concentration in the range of 10�5 to
1.0 mgmL�1.


Micelle characterization : The formation of micellar structures was con-
firmed by fluorescence spectroscopy using pyrene as a probe. Steady-
state fluorescence-emission spectra were recorded by using a Perkin–
Elmer LS50B luminescence spectrometer at a detection wavelength lem
of 391 nm with a scan rate of 500 nmmin�1. The size distribution of the
micelles was measured by employing dynamic light scattering (DLS) with
a vertically polarized He–Ne laser (DAWN EOS, Wyatt Technology).
The scattering angle was fixed at 908 and the measurements were record-
ed at a constant temperature of 25 8C. Each sample was filtrated through
a 0.45 mm filter directly into a precleaned cylindrical cell of 10 mm diam-
eter. The sample concentration was maintained at 0.1 mgmL�1 for mi-
celles in aqueous solution. The sample concentration was maintained at
0.5 mgmL�1 for unimolecular micelles in chloroform solution. The mor-
phology of micelles was examined by atomic force microscopy (AFM SPI
3800/SPA 300HV, Seiko Instruments) in tapping mode. A drop of micelle
solution was deposited on a silicon wafer. The samples were then air-
dried before measurement. Structures of the micelles was also studied by
transmission electron microscopy (TEM JEM-2010 electron microscope,
JEOL, Japan). A drop of the sample solution was placed onto a
100 mesh carbon-coated copper grid. About 1 min after deposition, the
grid was tapped with a filter paper to remove surface water and then neg-
atively stained with a 1% uranyl acetate solution. The samples were air-
dried before measurement. Zeta-potential measurements were recorded
at 25 8C by using a Zetasizer 3000 HS from Malvern Instruments.


Gel retardation assay of cationic micelles and pDNA : The gel retardation
assay was performed by following literature procedures.[20] Plasmid sam-
ples were diluted to a concentration of 0.05 mgmL�1. Micelle solutions
were then added to the plasmid solutions with the same volume as plas-
mid solution, at various concentration ratios ranging from 0 to 10 and
vortexed. After 10 min incubation, the solutions were analyzed by 1%
agarose gel electrophoresis.


Release of pDNA from complexes:[20] The reversible nature of the mi-
celle/pDNA complexes was investigated through the addition of a poly-
anion, sodium polyacrylate (NaPAA). The complexes were incubated at
RT with NaPAA at a NaPAA/pDNA molar ratio ranging from 100 to
300, and the released pDNA was analyzed by 1% agarose gel electropho-
resis.


Phase-transfer studies : To evaluate the transport ability and pH-sensitive
behavior of PEI–PBLG, methyl orange (MO), bromophenol blue, Congo
red, and fluorescein were used as anionic model compounds, and chloro-
form was used as an organic phase in which the dyes are not soluble.[17]


In a typical experiment, aqueous dye solution (5 mL) was mixed with a
chloroform solution of PEI–PBLG (5 mL) and manually shaken for 10 s.
After phase separation, the organic layer (3.5 mL) was transferred into a
UV/Vis cuvette for measurement.
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Rapid and Effective Adsorption of Lead Ions on Fine
Poly(phenylene ACHTUNGTRENNUNGdiamine) Microparticles


Mei-Rong Huang, Qian-Yun Peng, and Xin-Gui Li*[a]


Introduction


Heavy-metal ions are among the most feared contaminants
in water sources that are beginning to pose severe public
health problems nowadays.[1–3] It is well known that heavy-
metal ions released into the environment affect ecological
life because they tend to accumulate in living organisms and
exhibit a high toxicity when adsorbed into the body.[4,5] The
removal of heavy-metal ions has been traditionally carried
out by several techniques such as membrane processes (for
example, dialysis, electrodialysis, reverse-osmosis), neutrali-
zation–precipitation and ion exchange, but usually with lim-
ited success. In recent years, adsorption has been shown to
be an effective and economically feasible alternative
method for removal of heavy-metal ions.[6–8] Nonspecific


sorbents such as activated carbon,[9,10] metal oxides,[11, 12]


silica,[13–15] ion-exchange resins, and biosorbents[16] have been
used. Specific sorbents have been proposed, consisting of a
ligand that can specifically interact with the metal ions, and
a carrier matrix that may be an inorganic material (e.g.,
silica)[14,15,17] or polymers (such as poly ACHTUNGTRENNUNG(styrene), poly(metha-
crylate), or poly(vinylbutyral)).[18–22] Polymers have attracted
the most attention as carrier matrices because they are
easily and effectively produced in a wide variety of composi-
tions, and can be modified into specific sorbents with vari-
ous functional groups by introducing a variety of li-
gands[18,21–23] that can greatly improve their ability to remove
heavy-metal ions from aqueous solutions.


The search for an effective and economical method of
eliminating toxic heavy-metal ions requires the considera-
tion of unconventional materials and processes. Poly(1,8-di-
ACHTUNGTRENNUNGaminonaphthalene) microparticles are considered as an effi-
cient sorbent for removal and recovery of Ag+ ions from
aqueous solution,[24–25] exhibiting the highest adsorptivity of
Ag+ ions of 1924 mgg�1. It has been found that two differ-
ent reactions occur during the adsorption of Ag+ ions onto
the microparticles, namely complexation adsorption be-
tween Ag+ ions and amine/imine units and the redox ad-


Abstract: Fine microparticles of
poly(p-phenylenediamine) (PpPD) and
poly(m-phenylenediamine) (PmPD)
were directly synthesized by a facile
oxidative precipitation polymerization
and their strong ability to adsorb lead
ions from aqueous solution was exam-
ined. It was found that the degree of
adsorption of the lead ions depends on
the pH, concentration, and tempera-
ture of the lead ion solution, as well as
the contact time and microparticle
dose. The adsorption data fit the Lang-
muir isotherm and the process obeyed
pseudo-second-order kinetics. Accord-
ing to the Langmuir equation, the max-


imum adsorption capacities of lead
ions onto PpPD and PmPD microparti-
cles at 30 8C are 253.2 and 242.7 mgg�1,
respectively. The highest adsorptivity
of lead ions is up to 99.8%. The ad-
sorption is very rapid with a loading
half-time of only 2 min as well as initial
adsorption rates of 95.24 and
83.06 mgg�1 min�1 on PpPD and
PmPD particles, respectively. A series
of batch experiment results showed


that the PpPD microparticles possess
an even stronger capability to adsorb
lead ions than the PmPD microparti-
cles, but the PmPD microparticles, with
a more-quinoid-like structure, show a
stronger dependence of lead-ion ad-
sorption on the pH and temperature of
the lead-ion solution. A possible ad-
sorption mechanism through complexa-
tion between Pb2+ ions and =N�
groups on the macromolecular chains
has been proposed. The powerful lead-
ion adsorption on the microparticles
makes them promising adsorbents for
wastewater cleanup.
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sorption between Ag+ ions and free �NH2 groups in the
polymer chain. However, the ability of Pb2+ ions to adsorb
onto the poly(1,8-diaminonaphthalene) microparticles is
much weaker, as confirmed in our laboratory. In addition,
the 1,8-diaminonaphthalene monomer is relatively expen-
sive.


In this work, we attempt to explore the adsorption behav-
ior of Pb2+ ions on microparticles of poly(p-phenylenedi-
ACHTUNGTRENNUNGamine) (PpPD)[25,26] and poly(m-phenylenediamine)
(PmPD).[25,27] The p-phenylenediamine and m-phenylenedi-
ACHTUNGTRENNUNGamine compounds are important and also cheap derivatives
of aniline, and exhibit a high oxidative polymerization
yield.[25–28] Many =N� groups on the PpPD and PmPD
chains may efficiently bind Pb2+ ions.[25–27] For this purpose,
the fine, nontoxic, and odor-free microparticles were pre-
pared by a simple oxidative precipitation polymerization
from p- and m-phenylenediamines and their structure was
characterized by IR spectroscopy, wide-angle X-ray diffrac-
tion analysis, and laser particle-size analysis. In particular,
various important factors affecting the Pb2+ adsorption onto
the microparticles, such as pH,
concentration, and tempera-
ture of Pb2+ solution, as well
as adsorption time, the struc-
ture and dosage of the micro-
particles, were systematically
investigated by using batch ex-
periments. To the best of our
knowledge, this work repre-
sents the first example of Pb2+


ion adsorption onto poly(phe-
nylenediamine) microparticles.


Results and Discussion


Synthesis of poly(phenylenedi-
amine) microparticles : The
chemical oxidative polymeriza-


tion of three phenylenediamine isomers in 1m HCl, water,
and glacial acetic acid simply afforded uniform and fine pol-
ymer microparticles as products (Scheme 1). As listed in
Table 1, the polymerization yield strongly depends on the
monomer structure and also the polymerization medium.
The yield of PmPD is much higher in water than in HCl,
while the yield of PpPD and poly(o-phenylenediamine)
(PoPD) is higher in HCl and glacial acetic acid (GA) re-
spectively, because the PpPD and PoPD microparticles that
polymerized in water as the polymerization medium are par-
tially water-soluble. The lower polymerization yield of the
p- and o-phenylenediamines in water and m-phenylenedia-
mine in HCl should be attributable to their lower molecular
weight that results from a weaker ability to polymerize in
the corresponding medium. This suggests that the oxidative
polymerization mechanism changes significantly with mono-
mer structure[25–28] and polymerization medium, leading to a
different macromolecular structure, as illustrated in
Scheme 1 and discussed below.


Scheme 1. Chemical oxidation polymerization of p-, m-, and o-phenylenediamines.[25]


Table 1. Preparation and properties of salt microparticles of three poly(phenylenediamine)s by a chemically oxidative precipitation polymerization reac-
tion with phenylenediamine/oxidant molar ratio of 1:1 for a polymerization time of 24 h.


Polymer Polymerization Properties of the as-prepared polymer salt microparticles
micro-
particles


medium temp
[8C]


yield
[%]


color solubility in H2O, 10mm


HCl, and NaOH
electrical
conductivity
[S cm�1]


Pb2+ adsorption[a] Ag+ adsorp-
tion[c]


capacity [mgg�1]/
adsorptivity [%]


maximal capacity
[mgg�1] Qmax [mgg�1]


capacity[b]/ad-
sorptivity [%]


PpPD ACHTUNGTRENNUNG(HCl) 1m HCl 30 90 black insoluble 3.2J10�5 182/73 253.2 373/6.8
PpPD ACHTUNGTRENNUNG(H2O) H2O 30 80 black partly soluble 2.6J10�5 [d]


PmPD ACHTUNGTRENNUNG(HCl) 1m HCl 30 45 black insoluble 1.2J10�3 81/32 126.4 684/12.8
PmPD ACHTUNGTRENNUNG(H2O) H2O 30 83 black insoluble 1.5J10�3 177/71 242.7 200/4.6
PoPD(GA)[e] glacial


CH3COOH
118 96 black insoluble low 150/60 195.5 540/1.2


PoPD ACHTUNGTRENNUNG(H2O) H2O 100 80 dark
red


partly soluble very low [d]


[a] The adsorption of Pb2+ onto poly(phenylenediamine) microparticles at 30 8C and pH 4.9 in Pb ACHTUNGTRENNUNG(NO3)2 solution (25 mL) at an initial Pb2+ concentra-
tion of 500 mgL�1 with 50 mg of sorbent for 24 h. [b] Maximum capacity Qmax simulated by the Langmuir isotherm. [c] The adsorption of Ag+ ions onto
poly(phenylenediamine) microparticles at 30 8C and pH 5.3 in AgNO3 solution (25 mL) at an initial Ag+ concentration of 110 mm with 50 mg of sorbent
for 24 h. [d] Not measured because partially water-soluble polymers could not be used as adsorbents. [e] The polymerization time is 72 h.
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Structure of poly(phenylenediamine) microparticles : We
studied the microparticle macromolecular structures of
PpPD with HCl as the polymerization medium (PpPD-
ACHTUNGTRENNUNG(HCl)) and PmPD with water as the polymerization
medium (PmPDACHTUNGTRENNUNG(H2O)) by IR spectroscopy (Figure 1).


Broad and strong bands at 3193 and 3328 cm�1, due to the
characteristic stretching vibration of N�H, suggest the pres-
ence of a large number of imino and amino groups (�NH�/
�NH2) in the spectra of both polymers. In particular, the
spectrum of PmPD exhibits much stronger bands at 3199
and 3328 cm�1 than PpPD, implying that there are many
more �NH�/�NH2 groups in the PmPD chains. In addition,
both polymers exhibit different characteristic spectral bands
in the wavenumber range 450–2000 cm�1. The spectrum of
PpPD shows a more intense band around 1509 cm�1 than
that around 1573 cm�1. On the contrary, the PmPD spec-
trum shows a less-intense band around 1502 cm�1 than that
around 1621 cm�1. The PmPD spectrum also displays much
more intense bands at 1115 and 619 cm�1, which are attrib-
uted to the in-plane and out-of-plane bending vibration of
the C�H bonds of 1,2,4-trisubstituted benzene rings, respec-
tively. These facts prove that the molecular structure of
PpPD is different from that of PmPD (Scheme 1).[26,27,29]


The supramolecular structures of PpPD ACHTUNGTRENNUNG(HCl) and PmPD-
ACHTUNGTRENNUNG(H2O) microparticles have been characterized by wide-angle
X-ray diffraction studies (Figure 2), which show different
amorphous structure characteristics that are coincident with
the molecular structure. The spectrum of PpPD shows a
broad diffraction peak centered at the Bragg angle of 258,
together with several sharp peaks at 20.48, 22.78, and 29.28
that are ascribed to a very small amount of residual inorgan-
ic salt (the reductive product of the oxidant (NH4)2S2O8:
(NH4)2SO4) trapped inside the particles, because the spec-
trum of the doped particles (salt) obtained after soaking and
washing with water does not show any sharp diffraction
peaks (Figure 2c). The spectrum of the undoped particles


Figure 1. IR spectra of poly(p-phenylenediamine) salt microparticles
(PpPD ACHTUNGTRENNUNG(HCl)) with HCl as polymerization medium and poly(m-phenyle-
nediamine) salt microparticles (PmPD ACHTUNGTRENNUNG(H2O)) with water as polymeriza-
tion medium.


Figure 2. Wide-angle X-ray diffractograms of: a) as-prepared PpPD salt
microparticles; and b) as-prepared PmPD salt microparticles before and
after adsorption of Pb2+ ions in Pb ACHTUNGTRENNUNG(NO3)2 aqueous solution (25 mL), at
an initial Pb2+ concentration of 800 mgL�1 at 30 8C, with 50 mg of ad-
sorbent for 24 h; as well as c) PpPD salt after soaking in water; and
d) PpPD base before and after adsorption for Pb2+ ions under the same
adsorption conditions as above but in 200 mgL�1 Pb ACHTUNGTRENNUNG(NO3)2 aqueous solu-
tion.
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(base) procured after a treatment with NH4OH also does
not exhibit any sharp diffraction peaks (Figure 2d). The
spectrum of PmPD has two broad and merged diffraction
peaks centered at the Bragg angles of 238 and 178, together
with one sharp peak at 20.48 due to an inorganic impurity.
PpPD microparticles exhibit slightly lower crystallinity pos-
sibly due to the slightly higher aromaticity of the PpPD
chains compared to that of the PmPD chains (Scheme 1). A
different molecular structure is likely to be responsible for
the different supramolecular structure. An amorphous struc-
ture should favor the penetration into and then adsorption
of lead ions onto the microparticles because the macromo-
lecular chains in the amorphous structure are piled in a
more loose and disordered way than those in the crystalline
structure.


The adsorption and adsorption mechanism of Pb2+ ions
onto poly(phenylenediamine) microparticles : As summar-
ized in Table 1, the properties of the microparticles are
strongly influenced by the monomer species. We note that
only PpPD ACHTUNGTRENNUNG(HCl) and PmPD ACHTUNGTRENNUNG(H2O) fine microparticles with
high polymerization yield, high bulk electrical conductivity,
and good insolubility in water, HCl, and NaOH aqueous sol-
utions, exhibit a strong capability for Pb2+ ion adsorption.
In addition, PmPDACHTUNGTRENNUNG(HCl) and PoPD(GA) microparticles ex-
hibit a lower Pb2+ ion adsorption and a greater capability to
adsorb Ag+ ions but the ability to adsorb the Ag+ ions is
still much lower than that onto poly(1,8-diaminonaphtha-
lene) microparticles.[24] This could be due to the presence of
many more �NH2 groups in the poly(1,8-diaminonaphtha-
lene) chains than in the PpPD ACHTUNGTRENNUNG(HCl) and PmPDACHTUNGTRENNUNG(H2O)
chains. Therefore, the adsorption mechanism of Pb2+ and
Ag+ ions onto the polymer particles is quite different in
that there is a complexation adsorption of Pb2+ ions but a
redox adsorption of Ag+ ions. Note that microparticles of
poly(o-phenylenediamine) with glacial acetic acid as poly-
merization medium (PoPD(GA)) could be successfully pre-
pared only at 118 8C over a long time. Consequently, it
seems that the PpPDACHTUNGTRENNUNG(HCl) and PmPDACHTUNGTRENNUNG(H2O) microparticles
could be suitable for Pb2+ adsorption due to the combina-
tion of high Pb2+ adsorptivity, low preparation cost, and
good insolubility in water, acidic, and alkaline solution.


We further confirmed the occurrence of Pb2+ adsorption
onto the PpPD and PmPD microparticles by observing the
variation of the wide-angle X-ray diffraction spectra and
conductivity of the microparticles with Pb2+ adsorption. The
spectra of the three PpPD and PmPD salts absorbing Pb2+


ions display a series of new sharp X-ray diffraction peaks
(Figure 2a–c) as compared with the original polymer salts,
but the PpPD base absorbing Pb2+ does not exhibit any
sharp peaks in the spectra shown in Figure 2d. The charac-
teristics of the sharp peaks indicate the presence of PbSO4


from a reaction between Pb2+ ions and a SO4
2� group rather


than PbACHTUNGTRENNUNG(NO3)2. The SO4
2� group could result from residual


free sulfate and doping sulfuric acid in the particles because
the soaked salt particles adsorbing Pb2+ ions exhibit weaker
diffraction peaks (Figure 2c), whereas the base particles ad-


sorbing 30 mg Pb2+ per gram of the particles do not exhibit
any peak indicative of a crystalline structure in their spec-
trum (Figure 2d). This signifies that the Pb2+ ion adsorption
on the base particles results from the complexation between
Pb2+ ions and macromolecular chains. However, the com-
plexation and precipitation adsorptions of lead ions onto the
salt particles occur simultaneously. Additionally, the conduc-
tivity of the Pb2+-adsorbing salt particles is around four
times higher than that compared with Pb2+-free particles.
These results indicate a real uptake of Pb2+ ions onto the
PpPD and PmPD particles. On the basis of these results and
the data listed in Table 1, the as-prepared PpPD ACHTUNGTRENNUNG(HCl) and
PmPD ACHTUNGTRENNUNG(H2O) salt microparticles have been chosen as cost-
effective Pb2+ adsorbents in the following study on the
effect of several important factors on Pb2+ ion adsorption.


Generally, the main adsorption sites for lead ions are at
the =N� groups in the macromolecular chains because the
nitrogen atom has a lone pair of electrons that can efficient-
ly bind a metal ion through sharing an electron pair to form
a metal complex. Considering this, a possible adsorption
mechanism by complexation between Pb2+ ions and =N�
groups on the polymer chains of the PpPD ACHTUNGTRENNUNG(HCl) and
PmPD ACHTUNGTRENNUNG(H2O) particles is proposed in Figure 3.


It is known that there should be some =N+H� groups in
the chain structure of the microparticles obtained in acidic
and neutral aqueous solution. Therefore, another possible
route for the Pb2+ ion adsorption is ion exchange between
Pb2+ and the H+ ions on the =N+H� group. This has been
confirmed by the fact that the final pH value of the resultant
Pb ACHTUNGTRENNUNG(NO3)2 solution after adsorption was invariably lower
than the initial pH value (Table 2). Note that after the blank
water was treated by the microparticles, we observed a
slight decrease in the solution pH value. This could also be
attributable to the release of H+ ions due to the exchange
of =N+H� groups on the chain structure of the microparti-
cles by trace amounts of the metal ions in the water. The
pH decrease of the blank water after a treatment of the mi-


Figure 3. Possible complexation and ion exchange between lead ions and
=N�/=N+H� groups on the macromolecular chains of the PpPD ACHTUNGTRENNUNG(HCl)
(a) and (PmPD ACHTUNGTRENNUNG(H2O)) (b) salt microparticles.
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croparticles indicates that some H+ ions are released into
the solution as the Pb2+ ions are bound on the particles.
Consequently, the Pb2+ adsorption may also occur by an ion
exchange between Pb2+ and H+ ions on the microparticles.


It should be noted that an exchange reaction between
Pb2+ and=N+H� could be slower than the complexation re-
action between Pb2+ ions and =N� due to stronger electro-
static repulsion between the Pb2+ ions and =N+H� as op-
posed to the =N� groups. At the same time, there are rela-
tively more =N+H�/=N� groups. Thus, we could speculate
that the complexation may be dominant during Pb2+ ion ad-
sorption. On the basis of the above discussion, the pH value
of the Pb2+ solution is one of the factors influencing Pb2+


ion adsorption performance on the microparticles, as dis-
cussed below.


Effect of solution pH on the Pb2+ ion adsorption : To exam-
ine the effect of solution pH on Pb2+ ion adsorption onto
the microparticles, the initial pH of the Pb ACHTUNGTRENNUNG(NO3)2 aqueous
solution was adjusted to between 1.0–7.0 by adding a certain
amount of 0.05m HNO3 or NaOH. If the pH value is higher
than 7.0, then precipitation of Pb(OH)2 in the basic medium
is expected. Figure 4 shows the variation of Pb2+ ion adsorp-
tion with the pH value of Pb2+ solution at an initial Pb2+


ion concentration of 200 mgL�1 at 30 8C. We observed that
the adsorption capacity and adsorptivity of Pb2+ ions onto
the poly(phenylenediamine) microparticles both increased


significantly in the pH range
2.5–4.2 but increased only
slightly in the pH range 4.2–
7.0, the highest values being at
pH 7.0. This behavior could be
ascribed to a competitive ad-
sorption of Pb2+ over H+ ions
to the nitrogen atom on the
surface of the poly(phenylene-


diamine) particles.[9] The protonation of the adsorption sites
is dominant at low pH. With increasing initial pH values of
Pb2+ solution, the number of protonated =N+H� groups
would decrease and thus the amount of neutral =N� groups
present on the particle surface would increase, resulting in
an increase in Pb2+ ion adsorption. This could explain the
fact that the PmPD microparticles containing more =N�
groups (Figure 3) always demonstrate stronger sensitivity of
Pb2+ ion adsorption to pH value in a pH range from 2.5 to
5.0 than the PpPD microparticles. In addition, the binding
of a Pb2+ ion to a nitrogen atom could be stronger than that
of an H+ ion since the electrical attraction force between
the lone pair of electrons from the nitrogen atom and the di-
valent Pb2+ ion would be stronger than that between the
lone pair of electrons and the monovalent proton (H+). By
the way, a small variation of the adsorption capability in the
pH range between 4.2 and 7.0 facilitates the practical appli-
cation to some extent. It should be noticed that PpPD mi-
croparticles always exhibit stronger Pb2+ ion adsorption
than PmPD particles under the same conditions. The highest
adsorption capacity and adsorptivity of lead ions on PpPD
microparticles at pH 7.0 are found to be 89.8 mgg�1 and
86.9%, respectively.


On the other hand, the Pb2+ ion adsorption is also influ-
enced by the transport of lead ions from the bulk solution
to the =N+H� sites on the particle surface. The transport of
Pb2+ could be prevented at low pH because the strong elec-
trostatic repulsion from a large number of protonated =N+


H� groups would prevent Pb2+ ions from approaching close
enough to the particle surface. The increase of Pb2+ ion ad-
sorption with increasing pH is apparently attributable to the
weak electrostatic repulsion due to weak protonation at the
high pH value. This could also explain the weak Pb2+ ion
adsorption at low pH in Figure 4.


Effect of solution temperature on the Pb2+ ion adsorption :
We studied the effect of Pb ACHTUNGTRENNUNG(NO3)2 solution temperature on
the Pb2+ adsorption in a temperature range of 10–50 8C. As
shown in Figure 5, the adsorption of Pb2+ ions on the PpPD
and PmPD microparticles increases steadily with increasing
temperature. Particularly, the PmPD microparticles exhibit
a faster increase of the adsorption with temperature rise
than the PpPD microparticles, implying that the molecular
and supramolecular structures of PmPD microparticles with
more quinoid-like and =N+H�-group-containing structures
(Figures 1 and 3) are more sensitive to temperature, since
the interchain interaction from positively charged =N+H�
groups readily changes with temperature.


Table 2. The change of the solution pH after Pb2+ ion adsorption at 30 8C in 25 mL solution with 50 mg of ad-
sorbent (as-prepared PpPD and PmPD salt particles) for 24 h.


Adsorbent Pb2+ ion concentration in the solution [mgL�1]
0 (blank water) 500 800


before after DpH before after DpH before after DpH


PpPD 6.5 6.3 �0.2 4.9 3.0 �1.9 4.8 2.9 �1.9
PmPD 6.5 6.1 �0.4 4.9 2.9 �2.0 4.8 3.0 �1.8


Figure 4. Effect of pH value on adsorption of Pb2+ ions onto as-prepared
PpPD and PmPD salt particles at 30 8C in Pb ACHTUNGTRENNUNG(NO3)2 solution (25 mL) at
the initial Pb2+ concentration of 200 mgL�1 with 50 mg of adsorbent for
24 h.
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Therefore, the PmPD microparticles demonstrate the
highest adsorption capacity up to 172 mgg�1 and the highest
adsorptivity of up to 86.0% at 50 8C. The fact that high tem-
perature favors the Pb2+ ion adsorption could be explained
by the higher activity of the reactive sites at higher tempera-
ture.


The effect of Pb2+ solution temperature on sorption is fur-
ther corroborated by the van’t Hoff plot based on Equa-
tion (1),[7] where the equilibrium constant Kd is defined as
Qe/Ce, Qe [mgg�1] is the amount of Pb2+ ions adsorbed onto
the PpPD and PmPD particles at equilibrium concentration
Ce [mgL�1], T [K] the absolute temperature, R the gas con-
stant (8.314 Jmol�1 K�1), DSA the entropy change [Jmol�1] ,
and DHA is the enthalpy change [kJmol�1].


logKd ¼ ðDSA=2:303RÞ�ðDHA=2:303RTÞ ð1Þ


The plots of log Kd versus 1/T for the adsorption process
are found to be linear. DHA and DSA calculated from the
slope and intercept of the plots are 9.90 kJmol�1 and
39.05 Jmol�1 for PpPD, and 13.34 kJmol�1 and 50.01 Jmol�1


for PmPD, respectively. The positive DHA indicates the en-
dothermic nature of the adsorption. The relatively small
DSA values imply a slightly increased randomness at the
solid–solution interface during adsorption, and no significant
structural change occurs inside the adsorbents. Similar posi-
tive DHA values have been reported by Manju and co-work-
ers with the adsorption of Pb2+ ions from wastewater by
poly(acrylamide)-grafted ironACHTUNGTRENNUNG(iii) oxide.[7]


Further, we can evaluate the Gibbs free energy change
(DGA) by using Equation (2).


DGA ¼ DHA�TDSA ð2Þ


The DGA values calculated range from �2.82 to
�0.82 kJmol�1 for PmPD and �2.72 to �1.16 kJmol�1 for


PpPD, respectively, in the examined temperature range, as
shown in Figure 6. The negative DGA indicates the feasibility
of the process and the spontaneous nature of adsorption.


The DGA values decrease with increasing temperature,
strongly suggesting that the Pb2+ ion adsorption becomes
more feasible at higher temperatures. Stronger dependency
of the DGA value on the temperature for the PmPD than for
the PpPD can also be attributable to more =N+H� groups
on the PmPD particles.


Optimization of poly(phenylenediamine) microparticle
dosage : Figure 7 shows the adsorption capacity and adsorp-
tivity of Pb2+ ions as a function of PmPD microparticle
dosage. The adsorption capacity exhibits a maximum at a
dosage of 50 mg. Correspondingly, the adsorptivity increases
linearly with increasing dosage from 10 to 70 mg and then
reaches a plateau at above 97% in a dosage range of 70–
100 mg. The highest adsorptivity occurring in this study is
99.8% at the particle dosage of 100 mg. An even higher ad-
sorptivity might be achieved if the particle dosage were
higher. In other words, almost all Pb2+ ions would be adsor-
bed onto the microparticles if the particle dosage is higher
than 100 mg. In the practical adsorption, however, unilater-
ally increasing particle dosage leads to a sharp decrease of
the adsorption capacity and thus to a waste of sorbent.
Therefore, we have to balance adsorption capacity and ad-
sorptivity by choosing an optimal particle dosage. An opti-
mal dosage of PmPD microparticles is around 67 mg in this
adsorption system.


Optimization of initial Pb2+ ion concentration and adsorp-
tion isotherm : Adsorption of Pb2+ ions onto PpPD and
PmPD microparticles is given as a function of initial Pb2+


ion concentration in Figure 8. We found that the two types
of microparticles show a similar adsorption behavior to-


Figure 5. Effect of temperature on the adsorption of Pb2+ on as-prepared
PpPD and PmPD salt particles in Pb ACHTUNGTRENNUNG(NO3)2 solution (25 mL) at an initial
Pb2+ concentration of 400 mgL�1 with 50 mg of adsorbent at pH 5.0 for
24 h.


Figure 6. The variation of the DGA values for the Pb ACHTUNGTRENNUNG(NO3)2 solution
during the adsorption of Pb2+ ions onto the as-prepared PpPD ACHTUNGTRENNUNG(HCl) and
PmPD ACHTUNGTRENNUNG(H2O) salt microparticles with solution temperature.
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wards Pb2+ ions. Just like most other adsorbents,[9] the ad-
sorption capacity rises significantly with an increase in the
Pb2+ ion concentration in the range of 0–800 mgL�1, while
the Pb2+ ion adsorptivity declines gradually. Consequently,
both the adsorption capacity and adsorptivity of the Pb2+


ions simultaneously reach a high level at the optimal initial
Pb2+ concentration of around 550 mgL�1.


The adsorption isotherm for Pb2+ ions onto PpPD and
PmPD microparticles is shown in Figure 9. To establish a
quantitative relationship between ion concentration and the
adsorption process, two linear-
ized mathematical models pro-
posed by Langmuir and
Freundlich were used to de-
scribe and analyze the adsorp-
tion isotherm and equilibrium,
as listed in Equations (3) and
(4), where Qm is the adsorp-
tion capacity at saturation


(mgg�1), Ka the adsorption coefficient (Lmg�1), KF the equi-
librium constant indicating adsorption capacity, and n is the
adsorption equilibrium constant.


Ce=Qe ¼ Ce=Qm þ 1=ðKaQmÞ ð3Þ


logQe ¼ ð1=nÞLogCe þ LogKF ð4Þ


These constants were evaluated from the intercept and
the slope, respectively, of the linear plots of Ce/Qe versus Ce,
and LogQe versus LogCe, based on experimental data
through a regression analysis. The obtained parameters and
the correlation coefficients are listed in Table 3. The results
show that the adsorption behavior of Pb2+ ions onto PpPD
and PmPD microparticles is better described by the Lang-
muir isotherm than by the Freundlich isotherm because the
Langmuir model yields a higher correlation coefficient and
lower standard deviation.[14]


Adsorption kinetics of Pb2+ ions onto poly(phenylenedia-
mine) microparticles : The time-course experiments were
carried out by stirring the adsorption mixture at various pre-
determined intervals and analyzing the Pb2+ ion content
after a certain contact time. The adsorption kinetics were
studied to determine the time required to reach the equili-
brium adsorption of Pb2+ ions. Figure 10 shows a represen-
tative plot of the Pb2+ ion adsorption capacity and adsorp-
tivity versus adsorption time for the PpPDACHTUNGTRENNUNG(HCl) microparti-
cles. Apparently, the adsorption rate of Pb2+ ions onto the


Figure 8. Effect of initial Pb2+ concentration on Pb2+ adsorption onto as-
prepared PpPD ACHTUNGTRENNUNG(HCl) and PmPD ACHTUNGTRENNUNG(H2O) salt microparticles at 30 8C and
pH 5.0 in Pb ACHTUNGTRENNUNG(NO3)2 solution (25 mL) with a microparticle dosage of
50 mg for 24 h.


Figure 9. Adsorption isotherms of Pb2+ ions on as-prepared PpPD and
PmPD salt microparticles at 30 8C and pH 5.0 in Pb ACHTUNGTRENNUNG(NO3)2 solution
(25 mL) with microparticle dosage of 50 mg for 24 h.


Table 3. Isotherm model equations for Pb2+ ion adsorption onto as-prepared PpPD and PmPD salt micropar-
ticles based on the data presented in Figure 9.


Mathematical
model


Sorbent Equation Correlation
coefficient


Standard
deviation


Qm


ACHTUNGTRENNUNG[mgg�1]
Ka


ACHTUNGTRENNUNG[Lmg�1]


Langmuir PpPD Ce/Qe=0.00395Ce+0.1745 0.9986 0.0282 253.2 0.0225
PmPD Ce/Qe=0.00412Ce+0.1651 0.9982 0.0346 242.7 0.0250


Freundlich PpPD logQe=0.4336 logCe+1.3286 0.9482 0.0864
PmPD logQe=0.4031 logCe+1.3809 0.9627 0.0715


Figure 7. Effect of the dosage of as-prepared PmPD ACHTUNGTRENNUNG(H2O) salt particles
on adsorption of Pb2+ ions at 30 8C and pH 5.0 in PbACHTUNGTRENNUNG(NO3)2 solution
(25 mL) at Pb2+ ion concentration of 500 mgL�1 for 24 h.
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microparticles is very rapid during the initial 10 min but be-
comes slow during the adsorption time from 10 to 1500 min.
The adsorption capacity and adsorptivity at the adsorption
time of 10 min are 80 mgg�1 and 80% respectively.


The adsorption of Pb2+ ions on the microparticles increas-
es nonlinearly with increasing adsorption time. The adsorp-
tion process can be divided into two steps: a primary rapid
step and a secondary slow step. The rapid step lasts for
about 10 min and the loading half-time is found to be only
2 min. The fast step of Pb2+ ion adsorption may occur on
the microparticle surfaces due to an immediate interaction
between Pb2+ ions and the active =N�/=N+H� groups in
the polymer chains, while the slow step may occur inside the
microparticles, representing the diffusion of Pb2+ ions into
the interior of the microparticles over the period.


To gain some insight into the adsorption kinetics of the
removal of Pb2+ ions by the microparticles, we used the ex-
perimental data in the pseudo-first-order and pseudo-
second-order kinetics equations. The adsorption-rate expres-
sions are given in Equations (5) and (6),[30,31] where Qe is
the equilibrium amount of Pb2+ ions adsorbed (mgg�1), Qt


the amount adsorbed (mgg�1) at a certain time t, k’ the rate
constant of pseudo-first-order adsorption (min�1), and h the
initial adsorption rate of pseudo-second-order adsorption
(mgg�1 min�1).


log ðQe�QtÞ ¼ logQe�k0t=2:303 ðpseudo-first-orderÞ ð5Þ


t=Qt ¼ t=Qe þ 1=h ðpseudo-second-orderÞ ð6Þ


The curves of log ACHTUNGTRENNUNG(Qe�Qt) versus t and t/Qt versus t based
on the data during the contact time from zero to 60 min in
Figure 10 (the data for PmPD were omitted) provide the
corresponding parameters, as listed in Table 4. We see that
an application of the pseudo-second-order model correlates
better with the experimental data than the pseudo-first-
order model.[7] Thus the system under study is more appro-
priately described by a pseudo-second-order kinetics model
that is based on the assumption that the rate-limiting step
may be chemical sorption involving valency forces through
sharing or exchange of electrons between sorbent and sor-
bate. The initial adsorption rates of Pb2+ ions onto PpPD
and PmPD microparticles are 88.03 and 81.83 mgg�1 min�1


respectively, and are much higher than the h value found
with rice huck when used for the adsorption of Pb2+ ions.[32]


A comparison of Pb2+ adsorption onto the microparticles
and other sorbents : As discussed above, the highest Pb2+ ad-
sorption capacities are found to be 253.2 and 242.7 mgg�1


for PpPDACHTUNGTRENNUNG(HCl) and PmPD ACHTUNGTRENNUNG(H2O) respectively. Although a
direct comparison of performance of PpPD and PmPD with
other adsorption materials is difficult owing to different ad-
sorption conditions, it is important that the highest Pb2+ ad-
sorption capacities of both PpPD and PmPD are even
higher than those of nanoporous activated carbon
(121.2 mgg�1)[33] and other better absorbents, such as hydrat-
ed iron ACHTUNGTRENNUNG(iii)-oxide-grafted poly(acrylamide) (211.4 mgg�1),[7]


modified microporous poly(2-hydroxyethyl methacrylate)
(174.2 mgg�1),[21] dithizone-anchored poly(2-hydroxyethyl
methacrylate) microbeads (155.2 mgg�1),[22] and modified
poly(vinylbutyral) microbeads (86.2 mgg�1).[19] In fact, the
Pb2+ ion adsorption capacity on PpPD is close to that of mi-
croporous titanosilicate (231.8 mgg�1)[13] and hybrid macro-
porous modified silica (256.7 mgg�1).[14]


The adsorption rate of Pb2+ ions onto PpPD and PmPD
microparticles is much faster than that onto oxidized nano-
porous activated carbon,[33] iron ACHTUNGTRENNUNG(iii)-oxide-grafted poly(acry-
lamide),[7] and poly(vinylbutyral) microbeads.[19] It is report-
ed that the respective equilibrium adsorption time of Pb2+


ions onto the activated carbon and poly(acrylamide) is
about 24 and 4 h, respectively, and that onto poly(vinylbuty-
ral) for 50% adsorption is 7 min, whereas the adsorption
time of Pb2+ ions onto the PpPD and PmPD microparticles
for 50% adsorption is around 2 min. Similarly, the PpPD
and PmPD microparticles also exhibit higher Pb2+ ion ad-
sorption capacity than some natural materials, as shown in
Figure 11, especially at the initial Pb2+ concentration with
sorbent amounts of 200–4000 mgg�1. It should be noted that


Figure 10. Effect of adsorption time on the ability of Pb2+ ions to adsorb
onto as-prepared PpPD at 30 8C and pH 5.0 in Pb ACHTUNGTRENNUNG(NO3)2 solution
(25 mL) at an initial Pb2+ ion concentration of 200 mgL�1 with 50 mg ad-
sorbent.


Table 4. Kinetics model equations for Pb2+ ion adsorption on as-prepared PpPD and PmPD salt microparticles.


Mathematical
model


Sorbent Equation Correlation
coefficient


Standard
deviation


Rate constant (k) [min�1]
or initial adsorption rate (h) [mgg�1 min�1].


pseudo-first-order PpPD log ACHTUNGTRENNUNG(Qe�Qt)=�0.01273t+1.96 �0.7964 0.2637 k=0.0293
PmPD log ACHTUNGTRENNUNG(Qe�Qt)=�0.01450t+1.94 �0.6704 0.4259 k=0.0334


pseudo-second-order PpPD t/Qt=0.01203t+0.01136 0.99995 0.00344 h=88.03
PmPD t/Qt=0.01192t+0.01222 0.999 0.00574 h=81.83
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all of these synthetic absorbents are obtained by relatively
complicated preparation procedures (low productivity and
high cost). However, the preparation of the PpPD ACHTUNGTRENNUNG(HCl) and
PmPD ACHTUNGTRENNUNG(H2O) microparticles through a chemical oxidative
precipitation polymerization is very simple and highly effi-
cient, producing nontoxic and odourless microparticles, and
demonstrating an important potential application as a highly
efficient Pb2+ sorbent.


Conclusion


Fine PpPD and PmPD microparticles have been successfully
synthesized by a facile oxidative precipitation polymeriza-
tion procedure. The adsorption of Pb2+ ions onto the micro-
particles has been optimized by regulating the pH and con-
centration of the Pb2+ solution, as well as the adsorption
time and microparticle dosage. The adsorption data fitted
the Langmuir isotherm and followed pseudo-second-order
reaction kinetics. The thermodynamic parameters confirmed
the feasibility and spontaneous nature of the Pb2+ ion ad-
sorption process on the microparticles. The adsorption con-
sists of two steps, the first being fast reaction adsorption on
the particle surface and the second being slow interior ad-
sorption inside the particles. The maximum adsorption ca-
pacities of Pb2+ ions onto the PpPD and PmPD microparti-
cles are 253.2 and 242.7 mgg�1, respectively. The highest
achievable Pb2+ ion adsorptivity is 99.8%. The Pb2+ ion ad-
sorption onto the PpPD and PmPD microparticles is very
rapid with initial adsorption rates of 95.24 and
83.06 mgg�1 min�1, respectively. The PpPD microparticles
demonstrate higher Pb2+ adsorption than the PmPD micro-
particles, but the PmPD microparticles with more =N+H�
groups illustrate a stronger dependence of Pb2+ ion adsorp-
tion on the pH and temperature of the Pb2+ solution. That
is to say, the Pb2+ ion adsorption behavior onto the micro-
particles significantly depends on their molecular structure.
The rapid uptake and greater adsorption of Pb2+ ions, along
with simple preparation of the microparticles and low cost


of the raw materials, make them very attractive and cost-ef-
fective as highly efficient sorbents for the removal of Pb2+


ions from aqueous solutions.


Experimental Section


Chemical reagents : p-Phenylenediamine (pPD), m-phenylenediamine
(mPD), o-phenylenediamine (oPD), ammonium persulfate and lead ni-
trate of Analytical Reagent grade were obtained commercially and used
as received.


Preparation of the fine microparticles as adsorbents : Two batches of fine
polymer microparticles from p-phenylenediamine and m-phenylenedia-
mine were synthesized by chemical oxidative polymerization reactions in
HCl aqueous solution (1m) or distilled water by using ammonium persul-
fate as an oxidant.[29,34, 35] A typical procedure for preparation of poly(p-
phenylenediamine), PpPD, was as follows: p-phenylenediamine (2.163 g,
20 mmol) and ammonium persulfate (4.564 g, 20 mmol) were dissolved in
HCl aqueous solution (1m, 50 mL), respectively, to prepare a monomer
solution and an oxidant solution. The monomer solution was then stirred
and treated with the oxidant solution dropwise at a rate of one drop
(60 mL) every 3 s over 30 min at 30 8C. Immediately after the addition of
the first drop, the solution turned blue-violet. The mixture was stirred for
24 h and then the resulting polymer microparticles with average diameter
of 4–6 mm were filtered and rinsed thoroughly with distilled water to
remove the residual oxidant, water-soluble oligomer, and other by-prod-
ucts. The resulting black solid powders, that is, as-prepared PpPD salt,
were left to dry in air at 50 8C for 3 days. After the PpPD salt had been
soaked in water for 24 h, a pure PpPD salt was obtained. The PpPD base
was obtained after the polymerized wet PpPD salts were treated with
0.2m NH4OH for 24 h. The poly(o-phenylenediamine) (PoPD) micropar-
ticles were also prepared in a similar way but in glacial acetic acid or
water as a polymerization medium at elevated temperature.[28]


Adsorption of Pb2+ ions : Adsorption of Pb2+ ions onto poly(phenylene-
diamine)s was performed by using batch experiments. The effects of pH,
temperature, and concentration of the Pb2+ solution, adsorbent dosage,
and adsorption time, on the adsorption were considered. For batch tests,
a given amount of poly(phenylenediamine) microparticles was added to
Pb ACHTUNGTRENNUNG(NO3)2 aqueous solution (25 mL) at a known concentration and tem-
perature. After a desired treatment period, the microparticles were fil-
tered from the aqueous solution. The concentration of lead ion in the fil-
trate after adsorption was measured by using chemical titrimetric analy-
sis[23,36] at a residual Pb2+ concentration of higher than 50 mgL�1 or in-
ductively coupled plasma (ICP) mass spectrometry at a residual Pb2+


concentration of lower than 50 mgL�1. The adsorbed amount of lead ions
on the microparticles was calculated according to Equations (7) and (8),
where Q is the adsorption capacity (mgg�1), q the adsorptivity (%), Co


and C the Pb2+ concentration before and after adsorption, (mgL�1), re-
spectively, V the initial volume of the Pb2+ solution (mL), and W the
weight of the adsorbent added (mg).


Q ¼ ðCo�CÞV=W ð7Þ


q ¼ ðCo�CÞ100%=Co ð8Þ


Characterization of structure and electrical conductivity : IR spectra were
recorded on a Nicolet Nexus 470 FTIR spectrophotometer with samples
prepared as KBr pellets. Wide-angle X-ray diffractograms of the micro-
particles were obtained with a Bruker D8 Advance X diffractometer with
CuKa radiation at a scanning rate of 0.8888min�1 in a reflection mode.
The size of the as-formed particles was analyzed on a Beckman Coul-
ter LS230 laser particle-size analyzer. The bulk electrical conductivity of
a pressed disk with the thickness of 20–50 mm for the microparticles was
measured by a two-probe method at 20 8C.


Figure 11. A comparison of adsorption capacity for Pb2+ ions onto as-
prepared PpPD and PmPD salt particles and other efficient sorbents.
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Interaction Energies for the Purine Inhibitor Roscovitine with Cyclin-
Dependent Kinase 2: Correlated Ab Initio Quantum-Chemical, DFT and
Empirical Calculations
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Introduction


The transfer of information in a cell is mediated through
various linked signalling pathways, leading finally to the
control of diverse metabolic processes. Protein kinases play


a crucial role in many of these pathways, for example, regu-
lation of the cell cycle, differentiation, membrane transport
and secretion of cellular proteins, such as growth hor-
mones.[1,2] A deregulation of cyclin-dependent kinases (cdk)
was demonstrated in human primary tumors and human
tumor lines.[3] This discovery stimulated interest in cdk and
their inhibitors because of their potential applications as an-
ticancer drugs.[4] These cdk enzymes catalyse the transfer of
the ATP phosphate to serine and threonine residues located
on a protein substrate and, thus, activate other proteins. The
activity of cdk2 is regulated by association with regulatory
subunits (cyclins) and through phosphorylation by other kin-
ases, which cause conformational changes in the protein so
that the correct positioning of a substrate and catalytic resi-
dues is achieved.[5,2] The cdk2 associated with cyclin E can
promote progress through the G1 phase and, consequently,
it forms a complex with cyclin A, which is a necessary condi-
tion for entry of a cell into the S phase.


Cdk2 is comprised of 298 amino acid residues and pos-
sesses a typical kinase fold containing two lobes: a small N-
terminal and a large C-terminal domain. The lobes are con-
nected through a single polypeptide strand. The active site


Abstract: The interaction between ro-
scovitine and cyclin-dependent kinase 2
(cdk2) was investigated by performing
correlated ab initio quantum-chemical
calculations. The whole protein was
fragmented into smaller systems con-
sisting of one or a few amino acids, and
the interaction energies of these frag-
ments with roscovitine were deter-
mined by using the MP2 method with
the extended aug-cc-pVDZ basis set.
For selected complexes, the complete
basis set limit MP2 interaction ener-
gies, as well as the coupled-cluster cor-
rections with inclusion of single, double
and noninteractive triples contributions


[CCSD(T)], were also evaluated. The
energies of interaction between rosco-
vitine and small fragments and be-
tween roscovitine and substantial sec-
tions of protein (722 atoms) were also
computed by using density-functional
tight-binding methods covering disper-
sion energy (DFTB-D) and the Cornell
empirical potential. Total stabilisation
energy originates predominantly from


dispersion energy and methods that do
not account for the dispersion energy
cannot, therefore, be recommended for
the study of protein–inhibitor interac-
tions. The Cornell empirical potential
describes reasonably well the interac-
tion between roscovitine and protein;
therefore, this method can be applied
in future thermodynamic calculations.
A limited number of amino acid resi-
dues contribute significantly to the
binding of roscovitine and cdk2, where-
as a rather large number of amino
acids make a negligible contribution.


Keywords: ab initio calculations ·
cyclin-dependent kinase · density
functional calculations · molecular
mechanics · roscovitine
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that binds ATP or purine-like inhibitors is situated between
the lobes in a deep cleft, and serves as a primary target for
drug design. It consists of three sections named according to
the ATP moieties that it binds: the purine binding site, the
phosphate-group pocket and the sugar pocket. The X-ray
structures of cdk2 and its complexes with different inhibitors
have been published[6–10] and the number of these continues
to rise.


The inhibition of cdk2 plays a key role in drug develop-
ment programmes addressing such different pathological
conditions as inflammation, autoimmunity, cancer, and car-
diovascular and neurodegenerative diseases.[4,11] Conse-
quently, many pharmaceutical companies are interested in
drugs that regulate the activity of specific eukaryotic protein
kinases. Both experimental and theoretical approaches are
used for this purpose. Various computational studies de-
scribing the thermodynamic properties of binding protein
with inhibitor by using molecular mechanics-generalised
Born solvation area (MM-GBSA) methodology,[12,13] the
molecular simulation of this process[14] and the docking
process exist.[15] All these studies were based on empirical
potentials, which is understandable considering the size of
the system under investigation. The applicability of empiri-
cal potential should, however, be carefully tested; our
recent studies have shown its limitations in the context of in-
teraction with DNA bases,[16] the hydrophobic core of pro-
teins[17] and various types of interaction in proteins.[18]


The aim of the present study is to investigate the interac-
tion of cdk2 with the inhibitor roscovitine. Our interest in
roscovitine is due to its potential as a promising drug candi-
date in cancer therapy through blocking cell cycle transi-
tions in cancerous cells by cdk1/2 inhibition. Interaction of
cdk2 with roscovitine is very complex and is controlled by
not only hydrogen bonding, but also by other energetic con-
tributions, such as dispersion, electrostatic and charge-trans-
fer. An accurate description of all these energetic contribu-
tions is difficult and requires high-level ab initio quantum-
chemical correlated calculations. These calculations should
be also applied in the design of a selective inhibitor with
higher activity. An essential condition for such designs is a
full understanding of the nature of the stabilisation of the
ligand in the active site. Investigation will be focused on not
only the physical nature of stabilisation (i.e. , the role of var-
ious energy contributions, such as hydrogen bonding, stack-
ing, etc.), but also on the steric nature (i.e., the role of vari-
ous parts of the protein cavity in stabilising inhibitor). Thus,
the main difference between previous studies and this pres-
ent one concerns the non-empirical ab initio quantum-chem-
ical approach, which properly describes the nature of the in-
teraction between roscovitine and protein. We stress again
that previous results were based on empirical potential and,
therefore, might not be sufficiently accurate.


Strategy of calculations : Cdk2 interacts with roscovitine
non-covalently. Of the non-covalent interactions, the most
important role is played by hydrogen-bonding, electrostatic,
charge-transfer and dispersion interactions. The role of hy-


drogen bonds is well recognised and their theoretical de-
scription is quite straightforward. In fact, almost any empiri-
cal, semiempirical and nonempirical methods can describe
hydrogen bonding. Much less is known about the role of dis-
persion energy and originally it was thought to be of low im-
portance. Only recently it was shown that the dispersion
energy plays an important role in not only stabilising struc-
tures of DNA and proteins, but also in, for example, stabilis-
ing an intercalator in DNA. As well as dispersion interac-
tion, charge-transfer also plays an important role in the in-
teraction of protein and inhibitor. A theoretical description
of this energy term is also difficult and empirical potential
does not incorporate this term at all. Thus, it is necessary to
evaluate the interaction of cdk2 with roscovitine at a high
theoretical level by embracing all energy terms. Such calcu-
lations are impractical for large proteins consisting of sever-
al thousands of atoms. For this reason, the whole protein
was fragmented into smaller systems consisting of one or a
few amino acids. The high-level ab initio correlated calcula-
tions performed for these smaller complexes are used as
benchmark data for testing the performance of the empirical
potential. It is evident that to perform the molecular dynam-
ics simulations of the present system (necessary for the de-
scription of dynamic properties) the empirical potential
must be used.[19] Besides this, the calculated stabilisation en-
ergies allow us to estimate the importance of various sec-
tions of the protein cavity in the stabilisation of inhibitor.
Here, the accuracy of the calculations is crucial, as stabilisa-
tion can originate from hydrogen bonding as well as from
stacking, and the balanced description of various energy
terms is extremely difficult.


Calculations of cdk2 with roscovitine were performed as
follows. Firstly, empirical potentials that are used standardly
for protein simulation were applied. This methodology is
successful, but is associated with several problems. The po-
tential is pairwise additive and the non-additivity plays a
role if systems are polar or charged. Further, interaction
energy is comprised of a sum of electrostatic, dispersion and
repulsion contributions, which means that the charge-trans-
fer term is completely missing. Thus, secondly, the fast ap-
proximative ab initio method that is free of the problems
mentioned above is applied. In our laboratory we use the
self-consistent charge density-functional tight-binding
method augmented empirically for London dispersion
energy (SCC-DFTB-D).[20] This method yields excellent re-
sults for DNA base pairs and DNA fragments, complexes of
intercalator with DNA, as well as for amino acid pairs and
protein fragments. The method is very fast and enables
single-point calculations to be performed for systems con-
taining several thousands of atoms, and for smaller systems,
molecular dynamics simulations can be performed. Finally,
the benchmark data for smaller model systems generated by
accurate ab initio correlated calculations were used for test-
ing empirical potential and SCC-DFT-D results.


Here, we focus on the interaction energy of the protein–
ligand complex with the aim of understanding the nature of
its stabilisation and quantification of the role of dispersion
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contribution. Interaction energy is determined as a sum of
interaction energies of representative fragments containing
amino acid(s) and ligand, as well as directly for the whole
protein–ligand complex.


Geometries, fragmentation : The crystal structure of protein
cyclin-dependent kinase 2 with roscovitine (Figure 1) with
2.4 K resolution was used.[9] Figure 2 shows a schematic


view of roscovitine and some of the key amino acids under
consideration. The resolution of the crystal structure of ro-
scovitine with cdk2 is rather high, but it is sufficient for the
present computations. The system studied contains protein
and ligand and is very complex. To understand the nature of
stabilisation, high-level correlated ab initio calculations
should be performed. These calculations are, however, im-
practical for the system considered, whose size should be re-
duced by, for example, fragmenting the protein into constit-
uent amino acids. The method of fragmentation is not stand-
ard and several problems regarding biochemical relevancy
should be overcome. In constructing representative frag-
ments, we considered only complexes of specific amino
acids directed towards roscovitine, as it is known that only
the nearest groups have significant influence on the interac-
tion energy. The amino acid charges were adjusted to pH 7,
as the crystal structure considered was analysed under these
conditions. A problem occurred for the interactions of ro-
scovitine and the protein backbone, due to strong p–p inter-
action between peptide bonds and the purine aromatic rings
of roscovitine. The protein backbone was, therefore, cut at
the Ca�N bond and the peptide bond was maintained.
During partitioning we considered only amino acids and
crystal water molecules located within 5 K from roscovitine.
We created 14 fragmented complexes containing one or


more amino acids and roscovitine: glutamic acid 8 (E8); iso-
leucine 10 (I10); valine 18 (V18); alanine 31 (A31); lysine 33
and aspartic acid 145 (K33D145); valine 64 (V64); phenyla-
lanine 80 (F80); glutamic acid 81, phenylalanine 82 and leu-
cine 83 (E81F82L83); leucine 83, histidine 84 and gluta-
mine 85 (L83H84Q85); glutamine 85, aspartic acid 86 and
lysine 86 (Q85D86K89); glutamine 131 and asparagine 132
(Q131N132); leucine 134 (L134); alanine 144 (A144); gly-
cine 11, glutamic acid 12 and glycine 13 (G11E12G13). All
complexes are shown in Figure 3 and are labelled according
to the amino acid(s) included. Missing hydrogen atoms in
these fragmented complexes were added by using InsightII
and optimised by the gradient quantum-chemical optimisa-
tion at the B3LYP/6–31G** level; positions of heavy atoms
were fixed. The molecules of water presented in the crystal
structure were also included to improve the description of
interaction between roscovitine and a protein fragment. Al-
though all amino acid fragments are neutral, E8 bears a neg-
ative (�1) charge, and the substituents of the K33D145 frag-
ment have +1 and �1 charges, respectively. The same is
true for Q85D86K89, in which the D86 and K89 substituents
have a �1 and +1 charge, respectively.


Because the partitioning of protein is associated with sev-
eral uncertainties, it is recommended to calculate the inter-
action energy for as large a portion of the protein as possi-
ble. The model system consisting of 722 atoms was obtained


Figure 1. Secondary structure of cdk2 with roscovitine.
Figure 2. Schematic view of roscovitine (centre) and the key amino acids.
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by considering all amino acids within a distance of 8 K from
roscovitine. The complex with roscovitine is shown in
Figure 4. The positions of missing hydrogen atoms were op-
timised by using the semiempirical quantum-chemical PM3
method.


Computational Methods


The interaction energies between ligand and fragments of protein (or
whole protein) include an important contribution from London disper-


sion energy. It is, therefore, appropriate to consider only those methods
that cover the dispersion energy. We have shown recently[21] that accurate
interaction energies of various types of intermolecular complexes (hydro-
gen-bonded, stacked, T-shaped) are obtained at the coupled-cluster sin-
gles and doubles theory with perturbational triples corrections
[CCSD(T)] level by using the complete basis set (CBS) limit.


CBS interaction energies are obtained by extrapolating the total energies
of supersystem and subsystems.[22] The first rational basis set is the aug-
cc-pVDZ one and extrapolations are, thus, performed from the aug-cc-
pVDZ and aug-cc-pVTZ energies. The coupled-cluster calculations
[CCSD(T)] at the CBS limit (DE ACHTUNGTRENNUNG[CCSD(T)/CBS] for the present com-
plexes is clearly impractical, therefore, we approximated their values by
using Equation (1)


Figure 3. Structures of the 14 complexes of amino acids with roscovitine.
Interaction energies (MP2/aug-cc-pVDZ in kcalmol�1) are indicated in
ACHTUNGTRENNUNGparentheses.
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DE½CCSDðTÞ=CBS� ¼ DEðMP2Þ=CBS


þDE½CCSDðTÞ�MP2�=ðDZ þ PÞ
ð1Þ


in which DE ACHTUNGTRENNUNG(MP2)/CBS stands for the
MP2 CBS stabilisation energy and the
latter term gives the difference be-
tween the CCSD(T) and MP2 stabili-
sation energies determined by using a
medium basis set of the DZ+P quali-
ty. The evaluation of the DE-
ACHTUNGTRENNUNG[CCSD(T)/CBS] limit by using this
equation is based on the assumption
that the difference between the
CCSD(T) and MP2 interaction ener-
gies is less dependent on the quality of
the basis set than the CCSD(T) and
MP2 energies.[22]


The CCSD(T) and MP2 CBS calcula-
tions described are extremely time
consuming (e.g., computations of frag-
ment I10 with roscovitine at the MP2
and CCSD(T) levels of theory take
about two weeks of CPU time by
using a Pentium 4 3 GHz) and were, therefore, performed for only select-
ed complexes. In all remaining cases, the interaction energies were deter-
mined at the MP2/aug-cc-pVDZ level. Interaction energies were system-
atically corrected for the basis set superposition error by using the func-
tion counterpoise method of Boys and Bernardi.[23] MP2 calculations with
the present basis set would be very time consuming, so we replaced them
by resolution of identity (RI)-MP2 calculations. It was shown recently[24]


that absolute and relative RI-MP2 and MP2 energies differ marginally,
although the former method is by one order of magnitude faster.


Density functional theory (DFT) methods are very popular as they are
efficient and enable the study of extended complexes. However, the DFT
methods fail to describe the dispersion energy and, thus, their use in bio-
molecular studies is limited. Here, we demonstrate this by performing
DFT/B3LYP/6–31G** calculations. Furthermore, the approximative
SCC-DFTB-D method with empirical dispersion term was used.


We used the Cornell empirical potential[19] by using the parm99 parame-
ter set. For the 14 fragmented complexes the RESP HF/6–31G* charges
were adopted, whereas for the large model cluster (consisting of 722
atoms) the standard atomic charges from the Cornell library were used.


Results and Discussion


Table 1 shows the interaction energies of the 14 complexes
determined by using various theoretical procedures. The ab
initio nonempirical results will be discussed first. Extrapola-
tion to the MP2 CBS limit was performed for complexes
I10, F80 and L134 and passing from aug-cc-pVDZ to aug-
cc-pVTZ yields a non-negligible enlargement of stabilisation
energy. The CBS limit stabilisation energies are 10, 9 and
9% larger than the respective aug-cc-pVDZ values. The
CCSD(T) correction term was determined for slightly re-
duced complexes (F80 and L134), giving 0.41 and 0.70 kcal
mol�1, respectively, that is, it was slightly repulsive. From the
values mentioned above it is clear that we can confidently
use the RI-MP2/aug-cc-pVDZ stabilisation energies. There-
fore, the remaining discussion will be based solely on these.


It is evident from the data in the first column of the
Table 1 that by far the largest stabilisation energy was found
for the E81F82L83 cluster. By investigating the structure of
the complex (Figure 3) we found two short hydrogen-


bonded contacts (2.35 K): between the amino-group hydro-
gen of L83 and the N7 nitrogen of the purine ring of rosco-
vitine, and between the carbonyl-group oxygen of the E81
peptide bond and the C8�H hydrogen of the purine ring of
roscovitine (2.14 K). Both contacts are undoubtedly con-
nected by strong hydrogen bonds. Important stabilisation
also comes from p–p interactions between the phenyl ring
of roscovitine and the phenyl ring of F82. The stabilisa-
tion energy of the Q85D86K89 cluster is also large
(>10 kcalmol�1) and arises from the interaction between
charged subunits D86 (q=�1) and K89 (q=++1) and neu-
tral roscovitine. Figure 3 shows the existence of the close
contact between the NH3


+ group of K89 and the phenyl-
ring group of roscovitine. The cluster L83H84Q85 is charac-
terised by a moderately strong stabilisation energy (8.18 kcal
mol�1) that stems from a very short hydrogen bond (1.83 K)


Figure 4. Structure of the protein cavity of cdk2 containing roscovitine.
The roscovitine is represented in a ball-and-stick conformation.


Table 1. Interaction energies [kcalmol�1] for the 14 fragmented complexes (see Figure 3), determined at the
MP2, B3LYP, DFTB, DFTB-D and Amber levels.


Interaction energy
Complex MP2/aug-cc-pVDZ B3LYP/6–31G** DFTB DFTB-D Amber


E8 �4.79 �3.86 �2.03 �2.47 �1.88
I10 �7.36 (-7.76, �8.08)[a] 1.44 �1.09 �7.57 �7.14
V18 �2.11 2.1 0.18 �2.91 �2.8
A31 �1.06 2.9 0.37 �1.84 �1.6
K33D145 �2.69 1.94 0.14 �3.18 �1.82
V64 �0.91 0.41 0.03 �1.09 �1.02
F80 �3.18 (�3.35, �3.47, 0.41)[b] 0.9 0.07 �3.14 �3.19
E81F82L83 �13.36 �6.12 �4.39 �9.78 �9.04
L83H84Q85 �8.18 0.98 �2.53 �8.57 �8.54
Q85D86K89 �10.53 �5.02 �2.56 �12.02 �7.98
Q131N132 �1.59 1.69 0.67 �2.13 �0.98
L134 �5.17 (�5.42, �5.64, 0.7)[b] 2.68 �0.19 �5.28 �5.52
A144 �1.19 0.96 �0.05 �2.06 �1.6
G11E12G13 �3.71 �1.53 �1.25 �3.35 �4.26
sum �65.83 �0.53 �12.63 �65.39 �57.36


[a] Numbers in parentheses correspond to MP2/aug-cc-pVTZ and MP2 CBS interaction energies, respectively.
[b] Numbers in parentheses correspond to MP2/aug-cc-pVTZ and MP2 CBS interaction energies, and to the
CCSD(T) correction term, respectively.
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between the oxygen of the carboxyl group of L83 and the
hydrogen of the N6-amino group of roscovitine. Further sta-
bilisation also originates in the p–p interactions between
two peptide bonds of L83, H84 and Q85 and the phenyl ring
of roscovitine. Stabilisation energies of the three complexes
I10, L134 and F80 are 7.36, 5.17 and 3.18 kcalmol�1, respec-
tively, and are due partially to strong C�H–p interactions.
In the case of I10, dispersion interaction between the side
chain of I10 and the phenyl and purine aromatic rings of ro-
scovitine also contribute to the stability of the complex. The
E8 and G11E12G13 complexes have moderately high stabi-
lisation energies (4.79 and 3.71 kcalmol�1, respectively). Sta-
bilisation of the anionic complex E8 is due to interaction be-
tween the aromatic phenyl ring of roscovitine and the nega-
tively charged carboxylic group of glutamic acid 8.
K33D145, V18, Q131N132 and A31 complexes possesses
only weak stabilisation energies (2.69, 2.11, 1.59 and
1.06 kcalmol�1, respectively). The remaining complex (V64)
exhibits only negligible stabilisation, less than 1 kcalmol�1.


The total stabilisation energy of roscovitine and the 14
neighbouring fragments is rather larger (~66 kcalmol�1),
however, the contributions of single amino acid–roscovitine
interactions differ considerably. Five complexes
(E81F82L83, Q85D86K89, L83H84Q84, I10 and L134) con-
tribute greatly (about 68%) to total stabilisation. On the
other hand, six fragments (V18, A31, K33D145, V64,
Q131N132 and A144) contribute less than 14% to total sta-
bilisation (the remaining contribution to stabilisation is from
complexes E8, F80 and G11E12G13). This observation is
slightly surprising and clearly indicates that selected sections
of the protein cavity are much more significant for inhibi-
tion than others. Similarly, some regions of the cavity have
almost no effect on inhibitor stabilisation. We can speculate
about the importance of these findings in the light of the
preparation of new (more active) inhibitors. Probably the
most efficient way to increase stabilisation would be to in-
crease the binding activity of those amino acid residues that
contribute negligibly to the overall stability. Here, we inves-
tigated the interaction of cdk2 with inhibitor. In the future,
we will study the interaction with modified roscovitine in-
hibitors. The mutations should be reflected in not only dif-
ferent interaction energies, but also in altered binding affini-
ties modelled by the change in free energy of complexation.


The resulting theoretical values could be then compared
with existing experimental data, such as SAR values.


The segmentation of protein into amino acid fragments is
justified by evaluating the interaction energy for the larger
cluster. Figure 5 shows three partial clusters E81F82L83,
L83H84Q85 and Q85D86 as well as the composed system
E81F82L83H84Q85D86. To make the MP2/aug-cc-pVDZ
calculation feasible we removed the side chains from all
amino acids, as well as from the N6 and N2 roscovitine sub-
stituents. From Table 2 we can see that the sum of the inter-


action energies of the three partial clusters amounts to
�20.51 kcalmol�1, whereas the interaction energy of the
whole system is �19.28 kcalmol�1. The small difference be-
tween these values fully justifies the fragmentation of the
protein.


The MP2/aug-cc-pVDZ calculations for the present clus-
ters are demanding and raise the question of whether a sim-
pler quantum-chemical procedure can be applied. This con-
cerns firstly the DFT methods, which are popular within the
biochemical community. From the data shown in Table 1,
however, we see that the B3LYP/6–31G** values are dra-
matically different from the correlated MP2/aug-cc-PVDZ
data: the sum of all 14 MP2 interaction energies is
�65.8 kcalmol�1, whereas the sum of the B3LYP interaction
energies is �0.53 kcalmol�1. The huge difference of
65 kcalmol�1 is due to the lack of dispersion energy in the
B3LYP treatment. Evidently, the B3LYP procedure fails
completely and cannot be used for the study of predomi-
nantly noncovalent protein–inhibitor interactions. DFT/
B3LYP calculations were performed with the 6–31G** basis


Figure 5. Structures of fragments of the protein backbone. Interaction energies (MP2/aug-cc-pVDZ in kcalmol�1) are indicated in parentheses.


Table 2. Interaction energies [kcalmol�1] for three separate fragmented
clusters and the composed system (see Figure 5), determined at the MP2
level.


Complex MP2/aug-cc-pVDZ


E81F82L83 �11.01
L83H84Q85 �7.25
Q85D86 �2.26
sum of the three fragments �20.51


E81F82L83H84Q85D86 �19.28
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set. The DFT calculations are known to be less sensitive
than the MP2 method to the quality of the basis set. We
have shown recently[25] that the B3LYP procedure yields
very similar stabilisation energies for amino acid pairs, for
which the 6–31G** and cc-pVTZ basis set were applied.


Comparison of B3LYP and MP2 results can indicate the
role of p–p interactions, which are governed by London dis-
persion energy. From the data in Table 1 it is evident that
practically all of the complexes investigated are stabilised
mainly by dispersion energy. The anionic complex E8 repre-
sents other example. As expected, the electrostatic contribu-
tion (which is properly described in the B3LYP procedure)
is dominant and, consequently, the B3LYP and MP2 values
differ by less than 1 kcalmol�1. A similar situation occurs in
the G11E12G13 cluster, for which the B3LYP and MP2
values basically agree. In all other cases, the differences be-
tween these energies were large. The largest difference was
found for the L83H84Q84, L134, I10 and E81F82L83 clus-
ters. In each of these clusters we can find an important p–p
stacking motif between either a peptide bond and an aro-
matic ring, an aromatic ring and an aromatic ring or even an
aliphatic chain and an aromatic ring.


The surprising role of dispersion energy, demonstrated in
the previous paragraph by comparison of MP2 and B3LYP
stabilisation energies, can be confirmed by investigating the
stabilisation energies originating from the DFTB and
DFTB-D procedures. These values differ by the empirical
London dispersion energy alone: the sum of all 14 stabilisa-
tion energies is 12.6 and 65.4 kcalmol�1, respectively. The
latter value is practically identical with the MP2 value,
whereas the former value is strongly underestimated and is
close to the B3LYP value. The same is true for the compari-
son of stabilisation energies for single complexes. As for
DNA base pairs, DNA base pair–intercalator, and amino
acid pairs, in the present case the DFTB-D procedure
mimics surprisingly well MP2 interaction energies, whereas
B3LYP (and all other standardly used functionals) fails.[25]


After joining all 14 fragments into one “shell”, the DFTB
and DFTB-D stabilisation energies of the “shell” with the
roscovitine amount to 8.8 and 56 kcalmol�1, respectively.
Evidently, amino acids in the shell are slightly repulsive and
again, dispersion energy is dominant. By extending the
model from the “shell” (consisting of 338 atoms) to a larger
section of protein (consisting of 722 atoms, see Figure 4) we
obtained a slight increase in stabilisation energy (from 56 to
61 kcalmol�1, an increase of about 10%). This data indicates
that “second shell” amino acids contribute negligibly to the
stabilisation of roscovitine.


Let us finally investigate the performance of the Cornell
empirical potential. The sum of the 14 stabilisation energies
(57.4 kcalmol�1) is close to the MP2 value. We also found
good agreement in the stabilisation energies for single clus-
ters. Evidently, the Cornell empirical potential[19] is well
suited for the present type of protein–ligand complexes and
its use can be recommended. Upon extending the model, we
obtain (as in the previous case) only a slight increase in sta-
bilisation energy (from 57 to 62 kcalmol�1, an increase of


about 5%). The Cornell empirical potential is also feasible
for molecular mechanics-Poisson–Boltzmann (generalised
Born) solvation area (MM-PB(GB)SA) analysis of large
protein–ligand or protein–protein complexes. Finally, the
calculated values of interaction energies agree well with the
interaction energies averaged over molecular dynamics
(MD) simulations.[14]


Conclusions


1) The majority of stabilisation energy between roscovitine
and protein originates from dispersion energy.


2) Due to the lack of dispersion energy, DFT methods fail
to describe the roscovitine–protein interactions and their
use cannot be recommended for inhibitor–protein stud-
ies. If the DFT energy is augmented empirically by
London dispersion energy, reliable stabilisation energies
can be achieved.


3) The Cornell empirical potential describes reasonable
well the interaction between roscovitine and protein.
This supports the use of this potential for future free-
energy calculations.


4) A limited number of amino acid residues contribute sig-
nificantly to the binding of roscovitine to cdk2 and, con-
versely, a rather large number of amino acids contribute
negligibly. Mutation of the former, as well as the latter
residues, can, thus, have a dramatic influence on the
binding of roscovitine to the cavity and, consequently,
also on the biological activity of roscovitine.


5) Besides providing alterations to an inhibitor, mutation of
roscovitine will play a key role in the design of potential
drugs. In subsequent work we will study both the
changes in protein and the mutation of roscovitine. This
will not be limited to interaction energy only. Although
we believe (and have evidence) that the interaction
energy contributes dominantly to a change of free
energy of complexation, we will determine explicitly, be-
sides interaction energies, the change of free energy of
complexation of cdk2 with the ligand roscovitine.


6) The E81F82L83 (EFL) fragment with a dominant contri-
bution to the interaction energy is conserved for cdk2,
cdk1 and cdk3, which are highly homologous and have
similar affinities to roscovitine. Cdk9 and cdk5 are both
sensitive to roscovitine and have DFC and EFC motifs,
respectively, instead of the EFL motif of cdk2. Cdk4 and
cdk6, which are less sensitive to roscovitine, possess the
EHV motif, in which phenylalanine is mutated to histi-
dine. This finding reveals the important role of p–p inter-
actions of the phenylalanine ring in roscovitine selectivi-
ty. In all cases, a change in the structure of roscovitine at
the point of contact with these residues influences the
strength of binding to cdk2. This fact is well documented
by a reduction in the interaction of cdk with C8-substi-
tuted roscovitine analogues, due to disruption of the hy-
drogen bond between C8�H and the E81 carbonyl
group.[15,26,27]
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Introduction


In the past few years, organic phosphorescent light-emitting
materials have attracted increasing attention owing to their
good performance and potential applications in light-emit-
ting electrochemical cells (LECs) and full-color flat-panel
displays.[1] Nearly 100% internal quantum efficiency can be
achieved because of the full utilization of singlet and triplet
excitons owing to the strong spin-orbital mixing of heavy-
metal ions in the complexes.[2] Among phosphorescent
heavy-metal complexes, iridium complexes have been con-
sidered as one of the best phosphorescent-material candi-


dates because they show intense phosphorescence at room
temperature and significantly shorter phosphor lifetime
compared with other heavy-metal complexes, which is cru-
cial for the performance of phosphorescent materials. More-
over, the emission color can be tuned easily over the entire
visible region by modifying the structure of the ligand.[3] For
display-related applications, Ir complexes were doped into
host materials to reduce triplet–triplet (T–T) annihilation
and concentration quenching, thus improving performance
of the devices.[4] Neutral complexes have been of most inter-
est probably due to their compatibility with hydrophobic
matrices. Efficient energy transfer can be expected in the
blend system of polymer and Ir complex. Carbazole (Cz)
segment-based polymers and poly(9,9-alkylfluorene) (PF)[5]


are often used as hosts, and the corresponding highly effi-
cient devices emitting from blue to red in the visible spec-
trum have been reported.


Although devices in which phosphorescent dyes are
doped into polymeric hosts have successfully produced
highly efficient polymer light-emitting diodes (PLEDs),
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tion reaction, leading to homogeneous
polymeric materials that phosphoresce
red light. The fluorene and bipyridine
(bpy) segments were used as polymer
backbones. 5,5’-Dibromobipyridine
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iridium complex monomer with 1-(9’9-
dioctylfluorene-2-yl)isoquinoline (Fiq)
as the cyclometalated ligand. Chemical
and photophysical characterization
confirmed that Ir complexes were in-
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ing polymers showed almost complete
energy transfer from the host fluorene
segments to the guest Ir complexes in
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2 mol%. In the films of the corre-
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energy transfer was not complete even
when the content of Ir complexes was
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termolecular energy-transfer processes
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mation. These chelating polymers also
showed more efficient energy transfer
than the corresponding blended system
and the mechanism of incorporation of
the charged Ir complexes into the p-
conjugated polymer backbones effi-
ciently avoided the intrinsic problems
associated with the blend system, thus
offering promise in optoelectronic ap-
plications.


Keywords: chelates · host–guest
systems · iridium · luminescence ·
polymers


[a] S.-J. Liu, Q. Zhao, R.-F. Chen, Y. Deng, Dr. Q.-L. Fan, Dr. F.-Y. Li,
Prof. L.-H. Wang, Prof. C.-H. Huang, Prof. W. Huang
Institute of Advanced Materials (IAM)
Fudan University, 220 Handan Road, Shanghai 200433 (China)
Fax: (+86)21-6565-5123
E-mail : qlfan@fudan.edu.cn


wei-huang@fudan.edu.cn


Chem. Eur. J. 2006, 12, 4351 – 4361 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4351


FULL PAPER







these devices may undergo phase separation, leading to fast
reduction of efficiency with increasing current density. An
efficient solution to this problem is to introduce phosphores-
cent dye into the polymer chain by means of a chemical
bond.[6] Chen and co-workers[7] synthesized phosphorescent
conjugated polymers based on a poly ACHTUNGTRENNUNG(fluorene) backbone
with Ir complex pendants attached to the C-9 position of the
fluorine group. Sandee and co-workers[8] reported chelating
polymers with the complexes in the main chains. Other poly-
mers with Ir complexes in the conjugated polymer chains
were obtained by using similar approaches.[5d,9] Nonconju-
gated polymers with Ir complex pendants attached have also
been reported.[10]


However, compared with neutral complexes, charged Ir
complexes have many features that may make them one of
the best candidates for lighting and display applications ac-
cording to reports of recent studies.[11] Inert metal electrodes
that are resistant to oxidation in air can be used in devices
containing charged Ir complexes and the power consump-
tion of these devices is low. We can expect further improve-
ment of the stability of these devices due to the excellent
redox stability of charged Ir complexes. They also possess
charge-transfer properties. But the compatibility between
charged Ir complex guest and hydrophobic polymer host is
still a problem that could hinder the development of their
applications. Therefore it is necessary to introduce charged
Ir complexes into polymer main chains or side chains by
using a chemical bond. The matrices can be conjugated or
nonconjugated polymers. The synthesis and photophysical
properties of novel iridium complexes that have been func-
tionalized by monoterpyridine-PEG, poly(ethylene oxide)
(PEO), and poly ACHTUNGTRENNUNG(styrene) (PS) have been reported.[12] How-
ever, there was no energy and charge transfer in these sys-
tems because the main chains were not conjugated and the
complex was only on the end group. It would be interesting
to investigate p-conjugated chelating polymers with charged
Ir complexes as a repeated unit incorporated into the main
chain. The conjugated segment plays two roles as polymer
ligand and host for the energy transfer system.


Herein, we report the successful synthesis of a series of
new red-light-emitting polymers with charged iridium com-
plexes in the backbones, in which the phosphorescent chro-
mophores were molecularly dispersed within the composite
material. Poly(9,9-dioctylfluorene) (PFO) was selected as
host because of the high fluorescence, charge transport
properties, and good chemical and thermal stability. To the
best of our knowledge, this is the first report of red-phos-
phorescent p-conjugated polymers with charged Ir com-
plexes in the backbones by copolymerization of a fluorene
unit and a charged Ir complex unit. The synthesis and char-
acterization are described together with detailed studies of
the photophysical properties, energy transfer in the host–
guest system, and electrochemical properties. Preliminary
results indicate that these materials are promising in opto-
electronic applications.


Results and Discussion


Synthesis of the complexes and copolymers : The synthesis
route leading to the Ir complexes is shown in Scheme 1. The
Ir complexes were synthesized from corresponding bipyri-
dine (bpy) and iridium–chloride-bridged dimers. The copoly-
mers from fluorene and iridium-complex-chelated 5,5’-dibro-
mo-2,2’-bipyridine were prepared by using a Suzuki polycon-
densation as shown in Scheme 2. The feed ratios of iridium
complex in the polycondensation were 0, 0.5, 2, 4, 8, and
16 mol%, and the corresponding polymers were named
PFO, PFO-Ir05, PFO-Ir2, PFO-Ir4, PFO-Ir8, and PFO-Ir16,
respectively.


Figure 1 shows the 1H NMR spectra of the chelating poly-
mers and the Ir complex monomer. Some resonances due to
the Ir complexes in chelating polymers, such as the peaks at
d�9.02, 8.30, 7.10, and 6.80 ppm, could be clearly found in
the 1H NMR spectra of chelating polymers when the content
of Ir complexes was sufficient. These peaks intensified with
the increase in the amount of Ir complexes in the chelating
polymers, indicating the successful incorporation of Ir com-
plexes. More importantly, the chelating polymers used in
our work showed different photophysical properties from
those of the corresponding blend system (discussed below),
similar to the experimental phenomena reported on chelat-
ing polymers with neutral Ir complexes in the conjugated
backbones,[6a] which further demonstrates that the Ir com-
plexes were successfully incorporated into the molecular
structure of the polymers. The iridium content in the copoly-
mers was estimated by combining the 1H NMR data with el-
emental analysis data. The feed ratios of the monomers and
actual compositions of the chelating polymers are listed in
Table 1. The results showed that the actual content of charg-
ed Ir complexes in the chelating polymers was lower than
that in the feed ratios. The difference of reaction activity
and/or steric hindrance of charged Ir complexes might be re-
sponsible for this. The actual charged-Ir-complex content in
the copolymers PFO-Ir05 and PFO-Ir2 were not estimated
due to the limitations in the accuracy of the elemental anal-
ysis and the very low intensity of peaks of iridium com-
plexes in the 1H NMR spectra that were difficult to inte-
grate.[7] The weight-average molecular weights (estimated by
gel permeation chromatography (GPC) in THF by using the
calibration curve of poly ACHTUNGTRENNUNG(styrene) standards) of these chelat-
ing polymers ranged from 9600 to 20800, with a polydisper-
sity index (PDI) of 1.20–1.81, which is consistent with a
Suzuki polycondensation reaction.[13] It was reported previ-
ously that nonconjugated polymers with Ir complexes were
proved to be stable by using the photo diode-array detector
of a GPC system[3e] because the photophysical properties of
the outflow were in full agreement with those measured in
solutions. Accordingly, for the chelating polymers studied
here, the stability was demonstrated by using a similar
method and they would not be fragmented during the GPC
measurement.


The thermal stability of the chelating polymers in nitrogen
gas was evaluated by thermogravimetric analysis (TGA;
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Figure 2). The corresponding data are summarized in
Table 2. The decomposition temperatures (Td) were 414,
383, 398, 340, and 324 8C with a weight loss of 5% for PFO-


Ir05, PFO-Ir2, PFO-Ir4, PFO-
Ir8, and PFO-Ir16, respectively,
indicative of good thermal sta-
bility. This may in turn improve
the operating lifetime of the EL
device.[14] Thermally induced
phase-transition behavior of the
chelating polymers was also in-
vestigated with differential
scanning calorimetry (DSC) in
a nitrogen atmosphere
(Figure 3). The DSC data are
also shown in Table 2. Copoly-
mers PFO-Ir16 and PFO-Ir8
showed no phase transition in
the heating scan. These chelat-
ing polymers showed a much
higher glass-transition tempera-
tures (Tg) (ca. 110–116 8C) com-
pared with typical poly-
ACHTUNGTRENNUNG(fluorene) (<60 8C).[15] The
amorphism and relatively high
Tg temperatures are essential
for many applications, such as
in light-emitting diodes used as
emissive materials.[16]


Optical properties : Figure 4
shows the photoluminescence
(PL) spectrum of host polymer
PFO and the UV/Vis absorp-
tion spectrum of [Ir ACHTUNGTRENNUNG(Fiq)2-
ACHTUNGTRENNUNG(bpy)]. The absorption spec-
trum of [IrACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] shows
broad bands from 270 to
500 nm, with the most-intense
bands at l<300 nm and moder-
ately intense bands at longer
wavelengths, which extend far
within the visible region. The
absorption bands at l<300 nm
were mainly due to spin-al-
lowed p–p* ligand-centered
(LC) transitions. In particular,
on the basis of the literature
data,[17] the absorption bands
peaking at around 297 nm re-
ceive larger contributions from
bipyridine-centered transitions.
The absorption peaks at around
l>400 nm could be assigned to
the spin-allowed singlet metal-
to-ligand charge-transfer
(1MLCT) transitions and the


peaks at lowest energy (l>450 nm) were assigned to spin-
forbidden triplet metal-to-ligand charge-transfer (3MLCT)
transitions owing to the large spin-orbit-coupling induced by


Scheme 1. Synthesis of iridium complexes.
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the heavy-metal iridium center. It can be seen from Figure 4
that there is good spectral overlap between the PL emission


spectrum of the host polymer PFO and the absorption spec-
trum of the guest Ir complexes. In the Fçster mechanism,[18]


the dipole–dipole interaction results in efficient transfer of
the singlet-excited-state energy from the host to the guest.
The efficiency of the Fçster energy transfer is dependent on


Scheme 2. Synthesis of the polymers.


Figure 1. 1H NMR spectra of the chelating polymers and iridium complex
monomer. a) [IrACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(BrbpyBr)]; b) PFO-Ir16; c) PFO-Ir8; d) PFO-Ir4;
e) PFO-Ir2; f) PFO-Ir05.


Table 1. Molecular weight, polydispersity index, and composition of the
polymers.


Polymer Complex content [mol%]
10�3 Mw


[a] PDI feed ratio in copolymers[b]


PFO 12.1 1.81 – –
PFO-Ir05 18.8 1.79 0.5 –
PFO-Ir2 20.8 1.70 2 –
PFO-Ir4 23.2 1.64 4 3.6
PFO-Ir8 13.7 1.43 8 5.5
PFO-Ir16 9.6 1.20 16 11


[a] Weight-average molecular weight Mw was estimated by GPC in THF
by using a calibration curve of poly ACHTUNGTRENNUNG(styrene) standards. [b] Estimated
from the 1H NMR and elemental analysis data.[7]
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the spectral overlap between the host emission spectrum
and the guest absorption spectrum.[19] Therefore, the good
overlap of the host polymer emission and guest absorption
in this host–guest system ensures efficient Fçster energy
transfer from the host PFO to the guest [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)].


Figure 5 shows the UV/Vis absorption and PL spectra of
solutions for chelating polymers and PFO. The UV/Vis spec-
tra of the chelating polymers with a low content of Ir com-


plexes were dominated by a single peak with maximum ab-
sorbance at around 380 nm (almost the same as that of
PFO). A weak absorption peak along with the main absorp-
tion peak and extending far within the visible region ap-
peared in the spectrum of PFO-Ir4, and its intensity in-
creased with the increase of charged Ir-complex-unit content
in the copolymers. It was attributed to MLCT transitions of
the iridium complex. Figure 6 shows the UV/Vis absorption
and PL spectra of films for the chelating polymers and PFO,
and it was found that the UV/Vis absorption spectra of films
for chelating polymers were similar to those in solutions
(Figure 6).


Photophysical properties and energy transfer : Figure 7
shows the PL spectra for solutions of different concentra-
tions of polymer PFO-Ir16 in CH2Cl2 and for the corre-
sponding blended system with the same content of Ir com-
plexes. For the chelating polymer PFO-Ir16 the emission
from the Ir complexes was observed when the concentration
was 10�7


m, while at the same concentration we could not
observe it in the spectra of the corresponding blended
system. It is well known that molecules at the low concen-


Figure 2. Thermograms of copolymers measured in nitrogen atmosphere.


Table 2. Physical properties for polymers and [IrACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)].


Polymer lmax
[a] FPL


[b] t1
[b,c] t2


[b,d] Tg Td
[e]


[nm] [%] [ns] [ms] [8C] [8C]


PFO 445 40.1 2.40 – – –
PFO-Ir05 624 6.1 1.88 1.51 113 414
PFO-Ir2 625 5.0 1.65 1.20 116 383
PFO-Ir4 628 4.7 – 1.10 116 398
PFO-Ir8 629 3.5 – 1.01 No 341
PFO-Ir16 631 3.1 – 0.52 No 324
[Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] 321 – – – – –


[a] Wavelength of maximum of emission, measured at room temperature
for film spun from CHCl3. [b] Measured at room temperature for film
spun from CHCl3. [c] Monitored at l of 445 nm. [d] Monitored at peak
emission. [e] Temperature of 5% weight loss measured by TGA in nitro-
gen.


Figure 3. DSC traces of copolymers measured in a nitrogen atmosphere.


Figure 4. PL spectra of PFO and UV/Vis absorption and PL spectra of
the guest Ir complex in a film excited at 325 nm.


Figure 5. Absorption and PL spectra of polymers in CH2Cl2 solution at
2.5O10�5


m excited at 325 nm.
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tration of 10�7
m mainly show characteristics of single mole-


cules because of the long distance between two molecules.
In the blended system, their intermolecular energy transfer
highly depends on the distance between host and guest.
Therefore the intermolecular energy transfer in the blended
system was impeded due to the long distance between the
host PFO and the guest [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)][19] at the low concen-
tration of 10�7


m and no emission from [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] was


observed. Likewise, the intermolecular energy transfer of
chelating polymers can also be ignored at 10�7


m. However,
we found that the emission from [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] was observ-
able in the PL spectrum of PFO-Ir16 at 10�7


m and was at-
tributable to the existence of efficient intramolecular energy
transfer of PFO-Ir16 in its dilute solution. This phenomenon
showed that intramolecular energy transfer is intrinsic in
chelating polymers. In Figure 7a, we also found that the in-
tensity of the blue emission decreased whilst that of the red
emission increased with increasing concentration of chelat-
ing polymer. This observation showed that energy transfer
became more efficient and intermolecular energy transfer
started to occur due to the closer distance between host and
guest at higher concentration. We also noticed that the
blended system showed energy transfer with concentrations
up to 10�4


m. For PFO-Ir16, however, energy transfer was
almost complete at 10�5


m, indicating that the energy trans-
fer in the chelating polymers was more efficient than that in
the corresponding blended system.


The PL spectra of the chelating polymers in CH2Cl2 solu-
tions at 2.5O10�5


m are shown in Figure 5. We could only
find a strong blue emission band (at around 445 nm) in the
spectrum of PFO-Ir05, which was assigned to p–p* transi-
tions of copolymer backbones without iridium complexes. A
weak red emission band (at around 626 nm) assigned to the
emission from iridium complexes appeared in the spectrum
for PFO-Ir2, and its intensity increased as the content of
charged Ir complex increased, indicating the energy transfer
process of this system. In the spectrum of PFO-Ir16, the red
emission band (at around 623 nm) was dominant. The obser-
vations suggest that the energy transfer becomes efficient
with the increase of content of Ir complexes in the chelating
polymers.


The PL spectra of chelating polymer films (Figure 6) show
that when the iridium complex content in the feed ratio was
only 0.5 mol%, the blue emission peak became very much
less-intense and the red emission peak became dominant.
When the content increased to 2 mol%, the blue emission
peak almost disappeared, indicating efficient energy transfer
from host to guest. The different emission properties of the
chelating polymer in dilute solutions and films suggest that
with decreasing distance between the host fluorene seg-
ments and the guest Ir complexes in film, the energy trans-
fer in the film is more efficient than that in dilute solu-
tion.[19]


Figure 8 showed the PL spectra for the blends of charged
Ir complex [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] doped into PFO. The doping con-
centration of [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] in PFO varied from 0.5 mol%
(PFO/[Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] ACHTUNGTRENNUNG(0.5)), 2 mol% (PFO/[Ir ACHTUNGTRENNUNG(Fiq)2-
ACHTUNGTRENNUNG(bpy)](2)), 4 mol% (PFO/[Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)](4)), 8 mol%
(PFO/[Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)](8)), to 16 mol% (PFO/[Ir ACHTUNGTRENNUNG(Fiq)2-
ACHTUNGTRENNUNG(bpy)](16)) for comparison. The PL spectra showed that
when the doping concentration of charged Ir complex was
low, the blue emission band of the host PFO was dominant.
Even though the doping concentration was increased to
16 mol%, the host emission was not completely quenched,
indicating inefficient energy transfer in the blend system. It


Figure 6. Absorption and PL spectra of films of polymers excited at
325 nm.


Figure 7. PL spectra of different concentration solutions of copolymer
PFO-Ir16 (a) and corresponding blend system (b) in CH2Cl2 excited at
325 nm.
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is worth noting that much more efficient energy transfer can
be achieved in the chelating polymers reported in this work,
so intramolecular energy transfer might be an efficient proc-
ess in chelating polymers. A similar phenomenon was re-
ported by Zhen and co-workers[6] During the spin-coating,
we found that the quality of the films of the blend system
were not good enough because of the poor compatibility of
charged Ir complex and hydrophobic conjugated polymer
and this may be a reason for the inefficient energy transfer.
Consequently, the incorporation of charged Ir complexes
into the backbones of conjugated polymers through covalent
bonding gives rise to more efficient energy transfer than for
the corresponding blended system and the system is also not
subject to the intrinsic problems associated with the blends.


The above discussions indicate that in chelating polymers
with charged Ir complexes, intra and intermolecular energy
transfers coexist and the intramolecular energy transfer may
be a more efficient process. This result is consistent with the
result reported in chelating polymers with neutral Ir com-
plexes in the conjugated backbone.[6]


It was interesting that the decrease in intensity of three
blue emission peaks at about 420 nm, 445 nm, and 472 nm
with contributions due to the fluorene segments was very
different in the energy-transfer process as shown in Fig-
ures 5 and 8b. With the increase of charged Ir complex con-
tent in the chelating polymers, the emission peak at about
420 nm underwent the largest decrease in intensity followed
by that for the peaks at 445 nm and 472 nm. This may be
the result of the different degree of overlap of the blue
emission and red absorption spectra of the iridium complex.


The maximum emission peaks of chelating polymers
(Table 2) showed a slight red shift with the increase of iridi-
um complex content and all peaks were shifted to the red
by less than 10 nm compared with the PL emission of the
pristine complex [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] in our study, while the PL
emissions from [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)] in the doped systems were
almost identical with that of [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(bpy)]. A similar phe-
nomenon was observed in the previous study,[6] in which the
PL emission bands of chelating polymers shifted to the red
by around 50–60 nm, a much larger shift than that in our


study. The reason for the red shift may be explained as the
result of the extended conjugation length of the ligand. The
slight red shift in our study may be due to the poor copla-
narity of the bipyridine and the neighboring fluorene seg-
ments in the chelating polymers, so that there is not much
change in the conjugation length of the ligand.


Transient luminescent decays monitored at l=445 nm
due to the peak emission of the host PFO and the chelating
polymers were measured to further study the energy migra-
tion. For PFO, single exponential decay with a fluorescence
lifetime t of 2.4 ns was observed. However, the fluorescent
lifetimes recorded at 445 nm were 1.88 and 1.65 ns for PFO-
Ir05 and PFO-Ir2 respectively, and those of PFO-Ir4, PFO-
Ir8, and PFO-Ir16 could not be measured due to the weak
counts. The study of Gong and co-workers[20] showed that
the decay time of the fluorescence associated with a PFO
film with a higher concentration of Ir complexes was much
shorter than that for films with lower concentration, indicat-
ing that energy transfer in the former was more efficient
than that in the latter. Therefore the observation that the
fluorescence decay time monitored at 445 nm for PFO-Ir05
is much shorter than that for PFO and becomes even short-
er when the concentration of guest-charged Ir complex in-
creases to 2 mol% proving that the energy migration does
occur from the host fluorene segments to the guest-charged
Ir complex units as mentioned above. A higher content of
charged Ir complexes in the backbones of the polymer will
induce more-efficient energy transfer from host to guest.
Moreover, for these chelating polymers, the observed life-
times recorded at around 625 nm were 0.52–1.51 ms in films
indicating the triplet nature of the long-wavelength emission
band, and the lifetimes became shorter with the increase of
iridium-complex content due to the quenching associated
with molecular packing. The luminescent decay times are
summarized in Table 2.


The absolute PL efficiency measurement of the chelating
polymer films was measured in an integrating sphere excited
at 325 nm. Introducing Ir complex into the polymer main
chains reduced PL efficiency (Table 2). Therefore, PL quan-
tum efficiencies FPL had been moderated, and the FPL de-
creased slightly with the increase of Ir-complex content be-
cause of T–T annihilation and/or concentration quench-
ing.[21]


Electrochemical properties : The redox properties of the
charged Ir complex and chelating polymers were investigat-
ed by cyclic voltammetry (CV). All chelating polymers ex-
hibited good reversibility with onset around 0.92~0.96 V
and �2.59~�2.65 V against an Ag/AgNO3 reference elec-
trode for the oxidation and reduction process, respectively
(Figure 9). According to the redox onset potentials of the
CV measurements, the HOMO/LUMO energy levels of the
materials were estimated based on the reference energy
level of ferrocene (4.8 eV below the vacuum): HOMO/
LUMO=�ACHTUNGTRENNUNG(Eonset� ACHTUNGTRENNUNG(�0.04 V))�4.8 eV,[22] where the value
�0.04 V was for ferrocene/ferrocenium (FOC) versus Ag/
Ag+ . As shown in Table 3, HOMO levels of all chelating


Figure 8. Absorption and PL spectra in films of PFO/[Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)]
blends excited at 325 nm.
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polymers were estimated at about �5.76~�5.80 eV, and
LUMO levels at about �2.19~�2.25 eV. It was reported
that the HOMO and LUMO energy levels of PFO meas-
ured by the electrochemical method were �5.8 and
�2.12 eV.[23] Comparing our results with those of the refer-
ences, we found that the chelating polymers have almost the
same HOMO energy level as that of PFO, but the LUMO
energy level is slightly lower than that of PFO suggesting
that the chelating polymers reported in this work have
better electron injection and transporting properties due to
the incorporation of charged Ir complexes into the main
chain of the polymer. The oxidation and reduction poten-
tials for [Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] were observed at 0.69 and �1.43 V,
respectively. Therefore the HOMO and LUMO level were
at �5.53 and �3.39 eV, respectively. If the HOMO and
LUMO level of the charged Ir complex, which was chelated
into the main chains of the polymer do not change, they
would fall within the band gap of the host fluorene seg-
ments. As a result, the charged Ir complex chelated into the
backbone of the polymer would function as both a hole and
an electron trap.[24] The good redox reversibility not only
allows us to study the electronic properties of the chelating
polymers but also proves that they may be good candidates
as electrophosphorescent materials for applications in poly-
mer light-emitting diodes.


Conclusion


We successfully designed and synthesized a series of p-con-
jugated chelating polymers that emit red light by the copoly-
merization of the fluorene unit and the charged Ir complex
unit. The energy transfer, thermal stability, photophysical,
and electrochemical properties have been investigated in
detail. Almost complete energy transfer from the host fluo-
rene segments to the guest Ir complexes was achieved in the
solid state when the feed ratio was 2 mol%. However in the
corresponding blend system, energy transfer was not com-
plete even when the content of Ir complexes was as high as
16 mol%. Intra- and inter-chain energy transfer mechanisms
coexisted in the energy-migration process of this host–guest
system, and the intramolecular energy transfer might be a


more efficient process. The che-
lating polymers showed more-
efficient energy transfer than
the corresponding blended
system and also exhibited good
thermal stability, redox reversi-
bility, and film formation.
Therefore, they may be good
candidates for many applica-
tions, such as LECs and poly-
mer electroluminescent materi-
als in light-emitting diodes. The
fabrication of devices by using
these copolymers as light-emit-


ting layers, and the factors influencing the performance of
such devices are under investigation.


Experimental Section


Measurements : UV/Vis absorption spectra were recorded by using a Shi-
madzu 3000 UV-visible-NIR spectrophotometer. NMR spectra were re-
corded on a Mercury Plus 400 MHz NMR spectrometer. The elemental
analyses were performed on a Vario EL III O-Element Analyzer system.
Mass spectra were obtained on a Shimadzu laser desorption/ionization
time-of-flight mass spectrometer (LDI-TOF-MASS). The photolumines-
cence spectra were measured on an Edinburgh LFS920 fluorescence
spectrophotometer. Fluorescence lifetimes were recorded on a single-
photon-counting spectrometer from Edinburgh Instruments (FLS920)
with a hydrogen-filled pulse lamp as the excitation source. The data were
analyzed by iterative convolutions of the luminescence decay profile with
the instrument response function by using the software package provided
by Edinburgh Instruments. Thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) were performed on Shimadzu
DSC-60 A and DTG-60 A thermal analyzers under nitrogen atmosphere
at a heating rate of 10 8Cmin�1. CV was performed on an Eco Chemie
Autolab instrument by coating the film on working electrodes in a solu-
tion of Bu4NPF6 (0.10m) in acetonitrile at a scan rate of 100 mVs�1 at
room temperature. CV was conducted at room temperature in a typical
three-electrode cell with a working electrode (glassy carbon electrode), a
reference electrode (Ag/Ag+ , referenced against ferrocene/ferrocenium
(FOC)), and a counter electrode (Pt wire) under a nitrogen atmosphere
at a sweeping rate of 100 mVs�1. The onset potentials were determined
from the intersection of two tangents drawn at the rising current and
background current of the cyclic voltammogram. The GPC analysis of
the polymers was conducted on a Shimadzu 10 A with THF as the eluent


Figure 9. Cyclic voltammograms of [Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] and chelating polymer
films.


Table 3. Electrochemical properties of the copolymers and [IrACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)].


Polymer n-doping [V][a] p-doping [V][a] energy levels [eV]
Eonset Epc Epa Eonset Epa Epc HOMO LUMO Eg


[b]


PFO-Ir05 �2.65 �2.98 �2.61 0.96 1.10 0.91 �5.80 �2.19 3.61
PFO-Ir2 �2.64 �3.06 �2.52 0.96 1.03 0.92 �5.80 �2.20 3.60
PFO-Ir4 �2.62 �2.91 �2.59 0.94 1.04 0.92 �5.78 �2.22 3.56
PFO-Ir8 �2.61 �2.92 �2.58 0.93 1.07 0.92 �5.77 �2.23 3.54
PFO-Ir16 �2.59 �2.89 �2.59 0.92 1.07 0.89 �5.76 �2.25 3.51
[Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] �1.43 �1.70 �1.60 0.69 0.90 0.75 �5.53 �3.39 2.41


[a] Epa and Epc stand for anodic peak potential and cathodic peak potential, respectively. [b] Eg stands for the
band-gap energy.
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and polyACHTUNGTRENNUNG(styrene) as standard. The data were analyzed by using the soft-
ware package provided by Shimadzu Instruments. Measurement of the
absolute PL efficiency was performed on a Labsphere IS-080 (8’’) instru-
ment, which contained an integrating sphere coated on the inside with a
reflecting material barium sulfate, and the diameter of the integrating
sphere was 8 inches. PL efficiency was calculated by using the Labspher-
eIS-080 (8’’) software.


Materials : All manipulations involving air-sensitive reagents were per-
formed in an atmosphere of dry N2 gas. The solvents (THF, toluene)
were purified by routine procedures and distilled under dry N2 before
use. All reagents, unless otherwise specified, were purchased from Al-
drich, Acros, and Lancaster and were used as received.


2-Bromo-9,9-dioctylfluorene (1): 1-Bromooctane (8.5 g, 44.0 mmol) was
added by using a syringe to a mixture of 2-bromofluorene (4.5 g,
20.0 mmol) and KOH (11.2 g, 200.0 mmol) in DMSO (10 mL). The solu-
tion was stirred at 60 8C overnight. The mixture was poured into H2O
(200 mL), and then was extracted three times with ethyl acetate. The
combined organic layers were washed with brine and dried over anhy-
drous MgSO4. The solvent was removed under reduced pressure. The
crude product was purified by column chromatography by using hexane
as eluent to yield a colorless oil (8.8 g, 94%). 1H NMR (400 MHz,
CDCl3): d=7.65 (m, 1H), 7.54 (m, 1H), 7.44 (m, 2H), 7.31 (m, 3H), 1.92
(m, 4H), 0.97–1.24 (m, 20H), 0.81 (t, J=7.2 Hz, 6H), 0.58 ppm (m, 4H);
elemental analysis calcd (%) for C29H41Br: C 74.18, H 8.80; found: C
74.48, H 8.82.


9,9-Dioctylfluorene-2-boronic acid (2): n-Butyllithium in hexane (1.6m,
14.6 mL, 23.4 mmol) was added dropwise to a solution of compound 1
(10.0 g, 21.3 mmol) in THF (80 mL) at �78 8C. After 45 min, trimethyl
boronate (5.5 g, 53.3 mmol) was added by syringe. Then the mixture was
allowed to warm to room temperature slowly and was stirred overnight.
HCl (2n, 100 mL) was added to the stirred solution while maintaining
the solution at 0 8C for 1 h. The organic layer was separated and the
water layer was extracted with diethyl ether (150 mL). The combined
ether layers were washed twice with brine (100 mL) and were then dried
over anhydrous MgSO4. The solvent was removed under reduced pres-
sure. The crude product was purified by column chromatography by
using hexane and ethyl acetate (3:1 v/v) as eluent to yield a white solid
(6.8 g, 73%). 1H NMR (400 MHz, CDCl3): d=8.31 (m, 1H), 8.22 (s, 1H),
7.89 (d, J=7.2 Hz, 1H), 7.81 (m, 1H), 7.38 (m, 3H), 2.09 (m, 4H), 0.97–
1.22 (m, 20H), 0.77 (t, J=7.2 Hz, 6H), 0.68 ppm (m, 4H); elemental
analysis calcd (%) for C29H43O2B: C 80.17, H 9.98; found: C 80.04, H
9.75.


1-(9,9-Dioctylfluorene-2-yl)isoquinoline (Fiq) (3): Tetrakis(triphenylphos-
phine)palladium (0.4 g, 0.4 mmol) was added to a mixture of 1-chloroiso-
quinoline (1.9 g, 11.5 mmol), compound 2 (5.0 g, 11.5 mmol), toluene
(50 mL), ethanol (25 mL), and 2m sodium carbonate aqueous solution
(25 mL) with vigorous stirring. The mixture was stirred at 70 8C for 24 h
under N2 atmosphere. After cooling to room temperature, the mixture
was poured into water and then was extracted with ethyl acetate. The or-
ganic layer was washed with brine several times. Then, the solvent was
evaporated. The product thus obtained was purified by silica-gel column
chromatography by using hexane and ethyl acetate (9:1 v/v) as eluent to
yield a colorless oil (5.0 g, 83%). 1H NMR (400 MHz, CDCl3): d=8.65
(d, J=5.6 Hz, 1H), 8.10 (d, J=8.8 Hz, 1H), 7.85–7.92 (m, 2H), 7.78 (m,
1H), 7.64–7.73 (m, 4H), 7.52 (m, 1H), 7.30–7.40 (m, 3H), 2.01 (m, 4H),
1.02–1.21 (m, 20H), 0.80 (t, 6H), 0.72 ppm (m, 4H); elemental analysis
calcd (%) for C38H47N: C 88.15, H 9.15, N 2.71; found: C 88.41, H 9.20,
N 2.57.


5,5’-Dibromo-2,2’-bipyridine (4): Compound 4 was synthesized according
to reference [25] but the yield obtained in our work was lower than that
reported. To the mixture of 2,5-dibromopyridine (2.0 g, 8.7 mmol) and
[Pd ACHTUNGTRENNUNG(PPh3)4] (0.2 g, 0.2 mmol) in a flask, anhydrous and degassed m-
xylene (70 mL) was added from a syringe, followed by hexa-n-butyldis-
tannane (2.46 mL) under N2 atmosphere. The mixture was heated at
130 8C for three days until all starting material was consumed and was
then poured into aqueous EDTA (0.2m, 250 mL). After the mixture was
stirred for 30 min, the phases were separated. The aqueous phase was ex-
tracted with chloroform (3O100 mL), and the combined organic phases


were dried over Na2SO4. After evaporation of the solvents, the crude
product was recrystallized from CH2Cl2 to give white acerose crystals
(0.98 g, 65%). 1H NMR (400 MHz, CDCl3): d=7.91 (dd, J=8.4, J=
2.4 Hz, 2H), 8.26 (d, J=8.4 Hz, 2H), 8.68 ppm (d, J=2 Hz, 2H).


[Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(BrbpyBr)] (M3): Cyclometalated IrIII m-chloro-bridged dimer 5
was synthesized by the method reported by Nonoyama.[26] IrCl3·3H2O
(2.0 g, 5.5 mmol) and 3 (5.7 g, 11.0 mmol) were heated in a 3:1 mixture of
2-ethoxyethanol and water (40 mL) under N2 atmosphere. The slurry was
heated at 110 8C for 24 h. After the mixture had been cooled to room
temperature, the precipitate was filtered off and washed with water and
ethanol to obtain red solid 5. CH2Cl2 and methanol (30 mL, 2:1 v/v) were
added to the mixture of 5 (0.4 g, 0.2 mmol) and 4 (0.1 g, 0.3 mmol) under
N2 atmosphere. The mixture was refluxed for 4 h, then cooled to room
temperature, before fivefold KPF6 was added and the mixture was stirred
for 1 h. The solvent was removed and the solid was dissolved again in
CH2Cl2 (20 mL), the precipitate was filtered off and methanol was lay-
ered onto the filtrate. Red crystals of [Ir ACHTUNGTRENNUNG(Fiq)2ACHTUNGTRENNUNG(BrbpyBr)] could be recrys-
tallized from the solution (6.5 g, 70%). 1H NMR (400 MHz, [D6]DMSO):
d=8.94 (m, 4H), 8.60 (m, 2H), 8.17–8.31 (m, 4H), 7.57–7.96 (m, 10H),
7.22–7.34 (m, 4H), 7.11 (m, J=7.6 Hz, 2H), 6.78 (d, J=7.6 Hz, 2H), 6.46
(s, 2H), 2.12 (m, 8H), 0.75–1.08 (m, 40H), 0.37–0.71 ppm (m, 20H);
13C NMR (100 MHz, CDCl3): d=169.67, 154.16, 152.40, 151.48, 151.25,
145.36, 144.28, 144.11, 142.73, 140.78, 139.91, 137.47, 132.20, 129.10,
128.26, 128.00, 127.50, 126.95, 126.87, 126.52, 125.48, 125.17, 123.12,
123.07, 121.98, 120.48, 54.91, 41.17, 40.05, 32.10, 32.01, 30.33, 30.28, 29.61,
29.51, 29.42, 24.48, 23.79, 22.85, 22.82, 14.34, 14.30 ppm; elemental analy-
sis calcd (%) for C86H98Br2F6IrN4P: C 61.31, H 5.86, N 3.33; found: C
61.20, H 5.99, N 3.34; MALDI-TOF MS: m/z : [M�PF6


�]: 1539.8; found:
1539.8.


[Ir ACHTUNGTRENNUNG(Fiq)2 ACHTUNGTRENNUNG(bpy)] (6): Yield 71%. The synthesis method is similar to that
for M3. 1H NMR (400 MHz, CDCl3): d=8.78–8.93 (m, 4H), 7.81–8.18
(m, 10H), 7.62 (m, 2H), 7.09–7.40 (m, 12H), 6.97 (d, J=7.6 Hz, 2H),
6.61 (s, 2H), 2.00 (m, 8H), 1.04–1.15 (m, 40H), 0.58–0.90 ppm (m, 20H);
elemental analysis calcd (%) for C86H100F6IrN4P: C 67.65, H 6.60, N 3.67;
found: C 67.61, H 6.58, N 3.68.


9,9-Dioctylfluorene (7): 1-Bromooctane (21.3 g, 110 mmol) was added
using a syringe to a mixture of fluorene (8.3 g, 50.0 mmol) and KOH
(28 g, 500 mmol) in THF (120 mL) at room temperature. After workup,
the mixture was poured into water and extracted with ethyl acetate. The
organic extracts were washed with brine and dried over magnesium sul-
fate. The solvent was removed under reduced pressure. The crude prod-
uct was purified by column chromatography by using hexane as eluent to
give a yellow oil (17.58 g, 85%). 1H NMR (400 MHz, CDCl3): d=7.83
(dd, J=4.3 Hz, 2H), 7.43 (m, 6H), 2.12 (m, 4H), 1.35–1.24 (m, 20H),
0.96 (t, J=7.1 Hz, 6H), 0.79 ppm (m, 4H).


9,9-Dioctyl-2,7-dibromofluorene (M2): Ferric chloride (75 mg, 0.5 mmol)
and bromine (3.2 mL, 63.0 mmol) were added to a solution of 9,9-dioctyl-
fluorene (11.7 g, 30 mmol) in CHCl3 (50 mL) at 0 8C. The reaction pro-
ceeded in the dark. The solution was warmed to room temperature and
was stirred for 3 h. The resulting slurry was poured into water and was
washed with sodium thiosulfate solution until the red color disappeared.
The aqueous layer was extracted with ethyl acetate (three times), and the
combined organic layers were dried over magnesium sulfate to afford
9,9-dioctyl-2,7-dibromofluorene (15.5 g, 94%) as a yellow solid. The
crude product was recrystallized from ethanol. 1H NMR (400 MHz,
CDCl3): d=7.51 (d, J=8.8 Hz, 2H), 7.46 (d, J=1.6 Hz, 2H), 7.44 (s,
2H), 1.91 (m, 4H), 1.99–1.22 (m, 20H), 0.83 (t, J=7.2 Hz, 6H), 0.57 ppm
(m, 4H); 13C NMR (100 MHz, CDCl3): d=152.31, 139.97, 130.04, 126.07,
121.38, 120.96, 55.56, 40.02, 31.63, 29.78, 29.04, 29.01, 23.51, 22.47,
13.94 ppm; elemental analysis calcd (%) for C29H40Br2: C 63.51, H 7.35;
found: C 63.64, H 7.53.


9,9-Dioctylfluorene-2,7-bis(trimethylene boronate) (M1): A solution of
2,7-dibromo-9,9-dioctylfluorene (11.0 g, 20.0 mmol) in dry THF was
added slowly to a stirred mixture of magnesium turnings (1.2 g,
50.0 mmol) in dry THF containing a catalytic amount of iodine under ni-
trogen to form the Grignard reagent. The Grignard reagent solution was
slowly dropped into a stirred solution of trimethyl borate (11.5 mL,
100 mmol) in dry THF at �78 8C over a period of 1.5 h and was then
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slowly warmed to room temperature. The mixture was stirred (vigorous
stirring was required to avoid gel formation) at room temperature for
three days and then was poured onto a mixture of crushed ice containing
sulfuric acid (5%) with stirring. The mixture was extracted with ether,
and the combined extracts were evaporated to give 9,9-dioctylfluorene-
2,7-diboronic acid. The crude acid was washed with hexane to give a
white solid (4.3 g, 45%). The diboronic acid was then refluxed with 1,3-
propanediol (1.2 g, 20 mmol) in toluene for 10 h. After working up, the
crude product was recrystallized from hexane to afford 9,9-dioctylfluor-
ene-2,7-bis-(trimethylene boronate) (3.6 g, 72%) as white crystals.
1H NMR (400 MHz, CDCl3): d=7.75 (d, J=8.4 Hz, 2H), 7.67–7.72 (m,
4H), 4.21 (t, 8H), 2.10 (m, 4H), 1.98 (m, 4H), 0.92–1.23 (m, 20H), 0.81
(t, J=7.2 Hz, 6H), 0.52 ppm (m, 4H); elemental analysis calcd (%) for
C35H52B2O4: C 75.28, H 9.39; found: C 75.45, H 9.75.


General procedure for the copolymerization of fluorene and Ir complex
by the Suzuki cross coupling method : To a mixture of 9,9-dioctylfluor-
ene-2,7-bis(trimethylene boronate) (1 equiv), dibromo compound
(1 equiv), including the Ir complex and 9,9-dioctyl-2,7-dibromofluorene,
tetrabutylammonium bromide, and 4.0 mol% [Pd ACHTUNGTRENNUNG(PPh3)4], was added a
degassed mixture of toluene ([monomer]=0.25m) and aqueous 2m potas-
sium carbonate (3:2 in volume). The mixture was vigorously stirred at
85–90 8C for 72 h and then bromobenzene was added. After the mixture
was cooled to room temperature, it was washed with water. The solution
was concentrated and then it was slowly add dropwise to a mixture of
methanol and deionized water (220 mL, 10:1 v/v). A fibrous solid was ob-
tained by filtration. The solid was dissolved in THF and then the solution
was evaporated. The concentrated solution obtained was dropped slowly
into methanol (250 mL) again. And this procedure was repeated twice in
acetone in place of methanol. The fibrous solid was filtered and was then
washed with acetone in a Soxhlet apparatus for 3–5 days to remove
oligomers and catalyst residues. The resulting polymers were collected
and dried under vacuum. Yields: 55–70%.


PFO : 1H NMR (400 MHz, CDCl3): d=7.66–7.86 (m, 6H), 2.12 (m, 4H),
1.05–1.28 (m, 20H), 0.63–0.89 ppm (m, 10H); 13C NMR (100 MHz,
CDCl3): d=151.81, 140.68, 140.02, 126.18, 121.49, 120.22, 55.34, 40.43,
31.93, 30.88, 30.08, 29.37, 24.12, 22.64, 14.28 ppm; elemental analysis
calcd (%): C 89.62, H 10.38; found: C 88.86, H 10.07.


PFO-Ir05 : 1H NMR (400 MHz, CDCl3): d=7.67–7.85 (m, 6H), 2.12 (m,
4H), 1.05–1.28 (m, 20H), 0.63–0.89 ppm (m, 10H); 13C NMR (100 MHz,
CDCl3): d=152.04, 140.72, 140.26, 126.39, 121.72, 120.21, 55.57, 40.62,
32.03, 30.28, 30.18, 29.46, 24.14, 22.84, 14.31 ppm; elemental analysis
calcd (%): C 87.96, H 10.22, N 0.07; found: C 84.52, H 9.73, N 0.21.


PFO-Ir2 : 1H NMR (400 MHz, CDCl3): d=7.67–7.85 (m, 6H), 2.12 (m,
4H), 1.05–1.28 (m, 20H), 0.63–0.89 ppm (m, 10H); 13C NMR (100 MHz,
CDCl3): d=151.81, 140.50, 140.02, 128.79, 127.21, 126.17, 121.49, 119.98,
55.34, 40.38, 31.80, 30.96, 30.04, 29.23, 23.92, 22.61, 14.08 ppm; elemental
analysis calcd (%): C 88.05, H 10.03, N 0.27; found: C 86.61, H 10.03, N
0.23.


PFO-Ir4 : 1H NMR (400 MHz, CDCl3): d=7.67–7.85 (m, 6H), 2.12 (m,
4H), 0.95–1.38 (m, 20H), 0.59–0.82 (m, 10H), 9.02 (m, 3.6%O4H; ArH
of Ir complex), 8.30 (m, 3.6%O4H; ArH of Ir complex), 7.10 (m, 3.6%O
2H; ArH of Ir complex), 6.85 ppm (m, 3.6%O2H; ArH of Ir complex);
13C NMR (100 MHz, CDCl3): d=152.05, 140.72, 140.25, 129.03, 127.45,
126.40, 121.72, 120.22, 55.60, 40.63, 32.04, 31.21, 30.28, 29.48, 24.15, 22.85,
14.33 ppm; elemental analysis calcd (%): C 86.83, H 9.88, N 0.47; found:
C 85.47, H 10.01, N 0.43. According to the NMR data, the Ir complex
content in the copolymer was around 3.6%.


PFO-Ir8 : 1H NMR (400 MHz, CDCl3): d=7.67–7.85 (m, 6H), 2.12 (m,
4H), 0.95–1.36 (m, 20H), 0.60–0.85 (m, 10H), 9.02 (m, 5.5%O4H; ArH
of Ir complex), 8.30 (m, 5.5%O4H; ArH of Ir complex), 7.10 (m, 5.5%O
2H; ArH of Ir complex), 6.86 ppm (m, 5.5%O2H; ArH of Ir complex);
13C NMR (100 MHz, CDCl3): d=152.04, 140.72, 140.25, 129.03, 127.44,
126.39, 121.72, 120.21, 55.57, 40.63, 32.03, 31.19, 30.27, 29.46, 24.14, 22.84,
14.32 ppm; elemental analysis calcd (%): C 86.50, H 9.76, N 0.70; found:
C 84.54, H 9.87, N 0.60. According to the NMR data, the Ir complex con-
tent in the copolymer was around 5.5%.


PFO-Ir16 : 1H NMR (400 MHz, CDCl3): d=7.67–7.85 (m, 6H), 2.12 (m,
4H), 0.95–1.36 (m, 20H), 0.63–0.86 (m, 10H), 9.02 (m, 11%O4H; ArH


of Ir complex), 8.30 (m, 11%O4H; ArH of Ir complex), 7.10 (m, 11%O
2H; ArH of Ir complex), 6.86 ppm (m, 11%O2H; ArH of Ir complex);
13C NMR (100 MHz, CDCl3): d=152.04, 140.72, 140.24, 129.03, 127.44,
126.39, 121.72, 120.21, 55.57, 40.63, 32.04, 31.20, 30.27, 29.46, 24.14, 22.85,
14.32 ppm; elemental analysis calcd (%): C 82.47, H 9.10, N 1.20; found:
C 79.37, H 8.86, N 1.24. According to the NMR data, the Ir complex con-
tent in the copolymer was around 11%.
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Practical Highly Enantioselective Synthesis of Propargylamines through a
Copper-Catalyzed One-Pot Three-Component Condensation Reaction
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Introduction


One of the most challenging tasks in organic synthesis is the
efficient preparation of complex molecules starting from
easily available raw materials. Especially attractive are
multicomponent reactions which allow the formation of
several bonds including new carbon�carbon bonds in a one-
pot procedure.[1] This type of reaction plays an important
role in modern organic chemistry, since it exhibits generally
a high atom economy[2] and selectivity, as well as a lower
level of by-products compared with classical stepwise syn-
thesis. The Strecker reaction, developed in 1850, has been
recognized as the first multicomponent reaction.[3] This
three-component coupling of an amine, a carbonyl com-
pound and hydrogen cyanide giving a-aminonitriles estab-
lishes an important route to a-amino acids. The amino
group itself is one of the fundamental structures in organic
chemistry. Amines and their derivatives are widespread
functional groups which are found in various natural prod-
ucts, pharmaceuticals and fine biologically important chemi-
cals.[4] Propargylamines are both biologically relevant and
useful synthetic intermediates for the preparation of poly-
functional amino derivatives.[5] Recently, we[6] and others[7]


have developed an asymmetric multicomponent one-pot
copper-catalyzed preparation of propargylamines by the ad-
dition of alkynes to in situ generated iminium ions from al-


dehydes and secondary amines. In this paper, we disclose
detailed studies on the parameters influencing the outcome
of this asymmetric reaction. Furthermore, we demonstrate
its broad scope and synthetic utility.


Results and Discussion


The three-component coupling of terminal alkynes 1, alde-
hydes 2 and secondary amines 3 in the presence of copper(i)
bromide (5 mol %) and guinap[8] (5.5 mol %) as the catalytic
system was found to be a highly efficient process. The de-
sired propargylamines of type 4 are obtained in general high
yield and moderate to excellent enantioselectivities
(Scheme 1).


Variations in all three components were carried out and a
broad substrate scope was found. Thus, various mono-substi-
tuted and protected terminal alkynes 1 were investigated, as
well as various aldehydes 2. Aliphatic as well as aromatic al-
dehydes were successfully used in this reaction, but aliphatic
aldehydes were usually leading to higher enantioselectivities.
As amine component, different types of aliphatic secondary
amines 3 were successfully used in the reaction. Special at-


Keywords: alkynes · asymmetric
catalysis · C�H activation ·
multicomponent reactions ·
organocatalysis · propargylamine


Abstract: The one-pot three-component reaction of terminal alkynes, aldehydes
and secondary amines in the presence of copper(i) bromide/quinap is reported.
The reaction scope has been determined and a broad variety of all three compo-
nents has been used, which afforded the corresponding propargylamines in good
to excellent yields and moderate to very good enantioselectivities. The reaction
showed a strong positive nonlinear effect. The transformation of a propargylamine
intermediate into the alkaloid (S)-(+)-coniine has also been described.
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Scheme 1. Asymmetric three-component synthesis of propargylamines.
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tention was paid to reactions using dibenzylamine (3a) and
diallylamine (3b) as amine component, since these substitu-
ents can be removed by standard protecting group method-
ologies.[9] Furthermore, the sterical demand of the benzyl
groups in dibenzylamine (3a) was found to be especially
well suited for achieving high enantioselectivities. Amines
derived from anilines as well as amides were found not to


be suited for the formation of the desired propargylamines.
A summary of the products obtained by this method is dis-
played in Table 1.


The conversion is usually completed within 12–48 h for
the racemic reaction performed without ligand and within
1–6 d for the enantioselective reaction. Different alkynes
1a–d bearing either a phenyl, an alkyl or an alkenyl group


Table 1. Enantioselective three-component one-pot synthesis of propargylamines 4.


Entry Alkyne (R1) 1 Aldehyde (R2) 2 Amine (R3) 3 Propargylamine 4 Yield [%][a] ee [%][b]


1 1a : R1=Ph 2a : R2=nBu 3a : R3=Bn 85 83


4a


2 1a : R1=Ph 2b : R2= iBu 3a : R3=Bn 4b : R=Ph 98 86
3 1b : R1=nBu 2b : R2= iBu 3a : R3=Bn 4c : R=nBu 85 82


4 1a : R1=Ph 2c : R2= iPr 3a : R3=Bn 4d : R=Ph 60 84
5 1c : R1=p-BrC6H4 2c : R2= iPr 3a : R3=Bn 4e : R=p-BrC6H4 99 83


6 1a : R1=Ph 2d : R2=Ph 3b : R3=allyl 4 f : R=H 91 70
7 1a : R1=Ph 2e : R2=p-MeO-C6H4 3b : R3=allyl 4g : R=OMe 76 60
8 1a : R1=Ph 2 f : R2=p-CF3-C6H4 3b : R3=allyl 4h : R=CF3 43 63


9 1a : R1=Ph 2g : R2=o-CH3-C6H4 3b : R3=allyl 4 i : R=Me 84 32
10 1a : R1=Ph 2h : R2=o-Br-C6H4 3b : R3=allyl 4j : R=Br 83 25


11 1a : R1=Ph 2 i 3b : R3=allyl 4k : R=Ph 80 78
12 1d : R1=c-hexenyl 2 i 3b : R3=allyl 4 l : R=c-hexenyl 61 74


13 1a : R1=Ph 3b : R3=allyl 55 64[c]


2 j 4m


14 1a : R1=Ph 3b : R3=allyl 63 44


2k 4n


15 1a : R1=Ph 2 l 3b : R3=allyl 4o : R=allyl 85 70
16 1a : R1=Ph 2 l 3a : R3=Bn 4p : R=Bn 84 76


[a] Isolated yield of analytically pure product. [b] Enantiomeric excess determined by HPLC using a Chiracel OD-H column (n-heptane/iPrOH). [c] The
ee value was determined after deprotection to give the monodeallylated derivative.
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were successfully utilized. In this study, phenylacetylene
(1a) gave the best selectivities. Branched as well as un-
branched aliphatic aldehydes 2a–c were successfully used as
substrates (entries 1–5). Their reaction with dibenzylamine
(3a) as the amine component led to high enantioselectivities
(82–86 % ee). For aromatic aldehydes, it was found that the
presence of either an electron-donating or an electron-with-
drawing substituent in para-position has only a moderate in-
fluence on the reaction enantioselectivity (compare en-
tries 6–8, 60–70 % ee). However, the yield of product 4h (R
= CF3) was strongly reduced (entry 8, 43 %) compared with
that of 4 f (R = H) and 4g (R = OMe) (91 and 76 %, en-
tries 6–7). A substituent in the ortho-position to the alde-
hyde function has a stronger influence on the enantioselec-
tivity of the reaction, probably due to the steric hindrance.
The use of 2-methylbenzaldehyde (2g) and 2-bromobenzal-
dehyde (2h) furnished products 4 i–j with dramatically de-
creased enantiomeric excesses (32 and 25 % ee, respective-
ly). Heteroaromatic aldehydes 2 i–k were also compatible
and allowed the preparation of propargylamines 4k–n with
moderate to good selectivities (44–78 % ee, entries 11–14).
Herein, the use of 3-pyridinecarbaldehyde (2k) was leading
to products with remarkably lower enantioselectivities than
the five-membered heterocyclic derivatives 2-benzothienyl-
carbaldehyde (2 i) and 3-furancarbaldehyde (2 j). Further-
more, ferrocenecarbaldehyde (2 l) was successfully reacted
with phenylacetylene (1a) and either dibenzylamine (3a) or
diallylamine (3b) leading to products 4p and 4o with 76 and
70 % ee, respectively (entries 15 and 16).


The preparation of terminal propargylamines was then in-
vestigated. The reaction with acetylene itself was investigat-
ed in previous studies in the related addition of alkynes to
enamines.[10] The mono-addition product was found to be
the major product. Unfortunately, it was not possible to
obtain high enantioselectivities using acetylene as alkyne
component. Therefore, we have examined various mono-
protected alkynes in the propargylamine synthesis
(Scheme 2).


As can be seen from Scheme 2, the size of the alkyne sub-
stituent plays a crucial role for the enantioselectivity of the
reaction. Compared with phenylacetylene as in for example
in propargylamine 4q, the introduction of a trimethylsilyl
group in propargylamine 5a led to an increase of the ee


value (98 compared with 86 % ee). The trimethylsilyl group
as alkyne substituent was found to be optimal for the enan-
tioselectivity of the three-component reaction. Changing
from a trimethylsilyl group to a tert-butyldimethylsilyl group
(compare 5a vs 6 in Scheme 2) is leading to a decreased se-
lectivity (5a : 98 % ee ; 6 : 90 % ee). The use of triisopropylsi-
lylacetylene is leading to an almost racemic mixture and
proceeds very sluggishly. Trimethylsilyl-substituted propar-
gylamine 5b was obtained in 99 % yield and 97 % ee, where-
as the triisopropylsilyl-derivative 7 was obtained with only
31 % yield and 4 % ee (Scheme 2).


Furthermore, the trimethylsilyl group was easily removed
by treatment of the silylated propargylamines 5 with Bu4NF
in THF or with KOH in MeOH (Scheme 3).


Silylated propargylamines 5 and terminal propargylamines
8 obtained by this method are shown in Table 2. Reaction of
trimethylsilylacetylene (1e) with dibenzylamine (3a) and
various aldehydes 2 in the presence of CuBr and quinap led
to silylated propargylamines 5 in high yields and exception-
ally high enantioselectivities. Various aliphatic and aromatic
aldehydes were successfully used. Unbranched aliphatic al-
dehydes 2a, m, n (R=nPr, nBu, n-pent) provide the expect-
ed propargylamines 5c–e in 88–90 % ee and 82–99 % yield.
The introduction of a branch in b-position of the aldehyde
(entries 4–5) is leading to an increased selectivity, giving 5 f–
g in 94 % ee and 85–94 % yield. Further improvement of the
selectivity was achieved using a-branched aldehydes such as
2c und 2p. The propargylamines 5h and 5a were obtained
in 96 and 98 % ee, respectively. Aldehydes bearing cyclic ali-
phatic substituents were also successfully used, leading to
propargylamines 5 i, 5 j and 5b with 92–97 % ee. The selec-
tivity increased with the size of the cycloalkyl residue. Cin-
namaldehydes reacted likewise giving propargylamines 5k–l
in 82–84 % ee and 82–96 % yield. Dihydrocinnamaldehydes
were also reacted successfully leading to propargylamines
5m–o. Functional groups on the aromatic ring such as ester-
and bromo-substituents were well tolerated and no decrease
of the enantioselectivity was observed (entries 13–15, 87–
88 % ee, 73–96 %). For aromatic aldehydes, the enantioselec-
tivity was generally lower than for aliphatic aldehydes. The
carbocyclic aldehydes 2d and 2y led to propargylamines
5p–q in 68 and 54 % ee, respectively (entries 16–17). Inter-
estingly, thienyl- and benzothienylcarbaldehydes (2y–2ab)
gave propargylamines 5r–u with usually high enantioselec-
tivities. A higher selectivity was observed for propargyla-
mines derived from heterocycles with an aldehyde function
in 2-position to sulfur (80 vs 74 % ee, entries 18 and 19; 89
vs 82 % ee, entries 20 and 21). Most of the silylated propar-
gylamines 5 were transformed further to the terminal prop-


Scheme 2. Alkyne protecting groups in the asymmetric propargylamine
synthesis.


Scheme 3. Preparation of terminal propargylamines 8.
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argylamines 8 by treatment with either Bu4NF or aq. KOH.
The yields were generally high (90–99 %, see Table 2).


These terminal propargylamines can be further functional-
ized by known methods.[11] The synthetic utility of the
method was shown in a short enantioselective synthesis of
(S)-(+)-coniine (9).[12] Coniine is a highly toxic alkaloid in-
ducing curare-type paralysis. It is the main alkaloid of the
Schierling mushroom and used to poison Socrates 399 B.C.
The synthesis is depicted in Scheme 4 and starts with the
preparation of the chiral propargylamine 5c, which was ob-
tained in 90 % yield and 90 % ee from commercially availa-
ble starting materials. After desilylation giving 8a, the termi-
nal propargylamine was deprotonated with nBuLi
(1.2 equiv) and alkylated with ethylene oxide (3 equiv) in
the presence of BF3·OEt2 (1.2 equiv) under mild conditions
(�78 8C, 2 h).[13] Silylation of the alcohol with TIPSCl


Table 2. Enantioselective three-component one-pot synthesis of silylated propargylamines 5 and desilylation to terminal propargylamines 8.


Entry Aldehyde 2 Propargylamine 5 Yield [%][a] ee [%][b] Propargylamine 8 Yield [%][a]


1 2m : nPrCHO 5c : R=nPr 90 90[c] 8a : R=nPr 98[e]


2 2a : nBuCHO 5d : R=nBu 82 90[c] 8b : R=nBu 92[e]


3 2n : nPentCHO 5e : R=nPent 99 88[d] 8c : R=nPent 96[e]


4 2b : iBuCHO 5 f : R= iBu 85 94[d] 8d : R= iBu 99[e]


5 2o : neo-PentCHO 5g : R=neo-Pent 94 94[d] 8e : R=neo-Pent 99[e]


6 2c : iPrCHO 5h : R= iPr 87 96[c] 8 f : R= iPr 96[e]


7 2p : s-PentCHO 5a : R= s-Pent 95 98[c] 8g : R= s-Pent 98[e]


8 2q : c-PrCHO 5 i : R=c-Pr 98 92[c] 8h : R=c-Pr 99[e]


9 2r : c-PentCHO 5 j : R=c-Pent 98 96 8 i : R=c-Pent 99[e]


10 2s : c-HexCHO 5b : R=c-Hex 86 97[c] 8 j : R=c-Hex 93[e]


11 2t : PhCH=CH-CHO 5k : R=H 96 82[c] 8k : R=H 97[f]


12 2u : Ph2C=CH-CHO 5 l : R=Ph 82 84[c] 8 l : R=Ph 97[f]


13 2v : Ph ACHTUNGTRENNUNG(CH2)2CHO 5m : R=H 78 88[c] 8m : R=H 98[e]


14 2w: 4-Br-C6H4-(CH2)2CHO 5n : R=Br 73 88[c] 8n : R=Br 98[e]


15 2x : 4-CO2Et-C6H4 ACHTUNGTRENNUNG(CH2)2CHO 5o : R=CO2Et 96 87 8o : R=CO2Et 90[e]


16 2d : PhCHO 5p : Ar=Ph 98 68
17 2y : 2-naphthyl-CHO 5q : Ar=2-naphthyl 69 54
18 2z : 2-thiophen-CHO 5r : Ar=2-thienyl 81 80[c] 8p :Ar=2-thienyl 99[f]


19 2aa : 3-thiophen-CHO 5s : Ar=3-thienyl 85 74[c] 8q : Ar=3-thienyl 99[f]


20 2ab : 2-benzothiophenyl-CHO 5 t : Ar=2-benzothienyl 42 89
21 2 i : 3-benzothiophenyl-CHO 5u :Ar=3-benzothienyl 92 82 8r : Ar=3-benzothienyl 93[f]


[a] Isolated yield of analytically pure product. [b] Enantiomeric excess determined by HPLC analysis using Chiracel OD-H column (n-heptane/iPrOH).
[c] The ee was determined after desilylation. [d] The ee was determined after acylation with PhCOCl. [e] Desilylation was carried out with Bu4NF. [f] De-
silylation was carried out with KOH.


Scheme 4. Enantioselective synthesis of (S)-(+)-coniine 9.
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(1.1 equiv) in the presence of DMAP (5 mol %) and imida-
zole (1.5 equiv) in DMF (0 8C to RT, 12 h) led to TIPS-pro-
tected derivative 10 in 70 % overall yield. Hydrogenolysis of
the benzyl groups and reduction of the triple bond was read-
ily achieved by hydrogenation (1 atm) of 10 in methanol in
the presence of Pd/C (10 mol%). The silyl-protected amino-
alcohol was desilylated with Bu4NF (THF, RT, 12 h) and
subsequently submitted to an intramolecular Mitsunobu re-
action (DEAD (1.1 equiv), PPh3 (1.1 equiv), THF, �10 8C to
RT, 12 h).[14] (S)-(+)-coniine (9) was obtained in five steps
with 41 % overall yield and 90 % ee (see Scheme 4).


Furthermore, the propargylamine synthesis is highly dia-
stereoselective if a chiral amine or aldehyde is used. Thus,
the reaction of the proline-derived methoxymethylpyrroli-
dine (11) with benzaldehyde (2d) or valeraldehyde (2a) and
phenylacetylene (1a) produced the corresponding propar-
gylamines 12a and 12b in yields of 87 and 97 % and good
diastereoselectivities of 96:4 and 93:7, respectively. By react-
ing ferrocenecarbaldehyde (2 l) with trimethylsilylacteylene
(1e) and amine 11, the corresponding propargylamine 12c
was obtained with a diastereoselectivity of >98:2
(Scheme 5).


By reacting racemic hydratropaldehyde 13 with dibenzyla-
mine (3a) and trimethylsilylacetylene (1e) without the addi-
tion of the quinap ligand, the corresponding propargylamine
14 is also obtained in good diastereoselectivity (92:8). Addi-
tion of the chiral ligand led to 14 with an increased diaster-
eoselectivity (>99:1) and 64 % ee (Scheme 6). The relative
conformation has been determined by X-ray structure analy-
sis.[15]


Interestingly, diines and dialdehydes can also be used in
the propargylamine synthesis leading to propargyldiamines


15 and 16 (Scheme 7). A drawback of this interesting varia-
tion of the reaction is that no diastereoselectivity was ob-
served in the synthesis of diamines 15 and 16.


Mechanistic investigations show that the enantioselective
propargylamine synthesis displays a strong positive nonlin-
ear effect as discussed previously.[6a] Using the quinap ligand
with only 5 % ee, the propargylamine 5a is still obtained


with 50 % ee. Furthermore, the reaction rate and the yield
are approximately linear correlated to the enantiomeric
excess of the ligand (Figure 1).


As can be seen from Figure 1, the reaction rate decreases
with a decreasing enantiomeric excess of the ligand. This is
in accordance with the model of the reservoir effect descri-
bed first by Kagan.[16] According to this model, the Cu/
quinap catalyst forms dimeric species [Cu2quinap2], which is
in good agreement with the previously reported crystal
structure of the [CuBr{(R)-quinap}]2 complex.[10a] The heter-
ochiral complex [Cu2Br2{(R)/(S)-quinap}] seems to react at a
much slower rate than the corresponding homochiral com-


Scheme 5. Diastereoselective propargylamine synthesis with amine 11.


Scheme 6. Diastereoselective propargylamine synthesis with aldehyde 13.


Scheme 7. Propargyldiamines 15 and 16.


Figure 1. Influence of the enantiomeric excess on the reaction rate in the
synthesis of 5a.
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plex [Cu2Br2{(R)/(R)-quinap}]. This explains the strong posi-
tive amplification. Since the minor enantiomer of the ligand
is kept in the more stable and less reactive complex, the
amount of reactive, homochiral copper/quinap complexes
decreases with the % ee of the ligand. The reservoir model
also explains the decrease in the reaction rate with the % ee
of the ligand. Based on these and previous results, we have
suggested a tentative mechanism (see ref. [6a]).


The dimeric chiral copper compound 17 forms a complex
with alkyne 1, leading to a side-on complex 18. Aminal 19,
formed by reaction of the aldehyde 2 with the secondary
amine 3, coordinates to the copper complex 18 to give com-
plex 20. Deprotonation of the coordinated alkyne and elimi-
nation of H2O led to complex 21, an end-on copper acety-
lide with a coordinated iminium ion. The addition of the
acetylide to the iminium ion in the coordination sphere of
the chiral copper(i) complex led to chiral propargylamine 4
or 5, respectively, and regenerates the catalyst 17.


Conclusion


The one-pot three-component synthesis of propargylamines
displays a simple and versatile method for the preparation
of this interesting type of structures in asymmetric fashion
with up to 98 % ee. The mild reaction conditions and the
broad scope of the reaction illustrates the good synthetic
utility of this method. The reaction is a highly atom econom-
ic process producing only water as a side product. The ap-
plicability of chiral propargylamines in natural product syn-
thesis was successfully shown in the total synthesis of the al-
kaloid (S)-(+)-coniine.


Experimental Section


General considerations : Unless otherwise indicated, all reactions were
carried out under argon and with dried solvents (THF, Et2O, toluene, di-
chloromethane, pentane, methanol). Reactions were monitored by gas
chromatography (GC, GC-MS) or thin-layer chromatography (TLC)
analysis of hydrolyzed aliquots. For all enantioselective reactions, the rac-
emic mixtures of the products were prepared first and baseline separation
of the two enantiomers were achieved by using HPLC analysis.


Experimental procedures and data of the following products have already
been reported: 4b–i, 4k–m, 12a,b ;[6a] 5c, 8a, 9, 10. [6b]


Starting materials : The following starting materials were prepared ac-
cording to literature procedures: 3-(4-bromophenyl)propanal (2w),[17]


ethyl 4-(3-oxopropyl)benzoate (2x),[17] 2-benzothienylcarbaldehyde
(2ab),[18] and 4-bromophenylacetylene (1c).[19]


N,N-Dibenzyl-5-methyl-1-phenyl-1-hexyn-3-amine (4a)


General procedure A : A dry and argon flushed 10 mL flask, equipped
with a magnetic stirrer and a septum, was charged with copper(i) bro-
mide (3.6 mg, 0.025 mmol) and (R)-quinap (12.1 mg, 0.0275 mmol). Dry
toluene (2 mL) was added, the mixture was stirred at RT for 30 min. 4 P
MS (0.3 g) was added, followed by phenylacetylene (1a) (51 mg,
0.5 mmol), valeraldehyde (2a) (43 mg, 0.5 mmol) and dibenzylamine (3a)
(99 mg, 0.5 mmol). The reaction mixture was stirred for 48 h at RT. 4 P
MS was removed by filtration filtered and washed with Et2O. The crude
product was concentrated in vacuo and purified by chromatography on
silica gel (pentane/Et2O 99:1) yielding propargylamine (�)-4a (156 mg,


85%, 83% ee) as a colourless oil. [a]20
D = �239 (c=1.00, CHCl3); 1H


NMR (CDCl3, 300 MHz): d=7.44–7.10 (m, 15H), 3.80 (d, J=13.7 Hz,
2H), 3.51 (t, J=7.4 Hz, 1H), 3.40 (d, J=13.8 Hz, 2 H), 1.78–1.56 (m,
2H), 1.46–1.23 (m, 2 H), 1.14 (sext, J=7.2 Hz, 2H), 0.78 (t, J=7.1 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d=139.9, 131.8, 128.8, 128.3, 128.2,
127.8, 126.8, 123.6, 88.1, 85.2, 55.0, 52.2, 33.6, 28.6, 22.3, 13.5; MS: m/z
(%): 310 (100) [M +�C4H9), 218 (3), 128 (2), 115 (7), 91 (57); HRMS
(EI): m/z : calcd for C27H33N: 366.2222; found: 366.2215 [M +�H]; IR
(film): ñ = 3062 (w), 3029 (w), 2955 (s), 2932 (s), 1599 (m), 1490 (s),
1454 (s), 755 (vs), 698 cm�1 (vs); elemental analysis calcd (%) for
C27H33N: C 88.24, H 7.95, N 3.81; found: C 87.85, H 7.84, N 3.73; HPLC
(OD-H, 99 % n-heptane/1 % isopropanol, 0.2 mL min�1): tR =45.4 (+),
53.8 min (�).


N,N-Diallyl-N-[1-(2-bromphenyl)-3-phenyl-2-propynyl]amine (4 j): The
reaction was carried out according to GP A with phenylacetylene (1a)
(51 mg, 0.50 mmol), 2-brombenzaldehyde (2h) (93 mg, 0.50 mmol) and
diallylamine (3b) (49 mg, 0.50 mmol) in the presence of CuBr (3.6 mg,
25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P (250 mg) in
toluene (2 mL) at RT for 5 d. Column chromatographic purification on
silica gel (pentane/Et2O 98:2) yielded propargylamine (�)-4 j (151 mg,
0.42 mmol, 83%, 25% ee) as a colorless oil. [a]20


D = �20 (c=1.10,
CHCl3); 1H NMR (300 MHz, CDCl3): d=7.84–7.80 (m, 1 H), 7.59–7.50
(m, 3H), 7.36–7.25 (m, 4H), 7.16 (td, J=8.9, 3.1 Hz, 1H), 5.99–5.85 (m,
2H), 5.32 (s, 1H), 5.24 (d, J=17.8 Hz, 2H), 5.12 (d, J=9.0 Hz, 2H),
3.40–3.33 (m, 2H), 3.08 (dd, J=14.9, 9.0 Hz, 2 H); 13C NMR (75 MHz,
CDCl3): d=138.0, 136.2, 133.4, 131.8, 131.4, 129.2, 128.3, 128.2, 126.8,
124.9, 123.1, 117.2, 88.3, 85.2, 57.2, 53.9; MS (70 eV, EI): m/z (%): 366
(16) [M +], 364 (15), 272 (21), 271 (97), 270 (20), 269 (100), 211 (13), 210
(71), 192 (12), 191 (25), 190 (20), 189 (99), 188 (14), 187 (12), 163 (10);
HRMS (EI): m/z : calcd for C21H20BrN: 365.0779; found: 365.0741 [M +];
IR (film): ñ = 3071 (m), 2815 (m), 1642 (m), 1568 (m), 1490 (s), 1470 (s),
1441 (s), 1027 (m), 995 (m), 921 (s), 754 (vs), 690 cm�1 (s); elemental
analysis calcd (%) for C21H20BrN: C 68.86, H 5.50, N 3.82, Br 21.81;
found: C 68.83, H 5.53, N 3.79, Br 22.21; HPLC (OD-H, 99% n-heptane/
1% isopropanol, 0.08 mL min�1): tR =130.3 (+), 140.3 min (�).


N,N-Diallyl-N-[3-phenyl-1-(3-pyridinyl)-2-propynyl]amine (4n): The re-
action was carried out according to GP A with phenylacteylene (1a)
(51 mg, 0.50 mmol), 3-pyridinaldehyde (2k) (54 mg, 0.50 mmol) and dia-
llylamine (3b) (49 mg, 0.50 mmol) in the presence of CuBr (3.6 mg,
25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P (250 mg) in
toluene (2 mL) at RT for 5 d. Column chromatographic purification on
silica gel (pentane/Et2O 4:1) yielded propargylamine (�)-4n (91 mg,
0.32 mmol, 63 %, 44 % ee) as a yellow oil. [a]20


D = �69 (c=1.10, CHCl3);
1H NMR (300 MHz, CDCl3): d=8.95–8.94 (m, 1H), 8.56–8.55 (m, 1H),
8.01–7.98 (m, 1H), 7.57–7.54 (m, 2H), 7.39–7.35 (m, 3 H), 7.32–7.28 (m,
1H), 5.93–5.80 (m, 2 H), 5.31 (d, J=14.7 Hz, 2 H), 5.19–5.15 (m, 3H),
3.32–3.25 (m, 2H), 3.08 (dd, J=12.5, 6.2 Hz, 2 H); 13C NMR (75 MHz,
CDCl3): d=150.0, 148.7, 136.0, 135.8, 135.0, 131.8, 128.4, 128.3, 122.9,
122.8, 117.7, 88.7, 83.7, 54.6, 53.5; MS (70 eV, EI): m/z (%): 288 (3) [M +


], 287 (11), 247 (11), 245 (17), 210 (44), 193 (44), 192 (100), 191 (25), 165
(12), 40 (17); HRMS (EI): m/z : calcd for C20H20N2: 288.1626; found [M +


]: 288.1596; IR (film): ñ = 3080 (m), 2819 (m), 1643 (m), 1575 (m), 1490
(s), 1444 (s), 1420 (vs), 1291 (m), 1110 (m), 1026 (m), 972 (m), 922 (s),
757 (vs), 712 (s), 691 cm�1 (s); elemental analysis calcd (%) for C20H20N2:
C 83.30, H 6.99, N 9.71; found: C 82.98, H 6.59, N 9.66; HPLC (OD-H,
99% n-heptane/1 % isopropanol, 0.2 mL min�1): tR = 41.8 (�), 46.5 min
(+).


[a-(N,N-Diallylamino)-g-phenylpropynyl]ferrocene (4o): The reaction
was carried out according to GP A with phenylacetylene (1a) (51 mg,
0.50 mmol), ferrocenecarbaldehyde (2 l) (107 mg, 0.50 mmol) and diallyl-
amine (3b) (49 mg, 0.50 mmol) in the presence of CuBr (3.6 mg,
25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P (250 mg) in
toluene (2 mL) at RT for 5 d. Column chromatographic purification on
silica gel (pentane/Et2O 9:1) yielded propargylamine (+)-4o (151 mg,
0.38 mmol, 76%, 70 % ee) as a red oil. [a]20


D = ++240 (c=1.00, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.58–7.56 (m, 2H), 7.39–7.38 (m, 3H),
5.94–5.80 (m, 2H), 5.27 (d, J=17.1 Hz, 2H), 5.17 (d, J=9.9 Hz, 2H), 4.91
(s, 1H), 4.51 (s, 1 H), 4.33 (s, 1H), 4.23 (s, 5H), 4.19–4.18 (m, 2H), 3.26
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(dd, J=14.2, 5.3 Hz, 2 H), 3.11 (dd, J=14.2, 7.0 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): d=136.7, 132.5, 131.7, 128.3, 128.0, 117.2, 87.0, 85.8,
85.2, 69.2, 69.0, 68.9, 68.2, 67.4, 53.4, 53.3; MS (70 eV, EI): m/z (%): 395
(24) [M +], 353 (11), 300 (32), 299 (100), 178 (52), 177 (18), 176 (25), 152
(17), 151 (10), 121 (23), 70 (10), 68 (11); HRMS (EI): m/z : calcd for
C25H25FeN: 395.1336; found: 395.1370 [M +]; IR (film): ñ = 3080 (m),
2960 (m), 2929 (m), 2815 (m), 1728 (s), 1489 (s), 1444 (m), 1288 (s), 1106
(s), 999 (m), 920 (m), 756 (vs), 691 cm�1 (s); elemental analysis calcd (%)
for C25H25FeN: C 75.96, H 6.37, N 3.54; found: C 75.55, H 6.70, N 3.02;
HPLC (OD-H, 99 % n-heptane/1 % isopropanol, 0.2 mL min�1): tR =


20.6 (�), 23.8 min (+).


[a-(N,N-Dibenzylamino)-g-phenylpropynyl]ferrocene (4p): The reaction
was carried out according to GP A with phenylacetylene (1a) (51 mg,
0.50 mmol), ferrocenecarbaldehyde (2 l) (107 mg, 0.50 mmol) and diben-
zylamine (3a) (99 mg, 0.50 mmol) in the presence of CuBr (3.6 mg, 25.0
mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P (250 mg) in tol-
uene (2 mL) at RT for 6 d. Column chromatographic purification on
silica gel (pentane/Et2O 9:1) yielded propargylamine (+)-4p (200 mg,
0.40 mmol, 81%, 76 % ee) as a red oil. [a]20


D =++43 (c=1.09, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.65–7.61 (m, 2 H), 7.44–7.24 (m, 13H),
4.80 (s, 1H), 4.56–4.55 (m, 1H), 4.35–4.34 (m, 1 H), 4.18–4.16 (m, 2H),
4.11 (s, 5 H), 3.83 (d, J=13.7 Hz, 2 H), 3.59 (d, J=13.7 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=139.9, 131.8, 128.7, 128.4, 128.2, 128.0,
126.8, 123.6, 86.6, 86.3, 85.4, 69.0, 68.9, 68.8, 68.3, 67.3, 54.3, 52.9; MS
(70 eV, EI): m/z (%): 496 (10), 495 (28) [M +], 300 (25), 299 (100), 121
(13), 91 (29); HRMS (EI): m/z : calcd for C33H29FeN: 495.1649; found:
495.1629 [M +]; IR (film): ñ = 3084 (m), 3062 (m), 3028 (m), 2924 (m),
2833 (m), 2806 (m), 1490 (s), 1443 (vs), 1071 (s), 1027 (m), 755 (m),
698 cm�1 (vs); HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.2 mL min�1): tR = 24.2 (�), 30.0 min (+).


N,N-Dibenzyl-4-ethyl-1-phenyl-1-hexyn-3-amine (4q): The reaction was
carried out according to GP A with phenylacetylene (1a) (51 mg,
0.50 mmol), 2-ethylbutyraldehyde (2p) (50 mg, 0.50 mmol) and dibenzyl-
amine (3a) (99 mg, 0.50 mmol) in the presence of CuBr (3.6 mg,
25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P (250 mg) in
toluene (2 mL) at RT for 6 d. Column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-4q (175 mg,
0.46 mmol, 92 %, 86 % ee) as a colorless oil. [a]20


D =�246 (c=0.53,
CHCl3); 1H NMR (300 MHz, CDCl3): d=7.59–7.56 (m, 2 H), 7.48–7.46
(m, 4H), 7.42–7.34 (m, 7 H), 7.31–7.26 (m, 2H), 3.93 (d, J=13.8 Hz, 2H),
3.51 (d, J=13.8 Hz, 2H), 3.44 (d, J=9.8 Hz, 1H), 1.84–1.69 (m, 3H),
1.57–1.37 (m, 2H), 0.87 (t, J=7.5 Hz, 3H), 0.66 (t, J=7.5 Hz, 3H); 13C
NMR (75 MHz, CDCl3): d=139.7, 131.8, 129.1, 128.3, 128.2, 127.8, 126.9,
123.8, 87.5, 86.1, 55.3, 55.2, 41.7, 22.3, 20.2, 10.6, 9.0; MS (70 eV, EI): m/z
(%): 380 (<1) [M +�H], 311 (22), 310 (100), 91 (23); HRMS (EI): m/z :
calcd for C28H30N: 380.2378; found: 380.2374 [M +�H]; IR (film): ñ =


3030 (m), 2961 (s), 2803 (m), 1489 (m), 1454 (m), 754 (vs), 746 (vs), 698
(vs), 690 cm�1 (vs); elemental analysis calcd (%) for C28H30N: C 88.14, H
8.19, N 3.67; found: C 87.96, H 8.18, N 3.65; HPLC (OD-H, 100 % n-hep-
tane, 0.2 mL min�1): tR=33.7 (+), 35.8 min (�).


N,N-Dibenzyl-4-ethyl-1-(trimethylsilyl)-1-hexyn-3-amine (5a): The reac-
tion was carried out according to GP A with trimethylsilylacetylene (1e)
(29 mg, 0.30 mmol), 2-ethylbutyraldehyde (2p) (30 mg, 0.30 mmol) and
dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence of CuBr (2.2 mg,
15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS 4 P (150 mg) in
toluene (2 mL) at RT for 6 d. Column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-5a (107 mg,
0.29 mmol, 95 %, 98 % ee) as a colorless oil. [a]20


D =�199 (c=0.41,
CHCl3); 1H NMR (300 MHz, CDCl3): d=7.43–7.40 (m, 4 H), 7.36–7.31
(m, 4H), 7.28–7.23 (m, 2H), 3.82 (d, J=13.5 Hz, 2H), 3.37 (d, J=
13.5 Hz, 2H), 3.19 (d, J=10.1 Hz, 1H), 1.75–1.27 (m, 5 H), 0.81 (t, J=
7.9 Hz, 3H), 0.59 (t, J=7.9 Hz, 3 H), 0.29 (s, 9 H); 13C NMR (75 MHz,
CDCl3): d=139.7, 129.1, 128.1, 126.8, 104.0, 90.0, 55.6, 55.0, 41.4, 22.1,
20.1, 10.6, 8.9, 0.5; MS (70 eV, EI): 362 (1) [M +�CH3], 307 (30), 306
(100), 91 (29); HRMS (EI): m/z : calcd for C25H36NSi: 378.2617; found:
378.2617 [M ++H]; IR (film): ñ = 2962 (s), 2158 (m), 1494 (m), 1454
(m), 1250 (s), 842 (vs), 747 (m), 698 cm�1 (s); elemental analysis calcd


(%) for C25H36NSi: C 79.51, H 9.34, N 3.71; found: C 79.49, H 9.37, N
3.69. The enantiomeric excess was determined after conversion to 8g.


N,N-Dibenzyl-1-cyclohexyl-3-(trimethylsilyl)-2-propyn-1-amine (5b): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), cyclohexylcarbaldehyde (2s) (34 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 4 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5b (100 mg, 0.26 mmol, 86 %, 97 % ee) as a colorless solid. M.p. 81–
82 8C; [a]20


D =�185 (c=0.89, CHCl3). 1H NMR (300 MHz, CDCl3): d=


7.44–7.42 (m, 4 H), 7.37–7.32 (m, 4H), 7.28–7.23 (m, 2 H), 3.83 (d, J=
13.6 Hz, 2 H), 3.39 (d, J=13.6 Hz, 2 H), 3.06 (d, J=10.9 Hz, 1 H), 2.32–
2.28 (m, 1H), 2.04–2.00 (m, 1H), 1.73–1.55 (m, 4 H), 1.28–1.07 (m, 3H),
0.89–0.67 (m, 2H), 0.28 (s, 9 H); 13C NMR (75 MHz, CDCl3): d=139.8,
128.8, 128.2, 126.8, 103.5, 90.1, 58.6, 54.9, 39.5, 31.2, 30.3, 26.6, 26.2, 25.9,
0.5; MS (70 eV, EI): 307 (27) [M +�cHex], 306 (100), 91 (34); HRMS
(EI): m/z : calcd for C26H35NSi: 389.2539; found: 389.2506 [M +]; IR
(KBr): ñ = 2924 (s), 2852 (m), 2160 (m), 1494 (m), 1451 (m), 1248 (s),
1006 (m), 844 (vs), 737 (s), 698 cm�1 (s); elemental analysis calcd (%) for
C26H35NSi: C 80.14, H 9.05, N 3.59; found: C 79.90, H 9.07, N 3.54. The
enantiomeric excess was determined after conversion to 8 j.


N,N-Dibenzyl-1-(trimethylsilyl)-1-heptyn-3-amine (5d): The reaction was
carried out according to GP A with trimethylsilylacetylene (1e) (29 mg,
0.30 mmol), valeraldehyde (2a) (26 mg, 0.30 mmol) and dibenzylamine
(3a) (59 mg, 0.30 mmol) in the presence of CuBr (2.2 mg, 15.0 mmol) and
(R)-quinap (7.3 mg, 16.5 mmol) and MS 4 P (150 mg) in toluene (2 mL)
at RT for 5 d. Column chromatographic purification on silica gel (pen-
tane/Et2O 99:1) yielded propargylamine (�)-5d (89 mg, 0.25 mmol, 82%,
90% ee) as a colorless oil. [a]20


D =�186 (c=0.69, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.22–7.00 (m, 10H), 3.62 (d, J=13.7 Hz, 2H),
3.19 (d, J=13.7 Hz, 2H), 3.21–3.15 (m, 1H), 1.59–1.35 (m, 2 H), 1.30–1.10
(m, 2H), 1.10–0.94 (sext, J=7.3 Hz, 2 H), 0.66 (t, J=7.3 Hz, 3H), 0.07 (s,
9H); 13C NMR (75 MHz, CDCl3): d=139.5, 128.4, 127.7, 126.4, 104.3,
88.6, 54.4, 51.9, 32.9, 28.0, 21.8, 13.5, 0.4; MS (70 eV, EI): m/z (%): 348
(5) [M +�CH3], 306 (100), 214 (4), 91 (85), 73 (12); HRMS (EI): m/z :
calcd for C24H32NSi: 362.2304; found: 362.2333 [M +�H]; IR (film): ñ =


3064 (w), 3029 (w), 2958 (s), 2159 (m), 1495 (m), 1454 (m), 1250 (s), 842
(vs), 698 cm�1 (s); elemental analysis calcd (%) for C24H32NSi: C 79.28,
H 9.15, N 3.85; found: C 79.19, H 9.15, N 3.83. The enantiomeric excess
was determined after conversion to 8b.


N,N-Dibenzyl-1-(trimethylsilyl)-1-octyn-3-amine (5e): The reaction was
carried out according to GP A with trimethylsilylacetylene (1e) (29 mg,
0.30 mmol), hexanal (2n) (30 mg, 0.30 mmol) and dibenzylamine (3a)
(59 mg, 0.30 mmol) in the presence of CuBr (2.2 mg, 15.0 mmol) and (R)-
quinap (7.3 mg, 16.5 mmol) and MS 4 P (150 mg) in toluene (2 mL) at
RT for 3 d. Column chromatographic purification on silica gel (pentane/
Et2O 99:1) yielded propargylamine (�)-5e (113 mg, 0.29 mmol, 99 %,
88% ee) as a colorless oil. [a]20


D = �152 (c=0.45, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.43–7.40 (m, 4H), 7.36–7.22 (m, 6 H), 3.83 (d, J=
13.8 Hz, 2 H), 3.43–3.37 (m, 3 H), 1.77–1.56 (m, 2 H), 1.48–1.11 (m, 6 H),
0.87 (t, J=7.7 Hz, 3H), 0.27 (s, 9 H); 13C NMR (75 MHz, CDCl3): d=


139.9, 128.8, 128.2, 126.8, 104.7, 89.0, 54.8, 52.3, 33.5, 31.3, 25.9, 22.5, 14.0,
0.4; MS (70 eV, EI): m/z (%): 377 (<1) [M +], 307 (25), 306 (100), 91
(45); HRMS (EI): m/z : calcd for C25H34NSi: 376.2461; found: 376.2448
[M +�H]; IR (film): ñ = 2957 (s), 2933 (s), 2159 (m), 1494 (m), 1454
(m), 1250 (s), 842 (vs), 698 cm�1 (s); elemental analysis calcd (%) for
C25H34NSi: C 79.51, H 9.34, N 3.71; found: C 79.39, H 9.40, N 3.64. The
enantiomeric excess was determined after conversion to 8c and acylation
with valeroylchloride: HPLC (OD-H, 99 % n-heptane/1 % isopropanol,
0.2 mL min�1): tR =22.9 (�), 26.0 min (�).


N,N-Dibenzyl-5-methyl-1-(trimethylsilyl)-1-hexyn-3-amine (5 f): The re-
action was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), isovaleraldehyde (2b) (22 mg, 0.30 mmol) and
dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence of CuBr (2.2 mg,
15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS 4 P (150 mg) in
toluene (2 mL) at RT for 6 d. Column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-5 f (93 mg,
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0.26 mmol, 85 %, 94 ee) as a colorless oil. [a]20
D =�185 (c=0.31, CHCl3);


1H NMR (600 MHz, CDCl3): d=7.43–7.41 (m, 4H), 7.36–7.33 (m, 4H),
7.29–7.25 (m, 2H), 3.83 (d, J=14.0 Hz, 2H), 3.49 (dd, J=8.5, 7.0 Hz,
1H), 3.39 (d, J=14.0 Hz, 2 H), 1.93–1.86 (m, 1 H), 1.71–1.66 (m, 1H),
1.47–1.42 (m, 1H), 0.83 (d, J=6.4 Hz, 3 H), 0.68 (d, J=6.4 Hz, 3H), 0.28
(s, 9H); 13C NMR (150 MHz, CDCl3): d=139.8, 128.9, 128.1, 126.8, 104.8,
88.9, 54.8, 50.3, 42.7, 24.5, 22.9, 21.7, 0.4; MS (70 eV, EI): m/z (%): 363
(<1) [M+ ], 307 (26), 306 (100), 91 (78); HRMS (EI): m/z : calcd for
C24H33NSi: 363.2382,; found: 363.2363 [M +]; IR (film): ñ = 3029 (m),
2957 (s), 2159 (m), 1494 (m), 1454 (s), 1250 (s), 989 (m), 842 (vs), 747 (s),
698 cm�1 (vs). The enantiomeric excess was determined after conversion
to 8d and acylation with benzoylchloride: HPLC (OD-H, 98 % n-hep-
tane/2 % isopropanol, 0.5 mL min�1): tR=9.2 (�), 10.4 min (+).


N,N-Dibenzyl-5,5-dimethyl-1-(trimethylsilyl)-1-hexyn-3-amine (5g): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), 3,3-dimethylbutyraldehyde (2o) (26 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 6 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5g (106 mg, 0.28 mmol, 94%, 94% ee) as a colorless oil. [a]20


D =�182
(c=0.47, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.44–7.40 (m, 4H),
7.36–7.23 (m, 6H), 3.81 (d, J=13.7 Hz, 2H), 3.47 (dd, J=8.1, 4.0 Hz,
1H), 3.40 (d, J=13.8 Hz, 2H), 1.78–1.62 (m, 2 H), 0.84 (s, 9 H), 0.26 (s,
9H); 3C NMR (75 MHz, CDCl3): d=139.7, 128.9, 128.1, 126.8, 105.8,
88.9, 54.9, 48.9, 48.6, 30.6, 29.7, 0.3; MS (70 eV, EI): m/z (%): 377 (<1)
[M +], 307 (23), 306 (100), 91 (43); HRMS (EI): m/z : calcd for
C25H34NSi: 376.2461; found: 376.2491 [M +�H]; IR (film): ñ = 2957 (s),
2158 (m), 1454 (m), 1367 (m), 1250 (s), 842 (vs), 745 cm�1 (s). The enan-
tiomeric excess was determined after conversion to 8e and acylation with
benzoylchloride: HPLC (OD-H, 98% n-heptane/2 % isopropanol,
0.3 mL min�1): tR=14.2 (�), 15.7 min (+).


N,N-Dibenzyl-4-methyl-1-(trimethylsilyl)-1-pentyn-3-amine (5h): The re-
action was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), isobutyraldehyde (2c) (22 mg, 0.30 mmol) and
dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence of CuBr (2.2 mg,
15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS 4 P (150 mg) in
toluene (2 mL) at RT for 3 d. Column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-5h (91 mg,
0.26 mmol, 87 %, 96 % ee) as a colorless oil. [a]20


D =�275 (c=0.44,
CHCl3); 1H NMR (300 MHz, CDCl3): d=7.45–7.42 (m, 4 H), 7.37–7.36
(m, 6 H), 3.84 (d, J=13.6 Hz, 2H), 3.39 (d, J=13.6 Hz, 2H), 2.94 (d, J=
10.5 Hz, 1 H), 1.96–1.86 (m, 1H), 1.03 (d, J=6.3 Hz, 3 H), 1.00 (d, J=
6.2 Hz, 3H), 0.29 (s, 9 H); 13C NMR (75 MHz, CDCl3): d=139.8, 128.9,
128.2, 126.8, 103.6, 89.9, 59.9, 55.0, 30.5, 20.8, 19.9, 0.4; MS (70 eV, EI):
m/z : 307 (27) [M +�iPr], 306 (100), 91 (34); HRMS (EI): m/z : calcd for
C23H30NSi: 348.2148; found: 348.2166 [M +�H]; IR (film): ñ = 2959 (s),
2158 (m), 1494 (m), 1454 (s), 1249 (vs), 1019 (s), 842 (vs), 746 (s),
698 cm�1 (vs); elemental analysis calcd (%) for C23H30NSi: C 79.02, H
8.94, N 4.01; found: C 79.10, H 9.17, N 3.83. The enantiomeric excess was
determined after conversion to 8 f.


N,N-Dibenzyl-1-cyclopropyl-3-(trimethylsilyl)-2-propyn-1-amine (5 i): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), cyclopropylcarbaldehyde (2q) (21 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 6 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5 i (102 mg, 0.29 mmol, 98%, 92% ee) as a colorless oil. [a]20


D =�163
(c=0.42, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.47–7.42 (m, 4H),
7.37–7.23 (m, 6 H), 3.98 (d, J=13.8 Hz, 2H), 3.45–3.39 (m, 3 H), 1.14–1.04
(m, 1 H), 0.59–0.37 (m, 3H), 0.28–0.26 (m, 1 H), 0.27 (s, 9H); 13C NMR
(75 MHz, CDCl3): d=140.1, 128.8, 128.1, 126.8, 101.4, 90.1, 55.8, 55.0,
13.3, 3.6, 1.7, 0.4; MS (70 eV, EI): m/z : 347 (3) [M +], 307 (27), 306 (100),
91 (56), 73 (10); HRMS (EI): m/z : calcd for C23H29NSi: 347.2069; found:
347.2034 [M +]; IR (film): ñ = 2959 (m), 2160 (m), 1494 (m), 1454 (m),
1250 (s), 1026 (m), 842 (vs), 747 (m), 698 cm�1 (s); elemental analysis


calcd (%) for C23H29NSi: C 79.48, H 8.41, N 4.03; found: C 79.32, H 8.75,
N 4.04. The enantiomeric excess was determined after conversion to 8h.


N,N-Dibenzyl-1-cyclopentyl-3-(trimethylsilyl)-2-propyn-1-amine (5 j): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), cyclopentylcarbaldehyde (2r) (29 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 6 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5 j (110 mg, 0.29 mmol, 98 %, 96% ee) as a colorless oil. [a]20


D =�178
(c=0.5, CHCl3); 1H NMR (600 MHz, CDCl3): d=7.44 (d, J=7.8 Hz,
4H), 7.34 (t, J=7.8 Hz, 4H), 7.29–7.25 (m, 2 H), 3.87 (d, J=13.7 Hz,
2H), 3.38 (d, J=13.8 Hz, 2 H), 3.06 (d, J=10.6 Hz, 1H), 2.28–2.22 (m,
1H), 1.90–1.82 (m, 2 H), 1.54–1.36 (m, 5H), 1.31–1.25 (m, 1H), 0.29 (s,
9H); 13C NMR (150 MHz, CDCl3): d=139.9, 128.9, 128.1, 126.8, 104.3,
89.0, 57.7, 54.9, 42.6, 30.9, 30.2, 25.0, 24.9, 0.4; MS (70 eV, EI): m/z : 375
(<1) [M +], 307 (26), 306 (100), 91 (53); HRMS (EI): m/z : calcd for
C25H32NSi: 374.2304; found: 374.2289 [M +�H]; IR (film): ñ = 2957 (s),
2868 (m), 2158 (m), 1494 (m), 1454 (m), 1250 (s), 842 (vs), 747 (m),
698 cm�1 (s); elemental analysis calcd (%) for C25H32NSi: C 79.51, H
9.34, N 3.71; found: C 80.05, H 9.38, N 3.76; HPLC (OD-H, 100 % n-hep-
tane, 0.2 mL min�1): tR=22.1 (�), 25.0 min (+).


(1E)-N,N-Dibenzyl-1-phenyl-5-(trimethylsilyl)-1-penten-4-yn-3-amine
(5k): The reaction was carried out according to GP A with trimethylsily-
lacetylene (1e) (29 mg, 0.30 mmol), cinnamaldehyde (2t) (40 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 5 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5k (118 mg, 0.29 mmol, 96 %, 82% ee) as a colorless oil. [a]20


D =�13
(c=0.70, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.46–7.24 (m, 15H),
6.91 (dd, J=16.1, 2.0 Hz, 1 H), 6.24 (dd, J=16.1, 4.0 Hz, 1H), 4.34 (dd,
J=4.0, 2.0 Hz, 1H), 3.88 (d, J=13.6 Hz, 2H), 3.50 (d, J=13.6 Hz, 2H),
0.35 (s, 9H); 13C NMR (75 MHz, CDCl3): d=139.6, 136.8, 132.6, 128.8,
128.5, 128.3, 128.2, 127.5, 126.9, 126.6, 101.2, 92.6, 54.8, 54.5, 0.4; MS
(70 eV, EI): m/z : 409 (8) [M +], 408 (10), 336 (12), 319 (25), 318 (85), 306
(19), 213 (31), 97 (18), 92 (11), 91 (100), 73 (32); HRMS (EI): m/z : calcd
for C28H31NSi: 409.2226; found: 409.2251 [M +]; IR (film): ñ = 3028 (m),
2959 (m), 2160 (m), 1494 (s), 1454 (m), 1250 (s), 968 (m), 842 (s), 866
(vs), 746 (s), 697 cm�1 (vs); elemental analysis calcd (%) for C28H31NSi:
C 82.10, H 7.63, N 3.42; found: C 82.23, H 8.14, N 3.43. The enantiomeric
excess was determined after conversion to 8k.


N,N-Dibenzyl-1,1-diphenyl-5-(trimethylsilyl)-1-penten-4-yn-3-amine (5 l):
The reaction was carried out according to GP A with trimethylsilylacety-
lene (1e) (29 mg, 0.30 mmol), b-phenylcinnamaldehyde (2u) (62 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 3 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(+)-5 l (119 mg, 0.25 mmol, 82 %, 84% ee) as a colorless oil. [a]20


D =++46
(c=0.43, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.31–7.13 (m, 20H),
6.17 (d, J=9.3 Hz, 1H), 4.26 (d, J=9.3 Hz, 1 H), 3.86 (d, J=13.6 Hz,
2H), 3.60 (d, J=13.7 Hz, 2 H), 0.27 (s, 9H); 13C NMR (75 MHz, CDCl3):
d=144.3, 142.3, 139.4, 138.7, 129.7, 128.9, 128.1, 128.0, 127.9, 127.7, 127.5,
127.2, 126.7, 125.8, 103.6, 90.3, 55.1, 51.9, 0.3; MS (70 eV, EI): m/z : 485
(16) [M +], 413 (14), 412 (26), 408 (11), 395 (19), 394 (56), 318 (12), 306
(15), 298 (15), 290 (19), 289 (68), 215 (14), 167 (16), 92 (12), 91 (100), 73
(60); HRMS (EI): m/z : calcd for C34H35NSi: 485.2539; found: 485.2500
[M +]; IR (film): ñ = 3029 (m), 2959 (m), 2158 (m), 1494 (s), 1445 (m),
1250 (s), 843 (vs), 748 (s), 698 cm�1 (vs); elemental analysis calcd (%) for
C34H35NSi: C 84.07, H 7.20, N 2.88; found: C 84.08, H 7.78, N 2.82. The
enantiomeric excess was determined after conversion to 8 l.


N,N-Dibenzyl-5-phenyl-1-(trimethylsilyl)-1-pentyn-3-amine (5m): The re-
action was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), dihydrocinnamaldehyde (2v) (40 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 3 d. Column chromatographic
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purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5m (96 mg, 0.23 mmol, 78 %, 88% ee) as a colorless oil. [a]20


D =�114
(c=0.38, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.44–7.14 (m, 13H),
7.09–7.06 (m, 2H), 3.88 (d, J=13.6 Hz, 2H), 3.50 (d, J=7.6 Hz, 1H), 3.45
(d, J=13.6 Hz, 2 H), 2.85–2.75 (m, 1H), 2.69–2.59 (m, 1H), 2.12–1.88 (m,
2H), 0.28 (s, 9H); 13C NMR (75 MHz, CDCl3): d=141.9, 139.7, 128.9,
128.4, 128.3, 128.2, 126.9, 125.7, 104.2, 89.6, 55.0, 52.2, 35.6, 32.6, 0.4; MS
(70 eV, EI): m/z : 411 (<1) [M +], 307 (25), 306 (100), 91 (60); HRMS
(EI): m/z : calcd for C28H33NSi: 411.2382; found: 411.2406 [M +]; IR
(film): ñ = 3027 (m), 2956 (m), 2158 (m), 1495 (s), 1454 (s), 1250 (s), 842
(vs), 746 (s), 698 cm�1 (vs); elemental analysis calcd (%) for C28H33NSi:
C 81.69, H 8.08, N 3.40; found: C 81.92, H 8.56, N 3.37. The enantiomeric
excess was determined after conversion to 8m.


N,N-Dibenzyl-5-(4-bromphenyl)-1-(trimethylsilyl)-1-pentyn-3-amine (5n):
The reaction was carried out according to GP A with trimethylsilylacety-
lene (1e) (29 mg, 0.30 mmol), 3-(4-bromophenyl)propanal (2w) (64 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 2 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-5n (107 mg, 0.22 mmol, 73 %, 88% ee) as a colorless oil. [a]20


D =�76
(c=0.28, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.41–7.25 (m, 12H),
6.88 (d, J=8.3 Hz, 2 H), 3.85 (d, J=13.8 Hz, 2H), 3.44 (dd, J=7.1,
1.0 Hz, 1H), 3.42 (d, J=13.8 Hz, 2H), 2.76–2.53 (m, 2H), 2.06–1.83 (m,
2H), 0.27 (s, 9H); 13C NMR (75 MHz, CDCl3): d=140.7, 139.6, 131.2,
130.2, 128.9, 128.2, 126.9, 119.4, 103.9, 89.7, 55.0, 51.7, 35.3, 31.8, 0.4; MS
(70 eV, EI): m/z : 489 (<1) [M +], 307 (26), 306 (100), 91 (54); HRMS
(EI): m/z : calcd for C28H32BrNSi: 489.1487; found: 489.1441 [M +]; IR
(film): ñ = 2956 (m), 2158 (m), 1488 (s), 1454 (m), 1250 (s), 1072 (m),
1012 (m), 843 (vs), 747 (m), 698 cm�1 (s). The enantiomeric excess was
determined after conversion to 8n.


Ethyl 4-[3-(dibenzylamino)-5-(trimethylsilyl)-4-pentynyl]-benzoate (5o):
The reaction was carried out according to GP A with trimethylsilylacety-
lene (1e) (29 mg, 0.30 mmol), ethyl 4-(3-oxopropyl)benzoate (2x)
(62 mg, 0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the
presence of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg, 16.5 mmol)
and MS 4 P (150 mg) in toluene (2 mL) at RT for 2 d. Column chromato-
graphic purification on silica gel (pentane/Et2O 9:1) yielded propargyl-
amine (�)-5o (140 mg, 0.29 mmol, 96%, 87% ee) as a colorless oil.
[a]20


D =�72 (c=0.72, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.89 (d,
J=8.4 Hz, 2 H), 7.42–7.22 (m, 10H), 7.09 (d, J=8.0 Hz, 2H), 4.39 (q, J=
6.9 Hz, 2H), 3.86 (d, J=13.6 Hz, 2 H), 3.45 (d, J=7.3 Hz, 1H), 3.43 (d,
J=13.7 Hz, 2H), 2.88–2.78 (m, 1H), 2.72–2.62 (m, 1 H), 2.10–1.87 (m,
2H), 1.42 (t, J=6.9 Hz, 3 H), 0.28 (s, 9 H); 13C NMR (75 MHz, CDCl3):
d=166.6, 147.2, 139.5, 129.6, 128.9, 128.3, 128.2, 128.0, 126.9, 103.8, 89.8,
60.7, 55.0, 51.9, 35.1, 32.6, 14.4, 0.4; MS (70 eV, EI): m/z : 483 (<1) [M +],
307 (26), 306 (100), 91 (45); HRMS (EI): m/z : calcd for C31H37NO2Si:
483.2594; found: 483.2627 [M +]; IR (film): ñ = 2957 (m), 2158 (m), 1719
(vs), 1454 (m), 1276 (vs), 1250 (s), 1178 (m), 1107 (s), 843 (s), 748 (s),
699 cm�1 (s); elemental analysis calcd (%) for C31H37NO2Si: C 76.97, H
7.71, N 2.90; found: C 76.66, H 7.73, N 2.77; HPLC (OD-H, 99% n-hep-
tane/1 % isopropanol, 0.3 mL min�1): tR=16.9 (�), 26.8 min (+).


N,N-Dibenzyl-1-(2-naphthyl)-3-(trimethylsilyl)-2-propyn-1-amine (5q):
The reaction was carried out according to GP A with trimethylsilylacety-
lene (1e) (29 mg, 0.30 mmol), 2-naphthaldehyde (2y) (47 mg, 0.30 mmol)
and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence of CuBr
(2.2 mg, 15.0 mmol) and (S)-quinap (7.3 mg, 16.5 mmol) and MS 4 P
(150 mg) in toluene (2 mL) at RT for 7 d. Column chromatographic puri-
fication on silica gel (pentane/Et2O 99:1) yielded propargylamine (+)-5q
(45 mg, 0.11 mmol, 35 %, 54 % ee) as a colorless solid. M.p. 98–99 8C;
[a]20


D =++2 (c=0.25, CHCl3); 1H NMR (300 MHz, CDCl3): d=8.17 (s,
1H), 7.91–7.84 (m, 3 H), 7.74 (dd, J=8.8, 1.8 Hz, 1 H), 7.51–7.44 (m, 6H),
7.35 (t, J=8.0 Hz, 4 H), 7.29–7.24 (m, 2H), 4.89 (s, 1H), 3.79 (d, J=
13.3 Hz, 2 H), 3.50 (d, J=13.3 Hz, 2H), 0.42 (s, 9H); 13C NMR (75 MHz,
CDCl3): d=139.5, 136.4, 133.0, 132.9, 128.9, 128.3, 128.1, 127.8, 127.5,
127.2, 127.0, 126.4, 125.9, 125.8, 100.9, 93.5, 56.4, 54.5, 0.4; MS (70 eV,
EI): m/z (%): 434 (11), 433 (31) [M +], 360 (13), 343 (11), 342 (33), 307
(16), 306 (62), 238 (40), 237 (100), 223 (11), 209 (50), 197 (35), 196 (49),


195 (11), 91 (61), 83 (11), 73 (13); HRMS (EI): m/z : calcd for C30H31NSi:
433.2226; found: 433.2240 [M +]; IR (KBr): ñ = 3436 (m br), 3063 (m),
3029 (m), 2960 (m), 2834 (m), 2808 (m), 2164 (w), 1495 (m), 1454 (m),
1250 (s), 1121 (m), 1007 (m), 843 (vs), 816 (m), 762 (m), 744 (s), 697 cm�1


(s); HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1): tR =34.2 (�),
38.7 min (+).


N,N-Dibenzyl-1-(2-thienyl)-3-(trimethylsilyl)-2-propyn-1-amine (5 r): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), 2-thiophencarbaldehyde (2z) (34 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (S)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 7 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(+)-5r (95 mg, 0.24 mmol, 81 %, 80 % ee) as a colorless solid. M.p. 90–
91 8C; [a]20


D =++84 (c=0.33, CHCl3); 1H NMR (300 MHz, CDCl3): d=


7.52–7.49 (m, 4 H), 7.35 (t, J=7.5 Hz, 4 H), 7.29–7.24 (m, 4 H), 6.96 (dd,
J=5.3, 3.6 Hz, 1 H), 4.86 (s, 1H), 3.86 (d, J=13.6 Hz, 2H), 3.47 (d, J=
13.6 Hz, 2 H), 0.35 (s, 9H); 13C NMR (75 MHz, CDCl3): d=144.4, 139.2,
128.7, 128.2, 127.1, 126.2, 126.0, 125.4, 100.3, 91.8, 54.4, 52.9, 0.3; MS
(70 eV, EI): m/z (%): 389 (30) [M +], 298 (27), 194 (17), 193 (100), 165
(50), 91 (50); HRMS (EI): m/z : calcd for C24H27NSSi: 389.1633; found:
389.1625 [M +]; IR (KBr): ñ = 3436 (m br), 3028 (w), 2957 (w), 2835
(w), 2167 (w), 1495 (w), 1454 (w), 1249 (m), 987 (m), 854 (s), 752 (m),
698 cm�1 (vs). The enantiomeric excess was determined after conversion
to 8p.


N,N-Dibenzyl-1-(3-thienyl)-3-(trimethylsilyl)-2-propyn-1-amine (5 s): The
reaction was carried out according to GP A with trimethylsilylacetylene
(1e) (29 mg, 0.30 mmol), 3-thiophencarbaldehyde (2aa) (34 mg,
0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in the presence
of CuBr (2.2 mg, 15.0 mmol) and (S)-quinap (7.3 mg, 16.5 mmol) and MS
4 P (150 mg) in toluene (2 mL) at RT for 7 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(+)-5s (99 mg, 0.26 mmol, 85 %, 74 % ee) as a colorless solid. M.p. 75–
76 8C; [a]20


D =++69 (c=0.60, CHCl3); 1H NMR (300 MHz, CDCl3): d=


7.45–7.42 (m, 5H), 7.37–7.24 (m, 8 H), 4.69 (s, 1 H), 3.78 (d, J=13.6 Hz,
2H), 3.45 (d, J=13.6 Hz, 2 H), 0.35 (s, 9H); 13C NMR (75 MHz, CDCl3):
d=140.8, 139.5, 128.8, 128.2, 127.4, 127.0, 125.6, 123.2, 101.4, 91.4, 54.5,
52.8, 0.4; MS (70 eV, EI): m/z (%): 389 (47) [M +], 316 (15), 306 (21), 299
(15), 298 (59), 196 (53), 195 (12), 194 (33), 193 (92), 179 (12), 166 (13),
165 (88), 153 (11), 92 (11), 91 (100); HRMS (EI): m/z : calcd for
C24H27NSSi: 389.1633; found: 389.1624 [M +]; IR (KBr): ñ = 3436 (m),
2834 (w), 2168 (w), 1495 (w), 1454 (w), 1249 (m), 844 (vs), 757 (s),
700 cm�1 (s). The enantiomeric excess was determined after conversion
to 8q.


N-[1-(1-Benzothien-2-yl)-3-(trimethylsilyl)-2-propynyl]-N,N-dibenzyl-
amine (5 t): The reaction was carried out according to GP A with trime-
thylsilylacetylene (1e) (29 mg, 0.30 mmol), 2-benzothiophencarbaldehyde
(2ab) (49 mg, 0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in
the presence of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg,
16.5 mmol) and MS 4 P (150 mg) in toluene (2 mL) at RT for 7 d.
Column chromatographic purification on silica gel (pentane/Et2O 99:1)
yielded propargylamine (�)-5t (55 mg, 0.13 mmol, 42 %, 89 % ee) as a
yellow solid. M.p. 112–113 8C; [a]20


D =�14 (c=0.29, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.80–7.77 (m, 1H), 7.71–7.68 (m, 1H), 7.51–7.49
(m, 4H), 7.45–7.44 (m, 1 H), 7.36–7.21 (m, 8H), 4.90 (d, J=1.4 Hz, 1H),
3.87 (d, J=13.7 Hz, 2 H), 3.45 (d, J=13.7 Hz, 2 H), 0.35 (s, 9 H); 13C
NMR (75 MHz, CDCl3): d=145.5, 140.3, 139.3, 139.0, 128.8, 128.3, 128.2,
127.1, 124.0, 123.3, 122.7, 122.3, 99.6, 92.5, 54.5, 53.4, 0.3; MS (70 eV, EI):
m/z (%): 439 (12) [M +], 281 (13), 244 (29), 243 (100), 215 (21), 207 (39),
203 (19), 91 (49); HRMS (EI): m/z : calcd for C28H29NSSi: 439.1790;
found: 439.1816 [M +]; IR (KBr): ñ = 3027 (w), 2835 (w), 2165 (w), 1494
(m), 1454 (m), 1249 (s), 990 (m), 981 (m), 854 (vs), 749 (s), 698 cm�1 (s);
HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1): tR=29.2 (�), 31.3 min
(+).


N-[1-(1-Benzothien-3-yl)-3-(trimethylsilyl)-2-propynyl]-N,N-dibenzyl-
amine (5u): The reaction was carried out according to GP A with trime-
thylsilylacetylene (1e) (29 mg, 0.30 mmol), 3-benzothiophencarbaldehyde
(2 i) (49 mg, 0.30 mmol) and dibenzylamine (3a) (59 mg, 0.30 mmol) in
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the presence of CuBr (2.2 mg, 15.0 mmol) and (R)-quinap (7.3 mg,
16.5 mmol) and MS 4 P (150 mg) in toluene (2 mL) at RT for 7 d.
Column chromatographic purification on silica gel (pentane/Et2O 99:1)
yielded propargylamine (�)-5u (121 mg, 0.28 mmol, 92 %, 82% ee) as a
yellow solid. M.p. 132–133 8C; [a]20


D =�128 (c=0.77, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.81 (s, 1H), 7.70 (s, 1 H), 7.23–7.14 (m, 12H),
7.10 (d, J=7.2 Hz, 1H), 4.89 (s, 1 H), 3.70 (d, J=12.3 Hz, 2 H), 3.35 (d,
J=12.3 Hz, 2 H), 0.28 (s, 9H); 13C NMR (75 MHz, CDCl3): d=140.5,
138.7, 137.2, 133.2, 129.1, 127.8, 126.8, 125.9, 123.9, 123.2, 123.1, 122.2,
100.2, 92.0, 54.5, 51.9, 0.0; MS (70 eV, EI): m/z (%): 439 (18), 348 (10),
244 (28), 243 (100), 215 (25), 203 (13), 196 (17 [M +]), 91 (51); HRMS
(EI): m/z : calcd for C28H29NSSi: 439.1790; found: 439.1787 [M +]; IR
(KBr): ñ = 3027 (m), 2955 (m), 2838 (m), 2164 (w), 1495 (m), 1454 (m),
1248 (s), 1106 (m), 1054 (m), 981 (m), 954 (m), 845 (vs), 751 (s), 738 (s),
700 cm�1 (s); HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1): tR=31.7
(�), 39.7 min (+).


N,N-Dibenzyl-1-(tert-butyldimethylsilyl)-4-ethyl-1-hexyn-3-amine (6):
The reaction was carried out according to GP A with tert-butyldimethylsi-
lylacetylene (70 mg, 0.50 mmol), 2-ethylbutyraldehyde (2p) (50 mg,
0.50 mmol) and dibenzylamine (3a) (99 mg, 0.50 mmol) in the presence
of CuBr (3.6 mg, 25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS
4 P (250 mg) in toluene (2 mL) at RT for 7 d. Column chromatographic
purification on silica gel (pentane/Et2O 99:1) yielded propargylamine
(�)-6 (88 mg, 0.21 mmol, 42%, 90% ee) as a colorless oil. [a]20


D =�192
(c=0.26, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.43–7.19 (m, 10H),
3.83 (d, J=13.8 Hz, 2H), 3.40 (d, J=13.8 Hz, 2H), 3.20 (d, J=10.3 Hz,
1H), 1.76–1.59 (m, 3H), 1.47–1.28 (m, 2 H), 1.06 (s, 9H), 0.81 (t, J=
7.5 Hz, 3H), 0.61 (t, J=7.5 Hz, 3H), 0.22 (s, 3H), 0.21 (s, 3H); 13C NMR
(75 MHz, CDCl3): d=139.7, 129.1, 128.1, 126.8, 104.5, 88.0, 55.6, 55.1,
41.6, 26.2, 26.0, 22.1, 20.2, 16.6, 10.6, 9.0, �4.2, �4.9; MS (70 eV, EI): m/z
(%): 419 (<1) [M +], 350 (12), 349 (49), 348 (94), 97 (13), 92 (15), 91
(100), 83 (13), 73 (21), 59 (12), 57 (11), 42 (13); HRMS (EI): m/z : calcd
for C28H41NSi: 419.3008; found: 419.3038 [M +]; IR (film): ñ = 2957 (vs),
2930 (vs), 2857 (s), 2158 (m), 1495 (m), 1470 (m), 1454 (s), 1249 (s), 834
(s), 826 (s), 747 (s), 698 cm�1 (s); elemental analysis calcd (%) for
C28H41NSi: C 80.13, H 9.85, N 3.34; found: C 79.63, H 10.22, N 3.17. The
enantiomeric excess was determined after conversion to 8g.


N,N-Dibenzyl-1-cyclohexyl-3-[tri-tert-butylsilyl]-2-propyn-1-amine (7):
The reaction was carried out according to GP A with triisopropylsilylace-
tylene (91 mg, 0.50 mmol), 2-ethylbutyraldehyde (2p) (50 mg, 0.50 mmol)
and dibenzylamine (3a) (99 mg, 0.50 mmol) in the presence of CuBr
(3.6 mg, 25.0 mmol) and (R)-quinap (12.1 mg, 27.5 mmol) and MS 4 P
(250 mg) in toluene (2 mL) at RT for 6 d. Column chromatographic puri-
fication on silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-7
(73 mg, 0.15 mmol, 31 %, 4% ee) as a colorless oil. [a]20


D =�8 (c=0.40,
CHCl3); 1H NMR (300 MHz, CDCl3): d=7.43–7.19 (m, 10 H), 3.86 (d,
J=13.7 Hz, 2 H), 3.46 (d, J=13.6 Hz, 2 H), 3.10 (d, J=10.4 Hz, 1 H), 2.31
(d, J=13.3 Hz, 1 H), 2.07 (d, J=13.3 Hz, 1 H), 1.74–1.59 (m, 4H), 1.35–
1.27 (m, 3 H), 1.18 (s, 21 H), 0.87–0.74 (m, 2H); 13C NMR (75 MHz,
CDCl3): d=139.9, 128.8, 128.2, 126.8, 105.2, 85.7, 58.6, 55.0, 39.7, 31.3,
30.3, 29.7, 29.4, 26.6, 25.9, 18.8, 18.5, 11.4; MS (70 eV, EI): m/z (%): 472
(<1) [M +�H], 319 (24), 390 (100), 91 (28); HRMS (EI): m/z : calcd for
C32H46NSi: 472.3400; found: 472.3418 [M +�H]; IR (film): ñ = 2940 (vs),
2864 (s), 2156 (w), 1452 (m), 1003 (m), 883 (m), 746 (m), 698 (s),
676 cm�1 (m); elemental analysis calcd (%) for C32H46NSi: C 81.12, H
10.00, N 2.96; found: C 80.75, H 9.84; N 2.73. The enantiomeric excess
was determined after conversion to 8j.


N,N-Dibenzyl-1-heptyn-3-amine (8b)


General procedure B : Propargylamine (�)-5d (89 mg, 0.25 mmol) was
dissolved in dry THF (3 mL) and cooled to 0 8C. Bu4NF (0.10 mL,
0.10 mmol) in THF (3 mL) was added dropwise and the reaction was stir-
red for 15 min. The reaction mixture was quenched with water (25 mL)
and extracted with Et2O (3 Q 20 mL). After evaporation of the solvent
and column chromatographic purification on silica gel (pentane/Et2O
99:1), propargylamine (�)-8b (69 mg, 0.24 mmol, 95%) was obtained as
a colorless oil. [a]20


D =�190 (c=0.87, CHCl3); 1H NMR (600 MHz,
CDCl3): d=7.41 (d, J=7.7 Hz, 4 H), 7.33 (t, J=7.3 Hz, 4 H), 7.25 (t, J=
7.3 Hz, 2H), 3.85 (d,=13.8 Hz, 2H), 3.46–3.40 (m, 3H), 2.33 (d, J=


1.3 Hz, 1H), 1.83–1.73 (m, 1H), 1.71–1.63 (m, 1H), 1.50–1.33 (m, 2H),
1.25–1.17 (m, 2H), 0.87 (t, J=7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3):
d=139.7, 128.8, 128.2, 126.9, 82.2, 72.4, 54.7, 51.5, 33.4, 28.4, 22.2, 13.9;
MS (70 eV, EI): m/z (%):290 (1) [M +�H], 235 (22), 234 (98), 181 (11),
92 (100), 65 (10); HRMS (EI): m/z : calcd for C21H25N: 290.1909; found:
290.1885 [M +�H]; IR (film): ñ = 3302 (m), 2956 (s), 2934 (s), 2860 (m),
1494 (m), 1454 (s), 746 (s), 698 cm�1 (vs); elemental analysis calcd (%)
for C21H25N: C 86.55, H 8.65, N 4.81; found: C 86.84, H 8.80, N 4.97;
HPLC (OD-H, 100 % n-heptane, 0.8 mL min�1): tR=11.3 (+), 12.9 min
(�).


N,N-Dibenzyl-1-octyn-3-amine (8c): The reaction was carried out accord-
ing to GP B with propargylamine (�)-5e (113 mg, 0.29 mmol) and
Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for 15 min. Standard
workup and column chromatographic purification on silica gel (pentane/
Et2O 99:1) yielded propargylamine (�)-8c (84 mg, 0.28 mmol, 95%) as a
colorless oil. [a]20


D =�115 (c=0.41, CHCl3); 1H NMR (600 MHz, CDCl3):
d=7.44 (d, J=7.2 Hz, 4 H), 7.35 (t, J=7.2 Hz, 4 H), 7.29–7.26 (m, 2H),
3.87 (d, J=13.7 Hz, 2H), 3.44 (d, J=13.7 Hz, 2 H), 3.44–3.43 (m, 1H),
2.35 (d, J=2.3 Hz, 1H), 1.80–1.74 (m, 1 H), 1.70–1.64 (m, 1H), 1.49–1.37
(m, 2H), 1.30 (sext, J=7.2 Hz, 2H), 1.20–1.15 (m, 2H), 0.88 (t, J=
7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=139.7, 128.8, 128.2, 126.9,
82.2, 72.4, 54.7, 51.4, 33.6, 31.3, 25.9, 22.5, 14.0; MS (70 eV, EI): m/z (%):
305 (<1) [M +], 235 (18), 234 (93), 91 (100); HRMS (EI): m/z : calcd for
C22H27N: 305.2143; found: 305.2165 [M +]; IR (film): ñ = 3304 (m), 2954
(s), 2933 (s), 1495 (m), 1454 (s), 746 (s), 698 cm�1 (vs); elemental analysis
calcd (%) for C22H27N: C 86.51, H 8.91, N 4.59; found: C 86.31, H 8.99,
N 4.55.


N,N-Dibenzyl-5-methyl-1-hexyn-3-amine (8d): The reaction was carried
out according to GP B with propargylamine (�)-5 f (93 mg, 0.26 mmol)
and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for 15 min.
Standard workup and column chromatographic purification on silica gel
(pentane/Et2O 99:1) yielded propargylamine (�)-8d (75 mg, 0.26 mmol,
99%) as a colorless oil. [a]20


D =�165 (c=0.45, CHCl3); 1H NMR
(600 MHz, CDCl3): d=7.43 (d, J=7.3 Hz, 4H), 7.35 (t, J=7.3 Hz, 4H),
7.29–7.26 (m, 2H), 3.86 (d, J=13.8 Hz, 2 H), 3.51 (td, J=7.7, 2.5 Hz,
1H), 3.42 (d, J=13.8 Hz, 2H), 2.35 (d, J=2.2 Hz, 1H), 1.91–1.87 (m,
1H), 1.72–1.68 (m, 1 H), 1.52–1.48 (m, 1H), 0.83 (d, J=6.3 Hz, 3H), 0.70
(d, J=6.3 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=139.7, 128.9, 128.2,
126.9, 82.3, 72.3, 54.8, 49.4, 42.8, 24.5, 22.7, 21.8; MS (70 eV, EI): m/z
(%): 291 (<1) [M +], 235 (18), 234 (100), 91 (89); HRMS (EI): m/z :
calcd for C21H24N: 290.1909; found: 290.1885 [M +�H]; IR (film): ñ =


3302 (m), 2955 (s), 2934 (s), 1495 (m), 1454 (s), 746 (s), 698 cm�1 (vs).


N,N-Dibenzyl-5,5-dimethyl-1-hexyn-3-amine (8e): The reaction was car-
ried out according to GP B with propargylamine (�)-5g (106 mg,
0.28 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8e (85 mg,
0.28 mmol, 99%) as a colorless oil. [a]20


D =�175 (c=0.65, CHCl3); 1H
NMR (600 MHz, CDCl3): d=7.43–7.40 (m, 4H), 7.33–7.30 (m, 4H),
7.26–7.22 (m, 2 H), 3.81 (d, J=13.8 Hz, 2 H), 3.48–3.44 (m, 1 H), 3.40 (d,
J=13.8 Hz, 2H), 2.34 (d, J=2.3 Hz, 1 H), 1.76 (dd, J=13.6, 7.7 Hz, 1H),
1.67 (dd, J=13.5, 4.0 Hz, 1 H), 0.82 (s, 9 H); 13C NMR (150 MHz,
CDCl3): d=139.6, 128.9, 128.2, 126.9, 83.3, 72.4, 54.8, 48.7, 48.1, 30.7,
29.6; MS (70 eV, EI): m/z (%): 305 (<1) [M +], 235 (12), 234 (71), 91
(100), 58 (12), 44 (36); HRMS (EI): m/z : calcd for C22H26N: 304.2065;
found: 304.2076 [M +�H]; IR (film): ñ = 3304 (m), 2956 (s), 1495 (m),
1454 (s), 1368 (m), 746 (s), 698 cm�1 (vs).


N,N-Dibenzyl-4-methyl-1-pentyn-3-amine (8 f): The reaction was carried
out according to GP B with propargylamine (�)-5h (91 mg, 0.26 mmol)
and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for 15 min.
Standard workup and column chromatographic purification on silica gel
(pentane/Et2O 99:1) yielded propargylamine (�)-8 f (71 mg, 0.25 mmol,
98%) as a colorless oil. [a]20


D =�231 (c=0.76, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.46–7.24 (m, 10H), 3.87 (d, J=13.7 Hz, 2H),
3.42 (d, J=13.7 Hz, 2 H), 2.95 (d, J=10.8 Hz, 1H), 2.38 (s, 1H), 2.02–1.90
(m, 1H), 1.04 (t, J=6.7 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=139.6,
128.8, 128.2, 126.9, 81.2, 73.2, 58.9, 54.9, 30.5, 20.8, 19.8; MS (70 eV, EI):
m/z : 235 (18), 234 (100) [M +�iPr], 91 (16); HRMS (EI): m/z : calcd for
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C20H22N: 276.1752; found: 276.1720 [M +�H]; IR (film): ñ = 2959 (m),
1495 (m), 1454 (m), 746 (m), 698 cm�1 (vs); elemental analysis calcd (%)
for C20H22N: C 86.59, H 8.36, N 5.05; found: C 86.25, H 8.20, N 4.98;
HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1): tR=29.7 (�), 34.9 min
(+).


N,N-Dibenzyl-4-ethyl-1-hexyn-3-amine (8g): The reaction was carried
out according to GP B with propargylamine (�)-5a (107 mg, 0.29 mmol)
and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for 15 min.
Standard workup and column chromatographic purification on silica gel
(pentane/Et2O 99:1) yielded propargylamine (�)-8g (87 mg, 0.28 mmol,
98%) as a colorless oil. [a]20


D =�252 (c=0.47, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.43–7.41 (m, 4H), 7.37–7.32 (m, 4H), 7.29–7.24
(m, 2H), 3.84 (d, J=13.7 Hz, 2H), 3.40 (d, J=13.7 Hz, 2H), 3.21 (dd, J=
10.1, 2.3 Hz, 1 H), 2.38 (d, J=2.3 Hz, 1 H), 1.79–1.62 (m, 3 H), 1.50–1.28
(m, 2H), 0.81 (t, J=7.3 Hz, 3H), 0.60 (t, J=7.3 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=139.6, 129.0, 128.2, 126.9, 81.3, 73.3, 55.0, 54.6, 41.4,
21.9, 19.9, 10.4, 8.9; MS (70 eV, EI): m/z : 235 (20), 234 (100) [M +


�H�ethylpropyl], 91 (74); HRMS (EI): m/z : calcd for C22H26N:
304.2065; found: 304.2075 [M +�H]; IR (film): ñ = 3302 (m), 2963 (s),
2937 (m), 1495 (m), 1454 (m), 748 (m), 698 cm�1 (s); elemental analysis
calcd (%) for C22H26N: C 86.51, H 8.91, N 4.59; found: C 86.45, H 9.07,
N 4.57; HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1): tR=28.4 (�),
31.9 min (+).


N,N-Dibenzyl-1-cyclopropyl-2-propyn-1-amine (8h): The reaction was
carried out according to GP B with propargylamine (�)-5 i (102 mg,
0.29 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8h (80 mg,
0.29 mmol, 99%) as a colorless oil. [a]20


D =�138 (c=0.40, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.33 (d, J=7.1 Hz, 4H), 7.23 (t, J=7.8 Hz,
4H), 7.18–7.13 (m, 2 H), 3.89 (d, J=13.8 Hz, 2H), 3.34 (d, J=13.8 Hz,
2H), 3.24 (dd, J=5.7, 2.1 Hz, 1 H), 2.21 (d, J=2.1 Hz, 1 H), 1.06–0.98 (m,
1H), 0.49–0.30 (m, 3 H), 0.19–0.13 (m, 1H); 13C NMR (75 MHz, CDCl3):
d=139.9, 128.7, 128.2, 126.8, 79.4, 73.2, 55.1, 55.0, 13.5, 3.7, 2.0; MS
(70 eV, EI): m/z : 275 (2) [M +], 234 (37), 91 (100), 77 (13), 65 (11);
HRMS (EI): m/z : calcd for C20H21N: 275.1674; found: 275.1655 [M +]; IR
(film): ñ = 3299 (m), 3027 (m), 1495 (m), 1454 (m), 1027 (m), 746 (s),
698 cm�1 (vs); HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.2 mL min�1): tR=20.5 (�), 22.9 min (+).


N,N-Dibenzyl-1-cyclopentyl-2-propyn-1-amine (8 i): The reaction was car-
ried out according to GP B with propargylamine (�)-5 j (110 mg,
0.29 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8 i (87 mg, 0.2
9 mmol, 99%) as a colorless oil. [a]20


D =�138 (c=0.57, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.45–7.42 (m, 4H), 7.37–7.24 (m, 6 H), 3.89 (d, J=
13.8 Hz, 2H), 3.40 (d, J=13.8 Hz, 2 H), 3.09 (dd, J=10.6, 2.3 Hz, 1H),
2.34 (d, J=2.3 Hz, 1H), 2.36–2.20 (m, 1 H), 1.93–1.81 (m, 2H), 1.56–1.22
(m, 6 H); 13C NMR (75 MHz, CDCl3): d=139.7, 128.9, 128.2, 126.9, 81.8,
72.4, 56.9, 54.9, 42.6, 30.8, 30.2, 24.9, 24.8; MS (70 eV, EI): m/z : 303 (<1)
[M +], 235 (15), 234 (82), 91 (100), 43 (25); HRMS (EI): m/z : calcd for
C22H25N: 303.1987; found: 303.2011 [M +]; IR (film): ñ = 3301 (m), 2955
(s), 1495 (m), 1453 (m), 747 (s), 698 cm�1 (vs).


N,N-Dibenzyl-1-cyclohexyl-2-propyn-1-amine (8 j): The reaction was car-
ried out according to GP B with propargylamine (�)-5b (100 mg,
0.26 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8j (78 mg,
0.25 mmol, 95 %) as a colorless solid. M.p. 75–76 8C; [a]20


D =�157 (c=
0.35, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.44–7.41 (m, 4H), 7.36–
7.31 (m, 4 H), 7.27–7.23 (m, 2H), 3.85 (d, J=13.7 Hz, 2H), 3.41 (d, J=
13.7 Hz, 2 H), 3.07 (dd, J=10.6, 2.2 Hz, 1H), 2.37 (d, J=2.2 Hz, 1H),
2.35–2.28 (m, 1H), 2.06–2.00 (m, 1H), 1.72–1.59 (m, 4 H), 1.31–1.07 (m,
3H), 0.91–0.72 (m, 2 H); 13C NMR (75 MHz, CDCl3): d=139.7, 128.8,
128.2, 126.8, 81.0, 73.4, 57.6, 54.8, 39.5, 31.2, 30.2, 26.5, 26.1, 25.9; MS
(70 eV, EI): m/z : 235 (21), 234 (100) [M +�c-Hex], 91 (88); HRMS (EI):
m/z : calcd for C23H27N: 317.2143; found: 317.2139 [M +]; IR (KBr): ñ =


3302 (s), 2926 (vs), 2851 (s), 1495 (m), 1448 (m), 746 (s), 698 cm�1 (s); el-


emental analysis calcd (%) for C23H27N: C 87.02, H 8.57, N 4.41; found:
C 86.74, H 8.37, N 4.32; HPLC (OD-H, 100 % n-heptane, 0.2 mL min�1):
tR = 31.7 (�), 36.0 min (+).


(1E)-N,N-Dibenzyl-1-phenyl-1-penten-4-yn-3-amine (8k)


General procedure C : Propargylamine (+)-5k (118 mg, 0.29 mmol) was
dissolved in MeOH (5 mL). KOH (0.4 mL, 1.0 m in MeOH, 0.40 mmol)
was added and the reaction mixture was stirred at RT for 12 h. The reac-
tion mixture was quenched with water (25 mL) and extracted with Et2O
(3 Q 20 mL). After evaporation of the solvent and column chromatograph-
ic purification on silica gel (pentane/Et2O 99:1), propargylamine (+)-8k
(93 mg, 0.28 mmol, 95%) was obtained as a colorless oil. [a]20


D =++41 (c=
0.77, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.47–7.25 (m, 15H), 6.95
(dd, J=15.9, 1.7 Hz, 1 H), 6.26 (dd, J=15.9, 4.4 Hz, 1H), 4.37–3.36 (m,
1H), 3.91 (d, J=13.9 Hz, 2 H), 3.52 (d, J=13.9 Hz, 2H), 2.63 (d, J=
2.1 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d=139.5, 136.6, 132.7, 128.8,
128.5, 128.3, 128.0, 127.6, 127.0, 126.6, 79.0, 75.6, 54.7, 53.6; MS (70 eV,
EI): m/z : 337 (12) [M +], 336 (24), 246 (44), 142 (16), 141 (68), 115 (31),
92 (11), 91 (100), 65 (11); HRMS (EI): m/z : calcd for C25H23N: 337.1830;
found: 337.1853 [M +]; IR (film): ñ = 3291 (s), 3281 (s), 3024 (m), 2839
(m), 1494 (m), 1453 (m), 967 (s), 745 (s), 698 cm�1 (vs); elemental analy-
sis calcd (%) for C25H23N: C 88.98, H 6.87, N 4.15; found: C 88.64, H
7.12, N 4.08; HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.15 mL min�1): tR = 35.0 (�), 46.3 min (+).


N,N-Dibenzyl-1,1-diphenyl-1-penten-4-yn-3-amine (8 l): The reaction was
carried out according to GP C with propargylamine (+)-5 l (119 mg,
0.25 mmol) and KOH (0.40 mL, 0.40 mmol) in MeOH (3 mL) at RT for
12 h. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (+)-8 l (101 mg,
0.25 mmol, 98%) as a colorless oil. [a]20


D =++47 (c=0.27, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.31–7.11 (m, 20H), 6.20 (d, J=9.3 Hz,
1H), 4.29 (dd, J=9.3, 2.2 Hz, 1 H), 3.89 (d, J=13.8 Hz, 2 H), 3.62 (d, J=
13.8 Hz, 2H), 2.46 (d, J=2.2 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=
144.6, 142.2, 139.3, 138.6, 129.6, 128.8, 128.1, 128.0, 127.7, 127.6, 127.3,
126.8, 125.3, 112.3, 81.6, 73.5, 55.1, 50.9; MS (70 eV, EI): m/z : 413 (16)
[M +], 412 (20), 323 (23), 322 (86), 218 (20), 217 (83), 218 (18), 215 (39),
202 (45), 139 (28), 91 (100); HRMS (EI): m/z : calcd for C31H37N:
413.2143; found: 413.2103 [M +]; IR (film): ñ = 3292 (m), 3028 (m), 1494
(m), 1454 (m), 1444 (m), 748 (m), 697 cm�1 (vs); elemental analysis calcd
(%) for C31H37N: C 90.03, H 6.58, N 3.39; found: C 90.34, H 6.65, N 3.23;
HPLC (OD-H, 99 % n-heptane/1 % isopropanol, 0.15 mL min�1): tR=37.4
(�), 40.5 min (+).


N,N-Dibenzyl-5-phenyl-1-pentyn-3-amine (8m): The reaction was carried
out according to GP B with propargylamine (�)-5m (96 mg, 0.23 mmol)
and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for 15 min.
Standard workup and column chromatographic purification on silica gel
(pentane/Et2O 99:1) yielded propargylamine (�)-8m (75 mg, 0.22 mmol,
97%) as a colorless oil. [a]20


D =�83 (c=0.46, CHCl3); 1H NMR
(300 MHz, CDCl3): d=7.45–7.15 (m, 13H), 7.09–7.07 (m, 2H), 3.91 (d,
J=13.8 Hz, 2H), 3.52 (dd, J=8.0, 2.2 Hz, 1 H), 3.48 (d, J=13.8 Hz, 2H),
2.87–2.77 (m, 1 H), 2.72–2.62 (m, 1H), 2.39 (d, J=2.2 Hz, 1H), 2.16–1.93
(m, 2H); 13C NMR (75 MHz, CDCl3): d=141.7, 139.5, 128.9, 128.3, 128.3,
128.2, 126.9, 125.7, 81.7, 72.9, 54.9, 51.2, 35.5, 32.5; MS (70 eV, EI): m/z :
339 (1) [M +], 235 (18), 234 (100), 91 (94); HRMS (EI): m/z : calcd for
C25H25N: 339.1987; found: 339.1975 [M +]; IR (film): ñ = 3295 (m), 3027
(m), 1495 (s), 1454 (s), 746 (s), 698 cm�1 (vs); elemental analysis calcd
(%) for C25H25N: C 88.45, H 7.42, N 4.13; found: C 88.30, H 7.47, N 4.01;
HPLC (OD-H, 99 % n-heptane/1 % isopropanol, 0.15 mL min�1): tR=38.6
(+), 42.5 min (�).


N,N-Dibenzyl-5-(4-bromphenyl)-1-pentyn-3-amine (8n): The reaction
was carried out according to GP B with propargylamine (�)-5n (107 mg,
0.22 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8n (92 mg,
0.22 mmol, 99 %) as a colorless oil. [a]20


D =�54 (c=0.41, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.41–7.25 (m, 12 H),6.89 (d, J=8.2 Hz, 2H),
3.87 (d, J=14.0 Hz, 2 H), 3.45 (d, J=14.0 Hz, 2 H), 3.43 (dd, J=7.4,
2.1 Hz, 1H), 2.77–2.56 (m, 2 H), 2.38 (d, J=2.2 Hz, 1H), 2.09–1.87 (m,
2H); 13C NMR (75 MHz, CDCl3): d=140.5, 139.4, 131.3, 130.1, 128.9,
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128.3, 127.0, 119.5, 81.5, 73.0, 55.0, 50.8, 35.3, 31.8; MS (70 eV, EI): m/z :
417 (<1) [M +], 235 (19), 234 (100), 91 (79); HRMS (EI): m/z : calcd for
C25H24BrN: 417.1092; found: 417.1044 [M +]; IR (film): ñ = 3296 (m),
3028 (m), 2931 (m), 2835 (m), 1488 (vs), 1454 (s), 1072 (s), 1012(s), 747
(s), 698 cm�1 (vs); HPLC (OD-H, 100 % n-heptane, 0.5 mL min�1): tR=
47.8 (�), 67.2 min (+).


Ethyl 4-[3-(dibenzylamino)-4-pentynyl]benzoate (8o): The reaction was
carried out according to GP B with propargylamine (�)-5o (140 mg,
0.29 mmol) and Bu4NF (0.10 mL, 0.10 mmol) in THF (3 mL) at 0 8C for
15 min. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 9:1) yielded propargylamine (�)-8o (108 mg,
0.26 mmol, 91 %) as a colorless oil. [a]20


D =�83 (c=0.81, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.89 (d, J=8.2 Hz, 2H), 7.42–7.24 (m,
10H), 7.09 (d, J=8.5 Hz, 2 H), 4.39 (q, J=7.1 Hz, 2H), 3.88 (d, J=
13.6 Hz, 2 H), 3.50–3.46 (m, 1H), 3.45 (d, J=13.6 Hz, 2H), 2.88–2.78 (m,
1H), 2.74–2.63 (m, 1 H), 2.39 (d, J=2.2 Hz, 1H), 2.13–1.90 (m, 2H), 1.42
(t, J=7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=166.6, 147.0, 139.4,
129.6, 128.9, 128.3, 128.1, 127.0, 88.6, 81.5, 73.1, 60.7, 55.0, 51.0, 35.1, 32.5,
14.4; MS (70 eV, EI): m/z : 411 (2) [M +], 235 (19), 234 (100), 91 (83);
HRMS (EI): m/z : calcd for C28H29NO2: 411.2198; found: 411.2233 [M +];
IR (film): ñ = 3295 (m), 2936 (m), 1716 (vs), 1611 (m), 1454 (m), 1367
(m), 1277 (vs), 1178 (m), 1107 (s), 747 (m), 699 cm�1 (s); elemental analy-
sis calcd (%) for C28H29NO2: C 81.72, H 7.10, N 3.40; found: C 81.60, H
7.19, N 3.29.


N,N-Dibenzyl-1-(2-thienyl)-2-propyn-1-amine (8p): The reaction was car-
ried out according to GP C with propargylamine (+)-5r (95 mg,
0.24 mmol) and KOH (0.40 mL, 0.40 mmol) in MeOH (3 mL) at RT for
12 h. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (+)-8p (76 mg,
0.24 mmol, 99%) as a colorless oil. [a]20


D =++32 (c=0.50, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.53–7.51 (m, 4H), 7.37 (t, J=7.5 Hz, 4H),
7.30–7.25 (m, 4H), 6.97 (dd, J=4.8, 3.6 Hz, 1H), 4.90 (s br, 1H), 3.90 (d,
J=13.8 Hz, 2 H), 3.51 (d, J=13.8 Hz, 2H), 2.64 (d, J=2.3 Hz, 1H); 13C
NMR (75 MHz, CDCl3): d=144.0, 139.0, 128.7, 128.3, 127.1, 126.2, 126.1,
125.5, 78.4, 74.8, 54.4, 52.1; MS (70 eV, EI): m/z (%): 317 (22) [M +], 226
(32), 121 (100); HRMS (EI): m/z : calcd for C21H19NS: 317.1238; found:
317.1255 [M +]; IR (film): ñ = 3294 (m), 3028 (m), 2834 (m), 2810 (m),
1495 (m), 1454 (m), 1232 (m), 1116 (m), 745 (m), 698 (vs), 665 cm�1 (m);
HPLC (OD-H, 98 % n-heptane/2 % isopropanol, 0.2 mL min�1): tR =


21.0 (�), 23.0 min (+).


N,N-Dibenzyl-1-(3-thienyl)-2-propyn-1-amine (8q): The reaction was car-
ried out according to GP C with propargylamine (+)-5s (99 mg,
0.26 mmol) and KOH (0.40 mL, 0.40 mmol) in MeOH (3 mL) at RT for
12 h. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) yielded propargylamine (+)-8q (74 mg,
0.26 mmol, 99%) as a colorless oil. [a]20


D =++22 (c=0.52, CHCl3); 1H
NMR (300 MHz, CDCl3): d=7.43–7.37 (m, 5H), 7.32–7.18 (m, 8H), 4.67
(s br, 1H), 3.75 (d, J=13.6 Hz, 2H), 3.42 (d, J=13.6 Hz, 2 H), 2.55 (d,
J=2.2 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d=140.5, 139.4, 128.8,
128.3, 127.4, 127.0, 125.7, 123.2, 79.3, 74.5, 54.4, 52.0; MS (70 eV, EI): m/z
(%): 317 (22) [M +], 226 (31), 196 (48), 122 (20), 120 (100), 92 (12), 91
(84); HRMS (EI): m/z : calcd for C21H19NS: 317.1238; found: 317.1232
[M +]; IR (film): ñ = 3294 (s), 3028 (m), 2809 (m), 1494 (s), 1454 (s),
1284 (m), 1116 (m), 1074 (m), 842 (m), 790 (s), 753 (s), 741 (s), 698 (vs),
660 cm�1 (m); HPLC (OD-H, 98 % n-heptane/2 % isopropanol,
0.2 mL min�1): tR=20.6 (�), 23.5 min (+).


N-[1-(1-Benzothien-3-yl)-2-propynyl]-N,N-dibenzylamine (8 r): The reac-
tion was carried out according to GP C with propargylamine (�)-5u
(121 mg, 0.28 mmol) and KOH (0.40 mL, 0.40 mmol) in MeOH (3 mL) at
RT for 12 h. Standard workup and column chromatographic purification
on silica gel (pentane/Et2O 99:1) yielded propargylamine (�)-8r (95 mg,
0.26 mmol, 92 %) as a yellow oil. [a]20


D =�119 (c=0.82, CHCl3); 1H NMR
(600 MHz, CDCl3): d=7.70 (m, 1 H), 7.67 (m, 1 H), 7.63 (s, 1H), 7.24–
7.20 (m, 10 H), 7.16–7.14 (m, 2H), 4.92 (s, 1H), 3.73 (d, J=13.1 Hz, 2H),
3.37 (d, J=13.1 Hz, 2H), 2.61 (s, 1 H); 13C NMR (150 MHz, CDCl3): d=
141.3, 139.4, 137.9, 133.7, 129.9, 128.6, 127.6, 126.7, 124.8, 124.1, 123.8,
123.0, 79.0, 75.8, 55.2, 51.8; MS (70 eV, EI): m/z (%): 367 (10) [M +], 196
(16), 172 (19), 171 (100), 91 (33); HRMS (EI): m/z : calcd for C25H21NS:


367.1395; found: 367.1382 [M +]; IR (film): ñ = 3274 (vs), 3026 (m), 2836
(m), 1453 (m), 1428 (m), 1368 (m), 1099 (m), 755 (s), 737 (s), 701 (s), 674
(m), 658 cm�1 (m).


(R)-1-Ferrocenyl-1-[(S)-2-methoxymethyl-1-pyrrolidinyl]-3-trimethylsilyl-
2-propyne (12c): Prepared according to GP A from trimethylsilylacety-
lene (1e) (982 mg, 10.0 mmol), ferrocenecarbaldehyde (2 l) (2.14 g,
10.0 mmol), (2S)-2-(methoxymethyl)pyrrolidine (1.15 g, 10.0 mmol),
CuBr (72 mg, 0.50 mmol), MS 4 P (5.0 g) in toluene (20 mL) at RT for 5
d. Standard workup and column chromatographic purification on silica
gel (pentane/Et2O 9:1) afforded 12c as a red oil (3.03 g, 7.40 mmol,
74%). [a]20


D =++181.9 (c=1.56, CHCl3); 1H NMR (300 MHz, CDCl3): d=
4.72 (s, 1 H), 4.43 (s, 1 H), 4.20 (s, 1H), 4.16 (s, 5H), 4.08 (s, 2 H), 3.39 (s,
3H), 3.38 (dd, J=9.2 Hz, 5.9 Hz, 1H), 3.28 (dd, J=9.2 Hz, 6.3 Hz, 1H),
3.11–3.07 (m, 1H), 2.66–2.61 (m, 2H), 1.86–1.80 (m, 1 H), 1.67–1.56 (m,
3H), 0.24 (s, 9H); 13C NMR (75 MHz, CDCl3): d=103.0, 88.8, 86.1, 76.6,
76.2, 68.6, 68.3, 67.8, 67.1, 59.5, 58.7, 53.9, 48.1, 26.3, 22.5, 0.12; MS (EI,
70 eV): m/z (%): 410 (10) [M +�H], 409 (31), 296 (33), 295 (100);
HRMS: m/z : calcd for C22H31FeNOSi: 409.1524; found: 409.1544; IR
(KBr): ñ = 3096 (m), 2960 (s), 2873 (s), 2825 (m), 2161 (m), 1449 (m),
1249 (s), 1106 (vs), 999 (s), 842 cm�1 (vs).


N,N-Dibenzyl-4-phenyl-1-pentyn-3-amine (14): Prepared according to GP
A from trimethylsilylacetylene (1e) (196 mg, 2.00 mmol), phenyl propio-
naldehyde (268 mg, 2.00 mmol), dibenzylamine (3a) (394 mg, 2.00 mmol),
CuBr (14.2 mg, 0.10 mmol) and MS 4 P (1.0 g) in toluene (4 mL) at RT
for 4 d. Standard workup and column chromatographic purification on
silica gel (pentane/Et2O 99:1) afforded 14 as a white solid (363 mg,
0.88 mmol, 44%). The dr 92:8 was determined by 1H NMR analysis. M.p.
79–81 8C; 1H NMR (300 MHz, CDCl3): d=7.31–7.28 (m, 3 H), 7.23–7.19
(m, 6H), 7.00–6.91 (m, 6H), 3.77 (d, J=13.6 Hz, 2H), 3.53 (d, J=
11.3 Hz, 1 H), 3.32 (d, J=13.6 Hz, 2H), 3.14–3.02 (m, 1 H), 1.34 (d, J=
6.8 Hz, 3H), 0.33 (s, 9 H); 13C NMR (75 MHz, CDCl3): d=144.1, 139.2,
129.0, 128.9, 128.2, 128.0, 127.9, 126.7, 126.1, 103.3, 90.6, 58.5, 54.5, 42.7,
21.2, 0.4; MS (70 eV, EI): m/z (%): 396 (1) [M +�CH3], 307 (28), 306
(100), 91 (32); HRMS (EI): m/z : calcd for C28H32NSi: 410.2304; found:
410.2329 [M +�H]; IR (KBr): ñ = 2958 (w), 2806 (w), 2158 (w), 1495
(w), 1453 (w), 1247 (m), 1005 (m), 838 (s), 748 (s), 698 cm�1 (vs); elemen-
tal analysis calcd for C28H33NSi: C 81.69, H 8.08, N 3.40; found: C 81.99,
H 7.87, N 3.32.


N 4,N 4,N 13,N 13-Tetrabenzyl-5,11-hexadecadiyne-4,13-diamine (15): Pre-
pared according to GP A from 1,7-octadiyne (106 mg, 1.00 mmol), butyr-
aldehyde (2m) (144 mg, 2.00 mmol), dibenzylamine (3a) (394 mg,
2.00 mmol), CuBr (14.2 mg, 0.10 mmol) and MS 4 P (1.0 g) in toluene
(4 mL) at RT for 7 d. Standard workup and column chromatographic pu-
rification on silica gel (pentane/Et2O 99:1) afforded 15 (372 mg,
0.61 mmol, 61 %)as a colorless oil. 1H NMR (300 MHz, CDCl3): d=7.40–
7.37 (m, 8 H), 7.31–7.18 (m, 12 H), 3.81 (d, J=14.0 Hz, 4H), 3.40 (d, J=
14.0 Hz, 4H), 3.39–3.36 (m, 2H), 2.39–2.37 (m, 2 H), 1.81–1.37 (m, 12H),
0.78 (t, J=7.2 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=140.1, 128.8,
128.1, 126.7, 84.4, 78.5, 54.9, 51.5, 36.4, 28.4, 19.6, 18.3, 13.7; MS (70 eV,
EI): m/z (%): 608 (<1) [M +], 566 (13), 565 (29), 370 (12), 92 (12), 91
(100); HRMS (EI): m/z : calcd for C44H52N2: 608.4130; found: 608.4106
[M +]; IR (KBr): ñ = 3028 (m), 2956 (s), 2935 (s), 2871 (m), 1494 (s),
1454 (s), 747 (s), 698 cm�1 (vs); elemental analysis calcd (%) for
C44H52N2: C 86.79, H 8.61, N 4.60; found: C 87.04, H 8.59, N 4.52.


N,N-Diallyl-N-(1-{4-[1-(diallylamino)-3-phenyl-2-propynyl]-phenyl}-3-
phenyl-2-propynyl)amine (16): Prepared according to GP A from phenyl-
acetylene (1a) (408 mg, 4.00 mmol), terephthalaldehyde (268 mg,
2.00 mmol), diallylamine (3b) (388 mg, 4.00 mmol), CuBr (28.7 mg,
0.20 mmol) and MS 4 P (2.0 g) in toluene (6 mL) at RT for 1 d and at
60 8C for 18 h. Standard workup and column chromatographic purifica-
tion on silica gel (pentane/Et2O 24:1) afforded 16 (718 mg, 1.45 mmol,
72%)as a yellow solid. M.p. 73 8C; 1H NMR (300 MHz, CDCl3): d=7.68–
7.47 (m, 4H), 7.56–7.52 (m, 4H), 7.37–7.32 (m, 6 H), 5.94–5.81 (m, 4H),
5.31–5.26 (m, 4H), 5.16–5.13 (m, 4H), 5.11 (s, 2 H), 3.33–3.27 (m, 4H),
3.10–3.03 (m, 4H); 13C NMR (75 MHz, CDCl3): d=138.5, 136.5, 131.8,
128.3, 128.1, 128.0, 123.3, 117.3, 87.8, 85.5, 56.4, 53.6; MS (70 eV, EI): m/z
(%): 496 (10) [M +], 455 (13), 401 (29), 400 (100), 399 (11), 358 (12), 318
(11), 305 (25), 304 (50), 210 (26), 41 (28); HRMS (EI): m/z : calcd for
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C36H36N2: 496.2878; found: 496.2878 [M +]; IR (KBr): ñ = 3079 (m),
2817 (m), 1643 (m), 1490 (s), 1443 (m), 1417 (m), 995 (m), 972 (m), 920
(s), 755 (vs), 690 cm�1 (s); elemental analysis calcd (%) for C36H36N2: C
87.05, H 7.31, N 5.64; found: C 87.01, H 7.43, N 5.51.


Acknowledgements


We thank the Fonds der Chemischen Industrie and Merck Research Lab-
oratories (MSD) for financial support. We thank the DFG (SPP 1118
“Sekund?re Wechselwirkungen als Steuerungsprinzip zur gerichteten
Funktionalisierung reaktionstr?ger Substrate”) for a fellowship for N.G.
and Chemetall GmbH (Frankfurt) and BASF AG (Ludwigshafen) for
generous gift of chemicals.


[1] For recent three-component reactions: a) S. Kamijo, Y. Yamamoto,
J. Am. Chem. Soc. 2002, 124, 11 940; S. Kamijo, T. Jin, Y. Yamamoto,
J. Am. Chem. Soc. 2001, 123, 9453; b) F. Bertozzi, M. Gustafsson, R.
Olsson, Org. Lett. 2002, 4, 4333; c) G. W. Kabalka, Z. Wu, Y. Ju,
Org. Lett. 2002, 4, 3415; d) T.-P. Loh, S.-L. Chen, Org. Lett. 2002, 4,
3647; e) A. Dçmling, I. Ugi, Angew. Chem. 2000, 112, 3300; Angew.
Chem. Int. Ed. 2000, 39, 3168; f) B. List, P. Pojarliev, W. T. Biller,
H. J. Martin, J. Am. Chem. Soc. 2002, 124, 827; g) U. Bora, A.
Saikia, R. C. Boruah, Org. Lett. 2003, 5, 435; h) R. Dhawan, R. D.
Dghaym, B. A. Arndtsen, J. Am. Chem. Soc. 2003, 125, 1474; i) C.
Cao, Y. Shi, A. L. Odom, J. Am. Chem. Soc. 2003, 125, 2880; j) S. J.
Patel, T. F. Jamison, Angew. Chem. 2003, 115, 1402; Angew. Chem.
Int. Ed. 2003, 42, 1364; k) J. R. Porter, J. F. Traverse, A. H. Hoveyda,
M. L. Snapper, J. Am. Chem. Soc. 2001, 123, 10409; l) for an excel-
lent review on multicomponent reactions, see: D. J. RamWn, M. Yus,
Angew. Chem. 2005, 117, 1628; Angew. Chem. Int. Ed. 2005, 44,
1602.


[2] a) B. M. Trost, Angew. Chem. 1995, 107, 285; Angew. Chem. Int. Ed.
Engl. 1995, 34, 259; b) B. M. Trost, Science 1991, 254, 1471.


[3] a) A. Strecker, Justus Liebigs Ann. Chem. 1850, 75, 27; b) H. Kunz,
Stereoselective Synthesis (Houben-Weyl), Vol. 3 (Eds.: G. Helmchen,
R. W. Hoffmann, J. Mulzer), Thieme, Stuttgart, 1996, p. 1931.


[4] G. Habermehl, P. E. Hammann, Naturstoffchemie, Springer, Heidel-
berg, 1992.


[5] a) M. A. Huffman, N. Yasuda, A. E. DeCamp, E. J. J. Grabowski, J.
Org. Chem. 1995, 60, 1590; b) M. Konishi, H. Ohkuma, T. Tsuno, T.
Oki, G. D. VanDuyne, J. Clardy, J. Am. Chem. Soc. 1990, 112, 3715.


[6] a) N. Gommermann, C. Koradin, K. Polborn, P. Knochel, Angew.
Chem. 2003, 115, 5941; Angew. Chem. Int. Ed. 2003, 42, 5763; b) N.
Gommermann, P. Knochel, Chem. Commun. 2004, 2324; c) H.
Dube, N. Gommermann, P. Knochel, Synthesis 2004, 12, 2015.


[7] a) for an excellent review, see: C. Wei, Z. Li, C.-J. Li, Synlett 2004,
1472; b) C. M. Wei, C.-J. Li, J. Am. Chem. Soc. 2003, 125, 9584;
c) L. C. Akullian, M. L. Snapper, A. H. Hoveyda, Angew. Chem.
2003, 115, 4376; Angew. Chem. Int. Ed. 2003, 42, 4244; d) S. Sakagu-
chi, T. Kubo, Y. Ishii, Angew. Chem. 2001, 113, 2602; Angew. Chem.


Int. Ed. 2001, 40, 2534; e) L. Shi, Y.-Q. Tu, M. Wang, F.-M. Zhang,
C.-A. Fan, Org. Lett. 2004, 6, 1001; f) C. M. Wei, C.-J. Li, J. Am.
Chem. Soc. 2002, 124, 5638; g) C. M. Wei, Z. G. Li, C.-J. Li, Org.
Lett. 2003, 5, 4473; h) Z. Li, C.-J. Li, Org. Lett. 2004, 6, 4997; i) J. F.
Traverse, A. H. Hoveyda, M. L. Snapper, Org. Lett. 2003, 5, 3273;
j) for the preparation of chiral propargylic alcohols see: D. E.
Frantz, R. Faessler, E. M. Carreira, J. Am. Chem. Soc. 2000, 122,
1806.


[8] a) J. M. Valk, G. A. Whitlock, T. P. Layzell, J. M. Brown, Tetrahe-
dron: Asymmetry 1995, 6, 2593; b) E. Fernandez, K. Maeda, M. W.
Hooper, J. M. Brown, Chem. Eur. J. 2000, 6, 1840.


[9] P. J. Kocienski, Protective Groups, Thieme, Stuttgart, 3rd ed., 2003.
[10] a) C. Koradin, K. Polborn, P. Knochel, Angew. Chem. 2002, 114,


2651; Angew. Chem. Int. Ed. 2002, 41, 2535; b) C. Koradin, N. Gom-
mermann, P. Knochel, Chem. Eur. J. 2003, 9, 2797.


[11] a) K. Sonogashira in Comprehensive Organic Synthesis, Vol. 3 (Eds.:
B. M. Trost, I. Fleming, G. Pattenden), Pergamon Press, New York,
1991; b) K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett.
1975, 4467; c) for an excellent review, see: R. R. Tykwinski, Angew.
Chem. 2003, 115, 1604; Angew. Chem. Int. Ed. 2003, 42, 1566.


[12] a) F. Bois, D. Gardette, J.-C. Gramain, Tetrahedron Lett. 2000, 41,
8769; b) A. M. Chippindale, S. G. Davies, K. Iwamoto, R. M. Parkin,
C. A. P. Smethurst, A. D. Smith, H. Rodriguez-Solla, Tetrahedron
2003, 59, 3253; c) J. F Hayes, M. Shipman, H. Twin, Chem.
Commun. 2001, 1784; d) B. Guilloteau-Bertin, D. CompYre, L. Gil,
C. Marazano, B. C. Dao, Eur. J. Org. Chem. 2000, 1391; e) M. Shimi-
zu, A. Arai, T. Fujisawa, Heterocycles, 2000, 52, 137; f) M. T.
Reding, S. L. Buchwald, J. Org. Chem. 1998, 63, 6344; g) G. Paudey,
P. Das, Tetrahedron Lett. 1997, 38, 9073; h) N. Yamazaki, C. Kibaya-
shi, Tetrahedron Lett. 1997, 38, 4623; i) S. FrZville, J. P. CZlZrier,
V. M. Thuy, G. Lhommet, Tetrahedron: Asymmetry 1995, 6, 2651;
j) H. Suzuki, S. AoyagZ, C. Kibayashi, Tetrahedron Lett. 1994, 35,
6119; k) D. Enders, J. Tiebes, Liebigs Ann. Chem. 1993, 173; l) H.
Waldmann, M. Braun, M. Dr?ger, Angew. Chem. 1990, 102, 1445;
Angew. Chem. Int. Ed. Engl. 1990, 29, 1468.


[13] M. Yamaguchi, I. Hirao, Tetrahedron Lett. 1983, 24, 391.
[14] D. L. Hughes, Org. React. 1992, 42, 335.
[15] CCDC-216 200 contains the supplementary crystallographic data for


this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


[16] a) C. Girard, H. B. Kagan, Angew. Chem. 1998, 110, 3088; Angew.
Chem. Int. Ed. 1998, 37, 2922; b) D. Guillaneux, S.-H. Zhao, O.
Samuel, D. Rainford, H. B. Kagan, J. Am. Chem. Soc. 1994, 116,
9430.


[17] A. Padwa, A. Zanka, M. P. Cassidy, J. M. Harris, Tetrahedron 2003,
59, 4939.


[18] J. M. Salvino, M. Mervic, H. J. Mason, T. Kiesow, D. Teager, J.
Airey, R. Labaudiniere, J. Org. Chem. 1999, 64, 1823.


[19] T. Kamikawa, T. Hayashi, J. Org. Chem. 1998, 63, 8922.


Received: October 7, 2005
Published online: March 24, 2006


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4380 – 43924392


P. Knochel and N. Gommermann



www.chemeurj.org






DOI: 10.1002/chem.200501309


Pyrene-Stacked Nanostructures Constructed in the Recombinant Tobacco
Mosaic Virus Rod Scaffold


Masayuki Endo,* Hangxiang Wang, Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


Protein self-assembly is a fundamental issue in biology, as
most biological phenomena involve the precise associations
of multiple protein units for expression of their functions.[1]


Self-assembled protein nanostructures such as tubular, fi-
brous, and spherical ones are also important for the creation
of nanoscale wires and functional materials.[2] The tobacco
mosaic virus (TMV) has a hollow cylindrical structure with
a high aspect ratio and is formed through the periodical
self-assembly of the TMV coat protein (TMVCP) and
RNA.[3] Because of its well-characterized nanoscale struc-
ture, TMV has been utilized as a template for functionaliza-
tion with inorganic and organic molecules both in the inner
cavity and on the exterior surface.[4–6] Although TMV has
such promising features for its application to nanoscale ma-


terials, the length of the wild-type TMV rod is limited to
300 nm.[3] For further applications, the rod structure should
be extended with suitable modification and functionaliza-
tion. In the supramolecular assemblies of p-conjugated sys-
tems, the p-stacking interactions between molecular units
contributes to the formation and stabilization of the supra-
molecular structures.[7] In the p-systems that function in
water, the double-helix DNA structure is stabilized by base
pairing and p-stacking of the heterocyclic bases, and some
peptides are also stabilized by the p-stacking of aromatic
molecules.[8] Therefore, the promotion of the TMV supra-
molecular assembly and subsequent extension of the TMV
rod structure can be achieved by selective incorporation of
aromatic molecules into the TMVCP monomers based on
the TMV crystal structure.[9] In addition, the novel p conju-
gated system can also be constructed in the TMV rod struc-
ture by self-assembly of the designed TMVCP–aromatic-
molecule conjugates for the creation of functional nanoma-
terials.
In this report, we investigated the effect of aromatic mole-


cules on the formation and stability of TMV rod structures.
Pyrene was introduced into specific positions in the inner
cavity of the TMV rod. We examined the rod-structure for-
mation by performing atomic force microscopy (AFM). The


Abstract: The effect of pyrenes intro-
duced into a tobacco mosaic virus
(TMV) coat protein monomer on the
formation and stability of the TMV as-
sembly was investigated. The possible
arrangement of the pyrenes in the
inner cavity of the TMV rod was also
estimated. The pyrene derivative was
introduced to four specific amino acids
in the cavity of the TMV rod structure.
Rod-structure formation was examined
by atomic force microscopy (AFM).
Two pyrene-attached mutants (posi-
tions 99 and 100) assembled to increase
the length of the rod structures by


2.5 mm at pH 5.5. The interaction of the
pyrene moieties in the TMV cavity was
investigated by steady-state and time-
resolved spectroscopic analysis. Strong
excimer emission with significantly
short wavelength (465 nm) was ob-
served from the two mutants men-
tioned above. Excitation and UV-visi-
ble spectra indicate that the pyrene
moieties form p-stacked structures in


the TMV cavity. Details of the pyrene
interaction were investigated by ana-
lyzing the fluorescence lifetime of the
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interaction and behavior of the pyrene moieties in the cavity
of the TMV rod were investigated by steady-state and time-
resolved spectroscopic analysis of the characteristic fluores-
cence of the pyrene monomers and excimers. We also esti-
mated the possible arrangement of the pyrenes in the TMV
cavity using these spectral data.


Results and Discussion


Preparation of pyrene-attached TMVCP monomers : The
pyrene derivative was incorporated into specific amino acids
located on the flexible loop of the TMVCP monomer near
the interior surface of the TMV assembly (Figure 1). For in-
corporation of pyrene into the cavity of the rod structure,
we selected four amino acids on the flexible loop, N98, Q99,
A100, and N101, and individually mutated them to a cys-
teine residue. A pyrene was then selectively introduced to
the cysteine residue by using N-(1-pyrene)maleimide. The
edge-to-edge length of a pyrene maleimide molecule is
1.2 nm, which is small enough to be incorporated into the
inner cavity with diameter of 4 nm. Because the wild-type
TMVCP has one cysteine residue at position 27, the Cys27
was first replaced by alanine, and four amino acids on the
inner loop were then individually changed to cysteine for
the selective labeling with pyrene maleimide.


Expression and purification of the recombinant TMVCP
and mutants were carried out according to the previously re-
ported method with some modification (see Supporting In-
formation).[10] Selective introduction of the pyrene moiety
into the TMVCP cysteine mutants was carried out by treat-
ment with pyrene maleimide in a solution of pH 8.0 to mini-
mize monomer aggregation. Identification of the products
and the efficiencies of pyrene incorporation into the cysteine
mutants were examined by MALDI-TOF mass spectrome-
try. A major peak corresponding to the molecular weight of
the pyrene-attached TMVCP and a minor one originating
from the unlabeled cysteine mutant were observed (Figure
S2). Based on the mass spectrometry data, the efficiencies
of pyrene incorporation into the cysteine mutants were esti-
mated to be around 90%.


Pyrene-attached TMV nanostructures : The formation of the
TMV rod structure under conditions of pH 5.5 and 7.6 was
investigated by AFM. The samples (pH 8) for both the cys-
teine- and pyrene-modified mutants were dialyzed at pH 5.5
for rod-structure formation, and then the samples at pH 7.6
were prepared by increasing the pH value from 5.5 to 7.6.
As the cysteine mutants assembled at pH 5.5, rod structures
with heights of 15–18 nm and lengths of approximately
300 nm were observed for all the cysteine mutants (Figure
S3). This indicates that the modification at C27A and the
cysteines introduced to the four positions do not affect the


formation of the TMV rod
structures. Under the pH 7.6
conditions, the rod structures
disassembled into disk struc-
tures.[3] These results clearly
show that the cysteine mutants
maintain their intrinsic proper-
ties of self-assembly and disas-
sembly in a pH-dependent
manner.
The rod-structure formation


of the four pyrene-attached
TMVCP mutants was also ana-
lyzed by AFM. The AFM
images are shown in Figure 2,
and the distribution of the
TMV rods is summarized in
Figure 3. The C27A/N98C-
pyrene and C27A/N101C-
pyrene mutants showed a simi-
lar tendency for rod-structure
formation. In these pyrene-at-
tached mutants, rod structures
with a slightly extended length
(maximum 600–800 nm), rela-
tive to those of the unmodified
TMVCP, were observed at
pH 5.5 (Figure 2a and d, respec-
tively), and the rod structures
were completely disassembled


Figure 1. a) Crystal structure of the TMV assembly. Sectional view of the TMV supramolecular structure and
the inner cavity (4 nm diameter). Amino acid Q99 on the surface of the cavity is represented in red.
b) TMVCP monomer and four amino acids (N98, Q99, A100, and N101) on the loop, which were selectively
mutated to cysteine for introduction of a pyrene moiety. c) Pyrene was introduced to the selectively mutated
cysteine residues by maleimide–thiol coupling using N-(1-pyrene)maleimide.
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at pH 7.6 (Figure 2e and h, respectively). In contrast, in the
cases of the C27A/Q99C-pyrene and C27A/A100C-pyrene
mutants, rod structures with significantly extended lengths
(maximum length 1.85 and 2.45 mm, respectively), 6–8 times
longer than the native TMV rod, were formed at pH 5.5
(Figure 2b and c, respectively). These results indicate that
the incorporation of a pyrene moiety at positions 99 and 100
significantly promotes the assembly of TMVCP. In addition,
these two pyrene-modified TMV still maintained the rodlike
structures at pH 7.6 (Figure 2f and g), which also indicates


that the incorporation of
pyrene moieties at these posi-
tions stabilizes rod structures
under higher pH conditions.
These results suggest that the
pyrene modification promotes
rod-structure formation, and
the extension of the rod struc-
tures with pyrene is strongly de-
pendent on the positions at
which the pyrene moiety is in-
troduced.


Photochemical properties of
the pyrenes in the TMV rod
structure : To examine the inter-
action of the pyrene moieties in
the rod structure, we utilized
the fluorescence properties of
pyrene. Pyrene is a well-known
photophysical probe for detect-


ing molecular interactions by monitoring emission of the
pyrene excimer.[11–13] The characteristic excimer fluorescence
also provides information concerning the distance and ge-


ometry between neighboring pyrene moieties.[11–13] In the
rod structure of the TMV, the positions 98, 99, 100, and 101
are located on the flexible loop in the inner cavity. As the
rod structures are formed, the neighboring pyrene moieties
can become accessible to each other to form pyrene dimer
structures. The fluorescence spectra for four pyrene-attach-
ed mutants were obtained at pH 5.5 (Figure 4). By using
345 nm light for excitation, emission bands (377–395 nm) as-
signed to the pyrene monomer in the singlet excited state
were observed. In addition, a broad emission band at
around 465 nm assigned to pyrene excimer emission was ob-
served for all the mutants. The C27A/Q99C-pyrene and
C27A/A100C-pyrene mutants showed very strong excimer
emissions relative to those of the C27A/N98C-pyrene and
C27A/N101C-pyrene mutants. This indicates that the pyrene


Figure 2. AFM images of pyrene-modified TMV rod structures at lower and higher pH. a) and e): C27A/
N98C-pyrene mutant at pH 5.5 and 7.6, respectively. b) and f): C27A/Q99C-pyrene mutant at pH 5.5 and 7.6,
respectively. c) and g): C27A/A100C-pyrene mutant at pH 5.5 and 7.6, respectively. d) and h): C27A/N101C-
pyrene mutant at pH 5.5 and 7.6, respectively. The size of each image is 3J3 mm.


Figure 3. Distribution of the length of the pyrene-attached TMV rods at
pH 5.5: a) C27A/N98C-pyrene mutant, b) C27A/Q99C-pyrene mutant,
c) C27A/A100C-pyrene mutant, d) C27A/N101C-pyrene mutant.


Figure 4. Fluorescence spectra of pyrene-attached TMVCP mutants at
pH 5.5. Excitation wavelength: lex=345 nm. All spectra were normalized
to the (0,0) peak at 377 nm.
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moieties in the C27A/Q99C-pyrene and C27A/A100C-
pyrene mutants are located close enough to form pyrene
dimers and excimers. The intensity of excimer emission of
the C27A/A100C-pyrene mutant was higher than that of the
C27A/Q99C-pyrene mutant, which means that the formation
of pyrene dimer and excimer also depends on the position
of modification on the inner loop of the TMVCP monomer.
The pyrene moieties of the C27A/A100C-pyrene mutant
occupy the most suitable positions in the inner cavity of the
TMV rod for the formation of dimers and excimers. Inter-
estingly, the efficiency of excimer formation is consistent
with the length of the TMV rods of the pyrene-attached
TMVCP mutants (see AFM images in Figure 2). These re-
sults indicate that the interactions between pyrenes contrib-
ute to the elongation of the TMV rod structures. The nota-
bly short wavelength of excimer emission (465 nm) is also a
unique character of the pyrene excimer in the TMV cavity.
In addition, the excitation spectra for the emission of the


monomer (lem=375 nm) and excimer (lem=465 nm) of the
C27A/Q99C-pyrene and C27A/A100C-pyrene mutants were
recorded (Figure S4). Under the same conditions of pH 5.5,
the peak-to-valley ratios (PM) for the (0,0) transition bands
for the monomers of the C27A/Q99C-pyrene and C27A/
A100C-pyrene mutants were 1.57 and 1.45, respectively. In
the excitation spectra for the excimers of these mutants, the
peak-to-valley ratios (PE) for the (0,0) transition bands were
1.26 and 1.25, respectively. The 2 nm shift for the (0,0) tran-
sition bands was observed for the pyrene-attached mutants
of both the excimers (345 nm) and monomers (343 nm). The
PE<PM and the red-shift of the (0,0) transition band of the
excimer from that of the monomer are usually observed for
the preassociated pyrene structures.[12] The results observed
indicate the possible preassociation of the pyrene moieties
in the cavity of the TMV rod structures.
To investigate the pyrene association further, we recorded


the UV-visible spectrum of the C27A/A100C-pyrene mutant
at pH 5.5 (Figure S5). The peak-to-valley ratio (PA) ob-
served for the (0,0) transition bands (345 nm, PA=1.18) de-
creased relative to that of the C27A/N98C-pyrene mutant
(344 nm, PA=1.30), which formed excimer only slightly.
This corresponds to the broadening of the absorption bands
of the C27A/A100C-pyrene mutant and means that pyrenes
in the C27A/A100C-pyrene mutant have a stronger p-inter-
action than those in the C27A/Q98C-pyrene mutant.[11]


pH-dependence of pyrene excimer formation : To examine
the dependence of excimer emission on the pH values of
the solutions, we measured the fluorescence spectra at
pH 5.5, 6.5, and 7.5 (Figure 5). For the C27A/Q99C-pyrene
mutant, the excimer emission gradually decreased as the pH
value increased. In addition, the excimer peak shifted to a
longer wavelength (from 465 to 468 nm) as the pH was
changed from 6.5 to 7.5. Most of the TMV rods disassem-
bled into the disk structure at pH 7.6, as shown in the AFM
images in Figure 2. The wavelength of the excimer peak re-
flects the overlapping geometry of two pyrene moieties,[12,13]


thus, this red-shift would be attributed to the rearrangement


of the pyrene moieties from a rigid-packed to a more re-
laxed conformation in the TMV cavity. The C27A/A100C-
pyrene mutant also showed a decrease in excimer emission
as the pH increased from 5.5 to 6.5. The excimer peak also
showed a red-shift (465 to 469 nm) with a slight increase in
emission as the pH value increased from 5.5 to 7.5.
We also examined the formation of the rod structure with


pyrene-labeled TMVCP by mixing the pyrene-labeled
TMVCP and unlabeled TMVCP in a 1:1 ratio. The TMVCP
monomers were mixed at pH 8.0, then the pH was lowered
to 5.5 by dialysis. For the pyrene-labeled mutants at posi-
tions 99 and 100, the pyrene excimer of the mixture signifi-
cantly decreased relative to those of the pyrene-labeled
TMVCP (Figure S6). The excimer formation in the cavity of
the TMV rod is easily disrupted by the addition of the non-
labeled monomers, because pyrenes were separated by the
non-labeled monomers. The results indicate that the forma-
tion of the rod structure is directed mainly by interaction of
the TMVCP monomer, and the pyrenes simply assist the ex-
tension of the rod structures.


Behavior of the pyrenes in the inner cavity of the TMV rod
structure : To characterize the details of the association of
the pyrene moieties in the TMV cavity, we measured the
fluorescence lifetimes of emissions of both the pyrene
mono ACHTUNGTRENNUNGmer and excimer under the various pH conditions. In
the case of the C27A/Q99C-pyrene and C27A/A100C-
pyrene mutants at pH 5.5, the rise of the excimer emission
was not observed on the timescale of a few ns, indicating


Figure 5. pH-dependence of the fluorescence spectra of the pyrene-modi-
fied TMVCP mutants: a) C27A/Q99C-pyrene mutant and b) C27A/
A100C-pyrene mutant. Excitation wavelength: lex=345 nm. All spectra
were normalized to the (0,0) peak at 377 nm.
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that the pyrenes in the cavity of the rod structures exist in a
static form at pH 5.5, which is different from the pyrenes at-
tached to the polymer scaffolds.[14, 15]


The relationship between the fluorescence lifetimes and
pH values is summarized in Table 1. The lifetimes of both
the monomers and excimers were fitted to two exponential
terms; one had a shorter lifetime and the other had the
normal lifetime of pyrene fluorescence, which were similar
to the pyrene-attached polymers.[15] The short lifetime of the
pyrene monomers (7.0–8.6 ns) may be attributed to the
rapid formation of the pyrene excimers, although the rise of
the pyrene excimer, which indicates the dynamic excimer
formation, was not observed. An explanation for this could
be that the formation of the pyrene excimers is obscured by
the very rapid quenching that occurs on the time scale of 2–
3 ns. In the case of the excimer, because the multiple pyr-
enes are densely packed in the inner cavity of the TMV rod,
the rapid quenching of the pyrene excimer by the neighbor-
ing pyrene moieties would occur within the short excimer
lifetimes (5.7–6.7 ns).
For both pyrene-attached mutants, the longer lifetimes of


the pyrene excimer gradually increased as the pH values in-
creased from 5.5 to 7.5. This indicates that the pyrene exci-
mers in the cavity of the TMV rod gradually change confor-
mation in response to pH. At pH 5.5, the TMVCP forms the
rod structures as observed in the AFM images (Figure 2).
Normally, the rod structures of the unmodified TMVCP dis-
assemble into the disk structures at neutral pH.[3] These re-
sults indicate that the pyrene moieties in the disk structures
can maintain their interaction with a conformation slightly
different to that of the pyrene moieties in the rod structures.
Because the difference in the excimer lifetimes between the
rod and disk structures is small, it was difficult to distinguish
the disk structures from the rod structures at pH 7.5 by anal-
ysis of the fluorescence lifetimes of the pyrene excimers in
this study.
Finally, we estimated the locations of the pyrenes in the


cavity by analyzing the crystal structure of TMV and the re-
sults of excimer formation. The distances between the a-car-
bons of the neighboring monomers in the TMV rod struc-
ture were 1.03 nm for N98 residues, 1.04 nm for Q99 resi-
dues, 1.04 nm for A100 residues, and 0.95 nm for N101 resi-
dues. The distances between the a-carbons in the crystal are,
therefore, similar at around 1.0 nm.[9] The pyrene at position


98 is buried inside the interior
surface, and two neighboring
pyrenes were too far away to
make contact. In contrast, the
positioning of pyrenes at posi-
tions 99 and 100 on the surface
of the cavity can facilitate exci-
mer formation, due to their lo-
cation and orientation being fa-
vourable for interaction. In the
case of the pyrene at position
101, because the adjacent pro-
line 102 restricts the rotation of


the peptide chain, the consequently unfavorable orientation
of the side chain of position 101 may limit pyrene interac-
tion to form excimers. In addition, the arrangement of the
pyrene moieties in the TMV cavity was estimated. Because
of the significantly short emission wavelength (465 nm) and
lifetime (ca. 40 ns) of the excimer compared to those of the
bis-pyrenyl compounds, neighboring pyrene moieties have a
partially overlapped geometry as a rigid form in the
cavity.[13] Therefore, the molecular planes of the multiple
pyrene rings may be arranged into a restricted conforma-
tion, leading to a p-stacked helical structure for the self-as-
sembly of the TMVCP monomers, without inhibiting the
formation of the TMV rod structure.


Conclusion


We have demonstrated the effect of the pyrene moiety on
the formation of rod structures and have characterized the
photochemical properties and arrangement of the pyrene
moieties in the cavity of the TMV rod. The pyrenes were
packed into the inner cavity of the TMV rod without affect-
ing the intrinsic properties of TMV assembly, and the length
of the rod structures was extended by the p-stacking interac-
tion of the pyrene moieties. Multiple pyrenes formed preas-
sociated structures with a partially overlapped geometry in
the TMV cavity. The TMV supramolecular system described
allows the integration of aromatic molecules into the cavity
of the TMV scaffold and serves to create well-ordered, self-
assembled molecular wires.[7] Furthermore, despite the
pyrene-attached TMV nanostructures, the diameter of the
cavity inside was maintained at 2.5 nm, which may allow for
the incorporation of functional molecules and polymers for
the construction of functional nanomaterials.


Experimental Section


Introduction of pyrene maleimide to TMVCP cysteine mutants : The four
cysteine mutants were labeled with N-(1-pyrene)maleimide according to
a previously reported method.[16] For introduction of pyrene to the cys-
teine mutant, the mutant (100 mgmL�1) was treated with dithiothreitol
(DTT, 2-fold excess) for 2 h at 37 8C to completely reduce the cysteine
residue, and then reacted with N-(1-pyrene)maleimide (dimethyl sulfox-
ide (DMSO) solution, 10-fold excess) in a 20 mm Tris-HCl (pH 8.0) solu-


Table 1. Fluorescence lifetimes (t1 and t2) of the pyrene monomer and excimer of the C27A/Q99C-pyrene
and C27A/A100C-pyrene mutants under various pH conditions.[a]


Monomer Excimer
TMVCP mutant pH t1 [ns] t2 [ns] f1 f2 t1 [ns] t2 [ns] f1 f2


C27A/Q99C-pyrene 5.5 8.6 52.9 0.81 0.19 5.7 41.7 0.65 0.35
6.5 8.2 59.8 0.81 0.19 6.1 43.8 0.70 0.30
7.5 7.0 61.8 0.79 0.21 6.7 46.8 0.70 0.30


C27A/A100C-pyrene 5.5 7.5 56.4 0.86 0.14 5.7 39.6 0.72 0.28
6.5 7.9 53.9 0.80 0.20 6.5 43.4 0.65 0.35
7.5 7.4 53.4 0.86 0.14 6.5 45.1 0.60 0.40


[a] Measurement conditions are described in the Experimental Section. The f1 and f2 values denote the frac-
tions of the lifetimes of t1 and t2, respectively.
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tion at 37 8C for 2 h. The unreacted pyrene was removed by a gel filtra-
tion column (Sephadex G-25; Pharmacia) pre-equilibrated with the same
buffer (pH 8.0). The pyrene-modified mutants were analyzed by
MALDI-TOF mass spectroscopy (Figure S2); MALDI-TOF MS (posi-
tive): m/z calcd for C27A/N98C-pyrene: 17867.1; found: 17845.6; m/z
calcd for C27A/Q99C-pyrene: 17853.0; found: 17854.4; m/z calcd for
C27A/A100C-pyrene: 17910.1; found: 17885.8; m/z calcd for C27A/
N101C-pyrene: 17867.1; found: 17859.4. For the rod-structure formation
at pH 5.5, the pyrene-attached TMVCP samples (1 mL) were dialyzed
against 2 L of a buffer containing 20 mm phosphate buffer (pH 5.5) at
4 8C overnight.


Atomic force microscopy : AFM images were acquired by using atomic
force microscopy (SPA400-DFM, Seiko Instruments) in the dynamic-
force mode. The sample containing the TMVCP monomer (50 mgmL�1)
in 20 mm sodium phosphate buffer (5 mL) was placed on a freshly cleaved
mica plate pretreated with 0.01% aminopropyltriethoxysilane, adsorbed
for 5 min at RT, and then dried by gentle air blowing.


Steady-state spectroscopic measurements : The fluorescence and UV/Vis
spectra were acquired by using a Hitachi 850 spectrofluorometer and
JASCO V-530 spectrophotometer, respectively. The samples (1 mL) were
prepared by using dialyzed pyrene-attached TMVCPs (80 mgmL�1,
4.5 mm) in 20 mm sodium phosphate buffer (pH 5.5). The measurements
were performed at 23 8C in a 1-cm path-length quartz cell. For the pH-de-
pendent experiments, the pH was stepwise increased from 5.5 to 7.5 by
addition of a NaOH solution and directly monitoring the pH with a pH
meter.


Fluorescence lifetime measurements : Fluorescence decays were acquired
by the single-photon-counting method using a streak scope (Hamamatsu
Photonics, C4334–01) equipped with a polychromator (Acton Research,
SpectraPro150). The ultrashort laser pulse was generated by a Ti:sap-
phire laser (Spectra-Physics, Tsunami 3941-M1BB, fwhm 100 fs) pumped
with a diode-pumped solid-state laser (Spectra-Physics, Millnnia VIIIs).
For excitation of the sample, the output of the Ti:sapphire laser was con-
verted to THG (310 nm) with a harmonic generator (Spectra-Physics,
GWU-23FL). Measurements were made at 23 8C in a solution containing
4.5 mm TMVCP-pyrene under various pH conditions. Data in the wave-
length ranges of 375–390 nm and 460–500 nm were collected for calcula-
tion of the monomer and excimer lifetimes, respectively.
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Introduction


The synthesis and characterization of porous metal–organic
frameworks (MOFs) have attracted much attention, owing
to their enormous variety of interesting structural topologies


and potential applications as functional materials.[1–12] These
porous MOFs are produced by utilizing polyatomic organic
ligands as linkers and the well-defined coordination geome-
tries of metal centers as nodes.[13,14] Recently, Kitagawa et al.
examined the adsorption behavior of these porous MOFs to-
wards some small molecules, such as oxygen and methane.[15]


In addition, the study by Yaghi et al. suggested that such
porous MOFs are able to store hydrogen at a capacity un-
matched by other materials.[16] However, successful synthetic
strategies are still a formidable challenge for the preparation
of large, porous MOFs with promising applications, owing to
a strong tendency of interpenetration in these very open ar-
chitectures and the collapse of the host framework, which
is caused by the evacuation of guest molecules from the
pores.


As an effective and powerful synthetic strategy, the con-
struction of clustered metal carboxylate entities as secon-
dary building units (SBUs) has been shown to provide a
new generation of highly porous MOFs.[17] To date, many
MOFs constructed from zinc carboxylate SBUs have been
synthesized, and usually comprise of two, three, or four zinc
centers.[18–20] Interestingly, Zheng et al. described a novel


Abstract: A novel, three-dimensional,
noninterpenetrating microporous
metal–organic framework (MOF),
[Zn7O2 ACHTUNGTRENNUNG(pda)5ACHTUNGTRENNUNG(H2O)2]·5DMF·4EtOH·
6H2O (1) (H2PDA=p-phenylenedi-
acrylic acid, DMF=N,N-dimethylform-
amide, EtOH=ethanol), was synthe-
sized by constructing heptanuclear zinc
carboxylate secondary building units
(SBUs) and by using rigid and linear
aromatic carboxylate ligands, PDA.
The X-ray crystallographic data reveals
that the seven zinc centers of 1 are
held together with ten carboxylate
groups of the PDA ligands and four


water molecules to form a heptametal-
lic SBU, Zn7O4ACHTUNGTRENNUNG(CO2)10, with dimen-
sions of 9.8?9.8?13.8 @3. Furthermore,
the heptametallic SBUs are intercon-
nected by PDA acting as linkers, there-
by generating an extended network
with a three-dimensional, noninterpe-
netrating, intersecting large-channel


system with spacing of about 17.3 @.
As a microporous framework, polymer
1 shows adsorption behavior that is fa-
vorable towards H2O and CH3OH, and
substantial H2 uptake. In terms of the
heptanuclear zinc carboxylate SBUs,
polymer 1 exhibits interesting photo-
electronic properties, which would fa-
cilitate the exploration of new types of
semiconducting materials, especially
among MOFs containing multinuclear
metal carboxylate SBUs.
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MOF, [Zn8ACHTUNGTRENNUNG(SiO4) ACHTUNGTRENNUNG(C8H4O4)6]n (C8H4O4= isophthalate), with a
diamondoid framework structure constructed from hexahe-
dron-like Zn8ACHTUNGTRENNUNG(SiO4) cores and C8H4O4 linkers.[21] With the
expansion of such zinc carboxylate SBUs, it is believed that
new MOFs with extra-large pores can be synthesized. Fur-
thermore, if the dimensions of these SBUs are expanded fur-
ther, such MOFs might exhibit characteristics (such as the
optoelectronic property) similar to those of nanosized metal
oxide semiconducting materials.[22] To address this issue, we
present here a novel, three-dimensional, noninterpenetrat-
ing MOF with an intersecting channel system, [Zn7O2ACHTUNGTRENNUNG(pda)5-
ACHTUNGTRENNUNG(H2O)2]·5DMF·4EtOH·6H2O (1) (H2PDA=p-phenylene-
diacrylic acid, DMF=N,N-dimethylformamide, EtOH=


ethanol) with spacing of about 17.3 @, by constructing hep-
tanuclear zinc carboxylate SBUs and by using a rigid and
linear aromatic carboxylate, PDA. The formulations of 1
were established by the results of IR spectroscopy, micro-
analysis, and thermogravimetric analysis (TGA). The liquid
adsorption, H2 storage, and photoelectronic properties of 1
were examined. To the best of our knowledge, this is the
first study of the optoelectronic properties of a heptanuclear
zinc–organic framework.


Results and Discussion


Polymer 1 was synthesized under mild conditions by using
hexamethylenetetramine (HMT) as the structure-directing
agent, DMF/EtOH/H2O as the solvent, and triethylamine
(TEA) as the deprotonating agent (Scheme 1). Though not


observed in the crystalline structure, HMT apparently plays
some structure-directing role, as the control reactions in the
absence of HMT did not result in the network of 1.[23] This
complex was found to be insoluble in common organic sol-
vents, such as acetone, methanol, ethanol, dichloromethane,
acetonitrile, chloroform, and DMF. The crystals were char-
acterized by IR spectroscopy, elemental analysis, and single-
crystal X-ray structural analysis.


Results of the X-ray crystallography reveal that 1 crystal-
lizes in the tetragonal group I4cm (No. 108). As shown in
Figure 1, the fundamental building unit of 1 contains seven
zinc ions, ten crystallographically equivalent PDA ligands,
and four water molecules. The seven zinc centers with three
octahedral and four tetrahedral coordination geometries are
held together with ten carboxylate groups of the PDA li-
gands through bidentate or chelating/bridging bidentate co-
ordination forms and four water molecules (two m4-O atoms
and two terminal oxygen atoms), to build up a seven-nuclear


zinc carboxylate cluster, Zn7O4ACHTUNGTRENNUNG(CO2)10 (Figure 2a,b). The di-
mensions of the cluster are about 9.8?9.8?13.8 @3 (meas-
ured between opposite atoms), and such multinuclear metal
carboxylate clusters are very unusual in MOFs. In addition,
the heptametallic clusters, which behave as SBUs, are inter-
connected by PDA acting as linkers, thereby generating an
extended network with a three-dimensional, noninterpene-
trating, intersecting large-channel system with spacing of


about 17.3 @ between the cen-
ters of adjacent clusters, as
shown in Figure 2c. The inter-
esting structural features of 1
are a single PDA molecule in-
terconnecting adjacent SBUs
along the [001] direction, and
two PDA molecules linking ad-
jacent SBUs along the [100]


and [010] directions, respectively (Figure 3). In addition, the
void space in 1 is filled with five DMF, four EtOH, and six
H2O guest molecules, as established by elemental analysis
and TGA.[24]


To study the adsorption properties, the water and metha-
nol adsorption isotherms for 1 were measured at room tem-
perature (ca. 20 8C). Before recording the measurements,
the sample of 1 was soaked in CH2Cl2 for 48 h and then
heated at 80 8C for 6 h to remove the included solvent mole-
cules. As shown in Figure 4, the methanol adsorption iso-
therm of 1 exhibits two uptakes. Little adsorption at the
outset is followed by a larger uptake that terminates in a
plateau near the saturation region. This is similar to the re-
sults for some reported MOFs.[25] At saturation, the amount
of methanol adsorbed by 1 is 164.9 mgg�1. This is equivalent
to the adsorption of about 66 CH3OH molecules per formu-
la unit. However, type I behavior is observed for the water
adsorption isotherm of 1, which is characteristic of solids


Scheme 1. The synthesis of 1.


Figure 1. A view of the fundamental building unit for 1. Color code: Zn=
green; O= red; C=gray.
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with micropores. At saturation, the amount of water adsor-
bed by 1 is 166.8 mgg�1, which is equivalent to the adsorp-
tion of about 119 H2O molecules per formula unit. There-
fore, the pore volume for 1 is estimated from the water ad-
sorption isotherm to be approximately 0.17 mLg�1.


We also examined the gas-storage behavior of 1 at room
temperature. The hydrogen adsorption isotherm was record-
ed with the sample of 1 under different hydrogen pressures
by using a conventional volumetric method (Figure 5).[26]


Polymer 1 shows substantial H2 uptake that increased linear-
ly as hydrogen pressure increased, giving 1.01 wt% at
71.43 bar, which corresponds to a H2 storage capacity of
112.4 mLg�1. The H2 uptake of 1 is reversible for at least
eight cycles. Even though the hydrogen uptake measured
for 1 is not very high, it is comparable to H2 storage capaci-
ties of “active” carbon (CECA, France) and purified single-
walled carbon nanotubes.[27] In addition, the fact that the H2


storage capacity of 1 does not reach saturation at 71.43 bar
indicates that this complex has yet more potential in the
storage of H2. Further research on the H2 storage is under-
way.


Photovoltage (PV) transients for 1 were observed under
atmospheric pressure and at ambient temperature.[28] It is
known that a PV signal arises upon the separation in space
of light-induced excess-charge carriers, and that transient
PV can be used for characterization of semiconductor mate-
rials.[29] Figure 6a shows PV transients for 1 at different in-
tensities of the exciting laser pulse (355 nm). Clearly, the
transient PV signals of 1 exhibit retardation in time, which
is caused by slow and independent diffusion of excess elec-
trons and holes. Although the intensities of the exciting


Figure 2. a) A ball and stick model of the Zn7O4 ACHTUNGTRENNUNG(CO2)10 SBU for 1 with
dimensions of about 9.8?9.8?13.8 @3. Color code: Zn=green; O= red;
C=gray. b) The same as (a), but with the ZnO4 tetrahedra indicated in
green polyhedra and the ZnO6 octahedra indicated in blue or yellow poly-
hedra for clarity. c) A view of the cubic cavity constructed from eight
SBUs interconnected by PDA acting as linkers in 1.


Figure 3. View along the [001] direction of 1 showing large channels with
diameters of about 17.3 @. Color code: Zn=green (ball); O= red;
C=gray.


Figure 4. Water and methanol adsorption isotherms for 1 at room temper-
ature.
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laser pulses are different (0.19, 0.15, 0.12, and 0.90 mJ), the
times at which their maxima arise are similar, appearing at
about 7?10�4 s. The maxima are related to the separation of
charge at the polymer 1/indium-tin oxide ACHTUNGTRENNUNG(ITO) interface,
and the gradient of excess electron and hole concentrations
is caused by nonhomogeneous absorption of light with pho-
tons of hv>EG. EG represents the optical band gap, and the
diffuse reflectance UV-visible spectra for 1 gives a value of
EG close to 3.26 eV, which is similar to the reported band


gap of anatase.[30] In addition, the signals of the PV transi-
ents are negative, which suggests that the photoexcited elec-
trons move slower than the holes towards the polymer 1/
ITO interface. The dependence of the PV signal upon the
intensity of the exciting laser pulse in the maximum of the
transients (UPV


max) is given in Figure 6b and is linear up to
0.2 mJ. The linear dependence of UPV


max on intensity implies
that 1 possesses the characteristic of the diffusion PV transi-
ent, but not of the Dember PV transient, which is similar to
the case of nanosized metal oxide semiconductors (e.g.,
ZnO and TiO2).


[31]


Conclusion


By constructing heptanuclear zinc carboxylate SBUs and by
using PDA ligands we have successfully synthesized a novel,
three-dimensional, noninterpenetrating MOF, [Zn7O2ACHTUNGTRENNUNG(pda)5-
ACHTUNGTRENNUNG(H2O)2]·5DMF·4EtOH·6H2O (1), with spaced, intersecting
channel systems. For a microporous framework, polymer 1
shows adsorption behavior that is favorable towards H2O
and CH3OH, and substantial H2 uptake. More advanced re-
search on H2 storage is currently underway. In terms of hep-
tanuclear zinc carboxylate SBUs, polymer 1 exhibits inter-
esting photoelectronic properties, which would facilitate the
exploration of new types of semiconducting materials, espe-
cially among MOFs containing multinuclear metal carboxy-
late SBUs.


Experimental Section


Materials and physical techniques : All reagents and solvents were com-
mercially available and were used as received without further purifica-
tion. A Perkin–Elmer TGA 7 thermogravimetric analyzer was used to
obtain TGA curves in air with a heating rate of 5 8C min�1. Powder X-ray
diffraction (XRD) data were collected by using a Siemens D5005 diffrac-
tometer with CuKa radiation (l=1.5418 @). Analyses for C, H, and N
were carried out by using a Perkin–Elmer analyzer. The IR spectra were
recorded (400–4000 cm�1 region) by using a Nicolet Impact 410 FTIR
spectrometer with KBr pellets. Liquid adsorption measurements were
conducted by using a CAHN 2000 analyzer at RT. Hydrogen storage was
measured with the sample under different hydrogen pressures by using a
conventional volumetric method. Analyses of PV transients were con-
ducted by having the sample in a sandwich cell (ITO/polymer 1/ITO)
and by using the light-source-monochromator-lock-in detection techni-
que.


Synthesis of 1: ZnACHTUNGTRENNUNG(NO3)2·6H2O (0.15 g, 0.50 mmol), PDA (0.04 g,
0.2 mmol), HMT (0.01 g, 0.1 mmol), DMF (10.0 mL), ethanol (2.0 mL),
and H2O (2.0 mL) were placed in a 25 mL vial to form a solution under
stirring. After stirring in air for 1 h, the vial was set in a beaker (100 mL)
containing an ethanol solution (5 mL) of triethylamine (0.05 mL), and
then sealed and left undisturbed for two weeks at RT. The resulting buff
block-shaped crystals of 1 were collected in 62% yield, based on zinc
content. This complex was unstable in air and insoluble in common or-
ganic solvents, such as acetone, methanol, ethanol, dichloromethane, ace-
tonitrile, chloroform, and DMF. FTIR (KBr): ñ=3425 (m), 2924 (m),
2854 (w), 1643 (s), 1558 (s), 1388 (s), 1296 (w), 1257 (m), 1103 (m), 1065
(w), 980 (m), 879 (w), 841 (m), 717 (m), 663 (w), 555 (w), 509 cm�1 (w);
elemental analysis calcd (%): C 44.02, H 5.12, N 3.09; found: C 43.91, H
5.33, N 3.67.


Figure 5. Hydrogen adsorption isotherm of 1 under different hydrogen
pressures at room temperature.


Figure 6. a) The transient photovoltage (PV) response of the ITO/poly-
mer 1/ITO sandwich cell under illumination of 355 nm pulse laser at vari-
ous intensities. From curves a to d, the corresponding light intensities are
0.19, 0.15, 0.12, and 0.90 mJ. b) The dependence of the absolute value of
the PV amplitude on the excitation intensity for the polymer 1.
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X-ray crystallography : A buff block-shaped crystal of [Zn7O2 ACHTUNGTRENNUNG(pda)5-
ACHTUNGTRENNUNG(H2O)2] (1) with approximate dimensions of 0.42?0.42?0.48 mm was
sealed in a glass capillary with a mother liquor and mounted on a Bruker
SMART CCD diffractometer for X-ray structural analysis at 293 K. The
structure was solved and refined by using full-matrix least-squares on F2


values (SHELXTL, Sheldrick).[32] In this structure, C27, C28, C29, C30,
C31, C32, C33, and C34 (C27’, C28’, C29’, C30’, C31’, C32’, C33’, and
C34’) of the PDA ligand are disordered and split up into two atoms.
Non-hydrogen atoms (excluding C29 and C33) were refined anisotropi-
cally. Hydrogen atoms were fixed at calculated positions and refined by
using a riding mode. Further crystallographic details are given in Table 1
and Table S1 (Supporting Information). CCDC-260571 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Table 1. Crystallographic data for 1.


formula C60H40O24Zn7


Mw 1602.51
crystal system tetragonal
space group I4cm
a [@] 34.6957(5)
c [@] 41.0328(12)
V [@3] 49394.9(18)
Z 8
T [K] 293
l [@] 0.71073
1calcd [gcm�3] 0.431
m [mm�1] 0.689
F [000] 6416
measured data 149079
unique data 28397
observed data [I>2s(I)] 9264
goodness-of-fit on F2 1.069
R1


[a] 0.1100
wR2


[b] 0.2981


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�w(F2
ACHTUNGTRENNUNGo�F2


ACHTUNGTRENNUNGc)
2/�w(F2


ACHTUNGTRENNUNGo)
2]1/2.
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Construction of Open Metal–Organic Frameworks Based on Predesigned
Carboxylate Isomers: From Achiral to Chiral Nets


Daofeng Sun,[a] David J. Collins,[a] Yanxiong Ke,[a] Jing-Lin Zuo,[b] and
Hong-Cai Zhou*[a]


Introduction


Crystal engineering provides a powerful tool for the con-
struction of metal–organic frameworks (MOFs).[1,2] Various
secondary building units and organic ligands have been spe-
cifically designed for the synthesis of MOFs with desirable
characteristics (porosity, chirality, fluorescence, magnetic


properties, etc.) and topologies (perovskite, rutile, SrSi2, PtS,
NbO, etc.).[3] The geometries of the organic ligand and the
metal or metal-cluster secondary building unit (SBU) are
two important factors that always influence the topology of
the final structure. By predesigning and selecting the organic
ligand and the SBU, it is possible to construct novel coordi-
nation networks possessing a desired topology based on the
geometries of the ligand and the SBU. However, recent de-
velopments in supramolecular isomerism and the interpene-
tration of structures have introduced more elements of com-
plexity to the construction of MOFs and coordination net-
works, and have illuminated the difficulty in accurately pre-
dicting final structures.[4,5]


Supramolecular isomerism often results from the exis-
tence of several different building units with little or no dif-
ference in formation energy. Supramolecular isomers in-


Abstract: The four-connected carb-
oxylate ligand N,N,N’,N’-tetrakis(4-car-
boxyphenyl)-1,4-phenylenediamine
(TCPPDA) exists as three stereoisom-
ers: a pair of enantiomers (dD2- and
lD2-TCPPDA) and a diastereomer
(C2h-TCPPDA). TCPPDA was prede-
signed for the construction of isomeric
coordination networks. Reactions of
M ACHTUNGTRENNUNG(NO3)2 (M=Cu, Zn, Co) or
Nd(NO)3 with TCPPDA under solvo-
thermal conditions gave rise to five
novel porous metal–organic frame-
works: [Cu2(D2-tcppda)-
ACHTUNGTRENNUNG(H2O)2]·2DMSO·6H2O (1), [Cu2(C2h-
tcppda) ACHTUNGTRENNUNG(H2O)2]·2DMSO·6H2O (2),
[Co3(D2-Htcppda)2]·4DEF·5H2O (3),
[Nd2(D2-tcppda)(C2h-tcppda)0.5-
ACHTUNGTRENNUNG(DMSO)3]·3DMSO·5H2O (4), and
[Zn4O(D2-tcppda)1.5]·DMF·H2O (5)
(DMSO=dimethyl sulfoxide, DEF=
diethylformamide, DMF=dimethyl-


formamide). Complexes 1 and 2 are su-
pramolecular isomers, in which all the
ligands adopt pseudotetrahedral (both
dD2- and lD2-TCPPDA) and rectangu-
lar (C2h-TCPPDA) geometries, respec-
tively. Both compounds connect pad-
dlewheel secondary building units
(SBUs) to form three-dimensional
porous networks possessing PtS and
NbO nets, respectively. In 3, all ligands
possess pseudotetrahedral (both dD2-
and lD2-TCPPDA) geometry and link
hourglass SBUs to form a three-dimen-
sional porous framework. Compound 4
contains all three stereoisomers (C2-,
dD2-, and


lD2-TCPPDA), thus, has both


pseudotetrahedral and rectangular geo-
metries. D2-TCPPDA connects the bi-
nuclear neodymium units to generate a
two-dimensional layer, further linked
by C2h-TCPPDA to create a three-di-
mensional open framework. In 5, all
the ligands possess pseudotetrahedral
geometry (D2-TCPPDA), as found in 1
and 3. However, all the TCPPDA li-
gands in 5 appear as either the dD2 or
the lD2 form, thus, the whole structure
is homochiral. Complex 5 crystallizes
in the I4132 space group and the octa-
hedral SBU in 5 is connected by the
enantiopure TCPPDA to generate a
three-dimensional porous network pos-
sessing the corundum Al2O3 net. Com-
plexes 1, 2, and 5 possess permanent
porosity, and 4 and 5 exhibit strong lu-
minescence at lmax=423 and 424 nm,
respectively, upon excitation at
268.5 nm.


Keywords: carboxylate ligands ·
chiral networks · crystal engineer-
ing · organic–inorganic hybrid com-
posites · supramolecular chemistry
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clude structural isomers,[1,6] in which atom connectivities
differ, and stereoisomers, in which atom connectivities are
identical. The latter encompasses diastereomers and enan-
tiomers.[7] The study of supramolecular stereoisomerism can
lead potentially to the generation of chiral coordination pol-
ymers from achiral ligands; however, the body of literature
in this field is still limited.[8]


Controlled synthesis of MOFs remains a significant chal-
lenge to chemists, because the final structure is influenced
by numerous factors, including ligand geometry, solvent, and
reaction temperature.[9] In general, even seemingly minor
changes in any of these factors can result in the formation
of a different structural topology. Most ligands used in the
study of supramolecular isomerism are derivatives of pyrrole
or pyridine,[5,10] however, we recently designed a new tetra-
carboxylate ligand, the tetra-anion of N,N,N’,N’-tetrakis(4-
carboxyphenyl)-1,4-phenylenediamine (TCPPDA)
(Figure 1), which was chosen intentionally to lead to poten-


tial supramolecular isomers.
This ligand has three stereo-
isomers: a pair of enantiomers
(D2 symmetry) and a diaster-
eomer (C2h symmetry). Despite
our early preliminary work with
this ligand, which revealed tem-
perature-dependent supramo-
lecular stereoisomerism,[11] the
potential of this ligand to form
novel supramolecular structures
remained largely unexplored;
conceivable structures could contain both C2h and D2 iso-
mers, or possibly only one type of D2 isomer (d or l). Fur-
thermore, the size, shape, and nonplanarity of TCPPDA
may hinder the formation of interpenetrating networks,
which makes it a good choice for the construction of these
networks.


In the past decade, a large number of coordination net-
works or MOFs have been constructed from various organic
ligands with different geometries and functionalities;[12] how-
ever, the designed construction of MOFs that exploits ligand
isomerism is quite rare.[9] To extend our previous work, we


have endeavored to carry out a systematic study of this
ligand by employing different metal ions and clusters and by
varying reaction conditions. Here, we describe the details of
the syntheses, characterizations, and properties of MOFs
based on this predesigned carboxylate ligand and its iso-
mers.


Results and Discussion


The tetracarboxylate ligand TCPPDA was synthesized in
two steps through an amination reaction and subsequent hy-
drolysis (Scheme 1). We selected TCPPDA as a target
ligand in the study of supramolecular stereoisomerism and
construction of MOFs primarily for the isomeric possibilities
it presents. TCPPDA has three stereoisomers (a pair of
enantiomers and a diastereomer); the diastereomer has C2h


symmetry with three phenyl rings oriented as left- and right-
handed propellers around the
two nitrogen atoms. A plane of
symmetry exists through the
central phenyl ring, reflecting
one nitrogen-centered propeller
with respect to the other. All
four carboxylate carbon atoms
lie within the same plane and
define a rectangle; in a coordi-
nation network, the C2h isomer
will be a four-connected unit
similar to a square-planar con-
nector. The pair of enantiomers
possess D2 symmetry. In one


case, both nitrogen-centered propellers are right-handed
(dD2), and in the other case, both nitrogen-centered propel-
lers are left-handed (lD2). The conversion of the isomer
from C2h to D2 will take place if the direction of one propel-
ler is inverted by rotating two nitrogen–carboxyphenyl
bonds on the same side of the central phenyl ring. The inter-
conversion between the dD2 and lD2 isomers can occur by
inversion of both propellers, through rotation of all four ni-
trogen–carboxyphenyl bonds. The four carboxylate carbon
atoms occupy the vertices of a stretched tetrahedron; in a
coordination network, the D2 enantiomers will be four-con-


Figure 1. The designed tetracarboxylate ligand TCPPDA.


Scheme 1. The synthesis of H4TCPPDA.
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nected units similar to tetrahedral connectors. The energy
barrier for the inversion of a propeller should be low
enough that TCPPDA can exist in all three forms in solution
at room temperature. However, in a coordination network,
it is possible that one of the three isomers will be favored
over the others. If the pseudotetrahedral and rectangular ge-
ometries of the ligand can independently connect a rigid
SBU, supramolecular isomers can be expected; furthermore,
if D2-TCPPDA appears in a structure as solely the dD2 or
lD2 form, a chiral MOF will result.


With these considerations in mind, we first attempted to
incorporate this ligand into a coordination network with the
copper(ii) ion, due to its known propensity to form paddle-
wheel SBUs with carboxylate ligands. The solvothermal re-
action of H4TCPPDA and Cu ACHTUNGTRENNUNG(NO3)2·2.5H2O in dimethyl-
sulfoxide (DMSO) at 120 8C resulted in yellow crystals of 1,
[Cu2(D2-tcppda) ACHTUNGTRENNUNG(H2O)2]·2DMSO·6H2O, which possesses the
PtS network in which all ligands adopt the pseudotetrahe-
dral geometry (D2-TCPPDA). However, the same reaction
carried out at 115 8C results in burgundy-red crystals of 2,
[Cu2(C2h-tcppda) ACHTUNGTRENNUNG(H2O)2]·2DMSO·6H2O, which possesses
the NbO network in which all ligands adopt rectangular ge-
ometry (C2h-TCPPDA).[13] As indicated above, 1 and 2 were
reported previously;[11] they will, therefore, be discussed fur-
ther only in relation to the additional studies described
herein.


Heating a mixture of H4TCPPDA and Co ACHTUNGTRENNUNG(NO3)2·6H2O in
diethylformamidine (DEF) to 120 8C for four days resulted
in the formation of red-violet crystals of 3, [Co3(D2-
Htcppda)2]·4DEF·5H2O. X-ray diffraction analysis revealed
that 3 has a three-dimensional porous network containing a
trinuclear cobalt cluster. One of the carboxylate groups of


TCPPDA remains protonated, indicated by a C�O bond
length of 1.283 L, and by IR data, in which a strong absorp-
tion peak at around 1700 cm�1 for �COOH is observed. As
shown in Figure 2, each TCPPDA molecule is seven-coordi-
nate in the following manner: two carboxylate groups adopt
bidentate bridging modes linking two cobalt atoms each;
one carboxylate oxygen bridges two cobalt atoms; the proto-
nated carboxylate group coordinates one cobalt atom in a
monodentate coordination mode. Carboxylate groups from
six different TCPPDA ligands connect three cobalt atoms
arranged linearly to form a trinuclear “hourglass” SBU, as
shown in Figure 3. Note that the central cobalt atom is octa-


hedrally coordinated, whereas the two terminal cobalt
atoms are tetrahedrally coordinated. This hourglass SBU is
quite different from another hourglass SBU characterized
previously in our laboratory, in which all the carboxylate
groups adopt a bidentate bridging mode and two coordinat-


Figure 2. The coordination modes of TCPPDA in 1–5.


Figure 3. The hourglass SBU in 3. Cobalt atoms are represented as poly-
hedra.
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ed water molecules occupy the terminal positions.[14] The
average Co–O distance is 2.037(6) L. Each of the TCPPDA
ligands in 3 has D2 symmetry and is, therefore, chiral. How-
ever, because the ratio of dD2- to


lD2-TCPPDA in this net-
work is 1:1, the coordination network is racemic overall.


The D2-TCPPDA in 3 can be considered to be an elongat-
ed tetrahedral connector: the dihedral angle between the
two planes, each defined by a nitrogen atom and the accom-
panying carboxylate carbon atoms, is 74.58. Each TCPPDA
ligand links four hourglass SBUs, and every SBU can be
considered as an eight-connected node. Thus, the TCPPDA
ligand connects hourglass SBUs to generate an eight-con-
nected network structure with open channels (Figure 4). The


dimensions of the channels are 7.149O10.832 L, in which
free solvates reside. The structure is noninterpenetrated
with a total potential solvent-accessible volume of 58%
(1519.1 L3 per 2619.6 L3), as calculated by PLATON.[15]


In 1, 2, and 3, all the TCPPDA ligands adopt only a single
geometry, either pseudotetrahedral or rectangular. This is
probably a result of the coordination geometry imposed by
the first-row transition-metal ions, which typically adopt a
low coordination number. The solvothermal reaction of
H4TCPPDA and NdACHTUNGTRENNUNG(NO3)3·6H2O in DMSO at 120 8C for
48 h resulted in light-yellow rodlike crystals of 4, [Nd2(D2-
tcppda)(C2h-tcppda)0.5 ACHTUNGTRENNUNG(DMSO)3]·3DMSO·5H2O. X-ray dif-
fraction analysis reveals that 4 also has a three-dimensional,


noninterpenetrated porous framework. The lack of a strong
IR absorption peak at 1700 cm�1 (for �COOH) indicates
that all carboxylates are deprotonated during the reaction
and formation of the network. Within the structure of 4,
there are 1.5 crystallographically independent ligands, and
two different geometries of the ligand are present, C2h- and
D2-TCPPDA. Both TCPPDA ligands have similar coordina-
tion modes: two carboxylate groups adopt a bidentate che-
lating mode, chelating one neodymium atom each, and the
other two carboxylate groups adopt a chelating-bridging
mode, connecting two neodymium atoms each, as shown in
Figure 2. As in 3, D2-TCPPDA forms an elongated tetrahe-
dral connector, with a dihedral angle between the two car-
boxylate-nitrogen-carboxylate planes of 63.68. In contrast,
all the carboxylate carbon atoms are coplanar in C2h-
TCPPDA. As in 3, the coordination network is racemic
overall, due to a 1:1 ratio of the dD2- to


lD2-TCPPDA enan-
tiomers.


In 4, two crystallographically independent neodymium
atoms, Nd1 and Nd2, are connected by one TCPPDA ligand
to form a binuclear Nd2 unit. Both neodymium atoms adopt
a nine-coordinate geometry: Nd1 is coordinated by two
oxygen atoms from C2h-TCPPDA, six from D2-TCPPDA,
and one from a coordinated DMSO molecule; Nd2 is coor-
dinated by three oxygen atoms from C2h-TCPPDA, four
from D2-TCPPDA, and two from coordinated DMSO. Each
C2h-TCPPDA connects four Nd2 atoms to generate a one-di-
mensional chain, in which the Nd2···Nd2 distance is
13.440 L, as shown in Figure 5. Each D2-TCPPDA links four


Nd1 atoms to give rise to a two-dimensional layer frame-
work, in which the Nd1···Nd1 distance is 13.109 L
(Figure 6). The one-dimensional chains and two-dimensional
layers are further connected by the carboxylate groups of
C2h- or D2-TCPPDA in a chelating or bridging mode to give
rise to a three-dimensional, noninterpenetrated porous
framework, as shown in Figure 7. The Nd1···Nd2 distance
along the a axis is 3.850 L. The dimensions of the channels
are 10.558O19.316 L, in which free solvates reside. The sol-


Figure 4. a) The three-dimensional porous framework of 3 viewed along
the b axis. b) A schematic representation of 3 simplifying the organic
ligand as a pseudotetrahedral connector and the hourglass SBU as an
eight-connected node.


Figure 5. The one-dimensional chain in 4 connected by C2h-TCPPDA.
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vent-accessible volume is 67.9% (4059.0 L3 per 5977.3 L3),
calculated by PLATON.[15]


1, 3, and 4 all have a racemic network, due to the 1:1 ratio
of dD2- to lD2-TCPPDA within the network. However, if a
synthesis results in all the D2-TCPPDA ligands appearing as
either the dD2 or the


lD2 form, then the overall network will
be chiral rather than achiral. The solvothermal reaction of
ZnACHTUNGTRENNUNG(NO3)2·6H2O and H4TCPPDA in dimethylformamide
(DMF) at 120 8C results in the formation of red block crys-
tals of 5, [Zn4O(D2-tcppda)1.5]·DMF·H2O. Although the bulk
sample of 5 is racemic, individual crystals self-assemble into
separate chiral enantiomeric structures with ligands in the
form of either all dD2 or all


lD2.
All the carboxylate groups of TCPPDA are deprotonated


during the reaction, with each carboxylate connecting two
zinc atoms in a bridging mode. Four zinc atoms are linked
by six carboxylate groups from different TCPPDA ligands
and one m4-oxygen atom to form a Zn4OACHTUNGTRENNUNG(OOCR)6 unit, a
basic carboxylate octahedral SBU (Figure 8a). Two crystal-


lographically independent D2-TCPPDA units appear in the
structure; the carboxylate-nitrogen-carboxylate dihedral
angles are 77.1 and 858. Each TCPPDA ligand connects four
octahedral SBUs (Figure 8b) and each octahedral SBU at-
taches to six TCPPDA ligands to give a three-dimensional
porous framework with two kinds of channels (Figure 9).
The dimensions of the channels are 7.007O7.007 L (A) and
9.510O9.510 L (B), in which DMF and water solvates
reside. The structure is noninterpenetrating, due to the non-
planarity of the ligand and the rigidity of the SBU, and has
a total solvent-accessible volume of 74.7% (42068.2 L3 per
56342.0 L3), as calculated by PLATON.[15]


Although it is difficult to combine tetrahedral organic li-
gands and octahedral metal SBUs in the construction of
MOFs, it has been shown that the best compromise between
these two forms is found in the corundum form of Al2O3 (a-
alumina), in which both aluminum and oxide ions are dis-
torted from their ideal geometries.[16, 17] To further under-
stand the topology of 5 as an analogue of the corundum top-
ology, simplified models of the ligand and the SBU cluster
can be considered: as discussed above, the organic ligand


Figure 6. The two-dimensional layer in 4 connected by D2-TCPPDA. a)
Viewed along the c axis. b) Viewed along the a axis. c) and d) Schematic
representations of the same views, simplifying the organic ligand as a
pseudotetrahedral connector.


Figure 7. The three-dimensional porous framework of 4 viewed along he
a axis. a) The three-dimensional porous framework of 4 viewed along the
a axis. b) A schematic representation of 4, simplifying the organic ligand
as pseudotetrahedral and rectangular connectors.


Figure 8. a) The basic carboxylate octahedral SBU, Zn4O ACHTUNGTRENNUNG(OOCR)6, in 5.
b) Each TCPPDA ligand connects four octahedral SBUs.


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3768 – 37763772


H.-C. Zhou et al.



www.chemeurj.org





can be modeled as a tetrahedral connector, and the SBU
cluster can be modeled as an octahedral node with the m4-
oxygen atom at the center. The resulting corundum topology
is shown in Figure 10. Recently, Moorthy et al. reported zinc
and cadmium coordination networks possessing the corun-


dum topology constructed from a D2d-symmetric pyridine-
based ligand (3,3’,5,5’-tetrakis(4-pyridyl)bimesityl) and a
single metal ion.[18] The achiral zinc and cadmium frame-
works formed possess lower porosity (44 and 46%, respec-
tively) than 5, due to the presence of several methyl groups
in the 3,3’,5,5’-tetrakis(4-pyridyl)bimesityl ligand, which can
protrude into the channels. The considerably greater porosi-
ty found in the TCPPDA-based framework 5 can be attrib-
uted to the lack of these methyl groups and the larger over-
all size of the ligand.


Unlike frameworks 1 and 3, all the D2-TCPPDA ligands
in 5 appear as either the dD2 or the lD2 form, thus, the
whole structure is enantiopure and homochiral; the crystals
have the I4132 space group. To the best of our knowledge,
complex 5 represents the first chiral MOF possessing corun-
dum topology. Preliminary second harmonic generation
(SHG) measurements showed that 5 displays a response in
the powder state that is three times greater than that of
urea; this is a slightly stronger SHG response than that of
some chiral MOFs constructed from chiral organic li-
gands.[17,19]


The results of thermogravimetric analysis (TGA) for com-
plexes 3–5 measured under N2 are shown in Figure 11. For


3, the weight loss of 27% from 50 to 350 8C corresponds to
the loss of four free DEF molecules and five free water mol-
ecules (calcd: 26.8%). For 4, the weight loss of 30% from
50 to 245 8C corresponds to the loss of three free DMSO
molecules, five free water molecules, and three coordinated
DMSO molecules (calcd: 32%). There is no further weight
loss from 245 to 400 8C. TGA shows that the framework of 5
is stable up to 410 8C: from 50 to 300 8C, there is a gradual
weight loss of 7.7%, corresponding to the loss of one DMF
and one water solvate trapped within the lattice (calcd:
7.3%), with no further weight loss from 300 to 410 8C.


Gas sorption measurements for N2 and H2 were per-
formed on compounds 1, 2, and 5, and are shown in Fig-
ures 12 and 13, respectively. Complex 4 was unable to retain
its framework after solvate removal. As-synthesized samples
of 1 and 2 were exchanged with methanol to remove DMSO


Figure 9. The three-dimensional porous framework of 5. The two unique
types of channels are labeled A and B. Zinc atoms are represented as tet-
rahedra.


Figure 10. a) View of the network of 5 along [111]; b) space-filling
model: in both (a) and (b), zinc atoms are indicated in aqua, nitrogen
atoms in blue, carbon atoms in gray, and oxygen atoms in red; c) 5 is sim-
plified as the corundum network by modeling the ligand as a tetrahedral
connector (gray) and the octahedral SBU as a six-connected node
(aqua).


Figure 11. TGA plot of 3, 4, and 5.
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and water molecules, then dried under vacuum overnight.
N2 sorption at 77 K (Figure 12) shows that complexes 1 and
2 possess Type I isotherms with Langmuir surface areas of
626 and 504 m2g�1, respectively.[11] The hydrogen-storage ca-
pabilities of both compounds (14 mgg�1 for 1, 12 mgg�1 for
2) are comparable to reported values for “isoreticular”
MOFs with high reported surface areas.[20] The difference in
the nitrogen- and hydrogen-storage capacities of the two iso-
mers is attributed to the variation in porosity, consistent
with structures and calculated potential solvent-accessible
volumes. An as-synthesized sample of 5 was exchanged with
chloroform to remove DMF and water solvates, then dried
under vacuum overnight. N2 sorption at 77 K shows that 5
also has a Type I isotherm with a Langmuir surface area of
2095 m2g�1, indicating that 5 possesses permanent porosity.
Although 5 possesses much higher porosity than 1 and 2, hy-
drogen sorption measurement showed that 5 has very low
hydrogen-storage capability (8 mgg�1). The higher hydro-
gen-storage capacity of 1 and 2 may be attributable to the
existence of open metal sites in these networks after remov-
al of axially coordinated water molecules in the paddlewheel
SBUs; these open metal sites may have a high affinity for
H2 molecules, and are absent in 5.[21] This result also indi-
cates that the degree of porosity is not the sole factor in de-
termining gas adsorptivity.[22] The design and synthesis of


highly porous MOFs with open metal sites for hydrogen
storage has, thus, become a target for future work.


Photoluminescence measurements for 4 and 5 at room
temperature show that these MOFs exhibit strong lumines-
cence at lmax=425 and 423 nm, respectively, upon excitation
at 276 nm (Figure 14). The emissions of complexes 4 and 5


can be assigned to an intraligand p*!p transition, because
the free TCPPDA possesses similar emission (lmax=498 nm)
in solution, although a sizable blue-shift (approx. 75 nm) is
observed in the complexes. Photoluminescent emission by 4
and 5 is considerably more intense than that of the free
ligand; this may be explained in terms of ligand rigidity. In
solution at room temperature, TCPPDA exists in all three
forms and is much more flexible than the forms within a
MOF; this rigidity of the coordinated ligand effectively re-
duces the loss of energy, thereby increasing fluorescent effi-
ciency.[23]


Conclusion


We have solvothermally synthesized five novel porous
metal–organic frameworks based on a rationally designed
tetracarboxylate ligand, TCPPDA, which exhibits stereoiso-
merism. This ligand can adopt two different geometries:
pseudotetrahedral (D2-TCPPDA) and rectangular (C2h-
TCPPDA). By varying the reaction temperature and/or
metal species, porous frameworks containing either a single
geometry (1, 2, 3, and 5) or mixed geometries (4) of the
ligand can be successfully isolated. Most interestingly, a
chiral porous framework possessing the corundum topology
can be constructed in a zinc complex (5), in which only dD2-
or lD2-TCPPDA are present in each crystal. These results
demonstrate that a pseudorigid ligand that can adopt differ-
ent geometries has significant advantages over a rigid one in
the construction of coordination networks: such a ligand can
adopt different geometries, according to the reaction condi-
tions, to meet the coordination requirements of the metal


Figure 12. N2 gas sorption isotherms of 1, 2, and 5 measured at 78 K.


Figure 13. H2 gas sorption isotherms of 1, 2, and 5 measured at 78 K.


Figure 14. Emission spectra of 4 (lmax=425 nm), 5 (lmax=423 nm), and
TCPPDA ligand (lmax=498 nm) in DMF solutions, upon excitation at
276 nm.
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ion or metal-containing SBU. This provides a new strategy
in the synthesis of MOFs with various structural topologies.
In the future, the design and synthesis of additional organic
ligands that have this advantageous mix of structural rigidity
and conformational flexibility will be a powerful tool in the
construction of MOFs with desirable topologies and func-
tionalities.


Experimental Section


All starting materials were obtained commercially and were used without
further purification. Thermal gravimetric analyses (TGA) were per-
formed under N2 by using a Perkin–Elmer TGA 7 analyzer. A Beckman
Coulter SA 3100 surface-area analyzer was used to measure gas adsorp-
tion. Photoluminescence spectra were obtained by using a Perkin–Elmer
LS 50B luminescence spectrometer. Solution NMR spectra were record-
ed by using a Bruker 200 MHz spectrometer. Elemental analyses (C, H,
N) were performed by Canadian Microanalytical Services.


Synthesis of L1: (Scheme 1) 1,4-benzenediamine (0.5 g, 4.6 mmol), tert-
butyl-4-bromobenzoate (5.0 g, 19 mmol), palladium acetate (45 mg,
0.20 mmol), tri-tert-butyl-phosphine (32 mg, 0.33 mmol), sodium tert-but-
oxide (2.3 g, 24 mmol), and toluene (20 mL) were mixed in an N2 drybox.
The reaction mixture was removed from the drybox and heated under N2


at 75 8C for 24 h with constant stirring. The resulting brown mixture was
poured into a saturated aqueous solution of ammonium chloride, and the
aqueous layer was extracted with toluene. The combined organic phases
were dried with anhydrous MgSO4. Crude product was concentrated and
purified by flash chromatography to give L1 as a light yellow solid (1.8 g,
48%). 1H NMR (200 MHz, CD3Cl): d=1.62 (s, 36H), 7.08 (s, 4H), 7.12
(d, 8H), 7.95 ppm (d, 8H); 13C NMR (200 MHz, CD3Cl): d=28.66, 81.22,
122.92, 126.69, 131.32, 150.88, 165.75 ppm.


Synthesis of H4TCPPDA (N,N,N’,N’-tetrakis(4-carboxyphenyl)-1,4-phe-
nylenediamine): L1 (0.25 g) was dissolved in CH2Cl2 (20 mL), to which
trifluoroacetic acid (0.5 mL) was added; the resulting yellow solution was
allowed to stir at RT overnight. The yellow precipitate that formed was
filtered, washed with CH2Cl2, and dried under vacuum to give
H4TCPPDA as a yellow solid (0.175 g, 96%). 1H NMR (200 MHz,
CD3Cl) d=7.08 (s, 4H), 7.12 (d, 8H), 7.95 ppm (d, 8H).


Synthesis of 3 : A mixture of [Co(en)3]I3·H2O (15 mg, 0.024 mmol, en=
ethylene diamine) and H4TCPPDA (2.5 mg, 0.043 mmol) in N,N-diethyl-
formamide (DEF) (1.5 mL) was sealed in a thick-walled glass tube under
vacuum. The tube was heated at 120 8C for 5 d, then cooled to RT at a
rate of 0.1 8Cmin�1. The resulting red-violet crystals were washed with
DEF to give 3. Composition of 3 was determined by crystal structure
analysis and TGA.


Synthesis of 4 : A mixture of Nd ACHTUNGTRENNUNG(NO3)3·6H2O (20 mg, 0.046 mmol) and
H4TCPPDA (2.5 mg, 0.043 mmol) in dimethylsulfoxide (DMSO)
(1.0 mL) and pyridine (0.5 mL) was sealed in a thick-walled glass tube
under vacuum. The tube was heated at 90 8C for 24 h, then cooled to RT
at a rate of 0.1 8Cmin�1. The resulting yellow rod crystals were washed
with DMSO to give 4. Elemental analysis calcd (%) for 4 : C 43.89, H
4.44, N 2.44; found: C 43.63, H 3.91, N 2.44.


Synthesis of 5 : A mixture of ZnACHTUNGTRENNUNG(NO3)2·6H2O (20 mg, 0.067 mmol) and
H4TCPPDA (2.5 mg, 0.043 mmol) in N,N-dimethylformamide (DMF)
(1.5 mL) was sealed in a thick-walled glass tube under vacuum. The tube
was heated to 120 8C for 24 h and cooled to RT at a rate of 0.1 8Cmin�1.
The resulting red block crystals were washed with DMF to give 5
(2.5 mg, 71%). Elemental analysis calcd (%) for 5 : C 52.08, H 3.16, N
4.50; found: C 51.49, H 3.15, N 4.79.


Crystal structure determination : Single-crystal X-ray diffraction was per-
formed by using a Bruker Apex D8 CCD diffractometer equipped with a
fine-focus sealed-tube X-ray source (MoKa radiation, l=0.71073 L,
graphite monochromated) operating at 45 kV and 40 mA. Crystals of 3,
4, and 5 were mounted on glass fibers and maintained under a stream of


N2 at 213 K. Frames were collected with 0.38 intervals in f and w for 30 s
per frame, such that a hemisphere of data was collected. Raw data collec-
tion and cell refinement were achieved by using SMART; data reduction
was performed by using SAINT+ and corrected for Lorentz and polari-
zation effects.[24] Absorption corrections were applied by using the
SADABS routine. Structures were solved by direct methods by using
SHELXTL and were refined by full-matrix least-squares on F2 by using
SHELX-97.[25] Non-hydrogen atoms were refined with anisotropic dis-
placement parameters during the final cycles. Hydrogen atoms were
placed in calculated positions with isotropic displacement parameters set
to 1.2OUeq of the attached atom. The solvent molecules in 3, 4, and 5 are
highly disordered, and attempts to locate and refine the solvent peaks
were unsuccessful. Contributions from these solvent molecules to scatter-
ing were removed by using the SQUEEZE routine of PLATON; struc-
tures were then refined again by using the data generated.[15]


Compound 3 : 0.21O0.20O0.15 mm, dark red-violet block,
C68H42Co3N2O16, Mr=1347.85 gmol�1, triclinic, P1̄, a=13.703(3) b=
14.120(3) c=15.810(4) L, a=105.069(4) b=103.355(4) g=109.052(5)8,
V=2619.6(10) L3, Z=1, 1calcd=0.854 gcm�3, m=0.513 mm�1, F ACHTUNGTRENNUNG(000)=
687, total reflections=7120, independent reflections=6303, R1=0.0515,
wR2=0.1325, (R1=0.1059, wR2=0.1707 before SQUEEZE), GOF=
0.801, residuals based on [I>2s(I)], D1max,min=0.279, �0.468 eL�3.


Compound 4 : 0.2O0.2O0.2 mm, light-yellow block, C57H48N3Nd2O15S3,
Mr=1399.68 gmol�1, triclinic, P1̄, a=15.156(3) b=15.657(2) c=
26.967(4) L, a=81.603(16) b=78.042(12) g=73.529(12)8, V=


5977.3(15) L3, Z=1, 1calcd=0.389 gcm�3, 1=0.472 mm�1, F ACHTUNGTRENNUNG(000)=699,
total reflections=30569, independent reflections=25476, R1=0.0819,
wR2=0.1837, (R1=0.1762, wR2=0.2249 before SQUEEZE), GOF=
0.749, residuals based on [I>2s(I)], D1max,min=2.533, �2.866 eL�3.


Compound 5 : 0.48O0.41O 0.60 mm, red block, C102H60N6O26Zn8, Mr=


2308.71 gmol�1, cubic, I4132, a=b=c=38.3364(9) L, a=b=g=908, V=


56342(2) L3, Z=8, 1calcd=0.544 gcm�3, m=0.697 mm�1, F ACHTUNGTRENNUNG(000)=9296,
total reflections=77336, independent reflections=3273, R1=0.0374,
wR2=0.0624, (R1=0.1399, wR2=0.2763 before SQUEEZE), GOF=
0.793, residuals based on [I>2s(I)], D1max,min=0.075, �0.145 eL�3, Flack
parameter 0.09(2).


CCDC-287825, CCDC-287826, and CCDC-270804 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A Pyrazolato-Bridged Dinuclear ACHTUNGTRENNUNGPlatinum(ii) Complex Induces Only ACHTUNGTRENNUNGMinor
Distortions upon DNA-Binding
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Introduction


The structural distortion of DNA caused by the binding of
cisplatin (cis-diamminedichloroplatinum(ii)) is accepted to
play a pivotal role in the mechanism of action of this widely
used antitumor drug.[1,2] The clinical use of cisplatin is not
only restricted by its toxicity, but also by resistance develop-
ment and by the limited scope of cancers against which it is
active.[3,4] Most of the cisplatin analogues that have been
synthesized to overcome toxicity problems have a similar ac-
tivity profile to cisplatin.[4–6]


The major cross-link formed when cisplatin reacts with
DNA is the 1,2-d(GG)-intrastrand adduct.[7] The DNA in
this adduct is locally distorted from normal B-DNA, and the
duplex is bent by 55–788 towards the major groove.[8–14] This
distorted Pt–DNA structure is specifically recognized by
DNA recognition proteins, which likely mediate the cytotox-
ic activity of cisplatin.[15–17]


Recent research has focused on compounds that form dif-
ferent types of cross-links with DNA. For example, Farrell
and co-workers[18,19] have reported various di- and trinuclear
platinum complexes that possess antitumor activity in vitro
and in vivo and are characterized by their lack of cross-re-
sistance with cisplatin. These compounds produce different


Abstract: The cytotoxic, pyrazolato-
bridged dinuclear platinum(ii) complex
[(cis-{PtACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(m-pz)]2+


(pz=pyrazolate) has been found to
cross-link two adjacent guanines of a
double-stranded DNA decamer with-
out destabilizing the duplex and with-
out changing the directionality of the
helix axis. A 1H NMR study of the
oligonucleotide d(CTCTG*G*TCTC)-
d(GAGACCAGAG), cross-linked at
the two G* guanines by [(cis-{Pt-
ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-pz)]3+ , and molecular dy-
namics simulations of the explicitly sol-


vated duplex were performed to char-
acterize the structural details of the
adduct. The dinuclear platinum cross-
link unwinds the helix by approximate-
ly 158, that is, to a similar extent as the
widely used antitumor drug cisplatin,
but, in contrast to the latter, induces no
significant bend in the helix axis. The
Watson–Crick base-pairing remains


intact, and the melting temperature of
the duplex is unaffected by the cross-
link. The helical twist is considerably
reduced between the two platinated
bases, as becomes manifest in an un-
usually short sequential H1’–H1’ dis-
tance. This unwinding also affects the
sugar ring of the guanosine in the 3’-
position to the cross-link, which pres-
ents an NÐS equilibrium. This is the
first cytotoxic platinum complex that
has been successfully designed by envi-
sioning the structural consequences of
its binding to DNA.
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kinds of DNA cross-links and the structures of their DNA
adduct drugs are drastically different from the distortions in-
duced by cisplatin.[20, 21] These results suggest that different
DNA binding modes have different biological effects, and
thus confer different activity profiles to the drugs inducing
them.


One conceivable strategy for the development of new an-
titumor complexes is based on attempts to diminish the
bend angle induced by the cisplatin 1,2-d(GG) cross-link.
Following this idea, Kozelka et al.[22] have synthesized dinu-
clear hydrazine-bridged complexes that are highly cytotoxic
in vitro but have no activity in animal models. More promis-
ing compounds based on this strategy are the azolato-bridg-
ed dinuclear platinum complexes recently reported by
Komeda et al.[23–25] In particular, the complex [(cis-{Pt-
ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(m-pz)]2+ (pz=pyrazolate, see Figure 1),


which features one pyrazolate and one hydroxide as bridg-
ing ligands, was shown to possess a cytotoxicity against
MCF7 cells that is about 40 times higher than that of cispla-
tin; it is also active against cisplatin-resistant cells in vitro.[23]


The m-hydroxide of [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(m-pz)] ACHTUNGTRENNUNG(NO3)2


(1) acts as a leaving group, and the bridging rigid pyrazole
keeps the correct distance between the two Pt atoms to
enable binding of two neighboring guanines. This binding
was illustrated in a recently reported crystal structure of the
complex [(cis-{Pt ACHTUNGTRENNUNG(NH3)2}ACHTUNGTRENNUNG(9-Et-Gua))2ACHTUNGTRENNUNG(m-pz)]3+ .[25] In this
structure, the two 9-ethylguanines are stacked in a way
which suggests that incorporation of such a cross-link into
B-DNA would cause relatively minor distortions, in contrast
to the 1,2-GG intrastrand cross-links formed by cisplatin.
Thus, 1 is the first cytotoxic complex whose design rationale
was based on envisioning a specific structural distortion
caused upon binding to DNA, that is, avoiding a significant
curvature of the DNA helix.


To carry out a detailed analysis of this distortion in a
DNA duplex, we treated [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(m-pz)]2+


with the decamer oligonucleotide d(CTCTGGTCTC) (ssI),
and subsequently annealed the platinated single strand with
its complementary strand d(GAGACCAGAG) (ssII). The
resulting duplex containing the G-Pt-pz-Pt-G cross-link
(dsII) was studied by high-resolution 1H NMR spectroscopy
and molecular dynamics (MD) simulations. The NOESY
spectra of this platinated oligonucleotide differ only locally
from the spectra of the unplatinated, undistorted duplex of


the same sequence. The modeling work focused therefore
on a precise characterization of the local distortion. To this
end, we performed unrestrained MD simulations of the
platinated duplex solvated in a periodic box of about 5000
water molecules. The trajectory of the MD simulation was
then compared with the NMR spectroscopic data.


Results


Preparation and stability of the platinated DNA duplex:
One major product is seen in the anion-exchange FPL chro-
matogram upon treatment of [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(m-
pz)] ACHTUNGTRENNUNG(NO3)2 with ssI at pH 4.0. The unplatinated ssI (charge
�9) elutes at 11.00 min, and the newly formed platinated
single strand (ssIII) containing the Pt-pz-Pt 1,2-intrastrand
cross-link elutes at 9.02 min, in agreement with its reduced
negative charge of �6. As in the case of the reactions with
9-ethylguanine[25]and 5’-GMP,[26] no intermediate species are
observed. After three days the peak corresponding to ssI
had almost completely disappeared and ssIII had formed in
90 % yield. After titration of the complementary strand ssII
(eluting at 10.57 min), the duplex d(CTCTG*G*TCTC)-
d(GAGACCAGAG) (dsII; G* denotes a guanine involved
in the Pt-pz-Pt cross-link) formed almost instantaneously
(dsII elutes at 12.29 min).


Tm determination: An important measure of distortion is
the melting temperature (Tm) of the platinated DNA com-
pared to unplatinated DNA. The melting curves of dsI and
dsII were determined under identical conditions (3.4T 10�9


m


in 1m NaCl, 50 mm phosphate buffer, pH 7.0). The melting
temperatures (49�1 8C for the unplatinated dsI and 48�
1 8C for the platinated dsII) are identical within the error
limits, and therefore it can be concluded that the DNA
duplex is not significantly destabilized by binding of [(cis-
{Pt ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-pz)]3+ .


The duplex stability of the NMR sample of dsII (4 mm,
50 mm phosphate buffer pH 7.0, no additional NaCl added)
was checked by NMR spectroscopy before conducting 2D
experiments. All exchangeable protons remain visible until
the duplex is heated to 293 K. At higher temperatures these
signals broaden and at 323 K they disappear entirely. All
subsequent NMR experiments were conducted at 283 K. At
this temperature the sample is still in duplex conformation
and overlap of the H3’ peaks with the H2O peak is mini-
mized. Both dsI and dsII were found to be stable for at least
one week at ambient temperature.


NMR studies


Assignments of chemical shifts: The labeling of atoms and
torsion angles in an oligonucleotide is defined in Figure 2.
The combined use of TOCSY and NOESY spectroscopy al-
lowed the assignment of the protons of dsI (the unplatinated
duplex d(CTCTGGTCTC)-d(GAGACCAGAG)) and
dsII.[27–29] The NOESY region (200-ms mixing time) of


Figure 1. Structure of [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(m-pz)] ACHTUNGTRENNUNG(NO3)2 (1). The
numbering of the aromatic protons is indicated.
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duplex dsII visualizing the cross-peaks of the pyrazole
moiety is shown in Figure 3 a, and the sequential assignment
pathway of dsII is shown in Fig-
ure 3 b.


The adenine H2 protons
could easily be identified from
their long relaxation times in
the T1 relaxation experiment,
and were assigned on the basis
of intra-residue H2 to H1’
cross-peaks and sequential
nH2, (n+1) H1’ contacts. The
H2’ and H2’’ sugar protons
were assigned stereospecifically
on the basis of the intensities of
the H1’ to H2’/H2’’ contacts.[30]


No stereospecific assignments
were obtained for H5’ and H5’’.
For the unplatinated dsI the
H2, H5’, and H5’’ protons were
not assigned. The pyrazole pro-
tons (see Figure 1 for number-
ing) were assigned as follows:
the H5 proton was assigned as
being closest to G*5, that is, on
the 5’ side of the Pt-pz-Pt
lesion, H3 is directed towards
the 3’ side, and H4 is the cen-
tral proton. Figure 3 a shows the
cross-peaks of the H8/H6 pro-
tons with the three pyrazole
protons. In the imino region of


the 1H NMR spectrum in H2O all imino protons were identi-
fied (with the exception of those of the 3’ terminal G11),
thus indicating that the Watson–Crick hydrogen bonding is
conserved between the platinated bases. Each of these
imino protons shows cross-peaks in the NOESY spectra in
H2O/D2O. The chemical shifts of the nonexchangeable and
exchangeable protons are listed in Table 1.


The plot of differential chemical shifts of the platinated
dsII versus those of the unplatinated dsI (Figure 4) immedi-
ately revealed some intriguing differences. The presence of
the Pt-pz-Pt complex shifts the resonances in the vicinity of
the platinum lesion. The most striking of these is the upfield
shift of the H8 protons of G*5 and G*6 as these protons are
normally shifted downfield upon platinum coordination at
the N7 atom because of the inductive effect of platinum
binding.[31] This exceptional upfield shift of G*5 and G*6
can be explained by the position of the pyrazole in the
major groove (vide infra). The protons of the bases T4 and
G*5 exhibit larger differences in chemical shifts than those
of G*6 and T7; the shift differences are minor for the other
bases in the duplex. In fact, only minor differences are ob-
served for the sugar protons of the two cytosines opposing
the platinated guanines (C15 and C16), although the aro-
matic protons NH1 and NH2 of these bases are shifted sig-
nificantly upfield upon platination. The NH1 protons shift
by 1.08 and 1.53 ppm for C15 and C16, respectively, and the
NH2 protons shift by 1.41 and 1.03 ppm (see Table 1).


Figure 2. Labeling of atoms and torsion angles within the DNA tetranu-
cleotide TGGT. Cross-linking of the two guanines by the Pt-pz-Pt residue
is shown as well. This is a fragment of the structure shown later in
Figure 7, and the picture serves to identify atoms in the central part of
the platinated strand that are close in space and susceptible to give rise
to NOE cross-peaks.


Figure 3. Contour plots of two regions of the 200-ms NOESY spectrum of duplex dsII. a) The region of the
cross-peaks of the pyrazole protons. b) The H8/H6 to H1’/H5 region. The sequential assignment pathway for
both strands is indicated. Assignments of cytidine H6/H5 cross-peaks are also indicated, and the pyrazole to
DNA cross-peaks in this region are encircled.
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NOESY spectra and T1 mea-
ACHTUNGTRENNUNGsurements: A comparison of the
NOE intensities of dsII with
those of the unplatinated dsI
(Figure 5) confirmed the indica-
tion from the chemical shifts
that the structural perturbation
is limited to the close vicinity of
the platinum complex. The
most obvious difference is the
appearance of drug–DNA con-
tacts of the pyrazole ligand with
the two central guanines. The
intensities of these NOEs differ
by factors of up to 30 and indi-
cate that the G*5 base is closer
to the pyrazole ring than G*6.
The NOE intensities deter-
mined at a mixing time of
200 ms correlated well with the
time average of the �6th power
of the internuclear distance
over the MD simulation (vide
infra). The other NOE cross-
peaks were classified as strong,
medium, or weak and are sum-
marized for the central parts of
both the platinated (dsII) and
unplatinated (dsI) duplexes in
Figure 5. The most striking dif-
ference between dsI and dsII is
that dsII exhibits an unusual
H1’ to H1’ contact (medium in-
tensity) between G*5 and G*6,
thus indicating a decreased dis-
tance between these protons.


For G*6 we observe weaker
intra-residue H2’–H8 and H2’’–
H8 NOEs, which indicate a
shift of the conformational
equilibrium of the deoxyribose
towards a higher population of
the N-type conformation. For
the S-type conformation nor-
mally observed in B-DNA, the
H8 to H2’/H2’’ cross-peaks are
strong in intensity, and they are
also strong for G6 in dsI. Un-
fortunately, the G*6 H3’ proton
resonates too close to the HDO
peak in dsII to allow a reliable
quantification of the H8 to H3’
cross-peak, thus no information
on the sugar conformation
could be derived from this
NOE. However, another indica-
tion of an S-to-N repuckering


Table 1. Chemical shifts [ppm] of the protons in dsI and dsII at 283 K.


H8/H6 H2/H5/Me H1’ H2’ H2’’ H3’ H4’ NH1/NH2[a] H1/H3


DsI
C1 7.94 5.96 5.86 2.29 2.60 4.66 4.11 [b]


T2 7.69 1.69 6.21 2.31 2.62 4.66 4.30 13.66
C3 7.65 5.65 6.05 2.13 2.53 4.84 4.20 8.34/7.02
T4 7.53 1.66 5.67 2.04 2.40 4.85 4.12 13.90
G5 7.87 5.71 2.72 2.75 5.00 4.37 12.97
G6 7.53 5.61 2.21 2.54 [c] 4.14 12.80
T7 7.64 1.27 5.94 2.52 2.74 4.84 4.40 13.97
C8 7.62 5.61 6.02 2.16 2.53 4.77 4.77 8.40/7.09
T9 7.63 1.71 6.10 2.18 2.53 [c] 4.17 14.06
C10 7.66 5.81 6.28 2.27 2.29 4.58 4.05 [b]


G11 7.88 5.54 2.50 2.69 4.83 4.16 [b]


A12 8.19 [a] 5.97 2.75 2.88 5.06 4.40
G13 7.72 5.55 2.59 2.71 5.01 4.39 12.65
A14 8.12 [a] 6.23 2.63 2.91 5.02 4.48
C15 7.19 5.15 5.78 1.94 2.37 5.15 4.14 8.03/6.73
C16 7.40 5.15 5.34 1.96 2.28 5.48 4.04 8.48/6.44
A17 8.17 [a] 5.90 2.71 2.84 5.03 4.37 12.67
G18 7.74 5.38 2.57 2.66 4.98 4.33
A19 8.05 [a] 6.11 2.61 2.90 5.01 4.42 13.36
G20 7.61 5.98 2.36 2.24 4.61 4.15
DsII
C1 7.93 5.96 5.86 2.29 2.60 4.65 4.11 7.21/5.97
T2 7.71 1.67 6.17 2.39 2.59 4.65 4.30 13.94
C3 7.67 5.64 6.04 2.31 2.57 4.78 4.25 8.41/7.08
T4 7.68 1.73 5.79 2.46 2.47 4.99 4.23 14.08
G*5 6.90 5.89 2.19 2.52 4.99 4.78 13.43
G*6 7.35 5.55 2.20 2.60 5.04 4.27 13.37
T7 7.60 1.18 6.20 2.29 2.65 4.88 4.32 13.70
C8 7.67 5.64 6.04 2.16 2.58 4.84 4.16 8.45/7.18
T9 7.47 1.73 6.07 2.16 2.53 4.88 4.16 14.04
C10 7.65 5.83 6.28 2.27 2.28 4.59 4.06 8.30/7.24
G11 7.88 5.57 2.53 2.69 4.83 4.17 [b]


A12 8.20 7.54 5.97 2.75 2.88 5.06 4.42
G13 7.79 5.56 2.63 2.73 5.04 4.41 12.76
A14 8.20 7.89 6.36 2.70 3.04 5.04 4.54
C15 7.19 5.32 5.65 1.92 2.41 4.74 4.11 6.95/5.32
C16 7.46 5.41 5.52 2.03 2.34 4.83 4.11 6.95/5.41
A17 8.12 7.79 5.95 2.71 2.83 5.03 4.35
G18 7.77 5.44 2.59 2.70 5.00 4.35 12.62
A19 8.04 7.74 6.10 2.61 2.90 5.01 4.43
G20 7.63 5.99 2.38 2.24 4.61 4.16 12.76


[a] NH1 is the proton involved in hydrogen bonding. [b] Not observed. G* denotes platination of the guanine.
[c] Overlap with HDO peak.


Figure 4. Differences in chemical shift upon platination (dsII-dsI).
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of G*6 upon platination comes from spin-lattice relaxation
measurements (Table 2), which show that the T1 value for
the H8 proton of G*6 in dsII is about three times longer
than for the other H8 protons. Since the most efficient path-


way for H8 relaxation is over the H2’ proton,[32, 33] the in-
crease of the T1 of G*6H8 indicates a decrease of the in-
teratomic H8–H2’ distance, as observed for an S!N transi-
tion. In contrast to G*6, there is no indication of a shifted
conformational equilibrium for the other platinated base
(G*5).


Another clear difference between the NOESY spectra of
dsI and dsII involves the inter-residue cross-peaks between
G*6 and T7: the cross-peaks connecting H2’ and H2’’ of
G*6 with the methyl group of T7 have medium intensity in
dsII, whereas in dsI they are weak and almost invisible.
Since the sequential H2’(n)–TCH3ACHTUNGTRENNUNG(n+1) distance within B-
DNA is largely independent of the sugar pucker on nucleo-
tide n, the decrease of this distance must either be due to an
approach between the G*6 deoxyribose and the T7 base or
to a change in the glycosidic torsion angle c of T7. The
H2’’(n)–TCH3 ACHTUNGTRENNUNG(n+1) distance, on the other hand, does
depend on the sugar pucker of nucleotide n, and increases
significantly when this nucleotide passes from S to N. The
enhancement of the G*6H2’’–T7CH3 NOE upon platination
thus argues against a pure N conformation of G*6.


Other differences in NOE intensities upon platination
occur in C15 (nucleotide complementary to G*6). The intra-
residue H6 to H3’ cross-peak increases from medium to
strong intensity at the cost of the H6 to H2’/H2’’ cross-
peaks, which decrease in intensity from strong to medium;


the intensity of the H6 to H1’
cross-peak, however, has a
normal intensity. This observa-
tion indicates that the mean
conformation of the sugar of
C15 is also shifted towards a
lower phase angle. For compari-
son, the distance between the
H6 and H3’ protons is 2.8–3.0 U
for an N-type conformation and
4.0–4.4 U for the S-type confor-
mation that is normally seen in
B-DNA.


Molecular dynamics simulations of solvated duplex dsII


A 20-ns molecular dynamics (MD) simulation of the plati-
nated duplex dsII, explicitly solvated in water, was carried


out as outlined in the Experi-
mental Section. Since the above
analysis of NMR spectroscopic
data suggested that the nucleo-
ACHTUNGTRENNUNGtides G*6 and C15 might show a
dynamic SÐN equilibrium, we
were interested in the dynamic
features of the structure. We
therefore carried out uncon-
strained MD simulations of
dsII, checked that they allowed
the salient observations from


the NMR spectra (including atypical chemical shifts, NOE
intensities, and T1 values) to be rationalized, and used the
MD simulation of dsII to predict its global structure. The
NMR features of dsI were indicative of normal B-DNA.
Our task was thus to find out how dsII deviates from the
normal B-DNA double helix.


The main structural conclusions that one can draw from
the comparison of the NMR spectra of dsI and dsII (vide
supra) are:


1) the structural modifications due to the dinuclear plati-
num cross-link are limited to the base-pairs close to the
cross-link;


2) the mean sugar phase-angles of both G*6 and C15 pass
from overwhelmingly S to intermediate between N and S
upon platination;


3) the T7 base seems to be “pushed” closer to the sugar of
G*6 by the cross-link;


4) the pyrazole moiety is somewhat closer to G*5 than to
G*6.


All these features are reproduced by the dynamic models,
as described in the next paragraphs. The MD trajectories
were analyzed using plots of structural parameters (dihedral
angles, helicoidal parameters) as a function of time (see Fig-
ure S1 for the complete list). The evolution of deoxyribose


Figure 5. Schematic illustration of the internucleotide NOE cross-peaks in the platinated duplex dsII (left) and
the unplatinated duplex dsI (right). The intensities are represented by the thickness of the lines denoting
strong, medium, and weak cross-peaks.


Table 2. Spin-lattice relaxation times (T1 values) of the H8/H6 protons of dsII at 283 K.


Res. C1 T2 C3 T4 G*5 G*6 T7 C8 T9 C10


H8/H6 [ppm] 7.93 7.71 7.67 7.68 6.90 7.35 7.60 7.67 7.47 7.65
T1 [s] 1.8 [a] 1.5 1.0 1.0 3.5 1.0 1.5 1.0 1.0


Res. G20 A19 G18 A17 C16 C15 A14 G13 A12 G11


H8/H6 [ppm] 7.63 8.04 7.77 8.12 7.46 7.19 8.20 7.79 8.20 7.88
T1 [s] 0.8 1.1 2.3[a] 0.8 1.0 [a] [a] 2.3[a] [a] [a]


[a] Overlap of proton signals.
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phase-angles and of the helicoidal parameters twist and roll
of the four inner base-pairs is shown in Figure 6. The mean
values of twist and roll, with standard deviations, are com-
pared to those of the non-platinated duplex in Table 3.


Different effects of the Pt-pz-Pt cross-link on sugar puckers
of G*6 and C15 : It can be seen from Figure 6 that the sugar
pucker of G*6 undergoes well-defined transitions between
N- and S-type conformations. The NMR spectroscopic data
(vide supra) have indicated that G*6 presents an NÐS equi-
librium, and the MD simulation is in agreement with this
observation. On the other hand, G*5 keeps its S-type
pucker, which is also in agreement with the NMR spectro-
scopic data. This agreement indicates that our parameteriza-
tion of the sugar pucker of the platinated guanosines (see
Experimental Section) is correct. We recall that these sugar
puckers reflect both an inductive effect of platinum binding
to guanine (favoring N-pucker[34–38]) and steric effects.
Whereas the former is supposed to affect both guanosines
equally (and the force-field parameters applied to both
platinated guanosines were thus identical), the latter are ob-
viously different, and it is this difference in the steric effects
that causes the puckers of G*5 and G*6 to be different. The
sub-populations of snapshots having either N- or S-pucker
on G*6 were averaged and energy-minimized. The resulting
model with G*6N is shown in Figure 7.


The NMR spectroscopic data also indicate that, in addi-
tion to G*6, the cytidine complementary to G*6, C15, also
undergoes a change of its sugar conformation upon platina-
tion. In the platinated duplex dsII this nucleotide shows in-
creased intra-nucleotide H2’–H6 and H2’’–H6 distances and
a decreased H3’–H6 distance. In the framework of the clas-
sical two-state N/S model,[39] such changes would be inter-
preted as indicating a shift of the NÐS equilibrium towards
N. However, the MD simulation showed that C15 assumes
an E-type pucker (Est, O4’-endo, 608<P<1208)[40] . This
conformation, which is characterized by a phase angle of
around 1008, remained stable during the whole simulation,
with only a few excursions to S (Figure 6). Thus, the unwind-
ing of the double helix imposed by the GG cross-link shifts
the mean phase-angle of both G*6 and C15 towards lower
values, but, as the MD simulation indicates, in two different
ways: for G*6, by making transitions from S to N more fre-
quent, and for C15, by constraining it to an E conformation.
The reason for this difference could reside in different sta-
bilities of the E conformation in purine versus pyrimidine
nucleotides with respect to N and S. In fact, analysis of the
high-resolution (better than 2 U) crystal structures extracted
from the Nucleic Acids Data Bank, using the selection crite-
ria described by Djuranovic and Hartmann,[40] revealed that
of the selected 155 AT base-pairs, 6 % of the adenosines and
28 % of the thymidines have an E-type pucker, and of the
233 selected GC pairs, 14 % of the guanosines and 22 % of
the cytidines have an E pucker (E-pucker was defined as
608<P<1208). Thus, for pyrimidine nucleotides the E-
pucker domain seems more readily accessible (i.e. , energeti-
cally less unfavorable) than for purine nucleotides.


The Pt-pz-Pt cross-link unwinds the GpG dinucleotide but
does not introduce a significant bend : It can be seen from
Figure 7 that the platinated duplex dsII does not show sig-
nificant bending. This is also corroborated by the values of
roll (Table 3), which do not change significantly upon plati-
nation. On the other hand, the approach of the N7 atoms
necessary for the formation of the cross-link causes signifi-
cant unwinding (diminution of twist) of the cross-linked step
G*5:C16/G*6:C15. As seen in Figure 6 c and Table 3, this
step is unwound from about 368 to about 238. In the
NOESY spectra, this unwinding is reflected by the appear-
ance of the medium intensity G*5H1’–G*6H1’ NOE. This
distance is observed to be 5.1�0.5 U in the simulation of
dsI (not shown), and decreases to 3.2�0.4 U upon platina-
tion. The sugar pucker of G*6 has a significant influence on
this distance: the values observed in the time-averaged
models are 2.83 and 3.32 U for N- and S-pucker on G*6, re-
spectively, as can be seen from the detailed views presented
in Figure 8. This provides a supplementary argument against
a pure N-conformation of G*6, since for a distance of 2.8 U
a strong NOE would be expected instead of the observed
medium NOE. Table 3 suggests that the unwinding of the
G*5:C16/G*6:C15 step is partly compensated by a slight
overwinding of the G*6:C15/T7:A14 step with respect to the
unplatinated duplex. This overwinding is most probably the
principal origin of the increase of the intensity of the
G*6H2’–T7CH3 NOE. The time averages of the G*6H2’–
T7C7 distance are 3.6�0.4 U in dsI and 3.3�0.3 U in dsII.


Perusal of the backbone torsion angles (Figure S1 in the
Supporting Information) shows that the GpG step assumes
the non-canonical a�b+gt conformation during the whole
simulation. This conformational sub-state is occasionally
found in protein–DNA complexes and is characterized by
particularly low twist (27.4�0.58 as compared to 31.4�0.98
for the canonical a�btg+ conformation).[43] Our simulations
indicate that this “strategy” that DNA uses in protein-bound
structures to facilitate the unwinding needed for protein rec-
ognition is also utilized here to accommodate the unwinding
imposed by the covalent cross-link with the dinuclear plati-
num complex.


Contacts between the platinum ligands and DNA : As can
be seen from Figure 8, the orientation of the guanine with
respect to the platinum coordination plane is non-orthogo-
nal at both platinum centers; therefore, hydrogen bonds be-
tween the NH3 ligand trans to pyrazole and the guanine O6
atom are possible. These N�H···O6 hydrogen bonds were
found to persist during the whole simulation, the average
N···O separations being 2.90�0.12 and 2.96�0.13 U for
G*5 and G*6, respectively. Moreover, each of these NH3 li-
gands was found to form an additional hydrogen bond to
the O4 atom of the neighboring thymine, i.e., T4 with the
5’-NH3 (3.16�0.26 U) and T7 with the 3’-NH3 (3.07�
0.17 U). Thus, each NH3 ligand simultaneously makes one
hydrogen bond with the proximate guanine and another
with the adjacent thymine: 5’-NH3 forms one quasi-linear
(N�H···O angle of about 1708) and one bifurcated hydrogen
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Figure 6. a) Deoxyribose phase-angle P [8][41, 42] calculated for the central
four base-pairs of dsII as a function of simulation time. Depending on P
we can distinguish N (�608<P<608), E (608<P<1208), and S (1208<
P<2208) sugar pucker types.[40] b) Base–base roll angles [8][41] calculated
for the central four base-pairs of dsII as a function of simulation time,
using the “local” helix axis.[42] c) Base–base twist angles [8][41] calculated
for the central four base-pairs of dsII as a function of simulation time,
using the “local” helix axis.[42]


Table 3. Helicoidal parameters twist and roll [8] for the central three
base-pair steps (calculated with CURVES, using the “global” helix axis),
averaged over the MD simulations of the free and platinated duplexes
dsI and dsII. Standard deviations are given in parentheses.


dsIACHTUNGTRENNUNG(free) dsII(platinated)


Base-pair step Twist Roll Twist Roll
T4:A17/G*5:C16 29(8) 1(4) 25(8) 4(5)
G*5:C16/G*6:C15 36(5) 3(6) 23(5) 3(6)
G*6:C15/T7:A14 30(4) 6(5) 33(4) 7(8)
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bond, whereas 3’-NH3 forms two bifurcated hydrogen
bonds. The exchange between hydrogen atom positions that
we observe is relatively rapid (~108 s�1). We have no experi-
mental evidence for these hydrogen bonds; however, their
presence is closely related to the position of the pyrazole
residue, for which we have the experimental check with six
NOE distances (vide infra).


The NOESY spectra show six contacts between the pyra-
zole C-H protons and the sugar protons of the adjacent resi-
dues (G*5, G*6). The NOE intensities determined at a 200-
ms mixing time are listed in Table 4 together with the corre-
sponding H�H distances time-averaged over the MD simu-
lation. Also given are distances determined from the NOE
intensities (INOE) as (c/INOE)1/6, with c taken as 25 000. The
excellent agreement between these calculated and NOE-de-
rived values suggests that the platinum binding-site is por-
trayed very well by the simulation. The shorter distances de-
termined for G*5 indicate that the pyrazolate moiety is
closer to this base than to G*6.Figure 7. One of the two main conformations observed during the MD


simulation of dsII. This model was obtained by averaging the snapshots
having the G*6 sugar in an N-type conformation and energy minimiza-
tion, as described in the Experimental Section. The platinated G*pG* di-
nucleotide is shown in green and the {cis-[Pt ACHTUNGTRENNUNG(NH3)2]}2 ACHTUNGTRENNUNG(m-pz)3+ residue in
yellow.


Figure 8. Stereoviews of the inner tetranucleotide d ACHTUNGTRENNUNG(TG*G*T)-d ACHTUNGTRENNUNG(ACCA) of the time-averaged models of dsII having G*6 in an N (a) and S (b) confor-
mation, respectively. The platinated G*pG* dinucleotide is shown in green and the {cis-[Pt ACHTUNGTRENNUNG(NH3)2]}2 ACHTUNGTRENNUNG(m-pz)3+ residue in yellow. The G*5H1’–G*6H1’ dis-
tance is shown as a black dotted line. Its length is 2.83 U in (a) and 3.32 U in (b).
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Discussion


Chemical shifts and structure : The differences in chemical
shifts between the platinated and the unplatinated duplexes
contain valuable information about the three-dimensional
distortions induced by the platinum complex. These differ-
ences are limited to the base-pairs involved in the platinum
lesion, and are most pronounced for the aromatic protons of
G*5, G*6, C15, and C16. The proximity of the pyrazole ring
to protons G*5H8 and G*6H8 (Figure 8) explains, at least
in part, the upfield shifts of G*5H8 (Dd=�0.97 ppm) and
G*6H8 (Dd=�0.18 ppm) upon platination (see Figure 4).


Platinum coordination to the N7 atom of guanine shifts
the H8 proton about 0.5 ppm downfield due to the inductive
effect of Pt coordination.[31] For the H8 protons of G*5 and
G*6 this effect is overcompensated by the shielding effect of
the aromatic pyrazole. The fact that the compensation is
much more pronounced for G*5H8 is in agreement with its
position closer to the pyrazole ring.


Another effect that probably shifts the H8 resonances of
G*5 and G*6 upfield is the unwinding of the duplex, which
results in an increased stacking of the platinated base-pairs.
This effect of increased stacking is also observed for the
amino NH1/NH2 protons of C15 and C16, which are shifted
upfield (by 1–1.5 ppm, Table 1) as well. These protons are
positioned too far away from the pyrazole ring to experi-
ence any shielding. Weakened Watson–Crick (WC) hydro-
gen-bonding, which could, in principle, also cause upfield
shifts, is not a likely cause here, since the upfield shift is
equally observed for the WC and the non-WC protons.


Platinum binding affects the DNA conformation both by
steric constraints and electronic effects : Platinum(ii) forms
stable and inert covalent bonds to the N7 atoms of guanines
and adenines. Bifunctional, mononuclear PtII complexes,
such as cisplatin, are able to cross-link two different purines;
such cross-links cause strong deformations in the DNA
double helix. Specifically, cisplatin cross-links of two adja-
cent purines bend the helix towards the major groove.[44]


This bending is accompanied by repuckering of some sugar
residues, most notably that of the 5’-guanosine involved in
the cross-link. Such repuckering can be the consequence of
a local compression of the backbone,[45] but can also have an


electronic origin, since Pt-bound guanosine nucleotides in-
trinsically favor the N conformation, as shown already in
the 1980s by some of us.[34–37] In fact, coordination of 5’-
GMP to 1 has been recently shown to increase the N popu-
lation in 5’-GMP.[26] In the case of the Pt-pz-Pt cross-link,
the geometrical distortion of the double helix is much small-
er than in the case of cisplatin cross-links; nonetheless, the
NMR spectroscopic data indicate a conformational change
of the 3’-guanosine towards an N-type pucker. Such a
change was not observed in a control MD simulation of dsII
with the unmodified parm98 force field (the force field was
only supplemented by parameters defining the energetics of
the Pt-pz-Pt moiety; the torsional parameters of the back-
bone were unchanged), thereby suggesting that the favoring
of the N conformation observed for G*6 in the NMR spec-
tra is, at least in part, of electronic origin. We have simulat-
ed this electronic effect in the work presented here by de-
creasing the term V3/2 for the torsion angle OS–CP–CP–OS
from 1.5 to 0.75 kcal mol�1 for platinated guanosines. Such a
decrease is expected to stabilize the N conformation with re-
spect to S.[46] In fact, this modification shifts the pucker of
C*6 from purely S to an NÐS equilibrium. Importantly, the
G*5 pucker remained S even when the same modification of
the force field was applied for G*5 and G*6. The structural
perturbation (i.e. unwinding) caused by the Pt-pz-Pt cross-
link obviously affects G*5 and G*6 unequally, and probably
contributes to the S!N repuckering of G*6. The repucker-
ing of G*6 is thus apparently caused by a combination of
electronic and steric effects.


The sugar pucker of C15 (base complementary to G*6) is
found to be locked in an O4’-endo (E) conformation. Since
C15 is on the unplatinated strand the electronic effects of
platination are expected to be negligible. The stable E-
pucker of C15, a conformation which distinguishes this nu-
cleotide from all other nucleotides of dsII, is therefore quite
clearly a consequence of the unwinding of the double helix.


Possible implications for protein recognition : 1,2-GG cispla-
tin cross-links are specifically recognized by a number of
minor-groove-binding proteins, such as the TATA box bind-
ing protein,[47] the E. Coli DNA repair recognition complex
UvrAB,[48] the mismatch repair protein MutS,[49–51] or HMG
box proteins.[15] By comparing several DNA–platinum ad-
ducts recognized by the chromosomal protein HMG1, Pil
and Lippard have suggested that unwinding of the double
helix may be an important determinant for HMG1 bind-
ing.[52] Helix unwinding widens and flattens the minor
groove, and a wide and flat minor groove was indeed subse-
quently identified as a recognition element of several HMG
box proteins.[16,53,54] Since HMG box proteins generally bend
the DNA towards the major groove, and pre-bent structures,
such as DNA bearing the 1,2-GG cisplatin cross-link, are
recognized with high affinity by HMG proteins,[15] the bend
could be also considered as a recognition element. However,
the question of how the bending and unwinding must be
combined to effect HMG binding is not yet clear. Figure 9
plots the depth and width of the minor groove, calculated by


Table 4. Distances between the pyrazolate and guanine protons, as deter-
mined from the NOE intensities, and calculated as time-averages over
the MD simulation of dsII.[a]


Distance G*5 H8-
pzH3


G*5 H8-
pzH4


G*5 H8-
pzH5


G*6 H8-
pzH3


G*6 H8-
pzH4


G*6 H8-
pzH5


INOE
[b] 1.75 8.38 54.9 20.2 2.75 1.6


dNOE [U][c] 4.93 3.79 2.77 3.28 4.57 5.00
dMD [U][d] 5.16(24) 4.07(18) 2.30(16) 3.31(23) 4.63(27) 5.04(27)


[a] See Figure 2 for numbering of atoms. [b] NOE intensity measured at
200-ms mixing time on an arbitrary scale. [c] Inter-proton distance deter-
mined from the NOE intensity as dNOE= (c/INOE)1/6, with c set to 25 000.
[d] Inter-proton distance calculated as time-average over the MD simula-
tion of dsII, with the standard deviation in parentheses.
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using the CURVES program,[42] for the two minimized struc-
tures of dsII (differing in the conformation of the G*6
sugar) and compares these parameters with those deter-
mined for the cisplatin–GG cross-link.[13] It can be seen that
the GG cross-link by Pt-pz-Pt widens and flattens the minor
groove approximately half as much as the GG–cisplatin
cross-link. Thus, the Pt-pz-Pt DNA cross-link, for which dsII
is a model, would be an interesting test case for HMG rec-
ognition, since it causes, as we have shown here, an unwind-
ing of the double helix similar to that of cisplatin, but virtu-
ally no bending, and produces smaller widening and flatten-
ing of the minor groove. In addition to testing whether the
Pt-pz-Pt cross-link is recognized by HMG proteins, it would
also be of interest to see how the cross-link is recognized by
repair proteins and polymerases. Comparing the recognition
of the Pt-pz-Pt–DNA adducts with that of cisplatin adducts
should provide valuable keys to the recognition mechanism,


and hopefully enable the individual contributions of DNA
bending and unwinding to protein recognition to be as-
sessed.


Conclusion


The interaction of the new cytotoxic compound [(cis-{Pt-
ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(m-pz)] ACHTUNGTRENNUNG(NO3)2 with a decamer oligonucleo-
tide has been studied by NMR spectroscopy and molecular
modeling. The complex was designed with the aim to induce
minimal distortions upon binding to adjacent guanines of
DNA. We have recently shown that GG sites are favorable
targets for this new drug.[55]


The present study demonstrates that the Pt-pz-Pt cross-
link of two adjacent guanines indeed induces relatively
minor structural perturbations upon the DNA double helix.
The DNA is shown to accommodate the cross-link without
significant bending or base-pair disruption. Corroborating
this result, the melting temperature was found to be essen-
tially identical to that of the unplatinated duplex.


The MD simulation indicates that the only pronounced
effect of the cross-link on the global structure is an unwind-
ing by about 158 of the step between the two platinated GC
pairs. This unwinding becomes manifest in an unusual H1’–
H1’ NOE between G*5 and G*6 and in strong upfield shifts
of all amino protons of C15 and C16. The unwinding, in
turn, affects the sugars of the G*6:C15 base-pair: that of
G*6 shows rapid N–S interconversion, whereas that of C15
is locked in an E-type conformation.


The determination of the structure of the Pt-pz-Pt cross-
link at two adjacent guanines was a logical and necessary
step towards the elucidation of the antitumor mechanism of
the new dinuclear antitumor complex [(cis-{PtACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-
OH) ACHTUNGTRENNUNG(m-pz)]2+ . The fact that, similar to cisplatin, this com-
plex cross-links two adjacent guanines of DNA, induces a
similar unwinding, but does not bend the helix axis, makes it
a very interesting test compound for future studies of struc-
tural determinants governing protein recognition of plati-
num–DNA adducts.


Finally, we note that [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(m-pz)]-
ACHTUNGTRENNUNG(NO3)2 is the first successful example of a cytotoxic platinum
complex that was designed to produce a specific structural
distortion in DNA. It represents a promising and encourag-
ing case of rational drug design.


Experimental Section


Platination reaction and sample preparation : The 10-mer oligonucleotide
ssI [d(C1T2C3T4G5G6T7C8T9C10)] and its complement ssII
[d(G20A19G18A17C16C15A14G13A12G11)] were synthesized by the
phosphoramidite method. After purification by preparative anion-ex-
change FPLC (Pharmacia Q Sepharose column, with a linear 0–1.2-m
NaCl gradient in 0.02m NaOH, pH 12), the solution was desalted with a
gel filtration column (Pharmacia, Sephadex G25, DNA grade). The
purity of the oligonucleotides was assessed by analytical anion-exchange
FPLC (Pharmacia, Mono Q column); a Dowex column (Sigma) was sub-


Figure 9. Width (top) and depth (bottom) of the minor groove, deter-
mined for the two energy-minimized models dsII with G*6 in an N con-
formation (&) and dsII with G*6 in an S conformation (^). The all-BI
model of d(GCCG*G*ATCGC)-d(GCGATCCGGC) bears a {cis-[Pt-
ACHTUNGTRENNUNG(NH3)2]}–G*G* cross-link (*).[13] Both duplexes are aligned such that nu-
cleotides 4 and 5 correspond to the platinated G*s.


www.chemeurj.org N 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3741 – 37533750


J. Reedijk, J. Kozelka et al.



www.chemeurj.org





sequently used to exchange the counterion to sodium. FPLC chromatog-
raphy was performed on a BioLogic HR chromatography system
(BioRad).


[(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(m-pz)] ACHTUNGTRENNUNG(NO3)2 was synthesized as described pre-
viously[25] from [(cis-{Pt ACHTUNGTRENNUNG(NH3)2} ACHTUNGTRENNUNG(m-OH))2] ACHTUNGTRENNUNG(NO3)2 and pyrazole. The com-
plex was allowed to react with the purine-rich oligonucleotide (ssI)
(6 mg) in a 1:1 ratio in H2O (1 mL). The pH was adjusted to 4.0 with
nitric acid. The reaction was monitored over time by FPLC (Pharmacia,
Mono Q column, 20 min, 0–1.2-m NaCl gradient at pH 12). After four
days at ambient temperature the reaction was judged to be complete and
the reaction mixture was purified by FPLC (Pharmacia Mono Q column,
20 min, 0–1.2-m NH4HCO3 gradient at pH 9). The platinated DNA solu-
tion was subjected to a first round of desalting by rotary evapora-
tion, addition of water, and lyophilization. The residue was redissolved
in water and further desalted with a gel filtration column (Pharmacia,
Sephadex G25, DNA grade); the desired fractions were collected
and lyophilized to yield 3.5 mg of the platinated single strand
d(C1T2C3T4G*5G*6T7C8T9C10) (ssIII), which contains the 1,2-intra-
strand (Pt-pz-Pt)–DNA cross-link.


The unplatinated duplex dsI was prepared by titrating ssII with a solution
of ssI in D2O for comparison. The annealing was carried out at ambient
temperature and monitored by anion FLPC run at pH 7. The same proce-
dure was repeated with ssII and ssIII to produce the platinated dsII.
Both duplexes were lyophilized and redissolved three times in 99.8 %
D2O, and finally redissolved in 99.96 % D2O (250 mL). The solutions were
transferred to an NMR tube, dried in a stream of nitrogen, and redis-
solved in 99.96 % D2O (550 mL). For H2O samples, dsII was dissolved in
90% H2O/10 % D2O (550 mL). Final concentrations were 1.0 mm for dsI
and 4 mm for dsII. All samples contained 50 mm phosphate buffer pH 7.0.
No additional salt was added.


UV measurements and Tm determination : For concentration determina-
tion UV measurements were performed with a Perkin–Elmer Lambda
900 UV/VIS/NIR spectrometer. Melting temperatures (Tm) were mea-
sured with an Ultrospec 4000 UV spectrometer by heating the sample at
1 8C min�1 from 20 8C to 90 8C at oligonucleotide concentrations of 3.4T
10�9


m in 1m NaCl and 50 mm phosphate buffer.


NMR spectroscopy: TOCSY and NOESY spectra (mixing times of 100,
150, and 200 ms) were acquired with a Bruker DMX 600 MHz spectrom-
eter, using the Watergate gradient pulse for minimization of the water
signal.[56] All 2D spectra were collected at 283 K. 512 Increments in t1
were collected, each with 2048 complex data points in t2, and 64 scans at
a sweep width of 6000 Hz. Spectra in H2O were collected with a sweep
width of 12000 Hz. T1 relaxation experiments were carried out using the
standard 1808–t–908 inversion recovery sequence.


All spectra were processed with FELIX (version 97.0, MSI, San Diego,
CA, USA), except for the T1 relaxation experiments; these were process-
ed with xwinNMR software (Bruker). For 2D spectra the t1 dimension
was zero-filled to 2048 points and a polynomial baseline correction was
applied in the t2 domain of the NOESY spectra. Chemical shifts were ref-
erenced to the HDO peak calibrated to a DSS (2,2-dimethyl-2-silapen-
tane sulfonate) standard. The assignment aiding program ANSIG[57] was
employed to aid assignments and to view and compare spectra of the
platinated and unplatinated duplexes.


Molecular dynamics simulations : The MD simulations were carried out
with the SANDER module of the program AMBER Version 6.0[58] run
on a cluster of IBM-compatible personal computers under Red Hat
GNU/Linux 7.1, or on an IBM Power4 P690 computer operating under
AIX 5.1. The Particle–Mesh–Ewald method,[59, 60] using a charge grid
spacing of approximately 1 U with cubic B-spline interpolation and sum
tolerance of 10�5 U, was used to calculate the electrostatic energy. A 9-U
cutoff was applied to Lennard–Jones interactions. The MD simulations
employed the SHAKE algorithm (tolerance=0.0005) to all X�H
bonds[61] and used a time step of 2 fs.


Additional force field terms were necessary to parameterize the Pt-pz-Pt
moiety. The bond lengths and bond angles were taken from the crystal
structure of [(cis-{PtACHTUNGTRENNUNG(NH3)2}(9-ethylguanine))2ACHTUNGTRENNUNG(m-pz)]3+ ,[25] and the corre-
sponding force constants were equivalenced to those of the five-mem-
bered ring of histidine. The same parameters were used for the Pt�N-


ACHTUNGTRENNUNG(pyrazole) bonds as for the Pt�N ACHTUNGTRENNUNG(guanine) bonds.[8] All endocyclic and
exocyclic torsion angles not involving Pt were given energy barriers kd/2
in analogy to those used by Amber for the five-membered ring of histi-
dine. The torsion angles X-X-N-Pt that govern the out-of-plane bending
of the platinum with respect to the pyrazole were parameterized as fol-
lows. First, those torsions involving a hydrogen atom (H-C-N-Pt) were
given a torsion barrier of 1.1 kcal mol�1, in analogy to the values used for
torsions involving aromatic hydrogen atoms in the Amber database.
Second, the Pt-N-N-Pt torsion was given a barrier of 0 in order to avoid
biasing of the mutual positions of the two platinum centers. Thus, the
principal force keeping the platinum atoms in the pyrazole plane is de-
pendent on the torsion angles C-N-N-Pt and C-C-N-Pt. The force con-
stant for these torsions was determined to be kd/2=40 kcal mol�1 by den-
sity functional theory (DFT) calculations, as described below.


Force constants determining the dihedral angles between the pyrazole
plane and the Pt coordination plane, and the atomic charges of the [(cis-
{Pt ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(pGpG)]+ unit, were obtained from DFT calculations
performed with the program Gaussian94[62] implemented on a Cray C94
computer. Starting coordinates were taken from the crystal structure of
[(cis-{Pt ACHTUNGTRENNUNG(NH3)2}(9-ethylguanine))2 ACHTUNGTRENNUNG(m-pz)]3+ , and, to save computer time,
the 9-ethyl group was replaced by a 9-methyl group. To eliminate the in-
fluence of crystal-packing forces, the geometry was relaxed by minimiz-
ing the energy as a function of the four dihedral angles along the Pt�N
bonds, using Hartree–Fock (HF) calculations. Subsequent DFT calcula-
tions employing the hybrid B3LYP functional were performed on the
HF-optimized geometry, using MO coefficients from the HF calculation
as trial vectors. The atomic charges were determined by fits to the elec-
trostatic potential obtained from the converged DFT density matrix,
using the Merz–Kollman routine implemented in Gaussian94. Both the
HF and the B3LYP calculations used the Los Alamos pseudo-potential/
pseudo-orbital basis set LANL2DZ.[63] To determine the force constants
governing the out-of-plane bending of the pyrazole, DFT calculations
were performed on the model complex [Pt ACHTUNGTRENNUNG(NH3)3 ACHTUNGTRENNUNG(Hpz)]2+ . The Pt�N3
bond was bent from the Pz plane in steps of 58 and the force constants
were obtained by fitting the resulting calculated energies to the Amber
energy function for dihedral angles.


The sugar-phosphate backbone was modified to take into account the in-
fluence of the platination upon DNA fixation on the adjacent sugar and
phosphate residues:[34–38] The V3/2 potential for the torsion angle O4’-C4’-
C3’-O3’ was reduced from 1.50 kcal mol�1 to 0.75 kcal mol�1 and a V2/2
torsion term for the dihedral angle C2’-C3’-O3’-P of 1.00 kcal mol�1 was
introduced to mimic the stabilization of the et conformation of platinated
guanosines. These torsion barriers were determined from a number of
test simulations of platinated oligonucleotides (S. Teletch>a, D. Djura-
novic, J. Kozelka, unpublished results).


Simulation protocol : The starting structure for dsII,
d(C1T2C3T4G*5G*6T7C8T9C10)-d(G20A19G18A17C16C15A14G13-
A12G11) (where G*5G*6 denotes the Pt-pz-Pt cross-link) was generated
using a canonical Arnott B-DNA[64] as a starting model with the program
NUCGEN. The [(cis-{Pt ACHTUNGTRENNUNG(NH3)2})2 ACHTUNGTRENNUNG(m-pz)]3+ residue was then manually
positioned using XLEAP. The resulting DNA-chelate was minimized by
100 steps of conjugate gradient minimization. The system was then
heated and equilibrated as described for the simulation protocol of Eliz-
ondo-Riojas and Kozelka.[13]


Unrestrained dynamics production was carried out for 20000 ps. The
20000 structures (one per picosecond) of the MD trajectory were ana-
lyzed by using the programs Carnal (in the Amber package),
CURVES,[42] VMD,[65] XmGrace (http://plasma-gate.weizmann.ac.il/
Grace/), and in-house software (http://www.steletch.org). Base–base heli-
coidal parameters were determined relative to the local axis, whereas for
parameters relating base-pairs (Table 3), the global axis[42] was employed.
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Introduction


As the field of materials science advances, the demand for
highly functional and versatile materials will soar. Materials
for applications such as organic light-emitting diodes
(OLEDs), photorefractives, solar cells, drug delivery vehi-
cles, sensors, and molecular machines will require fast and
cost effective synthesis and optimization.[1–5] To meet these
demands, future synthetic strategies to produce polymeric
materials should be generic, such that similar functionaliza-


tion techniques can be applied to a variety of applications.
Nevertheless, these functionalization strategies should be
tailored to a specific application. For example, a drug deliv-
ery application may require functionalities with weak nonco-
valent attachments to facilitate effective drug release in re-
sponse to a stimulus at a target site.[6] In contrast, materials
for use in electro-optics require strong and dense functional-
ization capable of withstanding thousands of working
hours.[7]


Along the evolutionary pathway, nature has created a
system with incredible fidelity in which a myriad of biomate-
rials can be produced from noncovalent-mediated synthe-
sis.[8] Borrowing from this approach, our system uses similar
noncovalent forces to create functionalized copolymers.
Noncovalent functionalities, such as hydrogen bonding and
metal coordination, have several advantages over traditional
covalent functionalities; such interactions are spontaneous,
allowing for fast functionalization steps. Furthermore, they
are reversible, allowing for “on–off” functionalization. We
have previously reported a polymeric system in which a
weak interaction (hydrogen bonding) and a strong interac-
tion (metal coordination) could be used to functionalize co-
polymers in an orthogonal manner, developing the first gen-
eration of so-called “universal polymer backbones” (UPBs),
that is, polymer backbones that can be functionalized with
multiple small molecules by using noncovalent chemistry
thereby creating libraries of materials.[3,8–10] Herein, we
report the next generation of UPBs by functionalizing an ar-
chitecturally controlled block copolymer with two strong
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chemistry


Abstract: Poly(norbornene)-based block copolymers containing side chains of pal-
ladated pincer complexes/dibenzo[24]crown-8 or palladated pincer complexes/di-
benzylammonium salts were synthesized. Noncovalent functionalization was ac-
complished with their corresponding recognition units through simple 1:1 addition
with association constants (Ka) greater than 105m�1. The self-assembly processes
were monitored by using both 1H NMR spectroscopy and isothermal titration calo-
rimetry. In all cases, we found that the self-assembly of the recognition units along
each polymer block does not preclude the self-assembly processes along the other
block.
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noncovalent functionalities based on 1) pseudorotaxane hy-
drogen bonding and 2) metal coordination between palla-
dated sulfur–carbon–sulfur (SCS) pincer complexes and pyr-
idines. This next generation of UPBs possesses unique ad-
vantages. First, the copolymer architecture is defined prior
to functionalization, allowing for the introduction of a varie-
ty of functional groups that might otherwise hinder architec-
tural control if introduced prior to polymerization. Second,
this generation of UPBs rivals covalently functionalized co-
polymers by utilizing two recognition units with high bind-
ing affinities for their corresponding complementary recog-
nition units (small molecules); this fact ensures the produc-
tion of a densely functionalized and monodisperse material.
Finally, our new system retains all the benefits of noncova-
lent modification, including reversibility, self-healing, and
ease of functionalization.
In our search for the next generation of UPBs, depicted


in Figure 1, we sought two important design requirements:


1) architectural control of the polymer scaffold, and 2) dis-
tinct recognition partners with sufficiently high noncovalent
binding strengths.
Block copolymers, which have been used widely in appli-


cations ranging from drug delivery to electro-optics, form
our basis for the architectural control.[11] We achieve such ar-
chitectural control by the use of ring-opening metathesis


polymerization (ROMP)[10,12–19]


to produce block copolymers.
ROMP with the ruthenium–al-
kylidene initiator 1 not only
provides the basis of our archi-
tectural control, but 1 is also
highly functional group toler-
ant.[20–23]


The second requirement is met with the use of two strong
noncovalent interactions involving both metal coordination
and hydrogen bonding as shown in Scheme 1. The hydro-
gen-bonding system is based on the threading of a dialkyl-
ACHTUNGTRENNUNGammonium cation 2 into a dibenzo[24]crown-8 (DB24C8)
macrocyle 3 to form a pseudorotaxane.[24–42] Since the dis-
covery of rotaxane formation resulting from the threading
of an ammonium cation into a crown ether macrocycle in
1995,[43] a number of interactions between ammonium cat-
ACHTUNGTRENNUNGions and crown ether macrocycles have been studied, result-


ing in a myriad of supramolecular structures[44–50] and the
evolution[51] of a “molecular meccano kit”. The driving force
for the formation of threadlike structures from dialkylam-
monium cations and crown ether macrocyles is the forma-
tion of strong hydrogen bonds between the acidic NH2


+ pro-
tons and the oxygen atoms in the ring of the crown ether
macrocyle. In addition to strong N�H···O and C�H···O hy-
drogen bonding, p–p stacking interactions and electrostatic
forces also contribute to the strong affinity between dialkyl-
ACHTUNGTRENNUNGammonium cations and DB24C8 macrocycles. Such interac-
tions are highly solvent dependent. In apolar solvents, high
association constants (Ka) are attainable for the dialkylam-
monium and DB24C8 system (vide supra).
The metal coordination system we employ is based on a


SCS–PdII pincer complex 4 which binds pyridines, nitriles,
and phosphines with high efficiencies.[10,52, 53] The palladium
pincer complex was chosen because of its high stability and
the ability of the palladium species to undergo substitution
with a variety of ligands.[52] Pyridine 5 was chosen as the
ligand for the pincer complex, because it can be easily dis-
placed by a stronger coordinating phosphorous ligand.[53]


Moreover, a pincer-pyridine self-assembly process can be
characterized easily by using standard methods such as
1H NMR spectroscopy.[9]


Results and Discussion


Monomer synthesis and homopolymerization reactions : Iso-
merically pure exo-norbornene esters often result in short
polymerization times as well as living polymer growth.[10]


Thus, exo-norbornene acid 6[54–56] was chosen as the starting


Figure 1. Schematic representation of the next generation of universal
polymer backbones.


Scheme 1. The two types of molecular recognition pairs employed in this
study.


www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3789 – 37973790



www.chemeurj.org





point in our synthetic pathway. The addition of an alkyl
spacer onto 6 was accomplished by the dicyclohexyl carbo-
diimide/4-dimethylaminopyridine (DCC/DMAP) esterifica-
tion with 1,10-decanediol to yield 7. The exo-decanol 7 was
then oxidized to the corresponding carboxylic acid 8 using
pyridinium dichromate (PDC) in dimethylformamide
(DMF). Compound 8 was functionalized with the Boc-pro-
tected dialkyl amine 9 (Boc= tert-butyloxycarbonyl)[57] or
the DB24C8 derivative 10[49] by using DCC/DMAP esterifi-
cation to afford 11 and 12, respectively. Monomer 12 was
polymerized by using initiator 1 to yield the resulting poly-
meric DB24C8 crown ethers 14a–e. Likewise, monomer 11
was polymerized to give the polymeric Boc protected
amines 13a–e. The synthetic pathway is outlined in
Scheme 2.


Monomers 11 and 12 were found to polymerize in a living
fashion. The absence of chain-transfer and chain-termina-
tion in addition to controlled molecular weights are criteria
for living polymerizations.[58,59] A linear relationship be-
tween Mn and [M]:[I] (M=monomer, I= initiator) was es-
tablished for 11 and 12 (Figure 2). Such a linear relationship
indicates the living nature of the polymerization for mono-
mers 11 and 12. The corresponding gel-permeation chroma-
tography (GPC) data are summarized in Table 1.
We also investigated whether the unprotected amine 11


(11a), could be polymerized in a living fashion. For these
experiments, 11 was deprotected by using trifluoroacetic
acid (TFA), and the resulting 11a was polymerized with 1.
Unfortunately, the polymerization behavior of 11a was un-
controlled, and the formation of high molecular weight poly-


Scheme 2. Synthesis of molecular recognition monomers and subsequent ROMP. Reagents and conditions: a) decane-1,10-diol, DCC/DMAP, CH2Cl2,
reflux, 12 h, 60%; b) PDC, DMF, 48 h, 80%; c) DCC/DMAP, CH2Cl2, reflux, 12 h, 90%; d) 1, CH2Cl2, 8 h, 100%; e) TFA, CH2Cl2, 3 h; f) NH4PF6,
CH2Cl2, 3 h, 92% from 11.
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mers was observed regardless of the [M]:[I] feed ratios. Ad-
ditionally, salt exchange was achieved with 11a by using am-
monium hexafluorophosphate, but the monomeric PF6


� salt
would not polymerize with initiator 1. Thus, monomer 11
was chosen for all polymerization experiments. The conver-
sion of polymer 13c to the dialkylammonium PF6


� salt 15
was accomplished by deprotection with TFA followed by
salt exchange by using a 100-fold excess of ammonium hexa-
fluorophosphate. Unfortunately, the resulting polyelectrolyte
15 could not be characterized by GPC; the charges either in-
teracted with the column packing material or the polymer
formed aggregates in an ionomeric fashion and did not
elute.


Copolymerizations : After establishing that 11 and 12 could
be polymerized in a controlled manner, AB block copoly-
merizations were carried out with the SCS–Pd pincer mono-
mer 16 (Scheme 3). The synthesis, polymerization, and living
characterization of 16 have been reported previously.[3,9,10, 60]


Following the polymerization of 16 by using 1, monomers 11
and 12 were added to 17 to form the bi-functional AB block
copolymers 18 and 19. Following the deprotection of 19 with
TFA and subsequent salt exchange with ammonium hexa-
fluorophosphate, copolymer 20 was obtained. GPC analysis
of copolymers 18 and 19 were carried out. Both copolymers


have low polydispersities demonstrating the living character
of the polymerization. Table 1 summarizes the GPC results.


Self-assembly : The aim of this study is to establish the com-
plementarities of polymeric systems bearing the strong non-
covalent recognition motifs 2, 3, and 4. We initially estab-
lished that a polyvalent scaffold does not interfere with the
self-assembly of homopolymers 14c and 15 with their corre-
sponding small molecule receptors. Using 1H NMR spectro-
scopic studies, we were able to prove that both polymers
14c and 15 can be quantitatively functionalized. Figure 3
shows the 1H NMR spectra for the self-assembly of polymer
14c with the small molecule 2. Upon the addition of the di-
benzylammonium cation 2 (in the form of 2 ACHTUNGTRENNUNG[BArF]


�) to ho-
mopolymer 14c, the fully complexed polymer (2)n·14c
forms. The ammonium benzylic signal moves to d=4.5 ppm
from its original position at d=4.2 ppm (spectra A and C).
In addition, upon the threading of 2 into polymer 14c, the
crown ether signals move from d=4.1, 3.9, and 3.8 ppm to
d=4.0, 3.6, and 3.2 ppm, respectively, indicating the quanti-
tative complexation of the homopolymer (spectrum C).
After the addition of excess 2 ACHTUNGTRENNUNG[BArF]


� to polymer (2)n·14c, a
new signal at 4.2 ppm is observed that corresponds to the
“free” dibenzylammonium salt. Moreover, after the depro-
tonation of the dialkylammonium cation 2 with triethyl-
ACHTUNGTRENNUNGamine to form dibenzylamine, the benzylic ammonium sig-
nals disappear along with the complexed crown ether sig-
nals, and the original signals are evident (spectrum D).
These results clearly demonstrate that self-assembly occur-
red and that the self-assembly step is reversible. Similar re-
sults were found for the self-assembly of 3 with polymer 15
(see Supporting Information).
Once the self-assembly of homopolymers 14c and 15 with


their small molecule receptors was found to be independent
of the polymer backbone, the self-assembly behavior of
block copolymers 18 and 20 was examined. Two distinct
routes for the functionalization of copolymers 18 and 20
were investigated, one in which the hydrogen-bonding step
precedes the metal coordination and vice versa. In the case
of both copolymers 18 and 20, the self-assembly was inde-
pendent of the order of functionalization.
The DB24C8 recognition moiety 4 assembles spontane-


ously with the dibenzylammonium cation 2 in aprotic sol-
vents. The palladated pincer, however, requires activation
through the addition of silver tetrafluoroborate. Upon acti-
vation, the PdII pincer immediately assembles with pyridines
such as 5. The same behavior was observed for both copoly-
mers. Figure 4 shows the 1H NMR spectra of the stepwise
self-assembly of copolymer 18 with 5 and 2 ACHTUNGTRENNUNG[BArF]


� and the
subsequent stepwise de-functionalization of copolymer
(2)m(5)n·18. Spectrum B shows the copolymer 18 (shown by
itself in spectrum A) with pyridine 5 added. Upon the addi-
tion of silver tetrafluoroborate, the pincer is activated with
removal of the chloride ligand and pyridine 5 rapidly coordi-
nates to the pincer receptor to form copolymer (5)n·18
(spectrum C). The diagnostic a-pyridyl proton moves up-
field to d=8.1 ppm, while the pincer methylene arms


Figure 2. Plot of Mn versus monomer/initiator ratios for polymers 13 (&)
and 14 (*).


Table 1. Polymer characterization data (GPC) for 13, 14, 18, and 19.[a]


Polymer [M]:[I] Mn [10
�3] Mw [10


�3] PDI


13a 10 11.5 14.1 1.23
13b 20 16.0 18.6 1.16
13c 50 38.2 41.4 1.08
13d 80 59.2 68.6 1.16
13e 100 70.3 93.3 1.33
14a 10 9.3 13.1 1.41
14b 20 11.6 17.4 1.49
14c 50 30.0 61.7 2.05
14d 80 44.8 83.7 1.87
14e 100 57.4 138.0 2.41
18 50 29.5 35.6 1.21
19 50 66.0 75.1 1.14


[a]Mn=number-average molecular weight; Mw=weight-average molecu-
lar weight; PDI=polydispersity index.
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become sharper and move slightly downfield from about d=
4.6 to 4.8 ppm. The dibenzylammonium cation 2 is subse-
quently added, and the crown ether complexation occurs, re-
sulting in the fully functionalized copolymer (2)m(5)n·18
(spectrum D). The same characteristic shifts for the com-
plexations of 2 ACHTUNGTRENNUNG[BArF]


� with the crown ether moiety of 18 as
detailed above for the complexation of 2 ACHTUNGTRENNUNG[BArF]


� with 14 are
observed. The noncovalent assembly can then be reversed
in a one-step or step-wise manner with the addition of tri-
ACHTUNGTRENNUNGethylamine and triphenylphosphine. Triethylamine deproto-
nates the dibenzylammonium cation 2, resulting in the for-
mation of dibenzylamine, effectively de-threading the crown
complexation but leaving the pyridine fully assembled to the
pincer recognition unit (spectrum E). Finally, upon the addi-
tion of triphenylphospine, the pyridine ligand 5 is quantita-
tively displaced from the pincer complex (spectrum F). The
decomplexation of 5 and 2 ACHTUNGTRENNUNG[BArF]


� from the copolymers is
evident by the shifting of all signals of 18 in the 1H NMR
spectrum back to their original position that are detailed in
spectrum A. It is important to note that spectrum F contains


a variety of signals corresponding to non-coordinated pyri-
dine, coordinated triphenylphosphine, dibenzylamine, and
triethylamine that are all absent in spectrum A. However,
all signals characteristic of the uncomplexed 18 are evident
in spectrum F. These results clearly demonstrate that the
functionalization of the recognition units are independent of
each other and can be addressed in an orthogonal fashion.
To measure if the bond strengths of the recognition units


are independent of each other, association constants for all
polymers and hydrogen-bonding molecular receptors in
CHCl3 were obtained using isothermal titration calorimetry
(ITC). The results of these experiments are summarized in
Table 2. The measured Ka values were determined by using
a single-site binding model; thus, the association constants
are representative of the average binding strength of a
single side-chain on the polymer, that is, the binding of each
receptor unit is treated as an independent recognition event.
In general, our ITC results show that our polymeric hydro-
gen-bonding system results in very high association
strengths. The highest association constant (Ka=2M106m�1)


Scheme 3. Synthesis of AB block copolymers bearing DB24C8, DBA+PF6
�, and SCS–Pd pincer recognition units. Reagents and conditions: a) initiator 1,


CH2Cl2, 120 min; b) 12, 8 h, 100%; c) 11, CH2Cl2, 8 h, 100%; d) TFA, CH2Cl2, 3 h; e) NH4PF6, CH2Cl2, 3 h, 90% from 19.
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was measured for homopolymer 14c upon binding with the
dialkylammonium cation 2. Binding of the complementary
homopolymer 15 with the small molecule 3 resulted in a


slightly lower association constant (Ka=1M105m�1). Poten-
tial reasons for the lowered association strength are steric
hinderence created by the bound DB24C8 3 along the sites


Figure 3. 1H NMR spectra (500 MHz) representing the self-assembly of polymer 14c with 2 ACHTUNGTRENNUNG[BArF]
� in CDCl3. A) 2 ACHTUNGTRENNUNG[BArF]


�: Ha=benzylic protons;
B) 14c : Ha, Hb, Hg=nonequivalent sets of crown ether protons; C) formation of (2)n·14c upon the addition of one equivalent of 2 to polymer 14c (based
on the integration of crown ether/dibenzylammonium signals): Ha=complexed benzylic proton; Ha, Hb, Hg=nonequivalent sets of complexed crown
ether protons; D) regeneration of 14c after the addition of excess Et3N to polymer (2)n·14c : Hb=benzylic protons on dibenzylamine; Ha, Hb, Hg=none-
quivalent sets of uncomplexed crown ether protons.


Figure 4. 1H NMR spectra (500 MHz, 298 K) in CD2Cl2
[61] showing the stepwise functionalization of copolymer 18 with 2 and 5 and the subsequent recep-


tor removal. A) Copolymer 18 : Ha, Hb, Hg=nonequivalent sets of crown ether protons; B) copolymer 18 and receptor 5 : Ha=a-pyridyl protons; C) acti-
vation of copolymer 18 with AgBF4 to form copolymer (5)n·18 : Ha=a-pyridyl protons on pyridine pincer complex; D) fully functionalized copolymer
(2)m(5)n·18 after addition of 2 ACHTUNGTRENNUNG[BArF]


� to (5)n·18 : Ha=a-pyridyl protons on pyridine pincer complex; Ha, Hb, Hg=nonequivalent sets of complexed crown
ether protons; Ha=complexed benzylic protons on 2 ACHTUNGTRENNUNG[BArF]


� ; E) copolymer (2)m(5)n·18 after addition of Et3N: Ha, Hb, Hg= inequivalent sets of uncom-
plexed crown ether protons; Ha=a-pyridyl protons complexed pyridine; Hb=benzylic protons on dibenzylamine. F) copolymer (5)n·18 after addition of
PPh3: Ha, Hb, Hg=nonequivalent sets of uncomplexed crown ether protons; Ha=a-pyridyl protons uncomplexed pyridine.
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of the polymer backbone, as well as different solubility be-
havior of the two homopolymers. In general, hydrogen-
bonding association constants for all copolymers were less
than the association constants of their homopolymer ana-
logues, in part due to differences in solubility of the individ-
ual blocks of the copolymers in comparison to their homo-
polymer analogues. However, the hydrogen-bonding binding
strengths of both copolymers 18 and 20 were independent of
the metal coordination step. The association constants meas-
ured before and after metal coordination for both polymers
were identical within experimental error. These results clear-
ly demonstrate that the two employed recognition units do
not interfere with each other and that the self-assembly of
our copolymers can be executed orthogonally.


Conclusion


In this article, we have reported the next generation of
UPBs that possess recognition moieties which self-assemble
with their complementary receptor molecules with very high
association strengths. We have established that through the
employment of living polymerization techniques, we can
control the architecture of such polymeric systems. In this
contribution, we have demonstrated this control by synthe-
sizing block copolymers. Using 1H NMR spectroscopic and
ITC studies, we have proven that the self-assembly of our
polymers is quantitative, reversible, and can be achieved in
an orthogonal fashion. Our study demonstrates the potential
for the employment of such a functionalization strategy in
polymeric materials. Universal polymer backbones based on
such high-association-constant-based recognition units are a
prerequisite for the employment of the UPB in materials
science and experiments towards this goal are currently
being carried out in our laboratories.


Experimental Section


General methods : Reagents were purchased either from Acros Organics,
Aldrich Company, or Strem Chemicals and used without further purifica-
tion unless otherwise noted. CH2Cl2 was dried by passage through copper
oxide and alumina columns. Routine NMR spectra were recorded on a
300 MHz (1H, 300 MHz; 13C, 75 MHz) or 500 MHz (1H, 500 MHz; 13C,
125 MHz) Varian Mercury spectrometer; spectra were referenced to re-
sidual proton solvent. The Georgia Tech Mass Spectrometry Facility pro-
vided mass spectral analysis with a VG-70 se spectrometer. Atlanta Mi-
crolabs, Norcross, GA, performed all elemental analysis. Gel-permeation


chromatography (GPC) analyses for all polymers were carried out by
using a Waters 1525 binary pump linked to a Waters 2414 refractive
index detector with HPLC grade CH2Cl2 as the eluting solvent on an
American Polymer Standards 10 mm particle size, linear mixed bed pack-
ing columns (2M). PolyACHTUNGTRENNUNG(styrene) standards were used to calibrate all
GPCs. Isothermal titration calorimetry (ITC) was performed on a Micro-
cal VP-ITC Isothermal Calorimeter. Degassed, HPLC grade solvents
were used for all ITC experiments.


Dibenzylammonium BArF (2ACHTUNGTRENNUNG[BArF]
�): In a degassed flask, NaBArF


[62]


(380 mg, 0.43 mmol) was added to a solution of dibenzylammonium
chloride (100 mg, 0.43 mmol) in anhydrous Et2O (10 mL). The mixture
was stirred vigorously for four hours and then filtered. Subsequently, the
filtrate was evaporated to dryness under reduced pressure to afford the
product (450 mg, 99%) as a white solid. 1H NMR (CD2Cl2): d=4.29 (br s,
4H), 7.18 (d, J=8.7 Hz, 4H), 7.45 (t, J=8.7 Hz, 4H), 7.50 (t, J=8.7 Hz,
2H), 7.52 (br s, 4H), 7.68 ppm (br s, 8H); 13C NMR (CD2Cl2): d=51.4,
117.3, 123.4, 125.5, 128.1, 129.1, 130.2, 131.0, 131.5, 134.6 ppm; MS (ESI):
m/z calcd for C14H16N: 198.1277; found: 198.1386 (100) [M�BArF]


+ ; ele-
mental analysis calcd (%) for C48H28BF24N: C 52.05, H 2.66, N 1.32;
found: C 52.16, H 2.69, N 1.44.


exo-Bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2-carboxylic acid 10-hydroxydecyl ester (7):
exo-Bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2-carboxylic acid (2.6 g, 19 mmol) and
decane-1,10 diol (9.9 g, 57 mmol) were dissolved in anhydrous CH2Cl2
(25 mL) under an argon atmosphere. DCC (3.92 g, 19 mmol) in CH2Cl2
(5 mL) and DMAP (catalytic amount) were added to the stirred solution
at 25 8C. Following stirring at reflux for twelve hours, the mixture was
cooled to room temperature, and the precipitate was filtered off. The fil-
trate was dried (MgSO4) and the solvent removed under reduced pres-
sure to give a yellow oil that was further purified by column chromatog-
raphy (SiO2, eluant: 3:1 hexanes/EtOAc) to yield a clear oil (3.35 g,
60%). 1H NMR (CDCl3): d=6.12 (m, 2H), 4.07 (t, J=6.6 Hz, 2H), 3.63
(t, J=6.6 Hz, 2H), 3.03 (m, 1H), 2.92 (m, 1H), 2.21 (m, 1H), 1.91 (m,
1H) 1.67–1.50 (m, 5H) 1.43–1.24 ppm (m, 15H); 13C NMR (CDCl3): d=
176.6, 138.3, 136.0, 64.8, 63.2, 46.8, 46.6, 43.4, 41.9, 33.0, 30.5, 29.7, 29.7,
29.6, 29.4, 28.9, 26.1, 25.9 ppm; MS (ESI+ ): m/z : 295.2 [M+1]+ ; elemen-
tal analysis calcd (%) for C18H30O3: C 73.43, H 10.27; found: C 72.99, H
10.29.


exo-Bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2-carboxylic acid 9-carboxynonyl ester (8):
Compound 7 (2.27 g, 7.77 mmol) and PDC (17.13 g, 46.64 mmol) were
dissolved in DMF (50 mL) and stirred at room temperature for 48 h.
Water (20 mL) was added and the mixture was extracted with Et2O (3M
15 mL). The combined organic layers were washed with H2O (2M20 mL)
and dried (MgSO4). The solvent was removed under reduced pressure to
give a brown oil that was further purified by column chromatography
(SiO2, eluant: 2:1 hexanes/EtOAc) to yield a clear oil (1.89 g, 80%).
1H NMR (CDCl3): d=6.12 (m, 2H), 4.07 (t, J=6.6 Hz, 2H), 3.03 (m,
1H), 2.92 (m, 1H), 2.35 (t, J=7.7 Hz, 2H), 2.20 (m, 1H), 1.90 (m, 1H),
1.63 (m, 4H), 1.53 (d, 1H, J=8.3 Hz), 1.39–1.26 ppm (m, 13H);
13C NMR (CDCl3): d=180.3, 176.7, 138.3, 136.0, 64.8, 46.8, 46.6, 43.4,
41.9, 34.3, 30.5, 29.5, 29.4, 29.2. 28.9, 26.1, 24.9 ppm; MS (ESI+ ): m/z
(%): 309.2 (100), 617.5 (25, dimer); elemental analysis calcd (%) for
C18H28O4: C 70.10, H 9.15; found: C 69.87, H 9.06.


exo-Bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2-carboxylic acid 9-{2,5,8,11,18,21,24,27-oc-
taoxatricyclo[26.4.0.012,17]dotriaconta-1(32),12(17),13,15,28,30-hexaen-14-
yl-methoxycarbonyl}nonyl ester (12): Compounds 8 (0.38 g, 1.23 mmol)
and 10 (0.59 g, 1.23 mmol) were dissolved in anhydrous CH2Cl2 (25 mL)
under an argon atmosphere. DCC (0.3 g, 1.45 mmol) in CH2Cl2 (5 mL)
and DMAP (catalytic amount) were added to the stirred solution at
25 8C. Following stirring at reflux for twelve hours, the mixture was
cooled to room temperature and the precipitate was filtered off. The fil-
trate was dried (MgSO4) and the solvent removed under reduced pres-
sure to give a yellow oil that was further purified by column chromatog-
raphy (SiO2, eluant: EtOAc) to yield a white solid (0.86 g, 90%).
1H NMR (CDCl3): d=6.90–6.81 (m, 7H), 6.12 (m, 2H), 5.00 (s, 2H), 4.15
(t, J=4.4 Hz, 7H), 4.07 (t, J=7.2 Hz, 2H), 3.92 (t, J=4.4 Hz, 7H), 3.83
(m, 7H), 3.03 (m, 1H), 2.92 (m, 1H), 2.32 (t, J=7.2 Hz, 2H), 2.20 (m,
1H), 1.91 (m, 1H), 1.71–1.51 (m, 8H), 1.40–1.25 ppm (m, 12H);
13C NMR (CDCl3): d=176.0, 174.0, 149.1, 149.0, 138.3, 136.0, 129.3,


Table 2. Association constants for the hydrogen-bonding interactions in
all polymers.


Polymer Ligand Ka [10
4
m


�1] Error [104m�1]


14c 2 ACHTUNGTRENNUNG[BArF]
� 286 �54


15 3 10 �4
18 2 ACHTUNGTRENNUNG[BArF]


� 43 �15
(5)n·18 2 ACHTUNGTRENNUNG[BArF]


� 54 �17
20 3 9 �4
(5)n·20 3 5 �2
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121.9, 121.6, 114.5, 114.2, 113.8, 71.6, 71.5, 70.2, 70.1, 69.7, 69.6, 66.3, 64.8,
46.8, 46.6, 43.4, 41.9, 34.6, 34.2, 30.5, 29.5, 29.4, 29.3, 28.9, 26.1, 25.9, 25.2,
25.1 ppm; MS (FAB+ ): m/z (%): 768.5 (30), 154.2 (100); elemental anal-
ysis calcd (%) for C43H60O12: C 67.17, H 7.87; found: C 66.93, H 7.90.


exo-Bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2-carboxylic acid 9-{3-[(benzyl-tert-butoxy-
carbonylamino)methyl]benzyloxycarbonyl}nonyl ester (11): Compounds
8 (0.76 g, 2.5 mmol) and 9 (0.95 g, 2.90 mmol) were dissolved in anhy-
drous CH2Cl2 (25 mL) under an argon atmosphere. DCC (0.60 g,
2.75 mmol) and DMAP (catalytic amount) were added to the stirred sol-
ution at 25 8C. Following stirring at reflux for twelve hours, the mixture
was cooled to room temperature and the precipitate was filtered off. The
filtrate was dried (MgSO4) and the solvent removed under reduced pres-
sure to give a yellow oil that was further purified by column chromatog-
raphy (SiO2, eluant: 3:1 Hexanes: EtOAc) to yield a clear oil (1.38 g,
90%). 1H NMR (CDCl3): d=7.33–7.21 (m, 9H), 6.12 (m, 2H), 5.1 (s,
2H), 4.41 (s, 2H), 4.33 (s, 2H), 4.07 (t, J=6.6 Hz, 2H), 3.03 (m, 1H),
2.91 (m, 1H), 2.35 (t, J=7.15 Hz, 2H), 2.20 (m, 1H), 1.91 (m, 1H), 1.71–
1.58 (m, 4H), 1.49 (s, 9H), 1.40–1.23 ppm (m, 13H); 13C NMR (CDCl3):
d=176.7, 174.0, 156.4, 138.4, 136.2, 135.6, 128.9, 128.8, 128.4, 128.0, 127.7,
80.54, 66.21, 64.9, 49.2, 47.0, 46.8, 43.6, 42.0, 34.7, 30.7, 29.7, 29.56, 29.55,
29.5, 29.4, 29.1, 28.9, 26.3, 25.3 ppm; MS (ESI+ ): m/z (%): 618.5 (50); el-
emental analysis calcd (%) for C38H51NO6: C 73.87, H 8.32, N 2.27;
found: C 73.87, H 8.34, N 2.36.


General polymerization procedure : An amount of monomer was weighed
into a glass vial with a rubber septum cap, placed under an argon atmos-
phere and dissolved in anhydrous, degassed CD2Cl2 or CDCl3 (1 mL per
100 mg of monomer). A stock solution of the catalyst (in the correspond-
ing solvent) was prepared, and the desired volume of solution was added
to the polymerization vessel. Upon complete polymerization, ethyl vinyl
ether was added to quench the polymerization. The polymer was isolated
and purified by repeated precipitation into cold hexanes or MeOH.


Polymer 14 : 1H NMR (CDCl3): d=6.90–6.78 (m, 7H), 5.42–5.10 (brm,
2H), 5.00 (s, 2H), 4.17 (m, 7H), 4.05 (brm, 2H), 3.90 (m, 7H), 3.80 (m,
7H), 2.8–2.4 (brm, 4H), 2.25 (br t, J=7.4 Hz, 2H), 2.2–1.45 (m, 8H),
1.40–1.00 ppm (m, 12H); 13C NMR (CDCl3): d=176.2, 173.9, 149.1,
149.0, 129.4, 121.9, 121.7, 115–113, 72.9, 71.5, 71.4, 70.2, 70.1, 69.7, 69.6,
66.3, 64.7, 49.4, 34.5, 34.2, 29.6, 29–28, 26.1, 25.8, 25.1 ppm; elemental
analysis calcd (%) for 14c : C 76.17, H 7.87; found: C 66.45, H 8.14.


Polymer 13 : 1H NMR (CDCl3): d=7.41–7.03 (m, 9H), 5.36–5.25 (m, 2H),
5.12 (s, 2H), 4.43 (s, 2H), 4.33 (s, 2H), 4.00 (br t, J=6.5 Hz, 2H), 2.72–
2.51 (m, 2H), 2.35 (t, J=7.5 Hz, 2H), 2.10–1.86 (brm, 2H) 1.60 (m, 4H),
1.50 (s, 9H), 1.47–1.27 ppm (m, 13); 13C NMR (CDCl3): d=173.9, 168.1,
156.3, 152.2, 138.5, 135–127, 99.8, 86.8, 80.5, 68.6, 66.2, 64.8, 64.0, 61.0,
39.2, 34.7, 31.31, 31.26, 30.8, 29.7, 29.6, 29.3, 29.11, 28.8, 26.3, 25.3, 24.2,
23.4, 20.4 ppm; elemental analysis calcd (%) for 13c : C 73.87, H 8.40, N
2.27; found: C 73.79, H 8.40, N 2.31.


Polymer 15 : Polymer 13 (0.53 g, 0.85 mmol) was dissolved in anhydrous
CH2Cl2 (4 mL) under an Argon atmosphere and TFA (1.0 mL,
13.51 mmol) was added. The mixture was stirred for three hours at room
temperature. The solvent was removed under reduced pressure to yield
the poly(DBA-TFA salt) (0.52 g, 96% yield). The resulting TFA salt
(88 mg, 0.14 mmol) was dissolved in CH2Cl2 (10 mL) and NH4PF6 (2.3 g,
14 mmol) was added. The solution was stirred for three hours at room
temperature to complete the ion exchange. An excess of CH2Cl2 was
added and the mixture was washed with H2O (2M20 mL). The organic
layer was dried (MgSO4) and the solvent was removed under reduced
pressure to yield 15 as a brown oil (85 mg, 93%). 1H NMR (CDCl3): d=
9.10 (br s, 2H), 7.43–6.85 (m, 9H), 5.45–5.10 (m, 2H), 5.00 (s, 2H), 4.15–
3.80 (m, 6H), 3.20–2.20 (m, 5H), 2.19–1.40 (4H), 1.40–1.10 ppm (m,
14H); 13C NMR (CDCl3): d=174.0, 168.2, 156.4, 152.0, 138.5, 134–131,
99.8, 87.0, 80.6, 68.6, 66.2, 64.8, 64.0, 65.0, 61.1, 39.1, 34.7, 31.31, 31.25,
30.8, 29.6, 29.3, 28.8, 26.2, 25.3, 24.2, 23.4, 20.4 ppm.


Copolymer 18. 1H NMR (CDCl3): d=7.80 (m, 4H, SPh), 7.38 (m, 6H,
SPh), 6.85 (m, 7H), 6.49 (s, 2H), 5.50–5.18 (m, 4H), 5.00, (s, 2H), 4.50
(br s, 4H), 4.17 (m, 7H), 4.05 (brm, 4H), 3.90 (m, 7H), 3.80 (m, 9H),
2.80–2.40 (brm, 4H), 2.25 (t, J=7.0 Hz, 2H), 2.15–1.90 (brm, 4H), 1.80–
1.40 (brm, 7H), 1.40–1.00 ppm (brm, 34H); 13C NMR (CDCl3): d=


176.2, 176.1, 173.9, 157.2, 151.7, 150.3, 149.1, 149.0, 140.0, 134–131, 130.0,


129.4, 121.9, 121.6, 114.5, 114.3, 113.8, 110.4, 109.0, 90.5, 86.6, 71.5, 70.2,
70.1, 69.7, 69.6, 68.3, 66.3, 64.7, 57.8, 51.9, 49.8, 49.4, 47.9, 42.2, 36.6, 34.5,
34.2, 29.8, 29.5, 28.9, 26.3, 26.1, 25.9, 25.2, 24.9 ppm; elemental analysis
calcd (%) for 18 : C 63.81, H 6.94; found: C 64.19, H 7.27.


Copolymer 19 : 1H NMR (CDCl3): d=7.85 (m, 4H), 7.40–7.10 (m, 13H),
6.55 (s, 2H), 5.45–5.13 (m, 4H), 5.10 (s, 2H), 4.53 (br s, 4H), 4.40 (m,
4H), 4.05 (m, 4H), 3.85 (br t, J=6.6 Hz, 2H), 2.80–2.45 (m, 6H), 2.35 (t,
J=7.6 Hz, 2H), 2.10–1.85 (m, 6H), 1.80–1.55 (m, 18H), 1.50 (s, 9H),
1.49–1.10 ppm (m, 22H); 13C NMR (CDCl3): d=173.9, 168.1, 157.4,
156.4, 152.2, 151.9, 150.5, 135–127, 109.2, 99.8, 86.8, 80.5, 68.6, 66.2, 64.9,
64.0, 61.0, 58.8, 52.1, 39.2, 34.7, 31.3, 31.2, 30.8, 29.9, 29.7, 29.6, 29.3, 29.1,
28.8, 26.5, 26.3, 25.3, 24.2, 23.4, 20.4 ppm; elemental analysis calcd (%)
for 19 : C 66.65, H 7.12, N 1.01; found: C 64.96, H 7.12, N 0.83.


Copolymer 20 : The block copolymer 20 was prepared analogously to
poly ACHTUNGTRENNUNGmer 15. 1H NMR (CDCl3): d=9.00 (s, 2H), 7.85 (m, 4H), 7.40 (m,
13H), 6.60 (s, 2H), 5.40–5.10 (m, 4H), 5.00 (s, 2H), 4.60 (m, 4H), 4.30
(m, 4H), 4.10 (m, 4H), 3.90 (br t, J=6.6 Hz, 2H), 2.80–2.40 (m, 6H), 2.30
(t, J=7.5 Hz, 2H), 2.10–1.80 (m, 6H), 1.75–1.51 (m, 18H), 1.40–1.10 ppm
(m, 22H); 13C NMR (CDCl3): d=174.5, 173.8, 168.2, 156.8, 156.2, 152.2,
151.3, 150.0, 138.4, 134–127, 108.7, 99.8, 86.8, 80.5, 68.7, 67.9 66.2, 65.0,
64.2, 64.0, 61.0, 68.6, 51.3, 47.5, 45.3, 40.0, 39.1, 37.3, 36.0, 30.8, 30.1, 29.3,
24.2, 23.4 ppm.
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Tuning of Electronic Properties in Thienyl-Phosphole p-Conjugated Systems
through P-Functionalization Monitored by Raman Spectroscopy


Juan Casado,[a] R.gis R.au,[b] and Juan T. L0pez Navarrete*[a]


Introduction


Thiophene is amongst the most commonly used aromatic
building blocks for the tailoring of p-conjugated oligomers
and polymers. Its high thermal and chemical stability and
ease of functionalization are some of the reasons for its in-
tensive use in this field.[1] In fact, the family of oligothio-
phenes (i.e., thiophene oligomers) is one of the most useful
classes of organic conjugated systems. They have been suc-
cessfully applied to a variety of optoelectronic devices such
as light-emitting diodes (LEDs) and thin-film field-effect
transistors (FETs).[1–4] Nonetheless, these homo-oligomers
are not the best choice as far as band gap (i.e. , HOMO–
LUMO energy gap) is concerned. For instance, theoretical
studies have revealed that the energy gaps of poly- and oli-
gophospholes are considerably lower than those of their cor-
responding thiophene-based analogues.[5a,b] This is because
phosphole is less aromatic than thiophene and hence its p


system is more easily delocalized along a conjugated back-
bone. It is already well-established that the best properties
of different building blocks can be maximized by preparing
alternating mixed conjugated systems. With this in mind, the
substitution of the central thiophene unit of terthiophene by
phosphole has recently been carried out.[6] Furthermore, the
reactivity of the phosphorus atom has been exploited to
extend the family of these mixed phosphole–thiophene com-
pounds.[6–8] These rather “simple” chemical modifications
(i.e., oxidation, alkylation, etc.) permit fine-tuning of the
physical properties of these compounds to yield novel mate-
rials for optoelectronics applications. This has been nicely il-
lustrated by the report on thiophene-phosphole oligomers,
the first organophosphorus conjugated material to be used
for the fabrication of LEDs.[8]


After outlining the technological importance of these
compounds, our purpose here is to shed further light on the
mechanisms of electronic coupling in chains containing five-
membered heterocycles of different aromaticity.[5,9] In par-
ticular, the insertion of phosphole within an oligothiophene
has two significant advantages: 1) A decrease in the
HOMO–LUMO gap[6a,d] and 2) the extra benefit of the ver-
satile reactivity of the phosphorous atom allowing modifica-
tion of its coordination number.[6–9] The reader will quickly
realize that the principal electronic feature of all the trimers
under study (Figure 1) is the competition between intra-ring
delocalization (aromaticity) and inter-ring delocalization
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(backbone p conjugation). The central focus of this paper is
the study of the balance between these two types of delocal-
ization as well as the modification through chemical func-
tionalization of the phosphorus atom using Raman spectros-
copy. Vibrational Raman spectroscopy will be employed as
the main tool to monitor the electronic structure of the tri-
mers under study, while quantum chemistry, UV/Vis absorp-
tion spectroscopy, and X-ray diffraction data will be used as
auxiliary analytical methods. The suitability of Raman spec-
troscopy to the study of conjugational properties lies in the
existence of a close relationship between the observed
Raman lines and the p-conjugated structure.[10] Despite the
high complexity of the Raman effect, it does provide intui-
tive ideas about this spectroscopic–structure relationship.
The phenomenon originates in the existence of very effec-
tive electron–phonon coupling which results in some vibra-
tional modes that mimic the evolution of the skeletal/elec-
tronic structure from the ground electronic state to the first
accessible electronic state (S1). In this class of polyconjugat-
ed molecules the dipole-allowed S0!S1 excitation is an elec-
tronic transition with a very high oscillator strength (vide
infra) with which the molecule undergoes a very large reor-
ganization of the electric dipole quantities and consequently
of the molecular polarizabilities responsible for the Raman
activity. As a result, those vibrations that couple both elec-
tronic states are expected to be very intense in the Raman
spectrum.[10] It follows that the peak position of these en-
hanced Raman lines can be viewed as observables of the ar-
omaticity/inter-ring conjugation electronic balance and that
their wavenumbers can provide an estimation of the preva-
lence of one or the other.


This paper focuses on three 2,5-di(2-thienyl)phospholes
[abbreviated as TPT, TPT(S), and TPT ACHTUNGTRENNUNG(AuCl)] and the
dimer d-TPT (Figure 1). The first family consists of “classi-
cal p-conjugated systems” in the sense that they feature an
alternation of single and double bonds. TPT(S) and TPT-
ACHTUNGTRENNUNG(AuCl) have been successfully used as materials for LEDs.[7]


In d-TPT, through-bond or through-space interactions be-
tween the conjugated units can take place owing to the high
polarizability and the low s–s* gap of the P�P bond, in
analogy with the well-known Si�Si case.[8] The manuscript is


structured in two main parts. First, the vibrational assign-
ment of the main Raman lines based on the topologies of
the normal modes obtained by theoretical calculations is
presented; some intuitive relationships between structural
parameters and Raman wavenumbers will be discussed.
Second, once the nature of the Raman lines has been estab-
lished, the Raman spectra upon thiophene/phosphole ex-
change (TTT versus TPT, Figure 1) and upon chemical mod-
ification of the phosphorus atom [TPT(S) and TPT ACHTUNGTRENNUNG(AuCl)
versus TPT] will be interpreted.


Results and Discussion


Molecular structures and optical spectra of TPT and d-TPT:
The most relevant experimental and calculated bond lengths
for TPT and d-TPT are presented in Table 1 and Figure 2


shows two molecular views of the optimized structure of the
P–P dimer species calculated at the B3LYP/6-31G** level of
theory. Note that in the solid state, the thienyl rings of TPT
exhibit a statistical disorder (syn and anti conformation with
respect to the central phosphole ring), leading to some
equalization of the thienyl bond lengths (Table 1).[6a] For d-
TPT, theory predicts an all-trans conformation for the three
five-membered rings and a pyramidal geometry for the two
phosphorus atoms. The two TPT moieties are not slipped in
between but displaced each other around the P�P bond
(gauche conformation) probably due to the steric hindrance
between the CH2 groups. This optimized structure is in good
agreement with the experimental X-ray diffraction study.[8]


Very interestingly, on passing from TPT to d-TPT, theoreti-
cal and experimental data show subtle geometrical changes
of the central phosphole ring (Table 1), while geometric
data for the C=C/C�C bond lengths of the external thio-
phenes remain almost unaltered (Table 1).


The first focus of this analysis is the UV/Vis electronic ab-
sorption spectrum of TPT since 1) it is a prototype for this


Figure 1. Chemical structures and abbreviations of the molecules studied
in this work. The atom numbering in TPT is that used in Table 1.


Table 1. Experimental and calculated (B3LYP/6-31G**) geometric data
for TPT and d-TPT.[a]


TPT (exptl) TPT (calcd) d-TPT (exptl) d-TPT (calcd)


P�C1 1.817(4) 1.831 1.802(5) 1.824
1.818(5) 1.808(5)


C1=C2 1.356(6) 1.375 1.360(6) 1.373
1.366(6) 1.374(7)


C2�C3 1.465(7) 1.470 1.459(7) 1.464
1.454(6)


C1�C4 1.446(6)[b] 1.446 1.459(7) 1.447
1.462(6)


C4�S 1.742(5)[b] 1.768 1.713(5) 1.764
1.734(5)


C4=C5 1.406(7)[b] 1.387 1.363(7) 1.386
1.393(7)


C5�C6 1.422(8)[b] 1.423 1.403(8) 1.424
1.404(8)


[a] Bond lengths are given in Q. For the atom numbering see Figure 1.
[b] Values for the less disordered thienyl group.
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series of phosphole-based compounds and 2) its theoretical
simulation by time-dependent density functional theory
leads to savings of computational costs (i.e. , the lowest mo-
lecular weight). TD-DFT//B3LYP/6-31G** excited-state cal-
culations predict that the lowest-lying S0!S1 electronic tran-
sition exhibits by far the largest oscillator strength within
the 10 first electronic excitations of TPT which mostly occur
in the UV/Vis spectral region.[11]


From these results, two important insights can be de-
duced. 1) The lowest-lying electronic band measured at
412 nm in TPT is related to the HOMO!LUMO (S0!S1)
one-electron promotion calculated at 426 nm. 2) This excita-
tion shows by far the largest oscillator strength and extinc-
tion coefficient for its associated absorption band in the Vis/
NIR excitation spectrum which comprises the preresonance
region of our Raman experiment (lexc=1064 nm). The
reader should bear in mind these two results throughout the
paper since they support the principal arguments in the dis-
cussion on Raman intensity modulation and in the interpre-
tation of the electron–phonon mechanism. To help with this
discussion in the next sections, the topology of the compo-
nents of this intense transition, the HOMO and LUMO or-
bitals of TPT and d-TPT, are shown in Figure 3.[8]


The HOMO–LUMO band of TPT is red-shifted by
around 20 nm with respect to that of TTT, probably as a
result of the higher ring aromaticity of thiophene relative to
that of phosphole. Stronger aromatization stabilizes/destabil-
izes the HOMO/LUMO terms and enlarges their energy
separation. Oxidation or coordination of phosphorus in
TPT(S) and TPT ACHTUNGTRENNUNG(AuCl) fully disrupts the phosphole aroma-


ticity, resulting in a destabilization/stabilization of the
HOMO/LUMO energies and a concomitant displacement of
the UV/Vis bands to lower energies by 30–40 nm.[6,7] The
tuning of the wavelength maxima of the HOMO–LUMO
band of the “nonaromatic” phosphorus-substituted deriva-
tives must be related to electronic effects of different ori-
gins, probably sizable intramolecular charge transfer towards
the central ring. In contrast, the HOMO–LUMO band in d-
TPT appears at around 500 nm, a feature that must result
from additional interactions, possibly electronic couplings
between the two assembled TPT molecules mediated by the
highly polarizable P�P bridge.[8] The next sections will try to
shed light on these assumptions on the basis of data provid-
ed by Raman spectroscopy.


Experimental and theoretical Raman spectra: spectro-
ACHTUNGTRENNUNGscopic–structure correlations :


Assignment of the Raman spectra : Theory reproduces the vi-
brational Raman profiles of d-TPT quite well, as shown in
Figure 4. On the other hand, Figure 5 depicts the vibrational
eigenvectors associated with the most important lines of the
experimental spectrum.


The Raman band at 1512 cm�1, which is calculated to be
at 1514 cm�1, arises from an antisymmetric C=C stretching
vibration of the outermost thiophene rings (see its eigenvec-
tor in Figure 5). Its homologous symmetric n ACHTUNGTRENNUNG(C=C) thienyl
stretching mode is associated with the experimental Raman
line at 1416 cm�1 (1412 cm�1 in the theoretical spectrum).
The highest energy band at 1555 cm�1 (calculated value,
1545 cm�1) is due to an antisymmetric C=C stretching vibra-
tion of the phosphole rings. Its symmetric counterpart is as-
sociated with the strongest Raman line at 1465 cm�1, pre-
dicted by B3LYP/6-31G** theory to be at 1456 cm�1. Secon-
dary Raman lines, like that measured at 1327 cm�1 (calcu-
lated value, 1305 cm�1), can be described as a C�C stretch-
ing mode of the phosphole moiety while the thienyl
homologue might be associated with the line at 1351 cm�1


(theoretically at 1337 cm�1).


Figure 2. Molecular views of the optimized structure of d-TPT calculated
at the B3LYP/6-31G** level of theory. Bond lengths and bond-length al-
ternations (BLA) are given in Q.


Figure 3. Orbital topologies of the HOMO and LUMO wavefunctions of
TPT (bottom) and d-TPT (top).
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Electron–phonon coupling and Raman spectra : The experi-
mental and theoretical geometries indicate that the skeletal/
electronic structures of the co-oligomers are of heteroaro-
matic character (the side bonds of each five-membered ring
have double-bond character while the CC bonds connecting
them and the inter-ring bonds are single). Provided that the
pure electronic contribution to the Raman activity comes
from the lowest-lying electronic transition (HOMO!
LUMO one-electron excitation), it is reasonable to assume
that the quinoid profile described by the orbital topology of
the LUMO (i.e., C=C/C�C bonding/antibonding interac-
tions in S0 become antibonding/bonding in S1) makes a sig-
nificant contribution to the structure of this first excited


electronic-state. As a result, the normal modes effecting the
largest changes in molecular polarizability and Raman in-
tensity should correspond to vibrations that mimic the heter-
oaromatic!heteroquinoid (S0!S1) skeletal transition or C=
C/C�C stretching vibrations. The Raman spectra of these
trimers (vide infra) display only a few but very intense
bands, all of them appearing in the C=C/C�C stretching
region (1300–-1600 cm�1). This feature reinforces the predic-
tions of the extraordinary polarizability enhancement and
selectivity that arise from the coupling of particular skeletal
modes to the electronic structure or the electron–phonon
mechanism.


On the relative Raman intensities of the C=C/C�C modes :
From the previous analysis, it follows that 1) only the S0!S1


excitation is mainly involved in the preresonance region of
our Raman experiment[12] and 2) this excitation consists of a


one-electron HOMO!LUMO
promotion implying an aromat-
ic(S0)!quinoid(S1) evolution of
the electronic structure. Conse-
quently, the vibrational mode
that better couples the molecu-
lar structures of these two states
is that associated with the
Raman mode at 1465 cm�1 (the
phosphole C=C bond distances
lengthen and the C�C bonds
shorten) which is the strongest
Raman line of the whole spec-
trum. On the other hand, the
assignments made in the previ-
ous section show that the stron-
gest Raman bands are divided
into three sets of doublets
wherein each component be-
longs to vibrational modes lo-
cated either in the phosphole or
in the thiophene subunits. For
the highest wavenumber bands,
the Raman lines associated with
the stretching modes of the cen-
tral phosphole are always the
most intense. This distribution


of the Raman intensities may be due to the fact that within
the S0!S1 transition the largest reorganization of charge
density, the greatest contribution to the oscillator strength
and to the polarizability moment transition (Raman activi-
ty),[12] occurs in the central phosphole, thus explaining the
high intensity of its antisymmetric and symmetric C=C/C�C
stretches. Hence, the corresponding thienyl vibrations are
secondary bands as these peripheral groups are less involved
in the dominant electronic transition.


Raman wavenumbers and molecular structure : Let us now
focus our attention on the ring character of these vibrations
and the intimate relationship between their wavenumbers


Figure 4. Comparison between a) the Raman spectrum of d-TPT calculat-
ed at the B3LYP/6-31G** level of theory and b) the experimental
Raman spectrum.


Figure 5. Vibrational eigenvectors associated with the most important lines of the theoretical spectrum of d-
TPT. Theoretical values are given in cm�1.
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and some ring structural parameters. The C=C bond lengths
calculated at the B3LYP/6-31G** level of theory are very
similar for thiophene (1.371 and 1.386 Q) and phosphole
(1.375 and 1.378 Q). It is thus not clear which C=C stretch-
ing would appear at a higher or lower wavenumber. The
bond-length alternation (BLA) is a structural parameter
equivalent to the Julg index and, like the nucleus-independ-
ent chemical shift (NICS) magnetic criteria, is a reliable ap-
proach to the evaluation of ring aromaticity.[13] The BLA is
the average of the differences between consecutive CC
bonds of a given C=C/C�C path. To some extent, this pa-
rameter is a measure of the phenomenon of bond-length
equalization, which is a characteristic of aromatic rings (i.e.,
BLA for benzene is 0 and 0.063 Q for thiophene according
to B3LYP/6-31G** calculations). Deviations from these
values might be interpreted as a disruption of ring aromatic-
ity in favor of inter-ring C=C/C�C conjugation in the case
of our a,a’ linearly connected five-membered rings.


Assuming the relationship between these criteria and
their reliability to account for aromaticity (even the concept
itself is questionable), we have tried to correlate ring BLA
data and Raman wavenumbers. It is not our intention to es-
tablish new spectroscopic methods for measuring ring aro-
maticity, but the realization of spectroscopic and structural
quantities that likely share a common origin. The general
validity of this finding should require much more extensive
analyses and structure/spectroscopic elucidations (beyond
the scope of the present study). In this regard, the reader is
referred to a recent publication that shows quite relevant
Raman-wavenumber/BLA relations and their dependence
on the nature of the substitution in aromatic oligothio-
phenes.[14]


The computed BLA values for the thiophene and phosp-
hole rings of d-TPT are, respectively, 0.0485 and 0.0885 Q
(Figure 2), reflecting a great degree of ring CC bond-length
equalization in the thienyl moieties. This feature is in accord
with the greater aromatic character of thiophene relative to
phosphole. In contrast to the consideration of individual
bonds lengths, a correlation exists between ring BLA and
Raman peak positions in the sense that the lower wavenum-
bers of the thienyl bands agree with the lower BLA value
for thiophene, somehow revealing the connection between
ring structure and ring vibrations. On the other hand, this
result evidences the segmentation of the electronic structure
of d-TPT as well as that of its monomer homologue TPT, as
will be shown by comparison with terthiophene (TTT). In
the next section we focus on the electronic properties after
phosphole functionalization and it will be shown that the
above-described spectroscopic/structure correlation still
holds upon chemical complexation or oxidation of the phos-
phorus of the phosphole center.


Raman spectra upon chemical functionalization :


Comparison of TTT and TPT: Figure 6 depicts the FT-
Raman spectra of TTT, TPT, and its TPT ACHTUNGTRENNUNG(AuCl) and
TPT(S) derivatives.


Two important lines at 1526 and 1462 cm�1 are observed
in the spectrum of TTT which correspond to the antisym-
metric and symmetric C=C stretching modes mainly located
in the external and internal rings, respectively.[15] For our
purposes, the peak position of the central-ring vibration at
1462 cm�1 of TTT can be compared with the wavenumbers
of the phosphole-ring vibrations of the mixed co-oligomers.
The wavenumbers of these stretches (TPT, 1470 cm�1; TTT,
1462 cm�1) are in agreement with the lowering of the BLA
of the central ring on passing from TPT (0.093 Q) to TTT
(0.051 Q). This is also in accordance with the greater aroma-
ticity of thiophene relative to phosphole. The very low aro-
matic character of phosphole is well documented to be
caused by the nonplanar conformation of the phosphorus
and the high s character of its lone electron pair, two factors
which prevent efficient delocalization of the sextet over the
ring.[9d–f] In fact the whole effect of phosphorus aromatiza-
tion within the phosphole ring (i.e., the interaction of the
P�R fragment with the cis-butadiene moiety) can be divided
into two contributions: 1) The interaction between the p*
vacant orbitals of butadiene and the lone electron pair orbi-
tal of the phosphorus atom and 2) the hyperconjugative in-
teraction between the p-occupied orbitals of the butadiene
group and the exocyclic P�C bond (the energy of this bond
is in the range of the p bonds).[9e,i] Halfway between these
two effects, the presence of bulky substituents connected to
the phosphorus atom facilitates its planarization thus in-
creasing phosphole aromaticity (vide infra).[9d–f]


TPT upon functionalization: The phenomenon of ICT: This
section is concerned with the first case, that is, the interac-
tion between the butadiene moiety and the phosphorus
atom and is exemplified by means of the analysis of the
Raman spectra upon functionalization of TPT through the
phosphorus lone electron pair. The most noticeable feature
is the upshift of the band associated with the phosphole ns-
ACHTUNGTRENNUNG(C=C) mode which moves from 1470 cm�1 in TPT to
1481 cm�1 in TPT ACHTUNGTRENNUNG(AuCl) and to 1486 cm�1 in TPT(S)
(Figure 6).


Figure 6. FT-Raman spectra of a) TTT, b) TPT, c) TPT(S), and d) TPT-
ACHTUNGTRENNUNG(AuCl).
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Oxidized or coordinated phosphole rings are clearly not
6p electron systems. As a consequence, the double bonds of
the central five-membered ring are strengthened and the
single bond weakened (namely, the B3LYP/6-31G** calcu-
lated central-ring C=C/C�C bond lengths change from
1.375/1.470 Q in TPT to 1.370/1.486 Q in TPT(S)) resulting
in a decrease in bond equalization (increase of BLA) and a
shift of the Raman lines associated with ring stretches to
higher energies. In addition to the reduction in phosphole
aromaticity, accompanied by the upshift of the Raman
bands, other phenomena must exist to account for the differ-
ent appearance of the Raman peaks in TPT ACHTUNGTRENNUNG(AuCl) and
TPT(S). The central phosphorus five-membered heterocycle
becomes a partially electron-deficient center upon oxida-
tion/complexation and a certain degree of intramolecular
charge transfer (ICT) from the outer electron-rich thio-
phenes to the central electron-withdrawing ring might be ex-
pected. This ICT results in a partial quinoidization of the
structure, as shown in Scheme 1 (i.e. , a weakening of the


double bonds and a strengthening of the single ones), and is
supported by the wavenumber downshift of the n ACHTUNGTRENNUNG(C=C) ring
stretching vibrations (i.e., 1486 cm�1 in TPT(S) and
1481 cm�1 in TPT ACHTUNGTRENNUNG(AuCl)). This phenomenon takes place
upon tetra-/penta-coordination of the phosphorus atom and,
therefore, is more marked in the central ring than in the
outer thiophenes. Moreover, the impact on these external
rings is further attenuated by the fact that the whole effect
is shared by two thiophenes and, hence, a small downshift of
the naACHTUNGTRENNUNG(C=C) thienyl Raman wavenumbers is observed from
1517 cm�1 in TPT ACHTUNGTRENNUNG(AuCl) to 1515 cm�1 in TPT(S) (see
Figure 6). ICT might influence the atomic charge distribu-
tion as well, hence the charges on the outer thiophene rings,
although very subtly for the above reasons, evolve as
�0.043e!�0.040e on TPT!TPT(S), while the positive
charge on the central phosphorus ring is significantly neu-
tralized upon oxidation of the phosphorus atom with sulfur
(+0.304e in TPT and +0.001e in TPT(S)). One more detail
that might confirm the charge redistribution upon ICT is the
large charge density (�0.361e) located on the central sulfur
atom of TPT(S) (Scheme 1).


Comparison of TPT and d-TPT: Through-bond interactions :
In contrast to the above wavenumber-upshift noticed upon
oxidation/complexation of the phosphorus atom, the n ACHTUNGTRENNUNG(C=C)
Raman lines of d-TPT are displaced to lower energies with
respect to TPT while the thienyl bands remain unaltered
(Figure 7). These observations should reflect the phenomen-
on of hyperconjugation between the butadiene group and


the exocyclic P�C bond mentioned above. This phenomenon
is observed spectroscopically in the dimer through the 3 and
5 cm�1 downshift of the n ACHTUNGTRENNUNG(C=C) phosphole stretches, which
is in agreement with a slight decrease in the BLA on going
from TPT (0.093 Q) to d-TPT (0.088 Q), an evolution that
is consistent with a slight bond-length equalization or in-
creased phosphole aromaticity in d-TPT. On the other hand,
negligible BLA changes have been predicted for the outer-
most thiophene rings in agreement with the constant peak
position of their associated Raman lines. Note at this point
that the theoretical data derived from DFT theory should
be regarded with some caution as a result of its intrinsic lim-
itations. However their good correlation with experiments
must be stressed despite the inherent difficulty (very small
spectroscopic changes) associated with the subtle effects
taking place in the electronic structures of these systems. In
this sense, it is interesting to highlight how the calculations
and spectroscopic data pretty well agree in the evaluation of
ring structural parameters.


Upon formation of a P�P bond, a favored scenario for
phosphole ring aromaticity is expected. Upon substitution of
the phosphorus atom with a bulkier group ACHTUNGTRENNUNG(Ph!TPT), it is
possible to argue that a flattening of the phosphole ring
might facilitate ring aromaticity. However, this hypothesis
has to be ruled out since the so-called “pyramidality” of the
tri-coordinate phosphorus atom (given by the sum of the
CPX angles obtained by X-ray diffraction study) is 310.48 in
TPT and 311.48 in d-TPT, showing that the phosphorus
atoms have very similar geometries.


The spectroscopic downshift of the n ACHTUNGTRENNUNG(C=C) phosphole
stretches in the assembled molecule may also be rational-
ized in terms of the hyperconjugation between the p(buta-
diene) and the P�C/P�P bonds. This phenomenon is favored
in the presence of a more polarizable P�P bond (i.e. , a
higher energy of the s term of the P�P bond in d-TPT with
regard its P-C parent). This mechanism likely induces a
slight increase in the aromaticity of the phosphole ring in
the dimer system, accompanied by certain bond-length
equalization and a red shift of the stretching Raman modes.
This description represents a through-bond interaction be-
tween the two p chromophores that leads to electronic cou-


Scheme 1. Quinoidization of TPT(S) due to ICT.


Figure 7. Solid-state FT-Raman spectra of a) TPT and b) d-TPT.
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pling of their frontier orbitals. This feature is probably the
origin of the reduction of the HOMO–LUMO energy gap
relative to the P�Ph molecules (HOMO–LUMO band: d-
TPT, 500 nm; TPT, 412 nm, vide supra).


Raman spectra in solution and thermospectroscopic study :
To gain more insight into the nature of the coupling of the
two TPT components in the dimer, the Raman spectrum of
d-TPT was recorded in dichloromethane (Figure 8). Com-


parison between the solid-state and solution Raman spectra
shows that the phosphole ns ACHTUNGTRENNUNG(C=C) line is upshifted by
4 cm�1 (1469 cm�1), whereas the thiophene naACHTUNGTRENNUNG(C=C) line
scarcely changes.


To further investigate the solid-state interactions, the evo-
lution of the Raman spectrum of d-TPT was analyzed as a
function of temperature. By cooling the solid material, the
phosphole and thiophene ns ACHTUNGTRENNUNG(C=C) wavenumbers are shifted
to slightly higher values (phosphole, 1465 cm�1 (100 8C)!
1467 cm�1 (�170 8C); thiophene, 1512 cm�1 (100 8C)!
1513 cm�1 (�170 8C)). At low temperatures, the intermolec-
ular and through-space interactions between the two TPT
chromophores are expected to be particularly promoted
while through-P�P-bond interactions should in principle co-
alesce. The minimal thermospectroscopic changes seem to
dismiss the involvement of significant through-space p–p*
interactions in d-TPT. Moreover, the evolution of the spec-
tra with varying temperature and in solution is likely in-
duced by local weak interactions affecting the phosphorus
atoms (i.e., solvation, solvent–solute interactions or hydro-
gen bonds with neighboring hydrogen atoms in the solid
state). Overall, these results reinforce the hypothesis that
through-bond interactions between the two chromophores
in the P–P dimer are the relevant electronic effect in this as-
sembled system.


Conclusion


In this paper the electronic structure of a very new class of
molecules that combines thiophene and phosphole units has
been explored with special emphasis on their p-electron
conjugational properties. The study is principally concerned
with Raman spectroscopy but is partially guided by theoreti-
cal calculations (DFT//B3LYP/6-31G** methodology) and
UV/Vis absorption spectroscopy. This work highlights the
use of vibrational Raman spectroscopy as an incisive probe
of the structure of this class of conjugated systems and
serves to outline significant structure–property relationships.
Two differentiated groups of bands exist that belong to
either the central phosphole or the outer thiophene. This
band division reveals a certain degree of segmentation of
the structure which is particularly interesting with regard
the promotion of the electronic interactions needed to im-
prove the optical properties of phosphole-based p-conjugat-
ed systems.


A correlation between the wavenumber of the strongest
Raman lines and the BLA structural parameter has been
proposed to evaluate the modulation of the electronic prop-
erties. In this regard, the changes in the Raman band wave-
numbers have been successfully discussed in terms of 1) thi-
ophene/phosphole aromaticity (ring bond-length equaliza-
tion), 2) the oxidation or complexation of phosphorus, fol-
lowed by intramolecular charge transfer and sizable structur-
al quinoidization, and 3) the hyperconjugation of the
exocyclic P�P bond in thienyl-capped 1,1’-diphosphole
which promotes better phosphole aromatization. In conclu-
sion, this work rationalizes how electronic properties in con-
jugated thienyl-phosphole co-oligomers are particularly bal-
anced by subtle aromatic/conjugating interactions and illus-
trates how an efficient spectroscopic method (Raman spec-
troscopy) may be used to monitor important structural and
electronic parameters that play an essential role in the
design of new organo-phosphorus materials.[16]


Experimental and Theoretical Details


Details of the synthetic procedures and characterization of the molecules
depicted in Figure 1 have already been reported elsewhere.[6–8] FT-Raman
spectra were recorded by using an FT-Raman accessory kit (FRA/106-S)
of a Bruker Equinox 55 FT-IR interferometer. A continuous wave of a
Nd:YAG laser operating at 1064 nm was employed for excitation. A ger-
manium detector operating at liquid-nitrogen temperature was used.
Raman scattering radiation was collected in a back-scattering configura-
tion using a standard spectral resolution of 4 cm�1. The power of the
laser radiation was always kept lower than 100 mW and 1000–3000 scans
were averaged for each spectrum.


A variable-temperature Specac P/N 21525 cell with interchangeable pairs
of quartz windows was used to record the FT-Raman spectra at different
temperatures. The variable-temperature cell consists of a surrounding
vacuum jacket (0.5 Torr) and combines a refrigerant Dewar and a heating
block as the sample holder. It was also equipped with a copper–constan-
tan thermocouple for temperature monitoring purposes and any tempera-
ture, from �170 to 150 8C, could be achieved. Samples were inserted into
the heating block or the Dewar/cell holder assembly as pure solids in a
quartz cell and Raman spectra were recorded after waiting for the


Figure 8. FT-Raman spectra of a) d-TPT in the solid state and b) d-TPT
in dichloromethane.


Chem. Eur. J. 2006, 12, 3759 – 3767 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3765


FULL PAPERElectronic Properties in Thienyl-Phosphole p-Conjugated Systems



www.chemeurj.org





sample to reach thermal equilibrium, which required 20 min for every in-
crement of 10 8C.


Density functional theory (DFT) calculations were carried out using the
Gaussian 98 program on an SGI Origin 2000 supercomputer.[17] We used
BeckeSs three-parameter exchange functional combined with the LYP
correlation functional (B3LYP).[18] It has already been shown that the
B3LYP functional yields similar geometries for medium-sized molecules
as MP2 calculations do with the same basis sets.[19] Moreover, the DFT
force fields calculated using the B3LYP functional yield vibrational spec-
tra in very good agreement with experiments.[20] We also made use of the
standard 6-31G** basis set.[21] Optimal geometries were determined on
isolated entities. All geometrical parameters were allowed to vary inde-
pendently. Vertical electronic excitation energies were computed by
using the time-dependent DFT (TDDFT) approach.[22,23] For the resulting
ground-state optimized geometries, harmonic vibrational frequencies, and
Raman intensities were calculated numerically using the B3LYP func-
tional. Calculated harmonic vibrational frequencies were uniformly
scaled down by a factor of 0.96 as recommended by Scott and Radom for
the 6-31G** basis set.[20a] All quoted theoretical vibrational frequencies
reported are thus scaled values.
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Conformational, Concomitant Polymorphs of 4,4-Diphenyl-2,5-
cyclohexadienone: Conformation and Lattice Energy Compensation in the
Kinetic and Thermodynamic Forms


Saikat Roy,[a] Rahul Banerjee,[a] Ashwini Nangia,*[a] and Gert J. Kruger*[b]


Introduction


McCrone�s[1] definition of a polymorph as “a solid crystal-
line phase of a given compound resulting from the possibili-


ty of at least two different arrangements of the molecules of
that compound in the solid state” is widely accepted today.[2]


The existence of polymorphism implies that free-energy dif-
ferences between various forms are small (<3 kcalmol�1)
and that kinetic factors are important during crystal nuclea-
tion and growth. Molecular conformations, hydrogen bond-
ing, packing arrangements, and lattice energies of the same
molecule in different supramolecular environments may be
compared in polymorphic structures.[3] Polymorphs are ideal
systems to study molecular structure–crystal structure–crys-
tal energy relationships with a minimum number of varia-
bles because differences arise due to different intermolecu-
lar interactions (supramolecular synthons)[4] and crystal
packing effects and not because they are different chemical
species. There is increasing interest in understanding poly-
morphism, growing new crystal forms, controlling the selec-
tive growth of one form, transformations between poly-
morphs, and the high-throughput crystallization of drugs.[5]


Polymorphism is more widespread in pharmaceutical


Abstract: 4,4-Diphenyl-2,5-cyclohexa-
dienone (1) crystallized as four confor-
mational polymorphs and a record
number of 19 crystallographically inde-
pendent molecules have been charac-
terized by low-temperature X-ray dif-
fraction: form A (P21, Z’=1), form B
(P1̄, Z’=4), form C (P1̄, Z’=12), and
form D (Pbca, Z’=2). We have now
confirmed by variable-temperature
powder X-ray diffraction that form A
is the thermodynamic polymorph and
B is the kinetic form of the enantio-
tropic system A–D. Differences in the
packing of the molecules in these poly-
morphs result from different acidic C�
H donors approaching the C=O accept-
or in C�H···O chains and in synthons
I–III, depending on the molecular con-


formation. The strength of the C�H···O
interaction in a particular structure cor-
relates with the number of symmetry-
independent conformations (Z’) in that
polymorph, that is, a short C�H···O in-
teraction leads to a high Z’ value. Mo-
lecular conformation (Econf) and lattice
energy (Ulatt) contributions compensate
each other in crystal structures A, B,
and D resulting in very similar total en-
ergies: Etotal of the stable form A=


1.22 kcalmol�1, the metastable form


B=1.49 kcalmol�1, and form D=


1.98 kcalmol�1. Disappeared poly-
morph C is postulated as a high-Z’,
high-energy precursor of kinetic form
B. Thermodynamic form A matches
with the third lowest energy frame
based on the value of Ulatt determined
in the crystal structure prediction
(Cerius2, COMPASS) by full-body min-
imization. Re-ranking the calculated
frames on consideration of both Econf


(Spartan 04) and Ulatt energies gives a
perfect match of frame #1 with stable
structure A. Diphenylquinone 1 is an
experimental benchmark used to vali-
date accurate crystal structure energies
of the kinetic and thermodynamic poly-
morphs separated by <0.3 kcalmol�1


(~1.3 kJmol�1).
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solids[6] than the estimates of 4–5% polymorphic crystals[7]


in the Cambridge Structural Database (CSD) suggest.[8]


Among organic crystal structures, there is one example of a
compound with seven polymorphs (5-methyl-2-[(2-nitrophe-
nyl)amino]-3-thiophenecarbonitrile, common name ROY),[9]


sulfathiazole has five forms, there are 14 clusters of tetra-
morphs, and over a 100 trimorphic systems.[9b,10a] Polymor-
phism is of great current interest because different solid-
state forms can have different physical, chemical, and func-
tional properties, for example, melting point, stability, color,
bioavailability, pharmacological activity, and a nonlinear op-
tical response.


Concomitant polymorphs[11] crystallize simultaneously
from the same solvent and crystallization flask under identi-
cal crystal growth conditions. Bernstein[12] carried out early
studies on conformational polymorphs (different conforma-
tions of the same molecule in different crystal structures)
and conformational isomorphs (different conformers of the
same molecule in the same crystal structure). Herein we de-
scribe a tetramorphic cluster of conformational polymorphs
in which molecular- and lattice-energy compensation results
in very small differences in the total energy of the concomi-
tant polymorphs A–D of 4,4-diphenyl-2,5-cyclohexadienone
(1). Experimental conditions are described for the prepara-
tion of thermodynamic form A and kinetic form B in a rea-
sonably pure state. The implication of a molecular and crys-
tal-packing balance is to rank crystal structure prediction
frames derived from metastable rotamers by consideration
of both conformation- and lattice-energy contributions,
which gives an excellent match of the global minimum struc-
ture with stable form A.


Results and Discussion


Crystal packing and multiple Z’ in polymorphs : Crystallo-
graphic data for the polymorphs A–D of diphenylbenzoqui-
none 1 are listed in Table 1.[13] The molecule has several
acidic, activated donor hydrogen atoms of sp2- and phenyl
C�H-type whereas there is a single carbonyl acceptor. De-
pending on the molecular conformation one or more of the
several possible C�H···O interactions[14] are optimized in the
crystal structure (Figure 1). For example, form A has zigzag
chains of C�H···O interactions between screw-axis-related
Ai molecules of graph-set notation[15] C(8). Form B has C�


H···O quinone dimer synthon I
and p-phenyl C�H···O synthon
II [graph set R2


2(8) and R2
2(20)]


between Bi, Bii and Biii, Biv mol-
ecules, respectively. Form C has
the same synthons and overall
packing as B but has 12 mole-
cules (Ci–Cxii) in the asymmetric
unit. Form D has C(10) chains
that connect to form the cyclic
R4


3(32) pattern and o-phenyl
C�H···O synthon III with a


R2
2(16) ring through Di and Dii molecules. The parameters


of the C�H···O geometries are listed in the legend to
Figure 1. We have not found polymorphs of bis(biphenylyl)
ketone 2[16] or its substituted phenyl derivatives 3 (4-Cl/Br/
Me)[10b] so far.


The number of symmetry-independent or crystallographi-
cally unique molecules/ions in a crystal lattice is Z’. Alterna-
tively, Z’ may be defined as the number of formula units (Z)
divided by the number of independent general positions for
that space group. Z’ is typically 1 or 0.5 in crystal structures
(87%). A high Z’ of 12 for form C is a record for poly-
morph clusters[9b] (Table 2) and as such rare in the CSD[8]


(only five hits).
Structures with high Z’ values continue to interest crystal-


lographers but it is still not properly understood why some
categories of structures exhibit a higher frequency of Z’>1.
Steed[17] has critically reviewed the reasons for high-Z’ crys-
tal structures. 1) The molecule has a packing problem be-
cause of its awkward shape, which is reconciled by having
two or more molecules in different conformations.[18] 2) The
molecules organize in stable clusters prior to reaching the
highest symmetry arrangement in strong O�H···O hydrogen-
bonded structures because of the enthalpic advantage de-
rived from s-cooperative chains,[19] for example, as in alco-
hols, phenols, steroids, nucleotides, and nucleosides. 3) Sev-
eral low-lying molecular conformations interconvert in solu-
tion and more than one molecule may crystallize simultane-
ously for kinetic reasons. The last of these situations occurs
in the conformational polymorphs of 1, which provides a
unique opportunity to study polymorphic structures with
multiple values of Z’.


Cholesterol (Z’=16) is a prototype example of strong O�
H···O hydrogen bonds being associated with unusually high
Z’ values. An exceptional case in the weak hydrogen bond
category is the crystal structure [ReCl2ACHTUNGTRENNUNG(NCMe)(NO)-
ACHTUNGTRENNUNG(PMe3)2] (CSD refcode WODCOH, Z’=11),[20] which has a
dense network of C�H···O and C�H···Cl interactions. We
observed an interesting trend in the polymorphs of 1,
namely that the number of conformations in a particular
structure (Z’) correlates with C�H···O bond strength/dis-
tance. Figure 2 is a distance–angle scatter plot of C�H···O
interactions in polymorphic forms A–D. C�H···O contacts in
form C are, in general, shorter than those in forms B and D


Table 1. Crystallographic data for polymorphs A–D of diphenylquinone
1.[13]


Form A Form B Form C Form D


CSD refcode[a] HEYHUO HEYHUO01 HEYHUO02 HEYHUO03
space group P21 P1̄ P1̄ Pbca
Z’, Z 1, 2 4, 8 12, 24 2, 16
a [Q] 7.9170(6) 10.0939(2) 18.3788(4) 10.7921(6)
b [Q] 8.4455(6) 16.2592(3) 19.9701(4) 17.4749(12)
c [Q] 10.3086(9) 16.2921(4) 24.4423(5) 27.9344(19)
a [8] 90 88.2570(10) 95.008(1) 90
b [8] 105.758(2) 85.3380(10) 111.688(1) 90
g [8] 90 83.6450(10) 105.218(1) 90
V [Q3] 663.36(9) 2648.00(10) 7871.8(3) 5268.2(6)
R factor 0.050 0.068 0.112 0.059


[a] See ref. [8].
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Figure 1. a) Helices of C�H···O hydrogen bonds (2.55 Q, 163.68 ; 2.60 Q, 129.98) between 21 related molecules in form A [conformer Ai, graph set C(8)].
b) Centrosymmetric C�H···O synthon I between Bi, Bii molecules of R2


2(8) pattern (2.33 Q, 169.28 ; 2.49 Q, 123.58) and synthon II between Biii, Biv mole-
cules of R2


2(20) pattern (2.64 Q, 138.08 ; 2.74 Q, 121.68) in form B. The crystal structure of form C is similar to B. Twelve symmetry independent mole-
cules (Ci–Cxii) engage in similar synthons instead of four molecules in B. c) C�H···O interactions of graph set R4


3(32) between translation and screw-axis-
related Di molecules (2.36 Q, 137.98 ; 2.54 Q, 166.98) in form D. d) Centrosymmetric C�H···O synthon III between Dii molecules [R2


2(16) pattern] and C�
H···O interaction (2.57 Q, 144.58 ; 2.47 Q, 165.18). Neutron-normalized distances are quoted. Note that different C�H donors participate in C�H···O inter-
actions in different crystal forms. Cyclic C�H···O synthons I–III are labeled.


Table 2. Data for polymorphs (�3 forms)[a] in organic crystal structures
with multiple molecules in the asymmetric unit.


Entry CSD refcode[b] No. of polymorphs Highest Z’


conformational polymorphs (�4 forms)[a]


1 QAXMEH 7 1
2 SUTHAZ 5 2
3 BEWKUJ 4 2
4 BIXGIY 4 1
5 HEYHUO[c] 4 12
6 KAXHAS 4 1
7 MABZNA 4 4
8 RUWYIR 4 2


multiple molecules in asymmetric unit (Z’>4)[a]


9 PUBMUU[c] 3 16
10 IFULUQ 4 8
11 DUVZOJ 3 6
12 ZZZVTY 3 5
13 THIOUR 3 4.5


[a] Cut-offs were made to limit the number of structures analyzed.
[b] See ref. [8]. [c] Compound has a high number of polymorphs and a
high Z’ value.


Figure 2. H···O distance (2.2–3.0 Q) versus C�H···O angle (120–1808)
scatter plot of interactions in tetramorphs A–D. A=* (Z’=1), B=&


(Z’=4), C=~ (Z’=12), D=^ (Z’=2). The shortest H···O distance
(marked with an arrow in the linear band) is inversely related to Z’ (the
number of symmetry-independent conformations).
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and longer in form A. Interestingly, the shortest linear inter-
action (q=160–1758) in a particular form is inversely related
to the Z’ value of that structure: for example, form C has
the shortest H···O distance of 2.30 Q and the highest Z’
value of 12, form B has H···O=2.33 Q, Z’=4, and forms D
and A have even longer H···O distances of 2.47 and 2.55 Q
and smaller Z’ values of 2 and 1, respectively. Our finding
that the strength of C�H···O interactions can promote Z’>1
among flexible molecules means that the well-known exam-
ples of structures with values of Z’>1, that is, alcohols and
phenols, can be expanded to new categories of crystal struc-
tures stabilized by weak hydrogen bonds. We show that the
relative strengths of directional C�H···O interactions are im-
portant in promoting high Z’ structures[21] particularly as
their energies are comparable to favorable close-packing
forces. The inverse relationship between Z’ and H···O dis-
tance is observable in polymorphic cluster 1 because de-
tailed supramolecular effects can be clearly discerned
against a background of a constant molecular structure.


The occurrence of high-Z’ polymorphs and the relation-
ship between Z’ and C�H···O strength alludes to the impor-
tance of kinetic factors during crystallization. We therefore
wanted to identify which of the concomitant polymorphs A–
D is the kinetic form and which is the thermodynamic one
and determine the nature of the phase transitions between
these forms.


Variable-temperature powder X-ray diffraction : We ob-
tained single crystals of all four forms in preliminary batch-
es[13] but subsequent experiments gave mostly forms A and
B, as determined by unit-cell checking of several crystals.
However, powder X-ray diffraction shows all four forms in
the concomitant mixture at room temperature (Figure 3). A
typical solid upon crystallization from EtOAc/n-hexane con-
tains form A (~40%), forms B+C (~50%), and form D


(~10%). The ratios were determined by the Rietveld refine-
ment[22] of observed powder XRD plots with simulated
peaks for each crystal structure (Powder Cell 2.3). Triclinic
forms B and C are taken together because it is not possible
to distinguish between these closely related forms from their
overlapping diffraction patterns (Figure S1, Supporting in-
formation). The mixture of forms at room temperature was
heated to study phase transformations. The peak profile is
relatively stable between 30–60 8C, however, we noticed
changes as the sample was heated to 70 8C (Figure 4): Cer-
tain peaks disappeared and the overall pattern became sig-
nificantly sharper with fewer but more intense lines. The
PXRD profile is relatively unchanged between 70–100 8C,
after which the material became mostly amorphous and
then gradually turned to a semi-solid/melt mass at 105–
115 8C. There are no reflections from the sample at T>


105 8C except for the peak from the sample holder at 25.28.
VT-PXRD shows that heating polymorphs A–D to a pre-
melt temperature of 70 8C transforms the mixture to form A
(Figure 5) with good polymorph purity (>95%), based on a
match with simulated peaks of the crystal structure. Mono-
clinic polymorph A therefore is a thermodynamic modifica-
tion of the enantiotropic system of polymorphs 1 between
30–80 8C.


Chiral form A was prepared in high purity and shown to
have a nonlinear optical signal equal to that of urea when ir-
radiated with a Nd3+–YAG laser (1.06 mm). However, the
mixture of polymorphs obtained from a typical solution
crystallization does not emit light at 532 nm. The prepara-
tion of form A by the above heating method is preferred
over controlled crystallization at �5 8C because of contami-
nation from other polymorphs over a period of time, pre-
sumably due to accidental seeding of laboratory space,[23] a
term used to describe difficulties in isolating an early poly-
morph after the appearance of other forms of the same
compound. Polymorphs of 1 do not follow Ostwald�s rule of
stages,[24] with stable form A appearing first from solution
crystallization followed by metastable forms B and C.


Kinetic form B was prepared by heating the polymorphic
mixture to a melt phase in the powder X-ray diffractometer
pan at ~115 8C. Cooling the sample to room temperature af-
forded reasonably pure polymorph B (Figure 6). This was
confirmed by unit-cell checking of a few randomly picked
crystals. Although polymorphs A–D have quite different ar-
rangements of molecules and unit cells, they melt at the
same temperature (Tm=120.45 8C) and there is no apparent
phase transition other than the melting endotherm in differ-
ential scanning calorimetry (Figure S2, Supporting informa-
tion).


There are alternative explanations for the occurrence of
concomitant polymorphs:[11] Simultaneous nucleation of
more than one form from solution, interconversion between
polymorphs, their appearance in order of stability, and het-
erogeneous cross nucleation.[5e] The simultaneous crystalliza-
tion of all four forms A–D from the homogeneous medium
is the most likely reason for the concomitant cluster 1. Inter-
conversion in solution is minimal at room temperature be-


Figure 3. Powder X-ray diffraction of solid 1 at room temperature:
black=experimentally observed powder pattern; red, blue, and green=
calculated powder pattern of form A (37.5%), B+C (52.0%), and D
(10.5%), respectively. Rietveld refinement in Powder Cell 2.3: Rp=14.82,
Rwp=19.32. Percentages of polymorphic forms in different batches vary
within 5%.
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cause the percentages of various forms in different batches
are within the experimental limit of 5%. As mentioned, the
system does not obey Ostwald�s law of stages. Heterogene-
ous cross nucleation in the heated/melt phase is ruled out
because if this were happening then cooling the sample
from 70 and 115 8C would not only give form A and B, re-
spectively, but also other polymorphs from seeded nuclea-
tion and growth.


Conformation and lattice
energy compensation : Com-
pound 1 is an excellent system
for studying how interconvert-
ing molecular conformations in
solution lead to different crystal
packing arrangements involving
several conformers in the solid
state. The energies of the mo-
lecular conformations and the
crystal lattice were calculated
to obtain a quantitative picture
of polymorphism in 1 and a
clue as to why these conforma-
tional polymorphs appear con-
comitantly. The conformation
energies (Econf) and dipole mo-
ments (m) were calculated using
the Spartan 04 package[25]


(Table 3). Each molecule was
extracted from the crystal struc-
ture and energy-minimized
(HF/6-31G**) keeping the con-
formation fixed (heavy carbon
and oxygen atoms invariant)
while the hydrogen atoms were
allowed to relax to reasonable
geometries following the
method of Yu et al.[9a] The tor-
sion angles t1 and t2 that define
the rotation about the Cquinone�
Cphenyl single bonds lie in the
range of 8–22 and 12–388, re-
spectively, along the scatter plot
diagonal (Figure 7). In general,
in the 19 rotamers t1¼6 t2 save
conformer Ai and Cxi (see Fig-
ure S3, Supporting information,
for the overlay diagram). Mole-
cule Bi has the most stable con-
formation (Econf=�479813.50
kcalmol�1, a value that is arbi-
trarily fixed to 0); the energies
of the conformers of forms A,
B, and D (Econf) are within
1.3 kcalmol�1 of Bi (Table 3).
Conformers Ci–Cxii are higher
in energy (Econf=2–9 kcal
mol�1) but this could be due to


an error in the experimental X-ray geometry as the R factor
of form C is high (11.1%). Therefore we focus on structures
A, B, and D in this discussion. The conformers of forms A,
B, and D readily interconvert in solution through geared
(correlated) rotation of the phenyl rings[13] about t1 and t2
because the energy barrier should be accessible through the
thermal motion of atoms (RT~0.5 kcalmol�1 at 298 K) in
the crystallization regime between �5 and 100 8C.


Figure 4. a) Powder X-ray diffraction patterns of 1 recorded at different temperatures. The sample is a mixture
of forms A–D at room temperature, it transforms to forms A at around 70 8C, and becomes amorphous upon
further heating to 105 8C. The wide peak at 25.28 is from the sample holder. b) Powder XRD of 1 at 28 (top)
and 69 8C (bottom). Peaks that disappear upon heating are marked with an arrow. Note the increase in intensi-
ty of the peaks and the overall simplification of the profile at a higher temperature.
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The crystal lattice energies, Ulatt, of polymorphs A–D
were computed using the COMPASS and DREIDING 2.21
force fields (Table 4, Cerius2).[26] We discuss COMPASS
numbers because this force field is better parametrized and
gives more accurate energies of organic molecules[27] that
are typically stabilized by hydrogen bonds, intermolecular
interactions, and van der Waals forces. COMPASS[28] is
better suited for molecule 1 because electrostatic stabiliza-
tion by C�H···O hydrogen bonds and edge-to-face aromatic
interactions is included in the coulombic term. Form A has
the most stable crystal structure (Ulatt=�32.69 kcalmol�1)
and forms B, C, and D are less stable by 1.03, 1.06, and
0.82 kcalmol�1, respectively. However, all these crystal struc-
tures are a compromise between intra- and intermolecular


stability. Either the molecular conformer or the lattice
energy is at the minimum, but both intra- and intermolecu-
lar energies are not the lowest in any structure. For example,
form A has the lowest Ulatt value (�32.69 kcalmol�1), but
conformer Ai is higher in energy (Econf=1.22 kcalmol�1).
Molecular conformations Bi–Biv are lower in energy (Econf=


0.00, 0.06, 0.66, 1.12 kcalmol�1) but crystal lattice B is meta-
stable (Ulatt=�31.66 kcalmol�1). Both intra- and intermolec-
ular energy contributions are included in the total energy
term (Table 5). In increasing order of Etotal (COMPASS):
form A (thermodynamic, most stable)<B (kinetic, inter-
mediate stable)<D (least stable). This energy order is con-
sistent with the thermodynamic stability of form A deter-
mined in the VT-PXRD experiments and the crystallization
of the kinetic form B from the melt of the polymorphic mix-
ture. On the other hand, the Ulatt (COMPASS) stability
order of A<D<B and the energies calculated by using the
DREIDING 2.21 force field (D<A<B) do not agree with
experiment. We believe that calculations using the COM-
PASS force field give an indication of the relative stability
of the polymorphs with an energy difference of 0.3–
1.0 kcalmol�1 for small organic molecules.


The molecular conformations and crystal lattice energies
suggest the following picture of polymorphism in 1. Depend-
ing on the geometry of a particular conformation, a different
C�H···O interaction and aromatic packing motif lead to a
metastable crystal structure. The reason for conformational
polymorphism in 1 is that C�H···O motifs in its crystal struc-
tures (Figure 1) involve one of the phenyl C�H donors,
except for those in dimer I which are between the quinone
groups. Therefore a change in molecular conformation will
alter the strength of weak C�H···O and van der Waals inter-
actions and in turn the preferred crystal-packing motif. The
energy penalty in the molecular conformation is compensat-
ed by lattice-energy gain from intermolecular interactions
and close packing, and vice versa, because their magnitudes
are comparable, DEconf�DUlatt=0–2 kcalmol�1. Facile ro-
tamer interconversion in solution and very similar crystal
energies mean that more than one molecular conformation
may crystallize out simultaneously to give concomitant con-
formational polymorphs of 1.


Price and co-workers[29] recently examined intra- and in-
termolecular energy compensation in the conformational
polymorphs of some drugs, for example, aspirin, barbituric
acid, and piracetam. Surprisingly, the quintessential poly-
morphic compound, ROY, appears to be an exception to the
above-mentioned energy balance situation: the stable per-
pendicular conformation is present in the thermodynamic
yellow crystal form.[30] This prompts the question: Will meta-
stable crystal forms of ROY give way to the stable poly-
morph because the system may gradually transform to the
bottom of the molecular and lattice energy well?


Having discussed forms A, B, and D we will briefly men-
tion the unusually high Z’ value (=12) of polymorph C. We
previously postulated[13] that form C represents a snap-shot
picture of an evolving crystal nucleus on the way to form B
(Z’=4) wherein the molecules have aggregated to form the


Figure 5. Experimental powder XRD of 1 at 69 8C (black line) matches
with the calculated powder pattern of polymorph A (dotted line). Riet-
veld refinement in powder cell 2.3: Rp=14.39, Rwp=18.81. The starting
solid was the mixture of forms A–D shown in Figure 3.


Figure 6. Experimental powder XRD of 1 from melt crystallization at
115 8C (black line) shows good agreement with the calculated powder
pattern of polymorph B (dotted line). Rietveld refinement in powder cell
2.3: Rp=11.78, Rwp=15.86. The starting solid was the mixture of forms
A–D shown in Figure 3.
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crystal lattice but the periodicity is yet to reach the highest
possible crystal symmetry. The 12 high-energy conformers of
crystal structure C may be viewed as metastable relics of the
relatively stable four conformers of form B. Attempts to
study the transformation of form C to B in the laboratory
were thwarted by our inability to grow crystals of form C
after the initial X-ray diffraction experiment. The above in-


terpretation is consistent with
the following observations. 1)
The higher-energy conformers
in form C participate in stron-
ger C�H···O interactions and
this alludes to the greater role
of kinetic factors in the nuclea-
tion of this polymorph. 2) The
close relationship between
forms C and B is evident from
their crystal structures: They
have the same space group and
overall packing that is sustained
through C�H···O synthons I
and II and overlapping powder
XRD peaks. In short, high Z’
structures are not just a crystal-
lographic oddity but they open
a window to “see” crystal nu-
cleation and growth.


Does molecular conformation
determine crystal packing or
are favorable crystal packing ef-
fects able to trap metastable
molecular conformations? This


question is difficult to quantify in the present case because
Econf and Ulatt differences are of the same order of magni-
tude. We can nonetheless say that a particular conformation
is associated with a specific C�H···O synthon even though
that rotamer is present in different polymorphs. For exam-
ple, Biv and Cvii rotamers have similar conformations and
they engage in synthon II in the crystal structures of poly-
morphs B and C. Such a reality, namely that a less stable
conformation can lead to a more stable crystal lattice in con-
formational polymorphs, is a major challenge in the crystal
structure prediction of flexible molecules.


Computational prediction of form A : The ab initio predic-
tion of crystal structures of organic molecules from their
molecular diagram is a global research activity,[31] which
should give us a better understanding of the crystallization
process and even protein folding. In crystal structure predic-
tion (CSP), the input for flexible molecules is progressing
from the first phase of using stable gas-phase conformations
to metastable conformations.[29] The main difficulties in pre-
dicting the structures of conformationally flexible molecules
are the following. 1) The stable conformation may not result
in the thermodynamic crystal structure. 2) Which metastable
conformation out of several low-energy rotamers should be
selected for simulations? 3) Both conformation- and lattice-
energy contributions to crystal structure stabilization must
be taken into account. These issues are pertinent to mole-
cule 1 and we now present a possible solution for predicting
and ranking structure frames of a conformationally flexible
molecule. Thermodynamic polymorph A is the target in
crystal structure prediction because at the present time CSP
computations are only able to predict the lowest energy


Table 3. Energies and dipole moments of 19 conformers of 1 calculated using Spartan 04.


Crystal polymorph Molecular conformation[a] Ph torsion angles HF/6-31G**
t1 [8] t2 [8] Econf


[b] [kcalmol�1] m [D]


form A Ai 12.5 12.6 1.22 5.15
form B Bi 12.3 16.0 0.00 5.22


Bii 14.9 23.6 0.06 5.20
Biii 19.1 31.8 0.66 5.34
Biv 11.5 17.7 1.12 5.24


form C Ci 12.8 16.0 2.81 5.20
Cii 11.9 16.7 3.94 5.40
Ciii 18.4 32.3 4.16 5.06
Civ 12.1 22.7 4.76 5.30
Cv 15.2 22.0 5.19 5.40
Cvi 10.2 21.0 5.51 5.24
Cvii 11.5 17.4 7.99 5.50
Cviii 18.3 28.2 8.14 5.08
Cix 20.9 30.8 8.15 5.21
Cx 14.0 16.7 8.31 5.15
Cxi 14.9 15.1 8.54 5.23
Cxii 20.1 31.5 8.90 5.39


form D Di 18.5 36.8 1.08 5.21
Dii 8.4 16.5 1.25 5.17


energy-minimized[c] 22.3 22.3 �2.78 4.87


[a] Molecules are numbered in order of increasing energy. [b] Conformer Bi has the most stable conformation
(�479813.50 kcalmol�1) and is arbitrarily fixed to 0.00 for comparison of conformation energies. [c] The mo-
lecular skeleton was minimized to the stable gas-phase rotamer.


Figure 7. a) Conformations of diphenylquinone 1 defined by torsion
angles t1 and t2 about the Cquinone�Cphenyl single bonds. b) Nineteen crys-
tallographically independent conformations of 1 lie along the diagonal.
All 19 conformers converge to the gas-phase rotamer (t1=t2=22.38)
after energy minimization. A=*, B=&, C=~, D=^, and gas phase=�.
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structure and those with Z’=1. The objective of our simula-
tions was to reproduce the known stable polymorph A and
to identify structures of similar energies as a guide for
future crystallization experiments. We have used Polymorph
Predictor (Cerius2)[26] (PP) computations to generate several
putative crystal structures of 1 from the stable molecular
conformation derived from Gaussian 03.[32]


In structure prediction, the conformation should be al-
lowed to vary during the energy minimization of frames (de-
fined as full-body minimization) to cover the complete
range of possible crystal structures in flexible molecules.
Rigid-body minimization (the molecular conformation is
held fixed) is about five times faster but it generates struc-
tures that correspond to local minima for a particular con-
formation, not necessarily the global minimum. Crystal
structure frames were generated in six common space
groups, P21/c, P1̄, C2/c, Pbca, P21, and P212121. Ten unique
low-energy frames within 4 kcalmol�1 of the global mini-
mum are plotted for each space group in Figure 8 (total of
60 structures, see Table S1, Supporting Information, for
values). The experimental structure A is the third rank
frame based on values of Ulatt. Cell parameters, torsion
angles, and the lattice energy of
CSP frame #3 match remarka-
bly well the experimental struc-
ture A having a deviation of
within 3% (Table 6). The crys-
tal packing in the simulated
structure is identical to the ob-
served form and their powder
XRD profiles are in good
agreement (Figure 9 and Fig-
ure S4, Supporting Informa-
tion). Although the fact that
frame #3 matches the observed
structure is short of the correct


answer, our reproduction of a
large and flexible molecule
(compound 1) is quite good in
relation to ongoing CSP efforts
by other groups.[31]


How important is the starting
conformation in generating a
particular crystal structure of 1?
Given that the molecular con-
formation, C�H···O synthon
and crystal packing are inti-


Table 4. Lattice energies [Ulatt, kcalmol�1] of forms A–D computed in Cerius2, corrected to per molecule of 1.


Form A Form B Form C Form D


Ulatt COMPASS DREIDING 2.21 COMPASS DREIDING 2.21 COMPASS DREIDING 2.21 COMPASS DREIDING 2.21
total �32.69 �42.12 �31.66 �39.66 �31.63 �39.71 �31.87 �42.42
van der Waals �28.01 �27.78 �28.19 �27.22 �28.18 �27.23 �27.80 �27.19
coulombic �4.68 �12.50 �3.47 �10.43 �3.45 �10.49 �4.07 �12.49
hydrogen bond[a] – �1.84 – �2.01 – �1.99 – �2.74


[a] The hydrogen bond energy is partitioned in the DREIDING 2.21 force field but it is part of the coulombic component in the COMPASS force field.


Table 5. Relative energies[a] [per molecule, kcalmol�1] of crystal forms A, B, and D.[b]


Polymorph Ulatt Econf
[c] Etotal=Ulatt+Econf Graph set symbol of C�H···O


interaction
COMPASS DREIDING


2.21
HF/6-
31G**


COMPASS DREIDING
2.21


A 0.00 0.30 1.22 1.22 1.52 C(8)
B 1.03 2.76 0.46 1.49 3.22 R2


2(8), R2
2(20)


D 0.82 0.00 1.16 1.98 1.16 R2
2(16), R4


3(32)


[a] Values taken from Tables 3 and 4. The values of Ulatt and Econf are relative energies. [b] Form C is excluded
because the errors are too large. [c] The average Econf value is estimated for multiple conformers as (�Econf)/Z’.


Figure 8. Lattice energy versus net volume (V/Z) for structures of mole-
cule 1 generated in six common space groups by full-body minimization
using the Polymorph Predictor software package. Experimental crystal
structure A matches with the third rank predicted structure based on
values of Ulatt. See Table 6 for details.


Table 6. Comparison of predicted[a] and experimental[b] structure parameters.


Form a
[Q]


b
[Q]


c [Q] b [8] V/Z
[Q3]


t1, t2 [8] Ulatt [kcal
mol�1]


full-body minimization
frame #3 7.712 8.286 10.415 104.32 322.45 14.6, 15.9 �92.201
form A 7.713 8.286 10.415 104.32 322.46 14.6, 15.9 �92.196
rigid-body minimization
frame #1 7.699 8.133 10.165 104.96 307.51 12.6, 12.7 �32.697
form A 7.701 8.139 10.160 105.00 307.54 12.6, 12.7 �32.695
crystallographic parameters from
Table 1[c]


form A 7.917 8.445 10.308 105.75 331.68 12.5, 12.6 –


[a] Structure predicted by Cerius2 (COMPASS). [b] Experimental form A minimized in Cerius2. [c] The devia-
tion in cell parameters from those of the full-body minimized structure #3 is <3%.
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mately related in the polymorphs of 1, we were encouraged
to find that rigid-body minimization starting from rotamer
Ai gave the lowest energy structure #1 as polymorph A
(Table 6). To further attest the significance of metastable
conformations in generating structures of 1, the gas-phase
conformation, which is not observed in any known poly-
morph so far, was used in CSP. Predicted structures from
the stable Gaussian 03 rotamer (t1=t2=23.88) are less
stable (Ulatt=�28 to �30 kcalmol�1, Table S2, Supporting
Information) than the observed crystal structures (Ulatt=


�31 to �33 kcalmol�1, Table 4) with metastable conforma-
tions.


The discussions so far imply that the contribution of mo-
lecular conformation energy to crystal structure stabilization


is significant and so one should accurately compute both in-
tramolecular and intermolecular energy terms. Structures
predicted by full-body minimization adopt the best molecu-
lar conformation for a stable crystal structure in that space
group because the conformation is allowed to adjust during
the simulation. The lattice energy quantifies the intermolec-
ular component arising from hydrogen bonds, electrostatic
interactions, and van der Waals forces. The gain/penalty
from the molecular conformation must be added/subtracted
to accurately calculate the total crystal energy. To imple-
ment this method, the Ulatt component was calculated by
rigid-body minimization[33] and Econf was calculated using
Spartan 04. The starting rotamer was extracted from the
full-body minimization frame and structures were generated
by the rigid-body method. The minimum energy structure in
the rigid-body simulation matches with the full-body refer-
ence frame in all respects: Cell parameters, crystal packing,
and simulated PXRD (Table S3, Supporting Information).
Frame numbers 1–10 of the flexible-body method (Table S1)
were re-ranked based on the total energy, Etotal=Econf+Ulatt,
of rigid-body minimized frames (Table 7). There is signifi-
cant reorganization in the rankings of predicted structures
when accurately calculated crystal lattice and molecular con-
formation energies are considered together to prioritize the
simulated frames using increasing Etotal as the criterion in-
stead of only Ulatt. Frame #3 of the flexible-body minimiza-
tion is now the global minimum frame #1 and it perfectly
matches stable form A. We take advantage of both the flexi-
ble-body and rigid-body minimization methods in Cerius2


Polymorph Predictor to simulate the crystal structures of a
molecule with several low-energy conformations. The best
metastable conformation for generating stable crystal pack-
ing is determined by allowing torsion angles to vary. Then
Ulatt and Econf are accurately calculated for this ideal confor-
mation and their sum is taken to finalize the lowest energy
structure. The above iterative method for deriving the cor-
rect metastable conformation and then re-ranking predicted
crystal structure frames is not reported in the CSP literature
to our knowledge. It is suitable for structure prediction of
flexible drug molecules in which conformation- and lattice-
energy contributions must be properly quantified.


Among the 60 predicted structures (Table S1, Supporting
Information), the molecular conformation in global mini-
mum frame #1 in the P1̄ space group (t1, t2=28.4, 28.68,
Econf=2.55 kcalmol�1) is not too high in energy relative to
the stable rotamer Bi and may be accessible if a much more
stable Ulatt is able to compensate for the Econf penalty
through stronger intermolecular interactions and better
close packing. We are searching for new polymorphs of 1
through exhaustive crystallization screens.[34]


Conclusion


Our experimental and computational results on tetramor-
phic cluster A–D of diphenylquinone 1 can be summarized
as follows. 1) Variable-temperature powder XRD shows that


Figure 9. Comparison of experimental stable polymorph A with simulated
structure #3 derived from full-body minimization. a) Unit-cell packing in
predicted frame #3. b) Unit-cell packing in form A. c) Simulated powder
XRD of predicted and experimental crystal structures. See Figure S4,
Supporting Information, for Rietveld refinement of PXRD.
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form A is the thermodynamic polymorph and form B is the
kinetic phase. The enantiotropic relationship means that
lattice-energy differences as small as 0.3 kcalmol�1


(~1.3 kJmol�1) computed using the COMPASS force field
(Cerius2) are experimentally verified. This value serves as a
benchmark for future work on crystal structures that lie in a
shallow potential energy well such as concomitant and/or
conformational polymorphs. 2) We have shown that weak
but directional C�H···O interactions promote multiple mole-
cules in the asymmetric unit and moreover that a short
H···O distance in a particular polymorph relates to a high Z’
value of that crystal structure. Z’ is 4 in kinetic polymorph B
and 1 in thermodynamic polymorph A. 3) The reason for
conformational polymorphism in 1 is the presence of several
low-energy, interconverting conformations in solution. The
crystal structures of 1 are a compromise between the mini-
mization of intramolecular (rotamer) and intermolecular
(interaction) energies. Crystal packing stabilizes the meta-
stable molecular conformation of 1 in the solid state. 4)
Thermodynamic polymorph A is reproduced as frame #3 in
full-body minimized structure prediction based on Ulatt. Re-
ranking of frames by including the Econf contribution to the
crystal energy gives global minimum structure #1 which
matches form A. This exercise gives a posteriori validity to
Cerius2 Polymorph Predictor for a conformationally flexible
medium-sized organic molecule. Our results on prototype
system 1 are currently being examined and evaluated in
other polymorphic clusters.


Experimental Section


Synthesis : Compound 1 was prepared in four steps as shown in
Scheme 1.[35]


trans-Stilbene (1.1 g, 6.0 mmol) in CH2Cl2 (60 mL) was added dropwise
to a stirred solution of m-CPBA (1.14 g, 6.6 mmol) in dry CH2Cl2
(15 mL) at 0 8C. The reaction was continued for 30 h. The mixture was
washed with a NaHCO3 solution and water. The resulting epoxide was
extracted with CH2Cl2 and evaporated in vacuo to give pure trans-stil-
bene oxide (1.2 g, 95%).


trans-Stilbene oxide (1.20 g, 6.0 mmol)
was stirred with BF3·Et2O (0.5 mL,
225 mg, 3.0 mmol) in dry CH2Cl2
(60 mL) for 30 min at 0 8C. The reac-
tion mixture was washed with water
(2X50 mL) and the solvent evaporated
to give diphenyl acetaldehyde
(960 mg, 80%).


Ethanolic KOH (3n, 0.5 mL) was
added dropwise over a period of 5 min
to a mixture of diphenyl acetaldehyde
(700 mg, 3.6 mmol) and methyl vinyl
ketone (MVK, 0.3 mL, 3.7 mmol) in
dry THF (30 mL) at 0 8C. The mixture
was stirred for 2 h at 0 8C and then for
2 h at room temperature. Neutraliza-
tion with 20% HCl, extraction with
EtOAc, and work up gave the crude


product. Purification by column chromatography yielded pure 4,4-di-
phenyl-2-cyclohexenone (440 mg, 50%).


DDQ (908 mg, 4.0 mmol) and a catalytic amount of p-TsOH (15 mg,
0.1 mmol) was added to a solution of the above cyclohexenone (248 mg,
1.0 mmol) in 1,4-dioxane (40 mL) and the solution was refluxed for 72 h.
After cooling, the reaction mixture was filtered through Celite and the
filtrate was diluted with CH2Cl2 and washed with 10% NaOH solution
(3X30 mL). Workup gave the crude product which was purified on a
silica gel column to give pure 4,4-diphenyl-2,5-cyclohexadienone 1
(100 mg, 40%). M.p. 120 8C. 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=6.38 (d, J=10 Hz, 2H, a-enone Hs), 7.25–8.15 (m, 12H, Ph+b-enone
Hs) ppm; IR (KBr): ñ=3028, 1655 (C=O), 1620, 1487, 1446, 1400, 1267,
1226 cm�1.


Polymorphs A—D : The pure solid 1 after column chromatography was
analyzed by powder XRD. The bulk material (100 mg of the solid) shows
all four forms A–D in the concomitant crystallization batch (Figure 3):
monoclinic form A 37.5%, triclinic forms B+C 52.0%; orthorhombic
form D 10.5%.


Polymorphic forms A, B, and C were crystallized by slow evaporation of
a solution of 1 in 5% EtOAc/n-hexane at ambient temperature. Three
types of morphologies were observed: needle, block, and plate. Needle-
type crystals correspond to form A and block/plate crystals correspond to
form B as confirmed by random cell-checking of different crystals. Crys-
tallization by slow evaporation at �5 8C in a domestic refrigerator yielded
form A whereas crystal growth from a saturated solution by fast evapora-
tion at ambient temperature yielded predominantly form B. Crystals of
form D were obtained from a CH2Cl2/EtOAc/n-hexane solvent mixture.
In recent batches over the last 2–3 years we have not found a single crys-
tal corresponding to form C in several random cell-checking experiments.


Pure form A: The polymorphic mixture 1 (100 mg) was heated in a test
tube at ~70 8C in an oil bath for 30 min and then slowly cooled to room
temperature. The mixture converted to form A in >95% purity as con-
firmed by powder XRD (Figure 5).


Table 7. Ulatt of the lowest energy frame determined by the rigid-body method starting from the molecular
conformation in full-body minimized frames #1–10. Econf is calculated in Spartan 04. The simulated structures
of 1 are re-ranked based on the sum of the intra- and intermolecular energies, Etotal [kcalmol�1].


Frame # in full-
body method[a]


Space
group[b]


Ulatt in rigid-body
method [kcalmol�1]


Econf
[c]


[kcalmol�1]
Etotal=Ulatt+Econf


[kcalmol�1]
Re-ranked frame
based on Etotal


3 P21
[d] �30.93 1.38 �29.55 1


1 P1̄ �30.83 2.03 �28.80 2
6 P212121 �30.91 2.25 �28.66 3
10 C2/c �30.42 1.82 �28.60 4
7 P1̄ �30.88 2.59 �28.29 5
8 C2/c �30.06 1.82 �28.24 6
5 P21/c �30.85 2.79 �28.06 7
4 P212121 �30.01 2.14 �27.87 8
2 P21 �31.03 3.27 �27.76 9
9 P1̄ �29.88 2.37 �27.51 10


[a] Taken from Table S1. [b] See Table S3 for matching cell parameters. [c] Relative to the stable gas-phase ro-
tamer, Econf=�479812.98 kcalmol�1. [d] Unit cell in full-body/rigid-body minimized structure: 7.712/7.713 Q,
8.286/8.289 Q, 10.415/10.412 Q, 75.68/76.658, 322.45/322.44 Q3.


Scheme 1. Synthesis of diphenylquinone 1 from trans-stilbene.
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Pure form B : The polymorphic mixture 1 (100 mg) was heated in the alu-
minium pan of a powder X-ray diffractometer until the compound
melted (~120 8C). The cooled solid is form B (powder XRD in Figure 6),
as confirmed by unit-cell matching of a few randomly picked crystals.


Differential scanning calorimetry : DSC was performed with a Mettler
Toledo 822e module. Samples (4–6 mg) were placed in crimped but
vented aluminium pans and heated at 10 8C min�1 from 30–200 8C. The
instrument was purged with a stream of dry nitrogen at 150 mLmin�1.


Spartan 04, Gaussian 03, and Cerius2 computations : Cerius2 simulations
and crystal energy :[26] All simulations were carried out using version 4.8
of the Cerius2 molecular modeling software package on a Silicon Graph-
ics workstation. Geometry optimization was carried out using density
functional theory (DFT) at the B3LYP/6-31G (d,p) level of theory with
Gaussian 03.[32] The global minimized rotamer of 1 from Gaussian 03 was
entered as the input for the Polymorph Predictor. Crystal structure pre-
diction was carried out in six common space groups (P21, P21/c, C2/c,
Pbca, P212121, and P1̄). The cell parameters of predicted frames of the
C2/c space group were compared with reduced cell parameters to con-
firm that they represent different structures. Reduced cell parameters are
used throughout the paper. Atom point charges were assigned using the
COMPASS force field. It was not felt necessary to calculate multipole
charges because molecule 1 does not contain strong hydrogen-bonding
groups. Multipole charges are known to give superior results but the ad-
vantage is more evident in strongly hydrogen-bonded structures and that
too at the expense of an approximate 10-fold increase in computer
time.[36] Default options were used throughout with the fine search
option in Monte Carlo simulations and for the clustering of frames to
obtain unique structures. Lattice-energy minimization of predicted struc-
tures was carried out without any modifications except for the use of the
Ewald summation of van der Waals interactions at a cut off of 6.0 Q. All
calculations were carried out either by relaxing the molecular conforma-
tion during the minimization, referred to as the full-body method, or by
keeping the conformation fixed during minimization, the so-called rigid-
body method. Full-body lattice energy minimizations were carried out
even though these calculations take approximately five times more com-
puter time because this method gives more accurate results for flexible
molecules such as 1. The lattice energies of the experimental polymorphs
of 1 were computed using the Cerius2 program by energy minimization of
crystal structures using DREIDING 2.21 and COMPASS force fields.
Force-field charges were assigned with COMPASS and the charge equili-
brium method was used with DREIDING 2.21. COMPASS is better par-
ametrized for structure prediction and the energy of organic molecules.
Crystal lattice energies were calibrated to account for the number of mol-
ecules in the unit cell (per molecule).


Spartan 04 computations : The energies of all 19 conformers were calcu-
lated using Spartan 04[25] with crystallographic coordinates as the input;
the positions of the hydrogen atoms were reoptimized at the HF/6-31G**
level of theory while keeping the heavy atoms fixed. The gas-phase con-
formation of 1 was obtained by global energy minimization. The gas-
phase rotamer of 1 calculated using Spartan 04 (t1=t2=22.38) is very
similar to the minimized conformation derived using Gaussian 03 (t1=
t2=23.88).


Variable-temperature powder X-ray diffraction : Powder X-ray data were
collected with a PANlytical X’Pert PRO powder X-ray diffractometer
using a parallel beam of monochromated Cu-Ka radiation (l=1.54056 Q)
and an X’celerator detector at 40 kV and 40 mA. Diffraction patterns
were collected over the 2q range of 5–508. Samples were ground to a par-
ticle size of >20 mm and loaded in an 18 mm alumina holder for varia-
ble-temperature powder X-ray diffraction data collection and in an alu-
minium sample holder with a 10 mm diameter sample cavity for the col-
lection of data at room temperature. Vigorous grinding was avoided to
minimize potential phase transitions. The program X’Pert High Score
was used for the processing and comparison of powder patterns. Powder
Cell 2.3[22] was used for calculating the PXRD patterns and for the profile
fitting and Rietveld refinement of unit-cell parameters, a displacement
parameter, a background polynomial function, peak shape asymmetry
terms, and an overall temperature factor using the known single-crystal
structures of polymorphs A, B, and D as the model. Variable-tempera-


ture powder X-ray diffraction data at a heating rate of 1 8Cmin�1 were
collected at T=28, 39, 49, 59, 69, 79, 89, 94, 98, 102, and 105 8C. The
sample was cooled to room temperature (31 8C) and data were recollect-
ed. Powder XRD profiles are plotted in the range of 2q=10–358 for all
samples. There are no significant peaks below 108 and only minor peaks
between 35 and 508. Wide peaks resulting from the sample holder appear
at 25.2 and 34.88.
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Synthesis of Cyano-Bridged Magnetic Nanoparticles Using Room-
Temperature Ionic Liquids
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Introduction


Room-temperature ionic liquids are a new class of organic
solvents, which have received much attention in many fields
of chemistry owing to their unique physicochemical proper-
ties, such as high fluidity, high thermal stability, low melting
temperature, extended temperature range in the liquid state,
low toxicity, high ionic conductivity and others.[1] For these
reasons, ionic liquids are actively being explored as environ-
mentally benign solvents for organic chemical reactions,[2]


separations,[3] electrochemical applications,[4] biopolymers[5]


and molecular self-assemblies.[6] In recent years, ionic liquids
have also been discovered to be excellent media in the for-
mation and stabilisation of metallic or metal oxide nano-
sized objects.[7–12]


Cyano-bridged bimetallic nanoparticles with a spin state
in the range 100–1000 are nanosized magnetic objects with
physical properties intermediate between those of single-


molecule magnets[13] and magnetic metallic nanoparticles.[14]


The synthesis of these discrete nano-objects and their self-
assembly into three-dimensional arrays have attracted in-
creasing interest in the last few years.[15–18] A pioneering
work has been realised by S. Mann and co-workers, who
prepared cubic nanocrystals (ca. 12–50 nm) of molecular
magnetic materials stabilised within reverse micelles.[15] The
synthesis of nanosized cyano-bridged magnetic materials
with sizes of around 4 nm using reverse micelle media,[16]


polymer and biopolymer matrices[17] and amorphous and
mesostructured silica[18] have also been reported. Neverthe-
less, only a few magnetic studies of these materials were de-
scribed. In this respect, detailed measurements were per-
formed on powdered Ni3[Cr(CN)6]2 nanoparticles with a
spin ground state of around 130, thus showing that this ma-
terial has superparamagnetic behaviour with slow magneti-
sation relaxation.[16]


Here we report a principally new exploit of ionic liquids
as an alternative reaction medium in the synthesis of cyano-
bridged coordination-polymer nanoparticles of adjustable
size. We prepared stable colloid solutions containing nano-
particles of cyano-bridged molecule-based magnets,
M3[Fe(CN)6]2/ ACHTUNGTRENNUNG[RMIM]ACHTUNGTRENNUNG[BF4] (M2+ =Ni, Cu, Co) and
Fe4[Fe(CN)6]3/ ACHTUNGTRENNUNG[RMIM] ACHTUNGTRENNUNG[BF4] (R=1-butyl (BMIM), 1-decyl
(DMIM)), synthesised in the corresponding 1-R-3-methyl-
ACHTUNGTRENNUNGimidazolium tetrafluoroborate [RMIM]ACHTUNGTRENNUNG[BF4] (Scheme 1),
which acts as both a stabilising agent and a solvent. By vary-
ing the length of the N-alkyl chain on the imidazolium
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cation of [RMIM]+ and the
temperature, the growing pro-
cess can be controlled to pro-
duce nanoparticles of different
sizes.


Results and Discussion


ACHTUNGTRENNUNG[BMIM]ACHTUNGTRENNUNG[BF4] and [DMIM]-
ACHTUNGTRENNUNG[BF4] ionic liquids were chosen
as solvents because of their


temperature range in the liquid state (melting points at �81
and �25 8C, respectively). [BMIM]3[Fe(CN)6] was synthes-
ised by a metathesis reaction from [BMIM] ACHTUNGTRENNUNG[BF4] and
K3[Fe(CN)6]. Mixing two solutions of [BMIM]3[Fe(CN)6]
and [M ACHTUNGTRENNUNG(H2O)6](X)2 (M=Cu, X=BF4; M=Ni, Co, Fe; X=


NO3) in [RMIM]ACHTUNGTRENNUNG[BF4] for two hours at room temperature
led to the formation of a series of deeply coloured and
transparent solutions M3[Fe(CN)6]2/ ACHTUNGTRENNUNG[RMIM]ACHTUNGTRENNUNG[BF4] (M=Cu
for 1, Ni for 2, Co for 3) and Fe4[Fe(CN)6]3/ ACHTUNGTRENNUNG[RMIM]ACHTUNGTRENNUNG[BF4]
(4) in which R=1-butyl for 1a–4a and 1-decyl for 1b–4b


(Scheme 2). The as-obtained solutions are stable for months.
Nevertheless, adding alcohols (CH3OH, C2H5OH) or water
to these solutions induced immediate precipitation of col-
oured solids.[19] As observed for the bulk materials, UV-visi-
ble absorption spectra of the as-obtained solutions 1–4 show
broad intervalence charge-transfer bands in the visible
region (Figure 1, Table 1). However, the maxima of the in-
tervalence bands for the samples are shifted toward higher
wavelength from that of the bulk materials by approximate-


ly 80 nm for 1a–4a and by approximately 180 nm for 1b–4b.
Such shift in UV-visible spectra has also been observed in
the case of cyano-bridged nanoparticles incorporated into
an amorphous silica matrix[18] and may be ascribed to the
surface effect of the nanoparticles.[20] The infrared spectra of
solutions 1–4 clearly show the bands corresponding to the
stretching vibrations of the bridging cyano groups
(Table 1).[21]


Drops of solutions 1–4 were frozen in liquid nitrogen and
sliced using microtomy techniques before being deposited
onto a copper grid for transmission electron microscopy
(TEM) observations. The TEM images of 1–3 show uniform-
ly sized, spherical nanoparticles that are nonaggregated and
well dispersed in [RMIM] ACHTUNGTRENNUNG[BF4]. Figure 2a shows a represen-
tative TEM image of 1a in which nanoparticles with a mean
size of 3.3�0.6 nm are observed. The colloids obtained in
[BMIM]ACHTUNGTRENNUNG[BF4] (1a–3a) present very close nanoparticle size
distributions of approximately 3 nm, whereas the mean size
of the colloids obtained in [DMIM] ACHTUNGTRENNUNG[BF4] (1b–4b) slightly
decreases by approximately 0.9 nm (Table 1). This result in-
dicates that the length of the N-alkyl chain on the imidazoli-
um cation of [RMIM]+ has an influence on the nanoparticle
size distribution. As observed previously, the processes of
nucleation and growth govern the size of the nanoparti-
cles.[22] In the ionic-liquid medium, high nucleation rate due
to the low interface tension and weak Ostwald ripening
favour the formation of small nanoparticles.[23] In this re-
spect, lower interface tension of [DMIM] ACHTUNGTRENNUNG[BF4] (26 mJm�2 at
336 K) in comparison with [BMIM] ACHTUNGTRENNUNG[BF4] (38 mJm�2 at
336 K) favours the formation of smaller nanoparticles.[24] It
is also conceivable that the resulting nanoparticles are con-
stituted of an anionic coordination-polymer network electro-
statically complexed by imidazolium cations. As a conse-
quence, the alkyl-chain-length modification of the imidazoli-
um cations used as solvent can affect the size of the result-
ing nanoparticles.


The TEM images of the homometallic sample 4a are dif-
ferent from the above-mentioned TEM images in that they
show the formation of dendritic structures (Figure 2b). Most
of the cyano-bridged nanoparticles stick together to form
dendrites, and some single nanoparticles disperse evenly in
solution. On the other hand, the same nanoparticles formed
in ionic liquid [DMIM] ACHTUNGTRENNUNG[BF4] (thus forming 4b) are nearly
uniformly sized, spherical and well-dispersed. The average
diameter of the particles is 2.2�0.6 nm, and no dendrites
could be observed. Visibly, in the case of 4a, [BMIM] ACHTUNGTRENNUNG[BF4]
influences the growth rate on various faces leading to aniso-
tropic nanoparticles, which induces the formation of dendrit-
ic structure.[23]


The reaction temperature has a significant influence on
the size of the nanoparticles. [BMIM]3[Fe(CN)6] reacts with
[M ACHTUNGTRENNUNG(H2O)6](X)2 to form nanoparticles even between �50 8C
and room temperature. The size distribution of the nanopar-
ticles formed in this temperature range does not change sig-
nificantly. However, if the mixing of the reactants takes
place at 80 8C, the formation of solids consisting of
M3[Fe(CN)6]2 crystallites of micrometric size with regular


Scheme 1. Molecular structure
of 1-R-3-methylimidazolium
tetrafluoroborate [RMIM]-
ACHTUNGTRENNUNG[BF4] in which R=1-butyl
([BMIM] ACHTUNGTRENNUNG[BF4]) or 1-decyl
([DMIM] ACHTUNGTRENNUNG[BF4]).


Scheme 2. Synthesis of cyano-bridged molecule-based magnet nano-
ACHTUNGTRENNUNGparticles in [RMIM] ACHTUNGTRENNUNG[BF4].


Figure 1. UV/Vis absorption spectra of 1a (&), 2a (&), 3a (*) and 4a
(*).
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geometrical shape were observed. These crystallites can be
detected by X-ray diffraction techniques.


We also investigated the influence of the postsynthetic
heating of the colloids on the nanoparticle size. When, im-
mediately after mixing [BMIM]3[Fe(CN)6] with [M-
ACHTUNGTRENNUNG(H2O)6](X)2 in [BMIM] ACHTUNGTRENNUNG[BF4], the colloids were heated at 50
or 80 8C for two hours, the solutions maintain their transpar-
ency and no visible change of the colloidsL aspect was ob-
served. The TEM observations performed on these samples


show the presence of uniformly
sized, spherical and well-dis-
persed nanoparticles, as ob-
served in the case of nonheated
colloids. However, the size dis-
tributions demonstrate that the
mean size of the nanoparticles
1a decreases from 3.3�0.6 nm
to 3.0�0.8 and 2.4�0.5 nm
after heating at 50 (1c) and
80 8C (1d), respectively
(Table 1). Aggregation of the
nanoparticles and the formation
of a blue-grey precipitate from


the colloids was observed when the temperature was in-
creased to 140 8C.


The magnetic properties of the obtained colloids 1–4 stud-
ied by direct current (dc) and alternating current (ac) modes
are qualitatively different from their bulk counterparts (see
Table 2 and the Supporting Information).[25] Figure 3 shows


the field-cooled/zero-field-cooled (FC/ZFC) magnetisation
(M) results in the range of 1.8–25 K for sample 1a.[26] The
ZFC curve shows a narrow peak at 5.5 K, which indicates
the blocking temperature (TB) of the particles with a mean
volume. The FC curve increases as the temperature decreas-


Table 1. Some relevant characteristics of colloids 1–4.


T
[8C]


IR
ñ ACHTUNGTRENNUNG(C�N) [cm�1]


UV/Vis
l [nm]


Nanoparticle
size [nm]


Cu3[Fe(CN)6]2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (1a) RT 2162, 2091(s) 615 3.3�0.6
Cu3[Fe(CN)6]2/ ACHTUNGTRENNUNG[DMIM] ACHTUNGTRENNUNG[BF4] (1b) RT 2166 (s), 2093 790 2.2�0.7
Cu3[Fe(CN)6]2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (1c) 50 2162, 2091(s) 615 3.0�0.8
Cu3[Fe(CN)6]2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (1d) 80 2162, 2091(s) 615 2.4�0.5
Ni3[Fe(CN)6]2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (2a) RT 2159 (s), 2085 415(sh) 2.7�0.4
Ni3[Fe(CN)6]2/ ACHTUNGTRENNUNG[DMIM] ACHTUNGTRENNUNG[BF4] (2b) RT 2161 (s), 2089 460(sh) 1.9�0.8
Co3[Fe(CN)6]2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (3a) RT 2158, 2084(s) 590 3.0�0.8
Co3[Fe(CN)6]2/ ACHTUNGTRENNUNG[DMIM] ACHTUNGTRENNUNG[BF4] (3b) RT 2155, 2086(s) 630 2.3�0.6
Fe4[Fe(CN)6]3/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[BF4] (4a) RT 2073 (s) 760 dendrite, 3.0�0.7
Fe4[Fe(CN)6]3/ ACHTUNGTRENNUNG[DMIM] ACHTUNGTRENNUNG[BF4] (4b) RT 2102, 2049(s) 880 2.2�0.6


Figure 2. a) TEM image of solution 1a (scale bar=50 nm); inset: size-dis-
tribution histogram for 1a. b) TEM micrograph of solution 4a (scale
bar=50 nm); inset: magnification of the TEM image of 4a.


Table 2. Some relevant magnetic data for colloids 1–3.


Concentration
[m]


TB


[K]
D/kB


[K]
t0
[s]


z Hc at
1.8 K [Oe]


1a 1.4N10�6 5.5 191 3.0N10�18 8.2 582
1a 7.4N10�7 5.2 185 1.6N10�18 7.1 600
1a 1.8N10�7 4.3 137 1.7N10�15 –[a] 607
1b 1.4N10�6 5.1 160 5.7N10�17 7.5 600
1d 1.4N10�6 3.1 115 5.4N10�17 7.1 –
2a 1.4N10�6 5.2 219 2.6N10�21 6.5 688
2b 1.4N10�6 4.7 166 2.6N10�18 8.8 690
3a 1.4N10�6 2.3 52 5.7N10�13 –[a] –
3b 1.4N10�6 <1.8 – – – –


[a] Could not be fitted.


Figure 3. FC (*)/ZFC (*) magnetisation curves for 1a performed with an
applied field of 10 Oe.
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es and reaches saturation at 3 K. The FC and ZFC curves
coincide at high temperatures and start to separate at 7 K;
this indicates the blocking temperature of the largest parti-
cles. The closeness of TB to the separation temperature of
the ZFC/FC curves (Tsep) indicates the presence of nanopar-
ticles with a narrow energy-barrier distribution.[27] The FC/
ZFC curves of sample 1b present similar shapes and show a
blocking temperature of 5.1 K.


To investigate the nature of the irreversibility observed in
the FC/ZFC curves in more detail, the temperature depend-
ence of the alternating current (ac) susceptibility was stud-
ied. The temperature dependence of the in-phase (c’) and
out-of-phase (c’’) components of ac susceptibility for 1a
measured in a zero external field with different frequencies
ranging from 1 to 1500 Hz is shown in Figure 4. At 1 Hz,
both c’ and c’’ responses exhibit a peak at 6.2 and 5.0 K, re-
spectively, which shift towards higher temperature when the
frequency increases. The frequency dependence of these
peaks can be analysed by the Arrhenius law, shown in Equa-
tion (1):


t ¼ t0 expðD=kBTÞ ð1Þ


in which D is the average energy barrier and is given by D=


KV (K being the anisotropy energy constant and V the par-
ticle volume). The energy barrier D/kB and the pre-exponen-
tial factor t0 were estimated to be 191 K and 3.0N10�18 s, re-
spectively (inset of Figure 4b). This low value of t0 is close
to what is commonly observed for spin glass rather than for
superparamagnetic systems, which is usually in the range
10�10–10�12 s.[28] Sample 1b exhibits similar behaviour with a
smaller energy barrier of 160 K and t0 of 5.7N10�17 s. The
presence of magnetic interparticle interactions along with
surface effects can affect the dynamics of magnetisation re-
orientation and give rise to the appearance of spin-glass-like
dynamics.[29] On the other hand, it cannot be excluded that
the observed behaviour of our colloids is a result of the
glasslike behaviour of a single particle due to the small size
of the particles and hence to the particularly relevant role of
the surface.[27,30] From the average particle-energy-barrier
values and by using the average particle-volume values ob-
tained from TEM measurements, we evaluated the anisotro-
py constant K, which is equal to 5.9N105 and 3.9N105 Jm�3


for 1a and 1b, respectively. These values are in the range of
the K values observed for metal oxide nanoparticles.[27] To
check if the relaxation time in the obtained frozen colloids
presents a critical slowing down, we performed a dynamic
scaling analysis according to the power law shown in Equa-
tion (2):


t ¼ t0½Tg=ðTmax�TgÞ�z ð2Þ


where Tg is the glass temperature and z is the critical expo-
nent, which is commonly used in classical spin-glass sys-
tems.[31] The frequency dependence of the maximum of the
ac susceptibility of 1a was satisfactorily fitted with Tg=


5.5 K, t0=1.3N10�8 s and z=8.2, the latter being similar to
the exponent reported for spin glasses (inset of Figure
4a).[29]


To further investigate the influence of interparticle inter-
actions on the magnetic relaxation in our system, we per-
formed ac susceptibility measurements with varying nano-
particle concentration and thus with varying interparticle in-
teraction strength.[32] The temperature dependence of the ac
susceptibility for 1a was measured for three different con-
centrations: 1.4N10�6, 7.4N10�7 and 1.8N10�7


m. With de-
creasing concentration, the peaks of the c’ and c’’ compo-
nents were shifted to lower temperatures (Figure 5), which
suggests that the blocking temperature, and most likely the
energy barrier, decreases with decreasing interparticle inter-
actions. In addition, the Arrhenius law fitting of the thermal
variation of the relaxation time performed for this series of
samples shows that the energy barrier D/kB decreases with
decreasing interaction strength (Table 2). These features are
in accord with studies performed on strongly interacting par-
ticles in frozen ferrofluids.[32] On the other hand, the thermal
variation of the relaxation time of the most diluted sample
(1.8N10�7


m) cannot be satisfactory fitted with a power law,
visibly suggesting that the decrease of interparticle interac-
tions within our series of concentrations leads to the change


Figure 4. a) Temperature dependence of the in-phase (c’) component of
the ac susceptibility of 1a ; inset: thermal variation of the relaxation time
according to a power law. b) Temperature dependence of the out-of-
phase (c’’) component of the ac susceptibility of 1a ; inset: thermal varia-
tion of the relaxation time according to the Arrhenius law. Frequencies:
1 (*), 20 (*), 125 (^), 499 (&), 998 (~) and 1488 Hz (!).
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of the magnetic regime from spin-glass-like dynamics to a
superparamagnetic regime modified by interparticle interac-
tions.[31]


The field dependence of the magnetisation for samples 1a
and 1b at 2 K shows saturation-magnetisation values of
27366 and 27389 emumol�1 (4.9 mB), respectively, which cor-
respond to the expected value for a {Cu3Fe2} unit with ferro-
magnetic Cu2+–Fe3+ interactions through the cyano
bridge.[33] A hysteresis effect is observed at this temperature
with a coercive field (Hc) of 582 and 600 Oe, respectively
(Figure 6, Table 2). An S-shape of the first magnetisation


curve is in agreement with the presence of strong interparti-
cle interactions in the system.[30,34]


To obtain evidence of the influence of the nanoparticle
size on the magnetic properties of the colloids, the magnetic
measurements were performed on sample 1d, which was ob-
tained after heating at 80 8C (nanoparticle mean size=2.4�
0.5 nm), and compared with sample 1a (nanoparticle mean
size=3.3�0.6 nm). The ZFC magnetisation curve of 1d
shows a narrow peak situated at 3.1 K (5.5 K for 1a), which
suggests that the blocking temperature of particles with a
mean volume decreases as the size of the nanoparticles de-


creases. The temperature dependence of the in-phase (c’)
and out-of-phase (c’’) components of the ac susceptibility
for 1d measured with different frequencies ranging from 1
to 1500 Hz exhibit frequency dependent peaks, which shift
towards higher temperature when the frequency increases.
The thermal variation of the relaxation time fitted with the
Arrhenius law gives an average energy barrier (D/kB) of
115 K and pre-exponential factor (t0) of 5.4N10


�17 (Table 2).
These results clearly show that the size of the nanoparticles
affects the average energy barrier of the system and that de-
creasing the nanoparticle size induces a decrease of the
energy barrier.[30]


Conclusion


In summary, we have developed a method for the synthesis
of heterometallic cyano-bridged coordination polymers of
controlled size, in ionic liquids employed as both structuring
agents and solvents. To the best of our knowledge, this is the
first report of the use of ionic liquids in the synthesis of co-
ordination-polymer nanoparticles of adjustable size. Deeply
coloured colloids containing uniformly sized, spherical nano-
particles with small sizes of approximately 2–3 nm were ob-
tained. These colloidal systems of nanoparticles/ionic liquid
are exceptionally stable and no ligand is required, which
suggests that the ionic liquid plays the role of stabilising
agent. We observed that the length of the N-alkyl chain on
the imidazolium cation of the ionic liquid influences the size
of the nanoparticles, which slightly decreases as the length
of the alkyl chain increases. The nanoparticle size can also
be changed by controlling the temperature. It is noteworthy
that, in one case, the nanoparticles stick together to form
dendritic structures. The study of the magnetic properties of
frozen colloids shows that the relaxation of magnetisation is
strongly influenced by interparticle interactions, which leads
to the appearance of spin-glass-like dynamics in these sys-
tems.


Experimental Section


General : K3[Fe(CN)6] was purchased from Acros and [Ni ACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(NO3)2,
[Co ACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(NO3)2, [Cu ACHTUNGTRENNUNG(H2O)4] ACHTUNGTRENNUNG(BF4)2 and [Fe ACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(NO3)2 were pur-
chased from Aldrich. AgBF4 was purchased from Alfa Aesar. [BMIM]-
ACHTUNGTRENNUNG[BF4]


[35] and [DMIM] ACHTUNGTRENNUNG[BF4]
[36] were synthesised according to published


procedures. The quantity of water was controlled by the Karl–Fisher
method and maintained at 0.2 wt% for all syntheses.


IR spectra were recorded on a Perkin–Elmer 1600 spectrometer with
4 cm�1 resolution. UV/Vis spectra were recorded on a Cary 5E spectrom-
eter in solution or in the solid state on KBr disks. Transmission electron
microscopy (TEM) observations were carried out at 100 kV (JEOL 1200
EXII). Samples for TEM measurements were prepared by using ultrami-
chrotomy techniques from a frozen drop of solution or from resin-em-
bedded powder for solid materials and then deposited onto copper grids.
Magnetic susceptibility data were collected with a Quantum Design
MPMS-XL SQUID magnetometer. The data were corrected for the
sample holder and the diamagnetism contributions were calculated from
the Pascal constants.[37]


Figure 5. Temperature dependence of the in-phase (c’) and out-of-phase
(c’’) components of the ac susceptibility measured with frequency of 1 Hz
for colloid 1a with varying concentration: 1.4N10�6 (*), 7.4N10�7 (&)
and 1.8N10�7


m (*).


Figure 6. Field dependence of the magnetisation for 1a, performed at
1.8 K.
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Synthesis of [BMIM]3[Fe(CN)6]: A methanolic solution (100 mL) of
K3[Fe(CN)6] (1 g, 3 mmol) and [BMIM] ACHTUNGTRENNUNG[BF4] (2 g, 9 mmol) were mixed
and stirred for one night at room temperature. The suspension was fil-
tered off, the filtrate was concentrated (ca. 10 mL) and the product was
precipitated by addition of Et2O. [BMIM]3[Fe(CN)6] was obtained as a
yellow powder in 94% yield. IR (KBr): ñ=3150 (NCH of NC(H)), 3096
(ring HCCHas), 2933 (HCHsym of CH3(N)), 2115 (CN), 1574 (CH3N,
CH2N, CH2N of ring in plane), 1467 (d ACHTUNGTRENNUNG(HCH) of CH3(N)), 1170 (CH3N,
CH2N, CH2N of ring in plane), 628 cm�1 (CH3N, CH2N, CH2N of ring out
of plane); elemental analysis calcd (%) for C30FeH15N12: C 57.25, Fe 8.88,
N 26.71; found: C 57.41, Fe 8.19, N 26.59.


Synthesis of colloids M3[Fe(CN)6]2/ ACHTUNGTRENNUNG[RMIM] ACHTUNGTRENNUNG[BF4] (M=Cu for 1, Ni for 2,
Co for 3) and Fe4[Fe(CN)6]3/ ACHTUNGTRENNUNG[RMIM]ACHTUNGTRENNUNG[BF4] (R=1-butyl for 1a–4a and 1-
decyl for 1b–4b): In a typical synthesis, a solution of [M ACHTUNGTRENNUNG(H2O)6](X)2 (X=


NO3 for 1, 3, 4 and BF4 for 2) (0.22 mmol) in [RMIM] ACHTUNGTRENNUNG[BF4] (1 mL) was
added to a solution of [BMIM]3[Fe(CN)6] (0.15 mmol) in [RMIM] ACHTUNGTRENNUNG[BF4]
(1.5 mL). The yellow solutions change colour without any visible precipi-
tate. After 5 min, the solutions was stirred for 2 h at room temperature
for 1a,b–4a,b and at 50 and 80 8C for 1c and 1d, respectively.


Dilution of the colloids : Colloid 1a with a concentration of 1.4N10�6
m


was diluted with [BMIM] ACHTUNGTRENNUNG[BF4] two and four times in order to obtain the
concentrations 7.4N10�7 and 1.8N10�7


m, respectively.
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Surfactant-Assisted Hollowing of Cu Nanoparticles Involving Halide-Induced
Corrosion–Oxidation Processes
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Introduction


Copper is an important material because of its high electri-
cal and thermal conductivities. Cu2O and CuO are known as
p-type semiconductors exhibiting narrow band gaps and
have been widely used as powerful heterogeneous cata-
lysts.[1,2] For example, Cu2O has a direct band gap (2 eV),


which makes it a promising material for the conversion of
solar energy into electrical and chemical energy.[3] Nanoscale
materials in various forms, such as one-dimensional, prism,
core-shell, and interior hollow structures, are ideally suited
for a wide range of applications in science and industry be-
cause of their unique optical, magnetic, and catalytic behav-
iors.


Hollow nanostructures have attracted tremendous inter-
est, due to their potential use in chemical reactors, drug de-
livery, catalysis, and sensors.[4] Generally, manipulation of
hollow materials is performed by depositing the target pre-
cursors onto a template, subsequently a calcination or disso-
lution by using solvents is employed to remove the tem-
plate.[5] Well-known physical phenomena involving the Kir-
kendall effect[6] and Ostwald ripening[7] have been intro-
duced successfully to synthesize core-free nanomaterials.
Recently, we reported a new form of Au3Cu1 alloy-based
nanoshells, produced by the reaction of Cu nanoparticles
with HAuCl4 on the basis of the differential reduction po-
tentials between AuCl4


�/Au and Cu2+/Cu (Cu+/Cu).[8] Here,
we demonstrate a new synthetic strategy that can generate
hollow nanostructures by a halide-induced corrosion oxida-
tion and with alkyltrimethylammonium halide surfactants.
The Cu2O nanoshells were synthesized by simply mixing Cu
colloids with surfactants (CTAX, X=Br�, Cl�) at 55 8C


Abstract: We have demonstrated a
simple fabrication of hollow nanoparti-
cles by halide-induced corrosion oxida-
tion with the aid of surfactants. Cupr-
ous oxide Cu2O nanoshells can be gen-
erated by simply mixing Cu nanoparti-
cles with alkyltrimethylammonium hal-
ides at 55 8C for 16 min. The hollowing
mechanism proposed is that absorption
of surfactants onto the Cu surface facil-
itates the formation of the void interior
through an oxidative etching process.
Upon extending the reaction up to 4 h,


fragmentation, oxidation, and self-as-
sembly were observed and the CuO el-
lipsoidal structures were formed. The
headgroup lengths of the surfactants
influenced the degree of CuO ellipsoi-
dal formation, whereby longer surfac-
tants favored the generation of ellip-
soids. Optical absorption measured by


UV-visible spectroscopy was used to
monitor both oxidation courses of
Cu!Cu2O and Cu2O!CuO and to de-
termine the band-gap energies as
2.4 eV for Cu2O nanoshells and
1.89 eV for CuO ellipsoids. For the
contact-angle measurements, the wetta-
bility changed from hydrophilicity
(188) to hydrophobicity (1408) as the
Cu2O nanoshells shifted to CuO ellip-
soids.
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through an oxidative etching process. As the reaction was
prolonged, the Cu2O nanoshells collapsed, oxidized, and as-
sembled into three-dimensional CuO ellipsoids. The forma-
tion mechanism is presented as Cu(nanoparticle)!Cu2O(hollow)!
CuO(ellipsoid). The band gaps (Eg) and the wettability were
also determined for both Cu2O nanoshell and CuO ellipsoid
nanomaterials.


Results and Discussion


Polydispersed Cu nanoparticles were prepared by laser abla-
tion. The transmission electron microscope (TEM) image
(Figure 1) displays the morphology prior to the addition of


the cetyltrimethylammonium bromide (C16TAB)/H2O mix-
ture. The resulting Cu colloidal solution had a deep wine-
red color and exhibited particle size distribution of 45.9�
19.8 nm.


After injecting 1 mL of Cu colloidal solution into C16TAB
aqueous solution, colloidal copper was gradually oxidized to
Cu2O and CuO at 55 8C. The solution color changed to dark
green after 1 min, then turned to pale yellow after 16 min
reaction time, indicating the formation of the Cu2O colloids.
The resulting colloids were found to remain as Cu2O for at
least two weeks in air. If the reaction time was prolonged to
4 h, the colloidal solution became orange, indicating CuO
formation. The TEM images show that Cu2O exhibited a
hollow structure (Figure 2a) and CuO formed in an ellipsoi-
dal shape (Figure 2b). A single CuO nanoleaf is displayed in
the right panel of Figure 2b and the corresponding electron
diffraction (ED) pattern indicates that the longitudinal axis
[010] is perpendicular to the c direction.


The image in Figure 3a shows a single Cu2O nanoparticle
exhibiting light interior contrast compared to the dark pe-
riphery, which suggests a core-free nanostructure. It is
known that laser ablation readily generates an inhomogene-


ous distribution in particle size. Interestingly, we found that
the hollowing degree is related to particle size. As seen
from Figure 3a–d, the hollowing process can be completed
more readily in the smaller particles within the same reac-
tion period.


X-ray diffraction (XRD) patterns provide evidence for
the structure conversion, as seen in Figure 4. Initially, the
laser-ablated colloidal solution exhibited pure Cu nanoparti-
cles, which is consistent with our previous studies.[8,9] After
injection of C16TAB, Cu2O composition increased accompa-
nied with the Cu structure at 10 min. As the reaction was
prolonged to 2 h, Cu completely converted to Cu2O and
CuO. Further extension of the reaction up to 4 h resulted in
CuO as the final product.


The oxidation reactions resulted in a color change of the
colloidal solution: wine red!pale yellow!orange. The opti-
cal absorption measured by UV-visible spectrometry was
used to monitor the oxidation course: Cu!Cu2O!CuO.
Figure 5a shows the UV-visible evolution in the early stage
of the reaction period from Cu nanoparticles to Cu2O nano-


Figure 1. TEM image of the Cu nanoparticles prepared by laser ablation. Figure 2. TEM images of 1 mL of colloidal copper injected into 4 mL
aqueous solution containing 2.2 mm CTAB at 55 8C for a) 16 min and b)
4 h. The right-hand panel of (b) shows a single CuO ellipsoidal shape and
the inset ED pattern was obtained along the [001] zone-axis.
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shells. The pure Cu colloidal solution has maximum absorp-
tion at 572 nm. As the oxidation reaction continued, the ab-
sorption band gradually shifted to red (~587 nm) and the in-
tensity decreased until it disappeared after 16 min. This sug-
gests the formation of copper oxide through Cu oxidation.[10]


The increased intensity at 360 nm, which is attributed to the
band-to-band transition, indicates the presence of Cu2O.[11,12]


As the oxidation reaction was extended up to 4 h, the UV-
visible behavior changed, as shown in Figure 5b, and implies
that the colloidal nature shifted to another phase.


Figure 6 shows the absorption band-gap Eg values of the
Cu2O hollow spheres and CuO ellipsoids calculated from
the absorption curves at 16 min (Figure 5a) and at 4 h (Fig-
ure 5b) by using the following equation: (ahn)n=B-
ACHTUNGTRENNUNG(hn�Eg).


[13] The term hn represents the photoenergy, a is
the absorption coefficient, B is a constant related to the ma-
terial, and n has a value of either 2 for a direct transition or
1/2 for an indirect transition. The optical band gaps are the
extrapolated values at a=0 from the plot of (aEphoton)


2


versus Ephoton, and give the absorption-edge energies of Eg=


2.46 and 1.89 eV for Cu2O and CuO, respectively.
The TEM images (Figures 1–3) and XRD results show


that the formation process of the Cu-based colloids is


Cu(nanoparticle)!Cu2O(hollow)!CuO(ellipsoid). Scheme 1 illustrates
the hollowing of the particles and the formation of the ellip-
soidal structure. The oxide layer formed within the particle
periphery after a short reaction time, for example, 45 s, and
was accompanied by the formation of the partial interior
void. Figure 7a shows the TEM image obtained at 45 s of a
single particle displaying partial hollowing. The Cu2O layer
with light contrast developed on the particle surface, as indi-


Figure 3. TEM images showing the relationship of hollowing degree to particle size. Particle diameters increase from a) to d). All of the images were
taken at the reaction time of 16 min.


Figure 4. Evolution of XRD patterns as a function of reaction time.


Figure 5. UV-visible absorption spectra obtained over different reaction
periods: a) from 45 s to 16 min (Cunanoparticles!Cu2Onanoshells) and b) from
1.5 h to 4 h (Cu2Onanoshells!CuOellipsoids).
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cated by the dotted lines (Figure 7a), and the particle interi-
or showing a dark contrast is composed of Cu. The inset of
Figure 7a displays the corresponding selected area electron
diffraction patterns, which show both Cu and Cu2O rings. As
the reaction was prolonged, the hollowing process proceed-
ed through the etching of Cu. The consumption of the Cu
component is also supported by the UV-visible absorption
data shown in Figure 4a, in which the characteristic Cu band
completely disappeared after the reaction time of 16 min.
As the reaction period was prolonged to 45 min, the Cu2O
hollow nanospheres began to collapse and yielded the spher-
ical particles and islandlike fragments, as indicated by the
arrows and dotted lines in Figure 7b. These islandlike frag-
ments are made of many small nanoparticles and are likely
to act as ellipsoid backbones for the further development of


the CuO ellipsoidal structures
(Figure 7c). The higher-resolu-
tion image in Figure 7d shows
the small CuO nanoparticles as-
sembled into an ellipsoidal mor-
phology. The XRD pattern (ob-
tained after 4 h) in Figure 4 cal-
culated by using the Debye–
Scherra equation indicates the
crystal domain size of 6.1 nm
for CuO.


We have demonstrated the
one pot synthesis of hollow
Cu2O nanoshells and ellipsoidal
CuO nanostructures through
the oxidation, hollowing, frag-
mentation, and assembly pro-
cesses. It should be noted that
C16TAB was introduced into
the reactions. In the absence of
C16TAB, no hollow structures
were observed for Cu colloids
in 2-propanol/H2O after heating
for 10 min at 55 8C. The addi-
tion of C16TAB surfactant facili-
tated solid evacuation in Cu
nanospheres. It is known that
halide ions play the critical role
in both the oxidation and corro-
sion processes.[14–16] A control
experiment involving C18TAC
(octadecyltrimethylammonium
chloride) surfactant with chlo-
ride ions was conducted and
yielded the same results, with
the formation of both hollow
and ellipsoidal structures.


On the basis of Elsner
et al. ,[16] oxidation of Cu in the
presence of halide ions can be
described in the following four
steps. Initially, both Cu dissolu-


Figure 6. Plot of (aEphoton)
2 vs Ephoton for Cu2O nanoshells and CuO ellip-


soids.


Scheme 1. The oxidative etching and the assembly of the ellipsoidal structures.


Figure 7. Typical TEM images showing the copper oxidation reaction over different time periods: a) 45 s, b)
45 min, and c,d) 2 h. The inset of (a) is the selected area diffraction pattern for the corresponding particles.
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tion and formation of the CuX salt layer occurred simulta-
neously on the copper surface.


CuþX� ! ðCuXÞad:þe� ð1Þ


CuþX� ! CuðXÞad:þe� ð2Þ


Steps (3) and (4) followed steps (1) and (2) successively
and yielded Cu(OH)ad. and (Cu2O)ad. following the absorp-
tion of water by copper.


CuðXÞad:þH2O ! CuðOHÞad:þðCuXÞad:þHþþe� ð3Þ


CuðOHÞad: ! ðCu2OÞad:þH2O ð4Þ


The parenthesis refer to adsorbed species or products
(ad.) at the Cu surface in the reactions (1)–(4). Thus, it can
be understood that the Cu2O product was formed in the re-
action of Cu colloids with an aqueous solution containing
halide ions. In addition to Cu2O formation, we also identi-
fied a hollowing process in this study. In this aspect, the sur-
factants (CTAX, X=Br�, Cl�) could have played a role in
facilitating the formation of the void interior. For example,
the positively charged C16TAB adsorbed electrostatically by
means of the headgroup +N ACHTUNGTRENNUNG(CH3)3 ACHTUNGTRENNUNG(C16H33) onto the Cu sur-
face. We measured the z-potential of the nascent Cu colloids
immediately after laser ablation as �17 mV. Adsorption of
the positively charged headgroup could have synchronized
with the copper surface oxidation. With the surfactant ad-
sorption, the spherical morphology was maintained in the
course of the reaction and the Cu dissolution caused the
etching process inside the Cu core. A control experiment
was performed by replacing CTAX (X=Br�, Cl�) with
NaBr and this led to the production of many spherical-like
Cu2O particles with very little core-free morphology. Clear-
ly, the carbon chain headgroups affect the formation of the
hollow structure in the copper corrosion–oxidation reaction.
Notably, Liz-MarzJn et al. studied recently the oxidation of
Au nanoparticles in the presence of CTAB.[17] AuCl4


� ions
complexed with CTAB led to AuCl2


� formation by dissolu-
tion and oxidation of Au nanoparticles. The similar redox
reaction cannot be ruled out and might also take place be-
tween Cu nanoparticles and Cu2+–CTAB, resulting in Cu+


formation to yield Cu2O.


As shown in Scheme 1, further extension of the reaction
time resulted in the collapse of the Cu2O nanoshells, which
fragmented into islandlike domains accompanied by small
spherical particles. At this stage, Cu2O structures started to
grow into monoclinic CuO products. Subsequently, these
CuO units aggregated and assembled into the ellipsoidal
structures. The electron diffraction image (Figure 2b) indi-
cates that these CuO ellipsoids grew in the [010] direction
(b axis). As measured by XRD, these ellipsoidal structures
are assembled from the small CuO nanoparticles with
domain size of 6.1 nm. The CuO ellipsoidal structure with
the aggregation-based growth of small nanoparticles in a
preferred [010] direction, as well as an almost single crystal-
line diffraction from the aggregated particles are consistent
with the previous results from the reaction of Cu foil with
formamide through a copper-complexation process.[18] How-
ever, the driving force for the morphological transition of
the sphere–ellipsoid from cubic Cu2O to monoclinic CuO re-
mains to be resolved.


Furthermore, we found that surfactants also affected the
formation of the final CuO ellipsoidal products. The varia-
tion in the headgroup lengths in surfactants, that is, C18TAB,
C14TAB, and C10TAB, resulted in different degrees of CuO
ellipsoidal formation. Addition of C18TAB yielded the same
ellipsoidal products as those with C16TAB (Figure 8a). How-
ever, C14TAB yielded only some CuO ellipsoids (Figure 8b),
and C10TAB led to hollow nanospheres only (Figure 8c). It
seems that the longer headgroup favors ellipsoidal forma-
tion, although the detailed mechanism of this remains to be
discovered.


Finally, we also investigated the wettability of these oxide
nanomaterials. It is known that antifogging and self-cleaning
properties are associated with the hydrophilic and hydro-
phobic natures, respectively, of the material surface. Super-
hydrophilicity with a contact angle close to 08 and a super-
hydrophobic surface with a contact angle larger than 1508
have attracted great interest because of various applications
in industry.[19] The wettability was investigated by measuring
the water contact angle. Figure 9a shows an image of the
water droplet spread out on the surface of the Cu2O nano-
shells with a water contact angle of 188. Conversely, a spher-
ical water droplet on the CuO ellipsoidal surface resulted in
a contact angle of 1408 (Figure 9b). We observed that wetta-


Figure 8. SEM images of CuO ellipsoidal formation with different surfactants: a) C18TAB, b) C14TAB, and c) C10TAB. The arrows indicate the nano-
shells.
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bility changed from hydrophilicity to hydrophobicity as the
Cu2O nanoshells shifted to three-dimensional CuO aggregat-
ed ellipsoids. The enhanced hydrophobicity could be attrib-
uted to high surface roughness in CuO nanomaterials made
of many aggregated nanoparticles.


Conclusion


We have demonstrated a surfactant-assisted hollowing reac-
tion. The oxidative etching resulted in Cu2O nanoshells. It
was found that Cu2O hollow nanospheres further converted
into three-dimensional CuO ellipsoids by means of oxida-
tion, fragmentation, and self-assembly processes. Interesting-
ly, the CuO formation is strongly related to the surfactant
length, whereby the longer surfactants favor the growth of
the ellipsoidal structure. In addition, the as-synthesized
Cu2O and CuO nanomaterials reveal opposite natures of
wettability. Overall, we have provided a new strategy to fab-
ricate hollow nanostructures. Such a hollowing reaction with
the aid of surfactants should have applications in the related
corrosion–oxidation processes for other nanomaterials and
different morphologies.


Experimental Section


Polydispersed copper nanoparticles were prepared by laser ablation of
0.02 g of CuO powders in 2-propanol (5 mL). An unfocused Nd:YAG
laser (1064 nm) with laser fluence of 100 mJ/pulse was employed to irra-
diate mixtures containing CuO powders and 2-propanol for 5 min. This
was followed by centrifugation to remove the remaining CuO powders.
Subsequently, the prepared colloidal solutions were illuminated for an
additional 5 min.[8,9]


For the synthesis of the hollow Cu2O, 1 mL of Cu colloids in 2-propanol
was injected into 4 mL of an aqueous solution of C16TAB (cetyltrimethyl-
ammonium bromide), followed by reaction at 55 8C for 16 min. C16TAB
(2.2 mm) was predissolved in 4 mL of pure water. If the reaction time
was extended to 4 h, the synthesized cuprous oxide (Cu2O) nanoshells
transformed into crystalline CuO ellipsoids. For the contact angle experi-


ments, 20 mL of the as-prepared material, that is, hollow Cu2O or ellip-
soidal CuO, was washed in 2-propanol and allowed to settle on a 0.6K
0.6 cm2 glass substrate, then dried in a vacuum.


Electron micrographs were obtained by using transmission electron mi-
croscopes (JEOL 3010 at 300 KV and PHILIPS CM-200 at 200 KV). A
drop of the sample was placed on a copper mesh coated with an amor-
phous carbon film, followed by evaporation of the solvent in a vacuum
desiccator. Scanning electron microscopy (SEM) images of the as-synthe-
sized materials on the copper substrates were obtained by using a Hitachi
S4200 field-emission scanning electron microscope. X-ray diffraction
(XRD) results were collected by using a Rigaku D-Max IIIV diffractom-
eter with CuKa radiation (l=1.54056 L) at 30 kV and 30 mA. Contact
angles (CA) were measured by using a contact-angle meter (OCA20, Da-
taphysics).
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Figure 9. Shape of a water droplet on the surface of the a) Cu2O nano-
shells and b) CuO ellipsoids that were produced after 2 h reaction time.
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Introduction


There have been extensive studies on a wide variety of main
group atranes, generally depicted as A.[1,2] Verkade and co-
workers have investigated phosphorus-centered atranes, or
phosphatranes (E = P), and have shown that they have
unique structures, physical properties, and reactivities.[1a]


Pro-phosphatranes—that is, the conjugated bases of phos-
phatranes—are known to be very strong neutral bases and


have been utilized as catalysts in organic synthesis.[3] These
unique features of phosphatranes are believed to be caused
by the N!P dative bond. From such a viewpoint, it is par-
ticularly intriguing to consider how their properties will
change when the N!P dative bond is replaced by a cova-
lent bond with group 14 elements such as carbon (B).


We have recently reported the synthesis of the first
carbon analogues of phosphatrane: the 5-carbaphospha-
tranes 1a and 1b.[4] It was revealed that 5-carbaphospha-
tranes have structural properties similar to those of the re-
ported phosphatranes, since they have isoelectronic struc-
tures, while their transannular bonds are about three times
stronger than those of silatranes.[4b] On the other hand, the
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ized via 3 by elemental sulfur to afford
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also obtained by reactions in the pres-
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reactivities of 5-carbaphosphatranes would be expected to
be different from those of phosphatranes, reflecting the dif-
ferences in their bonding properties. Such comparisons be-
tween 5-carbaphosphatranes and phosphatranes should give
important information about the relationship between bond-
ing properties and reactivities of hypervalent compounds.


The 5-carbaphosphatrane 1a
can also be regarded as an
alkoxy-substituted neutral hy-
drophosphorane, and one of the
unique features of neutral hy-
drophosphoranes is known to
be tautomerization between the
pentavalent and trivalent spe-
cies.[5] Here we report on the
reactivity of 5-carbaphospha-
trane 1a based on tautomeriza-
tion between pentavalent phos-
phorane and trivalent cyclic
phosphonite, as elucidated both
from experimental data and by
theoretical calculations. Parts of
this work have already been
communicated.[4a]


Results and Discussion


Oxidation : A solution of 5-carbaphosphatrane 1a and 3-
chloroperoxybenzoic acid (mCPBA) in CDCl3 was allowed
to stand at room temperature, and the reaction was moni-
tored by 1H and 31P NMR spectroscopy. Cyclic phosphonate
2, showing a 31P NMR signal at dP = 63 ppm, was formed
immediately (Scheme 1). Since there is no radical source
under these reaction conditions, the cyclic phosphonate 2 is
considered to be formed by oxidation at the central phos-


phorus atom of the tricoordinate phosphonite 3, which is a
tautomer of 1a (Scheme 2). Such tautomerization has been
reported for neutral hydrophosphoranes.[5] A phosphonite in
the 6-carbaphosphatrane system, analogous to the phos-
phonite 3 proposed here as an intermediate, has recently
been isolated and structurally characterized.[6]


The 5-carbaphosphatrane 1a was also easily oxidized by
tBuOCl. In the case of tBuOCl, however, the reaction gave
a new intermediate, the 1-chloro-5-carbaphosphatrane (4 ;
Scheme 1), which showed a signal at dP = 21 ppm in the
31P NMR spectrum. The 1H NMR spectrum of this inter-
mediate showed a signal pattern corresponding to C3 sym-
metry and a low-field shift of the aromatic protons ortho to
the central carbon. The formation of 4 can also be explained
by oxidation of the tautomer 3 by chlorine cation
(Scheme 2). Unfortunately the isolation of the intermediate
4 was unsuccessful because 4 was readily hydrolyzed to the
cyclic phosphonate 2 by atmospheric moisture. The cyclic
phosphonite 3 was not observed in any spectroscopic meas-
urement of 1a, and no significant change was observed in
the variable-temperature 1H NMR spectra of 1a over the
range from �80 to 80 8C. These observations are reasonable,
however, if the tautomer 1a is—as predicted by theoretical
calculations (vide infra)—thermodynamically much more fa-
vorable than 3.


Sulfurization : The existence of tautomerization between 1a
and 3 was strongly supported by direct sulfurization of 1a.
Treatment of 1a with elemental sulfur was investigated, and
the results are summarized in Table 1. The reaction gave
high yields of cyclic thioxophosphonate 5 (Scheme 3), which
was considered to be formed through irreversible sulfuriza-
tion of the tautomer 3. However, the sulfurization needs
higher reaction temperatures and longer reaction times than
oxidations with mCPBA and tBuOCl, probably because the
sulfurization was performed under neutral conditions while
the oxidation reactions were carried out in the presence of
proton sources such as benzoic acid or tBuOH. It is likelyScheme 1.


Scheme 2.
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that these proton sources lower
the barrier of the tautomeriza-
tion between 1a and 3, as pre-
dicted by theoretical calcula-
tions (vide infra). These as-
sumptions were verified by sul-
furization in the presence of
3.8 equivalents of benzoic acid.
The reaction was then complete
after two days at 140 8C, while
it took six days at the same
temperature in the absence of
benzoic acid.


Desulfurization of thioxophosphonate 5 : As mentioned
above, cyclic phosphonite 3 was not observed experimental-
ly when 5-carbaphosphatrane 1a was used as a precursor.
On the other hand, cyclic thioxophosphonate 5 was expect-
ed to be a good precursor of 3, because phosphine sulfides
are easily desulfurized by stronger trivalent phosphines or
silicon reagents such as Si2Cl6.


[7] Treatment of 5 with triphe-


nylphosphine or tributylphosphine gave 5-carbaphospha-
trane 1a quantitatively (estimated by 1H NMR spectrosco-
py). No intermediates such as cyclic phosphonite 3, howev-
er, could be observed by 31P NMR monitoring during the re-
action. On the other hand, an intermediate giving a signal at
dP = 190 ppm was observed when 5 was treated with Si2Cl6
(Scheme 4). On quenching of the reaction with dilute hydro-
chloric acid, 1a was obtained as the only product, although
the isolated yield of 1a was low (40%) because of difficulty
of separation from siloxane polymer. The results described
in this section support the existence of the tautomerization
from cyclic phosphonite 3 to 1-hydro-5-carbaphosphatrane
(1a). Unfortunately, no unambiguous evidence of the exis-
tence of 3 could be obtained in the desulfurization by phos-
phines, due to the rapid tautomerization from 3 to 1a. The
silylated derivative of 3, however, was observed at dP =


190 ppm by 31P NMR spectroscopy in the reaction with
Si2Cl6, and the quantitative formation of 1a by hydrolysis of
the silylated compound also provides strong evidence for
the tautomerization from 3 to 1a.


H/D exchange : When the CDCl3 solution of 1a was allowed
to stand for two months in the presence of D2O (99.9%
atom D), H/D exchange of the P�H bond was observed and
the final D content of [D]1a was 98%. This reaction was
significantly accelerated by acid; in the presence of DCl/
D2O it was complete within 15 h at room temperature.
These H/D exchanges most probably proceed through tauto-
merization between 1-hydro-5-carbaphosphatrane (1a) and
cyclic phosphonite 3 (Scheme 5), so these results are also
consistent with the equilibrium between 1a and 3. The rates
of H/D exchange under the pseudo-first order conditions
were measured by 1H NMR monitoring in CDCl3 solution in
the presence of AcOD (30.5–51.0 8C temperature range).


Eyring plot of the rates gave the activation parameters DH�


= 18.25 kcalmol�1 and DS� = �23.23 calmol�1K�1. Since
H/D exchange of the phenolic hydroxy group would seem to
be a fast process, it is likely that the rate-determining step is
the tautomerization from the pentacoordinate carbaphos-
phatrane to the tricoordinate cyclic phosphonite, and that
these activation parameters are those of the tautomeriza-
tion. Although the DH� value obtained here is smaller than
the theoretically predicted value in the case of the water-cat-


Table 1. Sulfurization of 1-hydro-5-carbaphosphatrane (1a).


Conditions Results
solvent temp. [8C] time yield [%]


CDCl3 80 2 days 0
[D8]toluene 140 6 days 100
ACHTUNGTRENNUNG[D10]xylene 160 16.5 h 100
[D8]toluene[a] 140 2 days 100


[a] In the presence of 3.8 equivalents of benzoic acid.


Scheme 3.


Scheme 4.
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alyzed system (31 kcalmol�1), this difference could be attrib-
utable to the difference in acidity between water and acetic
acid or the differences in the transition state structures,
since the DH� value decreased to 13.9 kcalmol�1 in the case
of an acetic acid-catalyzed system (vide infra). The transi-
tion state of acetic acid-catalyzed tautomerism between 1a
and 3 has a seven-membered ring structure.


While such tautomerization between penta- and tricoordi-
nate species has never been described for normal phospha-
tranes containing N!P dative bonds, it is not surprising that
a neutral phosphorane 1a with a covalent C�P bond should
undergo such isomerization. In fact, as already noted above,
we have recently been able to crystallize and determine the
structure of the phosphonite tautomer in the 6-carbaphos-
phatrane system.[6] A reaction involving similar tautomeriza-
tion has also been reported for an o-phosphinobenzoic
acid.[8]


Theoretical calculations for the tautomerization of 1-hydro-
5-carbaphosphatrane (1a) and its derivatives: Figure 1
shows the parent carbaphospha-
trane system analyzed by theo-
retical calculations, in the ab-
sence of an additional chalco-
gen atom (O or S). Carbaphos-
phatrane I (a model of 1a) is
11 kcalmol�1 more stable than
the phenol isomer II (a model
of the proposed tautomer 3).
The latter isomer can be
reached via a transition state
for [1,2] H-migration with a
high barrier of 46 kcalmol�1, or
alternatively by transfer of a
proton from a catalytic water
molecule to oxygen, while at
the same time a proton trans-
fers from phosphorus to the


waterJs oxygen. This type of transition state has angles simi-
lar to hydrogen bonds, so it has a lower barrier
(31 kcalmol�1) than the unimolecular proton migration.[9]


In the case of an acetic acid-catalyzed system, 5-carba-
phosphatrane tautomerization occurs via a seven-membered
transition state (DH� = 13.9 kcalmol�1), containing two re-
acting H-bonds (see Figure 2). H-bond adducts exist in both


Scheme 5.


Figure 1. Potential energy surface for carbaphosphatrane. Neutral species
are shown in the left column, while deprotonated anions are given on the
right side. MP2/EXT//RHF/6–31G(d) enthalpy values are given in kcal
mol�1, including zero point energies from RHF/6–31G(d). Numbers next
to arrows are the transition state energies. Only minimum-energy struc-
tures are illustrated, and possess no symmetry unless otherwise indicated.
Transition state geometries are depicted in the Supplementary Material.
The effect of solvent and tert-butyl substitution is not included, but is dis-
cussed in the text. The zero of energy for the ions is 344.3 kcalmol�1


above carbaphosphatrane. The structure of the pentacoordinated anion
was obtained at the MP2/6–31G(d) level; see text.


Figure 2. Calculated reaction pathway of acetic acid-catalyzed tautomerization. MP2/EXT//RHF/6–31G(d) en-
thalpy values are given in kcalmol�1, including zero point energies from RHF/6–31G(d).
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the entrance and exit channels of the tautomerization. The
computed barrier (gas phase) of 13.9 kcalmol�1 is in good
agreement with the observed (in solution) activation energy
of 18.25 kcalmol�1, reported in the preceding section.


Next, let us consider the oxidation and sulfurization of 1-
hydro-5-carbaphosphatrane by theoretical calculations.
However, Figures 3 and 4 begin with the unobserved neutral


species hydroxycarbaphosphatrane V and mercaptocarba-
phosphatrane X. Barriers for hydrogen migration are small-
er, as the transition states for direct [1,2] H-migration are
now four-membered rings rather than a three-membered
ring. Proton transfers through catalytic water are even
lower: just 6 or 10 kcalmol�1 for Ch = O or S. After migra-
tion of the hydrogen, the resulting tetracoordinate structures
VI and XI have lower energies than the carbaphosphatranes
V and X, respectively. This is presumably partially due to
the potential for hydrogen bonding between the hydroxy
group and the chalcogen atom of the P=X group, which
cannot occur in the unchalcogenated system. An additional
neutral isomer exists in both chalcogen systems, with the
phenol ring rotated to position the hydroxy group at the
bottom of the molecule (VII and XII). However, the barrier
to rotation away from this isomer is very small. No 1-hy-
droxy or 1-mercapto derivatives were observed in the oxida-
tion or sulfurization reactions of 1-hydro-5-carbaphospha-
trane (1a), which is consistent with the calculated findings
that the pentacoordinate carbaphosphatrane forms are less
stable than the corresponding tetracoordinate phosphonate
forms (Scheme 6).


Reactions with bases : Although the parent phosphatranes
(A ; E = P, X = O, Y = H) are a kind of protonated phos-
phite, they are rather resistant to deprotonation by various
bases. It has been reported that only tBuOK can abstract
the protons of phosphatranes, while other well known
strong bases such as proton sponge cannot deprotonate
them.[10] Although 1-hydro-5-carbaphosphatrane (1a) has a
structure and spectroscopic properties similar to those of
previously reported phosphatranes, the reactivities of 1a
with bases would be expected to be different from those of
phosphatranes because of its different bonding properties, as
described before.[4b]


CDCl3 solutions of 1a were allowed to stand in the pres-
ence of bases such as proton sponge or DBU at room tem-
perature in the open atmosphere. When the reaction was
monitored by 31P NMR, the signal (dP = 2.7 ppm) due to 1a
gradually changed to a signal at dP = 43 ppm (Scheme 7). It


Figure 3. The potential energy surface for hydroxycarbaphosphatrane.
See the caption of Figure 1 for further explanation. The zero of energy
for ions is 329.5 kcalmol�1 above hydroxycarbaphosphatrane.


Figure 4. The potential energy surface for mercaptocarbaphosphatrane.
See the caption of Figure 1 for further explanation. The zero of energy
for ions is 322.5 kcalmol�1 above mercaptocarbaphosphatrane.


Scheme 6.
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took a week to complete the reaction in the case of DBU
and over two weeks in the case of proton sponge. When the
product of these reactions was measured by 1H NMR spec-
troscopy, three aromatic rings were observed in a ratio of
2:1, and no low-field shift of aromatic protons at the posi-
tions ortho to the central carbon was observed in this com-
pound. These observations indicate that this compound does
not maintain the carbaphosphatrane structure. When the
compound was treated with hydrogen chloride, the cyclic
phosphonate 2 was obtained, so the compound with the
signal observed at dP = 43 ppm could only be the phenolate
anion 6 or its pentacoordinate tautomer 7. The signal at dP


= 43 ppm is most likely to be attributable to 6 or an equili-
brium mixture of 6 and 7, in spite of the calculated energy
order (Figure 3), since the signal due to the pentacoordinate
species 7 should appear at much higher field.[11] The high-
field shift by 20 ppm observed for 6 in relation to 2 is proba-
bly due to an equilibrium between 6 and 7.


It was found that the proton of 1a can be abstracted by
amines, but the product was oxidized in the open atmos-
phere. When the same reaction was examined in a sealed
tube, the reaction surprisingly did not proceed, although a
small amount of anion 6 was formed in the early stage of
the reaction, because of residual oxygen. These two experi-
ments suggest that oxygen is necessary for progress of reac-
tions between 1a and amines to be observed. Treatment of
1a with amine in the presence of sulfur instead of oxygen
was also carried out, triethylamine being added to a CDCl3
solution of 1a in the presence of sulfur. When the reaction
was monitored by 31P NMR, the signal due to 1a disap-
peared and a new signal was observed at dP = 125 ppm
(Scheme 8). Treatment of the reaction mixture with dilute
hydrochloric acid afforded cyclic thioxophosphonate 5,
which coincidentally has the same 31P chemical shift (but a
different color and proton NMR). These results suggest that
the initial signal observed at dP = 125 ppm is due to the
phenolate anion 8, similarly to the reaction in the open at-
mosphere described above. However, in contrast to the reac-


tion in the open atmosphere, no high-field shift was ob-
served for 8 in relation to 5.


In the reactions between 1a and amines, an anionic spe-
cies should be generated, although none was observable. For
this anion, there are two possible forms: one is the phos-
phoranide 9 and the other is the phenolate 10 (Scheme 9). It


would be expected that anion 9 should give a 1-alkyl deriva-
tives of 1a on treatment with alkyl halide, so we examined
the reaction between the anion of 1a, generated by DBU,
and methyl iodide. DBU was added to a fully degassed
CDCl3 solution of 1a, and after addition of methyl iodide,
the reaction mixture was allowed to stand at room tempera-
ture in a sealed tube (Scheme 9). The formation of the 1-
methyl derivative 1b was confirmed by 31P NMR spectrosco-
py. This product is considered to be formed by the reaction
between the phosphoranide 9 and methyl iodide. The signal
due to cyclic phosphonite 11, which is formed by the reac-
tion between the phenolate 10 and methyl iodide, was also
observed by 31P NMR at dP = 190 ppm.


The possible mechanism for reactions between 1a and
amines is summarized in Scheme 10. The tautomer 3 is de-
protonated by amine to give the ionic species 10, which is ir-
reversibly oxidized or sulfurized to give 6 or 8, respectively.
When the phosphoranide 9 reacts with methyl iodide, the 1-
methyl derivative 1b is formed. The species enclosed in a
square in Scheme 10 are in equilibrium and only 5-carba-
phosphatrane 1a can be observed by NMR spectroscopy
under the equilibrium conditions. The result that no change
was observed on treatment of 1a with amines in a sealed
tube is consistent with such equilibrium.


Scheme 7.


Scheme 8.


Scheme 9.
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On the other hand, it was reported that phosphoranes 12
and 13, in which a hydrogen atom is located at an equatorial
position, are deprotonated directly by relatively strong bases
such as NaNH2, LiNR2, and so on.[5d,12] In view of the nature
of three-center, four-electron bonds, the apical P�H hydro-
gen atom of 1a would be considered to have more hydridic
character than the equatorial hydrogen atoms of 12 and 13
(Scheme 11). Indeed, the P�H hydrogen of phosphorane 14,


which is located at the apical position, has been reported to
act as a hydride and to react with an alcoholic proton to
give rise to the intramolecular elimination of a hydrogen
molecule (Scheme 12).[13] The deprotonation in the reaction


of 1a with bases is therefore
considered to have proceeded
from tautomer 3, it being taken
into consideration that the
bases used were much weaker
than those used for the depro-
tonation of 12 and 13.


Theoretical calculations on
anionic species : Deprotonation
of either the carbaphosphatrane
I or the phenol isomer II, fol-
lowed by geometry optimiza-
tion, gives the same ionic struc-
ture: the pentacoordinate ion
III shown in the upper right of
Figure 1.[14] The ion III is descri-
bed as pentacoordinate since its
fifth coordination site is a P
lone pair. This ion has an axial
oxygen (O-P-O angle is 169.78,
PO distances are 1.930 N) in


order to place the P lone pair in an equatorial site, so as a
result, the carbon is also equatorial. Rotation about one of
the C�C bonds connecting to the C-5 atom gives an isomer-
ic ion IV, shown at the bottom right of the figure, with a P-
C-C-C torsion angle equal to 181.28, with an energy
15 kcalmol�1 above that of the pentacoordinate ion III. The
transition state separating this transoid ion IV from the
more stable pentacoordinate ion III occurs at a P-C-C-C tor-
sion angle of 126.08, and lies 3.4 kcalmol�1 above it.


Before going on, Figures 1, 3, and 4 contain only the high-
est-level energy results. Some idea of the convergence of
these results may be seen by comparing the zero-point cor-
rected energy differences for RHF/6–31G(d), RHF/EXT,
and MP2/EXT. For the protonated neutrals, the energy of
the phenol structure II is 1.4, 5.9, and 11.0 kcalmol�1, while
the transoid ion IV lies 6.7, 4.7, and 13.6 kcalmol�1 above
the corresponding pentacoordinate forms I and III, respec-
tively, at these three levels.


Deprotonation of the chalcogenated carbaphosphatranes
V and X[15] or their most stable tetracoordinate neutral iso-
mers VI and XIV[16] gives the pentacoordinate anions VIII
and XIII shown in the top right sides of Figures 3 and 4, re-


Scheme 10.


Scheme 11.


Scheme 12.
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spectively. Both ions have axial oxygen atoms, with O�P�O
angles of 168.08 and 168.48 and C�P�Ch angles of 137.88
and 137.18 for Ch = O and S respectively. Additional ionic
isomers IX and XIV exist with the phenoxide oxygen rotat-
ed to the bottom of the molecule, and are 11.6 or 14.3 kcal
mol�1 above the pentacoordinate ion for Ch = O and S.
These transoid ions may be considered to arise from depro-
tonation of the corresponding transoid phenol structures.
Relative to their neutral precursors, however, these ionic
minima have larger barriers separating them from rotation
into the more stable pentacoordinate ions: 4.7 and
4.6 kcalmol�1 for Ch = O or S, respectively. These rotation-
al barriers are larger than the 3.4 kcalmol�1 barriers ob-
served when no chalcogen is present, and should impart
enough kinetic stability to these ions to allow them to be
seen at room temperature, if they are produced.


There are three additional factors to consider in deciding
whether the pentacoordinate ion is indeed more stable than
the transoid ion. The first of these is that the ions are gener-
ated in chloroform solvent. Figures 1, 3, and 4 show large
energy differences between neutrals and ions due to the use
of a gas phase energy for the proton, but also due to omis-
sion of the stabilization of the anions by the solvent. Ac-
cordingly, PCM calculations at the RHF/EXT level were
carried out on the anions in order to assess the effect of the
CHCl3 solvent, with a dielectic constant of 4.9. The dielectic
continuum PCM model preferentially stabilizes the penta-
coordinate ions, since these have a larger center of mass
dipole moment than the transoid ions. For example, Ch = O
has a dipole of 8.55 Debye for the pentacoordinate ion, but
6.35 for the transoid ion. The energy preference at the
RHF/EXT level for the pentacoordinate ion is changed
from the gas-phase value of �0.2 kcalmol�1 to 4.2 kcalmol�1


for Ch = O, and from 4.9 to 9.0 kcalmol�1 for Ch = S.
The second factor is the possible influence of the bulky


tert-butyl groups, located at the carbons para to the hydroxy
group. Inspection of the transoid ion in Figures 3 and 4 indi-
cates there is room next to the chalcogen for the tert-butyl,
and indeed this is so. RHF/6–31G(d) geometry optimization
for both chalcogen systems with all three tert-butyl groups
added gives similar pentacoordinate and transoid ion struc-
tures. MP2/EXT calculations are not possible with the large
basis sets after these tert-butyl groups are added, so the
RHF/EXT single-point energy of the transoid ion without
tert-butyl is �0.2 kcalmol�1, and with the tert-butyl groups
present, �2.4 kcalmol�1. For Ch = S, the situation is simi-
lar: the RHF/EXT relative energy of the transoid ion with-
out the tert-butyl groups is 4.9 kcalmol�1, while with them it
is 2.9 kcalmol�1. The effect of the tert-butyl groups is thus to
stabilize the transoid ions by 2 kcalmol�1.


A final assessment of the energy difference between the
two ion conformations can now be made. Starting from the
RHF/EXT energy difference, the following effects have
been considered separately: zero point energy differences
found with RHF/6–31G(d), electron correlation found with
MP2/EXT, PCM solvent effects found with RHF/EXT, and
finally the steric influence of tert-butyl groups found with


RHF/EXT. If it is assumed that these various effects are ad-
ditive, the energy of the Ch = O transoid ion relative to the
pentacoordinate ion is predicted to be
�0.22�0.06+11.92+4.46�2.23 = 13.9 kcalmol�1. The analo-
gous calculation for Ch = S is 4.87�0.31+9.75+4.08�1.98
= 16.4 kcalmol�1. Thus the calculations indicate that in all
cases, including that in which no additional chalcogen is
present, the most stable ions are pentacoordinate forms,
with axial O�P�O bonds.


In contrast with these theoretical results, no pentacoordi-
nate anions were observed experimentally. Theoretical cal-
culations predicted that the pentacoordinate anions should
be more stable than the tetracoordinate anions, but experi-
mental results suggested the opposite results: that is, the tet-
racoordinate anions are more stable than the pentacoordi-
nate ones. A third factor contributing to the difference be-
tween the gas-phase anion calculations and the experimental
system is the presence of the counter cation (triethylammo-
nium cation). Because the theoretical calculations were per-
formed in the absence of any counter cation, stabilization ef-
fects due to interactions between the anions and the counter
cation were not considered. As suggested by an anonymous
referee, a counter cation would be expected to associate
itself with the oxygen anion in the phenoxide, and thus pro-
vide some further stabilization to species such as IV, IX, and
XIV.


Conclusion


Reactions of 1-hydro-5-carbaphosphatrane based on tauto-
merization to the trivalent cyclic phosphonite, not definitive-
ly observed by spectroscopic methods, have been studied ex-
perimentally and analyzed by theoretical calculations. The
theoretical calculations found relative minima for all inter-
mediates proposed here—namely II(3), III, IV, VIII (7), and
XIII, as well as the observed species I (1a), VI (2), IX (6),
XI (5), and XIV (8)—but in some cases disagree in terms of
their relative stabilities, presumably because of the omission
of the counter cation in the calculations. The existence of
the key phosphonite intermediate 3 proposed here to ex-
plain many of the reactions is supported not only by the
computations reported here, but also by our recent isolation
of the analogous phosphonite in 6-carbaphosphatrane.[12] 1-
Hydro-5-carbaphosphatrane was easily oxidized or sulfur-
ized via tautomerized species, and treatment of the sulfur-
ized derivative, cyclic thioxophosphonate, with trivalent
phosphines regenerated 1-hydro-5-carbaphosphatrane. 1-
Hydro-5-carbaphosphatrane was deprotonated by various
amino bases and oxidized and sulfurized compounds were
obtained, although the deprotonated species were not ob-
served spectroscopically. These reactivities of 1-hydro-5-car-
baphosphatrane are quite different from those of parent
phosphatranes, reflecting the different bonding properties,
but are typical for aryloxy-substituted pentacoordinate hy-
drophosphoranes. The long reaction times reported here for
many of the reactions are indicative of a greater stability of
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5-carbaphosphatranes than of other atranes, due to their
strong transannular P�C bonds.


Experimental Section


General methods : Melting points were determined on a Yanaco micro
melting point apparatus. All melting points were uncorrected. THF was
purified by distillation from sodium diphenylketyl under argon before
use. CDCl3 was distilled from calcium hydride before use. [D8]Toluene,
[D10]xylene, and [D6]benzene were dried over sodium before use. High
pressure liquid chromatography (HPLC) was performed by LC-918 with
JAIGEL 1H+2H columns (Japan Analytical Industry) with chloroform
as solvent. The 1H NMR (500 and 270 MHz) and 13C NMR (126 MHz)
spectra were measured in CDCl3, [D8]toluene, [D10]xylene, or
[D6]benzene with a Bruker DRX 500 spectrometer and a JEOL EXcali-
bur270 spectrometer with tetramethylsilane or residual peaks of deuterat-
ed solvents as an internal standard. The 31P NMR (109 MHz) spectra
were taken in CDCl3, [D8]toluene, [D10]xylene, or [D6]benzene with a
JEOL EXcalibur270 spectrometer, with 85% H3PO4 as an external
standard. Mass spectra were recorded with a JEOL JMX-SX102 mass
spectrometer.


H/D exchange experiment with 1-hydro-5-carbaphosphatrane (1a) and
DCl : DCl/D2O (0.1 mL) was added to a solution of 1a (12.8 mg,
0.0248 mmol) in CDCl3 (0.5 mL). The reaction mixture was allowed to
stand at room temperature and monitored by 1H and 31P NMR. The H/D
exchange was complete within 15 h at room temperature. [D]1a :
31P NMR (109 MHz, CDCl3): d = 2.3 ppm (t, 1J ACHTUNGTRENNUNG(P,D) = 130 Hz).


Kinetic measurement of H/D exchange for 1-hydro-5-carbaphosphatrane
(1a) with AcOD : A CDCl3 (0.5 mL) solution of 1a (ca. 10 mg) and
AcOD (0.05 mL) were placed in a 5 mm 1 NMR tube. After several
freeze-pump-thaw cycles, the tube was evacuated and sealed. The solu-
tion was heated at each temperature (30.5, 36.2, 40.7, 45.2, 51.0 8C) in a
thermostat. The rate of H/D exchange was obtained by measuring the de-
crease of the amount of 1a by 1H NMR spectroscopy. At each tempera-
ture, the data gave a good first-order plot and rate constants were calcu-
lated from these data. The Eyring plot of the rate constants gave activation
parameters (DH� = 18.25 kcalmol�1 and DS� = �23.23 calmol�1K�1).


Oxidation reaction with 1a and mCPBA : CDCl3 (0.5 mL) was added
under argon to a mixture of 1a (38.3 mg, 0.0783 mmol) and mCPBA
(36.4 mg, 0.148 mmol). The mixture was allowed to stand at room tem-
perature for 15 h, treated with aq. NaHCO3, and extracted with CHCl3.
The extracts were dried over anhydrous MgSO4. After removal of the
solvent, the crude reaction products were separated by HPLC to give a
mixture of 2 and an unidentified product (dP = �18 ppm) (10.7 mg).


Oxidation reaction with 1a and tBuOCl : tBuOCl (20 mL, 0.18 mmol) was
added under argon to a solution of 1a (43.0 mg, 0.0880 mmol) in CDCl3
(0.5 mL) and the mixture was allowed to stand at room temperature for
2 days. After removal of the solvent, the residue was subjected to HPLC
to give cyclic phosphonate 2 (25.6 mg, 58%). Compound 2 : colorless oil;
1H NMR (500 MHz, CDCl3, 27 8C): d = 1.24 (s, 9H), 1.25 (s, 18H), 6.69
(d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.6 Hz, 2H), 7.07 (dt, J = 8.4, 2.2 Hz,
1H), 7.19–7.29 ppm (m, 5H); 13C{1H} NMR (125 MHz, CDCl3, 27 8C): d
= 31.4 (s), 31.6 (s), 34.2 (s), 34.6 (s), 47.8 (d, J ACHTUNGTRENNUNG(P,C) = 105 Hz), 112.9 (d,
J ACHTUNGTRENNUNG(P,C) = 12.4 Hz), 116.3 (s), 119.2 (s), 123.2 (d, J ACHTUNGTRENNUNG(P,C) = 15.8 Hz), 125.3
(s), 125.5 (s), 126.5 (s), 130.9 (d, J ACHTUNGTRENNUNG(P,C) = 8.0 Hz), 141.6 (s), 147.2 (s),
149.6 (d, J ACHTUNGTRENNUNG(P,C) = 12.3 Hz), 153.1 ppm (s); 31P NMR (109 MHz, CDCl3,
27 8C): d = 63 ppm; HRMS (70 eV) m/z calcd for C31H37O4P 504.2429;
found 504.2436.


Reaction between 1a and elemental sulfur : [D10]xylene (0.5 mL) was
added to a mixture of 1a (21.1 mg, 0.0432 mmol) and elemental sulfur
(20.2 mg, 0.0629 mmol) in a 5 mm 1 Pyrex glass tube. After several
freeze-pump-thaw cycles, the tube was evacuated and sealed and the sol-
ution was heated at 160 8C for 16.5 h. After removal of the solvent under
reduced pressure, the crude reaction products were separated by HPLC
to afford cyclic thioxophosphonate 5 (23.1 mg, quant.). Compound 5 : col-
orless oil; 1H NMR (500 MHz, CDCl3, TMS, 27 8C): d = 1.23 (s, 9H),


1.25 (s, 18H), 5.21 (s, 1H), 6.84 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 8.4 Hz,
2H), 7.19–7.29 (m, 4H), 7.33 ppm (br s, 2H); 13C{1H} NMR (125 MHz,
CDCl3, 27 8C): d = 31.4 (s), 31.5 (s), 34.2 (s), 34.6 (s), 57.6 (d, J ACHTUNGTRENNUNG(P,C) =


74 Hz), 113.0 (d, J ACHTUNGTRENNUNG(P,C) = 8.4 Hz), 117.7 (d, J ACHTUNGTRENNUNG(P,C) = 3.3 Hz), 121.8 (d, J-
ACHTUNGTRENNUNG(P,C) = 2.5 Hz), 123.1 (s), 125.7 (s), 126.7 (d, J ACHTUNGTRENNUNG(P,C) = 3.6 Hz), 127.0 (d,
J ACHTUNGTRENNUNG(P,C) = 6.9 Hz), 131.1 (s), 143.4 (d, J ACHTUNGTRENNUNG(P,C) = 2.4 Hz), 147.4 (s), 151.6
(d, J ACHTUNGTRENNUNG(P,C) = 5.0 Hz), 152.3 ppm (d, J ACHTUNGTRENNUNG(P,C) = 4.9 Hz); 31P NMR
(109 MHz, CDCl3, 27 8C): d = 125 ppm; HRMS (70 eV): m/z calcd for
C31H37O3PS 520.2201; found 520.2195.


Desulfurization reaction with 5 and triphenylphosphine : CDCl3 (0.5 mL)
was added to a mixture of 5 (19.5 mg, 37.5 mmol) and triphenylphosphine
(39.3 mg, 0.150 mmol) in a 5 mm 1 Pyrex glass tube. After several
freeze-pump-thaw cycles, the tube was evacuated and sealed. The solu-
tion was heated at 85 8C for 1 month with monitoring by 1H and
31P NMR. The conversion yield of 1a was estimated to be 65% by
1H NMR spectroscopy.


Reactions between 1a and bases in open atmosphere : DBU (0.030 mL,
0.20 mmol) was added to a solution of 1a (20.6 mg, 0.0422 mmol) in
CDCl3 (0.5 mL). The mixture was allowed to stand in open atmosphere
at room temperature for 7 d, treated with hydrochloric acid, and extract-
ed with CHCl3. The extracts were dried over anhydrous MgSO4. After re-
moval of the solvent, the crude reaction products were separated by
HPLC to give cyclic phosphonate 2 (6.6 mg, 31%, conv. 41%).


Reaction between 1a and triethylamine in the presence of elemental
sulfur : Triethylamine (0.10 mL, 0.72 mmol) was added to a mixture of 1a
(101.2 mg, 0.207 mmol) and elemental sulfur (65.4 mg, 2.04 mmol) in
CDCl3 (0.5 mL). The solution was allowed to stand at room temperature
for 3 d. The mixture was treated with hydrochloric acid and extracted
with CHCl3, and the extracts were dried over anhydrous MgSO4. After
removal of the solvent, the crude reaction products were separated by
HPLC to give cyclic thioxophosphonate 5 (78.3 mg, 78%).


Reaction between 1a and DBU followed by treatment with iodo-
ACHTUNGTRENNUNGmethane : A solution of 1a (41.8 mg, 0.0855 mmol) in CDCl3 (0.5 mL)
was degassed by six freeze-pump-thaw cycles and DBU (0.10 mL,
0.67 mmol) was then added. After the mixture had been allowed to stand
at room temperature for 1 h, iodomethane (0.03 mL, 0.48 mmol) was
added. After several freeze-pump-thaw cycles, the tube was evacuated
and sealed. The mixture was allowed to stand at room temperature for
3 d and the reaction was monitored by 31P NMR spectroscopy. The new
signal attributable to cyclic phosphonite 12 was observed at d = 190 ppm
with a signal for 1-methyl-5-carbaphosphatrane 1b at d = 21 ppm. The
mixture was treated with hydrochloric acid and extracted with CHCl3,
and the extracts were dried over anhydrous MgSO4. After removal of the
solvent, the crude reaction products were separated by HPLC to give 1b
(26.4 mg, 62%). Product 12 or its derivative was not obtained.


Calculation methods : Calculations were performed with closed shell SCF
(RHF)[17] and second order Moller–Plesset perturbation theory (MP2)[18]


methods. On the basis of our earlier finding[4b] that RHF and MP2 struc-
tures for carbaphosphatrane are quite similar, all structures were ob-
tained at the RHF/6–31G(d) level.[19] To obtain more reliable energy
values, MP2 calculations were performed with these structures with an
extended triple zeta basis set. This basis has additional polarization func-
tions for the hypervalent P (3df), and diffuse functions are added to this
atom and all H, C, O, S atoms adjacent to it, as these are more electro-
negative and several anions are considered, and finally H atom polariza-
tion is added, which is important in reactions involving proton transfers.
The quality of this basis can be described as 6–311++G ACHTUNGTRENNUNG(3df,d,p), except
for the C6H4 benzene rings, where just the 6–31G(d) basis was used to
keep the computations tractable. This extended basis set is referred to
here as EXT.[20] Zero point energy corrections from RHF/6–31G(d) are
added to MP2/EXT energies to obtain the reported zero degree enthal-
pies. It is generally true that the basis set extensions shifts the energy by
a few kcalmol�1, not always in the same directions, while MP2 always
preferentially stabilizes pentacoordinate forms, by 7–12 kcalmol�1 in ions,
and smaller amounts in the neutral molecules. Solvent effects were mod-
eled with the Integral Equation Formalism implementation of the Polar-
izable Continuum Model.[21] All calculations used Cartesian Gaussians
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rather than spherical harmonics, and were carried out with the GAMESS
program package.[22]
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Introduction


77Se NMR spectroscopy has been established as a powerful
tools in the study of the selenium chemistry.[1] 77Se NMR
chemical shifts (d(Se)) are sharply sensitive to the structural
changes in selenium compounds. Therefore, they are widely
applied to analyze the chemical bonds around Se atoms and/
or to determine the structures.[2–5] While some empirical
rules between structures and d(Se) have been proposed,[2–5]


it is not so easy to predict d(Se) from the structures with
substantial accuracy. The measurements of d(Se) are neces-
sary to understand based on plain rules founded on the the-
oretical background. A charge-transfer mechanism has been
proposed to explain the downfield shift by the neighboring
oxygen atom[6] and it is demonstrated that the mechanism
plays an important role in weak interactions.[4] Other mecha-


Abstract: The orientational effect of p-
YC6H4 (Ar) on d(Se) is elucidated for
ArSeR, based on experimental and
theoretical investigations. The effect is
examined in the cases in which Se�CR


in ArSeR is either in the Ar plane (pl)
or is perpendicular to the plane (pd).
9-(Arylselanyl)anthracenes (1) and 1-
(arylselanyl)anthraquionones (2) are
employed to establish the effect in pl
and pd, respectively. Large upfield
shifts are observed for Y=NMe2,
OMe, and Me, and large downfield
shifts for Y=COOEt, CN, and NO2 in
1, relative to Y=H, as is expected.
Large upfield shifts are brought by Y=


NMe2, OMe, Me, F, Cl, and Br, and
downfield shifts by Y=CN and NO2 in
2, relative to Y=H, with a negligible
shift by Y=COOEt. Absolute magnet-
ic shielding tensors of Se (s(Se)) are


calculated for ArSeR (R=H, Me, and
Ph), assuming pl and pd, based on the
DFT-GIAO method. Observed charac-
ters are well explained by the total
s(Se). Paramagnetic terms (sp(Se)) are
governed by (sp(Se)xx+sp(Se)yy), in
which the direction of np(Se) (con-
structed by 4pz(Se)) is set to the z axis.
The main interaction in pl is the
np(Se)–pACHTUNGTRENNUNG(C6H4)–pz(Y) type. The Y de-
pendence in pl occurs through admix-
tures of 4pz(Se) in pACHTUNGTRENNUNG(SeC6H4Y) and p*-
ACHTUNGTRENNUNG(SeC6H4Y), modified by the conjuga-
tion, with 4px(Se) and 4py(Se) in s-
ACHTUNGTRENNUNG(CSeX) and s* ACHTUNGTRENNUNG(CSeX) (X=H or C)


under a magnetic field. The main inter-
action in pd is the sACHTUNGTRENNUNG(CSeX)–pACHTUNGTRENNUNG(C6H4)–
px(Y) type, in which Se�X is nearly on
the x axis. The Y dependence in pd
mainly arises from admixtures of
4pz(Se) in np(Se) with 4px(Se) and
4py(Se) in modified s* ACHTUNGTRENNUNG(CSeX), since
np(Se) is filled with electrons. It is dem-
onstrated that the effect of Y on sp(Se)
in the pl conformation is the same re-
gardless of whether Y is an electron-
donor or electron-acceptor, whereas
for pd conformations the effect is
greater when Y is an electron donor, as
observed in 1 and 2, respectively. Con-
tributions of each molecular orbital
and each transition on sp(Se) are eval-
uated, which enables us to recognize
and visualize the effect clearly.
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nisms must also be important when the structures are dis-
cussed based on the observed values. We have been much
interested in the orientational effect on d(Se) in p-
YC6H4SeR (ArSeR), together with the mechanism. We have
already pointed out the importance of the effect for the
better interpretation of d(Se) of ArSeR in a uniform
manner.[5] A reliable guideline is necessary to determine the
structures of selenium compounds based on d(Se).


On the other hand, calculated absolute magnetic shielding
tensors (s) become reliable.[7] Although the contribution of
relativistic terms has been pointed out for heavier atoms,[8]


the perturbation would be small for the selenium nucleus.
Therefore, the calculated tensors are useful for Se nuclei
(s(Se)) in common organic selenium compounds. As shown
in Equation (1), the total absolute magnetic shielding tensor
(st) is decomposed into diamagnetic (sd) and paramagnetic
(sp) contributions.[9] This decomposition includes small arbi-
trariness due to the coordinate origin dependence, though it
does not damage our chemical analyses and insights into
77Se NMR spectroscopy. The sp parameter contributes pre-
dominantly to st in the structural changes seen in the seleni-
um compounds. The magnetic shielding tensors consist of
three components, which are exemplified by sp in Equa-
tion (2).


st ¼ sd þ sp ð1Þ


sp ¼ ðsp
xx þ sp


yy þ sp
zzÞ=3 ð2Þ


The parameters sp and sd are exactly expressed by the
RamseyKs Equation,[10] and they are approximately calculat-
ed in the framework of the Hartree–Fock (HF) or DFT
theory. Since sp is evaluated by the coupled Hartree–Fock
(CPHF) method, they can be decomposed into the contribu-
tion of the occupied orbitals or the orbital–orbital transi-
tions and are shown in Equation (3). The parameter sd is ex-
pressed simply as the sum of contributions over the occu-
pied orbitals as shown in Equation (4).


sp ¼
X


occ
i


X
unocc
j sp


i!j ¼
X


occ
i sp


i ð3Þ


sd ¼
X


occ
i sd


i ð4Þ


Based on the second-order perturbation theory at the
level of the HF and single-excitation CI approximation, sp


i!j


on a resonance nucleus N is shown to be proportional to re-
ciprocal orbital energy gap (ej�ei), and expressed in Equa-
tion (5), in which yk is the k th orbital function, Lz,N is orbi-
tal angular momentum around the resonance nucleus, and
rN is the distance from the nucleus N.


sp
zz,N ¼ �ðmoe


2=2m2
eÞ
X


occ
i


X
unocc
j ðej�eiÞ�1


�fhyijLzjyjihyjjLz,Nr
�3
N jyii þ hyijLz,Nr


�3
N jyjihyjjLzjyiig


ð5Þ


Consequently, while sp is evaluated accurately by the
CPHF method and can be calculated by Equation (3), we


will discuss sp with an approximated image derived from
Equation (5). Since sp


zz,N contains the Lz,N operator, sp
zz,N


arises from admixtures between atomic px and py orbitals of
N in various molecular orbitals. When a magnetic field is ap-
plied on a selenium compound, mixing of unoccupied mo-
lecular orbitals (yj) into occupied molecular orbitals (yi)
will occur. Such admixtures generate sp


zz,N, if yi and yj con-
tain px and py of N, for example. The parameters sp


xx,N and
sp
yy,N are similarly understood.
It is useful to supply a series of d(Se) of typical conform-


ers in ArSeR, although conformers may change successively
depending on the electronic and/or steric properties of R
and Y.[11–13] Planar (pl) and perpendicular (pd) conformers
will be discussed here, in which the Se�CR bond in ArSeR is
in the Ar plane in pl and perpendicular to the plane in pd.
To clarify the relationship between the structures (conform-
ers) and d(Se), we tried to fix the conformers of all Ar
groups in ArSeR examined. 9-(Arylselanyl)anthracenes (1:
p-YC6H4SeAtc) and 1-(arylselanyl)anthraquinones (2 : p-
YC6H4SeAtq) were chosen as the candidates for pl and pd,
respectively: Y in 1 and 2 are H (a), NMe2 (b), OMe (c),
Me (d), F (e), Cl (f), Br (g), COOEt (h), CN (i), and NO2


(j). For the 9-anthryl (9-Atc) and 1-anthraquinonyl (1-Atq)


groups in 1 and 2, respectively, as well as those proposed for
1-(arylselanyl)naphthalenes (3 : p-YC6H4SeNap),[3e,4,11] the
notation with A (perpendicular) B (parallel) and C (inter-
mediate) conformations is used. The structure of 1 is A for
9-Atc and pl for Ar, which is denoted by 1 ACHTUNGTRENNUNG(A:pl). That of 2
is B for the 1-Atq and pd for Ar (2 ACHTUNGTRENNUNG(B:pd)). The series of
d(Se) in 1 and 2 are typical for pl and pd, respectively.


To understand the orientational effect based on the theo-
retical background, quantum chemical (QC) calculations
were performed on ArSeH (4), ArSeMe (5), and ArSePh
(6). The conformations were fixed to pl and pd in the calcu-
lations. The gauge-independent
atomic orbital (GIAO)
method[14] was applied to evalu-
ate s(Se) at the DFT (B3LYP)
level. Although the term sp


zz,Se


is used in Equation (5), sp(Se)zz
will be used here on the analo-
gy to d(Se). Mechanisms of the
orientational effect were ex-
plored for pl and pd, based on the magnetic perturbation
theory. A utility program (NMRANAL-NH98G) was used
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to carry out the decomposition of the magnetic shieldings,
based on the Gaussian 98.[15] The program was also applied
to evaluate the contributions separately from each molecu-
lar orbital (yi) and each yi!yj transition, in which yi and
yj denote occupied and unoccupied molecular orbitals, re-
spectively. These results enabled us to evaluate and visualize
the contributions.


Results and Discussion


Structures of 1c and 2a: Single crystals of 1c and 2a were
obtained through slow evaporation of the samples in di-
chloromethane–hexane or benzene–hexane solvent mixtures.
One of suitable crystals was subjected to X-ray crystallo-
graphic analysis for each compound. There are two types of
structure in the crystal of 1c (structure A and B). Only one
type of structure corresponds to 2a in the crystal. Figures 1
and 2 show structure A of 1c (1c ACHTUNGTRENNUNG(S-A)) and the structure of
2a, respectively.[16] The crystallographic data are collected in
the Supporting Information.[17]


The planarity of the 9-Atc, 1-Atq, and Ar planes in 1c
and 2a is very good. The Se(1)�C(15) bond of the p-anisyl-


selanyl (p-AnSe) group in 1c ACHTUNGTRENNUNG(S-A) is perpendicular to the 9-
Atc plane (A) with the Se(1)�C(1) bond of 9-Atc being in
the p-An plane (pl). The torsional angles of C(2)-C(1)-
Se(1)-C(15) and C(1)-Se(1)-C(15)-C(16) in 1c ACHTUNGTRENNUNG(S-A) are
95.6(4) and 174.8(4)8, respectively. The structure of 1cACHTUNGTRENNUNG(S-A)
is very close to that of pure 1 ACHTUNGTRENNUNG(A:pl). On the other hand, the
Se(1)�C(15) bond of the PhSe group in 2a is in the 1-Atq
plane (B) with the Se(1)�C(1) bond of 1-Atq being perpen-
dicular to the Ph plane (pd). The torsional angles of C(14)-
C(1)-Se(1)-C(15) and C(1)-Se(1)-C(15)-C(16) are 175.1(3)
and 87.7(3)8, respectively. The structure of 2a is very close
to that of pure 2 ACHTUNGTRENNUNG(B:pd).


The structures of 1 ACHTUNGTRENNUNG(A:pl) and 2 ACHTUNGTRENNUNG(B:pd) are illustrated in
Scheme 1, together with those of 3. Why does 1c have an
(A:pl) structure? It must be the steric requirement of 9-Atc.


The structure of 1 ACHTUNGTRENNUNG(B:pd), which is similar to that of 3 ACHTUNGTRENNUNG(B’:pd),
is unlikely to be stable.[18] The contribution of 1 ACHTUNGTRENNUNG(A:pd) must
be considered, although 3 ACHTUNGTRENNUNG(A:pd) has not yet been observed.
Compound 1 ACHTUNGTRENNUNG(A:pd) will be a transition state. QC calcula-
tions were performed on 1a ; as a result 1a ACHTUNGTRENNUNG(A:pd) is predict-
ed to be a transition state between 1a ACHTUNGTRENNUNG(A:pl) and its dupli-
cate (Scheme 2).[19] The activation energy of the internal ro-


tation around the Se�CPh bond is evaluated to be
13.7 kJmol�1 at 298 K. These results support that the global
minimum of 1 is 1 ACHTUNGTRENNUNG(A:pl):[20] hence compound 1 will behave
substantially as 1 ACHTUNGTRENNUNG(A:pl) in the solution.


The structure of 2a is (B:pd).[21] The nonbonded np(O)!
s* ACHTUNGTRENNUNG(Se�C) three-center four-electron (3c-4e) type interaction
operates in 2 ACHTUNGTRENNUNG(B:pd), which stabilizes the structure.[22,23] The
2 ACHTUNGTRENNUNG(B:pd) structure must also be stabilized by the p–p conju-
gation between np(Se) and p orbitals of the Atq ring
(np(Se)–p ACHTUNGTRENNUNG(Atq)). Consequently, 2 ACHTUNGTRENNUNG(B:pd) is stabilized by the
energy lowering effect of the nonbonded O···Se�C 3c-4e in-


Figure 1. Structure of 1c ACHTUNGTRENNUNG(S-A) (thermal ellipsoids are shown at 40%
probability levels). Selected bond lengths (Q), angles (8), and torsional
angles (8): Se(1)�C(1) 1.931(5), Se(1)�C(15) 1.925(5), C(1)-Se(1)-C(15)
99.4(2), C(2)-C(1)-Se(1)-(15) 95.6(4), C(1)-Se(1)-C(15)-C(16) 174.8(4).


Figure 2. Structure of 2a (thermal ellipsoids are shown at 40% probabili-
ty levels). Selected bond lengths (Q), angles (8), and torsional angles (8):
Se(1)�C(1) 1.921(3), Se(1)�C(15) 1.935(3), C(1)-Se(1)-C(15) 99.1(1),
C(14)-C(1)-Se(1)-(15) 175.1(3), C(1)-Se(1)-C(15)-C(16) 87.7(3).


Scheme 1. Structures of 1 and 2, together with those of 3.


Scheme 2. Transition state nature of 1 ACHTUNGTRENNUNG(A:pd).
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teraction, together with the np(Se)–p ACHTUNGTRENNUNG(Atq) conjugation. The
structure of all members of compounds of the 2 series is pre-
dicted to be (B:pd).[24]


77Se NMR chemical shifts of 1 and 2: Table 1 shows the
d(Se) values for 1 and 2[25] measured in [D]chloroform
(0.050m)[26] at 213, 297, and 333 K. The d(Se) values of 1a
and 2a are given relative to MeSeMe and those of 1b–j and


2b–j are given relative to 1a and 2a, respectively (d(Se)SCS).
The values of d(Se) of MeSeMe in [D]chloroform (10%


v/v) shifts downfield by 5.6 ppm, if the frequency of the
spectrometer is taken as the standard, when the temperature
changes from 213 K to 333 K under the conditions.[27] The
d(Se) values of 1a, 1b, and 1 j
move downfield by 5.3, 6.7, and
1.6 ppm, respectively, relative
to MeSeMe, as the temperature
changes from 213 K to 333 K.
The results show that the tem-
perature dependence of d(Se)
in 1a and 1b is roughly twice as
large as that of MeSeMe,
whereas the dependence in 1 j
is comparable to that of
MeSeMe.


To examine the temperature
dependence in 1, the d(Se)
values of 1 at 293 K and 333 K
were plotted versus those at
213 K; excellent correlations
(r>0.999) were observed, see
Table 2 (entries 1 and 2), in
which the correlation constants
(a) and the correlation coeffi-
cients (r) are given by Equa-
tion (6).


y ¼ axþ b ðr : correlation coefficientÞ ð6Þ


The temperature dependence of 1 must be the reflection
of the shallow energy surface in 1 ACHTUNGTRENNUNG(A:pl), resulting in the ex-
tended population to larger torsional angles of fACHTUNGTRENNUNG(C9SeCiCo)
around the energy minimum of f=08 at higher tempera-
tures. The energy surfaces of Y with electron-donating
groups must be shallower those with electron-accepting


groups. The p–p conjugation of
the np(Se)–pACHTUNGTRENNUNG(C6H4Y-p) type af-
fects on the stability of 1 ACHTUNGTRENNUNG(A:pl),
in addition to the steric require-
ment of 9-Atc in 1:[20] Y accept-
ors stabilize 1 ACHTUNGTRENNUNG(A:pl) more effec-
tively than Y donors. The tem-
perature dependence in
d(Se)SCS for Y=OMe and
NMe2 seems complex, at a first
glance. However, if we examine
d(Se) of 1b and 1c, relative to
1a, we find them quite simple
and monotonical. The charac-
teristic temperature depend-
ence of d(Se) in 1a may be re-
sponsible for the phenomenon.


Characteristic points of 1 are
summarized as follows:


1) Large upfield shifts (�23 to �6 ppm) are observed for
Y=NMe2, OMe, and Me and large downfield shifts (17–
33 ppm) for Y=COOEt, CN and NO2, relative to Y=H.


2) A moderate upfield shift (�3 ppm) is observed for Y=F
and small downfield shifts (2 ppm) for Y=Cl and Br.


Table 1. Observed d(Se)SCS of 1 and 2 and calculated st
rel(Se)SCS for 4–6 in pl and pd conformations.[a,b]


T NMe2 OMe Me H F Cl Br CO2R
[c] CN NO2


[K] (b) (c) (d) (a) (e) (f) (g) (h)[c] (i) (j)


1 213 �22.7 �12.7 �6.3 0.0 ACHTUNGTRENNUNG(245.3) �3.3 1.9 2.4 17.4 27.7 32.7
1 297 �21.0 �12.2 �6.6 0.0 ACHTUNGTRENNUNG(249.0) �3.6 1.5 1.6 16.2 26.2 30.4
1 333 �21.3 �12.7 �6.8 0.0 ACHTUNGTRENNUNG(250.6) �3.9 1.0 1.2 15.2 24.8 29.0
2 213 �20.6 �15.5 �9.2 0.0 ACHTUNGTRENNUNG(511.4) �10.5 �7.1 �6.4 0.1 8.5 2.7
2 297 �19.6 �15.0 �9.0 0.0 ACHTUNGTRENNUNG(512.3) �10.2 �7.1 �6.4 0.0 8.2 2.5
2 333 �19.5 �15.0 �9.1 0.0 ACHTUNGTRENNUNG(512.5) �10.3 �7.2 �6.7 �0.3 7.9 2.2
4 (pl) �36.4 �18.0 �8.2 0.0 ACHTUNGTRENNUNG(87.0) �1.6 1.7 �1.8 14.3 29.8 33.7
5 (pl) �23.9 �8.2 �8.0 0.0 ACHTUNGTRENNUNG(169.7) 2.1 4.7 7.2 24.6 29.7 43.8
6 (pl) �20.5 �9.0 �3.7 0.0 ACHTUNGTRENNUNG(398.8) 1.1 1.9 2.3 13.1 20.2 28.6
4 (pd) �35.9 �23.0 �15.6 0.0 ACHTUNGTRENNUNG(41.3) �11.8 �9.1 �8.7 1.0 16.8 10.0
5 (pd) �34.9 �21.2 �16.7 0.0 ACHTUNGTRENNUNG(219.1) �14.1 �11.8 �12.6 3.0 13.4 6.6
6 (pd) �34.2 �25.8 �14.6 0.0 ACHTUNGTRENNUNG(398.8) �15.2 �13.3 �12.6 �3.4 7.0 0.5


[a] d(Se)SCS are given for 1 and 2, together with d(Se) for 1a and 2a in parenthesis, measured in
[D]chloroform. [b] st


rel(Se)SCS are given for 4–6, together with st
rel(Se) for 4a–6a in parenthesis, calculated ac-


cording to Equation (7) employing st(Se:MeSeMe)=1650.4 ppm. [c] R=Et for 1 and 2 and R=Me for 4–6.


Table 2. Correlations of d(Se) for 1 and 2 and s(Se) for 4–6.[a]


correlation a b r n


1 dACHTUNGTRENNUNG(Se:1)SCS,297K vs. d ACHTUNGTRENNUNG(Se:1)SCS,213K 0.940 �0.3 1.000 10
2 dACHTUNGTRENNUNG(Se:1)SCS,333K vs. d ACHTUNGTRENNUNG(Se:1)SCS,213K 0.916 �0.8 1.000 10
3 dACHTUNGTRENNUNG(Se:2)SCS,297K vs. d ACHTUNGTRENNUNG(Se:2)SCS,213K 0.957 �0.1 1.000 10
4 dACHTUNGTRENNUNG(Se:2)SCS,333K vs. d ACHTUNGTRENNUNG(Se:2)SCS,213K 0.946 �0.3 1.000 10
5 dACHTUNGTRENNUNG(Se:1)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:4(pl))SCS 0.823 2.6 0.986 10
6 dACHTUNGTRENNUNG(Se:1)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:5(pl))SCS 0.845 �2.1 0.990 10
7 dACHTUNGTRENNUNG(Se:1)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:6(pl))SCS 1.218 �0.4 0.991 10
8 dACHTUNGTRENNUNG(Se:2)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:4(pd))SCS 0.562 �1.5 0.990 10
9 dACHTUNGTRENNUNG(Se:2)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:5(pd))SCS 0.599 �0.5 0.988 10
10 dACHTUNGTRENNUNG(Se:2)SCS,213K vs. st


rel ACHTUNGTRENNUNG(Se:6(pd))SCS 0.691 1.9 0.990 10
11 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 4(pl) 0.325 �583.7 1.000 22
12 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 4(pl) 0.357 �500.6 0.985 16[b]


13 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 4(pd) 0.335 �487.5 1.000 22
14 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 4(pd) 0.307 �553.4 0.998 16[b]


15 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 5(pl) 0.374 �442.0 0.998 14
16 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 5(pd) 0.345 �520.2 0.994 11[b]


17 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 6(pl) 0.309 �689.0 0.994 13
18 sp(Se) vs. (sp(Se)xx+sp(Se)yy) in 6(pd) 0.335 �598.8 0.999 10[b]


19 sp(Se)yy vs. s
p(Se)xx in 4 (pd) 0.23 �455 0.85 16[b]


20 sp(Se)yy vs. s
p(Se)xx in 5 (pd) �0.33 �1722 0.93 14


21 sp(Se)yy vs. s
p(Se)xx in 6 (pl) �0.36 �2443 0.92 13


22 sp(Se)yy vs. s
p(Se)xx in 6 (pd) �0.65 �2721 0.95 13


[a] The constants a, b, r are defined in Equation (6) in the text. [b] For non-ionic species.
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These charactistics must be the result of the 1 ACHTUNGTRENNUNG(A:pl) struc-
ture, in which np(Se) is parallel to the pACHTUNGTRENNUNG(C6H4Y-p). The set
of d(Se) of 1 can be used as a standard of pl.


In the case of 2, the temperature dependence of d(Se) is
very small. The magnitude in compound 2a is 1.1 ppm, rela-
tive to MeSeMe, under the temperature range from 213 K
to 333 K. The plots of d(Se) of 2 at 293 K and 333 K versus
those at 213 K also give excellent correlations (r>0.999).
Table 2 collects the correlations (entries 3 and 4). The re-
sults show that 2 ACHTUNGTRENNUNG(B:pd) is thermally very stable and other
conformers are negligible in the solution for all Y examined.


The character of d(Se) in 2 is very different from that of
1. Characteristic points of 2 are as follows:


1) Large upfield shifts (�21 to �6 ppm) are observed for
Y=NMe2, OMe, Me, F, Cl, and Br, relative to Y=H.


2) Downfield shifts (3–9 ppm) are observed for Y=CN and
NO2, for which the magnitude with Y=CN is larger than
that of NO2, together with a negligible shift by Y=


COOEt, relative to Y=H.


The characteristics must be the reflection of the 2 ACHTUNGTRENNUNG(B:pd)
structure, in which np(Se) is perpendicular to pACHTUNGTRENNUNG(C6H4Y-p).
The set of d(Se) of 2 can be used as a typical standard of
pd.


While d(Se)SCS of 1 is in a range of �23<d(Se)SCS<
33 ppm, that of 2 is �21<d(Se)SCS<9 ppm. The Y donor
and acceptor groups have an effect on d(Se)SCS of 1, whereas
only Y donor groups have an effect on the d(Se)SCS of 2.
The values of d(Se)SCS of 2 are plotted versus those of 1 in
Figure 3a. Indeed, it emphasizes the difference in characters
between 1 and 2, but most of d(Se)SCS values of 2 seem to
correlate well with those of 1, as shown by a dotted line (a=
0.55). Two points corresponding to Y=H and NO2 deviate
from the line. Namely, d(Se) of 2 with Y�H are more up-
field than those expected from d(Se) of 1a and 2a, especial-
ly for 2 j.


Why is such peculiar behavior observed in 1 and 2? Is it
caused by the orientational effect of the aryl group? QC cal-
culations were performed on 4–6, assuming pl and pd for
each, to elucidate the mechanism of the effect.


Observed d(Se) of 1 and 2 versus calculated st(Se) of 4–6:
Scheme 3 shows axes and some orbitals of 4–6, together
with SeH2. While the x axis in SeH2 is in the bisected direc-
tion of aHSeH, the Se�H and Se�C bonds of MeSeH are
almost on the x and y axes, respectively, although not
shown. Axes of 4–6 are close to those in MeSeH in most
cases. Since aCSeX (X=H or C) in 4–6 are close to 95, 98,
and 1018, respectively, the bonds deviate inevitably from the
axes to some extent. Axes are similar to those of SeH2 for


Figure 3. Plots of a) dACHTUNGTRENNUNG(Se:2)SCS,213K versus d ACHTUNGTRENNUNG(Se:1)SCS,213K, b) dACHTUNGTRENNUNG(Se:1)SCS,213K
versus st


relACHTUNGTRENNUNG(Se:6(pl))SCS, and c) d ACHTUNGTRENNUNG(Se:2)SCS,213K versus st
rel ACHTUNGTRENNUNG(Se:6(pd))SCS.


Scheme 3. Axes and some orbitals of 4–6, together with those of SeH2.
[a] Axes with Y=Se�, Br, and COOMe are close to those for SeH2.
[b] Axes with Y=Me, CN, and NH3


+ are close to those for SeH2.
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4(pl) with Y=Se�, Br, and COOMe and 5(pl) with Y=Me,
CN, and NH3


+ (Scheme 3).[28]


Structures of 4–6 in pl and pd and SeH2 were optimized
by employing the 6–311+GACHTUNGTRENNUNG(3df) basis sets for Se and the 6–
311+G ACHTUNGTRENNUNG(3d,2p) basis sets for other nuclei in the Gaussian 03
program.[29] Calculations are performed at the density func-
tional theory (DFT) level of the Becke three-parameter
hybrid functionals with the Lee–Yang–Parr correlation func-
tional (B3LYP). Absolute magnetic shielding tensors of Se
(s(Se)) were calculated by the same method based on the
DFT-GIAO method,[14] applying it to the optimized struc-
tures. Tables 3–5 give the st(Se), sd(Se), sp(Se) parameters
and the components, sp(Se)xx,
sp(Se)yy, and sp(Se)zz, for 4–6
bearing various substituents Y
in pl and pd,[30] respectively.


It is instructive if st(Se) of 4–
6 in pl and pd can be compared
directly with the observed d(Se)
of 1 and 2. Relative shielding
tensors of selenium compounds
S, that is, 4–6 in pl and pd, st


rel-
ACHTUNGTRENNUNG(Se:S), were calculated accord-
ing to Equation (7), using
st(Se:MeSeMe) of 1650.4 ppm.
The st


rel ACHTUNGTRENNUNG(Se:S)SCS were also cal-
culated similarly with the corre-
sponding st


rel ACHTUNGTRENNUNG(Se:S) values for
4–6 with Y=H in pl and pd.
Table 1 also contains st


relACHTUNGTRENNUNG(Se:S)
values of 4–6 with Y=H and
st
relACHTUNGTRENNUNG(Se:S)SCS for 4–6.


st
relðSe : SÞ ¼ �fstðSe : SÞ


�stðSe : MeSeMeÞg
ð7Þ


The characteristics observed
for 1 and 2 are well explained
by st


rel(Se)SCS. The d(Se)SCS
values of 1 and 2 were plotted
versus st


rel(Se)SCS of n(pl) and
n(pd) (n=4–6). Good correla-
tions were obtained and the re-
sults are given in Table 2 (en-
tries 5–10). The r value for 1
becomes larger in an order of
4(pl)<5(pl)6(pl) with a of
4(pl)<5(pl)<6(pl). In the case
of 2, r becomes larger in an
order of 5(pd)<4(pd)6(pd)
and a of 4(pd)<5(pd)<6(pd).
Figures 3b and c show the plots
for 1 versus 6(pl) and 2 versus
6(pd), respectively. The results
demonstrate that the characters
of d(Se)SCS observed in 1 origi-


nate from the planar structure and those in 2 from the char-
acteristic structure in which the Se�CAtq bond in p-
YC6H4SeAtq is perpendicular to the p-YC6H4 plane. The re-
sults are satisfactory, if we consider the limited experimental
conditions and/or the different selenides employed in exper-
imental study and in the calculations.


How does such an orientational effect arise from the
structures? How does the electronic property of Y affect the
d(Se) values of 1 and 2? The sp(Se) values of 4–6 are ana-
lyzed next.


Table 3. Calculated absolute shielding tensors (s(Se)) of 4, containing various Y.[a]


Y sd(Se) sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) st(Se)


4(pl)
H 2999.5 �1571.7 �1042.3 �1694.2 �1436.1 1563.4
O� 3001.4 �1537.7 �803.3 �1674.3 �1338.4 1662.9
S� 3004.1 �1560.7 �843.6 �1680.5 �1361.6 1642.4
Se� 3007.3 �1745.3 �648.1 �1704.1 �1365.8 1641.4
NH2 3000.9 �1741.2 �828.0 �1671.4 �1413.5 1587.3
NMe2 3006.4 �1676.1 �862.4 �1681.4 �1406.7 1599.8
OH 3001.0 �1777.1 �824.9 �1673.0 �1425.0 1576.1
OMe 3004.7 �1823.5 �757.0 �1689.5 �1423.3 1581.4
Me 3002.4 �1760.2 �848.1 �1684.2 �1430.8 1571.6
F 3001.4 �1800.4 �833.2 �1675.7 �1436.4 1565.0
Cl 3003.8 �1777.8 �868.7 �1680.0 �1442.2 1561.7
Br 3008.7 �1883.4 �745.3 �1701.6 �1443.4 1565.2
CHCH2 3005.3 �1849.6 �786.8 �1696.4 �1444.3 1561.0
COOH 3007.4 �1812.7 �882.1 �1699.3 �1464.7 1542.7
COOMe 3010.0 �1469.6 �1197.4 �1715.7 �1460.9 1549.1
BH2 3001.5 �1846.4 �866.9 �1691.1 �1468.2 1533.3
CN 3002.1 �1829.1 �889.8 �1686.5 �1468.5 1533.6
CHO 3005.3 �1889.0 �819.9 �1697.2 �1468.7 1536.6
NO2 3004.9 �1836.6 �905.8 �1683.2 �1475.2 1529.7
Se+ 3006.6 �2563.0 �976.0 �1659.3 �1732.8 1273.9
S+ 3003.7 �2579.3 �1292.6 �1650.6 �1840.9 1162.9
O+ 3000.5 �2680.8 �1600.0 �1647.7 �1976.2 1024.4
4(pd)
H 3001.9 �1870.9 �869.9 �1437.6 �1392.8 1609.1
O� 3002.6 �1547.6 �875.7 �1541.6 �1321.7 1680.9
S� 3002.4 �1590.4 �868.2 �1507.8 �1322.1 1680.3
Se� 2999.4 �1603.2 �866.2 �1495.2 �1321.5 1677.9
NH2 3000.0 �1775.8 �861.7 �1451.5 �1363.0 1637.0
NMe2 3004.1 �1782.2 �842.4 �1452.8 �1359.1 1645.0
OH 3001.4 �1793.9 �863.7 �1449.1 �1368.9 1632.5
OMe 3005.4 �1805.2 �871.3 �1443.6 �1373.4 1632.1
Me 3002.2 �1821.7 �871.0 �1439.8 �1377.5 1624.7
F 3000.8 �1829.8 �866.2 �1443.7 �1379.9 1620.9
Cl 3000.8 �1834.5 �870.2 �1442.8 �1382.5 1618.2
Br 3000.5 �1835.5 �870.5 �1442.1 �1382.7 1617.8
CHCH2 3003.6 �1843.1 �876.7 �1438.7 �1386.2 1617.4
COOH 3006.1 �1880.4 �880.5 �1440.2 �1400.4 1605.7
COOMe 3004.2 �1872.6 �879.2 �1436.5 �1396.1 1608.1
BH2 3001.5 �1889.4 �884.3 �1439.2 �1404.3 1597.2
CN 2999.9 �1901.0 �881.6 �1440.1 �1407.6 1592.3
CHO 3003.3 �1895.1 �884.4 �1438.1 �1405.9 1597.4
NO2 3000.7 �1877.7 �884.4 �1442.8 �1401.6 1599.1
Se+ 2998.7 �1482.5 �45333.3 �1649.8 �16155.2 �13156.5
S+ 3000.2 �2941.4 295.6 �1657.9 �1434.6 1565.7
O+ 2999.2 �2821.1 �3947.0 �1713.4 �2827.2 172.0


[a] Structures were optimized with the 6–311+GACHTUNGTRENNUNG(3df) basis sets for Se and 6–311+G ACHTUNGTRENNUNG(3d,2p) basis sets for
other nuclei at the DFT (B3LYP) level, assuming pl and pd for each of Y. s(Se) were calculated based on the
DFT-GIAO method with the same basis sets.[29]
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Evaluation of magnetic tensors based on molecular orbitals:
Contributions of each molecular orbital (yi) and each yi!
yj transition on sp(Se) and the components, sp(Se)xx,
sp(Se)yy, and sp(Se)zz, are evaluated for 4a, 5a, 6a (Y=H),
and SeH2, by using a utility program (NMRANAL-
NH98G). The contributions were calculated in a similar
manner as the tensors given in Tables 3–5, by the same
method. The structures optimized with the Gaussian 03 pro-
gram were employed for the evaluation. The directions of
px(Se), py(Se), and pz(Se) are shown in Scheme 3. The pa-
rameteres sp(Se)xx, s


p(Se)yy, and sp(Se)zz arise from [py(Se);
pz(Se)], [pz(Se); px(Se)], and [px(Se); py(Se)], respectively,
in which [A; B] shows admixtures between atomic orbitals
A and B, under a magnetic field [compare with Eq. (5)].


Table 6 contains the values of sp(Se), the components,
and the contribution of each yi, together with orbital ener-
gies and main character of Se in SeH2.


[31] Table 7 shows the
contribution of each yi!yj transition on the sp(Se)xx,
sp(Se)yy, and sp(Se)zz parameters, together with the energy
differences of the transition and main character of Se in the
molecular orbital yj in SeH2. Table 8 exhibits sp(Se), the
components, and contributions of each yi, together with the
energies and main character of Se in 4a–6a,[32] for which
those of 4p(Se) and 4s(Se) are mainly shown for 4a and
those of 4p(Se) for 5a and 6a. Table 9 lists the contributions


of each yi!yj transition for 4a,
together with the energy differ-
ence of each transition and
main character of Se in the mo-
lecular orbital yj.


Contributions of the pz(Se)
character in occupied yi orbi-
tals were evaluated.[33] The
method is explained exempli-
fied by SeH2. The molecular or-
bitals y18, y13, y9, and y5 of
SeH2 have B1 symmetry. While
y18, y9, and y5 are mainly con-
structed from 4pz(Se), 3pz(Se),
and 2pz(Se), respectively, the
character of y13 is 3dxz(Se).


[34]


The four orbitals are assumed
to have the pz(Se) character
here and are denoted collec-
tively as “yi”. The sp(Se)xx,
sp(Se)yy, s


p(Se)zz, and sp(Se) pa-
rameters are summed over
“yi”. They are represented by
sp(Se)xx(zi), s


p(Se)yy(zi), s
p(Se)zz(zi),


and sp(Se)(zi), respectively, in
which the suffix (zi) means the
contribution of the pz(Se) char-
acter in occupied “yi”. The re-
sults are given in Table 10,
along with those for 4a–6a.[35, 36]


The parameters sp(Se)xx(zi) and
sp(Se)yy(zi) will be good approxi-


mations of the values from [pz(Se) in yi ; py(Se) in yj] and
[pz(Se) in yi ; px(Se) in yj], respectively. The sp(Se)zz(zi)
values are essentially zero, since they are related to [pz(Se)
in “yi”; pz(Se) in yj]. Those from [px(Se) in “yi”; py(Se) in
yj]+ [py(Se) in “yi”; px(Se) in yj] are also essentially zero,
since the px(Se) and py(Se) characters are negligible in “yi”.


Equation (8) defines sp(Se)AA(xi’+yi’) (A=x, y, z, and zero),
in which i’ comes from “yi’” that are yi other than “yi”.


[35]


They correspond to the contributions of px and py in yi to
sp(Se)AA.


spðSeÞAAðxi0þyi0 Þ ¼ spðSeÞAA�spðSeÞAAðziÞ ð8Þ


The values are also shown in Table 10. The sp(Se)xx(xi’+yi’)


values result from the admixtures [px(Se) in yi ; px(Se) in
yj]+ [py(Se) in yi ; pz(Se) in yj] and sp(Se)yy(xi’+yi’) to [px(Se)
in yi ; pz(Se) in yj]+ [py(Se) in yi ; py(Se) in yj]. The admix-
tures [px(Se) in yi ; px(Se) in yj] and [py(Se) in yi ; py(Se) in
yj] are denoted by sp(Se)xx(xi’) and sp(Se)yy(yi’), respectively,
which are essentially zero. Therefore, sp(Se)xx(xi’+yi’) and
sp(Se)yy(xi’+yi’) would reduce to sp(Se)xx(yi’) and sp(Se)yy(xi’), re-
spectively. The sp(Se)zz(xi’+yi’) parameter is related to [px(Se)
in yi ; py(Se) in yj]+ [py(Se) in yi ; px(Se) in yj] admixtures.


After evaluation of sp(Se) and the components under the
conditions, the next step is to elucidate the orientational


Table 4. Calculated absolute shielding tensors (s(Se)) of 5, containing various Y.[a]


Y sd(Se) sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) st(Se)


5(pl)
H 3006.5 �1893.4 �999.0 �1684.9 �1525.8 1480.7
O� 3005.4 �1685.1 �1056.5 �1640.3 �1460.7 1544.7
COO� 3008.7 �1544.2 �1236.7 �1676.3 �1485.7 1523.0
NMe2 3007.7 �1645.4 �1194.5 �1669.5 �1503.1 1504.6
OMe 3007.4 �1741.5 �1136.8 �1677.1 �1518.4 1488.9
Me 3008.0 �1815.2 �1064.7 �1678.0 �1519.3 1488.7
F 3006.2 �1911.7 �990.8 �1680.6 �1527.7 1478.6
Cl 3006.7 �1639.8 �1269.8 �1682.4 �1530.7 1476.0
Br 3008.1 �1768.8 �1156.2 �1679.0 �1534.7 1473.5
COOMe 3009.6 �1840.5 �1132.8 �1687.1 �1553.5 1456.1
CN 3006.6 �1601.6 �1377.0 �1688.1 �1555.6 1451.0
BH2 3006.9 �1892.9 �1110.2 �1683.2 �1562.1 1444.8
NO2 3007.0 �1800.0 �1220.1 �1690.0 �1570.1 1436.9
NH3


+ 3006.9 �1771.0 �1401.0 �1709.6 �1627.2 1379.7
5(pd)
H 2998.0 �1956.8 �1086.4 �1656.9 �1566.7 1431.3
O� 3000.3 �1606.3 �1203.9 �1716.8 �1509.0 1491.3
COO� 3002.2 �1766.1 �1152.4 �1640.9 �1519.8 1482.4
NMe2 3003.5 �1889.2 �1062.0 �1660.9 �1537.3 1466.2
OMe 3004.1 �1938.6 �1059.6 �1656.6 �1551.6 1452.5
Me 2999.8 �1908.0 �1090.1 �1657.2 �1551.8 1448.0
F 2998.1 �1916.6 �1077.7 �1663.9 �1552.8 1445.4
Cl 2999.3 �1925.8 �1078.6 �1664.3 �1556.2 1443.1
Br 3001.0 �1930.0 �1077.7 �1663.5 �1557.1 1443.9
COOMe 3006.4 �2017.8 �1057.8 �1658.7 �1578.1 1428.3
CN 2998.0 �1995.5 �1076.6 �1668.2 �1580.1 1417.9
BH2 2998.2 �1979.9 �1089.7 �1662.8 �1577.5 1420.7
NO2 2999.5 �1977.4 �1075.9 �1671.0 �1574.7 1424.7
NH3


+ 2996.9 �2131.1 �1028.0 �1731.9 �1630.4 1366.5


[a] Structures were optimized with the 6–311+GACHTUNGTRENNUNG(3df) basis sets for Se and 6–311+G ACHTUNGTRENNUNG(3d,2p) basis sets for
other nuclei at the DFT (B3LYP) level, assuming pl and pd for each of Y. s(Se) were calculated based on the
DFT-GIAO method with the same basis sets.[29]


Chem. Eur. J. 2006, 12, 3829 – 3846 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3835


FULL PAPERNMR Analysis



www.chemeurj.org





effect in 4–6. Contributions by pz(Se) in yi will be discussed
separately from those by px(Se) and py(Se) in yi. The sepa-
ration of contributions of px(Se) from those of py(Se) is also
attempted, if possible. However, before we discuss the re-
sults for 4–6, the sp(Se) values of SeH2 will be surveyed
first.[37,38]


Analysis of sp(Se) in SeH2:
What admixtures cause the
shifts in SeH2? Contributions of
each yi and each yi!yj transi-
tion will answer the question.
The y18 orbital (HOMO:
np(Se)) of 4pz(Se) contributes
�641 ppm to sp(Se) (sp(Se)xx=
�1335 ppm and sp(Se)yy=
�587 ppm), which is 69% of
the total sp(Se) (Table 6). The
y18!y20 (s* ACHTUNGTRENNUNG(SeH2:b2)) transi-
tion is mainly responsible for
sp(Se)xx (�1250 ppm) and y18!
y19 (s* ACHTUNGTRENNUNG(SeH2:a1)) and y18!y24


(s*(SeH2: a1’)) for sp(Se)yy
(�511 ppm by the two;
Table 7). y17 (sACHTUNGTRENNUNG(SeH2:a1)) and
y16 (sACHTUNGTRENNUNG(SeH2:b1)) contribute
�334 and �521 ppm, respec-
tively, to sp(Se)zz. While the
y17!y20 transition contributes
�580 ppm to sp(Se)zz ; suitable
transitions responsible for y16


cannot be found, other than the
y16!y24 transition (sp(Se)zz=
�164 ppm). They must be
spread over a wide range of yj.


Contributions from the
pz(Se) character were also ex-
amined (Table 10). The
sp(Se)(zi) value of �646 ppm
corresponds to 69% of total
sp(Se) and 99% of sp(Se)(zi)
comes from y18. Although
sp(Se)xx(zi) (�1344 ppm),
sp(Se)yy(zi) (�595 ppm), and
sp(Se)zz(xi’+yi’) (�1031 ppm) con-
tribute much to the downfield
shift, sp(Se)xx(xi’+yi’) and
sp(Se)yy(xi’+yi’) contribute to the
upfield shift. The results show
that vacant orbitals containing
the pz(Se) character do not con-
tribute to the downfield shift in
SeH2. After survey of SeH2,
next extension is to elucidate
the orientational effect of 4–6.


Analysis of orientational effect in 4a–6a: The s(Se) param-
eters of 4–6 are collected in Tables 3–5, respectively. The
sp(Se) and st(Se) of 4a(pd) (Y=H) were evaluated to be
larger (more upfield) than those of 4a(pl) by 43 and
46 ppm, respectively; these shifts correspond to the orienta-
tional effect caused by Ph in 4a.[39] The inverse orientational
effect is predicted for 5a (Y=H). The values of sp(Se) and
st(Se) of 5a(pd) are smaller than those of 5a(pl) by 41 and


Table 5. Calculated absolute shielding tensors (s(Se)) of 6, containing various Y.[a]


Y sd(Se) sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) st(Se)


6(pl)
H 2995.1 �1527.4 �1887.5 �1815.6 �1743.5 1251.6
O� 2999.0 �1282.9 �2021.7 �1829.9 �1711.5 1287.5
COO� 2999.3 �1379.1 �1953.6 �1840.6 �1724.5 1274.9
NMe2 2997.7 �1462.8 �1902.3 �1811.6 �1725.5 1272.1
OMe 2995.5 �1504.1 �1887.4 �1813.2 �1734.9 1260.6
Me 2995.6 �1517.7 �1888.8 �1814.2 �1740.3 1255.3
F 2994.5 �1544.4 �1879.4 �1808.1 �1743.9 1250.5
Cl 2994.1 �1550.2 �1873.8 �1809.2 �1744.4 1249.7
Br 2996.5 �1553.1 �1871.1 �1817.4 �1747.2 1249.3
COOMe 2997.2 �1574.5 �1871.7 �1830.0 �1758.7 1238.5
CN 2994.8 �1605.6 �1869.2 �1815.6 �1763.5 1231.4
NO2 2994.4 �1630.8 �1867.8 �1815.7 �1771.4 1223.0
NH3


+ 2992.1 �1786.8 �1835.6 �1804.9 �1809.1 1183.0
6(pd)
H 2995.1 �1887.5 �1527.4 �1815.6 �1743.5 1251.6
O� 2997.2 �1592.1 �1641.6 �1882.9 �1705.5 1291.6
COO� 2999.3 �1733.0 �1601.5 �1815.2 �1716.6 1282.7
NMe2 2998.3 �1787.3 �1531.6 �1818.6 �1712.5 1285.8
OMe 3002.2 �2044.1 �1313.9 �1816.4 �1724.8 1277.4
Me 2996.4 �1843.1 �1532.7 �1814.8 �1730.2 1266.2
F 2994.8 �1851.2 �1517.7 �1815.0 �1728.0 1266.8
Cl 2995.1 �1859.5 �1519.1 �1812.1 �1730.2 1264.9
Br 2997.2 �1871.4 �1514.8 �1812.8 �1733.0 1264.2
COOMe 3003.2 �2085.4 �1341.9 �1817.2 �1748.2 1255.1
CN 2998.5 �2132.1 �1310.6 �1818.8 �1753.8 1244.6
NO2 2995.5 �1914.6 �1502.6 �1816.1 �1744.4 1251.1
NH3


+ 2992.2 �2043.9 �1437.0 �1848.7 �1776.5 1215.7


[a] Structures were optimized with the 6–311+GACHTUNGTRENNUNG(3df) basis sets for Se and 6–311+G ACHTUNGTRENNUNG(3d,2p) basis sets for
other nuclei at the DFT (B3LYP) level, assuming pl and pd for each of Y. s(Se) are calculated based on the
DFT-GIAO method with the same basis sets.[29]


Table 6. Contributions of each yi on sp(Se) and the components in SeH2, together with the energies and the
main characters.[a]


i in yi e [eV] sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) sym character


18 �6.91 �1334.9 �586.8 �0.4 �640.7 B1 4pz(Se)
17 �9.86 �4.4 104.2 �333.9 �78.0 A1 s ACHTUNGTRENNUNG(4px(Se): a1)
16 �11.53 88.7 �15.1 �521.4 �149.3 B2 s ACHTUNGTRENNUNG(4py(Se): b2)
15 �19.58 �1.3 1.7 �16.2 �5.3 A1 s ACHTUNGTRENNUNG(4 s(Se))
10–14 [b] 1.6 �1.2 6.6 2.3 [c] 3d(Se)
9 �156.63 �13.3 �7.8 0.0 �7.1 B1 3pz(Se)
8 �156.85 0.0 2.1 �186.1 �61.3 A1 s ACHTUNGTRENNUNG(3px(Se): a1)
7 �156.95 �1.9 0.0 -8.1 �3.3 B2 s ACHTUNGTRENNUNG(3py(Se): b2)
6 �212.85 0.0 0.0 0.2 0.1 A1 3 s(Se)
5 �1418.53 4.3 5.9 0.0 3.4 B1 2pz(Se)
4 �1418.60 0.0 �0.7 25.4 8.2 A1 s ACHTUNGTRENNUNG(2px(Se): a1)
3 �1418.63 �2.3 0.0 2.4 0.0 B2 s ACHTUNGTRENNUNG(2py(Se): b2)
1, 2 [d] 0.0 0.0 0.0 0.0 A1 1 s(Se), 2 s(Se)
1–18 �1263.6 �497.7 �1031.5 �930.9


[a] Calculated using a utility program (NMRANAL-NH98G). [b] �57.65 to �57.33 eV. [c] Symmetries are B2,
A1, A2, B1, and A1 for i=10–14, respectively. [d] �12350.82 and �1580.42 eV for i=1 and 2, respectively.
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49 ppm, respectively. While the values of sp(Se) and st(Se)
for 5a(pl) are smaller than those of 4a(pl) by 90 and
83 ppm, respectively, the values of 5a(pd) are smaller than
those of 4a(pd) by 174 and 178 ppm, respectively. The dif-
ferences are �84 and �95 ppm, respectively, which also cor-
respond to the orientational effect of the Ph group in 5a
and 4a. The more effective contribution to downfield shifts
by the Se�CMe bond in 5a(pd), relative to 5a(pl), must be
responsible for the results.


The y38 orbital (HOMO) of 4pz(Se)-p2 in 4a(pl) contrib-
utes �220 ppm to sp(Se) (sp(Se)xx=�454 ppm and
sp(Se)yy=�200 ppm). The magnitude seems smaller than
that expected from the p–p conjugation. The y38!y41


(s*(CPhSeH:b2) transition is mainly responsible for sp(Se)xx
(�325 ppm) and sp(Se)yy (�429 ppm). Although y36 and y32


also contain 4pz(Se) and p(Ph) character, they contribute to
upfield shifts. Instead, large downfield shifts are brought
about by y35 of s(CPhSeH:a1) and y33 of sACHTUNGTRENNUNG(Se�H): the sp(Se)
value for y35 is �568 ppm (sp(Se)xx=�367 ppm, sp(Se)yy=
�217 ppm, and sp(Se)zz=�1121 ppm) and the sp(Se) value
for y33 is �515 ppm (sp(Se)yy=�767 ppm and sp(Se)zz=
�765 ppm). The y35!y41 and y33!y41 transitions mainly
contribute to sp(Se)zz with values of �1001 and �749 ppm,
respectively. Typical transitions in 4a(pl) are depicted in Fig-
ure 4a, which clarifies and visualizes the discussion.


As shown in Table 10, sp(Se)xx(zi), s
p(Se)yy(zi), and sp(Se)(zi)


of 4a(pl) are �1305, 507, and �270 ppm, respectively. Al-
though the main interaction in 4a(pl) is the pz(Se)–p(Ph)
conjugation, sp(Se)(zi) of �270 ppm corresponds to only
19% of total sp(Se), which is a striking contrast to the case
of SeH2. It must be the reflection of sp(Se)yy(zi)=507 ppm.
The large negative value of sp(Se)yy(xi’+yi’)=�1553 ppm dem-
onstrates the substantial contribution of pz(Se) in p* ACHTUNGTRENNUNG(SePh)
to the downfield shift in 4a(pl).


In the case of 4a(pd), a very large downfield shift is
brought about by y38 (HOMO: np(Se)), which is constructed
from almost pure 4pz(Se).


[40] Since y38 is filled with elec-
trons, both 4px(Se) and 4py(Se) in s* ACHTUNGTRENNUNG(CPhSeH) are expected
to play a predominant role in the downfield shift. The
expectation is demonstrated by the large negative values
of sp(Se)xx (�1514 ppm) and sp(Se)yy (�468 ppm) in


y38 (Table 8), together with sp(Se)xx(zi)=�1831 ppm


and sp(Se)yy(zi)=�602 ppm
(Table 10). The value of
sp(Se)xx(yi’+xi’) is 9 ppm, which is
mainly produced from [py(Se)
in yi ; pz(Se) in yj]. The results
show that pz(Se) in vacant yj


contributes little in 4a(pd), al-
though sp(Se)yy(yi’+xi’) is
�316 ppm. Instead, sp(Se)zz(yi’+xi’)


(�1443 ppm) contributes to a
large downfield shift, which
must come from the various
contributions of 4px(Se) and
4py(Se) in s ACHTUNGTRENNUNG(CPhSeH) and s*-
ACHTUNGTRENNUNG(CPhSeH). The s ACHTUNGTRENNUNG(CPhSeH)–


p(Ph) interaction could contribute to the values in 4a(pd).
Typical transitions in 4a(pd) are depicted in Figure 4b.


The sp(Se) values of 5a and 6a are analyzed similarly. For
5a(pl), the y42 (HOMO: 4pz(Se)-p2) and y39 (s(CPhSeCMe:
a1)) orbitals contribute large downfield shifts to sp(Se),
�363 and �857 ppm, respectively. The y42 (HOMO:
4pz(Se)) and y39 (s(CPhSeCMe: a1)) orbitals of 5a (pd) con-
tribute �591 and �593 ppm, respectively, to sp(Se). The
sp(Se)(zi) values of 5a (pl) and 5a (pd) are �769 and
�833 ppm, respectively. The difference contributes to the
orientational effect of 5a. The more effective contribution
by the Se�CMe bond in 5a(pd) to the downfield shifts than
that in 5a(pl) must be responsible for the effect.


In the case of 6a, y58 (HOMO: 4pz(Se)-p2(pl)) and y53


(s(CPhSeCPh: a1)) contribute large downfield shifts to sp(Se)
with �631 and �1084 ppm, respectively. The sp(Se)yy(zi)
(�1800 ppm), sp(Se)xx(xi’+yi’) (�1309 ppm), and sp(Se)zz(xi’+yi’)


(�1805 ppm) components contribute greatly to downfield
shifts, whereas sp(Se)xx(zi) (�6 ppm) is very small. The axes
of 6a were bisected in the Gaussian 98 program.[32]


What mechanism is operating in the Y dependence? The
sp(Se) of 4–6 in pl and pd are analyzed next.


Y dependence in 4–6: The Y dependence in 4–6 was exam-
ined employing sp(Se) and the components in Tables 3–5.
While sp(Se)xx and sp(Se)yy in 4(pl) shift downfield and up-
field by 200–300 ppm, respectively, when Y=H is replaced
by Y=non-H,[41] those in 5(pl) shift upfield and downfield
by 100–200 ppm, respectively.[42] Such trend is not clear in
4(pd), 5(pd), and 6.


To clarify the behavior of sp(Se) in 4(pl) and 4(pd), sp(Se)
was plotted versus (sp(Se)xx+sp(Se)yy). Figures 5a and b ex-
hibit the plots of sp(Se) in 4(pl) for all Y examined (contain-
ing anionic and cationic substituents) and that for Y of non-
ionic groups, respectively. The correlation with all Y is very
good and that with Y of non-ionic groups is also good.[43]


The results are given in Table 2 (entries 11 and 12). The plot
of sp(Se) versus (sp(Se)xx+sp(Se)yy) for 4(pd) gives a very
good correlation for all Y;[43] this result may be due to a
very wide range of sp(Se) (entry 13).[44] Figure 5c shows a
similar plot for 4(pd) with Y being non-ionic groups. The
correlation is very good and is given in Table 2 (entry 14).


Table 7. Contributions of each yi!yj transition on sp(Se)xx, s
p(Se)yy, and sp(Se)zz in SeH2, together with the


energy differences and characters of yj.
[a,b]


yi!yj De [eV] sp(Se)xx sp(Se)yy sp(Se)zz character of yj


18(B1)!19(A1) 6.28 0 �254 0 s* ACHTUNGTRENNUNG(SeH2: a1)
18(B1)!20(B2) 6.67 �1250 0 0 s* ACHTUNGTRENNUNG(SeH2: b2)
18(B1)!24(A1) 8.69 0 �257 0 s*(SeH2: a1’)
18(B1)!32(B2) 15.79 �138 0 0 [c]


17(A1)!20(B2) 9.62 0 0 �580 s* ACHTUNGTRENNUNG(SeH2: b2)
17(A1)!32(B2) 18.74 0 �151 0 [c]


16(B2)!24(A1) 13.31 0 0 �164 s*(SeH2: a1’)
16(B2)!31(B1) 20.18 �124 0 0 s*(SeH2: b2’)


[a] Calculated using a utility program (NMRANAL-NH98G). [b] Values are shown if the magnitude of the
total contribution, jsp(Se)xx+sp(Se)yy+sp(Se)zz j , is larger than 120 ppm. [c] Would be 5pz(Se).
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Points corresponding to Y=O�, S�, and Se� were also
added in Figure 5c, although they deviate from the correla-
tion. The correlation constants in entries 11–14 are 0.31–
0.36, which are very close to one third (cf : Equation (2)).
The results exhibit that the Y dependence of sp(Se)zz is neg-
ligible in 4 (see, Figure 6).[43] Namely, (sp(Se)xx+sp(Se)yy) ef-
fectively controls sp(Se) of 4.


Similar trends in the Y dependence are also observed in 5
and 6. The plots of sp(Se) versus (sp(Se)xx+sp(Se)yy) give


good correlations both for 5(pl)
with all Y and 5(pd) with Y of
non-ionic groups (entries 15
and 16). Those of sp(Se) versus
(sp(Se)xx+sp(Se)yy) in 6(pl)
with all Y and in 6 (pd) with Y
of non-ionic groups are also
very good (entries 17 and 18).
The a values of 0.31–0.34 show
that (sp(Se)xx+sp(Se)yy) control
sp(Se) in 5 and 6.[43]


The mechanism of the Y de-
pendence can be elucidated in
more detail, if sp(Se)xx and
sp(Se)yy can be analyzed sepa-
rately. To get an image in the
behavior of sp(Se)xx and
sp(Se)yy, together with sp(Se)zz,
they are plotted versus sp(Se).
Figure 6 shows the results for
4(pd), 5(pd), and 6(pl). The cor-
relations for 4(pd) are linear
and both sp(Se)xx and sp(Se)yy
increase along with sp(Se).
While sp(Se)xx and sp(Se)yy of
5(pd) and 6(pl) are on smooth
lines, each slope for sp(Se)yy is
the inverse of that for sp(Se)xx.
The slopes for sp(Se)zz are very
small for all cases.[43]


sp(Se)yy was plotted versus
sp(Se)xx for 4–6. A fairly good
correlation is obtained in the
plot of 4(pd) for Y of non-ionic
groups with a=0.23 and r=0.85
(entry 19 in Table 2). The a
value of 0.23 for 4(pd) may in-
dicate that the 4py(Se) orbital
involved in the Se�CAr bond is
about four times more sensitive
to the Y dependence than the
4px(Se) orbital involved in the
Se�H bond. The plot for 5(pd)
with all Y also gives a good cor-
relation, but with a negative
correlation constant, a=�0.33
and r=0.93 (entry 20). While
the 4py(Se) orbital involved in


the Se�CAr bond of 5(pd) contributes to the regular direc-
tion to sp(Se), the 4px(Se) orbital involved in the Se�CMe


bond would work to shift to the inverse direction. Similar
plots for 6(pl) and 6(pd) with all Y give good correlations,
with a=�0.36 and r=0.92 (entry 21) and a=�0.65 and r=
0.95 (entry 22), respectively. The 4py(Se) orbital involved in
the Se�CAr bond contributes to the regular direction in
sp(Se), but the 4px(Se) orbital in the Se�CPh bond seems to
shift to the inverse direction both in 6(pl) and 6(pd). The re-


Table 8. Contributions of each yi on sp(Se) and the components in 4a–6a, together with the energies and the
main characters.[a]


i in yi e [eV] sp(Se)xx sp(Se)yy sp(Se)zz sp(Se) main character


4a(pl)
38[b] �6.08 �454.4 �199.6 �4.9 �219.6 4pz(Se)-p2


37 �7.29 3.5 �4.9 �3.3 �1.6 p2’
36 �8.05 �509.3 643.9 �4.0 43.5 4pz(Se)+p2


35 �9.02 �366.9 �217.0 �1121.1 �568.3 s(CPhSeH: a1)
34 �9.80 0.2 �25.5 34.0 2.9 s(Ph)
33 �10.28 �12.6 �766.9 �765.0 �514.8 s ACHTUNGTRENNUNG(Se-H)
32 �10.53 �310.6 596.0 0.1 95.2 4pz(Se)+p1


31 �11.41 �32.9 �251.1 358.0 24.7 s(CPhSeH: b2)
1–38 �1572.3 �1046.1 �1696.8 �1438.4
D[c] 0.0 0.0 0.0 0.0
4a (pd)
38[b] �6.53 �1514.4 �468.3 �0.2 �661.0 4pz(Se)
37 �7.28 3.1 �33.8 �263.8 �98.2 s ACHTUNGTRENNUNG(Se-H)+p2


36 �7.34 �4.5 �5.8 �0.5 �3.6 p2’
35 �8.98 �124.1 �16.9 �791.6 �310.8 s(CPhSeH: a1)
34 �9.85 �79.7 �5.6 �0.2 �28.5 s(Ph)
33 �10.04 �36.5 �104.0 �121.8 �87.4 s ACHTUNGTRENNUNG(Se-H)-p1


32 �10.76 60.4 �48.7 �245.5 �77.9 s ACHTUNGTRENNUNG(Se-H)+p1


31 �11.53 26.8 �68.8 198.1 52.0 s(CPhSeH: b2)
1–38 �1821.8 �917.9 �1439.8 �1393.2
D[c] �249.5 128.2 257.0 45.2
5a(pl)
42[b] �5.75 �862.5 �222.3 �3.4 �362.7 4pz(Se)-p2


41 �7.17 �4.9 2.0 �3.4 �2.1 p2’
40 �7.78 �596.5 104.4 �4.0 �165.4 4pz(Se)+p2


39 �8.60 �56.2 �490.2 �2023.6 �856.7 s(CPhSeCMe: a1)
38 �9.46 �143.8 �45.1 685.3 165.5 s ACHTUNGTRENNUNG(Se-CMe)+s(Ph)[d]


1–42 �1893.4 �999.0 �1684.9 �1525.8
D[e] 0.0 0.0 0.0 0.0
5a(pd)
42[b] �6.03 �1245.5 �525.8 �0.1 �590.5 4pz(Se)
41 �7.14 �26.3 �26.1 �381.6 �144.7 s ACHTUNGTRENNUNG(Se-CMe)+p2


40 �7.26 �11.0 �5.8 �0.2 �5.7 p2’
39 �8.56 �25.0 �200.2 �1553.7 �593.0 s(CPhSeCMe: a1)
38 �9.48 �310.8 42.6 917.5 216.4 s ACHTUNGTRENNUNG(Se-CMe)+p(Ph)[d]


1–42 �1954.2 �1110.5 �1657.8 �1574.2
D[e] �60.8 �111.5 27.1 �48.4
6a[f]


58[b] �5.82 �611.1 �1278.2 �3.2 �630.9 4pz(Se)-p2(pl)


57 �7.11 5.4 �2.9 �4.9 �0.8 p2(pl)’
56 �7.32 �234.0 �16.3 �278.5 �176.2 s ACHTUNGTRENNUNG(SeCPh(pl))-p2(pd)


55 �7.41 �36.4 �21.1 1.2 �18.8 p2(pd)’
54 �7.80 638.1 �267.0 �6.1 121.7 4pz(Se)+p2(pl)


53 �8.73 �954.5 �36.6 �2260.1 �1083.7 s ACHTUNGTRENNUNG(CPh(pl)SeCPh(pd): a1)
52 �9.29 24.7 �454.6 524.4 31.5 s ACHTUNGTRENNUNG(CPh(pl)SeCPh(pd): b2)
1–58 �1314.7 �2120.3 �1816.4 �1750.5


[a] Calculated using a utility program (NMRANAL-NH98G). [b] Corresponding to HOMO. [c] sp
ACHTUNGTRENNUNG(Se:4a ACHTUNGTRENNUNG(pl or


pd))AA�sp
ACHTUNGTRENNUNG(Se:4a(pl))AA, in which A=x, y, z, and zero. [d] Containing the s(CPhSeCMe: b2) character. [e] sp-


ACHTUNGTRENNUNG(Se:5a ACHTUNGTRENNUNG(pl or pd))AA�sp
ACHTUNGTRENNUNG(Se:5a(pl))AA, in which A=x, y, z, and zero. [f] Axes are in the bisected form in Gaussi-


an 98.[32]
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sults are summarized in Scheme 4. The correlations are poor
for 4(pl) and 5(pl).


Mechanism of Y dependence:
The fact that sp(Se) of 4–6 in pl
and pd are effectively control-
led by (sp(Se)xx+sp(Se)yy) lead
us to elucidate the mechanisms
of the Y dependence in the ori-
entational effect, based on the
magnetic perturbation theory.
The mechanisms are explained
exemplified by 4(pl) and 4(pd).


The main interaction be-
tween 4pz(Se) and pz(Y) in
4(pl) is the 4pz(Se)–p ACHTUNGTRENNUNG(C6H4)–
pz(Y) type of interaction, which
modifies the contributions of
4pz(Se) in the p ACHTUNGTRENNUNG(SeC6H4Y) and
p* ACHTUNGTRENNUNG(SeC6H4Y) molecular orbi-
tals. Admixtures between
4pz(Se) in modified p-
ACHTUNGTRENNUNG(SeC6H4Y) and p* ACHTUNGTRENNUNG(SeC6H4Y)
molecular orbitals with 4py(Se)
and 4px(Se) in sACHTUNGTRENNUNG(CArSeH) and
s* ACHTUNGTRENNUNG(CArSeH) molecular orbitals
give rise to the Y dependence,
when a magnetic field is ap-
plied. Consequently, when the
Y subsitiutent is an electron
donor or an electron acceptor,
dSe of 4(pl) depend on the sub-
stituent. The mechanism seems
applicable to a wide range of Y
(see, Figure 5a). In the case of
4(pd), the 4pz(Se) orbital re-
mains in np(Se) in the almost
pure form.[40] The sACHTUNGTRENNUNG(CArSeH)–p-
ACHTUNGTRENNUNG(C6H4)–px(Y) interaction occurs
instead; this interaction modi-
fies the contributions of 4px(Se)
and 4py(Se) orbitals in the s-
ACHTUNGTRENNUNG(CArSeH) and s* ACHTUNGTRENNUNG(CArSeH) mo-
lecular orbitals. Admixtures of
4pz(Se) in np(Se) with 4py(Se)
and 4px(Se) in modified s*-
ACHTUNGTRENNUNG(CArSeH) mainly occur in
4(pd), since np(Se) is filled with
electrons. Namely, the Y de-
pendence in 4 (pd) must be
more sensitive to an electron-
donating Y group; this result is
in striking contrast to that of
4(pl).


The mechanisms proposed
for 4(pl) and 4(pd) are support-


ed by the values found for sp(Se)SCS. The sp(Se)SCS values
for 4(pl) are in an order of Y=NO2 (�39.1)<CN (�32.4)<
F (�0.3)H (0.0)<Me (5.3)<NMe2 (29.4 ppm) and those
for 4(pd) are Y=CN (�14.8)<NO2 (�8.8)<H (0.0)<F


Table 9. Contributions of each yi!yj transition on sp(Se)xx, s
p(Se)yy, and sp(Se)zz in 4a(pl) and 4a(pl), togeth-


er with the energy differences and the main characters of yj.
[a,b]


yi!yj De [eV] sp(Se)xx sp(Se)yy sp(Se)zz character of yj


4a(pl)
38 ACHTUNGTRENNUNG(A’’)!41(A’) 5.43 �325 �429 0 s*(CPhSeH: b2)
38 ACHTUNGTRENNUNG(A’’)!42(A’) 5.97 �178 11 0 s* ACHTUNGTRENNUNG(Se-CPh)
38 ACHTUNGTRENNUNG(A’’)!43(A’) 6.29 �41 �116 0 s*(CPhSeH: b2’)
38 ACHTUNGTRENNUNG(A’’)!51(A’) 8.06 �264 �17 0 s*(CPhSeH: a1)
36 ACHTUNGTRENNUNG(A’’)!41(A’) 7.40 �124 �163 0 s*(CPhSeH: b2)
35(A’)!41(A’) 8.37 0 0 �1001 s*(CPhSeH: b2)
35(A’)!43(A’) 9.23 0 0 �172 s*(CPhSeH: b2’)
35(A’)!47 ACHTUNGTRENNUNG(A’’) 10.11 �46 �142 0 [c]


35(A’)!81 ACHTUNGTRENNUNG(A’’) 17.20 �135 �33 0 [d]


33(A’)!41(A’) 9.63 0 0 �749 s*(CPhSeH: b2)
33(A’)!42(A’) 10.16 0 0 137 s* ACHTUNGTRENNUNG(Se-CPh)
33(A’)!47 ACHTUNGTRENNUNG(A’’) 11.37 �20 �438 0 5pz(Se)
33(A’)!51(A’) 12.25 0 0 �127 s*(CPhSeH: a1)
33(A’)!54(A’) 12.91 0 0 151 [d]


33(A’)!79(A’) 17.46 0 0 �128 [d]


4a(pd)
38 ACHTUNGTRENNUNG(A’’)!41(A’) 6.18 �433 �264 0 s*(CPhSeH: b2)
38 ACHTUNGTRENNUNG(A’’)!42(A’) 6.43 �344 �48 0 s* ACHTUNGTRENNUNG(CPhSeH)
38 ACHTUNGTRENNUNG(A’’)!43(A’) 6.80 �121 �200 0 s*(CPhSeH: b2)
38 ACHTUNGTRENNUNG(A’’)!45(A’) 7.37 �13 �116 0 s* ACHTUNGTRENNUNG(Se-H)
38 ACHTUNGTRENNUNG(A’’)!48(A’) 7.85 �277 0 0 s* ACHTUNGTRENNUNG(Se-CPh)
38 ACHTUNGTRENNUNG(A’’)!53(A’) 8.90 �146 �16 0 [d]


35(A’)!41(A’) 8.63 0 0 �284 s*(CPhSeH: b2)
35(A’)!43(A’) 9.25 0 0 �175 s*(CPhSeH: b2)


[a] Calculated using a utility program (NMRANAL-NH98G). [b] Values are shown if the magnitude of the
total contribution, jsp(Se)xx+sp(Se)yy+sp(Se)zz j , is larger than 120 ppm. [c] Would be 5pz(Se). [d] Difficult to
specify.


Table 10. Contributions of “yi” and “yi’” to sp(Se)AA (A=x, y, z, and zero) in 4a–6a, together with SeH2.
[a]


y sp(Se)AA x y z zero


SeH2


y1–y18 sp(Se)AA �1264 �498 �1031 �931
“yi”


[b] sp(Se)AA(zi) �1344 �595 0 �646
“yi’” sp(Se)AA(xi’+yi’) 80 97 �1031 �285
4a(pl)
y1–y38 sp(Se)AA �1572 �1046 �1697 �1438
“yi”


[c] sp(Se)AA(zi) �1305 507 �11 �270
“yi’” sp(Se)AA(xi’+yi’) �267 �1553 �1686 �1168
4a(pd)
y1–y38 sp(Se)AA �1822 �918 �1440 �1393
“yi”


[c] sp(Se)AA(zi) �1831 �602 3 �810
“yi’” sp(Se)AA(xi’+yi’) 9 �316 �1443 �583
5a(pl)
y1–y42 sp(Se)AA �1893 �999 �1685 �1526
“yi”


[c] sp(Se)AA(zi) �1879 �413 �14 �769
“yi’” sp(Se)AA(xi’+yi’) �14 �586 �1671 �757
5a(pd)
y1–y42 sp(Se)AA �1954 �1110 �1658 �1574
“yi”


[c] sp(Se)AA(zi) �1632 �865 �2 �833
“yi’” sp(Se)AA(xi’+yi’) �322 �246 �1656 �741
6a[d]


y1–y58 sp(Se)AA �1315 �2120 �1816 �1750
“yi”


[c] sp(Se)AA(zi) �6 �1800 �11 �606
“yi’” sp(Se)AA(xi’+yi’) �1309 �320 �1805 �1144


[a] Calculated using a utility program (NMRANAL-NH98G). [b] Belonging to the B1 symmetry. [c] Belonging
to the A’’ symmetry. [d] Axes are in the bisected form in Gaussian 98.[32]
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(12.9)<Me (15.3)<NMe2 (33.7 ppm). It is demonstrated
that both electron-donating and electon-accepting Y moiet-
ies contribute effectively to sp(Se)SCS in 4(pl), whereas elec-
tron-donating Y groups are more effective than electron-ac-
cepting groups in 4(pd). The predictions made for 4(pl) and
4(pd) are observed in 1 and 2, respectively. Similar mecha-
nisms must operate for 5 and 6.


Details of the mechanism seem complex, since the contri-
butions of Y=NO2 and CN are different in 4(pl) and 4(pd).
To clarify the mechanisms in more detail, the sp(Se)(zi)SCS
values for 4(pl) and 4(pd) were evaluated for Y=NH2, Me,
F, CN, and NO2, in addition to Y=H, by summarizing
sp(Se) over “yi”.


[35] The sp(Se)(xi’+yi’)SCS values were also cal-
culated according to Equation (8). The results are collected
in Table 11. The signs of the sp(Se)(zi)SCS values are for most
cases the same as those found for sp(Se)SCS. The sp(Se)SCS
parameters are roughly controlled by sp(Se)(zi)SCS and im-
proved numerically by sp(Se)(xi’+yi’)SCS both for 4(pl) and
4(pd). The magnitudes of sp(Se)(zi)SCS and sp(Se)(xi’+yi’)SCS are
less than 90 ppm, except for 4(pl: Y=NO2) for which values
of 500 ppm are found; this result must be a reflection of the
good electron-accepting character and the ability to extend
p-systems. However, it is noteworthy that the total effect by
NO2 fits almost in the range of the substituents. The orienta-
tional effect, together with the mechanism of Y dependence,


is well established based on the experimental and theoreti-
cal investigations.


Conclusion


The orientational effect is empirically established by the Y
dependence on d(Se) of 1 and 2. The sets of d(Se) of 1 and
2 can be used as the standards for pl and pd, respectively,
when d(Se) of aryl selenides are analyzed. The Y depen-
ACHTUNGTRENNUNGdence observed in 1 and 2 is well explained by analyzing the


Figure 4. Contribution of each yi!yj transition to sp(Se): a) for 4a(pl)
and b) for 4a(pd).


Figure 5. Plots of sp(Se) versus sp(Se)xx+sp(Se)yy : a) For 4(pl) with all Y,
b) for 4(pl) with Y of non-ionic groups, and c) for 4(pd) with Y of non-
ionic groups (&), together with Y of anionic groups (&).
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st(Se) values of 6(pl) and 6(pd), respectively, calculated with
the DFT-GIAO method. While st(Se) of 4a(pl) is predicted
to be more negative than that of 4a(pd) by 46 ppm, st(Se)
of 5a(pl) is evaluated to be larger than that of 5a(pd) by
49 ppm. The differences correspond to the orientational
effect of the Ph group in 4a and 5a.


Very good correlations are obtained in the plots of sp(Se)
versus (sp(Se)xx+sp(Se)yy) for 4–6 in pl and pd. Since the
correlation constants (a) are very close to one third, sp(Se)zz
must be almost constant when Y is changed. Consequently,


we have demonstrated that (sp(Se)xx+sp(Se)yy) effectively
control sp(Se) of 4–6 in pl and pd. The results allowed us to
elucidate the mechanisms of the Y dependence in the orien-
tational effect, based on the magnetic perturbation theory.
The main interaction in pl is the np(Se)–p ACHTUNGTRENNUNG(C6H4)–pz(Y) con-
jugation. Therefore, the Y dependence in pl occurs through
admixtures of 4pz(Se) in modified p ACHTUNGTRENNUNG(SeC6H4Y) and p*-
ACHTUNGTRENNUNG(SeC6H4Y) molecular orbitals with 4px(Se) and 4py(Se) in s-
ACHTUNGTRENNUNG(CSeX) and s* ACHTUNGTRENNUNG(CSeX) molecular orbitals (X=H or C). The
main interaction in pd is the sACHTUNGTRENNUNG(CSeX)–p ACHTUNGTRENNUNG(C6H4)–px(Y) inter-
action, which modifies both sACHTUNGTRENNUNG(CArSeH) and s* ACHTUNGTRENNUNG(CArSeH) mo-
lecular orbitals. The Y dependence in pd mainly originates
from admixtures of 4pz(Se) in the np(Se) orbital with
4px(Se) and 4py(Se) in modified s* ACHTUNGTRENNUNG(CSeX) molecular orbi-
tals, since np(Se) is filled with electrons. Consequently, both
elctron-donating and electron-accepting Y moieties are ef-
fective in pl, whereas electron-donating Y moieties must be
more effective in pd. The predictions for pl and pd are ob-
served in 1 and 2, respectively. Contributions of each molec-
ular orbital and each transition on sp(Se) have been evaluat-
ed, which enables us to recognize and visualize the effect
clearly.


The effect of R in ArSeR is also important, which will be
discussed elsewhere, together with the applications of the
method.


Experimental Section


General considerations: Manipulations were performed under a nitrogen
or an argon atmosphere with standard vacuum-line techniques. Glassware
was dried at 130 8C overnight. Solvents and reagents were purified by
standard procedures as necessary. Melting points were uncorrected.
NMR spectra were recorded at 25 8C on a JEOL JNM-AL 300 spectrom-
eter (1H, 300 MHz; 13C, 75.45 MHz; 77Se, 57.25 MHz). The 1H, 13C, and
77Se chemical shifts are given in ppm relative to those of Me4Si, internal
CDCl3 in the solvent, and external MeSeMe, respectively. Column chro-
matography was performed on silica gel (Fuji Silysia BW-300), acidic alu-
mina, and basic alumina (E. Merk). Flash column chromatography was
performed with 300–400 mesh silica gel, acidic alumina, and basic alumi-
na and analytical thin-layer chromatography was performed on precoated


Figure 6. Plots of sp(Se)xx (*), s
p(Se)yy (&), and sp(Se)zz (~) versus s


p(Se):
a) for 4(pd) with Y of non-ionic groups, b) for 5(pd) with all Y, and c) for
6(pl) with all Y.


Scheme 4. Contributions of sp(Se)yy relative to sp(Se)xx in 4–6, in which
the contribution of each sp(Se)xx is taken to be 1.00. Contributions are
depicted by reducing to px(Se) and py(Se), respectively.
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silica gel plates (60F-254) with the systems (v/v) indicated. Elemental
analyses were performed using a J-Science Lab Co., JM10 Micro Corder.


Preparation of 9-(phenylselanyl)anthracene (1a): Under an argon atmos-
phere, 9-bromoanthracene (1.00 g, 3.89 mmol) was dissolved in dry dieth-
yl ether (70 mL) and the solution was added to a flask that contained
magnesium (0.10 g, 4.11 mmol) and dry diethyl ether (10 mL). The solu-
tion was refluxed for 2 h. A solution of diphenyl diselenide (1.21 g,
3.89 mmol) in diethyl ether (30 mL) was then added. Then the reaction
mixture was refluxed for 1 h. Then, 5% hydrochloric acid (20 mL) and
benzene (100 mL) were added. The organic layer was separated and then
washed with brine, 10% aqueous solution of sodium hydroxide, saturated
aqueous solution of sodium bicarbonate, and brine again. Then the solu-
tion was dried over sodium sulfate, evaporated, and dried in vacuo. The
crude product was purified by column chromatography (SiO2, hexane).
Compound 1a was isolated in 65% yield as yellow needles. M.p. 100.8–
101.3 8C; 1H NMR (300 MHz, CDCl3, TMS): d=7.01–7.09 (m, 5H), 7.45–
7.54 (m, 4H), 8.02 (dd, J=2.6, 7.1 Hz, 2H), 8.56 (s, 1H), 8.87 ppm (dd,
J=0.8, 7.6 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=125.5, 125.7,
127.1, 128.3, 128.8, 129.0, 129.1 (3J ACHTUNGTRENNUNG(Se,C)=3.1 Hz), 129.4 (2J ACHTUNGTRENNUNG(Se,C)=
9.5 Hz), 130.2 131.9, 133.6, 135.1 ppm (3J ACHTUNGTRENNUNG(Se,C)=5.6 Hz); 77Se NMR
(57 MHz, CDCl3, MeSeMe): d=249.0 ppm; elemental analysis calcd (%)
for C20H14Se: C 72.07, H 4.23; found: C 72.33, H 4.15.


Preparation of 9-[(N,N’-dimethylamino)phenylselanyl]anthracene (1b):
A similar method to that desribed for the preparation of 1a was used.
Compound 1b was isolated in 82% yield as yellow needles. M.p. 168.3–
170.7 8C; 1H NMR (300 MHz, CDCl3, TMS): d=2.80 (s, 6H), 6.45 (d, J=
9.0 Hz, 2H), 7.15 (d, J=9.0 Hz, 2H), 7.47 (dt, J=1.3, 6.6 Hz, 2H), 7.53
(dt, J=1.6, 6.6 Hz, 2H), 7.99 (dd, J=1.5, 8.1 Hz, 2H), 8.51 (s, 1H),
9.01 ppm (dd, J=1.1, 9.0 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=
40.4, 113.4, 118.4, 125.3, 126.8, 128.8, 129.0, 129.5, 129.8 (3J ACHTUNGTRENNUNG(Se,C)=
10.0 Hz), 131.9 (2J ACHTUNGTRENNUNG(Se,C)=12.4 Hz), 134.9 (3J ACHTUNGTRENNUNG(Se,C)=5.2 Hz), 149.3 ppm;
77Se NMR (57 MHz, CDCl3, MeSeMe): d=228.0 ppm; elemental analysis
calcd (%) for C22H19NSe: C 70.21, H 5.09, N 3.72; found: C 70.26, H
5.10, N 3.70.


Preparation of 9-(anisylselanyl)anthracene (1c): A similar method to
that desribed for the preparation of 1a was used. Compound 1c was iso-
lated in 67% yield as yellow needles. M.p. 121.4–122.0 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=3.66 (s, 3H), 6.63 (d, J=8.8 Hz, 2H), 7.11
(d, J=9.0 Hz, 2H), 7.49 (dt, J=1.5, 6.6 Hz, 2H), 7.46–7.58 (m, 2H), 8.02
(dd, J=1.8, 7.9 Hz, 2H), 8.55 (s, 1H), 8.95 ppm (ddd, J=1.3, 2.6, 8.8 Hz,
2H); 13C NMR (75 MHz, CDCl3, TMS): d=55.2, 114.9, 123.5, 125.4,
127.0, 128.0, 128.9, 129.6 (3J ACHTUNGTRENNUNG(Se,C)=10.0 Hz), 129.9, 131.4 (2J ACHTUNGTRENNUNG(Se,C)=
12.4 Hz), 131.9, 134.9 (3J ACHTUNGTRENNUNG(Se,C)=5.2 Hz), 158.3 ppm; 77Se NMR (57 MHz,
CDCl3, MeSeMe): d=236.8 ppm; elemental analysis calcd (%) for
C21H16OSe: C 69.42, H 4.44; found: C 69.49, H 4.39.


Preparation of 9-(p-tolylselanyl)anthracene (1d): A similar method to
that desribed for the preparation of 1a was used. Compound 1d was iso-
lated in 75% yield as yellow needles. M.p. 144.8–145.7 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=2.17 (s, 3H), 6.85 (d, J=7.9 Hz, 2H), 6.99
(d, J=8.3 Hz, 2H), 7.54–7.55 (m, 4H), 8.00 (dd, J=1.8, 7.6 Hz, 2H), 8.54-
ACHTUNGTRENNUNG(s, 1H), 8.89 ppm (ddd, J=1.0, 2.3, 7.9 Hz, 2H); 13C NMR (75 MHz,
CDCl3, TMS): d=20.9, 125.4, 127.0, 128.9, 129.3, 129.5, 129.7, 129.9,
130.0 131.9, 132.3, 135.1, 135.6 ppm; 77Se NMR (57 MHz, CDCl3,


MeSeMe): d=242.4 ppm; elemental
analysis calcd (%) for C21H16Se: C
72.62, H 4.64; found: C 72.76, H 4.57.


Preparation of 9-(p-fluorophenylsela-
nyl)anthracene (1e): A similar method
to that desribed for the preparation of
1a was used. Compound 1e was isolat-
ed in 26% yield as yellow needles.
M.p. 112.5–113.4 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=6.75 (dd,
J=4.5, 9.0 Hz, 2H), 7.06 (dd, J=4.5,
6.0 Hz, 2H), 7.45–7.56 (m, 4H), 8.01
(d, J=7.8 Hz, 2H), 8.55 (s, 1H),
8.85 ppm (d, J=8.7 Hz, 2H);
13C NMR (75 MHz, CDCl3, TMS): d=


116.2 (2J ACHTUNGTRENNUNG(F,C)=21.7 Hz), 125.5, 127.0, 127.2, 127.8 (4J ACHTUNGTRENNUNG(F,C)=3.3 Hz),
128.9, 129.3 (3J ACHTUNGTRENNUNG(Se,C)=9.5 Hz), 130.3, 131.0 (3J ACHTUNGTRENNUNG(F,C)=7.6, 2J ACHTUNGTRENNUNG(Se,C)=
13.6 Hz), 131.9, 134.9 (3J ACHTUNGTRENNUNG(Se,C)=5.6 Hz), 161.5 ppm (1J ACHTUNGTRENNUNG(F,C)=245.2 Hz);
77Se NMR (57 MHz, CDCl3, MeSeMe): d=245.4 ppm (5J ACHTUNGTRENNUNG(Se,F)=6.2 Hz);
elemental analysis calcd (%) for C20H13FSe: C 68.38, H 3.73; found: C
68.23, H 3.70.


Preparation of 9-(p-chlorophenylselanyl)anthracene (1 f): A similar
method to that desribed for the preparation of 1a was used. Compound
1 f was isolated in 76% yield as yellow needles: M.p. 167.6–168.3 8C;
1H NMR (300 MHz, CDCl3, TMS): d=6.96–7.02 (m, 4H), 7.46–7.56 (m,
4H), 8.03 (dd, J=2.8, 7.2 Hz, 2H), 8.59 (s, 1H), 8.81 ppm (dd, J=2.3,
7.5 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=122.4, 125.6, 127.1,
127.2, 127.6, 128.6, 128.8, 129.4, 130.6, 132.2, 133.3 (2J ACHTUNGTRENNUNG(Se,C)=11.6 Hz),
134.3 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=250.5 ppm; ele-
mental analysis calcd (%) for C20H13ClSe: C 65.32, H 3.56; found: C
65.43, H 3.49.


Preparation of 9-(p-Bromophenylselanyl)anthracene (1g): A similar
method to that desribed for the preparation of 1a was used. Compound
1g was isolated in 69% yield as yellow needles. M.p. 180.4–181.0 8C;
1H NMR (300 MHz, CDCl3, TMS): d=6.91 (d, J=8.5 Hz, 2H), 7.15 (d,
J=8.5 Hz, 2H), 7.47–7.57 (m, 4H), 8.04 (dd, J=2.7, 6.9 Hz, 2H), 8.60 (s,
1H), 8.81 ppm (dd, J=2.7, 6.9 Hz, 2H); 13C NMR (75 MHz, CDCl3,
TMS): d=119.6, 125.6, 126.0, 127.4, 129.0, 129.1, 130.5, 130.6, 131.9,
132.1, 132.5, 135.0 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=


250.6 ppm; elemental analysis calcd (%) for C20H13BrSe: C 58.28, H 3.18;
found: C 58.35, H 3.09.


Preparation of 9-[p-(ethoxycarbonyl)phenylselanyl]anthracene (1h):
Under an argon atmosphere, 9-bromoanthracene (1.00 g, 3.89 mmol) was
dissolved in dry diethyl ether (50 mL) and the solution was added to a
flask that contained magnesium (0.10 g, 4.11 mmol) and dry diethyl ether
(5 mL). The resulting solution was refluxed for 2 h. Selenium powder
(0.30 g, 3.80 mmol) was then added and the mixture was refluxed for 2 h.
Then a solution of diazonium, which was prepared from p-ethoxycarbon-
yl aniline (1.93 g, 11.7 mmol) in water (30 mL), was added dropwise . The
mixture was heated to 40 8C for 30 min, and benzene (100 mL) was
added. The organic layer was separated and was washed with water, 10%
aqueous solution of sodium hydroxide, saturated aqueous solution of
sodium bicarbonate, and brine. Then the solution was dried over sodium
sulfate, evaporated, and dried in vacuo. The crude product was purified
by column chromatography (SiO2, hexane) to give 1h as yellow needles.
Yield: 5%, m.p. 148.0–149.0 8C; 1H NMR (300 MHz, CDCl3, TMS): d=
1.33 (t, J=7.2 Hz, 3H), 4.30 (q, J=7.2 Hz, 2H), 7.22 (d, J=8.6 Hz, 2H),
7.79 (d, J=8.6 Hz, 2H), 7.49–7.59 (m, 4H), 8.04–8.10 (m, 2H), 8.65 ACHTUNGTRENNUNG(s,
1H), 8.69–8.76 ppm (m, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=14.8,
60.8, 125.5, 127.0, 127.2, 128.2, 128.9, 129.1, 129.3, 130.3, 130.6, 131.9,
134.9, 139.8, 165.6 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=


265.2 ppm; elemental analysis calcd (%) for C23H18O2Se: C 68.15, H 4.48;
found: C 68.35, H 4.53.


Preparation of 9-[p-cyanophenylselanyl]anthracene (1 i): A similar
method to that desribed for the preparation of 1a was used. Compound
1 i was isolated in 83% yield as yellow needles. M.p. 163.1–164.0 8C;
1H NMR (300 MHz, CDCl3, TMS): d=7.05 (d, J=8.6 Hz, 2H), 7.28 (d,
J=8.6 Hz, 2H), 7.49–7.59 (m, 4H), 8.04–8.10 (m, 2H), 8.65 (s, 1H), 8.69–


Table 11. Contributions of “yi” and “yi’” to sp(Se)SCS in some 4(pl) and 4(pd) for different Y substituents.[a]


NO2 CN H F Me NH2


4(pl)
sp(Se)SCS �33[b] �34 0 ACHTUNGTRENNUNG(�1438) 0 8 23
sp(Se)(zi)SCS �478 �85 0 ACHTUNGTRENNUNG(�270) �3 21 87
sp(Se)(xi’+yi’)SCS 445 51 0 ACHTUNGTRENNUNG(�1168) 3 �13 �64
4(pd)
sp(Se)SCS �9 �15 0 ACHTUNGTRENNUNG(�1393) 11 15 18
sp(Se)(zi)SCS �64 �42 0 ACHTUNGTRENNUNG(�810) �10 6 53
sp(Se)(xi’+yi’)SCS 55 27 0 ACHTUNGTRENNUNG(�583) 21 9 �35


[a] Calculated using a utility program (NMRANAL-NH98G). [b] About 6 ppm upfield relative to that derived
from Table 3.
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8.76 ppm (m, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=108.8, 118.9,
124.3, 125.8, 127.8, 128.7, 129.1, 130.5, 131.1, 131.9, 132.3, 135.1,
141.5 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=275.2 ppm; ele-
mental analysis calcd (%) for C21H13NSe: C 70.40, H 3.66, N 3.91; found:
C 70.38, H 3.69, N 3.89.


Preparation of 9-[p-nitrophenylselanyl]anthracene (1 j): Under an argon
atmosphere, 9-bromoanthracene (1.00 g, 3.89 mmol) was dissolved in of
dry diethyl ether (50 mL) and the solution was added to a flask that con-
tained magnesium (0.10 g, 4.11 mmol) and dry diethyl ether (5 mL). The
solution was refluxed for 2 h. Selenium powder (0.30 g, 3.80 mmol) was
then added. Then the reaction mixture was refluxed for 2 h. Then p-iodo-
nitrobenzen (0.97 g, 3.90 mmol) and ethanol (50 mL) was added, and the
resulting mixture was refluxed for 2 h. Then the mixture was poured into
ice water. The precipitated solid was flitted and dried in vacuo. The
crude product was purified by column chromatography (SiO2, hexane) to
give 1j as yellow needles. Yield: 72%, m.p. 150.0–150.8 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=7.09 (d, J=9.1 Hz, 2H), 7.51–7.58 (m, 4H),
7.88 (d, J=9.1 Hz, 2H), 8.08 (dd, J=2.2, 9.7 Hz, 2H), 8.67 (s, 1H),
8.72 ppm (dd, J=2.2, 9.6 Hz, 2H); 13C NMR (75 MHz, CDCl3, TMS): d=
124.0, 124.2, 125.8, 127.8, 128.4, 128.6, 129.2, 131.3, 132.0, 135.1, 144.3,
145.8 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=279.3; elemental
analysis calcd (%) for C20H13NO2Se: C 63.50, H 3.46, N 3.70; found: C
63.36, H 3.42, N 3.74.


Preparation of 1-(phenylselanyl)anthraquinone (2a): Sodium hydride
(0.07 g, 3.00 mmol) was added under an argon atmosphere to a solution
of diphenyl diselenide (0.31 g, 1.00 mmol) in DMF (50 mL); the resulting
micxture was then heated to 119.0–120.0 8C. A solution of 1-chloroan-
thraquinone (0.24 g, 1.00 mmol) in DMF (30 mL) and CuI (1.14 g,
6.00 mmol) were added to the solution and stirring was continued for 2 h
at 100 8C. After pouring into ice water, the precipitate was filtrated.
After usual workup, the crude product was subjected to chromatography
on silica gel that was covered with a basic alumina layer on the top and
recrystallized from ethanol/chloroform. Compound 2a was isolated in
88% yield as dark red prisms. M.p. 181.2–182.9 8C; 1H NMR (300 MHz,
CDCl3, TMS): d=7.26 (dd, J=1.1, 8.1 Hz, 1H), 7.41 (d, J=7.8 Hz, 1H),
7.43–7.54 (m, 3H), 7.75 (dd, J=1.7, 7.6 Hz, 2H), 7.80 (dd, J=1.8, 7.2 Hz,
1H), 7.82 (dd, J=1.8, 7.3 Hz, 1H), 8.19 (dd, J=1.1, 7.5 Hz, 1H), 8.28
(dd, J=2.2, 7.0 Hz, 1H), 8.38 ppm (dd, J=2.2, 7.0 Hz, 1H); 13C NMR
(100 MHz, CDCl3, TMS): d=124.8, 127.0, 127.4, 129.1, 129.5, 129.6,
129.9, 132.7, 132.8, 133.6, 133.9, 134.2, 135.4, 137.5, 143.0, 182.9,
183.7 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=512.3 ppm; ele-
mental analysis calcd (%) for C20H12O2Se: C 66.13, H 3.33, found: C
66.32, H 3.15.


Preparation of 1-[(N,N’-dimethylamino)phenylselanyl]anthraquinone
(2b): A similar method to that desribed for the preparation of 2a was
used. Compound 2b was isolated in 89% yield as dark violet prisms.
M.p. 288.5–289.5 8C; 1H NMR (300 MHz, CDCl3, TMS): d=3.03 (s, 6H),
6.76 (d, J=9.0 Hz, 2H), 7.36–7.40 (m, 2H), 7.54 (d, J=8.8 Hz, 2H), 7.77
(dd, J=1.7 and 7.3 Hz, 1H), 7.78 (dd, J=1.8, 7.3 Hz, 1H), 8.10 (dd, J=
3.0, 5.9 Hz, 1H), 8.27 (dd, J=2.0, 7.0 Hz, 1H), 8.38 ppm (dd, J=2.0,
7.0 Hz, 1H); 13C NMR (100 MHz, CDCl3, TMS): d=40.2, 100.7, 113.6,
114.2, 124.6, 127.0, 127.5, 132.5, 133.0, 133.7, 134.1, 134.2, 134.5, 135.6,
138.6, 145.1, 151.3, 183.2, 183.7 ppm; 77Se NMR (57 MHz, CDCl3,
MeSeMe): d=492.8 ppm; elemental analysis calcd (%) for C22H17NO2Se:
C 65.03, H 4.22, N 3.45; found: C 65.12, H 4.15, N 3.33.


Preparation of 1-(p-anisyl)anthraquinone (2c): A similar method to that
desribed for the preparation of 2a was used. Compound 2c was isolated
in 72% yield as dark red prisms. M.p. 240.6–241.5 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=3.89 (s, 3H), 7.00 (d, J=8.8 Hz, 2H), 7.28
(dd, J=1.1, 8.3 Hz, 1H), 7.43 (t, J=8.3 Hz, 1H), 7.64 (d, J=8.8 Hz, 2H),
7.81 (dd, J=1.8, 7.2 Hz, 1H), 7.83 (dd, J=1.7, 7.2 Hz, 1H), 8.13 (dd, J=
1.3, 7.4 Hz, 1H), 8.30 (dd, J=2.2, 6.8 Hz, 1H), 8.40 ppm (dd, J=2.0,
7.0 Hz, 1H); 13C NMR (75 MHz, CDCl3, TMS): d=55.4, 115.7, 119.5,
124.8, 127.0, 127.5, 129.7, 132.7, 132.8, 133.7, 133.9, 134.2, 134.3, 135.5,
139.0 (2J ACHTUNGTRENNUNG(Se,C)=10.3 Hz), 143.9, 160.9, 183.1, 183.8 ppm; 77Se NMR
(57 MHz, CDCl3, MeSeMe): d=497.3 ppm; elemental analysis calcd (%)
for C21H14O3Se: C 64.13, H 3.59; found: C 64.32, H 3.65.


Preparation of 1-(p-tolylselanyl)anthraquinone (2d): A similar method to
that desribed for the preparation of 2a was used. Compound 2d was iso-
lated in 76% yield as dark red prisms. M.p. 243.2–244.1 8C; 1H NMR
(300 MHz, CDCl3, TMS): d=2.45 (s, 3H), 7.23–7.32 (m, 3H), 7.41 (t, J=
8.6 Hz, 1H), 7.62 (d, J=8.3 Hz, 2H), 7.81 (dd, J=1.8, 7.2 Hz, 1H), 7.82
(dd, J=1.8, 7.5 Hz, 1H), 8.13 (dd, J=1.3, 7.2 Hz, 1H), 8.30 (dd, J=2.2,
6.8 Hz, 1H), 8.39 ppm (dd, J=2.6, 6.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3, TMS): d=21.4, 124.8, 125.5, 127.0, 127.5, 129.7, 130.8, 132.7,
132.8, 133.7, 133.9, 134.3, 134.3, 135.5, 137.4 (2J ACHTUNGTRENNUNG(Se,C)=9.9 Hz), 139.7,
143.5, 183.0, 183.7 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=


503.4 ppm; elemental analysis calcd (%) for C21H14O2Se: C 66.85, H 3.74;
found: C 66.82, H 3.61.


Preparation of 1-(p-Fluorophenylselanyl)anthraquinone (2e): A similar
method to that desribed for the preparation of 2a was used. Compound
2e was isolated in 76% yield as orange prisms. M.p. 228.4–229.2 8C;
1H NMR (300 MHz, CDCl3, TMS): d=7.16 (t, J=5.5, 8.8 Hz, 2H), 7.22
(dd, J=1.1, 8.3 Hz, 1H), 7.44 (t, J=7.8 Hz, 1H), 7.72 (dd, J=5.5, 8.8 Hz,
2H), 7.77–7.87 (m, 2H), 8.14 (dd, J=1.3, 7.5 Hz, 1H), 8.30 (dd, J=2.4,
6.8 Hz, 1H), 8.38 ppm (dd, J=2.2, 6.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3, TMS): d=117.3 (2J ACHTUNGTRENNUNG(F,C)=21.3 Hz), 124.0 (4J ACHTUNGTRENNUNG(F,C)=3.7 Hz),
125.0, 127.1, 127.5, 129.6, 132.7, 132.9, 133.6, 134.0, 134.4, 135.5, 139.6 (3J-
ACHTUNGTRENNUNG(F,C)=8.3 Hz, 2J ACHTUNGTRENNUNG(Se,C)=8.1 Hz), 140.0, 142.9, 163.8 (1J ACHTUNGTRENNUNG(F,C)=249.8 Hz),
182.9, 183.8 ppm; 77Se NMR (57 MHz, CDCl3, MeSeMe): d=502.2 ppm
(5J ACHTUNGTRENNUNG(Se,F)=4.0 Hz); elemental analysis calcd (%) for C20H11FO2Se: C
63.01, H 2.91; found: C 62.83, H 2.94.


Preparation of 1-(p-Chlorophenylselanyl)anthraquinone (2 f). A similar
method to that desribed for the preparation of 2a was used. Compound
2 f was isolated in 76% yield as orange prisms. M.p. 247.0–247.9 8C;
1H NMR (300 MHz, CDCl3/TMS): d=7.25 (dd, J=1.1, 8.3 Hz, 1H), 7.44
(d, J=8.4 Hz, 2H), 7.45 (t, J=6.5 Hz, 1H), 7.68 (d, J=8.3 Hz, 2H), 7.77–
7.87 (m, 2H), 8.15 (dd, J=1.1, 7.5 Hz, 1H), 8.30 (dd, J=2.4, 6.8 Hz, 1H),
8.39 ppm (dd, J=2.4, 6.8 Hz, 1H); 13C NMR (75 MHz, CDCl3/TMS): d=
125.1, 127.1, 127.4, 127.5, 129.7, 130.2, 132.8, 133.0, 133.0, 133.6, 134.1,
134.4, 135.5 (2J ACHTUNGTRENNUNG(Se,C)=3.1 Hz), 136.2, 138.9 (2J ACHTUNGTRENNUNG(Se,C)=10.4 Hz), 142.5,
182.9, 183.8 ppm; 77Se NMR (57 MHz, CDCl3/MeSeMe): d=505.3 ppm;
elemental analysis calcd (%) for C20H11ClO2Se: C 60.40, H 2.79; found:
C 60.42, H 2.70.


Preparation of 1-(p-Bromophenylselanyl)anthraquinone (2g). A similar
method to that desribed for the preparation of 2a was used. Compound
2g was isolated in 76% yield as orange prisms. M.p. 243.9–244.8 8C;
1H NMR (300 MHz, CDCl3/TMS): d=7.25 (dd, J=1.1, 7.9 Hz, 1H), 7.45
(t, J=7.9 Hz, 1H), 7.57–7.63 (m, 4H), 7.78–7.88 (m, 2H), 8.15 (dd, J=
1.3, 7.6 Hz, 1H), 8.30 (dd, J=2.6, 6.6 Hz, 1H), 8.39 ppm (dd, J=2.4,
6.8 Hz, 1H); 13C NMR (75 MHz, CDCl3/TMS): d=124.4, 125.1, 127.1,
127.5, 128.0, 129.7, 132.8, 133.0, 133.2, 133.6, 134.0, 134.0, 134.3, 135.8,
139.1 (2J ACHTUNGTRENNUNG(Se,C)=10.2 Hz), 142.3, 182.8, 183.8 ppm; 77Se NMR (57 MHz,
CDCl3/MeSeMe): d=505.9 ppm; elemental analysis calcd (%) for
C20H11BrO2Se: C 54.33, H 2.51; found: C 54.07, H 2.43.


Preparation of 1-[p-(Ethoxycarbonyl)phenylselanyl]anthraquinone (2h):
A similar method to that desribed for the preparation of 2a was used.
Compound 2h was isolated in 66% yield as orange prisms. M.p. 234.0–
234.9 8C; 1H NMR (300 MHz, CDCl3/TMS): d=1.33 (t, J=7.2 Hz, 3H),
4.30 (q, J=7.2 Hz, 2H), 7.21 (dd, J=1.1, 8.1 Hz, 1H), 7.22 (d, J=8.6 Hz,
2H), 7.48 (t, J=7.9 Hz, 1H), 7.79 (d, J=8.6 Hz, 2H),7.82–7.87 (m, 2H),
8.19 (dd, J=1.1, 8.4 Hz, 1H), 8.29–8.34 (m, 1H), 8.36–8.41 ppm (m, 1H);
13C NMR (75 MHz, CDCl3, TMS): d=14.2, 61.2, 125.2, 127.2, 127.5,
128.2, 129.4, 132.7, 133.1, 133.2, 133.4, 134.0, 134.3, 134.5, 135.5, 135.8,
137.9, 141.1, 166.2, 182.7, 183.9 ppm; 77Se NMR (57 MHz, CDCl3/
MeSeMe): d=512.3 ppm; elemental analysis calcd (%) for C23H16O4Se:
C 63.46, H 3.70; found: C 63.48, H 3.65.


Preparation of 1-(p-Cyanophenylselanyl)anthraquinone (2 i): A similar
method to that desribed for the preparation of 2a was used. Compound
2 i was isolated in 40% yield as orange prisms. M.p. 279.6–280.9 8C;
1H NMR (300 MHz, CDCl3/TMS): d=7.20 (dd, J=1.1, 8.1 Hz, 1H), 7.48
(t, J=7.9 Hz, 1H), 7.74 (d, J=8.4 Hz, 2H), 7.82–7.87 (m, 2H), 7.88 (d,
J=8.4 Hz, 2H), 8.19 (dd, J=1.1, 8.4 Hz, 1H), 8.29–8.34 (m, 1H), 8.36–
8.41 ppm (m, 1H); 13C NMR (75 MHz, CDCl3/TMS): d=113.3, 118.3,
125.4, 127.2, 127.5, 129.8 (2J ACHTUNGTRENNUNG(Se,C)=10.6 Hz), 132.7, 133.1, 133.2, 133.4,
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134.0, 134.3, 134.5, 135.5, 135.8, 137.9, 141.1, 182.7, 183.9 ppm; 77Se NMR
(57 MHz, CDCl3/MeSeMe): d=520.5 ppm; elemental analysis calcd (%)
for C21H11NO2Se: C 64.96, H 2.86, N 3.61; found: C 64.67, H 2.95, N 3.63.


Preparation of 1-(p-Nitrophenylselanyl)anthraquinone (2 j). A similar
method to that desribed for the preparation of 2a was used. Compound
2j was isolated in 70% yield as orange prisms. M.p. 298.0–299.0 8C;
1H NMR (300 MHz, CDCl3/TMS): d=7.23 (dd, J=1.1, 8.6 Hz, 1H), 7.48
(t, J=7.9 Hz, 1H), 7.85 (m, 2H), 7.94 (d, J=8.6 Hz, 2H), 8.20 (dd, J=
1.1, 7.7 Hz, 1H), 8.30 (d, J=8.6 Hz, 2H), 8.32 (dd, J=1.1, 7.4 Hz, 1H),
8.39 ppm (dd, J=1.1, 7.4 Hz, 1H); 13C NMR (75 MHz, CDCl3, TMS): d=
123.6, 125.2, 127.1, 127.5, 129.4, 133.1, 133.2, 133.4, 134.0, 134.3, 134.5,
135.5, 135.8, 137.9, 143.8, 146.1, 182.7, 183.9 ppm; 77Se NMR (57 MHz,
CDCl3/MeSeMe): d=514.8 ppm; elemental analysis calcd (%) for
C20H11NO4Se: C 58.84, H 2.72, N 3.43; found: C 58.99, H 2.89, N 3.61.


X-ray structural determination of 1c and 2a: The yellow crystals of 1c
and the orange crystals of 2a were grown by slow evaporation of a solu-
tion of the sample in dichloromethane/benzene or benzene/hexane sol-
vent mixtures at room temperature. The intensity data were collected on
a Rigaku AFC5R four-circle diffractometer with graphite-monochromat-
ed MoKa radiation (l=0.71069 Q) for 1c and 2a. The structures of 1c
and 2a were solved by heavy-atom Patterson methods, PATTY,[45] and
expanded by using Fourier techniques, DIRDIF94.[46] All the non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were included
but not refined. The final cycle of full-matrix least-squares refinement
was based on a total of 4232 reflections for 1c and on 2560 for 2a with
415 and 212 [I>1.50s(I)] observed reflections for 1c and 2a, respectively.
Variable parameters and converged with unweighted and weighted agree-
ment factors of R= (� jFo j� jFc j j )/� jFo j and Rw= {�w(jFoj�jFcj)2/
�wF2


o}
1/2 were used. For least squares, the function minimized was


�w(jFoj�jFcj)2, in which w= (sc
2 jFo j+p2 jFo j 2/4)�1. Crystallographic de-


tails are given in the Supporting Information. CCDC-283618 and CCDC-
283619 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


MO Calculations: Quantum chemical (QC) calculations were performed
by using a Silent-SCC T2 (Itanium2) computer with the 6–311+G ACHTUNGTRENNUNG(3df)
basis sets for Se and 6–311+G ACHTUNGTRENNUNG(3d,2p) for other nuclei of the Gaussian 03
program.[29] Calculations were performed on 4–6 in pl and pd confoma-
tions at the density functional theory (DFT) level of the Becke three-pa-
rameter hybrid functionals combined with the Lee-Yang-Parr correlation
functional (B3LYP). Absolute magnetic shielding tensors of Se nuclei
(s(Se)) were calculated based on the gauge-independent atomic orbital
(GIAO) method, applying on the optimized structures with the same
method. A utility program (NMRANAL-NH98G) was prepared to carry
out decomposing the magnetic shieldings, based on the Gaussian 98.[15]


The program was applied to SeH2, 4(pl), 4(pd) (Y=H, NH2, Me, F, CN,
and NO2) 5 (pl), 5(pd), and 6a (Y=H) to evaluate the contributions sep-
arately from each molecular orbital (yi) and each yi!yj transition, in
which yi and yj denote occupied and unoccupied molecular orbitals, re-
spectively.


Structures of 1a–3a in various conformers were also optimized with the
B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) method. The frequency analysis was also per-
formed.
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2 ACHTUNGTRENNUNG(B:pd) will be much more stable than other conformers. Observed
d(Se) values support the expectation.


[26] The 0.050m CDCl3 solutions were used for NMR measurements.
However, the concentrations would be lower for the compounds of
low solubility, such as 1j and 2j at 213 K.


[27] The temperature dependence of d(Se) of MeSeMe in [D]chloroform
(60% v/v) is reported to be about 2.5 ppm over the temperature
range of 222–323 K. See N. P. Luthra, R. B. Dunlap, J. D. Odom, J.
Magn. Reson. 1983, 52, 318–322.


[28] When the axes from the Gaussian 03[29] calulations were not the
same as those shown in Scheme 3, they were interchanged so as to
be those in Scheme 3 for convenience of discussion, if possible.


[29] Gaussian 03 (Revision B.05), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr. T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh
PA, 2003.


[30] The torsional angle of f=CoCiSeH in 4(pd) is fixed at 90.08, if
4(pd) is not the Cs symmetry (e.g., Y=COOMe and OMe). Similar-
ly, those of f=CoCiSeCMe and f=CiSeCMeH in 5(pd) are fixed at
90.0 and 1808, respectively, and those of f=CoCiSeCi’ and f=
CiSeCi’Co’ in 6(pd) are at 90.0 and 08, respectively, when p-YC6H4Se
is not the Cs symmetry.


[31] MolStudio R3.2 Rev 1.0, NEC Corporation, 1977–2003.
[32] Evaluated values of sp(Se) and the components by the Gaussian 98


are sometimes substantially different from those by the Gaussian 03,
although the structures are the same. The differences in sp(Se)xx and
sp(Se)yy amount to 50 ppm or less for 4a(pd) and 5a(pd). They are
very large for sp(Se)xx (�232.8 ppm) and sp(Se)yy (212.7 ppm) in 6a.
Axes of 6a were bisected in Gaussian 98. Axes were chosen to be
more close to those in 6(pl).


[33] Chemical shifts have been discussed with parallel and perpendicular
components. See reference [7].


[34] sp(Se)xx, s
p(Se)yy, s


p(Se)zz, and sp(Se) of y13 are 0.1, �6.2, �0.2, and
�2.1 ppm, respectively.


[35] The values are summed over yi of the A’’ symmetry for 4a–6a of pl
and pd, which are constructed by pz(Se) and 3d(Se).


[36] Whereas sp(Se)zz(zi) of 4a(pd) is almost zero, that of 4a(pl) is
�11 ppm. The non-zero nature of sp(Se)zz(zi) seems common in 4(pl)
(6–10 ppm), although not shown.
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[37] Calculations of s(Se) for H2Se, see, a) W. Kutzelnigg, U. Fleischer,
C. van WWllen, Encyclopedia of Nuclear Magnetic Resonance, Vol. 7
(Eds.: D. M. Grant, R. K. Harris), Wiley, New York, 1996, pp. 4284–
4291; b) P. D. Ellis, J. D. Odom, A. S. Lipton, Q. Chen, J. M. Gulick,
Nuclear Magnetic Shieldings and Molecular Structure (Ed.: J. A. Tos-
sell), Kluwer Academic, Dordrecht, Boston, London, 1993, pp. 539–
555; c) P. J. Wilson, Molecular Physics 2001, 99, 363–367. Those for
4(pl) and 4(pd), see reference [5b].


[38] Details of the analysis of d(Se) in SeH2 and MeSeH will be reported
elsewhere.


[39] DFT shieldings are deshielded in general, due to the underestima-
tion of orbital energy differences, which leads to the overestimation
of sp(Se).[37c] Therefore, st(Se) of 4a(pl), 4a(pd), 5a(pl), and 5a(pd)
were evaluated with the MP2/6-31+G ACHTUNGTRENNUNG(2d,p) method applying the
GIAO method on the structures optimized with the MP2/6-31+G-
ACHTUNGTRENNUNG(3d,2p) method. The values are 1827.3, 1865.5, 1761.0, and
1708.7 ppm, respectively: st of 4a(pd) is predicted to be larger than
that of 4a(pl) by 38 ppm, whereas st(Se) of 5a(pd) is smaller than
that of 5a(pl) by 46 ppm. The results supports the orientational ef-
fects evaluated at the DFT level for 4a and 5a, although the basis
sets are not the same.


[40] Interactions between np(Se) of 4pz(Se) and phenyl s orbitals in
4a(pd) must be weak due to large energy differences between
4pz(Se) and the s orbitals. Long distances between them are also
disadvantageous.


[41] The results may show that the 4py(Se) orbital involved in the Se�C
bond works effectively to shift downfield, whereas the 4px(Se) orbi-
tal involved in the Se�H bond causes an upfield shift, when Y=H
changes to non-H in 4(pl).


[42] A similar trend is observed in 5(pl) as in the case of 4(pl), although
the direction is reversed.


[43] sp(Se)zz is almost constant in the change of Y for both pl and pd of
4–6. The small Y dependence of sp(Se)zz is reasonably explained by
the main interaction of the 4pz(Se)–p ACHTUNGTRENNUNG(C6H4)–pz(Y) type in pl, in
which 4px(Se) and 4py(Se) do not take part in the interaction direct-
ly. The main interaction in pd is the s ACHTUNGTRENNUNG(CArSeX)–p ACHTUNGTRENNUNG(C6H4)–px(Y) (X=


H or C) type, which modifies the contribution of 4px(Se) and
4py(Se) in the CArSeX moiety. However, the results show that the in-
teraction in pd affect the sp(Se)xx and sp(Se)yy parameters, but not
the sp(Se)zz.


[44] A very wide range of sp(Se) for 4(pd) must be responsible for the
results: The sp(Se) values for 4(pd) were evaluated to be �2827,
�1435, and �16155 ppm for Y=O+ , S+ , and Se+ , respectively. The
corresponding values for 4(pl) are �1976, �1841, and �1733 ppm,
respectively.
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Synthesis of Bridged and Metallobridged Bis(b-cyclodextrin)s Containing
Fluorescent Oxamidobisbenzoyl Linkers and Their Selective Binding towards
Bile Salts


Yu Liu,* Hong-Mei Yu, Yong Chen, and Yan-Li Zhao[a]


Introduction


Cyclodextrins (CDs), a class of macrocyclic oligosaccharides
consisting of six, seven, or eight glucose units linked by a-
1,4-glucose bonds, are capable of encapsulating various or-
ganic, inorganic, and biological molecules within their trun-
cated cone-shaped hydrophobic cavities to form stable host–
guest inclusion complexes or supramolecular species and
have thus been extensively used as molecular receptors and
chiral selectors in many fields of chemistry and biology.[1–5]


However, the binding abilities of native CDs are generally
limited, which is unfavorable to their application as enzyme
mimics and to a greater extent as antibody mimics. To im-
prove the original binding abilities and molecular selectivi-
ties of native CDs, a great deal of effort has been devoted


to the design and synthesis of functional CD derivatives[6–7]


and to investigations into their molecular recognition behav-
ior with various guest molecules.[8–13] Besides functional sub-
stituents, metal ions have also been introduced into CD sys-
tems as additional recognition sites to enhance the binding
abilities and molecular selectivities of CDs further.[14–16]


Bile salts, on the other hand, are surfactant-like molecules
that act to assist in the digestion of fats through the forma-
tion of micelles and micellar aggregates. Moreover, they can
also interact with drugs used for the treatment of hyperlipi-
demia, such as neomycin, clidamycin, kanamycin, and linco-
mycin.[17] Because of the attractive properties of both CDs
and bile salts, molecular binding between bile salts and CDs
has been widely studied. Choi et al.[18] studied inclusion com-
plex formation by b-CD and its dimers with cholesterol by
Monte Carlo docking simulations, molecular dynamics cal-
culations, and non-equilibrium molecular dynamics simula-
tions. Tato and co-workers[19] studied the complex geometry
of b-CD and its derivatives in D2O by ROESY experiments,
observing different binding modes upon inclusion complexa-
tion with bile salts. Cramer et al.[20] reported the first kinetic


Abstract: A series of b-cyclodextrin (b-
CD) dimers containing fluorescent 2,2’-
oxamidobisbenzoyl and 4,4’-oxamido-
bisbenzoyl linkers—that is, 6,6’-[2,2’-ox-
amidobis(benzoylamino)]ethyleneami-
no-6,6’-deoxy-bis ACHTUNGTRENNUNG(b-CD) (2), 6,6’-[2,2’-
oxamidobis(benzoylamino)]diethylene-
diamino-6,6’-deoxy-bis ACHTUNGTRENNUNG(b-CD) (3), 6,6’-
[4,4’-oxamidobis(benzoylamino)]ethyle-
neamino-6,6’-deoxy-bis ACHTUNGTRENNUNG(b-CD) (4), and
6,6’-[4,4’-oxamidobis(benzoylamino)]-
diethylenediamino-6,6’-deoxy- bis ACHTUNGTRENNUNG(b-
CD) (5)—were synthesized from the
corresponding oxamidobis(benzoic
acid)s through treatment with mono[6-
aminoethyleneamino-6-deoxy]-b-CD or
mono[6-diethylenetriamino-6-deoxy]-b-


CD. Further treatment of 2–5 with
copper perchlorate gave their CuII


complexes 6–9 in satisfactory yields.
The conformation and binding behav-
ior of 2–9 towards two bile salt
guests—sodium cholate (CA) and
sodium deoxycholate (DCA)—was
comprehensively investigated by circu-
lar dichroism, 2D NMR spectroscopy,
and fluorescence spectroscopy in Tris-
HCl buffer solution (pH 7.2) at 25 8C.
Thanks to the cooperative host–linker–


guest binding mode, the stoichiometric
1:1 complexes formed by bis ACHTUNGTRENNUNG(b-CD)s
2–5 with bile salts gave high stability
constants (KS values) of up to 103–
104m�1. Significantly, benefiting from
the intramolecular 1:2 or 2:4 binding
stoichiometry, the resulting complexes
of metallobisACHTUNGTRENNUNG(b-CD)s 6–9 with bile
salts gave much higher KS values of up
to 106–107m�2. The enhanced binding
abilities of bis ACHTUNGTRENNUNG(b-CD)s and metallo-
bridged bis ACHTUNGTRENNUNG(b-CD)s are discussed from
the viewpoints of induced-fit interac-
tions and multiple recognition between
host and guest.
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measurements performed on a
series of naphthylazobenzene-
b-CD/bile salt complexes,
while Reinhoudt et al.[21] re-
ported a microcalorimetric
study on the cooperative bind-
ing of bile salts by CD dimers
in a basic environment, show-
ing enhanced binding abilities
towards cholate and deoxycho-
late. We have recently also re-
ported some significant results
on the fluorescence sensing
and binding modes of bridged
bis ACHTUNGTRENNUNG(b-CD)s towards bile salts,
demonstrating that bis ACHTUNGTRENNUNG(b-CD)s
can form stoichiometric inclu-
sion complexes (either 1:1 or
1:2) with bile salts.[22] An in-
depth comparative study on
the molecular binding behav-
ior of bis ACHTUNGTRENNUNG(b-CD)s and metallo-
bridged bis ACHTUNGTRENNUNG(b-CD)s with bile
salts has yet to be reported,
however, though such studies
would be very important for
elucidation of the molecular
recognition mechanism and
control of the binding behavior
of synthetic receptors. In this
work we have synthesized a
series of bis ACHTUNGTRENNUNG(b-CD)s with fluo-
rescent oxamidobisbenzoyl
linkers and their CuII com-
plexes, and have comparatively
investigated their selective
binding behavior towards
some optically inert bile salt
guest molecules. Here, the ox-
amidobisbenzoyl linker can act
not only as a sensing site for a
guest but also as a coordinat-
ing site for metal ions. First,
the fluorescent oxamidobisbenzoyl linkers may undergo sub-
stantial conformational changes upon complexation with op-
tically inert bile salts, producing appreciable fluorescence
changes. Second, both the oligo(ethylenediamine) moieties
and the carbonyl groups in the linker have the ability to co-
ordinate to transition-metal ions, therefore enabling us to
modify and potentially to switch the original binding ability
through the metal coordination and the cooperative multiple
recognition. Our particular interest is in exploration of the
factors governing the molecular multiple recognition mecha-
nism, especially of how metal coordination affects the bind-
ing behavior of bis ACHTUNGTRENNUNG(b-CD)s. This approach should serve to
further our understanding of this developing but little inves-
tigated area in the field of supramolecular chemistry.


Results and Discussion


Synthesis : As illustrated in Scheme 1, the oxamidobisbenzo-
yl-linked bis ACHTUNGTRENNUNG(b-CD)s 2–5 were synthesized in moderate
yields from oxamido-linked bis(benzoic acid)s and mono[6-
aminoethyleneamino-6-deoxy]-b-CD or mono[6-diethylene-
triamino-6-deoxy]-b-CD. Care should be taken to keep the
mixture anhydrous and at a low temperature during these
reactions, particularly at the initial stage, to achieve smooth
and clean transformations without undesirable products.
Further treatment of bis ACHTUNGTRENNUNG(b-CD)s 2–5 with CuII perchlorate
gave their CuII complexes 6–9 in satisfactory yields (over
50%). The quantities of reactants used were consistent with
the reaction stoichiometry, as determined by spectrophoto-
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metric titration. The compositions of the products were veri-
fied by elemental analysis.


Metal coordination behavior and stoichiometry : To investi-
gate the coordination behavior of bis ACHTUNGTRENNUNG(b-CD)s in the pres-
ence of CuII ions, spectrophotometric titrations were per-
formed at 25 8C in aqueous solution. A typical titration
curve obtained by titration of bis ACHTUNGTRENNUNG(b-CD) 3 with CuII ions is
shown in Figure 1. The absorbance intensity of bis ACHTUNGTRENNUNG(b-CD) 3
at 305 nm gradually decreases, while the absorbance intensi-
ties at 250 and 350 nm gradually increase with the addition
of varying amounts of CuII perchlorate. In the control ex-
periments, the UV/Vis spectrum of CuII ion displayed no ap-


preciable change (within measurement concentration range)
at 200–400 nm under comparable experimental conditions.
These observations indicate that CuII ion coordinates to the
bis ACHTUNGTRENNUNG(b-CD) to form a metallobridged bis ACHTUNGTRENNUNG(b-CD). Moreover,
JobLs experiments were also performed to explore the coor-
dination stoichiometry of bis ACHTUNGTRENNUNG(b-CD)/CuII complexes in aque-
ous solution. The adsorption wavelengths used were 306 nm
for 2/CuII, 305 nm for 3/CuII, 284 nm for 4/CuII, and 286 nm
for 5/CuII systems. We had previously demonstrated that the
coordination of bis ACHTUNGTRENNUNG(b-CD) 2 with CuII perchlorate has a 1:2
stoichiometry.[23] Here, this 1:2 stoichiometry was also ob-
served in the case of the 3/CuII complex, which indicates
that one bis ACHTUNGTRENNUNG(b-CD) 3 moiety can bind two CuII ions. When,


Scheme 1. Synthesis of CD derivatives.
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however, the 2,2’-oxamidobis(benzoylamino) linkers in the
bis ACHTUNGTRENNUNG(b-CD)s 2 and 3 were exchanged for 4,4’-oxamidobis(ben-
zoylamino) linkers, the resultant bis ACHTUNGTRENNUNG(b-CD)s 4 and 5 each
adopted a different coordination stoichiometry with CuII


ion. The JobLs plots for either 4/CuII or 5/CuII complexes
each display a maximum at 0.4 corresponding to a 2:3 bis ACHTUNGTRENNUNG(b-
CD)/CuII coordination stoichiometry, which indicates that—
besides each bis ACHTUNGTRENNUNG(b-CD) unit associating with one CuII ion—
two bis ACHTUNGTRENNUNG(b-CD) components also participate in the binding of
the third CuII ion. These bis ACHTUNGTRENNUNG(b-CD)/CuII coordination stoi-
chiometries were also verified by elemental analysis results.


Conformations of bis ACHTUNGTRENNUNG(b-CD)s and metallobridged bis ACHTUNGTRENNUNG(b-
CD)s : It is well known that the inclusion of a chromophoric
achiral guest/moiety in a chiral host such as a CD may pro-
duce induced circular dichroism (ICD) signals at wave-
lengths at which the guest chromophore has absorbance.[24]


In a control experiment, an aqueous solution of an oxami-
do-linked bis(benzoic acid) gave neither a circular dichroism
signal nor a rotatory signal, confirming that the oxamido-
linked bisbenzoyl group is an achiral chromophore in aque-
ous solution. Therefore, in order to examine the conforma-
tions of hosts 2–9, their circular dichroism spectra were
measured at 25 8C in Tris-HCl buffer solution (pH 7.2). As
can be seen from Figure 2a, bis ACHTUNGTRENNUNG(b-CD)s 2–5 have quite simi-
lar circular dichroism spectra in the absence of guest mole-
cule, but the intensities of the ICD signals are clearly differ-
ent, indicating different degrees of interactions between the
aromatic linker and two chiral cavities in the bis ACHTUNGTRENNUNG(b-CD). The
circular dichroism spectrum of 2 displays two positive
Cotton effect peaks around 233 nm (De =


0.52 dm�3 mol�1 cm�1) and 311 nm (De =


0.12 dm�3 mol�1 cm�1), attributable to the 1La and
1Lb transi-


tions, respectively, of the phenyl moieties in the linker
group. As a higher-order homologue of 2, bis ACHTUNGTRENNUNG(b-CD) 3 gives
the strongest ICD signals, displaying a strong positive


Cotton effect peak around 235 nm (De =


2.68 dm�3 mol�1 cm�1) and a moderate positive Cotton effect
peak around 272 nm (De = 0.60 dm�3 mol�1 cm�1) for the
1La and


1Lb transitions, respectively. When the 2,2’-oxamido-
bis(benzoylamino) linker in bis ACHTUNGTRENNUNG(b-CD) 2 is exchanged for
the 4,4’-oxamidobis(benzoylamino) linker, the resultant bis-
ACHTUNGTRENNUNG(b-CD) 4 displays ICD signals similar to but stronger than
those of 2, giving two positive Cotton effect peaks around
238 (De = 0.67 dm�3 mol�1 cm�1) and 312 nm (De =


0.23 dm�3 mol�1 cm�1) for the 1La and
1Lb transitions. BisACHTUNGTRENNUNG(b-


CD) 5, possessing the longer linker, displays relatively weak
ICD signals, giving two positive Cotton effect peaks around
246 nm (De = 0.28 dm�3 mol�1 cm�1) and 278 nm (De =


0.26 dm�3 mol�1 cm�1) for the 1La and
1Lb transitions. From a


generally accepted empirical rule[25–27] for the signs of ICD
signals induced by CDs and from our previous report on the
conformation of bis ACHTUNGTRENNUNG(b-CD) 2,[23] we can deduce that the oxa-
midobisbenzoyl linkers in the bis ACHTUNGTRENNUNG(b-CD)s 2, 4, and 5 are
only shallowly included in the b-CD cavities with an accli-
vous orientation to form self-included complexes, whilst that
in 3 is deeply buried in the CD cavity.


Figure 1. UV/Vis spectral changes of 3 upon addition of CuII perchlorate
in aqueous solution ([3] = 8M10�5 moldm�3 ; [CuII] from a to k = 0,
0.082, 0.164, 0.205, 0.3075, 0.410, 0.615, 0.820, 1.025, 1.435, and 1.845M
10�4 moldm�3).


Figure 2. Circular dichroism spectra of hosts 2–9 (1.0M10�4 moldm�3) in
aqueous buffer solution (pH 7.2) at 25 8C.
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Since self-inclusion of linkers often weakens the binding
abilities of bis ACHTUNGTRENNUNG(b-CD)s toward guests, appropriate adjust-
ment of the linker conformation is necessary in the design
of functional bis ACHTUNGTRENNUNG(b-CD)s. In this work we tried to introduce
metal centers into the linker groups of the bis ACHTUNGTRENNUNG(b-CD)s to
alter their conformation and thus to abolish the disadvanta-
geous self-inclusion. As can be seen in Figure 2b, the circu-
lar dichroism spectra of 6 or 7 each show both a positive
and a negative Cotton effect peak, clearly different from the
circular dichroism spectrum of 2 or 3, each showing two pos-
itive Cotton effect peaks. This result indicates that, after the
metal coordination, the linker group of 6 or 7 is now located
outside the CD cavity, producing the opposite ICD signal to
that of 2 or 3 around 310 nm. On the other hand, the circu-
lar dichroism spectra of 8 and 9 still resemble those of 4 and
5, which indicates that 4 and 5 each retain their original con-
formation after the metal coordination.


2D NMR spectroscopy has become an essential method
for the study of the conformations of CDs and their com-
plexes, since it may be concluded that two protons are close-
ly located in space—0.4 nm apart at most—if an NOE cross-
peak is detectable between the relevant protons in the
NOESY or ROESY spectrum. It is therefore possible to es-
timate the orientation of a linker group in a CD cavity with
the aid of the assigned NOE correlations. If the linker group
is self-included in the CD cavity, NOE correlations between
the linker group protons and the H3/H5/H6 protons of the
CD should be observed. Figure 3 illustrates a representative
ROESY spectrum of 4 in a pH 7.2 buffer solution, showing
three appreciable cross-peaks between the linker group pro-


tons and the CD H3/H5/H6 protons. As can be seen in
Figure 3, the cross-peaks A and B are attributable to NOE
correlations between the CD H3/H5/H6 protons and the Ha/
Hb protons of the 4,4’-oxamidobisbenzoyl linker. These re-
sults unambiguously show that the linker group is embedded
in the CD cavity, which is in excellent agreement with the
results obtained in the circular dichroism experiments.
Moreover, cross-peak C, attributable to NOE correlations
between the ethyleneamino protons of the linker group, and
the H5/H6 protons of CD are also observed. Since the H5/
H6 protons are located near to the narrow opening of the
CD cavity, while the H3 protons are near to the wide open-
ing, we can conclude that the linker group of 4 is self-includ-
ed in the CD cavity from the narrow opening, and a possible
conformation of 4 based on these results is shown in
Figure 4. ROESY spectra of other bis ACHTUNGTRENNUNG(b-CD)s (2, 3, and 5)
were also measured under identical conditions, giving the
same results as deduced from the ICD experiments. Un-
fortunately, the conformations of metallobridged bis ACHTUNGTRENNUNG(b-CD)s
6–9 could not be estimated by 2D NMR, due to the para-
magnetic disturbance of CuII.


Spectral titration : Many investigations have demonstrated
that fluorophore-attached CDs may undergo substantial
conformational changes upon guest inclusion and thus give
rise to relevant fluorescence changes. Moreover, the intro-
duction of guest molecules certainly changes the microenvir-
onmental hydrophobicity around the fluorophore, which
also affects the fluorophore emission to some extent. In this
work, the fluorescence intensities both of bis ACHTUNGTRENNUNG(b-CD)s and of
metallobridged bis ACHTUNGTRENNUNG(b-CD)s gradually increased with the ad-
dition of bile salts (Figure 5). This property might allow
their application as fluorescence sensors for the molecular
recognition of bile salts.


The stoichiometries for the inclusion complexation of
hosts 2–9 with representative guests were determined by
JobLs experiments by fluorescence spectroscopy. The emis-
sion wavelengths used were 408 nm for 2/bile salt, 402 nm
for 3/bile salt, 417 nm for 4/bile salt, 415 nm for 5/bile salt,
407 nm for 6/bile salt, 401 nm for 7/bile salt, 414 nm for 8/
bile salt, and 411 nm for 9/bile salt systems. Within the ex-
amined concentration range, each of the JobLs plots for the
inclusion complexation of bis ACHTUNGTRENNUNG(b-CD)s 2–5 with bile salts
shows a maximum at a bis ACHTUNGTRENNUNG(b-CD) molar fraction of 0.5, con-


Figure 3. 1H ROESY spectrum of 4 (2.6M10�3 moldm�3) in pH 7.2 buffer
solution at 25 8C with a mixing time of 400 ms.


Figure 4. Possible conformation of 4.
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firming the 1:1 binding stoichiometry between host and
guest (Figure 6a). For the inclusion complexation of metal-
lobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9 with bile salts, however, each of
the JobLs plots shows a maximum at a bis ACHTUNGTRENNUNG(b-CD) unit molar
fraction of 0.33 (Figure 6b), which indicates a 1:2 stoichiom-
etry between each bis ACHTUNGTRENNUNG(b-CD) unit and guest. The metallo-
bridged bis ACHTUNGTRENNUNG(b-CD) 6 or 7, each possessing one bis ACHTUNGTRENNUNG(b-CD)
unit, may only bind two bile salts to form a stoichiometric
1:2 inclusion complex. On the other hand, the metallobridg-
ed bis ACHTUNGTRENNUNG(b-CD) 8 or 9, each possessing two bis ACHTUNGTRENNUNG(b-CD) units,
each of which can form a stoichiometric 1:2 inclusion com-
plex with two guest molecules, may adopt a intramolecular
2:4 stoichiometry upon inclusion complexation with bile
salts.


With the 1:1 host/guest stoichiometry, the complexation of
bile salts (guest) with bis ACHTUNGTRENNUNG(b-CD)s (host) can be expressed by
Equation (1).


HþG
KS
�! �H �G ð1Þ


The stability constant (KS) for the host–guest inclusion
complexation can be obtained from analysis of sequential
changes of fluorescence intensity (DF) at various guest con-
centrations, by use of a nonlinear least-squares curve-fitting
method.[14c,22c] For each host examined, the plot of DF as a
function of [G]0 gives an excellent fit, verifying the validity
of the 1:1 inclusion complexation stoichiometry. Figure 5
(insert) shows a typical curve-fitting plot for the fluores-
cence titration of CA with bis ACHTUNGTRENNUNG(b-CD) 2. We find that there
are no serious differences between the experimentally meas-
ured and the calculated data. When repeated measurements
are made, the KS values are reproducible within error limits
of 5%. The KS values obtained are listed in Table 1, along
with the free energy changes of complex formation (�DG8).


By treating one bis ACHTUNGTRENNUNG(b-CD) moiety in 6–9 as a host unit,
the stoichiometric 1:2 inclusion complexation of two bile
salts (G) with a host unit (H) can be expressed by Equa-
tion (2), and the complex stability constant (KS) is given by
Equation (3), where [H], [G], and [H·2G] represent the
equilibrium concentrations of host unit, guest, and complex,
respectively.


Figure 5. a) Fluorescence spectral changes of bis ACHTUNGTRENNUNG(b-CD) 2 (1.91M
10�5 moldm�3) upon addition of CA (from a to j = 0, 0.0378, 0.0945,
0.1512, 0.189, 0.2835, 0.378, 0.756, 1.323, and 1.70M10�3 moldm�3) in Tris-
HCl buffer solution (pH 7.2) at 25 8C (lex = 315 nm). b) Nonlinear least-
squares analysis of the differential intensity (DF) to calculate the com-
plex formation constant (KS).


Figure 6. a) JobLs plot of 4/CA system at 417 nm ([4] + [CA] = 1.0M
10�4 moldm�3). b) JobLs plot of 9/CA system at 411 nm ([bis ACHTUNGTRENNUNG(b-CD) unit]
+ [CA] = 1.5M10�5 moldm�3).


Table 1. Stability constants (KS) and Gibbs free energy changes (�DG8)
for the inclusion complexation of bis ACHTUNGTRENNUNG(b-CD)s 2–5 with bile salts in Tris-
HCl buffer solution (pH 7.2) at 25 8C.


Host Guest KS [m
�1] logKS �DG8 ACHTUNGTRENNUNG[kJmol�1]


2 CA 18500 4.27 24.34
DCA 12200 4.09 23.31


3 CA 8130 3.91 22.31
DCA [a] – –


4 CA 11900 4.08 23.25
DCA 11500 4.06 23.17


5 CA 8820 3.95 22.51
DCA 1870 3.27 18.67


[a] The guest-induced variations in the fluorescence intensities are too
small for the KS value to be determined.
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Hþ 2G
KS
�! �H � 2G ð2Þ


KS ¼ ½H � 2G
=½H
½G
2 ð3Þ


The fluorescence intensity (F) is proportional to the con-
centration of fluorophore (c) in dilute solution [Eq. (4)].


F ¼ eF c ð4Þ


From Equation (4) we can obtain Equations (5) and (6).
(In this case the guest is nonfluorescent), where [H]0 signi-
fies the initial concentration of host unit and eF and eF’ rep-
resent the molar fluorescence intensities of free host unit
and inclusion complex.


F0 ¼ eF ½H
0 ð5Þ


F ¼ eF½H
 þ eF
0½H � 2G
 ¼ eFð½H
0�½H � 2G
Þ


þeF 0½H � 2G
 ¼ eF½H
0 þ ðeF 0�eFÞ½H � 2G

ð6Þ


By subtracting Equation (5) from Equation (6), we obtain
Equation (7), where DF and DeF denote the changes in the
fluorescence intensity and molar fluorescence intensity of
host unit upon complexation with guest molecules.


DF ¼ F�F0 ¼ ðeF�eF 0Þ½H � 2G
 ¼ DeF½H � 2G
 ð7Þ


We also have Equations (8) and (9).


½H
 ¼ ½H
0�½H � 2G
 ð8Þ


½G
 ¼ ½G
0�2 ½H � 2G
 ð9Þ


By combining Equations (3), (7), (8), and (9), and by ne-
glecting the terms [H·2G]2 and [H·2G]3 in a similar way to
Tamaki[28] and Bender[29] for the spectral changes on the
complex formation, we can derive Equation (10).


½H
0½G
02
DF


¼ 1
DeFKS


þ ½G
0ð½G
0þ4 ½H
0Þ
DeF


ð10Þ


The complex stability constant (KS) for each host–guest
combination can be determined from the approximate
linear plot of [H]0[G]0


2/DF against [G]0([G]0+4 [H]0).
Figure 7 illustrates typical fluorescence titration curves for
the inclusion complexation of metallobridged bis ACHTUNGTRENNUNG(b-CD) 7
with CA and the curve-fitting result. The complex stability
constants (KS) and the free energy changes calculated from
the slope and intercept are listed in Table 2. When repeated
measurements were made the KS values were reproducible
within error limits of 5%.


Binding mode : As can be seen from the compound struc-
tures above, the bile salts CA and DCA have similar frame-
works, each containing four rings (A–D) and a carboxylate
side chain, but with a small difference in the C-7 substituent
(R): a hydroxy group in CA and a hydrogen atom in DCA.
Upon inclusion complexation with a CD, the A-ring or the
carboxylate group of a bile salt can enter the CD cavity


from either the narrow or the wide opening of the CD,
which should result in dramatically different binding behav-
ior between host and guest. It is therefore very important to
investigate the binding modes between these bis ACHTUNGTRENNUNG(b-CD)s or
metallobridged bis ACHTUNGTRENNUNG(b-CD)s and bile salts for elucidation of
the mechanism of molecular recognition. Figure 8 and
Figure 9 illustrate some typical 1H ROESY spectra for inclu-
sion complexation of bis ACHTUNGTRENNUNG(b-CD)s with bile salts. The nota-
tions used are Hn for CD protons and Pn for bile salt pro-
tons, where n is the carbon number indicated in the com-
pound structures above. In the control experiments the
ROESY spectra of bile salts show the intramolecular NOE
correlations between the bile salt protons, which should help
us easily recognize the NOE correlations between host and
guest from the ROESY spectra of bis ACHTUNGTRENNUNG(b-CD)/bile salt com-
plexes.[22b] As can be seen in Figure 8, the 1H ROESY spec-
trum for the resulting complex of 3/CA in pH 7.2 buffer sol-
ution displays complicated NOE cross-peaks, which come
not only from the intermolecular correlations between b-CD
and the bile salt, but also from the intramolecular correla-
tions of 3 or CA. Among them, peak A corresponds to the
NOE correlations between the ethyleneamino protons of
the linker group and the CDLs H5/H6 protons, and peak C


Figure 7. a) Fluorescence spectral changes of host 7 (1.36M10�5 moldm�3)
upon addition of CA (from a to k = 0, 0.0298, 0.0745, 0.1192, 0.149,
0.2235, 0.298, 0.596, 0.745, 1.043, 1.192M10�3 moldm�3) in Tris-HCl buffer
solution (pH 7.2) at 25 8C (lex = 315 nm). b) Linear least-squares analysis
plot to calculate the complex formation constant (KS).


Table 2. Complex formation constant (KS) and Gibbs free energy change
(�DG8) for the inclusion complexation of metallobridged bisACHTUNGTRENNUNG(b-CD)s 6–9
with bile salts in Tris-HCl buffer solution (pH 7.2) at 25 8C.


Host Guest KS [m
�2] logKS �DG8 [kJmol�1]


6 CA 5.73M107 7.76 44.26
DCA 2.03M107 7.31 41.70


7 CA 9.93M107 8.00 45.62
DCA 3.47M107 7.54 43.02


8 CA 3.96M107 7.60 43.35
DCA 3.78M107 7.58 43.23


9 CA 2.95M107 7.47 42.62
DCA 6.2M106 6.79 38.76
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corresponds to the NOE correlations between the CALs P21
protons and the CDLs H3/H5/H6 protons. Meanwhile, cross-
peaks B, D, and E correspond to the NOE correlations be-
tween the protons in the D-ring of CA and the CDLs H3
protons. These NOE correlations, along with the 1:1 binding
stoichiometry, jointly indicate a “host–linker–guest” binding
mode[22a, c] between 3 and CA. That is, upon inclusion com-
plexation with bis ACHTUNGTRENNUNG(b-CD), the carboxylate tail and the D-
ring of CA enter into one CD cavity of 3 from the wide
opening, while the linker group of 3 is partially self-included
in the other CD cavity, as illustrated in Figure 8b. There is


an inherent advantage for this binding mode. Under our ex-
perimental conditions, the carboxylate group of CA is not
protonated and should exist as a carboxylate anion, while
the �NH� fragments in the linker group of bis ACHTUNGTRENNUNG(b-CD)
should be partly protonated. Therefore, the electrostatic in-
teractions between the protonated amino groups (�NH2


+�)
in the linker and the anionic carboxylate tail of CA may to
some extent favor the inclusion complexation of 3 with CA.
A similar binding mode is also observed for the inclusion
complexation of 3 with DCA by analysis of the ROESY
spectrum of the 3/DCA complex.


Figure 8. a) ROESY spectrum of the 3/CA complex with a mixing time
of 200 ms at 298 K. b) Possible binding mode of 3 with CA. Figure 9. a) ROESY spectrum of the 4/CA complex with a mixing time


of 200 ms at 298 K. b) Possible binding mode of 4 with CA.
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With a shallowly self-included conformation, bis ACHTUNGTRENNUNG(b-CD)s
2, 4, and 5 show a binding mode different from that of 3—
which possesses a deeply self-included conformation—upon
inclusion complexation with bile salts. In the 1H ROESY
spectrum of the 4/CA complex (Figure 9a), peaks A, C, and
D correspond to the NOE correlations between the D-ring
protons of CA and the CDLs H3 protons, whilst peak B cor-
responds to NOE correlations between the CALs P21 pro-
tons and the CDLs H3/H5/H6 protons. Moreover, a clear
cross-peak (peak E) corresponding to NOE correlation be-
tween the CALs P23 protons and the aromatic protons in the
linker group of 4 is observed, while the NOE correlations
between the ethyleneamino protons of the linker group and
the CDLs H5/H6 protons become very weak. From these
ROESY data and the 1:1 binding stoichiometry of 4 with
CA, we can deduce a possible binding mode of 4/CA com-
plex as illustrated in Figure 9b. That is, the carboxylate tail
and D-ring of CA enter the CD cavity from the wide open-
ing, and the carboxylate tail is located close to the linker
group. On the other hand, the linker group is mostly moved
out from the CD cavity after complexation with CA. Close
examination of the ROESY spectra of 2/CA, 2/DCA, 4/
DCA, 5/CA, and 5/DCA complexes consistently demon-
strates a similar binding mode to the 4/CA complex.


Although the paramagnetic disturbance caused by the co-
ordinated CuII ions makes it impossible to measure the
2D NMR spectra of metallobridged bis ACHTUNGTRENNUNG(b-CD)s, we can
deduce their binding modes through their structures and
binding stoichiometries. We have demonstrated that, for the
inclusion complexation of bile salts with bis ACHTUNGTRENNUNG(b-CD)s 2–5, the
carboxylate tails of bile salts enter the CD cavity through
the wide opening, due to the electrostatic attraction from
the protonated amino groups (�NH2


+�) in the linker. In the
cases of the metallobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9, the strong elec-
trostatic attraction from the coordinated CuII ions in the
linker group may also favor the penetration of the carboxy-
late tail of bile salt into the CD cavity through the wide
opening. Moreover, the 1:2 or 2:4 binding stoichiometry in-
dicates that each CD cavity of a metallobridged bis ACHTUNGTRENNUNG(b-CD)
is occupied by a bile salt, so we can deduce the possible
binding modes of 6–9 as illustrated in Figure 10.


We have demonstrated that, upon inclusion complexation
with bile salts, bis ACHTUNGTRENNUNG(b-CD)s 2–5 adopt “host–linker–guest”
binding modes, while the metallobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9
adopt either the 1:2 or the 2:4 binding modes. These results


may consequently explain the enhanced fluorescence of bis-
ACHTUNGTRENNUNG(b-CD)s induced by the guest. That is, in these binding
modes, the bile salt is located near to the oxamidobisbenzoyl
linker, so the fluorophore in the linker may be efficiently
protected from the deactivating water attack by steric
shielding by the closely located bulk bile salt guests. In addi-
tion, the introduction of a hydrophobic bile salt guest should
certainly increase the microenviromental hydrophobicity
around the fluorophore, which should also contribute to the
enhanced fluorescence of the bis ACHTUNGTRENNUNG(b-CD)s.


Binding ability : Many investigations have demonstrated that
several weak noncovalent forces, including van der Waals
forces, hydrophobic interactions, hydrogen bonding, and
dipole–dipole interactions, contribute cooperatively to inclu-
sion complexation by CDs, and a good match of the size
and shape of the host to those of the guest should greatly
favor host–guest inclusion complexation, since the strength
of these interactions is closely related to the distance and
contact surface area between host and guest. Native and
modified monomeric CDs display relatively limited binding
ability towards guest molecules, probably because of weak
hydrophobic interactions. However, bis ACHTUNGTRENNUNG(b-CD)s and metallo-
bridged bis ACHTUNGTRENNUNG(b-CD)s have greatly enhanced binding abilities
in relation to the parent CDs, owing to a multiple recogni-
tion mechanism. As can be seen in Table 1, the KS values
for the inclusion complexation of CA and DCA with bis ACHTUNGTRENNUNG(b-
CD)s 2–5 are in the range of 103 to 104m�1, higher than the
KS values (101 to 103m�1) reported for the inclusion com-
plexation of these bile salts with native or monomodified b-
CDs.[12,22b] These enhanced binding abilities highlight the in-
herent advantage of the cooperative “host–linker–guest”
binding mode of bis ACHTUNGTRENNUNG(b-CD)s 2–5. In addition to the associa-
tion of the CD cavity with a guest molecule, the linker
group provides some additional binding interactions towards
the accommodated guest. These factors jointly contribute to
the stronger binding abilities achieved by bis ACHTUNGTRENNUNG(b-CD)s in rela-
tion to monomeric CDs.


It is also interesting to compare the “host selectivity” se-
quence for each bile salt. The order of KS values for the in-
clusion complexation of bis ACHTUNGTRENNUNG(b-CD)s 2–5 with each bile salt is
2>4>5>3. That is, the bile salts CA and DCA are better
bound by bis ACHTUNGTRENNUNG(b-CD) 2, which possesses the shortest linker
group, than by the long-linked bis ACHTUNGTRENNUNG(b-CD)s. This may be at-
tributable to the strict size-fit between these bile salts and
the short-linked bis ACHTUNGTRENNUNG(b-CD) 2, which consequently gives
strong van der Waals and hydrophobic interactions between
host and guest.


Significantly, metallobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9 show greatly
enhanced binding abilities with regard to the bis ACHTUNGTRENNUNG(b-CD)s 2–
5. As can be seen in Table 2, the Gibbs free energy changes
(�DG8) for the inclusion complexation of 6–9 with bile salts
(38.76–45.62 kJmol�1) are almost twice as high as those for
the inclusion complexation of 2–5 (18.67–24.34 kJmol�1) and
are even higher than our previously reported values (23.5–
35.6 kJmol�1) for metallo biquinolino-bridged bis ACHTUNGTRENNUNG(b-
CD)s.[22c] These significant enhancements in the binding abil-


Figure 10. Possible binding modes of metallobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9 with
bile salts.


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3858 – 38683866


Y. Liu et al.



www.chemeurj.org





ities may be attributable to a more complicated multiple
recognition mechanism involving the cooperative binding of
several CD cavities, conformation adjustment by the metal
coordination, and additional binding interactions between
the metal-coordinated linker group and the accommodated
guest molecules. Upon inclusion complexation with guest
molecules, each metal-coordinated bis ACHTUNGTRENNUNG(b-CD) unit associates
with two bile salts, and the coordinated CuII ions enter into
electrostatic interactions with the anionic carboxylate tails
of the accommodated bile salts. In addition, the coordina-
tion of CuII ions shortens the effective length of linker
group to some extent and thus improves the size relation-
ship between the host and the guest. As a cumulative result
of these factors, metallobridged bis ACHTUNGTRENNUNG(b-CD)s 6–9 show much
high binding abilities than monomeric and dimeric CDs.


The importance of the multiple recognition mechanism is
more clearly demonstrated by comparing the binding abili-
ties of these bis ACHTUNGTRENNUNG(b-CD)s and metallobridged bis ACHTUNGTRENNUNG(b-CD)s for
CA and DCA. As can be seen in Table 1 and Table 2, all of
the hosts examined (except for 3) display higher binding
abilities for CA than for DCA. One possible reason for the
stronger affinities for CA may involve hydrogen bond inter-
actions between the 7-hydroxy group of CA and the 2- and
3-hydroxy groups of CD. We have demonstrated that the
carboxylate tail and the D-ring of CA enter into the CD
cavity through the wide opening. In this binding mode, the
7-hydroxy group of CA is located outside the CD cavity and
near to the wide opening of CD, and so can easily interact
with the 2- and 3-hydroxy groups of CD through hydrogen
bond interactions, which subsequently strengthen the host–
guest association.


Conclusion


In summary, we have successfully synthesized a series of bis-
ACHTUNGTRENNUNG(b-CD)s bearing fluorescent oxamidobisbenzoyl linkers and
their CuII complexes as fluorescence sensors for the molecu-
lar recognition of bile salts. Significantly, the introduction of
metal ions into bis ACHTUNGTRENNUNG(b-CD)s can not only alter the original
conformations of the bis ACHTUNGTRENNUNG(b-CD)s but can also affect the
binding behavior of bis ACHTUNGTRENNUNG(b-CD)s and even change their bind-
ing stoichiometries. These results provide a convenient and
powerful method for controlling the binding behavior of di-
meric receptors in aqueous solution, which should be useful
for the design and synthesis of new supramolecular systems
and further improve understanding of molecular multiple
recognition mechanism in supramolecular systems.


Experimental Section


Materials : All chemicals were reagent grade and were used without fur-
ther purification unless noted otherwise. b-CD of reagent grade was re-
crystallized twice from water and dried in vacuo at 95 8C for 24 h prior to
use. N,N-Dimethylformamide (DMF) was dried over calcium hydride for
two days and was then distilled under reduced pressure prior to use.
Mono ACHTUNGTRENNUNG[6-O-(p-toluenesulfonyl)]-b-CD (6-OTs-b-CD) was prepared by


treatment of p-toluenesulfonyl chloride with b-CD in alkaline aqueous
solution.[30] 6-OTs-b-CD was then converted into mono(6-aminoethylami-
no-6-deoxy)-b-CD or mono(6-diethylenetriamino-6-deoxy)-b-CD in ca.
70% yield upon heating in excess ethylenediamine or diethylenetriamine
at 70 8C for 7 h.[31,32] Sodium cholate (CA) and deoxycholate (DCA) were
purchased from Acros and were used as received. 6,6’-[2,2’-Oxamidobis-
(benzoylaminoethyleneamino)]-6,6’-deoxy-bisACHTUNGTRENNUNG(b-CD) (2) and its CuII


complex (6) were prepared by our recently reported procedures.[23] A
Tris-HCl buffer solution (pH 7.2) was used as solvent throughout the
spectral measurements.


Apparatus : Elemental analyses were performed on a Perkin–Elmer-
2400C instrument. NMR spectra were recorded on a Varian Mercury
VX300 instrument. Circular dichroism and UV/Vis spectra were recorded
in a conventional quartz cell (light path 10 mm) on a JASCO J-715S
spectropolarimeter and a Shimadzu UV-2401PC spectrophotometer
fitted with a PTC-348WI temperature controller to keep the temperature
at 25 8C, respectively. Fluorescence spectra were measured in a conven-
tional quartz cell (10M10M45 mm) at 25 8C on a JASCO FP-750 spec-
trometer with a constant-temperature water bath, with excitation and
emission slits of 10 nm.


6,6’-[2,2’-Oxamidobis(benzoylaminodiethylenediamino)]- 6,6’-deoxy-bis-
ACHTUNGTRENNUNG(b-CD) (3): Mono(6-diethylenetriamino-6-deoxy)-b-CD (1 mmol) was
dissolved in DMF (30 mL) in the presence of a small amount of 4 S mo-
lecular sieves, and DCC (1 mmol) and 2,2’-oxamidobis(benzoic acid)[33]


(0.5 mmol) were then added. The mixture was stirred for two days in an
ice bath and for another two days at room temperature, and was then al-
lowed to stand for 5 h until no more precipitation deposited. The precipi-
tate was removed by filtration and the filtrate was evaporated to dryness
under reduced pressure. The residue was dissolved in a minimal amount
of hot water and was then poured into acetone (150 mL), and the precipi-
tate formed was collected by filtration. This procedure was repeated
twice. The crude product obtained was purified on a column of Sepha-
dex G-25 with water as eluent. After drying in vacuo, a pure sample of 3
was obtained in 27% yield. 1H NMR (300 MHz, D2O, TMS): d = 2.63–
2.93 (m, 16H), 3.25–3.83 (m, 84H), 4.86 (m, 14H), 7.10–7.16 ACHTUNGTRENNUNG(m, 2H),
7.34–7.42 (m, 2H), 7.81–7.84 (m, 2H), 8.38–8.42 ppm (m, 2H); UV/Vis
(water): lmax (e) = 305 nm (10470m�1 cm�1); elemental analysis (%)
calcd for C108H170O72N8·19H2O: C 42.19, H 6.82, N 3.64; found: C 42.29,
H 6.85, N 3.19.


6,6’-[4,4’-Oxamidobis(benzoylaminoethyleneamino)]-6,6’-deoxy-bis ACHTUNGTRENNUNG(b-
CD) (4): Compound 4 was prepared in 25% yield from 4,4’-oxamidobis-
ACHTUNGTRENNUNG(benzoic acid)[33] and mono(6-aminoethylamino-6-deoxy)-b-CD by a pro-
cedure similar to that employed in the synthesis of 3. 1H NMR
(300 MHz, D2O, TMS): d = 2.55–3.22 (m, 8H), 3.41–3.74 (m, 84H), 4.89
(s, 14H), 7.21–7.23 (m, Ar 4H), 7.50–7.53 ppm (m, Ar 4H); UV/Vis
(water): lmax (e) = 284 nm (8130m�1 cm�1); elemental analysis (%) calcd
for C104H160O72N6·16H2O: C 42.57, H 6.59, N 2.86; found: C 42.58, H
6.64, N 2.87.


6,6’-[4,4’-Oxamidobis(benzoylaminodiethylenediamino)]-6,6’-deoxy-bis ACHTUNGTRENNUNG(b-
CD) (5): Compound 5 was prepared in 20% yield from 4,4’-oxamidobis-
ACHTUNGTRENNUNG(benzoic acid)[33] and mono(6-diethylenetriamino-6-deoxy)-b-CD by a
procedure similar to that employed in the synthesis of 3. 1H NMR
(300 MHz, D2O, TMS): d = 2.69–2.87 (m, 16H), 3.34–3.74 (m, 84H),
4.85 (s, 14H), 7.56 (m, Ar 4H), 7.74–7.77 ppm (m, Ar 4H); UV/Vis
(water): lmax(e) = 286 nm (7240m�1 cm�1); elemental analysis (%) calcd
for C108H170O72N8·10H2O: C 44.54, H 6.58, N 3.85; found: C 44.38, H
6.47, N 4.07.


Bis ACHTUNGTRENNUNG(b-CD)-CuII complex 7: BisACHTUNGTRENNUNG(b-CD) 3 was added dropwise to a dilute
aqueous solution of a slight excess of CuII perchlorate in an ice/water
bath. Several drops of chloroform were further added, and the resultant
solution was kept at 5 8C for 2 days. The precipitate formed was collected
by centrifugation, washed successively with a small amount of ethanol
and diethyl ether, and then dried in vacuo to give complex 7 in 68%
yield as a blue solid. UV/Vis (water): lmax (e) = 310 nm (6170m�1 cm�1);
elemental analysis (%) calcd for C108H170O72N8·2Cu ACHTUNGTRENNUNG(ClO4)2·24H2O: C
35.16, H 5.96, N 3.04; found: C 35.14, H 5.64, N 2.74.


Bis ACHTUNGTRENNUNG(b-CD)-CuII Complex 8 : Bis ACHTUNGTRENNUNG(b-CD)-CuII complex 8 was prepared in
58% yield as a green solid by a procedure similar to that used in the syn-
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thesis of 7. UV/Vis (water): lmax (e) = 279 nm (8510m�1 cm�1); elemental
analysis (%) calcd for C104H160O72N6·1.5Cu ACHTUNGTRENNUNG(ClO4)2·14H2O: C 36.87, H
5.59, N 2.48; found: C 36.59, H 5.32, N 2.41.


Bis ACHTUNGTRENNUNG(b-CD)-CuII complex 9 : Bis ACHTUNGTRENNUNG(b-CD)-CuII complex 9 was prepared in
50% yield as a green solid by a procedure similar to that used in the syn-
thesis of 7. UV/Vis (water): lmax (e) = 280 nm (5500m�1 cm�1); elemental
analysis (%) calcd for C108H170O72N8·1.5Cu ACHTUNGTRENNUNG(ClO4)2·12H2O: C 38.81, H
5.85, N 3.35; found: C 38.45, H 5.83, N 3.41.
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Introduction


Noncovalent p–p interactions are involved in a wide variety
of chemical and biological processes,[1] ranging from self-as-
sembly of synthetic molecules[2] to drug intercalation into
DNA.[3] However, these important interactions are weak
and feature shallow potential energy landscapes. Substitu-
ents can significantly alter the energy landscape and provide
a way to tune p–p interactions. An understanding of how
substituents can be used to adjust p–p interactions could be
helpful in crystal engineering and the design of supramolec-
ular architectures.


A few experiments have probed the effect of substituents
on p–p interactions by using NMR techniques. Cozzi,
Siegel, and co-workers[4–6] have measured barriers to rota-
tion in substituted 1,8-diarylnaphthalenes featuring a nearly


face-to-face (sandwich) configuration. Other experiments by
Rashkin and Waters,[7] Hunter and co-workers,[8,9] and
Wilcox and co-workers[10,11] examined p–p interactions in
other (parallel-displaced and T-shaped) configurations.
Other studies have examined the structures of benzene–hexa-
fluorobenzene dimers or 1:1 crystals.[12,13] None of these ex-
periments were performed in the gas phase, so characterizing
the intrinsic binding energy is difficult due to the inevitable
presence of secondary interactions and solvent effects.[14,15]


Unfortunately, these experiments do not agree about how
substituents alter p-p interactions: some indicate that electro-
static effects are dominant,[4–6,8,9] while others argue for dis-
persion effects.[10,11]


Approximately perpendicular and offset parallel configu-
rations are frequently observed in the crystal structures of
simple aromatic compounds,[16, 17] and interacting side chains
in proteins exhibit both orientations.[18, 16] Tsuzuki and co-
workers[19] have noted in their examination of toluene
dimers that unlike benzene dimers, toluene dimers favor
parallel-displaced over T-shaped configurations, and the
sandwich and T-shaped configurations become nearly iso-
ACHTUNGTRENNUNGenergetic. Here we will focus on sandwich and T-shaped
configurations of substituted benzene dimers, and parallel-
displaced configurations will be considered in future work.


Conventional wisdom about geometric and substituent ef-
fects in p–p interactions is currently based upon the
Hunter–Sanders model,[20] which argues that although dis-
persion effects are important to the total binding energy,
changes due to geometry or substitution are governed by
electrostatic forces. This simple model describes an aromatic
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dimers were studied by second-order
perturbation theory to determine how
substituents tune p–p interactions. Re-
markably, multiple substituents have an
additive effect on the binding energy of
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when substituents are aligned on top of


each other. The energetics of substitut-
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ring as a positively charged s framework and a negatively
charged p cloud. For sandwich configurations of substituted
benzenes, this model predicts that electron-withdrawing sub-
stituents strengthen the interaction because they decrease
the electrostatic repulsion between the negatively charged p


clouds. The reverse effect is predicted for electron-donating
substituents. Our recent high-level theoretical studies of sub-
stituted benzene dimers[21,22] demonstrate that all substituted
sandwich benzene dimers have a stronger attraction than
the unsubstituted benzene dimer, regardless of the electron-
donating or electron-withdrawing nature of the substituent,
in contradiction to the Hunter–Sanders rules. Geerlings and
co-workers[23] find similar results in their theoretical study of
the interaction between monosubstituted benzenes with py-
ACHTUNGTRENNUNGrimidine and imidazole. Our unconventional prediction that
electron-donating substituents increase binding in face-to-
face p–p interactions seems to have been confirmed in a
recent study by Mei and Wolf.[24] These workers have syn-
thesized a new, highly congested 1,8-diacridylnapthalene
system to serve as a more robust experimental model of
face-to-face p–p interactions. They find that oxides of their
parent system feature increased p–p interactions, in agree-
ment with our predictions.


We previously analyzed the binding energies of substitut-
ed sandwich and T-shaped benzene dimers by using symme-
try-adapted perturbation theory (SAPT),[25,26] which pro-
vides the electrostatic, dispersion, induction, and exchange–
repulsion components of the interaction energy. This analy-
sis showed that not only is dispersion more important than
electrostatics in the overall binding, but it can also be more
important in determining substituent effects.[22] This conclu-
sion is supported by previous studies of substituent effects
in solute–solvent interactions in nematic liquid crystals by
Williams and Lemieux.[27]


So far, we have studied only monosubstituted benzene
dimers. Here we extend our work to explore the effect of
multiple substituents on sandwich and T-shaped configura-
tions. Experimental work on multiple fluorination of 1,8-di-
ACHTUNGTRENNUNGarylnaphthalenes by Cozzi, Siegel, and co-workers[6] suggests
that substituent effects in p–p interactions may be additive:
these workers measured the barrier to rotation of phenyl
groups about the naphthyl–phenyl bond, which they argue is
related to the strength of the p–p interaction between
phenyl groups.[28] In their studies of mono- through trifluori-
nated phenyl rings, they found that each fluorine contributes
about 0.5 kcal mol�1 to the barrier to rotation. This is a re-
markable result and suggests that, if additivity holds more
generally, it might be possible to predict the energy change
in p–p interactions based simply on the number and type of
substituents by using tabulated substituent values and/or a
very simple equation involving molecular quantities for the
monomers. In recent theoretical work, Kim and co-work-
ers[29] demonstrated additivity in a single example in which
they substituted both aromatic rings in a T-shaped benzene
dimer and found that the change in total interaction energy
was nearly equal to the sum of the changes caused by the in-
dividual substitutions. However, by considering only a single


disubstituted dimer, this work did not address the question
of additivity in a general fashion. While the present paper
was in preparation, Riley and Merz[30] demonstrated the
need to carefully consider direct hydrogen–substituent inter-
action in their extensive study of fluorosubstituted dimers,
in which they consider every possible substitution pattern
through hexasubstitution for T-shaped benzene–n-fluoroben-
zene dimers. In this work, we present a broader investiga-
tion of the additivity of substituent effects on p–p interac-
tions by considering sandwich and T-shaped dimers of ben-
zene that are up to hexasubstituted for five different sub-
stituents. Further, we develop a mathematical model to pre-
dict relative interaction energies for substituted dimers that
is a function of parameters correlating to electrostatic and
dispersion contributions of the substituents.


Computational Methods


All computations were performed using second-order Møller–Plesset per-
turbation theory (MP2) in conjunction with DunningIs augmented polar-
ized correlation-consistent basis set aug-cc-pVDZ.[31] The aug- prefix de-
notes that this basis set has an extra set of diffuse functions for each an-
gular momentum appearing in the basis. This basis set was chosen be-
cause the low symmetry of the dimers in this study, ranging in size from
24 to 33 atoms, limited the level of theory that could be applied. Previous
work[32] on the benzene dimer indicates that it is more important to in-
clude additional diffuse functions rather than use a triple-z-quality basis
set. Fortunately, our previous study of the relative changes caused by sub-
stitution of the benzene dimer shows that the change in interaction
energy due to the substituents can be accurately determined at this com-
putational level,[22] even though the total binding energies are not as relia-
ble as those computed by using coupled-cluster theory with large basis
sets. Monomers (Ph�Xn in which X=H, F, CH3, OH, NH2, and CN;
Figure 1) were optimized at the MP2/aug-cc-pVDZ level of theory, and


sandwich dimers were constructed by maintaining these monomer geo-
metries and varying the distance between the monomers over the range
3.0–4.0 M. For the T-shaped configurations, the monomers were aligned
at a 908 angle as shown in Figure 2, and the distance between the centers
of the rings was varied over the range 4.5–5.5 M. The monomer separa-
tion was initially varied by 0.2 M increments to give the general shape of
the potential energy curve, and then the resolution of the curve was in-
creased to 0.05 M near the equilibrium point. When substituting the ben-
zene ring, the symmetrical substitution patterns, illustrated in Figure 1,
were used. Disubstituted systems were substituted in the para-1,4-posi-
tions, and trisubstitutions were in the 1,3,5-positions. Hexasubstituted sys-
tems were also considered in some cases.


In the sandwich configurations, the monomers were aligned at their cen-
ters, such that the C�X bonds of the substituted benzene were coplanar


Figure 1. Symmetric substitution patterns for substituted dimers.


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3821 – 38283822



www.chemeurj.org





to the C�H bond of benzene. In this procedure, we used the geometric
center of each ring for alignment.[33] This configuration was chosen as
representative and is of course not the only possibility, but rotation of
the sandwich dimer caused no more than 0.01 kcal mol�1 difference in the
total interaction energy, even in the hexasubstituted dimers. Rotation of
the lower ring in the T-shaped configurations is discussed below. The
CH3 substituents had nearly free rotation around the C�C single bond,
so the Cs configuration with one hydrogen atom up and two hydrogen
atoms down was chosen as representative. For the amino-substituted sys-
tems, the configuration in which the hydrogen atoms are directed away
from the other benzene ring was chosen.


Most of the dimers in this study are heterodimers between a benzene
moiety and a substituted benzene molecule in which the substituents are
all of the same type. However, we have also considered several “mixed”
sandwich dimers with two different types of substituents; these are de-
picted in Figure 2. These dimers allow us to evaluate, among other fac-
tors, the possible importance of direct interactions between substituents
on different rings. We considered mixed sandwiches of benzene and para-
disubstituted benzene and also dimers of two different monosubstituted
benzenes. In the latter case, we allowed the substituents to be aligned on
top of each other or to be opposite each other in an “anti-aligned” con-
figuration (see Figure 2).


Our previous work on the benzene dimer[32, 22] demonstrates that interac-
tion energies converge more rapidly when the Boys–Bernardi counter-
poise correction[34] is employed (although this is not necessarily the case
for all weakly bound systems); hence, we apply the counterpoise correc-
tion to all results reported here. Optimizations of monomer geometries
were performed using Q-Chem 2.1,[35] and dimer computations were per-
formed using MOLPRO.[36]


Symmetry-adapted perturbation theory (SAPT)[25, 26] was applied by using
the program package SAPT2002[37] to selected dimers to analyze their
total interaction energies in terms of electrostatic, induction, dispersion,
and exchange energies. The total interaction energy can be represented
by the sum given in Equation (1) in which EHF


int describes the interactions
at the Hartree-Fock level. This term can be further expanded to yield
Equation (2).


Eint ¼ EHF
int þ ECORR


int ð1Þ


EHF
int ¼ Eð10Þ


elst þ Eð10Þ
exch þ Eð20Þ


ind,resp þ Eð20Þ
exch-int,resp þ dEHF


int,resp ð2Þ


The superscripts (ab) indicate the order of the perturbation with respect
to the intermolecular and intramonomer parts of the Hamiltonian, re-
spectively. The subscript “resp” indicates that the term contains contribu-
tions from the coupled-perturbed Hartree–Fock response.


In the SAPT2 method employed here, the contribution of electron corre-
lation to the interaction energy is nearly equivalent to that from a super-
molecular MP2 computation and can be represented as Equation (3) in
which tEð22Þ


ind represents the part of Eð22Þ
ind that is not included in Eð20Þ


ind,resp.


ECORR
int ¼ Eð12Þ


elst,resp þ Eð11Þ
exch þ Eð12Þ


exch þ tEð22Þ
ind þ tEð22Þ


exch-ind þ Eð20Þ
disp þ Eð20Þ


exch-disp ð3Þ


To simplify our discussion of the SAPT results, the exchange–induction
and exchange–dispersion cross terms will be considered as induction and
dispersion contributions, respectively. Additionally, the dEHF


int,resp term,
which includes the third- and higher-order induction and exchange–in-
duction contributions, is counted as induction. To make the SAPT com-
putations feasible, we used a less expensive basis set, denoted
cc-pVDZ+ , which is the cc-pVDZ basis for hydrogen and an aug-cc-
pVDZ basis minus diffuse d functions for all other atoms.


Results and Discussion


Sandwich dimers : We first consider sandwich heterodimers
consisting of one benzene and one substituted benzene (left-
most dimer of Figure 2). The optimum intermonomer dis-
tances are presented in Table 1 along with the change in the


interaction energy (relative to the benzene dimer) due to
substitution. As seen in our previous work[21,22] all substitut-
ed sandwich dimers have a greater interaction energy than
the sandwich benzene dimer, regardless of the electron-do-
nating or electron-withdrawing nature of the substituent. It
is remarkable that the energy lowering due to two substitu-
ents is very nearly twice the energy lowering due to one sub-
stituent in all cases; that is, the substituent effects are nearly
additive for these sandwich heterodimers. Moreover, this ad-
ditivity persists up through hexasubstituted dimers. This
result is illustrated more clearly by Figures 3 and 4, which
show the total interaction energy versus the number of sub-
stituents. The average change in the interaction energy per
substituent can be determined from the slope of the best fit
line for each functional group (-OH, 0.50; -CH3, 0.66; -F,


Figure 2. Dimer construction configurations for sandwich and T-shaped
configurations.


Table 1. Optimum intermonomer distances [R in M] and changes in the
interaction energy [in kcal mol�1, relative to benzene dimer] due to n sub-
stituents for sandwich heterodimers of benzene with multiply substituted
benzenes.[a]


n=1 n=2 n=3 n=6
R[b] DDEint R[b] DDEint R[b] DDEint R[b] DDEint


H 3.80 0.00
OH 3.70 �0.49 3.65 �1.05 3.60 �1.50
CH3 3.70 �0.70 3.65 �1.23 3.60 �1.98
F 3.70 �0.60 3.65 �1.24 3.60 �1.89 3.45 �4.29
CN 3.65 �1.58 3.60 �3.28 3.55 �4.82 3.40 �10.46
NH2 3.65 �0.64 3.60 �1.39 3.50 �2.20


[a] All data computed at MP2/aug-cc-pVDZ level of theory; interaction
energy of benzene dimer at this level is �2.90 kcal mol�1. [b] Equilibrium
monomer separation (using rigid monomers).
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0.64; -CN, 1.61; -NH2, 0.69 kcal mol�1). These values are in
good agreement with the value simply determined from the
monosubstituted system by subtracting the total interaction
energy of benzene dimer from the interaction energy of the
monosubstituted dimer (see Table 1). This indicates that in-
teraction energies of these heterodimers might be accurately
estimated by using only information from the monosubsti-
tuted dimers. The results for multiple fluorination are of
particular interest, because they relate to the NMR experi-
ments on multiply fluorinated, biarylnaphthalenes by Cozzi,
Siegel, and co-workers.[6] Those
experiments indicated that the
barrier to rotation about the
aryl–naphthyl bond was in-
creased by 0.5 kcal mol�1 for
each fluorine substituent (pre-
sumably due to increased p–p
interactions between the two
aryl groups). We also find a
near-linearity in the energies
for multiple fluorinations, with
the p–p interaction increasing
by 0.6 kcal mol�1 per fluorine
substituent, in excellent agree-
ment with experiment.


Like the changes in the energies, the optimum geometries
also show a systematic pattern with respect to the number
of substituents. For monosubstituted dimers, the optimized
distance between the rings ranges from 3.80 (benzene
dimer) to 3.65 M (benzene–benzonitrile and benzene–ani-
line). However, in nearly all cases, each additional substitu-
ent, regardless of type, decreases the equilibrium distance
between the rings by 0.05 M (note that this is the resolution
used in determining the potential curves); for example, the
equilibrium distance in benzene–hexacyanobenzene is
0.25 M less than that in benzene–benzonitrile, which has five
fewer CN substituents.


Table 2 presents the SAPT results for the benzene dimer
and several fluorinated dimers. In agreement with the MP2/
aug-cc-pVDZ supermolecule computations, the SAPT2/cc-
pVDZ+ results show that one fluorine substituent in the
sandwich fluorobenzene–benzene dimer stabilizes the com-
plex by about 0.6 kcal mol�1 relative to the benzene dimer
sandwich, and two fluorine atoms in the 1,4-difluoroben-
zene–benzene dimer lead to almost twice this stabilization.
One might suppose that this doubling of the stabilization
might be reflected in each of the SAPT energy components,
but this is not the case. For example, considering the electro-
static stabilization of substitution relative to the sandwich
benzene dimer, we find that it is �1.145 kcal mol�1 for the
1,4-difluorobenzene–benzene dimer, which is significantly
more than twice the stabilization of �0.395 kcal mol�1 found
for the fluorobenzene–benzene dimer. On the other hand,
the change in the induction term relative to benzene dimer
is almost the same for both fluorinated dimers. Both the ex-
change–repulsion and dispersion terms are much larger in
magnitude for the 1,4-difluorobenzene–benzene sandwich,
because its shorter intermonomer distance leads to greater
overlap between the p clouds.


Although the effect of substituents on the individual
SAPT components is not additive, the additivity of substitu-
ent effects on the total interaction energies for the sandwich
dimers remains very encouraging. However, so far we have
considered only dimers in which one ring has been substitut-
ed and which feature only one type of substituent. Let us
now consider mixed sandwich dimers with two different
types of substituents (Figure 2) and/or substituents on both


Figure 3. Total interaction energy versus number of substituents (through
trisubstitution) for sandwich configurations.


Figure 4. Total interaction energy versus number of substituents (through
hexasubstitution) for sandwich configurations.


Table 2. Physical components [in kcal mol�1] of total interaction energy determined using SAPT for benzene
and substituted fluorobenzene dimers.[a,b]


R Elst. Exch. Ind. Disp. SAPT2


benzene–benzene(S) 3.70 �0.974 6.034 �0.331 �6.528 �1.799
fluorobenzene–benzene(S) 3.70 �1.369 5.890 �0.305 �6.630 �2.414
difluorobenzene–benzene(S) 3.65 �2.119 6.425 �0.311 �7.012 �3.017
fluorobenzene–fluorobenzene(S aligned) 3.70 �1.066 5.582 �0.237 �6.538 �2.259
fluorobenzene–fluorobenzene ACHTUNGTRENNUNG(S anti) 3.65 �2.068 6.412 �0.285 �7.013 �2.954
benzene–benzene(T) 4.90 �2.244 4.865 �0.670 �4.367 �2.416
fluorobenzene–benzene(T) 5.00 �1.639 3.777 �0.487 �3.876 �2.225
fluorobenzene–benzene(T(a))[c] 5.00 �1.748 3.778 �0.483 �3.867 �2.320
difluorobenzene–benzene(T) 5.00 �1.368 3.706 �0.420 �3.834 �1.916


[a] All data computed by using cc-pVDZ+ with optimized MP2/aug-cc-pVDZ monomer geometries with opti-
mum intermonomer separations. [b] S= sandwich configuration; T=T-shaped configuration. [c] Configuration
depicted by rightmost dimer in Figure 2.
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rings. Table 3 presents equilibrium intermonomer distances
and changes in the interaction energy due to substitution for
five mixed sandwiches. The table also includes the change in
the interaction energy, which would be predicted by adding


the average energy lowering of each substituent derived
from the slopes of the graphs in Figures 3 and 4. For the
dimers of benzene with para-disubstituted benzene, the pre-
dicted energy lowering is very close to that which is explicit-
ly computed (within 0.1 kcal mol�1). However, when the sub-
stituents are placed on two different monomers, significant
deviations from the predicted values appear for the aligned
CN/F, CN/CN, F/F, and NH2/F cases. We note that the stron-
gest deviations from the ideal values are observed when
both substituents are strongly electron donating or strongly
electron withdrawing; mixed cases involving methyl sub-
stituents follow the ideal behavior.


To determine the cause of this deviation from the predict-
ed additivity, we again turn to SAPT analysis to obtain the
physical components of the total interaction energy. The
aligned fluorobenzene–fluorobenzene dimer was taken as
representative of a nonadditive case, and SAPT results for
the aligned and anti-aligned configurations of this dimer are
compared to the 1,4-difluorobenzene–benzene dimer in
Table 2. Comparing the three cases, all components of the
1,4-substituted and the anti-aligned dimers are almost iden-
tical, thus they have nearly the same total interaction
energy. However, for the aligned dimer, the electrostatic
contribution is less stabilizing than the 1,4-substituted or the
anti-aligned dimer by approximately 1 kcal mol�1, despite
the fact that two fluorine atoms in any configuration should
withdraw electron density from the p cloud in about the
same way. We attribute this difference to the direct fluo-
rine–fluorine interaction of the aligned dimer, which would
have a much less favorable electrostatic contribution than a
fluorine–hydrogen interaction in the 1,4-substituted or anti-
aligned dimers. Partially compensating for this electrostatic
destabilization is the significant reduction in the exchange–
repulsion term (0.8 kcal mol�1) due to the greater intermon-
ACHTUNGTRENNUNGomer separation in the aligned dimer. However, the greater
distance also leads to a significant decrease (0.5 kcal mol�1)


in the dispersion stabilization, so that the aligned case is
about 0.7 kcal mol�1 destabilized relative to the anti-aligned
case. We note that all of the aligned sandwich dimers have
intermonomer distances that are at least 0.05 M greater than
those of the corresponding anti-aligned dimers.


T-shaped dimers : As we have discussed previously,[22] the
effect of substituents on the binding energies of T-shaped
dimers might be thought of, to a first approximation, in
terms of the favorable electrostatic interaction between the
negatively charged p cloud of the lower ring and the posi-
tively charged hydrogen atom of the other ring above it.
One might then expect substituents on the lower ring to
strengthen or weaken this interaction depending on how
they tune the negative charge of the p cloud. Our previous
analysis[22] shows that this picture is somewhat oversimpli-
fied. First, the nominally electron-donating substituent ACHTUNGTRENNUNG�OH
does not lead to any significant change in binding (although
this is consistent with the electrostatic potential of phenol,
which is very similar to that of benzene in the middle of the
ring); second, �CH3 substitution leads to significantly in-
creased binding due to changes in the dispersion term, not
the electrostatic term. T-shaped interactions are also some-
times described in terms of their favorable quadrapole–
quadrapole interactions, but our analysis shows a lack of
correlation between calculated quadrapole moments and the
electrostatic component of the interaction.


Theoretical results for multiply substituted T-shaped
dimers are summarized in Table 4 and Figures 5 and 6.


Unlike the corresponding figures for the sandwich configu-
rations, the energy shows significant nonlinearity as the
number of substituents (n) increases from 0 to 6. However,
the plots in Figures 5 and 6 are nearly linear through disub-
stitution (n=0–2), suggesting that a new effect becomes op-
erative for dimers with three or more substituents. In the T-
shaped configuration, there is a possibility for direct interac-
tions between the functional groups of the substituted ben-
zene rings and the hydrogen atoms of the upper benzene
ring that would cause deviations from additivity. Such inter-
actions would not be present in the mono- and disubstituted
dimer configurations we considered, but two interactions
would be present in the trisubstituted dimers and four such


Table 3. Optimum intermonomer distances [R in M] and changes in inter-
action energies [in kcal mol�1, relative to benzene dimer] for mixed-sub-
stituent sandwich heterodimers.[a]


Predicted[b] 1,4-Substitution Aligned Anti-aligned
DDEint R[c] DDEint R[c] DDEint R[c] DDEint


NH2 and CH3 �1.35 3.65 �1.33 3.75 �1.30 3.65 �1.32
CN and CH3 �2.30 3.65 �2.25 3.75 �2.23 3.65 �2.20
CN and F �2.28 3.60 �2.25 3.65 �0.98 3.60 �2.10
CN and CN �3.28 3.60 �3.28 3.70 �0.75 3.60 �2.89
NH2 and F �1.33 3.60 �1.26 3.70 �0.52 3.60 �1.34
F and F �1.28 3.65 �1.24 3.70 �0.49 3.65 �1.17


[a] All data computed at MP2/aug-cc-pVDZ level of theory; interaction
energy of benzene dimer at this level is �2.90 kcal mol�1. [b] Determined
by adding the average change in interaction energies for each substituent
as determined from Figures 3 and 4. [c] Equilibrium monomer separation
(using rigid monomers).


Table 4. Optimum intermonomer distances [in M] and changes in interac-
tion energies [in kcal mol�1, relative to benzene dimer] for T-shaped het-
erodimers of benzene with multiply-substituted benzenes[a]


n=1 n=2 n=3 n=6
R[b] DDEint R[b] DDEint R[b] DDEint R[b] DDEint


H 5.00 0.00
OH 4.95 �0.02 4.95 �0.09 4.95 �0.22
CH3 4.90 �0.39 4.90 �0.72 4.85 �0.99
F 5.00 0.33 5.00 0.56 5.00 0.64 5.00 0.90
CN 4.95 0.39 4.95 0.57 4.95 0.32 5.00 �0.68
NH2 4.95 �0.16 4.90 �0.22 4.90 �0.90


[a] All data computed at MP2/aug-cc-pVDZ level of theory; interaction
energy of benzene dimer at this level is �3.16 kcal mol�1. [b] Equilibrium
monomer separation (using rigid monomers).
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interactions for hexasubstituted dimers (see Figures 1 and
2). This type of direct substituent interaction would cause an
electrostatic stabilization with respect to an otherwise iden-
tical dimer, the geometry of which did not provide such an
interaction. SAPT analysis comparing the T-shaped and T-
shaped(a) configurations (Figure 2) of the fluorobenzene–
benzene dimer is presented in Table 2. The exchange, induc-
tion, and dispersion contributions to the total interaction
energy are the same for both configurations, but the electro-
static contribution is stabilized by approximately
0.1 kcal mol�1, which is consistent with a direct interaction
between a partially positive hydrogen and a partially nega-
tive fluorine atom.


SAPT energy analysis also reveals important differences
in the ways that substituents affect different dimer configu-
rations. Comparing results for the T-shaped fluorobenzene–
benzene and 1,4-difluorobenzene–benzene dimers from
Table 2, the only component that changes significantly with
the addition of the second fluorine atom is the electrostatic
contribution, with a destabilization of almost 0.30 kcal mol�1


that accounts for essentially the entire difference in the total
interaction energy. Interestingly, the exchange–repulsion
contribution, which changes by about 0.6 kcal mol�1 with the
addition of a second fluorine atom in the sandwich configu-


ration dimers, is now largely unchanged by the second fluo-
rination in a T-shaped configuration. We attribute this differ-
ence to the sandwich configurations of these dimers having
different intermonomer separations, whereas the T-shaped
configurations do not.


Because the T-shaped dimers do not exhibit full additivity
through hexasubstitution, a simple extrapolation of interac-
tion energies from monosubstituted dimers will not capture
the correct trend as it did for the sandwich dimers. One
factor we must account for is the number of direct interac-
tions between substituents on one ring and the hydrogen
atoms of the other ring, as discussed above (in the sandwich-
es we considered, this direct interaction is always present).
However, even after these direct interactions are accounted
for, we fail to observe a linear relationship between substitu-
ent effects on binding and the number of substituents; we
therefore considered somewhat more complex models. In
our previous work,[22] we used a linear model to fit interac-
tion energies of monosubstituted T-shaped benzene dimers
to the Hammett constants of the substituents, but we found
only a rough correlation with sm. Because SAPT analysis
showed that the two components of interaction energy most
relevant in determining changes caused by substituents are
dispersion and electrostatic energies, in this work we devel-
op a physically motivated multilinear model that uses pa-
rameters corresponding to both these interactions. Williams
and Lemieux[27] advanced a similar idea in a study in which
they measured the shift in clearing point caused by dopant–
host interactions in nematic liquids. Taking this shift as a
measure of the interaction, they used a multilinear model to
describe this clearing point shift as a function of the HOMO
energy for the dopant molecule and the calculated molecu-
lar polarizability. Our model predicts the strength of the p–
p interaction directly by fitting to the Hammett sm parame-
ters to describe the electrostatic character of the substituent
and experimentally determined molecular polarizabilities to
account for the dispersive interaction. The sm parameters
primarily capture a substituentIs inductive effect, and they
roughly correlate with the electrostatic potentials of substi-
tuted benzenes and with the electrostatic components of p–
p interactions;[22] Mecozzi, West, and Dougherty found simi-
lar results in studies for cation–p interactions.[38]


The interaction energies (relative to benzene dimer) of
the substituted, T-shaped Ph�Xn–benzene dimers (with sub-
stituents on the lower ring) were fitted to a linear combina-
tion of these parameters [Eq. (4)].


DDEint ¼ a
X


sm þ bDaþ d d ð4Þ


In Equation (4) �sm is the sum of the Hammett parame-
ters for all substituents, Da is the change in the experimen-
tally determined scalar molecular polarizability (in
10�24 cm3) relative to benzene, and d is a parameter to ac-
count for the direct interactions between substituents of one
ring and hydrogen atoms of the other, as described above.
The coefficient d designates the number of these direct in-


Figure 5. Total interaction energy versus number of substituents (through
trisubstitution) for T-shaped configurations.


Figure 6. Total interaction energy versus number of substituents (through
hexasubstitution) for T-shaped configurations.
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teractions, which for our configurations are d=2 for trisub-
stituted dimers and d=4 for hexasubstituted dimers. The ex-
perimental scalar polarizability values[39] were obtained from
reference [40]. To determine the value of the d parameter,
the total interaction energy was determined for another
series of monosubstituted dimers in which the functional
group of the substituted ring was placed closer to the inter-
acting hydrogen atoms of the other ring (see rightmost
dimer of Figure 2), but the rest of the geometry, including
the intermonomer separation, was kept constant. The differ-
ence in the interaction energies of this configuration and the
original T-shaped configuration is taken as value of a direct
interaction (d) and shown in Table 5.


The coefficients a and b were determined by fitting to the
MP2/aug-cc-pVDZ DDEint values for all substituted T-
shaped dimers for which experimental monomer polarizabil-
ities were available. This yielded values of a=0.708 kcal
mol�1 and b=�0.052 kcal mol�1 1024 cm�3.


Figure 7 compares the predictions of the model to the ex-
plicitly computed MP2/aug-cc-pVDZ results. We obtain an


R2 of 0.83 for the line y=x, which would indicate a perfect
coincidence of the DDEint values predicted by the model
with those computed by the MP2 method. This value is
rather similar to the R2 of 0.81 obtained by Williams and
Lemieux[27] in their fit of clearing point shifts due to sub-
stituents effects in p–p interactions in nematic liquids crys-
tals. The largest discrepancy is for benzene–dimethylben-


zene, for which the model predicts a DDEint of �0.31 com-
pared to a value of �0.72 kcal mol�1 computed at the MP2/
aug-cc-pVDZ level of theory. Given the crudity of the
model and its reliance on experimental polarizabilities,
which may be off by as much as 30 %,[40] the quality of the
fit is quite good, and we believe it may be useful in provid-
ing semiquantitative estimates of how substituents may tune
the strength of T-shaped p–p interactions.


Conclusion


In this work, we have explored how multiple substituents
may tune p–p interactions. Such knowledge is foundational
for rational drug design, crystal engineering, and supramo-
lecular chemistry. We have used reliable ab initio quantum-
mechanical methods to assess how substitution changes in-
termolecular geometries and binding energies in face-to-face
(sandwich) and edge-to-face (T-shaped) configurations of
substituted benzene dimers. Perhaps surprisingly, substituent
effects are nearly additive in many sandwich configurations,
allowing one to predict the results of any combination of
substituents simply from the changes due to each substituent
individually. An exception to this rule is the case in which
substituents on different rings are aligned on top of each
other, which can cause deviations from additivity. The situa-
tion for T-shaped configurations is somewhat more complex,
in part because there is the additional complication of
having to account for how many contacts a substituent on
one benzene ring might make with hydrogen atoms of the
other ring. Nevertheless, a simple model involving Hammett
sm parameters and experimentally determined scalar polar-
izabilities provides a good fit to the ab initio data for the T-
shaped configurations, once again suggesting that the effect
of multiple substitution may be simply predicted. Our re-
sults underscore the importance of accounting for direct in-
teractions between an aromatic ring and substituents on an-
other ring, as pointed out earlier in experimental studies of
parallel-displaced interactions by Rashkin and Waters.[7] The
data presented here should provide valuable guidance in
how to tune p–p interactions.
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Introduction


The preparation of highly ordered nanostructures by self-as-
sembly of defined metal complexes on solid surfaces is a
field of growing interest.[1–4] In analogy to the common prac-
tices applied for organic compounds, techniques such as
vapour deposition[3,5, 6] and the preparation of Langmuir–
Blodgett (LB) films[7] have been used to form adlayers of
metal complexes that can be visualised by scanning tunnel-
ling microscopy (STM). A further effective method for the
formation of monolayers is self-assembly at liquid/solid in-
terfaces, which typically results in highly ordered and widely


extended surface layers. This method provides the best
choice for compounds that do not tolerate vaporisation due
to thermal decomposition, as is often observed for metal
complexes. As a further advantage amphiphilic properties,
as in the case of the LB technique, are not required. In con-
trast, alkyl side chains often serve as anchor groups that pro-
mote the recognition and stabilisation of individual mole-
cules at the liquid/solid interface.[8–12] Following this strategy
metal ions can be incorporated into the surface layers either
by complexation in situ with organic template structures
that contain suitable binding sites for metal complexation,
or by direct deposition of isolated metal complexes. De
Feyter and co-workers, for example, have observed an in
situ complexation of Pd2+ and Cu2+ ions in bipyridine-de-
rived 2D matrices by the characteristic changes of their mo-
lecular order.[13,14] In a similar way, Qian et al. have achieved
the complexation of Cu2+ ions to n-octadecylsalicylaldimine
adlayers.[15] A more common approach—the direct 2D self-
assembly of well-defined metal complexes—has been ex-
ploited in the field of phthalocyanine and porphyrin com-
plexes, where the alkyl side chains determine the distances
between the individual metal centres.[16,17] Besides these
macrocyclic complexes, NiII–salen[18] and CuII–dionato com-
plexes[19] bearing alkyl functionalities have been visualised


Abstract: The two-dimensional nano-
patterning of a series of neutral alkoxy/
alkyl-functionalised bis(salicylaldehy-
dato)/bis(aldiminato)copper(ii) and
-palladium(ii) complexes at a liquid/
solid (highly oriented pyrolytic graph-
ite, HOPG) interface has been studied
by scanning tunnelling microscopy
(STM). The relative metal–metal dis-
tances were tuned stepwise in two di-
mensions by ligand design. Exchange
of the carbonyl O-atom for NH or N-
alkyl units effects different intermolec-
ular interactions such as weak hydro-
gen bonds and steric effects that deter-
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forces between the alkyl chains, the rel-
ative arrangements of the complexes.
Further variation of the length and po-
sition of the alkoxy side chains as well
as the exchange of CuII for PdII affords
an absolute fine-tuning of the surface
structures. Highly resolved STM
images of the resultant highly ordered
adlayers allow us to establish detailed
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pattern types. Homochirality within the
individual domains is induced by the
highly regular deposition of the prochi-
ral complexes from the same enantio-
topic face. In the case of the C12 O-sub-
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at a liquid/solid interface. More recently, Gong et al. have
reported the self-assembly of a supramolecular, tetranuclear
rectangle[20] where the resultant 2D arrays depend signifi-
cantly on the substrate used.
One important goal in this field is the generation of func-


tional surfaces. Our studies focus on fundamental ap-
proaches to an easy variation of relative metal–metal distan-
ces, which is the basis for the fine-tuning of specific surface
features. The resultant nanopatterned surfaces could be in-
teresting for application as catalysts, sensors or as program-
mable matrices or building blocks for the “bottom-up” engi-
neering of electronic or magnetic devices. In addition to the
high regularity of the defined nanostructures, self-assembled
monolayers often exhibit local 2D chirality, and chiral mono-
layers can be formed on planar surfaces from both chiral
and achiral compounds.[21,22] In the latter case, chirality is in-
duced either by the highly regular face-on deposition of pro-
chiral compounds onto a substrate[22–27] or by the specific 2D
packing of non-prochiral molecules.[23, 28,29] It should be men-
tioned, of course, that the 2D adsorption of prochiral mole-
cules can also lead to overall achiral (racemic) 2D structures
depending on the specific packing pattern (see below).
Recently, we have reported that salicylaldehyde- and -al-


dimine-derived CuII complexes form different 2D structures
at a solution/HOPG interface, as determined by STM.[30] We
have now applied these findings as a basic concept for the
generation of monolayers with fine-tuned nanostructures by
exploiting the effects of variation of the functional groups as
well as exchange of the metal ions on the 2D packing. Fur-
thermore, we have extended the previous structure
models[30] and established basic homochiral pattern types for
the observed 2D arrays.


Results and Discussion


Synthesis of alkyl/alkoxy-substituted bis-salicylaldehydato/-
aldiminato–MII complexes : Prior to the STM investigations,
a series of neutral salicylaldehyde- and -aldimine-derived
MII complexes with variable position and length of the
alkoxy substituents (Y) as well as exchangeable functional
groups (X) was synthesised and fully characterised
(Scheme 1, Table 1). The free 4-alkoxy-substituted salicylal-
dehydes Sa1–Sa3 were obtained following general method-
ologies previously reported in the literature, namely by se-
lective etherification of the 4-hydroxysalicylaldehyde precur-
sor with n-alkyl bromides in the presence of K2CO3 in
DMF.[31,32] The analogous 5-substituted compound Sa4 was
accessible by the incorporation of a formyl group into an al-
koxyphenol synthon[33] by reaction with hexamethylenetetra-
mine in refluxing trifluoroacetic acid.[34] The desired MII


complexes were obtained subsequently in one further step:
The alkoxy-substituted bis(salicylaldehydato)copper(ii) and
-palladium(ii) complexes Cu1, Cu2, Pd1 and Pd2 were syn-
thesised by treatment of the free salicylaldehyde-derived li-
gands Sa with the MII acetate precursors. In the case of the
bis(salicylaldiminato)copper(ii) and -palladium(ii) complexes


Cu3–Cu7, Pd3 (NH) and Cu8–Cu10 (N-alkyl), the reactions
were carried out by complexation (MII acetate precursors)
of the free ligands Sa in situ in the presence of an excess of
ammonia or an n-alkyl amine.[35]


STM visualisation of self-assembled nanopatterns


Pattern type 1: We have previously presented the lamellar
2D structures of the C12 O-substituted bis(salicylaldehyda-
to)copper(ii) complex Cu2.[30] The corresponding PdII com-
plex, Pd1, forms a similar lamellar adlayer (monolayer) at
the 1,2,4-trichlorobenzene (TCB)/HOPG interface.[37] We
obtained highly resolved STM images that show the trans
isomers of Pd1, which were identified by the pre-orientation
of the alkyl O-substituents (Figure 1).
The images allow a detailed analysis of the 2D array,


which reveals short metal–metal distances of approximately
6.7�0.2 O within the lamellae. The arrangement of the
complex cores suggests attractive interactions of the carbon-
yl protons with both the phenolate and carbonyl oxygen
atoms of adjacent complexes due to their spatial proximity.
Applying typical geometric parameters to the 2D structure


Scheme 1. Synthesis of the functionalised bis(salicylaldiminato)/bis(alde-
hydato)MII complexes: M=CuII, PdII; X=O, NH, NR; Y=OR (4- or 5-
position); R, R’=n-alkyl (Table 1);[36] salicylaldehyde-derived ligands:
Sa1: Y=OC8H17; Sa2 : Y=OC12H25; Sa3 : Y=OC16H33; Sa4 : Y=OC12H25.


Table 1. Substitution pattern of the MII complexes classified by ligand
types.


Complex Metal X Y[a]


aldehyde complexes Cu1 CuII O 4-OC8H17


C=O Cu2 CuII O 4-OC12H25


Cu3 CuII O 5-OC12H25


Pd1 PdII O 4-OC12H25


Pd2 PdII O 4-OC16H33


aldimine complexes Cu4 CuII NH 4-OC8H17


C=NH Cu5 CuII NH 4-OC12H25


Cu6 CuII NH 4-OC16H33


Cu7 CuII NH 5-OC12H25


Pd3 PdII NH 4-OC12H25


aldimine complexes Cu8 CuII NC8H17 4-OC12H25


C=NR Cu9 CuII NC8H17 4-OC16H33


Cu10 CuII NC12H25 4-OC16H33


[a] 4 and 5 indicate the position of the alkoxy side group.
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allowed us to evaluate the distances between these atoms to
be about 2.6�0.2 O, which is in agreement with the typical
lengths of weak inter- and intramolecular hydrogen bonds
formed by aldehyde or aldimine protons with adjacent
oxygen atoms (2.4–2.6 O).[38–40] On the basis of these find-
ings, we established a detailed model of the surface structure
of Pd1 that contains a network of weak hydrogen bonds, as
depicted in Figure 2.


This model reveals that the highly ordered, lamellar 2D
pattern of Pd1 is chiral. The highly regular face-on deposi-
tion of the prochiral complexes onto the HOPG substrate
results in loss of mirror-plane symmetry and produces two


non-superimposable forms of enantiomeric surface spe-
cies.[27] In the case of Pd1, as well as most of the other pro-
chiral (C2h-symmetric) trans-coordinated bis(salicylaldehyd-
ACHTUNGTRENNUNGato) and bis(salicylaldiminato) complexes presented here,
we observed the coexistence of homochiral, enantiomorphic
domains that are statistically distributed over the whole
HOPG surface.[41] Thus, on a macroscopic scale, the adlayers
are achiral (no enantiomeric excess). The chiral domains are
formed by the highly regular adsorption of the complexes
from the same enantiotopic face, which can be attributed as
either Re or Si relative to specific carbon atoms by employ-
ing the CIP convention for organic stereochemistry.[42] The
2D structure of Pd1 presented in Figure 2, for example, cor-
responds to the Si adsorbate (adsorbed from the Si face)
with respect to the alkoxy-substituted carbon atoms.[43] This
terminology can be employed both for free ligands and
metal complexes and is thus more convenient than an alter-
native description of the surface species relative to the
metal ions, which are stereogenic centres as well (bridged,
trans-coordinated heteroatoms). It is noteworthy that in the
case of cis-coordinated complexes the face-on adsorption
would result in the achiral, meso forms of the surface species
(C2v symmetry of the non-adsorbed complexes).
Comparison of the 2D order of the PdII complex Pd1 with


the corresponding CuII complex Cu2 reveals slightly shorter
metal–metal distances (6.7�0.2 O for Pd1 versus 7.0�0.2 in
the case of Cu2). At the same time, the optimum periodicity
of the densely packed alkyl chains (approximately 4.5 O)[11]


is maintained by a lower bending of the alkyl substituents of
46�28 with respect to the lamella axis (Cu2 : 42�28). Con-
sequently, these structural changes lead to an increased pe-
riodicity of the lamellae (34�1 O for Pd1 versus 32�1 O
for Cu2). These structural differences between Pd1 and Cu2
might be induced by slightly different bond lengths and
angles in the PdII and CuII complexes and the weakness of
the hydrogen bonds, which enables a reorientation of the
complex cores. Furthermore, the shift of the position of the
alkoxy side-group from the 4-position in Cu2 to the 5-posi-
tion in Cu3, while keeping the length constant (C12), yields
2D patterns with an increased periodicity (36 O in Cu3 (5-
position; see Supporting Information) versus 32 O in Cu2
(4-position)).
In the case of the bis(salicylaldehydato)palladium(ii) and


-copper(ii) complexes, the periodicities of the lamellae can
be controlled by varying the length of the alkyl chains
(Table 2). The C16 O-substituted PdII complex Pd2, for ex-
ample, forms lamellae with an increased periodicity (43 O
for C16 (Figure 3) versus 34 O for Pd1 (C12)). It is notewor-
thy that compound Pd2 forms smaller domains than the cor-


Figure 1. A) Wide-scan STM image showing the lamellar arrangement of
Pd1 from TCB solution. Image area: 28Q28 nm2; Vset=�0.31 V, Iset=
19.6 pA. B) Cut-out image of A, including superimposed models of the
coexisting mirror images of the chiral 2D surface structures. C) Detailed
high-resolution STM image of Pd1 including superimposed structural for-
mulae of the individual molecules. Image area: 6.0Q6.0 nm2; Vset=


�0.71 V, Iset=20.5 pA.


Figure 2. Proposed model for the molecular arrangement of Pd1 within
the two mirror forms of the chiral lamellar 2D patterns, including weak
hydrogen bonds between adjacent complexes.


Table 2. Periodicities of the lamellae within the type 1 pattern.


Compound Cu1 Cu2 Pd1 Cu3 Sa2 Pd2


side group[a] 4-C8 4-C12 4-C12 5-C12 4-C12 4-C16


periodicity [�1 O] 27 32 34 36 36 43


[a] 4 and 5 indicate the position of the side group; Cn is the short form of
OCnH2n+1.
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responding C12 O-substituted complex Pd1, presumably due
to the faster adsorption of Pd2, which is caused by the stron-
ger intermolecular van der Waals interactions between the
longer C16 O-substituents.
In the case of the free salicylaldehydes Sa we did not ob-


serve any formation of 2D patterns directly from their solu-
tions in TCB, hence it can be excluded that traces of free li-
gands were observed during the STM investigations of the
metal complexes in this solvent. Surprisingly, a significantly
slower 2D crystallisation of the free salicylaldehydes occur-
red when solutions in 1-octanol were employed. Fortunately,
the resultant monolayers of Sa2 were found to be stable
enough to tolerate an exchange of the solvent (after evapo-
ration of 1-octanol to dryness) for the less conductive 1,2,4-
trichlorobenzene. This allowed us to achieve highly resolved
STM images (Figure 4) that clearly show areas of the aro-


matic as well as aliphatic parts of the molecules. Similar to
the corresponding metal complexes, a lamellar order is
again observed, although with a slightly extended periodicity
of the lamellae of 36 O. The obtained surface structure (Fig-
ure 4B) shows a head-to-head arrangement of the ligands,
which leads to a spatial proximity of the functional groups
within the lamellae, as is observed for the corresponding


metal complexes, where the ligands are linked through the
metal ions.
MacroModel calculations indicate the presence of hydro-


gen bonds between the carbonyl oxygen and the protons of
two OH groups (Figure 5). The resultant planar dimers ex-


hibit an extension of the aromatic cores of 11.5 O and an
alkyl end-to-end distance of approximately 43 O, which
agrees perfectly with the dimensions found in the STM
images. The increased periodicity compared to the MII com-
plexes (Sa2 : 36 O; Cu2: 32 O) at a similar angle of the alkyl
substituents relative to the lamella axis (Sa2 : 41�28 com-
pared to 42�28 for compound Cu2) can be explained by
the increased size of the dimer cores of the free ligands, as
confirmed by comparison with the crystallographic data for
the unsubstituted bis(salicylaldehydato)copper(ii) com-
plex.[36]


The highly ordered lamellar structures formed by the neu-
tral alkoxy-substituted (4- and 5-position) bis(salicylaldehy-
dato) complexes Cu1–Cu3, Pd1 and Pd2, as well as the cor-
responding free salicylaldehyde (Sa1), at the solution/
HOPG interface follow a general lamellar pattern which we
call the homochiral type 1 pattern (Figure 6). Here, the pe-
riodicity of the lamellae depends mainly on the length of
the alkoxy chains (Table 2), which stabilise the 2D structures
by intermolecular van der Waals interactions within each la-
mella. Furthermore, we propose that weak hydrogen-bond-
ing interactions promote the formation of this type 1 pattern.
The resultant spatial proximities of the complex cores lead


Figure 3. STM images of the self-assembled complex Pd2 from TCB solu-
tion. A) Image area: 50Q50 nm2; Vset=�570 mV, Iset=27.8 pA. B) Image
area: 19Q19 nm2; Vset=�383 mV, Iset=27.8 pA.


Figure 4. STM images of ligand Sa2 from 1-octanol/TCB (see text) show-
ing the lamellar order. A) Image area: 29Q29 nm2; Vset=�131 mV, Iset=
14.2 pA. B) High-resolution image including superimposed chemical for-
mulae and molecular parameters; image area: 10Q10 nm2; Vset=


�132 mV, Iset=14.2 pA.


Figure 5. A) MacroModel (Amber) calculation of two C12 O-substituted
salicylaldehyde molecules (Sa2) that are linked by hydrogen bonds into
dimers. B) Model of the molecular order of Sa2 at the liquid/HOPG in-
terface.[44]
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to short metal–metal distances of approximately 7 O. Varia-
tion of the electronic structure (e.g. exchange of metal) or
the substitution pattern affect the orientations of the com-
plex cores or ligand dimers within the 2D structures only
slightly. At the same time, the typical periodicity of densely
packed alkyl chains of 4.5 O[11] determines the degree of
bending of the alkoxy substituents relative to the lamella
axis (42–468), which further influences the periodicity of the
lamellae.


Type 2 pattern : Exchange of the aldehyde O-atom in the
ligand molecules by the imine NH functionality leads to the
corresponding bis(salicylaldiminato) complexes. The NH
protons block the acceptor function (free electron pair) of
the heteroatom, hence hydrogen bonding similar to that ob-
served in the case of type 1 is now inhibited. Indeed, the
three homologous CuII–imine complexes Cu4–Cu6, which
bear alkyl substituents of different lengths (C8, C12 and C16,
respectively) self-assemble at the liquid/HOPG interface
with a different lamellar order (Figure 7) than the corre-
sponding bis-salicylaldehydato complexes. They exhibit sig-
nificantly increased distances between neighbouring com-
plex cores and thus increased metal–metal distances (ap-
proximately 10 O, versus about 7 O for type 1). As a result
of this structural expansion, the alkyl substituents from


neighbouring lamellae interdigitate whilst maintaining the
typical periodicity of 4.5 O.[11] This results in decreased pe-
riodicities of the lamellae, which again depend on the length
of the alkoxy substituents (18 O for Cu4 (C8), 23 O


[30] for
Cu5 (C12) and 27 O for Cu6 (C16) versus the aldehyde com-
plexes Cu1 (C8; 26 O) and Cu2 (C12; 32 O)).
Similar to the bis(salicylaldehydato) complexes, the ex-


change of CuII (Cu5, C12) by PdII (Pd3, C12) has no signifi-
cant influence on the 2D assembly, which exhibits an equiv-
alent periodicity of the lamellae (23 O; see Supporting Infor-
mation). The shift of the C12 O-substituent from the 4-posi-
tion in Cu5 to the 5-position in Cu7 leads to a similar 2D or-
dering and packing density (Figure 8A; area per molecule


for Cu7 is 2.35�0.1 nm2 versus 2.30�0.05 nm2 for Cu5).
However, the STM images reveal significantly changed rela-
tive orientations of the complex cores with respect to the la-
mella axis (Figures 8B and 8C). At the same time, slightly
shorter relative metal–metal distances of approximately
9.5 O are found (Cu5 : 10 O), which consequently lead to a
larger angle between the alkyl chains and the lamella axis


Figure 6. General model for the homochiral type 1 pattern[44] formed by
free alkoxy-substituted salicylaldehydes as well as the corresponding MII


complexes Sa1, Cu1–Cu3, Pd1 and Pd2 ; p : periodicity of the lamellae, d :
relative metal–metal distance within the lamellae.


Figure 7. STM images of homologous alkoxy-substituted bis(salicylaldimi-
nato)copper(ii) complexes Cu4 and Cu6 from TCB solution. A) Cu4 ;
image area: 15Q15 nm2; Vset=�210 mV, Iset=28.4 pA. B) Cu6 ; image
area: 18Q18 nm2; Vset=�0.53 V, Iset=25.4 pA.


Figure 8. A) STM image of the adlayer of the 5-substituted (C12) bis(sali-
cylaldiminato)copper(ii) complex Cu7 from TCB solution, including su-
perimposed structural formulae; image area: 10Q10 nm2; Vset=�497 mV,
Iset=30.8 pA. B) Model of the molecular arrangement of the complex
cores of Cu7.[44] C) Molecular arrangement of the complex cores of
Cu5.[44]
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(Cu7: 69�28 ; Cu5 : 60�28). These two structural changes
cause an increased periodicity of the lamellae (26 O versus
23 O in the case of Cu5).
On the basis of these findings, the observed lamellar 2D


structures formed by the neutral, alkoxy-substituted bis-sali-
cylaldiminato (NH) complexes Cu4–Cu7 and Pd3 can be
generalised in a second densely packed, homochiral pattern
(type 2; Figure 9). The main differences compared to type 1


are the increased metal–metal distances of 9.5–10 O and the
interdigitation of the alkoxy substituents from adjacent la-
mellae. In effect, the periodicities of the lamellae are de-
creased and can be controlled stepwise by the varying the
length of the alkoxy side groups (Table 3), as in the case of
the bis(salicylaldehydato) complexes (Table 2).


Secondary 2D modification : In the case of Cu5, a secondary
2D modification can be found that is randomly distributed
(Figure 10). Contrary to the primary structure (type 2 pat-
tern), the adlayer is formed by an alternating deposition
from the two enantiotopic faces of the C2h-symmetric com-
plex. The resultant 2D pattern consists of a racemic mixture
of the two enantiomeric surface species (Re- and Si-adsor-
bate; Scheme 2) and exhibits longer metal–metal distances
of approximately 12 O. Comparison of the packing densities
reveals a slightly increased area per molecule (2.4�0.05 nm2


versus 2.3�0.05 nm2 in the case of the type 1 pattern). In
fact, the two different surface structures often coexist at the
TCB/HOPG interface. However, the less dense packing
along with a lower degree of overlap of the alkoxy substitu-
ents leads most probably to the predominance of the type 1
pattern over the secondary modification.


Type 3 pattern : To vary the molecular arrangement at the
liquid/solid interface further, additional N-substituents were
incorporated in the bis(salicylaldiminato) complexes. Previ-
ously, we have found that this functionalisation has a sub-
stantial impact on the order by suppressing the formation of
lamellar structures completely and affording clearly separat-
ed complex “islands” of Cu10 (Figure 11).[30] We established
a reasonable model in which the N-alkyl substituents do not


Figure 9. General model for the homochiral type 2 pattern,[44] formed by
the bis(salicylaldiminato) (NH) MII complexes Cu4–Cu7 and Pd3 ; p : pe-
riodicity of the lamellae; d : relative metal–metal distance within the la-
mellae.


Table 3. Compounds that form a type 2 pattern and the periodicities of
their lamellae.


Complex Cu4 Cu5 Pd3 Cu7 Cu6


side group[a] 4-C8 4-C12 4-C12 5-C12 4-C16


periodicity [�1 O] 19 23 23 26 27


[a] 4 and 5 indicate the position of the side group; Cn is the short form of
OCnH2n+1.


Figure 10. STM images of the secondary 2D modification of Cu5 from
TCB solution. A) image area: 20Q20 nm2; Vset=�257 mV, Iset=31.8 pA.
B) Cut-out image from image A, including superimposed structural for-
mulae of Cu5 ; image area: 7Q7 nm2. C) Packing model of the secondary
modification of Cu5, which consists of a highly ordered racemic mixture
of enantiomeric Re and Si adsorbates.


Scheme 2. Top view of the two enantiomeric surface species (Re and Si
adsorbate with respect to the alkoxy-substituted carbon atoms).[43]
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interact with the surface but point their tails into the solu-
tion, an effect which is known for other alkyl-substituted or-
ganic systems.[13,45,46] These assumptions[30] were confirmed
by additional high-resolution STM images of the complex
Cu10 with different contrasts, which exhibit partly resolved
alkyl chains that correspond to the relative orientation in
the model (Figure 11A).
The proposed model was further verified by a small series


of related CuII complexes in which the lengths of the O- and
N-alkyl chains were varied (Cu8–Cu10). In a first modifica-
tion, the C12 N-substituents were replaced by shorter C8


chains (Cu9) while the length of the alkoxy side-groups was
kept constant (C16). Here, we obtained high-resolution STM
images in which the orientation of the alkyl groups as well
as the complex cores are in accordance with the 2D struc-
ture formed by Cu10 (Figure 11B).[30] In effect, the 2D unit
cells (area: 2.9�0.05 nm2; angle: 77�28), and thus the rela-
tive metal–metal distances (16�1 O, 21�1 O, 23�1 O), are
equivalent.
In a second variation, the length of the N-alkyl chain was


kept constant (C8) while the length of the O-substituent was
reduced from C16 (Cu9) to C12 (Cu8). This modification
again afforded 2D “island” patterns, but with significantly
decreased areas per molecule (2.5�0.1 nm2 for Cu8 versus
2.9�0.05 nm2 in the case of Cu9 and Cu10) and thus differ-


ent relative metal–metal distances (Table 4). These findings
revealed that the 2D order depends strongly on the length
of the alkoxy side groups which, in turn, interact with the
surface, whereas the length of the N-chains has no influence
on the 2D patterning in the case of Cu8–Cu10.


Comparison of the established model for Cu10 with the
2D structure of Cu6 (type 2 pattern, Figure 8C) reveals a
close relationship between the molecular arrangements of
the NH- and N-alkyl-substituted bis-salicylaldiminato com-
plexes, as demonstrated in Scheme 3. We assume that the
sp2-hybridised nitrogen atoms in Cu10 (Cu8, Cu9) direct the
attached CH2 groups of the alkyl substituents into the com-
plex plane. As a consequence, the increased steric demand
next to the imine functionalities causes an expansion of the


Table 4. Structural parameters of the 2D patterns of Cu8–Cu10.


Complex[a] Metal–metal
distances [�1 O][b]


Area per molecule
ACHTUNGTRENNUNG[�0.1 nm2]


Cu8 OC12 NC8 16 16 20 2.5
Cu9 OC16 NC8 16 21 23 2.9
Cu10 OC16 NC12 16 21 23 2.9


[a] OCn and NCn are the short forms for OCnH2n+1 and NCnH2n+1, respec-
tively. [b] relative metal–metal distances A, B, and C, respectively (see
Figure 12).


Figure 11. STM images of the adlayers of Cu9 and Cu10 from TCB solu-
tion, exhibiting partly resolved C16 O-alkyl substituents. A) Cu10 : Image
area: 10Q10 nm2; Vset=�200 mV, Iset=21.6 pA. B) Cu9 : Image area:
6.5Q6.5 nm2; Vset=�0.62 V, Iset=20.7 pA. C) Model of the 2D pattern of
Cu9 and Cu10.


Scheme 3. Model of the 2D structure of Cu10 emerging from the type 2
pattern (Cu6) by expansion of the 2D array along the C16 O-substitu-
ents.[44]
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2D structure along the O-alkyl chains of adjacent com-
plexes, combined with a slight reorientation of the complex
cores.
On the basis of these results, we established a further


modified homochiral (type 3) pattern that exhibits, in gener-
al, a distorted hexagonal order of the complexes and further
increased relative metal–metal distances of approximately
16 O (Figure 12). The additional N-substituents at the imine


functionalities play a decisive role in this new pattern type
by inducing significantly extended relative positions of the
complex cores. However, the N-alkyl chains seem to interact
only partly on the surface, pointing their tail into the solu-
tion, whereas the alkoxy side-groups mainly determine the
structural parameters and thus the three characteristic rela-
tive metal–metal distances (A, B, C) of the 2D arrays.


Conclusion


We have shown that neutral alkyl/alkoxy-functionalised bis-
(salicylaldehydato)/bis(aldiminato)–MII complexes can be
successfully employed for 2D self-assembly at a liquid/solid
interface. The relative ease of synthetic modification makes
this class of metal complexes highly suitable for the nano-
patterning of surfaces. The different functional aldehyde
(C=O) and aldimine (NH, N-alkyl) groups lead to the for-
mation of three related, but basically different, homochiral
pattern types (Scheme 4), as well as a secondary 2D struc-
ture that consists of a racemic mixture of the two enantio-
meric surface species. Bis(salicylaldehydato)MII complexes
form lamellar 2D structures with a spatial proximity of the
complex cores due to the presence of a network of weak in-


termolecular hydrogen bonds. The corresponding bis-salicy-
laldiminato (NH) complexes form lamellae with increased
relative metal–metal distances and shorter periodicities of
the lamellae due to interdigitation of the alkyl chains. The
incorporation of additional N-alkyl side groups leads to a
further expansion of the 2D structure to afford “island”
structures. Within the different 2D patterns, the relative
metal–metal distance increases stepwise from 7 to 10 to 12
to 16 O. Further changes of the chemical structures, such as
variation of the metal ions or the position and length of the
alkoxy side groups, allow an absolute fine-tuning of the rela-
tive metal–metal distances. The concepts presented here
offer access to a large portfolio of further related 2D struc-
tures within the presented pattern types and can therefore
be used as a highly effective tool for the nanodecoration of
surfaces.
Our major long-term goal for such 2D nanopatterns is


their application in catalysis, which means that catalytically
interesting metal ions need to be employed. Studies in this
direction are underway and need to be performed, in the
case of air- or water-sensitive compounds, under an inert gas
atmosphere. The major aim is the tailored variation of
active sites in order to optimise spatial interactions and thus
catalytic reactions. The chirality of the adlayers is particular-
ly interesting for enantioselective processes. The key will be
the transfer of additional chiral information into the adlay-
ers, for example through chiral side groups, chiral solvents,
or co-assembled chiral molecules, so that one of the two
enantiomeric forms of the chiral 2D patterns is preferred.[29]


Related dinuclear complexes will further extend the 2D pat-
terns to shorter metal–metal distances, which might allow a
direct cooperation of the metal ions and thus give access to
important catalytic reactions for which more than one reac-
tive centre is required.


Experimental Section


Materials and methods : All syntheses were performed by using standard
laboratory equipment. Solvents and reagents were purchased from Al-
drich, Fluka, Merck or Acros and used as received. Ammonia was em-
ployed as a solution in methanol (7n, Acros). NMR spectra were record-
ed with a Bruker AMX400 spectrometer at 400 MHz (1H) or 100 MHz
(13C), with CDCl3 as solvent. Chemical shifts, d, are given in ppm relative
to the signal of CDCl3 (dH=7.24 ppm, dC=77.0 ppm). IR spectra were
obtained from KBr pellets with a Bruker IFS 113 V/IFS 66 V instrument.
Elemental compositions (C, H, N) were determined on an Elementar
Vario EL.


Synthesis of 2-hydroxy-4-(n-octyloxy)benzaldehyde (Sa1): 2,4-Dihydroxy-
benzaldehyde (4.00 g, 29.2 mmol), n-octyl bromide (5.64 g, 29.2 mmol)
and KHCO3 (2.93 g, 29.2 mmol) were stirred in DMF (100 mL) for 3 h
under reflux. The mixture was then cooled to 0 8C and poured into an
aqueous solution of hydrochloric acid (6n, 100 mL). The mixture was ex-
tracted with dichloromethane and the combined organic layers were con-
centrated in vacuo and purified by column chromatography (silica; n-
hexane/ethyl acetate, 9:1) to yield a colourless oil. Yield: 3.26 g
(13.0 mmol, 45%); 1H NMR (CDCl3): d=0.86 (t, 3J=6.9 Hz, 3H; CH3),
1.28 (m, 8H; CH2), 1.40 (m, 2H; CH2), 1.76 (q, 3J=7.1 Hz, 2H; CH2),
3.97 (t, 3J=6.6 Hz, 2H; OCH2), 6.38 (d, 4J=2.3 Hz, 1Harom), 6.49 (dd,
3J=8.6 Hz, 4J=2.3 Hz, 1Harom), 7.38 (d, 3J=8.6 Hz, 1Harom), 9.67 (s, 1H;Scheme 4. Pattern types 1–3 emerging from each other.[44]


Figure 12. General model for the homochiral, distorted hexagonal type 3
pattern[44] formed by the bis(salicylaldiminato) (N-alkyl) MII complexes
Cu8–Cu10 ; A, B, C: relative metal–metal distances.
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CH=O), 11.46 (s, 1H; OH) ppm; 13C NMR (CDCl3): d=14.1, 22.6, 25.9,
28.9, 29.2, 31.74, 68.54, 101.0, 108.7, 115.0, 135.1, 164.5, 166.4, 194.3 ppm;
elemental analysis calcd (%) for C19H30O3: C 71.91, H 8.79; found: C
71.66, H 8.98.


Synthesis of 4-(n-dodecyloxy)-2-hydroxybenzaldehyde (Sa2): 2,4-Dihy-
droxybenzaldehyde (5.00 g, 36.2 mmol), n-dodecyl bromide (9.02 g,
36.2 mmol) and KHCO3 (3.63 g, 36.2 mmol) were stirred in DMF
(100 mL) for 3 h under reflux. The mixture was then left to cool to room
temperature and poured into an aqueous solution of hydrochloric acid
(6n, 150 mL). The precipitate formed was filtered off and purified by
column chromatography (silica; n-hexane/ethyl acetate, 9:1) to yield a
white solid. Yield: 2.60 g (8.5 mmol, 23%); 1H NMR (CDCl3): d=0.86 (t,
3J=6.9 Hz, 3H; CH3), 1.22–1.35 (m, 16H; CH2), 1.39–1.46 (m, 2H; CH2),
1.74–1.81 (m, 2H; CH2), 3.98 (t, 3J=6.6 Hz, 2H; OCH2), 6.39 (d, 4J=
2.3 Hz, 1Harom), 6.50 (dd, 3J=8.6 Hz, 4J=2.3 Hz, 1Harom), 7.39 (d, 3J=
8.6 Hz, 1Harom), 9.68 (s, 1H; CH=O), 11.45 (s, 1H; OH) ppm; 13C NMR
(CDCl3): d=14.1, 22.7, 25.9, 28.9, 29.3, 29.5–29.6, 31.9, 68.6, 101.1, 108.8,
115.0, 135.2, 164.6, 166.5, 194.3 ppm; elemental analysis calcd (%) for
C19H30O3: C 74.47, H 9.87; found: C 74.34, H 9.94.


Synthesis of 4-(n-hexadecyloxy)-2-hydroxybenzaldehyde (Sa3): The syn-
thesis of Sa3 was carried out as for Sa2 but with 2,4-dihydroxybenzalde-
hyde (3.00 g, 21.7 mmol), n-hexadecyl bromide (6.63 g, 21.7 mmol) and
KHCO3 (2.17 g, 21.7 mmol) in DMF (75 mL). The reaction mixture was
poured into an aqueous solution of hydrochloric acid (6n, 100 mL) and
separated by column chromatography (silica; n-hexane/ethyl acetate,
4:1). Yield: 2.35 g (6.5 mmol, 30%); 1H NMR (CDCl3): d=0.86 (t, 3J=
6.9 Hz, 3H, CH3), 1.20–1.35 (m, 24H; CH2), 1.38–1.46 (m, 2H; CH2),
1.73–1.80 (m, 2H; CH2), 3.98 (t, 3J=6.6 Hz, 2H; OCH2), 6.39 (d, 4J=
2.0 Hz, 1Harom), 6.50 (dd, 3J=8.6 Hz, 4J=2.0 Hz, 1Harom), 7.39 (d, 3J=
8.6 Hz, 1Harom), 9.68 (s, 1H; CH=O), 11.46 (s, 1H; OH) ppm; 13C NMR
(CDCl3): d=14.1, 22.7, 25.9, 28.9, 29.3, 29.4, 29.5, 29.6–29.7, 31.9, 68.6,
101.0, 108.8, 115.0, 135.2, 164.5, 166.5, 194.3 ppm; elemental analysis
calcd (%) for C23H38O3: C 76.20, H 10.56; found: C 76.02, H 10.49.


Synthesis of 5-(n-dodecyloxy)-2-hydroxybenzaldehyde (Sa4): A mixture
of hydroquinone (20.10 g, 183 mmol), n-dodecyl bromide (34.50 g,
138 mmol) and NaOH (5.50 g, 138 mmol) in ethanol (150 mL) was vigo-
rously stirred at reflux under argon for 6 h. The mixture was then left to
cool to room temperature. The white precipitate formed was filtered off
and identified as the bis ACHTUNGTRENNUNG(alkoxy) side product. Addition of H2O to the su-
pernatant led to the precipitation of the crude monoalkoxy product,
which was filtered off. The solid was recrystallised from n-hexane,
washed with water and dried in vacuo to yield white needles of 4-(n-do-
decyloxy)phenol. Yield: 15.74 g (56.5 mmol, 41%); 1H NMR (CDCl3):
d=0.86 (t, 3J=6.8 Hz, 3H; CH3), 1.22–1.34 (m, 16H), 1.38–1.45 (m, 2H),
1.69–1.76 (m, 2H), 3.87 (t, 3J=6.6 Hz, 2H; OCH2,), 4.40 (s, 1H; OH),
6.75 (m, 4Harom) ppm; 13C NMR (CDCl3): d=14.1, 22.7, 26.0, 29.3, 29.4,
29.6–29.7, 31.9, 68.8, 115.6, 116.0, 149.3, 153.4 ppm.


4-(n-Dodecyloxy)phenol (2.00 g, 7.2 mmol) was then treated with hexam-
ethylenetetramine (2.80 g, 20.0 mmol) in trifluoroacetic acid (10 mL).
The suspension was vigorously stirred for 14 h at 100 8C and for a further
50 h at room temperature. At the end of this period an aqueous solution
of hydrochloric acid (4n, 10 mL) was added and the mixture extracted
with CH2Cl2 and hexane. The combined organic layers were washed with
an aqueous solution of hydrochloric acid (4n), H2O and a saturated
aqueous solution of NaCl. The organic layer was concentrated in vacuo,
and the obtained black oil was purified by column chromatography
(silica; hexane/ethyl acetate, 9:1) to yield the yellow solid product. Yield:
0.40 g (1.3 mmol, 18%); 1H NMR (CDCl3): d=0.86 (t, 3J=6.8 Hz, 3H;
CH3), 1.22–1.35 (m, 16H; CH2), 1.39–1.46 (m, 2H; CH2), 1.72–1.79 (m,
2H; CH2), 3.91 (t, 3J=6.6 Hz, 2H; OCH2), 6.89 (d, 3J=9.1 Hz, 1Harom),
6.97 (d, 4J=3.0 Hz, 1Harom), 7.12 (dd, 3J=9.1 Hz, 4J=3.0 Hz, 1Harom),
9.82 (s, 1H; CH=O), 10.62 (s, 1H; OH); 13C NMR (CDCl3): d=14.1,
22.7, 26.0, 29.2, 29.3, 29.4, 29.5–29.6, 31.9, 68.9, 116.1, 118.6, 120.0, 125.8,
152.2, 155.9, 196.1 ppm; IR (KBr): ñ=1671 cm�1 (C=O); elemental analy-
sis calcd (%) for C19H30O3: C 74.47, H 9.87; found: C 74.02, H 9.83.


Synthesis of complex Cu1: A solution of copper(ii) acetate monohydrate
(53.8 mg, 0.27 mmol) in a mixture of ethanol and water (1:1, 14 mL) was
added to a solution of Sa1 (135.5 mg, 0.54 mmol) in ethanol (5 mL). The


mixture was stirred for 1 h under reflux and then left to cool to room
temperature. A solid precipitated during the reaction, and this was fil-
tered off, washed with ethanol and dried in vacuo to yield the pure green
product. Yield: 133.9 mg (0.17 mmol, 64%); IR (KBr): ñ=1612 cm�1 (C=
O); elemental analysis calcd (%) for C30H42CuO6: C 64.09, H 7.53;
found: C 64.34, H 7.51.


Synthesis of complex Cu2 : The reaction was performed according to the
methodology described for complex Cu1 with solutions of copper(ii) ace-
tate monohydrate (64.1 mg, 0.32 mmol) in a mixture of ethanol and
water (1:1, 6 mL) and Sa2 (180.5 mg, 0.59 mmol) in ethanol (10 mL);
0.5 h reflux. Yield: 34.6 mg (0.05 mmol, 16%); IR (KBr): ñ=1626 cm�1


(C=O); elemental analysis calcd (%) for C38H58CuO6: C 67.68, H 8.67;
found: C 67.80, H 8.60.


Synthesis of complex Cu3 : The reaction was performed according to the
methodology described for complex Cu1 with solutions of copper(ii) ace-
tate monohydrate (32 mg, 0.16 mmol) in ethanol (1.5 mL) and Sa4
(103 mg, 0.34 mmol) in ethanol (1.5 mL). Yield: 72 mg (0.11 mmol,
67%); IR (KBr): ñ=1627 cm�1 (C=O); elemental analysis calcd (%) for
C38H58CuO6: C 67.68, H 8.67; found: C 67.68, H 8.64.


Synthesis of complex Pd1: A solution of palladium(ii) acetate (65.6 mg,
0.29 mmol) in a mixture of ethanol and water (1:1, 6 mL) was added to a
solution of Sa2 (177.5 mg, 0.58 mmol) in ethanol (6.5 mL). The mixture
was stirred for 1 h under reflux and then left to cool to room tempera-
ture. The solid precipitate formed was filtered off, washed thoroughly
with H2O and ethanol and dried in vacuo to yield the solid green prod-
uct. Yield: 131.0 mg (0.18 mmol, 62%); 1H NMR (CDCl3) d=0.86 (t,
3J=6.9 Hz, 6H; CH3), 1.18–1.48 (m, 36H; CH2), 1.75 (m, 4H; CH2), 3.93
(t, 3J=6.6 Hz, 4H; OCH2), 6.27 (dd,


3J=8.8 Hz, 4J=2.3 Hz, 2H), 6.45 (d,
4J=2.3 Hz, 2Harom), 7.21 (d, 3J=8.8 Hz, 2Harom), 7.90 (s, 2H; CH=O)
ppm; IR (KBr): ñ=1623 cm�1 (C=O); elemental analysis calcd (%) for
C38H58O6Pd: C 63.63, H 8.15; found: C 62.69, H 8.10.


Synthesis of complex Pd2 : KOH (25.0 mg, 0.45 mmol) and palladium(ii)
acetate (46.0 mg, 0.20 mmol) were added to a solution of Sa3 (153.0 mg,
0.42 mmol) in ethanol (7 mL). The mixture was stirred for 3 h under
reflux and then left to cool to room temperature. The solid precipitate
formed during the reaction was filtered off, washed thoroughly with H2O
and ethanol and dried in vacuo to yield the green product. Yield: 65.5 mg
(0.08 mmol, 42%); 1H NMR (CDCl3) d=0.86 (t, 3J=6.9 Hz, 6H; CH3),
1.18–1.48 (m, 52H; CH2), 1.75 (m, 4H; CH2), 3.93 (t, 3J=6.6 Hz, 4H;
OCH2), 6.27 (dd, 3J=8.8 Hz, 4J=2.3 Hz, 2Harom), 6.45 (d, 4J=2.3 Hz,
2Harom), 7.21 (d, 3J=8.8 Hz, 2Harom), 7.90 (s, 2H; CH=O) ppm; IR
(KBr): ñ=1623 cm�1 (C=O); elemental analysis calcd (%) for
C46H74O6Pd: C 66.61, H 8.99; found: C 66.86, H 9.10.


Synthesis of complex Cu4 : A solution of Sa1 (185 mg, 0.74 mmol) in a
solution of ammonia in methanol (7n, 7 mL) was stirred for 0.5 h under
reflux. A solution of copper(ii) acetate monohydrate (72 mg, 0.36 mmol)
in ethanol (7 mL) was then added. The mixture was stirred for 0.5 h and
then left to cool to room temperature. The precipitate formed was fil-
tered off, washed with methanol and dried in vacuo to yield the green
solid product. Yield: 129 mg (0.23 mmol, 64%); IR (KBr): ñ=1612 cm�1


(C=N); elemental analysis calcd (%) for C30H44CuO4N2: C 64.32, H 7.92,
N 5.00; C 64.23, H 7.95, N 5.00.


Complexes Cu5–Cu7 were synthesised according to the methodology de-
scribed for complex Cu4.


Synthesis of complex Cu5 : Synthesised from Sa2 (150 mg, 0.49 mmol) in
a solution of ammonia in methanol (7n, 3 mL) and copper(ii) acetate
monohydrate (49 mg, 0.25 mmol) in a solution of ammonia in methanol
(7n, 1 mL). Yield: 90 mg (0.13 mmol, 55%); IR (KBr): ñ=1617 cm�1


(C=N); elemental analysis calcd (%) for C38H60CuN2O4: C 67.87, H 8.99,
N 4.17; found: C 67.76, H 9.04, N 3.96.


Synthesis of complex Cu6 : Synthesised from a solution of Sa3
(163.93 mg, 0.45 mmol) in ethanol (7 mL) and copper(ii) acetate monohy-
drate (47 mg, 0.24 mmol) in a solution of ammonia in methanol (7n,
7 mL). Yield: 35.0 mg (0.04 mmol, 19%); IR (KBr): ñ=1616 cm�1 (C=
N); elemental analysis calcd (%) for C46H76CuO4N2: C 70.41, H 9.76, N
3.57; found: C 70.61, H 9.70, N 3.53.
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Synthesis of complex Cu7: Synthesised from Sa4 (50 mg, 0.16 mmol) in a
solution of ammonia in methanol (7n, 20 mL) and copper(ii) acetate
monohydrate (16 mg, 0.08 mmol) in a solution of ammonia in methanol
(7n, 10 mL), 1 h reflux, washing with acetone. Yield: 20 mg (0.03 mmol,
38%); elemental analysis calcd (%) for C38H60CuO4N2: C 67.87, H 8.99,
N 4.17; found: C 67.32, H 8.94, N 4.29.


Synthesis of complex Pd3 : A solution of Sa2 (157.0 mg, 0.51 mmol) in
ethanol (10 mL) was added to a solution of ammonia in methanol (7n,
8 mL). The mixture was stirred for 0.5 h under reflux. A solution of palla-
dium(ii) acetate (57.2 mg, 0.26 mmol) in methanol (5 mL) was then
added and the mixture stirred for 24 h at room temperature. At the end
of this period, the precipitate formed was filtered off, washed with etha-
nol and dried in vacuo to yield the green-yellow solid product. Yield:
81.0 mg (0.11 mmol, 44%); 1H NMR (CDCl3) d=0.86 (t, 3J=6.8 Hz, 6H;
CH3), 1.25 (m, 38H; CH2), 1.75 (m, 4H; CH2), 3.93 (t, 3J=6.6 Hz, 4H;
OCH2), 6.24 (dd, 3J=8.6 Hz, 4J=2.3 Hz, 2Harom,), 6.41 (d, 4J=2.3 Hz,
2Harom), 7.11 (d, 3J=8.6 Hz, 2Harom), 7.75 (d, 3J=11.5 Hz, 2H; CH=N),
7.90 (d, 3J=11.5 Hz, 2H; NH) ppm; IR (KBr): ñ=1624 cm�1 (C=N); ele-
mental analysis calcd (%) for C46H74O6Pd: C 63.81, H 8.45, N 3.92;
found: C 64.16, H 8.41, N 3.82.


Synthesis of complex Cu8 : Compound Sa2 (354.3 mg, 1.16 mmol) and n-
octylamine (149.4 mg, 1.16 mmol) were dissolved in ethanol (50 mL) and
the mixture was stirred in the presence of a catalytic amount of acetic
acid for 1 h under reflux. A solution of copper(ii) acetate monohydrate
(115.4 mg, 0.58 mmol) in a mixture of ethanol and water (1:1, 10 mL) was
then added. The mixture was stirred for a further 0.5 h under reflux and
then left to cool to room temperature. The solid precipitate formed was
filtered off, washed with ethanol and dried in vacuo to yield a green solid
product, which was recrystallised from a mixture of methanol and di-
chloromethane (1:1). Yield: 120.3 mg (0.13 mmol, 12%); IR (KBr): ñ=
1622 cm�1 (C=N); elemental analysis calcd (%) for C54H92CuO4N2: C
72.25, H 10.26, N 3.12; found: C 71.93, H 10.11, N 3.14.


Synthesis of complex Cu9 : The synthesis was carried according to the
methodology given for complex Cu8, with Sa3 (120.0 mg, 0.33 mmol), n-
octylamine (0.05 mL, 0.30 mmol), a catalytic amount of acetic acid and a
solution of copper(ii) acetate monohydrate (100.0 mg, 0.50 mmol) in
methanol (5 mL). Yield: 201.8 mg (0.20 mmol, 61%); IR (KBr): ñ=


1621 cm�1 (C=N); elemental analysis calcd (%) for C62H108CuO4N2: C
73.80, H 10.79, N 2.78; found: C 73.44, H 10.64, N 2.70.


Synthesis of complex Cu10 : The synthesis was carried according to the
methodology presented for complex Cu8, with Sa3 (168.7 mg,
0.47 mmol), n-dodecylamine (86.9 mg, 0.47 mmol) in ethanol (14 mL), a
catalytic amount of acetic acid and a solution of copper(ii) acetate mono-
hydrate (47.7 mg, 0.24 mmol) in ethanol/H2O (1:1, 7 mL). Yield:
211.9 mg (0.19 mmol, 78%); IR (KBr): ñ=1620 cm�1 (C=N); elemental
analysis calcd (%) for C70H124CuO4N2: C 74.98, H 11.15, N 2.50; found: C
74.93, H 11.09, N 2.44.


STM : STM images were acquired in the constant-current (variable-
height) mode under ambient conditions with the tip immersed in the su-
pernatant solution. A low-current scanning tunnelling microscope (RHK
Technology Inc., Troy, MI, USA; UHV 300, IVP 300, SPM 1000) was
used with negative sample bias. STM tips were mechanically sharpened
from Pt/Ir (90:10) wire. HOPG was used as substrate for the adlayers
and at the same time for the internal calibration of the STM. Prior to
imaging, the compounds to be investigated were dissolved in 1,2,4-tri-
chlorobenzene or 1-octanol and a droplet of the saturated solution was
placed on freshly cleaved HOPG. A physisorbed monolayer of each com-
plex formed spontaneously at the liquid/HOPG interface. The brighter
regions in the STM images correspond to ligand p-orbitals and related
orbitals of the metal ions, whereas the interacting alkyl chains occur as
darker areas. Distances and angles were measured over a wide range cov-
ering the largest possible number of molecules in order to reduce errors.
The experiments were repeated several times with different tips in order
to confirm the reproducibility of the highly ordered assemblies.
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[39] J. Lewiński, J. Zachara, P. Stolarzewicz, M. Dranka, E. KoŁodziejc-
zyk, I. Justyniak, J. Lipkowski, New J. Chem. 2004, 28, 1320.


[40] G. R. Desiraju, Chem. Commun. 2005, 2995.


[41] This is based on the high-resolution STM images that show the ori-
entation of the alkyl chains. We did not observe any relationship be-
tween the chirality and the symmetry of the graphite substrate.
However, a more detailed analysis of the surface structures reveals
that the alkyl chains of neighbouring domains orient with typical
angles of 08, 608 and 1208. Due to the fact that the enantiomorphous
domains coexist and the included angles between the lamellae and
the alkyl-chain axes vary for each compound, the preferred orienta-
tions of the 2D arrays may differ from the above-mentioned angles.


[42] R. S. Cahn, C. K. Ingold, V. Prelog, Angew. Chem. 1966, 78, 413;
Angew. Chem. Int. Ed. Engl. 1966, 5, 385.


[43] The top view of the Si adsorbate shows the Re face, and vice versa.
[44] The model represents one of the two enantiomeric forms of the


chiral 2D patterns observed within the individual domains of the
adlayers.


[45] C. B. Gorman, I. Touzov, R. Miller, Langmuir 1998, 14, 3052.
[46] Y. Kaneda, M. E. Stawasz, D. L. Sampson, B. A. Parkinson, Lang-


muir 2001, 17, 6185.
Received: August 15, 2005


Revised: December 19, 2005
Published online: March 7, 2006


Chem. Eur. J. 2006, 12, 3847 – 3857 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3857


FULL PAPERTuning Metal–Metal Distances in Nanopatterns



www.chemeurj.org






DOI: 10.1002/chem.200501314


Microwave-Assisted Covalent Sidewall Functionalization of Multiwalled
Carbon Nanotubes


Junxin Li[a, b] and Helena Grennberg*[a]


Introduction


The remarkable physical, electronic, and chemical proper-
ties of carbon nanotubes (NTs) make them interesting for
applications in many fields,[1] but to progress from ideas to
applications reliable methods for synthesis, purification, and
further manipulations of the NTs are of great importance.
Chemical functionalization of NTs is a branch of this re-
search that has attracted considerable attention over the
past few years.[2] By introducing, for example, solubilizing or
substrate-targeting units, the electronic and mechanical
properties[1] of the fascinating single-, double-, or multiwal-
led (SW, DW, or MW, respectively) structures may find real
use as, for example, field emitters,[3] memory elements,[4]


sensors,[5] actuators,[6] and so forth. Moreover, covalent or-
ganic functionalization of NTs will bring the area closer to
the fields of macro- and biomolecular chemistry.


Both the ends and the sidewalls of the nanotubes can be
targeted; both noncovalent[7] and covalent[8] approaches
have been used. By proper choice of the structure added,
practically insoluble NTs can be solubilized without affect-
ing other properties of the NTs. The dominant method has
been the use of carboxylic acid groups introduced at the
ends and other defect sites during cleaning of the raw NT
material,[8–11] creating amide[8b,9,11] or ester[10] linkages, as
well as the formation of salts through acid–base reac-
tions.[9d,e,11] Perhaps the most versatile group of side-wall-tar-
geting reactions is the 1,3-dipolar cycloaddition of azome-
thine ylides, originally developed by Prato et al. for
[60]fullerene[12] and more recently demonstrated for
SWNTs.[13,14]


Microwave (MiW) heating has become an important tool
for efficient execution of organic reactions;[15] excellent
yields are often obtained within reaction times considerably
shorter than those measured when conventional heating is
used.[16] In the field of carbon nanotube functionalization, a
few MiW-assisted examples have been reported for the puri-
fication of raw NTs.[17] Very recently, chemical functionaliza-
tion of SWNTs was achieved in which both end carboxyl
units and sidewalls were targeted.[11,18]


We have now further confirmed that MiW heating is
indeed highly useful for sidewall-targeting addition reactions
to MWNTs by demonstrating that it is possible to obtain


Abstract: Thermal cycloaddition of 1,3-
dipolar azomethine ylides to the side-
walls of multiwalled carbon nanotubes
(MWNTs) has been used to prepare
MWNTs that contain 2-methylenethiol-
4-(4-octadecyloxyphenyl) (4), N-octyl-
2-(4-octadecyloxyphenyl) (5) or 2-(4-
octadecyloxyphenyl)pyrrolidine (6)
units. All these contain the 4-octadecyl-
ACHTUNGTRENNUNGoxyphenyl substituent that acts as a
solubilizing group. Microwave (MiW)-
assisted heating was found to be highly
efficient for soluble MWNTs, for which


the amount of added groups after only
2 h of MiW heating at 200 8C, deter-
mined by using thermogravimetric
analysis, was found to be in the same
range as that obtained after 100–120 h
of conventional heating of soluble and
insoluble MWNTs. Solubility is a key
feature for a successful MiW-heated re-
action; MWNTs insoluble in the reac-


tion medium yielded considerably less
addends in the MiW-heated reactions
than in the conventionally heated reac-
tion. The location and even distribution
of the pyrrolidine units over the outer-
most layer of the MWNTs was verified
by transmission electron microscopy
analysis of 4 that had been treated with
gold nanoparticles and thoroughly
washed to remove gold particles adsor-
bed on nonfunctionalized parts of the
MWNTs.
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soluble sidewall-functionalized MWNTs that also have
useful properties. In particular, pyrrolidine units with gold-
targeting groups have been added in fast and convenient re-
actions, and with control of the amount of addends at the
outermost layer of the MWNTs.


Our findings are important as this sidewall-targeting ap-
proach has a drawback that needs to be considered careful-
ly.[19,20] Since the reaction involves the p electrons of the
tube wall the electronic structure of a sidewall-functional-
ized NTs will be disturbed. Haddon et al. reported that, at
25% functionalization with dichlorocarbene, the SWNT
band structure was completely disrupted and that thermal
treatment above 300 8C did not restore the original SWNT
electronic structure.[21] It is thus surprising that reports de-
tailing successful sidewall modification of MWNTs are not
more common,[13b,22] in spite of the fact that a MW (or DW)
NT material would be more useful than a SWNT material in
applications that require both the new properties of the
functionalized outer tube and the electronic properties of
the intact inner layers.


Results and Discussion


Pretreatment : All work was carried out using commercially
available MWNTs. The as-received material was treated
with aqueous HNO3 or an HNO3–H2SO4 mixture
ACHTUNGTRENNUNG(Scheme 1),[9a,10c] to remove various non-NT carbon materi-
als and catalyst particles. The more reactive ends of the NTs
and defect sites at the sidewalls were oxidized by the addi-
tion of oxygen-containing functional groups to the rims of
the opened NTs.[8b,9,11] For SWNTs, carboxyl IR features
appear after treatment with aqueous HNO3,


[11] whereas simi-
lar treatment of MWNTs resulted in a clean MWNT materi-
al 1, essentially free of carboxyl groups (Figure 1). To obtain
carboxylated MWNTs 2 that can be solubilized by esterifica-
tion, sonication in concentrated HNO3–H2SO4 was required.
The IR spectrum of 2 exhibits a carbonyl peak at 1710 cm�1,
C=C stretching peaks at 1635 and 1560 cm�1, a broad peak
at 1100 cm�1, and hydroxyl absorption in the 3500 cm�1 re-
gion.[10a–c] The soluble MWNT–ester 3, formed in the reac-
tion between the anion of 2 and octadecyl bromide,[10c] ex-
hibits carbonyl stretching at 1720 cm�1 and peaks centered
at 2917 and 2848 cm�1, corresponding to the C�H stretch of


the added hydrocarbon chain. Although trace amounts of
paramagnetic metal leads to broad signals, the presence of
the hydrocarbon chain is clear from 1H NMR spectra, not
shown here.


Dipolar addition to insoluble and soluble MWNT materials :
The azomethine ylides are among the most versatile 1,3-di-
poles owing to the large number of methods available for
the generation of the active reagent, the possibilities to fur-
ther modify added groups, and their reactivity towards elec-
tron-poor olefins.[12b,23] A very simple and powerful approach
to fabricate azomethine ylides is the decarboxylation of imi-
nium salts derived from the condensation of amino acids
and aldehydes/ketones. It is possible to carry out this proce-
dure as a one-pot reaction. As the aldehyde component we
have used 4-octadecyloxybenzaldehyde, which, owing to its
long flexible hydrocarbon chain, could induce solubility to
the addition product. The aldehyde and either cysteine, N-
octyl glycine or glycine (Scheme 2) were allowed to react
with insoluble MWNT 1 and with the soluble MWNT–ester
3 by using either conventional heating or MiW heating.


The conventionally heated reactions yielded the expected
soluble products both from 1 and 3, whereas in the MiW-
heated reactions, only the soluble MWNT–ester 3 reacted to
any considerable extent. The low reactivity observed for the
MWNTs 1 is probably due to the insolubility of the materi-
al. When using conventional heating, the extended reaction
times with constant stirring lead to sufficient exposure of


Scheme 1. Transformation of as-received MWNTs into the clean insolu-
ble MWNT 1 and the soluble MWNT–ester 3. Reagents and conditions:
a) 2.6m aqueous HNO3, 100 8C, 48 h; b) conc. H2SO4/HNO3 (3:1 v/v),
sonication, 5 h; c) aqueous NaOH, hexadecyltrimethylammonium bro-
mide, C18H37Br, 100 8C, 2 h.


Figure 1. FTIR spectra of MWNTs 1–3, pyrrolidinated MWNTs 4–6, and
4-octadecyloxybenzaldehyde.
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also the inner parts of the MWNT bundles to the reagents,
whereas only the outermost tubes of insoluble NT bundles
can react when mechanical treatment is lacking, as is the
case during MiW heating. In contrast, the sidewalls of the
soluble MWNT–ester 3 were efficiently functionalized with
pyrrolidine within highly convenient reaction times, in line
with our findings for MiW-assisted SWNT end functionaliza-
tion.[11]


Characterization of sidewall-pyrrolidinated MWNT materi-
als : The IR spectra of the addition products (Figure 1) show
similarities with those of 1 or 3, although the features are
more pronounced, and signals from the added pyrrolidine
units are also present. As expected, the features of the
added group depend on the components of the azomethine
ylide. Neither the heating method nor the reaction tempera-
ture influence the structure of the added group; this result is
exemplified in Figure 1, which displays close to identical IR
features for 4a–d. This was also the case for 6, in which 6b,
obtained from a conventionally heated reaction, has an
almost identical spectrum to 6a, which was obtained from a
MiW-heated reaction. The intensities reflect the degree of
sidewall functionalization. The not-so-prominent peaks in 5
and the broad C�O stretch peak at ~1100 cm�1 in 5, 4a, and
4d indicate a lower degree of sidewall functionalization
than in 4b, 4c, and 6.[24]


All of the first-order Raman spectra (Figure 2) exhibit a
strong G band at ~1595 cm�1, which is the Raman allowed
phonon high-frequency E2g first-order mode, and a large
disordered-induced (D) band at 1315 cm�1. The bands are
shifted with respect to the 1580 cm�1 (G), and 1346 or
1350 cm�1 (D) bands reported for other carbon nanotube
samples.[10c,25] Since the positions of the bands are not
changed during the functionalization process, the shift is
either due to inherent properties of the NT material or an
effect of the lasers used in the measurements. The similari-
ties between our spectra imply that neither esterification
nor sidewall functionalization seriously affect the bulk
graphite structure of the MWNTs, which already have a
high degree of defect sites before any cleaning or defect-tar-
geting oxidative cleaning. The slight differences in the rela-
tive intensities of the D and G bands (inset in Figure 2) give
indications of the extent of disorder introduced in the func-
tionalization steps. The D:G ratio is quite low in the cleaned


MWNTs 1 and, as expected,
higher for the MWNT–COOH
2. The latter ratio is very simi-
lar to that of the MWNT–ester
3, thus the hydrocarbon chains
introduced do not significantly
affect the Raman properties of
the MWNTs. On the other
hand, the D:G ratio of the pyr-
rolidinated MWNTs 4 and 5 are
significantly higher than that of


the starting materials 3 and 1, respectively. Moreover, the
ratio increases with increasing reaction times as seen in the
MiW-assisted formation of 4 from 3.


The indications from IR and Raman spectroscopic meas-
urements of increasing functionalization with increasing re-
action times were verified by thermogravimetric analysis
(TGA), for which the weight loss during heating can be
used to estimate the relative mass of various groups attach-
ed to the material. The insoluble MWNTs 1 and 2 only ex-
hibited an inflection at ~470 8C that indicates tube decom-
position (Figure 3),[10c,26] whereas the weight loss from 3 be-
tween 200 and 300 8C indicates an ester content of about
13%, which apparently is sufficient to solubilize the materi-
al well enough for efficient MiW-heated reactions to occur.
A reaction time of 2 h at 200 8C yielded pyrrolidinated
MWNTs 4a with a total of 33 mass% added groups and a
sidewall addend/ester/MWNT ratio of 0.35:0.15:1 (Table 1).
Doubling the time at this temperature gave a product 4b
with 68% of non-NT groups, a value that is approaching sat-
uration. The 83% of non-NT groups present in 4c (16 h at
130 8C) is likely to be a maximum under these conditions, as


Scheme 2. Pyrrolidination of the MWNTs. Conditions for pyrrolidination of 1: DMF, conventional heating at
130 8C for 5 d. Conditions for pyrrolidination of 3 : toluene, MiW heating at 200 8C for 2 h (4a), 4 h (4b), at
130 8C for 16 h (4c and 6a), and conventional heating at 110 8C for 19 h (4d) or 4 days (6b).


Figure 2. Raman spectra of MWNTs 1–3 and pyrrolidinated MWNTs 4
and 5 with intensities normalized to the D band at ~1315 cm�1. Inset
shows the D:G intensity ratio.
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this number is close to the yield of 81% of non-NT groups
obtained for 6a, prepared using a smaller amino acid glycine
and the same long-chain aldehyde. For comparison a sample
of 6b prepared using conventional heating for four days,
was found to contain 56 mass% of sidewall addends, which
is similar to the value obtained for 4b.


The influence of the solubility of the starting material
proved to be as expected: the conventionally heated pyrroli-
dination of insoluble 1 at 130 8C for five days (120 h) yielded
5 with a pyrrolidine content lower than that in 6b. The prod-
uct 6b was prepared under similar reaction conditions, but
from a soluble starting material 3. Moreover, the mass%
sidewall addends/MWNT ratio of 5 is in the same range as


that of 4a, with a MiW reaction time of only 2 h. This last
observation is in good agreement with the similarities of the
D:G intensity ratio of the Raman spectra for 4a and 5.


The position and distribution profile of the units added to
the sidewalls were determined by transmission electron mi-
croscopy (TEM) by using the interaction between the thiol
of the pyrrolidine in 4 and gold.[22a,27] Treatment of 4 with
2~6 nm-sized gold particles and thorough washing of the
sample on a filter membrane prior to TEM analysis verified
the success of the sidewall-functionalization reactions
(Figure 4). For the first time, direct evidence for a rather


even distribution of the added groups over the MWNTs was
obtained. As a control, 3–Au, that is, 3 treated using the
same procedure as for the preparation of 4–Au, was ana-
lyzed. Remarkably, TEM results show a nearly complete ab-
sence of gold nanoparticles at the NTs, thus our washing


procedure is sufficiently effi-
cient to remove nanoparticles
not in contact with a thiol unit.
Furthermore, the amount of
nanoparticles is lower in 4a–Au
than in 4b–Au and 4c–Au, an
observation that is in excellent
agreement with the results ob-
tained from IR and Raman
spectroscopy and TGA.


Conclusion


Sidewall pyrrolidination of MWNTs by using 1,3-dipolar ad-
ditions of in situ formed azomethine ylides was achieved by
using both conventional and MiW-assisted heating. The
latter heating method was found to be highly efficient for
MWNTs 3 with solubilizing ester units, but was less useful
for the insoluble unit 1; this result is in contrast to previous-
ly reported literature.[18] The amount of sidewall functionali-
zation after MiW-assisted heating of 3 for 2–4 h at 200 8C is
in the same range as that obtained from 3 or 1 after 4–5
days (100–120 h) of conventional heating. As the amount of
added groups in our conventionally heated reactions is in


Figure 3. TGA curves of 1, 2, 3, 4a, 4b, 4c, and 5 (top), and 6a and 6b
(bottom).


Table 1. Relative amount and distribution of non-NT groups for MiW and conventionally heated (c.h.) pyrroli-
dinated MWNTs, as determined by TGA.


Sample Wt% Relative distribution
Organic total[a] Sidewall addends Ester MWNT Sidewall/ester/MWNT


3 13 – 13 86 0/0.15/1
4a (MiW 2 h[b]) 33 23 10 65 0.35/0.15/1
4b (MiW 4 h[b]) 68 63 4.6 30 2.1/0.15/1
4c (MiW 16 h[c]) 83 81 2.2 14 5.8/0.15/1
4d (c.h. 19 h[d]) 18 5.6 12.4 80 0.07/0.15/1
5 (c.h. 5 d[e]) 25 25 70 0.36/0/1
6a (MiW 16 h[c]) 81 78 2.9 19 4.1/0.15/1
6b (c.h. 4 d[d]) 48 40 7.9 51 0.79/0.15/1


[a] Weight losses in the 200–460 8C range are used to estimate the mass of organic groups attached to the
MWNTs. [b] 200 8C. [c] 130 8C. [d] 110 8C (toluene). [e] 130 8C (DMF).


Figure 4. TEM images of a) 3–Au, b) 4b–Au, c) 4c–Au, and d) 4a–Au.
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the same range as that reported for similar additions, the
MiW-heating method is 50–60 times faster. The structure of
the added groups was not affected by the heating method,
thus MiW heating is a generally useful method, provided
the starting material is soluble. In addition, we have demon-
strated that the amount of addends can be controlled by al-
tering the reaction time and temperature, and that the
added groups are evenly distributed over the MWNTs even
at lower degrees of functionalization. Since the sidewall re-
actions only take place on the outermost layer of the
MWNTs, we anticipate that the electronic properties of the
inner layers of the functionalized MWNTs will be unaffect-
ed; this result is of interest for certain applications. In a
more general sense, the solubility and substrate-targeting
properties of the resulting MWNTs can be tailored by a
proper choice of added groups at the ends and sides of the
nanotubes to fit any desired application.


Experimental Section


General : MWNTs (diameter range 10–30 nm) prepared by a chemical
vapor deposition (CVD) method by using a Ni–La complex oxide cata-
lyst were purchased from Shenzhen Nanotech Port (China). Cysteine hy-
drochloride monohydrate (Fluka) was neutralized and dried before use.
Other reagents were obtained from commercial sources and were used as
received. The solvents used were of analytical grade, and were dried and
distilled before use.[28] Column chromatography was performed by using
Matrex silica gel 60A, 35–70 mm as the solid phase. Thin-layer chroma-
tography (TLC) was performed on Merck precoated silica gel 60-F254


plates.


MiW heating and sonication were performed by using Biotage Initiator
Sixty and Vibro Cell Sonics equipment, respectively. Centrifugation-as-
sisted filtration of MWNTs was carried out by using 500 mL polypropy-
lene centrifuge tubes fitted with a removable chamber with a polypro-
pene filter membrane, pore size 0.45 mm (Pall Life Sciences or Whatman
VectaSpin), in an Eppendorf MiniSpin centrifuge at 12 000 rpm for 10–
15 min. Liquid that was added to the chamber passed the membrane into
the lower compartment of the tube, whereas the insoluble material re-
mained at the filter. Cycles of solvent removal from the lower compart-
ment and addition of fresh solvent to the filter compartment could easily
be repeated until the solids were considered sufficiently clean. 1H and
13C NMR spectra were recorded on a Varian Unity 400 spectrometer
(399.9 and 100.6 MHz for 1H and 13C, respectively). The chemical shifts
were reported by using the residual solvent signal as an indirect reference
to TMS: CDCl3 7.26 ppm (1H) and 77.0 ppm (13C), D2O 4.79 ppm (1H).
FT-IR spectra were recorded for analytes in KBr tablets by using KBr as
the background on a Perkin–Elmer 1760 spectrometer. TGA was ob-
tained on a TA Instrument TGA Q500. Samples of about 5 mg were
heated at a rate of 10 8Cmin�1 under a flow of nitrogen. Raman spectra
were recorded on a Renishaw System 2000 micro-Raman spectrometer
equipped with a 783 nm diode laser (25 mW) with 2 cm�1 resolution.
Solid samples were placed on a stainless-steel plate during the measure-
ments. TEM was obtained on a Jeol2000FXII instrument operating at
200 kV by using a 300 mesh holey carbon grid.


Pretreatment of as-received carbon nanotubes to remove residual non-
nanotube material and form 1 and 2 was carried out by using modified
literature procedures:[9–11]


Formation of cleaned MWNTs 1: The as-received MWNTs (typically
50 mg) were oxidatively cleaned by treatment with aqueous HNO3 (typi-
cally 25 mL of a 2.6m solution) at 100 8C in an oilbath, with stirring for
2 d.[9f] The mixture was then diluted with water (three times the reaction
volume) and the solids were collected by filtration and washed with
water, until the filtrate became pH neutral, and then repeatedly with


ethanol. The dark product was washed off the filter with ethanol and
dried for 12 h at a reduced pressure (vacuum oven at 120 8C). The IR
spectrum of 1 exhibited no features indicating the presence of a carbonyl
group.


Formation of MWNT–COOH 2 : The as-received MWNTs (100 mg) were
oxidatively cleaned and converted into the acid 2 by treatment with an
HNO3:H2SO4 (20 mL, 1:3 v/v) mixture at 50 8C for 5 h with continuous
ultrasonication (20 W). The resultant solid, MWNT–COOH 2, was col-
lected by filtration as described above. The IR spectrum of 2 shows
peaks at 1710 cm�1 (carbonyl of acid) and a broad peak at 1100 cm�1 (C�
O stretch).[10,24]


Preparation of soluble MWNT–octadecyl ester 3 : This ester was pre-
pared by the reaction of 2 with octadecyl bromide, inspired by a litera-
ture method.[10c] MWNT–COOH 2 (200 mg) was sonicated in aqueous
NaOH (1 mm, 200 mL) for 2 min. Hexadecyltrimethylammonium bro-
mide (100 mg) and octadecylbromide (500 mg) were added to the result-
ing black homogeneous suspension of MWNT–COONa and the mixture
was refluxed with vigorous stirring. After 2 h, a black precipitate was
formed and the aqueous phase became clear and colorless. After the ad-
dition of CHCl3 and filtration to remove unreacted MWNTs, the organic
layer was collected, washed with aqueous NaCl (15%), and dried over
anhydrous CaSO4. After a reduction of the volume, slow addition of the
solution into ethanol yielded the MWNT–octadecyl ester 3 as a black
solid that was collected by filtration, washed several times with ethanol,
and dried in a vacuum oven at 100 8C for 12–15 h. The IR spectrum
shows peaks centered at 2917 and 2848 cm�1 (alkyl C�H), 1720 cm�1 (car-
bonyl of ester), and broad peaks at 1560 and 1100 cm�1 (corresponding to
C=C and C�O, respectively).[10, 24] 1H NMR (399.9 MHz, CDCl3, poor res-
olution due to residual paramagnetic impurity): d=0.89 (t, 3H), 1.0–1.7
(m, 32H), 3.45 ppm (m, 2H).


Synthesis of 4-octadecyloxybenzaldehyde : Under nitrogen protection, a
mixture of 4-hydroxybenzaldehyde (534 mg, 5.04 mmol), potassium car-
bonate (880 mg, 6.37 mmol), and octadecyl bromide (1681 mg,
5.05 mmol) in dry DMF (50 mL) was refluxed for 20 h. After cooling, the
solution was poured into NaOH (50 mL of a 5% aqueous solution); the
precipitate was collected by filtration and recrystallized from ethanol.
After drying under a reduced pressure for 15 h, 1.24 g (3.3 mmol, 66%)
of 4-octadecyloxybenzaldhyde was obtained as a slightly pinkish powder.
With a reaction time of 68 h, 1.60 g (4.3 mmol, 85%) of product was ob-
tained. M.p. 51–54 8C; IR (KBr): n=2918, 2849 (C�H), 1693 (C=O), 1603
(C=C), ~1100 cm�1 (C�O); 1H NMR (399.9 MHz, CDCl3): d=0.88 (t,
3H), 1.26 (m, 28H), 1.48 (m, 2H), 1.81 (m, 2H), 4.04 (t, 2H), 6.99 (d,
2H), 7.83 (d, 2H), 9.87 ppm (s, 1H); 13C NMR (100.6 MHz, CDCl3): d=
14.33, 22.92, 26.19, 29.29, 29.58, 29.77, 29.80, 29.93 (from 29.29 to 29.93,
wide peaks), 31.12, 32.16, 68.68, 114.99, 130.01, 132.20, 164.52,
190.99 ppm.


Preparation of N-octylglycine ethyl ester :[29] N-octylglycine was prepared
in a two-step process. A solution of ethyl bromoacetate (0.45 mL,
4.06 mmol) in dry dichloromethane (10 mL) was added to a solution of
octylamine (1.2 mL, 7.3 mmol) and potassium carbonate (355 mg,
2.57 mmol) in dry dichloromethane (10 mL) at 0 8C over a period of
30 min. The mixture was stirred at room temperature for 12–15 h and
was then washed with brine (3L10 mL), the organic phase was dried
over CaSO4, and the solvents evaporated. The crude product was purified
by flash chromatography with ethyl acetate as eluent yielding 308 mg
(35%) of N-octylglycine ethyl ester as a clear yellowish oil. 1H NMR
(399.9 MHz, CDCl3): d= 0.80 (t, 3H), 1.20 (m, 13H), 1.43 (q, 2H), 1.56
(s, 1H), 2.49 (t, 2H), 3.29 (s, 2H), 4.14 ppm (q, 2H); 13C NMR d=13.98,
14.14, 22.56, 27.16, 29.16, 29,40, 30.00, 31.74, 49.59, 50.97, 60.55,
172.47 ppm.


Preparation of N-octylglycine : A solution of N-octylglycine ethyl ester
(526 mg, 2.45 mmol) and sodium hydroxide (214 mg, 5.35 mmol) in etha-
nol/water (1:1 v/v, 15 mL) was stirred at room temperature for 24 h.
Then, aqueous HCl (2m) was added while stirring until a neutral pH was
attained; the solvent was evaporated and the product dried under re-
duced pressure until a constant weight was measured (24 h), yielding
0.69 g of a solid material containing N-octylglycine and NaCl in an ap-
proximately 1:2 molar ratio. 1H NMR (399.9 MHz, D2O): d=0.93 (t,
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3H), 1.35 (m, 10H), 1.63 (m, 2H), 3.10 (t, 2H), 3.66 (s, 2H); 13C NMR
d=13.64, 14.43, 22.23, 25.76, 25.93, 28.42, 31.26, 47.85, 49.44, 171.83 ppm.


Addition of N-octyl-2-(4-octadecyloxyphenyl)pyrrolidine units to the in-
soluble MWNTs 1: this resulted in the formation of 5 by using adapted
conventional heating methods, previously reported in the literature.[13,14]


A mixture of insoluble MWNTs 1 (10 mg), an N-octylglycine and NaCl
mixture (194 mg, containing ~0.64 mmol N-octylglycine), and 4-
octadecylACHTUNGTRENNUNGoxybenzaldhyde (561 mg, 1.5 mmol) in dry DMF (12 mL) was
heated at 130 8C, while stirring, for 5 d. The resulting solid materials were
collected by centrifuge-assisted filtration on a polytetrafluoroethylene
(PTFE) filter membrane and washed with acetone and water (several
portions each, until the filtrate solution displayed only the solvent UV/
Vis absorption spectrum), and then dried in a vacuum oven at 100 8C for
approximately 12 h, yielding 11–12 mg of a dark gray solid that was very
soluble in toluene, chloroform, and dichloromethane. TGA analysis indi-
cated 25 wt% of added groups; this value is in the same range as that
previously reported for SWNTs with similar added units.[13c] 1H NMR
(CDCl3, poor resolution due to residual paramagnetic impurity): d=0.89,
1.0–1.7, 1.80, 3.95, 6.91, 8.01 ppm. TGA analysis: 25 mass% of pyrroli-
dine units.


Addition of 2-methylenethiol-4-(4-octadecyloxyphenyl)pyrrolidine units
to 3, forming 4 : 4-Octadecyloxybenzaldhyde (200 mg, 0.535 mmol) and
cysteine (170 mg, 1.405 mmol) were added to a solution of the MWNT–
ester 3 (10 mg) in dry toluene (10 mL). The mixture was sonicated for
5 min, then nitrogen gas was bubbled through the solution for 10 min
prior to MiW heating at 200 8C for 2 or 4 h or at 130 8C for 16 h (4a, b, c,
respectively), or conventional heating at the reflux temperature for 19 h
(4d), after which time acetone was added. The solid material was collect-
ed by centrifuge-assisted filtration on a PTFE filter membrane and
washed with acetone and water (several portions each, until the filtrate
solution displayed only the solvent UV/Vis absorption spectrum).


The products were dried in a vacuum oven at 100 8C for 12–15 h yielding
11 mg of 4a, 22 mg of 4b, 42 mg of 4c, and 10 mg of 4d as dark gray
solids, which were very soluble in toluene, chloroform, and dichlorome-
thane. IR (KBr): n=2917, 2848, 2590, 1720, 1635, 1254 cm�1; 1H NMR
(CDCl3, poor resolution due to residual paramagnetic impurity): d=0.89,
1.0–1.7, 1.77, 3.45, 3.97, 6.88, 7.40 ppm; TGA analysis: mass% of pyrroli-
dine units: 4a 23%, 4b 63%, 4c 81%, and 4d 18%.


Addition of 2-(4-octadecyloxyphenyl)pyrrolidine units to 3, forming 6 :
The MWNT–octadecyl ester 3 (10 mg) was treated with 4-octadecyloxy-
benzaldhyde (224 mg, 0.6 mmol) and glycine (287 mg, 3,83 mmol) in a
solvent (10 mL) following, for 6a, the same procedure and workup as de-
scribed for the preparation of 4c (toluene, MiW heating, 130 8C, 16 h),
or, for 6b, a similar preparation procedure as that used for 4d (110 8C,
conventional heating, toluene, 4 d). The product was very soluble in tol-
uene, chloroform, and dichloromethane. IR (KBr): n=2917, 2849, 1609,
1261 cm�1 (both 6a and 6b); 1H NMR (CDCl3, poor resolution due to re-
sidual paramagnetic impurity): d=0.89, 1.27, 1.47, 1.79, 3.46, 3.96, 6.92,
7.35 ppm (both 6a and 6b); TGA: mass% of pyrrolidine units: 6a 81%
and 6b 62%.


Solubilized Au nanoparticles : Nanoparticles of diameter 2–6 nm, as seen
by TEM, were prepared according to the method of Brust et al.[27] Brief-
ly, an aqueous solution of HAuCl4 (50 mm, 3 mL) was added to a solution
of hexadecyltrimethylammonium bromide in toluene(50 mm, 8 mL). The
mixture was stirred at room temperature for 30 min, then a freshly pre-
pared aqueous solution of NaBH4 (0.5m, 2 mL) was added dropwise with
stirring over 15 min; stirring was continued for a further 30 min. After
standing at 4 8C for at least 12 h, the aqueous phase was removed. The
Au-containing toluene phase was stored in a sealed container at 4 8C.


MWNT–Au assemblies: These assemblies and controls were prepared by
dropwise addition of the solution of solublilized Au nanoparticles in tol-
uene (typically 0.5 mL) over 10–15 min to a solution of 3, 4a, 4b, or 4c
(1.4 mg in 10 mL). The resulting mixture was then stirred at room tem-
perature for 30 min, during which time a precipitate formed. The solid
material was collected by centrifuge-assisted filtration on a PTFE filter
membrane and washed repeatedly with toluene until the washing solution
displayed only the solvent UV/Vis absorption spectrum. TEM analysis
showed substantial amounts of Au at the sidewalls for the thiol-function-


alized MWNTs (4a, 4b, and 4c) and almost no Au at the sidewalls of the
control (3).
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Introduction


In 2001 we reported[1] that poly(trifluoromethyl)fullerenes
can be synthesized by reacting C60 or C70 with various transi-
tion-metal trifluoroacetate (TFA) salts at elevated tempera-
tures (this discovery was subsequently patented[2]). The
products consisted of a wide range of C60,70 ACHTUNGTRENNUNG(CF3)n derivatives
with n�22.[1] We recently published a 380/500 8C fractional
sublimation procedure for a particular C60 ACHTUNGTRENNUNG(CF3)n mixture of
products (C60, AgTFA, 280 8C) that resulted in fewer,[3]


more stable[4] isomers of C60 ACHTUNGTRENNUNG(CF3)2,4,6,8,10 as the predominant
isolated products. This greatly simplified the HPLC purifica-
tion and spectroscopic characterization of individual isomers
of C60ACHTUNGTRENNUNG(CF3)2,4,6.


[3] Without fractional sublimation, the tol-


Abstract: Reaction of C70 with ten
equivalents of silver(i) trifluoroacetate
at 320–340 8C followed by fractional
sublimation at 420–540 8C and HPLC
processing led to the isolation of a
single abundant isomer of C70 ACHTUNGTRENNUNG(CF3)n for
n = 2, 4, 6, and 10, and two abundant
isomers of C70 ACHTUNGTRENNUNG(CF3)8. These six com-
pounds were characterized by using
matrix-assisted laser desorption ioniza-
tion (MALDI) mass spectrometry, 2D-
COSY and/or 1D 19F NMR spectrosco-
py, and quantum-chemical calculations
at the density functional theory (DFT)
level. Some were also characterized by
Raman spectroscopy. The addition pat-
terns for the isolated compounds were
unambiguously found to be C1-7,24-
C70 ACHTUNGTRENNUNG(CF3)2, C1-7,24,44,47-C70 ACHTUNGTRENNUNG(CF3)4, C2-
1,4,11,19,31,41-C70ACHTUNGTRENNUNG(CF3)6, Cs-


1,4,11,19,31,41,51,64-C70 ACHTUNGTRENNUNG(CF3)8, C2-
1,4,11,19,31,41,51,60-C70 ACHTUNGTRENNUNG(CF3)8, and C1-
1,4,10,19,25,41,49,60,66,69-C70ACHTUNGTRENNUNG(CF3)10
(IUPAC numbering). Except for the
last compound, which is identical to
the recently reported, crystallographi-
cally characterized C70ACHTUNGTRENNUNG(CF3)10 deriva-
tive prepared by a different synthetic
route, these compounds have not previ-
ously been shown to have the indicated
addition patterns. The largest relative
yield under an optimized set of reac-
tion conditions was for the Cs isomer
of C70ACHTUNGTRENNUNG(CF3)8 (ca. 30 mol% of the sub-
limed mixture of products based on


HPLC integration). The results demon-
strate that thermally stable C70 ACHTUNGTRENNUNG(CF3)n
isomers tend to have their CF3 groups
arranged on isolated para-C6 ACHTUNGTRENNUNG(CF3)2
hexagons and/or on a ribbon of edge-
sharing meta- and/or para-C6 ACHTUNGTRENNUNG(CF3)2
hexagons. For Cs- and C2-C70 ACHTUNGTRENNUNG(CF3)8 and
for C2-C70ACHTUNGTRENNUNG(CF3)6, the ribbons straddle
the C70 equatorial belt; for C1-C70-
ACHTUNGTRENNUNG(CF3)4, the para–meta–para ribbon in-
cludes three polar hexagons; for C1-
7,24-C70ACHTUNGTRENNUNG(CF3)2, the para-C6ACHTUNGTRENNUNG(CF3)2 hexa-
gon includes one of the carbon atoms
on a C70 polar pentagon. The 10.3–
16.2 Hz 7JF,F NMR coupling constants
for the end-of-ribbon CF3 groups,
which are always para to their nearest-
neighbor CF3 group, are consistent
with through-space Fermi-contact inter-
actions between the fluorine atoms of
proximate, rapidly rotating CF3 groups.


Keywords: density functional
calculations · fullerenes · iso ACHTUNGTRENNUNGmers ·
through-space interactions ·
trifluoromethyl
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uene-extractable mixture of products included many more
C60 ACHTUNGTRENNUNG(CF3)n derivatives (n�14) as well as a large number of
C60 ACHTUNGTRENNUNG(CF3)nHm derivatives, many of which could only be isolat-
ed as mixtures of products even after HPLC processing.[5,6]


Application of our original AgTFA synthetic methodolo-
gy[1,2] without high-temperature fractional sublimation to the
polytrifluoromethylation of C70 also resulted in complex
mixtures of C70 ACHTUNGTRENNUNG(CF3)n and C70ACHTUNGTRENNUNG(CF3)nHm derivatives.[5,7]


We now report that high-temperature fractional sublima-
tion followed by HPLC processing of C70/AgTFA reaction
mixtures (with reaction temperatures of 320–340 8C) leads
to the isolation of milligram amounts of a single abundant
isomer of C70 ACHTUNGTRENNUNG(CF3)2, C70 ACHTUNGTRENNUNG(CF3)4, C70ACHTUNGTRENNUNG(CF3)6, C70ACHTUNGTRENNUNG(CF3)8, and C70-
ACHTUNGTRENNUNG(CF3)10, and a smaller amount of a second isomer of C70-
ACHTUNGTRENNUNG(CF3)8. A combination of 19F NMR and Raman spectroscopy
and quantum-chemical calculations at the density functional
theory (DFT) level demonstrate that the isolated com-
pounds are among the most stable isomers, if not the most
stable isomer, for each C70 ACHTUNGTRENNUNG(CF3)n composition investigated.


Experimental Section


Reagents and solvents : HPLC-grade toluene and heptane (Fisher), hexa-
fluorobenzene (Aldrich), [D6]benzene (Cambridge Isotopes), silver(i) tri-
fluoroacetate (AgTFA, Sigma Aldrich, ACS Reagent Grade), trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB,
Fluka), and KBr (Sigma Aldrich, �99%, FTIR grade) were used as re-
ceived. The fullerene C70 (98%) was a gift from Term-USA.


Spectroscopic characterization : Samples for negative-ion matrix-assisted
laser desorption ionization (MALDI) mass spectrometry were prepared
as follows. An HPLC-purified sample of a particular C70ACHTUNGTRENNUNG(CF3)n derivative
(1 equiv) and the matrix material trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB; 1000 equiv) were dis-
solved in toluene and deposited on the target. The MALDI mass spectra
were recorded in the reflectron mode using one of the time-of-flight
mass spectrometers (Kratos Analytical Vision MALDI; Bruker AutoFlex
MALDI). A 337 nm dinitrogen laser was used for target activation. Each
mass spectrum was the average of more than 100 laser shots. Samples for
19F NMR spectroscopy were solutions in [D6]benzene containing a small
amount of hexafluorobenzene as an internal standard (d = �164.9 ppm).
One- and two-dimensional gCOSY spectra were recorded by using a
Varian INOVA-unity 400 spectrometer operating at 367.45 MHz. Raman
spectra of purified samples of the most abundant isomers of C70 ACHTUNGTRENNUNG(CF3)4
and C70ACHTUNGTRENNUNG(CF3)8 were recorded by using a Bruker RFS 100 FT-Raman spec-
trometer operating at 3 cm�1 resolution.


Preparation and purification of C70ACHTUNGTRENNUNG(CF3)n (n = 2, 4, 6, 8, 10): In a typical
synthesis, a mixture of C70 (112 mg, 0.133 mmol) and AgTFA (299 mg,
1.35 mmol) was thoroughly ground together and transferred to a Pyrex
tube that was subsequently sealed in a copper tube (the AgTFA/C70 mole
ratio in this case was 10:1; other mole ratios investigated were 5:1, 30:1,
and 60:1). The sealed reaction mixture was heated to 320–340 8C for 1–
2 h in a tube furnace. The product mixture was sublimed under vacuum
(10�2 torr) at 420, 480, and 520 8C (in one synthesis the product mixture
was sublimed a fourth time at 540 8C). The sublimate after each of the
first two (or three) stages of this process was isolated separately before
proceeding to the next higher temperature.


Portions of the sublimates (ca. 10 mg) were dissolved in toluene (ca.
2 mL) and were analyzed and purified using a Waters Breeze HPLC
system (4.6 mm i.d.M25 cm Cosmosil Buckyprep column (Nacalai
Tesque); toluene eluent, flow rate = 2 mLmin�1; l = 290 nm detection).
A typical HPLC trace is shown in Figure 1. In this particular example,
the nine indicated fractions were collected and subsequently analyzed by


using MALDI mass spectrometry. In some cases a second stage of HPLC
purification was employed. Milligram samples of the most abundant iso-
mers of C70 ACHTUNGTRENNUNG(CF3)n (n = 2, 4, 6, 8, and 10) plus a second, relatively abun-
dant, isomer of C70ACHTUNGTRENNUNG(CF3)8 were isolated from the HPLC fractions and
were characterized by using 1D and 2D gCOSY 19F NMR spectroscopy.
Some samples were also characterized by using Raman spectroscopy.


A series of standard concentrations of C70 and abundant isomer 1 of C70-
ACHTUNGTRENNUNG(CF3)8 (Cs-C70 ACHTUNGTRENNUNG(CF3)8) were used to determine the ratio of extinction coef-
ficients (e) for these two compounds in toluene at l = 290 nm (e ACHTUNGTRENNUNG(C70)/e-
ACHTUNGTRENNUNG(C70ACHTUNGTRENNUNG(CF3)8) = 1.47). By assuming an additivity relationship between
pairs of CF3 groups and relative changes in extinction coefficient, we esti-
mated the relative amount of Cs-C70ACHTUNGTRENNUNG(CF3)8 in each of the sublimation
fractions.


Quantum-chemical calculations : Molecular structures and harmonic vi-
brational frequencies were calculated at the DFT level of theory with the
PRIRODA package[8] by using the GGA functional of Perdew, Burke,
and Ernzerhof (PBE).[9] The TZ2P-quality Gaussian basis set {6,1,1,1,1,1/
4,1,1/1,1} was used for carbon and fluorine atoms. The quantum-chemical
code employed expansion of the electron density in an auxiliary basis set
to accelerate the evaluation of the Coulomb and exchange-correlation
terms. Raman intensities were computed numerically at the PBE/6-31G
level by employing the GAMESS(US) quantum-chemical package.[10,11]


AM1 calculations were also performed with GAMESS(US).


Results and Discussion


A more selective synthesis of C70 ACHTUNGTRENNUNG(CF3)n derivatives : In ex-
ploring the chemical reactivities of new compounds such as
fullerenes, a chemist might go through different stages pur-
suing different goals. Initially, different synthetic methodolo-
gies might be investigated in order to see which reactions
and sets of conditions are viable ways to prepare new classes
of derivatives, but without any particular compound as the
target. This exploratory stage might be followed by the de-
velopment of purification procedures and analytical meth-
ods so that whatever new compounds are produced can be
identified, purified, and fully characterized. Finally, the ulti-
mate goal of the synthetic chemist is to use this information
to prepare a specific target compound in practical amounts
and with high purity.


Figure 1. HPLC chromatogram of the sublimed (480 8C) products (10 mg)
from the reaction of C70 (100 mg) and AgTFA (267 mg) at 320 8C for 1 h.
The integrated intensity of the peak for the second fraction, which con-
tained �90% Cs-C70 ACHTUNGTRENNUNG(CF3)8, was 31% of the total integrated intensity.
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Several reaction methodologies have been explored for
the preparation and isolation of poly(perfluoroalkyl)fuller-
enes. The pioneering work of the DuPont group showed
that thermal and photochemical reactions of RfI reagents
(Rf = a perfluoroalkyl group) and C60 produced complex
mixtures of compounds such as C60(Rf)n and C60(Rf)nHm (the
source of hydrogen atoms was the organic solvents used,
either benzene or 1,2,4-trichlorobenzene).[12] Shinohara and
co-workers later used a similar photochemical reaction fol-
lowed by multistage HPLC purification to isolate approxi-
mately 1 mg of La@C82ACHTUNGTRENNUNG(C8F17)2.


[13] We have recently ex-
plored thermal reactions of volatile RfI reagents and solid
empty fullerenes and have isolated and structurally charac-
terized two new compounds with unprecedented structures,
1,3,7,10,14,17,23,28,31,40-C60 ACHTUNGTRENNUNG(CF3)10


[14] and
1,4,10,19,25,41,49,60,66,69-C70 ACHTUNGTRENNUNG(CF3)10.


[15] In addition, we have
reported the use of silver(i) trifluoroacetate (AgTFA) to
convert Y@C82 into two isomers of Y@C82ACHTUNGTRENNUNG(CF3)5, the first di-
amagnetic exohedral derivatives of Y@C82.


[16] The last exam-
ple used the general synthetic methodology that is the sub-
ject of this paper, that is, the solid-state reaction of fuller-
enes with a metal trifluoroacetate salt at temperatures
known to cause the thermal decomposition of the metal tri-
fluoroacetate and the concomitant formation of trifluoro-
methyl radicals.[1,2]


The solid-state reaction of C60 and C70 with silver(i) tri-
fluoroacetate (AgTFA) at 300–320 8C is known to produce a
wide variety of fullereneACHTUNGTRENNUNG(CF3)n compositions and iso-
mers.[1–3,5–7] In one study, 45 individual C70 ACHTUNGTRENNUNG(CF3)n derivatives
were identified, although only a few could be isolated with
�85% purity.[7] As an example from our work, the bottom
HPLC trace in Figure 2 shows the high degree of molecular
complexity present in the products when a mixture of C70


and AgTFA was heated for 1 h at 320 8C. Our goal is not to
discover how many different fullerene ACHTUNGTRENNUNG(CF3)n compounds can
be formed in one reaction (this had already been deter-


mined in the DuPont work[12]), but to find conditions for the
isolation of a small number of abundant products in
amounts large enough so that their chemical properties, not
only their spectroscopic properties, can be investigated. An
ancillary goal is to discover which fullerene ACHTUNGTRENNUNG(CF3)n isomer
represents the thermodynamically most stable isomer ob-
served for a given fullerene and a given value of n, as op-
posed to other observed isomers that have higher DHf


A (or
DGf


A) values but are kinetically stable at the reaction tem-
perature. This is an important issue in fullerene science and
technology because all possible isomers of fuller ACHTUNGTRENNUNGene(X)n
compositions cannot be investigated by quantum chemical
calculations, even when n = 4 (e.g., there are nearly 46000
possible isomers of C70H4 and nearly 5M108 isomers of
C70H8


[17]). Fullerene theorists must rely on the isolation and
unambiguous characterization of new derivatives by synthet-
ic chemists to point out which of the multitude of isomers
are worth calculating.


Our previous work with the C60/AgTFA system showed
that high-temperature sublimation of the product mixture
led to the isolation of fewer, presumably more stable, prod-
ucts than are present in the product mixture before high-
temperature processing.[3] We now report that high-tempera-
ture sublimation leads to significantly fewer products in the
C70/AgTFA system. This can be clearly seen by comparing
the bottom and middle HPLC traces in Figure 2. The 480 8C
sublimation fraction in this example contains an abundant
isomer of C70 ACHTUNGTRENNUNG(CF3)8 that was isolated with �90% purity
after only one cycle of HPLC purification, as shown in the
top HPLC trace and the MALDI-MS inset in Figure 2. The
peak intensity of this isomer in the middle HPLC trace is
31% of the total integrated intensity.


The negative-ion MALDI mass spectrum in Figure 2 dem-
onstrates that little or no fragmentation of C70ACHTUNGTRENNUNG(CF3)8 oc-
ACHTUNGTRENNUNGcurred upon ionization when trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) was used
as the MALDI matrix. This was also true of the other C70-
ACHTUNGTRENNUNG(CF3)n compounds analyzed in this work. In contrast, 70 eV
electron-ionization mass spectrometry causes significant
fragmentation of C60,70 ACHTUNGTRENNUNG(CF3)n derivatives upon ionization.[1,7]


The matrix material DCTB has also been used to obtain
MALDI mass spectra of C60Fn derivatives (n = 18, 36, 48)
and C60Cl6 with relatively small degrees of fragmentation.[18]


Silver(i) trifluoroacetate is known to decompose to form
trifluoromethyl radicals at 300 8C [Eq. (1)].[19] The formation
of C70 ACHTUNGTRENNUNG(CF3)n derivatives may very well take place by the se-
quential addition of CF3C radicals [Eq. (2)], although this is
by no means proven:


AgðCF3CO2Þ 300 oC
���!AgðsÞ þ CO2ðgÞ þ CF3


CðgÞ ð1Þ


nCF3
CðgÞ þ C70ðsÞ 300 oC


���!C70ðCF3Þn ð2Þ


Different AgTFA/C70 mole ratios were investigated.
Figure 3 shows HPLC traces and MALDI mass spectra of
the toluene-extractable crude reaction mixtures from 60:1,
10:1, and 5:1 mole ratio AgTFA/C70 reactions (320 8C for


Figure 2. HPLC chromatograms of the toluene-extractable crude product
mixture from the reaction of C70 (100 mg) and AgTFA (267 mg) at 320 8C
for 1 h (bottom), after fractional sublimation (middle), and after HPLC
purification (top). The inset shows the mass spectrum of HPLC-purified
Cs-C70 ACHTUNGTRENNUNG(CF3)8.
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1 h). As expected, the higher the AgTFA/C70 mole ratio, the
more CF3 groups were added to C70 on average. The pre-
dominant C70ACHTUNGTRENNUNG(CF3)n products were C70 ACHTUNGTRENNUNG(CF3)12 and C70ACHTUNGTRENNUNG(CF3)14
when the AgTFA/C70 mole ratio was 60:1, and there was, at
most, a small amount of unreacted C70. On the other hand,
the predominant C70ACHTUNGTRENNUNG(CF3)n product was C70ACHTUNGTRENNUNG(CF3)2 when the
mole ratio was 5:1, and there was a significant amount of
unreacted C70 in the toluene-extractable crude reaction mix-
ture. Also present in all three reaction mixtures were signifi-
cant quantities of C70ACHTUNGTRENNUNG(CF3)nHm, C70ACHTUNGTRENNUNG(CF3)nOx, and C70-
ACHTUNGTRENNUNG(CF3)nHmOx derivatives for both even and odd values of n.
The source of the hydrogen and oxygen atoms might be ad-
ventitious water and/or dioxygen. Significant amounts of
poly(trifluoromethyl)fullerene hydrides were also observed
by other investigators of AgTFA/fullerene reactions.[6]


The 10:1 AgTFA/C70 mole ratio appeared to be the most
promising as far as generating the set of compounds C70-
ACHTUNGTRENNUNG(CF3)n with 2�n�10, the set of compositions we were most
interested in studying. We applied the high-temperature sub-
limation procedure to several reaction mixtures, using a


number of temperatures between 420 and 540 8C. The re-
sults for three reaction/sublimation sequences are listed in
Table 1. HPLC traces and MALDI mass spectra for reac-


tion/sublimation sequence 2 are shown in Figure 4. The
420 8C sublimate contained more C70ACHTUNGTRENNUNG(CF3)8 and C70ACHTUNGTRENNUNG(CF3)10
relative to C70 ACHTUNGTRENNUNG(CF3)2 and C70 ACHTUNGTRENNUNG(CF3)4 than did the 480 8C subli-
mate because, as previously found, fullereneACHTUNGTRENNUNG(CF3)n deriva-
tives become more volatile as n increases, at least up to n =


Figure 3. HPLC chromatograms and MALDI mass spectra of the tol-
uene-extractable crude product mixtures from 60:1 (top), 10:1 (middle),
and 5:1 (bottom) AgTFA/C70 mole-ratio reactions (320 8C for 1 h). The
30:1 mole-ratio product mixture gave a chromatogram similar to the 60:1
product mixture.


Table 1. Relative yields of Cs-C70 ACHTUNGTRENNUNG(CF3)8 in three reaction/sublimation pro-
cedures.


Reaction Tsubl
[a] tsubl


[b] mtotal
[c] Cs-C70ACHTUNGTRENNUNG(CF3)8


[8C] [h] [mg] rel amount [%] % yield


1 112 mg C70, 420 2 5 26
299 mg AgTFA, 460 2 34 33 32
340 8C, 3 h 520 2 30 33


2 100 mg C70, 420 1 5 33
267 mg AgTFA, 480 1 29 31
320 8C, 1 h 520 1 7 18 28


540 1 1 2


3 145 mg C70, 420 1 22 28
392 mg AgTFA, 480 1 30 27 26
320 8C, 1 h 520 1 8 19


[a] Sublimation temperature. [b] Sublimation time. [c] Total sublimate
mass collected.


Figure 4. HPLC chromatograms and MALDI mass spectra of the 420
(top), 480 (middle), and 540 8C (bottom) sublimation fractions of the
products from reaction sequence 2 (see Table 1).
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10.[3,14] The 540 8C sublimate contained essentially C70 ACHTUNGTRENNUNG(CF3)2
and unreacted C70.


In addition to separating the various C70 ACHTUNGTRENNUNG(CF3)n derivatives
from nonvolatile reaction products, from unreacted C70, and
to some extent from each other, the high-temperature subli-
mations significantly reduced the amounts of the undesired
byproducts C70ACHTUNGTRENNUNG(CF3)nHm, C70 ACHTUNGTRENNUNG(CF3)nOx, and C70ACHTUNGTRENNUNG(CF3)nHmOx.
This could be because many of these derivatives are nonvo-
latile or, more likely, because they are thermally labile and
decompose at temperatures above 400 8C. In addition, it is
possible that there are more isomers for a given value of n
before sublimation than after sublimation (i.e., that less
stable C70 ACHTUNGTRENNUNG(CF3)n isomers rearrange to more stable isomers
above 400 8C), but we are not yet in a position to rigorously
test this hypothesis.


An expanded view of the 480 8C sublimate HPLC trace
from reaction/sublimation sequence 2 is presented in
Figure 1. The identities of the compounds in each fraction
are listed in Table 2. Fraction 6 was collected as a group of
poorly resolved peaks and subjected to chromatography a
second time (not shown).


AM1 and DFT study of C70ACHTUNGTRENNUNG(CF3)n and selected C70Xn deriva-
tives (X = H, F, Br, Ph) and 19F NMR spectra of C70ACHTUNGTRENNUNG(CF3)n
(n = 2, 4, 6, 8, 10)


Theoretical results : In 1999 Clare and Kepert published their
seminal AM1 quantum-chemical study of C70Xn derivatives
in which the most stable isomers of all that were considered
for a given composition were predicted (X = H, F, Br, Ph;
n = 2, 4, 6, 8, 10, 12).[20] At that time, experimental data on
C70Xn derivatives were limited to two isomers of C70H2,


[21, 22]


six isomers of C70H4,
[22] and one isomer each of C70Cl10,


[23, 24]


C70Ph8,
[25] and C70Ph10.


[25] (We are only considering deriva-
tives in which X is a monatomic or polyatomic substituent
that forms a 2c–2e s bond to a single cage-carbon atom.) In
any theoretical study of fullerene(X)n derivatives with n�4,
time constraints limit the number of isomers that can be in-


vestigated to a small fraction of all possible isomers. There-
fore, all theoretical studies must impose a set of limiting
rules, the first two of which are usually that the derivatives
1) must have the same underlying cage structure as the full-
erene starting material and 2) must have closed-shell elec-
tron configurations. A further limitation imposed by Clare
and Kepert was to investigate only the most stable C70Hn ad-
dition patterns determined in their study for derivatives
with X = F, Br, and Ph.[20] Other limiting rules were used in
a MNDO study, in which the only isomers of C70Cl10 consid-
ered 1) were consistent with the observed 13C NMR spec-
trum (Cs symmetry with five symmetry-related pairs of sp3


carbon atoms), 2) had no double bonds in pentagons, and
3) had at most two adjacent sp3 carbon atoms.[24]


To test our hypothesis that the 420–520 8C temperature
range used for the fractional sublimation of C70ACHTUNGTRENNUNG(CF3)n deriv-
atives in this study caused rearrangement of less stable iso-
mers of a given composition to fewer, more stable isomers
(the most abundant of which we have isolated and charac-
terized by using 19F NMR spectroscopy), we carried out
quantum-chemical calculations on a relatively large number
of possible isomers at the AM1 level and on a smaller
number of possible isomers at the DFT level. All 143 iso-
mers of C70 ACHTUNGTRENNUNG(CF3)2 were considered at the AM1 level, as
were more than 1700 isomers of C70ACHTUNGTRENNUNG(CF3)4, more than 900
isomers of C70 ACHTUNGTRENNUNG(CF3)6, and more than 6000 isomers of C70-
ACHTUNGTRENNUNG(CF3)8. The DFT calculations were normally restricted to
isomers that had AM1 DHf


A values no more than
100 kJmol�1 above the most stable AM1 isomer. In addition
to excluding isomers that do not possess the D5h-IPR C70


core (IPR = isolated pentagon rule) and that have open-
shell electron configurations, we also excluded isomers
1) with one or more CF3 groups on triple-hexagon junctions,
2) with isolated meta-C6ACHTUNGTRENNUNG(CF3)2 hexagons, 3) with ribbons of
edge-sharing meta- and/or para-C6ACHTUNGTRENNUNG(CF3)2 hexagons that ter-
minate with a meta-C6 ACHTUNGTRENNUNG(CF3)2 hexagon, and 4) with ribbons
that have consecutive meta-C6ACHTUNGTRENNUNG(CF3)2 hexagons. These limita-
tions were deemed appropriate because C60 ACHTUNGTRENNUNG(CF3)2,4,6 isomers
with the excluded addition patterns were previously shown
by DFT calculations to be much less stable than isomers
with 1) isolated para-C6ACHTUNGTRENNUNG(CF3)2 hexagons, 2) ribbons that ter-
minate with para-C6 ACHTUNGTRENNUNG(CF3)2 hexagons, or 3) ribbons not con-
taining -mm- sequences.[4] The results of selected DFT calcu-
lations are shown in Figure 5, which also shows the Schlegel
diagram and nomenclature abbreviation for each addition
pattern. For comparison, we also carried out AM1 and DFT
calculations on several isomers of C70Hn, C70Fn, C70Cln,
C70Brn, and C70Phn that had not been previously considered
theoretically. These results are compared with those for C70-
ACHTUNGTRENNUNG(CF3)n isomers with the same addition pattern in Table 3,
which also lists the number of (usually destabilizing) double
bonds in pentagons (dbip) for each isomer.


NMR spectra : Based on 1D and 2D 19F NMR spectroscopic
data and DFT calculations, we previously proposed that
most fullereneACHTUNGTRENNUNG(CF3)n compounds prepared or purified at
temperatures �380 8C have their CF3 groups arranged on a


Table 2. Composition of the HPLC fractions shown in Figure 1.[a]


Fraction tR
[b] [min] C70 ACHTUNGTRENNUNG(CF3)n compound present[c]


1 1.6 C1-C70ACHTUNGTRENNUNG(CF3)10
2 1.9 Cs-C70ACHTUNGTRENNUNG(CF3)8
3 2.1 C2-C70ACHTUNGTRENNUNG(CF3)8
4 2.7 C2-C70ACHTUNGTRENNUNG(CF3)6
5 3.1 C70 ACHTUNGTRENNUNG(CF3)6 (unknown isomer)
6-1 3.3 C70 ACHTUNGTRENNUNG(CF3)6O (unknown isomer)
6-2 3.6 C70 ACHTUNGTRENNUNG(CF3)4O (unknown isomer)
6-3, 6-4 3.8–4.4 C70 ACHTUNGTRENNUNG(CF3)4,6, C70 ACHTUNGTRENNUNG(CF3)4,6O (unknown isomers)
7 4.7 C70 ACHTUNGTRENNUNG(CF3)2 (unknown isomer)
8 5.1 C1-C70ACHTUNGTRENNUNG(CF3)2
9 5.8–6.0 C1-C70ACHTUNGTRENNUNG(CF3)4, C70


[a] 4.6 mm i.d.M25 cm Cosmosil Buckyprep column; toluene eluent, flow
rate 2 mLmin�1. [b] Retention time. [c] Composition determined by
MALDI-MS; symmetry and addition pattern determined by 19F NMR
spectroscopy.
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continuous ribbon of edge-sharing meta- and/or para-C6-
ACHTUNGTRENNUNG(CF3)2 hexagons (fullerene = C60, C70, or Y@C82; n = 4, 5,
6, 8, or 10).[3,14,16] This interpretation, first proposed in 2003
for C1-C60ACHTUNGTRENNUNG(CF3)6 and Cs- and C1-C60ACHTUNGTRENNUNG(CF3)4,


[3] has been chal-
lenged by others who propose that the CF3 groups are ar-
ranged on a string or strings of contiguous (i.e. , adjacent)
sp3 cage-carbon atoms.[5–7] However, the recently published
pmp3mpmp-, p7-, and p7mp-ribbon structures of C1-C60-
ACHTUNGTRENNUNG(CF3)10,


[14] Cs-C70ACHTUNGTRENNUNG(CF3)8,
[26] and C1-C70 ACHTUNGTRENNUNG(CF3)10,


[15] respectively,
the similarity of their 19F NMR spectroscopic d and 6,7JF,F
values to the corresponding values for all previously report-
ed fullereneACHTUNGTRENNUNG(CF3)n derivatives,[3,5–7,16] and additional DFT
calculations[15] now leave little doubt that ribbon structures
are the most common, and in most cases probably the most
stable, structures for the high-temperature fullereneACHTUNGTRENNUNG(CF3)n
derivatives reported prior to the present work.


The NMR spectroscopic data and DFT calculations re-
ported here are entirely consistent with 1,4-addition for the
abundant isomer of C70ACHTUNGTRENNUNG(CF3)2 isolated from the 520 8C resi-
due and with ribbon structures for the abundant C70-
ACHTUNGTRENNUNG(CF3)4,6,8,10 isomers isolated from the �420 8C sublimates.
Fluorine-19 d and 6,7JF,F values are listed in Table 4 along
with 2D gCOSY correlations for C1-pmp-1-C70 ACHTUNGTRENNUNG(CF3)4, Cs-p


7-
C70 ACHTUNGTRENNUNG(CF3)8, C2-p


7-C70 ACHTUNGTRENNUNG(CF3)8, and C1-p
7mp-C70 ACHTUNGTRENNUNG(CF3)10 (the addi-


tion pattern assigned to each C70ACHTUNGTRENNUNG(CF3)n compound will be
discussed in turn below). One-dimensional 19F NMR spectra
for five of the six compounds are shown in Figure 6, and
2D gCOSY 19F NMR spectra of C1-pmp-1-C70ACHTUNGTRENNUNG(CF3)4 and
Cs-p


7-C70 ACHTUNGTRENNUNG(CF3)8 are shown in Figure 7. The 2D gCOSY
19F NMR spectrum of C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10 was previously
published.[14]


A general observation is that CF3 groups at either termi-
nus of a ribbon of edge-sharing C6ACHTUNGTRENNUNG(CF3)2 hexagons are
shielded relative to the CF3 groups on the interior of the
ribbon. This is also true for C60 ACHTUNGTRENNUNG(CF3)n derivatives.[3,5,6,14, 16]


Another general observation is that the 7JF,F values listed in
Table 4 for terminal CF3 groups (these are the only 6,7JF,F
values for these compounds that are known with a precision
of �0.2 Hz) have a relatively narrow range of values, from
10.3(2) to 16.2(2) Hz. The JF,F coupling between CF3 groups
in meta- and para-C6ACHTUNGTRENNUNG(CF3)2 hexagons on fullerene ACHTUNGTRENNUNG(CF3)n de-
rivatives is mediated predominantly, if not almost exclusive-
ly, by through-space Fermi-contact coupling, as discussed
elsewhere.[14,29] This coupling is believed to be due to the
overlap of lone-pair electrons between pairs of proximate
fluorine atoms.[30] In the case of fullereneACHTUNGTRENNUNG(CF3)n compounds,
a single fluorine atom from a rapidly rotating CF3 group is
positioned over the C6ACHTUNGTRENNUNG(CF3)2 hexagon, putting it in close
contact (ca. 2.5–2.8 S) with a single fluorine atom from a
nearest-neighbor rapidly rotating CF3 group, as shown in
Figure 8 for the two terminal para-C6ACHTUNGTRENNUNG(CF3)2 hexagons in C1-
p7mp-C70ACHTUNGTRENNUNG(CF3)10.


[15] Due to the rapid rotation of the CF3


groups, the observed, time-averaged 7JF,F values listed in
Table 4 are nine times smaller than the expected coupling
constants for a pair of fluorine atoms frozen into the trape-
zoid-like arrangements of C�F bonds shown in Figure 8.
Therefore, instantaneous 7JF,F values for the two proximate


Figure 5. Schlegel diagrams and DFT-predicted relative DHf
A values (in


kJmol�1) for selected isomers of C70 ACHTUNGTRENNUNG(CF3)n (n = 2, 4, 6, 8, 10). [a] The
structure labeled “C2-pmp,pmp-” is C2-pmp,pmp-C70 ACHTUNGTRENNUNG(CF3)8. IUPAC
lowest-locant abbreviations: Cs-p


3-1 = 8,23,27,44; C1-pmp-1 =


7,24,44,47; Cs-p
3-2 = 1,4,11,31; C1-pmp-2 = 1,4,10,25; Cs-p


3-6 =


1,4,11,19; C2-p
5 = 1,4,11,19,31,41; Cs-p


2,p2 = 1,4,11,58,61,64; Cs-p
3,p =


8,16,23,27,33,47; C1-p
3mp = 1,4,10,19,25,41; C2-p,p,p = 1,4,24,34,43,52;


C1-pmpmp = 1,4,10,23,25,44; C2-pmpmp = 1,4,10,18,25,35; Cs-p
5 =


1,4,11,19,31,51; Cs-p
7 = 1,4,11,19,31,41,51,64; C2-p


7 =


1,4,11,19,31,41,51,60; C1-p
5mp = 1,4,10,19,25,41,60,69; Cs-pmp,pmp =


7,17,24,36,44,47,53,56; C1-p
7mp = 1,4,10,19,25,41,49,60,66,69; Cs-p


9o-loop
= 1,4,11,19,29,41,49,60,66,69; C2-p


9 = 1,4,11,19,31,41,49,60,66,69.
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fluorine atoms on nearest-neighbor CF3 groups in the C70-
ACHTUNGTRENNUNG(CF3)2,4,6,8,10 compounds examined in this study range from
93(2) to 146(2) Hz, and instantaneous 7JF,F values for fluo-
rine atoms significantly more than 3.0 S apart on different
CF3 groups are approximately 0 Hz.


Fullerene C70ACHTUNGTRENNUNG(CF3)10 : The
19F NMR spectrum of the isomer


of C70ACHTUNGTRENNUNG(CF3)10 isolated in this work by fractional sublimation
at 420–480 8C of the 340 8C C70/AgTFA reaction mixture is
identical to the spectrum of C1-p


7mp-C70 ACHTUNGTRENNUNG(CF3)10 prepared at
470 8C by the reaction of C70 with CF3I in a hot tube.[14] Its
addition pattern was determined by X-ray crystallography[15]


and is shown in Figure 9. This high-temperature addition
pattern is unprecedented for C70X10 derivatives with X =


H,[31] Cl,[23] Br,[32] Me,[33] Ph,[25] and tBuOO,[34] all of which
were prepared at approximately 25 8C. For X = H, Cl, Br,
Me, and Ph, the observed C70X10 isomers all have the Cs-


p9o-loop structure shown in
Figure 5; for X = tBuOO, the
isolated isomer has the C2-p


9


structure shown in Figure 5.
The DFT-predicted relative


DHf
A values for C1-p


7mp-, Cs-
p9o-loop-, and C2-p


9-C70ACHTUNGTRENNUNG(CF3)10
are 0.0, 12.4, and 12.3 kJmol�1,
respectively (the corresponding
values at the AM1 level are 0.0,
36.2, and 22.1 kJmol�1, respec-
tively[15]). In other words, the
stable structure of the high-
temperature, high-yield isomer
of C70 ACHTUNGTRENNUNG(CF3)10 is not the common
low-temperature p9o-loop-
C70X10 structure. At the AM1
level, the Cs-p


9o-loop isomer
was predicted to be the most
stable of the three isomers for
X = H, F, Cl, and tBuOO, but
the p7mp isomer was predicted
to be the most stable of the
three isomers not only for X =


CF3 but also for X = Br and
Ph.[15] At the DFT level, howev-
er, we now find that Cs-p


9o-
loop-C70Br10 is predicted to be
14.7 kJmol�1 more stable than
C1-p


7mp-C70Br10. Nevertheless,
it is possible that some Cs-p


9o-
loop-C70X10 isomers prepared at
temperatures significantly
below 400 8C may be kinetically
stable but not thermodynami-
cally stable with respect to iso-
merization. This may prove dif-
ficult to verify experimentally,
at least with thermal-treatment
experiments, because, with the


exception of a few fluorofullerenes,[35] fullereneACHTUNGTRENNUNG(CF3)n com-
pounds are the only exohedral fullerene derivatives that do
not decompose at temperatures between 400 and 500 8C.


Note that the C1-p
7mp-C70ACHTUNGTRENNUNG(CF3)10 isomer is more stable


than the Cs-p
9o-loop- and C2-p


9- alternatives even though it
has two destabilizing double bonds in pentagons and the Cs-
p9o-loop- and C2-p


9- isomers have none. Therefore, the
greater stability of the C1 isomer is probably due to the fact
that two bulky CF3 groups can be farther apart on a para-
C6ACHTUNGTRENNUNG(CF3)2 hexagon in the more highly curved polar region of
the C70 cage than on a relatively flat equatorial hexagon, as
discussed elsewhere.[15] (The greater steric demands of a CF3


group relative to a Br atom is well documented.[14]) Never-
theless, the C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10 isomer also has a meta-C6-
ACHTUNGTRENNUNG(CF3)2 hexagon, which, by the same steric argument, would
be thought to be destabilizing. However, this may be miti-
gated by the fact that both CF3 groups in the meta-C6 ACHTUNGTRENNUNG(CF3)2


Table 3. AM1- and DFT-determined relative DHf
A values (in kJmol�1) for selected C70X2,4,6,8,10 derivatives.


[a]


X C1-7,24-C70X2 Cs-8,23-C70X2 C2-1,4-C70X2 Cs-1,11-C70X2


6 dbip 6 dbip 4 dbip 3 dbip


H (AM1) 6.0 (6.0) 21.4 (21.4) 0.0 (0.0) 92.4 (92.3)
H (DFT) 7.9 12.5 0.0 29.7
CF3 ACHTUNGTRENNUNG(DFT) 0.0 5.1 9.1 24.0


X Cs-p
3-1-C70X4 C1-pmp-1-C70X4 Cs-p


3-2-C70X4 7,8,22,25-C70X4


7 dbip 7 dbip 3 dbip 5 dbip


H (AM1) 41.0 (41.0) 29.0 0.0 (0.0) 25.1 (25.1)
H (DFT) 34.0 22.6 0.0 �43.8
F (DFT) 0.0 �23.6
Cl (DFT) 0.0 43.2
Br (DFT) 19.7 15.3 0.0 72.4
CF3 ACHTUNGTRENNUNG(DFT) 0.0 1.0 6.9 129.4


X C2-p
5-C70X6 Cs-p


2,p2-C70X6 C1-p
3mp-C70X6 Cs-p


5-C70X6


2 dbip 2 dbip 3 dbip 4 dbip


H (AM1) 0.0 (0.0) 48.1 17.6 76.0 (76.6)
H (DFT) 0.0 32.4 20.6 56.6
Ph (AM1) 0.0 44.4 [0] 11.4 76.7 [3M101][b]


Ph (DFT) 0.0 29.8 16.6 56.8
F (DFT) 0.0 28.7
Cl (DFT) 0.0 28.0
Br (DFT) 0.0 27.6 17.4 52.4
CF3 ACHTUNGTRENNUNG(DFT) 0.0 4.0 12.6 42.1


X Cs-p
7-C70X8 C2-p


7-C70X8 C1-p
5mp-C70X8 C2-pmp,pmp-C70X8


1 dbip 2 dbip 3 dbip 7 dbip


H (AM1) 0.0 34.7 91.0
H (DFT) 0.0 21.6 90.1
Br (DFT) 0.0 19.6 68.9
CF3 ACHTUNGTRENNUNG(DFT) 0.0 6.0 22.9 24.6


X C1-p
7mp-C70X10 Cs-p


9o-loop-C70X10 C2-p
9-C70X10


2 dbip 0 dbip 0 dbip


Br (DFT) 14.7 0.0 14.2
CF3 ACHTUNGTRENNUNG(DFT) 0.0 12.4 12.3


[a] All relative DHf
A values from this work unless otherwise noted. Abbreviations: dbip = double bonds in


pentagons; p = para-C6X2 hexagon; m = meta-C6X2 hexagon; Cs-p
3-1 = 8,23,27,44; C1-pmp-1 = 7,24,44,47;


Cs-p
3-2 = 1,4,11,31; C2-p


5 = 1,4,11,19,31,51; Cs-p
2
,p


2 = 1,4,11,58,61,64; C1-p
3mp = 1,4,10,23,25,44; Cs-p


5 =


1,4,11,19,31,51; Cs-p
7 = 1,4,11,19,31,41,51,64; C2-p


7 = 1,4,11,19,31,41,51,60; C1-p
5mp = 1,4,10,19,25,41,60,69;


Cs-pmp,pmp = 7,17,24,36,44,47,53,56; C1-p
7mp = 1,4,10,19,25,41,49,60,66,69; Cs-p


9o-loop =


1,4,11,19,29,41,49,60,66,69; C2-p
9 = 1,4,11,19,31,41,49,60,66,69. Values in parentheses are from ref. [20]; values


in square brackets are from ref. [27]. [b] The difference DHf
A(Cs-p


5-C70Ph6)�DHf
A(Cs-p


2,p2-C70Ph6) at the
MNDO level was reported to be 13.2 kJmol�1 in ref. [28].
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hexagon in the X-ray structure of C1-p
7mp-C70ACHTUNGTRENNUNG(CF3)10 are


staggered[15] (as are the CF3 groups in a meta-C6ACHTUNGTRENNUNG(CF3)2 hexa-
gon in the X-ray structure of C1-C60ACHTUNGTRENNUNG(CF3)10


[14]), whereas the
CF3 groups on the equatorial p7 part of the ribbon in C1-
p7mp-C70ACHTUNGTRENNUNG(CF3)10 alternate between the staggered and the
(presumably destabilizing) eclipsed conformations. Further-
more, the F3C···CF3 distance for the meta-C6ACHTUNGTRENNUNG(CF3)2 hexagon
in C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10, at 3.806(3) S, is only marginally
shorter than the approximately 3.94 S F3C···CF3 distances
for several of the equatorial belt para-C6 ACHTUNGTRENNUNG(CF3)2 hexagons in
that structure.[15]


Clare and Kepert realized that the greater complexity
(i.e., the lower symmetry) of the C70Xn cage relative to the
C60Xn cage leads to “a greater uncertainty [that] all of the
most stable isomers have been located” (i.e., have been cal-
culated).[20] Isomers of C70Xn with n�10 having ribbons of
edge-sharing meta- and para-C6X2 hexagons containing –
para–meta–para– sequences were not considered prior to
the discovery of the structure of p7mp-C70 ACHTUNGTRENNUNG(CF3)10, although
Clare and Kepert did consider a p9mp ribbon as a possible
addition pattern for C70H12 (and found that it was ca.
40 kJmol�1 less stable than the most stable AM1 isomer).[20]


We expect that the high-temperature stability of fullerene-
ACHTUNGTRENNUNG(CF3)n derivatives, which is virtually unparalleled in exohe-
dral fullerene chemistry, will help to guide future theoretical
studies toward other relatively stable, but as yet unknown,
addition patterns.


The observation that different high-temperature reactions
involving the likely intermediacy of CCF3 radicals (shown in
Scheme 1) yield the same abundant isomer of C70ACHTUNGTRENNUNG(CF3)10,
which is predicted to be thermodynamically more stable
than C70ACHTUNGTRENNUNG(CF3)10 isomers with other, more commonly ob-
served addition patterns, suggests that C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10
may be the stable isomer for the fullerene composition C70-
ACHTUNGTRENNUNG(CF3)10, not just the most stable of the three isomers investi-
gated by quantum-chemical calculations. Significantly, the
addition patterns assigned to four of the five other abun-
dant, high-temperature isomers isolated and studied in this
work are fragments of the C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10 addition
pattern, and all five of these assigned addition patterns
are predicted by the DFT calculations to be either 1)
the most stable structure considered for each C70 ACHTUNGTRENNUNG(CF3)n com-
position or 2) within 1.0 kJmol�1 of the most stable struc-
ture.


The two 7JF,F coupling constants for the terminal CF3


groups in C1-p
7mp-C70ACHTUNGTRENNUNG(CF3)10, 10.3(2) and 15.9(2) Hz, can be


understood as arising from different F···F distances in the
polar para-C6ACHTUNGTRENNUNG(CF3)2 hexagon containing C25 and the equa-
torial para-C6 ACHTUNGTRENNUNG(CF3)2 hexagon containing C49, 2.744(2) and
2.569(2) S, respectively (see Figure 8). The larger 7JF,F value
is assigned to the equatorial terminal para-C6 ACHTUNGTRENNUNG(CF3)2 hexagon
because of the shorter F···F distance and because of the sig-
nificantly larger F�C···C�F torsion angle. Larger torsion
angles have recently been shown to be correlated with


Table 4. Fluorine-19 NMR spectroscopic data.[a]


C1-7,24-C70ACHTUNGTRENNUNG(CF3)2 C1-pmp-1-C70ACHTUNGTRENNUNG(CF3)4
multiplet a b a b c d
�d [ppm] 67.8[b] 68.5[b] 65.6 66.2 66.8[b] 69.1[b]


COSY[c] b,d a,c b a
obsd JF,F [Hz] 12.2 12.2 ACHTUNGTRENNUNG(10.3), –[d] ACHTUNGTRENNUNG(15.9), –[d] 13.3 11.4
C70 locant C24 C44 C47 C7


C2-p
5-C70ACHTUNGTRENNUNG(CF3)6


multiplet a b c
�d [ppm] 61.9 62.6 66.6[b]


JF,F [Hz] –[d] ACHTUNGTRENNUNG(16.2), –[d] 16.2
C70 locant C1/C4 C11/C19 C31/C41


Cs-p
7-C70 ACHTUNGTRENNUNG(CF3)8 C2-p


7-C70ACHTUNGTRENNUNG(CF3)8
multiplet a b c d a b c d
�d [ppm] 61.9 62.0 62.3 66.4[b] 61.8 62.4 63.6 69.2[b]


COSY[c] b a,c b,d c b a,c b,d c
JF,F [Hz] –[d] –[d] ACHTUNGTRENNUNG(16.1), –[d] 16.1 –[d] –[d] ACHTUNGTRENNUNG(11.3), –[d] 11.3
C70 locant C1/C11 C4/C31 C19/C51 C41/C64 C1/C4 C11/C19 C31/C41 C51/C60


C1-p
7mp-C70ACHTUNGTRENNUNG(CF3)10


multiplet a b c d e f g h i j
�d [ppm] 59.2 61.5 62.1 62.2 62.4 62.8 63.4 64.3 67.6[b] 70.7[b]


COSY[c] c,g e,f a,h e,i b,d b,g a,f c,j d h
JF,F [Hz] –[d] –[d] –[d] ACHTUNGTRENNUNG(15.9), –[d] –[d] –[d] –[d] ACHTUNGTRENNUNG(10.3), –[d] 15.9 10.3
C70 locant C4 C60 C1 C66 C69 C41 C19 C10 C49 C25


[a] All data from this work; solutions in [D6]benzene at 25 8C; C6F6 internal std (d = �164.9 ppm); coupling constants are known to �0.2 Hz for termi-
nal CF3 quartets; coupling constants for apparent septets (quartets of quartets) or unresolved multiplets could not be determined precisely; JF,F values in
parentheses were not measured directly but were taken from the COSY-correlated quartet. IUPAC lowest-locant abbreviations: C1-pmp-1 = 7,24,44,47;
C2-p


5 = 1,4,11,19,31,41; Cs-p
7 = 1,4,11,19,31,41,51,64; C2-p


7 = 1,4,11,19,31,41,51,60; C1-p
7mp = 1,4,10,19,25,41,49,60,66,69. [b] Terminal CF3 group.


[c] Resonance(s) of gCOSY correlations. [d] The dash denotes that the JF,F value was not determined precisely due to the complexity of the multiplet.
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larger through-space Fermi-contact JF,F values for a given
F···F distance in related C60FnACHTUNGTRENNUNG(CF3) compounds.[29]


Fullerene C70ACHTUNGTRENNUNG(CF3)8 : Two isomers were isolated and studied
by 1D and 2D 19F NMR spectroscopy. Both exhibit NMR
spectra with four CF3 multiplets, only one of which is a
simple quartet. This is consistent with four pairs of symme-
try-related CF3 groups on a single ribbon of seven C6ACHTUNGTRENNUNG(CF3)2
hexagons having either Cs or C2 symmetry. (Isomers with Ci


and C2h symmetry are not possible for C70Xn derivatives, and
C2v isomers would exhibit only two 19F multiplets, not four.)
An expanded view of the 1D 19F NMR spectrum of the
more abundant of the two isomers, which has recently been
shown to be the equatorial-belt ribbon isomer Cs-p


7-C70-
ACHTUNGTRENNUNG(CF3)8 by means of single-crystal X-ray crystallography,[26] is
shown in Figure 10. The end-of-ribbon CF3 groups labeled
“d” give rise to the quartet at d = �66.4 ppm with a time-
averaged coupling constant of 16.1 Hz. Multiplets “b” and


“c” are quartets of quartets (with similar 7JF,F values) due to
coupling to two nearest-neighbor CF3 groups. As expected,
the multiplet due to the CF3 groups labeled “a” is deceptive-
ly simple due to the time-averaged chemical-shift equiva-
lence of these CF3 groups. Interestingly, the DFT-optimized
structures of both Cs-p


7-C70ACHTUNGTRENNUNG(CF3)8 and C2-p
7-C70ACHTUNGTRENNUNG(CF3)8 have


only idealized Cs and C2 symmetry, respectively. Both struc-
tures are asymmetric due to variations in CF3 conforma-
tions. For example, in both DFT-optimized structures (and
in the X-ray structure of the Cs isomer[26]) one of the two
middle CF3 groups (labeled a in Figure 10) is almost perfect-
ly staggered and the other is nearly eclipsed. This is not true
for DFT-optimized structures of Cs-p


7-C70X8 and C2-p
7-C70X8


with monatomic substituents such as H and Br, which have


Figure 6. Fluorine-19 NMR spectra of C70 ACHTUNGTRENNUNG(CF3)n (n = 2, 4, 6, 8, 10;
376.5 MHz, 25 8C, C6D6, d(C6F6 internal std) = �164.9 ppm). The spec-
trum of p7mp-C70ACHTUNGTRENNUNG(CF3)10 is reproduced from ref. [14] but the spectrum of
a sample of C70 ACHTUNGTRENNUNG(CF3)10 isolated in this work was identical except for more
intense peaks due to one or more impurities.


Figure 7. 2D gCOSY 19F NMR spectra of C1-pmp-C70 ACHTUNGTRENNUNG(CF3)4 and Cs-p
7-


C70ACHTUNGTRENNUNG(CF3)8 (376.5 MHz, 25 8C, C6D6, d(C6F6 internal std) = �164.9 ppm).
The proposed structure for each compound is shown in the Schlegel dia-
gram.
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rigorous Cs or C2 symmetry. It will be interesting to see, in
future work, if the presumed rapid equilibration of the two


enantiomeric conformers of Cs-p
7-C70ACHTUNGTRENNUNG(CF3)8 and C2-p


7-C70-
ACHTUNGTRENNUNG(CF3)8 can be slowed enough at a sufficiently low tempera-
ture so that eight multiplets are observed in slow-exchange-
limit 19F NMR spectra instead of only four.


The 19F NMR spectrum of the less abundant isomer C2-p
7-


C70 ACHTUNGTRENNUNG(CF3)8 (not shown) is virtually identical except that the
time-averaged 7JF,F value for quartet d is only 11.3(2) Hz.
This is a more significant difference relative to the time-
averaged 16.1(2) Hz 7JF,F value for the Cs isomer than it may
appear because the instantaneous 7JF,F values are 102(2) and
145(2) Hz and therefore differ by 43 Hz. The difference is
probably because the DFT-optimized F···F distances involv-
ing the CF3 groups on the end-of-ribbon para-C6ACHTUNGTRENNUNG(CF3)2 hexa-
gons in the C2 isomer (2.69 and 2.81 S) are longer than the
corresponding distances in the Cs isomer (2.57 and 2.69 S).
In addition, the FC···CF torsion angles for the end-of-ribbon
hexagons in the C2 isomer (28 and 518) are smaller than the
corresponding torsion angles in the Cs isomer (69 and 768).


The results in Table 3 show that the DFT-determined
DHf


A values for Cs- and C2-p
7-C70 ACHTUNGTRENNUNG(CF3)8 only differ by


6.0 kJmol�1. In contrast, the DDHf
A values for Cs- and C2-p


7-
C70H8 and for Cs- and C2-p


7-C70Br8 are 21.6 and
19.6 kJmol�1, respectively. We believe the smaller difference
for the trifluoromethyl derivatives is because of greater
steric hindrance in the Cs isomer, which should be a more
important factor for a large substituent like CF3 relative to
Br or H.[14] The DFT-optimized structure shows that Cs-p


7-
C70 ACHTUNGTRENNUNG(CF3)8 has four shorter F3C···CF3 distances (3.96–4.06 S)
and three longer F3C···CF3 distances (4.28–4.32 S). In con-
trast, the C2 isomer has three shorter F3C···CF3 distances
(3.95–3.98 S) and four longer F3C···CF3 distances (4.28–
4.43 S). The different F3C···CF3 distances, in turn, are due


Figure 8. The trapezoid-like arrangement of pairs of C�F bonds for the
terminal para-C6 ACHTUNGTRENNUNG(CF3)2 hexagons in the X-ray structure of C1-p


7mp-C70-
ACHTUNGTRENNUNG(CF3)10 reported in ref. [15]. The F711···F721 and C71···C72 distances are
2.744(2) and 4.412(3) S, respectively, and the time-averaged 7JF,F value
for these CF3 groups is 10.3(2) Hz. The F793···F801 and C79···C80 distan-
ces are 2.570(2) and 3.935(3) S, respectively, and the time-averaged 7JF,F
value for these two CF3 groups is 15.9(2) Hz. The angles shown are F-
C···C-F torsion angles.


Figure 9. Drawing of C1-p
7mp-C70 ACHTUNGTRENNUNG(CF3)10 determined by X-ray crystallog-


raphy and reported in ref. [15], looking down the original C5 axis of the
empty C70 cage. The smaller spheres are fluorine atoms. The F793···F801
and F711···F721 distances are 2.570(2) and 2.744(2) S, respectively. The
other F···F distances shown range from 2.513(2) to 2.744(2) S.


Figure 10. Expansions of the 19F NMR spectrum of Cs-p
7-C70 ACHTUNGTRENNUNG(CF3)8


(376.5 MHz, 25 8C, C6D6, d(C6F6 internal std) = �164.9 ppm), showing
the quartet, two quartets of quartets, and an unresolved multiplet. The
observed 7JF,F value for quartet d is 16.1(2) Hz. The spectrum of C2-p


7-
C70ACHTUNGTRENNUNG(CF3)8 (not shown) is nearly identical to this spectrum except that the
7JF,F value for quartet d is 11.3(2) Hz.


Scheme 1. Equation showing that different high-temperature reactions
yield the same abundant isomer of C70ACHTUNGTRENNUNG(CF3)10.
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to different tilt angles of the F3C�Ccage vectors with respect
to the para-C6ACHTUNGTRENNUNG(CF3)2 hexagon in question, and are observed
in the X-ray structures of Cs-p


7-C70ACHTUNGTRENNUNG(CF3)8,
[26] C1-p


7mp-C70-
ACHTUNGTRENNUNG(CF3)10,


[14] and Cs-p
7-C70Me8.


[36]


Other C70X8 derivatives that have been shown (spectro-
scopically) to have the Cs-p


7 addition pattern include
C70H8,


[37] C70Ph8,
[25] and C70ACHTUNGTRENNUNG(tBuOO)8.


[38] If our assignment of
the C2-p


7 equatorial-ribbon structure to the less abundant
isomer of C70ACHTUNGTRENNUNG(CF3)8 is correct, this would be the first obser-
vation of this addition pattern for any C70X8 derivative.
There may be a kinetic preference, at ambient temperature,
for the quenching of a putative C70X7 radical with another
XC radical to form the Cs-p


7-C70X8 structure instead of the
C2-p


7-C70X8 structure. The only example in the literature of
apparent sequential radical addition to C70 to yield an isola-
ble C70X8 derivative is C70+nACHTUNGTRENNUNG(tBuOOC)!C70ACHTUNGTRENNUNG(tBuOO)n, re-
cently reported by Gan and co-workers, and the only isomer
of C70 ACHTUNGTRENNUNG(tBuOO)8 that was formed was Cs-p


7-C70ACHTUNGTRENNUNG(tBuOO)8.
[38]


Perhaps it is the combination of the large size of the CF3


group and the application of temperatures �400 8C that has
allowed an isomer of C70 ACHTUNGTRENNUNG(CF3)8 with the unprecedented C2-
p7 addition pattern to be formed. In contrast to the case of
C70 ACHTUNGTRENNUNG(CF3)10, the most stable isomer of C70ACHTUNGTRENNUNG(CF3)8 does have
the fewest double bonds in pentagons.


Fullerene C70 ACHTUNGTRENNUNG(CF3)6 : The
19F NMR spectrum of the abundant


isomer of C70 ACHTUNGTRENNUNG(CF3)6 is topologically similar to the spectra of
the two C70 ACHTUNGTRENNUNG(CF3)8 isomers except that only one apparent
septet (quartet of quartets) was observed instead of two.
This indicates that the isolated isomer contains a single
ribbon with Cs or C2 symmetry, and the lowest energy
isomer in Figure 5 that fits the NMR spectroscopic data is
C2-p


5-C70ACHTUNGTRENNUNG(CF3)6. This isomer, which has the fewest double
bonds in pentagons of all those considered, is consistent
with the 16.2(2) Hz time-averaged 7JF,F value for the end-of-
ribbon para-C6ACHTUNGTRENNUNG(CF3)2 hexagons, because the relevant DFT-
optimized F···F and F3C···CF3 distances and F-C···C-F tor-
sion angles for this isomer (F···F, 2.57 and 2.68 S; F3C···CF3,
4.00 and 4.07 S; F-C···C-F, 70 and 778) are virtually the
same as the corresponding parameters for Cs-p


7-C70 ACHTUNGTRENNUNG(CF3)8
(7JF,F = 16.1(2) Hz) and for the equatorial end-of-ribbon
para-C6ACHTUNGTRENNUNG(CF3)2 hexagon in C1-p


7mp-C70 ACHTUNGTRENNUNG(CF3)10 (7JF,F =


15.9(2) Hz). The alternative Cs-p
5-C70 ACHTUNGTRENNUNG(CF3)6 and C2-pmpmp-


C70 ACHTUNGTRENNUNG(CF3)6 isomers are ruled out not only because they are
higher in energy but because their structures would be com-
mensurate with 7JF,F values in the 10–12 Hz range. As was
the case for the DFT-optimized Cs-p


7 and C2-p
7 isomers of


C70 ACHTUNGTRENNUNG(CF3)8, the DFT-optimized structure of C2-p
5-C70 ACHTUNGTRENNUNG(CF3)6


possesses only idealized C2 symmetry. Its true instantaneous
structure is asymmetric, and the NMR spectrum reflects the
fact that the enantiomeric conformers are rapidly equilibrat-
ing on the NMR spectroscopic timescale.


A small amount of a C1-symmetry isomer of C70 ACHTUNGTRENNUNG(CF3)6
prepared at 300 8C has been reported.[7] Its 19F NMR spec-
trum exhibited two end-of-ribbon quartets with JF,F values of
17.2 and 12.0 Hz (errors for the JF,F values were not given).[7]


No structural assignment was made at that time. However,


based on the results reported in this paper concerning C70-
ACHTUNGTRENNUNG(CF3)n derivatives in general, the reported 7JF,F values are
precisely what one would now expect for the C1-p


3mp-C70-
ACHTUNGTRENNUNG(CF3)6 isomer shown in Figure 5 (i.e., 16�1 Hz and 11�
1 Hz), so this relatively low-energy isomer may correspond
to the isomer prepared at 300 8C. It will be interesting to see
if the presumed C1-p


3mp-C70ACHTUNGTRENNUNG(CF3)6 isomer undergoes iso-
merization to C2-p


5-C70 ACHTUNGTRENNUNG(CF3)6 above 400 8C.
The compound C2-p


5-C70ACHTUNGTRENNUNG(tBuOO)6 is one of only two
other C70X6 derivatives to be isolated and characterized by
reliable physicochemical techniques,[38] and is the only com-
pound other than C2-p


5-C70 ACHTUNGTRENNUNG(CF3)6 that has been recognized
to exhibit the C2-p


5-C70X6 structure. There may be an unrec-
ognized example, however. An isomer of C70Ph6 was the
subject of several papers in 2000 and 2001.[27,28,39] The re-
ported NMR spectroscopic data demonstrated that the
phenyl groups were arranged to give three symmetry-related
pairs. For reasons that are not clear, the authors considered
only the Cs-p


5-C70X6 and Cs-p
2,p2-C70X6 addition patterns as


possibilities for their compound. They either ignored or
were not aware of the fact that the C2-p


5-C70X6 addition pat-
tern was not only predicted by Clare and Kepert in 1999 to
be more stable than the two Cs isomers for X = H, it also
fit all of the reported data better than either of the two Cs


structures. For example, in one paper the mismatch between
the number of sp2 13C resonances for C70Ph6 and the number
expected for the “most likely” Cs-p


5 structure was explained
away as “probably due to signal coincidence” despite the
fact that the C2-p


5 structure would naturally give rise to
fewer signals.[28] Furthermore, in another paper the small S0–
S1 energy gap predicted[27] for Cs-p


5-C70Ph6 required that its
fluorescence at 728 nm was due to a highly unusual radiative
relaxation from an S2 state instead of from the S1 state.[27]


Our DFT HOMO–LUMO gaps for Cs-p
5- and C2-p


5-C70Ph6


are 0.49 and 1.41 eV, respectively, so once again the report-
ed data are better explained by assuming that the isomer of
C70Ph6 that has been isolated and studied in the past[27,28,39]


is in fact the C2-p
5 isomer.


Fullerene C70 ACHTUNGTRENNUNG(CF3)4 : The
19F NMR spectrum of the abundant


isomer of C70ACHTUNGTRENNUNG(CF3)4 is significantly different from the spectra
of Cs- and C2-p


7-C70ACHTUNGTRENNUNG(CF3)8 and C2-p
5-C70 ACHTUNGTRENNUNG(CF3)6 in that there


are two simple quartets, with 7JF,F values of 11.4 and 13.3 Hz,
and two quartets of quartets (apparent septets). Together
with the correlations observed in the 2D gCOSY spectrum,
which require an asymmetric ribbon of three meta- and/or
para-C6ACHTUNGTRENNUNG(CF3)2 edge-sharing hexagons, the only possible
structures are various C1-pmp- and C1-p


3-C70ACHTUNGTRENNUNG(CF3)4 isomers.
However, all possible C1-p


3 isomers have a CF3 group at-
tached to a triple-hexagon junction, and the DFT calcula-
tions predict that even the most stable of these is too high in
energy to be a viable candidate for the structure of the iso-
lated isomer.


The two lowest-energy C1-pmp isomers, C1-pmp-1-C70-
ACHTUNGTRENNUNG(CF3)4 and C1-pmp-2-C70ACHTUNGTRENNUNG(CF3)4, are shown in Figure 5. Both
involve the addition of four CF3 groups to one of the polar
regions of C70. Although the equatorial-belt Cs-p


3 isomers of
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C70H4 and C70Br4 are predicted to be more stable than the
corresponding C1-pmp-1 isomers (see Table 3), the greater
bulk of CF3 groups


[14] causes a reversal of this trend (as dis-
cussed above, the polar region of C70 is more highly curved
than the equatorial region and therefore allows CF3 groups
arranged on polar hexagons to be slightly farther apart than
on equatorial hexagons).


The C1-pmp-2-C70ACHTUNGTRENNUNG(CF3)4 isomer is not only predicted to
be 20.4 kJmol�1 higher in energy than the C1-pmp-1-C70-
ACHTUNGTRENNUNG(CF3)4 isomer, its set of DFT-optimized end-of-ribbon
F3C···CF3 distances and F-C···C-F torsion angles would be
expected to give rise to quartet 7JF,F values similar to those
observed for C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10, namely, 10.3(2) and
15.9(2) Hz. Sets of end-of-ribbon F3C···CF3 distances and F-
C···C-F torsion angles are {4.48 S, 168} and {4.03 S, 748} for
C1-pmp-2-C70ACHTUNGTRENNUNG(CF3)4 and {4.412(3) S, 248} and {3.935(3) S,
788} for C1-p


7mp-C70ACHTUNGTRENNUNG(CF3)10 (X-ray structure[15]).
On the other hand, the DFT-optimized structural parame-


ters for C1-pmp-1-C70 ACHTUNGTRENNUNG(CF3)4 and the observed coupling con-
stants match very well with the DFT-optimized structural
parameters and observed coupling constants for C1-pmp-C60-
ACHTUNGTRENNUNG(CF3)4.


[3,4] The 19F NMR spectra for both compounds, includ-
ing the 7JF,F values for the simple quartets, are compared in
Figure 11. Their overall structural similarity can be seen in
the Schlegel diagrams also shown in Figure 11. Sets of end-


of-ribbon F3C···CF3 distances and F-C···C-F torsion angles
are {4.47 S, 6.28} and {4.44 S, 258} for C1-pmp-1-C70 ACHTUNGTRENNUNG(CF3)4
and {4.36 S, 6.98} and {4.37 S, 178} for C1-pmp-C60ACHTUNGTRENNUNG(CF3)4.
The preponderance of evidence strongly indicates that the
high-temperature abundant isomer of C70ACHTUNGTRENNUNG(CF3)4 we have iso-
lated is in fact C1-pmp-1-C70ACHTUNGTRENNUNG(CF3)4.


One isomer previously isolated from a 300 8C reaction of
C70 and AgTFA[7] had an 19F NMR spectrum nearly identical


to our spectrum of C1-pmp-1-C70 ACHTUNGTRENNUNG(CF3)4 but was assigned to a
structure with CF3 groups on four contiguous carbon atoms,
namely, 7,8,22,25-C70 ACHTUNGTRENNUNG(CF3)4.


[7] Our calculated DFT relative
energy for this isomer is more than 120 kJmol�1 higher than
that for the C1-pmp-1 isomer. As we have previously con-
cluded, fullerene ACHTUNGTRENNUNG(CF3)n structures with CF3 groups on adja-
cent cage-carbon atoms, if they occur at all, will be rare.[14]


Figure 5 shows two isomers of C70 ACHTUNGTRENNUNG(CF3)4, chosen at
random, that have two isolated para-C6ACHTUNGTRENNUNG(CF3)2 hexagons and
DHf


A values greater than 27 kJmol�1 relative to the most
stable isomer, Cs-p


3-1-C70 ACHTUNGTRENNUNG(CF3)2. Our extensive search of
over 1700 C70ACHTUNGTRENNUNG(CF3)4 isomers at the AM1 level led to the dis-
covery of seventeen additional p,p-C70 ACHTUNGTRENNUNG(CF3)4 isomers with
relative DHf


A values of 25.2 kJmol�1 or less. The locant num-
bers and relative energies of the 21 most stable isomers of
C70 ACHTUNGTRENNUNG(CF3)4 that are based on ribbons of edge-sharing C6ACHTUNGTRENNUNG(CF3)2
hexagons or two isolated para-C6ACHTUNGTRENNUNG(CF3)2 hexagons at the
DFT level are listed in Table 5.


We also determined the relative DHf
A values of other


C70X4 derivatives as part of our DFT study, and have discov-


ered that 7,8,22,25-C70H4 and 7,8,22,25-C70F4 are significantly
more stable than the corresponding C2-p


3-2 isomer at the
DFT level (see Table 3). This is in contrast to the expecta-
tion, based on Clare and KepertFs classic AM1 study, that
both Cs-p


3-2-C70H4 and Cs-p
3-2-C70F4 should be the more


stable isomers (the AM1 prediction is that Cs-p
3-2-C70H4 is


25.1 kJmol�1 more stable than 7,8,22,25-C70H4).
[20] The


reason for this reversal is unclear at this time and is under
further investigation.


Fullerene C70 ACHTUNGTRENNUNG(CF3)2 : The
19F NMR spectrum of the abundant


isomer of C70ACHTUNGTRENNUNG(CF3)2 consists of two quartets with a 7JF,F value


Figure 11. Comparison of the 19F NMR spectra (376.4 MHz, 25 8C, d(C6F6


internal std) = �164.9 ppm) of C1-pmp-C60ACHTUNGTRENNUNG(CF3)4 (top; [D8]toluene) and
C1-pmp-1-C70ACHTUNGTRENNUNG(CF3)4 (bottom; [D6]benzene).


Table 5. Relative DFT DHf
A values for the most stable isomers C70 ACHTUNGTRENNUNG(CF3)4


based on ribbons of edge-sharing C6 ACHTUNGTRENNUNG(CF3)2 hexagons or two isolated
para-C6 ACHTUNGTRENNUNG(CF3)2 hexagons.


Isomer designation IUPAC lowest locants Relative DHf
A [kJmol�1]


Cs-p
3-1 8,23,27,44 0.0


C1-pmp-1 7,24,44,47 1.0
C2-p,p-1 7,24,32,54 1.3
C2-p,p-2 7,24,36,57 1.3
C1-p,p-1 7,24,34,52 2.2
C1-p,p-2 7,14,24,35 6.3
Cs-p


3-2 1,4,11,31 6.9
C2-p,p-3 7,15,24,34 7.4
C2-p,p-4 7,24,55,67 8.3
C2-p,p-5 7,18,24,35 10.1
C1-p,p-3 1,4,24,43 11.8
Cs-p,p-1 7,17,24,36 12.1
C1-p,p-4 7,24,33,53 13.3
C1-p,p-5 1,4,46,62 14.6
C1-p,p-6 1,4,28,46 14.8
C1-p,p-7 1,4,26,48 15.8
C1-p,p-8 1,4,45,63 16.1
C1-pmp-2 1,4,10,25 20.4
C1-p,p-9 1,4,32,54 20.7
Cs-p,p-2 1,4,49,66 21.6
C1-p


2m 1,10,22,25 25.2
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of 12.2 Hz, indicating C1 symmetry and the presence of a
para-C6ACHTUNGTRENNUNG(CF3)2 hexagon in the polar region. The results in
Table 3 strongly suggest that this isomer is 7,24-C70 ACHTUNGTRENNUNG(CF3)2,
the second-most stable 1,4-addition pattern for C70H2


[20] but
the most stable 1,4-addition pattern for C70 ACHTUNGTRENNUNG(CF3)2 because of
the greater steric bulk of CF3 groups. Note that it contains
six double bonds in pentagons (one more than C70 itself),
three more than the Cs-1,11-isomer, but is 24.0 kJmol�1


more stable than this equatorial belt para-C6ACHTUNGTRENNUNG(CF3)2 isomer.


Raman spectra of C1-pmp-1-C70ACHTUNGTRENNUNG(CF3)4 and Cs-p
7-C70ACHTUNGTRENNUNG(CF3)8 :


These spectra, shown in Figure 12, are in excellent agree-
ment with the calculated spectra and lend further support to


the structural assignments made on the basis of 19F NMR
spectroscopy. Especially noteworthy are the bands in the
140 to 280 cm�1 regions, which appear to be very sensitive in
position and intensity to the specific addition pattern. In the
case of C70 ACHTUNGTRENNUNG(CF3)8, even the structurally similar Cs-p


7 and C2-
p7 isomers can be distinguished by their Raman spectra.
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Intramolecular Photoarylation of Alkenes by Phenyl Cations
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Introduction


Aryl cations do not count among the popular intermediates
in organic synthesis. These species have remained elusive
and their reactivity has been scarcely explored, let alone
synthetically exploited. Indeed, although spectroscopically
characterized several decades ago in a matrix[1] at low tem-
perature, these cations have been shown to be intermediates
in organic reactions in solution only in a few of cases; that
is, the solvolysis of some substituted perfluoroalkylsulfonic
aryl esters,[2] the solvolytic cyclization of (trifluoromethane-
sulfonyloxy)dienines,[3] and the decay of the tritiated ben-
zene.[4] A more general case is the thermal or photoinduced
dediazoniation of phenyldiazonium salts. The photodecom-
position can be more conveniently controlled, but the pro-
ACHTUNGTRENNUNGcess occurring is again solvolysis.[5] Due to this indiscrimi-
nate reactivity, reaction with a solute, which would be syn-
thetically desirable in particular for the formation of an
aryl�C bond, has little significance. However, the lack of se-
lectivity is actually characteristic of the phenyl cation in the
singlet state. This can be viewed as a localized carbocation


(p6s0) and is the only spin state formed thermally. The trip-
let state, however, has a p5s1 structure and a carbene charac-
ter at the divalent carbon (see Scheme 1a). Recently, triplet
phenyl cations have been obtained under preparatively
useful conditions by photolysis of electron-donating (ED)
substituted aryl halides (chlorides or fluorides)[6,7] or esters
(mesylates, triflates, or phosphates).[8] As an example, irradi-
ation of haloanilines or methoxyphenyl esters caused the
formation of the corresponding triplet phenyl cation (via the
triplet state of the reagent) by heterolysis of the Ar�X or
Ar�O bond respectively. Under these conditions Ar�C
bonds were formed by selective addition of the phenyl
cation onto p nucleophiles with no interference by the sol-
vent. Typically, addition onto an olefin gives a phenonium
ion and an alkyl aromatic from it (see Scheme 1a).[9] This
novel photo-SN1 reaction has been applied recently to the
synthesis of allylaromatics,[9] arylpropionic acids,[10] arylal-
kenes,[11] alkynes,[12] as well as biaryls.[13] In the cases consid-
ered, the ED group (methoxy, hydroxy, amino) was placed
in the para position with respect to the photolabile nucleo-
fugal group (e.g., Cl, OMs, OTf).


There is only sparse evidence in the literature for the gen-
eration of an aryl cation even upon irradiation of aromatic
halides or esters bearing an OH(OR) group in the ortho
rather than in the para position. As an example, during the
irradiation in aqueous solution of both 2-bromo-[14a] and 2-
chlorophenol,[14b] 2-oxocyclohexa-3,5-dienylidene has been
detected by laser flash photolysis experiments. This carbene


Abstract: Acetone-sensitized irradia-
tion of various o-chlorophenyl allyl
ethers in polar solvents led to either
(dihydro)benzofurans or chromanes.
The reaction appeared to involve pho-
toheterolysis of the aryl�Cl bond fol-
lowed by phenyl cation addition onto
the tethered double bond either in 5-
exo or 6-endo modes. The adduct
cation gave the end products by depro-
tonation; addition of chloride anion or
of the solvent, depending on the struc-


ture; and the conditions used. Prefer-
ence for the 5-exo mode increased in
passing from medium polarity (methy-
ACHTUNGTRENNUNGlene chloride, ethyl acetate) to high po-
larity solvents (aqueous acetonitrile,
methanol, 2,2,2-trifluoroethanol), for
which this was often the exclusive path.


The same compounds underwent pho-
tohomolysis when irradiated in cyclo-
hexane, and radical cyclization was one
of the process occurring. Substitution
of a methylene group for the ether
oxygen atom made 6-endo cyclization
by far the main path in a related o-
chlorophenylbutene. Again, the selec-
tivity was higher in polar protic sol-
vents. The results are discussed in
terms of in cage ion pair versus free
phenyl cation reactions.
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may arise from deprotonation of the corresponding ortho-
hydroxyphenyl cation, as recently demonstrated for the
analogous photodehalogenation of 4-chlorophenol.[15] Inter-
estingly, the photosensitized cleavage of 5-chloro-2-(2,4-di-
chlorophenoxy)phenol triflate has been found to cause the
intramolecular formation of an aryl–aryl bond.[14c]


We surmised that phenyl cations that have a p nucleo-
phile tethered to the ortho position might give useful cycli-
zation reactions. An embodiment of this principle is illus-
trated in Scheme 1b, in which an O-allyl group functions
both as an activating group for the photoheterolysis step
and as a suitable trap for the phenyl cation formed. If veri-
fied, this unprecedented intramolecular arylation would be
the cationic variation of the well-known cyclization of 2-hal-
ophenyl allyl ethers under radicalic or anionic conditions.
Furthermore, both we and others observed that 2- and 4-
chloroanisole also undergo homolytic photodechlorination
in apolar media.[11,16] Thus, the photochemistry of these ha-
ACHTUNGTRENNUNGlides may serve to compare the behavior of a phenyl cation
versus that of the corresponding radical, as well as for evalu-
ating the synthetic potential of this novel photocyclization,
for example, to obtain (dihydro)benzofurans, an important
class of bioactive compounds.[17]


We chose as appropriate models 1-allyloxy-2-chloroben-
zene (1) and the dimethylated derivative 1-(3-methylbut-2-
enyloxy)-2-chlorobenzene (2). We wanted to test a butenyl
versus an allyloxy group, and so 3-(but-3-enyl)-4-chloroani-
sole 3 was also used as a model compound. In this case a


methoxy group at the 4-position was introduced for activat-
ing the dehalogenation. Along with 3, the corresponding 3-
allyloxy derivative (4) was considered for the sake of com-
parison. For the reasons discussed above, the photoreactions
were examined in a range of solvents, from cyclohexane to
aprotic solvents of increasing polarity (ethyl acetate, aceto-
nitrile or methylene chloride) to protic solvents (MeOH,
aqueous MeCN or 2,2,2-trifluoroethanol (TFE)). The pres-
ence of a base (triethylamine (TEA), or Cs2CO3) has been
previously found to improve the product yields, especially in
alcoholic solvents, due to the buffering of the acid liberated.
Thus all of the experiments were carried out both in the ab-
sence and in the presence of a base. The result under the
latter conditions is reported only when implying a significant
amelioration of the mass balance. The irradiations were car-
ried out by using phosphor-coated lamp (310 nm). Direct ir-
radiation gave different results in the various cases, in part
because of the limited absorption of compounds 1 to 4 in
this range. Acetone sensitization made the rate of the pho-
toreaction of these compounds more uniform and improved
the yields in some cases.


Results


Irradiation of 1-allyloxy-2-chlorobenzene (1): Compound 1
was partially or totally consumed by irradiation (310 nm, ca.
16 h) depending on the solvent used. The reaction was most
efficient in cyclohexane, AcOEt, and methanol (from 85%
to 96% of consumption) and less so in polar nonprotic sol-
vents (�30% of conversion). Acetone sensitization, howev-
er, made the reaction more efficient and complete conver-
sion was obtained in all of the solvents.[18] Cleavage of the
aryl–chlorine bond took place and five- or six-membered
cyclic compounds were formed according to the conditions
used. Thus, in ethyl acetate, both chlorinated derivatives 5
and 6 were isolated in about the same yield (ca. 20–30%;
see Table 1 and Scheme 2). In methylene chloride and in
acetonitrile the yield of compound 5 increased significantly
(up to 79%), with the concomitant decrement of 6 and the
formation of small amount of benzofuran 7. In water–
MeCN 1:3 mixed solvent, alcohol 8 was formed in 21%
yield at the expense of derivatives 5–7, and likewise the
ether 9 was by far the main product in the reaction in meth-
anol. In the last case, the presence of cesium carbonate in-
creased the overall arylation yield. The presence of TEA
was beneficial in TFE, although the solvent incorporating
product 10 was formed in a low amount (ca. 10%) along
with product 5 (60%) and traces of 7.


A series of potential traps was tested. Thus, allyltrimethyl-
silane or benzene (both 1m) did not cause any significant
modification in the product distribution, as determined by
GC analysis in the experiments carried out in MeCN or
TFE. Likewise, addition of Bu4NBr (1m) caused only a
slight decrease in the products yield.


In cyclohexane (direct irradiation in this case) the main
product formed was 3-methyl-2,3-dihydrobenzofuran 11 (ca.


Scheme 1. a) Intermolecular and b) proposed intramolecular chemistry of
phenyl cations.
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50% yield) accompanied by a number of minor products in-
cluding compounds 5–7 and the cyclohexyl derivative 12.


Irradiation of 1-(3-methylbut-2-enyloxy)-2-chlorobenzene
(2): As in the previous case sensitization by acetone in-
creased the efficiency of the dechlorination process and thus
was adopted in all of the irradiation experiments (except
that in cyclohexane). Under these conditions, ether 2 was
consumed within 22 h of irradiation (see Table 1 and
Scheme 3) and the reaction was in general cleaner with re-
spect to 1. Thus, the unsaturated compound 13 was formed
as the only detected product in ethyl acetate (isolated in
80% yield) and was obtained in methylene chloride in 66%
yield. In acetonitrile, 13 was in part substituted by acetamide
14 (10% yield). An excellent mass balance (88%) was ob-
tained in water–MeCN 1:3 mixed solvents, in which alkene


13 (18%), amide 14 (22%),
and carbinol 15 (48%, main
product) were formed. Methyl
ether 16 was isolated in a good
yield (50%) along with olefin
13 in the irradiation in MeOH
in the presence of cesium car-
bonate. The same base was em-
ployed in the reaction in TFE
where the yield of compound
13 was the lowest in the series
(9%) and trifluoroethyl ether
17 was formed in 32% yield.
The presence of benzene (1m)
did not affect the product distri-
bution in the last solvent.


In cyclohexane, compound 2
was completely consumed after


16 h of irradiation and gave an inseparable mixture of com-
pound 13, the dechlorinated derivative 19 and 3-isopropyl-
2,3-dihydrobenzofuran 18[19] in a ca. 1.5:1:2.5 ratio. In con-
trast to compound 1, no 6-endo cyclization products were
detected in all the experiments with aryl ether 2.


Irradiation of 3-(but-3-enyl)-4-chloroanisole (3): Differently
from the case of 1 and 2, anisole 3 absorbed effectively at
310 nm and reacted in all of the solvents considered with no
need of sensitization. (Scheme 4 and Table 2). Thus, irradia-
tion of 3 in neat AcOEt gave an inseparable mixture (ca.
1:1 ratio) of chloride 20 (arising from 6-endo cyclization)


Table 1. Photolysis of 1 and 2 (0.05m) in various solvents.[a]


Substrate Solvent Base tIRR [h] Products, yield[b] [%]
5-exo 6-endo non-cyclized


1 AcOEt none 16 5, 30 (24) 6, 20 (20)
1 CH2Cl2 none 16 5, 74 (65); 7, 13 (12) 6, 10 (7)
1 MeCN none 17 5, 79 (69); 7, 11 (10) 6, 5 (tr)
1 H2O/MeCN 1:3 none 17 5, 44 (39); 7, 7 (tr.); 8, 21 (20) 6, 1 (tr)
1 MeOH Cs2CO3 16 5, 12 (12); 7, 2 (tr); 9, 24 (24) 6, 2 (tr)
1 TFE TEA 16 5, 61 (52); 7, 4 (tr); 10, 10 (6)
1 C6H12 none 16 5, 21 (15); 7, 6 (tr); 11 48 (44) 6, 7 (tr) 12 10 (9)
2 AcOEt none 17 13, 86 (80)
2 CH2Cl2 none 16 13, 73 (66)
2 MeCN Cs2CO3 18 13, 48 (39); 14 10 (10)
2 H2O/MeCN 1:3 none 17 13, 18 (18); 14, 30 (22); 15, 50 (48)
2 MeOH[c] Cs2CO3 22 13, 31 (20); 16, 65 (50)
2 TFE Cs2CO3 17 13, 10 (9); 17, 38 (32)
2 C6H12


[c] none 16 13, 7 (5); 18, 10 (8) 19, 4 (3)


[a] Reactions carried out in the presence of 0.9m acetone, except where indicated. [b] GC yields. The isolated
yields are in parentheses, see Experimental Section. [c] No acetone added.


Scheme 2. Photoreactions of allyl ether 1.


Scheme 3. Photoreactions of allyl ether 2.
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and 21 (from 5-exo cyclization). In aqueous acetonitrile, no
five-membered ring derivatives were formed and alkene 22
(13%) and alcohol 23 (18%) were isolated in the reaction
along with a comparable amount of chloride 20. No chlo-
ACHTUNGTRENNUNGrine-containing products were formed in neat MeOH, in
which the main product was the bis-ether 24 (35%), accom-
panied by 5-methoxy-1-methylindane (25) and small
amounts of indene 26 and dihydronaphthalene 22. Photoly-
sis of 3 in TFE yielded chlorinated 20, and two isomeric tri-
fluoromethyl ethers characterized as 27 (the analogue of 24)
and 28 (20% yield). The presence of benzene (1m) in TFE


again had no effect. The reaction in cyclohexane gave com-
pounds 20 and 21 in about the same yield (ca. 20%) as ob-
served in AcOEt.


Photochemistry of 3-allyloxy-4-chloroanisole (4): The direct
photoreaction of aryl ether 4 was less efficient, and conver-
sion was limited to �15% in 16 h except for the case of cy-
clohexane, where it reached 95%. Acetone sensitization im-
proved the yields, although in methylene chloride or water/
MeCN the conversion remained incomplete even after 30–
40 h of irradiation (see Scheme 5 and Table 2). No 6-endo
analogues of those formed in the irradiation of 3 were iden-


tified in the reaction. Benzofurans 29 and 30 were obtained
in all cases. The former one predominated in AcOEt (58%
yield vs 6%) and less markedly in CH2Cl2 and water/aceto-
nitrile. 3-Hydroxyanisole (31) was formed in MeCN and was


Scheme 4. Photoreactions of butenyl anisole 3.


Table 2. Photolysis of 3 and 4 (0.05m) in various solvents.[a]


Substrate Solvent Base tIRR [h] Products, yield[b] [%]
(conversion [%]) 5-exo 6-endo non-cyclized


3 AcOEt none 20 (100) 21, 25 (22) 20, 25 (22)
3 H2O/MeCN 1:3 Cs2CO3 24 (100) 20, 18 (15); 22, 15 (13); 23, 22 (18)
3 MeOH TEA 16 (100) 25, 16 (13); 26, 7 (4) 22, tr. (tr.); 24, 40 (35)
3 TFE TEA 16 (100) 20, 7 (6); 27, 18 (17); 28, 22 (20)
3 C6H12 none 16 (100) 21, 12 20, 20
4 AcOEt none 16 (100) 29, 58 (50); 30, 6 (3)
4 AcOEt[c] none 16 (100) 29, 65 (55); 30, 10 (5)
4 CH2Cl2 none 32 (77) 29, 55 (50); 30, 22 (19)
4 MeCN Cs2CO3 22 (100) 29, 33 (31); 30, 5 (tr) 31, 23
4 H2O/MeCN 1:3 none 40 (73) 29, 49 (38); 30, 19 (10)
4 MeOH none 9 (100) 29, 13 (10); 30, 4 (tr) 31, 78
4 TFE Cs2CO3 34 (90) 29, 12 (6); 30, 3 (tr) 32, 7 (tr)
4 TFE[c] Cs2CO3 34 (91) 29, 9 (tr); 30, 2 (tr) 33, 32 (27)
4 C6H12 none 16 (95) 29, 76 (71); 30, 7 (tr) 32, 6 (tr)


[a] Reactions carried out in the presence of 0.9m acetone, except in the case of cyclohexane and compound 3. [b] GC yields; in parentheses the isolated
yields, in both cases based on consumed aryl ether. [c] Reaction carried out in the presence of 1m benzene.


Scheme 5. Photoreactions of allyl ether 4.
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the main product in methanol (78% yield). In TFE the mass
balance of isolated products was quite low (ca. 22%) and in-
cluded dehalogenated 32 (7%). In the presence of benzene
(1m), the biphenyl derivative 33 was the main product (27%
isolated yield) in TFE, while the product distribution did
not change in AcOEt. As mentioned above the reaction in
cyclohexane was quite efficient and compound 29 was ob-
tained in a good yield (76%) along with small amounts of
both 30 and 32 (7% each).


Blank experiments were carried out to assess the photo-
stability of 32 in MeCN and MeOH under the irradiation
conditions and in both cases deallylation to form 31 took
place.


Discussion


Photocyclization paths : The above results show that photo-
induced dechlorination of compounds 1 to 4 leads to cycliza-
tion as by far the main process in most cases. Indeed, this
process occurs both in an apolar solvent, such as cyclohex-
ane, and in polar solvents. It is reasonable that the same pat-
tern as in simple models such as 2- and 4-chloroanisole[11,16]


is followed and the process is initiated by either homolysis
or heterolysis of the C�Cl bond respectively in apolar and
in polar medium.[20,22] The nature of the intermediate is ex-
pected to have a major effect on the regioselectivity of the
cyclization. As an example, phenyl radicals generated from
the corresponding o-allyloxyphenyl iodides or bromides by
means of triorganogermanium hydrides,[23a] tin dithiocar-
ACHTUNGTRENNUNGbonates,[23b] alkylsamarium ACHTUNGTRENNUNG(iii) reagents,[23c] reduction of aryl
diazonium salts,[23d] cobalt complexes,[23e] and Pd complex-
es[23f] showed a marked preference for the 5-exo-trig cycliza-
tion,[24] just as g-oxahexenyl radicals do.[25] The same selec-
tivity was observed when the radicals were obtained by pho-
tochemical means through an SRN1 reaction,[26a] through
photoinduced electron transfer with suitable donors,[26b–d] by
direct irradiation of an aryl iodide,[27] from phenyl diazoni-
um salts in cyclodextrins (CDs),[26e] or through other photo-
stimulated reactions.[26f,g] Aryl cyclization of ortho-butenyl-
phenyl halides was less studied, but also in this case the se-
lectivity is towards 5-exo-trig cyclization.[24,28,29a] Interesting-
ly, aryl anions showed the same pattern.[29] There are no
comparable examples in the literature on the cyclization of
o-allyl ACHTUNGTRENNUNGoxy- or butenylphenyl cations, but formally equivalent
hexenyl and g-oxahexenyl cations have been both reported
to cyclize with a marked preference towards 6-endo-trig
rather than the 5-exo-trig mode.[30]


In the present case, irradiation in cyclohexane leads to a
phenyl radical (see Scheme 6), and this radical cyclizes
mainly, as one would expect, in the 5-exo-trig fashion to rad-
ical 34 rather than to 35 (in a ratio >10:1 for 1 and 4 and
evidently 100% from 2, in which sterical hindering and sta-
bility of the tertiary radical force this path; an exception is
3, with a 3:5 ratio, see below for a comment). In turn, the
cyclic radical abstracts hydrogen from the solvent (com-
pound 11 is the main product from 1, in which the radical


mechanism is further supported by the formation of product
12, incorporating the cyclohexyl radical), disproportionates
(see equal amounts of products 13 and 18 from 2 in which a
tertiary radical is involved),[31] or adds chlorine. The last
process is the main one from the irradiation of 3 and 4. This
suggests that the 4-alkoxyphenyl and the 2,4-dialkoxyphenyl
radical/chlorine pairs have some ionic character, which leads
both to preferential combination with chlorine and to the
slight predominance of the 6-endo cyclization over the 5-exo
mode with the former radical, which lacks the g-oxa substi-
tution known to favor formation of the five-membered
ring.[25]


In the other solvents, dechlorination is a heterolytic pro-
ACHTUNGTRENNUNGcess. Indeed, a cationic path is indicated by the occurrence
of deprotonation, nucleophile (solvent) addition, and diag-
nostic cationic rearrangements under appropriate condi-
tions (see below). The regiochemistry is less easily pre-
dicted in this case. As mentioned above, the 6-endo cycliza-
tion (path b, Scheme 7) is favored for carbocations, but
this does not necessarily apply to an open-shell species,
such as phenyl cation 36, particularly if this is formed in
the triplet state, in analogy to what found with 4-cloroani-
sole.


In the experiment, the result depends on structure and
conditions. An oxygen atom in the g-position appears to be
determining, since the 5-exo mode (via 37, path a,
Scheme 7) predominates in the three allyloxy derivatives 1,
2, and 4. More precisely, this mode is increasingly preferred
with increasing solvent polarity with 1 (from 3:2 in ethyl
acetate to �20:1 in alcohols), while it is exclusive with com-
pounds 2 (in which a tertiary cation is formed) and with 4.
The medium polarity affects not only the mode of cycliza-
tion, but also the ensuing chemistry of the cyclized cation by
increasing the proportion of the reactions via the free, sol-


Scheme 6. Radical pathways after photohomolysis of compounds 1–4.
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vated cation in comparison to in cage recombination with
chloride. Thus, with 1 the product distribution shifts from
100% recombination (path c, Nu=Cl) in ethyl acetate, 88%
recombination and 12% deprotonation (path d) in acetoni-
trile, and 32% recombination, 5% deprotonation, 63% sol-
vent addition (path c, Nu= solvent) in polar, nucleophilic
methanol (the yield of the ether is lower in non-nucleophilic
TFE). As one may expect, no chloride is formed from 2, in
which 37 is a tertiary cation, and deprotonation (path d’)
and solvent addition compete, depending on the nucleophi-
licity of the latter. With 4, the pattern is roughly similar to
that with 1. However, in this case, cation 36 is stabilized by
a second alkoxy group. This reduces the role of interaction
with the tethered alkene. Thus, cyclization is no more the
exclusive process from solvated phenyl cation 36 and the di-
agnostic intermolecular reactions of phenyl cations appear,
namely reduction (path f, the main process in hydrogen-do-
nating methanol) and trapping by benzene (path g, the main
process with 1m benzene in TFE). Consistently with this ra-
tionalization, the product distribution is not affected by the
presence of benzene in AcOEt, in which the reaction occurs
in a cage. The product from reduction is evidently 32, as ob-
served in TFE, but in MeOH this compound undergoes a
secondary photocleavage (photo-Claisen) reaction leading
to observed 31, as ascertained by separate irradiation.


With compound 3, lacking the directing effect of the
oxygen atom in the g-position in the chain, the 6-endo mode
(path b, via 38) has its full role. The cationic character of in-
termediate 36 is apparent when this is solvated in a polar


medium, and less marked when
paired in a cage with chloride
(see Scheme 8).


Thus, products from 6-endo
cyclization increase with the
solvent polarity, from 1:1 in
ethyl acetate to 100% in TFE.
The ensuing chemistry of cy-
clized cation 38 changes in a
parallel way, with chloride re-
combination (path c, Nu=Cl)
as the only process in ethyl ace-
tate, solvent addition being
almost exclusive in nucleophilic
methanol (path c, Nu=MeOH)
and 84% solvent addition
versus 16% deprotonation
(path d) in less nucleophilic
TFE. The cationic character of
intermediate 38 is highlighted
by the occurring of the diagnos-
tic hydride shift to form benzyl-
ic cation 39 (path e) in TFE.


Some points about the cycli-
zation paths deserve notice.
The first one concerns deproto-


nation of 37, which reasonably leads to methylenedihydro-
benzofuran or methyleneindan derivatives 40 (path d,
Scheme 7), in turn evolving to the isolated alkylbenzofuran
(or indan) derivatives during workup, by means of a known
rearrangement.[23e,32] The last pathway concerns the role of
acetonitrile. This weakly nucleophilic solvent apparently
forms a reversible adduct with the cyclized cation 37. This
may be both an intermediate en route to elimination (or to
addition of some added nucleophile) and a precursor of an
acetamide (by moisture addition, Ritter reaction). When 37
is a stabilized tertiary cation, as in the irradiation of 2, this
double role is apparent in the increase of the yield of both
alcohol 15 and amide 14 when a high water proportion is
present (in the other cases only competitive trapping to
form alcohols occurs). Finally, except for the above rational-
ized case of compound 4, cyclization must be very fast, as
no competitive trapping by an external nucleophile (whether
a neutral p nucleophile such as benzene or a Br� ion) oc-
curs.[6b]


Scheme 7. Pathways in the photoheterolysis of compounds 1–4.


Scheme 8. Medium dependence of the photochemistry of 1–4.
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Scope of the reaction : The above data show that photo-
ACHTUNGTRENNUNGheterolysis of the C�Cl bond occurs in ortho-chlorophenyl
allyl ethers both in moderately and in highly polar solvents
and leads to cyclization in much better yield than homolysis,
which occurs in an apolar solvent such as cyclohexane.
Phenyl chlorides are less expensive, more easily available
and more stable with respect to the corresponding phenyl
bromides or iodides usually employed in other cyclization
methods. A large choice of solvents is possible, including
chlorinated solvents (not previously tested in arylation reac-
tions that proceed via an aryl cation), and sensitization by
acetone dramatically improves the arylation yield in all of
those cases in which consumption of the starting chloride by
direct irradiation is slow. Importantly, photodechlorination
was virtually the only photoprocess and none of the chloro-
phenyl allyl ethers underwent the photo-Claisen rearrange-
ment, which may have been feared as a competitor, since
this occurs in analogous compounds.[33] Cyclization occurred
also (with a somewhat lower yield) from a chloride bearing
two alkoxy groups, such as 4, despite the fact that photofor-
mation of the cation had been found to be less efficient with
this type of compound,[9] provided that a reducing solvent
such as methanol was avoided. As far as can be judged from
the photochemistry of 3, cyclization occurs also with the cor-
responding butenyl derivatives, with the difference that the
6-endo mode is clearly predominating.


Although mixtures are obtained in most cases, conditions
can be chosen under which a single product is obtained in
>50% yield and, for benzofuran derivatives, in >70%
yield. In such cases, the directness and the experimental sim-
plicity of the method suggests that it has some synthetic po-
tential. As an example, compound 13, here formed in 80%
yield, was obtained inefficiently (26% yield, 42% of the
starting material recovered) starting from 2 by using a
cobalt-based catalyst in the presence of the trimethylsilyl
Grignard reagent.[34]


Further studies must address the application of this intra-
molecular strategy to further substrates bearing different nu-
cleophilic chain (e.g., an alkyne or an aromatic moiety) as
well as more substantial mechanistic evidence, for example,
with regard to the involvement of an intermediate phenoni-
um ion.


Conclusion


The only photoprocess from ortho-chlorophenyl allyl ethers
is dechlorination. Apart from the homolytic cleavage in cy-
clohexane, in the other cases heterolysis occurs and the
choice of the medium allows us to test the reactivity of
phenyl cation, an open-shell, nonlocalized ion. In particular,
ortho-substituted phenyl cations were studied here for the
first time. Attack to the tethered C�C double bond led to 5-
exo cyclization and either in-cage chloride recombination or
solvent addition from the free ion depending on the nature
of the medium (see Scheme 8).


When a methylene group is substituted for an oxygen
atom in the side-chain, the 6-endo mode predominates. On
the other hand, stabilizing the phenyl cation by introducing
a further alkoxy group in the para position makes intermo-
lecular reaction with p nucleophiles competitive.


Apart from the mechanistic interest, the above results
suggest that it is possible to tune the reaction towards the
desired cyclization through the choice of reagent and condi-
tions. The mild photochemical method (room temperature
and no anhydrous conditions required) avoids the use of po-
tentially toxic or expensive organometallic species, most
often required in alternative thermal methods, and allows
the use of chlorides rather than bromides and iodides as
starting materials. The simplicity of the method is appealing
and the cyclized compounds obtained pertain to the classes
of some interest, for example, pharmacologically active tet-
ralines.[35]


Experimental Section


NMR spectra were recorded on a 300 MHz spectrometer. Structure attri-
butions were made on the basis of analytical data and of 1H and
13C NMR data accompanied by the appropriate DEPT experiment
(chemical shifts are reported in ppm downfield from TMS). The photo-
chemical reactions were performed at 20 8C in quartz tubes by using ni-
trogen-purged solution and a multilamp reactor fitted with six 15 W
phosphor-coated lamps (maximum of emission 310 nm) for the irradia-
tion.


Synthesis of precursors 1–4 : Compounds 1 and 2 were prepared from 2-
chlorophenol, following the procedure reported by Hattori.[36]


1-Allyloxy-2-chlorobenzene (1): Obtained in 69% yield; colorless oil,
lit.[37] b.p. 100–101 8C at 10 mmHg. Spectroscopic data of compound 1
were in accordance with the literature.[36] IR (neat): ñ=3069, 2869, 1589,
1485, 1445, 1278, 1248, 1061, 929, 747 cm�1; elemental analysis calcd (%)
for C9H9ClO: C 64.11, H 5.38; found: C 63.9, H 5.4.


1-(3-Methylbut-2-enyloxy)-2-chlorobenzene (2):[34] Obtained in 79%
yield; colorless oil, b.p. 140 8C at 12 mmHg; 1H NMR (CDCl3): d=1.75
(s, 3H), 1.80 (s, 3H), 4.65 (d, J=6.6 Hz, 2H), 5.50–5.60 (m, 1H), 6.90–
7.40 ppm (m, 4H); IR (neat): ñ=2975, 2932, 1589, 1484, 1445, 1383,
1277, 1242, 1059, 1040, 995, 746 cm�1; elemental analysis calcd (%) for
C11H13ClO: C 67.18, H 6.66; found: C 67.3, H 6.7.


3-(But-3-enyl)-4-chloroanisole (3): Compound 3 was prepared from 2-
(bromomethyl)-1-chloro-4-methoxybenzene,[38] following the literature
procedure for the allylation of benzyl bromides.[39] Allylmagnesium bro-
mide (~1m in Et2O, 1.4 g, 10 mmol) was added dropwise under nitrogen
to a solution of 2-(bromomethyl)-1-chloro-4-methoxybenzene (2 g,
8.4 mmol) in anhydrous THF (20 mL). The resulting mixture was stirred
at room temperature for 2 h and then refluxed for 3 h. After usual
workup, the residue was distilled under reduced pressure to give 3 (color-
less oil, 88%). 1H NMR (CDCl3): d=2.35–2.45 (m, 2H), 2.75–2.85 (m,
2H), 3.80 (s, 3H), 5.00–5.15 (m, 2H), 5.90 (m, 1H), 6.70 (dd, J=3,
8.7 Hz, 1H), 6.80 (d, J=3 Hz, 1H), 7.25 ppm (d, J=8.7 Hz, 1H);
13C NMR (CDCl3): d=33.2 (CH2), 33.5 (CH2), 55.3 (CH3), 112.5 (CH2),
115.1 (CH), 115.9 (CH), 125.2, 129.8 (CH), 137.6 (CH), 140.2, 158.1 ppm;
IR (neat): ñ=2935, 1640, 1597, 1576, 1476, 1280, 1161, 1064, 1028, 913,
801 cm�1; elemental analysis calcd (%) for C11H13ClO: C 67.18, H 6.66;
found: C 67.1, H 6.6.


3-Allyloxy-4-chloroanisole (4): A mixture of 4-chlororesorcinol (4 g,
27.7 mmol), allylbromide (6 mL, 69.2 mmol) and K2CO3 (7.65 g,
55.3 mmol) in acetone (100 mL) was refluxed for 3 h. The solvent was
then removed in vacuo and the residue was diluted with water and ex-
tracted with Et2O. The organic phase was washed twice with aqueous
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NaOH 10% and the resulting aqueous phases were combined, acidified
with HCl (6n) and again extracted with Et2O. The last organic extracts
were dried and evaporated to give crude 3-allyloxy-4-chlorophenol. This
compound (2.2 g, 12 mmol) was dissolved in acetone (50 mL) and then
treated with methyl iodide (0.8 mL, 13 mmol) and K2CO3 (2.5 g,
18 mmol). The resulting mixture was refluxed for 6 h. After the usual
workup, the residue was subjected to chromatography on Al2O3 with cy-
clohexane as the eluant to give 4 (colorless oil, 27% yield based on start-
ing 4-chlororesorcinol). 1H NMR (CDCl3): d=3.80 (s, 3H), 4.60–4.70 (m,
2H), 5.30–5.55 (m, 2H), 6.05–6.15 (m, 1H), 6.45 (dd, J=2.7, 8.7 Hz, 1H),
6.55 (d, J=2.7 Hz, 1H), 7.25 ppm (d, J=8.7 Hz, 1H); 13C NMR (CDCl3):
d=55.4 (CH3), 69.6 (CH2), 101.4 (CH), 105.5 (CH), 114.7, 117.8 (CH2),
130.1 (CH), 132.5 (CH), 154.6, 159.2 ppm; IR (neat): ñ=2939, 1599,
1492, 1309, 1204, 1170, 1034, 930, 833 cm�1; elemental analysis calcd (%)
for C11H11ClO2: C 60.46, H 5.58; found: C 60.5, H 5.5.


Photolysis of compounds 1–4—general procedure : A solution of the pre-
cursors 1–4 (0.05m), acetone (0.9m, see Table 1 and 2 for exceptions)
and, when required, an equivalent amount of base (TEA 0.05m or
Cs2CO3 0.025m) in the chosen solvent (30 mL) was irradiated until total
consumption of the starting material. The reaction course was followed
by thin-layer chromatography (TLC; cyclohexane/ethyl acetate) and gas
chromatography (GC). Workup of the photolyzates involved concentra-
tion in vacuo and chromatographic separation with silica gel and cyclo-
hexane/ethyl acetate mixtures as eluants. When a water/acetonitrile mix-
ture was used as the photolysis solvent, extraction with diethyl ether of
the final solution was performed before column purification.


Photochemical reactions of 1-allyloxy-2-chlorobenzene (1)


In ethyl acetate : After 16 h of irradiation, purification (C6H12 as the
eluant) of the raw photolyzate afforded 3-chloromethyl-2,3-dihydroben-
zofuran (5 ; 60 mg, 24% yield) as a colorless oil and 4-chlorochromane
(6 ; 52 mg, 20% yield) also as a colorless oil. Data for 5 : The spectroscop-
ic data of compound 5 were in accordance with the literature.[40] MS: m/z
(%): 168 (50) [M+], 131 (10), 119 (100) [M+�CH2Cl], 103 (15), 91 (95),
77 (25), 65 (30), 51 (40), 48 (20); elemental analysis calcd (%) for
C9H9ClO: C 64.11, H 5.38; found: C 64.2, H 5.3. Data for 6 : 1H NMR[41]


(CDCl3): d=3.10 (dd, 1H, J=7.7 and 17 Hz), 3.35 (dd, J=4.7, 17 Hz,
1H), 4.05–4.15 (m, 1H), 4.35–4.50 (m, 2H), 6.85–7.20 ppm (m, 4H);
13C NMR (CDCl3): d=35.1 (CH2), 50.8 (CH), 69.5 (CH2), 116.6 (CH),
118.9, 121.1 (CH), 127.9 (CH), 129.6 (CH), 153.1 ppm; IR (neat): ñ=


2878, 1584, 1490, 1458, 1231, 1040, 754 cm�1; elemental analysis calcd
(%) for C9H9ClO: C 64.11, H 5.38; found: C 64.2, H 5.4.


In methylene chloride : After 16 h of irradiation, purification of the raw
photolyzate afforded 5 (164 mg, 65% yield), 6 (18 mg, 7% yield) and 3-
methylbenzofuran (7; 24 mg, 12% yield) as colorless oils. The spectro-
scopic data of compound 7 were in accordance with the literature.[42] MS:
m/z (%): 131 (55) [M+�1], 103 (20), 77 (15), 63 (5), 51 (15); elemental
analysis calcd (%) for C9H8O: C 81.79, H 6.10; found: C 81.7, H 5.9.


In acetonitrile : After 17 h of irradiation, purification of the raw photoly-
zate afforded 5 (174 mg, 69% yield) and 7 (20 mg, 10% yield).


In water/acetonitrile 1:3 : After 16 h of irradiation, purification (from cy-
clohexane/ethyl acetate 99:1 to 7:3 as the eluant) of the raw photolyzate
afforded 5 (99 mg, 39% yield) and 2,3-dihydrobenzofuran-3-yl-methanol
(8 ; 45 mg, 20% yield) as colorless oils. The spectroscopic data of com-
pound 8 were in accordance with the literature.[43] Elemental analysis
calcd (%) for C9H10O2: C 71.98, H 6.71; found: C 71.8, H 6.8.


In methanol : The reaction was carried out in the presence of Cs2CO3.
After 16 h of irradiation, purification of the raw photolyzate afforded 5
(28 mg, 12% yield) and 2,3-dihydro-3-(methoxymethyl)benzofuran (9 ;
54 mg, 24% yield) mixed with part of compound 5. Data for 9 : 1H NMR
(CDCl3, from the mixture): d=3.40 (s, 3H), 3.65 (dd, J=5.5, 8.7 Hz,
1H), 3.70–3.80 (m, 2H), 4.45 (dd, J=5.6, 9 Hz, 1H), 4.65 (t, J=9 Hz,
1H), 6.80–7.30 ppm (m, 4H); 13C NMR (CDCl3, from the mixture): d=
29.6 (CH2), 42.4 (CH), 58.9 (CH3), 75.2 (CH2), 109.5 (CH), 120.2 (CH),
124.6 (CH), 128.6 (CH), 130.5, 160.1 ppm; MS: m/z (%): 164 (25) [M+],
119 (70), 91 (100), 77 (10), 65 (20), 51 (10), 45 (30); IR (neat, for the mix-
ture): ñ=2928, 1597, 1484, 1458, 1230, 1153, 1100, 1015, 977, 752 cm�1.


In TFE : The reaction was carried out in the presence of TEA. After 16 h
of irradiation, purification of the raw photolyzate afforded 5 (132 mg,
52% yield) and 2,3-dihydro-3-[(2,2,2-trifluoroethoxy)methyl]benzofuran
(10 ; 20 mg, 6% yield) mixed with part of compound 5. Data for 10 :
1H NMR (CDCl3, from the mixture): d=3.55–3.85 (m, 3H), 3.80 (m,
2H), 4.40–4.70 (m, 2H), 6.80–6.95 (m, 2H), 7.15–7.30 ppm (m, 2H);
13C NMR (CDCl3, from the mixture): d=42.4 (CH), 68.5 (q, J=34 Hz),
74.0 (CH2), 74.9 (CH2), 109.7 (CH), 120.4 (CH), 124.6 (q, J=175 Hz,
CF3), 124.7 (CH), 126.8, 128.9 (CH), 160.1 ppm; MS: m/z (%): 232 (20)
[M+], 133 (5) [M+�OCH2CF3], 119 (85) [M+�CH2OCH2CF3], 105 (5),
91 (100), 77 (10), 65 (20), 51 (10), 40 (25); IR (neat, for the mixture): ñ=
3045, 2930, 1595, 1481, 1458, 1230, 1152, 1013, 975, 751 cm�1.


In cyclohexane : After 16 h of irradiation, purification of the raw photoly-
zate afforded 5 (37 mg, 15% yield), 3-methyl-2,3-dihydrobenzofuran (11;
89 mg, 44% yield) and 3-phenoxypropylcyclohexane (12 ; 29 mg, 9%
yield). Data for 11: The spectroscopic data of compound 11 were in ac-
cordance with literature data.[26a] elemental analysis calcd (%) for
C9H10O: C 80.56, H 7.51; found: C 80.6, H 7.3. Data for 12 : 1H NMR
(CDCl3): d=0.85–1.00 (m, 2H), 1.15–1.45 (m, 6H), 1.65–1.90 (m, 7H),
3.90 (t, J=6.7 Hz, 2H), 6.90–7.00 (m, 3H), 7.25–7.35 ppm (m, 2H);
13C NMR (CDCl3): d=26.2 (CH2), 27.0 (CH2), 33.2 (CH2), 33.6 (CH2),
37.4 (CH), 68.2 (CH2), 114.4 (CH), 120.3 (CH), 129.2 (2CH), 159.0 ppm;
MS: m/z (%): 218 (100) [M+], 135 (5), 124 (10), 107 (10), 94 (70), 81
(40), 69 (50), 55 (65), 41 (65); IR (neat): ñ=2923, 2850, 1600, 1497, 1244,
1171, 1035, 751, 690 cm�1; elemental analysis calcd (%) for C15H22O: C
82.52, H 10.16; found: C 82.7, H 10.3.


Photochemical reactions of 1-(3-methylbut-2-enyloxy)-2-chlorobenzene
(2)


In ethyl acetate : After 17 h of irradiation, purification (cyclohexane/ethyl
acetate 98:2 as the eluant) of the raw photolyzate afforded 3-isopropen-
yl-2,3-dihydrobenzofuran (13 ; 192 mg, 80% yield) as a colorless oil. The
spectroscopic data of compound 13 were in accordance with the litera-
ture.[44] MS: m/z (%): 160 (100) [M+], 145 (72), 131 (48), 117 (26), 91
(62); elemental analysis calcd (%) for C11H12O: C 82.46, H 7.55; found:
C 82.4, H 7.6.


In methylene chloride : After 16 h of irradiation, purification of the raw
photolyzate afforded 13 (159 mg, 66% yield) with the sample obtained as
above.


In acetonitrile : The reaction was carried out in the presence of Cs2CO3.
After 18 h of irradiation, purification of the raw photolyzate afforded 13
(94 mg, 39% yield) and N-[2-(2,3-dihydrobenzofuran-3-yl]propan-2-yl)
acetamide (14 ; 33 mg, 10% yield, colorless oil). Data for 14 : 1H NMR
(CDCl3): d=1.25 (s, 3H), 1.30 (s, 3H), 2.00 (s, 3H), 4.35 (dd, J=4, 8 Hz,
X part of an ABX system, 1H; CH), 4.45–4.55 (m, AB part of an ABX
system, 2H), 5.35 (br s, 1H), 6.80 (d, J=8 Hz, 1H), 6.85–6.90 (m, 1H;
ArH), 7.10–7.20 ppm (m, 2H; ArH); 13C NMR (CDCl3): d=23.9 (CH3),
24.2 (CH3), 24.5 (CH3), 47.7 (CH), 55.9, 73.5 (CH2), 109.5 (CH), 120.1
(CH), 125.8 (CH), 127.2, 128.6 (CH), 160.7, 169.6 ppm (C=O); IR (neat):
ñ=3273, 1642, 1551, 1240, 957, 761 cm�1; elemental analysis calcd (%)
for C13H17NO2: C 71.21, H 7.81; found: C 71.1, H 7.9.


In water/acetonitrile 1:3 : After 17 h of irradiation, purification (from cy-
clohexane/ethyl acetate 99:1 to 1:1 as the eluant) of the raw photolyzate
afforded 13 (43 mg, 18% yield), 14 (72 mg, 22% yield), and 2-[2,3-dihy-
drobenzofuran-3-yl]-2-propan-2-ol (15 ; 68 mg, 48% yield, colorless oil).
The spectroscopic data of compound 15 were in accordance with the lit-
erature.[45] elemental analysis calcd (%) for C11H14O2: C 74.13, H 7.92;
found: C 74.0, H 8.0.


In methanol : The reaction was carried out in the presence of Cs2CO3.
After 22 h of irradiation, purification of the raw photolyzate afforded 13
(48 mg 20% yield) and 2,3-dihydro-3-(2-methoxypropan-2-yl)benzofuran
16 (144 mg, 50% yield, colorless oil). Data for 16 : 1H NMR (CDCl3): d=
1.10 (s, 3H), 1.25 (s, 3H), 3.30 (s, 3H), 3.60 (dd, J=4.8, 9.2 Hz, 1H), 4.50
(t, J=9.2 Hz, 1H), 4.60 (dd, J=4.8, 9.2 Hz, 1H), 6.75–6.90 (m, 2H),
7.10–7.20 (m, 1H), 7.25 ppm (d, J=7.5 Hz, 1H); 13C NMR (CDCl3): d=
21.0 (CH3), 21.7 (CH3), 49.1 (CH3), 50.5 (CH), 73.0 (CH2), 76.7, 109.4
(CH), 119.9 (CH), 125.9 (CH), 127.4, 128.4 (CH), 160.8 ppm; IR (neat):
ñ=2975, 2936, 1610, 1593, 1484, 1460, 1365, 1235, 1149, 1077, 964,
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747 cm�1; elemental analysis calcd (%) for C11H14O2: C 74.97, H 8.39;
found: C 75.0, H 8.4.


In TFE : The reaction was carried out in the presence of Cs2CO3. After
17 h of irradiation, purification of the raw photolyzate afforded 13
(22 mg, 9% yield) and 2,3-dihydro-3-[2-(2,2,2-trifluoroethoxy]propan-2-
yl)benzofuran (17; 124 mg 32% yield, colorless oil). Data for 17:
1H NMR (CDCl3): d=1.15 (s, 3H), 1.25 (s, 3H), 3.60 (dd, J=4.7, 9 Hz,
1H), 3.75–3.90 (m, 2H), 4.50–4.65 (m, 2H), 6.80–6.95 (m, 2H), 7.15–7.25
(m, 1H), 7.35 ppm (d, J=7.4 Hz, 1H); 13C NMR (CDCl3): d=21.1
(CH3), 21.5 (CH3), 51.3 (CH), 60.2 (q, J=34 Hz), 72.8 (CH2), 78.8, 109.5
(CH), 120.1 (CH), 124.1 (q, J=276 Hz, CF3), 126.1 (CH), 126.7, 128.7
(CH), 160.7 ppm; IR (neat): ñ=3425, 2114, 1651, 1485, 1460, 1387, 1371,
1280, 1234, 1160, 1110, 1017, 969, 750 cm�1; elemental analysis calcd (%)
for C14H18F3O2: C 61.08, H 6.59; found: C 61.0, H 6.6.


In cyclohexane : After 16 h of irradiation, purification of the raw photoly-
zate afforded a complex mixture (14 mg) containing 13 (5%), 3-isoprop-
yl-2,3-dihydrobenzofuran (18 ;[46] 8%) and (3-methyl-but-2-enyl)phenyl
ether (19 ;[47] 3%) in an approximate 1.5:2.5:1 ratio as evidenced by 1H
and 13C NMR spectroscopy and GC/MS analysis, which are in accordance
with the literature.[46–47] Data for 18 : MS: m/z (%): 162 (33) [M+], 119
(56), 91 (100), 65 (13); data for 19 : MS: m/z (%): 162 (11) [M+], 94
(100), 66 (26).


Photochemical reactions of 3-(but-3-enyl)-4-chloroanisole (3)


In ethyl acetate : After 20 h of irradiation, purification (C6H12 as the
eluant) of the raw photolyzate afforded a mixture (124 mg) containing 2-
chloro-1,2,3,4-tetrahydro-6-methoxynaphthalene (20 ; 62 mg 22% yield,
see below) and 1-chloromethyl-5-methoxyindane (21;[48] 62 mg 22%
yield). Data for 21: 1H NMR (CDCl3, from the mixture): d=1.95–2.20
(m, 1H), 2.25–2.45 (m, 1H), 2.80–3.10 (m, 2H), 3.45–3.60 (m, 2H), 3.75–
3.90 (m, 4H), 6.70–6.80 (m, 2H; ArH), 7.20 ppm (d, J=8.2 Hz, 1H);
13C NMR (CDCl3, from the mixture): d=30.4 (CH2), 31.0 (CH2), 46.6
(CH), 48.5 (CH2), 55.3 (CH3), 110.0 (CH), 112.2 (CH), 124.5 (CH), 135.4,
146.0, 159.4 ppm; IR (neat, for the mixture): ñ=2948, 1609, 1504, 1260,
1236, 1036 cm�1.


In water/acetonitrile 1:3 : The reaction was carried out in the presence of
Cs2CO3. After 24 h of irradiation, purification (from cyclohexane/ethyl
acetate 99:1 to 7:3 as the eluant) of the raw photolyzate afforded 20
(44 mg, 15% yield, colorless oil), 7-methoxy-1,2-dihydro-naphthalene
(22 ; 31 mg, 13% yield, colorless oil), and 6-methoxy-1,2,3,4-tetrahydro-2-
naphthol (23 ; 48 mg 18% yield, colorless oil). Data for 20 : 1H NMR
(CDCl3): d=2.05–2.20 (m, 1H), 2.25–2.40 (m, 1H), 2.80–3.10 (m, 3H),
3.30 (dd, J=4.8, 15 Hz, 1H), 3.80 (s, 3H), 4.40–4.50 (m, 1H), 6.65 (d, J=
2.5 Hz, 1H), 6.70–6.75 (m, 1H), 7.10 ppm (d, J=8.4 Hz, 1H); 13C NMR
(CDCl3): d=28.8 (CH2), 33.7 (CH2), 39.9 (CH2), 56.5 (CH3), 58.1 (CH),
113.8 (CH), 114.6 (CH), 127.0, 131.2 (CH), 137.1, 159.3 ppm; IR (neat):
ñ=2931, 1611, 1507, 1458, 1263, 1154, 1128, 1040, 876 cm�1; elemental
analysis calcd (%) for C11H13ClO: C 67.18, H 6.66; found: C 67.0, H 6.6.
The spectroscopic data of compounds 22[49] (elemental analysis calcd (%)
for C11H12O: C 82.46, H 7.55; found: C 82.3, H 7.6.) and 23[50] (elemental
analysis calcd (%) for C11H14O2: C 74.13, H 7.92; found: C 74.2, H 8.0.)
were in accordance with the literature.


In methanol : The reaction was carried out in the presence of TEA. After
16 h of irradiation, purification of the raw photolyzate afforded 1,2,3,4-
tetrahydro-2,6-dimethoxynaphthalene (24 ; 102 mg, 35% yield, colorless
oil), and a mixture of 5-methoxy-1-methylindane (25 ; 32 mg, 13% yield)
and 5-methoxy-1-methyl-1-indene (26 ; 10 mg, 4% yield). Data for 24 :
1H NMR (CDCl3): d=1.75–1.90 (m, 1H), 2.00–2.15 (m, 1H), 2.75–3.10
(m, 4H), 3.45 (s, 3H), 3.60–3.70 (m, 1H), 3.80 (s, 3H), 6.65 (d, J=2.7 Hz,
1H), 6.70 (dd, J=2.7, 8.3 Hz, 1H), 7.00 ppm (d, J=8.3 Hz, 1H);
13C NMR (CDCl3): d=27.2 (CH2), 27.6 (CH2), 34.2 (CH2), 55.1 (CH3),
55.7 (CH3), 75.9 (CH), 112.1 (CH), 113.1 (CH), 126.4, 130.2 (CH), 137.0,
157.6 ppm; MS: m/z (%): 192 (100) [M+], 160 (75), 145 (20), 134 (80),
104 (15), 91 (20), 77 (10), 65 (10), 51 (10); IR (neat): ñ=2938, 1610,
1514, 1467, 1278, 1236, 1155, 1136, 1040, 967 cm�1; elemental analysis
calcd (%) for C12H16O2: C 74.97, H 8.39; found: C 74.9, H 8.3. Data for
26 : 1H NMR (CDCl3, from the mixture): d=2.15 (d, J=1.6 Hz, 3H), 3.35
(br s, 2H), 3.90 (s, 3H), 6.10 (d, J=1.6 Hz, 1H), 6.60–6.95 (m, 2H),
7.25 ppm (d, J=8.2 Hz, 1H); 13C NMR (CDCl3, from the mixture): d=


13.0 (CH3), 37.5 (CH2), 55.5 (CH3), 110.1 (CH), 111.4 (CH), 119.0 (CH),
125.8, 126.4 (CH), 139.4, 146.0, 157.7 ppm; MS: m/z (%): 160 (100) [M+],
145 (50), 129 (25), 115 (65), 102 (10), 91 (20), 77 (5), 63 (15), 51 (15), 40
(10); IR (neat, for the mixture): ñ=2948, 1611, 1487, 1257, 1164, 1037,
975 cm�1. The spectroscopic data of compound 25 were in accordance
with the literature.[51]


In TFE : The reaction was carried out in the presence of TEA. After 16 h
of irradiation, purification of the raw photolyzate afforded a mixture of
20 (18 mg, 6% yield), 2-(2,2,2-trifluoroethoxy)-1,2,3,4-tetrahydro-6-me-
thoxynaphthalene (27; 70 mg 17% yield), and 1-(2,2,2-trifluoroethoxy)-
1,2,3,4-tetrahydro-6-methoxynaphthalene (28 ; 78 mg, 20% yield). Further
purification of the fractions containing product 27 afforded a pure
sample of such compound. Data for 27: 1H NMR (CDCl3): d=1.80–1.95
(m, 1H), 2.05–2.15 (m, 1H), 2.75–2.85 (m, 2H), 2.95 (m, 1H), 3.15 (dd,
J=5, 16 Hz, 1H), 3.80 (s, 3H), 3.85–4.00 (m, 3H), 6.65 (d, J=2.7 Hz,
1H), 6.75 (dd, J=2.7, 8.4 Hz, 1H), 7.00 ppm (d, J=8.4 Hz, 1H);
13C NMR (CDCl3): d=27.1 (CH2), 27.9 (CH2), 34.3 (CH2), 55.1 (CH3),
65.8 (q, J=34 Hz), 77.3 (CH), 112.2 (CH), 113.1 (CH), 124.6 (q, J=
274 Hz, CF3), 125.9, 130.1 (CH), 136.6, 157.8 ppm; IR (neat): ñ=2933,
1610, 1505, 1465, 1277, 1236, 1158, 1125, 1039, 968 cm�1; elemental analy-
sis calcd (%) for C14H18F3O2: C 61.08, H 6.59; found: C 61.2, H 6.4. Data
for 28 : 1H NMR (CDCl3, from the mixture): d=1.80–1.95 (m, 1H), 2.00–
2.15 (m, 1H), 2.60–3.10 (m, 4H), 3.80 (s, 3H), 3.85–4.00 (m, 2H), 4.60 (t,
J=4.4 Hz, 1H), 6.65 (m, 1H), 6.80 (dd, J=2.7, 8.4 Hz, 1H), 7.30 ppm (d,
J=8 Hz, 1H); 13C NMR (CDCl3, from the mixture): d=18.2 (CH2), 27.9
(CH2), 29.2 (CH2), 55.1 (CH3), 66.0 (q, J=34 Hz), 76.9 (CH), 112.1 (CH),
113.4 (CH), 124.6 (q, J=175 Hz, CF3), 125,9, 130.1 (CH), 136.6,
159.2 ppm; IR (neat, for the mixture): ñ=2933, 1610, 1501, 1465, 1277,
1252, 1157, 1123, 1038, 968 cm�1.


In cyclohexane : After 16 h of irradiation, purification (C6H12 as the
eluant) of the raw photolyzate afforded of a mixture (124 mg) containing
20 (56 mg, 22% yield) and 21 (34 mg, 22% yield).


Photochemical reactions of 3-allyloxy-4-chloroanisole (4)


In ethyl acetate : After 16 h of irradiation, purification (C6H12 as the
eluant) of the raw photolyzate afforded 3-chloromethyl-2,3-dihydro-6-
methoxybenzofuran (29 ; 149 mg, 50% yield, colorless oil) and 6-me-
thoxy-3-methylbenzofuran (30 ; 7 mg, 3% yield, see below). Data for 29 :
1H NMR (CDCl3): d=3.50–3.60 (m, 1H), 3.65–3.80 (m, 2H), 3.80 (s,
3H), 4.50–4.60 (m, 1H), 4.65–4.75 (m, 1H), 6.40–6.50 (m, 2H), 7.10 ppm
(d, J=8.1 Hz, 1H); 13C NMR (CDCl3): d=43.9 (CH), 46.3 (CH2), 55.0
(CH3), 75.3 (CH2), 96.0 (CH), 106.0 (CH), 118.5, 124.3 (CH), 160.9,
161.2 ppm; IR (neat): ñ=2957, 1621, 1598, 1498, 1283, 1198, 1147 cm�1;
elemental analysis calcd (%) for C10H11ClO2: C 60.46, H 5.58; found: C
60.4, H 5.5.


In methylene chloride : After 32 h of irradiation (77% of consumption of
4), purification of the raw photolyzate yielded 29 (115 mg, 50% yield)
and 30 (36 mg, 19% yield, colorless oil). Both yields were calculated on
consumed 4. The spectroscopic data of compound 30 were in accordance
with the literature.[52] elemental analysis calcd (%) for C10H10O2: C 74.06,
H 6.21; found: C 74.1, H 6.3.


In acetonitrile : The reaction was carried out in the presence of Cs2CO3.
After 22 h of irradiation purification of the raw photolyzate yielded 29
(92 mg 31% yield) and 4-methoxyphenol (31; 23% yield) which was de-
termined by GC analysis.


In water/acetonitrile 1:3 : After 40 h of irradiation (73% of consumption
of 4), purification of the raw photolyzate yielded 29 (83 mg, 38% yield)
and 30 (17 mg, 10% yield, colorless oil). Both yields were calculated on
consumed 4.


In methanol : After 9 h of irradiation purification of the raw photolyzate
yielded 29 (30 mg, 10% yield) and 31 (78% yield), which was determined
by GC analysis.


In TFE : The reaction was carried out in the presence of Cs2CO3. After
42 h of irradiation purification of the raw photolyzate yielded 29 (18 mg,
6% yield) as the only isolated product.


In TFE in the presence of benzene : The reaction was carried out in the
presence of Cs2CO3. After 42 h of irradiation in the presence of benzene
(1m), purification of the raw photolyzate yielded 2-allyloxy-4-methoxybi-
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phenyl (33 ; 97 mg, 27% yield) as the only isolated product. 1H NMR
(CDCl3): d=3.80 (br s, 3H, OCH3), 4.50–4.60 (m, 2H, CH2), 5.20–5.40
(m, 2H, CH2), 5.90–6.15 (m, 1H), 6.55–6.75 (m, 1H), 7.10–7.55 ppm (m,
7H); 13C NMR (CDCl3): d=54.9 (CH3), 68.7 (CH2), 100.0 (CH), 104.6
(CH), 113.9 (CH), 114.4, 116.5 (CH2), 126.0 (CH), 127.4 (CH), 128.7
(CH), 129.0 (CH), 130.8 (CH), 132.7 (CH), 137.9, 155.9, 159.6 ppm; IR
(neat): ñ=2941, 1590, 1492, 1312, 1201, 1167, 1033 cm�1; elemental analy-
sis calcd (%) for C16H16O2: C 79.97, H 6.71; found: C 80.0, H 6.8.


In cyclohexane : After 16 h of irradiation, purification of the raw photoly-
zate yielded 29 (211 mg, 71% yield) as the only isolated product.
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Introduction


We have previously developed a chalcogenide/Lewis acid
mediated tandem Michael-aldol reaction, which produced
Morita–Baylis–Hillman adducts after treatment of the reac-
tion mixture with a base.[1] This reaction proceeded quickly,
so the main defect of the Morita–Baylis–Hillman reac-
tion[2]—its very slow reaction rate—was alleviated, so our
reaction can be utilized as an alternative to the Morita–
Baylis–Hillman reaction. During the course of our study we
found that a chalcogenide caused the intramolecular Mi-
chael addition in the presence of a Lewis acid[3] and that a
thioketone[4] or a thioamide[5] group worked as a catalyst.


On the other hand, it is well known that N-unsubstituted
thioamides undergo Michael additions with a,b-unsaturated
carbonyl compounds.[6] Michael additions of N-substituted
thiocarbamates, however, are scarcely known, though
Palomo and co-workers reported the sulfur-transfer reaction
of N-enoyl thiocarbamates with a Lewis acid followed by
hydrolysis of the products.[7]


Results and Discussion


We combined the above findings, the intramolecular Mi-
chael cyclization of the chalcogenide group and the catalytic
action of thioamides, and studied a new tandem Michael-
aldol reaction between N-cinnamoyl cyclic thiocarbamates
and aldehydes.[8] Herein we report the details of the reaction
and the transformation of the products into propane-1,3-
diols. Reactions between 3-cinnamoyl-1,3-thiazolidine-2-
thione (1) and p-chlorobenzaldehyde (2a) in the presence of
BF3·Et2O were examined first (Table 1). When two equiva-
lents of 1, one equivalent of 2a, and three equivalents of
BF3·Et2O were used, tricyclic compounds 3 and 4 were ob-
tained in yields of 58 % and 31 %, respectively. The struc-
tures of 3 and 4 were determined by comparison of their 1H
and 13C NMR spectral data with those for 6c and 7c shown
below.


We next applied this approach to asymmetric reactions
between (4S,5R)-4-methyl-5-phenyloxazolidine-2-thione 5
and aldehydes (Table 2). Treatment of 5 with 2a at �40 8C
for 24 h produced a mixture of diastereoisomers 6a, 7a, and
8a in the ratio of 86:7:7 (Table 2,entry 1). The p- and m-ni-
trobenzaldehydes 2b–c similarly produced the tricyclic com-
pounds 6b–c, 7b–c, and 8b–c in good yields and with high
diastereoselectivity (Table 2, entries 2 and 3). The reactions
with benzaldehyde (2d) and p-tolualdehyde (2e) were slow,
so the reaction temperature was raised to 0 8C. The yields,
however, were moderate and in the case of 2d the diastereo-
selectivity had decreased (Table 2, entries 4 and 5).


Keywords: aldehydes · asymmetric
synthesis · oxazolidinethiones ·
sulfanylpropanediols · tandem
Michael-aldol reactions


Abstract: Reactions between chiral 3-cinnamoyl-4-methyl-5-phenyl-1,3-oxazoli-
dine-2-thiones and aromatic aldehydes in the presence of BF3·Et2O diastereoselec-
tively produced tricyclic compounds incorporating a bridgehead carbon bound to
four heteroatoms in high yields. Four stereocenters were induced during the reac-
tion. The tricyclic products were transformed into propane-1,3-diols bearing three
consecutive stereocenters by acid hydrolysis, S-methylation, and reductive removal
of the chiral auxiliary.
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The diastereomer ratios were determined from the signal
intensities in the 1H NMR spectra, and the structure of the
m-nitro derivative 6c was determined by X-ray analysis
(Figure 1), which showed that 6c was not a Morita–Baylis–
Hillman adduct, but an unexpected tricyclic compound in-
corporating a bridgehead carbon bound to four heteroa-
toms.


According to high-resolution mass-spectral data, product
8 had the same molecular formula as products 6 and 7. Its
1H and 13C NMR spectra indicated that compound 8 had a
tricyclic structure and was a diastereomer of 6 and 7, but its
stereostructure could not be determined because of its small
amount.


The structurally rare compounds 6–8 were presumably
formed along the reaction pathways shown in Scheme 1.
BF3·Et2O coordinates with the carbonyl oxygen of the N-


cinnamoylthiocarbamate 5, and the enone moiety is activat-
ed. The intramolecular Michael addition of the thione group
to the enone moiety proceeds via 9, and forms the boron
enolate-iminium salt 10. An aldol reaction between the
boron enolate moiety and an aldehyde yields the aldol prod-
uct 11, which intramolecularly cyclizes (i.e., its alkoxide ion
nucleophilically attacks the iminium carbon) to afford the
tricyclic products 6–8.


The newly induced stereocenters were assigned as 1R, 7R,
8R, and 11R on the basis of the 3R and 4S absolute configu-
rations. The m-nitrophenyl group of 6c is located on the
same side of the �SCHPh� moiety. The phenyl groups at
the 3- and 11-positions (3-Ph and 11-Ph) and 4-Me adopt
the endo configuration. The stereostructure of the diaster-
eomer 7c was determined by its 1H NMR spectrum and
NOE enhancement data through comparison with those of
6c and the isopropyl derivative 12,[8] the structure of which


Table 1. Reactions between the N-enoylthiocarbamate 1 and the alde-
hyde 2a.


Entry Enone Aldehyde Products
ACHTUNGTRENNUNG([equiv]) ACHTUNGTRENNUNG([equiv]) ACHTUNGTRENNUNG(yield [%])


1 1 (2) 2a (1) 3 (58), 4 (31)
2[a] 1 (2) 2a (1) 3 (50), 4 (33)
3 1 (1) 2a (1) 3 (48), 4 (30)


[a] Two equivalents of BF3·Et2O were used.


Table 2. Reactions between N-cinnamoylthiocarbamate 5 and aldehydes
2a–e.


Entry R Conditions Yield [%][a] 6 :7:8


1 p-ClC6H4 (2a) �40 8C, 24 h 71 86:7:7
2 p-NO2C6H4 (2b) �40 8C, 24 h 93 95:5:0
3 m-NO2C6H4 (2c) �40 8C, 24 h 85 95:5:0
4 C6H5 (2d) 0 8C, 1 h 69 71:0:29
5 p-MeC6H4 (2e) 0 8C, 1 h 59 92:0:8


[a] Mixture of diastereomers.


Figure 1. Structure of 6c (ORTEP drawing).


Scheme 1. Reaction mechanism.
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had been assigned by X-ray
crystallography. The signals of
7c due to 3-H, 4-H, and 4-Me
appeared at d = 5.98, 4.70, and
1.09 ppm, respectively, close to
those of 6c at d = 5.83 (3-H),
4.72 (4-H), and 1.14 ppm (4-
Me), indicating that the O�
CH(Ph)�CH(Me) moiety in the
oxazolidine ring has a configu-
ration similar to that of 6c. The
11-H signal of 7c at d =


5.21 ppm was similar to that of
12 at d = 5.15 ppm, but differ-
ent from that of 6c at d = 4.34.
This large downfield shift im-
plies that 11-H of 7c was not
affected by the anisotropic
effect of the m-nitrophenyl
group and that the aryl ring was
situated on the same side of the
�N�CO� moiety. NOE en-
hancement in 7c was observed
between 7-H and 8-H (7%), 7-
H and 11-H (9%), and 8-H and
11-H (15 %) and was very simi-
lar to that of 12, shown in
Figure 2.


It became apparent that the tandem Michael-aldol reac-
tions between the (4S,5R)-4-methyl-5-phenyloxazolidine-2-
thione 5 and aldehydes simultaneously induced four chiral
stereocenters and diastereoselectively afforded novel tricy-
clic compounds 6, incorporating a bridgehead carbon bound
to four heteroatoms, in high yields.


The reaction mechanism for the formation of tricyclic
compounds 6 and 7 is discussed from the viewpoints of the
cyclic transition state and the acyclic one, shown in
Scheme 2 and Scheme 3, respectively. The boron enolate-
iminium salt 10 formed through the cyclization of 5 with
BF3·Et2O (Scheme 1) consists of two diastereomers, 10A
and 10B ; the former has the anti configuration between the
phenyl group a to the sulfur atom and the methyl and the
phenyl groups of the oxazolidine ring, whilst the latter has


the syn configuration between them. The approach of an al-
dehyde from the Si- and the Re-faces to the boron enolate
moiety is hindered by the methyl and phenyl groups of the
oxazolidine ring and the phenyl group a to the sulfur in
isomer 10A. If the reaction were to proceed via 10A, the
chiral carbon a to the sulfur of the product should have an
(S) configuration, but it actually had the (R) configuration.
Therefore, this pathway via intermediate 10A does not
appear to be productive.


Figure 2. NOE data for tricyclic compounds 7c and 12.


Scheme 2. Cyclic model.


Scheme 3. Acyclic model.
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On the other hand, isomer 10B has three substituents on
the Si-face, and an aldehyde can easily attack the enolate
carbon from the sterically relaxed Re-face. If the reaction
between 10B and an aldehyde were to proceed via the
cyclic chelation mechanism, the two transition states shown
in Scheme 2 should be considered for the aldol reaction
step. The transition state 13B, bearing an equatorial R
group, should be more stable than the transition state 13A,
bearing an axial R group. The reaction via 13B should form
the aldol product 11B, which should afford the tricyclic
product 7. This is inconsistent with the finding that com-
pound 7 is not the major product but the minor one.


To solve this contradiction, we discuss other pathways
going through the acyclic transition states shown in
Scheme 3.


The two transition states 14A and 14B are important for
controlling the stereoselection in the aldol reaction. The
transition state 14A should be more stable than 14B, which
should have steric repulsion between the iminium moiety
and the R group. The pathway via 14A should produce the
aldol adduct 11A, which should cyclize to product 6. This
mechanism is consistent with the finding that product 6 is
the major product. From the above discussion, it is conclud-
ed that these tandem Michael-aldol reactions between 5 and
aldehydes proceed via the boron–enolate–iminium salts 10B
and acyclic transition states 14A.


The reaction between the N-enoylthiocarbamate 15, the
enantiomer of 5, and p-nitrobenzaldehyde (2b) produced
the tricyclic products 16 (86 %) and 17 (5 %), enantiomers
of 6b and 7b, respectively (Scheme 4).


We next examined the removal of the chiral auxiliary
from the tricyclic compounds, as shown in Scheme 5. Alka-
line hydrolysis of the thiazolidine compound 4 did not take
place, and 4 was recovered. Acidic hydrolysis of 4 was then
conducted with HCl (2m) at 100 8C for 3 h and produced
products 18 (21%) and 19 (52%). Since two C�S bonds
were cleaved and the desired product 18 was a minor one,
the oxazolidine derivatives 6a,b were employed instead at
room temperature for 5 h, affording the N-(3-sulfanylpropa-


noyl)oxazolidines 20a (78 %) and 20b (72 %) through the
selective C�S bond cleavage of the six-membered ring. The
methylation of a sulfanyl group with methyl iodide and trie-
thylamine converted 20a,b into 21a,b in high yields. The
transformation of the amide 21a into a thioester was at-
tempted by treatment with lithium ethanethiolate, producing
the S-ethyl 3-methylsulfanyl-3-phenylpropanethioate 22
(55 %), the oxazolidinone 23 (59 %), and p-chlorobenzalde-
hyde (2a ; 40 %).


The thioester 22 was formed through the retro-tandem
Michael-aldol reaction of 21a, followed by transformation
of the amide moiety into a thioester and the Michael addi-
tion of the ethanethiolate ion to the enone moiety.


The reductive removal of a chiral auxiliary 23 from 21a
was conducted with LiBH4, affording the propanol 24
(44 %), the oxazolidinone 23 (100 %), and the benzyl alco-
hol 25 (36 %), which were formed by the reduction of the
retro-aldol products.


These results indicated that the presence of the free hy-
droxy group in 21a was causing the retro-aldol reaction
upon treatment with a basic reagent. We therefore protected
the hydroxy group with a silyl group to prevent it from un-
dergoing the retro-aldol reaction and to achieve smooth re-
moval of the auxiliary 23. Silylation of 21a with trimethylsil-
yl chloride produced the silyl ether 26 in 91 % yield, and the
reduction of 26 with LiBH4 brought about the oxazolidine
ring opening to give the amide 27 in a quantitative yield
(Table 3, entry 1). Treatment with sodium ethanethiolate
(Table 3, entry 2) or sodium methoxide (Table 3, entry 3)
gave the same product 27 in 35 % or 83 % yields, respective-
ly. Protection of the hydroxy group prevented 21a from un-
dergoing the retro-aldol reaction, but the bulky trimethylsil-


Scheme 4. Reaction between 15 (the enantiomer of 5) and aldehyde 2b.


Scheme 5. Attempted transformations of the tricyclic compounds.
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yl group interfered with the attack of a nucleophile on the
exo-carbonyl group, the nucleophile exclusively attacking
the endo-carbonyl group.


We therefore sought means to remove the chiral auxilia-
ries from 21a,b without protecting the hydroxy group, and
succeeded in the reductive removal of the oxazolidinone
moiety by use of sodium borohydride in aqueous THF[9] to
give propanediols 28a,b and the oxazolidinone 23
(Scheme 6). The recovered oxazolidinone 23 can be convert-
ed into the oxazolidinethione by treatment with LawessonNs
reagent and is reusable for the synthesis of the N-enoyloxa-
zolidinethiones.[7]


Conclusions


In conclusion, we have developed asymmetric tandem Mi-
chael-aldol reactions between N-enoylthiocarbamates and
aldehydes, which simultaneously induced four stereocenters,
giving tricyclic compounds incorporating a bridgehead
carbon bound to four heteroatoms. The tricyclic compounds
were converted into propanediols bearing three consecutive
chiral centers 28, accompanied in each case by the oxazolidi-
none chiral auxiliary, by a sequence of reactions involving
hydrolysis, S-methylation, and reduction. Investigations into
the transformation of 23 into other derivatives and the uti-
lization of the chiral thiols 20 and propanediols 28 are now
in progress.


Experimental Section


Melting points were obtained with a Yanagimoto micro-melting-point ap-
paratus and are uncorrected. IR spectra of solids (KBr) and liquids
(NaCl) were recorded on a JASCO IRA-100 spectrophotometer.
1H NMR spectra were recorded on JEOL GX-270 (270 MHz) or JEOL


EX-400 (400 MHz) spectrometers with
tetramethylsilane as an internal stand-
ard. 13C NMR spectra were obtained
on a JEOL EX-400 spectrometer.
Mass spectra were recorded on a
JEOL JMS-SX102 A spectrometer
with a direct-insertion probe at 70 eV.
Elemental analyses of new compounds
were performed with a Yanaco CHN
Corder MT-5. All chromatographic
isolations were carried out with BW-
350 (Fuji Silysia) for column chroma-
tography or with Kieselgel 60 PF254


containing gypsum (Merck) for prepa-
rative TLC. CH2Cl2 was washed with


water, dried over CaCl2, and freshly distilled. The recycling preparative
HPLC was performed by LC-918 liquid chromatography (Japan Analyti-
cal Industry Co., Ltd.) on JAIGEL-1H and -2H columns (polystyrene
gels).


Reaction between N-enoylthiocarbamate 1 and p-chlorobenzaldehyde
(2a): BF3·Et2O (190 mL, 1.5 mmol) was added dropwise at 0 8C to a stir-
red solution of 3-((E)-cinnamoyl)-1,3-thiazolidine-2-thione[10] (1, 249 mg,
1.0 mmol) and 2a (70 mg, 0.5 mmol) in dry CH2Cl2 (1.5 mL). The mixture
was stirred at the same temperature for 15 min, poured into an aqueous
NaHCO3 solution, and extracted with CH2Cl2. The organic layers were
dried (MgSO4) and concentrated in vacuo. Purification of the residue by
preparative TLC with elution with CH2Cl2/AcOEt 50:1 furnished 3
(113 mg, 58%) and 4 (60 mg, 31%).


(1R*,7R*,8R*,11R*)-8-(4-Chlorophenyl)-11-phenyl-9-oxa-2,10-dithia-5-
azatricyclo[5.2.2.01.5]undecan-6-one (3): Colorless prisms (from CH2Cl2/
hexane); m.p. 220.5–221.0 8C (dec); 1H NMR (400 MHz, CDCl3): d =


3.23–3.29 (m, 1 H; 3-H), 3.25 (t, J = 2.5 Hz, 1 H; 7-H), 3.38–3.45 (m, 1H;
3-H), 4.00–4.06 (m, 1H; 4-H), 4.40–4.45 (m. 1 H; 4-H), 4.43 (d, J =


3.4 Hz, 1H; 11-H), 5.39 (d, J = 2.5 Hz, 1H; 8-H), 7.15 (d, J = 8.3 Hz,
2H; ArH), 7.21–7.30 (m, 3H; ArH), 7.44 (d, J = 8.8 Hz, 2 H; ArH),
7.52 ppm (d, J = 8.8 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d =


30.3 (t), 45.2 (d), 47.5 (t), 52.9 (d), 77.8 (d), 104.4 (s), 127.1 (d), 127.9 (d),
128.2 (d), 128.7 (d), 129.0 (d), 134.4 (s), 134.9 (s), 138.6 (s), 166.6 ppm (s),
four aromatic carbons were overlapped; IR (KBr): ñ = 1682 cm�1 (C=
O); MS (EI): m/z (%): 389 (15) [M]+ , 165 (100); elemental analysis calcd
(%) for C19H16ClNO2S2: C 58.53, H 4.14, N 3.59; found: C 58.35, H 4.07,
N 3.61.


(1R*,7R*,8S*,11R*)-8-(4-Chlorophenyl)-11-phenyl-9-oxa-2,10-dithia-5-
azatricyclo[5.2.2.01.5]undecan-6-one (4): Colorless prisms (from CH2Cl2/
hexane); m.p. 188.0–192.0 8C (decomp); 1H NMR (400 MHz, CDCl3): d
= 3.28–3.36 (m, 1 H; 3-H), 3.33 (d, J = 3.5 Hz, 1H; 7-H), 3.39–3.46 (m,
1H; 3-H), 4.03–4.07 (m, 1H; 4-H), 4.32–4.38 (m. 1H; 4-H), 5.09 (d, J =


3.5 Hz, 1 H; 11-H), 5.45 (s, 1H; 8-H), 7.20 (d, J = 7.0 Hz, 2H; ArH),
7.22–7.38 ppm (m, 7 H; ArH); 13C NMR (100 MHz, CDCl3): d = 30.3 (t),
47.6 (t), 52.5 (d), 54.2 (d), 80.2 (d), 103.9 (s), 127.1 (d), 127.8 (d), 128.3
(d), 128.9 (d), 129.0 (d), 134.5 (s), 137.3 (s), 138.6 (s), 164.0 ppm (s), four
aromatic carbons were overlapped; IR (KBr): ñ = 1682 cm�1 (C=O); MS
(EI): m/z (%): 389 (20) [M]+ , 165 (100); elemental analysis calcd (%) for
C19H16ClNO2S2: C 58.53, H 4.14, N 3.59; found: C 58.36, H 4.22, N 3.59.


ACHTUNGTRENNUNG(4S,5R)-3-[(E)-Cinnamoyl]-4-methyl-5-phenyl-1,3-oxazolidine-2-thione
(5): Pyridine (1.98 g, 25 mmol) was gradually added at room temperature
to a solution of (4S,5R)-4-methyl-5-phenyl-1,3-oxazolidine-2-thione
(3.9 g, 20 mmol) and cinnamoyl chloride (3.67 g, 22 mmol) in benzene
(25 mL). The reaction mixture was stirred at room temperature for 23 h
and then poured into water. The organic layer was separated and the
aqueous layer was extracted with AcOEt. The organic layer and the ex-
tracts were combined, washed successively with 2% hydrochloric acid,
water, and saturated aqueous NaHCO3, dried (MgSO4), and concentrated
in vacuo. The residue was purified by column chromatography on silica
gel (hexane/AcOEt 3:1) to give 5 (6.3 g, 97 %). Yellow crystals (from
AcOEt/hexane); m.p. 82.0–82.5 8C; [a]24


D = �247.7 (c = 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 1.03 (d, J = 6.8 Hz, 3 H; Me), 5.04
(quintet, J = 6.8 Hz, 1H; 4’-H), 5.83 (d, J = 6.8 Hz, 1H; 5’-H), 7.26–7.46


Table 3. Transformation of O-TMS aldol 26.


Entry Reagents (equiv) Solvent Conditions Yield [%]


1 LiBH4 (1.1) dry THF RT, 4 h 100
2 EtSH (1.1), NaH (0.25) dry THF 0 8C add, RT, 50 min 35
3 MeONa (1.1) dry CH2Cl2 �25 8C, 8 min 83


Scheme 6. Synthesis of propanediols 28a and 28b and recovery of the
chiral auxiliary 23.
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(m, 8 H; ArH), 7.57–7.63 (m, 2H; ArH), 7.78 (d, J = 15.6 Hz, 1 H; 3-H),
8.41 ppm (d, J = 15.6 Hz, 1H; 2-H); 13C NMR (100 MHz, CDCl3): d =


14.2 (q), 59.2 (d), 83.6 (d), 118.8 (d), 125.8 (d), 128.5 (d), 128.6 (d), 128.8
(d), 128.9 (d), 130.5 (d), 132.4 (s), 134.6 (s), 145.1 (d), 166.2 (s),
185.4 ppm (s), four aromatic carbons were overlapped; IR (KBr): ñ =


1676 cm�1 (C=O); MS (EI): m/z (%): 323 (8) [M]+ , 157 (100); elemental
analysis calcd (%) for C19H17NO2S: C 70.56, H 5.30, N 4.33; found: C
70.66, H 5.28, N 4.28.


A typical reaction between N-enoylthiocarbamate 5 and an aldehyde 2 :
BF3·Et2O (190 mL, 1.5 mmol) was added dropwise at �40 8C to a stirred
solution of 5 (323 mg, 1.0 mmol) and p-nitrobenzaldehyde (2b, 76 mg,
0.5 mmol) in dry CH2Cl2 (1.6 mL). The mixture was stirred at the same
temperature for 24 h, poured into a saturated aqueous NaHCO3 solution,
and extracted with CH2Cl2. The organic layers were dried (MgSO4) and
concentrated in vacuo. Purification of the residue by the recycling prepa-
rative HPLC with elution with chloroform furnished 6b (209 mg, 88%)
and 7b (13 mg, 5%).


(1R,3R,4S,7R,8R,11R)-8-(4-Chlorophenyl)-4-methyl-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (6a): Colorless prisms
(from AcOEt/hexane); m.p. 85.0–87.0 8C; [a]24


D = �24.8 (c = 1.0 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.13 (d, J = 6.5 Hz, 3H; Me),
3.24 (t, J = 2.5 Hz, 1H; 7-H), 4.45 (d, J = 2.5 Hz, 1H; 11-H), 4.70 (quin-
tet, J = 6.5 Hz, 1 H; 4-H), 5.40 (d, J = 2.5 Hz, 1 H; 8-H), 5.80 (d, J =


6.5 Hz, 1 H; 3-H), 7.20–7.29 (m, 4H; ArH), 7.36–7.47 (m, 8 H; ArH),
7.58 ppm (d, J = 8.3 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d =


14.4 (q), 43.3 (d), 53.7 (d), 54.3 (d), 76.4 (d), 84.6 (d), 113.8 (s), 126.0 (d),
126.9 (d), 127.8 (d), 128.1 (d), 128.46 (d), 128.54 (d), 128.6 (d), 129.0 (d),
133.7 (s), 134.2 (s), 135.2 (s), 138.5 (s), 164.9 ppm (s), six aromatic car-
bons were overlapped; IR (KBr): ñ = 1702 cm�1 (C=O); MS (EI): m/z
(%): 463 (32) [M]+ , 191 (100); elemental analysis calcd (%) for
C26H22ClNO3S: C 67.30, H 4.78, N 3.02; found: C 67.04, H 4.62, N 3.00.


(1R,3R,4S,7R,8S,11R)-8-(4-Chlorophenyl)-4-methyl-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (7a): White powder;
m.p. 55.0–55.5 8C; [a]23


D = �20.0 (c = 1.0 in CHCl3); 1H NMR (400 MHz,
CDCl3): d = 1.07 (d, J = 6.5 Hz, 3H; Me), 3.35 (d, J = 3.4 Hz, 1H; 7-
H), 4.66 (quintet, J = 6.5 Hz, 1 H; 4-H), 5.15 (d, J = 3.4 Hz, 1 H; 11-H),
5.44 (s, 1 H; 8-H), 5.88 (d, J = 6.5 Hz, 1 H; 3-H), 7.23–7.45 ppm (m, 14 H;
ArH); 13C NMR (100 MHz, CDCl3): d = 14.8 (q), 50.3 (d), 54.1 (d), 54.7
(d), 77.4 (d), 84.9 (d), 113.6 (s), 126.2 (d), 127.0 (d), 127.7 (d), 128.3 (d),
128.57 (d), 128.65 (d), 128.8 (d), 129.0 (d), 133.8 (s), 134.4 (s), 137.3 (s),
138.5 (s), 162.7 ppm (s), six aromatic carbons were overlapped; IR
(KBr): ñ = 1695 cm�1 (C=O); MS (EI): m/z (%): 463 (53) [M]+ , 191
(100); elemental analysis calcd (%) for C26H22ClNO3S: C 67.30, H 4.78,
N 3.02; found: C 67.07, H 4.66, N 3.13.


Product of undetermined structure (8a): White powder; m.p. 158.0–
159.0 8C; [a]20


D = �252.1 (c = 1.0 in CHCl3); 1H NMR (400 MHz,
CDCl3): d = 0.70 (d, J = 6.6 Hz, 3 H; Me), 3.89 (quintet, J = 6.6 Hz,
1H; 4-H), 4.54 (d, J = 6.6 Hz, 1 H; 3-H), 5.09 (d, J = 10.3 Hz, 1H; 11-
H), 5.20 (dd, J = 8.3 and 10.3 Hz, 1 H; 7-H), 5.75 (d, J = 8.3 Hz, 1 H; 8-
H), 7.09 (d, J = 7.3 Hz, 2H; ArH), 7.31–7.42 (m, 8H; ArH), 7.61 (d, J =


7.8 Hz, 2H; ArH), 7.66 ppm (d, J = 7.8 Hz, 2 H; ArH); 13C NMR
(100 MHz, CDCl3): d = 14.4 (q), 40.0 (d), 41.0 (d), 55.1 (d), 57.6 (d),
79.5 (d), 125.4 (d), 128.3 (d), 128.6 (d), 128.8 (d), 128.9 (d), 129.2 (d),
132.6 (s), 133.5 (s), 140.3 (s), 140.7 (s), 152.1 (s), 168.9 ppm (s), eight aro-
matic carbons are overlapped; IR (KBr): ñ = 1698 cm�1 (C=O); MS
(EI): m/z (%): 463 (73) [M]+ , 191 (100); elemental analysis calcd (%) for
C26H22ClNO3S: C 67.30, H 4.78, N 3.02; found: C 67.30, H 4.85, N 3.14.


(1R,3R,4S,7R,8R,11R)-4-Methyl-8-(4-nitrophenyl)-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (6b): Colorless
prisms (from acetone/hexane); m.p. 208.0–208.5 8C; [a]20


D = �46.5 (c =


1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.15 (d, J = 6.3 Hz,
3H; Me), 3.34 (t, J = 2.7 Hz, 1 H; 7-H), 4.35 (d, J = 2.7 Hz, 1H; 11-H),
4.72 (quintet, J = 6.3 Hz, 1 H; 4-H), 5.51 (d, J = 2.7 Hz, 1 H; 8-H), 5.83
(d, J = 6.3 Hz, 1H; 3-H), 7.20–7.25 (m, 2 H; ArH), 7.27–7.31 (m, 2H;
ArH), 7.38–7.47 (m, 6H; ArH), 7.86 (d, J = 8.8 Hz, 2H; ArH), 8.36 ppm
(d, J = 8.8 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d = 14.5 (q),
43.6 (d), 53.4 (d), 54.5 (d), 76.3 (d), 84.9 (d), 113.9 (s), 124.1 (d), 126.1
(d), 126.7 (d), 127.8 (d), 128.4 (d), 128.6 (d), 128.7 (d), 128.8 (d), 133.6


(s), 138.2 (s), 144.2 (s), 148.1 (s), 164.5 ppm (s), six aromatic carbons
were overlapped; IR (KBr): ñ = 1701 (C=O), 1522 (NO2), 1347 cm�1


(NO2); MS (EI): m/z (%): 474 (45) [M]+ , 122 (100); elemental analysis
calcd (%) for C26H22N2O5S: C 65.81, H 4.67, N 5.90; found: C 65.58, H
4.58, N 5.86.


(1R,3R,4S,7R,8S,11R)-4-Methyl-8-(4-nitrophenyl)-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (7b): Colorless plates
(from CH2Cl2/hexane); m.p. 203.5–205.0 8C; [a]24


D = ++11.1 (c = 0.25 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.09 (d, J = 6.3 Hz, 3H; Me),
3.41 (d, J = 3.7 Hz, 1H; 7-H), 4.68 (quintet, J = 6.3 Hz, 1 H; 4-H), 5.20
(d, J = 3.7 Hz, 1 H; 11-H), 5.59 (s, 1H; 8-H), 5.92 (d, J = 6.3 Hz, 1H; 3-
H), 7.26–7.48 (m, 10H; ArH), 7.52 (d, J = 8.8 Hz, 2H; ArH), 8.25 ppm
(d, J = 8.8 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d = 14.8 (q),
50.3 (d), 54.3 (d), 54.6 (d), 77.0 (d), 85.1 (d), 113.8 (s), 124.1 (d), 126.2
(d), 126.6 (d), 127.8 (d), 128.6 (d), 128.7 (d), 128.8 (d), 128.9 (d), 133.6
(s), 138.2 (s), 145.7 (s), 148.0 (s), 162.2 ppm (s), six aromatic carbons
overlapped; IR (KBr): ñ = 1692 (C=O), 1524 (NO2), 1344 cm�1 (NO2);
MS (EI): m/z (%): 474 (43) [M]+ , 122 (100); elemental analysis calcd
(%) for C26H22N2O5S: C 65.81, H 4.67, N 5.90; found: C 65.65, H 4.60, N
5.79.


(1R,3R,4S,7R,8R,11R)-4-Methyl-8-(3-nitrophenyl)-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (6c): Colorless prisms
(from CH2Cl2/hexane); m.p. 195.0–195.5 8C; [a]20


D = �35.7 (c = 1.0 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.14 (d, J = 6.3 Hz, 3H; Me),
3.36 (t, J = 2.8 Hz, 1H; 7-H), 4.34 (d, J = 2.8 Hz, 1H; 11-H), 4.72 (quin-
tet, J = 6.3 Hz, 1 H; 4-H), 5.51 (d, J = 2.8 Hz, 1 H; 8-H), 5.83 (d, J =


6.3 Hz, 1 H; 3-H), 7.21–7.30 (m, 5H; ArH), 7.40–7.47 (m, 5 H; ArH), 7.70
(t, J = 8.1 Hz, 1H; ArH), 8.00 (d, J = 8.1 Hz, 1H; ArH), 8.30 (d, J =


8.1 Hz, 1 H; ArH), 8.56 ppm (s, 1H, ArH); 13C NMR (100 MHz, CDCl3):
d = 14.5 (q), 43.6 (d), 53.4 (d), 54.5 (d), 76.1 (d), 84.9 (d), 114.0 (s), 120.9
(d), 123.6 (d), 126.1 (d), 127.8 (d), 128.4 (d), 128.6 (d), 128.7 (d), 128.8
(d), 130.0 (d), 131.6 (s), 133.6 (s), 138.2 (s), 139.3 (s), 148.7 (s), 164.5 ppm
(s), four aromatic carbons were overlapped; IR (KBr) ñ = 1705 (C=O),
1532 (NO2), 1349 cm�1 (NO2); MS (EI): m/z (%): 474 (12) [M]+ , 122
(100); elemental analysis calcd (%) for C26H22N2O5S: C 65.81, H 4.67, N
5.90; found: C 65.66, H 4.60, N 5.90.


(1R,3R,4S,7R,8S,11R)-4-Methyl-8-(3-nitrophenyl)-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (7c): Colorless prisms
(from CH2Cl2/hexane); m.p. 201.5–202.0 8C; [a]20


D = �11.1 (c = 1.0 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.09 (d, J = 6.5 Hz, 3H; Me),
3.41 (d, J = 3.4 Hz, 1H; 7-H), 4.70 (quintet, J = 6.5 Hz, 1 H; 4-H), 5.21
(d, J = 3.4 Hz, 1 H; 11-H), 5.61 (s, 1H; 8-H), 5.98 (d, J = 6.5 Hz, 1H; 3-
H), 7.26–7.47 (m, 10H; ArH), 7.58 (t, J = 8.1 Hz, 1H; ArH), 7.66 (d, J
= 8.1 Hz, 1H; ArH), 8.20 (d, J = 8.1 Hz, 1H; ArH), 8.24 ppm (s, 1 Hz,
1H; ArH); 13C NMR (100 MHz, CDCl3): d = 14.8 (q), 50.0 (d), 54.3 (d),
54.9 (d), 76.8 (d), 85.2 (d), 113.8 (s), 120.8 (d), 123.5 (d), 126.2 (d), 127.8
(d), 128.5 (d), 128.6 (d), 128.8 (d), 128.9 (d), 130.0 (d), 131.4 (d), 133.6
(s), 138.3 (s), 141.1 (s), 148.5 (s), 162.2 ppm (s), four aromatic carbons
were overlapped; IR (KBr): ñ = 1646 (C=O), 1530 (NO2), 1344 cm�1


(NO2); MS (EI): m/z (%): 474 (10) [M]+ , 456 (100); elemental analysis
calcd (%) for C26H22N2O5S: C 65.81, H 4.67, N 5.90; found: C 65.63, H
4.68, N 5.94.


(1R,3R,4S,7R,8R,11R)-4-Methyl-3,8,11-triphenyl-2,9-dioxa-10-thia-5-aza-
tricyclo[5.2.2.01.5]undecan-6-one (6d): White powder; m.p. 92.0–93.0 8C;
[a]24


D = �21.0 (c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.14
(d, J = 6.3 Hz, 3H; Me), 3.28 (t, J = 2.4 Hz, 1H; 7-H), 4.50 (d, J =


2.4 Hz, 1H; 11-H), 4.71 (quintet, J = 6.3 Hz, 1 H; 4-H), 5.45 (d, J =


2.4 Hz, 1 H; 8-H), 5.81 (d, J = 6.3 Hz, 1H; 3-H), 7.20–7.29 (m, 6H;
ArH), 7.36–7.50 (m, 7H; ArH), 7.64 ppm (d, J = 7.8 Hz, 2 H; ArH);
13C NMR (100 MHz, CDCl3): d = 14.5 (q), 43.4 (d), 54.0 (d), 54.4 (d),
77.1 (d), 84.6 (d), 114.0 (s), 125.6 (d), 126.2 (d), 127.9 (d), 128.1 (d), 128.4
(d), 128.55 (d), 128.59 (d), 128.7 (d), 128.8 (d), 133.9 (s), 136.7 (s), 138.9
(s), 165.4 ppm (s), six aromatic carbons were overlapped; IR (KBr): ñ =


1702 cm�1 (C=O); MS (EI): m/z (%): 429 (55) [M]+ , 157 (100); elemental
analysis calcd (%) for C26H23NO3S: C 72.70, H 5.40, N 3.26; found: C
72.85, H 5.48, N 3.14.


Product of undetermined structure (8d): White solid (from AcOEt/
hexane); m.p. 147.0–150.0 8C; [a]24


D = �209.2 (c = 1.0 in CHCl3);
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1H NMR (400 MHz, CDCl3): d = 0.69 (d, J = 6.8 Hz, 3 H; Me), 3.90
(quintet, J = 6.8 Hz, 1H; 4-H), 4.53 (d, J = 6.8 Hz, 1H; 3-H), 5.11 (d,
J = 10.3 Hz, 1 H; 11-H), 5.28 (dd, J = 8.0 and 10.3 Hz, 1 H; 7-H), 5.79
(d, J = 8.0 Hz, 1H; 8-H), 7.10 (d, J = 7.3 Hz, 2H; ArH), 7.28–7.42 (m,
9H; ArH), 7.67 (d, J = 7.3 Hz, 2H; ArH), 7.68 ppm (d, J = 7.8 Hz, 2H;
ArH); 13C NMR (100 MHz, CDCl3): d = 14.4 (q), 40.6 (d), 41.0 (d), 55.1
(d), 57.5 (d), 79.4 (d), 125.4 (d), 127.7 (d), 127.8 (d), 128.2 (d), 128.4 (d),
128.54 (d), 128.59 (d), 128.63 (d), 128.7 (d), 132.7 (s), 140.5 (s), 142.2 (s),
152.1 (s), 169.0 ppm (s), six aromatic carbons are overlapped; IR (KBr):
ñ = 1695 cm�1 (C=O); MS (EI): m/z (%): 429 (13) [M]+ , 131 (100); ele-
mental analysis calcd (%) for C26H23NO3S: C 72.70, H 5.40, N 3.26;
found: C 72.50, H 5.35, N 3.11.


(1R,3R,4S,7R,8R,11R)-4-Methyl-3,11-diphenyl-8-p-tolyl-2,9-dioxa-10-
thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (6e): Yellow powder; m.p.
105.0–105.5 8C; [a]20


D = �18.9 (c = 1.0 in CHCl3); 1H NMR (400 MHz,
CDCl3): d = 1.13 (d, J = 6.3 Hz, 3 H; Me), 2.41 (s, 3H; Me), 3.25 (t, J =


2.5 Hz, 1H; 7-H), 4.52 (d, J = 2.5 Hz, 1H; 11-H), 4.70 (quintet, J =


6.3 Hz, 1H; 4-H), 5.42 (d, J = 2.5 Hz, 1H; 8-H), 5.81 (d, J = 6.3 Hz,
1H; 3-H), 7.20–7.46 (m, 12H; ArH), 7.52 ppm (d, J = 7.8 Hz, 2H;
ArH); 13C NMR (100 MHz, CDCl3): d = 14.4 (q), 21.2 (q), 43.3 (d), 53.4
(d), 54.3 (d), 77.1 (d), 84.6 (d), 114.0 (s), 125.4 (d), 125.7 (d), 126.2 (d),
126.38 (d), 126.43 (d), 127.9 (d), 128.0 (d), 128.2 (d), 128.5 (d), 128.54 (d),
128.65 (d), 128.5 (d), 128.8 (d), 129.8 (d), 133.6 (s), 133.9 (s), 138.2 (s),
139.0 (s), 165.5 ppm (s); IR (KBr): ñ = 1701 cm�1 (C=O); MS (EI): m/z
(%): 443 (23) [M]+ , 171 (100); HRMS (EI): calcd for C27H25NO3S [M]+ :
443.1555; found 443.1550.


Product of undetermined structure (8e): White needles (from CH2Cl2/
hexane); m.p. 107.0–107.5 8C; [a]20


D = �224.3 (c = 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 0.68 (d, J = 6.7 Hz, 3H; Me), 2.36 (s,
3H; Me), 3.89 (quintet, J = 6.7 Hz, 1H; 4-H), 4.54 (d, J = 6.7 Hz, 1H;
3-H), 5.10 (d, J = 10.5 Hz, 1 H; 11-H), 5.26 (dd, J = 8.1 and 10.5 Hz,
1H; 7-H), 5.75 (d, J = 8.1 Hz, 1H; 8-H), 7.10 (d, J = 6.7 Hz, 2H; ArH),
7.20 (d, J = 8.3 Hz, 2H; ArH), 7.31–7.42 (m, 6H; ArH), 7.57 (d, J =


8.3 Hz, 2H; ArH), 7.67 ppm (d, J = 7.3 Hz, 2 H; ArH); 13C NMR
(100 MHz, CDCl3): d = 14.3 (q), 21.0 (q), 40.5 (d), 40.8 (d), 54.9 (d),
57.6 (d), 79.3 (d), 125.3 (d), 125.5 (d), 127.7 (d), 128.0 (d), 128.3 (d), 128.4
(d), 128.5 (d), 128.6 (d), 128.8 (d), 129.2 (d), 132.6 (s), 137.4 (s), 139.1 (s),
140.5 (s), 151.9 (s), 168.9 ppm (s), four aromatic carbons are overlapped;
IR (KBr) ñ = 1694 cm�1 (C=O); MS (EI): m/z (%): 443 (11) [M]+, 171
(100); elemental analysis calcd (%) for C27H25NO3S: C 73.11, H 5.68, N
3.16; found: C 72.87, H 5.59, N 3.37.


X-ray determination of compound 6c : CCDC-289047 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


ACHTUNGTRENNUNG(4R,5S)-3-[(E)-Cinnamoyl]-4-methyl-5-phenyl-1,3-oxazolidine-2-thione
(15): This compound was prepared from (4R,5S)-4-methyl-5-phenyl-1,3-
oxazolidine-2-thione[11] in a similar way as for isomer 5 above. Yellow
prism (from AcOEt/hexane); m.p. 87.0–87.5 8C (decomp); [a]20


D =


+224.4 (c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.04 (d,
J = 6.8 Hz, 3 H; CH3), 5.05 (quintet, J = 6.8 Hz, 1 H; 4’-H), 5.83 (d, J =


6.8 Hz, 1 H; 5’-H), 7.35–7.46 (m, 8 H; ArH), 7.62 (q, J = 3.4 Hz, 2H;
ArH), 7.78 (d, J = 15.6 Hz, 1 H; 2-H), 8.41 ppm (d, J = 15.6 Hz, 1H; 3-
H); 13C NMR (100 MHz, CDCl3): d = 14.3 (q), 59.3 (d), 83.7 (d), 118.8
(d), 125.9 (d), 128.6 (d), 128.7 (d), 128.9 (d), 130.6 (d), 132.5 (s), 134.7 (s),
145.3 (d), 166.3 (s), 185.5 ppm (s), five aromatic carbons overlapped; IR
(KBr): ñ = 1677 cm�1 (C=O); MS (EI): m/z (%): 323 (15) [M]+ , 157
(100); elemental analysis calcd (%) for C19H17NO2S: C 70.56, H 5.30, N
4.33; found: C 70.63, H 5.29, N 4.19.


(1S,3S,4R,7S,8S,11S)-4-Methyl-8-(4-nitrophenyl)-3,11-diphenyl-2,9-dioxa-
10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (16): White powder; m.p.
203.5–205 8C (decomp); [a]24


D = ++51.4 (c = 1.0 in CHCl3); 1H NMR
(400 MHz, CDCl3): d = 1.14 (d, J = 6.8 Hz, 3H; CH3), 3.34 (t, J =


2.9 Hz, 1H; 7-H), 4.35 (d, J = 3.4 Hz, 1H; 11-H), 4.71 (quintet, J =


6.8 Hz, 1H; 11-H), 5.51 (d, J = 2.9 Hz, 1H; 8-H), 5.82 (d, J = 5.9 Hz,
1H; 3-H), 7.19–7.47 (m, 10H; ArH), 7.86 (d, J = 8.3 Hz, 2 H; ArH),
8.36 ppm (d, J = 8.8 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3): d =


14.5 (q), 43.6 (d), 53.4 (d), 54.5 (d), 76.3 (d), 84.9 (d), 113.9 (s), 124.1 (d),


126.1 (d), 126.7 (d), 127.8 (d), 128.4 (d), 128.6 (d), 128.7 (d), 128.8 (d),
133.6 (s), 138.2 (s), 144.2 (s), 148.1 (s), 164.5 ppm (d), six aromatic car-
bons overlapped; IR (KBr): ñ = 1704 (C=O), 1522 (NO2), 1347 cm�1


(NO2); MS (EI): m/z (%): 474 (30) [M]+ , 122 (100); elemental analysis
calcd (%) for C26H22N2O5S: C 65.80, H 4.67, N 5.90; found: C 65.56, H
4.71, N 5.79.


(1S,3S,4R,7S,8R,11S)-4-Methyl-8-(4-nitrophenyl)-3,11-diphenyl-2,9-
dioxa-10-thia-5-azatricyclo[5.2.2.01.5]undecan-6-one (17): Colorless plates
(from acetone/hexane); m.p. 208.5–209 8C (decomp); [a]24


D = �9.88 (c =


1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 1.09 (d, J = 6.8 Hz,
3H; CH3), 3.41 (d, J = 3.4 Hz, 1 H; 7-H), 4.68 (quintet, J = 6.4 Hz, 1H;
4-H), 5.20 (d, J = 3.9 Hz, 1H; 11-H), 5.59 (s, 1H; 8-H), 5.92 (d, J =


6.4 Hz, 1H; 3-H), 7.26–7.55 (m, 12 H; ArH), 8.25 ppm (d, J = 8.8 Hz,
2H; ArH); 13C NMR (100 MHz, CDCl3): d = 14.8 (q), 50.2 (d), 54.2 (d),
54.5 (d), 85.1 (d), 113.7 (s), 124.1 (d), 126.1 (d), 126.2 (d), 126.8 (d), 127.8
(d), 128.5 (d), 128.6 (d), 128.8 (d), 128.9 (d), 133.6 (s), 138.2 (s), 145.7 (s),
147.9 (s), 162.2 ppm (s), six aromatic carbons overlapped; IR (KBr): ñ =


1692 (C=O), 1524 (NO2), 1344 cm�1 (NO2); MS (EI): m/z (%): 474 (87)
[M]+ , 122 (100); elemental analysis calcd (%) for C26H22N2O5S: C 65.80,
H 4.67, N 5.90; found: C 65.40, H 4.87, N 5.75.


Hydrolysis of tricyclic compound 4 : HCl (2m, 7.5 mL) was added to a
mixture of 4 (97 mg, 0.25 mmol) in CH3CN (7.5 mL). The mixture was
stirred at 100 8C for 3 h, the reaction mixture was then extracted with
CH2Cl2, and the organic phase was dried (MgSO4) and concentrated in
vacuo. Purification of the residue by column chromatography over silica
gel (hexane/AcOEt 2:1) furnished 18 (21 mg, 21 %) and 19 (53 mg,
52%).


(2’R*,3’R*,1’’S*)-3-[3’-(4-Chlorophenyl)-3’-hydroxy-2’-(1’’-sulfanyl-1’’-
phenylmethyl)propionyl]thiazolidin-2-one (18): Yellow oil; 1H NMR
(400 MHz, CDCl3): d = 2.27 (d, J = 10.3 Hz, 1 H; SH), 2.87 (ddd, J =


2.4, 7.8, 11.2 Hz, 1H; 5-H), 3.08 (ddd, J = 4.9, 7.8, 11.2 Hz, 1H; 5-H),
3.79 (d, J = 10.3 Hz, 1 H; OH), 3.87–3.98 (m, 1 H; 4-H), 4.00–4.05 (m,
1H; 4-H), 4.41–4.47 (m, 2H; 2’-H and 1’’-H), 5.08 (dd, J = 3.9, 11.2 Hz,
1H; 3’-H), 7.12 (d, J = 8.5 Hz, 2H; ArH), 7.25–7.31 (m, 3 H; ArH),
7.37–7.41 (m, 2H, ArH), 7.49 ppm (d, J = 8.5 Hz, 2H; ArH); 13C NMR
(100 MHz, CDCl3): d = 24.8 (t), 43.0 (d), 46.8 (t), 57.1 (d), 72.1 (d),
126.3 (d), 127.3 (d), 127.9 (d), 128.4 (d), 129.1 (d), 133.1 (s), 140.4 (s),
141.7 (s), 173.3 (s), 173.9 ppm (s), four aromatic carbons overlapped; IR
(NaCl): ñ = 1690 cm�1 (C=O); MS (FAB, NBA) m/z (%): 408 (1)
[M+H]+ , 154 (100); HRMS (FAB, NBA): calcd for C19H18ClNO3S2


[M+H]+ : 408.0495; found 408.0501.


(5R*,6R*,1’S*)-5-(4-Chlorobenzoyl)-3-(2-sulfanylethyl)-6-phenyl-
[1,3]thiazinane-2,4-dione (19): Yellow oil; 1H NMR (400 MHz, CDCl3): d
= 1.33 (t, J = 8.5 Hz, 1 H; SH), 2.40 (d, J = 7.5 Hz, 1 H; OH), 2.64–2.71
(m, 2H; CH2SH), 3.50 (dd, J = 5.0, 7.5 Hz, 1 H; 5-H), 3.86–4.00 (m, 2H;
NCH2), 4.25 (t, J = 7.5 Hz, 1H; 1’-H), 5.36 (d, J = 5.0 Hz, 1H; 6-H)
7.23–7.33 (m, 3 H, ArH), 7.36–7.42 ppm (m, 6H, ArH); 13C NMR
(100 MHz, CDCl3): d = 22.1 (t), 41.8 (d), 44.5 (t), 53.8 (d), 76.5 (d),
127.3 (d), 127.5 (d), 128.4 (d), 129.1 (d), 129.5 (d), 133.9 (s), 135.6 (s),
139.7 (s), 150.1 (s), 167.4 ppm (s), four aromatic carbons overlapped; IR
(NaCl): ñ = 1759, 1705 cm�1 (C=O); MS (EI): m/z (%): 407 (5) [M]+ ,
131 (100); HRMS (EI): calcd for C19H18ClNO3S2 [M+ ]: 407.0417; found
407.0405.


Hydrolysis of tricyclic compound 6a : HCl (2n, 7.5 mL) was added to a
mixture of 6a (116 mg, 0.25 mmol) in CH3CN (7.5 mL). The mixture was
stirred at room temperature for 5 h and was then extracted with CH2Cl2.
The organic phase was washed with a saturated aqueous NH4Cl solution,
dried (MgSO4), and concentrated in vacuo. Purification of the residue by
column chromatography over silica gel (hexane/AcOEt 3:1) furnished 20
(94 mg, 78%).


(4S,5R,2’R,3’R,1’’R)-3-[3’-(4-Chlorophenyl)-3’-hydroxy-2’-(1’’-sulfanyl-1’’-
phenylmethyl)propionyl]-4-methyl-5-phenyloxazolidin-2-one (20a):
White powder; m.p. 70.5–71.0 8C; [a]20


D = ++82.2 (c = 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 0.57 (d, J = 6.8 Hz, 3H; Me), 2.36 (d,
J = 8.6 Hz, 1H; SH), 2.71 (d, J = 3.4 Hz, 1H; OH), 4.48 (t, J = 8.6 Hz,
1H; 1’’-H), 4.59 (quintet, J = 6.8 Hz, 1H; 4-H), 5.13 (dd, J = 3.4,
7.3 Hz, 1H; 3’-H), 5.25 (dd, J = 7.3, 8.6 Hz, 1 H; 2’-H), 5.31 (d. J =


6.8 Hz, 1 H; 5-H), 7.18–7.48 ppm (m, 14H; ArH); 13C NMR (100 MHz,
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CDCl3): d = 13.9 (q), 43.6 (d), 54.7 (d), 55.7 (d), 74.0 (d), 78.8 (d), 125.5
(d), 127.5 (d), 127.7 (d), 128.1 (d), 128.5 (d), 128.6 (d), 128.7 (d), 128.8
(d), 132.7 (s), 133.6 (s), 138.6 (s), 141.3 (s), 152.6 (s), 171.6 ppm (s), six ar-
omatic carbons overlapped; IR (KBr): ñ = 3498 (OH), 2569 (SH), 1766
(C=O), 1685 cm�1 (C=O); MS (FAB, Gly) m/z (%): 482 (10) [M+H]+ ,
308 (100); HRMS (FAB, Gly): calcd for C26H24ClNO4S [M+H]+ :
482.1115; found 482.1187.


(4S,5R,2’R,3’R,1’’R)-3-[3’-Hydroxy-3’-(4-nitrophenyl)-2’-(1’’-phenylmeth-
yl)-1’’-sulfanylpropionyl]-4-methyl-5-phenyloxazolidin-2-one (20b): Col-
orless plates (from AcOEt/hexane); m.p. 146.5–149.0 8C; [a]20


D = ++51.5
(c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 0.72 (d, J =


6.4 Hz, 3H; Me), 2.30 (d, J = 8.8 Hz, 1 H; SH), 3.17 (br s, 1 H; OH), 4.48
(t, J = 8.8 Hz, 1 H; 1’’-H), 4.68 (quintet, J = 6.9 Hz, 1 H; 4-H), 5.24 (d,
J = 5.6 Hz, 1 H; 3’-H), 5.29 (dd, J = 5.6, 8.8 Hz, 1H; 2’-H), 5.44 (d, J =


6.9 Hz, 1H; 5-H), 7.16–7.43 (m, 12 H; ArH), 8.00 ppm (d, J = 8.3 Hz,
2H; ArH); 13C NMR (100 MHz, CDCl3): d = 11.8 (q), 42.9 (d), 55.1 (d),
55.7 (d), 73.2 (d), 79.2 (d), 123.0 (d), 125.5 (d), 127.5 (d), 127.6 (d), 127.9
(d), 128.8 (d), 128.9 (d), 129.0 (d), 132.5 (s), 140.9 (s), 147.15 (s), 147.23
(s), 153.0 (s), 172.3 ppm (s); IR (KBr) ñ = 3483 (OH), 2570 (SH), 1778
(C=O), 1689 (C=O), 1520 (NO2), 1345 cm�1 (NO2); MS (FAB, NBA) m/z
(%): 493 (7) [M+H]+ , 154 (100); elemental analysis calcd (%) for
C26H24N2O6S: C 63.40, H 4.91, N 5.69; found: C 63.65, H 5.03, N 5.53.


Synthesis of 21: A solution of 20 (78 mg, 0.17 mmol), MeI (60.3 mg,
0.43 mmol), and triethylamine (43 mg, 0.43 mmol) in dry CH2Cl2 (2 mL)
was stirred at 0 8C. After the addition was complete, the reaction was al-
lowed to continue at room temperature for 1.5 h. The reaction mixture
was extracted with AcOEt. The extract was washed successively with
HCl (10 %), water, and brine and then dried (MgSO4). After removal of
the solvent, purification of the residue by the recycling preparative
HPLC with elution with chloroform furnished 21 (72 mg, 85 %).


(4S,5R,2’R,3’R,1’’R)-3-[3’-(4-Chlorophenyl)-3’-hydroxy-2’-(1’’-methylsul-
fanyl-1’’-phenylmethyl)propionyl]-4-methyl-5-phenyloxazolidin-2-one
(21a): Colorless prisms (from CHCl3/hexane); m.p. 170.0–170.5 8C;
[a]20


D = ++96.1 (c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d =


0.57 (d, J = 6.8 Hz, 3H; Me), 1.90 (s, 3 H; SMe), 2.81 (d, J = 2.4 Hz,
1H; OH) 4.20 (d, J = 8.3 Hz, 1H; 1’’-H), 4.63 (quintet, J = 6.8H, 1 H;
4-H), 5.12–5.57 (m, 2H; 2’-H and 3’-H), 5.39 (d, J = 6.8 Hz, 1H; 5-H),
7.16–7.41 ppm (m, 14 H; ArH); 13C NMR (100 MHz, CDCl3): d = 13.9
(q), 15.0 (q), 51.7 (d), 54.1 (d), 54.7 (d), 73.8 (d), 78.8 (d), 125.5 (d), 127.7
(d), 128.0 (d), 128.3 (d), 128.4 (d), 128.5 (d), 128.6 (d), 128.7 (d), 132.8
(s), 133.4 (s), 138.8 (s), 138.9 (s), 152.6 (s), 171.3 ppm (s), six aromatic
carbons overlapped; IR (KBr): ñ = 3579 (OH), 1779 (C=O), 1696 cm�1


(C=O); MS (FAB, NBA) m/z (%): 496 (5) [M+H]+ , 154 (100); elemental
analysis calcd (%) for C27H26ClNO4S: C 65.38, H 5.28, N 2.82; found: C
65.25, H 5.22, N 2.84.


(4S,5R,2’R,3’R,1’’R)-3-[3’-Hydroxy-2’-(1’’-methylsulfanyl-1’’-phenylmeth-
yl)-3’-(4-nitrophenyl)propionyl]-4-methyl-5-phenyloxazolidin-2-one
(21b): Pale yellow plates (from AcOEt/hexane); m.p. 216.5–217.0 8C;
[a]20


D = ++66.0 (c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d =


0.74 (d, J = 6.7 Hz, 3 H; Me), 1.89 (s, 3H; SMe), 3.27 (s, 1 H; OH), 4.20
(d, J = 9.8 Hz, 1 H; 1’’-H), 4.71 (quintet, J = 6.7 H, 1H; 4-H), 5.17–5.20
(m, 1H; 3’-H), 5.23–5.25 (m, 1H; 2’-H), 5.52 (d, J = 6.7 Hz, 1H; 5-H),
7.16–7.44 (m, 12H; ArH), 8.00 ppm (d, J = 8.8 Hz, 2H; ArH); 13C NMR
(100 MHz, CDCl3): d = 14.3 (q), 14.9 (q), 50.8 (d), 53.6 (d), 55.2 (d),
73.1 (d), 79.2 (d), 122.9 (d), 125.5 (d), 127.5 (d), 127.8 (d), 128.5 (d), 128.7
(d), 128.8 (d), 128.9 (d), 132.6 (s), 138.4 (s), 147.0 (s), 147.4 (s), 153.0 (s),
172.2 ppm (s); IR (KBr): ñ = 3588 (OH), 1772 (C=O), 1697 (C=O), 1515
(NO2), 1345 cm�1 (NO2); MS (FAB, NBA) m/z (%): 507 (9) [M+H]+ ,
154 (100); elemental analysis calcd (%) for C27H26N2O6S: C 64.02, H
5.17, N 5.53; found: C 63.78, H 5.09, N 5.49.


Reaction of 21 with lithium ethanethiolate : n-Butyllithium (150 mL,
0.3 mmol) was added at �78 8C to a solution of ethanethiol (30 mL,
0.4 mmol) in dry THF (2 mL). The solution was transferred to an ice/
water bath and stirred for 10 min until it became milky. A solution of 21
(96.2 mg, 0.2 mmol) in dry THF (2 mL) was transferred into the thiolate
solution by cannula, and the reaction mixture was stirred at 0 8C for
20 min. The reaction mixture was poured into a separating funnel con-
taining a saturated aqueous NH4Cl solution and extracted with Et2O. The


organic phase was separated, washed with brine, dried (MgSO4), and con-
centrated in vacuo. Purification of the residue by column chromatogra-
phy over silica gel (hexane/EtOAc 5:1) furnished 22 (33 mg, 55%), oxa-
zolidinone 23 (21 mg, 59%), and p-chlorobenzaldehyde (2a) (11 mg,
40%).


S-Ethyl 3-ethylsulfanyl-3-phenylpropanethioate (22):[12] Colorless oil;
1H NMR (400 MHz, CDCl3): d = 1.14–1.19 (m, 6H; CH3), 2.29–2.38 (m,
2H; CH2), 2.83 (q, J = 7.5 Hz, 2H; COSCH2), 3.05–3.08 (m, 2H; 2-H),
4.36 (t, J = 7.6 Hz, 1 H; 3-H), 7.21–7.34 ppm (m, 5 H; ArH); 13C NMR
(100 MHz, CDCl3): d = 14.3 (q), 14.5 (d), 23.4 (t), 25.3 (t), 45.1 (d), 50.3
(t), 127.4 (d), 127.7 (d), 128.5 (t), 141.0 (s), 196.5 ppm (s), two aromatic
carbons overlapped; IR (NaCl): ñ = 1686 cm�1 (C=O); MS (FAB, NBA)
m/z (%): 255 (35) [M+H]+ , 154 (100); HRMS (FAB, NBA): calcd for
C13H18OS2 [M+H]+ : 255.0799; found 255.0884.


Reaction of 21 with lithium borohydride : Lithium borohydride (6 mg,
0.28 mmol) was added to a mixture of 21 (49.6 mg, 0.1 mmol) in dry THF
(1 mL). The mixture was stirred at room temperature for 2 h, and a satu-
rated aqueous NH4Cl solution (5 mL) was then added dropwise at room
temperature. The reaction mixture was then extracted with CH2Cl2. The
organic phase was washed with a saturated aqueous NaCl solution, dried
(MgSO4), and concentrated in vacuo. Purification of the residue by
column chromatography over silica gel (hexane/AcOEt 5:1) furnished 24
(8 mg, 44%), 23 (100 %), and p-chlorobenzyl alcohol (25) (56 %).


3-Methylsulfanyl-3-phenylpropan-1-ol (24):[13] Colorless oil; 1H NMR
(400 MHz, CDCl3): d = 1.15 (br s, 1 H; OH), 1.88 (s, 3H; Me), 2.04–2.17
(m, 2 H; CH2), 3.60–3.65 (m, 1 H; CH2), 3.72–3.78 (m, 1 H; CH2), 3.88 (t,
J = 7.8 Hz, 1H; 3-H), 7.23–7.26 (m, 1H; ArH), 7.32–7.33 ppm (m, 4H;
ArH); 13C NMR (100 MHz, CDCl3): d = 14.1 (q), 38.4 (t), 47.9 (d), 60.5
(t), 127.1 (d), 127.7 (d), 128.4 (d), 141.9 ppm (s), two aromatic carbons
overlapped; IR (NaCl): ñ = 3357 cm�1 (OH); MS (FAB, NBA): m/z
(%): 183 (28) [M+H]+ , 154 (100); HRMS (FAB, NBA): calcd for
C10H14OS [M+H]+ : 183.0765; found 183.0852.


Synthesis of trimethylsilyl ether 26 : Pyridine (18.2 mL, 0.2 mmol) was
added to a solution of 21 (49.6 mg, 0.1 mmol) in dry CH2Cl2 (3 mL), fol-
lowed by a catalytic amount of 4-(N,N-dimethylamino)pyridine. To this, a
solution of trimethylsilyl chloride (25 mL, 0.2 mmol) was added dropwise
with stirring at 0 8C. After the addition was complete, the reaction was
continued at room temperature for 1 h. The excess solvent and pyridine
were removed under reduced pressure to afford a residue, which was
taken up in AcOEt and water. The organic phase was separated, washed
with brine, dried (MgSO4), and concentrated in vacuo. Purification of the
residue by column chromatography over silica gel (hexane/EtOAc 5:1)
furnished 26 (50 mg, 91%).


(4S,5R,2’R,3’R,1’’R)-3-[3’-(4-Chlorophenyl)-2’-(1’’-methylsulfanyl-1’’-phe-
nylmethyl)-3’-trimethylsilanyloxypropionyl]-4-methyl-5-phenyloxazolidin-
2-one (26): White powder; m.p. 159.5–160.0 8C; [a]20


D = ++104.3 (c = 1.0
in CHCl3); 1H NMR (400 MHz, CDCl3): d = 0.01 (s, 9H; Me3Si), 0.44 (d,
J = 6.8 Hz, 3 H; Me), 1.93 (s, 3 H; SMe), 4.28 (d, J = 5.9 Hz, 1 H; 1’’-H),
4.57 (q, J = 3.4 Hz, 1-H; 4-H), 5.16–5.23 (m, 3 H; 5-H, 2’-H, and 3’-H),
7.16–7.50 ppm (m, 14H; ArH); 13C NMR (100 MHz, CDCl3): d = 0.0
(q), 13.7 (q), 14.9 (q), 52.1 (d), 54.4 (d), 54.9 (d), 74.4 (d), 78.3 (d), 125.4
(d), 127.4 (d), 127.5 (d), 127.8 (d), 127.9 (d), 128.2 (d), 128.3 (d), 128.4
(d), 128.5 (d), 129.1 (d), 133.1 (s), 133.3 (s), 139.8 (s), 140.1 (s), 151.7 (s),
170.8 ppm (s), two TMS carbons and four aromatic carbons overlapped;
IR (KBr): ñ = 1782 (C=O), 1693 cm�1 (C=O); MS (FAB, NBA) m/z
(%): 568 (7) [M+H]+ , 137 (100); elemental analysis calcd (%) for
C30H34ClNO4SSi: C 63.41, H 6.03, N 2.47; found: C 63.40, H 6.09, N 2.46.


Treatment of 26 with lithium borohydride (Table 3, entry 1): Lithium bor-
ohydride (6 mg, 0.28 mmol) was added to a mixture of 26 (56.8 mg,
0.1 mmol) in dry THF (1 mL). The mixture was stirred at room tempera-
ture for 4 h, and a saturated aqueous NH4Cl solution (5 mL) was then
added dropwise at room temperature. The reaction mixture was then ex-
tracted with CH2Cl2, and the organic phase was washed with a saturated
aqueous NaCl solution, dried (MgSO4), and concentrated in vacuo. Puri-
fication of the residue by column chromatography over silica gel
(hexane/AcOEt 5:1) furnished 27 (54 mg, 100 %).


Treatment of 26 with sodium ethanethiolate (Table 3, entry 2): Sodium
hydride (3 mg, 0.025 mmol) was added to a solution of ethanethiol
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(7.5 mL, 0.1 mmol) in dry THF (1 mL). After 30 min, the mixture was
cooled to 0 8C, and a solution of 26 (56.8 mg, 0.1 mmol) in dry THF
(1 mL) was added by cannula over 5 min. An additional quantity of dry
THF (1 mL) was added to rinse the flask. After 50 min at room tempera-
ture, the reaction mixture was poured into a separating funnel containing
a saturated aqueous NH4Cl solution and extracted with Et2O. The organ-
ic phase was separated, washed with a saturated aqueous NaCl solution,
dried (MgSO4), and concentrated in vacuo. Purification of the residue by
column chromatography over silica gel (hexane/EtOAc 5:1) furnished 27
(19 mg, 35%).


Treatment of 26 with sodium methoxide (Table 3, entry 3): Sodium meth-
oxide in methanol (20 mL, 0.11 mmol, 28%) was added at �25 8C to a
mixture of 26 (56.8 mg, 0.1 mmol) in dry CH2Cl2 (0.83 mL). After 8 min
at �25 8C, the reaction mixture was poured into a separating funnel con-
taining a saturated aqueous NH4Cl solution and extracted with CH2Cl2.
The organic phase was separated, washed with a saturated aqueous NaCl
solution, dried (MgSO4), and concentrated in vacuo. Purification of the
residue by column chromatography over silica gel (hexane/EtOAc 5:1)
furnished 27 (45 mg, 83%).


(2R,3R,1’S,2’R,1’’R)-2-[2-[(4-Chlorophenyl)(trimethylsilanyloxy)meth-
yl]]-N-(2’-hydroxy-1’-methyl-2’-phenylethyl)-3-methylsulfanyl-3-phenyl-
propionamide (27): White powder; m.p. 62.5–63.0 8C; [a]23


D = ++55.7 (c =


1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 0.01 (s, 9 H; Me3Si),
0.43 (d, J = 6.8 Hz, 3 H; Me), 1.91 (s, 3 H; SMe), 2.67 (dd, J = 5.8 and
8.1 Hz, 1 H; 2-H), 2.74 (d, J = 4.4 Hz, 1H; OH), 3.88–3.91 (m, 1H;
1’-H), 4.22 (d, J = 5.8 Hz, 1H; 3-H), 4.59 (m, 1H; 2’-H), 4.95 (d, J =


8.1 Hz, 1H; 1’’-H), 5.13 (d, J = 8.1 Hz, 1 H; NH), 7.12 (d, J = 7.3 Hz,
2H; ArH), 7.20–7.39 (m, 10H; ArH), 7.52 ppm (d, J = 7.3 Hz, 2 H;
ArH); 13C NMR (100 MHz, CDCl3): d = 0.0 (q), 13.4 (q), 15.9 (q), 50.6
(d), 51.7 (d), 63.6 (d), 73.8 (d), 75.3 (d), 126.2 (d), 127.2 (d), 127.3 (d),
128.0 (d), 128.1 (d), 128.2 (d), 128.5 (d), 128.6 (d), 133.4 (s), 140.3 (s),
141.0 (s), 141.2 (s), 169.8 ppm (s), two TMS and six aromatic carbons
overlapped; IR (KBr): ñ = 3420 (NH), 1647 cm�1 (C=O); MS (FAB,
NBA) m/z (%): 542 (5) [M+H]+ , 154 (100); HRMS (FAB, NBA): calcd
for C29H36ClNO3SSi [M+H]+ : 542.1874; found 542.1943.


Synthesis of propanediols 28a,b : A solution of sodium borohydride
(37.5 mg, 1 mmol) in water (0.25 mL) was added to a mixture of 21a
(124 mg, 0.25 mmol) in THF (0.75 mL). The mixture was stirred at room
temperature for 6 h, HCl (2m, 1.5 mL) was added, and the mixture was
then extracted with AcOEt. The organic phase was washed with a satu-
rated aqueous NaCl solution, dried (MgSO4), and concentrated in vacuo.
Purification of the residue by column chromatography over silica gel
(hexane/AcOEt/iPrOH 30:10:1) furnished 28a (51 mg, 63 %). Compound
28b was prepared similarly.


(1R,2S,1’R)-1-(4-Chlorophenyl)-2-(1’-methylsulfanyl-1’-phenylmethyl)-
propane-1,3-diol (28a): Colorless oil; [a]23


D = ++64.8 (c = 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 1.84 (s, 3 H; Me), 2.21 (br t, 1H;
3-OH), 2.41–2.47 (m, 1H; 2-H), 3.49 (d, J = 5.6 Hz, 1 H; 1-OH), 3.72–
3.84 (m, 2H; 3-H), 3.90 (d, J = 6.4 Hz, 1 H; 1’-H), 5.02 (t, J = 5.6 Hz,
1H; 1-H), 7.21–7.33 ppm (m, 9H; ArH); 13C NMR (100 MHz, CDCl3):
d = 14.8 (q), 50.0 (d), 51.5 (d), 60.9 (t), 73.6 (d), 127.1 (d), 127.6 (d),
128.2 (d), 128.4 (d), 132.9 (s), 140.0 (s), 140.3 ppm (s), five aromatic car-
bons overlapped; IR (NaCl): ñ = 3742 cm�1 (OH); MS (FAB, Gly) m/z
(%): 323 (3) [M+H]+ , 185 (100); HRMS (FAB, Gly): calcd for
C17H19ClO2S [M+H]+ : 323.0794; found 323.0879.


(1R,2S,1’R)-2-(1’-Methylsulfanyl-1’-phenylmethyl)-1-(4-nitrophenyl)pro-
pane-1,3-diol (28b): Colorless oil; [a]23


D = ++57.1 (c = 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 1.81 (s, 3 H; Me), 2.43 (br t, 1H; 3-
OH), 2.48–2.53 (m, 1H; 2-H), 3.82–3.87 (m, 1 H; 3-H), 3.90 (d, J =


5.4 Hz, 1H; 1-OH), 3.93 (d, J = 7.3 Hz, 1 H; 1’-H), 3.98–4.04 (m, 1H; 3-
H), 5.02 (t, J = 4.8 Hz, 1H; 1-H), 7.15–7.23 (m, 5 H; ArH), 7.41 (d, J =


8.8 Hz, 2H; ArH), 8.08 ppm (d, J = 8.8 Hz, 2 H; ArH); 13C NMR
(100 MHz, CDCl3): d = 14.7 (q), 49.5 (d), 51.6 (d), 61.8 (t), 73.9 (d),
123.1 (d), 126.8 (d), 127.2 (d), 128.3 (d), 128.4 (d), 139.7 (s), 146.7 (s),
149.9 ppm (s); four aromatic carbons overlapped; IR (NaCl): ñ =


3582 cm�1 (OH); MS (FAB, Gly) m/z (%): 334 (4) [M+H]+ , 185 (100);
HRMS (FAB, Gly): calcd for C17H19NO4S [M+H]+ : 333.1035; found
333.1122.
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A Photocatalytic Acid- and Base-Free Meerwein–Ponndorf–Verley-Type
Reduction Using a [Ru ACHTUNGTRENNUNG(bpy)3]


2+/Viologen Couple
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Introduction


Photocatalysis has focused predominantly on the degrada-
tion of organic pollutants in gaseous and aqueous media.[1]


In contrast to the large number of publications dealing with
the photocatalytic decomposition of organic compounds,[2]


the number of examples reporting the use of photocatalysis
to synthesize a desirable product (positive photocatalysis)[3–7]


is considerably more scarce. Photocatalysis applied to chem-
ical reactions may have an advantage over conventional
thermal catalysis as photocatalysis can be performed at
room temperature and avoids the use of acids, bases, and
other noxious reagents. In the present work we report the
selective photocatalytic reduction of carbonyl groups (Meer-
wein–Ponndorf–Verley-type reaction)[8] in iPrOH under neu-
tral conditions by using [Ru ACHTUNGTRENNUNG(bpy)3]


2+ as photocatalyst, violo-
gens (V2+) as electron relays, and triethanolamine (TEOA)
as a sacrificial electron donor.


As an alternative to the use of iPrOH as the solvent, we
have performed the photocatalytic reaction in imidazolium
ionic liquid. In this case, no V2+ is needed and the ionic
liquid itself acts as electron relay and solvent. Ionic liquids
are a very promising media for catalytic reactions.[9,10] Fre-
quently the reaction products can be separated from the
ionic liquid, while the catalyst remains in the ionic liquid
and can be recovered and reused in many cycles.[9] Com-
pared to reports of homogeneous catalysis, the use of ionic
liquids as media for photochemical reactions remains almost
unexplored.[11–14] In conventional catalysis using ionic liquids
in combination with transition metal catalysts, the ionic
liquid generally plays a passive role, just providing a liquid
medium with certain miscibility and polarity properties. In
contrast, in our case the imidazolium ionic liquid plays an
active role, transferring electrons from [RuACHTUNGTRENNUNG(bpy)3]


2+ to the
ketone.


It is obvious that the unique properties of ionic liquids in
terms of polarity, electron acceptor ability, limited diffusion,
transparency, etc. can also be very useful to control the se-
lectivity of photochemical reactions. Actually, photochemis-
try is always exploring new solvents and media to overcome
the limited selectivity frequently exhibited by electronic ex-
cited states. Thus, on one hand, our report develops a novel
photocatalytic process and on the other hand we provide an
example to illustrate the potential of ionic liquids in photo-
chemistry.


Abstract: A photocatalytic system to
effect the Meerwein–Ponndorf–Verley
reduction of carbonylic compounds to
alcohols has been developed. The
system comprises [Ru ACHTUNGTRENNUNG(bpy)3]


2+ as a
photosensitizer, triethanolamine as a
sacrificial electron donor, viologen as
an electron acceptor, and the carbonyl
compound and iPrOH as Meerwein–


Ponndorf–Verley reagents. The photo-
catalytic reaction can be performed in
neat iPrOH or in 1-butyl-3-methylimi-


dazolium ionic liquid. Mass spectro-
metric detection of the viologen hy-
dride derivative VH+ confirms that
this species is the reducing agent re-
sponsible for the carbonyl compound
reduction. The reaction intermediates
involved in the photocatalytic system
have also been characterized by laser
flash photolysis.


Keywords: ionic liquids ·
Meerwein–Ponndorf–Verley
reduction · NADH · photocatalysis ·
ruthenium
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Results and Discussion


It is well known in photochemistry that [Ru ACHTUNGTRENNUNG(bpy)3]
2+ triplet


excited states are quenched by viologens through an elec-
tron-transfer mechanism giving rise to [Ru ACHTUNGTRENNUNG(bpy)3]


3+ and vi-
ologen radical cation (VC+).[15–17] The quenching rate con-
stant depends on the redox potential of the viologen used,
but for many cases the quenching occurs near diffusion con-
trol. Given the structure and radical nature of the viologen
radical cation formed in the quenching, we anticipated that
in the presence of good hydrogen atom donors, such as
iPrOH, this viologen radical cation would abstract one hy-
drogen atom from the medium to form the corresponding
1-methyl-4-(1,4-dihydro-1-methylpyridinyl)pyridinium(VH+).
This dihydro derivative VH+ is analogous to Meisenheimer
complexes and NADH coenzyme and in a similar manner
to these analogues, which function in many biological sys-
tems as reducing agents of carbonyl groups, it will tend to
reform V2+ regaining aromaticity by transferring a hydride
to an acceptor, such as a carbonyl compound, and will be
ready to perform another catalytic cycle. The cycle is com-
pleted when [Ru ACHTUNGTRENNUNG(bpy)3]


3+ abstracts one electron from
TEOA, the sacrificial electron donor present in the medium
to reform [Ru ACHTUNGTRENNUNG(bpy)3]


2+ . This catalytic cycle is depicted in
Scheme 1.


In agreement with our proposal (Scheme 1), in a prepara-
tive experiment mandelic acid is formed with almost com-
plete selectivity (>95%) at high conversions (82%) by re-
duction of 2-phenyl-2-oxoetanoic acid upon illumination of
an iPrOH solution of [RuACHTUNGTRENNUNG(bpy)3]


2+ , V2+ , and TEOA. The
whole process corresponds to the Meerwein–Ponndorf–
Verley reduction of 2-phenyl-2-oxoetanoic acid by iPrOH,
promoted by illumination of the [Ru ACHTUNGTRENNUNG(bpy)3]


2+/V2+ couple in
the presence of TEOA.


Control experiments in the absence of any of the four
components (TEOA, [Ru ACHTUNGTRENNUNG(bpy)3]


2+ , V2+ , and 2-propanol)
made the reduction of 2-phenyl-2-oxoetanoic acid stop, and
the formation of the corresponding mandelic acid derived
from the ketone reduction was not detected. Also a blank
control in which all the components were present but the
system was stored in the dark showed no conversion to the


product. The cycle is catalytic with respect to [Ru ACHTUNGTRENNUNG(bpy)3]
2+


and V2+ as the photocatalyst and viologen are in a molar
ratio of 0.16 and 0.06%, respectively, with respect to the
substrate, while the number of moles of the ketone convert-
ed was much higher than the moles of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ or V2+


present, giving a turnover numbers of 600 and 1500 for [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+and V2+ , respectively.
To show the generality of this photocatalytic Meerwein–


Ponndorf–Verley reduction of carbonyl groups, two more
carbonyl compounds, namely acetophenone and cyclohexa-
none, were also tested under the same photocatalytic condi-
tions, whereby the corresponding alcohols were formed with
chemical yields of 80 and 78%, respectively.


To provide evidence in support of the feasibility of some
of the necessary steps in the mechanism illustrated in
Scheme 1, the reaction was carried out in the absence of any
ketone. Under these conditions, the irradiated solution
became green and the transformation of viologen V2+ into
its hydride derivative VH+ occurred as determined by re-
verse-phase HPLC-MS in which the disappearance of the
peak at m/z=93 Da (mass of V2+ divided by 2) was accom-
panied by an increase of the peak at m/z=187 Da, corre-
sponding to the expected hydride VH+ . Furthermore, rather
unexpectedly a stationary (low but detectable) concentra-
tion of a peak at m/z=186 Da, attributable to the VC+ radi-
cal cation was also observed. Observation of VC+ in HPLC-
ESI-MS can be rationalized when the fact that it is among
the longest-lived radical cations is considered. In the ab-
sence of oxygen it has been found to be persistent enough
to be characterized by conventional steady-state spectro-
scopic techniques, mainly optical spectroscopy.[18] Even in
the presence of oxygen, VC+ can be visually detected. More-
over, when the hydride derivative VH+ was alternatively
prepared in high concentrations by NaBH4 reduction of the
viologen, a species with the same mass spectrum and chro-
matographic retention time as that generated photochemi-
cally from the photocatalytic reduction by using [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ and iPrOH was obtained. This provides firm sup-
port that quenching of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ excited triplets by V2+


in iPrOH forms the corresponding VH+ reducing agent.
The use of 3-methyl-1-butanol as a solvent instead of iPrOH
was also equally suited to form VH+ , but in this case, given
its higher molecular mass, we had the chance to identify 3-
methylbutanal, thus demonstrating that primary as well as
secondary alcohols can serve as hydrogen atoms donors.


In contrast, when the photocatalytic reaction of [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ and V2+ was attempted in the absence of alcohols
or hydrogen donor solvents, the appearance of the VH+


product, corresponding to the abstraction of HC from the sol-
vent by VC+ , was not observed and the solution became
deep blue under an Ar atmosphere, indicating the accumula-
tion of the VC+ radical cation. UV-Vis spectroscopy of the
blue solution exhibited a band at lmax=600 nm with fine
structure corresponding to VC+ . Upon admission of air, the
blue color faded in agreement with the known reactivity of
VC+ with oxygen. If to this blue solution, 2,6-diphenylphenol
is added then the blue color changes to green and MS analy-


Scheme 1. Photocatalytic cycle to effect the Meerwein–Ponndorf–Verley
reduction of a carbonyl group by iPrOH.
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sis again reveals the presence of VH+ (m/z=187 Da), gener-
ated by HC atom abstraction by the viologen radical cation
from 2,6-diphenylphenol. This experimental data strongly
supports the transformation of VC+ into VH+ in the pres-
ence of good hydrogen atom donors.


Concerning the quenching of [RuACHTUNGTRENNUNG(bpy)3]
2+ triplet excited


state by viologens, it is well known that the quenching rate
constant increases with the reduction potential of the violo-
gen until it becomes a diffusion control process. Thus, if in-
stead of 4,4’- other bipyridiniums with 2,2’-substitution ex-
hibiting different reduction potentials are used, the initial
reaction rate of methyl mandelate formation (r0), measured
as the slope at zero time of conversion versus time plot, cor-
relates very well with the reported redox potentials,[19] thus
suggesting that the quenching of the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ triplet ex-
cited state by V2+ plays an important role in controlling the
overall rate of the photocatalytic cycle. Figure 1 provides a
graphical representation of the correlation between the re-
duction potentials and r0 for the series of three viologens
tested in this study.


In view of the structural similarity between V2+ and
1-butyl-3-methylimidazolium (bmim+) we assumed that
bmim+ can also form the hydride intermediate upon irradia-
tion of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ in the presence of a good hydrogen
donor. In fact, if the imidazolium ionic liquid medium con-
taining [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and iPrOH (bmim-BF4/iPrOH weight
ratio 5) is irradiated with visible light, the corresponding
mandelate is generated when methyl benzoylformate ketone
is added. For making the process fully photocatalytic, the
concentration of [RuACHTUNGTRENNUNG(bpy)3]


2+ was reduced up to a sub-
strate-to-photocatalyst ratio of 500 and TEOA was added as
the sacrificial electron donor regenerating [RuACHTUNGTRENNUNG(bpy)3]


2+


from [RuACHTUNGTRENNUNG(bpy)3]
3+ . The actual photocatalytic cycle is identi-


cal to that presented in Scheme 1 with the viologen species
replaced by the imidazolium cations.


To demonstrate the versatility of the hydride adduct of
bmim+ to perform other photocatalytic reactions that differ
from carbonyl reductions, we added a proton donor to the
TEOA/[Ru ACHTUNGTRENNUNG(bpy)3]


2+/bmim-BF4 photocatalytic system,
namely water. According to the chemical behavior of a Mei-
senheimer complex, we anticipated that if instead of a car-
bonyl compound water is present in the medium, then the
intermediate hydroimidazole would decompose and hydro-
gen gas would be generated and observed visually. The proc-
ess is described by Equation (1) and is analogous to the
well-established H2 generation in the [Ru ACHTUNGTRENNUNG(bpy)3]


2+/V2+


couple.
The reaction mechanism proposed in Scheme 1 was vali-


dated by means of several control experiments. Thus, the in-


termediate H-imidazole was generated alternatively by re-
duction of an excess of 1-butyl-3-methyl-imidazolium with
LiAlH4. The reduction and the consequent generation of
1-butyl-3-methyl-2,2-dihydroimidazole was followed by
1H NMR spectroscopic analysis with a solution of bmim-BF4


in CDCl3, whereby the disappearance of the signal at d=


9.5 ppm corresponding to the H-2 proton of 1-butyl-3-
methyl-imidazolium cation was accompanied by the appear-
ance of the signal of the methylene group at the 2-position
of the H-imidazole intermediate at d=4.8 ppm. At this
point, the chemically generated H-imidazole intermediate
was treated with methyl benzoylformate or with D2O. In
both cases, the signal corresponding to the methylene group
of the intermediate H-imidazole at d=4.8 ppm disappears
and the signal of the imidazolium cation at d=9.5 ppm reap-
pears. This experiment clearly shows the feasibility of the
part of the proposed mechanism in Scheme 1 concerning the
reduction of a carbonyl group by H-imidazole and Equa-
tion (1) with respect to hydrogen generation.


To obtain spectroscopic evidence for the formation of the
dihydro derivative VH+ in a photocatalytic system, such as
indicated in Scheme 1, we performed laser flash photolysis
measurements of the individual components of the system
as well as of the whole photocatalytic system. The aim was
to obtain evidence for the generation of a hydride donor
species from a strong electron acceptor viologen in an ionic
liquid, which is a suitable solvent for the process.


With this aim in mind, 532 nm laser excitation of the [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ in ionic liquid bmim-BF4 allows the recording of a
transient absorption spectrum attributable to the triplet ex-
cited state of this complex (Figure 2). The half life of the
triplet excited state of [RuACHTUNGTRENNUNG(bpy)3]


2+ in bmim-BF4, obtained
from the fit of the signal monitored at 350 nm, was estimat-
ed to be 960 ns (see inset of Figure 2). The [Ru ACHTUNGTRENNUNG(bpy)3]


2+


triplet lifetime in bmim-BF4 is significantly longer than that


Figure 1. Initial reaction rates (r0) for the formation of methyl mandelate
during the photocatalytic reduction as a function of the bipyridinium
electron acceptor.
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recorded for the 680 ns half life same transient in acetoni-
trile. This longer triplet lifetime is, in principle, beneficial
for promoting photochemical processes from this excited
electronic state and may reflect the influence of the polarity
of the medium on the metal-to-ligand charge transfer [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ triplet excited state and/or its high viscosity, reduc-
ing the diffusion coefficient as compared to conventional or-
ganic solvents.


As expected, the addition of MV ACHTUNGTRENNUNG(PF6)2 to a [Ru ACHTUNGTRENNUNG(bpy)3]-
ACHTUNGTRENNUNG(PF6)2 solution in bmim-BF4 quenched the triplet excited
state of the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ through a photoinduced electron-
transfer process as evidenced by time-resolved spectroscopy.
Figure 3 shows the transient absorption spectra recorded as
long as 150 ms after 532 nm laser excitation of the [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ in bmim-BF4 in the absence and in the presence of
10�2


m concentration of V2+ . At this long delay time in the
absence of V2+ , no bands for the triplet excited state of the
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ complex were observed, indicating that the
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ triplet decays completely in a much shorter
timescale, as mentioned earlier. In contrast, in the presence
of a 10�2


m concentration of V2+ the transient absorption
spectrum shows two strong absorption bands at lmax=380
(sharper) and 500–650 nm (broader, structured). These two


bands are the characteristic transient absorption spectrum of
the viologen radical cation. Observation of the viologen rad-
ical cation absorption spectrum confirms the occurrence of
photoinduced electron transfer from the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ triplet
excited state to V2+ . The negative absorption band at lmax=


430 nm indicates that the [RuACHTUNGTRENNUNG(bpy)3]
2+ ground state has not


yet completely recovered at this time delay. Thus, although
our transient spectrum does not show evidence for the pres-
ence of other species besides VC+ , the bleaching of the [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ ground state indicates indirectly that other Ru spe-
cies must still be present. We speculate that this Ru species
should be [RuACHTUNGTRENNUNG(bpy)3]


3+ (lmax=360 nm), thus coinciding with
the absorption bands assigned for VC+ , the latter having
larger extinction coefficients.


We commented above that in the preparative experiments
the presence of V2+ is not absolutely necessary and that the
imidazolium ionic liquid can also act as electron acceptor.
Laser flash photolysis experiments, however, do not give
any indication of the quenching of [RuACHTUNGTRENNUNG(bpy)3]


2+ triplets by
the ionic liquid. These two contradictory observations can
be reconciled by assuming that the quenching rate constant
of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ triplets by imidazolium is smaller than
104


m
�1 s�1. It is known that nanosecond laser flash studies


are able to provide kinetic information in the microsecond
timescale, this means for those processes producing kinetic
constants of about 106 s�1, thus laser flash photolysis as a
fast kinetic technique is not appropriate to measure slow
processes taking place in timescales longer than hundreds of
microseconds. Of course, this also means that the quenching
of imidazolium will not be very efficient and that most of
the [RuACHTUNGTRENNUNG(bpy)3]


2+ triplets will decay to the ground state with-
out undergoing electron transfer as it is observed in the
transient spectra. This is in contrast with V2+ , which is able
to quench most of the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ triplets.
After generation, the VC+ radical cation is very long-lived


in bmim-BF4 ionic liquid. Thus, the characteristic transient
absorption spectrum of the VC+ radical cation can be detect-
ed at times longer than 800 ms after the laser pulse. Figure 4
shows the signals monitored at lmax=380 and 600 nm at the
longest timescale available to our ns laser flash set-up. The
temporal profile of these two signals is very similar, particu-
larly after the first 300 ms, suggesting that at short timescales
there may be a residual absorption due to a shorter-lived
transient decaying in hundreds of ms, but after this interfer-


Figure 2. Transient absorption spectra of the [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 complex
(1N10�4


m) in bmim-BF4 recorded at 0.5 (*), 1 (*), 3 (&), and 8 (&) ms
after 532 nm laser excitation. The inset shows the temporal profiles for
the signals monitored at 350 (*) and 420 nm (~).


Figure 3. Transient absorption spectra of [Ru ACHTUNGTRENNUNG(bpy)3]
2+ in bmim-BF4 in


the absence (*) and in the presence (*) of 10�2
m quencher MV ACHTUNGTRENNUNG(PF6)2 re-


corded at 150 ms after 532 nm laser excitation.


Figure 4. Transient signals after 532 nm excitation of the solution [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ in bmim-BF4 in the presence of 10�2
m MV ACHTUNGTRENNUNG(PF6)2 monitored at


380 nm (a) and 600 nm (b) in a long timescale.
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ence they correspond to the same species, that is, the violo-
gen radical cation. The decay kinetics of the signal at
600 nm fits well with second-order kinetics with a k=3.6N
103


m
�1 s�1. This fit to second-order kinetics is also compati-


ble with the back electron-transfer process between the viol-
ogen radical cation and the [Ru ACHTUNGTRENNUNG(bpy)3]


3+ as the predominant
disappearance process. From the relative intensity of the
bleaching at lmax=430 nm, absorption at lmax=380 nm, and
their corresponding extinction coefficients, it can be de-
duced that the molar ratio between VC+ and bleached [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ is 1:1. These data are consistent with Equation (2),
describing the forward electron-transfer quenching of excit-
ed [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and the annihilation through back electron
transfer.


Once we had studied the photochemical behavior of the
couple [RuACHTUNGTRENNUNG(bpy)3]


2+/V2+ in bmim-BF4 ionic liquid, we pro-


ceeded to establish the influence of the presence of iPrOH
on the evolution of the transients. According to Scheme 1,
we expected that iPrOH could act as an efficient hydrogen
donor for VC+ . To obtain spectroscopic evidence for the fea-
sibility of this hydrogen transfer, we submitted a solution of
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ in bmim-BF4/iPrOH containing V2+ as quench-
er to laser flash photolysis. In agreement with our specula-
tion, Figure 5 shows that the presence of iPrOH produces
spectral changes. Specifically, the band of VC+ between
lmax=500–700 nm peaking at lmax=590 nm is replaced by a
new absorption band between lmax=450–550 nm peaking at
lmax=500 nm. We assigned the band at lmax=500 nm as due


to VH+ formed from VC+ through hydrogen abstraction
from iPrOH.


To provide some experimental evidence for the assign-
ment of the lmax=500 nm visible band to VH+ , we proceed-
ed to generate VH+ chemically by NaBH4 reduction of V2+


in acetonitrile, whereby a band at lmax=500 nm was record-
ed (see inset of Figure 5).


Conclusion


In summary, by using the [RuACHTUNGTRENNUNG(bpy)3]
2+/viologen couple and


TEOA as a sacrificial donor in a good hydrogen atom donor
solvent, it has been possible to develop an efficient photoca-
talytic Meerwein–Ponndorf–Verley reduction in the absence
of any strongly acidic or basic conditions that are usually re-
quired in conventional thermal catalysis. Our system is
based on the conversion of viologen to dihydropyridine, the
process resembling the natural NADH/NAD+ enzymatic
factor of biological carbonyl reductions. The proposed
mechanism for this photocatalytic system has been support-
ed by using different steady-state spectroscopic techniques,
such as MS, 1H NMR spectroscopy, and time-resolved laser
flash photolysis.


Experimental Section


All the chemicals used were commercial samples obtained from Aldrich
and were used as received. Tetrafluoroborate of 1-butyl-3-methyl imida-
zolium, bmim-BF4, is a commercial solvent from Solvent Innovation.
Methyl viologen dichloride (MVCl2) and ruthenium tris-bipyridyl dichlor-
ide ([Ru ACHTUNGTRENNUNG(bpy)3]Cl2) were submitted to Cl�–PF6


� ion exchange by using a
saturated aqueous solution of NH4PF6. In contrast to the initial chloride
salts, MV ACHTUNGTRENNUNG(PF6)2 and [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 were soluble in MeCN and bmim-
BF4. The bmim-BF4 solutions of MV ACHTUNGTRENNUNG(PF6)2 and [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 were
prepared by the addition of an appropriated volume of MV ACHTUNGTRENNUNG(PF6)2 and
[Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 in acetonitrile to bmim-BF4, mixing the liquids and ex-
haustive outgassing of the bmim-BF4 solution at 50 8C under 10�1 Torr to
remove the acetonitrile.


Irradiation of the samples was carried out in a carrousel by using a water
refrigerated 125 W medium pressure mercury lamp through Pyrex. The
samples (15 mL) were placed in test tubes capped with septa. Samples
were purged with N2 at least 15 minutes before irradiation. The course of
the reaction was followed by periodically analyzing aliquots, either
through GC or HPLC analysis. For HPLC-MS, Agilent 1100 equipment
was used. A reverse-phase C-18 column was employed by using
CF3CO2H as an ionizing reagent and water-methanol as an eluent.


Photophysical measurements were carried out at room temperature.
Laser flash photolysis experiments were carried out in a Luzchem ns
laser flash system by using the second (532 nm, 50 mJ/pulse) harmonic of
a Surelite Nd:YAG laser for excitation (pulse=10 ns) and a 175 W ce-
ramic Xenon Fiberoptic Lightsource, Cermax, perpendicular to the laser
beam, as a probing light. The signal from the monochromator/photomul-
tiplier detection system was captured by a Tektronix TDS 3032B digitiz-
er. Laser system and digitizer were connected to a PC computer by
GPIB and serial interfaces that controlled all the experimental parame-
ters and provided suitable processing and data storage capabilities. The
software package has been developed in the LabVIEW environment
from National Instruments and compiled as a stand-alone application.
Fundamentals[20] and details[21] of a similar time-resolved laser setup has
been published elsewhere. The samples contained in a suprasil quartz


Figure 5. Transient absorption spectra recorded at 22 ms after 532 nm
laser excitation of the couple [RuACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2/MV ACHTUNGTRENNUNG(PF6)2 in bmim-BF4 in
the absence (&) and in the presence (&) of iPrOH (1:1 vol with respect to
bmim-BF4). The inset shows the difference spectrum between that of a
solution containing V2+ (9N10�3


m) and NaBH4 (5N10�3
m) in basic water


and that of initial V2+ . The 500 nm band was assigned to the VH+ spe-
cies.
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0.7N0.7 cuvette capped with septa were purged by N2 flow at least 15 mi-
nutes before the laser experiments.
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Introduction


The fixation of dioxygen in the coordination sphere of metal
atoms is a subject of extreme interest due to its utilization
by biological systems.[1] Dioxygen, although a powerful oxi-
dizing agent, is kinetically inert, and in general requires acti-
vation by binding to a reduced metal center. The multitude
of biological compounds that react with O2 are either dioxy-
gen enzymes in biological oxygen-involving processes or the
transporters and storers of dioxygen. Elsewhere in biological
processes, activation of molecular oxygen occurs by coordi-


nation in metalloproteins that catalyze oxygen insertion re-
actions and oxidation. The development of redox processes
in biochemistry and technology requires synthetic analogues
of natural dioxygen carriers. The biological utilization of di-
oxygen has led to an additional interest in the investigation
of many, much simpler, model systems.
A wide range of transition-metal complexes will bind di-


oxygen reversibly.[2] However, in many cases the realization
of this process needs a combination of certain conditions
such as low temperature, steric hindrance in the complexes
and immobilization to prevent irreversible oxidation of di-
oxygen adducts.[3] The search for stable transporters and car-
riers of O2 maintains its importance.
In all cases of dioxygen binding by transition-metal com-


plexes, electron transfer takes place from the redox-active
transition metal to the antibonding p orbitals of the bound
dioxygen. Recently, we found that replacing redox-active
metal centers with redox-active organic ligands in complexes
may also result in O2-active reagents. Our preliminarily
report was on the first example of reversible dioxygen bind-


Abstract: Novel neutral antimony(v)
complexes were isolated as crystalline
materials and characterized by IR and
NMR spectroscopy: o-amidophenolate
complexes [4,6-di-tert-butyl-N-(2,6-di-
methylphenyl)-o-amidophenolato]tri-
phenylantimony(v) (Ph3Sb ACHTUNGTRENNUNG[AP-Me], 1)
and [4,6-di-tert-butyl-N-(2,6-diisoprop-
ylphenyl)-o-amidophenolato]triphenyl-
ACHTUNGTRENNUNGantimony(v) (Ph3Sb ACHTUNGTRENNUNG[AP-iPr], 2); cate-
cholate complexes (3,6-di-tert-butyl-4-
methoxycatecholato)triphenylantimo-
ny(v) (Ph3Sb ACHTUNGTRENNUNG[(MeO)Cat], 3), its metha-
nol solvate 3·CH3OH (4); (3,6-di-tert-
butyl-4,5-di-methoxycatecholato)triphe-
nylantimony(v) (Ph3Sb ACHTUNGTRENNUNG[(MeO)2Cat], 5)
and its acetonitrile solvate 5·CH3CN


(6). Complexes 1–7 were synthesized
by oxidative addition of the corre-
sponding o-iminobenzoquinones or
o-benzoquinones to Ph3Sb. In the
case of the phenanthrene-9,10-diolate
(PhenCat) ligand, two different com-
plexes were isolated: Ph3Sb ACHTUNGTRENNUNG[PhenCat]
(7) and [Ph4Sb]


+
ACHTUNGTRENNUNG[Ph2Sb ACHTUNGTRENNUNG(PhenCat)2]


�


(8). Complexes 7 and 8 were found to
be in equilibrium in solution. Molecu-
lar structures of 2, 4, 6, and 8 were de-
termined by X-ray crystallography.


Complexes 1–7 reversibly bind molecu-
lar oxygen to yield Ph3Sb ACHTUNGTRENNUNG[L-Me]O2


(9), Ph3Sb ACHTUNGTRENNUNG[L-iPr]O2 (10), Ph3Sb-
ACHTUNGTRENNUNG[(MeO)L’]O2 (11), Ph3Sb ACHTUNGTRENNUNG[(MeO)2L’]O2


(12) and Ph3Sb ACHTUNGTRENNUNG[PhenL’]O2 (13), which
contain five-membered trioxastibolane
species (where L is the O,O’,N-coordi-
nated derivative of a 1-hydroperoxy-6-
(N-aryl)-iminocyclohexa-2,4-dienol,
and L’ the O,O’,O’’-coordinated deriva-
tive of 6-hydroperoxy-6-hydroxycyclo-
hexa-2,4-dienone). Complexes 9–13
were characterized by IR and 1H NMR
spectroscopy and X-ray crystallogra-
phy.
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ing by a non-transition-metal complex, namely, o-amidophe-
nolatotriphenylantimony(v) 2.[4] The unique ability of 2 to
bind dioxygen reversibly was found to be due to the redox
activity of the o-amidophenolate ligand. o-Amidophenolate
dianions AP2� undergo reversible single-electron oxidation
to o-iminobenzosemiquinolates in the coordination sphere
of a metal center.[5] The suggested mechanism of dioxygen
binding assumes one-electron oxidation of o-amidopheno-
late dianionic to o-iminobenzosemiquinolate radical-anionic
ligand.[4] The redox potential of conversion from dianionic
ligand (catecholate or o-amidophenolate) to radical anion
(o-semiquinolate or o-iminobenzosemiquinolate) plays the
crucial role in forbidding or allowing the dioxygen binding
process. Proof of this mechanism is the ability of (4,5-dime-
thoxy-3,6-di-tert-butyl-catecholato)triphenylantimony(v) and
(4-methoxy-3,6-di-tert-butylcatecholato)triphenylantimo-
ny(v) to reversibly bind dioxygen. Due to the electron-
donor character of the methoxyl groups, the catecholate li-
gands in these complexes are more easily oxidized than un-
substituted 3,6-di-tert-butyl-catecholato)triphenylantimo-
ny(v), which does not interact with dioxygen to form an en-
doperoxide.[6]


This report focuses on the synthesis of novel triphenylan-
timony(v) catecholates and o-amidophenolates with differ-
ent redox potentials for catecholate!o-semiquinolate (or o-
amidophenolate!o-iminobenzosemiquinolate) conversion
and their capability to reversi-
bly bind dioxygen.


Results and Discussion


Synthesis and characterization
of triphenylantimony(v) cate-
cholates and o-amidopheno-
lates : o-Amidophenolate tri-
phenylantimony complexes 1
and 2, and catecholate triphen-
ylantimony complexes 3–7 were
prepared by oxidative addition
reaction of triphenylantimony
with the corresponding o-imino-
benzoquinones 4,6-di-tert-butyl-
N-(2,6-di-methylphenyl)-o-imi-
nobenzoquinone (IBQ-Me, I)
and 4,6-di-tert-butyl-N-(2,6-diisopropylphenyl)-o-iminoben-
zoquinone (IBQ-iPr, II),[4] or o-benzoquinones 4-methoxy-
3,6-di-tert-butyl-o-benzoquinone (4-MeO-3,6-DBBQ, III),
4,5-di-methoxy-3,6-di-tert-butyl-o-quinone (4,5-(MeO)2-3,6-
DBBQ, IV)[7] and 9,10-phenanthrenequinone (V) at ambient
temperature in toluene solution (Scheme 1).
Slow evaporation of solutions of 1–3 and 5 in toluene af-


forded microcrystalline materials that were identified by IR,
1H NMR, and UV/Vis spectroscopy and elemental analysis.
Slow recrystallization of 3 from methanol gave six-coordi-
nate antimony(v) compound 3·CH3OH (4); recrystallization
of 5 from acetonitrile gave 5·CH3CN (6).


In deaerated toluene solution phenanthrene-9,10-diolate 7
exists in equilibrium with complex ionic form [Ph4Sb]


+


ACHTUNGTRENNUNG[Ph2Sb ACHTUNGTRENNUNG(PhenCat)2]
� (8 ; Scheme 2). The formation of


[Ph4Sb]
+ ions and antimonate anions is well known. For ex-


ample, the reaction between triphenylantimony dichloride
and silver oxalate depends on both the solvent and tempera-
ture; thus, after refluxing the toluene solution, crystals of
[Ph4Sb]


+
ACHTUNGTRENNUNG[Ph2Sb(ox)2]


� [ox=oxalate(2�)] an ionic form of
SbPh3(ox), are obtained at room temperature.[8]


IR spectroscopic data confirm the proposed o-amidophe-
nolate structure of 1 and 2 and catecholate structure of 3–8.


Crystal structures of 2, 4, 6 and 8 : The crystal structures of
2, 4, 6, and 8 were determined by single-crystal X-ray dif-
fraction. Molecular structures of 4, 6, and 8 are depicted in
Figures 1–3. Crystallographic data and details of structure


Scheme 1.


Scheme 2.
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determination are given in Table 1; Tables 2–4 summarize
selected bond lengths and angles.
Single crystals of 2 suitable for X-ray analysis were ob-


tained by slow recrystallization from toluene as toluene sol-
vate 1·0.5C6H5CH3. The molecular structure of 2 was descri-
bed previously.[4] The Sb(1) atom has a distorted tetragonal-
pyramidal environment. The structure determination unam-
biguously showed that 2 is an antimony(v) complex of an o-
amidophenolate dianion and three phenyl groups. Since the
spectroscopic data of complexes 1 and 2 are similar, we con-
sider the molecular structure of 1 to be close to that of 2.
According to X-ray diffraction analysis, Sb atoms in com-


plexes 4 and 6 are six-coordinate and have a distorted octa-
hedral environment. The Sb atoms in 4 and 6 are coordinat-
ed by donor molecules S (S=MeOH for 4 and S=MeCN
for 6). The catecholate fragment and two phenyl groups lie
in the equatorial plane. The third phenyl group and donor
atom of S occupy axial positions. The displacement of the
Sb atom from the basal plane in the direction toward the
axial phenyl group is 0.328 M in 4 and 0.362 M in 6. The
angles between equatorial and axial substituents vary in the
ranges of 96.24(4)–105.14(5) and 175.61(4)–177.06(3)8, re-
spectively. The sum of angles O-Sb-O, O-Sb-Ph, and Ph-Sb-
Ph in the equatorial plane is 354.38 in 4 and 353.488 in 6.
The five-membered metallocycles in 4 and 6 are not planar.
The bending angles along the O···O vector are 16.88 for 4
and 16.68 for 6 and are the largest among similar complexes.
The Sb(1)�OACHTUNGTRENNUNG(1,2) bond lengths in 4 are nearly equal


(2.030(1) and 2.028(1) M), whereas in 6 they are slightly dif-
ferent (2.033(1) and 2.017(1) M). The C(1)�O(1), C(2)�O(2)
distances in 4 and C(19)�C(1), C(24)�C(2) distances in 6
are 1.357(2) and 1.355(2) M, 1.361(2) and 1.361(1) M, respec-
tively, and they are typical catecholate bond lengths (1.35–
1.38 M).[6,9,10] The Sb�CPh bond lengths are in the range of
2.117(1)–2.145(1) M for both 4 and 6. The Sb···O (in 4) and
Sb···N (in 6) distances of the donor–acceptor bonds are
2.461(1) and 2.775(1) M, respectively. A correlation exists
between the Sb···O and Sb···N distances and the ionization
potentials of the coordinated molecules in complexes 4 and
6 (E ACHTUNGTRENNUNG(MeOH)ion=10.85, E ACHTUNGTRENNUNG(MeCN)ion=12.12 eV).[11]


Crystals of 8 contain one CH2Cl2 molecule of solvation
per molecule of complex. The complex consists of a tetrahe-
dral tetraphenylantimony(v) cation and an octahedral bis-
(phenanthrene-9,10-diolate)diphenylantimonate(v) anion.
The Sb�C distances in the cation lie in the range of
2.074(5)–2.104(5) M and are close to the corresponding
bond lengths in the cation of the similar compound [Ph4Sb]


+


ACHTUNGTRENNUNG[Ph2Sb(ox)2]
� [ox=oxalate(2�)] (2.09 M).[8]


The phenyl groups in the anion occupy cis positions
(C(35)-Sb(1)-C(29) 100.9(2)8), with Sb�C bond lengths of
2.128(5) and 2.138(5) M, somewhat longer than those in the
cation. The phenanthrene-9,10-diolate ligands coordinate to
the Sb atom slightly unsymmetrically. The Sb(1)�O ACHTUNGTRENNUNG(1,2) and
Sb(1)�OACHTUNGTRENNUNG(3,4) distances in the ligands are 2.030(3),
2.072(3) M and 2.031(3), 2.069(3) M, respectively. The
Sb(1)�O(1) and Sb(1)�O(3) bonds are located in trans posi-
tions relative to each other, whereas the Sb(1)�O(2) and


Figure 1. An ORTEP view of 4 with 50% probability ellipsoids (H atoms
omitted).


Figure 2. An ORTEP view of 6 with 50% probability ellipsoids (H atoms
omitted).


Figure 3. An ORTEP view of 8 with 50% probability ellipsoids (H atoms
omitted).
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Sb(1)�O(4) bonds are located in cis positions. The differen-
ces in lengths of the Sb(1)�OACHTUNGTRENNUNG(1,3) and Sb(1)�OACHTUNGTRENNUNG(2,4) bonds
can be explained by the trans effect of phenyl groups, which
are positioned trans to O(2) and O(4) and thus increase the
corresponding Sb(1)�OACHTUNGTRENNUNG(2,4) distances.
The C�O bond lengths are in the range of catecholate


C�O bonds (1.34–1.38 M).[6,9,10]


Reversible dioxygen binding by 1–7: Previously, we reported
that complex 2 binds molecular oxygen reversibly in solu-
tion to give 10, which has a five-membered trioxastibolane
ring.[4] Complex 1 also has such capability and interacts with
molecular oxygen to give 9 (Scheme 3).
The formation of complexes 9 and 10 is evident from


changes in the NMR and electronic absorption spectra ob-
served on prolonged exposure of solutions of 1 and 2 to air.
In the 1H NMR spectrum the intensity of all signals of 1 de-
creases with simultaneous increase of the intensity of reso-
nances related to 9. The shifts of signals attributed to the


tert-butyl and aromatic protons
of a distorted o-amidophenola-
to group are observed on addi-
tion of dioxygen. The tert-butyl
protons of 1 appear as two sin-
glets at d=1.15 and 1.49 ppm,
while those of 9 are found at
d=1.02 and 1.36 ppm in CDCl3.
The signals of two aromatic
protons of the amidophenolato
ligand in 1 appear as a pair of
doublets centered at d=5.87
and 6.75 ppm (4JACHTUNGTRENNUNG(H,H)=
2.3 Hz). The same protons of 9
give rise to doublets centered at
d=5.42 and 6.48 ppm (4J-
ACHTUNGTRENNUNG(H,H)=1.6 Hz). Furthermore,
in contrast to 1 the asymmetry
of complex 9 produces inequi-
valence of two methyl protons
of N-aryl substituents. Two
methyl protons of 1 appear as a
singlet at d=1.98 ppm. Howev-
er, these methyl protons in 9
appear as two singlets at d=


1.15 and 1.45 ppm. The
1H NMR spectrum shows that
full conversion of 1 and 2 to 9
and 10, respectively, in
[D6]acetone solution (2O10�3m)
takes about 1 h in air. Repeated
“freeze–pump (to remove mo-
lecular oxygen)–warm (to
50 8C)” cycles proved the rever-
sibility of dioxygen binding by 1
and 2.
Catecholate complexes 3–6


also interact with molecular
oxygen reversibly to give 11 and 12 (Scheme 4).
The changes in the 1H NMR spectrum observed on pro-


longed exposure of the solution of 3 to air were described
earlier.[7] In the 1H NMR spectrum (Figure 4) the intensity
of all proton resonances of 3 and 5 decreases with immedi-
ate increase in intensity of resonances related to their mo-
lecular oxygen complexes 11 and 12, respectively. Shifts of
signals attributed to the tert-butyl and methoxyl protons are
observed on addition of dioxygen to 3–6. Thus, the tert-butyl
protons of 5 appear as a singlet at d=1.54 ppm, while those
of 12 are found at d=1.29 ppm in CDCl3. The methoxyl
protons of 5 appear as a singlet at d=3.69 ppm, while those
of 12 are found at d=3.73 ppm. Repeated freeze–pump–
warm cycles were used to prove the reversibility of dioxygen
binding by complexes 3–6.
Complex 7 also binds molecular oxygen reversibly to give


complex Ph3Sb ACHTUNGTRENNUNG[PhenL’]O2 (13).
The formation of complexes 9–13 is evident from a


number of typical bands of their IR spectra in the range of


Table 1. Summary of crystal and refinement data for 4, 6, and 8.


Ph3SbACHTUNGTRENNUNG[(MeO)Cat]·CH3OH
(4)


Ph3SbACHTUNGTRENNUNG[(MeO)2Cat]·CH3CN
(6)


ACHTUNGTRENNUNG[Ph4Sb]
+
ACHTUNGTRENNUNG[Ph2SbACHTUNGTRENNUNG(PhenCat)2]


�


(8)


empirical formula C36H49O6Sb C36H42O4NSb C65H48Cl2O4Sb2
formula weight 699.49 674.46 1207.43
temperature [K] 100(2) 100(2) 100(2)
wavelength [M] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group c2/c P2(1)/n P2(1)
a [M] 35.0856(15) 13.5746(6) 9.6865(6)
b [M] 10.7380(5) 15.9506(7) 21.2953(12)
c [M] 17.9922(8) 15.0855(7) 13.1638(8)
a [8] 90 90 90
b [8] 98.4000(10) 97.8410(10) 109.7520(10)
g [8] 90 90 90
V [M3] 6705.8(5) 3235.8(3) 2555.6(3)
Z 8 4 2
1calcd [Mg m�3] 1.354 1.384 1.569
absorption coeffi-
cient [mm�1]


0.863 0.891 1.213


crystal size [mm] 0.20O0.13O0.08 0.84O0.38O0.35 0.29O0.19O0.02
reflections collected 18198 25015 14219
independent reflec-
tions


5909 [R ACHTUNGTRENNUNG(int)=0.0165] 5673 [R ACHTUNGTRENNUNG(int)=0.0144] 8806 [R ACHTUNGTRENNUNG(int)=0.0398]


absorption correction SADABS SADABS SADABS
max./min. transmission 0.9341/0.8463 0.7456/0.5214 0.9761/0.7198
refinement method full-matrix least-squares


on F2
full-matrix least-squares
on F2


full-matrix least-squares on
F2


data/restraints/parame-
ters


5909/2/570 5673/0/547 8806/13/658


final R indices[a]


[I>2s(I)]
R1 0.0231 0.0175 0.0445
wR2 0.0632 0.0455 0.0780
R indices[a] (all data)
R1 0.0258 0.0182 0.0577
wR2 0.0645 0.0458 0.0818
GOF[b] on F2 1.066 1.097 1.088
largest diff. peak/
hole [eM�3]


0.511/�0.460 0.383/�0.343 1.291/�0.524


[a] R=� j jFo j� jFc j j /� jFo j ; wR=R ACHTUNGTRENNUNG(wF2)= [�w(F2
ACHTUNGTRENNUNGo�F2


ACHTUNGTRENNUNGc)
2/�w(F2


ACHTUNGTRENNUNGo)
2]1/2, w=1/[s2(F2


ACHTUNGTRENNUNGo)+ (aP)2+bP], P= [2F2
ACHTUNGTRENNUNGc+


F2
ACHTUNGTRENNUNGo]/3. [b] GOF= [�w(F2


ACHTUNGTRENNUNGo�F2
ACHTUNGTRENNUNGc)


2/(n�p)]1/2, where n is the number of reflections, and p the number of refined
ACHTUNGTRENNUNGparameters.
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700–1600 cm�1. According to IR spectroscopic data the com-
plexes have n ACHTUNGTRENNUNG(O�O) bands in the range of 850–950 cm�1.[12]


Formation of 11 and 12 is also evident from changes in the


electronic absorption spectra. Electronic absorption spectra
of 11 and 12 exhibit the appearance of new bands (lmax=


383 and 372 nm, respectively), while the intensity of absorp-
tion bands at lmax=295 nm for 3 and lmax=299 nm for 5 de-
crease.


Table 2. Selected bond lengths [M] and angles [8] for
Ph3Sb[(MeO)Cat]·CH3OH (4).


Sb(1)�O(2) 2.0279(8) O(2)-Sb(1)-O(1) 78.83(3)
Sb(1)�O(1) 2.0295(8) O(2)-Sb(1)-C(16) 96.24(4)
Sb(1)�C(16) 2.1277(13) O(1)-Sb(1)-C(16) 96.44(4)
Sb(1)�C(22) 2.1378(13) O(2)-Sb(1)-C(22) 157.63(4)
Sb(1)�C(28) 2.1387(12) O(1)-Sb(1)-C(22) 87.68(4)
Sb(1)�O(1S) 2.4615(10) C(16)-Sb(1)-C(22) 102.99(5)
O(1)�C(1) 1.3574(15) O(2)-Sb(1)-C(28) 85.08(4)
O(2)�C(2) 1.3548(15) O(1)-Sb(1)-C(28) 158.55(4)
O(3)�C(4 1.3819(16) C(16)-Sb(1)-C(28) 99.36(5)
O(3)�C(11) 1.4100(18) C(22)-Sb(1)-C(28) 102.71(5)
C(1S)�O(1S) 1.4335(19) O(2)-Sb(1)-O(1S) 79.91(3)
O(2S)�C(2S) 1.350(2) O(1)-Sb(1)-O(1S) 80.80(3)
O(3S)�C(3S) 1.261(5) C(16)-Sb(1)-O(1S) 175.61(4)


C(22)-Sb(1)-O(1S) 80.38(4)
C(28)-Sb(1)-O(1S) 82.50(4)
C(1)-O(1)-Sb(1) 113.53(7)
C(2)-O(2)-Sb(1) 114.63(7)
C(17)-C(16)-Sb(1) 121.64(10)
C(21)-C(16)-Sb(1) 119.34(10)
C(23)-C(22)-Sb(1) 119.58(10)
C(27)-C(22)-Sb(1) 121.40(10)
C(29)-C(28)-Sb(1) 122.86(9)
C(33)-C(28)-Sb(1) 117.77(9)
C(1S)-O(1S)-Sb(1) 123.69(9)


Table 3. Selected bond lengths [M] and angles [8] for
Ph3Sb[(MeO)2Cat]·CH3CN (6).


Sb(1)�O(2) 2.0173(8) O(2)-Sb(1)-O(1) 78.76(3)
Sb(1)�O(1) 2.0334(8) O(2)-Sb(1)-C(7) 99.39(4)
Sb(1)�C(7) 2.1166(12) O(1)-Sb(1)-C(7) 94.46(4)
Sb(1)�C(1) 2.1332(12) O(2)-Sb(1)-C(1) 152.80(4)
Sb(1)�C(13) 2.1451(12) O(1)-Sb(1)-C(1) 87.70(4)
N(1)�C(1S) 1.1395(18) C(7)-Sb(1)-C(1) 105.14(5)
O(1)�C(19) 1.3614(15) O(2)-Sb(1)-C(13) 85.06(4)
O(2)�C(24) 1.3614(14) O(1)-Sb(1)-C(13) 160.03(4)
O(3)�C(21) 1.3886(15) C(7)-Sb(1)-C(13) 99.70(5)
O(3)�C(33) 1.4323(16) C(1)-Sb(1)-C(13) 101.96(5)
O(4)�C(22) 1.3906(14) C(19)-O(1)-Sb(1) 113.13(7)
O(4)�C(34) 1.4258(16) C(24)-O(2)-Sb(1) 113.75(7)
C(1S)�C(2S) 1.459(2) C(6)-C(1)-Sb(1) 118.48(10)
Sb(1)···N(1) 2.7750(12) C(2)-C(1)-Sb(1) 121.85(10)


C(8)-C(7)-Sb(1) 120.59(9)
C(12)-C(7)-Sb(1) 120.09(9)
C(18)-C(13)-Sb(1) 123.33(9)
C(14)-C(13)-Sb(1) 117.18(9)


Table 4. Selected bond lengths [M] and angles [8] for [Ph4Sb]
+


[Ph2Sb(PhenCat)2]
� (8).


Sb(1)�O(1) 2.030(3) O(1)-Sb(1)-O(3) 168.17(14)
Sb(1)�O(3) 2.031(3) O(1)-Sb(1)-O(4) 87.98(13)
Sb(1)�O(4) 2.069(3) O(3)-Sb(1)-O(4) 81.07(13)
Sb(1)�O(2) 2.072(3) O(1)-Sb(1)-O(2) 81.63(12)
Sb(1)�C(35) 2.128(5) O(3)-Sb(1)-O(2) 92.49(13)
Sb(1)�C(29) 2.138(5) O(4)-Sb(1)-O(2) 82.69(13)
O(1)�C(1) 1.375(6) O(1)-Sb(1)-C(35) 100.47(15)
C(1)�C(2) 1.375(6) O(3)-Sb(1)-C(35) 89.22(15)
C(1)�C(14) 1.421(6) O(4)-Sb(1)-C(35) 164.33(15)
O(2)�C(2) 1.354(5) O(2)-Sb(1)-C(35) 85.50(16)
C(2)�C(3) 1.429(7) O(1)-Sb(1)-C(29) 90.03(16)
O(3)�C(15) 1.360(6) O(3)-Sb(1)-C(29) 94.80(16)
C(3)�C(4) 1.419(7) O(4)-Sb(1)-C(29) 92.15(17)
C(3)�C(8) 1.424(7) O(2)-Sb(1)-C(29) 170.32(16)
O(4)�C(16) 1.345(6) C(35)-Sb(1)-C(29) 100.9(2)
Sb(2)�C(59) 2.074(5) C(1)-O(1)-Sb(1) 110.6(3)
Sb(2)�C(41) 2.097(5) C(2)-O(2)-Sb(1) 110.4(3)
Sb(2)�C(47) 2.101(5) C(15)-O(3)-Sb(1) 110.1(3)
Sb(2)�C(53) 2.104(5) C(16)-O(4)-Sb(1) 110.5(3)


C(30)-C(29)-Sb(1) 120.6(4)
C(34)-C(29)-Sb(1) 120.2(4)
C(36)-C(35)-Sb(1) 119.3(4)
C(40)-C(35)-Sb(1) 123.2(3)
C(46)-C(41)-Sb(2) 122.3(4)
C(42)-C(41)-Sb(2) 117.8(4)
C(48)-C(47)-Sb(2) 117.8(4)
C(52)-C(47)-Sb(2) 119.8(4)
C(58)-C(53)-Sb(2) 118.6(4)
C(54)-C(53)-Sb(2) 120.0(4)
C(64)-C(59)-Sb(2) 122.4(4)
C(60)-C(59)-Sb(2) 118.9(4)


Scheme 3.


Scheme 4.
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Crystal structures of 9–13 : Spiroendoperoxides 9, 10, and 12
were isolated from acetone, 11 from toluene and 13 from
CH2Cl2/hexane as air-stable yellow-orange crystals. Complex
10 contains one molecule of acetone of solvation per mole-
cule of complex. The crystal structures of 9–13 were deter-
mined by single-crystal X-ray diffraction. Molecular struc-
tures of 9 and 11–13 are depicted in Figures 5–8. Crystallo-
graphic data and details of structure determination are
given in Table 5. Tables 6–9 summarize selected bond
lengths and angles.
All spiroendoperoxide complexes 9–13 have the same


structure of five-atom dioxaazastibolane (for 9, 10) or triox-
astibolane (for 11–13) rings. The Sb atoms in 9–13 have a
distorted octahedral geometry. Atoms O(1) and N(1) in 9,
10 as well as oxygen atoms O(1), O(2) in 11–13 and two
phenyl groups are in equatorial planes, whereas the peroxo
atoms O(3) of 9–13 and the third phenyl group are in axial
positions.


The molecular structure of
spiroendoperoxide 10 was de-
scribed earlier.[4] In contrast to
10 with isopropyl-substituted N-
aryl fragment, complex 9 has
less bulky methyl groups at N-
aryl. The most significant differ-
ence between these complexes
is in the Sb(1)···N(1) distances.
Unexpectedly the Sb(1)···N(1)
distance in 9 (2.480(1) M) is sig-
nificantly longer than that in 10
(2.425(3) M), whereas the
Sb(1)�O(1), Sb(1)�O(2), and
Sb(1)�CPh bond lengths in both
complexes are approximately
equal. Apparently, the signifi-
cant difference in the
Sb(1)···N(1) distances is deter-
mined by crystal-packing ef-
fects. Note that the shortest in-
tramolecular distances between
N-aryl substituents and equato-
rial Ph groups are 3.432(3) M in
9 and 3.206(3) M in 10.
The N(1)�C(6) and N(1)�


C(2) distances in 9 and 10 are
1.291(2) and 1.287(4) M, respec-
tively, and are typical for N=C
bonds.[13] The O(2)�O(3) dis-
tances in the peroxide frag-
ments are 1.461(3) M in 10 and
1.466(2) M in 9, which are
close to the O�O distances in
the antimony endoperoxide 3,3-
dihydro-5,5-dimethyl-3,3,3-tri-
phenyl-1,2,4,3-trioxastibolane
(1.468 M)[14] and tetrakis(diaryl-Figure 4. 1H NMR spectra of 3 (a) and 5 (c) and their dioxygen adducts 11 (b) and 12 (d) in CDCl3 at ambient


temperature. 1H NMR spectra b) and d) contain residual signals of the initial complexes.


Figure 5. An ORTEP view of 9 with 50% probability ellipsoids (H atoms
are omitted).
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antimony)di-m4-peroxotetraoxides (Ph2SbO)4(O2)2 (1.47 M).[15]


Since the C(1) atoms in 9 and 10 have sp3 hybridization, the
Sb(1)-O(1)-N(1)-C(1)-C(6) (9) and Sb(1)-O(1)-N(1)-C(1)-
C(2) metallocycles (10) of the o-amidophenolato ligands are
not planar.


The bond lengths in the six-membered C ACHTUNGTRENNUNG(1–6) fragments
of 9 and 10 are redistributed relative to the initial o-amido-
phenolate complexes. In 9, the C(1)�C(2) (1.522(2) M),


Figure 6. An ORTEP view of 11 with 50% probability ellipsoids (H
atoms omitted).


Table 5. Summary of crystal and refinement data for 9, 11, 12, and 13.


Ph3Sb[L-Me]O2 (9) Ph3Sb[(MeO)L’]O2 (11) Ph3Sb[(MeO)2L’]O2 (12) Ph3Sb[PhenL’]O2 (13)


empirical formula C40H44NO3Sb C40H45O5Sb C34H39O6Sb C32H23O4Sb
formula weight 708.51 727.51 665.40 593.25
temperature [K] 100(2) 100(2) 100(2) 100(2)
wavelength [M] 0.71073 0.71073 0.71073 0.71073
crystal system triclinic monoclinic monoclinic triclinic
space group P1̄ P2(1)/c P2(1)/c P1̄
a [M] 10.6939(6) 11.3086(9) 18.3155(9) 9.2366(10)
b [M] 12.1357(6) 31.344(3) 15.2211(8) 9.3098(11)
c [M] 15.2329(8) 11.1688(9) 11.6209(6) 14.2320(17)
a [8] 99.5940(10) 90 90 88.034(3)
b [8] 107.7280(10) 117.5480(10) 108.2460(10) 83.994(3)
g [8] 106.6190(10) 90 90 83.217(3)
V [M3] 1733.22(16) 3510.0(5) 3076.8(3) 1208.3(2)
Z 2 4 4 2
1calcd [Mgm�3] 1.358 1.377 1.436 1.631
absorption coeffi-
cient [mm�1]


0.834 0.829 0.940 1.181


crystal size [mm] 0.35O0.18O0.10 0.15O0.10O0.08 0.35O0.20O0.15 0.08O0.07O0.06
reflections collected 9592 27556 23897 6185
independent reflections 6079 [R(int)=0.0201] 6183 [R(int)=0.0215] 5413 [R(int)=0.0199] 3778 [R(int)=0.0323]
absorption correction SADABS SADABS SADABS SADABS
max./min. transmission 0.9213/0.7590 0.9367/0.8858 0.8719/0.7344 0.9325/0.9115
refinement method full-matrix least-squares on


F2
full-matrix least-squares on
F2


full-matrix least-squares on
F2


full-matrix least-squares on
F2


data/restraints/parameters 6079/0/582 6183/12/574 5413/0/526 3778/0/426
final R indices[a] [I>2s(I)]
R1 0.0273 0.0309 0.0188 0.0392
wR2 0.0626 0.0713 0.0478 0.0921
R indices[a] (all data)
R1 0.0330 0.0337 0.0199 0.0487
wR2 0.0642 0.0726 0.0485 0.0955
GOF[b] on F2 1.05 1.088 1.059 1.008
largest diff. peak/
hole [eM�3]


0.768/�0.33 1.199/�1.240 0.567/�0.321 1.274/�0.926


[a] R=� j jFo j� jFc j j /� jFo j ; wR=R(wF2)= [�w(F2
ACHTUNGTRENNUNGo�F2


ACHTUNGTRENNUNGc)
2/�w(F2


ACHTUNGTRENNUNGo)
2]1/2, w=1/[s2(F2


ACHTUNGTRENNUNGo)+ (aP)2+bP], P= [2F2
ACHTUNGTRENNUNGc+F


2
ACHTUNGTRENNUNGo]/3. [b] GOF= [�w(F2


ACHTUNGTRENNUNGo�F2
ACHTUNGTRENNUNGc)


2/(n�p)]1/2,
where n is the number of reflections, and p the number of refined parameters.


Figure 7. An ORTEP view of 12 with 50% probability ellipsoids (H
atoms omitted).


www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3916 – 39273922


G. A. Abakumov et al.



www.chemeurj.org





C(1)�C(6) (1.527(2) M) and C(4)�C(3) (1.477(2) M) distan-
ces correspond to single bonds, whereas C(2)�C(3)
(1.334(2) M) and C(4)�C(5) (1.338(2) M) are double
bonds.[13] The C(5)�C(6) (1.435(2) M) distance indicates con-
jugation in the N(1)=C(6)�C(5) fragment. The same is ob-
served in 10.
Despite their similar nature, complexes 11 and 12 have an


unexpected difference in the Sb(1)···O(2) bond lengths. The
Sb(1)···O(2) distances are 2.311(2) and 2.4074(9) M for 11
and 12, respectively. At the same time other Sb�O distances
are close to each other: Sb(1)�O(1) 2.033(2), Sb(1)�O(3)
2.076(1) M in 11 and Sb(1)�O(1) 2.038(1), Sb(1)�O(3)


2.067(1) M in 12. The O(2)�C(19) distance in 11 and O(2)�
C(20) distance in 12 are 1.256(3) M and 1.238(2) M, respec-
tively, and differ from each other less significantly than the


Table 6. Selected bond lengths [M] and angles [8] for Ph3Sb[L-Me]O2 (9).


Sb(1)�O(1) 2.0240(10) O(1)-Sb(1)-O(2) 79.87(4)
Sb(1)�O(2) 2.0731(11) O(1)-Sb(1)-C(35) 97.53(5)
Sb(1)�C(35) 2.1374(17) O(2)-Sb(1)-C(35) 93.07(5)
Sb(1)�C(23) 2.1378(16) O(1)-Sb(1)-C(23) 153.13(6)
Sb(1)�C(29) 2.1441(16) O(2)-Sb(1)-C(23) 84.87(5)
Sb(1)�N(1) 2.4802(14) C(35)-Sb(1)-C(23) 105.30(6)
O(1)�C(1) 1.3703(19) O(1)-Sb(1)-C(29) 89.79(5)
O(2)�O(3) 1.4659(15) O(2)-Sb(1)-C(29) 165.66(5)
O(3)�C(1) 1.4675(17) C(35)-Sb(1)-C(29) 98.15(6)
N(1)�C(6) 1.291(2) C(23)-Sb(1)-C(29) 100.63(6)
N(1)�C(15) 1.443(2) O(1)-Sb(1)-N(1) 70.22(4)
C(1)�C(2) 1.522(2) O(2)-Sb(1)-N(1) 73.97(4)
C(1)�C(6) 1.527(2) C(35)-Sb(1)-N(1) 163.28(6)


C(23)-Sb(1)-N(1) 84.40(5)
C(29)-Sb(1)-N(1) 93.26(6)
C(1)-O(1)-Sb(1) 108.00(8)
O(3)-O(2)-Sb(1) 110.55(6)
O(2)-O(3)-C(1) 106.75(10)
C(6)-N(1)-C(15) 120.02(14)
C(6)-N(1)-Sb(1) 105.11(11)
C(15)-N(1)-Sb(1) 131.60(10)
O(1)-C(1)-O(3) 109.37(12)
O(1)-C(1)-C(2) 114.64(12)
O(3)-C(1)-C(2) 102.83(12)
O(1)-C(1)-C(6) 110.29(14)
O(3)-C(1)-C(6) 104.48(11)
C(2)-C(1)-C(6) 114.35(14)


Figure 8. An ORTEP view of 13 with 50% probability ellipsoids (H
atoms omitted).


Table 7. Selected bond lengths [M] and angles [8] for Ph3Sb[(MeO)L’]O2


(11).


Sb(1)�O(1) 2.0334(15) O(1)-Sb(1)-O(3) 79.86(6)
Sb(1)�O(3) 2.0759(14) O(1)-Sb(1)-C(1) 93.38(7)
Sb(1)�C(1) 2.130(2) O(3)-Sb(1)-C(1) 94.17(7)
Sb(1)�C(13) 2.142(2) O(1)-Sb(1)-C(13) 158.57(7)
Sb(1)�C(7) 2.143(2) O(3)-Sb(1)-C(13) 85.66(7)
Sb(1)�O(2) 2.3112(15) C(1)-Sb(1)-C(13) 103.42(8)
O(1)�C(20) 1.364(3) O(1)-Sb(1)-C(7) 91.47(7)
C(1)-C(2) 1.391(3) O(3)-Sb(1)-C(7) 162.98(7)
C(1)�C(6) 1.394(3) C(1)-Sb(1)-C(7) 101.00(8)
O(2)�C(19) 1.256(3) C(13)-Sb(1)-C(7) 98.15(8)
O(3)�O(4) 1.475(2) O(1)-Sb(1)-O(2) 72.24(6)
O(4)�C(20) 1.472(3) O(3)-Sb(1)-O(2) 74.40(5)
O(5)�C(23) 1.339(3) C(1)-Sb(1)-O(2) 162.79(7)
O(5)�C(33) 1.447(3) C(13)-Sb(1)-O(2) 88.75(7)
C(19)�C(20) 1.542(3) C(7)-Sb(1)-O(2) 89.04(7)
C(20)�C(21) 1.499(3) C(20)-O(1)-Sb(1) 107.09(13)


C(2)-C(1)-C(6) 118.8(2)
C(2)-C(1)-Sb(1) 121.24(14)
C(6)-C(1)-Sb(1) 119.87(17)
C(19)-O(2)-Sb(1) 109.51(13)
C(3)-C(2)-C(1) 120.6(2)
O(4)-O(3)-Sb(1) 110.17(10)
C(4)-C(3)-C(2) 120.0(2)
O(1)-C(20)-O(4) 109.16(16)
O(1)-C(20)-C(21) 114.29(19)
O(4)-C(20)-C(21) 104.47(16)
O(1)-C(20)-C(19) 109.02(17)
O(4)-C(20)-C(19) 103.00(17)
C(21)-C(20)-C(19) 116.00(18)


Table 8. Selected bond lengths [M] and angles [8] for Ph3Sb[(MeO)2L’]O2


(12).


Sb(1)�O(1) 2.0377(10) O(1)-Sb(1)-O(3) 79.62(4)
Sb(1)�O(3) 2.0667(10) O(1)-Sb(1)-C(1) 96.53(4)
Sb(1)�C(1) 2.1230(13) O(3)-Sb(1)-C(1) 96.46(5)
Sb(1)�C(7) 2.1307(15) O(1)-Sb(1)-C(7) 91.07(4)
Sb(1)�C(13) 2.1322(13) O(3)-Sb(1)-C(7) 158.51(5)
Sb(1)�O(2) 2.4074(9) C(1)-Sb(1)-C(7) 103.86(5)
O(1)�C(19) 1.3682(16) O(1)-Sb(1)-C(13) 155.97(4)
O(2)�C(20) 1.2389(17) O(3)-Sb(1)-C(13) 83.53(5)
O(3)�O(4) 1.4729(13) C(1)-Sb(1)-C(13) 102.31(5)
O(4)�C(19) 1.4641(17) C(7)-Sb(1)-C(13) 98.66(5)
O(5)�C(22) 1.3508(16) O(1)-Sb(1)-O(2) 69.89(3)
O(5)�C(33) 1.447(2) O(3)-Sb(1)-O(2) 73.28(4)
O(6)�C(23) 1.3760(17) C(1)-Sb(1)-O(2) 163.98(4)
O(6)�C(34) 1.4286(19) C(7)-Sb(1)-O(2) 85.36(4)
C(19)�C(24) 1.5093(18) C(13)-Sb(1)-O(2) 88.95(4)
C(19)�C(20) 1.5475(18) C(19)-O(1)-Sb(1) 108.15(8)


C(2)-C(1)-C(6) 119.19(13)
C(2)-C(1)-Sb(1) 121.48(10)
C(6)-C(1)-Sb(1) 119.27(10)
C(20)-O(2)-Sb(1) 108.25(8)
C(3)-C(2)-C(1) 120.27(14)
O(4)-O(3)-Sb(1) 111.31(7)
O(1)-C(19)-O(4) 110.12(10)
O(1)-C(19)-C(24) 113.96(11)
O(4)-C(19)-C(24) 104.31(11)
O(1)-C(19)-C(20) 107.70(11)
O(4)-C(19)-C(20) 103.58(10)
C(24)-C(19)-C(20) 116.53(11)
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Sb(1)···O(2) bond lengths. The C(19)�C(2) bond in 11 and
C(20)�C(2) bond in 12 are close to C=O bonds (1.19–
1.25 M).[13] The torsion angles O(1)-C(20)-C(19)-O(2) in 11
and O(1)-C(19)-C(20)-O(2) in 12 are also similar (�30.3
and �30.88, respectively).
Apparently, the crystal-packing energy in 11 and 12 plays


a significant role in the formation of the donor–acceptor
Sb···O bonds, as in 9 and 10.
The C(20)�C(1) (1.364(3) M) distance in 11 and C(19)�


C(1) (1.368(2) M) distance in 12 are in the range characteris-
tic for catecholate bond lengths (1.35–1.38 M[6,9,10]) and close
to the respective analogous distances in 9 and in 10.
(1.370(2), 1.369(4) M) C ACHTUNGTRENNUNG(sp3)�O(4) bond lengths (1.472(3) M
for 11 and 1.464(2) M for 12) are in the range of ordinary
C�O bond lengths (1.41–1.47 M),[13] as in 9 (C(1)�O(3)
1.468(2) M) and 10 (C(1)�O(3) 1.479(4) M). The peroxide
O(3)�O(4) distances of 1.475(2) M in 11 and 1.464(2) M in
12 are close to corresponding bonds in known peroxides
(1.469 M).[16]


The nonplanar six-membered C ACHTUNGTRENNUNG(19–24) rings of complexes
11 and 12 exhibit C�C bond differentiation. The spiro
carbon atoms form normal bonds (1.502–1.520 M).[13] The
C(21)�C(22) and C(23)�C(24) bonds (1.336(3) and
1.373(3) M in 11, 1.361(2) and 1.342(2) M in 12) are close to
C=C bonds (1.332 M).[13] The C(19)�C(24) bond length in 11
is 1.428(3) M, and the C(20)�C(21) distance in 12 is
1.452(2) M, which corresponds to conjugated C�C bonds of
sp2 C atoms (1.455 M).[13]


Interestingly, 11 and 12 have different C(22)�C(23) bond
lengths (1.460(3) M and 1.502(2) M respectively), possibly
due to the influence of methoxyl groups. Complex 11 proba-
bly has C ACHTUNGTRENNUNG(21–24) conjugation; hence, the C(22)�C(23) bond
length of 1.460(3) M in 11 is much shorter than the corre-
sponding bond length in 12 (1.502(2) M). Moreover, C(21)�
C(22) and C(23)�C(24) bond lengths in 11 are longer than
those in 12.
In 13 (Figure 8) the Sb(1)···O(1) (2.549(3) M) distance has


a maximum value in comparison with the analogous distan-
ces in 9–12. The O(3)�O(4) bond length in 13 of 1.461(4) M
is shorter than the analogous distance (1.493(5) M) in a simi-
lar Rh complex[17] and somewhat less than in organic endo-
peroxides (1.48–1.49 M).[18] The aromaticity of the C(1)-
C(2)-C(3)-C(8)-C(9)-C(14) ring is lost because C(2) has sp3


hybridization. All bond lengths formed with this carbon
atom are in the range of normal bonds (C�C 1.515(6)–
1.517(7) and C�O 1.354(5)–1.471(5) M).[13]


Thus, coordination of the oxygen molecule to the initial o-
amidophenolate and catecholate complexes of Sb(v) leads
to:


1) Breaking of the Sb�O (in catecholates) or Sb�N (in o-
amidophenolates) bond and formation of peroxide Sb�O
and C�O bonds in an Sb-O-O-C fragment. As a result,
one carbon atom of the catecholate fragment changes its
hybridization from sp2 to sp3, and the aromaticity of the
six-membered C�C ring is lost.


2) Formation of an N=C or C=O bond and donor–acceptor
Sb···O or Sb···N bond which vary over wide ranges of
values, whereas other geometrical parameters in the co-
ordination spheres of Sb atoms are similar to each other.


Thus, a mechanism of reversible dioxygen binding by 1–7
can be suggested (Scheme 5). The first step is one-electron
oxidation of o-amidophenolato or catecholato ligand by mo-


Scheme 5.


Table 9. Selected bond lengths [M] and angles [8] for Ph3Sb[PhenL’]O2


(13).


Sb(1)�O(2) 2.044(3) O(2)-Sb(1)-O(3) 78.78(11)
Sb(1)�O(3) 2.070(3) O(2)-Sb(1)-C(21) 92.35(15)
Sb(1)�C(21) 2.113(4) O(3)-Sb(1)-C(21) 104.46(15)
Sb(1)�C(27) 2.135(4) O(2)-Sb(1)-C(27) 158.60(15)
Sb(1)�C(15) 2.135(4) O(3)-Sb(1)-C(27) 83.45(14)
Sb(1)�O(1) 2.549(3) C(21)-Sb(1)-C(27) 103.63(17)
O(1)�C(1) 1.235(6) O(2)-Sb(1)-C(15) 90.21(14)
C(1)�C(2) 1.517(7) O(3)-Sb(1)-C(15) 152.22(16)
O(2)�C(2) 1.354(5) C(21)-Sb(1)-C(15) 101.38(17)
C(2)�O(4) 1.471(5) C(27)-Sb(1)-C(15) 100.29(17)
O(3)�O(4) 1.461(4) O(2)-Sb(1)-O(1) 69.50(11)
C(3)�C(4) 1.370(8) O(3)-Sb(1)-O(1) 70.92(11)
C(3)�C(8) 1.395(7) C(21)-Sb(1)-O(1) 161.73(14)
C(4)�C(5) 1.372(8) C(27)-Sb(1)-O(1) 93.52(14)
C(5)�C(6) 1.377(9) C(15)-Sb(1)-O(1) 81.35(14)
C(6)�C(7) 1.364(9) C(1)-O(1)-Sb(1) 105.1(3)
C(7)�C(8) 1.405(7) O(1)-C(1)-C(14) 122.7(5)
C(8)�C(9) 1.463(8) O(1)-C(1)-C(2) 116.1(4)
C(9)�C(14) 1.411(7) C(14)-C(1)-C(2) 121.1(4)
C(9)�C(10) 1.416(8) C(2)-O(2)-Sb(1) 108.8(3)
C(10)�C(11) 1.364(9) O(2)-C(2)-O(4) 109.4(3)
C(11)�C(12) 1.370(9) O(2)-C(2)-C(3) 114.0(4)
C(12)�C(13) 1.368(8) O(4)-C(2)-C(3) 102.4(3)
C(13)�C(14) 1.387(8) O(2)-C(2)-C(1) 110.3(4)


O(4)-C(2)-C(1) 104.8(4)
C(3)-C(2)-C(1) 115.0(4)
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lecular oxygen, with intermediate formation of an ion pair
consisting of molecular cation and superoxide anion. In the
next stage geminate recombination of ion pairs leads to a
triplet biradical complex of antimony(v) containing o-imino-
benzosemiquinonato (or o-benzosemiquinonato) and peroxo
ligands. Interspin conversion of triplet to singlet state in this
radical pair is facilitated by the presence of the heavy anti-
mony atom with a large constant of spin–orbital interaction.
The subsequent recombination of the radical centers in this
singlet intermediate results in the final bicyclic endoperox-
ides. The formation of endoperoxide does not take place if
the redox conversion from dianionic form (catecholate) to
radical anion (o-semiquinolate) does not compensate for the
energy loss of dioxygen reduction to the radical anion. For
example, catecholates of Ph3Sb(v) with 3,6-di-tert-butyl-o-
benzoquinone or perchloroxanthrene-2,3-quinone are stable
towards dioxygen, both in the solid state and in solution.[6]


However, the use of electron-donor methoxyl groups (com-
plexes 3--6) to facilitate oxidation of the catecholate ligand
or using the easily oxidized phenanthrene-9,10-diolate
ligand (7) allow dioxygen-binding ability to be achieved.
Thus, the redox potential of the ligand in antimony(v) cate-
cholates and o-amidophenolates plays a crucial role in the
ability of the complex to bind and release O2.


Experimental Section


General aspects : Starting materials were commercially available (Al-
drich, Fluka, Strem) unless otherwise noted. Triphenylantimony was pre-
pared as described in the literature.[19] 4,6-Di-tert-butyl-N-(2,6-diisopro-
pylphenyl)-o-iminobenzoquinone, 4,6-di-tert-butyl-N-(2,6-di-methylphen-
yl)-o-iminobenzoquinone, 4-methoxy-3,6-di-tert-butyl-o-benzoquinone
and 4,5-di-methoxy-3,6-di-tert-butyl-o-benzoquinone were prepared ac-
cording to literature procedures.[20,21] Solvents were purified by standard
methods.[22] Syntheses of complexes 1–8 were carried out in vacuum.
1H NMR spectra were recorded on Bruker AVANCE DPX-200 spec-
trometer in CDCl3 or [D6]acetone and with TMS as internal standard. IR
spectra were recorded on a Specord M-80. Electronic absorption spectra
were recorded on a Perkin-Elmer Lambda 25 UV/Vis spectrometer
(range: 220–1100 nm) at ambient temperature. X-ray structure analysis
was carried out on a Smart Apex diffractometer (Bruker AXS).


[4,6-Di-tert-butyl-N-(2,6-dimethylphenyl)-o-amidophenolato]triphenylan-
timony(v) (Ph3Sb ACHTUNGTRENNUNG[AP-Me], 1): Triphenylantimony (0.353 g, 1 mmol) was
dissolved in dry toluene (20 mL). 4,6-Di-tert-butyl-N-(2,6-dimethylphen-
yl)-o-iminobenzoquinone (0.676 g, 1 mmol) dissolved in toluene (30 mL)
was added dropwise to the triphenylantimony solution over 10 min. The
red-brown solution of free o-iminobenzoquinone IBQ-Me lightened as
each drop came into contact and reacted with the triphenylantimony sol-
ution. After addition was complete, the reaction mixture became yellow.
Removal of solvent under vacuum yielded a solid. Recrystallization of
this crude material from hexane yielded yellow microcrystalline product;
m.p. 167–168 8C. Yield 0.99 g (96%). Elemental analysis calcd (%) for
C40H44ONSb: C 71.01, H 6.51, Sb 18.05; found: C 71.36, H 6.22, Sb 17.84;
IR (Nujol): ñ=1570m, 1510w, 1450s, 1440s, 1420s, 1385s, 1365m, 1335m,
1305w, 1295m, 1255s, 1245s, 1205w, 1185w, 1165w, 1120w, 1095w, 1070m,
1025m, 995s, 920w, 895m, 855m, 830m, 765m, 760w, 725s, 695s, 675w,
655w, 605w, 545w, 530w, 515w, 490w, 450m cm�1; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=1.15 and 1.49 (both s, both 9H; 2 tBu), 1.98 (s,
6H; 2Me), 5.87 and 6.75 (d, both 1H; 4J ACHTUNGTRENNUNG(H,H)=2.3, C6H2 aromatic),
6.69 (s, 3H; C6H3 aromatic), 7.21–7.55 ppm (m, 15H; aromatic);
1H NMR (200 MHz, [D6]acetone, 25 8C, TMS): d=1.11 and 1.46 (both s,


both 9H; 2 tBu), 1.99 (s, 6H; 2Me), 5.86 and 6.73 (d, both 1H; 4J ACHTUNGTRENNUNG(H,H)=
2.3, C6H2 aromatic), 6.75 (s, 3H; C6H3 aromatic), 7.32–7.57 ppm (m,
15H; aromatic).


[4,6-Di-tert-butyl-N-(2,6-diisopropylphenyl)-o-amidophenolato]triphenyl-
antimony(v) (Ph3Sb ACHTUNGTRENNUNG[AP-iPr], 2): This complex was prepared as described
previously.[4]


(4-Methoxy-3,6-di-tert-butylcatecholato)triphenylantimony(v) Ph3Sb-
ACHTUNGTRENNUNG[(MeO)Cat] (3): Synthesis and isolation of 3 were carried out similarly to
those of 2. Thus, the reaction of triphenylantimony (0.353 g, 1 mmol) and
4-methoxy-3,6-di-tert-butyl-o-benzoquinone (0.250 g, 1 mmol) yielded 3
(0.585 g; 97%) as yellow crystals; m.p. 104–105 8C. Elemental analysis
calcd (%) for C33H37O3Sb: C 65.67, H 6.45, Sb 20.23; found: C 65.23, H
6.83, Sb 20.05; IR (Nujol): ñ=1596w, 1548w, 1477s, 1434s, 1393s, 1378s,
1356w, 1329w, 1305w, 1258w, 1238s, 1198m, 1095s, 1075m, 1063w, 1022w,
988m, 977m, 929w, 886s, 849w, 816m, 794w, 742s, 732s, 692s, 672w, 618w,
587w, 549w, 485m, 455s cm�1; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=1.44–1.56 (both s, both 9H; 2 tBu), 3.74 (s, 3H, OMe), 6.33 (s, 1H,
C6H1), 7.38–7.79 ppm (m, 15H, aromatic).


(4,5-Dimethoxy-3,6-di-tert-butylcatecholato)triphenylantimony(v) metha-
nolate, 3·CH3OH (4): Synthesis and isolation of 4 were carried out simi-
larly to those of 3. Compound 3 was recrystallized from methanol to give
yellow microcrystals of 4 ; m.p. 110–111 8C. Elemental analysis calcd (%)
for C36H49O6Sb: C 61.76, H 7.01, Sb 17.44; found: C 62.22, H 7.33, Sb
17.03; IR (Nujol): ñ=3420m, 1600w, 1555w, 1495s, 1435s, 1385s, 1360m,
1340s, 1310w, 1265w, 1295s, 1245s, 1240s, 1200m, 1100s, 1075m, 1035w,
1025m, 995m., 820m, 795w, 735s, 695s, 665w, 620w, 585w, 545w, 485m,
455m cm�1; 1HNMR (200 MHz, CDCl3, 258C, TMS): d=1.42 and 1.53
(both s, both 9H; 2 tBu), 3.48 (s, 3H, CH3OH), 3.72 (s, 3H, OMe), 6.30
(s, 1H, C6H1), 7.37–7.78 ppm (m, 15H, aromatic).


(4,5-Dimethoxy-3,6-di-tert-butylcatecholato)triphenylantimony(v)
(Ph3Sb ACHTUNGTRENNUNG[(MeO)2Cat], 5): Synthesis and isolation were carried out similarly
to those of 2. Thus, the reaction of triphenylantimony (0.353 g, 1 mmol)
and 4,5-di-methoxy-3,6-di-tert-butyl-o-benzoquinone (0.280 g, 1 mmol)
yielded 5 (0.608 g; 96%) as yellow crystals; m.p. 141–142 8C. Elemental
analysis calcd (%) for C34H39O4Sb: C 64.47, H 6.21, Sb 19.27; found: C
64.19, H 6.23, Sb 18.79; IR (Nujol): ñ=1478m, 1435s, 1382s, 1356m,
1334w, 1301w, 1272m, 1222m, 1202w, 1191w, 1180w, 1102m, 1058s, 1022m,
993s, 928w, 904s, 885m, 849w, 796w, 776w, 734s, 693s, 657w, 634m, 584s,
547w, 508w, 463m, 448s cm�1. 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=1.54 (s, 9H; 2 tBu), 3.69 (s, 6H, 2OMe), 7.38–7.77 ppm (m, 15H, aro-
matic).


3,6-Di-tert-butyl-4,5-dimethoxycatecholato)triphenylantimony(v) acetoni-
trile solvate, 5·CH3CN (6): Synthesis and isolation of 6 were carried out
similarly to those of 5. Compound 5 was recrystallized from acetonitrile
to give yellow microcrystals of 6 ; m.p. 105–106 8C. Elemental analysis
calcd (%) for C36H42NO4Sb: C 64.05, H 6.23, Sb 18.09; found: C 64.49, H
6.56, Sb 18.53; IR (Nujol): ñ=2290w, 2259w, 1596w, 1546w, 1476m, 1435s,
1355m, 1335w, 1304w, 1273m, 1226m, 1196m, 1181w, 1155w, 1109m,
1059s, 1022w, 996m, 979m, 911m, 880m, 774w, 732s, 694s, 659w, 631w,
581w, 548w, 520w, 455s cm�1; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=1.31 (s, 9H; 2 tBu), 1.57 (s, 6H, 2CH3CN), 3.75 (s, 6H, 2OMe), 7.33–
7.74 ppm (m, 15H, aromatic).


Ph3SbACHTUNGTRENNUNG[PhenCat] (7): Synthesis and isolation of 7 were carried out similar-
ly to those of 2. Thus, the reaction of triphenylantimony (0.353 g,
1 mmol) and 9,10-phenanthrenequinone (0.208 g, 1 mmol) yielded 7
(0.451 g; 80.4%) as air-unstable green crystals. Elemental analysis calcd
(%) for C32H23O2Sb: C 68.45, H 4.1, Sb 21.75; found: C 68.83, H 4.63, Sb
21.99; IR (Nujol): ñ=1605w, 1585m, 1570w, 1525w, 1495m, 1380s, 1355m,
1340m, 1295s, 1255s, 1255m, 1185w, 1155w, 1120m, 1095w, 1065s, 1035w,
1025s, 995w, 945w, 925w, 800w, 785m, 750s, 740s, 715s, 695s, 690s, 675w,
660w, 555w, 545w, 510m, 455m cm�1.


ACHTUNGTRENNUNG[Ph4Sb]
+
ACHTUNGTRENNUNG[Ph2Sb ACHTUNGTRENNUNG(PhenCat)2]


� (8): Synthesis and isolation of 8 were car-
ried out similarly to those of 2. Thus, the reaction of triphenylantimony
(0.353 g, 1 mmol) and 9,10-phenanthrenequinone (0.208 g, 1 mmol) yield-
ed 8 (0.521 g; 93%) as a yellow solid. Recrystallization of this crude ma-
terial from CH2Cl2/hexane yielded yellow microcrystalline product; m.p.
140–141 8C (decomp). Elemental analysis calcd (%) for C65H48Cl2O4Sb2:
C 64.60, H 3.98, Sb 20.20; found: C 65.03, H 3.63, Sb 20.05; IR (Nujol):


Chem. Eur. J. 2006, 12, 3916 – 3927 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3925


FULL PAPERTriphenylantimony(v) Catecholates and o-Amidophenolates



www.chemeurj.org





ñ=1600w, 1580m, 1514w, 1490w, 1440s, 1416m, 1373s, 1341s, 1307w,
1283w, 1264w, 1225w, 1172w, 1108m, 1069w, 1055m, 1026m, 996w, 938m,
792m, 757s, 733s, 730s, 723s, 697w, 686m, 629w, 598w, 587w, 574w, 550w,
509w, 455m, 442m cm�1.


Ph3SbACHTUNGTRENNUNG[L-Me]O2 (9): The synthesis of 9 was carried out similarly to that
of 10 described in reference [4]. Compound 1 (100 mg, 0.148 mmol) was
dissolved in toluene in air. The solution was allowed to stand for 2 h.
Then solvent was removed by slow evaporation, and the residue recrys-
tallized from acetone over three days to yellow-orange crystals of 9 suita-
ble for X-ray diffraction, which were dried in air. Yield 100.2 mg (96%);
m.p. 36–137 8C (decomp). IR (Nujol)= ñ=1720w, 1645m, 1600m, 1595m,
1575s, 1485m, 1465s, 1440s, 1375s, 1365m, 1360w, 1345w, 1310w, 1260w,
1255w, 1220m, 1180s, 1135s, 1095w, 1075m, 1025w, 1000w, 985w, 925w,
910m, 900m, 875w, 855m, 835w, 820w, 800w, 775m, 745s, 735s, 725m, 695s,
660m, 620w, 595w, 555w, 540w, 510w, 470m, 465m, 455m, 450m cm�1;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=1.02 and 1.36 (both s, both
9H; 2 tBu), 1.15 (s, 6H; 2Me), 5.42 and 6.47 (d, both 1H, 4J ACHTUNGTRENNUNG(H,H)=1.6;
C6H2 aromatic), 6.69 (s, 3H; C6H3 aromatic), 7.21–7.55 ppm (m, 15H; ar-
omatic); 1H NMR (200 MHz, [D6]acetone, 25 8C, TMS): d=1.04 and 1.38
(both s, both 9H; 2 tBu), 1.99 (s, 6H; 2Me), 5.5 and 6.65 (d, both 1H, 4J-
ACHTUNGTRENNUNG(H,H)=1.6; C6H2 aromatic), 6.75 (s, 3H; C6H3 aromatic), 7.32–7.57 ppm
(m, 15H; aromatic).


Ph3SbACHTUNGTRENNUNG[(MeO)L’]O2 (11): Compound 3 or 4 (100mg, 0.145 mmol for 3,
0.143 mmol for 4) was dissolved in toluene in air. This solution was al-
lowed to stand for five days to give X-ray-quality yellow-orange crystals
of 11, which were dried in air. Yield 100.5 mg (96%); m.p. 85–87 8C
(decomp). IR (Nujol): ñ=1655m, 1610w, 1570w, 1510s, 1480s, 1435s,
1410s, 1395m, 1375m, 1360m, 1345m, 1305m, 1255s, 1235s, 1205m, 1190w,
1175m, 1145m, 1095m, 1075m, 1025m, 1000w, 965s, 955w, 900m, 875m,
810w, 765w, 740s, 730s, 695s, 655w, 615m, 575w, 495w, 460m, 450m cm�1;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=1.28 and 1.31 (s, both 9H;
2 tBu), 3.95 (s, 3H; OMe), 6.44 (s, 1H, C6H1), 7.37–7.78 ppm (m, 15H; ar-
omatic).


Ph3SbACHTUNGTRENNUNG[(MeO)2L’]O2 (12): Compound 5 or 6 (100 mg, 0.158 mmol (5),
0.148 mmol (6)) was dissolved in toluene in air. The solution was allowed
to stand for 2 h. Then solvent was removed by slow evaporation, and the
residue recrystallized from acetone over three days to give X-ray-suitable
yellow-orange crystals of 12, which were dried in air. Yield 100.1 mg
(95%); m.p. 105–107 8C (decomp). IR (Nujol): ñ=1715s, 1610m, 1550s,
1485s, 1445s, 1400w, 1385m, 1345s, 1310w, 1295w, 1275m, 1250m, 1225m,
1205w, 1190w, 1155m, 1110w, 1070m, 1055s, 1015m, 1000w, 975s, 950w,
900w, 890m, 875m, 840w, 810w, 785m, 735s, 730s, 695s, 680w, 670w, 580w,
530w, 515w, 475w, 450m cm�1; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=1.29 (s, 9H; 2 tBu), 3.73 (s, 6H; 2OMe), 7.37–7.76 ppm (m, 15H; aro-
matic).


Ph3SbACHTUNGTRENNUNG[PhenL’]O2 (13): Compound 7 (100 mg, 0.178 mmol) was dissolved
in CH2Cl2/hexane and allowed to stand for 3 h to give the X-ray-suitable
yellow-orange crystals of 13, which were dried in air. Yield 102.4 mg
(97%); m.p. 108–110 8C (decomp). IR (Nujol): n=1675w, 1639m, 1593m,
1478m, 1434s, 1334m, 1308m, 1295m, 1282m, 1254w, 1231w, 1181w,
1170w, 1161m, 1109w, 1073m, 1065w, 1050w, 1033w, 1024w, 998m, 949m,
925w, 891w, 851w, 764m, 746s, 738s, 719m, 694s, 664m, 617w, 590w, 566w,
536w, 483m, 457s, 437w cm�1.


X-ray diffraction studies : Suitable crystals for X-ray diffraction were pre-
pared by prolonged crystallization from toluene for 2, 3, 5, 8, and 11,
methanol for 4, acetonitrile for 6, acetone for 9, 10, and 12 and CH2Cl2/
hexane for 13.


Intensity data were collected on a Smart Apex diffractometer with graph-
ite-monochromated MoKa radiation (l=0.71073M) in the f-w scan mode
(w=0.38, 10 s on each frame). Absorption corrections were made by
SADABS program.[23] The structures were solved by direct methods and
refined on F2 by full-matrix least-squares techniques using SHELXTL.[24]


All non-hydrogen atoms were refined anisotropically. The H atoms in 8
were placed in calculated positions and refined in the riding model
(Uiso(H)=1.2Ueq(C) M


2 for aromatic hydrogen and 1.5Ueq(C) M
2 for


alkyl hydrogen atoms), and those in 4, 6, 9, 12, and 13 were located by
Fourier synthesis and refined isotropically. In 11 some of the hydrogen
atoms were placed in calculated positions and refined in the riding


model, and the others were located by Fourier synthesis and refined iso-
tropically. Two MeOH solvent molecules in 4, one CH2Cl2 in 8 and one
toluene in 11 in common position were found.


Tables 1 and 5 summarize the crystal data and some details of data col-
lection and refinement for 4, 6, 8, 9, and 11–13. Selected bond lengths
and angles for 4, 6, 8, 9, and 11–13 are given in Tables 2–4 and 6–
9.CCDC-289294 (4), CCDC-289295 (6), CCDC-289296 (8), CCDC-
289297 (9), CCDC-289298 (11), CCDC-289299 (12), and CCDC-289300
(13) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Cp*Rh-Based Indicator-Displacement Assays for the Identification of Amino
Sugars and Aminoglycosides
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Introduction


Recently, indicator-displacement assays (IDAs) employing
synthetic receptors have been used extensively for analytical
sensing.[1] In these assays, an indicator competes with the an-
alyte for the noncovalent binding to a receptor. This pro-
vides quantitative information about the analyte, given that
the free and the bound indicator differ in their optical prop-
erties. The noncovalent attachment of the signaling unit
makes IDAs very flexible, because the nature of the indica-
tor as well as the indicator/receptor ratio[2] can be varied ac-
cording to the sensing problem.


Transition-metal complexes with available coordination
sites are frequently used as receptors, because they can dis-
play a high binding affinity to Lewis basic analytes, even in
competitive solvents, such as water. The selectivity of such
receptors can be modulated by variation of the steric and
electronic properties of permanently attached coligands. So
far, transition-metal-based IDAs have been employed suc-
cessfully to sense phosphates,[3] phosphoesters,[4] cyanide,[5]


nitric oxide,[6] carbonate,[7] amino acids,[8,9] citrate,[10] carbox-
ylate anions,[11] and thiols,[12] amongst others.[1]


In the context of investigating applications of organome-
tallic halfsandwich complexes as sensors,[13,14] we have re-


cently reported that Cp*Rh-based IDAs (Cp=pentamethyl-
cyclopentadienyl) can be used to sense amino acids and pep-
tides in aqueous solution (Scheme 1).[15,16] The sensing en-


sembles were obtained by mixing the organometallic com-
plex [{Cp*RhCl2}2] (1) with metal-binding dyes. Complex 1
is commercially available, not air-sensitive and soluble in
water. An important advantage over the commonly em-
ployed three-dimensional transition-metal complexes is that
the Cp*Rh complex displays very high binding constants, in
particular for analytes with N- or S-donor ligands.[17] This
enables the IDAs to be performed at very low analyte con-
centrations. Peptides with histidine or methionine residues
close to the N-terminus, for example, could be sensed at
concentrations as low as 300 nm.[15] An apparent disadvant-
age of Cp*Rh-based IDAs is that structural modifications of
the permanently attached cyclopentadienyl ligand are diffi-
cult. The selectivity is, thus, dictated by the intrinsic affinity


Abstract: Indicator-displacement
assays based on the organometallic
complex [{Cp*RhCl2}2] (Cp*=pentam-
ethylcyclopentadienyl) and the dye gal-
locyanine were used to sense amino
sugars and aminoglycosides in buffered
aqueous solution by conducting UV-
visible spectroscopy. The data of three


assays at pH 7.0, 8.0, and 9.0 were suffi-
cient to distinguish between the amino
sugars galactosamine, glucosamine,


mannosamine and the aminoglycosides
kanamycin A, kanamycin B, amikacin,
apramycin, paromomycin, and strepto-
mycin. Furthermore, the assays were
used to characterize mixtures of amino-
glycosides and obtain quantitative in-
formation about the respective analy-
tes.
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Scheme 1. Schematic representation of an indicator-displacement assay
based on an organometallic Cp*Rh complex. L=donor group.
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of the Cp*Rh fragment for the different analytes. We have
shown, however, that this limitation can be compensated by
using sensor-array technology.[16]


Here we demonstrate that Cp*Rh-based IDAs can be
used to discriminate with high fidelity between simple
amino sugars, such as galactosamine and mannosamine, as
well as aminoglycosides. Aminoglycosides are an important
class of antibiotics that contain two or more amino sugars
linked to an aminocyclitol unit by glycosidic bonds. They are
particularly active against aerobic, gram-negative bacteria.
Despite the introduction of newer, less-toxic antimicrobial
agents, aminoglycosides continue to play a useful role in the
treatment of serious infections.[18] Due to their pharmacolog-
ical relevance, there has been tremendous interest in devel-
oping analytical tools for these compounds.[19] To obtain
quantitative data from complex samples, such as blood or
food, immunoassays or LC/MS measurements are commonly
performed. For the analysis of aminoglycosides in samples
without other interfering analytes, a number of spectroscop-
ic methods have been reported.[19,20] These methods provide
quantitative data, but are mostly nonspecific. For example,
aminoglycosides have been quantified by fluorescence spec-
troscopy upon addition of fluorescent probes that react with
the primary amine group.[20] The utilization of IDAs for ami-
noglycoside analysis represents a new approach in this con-
text.[21] As shown below, this method is technically simple,
but also very powerful: even structurally similar analytes,
such as kanamycin A, kanamycin B, and amikacin, can be
distinguished. Furthermore, it is possible to obtain quantita-
tive information and to differentiate mixtures of aminogly-
cosides from pure samples.


Results and Discussion


The basic requirement for the construction of an IDA that
aims to discriminate between different analytes is that the
indicator and the various analytes have approximately the
same affinity for the receptor. If the relative affinity of the
analytes is too low, no significant replacement of the indica-
tor would be achieved. On the other hand, if the relative
binding constants of the analytes are much higher than that
of the indicator, all analytes would give the same signal.
However, only an approximate match between the binding
affinities is required, as differences can be counterbalanced
by adjusting the receptor/indicator/analyte ratio.[2,15]


We initially examined competition reactions of various
commercially available dyes and d-mannosamine by using
the Cp*Rh complex 1 as the receptor (H2O, 100 mm phos-
phate buffer, pH 7.0). A small-scale screening exercise sug-
gested gallocyanine (2) as a suitable candidate for the con-
struction of Cp*Rh-based IDAs for amino sugars.[22] Gallo-
cyanine forms a 1:1 complex with the Cp*Rh fragment, as
evidenced by results of UV-visible titration experiments
(Figure 1). The complexation is accompanied by a signifi-
cant change in color, with a strong reduction in absorption
at 620 nm and a strong increase in the region between 700


and 800 nm. Fitting of the data to a 1:1 binding algorithm
gave a complexation constant of K=2.3M106m�1.[16]


The UV/Vis spectra obtained from IDAs employing the
indicator 2, the organometallic receptor 1 and the three
amino sugars d-glucosamine, d-galactosamine, and d-man-
nosamine are depicted in Figure 2 ([Rh]= [2]=25 mm,
100 mm phosphate buffer, pH 7.0). Whereas the titration


Figure 1. UV-visible absorption spectra of a solution of 2 (25 mm) upon
addition of complex 1 (final Rh concentration: 0, 5.0, 10.0, 15.0, 20.0,
22.5, 25.0, 27.5, 30.0, 35.0, 40.0, 45.0, and 50.0 mm). The spectra were re-
corded in H2O (100 mm phosphate buffer, pH 7.0) after equilibration.


Figure 2. Absorbance at 730 nm for solutions containing complex 1, the
indicator 2, and various amounts of d-glucosamine (*), d-galactosamine
(~), d-mannosamine (&) or N-acetyl-d-glucosamine (&) ([Rh]= [2]=
25 mm, 100 mm phosphate buffer, pH 7.0). The data represent averaged
values from two independent measurements.
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curves of d-glucosamine and d-galactosamine are very simi-
lar, d-mannosamine was found to bind more strongly to the
Cp*Rh complex. On assumption that the systems can be de-
scribed by a simple competition reaction, the data was used
to calculate the binding constants for the three analytes:
K(glucosamine)=5.6 (�0.5)M104m�1, K(galactosamine)=
6.6 (�0.5)M104m�1, K(mannosamine)=6.6 (�0.5)M105m�1.
Notably, the titration data can be used as calibration curves
for quantification of the respective amino sugar within the
range 20–400 mm.


To test the selectivity of the assay, analogous titration ex-
periments were performed with N-acetyl-d-glucosamine
(Figure 2) and d-glucose. Neither of the two sugars caused a
significant displacement of the
indicator. This showed that the
presence of a free amino
group is of importance for the
success of the assay. Interest-
ingly, however, cyclohexyla-
mine was not able to displace
gallocyanine. Apparently, the
amine and at least one of the
hydroxy groups of the amino
sugars are required for com-
plexation to the Cp*Rh com-
plex. It is likely that five-mem-
bered N,O-chelates with hy-
droxy groups adjacent to the
amine are formed. Unfortu-
nately, attempts to obtain deci-
sive information from X-ray
crystallographic studies were
unsuccessful.


To increase the discrimina-
tive power of IDAs, it is possi-
ble to use sensor-array tech-
nology. In a sensor array, the
response of several nonselec-
tive sensors, which show a dif-
ferential response to a given
analyte, is used to identify the analyte by a multivariate
analysis.[23,24] Due to their intrinsic flexibility, IDAs are ide-
ally suited for the construction of sensor arrays.[16,25] Our
particular approach is based on the fact that the response of
an IDA can be modulated by a simple change of pH, given
that the metal-donor groups of the indicator and the analyte
differ in their pKb values (Scheme 2). For example, if the


donor group of the analyte is more basic than that of the in-
dicator, a decrease of the pH will shift the equilibrium in
favor of the metal–indicator complex. On the other hand, a
more basic pH will favor the metal–analyte complex. Thus,
for the construction of a sensor array it is sufficient to per-
form IDAs at different pH values.


A sensor-array approach of this kind was evaluated for
the analysis of amino sugars and aminoglycosides. As analy-
tes, we again used the three amino sugars d-glucosamine, d-
galactosamine, and d-mannosamine, as well as the following
six aminoglycosides: kanamycin A, kanamycin B, amikacin,
apramycin, paromomycin, and streptomycin. The structures
of these antibiotics are depicted in Figure 3.


A “mini array” of three IDAs at the pH values 7.0, 8.0,
and 9.0 was employed for the analysis. The individual IDAs
were performed by mixing solutions of complex 1, indicator
2, and the respective analyte ([Rh]= [2]= [analyte]=100 mm,
100 mm phosphate or 2-(cyclohexylamino)ethanesulfonic
acid (CHES) buffer). Eight independent measurements
were carried out for each analyte at every pH. The data was
collected in parallel by using a 96-well plate in combination
with a UV-visible microplate reader. The results for the nine
different analytes are depicted in Figure 4.


Each sugar gives rise to a characteristic signal pattern. As
expected for analytes with donor groups of different basici-
ty,[26] variations are found not only for the absolute values,
but also for the relative values. Glucosamine, galactosamine,
and paromomycin are difficult to distinguish at pH 7.0 and
8.0, but show a distinct response at pH 9.0. Mannosamine,
kanamycin A, and kanamycin B, on the other hand, show


Scheme 2. If the donor groups L and L’ have different basicities, a
change in pH will affect the competition between indicator and analyte
for coordination to the metal (M).


Figure 3. Aminoglycosides used as analytes.
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nearly the same absorption at pH 9.0, but differ characteris-
tically at pH 7.0 and 8.0.


To confirm that the data from the IDA mini array was
sufficient for the classification of all nine analytes, a linear
discriminant analysis (LDA) was performed.[27] A graphic
representation of this analysis in the form of a score plot is
given in Figure 5. All analytes can clearly be distinguished,


even closely related compounds, such as kanamycin A and
kanamycin B, which differ in only one functional group (OH
versus NH2), or the stereoisomers glucosamine, galactosa-
mine, and mannosamine.


Three factors are likely to be of importance for the differ-
entiation of the analytes: i) the number of potential 1,2-
amino alcohol binding sites per analyte; ii) the differences in
the pKb values of the corresponding amino groups, which
will influence the binding equilibria as outlined in
Scheme 2; iii) the accessibility of the 1,2-amino alcohol bind-
ing sites. The overall response of the IDA will depend on all


three parameters, which are characteristic features of the re-
spective analyte.


In a second set of experiments, we investigated the influ-
ence of the analyte concentration by using the aminoglyco-
sides kanamycin A and kanamycin B as examples. Indicator-
displacement assays were again performed at pH 7.0, 8.0,
and 9.0. In addition to assays with an analyte concentration
of 100 mm, competition reactions with kanamycin concentra-
tions of 50, 80, and 120 mm were carried out (four measure-
ments each). A score plot for the LDA of the resulting data
is shown in Figure 6. Interestingly, both the analyte and its
concentration can be distinguished. Thus, three UV-visible
measurements are sufficient to tell apart the closely related
antibiotics kanamycin A and kanamycin B, and to obtain an
estimate of the concentration within the range 50–120 mm.[28]


We were interested in whether our new methodology was
able to distinguish pure samples from mixtures. To address
this, IDAs were performed at three pH values (7.0, 8.0, and
9.0) with the aminoglycosides kanamycin A, paromomycin,
and amikacin (100 mm) and equimolar mixtures of all three


Figure 4. Absorbance at 750 nm for solutions containing complex 1, the indicator 2, and the respective amino sugar or aminoglycoside at three different
pH values ([Rh]= [2]= [analyte]=100 mm, 100 mm phosphate or CHES buffer). The data represent averaged values from eight independent measure-
ments.


Figure 5. Two-dimensional LDA score plot for the analysis of glucosa-
mine (&), galactosamine (*), mannosamine (^), kanamycin A (*), kana-
mycin B (!), amikacin (~), apramycin (&), paromomycin (N), and strep-
tomycin (").


Figure 6. Two-dimensional LDA score plot for the analysis of kana-
ACHTUNGTRENNUNGmycin A (filled symbols) and kanamycin B (open symbols) at different
concentrations: 50 mm (circle), 80 mm (triangle), 100 mm (rhombus), and
120 mm (square).
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combinations (50 mm each). The corresponding score plot is
shown in Figure 7. All data sets were well separated, indicat-
ing that the mixtures can indeed be differentiated from the
pure samples.


Conclusion


Organometallic complexes have been used increasingly for
bioanalytical purposes.[29] The present work describes a new
application in this context: the colorimetric sensing of
amino sugars and aminoglycosides in aqueous solution by
using indicator-displacement assays. The sensing ensemble
comprises the complex [{Cp*RhCl2}2] and the dye gallocya-
nine, both of which are commercially available. Measure-
ments at three different pH values were shown to be suffi-
cient to identify amino sugars and aminoglycosides with
high fidelity. Furthermore, the assays can be used to charac-
terize mixtures of aminoglycosides and to obtain quantita-
tive information about the respective analytes. The simplici-
ty of the assays should make it appealing for the analysis of
these pharmacologically important analytes. From a more
general perspective, it is interesting that IDA arrays can be
constructed by simply changing the pH. This method should
be applicable to other types of IDAs and may provide a
means to easily increase the analytical power of such analy-
ses.


Experimental Section


General : The complex [{Cp*RhCl2}2] (1) was prepared according to a lit-
erature procedure[30] . Gallocyanine (hydrochloride) and d-galactosamine
(hydrochloride, 99%) were purchased from Acros Organics. d-Glucosa-
mine (hydrochloride, 98%), kanamycin A (sulfate, 97%), and N-acetyl-
d-glucosamine (99%) were purchased from Sigma. d-Mannosamine (hy-
drochloride, 98%), d-glucose (99%), paromomycin (sulfate, 98%), kana-
mycin B (sulfate, 99%), amikacin (disulfate, 99%), apramycin (sulfate,


95%), streptomycin (sesquisulfate, 95%) as well as CHES and phosphate
buffers were purchased from Fluka (BioChemika). All solutions were
prepared by using bidistilled water. Either phosphate buffer (100 mm,
pH 7.0 or 8.0) or CHES buffer (100 mm, pH 9.0) were employed for
stock solutions of complex 1 (0.25 or 0.50 mm) and the dye (1.0 mm). The
stock solutions of d-glucosamine, d-galactosamine, d-mannosamine, d-
glucose, and N-acetyl-d-glucosamine (5.0 or 10.0 mm) were prepared in
phosphate buffer (100 mm, pH 7.0). For sensor-array experiments, stock
solutions of all amino sugars and aminoglycosides (1.0 mm) were pre-
pared in pure water. Solutions of gallocyanine were freshly prepared
prior to each experiment and the equilibration of reaction mixtures was
performed in the dark. All UV/Vis titration curves were recorded by
using a Lambda 40 spectrometer (Perkin–Elmer). The array was analyzed
by using a PowerWave microplate reader (BIO-TEK) with 96-well plates.


UV/Vis titration experiments with [{Cp*RhCl2}2] (1) and gallocyanine
(2): Stock solutions of complex 1 and dye 2 in phosphate buffer (100 mm,
pH 7.0) were used to prepare 13 solutions of various Cp*Rh concentra-
tions and constant dye concentration (25 mm). The final Cp*Rh concen-
trations were 0, 5.0, 10.0, 15.0, 20.0, 22.5, 25.0, 27.5, 30.0, 35.0, 40.0, 45.0,
and 50.0 mm. After equilibration for 1.5 h in the dark, the absorption
curve was recorded within the range 300–800 nm. The binding constant
was determined by fitting the titration data to a 1:1 binding algorithm by
using the program Gepasi, version 3.30.[31]


UV/Vis titration experiments with d-glucosamine, d-galactosamine, d-
mannosamine, d-glucose, and N-acetyl-d-glucosamine : Stock solutions of
complex 1, dye 2, and the respective analyte in phosphate buffer
(100 mm, pH 7.0) were used to prepare a series of solutions with constant
Cp*Rh and dye concentrations (25 mm each), but with various analyte
concentrations. The final d-glucosamine and d-galactosamine concentra-
tions were 0, 50, 100, 200, 300, 400, 500, 600, 700, 800, 800, and 1000 mm.
The final d-mannosamine concentrations were 0, 12.5, 25, 50, 100, 200,
300, 400, 500, 600, 700, 800, 900, and 1000 mm. For d-glucose and N-
acteyl-d-glucosamine, the analyte concentration was raised in intervals of
100 mm. In all cases, the dye and the analyte were mixed prior to the addi-
tion of complex 1. After equilibration for 2 h in the dark, the absorption
curve was recorded within the range 300–800 nm. The binding constants
of the metal–amino sugar complexes were determined indirectly from the
binding constant of the Cp*Rh–dye complex (2.3M106m�1), assuming that
the systems can be described by a simple competition reaction. The titra-
tion data was fitted by using the program Gepasi, version 3.30.


Sensor arrays—identification of amino sugars and aminoglycosides :
Stock solutions of complex 1 (0.50 mm) and dye 2 (1.0 mm) in phosphate
buffer (100 mm, pH 7.0 or 8.0) or CHES buffer (100 mm, pH 9.0), along
with aqueous solutions of the respective analyte (1.0 mm) were employed.
In each well of a 96-well plate, a mixture (200 mL) of complex 1, the dye
2, and the respective analyte was prepared (final conc.: [Rh]= [2]= [ana-
lyte]=100 mm). In all cases, the dye and the analyte were mixed prior to
the addition of complex 1. After equilibration for 6 h in the dark, the ab-
sorption at 750 nm was measured. Eight independent measurements were
performed for each amino sugar or aminoglycoside at each pH value.
The resulting data was used to perform a linear discriminant analysis by
using the statistical software SYSTAT 11.


Sensor arrays—identification of kanamycin A and kanamycin B at vari-
ous concentrations : Stock solutions of complex 1 (0.50 mm) and dye 2
(1.0 mm) in phosphate buffer (100 mm, pH 7.0 or 8.0) or CHES buffer
(100 mm, pH 9.0), along with aqueous solutions of kanamycin A and ka-
namycin B (1.0 mm) were employed. In each well of a 96-well plate, a
mixture (200 mL) of complex 1, the dye 2, and the respective analyte was
prepared (final conc.: [Rh]= [2]=100 mm ; [analyte]=50, 80, 120 mm). In
all cases, the dye and the analyte were mixed prior to the addition of
complex 1. After equilibration for 6 h in the dark, the absorption at
750 nm was measured. Four independent measurements were performed
for both aminoglycosides at each pH value. The resulting data in combi-
nation with the values obtained for kanamycin A and kanamycin B at a
concentration of 100 mm (see above) was used to perform a linear dis-
criminant analysis by using the statistical software SYSTAT 11.


Sensor arrays—discrimination between mixtures of aminoglycosides and
pure samples : Stock solutions of complex 1 (0.50 mm) and dye 2 (1.0 mm)


Figure 7. Two-dimensional LDA score plot for the analysis of kana-
ACHTUNGTRENNUNGmycin A (*), amikacin (~), paromomycin (N), and equimolar mixtures
of kanamycin A/amikacin (&), amikacin/paromomycin (*), and kanamy-
cin A/paromomycin (!).
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in phosphate buffer (100 mm, pH 7.0 or 8.0) or CHES buffer (100 mm,
pH 9.0), along with aqueous solutions of paromomycin, kanamycin A,
and amikacin (1.0 mm) were employed. In each well of a 96-well plate, a
mixture (200 mL) of complex 1, the dye 2, and an equimolar mixture of
two aminoglycosides was prepared (final conc.: [Rh]= [2]= [analyte]total=
100 mm). In all cases, the dye and the analyte were mixed prior to the ad-
dition of complex 1. After equilibration for 6 h in the dark, the absorp-
tion at 750 nm was measured. Eight independent measurements were
performed for all three mixtures at each pH value. The resulting data in
combination with the values obtained for the pure samples (see above)
was used to perform a linear discriminant analysis by using the statistical
software SYSTAT 11.
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tetrads aligned in the minor
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Platform Synthesis
In their Concept on p. 3966 ff. , K. Itami and J. Yoshida
describe a useful strategy for generating molecular diversity,
namely, platform synthesis. This simple yet powerful strat-
egy realizes the synthesis of a number of interesting multi-
functional molecules, such as multisubstituted olefins, in a
programmable and diversity-oriented format.


Carbon Nanotubes Dispersed
In their Full Paper on p. 3975 ff. , Maggini, Guldi, Paolucci,
Prato et al. report that noncovalent interactions between
purified single-wall carbon nanotubes (SWNT) and a
[60]fullerene–pyrene dyad 1 enabled the homogeneous dis-
persion of purified SWNT in organic solvents. Cyclic vol-
tammetry data and photophysical and microscopic charac-
terization of the dispersed material indicate that p–p inter-
actions between the sidewalls of SWNT and the pyrene
moiety of 1 govern the formation of hybrids 1·SWNT, as
depicted here.


Surface Chemistry
In the Concept on page 3954 ff., A. Katz and J. M. Note-
stein describe the role of the surface in providing a contin-
uum of outer-sphere acid strength and acid–base distances,
which can facilitate extraordinarily versatile acid–base
bifunctional catalysis when used in conjunction with a basic
active site.
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Enhancing Heterogeneous Catalysis through Cooperative Hybrid
Organic–Inorganic Interfaces


Justin M. Notestein and Alexander Katz*[a]


Introduction


Biological catalysts are thought to achieve high degrees of
catalytic activity and selectivity, including enantioselectivity,
by the precise organization of chemical functionality in the
inner and outer spheres surrounding an active site. It re-
mains an open question whether, and to what degree of
complexity, the same can be performed generally with syn-
thetic heterogeneous catalysts consisting of organic and inor-
ganic active sites working cooperatively. In this Concept ar-
ticle, we highlight previous work addressing this question,
using perspectives in which a catalyst surface is an inner-
sphere ligand, as in surface organometallic systems, or an
outer-sphere ligand, as in heterogeneous organic catalysis.
For the former class of catalysts, enantioselective metallo-
ACHTUNGTRENNUNGenzymes such as vanadium bromoperoxidase (VBrPO)
serve as both inspiration and relevant precedent,[1] because
the active site consists of an isolated vanadate surrounded
by an organized inner sphere, which has been characterized


by means of single-crystal X-ray diffraction.[2] For the latter
class, organic catalysis in enzymes often exploits lysines as
nucleophiles, and catalytic antibodies such as 38C2 are
highly proficient and enantioselective catalysts, the active
site of which contains an essential lysine (primary amine)
residue surrounded by a chiral outer sphere.[3]


Our central theme throughout this Concept article is that
the solid surface in heterogeneous hybrid organic–inorganic
catalysts participates actively in the reaction mechanism. We
believe a promising future direction for active site optimiza-
tion of synthetic heterogeneous catalysts is to synthesize ar-
rangements in which the surface acts synergistically with
other organic ligands to stabilize specific catalyst structures
or a given transition state, rather than viewing the support
as an inert spectator intended only for improved recovery
and handling. Such synergy in heterogeneous catalysts con-
sisting of hybrid organic–inorganic interfaces creates fea-
tures that are uncommon in most homogeneous or biologi-
cal catalysis. Two of these features that are specifically ad-
dressed here are: 1) the role of the surface in providing a
continuum of outer-sphere acid strength and acid–base dis-
tances, which can facilitate extraordinarily versatile acid–
base bifunctional catalysis when used in conjunction with a
basic active site, and 2) the increased ease of forming supra-
molecular assemblies on the surface through weak interac-
tions between immobilized species, that is, assemblies that
are often absent in homogeneous solution due to competi-
tion with translational entropy. A recent comprehensive
review describes many of the possible roles of the surface in
hybrid organic–inorganic catalysts, including additional dis-
cussion of steric protection of unstable catalysts, specific ad-
sorption of reagents, and the use of normally incompatible
catalyst combinations or solvents.[4]


Acid–Base Bifunctional Heterogeneous Catalysis


Acid–base bifunctional cooperativity is invoked often in bio-
logical catalysis.[5] In a synthetic system, the principles of bi-
functional cooperativity are demonstrated in the elegant


Abstract: Active-site/surface cooperativity can enhance
heterogeneous organic and organometallic catalysis. We
review the powerful role of the solid surface in this con-
text for generating local acidity and, as an inner-sphere
ligand, for stabilizing immobilized supramolecular as-
semblies and unsaturated organometallic complexes
that are often unstable in solution.
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work of Hine et al. on Schiff base formation using primary
amines.[6] They observed that the rate constant of the
second-order reaction between acetone and a primary
amine increases as the primary ammonium pKa increases
(Figure 1) due to higher amine nucleophilicity. In contrast,


the observed rate constants for acidic, monoprotonated di-
ACHTUNGTRENNUNGamines are dramatically larger than the unprotonated
amines at any given primary ammonium pKa, and the rate
constants slightly increase with decreasing primary ammoni-
um pKa. This change in trend indicates a fundamentally dif-
ferent linear free-energy relationship for acid and non-acidic
diACHTUNGTRENNUNGamines, and highlights the importance of organizing acid
and base components of a bifunctional catalyst in a manner
that avoids forming energetically unfavorable ring structures


in the former. The critical role of
acidity on the imine formation rate
is most apparent in the 800-fold
higher activity of acidic, monoproto-
nated 2-di ACHTUNGTRENNUNGmethylaminoethylamine
(2) relative to that found for non-
acidic 2-trimethylaminoethylACHTUNGTRENNUNGamine


(1), even though both 1 and 2 are charged and have a pri-
mary ammonium pKa of ~6.7.


Building on the results of Hine et al. that imine formation
is favored under bifunctional conditions, Bass et al. have
demonstrated the importance of acid–base bifunctional co-
operativity in heterogeneous primary amine catalysts for
aldol-related condensation reactions.[7] Bifunctional catalysis
involving cooperativity between Brønsted acid sites on SiO2


and primary amines has been postulated previously for reac-


tions such as Knoevenagel[8] and aldol condensations;[9] how-
ever, unequivocal proof for heterogeneous acid–base bifunc-
tional catalysis has remained elusive due to the difficulty of
selectively removing either the acidic or basic component of
the catalyst, without altering other important catalyst prop-
erties. To rigorously demonstrate the existence and impor-
tance of acid–base cooperativity in catalysis, Bass et al. used
bulk silica imprinting as a materials synthesis tool for sys-
tematically changing the outer sphere surrounding primary
amine active sites, without altering other catalyst character-
istics such as primary amine active-site density and network
porosity. This method was used to synthesize materials 3
and 4 according to the scheme shown in Figure 2. Copoly-
merization of a carbamate imprint and tetraethyl orthosili-
cate immobilizes the carbamate within a hybrid organic–in-
organic sol–gel material. This material is a silanol-rich polar/
acidic network that is the direct result of sol–gel synthesis
conditions. Material 4 is synthesized from this parent materi-
al by first reacting free silanols with trimethylsilylchloride to
create a hydrophobic outer-sphere environment, followed by
carbamate deprotection via thermolysis. Material 3 is syn-
thesized directly by thermolytic deprotection of the parent
material without additional surface modification. Important-
ly, materials 3 and 4 are derived from the same immobilized
carbamate parent material; as a result, they are identical in
most every respect except in their outer-sphere environ-
ments surrounding the primary amine active sites.


Using the fluorescence emission spectra of covalently
bound pyrene aldehydes,[10] the researchers also demonstrat-
ed that imprinted materials 3 and 4 possess isolated primary
amines, whereas amines cluster on a more conventional ma-
terial 5 consisting of primary amines grafted at high surface
density to SiO2. Thus, bulk silica imprinting serves two syn-
thetic purposes in this study: 1) facilitating isolation of pri-
mary amines on silica and 2) permitting changes to the
outer-sphere environment, while keeping the active site in a
protected form that minimizes potential side reactions be-
tween surface capping agents and primary amines.


Reaction with salicylaldehyde followed by solid-state UV/
Vis spectroscopy demonstrates the differences in the amine
active sites when surrounded by an acidic outer sphere in 3
as opposed to a hydrophobic, non-acidic outer sphere in 4.
Primary amines in 3 form iminium cations (zwitterionic tau-
tomer 6), whereas the reaction of 4 with salicylaldehyde pro-
duces more of the neutral tautomer 7 (Figure 2).[7]


Figure 1. Linear free-energy relationships of the logarithm of the rate
constant for formation of imines from acetone and various primary
amines (kam) versus amine pKa. Water, 308 K, ionic strength=0.3n.
Adapted from reference [6]. Linear regression for the bifunctional
(dashed) and general base (solid) catalysts are shown.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3954 – 39653956


A. Katz and J. M. Notestein



www.chemeurj.org





Bass et al. used materials 3, 4, and 5 as catalysts for the
Knoevenagel condensation reaction between isophthalalde-
hyde and ethyl cyanoacetate, and demonstrated a 25-fold


enhancement in turnover rate (per amine) for bifunctional
catalyst 3 over its hydrophobic outer-sphere analogue 4, and
a 90-fold enhancement in turnover rate over the convention-


Figure 2. Scheme for the synthesis of catalytic amines on silica in a polar/acidic framework 3 and in a nonpolar/nonacidic framework 4 from the same
precursor material, and their reaction with an aldehyde to form an iminium cation and an imine, respectively.
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al primary amine on silica catalyst 5 under identical reaction
conditions. These authors rationalize that acidic silanols in 3
function cooperatively with primary amines to form highly
electrophilic iminium cations, which can be quasi-equilibrat-
ed and energetically favored under bifunctional conditions,
as occurred preferentially on 3 during salicylaldehyde bind-
ing. Parallels can be drawn with the approach used by pyri-
doxal phosphate-dependent enzymes, which also convert
moderately electrophilic carbonyl compounds into highly
electrophilic iminium cation intermediates, thereby increas-
ing reaction rate.[11] These observations by Bass et al. prove
that bifunctional mechanisms can exist in catalysts consisting
of hybrid organic–inorganic materials. The results also indi-
cate that maximizing the surface density of the amines, as in
the conventional catalyst 5, does not optimize the catalyst
rate on a per site or per gram basis, since surface crowding
prevents the very large rate enhancements possible from bi-
functional cooperativity.


An interesting aspect of catalyst 3 demonstrated by Bass
et al. is that acid–base cooperativity is observed for carba-
mate thermolysis within the active site, salicylaldehyde bind-
ing, and Knoevenagel condensation, and each reaction has
its own acid–base distance requirements for observing coop-
erativity. An important question is how the solid surface is
able to maintain such promiscuity in acid–base bifunctional
catalysis. Many homogeneous and enzymatic bifunctional
catalysts have tight restrictions on the distance between acid
and base functional groups in order to maintain bifunctional
catalysis. This sensitivity to acid–base separation distance is
suggested by the results of Figure 1 in which the imine for-
mation rate constant for the bifunctional n series generally
decreases as n becomes larger and the catalysts behave
more like the monofunctional amines. Such sensitivity to
acid–base organization has been observed even for the earli-
est examples of synthetic bifunctional catalysts, consisting of
pyridone catalysts for glucose mutarotation.[12] Hine et al.
proposed that solid polymers may be more versatile bifunc-
tional catalysts than small molecules by offering a broad dis-
tribution of acid–base separation distances.[13] The acidic
silica surface in 3 also allows the catalytic system to choose
the optimum acid–base separation distance for each reaction
from a continuum of such distances offered by the hydro-
gen-bonded silanol network on the solid surface. It is this
length-scale continuum that should potentially enable
hetero ACHTUNGTRENNUNGgeneous organic–inorganic hybrid catalysts to be far
more versatile than any single molecular organocatalyst.


Immobilized Organometallic Catalysts as Hybrid
Organic–Inorganic Materials


In our discussions below of heterogeneous organometallic
catalysts, we focus on materials in which a catalytic metal is
simultaneously ligated by an oxide surface and an organic
molecule. Such an approach places metals within a well-de-
fined oxide ligand field, which is useful for understanding
local structure–property relationships within the context of


catalyst activity and selectivity. The examples below high-
light structural control for the synthesis of hybrid organic–
inorganic catalytic materials, with the ultimate and as of yet
unrealized general goal of creating designable synergy be-
tween molecular and surface ligands for high organometallic
catalyst activity and selectivity. These examples have been
chosen for their careful study of surface interactions or be-
cause their use of novel strategies and structures for the
design of hybrid organic–inorganic catalysts, with less em-
phasis on their activity or robustness as expressed through
total turnovers. We present three routes for synthesizing de-
fined, covalent interactions between a small molecule
ligand, a metal, and a support surface as ligand. These three
methods can be described generally by the sequence of im-
mobilization, consisting of: 1) ligand then metal, 2) metal
then ligand, and 3) deposition of an intact metal–ligand
complex. We will discuss several systems representative of
these synthesis methods. Within each example, the support
oxide surface can play several roles. First, the support oxide
as ligand often has electronic properties distinct from the
precursor ligands, which will alter the catalytic activity of
many supported complexes, even though these electronic ef-
fects can, in principle, be replicated by using appropriately
chosen small molecule ligands. Secondly, the nominally
planar geometry and near-continuum of oxide ligands on a
surface (vide supra) allows supported complexes to form
dimers and cycles that are entropically prohibitive in solu-
tion. This phenomenon can lead to new surface structures
and reactivity, but also to undesired clustering and energetic
heterogeneity of active sites to create less accessible or
active catalysts. Finally, in cases in which ligand design ex-
cludes lateral interactions between supported metal com-
plexes, the support can enforce coordinative unsaturation at
the metal. Importantly, these surface complexes follow the
strict definition of coordinative unsaturation,[14] since they
will coordinate additional small molecule ligands if intro-
duced, as opposed to many homogeneous “unsaturated”
complexes that are simply too bulky to coordinate addition-
al ligands. Of the three synthetic methods, the first route is
increasingly common through the so-called “heterogeniza-
tion” of preexisting homogeneous catalysts, often with the
goal of facilitating catalyst recovery as has been reviewed
elsewhere.[15] A common feature of many of these systems is
that outer-sphere acidity can influence catalyst activity, both
desirably and undesirably, even without covalent interac-
tions between the catalytic metal and the support.


In some instances, solid acidity can have a beneficial role
on heterogeneous organometallic catalyst performance.
Raythatha and Pinnavaia, for example, demonstrated in
1983 that hectorite clay surface acidity serves to increase the
selectivity of Rh phosphine catalysts for 1-hexene hydroge-
nation over isomerization.[16] Under reaction conditions, the
Rh phosphine active site is susceptible to the equilibrium
shown in Figure 3 between the selective dihydridorhodium
complex and the unselective monohydride form.


Surface acidity in the clay shifts this equilibrium to the di-
hydridorhodium form, making the catalyst more selective
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towards hydrogenation rather than isomerization. In a more
recent example,[17] Gonzalez-Arellano et al. started with the
observation of Pugin and co-workers that Ir–diphosphine
complexes catalyzed imine hydrogenation at a faster rate in
acetic acid.[18] Gonzalez-Arellano et al. subsequently built
this positive acid effect into the solid surface by decreasing
the Si/Al ratio of the supports, thus avoiding the use of
acetic acid as a solvent and the associated handling problem.
The heterogeneous organometallic active site 8 was assem-
bled by a ligand-then-metal approach on aluminosilicates of
varying Si/Al ratio. The measured imine hydrogenation
rates increased with increasing solid acidity by as much as
ACHTUNGTRENNUNGfivefold when compared to the Al-free materials. In both
PuginMs and Gonzalez-ArellanoMs systems, rate increases
were proposed to arise from transition-state stabilization by
H+ .


The importance of non-specific interactions between the
active site and solid surface is convincingly demonstrated in
the results of Baleiz¼o et al.[19] Vanadyl salen complexes
were tethered to the surface of silica to synthesize catalyst 9
for the enantioselective addition of trimethylsilyl cyanide to
aldehydes. Because interactions with acidic defect sites were
previously known to have a detrimental effect on the enan-
tioselectivity of this reaction, the silica surface was capped
by using trimethylethoxysilane prior to the attachment of
the metal complex. FT-IR spectroscopic measurements dem-
onstrate, however, that some residual silanols remain on the
silica surface after capping, and conversion and product
enantioselectivity accordingly decrease with increasing sila-
nol content. Increasing the tether length increases its confor-
mational entropy and should decrease the fraction of the
time that the salen spends in close proximity to the surface


silanols. Thus, as chain length (n) increases, enantiomeric
excess (ee) increases from 52% (n=3) to 63% (n=11) and
under optimized conditions to 85% (n=11), which com-
pares favorably with the homogeneous catalyst at 90% ee
under the same conditions. This example clearly demon-
strates that even in catalysts in which the support has been
exhaustively silylated, metal–support interactions can affect
catalysis.


In the systems discussed previously, interactions between
a metal complex are present to varying degrees and with
varied effects, due to the use of long tethers for immobiliza-
tion. In contrast to the use of flexible chains, Goettmann
et al.[20] recently designed a tethered system for intentionally
facilitating metal–ligand–support interactions by creating
silica-immobilized complex 10C (Figure 4). In homogeneous
solution, complex 10D is suggested to possess both Rh�P
and Rh�O interactions; this complex has been characterized
by using 31P NMR and low-temperature 1H NMR spectros-
ACHTUNGTRENNUNGcopy. Thus, when triethoxysilane 10A is reacted with a sur-
face to form 10B, a two-point attachment results, leaving
the third ethoxy group free to interact with RhI and mimic
the solution structure. The solid-state 31P NMR resonance
shifts of heterogeneous 10C resemble those of the solution
analogue 10D, suggesting that RhI is coordinated to the
phosphine ligand. Counteranion IR or NMR signals are lost,
further suggesting that the silica surface is now coordinated
to the metal center as an anionic �Si�O� ligand. The au-
thors propose a five-membered ring as the coordination ge-
ometry at the metal center in the heterogeneous material,
analogous to the solution complexes 10D and 10E. Regard-
less of the precise geometric details at the RhI center, the
dramatic change observed in the catalytic properties of
these complexes when grafted demonstrates that the phos-
phine and the surface act synergistically as a bidentate LX-
type ligand. Silica and homogeneous complex 10D are com-
pletely inactive for the hydrogenation of 1-hexene in metha-
nol, whereas the complex grafted onto the silica surface is
reported to be capable of a large number of catalytic turn-
overs for hydrogenation of alkenes and imines. Partial activ-
ity in the homogeneous phase is recovered by using complex
10E, which possesses the same connectivity proposed to
exist in the anchored complex. Since the increase in activity


Figure 3. Solid-acid-mediated equilibrium between reactive intermediates
during hydrogenation on immobilized Rh phosphines.
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is impossible to rationalize by steric effects of the surface, it
can be concluded that deliberate placement of the RhI


center in covalent contact with the surface introduces strong
electronic effects that can work in concert with the organic
ligand for enhancing catalytic activity at the metal center.


In the second route to heterogeneous, ligand-modified
catalysts, a supported metal complex is first constructed,
preferably in a well-defined manner amenable to detailed
structural characterization, and is modified by the functional
ligand in a subsequent step. Several routes to well-defined
metal oxides have been developed, all generally character-
ized by precursors that react predominantly with the surface
and minimally with other supported complexes. As com-
pared with incorporation into bulk oxides, these methods
offer better active-site accessibility and the ability for tuning
the support and metal complex independently. Metal–
alkyl[21] or Cp–metal–alkyls species[22] react irreversibly with
the support oxide either at surface defect sites or by direct
insertion, liberating alkanes or producing surface alkyls. In
these methods, surface density and acidity often control the
resulting geometry and podality of the supported metal
complex.[23] Alternately, sterically bulky precursors such as
[TiCl2(Cp)2],


[24] [Ti ACHTUNGTRENNUNG(OSiPh3)4],
[25] or [Mn+


ACHTUNGTRENNUNG{OSi ACHTUNGTRENNUNG(OR3)}n]
[26]


may be employed for physically isolating metal centers.
Metal precursors with small alkoxide or halide ligands have
a propensity for forming agglomerated surface species,
which may be facilitated by the loss of translational entropy
upon immobilization, but these too can be successfully em-
ployed if conditions are sufficiently controlled.[27] In the
cases in which oxide precursor ligands are utilized, the
evolved and grafted products must be monitored or later
quantitatively exchanged for determining the average graft-
ing podality on the surface. Quite commonly, the ligands
chosen to give optimal support geometries are not desired
for the catalytic system, and are thus removed by calcina-
tions or exchange.[24,28]


After deposition of the metal precursor, subsequent intro-
duction of functional ligands must be conducted in a ration-
al way. One frequent target for heterogenization is the
Sharpless–Katsuki enantioselective epoxidation of allylic al-
cohols using tartrate ligands on Ti. Successful catalysts have
arisen from tethering approaches[29] or from incorporation of


the ligand into a polymer,[30] but there is no unambiguous
evidence for highly enantioselective catalysis arising from Ti
simultaneously coordinated by the surface and the tartrate.
Meunier et al. have suggested[28] that Ti is perhaps not the
best metal for use in supported, Sharpless–Katsuki type
enantioselective epoxidation, since chelating coordination of
the tartrate, the allylic alcohol, and the peroxide is required
for the selective epoxidation mechanism. This leaves no va-
cancy on the metal for a fifth coordination to the surface
when using Ti (11A), which is required for immobilization.


Simultaneous coordination of all of these entities exceeds
the valence of Ti, but can be accommodated by supported
Ta complexes (11B). As predicted, immobilized, isolated Ta
alkyls, subsequently modified by diisopropyl tartrate, are ca-
pable of selective catalytic turnover for the epoxidation of
propenol or hexenol[31] with organic hydroperoxides. Cata-
lytically active Ta is not leached from the surface by the tar-
trate ligand in CH2Cl2, and no Ta is found in solution after
reaction, providing evidence that the reaction is occurring
heterogeneously.


This work also clearly demonstrates the surfaceMs critical
role in stabilizing the coordinatively unsaturated resting
state of the catalytic species. The soluble Ta alkoxide pre-
ACHTUNGTRENNUNGcatalysts are not active, although Ti alkoxides are viable,
presumably due to more extensive agglomeration of the
former metal centers. The combination of sterically bulky
Ta precursors and the bulk and rigidity of the surface as
macroscopic ligand prevents Ta from forming electronically
saturated clusters when the alkyl ligands are exchanged for


Figure 4. Silica-immobilized and homogeneous RhI phosphine complexes for hydrogenation. Hydrogenation rate is given in moles of 1-hexene consumed
per Rh per minute. Carbonyl or cod ligands on RhI are omitted for clarity.
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alkoxides. The highly dispersed nature of the centers allows
reactant coordination to the metal and thereby initiates the
catalytic cycle.


The role of a macroscopic oxide surface in enforcing unsa-
turation of a complex is distinctly different from the use of
bulky homogeneous ligands, and is more akin to metal unsa-
turation within the core of enzymes.[32] As illustrated in
Figure 5, extremely bulky ligands may prevent a metal


center from coordinating as many species as it would with
smaller ligands; however, without the ability to coordinate
smaller ligands (reactants), these materials are neither unsa-
turated by the definition of Strauss[14] nor are they catalyti-
cally active. This is illustrated by the total inactivity towards
olefin epoxidation with organic hydroperoxides for soluble
[Ti ACHTUNGTRENNUNG(OSiPh3)4]


[25] and [Ti ACHTUNGTRENNUNG(OSiMe3)4].
[33] A surface, by virtue


of being a rigid, macroscopic entity, is uniquely suited for
maintaining coordinative unsaturation and facile reactant
access at the same time. Thus, by using the example of
ACHTUNGTRENNUNGAttfield et al.,[25] replacing one bulky -OSiPh3 ligand with a
silica surface allows coordination of other small ligands, but
prevents active site agglomerization. To act in this way, the
surface must be an actual macroscopic surface, as opposed
to surface models such as silsesquioxanes[34] or calix-
ACHTUNGTRENNUNGarenes,[35] because although sterically protected on one
hemisphere (Figure 5), these are still mobile entities that
will dimerize on their unprotected hemispheres.[34,36] As
shown in Figure 5, only when restricted to the material sur-
face can catalyst sites be accessible from the “top” or
“bottom” yet still be prevented from agglomeration.


In this manner, surface-immobilized metal centers are
useful for synthesis of isolated metal centers bearing small
ligands that would otherwise change their nuclearity in
order to increase electron density on the unsaturated metal


center.[37] Characterization of these small ligands is very
useful for spectroscopy and determination of the kinetic
rate parameters of elementary steps on what may otherwise
be short-lived transient species. For example, Thieuleux
et al.[38] found that when supported on silica, the species
�ZrH is isolable and inserts methane significantly slower
than similarly supported =ZrH2 species. Both of these spe-
cies exist in solution as unstable catalytic intermediates in
alkane transformations and presumably exist on more tradi-
tional supported zirconium species, for example, in olefin
polymerization catalysts, but were not previously amenable
to direct characterization.


Ligand modification of surface immobilized species pres-
ents a route to tune the properties of a catalyst and to study
ligand effects without changes to the saturation at the metal.
However, when considering reactions under conditions of
turnover, the ligand to be studied must also be stable against
ligand exchange. Thus, except in conditions strongly favoring
cleavage of one of the tripodal bonds in the surface connec-
tion, the monodentate OR ligand in Figure 5 will likely be
exchanged after several turnovers for reactions requiring co-
ordinating species. Fraile et al.[39] recognized the need for
modifying the surface titanium with chelating species in
order to see more persistent ligand effects in the epoxida-
tion of alkenes with hydrogen peroxide. In an elegant
paper,[40] the LUMO energy was calculated by DFT for
silica-supported Ti complexes subsequently modified by a
diol (OO), an amino alcohol (ON), and a diamine (NN) and
was found to correlate very closely with the observed rate


Figure 5. Bulky complexes that are inaccessible to reactants in solution
can become active when one ligand is replaced by a silica surface. Com-
plexes of surface models such as calixarenes and silsesquioxanes are sus-
ceptible to dimerization, whereas, with identical podality, the surface is
not.


Figure 6. Modification of surface grafted Ti active sites with chelating al-
cohols and amines decreases the yield of cyclohexene epoxide propor-
tional to the change in the LUMO energy.
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and selectivity of cyclohexene epoxidation (Figure 6) and
with the calorimetrically determined heat of ammonia ad-
sorption on the Lewis acid sites. The ability to correlate the
influence of ligands on the electronic structure to the cata-
lytic activity of the metal is known in homogeneous cataly-
sis[41] and is beginning to occur for supported metal
oxides,[42] but, to our knowledge, has not been demonstrated
previously for tuning a heterogeneous Lewis acid oxide with
organic ligands. Fraile et al. noted that in their system ligand
exchange is incomplete (50–80%), and thus a distribution of
sites is present on the catalyst surface.[40] Since, in this case,
ligand exchange reduces catalytic activity, complete inactiva-
tion of a fraction of sites rather than smaller changes to the
entire site population is a possible interpretation of the ob-
served data. It would be necessary to perform ligand varia-
tion on single-site materials for rigorously demonstrating
that measured catalytic effects are ascribable only to an al-
tered LUMO, but such a study has yet to be completed.


The two routes (ligand then metal; metal then ligand)
presented above account for the vast majority of grafted cat-
alysts. Although functional catalysts are accessible through
these routes, they can be somewhat difficult to characterize,
particularly as the complexity of the ligands increases and
their symmetry drops. Solid-state NMR techniques and X-
ray absorption spectroscopy have proven invaluable for
structural characterization, but are not universally useful for
all nuclei and cannot always provide sufficient resolution for
unambiguous structural determination.


An alternative route is to construct well-defined com-
plexes amenable to solution characterization and crystallog-
raphy, and then to immobilize these complexes with mini-
mal, or easily discernable, perturbations to the coordination
environment. Tada et al.[43] recently immobilized the vanadi-
um Schiff base complex 12A onto SiO2. Through IR spec-


troscopy and EXAFS, it is evident that immobilization re-
moves weakly coordinated water, and the defects on the
SiO2 surface substitute for the phenolate ligand in the inner
sphere, thereby reducing the V�O(N) coordination from
four to three. DFT simulation of the immobilized complex
suggests that the lowest energy conformation of the complex


places the phenol in coordination with V, in conflict with
EXAFS results, implying that the phenol is engaged in hy-
drogen bonding with adjacent groups. ESR indicates the
presence of another d1 metal center at a distance of 0.4 nm,
particularly in the presence of O2, which corroborates the
authorsM DFT simulations predicting hydrogen-bonded V
complex dimers (12B) by means of surface association. Sur-
face association also can enforce stereochemistry at the
metal center. The homogeneous complex is stated to consist
of rapidly interconverting D and L stereoisomers, but the
formation of dimers could stabilize DD or LL diasteriomers,
similar to capsule systems developed in the team of
ACHTUNGTRENNUNGRaymond[44] with diasteriomeric excess enforced, in this
case, by ligand chirality. That dimers do not form in solution
for this system indicates that the weak enthalpy of associa-
tion is more than offset by a large unfavorable entropy
change. On the surface, this association entropy penalty is
dramatically reduced, since all complexes have already lost
their translational entropy. It must be noted that chirality at
the metal center has not been directly demonstrated for this
system, but is an interesting possible consequence of the sur-
face association.


These catalysts were reported to be the only known
hetero ACHTUNGTRENNUNGgeneous catalysts for the oxidative coupling of 2-
naphthol to form binol and were able to catalyze this reac-
tion with nearly 100% selectivity for binol, and, in some
cases, high (90%) enantioselectivity. Particularly notable is
that the homogeneous precursor is completely inactive
except in the presence of acidic promoters, and, only then,
possesses moderate activity and selectivity for binol, with
negligible enantioselectivity. TiO2- or Al2O3-supported cata-
lysts exhibit absent or reduced activity, which may indicate
that complex 12A does not change coordination number
upon immobilization on these supports, and provides anoth-
er example of the utility of SiO2 as an excellent support for
stabilizing an unsaturated metal center.


As seen in Table 1, rate and enantioselectivity dramatical-
ly increase with surface density of V, reaching up to 93%
conversion and 90% ee for a 3.4 wt% V loading, corre-
sponding to the geometrical maximum surface density. Be-
cause the monomeric form of the catalyst (in solution)
reacts slowly and is generally unselective, a simple explana-
tion of the catalytic behavior with increasing V loading is an
increase in the relative population of active, selective dimers
(structure 12B) as the V loading increases. Such dimers pos-
sess overall C2 symmetry, which is a common structural
motif in many successful enantioselective catalysts.[45] As


Table 1. Oxidative coupling of 2-naphthol using surface C2 dimers of
12B as a function of wt% V.


cat 12B time TON % ee
ACHTUNGTRENNUNG[wt% V] [h] [binolV�1] (R)


0.3 120 1 32
0.8 120 3 39
1.6 120 4 48
3.4 264 8 90
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with the formation of catalytically active heterogeneous 10C
as compared to the inactive homogeneous complex 10D dis-
cussed previously, this study is a good example of surface-
mediated construction of a new catalytic entity. Simply by
changing the coordination around the V and, importantly,
geometrically restricting the complex to the plane of the
support, catalytically active and selective dimers are able to
form.


In the paper by Tada et al. ,[43] the coordination sphere at
the metal is significantly changed upon immobilization and
interaction with other surface species. As a result, the outer-
sphere geometry and therefore the catalytic behavior of the
material is a strong function of the surface density of the
metallic complex. As we proposed previously, the loss of
translational entropy upon grafting results in active-site clus-
tering even under the influence of attractive interactions
that may be extremely weak in solution. This is a general
phenomenon resulting in surface dimers[27] or metal oxide
clusters that increase in size as metal surface density increas-
es.[46, 47] Notestein et al.[48] have instead utilized a precursor
molecule that predefines the coordination at the metal and
incorporates all of the desired functionality in the grafting
moiety, while being sufficiently bulky to prevent agglomera-
tion of active sites. The Ti-calixarene precursor 13A is a
stable monomer in solution that has been characterized by
single-crystal X-ray diffraction[49] and is known to react in
the presence of alcohols and other ligands cleanly and selec-
tively with loss of chloride.[36] Evidence of intact deposition
of the metal–ligand complex for forming material 13B by
means of the synthesis illustrated in Figure 7 is provided by
solid-state UV/Vis and NMR spectroscopy and a strict cor-
respondence between Ti and C elemental analysis. The sur-
face-immobilized organometallic complex is stable under re-
action conditions due to the multidentate, strongly coordi-
nating ligand, and the HOMO–LUMO transition, reflecting
the intrinsic activity of the catalytic complex, was further
measured to be independent of surface density of Ti or
time-on-stream.


The precursor molecule 13A has limited activity and se-
lectivity for epoxidation of unfunctionalized olefins in solu-
tion, likely due in part to dimerization of the alkoxides[36]


that are a product of catalytic turnover, as illustrated in
Figure 5; however, the catalytic activity of 13B is compara-
ble to the fastest known Ti epoxidation catalysts. In this
system, the authors proposed that p donation into the calix-
arene ring withdraws electron density from the Ti center,
which replicates the electron-withdrawing character of a
prototypical silica framework 13C, while maintaining the ac-
cessibility to reactants of a supported complex. In contrast
to a framework-substituted material, the Ti atoms in 13B
are all displayed at the surface and are accessible even to
bulky reactants, such as cyclooctene or cis-stilbene.[48] The
calixarene macrocycle thus plays roles in 1) withdrawing
electron density from the Ti atom, 2) providing lateral steric
bulk to prevent Ti clustering on the surface, while 3) allow-
ing access to the metal center by the comparatively smaller
alkene and hydroperoxide reactants. The role of the surface


is to provide a fourth electron-withdrawing ligand and to
stabilize the metal complex against dimerization without
creating an undue steric restriction for small molecule reac-
tants.


A precise kinetic analysis of the epoxidation of cyclohex-
ene with organic hydroperoxides yields further information
about the role of the calixarene and silica ligands. The epox-
idation reaction was shown to strictly obey the proposed
first-order rate law, indicating the catalyst maintained an
identical coordination environment through ~100% conver-
sion. Importantly, the catalyst was shown to have the same
activity, on a per Ti basis, regardless of the synthesized sur-
face density of Ti, justifying the authorsM claim of a single-
site material. To the authorsM knowledge, this represents the
only example of a proven single-site oxide catalyst formed
from covalent grafting. Indeed, in an elegant paper, Nicho-
las, Ahn, and Marks[22] showed that when zirconocenium
species are deposited on strongly Brønsted acidic surfaces to
yield “cationlike” species electrostatically coordinated to
the surface, nearly 100% of the metal centers are active, but
when they are covalently bound to the surface as on silica, a
far smaller percentage is active. Many Lewis acid and redox
supported oxide catalysts, even those prepared from bulky
precursors, also show a dependence of activity with either


Figure 7. Grafting of calixarene–TiCl 13A to form single site alkene ep-
oxidation catalyst 13B with better accessibility, but conceivably similar
electronic structure as prototypical in-framework material 13C.


Chem. Eur. J. 2006, 12, 3954 – 3965 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3963


CONCEPTSHeterogeneous Catalysis



www.chemeurj.org





catalyst site density[26,42,47] or with time on stream[24] due to
eventual interactions with neighboring sites or alcohol poi-
sons, both of which increase the electron density at the
metal and decrease the activity. Tethered catalysts are also
often not single site, and materials syntheses to physically
isolate sites, such as those introduced by McKittrick, et al.[50]


are a requirement for single-site-type behavior.
An important aspect of the large calixarene is that it is


macrocyclic and multidentate, and therefore it is not lost
during catalytic turnover and able to maintain coordinative
unsaturation throughout the lifetime of the catalyst. It has
been shown that these catalysts act as individual molecular
entities reliant on both the ligand and the surface for their
activity. Their straightforward method of synthesis should
allow researchers to exploit the large diversity of molecular
ligands of this type[51] and existing knowledge about the in-
fluence of the support in order to create optimized hetero-
geneous catalysts. One possible direction here is the synthe-
sis of different electron-withdrawing environments on the
calixarene in order to rigorously demonstrate that changing
the electronic environment of the complex alters the catalyt-
ic properties on heterogeneous catalysts, as discussed previ-
ously in regards to Figure 6. Steric restrictions can also be
incorporated by judicious choice of calixarene in order to
control catalytic reactant or product shape and, potentially,
enantioselectivity.


Conclusion


Much of the inspiration for incorporating cooperativity be-
tween surface and active site in hybrid organic–inorganic
heterogeneous catalysts comes from proficient biological
catalysts, which are known to achieve high activity and se-
lectivity by exquisitely tuning their active site inner- and
outer-sphere environments. Guided by this general principle,
we review the synthesis of hybrid organic–inorganic hetero-
geneous catalysts consisting of a synergistic interaction be-
tween active site and surface, and demonstrations of dramat-
ic enhancements in catalyst activity and selectivity in these
systems. The examples highlighted in this Concept article
demonstrate how new catalytic structures that employ sur-
face acidity functioning in concert with organic and organo-
metallic active sites can be synthesized for enhanced multi-
functional catalysis. Often the underlying responsible effects
in these systems have no direct counterpart in homogeneous
catalysis, because of the unique role played by the surface as
acidic macroscopic ligand and the lack of competition from
translational entropy when forming interactions between im-
mobilized species. These phenomena may be used for creat-
ing new catalytic centers and properties, such as acid–base
bifunctional catalyst 3 that follows a mechanism similar to
that observed in enzymatic primary amine catalysts. These
phenomena also enable the synthesis of the C2 symmetric
vanadium complexes in 12B. If uncontrolled, surface orga-
nometallic species can form inactive agglomerates, but with
the proper attention to synthetic control, the nominal pla-


narity and macroscopic rigidity of a surface can be used for
stabilizing coordinatively unsaturated species that may not
otherwise exist or be catalytically active in solution. Such
species can be stabilized by multidendate grafting to SiO2 or
by simultaneous coordination of a multidendate ligand and
the surface, as in structure 13B in Figure 7. The importance
of multidendate ligands is also highlighted for this purpose,
because of their ability to remain coordinated to the metal
center under conditions of ligand exchange, thus allowing
for steric and electronic control throughout the heterogene-
ous catalytic cycle through an inner-sphere approach. It is
anticipated that use of functional, multidendate ligands cou-
pled with principles of surface organometallic chemistry will
continue to provide new routes by which the selectivity of
homogeneous organometallic and biological catalysts will be
successfully incorporated into highly active and robust syn-
thetic heterogeneous catalysts.
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Platform Synthesis: A Useful Strategy for Rapid and Systematic Generation
of Molecular Diversity


Kenichiro Itami*[a] and Jun-ichi Yoshida*[b]


Introduction


Generation of new functional materials (molecules) is a key
in the progress of science. Through providing efficient meth-
ods and strategies for making useful organic frameworks,
synthetic organic chemistry has contributed to the develop-


ment and understanding of materials science and life science
in many ways. Although a target-oriented synthesis of com-
plex natural products and a rational design of functional ma-
terials has been a main stream in organic synthesis, the
emergence of combinatorial chemistry[1] and diversity-ori-
ented synthesis[2] has changed the way of planning and
doing chemical synthesis as a whole. Because elucidation of
structure–activity (structure–property) relationships is not
necessarily easy and, hence, a rational design of molecules is
often difficult in medicinal chemistry and materials science,
such library-based approaches enable rapid identification
and optimization of functional materials in many cases.[1] In
addition, there is a high probability to discover unexpected
functions with these library-based approaches. Therefore, re-
liable strategies and methodologies for generating molecular
diversity are highly called for in this field. This article de-
scribes our concept of “platform synthesis” and its applica-
tion to the synthesis of various functional materials.


Platform Synthesis


The orthogonal and sequential functionalization[1d] of a
simple molecule bearing multiple reaction sites (platform)
serve as a powerful synthetic strategy that should provide
enormous opportunity for diversity-oriented synthesis as
well as target-oriented synthesis (Scheme 1). To effectively
accomplish such platform syntheses, it is necessary that reac-
tivities of those reaction sites be substantially differentiated.
To realize such differentiation, those reaction sites should
be stable unless activated by promoter or catalyst. It is also
important to note that reactivities should be sufficiently
high even after introduction of sterically demanding sub-
stituents.


Our approach for such platform synthesis has been to uti-
lize organoelement compounds, such as organosilicon,
-sulfur, and -boron compounds, as platforms (Scheme 2).
The strong stereo-electronic bias exerted by a suitably posi-
tioned element (E), would allow reactivity differentiation of
potential reaction sites, thereby site-selective installation of


Abstract: Emergence of library-based approaches have
changed the way of developing new functional mole-
cules in materials science and pharmaceutical science.
Therefore, reliable methods for rapid and systematic
generation of functional molecules are highly called for
in this field. We herein describe our concept of “plat-
form synthesis” as a useful strategy for generating mo-
lecular diversity. This simple yet powerful strategy real-
izes the synthesis of a number of interesting multifunc-
tional molecules, such as multisubstituted olefins, in a
programmable and diversity-oriented format. As well as
applications to the synthesis of pharmaceutically impor-
tant molecules, such as tamoxifen and CDP840, applica-
tions to materials science, which have led to the discov-
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substituents onto a platform. In addition to this simple con-
cept, we often utilize catalyst- or reagent-directing groups,
such as pyridyl group, on the element.[3,4] The presence of
these groups permits a number of metal-mediated compo-
nent-assembling reactions that are essentially unattainable
without such groups by virtue of effective coordination of
the directing group to metals. It is also noteworthy that
some directing groups such as pyridyl group also function as
phase tags for separation.[5] Nowadays, automated synthesis
is a powerful tool for the construction of large chemical li-
braries, but separation of products is often a bottleneck of
solution-phase synthesis. The phase-tag approach provides a
solution to this problem.[6] Thus, our approach of platform
synthesis involves an orchestrated interplay of organoele-
ment chemistry and coordination chemistry.


Platform Synthesis of Multisubstituted Olefins


The regio- and stereoselective synthesis of multisubstituted
olefins is one of the most challenging subjects in organic
synthesis. In view of synthetic challenge as well as potential
applications as functional materials and pharmaceuticals, we
have initiated a program directed toward the development
of a programmable and diversity-oriented synthesis of multi-
substituted olefins.[7] We envisaged that the sequential as-
sembly (installations) of substituents onto a C=C core of an
ethylene derivative substituted by a suitable element (E)
should be a straightforward strategy for multisubstituted
olefin synthesis (Scheme 3a). Due to the presence of such
an element E, the three C�H bonds (one a-C�H and two b-
C�H bonds) and the C�E bond are nonequivalent, thereby
distinguishable in principle in component-assembling reac-
tions. This strategy differs from the classical olefin synthesis
as exemplified by Wittig reaction and its analogues that con-
nect two components with the creation of a C=C bond,
whereby the selectivity (stereoselectivity) would be inevita-
bly dependent on the existing substituents.[8] Although con-
ceptually intriguing, such an approach has been rather unex-


plored because of the apparent difficulty in controlling the
reactivity at the desired bonds.


We developed several vinyl–element compounds 1 (CH2=


CH�E) that function as useful platforms (Scheme 3b); vinyl
sulfide (1a),[9] vinylsilanes (1b and 1c),[10–14] and vinyl boro-
nate ester (1d).[15,16] The basic transformations based on 1
are shown in Scheme 4. In the presence of a Pd catalyst and
base, these vinyl–element compounds 1 undergo arylation
(Mizoroki–Heck type reaction; MHR)[17] with aryl halides at
the b-C�H bond (1!2). Essentially no arylation takes place
in the absence of catalyst-directing groups such as a pyridyl
group on 1, attesting to the strong directing effect of these
groups.[18] The suitably positioned nitrogen atoms of pyridyl
and pyrimidyl group might accelerate the rate-determining
C=C p complexation and successive carbopalladation (inser-
tion) events in MHR.[10] The occurrence of pyridyl-to-palla-
dium coordination was demonstrated by 1H NMR spectros-
copy and X-ray crystal structure analysis of some key palla-
dium complexes.[12] Moreover, because of the strong direct-
ing effect, a hard-to-achieve double MHR[19] is accomplished
(1!2!3), which allows us to install two aryl groups at the
two b-C�H bonds in one-pot.[12] The stereoselectivities of
this double MHR are usually very high (>95%).


The successive installation of an aryl group at the a-C�H
bond can be achieved by the a-lithiation[20] of 3 with tBuLi
and a subsequent cross-coupling reaction (CCR)[21] with an
aryl halide in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4]/CuI catalyst.[9]


This procedure provides 4 in high yields with virtually com-
plete retention of stereochemistry, although it works well
only for the vinyl sulfide platform 1a at present. The final
CCR of those alkenyl–element compounds (2–4) results in
the production of multisubstituted ethenes (5–7). We also
developed an efficient method for the homo-coupling reac-
tion of alkenylsilanes (2 and 3) using CuI and CsF as pro-


Scheme 1. Schematic representation of platform synthesis.


Scheme 2. Organoelement compound having directing group as a plat-
form.


Scheme 3. a) Platform synthesis of multisubstituted olefins. b) Vinyl–ele-
ment platforms developed so far.
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moters for the synthesis of multisubstituted butadienes.[13]


With this method in hand, 1,3-butadienes with two or four
electronically varied aryl groups (8 and 9) can be prepared
very efficiently. Representative syntheses of tetraarylethene
7 (using 1a)[9] and triarylethene 6 (using 1b)[12] are shown in
Schemes 5 and 6, respectively.


Noteworthy features of pres-
ent method are that 1) all aryl
groups assembled stem from
readily available aryl halides
or their Grignard reagents, 2)
the installation of aryl groups
at the desired position can be
achieved by the appropriate
order of addition, and 3)
simple alteration of addition
order of aryl halides in the se-
quence results in the produc-
tion of all possible isomers of
multisubstituted olefins.


Based on a similar approach, we recently developed a
platform synthesis of 1,1,2-triarylethanes using 1a as a plat-
form.[22] This method includes a stereoselective double Miz-
oroki–Heck type arylation, Liebeskind–Srogl type cross-cou-
pling reaction,[23] and Pd/C-catalyzed hydrogenation. A


Scheme 4. General synthetic scheme for multisubstituted olefins using 1 as a platform.


Scheme 5. Representative synthesis of tetraarylethene 7 using 1a as a platform.


Scheme 6. Representative synthesis of triarylethene 6 using 1b as a platform.
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rapid synthesis of CDP840, a potential therapeutic agent for
asthma as a selective phosphodiesterase (PDE) IV inhibi-
tor,[24] has been established by using this method
(Scheme 7).[22]


Rapid and Systematic Construction of Arylethene-
Based Extended p Systems


The above-mentioned platform synthesis of multisubstituted
olefins represents a new strategy that permits assembly of p
systems, such as aryl groups, onto a C=C core (minimal p
unit) in a programmable and diversity-oriented format. Be-
cause p-assembling sites are programmed in our synthesis,
the strategic use of bifunctional or trifunctional aryl units
(ArX2 or ArX3) in place of a monofunctional unit (ArX) in
the reaction sequence described in Scheme 4 results in the
selective and systematic production of various types of aryl-


ACHTUNGTRENNUNGethene-based extended p systems, which are otherwise diffi-
cult to construct (Scheme 8).[14,15] As platforms for this
study, we used vinylsilanes (1b and 1c) and vinyl boronate
1d.


For example, the treatment
of 3 (double-MHR product of
1) with aryl dihalides ArX2


under the influence of Pd cata-
lyst results in the production
of the interesting extended p


system 14. The use of trifunc-
tional p systems is also inter-
esting. For example, when aryl
trihalides (ArX3) are used in
the final CCR with 3, a star-
burst p system 15 can be pre-
pared with ease. When the
double-MHR/CCR sequence is
performed by using the addi-
tion order ArX/ArX2/ArX and
ArX2/ArX/ArX, extended p


systems with interesting struc-
tures (16 and 17) are selective-
ly produced. Moreover, when
a double MHR is performed
with ArX2 alone, an unprece-
dented type of polymerization
takes place. The successive
CCR with ArX then affords
the novel cross-conjugated
polymer 18, which is otherwise
difficult to construct. The
power of this synthetic strategy
is apparent, as all of these ex-
tended p systems can be selec-
tively prepared at will by using
common platforms (1),
common reactions (MHR and
CCR), and common reagents
(aryl halides). Representative
syntheses of 14 (using 1c)[14]


and 15 (using 1d)[15] are shown
in Schemes 9 and 10, respec-
tively.


By following these synthetic
schemes described in Schemes 4 and 8, we succeeded in rap-
idly making chemical libraries of arylethene-based extended
p systems (more than 150 compounds), from which highly
fluorescent organic materials with a wide range of color var-
iations (blue–red) were found (Figure 1).[13–15] The measure-
ment of photophysical properties showed that the fluores-
cence quantum yields as well as emission color depend sig-
nificantly on the attaching sites and the nature of the aryl
groups attached. In addition, we found that the fluorescence
efficiency of these extended p systems generally and dra-
matically increases in the solid (aggregation) state.[14, 25]


Moreover, we found that such an aggregation-induced en-


Scheme 7. Platform synthesis of CDP840.


Scheme 8. Systematic construction of arylethene-based extended p systems 14–18.
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hanced emission can be also observed in dioxane/water mix-
tures with high water contents, in which the formation of
molecular aggregates such as nanoparticles has been indicat-
ed.[14] In addition to the increased chance of discovering new
materials, the increased chance of discovering such interest-


ing photophysical properties is clearly the advantage of di-
versity-oriented synthesis in fluorescent materials science,
whereby the properties are often not predictable.


Scheme 9. Representative synthesis of 14 using 1c as a platform.


Scheme 10. Representative synthesis of 15 using 1d as a platform.


Figure 1. Representative fluorescent molecules found in our library.
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Platform Synthesis of Tamoxifen-type
Tetrasubstituted Olefins


We have been interested in multisubstituted olefins not only
because of their potential applications in materials science,
but also because of the existence of pharmaceutically impor-
tant molecules of this class as exemplified by tamoxifen,
which is the most important anti-breast-cancer drug in clini-
cal use and has the potential to be used as a chemopreven-
tive breast-cancer agent.[26]


We have developed a general synthetic scheme for tamox-
ifen-type tetrasubstituted olefins using alkynyl(2-pyridyl)si-
lane 19 as a platform (Scheme 11).[27,28] Unfortunately, use


of the vinyl–element platforms described earlier (1a–d) was
not applicable in this synthesis. The synthesis starts with a
novel Cu-catalyzed carbomagnesation across 19, which pro-
ceeds with high regio- and stereoselectivities. It was found
that Cu-catalyzed addition did not occur at all with the cor-
responding 3-pyridyl, 4-pyridyl, and phenylsilanes, which
clearly implicates the strong directing effect (complex-in-
duced proximity effect) of the 2-pyridyl group on silicon.[29]


The sequential arylations at the C�Mg and C�Si (C�B)
bonds of the resultant pyridylsilyl-substituted alkenylmagne-
sium compound (20) utilizing Pd-catalyzed cross-coupling
reactions with aryl halides afforded the targeted tamoxifen-
type tetrasubstituted olefins (22).


By following the synthetic scheme described in
Scheme 11, a wide array of electronically and structurally di-
verse tetrasubstituted olefins (22) can be prepared in a
regio-controlled, stereo-controlled, and diversity-oriented
manner. Noteworthy features are that 1) the three aryl
groups, which are believed to be important (essential) for
anti-estrogenic activity,[26] can be varied at will, because they
all stem from readily available aryl iodides; and 2) any
stereo- and regioisomer can be prepared by simply changing
the order of application of the aryl iodides in the sequence.


Platform Synthesis of Pyrimidine-Core Extended p
Systems


Having substantiated the potential of platform synthesis as a
useful strategy for generating molecular diversity, we next


became interested in the development of such a synthesis
for heteroaryl-core extended p systems, because it is well
known that the introduction of a heteroaryl moiety into ex-
tended p systems often brings about a number of interesting
properties that are useful in the development of advanced
electronic and photonic materials.[30] Fortunately, our investi-
gations along this line resulted in the accomplishment of se-
quential assembly of p systems onto the pyrimidine core
(platform) as a useful method for the construction of pyrimi-
dine-core extended p systems.[31]


We demonstrated the usefulness of 2-methylthiopyrimi-
dine (23) as a platform in this strategy, and the representa-
tive p-assembling reactions are shown in Scheme 12. The


nucleophilic addition of ArLi
to 23, followed by DDQ oxida-
tion resulted in the production
of 24.[32] The iterative reaction
sequence then gave 25. The re-
sulting adduct was further al-
lowed to react with ArMgBr
under the catalytic influence of
[NiCl2ACHTUNGTRENNUNG(dppe)] to afford 2,4,6-
triarylpyrimidines 26.[33] Fur-
thermore, the treatment of 25
with NiCl2/PPh3/Zn in DMF
resulted in a novel C�S homo-
coupling reaction giving substi-


tuted 2,2’-bipyrimidines 27. By applying dilithium reagents
(ArLi2) in place of ArLi in the first and/or second p-assem-
bling reactions, interesting extended p systems, such as 28
can also be prepared very efficiently.


Scheme 11. Platform synthesis of tamoxifen-type tetrasubstituted olefins.


Scheme 12. Platform synthesis of pyrimidine-core extended p systems.
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By following this synthetic scheme, interesting pyrimi-
dine-core p systems were rapidly constructed in a program-
mable fashion. Fortunately we were able to find some novel
functional materials from a relatively small library (ca. 50
compounds) of multisubstituted pyrimidines. For example,
2,4,6-triarylpyrimidines with an electron-releasing p-
Me2NC6H4 group and electron-accepting p-CF3C6H4 group
attached, such as 29, exhibit strong positive solvatofluoro-
chromism.[31] The emissive behaviors of 29 with various sol-
vents are shown in Figure 2. The decrease in the fluores-
cence energy with increasing solvent polarity corresponds to
an increase in the dipole moment, indicating the charge-
transfer character of the emitting state. Nevertheless, the re-
alization of a wide range of wavelengths with reasonable
fluorescence efficiency is notable. Its application as a fluo-
rescent probe might be interesting.


Summary and Outlook


Our approach of platform synthesis has been successfully
demonstrated as a useful strategy for generating molecular
diversity. This simple yet powerful strategy realizes the syn-
thesis of interesting multifunctional molecules, such as mul-
tisubstituted olefins, in a programmable and diversity-orient-
ed format. The successful discovery of a number of interest-
ing materials (e.g., highly fluorescent molecules, fluorescent
cross-conjugated polymers, fluorescent nanoparticles, and
solvatofluorochromic materials) and properties (e.g., aggre-
gation-induced enhanced emission) speaks well for the po-
tential of the platform strategy in the development of func-
tional materials. The successful syntheses of pharmaceutical-
ly important molecules, such as tamoxifen and CDP840,
demonstrate the importance of the present strategy in me-
dicinal chemistry. Although most of the platform syntheses
described herein are based on the interplay of organoele-
ment chemistry and coordination chemistry (directed reac-
tions), the concept itself should not be limited to this kind.
The evolution of other platforms will inspire novel applica-


tions (such as chemical genetics) and hopefully enable the
construction of as-yet unexplored chemical libraries to face
more challenging quest in science.
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Supramolecular Hybrids of [60]Fullerene and Single-Wall Carbon Nanotubes


Dirk M. Guldi,*[a] Enzo Menna,[b] Michele Maggini,*[b] Massimo Marcaccio,[c]


Demis Paolucci,[c] Francesco Paolucci,*[c] St0phane Campidelli,[d] Maurizio Prato,*[d]


G. M. Aminur Rahman,[a] and Stefano Schergna[b]


Introduction


The intriguing properties of carbon nanostructures have
sparked much interest in recent years, and a broad research
effort has been dedicated to understanding the physical and
physicochemical features of these new allotropes of carbon.
Importantly, the wealth of information that has been gath-
ered has significantly enhanced our general understanding
of how to develop nanometer scale materials and devices
that could shape future technologies.


In this context, carbon nanotubes (CNT), and in particu-
lar, single-wall carbon nanotubes (SWNT) have emerged as
particularly attractive candidates, due to their outstanding
physical, chemical, and mechanical properties, and their
prospects for practical applications.[1] These systems consist
of graphitic layers wrapped seamlessly into cylinders that
originate from defined sections of two-dimensional gra-
phene sheets.[2] With diameters of only a few nanometers
and lengths of up to several centimeters, the length-to-width
ratio of these nanotubes is extremely high. SWNT have a
very broad range of electronic, thermal, and structural prop-
erties that vary according to the particular kind of SWNT. A
setback in the use of CNT is that they are heavily entangled
with one another, which leads to the formation of three-di-
mensional networks in the form of tightly bound bundles.[3]


To overcome the rather poor solubility of CNT in
common solvents, it is desirable to develop facile, reproduci-
ble, and practical processing methods. Past work has un-
equivocally demonstrated that the preparation of functional
CNT based nanocomposites (i.e., nanoconjugates and nano-
hybrids) requires a method that assists in disentangling and
dispersing CNT.[4] However, it is evident that subsequent
chemical and physical modification of the surface would be
necessary to realize many of the potential applications.
Some SWNT have diameters that are sufficiently large to


encapsulate various atoms and molecules into their one-di-
mensional nanocavity. So far, empty fullerenes,[5] endo-[6]


and exohedral[7] metallofullerenes, exohedral fullerene de-
rivatives,[8] single elements,[9] ionic salts,[10] alkali metal,[11]


and H2O
[12] have been successfully incorporated into the
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noncovalent interactions · supra-
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Abstract: Noncovalent interactions between purified HiPCO single-wall carbon
nanotubes (SWNT) and a [60]fullerene–pyrene dyad, synthesized through a regio-
selective double-cyclopropanation process, produce stable suspensions in which
the tubes are very well dispersed, as evidenced by microscopy characterization.
Cyclic voltammetry experiments and photophysical characterization of the suspen-
sions in organic solvents are all indicative of sizeable interactions of the pyrene
moiety with the SWNT and, therefore, of the prevalence in solution of [60]fuller-
ene–pyrene·SWNT hybrids.
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nanocavities of SWNT. Due to extensive intermolecular full-
erene–fullerene or fullerene–SWNT interactions, it is ex-
pected that the physicochemical characteristics of these new
materials are not simply a sum of those of fullerenes and
nanotubes: this hypothesis was supported by several experi-
mental and theoretical investigations.[13] Experimental re-
sults and theoretical studies demonstrate that the periodic
array of [60]fullerene molecules gives rise to a hybrid elec-
tronic band that derives its character from both the SWNT
states and the [60]fullerene molecular orbitals.[14]


Here we report on a new type of [60]fullerene-hybridized
SWNT material, in which a covalently linked [60]fullerene–
pyrene conjugate was immobilized onto the surface of
SWNT by using a noncovalent method. The use of pyrene
derivatives is crucial for our approach, namely, solubilization
of SWNT through directed p–p interactions. A series of
physicochemical probes (i.e., electrochemical, spectroscopic,
and microscopic) confirm electronic interactions between
the pyrene part of the [60]fullerene–pyrene conjugate and
SWNT.


Results and Discussion


Synthesis of [60]fullerene–pyrene conjugate 1: The prepara-
tion of conjugate 1 began with the synthesis of [60]fullerene-
substituted Boc-amine 6 (Boc=benzyloxycarbonyl,
Scheme 1). This was obtained through the regioselective re-
action developed by the group of F. Diederich,[15] which pro-
vides [60]fullerene bisadducts through a cyclization reaction
at the [60]fullerene sphere by using bis malonates, in a


double-cyclopropanation process. To this end, (3-bromopro-
pyl)carbamic acid tert-butyl ester 3 and 3,5-bis(hydroxyme-
thyl)phenol[16] were reacted in refluxing acetone in the pres-
ence of K2CO3 to afford bisdiol 4 in 91% yield.
Derivative 3 was, in turn, prepared from 3-bromopropyl


amine hydrobromide 2, as described in the literature.[17] Re-
action of 4 with ethylmalonyl chloride in CH2Cl2 and tri-
ACHTUNGTRENNUNGethylamine (TEA) gave bismalonate 5 in 56% yield. Treat-
ment of 5 with [60]fullerene, I2, and 1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) in toluene at room temperature
afforded the cyclization product 6 in 46% yield. This was
deprotected with trifluoroacetic acid in CH2Cl2 to yield de-
rivative 7, which was reacted with 1-pyrenebutyric acid, N-
hydroxybenzotriazole (HOBT), 1-ethyl-3-(3’-dimethylami-
nopropyl)carbodiimide (EDCI), and 4-methylmorpholine to
give the desired bisadduct 1 in 96% yield. The structure and
purity of bisadduct 1 was confirmed by NMR spectroscopy
and elemental analysis. In particular, the 1H NMR spectrum
of 1 shows all the characteristic features of the Cs-symmetri-
cal 1,3-phenylenebis(methylene)-tethered fullerene cis-2 bis-
ACHTUNGTRENNUNGadduct subunit.[18] In fact, an AB quartet is observed for the
diastereotopic benzylic �CH2� groups and two resonances
are revealed for the aromatic protons of the 1,3,5-trisubsti-
tuted bridging phenyl ring. In addition to the signals corre-
sponding to the [60]fullerene-substituted spacer, the reso-
nances arising from the pyrene moiety are clearly observed
between 7.5 and 8.5 ppm.


Binding of [60]fullerene–pyrene conjugate 1 to SWNT: The
1·SWNT hybrids were prepared analogously to our previous
work by using porphyrins (i.e., ZnP or H2P).


[4m] Stable dis-
persions of 1·SWNT in organic solvents were achieved from
a mixture of 1 mg of purified HiPCO (www.cnanotech.com)
SWNT and 2 mg of 1 that was stirred for 24 h in 12 mL of
DMF or THF. Sonication (Bransonic 52, 112 W) was carried
out for 4 h at 20 8C followed by strong centrifugation
(90 min at 10000 rpm). The excess 1 was removed by wash-
ing the deposit twice. In the final step, 12 mL of fresh sol-
vent was added to the collected deposit and sonicated for
30 min at 20 8C. The solubility of 1·SWNT at room tempera-
ture is 0.05 mgmL�1. The homogeneous dispersion was
stored at 4 8C for characterization. The black dispersion is
stable in DMF for months and in THF for weeks.
Figure 1 shows a pictorial representation of hybrid


1·SWNT, in which the optimized geometry of dyad 1 (at the
PM3 semiempirical level) is shown with a (9,0) SWNT.


Electrochemical characterization : The electrochemical be-
havior of 1·SWNT was investigated in both CH2Cl2 and
THF, with tetrabutylammonium hexafluorophosphate
(TBAH) as supporting electrolyte. Because the presence of
high ionic concentrations may in principle alter the p–p
stacking interactions between the SWNT and the pyrene
moiety, the samples were sonicated only briefly (<1 min) to
facilitate the dispersion of 1·SWNT in these solvents. Al-
though similar results were observed for both solvents in the
negative-potential region, the narrower positive-potential


Scheme 1. a) (BOC)2O, TEA, CH2Cl2; b) 3,5-bishydroxymethyl phenol,
K2CO3, acetone; c) ethyl malonyl chloride, TEA, CH2Cl2; d) C60, DBU,
I2, toluene; e) CF3COOH, CH2Cl2; f) 1-pyrene butyric acid, HOBT,
EDCI, 4-methylmorpholine (for abbreviations, see text).
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window that was available for THF prevented a thorough
characterization of the anodic processes in THF.
The cyclic voltammetric (CV) curve for a saturated solu-


tion of 1·SWNT in 0.05m TBAH/CH2Cl2 (Figure 2, solid


line) displays the typical continuum of diffusion-controlled
cathodic current, with onset at ~�0.45 V, which corresponds
to the progressive filling of the empty electronic states of
the SWNTs.[4j] Likewise, in the positive-potential region, the
monotonic increase of anodic current is observed, with
onset at ~+0.15 V and a sharp increase of current at E=


1.3 V, also associated with the rise in the (filled) electronic
density of state of SWNTs.[4j] Such behavior resembles close-
ly that observed for other classes of functionalized SWNT,
such as pyrrolidine-functionalized SWNTs,[4g] polystyrenesul-
fonate-[19] and poly ACHTUNGTRENNUNG(4-vinyl)pyridine-grafted SWNTs.[20] Su-
perimposed to such a continuum of faradaic and pseudoca-
pacitive current, the CV curve in Figure 2 also displays


three discrete peaks, at �0.79, �1.58, and +0.98 V that, by
comparison with model 1, were associated with redox pro-
ACHTUNGTRENNUNGcesses involving the fullerene moiety. The CV curve of the
latter species, obtained under similar conditions (Figure 3),
displays in fact two reduction peaks, denoted as I and II, at
�0.74 and �1.12 V, respectively, and an oxidation peak at
1.19 V (peak A).


Noticeably, peak I in the CV curve of model species is re-
versible and corresponds to a one-electron reduction, where-
as peak II is irreversible most likely because of follow-up re-
actions associated with electrochemically induced opening
of the cyclopropane ring(s), as typically observed in malo-
nate-fullerenes.[21] Importantly, the anodic peak at 1.19 V in
the CV curve of 1 corresponds to a two-electron oxidation
process (by comparison with the first reduction of the fuller-
ene moiety) that results from the superimposition of two
one-electron oxidations, occurring at very close potentials,
as evidenced in the CV curve at low temperature shown in
Figure 4. The corresponding E1/2 values, as obtained by the


Figure 1. Semiempirical (PM3) optimized geometry of conjugate 1 in the
presence of a (9,0) SWNT.


Figure 2. CV curves for a saturated solution of 1·SWNT in 0.05m TBAH/
CH2Cl2 (solid line) and the corresponding baseline (dashed line). Data
recorded at 298 K, scan rate 5 Vs�1. Working electrode, Pt disc (125 mm
diameter). Potentials are referenced to the saturated calomel electrode
(SCE).


Figure 3. CV curves for a 0.3 mm solution of conjugate 1 in 0.05m TBAH/
CH2Cl2. Data recorded at 298 K, scan rate 5 Vs�1. Working electrode, Pt
disc (125 mm diameter). Potentials are referenced to SCE.


Figure 4. CV curves for a 0.3 mm solution of conjugate 1 in 0.05m TBAH/
CH2Cl2. Data collected at: 1 Vs�1 and 298 K (dashed line); 10 Vs�1 and
223 K (solid line). Working electrode. Pt disc (125 mm diameter). Solid
line is referred to the right y axis, the dashed line to the left y axis. Poten-
tials are referenced to SCE.
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digital simulation of the CV curves, were 1.15 and 1.22 V, re-
spectively.
The anodic behavior of fullerenes and fullerene deriva-


tives has received much less attention than the correspond-
ing cathodic behavior.[22] However, potentials ranging be-
tween 1.2 and 1.4 V have been reported for the first oxida-
tion of bisadducts that are structurally closely related to 1.[23]


One of the two one-electron oxidation processes comprising
peak A is, therefore, attributed to the oxidation of the fuller-
ene moiety, the remaining process being located on the
pyrene moiety.[24]


Comparison of the CV curves of 1·SWNT and 1 (Figure 5)
highlighted, besides the typical features due to the SWNT


moiety as described above, significant changes in the redox
properties of the fullerene derivative. A general broadening
of the voltammetric peaks is observed with respect to the
model. This may be attributed to joint mass-transport and
charge-transfer kinetics effects derived from association of 1
to the SWNT: both a smaller diffusion coefficient and hin-
dering of electronic interaction between the fullerene deriv-
ative and the electrode surface might, in fact, explain the
overall change in the CV morphology of 1 upon association
with the SWNT. Importantly, a dramatic change in the
anodic behavior of the fullerene derivative was observed
upon its interaction with SWNT: the oxidation peak at
0.98 V in the CV curve of 1·SWNT contrasts with peak A of
1 because 1) it involves only one electron (compared to two
electrons for 1) and 2) it is shifted relative to 1 by about
200 mV towards less-positive potentials. Both effects may be
ascribed to the electronic interaction of pyrene with the
SWNT p-system that would, as observed recently in a simi-
lar system,[25] make oxidation of the pyrene moiety easier.
In particular, the measured negative shift of 200 mV of the
pyrene+/pyrene redox potential would correspond to an
~20 kJmol�1 stabilization of the pyrene radical cation by its
interaction with the SWNT. By contrast, the fullerene-cen-


tered oxidation, occurring in 1 close to the pyrene-centered
oxidation, would not be affected significantly by such an in-
teraction, and would, therefore, remain at more-positive po-
tentials (i.e., �1.2 V), at which the CV curve is dominated
by the increase in the anodic current associated with the oxi-
dation of SWNT.


Photophysical characterization : Absorption spectroscopy
(Figure 6) also confirms the successful immobilization of 1


onto the SWNT surface. In particular, the spectrum of 1 is
dominated by the UV characteristics of pyrene with a set of
maxima at 265, 277, 300, 313, 328, and 345 nm, whereas the
[60]fullerene transitions appear only as an overall broaden-
ing. The broadening starts essentially in the UV region and
tails out in the visible region. Relative to a pyrene reference
(i.e., 1-pyrenemethanol) no significant perturbation of the
absorption characteristics are seen. This finding corrobo-
rates the lack of substantial electronic interactions between
the two p-systems in 1. For a suspension of 1·SWNT, apart
from the pyrene features, the characteristic van Hove singu-
larities of SWNT are discernable in the visible/near-IR
region up to 360 nm, and the p–p* transition of pyrene
dominates the spectrum. Collectively, these observations
confirm the presence of both constituents, SWNT and 1, in
the form of a novel p-complex.
Additional proof for 1·SWNT interactions came from


ACHTUNGTRENNUNGfluorescence data. However, the photoreactivity of 1 should
be discussed first (Figure 7).
In line with previous reports, the photoreactivity of such


hybrids is dominated by the intramolecular transduction of
singlet excited-state energy.[26] Relative to 1-pyrenemethanol
(fluorescence quantum yield=0.1), strong pyrene fluores-
cence (375, 385, 395, and 418 nm) quenching (fluorescence
quantum yield=0.03) in the UV-visible region is linked to
an activation of [60]fullerene fluorescence (698 nm) in the
visible/near-IR region (i.e. , ~3P10�4). In 1, an excitation
spectrum of [60]fullerene fluorescence tracks the pyrene ab-


Figure 5. CV curves for a 0.05m TBAH/CH2Cl2 solution of saturated
1·SWNT (solid line) and 0.3 mm 1 (dashed line). Data recorded at 298 K,
scan rate 5 Vs�1. Working electrode, Pt disc (125 mm diameter). Solid line
is referred to the left y axis, the dashed line to the right y axis. Potentials
are referenced to SCE.


Figure 6. Absorption spectra of 1-pyrenemethanol (dotted line), dyad 1
(dashed line), and 1·SWNT (solid line) in DMF at RT.
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sorption spectrum and, hence, validates the energy-transfer
process. The less-than-unity efficiency for the intramolecular
singlet–singlet energy transfer could be rationalized by size-
able donor–acceptor separation ranging from 10 to about
17 Q because of the conformational freedom of the alkyl
spacer between the [60]fullerene and pyrene moieties. The
corresponding 1·SWNT photoexcitation into the pyrene p–
p* transition at 328 nm results in 1) a further ~7-fold
quenching of the pyrene-centered fluorescence (i.e. , 4P
10�3) and 2) a nearly complete elimination of the [60]fuller-
ene-centered fluorescence (i.e., <3P10�5). Such behavior
indicates a competitive deactivation—SWNT versus
[60]fullerene—of the pyrene singlet-excited state. In this
context, it is important to note that pyrene, which is either
surface-immobilized onto SWNT (i.e., noncovalent p–p in-
teractions) or linked to SWNT (i.e. , covalent spacers), gives
rise to strong fluorescence quenching. In other words, the
fluorescence of pyrene and [60]fullerene are excellent
probes for detecting electronic interactions between SWNT
and pyrene.
Similarly, in time-resolved fluorescence experiments we


found that the long-lived pyrene p–p* fluorescence lifetime
(~50 ns) is shortened in 1 (17 ns), whereas that of [60]fuller-
ene remains at 1.5�0.2 ns, essentially unchanged relative to
appropriate [60]fullerene references. On the other hand, in
1·SWNT, SWNT-induced deactivation of the pyrene fluores-
cence could not be detected within the instrumental time
resolution of our apparatus (i.e., 100 ps).
For independent confirmation of the electronic interac-


tions we used nanosecond transient spectroscopy with pho-
toexcitation at 337 nm, which corresponds to a wavelength
of predominant pyrene absorption (i.e., >95%). In line
with our fluorescence-based conclusion, the only discernable
features in conjugate 1 are those of the long-lived [60]fuller-
ene triplet, that is, a transient maximum at around 700 nm[27]


(Figure 8).


The triplet–triplet absorptions of pyrene, which are seen
for 1-pyrenemethanol at around 420 nm, are entirely lacking
in 1, regardless of the time delay. The [60]fullerene triplet
converts slowly to the ground state with lifetimes that are
typically around 20 ms. Such reactivity is found in nonpolar
toluene, medium-polar THF, and polar DMF. In contrast,
upon probing 1·SWNT no appreciable features are seen at
all on the nanosecond scale. This again attests to SWNT-in-
duced processes that compete with [60]fullerene in the excit-
ed-state deactivation of pyrene.


Microscopic characterization : Transmission electron micros-
ACHTUNGTRENNUNGcopy (TEM) confirmed the presence of SWNT in our
sample. Two representative images, shown in Figure 9,
reveal high aspect-ratio objects that appear throughout the
scanned regions. The mean length of these objects is typical-
ly on the order of several microns, and their diameters
range between a few nanometers and several tens of nano-
meters. Notably, Figure 9b shows very well-dispersed
SWNT. In this regard, 1·SWNT is different from pristine
HiPCO SWNT, in which aggregation prevents the observa-
tion of individual SWNTs or very thin bundles.


We also investigated 1·SWNT by atomic force microscopy
(AFM). The sample was prepared by spin coating on a sili-
con wafer from a DMF solution and revealed the coexis-
tence of individual SWNT (diameters of around 1.2 nm) of
several hundred nanometers in length (Figure 10) and well-
dispersed thin bundles of SWNT. However, we failed to con-
firm microscopically the presence of fullerene moieties on
the SWNT sidewalls. Considering that these AFM pictures
are virtually identical to those obtained upon dispersing
SWNT with amphiphilic pyrene derivatives,[28] the current
homogeneous dispersions are consistent with surface-immo-
bilization of 1.


Figure 7. RT fluorescence spectra of 1-pyrenemethanol, derivative 1, and
1·SWNT in DMF with matching absorption, similar to that shown in
Figure 6, at the 329 nm excitation wavelength.


Figure 8. Differential absorption spectrum (visible and near-IR) obtained
upon nanosecond flash photolysis (355 nm) of 1-pyrenemethanol (solid
line), conjugate 1 (dashed line) and 1·SWNT (dotted line) in nitrogen-sa-
turated DMF with a 50 ns time delay at RT.
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Conclusion


We have shown that [60]fullerene–pyrene conjugate 1 ena-
bled the homogeneous dispersion of purified HiPCO SWNT
in organic solvents. Cyclic voltammetry experiments and
photophysical and microscopic characterization of the dis-
persed material supports the view that p–p interactions be-
tween SWNT and the pyrene moiety govern the association
of 1 with the sidewalls of SWNT, although we were unable
to visualize individual fullerene moieties by appropriate
TEM analysis. In particular, the measured 200 mV positive
shift of pyrene+/pyrene redox potential is indicative of a
direct electronic interaction of pyrene with the SWNT p-
system. This conclusion was corroborated by nanosecond


transient spectroscopy that showed competition between
SWNT-induced processes and [60]fullerene in the excited-
state deactivation of pyrene. Use of this nanoscale system
for applications in photovoltaics and molecular electronics is
currently underway.


Experimental Section


Materials : [60]Fullerene was purchased from Bucky USA (99.5%),
HiPCO SWNT was from CNI (www.cnanotech.com). 1-Pyrenebutyric
acid and all other reagents were used as purchased from Sigma-Aldrich
and Fluka. CH2Cl2, THF, and DMF employed for UV/Vis and fluores-
cence measurements were spectrophotometric-grade solvents. Solvents
employed for electrochemical measurements (CH2Cl2 purum, Fluka and
THF, LiChrosolv, Merck) were treated according to procedures described
elsewhere.[22,29] 3,5-Bis(hydroxymethyl)phenol[16] and derivative 2[17] were
prepared as previously described. Tetrabutylammonium hexafluorophos-
phate (TBAH, puriss., Fluka) was used as supporting electrolyte as re-
ceived. The original suspension of 1·SWNT in THF was dried firstly
under an argon flow to give a black powder that was dispersed in CH2Cl2
and used for the electrochemical characterization.


Instrumentation : Column chromatography was performed by using silica
gel MN 60 (70–230 Mesh) from Macherey-Nagel. 1H (250.1 MHz) and
13C (62.9 MHz) NMR spectra were recorded by using a Bruker AC-F 250
spectrometer. The ESI-MS spectra were recorded by using a Thermo Fin-
nigan AQA LC/MS: spray voltage �4 kV; capillary voltage �10 V; capil-
lary temperature 180 8C; nitrogen as nebulizing gas. The samples were
dissolved in methanol containing 1% trifluoroacetic acid. Elemental
analyses were provided by the facility at the Department of Chemical


Sciences at the University of Padova.
Nanosecond laser flash photolysis ex-
periments were performed by using a
Quanta-Ray CDR Nd:YAG system
(6 ns pulse width) in a front-face exci-
tation geometry. Fluorescence life-
times were measured by using a laser
strope fluorescence lifetime spec-
trometer (Photon Technology Inter-
national) with 337 nm laser pulses
from a nitrogen laser fiber coupled to
a lens-based T-formal sample com-
partment equipped with a strobo-
scopic detector. Emission spectra
were recorded by using a FluoroMax-
3 (Horiba Company). The experi-
ments were performed at RT. The
cyclic voltammetry experiments were
performed in a one-compartment
electrochemical cell of airtight


design, with high-vacuum glass stopcocks fitted with either Teflon or
Viton (DuPont) O-rings to prevent contamination by grease. The connec-
tions to the high-vacuum line and to the Schlenk tube containing the sol-
vent were obtained by spherical joints also fitted with Teflon O-rings.
The cell, containing the supporting electrolyte and the electroactive com-
pound, was dried under vacuum at 363 K for at least 48 h. Afterwards,
the solvent was distilled by a trap-to-trap procedure into the electro-
chemical cell just prior to performing the electrochemical experiment.
The pressure measured in the electrochemical cell prior to performing
the trap-to-trap distillation of the solvent was typically (1.0–2.0)P
10�5 mbar. The working electrode was a Pt disc ultramicroelectrode (di-
ameter, 125 mm) sealed in glass. The counterelectrode consisted of a plat-
inum spiral, and the quasireference electrode was a silver spiral. The qua-
sireference electrode drift was negligible for the time required by a single
experiment. Both the counter and the reference electrodes were separat-
ed from the working electrode by ~0.5 cm. Potentials were measured
with respect to the decamethylferrocene standard. E1/2 values correspond


Figure 9. TEM images of 1·SWNT from a DMF solution.


Figure 10. AFM images of 1·SWNT on silicon wafer. The images show the small bundles of nanotubes (left)
and an individual tube (middle). The picture on the right indicates the diameter of the single nanotube.
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to (Epc+Epa)/2 from CV. Voltammograms were recorded by using a
home-made fast potentiostat controlled by an AMEL Model 568 func-
tion generator. Data acquisition was performed by using a Nicolet Model
3091 digital oscilloscope interfaced to a PC. Digital simulations of the
cyclic voltammetric curves were conducted by using the DigiSim 3.0 soft-
ware by Bioanalytical Systems.


Bisdiol 4 : K2CO3 (1.5 g, 15.3 mmol) was added to a solution of derivative
2 (804.4 mg, 3.4 mmol) and 3,5-bis(hydroxymethyl)phenol (520.0 mg,
3.4 mmol) in acetone (100 mL), and the suspension was kept overnight at
reflux temperature. After cooling to RT, the salts were filtered and
washed with cold ethanol. The filtrate was evaporated under reduced
pressure and the residue, dissolved in CHCl3 (50 mL), was washed with
water (2P35 mL). The organic phase, dried over MgSO4, was concentrat-
ed under reduced pressure to give 960 mg (91%) of 4 as a clear, yellow
oil. 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=6.90 (s, 1H; Ph), 6.81 (s,
2H; Ph), 4.64 (s, 2H; OH), 4.62 (s, 4H; CH2), 4.00 (t, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz,
2H; CH2), 3.27 (m, 2H; CH2), 1.94 (m, 2H; CH2), 1.42 ppm (s, 9H;
CH3);


13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=158.90, 142.78,
118.30, 117.49, 111.77, 64.46, 64.38, 30.80, 29.36, 28.29, 27.57 ppm; IR
(KBr): ñ=3350, 2976, 2932, 2874, 1756, 1688, 1597, 1523, 1453, 1391,
1366, 1250, 1164, 1055, 911, 850, 779, 731 cm�1; ESI-MS: m/z : 334
[M+Na]+ .


Bismalonate 5 : Ethyl malonyl chloride (416.0 ml, 3.70 mmol), previously
dissolved in CH2Cl2 (25 mL), was slowly added at 0 8C to a solution of 4
(460.0 mg, 1.48 mmol) and TEA (515.0 mL, 3.70 mmol) in CH2Cl2
(75 mL). The solution was allowed to warm to RT over a period of
30 min, and was then stirred at that temperature for 4 h. The mixture was
washed with a saturated aqueous NaHCO3 solution (2P30 mL), then
with water (2P50 mL), dried over MgSO4, and concentrated under re-
duced pressure. The crude product was purified by flash column chroma-
tography (SiO2, eluent: CHCl3 and then CHCl3/MeOH 9:1) affording
447 mg (56%) of 5 as a clear oil. 1H NMR (250 MHz, CDCl3, 25 8C,
TMS): d=6.90 (s, 1H; Ph), 6.84 (s, 2H; Ph), 5.12 (s, 4H; CH2), 4.19 (q,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 4H; CH2), 4.01 (t, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 2H; CH2), 3.41 (s,
4H; CH2), 3.30 (m, 2H; CH2), 1.43 (s, 9H; CH3), 1.27 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 6H; CH3);


13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=166.31,
159.15, 155.93, 137.15, 119.92, 114.04, 66.60, 61.56, 41.48, 28.35,
13.98 ppm; IR (KBr): ñ=3403, 2979, 2939, 1733, 1600, 1515, 1458, 1367,
1331, 1299, 1250, 1032, 852, 777, 713, 685 cm�1; ESI-MS: m/z : 540 [M]+


and 563 [M+Na]+ .


[60]Fullerene bisadduct 6 : DBU (622.0 ml, 4.17 mmol) was added at RT
to a solution of [60]fullerene (500 mg, 0.69 mmol), I2 (353.0 mg,
1.39 mmol), and bismalonate 5 (371 mg, 0.69 mmol) in toluene (500 mL).
The solution was stirred at that temperature for 3 h, then concentrated
under reduced pressure. The crude product was purified by flash column
chromatography (SiO2, eluent: toluene then toluene/AcOEt 7:3) and
crystallized from CHCl3/hexane affording 400 mg (46%) of 6 as a dark-
red solid. 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=7.12 (s, 1H; Ph),
6.80 (s, 2H; Ph), 5.80 (d, 2J=12.8 Hz, 2H; CH2), 5.14 (d, 2J=12.8 Hz,
2H; CH2), 4.60–4.20 (m, 4H; CH2), 4.07 (t, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 2H; CH2),
3.33 (m, 2H; CH2), 2.00 (m, 2H; CH2), 1.46 (s, 9H; CH3), 1.36 ppm (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 6H; CH3);


13C NMR (62.9 MHz, CDCl3, 25 8C, TMS):
d=162.91, 162.82, 158.87, 148.72, 147.55, 147.50, 147.34, 146.12, 146.09,
145.77, 145.66, 14538, 145.21, 145.06, 144.62, 144.28, 144.19, 143.99,
143.78, 143.61, 143.30, 143.28, 143.06, 142.33, 141.27, 141.06, 139.97,
138.12, 136.27, 135.87, 129.00, 128.53, 128.20, 115.36, 112.35, 70.65, 67.27,
63.34, 31.55, 28.41, 22.63, 14.14, 14.10 ppm; IR (KBr): ñ=3431, 2973,
1748, 1715, 1600, 1502, 1460, 1365, 1460, 1365, 1328, 1297, 1233, 1206,
1168, 1101, 1057, 1018, 859, 732, 702, 549, 525 cm�1; UV/Vis (CH2Cl2):
lmax (e)=210.4 (61331), 218.4 (67553), 231.2 (121487), 256.8 nm
(144807 mol�1 m3cm�1); elemental analysis calcd (%) for C68H17NO3


(896): C 91.17, H 1.91, N 1.56; found: C 90.43, H 1.97, N 1.60.


[60]Fullerene derivative 7: A solution of bisadduct 6 (200 mg, 0.16 mmol)
and trifluoroacetic acid (2.5 mL, 0.03 mmol) in dry CH2Cl2 (50 mL) was
stirred at RT for 30 min. The mixture was concentrated under reduced
pressure to afford the unprotected product 7 as a brownish powder in
nearly quantitative yield. The crude product was used for the next step
without further purification.


[60]Fullerene–pyrene dyad 1: A solution of HOBT (12.8 mg, 0.09 mmol),
EDCI (18.1 mg, 0.09 mmol), and 1-pyrene butyric acid (25.0 mg,
0.09 mmol) in CH2Cl2 (50 mL) was stirred for 15 min and then added
dropwise to a suspension of 7 (100.0 mg, 0.08 mmol) and 4-methylmor-
pholine (10.4 ml, 0.09 mmol) in CH2Cl2 (15 mL) at 0 8C. After 20 min, the
mixture was washed with water (2P20 mL), dried over MgSO4, and con-
centrated under reduced pressure. The crude product was purified by
flash column chromatography (SiO2, eluent: toluene/AcOEt/MeOH
5:4:1) affording 108 mg (96%) of 1 as a brown-red solid material.
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=8.40–7.80 (m, 9H; Ph), 7.10
(s, 1H; Ph), 6.71 (s, 2H; Ph), 5.72 (br s, 1H; NH), 5.67 (d, 2J ACHTUNGTRENNUNG(H,H)=
12.8 Hz, 2H; CH2), 5.07 (d, 2J ACHTUNGTRENNUNG(H,H)=12.8 Hz, 2H; CH2), 4.60–4.30 (m,
4H; CH2), 4.01 (t, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 2H; CH2), 3.50–3.30 (m, 4H; CH2),
2.40–2.10 (m, 4H; CH2), 1.99 (m, 2H; CH2), 1.35 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 6H; CH3);


13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=177.78,
172.92, 162.85, 158.638, 145.99, 145.69, 145.66, 145.59, 145.30, 145.15,
145.00, 144.53, 144.36, 144.24, 144.12, 143.90, 143.69, 143.50, 143.25,
143.00, 142.18, 141.22, 141.00, 139.87, 138.17, 137.49, 136.19, 135.83,
135.73, 135.52, 134.67, 131.36, 130.84, 129.96, 129.92, 128.74, 128.70,
127.45, 127.39, 127.32, 126.73, 126.70, 125.86, 125.82, 125.05, 124.93,
124.89, 124.79, 123.32, 123.23, 115.42, 112.27, 70.60, 67.24, 66.21, 63.27,
49.18, 36.05, 32.66, 30.92, 27.35, 14.16 ppm; IR (KBr): ñ=3426, 2973,
1747, 1671, 1600, 1509, 1460, 1368, 1328, 1297, 1233, 1207, 1170, 1099,
1057, 1018, 843, 704, 549, 525 cm�1; UV/Vis (CH2Cl2): lmax (e)=220.0
(114463), 234.4 (263371), 244.0 (323675), 265.6 (232328), 276.8 (236551),
313.6 (84216), 328.0 (116411), 344.0 (132947 mol�1 m3cm�1); elemental
analysis calcd (%) for C101H39NO10 (1426): C 85.05, H 2.76, N 0.98;
found: C 82.77, H 2.50, N 0.91.
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Introduction


Supramolecular polymers are fascinating materials exhibit-
ing self-repairing and stimuli-responsive properties arising
from their reversible natures.[1] A spontaneous chain-elonga-
tion process based on noncovalent interactions permits the
polymerization of supramolecular building blocks possessing
chemically labile functional groups under ambient condi-
tions, thus paving the way for the preparation of polymeric
materials featuring various functional side chains such as op-
tically and electronically active dyes.[2] These supramolecular
polymers would thus be expected to exhibit novel photo-
chemical or electrochemical activities, with the individual
properties of the chromophoric units being amplified at the
supramolecular levels.
DNA base-type multiple hydrogen-bonding interactions[3]


should be the most beneficial noncovalent glue for the crea-


tion of supramolecular polymers, due to their high direction-
ality and selectivity.[4,5] Another attractive feature of the use
of this type of noncovalent interaction is that the hydrogen-
bonded planes created by heterocyclic aromatic compounds
are capable of hierarchically organizing through p–p stack-
ing and van der Waals interactions to provide diverse meso-
scopic assemblages such as columnar[4e,6] and lamellar struc-
tures,[7,8] depending on the shape of the primary hydrogen-
bonded species. The resulting hierarchically organized meso-
scopic assemblages often exist in a gel phase in the presence
of appropriate solvents and a liquid crystalline mesophase in
the bulk state. Such spontaneous formation of highly organ-
ized superstructures plays a pivotal role in the fabrication of
organic materials requiring high levels of molecular aniso-
tropy.
Functionalization of supramolecular building blocks with


photoswitching molecules provides photoresponsive self-as-
semblies, which have recently attracted considerable atten-
tion.[9,10] While most systems utilize morphological changes
in photochromic chromophores to control inter- or intramo-
lecular hydrogen-bonding interactions on the formation of
supramolecular species, their application to control the hier-
archical organization of supramolecular species is very rare.
We recently reported photochemical control over the stack-
ing of hydrogen-bonded cyclic oligomers (rosettes) through


Abstract: Self-assembling building
blocks that are readily functionalizable
and capable of achieving programmed
hierarchical organization have enabled
us to create various functional nanoma-
terials. We have previously demonstrat-
ed that N,N’-disubstituted 4,6-diamino-
pyrimidin-2 ACHTUNGTRENNUNG(1H)-one (DAP), a gua-
nine–cytosine hybridized molecule, is a
versatile building block for the creation
of tapelike supramolecular polymer
species in solution. In the current
study, DAP was functionalized with


azobenzene side chains. 1H NMR, UV/
Vis, and dynamic light scattering stud-
ies confirmed the presence of nanome-
ter-scale tapelike supramolecular poly-
mers in alkane solvents at micromolar
regimes. At higher concentrations (mil-
limolar regimes), the supramolecular
polymers hierarchically organized into


lamellar superstructures to form orga-
nogels, as shown by X-ray diffraction
and polarized optical microscopy. Re-
markably, the azobenzene side chains
are photoisomerizable even in the su-
pramolecular polymers, owing to their
loosely packed state supported by the
rigid hydrogen-bonded scaffold, ena-
bling us to establish photocontrollable
supramolecular polymerization and
higher order organization of the tape-
like supramolecular polymers into la-
mellar superstructures.


Keywords: azobenzene · organo-
gels · photoisomerization · self-as-
sembly · supramolecular chemistry
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the use of photoisomerization
of azobenzene chromophor-
es.[6t] As another example of
photoresponsive hierarchical
organizations of supramolecu-
lar species, here we report
photoresponsive tapelike su-
pramolecular polymers based
on multiple hydrogen-bonding
interactions, which can hier-
archically organize into lamel-
lar superstructures.
Selective formation of


linear, tapelike supramolecular
polymers (supramolecular tapes) is of profound importance
for the creation of rigid nanostructures exhibiting high mo-
lecular anisotropy. Multiple hydrogen-bonding interactions
represent a convenient tool for the construction of such
tapelike assemblies, as exemplified by complementary mela-
mine-barbiturate/cyanurate systems.[11] Gottarelli et al.[7] and
Kato et al.[8] have reported supramolecular tapes generated
from guanine and folic acid derivatives, respectively. The
planar and rigid structures of the supramolecular tapes
eventually give rise to the formation of lamellar superstruc-
tures to form gels and (lyotropic) liquid crystalline meso-
phases. We recently reported the synthesis and the self-as-
sembly of N,N’-disubstituted
4,6-diaminopyrimidin-2ACHTUNGTRENNUNG(1H)-
ones (DAPs, see Figure 1) fea-
turing donor–donor–acceptor
(DDA) and acceptor–accept-
or–donor (AAD) hydrogen-
bonding arrays.[12] These self-
complementary guanine–cyto-
sine hybridized supramolecular
building blocks are based on 5-
octyl-4,6-diaminopyrimidin-2-
ACHTUNGTRENNUNG(1H)-one, reported by Lehn
et al. in 1992,[13] but they can
be functionalized even more
easily. DAP building blocks
possessing long aliphatic chains
have been shown to form
robust supramolecular tapes in
solution and in the solid state,
so a lot of functionalized su-
pramolecular tapes based on
DAP building blocks are avail-
able.
In this work the photores-


ponsive supramolecular tape
was constructed from azoben-
zene-pendent DAP building
blocks (Scheme 1). Through
photoisomerization of the
pendent azobenzene moieties,
both supramolecular polymeri-


zation under dilute conditions and the hierarchical organiza-
tion of the resulting supramolecular tapes into lamellar su-
perstructures under concentrated conditions can be control-
led by external light input.


Results and Discussion


Synthesis : We designed and synthesized azobenzene-func-
tionalized DAPs 1 (Scheme 2) in which two photoresponsive
azobenzene units tailed with solubilizing chains are attached
to the 4- and 6-amino groups through propoxy linkers. An


Scheme 1. Supramolecular polymerization of N,N’-disubstituted 4,6-diaminopyrimidin-2 ACHTUNGTRENNUNG(1H)-one (DAP) units.


Scheme 2. Synthesis of 1. a) Pd/C, THF, H2, 65 8C; b) NaNO2, aq. HCl, then phenol, NaOH, Na2CO3, H2O;
c) K2CO3, 1-bromododecane (for 1a), 1-bromo-2-ethylhexane (for 1b), or 3,4,5-tris(dodecan-1-yloxy)benzyl
chloride (for 1c), DMF, 65 8C; d) Hydrazine monohydrate, EtOH; e) sodium 4,6-dichloropyrimidin-2 ACHTUNGTRENNUNG(1H)-
onate, dioxane, diisopropylethylamine, 105 8C, 24 h.
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attempt to introduce aminoazobenzene derivatives directly
onto the DAP unit was hampered by the low reactivity of
the aminoazobenzene derivatives in the nucleophilic substi-
tution with 4,6-dichloropyrimidin-2ACHTUNGTRENNUNG(1H)-one. The key com-
pound for the synthesis of 1 was the monoetherified 4,4’-di-
hydroxyazobenzene derivative 4, which was prepared by the
diazonium coupling of aniline 3—possessing a phthalimide-
protected w-aminopropoxy group at its 4-position—with
phenol. Etherification of the hydroxy group of 4 with the
appropriate halogenated compound and subsequent removal
of the phthalimide protecting group gave azobenzene deriv-
atives 6a–c, each possessing a reactive aliphatic amino
group. Finally, compounds 6a–c were treated with 4,6-di-
chloropyrimidin-2 ACHTUNGTRENNUNG(1H)-one to give the crude DAP-azoben-
zene compounds 1a–1c.
Compound 1c, possessing tridodecyloxyphenyl groups,


shows good solubility in organic solvents, allowing its purifi-
cation by silica gel column chromatography. Compound 1a,
however, is almost insoluble in common organic solvents,
whilst compound 1b is soluble only in chlorinated solvents
such as chloroform and dichloromethane with gentle heat-
ing, the solutions turning to gels on cooling. Because of
their poor solubilities arising from supramolecular polymeri-
zation, 1a and 1b could not be isolated in the high purities
necessary to allow detailed investigation into their self-ag-
gregation and hierarchical organization. Study of self-aggre-
gation was therefore carried out only for 1c, which was char-
acterized by 1H NMR, FAB-MS, and elemental analysis.


Self-assembly : Compound 1c is highly soluble in THF and
chloroform and even in nonpolar alkane media such as
hexane and cyclohexane. The 1H NMR spectrum of 1c dis-
solved in CDCl3 (c = 5L10�3m) is well resolved, indicating
the molecularly dissolved state (Figure 1a). The azobenzene
moieties are almost entirely trans (>99%) under ordinary
conditions, as shown by the resonances of the aromatic pro-
tons. In contrast, the spectrum of a [D12]cyclohexane solu-
tion (c = 5L10�3m) is greatly broadened in all resonances,
indicating the formation of extended polymeric species (Fig-
ure 1b). The spectrum recorded at 75 8C is somewhat re-
solved yet still broadened, indicating the high stability of the
supramolecular polymers (Figure 1c).
In dynamic light scattering (DLS) analyses of 1c dissolved


in THF and CHCl3 at concentrations ranging from 1L10�5


to 6L10�3m, no large particles with definitive scattering
light intensity detectable by our DLS instrument were ob-
servable at room temperature, indicating the absence of
large aggregated species. As expected from the 1H NMR re-
sults, the cyclohexane solution of 1c (c = 5L10�3m) gave
moderate scattering intensity in DLS analysis owing to the
formation of polymeric species. The cumulative analysis of
the autocorrelation function resulted in a broad distribution
of the hydrodynamic diameter (Dh) centered at 50 nm,
which reflects the polydisperse nature of the linear supramo-
lecular polymers. If it is assumed that the observed Dh corre-
sponds to the gyration diameter of the rigid supramolecular
polymers, the average aggregation number of 70 is estimated


from the length of molecular-modeled hexadecamer
(11.5 nm), as shown below.
Compound 1c is soluble on gentle heating even in hep-


tane or higher alkane solvents. In these solvents the aggre-
gation of 1c was dramatically enhanced, DLS showing that
the freshly prepared heptane solution contained aggregated
species with the average Dh of 15 nm at a relatively low con-
centration (2L10�4m) at 25 8C. Interestingly, the aggregates
slowly grew, with a rate of roughly 8 nmh�1, giving large ag-
gregated species exceeding 150 nm after 12 h. The slow
growth of the aggregates implies that the supramolecular
polymerization of 1c in heptane is driven not only by the
strong DDA:AAD hydrogen bonding interaction (Kassoc


reaches 104m�1 even in chloroform) but also by weak cohe-
sive forces competing with the solvation by heptane (i.e. ,
van der Waals and p–p stacking interactions). With increases
in the concentration up to millimolar regimes, the solution
became turbid with time with the propagation of filamen-
tous aggregates as detailed below.
Figure 2a compares the UV/Vis absorption spectra of 1c


(c = 2L10�4m) in THF (dashed line) and in heptane (solid
line; the steady state obtained after the sample was left to
stand for 12 h), corresponding to the monomeric and the ag-
gregated states, respectively, whilst Figure 2b shows the
spectra of a synthetic intermediate 5c lacking the DAP hy-
drogen-bonding unit. The absorption band at lmax = 280 nm
is only observed in the spectra of 1c, and is ascribable to the


Figure 1. Parts of the 1H NMR spectra of 1c (c = 5L10�3m) in a) CDCl3
at 25 8C, and b) in [D12]cyclohexane at 25 8C and c) at 75 8C.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3984 – 39943986


S. Yagai, A. Kitamura et al.



www.chemeurj.org





transition related to the DAP unit. The p–p transition band
of the azobenzene moieties of 1c in heptane is blue-shifted
by 13 nm and less structured than that of the molecularly
dissolved state in THF. Compound 5c, without a DAP hy-
drogen-bonding unit, also shows a 6-nm hypsochromic shift
with decreasing solvent polarity (Figure 2b), indicating that
the solvent-dependent hypsochromic shift observed for 1c
involves inherent solvatochromism of the azobenzene chro-
mophores. Therefore, the spectral change of the azobenzene
chromophores of 1c upon supramolecular polymerization is
relatively small, in contrast with other azobenzene-based
self-assemblies that are considerably stabilized by p–p stack-
ing interactions,[14] suggesting that the azobenzene chromo-
phores in this supramolecular polymer are free of extended
aggregation. This is clear evidence of the rigid nature of the
DAP-based supramolecular polymer scaffold. The mismatch
between the optimum p–p stacking distance (typically 3–
4 N) and the intervals of the nitrogen atoms of the amino
groups bearing the azobenzene side chains (4.8–4.9 N) may
prevent extended p–p stacking of the azobenzene chromo-
phores. A molecular modeling-derived hexadecamer of 1c
(MacroModel 9.0, MMFF force-field calculation), shown in
Figure 3a, illustrates this situation: the azobenzene side
chains were optimized as a partially overlapped dimeric
state with adjacent chromophores. Such a loose molecular
packing would provide the azobenzene chromophores with


the space prerequisite for photoisomerizarion within the su-
pramolecular polymers.[14]


Hierarchical organization : When heptane or higher alkane
solutions of 1c were allowed to stand, at a concentration of
1L10�3m, yellow filamentous precipitates started to appear
within several hours. Optical microscopic observation of the
precipitated solution revealed macroscopic fibers with sub-
micrometer diameters and lengths over 10 mm (Figure 4a).


Figure 2. UV/Vis spectra of a) 1c (c = 2L10�4m), and b) 5c (c = 4L
10�4m) in heptane (solid line) and THF (dashed line).


Figure 3. a) Molecular modeling structure of hexadecameric 1c. b) Pro-
posed packing motif for a supramolecular tape (side view).


Figure 4. a) Optical microscopic image of a precipitated solution of 1c in
heptane. b) FE-SEM image of the dried precipitates of 1c.
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Observation of the freeze-dried precipitates by field-emis-
sion scanning electron microscopy (FE-SEM) also con-
firmed the presence of entangled fibrous entities with diam-
eters of several hundred nanometers (Figure 4b).
Interestingly, use of more concentrated heptane or higher


alkane solutions of 1c resulted in the formation of two-di-
mensional sheet-like macroscopic entities on standing, as
again observed by optical microscopy (Figure 5a) and FE-


SEM after freeze-drying (Figure 5b). The resulting sheet-
suspended liquids obtained after 12 h standing were opaque
organogels that showed stability against gravitational flow
(see Figure 10a and c).[15] FE-SEM observation with high
magnification revealed that the sheet was not composed of
assembled fibers (Figure 5c). The supramolecular polymer
of 1c therefore hierarchically organizes into distinct macro-
scopic entities with variation of concentration.
The heptane organogel made up of the self-assembled


sheet of 1c was dried and analyzed by polarized optical mi-
croscopy (POM) and X-ray diffraction (XRD). The resulting


transparent film is strongly birefringent (inset in Figure 6a),
indicating the presence of molecular anisotropy. The X-ray
diffraction pattern of the film at room temperature is shown
in Figure 6a. Most importantly, the weak Bragg diffraction


corresponding to a spacing of 9.62 N matches very well with
the periodic distance between the neighboring DAP units in
the molecular modeling-derived tape (�9.7 N, side view in
Figure 3a) as well as that in the crystal structure of 4,6-dia-
mino-5-octylpyrimidin-2ACHTUNGTRENNUNG(1H)-one (9.68 N) reported by
Lehn et al.[13] The broad diffuse halo in the wide-angle
region indicates the liquid-like nature of the aliphatic tales.
The sole intense peak observed in the small angle region
suggests the presence of a lamellar structure with a spacing
of 45.6 N, which is commensurate neither with the width of
the molecular modeling-derived tape of 1c (ca. 77 N, Figur-
e 3a) nor with the molecular length of 1c with extended
alkyl chains (ca. 38 N). Interdigitation of the aliphatic tails
between the lamella is unlikely because of the steric crowd-
ing of aliphatic tails. Instead, tilted stacking (q = 36.38) of
the tapes in the lamella, as shown in Figure 3b, is strongly
suggested for a hierarchical structure. An almost identical
lamellar structure was found for the cast film prepared from


Figure 5. a) Optical microscopic image of the heptane gel of 1c. b) FE-
SEM image of the dried gel. c)Magnified image of b).


Figure 6. X-ray diffraction patterns and cross-polarized optical micro-
graphs (insets) of self-assembled sheet of 1c at a) room temperature, and
b) 155 8C upon cooling from the isotropic liquid.
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the homogeneous cyclohexane solution of 1c (data not
shown). On the basis of these results, it can be suggested
that the supramolecular tape of 1c had two-dimensionally
self-organized in the hydrocarbon media to form a lamellar
superstructure in the self-assembled sheet.
The lamellar superstructure persisted up to isotropization


(220 8C) as judged by the XRD analysis: no significant
change in the sole observed diffraction peak at around 46 N
was observed with increasing temperature. In addition, no
defined transition was detected by differential scanning calo-
rimetry measurement until isotropization. Upon cooling
slowly from the isotropic phase (1 8Cmin�1), however, the
presence of a columnar liquid crystalline mesophase was
suggested from the focal conic textures observed between
92–220 8C (inset in Figure 6b). XRD analysis showed an in-
tense peak corresponding to a spacing of 40.2 N and a weak
peak corresponding to a spacing of 9.50 N. The presence of
the latter peak corroborates the persistence of the supramo-
lecular tape of 1c in the mesophase. The former spacing is
rather shorter than those observed for the lamellar struc-
tures, indicating the presence of a mesoscopic structure dif-
ferent from that observed before the isotropization. Com-
bined with the focal conic texture, it is most likely that col-
umns composed of several supramolecular tapes are ar-
ranged in two-dimensional ordering by micro-segrega-
tion[16,17] due to the mismatched volume between the rigid
aromatic core and the liquid-like aliphatic part mobile at
high temperature.[18] No definite assignment of the meso-
phase could be made, due to the absence of higher-order X-
ray diffractions. Detailed investigation of the liquid crystal-
line behavior of DAP-based supramolecular tapes with the
aid of DAP molecules possessing different optically active
side chains is now underway.


Photoisomerization : The azobenzene moieties in both mon-
omeric and aggregated 1c undergo reversible photoisomeri-
zation on irradiation with UV light at around 350 nm
(trans!cis) and subsequent irradiation with visible light at
around 450 nm (cis!trans). Figure 7 shows the UV/Vis
spectral changes of dilute THF (a) and heptane solutions
(b) of 1c (c = 2L10�5m) upon irradiation with UV light.
The cis/trans ratio in heptane at the photostationary state
(PS) is 0.55, lower than that in THF (0.98). The lower cis/
trans ratio in heptane is indicative of supramolecular poly-
merization of 1c occurring at low concentrations. This was
supported by a control experiment performed with synthetic
intermediate 5c, without the DAP unit, which showed a
very high cis/trans ratio (0.99) upon UV irradiation even in
heptane. The value of 0.55 for the cis/trans ratio corresponds
to isomerization of one of the two azobenzene side chains
of 1c in the supramolecular tape.
To explore the effect of photoisomerization on the supra-


molecular polymerization of 1c, UV irradiation of the
steady-state heptane solution (c = 2L10�4m, average aggre-
gate size is 150 nm) was followed by DLS and UV/Vis meas-
urements. Figure 8 shows the changes in aggregate size and
cis/trans ratio upon UV irradiation. Interestingly, the first


20 min irradiation resulted in the dramatic diminution of the
aggregate size, to roughly 30 nm, with an increase in the cis/
trans ratio to 0.43. Further irradiation achieved a PS state
(cis/trans ratio = 0.48), but the light scattering intensity in
DLS measurement was too weak to be detectable by our
DLS instrument, so we were not able to judge directly


Figure 7. UV/Vis spectral changes (upon irradiation with 350 nm light) of
solutions of 1c (c = 2L10�5m) in a) THF (0, 1, 2, 6 and 10 min), and
b) heptane (0, 1, 2, 4, and 10 min).


Figure 8. Changes in the cis/trans ratio of the azobenzene moiety (left
axis, open circles) and the DLS-determined average aggregate size of 1c
(right axis, closed circles) in heptane (c = 2L10�4m) versus irradiation
time (350-nm light). The average aggregate size after irradiation for
25 min could not be measured because of the low scattering intensity.
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whether the photoirradiation had induced complete disrup-
tion of the supramolecular polymers into the monomeric
state. In view of the low cis/trans ratio (0.48) in the PS state,
however, 1c molecules in the PS state seem to remain ag-
gregated.
Irradiation of the UV-irradiated solution with visible light


(450 nm) rapidly restored a trans-rich PS state (cis/trans
ratio = 0.90), within 5 min. DLS analysis showed the recov-
ery of the aggregated species with an average size of 30 nm,
and this again grew further with time, as in the case of the
freshly prepared heptane solution of 1c (vide supra). The
original aggregate size (ca. 150 nm) recovered within 24 h,
so the supramolecular polymerization of 1c under dilute
conditions is a photoreversible process. Figure 9 shows a
molecular modeling-derived hexadecamer of 1c, with one
azobenzene moiety adopting a cis conformation (trans,cis-


1c). While force-field calculations showed the hydrogen-
bond-directed polymerization of trans,cis-1c to be an ener-
getically favorable process, the resulting supramolecular
tape lacks the crowding of the aliphatic tails contributing to
the stabilization of the tape through van der Waals interac-
tion. Thus, under relatively dilute conditions, as in this DLS
experiment (c = 2L10�4m), the degree of polymerization
may decrease with the trans!cis isomerization of the azo-
benzene side chains.
The azobenzene moieties of 1c are highly photoreactive


even in the organogel state. Figure 10 shows the changes un-
dergone by the heptane gels of 1c (c = 1L10�2m) in 1-mm
(a!b) and 1-cm cuvettes (c!d) upon UV light irradiation
(150-W xenon lamp, 350 nm, bandwidth = 20 nm). The irra-
diation slowly dissolved macroscopic aggregates, resulting in
the collapse of the gel within 1 h in the 1 mm cuvette and in
4 h in the 1-cm cuvette.[19–21] The cis/trans ratio was roughly
0.4, as estimated from UV/Vis measurement upon 1000-fold
dilution, indicating that one of the two azobenzene side
chains of 1c photoisomerized. DLS analysis of the photo-
generated sol phase showed the presence of large aggregat-
ed species with the average size of 188 nm. These findings
indicate that the trans!cis isomerization of the azobenzene
moieties induces the collapse of the lamellar structures into
soluble supramolecular tapes (see XRD study described


below). Prolonged irradiation
did not cause further disrup-
tion of the polymeric species,
as judged from the DLS analy-
sis. The persistence of the pol-
ymeric species in the PS state
is convincing in view of the
high concentration of 1c (c =


1L10�2m), which increases the
degree of polymerization.
The cast films of the above


photogenerated sol phases
showed neither fibrous nor
sheet-like structures on FE-
SEM observation (Figure 11).


The absence of extended lamellar structure was shown by
POM and XRD analyses: the resulting film showed neither
birefringence between crossed polarizers nor defined XRD
peaks characteristic of the lamellar structure (Figure 12).
Noteworthy here is that the weak diffraction peak at 9.59 N
corresponding to the periodic distance of the dimeric DAP
units persists, demonstrating that the photogenerated sol
phase indeed contains supramolecular tapes consisting of


Figure 9. Molecular modeling-derived structure of hexadecameric 1c, one azobenzene moiety of which is
adopting the cis conformation (trans,cis-1c). Arrows indicate the cis-azobenzene moieties.


Figure 10. Photoinduced collapse of the heptane gel of 1c (c = 1L
10�2m) in a 1-mm cuvette (a!b, 1 h) and in a 1-cm cuvette (c!d, 4 h)
upon irradiation with 350-nm light.


Figure 11. FE-SEM image of the cast film of the photogenerated heptane
sol of 1c.
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photoisomerized 1c (i.e., trans,cis-1c). This is in agreement
with the DLS result that showed the presence of polymeric
species in the photogenerated sol phase. However, such su-
pramolecular tapes contain roughly 40% of cis-azobenzene
side chains as judged from the cis/trans ratio of 0.4, they
might be randomly deposited on the surface in the air-
drying process because of their unfavorable morphologies
for the hierarchical organization. The molecular modeling-
derived hexadecamer constructed from trans,cis-1c shown in
Figure 9 again represents one of these morphologies well :
the tridodecyloxyphenyl substituents attached to the cis-azo-
benzene moieties fully cover the aromatic surface of the su-
pramolecular tapes. Obviously, such a morphology is unfav-
orable for extended stacking, so it can be concluded that the
photoirradiation of the extended lamellar structures com-
posed of stacked supramolecular tapes of 1c resulted in the
disruption of the lamellar structures into soluble supramo-
lecular tapes (from left to right in Figure 13).


The UV-generated sol phase restored the original gel
state (lamellar superstructures) upon irradiation with visible
light (450 nm) and subsequent standing over 24 h (from
right to left in Figure 13). This process includes photochemi-
cal cis!trans isomerization followed by the slow hierarchi-
cal association of the supramolecular tapes into extended la-
mellar structures. Photochemical gel!sol conversion and
subsequent reformation of gel could be repeated at least
five times without decomposition of 1c.


Conclusion


Self-assembling building blocks that are readily functionaliz-
able and capable of forming desired superstructures in solu-
tion and in the solid state are of great importance for the
creation of functional nanomaterials. Herein, we have dem-
onstrated the functionalization of N,N’-disubstituted 4,6-dia-
minopyrimidin-2 ACHTUNGTRENNUNG(1H)-one (DAP), a versatile supramolecu-
lar building block for the creation of functional supramolec-
ular polymers, using azobenzene photoresponsive side
chains. The resulting functional DAP building blocks formed
tapelike supramolecular polymers in nonpolar media, and
these hierarchically organize into lamellar superstructures to
form fiber- and sheet-like macroscopic entities. An especial-
ly interesting aspect of this compound is its photoresponse
in the polymeric state, allowing photoinduced disruption
and reformation of the lamellar superstructures in heptane,
as demonstrated by the photochemically reversible sol–gel
transition. We are now investigating the application of these
photoresponsive supramolecular polymers in photopattern-
ing techniques.[20] Furthermore, several DAP derivatives
possessing optoelectronically active substituents appear to
show the versatility of DAP supramolecular building block
as novel functional nanomaterials.


Experimental Section


General : 1H NMR spectra were recorded on a JEOL LA400 spectrome-
ter, and chemical shifts are reported in ppm with the TMS signal as inter-
nal standard. Variable-temperature 1H NMR spectra were recorded on a
JEOL LA500 spectrometer, and chemical shifts are reported in ppm with
the signals of residual solvents as internal standard. UV spectra were
measured on a JASCOV570 spectrophotometer, FAB-MS spectra on a
JEOL JMS-AX500 mass spectrometer. Elemental analyses were per-
formed at the Analytical Center of Chiba University. Electron micro-
scopic observation was carried out by field emission scanning electron
microscopy (JEOL JSM-6330F). The freeze-dried gels were sputtered
with Os by use of a Meiwafosis Neoc Pure Osmium Coater. Dynamic
light scattering measurements were conducted on a Beckmann Coulter
N5 particle analyzer fitted with a 25-mW He-Ne laser. The hot sample
solutions were filtered with Millipore membrane filter (pore size =


0.2 mm) before measurements to remove dust. Photoirradiation experi-
ments were performed on a fluorimeter fitted with a 150-W xenon lamp
(20 nm excitation bandwidth). Molecular modeling calculations were per-
formed with MacroModel version 9.0. MMFF force field calculation was
applied for minimization of the hexadecamer of 1c (solvent: chloroform).
For the use of this calculation method, the conformation of the two
phenyl rings in the azobenzene unit was constrained to coplanar with re-
spect to the�N=N� double bond as obtained by MM2 calculation.
Compound 7 was prepared by the previously reported procedures.[12]


Column chromatography was performed on 63–210 mm silica gel. The sol-
vents for the spectroscopic measurements and the gelling experiments
were all spectral grade and were used without further purification. All
other commercially available reagents and solvents were of reagent grade
and were used without further purification.


N-[3-(4-Nitrophenoxy)propyl]phthalimide (2): N-(3-Bromopropyl)phthal-
ACHTUNGTRENNUNGimide (5.78 g, 21.5 mmol) in dry DMF (15 mL) was added dropwise at
65 8C under N2 to a mixture of p-nitrophenol (3.0 g, 21.5 mmol) and
K2CO3 (6.0 g) in dry DMF (15 mL) and the resulting mixture was stirred
for 4 h. The mixture was cooled to room temperature and poured into ice
water. The resulting precipitate was collected and used for the next step


Figure 12. X-ray diffraction pattern of the cast film prepared from the
photogenerated heptane sol of 1c.


Figure 13. Schematic representation of the photoresponsive hierarchical
organization for the supramolecular tapes (side views).
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without purification (6.8 g, 96.4% yield). 1H NMR (400 MHz, CDCl3): d
= 8.15 (d, J = 9.5 Hz, 2H), 7.85 (m, 2H), 7.74 (m, 2H), 6.85 (d, J =


9.3 Hz, 2H), 4.12 (t, J = 6.1 Hz, 2H), 3.93 (t, J = 6.8 Hz, 2H), 2.24 (q, J
= 6.6 Hz, 2H) ppm; MS (FAB): 327 [M]+.


4-{4-[(3-Phthalimidopropyl)oxy]phenylazo}phenol (4): A mixture of com-
pound 2 (2.5 g, 7.66 mmol) and Pd/C (250 mg) in dry THF was stirred at
65 8C under H2 for 24 h. The mixture was filtered and the filtrate was
evaporated to dryness. The residue was purified by column chromatogra-
phy on silica gel (hexane/ethyl acetate 1:5) to give the corresponding ani-
line derivative 3 (1.78 g, 78.4% yield). The entire product was dissolved
in acetone/water (1:1 mixture) and conc. HCl (2 mL) was added to the
mixture at 0 8C. NaNO2 (450 mg) in water (7 mL) was added to this solu-
tion, and the mixture was stirred for 15 min at 0 8C. This solution was
slowly added to an aqueous solution (20 mL) of phenol (611 mg) contain-
ing NaOH (390 mg) and Na2CO3 (1.0 g). The resulting red precipitates
were collected by filtration to give crude compound 4 (1.7 g). This com-
pound was used for following etherification without further purification.
1H NMR (400 MHz, CDCl3): d = 7.85 (m, 2H), 7.81 (m, 4H), 7.72 (m,
2H), 6.92 (d, J = 9.0 Hz, 2H) 6.86 (d, J = 9.0 Hz, 2H), 4.11 (t, J =


6.1 Hz, 2H), 3.95 (t, J = 6.1 Hz, 2H), 2.23 (q, J = 6.4 Hz, 2H) ppm.


General procedure for the preparation of compounds 5a–c : The chlori-
nated compound (1.24 mmol) in dry DMF (15 mL) was added dropwise
at 65 8C under N2 to a mixture of compound 4 (1.24 mmol) and K2CO3


(4.0 g) in dry DMF (15 mL), and the resulting mixture was stirred for 4 h.
The mixture was cooled to room temperature and poured into ice water.
The resulting yellow precipitates was collected and purified by column
chromatography over silica gel with chloroform as eluent to give com-
pounds 5a–c.


4-Dodecyloxy-1-{4-[(3-phthalimidopropyl)oxy]phenylazo}benzene (5a,
79% yield): 1H NMR (400 MHz, CDCl3): d = 7.85 (m, 2H), 7.85 (d, J =


9.0 Hz, 2H), 7.82 (d, J = 9.0 Hz, 2H), 7.73 (m, 2H), 6.98 (d, J = 9.0 Hz,
2H), 6.88 (d, J = 9.0 Hz, 2H), 4.11 (t, J = 6.1 Hz, 2H), 4.03 (t, J =


6.6 Hz, 2H), 3.94 (t, J = 6.8 Hz, 2H), 2.22 (m, 2H), 1.81 (q, J = 8.1 Hz,
2H), 1.57 (m, 2H), 1.26 (m, 16H), 0.88 (m, 3H) ppm; MS (FAB): 571
[M+H]+ .


4-[(2-Ethylhexyl)oxy]-1-{4-[(3-phthalimidopropyl)oxy]phenylazo}benzene
(5b, 83% yield): 1H NMR (400 MHz, CDCl3): d = 7.85 (m, 2H), 7.85 (d,
J = 9.0 Hz, 2H), 7.82 (d, J = 9.0 Hz, 2H), 7.72 (m, 2H), 6.99 (d, J =


9.0 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 4.11 (t, J = 6.1 Hz, 2H), 3.93 (m,
4H), 2.23 (m, 2H), 1.75 (m, 1H), 1.55–1.31 (m, 8H), 0.93 (m, 6H) ppm;
MS (FAB): 513 [M+H]+ .


1-{4-[(3-Phthalimidopropyl)oxy]phenylazo}-4-[3,4,5-tris(dodecan-1-yloxy)-
benzyloxy]benzene (5c, 73% yield): 1H NMR (400 MHz, CDCl3): d =


7.85 (m, 2H), 7.85 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 9.0 Hz, 2H), 7.72
(m, 2H), 7.06 (d, J = 9.0 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 6.63 (s,
2H), 5.02 (s, 2H), 4.11 (t, J = 6.1 Hz, 2H), 3.95 (m, 8H), 2.23 (m, 2H),
1.77 (m, 6H), 1.55–1.31 (m, 48H), 0.88 (m, 9H) ppm; MS (FAB): 1045
[M+H]+ .


General procedure for the preparation of compounds 6a–c : Mixtures of
compounds 5a–5c (0.9 mmol) and hydrazine monohydrate (0.4 mL) in
ethanol (40 mL) were heated at reflux for 4 h. The mixture was extracted
with CHCl3 and the combined organic phases were washed with water,
dried over Na2SO4, and evaporated to dryness to give compounds 6a–c in
almost pure states.


1-{4-[(3-Aminopropyl)oxy]phenylazo}-4-dodecyloxybenzene (6a, 99%
yield): 1H NMR (400 MHz, CDCl3): d = 7.86 (d, 4H), 6.99 (m, 4H), 4.13
(t, J = 6.1 Hz, 2H), 4.03 (t, J = 6.6 Hz, 2H), 2.94 (t, J = 6.8 Hz, 2H),
1.97 (q, J = 6.6 Hz, 2H), 1.81 (m, 2H), 1.47 (m, 2H), 1.34 (m, 16H), 0.88
(m, 3H) ppm; MS (FAB): 860 [M+H]+ .


1-{4-[(3-Aminopropyl)oxy]phenylazo}-4-[(2-ethylhexyl)oxy]benzene (6b,
98% yield): 1H NMR (400 MHz, CDCl3): d = 7.86 (d, 4H), 6.99 (d, 4H),
4.13 (t, J = 6.4 Hz, 2H), 3.92 (d, J = 5.6 Hz, 2H), 2.94 (t, J = 6.8 Hz,
2H), 1.97 (m, 2H), 1.76 (m, 1H) 1.56–1.25 (m, 8H), 0.93 (m, 6H) ppm;
MS (FAB): 860 [M+H]+ .


1-{4-[(3-Aminopropyl)oxy]phenylazo}-4-[3,4,5-tris(n-dodecan-1-yloxy)-
benzyloxy]benzene (6c, 99% yield): 1H NMR (400 MHz, CDCl3): d =


7.87 (m, 4H), 7.07 (d, J = 9.0 Hz, 2H), 7.00 (d, J = 9.3 Hz, 2H), 7.06 (d,


J = 9.0 Hz, 2H), 6.63 (s, 2H), 5.02 (s, 2H), 4.14 (t, J = 6.3 Hz, 2H), 3.95
(m, 6H), 2.94 (t, J = 6.6 Hz, 2H), 1.97 (m, 2H), 1.77 (m, 6H), 1.55–1.31
(m, 48H), 0.88 (m, 9H) ppm; MS (FAB): 860 [M+H]+ .


General procedures for compounds 1a–c : Mixtures of 6a–c (0.43 mmol),
the sodium salt of 4,6-dichloropyrimidin-2 ACHTUNGTRENNUNG(1H)-one (0.21 mmol), and dii-
sopropylethylamine (0.3 mL) in dry dioxane (20 mL) were stirred at
105 8C for 24 h. The mixture was cooled to room temperature and poured
into ice water and extracted with CHCl3. The combined organic phase
was dried over Na2SO4 and concentrated to dryness. The residue was dis-
solved in CHCl3 and adsorbed on silica gel. First, a mixture of ethyl ace-
tate/methanol 9:1 was used as eluent to remove by-products, and the de-
sired compound was then eluted with chloroform/methanol 20:1. Com-
pounds 1a and 1b could not be purified to completely pure states be-
cause of their low solubilities in organic solvents.


N,N’-Bis[3-(4-{4-[3,4,5-tris(n-dodecan-1-yloxy)benzyloxy]phenylazo}phen-
ACHTUNGTRENNUNGoxy)propyl]-4,6-diaminopyrimidin-2 ACHTUNGTRENNUNG(1H)-one (1c, 61% yield): 1H NMR
(400 MHz, CDCl3): d = 7.80 (m, 8H), 7.00 (d, J = 9.0 Hz, 4H), 6.91 (d,
J = 8.3 Hz, 4H), 6.61 (s, 4H), 4.95 (s, 4H), 4.55 (s, 1H), 3.94 (m, 16H,)
3.17 (br, 4H), 1.98 (br, 4H), 1.76 (m, 12H), 1.44 (m, 12H), 1.25 (m,
96H), 0.88 (m, 18H) ppm; MS (FAB): 1922 [M+H]+ ; elemental analysis
(%) calcd for C12H190N8O11: C 75.03, H 9.97, N 5.83, O 9.16; found: C
74.85, H 9.77, N 5.80.
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Abstract: The mechanism of the mag-
netic interaction in the pyridyl-verdazyl
radical:hydroquinone (pyvd:hq) molec-
ular co-crystal is important as it has
been suggested to originate by a
unique “mediated through-space” mag-
netic interaction. This interaction was
proposed to magnetically connect two
nonadjacent pyridyl-verdazyl radicals
within a p stack, where adjacent radi-
cals pile up in a head-over-tail orienta-
tion. The connection is made through a
third radical sitting between the previ-
ous two mediated radicals. Given the
relevance of this proposal, we decided
to reinvestigate the magnetic proper-
ties of this co-crystal by using our re-
cently proposed first-principles
“bottom-up” procedure. Based on
B3LYP/6-31+G(d) and CASSCFACHTUNGTRENNUNG(6,6)/
6-31+G(d) calculations (the results of
which are identical to those provided
by CASSCFACHTUNGTRENNUNG(10,10)/6-31+G(d) calcula-


tions), we have computed the micro-
scopic JAB values for all direct through-
space magnetic interactions between
nearby pyridyl-verdazyl radicals. The
magnetic interactions give rise to two
dominant values of similar strength:
�56 and �54 cm�1 at the B3LYP level,
which are calculated as �38 and
�31 cm�1 at the CASSCFACHTUNGTRENNUNG(6,6) and
CAS ACHTUNGTRENNUNG(10,10) levels (all other interac-
tions being smaller than j1 j cm�1). The
dominant interactions correspond to
the direct through-space interaction be-
tween two adjacent radicals of a p


stack. The crystal also exhibits a radi-
cal-mediated through-space interaction
of �0.31 cm�1 between two nonadja-


cent radicals of a p stack. The direct
through-space magnetic interactions
are two orders of magnitude larger
than the mediated through-space inter-
action. Thus, first-principles calcula-
tions do not support a mediated
through-space mechanism to explain
the magnetism of the pyvd:hq co-crys-
tal. The magnetic topology generated
by the two dominant antiferromagnetic
interactions in the pyvd:hq co-crystal
consists of one-dimensional (1D) alter-
nating chains (interacting very weakly
along the b and c axes). By using this
topology, the computed macroscopic
magnetic susceptibility curve reprodu-
ces the experimental one properly. This
first-principles bottom-up description
of the magnetism in the pyvd:hq co-
crystal differs in some fundamental as-
pects from that previously proposed in
the literature.


Keywords: density functional calcu-
lations · magnetic properties · radi-
cals · through-bond interactions ·
through-space interactions


[a] J. Jornet, Dr. M. Deumal, J. Ribas-AriÇo, Prof. J. J. Novoa
Departament de Qu>mica F>sica
Facultat de Qu>mica, Universitat de Barcelona
and CERQT, Parc Cient>fic, Universitat de Barcelona Mart> i FranquAs
1, 08028-Barcelona (Spain)
Fax: (+34)93-402-1231
E-mail : m.deumal@qf.uf.es


juan.novoa@ub.edu


[b] Dr. M. J. Bearpark, Prof. M. A. Robb
Chemistry Department, Imperial College London
South Kensington Campus, SW7 2AZ, London (UK)


[c] Dr. R. G. Hicks
Department of Chemistry, University of Victoria
BC (Canada)


Supporting information for this article is available on the WWW under
http://www.chemeurj.org/ or from the authors. Comparison between
experimental and calculated c(T) values; information on extended
models to study the convergence of the magnetic susceptibility versus
temperature; effect on the calculated c(T) values of including the
Jhq


mts ACHTUNGTRENNUNG(d11) contribution along the b axis; effect on the calculated c(T)
values of accounting for the radical-mediated through-space Jrad


mts(d8)
(�0.31 cm�1) magnetic interactions.


Chem. Eur. J. 2006, 12, 3995 – 4005 N 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3995


FULL PAPER







Introduction


Purely organic molecular magnets are a class of intensely in-
vestigated molecule-based magnets.[1] Progress in the field
has been difficult due to the lack of a full understanding of
the factors that govern the mechanism according to which
the magnetic interactions propagate within a molecular
magnet. This gives rise to the absence of properly based
magneto-structural correlations (e.g., the McConnell-I[2a]


and -II[2b] mechanisms have been shown to fail in many


cases and lack a proper theoretical foundation)[2c,d] . There-
fore, any new data that provides relevant information about
the mechanism of the magnetic interaction in these systems
is of interest to design new materials that hopefully show
improved magnetic properties.


It is commonly assumed that magnetism in these purely
organic molecular magnets results from the through-space
interaction of nearby radicals, the origin of which can be at-
tributed to the direct overlap of the orbitals of these radi-
cals. Throughout this work, this mechanism will be referred


Abstract in Catalan: El mecanisme de la interacci� magn�tica
en el co-cristall molecular de piridil-verdazil:hidroquinona
(pyvd:hq) $s important ja que s’ha suggerit que el seu origen
$s degut fflnicament a una interacci� magn�tica assistida a
trav$s de l’espai (mediated through-space). Aquesta interacci�
s’encarregaria de connectar magn�ticament dos radicals de pi-
ridil-verdazil no adjacents dins d’un apilament p, on radicals
adjacents s’apilen en una orientaci� antiparal·lela (head-over-
tail). La connexi� t$ lloc via un tercer radical, situat entre els
dos radicals anteriors, que els assisteix. Donada la novetat i la
possible rellev,ncia de la proposta, s’ha decidit reinvestigar les
propietats magn�tiques d’aquest co-cristall usant un procedi-
ment bottom-up de primers principis que ha estat recentment
proposat. El valor de les JAB microsc.piques de totes les inte-
raccions directes a trav$s de l’espai entre radicals piridil-ver-
dazil ve/ns s’ha calculat a nivell B3LYP/6-31+G(d) i
CASSCF ACHTUNGTRENNUNG(6,6)/6-31+G(d). Aquestes interaccions magn�tiques
presenten dos valors dominants de magnitud similar: �56 i
�54 cm�1 a nivell B3LYP, que es converteixen en �38 i
�31 cm�1 a nivell CASSCFACHTUNGTRENNUNG(6,6) i CASSCFACHTUNGTRENNUNG(10,10) (la resta
d’interaccions tenen valors m$s petits que j1 j cm�1). Les dues
interaccions dominants corresponen a interaccions directes a
trav$s de l’espai entre dos radicals adjacents d’un apilament p.
El cristall tamb$ presenta una altra interacci� a trav$s de
l’espai entre dos radicals no adjacents d’un apilament p, assis-
tida per un tercer radical, de 0.31 cm�1. Les interaccions mag-
n�tiques directes a trav$s de l’espai s�n dos ordres de magni-
tud m$s grans que la interacci� assistida a trav$s de l’espai.
Aix; doncs, els c,lculs basats en primers principis no recolzen
el mecanisme assistit a trav$s de l’espai per explicar el magne-
tisme del co-cristall de pyvd:hq. La topologia magn�tica gene-
rada amb les dues interaccions antiferromagn�tiques domi-
nants en el co-cristall de pyvd:hq consisteix en cadenes 1D al-
ternades, que interaccionen molt d�bilment al llarg dels eixos
b i c. D’acord amb aquesta topologia, la corba calculada de la
susceptibilitat magn�tica macrosc.pica reprodueix correcta-
ment l’experimental. La descripci� del magnetisme en el co-
cristall de pyvd:hq usant un m�tode basat en c,lculs de pri-
mers principis bottom-up difereix, doncs, en alguns aspectes
fonamentals de la proposada en la literatura anteriorment.


Abstract in Spanish: El mecanismo de la interacci�n magn$ti-
ca en el co-cristal molecular de piridil-verdazil:hidroquinona
(pyvd:hq) es importante ya que se ha sugerido que su origen
se debe fflnicamente a una interacci�n magn$tica asistida a
trav$s del espacio. Esta interacci�n se encargar;a de conectar
magn$ticamente dos radicales de piridil-verdazil no adyacen-
tes de un mismo apilamiento p, dentro del cual radicales
adyacentes se apilan siguiendo una orientaci�n antiparalela
(cabeza-sobre-cola). La conexi�n tiene lugar via un tercer ra-
dical, situado entre los dos radicales anteriores, que actua de
asistente. Dada la novedad de este mecanismo y su possible
relevancia, se ha decidido reinvestigar las propiedades magn$-
ticas de este co-cristal usando un procedimento bottom-up de
primeros principios, recentmente propuesto. El valor de las
JAB microsc�picas de todas las interacciones directas a trav$s
del espacio entre radicales piridil-verdazil vecinos se ha calcu-
lado a niv$l B3LYP/6-31+G(d) y CASSCFACHTUNGTRENNUNG(6,6)/6-31+G(d)
(m$todo que proporciona resultados similares al de c=lculos
CASSCF ACHTUNGTRENNUNG(10,10)/6-31+G(d)). Estas interacciones magn$ticas
presentan dos valores dominantes de magnitud similar: �56 y
�54 cm�1 a nivel B3LYP, que se convierten en �38 y
�31 cm�1 a nivel CASSCFACHTUNGTRENNUNG(6,6) y CASSCF ACHTUNGTRENNUNG(10,10) (las dem=s
interacciones tienen valores inferiores a j1 j cm�1). Las dos in-
teracciones dominantes se corresponden a interacciones a
trav$s del espacio directas entre radicales contiguos de un
mismo apilamento p. El cristal tambi$n presenta otra interac-
ci�n a trav$s del espacio asistida per un tercer radical, entre
dos radicales no contiguos de un mismo apilamento p, cuyo
valor es 0.31 cm�1. Luego, las interacciones magn$ticas a
trav$s del espacio directas son dos ordenes de magnitud m=s
grandes que la interacci�n a trav$s del espacio asistida. En re-
sumen, c=lculos basados en primeros principios no justifican
el usar el mecanismo asistido a trav$s del espacio para expli-
car el magnetismo del co-cristal de pyvd:hq. La topologia
magn$tica generada por las dos interacciones antiferromagn$-
ticas dominantes en el co-cristal de pyvd:hq consiste en cade-
nas 1D alternadas, que interaccionan muy d$bilmente a lo
largo de los ejes b y c. La curva calculada a partir de esta to-
polog;a para la susceptibilidad magn$tica macrosc�pica re-
produce correctamente la curva experimental. Por lo tanto, la
descripci�n del magnetismo en el co-cristal de pyvd:hq obteni-
da usando un m$todo basado en c=lculos de primeros princi-
pios bottom-up, difiere en aspectos fundamentales de la pro-
puesta anteriormente en la literatura.
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to as the “direct through-space” mechanism. However, in a
recent study on the magnetism of the pyridyl-verdazyl:hy-
droquinone (pyvd:hq) molecular co-crystal[3] (see Figure 1
for chemical formula and spin distribution), the authors pro-
posed a new through-space mechanism of magnetic interac-
tion, where the orbitals of the radicals interact due to the
mediating action of another molecule (either a diamagnetic
molecule or the diamagnetic part of a radical[3]). This mech-
anism closely resembles the metal···ligand···metal superex-
change through-bond interactions, where two spin-contain-
ing metals are connected by means of the orbitals of a dia-
magnetic ligand. Therefore, it will be referred to as the
“mediated through-space” mechanism.


The reason to suggest a mediated through-space mecha-
nism is connected to the crystal packing of the spin-contain-
ing units in the pyvd:hq molecular co-crystal. The pyridyl-
verdazyl radicals pile up in stacks (identified later on as p


stacks) along the a axis. Within these p stacks, adjacent radi-
cals pack parallel to each other in a head-over-tail (verdazyl
ring over pyridyl ring) disposition. As a consequence, the
verdazyl ring of one radical is nearly perfectly aligned to the
pyridyl ring of its nearest neighbor within the stack (the
shortest distances being 3.415 and 3.523 P, see Figure 2a).
In such a disposition, the spin-containing regions of the radi-
cals (the verdazyl ring) cannot present short contacts be-
tween adjacent radicals. Therefore, the authors[3] (biased by
the McConnell-I mechanism[2a]) assumed that no magnetic
interactions between adjacent radicals of the same p stack
could exist, although such a hypothesis was not supported
by numerical calculations. According to such a hypothesis,
given the packing of the pyvd:hq crystal (Figure 2), no mag-
netic interaction should exist among the radicals in this crys-
tal, a fact that contradicts the experimentally observed anti-


ferromagnetic interactions. Therefore, based on BP86/
DZVP density functional calculations,[3] the authors pro-
posed that antiferromagnetic interactions could exist in trim-
ers of pyridyl-verdazyl radicals, their existence being attrib-
uted to the mediating action of the diamagnetic pyridyl ring
of the middle radical (see verdazyl···verdazyl distance of
6.82 P in Figure 2a). The experimental magnetic susceptibil-
ity c(T) curve was thus fitted to a 1D regular chain
model.[4,5] Each p stack of radicals was suggested to contain
two such chains that could give rise to a molecular spin-
ladder magnetic topology, if a weak interaction between
them were to exist.[3]


Given the interest and relevance of that proposal refer-
ring to through-space magnetism, we decided to perform a
detailed reinvestigation of the role of the direct and mediat-
ed through-space magnetic interactions in the pyvd:hq mo-
lecular co-crystal. Such analysis will be part of a full first-
principles bottom-up study of the magnetic properties of
this crystal. Such a procedure was designed to allow a sys-
tematic and unbiased study of the magnetic properties of a
crystal avoiding any assumptions on the nature of its mag-


Figure 1. Chemical formula of the pyridyl-verdazyl radical (a), and the
hydroquinone molecule (b), as well as the calculated spin density of the
pyridyl-verdazyl radical (c). Light shading indicates positive spin density,
and dark shading indicates negative spin density (isodensity surface of
0.001 au). Notice that although there is p spin density distribution on
both pyridyl and verdazyl rings, the main contribution is located on the
NNC2NN fragment of the verdazyl group.


Figure 2. a) Head-over-tail (verdazyl-over-pyridyl) and head-over-head
(verdazyl-over-verdazyl) p stacking of pyridyl-verdazyl radicals along the
a axis, with 3.415/3.523 and 6.820 P being the shortest inter-radical dis-
tances within a p stack, respectively. Shortest C�H···O hydrogen bonds
are also indicated. b) Molecular packing of pyridyl-verdazyl radicals and
hydroquinone molecules within a bc layer. Notice the two-dimensional
(bc plane) net of hydrogen bonds is explicitly shown as lines connecting
either two hydroquinone molecules or two pyridyl-verdazyl radicals
along the c axis (at 1.716 and 2.688 P, respectively) or a hydroquinone
molecule and a pyridyl-verdazyl radical along the b axis (at 1.763 P).
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netic interactions. The procedure systematically evaluates
the ferro- or antiferromagnetic nature of all unique micro-
scopic JAB magnetic interactions present in the crystal at the
B3LYP level. The B3LYP results are also supported by
CASSCFACHTUNGTRENNUNG(6,6) and CASSCFACHTUNGTRENNUNG(10,10) calculations. Then, the
magnetic topology of the magnetic interactions within the
crystal can be defined in terms of all non-negligible JAB pa-
rameters and their connectivity. The macroscopic magnetic
properties (e.g., the magnetic susceptibility (c) or the shape
of the cT versus T curve) are finally computed by using an
accurate numerical procedure, and are compared to the
available experimental data. This first-principles bottom-up
procedure has been previously shown to reproduce the
known experimental magnetic properties (magnetic suscept-
ibility curves, heat capacity, spin-gap and so forth) of a vari-
ety of purely organic and metal-containing molecular crys-
tals.[6–8]


The application of our first-principles bottom-up proce-
dure to study the magnetic properties of the pyvd:hq co-
crystal provided some surprising findings when we com-
pared our results with those reported in the literature.[3]


First of all, our results do not support the mediated through-
space mechanism as being responsible for the magnetism of
the pyvd:hq co-crystal. Instead, the magnetism is due to two
direct through-space interactions between adjacent radicals
of the same p stack. However, such mediated through-space
magnetic interactions should be taken into account in cases
where there are no direct through-space interactions. Sec-
ondly, no molecular spin-ladder magnetic topology is sup-
ported by our first-principles calculations. The magnetic top-
ology defined by the two dominant magnetic interactions
consists of 1D alternating chains (interacting very weakly
along the b and c axes). Finally, by using this topology, the
computed macroscopic magnetic susceptibility curve accu-
rately reproduces the experimental one above 20 K (below
this temperature, the presence of impurities masks the meas-
ured c(T) values).


Computational Details


The main steps and underlying physics behind the first-principles bottom-
up procedure that we used to study the magnetic properties of the
pyvd:hq molecular co-crystal are briefly described below. A detailed
mathematical and physical account of the procedure and its foundations
can be found in the literature.[6]


The basic idea behind our bottom-up procedure was to find a finite
model space that accurately describes the properties of the magnetic top-
ology of the crystal. This space was used to compute the matrix represen-
tation of the Heisenberg Hamiltonian [Eq. (1)], in which ŜA and ŜB are
the spin operators associated with radicals A and B, and ÎAB the identity
operator.


Ĥ ¼ �
XN


A, B


JABð2ŜA � ŜB þ 1=2ÎABÞ ð1Þ


The only variables in this Hamiltonian are the microscopic JAB parame-
ters defining the nature and size of the radical–radical magnetic interac-
tions present in our model space. It is worth mentioning here that the


Heisenberg Hamiltonian of Equation (1) and the more usual ĤAB=


�2�JABŜA·ŜB have the same energy differences between spin states, since
their energy spectra only differ by a shift in all individual energy values.
Consequently, both Hamiltonians provide the same computed macro-
scopic properties.[9] We use the Heisenberg Hamiltonian from Equa-
tion (1) for compatibility with our computer programs. Also note that the
microscopic JAB parameters in Equation (1) depend on the relative orien-
tation of the A,B radicals. They can be computed by using the appropri-
ate quantum-chemical methods (in our case, the B3LYP density function-
al first-principles method and the CASSCF ACHTUNGTRENNUNG(6,6) or CASSCF ACHTUNGTRENNUNG(10,10) ab
initio methods).


The values of the JAB parameters are also used to define the magnetic
topology of the crystal under study. Such topology is defined in terms of
the connectivity that the JAB magnetic-pair interactions establish between
the radicals constituting the crystal. The magnetic topology gives a very
useful pictorial representation of the magnetic pathways within the crys-
tal, and is very helpful to choose the finite space used to compute the
Heisenberg Hamiltonian matrix associated to Equation (1).


We found that the following four steps allowed us to carry out the above-
proposed first-principles bottom-up procedure in an unbiased form:


1) The first step consisted of a detailed analysis of the crystal packing to
identify all unique A–B radical–radical pairs whose inter-pair distance
was smaller than a given threshold value (above which the magnetic in-
teraction between radicals was expected to be negligible). This threshold
was deliberately chosen to select more pairs than the first nearest-neigh-
bors (the usual candidates in the literature). Such a selection procedure
of radical–radical pairs was therefore completely nonbiased.


2) For all A–B radical–radical pairs selected in step (1), we obtained the
value of the corresponding JAB magnetic-pair interaction by using quan-
tum-chemical methods.


3) By using the computed JAB magnetic-pair-interaction values, we then
defined the magnetic topology of the crystal in terms of how non-negligi-
ble JAB interactions propagated along the crystal axes. Two neighboring
A--B radical sites are connected whenever their magnetic interaction
presents a jJAB j value larger than a given threshold that in previous cal-
culations was estimated to be j0.05 j cm�1. Then, we searched for the
smallest (finite-sized) minimal magnetic model space that describes the
magnetic interactions of the whole crystal in a balanced way. The repeti-
tion of such a minimal model along the a,b,c crystallographic directions
should regenerate the magnetic topology of the whole crystal. The radical
centers constituting the minimal magnetic model defined a spin space
that was used to compute the matrix representation of the Heisenberg
Hamiltonian [Eq. (1)]. Notice that the only parameters required to com-
pute that matrix representation of the Heisenberg Hamiltonian are the
JAB parameters computed in step (2).


4) In the last step, the Heisenberg Hamiltonian matrix was diagonalized
to obtain the energy for all possible spin states. These energies were then
used to compute the magnetic susceptibility c(T) and/or heat capacity
Cp(T) by using adequate expressions obtained from a statistical mechan-
ics treatment.[6,9]


The minimal magnetic model space must be small enough to keep the
Heisenberg Hamiltonian matrix at a reasonable size (in our current im-
plementation N�16 spin-radical sites), but it must also be large enough
to contain all significant magnetic pathways detected within the crystal.
From our experience, the most important step in the above procedure
was the selection of a proper minimal magnetic model space. To validate
the selected minimal magnetic model space, we checked the convergence
of macroscopic properties (e.g., c(T)) as the model space is replicated
along the three crystallographic directions applying a regionally reduced
density matrix approach: if the minimal magnetic model space is properly
chosen, the computed c(T) values by using such extended models should
rapidly converge to the values obtained with the nonreplicated minimal
model space. All sets of results should also numerically reproduce the ex-
perimental c(T) data.


As indicated above, the values of the microscopic JAB pair interactions
were computed by using quantum-chemical methods. In the pyvd:hq mo-
lecular co-crystal, the pyridyl-verdazyl radicals are the only spin-contain-
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ing units. The role of the electronically closed-shell hydroquinone mole-
cules is to stabilize the crystal packing by means of two types of hydrogen
bonds established between: 1) hydroxy groups from two different hydro-
quinones along the c axis (at 1.716 P) and, 2) the nitrogen atom of the
pyridyl ring of a radical and the hydroxy group from a hydroquinone
molecule along the b axis (at 1.763 P) (see Figure 2b for a bc view). The
ground electronic state of the pyridyl-verdazyl radicals is a doublet, with
the spin mostly distributed on the verdazyl ring (Figure 1c and Table 1).


As the radicals are doublets, the value of JAB for each radical–radical pair
is obtained by subtracting the energy of the most stable open-shell singlet
and the triplet states. The open-shell singlet can only be properly descri-
bed at the density functional level[10] by using the broken-symmetry ap-
proximation.[11] Thus, keeping in mind that in computations we used the
Heisenberg Hamiltonian [Eq. (1)], equivalent to the most usual form
ĤAB=�2�JABŜA·ŜB, the JAB parameters in our B3LYP calculations were
computed as given in Equation (2), in which ES


BS and ET correspond to
the energy of the lowest energy broken-symmetry singlet and triplet
states, both computed at the geometry of the radical–radical pair found
in the crystal.


ES
BS�ET ¼ JAB ð2Þ


In both cases, we used the unrestricted formulation of the density func-
tional equations[12] (a 10�8 convergence criterion on the total energy and
10�10 on the integrals was used to ensure enough accuracy in the compu-
tation of the JAB parameters), and the basis set was a 6-31+G(d)[13] for
all atoms. In our CASSCF ACHTUNGTRENNUNG(6,6) calculations, the JAB parameters were ob-
tained by selecting the lowest energy singlet and triplet states provided
by a MCSCF calculation with a complete active space containing six elec-
trons in six orbitals. An equivalent procedure was used in our CASSCF-
ACHTUNGTRENNUNG(10,10) calculations (it is worth noting here that the occupations of the
fourteen natural orbitals closer to the SOMO obtained for the triplet in a
UB3LYP calculation are: 1.94, 1.93, 1.89, 1.89, 1.81, 1.79, 1.00, 1.00, 0.21,
0.19, 0.11, 0.11, 0.07, and 0.06 atomic units, numbers that explain our
choice of active spaces in the CASSCF calculations). All DFT and
CASSCF calculations performed in this study were carried out with the
Gaussian 03 and GAMESS packages,[14] respectively.


Results and Discussion


The pyridyl-verdazyl radical co-crystallizes with hydroqui-
none diamagnetic molecules (see Figure 2 for crystal pack-


ing). This crystal belongs to the P1̄ space group (triclinic),
with cell parameters (at 298 K) being a=6.820, b=10.450,
and c=10.738 P, a=85.930, b=80.161, and g=87.0298.[3]


Within each pyridyl-verdazyl radical, the pyridyl and verd-
ACHTUNGTRENNUNGazyl six-membered rings are almost planar and nearly co-
ACHTUNGTRENNUNGplanar to each other (torsion angle=2.48).


As mentioned before, the packing structure of this co-
crystal is characterized by the presence of p stacks of pyrid-
yl-verdazyl radicals piled up along the a axis in a head-over-
tail (that is, verdazyl ring over pyridyl ring) arrangement
(see Figure 2a, where the inset shows possible C�H···O hy-
drogen bonds at 3.420 and 3.492 P). Along the c axis (see
Figure 2a), p stacks are connected to other p stacks by C�
H···O hydrogen bonds at 2.688 P, forming ac planes. Along
the b axis (see Figure 2b), two ac planes of p stacks are sep-
arated by planes of hydroquinone molecules that are held
together by C�H···O hydrogen bonds between two hydro-
quinones at 1.716 P. Finally, hydroquinone molecules and
pyridyl-verdazyl radicals also establish C�H···O hydrogen
bonds at 1.763 P (Figure 2b).


The magnetic properties of the pyvd:hq co-crystal origi-
nate at the pyridyl-verdazyl radical. The spin density (Fig-
ure 1c and Table 1) is distributed on both pyridyl and verda-
zyl rings, although the main contribution is located on the
verdazyl ring (more specifically on the p system of the
NNC2NN fragment, see Figure 1). The four N atoms on the
verdazyl ring have positive spin density and the C2 atom
carries a negative spin density.[15] The crystal packing
(Figure 2) does not allow the existence of short contacts be-
tween the high-spin regions of the pyridyl-verdazyl radicals.
According to the McConnell-I mechanism,[2a] no magnetic
interactions should thus exist between adjacent radicals in
these p stacks, and also between stacks. Therefore, the crys-
tal should behave as a paramagnet.


In contrast to what we expect from the McConnell-I
model, the experimental magnetic properties indicate the
presence of antiferromagnetic interactions.[3] The experi-
mental magnetic susceptibility curve was fitted to a 1D regu-
lar chain model, based on the Heisenberg Hamiltonian
Ĥfitting=��JfittŜA·ŜB (notice that, in the original paper,[3]


there was an erratum concerning the Jfitt value, as we later
found from numerical simulations by using the fitting ex-
pression from reference [4], see Supporting Information Fig-
ure S1). The parameters that provided the least-squares
best-fit were Jfitt=�116 cm�1, q=�3 K, g=2.0025.[3,4] We
must stress here that Jfitt cannot be ascribed to any individu-
al radical–radical JAB magnetic interaction, but averages all
of them. Notice that in our computations (e.g., energies,
magnetic susceptibility, and so on), the Heisenberg Hamilto-
nian is expressed as in Equation (1), equivalent to ĤAB=


�2�JABŜA·ŜB, that differs from the fitting Hamiltonian by a
factor of two. Therefore, to compare any computed JAB


value to Jfitt, one should compare our computed JAB values
to Jfitt/2=�58 cm�1.


Hereafter, we present the results of our study in four sec-
tions, one for each of the steps involved in the first-princi-
ples bottom-up procedure.


Table 1. Unrestricted DFT-calculated spin population for pyridyl-verd-
ACHTUNGTRENNUNGazyl radical (pyvd). The atom numbering is as in Figure 1a.


Atom Spin population
verdazyl UB3LYP UBP86 (original paper ref. [3])


O1 �0.011 �0.011
N1 0.189 0.198
N2 0.402 0.343
N3 0.403 0.342
N4 0.199 0.204
C1 �0.039 �0.016
C2 �0.167 �0.067
C8 �0.011 �0.006
C9 �0.015 �0.008
pyridyl
N5 �0.020 �0.011
C3 0.025 0.008
C4 �0.010 �0.010
C5 0.022 0.008
C6 �0.024 �0.011
C7 0.012 0.007
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Step 1: identification of all unique radical–radical pairs
within the crystal : We first analyzed the crystal packing
(Figure 2) looking for all unique radical–radical pairs (here-
after identified as di) that could generate magnetic interac-
tions. As any direct through-space magnetic interaction is a
consequence of the direct overlap of the orbitals of the in-
teracting radicals, it decreases exponentially as the distance
between the radical centers increases. We therefore selected
all radical–radical pairs with inter-radical distances shorter
than 7.0 P. Such a cut-off value was large enough to include
all first-nearest neighbors around a given radical (d1–d5 in
Figure 3, see Table 2 for inter-radical distances) and the
most relevant second-nearest neighbors (d6–d9 in Figure 3)
(notice that the lines between radicals in Figure 3 do not
represent bonds but potential magnetic interactions, and
that the atoms connected are those with the shortest inter-
radical distance in Table 2). The nine d1–d9 radical–radical
candidates are distributed forming a plane of p stacks, along
the a and c axes (Figure 3a). Three pairs (d2, d4, and d8)
correspond to possible interactions within the same p stack
of radicals along the a axis, and the remaining pairs (d1, d3,
d5–d7, d9) connect radicals that belong to two adjacent p


stacks.
To allow a numerical evaluation of the interaction be-


tween consecutive ac planes, and despite the fact that the
inter-radical distance is larger than the 7.0 P cut-off value,
we included two additional dimers (d10 and d11, shown in
Figure 3b). Radical pair d10 is the radical–radical pair show-
ing the shortest inter-ac-plane
intermolecular distance, and
was selected to study the direct
interplane radical–radical mag-
netic interactions. Radical pair
d11 was selected to study the
possible magnetic interaction of
two pyridyl-verdazyl radicals
mediated by a closed-shell hy-
droquinone molecule.


Step 2: computation of the JAB


magnetic interactions : The value
of the JAB magnetic interaction
for each radical–radical pair,
J(di), was first computed at the
B3LYP/6-31+G(d) level, by
using for each pair of radicals
its crystal geometry. Table 2
contains the B3LYP/6-31+G(d)
value for each dimer di, together with the shortest distance
between radicals (second column), verdazyl–verdazyl rings
(third column), and C2 atoms (fourth column). Clearly,
there is no simple correlation between any of these distan-
ces and the magnitude of the corresponding magnetic inter-
action. There are only four non-negligible radical–radical in-
teractions: J(d2), J(d3), J(d4), and Jhq


mts ACHTUNGTRENNUNG(d11),[16] whose geo-
metries are depicted in Figure 4. Two magnetic interactions
connect two adjacent radicals of a given p stack in a head-


over-tail (verdazyl-over-pyridyl) disposition (J(d2) and
J(d4)=�54.43 and �55.97 cm�1, respectively), and dominate
over the remaining two J(di), corresponding to a small ferro-
magnetic interaction between stacks (J(d3)=++0.08 cm�1)
and an antiferromagnetic hydroquinone-mediated through-
space interaction between two ac planes of p stacks
(Jhq


mts ACHTUNGTRENNUNG(d11)=�0.44 cm�1). Notice that the direct interaction
between radicals packed in a head-over-head (verdazyl-
over-verdazyl) disposition in the p stack, J(d8), is smaller


Figure 3. a) Possible pyridyl-verdazyl radical pairs di (i=1–9) that might
interact magnetically within an ac layer. Any given radical might estab-
lish up to 12 magnetic interactions, since d1, d7, and d8 appear twice.
b) Schematic ab view of the possible d10 and d11 pairs of radicals cou-
pling any two-dimensional ac layers.


Table 2. Unrestricted DFT broken-symmetry UB3LYP/6-31+G(d) results for J(di) pair interaction of all
eleven candidates (d1–d11) for the pyvd:hq crystal. Shortest distances between radicals (second column),
verdazyl···verd ACHTUNGTRENNUNGazyl rings (third column) and C2···C2 atoms (fourth column) are given.


Dimers di Shortest inter-radical
contact


dist [P] Shortest vd···vd ring
contact


dist [P] dACHTUNGTRENNUNG(C2···C2) [P] J(di) [cm�1]


d1 O···C6 (vd···py) 3.354 O···C2 6.978 10.738 < j0.05 j
d2 C2···C3 (vd···py) 3.415 C2···C2, C3···C3 3.535 3.535 �54.43
d3 O···O (vd···vd) 3.479 O···O 3.479 9.871 +0.08
d4 C2···C3 (vd···py) 3.523 C2···C2, C3···C3 3.555 3.555 �55.97
d5 C6···C6 (py···py) 3.848 C2···C2 11.545 11.545 < j0.05 j
d6 O···O (vd···vd) 5.601 O···O 5.601 11.073 < j0.05 j
d7 O···C6 (vd···py) 6.157 O···C2 8.551 11.696 < j0.05 j
d8 C2···C2 (vd···vd) 6.820 vd···vd 6.820 6.820 < j0.05 j
d9 C6···C6 (py···py) 6.958 C2···C2 12.577 12.577 < j0.05 j
d10 N2···N3 (vd···vd) 8.107 N2···N3 8.107 10.450 < j0.05 j
d11 N2···N2 (vd···vd) 8.233 N2···N2 8.233 10.458 �0.44


Npy···Ohq 2.797
N2vd···Ohq 3.121
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than the j0.05 j cm�1 threshold. Therefore, our B3LYP/6-
31+G(d) calculations indicate that the antiferromagnetic in-
teractions within the pyvd:hq co-crystal are dominated by
direct through-space interactions, J(d2) and J(d4), and there
is no need to resort to mediated through-space interactions
to explain the magnetism of this crystal. For completeness,
we also computed the size of the mediated through-space in-
teractions within the p stacks (hereafter, Jpy


mts(d8)) at the
B3LYP/6-31+G(d) level. Such mediated interaction was
previously associated to the mediating action of the pyridyl
ring that sits between two nonadjacent pyridyl-verdazyl radi-
cals oriented in a head-over-head conformation.[3] Therefore,
consistently with such a proposal, we estimated its value by
using three adjacent radicals in the p stack and by substitut-
ing the verdazyl ring of the middle radical with a hydrogen
atom (we thus use a radical···pyridine···radical trimer). The
value obtained (Jpy


mts(d8)=�0.40 cm�1) was similar in magni-
tude to Jhq


mts ACHTUNGTRENNUNG(d11) mediated through-space interactions, but
two orders of magnitude smaller than J(d2) and J(d4) direct
through-space interactions.


The B3LYP/6-31+G(d) interpretation disagrees with that
reported by using a BP86 density functional and a DZVP
basis-set.[3] Therefore, we validated the quality of the com-
puted J(di) values. In a first test, we re-evaluated J(d2),
J(d4), and J(d8) at the CASSCF ACHTUNGTRENNUNG(6,6)/6-31+G(d) level. For
the three parameters, we obtained the following values (re-


spectively): �30.5, �38.1, and 0.0 cm�1. The value of the
largest component was recomputed at the CASSCFACHTUNGTRENNUNG(10,10)/
6-31+G(d) level, and we obtained a value for J(d4) of
37.9 cm-1, thus confirming the validity of the CASSCFACHTUNGTRENNUNG(6,6)/
6-31+G(d) results. Therefore, CASSCFACHTUNGTRENNUNG(6,6)/6-31+G(d) re-
sults confirm the strength of the J(d2) and J(d4) direct
through-space interactions computed at the B3LYP/6-31+
G(d) level (notice that the CASSCF method usually gives
values smaller than those with the B3LYP level). In a
second test, we evaluated the impact of computing the J(di)
interactions by using a trimer model, as done by other au-
thors,[3] instead of using radical–radical pairs. We therefore
tested whether there are cooperative effects among JAB


values not included in a radical–radical pair calculation.
This was done by re-evaluating the magnitude of J(d2) and
J(d4) magnetic interactions by using three radicals. Notice
that in a trimer model: 1) the mediated through-space (mts)
radical···radical···radical interaction Jrad


mts(d8) is necessarily
evaluated (see Figure 5a); 2) the radical···radical···radical in-
teraction Jrad


mts(d8) is different than the radical···pyridine···rad-
ical interaction Jpy


mts(d8) computed before (the former in-
cludes also the effect of the verdazyl radical fragment). The
values of the three parameters present in the trimer model
are computed from the energy differences between the
high-spin HS quartet (aaa) state and the low-spin LS dou-


Figure 4. Geometrical disposition of numerically non-negligible d2, d3,
d4, and d11 pairs of pyridyl-verdazyl radicals.


Figure 5. a) Geometrical disposition of the trimer model, where J(di) rad-
ical–radical interactions are shown. b) Schematic representation of three
pyridyl-verdazyl radicals, where lines between atoms represent micro-
scopic magnetic interactions instead of bonds. The solution of the corre-
sponding secular equation problem results in a high-spin HS quartet state
and three low-spin LS doublet states, namely LS1 (aba), LS2 (baa), and
LS3 (aab).
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blet states (LS1=aba, LS2=baa, LS3=aab), that fulfill
expressions (3)–(5)[17] by using a broken-symmetry[11] wave-
function (see Figure 5b for spin states).


EHS�ELS1 ¼ �Jðd2Þ�Jðd4Þ ð3Þ


EHS�ELS2 ¼ �Jðd4Þ�Jrad
mtsðd8Þ ð4Þ


EHS�ELS3 ¼ �Jðd2Þ�Jrad
mtsðd8Þ ð5Þ


The following results were obtained: J(d2)=�54.35,
J(d4)=�55.43, and Jrad


mts(d8)=�0.31 cm�1. The values of
J(d2) and J(d4) magnetic interactions are in very good
agreement with that computed by using a radical–radical
pair model (�54.43 and �55.97 cm�1, Table 2). Therefore, in
purely organic magnets the possible cooperative effects in-
cluded by the trimer model are too small to compensate for
the computational effort required to obtain the J(di) value
compared to its evaluation by using a radical–radical pair
model. Consequently, we can conclude that our model of ex-
change-interaction better describes the magnetism of the
pyvd:hq co-crystal. We believe that the reason is, besides
any possible deficiencies associated with the BP86 function-
al,[18] an oversimplistic use of expressions [Eq. (3)–(5)] to
obtain the value of the magnetic interaction between nonad-
jacent pyridyl-verdazyl radicals (only the first expression re-
lating the LS1 and HS states was used in the original
paper[3]).


We can now focus on the relative importance of the direct
versus mediated through-space interactions. The essential
point here is that the two non-negligible mediated through-
space magnetic interactions computed (Jrad


mts(d8)=�0.31 cm�1


and Jhq
mts ACHTUNGTRENNUNG(d11)=�0.44 cm�1) are two orders-of-magnitude


smaller than the dominant direct through-space interactions
(J(d2)=�54.43 cm�1 and J(d4)=�55.97 cm�1). We have
previously seen[6–8] (and also tested in this work, see below)
that the inclusion of Jmts(di) parameters that are much small-
er than the dominant interactions has a negligible effect on
the computed c(T) curves, that is, they do not affect the
macroscopic magnetic properties of the crystal. However,
one should take into account these mediated through-space
magnetic interactions in cases where there are no direct
through-space interactions.


The magnitude of a mediated radical···ligand···radical
magnetic interaction can be estimated by evaluating both
the weight of the appropriate excited configurations in the
trimer CASCI wavefunction (commonly known as charge-
transfer configurations[19]) and the mixing of the orbitals of
the ligand and radicals. In the pyridyl-verdazyl radical, the
SOMO and LUMO are centered on the verdazyl ring, and
only the second LUMO is centered on the pyridyl ring. In
our case, the large SOMO/second-LUMO energy difference
(DE=4.35 eV=35087.1 cm�1) suggests that such mixing (if
any) will be small. CASCI calculations[14b] on the radical
trimer shown in Figure 5a by using a (3,4) active space (that
includes the three unpaired electrons on each radical and
four orbitals, the three SOMO orbitals and the pyridyl-cen-


tered virtual orbital of the trimer) show a negligible weight
of the double-excitations (charge-transfer) from the SOMO
orbitals to this virtual orbital in the antiferromagnetic state.
Computations employing a larger (3,6) active space, includ-
ing two extra pyridyl-centered virtual orbitals, confirm this
result, that is to be expected due to the energetic inaccessi-
bility of the double-excited configurations. Thus, one can
safely conclude that the antiferromagnetic interactions in
the pyvd:hq molecular co-crystal must be understood in
terms of a direct through-space mechanism, involving d2
and d4 pairs of pyridyl-verdazyl radicals.


The values of J(d2) and J(d4) computed at the B3LYP
level can now be compared with the value of Jfitt obtained
by fitting the experimental magnetic susceptibility curve by
using a 1D regular-chain model,[4] once converted to the
same Hamiltonian. There is a very good agreement between
Jfitt/2=�58 cm�1, and J(d2)=�54.43 or J(d4)=�55.97 cm�1.
This is due to the fact that the model used in the fitting (a
1D regular chain) is very close to the magnetic topology ob-
tained in our computational study (a nearly regular 1D
chain, see below). In this model, the Jfitt/2 value represents
an average of the J(d2) or J(d4) values.


Step 3: definition of the magnetic topology and finite magnet-
ic models : The two dominant radical–radical interactions
(J(d2) and J(d4), see Table 2) connect the radicals of the
pyvd:hq co-crystal forming an almost regular 1D chain
along the a axis (within the p stacks of radicals). Adjacent
1D chains interact weakly along the b and c axes by means
of Jhq


mts ACHTUNGTRENNUNG(d11) and J(d3), respectively (Figure 6). Therefore,
the magnetic topology is basically a 1D (nearly regular) al-
ternating chain.


Once the magnetic topology has been defined, it is possi-
ble to select a set of finite models to study the convergence
of the macroscopic susceptibility c(T) data for the pyvd:hq


Figure 6. Schematic view of the magnetic topology of a given two-dimen-
sional ac layer consisting of antiferromagnetic alternating J(d2) and J(d4)
linear chains, which are weakly connected together by J(d3) ferromagnet-
ic interactions. Any two ac layers weakly interact along the b axis by
means of Jhq


mts ACHTUNGTRENNUNG(d11) antiferromagnetic interactions.
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co-crystal. All finite model spaces must be capable of repro-
ducing the antiferromagnetic spin state with S=0 (absence
of magnetic moment), which requires models with an even
number of radical centers. Besides, the number of J(di) in-
teractions and their connectivity must reproduce all signifi-
cant magnetic pathways detected within the infinite crystal
in a balanced way. We will first focus on the models re-
quired to describe an isolated 1D alternating chain and,
then, will address the effect of the small interchain J(d3)
and Jhq


mts ACHTUNGTRENNUNG(d11) interactions.
The smallest possible chain model including J(d2) and


J(d4) interactions and giving rise to a singlet state contains
four radical sites and three radical–radical interactions (4s
model in Figure 7a). However, the number of J(d4) and
J(d2) radical–radical interactions does not give the 1:1 ratio
observed in an infinite chain (it changes with the length n of
the finite chain as (n/2): ACHTUNGTRENNUNG((n/2)�1), that is, for n=4, 6, 8, 10,
12, 14, and 16, it takes the values 2, 1.5, 1.33, 1.25, 1.2, 1.17,
and 1.14, respectively). As a consequence, in order to obtain
a good accuracy in our simulations, we need alternating
chain models of larger lengths than if we were to use a 1D
regular chain. These alternating chain models will receive


the general name of ns models, where n is the length of the
finite chain.


The study of the chain–chain interactions will be done by
using (ns+ns)-type models, which include two interconnect-
ed ns chains. For instance, we tested two ways of doing such
an interconnection along the c axis as shown in Figure 7b,
and we named them ns+ns(1) and ns+ns(2) models.


Step 4: computation of the magnetic susceptibility from statis-
tical mechanics : We computed the matrix representation of
the Heisenberg Hamiltonian [Eq. (1)] by using ns and ns+
ns finite magnetic model spaces of increasing size. From the
energy spectrum, we numerically calculated the macroscopic
magnetic susceptibility curves for the crystal, as shown in
Figure 7.


We first analyzed the results for an isolated 1D alternat-
ing chain (Figure 7a). We used models of length ranging
from n=4 up to 16 radical sites, and tested the convergence
of the magnetic susceptibility curves c(T) as a function of
the size. We tested by comparing the results to the experi-
mental data (Figure 7, notice that the raw experimental data
(filled circles) is plotted as well as the data resulting from


Figure 7. Computed magnetic susceptibility c(T) values by using: a) 1D alternant chain ns models of increasing chain length from 4 to 16 (radical) spin
sites along the a axis (notice that a scaling factor of 1.17 is enough in order to reproduce the experimental data with a 12-spin-site minimal model 12s);
and b) Chain···chain (ns+ns) models along the c axis, which do overlap with the alternating chain models.
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applying the original fitting expression[4] (empty circles)).
Although none of the curves quantitatively reproduced the
experimental data, a good convergence among simulated
data was achieved with the model of n=12. This seems to
indicate that a 12-spin site linear alternating chain model
(12s) is the minimal magnetic model required to represent
the macroscopic magnetic behavior of the pyvd:hq crystal.
We fully reproduced the experimental curve after applying a
small linear scaling factor of 1.17 to all energy values of the
12s minimal model. This scaling factor corrects for the use
of high-temperature crystal structures instead of low-tem-
perature ones, and for systematic errors intrinsic to our
work strategy (use of the B3LYP methodology instead of
full ab initio methods, possible cooperative effects, and so
on). Notice we did not intend to reproduce raw experimen-
tal c(T) data at temperatures below 20 K since the presence
of impurities in the sample masks the correct experimental
c(T) values.


The effect on the c(T) curve of including J(d3) and
Jhq


mts ACHTUNGTRENNUNG(d11) interactions along the c and b axes, respectively,
was tested separately by using (ns+ns)-type models, where
the smallest model tested interconnects two n=4 chains.
Figure 7b shows the results obtained when J(d3) was taken
into account by using ns+ns models for n=4, 6, and 8. The
c(T) curves are nearly identical to those obtained with the
ns isolated chain models, that is, the effect of including J(d3)
on the computed c(T) curves is negligible. Similar results
were obtained when studying the effect of Jhq


mts ACHTUNGTRENNUNG(d11) by using
cyclic models (see Figure S3 in the Supporting Information).
We also performed simulations of c(T) by using a linear al-
ternating chain minimal model of 12 magnetic centers that
included the mediated through-space Jrad


mts(d8) magnetic in-
teraction of �0.31 cm�1 value (obtained with a trimer
model, see Figure 5a for Jrad


mts(d8) head-over-head (verdazyl-
over-verdazyl) disposition). Once again, no difference was
found (see Figure S4 in the Supporting Information).


All our findings indicated that the magnetism of the
pyvd:hq co-crystal can be described by a set of almost inde-
pendent 1D alternating chains, each of them containing two
similar antiferromagnetic pair interactions. These interac-
tions originate by means of the direct through-space interac-
tion of adjacent pyridyl-verdazyl radicals packed in a head-
over-tail relative orientation along the a axis. Our detailed
analysis highlighted the need to look very carefully not just
at crystal packing of radicals constituting the molecular
magnet but, more importantly, at its magnetic topology. In
this respect, although we could identify the magnetic path-
ways d2 and d4 as the dominant ones for the pyvd:hq co-
crystal, we still cannot rationalize the specific origin of the
relatively large exchange interaction in terms of any new
magneto-structural correlation nor ascribe it to any atom–
atom contact. This is due to the fact that the whole of the
pyridyl-verdazyl radical is involved in the magnetic coupling
process and not just the spin-carrying moiety of each pyrid-
yl-verdazyl radical : both pyridyl and verdazyl rings are not
isolated but electronically connected.


Conclusion


The application of a first-principles bottom-up procedure to
the pyvd:hq crystal indicates the presence of two dominant
antiferromagnetic interactions: J(d2)=�54.43 and J(d4)=
�55.97 cm�1, computed at the UB3LYP/6-31+G(d) level.
CASSCFACHTUNGTRENNUNG(6,6) and CASSCFACHTUNGTRENNUNG(10,10) calculations by using the
same basis-set support the validity of these results. All other
radical–radical magnetic interactions are computed to have
values smaller than j1.00 j cm�1.


The magnetic topology defined by these two interactions
is a 1D alternating chain. The magnetic susceptibility is ac-
curately reproduced, although it requires the use of a mini-
mal chain model of larger length (n=12) than when regular
chain models are used. The magnetic susceptibility curve is
fully reproduced after applying a linear scaling factor of 1.17
to all the energies of the minimal chain model of 12 magnet-
ic centers.


The J(d2) and J(d4) magnetic interactions are direct
through-space interactions, which result from the direct
overlap of the orbitals of the radicals. Contrarily to previous
suggestions and the McConnell-I predictions, these head-
over-tail magnetic interactions are not negligible. Our calcu-
lations show that, in all the cases evaluated in this crystal,
the mediated through-space interactions are smaller than
j1.00 j cm�1 and, thus, should only be accounted for when no
direct through-space interactions are present. CASCI calcu-
lations also indicate that they should be negligible in the
pyvd:hq case. Therefore, we do not need to resort to medi-
ated through-space interactions to explain the magnetism of
the pyvd:hq molecular co-crystal.
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Introduction


Coordination polymers, constructed from the simplest of or-
ganic or inorganic precursors, form some of the most re-
markable network structures with intriguing architectural
features.[1,2] Not only are they aesthetically pleasing, many
also represent models, providing insights into network inter-
actions.[3] In recent years, there has been a growing interest
in this area, especially in the field of porous coordination
polymers, given their potential application in separation,
storage and catalysis.[1–4] Coordination polymers involving
metal centres are particularly interesting, as their rich coor-
dination chemistry provides access to a wide variety of dif-
ferent network designs and topologies. The use of aromatic
linker motifs further expands the scope of the field, allowing
the development of functionalised structures with desirable
properties.[1–5]


Concurrently, there has been a rapid growth in the re-
search and development of imdazolium-based ionic liquids,
often considered to have polymeric structures in the liquid
state, which correspondingly lead to their high viscosities.[6]


Much of the focus of ionic liquid research has been on their


application as reaction media.[6,7] Imidazolium-based ionic
liquids are particularly versatile and may be modified to
give specific chemical and physical properties.[8,9] We have
been interested in developing acidic imidazolium-based
ionic liquids,[10,11] given their wide range of applications, for
example in Friedel–Crafts reactions,[12] esterification,[13] and
in many other important reactions.[14] Notably, we have de-
veloped imidazolium carboxylic zwitterions (Scheme 1)
from which a range of different acidic ionic liquids can be
prepared.[15]


Herein, we describe the synthesis and structural character-
isation of a series of novel imidazolium-based dicarboxylic
acids by the reaction of conventional Brønsted acids with
imidazolium dicarboxylic zwitterions. These imidazolium di-
carboxylic acids form linear polymers or dimers in the solid
state that are based on hydrogen-bonding and p-stacking in-
teractions, depending on the size of the anion. The subse-
quent use of the acids as bidentate heterocyclic aromatic
linkers, leading to new coordination polymers containing
zinc and cobalt, is also explored.


Results and Discussion


The zwitterionic imidazolium carboxylate 1 is a natural
product that can be isolated from the Billard reaction.[16,17]


However, 1 can also be readily synthesised from the reac-
tion of N-(trimethylsilyl)imidazole with two equivalents of
methyl chloroacetate, followed by ester hydrolysis and neu-
tralisation of one carboxylic acid group with an organic
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base. The details of this synthetic procedure were described
previously.[15]


The target imidazolium dicarboxylic acids 2–5 were syn-
thesised from the reaction of 1 with an excess of the corre-
sponding aqueous Brønsted acid, namely HF, HCl, HBr and
HClO4 (Scheme 2). The products were isolated in high yield


as white powders that are stable at room temperature. The
compounds 2–4 are stable even at temperatures as high as
250 8C under vacuum. However, beyond their melting point
temperatures of 250–280 8C, they decompose rapidly. All the
salts are insoluble in common organic solvents such as di-
chloromethane, chloroform, acetone and methanol, but they
are highly soluble in water.


The compounds have been characterised by solid-state IR
and solution NMR spectroscopy and electrospray ionisation
mass spectrometry (ESI-MS). The 1H and 13C NMR spectra
of the acids 2–5 in D2O are nearly identical, with minor dif-
ferences in chemical shifts, as the polymeric structure is not
retained in solution. In particular, the peak at d=8.70 ppm,
which is assigned to the aromatic proton at C1 (refer to
Table 1), was found to rapidly diminish in intensity at room
temperature, suggesting fast H–D exchange with the deuter-
ated solvent, demonstrating the acidity of the imidazolium
C-H atom residing between the two electronegative N
atoms, typical of this class of compound. The IR spectra of
2–5 show strong absorptions between 1720–1730 cm�1, which
are assigned to carboxylic C=O stretches. In 3, 4 and 5,
medium-strong absorptions in the region 2450–2900 cm�1


are observed and are assigned to C�H···X stretches (X=Cl,
Br and ClO4). In contrast, only weak absorptions are ob-
served for the C�H···F interaction in 2. Similar observations
have also been made in other imidazolium systems with
alkyl-,[18] nitrile-[19] and alkynyl-functionalised[20] side chains.
Incidentally, this absorption is not found in the halide-free
zwitterion 1. The ESI-MS of the acids also show typical
anion–cation aggregation in aqueous solutions, which are


strongly concentration-depend-
ent and characteristic of imida-
zolium salts.[21]


Solid-state structure determina-
tions of 2–5 : Although several
ionic imidazolium carboxylic
acids and zwitterions are
known, very few of their struc-
tures have been determined in
the solid state.[15,22] For 2–5, at-
tempts to grow crystals suitable


for X-ray diffraction using conventional techniques, for ex-
ample, vapour and liquid diffusion, and slow solvent evapo-
ration, were unsuccessful. This is partly because the com-
pounds are only soluble in water, unlike other similar imida-
zolium acids with longer pendant side arms, which are also
soluble in polar organic solvents such as acetonitrile.[15] At-


tempts to crystallise the com-
pounds using mixed solvent
combinations, such as water–
THF, water–acetone, water–
acetonitrile, or water–methanol
resulted in the formation of
amorphous powders. We there-


fore took the approach to crystallise the compounds directly
from the reaction mixture. Thus, 1 was dissolved in the cor-
responding aqueous acid, heated gently to 40 8C and slowly
cooled to 2 8C, to yield single crystals suitable for X-ray dif-
fraction analysis.


Scheme 2. Synthesis of imidazolium dicarboxylic acid halides/chlorate.


Scheme 1. Structures of imidazolium carboxylic zwitterions (top) and imidazolium dicarboxylic acids (bottom).


Table 1. Selected bond lengths [K] and angles [8], including H-bonding
and intermolecular ring-ring stacking parameters[a] of 2–5.


2 3 4 5


N1�C1 [K] 1.330(2) 1.341(3) 1.334(4) 1.328(2)
N1�C2 [K] 1.385(3) 1.402(3) 1.379(4) 1.383(2)
N1�C3 [K] 1.458(2) 1.463(3) 1.463(4) 1.461(2)
C3�C4 [K] 1.515(3) 1.526(4) 1.510(5) 1.508(3)
C4�O1 [K] 1.206(3) 1.193(3) 1.215(4) 1.206(2)
C4�O2 [K] 1.319(2) 1.339(3) 1.316(4) 1.333(2)
C1-N1-C2 [8] 108.61(17) 108.6(2) 109.0(3) 108.89(14)
C3-C4-O2 [8] 111.20(17) 109.1(2) 109.8(3) 111.23(14)
O2···H···X [K] 2.4297(15) 3.006(2) 3.107(2) 2.838(2)[b]


G [K] 4.728(2) 4.662(2) 5.015(2) 4.860(2)
Z [K] 3.711 3.654 3.349 3.571
X [K] 2.929 2.895 3.733 3.296
q [8] 38.28 38.39 48.11 42.71


[a] These are the centroid to centroid distance (G), the vertical displace-
ment (Z), the horizontal displacement (X) and the angle between the
normal vertex to the centroid of the adjacent ring (q). Measurement and
calculation of the ring–ring stacking parameters were made using
PLATON in the WinGX software package.[24] [b] X refers to the closest
O atom.
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The bond lengths and angles of the imidazolium rings in
2–5 are only marginally different from other imidazolium
systems that have been determined by X-ray diffraction.[15,23]


The N1�C1 distances range from 1.328(2)–1.341(3) K and
the N1�C2 distances from 1.379(4)-1.402(3) K, which are
typical values, and therefore they do not appear to be affect-
ed by the nature of the anion. Hydrogen-bonding interac-
tions are observed in all of the complexes, especially be-
tween the acidic carboxylic protons and the anions. In 2 and
3, the anions bridge two adjacent protons through hydro-
gen-bonding, while in 4 and 5, the anions are H-bonded
singly to a carboxylic acid proton. There are also interac-
tions between the anions with protons on adjacent imidazo-
lium rings, but these interactions are weaker (longer). It is
not possible to accurately determine the position of the car-
boxylic protons in the structures from the available X-ray
diffraction data; however, the strength of H-bonding inter-
actions could be inferred from the distance between the car-
boxylic O-atom to the halide anion. As expected, the distan-
ces increase from F� < ClO4


� < Cl� < Br� (see Table 1),
indicating a decrease in the strength of the H-bond, which
directly correlates with the decrease in electronegativity of
the anion.


The size of the anion also exerts a significant influence on
the macrostructure of the crystalline acids. In 2 and 3, linear
polymeric chains of imidazolium cations are formed
(Figure 1), in which the small electronegative F� and Cl�


ions bridge the cations. In contrast, 4 and 5 do not adopt ex-


tended structures since the imidazolium moieties dimerise
through H-bonding between one of their carboxyl groups,
with the Br� or ClO4


� ions H-bonded to the other carboxyl
group (Figure 2). The fact that the presence of the electro-
negative oxygen centres in ClO4


� does not favour the forma-
tion of polymeric chains suggests that the size of the anions
is the main factor in the determining the macrostructure. In
addition, significant p-stacking interactions are observed in
2 and 3, with a centroid to centroid distance of 4.728(2) and
4.662(2) K, respectively, between adjacent syn-facial rings
(Table 1), giving rise to uniform layers of linear polymers.
Longer p-stacking interactions are found in 4 and 5, with
distances of 5.015(2) and 4.860(2) K between nearest rings,
which are stacked anti-facially. The horizontal displacement
distances were also larger, implying a poorer overlap in the
p-stacking arrangements.


Formation of coordination polymers from acids 3 and 4 :
Multidentate carboxylic acids are excellent ligands for the
synthesis of coordination polymers and have been used ex-
tensively to develop polymers with unusual topologies and
conformations.[24] Usually, coordination polymers derived
from carboxylic acids are synthesised by deprotonating the
acids with basic metal salts, thereby generating the carboxyl-
ic anions that subsequently coordinate to the metal
centre.[25] Conventional zinc carboxylate complexes have
been prepared by the reaction of the desired carboxylic
acids with zinc salts such as ZnSO4, ZnACHTUNGTRENNUNG(ClO4)2, Zn[N-


ACHTUNGTRENNUNG(SiMe3)2]2 and ZnACHTUNGTRENNUNG(NO3)2.
[26]


However, we have found that 3
and 4 are sufficiently strong
acids to react directly with ele-
mental zinc.[27,28] Zinc-contain-
ing imidazolium carboxylates
{[ZnCl ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(C7H7N2O4)]-
ACHTUNGTRENNUNG(H2O)}1 (6) and {[ZnBr ACHTUNGTRENNUNG(H2O)-
(C7H7N2O4)] ACHTUNGTRENNUNG(H2O)}1 (7) were
thus obtained by the direct re-
action of zinc with an aqueous
solution of 3 and 4, respectively,
at room temperature. The struc-
ture of 7 was reported previous-
ly in a preliminary communica-
tion.[27] The reaction is slow and
takes several days to complete
with the products being ob-
tained in near quantitative
yield.


Upon dissolution in water,
the macromolecular structures
of 6 and 7 are cleaved, and
therefore, the spectroscopic
data recorded in aqueous solu-
tion is uninformative. The solid-
state IR spectra of 6 and 7 are
comparable to 2–5. The main
differences are the presence of


Figure 1. Packing diagram of 2 (top) and 3 (bottom), viewed along the b axes. Atoms are presented as spheres
with arbitrary radii.
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strong (broad) O�H absorptions at 3500 cm�1, due to the
presence of bulk water molecules, and the lowering of C=O
absorptions to 1565–1687 cm�1. The shift of C=O stretching
frequencies towards lower frequencies, by about 150 cm�1,
suggests a weakening of carboxyl bond, due to the co-ordi-
nation to the zinc centre.


As shown in Figure 3, the co-ordination sphere around
the zinc centre in 6 is tetrahedral, comprising two carboxy-


late bonds, a coordinated water molecule and a chloride
ligand. The Zn�O bond lengths in 6 are comparable to


those in 7 and other known Zn–carboxylate networks.[27, 29]


The macrostructure of 6 and 7 can be described as a helical
channel array, assembled from ZnX ACHTUNGTRENNUNG(H2O)-imidazolium di-
carboxylate moieties (X=Cl and Br), with intra-helical H-
bonds and p-stacking interactions between the imidazolium
molecules (Figure 4). The helix is formed with imidazolium


rings stacked together at a centroid to centroid distance of
6.155(2) K and with their bridging pendant arms directed to-
wards the same direction perpendicular to the aromatic
plane, as opposed to 2–5, where the bridging arms are ex-
tended in opposite directions. The interesting feature of the
structure is the presence of uncoordinated water molecules
within the helical channels, their characterisation in 7 by
solid-state NMR spectroscopy was described in the previous
report,[27] summarised and compared with water-channel
protein. As in 7, the water molecules in 6 are held in place
by extensive H-bonding with the zinc imidazolium carboxy-
late helical backbone and are instrumental in defining the
macrostructure, since the removal of water by heating inad-
vertently results in the loss of structural order. The inner di-
mensions of the zinc imidazolium channel in 6 are marginal-
ly smaller than those in 7,[27] which is not unexpected since
the coordinated halide ligands are located on the exterior of
the helix and therefore do not contribute significantly to the
dimensions of the pore.


Reaction of 4 with elemental cobalt yielded the pink
cobalt imidazolium coordination polymer {[Co ACHTUNGTRENNUNG(H2O)4-


Figure 2. Packing diagram of 4 (top) and 5 (bottom), viewed along the a
axes. Atoms are presented as spheres with arbitrary radii.


Figure 3. Structure of 6 ; atoms are presented as spheres with arbitrary
radii.


Figure 4. View of zinc imidazolium dicarboxylate helix in 6 along the b
axis (top) and c axis (bottom). Free water molecules represented by
spheres at van der Waals radii. The remaining atoms are presented as
spheres with arbitrary radii. (refer to Figure 3 for detailed colour
scheme).
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ACHTUNGTRENNUNG(C7H7N2O4)]BrACHTUNGTRENNUNG(H2O)}1 (8). As with 6 and 7, the cobalt
complex 8 was found to be only soluble in water and not in
organic solvents such as acetone, dichloromethane, metha-
nol or DMSO, although the polymeric structure is not re-
tained in aqueous solution. In the solid state, the coordina-
tion sphere around the cobalt centre in 8 is octahedral, with
two cis-carboxylate bonds and four coordinated water mole-
cules (Figure 5). The bidentate imidazolium ligands bridge


the cobalt centres, forming extended cobalt imidazolium car-
boxylate chains. Unlike 6 and 7, the bromide is not coordi-
nated directly to the cobalt centre and therefore, the cobalt
imidazolium carboxylate chains are positively charged.
Nonetheless, the Co�O distances, 2.073(8)-2.151(7) K, are
similar to those in other cobalt dicarboxylate systems.[30]


The macrostructure of 8 may be described as ribbons,
composed of two interlocking cobalt imidazolium carboxy-
late polymeric chains (i.e. chain-pairs), separated by a dis-
crete layer of bromide anions (Figure 6). This layer also con-


tains an uncoordinated water molecule, per cobalt imidazoli-
um carboxylate unit, which is poorly defined and disordered.
As with 6 and 7, extensive H-bonding interactions are found
throughout the macrostructure and appear to be crucial in


maintaining its overall integrity. Importantly, the polymeric
chain pairs are held together by extensive intermolecular H-
bonds between a coordinated water molecule and two car-
boxylate O atoms on the opposite chain. These interactions
allow the two chains to “zip” together throughout the struc-
tural framework. The pendant bridging arms are also orient-
ed in the same direction, similar to 6 and 7. The uncoordi-
nated water molecules, which are poorly defined and disor-
dered, are H-bonded to the alkyl C-H protons on the cobalt
imidazolium backbone. The uncoordinated bromide anions
occupy discrete bands in the macrostructure, held in place
by H-bonds between the ribbons of cobalt imidazolium car-
boxylate chains. The chain-pairs are themselves stacked
closely together with a centroid to centroid distance of
5.194(1) K between the layers of imidazolium rings.


Conclusion


A series of ionic imidazolium dicarboxylic acids halide/chlo-
rate salts has been synthesised and characterised by spectro-
scopic methods and X-ray crystallography. In the solid state,
their crystalline structures are found to be largely dependent
on the size of the anion, with small anions, that is, F� and
Cl�, favouring long linear polymeric chains, whereas large
anions, that is, Br� and ClO4


�, favour dimeric units. The
acids are strong enough to react directly with elemental
metals, and in the case of zinc and cobalt, coordination poly-
mers are formed. The structural characteristics of the biden-
tate imidazolium dicarboxylate ligand are crucial in the for-
mation of these coordination polymers. Firstly, different
bonding directions can be achieved through its flexible coor-
dinating pendant arms, giving rise to different structural
conformations. Secondly, the presence of the heterocyclic ar-
omatic ring system favours ordering in the macrostructure
through p-stacking interactions. With the vast library of po-
tential metal candidates, the imidazolium dicarboxylic acid
ligand could be exploited for the development of other met-
allic coordination polymers, potentially with tuneable topol-
ogies and properties.


Experimental Section


General : Compound 1 was prepared according to a literature method.[15]


All other materials were purchased from Aldrich and were used without
further purification. IR spectra were recorded on a Perkin-Elmer FT-IR
2000. NMR spectra were measured in D2O on a Bruker DMX 400, using
SiMe4 for 1H and 13C as external standards at 20 8C, and the chemical
shifts are given in ppm with reference to the standards. Electrospray ioni-
sation mass spectra (ESI-MS) were recorded on a ThermoFinnigan
LCQ Deca XP Plus quadrupole ion trap instrument on samples diluted
in water using a literature protocol.[31] Elemental analyses were carried
out at the EPFL.


Synthesis of 2 : Compound 1 (1.84 g, 0.010 mol) was dissolved in water
(4.0 mL) in a Teflon-tube and heated at 40 8C until completely dissolved.
Aqueous HF (4.0 mL, 48% H2O solution) was added. The resulting solu-
tion was stirred for 10 min and the solvent was removed under reduced
pressure. The remaining solid was washed with acetone and diethyl ether,


Figure 5. Structure of 8 ; atoms are presented as spheres with arbitrary
radii. The uncoordinated water molecule is disordered and omitted for
clarity.


Figure 6. View of cobalt imidazolium dicarboxylate 8 along the a axis.
Atoms are presented as spheres with arbitrary radii (refer to Figure 5 for
detailed colour scheme). The uncoordinated water molecules are omitted
for clarity.
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and then filtered to yield a white powder. Yield: 92%, M.p. 250 8C
(decomp); ESI-MS: 184 [C7H9N2O4]


+ ; 1H NMR (400.1 MHz, D2O): d=
8.69 (s, 1H), 7.36 (s, 2H), 4.88 ppm (s, 4H); 13C NMR (100.6 MHz, D2O):
d=172.4, 137.2, 123.1, 51.9 ppm; IR: ñ=3322, 3125, 3001, 2960, 1724,
1662, 1572, 1163 cm�1; elemental analysis calcd (%) for C7H9FN2O4


(204.16): C 41.18, H 4.44, N 13.72; found: C 41.41, H 4.49, N 13.79.


Synthesis of 3, 4 and 5 : Compound 1 (1.84 g, 0.010 mol) was dissolved in
water (4.0 mL) and heated at 40 8C until completely dissolved. Aqueous
HX (4.0 mL, X=Cl 37%, Br 48%, ClO4 20%) was added. The resulting
solution was stirred for 10 min and the solvent was removed under re-
duced pressure. The remaining solid was washed with acetone and diethyl
ether to give the product as white powders. Spectroscopic characterisa-
tion of 3 has been previously reported.[15]


4 : Yield 95%, M.p. 280 8C (decomp); ESI-MS: 184 [C7H9N2O4]
+ ;


1H NMR (400.1 MHz, D2O): d=8.70 (s, 1H), 7.38 (s, 2H), 4.90 ppm (s,
4H); 13C NMR (100.6 MHz, D2O): d=172.3, 137.1, 123.0, 52.0 ppm; IR:
ñ=3106, 3062, 2981, 2817, 2516, 1722, 1562, 1407, 1236, 1198, 1171, 976,
864, 762 cm�1; elemental analysis calcd (%) for C7H9BrN2O4 (265.07): C
31.72, H 3.42, N 10.57; found: C 31.61, H 3.49, N 10.69.


5 : Yield: 97%. M.p. 110 8C; ESI-MS: 184 [C7H9N2O4]
+ ; 1H NMR


(400.1 MHz, D2O): d=8.69 (s, 1H), 7.36 (s, 2H), 4.80 ppm (s, 4H);
13C NMR (100.6 MHz, D2O): d=172.0, 137.4, 123.0, 52.1 ppm; IR: ñ=
3159, 3025, 2900–2850 (broad peaks), 1726, 1617, 1568, 1407, 1259, 1179,
1049, 970, 889, 745, 669, 618 cm�1; elemental analysis calcd (%) for
C7H9ClN2O8 (284.61): C 29.54, H 3.19, N 9.84; found: C 29.41, H 3.20, N
9.69. (While no incident occurred during the synthesis of the compound,
caution has to be taken given the propensity of chlorate compounds to ex-
plode upon prolonged heating at elevated temperatures!).


Synthesis of 6 : A mixture of elemental zinc (1.50 g, 0.023 mol) and 2
(2.21 g, 0.010 mol) in water (20 mL) was stirred for 10 days at room tem-
perature. The mixture was filtered and the filtrate concentrated to
10 mL. Upon standing at room temperature for seven days, colourless
crystals of 6 were obtained. Yield: 96%. 1H NMR (400.1 MHz, D2O): d=
8.80 (s, 1H), 7.40 (s, 2H), 5.06 ppm (s, 4H); 13C NMR (100.6 MHz, D2O):
d=172.6, 138.1, 126.2, 52.0 ppm; IR: ñ=3450, 3151, 3108, 1587, 1563,
1438, 1398, 1289, 1175, 770, 685 cm�1; elemental analysis calcd (%) for


C7H11ClN2O6Zn (320.01): C 26.27, H 3.46, N 8.75; found: C 26.41, H 3.53,
N 8.70.


Synthesis of 8 : A mixture of elemental cobalt (1.20 g, 0.020 mmol) and 3
(2.65 g, 0.010 mol) in water (20 mL) was stirred for 10 days at room tem-
perature. The mixture was filtered and the pink filtrate concentrated to
10 mL. Upon standing at room temperature for seven days, pink crystals
of 8 were obtained. Yield: 86%. 1H NMR (400.1 MHz, D2O): d=8.68 (s,
1H), 7.36 (s, 2H), 4.99 ppm (s, 4H); 13C NMR (100.6 MHz, D2O): d=
172.4, 138.2, 126.1, 51.8 ppm; IR: ñ=3450, 3094, 1567, 1444, 1383, 1348,
1176, 846, 773, 666 cm�1; elemental analysis calcd (%) for
C7H17CoBrN2O9 (412.06): C 20.40, H 4.16, N 6.80; found: C 20.41, H
4.23, N 6.79.


Crystallisation of 2–5 for X-ray diffraction analysis : Compound 1 was dis-
solved in minimum amount of the aqueous HF (48%) solution at 40 8C.
The resulting solution was slowly cooled to 2 8C overnight to yield crys-
tals of 2 suitable for X-ray structure analysis. Crystals of 3, 4 and 5 were
obtained in a similar manner using the aqueous solution of HCl (37%),
HBr (48%) and HClO4 (20%), respectively.


Crystallographic structure determination : Data collection for 2–5, 6 and
8 was performed on a four-circle Kappa goniometer equipped with an
Oxford Diffraction KM4 Sapphire CCD or MAR345 IPDS at 140 K.
Data reduction was performed by using CrysAlis RED.[32] Structure solu-
tion and refinement was performed by using SHELXTL software pack-
age for all compounds,[33] except for the structure solution of compounds
2 and 8, which was performed by using SiR97.[34] Structures were refined
by full-matrix least-squares refinement (against F2) with all non-hydrogen
atoms refined anisotropically. Hydrogen atoms were placed in their geo-
metrically generated positions and refined isotropically. Empirical ab-
sorption corrections were applied to 4, 7 and 8 using DELABS.[35] Graph-
ical representations of the structures were made with Diamond.[36] Rele-
vant crystallographic data are compiled in Table 2. CCDC-280031 and
CCDC-280036 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Table 2. Crystallographic data for 2, 3, 4, 5, 6 and 8.


2 3 4 5 6 8


formula C7H9FN2O4 C7H9ClN2O4 C7H9BrN2O4 C7H9ClN2O8 C7H11ClN2O6Zn C7H17BrCoN2O9


fw 204.16 220.61 265.07 284.61 320.00 412.07
crystal system orthorhombic orthorhombic monoclinic monoclinic monoclinic triclinic
space group P21212 P21212 P21/n P21/c P21/n P1̄
a [K] 12.668(4) 13.602(3) 10.193(2) 5.3715(13) 9.776(3) 5.1945(9)
b [K] 4.7275(6) 4.6617(10) 9.1761(15) 13.086(2) 6.1552(18) 11.6926(14)
c [K] 6.973(2) 7.5645(14) 10.797(2) 15.4295(12) 19.019(3) 12.5698(18)
a [8] 90 90 90 90 90 107.633(13)
b [8] 90 90 108.54(2) 91.428(13) 98.150(18) 97.626(13)
g [8] 90 90 90 90 90 90.406(13)
volume [K3] 417.59(19) 479.64(17) 957.5(3) 1084.3(3) 1132.9(5) 720.24(18)
Z 2 2 4 4 4 2
1calcd [gcm


�3] 1.624 1.528 1.839 1.744 1.876 1.900
F ACHTUNGTRENNUNG(000) 212 228 528 584 648 414
m [mm�1] 0.147 0.389 4.284 0.392 2.422 4.008
temperature [K] 140(2) 140(2) 140(2) 140(2) 140(2) 140(2)
wavelength [K] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
measured reflections 2640 2916 5554 6540 6188 4179
unique reflections 707 812 1684 1887 1984 2223
unique reflections [I>2s(I)] 686 705 1385 1641 1842 1999
no. of data/restraints/parameters 707/0/84 812/0/83 1684/0/152 1887/0/200 1984/6/166 2223/18/210
R[a]


ACHTUNGTRENNUNG[I>2s(I)] 0.0360 0.0312 0.0309 0.0365 0.0400 0.0867
wR2[a] (all data) 0.0909 0.0596 0.0776 0.0993 0.1093 0.2251
GooF[b] 1.121 0.949 0.999 1.116 1.090 1.170


[a] R=� j jFo j� jFc j j /� jFo j , wR2= {�[w(F2
o�F2


c)2]/� [w(F2
o)


2]}1/2. [b] GooF= {�[w(F2
o�F2


c)2]/(n�p}1/2, where n is the number of data and p is the number
of parameters refined.


Chem. Eur. J. 2006, 12, 4014 – 4020 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4019


FULL PAPERCoordination Polymers Containing Imidazolium Dicarboxylic Acids



www.chemeurj.org





[1] G. R. Desiraju, J. Mol. Struct. 2003, 656, 5.
[2] a) T. Uemura, S. Kitagawa, Chem. Lett. 2005, 34, 132; b) S. Kitaga-


wa, K. Uemura, Chem. Soc. Rev. 2005, 34, 109.
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Self-Assembly of Alkanols on Au ACHTUNGTRENNUNG(111) Surfaces


Hai-Ming Zhang, Jia-Wei Yan, Zhao-Xiong Xie,* Bing-Wei Mao, and Xin Xu*[a]


Introduction


Self-assembled monolayers (SAMs) of functional molecules
on solid surfaces have been intensively investigated by using
scanning tunneling microscopy (STM), because this is an
issue with potential applications in many fields, such as mo-
lecular devices, biosensors, and crystal engineering.[1–8] In
terms of adsorption strength, self-assemblies of molecules
on solid surfaces may be divided into two groups: the chem-
isorbed self-assembly group, such as thiols on gold surfa-
ces,[9] and the physisorbed self-assembly group, such as alka-
nes or their derivatives on highly oriented pyrolytic graphite
(HOPG) surfaces.[2,10] Compared to chemisorbed self-assem-


blies, physisorbed molecules have more freedom to rotate
and translate to achieve a desired structure, hence, physisor-
bed assemblies have attracted more and more attention in
recent years.[3] Up to now, many controllable physisorbed
self-assemblies have been studied.[3,10–16]


As a representative class of physisorbed systems, SAMs of
alkanes have been intensively studied on HOPG, MoS2, and
gold surfaces.[2,10,17–22] In comparison to alkanes, alkanol mol-
ecules, terminating with OH groups at one end, may form
additional hydrogen bonds, possibly influencing the struc-
ture of their self-assembled monolayers. Previously reported
studies mainly focus on the self-assembly of alkanol mole-
cules on HOPG surfaces.[23–25] Only a few reports deal with
alkanol SAMs on other substrates, for example, a metal sub-
strate, which may offer more potential applications.[26] Only
one report of the self-assembly of 1-decanol at a liquid/Au-
ACHTUNGTRENNUNG(111) interface was reported in 1992 by Yeo et al.[26] It was
claimed that 1-decanol molecules stood on their ends with
the OH polar groups facing the gold substrates.


Here, we present the first systematic study of self-assem-
blies of alkanols (from 1-decanol to 1-triacontanol, 1-


Abstract: Self-assembled monolayers
(SAMs) of alkanols (1-CNH2N+1OH)
with varying carbon-chain lengths (N=


10–30) have been systematically stud-
ied by means of scanning tunneling mi-
croscopy (STM) at the interfaces be-
tween alkanol solutions (or liquids)
and AuACHTUNGTRENNUNG(111) surfaces. The carbon skel-
etons were found to lie flat on the sur-
faces. This orientation is consistent
with SAMs of alkanols on highly ori-
ented pyrolytic graphite (HOPG) and
MoS2 surfaces, and also with alkanes
on reconstructed AuACHTUNGTRENNUNG(111) surfaces.
This result differs from a prior report,
which claimed that 1-decanol mole-
cules (N=10) stood on their ends with
the OH polar groups facing the gold
substrate. Compared to alkanes, the re-


placement of one terminal CH3 group
with an OH group introduces new
bonding features for alkanols owing to
the feasibility of forming hydrogen
bonds. While SAMs of long-chain alka-
nols (N>18) resemble those of alka-
nes, in which the aliphatic chains make
a greater contribution, hydrogen bond-
ing plays a more important role in the
formation of SAMs of short-chain alka-
nols. Thus, in addition to the titled la-
mellar structure, a herringbone-like
structure, seldom seen in SAMs of al-
kanes, is dominant in alkanol SAMs


for values of N<18. The odd–even
effect present in alkane SAMs is also
present in alkanol SAMs. Thus, the
odd N alkanols (alkanols with an odd
number of carbon atoms) adopt per-
pendicular lamellar structures owing to
the favorable interactions of the CH3


terminal groups, similar to the result
observed for odd alkanes. In contrast
to alkanes on AuACHTUNGTRENNUNG(111) surfaces, for
which no SAMs on an unreconstructed
gold substrate were observed, alkanols
are capable of forming SAMs on either
the reconstructed or the unreconstruct-
ed gold surfaces. Structural models for
the packing of alkanol molecules on
AuACHTUNGTRENNUNG(111) surfaces have been proposed,
which successfully explain these experi-
mental observations.
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CNH2N+1OH, N=10–30) on AuACHTUNGTRENNUNG(111) surfaces. All alkanol
molecules were found to lie flat on the surface with the
carbon-chain skeletons parallel to the Au ACHTUNGTRENNUNG(111) surface. This
result is different from previously reported SAM structures
of 1-decanol on Au ACHTUNGTRENNUNG(111) surfaces.[26] We propose structural
models to explore the bonding mechanism and packing of
alkanols on a AuACHTUNGTRENNUNG(111) surface. As compared to alkanes, for
alkanols we conclude that hydrogen bonding among the ter-
minal hydroxy groups competes with the adsorbate–sub-
strate interactions and the adsorbate–adsorbate interactions
among the aliphatic chains, leading to the unique bonding
features of the alkanol SAMs on the Au ACHTUNGTRENNUNG(111) surfaces.


Results and Discussion


Self-assembly of alkanols on Au ACHTUNGTRENNUNG(111) surfaces from 1-dec-
anol to 1-triacontanol : Figure 1 shows typical STM images
of alkanols on a reconstructed AuACHTUNGTRENNUNG(111) surface. Figure 1a, b,
d, f, g, i, and j display images of alkanols with an even
number of carbon atoms (hereafter referred to as the even
alkanols) from N=10 to 22, in which N refers to the
number of carbon atoms in an alkanol molecule. The STM
image of 1-triacontanol (N=30) is shown in Figure 1k as a
representation of long-carbon-chain alkanols. For alkanols
with an odd number of carbon atoms (hereafter referred to
as the odd alkanols), the STM images of SAMs of 1-trideca-
nol (N=13), 1-pentadecanol (N=15), and 1-nonadecanol
(N=19) are presented as examples (see Figure 1c, e, and h).
As shown in Figure 1, superimposed lamellar structures are


Figure 1. STM images of the self-assembled alkanols on reconstructed AuACHTUNGTRENNUNG(111) surfaces. Images a), b), d), f), g), i), and j) display well-organized struc-
tures of alkanols with an even number of carbon atoms, from N=10 to 22. Image k) is an image of 1-C30H61OH and is representative of long-chain alka-
nols with even N. Images c), e), and h) show SAMs of 1-C13H27OH, 1-C15H31OH, and 1-C19H39OH, respectively, and are representative of odd alkanols.
The asterisks mark the troughs that are composed of alkanol functional groups, while the minus signs mark the troughs that are made up of CH3 terminal
groups. All images are 25 nmI25 nm in area. The typical tunneling conditions are sample bias voltage (Vb)=0.05 V and tunneling current (It)=1.0 nA.
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found on the reconstructed AuACHTUNGTRENNUNG(111) surfaces and typical re-
construction ridges can be identified. Every lamella is com-
posed of close-packed rods. The length of each rod is consis-
tent with the length of an alkanol molecule. Therefore, a
rod in the lamella is considered to be an individual alkanol
molecule, lying flat on the surface in an all-trans conforma-
tion. This finding is in line with previous experimental ob-
servations for alkanols on HOPG and MoS2 surfaces, and al-
kanes on reconstructed AuACHTUNGTRENNUNG(111) surfaces.[21–25]


By carefully investigating the images, we find that the
contrasts of lamellar troughs change alternately, in which
the darker troughs are denoted by “*” and the less-dark
troughs by “�” as shown in Figure 1. It has been established
that the OH groups in alkanol SAMs on HOPG surfaces ex-
hibit a reduced tunneling probability compared to the rest
of the molecular chain.[23–25] Therefore the darker troughs
can be attributed to the hydrogen-bonding area of the OH
groups.


From hundreds of STM images of alkanol SAMs on gold,
three kinds of lamellar structures can be identified. These
are the herringbone-like structure, the tilted structure, and
the perpendicular structure, as shown in Figure 2a, b, and c,
respectively. In the herringbone-like structure (Figure 2a),
the orientation of the long axes of the alkanol molecules on
both sides of the darker trough (marked with “*”) is differ-
ent, forming a V shape. Figure 2b and c exhibit the other
two kinds of typical packing structures, in which the orienta-
tions of the long axes of the alkanol molecules are parallel
to each other. Figure 2b corresponds to the tilted structure,
in which the long axes of molecules are tilted to the lamellar
boundaries, while Figure 2c corresponds to the perpendicu-
lar structure, in which the long axes of the molecules are
perpendicular to the lamellar boundaries. We note that per-
pendicular lamellar structures can only be found in SAMs of
odd alkanols, while both herringbone-like and tilted lamellar
structures are typical structures for even alkanols.


Here we define the structural parameters of the unit cell
in Figure 2a, in which a is the minimum distance between


two like lamellar troughs, b is the intermolecular distance in
the SAMs, and q is a complementary angle between the mo-
lecular long axes of even alkanols and the lamellar troughs.
We found that besides parameter a, which is directly related
to the carbon-chain length, both parameters b and q in-
crease as the length of the carbon chain increases. Thus, as
parameter a increases from 2.6�0.1 nm for C10H21OH to
3.9�0.1 nm for C16H33OH to 5.3�0.2 nm for C22H45OH,
and to 6.8�0.2 nm for C30H61OH, parameter b steadily in-
creases from 0.51�0.02 nm for the shortest alkanol (C10) to
0.54�0.03 nm for the longest alkanol (C30). This change in
the parameters a and b is accompanied by an increase of 2q
from 51�28 for the shortest alkanol to 60�38 for the lon-
gest alkanol. Similar trends are observed for odd alkanols,
although it has been found that parameter a (for C2N+1) is
slightly longer than that of its even neighbors (for C2N or
C2N+2), whereas parameter b is slightly shorter. A detailed
discussion of the packing structures will be given in the next
section.


From Figure 1 we conclude that the alkanol molecules
adsorb at the liquid/substrate interface with their carbon-
chain skeletons parallel to the AuACHTUNGTRENNUNG(111) surface. This conclu-
sion contradicts that of a previous experiment.[26] In a report
by Yeo et al.,[26] the alkanol SAM samples were prepared by
applying pure 1-decanol liquid onto gold films, which were
then left undisturbed for several hours. It was claimed that
the 1-decanol molecules stand on their ends with the OH
polar groups facing the gold substrate, and the presence of
monolayers was strongly influenced by the tip polarity. We
did not find any STM images of 1-decanol molecules with
their molecular long axes perpendicular to the substrate
under the same experimental conditions. Furthermore, the
structure of the alkanol SAMs was not found to be influ-
enced by the tip polarity during the STM observations.


Packing of alkanol molecules on reconstructed AuACHTUNGTRENNUNG(111) sur-
faces : When molecules adsorbed on Au surfaces forming an
incommensurate structure, with respect to the substrate


Figure 2. High-resolution STM images of three kinds of packing structures: a) the herringbone-like structure (1-C14H29OH, 20 nmI20 nm), b) the tilted
structure (1-C22H45OH, 15 nmI15 nm), and c) the perpendicular structure (1-C13H27OH, 15 nmI15 nm). In image (a) “*” marks the troughs that are
composed of alkanol functional groups and “-” marks the troughs that are composed of CH3 terminals. The A labels mark the lamellae in which the mo-
lecular axes are located in the [1̄01] direction, and the B labels mark the lamellae in which the molecular axes are located in the [11̄0] direction. Image
b) shows the tilted structure observed in SAMs of 1-docosanol. Image c) shows the perpendicular structures found in SAMs of 1-tridecanol, for which
the angle between the long axes of the molecules in two adjacent lamellae diverges from a straight angle to a 1738 angle.
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structure, MoirN patterns usually appeared. The presence of
these patters corresponds to the formation of superlattices
of adsorbed layers on the substrate. In our experiments, we
did not observe a MoirN pattern for SAMs of alkanols on a
AuACHTUNGTRENNUNG(111) surface, implying that the self-assembled monolay-
ers are commensurate with respect to the Au ACHTUNGTRENNUNG(111) surface.


Figure 3 shows a schematic model of the reconstructed
AuACHTUNGTRENNUNG(111) surface (the uniaxial reconstructed surface), in
which lattice shortening occurs on the surface along the


[11̄0] direction, such that the space originally for 22 Au
atoms is occupied by 23 Au atoms. The periodicity of the re-
constructed Au lattice is 0.50 nm along the [112̄] direction,
but the periodicity is reduced to 0.48 nm along the [2̄11] or
[12̄1] directions. Such reconstructed surfaces were found to
be critical for the self-assembly of n-alkanes, to achieve opti-
mized adsorbate–adsorbate interactions among the aliphatic
chains and the adsorbate–substrate interactions.[21,22] Howev-
er, for the alkanol molecules, the introduction of OH groups
certainly influences the packing structures through the for-
mation of hydrogen bonds.


For SAMs of even alkanols, the herringbone-like structure
is typical, in which the alkanol molecules form a V shape
along the hydrogen-bond troughs. The alkanol molecules on
one side of the V-shaped structures were measured to be
around 308 with respect to the Au ACHTUNGTRENNUNG(111) reconstruction
ridges underneath (marked by A in Figure 2a), while the
long axes of the alkanol molecules were perpendicular to
the Au ACHTUNGTRENNUNG(111) reconstruction ridges on the opposite side
(marked by B in Figure 2a). Therefore, we deduce that the
alkanol molecules on lamella A were adsorbed along the
[1̄01] direction of the AuACHTUNGTRENNUNG(111) substrate, while the long axes
of the molecules on lamella B were located along the [11̄0]
direction.


By measuring the intermolecular distance of molecules on
lamellae A and B in Figure 2a, we found that the mean
values of the intermolecular distances were 0.47�0.01 nm in
domain A, and 0.49�0.01 nm in domain B. These corre-
spond to the periodicities of the gold substrate along the
[12̄1] and [112̄] directions. All these facts are consistent with
the conclusion that the alkanol molecules are restricted in
the gold-atom troughs forming commensurate monolayers
with respect to the reconstructed AuACHTUNGTRENNUNG(111) surfaces. Figure 4a
shows a schematic model of the herringbone-like lamellae.


For alkanol SAMs with tilted structures, shown in Figure
2b, the angle between two molecular axes in adjacent lamel-
lae is about 1808. Such tilted structures, although dominant
in SAMs of the alkanes, appear with less possibility than the
herringbone-like structures in SAMs of the even alkanols. In
the tilted monolayers, alkanol molecules usually lie perpen-
dicular to the gold reconstructed ridges, so that molecules
are adsorbed in the gold atom troughs along the [11̄0] direc-
tion. The intermolecular distance within the lamellae was
measured to be 0.50�0.02 nm, which is consistent with the
periodicity of the gold surface along the [112̄] direction. Fig-
ure 4b shows a schematic model of the tilted lamellae.
Recall that alkane molecules prefer [011̄] or [1̄01] directions
with a periodicity of 0.48 nm, instead of the [11̄0] direction,
to achieve the optimized adsorbate–adsorbate and adsor-
bate–substrate interactions. Thus, the observed preference
for alkanol molecules along the [11̄0] direction must origi-
nate from the preferential hydrogen bonding observed along
this direction.


In SAMs of the perpendicular structures, which are typi-
cal structures for the odd alkanols, the alkanol molecules
were found to locate along the [1̄01] direction (see Figure
2c). The long axes of the alkanol molecules lie at an angle
of around 308 with respect to the Au ACHTUNGTRENNUNG(111) reconstruction
ridges, rather than perpendicular to the ridges. The meas-
ured intermolecular distance in SAMs of 1-tridecanol (N=


13) is 0.48�0.01 nm, which corresponds to the periodic dis-
tance of the gold atom troughs along the [12̄1] direction,
supporting the conclusion that molecules are adsorbed in


Figure 3. A schematic model of a reconstructed Au ACHTUNGTRENNUNG(111) surface.


Figure 4. Packing models of alkanol molecules on reconstructed Au ACHTUNGTRENNUNG(111)
surfaces: a) the herringbone-like packing of 1-docosanol molecules,
b) the tilted packing structures of 1-docosanol molecules, and c) the per-
pendicular packing structures of 1-pentadecanol molecules.
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the gold-atom troughs along the [1̄01] direction. A schemat-
ic model of the perpendicular structure is shown in Figure
4c.


Influence of substrate–adsorbate and adsorbate–adsorbate
interactions on the packing of alkanol molecules on AuACHTUNGTRENNUNG(111)
surfaces : For even alkanols, two kinds of packing structures
are observed: the herringbone-like structure and the tilted
structure. The packing structures were found to be sensitive
to the length of the carbon chain. At room temperature,
only the herringbone-like structures were found on recon-
structed AuACHTUNGTRENNUNG(111) surfaces for N<18. Tilted lamellae first
appeared when N=18, although the herringbone-like struc-
tures still dominated. Figure 5a and b show SAMs of
C18H37OH and C20H41OH on the reconstructed Au ACHTUNGTRENNUNG(111) sur-
faces, in which the coexistence of the herringbone-like and
tilted structures can easily be seen. With an increasing
number of carbon atoms, the probability of forming tilted
structures increases. Figure 5c shows that tilted lamellae pre-
vailed in some areas of 1-docosanol SAMs (N=22) on re-
constructed AuACHTUNGTRENNUNG(111) surfaces.


The structures of alkanol SAMs depend on a subtle bal-
ance between the adsorbate–substrate and adsorbate–adsor-
bate interactions. The latter involves not only the aliphatic
chain interactions, which are common in both alkanol and
alkane SAMs, but also the hydrogen-bonding interactions,
which are unique in the alkanol SAMs. For long-chain alka-
nols, it is reasonable to anticipate that the alkanols resemble
alkanes in the formation of SAMs, as the aliphatic chain in-
teractions make a greater contribution, whereas for short-
chain alkanols, hydrogen bonding is expected to play a criti-
cal role. Figure 6 depicts some molecular details of the hy-
drogen-bonding interactions in a) the herringbone-like struc-
ture, b) the titled structure, and c) the perpendicular struc-
ture. Although the OH groups are in the dark parts of the
STM images, these pictures are based on theoretical predic-
tions by using molecular mechanics for 1-octadecanol (N=


18) on HOPG surfaces. The degree of stability follows the
trend a)>b)@c).[27] It has been concluded that the hydro-
gen-bonding interactions drive the intermolecular-packing
geometry of the herringbone-like structures of alkanol over-
lays, with an angle of around 1308.[25] This may explain why


the V-shaped lamellae are dominant for the even alkanols
on Au ACHTUNGTRENNUNG(111) surfaces. To obtain an optimized adsorbate–sub-
strate interaction for long-chain alkanols, the alkanol mole-
cules must adsorb along the gold-atom troughs, for example,
along the [11̄0] and [1̄01] troughs, with an angle of about
1208. This commensurate structure is achieved at the ex-
pense of hydrogen bonding. By carefully measuring the


Figure 5. Dependence of the packing structures on the carbon-chain length for even alkanols on reconstructed Au ACHTUNGTRENNUNG(111) surfaces. STM images of SAMs
of a) 1-C18H37OH, b) 1-C20H41OH, and c) 1-C22H45OH at room temperature, showing that an increase of the carbon-chain length favors tilted structures.
White bars marked on the images represent alkanol molecules. All STM images are 30 nmI30 nm in area.


Figure 6. Hydrogen-bonding models of: a) the herringbone-like packing
of 1-decanol molecules, b) the tilted packing structures of 1-decanol mol-
ecules, and c) the perpendicular packing structures of 1-tridecanol mole-
cules.
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angle q as shown in Figure 6a, we obtained values of 25, 27,
and 298 for decanol (N=10), tetradecanol (N=14), and do-
cosanol (N=22), respectively. Thus, the molecular-axes
angle between molecules on both sides of a dark trough
were 130, 126, and 1228 for decanol, tetradecanol, and doco-
sanol, respectively; these values gradually approach an ideal
value of 1208 for the substrate geometry (from an optimized
angle for hydrogen bonding of 1308) with increasing chain
length of the alkanol molecules. In fact, similar phenomena
were also found for the V-shaped lamellae of the alkanol
SAMs on HOPG surfaces,[25] in which the angles between
the molecular axes were 134, 132, and 1308 for decanol, do-
decanol, and tetradecanol, respectively.


A previous study on the self-assembly of a mixture of tria-
contanol and triacontane (N=30) on HOPG surfaces re-
vealed that domains of both the alkane and the alkanol
SAMs were formed and coexisted on the graphite surfa-
ces.[24] This may indicate that triacontanol behaves similarly
to triacontane on HOPG surfaces, with a comparable net
bonding strength when both the adsorbate–adsorbate inter-
actions and adsorbate–substrate interactions are taken into
consideration. Therefore, it is reasonable to expect that
long-chain alkanol SAMs may adopt the structures of
alkane SAMs. Recalling that the tilted lamellar structure is
typical for alkane SAMs, a strong adsorbate–substrate inter-
action may make the tilted lamellar structure favorable,
transforming the herringbone-like to a tilted structure. A
similar transformation was also observed for octadecana-
mide on graphite and MoS2 surfaces through rotation about
the C�C bond adjacent to the amide group.[28]


Experiments carried out measuring the surface excess
mass of hydrocarbons on graphite provided further support
for the theory that alkanol SAMs exhibit more characteris-
tics of the aliphatic chains when N>18.[29] Findenegg found
that for N<18 an alkanol molecule possesses a higher sur-
face excess mass than an alkane of the same chain length.
The additional stabilization of the alkanols arises from the
hydrogen-bonding interactions formed between OH groups
of neighboring molecules. When the number of carbon
atoms was 18 or greater, the surface excess mass of alkanol
was found to be the same as that of an alkane molecule of
the same chain length. Therefore, alkanols are more like al-
kanes in SAM formations in which N�18.


It is worthwhile emphasizing the difference between even
alkane SAMs and the even alkanols. While both tilted and
perpendicular structures can be seen, the herringbone-like
structures are rarely observed in SAMs of even alkanes on
reconstructed AuACHTUNGTRENNUNG(111) surfaces. On the other hand, while
herringbone-like structures dominate in short-chain alka-
nols, which may transform to tilted structures with an in-
crease of the carbon-chain length, perpendicular structures
are rarely observed for even alkanols. Furthermore, the
tilted structures of alkanols differ from those of alkanes.
While the alkanol molecules align along the [11̄0] direction,
the alkane molecules allign along the [1̄01] direction. These
differences must be related to a subtle balance between the
adsorbate–substrate and adsorbate–adsorbate interactions,


in which hydrogen bonding plays an additional and critical
role in alkanol SAMs.


For the odd alkanols, the typical structure observed is the
perpendicular structure, in which the molecular axes are per-
pendicular to lamellar troughs and the molecules in adjacent
lamellae are staggered by half of the molecular width (see
Figure 1c, e, h, and Figure 2c). When perpendicular struc-
tures were formed, the lamellar troughs were always found
to lie along the h112i directions, which are the next nearest
neighboring (NNN) directions, and the molecular axes were
always oriented in the h110i directions, which are the near-
est neighboring (NN) directions. This is the same result as
that observed in SAMs of odd alkanes on AuACHTUNGTRENNUNG(111) surfa-
ces.[19,22] Hence, as pointed out by Uosaki and co-workers
and Zhang et al. , the perpendicular structures are deter-
mined by the directions of the terminal CH3 groups of the
odd-numbered carbon chains.[19, 22]


As expected, hydrogen bonding also affects the detailed
lamellar structures. By careful investigation of the high-reso-
lution STM images of 1-tridecanol (N=13) (Figure 2c), we
found that molecules between two adjacent lamellae di-
verged from parallel directions. The measured angle of the
molecular long axes between two adjacent lamellae is about
1738. This value may be compared to the straight angle
found in SAMs of n-tridecane and other odd alkanes.[19, 22]


Such a divergence in molecular orientation is attributed to
the hydrogen-bonding effect, in which tridecanol molecules
rotate slightly to achieve better hydrogen-bonding interac-
tions. With an increase of the carbon-chain length, alkanol
molecules should be gradually restricted in the gold-atom
troughs to maximize adsorbate–substrate bonding. In fact,
nonadecanol molecules (N=19) between two adjacent la-
mellae in Figure 1h are found to be in a close parallel con-
figuration.


Self-assembly of alkanol molecules on unreconstructed Au-
ACHTUNGTRENNUNG(111) surfaces : It was found that normal alkanes can only
self-assemble on unreconstructed AuACHTUNGTRENNUNG(111) surfaces with the
help of an external force, such as an electric field, at room
temperature.[22] For normal alkanols, however, SAMs are
formed on unreconstructed AuACHTUNGTRENNUNG(111) surfaces, as shown in
Figure 6. No reconstructed ridges can be found in the STM
images, in which a, b, and c clearly show SAMs of 1-dodeca-
nol, 1-octadecanol, and 1-docosanol, respectively. The geo-
metric parameters for the unit cell of SAMs on the unrecon-
structed AuACHTUNGTRENNUNG(111) surfaces were found to be very similar to
those on reconstructed surfaces.


As discussed in our previous papers,[22] the reconstructed
AuACHTUNGTRENNUNG(111) surfaces provide shortened gold troughs (with
about 0.48 nm in periodicity) along two directions. The
alkane molecules were found to only adsorb along these two
directions, in which SAMs gained maximum intermolecular
interactions by forming a commensurate structure. However,
for unreconstructed AuACHTUNGTRENNUNG(111) surfaces, the corresponding pe-
riodicity of gold troughs is about 0.50 nm in all three direc-
tions, making a commensurate structure unachievable. As a
result, the alkane molecules do not form SAMs on unrecon-
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structed AuACHTUNGTRENNUNG(111) surfaces without the help of any other ex-
ternal force to re-establish the balance between the adsor-
bate–adsorbate and adsorbate–substrate interactions. In
comparison to alkane molecules, alkanol molecules increase
the adsorbate–adsorbate interactions significantly in the
self-assembled monolayers by forming hydrogen-bonded
chains. We believe that it is this additional hydrogen bond-
ing that allows the formation of SAMs of alkanols on unrec-
onstructed AuACHTUNGTRENNUNG(111) surfaces (see Figure 7)


Conclusion


A systematic study of self-assembled monolayers of alkanol
molecules with different chain lengths (from 1-decanol to 1-
triacontanol, 1-CNH2N+1OH, N=10–30) on Au ACHTUNGTRENNUNG(111) surfaces
has been performed. The main conclusions are:


1) Normal alkanols form well-ordered monolayers with the
carbon-chain skeletons parallel to the Au ACHTUNGTRENNUNG(111) surfaces.
This result is different from an earlier report, which
claimed that 1-decanol molecules stood on their ends
with the OH polar groups facing the gold substrate.


2) Being different from the self-assemblies of normal alka-
nes, normal alkanols can form self-assembled monolayers
either on reconstructed or unreconstructed AuACHTUNGTRENNUNG(111) sur-
faces. Hydrogen-bonding interactions in alkanols provide
extra bonding features, so that the even alkanol mole-
cules allign along the [11̄0] direction, while the even
alkane molecules allign along the [1̄01] direction.


3) At room temperature (ca. 25 8C), the packing structures
for SAMs of odd and even alkanols are different. For
even alkanols, SAMs assume a herringbone-like struc-
ture for N<18 and may transform to a tilted structure
for N�18. For odd alkanols, the perpendicular structure
is the most typical structure.


Experimental Section


Reconstructed Au ACHTUNGTRENNUNG(111) surfaces of a single-crystalline bead fixed on a
Au sheet were prepared by ClavilierRs method,[30] followed by careful an-
nealing in a hydrogen flame. 1-Tridecanol (1-C13H27OH, Lancaster,
98%), 1-tetradecanol (1-C14H29OH, Acros, 99%), 1-pentadecanol (1-
C15H31OH, Acros, 99%), 1-hexadecanol (1-C16H33OH, Avocado, 99%),
1-octadecanol (1-C18H37OH, TCI, 99%), 1-nonadecanol (1-C19H39OH,
Aldrich, 99%), 1-eicosanol (1-C20H41OH, Acros, 98%), 1-docosanol (1-
C22H45OH, Sigma, 99%), and 1-triacontanol (1-C30H61OH, Sigma, 99%)
were dissolved in n-tetradecane (n-C14H30, Fluka, 99%) to produce satu-
rated solutions at room temperature. For 1-decanol (1-C10H21OH, Avoca-
do, 99%) and 1-dodecanol (1-C12H25OH, Fluka, 99.5%), we used the
neat liquid directly. All of these chemicals were used without further pu-
rification. After putting a droplet of the alkanol solution or the alkanol
neat liquid on a freshly annealed Au ACHTUNGTRENNUNG(111) surface, a mechanically sharp-
ened Pt/Ir tip was immersed in the solution to enable STM analysis
(Nanoscope IIIa, Digital Instrument) at room temperature. Typically a
100 mV bias voltage and 1.0 nA tunneling current were used for record-
ing images.
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Supported Absorption of CO2 by Tetrabutylphosphonium
Amino Acid Ionic Liquids


Jianmin Zhang,[a, b] Suojiang Zhang,*[a] Kun Dong,[a] Yanqiang Zhang,[a]


Youqing Shen,[b] and Xingmei Lv[a]


Introduction


In view of sustainable development and green chemistry, in-
vestigation of efficient methods for capturing CO2 from flue
gas, produced by combustion of fossil fuels in which CO2


concentration varies from 3 to 14%, is significant as it con-
cerns both the conversion of CO2 as C1 feedstocks into in-
dustrially useful compounds and environmental issues, such
as the reduction of the greenhouse effect. During the past
two decades, the chemical fixation and conversion of CO2


have been attracting increasing interest. One of the most
widely utilized processes for CO2 recovery is chemical ab-
sorption of CO2 by aqueous amines to form carbamates.[1–6]


However, this process has many disadvantages: 1) The
uptake of water into the gas stream requires an additional
drying process. 2) The loss of volatile amines and the evapo-


ration of water make the process energy and cost intensive.
3) The desorption of CO2 by heating causes serious corro-
sion and other operational difficulties.
Ionic liquids are novel media composed of ions. The negli-


gible volatility of these liquids results in a noncontaminated
target gas, making them especially attractive for the absorp-
tion of gases. For example, Brennecke and co-workers stud-
ied CO2 solubility in imidazolium-based ionic liquids[7–9]


under high pressures. The high CO2 solubility of ionic liq-
uids when compared to methane provides them with the po-
tential to be utilized in the separation of CO2 from natural
gas. The interaction between CO2 and imidazolium-type
ionic liquids, attributed to the activity of H-2 in the imidazo-
lium ring, accounts for its higher solubility of CO2.


[10–11] Due
to the unique “self-designable” character of ionic liquids, al-
kaline groups, such as -NH2, can be attached to ionic liquids
to give a zwitterion after absorption of CO2.


[12] This kind of
“task specific ionic liquid” can help to overcome the limita-
tions of aqueous amine. As another kind of useful adsorb-
ent, the amidine structure was applied in the reversible ab-
sorption of CO2.


[13] The absorption of CO2 can transform the
substances that contain an amine group from molecular
compounds to inner zwitterions.
Amino acids have been used as both anions and cations in


ionic liquids. Shan and co-workers[14] reacted amino acids
(AA) with equimolar amounts of H2SO4 and obtained
[AAH]ACHTUNGTRENNUNG[HSO4]-type ionic liquids. If the amount of H2SO4


Abstract: A new type of “task specific
ionic liquid”, tetrabutylphosphonium
amino acid [P(C4)4][AA], was synthe-
sized by the reaction of tetrabutylphos-
phonium hydroxide [P(C4)4][OH] with
amino acids, including glycine, l-ala-
nine, l-b-alanine, l-serine, and l-lysine.
The liquids produced were character-
ized by NMR, IR spectroscopies, and
elemental analysis, and their thermal
decomposition temperature, glass tran-


sition temperature, electrical conduc-
tivity, density, and viscosity were re-
corded in detail. The [P(C4)4][AA] sup-
ported on porous silica gel effected fast
and reversible CO2 absorption when
compared with bubbling CO2 into the


bulk of the ionic liquid. No changes in
absorption capacity and kinetics were
found after four cycles of absorption/
desorption. The CO2 absorption capaci-
ty at equilibrium was 50 mol% of the
ionic liquids. In the presence of water
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absorption mechanisms of the ionic liq-
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was decreased by a half, [AAH]2ACHTUNGTRENNUNG[SO4]-type ionic liquids
were obtained. This type of ionic liquid can not effectively
absorb CO2. Recently, ionic liquids with amino acids as
anions were synthesized by neutralization between [emim]
[OH] and amino acids.[16] Optimistically, the H+ in the new
ionic liquid have been removed, resulting in an active -NH2


group, which would be promising for CO2 absorption.
Phosphonium [PR1R2R3R4]+ is another type of cation


used for room temperature ionic liquids (RTILs).[17–21] Phos-
phonium is more stable in a basic environment at high tem-
peratures than nitrogen-containing cations, such as imidazo-
lium.[22] In this work, a series of phosphonium ionic liquids
with amino acids as anions [P(C4)4][AA] were synthesized.
The ionic liquids were further supported on porous silica gel
and their CO2 absorption was investigated. The rates of CO2


absorption of the supported ionic liquids were much higher
than those of the viscous ionic liquids themselves.


Results and Discussion


The glass transition temperature and melting point are im-
portant physical properties of ionic liquids, and are deter-
mined by structural features of the anion and cation, such as
hydrogen bonding, dipoles, and the distance between them.
From Table 1, it can be seen that there is an order of
Tg,[P(C4)4][Ser]>Tg,[P(C4)4][Lys]>Tg,[P(C4)4][Gly]>Tg,[P(C4)4][Ala]>


Tg,[P(C4)4][b-Ala] . It is the distance between the anion and cation
that plays the most important role in the order of [P(C4)4]-
ACHTUNGTRENNUNG[Gly]> [P(C4)4]ACHTUNGTRENNUNG[Ala]> [P(C4)4]ACHTUNGTRENNUNG[b-Ala]. A shorter distance
between the anion and cation leads to a higher attracting
ability and a higher glass transition temperature. In the
structure of [P(C4)4]ACHTUNGTRENNUNG[Ser], there is one additional OH com-
pared to [P(C4)4] ACHTUNGTRENNUNG[Ala]; therefore, it can be surmised that the
additional hydrogen bond contributed to its higher glass
transition temperature. This is in accord with Tg,[emim][Ser]>


Tg,[emim][Ala] , reported earlier.[16] As for [P(C4)4] ACHTUNGTRENNUNG[Lys], there
are two -NH2 groups in its anion structure. Although [Lys]�


is a larger anion compared to other amino acid anions, the
hydrogen bond plays an important role in determining its
melting point. The fact that all the glass transition tempera-
tures of the phosphonium amino acids are lower than the
[emim][AA]-type maybe due to the larger volume of the
phosphonium cations.
From Table 1 it can be seen that the density of phosphoni-


um amino acids follows a similar order to the glass transi-
tion temperature, that is, 1[P(C4)4][Ser]>1[P(C4)4][Lys]>1[P(C4)4]


[Gly]>1[P(C4)4][b-Ala]>1[P(C4)4][Ala] , suggesting that the micro in-


teraction is determined by the same mechanism. The viscosi-
ty of the ionic liquids is strongly affected by the side alkyl
chains of the amino acids anions. The anions with more
complex structures, such as [Lys]� and [Ser]� , have a greater
viscosity. The electric conductivity is determined by viscosi-
ty. The larger the viscosity, the smaller the electric conduc-
tivity.
The absorption of CO2 by [P(C4)4]ACHTUNGTRENNUNG[b-Ala]-SiO2, [P(C4)4]-


ACHTUNGTRENNUNG[Gly]-SiO2, and [P(C4)4]ACHTUNGTRENNUNG[Ala]-SiO2 were investigated and the
results are presented in Figure 1. This data suggests that the


absorption equilibriums can all be reached in less than
100 min. The absorbed CO2 was released in a vacuum at
room temperature over several hours. Due to the large sur-
face area of silica gel (approximately 500 m2g�1), the ab-
sorption rate of CO2 was significantly increased. Four cycles
of absorption/desorption were repeated and no changes in
the absorption capacity or the rates were observed. Accord-
ing to the mechanism proposed by James,[12] one mol of
NH2- can absorb half one mol of CO2. In Figure 1, the great-
er than one half mol absorption of CO2 may be a result of
physical absorption. We also observed that the mass of the
sample of [P(C4)4][AA]-SiO2 saturated by CO2 slightly but
continuously decreased at room temperature and atmos-
pheric pressure.
The IR spectra of [P(C4)4]ACHTUNGTRENNUNG[b-Ala], [P(C4)4]ACHTUNGTRENNUNG[Gly], and


[P(C4)4]ACHTUNGTRENNUNG[Ala] contain only one peak at approximately ñ=


1600 cm�1, corresponding to the CO2
� group in the AA


anion structure (Figure 2). Upon exposure to CO2, a new
peak appeared at approximately ñ=1660 cm�1, correspond-
ing to the formation of a new CO2H group (Figure 3). The -


NH- absorption peak was over-
lapped with that of SiO2 at ñ=
3300 cm�1. Thus, pure [P(C4)4]-
ACHTUNGTRENNUNG[b-Ala] was characterized by IR
before and after absorption of
CO2 to increase the clarity of
the peak change from NH2- to -
NH-. In addition, there was a
new peak at ñ=1697 cm�1


Table 1. Properties of the phosphonium amino acid ionic liquids.


[P(C4)4] ACHTUNGTRENNUNG[Lys] [P(C4)4] ACHTUNGTRENNUNG[Ser] [P(C4)4] ACHTUNGTRENNUNG[Gly] [P(C4)4] ACHTUNGTRENNUNG[Ala] [P(C4)4] ACHTUNGTRENNUNG[b-Ala]


Tg [K] 208.01 211.70 198.33 197.66 196.14
Td-N2 [K] 498 493 473 475 476
1 [g cm�3] 0.9730 0.9910 0.9630 0.9500 0.9590
h [mPas] 744.71 734.20 232.85 226.69 244.71
s [10�4 s cm�1] 1.04 1.68 4.85 4.18 4.04


Figure 1. Cycles of CO2 absorption of [P(C4)4][AA]-SiO2. &= [P(C4)4]-
ACHTUNGTRENNUNG[Gly]-SiO2, *= [P(C4)4] ACHTUNGTRENNUNG[Ala]-SiO2, and ~= [P(C4)4] ACHTUNGTRENNUNG[b-Ala]-SiO2.
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(Figure 4) and a N�H stretch at ñ=3234 cm�1 after absorp-
tion of CO2, but the peak at ñ=3359 cm�1 disappeared, indi-
cating that this N�H bond may react with a CO2 molecule.
In addition, as the resonance of CO2


� in the amino acid
anion of the above three ionic liquids is at approximately


d=157 ppm in the 13C NMR spectrum (400 MHz, DMSO),
a new resonance for CO2H does not appear. However, the
peak area at d=157 ppm increases in size after absorption
of CO2.
Absorption of CO2 by using these ionic liquids with a


small amount of water (1%, mass fraction) was also investi-
gated. The viscosity was low and the liquid was stirred with
greater ease at the beginning of the absorption, but the vis-
cosity gradually increased and finally became very high and
the transparent liquid became cloudy. In Figure 5, it can be


seen that [P(C4)4]ACHTUNGTRENNUNG[Gly] with water can absorb almost
13 wt% of CO2, which is close to the theoretical absorption
capacity (13.52%, based on a 1:1 mol ratio between the
ionic liquid and CO2), in 200 mins. If more water is added,
the ionic liquid saturated with CO2 separates into a solid
phase and a liquid phase. The residue liquid finally ob-
tained, after drying in vacuum at 353.15 K for 12 h, is more
viscous than pure [P(C4)4]ACHTUNGTRENNUNG[Gly]. There was even trace of a
white powder at the bottom of the glass container. As can
be seen in Figure 6, the IR spectrum of CO2 saturated
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1


2


3


Figure 2. IR spectrum of ionic liquids supported on porous SiO2 before
absorption of CO2. 1) [P(C4)4] ACHTUNGTRENNUNG[Ala]-SiO2, 2) [P(C4)4] ACHTUNGTRENNUNG[Gly]-SiO2, and 3)
[P(C4)4] ACHTUNGTRENNUNG[b-Ala]-SiO2.
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Figure 3. IR spectrum of ionic liquids supported on porous SiO2 after ab-
sorption of CO2. 1) [P(C4)4] ACHTUNGTRENNUNG[Ala]-SiO2, 2) [P(C4)4] ACHTUNGTRENNUNG[Gly]-SiO2, and 3)
[P(C4)4] ACHTUNGTRENNUNG[b-Ala]-SiO2.
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Figure 4. IR spectra of [P(C4)4] ACHTUNGTRENNUNG[b-Ala] a) before and b) after absorption
of CO2.


Figure 5. CO2 absorption of [P(C4)4] ACHTUNGTRENNUNG[Gly] with water (1% mass fraction).
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Figure 6. IR spectrum of [P(C4)4] ACHTUNGTRENNUNG[Gly] after absorption of CO2 a) with
and b) without water.
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[P(C4)4]ACHTUNGTRENNUNG[Gly] (with small amount of water) does not contain
a peak at approximately 1690 cm�1, suggesting that the ab-
sorption mechanism is different. In the 13C NMR (400 MHz,
DMSO) spectrum of [P(C4)4]ACHTUNGTRENNUNG[Gly] (with small amount of
water) after absorption, there is a new resonance at d=


175.422 (markedly peaked, greater area) and 171.468 ppm
(small peak and area), representing [HCO3]


� and [CO3]
2�,


respectively, in addition to the resonance at d=


157.588 ppm, corresponding to the original CO2
� group in


the amino acid anion.
As for the micro absorption mechanism, it may be compli-


cated with or without water. Possible mechanisms for the
absorption processes for which the ionic liquids do not con-
tain water are shown in Schemes 1 and 2. In the first mecha-
nism (Scheme 1), CO2 attacks the free electron pair of the N
atom on the -NH2 group and forms a hydrogen bond O�


H···N with the NH2 group of another AA� . A second possi-
bility is that one of the H atoms in the NH2 group is taken
as a proton by the original CO2


� to form a new CO2H group
(Scheme 2).


A different mechanism is proposed for absorption proc-
esses that used ionic liquids containing a small amount of
water (Scheme 3, this mechanism is the same as that for the


absorption of CO2 by aqueous amines). When this mixture,
saturated with CO2, is heated in vacuum, another reaction
may occur (Scheme 4) in which 2 ACHTUNGTRENNUNG[HCO3]


� decomposes into
1H2O, 1CO2, and [CO3]


2�, possibly forming [P(C4)4]2ACHTUNGTRENNUNG[CO3].


Conclusion


[P(C4)4]ACHTUNGTRENNUNG[Ser], [P(C4)4]ACHTUNGTRENNUNG[Gly], [P(C4)4]ACHTUNGTRENNUNG[Ala], [P(C4)4] ACHTUNGTRENNUNG[b-Ala],
and [P(C4)4]ACHTUNGTRENNUNG[Lys] were synthesized from [P(C4)4][Br] and
the corresponding amino acids by the use of anion exchange
resin and neutralization. The CO2 absorption of the ionic
liquids supported on porous SiO2 is fast and reversible with
a capacity of 1CO2/2 [P(C4)4][AA]. The proposed mecha-
nism suggests that a CO2 molecule attacks the N atom of
the NH2 group and results in -NHCO2


� formation, during
which one H atom leaves and forms a new CO2H with the
NHCO2


� or the original CO2
� in the amino acid anion. The


CO2H group formed a hydrogen bond with the electron pair
of NH2 in another amino acid anion for which the N atom
was inert to reaction with CO2. In the presence of water
(1%, mass), the [P(C4)4][AA] can absorb an equimolar
amount of CO2 by a different mechanism.


Experimental Section


Glycine, l-serine, l-alanine, l-b-alanine, l-lysine, ethanol, and anion ex-
change resin �711(Cl) were of analytical grade and were produced by
the Beijing Chemical Reagent Plant. Tetrabutylphosphonium bromide
solution was provided by CYTEC CANADA INC. All aqueous solutions
were prepared with deionized water. Anion exchange resin-711(Cl) was
pretreated by hydrochloric acid (2m) before use. Then, this resin was
transformed from Cl-type into OH-type by passing NaOH solution (5m,
10 mLmin�1) through the resin column (l=100 cm, r=3 cm) until Cl�


could not be detected with AgNO3/HNO3 solution. As the anion ex-
change resin (OH) is not stable at temperatures higher than 313.15 K,
NaOH solution must be used after it is cooled. Excessive NaOH solution
was washed by deionic water. Tetrabutylphosphoium bromide solution
was diluted (2m) and then transformed into tetrabutylphosphoium hy-
droxy solution, which was concentrated through rotation evaporation at
323.15 K (pure tetrabutylphosphoium hydroxy is not stable and its color
may change from colorless to black after several days). The concentra-
tion of OH� was determined by titration with HCl solution. Then, the
tetrabutylphosphoium hydroxy solution reacted with a slight excess of
amino acid (without further purification) solution through neutralization
at room temperature for 24 h. After being dried at 323.15 K under
vacuum, ethanol was added to the residue and the solution was agitated
completely so that the excess amino acids were deposited. After filtra-
tion, the ethanol was removed by evaporation. The liquid product ob-
tained was dried at 373.15 K under vacuum for 2 d. 1H NMR, 13C, 31P, and
IR spectroscopies were performed to determine the structure of the
phosphonium amino acids. Due to the activity of the hydrogen atoms in -
NH2, its peak could not be easily observed by 1H NMR spectroscopy;
however, IR spectroscopic data indicated the existence of -NH2. Further
elemental analysis of C, H, N, and P (Elementar Vario EL, Germany) in-
dicated that the elemental ratio of phosphonium amino acids agrees well
with their predicted structure. Differential Scanning Calorimetry (DSC
2010, Thermal Analysis, USA) and TG-DTA (Netzsch STA 449, Germa-
ny) were performed to determine the melting points (glass transition
temperature) and the decomposition temperature.


[P(C4)4] ACHTUNGTRENNUNG[Gly]: 1H NMR (400 MHz, DMSO, 25 8C, TMS): d=0.92 (t, J=
8.0 Hz, 12H; CH3), 1.34–1.52 (m, 16H; (CH2)2), 2.13–2.23 (m, 8H; P-
CH2), 2.64 ppm (s, 2H; N-CH2-CO2);


13C NMR (400 MHz, DMSO,


Scheme 1. First proposed absorption mechanism between [P(C4)4] ACHTUNGTRENNUNG[b-Ala]
and CO2.


Scheme 2. Second proposed absorption mechanism between [P(C4)4]-
[b-Ala] and CO2.


Scheme 3. Proposed absorption mechanism between [P(C4)4] ACHTUNGTRENNUNG[Gly]-H2O
and CO2.


Scheme 4. Proposed CO2-desorption mechanism of [HCO3][P(C4)4].
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25 8C): d=175.7, 46.9, 23.9, 23.2, 18.0, 17.5, 13.8 ppm; 31P NMR
(400 MHz, DMSO, 25 8C): d=33.88 ppm; IR (KBr): ñ=3354, 3276, 3182,
2958, 2931, 2873, 1577, 1465, 1409, 1379, 1341, 1312, 1290, 1237, 1099,
1051, 1037, 1006, 969, 918, 907, 871, 825, 750, 723, 650, 592 cm�1; elemen-
tal analysis (%) calcd for: C 64.77, H 11.99, N 4.2, P 9.29; found: C
63.92, H 11.85, N 4.1, P 9.18.


[P(C4)4] ACHTUNGTRENNUNG[Ala]: 1H NMR (400 MHz, DMSO, 25 8C, TMS): d=0.92 (t, J=
8.0 Hz, 12H; CH3-C3-P), 0.99 (d, J=4.0 Hz, 3H; CH3-C-N), 1.32–1.52 (m,
16H; (CH2)2), 2.12–2.27 (m, 8H; P-CH2), 2.78 ppm (q, J=10 Hz, 1H;
CH); 13C NMR (400 MHz, DMSO, 25 8C): d=177.3, 52.3, 23.8, 23.2, 18.0,
17.5, 13.9 ppm; 31P NMR (400 MHz, DMSO, 25 8C): d=33.92 ppm; IR
(KBr): ñ=3353, 3278, 2958, 2932, 2873, 1591, 1465, 1382, 1346, 1315,
1234, 1099, 1072, 1006, 969, 921, 908, 828, 772, 723, 646, 528 cm�1; ele-
mental analysis (%) calcd for: C 65.61, H 12.09, N 4.03, P 8.91; found
(%): C 65.45, H 12.11, N 4.02, P 8.89.


[P(C4)4] ACHTUNGTRENNUNG[Ser]: 1H NMR (400 MHz, DMSO, 25 8C, TMS): d=0.92 (t, J=
8.0 Hz, 12H; CH3), 1.30–1.60 (m, 16H; (CH2)2), 2.12–2.26 (m, 8H; CH2-
P), 2.78 (q, J=8.0 Hz, H; CH-O), 3.14 (t, J=12 Hz, H; CH-N), 3.26 ppm
(q, J=4.0 Hz, H; CH-O); 13C NMR (400 MHz, DMSO, 25 8C): d=177.1,
66.4, 55.5, 23.9, 17.7, 13.9 ppm; 31P NMR (400 MHz, DMSO, 25 8C): d=
33.85 ppm; IR (KBr): ñ=3354, 3187, 2959, 2932, 2873, 1600, 1465, 1384,
1318, 1233, 1202, 1099, 1046, 1006, 969, 920, 909, 841, 766, 723, 559 cm�1;
elemental analysis (%) calcd for: C 62.72, H 11.55, N 3.85, P 8.52; found:
C 62.60, H 11.58, N 3.84, P 8.51.


[P(C4)4] ACHTUNGTRENNUNG[b-Ala]: 1H NMR (400 MHz, DMSO, 25 8C, TMS): d=0.91 (t,
J=8.0 Hz, 12H; CH3), 1.35–1.60 (m, 16H; (CH2)2), 1.86 (t, J=8.0 Hz,
2H; CH2-CO2), 2.15–2.30 (m, 8H; CH2-P), 2.52 ppm (t, J=8.0 Hz, 2H;
CH2-N);


13C NMR (400 MHz, DMSO, 25 8C): d=175.4, 42.5, 23.7, 17.6,
13.6 ppm; 31P NMR (400 MHz, DMSO, 25 8C): d=33.83 ppm; IR (KBr):
ñ=3354, 3277, 3184, 2958, 2932, 2873, 1578, 1465, 1409, 1379, 1341, 1311,
1290, 1237, 1142, 1099, 1051, 1037, 1006, 969, 918, 907, 871, 825, 750, 723,
592 cm�1; elemental analysis (%) calcd for: C 65.61, H 12.09, N 4.03, P
8.91; found: C 65.58, H 12.10, N 4.02, P 8.90.


[P(C4)4] ACHTUNGTRENNUNG[Lys]: 1H NMR (400 MHz, DMSO, 25 8C, TMS): d=0.92 (m, J=
8.0 Hz, 12H; CH3), 1.12–1.32 (m, 6H; CH2CH2CH2-N), 1.35–1.55 (m,
16H; CH2CH2-C-P), 2.13–2.24 (m, 8H; CH2-P), 2.48 ppm (d, J=8.0 Hz,
2H; CH-N), 2.69 (t, J=8.0 Hz, 1H; CH-CO2);


13C NMR (400 MHz,
DMSO, 25 8C): d=177.8, 56.9, 42.4, 36.9, 34.4, 24.0, 23.2, 17.8, 13.9 ppm;
31P NMR (400 MHz, DMSO, 25 8C): d=33.92 ppm; IR (KBr): ñ=3357,
3275, 3184, 2958, 2931, 2872, 1590, 1465, 1381, 1317, 1238, 1209, 1099,
1051, 1005, 969, 919, 908, 820, 725, 549 cm�1; elemental analysis (%)
calcd for: C 65.3, H 12.23, N 3.46, P 7.65; found: C 65.1, H 12.23, N 3.45,
P 7.64.


Densities of pure ionic liquids were determined by using a pycnometer,
calibrated by water. The uncertainty of the densities was estimated
<0.0001 gcm�3. Dynamic viscosities were measured by an Ubbelohde
viscometer, which was calibrated against the efflux time of a standard vis-
cosity liquid 13609 (293.15 K, n=1094.8 mm2s�1, h=1065.9 mPas) pro-
duced by Chinese National Standard Research Centre. The uncertainty
of the dynamic viscosities was estimated to be <0.1%. The electric con-
ductivity was determined by an electric conductivity meter (DDS-307,
Shanghai Leici Company) with a conductivity electrode (DJS-1C, Shang-
hai Jingke Company). The uncertainty of the electric conductivities was
estimated to be �0.1%. The constant-temperature water bath for densi-
ty, viscosity, and electric conductivity measurements was controlled by a
special temperature controller and the temperature was determined by
accurate mercury thermometers with an accuracy of �0.1 K.


Experiments were performed by using ultra high purity CO2 (purity of
99.995%) purchased from Beijing Analytical Instrument Factory. [P(C4)4]
[AA] was placed in a special glass container and agitated with a magnetic
bar at room temperature. CO2, dried by P2O5, was then let into the con-
tainer by PTFE pipeline at atmospheric pressure. Parafilm was used to
prevent the humid atmosphere from entering the system. The viscosity of
the [P(C4)4][AA] increases markedly as CO2 absorption increases,
making the agitation difficult, and eventually the diffusion of CO2 be-
comes so slow that the absorption equilibrium is hard to reach.


To enhance the absorption rate, [P(C4)4][AA] was loaded on the porous
silica gel (SiO2, Qingdao Silica Gel Factory) by the dipping method. The


porous silica gel was pretreated at 773.15 K for two hours. [P(C4)4][AA]
was then dissolved in ethanol and mixed with the above silica gel in a
mol ratio of 1:8, followed by evaporation of the ethanol at 343.15 K. The
silica gel sample containing [P(C4)4][AA] was then further dried at
353.15 K in a vacuum for 48 h. Similar equipment was used to investigate
the absorption behavior of [P(C4)4][AA] supported on porous silica gel.
After a selected amount of time, the amount of CO2 absorbed was deter-
mined by an Analytical Balance within an accuracy of �0.0001 g. As
silica gel is porous and has a large surface area, it is necessary to distin-
guish the physical absorption from chemical absorption. The mass of the
sample with [P(C4)4][AA] supported on silica gel after absorption equili-
brium of CO2 decreased when it was placed in a dry atmosphere at room
temperature. When its mass appeared constant, the loss of mass, regarded
as the amount of CO2 physically adsorbed, was determined. The residue
CO2 was considered as chemisorption. Absorption/desorption was deter-
mined by several cycles of repeated experiments. The IR spectra of
[P(C4)4] ACHTUNGTRENNUNG[b-Ala]-SiO2, [P(C4)4]ACHTUNGTRENNUNG[Gly]-SiO2, and [P(C4)4] ACHTUNGTRENNUNG[Ala]-SiO2 were
taken after absorption to help determine the detailed mechanism of the
absorption. Unfortunately, the peak of SiO2 at approximately ñ=


3300 cm�1 overlaps with the peak of -NH2, therefore the IR spectrum of
[P(C4)4] ACHTUNGTRENNUNG[b-Ala] without SiO2 carrier before and after absorption of CO2


was taken to provide auxiliary information. [P(C4)4] ACHTUNGTRENNUNG[Gly] with water was
also investigated and its IR spectrum was taken after absorption of CO2.


Acknowledgements


This research was supported by National Natural Scientific Funding of
China (No. 20436050) and CAS K. C. Wong Postdoctoral Research
Award Funding.


[1] M. George, R. G. Weiss, J. Am. Chem. Soc. 2001, 123, 10393–10394.
[2] E. F. da Silva, H. F. Svendsen, Ind. Eng. Chem. Res. 2004, 43, 3413–


3418.
[3] M. George, R. G. Weiss, Langmuir 2002, 18, 7124–7135.
[4] J Gabrielsen, M. L. Michelsen, E. H. Stenby, G. M. Kontogeorgis,


Ind. Eng. Chem. Res. 2005, 44, 3348–3354.
[5] D. Bonenfant, M. Mimeault, R. Hausler, Ind. Eng. Chem. Res. 2003,


42, 3179–3184.
[6] S. H. Park, K. B. Lee, J. C. Hyun, S. H. Kim, Ind. Eng. Chem. Res.


2002, 41, 1658–1665.
[7] J. L. Anthony, E. J. Maginn, J. F. Brennecke, J. Phys. Chem. B 2002,


106, 7315–7320.
[8] S. N. V.K. Aki, B. R. Mellein, E. M. Saurer, J. F. Brennecke, J. Phys.


Chem. B 2004, 108, 20355–20365.
[9] J. L. Anthony, J. L. Anderson, E. J. Maginn, J. F. Brennecke, J. Phys.


Chem. B 2005, 109, 6366–6374.
[10] C. Cadena, J. L. Anthony, J.K. Shah, T. I. Morrow, J. F. Brennecke,


E. J. Maginn, J. Am. Chem. Soc. 2004, 126, 5300–5308.
[11] J. B. Tang, W. L. Sun, H. D. Tang, M. Radosz, Y. Q. Shen, Macromo-


lecules 2005, 38, 2037–2039.
[12] E. D. Bates, R. D. Mayton, I. Ntai, J. H. Davis Jr., J. Am. Chem.


Soc. 2002, 124, 926–927.
[13] E. R. Perez, R. H. A. Santos, M. T. P. Gambardella, L. G. M. de Ma-


cedo, U. P. Rodrigues-Filho, J. C. Launay, D. W. Franco, J. Org.
Chem. 2004, 69, 8005–8011.


[14] Y. K. Shan, L. Y. Dai, S. R. Ye, M. Y. He, Preparation of [AA]2ACHTUNGTRENNUNG[SO4]
ionic liquids, CN 1383920, 2002.


[15] W. Z. Wu, B. X. Han, H. X. Gao, Z. M. Liu, T. Jiang, J. Huang,
Angew. Chem. 2004, 116, 2469–2471; Angew. Chem. Int. Ed. 2004,
43, 2415–2417.


[16] K. Fukumoto, M. Yoshizawa, H. Ohno, J. Am. Chem. Soc. 2005,
127, 2398–2399.


[17] R. X. Ren, A. Robertson, Preparation of Ionic Liquids, PCT Patent-
wo/03/051894, 2003.


[18] C. J. Bradaric, A. Downard, C. Kennedy, A. J. Robertson, Y. Zhou,
Green Chem. 2003, 5, 143–152.


Chem. Eur. J. 2006, 12, 4021 – 4026 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4025


FULL PAPERSupported Absorption of CO2



www.chemeurj.org





[19] N. Ito, S. Arzhantsev, M. Heitz, M. Maroncelli, J. Phys. Chem. B
2004, 108, 5771–5777.


[20] R. G. Evans, O. V. Klymenko, S. A. Saddoughi, C. Hardacre, R. G.
Compton, J. Phys. Chem. B 2004, 108, 7878–7886.


[21] R. E. Del Sesto, C. Corley, A. Robertson, J. S. Wilkes, J. Organomet.
Chem. 2005, 690, 2536–2542.


[22] M. O. Wolff, K. M. Alexander, G. Belder, Chim. Oggi 2000, 18, 29–
32.


Received: August 20, 2005
Revised: January 14, 2006


Published online: March 10, 2006


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4021 – 40264026


S. Zhang et al.



www.chemeurj.org






DOI: 10.1002/chem.200501230


Mechanistic Investigations of Imine Hydrogenation Catalyzed by Cationic
Iridium Complexes
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Introduction


Homogeneous catalytic hydrogenation of C=N bonds is gen-
erally considered a difficult process and remains relatively
underdeveloped and poorly understood when compared to
that of C=C and C=O functionalities.[1] In spite of this, great


industrial interest in imine hydrogenation has stimulated ex-
haustive empirical optimization of certain catalyst systems
to reach activities and selectivities suitable for large-scale
commercial application.[2]


The difficulties associated with hydrogenation of C=N
bonds have been discussed in detail.[1a] Poisoning of the cat-
alyst by hydrogenation products or hydrolysis byproducts
(amines) is the most serious drawback for such reactions
and greatly restricts the range of imines susceptible to ho-
mogeneous hydrogenation. In addition, characteristic fea-
tures of the substrates, such as their reluctance to coordinate
in an h2-(C=N) mode and insert into metal–hydride
bonds,[3,4] remain conceptual obstacles to achieving a mecha-
nistic rationalization that could guide the systematic devel-
opment of C=N hydrogenation catalysts. In this respect,
however, the recently emerged concept of ionic hydrogena-
tion is likely to play a decisive role.[5] Indeed, in contrast to
pioneering mechanistic rationalizations featuring concerted
C=N hydrogenation mechanisms extrapolated from those


Abstract: Complexes [IrH2ACHTUNGTRENNUNG(h
6-C6H6)-


ACHTUNGTRENNUNG(PiPr3)]BF4 (1) and [IrH2ACHTUNGTRENNUNG(NCMe)3-
ACHTUNGTRENNUNG(PiPr3)]BF4 (2) are catalyst precursors
for homogeneous hydrogenation of N-
benzylideneaniline under mild condi-
tions. Precursor 1 generates the resting
state [IrH2ACHTUNGTRENNUNG{h


5-ACHTUNGTRENNUNG(C6H5)NHCH2Ph}-
ACHTUNGTRENNUNG(PiPr3)]BF4 (3), while 2 gives rise to a
mixture of [IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-
kN,C} ACHTUNGTRENNUNG(NCMe)2ACHTUNGTRENNUNG(PiPr3)]BF4 (4) and
[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C} ACHTUNGTRENNUNG(NCMe)-
ACHTUNGTRENNUNG(NH2Ph) ACHTUNGTRENNUNG(PiPr3)]BF4 (5), in which the
aniline ligand is derived from hydroly-
sis of the imine. The less hindered ben-
zophenone imine forms the catalytical-
ly inactive, doubly cyclometalated com-
pound [Ir ACHTUNGTRENNUNG{HN=CPhACHTUNGTRENNUNG(C6H4)-kN,C}2-
ACHTUNGTRENNUNG(NH2CHPh2)ACHTUNGTRENNUNG(PiPr3)]BF4 (6). Hydroge-
nations with precursor 1 are fast and
their reaction profiles are strongly de-


pendent on solvent, concentrations,
and temperature. Significant induction
periods, minimized by addition of the
amine hydrogenation product, are com-
monly observed. The catalytic rate law
(THF) is rate = k[1] ACHTUNGTRENNUNG[PhN=


CHPh]p(H2). The results of selected
stoichiometric reactions of potential
catalytic intermediates exclude partici-
pation of the cyclometalated com-
pounds [IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-
kN,C}(S)2ACHTUNGTRENNUNG(PiPr3)]BF4 [S=acetonitrile
(4), [D6]acetone (7), [D4]methanol (8)]
in catalysis. Reactions between resting
state 3 and D2 reveal a selective se-


quence of deuterium incorporation into
the complex which is accelerated by
the amine product. Hydrogen bonding
among the components of the catalytic
reaction was examined by MP2 calcula-
tions on model compounds. The calcu-
lations allow formulation of an ionic,
outer-sphere, bifunctional hydrogena-
tion mechanism comprising 1) amine-
assisted oxidative addition of H2 to 3,
the result of which is equivalent to het-
erolytic splitting of dihydrogen, 2) re-
placement of a hydrogen-bonded
amine by imine, and 3) simultaneous
Hd+/Hd� transfer to the imine substrate
from the NH moiety of an arene-coor-
dinated amine ligand and the metal, re-
spectively.
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typical of alkene substrates,[1a,6] most of the recent results
and discussions coincide in mechanistic proposals of the
ionic type,[7] similar or related to those recognized in C=O
hydrogenation.[5,8] These ionic mechanisms operate through
elementary steps of proton and hydride transfer[9] and do
not require the coordination of the hydrogen-accepting sub-
strate to the catalyst metal center. Often, the feasibility of
such mechanisms relies on the presence in the catalysts of
ancillary ligands bearing acidic OH or NH groups, which fa-
cilitate proton transfer to the substrate.


In line with the aforementioned most recent proposals,
the present study concludes that the mechanism of N-benzyl-
ideneaniline hydrogenation with the cationic catalyst precur-
sor [IrH2ACHTUNGTRENNUNG(h


6-C6H6)ACHTUNGTRENNUNG(PiPr3)]BF4 (1) involves simultaneous
transfer of proton and hydride from the catalyst to the
imine. A distinctive feature of this system is that protons are
transferred to the substrate from the NH moiety of a coordi-
nated molecule of the amine hydrogenation product, so that
ancillary ligands bearing NH groups are not required. This
paper is followed by another describing a related mechanis-
tic investigation on catalysis of C=N hydrogenation by the
dinuclear complex [Ir2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-Pz)2H3ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(PiPr3)2].[10]


This second study also concludes a mechanism involving
proton and hydride transfer from the catalyst to the imine,
although in this case such elementary processes are consecu-
tive rather than simultaneous, and the proton source is an
acidic h2-H2 ligand instead of the coordinated amine prod-
uct. Together, these conclusions may contribute to assessing
the effectiveness of ionic imine hydrogenation and illustrate
different alternative pathways compatible with this type of
mechanism.


Results and Discussion


We reported that cationic dihydride iridium complexes of
the type [IrH2(S)3ACHTUNGTRENNUNG(PiPr3)]BF4 ((S)3=h6-arene or (NCMe)3)
are effective catalyst precursors for C=C and C�C hydroge-
nation.[11] These labile compounds were also recognized as
suitable for the spectroscopic observation of reactive species
formed under hydrogenation conditions, which facilitates
the mechanistic interpretation of their catalysis. This capa-
bility, together with their previously recognized activity in
catalytic C=N hydrogenation,[12] stimulated the present
mechanistic study. Complexes [IrH2ACHTUNGTRENNUNG(h


6-C6H6) ACHTUNGTRENNUNG(PiPr3)]BF4 (1)
and [IrH2ACHTUNGTRENNUNG(NCMe)3ACHTUNGTRENNUNG(PiPr3)]BF4 (2) were chosen as catalyst
precursors for the hydrogenation of N-benzylideneaniline
(PhN=CHPh), an imine typically involved in catalyst devel-
opment studies due to its resemblance to industrially inter-
esting N-aryl-substituted imines, its moderate resistance to
hydrolysis, and its relatively hindered nitrogen atom, which
minimizes possible catalyst poisoning by the amine.


Catalyst resting states : Compounds 1 and 2 are closely relat-
ed, and 2 can be readily obtained from 1 by substitution of
the benzene ligand with an excess of acetonitrile. Accord-
ingly, both compounds were found to catalyze the homoge-


neous hydrogenation of N-benzylideneaniline under mild
conditions, although at noticeably different reaction rates
(Figure 1).


A possible explanation for this difference was straightfor-
wardly inferred from the NMR spectra of these precursor
complexes in CDCl3 under conditions similar to those of cat-
alysis, which evidence their transformation into different
major species [Eq. (1)]. Thus, solutions obtained from 1 con-
tained a sole observable iridium complex, namely, [IrH2-
ACHTUNGTRENNUNG{h5-ACHTUNGTRENNUNG(C6H5)NHCH2Ph} ACHTUNGTRENNUNG(PiPr3)]BF4 (3), in which the hydroge-
nation product is coordinated to the metal center through a
phenyl ring. In contrast, precursor 2 generated a mixture of
[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C} ACHTUNGTRENNUNG(NCMe)2ACHTUNGTRENNUNG(PiPr3)]BF4 (4) and
[IrHACHTUNGTRENNUNG{PhN=CHACHTUNGTRENNUNG(C6H4)-kN,C}ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(NH2Ph)ACHTUNGTRENNUNG(PiPr3)]BF4 (5),
both of which contain a cyclometalated molecule of the sub-
strate as ligand.


Figure 1. Hydrogenation of N-benzylideneaniline catalyzed by 1 (&) and
2 (&). Conditions: 1,2-dichloroethane (8 mL), T=333 K, p=1.1 bar,
[PhN=CHPh]0=0.1 mol L�1, [catalyst]=1.0 O 10�3 mol L�1.
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The aniline ligand of complex 5 is likely the result of par-
tial imine hydrolysis due to adventitious water,[13] and ac-
cordingly 5 virtually disappeared from the catalysis solutions
when carefully dried substrates and solvents were used. In
any case, the presence of up to 5 equiv of aniline per equiva-
lent of catalyst was found to be irrelevant for the catalytic
activity of 2. Moreover, the same reaction profile has been
obtained with any of the complexes 2, 4, or 5 as catalyst pre-
cursor.


Catalyst resting states 3–5 were independently prepared
and fully characterized. Figure 2 shows the X-ray structures
of complex 3 and the cation of 5, and Table 1 lists selected
bond lengths and and angles.


Compound 3 can be readily obtained from 1 after substi-
tution of the benzene ligand by N-benzylaniline in weakly
coordinating solvents such as acetone. Alternatively, the
complex can also be obtained by the general synthetic pro-
cedure previously described for this type of IrIII arene dihy-
drides.[12] The compound crystallizes as an ion pair[14] with a
short H(1)�F(2) distance of 2.00(9) Q. This weak interaction
is retained in CDCl3 and CD2Cl2 solutions, as evidenced by
the similar diffusion coefficients found for anion and cation
in NMR pulsed gradient spin echo experiments and a cross-
peak in the 1H,19F HOESY spectrum, but not in more polar
solvents such as [D4]methanol (see Supporting Information).
Another significant structural feature of 3 is the arene coor-
dination. Five of the six Ir�C distances, Ir�C(2) to Ir�C(6),
are within the range of 2.24–2.35 Q found in the h6-mesity-
lene analogue of 3,[11a] whereas the Ir�C(1) distance is clear-
ly longer (2.500(6) Q). This is consistent with the short N�
C(1) distance of 1.335(9) Q, which suggests the amine is
better described as an h5 ligand with a C=N bond. The varia-
ble-temperature 1H NMR spectra of the compound
(Figure 3) agree with such a bonding description by reveal-


ing hindered rotation around the proposed C=N bond at
low temperature. The rates of rotation were obtained by
line-shape analysis of the 1H NMR spectra at various tem-
peratures (Supporting Information), and the activation pa-
rameters were estimated as DH�=12.2�0.5 kcal mol�1 and
DS�=0�1 cal mol�1 K�1. An RhI compound related to 3,
with an h4-coordinated N-benzylaniline ligand, was charac-
terized during a study on N-benzylideneaniline hydrogena-
tion catalyzed by [RhH2ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(methanol)2]PF6 and report-
ed to be catalytically inactive.[15]


Compound 4 was prepared by reaction of 2 with N-benzyl-
ideneaniline, a process that also produces H2. Related com-
plex 5 was conveniently obtained by addition of water to
the above reaction or after treatment of 4 with 1 equiv of
aniline. Complexes 4 and 5 show similar 1H and 13C{1H}
NMR spectra, both indicative of the presence of cyclometa-
lated imine ligands. A characteristic signal in the 1H spec-
trum is a hydride resonance at d=�20 (dd, JACHTUNGTRENNUNG(H,P)=23 Hz)
with a small J ACHTUNGTRENNUNG(H,H) coupling of about 1 Hz with the N=CH
proton. The cyclometalated ligands also give rise to charac-
teristic doublets in the 13C{1H} NMR spectrum (JACHTUNGTRENNUNG(C,P)


Table 1. Selected bond lengths [Q] and angles [8] for 3 and 5.


3 5


Ir�P 2.2553(17) Ir�P 2.2688(9)
Ir�C(1) 2.500(6) Ir�N(1) 2.221(3)
Ir�C(2) 2.274(6) Ir�N(2) 2.085(3)
Ir�C(3) 2.245(6) Ir�N(3) 2.183(3)
Ir�C(4) 2.282(7) Ir�C(3) 2.000(3)
Ir�C(5) 2.258(7)
Ir�C(6) 2.348(6)
N�C(1) 1.335(9) N(1)�C(1) 1.287(4)
N�C(7) 1.466(9) N(1)�C(8) 1.432(4)
C(1)�C(2) 1.455(10) N(2)�C(14) 1.135(4)
C(1)�C(6) 1.419(9) N(3)�C(16) 1.446(4)
C(2)�C(3) 1.393(9) C(1)�C(2) 1.438(5)
C(3)�C(4) 1.402(10) C(14)�C(15) 1.456(5)
C(4)�C(5) 1.401(10)
C(5)�C(6) 1.399(9)
C(7)�C(8) 1.506(10)
H(1)···F(1) 2.55(9)
H(1)···F(2) 2.00(9) N(1)-Ir-C(3) 78.80(12)
C(1)-N-C(7) 124.0(6) N(2)-Ir-C(3) 174.94(12)
C(8)-C(7)-N 114.5(6) P-Ir-N(3) 172.98(8) Figure 2. Molecular structures of 3 (top) and the cation of 5 (bottom).
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�8 Hz), attributable to the aromatic carbon atom bonded to
the metal center. The presence of a cyclometalated imine
ligand was corroborated by the X-ray structure of 5
(Figure 2). Such activation and coordination of aryl imines
is common for transition metal complexes,[16] and closely re-
lated rhodium and iridium complexes have been reported.[17]


The different resting states formed from 1 and 2 under
otherwise the same reaction conditions suggest that the
presence or absence in the reaction of potentially good li-
gands (e.g., acetonitrile) determines the major species pres-
ent during hydrogenation and hence catalyst performance.
Accordingly, the use of more strongly coordinating aryl
imines as substrates favors cyclometalation irrespective of
the catalyst precursor, as illustrated in Equation (2) for ben-
zophenone imine. Under the conditions of a catalytic reac-
tion, this imine quantitatively afforded the doubly cyclome-
talated species [IrACHTUNGTRENNUNG{HN=CPh ACHTUNGTRENNUNG(C6H4)-kN,C}2ACHTUNGTRENNUNG(NH2CHPh2)-
ACHTUNGTRENNUNG(PiPr3)]BF4 (6), which also contains a N-coordinated mole-
cule of the hydrogenation product (Figure 4, Table 2). This
compound is catalytically inactive; thus, besides amine coor-


dination, multiple substrate cyclometalation can eventually
result in catalyst deactivation.


Weakly coordinating solvents such as acetone and metha-
nol also favor N-benzylideneaniline cyclometalation, al-
though the resulting cyclometalated products are disfavored
relative to complex 3 under hydrogenation conditions
[Eq. (3)]. Treatment of 1 with N-benzylideneaniline in
[D6]acetone or [D4]methanol readily afforded [IrH ACHTUNGTRENNUNG{PhN=


CH ACHTUNGTRENNUNG(C6H4)-kN,C}(S)2 ACHTUNGTRENNUNG(PiPr3)]BF4 [S= [D6]acetone (7) or
[D4]methanol (8)]. The dihydrogen evolved in these reac-
tions partially hydrogenates the imine reactant, even under
a stream of argon. Although such a process did not preclude
nearly quantitative generation of 7 and 8 in their respective
solvents, our attempts to isolate the compounds as solids
systematically afforded oily residues, even in the presence of
noncoordinating anions other than BF4


�. Nevertheless, these
solvent complexes could be conveniently characterized in
solution by NMR spectroscopy: their 1H and 13C{1H} NMR
spectra closely resemble those of the parent acetonitrile


Figure 3. Aromatic and hydride regions of the variable-temperature
1H NMR spectrum of 3 in CD2Cl2.


Figure 4. Molecular structure of the cation of 6.


Table 2. Selected bond lengths [Q] and angles [8] for 6.


Ir�P 2.304(2) P-Ir-N(1) 174.33(19)
Ir�N(1) 2.131(7) N(2)-Ir-C(22) 77.7(3)
Ir�N(2) 2.103(6) N(2)-Ir-C(35) 167.4(3)
Ir�N(3) 2.084(7) N(3)-Ir-C(22) 176.3(3)
Ir�C(22) 2.015(8) N(3)-Ir-C(35) 77.8(3)
Ir�C(35) 2.063(8)
N(1)�C(1) 1.515(9)
N(2)�C(14) 1.312(9)
N(3)�C(27) 1.284(9)
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complexes 4 and 5. The [D4]methanol complex 8 undergoes
slow deuteration of the hydride ligand. The deuterated iso-
topomer displays a characteristic downfield isotopic shift of
0.07 ppm in the 31P{1H} NMR signal.[11, 18]


Exposure of the aforementioned solutions containing 7 or


8 to dihydrogen atmosphere was observed by NMR spectro-
scopy to result in transformation of the cyclometalated com-
pounds into complex 3 [Eq. (3)]. In the absence of excess
amine, the previously reported tris-acetone complex
[IrH2([D6]acetone)3ACHTUNGTRENNUNG(PiPr3)]BF4 (9)[11a] or its [D4]methanol
analogue [IrH2([D4]methanol)3 ACHTUNGTRENNUNG(PiPr3)]BF4 (10) was respec-
tively detected in equilibrium with 3. However, the excess
amine present under catalytic conditions displaces these
equilibria towards complex 3, which is the only NMR-de-
tectable metal complex in catalytic reactions in these sol-
vents. Complex 3 was recognized (by NMR spectroscopy) to
also be the sole catalyst resting state when precursor 1 is
used in other solvents such as 1,2-dichloroethane or THF.


Solvents and induction periods : All solvents favoring forma-
tion of resting state 3 were found to favor fast N-benzylide-
neaniline hydrogenation. However, the observed reaction
profiles are rather different for each solvent and also
depend on concentration and temperature. Figure 5 a shows
H2-uptake profiles typically obtained in 1,2-dichloroethane,
THF, and acetone for reactions catalyzed by precursor 1.


The reaction in 1,2-dichloroethane has a long induction
period, which is suggestive of an autocatalytic process. A
shorter induction period is observed in THF, in which the
reaction is slower than in chlorinated solvents. The reaction
in acetone is faster, and its profile corresponds well to that
expected for a reaction with first-order dependence on
imine concentration. Catalysis in methanol is faster than in
all above-mentioned solvents and, under the conditions of
Figure 5 a, the observed reaction rate corresponds to that of
dihydrogen diffusion into methanol. Lowering the catalyst
concentration, as illustrated in Figure 5 b, results in a seem-
ingly exponential profile. Nevertheless, this figure also illus-
trates that, even in this solvent, a significant induction
period appears when the reaction temperature is decreased.


Our investigation of possible origins of the observed in-
duction periods initially focused on generation of resting
state 3 from precursor 1. However, the reaction profiles ob-
tained with any of these complexes as catalyst precursor are
similar. In this context, it is noteworthy that the commercial
N-benzylideneaniline used in this study contains aniline as
impurity (ca. 0.5 % by GC), which can readily replace the
labile benzene ligand of precursor 1 during the setup opera-
tion prior to catalysis to generate the aniline analogue of
3.[12] Further studies revealed an apparent qualitative corre-
lation between the length of the induction periods and the
initial concentrations of imine substrate and amine product.
Thus, addition of amine at the beginning of the catalytic re-
actions shortens the induction period. This is illustrated by
the profiles in Figure 5 c, which correspond to two consecu-
tive reactions in 1,2-dichloroethane, the second of which was
initiated in the presence of 0.8 mmol of amine product. Such
an effect suggests that, besides its contribution to form rest-
ing state 3, the amine product could play a significant role
in the hydrogenation mechanism. The concentration of
imine substrate also seems to influence the initial progress
of the reaction, since its increase results in longer induction
periods in THF (Figure 5 d).


Kinetics : The dependence of the hydrogenation rate on the
concentration of catalyst and substrates was investigated in
reactions catalyzed by 1 at 313 K. Since the presence of ad-


Figure 5. Experimental H2-uptake profiles for the hydrogenation of N-
benzylideneaniline catalyzed by 1. Conditions: a) Solvent (8 mL), T=
313 K, p=1.1 bar, [PhN=CHPh]0=0.1 mol L�1 [1]=5.0 O 10�3 mol L�1.
b) Methanol (8 mL), p=1.1 bar, [PhN=CHPh]0=0.1 mol L�1, [1]=7.66 O
10�4 mol L�1. c) 1,2-Dichloroethane (8 mL), T=313 K, p=1.1 bar, [PhN=


CHPh]0=0.1 mol L�1, [1]=5.0O 10�3 mol L�1. d) THF (8 mL), T=313 K,
p=1.0 bar, [1]=1.25 O 10�3 mol L�1.
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ventitious water has been recognized as problem for the re-
producibility of these hydrogenations, carefully dried THF
was chosen as the solvent for this kinetic study. The reaction
rates were determined by H2-uptake measurements at con-
stant pressure (see Experimental Section). To minimize the
effect of the conditions-dependent activation periods, the
complete reaction profiles, except the initial part, were ad-
justed to exponentially growing functions. Hence, the values
of initial rates used in the kinetic analysis (Table 3) are
those extrapolated from these fittings.


The Figure 6 shows logarithmic representations of these
initial rates as a function of initial precursor and substrate
concentrations and dihydrogen partial pressure. The least-
squares fits in these plots indicate first-order dependence of
the reaction rate on catalyst, imine, and dihydrogen concen-
trations. Unfortunately, these results are little informative
about the possible rate-determining step of the process,
since they are compatible with various sequences of elemen-
tary reactions.


Reactivity studies : The aforementioned chemistry of com-
plexes 1 and 2 revealed two types of compound compatible
with the catalytic conditions, the reactivity of which may be
significant in the context of hydrogenation: arene complex 3
and the solvent complexes [IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C}(S)2-
ACHTUNGTRENNUNG(PiPr3)]BF4 [S=acetonitrile (4), [D6]acetone (7),
[D4]methanol (8)].


The solvent complexes were not detected by NMR spec-
troscopy in the fastest catalytic reactions, although their
presence as traces cannot be ruled out. In principle, these
compounds have several features highly desirable for a cata-
lyst candidate, such as two labile solvent ligands, a coordi-
nated molecule of the imine substrate, and a demonstrated
ability to activate dihydrogen [Eq. (3)]. Nevertheless, the
participation of these compounds in hydrogenation cannot
be straightforwardly deduced from the above-mentioned ex-
periments, since their solutions always contain N-benzylani-
line or aniline, which can readily form complex 3 or its ani-


line analogue under dihydrogen atmosphere. To determine
whether solvent complexes 4, 7, and 8 are involved in the
hydrogenation pathway, their reactions with dihydrogen
were studied by NMR spectroscopy in the presence of a
soluble tetraphenylborate salt. This anion is an excellent
arene ligand, capable of displacing other neutral arenes or
solvent molecules from iridiumACHTUNGTRENNUNG(iii) dihydrides to form the
zwitterionic complex [IrH2 ACHTUNGTRENNUNG{(h


6-C6H5)BPh3} ACHTUNGTRENNUNG(PiPr3)] (11),[12]


which is inactive in imine hydrogenation. In these experi-
ments, it was expected that the BPh4


� ligand would elimi-
nate 3 from the solutions and thus avoid any subsequent
evolution of the initial organic products of the reaction be-
tween dihydrogen and the solvent complexes. Indeed, the
reactions [Eq. (4)] quantitatively afforded 11 together with
amine/imine mixtures containing more than 90 % of the
imine. This result indicates that these solvent-coordinated
cyclometalated imine complexes do not contribute to hydro-
genation catalysis, a conclusion that agrees with observa-


Table 3. Initial reaction rates for the hydrogenation of N-benzylideneani-
line catalyzed by 1 in THF at 313 K.


[1] [mol L�1] ACHTUNGTRENNUNG[PhN=CHPh] [mol L�1] p(H2) [bar][a] Initial rate [mol s�1]


1.00 O 10�3 1.00 O 10�1 0.60 4.22 O 10�8


1.25 O 10�3 1.00 O 10�1 0.60 6.61 O 10�8


1.56 O 10�3 1.00 O 10�1 0.60 6.70 O 10�8


1.87 O 10�3 1.00 O 10�1 0.60 9.17 O 10�8


2.50 O 10�3 1.00 O 10�1 0.60 1.05 O 10�7


1.25 O 10�3 4.35 O 10�2 0.60 2.95 O 10�8


1.25 O 10�3 5.24 O 10�2 0.60 3.64 O 10�8


1.25 O 10�3 7.90 O 10�2 0.60 5.20 O 10�8


1.25 O 10�3 1.60 O 10�1 0.60 9.55 O 10�8


1.25 O 10�3 2.09 O 10�1 0.60 1.24 O 10�7


1.25 O 10�3 2.30 O 10�1 0.60 1.34 O 10�7


1.25 O 10�3 1.00 O 10�1 1.00 1.09 O 10�7


1.25 O 10�3 1.00 O 10�1 0.86 9.24 O 10�8


1.25 O 10�3 1.00 O 10�1 0.40 5.05 O 10�8


[a] THF vapor pressure at 313 K=0.4 bar.


Figure 6. Logarithmic plots for the dependence of the initial hydrogena-
tion rates on concentration of precursor 1 (top), initial N-benzylideneani-
line concentration (center), and dihydrogen pressure (bottom).
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tions made by James et al. for related rhodium bis-phos-
phine compounds.[17]


Reactions of resting state 3 with components of the cata-
lytic reaction have been investigated by NMR methods. In
the presence of excess N-benzylideneaniline, solutions of 3
in [D6]acetone and [D4]methanol afford the cyclometalated
species 7 and 8, respectively [Eq. (5)]. These reactions are
likely mediated by tris-solvent complexes 9 and 10, respec-
tively, since in less strongly coordinating solvents such as
THF or CD2Cl2 3 remains unchanged under the same condi-
tions. Nevertheless, the experiment in Equation (4) indicates
that this reaction sequence is reversible in the presence of
dihydrogen, and this suggests that the compounds in Equa-
tion (5) should be in equilibrium during catalysis. The NMR
observations under catalytic conditions in these solvents
show that such an equilibrium, nonproductive from the
viewpoint of imine hydrogenation, is well displaced towards
amine complex 3.


In chlorinated solvents, mixtures of 3 and imine substrate
evolve into new reaction products after prolonged heating
above 323 K. The new products were identified as the neu-
tral dinuclear complexes [Ir2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(m-H)ClHACHTUNGTRENNUNG{PhN=CH-
ACHTUNGTRENNUNG(C6H4)-kN,C}2ACHTUNGTRENNUNG(PiPr3)2] (12) and [Ir2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(m-H)Cl2ACHTUNGTRENNUNG{PhN=


CH ACHTUNGTRENNUNG(C6H4)-kN,C}2ACHTUNGTRENNUNG(PiPr3)2] (13) [Eq. (6)], which could con-
veniently be prepared and isolated from reactions between
1 and N-benzylideneaniline in chloroform. The 13C{1H}
NMR spectra of the complexes show characteristic signals


for the cyclometalated imine ligands, while the 1H NMR
spectra display high-field resonances attributable to bridging
hydrides coordinated trans to one phosphine and cis to an-
other. The FAB+ mass spectra also agree with the pro-
posed dinuclear character of the compounds. The formation
of these complexes likely involves thermally induced substi-
tution of hydride by chloride, which is relatively common
for iridium ACHTUNGTRENNUNG(iii) hydrides in chlorinated solvents.[19] In any
case, the evolution of such dinuclear compounds seems too
slow to have any significance for catalytic imine hydrogena-
tion. Furthermore, 12 and 13 are inactive as catalyst precur-
sors in N-benzylideneaniline hydrogenation.


Complex 3 was observed not to form new products by re-
action with dihydrogen, although the use of D2 revealed a
rich chemistry behind this apparent lack of activity. Expo-
sure of CD2Cl2 solutions of 3 to D2 atmosphere at room
temperature resulted in slow incorporation of deuterium
into the complex, which becomes detectable by NMR after
about 1 h. of reaction [Eq. (7)]. Initially, H/D exchange se-
lectively affords the isotopomer deuterated at the NH
moiety of the arene ligand, as evidenced by both the disap-
pearance of the 1H NMR resonance due to the NH proton
and the parallel transformation of the doublet correspond-
ing to the neighboring CH2 group into a singlet. Deuterium
incorporation at the hydride positions becomes observable
only after nearly complete deuteration of the NH group.
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Each hydride deuteration provokes a small downfield iso-
topic shift of 0.034 ppm in the 31P{1H} NMR signal of 3, sim-
ilar in magnitude to those observed in related arene deriva-
tives.[11a]


A possible mechanism for D2 activation and H/D ex-
change in 3 is formation of a dihydrogen intermediate via
an IrH···HN hydride–proton bond, as previously proposed
to explain the heterolytic splitting of dihydrogen and intra-
molecular hydrogen exchange in related transition-metal
complexes bearing pendant amino groups.[20] However, this
option seems unlikely for complex 3 due to the long dis-
tance between the NH group and hydride ligands, and be-
cause such dihydrogen-mediated D2 activation would pref-
erably form dideuterated isotopomers of 3, which are not
observed in the initial stage of our reaction. On the other
hand, assuming that D2 activation occurs at the iridium
center, any possible IrH/NH hydrogen-exchange mechanism
would account for the observed deuteration selectivity, since
the kinetic isotope effect associated with N�H bond cleav-
age is expected to be larger than that for Ir�H splitting, so
that NH deuteration is thermodynamically preferred.[21]


Further insight into the possible mechanism of deuterium
incorporation was obtained from the reaction of 3 with D2


in the presence of added N-benzylaniline. The amine was
found to render deuterium incorporation clearly observable
after a few minutes of reaction. Furthermore, deuterium was
observed to be preferentially incorporated into the free
amine NH moiety, while the sequential deuteration of Equa-
tion (7) begins only after almost complete deuteration of
this NH group. Such reaction acceleration and deuteration
selectivity strongly suggest that the amine participates in
both the dihydrogen activation process and IrH/NH scram-
bling.


These experimental observations also suggest that hydro-
gen bonding could be important for the development of cat-
alytically active species from resting state 3. Unfortunately,
neither the interaction between 3 and N-benzylaniline sug-
gested by the latter experiment nor other possible interac-
tions between 3 and the imine substrate were directly ob-
servable by NMR or IR spectroscopy, or inferable from
NMR diffusion experiments. Nevertheless, the expected par-


ticipation of the NH group of 3 in hydrogen bonds can be
corroborated by fast deuteration of this group in
[D4]methanol solution [Eq. (8)]. In a reaction also related to
this behavior, strong bases such as NaH have been found to
deprotonate 3 to give the neutral derivative [IrH2-
ACHTUNGTRENNUNG{h5-ACHTUNGTRENNUNG(C6H5)NCH2Ph} ACHTUNGTRENNUNG(PiPr3)] (14) [Eq. (8)], which is relatively
unstable and could not be isolated, although it has been
characterized by NMR spectroscopy in [D8]THF solution.
The NMR spectra of 14 indicate hindered rotation around
the C=N bond at the highest attainable temperature, a likely
consequence of the expected increase in bond order after
deprotonation.


Calculations on model complexes : The experimentally elu-
sive hydrogen-bonding chemistry of complex 3 has been ex-
amined in the model compound [IrH2ACHTUNGTRENNUNG{h


5- ACHTUNGTRENNUNG(C6H5)NHCH3}-
ACHTUNGTRENNUNG(PH3)]BF4 (3’) at the MP2/basis-II level of theory. The opti-
mized structure of this model complex reproduces well the
structural parameters found in the X-ray structure of 3 (see
Supporting Information).


Calculations on the cation of 3’ in the presence of models
for the imine substrate and amine product (HN=CH2 and
H2NCH3, respectively) indicate that such molecules can
form stable adducts similar to that experimentally found
with the tetrafluoroborate anion, but also others featuring
hydrogen bonds with the hydride ligands. Formation of ad-
ducts 15’ and 16’ (Figure 7) is exothermic by about
17 kcal mol�1, a value much larger than the energies com-
monly associated with hydrogen bonding. This unusual sta-
bilization might be qualitatively rationalized by long-range
modifications induced by the hydrogen bonds, which affect
the coordination mode of the arene ligand. For example, on
formation of imine adduct 15’, the N�C ACHTUNGTRENNUNG(ipso) distance of
the arene ligand changes only slightly, from 1.35 to 1.33 Q,
but the Ir�C ACHTUNGTRENNUNG(ipso) bond is elongated by 0.03 Q, while all
other Ir�C distances shorten by about 0.005 Q; thus, the h5


character of the arene ligand is enhanced. For these adducts,
we explored the possible generation of catalytically active
species by proton transfer from the NH moiety to the amine
or the imine, as experimentally observed with strong bases.
However, the large energy barriers found for such processes
hardly seem compatible with the fast catalytic reactions.
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On the contrary, a facile hydrogenation pathway was
found to start from the less stable amine adduct 17’
(Figure 8), the behavior of which can itself explain various


aforementioned experimental observations on the system.
With regard to the Ir�H and N�H distances, this adduct
could be formally described as an iridium(i) complex in
which an ammonium moiety is connected to both the metal
center and the nitrogen atom of the arene ligand through
hydrogen bonds. The bridging position of the ammonium
moiety between the metal center and the NH group is con-


sistent with the experimentally inferred involvement of the
amine in deuterium exchange between these two positions.
Moreover, the “incomplete” deprotonation of the iridium
center effected by the amine was found to render oxidative
addition of dihydrogen to the formally IrI center a facile
process, at the expense of a change in the coordination
mode of the arene ligand from h6 to h4 (Figure 8).


After oxidative addition of dihydrogen, the IrIII center
again becomes coordinatively saturated, and hence metal
deprotonation cannot be reversed, and alternative protona-
tion of the arene ligand NH is favored. This entire complex
process occurs simultaneously through the transition state
18TS (Figure 8). The final result of this reaction is equiva-
lent to the heterolytic splitting of dihydrogen by metal com-
plexes bearing amido[8a,b, 9,22] or sulfido groups,[23] which re-
quires these groups to be directly bonded, or at least very
close,[20] to the metal center. This condition is not fulfilled
by our system, although the same practical result can be
achieved with the help of amine by a mechanism formally
different to that of heterolytic splitting.


The final product of dihydrogen oxidative addition, trihy-
dride 19’ (Figure 8), is analogous to the imine species 21’, the
energy of which is just 3.6 kcal mol�1 higher. The transforma-
tion between these two analogues could take place by initial


dissociation of the hydrogen-
bonded amine from 19’, or
through an associative step in-
volving an additional hydrogen
bond between the incoming
imine and the remaining NH
proton. Considering that our
model system could hardly afford
a favorable estimation of the ex-
perimental, very crowded, asso-
ciative route, we restricted our
calculations to the feasibility of
dissociative exchange through in-
termediate 20’. This amine com-
plex could undergo imine ex-
change prior to facile bifunctional
hydrogenation of the imine that
regenerates model cation 3’. The
early transition state of the latter
process (22TS, Figure 8) is simi-
lar to those previously described
for ionic C=O hydrogenation and
transfer hydrogenation,[8] al-
though it shows a larger degree
of substrate protonation, as previ-
ously anticipated for C=N hydro-


genation.[7c] Even though the two new N�H and C�H bonds
simultaneously form in this step, the transition state features a
rather asymmetric situation with an almost finished iminium
cation (N�H 1.05 Q) and a very incipient C�H bond (C�H
1.83 Q). The NPA partial charges of the formal hydride and
proton undergoing transfer of �0.16 and +0.44, respectively,
also reflect the polar nature of this hydrogenation.


Figure 7. MP2/Basis-II optimized structures of hydrogen-bonded amine
and imine adducts of model cation 3’. Values in parentheses are electron-
ic energies [kcal mol�1] relative to the separate reactants (3’+HN=CH2+


H2NCH3). Interatomic distances in Q.


Figure 8. MP2/Basis-II optimized structures of intermediates and transition states involved in the model imine
hydrogenation. Values in parentheses are electronic energies [kcal mol�1] relative to the separate reactants
(3’+HN=CH2+H2NCH3+H2). Interatomic distances in Q.
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Mechanism : The above calculations allow the formulation
of a mechanism for catalytic imine hydrogenation which
strongly depends on the effectiveness of hydrogen bonding
[Eq. (9)]. Reduction of C=N takes place in the outer coordi-
nation sphere of a catalyst formed “in situ” with participa-
tion of the N-aryl-substituted imine hydrogenation product.
This characteristic confers on the system an apparent disad-
vantage with regard to other “designed” catalysts active in
bifunctional hydrogenations of polar bonds, since the metal
–nitrogen distance in the catalyst is too long to accomplish
heterolytic splitting of the dihydrogen substrate. However,
this inconvenience can be overcome by formal deprotona-
tion of the metal atom by the amine product, which allows
for a subsequent oxidative addition of dihydrogen that even-
tually forces the proton to migrate to the nitrogen atom.
Such a process is feasible also due to the coordinative versa-
tility of the arene ligand, which can change its coordination
mode to h4.


The computed energies indicate that amine-by-imine ex-
change is the most endothermic step of the hydrogenation
reaction although, considering the unfavorable entropies as-
sociated with transition states 18TS and 22TS (see Support-
ing Information), any of the two other elementary steps in
the cycle could become turnover-determining in the experi-
mental system. In fact, the experimental rate law would
agree with either a slow dissociative amine-by-imine ex-
change or a rate-determining bifunctional hydrogenation
step. Moreover, the long induction periods observed under
most experimental conditions likely reflect that the previous
amine-assisted dihydrogen oxidative addition step becomes
rate-determining at low amine concentrations. This concen-
tration effect could be enhanced by competition of the
imine for the hydrogen-bonding sites, which would account
for the longer induction periods observed at higher initial
imine concentrations.


With regard to the importance of hydrogen bonds in this
mechanism, solvent properties should play a critical role in


this catalysis, as is experimentally observed, although the
overall effect of solvent seems difficult to rationalize. Thus,
donor solvents are likely to compete with imine and amine
for the reactive catalyst sites, but they can also strongly sta-
bilize intermediates and polar transition states. Methanol,
for example, forms hydrogen-bonded adducts with compara-
ble stability and similar structure to those found with amine
and imine (see Supporting Information). This analogy could
be regarded as detrimental from the viewpoint of competi-
tion, but might also favor methanol-stabilized intermediates
of the amine-by-imine exchange step.


Summary and Conclusion


The complex [IrH2 ACHTUNGTRENNUNG(h
6-C6H6) ACHTUNGTRENNUNG(PiPr3)]BF4 (1) is an effective


catalyst for the hydrogenation of N-benzylideneaniline
under mild conditions. Less hindered aryl imines such as
benzophenone imine deactivate the catalyst by substrate cy-
clometalation. The course of catalytic reactions is strongly
dependent on concentrations, temperature, and solvents;
methanol leads to the fastest hydrogenations. Most of the
explored reaction conditions lead to pronounced activation
periods, after which the rate law shows first-order dependen-
ces on dihydrogen pressure and catalyst and imine concen-
trations. Under hydrogenation conditions, precursor 1 trans-
forms into the resting state [IrH2 ACHTUNGTRENNUNG{h


5- ACHTUNGTRENNUNG(C6H5)NHCH2Ph}-
ACHTUNGTRENNUNG(PiPr3)]BF4 (3), in which the hydrogenation product is coor-
dinated to the metal through a phenyl ring. Complex 3 is ac-
tivated by the amine product to initiate an ionic
hydrogenation mechanism. Key steps in such a mechanism
are: 1) Amine-assisted oxidative addition of dihydrogen,
which formally corresponds to concerted addition to the iri-
dium center but whose result is equivalent to heterolytic
splitting of dihydrogen, 2) replacement of hydrogen-bonded
amine by imine; and 3) simultaneous Hd+/Hd� transfer to
the imine from the NH moiety of the arene-coordinated
amine ligand and the metal, respectively.


The present system illustrates how labile metal complexes
can generate effective imine hydrogenation catalysts by ex-
ploiting the coordination and hydrogen-bonding capabilities
of the components of these reactions. The deduced mecha-
nism indicates that C=N bonds can indeed be hydrogenated
by ionic outer-sphere bifunctional mechanisms similar to
those found in C=O hydrogenation and transfer hydrogena-
tion, whenever hydrides and protons can be effectively de-
livered to the metal and the proton-transferring functional
group. In this latter respect, this work provides experimental
and theoretical evidence for an alternative mechanism to ac-
complish such a proton and hydride delivery from dihydro-
gen, which is closely related to heterolytic splitting but for-
mally different.
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Experimental Section


Equipment : Infrared spectra were recorded on a Perkin-Elmer 883
(4000–200 cm�1) or Bruker Equinox 55 (4000–400 cm�1) spectrometer. C,
H, N elemental analyses were carried out on a Perkin-Elmer 2400
CHNS/O analyzer. NMR spectra were recorded on Varian Gemini 2000
or Bruker Avance 400 or 300 MHz spectrometers. 1H (400 or 300 MHz)
and 13C (100.6 or 75.5 MHz) NMR chemical shifts were measured rela-
tive to residual proton peaks of deuterated solvent but are reported in
ppm relative to tetramethylsilane. 19F (376.5 or 282.3 MHz) and 31P
(162.0 or 121.5 MHz) NMR chemical shifts were measured relative to
CFCl3 and H3PO4 (85 %). Spectral assignments were achieved by 1H-
COSY and 1H-NOESY, and 13C-DEPT and 1H,13C-HMQC experiments.
The temperature of the probe was calibrated by using the temperature
dependence of the chemical shifts of methanol. Line-shape analysis of
the spectra was performed with the g-NMR program. Errors in activation
parameters obtained from the Eyring regression of the line-shape analy-
sis rate constants assumed 1 K error in the temperature and 10 % error
in the constant, and were computed by published methods.[24] MS data
were recorded on a VG Autospec double-focusing mass spectrometer op-
erating in the positive mode; ions were produced with the Cs+ gun at
about 30 kV, and 3-nitrobenzyl alcohol (NBA) was used as the matrix.
GC analyses were performed either on a Hewlett-Packard HP 5890
Series II gas chromatograph equipped with a flame ionization detector
and a 25 m (0.32 mm inner diameter, 0.17 mm film thickness) HP-Ultra-1
column, or on an Agilent 6890 Series GC System equipped with an Agi-
lent 5973 mass-selective detector and a 30 m (0.25 mm i.d., 0.25 mm f.t.)
HP-5MS column.


Synthesis : All experiments were carried out under argon atmosphere by
Schlenk techniques. Solvents were dried by known procedures and distil-
led under argon before use. Complexes [IrH2ACHTUNGTRENNUNG(h


6-C6H6) ACHTUNGTRENNUNG(PiPr3)]BF4 (1),[12]


[IrH2ACHTUNGTRENNUNG(NCMe)3 ACHTUNGTRENNUNG(PiPr3)]BF4 (2),[11b] [{Ir ACHTUNGTRENNUNG(m-OMe) ACHTUNGTRENNUNG(cod)}2] (cod=1,5-cyclooc-
tadiene),[25] and phosphonium salt [HPiPr3]BF4


[11b] were prepared as pre-
viously reported. Compounds 9[11a] and 11[12] were identified on the basis
of previously reported characteristic data. N-Benzylideneaniline (Al-
drich) was used as received in preparative reactions but was previously
dried in solution with molecular sieves for several days when used in cat-
alytic experiments (THF, 1,2-dicholoroethane) and reactions in NMR
tubes. All other reagents were obtained from commercial sources and
were used as received. All new compounds described below are air-sensi-
tive in solution.


ACHTUNGTRENNUNG[IrH2 ACHTUNGTRENNUNG{h
5- ACHTUNGTRENNUNG(C6H5)NHCH2Ph} ACHTUNGTRENNUNG(PiPr3)]BF4 (3): A suspension of [{IrACHTUNGTRENNUNG(m-OMe)-


ACHTUNGTRENNUNG(cod)}2] (127.6 mg, 0.19 mmol) in acetone (10 mL) was treated with
[HPiPr3]BF4 (95.5 mg, 0.38 mmol) and PhNHCH2Ph (209.1 mg,
1.16 mmol). The resulting orange solution was stirred for 1 h under dihy-
drogen atmosphere, filtered through Celite, and concentrated to ca.
0.5 mL. Slow addition of diethyl ether produced a white solid, which was
separated by decantation, washed with diethyl ether, and dried in vacuo
(183.0 mg, 77%). 1H NMR ([D6]acetone, 243 K): d=�17.04 (dd,
J ACHTUNGTRENNUNG(H,P)=26.4, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H; IrH), �16.87 (dd, J ACHTUNGTRENNUNG(H,P)=26.4,
J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H; IrH), 1.03 (dd, J ACHTUNGTRENNUNG(H,P)=14.9, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 9 H;
PCHCH3), 1.05 (dd, J ACHTUNGTRENNUNG(H,P)=14.8, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 2.15
(m, 3 H; PCHCH3), 4.59 (dd, J ACHTUNGTRENNUNG(H,H)=15.7, 6.4 Hz, 1H; CH2), 4.68 (dd,
J ACHTUNGTRENNUNG(H,H)=15.7, 5.6 Hz, 1H; CH2), 6.08 (d, J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1 H; h-CH),
6.30 (m, 2H; h-CH), 6.78 (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1 H; h-CH), 6.80 (t,
J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H; h-CH), 7.30–7.46 (m, 5 H; CH), 7.53 (dd, J ACHTUNGTRENNUNG(H,H)=
6.4, 5.6 Hz, 1H; NH); 31P{1H} NMR ([D6]acetone, 243 K): d=47.68 (s);
13C{1H} NMR ([D6]acetone, 243 K): d=19.16, 19.32 (2 O s; PCHCH3),
27.38 (d, J ACHTUNGTRENNUNG(C,P)=35.0 Hz; PCHCH3), 45.66 (s; CH2), 69.08 (d, J ACHTUNGTRENNUNG(C,P)=
2.8 Hz; h-CH), 72.96 (d, J ACHTUNGTRENNUNG(C,P)=0.8 Hz; h-CH), 82.66, 101.12, 101.66 (all
s; h-CH), 127.65, 128.88, 127.72 (all s; CH), 136.10, 144.33 (2 O s; C); IR
(KBr): ñ=3362 (NH), 2208, 2180 cm�1 (IrH); MS (FAB+ ): m/z (%): 538
(100) [M +]; elemental analysis calcd (%) for C22H36NBF4IrP: C 42.31, H
5.81, N 2.24; found: C 41.86, H 6.11, N 2.14.


ACHTUNGTRENNUNG[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C} ACHTUNGTRENNUNG(NCMe)2 ACHTUNGTRENNUNG(PiPr3)]BF4 (4): A solution of 2
(361.0 mg, 0.64 mmol) in 1,2-dichloroethane (10 mL) was treated with
PhN=CHPh (115.9 mg, 0.64 mmol) for 5 min at room temperature. Evo-
lution of gas was observed immediately after addition. The resulting


yellow solution was concentrated to ca. 0.5 mL, cooled to ca. 230 K, and
treated with hexane (5 mL) to produce a yellow solid. The solid was sep-
arated by decantation, washed with hexane, and dried in vacuo
(332.7 mg, 74%). 1H NMR (CDCl3, 293 K): d=�20.39 (dd, J ACHTUNGTRENNUNG(H,P)=23.4,
J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; IrH), 0.94 (dd, J ACHTUNGTRENNUNG(H,P)=13.8, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9 H;
PCHCH3), 1.00 (dd, J ACHTUNGTRENNUNG(H,P)=13.8, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 1.96
(m, 3 H; PCHCH3), 2.37, 2.48 (2 O s, 3 H each; NCCH3), 7.02–7.64 (m,
9H; CH), 8.50 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1 H; N=CH); 31P{1H} NMR (CDCl3,
293 K): d=11.66 (s); 13C{1H} NMR (CDCl3, 293 K): d=3.32 (s; NCCH3),
3.35 (d, J ACHTUNGTRENNUNG(C,P)=1.0 Hz; NCCH3), 18.26 (d, J ACHTUNGTRENNUNG(C,P)=1.5 Hz; PCHCH3),
18.81 (d, J ACHTUNGTRENNUNG(C,P)=1.4 Hz; PCHCH3), 24.57 (d, J ACHTUNGTRENNUNG(C,P)=33.5 Hz;
PCHCH3), 119.13 (d, J ACHTUNGTRENNUNG(C,P)=16.9 Hz; NCCH3), 120.96 (s; NCCH3),
122.44, 122.50, 127.30, 129.58, 130.61, 132.45, 140.91 (all s; CH), 146.99,
150.62 (2 O s; C), 148.70 (d, J ACHTUNGTRENNUNG(C,P)=8.4 Hz; IrC), 176.30 (s; N=CH);
19F NMR (CDCl3, 293 K): d=�154.8 (s); IR (KBr): ñ=2196 cm�1 (IrH);
MS (FAB+ ): m/z (%): 615 (4) [M +], 574 (20) [M +�NCMe], 533 (100)
[M +�2 NCMe]; elemental analysis calcd (%) for C26H38N3BF4IrP: C
44.45, H 5.45, N 5.98; found: C 44.20, H, 5.49, N 5.95.


ACHTUNGTRENNUNG[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C} ACHTUNGTRENNUNG(NCMe)ACHTUNGTRENNUNG(NH2Ph) ACHTUNGTRENNUNG(PiPr3)]BF4 (5): A solution
of 4 (332.7 mg, 0.47 mmol) in 1,2-dichloroethane (10 mL) was treated
with aniline (43.1 mL, 0.47 mmol) and stirred for 5 min at room tempera-
ture. The resulting brown solution was concentrated to ca. 0.5 mL and
layered with hexane to afford yellow crystals (239.4 mg, 67%). 1H NMR
(CDCl3, 293 K): d=�20.53 (dd, J ACHTUNGTRENNUNG(H,P)=23.1, J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1 H;
IrH), 0.92 (dd, J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 0.97 (dd,
J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9H; PCHCH3), 2.01 (m, 3 H; PCHCH3),
2.56 (s, 3 H; NCCH3), 4.98 (dd, J ACHTUNGTRENNUNG(H,H)=11.1, J ACHTUNGTRENNUNG(H,P)=4.3 Hz, 1H; NH),
5.98 (dd, J ACHTUNGTRENNUNG(H,H)=11.1, J ACHTUNGTRENNUNG(H,P)=4.3 Hz, 1 H; NH), 6.39 (m, 2H; CH),
6.91, 7.37 (2 O m, 5 H each; CH), 7.54 (m, 2H; CH), 8.38 (d, J ACHTUNGTRENNUNG(H,H)=
1.9 Hz, 1H; N=CH); 31P{1H} NMR (CDCl3, 293 K): d=14.60 (s); 13C{1H}
NMR (CDCl3, 293 K): d=3.65 (s; NCCH3), 18.39 (d, J ACHTUNGTRENNUNG(C,P)=1.5 Hz;
PCHCH3), 18.86 (d, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; PCHCH3), 25.01 (d, J ACHTUNGTRENNUNG(C,P)=
32.4 Hz; PCHCH3), 120.60, 120.22 (2 O s; CH), 122.27 (s; NCCH3),
122.77, 124.00, 127.47, 128.08, 129.33, 130.99, 132.59, 141.17 (all s; CH),
141.64 (d, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; C), 146.95, 150.68 (2 O s; C), 154.46 (d,
J ACHTUNGTRENNUNG(C,P)=7.9 Hz; IrC), 176.20 (s; N=CH); 19F NMR (CDCl3, 293 K): d=


�154.1 (s); IR (KBr): ñ=3300, 3255 (NH), 2194 cm�1 (IrH); MS (FAB+):
m/z (%): 626 (30) [M +�NCMe], 533 (100) [M +�NCMe�NH2Ph]; ele-
mental analysis calcd (%) for C30H42N3BF4IrP: C 47.25, H 5.60, N 5.56;
found: C 47.70, H 5.89, N 5.45.


[Ir ACHTUNGTRENNUNG{HN=CPh ACHTUNGTRENNUNG(C6H4)-kN,C}2 ACHTUNGTRENNUNG(NH2CHPh2)ACHTUNGTRENNUNG(PiPr3)]BF4 (6): A solution of 2
(36.1 mg, 0.06 mmol) in CDCl3 (0.5 mL) was treated with HN=CPh2


(115.9 mg, 0.64 mmol) and H2 (1 bar) at 328 K in a Wilmad NMR tube
equipped with a J-Young valve. After 1 h of reaction, the NMR spectra
of the resulting solution revealed quantitative formation of 6. The solu-
tion was transferred to a Schlenk tube and taken to dryness, and the resi-
due was stirred with diethyl ether to give a yellow solid. The solid was
separated by decantation, washed with diethyl ether, and dried in vacuo
(46.0 mg, 78%). 1H NMR (CDCl3, 293 K): d=0.84 (dd, J ACHTUNGTRENNUNG(H,P)=13.2 Hz;
J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 18H; PCHCH3), 1.98 (m, 3H; PCHCH3), 3.53 (dd,
J ACHTUNGTRENNUNG(H,H)=4.6, J ACHTUNGTRENNUNG(H,P)=3.0 Hz, 2H; NH2), 4.52 (td, J ACHTUNGTRENNUNG(H,H)=4.6, J ACHTUNGTRENNUNG(H,P)=
3.6 Hz, 1H; NH2CH), 6.50, 6.90 (2 O m, 4 H each; CH), 6.99 (t, J ACHTUNGTRENNUNG(H,H)=
7.4 Hz, 4 H; CH), 7.14 (dd, J ACHTUNGTRENNUNG(H,H)=7.6, 1.2 Hz, 4 H; CH), 7.32 (m, 4H;
CH), 7.41–7.47 (m, 6 H; CH), 8.64 (d, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2 H; CH), 10.62
(s, 2 H; NH); 31P{1H} NMR (CDCl3, 293 K): d=�7.58 (s); 13C{1H} NMR
(CDCl3, 293 K): d=18.85 (s; PCHCH3), 25.09 (d, J ACHTUNGTRENNUNG(C,P)=30.4 Hz;
PCHCH3), 63.23 (s; NH2CH), 122.69, 126.17, 126.92, 128.29, 128.52,
128.74, 130.56, 130.99, 132.32 (all s; CH), 136.26 (s; C), 137.67 (s; CH),
141.86, 148.50 (2 O s; C), 154.23 (d, J ACHTUNGTRENNUNG(C,P)=7.8 Hz; IrC), 189.78 (s; N=C);
MS (FAB+ ): m/z (%): 896 (9) [M +], 713 (89) [M +�NH2CHPh2]; ele-
mental analysis calcd (%) for C48H54N3BF4IrP: C 58.65, H 5.54, N 4.27;
found: C 58.53, H 5.74, N 4.09;


ACHTUNGTRENNUNG[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C}([D6]acetone)2ACHTUNGTRENNUNG(PiPr3)]BF4 (7): A solution of
1 (62.8 mg, 0.12 mmol) in [D6]acetone (0.5 mL) was treated with PhN=


CHPh (21.9 mg, 0.12 mmol) for 1 h at 273 K in a NMR tube. The NMR
spectrum of the resulting solution revealed the formation of complexes 7
and 3 in a 62:38 molar ratio, together with benzene and traces of N-ben-
zylaniline and 9. Selected NMR data for 7: 1H NMR ([D6]acetone,
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233 K): d=�20.08 (dd, J ACHTUNGTRENNUNG(H,P)=25.2, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; IrH), 0.93
(dd, J ACHTUNGTRENNUNG(H,P)=14.4, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; PCHCH3), 2.00 (m, 3H;
PCHCH3), 6.99, 7.96 (2 O m, 2H each; CH), 8.90 (d, J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H;
N=CH); 31P{1H} NMR ([D6]acetone, 233 K): d=15.06 (s); 13C{1H} NMR
([D6]acetone, 233 K): d=18.80, 19.51 (2 O s; PCHCH3), 25.20 (d, J ACHTUNGTRENNUNG(C,P)=
35.1 Hz; PCHCH3), 123.54, 124.29, 130.07, 130.28, 132.32, 133.06 (all s;
CH), 142.14 (d, J ACHTUNGTRENNUNG(C,P)=7.5 Hz; IrC), 143.28 (s; CH), 148.37, 152.00 (2 O
s; C), 177.90 (s; N=CH), 226.57 (s; CO).


ACHTUNGTRENNUNG[IrH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C}([D4]methanol)2 ACHTUNGTRENNUNG(PiPr3)]BF4 (8): A solution
of 1 (62.8 mg, 0.12 mmol) in methanol (5 mL) was treated with PhN=


CHPh (21.9 mg, 0.12 mmol) at room temperature under reduced pressure
until the solvent had totally evaporated. The resulting residue was re-
peatedly washed with diethyl ether to obtain a red oil. The NMR analysis
of the oil revealed the presence of complex 8 and its isotopomer deuter-
ated at the hydride position, together with minor amounts (ca. 3 % of
each) of N-benzylaniline, 3, and 10 (see below). Selected NMR data for
8 : 1H NMR ([D4]methanol, 293 K): d=�20.39 (dd, J ACHTUNGTRENNUNG(H,P)=25.6,
J ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H; IrH), 1.15 (dd, J ACHTUNGTRENNUNG(H,P)=13.9, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9 H;
PCHCH3), 1.22 (dd, J ACHTUNGTRENNUNG(H,P)=13.9, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; PCHCH3), 2.22
(m, 3H; PCHCH3), 7.12 (t, J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 2 H; CH), 7.50 (t, J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 1 H; CH), 7.62 (m, 4H; CH), 7.73 (m, 2H; CH), 8.93 (d,
J ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1 H; N=CH); 31P{1H} NMR ([D4]methanol, 293 K): d=
14.31 (s); 13C{1H} NMR ([D4]methanol, 293 K): d=19.11 (d, J ACHTUNGTRENNUNG(C,P)=
1.5 Hz; PCHCH3), 19.67 (d, J ACHTUNGTRENNUNG(C,P)=2.2 Hz; PCHCH3), 25.80 (d,
J ACHTUNGTRENNUNG(C,P)=35.1 Hz; PCHCH3), 123.51, 124.02, 128.53, 130.69, 132.40, 133.39
(all s; CH), 141.95 (d, J ACHTUNGTRENNUNG(C,P)=7.3 Hz, IrC), 142.95 (s; CH), 148.70,
152.91 (2 O s; C), 178.89 (s; N=CH); 19F NMR ([D4]methanol, 293 K): d=
�154.3 (s); MS (FAB+ ): m/z (%): 598 (20) [M +], 534 (90) [M +


�2CH3OH].


Reaction of 7 or 8 with H2 : A [D6]acetone solution (0.9 mL) of 7 was
generated in an NMR tube by reaction of 1 (31.4 mg, 0.06 mmol) with
excess PhN=CHPh (115.9 mg, 0.64 mmol) at 293 K. Benzene and N-ben-
zylaniline were also formed in the reaction (NMR). H2 (1 bar) was bub-
bled through the solution for 15 min at room temperature. Complex 3
and N-benzylaniline were the only products detectable by NMR spectros-
copy in the resulting solution. The same results were obtained with a
[D4]methanol solution of 8 generated in a similar way.


ACHTUNGTRENNUNG[IrH2 ACHTUNGTRENNUNG(CD3OD)3 ACHTUNGTRENNUNG(PiPr3)]BF4 (10): The NMR spectra of [D4]methanol sol-
utions of 1 showed the quantitative evolution of the precursor complex
into benzene and complex 10. Selected data for 10 : 1H NMR
([D4]methanol, 293 K): d=�32.47 (d, J ACHTUNGTRENNUNG(H,P)=24.9 Hz, 2 H; IrH), 1.32
(dd, J ACHTUNGTRENNUNG(H,P)=13.8, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 18 H; PCHCH3), 2.30 (m, 3H;
PCHCH3); 31P{1H} NMR ([D4]methanol, 293 K): d=32.11 (s); 13C{1H}
NMR ([D4]methanol, 293 K): d=20.05 (d, J ACHTUNGTRENNUNG(C,P)=0.9 Hz; PCHCH3),
26.50 (d, J ACHTUNGTRENNUNG(C,P)=35.9 Hz; PCHCH3); 19F NMR ([D4]methanol, 293 K):
d=�151.3 (s).


Reaction of 8 with H2 and NaBPh4 in [D4]methanol : A solution of 8 in
[D4]methanol (0.5 mL), generated in a NMR tube from 1 (20.20 mg,
0.04 mmol) and PhN=CHPh (7.05 mg, 0.04 mmol) as described above,
was treated with NaBPh4 (13.31 mg, 0.04 mmol). The resulting solution
was analyzed by NMR spectroscopy to check the integrity of complex 8.
Then, the solution was allowed to react with dihydrogen at atmospheric
pressure, which caused the immediate precipitation of a white solid. The
solid and solution were separated by centrifugation of the NMR tube
and analyzed. The [D4]methanol solution was found to contain a PhN=


CHPh/PhNHCH2Ph mixture in a molar ratio of 90:10. The solid was dis-
solved in CDCl3 and identified as 11 by comparison of its NMR data
with those previously published.[12] Similar experiments were carried out
starting from 7 in [D6]acetone, or 4 in CD2Cl2, to obtain equivalent re-
sults. In these cases, 11 was soluble in the reaction media.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(m-H)ClH ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C}2 ACHTUNGTRENNUNG(PiPr3)2] (12): A solution of
1 (150.0 mg, 0.29 mmol) in CHCl3 (5 mL) was treated with PhN=CHPh
(55.6 mg, 0.29 mmol) for 2 d at 323 K. The resulting dark red solution
was evaporated to dryness and the residue was extracted with diethyl
ether (10 mL). The solvent was removed in vacuo and the resulting oil
was treated with hexane at 213 K to give an orange solid, which was sep-
arated by decantation, washed with hexane, and dried in vacuo
(198.1 mg, 60 %). 1H NMR (CDCl3, 293 K): d=�19.22 (d, J ACHTUNGTRENNUNG(H,P)=


15.2 Hz, 1H; IrH), �16.93 (dd, J ACHTUNGTRENNUNG(H,P)=46.0, 12.1 Hz, 1H; IrHIr), 0.83
(dd, J ACHTUNGTRENNUNG(H,P)=15.1, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 9H; PCHCH3), 0.86 (dd, J ACHTUNGTRENNUNG(H,P)=
14.4, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9 H; PCHCH3), 1.00 (dd, J ACHTUNGTRENNUNG(H,P)=13.9, J ACHTUNGTRENNUNG(H,H)=
6.9 Hz, 9 H; PCHCH3), 1.07 (dd, J ACHTUNGTRENNUNG(H,P)=14.4, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9 H;
PCHCH3), 1.40, 2.20 (2 O m, 3H each; PCHCH3), 6.85 (d, J ACHTUNGTRENNUNG(H,H)=
6.1 Hz, 1H; CH), 7.00 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1 H; CH), 7.08 (m, 2 H; CH),
7.21, 7.32 (2 O m, 3 H each; CH), 7.38 (m, 2H; CH), 7.54 (d, J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 2 H; CH), 7.69 (d, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2 H; CH), 7.95 (d, J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 2H; CH), 8.77, 8.99 (2 O s, 1 H each; N=CH); 31P{1H} NMR
(CDCl3, 293 K): d=20.20, 22.23 (2 O s); 13C{1H} NMR (CDCl3, 293 K):
d=18.38 (d, J ACHTUNGTRENNUNG(C,P)=1.4 Hz; PCHCH3), 18.53 (s; PCHCH3), 18.63 (d,
J ACHTUNGTRENNUNG(C,P)=2.1 Hz; PCHCH3), 19.44 (d, J ACHTUNGTRENNUNG(C,P)=1.6 Hz; PCHCH3), 25.27 (d,
J ACHTUNGTRENNUNG(C,P)=30.6 Hz; PCHCH3), 25.44 (d, J ACHTUNGTRENNUNG(C,P)=31.0 Hz; PCHCH3),
122.65, 122.99, 123.84, 125.17 (all s; CH), 126.23 (d, J ACHTUNGTRENNUNG(C,P)=6.3 Hz; IrC),
128.31, 128.87, 128.90, 129.80, 129.84, 130.43, 131.27, 131.49, 131.77,
132.62, 138.86, 139.30 (all s; CH), 144.74 (s; C), 145.31 (d, J ACHTUNGTRENNUNG(C,P)=
7.5 Hz; IrC), 146.51, 148.03, 150.57 (all s; C), 175.13, 176.63 (2 O s; N=


CH); IR (KBr): ñ=2031 (IrH), 1956 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z
(%): 1137 (29) [M +�H], 1103 (62) [M +�Cl]; elemental analysis calcd
(%) for C44H64N2Cl2Ir2P2: C 46.43, H 5.67, N 2.46; found: C 46.85, H
5.70, N 2.36.


ACHTUNGTRENNUNG[Ir2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(m-H)Cl2ACHTUNGTRENNUNG{PhN=CH ACHTUNGTRENNUNG(C6H4)-kN,C}2ACHTUNGTRENNUNG(PiPr3)2] (13): A solution of
12 (100.0 mg, 0.09 mmol) in CHCl3 (5 mL) was stirred for 24 h at 323 K.
The solvent was removed in vacuo and the resulting residue was treated
with hexane at 213 K to give a dark orange solid, which was separated by
decantation, washed with hexane, and dried in vacuo (82.4 mg, 80%).
1H NMR (CDCl3, 293 K): d=�19.97 (dd, J ACHTUNGTRENNUNG(H,P)=50.4 Hz, 10.8, 1H;
IrHIr), 0.69 (dd, J ACHTUNGTRENNUNG(H,P)=14.4, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 9 H; PCHCH3), 0.78 (dd,
J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9 H; PCHCH3), 0.99 (dd, J ACHTUNGTRENNUNG(H,P)=14.6,
J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 9 H; PCHCH3), 1.11 (dd, J ACHTUNGTRENNUNG(H,P)=14.1, J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
9H; PCHCH3), 2.00, 2.33 (2 O m, 3 H each; PCHCH3), 6.96 (t, J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 1H; CH), 7.10 (d, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1 H; CH), 7.19 (m, 3 H; CH),
7.24 (d, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1 H; CH), 7.38 (t, J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H; CH),
7.44 (d, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H; CH), 7.51 (m, 3 H; CH), 7.64 (d, J ACHTUNGTRENNUNG(H,H)=
7.5 Hz, 2 H; CH), 7.73 (d, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1 H; CH), 7.80 (d, J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 2H; CH), 7.98 (d, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1 H; CH), 8.57, 8.67 (2 O s, 1 H
each; N=CH); 31P{1H} NMR (CDCl3, 293 K): d=8.17, 12.21 (2 O s);
13C{1H} NMR (CDCl3, 293 K): d=18.55 (d, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; PCHCH3),
19.09 (d, J ACHTUNGTRENNUNG(C,P)=3.1 Hz; PCHCH3), 19.17 (d, J ACHTUNGTRENNUNG(C,P)=2.7 Hz; PCHCH3),
19.41 (d, J ACHTUNGTRENNUNG(C,P)=2.0 Hz; PCHCH3), 25.68 (d, J ACHTUNGTRENNUNG(C,P)=31.0 Hz;
PCHCH3), 25.78 (d, J ACHTUNGTRENNUNG(C,P)=29.5 Hz; PCHCH3), 123.91, 124.31, 124.62,
125.44, 128.70, 128.80, 128.91, 129.28, 131.58, 132.20, 133.19, 134.83,
140.10 (all s; CH), 141.37 (d, J ACHTUNGTRENNUNG(C,P)=6.5 Hz; IrC), 141.52 (d, J ACHTUNGTRENNUNG(C,P)=
6.9 Hz; IrC), 146.84, 147.67, 149.75, 150.44 (all s; C), 179.69, 182.58 (2 O s;
N=CH); IR (KBr): ñ=2031 cm�1 (Ir-H-Ir); MS (FAB+ ): m/z (%): 1172
(20) [M +], 1137 (100) [M +�Cl]; elemental analysis calcd (%) for
C44H63N2Cl3Ir2P2: C 45.07, H 5.41, N 2.39; found: C 44.67, H 5.76, N 2.37.


ACHTUNGTRENNUNG[IrH2 ACHTUNGTRENNUNG{h
5- ACHTUNGTRENNUNG(C6H5)NCH2Ph}ACHTUNGTRENNUNG(PiPr3)] (14): A suspension of 3 (46.9 mg,


0.07 mmol) in [D8]THF (0.5 mL) in an NMR tube was cooled to ca.
200 K and treated with NaH (1.8 mg, 0.07 mmol). Fast evolution of gas
was observed immediately after addition. The remaining solid was sepa-
rated by centrifugation in the NMR tube, and the resulting yellow solu-
tion was analyzed by NMR spectroscopy. Complex 14 was the sole com-
ponent of the solution. 1H NMR ([D8]THF, 293 K): d=�18.77 (dd,
J ACHTUNGTRENNUNG(H,P)=27.6, J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 1H; IrH), �18.31 (dd, J ACHTUNGTRENNUNG(H,P)=27.6,
J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 1 H; IrH), 1.14 (dd, J ACHTUNGTRENNUNG(H,P)=14.0, J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
18H; PCHCH3), 2.12 (m, 3H; PCHCH3), 4.48 (AB spin system: d(A)=
4.46, d(B)=4.51, J ACHTUNGTRENNUNG(A,B)=16.2 Hz, 2H; CH2), 5.02 (d, J ACHTUNGTRENNUNG(H,H)=6.7 Hz,
1H; h-CH), 5.07 (d, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H; h-CH), 5.52 (t, J ACHTUNGTRENNUNG(H,H)=
6.1 Hz, 1H; h-CH), 5.64 (t, J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 1 H; h-CH), 5.75 (t,
J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 1 H; h-CH), 7.20 (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; CH), 7.29 (t,
J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1 H; CH), 7.35 (d, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; CH); 31P{1H}
NMR ([D8]THF, 293 K): d=43.03 (s); 13C{1H} NMR ([D8]THF, 283 K):
d=21.28, 21.49 (2 O s; PCHCH3), 29.15 (d, J ACHTUNGTRENNUNG(C,P)=32.2 Hz; PCHCH3),
52.10 (s; CH2), 65.73, 76.49, 91.69, 99.62 (all s; h-CH), 126.97, 129.06,
129.11 (all s; CH), 135.43, 141.99 (2 O s; C).


X-ray structure analysis of 3, 5, and 6 : Crystals suitable for these experi-
ments were obtained by slow diffusion of diethyl ether and hexane at
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253 K into CH2Cl2 solutions of 3 and 5, respectively, and by diffusion of
benzene/diethyl ether into a CDCl3 solution of 6. X-ray data were collect-
ed on a Bruker SMART APEX CCD diffractometer with graphite-mono-
chromated MoKa radiation (l=0.71073 Q) using w scans (0.38). Data
were collected over the complete sphere by a combination of four sets,
and corrected for absorption by a multiscan method applied with the
SADABS program.[26] The structures were solved by the Patterson
method. Refinement by full-matrix least-squares methods on F 2 using
SHELXL97[27] was similar for all complexes and included isotropic and
subsequently anisotropic displacement parameters for all nondisordered
non-hydrogen atoms. Particular details concerning the presence of sol-
vent, static disorder, and hydrogen refinement are listed below.


Crystal data for 3 : C22H36BF4IrNP·0.25H2O, M=629.00; colorless needle,
0.28 O 0.04 O 0.04 mm; triclinic, P1̄; a=7.7841(7), b=11.5325(11), c=
14.1366(13) Q, a=75.6620(10), b=77.545(2), g=84.674(2)8 ; Z=2; V=


1199.54(19) Q3; 1calcd=1.741 gcm�3 ; m=5.673 mm�1, min/max transmis-
sion factors 0.474/0.612; 2qmax=56.98 ; T=100.0(2) K; 14275 reflections
collected, 5506 unique (R ACHTUNGTRENNUNG(int)=0.034); number of data/restraints/param-
eters 5506/1/301; final GoF 1.067, R1=0.0424 [4754 reflections with I>
2s(I)], wR2=0.1050 (all data); largest difference peak 4.358 eQ�3. Hy-
drogen atoms were included in calculated positions and refined riding on
carbon atoms with the thermal parameter related to bonded atoms or
with very weak positional restraints. The highest electronic residual was
observed as an unique peak sitting in the middle of a structural hole
formed by two terminal phenyl rings and several isopropyl groups be-
longing to four different molecules. This residue shows short distances
(about 2.6 Q) with both aliphatic and aromatic C�H bonds, and was in-
terpreted as 0.25 molecules of water of crystallization.


Crystal data for 5 : C30H42BF4IrN3P·CH2Cl2, M=839.57; yellow irregular
block, 0.28 O 0.12 O 0.12 mm; triclinic, P1̄; a=10.2813(7), b=13.5231(9),
c=13.9998(9) Q, a=103.8940(10), b=102.4430(10), g=108.4630(10)8 ;
Z=2; V=1700.1(2) Q3; 1calcd=1.640 gcm�3 ; m=4.179 mm�1, min/max
transmission factors 0.396/0.593; 2qmax=57.28 ; T=100.0(2) K; 20 336 re-
flections collected, 7901 unique (R ACHTUNGTRENNUNG(int)=0.0281); number of data/
restraints/parameters 7901/5/411; final GoF 0.972, R1=0.0267 [7021 re-
flections with I>2s(I)], wR2=0.0596 (all data); largest difference peak
1.805 eQ�3. Hydrogen atoms were included in calculated positions and
refined riding on carbon atoms or in observed positions and refined
freely with the thermal parameter related to bonded atoms. The highest
electronic residual was observed in close proximity of the disordered sol-
vent molecule.


Crystal data for 6 : C48H54BF4IrN3P·0.6 C4H10O·0.3 CHCl3·0.25 C6H6, M=


1082.73; yellow plate, 0.14 O 0.12 O 0.04 mm; triclinic, P1̄; a=10.9839(11),
b=11.6980(12), c=19.996(2) Q, a=95.622(2), b=90.785(2), g=


105.855(2)8 ; Z=2; V=2457.5(4) Q3; 1calcd=1.463 g cm�3 ; m=2.853 mm�1,
min./max. transmission factors 0.648 and 0.803; 2qmax=57.08 ; T=
100.0(2) K; 24 254 reflections collected, 11170 unique (R ACHTUNGTRENNUNG(int)=0.0812);
number of data/restraints/parameters 11170/28/577; final GoF 0.755, R1=
0.0534 [5970 reflections with I>2s(I)], wR2=0.1209 (all data); largest
difference peak 1.499 e Q�3. Two solvent molecules (diethyl ether and
chloroform) were observed disordered in the same site of the crystal.
Both molecules were refined with restraints on their geometry. The occu-
pancy factors were estimated from thermal parameters and fixed to 0.6
for the diethyl ether and to 0.3 for the chloroform moiety. One benzene
molecule was also observed around a center of symmetry. Its occupancy
factor was estimated from the thermal parameters and fixed to 0.25. Hy-
drogen atoms were included in calculated positions and refined riding on
carbon atoms or in observed positions and refined freely. The largest
electronic residuals were observed in the proximity of the solvent mole-
cules.


CCDC-285 459, -285 460, and -285 461 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Catalytic hydrogenation : Dihydrogen-uptake experiments were per-
formed in an apparatus consisting of a 7.99 mL stainless-steel gas reser-
voir triply connected to a high-pressure dihydrogen source, a pressure
transmitter, and a electronic pressure meter/controller (EL-Press, Bronk-


horst HI-TEC). The outlet of the pressure controller was connected to a
100 mL reaction flask, also connected to a Schlenk manifold to allow for
manipulation of the reaction under argon and degassing. In a typical re-
action, a solution of the catalyst precursor and the substrate at the de-
sired concentrations was transferred to the reaction flask and allowed to
reach the reaction temperature in a water bath. The reaction mixture was
degassed in vacuo over a few seconds and exposed to dihydrogen at the
desired total pressure. The pressure was programmed on the computer
connected to the pressure controller, which maintains a constant pressure
in the reaction flask during hydrogenation. The reaction flask was shaken
vigorously during reaction. Consumption of dihydrogen was registered as
a pressure decrease in the closed reservoir by means of the pressure
transmitter at the desired intervals (typically 15 s). The pressure decrease
was converted into moles of dihydrogen consumed by using the precali-
brated volume of the reservoir and considering ideal gas behavior. The
data were fitted to exponentials, where applicable, to obtain extrapolated
initial rate data and pseudo-first-order rate constants. The vapor pressure
of the solvent at the reaction temperature was considered in calculating
dihydrogen partial pressures.[28] The reaction progress and selectivity
were periodically checked by GC on samples obtained through the
septum cap of the reaction flask. The imine/amine ratio was calculated
from the GC peaks by using the regression plot previously obtained from
known solutions of both commercial substrates in the same range of con-
centrations.


Preparation of NMR samples of catalytic reactions : The hydrogenation
procedure described above was applied to solutions in the desired deuter-
ated solvent (typically 2 mL of solvent, at least 15 mg of the catalyst pre-
cursor, an initial substrate to catalyst ratio of 20, and dihydrogen total
pressure of 1.1 bar). The reactions were monitored by means of dihydro-
gen consumption until the desired conversion (typically 50%) and then
transferred with a cannula, under dihydrogen, to NMR tubes. The NMR
tubes were frozen, and the 31P{1H} NMR spectra measured (typically at
273 K, at which temperature the reaction is slow enough to ensure that
an excess of all reaction components is maintained during the measure-
ment).


Calculations : Theoretical calculations were carried out with the Gaussian
program suite.[29] The presented structures were fully optimized by
second-order Møller–Plesset perturbation theory (MP2) with two differ-
ent basis sets: basis-I and basis-II. Basis-I is a valence double-z quality
basis set, and basis-II includes polarization functions. All the presented
structures were fully optimized at the MP2/basis-I level of theory. Har-
monic vibrational frequency calculations at this level of theory were used
to characterize these structures as either minima (zero imaginary har-
monic frequencies) or transition states (a single imaginary harmonic fre-
quency), and these energy second derivatives were used to estimate the
Gibbs free energy. Then, these structures were reoptimized at the MP2/
basis-II level of theory, and natural population analysis (NPA) was used
to estimate the atomic charges.


Basis-I includes the valence double-z Dunning–Huzinaga[30] basis for B,
C, N, O, F, and H atoms, and the Hay–Wadt effective core potential and
valence basis set for Ir[31] and P[32] atoms. Basis-II includes one set of po-
larization functions for the first-row and selected H atoms, and the ex-
tended Hay–Wadt effective core potential for Ir and P atoms,[33] supple-
mented with polarization d functions for the P atom[34] and a diffuse d
function[35] and a polarization f function[36] for the Ir atom.
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Solubilization of Single-Walled Carbon Nanotubes by using Polycyclic
Aromatic Ammonium Amphiphiles in Water—Strategy for the Design of
High-Performance Solubilizers


Yasuhiko Tomonari,[a] Hiroto Murakami,[a] and Naotoshi Nakashima*[b]


Introduction


Since their first report in 1991,[1] carbon nanotubes (CNTs)
have received much attention in nanoscience and nanotech-
nology because of their unique physical, chemical, mechani-
cal, and electronic properties.[2] Due to the insolubility of
CNTs in both aqueous and organic solvents, their applica-
tions are limited. Our interest has focused on noncovalent
sidewall-functionalized soluble carbon nanotubes. Figure 1


shows the general idea for the solubilization of CNTs in sol-
ution,[3] in which the solubilizers are functional compounds
that are composed of an aromatic moiety and a solvophilic
moiety. In this concept, solubilizers carrying a hydrophilic or
hydrophobic moiety are expected to dissolve CNTs in dipo-
lar solvents, such as water and alcohols, and in nonpolar sol-


Abstract: We describe the design of
polycyclic aromatic compounds with
high performance that dissolve single-
walled carbon nanotubes (SWNTs).
Synthetic amphiphiles trimethyl-(2-
oxo-2-phenylethyl)-ammonium bro-
mide (1) and trimethyl-(2-naphthalen-
2-yl-2-oxo-ethyl)-ammonium bromide
(2) carrying a phenyl or a naphtyl
moiety were not able to dissolve/dis-
perse SWNTs in water. By contrast, tri-
methyl-(2-oxo-2-phenanthren-9-yl-
ethyl)-ammonium bromide (3) solubi-
lized SWNTs, although the solubiliza-
tion ability was lower than that of tri-
methyl-(2-oxo-2-pyrene-1-yl-ethyl)-am-
monium bromide (4) (solubilization be-
havior observed by using 4 was descri-
bed briefly in reference [4a]).


Transmission electron microscopy
(TEM), as well as visible/near-IR, fluo-
rescence, and near-IR photolumines-
cence spectroscopies were employed to
reveal the solubilization properties of 4
in water, and to compare these results
with those obtained by using sodium
dodecyl sulfate (SDS) and hexadecyl-
trimethylammonium bromide (HTAB)
as solubilizers. Compound 4 solubilized
both the as-produced SWNTs (raw-
SWNTs) and purified SWNTs under
mild experimental conditions, and the
solubilization ability was better than


that of SDS and HTAB. Near-IR pho-
toluminescence measurements revealed
that the chiral indices of the SWNTs
dissolved in an aqueous solution of 4
were quite different from those ob-
tained by using micelles of SDS and
HTAB; for a SWNTs/4 solution, the in-
tensity of the (7,6), (9,5), and (12,1) in-
dices were strong and the chirality dis-
tribution was narrower than those of
the micellar solutions. This indicates
that the aqueous solution of 4 has a
tendency to dissolve semiconducting
SWNTs with diameters in the range of
0.89–1.0 nm, which are larger than
those SWNTs (0.76–0.97 nm) dissolved
in the aqueous micelles of SDS and
HTAB.


Keywords: adsorption · fluores-
cence spectroscopy · nanotubes · pi
interactions · solubilization
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Figure 1. Strategy to solubilize SWNTs by physical adsorption of polycy-
clic aromatic molecules carrying a solvophilic moiety onto the surfaces of
SWNTs.
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vents, respectively.[4] Reports describing solubilization by
using aromatic compounds carrying pyrene,[4a,b,e,5] anthra-
cene,[6] and porphyrin[4c,7] have been published.


In this paper, we describe the preparation of sidewall-
functionalized water-soluble single-walled nanotubes
(SWNTs) with four different polycyclic aromatic ammonium
amphiphiles (1–4). Compounds 1 to 4 are water-soluble am-


phiphiles possessing a condensed cyclic number 1, 2, 3, and
4 for 1, 2, 3, and 4, respectively, and are suitable to demon-
strate our general idea for the solubilization of CNTs in sol-
ution. We also used sodium dodecyl sulfate (SDS) and hexa-
decyltrimethylammonium bromide (HTAB) and compared
their solubilization abilities toward SWNTs with those of 1–
4. Carbon nanotubes have been reported to be soluble in
aqueous micellar solutions of such surfactants.[8]


A preliminary report obtained by using compound 4 has
been published elsewhere.[4a] We have also reported that the
pyrene-carrying ammonium vinyl monomer and its copoly-
mers,[4b] as well as some porphyrins,[4c] can solubilize SWNTs
in water or organic solvents, and have described the impor-
tance of p–p interactions between the aromatic moieties
and SWNT sidewalls toward the solubilization of SWNTs in
solvents. Very recently, Guldi et al.[9] fabricated nanohybrids
composed of SWNTs, compound 4, and water-soluble metal-
loporphyrins, and reported that a rapid interhybrid charge
separation causes the reduction of the electron-accepting
SWNTs and the oxidation of the electron-donating porphyr-
in. They also described the photoelectrochemical behaviors
at an indium tin oxide (ITO) electrode modified with a
nanocomposite of SWNTs–compound 4–polythiophene car-
boxylate.[10] We[4c] reported that zinc protoporphyrin IX sol-
ubilizes SWNTs in DMF. Sun et al.[11] described that
5,10,15,20-tetrakis(hexadecyloxyphenyl)-21H,23H-porphine
selectively interacts with semiconducting SWNTs in chloro-
form. Paloniemi et al.[12] examined the solubilization behav-
iors of SWNTs by using several kinds of aromatic com-
pounds and found that naphthalene groups carrying amino
and sulfonyl groups can dissolve SWNTs in water.


Experimental Section


Materials : SDS, HTAB, and as-produced SWNTs (raw-SWNTs) were
purchased from Nacalai Tesque, Wako Chemical Industries, and Carbon
Nanotechnologies, respectively, and were used as received. The length


and diameter of raw-SWNTs were approximately 1–10 mm and 0.7–
1.2 nm, respectively.


Syntheses


Trimethyl-(2-oxo-2-phenylethyl)-ammonium bromide (1): An excess
amount of trimethylamine gas was introduced into 2-bromoacetophenone
(0.112 g, 0.56 mmol) in dry THF (15 mL) at RT, and the solution was stir-
red for 1 d. The precipitate was separated and dried in a vacuum to give
1 as a white solid, 84%. 1H NMR (300 MHz, [D4]CD3OD): d=7.5–8.4
(m, 5H; PhH), 3.4 ppm (s, 9H; (CH3)3N


+); IR (KBr): ñ=3054, 3000,
1689 cm�1; elemental analysis calcd (%) for C11H16NOBr: C 51.61, H
6.25, N 5.43; found: C 50.91, H 6.25, N 5.39.


Trimethyl-(2-naphthalene-2-yl-2-oxo-ethyl)-ammonium bromide (2): An
excess amount of trimethylamine gas was introduced into 2-bromo-2’-ace-
tonaphtone (0.134 g, 0.53 mmol) in dry THF (15 mL) at RT, and the solu-
tion was stirred for 1 d. The precipitate was separated and dried in a
vacuum to give 2 as a white solid, 73%. 1H NMR (300 MHz,
[D4]CD3OD): d=7.6–8.6 (m, 7H; PhH), 3.4 ppm (s, 9H; (CH3)3N


+); IR
(KBr): ñ=3054, 3008, 1697 cm�1; elemental analysis calcd (%) for
C15H18NOBr: C 58.44, H 5.89, N 4.54; found: C 58.90, H 6.06, N 4.50.


Trimethyl-(2-oxo-2-phenanthrene-9-yl-ethyl)-ammonium bromide (3): An
excess amount of trimethylamine gas was introduced into 9-(2-bromoace-
tyl)phenanthrene (0.100 g, 0.33 mmol) in dry THF (15 mL) at RT, and
the solution was stirred for 1 d. The precipitate was separated and dried
in a vacuum to give 3 as a white solid, 88%. 1H NMR (300 MHz,
[D4]CD3OD): d=7.7–8.9 (m, 9H; PhH), 3.5 ppm (s, 9H; (CH3)3N


+); IR
(KBr): ñ=3000, 1697 cm�1; elemental analysis calcd (%) for
C19H20NOBr: C 63.68, H 5.63, N 3.91; found: C 63.50, H 5.69, N 3.84.


Trimethyl-(2-oxo-2-pyrene-1-yl-ethyl)-ammonium bromide (4): The syn-
thetic method of 4 was briefly described in a previous paper.[4a] An
excess amount of trimethylamine gas was introduced into 1-(bromoace-
tyl)pyrene (0.191 g, 0.59 mmol) in dry THF (15 mL) at RT, and the solu-
tion was stirred for 1 d. The precipitate was separated and dried in
vacuum to give 4 as a yellow solid, 87%. 1H NMR (300 MHz,
[D4]CD3OD): d=8.1–9.1 (m, 9H; PyH), 4.1 (s, 2H; CH2N


+), 3.6 ppm (s,
9H; (CH3)3N


+); IR (KBr): ñ=3045, 3012, 1674 cm�1; elemental analysis
calcd (%) for C21H20NOBr·1.2H2O: C 62.45, H 5.59, N 3.47; found: C
62.16, H 5.21, N 3.06.


Purification of raw-SWNTs :[13] Raw-SWNTs (HiPco) were heated at
225 8C in humid air, and then the samples were sonicated by using an ul-
trasonic cleaner (Branson 5510) in concd aqueous HCl. The nanotubes
were then collected by using a porous filter (Advantec PTFE; pore size,
100 nm), and then washed with sodium hydrogen carbonate. SWNTs
were collected by using a porous filter (Advantec, PTFE; pore size,
100 nm), and then dried at 50 8C to obtain the purified SWNTs (p-
SWNTs), which were used for further experiments. Analysis of these
nanotubes by X-ray photoelectron spectroscopy (XPS) revealed no peak
for Fe2p3/2 in the region of 706–714 eV, indicating that the Fe was almost
removed by this purification procedure.


Solubilization/dispersion of SWNTs : Typical solubilization procedures
are as follows: Raw-SWNTs or p-SWNTs (�1.0 mg) were placed in an
aqueous solution of 1 (or 2, 3, 4, each 1 mm), HTAB (29 mm), or SDS (10
and 36 mm), followed by sonication in a bath-type sonicator (Branson
5510) for 1 h, and then optional sonication in a cup-horn sonicator (SMT,
UH-300) for 10 min at RT. After sonication, the samples were centri-
fuged (SIGMA, 3K30C or HITACHI KOKI, CS100GXL) at a given g-
value. The upper 70–80% of supernatant was then carefully decanted.


Resolubilization of SWNTs/4 nanocomposite : An aqueous dispersion/sol-
ution of SWNTs/4 was passed through a filter (Advantec, PTFE; pore
size, 100 nm), and a residue (solid) on the filter paper was rinsed well
with D2O. The collected solid was placed in D2O, and then sonicated in a
bath-type sonicator (Branson 5510) for 10 min to produce a black, trans-
parent aqueous solution/dispersion.


Transmission electron microscopy (TEM) and atomic force microscopy
(AFM): Typical procedures are as follows: A carbon-coated TEM grid
(Ouken-Shoji, 200-A mesh) was immersed in an aqueous solution of
SWNTs/4 for a few seconds and then air-dried. TEM measurements were
conducted by using a Jeol JEM-100S electron microscope. An aqueous
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solution of SWNTs/4 was dropped onto a cleaved mica substrate, rinsed
with pure water (Milli-Q Plus Ultrapure water system, Millipore), and
then dried in vacuum before measurement. AFM images were recorded
by using a SPI 3800N (Seiko Instruments) with a Si3N4 cantilever (SN-
AF01).


Raman spectroscopy : Raman spectra
for SWNTs were recorded by using a
Renishaw Ramanscope System 1000
(excitation wavelength, 514.5 nm of
an Ar ion laser).


Vis/near-IR (NIR) absorption and
fluorescence spectroscopy of individ-
ually dissolved SWNTs : Raw-SWNTs
and an aqueous solution of 4 (or SDS
or HTAB) were sonicated in a bath-
type sonicator (Branson 5510) for
1 h, and then in a cup-horn sonicator
(SMT, UH-300) for 10 min at RT.
After centrifugation (HITACHI
KOKI, CS100GXL) for 4 h at
118000 g, the supernatant was care-
fully separated. NIR fluorescence
spectra were recorded by using a
HORIBA SPEX Fluorolog-3-NIR
spectrofluorometer equipped with a
liquid-nitrogen-cooled InGaAs near-IR detector. Excitation and emission
wavelengths were 500–900 and 900–1300 nm, respectively.


Thermogravimetric analysis (TGA): TGA curves (10 8Cmin�1) were re-
corded by using a Shimazu TGA-50H instrument.


Results and Discussion


Solubilization/dispersion of raw-SWNTs : The solubilization/
dispersion of raw-SWNTs in water containing 1, 2, 3, or 4
was carried out by using the typical procedure described in
the Experimental Section to obtain SWNTs/1, SWNTs/2,
SWNTs/3, and SWNTs/4. A photograph of the four solu-
tions obtained is shown in Figure 2. Although the photo of
the SWNTs dissolved in an aqueous solution of 4 has al-


ready been reported,[4a] it is displayed again in Figure 2d for
the purpose of comparison with the solutions obtained by
using 1–3. Compound 3, a tricyclic aromatic amphiphile,
gave a pale-black solution (Figure 2c). In contrast, as can be
seen in Figure 2a and b, the use of 1 and 2 gave colorless


solutions. We measured Raman spectra for SWNTs obtained
from solutions of SWNTs/3 and SWNTs/4 and for insoluble
SWNTs separated from solutions of 1 and 2 containing
SWNTs. As shown in Figure 3, the four spectra obtained (b–


e) resemble that of the original SWNTs (a) and the intensity
ratios of the G-band/D-band of the five spectra differ only
slightly, indicating that functionalization did not damage the
tubes themselves.


Figure 4 shows typical visible/near-IR spectra of the four
different solutions/dispersions containing SWNTs/1,


SWNTs/2, SWNTs/3, and SWNTs/4, in which deuterated
water was used in place of normal water, as water absorbs
in the near-IR region. Aqueous solutions of SWNTs/3 and
SWNTs/4 showed characteristic absorption bands in the visi-
ble/near-IR regions, due to the interband transition between
the mirror image spikes in the density of states (DOSs)[14] of
the SWNTs. In contrast, almost no absorbance was detected
upon use of compounds 1 and 2, indicating that these com-
pounds did not act as SWNT solubilizers. The number of


Figure 2. Aqueous solutions of raw-SWNTs/1 (a), raw-SWNTs/2 (b), raw-
SWNTs/3 (c), and raw-SWNTs/4 (d).


Figure 3. Raman spectra for raw-SWNTs (a), insoluble raw-SWNTs (b and c) separated from solutions of
SWNTs/1 and SWNTs/2, respectively, and the solid products (d and e) obtained from solutions of raw-
SWNTs/3 and raw-SWNTs/4, respectively.


Figure 4. Vis/near-IR absorption spectra of D2O solutions/dispersions of
raw-SWNTs/1 (a), raw-SWNTs/2 (b), raw-SWNTs/3 (c), and raw-SWNTs/
4 (d). Optical cell length: 1 mm, concentration of 1, 2, and 3 : 1.0 mm.
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condensed polycyclic aromatic rings in 1–4 is crucial for the
solubilization of the SWNTs in water. It is evident that both
the phenyl and naphthalene groups are noneffective chro-
mophores in the design of SWNT solubilizers. Recently, Pal-
oniemi et al.[12] reported that naphthalene derivatives with
an amino group could disperse SWNTs in solvent, and they
indicated the contribution of a charge-transfer interaction
between the amino group and the SWNTs.


We have examined the effect of solvent on the solubiliza-
tion of SWNTs. Unfortunately, the solubility of compound 4
is limited, namely it is soluble in water, water/methanol, and
water/DMF, but insoluble in methanol, DMF, and other
many solvents. Therefore, we carried out experiments by
using D2O/CD3OD (9:1, v/v) and D2O/DMF (9:1, v/v) in
place of D2O, and found that SWNTs can be solubilized in
these solvents (data not shown).


As we described elsewhere,[4a] the absorption maxima of
the UV-visible spectra of the SWNTs/4 solution appeared at
234, 288, and 368 nm together with a shoulder at 400 nm,
which are almost identical to those of the 4 aqueous solution
only. This result suggests that the spectrum was governed by
4 in the bulk solution. The UV-visible spectrum of SWNTs/3
was also virtually identical to that of the aqueous solution of
3 containing no SWNTs. The spectral shift of 4 bound to the
surfaces of the SWNTs is discussed below. Compound 4 is
not a micelle-forming amphiphile in water, and neither is
compound 3 because, from surface-tension measurements,
no critical micelle concentration (cmc) was observed in an
aqueous solution of 3. Therefore, the solubilization of the
SWNTs obtained by using compounds 3 and 4 is not by
means of the so-called “micelle dissolution”, but instead,
physical adsorption through p–p interaction of the polycy-
clic aromatic moiety and the sidewalls of the SWNTs is sug-
gested to play an important role in solubilization. The de-
tails of the mechanism of the solubilization of the SWNTs
are discussed below.


Transmission electron microscopy (TEM) and atomic
force microscopy (AFM) were performed to reveal the
structures of the raw-SWNTs dissolved in water containing
3 or 4. We used a cationic surfactant, HTAB, and compared
the results to those obtained by using 3 and 4. Typical exam-
ples of the TEM images obtained are shown in Figure 5, in
which many catalyst particles of iron are seen upon using
HTAB as a solubilizer. By comparison, such particles were
scarce in the solutions of both SWNTs/3 and SWNTs/4, indi-
cating that compounds 3 and 4 were effective for not only
the dissolution, but also in purification of the raw-SWNTs.
Figure 5d and e show images of insoluble raw-SWNTs sepa-
rated from solutions of 1 and 2, respectively, in which
SWNTs are seen to contain a lot of metal nanoparticles.
These images resemble that of the used raw-SWNTs in the
absence of the functionalization procedure. We conducted
thermogravimetric analysis (TGA) experiments for the raw-
SWNTs and for the SWNTs obtained from a solution con-
taining 4 and SWNTs after centrifugation at 60000 g for 2 h.
The Fe contents in these two samples were 28 and 10%, re-
spectively.


A typical AFM image on mica obtained from a SWNTs/4
solution is shown in Figure 6. From the height profile of the
image, we observe a large percentage of the SWNTs whose
diameters are approximately 1–1.5 nm, indicating that the
SWNTs are individually dissolved in water.


Comparison of raw-SWNTs and purified (p)-SWNTs :
Hauge et al.[13] reported that raw-SWNTs have a tendency
to form strong bundled structures during purification pro-
cesses. Hence, it is suggested that the solubilization behaviors
of the raw-SWNTs and p-SWNTs are different. We exam-
ined the solubilization ability of 4 toward the raw- and p-
SWNTs and compared the results with those obtained by
using SDS. As shown in Figure 7, following sonication in a
bath-type sonicator, the solubilization behaviors of the raw-


Figure 5. TEM images of aqueous solution/dispersions of raw-SWNTs/3 (a), raw-SWNTs/4 (b), raw-SWNTs/HTAB (c), and insoluble raw-SWNTs (d and
e) separated from solutions of 1 and 2, respectively.
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SWNTs (spectrum c) and p-SWNTs (spectrum a) were quite
different. The S1 band of the p-SWNTs appeared in the
region of 1200–1700 nm, which was shifted largely to the
longer wavelength compared to that of the raw-SWNTs, and
the band was not well-resolved. These results suggested that
the p-SWNTs formed bundled structures under these experi-
mental conditions. The effect of the sonication power on the
combination of p-SWNTs and the solubilizer 4 was exam-
ined. This revealed that additional sonication for 10 min in a
cup-horn type sonicator following sonication in the bath-
type sonicator caused a drastic change in the spectral shape
and, as shown in spectrum b in Figure 7, the spectrum ob-
tained was almost identical to that of the raw-SWNTs. We
wish to emphasis that both the raw- and p-SWNTs can be
readily solubilized under the “mild” experimental condi-
tions. The use of SDS micelles for the dissolution of the
raw-SWNTs and sonication in both a bath-type sonicator
and a cup-horn sonicator, followed by centrifugation at
60000 g produced dissolution giving the well-resolved near-


IR spectrum (spectrum f in Figure 7) that was virtually iden-
tical to reported data.[8c] However, for the p-SWNTs, the
spectrum obtained was broad (spectra d and e in Figure 7).
Evidently, compound 4 is a better solubilizer than SDS for
p-SWNTs.


The effect of centrifugation on the dissolution of the raw-
SWNTs by using 4 was examined. We varied the g-values
from 1000 to 120000 g. Approximate SWNT solubility
values obtained in aqueous solutions of 4 prepared by cen-
trifugation at 1000 and 60000 g were 0.028 and
0.010 mgmL�1, respectively. As exhibited in Figure 8, the ab-
sorbance for the four SWNT aqueous solutions decreased as
the g-values increased, and all gave resolved spectra whose
shapes and peak maxima varied little. The fact that centrifu-
gation at much lower g-values (~1000 g) was effective for


the preparation of individually
dissolved SWNTs in water is
important for obtaining large
amounts of individually dis-
solved SWNTs.


Fluorescence from pyrene :
Pyrene-carrying compounds
are often used as fluorescence
probes because the fluores-
cence quantum yield of pyrene
is high.[15] We measured the
fluorescence spectra of aque-
ous solutions of 4 in the ab-
sence or presence of the raw-
SWNTs. At lower concentra-
tions of 4 below 10�6


m, only
monomer emission spectra
were observed at around
421 nm, and at concentrations
above 10�5


m, excimer emis-


Figure 6. Typical AFM image of an aqueous solution of raw-SWNTs/4.


Figure 7. Vis/near-IR absorption spectra for D2O solutions of SWNTs/4 (A) and SWNTs/SDS (B). The p-
SWNTs and the raw-SWNTs were used for spectral measurements a, b, d, e, and c, f, respectively. Sample-
preparation conditions for (a)–(f): sonication in a bath-type sonicator for 1 h, followed by centrifugation at
1000 g for 30 min (a and d); sonication in a bath-type sonicator for 1 h and then in a cup-horn sonicator for
10 min, followed by centrifugation at 1000 g for 30 min (b and e); sonication in a bath-type sonicator for 1 h
and then in a cup-horn sonicator for 10 min, followed by centrifugation at 60000 g for 4 h (c and f). Optical
cell length, 1.0 mm.


Figure 8. Vis/near-IR absorption spectra of aqueous solutions of raw-
SWNTs/4 prepared by sonication in a bath-type sonicator for 1 h, fol-
lowed by centrifugation at 1000 g for 2 h (a), 10000 g for 2 h (b), 60000 g
for 2 h (c), and 118000 g for 2 h (d). Optical cell length, 1.0 mm for (a)–
(c) and 10 mm for (d).
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sions were observed at around 501 nm together with mono-
mer emissions at around 421 nm. Unfortunately, the ob-
served fluorescence behaviors of the raw-SWNTs/4 solution
were virtually the same as those of the 4 aqueous solution
alone, suggesting that the fluorescence from the SWNTs/4
solution is derived from the nonbound (free) 4 in the solu-
tion. To remove the free 4 molecules (not bound to the
SWNTs), the solution was filtered by using filter paper. The
resulting solid was then resolubilized in pure water by soni-
cation in a bath-type sonicator (for details, see Experimental
Section). The UV/visible/near-IR spectrum for the resolubi-
lized solution obtained is shown in Figure 9, together with


the spectra for a SWNTs/4 solution before resolubilization
and for an aqueous solution of 4 only. From the data, the
concentration of 4 in the resolubilized solution was calculat-
ed to be approximately 0.24 mm, which means a decrease of
75% from the original concentration. The resolubilized sol-
ution obtained was stable for more than three months in a
refrigerator, that is, no precipitate was produced during this
period. On the other hand, the decrease in absorbance of
the SWNTs in the resolubilized solution in the near-IR
region was only 11%. The peak maxima of pyrene moieties
in the resolubilized solution appeared at 232, 287, and
357 nm, which are somewhat different from the original sol-
ution (peak maxima: 232, 288, and 367 nm). For the resolu-
bilized solution, the observed blue-shift of approximately
10 nm in the region of 360 nm together with the decrease in
the shoulder peak near 400 nm relative to the original solu-
tion is due to a p–p interaction between the SWNT side-
walls and the pyrene moiety.


Fluorescence spectra provided direct evidence for the in-
teraction between compound 4 and the SWNTs. As shown
in Figure 10, the excimer emission from the pyrene moiety
in the resolubilized solution was drastically quenched com-
pared to that of the original solution, suggesting an energy
transfer from the pyrene moiety on 4 to the SWNTs. We


compared the fluorescence intensity of solutions in the ab-
sence and presence of SWNTs possessing the same absorb-
ance of the pyrene chromophore. We have already reported
a similar fluorescence quenching of zinc protoporphyrin IX
adsorbed on the surface of the SWNTs in a DMF solu-
tion.[4c] Sun et al.[17] synthesized SWNTs tethered with pyr-
enes and observed the quenching of pyrene emission in solu-
tion. This quenching was explained by energy transfers from
the tethered pyrene moieties to the nanotubes. They also
synthesized SWNTs tethered with porphyrins and described
the quenching of porphyrin emission as well as energy trans-
fers from the tethered porphyrins to the nanotubes. On the
other hand, Murray et al.[6a] reported that anthracene adsor-
bed on SWNTs in THF is strongly luminescent. Hedderman
et al.[6b] also described that the fluorescence from anthracene
adsorbed on the SWNTs was not much different from that
observed in the absence of SWNTs. The fluorescence behav-
iors from fluorophores adsorbed on the surface of nanotubes
remain complex.


Photoluminescence from SWNTs : Smalley et al.[8c] and
Weisman et al.[8d] reported that raw-SWNTs dissolved in an
aqueous micelle of SDS showed individual photolumines-
cence in the near-IR region. Since these reports were pub-
lished, considerable attention has been focused on these
unique optical behaviors. We measured the near-IR photolu-
minescence spectra of SWNTs dissolved in an aqueous (deu-
terated) solution of 4, and compared the results to those ob-
tained by using aqueous micelles of SDS and HTAB. Three
sample solutions were prepared under the same experimen-
tal conditions, namely, by sonication in a bath-type sonicator
for 1 h followed by sonication in a cup-horn sonicator for
10 min and then ultracentrifugation at 118000 g for 4 h. The
three samples obtained exhibited photoluminescence in the
near-IR region and the contour plots of the excitation wave-
length (500–900 nm)/emission wavelength (900–1300 nm)
profile are demonstrated in Figure 11. The contour plot for
SWNTs/SDS proved the existence of SWNTs with chiral in-
dices of (7,6), (8,6), (9,4), and (9,5), which resembled those
previously reported.[18] However, there were some differen-
ces: in the literature, the (9,5) index was not detected and
the intensity of (7,5) in our SDS sample was weaker than


Figure 9. UV/Vis/near-IR absorption spectra for aqueous solutions of 4
(a), raw-SWNTs/4 (b and d), and resolubilized raw-SWNTs/4 (c and e).
The spectra of (d) and (e) are magnifications of (b) and (c), respectively.
Optical cell length, 1.0 mm.


Figure 10. Fluorescence spectra of an aqueous solution of 4 ([4]=
0.24 mm) (a) and a resolubilized aqueous solution of SWNTs/4 (b) (con-
centration of 4 was estimated to be 0.24 mm). Excitation wavelengths for
(a) and (b) are 367 and 357 nm, respectively.
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that reported in the literature. This difference could be due
to the experimental procedure and lot numbers of HiPco
SWNTs obtained from Carbon Nanotechnologies. As shown
in Figure 11a and b, SWNTs/SDS and SWNTs/HTAB gave
very similar contour plots, whereas SWNTs/4 produces a dif-
ferently patterned contour plot (Figure 11c), in which the in-
tensity of the (7,6), (9,5), and (12,1) indices were strong and
the intensity of (8,6) was weaker than those from SWNTs/
SDS and SWNTs/HTAB. Notably, the index (12,1) in Figur-
e 11c is not detected in plots a and b. The diameter of
SWNTs with the index (12,1) corresponds to 0.995 nm,
which is the largest diameter among the observed indices.
The p–p interaction between the (12,1) SWNTs and com-
pound 4 might play a role in the solubilization of the nano-
tubes. One more characteristic feature observed for SWNTs/
4 is a red-shift in the spectra relative to those of SWNTs/
SDS and SWNTs/HTAB. Smalley et al.[8f] measured the
near-IR photoluminescence of individually dissolved
SWNTs in micelles of various surfactants. They found that
SDS and sodium dodecylbenzene sulfate gave the bluest-
shifted spectra, and HTAB and Brij 700 showed a red-shift.
They described that water at the nanotubes surface causes a
shift in the fluorescence peak.


Mechanism of solubilization : As we described above for the
solubilization/dispersion of the raw-SWNTs, the mechanism
for solubilization with 4 is different from the so-called “mi-
cellar solubilization” with surfactants. In the latter, the ad-
sorption of a hemimicelle onto the nanotube is believed to
be important for the solubilization of the nanotubes, and the
surfactant molecules are in dynamic equilibrium between
the bulk phase and the sidewalls of the SWNTs. We con-
ducted a dialysis experiment for a SWNTs/4 aqueous solu-
tion by using membrane tubing (molecular weight cut-off
3500, Spectrapor Spectrum Medical Industries). The solubil-
izer 4 leaked gradually from the inside of the tubing to the
outer water phase and caused precipitation of the SWNTs
within the tubing. These results indicate that molecules of 4
are in a state of dynamic equilibrium between the surfaces
of the SWNTs and the bulk solution. Fluorescence spectros-


copy revealed that the excimer emission from the pyrene
moiety on 1 in the resolubilized solution was quenched dras-
tically relative to that of the original solution. Taken togeth-
er, one possible model for the solubilization with 4 is pre-


sented in Figure 12, in which the adsorption of the monomer
and dimer of the solubilizer onto the surfaces of SWNTs is
drawn schematically. Here, the adsorption of the pyrene
moiety onto the SWNTs through a p–p interaction plays an
important role in solubilization. A minor contribution of the
cation–p interaction[12,19] between the ammonium moiety
and the SWNTs might need to be considered. The simple
mechanism presented would be applicable to a variety of ar-
omatic amphiphiles, such as compound 3.


Conclusion


We have described the importance of the condensed polycy-
clic aromatic moiety in the design of carbon-nanotube solu-
bilizers. Ammonium amphiphiles carrying a phenyl or naph-
thyl group did not act as carbon-nanotube solubilizers; in-


Figure 11. Contour plots of photoluminescence spectra for D2O solutions of raw-SWNTs/SDS (a), raw-SWNTs/HTAB (b), and raw-SWNTs/4 (c) as a
function of excitation and emission wavelengths.


Figure 12. Possible mechanism for the solubilization of SWNTs with 4.
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stead, the phenanthlyl and pyrenyl groups play an important
role in the solubilization. Pyrene ammonium (4), an amphi-
phile that does not form micelles, acted as an excellent solu-
bilizer for both the raw-SWNTs and p-SWNTs. Aqueous
solutions of SWNTs/4 exhibited interesting fluorescence
properties. The efficient fluorescence quenching of the
pyrene chromophore suggested energy transfer from the
pyrene group chemisorbed on the SWNTs to the SWNTs.
The most interesting feature is the selective dissolution of
SWNTs by 4, indicated by the near-IR photoluminescence
measurements that revealed that the aqueous SWNTs/4 pos-
sesses (7,6), (9,5), and (12,1) indices. This means that aque-
ous solution of 4 has a tendency to dissolve semiconducting
SWNTs with diameters in the range of 0.89–1.0 nm. These
were larger than those of aqueous micelles of SDS and
HTAB (diameter range of 0.76–0.97 nm). This fine discrimi-
nation in the diameters of the SWNTs is of interest in the
design of nanotube solubilizers that recognize a single nano-
tube chiral index, as the synthesis of SWNTs with a single
chiral index is presently difficult, and also for their potential
applications in many fields of science and technology.
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… photoluminescence, and electro-
generated chemiluminescence
(ECL) properties are displayed by
a crown ether-containing terpyridyl
cyanoruthenate(ii) complex, as
reported by V. W.-W. Yam et al. in
their Full Paper on page 3528 ff.
Large changes in the chemical
shifts of the 1H and 13C NMR sig-
nals in different solvents were
observed. The complex has also
been demonstrated to serve as a
reagent for luminescence chemo-
sensing and as a mobile-phase
additive in liquid chromatography
separation and indirect photomet-
ric detection (IPD) of metal cat-
ions and amino acids.
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shown above and
published by Wiley-VCH.
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banded together as the
Editorial Union of
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ChemSoc) for its combined
publishing activities.


Chemical Waves
In their Concept on page 3430 ff. , M. Rustici et al. discuss
waves of chemical reactions that can travel through the
reaction medium, and the important stationary patterns that
may spontaneously form in some particular chemical sys-
tems. Pattern formation is common in different biological
systems. The study of the onset and of the mechanism
through which these phenomena develop is related to the
theory of morphogenesis, and for these reasons, at this
moment it is the subject of extensive investigations by biol-
ogists, chemists, and physicists.


Chemical Ligation
In their Full Paper on page 3449 ff. , Y. Ito et al. present the
synthesis of bisubstrate-type inhibitors of N-acetylglucosam-
inyltransferases. The inhibitors differ in length of the link-
ers, which connect the acceptor oligosaccharide and the
donor components. Oligosaccharide synthesis was con-
ducted based on a solution-phase polymer support resin
capture–release strategy, which was followed by chemose-
lective ligation with the UDP-GlcN component. The inhibi-
tory activities proved to be sensitive to the distances
between two components.


Cycloaddition Strategy
In their Concept article on page 3438 ff., D. L. Wright et al.
explore different cycloaddition approaches used in the syn-
thesis of highly substituted carbocyclic seven-membered
rings, which are frequently found in natural products.
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Chemical Waves


Grazia Biosa,[a] Simone Bastianoni,[b] and Mauro Rustici*[a]


Introduction


This is a work about the waves of chemical reactions that
can travel through the reaction medium, and the important
stationary patterns that may spontaneously form in some
particular chemical systems.[1] We concentrate on oscillating
reactions[2] and the so-called “reaction–diffusion systems”.
Spatial organisation phenomena occur when a chemical re-
action, with an autocatalytic step (or feedback–retroaction
loop) in its reaction mechanism, is coupled with the diffu-
sion of species. In reaction–diffusion systems molecules
react together when they collide, and, as a result of the var-


iation in the concentrations of the components, chemical
waves propagate. This class of chemical system has been ex-
tensively studied, as it has a wide variety of biological impli-
cations. Some systems are able to create a stationary pattern
of stripes with high chemical concentration alternating with
stripes of low concentration. Many scientists think that the
natural models from which these systems are formed have
much to teach us about the spatial schemes that occur in the
development of plants and animals. For example, alternating
stripes of different colours that develop in oscillating chemi-
cal systems can help us to understand many aspects of the
morphology of both simple and complex organisms.


Target Patterns in Excitable Media


Propagating waves may develop in excitable media. These
are spatially distributed systems that have the ability to
propagate signals without damping, and that cannot support
the passing of another wave until a certain amount of time
has passed (this is known as the refractory time). An exam-
ple of an excitable medium is a forest. If a wildfire burns
through the forest, it travels as a wave from its initiation
point, and regenerates with every tree it ignites and thus no
fire can return to a burnt spot until the vegetation has gone
through its refractory period and regrown. By contrast, pas-
sive wave propagation is usually characterised by a gradual
damping of signal amplitude due to friction, as happens, for
example, to sound waves passing through air.
Excitable media are widespread in physics, chemistry and


biology. Among the most important examples of active
media are the autocatalytic chemical reactions,[3] the most
well studied being the Belousov–Zhabotinsky (BZ) reac-
tion.[4–7] Coloured patterns[8–11] can arise when these types of
reaction are carried out in thin layers, such as in a Petri
dish. They correspond to spatial variations in chemical con-
centrations. In its classical form the BZ reaction consists of
a one-electron metal redox catalyst (usually Ce3+/Ce4+ or
Fe2+/Fe3+), an organic substrate (usually malonic acid,
HOOC-CH2-COOH, or citric acid) that can be easily bromi-
nated and oxidised, and bromate ions. All of these are dis-


Abstract: In our paper we try to describe the basic con-
cepts of chemical waves and spatial pattern formation
in a simple way. We pay particular attention to self-or-
ganisation phenomena in extended excitable systems.
These result in the appearance of travelling waves,
spiral waves, target patterns, Turing structures or more
complicated structures called scroll waves, which are
three-dimensional systems. We describe the most
famous oscillating reaction, the Belousov–Zhabotinsky
(BZ) reaction, in greater detail. This is because it is of
great interest in both physical chemistry and in studies
on the evolution and sustenance of self-organising bio-
logical systems.
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solved in sulphuric or nitric acid.[12, 13] What we observe in
experiments is that if we pour a thin coat (of about 1 mm)
of the BZ solution gently into a Petri dish, blue concentric
circles form and develop (Figure 1). These indicate local re-


gions of high Fe3+ concentration that travel through a red
background of Fe2+ , forming target patterns. Generally, a
wave of oxidation starts from a leading centre and propa-
gates outwards through the reduced medium in the form of
a circular wave. After a certain time t, a second wave origi-
nates at the leading centre and follows the first, making a
target pattern propagating radially from the centre. In about
15 min the phenomenon occupies the whole space.
The speed of propagation of the waves is usually roughly


constant. When two waves collide they annihilate one an-
other. Target patterns[4,14] are also called “travelling waves”,
because they are a phenomenon that involves the propaga-
tion of concentration fronts and particular chemical waves
moving in time.


Travelling Waves


In general, a wave is characterised by the shape and speed
of propagation of the front. This can usually change continu-
ally, without any restrictions. By contrast a “travelling
wave” is normally defined as a wave that travels without
change of shape. To elucidate, let us consider a simple one-
dimensional scalar case. If a function u ACHTUNGTRENNUNG(x,t) represents a
travelling wave, the shape of the function will be the same
for the whole time and the speed of propagation of this
shape is a constant, which we can call c. Looking at this
wave in a travelling frame moving at speed c, it will appear
stationary. Thus, an observer moving at the same speed in
the direction of motion of the wave sees an unchanging pic-
ture, which he might describe alternatively as u(z).
To be more precise, if the function is that given in Equa-


tion (1), then uACHTUNGTRENNUNG(x,t) is a travelling wave, and it moves at con-
stant speed c in the positive x direction. Clearly, if x�ct is
constant then so is u, and this means that the coordinate
system moves with speed c.


uðx,tÞ ¼ uðx�ctÞ ¼ uðzÞ
z ¼ x�ct


ð1Þ


Thus, travelling wave fronts of chemical reactions are
characterised by uniform speed and a constant concentra-
tion profile. We will also consider “pulses” and periodic
wave trains (see Figure 2). Hence we will discuss three dif-
ferent types of waves.


1) A “front” usually converts the reactants in products so
that the compositions ahead of and behind the wave are
quite different (Figure 2a). It acts as a flame does.


2) We speak of a “pulse”, when an intermediate is firstly
produced by a certain front and then it is converted back
by a second recovery wave (Figure 2b). In this way, the
intermediate concentration is not the same ahead of and
behind the pulse.


3) Finally, the combination of a series of fronts or pulses
that are continuously being initiated at some point or
“centre” and which follow each other in the medium are
referred to as “periodic wave trains” (Figure 2c).


Though the systematic study of macroscopic chemical
waves and patterns originating from the coupling of reaction
kinetics and diffusion is quite recent, the first studies in this
field were initiated by Robert Luther[15] one century ago. In
1906 he wrote an important paper on propagating fronts in
autocatalytic back-reactions. His paper is the first clear
report of moving waves of reactions being possible in homo-
geneous liquid-phase chemical systems. Some years later,
Anatol Zhabotinsky[6] contributed greatly to the growth of
this new discipline when he noticed that in thin layers of the
oscillating solution, leading centres of oxidation arise spon-
taneously and organise the two-dimensional medium into
target patterns. Today pattern formation is one of the sub-
jects of most interest to chemists and physicists, and is fre-
quently studied.
Of course spontaneous pattern formation is not restricted


to chemical systems. For example, it is also common in dif-


Figure 1. Concentric circular wave fronts for the BZ system catalysed by
ferroin in a Petri dish. These two snapshots are taken in succession; there
is a three minute time interval between them.


Figure 2. Different types of travelling waves: a) a wave front, b) a pulse
and c) a periodic wave train.
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ferent biological systems. In biology the appearance of trav-
elling waves of chemical concentration seems to be a key el-
ement or precursor to a developmental process in a vast
number of phenomena. Propagating wave forms of varying
biochemical concentrations are one means for continual in-
terchange of information at both inter- and intracellular
level.


Spiral Waves


Initial conditions in the excitable media can give rise to a
different pattern of excitation called a spiral wave.[16,17]


These types of wave appear in a vast range of chemical, bio-
logical and physical systems, which can be considered as ef-
fectively two-dimensional excitable or oscillatory media in
which the local nonlinear dynamics exhibit threshold behav-
iour, separating an excited state from a recovered state. The
waves of excitation spread in a diffusive manner, starting
from one region and triggering the neighbouring one; they
do not decrease as they travel through the stationary
medium. Thus a single spiral wave in a large homogeneous
medium acts as an organising centre, imposing its pattern
throughout the medium. What happens exactly is that spiral
waves form naturally when a wave front travels around a
pivot point, repeatedly re-exciting itself. A spiral is created
as points further from the pivot have to travel farther to
make a circuit, and therefore lag behind the wave at the
centre. By contrast the pivot point around which the spiral
rotates, generally defined as the central core, is not invaded
by the propagating wave.
The mechanisms of the onset and stability of spirals are


the subjects of extensive ongoing investigation.
The free end of the spiral is also called the “spiral tip”. Its


shape, together with the excitability of the media, influences
the propagation speed near the spiral tip and, consequently,
the whole geometry and period of the spiral waves. The tip
motion of a rigidly rotating spiral propagating in an isotrop-
ic medium can be complex, meandering quasi-periodically
within a bound region, or hyper-meandering in an unbound
region; any inhomogenities and/or boundary interactions
can produce drift.[18,19] The activity along any radii far from
the core enclosed by the tip spiral is seen as a periodic wave
train with a temporal frequency w, corresponding to the ro-
tation frequency of the spiral, and spatial wavelength l.
Generally, w and l are single-valued functions of the
medium parameters. The wave front approximates to an in-
volution of a circle with a pitch l, which in the simplest
case, that is, a one-armed spiral, is a periodic function of
phase f. In terms of polar coordinates (q, r) the phase can
be written as Equation (2), with a>0 giving the wavelength
l and pitch dr/dq j f=const equal to 1/a.


f ¼ wt � qþ aðr�r0Þ ð2Þ


When subjected to parametric perturbation, a rotating
spiral can undergo destabilising changes that annihilate the


wave. The form of the spiral can be restored, but its location
and phase may be changed. One of the most important and
most studied types of destabilising change is the spontane-
ous wave breaking on the spiral arm. This effect is often
called “spiral break up”; it does not annihilate the activity,
but shows itself rather in multiple cores of spirals that prop-
agate in an erratic way through the medium.
The process by which a wave front breaks up is not yet


clear, and it is still under investigation.
The annihilation of spirals could be due to the meander-


ing of the wave tip in homogeneous media, which may cause
the wave to collide with a boundary, and to spirals that may
drift to the boundary in heterogeneous media.
The three-dimensional structures typically generated in


these media have also been studied. These are called “scroll
waves”.[20,21] They may become unstable in weakly excitable
media, giving rise to a turbulent regime. Cardiac fibrillation
may be an example of this. As stated above, the existence
and formation of spiral waves of excitation (sometimes also
called “vortices” or “rotors”) is a general property of excita-
ble media of different natures. In some applications the
propagation of waves in excitable media is not always seen
as desirable. For example, cardiac tissue[22–24] is also consid-
ered an active media. The spontaneous break up of a spiral
wave into several waves and their subsequent multiplication
can lead to spatiotemporal chaos. Such dynamics have been
thought to be at the base of the mechanism for the onset of
ventricular fibrillation in the heart and sudden cardiac
death. Thus developing valid methods for suppressing trav-
elling waves in excitable media is of very great importance.
Spirals and interacting spirals can be initiated in a thin-


layer BZ solution in a Petri dish. Observations of inwardly
rotating spirals found in different Belousov–Zhabotinsky
systems have also been reported.[25,26] These last types of
spiral waves are also called “antispirals”. An example is
shown in Figure 3.


Figure 3. Inwardly rotating spiral waves occur when a FeII/FeIII-catalysed
BZ system is performed in the presence of lipids. To be precise, the pic-
ture shows an antispiral which appeared at the edge of the Petri capsule
in a BZ/DPPC (DPPC=1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
system when the lipid content was 18% w/w.
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Spiral patterns have also been observed in other very im-
portant systems, such as aggregating slime molds,[27] develop-
ing oocytes,[28] spreading depression in chicken retina,[29]


Rayleigh–BLnard convection,[30] catalytic crystal surfaces[31]


and galaxies.[32]


Turing Structures


We have just seen that coloured spatial patterns, which cor-
respond to spatial variations in chemical concentrations,
may arise when a reaction is carried out in thin layers.
These patterns move with time. There are, however, other
important types of patterns called “Turing structures”,
which are stationary in time and periodic in space, or peri-
odic in both time and space. Turing structures are beautiful
patterns and they too are very common in biological and
chemical systems.
The name of these structures comes from an English


mathematician, Alan Turing, who studied them in depth. In
1952, he wrote an important paper[33] that provided the basis
of the theory of morphogenesis (morphogenesis is the devel-
opment of pattern and form in living systems). He suggested
that chemicals (which he also called “morphogens”) can
react and diffuse in such a way as to produce a spatial pat-
tern in morphogen concentration. Indeed the stationary con-
centration patterns only originate through coupling of reac-
tion and diffusion processes.
Turing realised that diffusion is not always a homogenis-


ing influence which avoids chemical gradients and leads to
uniform spatial distributions, as we instinctively assume
from daily experience. For example, if we put a drop of ink
in a beaker full of water, we see that the ink eventually in-
vades all the solution. A spontaneous transfer takes place
from the zones of high concentration to these of lower con-
centration, but the situation is completely different when we
consider reaction–diffusion systems, such as self-catalytic re-
actions.
Thus, it was some surprise to discover that diffusion can


have a contrary effect, producing chemical gradients, and
that spatial patterns can be formed by reaction–diffusion
systems by combining local activation with long-range inhib-
ition. This concept was revolutionary at that time, but cru-
cially important.[34]


The key elements, the suitable combination of which
could give rise to chemical pattern formation, are:


1) Two or more chemical species.
2) Different diffusion rates of the participants.
3) Chemical interactions.


The kinetics should include a positive feedback, such as
autocatalysis, on a species called an “activator” and an in-
hibitory process. The inhibitorMs diffusion coefficient should
be much greater than that of the activator. Reactions that
show bistable or oscillatory behaviour usually fulfil these
conditions.


Turing structures in reaction–diffusion systems were first
investigated theoretically and then modelled by numerical
simulations.[35]


The basic equation for Turing reaction–diffusion mecha-
nisms is given in Equation (3) in which c is the vector of
morphogen concentrations, f represents the reaction kinetics
and D is the diagonal matrix of positive constant diffusion
coefficients.


@c=@t ¼ f ðcÞ þDr2c ð3Þ


In any practical case the kinetics are always nonlinear. In
the absence of diffusion and of all the phenomena of con-
vection, c tends to a linearly stable uniform steady-state,
while in certain conditions spatially inhomogeneous patterns
can evolve as a result of diffusion driven instability, if the
diffusion coefficients are very different.


Examples of Turing Structures and Waves in Real
World Systems


Turing structures and their dynamics have been widely stud-
ied in a huge variety of systems. We describe here two par-
ticular chemical systems in which waves and stationary pat-
terns can spontaneously appear.
The most widely studied reaction–diffusion chemical


system is the chlorite/iodide/malonic acid (CIMA) reaction
and its numerous modified versions. In these Turing struc-
tures evolve spontaneously.[36] Indeed in the CIMA reaction,
which is sometimes performed in gel with starch as an indi-
cator, some striped and hexagonal (spotted) structures (see
Figure 4)[37] were observed in the reactor. This is because


the starch forms a complex with iodide, and iodine (the acti-
vator species) and the starch–triiodide complex diffuse
much more slowly in the gel than the chlorite or chlorine di-
oxide, which acts as the inhibitor species.
Another important study on the spatially extended oscilla-


tory BZ reaction and its importance for the comparison of
the evolution and sustenance of self-organising biological


Figure 4. Examples of Turing structures: honeycomb (left) and labyrin-
thine (right) structures. (The photographs are reproduced with the per-
mission of P. De Kepper and co-workers, who work at Centre de Recer-
che Paul Pascal, in Bordeaux, and are taken from their Web site: http://
www.crpp.u-bordeaux.fr/.)
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systems started at the end of the eighties. It was based on
the incorporation of the standard Belousov–Zhabotinsky
chemical oscillator into a range of hydrotropic,[38,39] micel-
lar[40,41] and reverse micellar[42] systems under batch condi-
tions. The reverse micelles of amphiphiles in organic media
(first studied by Balasubramanian and Rodley,[43] and then
by Gonda[44]) contain an internal water pool of defined size,
shape and solvent properties. The ferroin-catalysed Belou-
sov–Zhabotinsky reaction system in water-in-oil microemul-
sions with anionic surfactants, for example, aerosol diisooc-
tylsulfosuccinate (AOT; that is, reverse micelles of sodium
diisooctylsulfosuccinate), has been studied in great detail by
Epstein, Vanag and co-workers.[25, 45–47] The AOT surfactants
do not react chemically with any of the BZ reagents, and
they are not brominated or destroyed during the reaction.
Chemical oscillations are found in the BZ–AOT system in
the pseudo aqueous phase, even though its pH is extremely
high in this stage. It has been found that manifestation of
the BZ oscillations in the AOT micelles depends on the size
and concentration of microemulsion droplets. However
Turing structures are not found only in spherical droplets.
Recently new versions of the Belousov–Zhabotinsky reac-


tion–diffusion system carried out in layered water domains
showed particularly interesting spatial structures, such as in
BZ–AOT microemulsions. For example, a BZ reaction car-
ried out in anisotropic environment of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)/water binary system
showed specific patterns, such as striped standing waves, in-
wardly rotating spirals and the same Turing structures.[26]


The appearance of the different structures depends on the
DPPC concentration (see Figure 5).
It was found that if the DPPC concentration was kept be-


tween 7 and 10% w/w, then travelling waves and pacemaker
structures were obtained; many other interesting patterns
were found when the DPPC concentration increased. Turing
structures appeared when the DPPC concentration was
below 30% w/w. At greater concentrations all systems ex-
hibited only a few blue-filled circular spots, and no waves or
other interesting structures were observed.
The examples of Turing structures in nature are also very


numerous, and they have already been the subjects of inter-
esting studies. Here we are referring to spots and stripes on
animal coats (see Figure 6),[48,49] patterning on sea shells,[50]


stripes on tropical fish,[51] alligator teeth,[52] the labyrinthine


patterns of the cerebral cortex of mammals[53] (see Figure 7)
and many other examples. In this case too, Turing instability,
which is based on activation and inhibition kinetics of the
diffusing chemical species, has been proposed as the basic
mechanism through which, for example, stripes on the tiger
or the patterns on sea-shells form.


Figure 5. From left to right: travelling waves, labyrinthine structures, inwardly rotating spirals, striped standing waves, and blue-filled circular spots.
These were observed as the lipid concentration increased in a BZ reaction carried out in anisotropic environment of 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC)/water binary system.


Figure 6. Turing structures in the coats of leopards, cheetahs and zebras,
and stripes on tropical fish.


Figure 7. Labyrinthine patterns, which look like a handful of squirming
worms, in a BZ reaction–diffusion system. They are similar to the cere-
bral cortex of a human brain.
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Conclusion


Firstly we have attempted to show, in a general way, the
major characteristics of excitable media, such as oscillating
chemical reactions, and some important concepts necessary
for understanding their behaviour. The most interesting
property of excitable media is the existence of autowaves,
that is, nonlinear spatiotemporal structures propagating
through the medium. In chemical systems, autowave pat-
terns are one of the most evident examples of self-organisa-
tion in space and time.
We introduced the Belousov–Zhabotinsky reaction as an


excellent example of an oscillating reaction. The BZ reac-
tionMs capacity of spontaneous spatiotemporal auto-organisa-
tion is described. This gives rise to the formation of chemi-
cal (concentric and spiral) waves and interesting stationary
patterns (Turing structures). The BZ reaction has been stud-
ied for many years and is well understood; consequently it is
considered the prototype oscillator, which can also help us
to understand oscillations in the biological field. Pattern for-
mation in reaction–diffusion systems (such as the BZ reac-
tion) have, indeed, for some time been considered the mech-
anism for morphogenesis. Spiral waves of the BZ reaction
have also been observed in other types of media, such as
intact and cultured cardiac tissue, mold aggregates and so
forth. Alan Turing suggested that while diffusion alone
tends to create uniform states, when it is coupled with chem-
ical reactions, spatial patterns in chemical composition may
appear. This mechanism has also been suggested for the for-
mation of natural patterns, such as animal stripes or the reg-
ular shape and rearrangement of leaves.
Investigation of these oscillating reactions, a self-organisa-


tion in space and time, and reaction–diffusion systems is
very important; firstly because they can be used as models
for helping us to understand more complex systems and sec-
ondly because they can help to validate the theoretical con-
cept of irreversible process far from the equilibrium.
Indeed, although the BZ reaction is a chemical rather


than biological oscillator, understanding its mechanics will
also help us to understand biological oscillations such as the
beating of the heart.[22–24] The dynamics of spiral waves, for
example, is thought to be related to the onset of ventricular
fibrillation. It seems that the precursor to fibrillation is the
appearance of rotating waves of electrical impulses.
Finally, we report further observations of spiral and target


waves and Turing patterns in the Belousov–Zhabotinsky re-
action dispersed in water nanodroplets of a water-in-oil mi-
croemulsion, and in BZ/DPPC systems. The latter are the
first model for a biological structure. The last study in par-
ticular, and the possibility that peculiar patterns can also
form in layered water domains, should stimulate further re-
search on these types of system, which increasingly mimic
analogous phenomena in vivo in biological systems.
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The Cycloaddition Strategy for the Synthesis of Natural Products Containing
Carbocyclic Seven-Membered Rings**


Merle A. Battiste,[a] Phillip M. Pelphrey,[b] and Dennis L. Wright*[b]


Introduction


Carbocyclic seven-membered rings appear as integral subu-
nits of a variety of natural products, such as colchicine, gua-
nacastepene, and the phorbol esters, and accordingly offer a
significant challenge for the development of new synthetic
methodology.[1] Unlike the other common ring sizes (five
and six), seven-membered rings are difficult to access by
direct cyclization reactions due to a combination of entropic
factors and the development of nonbonded interactions in
the transition state. These difficulties can be overcome if a
cycloaddition rather than a cyclization approach is followed,


whereby two of the bonds in the cyclic framework are
formed simultaneously or almost simultaneously. However,
this strategic disconnection also presents evident problems
as the dissection of an odd-numbered ring yields one odd-
numbered fragment, thus necessitating the use of zwitterion-
ic or diradicaloid intermediates. In principle there are three
possible constructions along a cycloaddition approach
(Figure 1).


For the purpose of this concept article, we will designate
the different approaches only by the number of carbon
atoms of the final ring present in each fragment. Thus the
union of a four-carbon-atom fragment and a three-carbon-
atom fragment will be designated as a [4C+3C] cycloaddi-
tion process. This formalism is only meant as a skeletal anal-
ysis and is not intended to imply electron counting or mech-
anistic detail. For example, the reaction of a 1,3-diene with
an allyl cation equivalent such as an oxyallyl cation involves
six p electrons distributed across seven carbon atoms (a 6p-
7C+ species), reacting through an aromatic tropylium-ion-
like transition state. From a synthetic disconnection analysis,
we will refer to this type of process as a [4C+3C] cycloaddi-


Abstract: Highly substituted carbocyclic seven-mem-
bered rings are frequently found in natural products
and their synthesis represents a significant challenge to
the synthetic chemist. Direct intramolecular cyclization
of these systems often proves difficult and this fact has
catalyzed the development of a variety of strategies
based on a convergent intermolecular cycloaddition
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Figure 1. All possible cycloaddition strategies to prepare carbocyclic
seven-membered rings. The * represents reactive centers.
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tion reaction to denote the convergent nature of a four- and
three-carbon-atom unit being united to form a seven-mem-
bered ring. A simple analysis of the parent ring systems re-
veals the three possible disconnections as [6C+1C],
[5C+2C], and [4C+3C]. Direct cycloadditions are typically
formulated as shown on the left side of Figure 1. The cyclo-
addition of readily available 1,3-dienes with an allyl cation
equivalent is typical for [4C+3C] reactions, while olefins can
react with an allyl cation equivalent or 4p-5C+ species in a
net [5C+2C] approach. The [6C+1C] disconnection theoret-
ically involves the addition of a carbene across a 1,3,5-hexa-
triene unit. Although known with sulfur dioxide,[2] the all
carbon version of this process has not been developed in a
synthetically useful manner, as carbenes typically attack the
more electron-rich nonterminal olefin due to entropic fac-
tors.


In this article, we also include other cycloaddition reac-
tions that initially produce fused bicyclic systems that are
converted into the seven-membered system by fragmenta-
tion of the intracyclic carbon–carbon bond. Fragmentation
of a bicycloACHTUNGTRENNUNG[4.1.0]heptane system can be used to effect a
formal [4C+3C] reaction through an intermediate cyclopro-
pene Diels–Alder [4+2] reaction or a carbene [2+1] cyclo-
addition to a cyclohexene. An intermediate bicyclo-
ACHTUNGTRENNUNG[3.2.0]heptane system reveals an alternative [5C+2C] cyclo-
addition based on an initial [2+2] cycloaddition. In this arti-
cle, we will discuss the implementation of these different
strategies in the context of the total synthesis of natural
products. As this is not a comprehensive review, the exam-
ples have been chosen to illustrate the different methods
and strategies.


ACHTUNGTRENNUNG[6C+1C] Approach


As detailed above, the [6C+1C] strategy has not been devel-
oped in a direct sense (carbene+hexatriene), but has been
nicely utilized in the cycloaddition/fragmentation manifold
en route to various cycloheptanoid natural products. Evans[3]


has made elegant use of this two-stage protocol in a total
synthesis of the tubulin polymerization inhibitor colchicine,
a natural product containing two fused seven-membered
ring systems (Scheme 1).


Cyclopropanation [2C+1C] of the quinone monoketal 1 is
an overall [6C+1C] cycloaddition to prepare a key bicyclo-
ACHTUNGTRENNUNG[4.1.0]heptane intermediate 2. This intermediate was con-
verted to 3, which underwent an initial cyclization to 4 upon
treatment with a strong acid. Further exposure to acidic con-
ditions effected rupture of the internal bond to a secondary
carbonium ion which preceded aryl migration to give the di-
hydrotropolone system 5. This example nicely illustrates
how cleavage of the key bond can be coupled to further
carbon–carbon bond formation. Overall one of the seven-
membered rings of colchicine is made through a cycloaddi-
tion process, while the other is formed by a direct cycliza-
tion. Mander[4] has utilized the ability of highly electrophilic
metallocarbenoids to effect cyclopropanation of a benzene


ring. The initially formed norcaradiene intermediate under-
goes a spontaneous electrocyclic ring-opening to the cyclo-
heptatriene. A recent application of this method to the syn-
thesis of harringtonolide involved decomposition of diazoke-
tone 6 with rhodium (Scheme 2).


Cyclopropanation of the electron-rich arene gave 7, which
was fragmented in the presence of an amine base to produce
8 in good overall yield. This intermediate could be convert-
ed into the natural product through several additional steps.


ACHTUNGTRENNUNG[5C+2C] Approach


The formation of seven-membered rings through a [5C+2C]
strategy has been utilized both in a direct cycloaddition ap-
proach and through the fragmentation of bicyclic derivatives
prepared through [2+2] cycloadditions of cyclopentenes and
olefins. Pak[5] has utilized this overall strategy in a total syn-
thesis of clavukerin A (Scheme 3).


Scheme 1. Colchicine synthesis through a [6C+1C]/cleavage strategy
(Evans).


Scheme 2. Cyclopropanation/norcaradiene rearrangement (Mander).
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Bicyclic alcohol 9 was prepared through [2+2] cycloaddi-
tion of the silylenol ether of 2-methyl cyclopentenone and
dichloroketene followed by reductive dechlorination and
Grignard addition. Conversion of the tertiary alcohol into
the corresponding mesylate 10 induced a spontaneous retro-
aldol fragmentation to yield cycloheptenone 11. This com-
pound was converted into the natural product through sev-
eral steps including an aldol condensation.


A popular strategy for preparing seven-membered carbo-
cyclic systems has involved the cyclcoaddition of an alkene
or alkyne with a cyclic pentadienyl cation equivalent (a 4p-
5C+ species). The generation and stabilization of these mes-
oionic systems is greatly facilitated by the presence of both
electron-donating and ACHTUNGTRENNUNG-withdrawing groups. Oxidopyrylium
ions are one such stabilized 1,5-dipolar species that benefit
from aromatic character in the zwitterionic state. These
highly reactive intermediates are easily generated through
the ionization of 3-pyrone acetal derivatives, which are in
turn easily accessed through oxidation of hydroxymethyl
furan derivatives (Scheme 4).


Wender[6] utilized this strategy for the first syntheses of
the phorbol esters. This strategy was later adapted for the
first asymmetric synthesis of the natural product, whereby
treatment of 12 with base effected the net loss of acetic acid
from the system to give the aromatic zwitterionic intermedi-
ate 13, which was trapped in an intramolecular cycloadditon
with an unactivated olefin to deliver tricyclic compound 14
(Scheme 4a). Magnus has also used this process extensively
in an approach to guanacastepene[7] through the conversion
of 15 to 17 as well as the synthesis of 21 an intermediate en
route to the taxane[8] ring system (Scheme 4b). All of these
cases nicely illustrate the high degree of relative stereocon-
trol possible in these cycloaddition reactions. Other varia-
tions on this reaction have been used to access related struc-
tural types (Scheme 5).


Scheme 3. ACHTUNGTRENNUNG[2+2]/fragmentation approach to clavukerin (Pak).


Scheme 4. Oxidopyrylium ions in [3+2] cycloaddition reactions to effect
a net [5C+2C] cycloaddition reactions (Wender/Magnus). Scheme 5. Additional cycloaddition examples (Baldwin/Snider).
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Baldwin has recently described an approach to the tropo-
lone natural product cordytropolone involving the use of an
alkyne trap in the [5C+2C] reaction.[9] Generation of pyryli-
um ion 23 by base-induced 1,5-elimination of 22 led to the
synthesis of 24, in which the seven-membered ring is in the
same oxidation state as the natural product. It is also possi-
ble to trap these intermediates in an intermolecular reac-
tion. Snider has recently used this variation in a short syn-
thesis of cartorimine.[10] Intermolecular cycloaddition be-
tween the simple pyrylium ion 26 and cinnamate 27 generat-
ed the skeleton of the natural product. Simple basic removal
of the protecting groups converted the primary adduct di-
rectly into the target natural product.


Another reliable and general way to prepare these types
of 1,5-dipolar species is through the intramolecular addition
of carbonyl groups to metallocarbenoid intermediates. The
ensuing carbonyl ylide is also a stabilized 1,5-dipolar species
and undergoes cycloaddition with unsaturated systems. An
example of an application of this method was reported by
McMills[11] and Dauben[12] in a synthesis of the tigliane skel-
eton (Scheme 6). Rhodium-catalyzed decomposition of a-di-


azoketone 29 produces an electrophilic metallocarbenoid
that is captured by the proximal ketone carbonyl group to
produce a stabilized 1,3-dipole 30. An ensuing intramolecu-
lar [3+2] cycloaddition reaction yields the tigliane skeleton
31 through a net [5C+2C] reaction.


Over the past several years, Wender and co-workers have
developed a new protocol to effect an overall [5C+2C] cy-
cloaddition involving the reaction of vinyl cyclopropanes
and olefins in a process that can be considered a formal
homo Diels–Alder reaction (Scheme 7).


Wender has employed this strategy for the total synthesis
of the natural products aphanamol[13] and dictamnol.[14]


Treatment of vinyl cyclopropane 32 with a rhodium(i) cata-
lyst leads to a metallocyclopentane intermediate 33, fol-
lowed by a strain-driven cyclopropane cleavage to produce
the metallocyclooctane intermediate 34. A final reductive
elimination forms the second carbon–carbon bond of the cy-
cloheptane system and produces 35 in an excellent 90%


yield. A related strategy was used to convert 36 into 37, an
intermediate for the synthesis of dictamnol.


ACHTUNGTRENNUNG[4C+3C] Approach


One of the most convenient approaches for the synthesis of
carbocyclic seven-membered rings is the [4C+3C] strategy
that uses readily accessible 1,3-dienes as the four-carbon-
atom component. Cyclic dienes, such as cyclopentadiene
and furan, are particularly useful for many of these reac-
tions. The direct cycloaddition route requires a 1,3-dipolar
species. Oxyallyl cations are generated from a-halo carbonyl
derivatives through a 1,3-elimination process and yield stabi-
lized allyl cation equivalents with sufficient lifetimes to
engage in both intra- and intermolecular reactions. Wright
and co-workers[15] have utilized the addition of an oxyallyl
cation to an annulated furan in an approach to the diterpene
erinacine C (Scheme 8).


Addition of oxyallyl cation 39 (generated by a 1,3-elimi-
nation of trichloroacetone) to the annulated furan 38 led to
a highly diastereoselective cycloaddition to produce the
adduct 40. Treatment of the crude cycloadduct with zinc–
copper couple gives a key intermediate 41 for the synthesis
of cyathane diterpenes in very good overall yield. Cha has
made elegant use of oxyallyl cation additions to annulated


Scheme 6. Carbonyl ylide cycloaddition for the tigliane skeleton
(McMills).


Scheme 7. Vinyl cyclopropanes in [5C+2C] annulation reactions
(Wender).
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furans en route to several tropolone natural products
(Scheme 9).


Colchicine has remained the most pursued troponoid nat-
ural product. One of the more difficult features of a colchi-
cine synthesis is controlling the formation of the methyl tro-


polone C-ring. Methylation of the parent tropolone is not
regioselective and produces both colchicine and isocolchi-
cine. ChaIs strategy[16] avoided this difficulty by placing the
methyl group prior to formation of the tropolone. Cha con-
structed an annulated furan intermediate 42 and reacted it


in a [4C+3C] cycloaddition reaction with silyl enolether 43.
The oxyallyl cation cycloaddition proceeded through an
endo transition state 44 to produce 45 as a single regioiso-
meric adduct in 45% yield. Remarkably, altering the nitro-
gen protecting group could completely reverse this regiose-
lectivity. Double elimination of the oxabridge from the cy-
cloadduct served to form the tropolone and lead to a con-
cise synthesis of the natural product. Although colchicine is
the best known of the tropolone-containing natural prod-
ucts, other related targets have become of interest in recent
years. Cha was able to utilize the methodology used for the
colchicine synthesis in a total synthesis of imerubrine,[17] an
unusual tropoloisoquinoline natural product (Scheme 10).


For the synthesis of the natural product, a tetracyclic
furan intermediate 46 was prepared and subjected to an oxy-
allyl cation cycloaddition to produce the key seven-mem-
bered ring intermediate 48. The oxabicyclic adduct could be
easily taken on to the desired tropolone ring system.


In addition to intermolecular oxyallyl cation cycloaddition
reactions, it has also proven possible to implement this strat-


Scheme 8. An oxyallyl-cation-based approach to the cyathanes (Wright).


Scheme 9. Synthesis of colchicines through an oxyallyl cation cycloaddi-
tion (Cha).


Scheme 10. Synthesis of imerubrine (Cha).
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egy for the construction of seven-membered rings in an in-
tramolecular sense. This has the added advantage of forming
two rings during the cycloaddition process. Fçhlisch[18] has
utilized this process in an elegant synthesis of the terpenoid
natural product lasidiol (Scheme 11).


Treatment of the a,a-dibromoketone 49 with sodium tri-
fluoroethoxide (a non-nucleophilic base) effects the 1,3-
elimination of HBr from the molecule to yield the zwitter-
ionic intermediate 50. Again, furan serves well as an elec-
tron-rich 1,3-diene and undergoes an intramolecular cyclo-
addition to produce 51, a late stage intermediate for the syn-
thesis of lasidiol.


An alternative to generating the reactive oxyallyl cations
for this type of [4C+3C] cycloaddition methodology is to
utilize a cyclopropene in place of the oxyallyl cation. Cyclo-
propanes themselves can also be precursors and in fact are
often observed as decomposition products of the oxyallyl
cations described earlier. Boger has made elegant use of this
strategy for the synthesis of several natural product targets,
including colchicine,[19] through the ring-opening of cyclo-
propenone ketals (Scheme 12).


Thermolysis of ketal 52 induces ring-opening to a vinyl-
carbene 53, which reacts as a 1,3-dipolar species with the an-
nulated a-pyrone 54 in a [4C+3C] cycloaddition to produce
adduct 55. Thermal extrusion of carbon dioxide from this in-
termediate and ketal hydrolysis provide ready access to the
tropolone ring system of colchicine.


In addition to the use of cyclopropenes as a precursor to
1,3-dipolar species for a [4C+3C] cycloaddition reaction, a
cyclopropene can also be utilized as a 2p component in a
Diels–Alder reaction. This process initially generates a
bicycloACHTUNGTRENNUNG[4.1.0]heptane system that is a direct precursor of a
carbocyclic seven-membered ring through cleavage of the
intracyclic bond. Cyclopropenes are very reactive dieno-
philes owing to the large amount of ring strain
(~55 kcalmol�1) and undergo cycloaddition with a wide
range of 1,3-dienes.[20] The first example of a direct synthesis
of a cycloheptatriene by this approach, heptaphenylcyclo-
heptatriene, was reported in 1961,[21] with subsequent exam-
ples following shortly thereafter.[22] This strategy could also


be used with 52 to lead to similar cycloadducts. Boger
showed that 52 and 54 can be condensed at high pressure to
give an intermediate that can be taken on to similar tropone
systems.


Wright and Battiste have utilized the reaction of perhalo-
genated cyclopropenes and furans to generate highly versa-
tile seven-membered-ring building blocks for application to
the synthesis of several natural products including guanacas-
tepene (Scheme 13).


Furan 56 reacts with both tetrabromo and tetrachlorocy-
clopropene in a Diels–Alder reaction to presumably give
the exo-adducts 58.[23] These adducts are highly unstable and
undergo a spontaneous rearrangement to the oxabicyclo-
ACHTUNGTRENNUNG[3.2.1]octadienes 59, likely through a carbonium ion inter-
mediate.[24] The tetrabromoadduct can be converted into
either isomer of the enantiomerically pure building blocks
60 through resolution of the corresponding tartrate ketals.[25]


Elaboration of the unsubstituted olefin through a Diels–
Alder reaction[26] and the annulation of the dibromoenone
through a chromium-mediated closure[27] has been used to
generate the core structure of guanacastepene A. The tetra-
chloroadduct has been converted into the meso-diketone 61,
which was elaborated to intermediate 63 through Robinson
annulation chemistry.[28]


Alternative Cycloadditions


In the examples discussed above, cycloaddition approaches
were defined as processes in which two of the carbon–


Scheme 11. Intramolecular [4C+3C] route to lasidiol (Fçhlisch).


Scheme 12. Cyclopropenes as precursors to 1,3-dipoles: colchicine synthe-
sis (Boger).
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carbon bonds of the seven-membered ring were formed in a
synchronous manner. In addition to these main classifica-
tions outlined above, there are alternative cycloaddition/
fragmentation strategies in which only one of the carbon–
carbon bonds of the final ring is made through cycloaddi-
tion, the other being broken during a fragmentation or rear-
rangement. Included below are a few examples of this alter-
native cycloaddition/fragmentation strategy. Davies has de-
veloped a very efficient route to seven-membered carbocy-
clic rings relying on an initial [2C+1C] cycloaddition be-
tween a diene and a vinyl carbenoid species (Scheme 14).


Intermolecular cyclopropanation of pyrrole 64 with a
vinyl diazo derivative 65 produces the intermediate cyclo-
propane 66. This compound suffers strain accelerated Cope
rearrangement to produce 67, which was converted into fer-
ruginine[29] by deprotection and methylation of the bridging
nitrogen atom. An intramolecular example 68 was also de-
veloped by Davies[30] for a synthesis of the tremulane class
of natural products. This represents a formal overall
[4C+3C] cycloaddition (diene+vinyl carbene).


Recently, Sorensen has made nice use of the [2C+2C]/
fragmentation strategy in the preparation of the core struc-
ture of the antibiotic guanacastepenes[31] (Scheme 15).


A photochemically initiated [2+2] cycloaddition was uti-
lized with 71 to give the highly substituted cyclobutane de-
rivative 72. A regioselective cleavage of the cyclobutane was


accomplished in a reductive fashion with samarium iodide
to unveil the central cycloheptane ring of the natural prod-
uct. Notice that in these last examples only one of the two
carbon–carbon bonds remains in the final carbocyclic seven-
membered ring.


Scheme 13. Perhalocyclopropenes for [4C+3C] cycloaddition (Wright/
Battiste).


Scheme 14. Sequential cyclopropanation/ ACHTUNGTRENNUNG[3,3] rearrangement to natural
products (Davies).


Scheme 15. Sequential [2+2]/fragmentation for the synthesis of guanacas-
tepene (Sorensen).
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Seven-Membered Rings as Precursors to Other
Structures


Although the majority of synthetic applications of these
types of cycloaddition reactions are aimed toward natural
products that contain seven-membered rings, there are sev-
eral examples in which the ring is ultimately used as a pre-
cursor to other structural types. In this section a few illustra-
tive examples of this strategy are shown. Ring-contraction
or expansion of a seven-membered ring can be used to gain
access to other common ring sizes (Scheme 16).


Harmata utilized an intramolecular oxyallyl cation cyclo-
addition of 74 to provide access to the tricyclic intermediate
76. Cleavage of the keto bridge of this adduct provides
access to the carbocyclic eight-membered ring of dactylol.[32]


In a related strategy, an intermolecular addition between
the oxyallyl cation derived from 77 and the constrained
diene 78 gave the primary adduct 79. Skeletal rearrange-
ment of this intermediate provided for a synthesis of ster-
purene.[33]


Another tactic that has found application in natural prod-
uct synthesis is the use of these seven-membered ring inter-
mediates in the synthesis of acyclic or heterocyclic systems,
particularly the polyketides. Hoffmann has utilized the oxa-
bicyclic adducts arising from the cycloaddition of furan and


oxyallyl cations to gain access to highly substituted pyrans
(Scheme 17).


The well-known ether-bridged seven-membered ring 80
(prepared by oxyallyl cation addition to furan) was convert-


ed into the pyran 81 through a key cleavage of the olefinic
bond. This pyran is a key structural component of the anti-
cancer agent bryostatin.[34] Likewise, the structurally related
82 serves to construct another unit of the bryopyran frame-
work.[34a] In addition to heterocyclic intermediates, acycylic
polyols have also been accessed from seven-membered ring
intermediates (Scheme 18).


Lautens employed a highly diastereoselective addition of
an oxyallyl cation to furan carbinol 83 to give 85 ; a series of
cleavage reactions converted this seven-membered ring into
an acyclic portion of callystatin A.[35]


Conclusion


Seven-membered carbocycles continue to present a signifi-
cant synthetic challenge that is often driven by their pres-
ence in complex natural products. These important natural
products have catalyzed the development of several new
synthetic methods and strategies. Cycloaddition reactions
have proven to be extremely effective for the construction
of these intermediates and many variations in the cycloaddi-
tion theme have been realized. The ready access to some of


Scheme 16. Other carbocyclic sizes from a [4C+3C] adduct (Harmata).


Scheme 17. Bridged seven-membered ring intermediates for pyran natu-
ral products (Hoffmann).
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these seven-membered ring derivatives even makes them
suitable intermediates for the preparation of other cyclic
and acyclic moieties. The importance of these ring systems
will ensure a continued development of new methods and
upscaling for their synthesis.
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Scheme 18. Bridged seven-membered ring intermediates for polyketide
synthesis (Lautens).
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Introduction


Glycosyltransferases are a group of enzymes responsible for
the biosynthesis of glycoconjugate oligosaccharides.[1] Mam-
malian N-acetylglucosaminyltransferases (GnTs) are of par-
ticular importance, because they are key enzymes in the
production of highly diverse and variously branched com-


plex-type asparagine (Asn)-linked (N-linked) glycoproteins.
They share the ability to transfer an N-acetylglucoamine
(GlcNAc) residue to the appropriate hydroxyl group of gly-
cans or serine/threonine residues using uridine-5’-diphos-
phate-a-d-N-acetylglucosamine (UDP-GlcNAc) as a donor
substrate. Among a variety of glycan structures made by
GnTs, the characteristic branch produced by GnT-V, in
which a GlcNAc residue is linked via a b1,6-linkage to the
core a1,6-mannose (Man) arm on complex type N-glycan
(Figure 1a), is highly intriguing, because of its relationship
with various biomedically important phenomena (see
below).[2] The more recently discovered GnT-IX is a closely
related homologue of GnT-V, being exclusively expressed in
brain.[3] It has a broader substrate specificity than GnT-V
and transfers a GlcNAc residue to both a1,3- and a1,6-
linked mannose structures, as well as to O-linked
GlcNAcb1,2-Man.[4]


Elevated levels of GnT-V and the GlcNAcb1,6-Man-
branched glycans produced by this enzyme correlate with
the malignant transformation and metastatic potential of
tumor cells.[5,6a–h] Therefore, the suppression of GnT-V
might have clinical potential in the treatment of cancer.[7] In
addition, GnT-V affects T-cell activation and angiogene-
sis.[6f,g] The ubiquitous expression of GnT-V is in sharp con-


Abstract: Bisubstrate-type inhibitors
for N-acetylglucosaminyltransferase
(GnT)-V and -IX were designed and
synthesized. These compounds carry
both an acceptor trisaccaride and an
UDP–GlcNAc component tethered by
a linker of variable length. The accep-
tor trisaccharide unit was constructed
using a combination of a polymer sup-
port and a resin capture–release strat-
egy. Namely, starting with a b-manno-
side bound to low molecular weight
monomethyl PEG (MPEG), successive
glycosylations with donors having


chloroacetyl group produced the trisac-
charide, which was subjected to the
capture–release purification using cys-
teine loaded resin. UDP–GlcNAc units
carrying phosphate moieties were sepa-
rately synthesized from the bromoace-
tamide-containing glucosamine deriva-
tive. Ligation between the acceptor
thiol and each alkyl bromide on the


donor unit readily proceeded, and pro-
duced the coupling product. The intro-
duction of the UMP component gave
target compounds. All of the synthe-
sized compounds had significant activi-
ties to GnT-V and -IX. Their potencies
were dependent upon the linkers
length. GnT-IX was more sensitive to
these inhibitors and optimum linker
length was clearly different between
these GnTs. The most potent inhibitor
of GnT-V had Ki=18.3 mm, while that
of GnT-IX had Ki=4.7 mm.
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trast to the restricted distribution of GnT-IX in brain, sug-
gesting that GnT-IX plays an important role in neural devel-
opment and functions.[8]


Several GnT-V inhibitors have been reported, the design
of which has relied upon the modification of the acceptor
substrate oligosaccharide.[9] Because the incorporation of a
donor component into an acceptor mimetic is expected to
augment the binding and result in a potent and specific in-
hibitor of glycosyltransferases, we turned our attention to bi-
substrate-type derivatives, 1a–e (Figure 1b).[10] these com-
pounds were designed to include both donor (UDP-
GlcNAc) and acceptor units, taking into consideration the
proposed mechanism of inverting GnTs.[11] This design ena-
bled us to alter the lengths of linkers, in order to define the
optimal distance between these components. These com-
pounds are expected to help provide an insight into the mo-
lecular basis of the glycosyl transfer mechanism and specific-
ity of GnT-V and -IX.


As an acceptor component, GlcNAcb1,2-Mana1,6-Manb
was chosen a priori, because this trisaccharide was reported
to be an efficient acceptor substrate of GnT-V.[12] In order to
achieve conjugation with a donor (UDP-GlcNAc) compo-


nent, we planned to incorporate
GlcN-a-phosphate using a
thiol-based ligation strategy, be-
cause of its technical simplicity
and chemoselectivity, which was
to be followed by coupling with
uridine-5’-monophosphate
(UMP).


With our approach, the ac-
ceptor trisaccharide unit and
GlcNAc unit are constructed
separately, and coupled togeth-
er by chemoselective ligation
(Scheme 1). The acceptor tri-
saccharide unit was synthesized
using a soluble polymer sup-
port.[13] Preliminary results on
the synthesis of 1a and evalua-
tion of its inhibitory activity
against GnT-V and -IX were re-
ported previously.[14] We now
wish to fully disclose the further
systematic preparation and in-
hibitory activities of a series of
derivatives (1a–e) toward GnT-
V and -IX.


Co-crystallization and multi-
dimensional NMR spectroscopy
are direct and powerful meth-
ods of elucidating the substrate-
binding structure of enzymes.[15]


By contrast, the results ob-
tained with tunable synthetic
probes in combination with a
traditional inhibition assay can


not be directly visualized. However, they should provide re-
liable information on active site structures.


Results and Discussion


The acceptor trisaccharide was synthesized based on a solu-
tion-phase polymer-support strategy, which was combined
with resin capture–release purification, as depicted in
Scheme 2.[14] As described previously, monomethyl polyethy-
leneglycol (MPEG: average MW �750 Da) was used as a
support, which functioned as a polar tag; the product could
be readily isolated from the reaction mixture by passage
through a short silica gel column.[13,16] Namely, non MPEG-
containing fractions (e.g. excess donor) were first eluted
with ethyl acetate (hexane/EtOAc). With subsequent elution
with a more polar solvent such as EtOAc/MeOH, MPEG-
bound materials can be retrieved.


To start with, the 6-O-trityl (Tr)-protected monosacchar-
ide 2a[13d] was synthesized using KovNcOs anomer locked b-
mannosylation strategy.[17] After the removal of Tr with tri-
fluoroacetic acid (TFA) and Et3SiH, the liberated alcohol


Figure 1. a) Substrate specificities of GnT-V and GnT-IX; b) bisubstrate-type inhibitors introduced various
lengths of linkers, consisting of acceptor trisaccharide and UDP-GlcNAc moieties.
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2b was glycosylated with phenylthio mannoside 3 by the
action of N-iodosuccinimide (NIS) and trifluoromethanesul-
fonic acid (TfOH, 0.7 equiv) to afford disaccharide 4.[18,19]


The crude mixture was capped with Ac2O/pyridine so that
any unreacted 2b would not be carried over to the next gly-
cosylation. Cleavage of the chloroacetyl group[20] and further


Scheme 1. Route for the synthesis of bisubstrate-type derivatives 1a–e.


Scheme 2. Polymer-resin hybrid-based synthesis of trisaccharide 8.
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glycosylation with 5 provided trisaccharide 6.[21] At this
stage, the product was subjected to capture–release purifica-
tion. Namely, 6 was captured with cysteine-conjugated Wang
resin 7 through a selective reaction between chloroacetyl
and thiol groups. Liberation of an amino group by Fmoc de-
protection with 4-aminomethylpiperidine[22] initiated cycliza-
tion and trisaccharide 8 was obtained in 49% overall yield
from 2.


Further deprotection and introduction of a thiol group
were conducted as depicted in Scheme 3. Acidic cleavage of
the benzylidene acetal, dephthaloylation with ethylenedi-
amine, and acetylation afforded 9. Subsequent deacetylation
and esterification gave 10 in 85% yield. Tosylation of the
primary hydroxy group was performed using 4-dimethylami-
nopyridine (DMAP) as a base to afford 11; removal of the
benzyl groups gave 12. The tosyl group was substituted with
thioacetate by using AcSK in DMF at 70 8C.[23,24] Deacetyla-


tion under mildly basic conditions using Et3N in MeOH/
H2O caused a spontaneous oxidation to provide disulfide
13a.


Glucosamine-1-phosphate derivatives 19, 22, 23, 28, and
29 carrying various linkers were prepared as depicted in
Scheme 4. To begin with, the common starting material 14
was transformed into 15 in a standard manner. Namely, the
anomeric position was selectively deacetylated and repro-
tected with a tert-butyldimethylsilyl (TBS) group to provide
15. After hydrogenolytic removal of the benzyloxycarbonyl
(Cbz) group, a reactive bromoacetoamide group was intro-
duced to furnish 16. For the synthesis of the glucosamine
phosphate unit 19, 16 was desilylated and reacted with the
amidite 17[25] to introduce a phosphite group, which was oxi-
dized to the phosphate 18.[26] Deprotection of the allyl ester
using [Pd ACHTUNGTRENNUNG(PPh3)4] furnished 19 in 85% yield.


Scheme 3. Synthesis of disulfide 13a. a) 60% AcOH/H2O, 60 8C, 77%; b) i) 1m KOH, EtOH/THF, reflux, ii) ethylenediamine, 1-BuOH, 100 8C, iii) Ac2O,
pyridine, 70%; c) i) 0.05m NaOMe/MeOH, ii) TMSCHN2, PhH, MeOH, 85%; d) p-TsCl, DMAP, CH2Cl2, 60%; e) H2, 20% Pd(OH)2/C, AcOH, MeOH,
88%; f) i) AcSK, DMF 70 8C, ii) Et3N, MeOH, H2O, 75%.


Scheme 4. Synthesis of GlcN phosphates. a) H2NNH2·AcOH, THF, 94%; b) TBSCl, imidazole, DMF, 95%; c) i) H2, 10% Pd/C, EtOAc, ii) (BrAc)2O,
pyridine, CH2Cl2, 98%; d) AcSH, iPr2NEt, CH3CN, 4 8C, 93%; e) i) HO ACHTUNGTRENNUNG(CH2)nSH, iPr2NEt, CH3CN, ii) NBS, Ph3P, CH2Cl2, 24 : 96%, 25 : 95%; f) 47%
HFaq, CH3CN, from 16 : 93%; from 24 : 70%; from 25 : 90%; g) HF-pyridine, THF, from 20 : 78%; h) i) 17, 1H-tetrazole, CH2Cl2, �10 8C, ii) TBHP,
Me2S, �40 ! 0 8C, 18 : 83%; 21: 77%; 26 : 68%; 27: 78%; i) [Pd ACHTUNGTRENNUNG(PPh3)4], Et3SiH, AcOH, toluene, 19 : 85%; 22 : 51%; 28 : 86%, 29 : 56%; j) Et3N,
MeOH, H2O.
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In order to convert bromoacetamide 16 to the mercapto-
acetamide 23, compound 16 was treated with thioacetic acid
and HJnigOs base to give 20. It was then desilylated, phos-
phitylated, and oxidized to afford 21. Deprotection of the
allyl ester gave 22, which was deacetylated to afford 23. On
the other hand, for the preparation of compounds 28 and
29, 2-mercaptoethanol and 3-mercaptopropanol were intro-
duced into 16. Subsequent treatment with N-bromosuccin-
imide (NBS) and Ph3P gave 24 and 25. These compounds
were transformed to 28 and 29 in moderate overall yield, via
26 and 27, respectively.


Three components, namely acceptor trisaccharide (13a),
linker-conjugated GlcNAc-phosphate (19, 28, 29) and UMP
were sequentially coupled as shown in Scheme 5. For in-
stance, disulfide 13a was first reduced with triscarboxyethyl-
phosphine (TCEP) in MeOH/H2O to liberate thiol, which
was subjected to chemoselective ligation with 19 having a
bromoacetamide linker. It proceeded smoothly to give the
coupled product that was deacetylated to afford 30a in 58%
yield. Finally, the UMP unit was introduced into 30a by
using UMP–morpholidate[27] in pyridine to afford 1a in 78%
yield.


For the synthesis of 30d and 30e, nBu3P was used for re-
ducing the disulfide bond instead of TCEP. After the remov-


al of excess phosphine and phosphine oxide by ether extrac-
tion, ligation between thiol and bromide 28 or 29 was con-
ducted in the presence of Cs2CO3 in dry DMF.[28] This was
followed by the removal of acetyl groups with Et3N to
afford 30d and 30e in 37 and 63% yield, respectively. Cou-
pling with the UMP unit readily produced 1d and 1e in
moderate yield.


Synthesis of the disulfide-linked congener 1b was ach-
ieved as shown in Scheme 6. The thiol derived from 13a
(nBu3P) was converted to pyridyl disulfide under acidic con-
ditions[29] to afford 31. A reaction with mercaptoacetamide
23 in MeOH/1m NH4OAc[30] smoothly produced the mixed
disulfide 30b in 47% yield from 13, which was coupled with
UMP to give 1b.


The synthesis of 1c called for the introduction of a C1


linker, which was less straightforward, because of the insta-
bility of the halomethylthio moiety. This task was achieved
by the route depicted in Scheme 7. Namely, compound 20
was selectively deacetylated to give 32 and chloromethylat-
ed by using a large excess of bromochloromethane[31] in the
presence of iPr2NEt to give 33.


Coupling between the thiol derived from 13a and
GlcNAc derivative 33 was conducted in the presence of a
stoichiometric amount of Cs2CO3. The coupled product was


acetylated to give 34, which was
desilylated by using a HF/pyri-
dine complex to afford the hem-
iacetal 35 in 31% yield from
the disulfide 13a. A phosphite
group was introduced into 35 at
higher temperature (45 8C), and
subsequent oxidation afforded
the phosphate 36. Then, the
allyl ester was cleaved using
[Pd ACHTUNGTRENNUNG(PPh3)4]. Although NaOMe-
mediated deacetylation was ac-
companied by a partial loss of
the anomeric phosphate, the de-
sired compound 30c could be
isolated in 45% yield from 36.
Subsequent coupling with UMP
gave 1c in 63% yield.


Scheme 5. Synthesis of 1a, 1d, and 1e. a) i) TCEP-HCl, MeOH/H2O, ii) 19, iPr2NEt, iii) Et3N, 30a ; 58%; b) i)
nBu3P, THF, H2O, ii) 28 or 29, Cs2CO3, DMF, iii) Et3N, MeOH/H2O, 30d ; 37%, 30e ; 63%; c) UMP-morpholi-
date, 1H-tetrazole, pyridine, 1a ; 78%, 1d ; 58%, 1e ; 61%.


Scheme 6. Synthesis of 1b. a) nBu3P, THF, H2O, b) pyridyl disulfide, 0.5m HCl, MeOH/H2O, c) 23, MeOH/1m NH4OAc, 47%, d) UMP-morpholidate,
1H-tetrazole, pyridine, 56%.
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Analysis of enzyme inhibition : The inhibitory activities of
compounds 1a–e against GnT-V and IX are summarized in
Table 1. Enzyme assays were conducted using pyridylami-
nated substrates (GnGn-bi-PA and GnMSer-PAES) as de-
scribed previously.[32, 33] All had significant inhibitory effects
on the two GnT-V and -IX.[34] In both cases, the extent of in-
hibition was clearly dependent upon the length of the linker.
For GnT-V, compounds having a longer linker showed stron-
ger activity, with a single exception (1a vs 1b), 1e being the
most active (Ki=18.3 mm). Since the Km value of GnT-V
toward acceptor and donor substrates was reported to be
0.150 mm and 4–6 mm, respectively, an enhancement in bind-
ing was evident, except for 1b. On the other hand, GnT-IX
was uniformly more sensitive to inhibition by 1a–e. The
strongest activity (Ki=4.7 mm) against GnT-IX was exhibited
by 1b, which was least active toward GnT-V. Compounds
1c–e having longer linkers all had similar levels of activity.
From the results, it is suggested that these enzymes differ
significantly in the relative orientations of donor- and ac-
ceptor-binding sites, in spite of their high homology.


Conclusion


Among various types of glycoconjugates, complex-type gly-
coproteins are particularly important. GnTs are key en-
zymes to produce highly branched N-glycans having diverse
structures. Therefore, potent inhibitors of GnTs are expect-
ed to be valuable tools in glycobiology. Because the three-
dimensional structures of GnTs are yet to be explored, bi-
substrate-type inhibitor would help clarifying the active site
structure and mechanism of action of this class of enzyme.


Here we designed and synthesized bisubstrate-type inhibi-
tors for GnTs having both an acceptor trisaccaride and a
donor UDP–GlcNAc tethered by a linker of various lengths.
For the construction of the trisaccharide component, we ap-
plied the oligosaccharide synthesis strategy using MPEG as
a support. Coupling reactions with various GlcNAc phos-
phates were conducted under chemoselective ligation condi-
tions. Finally, incorporation of the UDP component provid-
ed designed bisubstrate-type derivatives. It was clearly ob-
served that their potencies toward GnT-V and -IX were sen-
sitive to the linker length. Interestingly, the modes of corre-
lation between linker length and activities were markedly
different between these enzymes. These results suggest that,
although they are homologous to each other, the distances
of donor- and acceptor-binding sites are quite different.


Experimental Section


General procedure : 1H and 13C NMR spectra were measured by JEOL
EX-400 or ECP-500 spectrometer. 1H and 13C chemical shifts in CDCl3
were revealed in ppm relative to the CHCl3 or TMS signal adjusted to
7.24 or 0 ppm, and the CDCl3 signal adjusted to 77.0 ppm, respectively.
Chemical shifts in CD3OD were revealed relative to solvent peaks adjust-
ed to 3.30 (1H) and 49.5 ppm (13C), respectively. Chemical shifts in D2O
are relative to DOH (4.65 ppm, 1H) and CH3OH (49.0 ppm, 13C), respec-
tively. Optical rotations were measured by JASCO DIP-301. MALDI-
TOF MS spectra were measured by Shimadzu AXIMA-CFR using
DHBA and CHCA as matrix. ESI-TOF MS spectra were measured by
JEOL JMS-T100 LC spectrometer. Molecular Sieves 4 Q were purchased
from Nakalai Tesque Inc (Kyoto) and dried at 170 8C under vacuum im-
mediately prior to use.


PEG-supported products were obtained in a following manner: The mix-
ture was loaded on a pad of silica gel and was first washed with hexanes/
AcOEt 1:4 to remove non-PEG supported materials. Subsequently, PEG-
supported fractions were eluted by EtOAc/MeOH 1:3. The fractions
were evaporated and thoroughly dried under high vacuum before used
for the next reaction.


Scheme 7. Synthesis of 1c. a) H2NNH2·AcOH, THF; b) bromochlorome-
thane, iPr2NEt, CH3CN; c) nBu3P, THF/H2O; d) 33, Cs2CO3, DMF; e)
Ac2O, pyridine; f) HF/pyridine, DMF, 31% form 13a; g) i) 17, 1H-tetra-
zole, Cl ACHTUNGTRENNUNG(CH2)2Cl, 45 8C, ii) TBHP, Me2S, 85%; h) [Pd ACHTUNGTRENNUNG(PPh3)4], Et3SiH,
AcOH, toluene, 40 8C, i) 0.05m NaOMe, MeOH, 45%; j) UMP-morpholi-
date, 1H-tetrazole, pyridine, 63%.


Table 1. Inhibitory activity for GnT-V and IX.


Inhibitor GnT-V GnT-IX
Ki [mm]


1a 71.9 10.1
1b 119.3 4.7
1c 47.1 17.6
1d 26.9 21.5
1e 18.3 15.1
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Synthetic procedures


8-(MPEG)oxycarbonyloctyl 2,3,4-tri-O-benzyl-b-d-mannopyranoside
(2b): Et3SiH (3.5 mL, 22 mmol) and TFA (3.5 mL, 45 mmol) were added
dropwise at 4 8C to a solution of trityl ether 2a (1.65 g, 1.10 mmol) in
CH2Cl2 (50 mL). After stirring for 30 min at 4 8C under Ar atmosphere,
the mixture was neutralized with sat. NaHCO3 solution. The aqueous
phase was extracted with CHCl3 (2R), and the combined organic layers
were washed with brine (2R), dried over Na2SO4, filtered, and concen-
trated. Purification by short silica gel chromatography (hexanes/EtOAc
1:4, then EtOAc/MeOH 3:1) afforded 6-O-unprotected mannoside deriv-
ative 2b (1.38 g, 1.03 mmol, 94%). 1H NMR (400 MHz, CDCl3): d=7.46–
7.26 (m, 15H), 4.96 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz; PhCH), 4.95 (d, 1H,
2J ACHTUNGTRENNUNG(H,H)=11.0 Hz; PhCH), 4.86 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz; PhCH), 4.64
(d, 1H, 2J ACHTUNGTRENNUNG(H,H)=10.8 Hz; PhCH), 4.53 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.0H;
PhCH), 4.47 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz; PhCH), 4.40 (s, 1H, H-1), 3.93–
3.41 (overlapped by PEG-CH2O signal), 3.32 (m, 1H, H-5), 2.30 (t, 2H,
3J ACHTUNGTRENNUNG(H,H)=7.3 Hz; CH3), 1.61 (m, 4H), 1.32 (m, 8H).


8-(MPEG)oxycarbonyloctyl 3-O-benzyl-4,6-O-benzylidene-2-O-chloro-
acetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-benzyl-b-d-mannopyrano-
side (4): MS 4 Q (3.7 g) was added to a solution of 2b (1.226 g,
0.916 mmol) and donor 3 (1.294 g, 2.194 mmol) in CH2Cl2 (40 mL), and
the reaction mixture was stirred at room temperature for 10 min under
Ar atmosphere. Then, the mixture was cooled to �20 8C, to which were
added NIS (612 mg, 2.72 mmol) and TfOH (180 mL, 2.03 mmol). After
stirring for 10 h at �20 8C, the mixture was filtered through Celite, and
the filtrate was washed with 5% Na2S2O3 solution. The aqueous phase
was extracted with CHCl3 (2R), and the combined organic layers were
washed with brine (2R), dried over Na2SO4, filtered, and concentrated.
Purification by short silica gel chromatography (hexanes/EtOAc 1:4, then
EtOAc/MeOH 3:1) yielded 4 (1.592 g, 0.91 mmol, 98%). 1H NMR
(400 MHz, CDCl3): d=7.47–7.20 (m, 25H), 5.59 (s, 1H), 5.52 (m, 1H;
H-2aMan), 4.99 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.94 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=
11.2 Hz; PhCH), 4.87 (s, 1H, H-1aMan), 4.85 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz;
PhCH), 4.65 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.2 Hz; PhCH), 4.59 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=
12.2 Hz; PhCH), 4.35 (s, 1H, H-1bMan), 4.23 (dd, 1H, 2J ACHTUNGTRENNUNG(H,H)=10.0,
3J ACHTUNGTRENNUNG(H,H)=4.4 Hz; H-6aaMan), 4.15 (s, 2H, ClCH2COO), 4.00–3.40 (over-
lapped with PEG-CH2O signal), 3.35 (2H, H-5bMan, OCH2-alkyl).


8-(MPEG)oxycarbonyloctyl 3,6-di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-
phthalimido-b-d-glucopyranosyl-(1!2)-3-O-benzyl-4,6-O-benzylidene-2-
O-chloroacetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-benzyl-b-d-man-
nopyranoside (6): Freshly prepared hydrazinedithiocarbonate (HDTC)[20]


(0.42m, 6.5 mL) was added to a solution of 4 (1.592 g, 0.907 mmol) in
CH3CN (50 mL), and stirred for 1 h at room temperature. The mixture
was concentrated and dissolved in CHCl3. The organic phase was washed
with 10% citric acid solution, and the aqueous phase was extracted with
CHCl3 (2R), and the combined organic layers were washed with brine
(2R), dried over Na2SO4, filtered, and concentrated. Purification by short
silica gel chromatography (hexane/EtOAc 1:4, then EtOAc/MeOH 3:1)
yielded 2-O-unprotected disaccharide (1.474 g, 0.878 mmol, 97%).
1H NMR (400 MHz, CDCl3): d=7.47–7.22 (m, 25H), 5.59 (s, 1H), 5.00
(d, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.5 Hz; H-1aMan), 4.97 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.2 Hz;
PhCH), 4.92 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.0 Hz; PhCH), 4.84 (d, 1H, J=12.2 Hz;
PhCH), 4.73 (d, 1H, J=12.0 Hz PhCH), 4.62 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.0 Hz;
PhCH), 4.56 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.0 Hz; PhCH), 4.52 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=
11.0 Hz; PhCH), 4.47 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz; PhCH), 4.35 (s, 1H,
H-1bMan), 4.23 (dd, 1H, 2J ACHTUNGTRENNUNG(H,H)=9.3, 3J ACHTUNGTRENNUNG(H,H)=3.9 Hz; H-6aaMan), 4.13
(dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.2, 3.2 Hz; H-2aMan), 4.08 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.3 Hz;
H-4aMan), 3.92–3.50 (overlapped with PEG-CH2O signal), 3.37 (m, 1H,
OCH2-b), 3.35 (m, 1H, H-5bMan), 2.28 (t, 2H, J=7.3 Hz), 1.58 (br, 4H),
1.28 (br, 8H).


4 Q MS (500 mg) was added to a solution of the disaccharide (226.3 mg,
0.135 mmol) and donor 5 (162.5 mg, 0.273 mmol) in CH2Cl2 (6 mL), and
the reaction mixture was stirred at room temperature for 10 min under
Ar atmosphere. Then, the mixture was cooled to �20 8C, to which were
added NIS (73.9 mg, 0.329 mmol) and TfOH (5 mL, 0.06 mmol). After
stirring for 19 h at �10 8C, the mixture was filtered through Celite, and
the filtrate was washed with 5% Na2S2O3 solution. The aqueous phase
was extracted with CHCl3 (2R), and the combined organic layers were


washed with brine (2R), dried over Na2SO4, filtered, and concentrated.
Purification by short silica gel chromatography (hexane/EtOAc 1:4, then
EtOAc/MeOH 3:1) yielded 6 (281.0 mg, 0.125 mmol, 93%). 1H NMR
(400 MHz, CDCl3): d=7.88–6.96 (m, 34H), 5.42 (s, 1H), 5.28–5.23 (2H,
H-1GN, H-4GN), 5.02 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.89 (d, 1H,
2J ACHTUNGTRENNUNG(H,H)=12.9 Hz; PhCH), 4.78 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.2 Hz; PhCH), 4.74
(d, 1H, 2J ACHTUNGTRENNUNG(H,H)=13.0 Hz; PhCH), 4.67 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz;
PhCH), 4.60–4.54 (m, 3H, H-1aMan, PhCH), 4.46–4.33 (m, 4H, PhCH),
4.32 (s, 1H, H-1bMan), 4.29 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.0 Hz; PhCH), 4.08 (m,
1H, CHalkyl), 3.92–3.34 (overlapped with PEG-CH2O signal), 3.19 (m,
1H, H-5bMan), 3.02 (t, 1H, 2J ACHTUNGTRENNUNG(H,H)= 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz; H-6baMan), 2.30 (t,
2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz), 1.62 (br, 4H), 1.30 (br, 8H).


8-(MPEG)oxycarbonyloctyl 3,6-di-O-benzyl-4-O-chloroacetyl-2-deoxy-2-
phthalimido-b-d-glucopyranosyl-(1!2)-3-O-benzyl-4,6-O-benzylidene-a-
d-mannopyranosyl-(1!6)-2,3,4-tri-O-benzyl-b-d-mannopyranoside (8)


Capture : Fmoc-Cys on Wang resin 7 (0.58 mmolg�1, 710 mg, 0.412 mmol)
and iPr2NEt (150 mL, 2.87 mmol) were added to a solution of trisacchar-
ide 6 (281 mg, 0.125 mmol) in CH3CN/CH2Cl2 (1:1, 4 mL). The mixture
was shaken for 24 h at room temperature, and resin was rinsed with
CHCl3/MeOH, and dried under reduced pressure.


Release : The trisaccharide-loaded resin was swelled in THF (5 mL), and
4-aminomethylpiperidine (727 mg, 6.37 mmol) was added. The mixture
was shaken for 24 h, and resin was rinsed with CHCl3/MeOH. The organ-
ic phase was washed with 10% citric acid solution, and the aqueous
phase was extracted with CHCl3 (2R). The combined organic layers were
washed with brine (2R), dried over Na2SO4, filtered, and concentrated.
Purification by short silica gel chromatography (hexane/EtOAc 1:4, then
EtOAc/MeOH 3:1) yielded 8 (171.5 mg, 0.080 mmol, 49% from 2).
1H NMR (400 MHz, CDCl3): d=7.88–6.95 (m, 34H), 5.40 (s, 1H), 5.23
(d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz; H-1GN), 5.02 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz;
PhCH), 4.90 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.81–4.75 (2H, PhCH),
4.72 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz; PhCH), 4.64 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz;
PhCH), 4.58 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz; PhCH), 4.54 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=
12.4 Hz; PhCH), 4.50 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz; PhCH), 4.48 (s, 1H,
H-1aMan), 4.44 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz; PhCH), 4.37–4.28 (5H, H-1bMan,
H-2GN, H-3GN, PhCH), 4.09 (m, 1H, CHalkyl), 3.92–3.34 (overlapped with
PEG-CH2O signal), 3.18 (m, 1H, H-5bMan), 3.00 (t, 1H, 2J ACHTUNGTRENNUNG(H,H)=
3J ACHTUNGTRENNUNG(H,H)=10.2 Hz; H-6baMan), 2.29 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz), 1.62 (br,
4H), 1.30 (br, 8H).


8-Carboxyoctyl 2-acetamido-3,6-di-O-benzyl-4-O-chloroacetyl-2-deoxy-b-
d-glucopyranosyl-(1!2)-4,6-di-O-acetyl-3-O-benzyl-a-d-mannopyrano-
syl-(1!6)-2,3,4-tri-O-benzyl-b-d-mannopyranoside (9): A solution of
MPEG-ester 8 (47.9 mg, 0.0221 mmol) in 80% aqueous AcOH (5 mL)
was stirred for 2 h at 60 8C. After cooling to room temperature, the mix-
ture was concentrated and purified by silica gel chromatography (EtOAc/
MeOH 100:0 ! 3:1) to afford triol (43.7 mg, 0.0215 mmol, 97%).


A solution of crude triol (139.4 mg, 0.0671 mmol) in THF/EtOH (1:1,
10 mL) was added 1n KOH (1 mL). The mixture was stirred for 6 h at
80 8C, and cooled to room temperature. After neutralized with Amberlyst
15E, the resin was removed by filtration, and the filtrate was concentrat-
ed, and dried under reduced pressure.


The residue was dissolved in nBuOH (6 mL), to which was added ethyle-
nediamine (1.5 mL). The mixture was stirred for 10 h at 100 8C, cooled to
room temperature, and evaporated in vacuo. The residue was suspended
in pyridine (6 mL) and Ac2O (3 mL) was added under ice-water cooling.
After stirring for 20 h at room temperature, the mixture was concentrat-
ed, co-evaporated with toluene, and purified by preparative TLC (tol-
uene/EtOAc/AcOH 5:5:0.1) to give 9 (64.5 mg, 0.0466 mmol, 70%).


8-Methoxycarbonyloctyl 2-acetamido-3,6-di-O-benzyl-4-O-chloroacetyl-2-
deoxy-b-d-glucopyranosyl-(1!2)-3-O-benzyl-a-d-mannopyranosyl-(1!
6)-2,3,4-tri-O-benzyl-b-d-mannopyranoside (10): A solution of carboxylic
acid 9 (64.5 mg, 0.0466 mmol) in 0.05m NaOMe in MeOH (5.0 mL) was
stirred at room temperature under Ar atmosphere for 20 h. The mixture
was neutralized with Amberlyst 15E, filtered, and the filtrate was concen-
trated, and dried under reduced pressure. The residue was dissolved in
MeOH/benzene (1:1, 4 mL) and a hexane solution of TMSCHN2 (2.0m)
was added dropwise until the yellow color persisted for more than 5 min.
After quenching with AcOH, the solution was concentrated and purified
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with preparative TLC (CHCl3/MeOH 25:1) to afford 10 (50.2 mg,
0.03945 mmol, 85%). [a]23D = �40 (c=1.13 in chloroform); 1H NMR
(400 MHz, CDCl3): d=7.45 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz), 7.34–7.13 (m,
28H), 5.85 (br, 1H), 4.99 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.90–4.85
(m, 3H), 4.83 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz), 4.73 (d, 2H, 2J ACHTUNGTRENNUNG(H,H)=12.8 Hz;
PhCH), 4.66 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.7 Hz; PhCH), 4.52–4.39 (m, 6H), 4.34
(s, 1H), 4.22 (m, 1H), 4.01 (m, 1H), 3.96–3.85 (4H), 3.71–3.56 (11H),
3.54–3.44 (m, 4H), 3.37 (m, 1H), 3.31 (m, 1H), 2.29 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz), 1.86 (s, 3H), 1.61 (m, 4H), 1.31 (m, 8H); 13C NMR (100 MHz,
CDCl3): d=174.0, 171.1, 138.2–137.4, 128.3–127.3, 101.8, 99.4, 98.3, 82.5,
80.0, 76.1, 75.1, 74.9, 74.9, 74.2, 73.7, 73.6, 73.43, 73.38, 73.0, 72.9, 72.5,
71.4, 71.2, 70.3, 69.8, 66.5, 65.5, 62.0, 56.2, 51.5, 34.1, 29.7, 29.34, 29.32,
29.2, 26.2, 25.0, 23.6; HR ESI-MS: m/z: calcd for C72H89NO18Na:
1278.5978; found 1278.5973 [M+Na]+ .


8-Methoxycarbonyloctyl 2-acetamido-3,6-di-O-benzyl-4-O-chloroacetyl-2-
deoxy-b-d-glucopyranosyl-(1!2)-3-O-benzyl-6-O-tosyl-a-d-mannopyra-
nosyl-(1!6)-2,3,4-tri-O-benzyl-b-d-mannopyranoside (11): DMAP
(3.5 mg, 0.029 mmol) and TsCl (4.2 mg, 0.022 mmol) were added at 4 8C
to a solution of triol 10 (26.0 mg, 0.021 mmol) in CH2Cl2. After stirring
for 10 h at room temperature under Ar atmosphere, the second portions
of DMAP (3.0 mg, 0.025 mmol) and TsCl (3.2 mg, 0.017 mmol) were
added. After the additional stirring for 13 h, the mixture was diluted with
CHCl3 and washed with 0.5m HCl. The aqueous phase was extracted
with CHCl3 (2R), and the combined organic layers were washed with
brine (2R), dried over Na2SO4, filtered, and concentrated. Purification
with preparative TLC (CHCl3/MeOH 20:1) produced 11 (17.6 mg,
0.0125 mmol, 60%). [a]23D = �41 (c=0.69 in chloroform); 1H NMR
(400 MHz, CDCl3): d=7.71 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz), 7.45–7.14 (m,
32H), 6.08 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz), 5.19 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz), 4.99
(d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.89 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=11.5 Hz;
PhCH), 4.87 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; PhCH), 4.81 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=
1.7 Hz), 4.77–4.71 (m, 3H), 4.51–4.31 (m, 9H), 4.14 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=
2.1, 10.8 Hz), 4.06–3.82 (m, 5H), 3.73–3.51 (m, 12H), 3.50 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=3.2, 9.5 Hz), 3.35 (m, 1H), 3.32 (m, 1H), 3.00 (m, 1H), 2.42 (s,
3H), 2.29 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 1.94 (s, 3H), 1.58 (4H), 1.31 (8H);
13C NMR (100 MHz, CDCl3): d=174.0, 171.9, 144.5, 138.6–137.4, 133.1,
129.7–127.3, 102.0, 98.4, 97.4, 82.5, 79.2, 77.2, 75.7, 74.8, 74.5, 74.2, 73.7,
73.6, 73.5, 73.2, 71.9, 71.3, 71.2, 70.3, 70.1, 69.7, 68.8, 67.2, 65.0, 58.6, 51.5,
34.2, 29.8, 29.39, 29.36, 29.2, 26.2, 25.1, 23.8, 21.7; HR ESI-MS: m/z:
calcd for C79H95NO20SNa: 1432.6066, found 1432.6059 [M+Na]+ .


8-Methoxycarbonyloctyl 2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!2)-
6-O-tosyl-a-d-mannopyranosyl-(1!6)-b-d-mannopyranoside (12): A sol-
ution of tosylate 11 (286.7 mg, 0.191 mmol) in MeOH (20 mL) containing
AcOH (0.5 mL) was hydrogenated over Pd(OH)2/C (20%, 253 mg)
under vigorous stirring for 12 h. After additional stirring under an N2 at-
mosphere for 30 min, the catalyst was filtered off through Celite, and the
filtrate was concentrated. Purification by silica gel chromatography
(CHCl3/MeOH 10:1 to CHCl3/MeOH/H2O 6:2:0.2) gave 12 (147.0 mg,
0.169 mmol, 88%). [a]22D = �12 (c=1.12 in methanol); 1H NMR
(400 MHz, CD3OD): d=7.79 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz), 7.43 (d, 2H,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz), 4.86 (s, 1H, H-1aMan), 4.47 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz;
H-1GN), 4.46 (s, 1H, H-1bMan), 4.27 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.7, 10.4 Hz), 4.07
(dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=7.3, 10.4 Hz), 4.01 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.5, 3.4 Hz),
3.89–3.27 (m, 20H), 2.45 (s, 3H), 2.30 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 1.92 (s,
3H), 1.58 (m, 4H), 1.31 (8H); 13C NMR (100 MHz, CD3OD): d=175.9,
174.1, 146.3, 134.2, 131.0, 129.0, 101.8, 100.8, 98.5, 77.8, 77.6, 76.9, 75.3,
75.2, 72.4, 72.0, 71.6, 70.7, 68.4, 67.8, 62.6, 57.1, 52.0, 49.3, 34.8, 30.7, 30.4,
30.3, 30.1, 27.0, 26.0, 23.4, 21.6; HR ESI-MS: m/z: calcd for
C37H59NO20SNa: 892.3249, found 892.3289 [M+Na]+ .


Compound 13a : A solution of tosylate 12 (22.3 mg, 0.0256 mmol) in
DMF (1.5 mL) was added AcSK (9.2 mg, 0.081 mmol), and stirred for 9 h
at 65 8C under N2 atmosphere. The mixture was cooled to room tempera-
ture, to which were added MeOH/H2O 7:3 (3 mL) and Et3N (0.3 mL).
After stirring for 15 h at room temperature, the mixture was concentrat-
ed. Purification by size-exclusion chromatography (Sephadex LH-20,
CHCl3/MeOH 1:4) gave 13a (13.4 mg, 9.2 mmol, 72%). [a]22D = ++31 (c=
0.71 in methanol); 1H NMR (400 MHz, D2O, 40 8C): d=4.93 (2H), 4.59–
4.57 (m, 4H, overlapped with HOD), 4.11 (dd, 2H, 3J ACHTUNGTRENNUNG(H,H)=2.0,


3.2 Hz), 4.00–3.30 (m, 44H), 2.83 (dd, 2H, 3J ACHTUNGTRENNUNG(H,H)=9.3, 2J ACHTUNGTRENNUNG(H,H)=
13.9 Hz), 2.37 (t, 4H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 2.05 (s, 6H), 1.61–1.58 (m, 8H),
1.31 (m, 16H); 13C NMR (100 MHz, D2O, 40 8C): d=174.3, 171.7, 97.5,
96.9, 94.4, 73.8, 73.3, 72.3, 70.9, 70.7, 68.3, 68.1, 67.4, 67.34, 67.27, 67.1,
64.6, 64.1, 58.2, 52.8, 46.4, 38.9, 31.3, 26.3, 26.0–25.7, 22.7, 21.9, 20.1; HR
ESI-MS: m/z: calcd for C60H104N2O34S2Na: 1483.5810, found 1483.5834
[M+Na]+ .


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-(benzyloxycarbonyl)amino-2-
deoxy-b-d-glucopyranoside (15): Hydrazine acetate (916 mg, 9.95 mmol)
was added at 4 8C to a solution of 14 (4.53 g, 9.41 mmol) in THF
(120 mL). After stirring for 24 h at room temperature, ice-water was
added and the mixture was extracted with CHCl3 (3R). The combined or-
ganic layers were washed with brine (2R), dried over Na2SO4, filtered,
and concentrated. Separation by silica gel chromatography (toluene/
EtOAc 5:1 ! 1:1) gave hemiacetal (3.86 g, 8.79 mmol, 93%).


A solution of the hemiacetal (3.85 g, 8.76 mmol) in DMF were added
TBSCl (2.00 g, 13.3 mmol) and imidazole (1.79 g, 26.3 mmol) at 4 8C.
After stirring for 11 h at room temperature, the mixture was quenched
with 10% aqueous citric acid. Aqueous phase was extracted with CHCl3
(3R). The combined organic layers were washed with brine (2R), dried
over Na2SO4, filtered, and concentrated. Purification by silica gel chro-
matography (toluene/EtOAc 15:1 ! 4:1) gave 15 (4.61 g, 8.33 mmol,
95%). [a]22D = ++9.9 (c=1.15 in chloroform); 1H NMR (400 MHz, C6D6,
70 8C): d=7.25–7.00 (m, 5H), 5.28 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz; H-3), 5.07
(t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz; H-4), 5.04 (s, 2H), 4.57 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz; NH), 4.33 (br, 1H, H-1), 4.17 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=5.6, 2J ACHTUNGTRENNUNG(H,H)=
12.0 Hz; H-6a), 4.11 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.8, 2J ACHTUNGTRENNUNG(H,H)=12.0 Hz; H-6b),
3.58 (m, 1H, H-2), 3.40 (m, 1H, H-5), 1.74–1.68 (9H), 0.96 (s, 9H), 0.16
(s, 3H), 0.11 (s, 3H); 13C NMR (100 MHz, C6D6, 60 8C): d=170.1, 169.7,
169.0, 155.8, 137.3, 128.6–127.8, 96.7, 72.8, 72.4, 69.9, 67.0, 62.6, 58.9, 26.0,
20.31, 20.26, 18.3, �3.9, �4.8; elemental analysis calcd (%) for
C26H39NO10Si: C 56.40, H 7.10, N 2.53; found: C 56.39, H 7.11, N 2.46.


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-bromoacetamido-2-deoxy-b-d-
glucopyranoside (16): 10% Pd/C (96 mg) was added to a solution of 15
(536.0 mg, 0.968 mmol) in EtOAc, and the mixture was stirred under H2


atmosphere for 2.5 h. After additional stirring for 15 min under N2 atmos-
phere, the catalyst was filtered off through Celite, and the filtrate was
concentrated, and exposed to high-vacuum for 2 h. The resulting solid
was dissolved in CH2Cl2 (10 mL), and treated with bromoacetic anhy-
dride (336 mg, 1.29 mmol) and pyridine (100 mL, 1.24 mmol) at 4 8C.
After stirring for 30 min at 4 8C, the mixture was neutralized with 10%
aqueous citric acid. The aqueous phase was extracted with CH2Cl2 (2R).
The combined organic layers were washed with brine (2R), dried over
Na2SO4, filtered, and concentrated. Purification by silica gel chromatog-
raphy (toluene/EtOAc 15:1 ! 4:1) gave 16 (513.2 mg, 0.950 mmol,
98%). [a]24D = ++2.5 (c=0.97 in chloroform); 1H NMR (400 MHz,
CDCl3): d=6.33 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz; NH), 5.19 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=
9.6, 10.8 Hz; H-3), 4.92 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz; H-4), 4.79 (d, 1H,
3J ACHTUNGTRENNUNG(H,H)=8.0 Hz; H-1), 4.08 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=6.0, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz;
H-6a), 4.01 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.8, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz; H-6b), 3.73 (m,
1H, H-2), 3.69 (s, 2H), 3.61 (m, 1H, H-5), 1.96–1.91 (9H), 0.86 (s, 9H),
0.11 (m, 6H); 13C NMR (100 MHz, CDCl3): d=170.3, 170.2, 169.0, 165.1,
95.4, 77.2, 71.7, 70.2, 68.7, 62.3, 57.1, 28.6, 25.5, 20.67, 20.65, 20.60, 17.8,
�4.2, �5.3; elemental analysis calcd (%) for C20H34BrNO9Si: C 44.44, H
6.34, N 2.59; found: C 44.37, H 6.27, N 2.53.


3,4,6-Tri-O-acetyl-2-bromoacetamido-2-deoxy-a-d-glucopyranosyl phos-
phate diallyl ester (18): A solution of 16 (394.5 mg, 0.7299 mmol) in
CH3CN (5.0 mL) was added 47% aq. HF (750 mL), and stirred for 11 h at
room temperature. The mixture was neutralized with aq. NaHCO3, and
the aqueous phase was extracted with CHCl3 (3R). The combined organ-
ic layers were washed with brine (2R), dried over Na2SO4, filtered, and
concentrated. Purification by silica gel chromatography (toluene/EtOAc
5:1 ! 1:1) gave the hemiacetal (290.3 mg, 0.6811 mmol, 93%). 1H NMR
(400 MHz, CDCl3): d=6.65 (1H, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz; NH), 5.37 (t, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz; H-3), 5.32 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz), 5.15 (t, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz; H-4), 4.29–4.13 (m, 4H, H-2, H-5, H-6a, H-6b), 3.81 (s,
2H), 3.19 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.0 Hz; OH), 2.11–2.04 (3s, 9H); 13C NMR
(100 MHz, CDCl3): d=170.7, 170.3, 168.9, 165.5, 91.2, 77.2, 70.3, 67.9,
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67.7, 61.8, 52.7, 28.3, 20.74, 20.70, 20.59; elemental analysis calcd (%) for
C14H20BrNO9: C 39.45, H 4.73 N 3.29; found: C 39.68, H 4.69, N3.24.


Amidite 17 (175 mL, 0.662 mmol) and tetrazole (96.3 mg, 1.37 mmol)
were added at �20 8C to a solution of the hemiacetal (183.9 mg,
0.431 mmol) in CH2Cl2 (2.5 mL). After stirring at �10 8C for 50 min
under Ar atmosphere, the mixture was cooled to �40 8C and added tert-
butyl hydroperoxide (TBHP, 5.0–6.0m in decane, 300 mL). After stirring
for 6 h at �40 to 0 8C, the mixture was quenched with 5% aq. Na2S2O3


and extracted with CHCl3 (3R). Combined organic layers were washed
with brine (2R), dried over Na2SO4, filtered, concentrated, and purified
with silica gel chromatography (toluene/EtOAc 2:1 ! 1:2) to give 18
(181.2 mg, 0.358 mmol, 83%). [a]22D = ++65 (c=0.66 in chloroform);
1H NMR (400 MHz, CDCl3): d=6.98 (br, 1H, NH), 5.97 (m, 2H), 5.74
(dd, 3J ACHTUNGTRENNUNG(H,H)=2.8, 3J ACHTUNGTRENNUNG(P,H)=5.6 Hz; H-1), 5.44–5.29 (m, 5H), 5.20 (t, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz; H-4), 4.61 (m, 4H), 4.38 (m, 1H, H-2), 4.29–4.22 (m,
2H, H-5, H-6a), 4.11 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=10.8 Hz; H-6b), 3.85 (d, 1H,
2J ACHTUNGTRENNUNG(H,H)=13.2 Hz), 3.78 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=13.2 Hz), 2.11–2.00 (3s, 9H);
13C NMR (100 MHz, CDCl3): d=170.6, 170.1, 168.9, 166.0, 131.7 (d,
3J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 131.6 (d, 3J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 118.9, 118.8, 95.3 (d,
2J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 69.6, 69.4, 68.7 (2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 68.6 (2J ACHTUNGTRENNUNG(P,C)=
5.8 Hz), 67.1, 61.2, 52.5 (d, 3J ACHTUNGTRENNUNG(P,C)=7.5 Hz), 28.0, 20.64, 20.62, 20.5.


3,4,6-Tri-O-acetyl-2-bromoacetamido-2-deoxy-a-d-glucopyranosyl phos-
phate (19): Et3SiH (350 mL, 2.19 mmol), AcOH (130 mL, 2.27 mmol), and
[Pd ACHTUNGTRENNUNG(PPh3)4] (14 mg, 0.012 mmol) were added to a solution of 18
(133.0 mg, 0.2268 mmol) in toluene (4 mL), and the reaction mixture was
stirred for 2.5 h at 40 8C under Ar atmosphere. Then, the mixture was
cooled to room temperature, concentrated, and purified by silica gel
chromatography (CHCl3/MeOH/AcOH 30:1:0 ! 6:2:0.1) to give 19
(97.9 mg, 0.193 mmol, 85%). 1H NMR (400 MHz, CD3OD): d=5.84 (br,
1H, H-1), 5.24 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz; H-3), 5.02 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=
10.0 Hz; H-4), 4.25–4.13 (3H, H-2, H-5, H-6a), 4.04 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=
11.6 Hz; H-6b), 3.83 (d, 1H, J ACHTUNGTRENNUNG(H,H)=10.8 Hz), 3.67 (d, 1H, J ACHTUNGTRENNUNG(H,H)=
10.8 Hz), 1.97 (s, 3H), 1.91 (s, 3H), 1.89 (s, 3H); 13C NMR (100 MHz,
CD3OD): d=172.3, 171.8, 171.1, 169.9, 95.5 (d, 2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 71.7,
70.2, 69.6, 62.8, 53.5 (d, 3J ACHTUNGTRENNUNG(P,C)=9.1 Hz), 28.4, 20.7, 20.63, 20.61; HR
ESI-MS: m/z: calcd for C14H20BrNO12P: 503.9907, found 503.9926
[M�H]� .


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-(acetylthio)acetamido-2-
deoxy-b-d-glucopyranoside (20): A solution of bromoacetamide 16
(1.10 g, 2.04 mmol) in CH3CN (10 mL) were added AcSH (180 mL,
2.52 mmol) and iPr2NEt (550 mL, 3.16 mmol) at 4 8C. The mixture was
stirred for 1 h at 4 8C, and quenched with aq. NaHCO3. The aqueous
phase was extracted with CHCl3 (3R). The combined organic layers were
washed with brine (2R), dried over Na2SO4, filtered, and concentrated.
Purification by silica gel chromatography (toluene/EtOAc 2:1) to give 20
(1.01 g, 1.88 mmol, 93%). [a]22D = ++33 (c=0.91 in chloroform); 1H NMR
(400 MHz, CDCl3): d=6.31 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.5 Hz; NH), 5.16 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.3, 10.7 Hz; H-4), 5.01 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.7 Hz; H-3), 4.81 (d,
1H, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz; H-1), 4.18 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=5.9, 12.2 Hz; H-6a),
4.12 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=2.7, 12.0 Hz; H-6b), 3.87 (m, 1H, H-2), 3.69 (m,
1H, H-5), 3.53 (d, 1H, J ACHTUNGTRENNUNG(H,H)=14.9 Hz), 3.39 (d, 1H, J ACHTUNGTRENNUNG(H,H)=14.7 Hz),
2.41 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 0.88 (s, 9H), 0.10 (s,
6H); 13C NMR (100 MHz, CDCl3): d=195.9, 170.6, 170.4, 169.2, 167.9,
95.9, 72.0, 71.8, 68.9, 62.4, 56.4, 32.8, 30.1, 25.6, 20.71, 20.68, 20.61, 17.9,
�4.2, �5.2; elemental analysis calcd (%) for C22H37BNO10SSi: C 49.33,
H 6.96, N 2.91; found: C 49.3, H 6.96, N 2.91.


3,4,6-Tri-O-acetyl-2-(acetylthio)acetamido-2-deoxy-a-d-glucopyranosyl
phosphate diallyl ester (21): HF/pyridine (100 mL) was added at 4 8C to a
solution of 20 (275.3 mg, 0.514 mmol) in THF (2 mL). After stirring for
5.5 h at room temperature, the mixture was neutralized with sat NaHCO3


solution. The aqueous phase was extracted with CHCl3 (3R). The com-
bined organic layers were washed with brine (2R), dried over Na2SO4, fil-
tered, and concentrated. Purification by silica gel chromatography
(CHCl3/MeOH 100:1 ! 30:1) gave the hemiacetal (168.6 mg,
0.400 mmol, 78%).


To a solution of the hemiacetal (168.6 mg, 0.400 mmol) in CH2Cl2 (2 mL)
were added 1H-tetrazole (123.1 mg, 1.76 mmol) and diallylphosphorami-
dite 17 (190 mL, 0.719 mmol) at �20 8C. After stirring for 1 h at �10 8C


under Ar atmosphere, the mixture was cooled to �40 8C, and Me2S
(600 mL) and TBHP (300 mL; 5–6m in decane) were added. The mixture
was stirred for 2.5 h at �40 to 0 8C and quenched with 5% Na2S2O3 solu-
tion. The aqueous phase was extracted with CHCl3 (3R). The combined
organic layers were washed with brine (2R), dried over Na2SO4, filtered,
and concentrated. Purification by silica gel chromatography (CHCl3/
EtOAc 6:1 ! 2:1) gave 21 (173.6 mg, 0.307 mmol, 77%). [a]24D = ++91
(c=0.96 in chloroform); 1H NMR (400 MHz, CDCl3): d=6.53 (d, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.0 Hz; NH), 5.97 (m, 2H), 5.69 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.4,
3J ACHTUNGTRENNUNG(P,H)=5.9 Hz; H-1), 5.45–5.15 (6H), 4.64 (m, 4H), 4.36 (m, 1H, H-2),
4.25 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=4.1, 12.4 Hz; H-6a), 4.16 (m, 1H, H-5), 4.08 (dd,
1H, J ACHTUNGTRENNUNG(H,H)=2.2, 12.2 Hz; H-6b), 3.56 (d, 1H, J ACHTUNGTRENNUNG(H,H)=15.1 Hz), 3.41 (d,
1H, J ACHTUNGTRENNUNG(H,H)=14.9 Hz), 2.42 (s, 3H), 2.08 (s, 3H), 2.03 (s, 6H); 13C NMR
(100 MHz, CDCl3): d=195.3, 171.0, 170.4, 169.0, 168.2, 132.1, 132.0, 131.9
(d, 3J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 119.0, 118.8, 95.7 (d, 2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 69.7, 69.6,
68.9 (d, 2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 68.7 (d, 2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 67.3, 61.4, 52.0, 51.9,
32.6, 30.2, 20.73, 20.70, 20.6; HR ESI-MS: m/z: calcd for
C22H32NO13PSNa: 604.1211, found 604.1230 [M+Na]+ .


3,4,6-Tri-O-acetyl-2-(acetylthio)acetamido-2-deoxy-a-d-glucopyranosyl
phosphate (22): Et3SiH (480 mL, 3.00 mmol), AcOH (175 mL, 3.05 mmol),
and [Pd ACHTUNGTRENNUNG(PPh3)4] (33 mg, 0.029 mmol) were added to a solution of 21
(170.8 mg, 0.3020 mmol) in toluene (3 mL). The mixture was stirred for
14 h at 40 8C under Ar atmosphere, and concentrated. Purification by
silica gel chromatography (CHCl3/MeOH/AcOH 30:1:0 ! 8:4:0.1) was
followed by size-exclusion chromatography (Sephadex LH-20, CHCl3/
MeOH 1:4) to give 22 (77.4 mg, 0.154 mmol, 51%). 1H NMR (400 MHz,
CD3OD): d=5.46 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.4, 3J ACHTUNGTRENNUNG(P,H)=6.3 Hz; H-1), 5.19
(dd, 1H, J ACHTUNGTRENNUNG(H,H)=9.5, 10.7 Hz; H-3), 5.00 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz; H-
4), 4.21–4.17 (2H, H-2, H-6a), 4.12 (m, 1H, H-5), 4.02 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=
2.2, 12.2 Hz; H-6b), 3.06 (d, 1H, J ACHTUNGTRENNUNG(H,H)=15.3 Hz), 3.43 (d, 1H,
J ACHTUNGTRENNUNG(H,H)=15.4 Hz), 2.27 (s, 3H), 1.95 (s, 3H), 1.92 (s, 3H), 1.90 (s, 3H);
13C NMR (100 MHz, CD3OD): d=195.9, 172.2, 171.1, 170.9, 95.8 (d,
2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 71.4, 70.3, 69.5, 53.4 (d, 3J ACHTUNGTRENNUNG(P,C)=8.3 Hz), 33.5, 30.1,
20.74, 20.65, 20.59; HR ESI-MS: m/z: calcd for C16H23NO13PS: 500.0628,
found 500.0663 [M�H]� .


2-Deoxy-2-mercaptoacetamido-a-d-glucopyranosyl phosphate triethylam-
monium salt (23): Et3N (0.75 mL) was added to a solution of 22 (32.8 mg,
0.0654 mmol) in degassed MeOH/H2O (5 mL, 7:3), and stirred for 1 d
under Ar atmosphere. The mixture was concentrated, and dried under re-
duced pressure. Purification was not conducted because of the instability
of the material.


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-(2-bromoethylthio)acetamido-
2-deoxy-b-d-glucopyranoside (24): 2-Mercaptopropanol (190 mL,
2.709 mmol) and iPr2NEt (0.9 mL, 5.17 mmol) were added to a solution
of bromoacetamide 16 (1.134 g, 2.099 mmol) in CH3CN (15 mL). After
stirring for 4 h, the mixture was concentrated and dissolved in CHCl3.
The solution was washed with 10% citric acid solution and brine (2R),
dried over Na2SO4, filtered, concentrated, and dried under vacuum.
Then, the crude alcohol was dissolved in CH2Cl2 (20 mL), to which were
added NBS (453 mg, 2.54 mmol) and Ph3P (667 mg, 2.54 mmol) at 4 8C.
The mixture was stirred for 1 h at 4 8C under Ar atmosphere and diluted
with CHCl3. The organic phase was washed with 5% Na2S2O3 solution
and brine (2R), dried over Na2SO4, filtered, and concentrated. Purifica-
tion with silica gel chromatography (toluene/EtOAc 6:1 ! 2:1) gave bro-
mide 24 (1.206 g, 2.01 mmol, 96%). [a]24D = ++5.9 (c=0.95 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=6.71 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz;
NH), 5.30 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.2, 10.8 Hz; H-3), 5.04 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=
9.2 Hz; H-4), 4.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz; H-1), 4.23–4.11 (m, 2H,
H-6a, H-6b), 3.84 (m, 1H, H-2), 3.73 (m, 1H, H-5), 3.49 (t, 2H,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 3.19 (s, 2H), 2.94 (m, 2H), 2.07 (s, 3H), 2.04 (s, 3H),
2.03 (s, 3H), 0.87 (s, 9H), 0.09 (s, 6H); 13C NMR (100 MHz, CDCl3): d=
170.7, 170.5, 169.3, 168.0, 95.8, 72.1, 71.9, 69.0, 62.5, 57.0, 35.9, 34.9, 29.7,
25.7, 25.6, 20.9, 20.8, 20.7, �4.1, �5.0; HR ESI-MS: m/z: calcd for
C22H38BrNO9SSiNa: 622.1118, found 622.1143 [M+Na]+ ; elemental anal-
ysis calcd (%) for C22H38BrNO9SSi: C 44.00, H 6.38, N 2.33; found: C
44.11, H 6.31, N 2.32.


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-(3-bromopropylthio)acetami-
do-2-deoxy-b-d-glucopyranoside (25): 3-Mercaptopropanol (210 mL,
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2.43 mmol) and iPr2NEt (1.25 mL, 7.18 mmol) were added to a solution
of the bromoacetamide 16 (1.096 g, 2.028 mmol) in CH3CN (10 mL).
After stirring for 7.5 h, the mixture was concentrated, and dissolved in
CHCl3. The mixture was washed with 10% citric acid solution and brine
(2R), dried over Na2SO4, filtered, concentrated, and dried under vacuum.
Then, the crude alcohol was dissolved in CH2Cl2 (15 mL), to which were
added NBS (444 mg, 2.49 mmol) and Ph3P (645 mg, 2.46 mmol) at 4 8C.
The mixture was stirred for 1 h at 4 8C under Ar atmosphere, and diluted
with CHCl3. The organic phase was washed with 5% aqueous Na2S2O3


solution and brine (2R), dried over Na2SO4, filtered, and concentrated.
Purification with silica gel chromatography (toluene/EtOAc 6:1 ! 2:1)
gave bromide 25 (1.178 g, 1.917 mmol, 95%). [a]24D = ++5.0 (c=0.75 in
chloroform); 1H NMR (400 MHz, CDCl3): d=6.67 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=
8.8 Hz), 5.19 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.3, 10.7 Hz; H-3), 4.91 (t, 1H,
3J ACHTUNGTRENNUNG(H,H)=10.0 Hz; H-4), 4.82 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz; H-1), 4.07 (dd,
1H, 3J ACHTUNGTRENNUNG(H,H)=5.9, 2J ACHTUNGTRENNUNG(H,H)=12.2 Hz; H-6a), 4.02 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.7,
2J ACHTUNGTRENNUNG(H,H)=12.2 Hz; H-6b), 3.71 (m, 1H, H-2), 3.62 (m, 1H, H-5), 3.38
(ddd, 2H, 3J ACHTUNGTRENNUNG(H,H)=1.2, 6.3, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; CHsBr), 3.04 (s, 2H),
2.55 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz), 1.99 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz), 1.95 (s,
3H), 1.91 (s, 3H), 1.90 (s, 3H), 0.75 (s, 9H), �0.02 (s, 6H); 13C NMR
(100 MHz, CDCl3): d=170.5, 170.2, 169.3, 168.2, 95.8, 72.1, 71.9, 69.1,
62.5, 57.0, 35.9, 35.9, 31.7, 31.5, 31.0, 25.6, 20.82, 20.76, 20.69, 18.0, �4.1,
�5.0; HR ESI-MS: m/z: calcd for C23H40BrNO9SSi: 636.1274, found
636.1264 [M+H]+ .


3,4,6-Tri-O-acetyl-2-(2-bromoethylthio)acetamido-2-deoxy-a-d-glucopy-
ranosyl phosphate diallyl ester (26): 47% Aqueous HF (1.0 mL) was
added at 4 8C to a solution of 25 (496.2 mg, 0.826 mmol) in CH3CN
(9 mL). The mixture was stirred for 10 h at room temperature, and neu-
tralized with sat. NaHCO3 solution, and the aqueous phase was extracted
with CHCl3 (3R). Combined organic layers were washed with brine
(2R), dried over Na2SO4, filtered, and concentrated. Purification by silica
gel chromatography (toluene/EtOAc 2:1 ! 1:1) gave hemiacetal
(281.8 mg, 0.579 mmol, 70%).


To a solution of the hemiacetal (279.2 mg, 0.574 mmol) in CH2Cl2 (5 mL)
were added amidite 17 (310 mL, 1.17 mmol) and 1H-tetrazole (162.1 mg,
2.31 mmol) at �20 8C. After stirring for 1 h at �10 8C under Ar atmos-
phere, the mixture was cooled to �40 8C, and Me2S (1 mL) and TBHP
(500 mL, 5–6m in decane) were added. The mixture was stirred at �40 to
0 8C for 2.5 h. The mixture was quenched with 5% Na2S2O3 solution and
extracted with CHCl3 (3R). The combined organic layers were washed
with brine (2R), dried over Na2SO4, filtered, and concentrated. Purifica-
tion with silica gel chromatography (toluene/EtOAc 4:1 ! 2:3) gave 26
(251.5 mg, 0.389 mmol, 68%). [a]23D = ++55 (c=0.95 in chloroform);
1H NMR (400 MHz, CDCl3): d=6.89 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz; NH), 5.97
(m, 2H), 5.73 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=5.9 Hz; H-1), 5.44–5.27 (m,
5H), 5.20 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.8 Hz), 4.64–4.57 (m, 4H), 4.39 (m, 1H, H-
2), 4.26 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.8, 2J ACHTUNGTRENNUNG(H,H)=12.2, H-6a), 4.22 (m, 1H, H-5),
4.10 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.0, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz; H-6b), 3.48 (t, 2H,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 3.21 (s, 2H), 2.95 (t, 2H, J ACHTUNGTRENNUNG(H,H)=7.6 Hz), 2.09 (s,
3H), 2.05 (s, 6H); 13C NMR (100 MHz, CDCl3): d=171.0, 170.4, 169.0,
168.7, 132.0, 131.9 (d, 3J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 131.8, (d, 3J ACHTUNGTRENNUNG(P,C)=6.6 Hz), 119.1,
119.0, 95.6 (d, 2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 69.9, 69.7, 68.9 (d, 2J ACHTUNGTRENNUNG(P,C)=5.0 Hz), 68.7
(d, 2J ACHTUNGTRENNUNG(P,C)=5.0 Hz), 67.3, 61.4, 52.3 (d, 3J ACHTUNGTRENNUNG(P,C)=8.3 Hz), 35.6, 34.8, 29.6,
20.8, 20.7, 20.6; elemental analysis calcd (%) for C22H33BrNO12PS: C
40.88, H 5.15, N 2.17; found: C 41.02, H 5.11, N 2.19.


3,4,6-Tri-O-acetyl-2-(3-bromopropylthio)acetamido-2-deoxy-a-d-gluco-
pyranosyl phosphate diallyl ester (27): 47% Aqueous HF was added at
4 8C to a solution of 25 (809.3 mg, 1.317 mmol) in CH3CN (8.5 mL) and
the reaction mixture was stirred for 13 h at room temperature. Then, the
mixture was neutralized with a saturated NaHCO3 solution, and the
aqueous phase was extracted with CHCl3 (3R). The combined organic
layers were washed with brine (2R), dried over Na2SO4, filtered, and
concentrated. Purification by silica gel chromatography (toluene/EtOAc
3:1 ! 1:1) gave hemiacetal (597.3 mg, 1.19 mmol, 90%).


To a solution of the hemiacetal (431.6 mg, 0.863 mmol) in CH2Cl2 (5 mL)
were added amidite 17 (460 mL, 1.74 mmol) and 1H-tetrazole (302.2 mg,
4.31 mmol) at �20 8C. After stirring for 1 h at �10 8C under Ar atmos-
phere, the mixture was cooled to �40 8C, to which Me2S (1.5 mL) and


TBHP (750 mL, 5–6m in decane) were added. The mixture was stirred at
�40 to 0 8C for 1.5 h. After the reaction, mixture was quenched with 5%
Na2S2O3 solution and extracted with CHCl3 (3R). The combined organic
layers were washed with brine (2R), dried over Na2SO4, filtered, and
concentrated. Purification with silica gel chromatography (toluene/
EtOAc 4:1 ! 2:3) gave 27 (442.2 mg, 0.669 mmol, 78%). [a]22D =++44 (c=
0.76 in chloroform); 1H NMR (400 MHz, CDCl3): d=6.93 (d, 1H,
3J ACHTUNGTRENNUNG(H,H)=9.3 Hz; NH), 6.02–5.89 (m, 2H), 5.73 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.4,
2J ACHTUNGTRENNUNG(P,H)=5.8 Hz; H-1), 5.44–5.28 (5H), 5.20 (t, 1H, J ACHTUNGTRENNUNG(H,H)=9.8 Hz),
4.64–5.58 (m, 4H), 4.40 (m, 1H), 4.25 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=3.9, 12.2 Hz),
4.20 (m, 1H), 4.10 (dd, 1H, J ACHTUNGTRENNUNG(H,H)=2,2, 12.4 Hz), 3.49 (t, 2H, J ACHTUNGTRENNUNG(H,H)=
6.3 Hz), 3.20 (d, 1H, J ACHTUNGTRENNUNG(H,H)=16.3 Hz), 3.15 (d, 1H, J ACHTUNGTRENNUNG(H,H)=16.4 Hz),
2.66 (t, 2H, J ACHTUNGTRENNUNG(H,H)=7.1 Hz), 2.12–2.03 (3s, 9H, Ac); 13C NMR
(100 MHz, CDCl3): d=170.8, 170.3, 169.0, 168.8, 131.8 (d, J ACHTUNGTRENNUNG(P,C)=
6.6 Hz), 131.7 (d, J ACHTUNGTRENNUNG(P,C)=6.5 Hz), 119.1, 118.9, 95.6 (d, J ACHTUNGTRENNUNG(P,C)=6.6 Hz),
69.9, 69.6, 68.9 (d, J ACHTUNGTRENNUNG(P,C)=5.0 Hz), 68.7 (d, J ACHTUNGTRENNUNG(P,C)=5.0 Hz), 67.3, 61.3,
52.1 (d, J ACHTUNGTRENNUNG(P,C)=8.3 Hz), 35.6, 31.6, 31.5, 31.0, 20.71, 20.67, 20.5; HR ESI-
MS: m/z: calcd for C23H35BrNO12PSNa: 682.0699, found 682.0651
[M+Na]+ .


3,4,6-Tri-O-acetyl-2-(2-bromoethylthio)acetamido-2-deoxy-a-d-glucopy-
ranosyl phosphate (28): Et3SiH (240 mL, 1.50 mmol), AcOH (85 mL,
1.5 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (16.9 mg, 0.015 mmol) were added to a solu-
tion of the phosphate 26 (95.1 mg, 0.147 mmol) in toluene (2 mL). After
stirring for 24 h at 40 8C under Ar atmosphere, the mixture was concen-
trated, and purified with silica gel chromatography (CHCl3/MeOH/
AcOH 30:1:0 ! 4:1:0.1). Final purification with size-exclusion chroma-
tography (Sephadex LH-20, CHCl3/MeOH 1:4) yielded 28 (71.5 mg,
0.1263 mmol, 86%). 1H NMR (400 MHz, CDCl3): d=5.69 (br, 1H), 5.32
(t, 1H, J ACHTUNGTRENNUNG(H,H)=10.0 Hz), 5.19 (t, 1H, J ACHTUNGTRENNUNG(H,H)=9.5 Hz), 4.50–4.07 (m,
4H), 3.57 (m, 2H), 3.29 (m, 2H), 2.74 (m, 2H); 13C NMR (100 MHz,
CDCl3): d=175.9, 171.4, 170.8, 169.3, 94.1 (br), 71.7, 70.1, 71.7, 70.1, 69.2,
67.9, 61.0, 58.6, 52.0 (br), 35.5, 34.6, 31.9, 30.2, 20.9–20.7; HR ESI-MS:
m/z: calcd for C16H24BrNO12PS: 563.9940, found 563.9967 [M�H]� .


3,4,6-Tri-O-acetyl-2-(3-bromoethylthio)acetamido-2-deoxy-a-d-glucopy-
ranosyl phosphate (29): Et3SiH (490 mL, 3.07 mmol), AcOH (180 mL,
3.14 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (36.0 mg, 0.0312 mmol) were added to a sol-
ution of the allyl ester 27 (200.8 mg, 0.3040 mmol) in degassed toluene
(4 mL). After stirring for 14 h at 40 8C under Ar atmosphere, the mixture
was concentrated and purified with silica gel chromatography (CHCl3/
MeOH/AcOH 30:1:0 ! 6:3:0.1), following size-exclusion chromatogra-
phy (Sephadex LH-20, CHCl3/MeOH 1:4) gave 29 (99.4 mg,
0.1713 mmol, 56%). 1H NMR (400 MHz, CD3OD): d=5.55 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=6.1 Hz; H-1), 5.27 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.5,
11.0 Hz; H3), 5.07 (t, 1H, J ACHTUNGTRENNUNG(H,H)=10.2 Hz), 4.28–4.4.15 (m, 3H, H-2,
H-5, H-6a), 4.09 (dd, J ACHTUNGTRENNUNG(H,H)=2.0, 12.2 Hz), 3.50 (t, 2H, J ACHTUNGTRENNUNG(H,H)=
6.3 Hz), 3.19 (d, 1H, J ACHTUNGTRENNUNG(H,H)=14.5 Hz), 3.13 (d, 1H, J ACHTUNGTRENNUNG(H,H)=14.5 Hz),
2.68 (m, 2H), 2.10–1.94 (m, 11H); 13C NMR (100 MHz, CD3OD): d=


172.7, 172.3, 171.9, 171.1, 95.9 (2J ACHTUNGTRENNUNG(P,C)=5.8 Hz), 71.5, 70.3, 69.5, 62.7,
49.5 (3J ACHTUNGTRENNUNG(P,C)=9.1 Hz), 35.6, 33.0, 32.7, 31.7, 20.8, 20.7, 20.6; HR ESI-MS:
m/z: calcd for C17H26BrNO12PS: 578.0097, found 578.0087 [M�H]� .


Compound 30a : TCEP-HCl (10.8 mg, 0.0377 mmol) was added to a solu-
tion of the disulfide 13a (10.8 mg, 0.00740 mmol) in MeOH/H2O (7:3;
1 mL) and the mixture was stirred for 3 h at room temperature under Ar
atmosphere. Then, bromoacetamide 19 (12.8 mg, 0.0254 mmol) and
iPr2NEt (20 mL, 0.12 mmol) were added. After stirring for 3 h at room
temperature under Ar atmosphere, Et3N (150 mL) was added and stirring
continued for additional 10 h, and Et3N (150 mL) was added to complete
the reaction. The mixture was further stirred for 9 h, and concentrated.
Purification by SepPak C-18 cartridge (MeOH/H2O 0:100 ! 50:50), and
size-exclusion chromatography (Sephadex G-15, H2O) gave 30a (8.8 mg,
6.5 mmol, 58%). 1H NMR (400 MHz, D2O, 40 8C): d=5.42 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=7.1 Hz; H-1GN1P), 4.91 (s, 1H, H-1aMan), 4.65–4.56
(2H, H-1GN, H-1bMan, overlapped with HOD signal), 4.13 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=1.5, 3.4 Hz; H-2aMan), 4.03–3.35 (25H), 3.68 (s, 3H, CH3COO),
3.11 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.4, 2J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6aaMan), 2.74 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=8.3, 2J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz; CH2COO), 2.05 (s, 3H, AcN), 1.59 (br, 4H), 1.30 (br, 8H); HR
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ESI-MS: m/z: calcd for C36H66N2O26SP: 1029.3362, found 1029.3314
[M�H]� .


Compound 1a : Phosphate 30a (2.7 mg, 2.4 mmol) and UMP-morpholi-
date (5.3 mg, 7.7 mmol) were co-evaporated with dry pyridine 3R and
dried under vacuum for 1 h. The residue was redissolved in dry pyridine
(0.5 mL), to which was added 1H-tetrazole (1.2 mg, 0.017 mmol), and stir-
red for 3 d under Ar atmosphere. Resultant mixture was quenched with
H2O and concentrated. The residue was applied to SepPak C-18 cartridge
(MeOH/H2O 0:100 ! 60:40). Subsequent purification with size-exclusion
chromatography (Sephadex G-15, H2O) gave 1a (2.5 mg, 1.9 mmol,
78%). 1H NMR (400 MHz, D2O, 40 8C): d=7.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=
8.1 Hz; H-6Uracil), 5.98–5.95 (2H, H-5Uracil, H-1Rib), 5.52 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=6.3 Hz; H-1GN1P), 4.91 (s, 1H, H-1aMan), 4.65–4.57
(2H, H-1GN, H-1bMan, overlapped with HOD signal), 4.36–4.20 (5H, H-
2Rib, H-3Rib, H-4Rib, H-5aRib, H-5bRib), 4.13 (br, 1H, H-2aMan), 4.02–3.13
(25H), 3.64 (s, 3H, CH3COO), 3.11 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=13.2 Hz; H-6aaMan),
2.73 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3, 2J ACHTUNGTRENNUNG(H,H)=13.7 Hz; H-6baMan), 2.38 (t, 2H, J=
7.6 Hz; CH2COO), 2.05 (s, 3H, AcN), 1.59 (br, 4H), 1.30 (br, 8H); HR
ESI-MS: m/z: calcd for C47H76N4O34P2SNa: 1357.3435, found 1357.3417
[M�2H+Na]� .


Compound 30d : nBu3P (10 mL, 0.040 mmol) was added to a solution of
disulfide 13a (10.0 mg, 6.8 mmol) in degassed THF/H2O (1 mL, 9:1).
After stirring for 5 h at room temperature, the mixture was concentrated
and dissolved in H2O. The aqueous phase was washed with Et2O (3R),
concentrated, and dried under vacuum. Resultant thiol was dissolved in
degassed DMF (0.7 mL), to which were added GlcNAc derivative 28
(12.2 mg, 0.0215 mmol) and Cs2CO3 (10.8 mg, 0.033 mmol). The mixture
was stirred at 40 8C under Ar atmosphere for 10 h. The mixture was di-
rectly applied to size-exclusion chromatography (Sephadex LH-20,
CHCl3/MeOH 1:4). Appropriate fractions were collected, evaporated and
lyophilized to give 30d (5.5 mg, 0.0051 mmol, 37%). 1H NMR (400 MHz,
D2O, 40 8C): d=5.44 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=6.8 Hz; H-1GN1P),
4.89 (s, 1H, H-1aMan), 4.65–4.56 (m, 2H, H-1GN, H-1bMan, overlapped with
HOD signal), 4.12 (br, 1H, H-2aMan), 4.02–3.35 (25H), 3.69 (s, 3H,
CH3COO), 3.08 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz; H-6aaMan), 2.89 (br, 4H), 2.68
(dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.0, 2J ACHTUNGTRENNUNG(H,H)=14.1 Hz; H-6baMan), 2.38 (t, 2H,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz; CH2COO), 2.06 (s, 3H, AcN), 1.59 (br, 4H), 1.30 (br,
8H); HR ESI-MS: m/z: calcd for C40H70N2O26PS2: 1089.3396, found
1089.3423 [M�H]� .


Compound 1d : Compound 30d (5.1 mg, 0.0047 mmol) was treated with
UMP-morpholidate (9.8 mg, 0.014 mmol) in the presence of 1H-tetrazole
(1.6 mg, 0.023 mmol), as described for 1a. Successive purification with
SepPak C-18 cartridge, Sephadex G-15, H2O, preparative TLC, and
SepPak C-18 cartridge afforded 1d (3.8 mg, 0.00272 mmol, 58%).
1H NMR (400 MHz, D2O, 40 8C): d=7.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz; H-
6Uracil), 5.98–5.95 (m, 2H, H-5Uracil, H-1Rib), 5.52 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.4,
3J ACHTUNGTRENNUNG(P,H)=6.8 Hz; H-1GN1P), 4.90 (s, 1H, H-1aMan), 4.65–4.56 (m, 2H, H-
1GN, H-1bMan, overlapped with HOD signal), 4.38–4.17 (m, 5H, H-2Rib, H-
3Rib, H-4Rib, H-5aRib, H-5bRib), 4.12 (br, 1H, H-2aMan), 4.02–3.33 (m, 25H),
3.68 (s, 3H, CH3COO), 3.08 (d, 1H, 2J ACHTUNGTRENNUNG(H,H)=13.2 Hz; H-6aaMan), 2.89
(br, 4H, SCH2CH2S), 2.66 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.0, 3J ACHTUNGTRENNUNG(H,H)=13.4 Hz; H-
6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz; CH2COO), 2.05 (s, 3H, AcN), 1.59
(br, 4H), 1.30 (br, 8H); HR ESI-MS: m/z: calcd for C49H80N4O34P2S2Na
1417.3468, found 1417.3516 [M�2H+Na]� .


Compound 30e : nBu3P (10 mL, 0.040 mmol) was added to a solution of
disulfide 13a (10.1 mg, 0.0069 mmol) in degassed THF/H2O (0.7 mL,
9:1). After stirring for 5 h at room temperature, the mixture was concen-
trated and dissolved in H2O. The aqueous phase was washed with Et2O
(3R) and concentrated, and dried under reduced pressure. Resultant
thiol was dissolved in degassed DMF (0.7 mL), to which were added
GlcNAc derivative 29 (12.4 mg, 0.0214 mmol), and Cs2CO3 (10.2 mg,
0.031 mmol). The mixture was stirred at 40 8C under Ar atmosphere for
12 h, and applied to size-exclusion chromatography (Sephadex LH-20,
CHCl3/MeOH 1:4). The appropriate fraction was collected and lyophi-
lized to give 30e (9.7 mg, 0.088 mmol, 63%). 1H NMR (400 MHz, D2O,
40 8C): d=5.44 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.9, 3J ACHTUNGTRENNUNG(P,H)=7.1 Hz; H-1GN1P), 4.89 (s,
1H, H-1aMan), 4.64–4.59 (m, 2H, H-1GN, H-1bMan, overlapped with HOD
signal), 4.11 (br, 1H, H-2aMan), 4.01–3.30 (m, 25H), 3.68 (s, 3H,


CH3COO), 3.06 (dd, 1H, 2J ACHTUNGTRENNUNG(H,H)=13.4 Hz; H-6aaMan), 2.72 (m, 4H,
SCH2), 2.63 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.8, 2J ACHTUNGTRENNUNG(H,H)=13.4 Hz; H-6baMan), 2.38 (t,
2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz; CH2COO), 2.05 (s, 3H, AcN), 1.92 (m, 2H), 1.59
(br, 4H), 1.30 (br, 8H); HR ESI-MS: m/z: calcd for C41H72N2O26PS2:
1103.3552, found 1103.3558 [M�H]� .


Compound 1e : Compound 30e (4.9 mg, 4.4 mmol) was treated with
UMP-morpholidate (9.6 mg, 0.014 mmol) and 1H-tetrazole (1.6 mg,
0.023 mmol), in a manner as described for 1a. Successive chromatograph-
ic purification afforded 1e (3.8 mg, 0.0027 mmol, 61%). 1H NMR
(400 MHz, D2O, 40 8C): d=7.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz; H-6Uracil), 5.98–
5.95 (m, 2H, H-5Uracil, H-1Rib), 5.52 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=
6.8 Hz; H-1GN1P), 4.90 (s, 1H, H-1aMan), 4.64–4.54 (m, 2H, H-1GN, H-1bMan,
overlapped with HOD signal), 4.37–4.15 (m, 5H, H-2Rib, H-3Rib, H-4Rib,
H-5aRib, H-5bRib), 4.11 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.7, 3.4 Hz; H-2aMan), 4.02–3.32
(m, 25H), 3.68 (s, 3H, CH3COO), 3.06 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.0, 2J ACHTUNGTRENNUNG(H,H)=
13.7 Hz; H-6aaMan), 2.71 (m, 4H, SCH2), 2.62 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=9.0,
2J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz; CH2COO),
2.05 (s, 3H, AcN), 1.90 (m, 2H), 1.59 (br, 4H), 1.30 (br, 8H); HR ESI-
MS: m/z: calcd for C50H82N4O34P2S2Na: 1431.3625, found 1431.3672
[M�2H+Na]� .


Compound 31: nBu3P (10 mL, 0.040 mmol) was added to a solution of di-
sulfide 13a (9.7 mg, 6.6 mmol) in degassed THF/H2O (1 mL, 9:1). After
stirring for 5 h at room temperature, the mixture was concentrated and
dissolved in H2O. The aqueous phase was washed with Et2O (3R), con-
centrated, and dried under vacuum. Resultant thiol was dissolved in de-
gassed MeOH/H2O (6 mL, 1:1), to which were added 0.5m HCl
(0.15 mL) and pyridyl disulfide (15.1 mg, 0.069 mmol) at �20 8C under
Ar atmosphere under vigorous stirring. The mixture was stirred for 2 h at
�20 8C to room temperature and evaporated in vacuo. The residue was
re-dissolved in H2O, and the solution was washed with Et2O (3R) to
remove excess pyridyl disulfide, concentrated, and dried under vacuum.
No further purification was attempted because of the instability of this
compound.


Compound 30b : A solution of crude thiol 23 in degassed MeOH/1m aq.
NH4OAc (1.5 mL, 1:1) was added crude 31 dissolved in 0.5 mL MeOH/
1m aq. NH4OAc solution at �20 8C under Ar atmosphere. After stirring
for 6 h at �20 8C to room temperature, the mixture was concentrated. Pu-
rification by SepPak C-18 cartridge column (MeOH/H2O 0:100 !
50:50), and gel filtration chromatography (Sephadex G-15, H2O) gave
30b (6.6 mg, 6.2 mmol, 47%). 1H NMR (400 MHz, D2O, 40 8C): d=5.40
(dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.9, 3J ACHTUNGTRENNUNG(P,H)=7.1 Hz; H-1GN1P), 4.90 (s, 1H, H-1aMan),
4.65–4.56 (m, 2H, H-1GN, H-1bMan, overlapped with HOD signal), 4.13 (br,
1H, H-2aMan), 4.03–3.35 (m, 25H), 3.68 (s, 3H, CH3COO), 3.37 (dd, 1H,
3J ACHTUNGTRENNUNG(H,H)=2.2, 3J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6aaMan), 2.87 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.8,
2J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz; CH2COO),
2.05 (s, 3H, AcN), 1.59 (br, 4H), 1.31 (br, 8H); HR ESI-MS: m/z: calcd
for C38H66N2O26PS2: 1061.3083, found 1061.3049 [M�H]� .


Compound 1b : Disulfide linked 30b (4.7 mg, 0.0044 mmol) and UMP-
morpholidate (9.3 mg, 0.014 mmol) were co-evaporated with dry pyridine
(3R) and dried under vacuum for 1 h. Then, the mixture was dissolved in
dry pyridine (0.5 mL), to which was added 1H-tetrazole (1.7 mg,
0.024 mmol). The mixture was stirred for 3 d under Ar atmosphere,
quenched with H2O and concentrated. The residue was purified as descri-
bed for 1a to give 1b (3.4 mg, 0.0025 mmol, 56%). 1H NMR (400 MHz,
D2O, 40 8C): d=7.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz; H-6Uracil), 5.98–5.95 (2H,
H-5Uracil, H-1Rib), 5.53 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=7.1 Hz; H-1GN1P),
4.90 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.5 Hz; H-1aMan), 4.65–4.57 (m, 2H, H-1GN,
H-1bMan, overlapped with HOD signal), 4.37–4.18 (m, 5H, H-2Rib, H-3Rib,
H-4Rib, H-5aRib, H-5bRib), 4.13 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.7, 3.4 Hz; H-2aMan),
4.02–3.42 (m, 25H), 3.64 (s, 3H, CH3COO), 3.37 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.4,
2J ACHTUNGTRENNUNG(H,H)=14.1 Hz; H-6aaMan), 2.86 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.5, 2J ACHTUNGTRENNUNG(H,H)=
13.9 Hz; H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz; CH2COO), 2.05 (s, 3H,
AcN), 1.59 (br, 4H), 1.30 (br, 8H); HR ESI-MS: m/z: calcd for
C47H76N4O34P2S2Na: 1389.3155, found 1389.3111 [M�2H+Na]� .


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-deoxy-2-mercaptoacetamido-
b-d-glucopyranoside (32): Hydrazine acetate (248 mg, 1.61 mmol) was
added to a solution of the thioacetate 20 (744 mg, 1.39 mmol) in THF
(18 mL). After stirring for 3.5 h at room temperature, the mixture was di-
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luted with 10% citric acid solution. The solution was extracted with
CHCl3 (2R), and the combined organic layers were washed with brine
(2R), dried over Na2SO4, concentrated, and dried under vacuum to pro-
duce thiol 32 (683 mg, 1.39 mmol, quant.) This compound was not puri-
fied to avoid dimerization; HR ESI-MS: m/z: calcd for
C20H35N2O9SSiNa: 516.1700, found 516.1684 [M+Na]+ .


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-(chloromethylthio)acetamido-
2-deoxy-b-d-glucopyranoside (33): iPr2NEt (45 mL, 0.26 mmol) was added
at 4 8C to a solution of the thiol 32 (42.5 mg, 0.0861 mmol) in CH3CN/
BrCH2Cl (1:1, 1 mL). After stirring for 5 h at 4 8C under Ar atmosphere,
the mixture was concentrated, and dried under vacuum for 1 h to afford
33, which was used for the next reaction without purification.


Compound 34 : nBu3P (35 mL, 0.14 mmol) was added to a solution of di-
sulfide 13 (38.6 mg, 0.0264 mmol) in degassed THF/H2O (9:1, 1 mL).
After stirring for 5 h at room temperature under Ar atmosphere, the mix-
ture was concentrated, and dissolved in H2O. The aqueous phase was
washed with Et2O (3R), concentrated, and dried under reduced pressure
to afford crude thiol. It was then dissolved in DMF (1 mL), to which
were added crude compound 33 (0.08610 mmol) and Cs2CO3 (26.5 mg,
0.0813 mmol). The reaction mixture was stirred for 24 h at 40 8C under
Ar atmosphere, Ac2O (1 mL) and pyridine (2 mL) were added, and the
mixture was stirred further for 20 h. The mixture was concentrated, and
purified with silica gel chromatography (chloroform/EtOAc 3:1 ! 1:3) to
give 34.


Compound 35 : A solution of crude 34 in DMF (2 mL) was added HF/
pyridine complex (100 mL), and stirred for 14 h at room temperature. The
mixture was neutralized with sat. NaHCO3 solution under cooling. The
aqueous phase was extracted with CHCl3 (3R), and the combined organ-
ic layers were washed with brine (2R), dried over Na2SO4, filtered and
concentrated. Purification by preparative TLC (toluene/acetone 3:2)
gave 35 (23.8 mg, 0.016 mmol, 31% from 13).


Compound 36 : A solution of hemiacetal 35 (23.1 mg, 0.0158 mmol) in di-
chloroethane (1 mL) were added amidite 17 (10 mL, 0.038 mmol) and
1H-tetrazole (4.0 mg, 0.057 mmol). After stirring for 7 h at 45 8C under
Ar atmosphere, the mixture was cooled to �20 8C, Me2S (200 mL) and
TBHP (100 mL, 5–6m in decane) were added, and stirred for 13 h at �20
to 0 8C, and then quenched with 5% Na2S2O3 solution. The aqueous
phase was extracted with CHCl3 (3R), and the combined organic layers
were washed with brine (2R), dried over Na2SO4, filtered and concentrat-
ed. Purification by silica gel chromatography (toluene/acetone 4:1 ! 3:2
with 1% Et3N) gave 36 (21.8 mg, 0.0135 mmol, 85%). 1H NMR
(400 MHz, CDCl3): d=6.90 (d, 1H, J=8.5 Hz; NH), 6.65 (d, 1H,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz; NH), 5.95 (m, 2H), 5.73 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.4,
3J ACHTUNGTRENNUNG(P,H)=5.8 Hz; H-1GN1P), 5.67 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz), 5.41–4.95 (m,
15H), 4.63 (m, 4H), 4.38–3.21 (m, 18H), 2.92 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2,
2J ACHTUNGTRENNUNG(H,H)=14.6 Hz; H-6aaMan), 2.62 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=5.9, 2J ACHTUNGTRENNUNG(H,H)=
14.4 Hz; H-6baMan), 2.30 (t, 2H, J ACHTUNGTRENNUNG(H,H)=7.3 Hz), 2.09–1.95 (m, 36H),
1.59 (m, 4H), 1.29 (m, 8H); HR ESI-MS: m/z: calcd for
C67H99N2O37PS2Na: 1641.5003, found 1641.4910 [M+H]+ .


Compound 30c : A solution of allyl ester 36 (10.8 mg, 6.7 mmol) in de-
gassed toluene (0.5 mL) were added Et3SiH (22 mL, 0.14 mmol), AcOH
(8 mL, 0.14 mmol), and [PdACHTUNGTRENNUNG(PPh3)4] (1.8 mg, 0.0016 mmol). The mixture
was stirred for 14 h at 40 8C under Ar atmosphere, and cooled to room
temperature. After evaporation, the mixture was applied to size exclusion
chromatography (Sephadex LH-20, MeOH). Appropriate fractions were
concentrated, and dried under reduced pressure. Then, the deallylated
product was dissolved in 0.05m NaOMe in MeOH (3 mL), and stirred for
10 h at room temperature under Ar atmosphere. The mixture was sepa-
rated by size exclusion chromatography (Sephadex G-15, H2O). Further
purification by SepPak C-18 cartridge (MeOH/H2O 0:100 ! 60:40) pro-
vided 30c (3.2 mg, 3.0 mmol, 45%). 1H NMR (400 MHz, D2O, 40 8C): d=
5.38 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=7.3 Hz; H-1GN1P), 4.89 (d, 1H,
3J ACHTUNGTRENNUNG(H,H)=1.5 Hz; H-1aMan), 4.65–4.56 (2H, H-1GN, H-1bMan, overlapped
with HOD signal), 4.12 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.5, 3.4 Hz; H-2aMan), 4.02–
3.42 (m, 25H), 3.68 (s, 3H, CH3COO), 3.08 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.4,
2J ACHTUNGTRENNUNG(H,H)=13.9 Hz; H-6aaMan), 2.74 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.8, 2J ACHTUNGTRENNUNG(H,H)=
14.1 Hz; H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz; CH2COO), 2.06 (s, 3H,


AcN), 1.59 (br, 4H), 1.30 (br, 8H); HR ESI-MS: m/z: calcd for
C39H68N2O26PS2: 1075.3239, found 1075.3211 [M�H]� .


Compound 1c : Compound 30c (2.7 mg, 2.5 mmol) and UMP-morpholi-
date (5.2 mg, 7.6 mmol) were co-evaporated with dry pyridine (3R) and
dried under reduced pressure for 1 h. Then, the mixture was dissolved in
dry pyridine (0.5 mL) and added 1H-tetrazole (1.2 mg, 0.019 mmol), and
stirred for 3 d under Ar atmosphere. The mixture was quenched with
H2O and concentrated. The residue was purified as described for 1a to
give 1c (2.2 mg, 0.0016 mmol, 63%). 1H NMR (400 MHz, D2O, 40 8C):
d=7.93 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz; H-6Uracil), 5.98–5.95 (m, 2H, H-5Uracil,
H-1Rib), 5.52 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.2, 3J ACHTUNGTRENNUNG(P,H)=7.1 Hz; H-1GN1P), 4.89 (d,
1H, 3J ACHTUNGTRENNUNG(H,H)=1.4 Hz; H-1aMan), 4.65–4.53 (m, 2H, H-1GN, H-1bMan, over-
lapped with HOD signal), 4.37–4.15 (m, 5H, H-2Rib, H-3Rib, H-4Rib,
H-5aRib, H-5bRib), 4.12 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=1.5, 3.4 Hz; H-2aMan), 4.01–3.40
(m, 27H), 3.68 (s, 3H, CH3COO), 3.08 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=2.2, 2J ACHTUNGTRENNUNG(H,H)=
13.7 Hz; H-6aaMan), 2.72 (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.8, 2J ACHTUNGTRENNUNG(H,H)=14.1 Hz;
H-6baMan), 2.38 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz; CH2COO), 2.05 (s, 3H, AcN),
1.59 (br, 4H), 1.30 (br, 8H); HR ESI-MS: m/z: calcd for
C48H78N4O34P2S2Na: 1403.3312, found 1403.3271 [M�2H+Na]� .


Inhibitor assays : GnT-V activity was assayed using the pyridylaminated
acceptor substrate and purified recombinant soluble GnT-V.[32] GnT-IX
activity was assayed using the pyridylaminoethylsuccinamyl acceptor sub-
strate and partial purified recombinant soluble GnT-IX.[4] For kinetic
analyses, these enzyme sources were incubated at 37 8C for 2 h with
20 mm acceptor substrate (GnGn-bi-PA[33] or GnM-S-PAES[4]) and various
concentrations of UDP-GlcNAc and the inhibitor in 100 mm MES
(pH 6.25) or MOPS (pH 7.5) buffer containing 200 mm GlcNAc, 0.5%
Triton X-100, and 10 mm EDTA. The reaction was terminated by boiling
for 3 min and then centrifuged at 15000 rpm for 5 min. The resulting su-
pernatant was analyzed by HPLC.
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Regio- and Diastereoselective Synthesis of Bis- and Tetrakisadducts of C70 by
Directed Remote Functionalization Using Trçger Base Tethers


Wallace W. H. Wong and FranÅois Diederich*[a]


Introduction


Spacer-controlled multiple functionalization has been devel-
oping into a tool to prepare regio- and stereospecifically, on
a reasonable scale, multiple adducts of fullerenes without te-
dious purification procedures.[1] A wide variety of tethers,
from simple aromatics to porphyrins and crown ethers, have
been employed while a number of optically pure spacer
groups have led to diastereoselective additions.
Unlike C60, the multiple functionalization of C70 has not


been widely studied. The chemistry of C70 is complicated by
the fact that there are eight (only two in the case of C60) dis-
tinct bond types (four between two six-membered rings (6�
6) and four between a six- and a five-membered ring (6�5))
at which functionalization may occur.[2] The different 6�6
bonds in C70 have been classified according to their local
curvature as a-, b-, e-, and k-type bonds (see Figure 4), with
the degree of local curvature decreasing from a bonds locat-
ed near the poles to k-type bonds located at the equator of
the C-sphere.[3] Earlier studies, using a combination of func-
tionalization experiments and theoretical calculations, have
established the relative reactivities of these bonds to Bingel


cyclopropanation,[4] with a bonds being the most reactive,
followed by b-, e-, and k-type bonds.[3,5]


Double Bingel cyclopropanations of C70 with diethyl mal-
onate have been shown to occur on opposite hemispheres at
the most curved a-type bonds, yielding three constitutional
isomers (twelve, two, and five o2clock adducts in Newman-
type projections looking down the C5-symmetry axis of the
C70 core onto the two polar pentagons, see Figure 1), two of
which (two and five o2clock) are pairs of enantiomers due to
the inherent chirality of the addition pattern.[3,5] Although
there is some degree of regioselectivity in sequential multi-
ple functionalization of C70, due to the different types of 6�6
bonds, isomeric mixtures often obtained are difficult to sep-
arate, requiring high-performance liquid chromatography
(HPLC) techniques.[5] With the tether-directed remote func-
tionalization strategy,[6] highly regioselective macrocycliza-
tions of C70 have been achieved using bismalonates attached
to crown ether tethers.[7] However, the stereoselective func-
tionalization of C70 leading to optically pure multiple ad-
ducts with inherently chiral addition patterns remained un-
explored.
Recently, much success has been reported in the regio-


and stereoselective double functionalization of C60 through
the use of bismalonates conjugated to enantiomerically pure
derivatives of the Trçger base as rigid spacers.[8,9] The
Trçger base is a chiral diamine with two bridgehead nitro-
gen atoms as stereogenic centers.[10] The rigidity and folded
geometry of Trçger base derivatives, in particular those with
C2 symmetry, makes them attractive building blocks in su-


Abstract: Double Bingel cyclopropana-
tion of C70 with bismalonates featuring
Trçger base derivatives as chiral
spacers afforded bisadducts with
almost perfect regio- and stereoselec-
tivity. The excellent directing property
of these rigidly folded spacers in the
remote functionalization of the higher
fullerene was further highlighted by
the selective formation of a product


with a novel bisaddition pattern involv-
ing the C(7)�C(22) and C(33)�C(34)
bonds of C70. Enantiomerically pure
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highly diastereoselective transforma-


tions of bismalonates incorporating op-
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pramolecular construction and molecular recognition chem-
istry.[11, 12] Here we describe the covalently templated regio-
and stereoselective synthesis of enantiomerically pure bis-


and tetracyclopropanated deriv-
atives of C70 with inherently
chiral addition patterns by mac-
rocyclization with bismalonates
attached to optically pure
Trçger base tethers.


Results and Discussion


Synthesis of racemic bisadducts
of C70 : For the synthesis of C70


bisadducts, bismalonate (� )-1
was prepared from 2-methyl-5-
nitrobenzoic acid (2) via 3 ! 4
! (� )-5 ! (� )-1, while bis-
malonate (� )-6 was obtained
as previously described
(Scheme 1).[8] Macrocyclization
of the bismalonates with C70 in
the presence of iodine and
DBU gave the two racemic
bisadducts (� )-7 and (� )-8 as
the only isolated products in 21
and 48% yield, respectively. It
should be noted that, apart
from (� )-1 and (� )-6, a wider
variety of Trçger base-tethered
bismalonates[8,12d] were tested in
macrocyclizations with C70. In
these cases, most of the product


obtained was insoluble and soluble fractions gave unassign-
ACHTUNGTRENNUNGable complex 1H NMR spectra indicating a mixture of dif-
ferent adducts.


Figure 1. UV/Vis spectra of various bisadducts of C70 in CH2Cl2: c : (� )-7, c : (� )-8. The spectra of the
five (c), two (g), and twelve (a) o’clock isomers (see the Newman-type projections looking down the
C5-symmetry axis of the C70 core onto the two polar pentagons, which show the relative orientations of the ad-
dends) are taken from the literature.[5,7]


Scheme 1. Synthesis of C70 bisadducts (� )-7 and (� )-8. a) Pd/C, H2, MeOH, 16 h, 83%; b) LiAlH4, THF, D, 2 h, 91%; c) H2CO/H2O, HCl, EtOH, 20 8C,
16 h 37%; d) EtOOCCH2COCl, DMAP, THF, 20 8C, 16 h, 25%; e) C60, I2, DBU, toluene, 0 8C, 1 h. THF= tetrahydrofuran, DMAP=4-(dimethylamino)-
pyridine, DBU=1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene.
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Characterization of racemic bisadducts of C70 : Matrix-assist-
ed laser-desorption-ionization (MALDI) mass spectrometry
confirmed that (� )-7 and (� )-8 are bisadducts of C70.


1H
NMR and UV/Vis spectroscopies were initially employed to
determine, by comparison with the spectra of reported bis-
ACHTUNGTRENNUNGadducts of C70,


[5,7] which of the three possible constitutional-
ly isomeric bisadducts of C70 (twelve, two, and five o2clock)
had been isolated.
The UV/Vis spectrum of (� )-8 was remarkably similar to


that of bismalonate adducts with the inherently chiral five
o2clock addition pattern, reported in the literature
(Figure 1).[5] In fact, the solution of the X-ray crystal struc-
ture of a five o2clock bismalonate adduct with a bridging di-
benzo[18]crown-6 tether had unequivocally confirmed the
earlier, UV/Vis and NMR spectroscopy-based assignments.[7]


We therefore can state with confidence that (� )-8 is also a
five o2clock constitutional isomer, resulting from a com-
pletely regioselective transformation.
Interestingly, the 1H and 13C NMR spectra of (� )-8 in


CDCl3 indicate a C1-symmetric molecule (Figure 2). This ap-
pears to be contrary to the assignment of the five o2clock
constitutional isomer, because both the Trçger base tether
and the five o2clock addition pattern of C70 have C2 symme-
try. The possibility of having diastereoisomers, resulting
from attack of each enantiomer of (� )-6 at the bonds of
both enantiomeric five o2clock addition patterns, could be
excluded: bismalonates with optically pure Trçger base teth-
ers undergo the macrocyclization with perfect diastereose-


lectivity (see below). In theory, the described tether-directed
addition can produce various diastereoisomers (in–in, in–
out, and out–out) with respect to the relative orientation of
the ethoxycarbonyl residues at the two methano-bridge
atoms.[13] One possible explanation for the C1 symmetry ob-
served in the 1H NMR spectra could be that the isolated
bisadduct has the in–out constitution which, in contrast to
in–in and out–out, would introduce C1 symmetry. However,
molecular mechanics-based modeling suggested the in–out
(and in–in) constitution to be much higher in energy than
the out–out geometry.[14] At the same time, the modelling
studies indicated a plausible explanation of the C1-symmet-
ric NMR spectra of a macrocyclic five o2clock bisadduct: the
C2 axes of the Trçger base tether and the five o2clock addi-
tion pattern cannot align due to the rigidity of the tether
and the steric constraints of the molecule (Figure 3). Hence,
we can be confident that the bisadduct (� )-8 is a five
o2clock constitutional isomer (as assigned by comparison of
UV/Vis spectra) with the malonate addends arranged in the
out–out geometry.
Bisadduct (� )-7, with the shorter Trçger base tether, also


has a C1 symmetry as shown in its 1H NMR spectrum
(Figure 2). Intriguingly, the UV/Vis spectrum of (� )-7 does
not match those of the previously reported C70 bisadducts


[5,7]


featuring the twelve, two, or five o2clock addition patterns
(Figure 1). This is an indication that a new bisaddition pat-
tern has been obtained. Whereas in the three known consti-
tutional isomers, two of the most reactive, a-type 6�6 bonds


Figure 2. 1H NMR spectra (CDCl3) of a) (� )-7 and b) (� )-8. *Residual water.


Chem. Eur. J. 2006, 12, 3463 – 3471 C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3465


FULL PAPERBis- and Tetraadducts of C70



www.chemeurj.org





on opposite poles are bridged, it is likely that the bismalo-
nate tether in (� )-7 is anchored to two different types of 6�
6 bonds on opposite poles, one a and one b (Figure 4). As
mentioned in the Introduction, b-type 6�6 bonds are second
in reactivity to a-type 6�6 bonds. Molecular modeling indi-
cated that the inherently chiral bisadduct with the cyclopro-
pane rings fused to the C(7)�C(22) and C(33)�C(34) bonds
is the most favored one in terms of stability. Without further
evidence, this constitutional assignment of (� )-7 can only
be a tentative one. However, it was later confirmed by trans-
forming (� )-7 into a tetrakisadduct with a known addition
pattern (see below). Again, modeling strongly supports the
assignment of the out–out configuration.


Isolation of enantiomerically pure bisadducts of C70 : The
enantiomers of the two Trçger base-tethered bismalonates
(� )-1 and (� )-6 were separated by preparative HPLC on a
Regis Whelk-O1 column using mixtures of hexane and ethyl
acetate. The absolute configurations of the enantiomerically
pure bismalonates were subsequently assigned by compari-
son of their circular dichroism (CD) spectra with those of
literature-known optically pure Trçger base derivatives.[8,15]


Subsequent macrocyclizations (Scheme 1) yielded bisad-
ducts with constitutions as assigned above (MALDI-TOF,
1H and 13C NMR). Starting from (S,S)-1, two diastereoiso-
meric five o2clock bisadducts, with enantiomeric f,sA and f,sC
addition patterns,[16] can in principle be formed. However,
only one stereoisomer, enantiomerically pure (S,S,f,sC)-7


(see Figure 5) is isolated as clearly indicated by the number
of resonances in the 1H and 13C NMR spectra (correspond-
ing to one C1-symmetric structure) as well as the CD spectra
(see below). Thus, the macrocyclization to the bisadducts
occurs with complete diastereoselectivity. Similarly, the ad-
dition of (R,R)-1 afforded enantiomerically pure (R,R,f,sA)-
7. The absolute configurational assignments for the addition
patterns are based on molecular mechanics-based calcula-
tions of heats of formation for geometry-optimized struc-
tures, which suggested that the formation of (S,S,f,sC)-7 and
(R,R,f,sA)-7 is more favorable (by ~2 kcalmol�1) than the
formation of the corresponding diastereoisomers (S,S,f,sA)-7
and (R,R,f,sC)-7. As previously discussed,[8,17] it is assumed
that the thermodynamic stability of the bisadduct is reflect-
ed in the second cyclopropanation step that leads to macro-
cyclization and determines the absolute configuration of the
addition pattern. These absolute configurational assignments
are further supported by CD spectral comparisons shown
below. Similarly, complete diastereoselectivity was obtained
in the macrocyclization of (S,S)- and (R,R)-6 with the higher
fullerene and only one C1-symmetric product was observed
by NMR from each of the enantiomerically pure bismalo-
nate tethers. Based on the modeling, the enantiomerically
pure bisadduct structures are assigned to the more stable
(by ~2 kcalmol�1) diastereoisomers (S,S,f,sA)-8 and
(R,R,f,sC)-8 as opposed to diastereoisomers (S,S,f,sC)-8 and
(R,R,f,sA)-8.
The CD spectra in CH2Cl2 fully confirm the diastereose-


lectivity of the macrocyclizations and the formation of enan-
tiomerically pure products starting from the optically re-
solved bismalonates. The CD spectra of enantiomeric
(S,S,f,sA)-8 and (R,R,f,sC)-8 are shown in Figure 6. The spec-
tra closely resemble those of the enantiomerically pure five
o2clock bisadducts of C70,


[5] (S,S,S,S,f,sC)-9 and (R,R,R,R,f,sA)-
9, for which absolute configurations had been assigned by
calculations of their theoretical CD spectra and comparison
with the experimental CD data (Figure 6).[5a, 18] This close
spectral similarity further corroborates the absolute configu-
rational assignments made in this study based on molecular
modeling.
Similarly, mirror-image CD spectra were also recorded for


the pair of enantiomers (S,S,f,sC)-7 and (R,R,f,sA)-7
(Figure 7). Again, this means that the macrocyclizations of


Figure 3. Illustration of the symmetry of bisadduct (� )-8.


Figure 4. Schlegel diagrams showing the predicted constitution of bisadduct (� )-7.
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(S,S)-1 and (R,R)-1 with C70 had proceeded with perfect dia-
stereoselectivity.


Enantiomerically pure tetrakisadducts of C70 : Whereas opti-
cally active tetrakisadducts of C70 are known,[5a,8] the appli-
cation of two sequential tether-directed remote-functionali-
zations to the preparation of enantiomerically pure tetrakis-


ACHTUNGTRENNUNGadducts of C70 has not been reported. In fact, such a se-
quence remains unknown in the entire field of covalent full-
erene chemistry. At the same time, we hoped that the
constitution of bisadduct (� )-7 could be unambiguously
identified by transforming it into a tetrakisadduct with a
known addition pattern.
When the macrocyclization of bisadduct (� )-7 with bis-


malonate (� )-1 was performed in the presence of iodine
and DBU, a single tetrakisadduct (� )-10 was isolated
(Scheme 2). MALDI mass spectra displayed a strong peak


Figure 5. Macrocyclization with optically active bismalonates afforded
enantiomerically pure (S,S,f,sC)-7 and (R,R,f,sA)-7 (from (S,S)- and (R,R)-
1, respectively) and (S,S,f,sA)-8 and (R,R,f,sC)-8 (from (S,S)- and (R,R)-6,
respectively).


Figure 6. Left: CD spectra of (S,S,f,sA)-8 (b) and (R,R,f,sC)-8 (c) in CH2Cl2. Right: CD spectra of the five o’clock bisadducts (S,S,S,S,f,sC)-9 (c)
and (R,R,R,R,f,sA)-9 (b).[5a]


Figure 7. CD spectra of (S,S,f,sC)-7 (c) and (R,R,f,sA)-7 (b) obtained
in CH2Cl2.
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corresponding to the parent ion of tetrakisadduct (� )-10,
while no higher adducts were observed.
The UV/Vis spectrum of (� )-10 in CH2Cl2 is in good


agreement with that of the previously reported tetrakisad-
duct (� )-11 (Figure 8),[5] suggesting identical addition pat-
terns. With this assumption, the proposed addition pattern
of (� )-7 could be definitively confirmed.


Only four inherently chiral bisaddition patterns are possi-
ble for (� )-7 in order to produce the tetrakisaddition pat-
tern of (� )-10 (see Schlegel diagram in Figure 9). Bisaddi-
tion patterns of (� )-7 with functionalization at the 6�6
bonds A & B (or C & D) and B & D are unlikely because
the tethered bismalonate (� )-1 is too large to fit between
the selected anchor points. Functionalization at bonds A &
C corresponds to the two o2clock bisadduct of C70, and it is
known from the UV/Vis spectrum (Figure 1) that (� )-7 is
not a two o2clock bisadduct. This leaves cyclopropanation at
bonds A & D (or B & C), corresponding to fusion of the cy-


clopropane rings to the C(7)�
C(22) and C(33)�C(34) bonds,
as the only way to produce a
precursor to (� )-10, in agree-
ment with the modeling dis-
cussed earlier.
Enantiomerically pure tetra-


kisadducts were synthesized by
macrocyclization of bismalo-
nates (S,S)-1 and (R,R)-1 with
the optically pure bisadducts
(S,S,f,sC)-7 and (R,R,f,sA)-7, re-
spectively, in the presence of
iodine and DBU. Again, also
the second spacer-controlled


bisfunctionalization proceeded with complete diastereose-
lectivity and the CD spectra of the isolated enantiomerically
pure tetrakisadducts (S,S,S,S,f,sA)-10 and (R,R,R,R,f,sC)-10
are shown in Figure 10. Their absolute configuration was as-
signed by comparison with the CD spectra of literature-
known tetrakisadducts (R,R,R,R,f,sA)-12 and (S,S,S,S,f,sC)-
12.[5a]


Conclusion


The first diastereoselective synthesis of enantiomeric bisad-
ducts of C70 with inherently chiral addition patterns by
tether-directed remote functionalization is reported. As al-
ready seen in the preparation of optically pure bisadducts of
C60, Trçger base derivatives are also extremely efficient opti-
cally active tethers in the Bingel macrocyclization reaction
with C70. The rigid, folded shape of Trçger base derivatives
imposes severe steric constraints on the transition state of
the second cyclopropanation step: accordingly, a nearly per-
fect fit between tether length and the distance between the
two reacting fullerene bonds is required for the macrocycli-
zation to occur. As a result, the regio- and stereoselectivity
of these macrocyclizations are unprecedented. Thus, an ap-
propriate Trçger base tether enabled the synthesis of a C70


bisadduct with a previously unknown addition pattern. Also


Scheme 2. Synthesis of tetrakisadduct (� )-10.


Figure 8. UV/Vis spectra of tetrakisadduct (� )-10 (c) and the previ-
ously reported tetrakisadduct (� )-11 (g) in CH2Cl2.


Figure 9. Schlegel diagrams showing the addition patterns of tetrakisad-
duct (� )-10 and (� )-11. The four cyclopropanated bonds are labeled A,
B, C, and D.
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for the first time, enantiomerically pure tetrakisadducts of a
fullerene were prepared by two sequential bisadditions di-
rected by covalent Trçger base templates. In view of these
results, it is not surprising that the current interest in Trçger
base as chiral module in supramolecular construction and
asymmetric synthesis is growing rapidly.


Experimental Section


General methods : The syntheses of (� )-5[19] and (� )-6[8] have been re-
ported previously. All other chemicals and solvents were obtained from
commercial sources (Fluka, Aldrich, Merck) and used without further pu-
rification unless stated otherwise. Technical grade solvents were distilled
before use. THF was distilled over sodium/benzophenone. DMF was
stored over flame-dried molecular sieves 4 O). Reactions were carried
out under dry N2 or Ar. TLC: pre-coated silica gel plates Alugram


UV254 (Macherey-Nagel). Column
chromatography: Kieselgel 60 (Fluka,
particle size 0.040–0.063 mm). HPLC:
Merck-Hitachi L-6250 Intelligent
Pump, L-4000 A UVdetector, and D-
2500 Chromato-Integrator. NMR:
Varian Gemini 300 and Bruker AMX
500 spectrometer; chemical shifts (d)
are given in ppm relative to TMS;
coupling constants (J) are given in Hz;
solvent signals were used as internal
references; all spectra were obtained
at 20 8C. EI-MS (70 eV): Micromass
Auto-Spec Ultima mass spectrometer;
ESI-MS (solvent CH2Cl2/CH3OH) and
MALDI-MS (2-[(2E)-3-(4-tert-butyl-
phenyl)-2-methylprop-2-enylidene]ma-
lononitrile (DCTB) matrix): Ion Spec
4.7 Ultima mass spectrometer. UV/Vis
spectra: Varian CARY 500 spectro-
photometer. Circular dichroism (CD)
spectra: Jasco J 715 spectropolarime-
ter. Optical rotations: Perkin–Elmer
241 polarimeter; [a]D values are given
in 10�1 degcm2g�1. Melting points:
B=chi B-540 instrument in open capil-
laries.


(�)-1,1’-Diethyl 3,3’-(2,8-dimethyl-
6H,12H-5,11-Methanodibenzo ACHTUNGTRENNUNG[b,f]-
ACHTUNGTRENNUNG[1,5]diazocine-3,9-diyl)dimethylene di-
malonate [(� )-1]: A solution of (� )-
5[19] (310 mg, 1 mmol) and DMAP
(366 mg, 3 mmol) in dry THF (50 mL)
was treated dropwise at 0 8C with ethyl
3-chloro-3-oxopropionate (0.38 mL,
3 mmol). The mixture was stirred for
24 h at 20 8C, concentrated, and the
residue purified by column chromatog-
raphy (silica gel; CH2Cl2/AcOEt 1:1)
to afford (� )-1 (135 mg, 25%) as a
colorless oil. 1H NMR (300 MHz,
CDCl3): d=7.08 (s, 2H, ArH), 6.73 (s,
2H, ArH), 5.09 (s, 4H, CH2OCO),
4.62 (d, J=16.8 Hz, 2H, ArCH2N),
4.26 (s, 2H, NCH2N), 4.18 (q, J=
7.2 Hz, 4H, OCH2Me), 4.11 (d, J=
16.8 Hz, 2H, ArCH2N), 3.39 (s, 4H,
CH2CO), 2.20 (s, 6H, Ar-CH3), 1.24 (t,
J=7.2 Hz, 6H, OCH2Me); 13C NMR


(75 MHz, (CD3)2SO): d=166.25 (C=O), 145.79, 132.51, 132.37, 128.64,
128.07, 125.88, 67.02 (NCH2N), 65.50, 61.63, 58.47, 41.64 (CH2CO), 18.38
(Ar-CH3), 14.19 (OCH2Me); ESI-MS: m/z : 539 [M+H]+ .


ACHTUNGTRENNUNG(S,S)-1 and (R,R)-1 were obtained by optical resolution of (� )-1 using
preparative HPLC on a Regis (S,S)-Whelk-O1 column (250R10 mm,
hexane/AcOEt 70:30, flow rate 7 mLmin�1, detection at 290 nm). (S,S)-1:
tR=16 min; [a]D=300 (c=0.50, chloroform); (R,R)-1: tR=18 min; [a]D=
�280 (c=0.50, chloroform).


ACHTUNGTRENNUNG(S,S)-6 and (R,R)-6 were obtained by optical resolution of (� )-6[8a] using
preparative HPLC on a Regis (S,S)-Whelk-O1 column (250R10 mm,
hexane/AcOEt 65:35, flow rate 7 mLmin�1, detection at 290 nm). (S,S)-6 :
tR=16 min; [a]D=510 (c=0.50, chloroform). 1H NMR (300 MHz,
CDCl3): d=7.67–7.61 (m, 6H, ArH), 7.08 (d, J=8.7 Hz, 2H, ArH), 6.73
(d, J=8.7 Hz, 2H, ArH), 5.25 (s, 4H, CH2OCO), 5.03 (d, J=16.8 Hz,
2H, NCH2Ar), 4.74 (d, J=16.8 Hz, 2H, NCH2Ar), 4.49 (s, 2H, NCH2N),
4.18 (q, J=7.2 Hz, 4H, OCH2Me), 3.37 (s, 4H, CH2CO), 1.20 (t, J=
7.2 Hz, 6H, OCH2Me); ESI-MS: m/z : 611 [M+H]+ ; (R,R)-6 : tR=19 min;
[a]D=�476 (c=0.50, chloroform).


Figure 10. CD spectra of tetrakisadducts (S,S,S,S,f,sA)-10 (c), (R,R,R,R,f,sC)-10 (c), (R,R,R,R,f,sA)-12
(a), and (R,R,R,R,f,sC)-12 (c).
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(�)-out,out-3’,3’’-Diethyl 3’,3’’-(2,8-dimethyl-6H,12H-5,11-methano-
ACHTUNGTRENNUNGdibenzo ACHTUNGTRENNUNG[b,f] ACHTUNGTRENNUNG[1,5]diazocine-3,9-diyldimethylene)-3’H,3’’H-dicyclopropa-
[7,22 :33,34] ACHTUNGTRENNUNG(C70-D5h(6)) ACHTUNGTRENNUNG[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate [(� )-7]:
A well-degassed solution of (� )-1 (91 mg, 0.17 mmol) and C70 (130 mg,
0.16 mmol) in toluene (100 mL) was treated at 0 8C with a solution of I2
(100 mg, 0.4 mmol) in toluene (5 mL) and then with DBU (0.15 mL,
1 mmol). The resulting mixture was stirred for 1 h at 0 8C, then filtered.
Column chromatography (silica gel; CH2Cl2/AcOEt 10:1) afforded (� )-7
(50 mg, 21%) as a dark solid. 1H NMR (300 MHz, CDCl3): d=7.22 (s,
1H; Ar-H), 6.81 (s, 1H; Ar-H), 6.65 (s, 1H; Ar-H), 6.25 (s, 1H; Ar-H),
5.74 (d, J=11.4 Hz, 1H; OCH2Ar), 5.34 (d, J=11.4 Hz, 1H; OCH2Ar),
5.14 (d, J=11.1 Hz, 1H; OCH2Ar), 5.00 (d, J=11.1 Hz, 1H; OCH2Ar),
4.66 (d, J=18.9 Hz, 1H; NCH2Ar), 4.57–4.48 (m, 4H; CH2CH3), 4.42 (d,
J=17.1 Hz, 1H; NCH2Ar), 4.19 (d, J=17.7 Hz, 1H; NCH2Ar), 3.97 (s,
2H; NCH2N), 3.42 (d, J=16.8 Hz, 1H; NCH2Ar), 2.15 (s, 3H; Ar-CH3),
1.85 (s, 3H; Ar-CH3), 1.50 (m, 6H; CH2CH3);


13C NMR (75 MHz,
CDCl3): d=164.22, 163.80, 163.60 and 162.98 (C=O), 155.59, 153.30,
152.97, 152.55, 151.89, 151.32, 149.63, 149.21, 149.03, 148.92, 148.57,
148.05, 147.92, 147.54, 147.40, 146.83, 146.57, 146.46, 146.20, 145.94,
145.78, 145.54, 145.39, 144.83, 144.41, 144.31, 144.17, 144.04, 143.85,
142.73, 142.62, 142.24, 141.51, 140.87, 139.99, 139.77, 139.23, 139.14,
130.03, 138.66, 138.16, 138.09, 136.99, 134.40, 134.11, 133.67, 133.31,
133.17, 131.84, 131.54, 130.86, 130.32, 129.13, 129.05, 128.90, 128.58,
128.42, 67.25, 66.97, 66.30, 65.69, 63.68, 63.60, 60.43, 57.19, 57.03, 38.17,
37.73, 21.16, 19.46, 19.14, 14.42; UV/Vis (CH2Cl2): lmax(e)=454 (21640),
530 (sh, 8630), 575 (sh, 6000), 671 (sh, 1200); HR-MALDI-MS: m/z :
calcd for C99H30N2O8: 1375.20; found 1376.2073 [M]+ .


ACHTUNGTRENNUNG(R,R,f,sA)-7 and (S,S,f,sC)-7: Prepared as described for (� )-7 from (R,R)-
1 (30 mg, 0.06 mmol) and (S,S)-1 (20 mg, 0.04 mmol), respectively.
(R,R,f,sA)-7: Yield=20 mg, 26%. (S,S,f,sC)-7: Yield=10 mg, 20%. CD
spectra, see Figure 7.


(�)-out,out-3’,3’’-Diethyl 3’,3’’-(8H,16H-7,15-methanodinaphtho[2,1-
b,2’,1’-f,1,5]diazocin-3,11-diyldimethylene)-3’H,3’’H-dicyclopropa-
ACHTUNGTRENNUNG[8,25 :53,54] ACHTUNGTRENNUNG(C70-D5h(6)) ACHTUNGTRENNUNG[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate [(� )-8]:
Prepared as described for (� )-7 from (� )-6 (100 mg, 0.17 mmol).
Yield=100 mg, 48%; dark solid. 1H NMR (300 MHz, CDCl3): d=7.99 (s,
1H; Ar-H), 7.71–7.57 (m, 4H; Ar-H), 7.41 (s, 2H; Ar-H), 7.31 (d, J=
8.7 Hz, 1H; Ar-H), 7.22 (d, J=9.3 Hz, 1H; Ar-H), 7.08 (d, J=8.7 Hz,
1H; Ar-H), 6.03 (d, J=10.8 Hz, 1H; OCH2Ar), 5.79 (d, J=10.8 Hz, 1H;
OCH2Ar), 5.26 (d, J=10.8 Hz, 1H; OCH2Ar), 5.15 (d, J=10.8 Hz, 1H;
OCH2Ar), 4.93 (d, J=16.8 Hz, 1H; NCH2Ar), 4.84 (d, J=16.5 Hz, 1H;
NCH2Ar), 4.50 (m, 4H; CH2CH3), 4.42 (d, J=17.1 Hz, 1H; NCH2Ar),
4.33 (d, J=17.1 Hz, 1H; NCH2Ar), 4.18 (s, 2H; NCH2N), 1.46 (m, 6H;
CH2CH3);


13C NMR (75 MHz, CDCl3): d=163.26 and 162.51 (C=O),
155.93, 155.86, 154.78, 154.60, 151.58, 150.69, 150.59, 149.91, 149.71,
148.20, 147.88, 147.67, 147.30, 147.06, 146.65, 146.57, 146.40, 146.20,
144.08, 143.66, 142.78, 142.43, 141.51, 141.44, 141.00, 140.28, 139.35,
138.99, 138.31, 137.75, 137.31, 136.90, 136.31, 135.99, 135.79, 133.18,
132.33, 132.07, 131.62, 131.27, 131.12, 130.99, 130.76, 130.63, 130.45,
130.37, 130.26, 129.60, 128.65, 128.30, 127.64, 125.23, 124.83, 121.32,
120.90, 120.43, 120.22, 69.29, 68.85, 67.21, 67.05, 66.37, 66.06, 65.85, 63.62,
60.04, 55.02, 54.81, 54.44, 36.08, 35.88, 21.15, 14.37; UV/Vis (CH2Cl2):
lmax(e)=404 (sh, 9780), 436 (10600), 469 (10650), 523 (sh, 6550), 558 (sh,
4220), 637 (sh, 1200), 690 (sh, 580); HR-MALDI-MS: m/z : calcd for
C105H30N2O8: 1447.2090; found 1447.2090 [M]+ .


ACHTUNGTRENNUNG(R,R,f,sC)-8 and (S,S,f,sA)-8 : Prepared as described for (� )-8 from (R,R)-
6 (36 mg, 0.06 mmol) and (S,S)-6 (36 mg, 0.06 mmol), respectively.
(R,R,f,sC)-8 : Yield=41 mg, 48%. (S,S,f,sA)-8 : Yield=40 mg, 46%. CD
spectra, see Figure 6.


(�)-out,out,out,out-3’,3’’,3’’’,3’’’’-Tetraethyl 3’,3’’,3’’’,3’’’’-bis(2,8-dimethyl-
6H,12H-5,11-methanodibenzoACHTUNGTRENNUNG[b,f] ACHTUNGTRENNUNG[1,5]diazocine-3,9-diyldimethylene)-
3’H,3’’H,3’’’H,3’’’’H-tetracyclopropa[7,22 :14,15 :46,47:55,56] ACHTUNGTRENNUNG(C70-D5h(6))-
ACHTUNGTRENNUNG[5,6]fullerene-3’,3’,3’’,3’’,3’’’,3’’’,3’’’’,3’’’’-octacarboxylate [(� )-10]: Bisad-
duct (� )-7 (20 mg, 0.015 mmol) and bismalonate (� )-1 (8 mg,
0.015 mmol) were dissolved in toluene (10 mL), and the solution was
thoroughly degassed and cooled to 0 8C. Iodine (10 mg, 0.04 mmol) in tol-
uene (1 mL) was added, followed by DBU (0.015 mL, 0.1 mmol). The
mixture was stirred at 0 8C under nitrogen, and the reaction was moni-


tored by TLC. The transformation was complete (approx. 1 h) when all
of (� )-7 had been consumed (it may be necessary to add more bismalo-
nate tether (� )-1, iodine, and DBU). The mixture was filtered through a
plug of Celite and the solvent evaporated. The brown residue was puri-
fied by column chromatography (silica gel; CH2Cl2/AcOEt 4:1, Rf=0.2)
to give (� )-10 as a brown solid (10 mg, 36%). 1H NMR (300 MHz,
CDCl3): d=7.09 (s, 2H; Ar-H), 6.87 (s, 1H; Ar-H), 6.66 (m, 2H; Ar-H),
6.62 (s, 2H; Ar-H), 6.27 (s, 1H; Ar-H), 5.80–5.50 (m, 4H; OCH2Ar),
5.14–4.94 (m, 4H; OCH2Ar), 4.63–4.01 (m, 14H; NCH2Ar, CH2CH3),
3.95 (s, 4H; NCH2N), 3.39 (m, 2H; NCH2Ar), 2.17 (m, 6H; Ar-CH3),
1.87 (m, 6H; Ar-CH3), 1.51 (m, 12H; CH2CH3);


13C NMR (75 MHz,
CDCl3): d=166.39, 164.58, 163.79, 162.83, 156.14, 152.09, 151.75, 148.65,
146.85, 146.40, 146.12, 145.59, 144.92, 144.52, 144.06, 143.10, 142.70,
142.48, 140.93, 140.68, 140.12, 139.57, 139.33, 137.89, 136.91, 136.27,
135.68, 134.68, 134.43, 133.57, 131.56, 131.12, 129.21, 129.04, 128.83,
128.08, 126.81, 67.02, 65.97, 65.63, 63.49, 58.46, 56.93, 41.53, 29.68, 19.48,
19.23, 19.01, 18.46, 14.31, 14.22; UV/Vis (CH2Cl2): lmax(e)=256 (133000),
380 (26900), 449 (sh, 18800), 528 (sh, 9690), 634 (4560); HR-MALDI-
MS: m/z : calcd for C128H60N4O16: 1909.40; found 1909.41 [M]+ .


(R,R,R,R,f,sC)-10 and (S,S,S,S,f,sA)-10 : (R,R,R,R,f,sC)-10 was prepared as
described for (� )-10 from (R,R,f,sA)-7 (5 mg, 0.004 mmol) and (R,R)-1
(2 mg, 0.004 mmol). Yield=2.0 mg, 29%. (S,S,S,S,f,sA)-10 was prepared as
described for (� )-10 from (S,S,f,sC)-7 (5 mg, 0.004 mmol) and (S,S)-1
(2 mg, 0.004 mmol). Yield=2.5 mg, 36%. CD-spectra, see Figure 10.
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Introduction


In recent years, the search for more efficient and easily ac-
cessible procedures for the formation of chiral pyridine-con-
taining compounds has been growing due to their proved
utility in different chemical fields, for example, in supramo-
lecular chemistry,[1] asymmetric catalysis,[2] and in natural
product synthesis.[3] The great interest and importance in op-
tically active pyridine units have resulted in the develop-
ment of many methods to synthesize these compounds.[4]


However, to the best of our knowledge, there are only a few
general catalytic asymmetric methods for the preparation of
optically active 2-(1-hydroxyalkyl)- and 2-(1,2-dihydroxyal-
kyl)pyridine units reported to date. These optically active
molecules belong to a class of compounds of great impor-
tance as stated above, for example, for the synthesis of natu-
rally occurring compounds such as hydroxylated indolizidine
alkaloids.[5] Chiral 2-(hy ACHTUNGTRENNUNGdroxyalkyl)pyridine derivatives have


frequently been prepared by asymmetric reduction of 2-ke-
topyridines with (�)-chlorodiisopinocamphenyl borane
[(�)-Ipc2BCl)][6] and by lipase-catalyzed optical resolution.[7]
The most used methods for the synthesis of 2-(1,2-dihydroxy-
alkyl)pyridine derivatives are probably the Sharpless asym-
metric dihydroxylation of ethyl 3-(pyridine-2-yl)acrylate de-
rivatives[8] or preparation from natural chiral pool sources.[9]


The considerable synthetic utility of chiral 2-(hydroxyal-
kyl)pyridine derivatives and b-hydroxyesters in many differ-
ent fields of chemistry prompted us to find an alternative
and general procedure to synthesize these compounds by
asymmetric catalysis, and to demonstrate the potential of
the procedure outlined by the total synthesis of a hydrox-
ACHTUNGTRENNUNGylated indolizine alkaloid derivative. For this purpose we
have applied one of the most reliable C�C bond-forming re-
actions: the Lewis acid catalyzed reaction of silyl enolates
with carbonyl compounds, the Mukaiyama aldol reaction
(Scheme 1).[10]


Since the first successful catalytic enantioselective Mu-
kaiyama aldol type reactions were reported in the early
nineties,[11] intense efforts have been made to develop such
reactions to be highly diastereo- and enantioselective by
using sub-stoichiometric quantities of different Lewis acids
and chiral ligands.[12]


The use of C2 bis(oxazoline) Lewis acid complexes as cat-
alysts has been established as an efficient strategy for the
synthesis of optically active molecules.[13] One of the advan-
tages of bis(oxazoline) compounds as chiral ligands is their
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availability in both enantiomeric forms, which permits
access to both enantiomeric forms of the target molecule.
Despite the importance of this C�C bond forming aldol


reaction, only a few examples of effective catalytic diaste-
ACHTUNGTRENNUNGreo- and enantioselective Mukaiyama aldol reactions using
bidentate-chelating C2 bis(oxazoline) Lewis acid complexes
have been reported so far. Evans et al. were the first to
achieve enantio- and diastereoselectivities in the metal–bis-
(oxazoline)-catalyzed asymmetric Mukaiyama aldol reac-
tions between benzyloxyacetaldehydes,[14] pyruvic esters,[15]


or ethyl glyoxylates,[16] and enolsilanes. In these cases, the
use of a-substituted carbonyl compounds capable of forming
a five-membered chelate ring with the chiral Lewis acid cat-
alyst seems to be essential for obtaining high enantiomeric
excess. In 1999 Kobayashi et al. reported the interesting cat-
alytic enantioselective Mukaiyama aldol reaction between
aldehydes and enolsilanes in aqueous media using chiral Cu-
ACHTUNGTRENNUNG(OTf)2/bis(oxazoline) complexes, albeit with moderate enan-
tiomeric excess.[17]


Results and Discussion


We thought that the pyridine-2-carbaldehydes could be per-
fect substrates to be used as pro-chiral starting materials for
synthesizing optically active pyridine units. We envisaged
that the possibility of bidentate coordination between the
lone-pair electrons of the nitrogen atom of the pyridine, the
aldehyde oxygen atom, and an appropriate chiral metal–bis-
ACHTUNGTRENNUNG(oxazoline) complex could activate the aldehyde functionali-
ty for the subsequent asymmetric nucleophilic attack.
The Mukaiyama aldol reaction between the commercially


available pyridine-2-carbaldehyde (1) and the ketene silyl
acetal 1-methoxy-2-methyl-1-(trimethylsiloxy)propene (2a)
in the presence of the chiral [Cu ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)] complex
[Eq. (1); 3a= (S)-tBu-BOX; BOX=bis(oxazoline)] was
tested first. This reaction gave a full conversion at �24 8C,
but to our surprise, the aldol product 4 was racemic.
This lack of selectivity was interpreted as a result of an in-


appropriate coordination between the substrate (1) and the


catalyst. After this rather dis-
appointing result, we thought
that an oxidation of 1 to the
1-oxypyridine-2-carbaldehyde
(7a) could provide a substrate
with suitable electronic envi-
ronment for a bidentate coor-
dination to the chiral Lewis


acid complex leading to a six-membered chiral metal chelate
ring, which might improve the enantioselectivity of the reac-
tion.
1-Oxypyridine-2-carbaldehyde (7a) was easily prepared


by the two-step sequence shown in Scheme 2. Treatment of


the commercially available pyridin-2-ylmethanol (5) with
1.1 equivalents of m-CPBA (m-CPBA=meta-chloro peroxy-
benzoic acid) followed by the oxidation of the alcohol group
in 6 by using MnO2 afforded 7a in a 44% overall isolated
yield.[18]


The initial screening showed that compound 7a reacted
smoothly at �24 8C with compound 2a in CH2Cl2 catalyzed
by 10 mol% [Cu ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)] affording the aldol adduct 8a
in a good yield and 84% enantiomeric excess (ee ; Table 1,
entry 1), giving support to our hypothesis. Encouraged by
this initial result, we decided to explore further this aldol re-
action by using 7a as test substrate in a series of reactions
catalyzed by different C2-symmetric bis(oxazoline)-type li-
gands (3a–h) in combination with various Lewis acids, vary-
ing temperature, and solvents [see Eq. (2) and Table 1].


Scheme 1. Mukaiyama-type aldol reaction catalyzed by chiral Lewis acid complexes and its application in the
total synthesis of hydroxylated indolizine alkaloid derivatives.


Scheme 2. Synthesis of the 1-oxypyridine-2-carbaldehyde (7a): a) 5 and
m-CPBA, CHCl3, 65–70 8C, overnight (87%); b) 9 equiv MnO2, dioxane,
90 8C, 1 h (51%).
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Zinc(ii)– and magnesium(ii)–bis(oxazoline) complexes
also catalyzed the reaction, but the aldol adduct 8a was
formed as a racemate (entries 2 and 3 vs. 1). With [Cu-
ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)], it was found that the enantioselectivity of 8a
increased from 84 to 93% ee by lowering the reaction tem-
perature from �24 8C to �40 8C (entry 4 vs. 1), whereas the
reaction at �78 8C gave no conversion at all (entry 5). Vari-
ous solvents were investigated for the aldol reaction cata-
lyzed by the [Cu ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)] complex and, as it has been ob-
served previously for the hetero-Diels–Alder reaction,[19] for
example, no solvent dependence was found (entries 6, 7 vs.
4). The results in Table 1 show that the best catalytic sys-
tems in terms of enantioselectivity were obtained by using
CuACHTUNGTRENNUNG(OTf)2 as the Lewis-acid in combination with the (S)-
tBu-BOX (3a) or the (4R,5S)-di-Ph-BOX (3h) ligands. The
reactions proceeded to completion affording the desired
aldol adduct 8a in good yield and excellent enantiomeric
excess (entries 4, 14). It should be noted that we observed a
change in absolute configuration of the final product (8a)
when ligand (S)-tBu-BOX (3a) was exchanged with the (S)-
Ph-BOX (3e) ligand (entry 4 vs. 11). Similar observations
have been made for a large number of catalytic asymmetric
reactions with these catalytic systems.[20] The alteration on
the bite angles of different chiral ligands has a considerable
influence on the selectivity (entries 8, 10, 12, 13) and fur-
thermore, when no substituents were present in the back-
bone of the bis(oxazoline) ligand, a significant decrease in
enantioselectivity was observed (entries 10, 12).


After having established the optimal reaction conditions
(Table 1, entries 4 and 14), the substrate scope of the Mu-
kaiyama aldol reaction with a range of different pyridine-,
isoquinoline-, and quinoline-N-oxide-2-carbaldehyde deriva-
tives was performed (Table 2). Because the bis(oxazoline) li-
gands (4R,5S)-di-Ph-BOX (3h) and (S)-tBu-BOX (3a) gave
the aldol product with almost similar enantiomeric excess,
we decided to use the more easily accessible (S)-tBu-BOX
(3a)[21] as the catalyst forming ligand.
The reaction was found to be quite general with respect


to the substrates tested; under the optimized reaction condi-
tions the aldol products were obtained in good yields and
excellent enantiomeric excesses. It appears from the results
in Table 2 that the size of the substituent in position six of
the pyridine ring has an influence on the enantioselectivity
of the reaction. When the substrate had a substituent in this
position such as phenyl (7c), methyl (7d), or in the case of
1-oxyquinoline-2-carbaldehyde (7g), the degree of the enan-
tioinduction decreased slightly (Table 2, entries 3, 4, and 7).
The use of the electron-withdrawing bromide atom in posi-
tion six of 1-oxypyridine-2-carbaldehyde (7b) most likely
made the chelate coordination to the [CuACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)] com-
plex more favorable, leading to the improvement in the
enantiomeric excess of the aldol adduct (entry 2). Products
with functional groups suitable for further manipulations,
for example, bromide (compounds 8b and 8e) or ester func-
tionalities were also obtained with excellent enantioselectiv-
ities (entries 2 and 5). The quinoline-N-oxide and isoquino-
line-N-oxide derivatives worked as efficiently as pyridine-N-
oxides and provided the aldol adducts in good to excellent
yields and enantiomeric excesses. Even a significant en-
hancement in enantioselectivity arose when 2-oxyisoquino-
ACHTUNGTRENNUNGlinecarbaldehyde derivatives were used (entries 8 and 9). On
the other hand, the reaction of 7g catalyzed by [Cu ACHTUNGTRENNUNG(OTf)2-
ACHTUNGTRENNUNG(3a)] gave the aldol product 8g with only 35% ee. However,
the optical purity could be greatly enhanced to 85% ee by
using the [Zn ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(3h)] instead of the [CuACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)]
complex (entry 7). Substrates with the substituent pointing
away from the coordination site gave enantiomerically pure
aldol adducts (entries 6, 8, and 9).
Due to the easy accessibility and high enantiomeric excess


obtained, the importance of, for example, compound 8b
should be mentioned as these molecules, and their possible
derivatives, are promising building blocks for construction
of chiral C2-symmetric 6,6’-bis(1-hydroxyalkyl)-2,2’-bipyri-
dine-N,N-dioxide ligands with wide applications in asymmet-
ric catalysis.[22]


After establishing the substrate scope of the reaction with
compound 2a, we studied the reaction of several 2-mono-
substituted ketene silyl acetals 2b–d with different pyridine-
and isoquinoline-N-oxide-carbaldehyde derivatives (7a,e,h,i)
using the optimized reaction conditions. The reaction with
these enolates led to branched 2-(1-hydroxyalkyl)- and 2-
(anti-1,2-dihydroxyalkyl)pyridine derivatives. The results are
summarized in Table 3.
Interestingly, the reaction favored the formation of the


anti-diol with good diastereoselectivity and excellent enan-


Table 1. Screening of reaction conditions and catalysts for the enantiose-
lective addition of 2a to 7a catalyzed by chiral Lewis acid complexes.[a–c]


Ligand Lewis acid Solvent T [8C] Yield [%][d] ee [%][e]


1 3a Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �24 82 84
2 3a Zn ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �24 93 rac.
3[f] 3a Mg ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �24 28 rac.
4 3a Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 79 93
5 3a Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �78 0 –
6 3a Cu ACHTUNGTRENNUNG(OTf)2 Et2O �40 86 87
7 3a Cu ACHTUNGTRENNUNG(OTf)2 THF �40 72 93
8 3b Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 90 64
9 3c Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 88 89
10 3d Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 49 11
11 3e Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 80 �88[g]
12 3 f Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 75 7
13 3g Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 69 46
14 3h Cu ACHTUNGTRENNUNG(OTf)2 CH2Cl2 �40 72 96


[a] Reaction conditions: M ACHTUNGTRENNUNG(OTf)2 (25 mmol) and the corresponding C2-
bis ACHTUNGTRENNUNG(oxazoline) (3a–h) (26 mmol) were stirred under vacuum in a oven-
dried Schlenk tube for 1 h. The tube was then filled with N2, dry CH2Cl2
(1 mL) was added, and the resulting solution was stirred for 30 min. The
solution was cooled to �40 8C and then a solution of 7a (0.25 mmol) in
dry CH2Cl2 (1 mL) was added slowly. The resulting solution was stirred
for 1 h at the same temperature and afterwards the solution of enolsilane
2a (0.26 mmol) in dry CH2Cl2 (1 mL) was added dropwise. The product
8a was isolated by flash chromatography after 16 h. [b] Reaction con-
ducted on a 0.25 mmol scale. [c] 100% conversion in all reactions after
16 h, estimated by 1H NMR spectroscopy. [d] Yield of isolated product
after purification by column chromatography. [e] Enantiomeric excess
measured by chiral stationary phase HPLC. [f] Conversion 45%.
[g] Refers to the opposite enantiomer.
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tiomeric excess. The anti-diastereoselectivity obtained for
the present reactions is in contrast to the syn-diastereoselec-
tivity obtained by Evans et al. ,[15b] for the aldol reaction of
methyl pyruvate with enolsilanes catalyzed by [Cu ACHTUNGTRENNUNG(OTf)2-
ACHTUNGTRENNUNG(3a)], and by Kobayashi et al., for the aldol reaction be-
tween aldehydes and enolsilanes catalyzed by CuACHTUNGTRENNUNG(OTf)2/
bis(oxazoline) complexes in aqueous media,[17] while it is in
agreement with the results obtained for the aldol reaction of
benzyloxyacetaldehyde with enolsilanes catalyzed by the


same chiral complex.[4b] The
best result was obtained with
the enolate derived from the
benzyloxyacetic acid phenyl
ester (2b)[23] and isoquinoline-
N-oxide-2-carbaldehyde deriv-
ative 7h. In this case, the anti-
adduct 8 j was obtained in
good yield and with a high
level of stereocontrol (anti/syn
12:1, anti 99% ee, Table 3,
entry 1). An exchange of the
counterion from triflate to
hexafluoroantimonate by using
[Cu ACHTUNGTRENNUNG(SbF6)2ACHTUNGTRENNUNG(3a)] as the catalyst
gave the anti-aldol adduct with
slightly lower diastereoselectiv-
ity and the same enantioselec-
tivity (anti/syn 5:1, anti
99% ee, 71% yield). The abso-
lute configuration of the major
diastereomer was found to be
independent of the counterion
of the chiral catalyst, indicating
that the counterion is probably
not coordinated to the catalyst
during the enantioselective
step. The enolate derived from
methyl 3-phenylpropionate
(2c) also underwent a highly
enantioselective reaction; how-
ever, the diastereoselectivity
decreased (anti/syn 5:1 for the
enolate (E)-2c and anti/syn 3:1
for the enolate (Z)-2c, en-
tries 2, 3 vs. 1). Furthermore, it
was observed that the silyl
enolates (E)- and (Z)-2c gave
both the aldol adduct with
anti-diastereoselectivity, irre-
spective of the geometry of the
enolsilane (entries 2 and 3).
The reaction between 7 i and
2b proceeded also with
excellent enantioselectivity
(99% ee) for the major diaste-
ACHTUNGTRENNUNGreomer, while the minor
diaste ACHTUNGTRENNUNGreomer was formed in


90% ee (entry 4). Finally, the reaction of the enolsilane 2b
with 7a and 7e gave the aldol adducts 8n and 8o, respec-
tively, with good diastereo- and excellent enantioselectivities
(entries 6 and 7). It should be mentioned that the diastereo-
meric mixtures were easily separated by column chromatog-
raphy.
An important aspect of the present chemistry is that the


optically active N-oxide adducts obtained can easily be de-
oxygenated to the corresponding amines without detectable


Table 2. Catalytic enantioselective Mukaiyama aldol reaction with different pyridine-2-carbaldehyde N-oxide
derivatives 7a–i.[a]


Substrate Product Yield [%][b] ee [%][c]


1 79 93


2[d] 92 96


3 64 77


4 78 81


5 72 93


6 84 >99


7[e] 90 85


8 89 >99


9 84 97


[a] Reactions performed in CH2Cl2 at �40 8C in the presence of 10 mol% [Cu ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(3a)], all reactions gave
full conversion. [b] Yield of isolated product. [c] Enantiomeric excess measured by chiral stationary phase
HPLC. [d] Compound 8b was also prepared on a 1 mmol scale under the optimized conditions with similar re-
sults (98% yield, 94% ee). [e] With (S)-3h-ZnACHTUNGTRENNUNG(OTf)2. With the [Cu ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(3a)] complex the enantioselectivity
decreased to 35% ee.
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loss of optical activity [Eq. (3)]. For instance, the optically
active isoquinoline N-oxide adduct 8h was deoxygenated by
using 1.1 equivalents of indium metal in neutral aqueous
media affording 9 in 79% yield maintaining the ee of 99%.[24]


Since polyhydroxylated indolizine alkaloids display inter-
esting biological activity, intense efforts have been made


very recently to synthesize these molecules, or their non-
ACHTUNGTRENNUNGnatural analogues, in their optically active form.[25] By using
the methodology developed for the synthesis of 2-(1-hy-
ACHTUNGTRENNUNGdroxyalkyl)- and 2-(anti-1,2-dihydroxyalkyl)pyridine deriva-
tives so far and due to the high diastereo- and enatioselec-
tivities observed in the synthesis of, for example, compound
8 j, we decided to synthesize the nonnatural, but biologically
interesting and optically active (1R,2S,10aS)-1,2-dihydroxy-
1,2,3,5,10,10a-hexahydrobenzo[f]indolizine (13) in a stereo-
controlled manner (Scheme 3). Starting from the Mukaiya-
ma aldol adduct 8 j, compound 11 was obtained upon treat-
ment with ammonium formate as reducing agent[26] in mod-
erate 54% yield and high diastereoselectivity (d.r. 7:1). To
explain the formation of compound 11 and the high diaste-
ACHTUNGTRENNUNGreoselectivity observed in the reduction of the pyridine ring


Table 3. Catalytic diastereo- and enantioselective Mukaiyama aldol reaction of pyridine-, isoquinoline-, and quinoline-N-oxide-2-carbaldehyde deriva-
tives 7a,e,h,i and enolsilanes 2b–d.[a]


Substrate Enolate Product Yield [%][b] anti/syn ee [%][c]


1[d] 91 12:1 99:n.d.


2 96 5:1 99:98


3 97 3:1 99:99


4 65 2.5:1 99:90


5 97 3:1 88:66


6 75 4:1 99:n.d.


7 88 5:1 99:n.d.


[a] Reactions performed in CH2Cl2 at �40 8C in the presence of 10 mol% [CuACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)], all reactions give full conversion. [b] Yield of isolated product.
[c] Enantiomeric excess measured by chiral stationary phase HPLC. [d] Compound 8 j was also prepared on a 2 mmol scale under the optimized condi-
tions with similar results (82% yield, anti/syn 10:1, anti 99% ee).
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compared with other examples reported in the literature for
similar transformations, we propose a stepwise mechanism
involving first the reduction of the N-oxide and subsequent
intramolecular cyclization affording a rigid chiral pyridinium
ring intermediate 10, which is then activated toward hydro-
genation by ammonium formate from the less hindered side
of the molecule.[27] We were pleased to find that the major
diastereoisomer was easily isolated as a white solid by wash-
ing the crude reaction mixture with EtOAc. The O-deben-
ACHTUNGTRENNUNGzylation of compound 11 with H2 over Pd/C carried out in
MeOH and CF3CO2H (cat.) gave 12 in quantitative yield.
Finally, the reduction of 12 with BH3·Me2S in THF furnished
13 in 71% yield.
The absolute and relative configurations of the new


formed stereogenic centers were established, assuming a
uniform reaction mechanism, by a single-crystal X-ray crys-
tallographic analysis of the adducts 8b, 8n, and 8o (see
Figure 1), as well as by chemical correlation with previously
reported compound (ent)-13.[28]


For the mechanistic considerations, we propose that both
the oxygen atoms of the aldehyde and N-oxide in the 1-oxy-
pyridin-2-ylcarbaldehyde derivative coordinates to the CuII


center in a bidentate fashion.[29] This leads to an square-
planar distorted intermediate in which the Si face of the re-


acting carbonyl functionality is available for approach of the
enolsilane, as the Re face is shielded by the tert-butyl group
of the chiral bis(oxazoline) ligand (Figure 2, left). To ac-
count for the diastereoselectivity of the reaction, the R’


group at the reacting carbon atom in the enolsilane has to
point away from the tert-butyl group in the chiral bis(oxazo-
line) ligand in order to minimize steric repulsions, as out-
lined to the right in Figure 2.
In summary, we have developed a new catalytic asymmet-


ric Mukaiyama aldol addition of enolsilanes to 1-oxypyri-
dine-2-carbaldehyde derivatives catalyzed by a chiral [Cu-
ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(3a)] complex affording optically active 2-(hydroxyal-
kyl)pyridine derivatives in good diastereo- and excellent
enantioselectivities. The scope and potential of the reaction
is demonstrated for a variety of different substrates and re-
agents. It was shown that a simple oxidation of the pyridine
ring provides a suitable electronic environment for an opti-
mal bidentate coordination with the chiral metal complex to
give high diastereo- and enantioselectivities. The scope of
the method was demonstrated by synthetic transformations:
the deoxygenation of the N-oxide functionality without loss
of optically activity and the total synthesis, in a stereocon-
trolled way, of a biologically important hydroxylated indoli-
zine alkaloid derivative.


Experimental Section


General : The 1H and 13C NMR spectra were recorded at 400 and
100 MHz, respectively. The chemical shifts are reported in ppm relative
to CHCl3 (d=7.26 ppm) for


1H NMR spectra and relative to the central
CDCl3 resonance (d=77.0 ppm) for


13C NMR spectra. Purification of re-
action products was carried out by flash chromatography (FC) using
silica gel 60 (230–400 mesh from Merck). The enantiomeric excess (ee) of
the products was determined by HPLC using a Daicel Chiralpak AD and
OD columns. Optical rotation was measured on a Perkin–Elmer 241 po-
larimeter.


Materials : Bis(oxazoline) ligands were prepared by the literature proce-
dures.[13a] Commercially available starting materials were used without
further purification. Solvents were distilled prior to use: CH2Cl2 was
dried and distilled from CaH2 and THF, p-dioxane, Et2O, and toluene
were distilled from sodium metal/benzophenone ketyl. Unless otherwise
stated, all reactions were carried out in an inert atmosphere of Ar and in
oven dried glassware.


General procedure for catalytic asymmetric Mukaiyama aldol reactions
of aldehydes : Cu ACHTUNGTRENNUNG(OTf)2 (25 mmol) and the 2,2’-isopropylidinenebis[(4S)-
4-tert-butyl-2-oxazoline] (26 mmol) were stirred and heated under vacuum
in a oven dried Schlenk tube for 1 h. The tube was filled with N2 and dry


Scheme 3. Synthesis of 13 : a) 10% Pd/C, 8 j, NH4CO2H (5 equiv), iPrOH,
RT, overnight (54%). b) 11, CF3CO2H (cat.), 10% Pd/C, MeOH, RT,
16 h (98%). c) 1. 12, BH3·Me2S (1.2 equiv), THF, 16 h; 2. EtOH, 5 h
(71%).


Figure 1. X-ray crystallographic structure of 8o.


Figure 2. Proposed intermediate to the left and the diastereoselective ap-
proach of the enolsilane to the Si-face of the carbonyl (from the top) to
the right.
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CH2Cl2 (1.5 mL) was added. The resulting mixture was stirred for 30 min
and after this period the solution was cooled to �40 8C. A solution of N-
oxide carbaldehyde 7 (0.25 mmol) in dry CH2Cl2 (1 mL) was added
slowly. The resulting solution was stirred for 1 h at �40 8C and after this
period the solution of silyl enolate 2 (0.25 mmol) in dry CH2Cl2 (1 mL)
was added dropwise. After 16–20 h the reaction mixture was filtered
trough a plug of silica using EtOAc or EtOAc/EtOH 1:1 mixture as the
eluent. The evaporation of solvents gave the crude product, which was
treated with TBAF (1 equiv) in THF (10 mL) to remove the occasionally
formed TMS protection of the alcohol group in the product. The pure
compound was obtained after purification by FC in good to excellent
yields.


(1-Oxypyridin-2-yl)methanol (6): Pyridin-2-ylmethanol (70.5 mmol,
6.8 mL) was dissolved in distilled CHCl3 (30 mL). This solution was
added dropwise to a solution of m-CPBA (14.6 g, 85 mmol) in CHCl3
(60 mL) at RT. After the addition was complete the mixture was warmed
to 65–70 8C and stirred for 20 h.[30] The reaction mixture was cooled to
RT and the solvents were evaporated. The crude product was washed
with Et2O giving the pure product (7.68 g; 87% yield) as white solid.
1H NMR: d=8.25 (d, J=6.4 Hz, 1H), 7.38–7.27 (m, 2H), 4.81 ppm (s,
2H); 13C NMR: d=150.1, 139.3, 127.1, 124.6, 124.5, 61.0 ppm; HRMS
(TOF ES+): m/z calcd for C6H7NO2Na: 148.0375 [M+Na]+ ; found:
148.0264.


1-Oxypyridine-2-carbaldehyde (7a): Activated MnO2 (9 g, 103.5 mmol)
was added to a solution of 6 (1.5 g, 12 mmol) in p-dioxane (100 mL) and
the reaction mixture was heated at 90 8C for 1 h. The still hot mixture
was filtrated trough Celite followed by washing with hot p-dioxane
(100 mL) and hot EtOH (100 mL).[31] The combined filtrate and washings
was evaporated under reduced pressure and the residue was purified by
column chromatography (eluent EtOH/EtOAc 1:1). In the column some
of the product reacted with EtOH forming corresponding acetal. The
acetal groups were removed by treatment with AmberlystU-15 in
CHCl3.


[32] Filtration of AmbelystU-15 and evaporation of solvent gave the
pure product (0.75 g, 51% yield) as pale yellow solid. 1H NMR: d=10.63
(s, 1H), 8.21 (d, J=6.4, 1H), 7.82 (dd, J=2.0, 7.8 Hz, 1H), 7.46 (ddd, J=
2.0, 6.4, 7.8 Hz, 1H), 7.32 ppm (dd, J=7.8, 7.8 Hz, 1H); 13C NMR: d=
185.5, 143.4, 140.1, 129.8, 125.2, 125.0 ppm; HRMS (TOF ES+): m/z
calcd for C6H5NO2Na: 146.0218 [M+Na]+ ; found: 146.0145.


(6-Bromopyridin-2-yl)methanol :[33] 2,6-Dibromopyridine (10 g,
42.2 mmol) was dissolved in Et2O (200 mL) and the resulting solution
was cooled to �78 8C. A 1.6m solution of nBuLi in hexane (42.2 mmol,
26.4 mL) was added dropwise to this cooled solution. After a period of
5 min, a mixture of DMF (4 mL) and Et2O (20 mL) was slowly added to
the solution of formed lithiate. The solution was allowed to warm to
�10 8C, and the reaction was quenched with 10% aqueous HCl until the
mixture was acidic. The acidic mixture was stirred for 10 min at �10 8C
and then basified with 10% aqueous K2CO3. The aqueous layer was ex-
tracted three times with CHCl3, and the organic layers were combined
and dried with MgSO4. Evaporation of solvent under reduced pressure
gave a crude product that was dissolved without further purification in
MeOH (150 mL). NaBH4 (1.05 g, 27.8 mmol) was added to this stirred
solution. The reaction mixture was stirred for 1 h at RT and then
quenched with 10% aqueous HCl and concentrated under reduced pres-
sure. This concentrated solution was basified with 5% aqueous K2CO3


and the aqueous layer was extracted three times with CHCl3. The com-
bined extractions were dried over MgSO4 and evaporated under reduced
pressure. Purification by column chromatography (eluent EtOAc) gave
5.2 g (65% overall yield) of pure alcohol as a white solid. 1H NMR: d=
7.46–7.15 (m, 3H), 4.63 (s, 2H), 3.20 ppm (s, 1H); 13C NMR: d=161.4,
141.2, 139.1, 126.5, 119.3, 64.1 ppm; HRMS (TOF ES+): m/z calcd for
C6H6BrNONa: 209.9530 [M+Na]+ ; found: 209.9537.


(6-Bromo-1-oxypyridin-2-yl)methanol : Oxidation procedure like for com-
pound 6. (6-Bromopyridin-2-yl)methanol (3.9 g, 20.36 mmol) was con-
verted to the corresponding N-oxide with m-CPBA (4.3 g, 25 mmol) and
purified by column chromatography (eluent EtOH/EtOAc 1:1) giving of
the product (3.59 g, 85% yield). 1H NMR: d=7.66 (dd, J=2.0, 8.0 Hz,
1H), 7.36 (dd, J=2.0, 7.6 Hz, 1H), 7.17 (dd, J=7.6, 8.0 Hz, 1H),
4.82 ppm (s, 2H); 13C NMR: d=151.6, 133.4, 129.6, 126.5, 123.3,


61.8 ppm; HRMS (TOF ES+): m/z calcd for C6H6BrNO2Na: 225.9480
[M+Na]+ ; found: 225.9522.


6-Bromo-1-oxypyridine-2-carbaldehyde (7b): The same procedure above
described for 7a was employed. (6-Bromo-1-oxypyridin-2-yl)methanol
(2.45 g, 12 mmol) was treated with MnO2 (9 g, 103 mmol). Purification by
column chromatography (eluent EtOAc) gave 1.48 g (61% yield) of the
pure product. 1H NMR: d=10.60 (s, 1H), 7.86 (dd, J=2.0, 8.0 Hz, 1H),
7.79 (dd, J=2.0, 8.0 Hz, 1H), 7.19 ppm (dd, J=8.0, 8.0 Hz, 1H);
13C NMR: d=185.4, 144.7, 134.5, 134.0, 125.8, 124.3 ppm; HRMS (TOF
ES+): m/z calcd for C6H4BrNO2Na: 223.9323 [M+Na]+ ; found: 223.9388.


2-Bromo-6-[1,3]dioxolan-2-ylpyridine : 6-Bromopyridine-2-carbalde-
hyde[33] (7.38 g, 39.7 mmol) and ethylene glycol (3.6 mL, 68 mmol) were
dissolved in benzene (150 mL). p-TsOH (370 mg, 1.94 mmol) was added
and the reaction mixture was refluxed under Dean–Stark conditions for
16 h and then quenched with 1% aqueous Na2CO3 solution. The two
phases were separated and the aqueous phase was extracted twice with
CHCl3. The combined organic phases were dried with anhydrous MgSO4.
Evaporation of the solvent under reduced pressure gave the crude prod-
uct, which was purified by column chromatography (eluent EtOAc/
hexane 1:1) giving the product (7.08 g, 78% yield) as brown oil.
1H NMR: d=7.58 (dd, J=7.6, 7.6 Hz), 7.47 (dd, J=2.0, 7.4 Hz, 1H), 7.44
(dd, J=2.0, 8.0 Hz, 1H), 5.77 (s, 1H), 4.12 (m, 2H), 4.02 ppm (m, 2H);
13C NMR: d=158.4, 141.5, 139.0, 128.4, 119.3, 102.6, 65.5 ppm; HRMS
(TOF ES+): m/z calcd for C8H8BrNO2Na: 251.9636 [M+Na]+ ; found:
251.9644.


2-[1,3]Dioxolan-2-yl-6-phenylpyridine : 2-Bromo-6-[1,3]dioxolan-2-ylpyri-
dine (3 g, 16.1 mmol), phenylboronic acid (2.95 g, 24.2 mmol, 1.5 equiv),
aqueous Na2CO3 (2m, 16 mL), THF (60 mL), and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.93 g,
0.805 mmol) were degassed at RT by N2. Afterwards the resulting mix-
ture was stirred at 60 8C for 72 h. The cooled solution was poured in H2O
(150 mL) and the product was extracted from the water phase three
times with CHCl3. The organic phase was then dried with anhydrous
MgSO4. Evaporation of solvents gave the crude product, which was puri-
fied by column chromatography (eluent EtOAc/hexane 1:7) giving 1.86 g
(51% yield) of product as viscous oil. 1H NMR: d=8.03 (dd, J=7.2 Hz,
2H), 7.80 (dd, J=7.6, 7.6 Hz, 2H), 7.50–7.39 (m, 4H), 5.95 (s, 1H), 4.25–
4.10 ppm (m, 4H). The product was used directly to the preparation of 2-
[1,3]dioxolan-2-yl-6-phenylpyridine 1-oxide, without further characteriza-
tion.


2-[1,3]Dioxolan-2-yl-6-phenylpyridine 1-oxide : Oxidation procedure simi-
lar to that described for compound 6. 2-[1,3]Dioxolan-2-yl-6-phenylpyri-
dine (1.86 g, 8.18 mmol) was converted to the corresponding N-oxide by
m-CPBA (2.89 g, 16.74 mmol) at RT for 16 h. Evaporation of the solvent
under reduced pressure gave the product (1.55 g, 78% yield) as yellow
solid, which was used as such in the next step.


1-Oxy-6-phenylpyridine-2-carbaldehyde (7c): 2-[1,3]Dioxolan-2-yl-6-phe-
nylpyridine 1-oxide (1.55 g, 6.38 mmol) was dissolved in 20% HCl
(60 mL) and the resulting solution was heated at 110 8C for 30 min. After
this period the cooled reaction mixture was treated with solid NaHCO3


until neutralized. The product was extracted from the aqueous phase
with CHCl3. The organic phase was dried with anhydrous MgSO4 and the
solvent was evaporated under reduced pressure. Deprotection gave the
pure product as yellow solid (1.05 g, 83% yield). 1H NMR: d=10.69 (s,
1H), 7.82–7.76 (m, 3H), 7.62 (d, J=8.0 Hz, 1H), 7.54–7.49 (m, 3H),
7.38–7.34 ppm (m, 1H); 13C NMR: d=186.5, 150.3, 144.2, 131.4, 131.2,
129.2, 128.4, 124.8, 124.3 ppm; HRMS (TOF ES+): m/z calcd for
C12H9NO2Na: 222.0531 [M+Na]+ ; found: 222.0529.


2-[1,3]Dioxolan-2-yl-6-methylpyridine : 6-Methylpyridine-2-carbaldehyde
(3.37 g, 27.8 mmol) and ethylene glycol (2.5 mL, 41.7 mmol) were dis-
solved in benzene. p-TsOH (225 mg, 1.2 mmol) was added and the reac-
tion mixture was refluxed under Dean–Stark conditions for 16 h and af-
terwards quenched with 1% Na2CO3 aqueous solution. The two phases
were separated and the aqueous phase was extracted twice with CHCl3.
The combined organic phases were dried with anhydrous MgSO4. Evapo-
ration of the solvent under reduced pressure gave the crude product,
which was purified by column chromatography (eluent EtOAc/hexane
1:2). Yield 2.84 g (62%); 1H NMR: d=7.59 (dd, J=7.6, 7.6 Hz, 1H), 7.32
(d, J=7.6 Hz, 1H), 7.11 (d, J=7.6 Hz, 1H), 5.78 (s, 1H), 4.16–4.00 (m,
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4H), 2.55 ppm (s, 3H); 13C NMR: d=158.1, 156.1, 136.9, 123.5, 117.2,
103.6, 65.4, 24.3 ppm; HRMS (TOF ES+): m/z calcd for C9H11NO2Na:
188.0688 [M+Na]+ ; found: 188.0686.


2-[1,3]Dioxolan-2-yl-6-methylpyridine 1-oxide : The same procedure de-
scribed above for 6 was employed. 2-[1,3]Dioxolan-2-yl-6-methylpyridine
(2.84 g, 17.19 mmol) was converted to the corresponding N-oxide with m-
CPBA (5.77 g, 33.48 mmol) and purified by column chromatography
(eluent EtOAc) giving the product (0.94 g, 30% yield) as white solid.
1H NMR: d=7.44 (dd, J=2.0, 8.0 Hz, 1H), 7.26 (dd, J=2.0, 7.6 Hz, 1H),
7.17 (dd, J=7.6, 8.0 Hz, 1H), 6.42 (s, 1H), 4.10 (s, 4H), 2.53 ppm (s, 3H);
13C NMR: d=149.6, 147.3, 126.2, 124.5, 121.0, 97.7, 65.3, 17.6 ppm;
HRMS (TOF ES+): m/z calcd for C9H11NO3Na: 204.0637 [M+Na]+ ;
found: 204.0639.


6-Methyl-1-oxypyridine-2-carbaldehyde (7d): The same deprotection pro-
cedure was used as described for the preparation of 7c. 2-[1,3]Dioxolan-
2-yl-6-methylpyridine 1-oxide (0.94 g, 5.2 mmol) was converted to the
corresponding aldehyde by treatment with 20% aqueous HCl (50 mL).
Yield 0.7 g (98%); 1H NMR: d=10.67 (s, 1H), 7.70 (dd, J=2.0, 7.8 Hz,
1H), 7.45 (dd, J=2.0, 7.8 Hz, 1H), 7.22 (dd, J=7.8, 7.8 Hz, 1H),
2.53 ppm (s, 3H); 13C NMR: d=186.0, 149.7, 143.1, 130.1, 124.0, 122.8,
16.9 ppm; HRMS (TOF ES+): m/z calcd for C7H7NO2Na: 160.0374
[M+Na]+ ; found: 160.0373.


(5-Bromopyridin-2-yl)methanol :[34] A 1.6m solution of nBuLi in hexane
(25.1 mmol, 15.7 mL) was added dropwise to a solution of 2,5-dibromo-
pyridine (5 g, 21.1 mmol) in toluene (200 mL) at �78 8C. After 2 h of stir-
ring a mixture of DMF (2 mL) and toluene (5 mL) was added, and the
solution was stirred for 1 h at �78 8C and then warmed to �10 8C. The re-
action was quenched with saturated NH4Cl solution and the mixture was
allowed to reach RT. The two phases were separated and the aqueous
phase was extracted twice with EtOAc. The combined organic phases
were evaporated to dryness to give 5-bromo-pyridine-2-carbaldehyde
(2.61 g, 5.52 mmol, yield 66%). The crude product obtained was dis-
solved in EtOH (50 mL) and NaBH4 (0.21 g, 5.55 mmol) was added to
this solution. The reaction mixture was stirred for 1 h at RT and then
quenched with 10% aqueous HCl and concentrated under reduced pres-
sure. This concentrated solution was basified with 5% aqueous K2CO3


and the aqueous layer was extracted three times with CHCl3. The com-
bined extractions were dried with anhydrous MgSO4 and were evaporat-
ed under reduced pressure giving the product (1.01 g, 64% overall yield).
1H NMR: d=8.63 (s, 1H), 7.82 (d, J=8.2 Hz, 1H), 7.20 (d, J=8.4 Hz,
1H), 4.73 ppm (s, 2H). The product was used directly in the preparation
of (5-bromo-1-oxypyridin-2-yl)methanol, without further purification.


(5-Bromo-1-oxypyridin-2-yl)methanol : An oxidation procedure similar to
that used for compound 6 was used. (5-Bromo-pyridin-2-yl)methanol
(1.01 g, 5.38 mmol) was converted to the corresponding N-oxide with m-
CPBA (1.48 g, 8.60 mmol) and purified by washing with Et2O giving the
pure product (0.93 g, 85% yield) as a white solid. 1H NMR: d=8.39 (s,
1H), 7.47 (d, J=8.4 Hz, 1H), 7.27 (d, J=9.2 Hz, 1H), 4.76 ppm (s, 2H);
13C NMR: d=149.0, 140.7, 129.8, 124.7, 119.0, 60.7 ppm; HRMS (TOF
ES+): m/z calcd for C6H5BrNO2Na: 225.9480 [M+Na]+ ; found: 225.9476.


5-Bromo-1-oxypyridine-2-carbaldehyde (7e): The same procedure descri-
bed above for 7a was employed. (5-Bromo-1-oxypyridin-2-yl)methanol
(0.74 g, 3.64 mmol) was treated with MnO2 (3.0 g, 34.5 mmol). Purifica-
tion by column chromatography (eluent EtOAc) gave the product
(0.49 g, 67% yield) as pale yellow solid. 1H NMR: d=10.43 (s, 1H), 8.27
(s, 1H), 7.58 (d, J=8.4 Hz, 1H), 7.36 ppm (d, J=8.4 Hz, 1H); 13C NMR:
d=184.7, 141.6, 133.0, 128.6, 125.8, 125.5 ppm; HRMS (TOF ES+): m/z
calcd for C6H4BrNO2Na: 223.9323 [M+Na]+ ; found: 223.9326.


2-[1,3]Dioxolan-2-yl-5-phenylpyridine : 5-Bromopyridine-2-carbaldehyde
(0.81 g, 4.38 mmol) and ethylene glycol (0.39 mL, 7.4 mmol) were dis-
solved in toluene (50 mL). p-TsOH (41 mg, 0.21 mmol) was added and
the reaction mixture was refluxed under Dean–Stark conditions for 16 h.
Afterwards the reaction mixture was neutralized with 1% aqueous
Na2CO3. Two phases were separated, and the aqueous phase was extract-
ed twice with CHCl3. Combined organic phases were dried with anhy-
drous MgSO4 and the evaporation of solvents gave the crude product as
dark oil. The crude product (1.0 g, 4.6 mmol), phenylboronic acid (1.11 g,
9.14 mmol, 1.5 equiv), Na2CO3 (2m (aq.), 2.5 mL), TFH (20 mL) and [Pd-


ACHTUNGTRENNUNG(PPh3)4] (0.26 g, 0.23 mmol) were degassed by N2. The resulting mixture
was stirred at 60 8C for 20 h. The cooled solution was poured in water
(100 mL) and the product was extracted from the water phase three
times with CHCl3. The organic phases were dried with anhydrous
MgSO4. Evaporation of solvent gave the crude product, which was puri-
fied by column chromatography (eluent EtOAc/hexane 1:6). Overall
yield 0.70 g (71%); 1H NMR: d=8.85 (s, 1H), 7.93 (d, J=8.0 Hz, 1H),
7.62–7.40 (m, 6H), 5.93 (s, 1H), 4.23–4.07 ppm (m, 4H); 13C NMR: d=
155.3, 147.4, 137.0, 136.5, 134.7, 128.7, 127.8, 126.8, 120.3, 103.1,
65.2 ppm; HRMS (TOF ES+): m/z calcd for C14H13NO2Na: 250.0839
[M+Na]+ ; found: 250.0829.


2-[1,3]Dioxolan-2-yl-5-phenylpyridine 1-oxide : The same procedure de-
scribed above for 6 was employed. 2-[1,3]Dioxolan-2-yl-5-phenylpyridine
(0.73 g, 3.23 mmol) was converted to the corresponding N-oxide with m-
CPBA (1.11 g, 6.46 mmol) and purified by column chromatography
(eluent EtOAc) giving the product (0.63 g, 80% yield), which was direct-
ly used for the preparation of compound 7 f.


1-Oxy-5-phenylpyridine-2-carbaldehyde (7 f): A similar deprotection pro-
cedure to that described for the preparation of compound 7c was used.
2-[1,3]Dioxolan-2-yl-5-phenylpyridine 1-oxide (0.63 g, 2.59 mmol) was
converted to the corresponding aldehyde by treatment with 20% aque-
ous HCl (30 mL). The crude product was washed with Et2O to give the
pure product as yellow solid. Yield 0.25 g (48%); 1H NMR: d=10.67 (s,
1H), 8.47 (s, 1H), 7.89 (d, J=8.4 Hz, 1H), 7.60–7.52 ppm (m, 6H);
13C NMR: d=185.5, 144.0, 141.9, 138.2, 134.2, 130.2, 129.5, 127.0, 125.4,
123.8 ppm; HRMS (TOF ES+): m/z calcd for C12H9NO2Na: 222.0531
[M+Na]+ ; found: 222.0529.


2-[1,3]Dioxolan-2-ylquinoline : A solution of quinoline-2-carbaldehyde
(1.57 g, 10 mmol), ethylene glycol (1.2 mL, 22.5 mmol), and p-TsOH
(100 mg) in benzene (50 mL) was refluxed overnight under Dean–Stark
conditions. The solution was diluted with CH2Cl2, washed with saturated
aqueous NaHCO3, and dried over anhydrous Na2SO4. Evaporation of the
solvent and purification by column chromatography (eluent EtOAc/
hexane 1:4) gave the product (1.34 g, 67% yield). 1H NMR: d=8.22 (d,
J=8.4 Hz, 1H), 8.15 (d, J=8.8 Hz, 1H), 7.83 (d, J=8.0 Hz, 1H), 7.73
(dd, J=7.2, 8.4 Hz, 1H), 7.66 (d, J=8.4 Hz, 1H), 7.56 (dd, J=7.2, 8.0 Hz,
1H), 5.99 (s, 1H), 4.26–4.12 ppm (m, 4H); 13C NMR: d=151.1, 147.4,
137.1, 129.6, 129.6, 128.3, 127.5, 126.9, 118.0, 104.1, 65.7 ppm; HRMS:
m/z calcd for C12H11NO2Na: 224.0682 [M+Na]+ ; found: 224.0684.


2-[1,3]Dioxolan-2-ylquinoline 1-oxide : 2-[1,3]Dioxolan-2-ylquinoline
(0.71 g, 3.51 mmol) in CH2Cl2 (40 mL) was treated with m-CPBA (0.99 g,
11.4 mmol) at 0 8C for 6 h. After this time, the reaction mixture was dilut-
ed with CH2Cl2 (100 mL), washed with 5% aqueous NaOH and brine
(2V50 mL), and dried with anhydrous Na2SO4. Evaporation of the sol-
vent gave the crude product, which was purified by column chromatogra-
phy (eluent EtOAc) giving the pure product (0.63 g, 83% yield).
1H NMR: d=8.77 (d, J=8.4 Hz, 1H), 7.83 (d, J=8.0 Hz, 1H), 7.75–7.70
(m, 2H), 7.62 (dd, J=7.6, 8.0 Hz, 1H), 7.58 (d, J=8.4 Hz, 1H), 6.59 (s,
1H), 4.14 ppm (s, 4H); 13C NMR: d=143.9, 141.6, 130.1, 129.9, 128.6,
127.8, 124.9, 119.5, 118.5, 97.8, 65.4 ppm; HRMS (TOF ES+): m/z calcd
for C12H11NO3Na: 240.0631 [M+Na]+ ; found: 240.0629.


1-Oxyquinoline-2-carbaldehyde (7g): A suspension of 2-[1,3]dioxolan-2-
ylquinoline 1-oxide (0.58 g, 2.67 mmol) in 20% aqueous HCl (25 mL)
was stirred at 110 8C for 1 h. After this time, the reaction mixture was
cooled to 0 8C and treated with NaHCO3 until neutralized. The mixture
was extracted with CH2Cl2 (6V15 mL) and dried with anhydrous Na2SO4.
Evaporation of the solvent under reduced pressure gave the product
(0.43 g, 93% yield) as yellow solid. 1H NMR: d=10.83 (s, 1H), 8.75 (d,
J=8.8 Hz, 1H), 7.88 (dd, J=1.0, 8.0 Hz, 1H), 7.82–7.72 (m, 3H),
7.70 ppm (d, J=8.0 Hz, 1H); 13C NMR: d=186.4, 132.0, 131.0, 130.9,
130.9, 128.4, 124.6, 119.9, 118.9 ppm; HRMS (TOF ES+): m/z calcd for
C10H7NO2Na: 196.0369 [M+Na]+ ; found: 196.0366.


3-[1,3]Dioxolan-2-ylisoquinoline :[35] This compound was prepared by the
same procedure used as for the synthesis of 2-[1,3]dioxolan-2-ylquinoline.
The mixture of 3-[1,2]dioxan-3-ylisoquinoline (5.0 g, 31.9 mmol), ethylene
glycol (4.4 mL, 78.0 mmol), and p-TsOH (200 mg) in benzene (200 mL)
was refluxed overnight under Dean–Stark conditions giving the product
(5.0 g, 80% yield). 1H NMR: d=9.28 (s, 1H), 7.98 (d, J=8.0 Hz, 1H),
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7.88 (s, 1H), 7.85 (d, J=8.0 Hz, 1H), 7.70 (dd, J=7.0, 8.0 Hz, 1H), 7.62
(dd, J=7.0, 8.0 Hz, 1H), 6.07 (s, 1H), 4.26–4.12 ppm (m, 4H); 13C NMR:
d=152.4, 149.9, 135.6, 130.3, 128.4, 127.4, 127.3, 126.7, 117.3, 65.3;
HRMS (TOF ES+): m/z calcd for C12H11NO3Na: 240.0631 [M+Na]+ ;
found: 224.0676.


3-[1,3]Dioxolan-2-ylisoquinoline 2-oxide : This compound was prepared
by the same procedure used as for the synthesis of 2-[1,3]dioxolan-2-yl-
quinoline 1-oxide. 3-[1,3]Dioxan-2-ylisoquinoline (4.3 g, 21.5 mmol) was
treated with m-CPBA (5.56 g, 32.2 mmol) giving the corresponding N-
oxide (4.3 g, 93% yield). 1H NMR: d=8.84 (s, 1H), 7.99 (s, 1H), 7.82 (d,
J=7.2 Hz, 1H), 7.72 (d, J=8.4 Hz, 1H), 7.65–7.55 (m, 2H), 6.53 (s, 1H),
4.17 ppm (s, 4H); 13C NMR: d=144.0, 136.9, 129.5, 129.4, 128.9, 128.5,
127.1, 124.5, 121.8, 97.7, 65.5 ppm; HRMS (TOF ES+): m/z calcd for
C12H11NO3Na: 240.0631 [M+Na]+ ; found: 240.0524.


2-Oxyisoquinoline-3-carbaldehyde (7h): A similar deprotection proce-
dure as for 1-oxyquinoline-2-carbaldehyde was used. 3-[1,3]Dioxan-2-yl-
ACHTUNGTRENNUNGisoquinoline 2-oxide (4.21 g, 19.3 mmol) was treated with 20% aqueous
HCl (200 mL). Recrystallization from CH2Cl2 gave the product (2.21 g,
66% yield). 1H NMR: d=10.80 (s, 1H), 8.75 (s, 1H), 8.30 (s, 1H), 6.93
(d, J=8.0 Hz, 1H), 7.94–7.63 ppm (m, 3H); 13C NMR: d=186.4, 136.9,
131.9, 131.6, 129.7, 129.0, 127.9, 125.7, 124.9 ppm; HRMS (TOF ES+):
m/z calcd for C10H7NO2Na: 196.0369 [M+Na]+ ; found: 196.0366.


1-[1,3,5]Trioxan-2-ylisoquinoline 2-oxide : This compound was prepared
by the same procedure used for the synthesis of 2-[1,3]dioxolan-2-yl-
ACHTUNGTRENNUNGquinoline 1-oxide. 1-[1,3,5]Trioxan-2-ylisoquinoline[36] (0.93 g, 4.25 mmol)
gave the corresponding N-oxide (1.0 g, 100% yield). 1H NMR: d=8.95
(d, J=8.8 Hz, 1H), 8.12 (d, J=7.2 Hz, 1H), 7.74 (d, J=8.0 Hz, 1H),
7.70–7.57 (m, 3H), 7.47 (s, 1H), 5.48–5.44 ppm (m, 4H); 13C NMR: d=
136.1, 129.3, 129.2, 128.8, 128.0, 126.8, 125.5, 125.2, 96.4, 94.3 ppm;
HRMS (TOF ES+): m/z calcd for C12H11NO4Na: 256.0580 [M+Na]+ ;
found: 256.0579.


2-Oxyisoquinoline-1-carbaldehyde (7 i): Compound 7 i (0.79 g, 88% yield)
was obtained by the same procedure used for the synthesis of 1-oxy-
ACHTUNGTRENNUNGquinoline-2-carbaldehyde, from 1-[1,3,5]trioxan-2-ylisoquinoline 2-oxide
(1.2 g, 5.2 mmol). 1H NMR: d=10.81 (s, 1H), 8.90 (d, J=8.8 Hz, 1H),
8.11 (d, J=7.2 Hz, 1H), 7.82 (d, J=7.2 Hz, 1H), 7.77 (d, J=8.4 Hz, 1H),
7.71 (dd, J=8.4, 8.8 Hz, 1H), 7.61 ppm (dd, J=8.4, 8.4 Hz, 1H);
13C NMR: d=188.5, 137.0, 131.7, 129.0, 128.43, 128.36, 127.7, 127.1,
123.5 ppm; HRMS (TOF ES+): m/z calcd for C10H7NO2Na: 196.0369
[M+Na]+ ; found: 196.0367.


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(1-oxypyridin-2-yl)propionate (8a):
This compound was prepared according to the general procedure descri-
bed above. It was obtained after purification by flash chromatography
(eluent EtOH/EtOAc 1:1) in 79% yield. 1H NMR: d=8.18 (d, J=6.4 Hz,
1H), 7.35–7.23 (m, 3H), 5.09 (s, 1H), 3.69 (s, 3H), 1.29 (s, 3H), 1.30 ppm
(s, 3H); 13C NMR: d=176.4, 148.7, 140.2, 126.8, 126.8, 124.6, 76.7, 52.2,
48.9, 21.7, 21.7 ppm; HRMS (TOF ES+): m/z calcd for C11H15NO4Na:
248.0899 [M+Na]+ ; found: 248.0901. The ee was determined by HPLC
on a Daicel Chiralpack OD, hexane/iPrOH (90:10) as eluent, flow rate=
1.0 mLmin�1. tR=15.5 (minor enantiomer), 18.9 min (major enantiomer).
[a]25D =++61.6 (c=0.57 in CHCl3).


Methyl (S)-3-(6-bromo-1-oxypyridin-2-yl)-3-hydroxy-2,2-dimethylpropio-
nate (8b): This compound was prepared according to the general proce-
dure described above. It was obtained after purification by flash chroma-
tography (eluent EtOAc) in 92% yield. 1H NMR: d=7.65 (dd, J=2.0,
8.0 Hz, 1H), 7.26 (dd, J=2.0, 8.0 Hz, 1H), 7.15 (dd, J=8.0, 8.0 Hz, 1H),
6.39 (d, J=8.8 Hz, 1H), 5.13 (d, J=8.8 Hz, 1H), 3.69 (s, 3H), 1.31 (s,
3H), 1.29 ppm (s, 3H); 13C NMR: d=176.1, 151.4, 133.8, 129.3, 125.9,
125.3, 76.0, 52.2, 48.6, 21.7, 21.6 ppm; HRMS (TOF ES+): m/z calcd for
C11H14BrNO4Na: 326.0004 [M+Na]+ ; found: 326.0007. The ee was deter-
mined by HPLC on a Daicel Chiralpack OD, hexane/iPrOH (90:10) as
eluent, flow rate=1.0 mLmin�1. tR=9.7 (minor enantiomer), 12.8 min
(major enantiomer); [a]25D =++37.02 (c=5.00 in CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(1-oxy-6-phenylpyridin-2-yl)propio-
nate (8c): This compound was prepared according to the general proce-
dure described above. It was obtained after purification by flash chroma-
tography (eluent EtOAc) in 64% yield. 1H NMR: d=7.71–7.69 (m, 2H),
7.51–7.31 (m, 5H), 7.20 (d, J=7.6 Hz, 1H), 5.04 (s, 1H), 3.68 (s, 3H),


1.33 (s, 3H), 1.31 ppm (s, 3H); 13C NMR: d=176.3, 150.3, 148.3, 132.3,
129.7, 129.3, 128.3, 126.2, 125.5, 79.0, 52.2, 49.0, 22.6, 21.9 ppm; HRMS
(TOF ES+): m/z calcd for C17H19NO4Na: 324.1212 [M+Na]+ ; found:
324.1215. The ee was determined by HPLC on a Daicel Chiralpack OD,
hexane/iPrOH (90:10) as eluent, flow rate=1.0 mLmin�1. tR=9.1 (minor
enantiomer), 12.9 min (major enantiomer). [a]25D =++32.1 (c=2.37 in
CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(6-methyl-1-oxypyridin-2-yl)propio-
nate (8d): This compound was prepared according to the general proce-
dure described above. It was obtained after purification by flash chroma-
tography (eluent EtOAc) in 78% yield. 1H NMR: d=7.61 (d, J=9.2 Hz,
1H), 7.25–7.18 (m, 2H), 7.09 (dd, J=2.4, 7.2 Hz, 1H), 4.99 (d, J=9.2 Hz,
1H), 3.67 (s, 3H), 2.49 (s, 3H), 1.30 (s, 3H), 1.28 ppm (s, 3H); 13C NMR:
d=176.3, 150.1, 147.6, 125.8, 125.2, 124.4, 79.0, 52.2, 49.2, 22.4, 21.8,
18.0 ppm; HRMS (TOF ES+): m/z calcd for C12H17NO4Na: 262.1055
[M+Na]+ ; found: 262.1055. The ee was determined by HPLC on a
Daicel Chiralpack OD, hexane/iPrOH (90:10), flow rate=1.0 mLmin�1.
tR=8.6 (minor enantiomer), 10.6 min (major enantiomer); [a]25D =++55.9
(c=0.69 in CHCl3).


Methyl (S)-3-(5-bromo-1-oxypyridin-2-yl)-3-hydroxy-2,2-dimethylpropio-
nate (8e): This compound was prepared according to the general proce-
dure described above. It was obtained after purification by flash chroma-
tography (eluent EtOH/EtOAc 1:1) in 72% yield. 1H NMR: d=8.27 (s,
1H), 7.41 (d, J=8.6 Hz, 1H), 7.18 (d, J=8.8 Hz, 1H), 6.23 (d, J=8.4 Hz,
1H), 5.15 (d, J=8.4 Hz, 1H), 3.69 (s, 3H), 1.27 (s, 3H), 1.26 ppm (s,
3H); 13C NMR: d=176.3, 148.5, 141.2, 129.2, 126.8, 119.0, 75.5, 52.3, 48.7,
21.7, 21.5 ppm; HRMS (TOF ES+): m/z calcd for C11H14BrNO4Na:
326.0004 [M+Na]+ ; found: 326.0007. The ee was determined by HPLC
on a Daicel Chiralpack OD, hexane/iPrOH (90:10), flow rate=
1.0 mLmin�1. tR=8.9 (minor enantiomer), 14.9 min (major enantiomer);
[a]25D =++36.7 (c=2.30 in CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(1-oxy-5-phenylpyridin-2-yl)propio-
nate (8 f): This compound was prepared according to the general proce-
dure described above. It was obtained after purification by flash chroma-
tography (eluent EtOH/EtOAc 1:1) in 84% yield. 1H NMR: d=8.41 (s,
1H), 7.54–7.46 (m, 6H), 7.30 (d, J=8.4 Hz, 1H), 5.13 (s, 1H), 3.72 (s,
3H), 1.34 (s, 3H), 1.33 ppm (s, 3H); 13C NMR: d=176.4, 146.5, 138.8,
138.4, 134.6, 129.4, 126.8, 125.3, 77.7, 52.3, 49.3, 22.0, 21.8 ppm; HRMS
(TOF ES+): m/z calcd for C17H19NO4Na: 324.1212 [M+Na]+ ; found:
324.1216. The ee was determined by HPLC on a Daicel Chiralpack AD,
hexane/iPrOH (90:10), flow rate=1.0 mLmin�1. tR=28.5 (major enan-
tiomer), 39.0 min (minor enantiomer); [a]25D =++46.3 (c=2.05 in CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(1-oxyquinolin-2-yl)propionate
(8g): This compound was prepared according to the general procedure
described above. It was obtained after purification by flash chromatogra-
phy (eluent hexane/EtOAc 1:2) in 90% yield. 1H NMR: d=8.66 (d, J=
8.8 Hz, 1H), 7.80–7.70 (m, 2H), 7.64 (dd, J=7.6, 7.6 Hz, 1H), 7.55 (d, J=
8.8 Hz, 1H), 7.28 (d, J=7.6 Hz, 1H), 7.21 (d, J=8.8 Hz, 1H), 5.39 (d, J=
7.2 Hz, 1H), 3.66 (s, 3H), 1.31 (s, 3H), 1.29 ppm (s, 3H); 13C NMR: d=
176.3, 146.5, 141.3, 130.8, 129.0, 128.7, 127.9, 126.0, 122.1, 119.4, 77.0,
52.2, 49.5, 22.0, 21.6 ppm; HRMS (TOF ES+): m/z calcd for
C15H17NO4Na: 298.1050 [M+Na]+ ; found: 298.1049. The ee was deter-
mined by HPLC on a Daicel Chiralpack OD, hexane/iPrOH (90:10) as
eluent, flow rate=1.0 mLmin�1. tR=10.8 (minor enantiomer), 15.6 min
(major enantiomer); [a]25D =++81 (c=0.47 in CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(2-oxyisoquinolin-3-yl)propionate
(8h): This compound was prepared according to the general procedure
described above. It was obtained after purification by flash chromatogra-
phy (eluent hexane/EtOAc 1:9) in 89% yield. 1H NMR: d=8.70 (s, 1H),
7.73–7.67 (m, 2H), 7.62–7.55 (m, 3H), 7.10 (d, J=8.8 Hz, 1H), 5.28 (d,
J=8.8 Hz, 1H), 3.69 (s, 3H), 1.32 (s, 3H), 1.31 ppm (s, 3H); 13C NMR:
d=176.3, 144.4, 137.2, 129.4, 129.2, 128.9, 127.9, 126.4, 124.5, 124.1, 76.8,
51.9, 48.7, 21.72, 21.66 ppm; HRMS (TOF ES+): m/z calcd for
C15H17NO4Na: 298.1050 [M+Na]+ ; found: 298.1063. The ee was deter-
mined by HPLC on a Daicel Chiralpack AD, hexane/iPrOH (80:20) as
eluent, flow rate=1.0 mLmin�1. tR=14.5 (major enantiomer), 29.0 min
(minor enantiomer); [a]25D=�8.3 (c=0.48 in CHCl3).
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Methyl (S)-3-hydroxy-2,2-dimethyl-3-(2-oxyisoquinolin-1-yl)propionate
(8 i): This compound was prepared according to the general procedure
described above. It was obtained after purification by flash chromatogra-
phy using (eluent hexane/EtOAc 1:9) in 84% yield .1H NMR: d=8.46
(br s, 1H), 8.03 (d, J=7.5 Hz, 2H), 7.80 (d, J=7.5 Hz, 1H), 7.70–7.61 (m,
2H), 5.70 (d, J=10.8 Hz, 1H), 3.61 (s, 3H), 1.37 (s, 3H), 1.30 ppm (s,
3H); 13C NMR: d=175.9, 144.6, 136.8, 129.5, 129.4, 129.2, 128.4, 127.5,
123.8, 123.7, 75.2, 52.3, 49.8, 23.4, 22.8 ppm; HRMS (TOF ES+): m/z
calcd for C15H17NO4Na: 298.1050 [M+Na]+; found: 298.1064. The ee was
determined by HPLC on a Daicel Chiralpack AD, hexane/iPrOH (90:10)
as eluent, flow rate=1.0 mLmin�1. tR=31.1 (major enantiomer), 85.9 min
(minor enantiomer); [a]25D=++101 (c=0.65 in CHCl3).


Phenyl (R,R)-2-benzyloxy-3-hydroxy-3-(2-oxyisoquinolin-3-yl)propionate
(8 j): This compound was prepared according to the general procedure
described above. It was obtained in 91% yield as a 12:1 d.r. mixture. The
major diastereomer could be isolated pure in 80% yield with flash chro-
matography (eluent hexane/EtOAc 2:3). Major diastereomer: 1H NMR:
d=8.71 (s, 1H), 7.75 (s, 1H), 7.65–7.57 (m, 2H), 7.50–7.47 (m, 2H), 7.23
(dd, J=8.0, 8.0 Hz, 2H), 7.12–7.10 (m, 6H), 6.96 (d, J=7.6 Hz, 2H), 6.38
(br s, 1H), 5.34 (d, J=6.6, 1H), 4.99 (d, J=6.6 Hz, 1H), 4.63 (d, J=
11.5 Hz, 1H), 4.48 ppm (d, J=11.5 Hz, 1H); 13C NMR: d=169.1, 150.3,
143.6, 137.2, 136.6, 129.6, 129.3, 128.4, 128.2, 128.0, 127.8, 126.7, 125.8,
124.8, 124.2, 121.4, 78.7, 72.9, 72.6 ppm; HRMS (TOF ES+): m/z calcd
for C25H21NO5Na: 438.1312 [M+Na]+ ; found: 438.1322. The ee was deter-
mined by HPLC on a Daicel Chiralpack OD, hexane/iPrOH (95:5) as
eluent, flow rate=1.0 mLmin�1. tR=60.0 (minor enantiomer), 75.5
(major enantiomer); [a]25D =�17.7 (c=0.52 in CHCl3).
Methyl (R,R)-2-benzyl-3-hydroxy-3-(2-oxyisoquinolin-3-yl)-propionate
(8k): This compound was prepared according to the general procedure
described above. Obtained in 96% yield as a 5:1 d.r. mixture. The major
diastereomer could be separated as a pure form by column chromatogra-
phy (eluent hexane/EtOAc 1:4). Major diastereomer: 1H NMR: d=8.80
(s, 1H), 7.80–7.70 (m, 2H), 7.68 (s, 1H), 7.64–7.61 (m, 2H), 7.27–7.15 (m,
5H), 5.09 (d, J=8.8 Hz, 1H), 3.84 (ddd, J=4.0, 8.8, 10.2 Hz, 1H), 3.35
(dd, J=4.0, 13.6 Hz, 1H), 3.29 (s, 3H), 3.11 ppm (dd, J=10.2, 13.6 Hz,
1H); 13C NMR: d=174.1, 144.7, 138.6, 137.6, 129.8, 129.4, 128.9, 128.3,
126.8, 126.3, 124.9, 123.4, 73.0, 51.4, 50.9, 34.6 ppm; HRMS (TOF ES+):
m/z calcd for C20H19NO4Na: 360.120 [M+Na]+ ; found: 360.1219. The ee
was determined by HPLC on a Daicel Chiralpack AD, hexane/iPrOH
(90:10) as eluent, flow rate=1.0 mLmin�1. tR=54.5 (major enantiomer),
66.5 (minor enantiomer); [a]25D =�71.1 (c=0.36 in CHCl3).
Phenyl (R,R)-2-Benzyloxy-3-hydroxy-3-(2-oxyisoquinolin-1-yl)propionate
(8 l): This compound was prepared according to the general procedure
described above. The major diastereomer could be separated as a pure
form by column chromatography (eluent hexane/EtOAc 1:2). Major dia-
stereomer: 1H NMR: d=8.26 (m, 1H), 8.05 (d, J=7.2 Hz, 1H), 7.83 (m,
1H), 7.68 (m, 3H), 7.41 (dd, J=7.6, 7.6 Hz, 2H), 7.16 (m, 6H), 6.78 (d,
J=7.6 Hz, 2H), 5.92 (d, J=9.2 Hz, 1H), 5.02 (d, J=9.2 Hz, 1H), 4.55 (d,
J=12.0 Hz, 1H), 4.31 ppm (d, J=12.0 Hz, 1H); 13C NMR: d=169.6,
150.6, 144.6, 136.3, 136.3, 129.6, 129.5, 129.4, 128.1, 127.7, 127.5, 127.0,
126.0, 124.5, 124.1, 121.6, 78.4, 72.8, 69.6 ppm; HRMS (TOF ES+): m/z
calcd for C25H21NO5Na: 438.1217 [M+Na]+; found: 438.1311. The ee was
determined by HPLC on a Daicel Chiralpack AD, hexane/iPrOH (80:20)
as eluent, flow rate=1.0 mLmin�1. tR=72.1 (major enantiomer); [a]


25
D =


+73.5 (c=1.8 in CHCl3).


tert-Butyl (S,R)-3-Hydroxy-2-methyl-3-(2-oxyisoquinolin-3-yl)propionate
(8m): This compound was prepared according to the general procedure
described above. It was obtained in 97% yield as a 3:1 d.r mixture. The
major diastereomer could be separated as a pure form by column chro-
matography (eluent hexane/EtOAc 1:4). Major diastereomer: 1H NMR:
d=8.78 (s, 1H), 7.78–7.71 (m, 3H), 7.62–7.58 (m, 2H), 5.73 (br s, 1H,
OH), 5.14 (d, J=7.2 Hz, 1H), 3.40 (m, J=7.2 Hz, 1H), 1.27 (d, J=
7.2 Hz, 3H), 1.26 ppm (s, 9H); 13C NMR: d=174.8, 145.9, 137.2, 129.6,
129.3, 129.2, 128.2, 126.7, 124.7, 123.2, 80.8, 72.5, 43.1, 27.8, 13.0 ppm;
HRMS (TOF ES+): m/z calcd for C13H21NO4Na: 326.1363 [M+Na]+ ;
found: 326.1367. The ee was determined by HPLC on a Daicel Chiral-
pack AD, hexane/iPrOH (90:10) as eluent, flow rate=1.0 mLmin�1. tR=


24.9 (major enantiomer), 37.2 (minor enantiomer); [a]25D=�19.0 (c=0.51
in CHCl3).


Phenyl (R,R)-2-benzyloxy-3-hydroxy-3-(1-oxypyridin-2-yl)propionate
(8n): This compound was prepared according to the general procedure
described above. The major diastereomer could be separated as a pure
form by column chromatography (eluent hexane/EtOAc 1:4). Major dia-
stereomer: 1H NMR: d=8.22 (d, J=6.4 Hz, 1H), 7.50 (d, J=2.0 Hz,
1H), 7.48–7.20 (m, 10H), 7.06 (d, J=7.6 Hz, 2H), 5.23 (d, J=7.6 Hz,
1H), 4.98 (d, J=7.2 Hz, 1H), 4.72 (d, J=11.6 Hz, 1H), 4.56 ppm (d, J=
11.6 Hz, 1H); 13C NMR: d=169.0, 150.4, 147.8, 139.7, 136.6, 129.4, 128.4,
128.1, 127.0, 126.6, 126.0, 125.0, 121.4, 77.9, 73.0, 72.9 ppm; HRMS (TOF
ES+): m/z calcd for C21H19NO5Na: 388.1161 [M+Na]+ ; found: 388.1167.
The ee was determined by HPLC on a Daicel Chiralpack AD, hexane/
iPrOH (90:10) as eluent, flow rate=1.0 mLmin�1. tR=49.3 (minor enan-
tiomer), 70.4 min (major enantiomer); [a]25D =++6.9 (c=1.90 in CHCl3).


Phenyl (R,R)-2-benzyloxy-3-(5-bromo-1-oxypyridin-2-yl)-3-hydroxyprop-
ACHTUNGTRENNUNGionate (8o): This compound was prepared according to the general pro-
cedure described above. The major diastereomer could be separated as a
pure form by column chromatography (eluent hexane/EtOAc 1:4). Major
diastereomer: 1H NMR: d=8.29 (s, 1H), 7.45–7.24 (m, 10H), 7.05 (d, J=
8.8 Hz, 2H), 5.37 (d, J=8.0 Hz, 1H), 5.20 (dd, J=6.4, 8.0 Hz, 1H), 4.95
(d, J=6.4 Hz, 1H), 4.75 (d, J=11.6 Hz, 1H), 4.57 ppm (d, J=11.6 Hz,
1H); 13C NMR: d=168.7, 150.2, 147.1, 140.8, 136.5, 129.6, 129.4, 128.5,
128.3, 128.1, 126.3, 126.1, 121.3, 119.3, 77.5, 73.1, 72.0 ppm; HRMS (TOF
ES+): m/z calcd for C21H18BrNO5Na: 466.0266 [M+Na]+ ; found:
466.0272. The ee was determined by HPLC on a Daicel Chiralpack OD,
hexane/iPrOH (90:10) as eluent, flow rate=1.0 mLmin�1. tR=16.2
(major enantiomer), 19.8 min (minor enantiomer); [a]25D=�5.7 (c=2.40
in CHCl3).


Methyl (S)-3-hydroxy-2,2-dimethyl-3-(isoquinolin-3-yl)propionate (9):[24]


A mixture of compound 8h (27 mg, 0.1 mmol), indium powder (14 mg,
0.11 mmol), and saturated NH4Cl solution (0.3 mL) in MeOH (0.4 mL)
was refluxed for 9 h. The reaction mixture was filtered through Celite
with EtOAc (30 mL), washed with brine (2V5 mL), and dried with anhy-
drous Na2SO4. Purification by column chromatography (eluent hexane/
EtOAc 1:1) gave 21 mg (79% yield) of the product. 1H NMR: d=9.19 (s,
1H), 7.97 (d, J=8.0 Hz, 1H), 7.80 (d, J=8.0 Hz, 1H), 7.70 (dd, J=7.2,
8.0 Hz, 1H), 7.60 (dd, J=7.2, 8.0 Hz, 1H), 7.55 (s, 1H), 5.07 (d, J=
7.8 Hz, 1H), 4.58 (d, J=7.8 Hz, 1H), 3.74 (s, 3H), 1.19 (s, 3H), 1.17 ppm
(s, 3H); 13C NMR: d=177.3, 151.6, 151.1, 135.8, 130.7, 128.1, 127.6, 127.3,
126.7, 118.5, 77.6, 51.9, 48.6, 21.4, 20.7 ppm; HRMS (TOF ES+): m/z
calcd for C15H17NO3Na: 282.1101 [M+Na]+; found: 282.1105. The ee was
determined by HPLC on a Daicel Chiralpack AD, hexane/iPrOH (90:10)
as eluent, flow rate=1.0 mLmin�1. tR=19.4 (major enantiomer), 28.3 min
(minor enantiomer); [a]25D=�25.1 (c=0.39 in CHCl3).
(1S,2R,10aS)-2-Benzyloxy-1-hydroxy-1,5,10,10a-tetrahydro-2H-pyrrolo-
ACHTUNGTRENNUNG[1,2-b]isoquinolin-3-one (11):[26] Dry ammonium formate (80 mg) was
added to a solution of substrate 8j (50 mg, 0.12 mmol) and Pd/C 10%
(20 mg) in anhydrous iPrOH (1.2 mL). The mixture was stirred overnight
under N2 atmosphere and the solution was filtered through Celite. The
solvent was removed under reduced pressure and the resulting solid was
washed with EtOAc (2 mL) to give compound 11 (20 mg, 54% yield).
1H NMR: d=7.44–7.33 (m, 5H), 7.22–7.15 (m, 4H), 5.08 (d, J=11.6 Hz,
1H), 4.87 (d, J=11.6 Hz, 1H), 4.79 (d, J=17.6 Hz, 1H), 4.40–4.34 (m,
2H),4.17 (d, J=5.2 Hz, 1H), 3.65 (ddd, J=4.0, 4.0, 11.6 Hz, 1H), 3.19
(dd, J=15.6 Hz, 1H), 2.81 ppm (dd, J=4.0, 15.6 Hz, 2H); 13C NMR: d=
170.2, 136.8, 133.8, 130.9, 129.1, 128.6, 128.3, 126.9, 126.7, 77.3, 73.2, 67.2,
55.4, 42.5, 29.2 ppm; HRMS (TOF ES+): m/z calcd for C19H19NO3Na:
332.1257 [M+Na]+ ; found: 332.1262; [a]25D=�27.0 (c=0.27 in CHCl3).
(1S,2R,10aS)-1,2-Dihydroxy-1,5,10,10a-tetrahydro-2H-pyrroloACHTUNGTRENNUNG[1,2-b]iso-
quinolin-3-one (12): A solution containing substrate 11 (26.8 mg,
0.086 mmol), two drops of CF3CO2H, and 10% Pd/C (3 mg) in MeOH
(4 mL) was stirred under H2 atmosphere at 15 bar overnight. After this
time, the reaction mixture was filtered through Celite, the solvent was re-
moved under reduced pressure and the residue purified by column chro-
matography (eluent hexane/EtOAc 1:9) to give the product (15.1 mg,
98% yield). 1H NMR ([D4]MeOH): d=7.20–7.10 (m, 4H), 4.55 (d, J=
17.4 Hz, 1H), 4.37–4.31 (m, 2H), 4.31 (d, J=17.4 Hz, 1H), 3.65 (ddd, J=
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3.3, 4.0, 11.6 Hz, 1H), 3.07 (dd, J=11.6, 15.4 Hz, 1H), 2.75 ppm (dd, J=
4.0, 15.4 Hz, 1H); 13C NMR ([D4]MeOH): d=175.3, 135.5, 132.1, 130.1,
128.1, 127.8, 127.8, 73.5, 70.5, 57.0, 43.6, 29.9 ppm; HRMS (TOF ES+):
m/z calcd for C12H13NO3Na: 242.0788 [M+Na]+ ; found: 242.0786; [a]25D =


�86.2 (c=0.38 in MeOH).
(1R,2S,10aS)-1,2-Dihydroxy-1,2,3,5,10,10a-hexahydrobenzo[f]indolizine
(13): BH3·Me2S (0.08 mL, 0.8 mmol) was added to a solution of 12
(13 mg, 0.059 mmol) in THF (2 mL) at 0 8C. The mixture was stirred
overnight, then EtOH (5 mL) was added slowly and the solution was re-
fluxed for 5 h. After removal of the solvents, the crude mixture was treat-
ed with EtOH (3V5 mL). After evaporation of solvent under reduced
pressure, the mixture was purified by column chromatography (eluent
EtOH/EtOAc 1:9) to give the product (9.2 mg, 71% yield). 1H NMR: d=
7.25–7.13 (m, 3H), 7.04 (d, J=6.8 Hz), 4.34 (unresolved dd, 1H), 4.20
(unresolved dd, 1H), 4.08 (d, J=14.4 Hz, 1H), 3.39 (d, J=14.4 Hz, 1H),
3.18 (t, J=10.4 Hz, 1H), 3.13 (d, J=16.4 Hz, 1H), 2.80 (d, J=16.4 Hz,
1H), 2.50 (m, 1H), 2.43 ppm (m, 1H); 1H NMR ([D6]DMSO): d=7.20–
7.06 (m, 4H), 4.81 (brd, J=4.8 Hz, 1H), 4.50 (br s, 1H), 4.19 (unresolved
q, 1H), 3.99 (t, J=5.2 Hz, 1H), 3.94 (d, J=14.6 Hz), 3.35 (br s, 1H), 3.27
(d, J=14.6 Hz, 1H), 3.04 (dd, J=11.6, 16.0 Hz, 1H), 2.97 (dd, J=0.8,
9.6 Hz, 1H), 2.63 (dd, J=3.6, 16.0 Hz, 1H), 2.40 (t, J=8.4 Hz, 1H),
2.33 ppm (br s, 1H); 13C NMR ([D6]DMSO): d=134.8, 134.4, 128.9, 126.2,
126.0, 125.3, 70.6, 68.8, 63.4, 61.2, 55.0, 28.3 ppm; HRMS (TOF ES+):
m/z calcd for C12H15NO2Na: 228.0995 [M+Na]+ ; found: 228.0993; [a]25D =


�27.1 (c=0.25 in acetone).
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Chiral Molecular Magnets: Synthesis, Structure, and
Magnetic Behavior of the Series [M ACHTUNGTRENNUNG(l-tart)] (M = MnII, FeII, CoII, NiII;
l-tart = (2R,3R)-(+)-tartrate)


Eugenio Coronado,* Jos. R. Gal1n-Mascar2s,* Carlos J. G2mez-Garc4a, and
Ana Murcia-Mart4nez[a]


Introduction


During the last thirty years, coordination chemistry has
played a key role in the field of magnetic materials as it has
provided many examples of polynuclear metal complexes
that serve as models to study exchange interactions, or as
materials with useful magnetic properties. In this regard,
small ligands that offer a p pathway for the magnetic ex-


change, like cyanide (CN�),[1] oxalate (C2O4
2�),[2] dicyana-


mide ([N(CN)2]
�),[3] or others,[4] are responsible for most of


the molecule-based magnets in the literature; the other
strategy being the use of spin carriers as ligands for metal
centers, such as the organic radicals tetracyanoethylene
(TCNE�)[5] and 7,7,8,8-tetracyanoquinodimethane
(TCNQ�),[6] or nitronyl nitroxide species.[7] All this back-
ground has shown how one can control, at the molecular
level, the dimensionality of the magnetic lattice, as well as
the sign, strength, and anisotropy of the exchange interac-
tions, providing a useful approach to design novel magnetic
molecular materials.


Regarding molecule-based magnetism, two of the most re-
markable trends of current interest in the field of materials
science are molecular nanomagnets[8,9] and multifunctional
magnetic materials.[10–16] The latter are usually constructed
from electroactive molecular building blocks that self-assem-
ble into solid architectures, bringing a desired physical prop-


Abstract: A new series of layered mag-
nets with the formula [M(l-tartrate)]
(M = MnII, CoII, FeII, NiII ; l-tartrate
= (2R,3R)-(+)-tartrate) has been pre-
pared. All of these compounds are iso-
structural and crystallize in the chiral
orthorhombic space group I222, as
found by X-ray structure analysis.
Their structure consists of a three-di-
mensional polymeric network in which
each metal shows distorted octahedral
coordination bound to four l-tartrate
ligands, two of which chelate through
an alcohol and a carboxylate group and
the other two bind terminally through
a monodentate carboxylate group. The
chirality of the ligand imposes a D con-
formation on all metal centers. Mag-


netically, the paramagnetic metal cen-
ters form pseudotetragonal layers in
which each metal is surrounded by four
other metals, with syn,anti carboxylate
bridges. These salts show intralayer an-
tiferromagnetic or ferromagnetic inter-
actions, depending on the electronic
configuration of the metal, and weak
interlayer antiferromagnetic interac-
tion. In all cases the magnetic proper-
ties are strongly affected by the aniso-
tropy of the system, and the presence


of magnetic canting has been found.
The Mn derivative behaves as a weak
ferromagnet with a critical temperature
of 3.3 K. The Ni derivative shows very
unusual magnetic behavior in that it
exhibits antiferromagnetic ordering
below 6 K, the onset of spontaneous
magnetization arising from spin reor-
ientation into a canted phase below
4.5 K, and a field-induced ferromagnet-
ic state above 0.3 T at 2 K, behavior
typical of metamagnets. The Fe and Co
derivatives show antiferromagnetic in-
teractions between spin carriers, but do
not order above 2 K.
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erty of interest. Thus, the intermolecular interactions be-
tween the molecular fragments will also dictate the existing
interactions between both properties. Unusual combinations
of properties can be achieved in this way.


One possible combination of properties that has not been
thoroughly explored, and where the molecular approach
presents many advantages, is that of optical activity and
magnetism. Chirality being a property of molecules, it is
easy to envision how the use of chiral molecular precursors
can lead to the design and preparation of chiral magnetic
materials and magnets. The crystal anisotropy caused by the
non-centrosymmetric arrangement of the spin carriers may
affect the bulk magnetic properties of the material, and
even give rise to new phenomena, such as magnetochiral di-
chroism.[17] Several optically active magnets have been re-
ported over the years. A variety of chiral building blocks
have been used to impose chirality into the magnetic net-
works, including chiral capping ligands,[18] chiral organic rad-
icals,[19] and chiral metal complexes.[20] Some of these have
also been obtained from achiral building blocks.[21]


In the search for chiral ligands able to promote magnetic
exchange, we focused on the l-tartrate ligand (l-tart). Some
tartrate salts have been reported to possess interesting ferro-


electric and piezoelectric properties.[22] For a large variety of
metals, their tartrate salts are built from a common structur-
al building block, a dimer of general formula [M2 ACHTUNGTRENNUNG(l-
tart)2Xn]


y� (Figure 1), where X can be a solvent molecule or


another type of capping ligand.[23] The l-tart ligands chelate
the metal centers through the hydroxyl (protonated or de-
protonated) and the carboxylate groups, with each metal ion
bound to two ligands in cis conformation. In the solid state,
the divalent metal tartrates afford polymeric structures in
which the octahedral coordination geometry of the metal
centers is completed by water molecules and by nonchelat-
ing carboxylate oxygen atoms from adjacent dimers.[24]


When magnetic ions are used, the magnetic intradimer ex-
change is usually negligible, because the backbone of the l-
tart ligand is not very efficient in transmitting the exchange
interactions. The interdimer carboxylate bridges, however,
can give rise to different magnetic nuclearities depending on
the number of solvent molecules substituted by carboxylate
O atoms. Among these compounds, only magnetic CuII di-
mers[25]and MnII layers have been characterized.[26] Weak fer-
romagnetism below the NMel temperature (TN) = 1.83 K
has been reported for the latter.[27]


Here we report how hydrothermal treatment is a conven-
ient synthetic approach for the preparation of chiral magnet-
ic materials of general formula [M ACHTUNGTRENNUNG(l-tart)] (M = Mn (1), Fe
(2), Co (3), Ni (4)) containing two-dimensional magnetic
layers. Depending on the nature of the MII metal, this
family shows various magnetic behaviors, including unusual
magnetic behaviors coming from the chiral character of
these compounds.


Results and Discussion


Synthesis and crystal structure : Compounds [M ACHTUNGTRENNUNG(l-tart)] (M
= Mn (1), Fe (2), Co (3), Ni (4)) can be prepared by hydro-
thermal treatment of solutions containing the metal ions
and the ligand. The high temperature and pressure allow for
the preparation of these binary compounds, which include
no solvent molecules; this favors a higher connectivity be-
tween the metal centers and the polydentate ligand. In this


Abstract in Spanish: Se ha preparado una nueva serie de
imanes isostructurales laminares de f�rmula [M(l-tartrato)]
(M = MnII, CoII, FeII, NiII ; (l-tartrato = (2R,3R)-(+)-tartra-
to) que cristalizan en el grupo espacial quiral r�mbico I222,
de acuerdo con el anlisis estructural por rayo X. La estructu-
ra consiste en una red polim/rica 3D donde cada metal posee
una coordinacin octa/drica distorsionada unido a cuatro li-
gandos l-tartrato, dos de ellos quelantes a trav/s de un al-
cohol y de un grupo carboxilato, y dos terminales a trav/s de
un grupo carboxilato monodentado. La quiralidad del ligan-
do impone que todos los centros met2licos tenga conformacin
D. Magn/ticamente, los centros met2licos paramagn/ticos
forman capas pseudo-tetragonales deonde cada metal est2 ro-
deado de cuatro metales, con puentes carboxilato syn anti.
Estas sales muestran interacciones ferromagn/ticas o antife-
rromagn/ticas en la capa, dependiendo de la configuraci�n
electr�nica del metal, e interacciones antiferromagn/ticas d/-
biles entre capas. En todos los casos las propiedades magn/ti-
cas se ven afectadas por la anisotrop3a del sistema, en-
contr2ndose la presencia de “canting” magn/tico. El derivado
de Mn se comporta como un ferromagneto d/bil con una
temperatura cr3tica de 3.3 K. El derivado de Ni presenta un
comportamiento magn/tico muy inusual, mostrando ordena-
miento antiferromagn/tico por debajo de 6 K, con la apari-
ci�n de magnetizaci�n espont2nea debido a una reorienta-
ci�n de los spines dando lugar a una fase con canting magn/-
tico por debajo de 4.5 K, y con un estado ferromagn/tico in-
ducido por un campo magn/tico externo por encima de 0.3 T
a 2 K, tpico de metamagnetos. Los derivados de Fe y Co
muestran interacciones antiferromagn/ticas, pero no se orde-
nan por encima de 2 K.


Figure 1. General representation of the molecular structure of the [M2L4-
ACHTUNGTRENNUNG(l-tart)2] dimers (L = solvent or other ligands).
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way, instead of chains or planes, a polymeric three-dimen-
sional structure can be formed. The analogous [M ACHTUNGTRENNUNG(d-tart)]
can also be obtained through the same procedure. Circular
dichroism measurements confirmed that all products are
enantiopure (see Figure S9 in the Supporting Information).


To obtain single crystals of good quality for X-ray diffrac-
tion analysis, the oxalate salts of the corresponding metal
ions were used. These salts, insoluble at room temperature,
are slightly solubilized under hydrothermal conditions and
release small quantities of the metals into solution as the re-
action takes place. No oxalate is present in the product of
the reaction in this case. The best single crystals were ob-
tained with CoII.


The crystal structure of 3 is formed by the [M2ACHTUNGTRENNUNG(l-tart)2]
dimer acting as a structural repeating unit. The metal cen-
ters are chelated by two tartrate ligands in cis orientation,
with one O atom from the carboxylate group and another
from an adjacent OH group, with each tartrate ligand che-
lating the two metal centers in the dimer. The structure is
then built into a three-dimensional polymer (Figure 2)
through the two other coordination positions in the octahe-
dral metal centers that are occupied by oxygen atoms from
carboxylate groups from adjacent dimers, thus adopting a
syn,anti bridging mode, far less common than the syn,syn


conformation.[30,31] The octahedra show rhombic distortion,
with four M�O short distances (2.046(2) O) and two longer
M�O distances (2.204(2) O) in cis orientation, which corre-
spond to the OH groups (Figure 3). All angles are close to


regular octahedra, with the maximum deviation being found
for the bite angle of the chelating edge (77.49(8)8). The chir-
ality of the ligands imposes all metal centers to adopt the
same D conformation. The carboxylate bridges build a pseu-
dotetragonal two-dimensional layer, with each metal center
bound to four neighboring metal centers (Figure 4). These


layers are held together by the backbone of the tartrate li-
gands. This well-connected three-dimensional polymer
leaves no holes to be occupied by solvent molecules.


Powder patterns of the rest of the series confirm that all
four compounds are isostructural, as concluded from the
fact that their powder patterns are in good agreement with
the theoretical powder pattern extracted from the single-
crystal data obtained for 3. There are slight differences in
the unit-cell parameters (Table 3, see below) among theFigure 2. Two different views of the crystal structure of 3.


Figure 3. Thermal ellipsoid representation (50% probability) of the crys-
tallographic asymmetric unit in 3.


Figure 4. View of the carboxylate-bridged layers, showing the connectivi-
ty between metal centers for 3.
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series, which follow the trend of metal ion sizes, with MnII


showing the largest unit cell and NiII the smallest. The corre-
sponding CuII analogue could not be obtained, because
under the same synthetic conditions CuII is reduced to met-
allic copper.


Magnetic properties : Magnetically, these salts can be viewed
as being formed by two-dimensional magnetic layers, in
which all metal centers are connected by syn,anti carboxy-
late bridges. The layers are connected through the backbone
of the tartrate ligands, and therefore the superexchange be-
tween layers must be negligible.


According to the few examples known, the syn,anti car-
boxylate bridge usually gives rise to weak magnetic ex-
change, with the magnitude and sign of the exchange de-
pending on the nature of the metal. Ferromagnetic interac-
tions are known to be dominant in NiII[35–39] and CuII com-
plexes,[32–34] with very few exceptions for the latter. In turn,
antiferromagnetic interactions have been described for MnII


and CoII systems.[40,36,37] Only one example of a FeII complex
with a syn,anti bridge has been described, but no magnetic
data is available.[41] From these results, it can be deduced
that the unpaired spins in eg orbitals favor ferromagnetic in-
teractions, whereas those in t2g orbitals favor stronger anti-
ferromagnetic interactions, with only one unpaired electron
in a t2g orbital being enough to dominate the overall super-
exchange. Therefore, if CoII is already antiferromagnetic
(AF), it is reasonable to expect FeII to show the same be-
havior. Our results are in good agreement with these expect-
ations (Table 1).[42]


[Mn ACHTUNGTRENNUNG(l-tart)] (1): Figure 5 shows the magnetic behavior of
this salt. In the high-temperature regime (above T = 50 K)
the cmT product remains almost constant, following the typi-
cal paramagnetic Curie–Weiss behavior, for a Curie constant
(C) of 4.2 emuKmol�1 (CSO = 4.375 emuKmol�1; SO=


spin-only) and a Weiss constant (q) of �6.8 K. The Curie
constant has the expected value for an octahedral high-spin
MnII configuration, and the small but negative q value indi-
cates the presence of AF interactions between the MnII cen-
ters. The negative Weiss parameter can be used to estimate
the value of the interaction by using the mean-field expres-
sion q = zJS ACHTUNGTRENNUNG(S+1)/3kB, where z is the number of nearest
neighbors, J is the angular momentum, S is the spin angular
momentum, and kB is the Boltzmann constant. This yields J/
kB = �0.41 cm�1 (�0.58 K), for z = 4.


Due to this interaction, the cmT product shows a rapid de-
crease below T = 50 K, while cm tends to a maximum at


T = 4 K (see Figure S2 in the Supporting Information). Di-
rectly below this temperature, cm shows a jump and reaches
saturation below T = 3 K, suggesting the presence of a
magnetically ordered state with a net magnetization arising
from uncompensated spins. Because the near-neighbor inter-
actions are antiferromagnetic, the spontaneous magnetiza-
tion must arise from the presence of canting between the
antiparallel alignment of the spins, as typically observed for
a weak ferromagnet. This is confirmed by the dynamic (ac)
magnetic susceptibility measurements (Figure 6) that show a
maximum in the in-phase (c’m), and a peak in the out-of-
phase signal (c’’m) that becomes nonzero at 3.3 K, defining
the temperature of magnetic ordering and confirming the
presence of net magnetization in the ordered state. This
peak shows a very broad shoulder with its maximum around
T = 3 K, which also appears in the plot of c’m. The shoulder
is frequency dependent (Figure 6), and disappears for fre-
quencies above 100 Hz, whereas the position of the main
peak remains unchanged. This suggests that the shoulder is
related to dynamic effects, such as domain wall movement,
while the peak corresponds to the magnetic ordering. Simi-
lar features have already been observed in the ac suscepti-
bility behavior of other low-dimensional molecular magnets
(most of them two dimensional).[28] At 2 K, the field de-
pendence of the magnetization increases monotonically,
reaching values far from saturation even at H = 5 T (see
Figure S3 in the Supporting Information), and shows a hys-
teresis loop with a coercive field (Hcoer) of 45 mT (see Fig-
ure S4 in the Supporting Information).


[FeACHTUNGTRENNUNG(l-tart)] (2): In the high-
temperature regime, salt 2
shows magnetic behavior analo-
gous to 1 (Figure 5). It follows
a Curie–Weiss law with C =


3.20 emuKmol�1 (CSO =


3.0 emuKmol�1) and q =


�5.8 K (J = �0.50 cm�1),
which suggest the presence of


Table 1. Main magnetic parameters for the salts [M ACHTUNGTRENNUNG(l-tart)].


M S C g q J Ordering Tc
[a] Hcoer


[b] MR
[c]


[emuKmol�1] [K] ACHTUNGTRENNUNG[cm�1] [K] [mT] [mB]


Mn 5/2 4.2 1.96 �6.8 �0.40 WF 3.3 45 0.03
Fe 2 3.2 2.07 �5.8 �0.50 – – – –
Co “3/2” 2.7 2.38 �11.03 �2.21 – – – –
Ni 1 1.0 2.00 +4.2 +1.58 AF/WF 6/4.5 60 0.07


[a] Critical temperature. [b] At T = 2 K. [c] MR = remnant magnetization.


Figure 5. Temperature dependence of the cmT product for 1, 2, and 3 at
0.1 T.
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AF interactions. The decrease in cmT is also very rapid
below T = 50 K, but no sign of magnetic ordering appeared
above T = 2 K, the limit for our measurements. The field
dependence of the magnetization (see Figure S3 in the Sup-
porting Information) is similar to that of 1 with a slight cur-
vature, but also remaining far from saturation at high fields.


[Co ACHTUNGTRENNUNG(L-tart)] (3): In this case, the cmT product exhibits a con-
tinuous decrease from room temperature. The magnetic
moment at room temperature is very high (cmT =


2.52 emuKmol�1) when compared with the expected spin-
only value (CSO = 1.875 emuKmol�1). Above T = 50 K the
magnetic data can be fitted to a Curie–Weiss law with C =


2.7 emuKmol�1 and q = �11.03 K (J = �2.21 cm�1). These
parameters are obviously too high as they account for the
dominant anisotropy of the octahedral CoII centers and also
for the magnetic exchange. Thus, we can only conclude that
the magnetic exchange must be very weak, and probably
also antiferromagnetic, because the cmT product keeps de-
creasing down to very low temperatures. The field depend-
ence of the magnetization supports this conclusion, with a
slow increase of the magnetization, although in this case the
compound tends to saturation above H = 3 T, to a value
lower than expected (2.5 mB). This suggests, as already dis-
cussed, that the antiferromagnetic interactions are weaker in
this case, relative to the other derivatives, and also confirms


the presence of canting between local spins, even when the
field tends to force their parallel alignment.


[Ni ACHTUNGTRENNUNG(l-tart)] (4): The magnetic behavior of salt 4 is different
from the other members of the series, as expected. The ther-
mal variation of the cmT product at H = 0.1 T shows a
small but continuous increase when decreasing the tempera-
ture (Figure 7) that fits a Curie–Weiss law above 50 K with


C = 1.01 emuKmol�1 and q = ++4.2 K (J = ++1.58 cm�1);
this indicates the presence of ferromagnetic interactions be-
tween the near-neighbor paramagnetic metal centers
through the syn,anti carboxylate bridge. Below 50 K, cmT in-
creases sharply and reaches a maximum value around T =


6 K (cmT = 3.2 emuKmol�1) and then decreases also very
rapidly. The abrupt increase below 50 K arises from the
large correlation between the magnetic moments in the
layer.


In the low temperature range cm also shows a sharp maxi-
mum at T = 6 K with an applied field of 0.1 T, which is the
signature of antiferromagnetic ordering. Heat-capacity
measurements have also been performed (see Figure S5 in
the Supporting Information) that show a sharp lambda peak
that confirms the presence of magnetic ordering, with its
maximum at 6 K defining TN. This ordering must be trig-
gered by weak antiferromagnetic interactions between the
largely correlated ferromagnetic layers in the solid, which
are only 5.15 O apart. At higher fields the cm maximum
shifts towards lower temperatures and completely disap-
pears for fields over H = 0.6 T, where cm increases continu-
ously reaching saturation of the magnetization below T =


4 K (see Figure S6 in the Supporting Information). This be-
havior is typical of metamagnets, for which a critical exter-
nal magnetic field breaks the antiferromagnetic ordering
and induces the appearance of a ferromagnetic phase. The
field dependence of the magnetization at T = 2 K confirms
this point. Thus, the magnetization (M) has a sigmoidal
shape, with a linear, slow increase for small fields, as expect-
ed for a sample with dominant AF interactions, and with a
sudden change in slope above H = 0.3 T, which defines the


Figure 6. Temperature dependence of the ac magnetic susceptibilities (c’m
= in phase, c’’m = out of phase) for 1 at 10 (*/*), 100 (&/&), and
1000 Hz (^/^).


Figure 7. Temperature dependence of the cmT product for 4.
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critical field needed to overcome the antiparallel alignment
of the spins at T = 2 K (Figure 8). From magnetization
measurements at different temperatures (see Figure S7 in


the Supporting Information) it was found that this critical
field decreases for higher temperatures reaching the value
of zero for TN.


The presence of a field-induced ferromagnetic phase[43] is
also confirmed by the hysteretic behavior of the field de-
pendence of the magnetization (Figure 9), which shows a


hysteresis loop of 0.1 T above H = 0.3 T at 2 K. The width
of this hysteresis loop decreases when the temperature is in-
creased, and vanishes at 4.5 K, indicating that above this
temperature and below TN there is a field-induced paramag-
netic phase. Surprisingly, there is a second hysteresis loop in
the T = 2–4.5 K range that appears in the “antiferromag-
netic” phase, with a maximum width of 60 mT at 2 K. Such
behavior is unusual of metamagnets, although it has already
been observed in molecule-based materials.[44]


Dynamic (ac) magnetic susceptibility measurements were
also performed (Figure 10). c’m has a maximum at T = 6 K,
equivalent to that observed in the static (dc) data, with a


small shoulder around T = 4.5 K. c’’m remains essentially
null[45] but it becomes nonzero at T = 4.5 K with the ap-
pearance of a weak and slightly frequency dependent peak
with its maximum around T = 4 K that corresponds to the
small shoulder observed in c’m. This indicates the onset of
spontaneous magnetization in the system below T = 4.5 K
that must arise from a spin reorientation from a pure anti-
ferromagnetic phase to a spin-canted phase. This second
magnetic transition is not related to any feature in the spe-
cific heat data, thus indicating that the entropy associated
with this process is very weak. Such a case has already been
reported for other molecule-based materials that present
two different magnetic transitions, where the one that
occurs at higher temperature always dominates the specific
heat capacity and the second one has almost no effect.[46] In
our case, this second transition affords a very small increase
in c’m, and also a very small, almost negligible, increase in
the field dependence of the magnetization for small fields,
which depends on the effective canting angle between anti-
parallel spins in a weak ferromagnet. This suggests that the
canting angle must be very small too. The zero-field-cooled


Figure 8. Field dependence of the magnetization for 4 at T = 2 K.


Figure 9. Hysteresis loop of the magnetization at T = 2 K for 4.


Figure 10. Temperature dependence of the ac magnetic susceptibilities
(c’m = in phase, c’’m = out of phase) for 4 at 10 (*), 100 (&), and
1000 Hz (^).
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(ZFC), field-cooled (FC), and remnant magnetization meas-
urements with an applied field of 25 G (see Figure S8 in the
Supporting Information) are in good agreement with this
hypothesis. ZFC and FC measurements are completely iden-
tical above T = 4 K, both of them showing the same maxi-
mum in cm. Below 4 K the ZFC behavior clearly deviates
from that of FC, confirming the appearance of spontaneous
magnetization. The remnant magnetization becomes zero at
this same critical temperature.


With all this data we have been able to determine the
phase diagram for this material (Figure 11). It reaches AF
ordering with a TN of 6 K owing to weak antiferromagnetic


interactions between the ferromagnetically correlated layers.
A second magnetic transition to weak ferromagnet occurs at
T = 4.5 K, arising from the onset of spin canting. The mag-
netic ordering can be overcome by an external magnetic
field that induces a ferromagnetically ordered phase or a
paramagnetic phase, below or above 4.5 K, respectively.


Conclusion


We have shown how the molecular approach can be used to
obtain optically active magnetic materials, from the use of
chiral polydentate ligands that act as mediators for the mag-
netic exchange while imposing chirality on the metal cen-
ters. In particular, the hydrothermal synthesis is a useful
procedure to obtain solvent-free coordination compounds,
as the connectivity of the system increases. A series of iso-
structural binary compounds from first-row metal ions and
the l-tartrate ligand have been prepared and characterized.
With the same structural features in this homometallic
series, the paramagnetic metal ions are connected to each
other through syn,anti carboxylate bridges to form magnetic
layers. Antiferromagnetic interactions are favored in the
Mn, Fe, and Co analogues, while Ni favors ferromagnetic in-
teractions. Among the antiferromagnetic examples, only the
Mn derivative presents strong enough magnetic exchange to


show magnetic ordering above T = 2 K. The presence of
canting between the spin carriers prevents the appearance
of pure AF three-dimensional ordering, and this material
behaves as a weak ferromagnet with spontaneous magneti-
zation observed below T = 3.3 K. The Ni derivative shows
quite unusual and complex magnetic behavior. The ferro-
magnetic layers are antiferromagnetically coupled in the
solid state thus promoting antiferromagnetic ordering at
T = 6 K and overall metamagnetic behavior. In addition,
the anisotropy of the material induces the appearance of net
magnetization below T = 4.5 K due to the occurrence of a
second transition into a spin-canted antiferromagnetic
phase. This complex behavior is unprecedented in molecule-
based systems.


Although several magnets with chiral crystal structures
are known, as discussed in the introduction, the magnetic
structure is rarely chiral,[47] and little effect, if any, is ob-
served on the magnetic properties. In this case, we have
found rather peculiar magnetic phenomena in this series,
but still it is an open question as to whether the magnetic
structure of these materials is chiral, as their behavior sug-
gests. To confirm this point, neutron diffraction experiments
are underway.


Another interesting investigation will focus on the possi-
ble relation between optical and magnetic properties. These
materials appear as good candidates to study the so-called
optical magnetochiral anisotropy,[17] never observed for a
magnet. The lack of large enough single crystals and the low
temperatures at which spontaneous magnetization arises put
a limit on the optical studies that can be performed at the
moment.


This strategy can also be extended to other chiral poly-
dentate ligands, with particular interest on the introduction
of functional groups able to promote stronger magnetic ex-
change, such as oxo or hydroxo groups. The aim would be to
reach higher critical temperatures for the observation of
these unusual magnetic features.


Experimental Section


Materials : All reagents and solvents were used as purchased.


Syntheses


[Mn ACHTUNGTRENNUNG(l-tart)3] (1): Mn ACHTUNGTRENNUNG(CH3COO)2·4H2O (0.49 g, 2 mmol) and l-KH ACHTUNGTRENNUNG(tart)
(1.5 g, 8 mmol) were suspended in water (30 mL) and heated in a Teflon
autoclave at 180 8C for 10 days. Compound 1 was filtered off, dried in air
at room temperature, and obtained as a polycrystalline white powder
(215 mg, 53%). Elemental analysis calcd (%) for C4H4MnO6 (Mr =


203.01): C 23.67, H 1.99; found: C 23.81, H 1.95.


[Fe ACHTUNGTRENNUNG(l-tart)3] (2): This was prepared by using the same procedure as that
for 1 but with Fe ACHTUNGTRENNUNG(SO4)·7H2O (0.56 g, 2 mmol) as the starting material in-
stead. Compound 2 was obtained as a polycrystalline light yellow powder
(169 mg, 40%). Elemental analysis calcd (%) for C4H4FeO6 (Mr =


203.92): C 23.56, H 1.98; found: C 23.86, H 2.02.


[Co ACHTUNGTRENNUNG(l-tart)3] (3): This was prepared by following the same procedure
mentioned above but using CoACHTUNGTRENNUNG(CH3COO)2·4H2O (0.50 g, 2 mmol) as the
starting material instead, to give 3 as a polycrystalline purple powder
(200 mg, 50%). Elemental analysis calcd (%) for C4H4CoO6 (Mr =


206.93): C 23.21, H 1.95; found: C 23.33, H 1.99. Purple prismatic single


Figure 11. Phase diagram for 4.
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crystals of this compound were obtained by following the same procedure
but using Co(ox)·2H2O (0.36 g, 2 mmol) as the starting reagent instead.


[Ni ACHTUNGTRENNUNG(l-tart)3] (4): This was prepared by following the above-mentioned
procedure using Ni ACHTUNGTRENNUNG(CH3COO)2·4H2O (0.50 g, 2 mmol) as the starting
material to give 4 as a polycrystalline light green powder (280 mg, 67%).
Elemental analysis calcd (%) for C4H4NiO6 (Mr = 206.77): C 23.24, H
1.95; found: C 22.99, H 2.06.


X-ray crystallography : A purple prismatic single crystal of 3 (0.3T0.3T
0.2 mm) was fixed onto a glass fiber with epoxy glue and mounted on a
KappaCCD diffractometer that uses graphite-monochromated MoKa radi-
ation (l = 0.71073). Cell refinements and data reduction were performed
at T = 120 K using the Denzo and Scalepack programs.[48] The structure
was solved by direct methods using the SIR97 program,[49] and refined on
F2 with the SHELXL-97 program.[50] All non-hydrogen atoms were found
after successive Fourier difference analysis and refined anisotropically. H
atoms were located in their calculated positions. Crystallographic data
and the main refinement parameters are presented in Table 2. CCDC-
230223 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.


The X-ray powder diffraction patterns for 1, 2, and 4 were recorded at
room temperature with a Siemens D-500 powder diffractometer (CuKa)
in the 2q range of 2–608 (with steps of 0.028 and a measuring time of
15 s). These patterns are consistent with the theoretical powder pattern
calculated from the single-crystal solution found for 3,[52] which confirms
that all four compounds are isostructural (see Figure S1 in the Supporting
Information). Experimental unit cells were obtained by indexation of the
reflections in a orthorhombic space group with the UnitCell program.[51]


Unit-cell parameters are summarized in Table 3.


Physical measurements : Magnetic measurements were carried out with a
Quantum Design (SQUID) Magnetometer MPMS-XL-5. The dc meas-


urements were performed with applied fields of up to 5000 G (0.5 T) in
the 2–300 K temperature range. The ac measurements were performed
with an alternating field of 3.95 G (3.95T10�4 T) at different frequencies
between 1 and 1000 Hz. Data were corrected for the diamagnetic contri-
butions by using Pascal constants. Calorimetric measurements were car-
ried out on pressed pellets with a Quantum Design PPMS in the range T
= 2–15 K. Circular dichroism absorption spectra were measured on KBr
pressed pellets and recorded with a Jasco J810 spectropolarimeter.
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Tetraphosphonates
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Introduction


Synthesis of inorganic–organic hybrid materials is a rapidly
growing research area. The continual increase in interest
that this field of solid-state chemistry has experienced over
the last decade can be explained by the increasing techno-
logical need for multifunctional porous materials with nu-
merous useful properties. Synthesis of metal phosphonate
materials represents a particularly important direction of re-
search in this area mainly due to the fact that the use of or-
ganophosphonate derivatives provides an almost unlimited
ability to vary the organic component leading to variable
modes of functionalization of the solid material; this also fa-
cilitates the control of the pore size.[1] A significant amount
of effort has been put into the development of synthetic
routes to metal organophosphonates and has resulted in a


range of different methods and strategies.[2,3] Many examples
of di-, tri- and tetravalent metal organophosphonate com-
pounds have been described; some of them possess ion ex-
change, catalytic and other properties.[1,4] Recent progress in
the preparation and properties of hybrid organic–inorganic
materials based on organophosphorous derivatives, includ-
ing their applications, has been surveyed in recent compre-
hensive reviews.[1–5]


Layered metal–organic phosphonates constitute a large
family of metal phosphonates in which the organic compo-
nent is situated in between the layers of metal atoms that
are covalently bound to the oxygen atoms of the phospho-
nate groups. When a biphosphonic acid is used, for example
biphenylenebis(phosphonate), as the organic component,
the metal phosphonate layers become organically pillared;
this cross-linking provides additional structural stability to
the hybrid material.[2] However, the close proximity of the
aryl pillars prevents the formation of a porous material. A
way to overcome this close pillar disposition is based on “di-
lution” of the phosphonate moieties either by the use of bi-
phosphonic acids together with phosphoric, phosphorous or
methylphosphonic acid (random pillar separation, low pore
size control) or the use of the mixture of 3,3’,5,5’-tetrame-
thylbiphenylenebis(phosphonate) and phosphorous acid
(regular pillar separation, narrow pore size distribution).[2,6]


Hence, it can be concluded that alkyl or aryl biphosphonic
acids used as ditopic building units for the preparation of


Abstract: An organic–inorganic hybrid
material, TPPhA-Ti, was constructed
by non-hydrolytic condensation of a
dendritic tetrakis-1,3,5,7-(4-phosphona-
tophenyl)adamantane precursor and ti-
tanium(iv) isopropoxide. One prepara-
tive pathway yielded insoluble materi-
als with a Ti/P ratio of ~1 which was
confirmed by a combination of FT-IR,
TGA, and EDS measurements. N2


sorption experiments showed that
TPPhA-Ti is a porous solid (micro-


pores ~13 <; mesopores ~38 <) with a
high surface area, ~550 m2g�1. The
structure and morphology of the
TPPhA-Ti as investigated by transmis-
sion and scanning electron microscopy


showed a layered-type material. Addi-
tional X-ray diffraction data suggest a
paracrystalline material; an optimiza-
tion of possible molecular arrange-
ments of TPPhA-Ti was simulated that
was in agreement with the experimen-
tal data. A second preparative pathway
yielded a Ti oxide–phosphonate with a
Ti/P ratio of ~3.4. Both TEM and
SEM revealed that hollow nanospheres
were formed with diameters of ~180–
300 nm.


Keywords: dendrimers · layered
materials · nanospheres · organic–
inorganic hybrid composites ·
porous materials · titanium
phosphonates


[a] M. V. Vasylyev, Prof. Dr. R. Neumann
Department of Organic Chemistry
Weizmann Institute of Science, Rehovot 76100 (Israel)
Fax: (+972)8-934-4142
E-mail : ronny.neumann@weizmann.ac.il


[b] Dr. E. J. Wachtel
Chemical Research Support Unit
Weizmann Institute of Science, Rehovot, 76100 (Israel)


[c] Dr. R. Popovitz-Biro
Department of Materials and Interfaces
Weizmann Institute of Science, Rehovot 76100 (Israel)


Chem. Eur. J. 2006, 12, 3507 – 3514 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3507


FULL PAPER







layered metal phosphonates require “dilution” in order to
induce interlayer porosity and the necessary increase in
bulkiness for better pore size control. On the basis of the
above, we thought that the use of tetraphosphonic acid with
an extended tetrahedral symmetry, as an example of a poly-
topic organic building block,[7] could impede the close-
packed arrangement of organic molecules in a metal–organ-
ic framework. Such an arrangement does permit pore for-
mation and does not require “dilution” with additional
building blocks. Since the tetrahedral-shaped adamantane
tetrabenzoate (ATB) building unit was successfully used for
the assembly of metal–organic frameworks,[7] we decided to
synthesize the structurally similar tetrakis-1,3,5,7-(4-phos-
phonatophenyl)adamantane and to use it in the synthesis of
different metal phosphonate hybrid materials.


Thus, as reported in this paper, porous materials can be
obtained by a non-hydrolytic condensation of a titanium alk-
oxide with tetrakis-1,3,5,7-(4-phosphonatophenyl)adaman-
tane that has an extended, rigid tetrahedral configuration.
We also show that depending on the solvent used in the con-
densation reaction, materials of significantly different mor-
phology can be obtained, ranging from layered compounds
to hollow nanospheres.


Results and Discussion


Tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantane, TPPhA,
was prepared by reacting 1,3,5,7-tetrakis (4-iodophenyl)ada-
mantane and diethylphosphite in a palladium-catalyzed P�C
coupling reaction followed by acidic hydrolysis of phosphon-
ic acid diethyl ester as shown in Scheme 1. TPPhA was
found to be insoluble in water as well as in all commonly
used organic solvents except for DMSO. Therefore, for the
preparation of titanium arylphosphonate hybrid material we
chose a non-hydrolytic condensation procedure.[3]


Addition of four equivalents of the neat [(iPrO)4Ti] to
one equivalent of TPPhA dissolved in dry DMSO gave an
insoluble white powder which was separated by filtration.
The residual DMSO solvent was removed by thorough
washing with H2O, EtOH, and Et2O followed by drying. The
elemental analysis of the tetrakis-1,3,5,7-(4-phosphonato-
phenyl)adamantine–titanium hybrid material (TPPhA-Ti),
was carried out by using energy dispersive X-ray spectro-


scopic microanalysis (EDS), and provided a Ti/P ratio of
~1:1 measured at various locations on the specimen. There-
fore one can conclude that there was compositional homo-
geneity throughout the hybrid material. In addition, conven-
tional elemental analysis gave C/H/P ratios leading to for-
mulation of a molecular unit as C34H36O12P4ACHTUNGTRENNUNG(TiO2)4·xH2O.
The amount of water and the thermal stability of TPPhA-Ti
were determined by thermal gravimetric analysis (TGA).
The TGA curve shown in Figure 1 demonstrates initial


weight loss between 21 and 159 8C attributable to the loss of
adsorbed and intercalated water molecules. The water con-
tent was calculated from the total weight loss and equals 14
molecules H2O per formula unit. As can clearly be seen
from the TGA curve, thermal decomposition of the organic
component of the hybrid material, mainly due to carbon
and hydrogen atom extrusion in the form of CO2, starts at
360 8C and corresponds to 37% of the total weight loss
(56%), which is close to the sum of the carbon and hydro-
gen elements (35.49%) in the unit formula.


The surface–area measurement was based on the five
point nitrogen Brenauer–Emmet–Teller (BET) method;[8]


TPPhA-Ti exhibited a nitrogen sorption isotherm typical for
the mesoporous materials (see Figure 2) with a surface area
value of 557 m2g�1 (Figure 2 inset). The mesopore size dis-
tribution curve was derived from the desorption branch of


the isotherm by using the Bar-
rett–Joyner–Halenda method;[9]


Figure 3 (top) shows the main
maximum corresponding to a
pore diameter of 38 <. The
total pore volume measured
near saturation, P/P0=0.968,
was 0.42 ccg�1. It was not possi-
ble to prepare a nonporous
TPPhA-Ti material for the ref-
erence nitrogen sorption iso-
therm measurement required
for the relatively accurate de-Scheme 1. Synthesis of tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantine (TPPhA).


Figure 1. Thermal gravimetric analysis (TGA) curve of TPPhA-Ti hybrid
material.
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termination of the micropore volume in the presence of
mesopores by the T plot[10] or as analysis.[11] Therefore, the
micropore size distribution of TPPhA-Ti was derived from
the adsorption branch of the isotherm applying Saito–Foley
(SF) pore model[12] (Figure 3, bottom). The micropore size
distribution curve showed the main maximum corresponding
to a pore diameter of 13.5 <.


Comparison of the FT-IR spectrum of the TPPhA-Ti ma-
terial obtained with the spectrum of TPPhA as depicted in
Figure 4 shows the disappearance of the vibration band
at 929 cm�1 assigned to P-O···H and the presence of a
new band at 1026 cm�1 that can be assigned to P-O···Ti
vibrations. At the same time the band at 1137 cm�1


(P=O) remained almost unchanged; this implies that
the oxygen atom of the P=O fragment does not bind to a
titanium atom. This is suggestive of a connectivity,
�P(O)O2Ti2O2(O)P� between the phosphonate and titanate
moieties as pictured in Scheme 2; this connectivity is sup-
ported by the Ti/P ratio obtained by EDS measurements.


31P{1H} MAS NMR spectrum of TPPhA-Ti in Figure 5
shows the somewhat broadened resonance signal of the
phosphorus nuclei at 13.4 ppm which can be attributed to bi-
dentate phosphonate sites of the ArP(O)O2Ti2O2(O)PAr
structural units. The observed 31P chemical shift is similar to
the shifts described for the amorphous porphyrin–Zn phos-


Figure 2. Nitrogen sorption isotherm of TPPhA-Ti hybrid material with a
BET plot (inset).


Figure 3. BJH (top) and SF (bottom) pore size distribution curves. Insert
on the right is the adsorption isotherm used for the micropore diameter
calculation.


Figure 4. FT-IR spectra of tetrakis-1,3,5,7-(4-phosphonatophenyl)ada-
mantane (solid line) and TPPhA-Ti (dotted line).


Figure 5. 31P{1H} MAS NMR spectrum of TPPhA-Ti. The asterisks
denote rotation bands.


Scheme 2. Proposed connectivity between the phosphonate and titanate
moieties.
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phonates[13] and phenylphosphonate–TiO2 hybrids prepared
by the sol–gel method[14] and typical for disordered solids.
No sharp 31P NMR resonance signal at �4 ppm, which is
claimed to be indicative of a layered titanium phosphonate,
was observed.[15]


The X-ray powder diffraction pattern of the TPPhA-Ti
hybrid material, Figure 6 (solid line), shows two relatively
broad peaks at 2q values 5.88 (d spacing=15.2 <) and 11.28


(d spacing=7.9 <) providing some evidence for a weak pe-
riodicity. We interpret the presence of three additional dif-
fuse peaks at higher 2q values as indicating the presence of
some amorphous material.


TPPhA-Ti prepared as described above showed two types
of morphologies as observed in the typical transmission elec-
tron microscope (TEM) images (see Figure 7). One typical
morphology shows a layered structure (Figure 7a), as one
can more clearly see in the magnified edge area (Figure 7a,
inset). One can also observe film-like folded structures (Fig-
ure 7b), that are somewhat rolled up at the edges (Figure 7b
inset). Attempts to observe a two-dimensional electron dif-
fraction pattern by means of transmission electron microsco-
py were not successful.


Scanning electron microscopy (SEM) examination of the
hybrid TPPhA-Ti material revealed virtually the same type
of morphology as observed by TEM (see Figure 8). Plates
that have a lamellar structure (Figure 8a and folded films in
8b), with a prevalence of the former were found. In addition
to the morphology also seen by TEM, some hemispherical
outgrowths (amorphous phase) in the TPPhA-Ti sample
were observed in the SEM images (Figure 8c).


By using tetrakis-1,3,5,7-(4-phosphonatophenyl)adaman-
tane as a building block in the synthesis of titanium phos-
phonate we did not expect the formation of an organically
pillared layered material similar to those obtained from the
aryl biphosphonic acids.[2,6] The rigid extended tetrahedral
structure of TPPhA cannot adopt a conformation in which
the phosphonate group tetrahedra will have their oxygen
atom bases arranged nearly parallel to the metal layer as is
usually observed for the aryl biphosphonic acids.[2,3,6] We be-
lieve that molecular units of TPPhA are connected through
the titanium atoms with no metal oxide layer formation.


Indeed, as was shown by the elemental analysis and FT-IR
data, the most plausible connectivity pattern is as described
in Scheme 2. The X-ray powder pattern has very little detail
indicating that the material is poorly ordered and/or that
any crystallites which may be present are very small and the
diffracted intensity at 2q values of ~128 and above may pos-
sibly be explained by the presence of an amorphous phase
which contributes to the intensity at the higher angles. How-
ever, the features that are present can be used to provide
some, albeit limited, constraints for a molecular model.[16]


Thus, in support of the suggested arrangement, a computer-
generated and geometrically optimized model comprised of
six molecules of TPPhA connected through Ar-
P(O)O2Ti2O2(O)PAr units shown in Figure 9 was used for
an X-ray diffraction simulation. As shown in Figure 6
(dashed line) the simulated pattern is in reasonable agree-
ment with the observed XRD pattern of TPPhA-Ti in the
low angle region, nearly matching the positions of the two
peaks at 5.88 and 11.28.[17]


As can be seen from Figure 9, the calculated micropore
sizes, have an average diameter of �15.6 <. Importantly,
this value is also consistent with the calculated pore size,
that is, it is within the pore range size of 13.5�4 < derived
using the SF model from the adsorption isotherm (see
Figure 3, bottom). The presence in TPPhA-Ti of an amor-


Figure 6. Observed (c) and simulated (a) X-ray diffraction patterns
of TPPhA-Ti hybrid material. The molecular model presented in Figure 8
was used for the simulation.


Figure 7. Typical TEM images of TPPhA-Ti. a) Morphology of type 1:
plates that have a layered structure; b) morphology of type 2: film-like
folded structure that can roll up at the edges.
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phous phase impurity can be explained by a random ar-
rangement of the TPPhA molecules with the phosphonic
groups bound to only one titanium atom. In this case, the


Ti/P ratio and the spectral properties of such a compound
and of the regularly arranged molecules in the model are ex-
pected to be identical. Indeed, among all the techniques that
were used in the structural and spectral characterization of
the TPPhA-Ti hybrid material, only XRD, SEM, and, to a
lesser extent, TEM gave evidence of structural inhomogene-
ity.


In order to study the influence of the titanium alkoxide
addition rate on the properties of the resulting hybrid com-
pound, neat titanium alkoxide was diluted with dry THF
and slowly added by means of a syringe pump to the me-
chanically stirred solution of tetrakis-1,3,5,7-(4-phosphona-
tophenyl)adamantane in DMSO. The resulting compound
was separated and treated in the same way as was described
for the TPPhA-Ti hybrid material (see Experimental Sec-
tion). It was expected that slow addition of titanium alkox-
ide would result predominantly in the formation of organo-
phosphonate–titanium films (Figure 8b). However, examina-
tion of the sample morphology by means of TEM revealed
the formation of spherical particles with an average diame-
ter of ~180–300 nm (Figure 10a). Tilting the grid to different
angles (+40 and �408, respectively) (Figure 10b and c)
showed no significant changes in the particle shape and di-
ameter, lending strong support for particle sphericity. An-
other interesting observation concerns particle edges that
appeared to be lamellar (Figure 10a–c); there are several
low contrast regions within the particles suggesting that the
inside may be hollow and sponge-like.


Energy dispersive X-ray spectroscopic microanalysis
(EDS) gives an Ti/P average ratio of 3.4:1 pointing to the
fact that nanospheres are composed of the titanium oxide–
titanium phosphonate mixture with a predominance of tita-
nium oxide.


Typical high-resolution SEM images are presented in
Figure 11 and show nano-
spheres as nearly the only type
of specimen morphology. Some
of the nanospheres are broken
and one can see their hollow in-
terior (Figure 11b and c; note
spheres emphasized with
arrows).


A plausible explanation for
the formation of spherically
shaped particles can be given if
we assume that drops of a solu-
tion of titanium alkoxide in
THF added to a solution of
phosphonic acid in DMSO do
not immediately disappear but,
on the contrary, splinter into
many smaller nanosized spheres
that become covered with
growing layers of the titanium
phosphonate polymer which
preserves the initial shape of
the nanodrops. The process that


Figure 8. Typical SEM images of the Ti–PD1 specimen; a) lamellar
plates; b) folded film structure; c) hemispherical outgrowths.


Figure 9. Computer-generated model of the TPPhA-Ti fragment.
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leads to the formation of the titanium oxide–phosphonate
nanospheres has a strong similarity to the interfacial emul-
sion polymerization technique that has been developed for
the hollow CdS[18] (using CS2/water emulsion) and silica[19]


(using an oil/water emulsion) hollow nanosphere synthesis.
However, to the best of our knowledge, this is the first time
titanium phosphonate nanospheres have been prepared.


One of the interesting potential applications of the nano-
sphere synthesis can be inclusion of different compounds
into the Ti oxide–phosphonate nanosphere wall and interior
by dissolving them in the THF/Ti alkoxide mixture that is
then added to the solution of organophosphonate in DMSO.
This particular application of these new mesoporous materi-
als is currently under study.


Experimental Section


Materials and methods : Titanium(iv) isopropoxide, diethylphosphite, tri-
ethylamine, anhydrous benzene and dichlorobis(triphenylphosphine)pal-


ladium(ii) were obtained from Aldrich and used as received. [Bis(trifluo-
ACHTUNGTRENNUNGroacetoxy)iodo]benzene was obtained from Fluka and used as received.
DMSO anhydrous �99.9% grade was received from Aldrich and stored
under 4 < molecular sieves before use. The 31P{1H} MAS NMR spectra
were measured on a Bruker DSX 300 Avance spectrometer with 4 mm
probe head (Bruker) at 121.5 MHz with MAS rate of 5 kHz using a
cross-polarization (CP) pulse sequence followed by 1H high-power de-
coupling. Chemical shifts are reported as ppm relative to an external
85% phosphoric acid standard. The 1H NMR spectra were measured on
a Bruker Avance 400 spectrometer at 400 MHz in CDCl3 or [D6]DMSO
and the chemical shifts are reported as ppm relative to an internal tetra-
methylsilane standard. 13C{1H} NMR spectra were measured on a Bruker
Avance 400 spectrometer at 100.6 MHz in CDCl3 or [D6]DMSO solvents.
31P NMR spectra were measured on a Bruker DPX 250 spectrometer at
101 MHz in CDCl3 or [D6]DMSO and the chemical shifts are reported as
ppm relative to an external 85% phosphoric acid standard at 300 K with
line broadening of 1 Hz. The IR spectrum was measured on a Nicolet
ProtQgQ 460 with a sample deposited in the KBr pellet.


TEM and EDS studies : A Philips CM-120 ST transmission electron mi-
croscope, operating at 120 kV, was used to observe the morphology of
the material. Samples were prepared by dispersing the particles in ethyl
alcohol by ultrasonic treatment and then dropping them onto a holey
carbon film supported on a copper grid. The samples were stable under
electron beam radiation. Energy dispersive spectrometry (EDS) analysis
was carried out using an EDAX instrument (Phoenix) equipped with a
Si(Li) retractable detector with a super ultra thin window.


SEM studies : A FEI (Philips) XL 30 ESEM-FEG with accelerating volt-
age of 10 kV and SUPRA 55 VP FEG LEO HR SEM with accelerating
voltage of 1.0 kV were used to observe the morphology of the materials.
Samples were prepared by dispersing the particles in ethyl alcohol by ul-
trasonic treatment and dropping them onto silicon slides.


Figure 10. Typical TEM images of the Ti oxide–phosphonate nano-
spheres: a) tilt angle 08 ; b) tilt angle +408 ; c) tilt angle �408.


Figure 11. Typical SEM images of the Ti oxide–phosphonate nano-
spheres.
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N2 sorption studies : Sorption experiments were carried out using Quan-
tachrome Nova 1000 high speed sorption analyzer. Data were analyzed
(BET surface–area calculation, BJH and SF pore size distribution) by
using NOVAWin software. TPPhA-Ti hybrid material was degassed for
4 h at 100 8C prior measurement. Pore size calculation for determination
of mesopore size distribution was conducted from the desorption branch
of isotherm using Barrett–Joyner–Halenda method[9] taking in account
data points above 0.35P per P0. Micropore size distribution curve was de-
rived from the adsorption branch of isotherm using Saito–Foley (SF)
pore model.[12] N2 sorption isotherms were measured at least three times
and were found reproducible as well as corresponding pore size distribu-
tion data. Surface–area calculated using five point nitrogen Brenauer–
Emmet–Teller (BET) method[8] gave values of 557, 555 and 614 m2g�1


over tree consecutive measurements. BET plot presented as an insert in
the Figure 2 corresponds to the first of the three area values noted
above.


XRD measurements and X-ray diffraction simulation : X-ray powder dif-
fraction patterns were measured in the q/2q mode using a D-Max/B hori-
zontal goniometer (Rigaku) affixed to a RU200 rotating anode X-ray
generator (12 kW, Rigaku) with Cu target (CuKa). The sample was dis-
persed on a background-free silicon sample holder. Simulation of the X-
ray diffraction pattern was carried out using Multibody for Windows soft-
ware (PCG Software Package 7.2, Graz). The molecular model was input
to the program in .pdb (Protein Data Bank) format and the scattering
profile calculated using the Debye equation. Geometric optimization of
the structural model of TPPhA-Ti hybrid material was accomplished
using a semi-empirical PM3 model on Spartan’04 Macintosh software.


Thermal gravimetric analysis : Thermal gravimetric analysis was carried
out on Shimadzu DTG-50 analyzer.


Synthesis


Tetrakis-1,3,5,7-(4-diethylphosphonatophenyl)adamantine : Diethyl phos-
phite (2.48 mL, 19.4 mmol), triethylamine (5 mL) and dichlorobis(triphe-
nylphosphine)palladium(ii) (0.02 g, 0.032 mmol) were added under an
argon atmosphere to an Ace glass pressure tube containing a solution of
tetrakis-1,3,5,7-(4-iodophenyl)adamantane (1 g, 1 mmol) in dry benzene
(10 mL). A stirring bar was added and the pressure tube was sealed. The
mixture was heated at 80 8C for 72 h with stirring, and then cooled; the
precipitated triethylammonium iodide was filtered off. The filtrate was
concentrated by evaporation and the residual oil was diluted with cold
water (100 mL). The precipitate obtained was filtered, washed twice with
water and dried under high vacuum for 72 h. This gave tetrakis-1,3,5,7-(4-
diethylphosphonatophenyl)adamantane as a pale-yellow slightly hygro-
scopic solid (0.75 g, 76%). The product was sufficiently pure enough to
use without further purification. 1H NMR (400 MHz, CDCl3): d=1.3 (t,
J=7 Hz, 24H), 2.2 (br s, 12H), 4.1 (m, 16H), 7.6 (d, J=4 Hz, 8H),
7.8 ppm (m, 8H); 31P NMR (101 MHz, CDCl3): d=17.6 ppm (s);
13C NMR (100.6 MHz, CDCl3): d=16.26 (d, J ACHTUNGTRENNUNG(C,P)=7 Hz), 39.46, 46.50,
62.08 (d, J ACHTUNGTRENNUNG(C,P)=5 Hz), 125.12 (d, J ACHTUNGTRENNUNG(C,P)=15 Hz), 126.04 (d, J ACHTUNGTRENNUNG(C,P)=
234 Hz), 132.06 (d, 10 Hz), 152.98 ppm (d, J ACHTUNGTRENNUNG(C,P)=3 Hz); IR (KBr): ñ=
2983, 2931, 2903, 2855, 1603, 1394, 1243, 1130, 1052, 1020, 964, 759,
670 cm�1.


Tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantane : Tetrakis-1,3,5,7-(4-
diethylphosphonatophenyl)adamantane (1.7 g, 1.73 mmol) was placed in
a round bottom flask and concentrated aqueous solution of hydrogen
chloride (150 mL) was added. The mixture was refluxed with vigorous
stirring overnight and cooled. A white precipitate was filtered off and
quickly transferred to a round bottom flask and dried under high vacuum
for 72 h to yield a white slightly hygroscopic powder (1.2 g, 93%).
1H NMR (400 MHz, [D6]DMSO): d=2.1 (br s, 12H), 7.6 ppm (m, 16H);
31P NMR (101 MHz, [D6]DMSO): d = 12 ppm (s); IR (KBr): ñ = 3448,
2923, 2898, 2852, 1604,1500, 1444, 1396, 1138, 999, 929, 827, 704, 559,
490 cm�1; elemental analysis calcd (%) for C34H36O12P4: C 58.89, H 4.24;
found: C 58.69, H 4.04.


Tetrakis-1,3,5,7-(4-phosphonophenyl)adamantane-Ti hybrid material
(TPPhA-Ti): Tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantane (1 g,
1.31 mmol) was dissolved in dry DMSO (100 mL) with stirring and neat
titanium(iv) isopropoxide (1.56 mL, 5.26 mmol) was added to this solu-
tion dropwise. Immediately white precipitate was formed and the reac-


tion mixture was left stirred for two days. The white precipitate was sepa-
rated by centrifugation, thoroughly washed with H2O, EtOH, Et2O and
dried under high vacuum for 10 h (0.91 g, 49%). 31P CP MAS NMR
(121.5 MHz, contact time 1 ms): d=13.4 ppm; IR (KBr): ñ = 2925, 2854,
1637, 1604, 1396, 1136, 1026, 1001, 1030, 833, 708, 578 cm�1; elemental
analysis calcd (%) for C34H36O20P4Ti4·14H2O: C 31.33, H 4.53, P 9.8;
found: C 30.65, H 4.84, P 9.8. The amount of hydrated water was deter-
mined by TGA: 18.9%. Ratio of P/Ti by EDS was 1.09�0.05 for an
average of three measurements.


Ti oxide–phosphonate nanospheres : Ti oxide-phosphonate nanospheres
were prepared in the same way as described for TPPhA-Ti except titaniu-
m(iv) isopropoxide (1.56 mL, 5.26 mmol) was added as a solution in dry
THF (10 mL) by means of a syringe pump with the addition rate of
59 mL per min. IR (KBr): ñ=3392, 2960, 2931, 2856, 1604, 1396, 1261,
1138, 1105, 831, 804, 706, 575 cm�1. Ratio of Ti/P by EDS was 3.4 � 0.2
for an average of three measurements.
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Introduction


Control of gene expression is currently one of the key areas
of interest in molecular medicine.[1–4] Gene expression in-
volves the transfer of information encoded within the gene
to produce a biologically active protein. However, not all
genes are expressed in every cell all the time; bio-regulation
of gene expression is effected by proteins that activate or re-


press transcription by binding to short, specific DNA se-
quences.[1,5] The ability to turn genes on or off artificially by
the action of synthetic analogues of DNA-binding proteins
is an important goal that would open up new possibilities
for disease control and prevention as well as cure.
Proteins that bind DNA frequently achieve sequence-spe-


cific code recognition by binding non-covalently in the
major groove of DNA.[6–8] In biological systems, the major
groove is the preferred binding site for sequence recognition
as this groove shows the greater variation in size and shape
with base sequence and also the greater number and varia-
tion in pattern of hydrogen-bond donor and acceptor units;
it is therefore the ideal target for synthetic molecules de-
signed to recognise and bind to specific DNA sequences.
However, relatively little progress had been made in pro-
ducing synthetic major groove binders because of the size
entailed. Most of the compounds synthesised are either
minor groove binders,[9] intercalators,[10, 11] or metal com-
plexes that span only two to three base pairs and whose in-
teraction with DNA is too limited for sequence selectivi-
ty.[12–14] Design of synthetic agents that target the major
groove in a non-covalent, sequence-selective fashion re-
mains a challenge of considerable importance in molecular
medicine and biology.


Abstract: In this work we present the
results of a molecular simulation study
of the interaction between a tetracat-
ionic bis iron(ii) supramolecular cylin-
der, [Fe2ACHTUNGTRENNUNG(C25H20N4)3]


4+ , and DNA. This
supramolecular cylinder has been
shown to bind in the major groove of
DNA and to induce dramatic coiling of
the DNA. The simulations have been
designed to elucidate the interactions
that lead the cylinder to target the
major groove and that drive the subse-
quent DNA conformational changes.
Three sets of multi-nanosecond simula-
tions have been performed: one of the


uncomplexed d(CCCCCTTTTTCC)·
d(GGAAAAAGGGGG) dodecamer;
one of this DNA complexed with the
cylinder molecule; and one of this
DNA complexed with a neutralised
version of the cylinder. Coiling of the
DNA was observed in the DNA–cylin-
der simulations, giving insight into the
molecular level nature of the supramo-


lecular coiling observed experimentally.
The cylinder charge was found not to
be essential for the DNA coiling, which
implies that the DNA response is mod-
erated by the short range interactions
that define the molecular shape. Cylin-
der charge did, however, affect the in-
tegrity of the DNA duplex, to the
extent that, under some circumstances,
the tetracationic cylinder induced de-
fects in the DNA base pairing at loca-
tions adjacent to the cylinder binding
site.


Keywords: bio-supramolecular
chemistry · DNA recognition · heli-
cal structures · molecular dynamics ·
noncovalent interactions


[a] Dr. S. Khalid, Prof. M. J. Hannon, Prof. A. Rodger,
Prof. P. M. Rodger
Department of Chemistry, University of Warwick
Coventry CV4 7AL (UK)
E-mail : p.m.rodger@warwick.ac.uk


[b] Prof. M. J. Hannon
Current address:
School of Chemistry, University of Birmingham
Birmingham B15 2TT (UK)


[c] Dr. S. Khalid
Current address:
Department of Biochemistry, University of Oxford
South Parks Rd, Oxford, OX1 3QU (UK)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2006, 12, 3493 – 3506 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3493


FULL PAPER







Recently, a major step has been taken toward achieving
the goal of designing synthetic agents to target the major
groove: we have developed a novel compound that binds
strongly in the major groove of DNA and is large enough to
span five base pairs.[15, 16] The compound is a metallo-supra-
molecular tetracationic cylinder (1) with a triple helical
framework. This cylinder is approximately 19 L in length
and 11 L in diameter. It is too big to bind in the minor
groove of DNA, but has just the right shape and size to lie
along the major groove.[15]


Experimental techniques have provided information re-
garding the binding strength and preferred binding sites of 1
on DNA.[16] Spectroscopic studies indicate that the cylinder
binds very strongly to DNA with a binding constant well in
excess of 107m�1 in 20 mm salt. Flow linear dichroism (LD)
reveals coiling or bending of the DNA on addition of the
cylinder, and tapping mode atomic force microscopy
(AFM)[16] reveals this to be dramatic intramolecular coiling
of DNA that is unprecedented with a synthetic agent: 1 was
found to induce DNA to bend by 40–608 per ligand,[15] with
the smaller angles (408) occurring at the maximum loading
of one cylinder per DNA turn. In contrast cobalt am-
mines—which are known to cause DNA to bend and ulti-
mately to condense into multi-molecular aggregates—gener-
ate just 2–58 bend per ligand.[17] The effect of cobalt am-
mines can largely be explained by the Manning charge con-
densation theory,[18] but the magnitude of the effect with 1
suggests the bending is of a very different character. The M-
helical enantiomer of the cylinder coils DNA more aggres-
sively than the P enantiomer.[16] NMR data have confirmed
a major groove-binding mode for the M cylinder.[19] From
all the experimental data it is clear that the cylinder binds in
the major groove and is able to induce dramatic conforma-
tional changes in the DNA. However, gaining molecular
level information about the effects and interactions which
lead to this remarkable supramolecular event is challenging.
Molecular dynamics (MD) simulations can provide informa-
tion at the molecular level that is complementary to experi-
ment and therefore are an ideal way to get a better under-
standing of this system.
There is comparatively little modelling literature on the


interaction between transition-metal complexes and DNA.
Some modelling has been performed on DNA with ruthe-
nium(ii)–tris(1,10-phenanthroline)[20] in vacuum, and the re-


sults compared with experimental data.[12] The L-ruthenium
complex showed a preference for the major groove of DNA
but little or no bending of the DNA at low loading and
whereas the D enantiomer preferred the minor groove at
low loadings where it did bend the DNA—but only by a few
degrees—and bound to both grooves at higher loadings with
no additional bending. Several other papers have used mod-
elling studies to interpret experimental data on DNA/transi-
tion-metal complexes,[17,21] but since their emphasis was on
understanding the experimental data, these calculations
again omitted the solvent. Rigorous molecular dynamics
simulations with explicit solvent have been performed for
cobalt ACHTUNGTRENNUNG(iii)–hexammine[22] and a nickel(ii)–metalloprotein[23]


in the presence of DNA. In both cases, the simulations pro-
duced good agreement with a range of experimental data; in
neither case was there significant bending or coiling of
DNA.
In this paper we present results of a molecular dynamics


(MD) study of the effect of the supramolecular cylinder, 1,
on DNA. Docking calculations, both manual and using high-
temperature MD with constrained or rigid molecules, have
been used to identify favourable initial binding sites for the
cylinder on a DNA dodecamer, and then multi-nanosecond
MD simulations performed with explicit solvent to monitor
the DNA response. Previously, MD simulations[19] were per-
formed on this system to interpret the NMR spectra, but
these used NOE data as additional force-field restraints.
The simulations described in the present paper were de-
signed to probe any changes in DNA structure upon cylin-
der binding and are not restrained in any way. As a conse-
quence, these new simulations enable a direct analysis of the
DNA response—both its nature and the forces that give rise
to it.


Computational Methods


System : The DNA dodecamer sequence (CCCCCTTTTTCC)·
d(GGAAAAAGGGGG) was chosen for this study. Preliminary simula-
tions were performed with a decamer, d(CCCCCTTTTT)·
d(AAAAAGGGGG), which was chosen since it might offer potential
for identifying preference of A–T versus G–C tracts within a single series
of simulations; this sequence was subsequently extended by adding two
C–G pairs to the A–T end so as to minimise any tendency for the DNA
ends to fray in the absence of the cylinder; note that no restraints were
introduced into the force field to hinder end-fraying. The numbering
used in this paper to identify specific bases and base pairs is defined
below.


The M enantiomer of the cylinder, 1 (denoted C4+), was modelled using
the CHARMM22 all-atom force field, but with the FeN6 sub-unit treated
as a rigid body with geometry taken from the crystal structure. For com-
parison, a simulation was also performed in which the M cylinder was


Figure 1. Tetracationic cylinder [Fe2L3]
4+ , where L is N,N’-bis(pyridin-2-


ylmethylene)-4,4’-diaminodiphenylmethane: FeII is pink, N is blue, C is
grey; H atoms have been omitted for clarity.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3493 – 35063494



www.chemeurj.org





made electrically neutral, denoted C0. Although the C0 system has no ex-
perimental counterpart, a comparison of the C4+ and C0 systems enables
an exploration of the relative importance of molecular shape (as defined
by the van der Waals interactions) and electrostatic interactions in induc-
ing the DNA response. Analogous comparisons with netropsin[24,25] have
proved useful in understanding the influence of charge in minor-groove
binding ligands. Many methods could be used to achieve this neutrality,
including setting all atomic charges to zero, neutralising the Fe atoms, or
adding a neutralising negative charge to the organic part of the cylinder.
In this work we have adopted the last option: �0.03 e was added to the
charge on each C and H atom in the cylinder, resulting in a counterbal-
ancing �4 e charge spread over the surface of the cylinder. While still
giving rise to electric field gradients, the negative surface charge should
considerably reduce the electrostatic attraction of the cylinder to the
DNA phosphate backbone, and thus makes the comparison with C4+ in-
structive.


Technical details : Compounds were modelled using the CHARMM
force-field series. This contains two main variants for modelling DNA:
the older CHARMM22 force field,[26] and a more refined
CHARMM27.[27] There have been a number of comparisons of how well
these two force fields reproduce the behaviour of DNA,[28] and the gener-
al consensus is that the CHARMM27 force field is much better. In par-
ticular, it correctly predicts B-DNA to be the stable conformation in low
ionic strength solvents at normal temperatures, whereas the
CHARMM22 force field tends to cause the DNA to adopt an A-like
form. However, it should be noted that most of these comparisons have
treated just the duplex in aqueous solution: no comparisons have been
reported for DNA interacting with a major-groove-binding ligand, partic-
ularly when that ligand carries a substantial positive charge. The experi-
mental data discussed above indicates that C4+ perturbs the DNA strong-
ly, bending it well away from the canonical B-form. This is outside the
parameter-space that has so far been used to derive and validate the
DNA force fields, and so it is of interest to compare the performance of
these two force fields in modelling DNA/C4+ complexes.


All simulations were performed with DL_POLY.[29] The conversion from
CHARMM to DL_POLY force-field formats was achieved by using a
purpose-built program that interprets the CHARMM prm and crd files.
As in previous work[30] checks on the force field were performed on nu-
merous configurations to ensure the energies and forces calculated with
DL_POLY and CHARMM agreed exactly. Water was modelled with the
TIP3P[31] potential, and kept rigid using the SHAKE algorithm,[32] imple-
mented in DL_POLY with a tolerance of 0.0001. All hydrogen atoms
were assigned a mass of 2 u. This gave good energy conservation in con-
stant energy simulations with a 2 fs time step for the CHARMM22 force
field. An Ewald sum[33] was used to evaluate electrostatic interactions,
with kmax = (5,5,6) and a=0.12604 L�1. Simulations were performed
with orthorhombic periodic boundaries at constant volume and tempera-
ture (NVT) using the Hoover thermostat[33] with a time constant of 0.1 ps
and a time step of 2 fs; some 0.25 ns segments of the trajectories were re-
peated with a 1 fs time step and showed no significant differences. Some
difficulties were encountered initiating CHARMM27 simulations with
the 2 fs time step, and so this was reduced to 1 fs for all the
CHARMM27 simulations reported herein. In all other respects, the
CHARMM22 and CHARMM27 simulations followed the same protocols
and methodology.


Protocol : The multi-nanosecond simulations were performed using a
four-step protocol designed to identify good binding sites while still en-
suring a disperse background ion distribution:


1) High temperature MD simulations were performed on the cylinder
and ions moving around an immobilised B-DNA dodecamer, with
the relative dielectric constant er=80;


2) low potential energy configurations were identified and optimised
with respect to just the cylinder position; ions were kept fixed at
their positions from the high temperature snapshot and the DNA
also remained fixed;


3) water was added, the relative dielectric constant reset to 1, and the
system allowed to relax while restraining the DNA with a series of
progressively weaker harmonic tethering potentials;


4) full, unrestrained MD simulations were performed on the aqueous
system for 2–5 ns.


This protocol is described more fully hereafter.


Docking (steps 1 and 2): A dodecamer of B-DNA and one cylinder mol-
ecule (M enantiomer) were embedded in a neutralising atmosphere of
Na+ ions. A further 58 Na+ and 58 Cl� ions were added in a 45 LP
45 LP60 L box, with DNA aligned along the z (long) axis; this gave
[NaCl] = 0.8m, which is similar to the concentration used in some other
MD studies.[34,35] The DNA was immobilized and an NVT MD simulation
performed for 1 ns at 900 K; this temperature was found to be high
enough to ensure that the ligand sampled the whole surface of the DNA
efficiently, but without any significant deformation in its own shape. The
temperature was also high enough to ensure that the background atmos-
phere of sodium and chloride ions behaved like a homogeneous gas, with
no aggregation of the ions onto the DNA or cylinder. The conformations
with the lowest configurational energy were extracted and energy-mini-
mised with respect to the position of just the ligand. No change was al-
lowed in the position of the DNA atoms, Na+ ions or Cl� ions during
this optimisation of the cylinder within its DNA/ionic gas environment.
The resulting configuration was then used to start fully solvated MD sim-
ulations as described below. Variants on this procedure were tried in
which the DNA and/or Na+ and Cl� ions were harmonically restrained
rather than frozen during the cylinder minimisation, but these produced
essentially the same results when carried forward into fully solvated MD
simulations. Manual docking calculations were also performed, but did
not give more favourable docking sites than those identified using this
high temperature MD docking protocol.


A number of alternative low energy conformations was examined and all
found to involve major groove binding. Several of these were then car-
ried forward into full solvated MD simulations following the protocol
given below.[36] All such simulations exhibited a very similar DNA re-
sponse to that reported herein—particularly with respect to the extent to
which they bent the DNA, and the resultant stability of the DNA—and
confirmed that the results of our simulations were not sensitive to varia-
tions in the initial binding site. We note that these repeat simulations also
proved our results to be robust with respect to the initial background ion
distribution, since each configuration also involved a very different, es-
sentially random, initial arrangement of the sodium and chloride ions.


Molecular dynamics simulations (steps 3 and 4): Water molecules, taken
from an equilibrated liquid water simulation, were added to the opti-
mised configurations (DNA, cylinder, Na+ and Cl� positions) identified
in the docking calculations. Any water molecule that overlapped with
DNA, cylinder, Na+ or Cl� was removed, which left a total of 3720 water
molecules in the final DNA/ligand system, or 3758 for the uncomplexed
DNA. Equilibration followed a similar protocol to that used by other re-
search groups.[23,28, 37] The DNA atoms were tethered to their original po-
sitions with a harmonic force constant of 100 kcalmol�1L�2 and an NVT
MD simulation performed for 10 ps at 310 K. A further five 10 ps simula-
tions were then performed successively in which the tethering force con-
stant was 50, 25, 10, 5 and 1 kcalmol�1L�2, respectively. The tethering
potentials were then removed completely and multi-nanosecond simula-
tions performed, saving configurations every 1 ps for later analysis.


Up to four repeat simulations of 2–5 ns duration, using slightly different
starting configurations, were performed for each ligand/DNA system to
validate the reproducibility and timescale of the DNA response. In every
case, the response of the DNA was found to be rapid and repeatable,
with most changes occurring in the first 0.5 ns, and no noticeable changes
occurring between 2 and 5 ns.[36] In this paper we therefore concentrate
on the behaviour during the first 2 ns after binding.


Analysis methods : A number of different methods have been used in this
work to monitor DNA structure. The time dependence of conformational
parameters has been monitored using the Curves algorithm[38] imple-
mented in MDToolchest.[39] This uses seven torsion angles (a–z, f, c) to
describe the DNA backbone, while the intra-base-pair geometry is
described by six helicoidal parameters: three displacements (shear,
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stretch and stagger) and three angles (buckle, propeller and opening).
This parameter set is now well established as a means of describing DNA
conformation;[40,41] a full definition is supplied with the Supporting Infor-
mation, though it is useful to note here that of the backbone angles, a
and z refer to torsions about P�O bonds, d and f refer to the ribose ring,
while c is for the bond that links the backbone to the base.


In understanding the DNA conformation and flexibility, it is also useful
to examine some of the parameters that give a more correlated view of
the overall behaviour. In particular, it is useful to study the relationship
between neighbouring base pairs. In this work these have been moni-
tored using a distance (slide) and three angles (tilt, roll and twist; see
Figure 9) as implemented in 3DNA.[42] In this case, the analysis has been
applied to the average structure determined from a continuous 50 ps por-
tion of the MD trajectory; this length of trajectory was found to be long
enough to smooth out the instantaneous fluctuations in shape, but was
still short with respect to the systematic relaxation induced by the pres-
ence of the cylinder, 1. The 3DNA analysis of average structures has also
been used to generate normal vector plots,[7, 43] which are useful for iden-
tifying linear and bent regions within the DNA, and hence to estimate
the degree to which the DNA is bent by the cylinder.


Results and Discussion


Response of the DNA to a bound cylinder


As will be discussed below, the simulations with the two
DNA force fields (CHARMM22 and CHARMM27) gave
broadly similar responses for the DNA/ligand complex, in
that the binding site was consistent with the two models and
both indicated the DNA to be bent by the cylinder. Some
quantitative differences were observed between the two
force fields, with CHARMM27 tending to give the more
minimal response to the cylinder. Two examples (discussed
in more detail below) are worthy note at this stage. The
overall bend of the DNA was about 408 with CHARMM22
compared with 208 for CHARMM27, and the CHARMM22
DNA did respond differently to C4+ and C0 whereas the
CHARMM27 model was remarkably insensitive to this
large change in ligand charge. In the following we focus first
on the results for the CHARMM22 model: since the re-
sponse is greater with this model it is likely to be easier to
identify the underlying physics of the DNA/ligand interac-
tion. This is then followed by a more detailed comparison of
the force fields to place confidence limits on the interpreta-
tion of the simulations.


Charmm22 : As described in the protocol, favourable bind-
ing sites for the cylinder on the DNA were identified and
then explicit solvent molecules added. In all cases, binding
was found to occur preferentially in the region of the A–T
tract (base pairs 6–10). Using the position from the docking
calculation as a starting point, water was added, the system
equilibrated while the DNA conformation was restrained to
the B-form, and then simulations allowed to proceed with-
out restraints. We re-iterate that up to four such simulations
were performed for each DNA/cylinder system.
Once the restraints were removed, the DNA was observed


to respond rapidly to the presence of the cylinder. Major
conformational changes were observed in the presence of


both C4+ and C0. In every trajectory these occurred within
the first 0.5 ns, with the precise timing depending on the
starting configuration. In all cases, no significant conforma-
tional changes were observed in the subsequent 4–5 ns, sug-
gesting that our simulations were probing the final DNA
state, or at least identifying a long-lived intermediate in the
response process.
It is instructive to begin by comparing before and after


images of the DNA conformation in the three different sys-
tems: uncomplexed, bound to C4+ , and bound to C0. Al-
though such snapshots provide only limited information
about the range of DNA conformations, for the present
study they prove to give a useful and visual overview of the
more quantitative data presented below. Images of the ini-
tial (directly after docking) and relaxed (after 2 ns) configu-
rations for DNA and cylinder are given in Figure 2. Initially,
the DNA adopts a nearly linear B-form. The initial binding
mode of the cylinder is in the major groove, lying symmetri-
cally between the two strands of the DNA, and spanning
base pairs 6–11 (T6–A19 to C11–G14). This is consistent
with the published structure obtained from NMR (NOE)
data.[15,16,19] This binding geometry was retained throughout
the equilibration phases, and was not disrupted until the
tethering potentials that restrained the DNA conformation
were removed.
After 2 ns of the unrestrained simulations, the uncom-


plexed DNA retained its near linear B-form, albeit with
some fraying at the first base pair. In contrast, the final con-
figurations of the DNA/cylinder simulations suggest substan-
tial curvature of the DNA for both charged and uncharged
cylinders. As will be discussed below (see Figure 7), these
snapshots do depict a bend of about 408 in the helix axis in
the presence of the cylinders.
At the end of the simulations the charged cylinder, C4+ ,


remained in the major groove, but some distortion of the
groove shape was evident. There was close association be-
tween the cylinder and base-pairs 5–9 (closest interatomic
distances between the cylinder and each of these nucleic
acids are 2.4–3.5 L); thus the cylinder remained within the
A-T tract. There was no evidence of hydrogen bonding be-
tween the cylinder and DNA, but this is not surprising since
the cylinder has no conventional hydrogen-bond donor
groups, and its potential acceptors are obscured by non-
polar carbons. It is particularly interesting to note that some
breakdown of the Watson–Crick structure is apparent in the
last three or four base pairs of the DNA (Figure 2, middle,
bottom), that is, adjacent to the cylinder binding site. As is
shown below, this is due to a mispairing between T9 and
A15, which then leaves T10 and A16 unpaired.
Importantly, the simulations reproduce both the major


groove binding characterized by NMR and the DNA coiling
effects as observed in LD and AFM experiments. The impli-
cation of the simulations is that, at least for some sequences,
this bending might be associated with alterations to the
DNA base pairing. Such effects have also been observed in
some DNA–protein complexes,[44, 45] and can, indeed, be an
important feature of the way that proteins process DNA.
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Moreover, DNA bending is commonly associated with A–T
tracts.[46,47]


The behaviour of the neutralised cylinder, C0, provides a
fascinating contrast to that of C4+ . Its final configuration
shows C0 to lie symmetrically within the major groove, span-
ning base pairs 5–10, but with the DNA having bent sub-
stantially to create a much deeper pocket for the cylinder
than was found with C4+ . It might originally be thought that
the coiling of the DNA was, in large part, due to the attrac-
tion between the large positive charge on C4+ and the nega-
tively charged phosphates in the DNA backbone. However,
it is clear from Figure 2 (and the quantitative analysis pre-
sented below) that the neutral cylinder, C0, also causes
strong coiling in the DNA, but does so without inducing any
of the disruption of the Watson–Crick base pairs that was
evident with C4+ . This contrast suggests that the shorter
ranged van der Waals forces play a significant, perhaps even
dominant, role in coiling the DNA backbone while the large
Coulombic forces generated by the exposed cationic charge
of C4+ may generate a localised stress that is strong enough
to disrupt inter-strand hydrogen bonding in the DNA
duplex.


The helicoidal parameters de-
veloped by Lavery and Skle-
nar[38] are a good source of
quantitative data on how these
ligands affect the integrity of
the base pairs within the DNA
double helix. These parameters
describe how two nucleic acid
bases move and rotate relative
to each other and are defined
such that zero displacement/ro-
tation corresponds to the ideal
base pair geometry for B-DNA.
Helicoidal parameters have
been calculated from all three
simulations and are presented
in Figure 3. For the uncom-
plexed DNA, nearly all the
base pairs can be seen to be
stable, with typically small fluc-
tuations about values of zero
(the ideal base-pair geometry).
The only exception is the first
pair, C1–G24, which, from
about 1 ns, showed large ampli-
tude motions characteristic of
fraying at the end of the double
helix; end-fraying is a not un-
common event for DNA, both
in simulations and in vivo.
Some large-amplitude fluctua-
tions were also seen for T8–
A17 and T9–A16 pair at about
1 ns, but these were transient


and rapidly returned to stable values; such behaviour is indi-
cative of the flexibility inherent within the DNA duplex
rather than of irreversible conformational changes.
Given the amount of curvature evident in Figure 2 (right),


the C0 ligand gives rise to helicoidal parameters that are re-
markably similar to those of the uncomplexed DNA.
Indeed, the principal difference between these two sets of
data is that the transient large amplitude oscillations seen in
the uncomplexed DNA are completely absent for DNA in
the presence of C0. As with the uncomplexed DNA, fraying
is again found only at the first base pair. Thus, the presence
of C0 actually appears to enhance the stability of the
Watson–Crick base pairs, despite the overall curvature of
the DNA evident in Figure 2 (right).
For C4+ bound to DNA, the helicoidal parameters clearly


reveal a deformation of the base-pair stack. There are two
distinct zones in the double helix for this system. The first
seven base pairs show stable behaviour as seen in the un-
complexed DNA, with just small fluctuations around zero.
Similar behaviour is seen for T8–A17, albeit with larger am-
plitude vibrations for the shear (SHR), buckle (BKL) and
open (OPN) parameters. However, the plots for the last
four base pairs show extremely large variations that are


Figure 2. Conformations of DNA taken from the beginning (top) and after 2 ns (bottom) of MD simulations
using the CHARMM22 force field: uncomplexed DNA (left), DNA/C4+ (middle) and DNA/C0 (right). Con-
formations after 5 ns were very similar to those at 2 ns.
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simply inconsistent with a stable Watson–Crick base pair:
shear deformations vary by as much as 8 L during a simula-
tion, while the base pair “stretches” are, at times, 3–4 L less
than their equilibrium value.
Visual inspection of the DNA/C4+ trajectory showed that


this apparent disruption of the double helix below base-pair
T9–A16 was actually a complex rearrangement amongst the
base pairs, resulting in the formation of a new pairing be-
tween T9 and A15, so that T10 and A16 were left unpaired
(see Figure 4). The sequence of events for the formation of
this defect was as follows:


1) Some stress became evident in base pairs 10–12 from
about 170 ps:


2) T9–A16 broke apart at 390 ps;
3) a new base pair, T9–A15, formed within the following


10 ps.


T10 was then observed to swing out of the helix, kinking
the backbone, and subsequently disrupting the last two base
pairs (C11–G14 and C12–G13). It is interesting to note that
this activity occurred adjacent to, rather than at, the cylinder
binding site: the cylinder remained bound to the base pairs
numbered 5–8 (i.e. , C5–G20 to T8–A17) throughout the
simulation.
This change observed in the base-pair stacking is also re-


vealed in the pattern of hydrogen bonding between the nu-
cleic acids at the end of the simulation. Hydrogen-bond


Figure 3. Helicoidal parameters for a) uncomplexed DNA, b) DNA/C4+ and c) DNA/C0. Time is given on the vertical axis (0–2 ns, 0 top) and the helicoi-
dal parameter on the horizontal axis (scale as marked). For a definition of these parameters[38] see Supporting Information.
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lengths were obtained from the average DNA structure, as
calculated by the 3DNA package, using the final 50 ps of
each trajectory. This time window was found to be long
enough to smooth out the instantaneous vibrations, but still
short enough to avoid artefacts due to long timescale con-
formational motions of the DNA. The results for the two
DNA/cylinder simulations are listed in Table 1 and confirm
the formation of a mismatched Watson–Crick base pair T9–
A15, with the two hydrogen bonds, in the presence of C4+ .
Dial plots of the DNA backbone torsion angles from the


three sets of simulations are given in Figure 5. Data for the
uncomplexed DNA are consistent with the average values
expected for B-DNA, and show no evidence of a transition
to one of the other forms. The presence of the cylinder does
change the DNA backbone conformation, but the changes
are smaller than was seen in the helicoidal parameters. In-


terestingly, while the helicoidal parameters indicated that
the base-pair structure was more constrained in DNA/C0


than in the uncomplexed DNA, the opposite appears to be
true for the backbone, with the backbone torsions showing
larger fluctuations in the presence of C0 than without. The
changes in base-pair stacking induced by C4+ are also seen
in the backbone, but the difference between the two cylin-
ders is less obvious than it was with the direct measures of
base-pair geometry. The most obvious indication is in the
C3’-O-P-O (z) and O-P-O-C5’ (a) angles, which show
almost random angular variations between base pairs 10–12
in the presence of C4+ , suggestive of rotation that is unhin-
dered by base-pair formation. This effect appears to be
more pronounced at the end of the first strand (nucleotides
T10 to C12) than on the complementary strand (nucleotides
G13 to A15).
A schematic representation of the global helix axis after


2 ns is given in Figure 6. We note that quantifying curvature
in the DNA helix can be problematical. Any measure must
be able to distinguish between the local oscillations in base-
pair orientation found in, particularly, the A-form, and a
real bend in the overall helix direction. This can be particu-
larly difficult in short strands of DNA, such as the dodeca-
mer studied here, since one cannot use the behaviour of the
helix beyond the binding site to confirm the persistence of
any bend. To measure the extent of bending we have used
the 3DNA definition of the local helix direction. This uses
the geometry of any two adjacent base pairs (a step) to
define a unit vector, Ui, along the helix axis at that step.
Bending of the DNA can then be monitored by defining an
angle, #i=cos�1 (Uref · Ui), which describes the total bend in
the DNA between some reference step (taken to be the first
stable step in this work) and the ith base-pair step. Most im-
portantly, this definition gives perfectly aligned Ui (#i=0 for
every i) in both the canonical A and B forms, so that devia-
tions from 0 can be interpreted as bending of the DNA.


#i values for the, averaged, DNA structures after 2 ns are
shown in Figure 7; we reiterate that the DNA response was


complete on this timescale, and
no further relaxation was ob-
served in simulations continued
to 5 ns. Thus, these plots give a
good indication of both the
global bend induced in the
DNA by the ligands, and how it
is distributed along the dodeca-
mer. Both C4+ and C0 can be
seen to bend the DNA by
about 408, which compares very
favourably with the 40–608 per
cylinder measured experimen-
tally. In the presence of C4+


this bend is strongly localised
on steps 5 and 6 (base pairs 5–
7), but with the consequent
degradation of base pairs 9–12
noted above. In contrast, the


Figure 4. Snapshot of DNA showing the base-pair defect induced by C4+ .
The green arrow points to the slipped mismatch between T9–A15; the
magenta arrows indicate the resulting unmatched bases, T10 and A16.


Table 1. Intra-base pair hydrogen bond length, taken from the average DNA structure observed during the
final 50 ps of the simulation; blank values indicate no hydrogen bond was found. The mismatch induced by
C4+ is indicated in bold.


Base pairings Length [L]
DNA/C4+ DNA/C0


O2–N2 N3–N1 N4–O6 O2–N2 N3–N1 N4–O6


C1–G24 2.75 3.06 3.22
C2–G23 2.96 3.04 2.97 2.82 3.00 3.02
C3–G22 2.86 3.00 3.01 2.86 3.01 2.97
C4–G21 2.80 3.03 3.10 2.80 3.15 3.35
C5–G20 2.91 3.05 2.99 3.03 2.99 2.84
T6–A19 2.98 3.18 2.99 3.01
T7–A18 3.05 2.91 3.06 2.95
T8–A17 3.03 2.89 3.00 2.87
T9–A16 3.03 3.00
T9–A15 3.17 2.89
T10–A15 3.13 2.88
C11–G14 3.00 3.01 2.94
C12–G13 2.85 3.01 3.00
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408 bend for C0 is spread over 10 base pairs, which probably
explains why the integrity of the duplex is retained in this
case. The uncomplexed DNA shows a net bend of only 10–


128 over 10 base pairs, with
some evidence of more pro-
nounced curvature over the
first few steps.
Another common descriptor


for helix curvature is the
normal vector plot (NVPs).[43]


NVPs are projections of the
unit vector normal to the plane
of each base pair onto a plane
that is normal to the helix axis.
Linear segments of the DNA
can then be identified as clus-
ters of neighbouring points,
while coiling is seen as a steady
change of orientation across a
number of adjacent base pairs.
NVPs calculated at the end of
each simulation are presented
in Figure 8. The uncomplexed
DNA shows a reasonably tight
cluster of points. In the pres-
ence of the neutralised cylinder
(C0), however, there is a large
and systematic variation in ori-
entation across base pairs 3–9,
consistent with the strong cur-
vature noted above. For the
fully charged cylinder, C4+ ,
there is strong curvature but as
was seen with the cumulative
bending angle (Figure 7), this
effect is localised between base
pairs 6 and 7, that is, to the
start of the region in which the
ligand is bound, and is sugges-
tive of a localised kink in the
double helix.
Various parameters describ-


ing the geometry of base-pair
steps have also been calculated
using 3DNA, and the average
structure obtained during the
final 50 ps portion of the trajec-
tory. In Figure 9 we report
values of the slide displace-
ment, and roll, twist and tilt
angles,[40,41] for all stable base
pairs. There are several impor-
tant points to note from these
plots. In the first place, the step
parameters observed in the
presence of the cylinders are
not readily identified with any


of the common DNA conformations. Slide values below
�1 L, as observed along most of the stable duplex in the
presence of both C4+ and C0, are often taken to be indica-


Figure 5. DNA backbone torsion angles for a) uncomplexed DNA, b) DNA/C4+ and c) DNA/C0. Circular
polar plot of time (radius, 0–2 ns) against torsion angle (08 top, 908 right).
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tive of A-DNA. However, both the slide and roll values ob-
tained in this work are really intermediate between the
values expected for A- and B-DNA, while, for C0, the twist
is more consistent with B-DNA. On balance, 3DNA assigns
the duplex as having the B-form in the presence of the neu-
tral cylinder, and fails to make any assignment in the pres-
ence of C4+ . It is also interesting to note that both the slide
and the roll angles take their most extreme values at step 6,
which is both the start of the region to which the cylinders
bound and the start of the A-T tract. Finally, we note that
the twist angles indicate that neither C4+ nor C0 cause signif-
icant winding or unwinding of the DNA—either locally or
globally. The average twist for C0 is 33.48 per step, which is
intermediate between the A- and B-forms. A slightly lower
value (29.48 per step) is seen in the presence of C4+ , but the
extent to which this is influenced by the mismatched base
pairing is unclear. This behaviour is in contrast to some pro-


teins, such as 434 Cro, which bend the DNA via alternating
regions of under- and overwinding.[1]


A concomitant question when DNA bending is observed
is to ask how the size of major and minor grooves is affect-
ed. Following Hassan and Calladine,[48] we have monitored
these by measuring the distance between appropriately dis-
placed phosphate groups, with the P atom representing the
position of the phosphate. The width of the major groove
can be defined as the distance between the P atom in the
nth nucleotide, counting from the 5’ end of one strand, and
the P atom of the n+3rd nucleotide from the 3’ end of the
complementary strand; this numbering assumes 5’ nucleo-
ACHTUNGTRENNUNGtides. Similarly, for the minor groove one can use the dis-
tance between the P atoms in the nth nucleotide from the
5’-end of one strand with the n�4th nucleotide from the 3’-
end of the complementary strand. The distribution of these
inter-phosphate distances was determined by analyzing
every configuration saved from the final 0.25 ns of each sim-
ulation. To avoid artefacts from end-fraying, those phos-
phates that were adjacent to the first and last base pair were
omitted from the analysis. This left five measurements of
the major groove width, and six for the minor groove. It
should be noted that, for a dodecamer, this meant that the
minor and major groove measurements were made on large-
ly different regions of the DNA, with only two base pairs
(T6–A19 and T7–A18) being used to measure both the
major and the minor groove widths.
Unlike crystal structure analyses, the DNA shows consid-


erable flexibility during a simulation, and so gives rise to a
distribution of groove widths for each pair of phosphate
groups. The average groove width and its standard deviation
are presented in Figure 10. It is striking that the DNA-coil-
ing induced by C0 does not in any way affect the width of
the major groove—the site into which C0 binds. An enlarge-
ment in the width of the minor groove (ca. 2.5 L) is seen in
the vicinity of the C0 binding site, but only for four of the


Figure 6. Representation of the average DNA structure in the uncom-
plexed (left), DNA/C4+ (middle) and DNA/C0 (right) simulations. Aver-
ages were calculated from the final 50 ps of each simulation using
3DNA.[42] Only the stable base pairs are depicted.


Figure 7. Degree of bend in the DNA, calculated from the local helix
direction as defined by 3DNA. The angles are defined as #i=


cos�1 (Uref · Ui), where Uref is the helix director for the first stable step.
The helix bend (left) is identically zero for both the canonical A- and B-
forms. c : C0, a : C4+ , c : uncomplexed.


Figure 8. Normal vector plots (NVPs) for the average DNA structure cal-
culated from the final 50 ps of each simulation using the CHARMM22
force field. NVPs are a projection of a unit vector normal to each base
pair onto a plane that is normal to the local helical axis, with the points
corresponding to successive base pairs being joined by a smooth line.
^: C0, &: C4+ , ~: uncomplexed.
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six inter-phosphate distances found in this region (those in-
volving nucleosides T6 through T9, but not A18 and A19).
In contrast to C0, C4+ has a substantial effect on the


widths of both the major and minor groove. The major
groove width increases by an average of 1.8 L compared
with both the uncomplexed DNA and the DNA with bound
C0. Even larger increases are seen in the width of the minor


groove. However the largest increases (nearly 8 L for C11–
A18) are in regions where the backbone torsion angles a


and z have already been shown to be ill defined (Figure 5)
and so probably indicate that there is no well defined minor
groove in this region when C4+ is bound to the DNA.
In summary, the supramolecular cylinder, 1, is seen to


have a strong influence on the conformation of DNA as
modelled with the CHARMM22 force field. The interac-
tions within a neutralised analogue of 1 were sufficient to
induce a bend of about 408 in the DNA helix axis, which is
very similar to the angle seen in experiments with 1. When
the tetracationic charge is also accounted for, 1 was found
to strain the base pairing within the duplex, and induced a
mispairing of A–T bases adjacent to the ligand binding site.
It is important to stress that the induction of base-pair de-
fects was reproducible. Four separate C4+ simulations were
performed, starting with different low-energy cylinder/DNA
binding sites and with different arrangements of the solvent
and counterions. In each case a mismatched A–T base pair
formed within the first 0.5 ns. It is possible that the defects
were introduced as part of the coiling process (i.e., whether
the additional strain during coiling made the DNA suscepti-
ble to defects in the base-pair sequence) in which case they
would not reflect a global free energy minimum. To test this,
a further simulation was performed starting from a stable
configuration obtained after 2 ns of the DNA/C0 simulation
and changing the atomic charges back to those of C4+ ; four
Na+ ions were also removed to maintain electrical neutrality
in the system. An equivalent extended simulation with C0


was used as a control. Within just 0.25 ns, mispairings in the
A–T region again appeared in the presence of C4+ (Support-
ing Information, Figure 4), but no mispairings appeared with


Figure 9. Slide displacement, and twist, tilt and roll angles between adjacent base pairs; a schematic definition of each inter-base pair coordinate is given
with the plot. The horizontal axis corresponds to the step between base pairs, so that step 1 compares the first two base pairs (C1–G24 and C2–G23),
etc. Only stable base-pairs have been included. Data for the canonical A- (a) and B-forms (a) are given as a reference; c : C0, b : C4+ .


Figure 10. Widths of the major (solid) and minor (dashed) grooves, as de-
termined from specified inter-phosphate distances. Calculations were per-
formed with CHARMM22. “Error bars” denote the width of the distri-
bution of distances (� one standard deviation), not the uncertainty in
the calculation. No correction has been made for the size of the phos-
phate group; ^: uncomplexed, &: C0, ~: C4+ .
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C0 during an additional 3 ns. We conclude that strong coiling
of DNA by 1, coupled with a disruption of the duplex base
pairing, is a real prediction from the CHARMM22 force
field.


Force-field dependence : The two DNA force fields have
been compared by measuring the extent to which a stable
binding geometry obtained with one force field is main-
tained by the other. This amounts to determining whether
an important minimum on the free energy surface of one
force field is reproduced with the other. By starting in a
well-defined free-energy minimum, instead of repeating the
docking protocol, one avoids the possibility of simulations
with different potentials simply converging on different
local minima and thereby ends up with an unambiguous
comparison of the two force fields. Accordingly, simulations
with the CHARMM27 force field were started from the
stable conformation obtained after 2 ns in the C0/
CHARMM22 simulation.
Simulations were again performed with both tetracationic


and neutralised cylinders and are denoted 27C
4+ and 27C


0, re-
spectively. For the 27C


4+ system, four Na+ ions chosen at
random were removed to maintain electrical neutrality. The
system was then relaxed in a series of short, restrained simu-
lations, as outlined in Section Computational Methods. All
restraints (i.e. , tethering potentials) were then removed and
the system simulated for an additional 1.5 ns. The 3DNA
analysis of bend and step parameters, obtained from the
average structure at the end of these simulations, is present-
ed in Figures 10–12, while the distribution of groove widths
observed during the final 0.25 ns is depicted in Figure 14.
Where clarity permits, results for CHARMM22 are also de-
picted for comparison.
In general, the CHARMM27 DNA is less strongly influ-


enced by the cylinder than is the CHARMM22 model. For
both 27C


4+ and 27C
0, the DNA uncoils slightly to give an


overall bend of only about 208 (Figure 11), while the normal
vector plots (Figure 12) remain relatively compact. At the
same time the slide parameters (Figure 13) indicate a shift
to the B-form that is known to be favoured by
CHARMM27 for an aqueous duplex in the absence of a


ligand. No evidence was found that either cylinder disrupted
the base pairings at any stage during the simulations, with
the average structure from the end of the simulations show-
ing the expected three (G–C) and two (A–T) hydrogen
bonds for every base pair; at least one of the hydrogen-
bond lengths was less than 3.0 L in every base pair, while
none was more than 3.13 L. This is a major difference from
the analogous CHARMM22 simulation described above,
where reinstating the +4 e cylinder charge on the DNA/C0


complex induced base-pair mismatches within just 0.25 ns.
Perhaps most surprisingly, the cylinder charge appears to


have very little effect on the CHARMM27 DNA. The
normal vector plots, global bend and step parameters (with
the exception of the roll angle at the 6th step) all show re-
markably similar behaviour for the 27C


4+ and 27C
0 systems.


Given the strongly ionic character of DNA and its flexibility,
this apparent invariance to the ligand charge is unexpected.
One property that does show differences between the two
force fields is the groove widths. Relative to CHARMM22/
C0, the major groove of CHARMM27-DNA contracts in the
presence of C4+ , but expands in the presence of C0. We note
that CHARMM27 uses a more strongly charged DNA back-
bone than does CHARMM22, with the PO4 net charge
being �1.2 e, compared with �1.0 e for CHARMM22. This
increased negative charge may lead the DNA backbone to
contract more strongly onto the tetracationic cylinder, re-
sulting in a stiffening and straightening of the DNA back-
bone and thereby inhibiting the subsequent bending of the
DNA. A similar response to ligand charge has been seen
with netropsin bound in the minor groove,[24] but greater
scope for DNA relaxation might have been anticipated
when the ligand binds in the major groove.
The comparison between these two force fields highlights


several influences on the DNA response. In the first place
we note that both force fields predict the neutralised ligand
to coil DNA at least as strongly as the tetra cationic ligand.
Previous work has shown that regions of low dielectric con-


Figure 11. Global bend of the DNA, calculated as for Figure 6.
CHARMM27 results are given as dashed lines, and CHARMM22 as the
solid lines; c : C0, a : C4+, c : 27C


0, a : 27C
4+ .


Figure 12. Normal vector plots for the average DNA structure obtained
during the final 50 ps of the CHARMM27 simulations. ^: 27C


0, &: 27C
4+ .
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stant enhance the phosphate repulsions in DNA and cause it
to bend away from the low dielectric region.[49] Although
the neutralised ligand does generate electric field gradients,
its enhanced negative surface charge should also accentuate
the phosphate repulsions and induce the DNA to bend away
from the ligand, or at least coil less tightly about it. The fact
that this is not observed, and indeed the coiling may be en-
hanced for the neutralised ligand, implies that it is the other
forces—the van der Waals forces—that drive the coiling.
Ligand charge does have some affect on the DNA re-


sponse, but its principal manifestation is different in the two
force fields. The contrast is instructive. In CHARMM27, the
+4 e charge attracts the negatively charged DNA backbone,
causing the major groove to contract onto the cylinder. With


CHARMM22 its effect is to
strain the hydrogen bonding be-
tween base pairs in the duplex.
The induction of such strain is
reasonable given that most
force fields describe hydrogen
bonding primarily through elec-
trostatic interactions. Orbital in-
teractions, such as charge trans-
fer and p-electron polarisation,
do contribute strongly to the
hydrogen bonding between
base pairs,[50,51] but these are
also likely to be strongly pertur-
bed by the proximity of a tetra-
cationic ligand. In reality, both
the strain to the base pair hy-
drogen bonds and the contrac-
tion of the DNA backbone
onto the ligand are likely to be
present, and getting the balance
right will be an important vali-
dation of the force field. In this


context, the CHARMM22 result that duplex base-pairing
will be disrupted by C4+ provides an interesting prediction
that awaits the measurement of definitive X-ray or NMR
structures.


Sensitivity to cylinder charge : If, as indicated above, the dis-
ruption of base pairs in a DNA duplex with CHARMM22 is
due to a competition between inter-base pair hydrogen
bonding and ligand base electrostatics, then it is of interest
to identify how strong the ligand electrostatics need to be in
order to effect the base pair mismatches. Analogous simula-
tions to those reported in the last section were performed
with CHARMM22 and with a variant of the cylinder in
which the overall charge was set to +3 e (C3+), again ach-
ieved by a constant shift of the atomic charges for all C and
non-polar H atoms. Within 0.25 ns this system also showed
disruption of the base pairing within the double helix (see
Figure 15). Similar calculations with a +2 e variant of the
cylinder (not shown) gave results that were intermediate be-
tween C3+ and C0, with frequent bifurcated pairings in
which an A was found to bridge two T bases in the opposite
strand, but these did not lead to irreversible breakdown in
the base pairing on a nanosecond timescale. We conclude
that some disruption of the duplex base pairs is a robust fea-
ture of the CHARMM22 model, and is not especially sensi-
tive to the parameterisation of the cylinder charge distribu-
tion.


Conclusion


Our molecular dynamics simulations of the supramolecular
cylinder, 1, in explicit solvent show major groove binding of
the cylinder on the DNA and coiling of the DNA in re-


Figure 13. Selected step parameters for stable base pairs, calculated as for Figure 8. Values for the canonical
A- and B-forms are given for reference, c : C0, a : C4+ , c : 27C


0, a : 27C
4+ , g : A-form, g : B-form.


Figure 14. Groove widths calculated during the final 0.25 ns of the
CHARMM27 simulations. Solid lines indicate the major groove and
dashed lines the minor groove,^: C0, &:27C


0, ~: 27C
4+ .
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sponse to this binding. This is consistent with all available
experimental observations. Moreover, the simulations have,
as envisaged, yielded molecular level information about the
coiling effect. Other highly charged cations, such as sper-
mine and cobaltACHTUNGTRENNUNG(iii)–hexamine,[17,22,52, 53] bend DNA by a few
degrees per ligand and cause it to condense into poly-molec-
ular aggregates (often of well-defined shape). Our simula-
tions indicate that the DNA bend induced by 1 is an order
of magnitude greater than this: the simulations give 20–408,
depending on the force-field model, which compares favour-
ably with the experimental measurements of 40–608 per
ligand. Somewhat surprisingly, the tetracationic charge of
the supramolecular cylinder was found not to be essential
for inducing the coiling, as a neutral analogue was also
found to bend the DNA. Instead the molecular shape ap-
pears to be the key factor and must give rise to a coil with a
pitch which ensures an intramolecular effect observed exper-
imentally with this ligand, rather than the more commonly
observed intermolecular aggregation. This highlights the sig-
nificance of our molecular design which creates, through
metallo-supramolecular assembly, a cylindrical agent of very
similar shape and dimensions to the various cylindrical
motifs employed by proteins for DNA recognition and
structure control.
This is not to say electrostatic interactions were unimpor-


tant. Our simulations identified two competing influences
arising from a cationic ligand in the major groove that are
likely to be general effects. On the one hand, the large cat-
ACHTUNGTRENNUNGionic charge attracted the phosphate backbone, causing the
major groove to contract around the ligand. On the other
hand, such a large positive charge density close to the base


pairs places strain upon the inter-base hydrogen bonding
that holds the DNA duplex together. The balance of these
two effects did depend on the choice of DNA force field,
but the latter effect was sufficiently large that C4+ was ob-
served to generate base-pair mismatches in some systems.
When these mismatches were observed, they occurred in the
A–T tract and adjacent to, rather than at, the site at which
the cylinder bound. Any weakening of the base pair hydro-
gen bonding at or near this site could prime the DNA for
transcription or replication processes. This is an unexpected
molecular-level feature associated with the experimentally
observed cylinder binding and DNA conformational change.
Intriguingly, we note that many proteins also bend DNA at
locations adjacent to the site of transcription. For example,
the CAP (catabolic gene activating protein) binds adjacent
to the initial site at which RNA polymerase acts and causes
a 50-fold increase in the rate of transcription initiation.[54]


This activation is usually ascribed to the provision of an in-
teraction surface for the polymerase, thereby enhancing
binding to the promoter site. Our C4+/DNA simulations sug-
gest there may be an alternative mechanism: that the bend-
ing induced by CAP binding can help to open the DNA at
an adjacent site, and could thus contribute to the increased
rate at which transcription is initiated in the presence of
promoters. This opens up new potential applications for
these DNA-coiling metallo-supramolecular cylinders.
Thus we conclude that the tetracationic supramolecular


cylinder, 1, does have two substantive effects on DNA. In
the first place it can induce coiling of the DNA, with poten-
tially very large curvature being introduced in DNA dodeca-
mers. However, at the same time it weakens the hydrogen
bonding between base pairs near the binding site and so can
tend to introduce defects into the alignment of the base-pair
sequences in the two strands of the double helix. In our sim-
ulations this occurred consistently within the A–T rich
region of the DNA and resulted in misaligned A–T cross-
links between the two strands. It is not clear whether this
represents a selectivity for A–T over G–C and simulations
with other DNA sequences are in progress to resolve this
issue.[1,2]
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Synthesis, Characterization, Spectroscopic, and Electrochemiluminescence
Properties of a Solvatochromic Azacrown-Containing Cyanoruthenate(ii):
Potential Applications in Separation and Indirect Photometric Detection of
Cations and Amino Acids in HPLC


Mei-Jin Li, Ben Wai-Kin Chu, and Vivian Wing-Wah Yam*[a]


Introduction


Supramolecular host–guest interactions and molecular rec-
ognition are subjects of considerable interest, and the recog-
nition of cations is one such example, due to its implications
in numerous fields, such as chemistry, biology, medicine, and
environmental studies.[1] Such interactions may find applica-
tions when the host molecules are able to express the recog-
nition signal by invoking a change in one or more properties
of the system, such as absorption, emission, or redox poten-
tial characteristics. In recent years, much attention has been
paid to the design of inorganic/organometallic sensors,[2–11]


in particular those with metal-to-ligand charge-transfer
(MLCT) chromophores in the visible region, as they could
provide an easy spectrochemical and luminescence handle
for the selective and specific monitoring of substrates. Elec-
trochemiluminescence (ECL) properties of cationic ruthe-
nium(ii)–polypyridine complexes have been extensively


Abstract: A new anionic ruthenium(ii)
complex, (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
(tpyA18C6=N-[4’-(2,2’:6’,2’’-terpyrid-
yl)]-1,4,7,10,13-pentaoxa-16-azacyclo-
hexadodecane), has been synthesized
and characterized. The complex was
found to show pronounced solvato-
chromic behavior and, when dissolved
in solution, changed its color from
purple to yellow when the solvent
system was varied from pure acetoni-
trile to pure water. Its absorption and
emission energies in various solvents
showed a linear dependence of the
Gutman7s acceptor number. The char-
acteristic photoluminescence and elec-
trochemiluminescence (ECL) of the
complex were also found to be progres-


sively quenched as the proportion of
water in a water/acetonitrile mixture
increased. Large changes in the chemi-
cal shifts of the 1H NMR and 13C NMR
signals of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in
different solvents were observed. The
complex has also been demonstrated to
serve as a mobile-phase additive in
high-performance liquid chromatogra-
phy for separation of metal cations and
amino acids. Comparison studies with


the crown-free analogue, (Et4N)[Ru-
ACHTUNGTRENNUNG(tpy)(CN)3] (tpy=2,2’:6’,2’’-terpyri-
dine), showed that other than the ion-
pair effect, the allosteric host–guest in-
teraction provided by the presence of
the pendant crown was essential to the
separation performance of the com-
plex. Indirect detection of nonabsorb-
ing analytes has been achieved by mon-
itoring the absorbance changes of the
eluent at the metal-to-ligand charge-
transfer (MLCT) absorption band max-
imum of the complex at 445 nm. The
effects of pH, ionic strength, and polar-
ity of the mobile phase as well as the
complex concentration on the selectivi-
ty and resolution have also been stud-
ied.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. The Supporting
Information contains [1H-13C] HETCOR and HMBC of (Et4N) ACHTUNGTRENNUNG[Ru-
ACHTUNGTRENNUNG(tpyA18C6) ACHTUNGTRENNUNG(CN)3] in D2O and CD3CN in Figures S1 and S2. The
effect of MeOH content in the mobile phase on the analyte retention
factor for the separation of selected amino acids using (Et4N) ACHTUNGTRENNUNG[Ru-
ACHTUNGTRENNUNG(tpyA18C6) ACHTUNGTRENNUNG(CN)3] as an additive is shown in Figure S3. The chroma-
tograms of the separation of alkali and alkaline-earth metal ions on a
PRP-1 column adsorbed with (Et4N) ACHTUNGTRENNUNG[Ru ACHTUNGTRENNUNG(tpyA18C6) ACHTUNGTRENNUNG(CN)3] are shown
in Figure S4.
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studied in both aqueous and nonaqueous solution,[12] but to
our knowledge, no investigation has previously been report-
ed on the ECL behavior of cyanoruthenate complexes. Be-
sides, most of these studies were focused on the synthesis
and spectroscopic changes that occur upon cation binding,
with relatively few studies involving application of anionic
complexes with a pendant crown as both inorganic host and
ion-pairing reagent to separate cations by high-performance
liquid chromatography (HPLC). As an extension of our pre-
vious work on the utilization of transition-metal complexes
containing crown ethers for spectrochemical and lumines-
cence chemosensing,[13–15] herein we report the preparation
of a new anionic solvatochromic cyanoruthenate(ii) complex
bearing an azacrown pendant, (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
(Figure 1), which exhibits both chromophoric properties and


cation-binding ability. We believe that the incorporation of
an additional cation-binding site, such as a crown ether,
would give rise to allosteric effects that would provide the
selectivity, specificity, and improved resolution for cation
separation and detection in comparison to complexes with
no binding site. The complex was also found to display inter-
esting photoluminescence, electrochemiluminescence, and
pronounced solvatochromic behavior. The applications of
the complex as a mobile-phase additive for liquid chroma-
tography separation and indirect photometric detection
(IPD) for mixtures of inorganic and organic analyte cations
are also reported.


Results and Discussion


Synthesis and characterization : The complex was prepared
in good yield according to the modified literature meth-
ods.[16,17] The newly synthesized complex gave satisfactory el-
emental analyses and was characterized by UV/Vis specACHTUNGTRENNUNGtros-
ACHTUNGTRENNUNGcopy, negative ESI-MS, IR and 1H NMR spectroscopy. The
IR spectrum of the newly synthesized complex shows three
n ACHTUNGTRENNUNG(C�N) stretches in the region of 2030–2090 cm�1, which are
typical of the coordinated cyano groups and are similar to
those found for (Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3].


[16]


Electronic spectroscopic properties and solvatochromic
studies : The electronic absorption spectra of [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in various solvents at 298 K show in-
tense absorption bands at 280–300 nm and moderately in-


tense bands at 320–570 nm. The typical electronic absorp-
tion spectra and color of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in various
solvents are shown in Figure 2 (top), and the electronic ab-


sorption data in different solvents are listed in Table 1. With
reference to previous spectroscopic work on [Ru(CN)3-
ACHTUNGTRENNUNG(tpy)]� ,[16] the intense high-energy absorption bands with
molar extinction coefficients in the order of
104 dm3mol�1 cm�1 at about 280–300 nm are assigned to the
intraligand p!p* transition of tpyA18C6, and the bands at
320–400 nm are ascribed to the admixture of the intraligand
transition of tpyA18C6 and the dpACHTUNGTRENNUNG(RuII)!p* ACHTUNGTRENNUNG(tpyA18C6)
metal-to-ligand charge-transfer (MLCT) transition. The ab-
sorption bands at 430–570 nm with molar extinction coeffi-
cients in the order of 103 dm3mol�1 cm�1 in the visible region
are assigned to the dpACHTUNGTRENNUNG(RuII)!p* ACHTUNGTRENNUNG(tpyA18C6) MLCT transi-
tion. The strong solvatochromism of RuII–cyano-containing


Figure 1. Structures of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
� and [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� .


Figure 2. Top: Electronic absorption spectra and color of (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in different solvents. Bottom: Solvent dependence of
the MLCT absorption band and color of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] on
changing from pure acetonitrile to pure water.
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polypyridyl complexes has been reported previously.[18] Simi-
lar to [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� ,[16] the MLCT absorption band of
[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� exhibited a strong energy depend-
ence on solvents, which arose from the interaction of the ex-
ternally directed lone pairs on the cyano ligands with the
solvent.[19–21] The visible color of the complex was also found
to change dramatically from purple to yellow on varying the
solvent composition from neat acetonitrile to neat water
(Figure 2, bottom). The 1MLCT absorption maximum (labs)
was found to shift from 508 to 434 nm, equivalent to an energy
difference of approximately 3350 cm�1. Apart from UV/Vis
spectral changes in different solvents or solvent mixtures,
the MLCT absorption bands of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� were
also found to shift in different pH buffer solutions. Figure 3


shows the spectral traces of the MLCT absorption bands of
[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� as a function of pH and the inset
displays the effect of pH (0.8–10.0) on the absorbance of the
MLCT absorption band at 435 nm. At the indicated mea-
ACHTUNGTRENNUNGsured pH, on going from basic to acidic conditions, the
1MLCT band maximum shifted to higher energy (pH<4)


due to protonation at the CN�


sites, and a noticeable isosbestic
point at 420 nm was observed.
It was found that protonation
of the cyano ligand occurred at
an apparent pKa of about 1.9,
comparable to the literature
pKa value for [Ru-
ACHTUNGTRENNUNG(bpy)(CN)4]


2�.[22]


Like other ruthenium(ii)
complexes, excitation of [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in both the
UV and visible region gave rise
to 3MLCT emission. Emission


wavelengths and quantum yields of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
�


in different solvents are summarized in Table 1. In general,
the 3MLCT emission bands are blue-shifted with respect to
the crown-free complex of [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� , and this is
probably due to the presence of electron-donating aza–oxa
crown moiety on the terpy ligand. Excitation of solid sam-
ples of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] at 500 nm at room tem-
perature gave rise to a very weak 3MLCT emission at
740 nm, while at 77 K, the complex was found to emit
strongly in the red at 680 nm with fine vibronic structures.
In an ethanol/methanol (4:1 v/v) glass at 77 K, vibronic
structures with progressional spacings (nM) of about
1500 cm�1 were observed. These vibrational progressions are
assigned to aromatic CPC vibrations and are commonly ob-
served in ruthenium(ii)–polypyridine complexes at low tem-
perature.[23] The 3MLCT emission band was also found to be
sensitive to the solvent, similar to that of the 1MLCT absorp-
tion. The emission band maxima (lem) was found to gradual-
ly shift from 715 to 630 nm on changing the solvent from
acetonitrile to methanol, and the emission became greatly
reduced in intensity (Table 1). Unlike the crown-free [Ru-
ACHTUNGTRENNUNG(tpy)(CN)3]


� complex, the emission intensity of (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] was also found to be very sensitive to the
presence of water and was greatly reduced with increasing
water content in an acetonitrile solution of the complex
(Figure 4). This might be ascribed to the efficient quenching
of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� by water through hydrogen-bond-
ing interactions between the water molecule and the nitro-
gen and oxygen atoms on the tpyA18C6 ligand, as well as
the increased electron density at the cyano nitrogen atoms
as a result of the good electron-donating ability of the aza-
crown moiety.[24]


When the transition energy (Eabs) of the absorption band
and 3MLCT emission energy (Eem) of the complex in differ-
ent solvents were plotted against the Gutman7s acceptor
number (AN)[25] of a solvent, a linear relationship[16] was ob-
tained (Figure 5). In general, the higher the AN of a solvent
is, the greater is the blue shift of the MLCT absorption band
relative to that in solvents of lower AN; this result is due to
the greater interaction between lone pair electrons on the
nitrogen atoms of the cyano ligands and the solvent mole-
cules of high AN, resulting in a lowering of s-donating abili-
ty as well as an increase in the p-acceptor ability of the


Table 1. Variations with solvent of labs and lem for (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3].


Solvent Acceptor Absorption Emission[a]


number[25] lmax [nm] (e L10�3 [m�1 cm�1]) lmax [nm] fL104


acetone 12.5 380 (4.43), 518 (5.56), 556 (5.62) 765 6.0
pyridine 14.2 306 (29.46), 389 (5.60), 523 (7.29), 565 (7.08) 760 5.8
DMF 16.0 298 (36.27), 388 (5.70), 522 (7.39), 562 (7.20) 755 6.0
CH3CN 19.3 295 (38.40), 378 (6.02), 508 (8.15), 536 (8.04) 740 1.8
CH2Cl2 20.4 294 (29.96), 376 (4.39), 504 (6.11), 534 (5.71) 730 <1
propanol 33.5 284 (38.06), 345 (6.18), 478 (7.34) 685 <1
EtOH 37.1 284 (34.75), 344 (6.04), 470 (6.77) 675 <1
MeOH 41.3 282 (35.60), 344 (6.17), 460 (6.81) 645 <1
H2O 54.8 284 (40.02), 324 (12.46), 434 (9.16) –[b] –[b]


[a] All are corrected values. The lifetime in different solvents is less than 0.1 ms. [b] Too weak to be measured.


Figure 3. Spectral traces of the MLCT absorption band of (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in aqueous buffer solutions as a function of pH. Inset:
Change of absorbance at 435 nm as a function of pH.
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cyano ligands and, hence, the stabilization of dpACHTUNGTRENNUNG[RuII] orbi-
tal. Specific donor–acceptor interactions could also be re-
flected by the absorption energy dependence of the p!p*
transition, Eabs ACHTUNGTRENNUNG(p!p*), even though the underlying transi-
tion was apparently centrosymmetric and ligand-localized.
Its sensitivity to acceptor number was only about 25% that
of Eabs ACHTUNGTRENNUNG(MLCT), but still far greater than that of a typical
p!p* band in the free ligand and in [Ru ACHTUNGTRENNUNG(bpy)3]


2+ .[26] This
p!p* solvent dependence probably arises from a mixing
with the MLCT transitions. Comparison of dp!p* MLCT
transition energies (ca. 20000 cm�1) with p!p* energies
(ca. 30000 cm�1) showed that the dpACHTUNGTRENNUNG(RuII) and pACHTUNGTRENNUNG(tpyA18C6)
orbitals were closer in energy than the dp ACHTUNGTRENNUNG(RuII) and
p* ACHTUNGTRENNUNG(tpyA18C6) orbitals; these results point to dp–p mixing
as the dominant effect. Higher acceptor number solvents


would stabilize dpACHTUNGTRENNUNG(RuII), which stabilizes both pACHTUNGTRENNUNG(tpyA18C6)
and p* ACHTUNGTRENNUNG(tpyA18C6) by orbital mixing. The fact that the p!
p* transition energy was found to increase with acceptor
number showed that the p orbital was stabilized more than
the p* orbital. The slope obtained from the linear correla-
tion between the EabsACHTUNGTRENNUNG(MLCT) and acceptor number (DEabs/
DAN) was found to be 135�7 cm�1AN�1, which is much
larger than that of the crown-free [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� complex
(DEabs/DAN=94�5 cm�1AN�1).[16] These results suggest
that the complex with crown pendant shows a higher sensi-
tivity to the nature of the solvent, rendering it a more sensi-
tive probe for sensing subtle environmental changes. The
slopes, DEem/DAN, obtained from linear correlation between
EemACHTUNGTRENNUNG(MLCT) and the acceptor number (Figure 5) was found
to be 80�4 cm�1AN�1, which was also much larger than
that found for the crown-free [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� complex
(DEem/DAN=58�4 cm�1AN�1).[16] It is interesting to note
that the relative sensitivity of the shift in the energy of the
emission band in [RuACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� with respect to the
crown-free complex to solvent polarity is very much to the
same extent as that observed in the electronic absorption
spectroscopy.


Eletrochemiluminescence (ECL) properties : Like the [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+/TPA system (TPA= tri-n-propylamine),[12] the [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


�/TPA system also generated ECL signals
when the potential was swept to >+1.0 V; the cyclic vol-
tammogram and ECL response of a 10 mm (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in acetonitrile containing 0.10m
Bu4NPF6/0.10m TPA are shown in Figure 6 (top). Similar to
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ in nonaqueous solvent systems,[27] the ECL
generated from the present system is mainly produced by
the reaction of the oxidized complex, [RuIII-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3], with the TPA radical, and the intensity
was found to increase with increasing potential, finally form-
ing a broad peak at +1.2 V with a half width of about
700 mV [Eqs. (1)–(4)]. On the reverse scan, a larger ECL
signal at similar peak potential was observed.


½RuðtpyA18C6ÞðCNÞ3��� e� ! ½RuIIIðtpyA18C6ÞðCNÞ3�
ð1Þ


TPA� e� ! ½TPACþ� ! TPAC þHþ ð2Þ


½RuIIIðtpyA18C6ÞðCNÞ3� þ TPAC !
½RuðtpyA18C6ÞðCNÞ3��* þ products


ð3Þ


½RuðtpyA18C6ÞðCNÞ3��* ! ½RuðtpyA18C6ÞðCNÞ3�� þ hn


ð4Þ


Richter et al. have previously studied the ECL properties
of [(bpy)2Ru ACHTUNGTRENNUNG(bphp)]


2+/TPA and [{(bpy)2Ru}2ACHTUNGTRENNUNG(bphp)]
4+/TPA


systems in acetonitrile and an acetonitrile/H2O (1:1 v/v)
mixture[12b] and found that the ECL intensities were almost
the same in both pure solutions. However, it is interesting to
find that the ECL intensity of the present complex,
(Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3], was dependent on the water


Figure 4. Emission spectra of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in acetonitrile
with a trace amount of water (uncorrected spectra). Excitation at isosbes-
tic wavelength of 540 nm. Inset: Plot of emission peak intensities of
(Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] (&) and (Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3] (*) against
the water fraction by volume in acetonitrile.


Figure 5. Shifts of Eabs ACHTUNGTRENNUNG(MLCT) (~) and Eem ACHTUNGTRENNUNG(
3MLCT) (*) for (Et4N)[Ru-


ACHTUNGTRENNUNG(tpyA18C6)(CN)3] with acceptor numbers of different solvents.
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content in nonaqueous acetonitrile. The ECL responses
from the first scanning segments of a 10 mm (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] with different water contents in acetoni-
trile containing 0.10m Bu4NPF6/0.10m TPA are shown in
Figure 6 (bottom). It was observed that the ECL intensity of
the complex was reduced with increasing water content.
Such high sensitivity of ECL intensity towards water is prob-
ably because the excited state generated during such elec-
trochemical reaction is similar to that formed during photo-
luminescence. To our knowledge, this is also the first report
on the effect of water on ECL intensity in a nonaqueous
system by such anionic cyanoruthenate(ii) complexes.


NMR spectroscopy: The solvatochromic effects have also
been probed by 1H and 13C NMR spectroscopy. Large
changes in the chemical shifts of [RuACHTUNGTRENNUNG(tpyA18C6)(CN)3]


�


were observed in the 1H NMR spectra in different solvents.
Typical examples of the solvent effect on the chemical shifts
of the complex are shown in Figure 7a. It was found that the
H6 and H3’ protons were the most strongly affected upon
changing the solvent from D2O to [D3]acetonitrile,
[D6]methanol, and [D6]acetone. It was established from pre-


vious investigations on cyanoruthenate and cyanoferrate
complexes[28] that the cyano ligands played a major role in
donor–acceptor interaction with the solvents and that the ef-
fects were transmitted to the terpyridine ligands through the
metal center. Thus the H6 protons are more susceptible to
the magnetic anisotropy effects, owing to their close vicinity
to the metal center and the cyano ligands. When the solvent
was changed from D2O to [D6]acetone, a large change in
chemical shift (Dd) of the H3’ protons was observed
(~0.4 ppm), which was much larger than that of the crown-
free complex of [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� (Dd=0.05 ppm).[17] The
protons on the crown ether pendant were also found to be
affected by the solvent. All these observations showed that
the presence of crown ether pendant on the tpyA18C6
ligand and the large solvent effects of the nitrogen and
oxygen atoms on the tpyA18C6 crown ether are essential to
enhance the solvatochromic sensitivity of [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� . The effect of solvent on the cyano
group was also studied by 13C NMR spectroscopy. Typical
13C NMR spectra of [RuACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in D2O and
CD3CN are provided in Figure 7b; the complete 13C NMR
spectral assignment obtained from [1H-13C] HETCOR and
HMBC measurements are available in the Supporting Infor-
mation (Figures S1 and S2). Prominent shifts of signals of
cyano carbons, particularly at the C20 position, confirm their
strong interaction with the solvent.


Liquid chromatography : Since the crown-containing com-
plex [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� is anionic, water-soluble, stable,
and absorbs in the visible region, it can be used as a mobile-
phase additive for the separation of analyte cations. We be-
lieve that as the complex is anionic and possesses allosteric
cation-binding sites, it would not only serve as the additive
to separate cations by ion-pair and host–guest interactions,
but that it would also act as a chromophore for the indirect
photometric detection of the analytes. Preloading of the
complex onto the stationary phase of the PRP-1 column was
accomplished by monitoring the absorbance of the mobile-
phase buffer containing [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� at 445 nm,
until an equilibrium was established between the complex in
the mobile phase and that adsorbed onto the stationary
phase by hydrophobic interactions. It is proposed that a
double-layer structure would be formed,[29,30] with the first
layer containing the anionic [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� com-
plex held by hydrophobic interactions onto the stationary
phase of the column, and the second diffuse layer composed
of counterions and electrolyte ions (C+) by electrostatic at-
traction with the first layer. When an analyte ion (X+) is in-
troduced into the mobile phase, it would compete with C+


in the secondary layer according to cation-exchange-like se-
lectivity (Scheme 1A). Other than the nonspecific electro-
static interaction, a second host–guest binding interaction
between the crown cavity and the analyte cations of the
right size (M+) would exist to form a binding associate com-
plex (Scheme 1B). As the analyte cations pass through the
column, each type of cation would form an ion-paired com-
plex of different association constant with the anionic [Ru-


Figure 6. Top: Cyclic voltammogram (c) and the corresponding ECL
response (a) obtained from a solution of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
in acetonitrile (10 mm) containing Bu4NPF6 (0.10m) and TPA (0.10m) on
2.2 mm diameter Pt electrode at a scan rate of 100 mVs�1. Bottom: ECL
responses of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] during cyclic voltammetry in
acetonitrile with different water fraction by volume.
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ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
� complex, augmented by secondary allo-


ACHTUNGTRENNUNGsteric effects with the azacrown unit, causing a difference in
the retention time for each type of cation as well as a
change in the amount of adsorbed complex, resulting in a
change in the absorbance detected as the analyte ions are
eluted.


Effects of complex concentration, ionic strength, and organic
solvent in the mobile phase : As the concentration of [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� in the mobile phase was increased, the
amount of the complex adsorbed onto the column material
was found to increase over the concentrations studied from
0.01 mm to 0.2 mm. On increasing the complex concentra-


Figure 7. a) 1H and b) 13C NMR spectra of (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in different solvents.
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tion, the number of cation exchange sites was found to in-
crease, resulting in a higher analyte-cation retention capaci-
ty by both electrostatic attraction and host–guest-binding as-
sociate complex formation. High complex concentration
would not be recommended because of the high background
absorbance and relatively small analyte peak heights and
areas.[31] In general, a complex concentration of 0.05 mm was
found to be optimal in terms of separation ability and selec-
tivity, and was used throughout the study. An increase in
ionic strength of the mobile phase by addition of Et4NCl at
a given concentration of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� was also
found to increase the analyte-cation retention factor; this
result is due to the higher complex loading on the PRP-1
column surface, resulting in an increased apparent cation ex-
change capacity. However, a higher loading of the complex
on the column did not afford great improvement on the
column efficiency due to distinct peak broadening. Thus, a
concentration of 2.5 mm of Et4NCl was chosen for all the
chromatograms to control the ionic strength for the different
pH condition. The solvent effect on the retention factor was
also investigated by using a mobile phase with different
ratios of methanol/buffer (0:100 to 40:60 v/v), containing
0.05 mm [RuACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� at pH 8.0. The analyte-
cation retention factor was found to decrease with increas-
ing methanol content. This could be explained by the re-
moval of the [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� complex from the
PRP-1 column, leading to a reduction of the apparent cation
exchange capacity.


Separation of amino acids : Separation of an amino acid mix-
ture by using [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� as an additive in mobile
phase is shown in Figure 8 (top). Almost all amino acids
were eluted out at similar retention times and were poorly
resolved, exhibiting virtually the same pattern over the
whole measured pH range. The poor resolution was proba-
bly due to the nonspecific ion-pair effect, which did not ex-


hibit any selectivity on the separation of amino acids. How-
ever, phenylalanine, which contains a hydrophobic phenyl
ring, was well separated and its retention factor was found


Scheme 1. Schematic representation illustrating the separation of analyte cations by ion-pair and allosteric effects of [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
� .


Figure 8. Effect of pH on the retention factor of amino acids using
(Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3] (0.05 mm ; top) and (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
(0.05 mm ; bottom) as an additive in a mobile phase containing Et4NCl
(2.5 mm).
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to increase with increasing protonation of the amino group.
This could be explained by the fact that the retention factor
for amino acids was affected not only by the ionic adsorp-
tion on the cation exchange sites, but also by the hydropho-
bic adsorption onto the resin matrix.
A change in pH was shown to affect protonation of not


only the amino acids, but also the azacrown moiety on the
[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� complex. Although we were not
able to determine the pKa for protonation of the nitrogen
atom at the azacrown moiety in our experiments, based on a
knowledge of the pKa of C6H5N ACHTUNGTRENNUNG(CH3)2 (pKa=4.38), one
could assume that it would be lower than 5 due to their sim-
ilar structures. Compared to an average value of pKa for the
a-ammonium group of amino acids of pH 9.47,[32] the nitro-
gen on the azacrown moiety would be much more difficult
to protonate, because of conjugation between the lone pair
electrons on nitrogen and the p electrons of the phenyl ring
and large steric hindrance of the tertiary amine group,
making the tpyA18C6 ligand a considerably weaker base.
Figure 8 (bottom) displays the separation profiles for differ-
ent amino acids by using the [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� com-
plex as an additive in the mobile phase. At low pH (pH<5),
the complex became neutral on protonation of the azacrown
moiety, leading to diminished ion-pair effect and domination
of hydrophobic interactions in amino acid separation. When
the pH (pH~6) was close to the pKa values of the amino
acids, the amino acids mainly existed as zwitterions and the
complex mostly as anions. Under such conditions, the unpro-
tonated crown complex could interact with the amino acids
both by host–guest and ion-pair interactions. These synergis-
tic effects would lead to an increase in analyte retention, es-
pecially for glycine and lysine in which the w-amino groups
were less sterically hindered and more remote from the a-
carboxyl groups, resulting in less electrostatic repulsion. At
high pH (pH>8), analyte retention factors for most amino
acids (pKa~9–10) were found to decrease, probably due to
electrostatic repulsion between the anionic complex and the
deprotonated amino acids. The retention factor for proline
was found to be independent of pH. Such phenomenon
might be due to the steric bulk of proline, making it unfav-
orable to form a binding associate complex with the [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� complex. Under optimized conditions,
five amino acids could be separated with good resolution
and a column efficiency at pH 5.8; the retention times are
given in Table 2. The ion-binding and ion-pair effects exert-
ed a synergistic effect on the retention of the amino acids,
resulting in complete separation within 15 min.


Figure 9 shows the effect of pH on the separation of a
mixture of three selected amino acids of histidine, arginine,
and lysine. When the pH was 2.6, arginine, which has a long


alkyl side-chain, was strongly retained due to its strong hy-
drophobic interaction with the column matrix, but the peaks
of histidine and lysine were not resolved. The elution time
was prolonged a little when the pH of the mobile phase was
increased to 5.8 and all three amino acids were well resolved
with elution sequence of histidine, arginine, and lysine. The
larger increase in retention factor of lysine than those of ar-
ginine and histidine could be explained by the better forma-
tion constant of the associate complex, resulting from the
aminobutyl group on the side chain of lysine and the poorer
binding interaction of the imidazolyl and guanidinyl groups
of histidine and arginine with the azacrown moiety of the
complex. When the pH was 9, distinct peak broadening was
observed in the chromatograms because the concentration
of protonated amino acids decreased significantly, resulting
in poor separation and overlapping of the peaks.


Metal-ion separation : Liquid chromatography of alkali and
alkaline-earth metal ions was also performed using the
modified PRP-1 column with water/methanol mixtures as
the mobile phase. Typical retention times for the ion chro-
matography with [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� as additive are
given in Table 3; these times show good separation of five
alkali metal ions and three alkaline-earth metal ions. Use of
pure aqueous buffer allowed separation of the alkali metal
ions, with the retention time in the order of K+>Rb+ >Cs+


>Na+>Li+ . The retention behavior agrees well with the
cation-complexing properties of the [18]crown-6 ring.[33] In-
creasing the methanol content in the mobile phase generally
was found to decrease the retention of the metal ions, lead-
ing to the removal of the complex from the column and
poor separation of the alkali metal ions. Separation of alka-
line earth metal ions such as Mg2+ , Ca2+ , and Ba2+ was also
performed. Since Mg2+ , Ca2+ , and Ba2+ are divalent ions,
when they replace the Et4N


+ due to the charge action, the
equilibrium amount of retained [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� on


Table 2. Retention time of five selected amino acids on a PRP-1 column
adsorbed with (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] in a mobile phase at pH 2.6,
pH 5.8, and pH 8.0 containing 0.05 mm complex.


pH Retention time [min]
Gly Val Met Lys Phe


2.6 3.3 4.8 7.0 8.0 22.2
5.8 9.6 2.6 3.3 12.9 5.7
9.0 9.4 2.8 3.5 11.1 6.4


Figure 9. Separation of three amino acids at (left) pH 2.6 (chloroacetate
buffer), (middle) pH 5.8 (succinate buffer), and (right) pH 9.0 (Tris-HCl
buffer) using (Et4N)[RuACHTUNGTRENNUNG(tpyA18C6)(CN)3] (0.05 mm) as an additive in a
mobile phase containing Et4NCl (2.5 mm).
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column increases; this results in a decrease of [Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� concentration in the analyte band by an
equivalent amount and negative absorbance peaks are ob-
tained. To further confirm the cation-complexing property
of the crown ligand, a control experiment was performed by
using [Ru ACHTUNGTRENNUNG(tpy)(CN)3]


� as the mobile-phase additive and we
were unable to achieve separation for both alkali and alka-
line-earth metal ions by nonspecific ion-pair effects.


Conclusion


The spectroscopic and ECL properties of a new solvatochro-
mic complex, (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3], have been stud-
ied and compared with its crown-free analogue, (Et4N)[Ru-
ACHTUNGTRENNUNG(tpy)(CN)3]. The presence of the azacrown moiety renders
the (Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] complex more sensitive to
solvent change, which makes it a good candidate for sensing
subtle humidity changes. We have also demonstrated that
(Et4N)[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3] serves as a mobile-phase addi-
tive for the separation of inorganic and organic cations on a
Hamilton PRP-1 column by HPLC; the selectivity is provid-
ed by the ion-pair interactions between the anionic complex
and analyte cations, and the host–guest interaction between
the crown ether moiety and cations of right sizes. The use of
this multifunctional [Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]


� complex as a
chromophoric reagent for IPD provides a new strategy for
the separation and detection of non-chromophoric inorganic
and organic analytes.


Experimental Section


Materials : The amino acids and tri-n-propylamine (TPA) were of analyti-
cal grade and were purchased from Aldrich Chemical Co. The alkali and
alkaline-earth nitrate salts, tetraethylammonium chloride, and tris(hy-
droxymethyl)aminomethane (Tris) were of analytical grade and all sol-
vents were of HPLC grade. Tetra-n-butylammonium hexafluorophos-
phate was used as supporting electrolyte for ECL measurements and was
recrystallized three times from ethanol and dried in vacuum before use.
Acetonitrile for all measurements was purified by refluxing over calcium
hydride over 24 h under nitrogen. The aqueous buffers were prepared
from oxalate (pH 0.7–2.0), citrate (pH 2.0–7.0), and phosphate (pH 6.0–
10.0) buffer solutions. The ligand, tpyA18C6, was prepared by a literature
method.[34] [Ru ACHTUNGTRENNUNG(tpyA18C6)Cl3] was prepared according to a literature
procedure for the synthesis of [RuACHTUNGTRENNUNG(tpy)Cl3],


[35] with tpyA18C6 used in
place of the 2,2’:6’,2’’-terpyridine ligand. (Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3] was pre-
pared according to a literature reported method[16,17] for control studies.


Synthesis of
(Et4N)[Ru(tpyA18C6)(CN)3]: The
synthesis of (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] was accomplished
by following a previously described
method[16, 17] for the synthesis of
(Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3] with modifica-
tion. [Ru ACHTUNGTRENNUNG(tpyA18C6)Cl3] (160 mg,
0.23 mmol) and (Et4N)CN (303 mg,
2 mmol) were heated to reflux in a
mixture of ethanol (10 mL), water
(10 mL), and DMF (1.5 mL) for


4 days. The solution was allowed to cool and the solvents were removed
under vacuum. The residue was dissolved in ethanol and was subjected to
chromatography on a basic alumina column with ethanol as eluent. The
purplish-brown band was collected, and the solvent was removed under
reduced pressure to afford the product. Recrystallization by slow diffu-
sion of diethyl ether vapor into a solution of the complex in methanol
gave the product as brown needles. 1H NMR (300 MHz, [D4]methanol,
298 K): d=1.29 (t, J=7.2 Hz, 12H; -CH3), 3.30 (m, 8H; -CH2-), 3.52 (m,
4H; -CH2O-), 3.58 (m, 4H; -CH2O-), 3.64 (m, 4H; -CH2O-), 3.71 (m,
4H; -CH2O-), 3.86 (t, J=10.2 Hz, 4H; -CH2O-), 3.94 (t, J=8.4 Hz, 4H;
-N ACHTUNGTRENNUNG(CH2-)2), 7.33 (q, J1=8.4 Hz, J2=5.5 Hz, 2H; terpy), 7.76 (s, 2H;
terpy), 7.84 (t, J=8.4 Hz, 2H; terpy), 8.28 (d, J=8.4 Hz, 2H; terpy),
8.98 ppm (d, J=5.5 Hz, 2H; terpy); Negative ESI-MS (methanol):
m/z : 674 [M]� ; elemental analysis calcd (%) for (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3]·3H2O: C 53.19, H 7.05, N 13.06; found: C 53.24, H
6.93, N 13.19; IR (KBr disk): ñ=2091 (m), 2060 (vs), 2035 cm�1 (s; C�
N).


Physical measurements and instrumentation : The UV/VIS spectra were
recorded on a Hewlett–Packard 8452 A diode array spectrophotometer,
and steady-state excitation and emission spectra on a Spex Fluorolog 111
spectrofluorometer. Low-temperature (77 K) spectra were recorded by
using an optical Dewar sample holder. Proton NMR spectra were record-
ed on a Bruker DPX-300 Fourier Transform NMR spectrometer with
chemical shifts reported relative to tetramethylsilane. 13C NMR spectra,
1H-13C HETCOR, and HMBC two-dimensional spectra were recorded
on a Bruker DPX-600 Fourier Transform NMR spectrometer. Negative-
ion EI mass spectra were recorded on a Finnigan MAT95 mass spectrom-
eter. Elemental analysis of the new complex was performed on a Carlo
Erba 1106 elemental analyzer at the Institute of Chemistry of the Chi-
nese Academy of Sciences in Beijing. Cyclic voltammetry (CV) and elec-
trochemiluminescence (ECL) experiments were performed with the
model 600 A electrochemical workstation (CH Instruments, Austin, TX).
A 2 mm-diameter platinum electrode was employed as the working elec-
trode. The reference electrode was a Ag/AgNO3 electrode, and a Pt wire
was used as the counter electrode. Before each experiment, the Pt work-
ing electrode was subjected to repeated scanning in the potential range
of �0.65 to 1.2 V (vs. SCE) in 0.1m phosphate buffer until reproducible
voltammograms were obtained, then rinsed with Milli-Q water and
HPLC acetonitrile. TPA (0.1m) was used as the ECL co-reactant. The
ECL signals along with the CV were measured with a photomultiplier
tube (PMT, Hamamatsu R928) installed under the electrochemical cell.
A voltage of �800 V was supplied to the PMT with the Sciencetech
PMH-02 (Sciencetech Inc., Hamilton, Ontario, Canada). All potentials
reported were with reference to Ag/AgNO3.


The high-performance liquid chromatograph (HPLC) system consists of
a Waters 600E multisolvent delivery system with a Waters ILD in-line
degasser, a 20 mL sample injector (Waters Associates U6K), and a
Waters 2487 dual l absorbance detector. The detection wavelength was
445 nm, which corresponded to the MLCT absorption maximum of the
complex. A macroporous poly(styrenedivinylbenzene) 150 mmL4.1 mm,
10 mm spherical, prepacked column (PRP-1) was obtained from Hamilton
Co. Chromatograms were recorded and analyzed by Millenium[32] soft-
ware from Waters Instrument Inc. The analyte concentrations were
0.1 mgmL�1. The concentration of the complex in a mobile phase of
0.1 mm succinate buffer (pH 5.8) was 0.05 mm and chromatography was
carried out at a flow rate of 0.5 mLmin�1 at room temperature unless
otherwise specified. The column was conditioned prior to use with the


Table 3. Retention time of alkali and alkaline-earth metal ions on a PRP-1 column adsorbed with (Et4N)[Ru-
ACHTUNGTRENNUNG(tpyA18C6)(CN)3] or (Et4N)[Ru ACHTUNGTRENNUNG(tpy)(CN)3] in a mobile phase of MeOH/Tris-HCl buffer (pH 8.0) (40:60, v/v)
containing 0.05 mm complex at a flow rate of 1.0 mLmin�1.


Additive Retention time [min]
Li+ Na+ K+ Rb+ Cs+ Mg2+ Ca2+ Ba2+


[Ru ACHTUNGTRENNUNG(tpyA18C6)(CN)3]
� 2.5 4.6 18.7 12.5 6.8 3.8 9.8 21.2


[Ru ACHTUNGTRENNUNG(tpy)(CN)3]
� 1.6 1.8 2.4 2.3 2.4 2.5 3.0 3.2
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desired mobile phase by passing the mobile phase until equilibrium was
reached. The retained complex could be rapidly removed from the PRP-
1 column with methanol after the experiment.
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Introduction


After the discovery by Patrick and Prosser in 1960 that ben-
zene and hexafluorobenzene form a 1:1 molecular com-


plex,[1] many investigations have been devoted to the geo-
metric and energetic features of the interaction between
these two molecules.[2] Structure analysis has demonstrated[3]


that in the solid state the benzene and hexafluorobenzene
molecules form infinite columns of alternating hydrogenated
and fluorinated rings. It was later realized that a parallel
stacked structure is widespread among the arene–perfluo-
roarene complexes, consistent with a simplified model in
which the interaction is favored by electrostatic attraction
when the charge distributions are approximated by central
quadrupoles of opposite phase.[4–6] The discovery of analo-
gous structural motifs in a number of crystallographic stud-
ies[7] showed that such alternating columnar arrangements
are invariably adopted whenever perfluorinated and hydro-
genated aromatic rings are present, either in crystals of pure
compounds or of molecular complexes formed by any kind
of planar aromatic molecules. The arene–perfluoroarene
face-to-face stacking interaction[8] thus emerges as an ubiq-
uitous noncovalent interaction[9,10] that deserves the status of
a reliable and robust “synthon” which can be classified and
exploited as a structural driving force in supramolecular
chemistry and crystal engineering.[11,12]


Abstract: The arene–perfluoroarene
stacking interaction was studied by ex-
perimental and theoretical methods. A
series of compounds with different pos-
sibilities for formation of this recogni-
tion motif in the solid state were syn-
thesized, and their crystal structures
determined by single-crystal X-ray dif-
fraction. The crystal packing of these
compounds, as well as the packing of
related compounds retrieved from crys-
tallographic databases, were analyzed
with quantitative crystal potentials:
total lattice energies and the cohesive
energies of closest molecular pairs in
the crystals were calculated. The


arene–perfluoroarene recognition
motif emerges as a dominant interac-
tion in the non-hydrogen-bonding com-
pounds studied here, to the point that
asymmetric dimers formed over the
stacking motif carry over to asymmet-
ric units made of two molecules in the
crystal both for pure compounds and
for molecular complexes; however,
inter-ring distances and angles range
from 3.70 to 4.85 4 and from 5 to 218,


respectively. Pixel energy partitioning
reveals that whenever aromatic rings
stack, the largest cohesive energy con-
tribution comes from dispersion, which
roughly amounts to 20 kJmol�1 per
phenyl ring, while the coulombic term
is minor but significant enough to
make a difference between the arene–
arene or perfluoroarene–perfluoroar-
ene interactions on the one hand, and
arene–perfluoroarene interactions on
the other, whereby the latter are fa-
vored by about 10 kJmol�1 per phenyl
ring. No evidence of special interaction
which can be attributed to H···F con-
frontation was recognizable.


Keywords: crystal engineering ·
molecular recognition · pixel
calculations · stacking interactions


[a] Dr. S. Bacchi, Dr. M. Benaglia, Prof. F. Cozzi
Dipartimento di Chimica Organica e Industriale
Universit@ degli Studi di Milano
via Venezian 21, 20133 Milano (Italy)


[b] Dr. S. Bacchi
GlaxoSmithKline - Research Center
via Fleming 4, 35131 Verona (Italy)


[c] Prof. F. Demartin, Prof. A. Gavezzotti
Dipartimento di Chimica Strutturale e Stereochimica Inorganica
Universit@ degli Studi di Milano
via Venezian 21, 20133 Milano (Italy)
Fax: (+39)02-5031-4454
E-mail : angelo.gavezzotti@unimi.it


[d] Dr. G. Filippini
ISTM-CNR, c/o Dipartimento di Chimica Fisica ed Elettrochimica
Universit@ degli Studi di Milano
via Golgi 19, 20133 Milano (Italy)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


L 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3538 – 35463538







The crystallographic studies reported so far[3,7, 9] have
dealt almost exclusively with cocrystals of aromatic hydro-
carbons and perfluorohydrocarbons having C�C triple and
double bonds but no other functional groups. To the best of
our knowledge, only very few studies have presented a de-
tailed description of arene–perfluoroarene interaction in
cocrystals of functionalized aromatic molecules. In one of
these,[13] it was shown that phenol and pentafluorophenol
form columnar face-to-face stacks, and this arrangement was
interpreted as mainly due to aryl–perfluoroaryl interactions,
which were considered more important than hydrogen-bond
formation in determining the structure of the cocrystal. An-
other study[14] described the solid-state structures of three
N-pentafluorophenyl benzamides having a nitro, a hydrogen,
and a dimethylamino substituent in the para position of the
benzoyl moiety. In all of the crystal structures, the molecules
are linked by infinite H-bonded chains; a face-to-face
stacked arrangement between aromatic moieties was ob-
served only in the case of N-pentafluorophenyl 4-dimethyla-
minobenzamide, in which the electron-poor perfluoroaryl
residue of one molecule can interact favorably with the elec-
tron-rich dimethylaminophenyl residue of another molecule,
in agreement with the above-mentioned interpretation of
the arene–perfluoroarene interaction in terms of central
multipoles.


With a view to a better understanding and a wider practi-
cal application of the arene–perfluoroarene interaction as
structural determinant in supramolecular chemistry and
crystal engineering, it would be highly desirable to acquire
more systematic information 1) on the crystal packing of
flexible molecular systems without classical hydrogen-bond-
ing functional groups; 2) on the packing modes of molecules
carrying both an aromatic and a perfluoroaromatic residue,
and thus possibly able to undergo also an intramolecular
stacking interaction; and 3) on the competition between the
aromatic interaction and other packing forces, such as classi-
cal hydrogen bonding, the other prime driving force in crys-
tal packing,[15] and other less energetic recognition patterns.
We start here by determining the packing arrangement of


molecules whose structure can
offer, in the solid state, a choice
of interactions among arene–
arene, fluoroarene–arene, and
fluoroarene–fluoroarene rings:
the phenyl and pentafluoro-
phenyl esters of benzene-1,2-di-
carboxylic acid and tetrafluoro-
benzene-1,2-dicarboxylic acid
(Scheme 1). The molecules are
composed of a “carrier” ring
(the phthalic or perfluoroph-
thalic acid ring) and two hydro-
genated or fluorinated
“prongs”. The two prongs have
torsional freedom with respect
to the carrier ring, but the over-
all constitution of the molecule


allows neither complete ring coplanarity nor intramolecular
ring stacking. Henceforth, the mnemonic symbols H-HH, H-
FF, H-HF, and F-HH will be used for compounds 1, 2, 3, 4
respectively, to indicate the hydrogenated or fluorinated
nature of the carrier and the two prongs in that order.


Computational and Theoretical Methods


Qualitative analyses of crystal packing use geometrical crite-
ria for the assessment of the relative importance of energet-
ic factors, and as such, are often affected by subjective judg-
ment. For the quantitative analysis of crystal packing, we
use either overall lattice energies, or the concept of neighbor
molecular pairs, also called structure determinants:[16] a ref-
erence molecule in a crystal structure is picked (the choice
is arbitrary), and each molecular pair formed by the refer-
ence and one surrounding molecule is characterized by the
distance between centers of mass, the symmetry operator
connecting the two molecules, and the molecule–molecule
interaction energy. In the simplest approach, intermolecular
energies are computed by atom–atom potentials supple-
mented by a separately optimized F···F interaction func-
tion;[17] C···F and H···F interaction curves were obtained by
the usual averaging procedures. The whole parameter set is
collected in Table 1. This formulation is especially attractive


because it gives the complete lattice energy without re-
course to any separate coulombic sums and thus does not re-
quire the derivation of atomic charge parameters. This ad-
vantage is obtained at the price of poor selectivity among
structures with small differences in coulombic energy. Point-
charge coulombic energies were separately calculated by
summations over atomic charge parameters obtained from
the electrostatic potential fit procedure (“pop=ESP” com-
mand) embedded in the Gaussian program suite.[18]


A more reliable evaluation of intermolecular interaction
energies is obtained by the Pixel method.[19] In this ap-
proach, the molecular electron density is first calculated by
standard quantum chemical methods to give a delocalized
description of the electron distribution by a large number
(ca. 10000) of negative-charge pixels. The coulombic energy
is then calculated by sums over pixel–pixel, pixel–nucleus,
and nucleus–nucleus coulombic terms. A local polarizabilityScheme 1.


Table 1. UNI force-field parameters[17] for atom–atom energy in the form
E=Aexp ACHTUNGTRENNUNG(�BR)�CR�6, with distances R in 4 and energies in kJmol�1.
No coulombic R�1 terms need be added. R8 is the minimum-energy dis-
tance, and e the well depth in kJmol�1.


A B C R8 e


H�F 64257.8 4.110 248.36 3.29 �0.110
F�F 170916.4 4.220 564.84 3.20 �0.293
H�H 24158.4 4.010 109.20 3.36 �0.042
C�C 226145.2 3.470 2418.35 3.89 �0.387
H�C 120792.1 4.100 472.79 3.29 �0.205
C�F 196600.9 3.840 1168.75 3.50 �0.350
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is then assigned to each pixel. The electric field generated
by pixels and nuclei in surrounding molecules is calculated,
and the linear, static polarization energy is evaluated; an
empirical damping function, using one disposable parame-
ter, is introduced to avoid singularities. The intermolecular
overlap between molecular electron densities is calculated,
and the exchange repulsion energy is evaluated as propor-
tional to the overlap integral, with a correction due to the
electronegativity differences; the formulation requires two
more disposable parameters.[15]


A London-type formula is used to evaluate dispersion en-
ergies. The London approach[20] requires an estimate of the
“oscillator strength” of the interacting electrons, which is
usually approximated by the molecular ionization potential.
In the original formulation of the Pixel method, this quanti-
ty was taken as the energy of the HOMO, under the as-
sumption that the interacting electrons would be the periph-
eral ones and hence roughly at the energy level of the
HOMO. This assumption works reasonably well with small
molecules containing C, H, N, or O atoms, but runs into
trouble in heavily fluorinated aromatic compounds, where
the interacting electrons belong in fact, at least in good part,
to the fluorine atoms, whose ionization potential is much
lower than the energy of the HOMO, which is usually a p-
type molecular orbital. In an attempt to correct this defi-
ciency, the London oscillator strength Lp was calculated sep-
arately for each pair of interacting molecules, taking into ac-


count the different nature of the interacting electrons
[Eq. (1)],


Lp ¼
X


ijðIio þ IjoÞ=2 Sij ð1Þ


where the summation runs on all atomic species in the mole-
cules, Iio is a rescaled atomic ionization potential for atomic
species i, and Sij the percentage of the total overlap between
the charge densities due to species i and j. The rescaled ioni-
zation potentials were taken as 0.300, 0.362, and 0.463 har-
tree for carbon, hydrogen, and fluorine, respectively. The
procedure amounts in fact to taking different dispersion-
energy coefficients according to the different kinds of ap-
proaching atomic basins. The overall performance of this
modification was checked by calculating the lattice energy
of a few crystals for which the heat of sublimation is known
(see Table 2).


The Pixel method has been successfully applied to the cal-
culation of energies of gas-phase dimers, where it has been
demonstrated[15] that the quality of the Pixel results is often
similar to that of quantum chemical calculations, at a frac-
tion of the computational cost. The Pixel method allows the
calculation of lattice energies in good agreement with crystal
sublimation enthalpies for a wide selection of organic com-
pounds, and also performs well in energy ranking for poly-
morphs of organic crystal structures.[21]


Table 2. Aryl–perfluoroaryl crystals: lattice energies and cohesion energies of the molecular stacked dimer (kJmol�1).


Compound Molecular complex with Crystal: CSD refcode[a] DHsubl
[b] �E ACHTUNGTRENNUNG(lattice) �E ACHTUNGTRENNUNG(dimer)[c]


UNI Pixel UNI Pixel


perfluoronaphthalene – OFNAPH01 79* 81 73 -
perfluorobiphenyl – DECFDP01 86* 92 81 -
4,4’-difluorobiphenyl – ZZZAOS02 91* 93 98 -
hexafluorobenzene – computer-generated[d] 49* 54 43
1,2,3,4,5-pentafluorobiphenyl – PFBIPH 81 93 97 41 36
1-phenyl-2-perfluorophenylacetylene – ASIJIW 92 101 101 48 45
1-phenyl-2-perfluorophenylethylene – SERQEL 100 110 51
hexafluorobenzene benzene BICVUE01 90 99 18 20


naphthalene IVOBOK 118 124 28
pyrene ZZZGKE01 145 162 38
anthracene ZZZGMW01 143 146 32
trans-stilbene TIJTUB 145 153 21


perfluoronaphthalene biphenyl ASAKIO 154 173 39
anthracene ECUTUR 171 177 46
pyrene ECUVIH 173 189 52
triphenylene ECUVON 187 207 55
naphthalene NPOFNP 146 157 36 47
diphenylacetylene OCAYIA 165 174 38
acenaphthene XUNJAR 158 173 42


perfluorobiphenyl biphenyl BPPFBP 162 180 44 52
naphthalene CEKYUM 154 161 27 30


perfluorotriphenylene triphenylene CUKXIP 228 259 75
perfluorodiphenylacetylene diphenylacetylene ASIJER 184 199 47 46


[a] CSD: see reference [23]. Table S1 (Supporting Information) contains full literature references. [b] Values with asterisk: experimental heats of sublima-
tion; other values: sum of the sublimation enthalpies of the corresponding hydrocarbons (benzene 45, naphthalene 73, anthracene 98, pyrene 100, stil-
bene 100, biphenyl 81, triphenylene 114, diphenylacetylene 92, acenaphthene 85 kJmol�1). All data from reference [24]. [c] For one-component crystals,
stacking energy of the parallel dimer showing aryl–perfluoroaryl interaction; for binary crystals, stacking energy of the complex dimer. Unoptimized geo-
metries as found in the crystal. [d] The experimental crystal structure of hexafluorobenzene is rather poor; a computer-generated monoclinic polymorph
with one molecule in the asymmetric unit was used instead.
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Quantum mechanical molecular energies and electron
densities were calculated by Gaussian[18] at the MP2/6-
31G** level. All molecular geometries were fixed as extract-
ed from the corresponding crystal structures, except for the
usual renormalization of C�H geometries with a C�H dis-
tance of 1.08 4. The lattice energies were calculated by in-
cluding in the crystal model all molecules up to a separation
between molecular centers of 18 4. All crystal-packing cal-
culations were carried out using the OPiX program pack-
age,[22] which includes a packing analysis and atom–atom lat-
tice energy calculation module (ZipOpec), a polymorph
generation module including a lattice energy minimizer
(Prom-Minop modules), and a module for the calculation of
the dimer and lattice energies by the Pixel method.


The Cambridge Structural Database[23] was searched for
crystal structures of compounds which could undergo aryl–
perfluoroaryl interactions, and the NIST database[24] was
searched for thermodynamic functions of aromatic hydrocar-
bons and aromatic fluorinated compounds. The results are
collected in Table 2.


Results and Discussion


Single-crystal X-ray diffraction of 1–4 reveals that all intra-
molecular bond lengths and angles are within normal
ranges: C�F distances are 1.332–1.340 4 in H-HF and F-
HH, and range from 1.32 to 1.35 4 in H-FF. Molecules in
the crystal (Figure S1, Supporting Information) exhibit a
wide range of conformational flexibility. Inter-ring angles
have been calculated as the angle (<908) formed by the unit
vectors along the direction of maximum inertia of the ring
formed by the six carbon atoms. They are (carrier–prong 1,
carrier–prong 2, prong 1–prong 2, respectively): 42, 30, and
578 in H-HH ; 21, 55, and 578 in H-HF ; 60, 65, and 708 in H-
FF, molecule A; 20, 87 and 88 in H-FF, molecule B; and 5,
75 and 728 in F-HH. These angles thus span the full range
between coplanar and orthogonal, and are different even in
the two molecules in the asymmetric unit of H-FF. This is
clear evidence that molecular conformation in the crystal is
driven by intermolecular forces.


There are practically no short atom–atom contacts involv-
ing fluorine atoms: just one H···F distance of 2.41 4 (sum of
atomic radii 2.56 4),[25] and one C···F distance of 2.95 4
(sum of atomic radii 3.23 4), both in H-FF. We thus see no
need for a discussion of special atom–atom bonding interac-
tions involving fluorine.[10] Other short atom–atom contacts
involve the ester groups: O···H (sum of average atomic radii
2.68 4): 2.34, 2.41, and 2.45 4 in H-FF ; 2.46 4 in H-HH ;
and 2.52 4 in H-HF ; C···O (sum of atomic radii 3.35 4):
3.13 4 in H-FF and a strikingly short 3.09 4 in F-HH. Dis-
cussing short contacts in terms of atom–atom bonding
hardly seems advisable; inasmuch as a short contact implies
a bond, then one should also discuss an incipient intermolec-
ular F�C···O=C bond in the last-named cases above.


For comparison, the Cambridge Database was searched
for characteristic arene–perfluoroarene stacking patterns.


Figures S2 and S3 (Supporting Information) show an impres-
sive gallery of packing diagrams for the crystal structures in
Table 2 in which the parallel-stacked interaction motif be-
tween an aryl and a perfluoroaryl moiety appears. This
motif is ubiquitous for any kind of aromatic pair. For an as-
sessment of the implied energies, we first calculated the in-
teraction energies of isolated benzene–benzene, benzene–
hexafluorobenzene, and hexafluorobenzene–hexafluoroben-
zene dimers (Table 3). Complete fluorination brings about a


20% stabilization with respect to the hydrocarbon; mixed
interaction doubles the dimerization energy. While the bulk
of stabilization comes from dispersion, as is easily predicta-
ble in aromatic systems with polarizable p-electrons, the
energy difference between homodimers and the heterodimer
is entirely due to the coulombic-polarization term. In view
of these results, it is not correct to state that the arene–per-
fluoroarene dimerization energy is essentially coulombic;
rather, the coulombic component makes the difference in
stabilization.


The UNI force field arene–perfluoroarene stacking ener-
gies (Table 2) are strikingly similar to those obtained by
much more sophisticated methods; however, this is probably
due to a cancellation of errors, since the UNI force field
overestimates the aromatic stacking energy and misses the
extra coulombic stabilization in the heterodimer. The
arene–perfluoroarene energy advantage appears clearly
from the data in Table 2: on average, the lattice energies of
mixed compounds are 10–20% larger than the sum of the
sublimation enthalpies of the corresponding hydrocarbons.
The dimerization energies are additive over the number of
rings: for example, benzene–hexafluorobenzene 18, naph-
thalene–perfluoronaphthalene 36, triphenylene–perfluorotri-
phenylene 75 kJmol�1; for the same perfluorinated moiety,
the dimerization energy increases smoothly with increasing
number of rings in the hydrogenated partner.


The Pixel partitioned lattice energies are listed in Table 4
along with the atom–atom energies. The Pixel method
cannot be applied to the H-FF crystal, because of a techni-
cal problem with two molecules in the asymmetric unit.
Pixel and UNI total lattice energies agree in the relative
ranking. In the crystals of these aromatic compounds, the
dispersion contributions mostly come from interactions be-
tween the electron densities of the aromatic ring, and the
most effective arrangement is a parallel-stack structure. Sta-
bilizing coulombic interactions may come from contacts be-


Table 3. Pixel results for the binding energies [kJmol�1] of parallel
stacked dimers at an inter-ring distance of 3.6 4.


Compound Ecoul
[a] Epol


[b] Edisp
[c] Erep


[d] Etot
[e]


C6H6–C6F6 �7.5 �2.2 �22.2 11.7 �20.2
C6F6–C6F6 2.7 �2.1 �22.4 10.7 �11.2
C6H6–C6H6 2.7 �2.1 �22.0 12.9 �8.5


[a] Pixel coulombic energy. [b] Pixel polarization energy. [c] Pixel disper-
sion energy. [d] Pixel repulsion energy. [e] Total Pixel energy for the mo-
lecular pair.
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tween positively charged rims and negatively charged cores
of the benzene rings in a T-shaped arrangement, or from
contact between positively charged aromatic hydrogen re-
gions and negatively charged oxygen regions at the ester
linkage, mostly at or around the carbonyl oxygen atoms
(what is usually denoted briefly as C�H···O interactions).
Destabilizing coulombic interactions are expected between
parallel-stacked benzene rings, while stabilizing coulombic
interactions are expected between benzene and fluoroben-
zene moieties. In fact, both the H-HH and the H-HF crystal
structures are largely built on dispersive interactions. How-
ever, the H-HH crystal has a larger coulombic component,
perhaps contrary to expectation: the reason is that, being
unable to take advantage of aryl–perfluoroaryl interactions,
this structure relies more heavily on stabilizing contact be-
tween C�H···O interactions (see below). Interactions be-
tween C�H hydrogen atoms and the benzene p clouds are
significantly present only in the F-HH crystal. Taken togeth-
er, these results outline a broad ranking of packing effects
in these crystals, as aryl–perfluoroaryl>C�H···O coulom-
bic>C�H···p.


The F-HH crystal structure (cell volume 433 4 per mole-
cule) is less densely packed than the H-HF structure (cell
volume slightly smaller, 424 4 per molecule, in spite of
having one fluorine atom more than F-HH): this is clearly
reflected in the smaller lattice energy of F-HH, as calculated
by both UNI and Pixel; the latter calculation reveals a sub-
stantial loss in dispersion energy. The reasons for this must
be somehow related to differences in electron density of
CF5 and CF4ACHTUNGTRENNUNG(COO)2 rings.


In the H-HH crystal (Table 5 and Figure 1) the most sta-
bilizing structural pair (A) also has the largest coulombic


and dispersion contributions. This pair shows efficient inter-
locking of the aromatic rings, in which the two prongs of
one molecule embrace one prong in the other, but without
arene stacking; at the same time, one of the prongs is able
to form a favorable contact with the oxygen-rich region of
the carrier, with a short C=O···H�C distance of 2.46 4. The
second pair (B) shows a contact between an almost parallel
arrangement of the carrier and one prong in the two mole-
cules, and the second prong is turned away from contact.
This arrangement provides another source of substantial
coulombic stabilizing interaction, with O···H distances of
around 2.6 4; the dispersion contribution is smaller, due to
smaller ring overlap, but the repulsion is also smaller, for
the same reason, and the two effects balance out. The third
pair (C) shows a significant decrease in coulombic stabiliza-
tion and a resisting amount of dispersion stabilization, in
compliance with a more parallel stack-type arrangement.
The next pair (D) is essentially a stacking of the two carrier
rings, with a small coulombic contribution and a still signifi-
cant dispersion contribution. While the first pairs have in-
version-center symmetry, the next three pairs consist of rib-
bons along glide plane or screw axes. Consistent with the
complex shape of the molecule, these string symmetries are
less effective in crystal stabilization.


Table 4. Pixel partitioned lattice energies [kJmol�1].


Compound Ecoul
[a] Eqq


[b] Epol
[c] Edisp


[d] Erep
[e] Etot


[f] EUNI
[g]


H-HH �48 �24 �18 �179 87 �157 �161
H-HF �38 �18 �15 �170 70 �153 �158
H-FF – – – – – – �158
F-HH �32 �16 �13 �155 63 �137 �149


[a] Pixel coulombic energy. [b] Coulombic energy estimated by the point-
charge method. [c] Pixel polarization energy. [d] Pixel dispersion energy.
[e] Pixel repulsion energy. [f] Total Pixel lattice energy. [g] Lattice energy
estimated by the UNI atom–atom force field.[17]


Table 5. Interacting pairs (structure determinants) in the H-HH crystal
(see Figure 1).


Symmetry operator[a] Ecoul
[b] Epol


[c] Edisp
[d] Erep


[e] EPixel
[f] EUNI


[g]


A (I; 0, 1, 1) �21 �8 �46 26 �49 �40
B (I; �1, 1, 1) �19 �6 �36 16 �45 �36
C (I; 0, 0, 1) �13 �4 �40 23 �35 �38
D (I; �1, 0, 1) �9 �3 �31 14 �30 �31
E (G; 0, 1/2, �1/2) �8 �4 �27 14 �25 �27


[a] Symmetry labels: I, inversion center; G, glide plane. [b] Pixel coulom-
bic energy. [c] Pixel polarization energy. [d] Pixel dispersion energy.
[e] Pixel repulsion energy. [f] Total Pixel energy for the molecular pair.
[g] Energy of the molecular pair estimated by the UNI atom–atom force
field.[17] Energies in kJmol�1.


Figure 1. The H-HH crystal structure: molecular dimers A, B, and C
(a to c).
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Contrary to the crystal structure of H-HH, which shows
almost a continuum of cohesive energies of the molecular
pairs, the crystal structure of H-HF (Table 6) shows a largely


predominant pair (A, Figure 2) whose cohesive energy is
more than twice that of any other pair. This pair is clearly
formed over a strongly predominant energetic driving force,
that is, the simultaneous stacking of offset arene and arene–
perfluoroarene rings, easily obtained by pure translation.
The nature of this interaction is almost completely disper-
sive, and coulombic terms contribute very little. The C�
H···O-type interactions appear only in the second best pair
(B, Figure 2), with a herringbone structure reaching a mod-
erate coulombic stabilization at the expense of a large de-
crease in dispersion stabilization. The C pair has another
arene–perfluoroarene stacking mode, while further pairs
(Figure 3) are less interpretable, good examples of what
may be called “anonymous” structural pairs, which contrib-
ute in a substantial way to the crystal stabilization but have


no special features in terms of structure and hence are less
attractive to the chemistTs eye. The result is that these im-
portant pairs are often neglected in cursory crystal-packing
analyses based only on short atom–atom distances or other
conspicuous structural features.


The F-HH structure determinants (Table 6) are somewhat
similar in energy and configuration to those of the H-HF
crystal: an arene–perfluoroarene stacking interaction again
dominates the packing (Figure 4), while the second best rec-
ognition mode is a double perpendicular arene–arene motif,
classifiable as a C�H···p interaction, although the coulombic


Table 6. Interacting pairs (structure determinants) in the H-HF and F-
HH crystals (see Figures 2–4).


Symmetry operator[a] Ecoul Epol Edisp Erep Etot,Pixel Etot,UNI


H-HF
A (T; 0, 1, 0) �8 �4 �58 20 �50 �61
B (S; 0, �1/2, 1/2)) �13 �5 �28 19 �27 �23
C (G; 0, �1/2, �1/2) �7 �3 �24 10 �25 �23
D (I; 1, 0, 1) �2 �1 �28 8 �24 �23
F-HH
A (I; 1,1,0) �12 �5 �75 35 �57 �74
B (I; 1,1,1) �10 �3 �29 10 �32 �28
C (I; 0,0,0) �13 �4 �24 14 �28 �23


[a] Symmetry labels: I, inversion center; G, glide plane; S, screw axis; T,
identity. See footnotes to Table 5 for other symbols.


Figure 2. The H-HF crystal: molecular dimers A (a) and B (b).


Figure 3. H-HF crystal: molecular pair D.


Figure 4. The F-HH crystal: molecular pairs A, B, and C (a to c).
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contribution is not particularly large. The third determinant
shown in Figure 4 is another example of “anonymous”
dimer: if a particular motif is to be recognized at all, it
would be a sort of incipient “nucleophilic attack” of a car-
bonyl oxygen atom on a fluorine-carrying, positively charg-
ed carbon atom (very short F�C···C=O distance of 3.09 4).


The largely dominant driving force in the packing of the
H-FF crystal (Table 7) is again an arene–perfluoroarene


stacking interaction, which is evident in all the highest rank-
ing molecular pairs (Figure 5). So strong is the drive to
arene–perfluoroarene interaction that the crystal includes


two molecules in the asymmetric unit, so that both fluorinat-
ed prongs have the possibility to interact with the hydrogen-
ated carrier. Figure 6 shows the impressive structure that re-


sults, with columns of stacked single rings and alternating
ribbons of fluorinated and hydrogenated rings. Since nearly
all cohesive forces in this crystal come from aromatic-ring
stacking, the most relevant energy contribution is the disper-
sion contribution. The smaller coulombic contribution in
dimers A and B results from contact between ester oxygen
atom and benzene rim (C�H) regions, which involves some
short O···H distances of 2.41 (A), 2.54 (B), and 2.45 4 (C).
The shortest O···H distance (2.33), in pair F, which is not
among the highest ranking in the crystal, confirms that
O···H distances are not reliable indicators of cohesive
strength.


Conclusion


Our theoretical and experimental analysis quantitatively
confirms the qualitative idea that the stacked arene–per-
fluoroarene recognition pattern is a stable and reproducible
one. The crystal structures of isomorphic compounds in
which benzene and perfluorobenzene rings alternate show a
preference for organization in heterodimers (H···F rings)
versus homodimers (H···H or F···F rings). A database study
of arene–perfluoroarene molecular complexes reveals that
the dimer forms the asymmetric unit in the crystal and in-
variably has the closest intermolecular contact. Quantitative
analysis shows that it is a significant driving force in crystal
packing; with a cohesive energy of 20–25 kJmol�1 per
phenyl ring, it is second only to hydrogen bonding in car-
boxylic acids and amides (30–35 kJmol�1 per bond), it com-
petes with weaker hydrogen bonds such as those found in al-
cohols (25 kJmol�1 per bond), and it largely overcomes all
kinds of weaker binding modes commonly invoked in crys-
tal-packing analyses, such as C�H···O hydrogen bonding,
which cannot exceed 10 kJmol�1.[15] This energetic stability
does not, however, entail a stringent structural form: the dis-
tances between ring centroids in aromatic–perfluoroaromat-
ic contacts and the corresponding inter-ring angles found in
the crystal structures of the compounds we have examined
are 3.70 (5), 3.95 (6), 4.17 (20), 4.75 (20), and 4.85 4 (218).
The arene–perfluoroarene “synthon” can thus bear a stretch
of as much as 1 4 and angular flexion of about 208.


Calculations of partitioned energies by the Pixel method
clearly show that all stacked-arene cohesive interactions are
mainly dispersive in nature, and arise from electron correla-
tion between p-electron clouds. However, coulombic ener-
gies obviously differ, since those between homodimers are
generally repulsive and destabilizing by some 3 kJmol�1,
while that in the heterodimer is stabilizing by about
8 kJmol�1. Thus, cohesion is mainly generated by dispersion,
but structural selectivity depends on coulombic terms.


Our results in terms of Pixel partitioned energies produce
a clear quantitative picture of the energetic ranking of mo-
lecular recognition modes in organic crystals. While the ab-
solute values may vary by a few kilojoules per mole, in
more accurate (e.g., fully ab initio) treatments, the relative
orderings do not.[15] Even rough estimates based on empiri-


Table 7. Interacting pairs (structure determinants) in the H-FF crystal
(see Figure 5).


Symmetry operator[a] Ecoul Epol Edisp Erep EPixel EUNI


A (Z; 0, 0, 0) �14 �5 �51 22 �49 �55
B (Z; a translation, 0, �1, 0) �13 �4 �31 11 �37 �39
C (Ia ; 1, 2, 1) �6 �4 �40 21 �28 �38
D (Tb ; 1, 0, 0) �7 �4 �34 17 �28 �21
E (Z; a translation, �1, 0, 0) �1 �2 �33 15 �21 �33


[a] Symmetry labels: Z, symmetry-unrelated a and b molecules in the
asymmetric unit; I, inversion center; T, identity. See footnotes to Table 5
for other symbols.


Figure 5. The H-FF crystal: molecular pairs A and B. Arene–perfluoroar-
ene stacking occurs in two directions.


Figure 6. Crystal packing of H-FF. Horizontal: b translation, vertical : a
translation. The columns of alternating arene–perfluoroarene rings seen
edge-on are clearly visible. The ribbons of perfluoroarene rings sit on top
of corresponding ribbons of arene rings. This view is perpendicular to the
view in Figure 5.
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cal atom–atom force fields can give acceptable quantitative
insights. This analysis further[26,27] shows that when all inter-
acting neighbors in a crystal structure are properly consid-
ered with their relative energies, conclusions based on
simple analysis of some short distances and preconceived
“synthons” are easily overthrown.


Experimental Section


Synthesis : Diphenyl 1,2-benzenedicarboxylate[28] (1, H-HH) and bis(pen-
tafluorophenyl) 1,2-benzenedicarboxylate[29] (2, H-FF) were prepared ac-
cording to literature procedures. They were purified by recrystallization
from hexane to afford analytically pure, sharply melting materials (1:
m.p. 76 8C; lit. :[28] 74–76 8C. 2 : m.p. 96 8C; lit. :[29] 96–97 8C).


Pentafluorophenyl phenyl 1,2-benzenedicarboxylate (3, H-HF): Triethyl-
amine (0.155 mL, 5.41 mmol) and then a solution of pentafluorophenol
(0.907 g, 4.92 mmol) in dry THF (2 mL) were added to a stirred solution
of phthaloyl dichloride (1.0 g, 4.92 mmol) in dry THF (8 mL). A white
precipitate formed. The suspension was stirred at room temperature for
3 h, and the reaction was quenched by addition of saturated aqueous am-
monium chloride (15 mL). The organic phase was separated, and the
aqueous phase was extracted with dichloromethane (2U15 mL). The
combined organic phases were dried over sodium sulfate, filtered, and
concentrated under vacuum to afford a yellow oil (1.73 g). The crude
product, which was contaminated with about 50% of phthaloyl dichloride
by HPLC analysis, was purified by flash chromatography with cyclohexa-
ne:dichloromethane (9:1) as eluant. The obtained product (0.8 g), which
was still contaminated with phthaloyl dichloride (ca. 20% by HPLC),
was dissolved in EtOAc and subjected to flash chromatography on a
short column with cyclohexane:ethyl acetate (9:1) as eluant. On standing,
the obtained colorless oil (0.703 g),
which was still contaminated with
about 5% phthaloyl chloride (by
HPLC), became a white waxy solid. It
was used without further purification.
A solution of triethylamine (0.11 mL,
0.784 mmol) and phenol (0.067 g,
0.713 mmol) in dry THF (2 mL) was
added to a stirred solution of this
product (0.250 g, 0.713 mmol) in dry
THF (5 mL). A white precipitate
formed. The suspension was stirred at
room temperature for 3 h, and the re-
action was quenched by addition of sa-
turated aqueous ammonium chloride
(15 mL). The organic phase was separated, and the aqueous phase was
extracted with ethyl acetate (2U15 mL). The combined organic phases
were dried over sodium sulfate, filtered, and concentrated under vacuum
to afford a colorless oil (0.281 g). This was purified by flash chromatogra-
phy with cyclohexane:EtOAc (95:5) as eluant to afford three fractions.
The first (0.114 g) was unconverted starting material, which was recycled;
the second (0.043 g) was a mixture of starting material and product,
which was purified by flash chromatography; and the third fraction
(0.025 g) was the product, which was >90% pure by HPLC. The overall
yield of product was 15% (0.047 g). White needles (m.p. 107.5–108 8C)
were obtained from dichloromethane:hexane. IR (Nujol): ñ=1764.8,
1754.5, 1519.0, 1464.3, 1262.4, 1092.8, 1043.1 cm�1; 1H NMR (400 MHz,
CDCl3): d=10 (dd, J=1.2, 7.6 Hz, 1H), 8.03 (dd, J=1.2, 7.6 Hz, 1H),
7.80 (dt, J=1.2, 7.6 Hz, 1H), 7.59 (dt, J=1.2, 7.6 Hz, 1H), 7.45 (t, J=
8.0 Hz, 1H), 7.25–7.32 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d=
165.5, 162.7, 150.7 (2 C), 141.3 (JC�F=251.0 Hz), 141.0 (JC�F=252.5 Hz),
138.0 (JC�F=254 Hz), 133.0, 132.8, 131.7, 130.0, 129.8, 129.5, 128.5, 126.2,
121.3 ppm; 19F NMR (376 MHz, CDCl3): d=�151.7 (d, J=21.1 Hz, 2F),
�157.3 (t, J=22.6 Hz, 1F), �161.9 ppm (d, J=19.9 Hz, 2F); elemental
analysis (%) calcd for C20H9F5O4: C 58.84, H 2.22; found: C 59.48, H
2.05.


Diphenyl 3,4,5,6-tetrafluoro-1,2-benzenedicarboxylate (4, F-HH): A cata-
lytic amount of DMF (1 drop) was added to a stirred solution of tetra-
fluorophthalic acid (0.5 g, 2.10 mmol) in thionyl chloride (20 mL), and
the resulting mixture was refluxed under nitrogen for 18 h. The reaction
mixture was then evaporated under vacuum and the crude oil was used
as such in the next step. A solution of 4-dimethylaminopyridine (0.10 g,
0.84 mmol) and phenol (0.37 g, 3.73 mmol) in pyridine (1.4 mL) was
added to a stirred solution of the dichloride (0.46 g, 1.69 mmol) in dry di-
chloromethane (5 mL). The yellow solution was stirred under nitrogen
for 24 h; the reaction was quenched by addition of water (5 mL), and the
resulting mixture was extracted with EtOAc (3U10 mL). The combined
organic phases were washed with water (4U10 mL), dried over sodium
sulfate, filtered, and concentrated under vacuum to afford a red oil. This
was purified by flash chromatography with a cyclohexane:EtOAc (95:5)
as eluant to afford the product as a white solid (0.305 g, 0.781 mmol,
46% yield). This was crystallized from pentane to give large crystals
(m.p. 77 8C). IR (Nujol): ñ=1748.3, 1519.0, 1482.8, 1458.7, 1213.2,
1184.3 cm�1. 1H NMR (400 MHz, [D6]DMSO): d=7.51 (t, J=8.0 Hz,
4H), 7.38 (t, J=8.0 Hz, 2H), 7.23 (d, J=7.6 Hz, 4H), 7.59 (dt, J=1.2,
7.6 Hz, 1H), 7.45 (t, J=8.0 Hz, 1H), 7.25–7.32 ppm (m, 3H); 13C NMR
(100 MHz, [D6]DMSO): d=160.5, 150.2, 146.2 (JC�F=250.0 Hz), 143.0
(JC�F=252.0 Hz), 130.5, 127.4, 121.6, 116.3 ppm; 19F NMR (376 MHz,
[D6]DMSO): d=�147.4 (d, J=15.0 Hz, 2F), �136.3 ppm (d, J=15.0 Hz,
2 F); elemental analysis (%) calcd for C20H10F4O4: C 61.55, H 2.58;
found: C 61.87, H 2.43.


X-ray crystallography : Data were collected at room temperature on a
CAD4 diffractometer. No absorption corrections were applied. No inten-
sity decay was detected during data collection. The structures were
solved by direct methods (SIR2000)[30] and refined by full-matrix least-
squares technique on F2 (SHELXL-97).[31] Anisotropic thermal parame-
ters were assigned to all non-hydrogen atoms, while hydrogen atoms
were placed in calculated positions and refined using a riding model.
Crystallographic data are collected in Table 8. Further details: room tem-


perature; least squares on reflections with I>2s(I); 1: C20H14O4, M=


318.31, m=0.09 mm�1, 1825 reflections and 217 parameters, final R1=
0.045, wR2=0.147, GOF=1.074; 2 : C20H4O4F10 , M=498.23, m=


0.18 mm�1, 3358 reflections and 613 parameters, final R1=0.048, wR2=
0.207, GOF=0.872; 3 : C20H9O4F5, M=408.27, m=0.15 mm�1, 1580 reflec-
tions and 262 parameters, final R1=0.058, wR2=0.118, GOF=0.994; 4 :
C20H10O4F4, M=390.28, m=0.13 mm�1, 2533 reflections and 253 parame-
ters, final R1=0.039, wR2=0.114, GOF=1.012.


CCDC 285979–285982 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 8. Crystal data.[a]


Compound Space group, Z a b c a b g 1exptl [gcm�3] V[b] [43]


H-HH P21/c, 4 8.884 12.580 14.507 – 98.32 – 1.318 401.1
H-FF P1̄, 4 7.532 12.784 20.287 100.10 97.27 91.40 1.737 476.4
H-HF P21/c, 4 18.590 5.975 17.073 – 116.57 – 1.599 424.0
F-HH P1̄, 2 7.709 10.560 11.945 105.09 99.75 106.92 1.497 433.0


[a] Cell edges in angstroms, cell angles in degrees. Typical standard deviations are 0.002 4 for cell edges, and
0.028 for cell angles. [b] Cell volume per mole.
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Self-Organizing Properties of Monosubstituted Sucrose Fatty Acid Esters:
The Effects of Chain Length and Unsaturation
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Introduction


Sucrose fatty acid esters are often used in the food and cos-
metics industries, where their excellent physical properties
in terms of emulsification, mildness and toxicology make
them ideal candidates as non-ionic surfactants.[1–12] Due to
their structural complexity (mixtures with different substitu-
tion degrees and regioisomers), the physico-chemical prop-
erties of defined sucrose compounds have been less exten-
sively studied compared with other types of non-ionic sur-
factants, for example polyoxyethylenic surfactants or alkyl-
polyglucosides. Although surface and related properties of
monosubstituted sucrose esters in solution are well-docu-
mented,[13–22] their thermotropic liquid crystal properties
have not been investigated in detail to date, except for a
study of a defined mixture of sucrose oleate.[23] More recent-
ly, shear induced phase transitions of sucrose stearate blends
have also been investigated.[21]


Most amphiphiles, which contain sugars or cyclic and acy-
clic polyols as polar heads, have been found to exhibit smec-
tic A* phases.[24–26] A limited number of inverted thermo-
tropic, disordered columnar mesophases have also been ob-
tained by grafting several fatty chains on to the polar head
group, thus increasing the volume ratio of fatty chain to
polar head group, thereby leading to changes in curva-
ture.[27,28] Inverted hexagonal columnar mesophases have
been obtained by increasing the volume of the head group
from a single-sugar head to double-sugar head, but still with
the attachment of a single aliphatic chain. Interestingly, in


Abstract: Three families of mono-sub-
stituted sucrose fatty acid esters were
prepared by enzymatic and classical
synthetic procedures, and their self-as-
sembly and self-organizational proper-
ties were investigated by thermal polar-
ised light microscopy, differential scan-
ning calorimetry and X-ray diffraction.
The properties were evaluated as a


function of the fatty acid chain length.
For the lower homologues of the series
columnar liquid-crystalline stacking
structures were found, whereas for the
higher homologues, lamellar phases


predominated. A model for the colum-
nar stacking arrangement, consisting of
a unique arrangement of the molecules
which could lead to the creation of
multiple internal ion channels between
the hydrophobic interior and the hy-
drophilic exterior of the columns, is
suggested.
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such molecular architectures which maintain a rod-like
shape, as it is the case for most alkylpolyglucosides, smectic
A* phases are again observed.[29–31] However, when the
polar head is not only more bulky, but also takes a wedge-
shaped conformation, as in the case of certain regioisomers
of sucrose hydroxyalkylethers, columnar or cubic mesophas-
es are observed.[32,33]


In order to gain insight into the self-organizing, thermo-
tropic and lyotropic behaviours of glycolipids, and eventual-
ly connect these properties to those of associated com-
pounds found in biological systems,[34–37] we describe the
thermotropic behaviour of pure monosubstituted sucrose
esters of defined structure, namely the compound families 1
to 3, as a function of chain length (n) and the position of at-
tachment to the sucrose scaffold (i.e., the 1’, 6 and 6’-substi-
tuted systems), as shown below. In addition, unsaturated
fatty chains, possessing a double bond with a cis geometry,
as often found in nature, were also included in the investiga-
tion.


Experimental Section


General synthetic methods : Compounds 1a–f, 2a–h and 3a–e, with chain
lengths and levels of unsaturation as shown in Tables 1 and 4, were syn-
thesised from unprotected sucrose, using selective methods of esterifica-


tion.[38] The 1’-monoesters, 1a–f, were prepared by enzymatic methods,
see Scheme 1, whereas the 6-monoesters, 2a–h, and the 6’-monoesters,
3a–e, were obtained by Mitsunobu coupling reactions, see Scheme 2.[39]


These methods, though very selective, did not yield totally pure re-
gioisomers, therefore further purification was performed by preparative
HPLC. Due to migration phenomena,[40,41] other regioisomers could not
be synthesised in the pure form.


Enzymatic synthesis of sucrose monoesters 1a–f : The 1’-monoesters, 1a–
f, were obtained by transesterification of unprotected sucrose with the
corresponding vinylic ester in hydrated dimethyl formamide, and in the
presence of a selected protease.[42–45] The isolated monoesters contained
from 67 to 76% of the 1’-isomer together with the 6 and 6’-isomers. Com-
pounds 1c–f were further purified by semipreparative HPLC to give the
pure 1’-O-isomer. Materials 1a and 1b, for which purification proved to
be very difficult, were used as mixtures (1a contained 75% of the 1’-
isomer, 7% of the 6-isomer and 12% of the 6’-isomer, and for compound
1b, 76% of the 1’-isomer, 11% of the 6-isomer and 10% of the 6’-
isomer).


Synthesis of sucrose monoesters 2a–h and 3a, 3c–e by the Mitsunobu re-
action : The 6-monoesters 2a–h and the 6’-monoesters 3a, c–e were ob-
tained by the reaction of sucrose with the appropriate carboxylic acid
under the Mitsunobu conditions.[36, 37, 39] The isolated monoester fraction,


which typically contained approxi-
mately 85% of the 6-isomer and 15%
of the 6’-isomer, was subjected to pu-
rification using semi-preparative
HPLC to give the pure 6- isomers and
6’- isomers.


In order to limit the content of water
in the products, all of the sucrose
monoesters were freeze-dried. The pu-
rities of the compounds were deter-
mined by 1H and 13C NMR, HPLC,
HRMS and elemental analysis (when
enough sample was available).


Detailed syntheses of the sucrose
monoesters : Compounds 1a,[45] 1b,[45] 1c,[45,46] 1e,[46] 2a,[40, 47] 2c,[45,47, 48]


2d,[48] 2e,[47, 48] 3c,[42] were prepared according to the literature. The spec-
troscopic data obtained was the same as that reported, whereas com-
pounds 2b, f, g, h, 3d, and e were prepared according to the methods re-
ported by Molinier et al.[39] The syntheses of the remaining materials,


Scheme 1. Synthesis of the saturated and unsaturated sucrose 1’-monoesters, series 1, by enzymatic methods.


Scheme 2. Synthesis of the 6- and 6’-sucrose monoesters (series 2 and 3) via the Mitsunobu reaction.
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which have not yet been reported in the literature, are described in more
detail in the following section.


Synthesis of compounds 1a–f by enzymatic methods : Sucrose, obtained
from B>ghin-Say, (1.11 g, 3 mmol) was dissolved in a DMF/water mixture
96:4 (8 mL), at a temperature of 45 8C with stirring. The acylating agent,
lauric acid vinyl ester (3.65 g, 5 equiv), and protease (Novozyme FM/
Celite, 2.5 g, obtained as a gift from Novozyme), were added to the mix-
ture. The temperature of the reaction was maintained at 45 8C for 4 d
with slow stirring. After filtration and removal of the DMF by evapora-
tion, the monoester was isolated by flash chromatography (elution of di-
chloromethane/acetone/methanol/water 56:20:20:4, Rf=0.56 for sucrose
monolaurate) and freeze-dried. The monoester was formed with yields
ranging from 7 to 61%, the lower yields were obtained for the products
with the longer aliphatic chains. For example, the yield for sucrose mono-
laurate was 49%. This material was subjected to purification by semi-
preparative HPLC using a NH2 spherisorb column and an eluent acetoni-
trile/water[40] in order to isolate pure mono-1’-O-ester (67% to 74%
yield of the monoester fraction).


1’-O-Palmitoylsucrose (1d): [a]D=++47 (c = 0.3 in MeOH); 1H NMR
(300 MHz, MeOD): d = 0.80–1.00 (m, 3H, CH3), 1.15–1.45 (m, 24H,
(CH2)12), 1.55–1.73 (m, 2H, CH2b), 2.39 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.3 Hz,
CH2a), 3.37 (dd, 1H, J ACHTUNGTRENNUNG(H4,H3)=9.1, J ACHTUNGTRENNUNG(H4,H5)=9.9 Hz, H4), 3.42 (dd, 1H,
J ACHTUNGTRENNUNG(H2,H1)=3.8, J ACHTUNGTRENNUNG(H2,H3)=9.9 Hz, H2), 3.60–3.90 (m, 7H, H5, H6a/b, H6’a/b,
H5’, H3), 4.00–4.11 (m, 2H, H3’, H4’), 4.14 (d, 1H, J(H1’b,H1’a)=12.1 Hz,
H1’b), 4.38 (d, 1H, J(H1’a,H1’b)=12.1 Hz, H1’a), 5.41 (d, 1H, J ACHTUNGTRENNUNG(H1,H2)=
3.8 Hz, H1); LSIMS: m/z : calcd for C28H52O12Li: 587.3619; found:
587.3645 [M]+ .


1’-O-Dodec-5c-enoylsucrose (1 f): [a]D=++44 (c = 0.7 in MeOH); 1H
NMR (500 MHz, MeOD): d = 0.87–0.99 (m, 3H, CH3), 1.24–1.43 (m,
8H, (CH2)4), 1.70 (q, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.5 Hz CH2b), 2.01–2.16 (m, 4H,
CH2CH=CHCH2), 2.40 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.5 Hz, CH2a), 3.38 (t, 1H,
J ACHTUNGTRENNUNG(H4,H3) = J ACHTUNGTRENNUNG(H4,H5) = 9.5 Hz, H4), 3.43 (dd, 1H, J ACHTUNGTRENNUNG(H2,H1)=3.9,
J ACHTUNGTRENNUNG(H2,H3)=9.9 Hz, H2), 3.60–3.88 (m, 7H, H5, H6a/b, H6’a/b, H5’, H3), 4.03–
4.12 (m, 2H, H3’, H4’), 4.15 (d, 1H, J(H1’b,H1’a)=12.2 Hz, H1’b), 4.38 (d,
1H, J(H1’a,H1’b)=12.2 Hz, H1’a), 5.31–5.49 (m, 3H, H1, CH=CH); 13C
NMR (125 MHz, MeOD): d = 14.7 (CH3), 26.3 (CH2b), 27.8–28.5
(2CH2a CH=CH), 24.0, 30.4, 31.1, 33.2 (4CH2), 34.7 (CH2a), 62.5 (C6),
63.5 (C6’), 64.1 (C1’), 71.7 (C4), 73.3 (C2), 74.7 (C5), 74.9 (C3), 75.2 (C4’),
79.1 (C3’), 84.1 (C5’), 94.4 (C1), 104.3 (C2’), 129.9–132.4 (CH=CH), 174.9
(C=O on 1’); LSIMS: m/z : calcd for C24H42O12Na: 545.2574; found:
545.2576 [M+Na]+ .


Synthesis of the sucrose monoesters 2a–h and 3a, c–e via the Mitsunobu
reaction : Sucrose (3.42 g, 10.0 mmol) was dissolved in dry DMF (79 mL)
at 70 8C with stirring under a nitrogen atmosphere. The mixture was
cooled to room temperature before the addition of triphenylphosphine
(7.06 g, 2.7 equiv), the appropriate carboxylic acid (for example, lauric
acid, 5.00 g, 2.5 equiv), and more DMF (21 mL). Once the materials had
dissolved, the mixture was cooled to 0 8C, and DIAD (5.3 mL, 2.7 equiv)
was added. TLC showed the nearly total consumption of sucrose after
26 h stirring at room temperature. After removal of DMF under reduced
pressure at T=36–38 8C, the crude residue was subjected to chromatogra-
phy over silica gel (dichloromethane/acetone/methanol/water
78:10:10:1.5!67:15:15:3). The monoester fraction was collected (e.g., for
monolauroylsucrose, 1.86 g, 35%) and subjected to further purification
by semi-preparative HPLC (NH2 spherisorb column, acetonitrile/
water[40]) in order to isolate the pure mono-6-O-ester (e.g. 85% of the
monoester fraction for the monolauroylsucrose) and pure mono-6’-O-
ester (15% of the monoester fraction).


6’-O-Octanoylsucrose (3a): [a]D=++52 (c = 1 in MeOH); 1H NMR
(300 MHz, MeOD): d = 0.80–1.00 (m, 3H, CH3), 1.20–1.45 (m, 8H,
(CH2)4), 1.53–1.73 (m, 2H, CH2b), 2.36 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.4 Hz,
CH2a), 3.35 (t, 1H, J ACHTUNGTRENNUNG(H4,H3)=J ACHTUNGTRENNUNG(H4,H5)=9.4 Hz, H4), 3.42 (dd, 1H,
J ACHTUNGTRENNUNG(H2,H3)=9.7, J ACHTUNGTRENNUNG(H2,H1)=3.8 Hz, H2), 3.57–3.77 (m, 4H, H6b, H3, H1’a/b),
3.78–3.88 (m, 2H, H6a, H5), 3.93 (td, 1H, J ACHTUNGTRENNUNG(H5’,H4’)=J ACHTUNGTRENNUNG(H5’,6’a)=7.5 Hz,
J ACHTUNGTRENNUNG(H5’,H6’b)=3.3 Hz, H5’), 4.02 (t, 1H, J ACHTUNGTRENNUNG(H4’,H5’)=J ACHTUNGTRENNUNG(H4’,H3’)=8.1 Hz, H4’),
4.11 (d, 1H, J ACHTUNGTRENNUNG(H3’,H4’)=8.1 Hz, H3’), 4.32 (dd, 1H, J(H6’b,H6’a)=11.7,
J ACHTUNGTRENNUNG(H6’b,5’)=3.3 Hz, H6’b), 4.41 (dd, 1H, J(H6’a,H6’b)=11.7, J ACHTUNGTRENNUNG(H6’a,H5’)=
7.5 Hz, H6’a), 5.36 (d, 1H, J ACHTUNGTRENNUNG(H1,H2)=3.8 Hz, H1);


13C NMR (75 MHz,


MeOD): d = 14.7 (CH3), 26.3 (CH2b), 24.0, 30.4, 30.4 , 33.2 (4CH2), 35.2
(CH2a), 62.8 (C6), 64.1 (C1’), 67.2 (C6’), 71.8 (C4), 73.6 (C2), 74.5 (C5), 75.0
(C3), 77.2 (C4’), 79.2 (C3’), 81.0 (C5’), 93.7 (C1), 105.8 (C2’), 175.8 (C=O on
6’).


Evaluation of physical properties : Phase identification and the determi-
nation of phase transition temperatures were carried out by thermal po-
larised light microscopy (POM), by using a Zeiss Universal polarising
transmitted light microscope equipped with a Mettler FP82 microfurnace
in conjunction with an FP50 Central Processor. Photomicrographs were
obtained using a Zeiss polarising light microscope equipped with a Nikon
AFM camera. Homogeneous specimens were obtained by using untreat-
ed glass slides and cover slips. Differential scanning calorimetry was used
to determine enthalpies of transition and to confirm the phase transition
temperatures determined by optical microscopy. Differential scanning
thermograms (scan rate 10 8Cmin�1) were obtained by using a Perkin–
Elmer DSC7 PC system operating on DOS software. The results ob-
tained were standardised to indium (measured onset 156.68 8C, DH =


28.47 Jg�1; lit. value 156.60 8C, DH = 28.45 Jg�1).[49] Comparison of the
transition temperatures determined by optical microscopy and differen-
tial scanning calorimetry show some slight discrepancies, which are due
to the carbohydrate moieties which tended to decompose at elevated
temperatures and at different rates depending on the rate of heating, the
time spent at an elevated temperature and the nature of the supporting
substrate, that is, the materials decomposed more quickly in aluminium
DSC pans than on glass microscope slides.


The X-ray diffraction experiments were performed using a MAR345 dif-
fractometer equipped with a 2D image plate detector (CuKa radiation,
graphite monochromator, l=1.54 S). The samples were heated in the
presence of a magnetic field (B �1 T) by using a home-built capillary
furnace. The diffraction patterns show the intensity as a function of the
modulus of the scattering wave vector (q) as in Equation (1).


q ¼ jqj 4p sinq=l ¼ 2pn=d ð1Þ


where q is the diffraction angle, l is the wavelength (1.54 S), n is an inte-
ger and d is the lattice distance.


Molecular lengths were determined either by using Dreiding molecular
models or via computer simulations using an Apple MacIntosh G5 com-
puter and ChemDraw3D as part of a ChemDraw Ultra 6.0 program.


Results and Discussion


The materials were segregated into two groups by the
nature of the aliphatic chains. Thus the first group to be dis-
cussed has saturated fatty chains, that is monoesters 1a–e,
2a–e and 3a, 3c–e ; the second group has analogues possess-
ing a cis-unsaturated double bond in the middle of the
chain, that is 1 f, 2 f, 2g and 2h.


Saturated fatty acid monoesters


Transition temperatures : The mono-1’- (series 1), mono-6-
(series 2) and mono-6’- (series 3) esters of sucrose were ex-
amined in their dry state by thermal polarised light micro-
scopy (POM) and differential scanning calorimetry (DSC).
While the clearing points from the liquid crystalline state to
the isotropic liquid were clearly discernable by POM, de-
composition caused by caramelisation meant for many of
the materials that, although the clearing points could be de-
termined by DSC, the associated enthalpy values could not
be measured. Decomposition caused the baseline of the
heating thermogram to fluctuate strongly after the clearing
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point transition, suggesting that the materials were more
stable in the liquid-crystal state than in the amorphous
liquid. In most cases the melting points could not be deter-
mined by POM due to either paramorphosis of the defect
textures at the phase transition or if the transition was from
a glassy solid to the mesomorphic state no discernable
change in texture could be detected. Thus, Table 1 summa-
rises the most clearly defined results obtained concerning
melting behaviour of the compounds possessing saturated
aliphatic chains.


The first members of the three series, that is the shortest
aliphatic homologues 1a, 2a and 3a, in all cases were found
to exhibit disordered hexagonal columnar phases. Figure 1
shows a photomicrograph of the defect texture of mono-6’-
O-octanoylsucrose (3a). This texture is typical of the first
members of each of the series. Under crossed polarizers
(T100), fan-like defects of the liquid crystal phase were ob-
served, and in some cases a homeotropic uniaxial defect tex-
ture was also observed. In the fan-like texture, no hyperbol-
ic or elliptical lines of optical discontinuity associated with
focal-conic defects were observed, indicating that the phase
is probably not a lamellar/smectic phase.[50] The fan-like re-
gions indicate that the phase is columnar, and the lack of or-
dering (straight-lines) along the column edges suggests that
the mesophase is disordered. These results were confirmed
by X-ray diffraction (see later).


The mono-6-O-decanoyl sucrose (2b) was also found to
exhibit a fan-like defect texture in which no hyperbolic or
elliptical lines of optical discontinuity were observed (see
Figure 2). For this reason, the mesophase formed by this
compound was initially classified as a columnar phase, how-
ever, structural studies show that it is probably a smectic A*


phase (see X-ray results later).
All of the other sucrose


monoesters exhibited typical
textures for the smectic A*
phase (see Figure 3). We note
that the classification of the
mesophase is smectic A*, be-
cause as the materials are chiral
the environmental symmetry of
the phase is reduced from D81
to D1, and as a consequence
the mesophase should exhibit
electroclinic properties. In
order to determine the type of
mesophase formed by the lon-
gest chain analogues and to
limit the degradation of the
products (caramelisation), the
samples were brought quickly
to a temperature above their
clearing point and cooled down
to observe the texture.


Under crossed polarisers, a
homeotropic black texture was
observed, together with a fan-
like defect texture possessing
elliptical and hyperbolic lines of
optical discontinuity. Oily
streaks and fringes around air
bubbles were also observed.
Upon cooling from the isotrop-


Table 1. Transition temperatures of the mono-1’ (series 1), mono-6 (series 2) and mono-6’ (series 3) saturated
fatty acid sucrose esters.[a]


Sucrose monoesters Chain Compd Transition temperatures [8C]


n=6 1a(*) soft solid–columnar 90 Iso Liq
n=8 1b(*) soft solid–SmA* 145 iso liq
n=10 1c glass 46.2 SmA* 186.8 iso liq
n=14 1d cryst 53.8 SmA* 209.5 iso liq
n=16 1e cryst 48.5 SmA* 210 iso liq


n=6 2a soft solid–columnar 95.6 iso liq
n=8 2b soft solid–SmA* 107 iso liq
n=10 2c cryst 65.8 SmA* 179.5 iso liq
n=14 2d cryst 72.4 SmA* 212 iso liq
n=16 2e cryst 39.3 SmA* 212 iso liq


n=6 3a soft solid–columnar 105 iso liq
n=10 3c crystal SmA* 204.5 iso liq
n=14 3d crystal SmA* 225.5 iso liq
n=16 3e crystal SmA* 211 iso liq


[a] Soft solid refers to transitions not seen in the DSC, whereas cryst refers to melting points determined by
DSC. (*) mixtures of isomers: 1a : 6/1’/6’ 7:75:12%, 1b : 6/1’/6’ 11:76:10%.


Figure 1. Defect texture of the columnar mesophase of mono-6’-O-octa-
noylsucrose (3a) (T100).
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ic liquid, the liquid crystal phase separated in the form of
b�tonnets that coalesced to form the focal-conic domains.
These features are characteristic of smectic A/A* mesophas-
es. They are highlighted with white arrows in the textures
shown in Figure 3.


The evolution of the isotropisation temperature (clearing
point) as a function of the length of the fatty chains is
shown in Figure 4. The values plotted were the ones deter-
mined for the first heating cycle, at a point when all of the
birefringence disappeared. For compounds 1c–e, 2c–e and
3c–e, the transition to the isotropic liquid took place at the
point where caramelisation started to occur, and as noted
above, caramelisation appeared to be accelerated at the
phase transition to the liquid.


It can be seen from Figure 4 that the columnar phases are
less thermally stable in comparison to the lamellar phases.
In some cases the lamellar phase occurs at temperatures ap-
proximately 100 8C higher than the corresponding columnar
phase. Columnar phases are only found for the homologues
with short chains, and the maximum stability of the lamellar
phase occurs at approximately the hexadecanoyl (C16) ho-
mologue.


Differential scanning calorimetry : For sucrose monoesters,
differential scanning calorimetry often showed the effects of
decomposition before the isotropic liquid was reached. The
decomposition was believed to be due to the high clearing
point values, and that the rate of decomposition was more
rapid when the materials were evaluated in aluminium pans,
rather than when observed between the glass slide and
cover-slip in POM.


For the materials with the shorter chains, each material
appears to be in its mesomorphic state at or near to room
temperature, since no melting peak is observed on the DSC
and only glass transitions were obtained. Conversely, the
longer chain analogues often undergo complex melting from
the solid to the liquid crystal state, with many solid–solid
transitions occurring. Upon cooling, these materials undergo
either a partial recrystallisation, or no recrystallisation at all,
with the liquid crystalline state remaining down to room
temperature. In some cases a glass transition close to room


Figure 3. Defect textures of smectic A* mesophases of mono-dodecanoyl-
sucrose (2c, top and bottom) and mono-6-O-hexadecanoylsucrose (2d,
right).


Figure 4. Evolution of the clearing point [8C] as a function of the length
of the fatty aliphatic chains (n) for the sucrose monoesters 1a–e (&),
2a–e (*) and 3a, and 3c–e (^).


Figure 2. Defect texture of the mesophase exhibited by mono-6-O-dec-
anoylsucrose (2b) (T100).
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temperature can be discerned. Thus for the longer chain
length materials the liquid crystal state can remain in a
metastable form over wide temperature ranges.


By way of example, the DSC thermogram for mono-1’-O-
dodecanoylsucrose (1c) is presented in Figure 5. For this
compound, the melting from the solid to the liquid crystal
proceeds via a glass transition, however, the transition to
the isotropic liquid is clearly defined. In contrast, Figure 6
shows the DSC thermogram for the first heating and cooling
cycles of mono-6-O-octadecanoylsucrose (2e). For this com-
pound, degradation is observed at the clearing point. The
fluctuations in the baseline reflect the process of caramelisa-
tion. Upon cooling from the isotropic liquid no enthalpy is
observed at a temperature where the clearing point occur-
red, and indeed no phase transition was detected until the
point at where the material recrystallised.


This type of inconsistent behaviour thus made it difficult
to obtain data for each material that could be used for com-
parative purposes within, and between, the series of com-
pounds. Moreover, because of the ease of decomposition,


even where results seemed to be conclusive, it was difficult
to exclude the possibility of degradation.


X-ray diffraction studies : For the purposes of comparison
and the evaluation of the structures of materials with colum-
nar and lamellar phases X-ray diffraction studies were per-
formed on compounds 2a, 2b and 2e over a wide range of
temperature in the mesomorphic state.


X-ray diffraction studies of mono-6-O-octanoylsucrose
(2a): Figure 7 shows the diffraction pattern of compound 2a
at 80 8C. The radially integrated pattern at 30 8C is shown in
Figure 8; Table 2 gives the rela-
tive distances in S relative to
the Miller indices.


The first three distances are
in the ratios 1, 1/


ffiffiffi


3
p


, 1/
ffiffiffi


4
p


,
which are characteristic of a
hexagonal packing arrangement
of the molecules. X-ray diffrac-
tion studies thus confirm the
microscopic observations and
give the classification of the
mesomorphic phase of mono-6-
O-octanoylsucrose (2a) as a
hexagonal columnar phase. The
diffuse reflection at 4.5 S


Figure 5. DSC thermogram, first heat and first cool cycles, for mono-1’-
O-dodecanoylsucrose (1c) at a scanning rate 10 8Cmin�1.


Figure 6. DSC trace, first heating and cooling cycles, for mono-6-O-octa-
decanoylsucrose (2e) at a scanning rate 10 8Cmin�1.


Figure 7. Powder diffraction
pattern of mono-6-O-octanoyl-
sucrose (2a) at 80 8C.


Figure 8. Radially integrated diffraction pattern of mono-6-O-octanoylsu-
crose (2a) at 30 8C. The diffraction intensity is given in a logarithmic
scale.


Table 2. Distances related to the Miller indices shown in the diffraction
pattern given in Figure 8 for the radially integrated diffraction pattern of
mono-6-O-octanoylsucrose (2a) at 30 8C.


Miller Indices q [nm�1] d [S] Ratios


100 2.24 28.1 1
110 3.85 16.3[a] 0.580�1/


ffiffiffi


3
p


200 4.49 14.0 0.498�1/
ffiffiffi


4
p


001 9.5 6.6 –
alkyl 14.1 4.5 –


[a] Very weak reflection.
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shows that the ordering of the aliphatic chains inside the
column is low, indicating that the phase is a disordered hex-
agonal phase. Furthermore, the reflection observed at 6.6 S
could be attributed to extensive ordering of the sugar head
groups.


X-ray diffraction studies of mono-6-O-decanoylsucrose
(2b): Figure 9 shows the radially integrated patterns for
compound 2b at various temperatures. No second order re-
flections were observed for this material, thereby indicating
the presence of a smectic mesophase. Conversely, the micro-
scopic observations suggested the formation of a columnar
mesophase.


For mono-6-O-decanoylsucrose (2b) no changes were ob-
served at the clearing point observed by optical microscopy,
that is, Ti=107 8C. Figure 10 shows the normalised, azimu-
thally integrated patterns at 85 and 140 8C, which demon-
strates that at high temperatures substantial ordering of the
molecules is maintained, despite degradation of the sample.
Thus, remarkably the “amorphous liquid” appears to be
structured at temperatures well away from the liquid crystal-
line state.


X-ray diffraction studies of mono-6-O-octadecanoylsucrose
(2e): X-ray diffraction studies were performed over a 30 to
160 8C temperature range for the mono-6-O-octadecanoylsu-


crose (2e), see Figure 11. The radially integrated patterns at
140 and 30 8C are shown together in Figure 12 and Table 3
gives the distances in S related to the Miller indices at T=


30, 50 and 130 8C, respectively.


With the ratios between the first three d spacings being
characteristic of a lamellar arrangement, X-ray diffraction
studies for the mono-6-O-octadecanoylsucrose (2e), confirm
the microscope classification of the phase as smectic A.
However, as the extended length of the material determined


Figure 9. Radially integrated diffraction pattern of mono-6-O-decanoylsu-
crose (2b) over a 30 to 100 8C temperature range. The diffraction intensi-
ties are given in a logarithmic scale.


Figure 10. Normalised azimuthally integrated patterns of 6-O-monodeca-
noylsucrose (2b), &: T=85 8C, *: T=140 8C.


Figure 11. Radially integrated diffraction pattern of mono-6-O-octadeca-
noylsucrose (2e) over a 30 to 160 8C temperature range. The diffraction
intensities are given in a logarithmic scale.


Figure 12. Radially integrated diffraction patterns of mono-6-O-octadeca-
noylsucrose (2e) at 140 and 30 8C. The diffraction intensities are given in
a logarithmic scale.
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from simulations was found to be approximately 28 S, and
the measured layer spacing being approximately 41 S, the
structure of the phase must consist of interdigitated bilayers.
Thus, the phase is further classified as a smectic Ad modifi-
cation.


The aliphatic chains inside the layers are disordered, as
indicated by the diffuse reflection at 4.3 S. Conversely, the
reflection observed at 3.8 S could be attributed to well-or-
ganised arrays of sugar head groups due to H-bonding. The
temperature scan shows that at a temperature lower than
40 8C, the smectic phase becomes more strongly ordered as
now the third order reflection is observed.


Thus, overall the early members of series 2 possess disor-
dered hexagonal columnar phases, whereas the later mem-
bers of the series exhibit interdigitated bilayer smectic Ad


phases. The amorphous liquid in all of the materials is struc-
tured to high temperatures, which is possibly due to hydro-
gen-bonding networks formed by the interactions of the su-
crose head groups. In the mesophases the aliphatic chains
are effectively melted, whereas the sugar head groups are
extensively organised.


Unsaturated fatty acid monoesters


In order to investigate the effects of the incorporation of a
cis-double bond into the terminal aliphatic chains com-
pounds 1 f and 2 f–h were prepared. It was expected that the
presence of the cis-bond would “kink” the aliphatic chain,
thereby leading to an increase in disordering of the mole-
cules and a concomitant lowering of the clearing points.


Microscopy studies showed that compounds 1 f and 2 f–h,
like their saturated analogues, exhibited smectic A meso-
phases. Figure 13 shows examples of the edge dislocation
(filaments) and homeotropic textures of mono-6-O-dodec-
5c-enoylsucrose (2 f). These textures are classical examples
of a lamellar phase.


Table 4 shows the structures of compounds 1 f and 2 f–h,
together with their clearing points and the comparative
values for the directly analogous materials with no unsatura-
tions in the aliphatic chain. It can be seen that when the
double bond is near to the sucrose head group the clearing
point is substantially lower in comparison to the saturated
ester. However, when the double bond is further away from
the sucrose head group the difference in clearing points is
much less. This is possibly due to the fact that the chains
will be essentially melted in the smectic state, and when the
double bond is nearer to the more rigid structure of the
head group, the freedom of the methylene units in the chain
to rotate is somewhat restricted.


Modelling of mesophase structures : If we now turn to the
question as to why the saturated esters with relatively short
aliphatic chains exhibit columnar phases, whereas the higher
homologues exhibit lamellar phases, we can explain this
result simply through examination of the minimised molecu-
lar structures, albeit in the gas phase, of the octanoyl versus
the octadecanoyl homologues of any of the three series. For


Figure 13. Defect textures of the smectic A* mesophase of mono-6-O-
dodec-5c-enoylsucrose (2 f) (T100).


Table 3. Distances related to the Miller indices shown in Figure 11 for
the radially integrated diffraction pattern of mono-6-O-octadecanoylsu-
crose (2e) at 30, 50 and 130 8C, respectively.


Miller indices q [nm�1] d [S] Ratios


T=30 8C
001 1.52 41.3 1
002 3.06 20.5 � 1=2
003 4.58 13.7 � 1=3
100 + alkyl 14.7 4.3 –
X 16.5 3.8
T=50 8C
001 1.53 41.2 1
002 3.04 20.7[a] � 1=2
100 + alkyl 14.2 4.4 –
X 16.5 3.8 –
T=130 8C
001 1.61 39.1 1
002 3.18 19.8[a] � 1=2
100 + alkyl 14.7 4.55 –
X 16.5 3.8 –


[a] Very weak reflection.
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example, if we select series 2, and therefore compounds 2a
and 2e, we find that the minimised structures show that the
head-group size relative to the overall molecular length is
much greater for 2a than for 2e. Thus when the molecules


of 2a pack together they will
do so with a curved structural
arrangement favouring the for-
mation of columnar phases,
whereas such an arrangement
would be less likely for 2e, and
thereby lamellar phases are
preferred. Figure 14 shows the
minimised structures for 2a and
2e achieved in the gas phase, at
absolute zero. Compound 2a
clearly has a more wedge liked
structure than 2e.


Further hypotheses can be
derived from the minimised
structures. It appears that intra-
molecular hydrogen bonding
between the carbonyl function
of the ester and one of the hy-
droxyl units causes the sucrose
head group to bend back on
itself, thereby exposing the rest
of the hydroxyl groups to the
exterior of the structure, away
from the aliphatic chain. This is
an unusual molecular arrange-
ment in light of the report by
Perez et al. ,[51] which shows for
2-O-lauroylsucrose that an in-
tramolecular hydrogen bond
between the 6,6’-OH groups
stabilises the cyclic arrange-
ment of the head group. Never-
theless, for the three series,


shown in Figure 15, gas-phase modelling shows that the car-
bonyl-OH hydrogen bond is slightly favoured. Consequently,
the intramolecular hydrogen bond apparently completes a
quasi-macrocyclic structure, which is sandwiched between


the hydrophilic head group and
the hydrophobic chain. The
quasi-macrocyclic structure ap-
pears as a cyclic polyether, and
thereby should be capable of
complexing various ions. Thus
the sucrose esters appear to
have a remarkable structure;
the head group is forced by an
intramolecular hydrogen bond
to expose all of its free hydrox-
yl groups for the purposes of in-
termolecular hydrogen bonding,
and behind this hydrophilic
wall a binding site sits, protect-
ed on one side by a hydrophilic
surface while on the other by a
hydrophobic chain as shown in
Figure 16.Figure 14. Minimised structures of compounds 2a and 2e in the gas phase at absolute zero.


Table 4. Structures and clearing point transitions for the unsaturated monoesters 1 f and 2 f–h.[a]


Monoesters Compound Clearing point transitions


1 f Iso Liq 165 8C SmA*
1c Iso Liq 186.8 8C SmA*


2 f Iso Liq 132.8 8C SmA*
2c Iso Liq 179.5 8C SmA*


2g Iso Liq 207 8C SmA*


2d Iso Liq 212 8C SmA*


2h Iso Liq 205 8C SmA*
2e Iso Liq 212 8C SmA*


[a] The clearing point transitions for the analogous saturated materials 1c and 2c–e are included for compari-
son.
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For the columnar phases, be they thermotropic or lyotrop-
ic, the self-organised structure consists of three tubes where
the outer tube can interact with solvents such as water or
with similarly stacked columns through intermolecular hy-
drogen bonding. The central tube is filled with hydrophobic
fatty material, and the space between the outer and inner
tubes is a region where the quasi-macrocycles can also as-
semble into internal columns, like a roller-bearing race,
thereby creating potential ion channels, as shown in
Figure 17.


Conclusion


In this report we show that for sucrose substituted with one
aliphatic chain in the 1’, 6 or 6’ positions, for relatively short
aliphatic chains columnar liquid crystals phases are favoured
over calamitic lamellar phases. The structure of the colum-
nar phase is suggested to be one where the aliphatic chains


are towards the interior of the column, whereas the carbo-
hydrate head groups are located at the surfaces of the col-
umns. This is the reverse arrangement for thermotropic


Figure 15. Intramolecular hydrogen bonding in the head groups of all three series, forming a quasi-macrocyclic ring system.


Figure 16. Composite parts of the structure of the mono-substituted su-
crose esters.


Figure 17. Tubular structure of the hexagonal disordered columnar meso-
phase.
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liquid crystalline columnar phases normally found in carbo-
hydrate systems, where the aliphatic chains are usually locat-
ed at the surfaces of the columns.


The structuring with the sugar groups at the exterior of
the columns leads to the possibility of ion channels being
formed within the columns and along the column axes.


Our X-ray diffraction studies also show that there is or-
ganization of the molecules in the amorphous liquid prior to
the phase transition to the liquid crystal state.
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Rui Tamura,* Masayuki Mizuta, Shinsuke Yabunaka, Daisuke Fujimoto, Tomomi Ariga,
Shinichiro Okuhara, Naohiko Ikuma, Hiroki Takahashi, and Hirohito Tsue[a]


Introduction


In 1996 we reported the first instance in which enantiomeric
resolution by simple recrystallization of a racemic crystal
from organic solvents was feasible;[1] this unusual symmetry-
breaking enantiomeric-resolution phenomenon was referred
to as “preferential enrichment”.[2] Since then, more than ten
structurally analogous racemic samples have been found to
exhibit the same phenomenon that can give both enantiom-
ers in high enantiomeric excess (ee) and quantity by a


simple operation.[3–8] Mechanistically, it has been revealed
that preferential enrichment is a secondary, dynamic enan-
tiomeric-resolution phenomenon caused by the solvent-as-
sisted solid-to-solid transformation of a metastable g-poly-
morphic form into a thermodynamically stable d form (or e
form in a specific case) during crystallization from the super-
saturated solution of a certain kind of racemic mixed crys-
tals (i.e., solid solutions or pseudoracemates) composed of
the two enantiomers (Figure 1).[3,7,8, 9] Accordingly, a certain
mode of polymorphic transition has turned out to be crucial
to the occurrence of preferential enrichment. Therefore, on
the basis of the elucidated mechanism of this unique poly-
morphic transition observed for a series of racemic samples
that can show preferential enrichment, it may become possi-
ble to induce preferential enrichment for their structurally
analogous racemic samples, which cannot exhibit this phe-
nomenon, by controlling the mode of the polymorphic tran-
sition.


Control of polymorphism giving a desired polymorphic
form by crystallization has been a long-standing subject to
be realized in connection with the development of crystal
engineering, closely associated with organic materials sci-
ence.[10] Of the various methods contrived thus far—such as
changing the crystallization conditions,[11] seeding with a


Abstract: Both induction and inhibi-
tion of “preferential enrichment”, an
unusual symmetry-breaking enantio-
meric-resolution phenomenon ob-
served upon simple recrystallization of
a certain kind of racemic crystals from
organic solvents, have been successfully
achieved by controlling the mode of
the polymorphic transition during crys-
tallization with appropriate seed crys-
tals. Such control of the polymorphic
transition can be interpreted in terms
of a novel phenomenon consisting of
1) the adsorption of prenucleation ag-


gregates, 2) the heterogeneous nuclea-
tion and crystal growth of a metastable
crystalline form, and 3) the subsequent
polymorphic transition into the more
stable form; these three processes
occur on the same surface of a seed
crystal. We refer to this phenomenon
as an “epitaxial transition”, which has


been confirmed by means of in situ at-
tenuated total reflection (ATR) FTIR
spectroscopy in solution and the solid
state, differential scanning calorimetry
(DSC) measurements of the deposited
crystals, and X-ray crystallographic
analysis of the single crystals or the
direct-space approach employing the
Monte Carlo method with the Rietveld
refinement for the structure solution
from the powder X-ray diffraction
data.


Keywords: chiral resolution ·
crystal growth · epitaxial tran ACHTUNGTRENNUNGsition ·
polymorphism · preferential
enrichment


[a] Prof. R. Tamura, M. Mizuta, S. Yabunaka, Dr. D. Fujimoto, T. Ariga,
S. Okuhara, N. Ikuma, Dr. H. Takahashi, Dr. H. Tsue
Graduate School of Human and Environmental Studies
Kyoto University
Kyoto 606-8501 (Japan)
Fax: (+81)75-753-7915
E-mail : tamura-r@mbox.kudpc.kyoto-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains
1) crystal structure information files (CIFs), 2) observed, calculated,
and difference profiles of the Rietveld refinement, and 3) crystal
structures, obtained by the computational direct-space approach for
the d1 form of (� )-1a (alternative name, NNMe3�OMe), the d1 form
of (� )-1b (NCMe3�OMe), and the k and d1 forms of (� )-1c
(NBMe3�OMe).


Chem. Eur. J. 2006, 12, 3515 – 3527 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3515


FULL PAPER







crystal of the desired structure,[12] or adding impurities or
additives to inhibit the nucleation or the crystal growth of
an undesired polymorphic form[13]—induced crystallization
with adequate seed crystals possessing a target crystal struc-
ture seems to be the most straightforward and promising for
designed crystallization.[9,12,14,15] Such control of polymor-
phism by seeding is usually accounted for by the heteroge-
neous nucleation and the subsequent epitaxial growth on
the crystalline surface. If the molecular packing mode in the
incipient crystal grown on the crystalline surface is thermo-
dynamically unstable, the subsequent polymorphic transition


should occur on the surface too.
Thus far, however, no report
concerning the control of the
bulk polymorphic transition by
seeding with appropriate crys-
tals has been documented, al-
though understanding of the
mechanism of the polymorphic
transition occurring during crys-
tallization has advanced.[1,16,17]


With this situation in mind,
we have focused on the termi-
nal methoxy derivatives ((� )-
1a, (� )-1b, (� )-1c) of the pro-
totypic ammonium sulfonates
((� )-2a, (� )-2b, (� )-2c) that
have shown preferential enrich-
ment,[4,5,7] because whether
(� )- ACHTUNGTRENNUNG1a–(� )-1c show preferen-
tial enrichment or not depends
only on the kind of electron-
withdrawing group situated at
the para position of the ben-
zenesulfonate ion (Scheme 1
and Table 1). Consequently, we
have found that addition of
stable d-form seed crystals of
(�)-[2-[4-(3-methoxy-2-hydroxy-
propoxy)phenylcarbamoyl]eth-
yl]trimethylammonium p-nitro-
benzenesulfonate ((� )-1a),
which can easily show preferen-
tial enrichment (Figure 2), to
the supersaturated solution (in
EtOH) of the p-chlorobenzene-
sulfonate derivative ((� )-1b),
which does not show this phe-
nomenon by itself,[4] can explic-
itly induce preferential enrich-
ment for (� )-1b (Table 1 and
Figure 11, see below). Con-
versely, seeding the supersatu-
rated solution of (� )-1a in
EtOH with the stable d1-form
crystals of (� )-1b has been
found to completely inhibit the


occurrence of preferential enrichment for (� )-1a (Table 1).
More interestingly and unexpectedly, it has been observed
that seeding with the same d1-form crystals of (� )-1b in
EtOH induces preferential enrichment for the p-bromoben-
zenesulfonate derivative ((� )-1c), which does not show this
phenomenon by itself (Table 1 and Figure 15, see below).


Here we report the details of these preferential-enrich-
ment experiments and discuss the mode of the controlled
polymorphic transition during crystallization of these sam-
ples in terms of a new phenomenon, “epitaxial transition”,
comprising the heterogeneous nucleation and crystal growth


Figure 1. Polymorphic transition of the metastable g form into the stable d form, which is essential for the oc-
currence of preferential enrichment for (� )-2a. This is a case in which an even number (four in this case) of
homochiral R chains are surrounded by two S chains in the g-form crystal, resulting in partial crystal disinte-
gration after polymorphic transition. The ellipsoid and circle indicate the chiral long-chain cation and achiral
sulfonate ion, respectively.
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of a metastable crystalline form and the subsequent poly-
morphic transition into the more stable form, both of which
occur on the same columnar surfaces of the seed crystals.


Results and Discussion


Preferential-enrichment experiments and X-ray crystal
structures for (� )-1a–(� )-1c : We have already reported
that (� )-2a–(� )-2c show preferential enrichment,[4,5,7]


whereas (� )-1b, the terminal methoxy derivative of (� )-2b,
was unable to do so.[4] To shed light on such an unexpected
relationship between the molecular structure and the occur-
rence of preferential enrichment, we have prepared (� )-1a
and (� )-1c and have recrystallized them from EtOH under
the standard preferential-enrichment experimental condi-
tions. Consequently, (� )-1a has successfully exhibited pref-
erential enrichment (Figure 2), whereas (� )-1c has failed to


do so similarly to (� )-1b
(Table 1). It is surprising that
such a minor molecular modifi-
cation exerts a primary influ-
ence on the occurrence of pref-
erential enrichment. Therefore,
to clarify the cause, we first
compared the crystal structures
of the stable forms of (� )-1a–
(� )-1c with those of (� )-2a–
(� )-2c. We already reported
that the crystal structures of the
stable forms of (� )-2a–(� )-2c
belong to a d form
(Figure 1),[4,5,7] whereas that of
(� )-1b adopts a d1 form that is
partly similar to a d form


(Figure 3 and Table 2).[4] Single crystals of the two new com-
pounds, (� )-1a and (� )-1c, suitable for X-ray crystallo-
graphic analysis were obtained by recrystallization from
iPrOH.


The crystal structure of (� )-1a has been found to be a d


form as expected; it has orientational disorder at the posi-
tion of the hydroxy group on an asymmetric carbon atom
with the occupancy factors of 0.721 and 0.279, as commonly
observed for compounds showing preferential enrichment
(Figure 4 and Table 2).[4–7] The decisive difference in crystal
structure between the d form of (� )-1a and the d1 form of
(� )-1b lies in the mode of interchain interactions between
analogous heterochiral one-dimensional (1D) chains, which
are composed of two types of centrosymmetric cyclic dimers
(type A and type B) (Figures 3 and 4). Type A is formed by
the hydrogen bonds between two hydroxy groups and two
ethoxy oxygen atoms (O···O distance: 2.67 and 2.903 M for
1a and 1b, respectively) in a pair of R and S molecules,
whereas type B is formed by 1) the hydrogen bond between
an oxygen atom of a sulfonate ion and the nearest amide
NH (O···N distance: 2.937 and 2.874 M for 1a and 1b, re-
spectively) and 2) the electrostatic interaction between an-
other oxygen atom of the same sulfonate ion and the ammo-
nium nitrogen atom in the neighboring long-chain cation
(O�···N+ distance: 4.135 and 3.787 M for 1a and 1b, respec-
tively). In the d form of (� )-1a, each heterochiral 1D chain
interacts with two adjacent chains by another weak electro-


Scheme 1. Ammonium sulfonates, grouping, and seven variable torsional
angles for the structure solution of the d1 form of (� )-1a, the d1 form of
(� )-1b, and the k and d1 forms of (� )-1c.


Table 1. Induction or inhibition of preferential enrichment by mutual seeding for (� )-1a–(� )-1c.[a]


Solubility Without Seed crystal[c]


in EtOH seeding[b] (�)-1a (�)-1b (�)-1c
ACHTUNGTRENNUNG[mgmL�1] d form d1 form k form


(�)-1a 12.9 yes[d,e]


ACHTUNGTRENNUNG(g to d)[h]
acceleration[f]


ACHTUNGTRENNUNG(g to d)[h]
inhibition[g]


ACHTUNGTRENNUNG(g to d1)
[h]


no effect


(�)-1b 59.1 no[i]


ACHTUNGTRENNUNG(g to d1)
[h]


induction[j,k]


(g to d, then d1)
[h]


– no effect


(�)-1c 19.9 no[i]


ACHTUNGTRENNUNG(g to k)[h]
no effect induction[j,l]


(g to d, then d1)
[h]


–


[a] 10-, 3-, and 5-fold supersaturated solutions were used for recrystallization of (� )-1a–(� )-1c in EtOH, re-
spectively. [b] Recrystallization was carried out without seed crystals. [c] 5 wt% of seed crystals were added.
[d] Preferential enrichment occurred. [e] See Figure 2. [f] Preferential enrichment was accelerated. [g] Prefer-
ential enrichment was completely inhibited by seeding. [h] Mode of polymorphic transition. [i] Preferential en-
richment did not occur. [j] Preferential enrichment was induced by seeding. [k] See Figure 11. [l] See Figure 15.


Figure 2. Preferential enrichment of 1a. The ee values were determined
by HPLC analysis (see the Experimental Section). Conditions: [a] EtOH
(4.0 mL) at 25 8C for 1 day, then at 5 8C for 4 days. [b] EtOH (3.5 mL) at
25 8C for 1 day, then at 5 8C for 4 days. [c] Removal of the solvent by
evaporation. [d] EtOH (3.0 mL) at 25 8C for 1 day, then at 5 8C for 4 days.
[e] EtOH (2.8 mL) at 25 8C for 1 day, then at 5 8C for 4 days.
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static interaction between the third oxygen atom of the
same sulfonate ion and the ammonium nitrogen atom
(O�···N+ distance: 3.906 M) in the adjacent chain, eventually
forming a weak two-dimensional (2D) sheet structure
(Figure 4). On the other hand, in the d1 form of (� )-1b the
interplay of two interchain interactions is seen (Figure 3);
one is the relatively strong slipped-parallel p–p stacking (in-
terplanar distance: 3.54 M; intercentroid distance: 4.74 M;
the shortest C ACHTUNGTRENNUNG(sp2)···C ACHTUNGTRENNUNG(sp2) distance: 3.61 M) between the
benzene rings of the nearest two p-chlorobenzenesulfonate
groups, and the other is the weak C ACHTUNGTRENNUNG(sp2)H···Cl contacts
(H···Cl distances: 3.105 and 3.115 M) between the chlorine
atom of the p-chlorobenzenesulfonate group and two vicinal
hydrogen atoms on the benzene ring of the neighboring
long-chain cation, consequently forming a solid 2D sheet
structure.[4,18] These fairly strong interchain interactions
must be responsible for the nonoccurrence of preferential
enrichment with respect to (� )-1b, because the subsequent
crystal disintegration that is necessary to cause preferential
enrichment cannot occur.[3,7,8]


The X-ray diffraction (XRD) patterns and differential
scanning calorimetry (DSC) characteristics of (� )-1a and
(� )-1b crystallized from EtOH have been found to be iden-
tical to those of the same compounds crystallized from
iPrOH, indicating that the d and d1 forms are their respec-
tive stable forms.[3,7,8]


The crystal structure of (� )-1c crystallized from iPrOH
turned out to be an unexpected g form (Figure 5 and
Table 2), which is believed to be a metastable key-inter-
mediate polymorph and to easily undergo the subsequent
polymorphic transition inducing preferential enrichment
(Figure 1).[3,7] Indeed, when (� )-1c was recrystallized from
EtOH, a more stable polymorphic form was obtained as a
monophasic powder sample after the swift polymorphic
transition of the initially formed g form on contact with the
solvent (Figure 6), but unexpectedly, preferential enrichment
never occurs.


To unveil the reason for this, the crystal structure of this
new polymorph of (� )-1c obtained from EtOH has been
solved from its powder XRD data, by using the direct-space


Figure 3. a) Crystal structure of the d1 form of (� )-1b. The C, O, N, S, and Cl atoms are represented by white, red, blue, yellow, and green circles, respec-
tively. b) Schematic representation of the intermolecular interactions in the crystal. The ellipsoid and circle in the inset indicate the long-chain cation
and sulfonate ion, respectively. The dashed lines show the intermolecular hydrogen bonds, electrostatic interactions, p–p interactions, and CH/Cl interac-
tions.
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approach with the Monte Carlo method and the subsequent
Rietveld refinement (see Figure S1 in the Supporting Infor-
mation).[3,9,19, 20] Compound (� )-1c was found to be a new
type (k form) consisting of a heterochiral 2D sheet structure,
which is quite different from the d form essential for prefer-
ential enrichment to occur (Figure 7 and Table 2).[5,7] This k-
form crystal structure is characterized by a heterochiral 1D
chain along the c axis, which is formed by 1) two kinds of in-
termolecular hydrogen bonds between the hydroxy group
and the nearest amide NH (O···N distance: 3.156 M) and be-
tween the same hydroxy group and an oxygen atom of the
nearest sulfonate group (O···O distance: 2.524 M) and 2) the
O···Br contact (O···Br distance: 3.475 M) arising from the
Coulombic donor–acceptor interaction between the me-
thoxy oxygen atom and the nearest bromine atom.[21] Fur-
thermore, these heterochiral 1D chains interact with each
other in a parallel way along the b axis by the electrostatic
interaction between another oxygen atom of the same sulfo-
nate ion and the nearest ammonium nitrogen atom in the
neighboring chain (O�···N+ distance: 3.796 M), eventually
forming a solid heterochiral 2D sheet structure on the bc
plane. It is most likely that the O···Br Coulombic donor–ac-
ceptor attraction makes a significant contribution to building
up the k-form crystal structure of (� )-1c, and thereby the
polymorphic transition of the metastable g form into the d


form, which would cause preferential enrichment, cannot
occur. In fact, the electrostatic potential calculated by using
the MNDO/d program in SpartanP02 Windows shows the


highly positive cap on the bromine atom in ammonium p-
bromobenzenesulfonate, which is responsible for the O···Br
Coulombic attraction,[21] as depicted in Figure 8.


Thus, it has been proved that such a minor molecular
modification exerts a primary influence on the crystal struc-
ture.


Induction and inhibition of preferential enrichment : It has
been concluded that all of compounds (� )-1a–(� )-1c pre-
dominantly adopt a g-form supramolecular structure in their
supersaturated solutions in EtOH, because 1) the metastable
g-form crystals of (� )-1c actually obtained have exhibited
the identical S�O stretching vibrations at around ñ = 1190,
1220, and 1240 cm�1 both in the solid state and in the super-
saturated solution in EtOH as analyzed by in situ attenuated
total reflection (ATR) FTIR spectroscopy (Figure 9a,d);
2) (� )-1a–(� )-1c have shown very similar IR absorptions
in the same range of S�O stretching vibrations in their su-
persaturated solutions in EtOH (Figure 9a); and 3) the anal-
ogous IR spectra were also observed for the g-form molecu-
lar assembly of other analogous compounds.[3,7–9] Therefore,
it is quite plausible that the incipient formation of the indi-
vidual metastable g-form polymorphs and the subsequent
polymorphic transition into the stable d form, d1 form, or k
form should have occurred during crystallization of (� )-1a,
(� )-1b, or (� )-1c from EtOH, respectively (Table 1). Fur-
thermore, it is noteworthy that 1) the interatomic distance
(5.822 M) between the hydroxy oxygen atom in the R chain


Table 2. X-ray analytical data for the polymorphs of (� )-1a, (� )-1b, and (� )-1c.


(�)-1a[a] (�)-1a[b] (�)-1b[a,c] (�)-1b[b] (�)-1c[a] (�)-1c[b] (�)-1c[b]


crystal form d form[d]


0.721:0.279[h]
d1 form


[e] d1 form
[d] d1 form


[f]


0.70:0.30[h]
g form[d] k form[g] d1 form


[e]


0.70:0.30[h]


crystal system triclinic triclinic triclinic triclinic triclinic monoclinic triclinic
space group P1̄ P1̄ P1̄ P1̄ P1̄ P21/c P1̄
a [M] 8.935(1) 8.297 8.2981(4) 8.292 9.2122(7) 14.893 8.272
b [M] 9.825(2) 11.203 11.224(1) 11.229 9.4590(5) 8.806 11.237
c [M] 14.850(2) 14.957 14.568(2) 14.605 15.8841(12) 20.378 14.739
a [8] 106.07(1) 99.39 98.249(9) 98.37 90.075(3) – 98.62
b [8] 96.157(9) 93.69 94.35(1) 94.28 90.075(5) 109.349 94.21
g [8] 92.04(2) 111.16 110.756(5) 110.73 103.232(5) – 110.60
V [M3] 1242.6(3) 1267.7 1243.7(2) 1246.5 1347.4(2) 2522.3 1256.1
Z 2 2 2 2 2 4 2
1calcd [gcm


�3] 1.372 – 1.343 – 1.349 – –
2qmax 135.8 – 135.9 – 57.5 – –
reflns measured 4826 – 3997 – 12882 – –
observed reflns [I>3s(I)] 3418 – 1324 – 2285 – –
parameters 354 – 328 – 328 – –
mKa [cm


�1] 16.47 – 25.23 – 16.48 – –
R[i] 0.076 0.079[j] 0.061 0.048[j] 0.098 0.078[j] 0.078[j]


Rw
[k] 0.128 0.099[l] 0.088 0.063[l] 0.170 0.120[l] 0.102[l]


GOF 0.916 – 0.927 – 0.996 – –
residual density [eM�3] +0.75/�0.48 – +0.67/�0.22 – +0.996/�0.81 – –


[a] X-ray crystallographic analysis. [b] The crystal structure solved from the XRD data by the Monte Carlo method with subsequent Rietveld refinement.
[c] Reduced unit-cell parameters of the published structure quoted from ref. [4]. [d] Obtained by recrystallization from iPrOH without seed crystal.
[e] Obtained by recrystallization from EtOH with the d1-form seed crystals of (� )-1b. [f] Obtained by recrystallization from EtOH with the d-form seed
crystals of (� )-1a. [g] Obtained by recrystallization from EtOH without seed crystal. [h] Occupancy factors assigned to the position of the hydroxy
group on an asymmetric carbon atom on account of the orientational disorder. [i] R value: R=� j jFo j� jFc j j /� jFo j for I>3.0s(I) data. [j] Rp values: Rp


= [� jcY sim
ACHTUNGTRENNUNG(2qi)�I exp


ACHTUNGTRENNUNG(2qi)�Y back
ACHTUNGTRENNUNG(2qi) j /� j I exp


ACHTUNGTRENNUNG(2qi) j . [k] Rw value: Rw = [�w(jFoj�jFcj)2/�w jF2
o j ]1/2. [l] Rwp value: Rwp = [(�wi ACHTUNGTRENNUNG(cY sim


ACHTUNGTRENNUNG(2qi)�I exp
ACHTUNGTRENNUNG(2qi)�


Y back
ACHTUNGTRENNUNG(2qi))


2)/�wi ACHTUNGTRENNUNG(I
exp
ACHTUNGTRENNUNG(2qi))


2]1/2.
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and the nearest methoxy oxygen atom in the adjacent S
chain in the g form of (� )-1c seems short enough for fur-
ther transformation of the g form into the d form (Fig-
ure 5b);[7] 2) the crystal structure of the d1 form of (� )-1b
has a partial resemblance to that of the d form of (� )-1a, as
already stated (Figures 3 and 4); and 3) the d form of (� )-
1a, the d1 form of (� )-1b, and the g form of (� )-1c have a
similar columnar structure along one axis (Figure 10a,b,c),
suggesting the possibility of forced adsorption of the g-form
prenucleation aggregates of (� )-1b or (� )-1c on the colum-
nar surface of the d form of (� )-1a and the subsequent pol-
ymorphic transition of the incipient g-form crystalline phase
into the desired d form on the same crystalline surface of


(� )-1a. Therefore, it is conceiv-
able that preferential enrich-
ment can be induced or inhibit-
ed by the alteration of the
mode of the polymorphic tran-
sition by seeding the crystals
with each other. Such has
indeed been the case.


The induction of preferential
enrichment has been explored
for (� )-1b and (� )-1c, which
cannot show preferential en-
richment by themselves
(Table 1); the respective three-
and fivefold supersaturated sol-
utions of (� )-1b and (� )-1c
(0.50 g each) in EtOH (2.5 and
8.5 mL, respectively) were
seeded with the d-form crystals
of (� )-1a (0.025 g) at �16 8C.
Consequently, in the case of
(� )-1b, whenever more than
3 wt% of the seed crystals were
employed, crystallization began
quickly and preferential enrich-
ment was distinctly induced
(Figure 11 and Table 1). Con-
trary to expectation, however,
DSC and XRD analyses of the
deposited crystals showed that
the crystal structure is very sim-
ilar to the d1 form (Figures 12b
and 13b,c). In fact, the crystal
structure has been solved to be
a d1 form by the same direct-
space approach (Table 2, Figur-
e 10e, and Figure S2 in the Sup-
porting Information). It is note-
worthy that this d1-form crystal
structure of nearly racemic 1b
can be solved as either a highly
or fairly ordered racemic mixed
crystal with a comparable Rwp


value. These highly and fairly
ordered crystal structures are virtually identical; the former
has orientationally ordered molecules, while the latter is
characterized by the orientational disorder at the position of
the hydroxy group on an asymmetric carbon atom with oc-
cupancy factors of around 0.7 and 0.3, in which the R and S
enantiomers in sites with higher occupancy factor (0.70) can
form the type-A cyclic dimer (O···O distance: 2.853 M) (see
Figure S2b,c in the Supporting Information). This disor-
dered crystal structure is consistent with the occurrence of
preferential enrichment.[5,7,8] Namely, it is easy to conceive
that in the crystallization of (� )-1b with the d-form seed
crystals of (� )-1a, the successive polymorphic transitions
from the metastable disordered g form into the disordered d


Figure 4. a) Crystal structure of the d form of (� )-1a. The C, O, N, and S atoms are represented by white, red,
blue, and yellow circles, respectively. b) Schematic representation of the intermolecular hydrogen bonds in the
d-form crystal. The hydroxy group on the asymmetric carbon atom is disordered over two positions. The R
and S enantiomers in the sites with higher occupancy factor (0.721) are designated R and S, and those in sites
with lower occupancy factor (0.279) r and s. The ellipsoid and circle in the inset indicate the long-chain cation
and sulfonate ion, respectively. The dashed lines show the intermolecular hydrogen bonds and electrostatic in-
teractions. The contents of three dimer structures were estimated from the occupancy factors of the orienta-
tionally disordered hydroxy groups.
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form and then the disordered d1 form should occur on the
columnar surfaces of the d-form seed crystals, because the
occurrence of preferential enrichment has been observed.


Unexpectedly, by seeding the supersaturated solution of
(� )-1c in EtOH with the d-form crystals of (� )-1a, neither
the acceleration of crystallization nor the formation of an-


other polymorphic form has
been observed, nor has the in-
duction of preferential enrich-
ment been noted. Instead, more
interestingly, seeding with the
d1-form crystal (5 wt%) of (� )-
1b in EtOH induced prompt
crystallization to provide a new
metastable polymorph of 1c
(Figures 6 and 14a,b) and dis-
tinctly induced preferential en-
richment for (� )-1c (Figure 15
and Table 1). The crystal struc-
ture of this new polymorph of
nearly racemic 1c has been
solved to be a d1 form from its
powder XDR data by the same
direct-space approach (Table 2,
Figure 10f, and Figure S3 in the
Supporting Information). This
d1-form crystal structure of
(� )-1c can be solved only
when the orientational disorder
with occupancy factors of


around 0.7 and 0.3 is assigned to the position of the hydroxy
group on an asymmetric carbon atom. Therefore, it is again
likely that successive polymorphic transitions from the disor-
dered g form into the disordered d form and then the disor-
dered d1 form should occur on the columnar surface of the
d1-form seed crystal of (� )-1b. This is a rather interesting
example of the successful induction of preferential enrich-
ment by using the seed crystals of another compound that
cannot show this phenomenon by itself.


Conversely, the occurrence of preferential enrichment of
(� )-1a in EtOH has been completely inhibited by seeding
with the d1-form crystals (more than 3 wt%) of (� )-1b
(Table 1); this indicates a drastic change of the mode of the
polymorphic transition on the columnar surfaces of the seed
crystals, as confirmed by DSC analysis and XRD measure-
ments of the deposited crystals (Figures 12a, 13a, and 14c,d).
The crystal structure of this new polymorph of (� )-1a,
which is thermally less stable than the d form, has turned
out to be a d1 form from its powder XDR data by using the
same direct-space approach (Table 2, Figure 10d, and Fig-
ure S4 in the Supporting Information). But in the d1 form of
(� )-1a, there is no C ACHTUNGTRENNUNG(sp2)H···O contact between the oxygen
atom of the nitro group and the hydrogen atoms on the ben-
zene ring of the neighboring long-chain cation.


Thus, it is most likely that in the crystallization of (� )-1a
with the d1-form seed crystals of (� )-1b, a single-phase tran-
sition from the g form into the d1 form should occur on the
columnar surfaces of the d1-form seed crystals, because pref-
erential enrichment has been inhibited by seeding.


Mode of the polymorphic transition on crystalline surfaces :
With respect to the compounds showing preferential enrich-
ment by themselves, such as (� )-1a and (� )-2a–(� )-2c, ad-


Figure 5. a) Crystal structure of the g form of (� )-1c viewed down the a axis. The C, O, N, S, and Br atoms
are represented by white, red, blue, yellow, and crosshatched-red circles, respectively. b) Schematic representa-
tion of the intermolecular interactions in the crystal. The ellipsoid and circle in the inset indicate the long-
chain cation and sulfonate ion, respectively. The dashed lines show the intermolecular hydrogen bonds.


Figure 6. DSC curves and X-ray diffraction patterns of a),b) the thermally
unstable g form of (� )-1c, and c),d) the stable k form of (� )-1c, respec-
tively. The DSC curve in a indicates that the g form is thermally unstable
and easily undergoes phase transition by heating to give the k form. The
XRD pattern in b is simulated from the X-ray crystallographic data. In c,
the endothermal peak at approximately 90 8C corresponds to the deposi-
tion of EtOH remaining around the crystals.
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dition of the individual seed crystals to their own supersatu-
rated solutions in EtOH has been found to induce prompt
crystallization and thereby accelerate the rate of preferential
enrichment (Table 1). This acceleration effect can be ac-
counted for by an “epitaxial transition”, that is, 1) the ad-
sorption of the g-form prenucleation aggregates, 2) the het-
erogeneous nucleation and crystal growth of the incipient
metastable g-form polymorph, and 3) the subsequent poly-


morphic transition into the
more stable d form; these three
processes occur on the same
surface of the d-form crystalline
substrate (Figure 16).


Likewise, in the mechanism
of preferential enrichment in-
duced by seeding a supersatu-
rated solution of (� )-1b or
(� )- ACHTUNGTRENNUNG1c in EtOH with the d


form of (� )-1a or the d1 form
of (� )- ACHTUNGTRENNUNG1b, respectively, a simi-
lar epitaxial transition process
must operate (Figure 16).


The unexpected induction of
the preferential enrichment of
(� )-1c by the d1-form seed
crystals of (� )-1b can be ac-
counted for by the moderate af-
finity of the g-form prenuclea-
tion aggregates of (� )-1c
toward the bc plane of the d1-
form crystal of (� )-1b (Fig-
ure 10b,c). The occurrence of
preferential enrichment indi-
cates the initial polymorphic
transition of the disordered g


form into the disordered d form
on a surface of the d1-form seed


crystal of (� )-1b. And the subsequent, fairly fast polymor-
phic transition process from the resulting d form into the


Figure 7. a) Crystal structure of the k form of (� )-1c viewed down the a axis. The C, O, N, S, and Br atoms
are represented by white, red, blue, yellow, and crosshatched-red circles, respectively. b) Schematic representa-
tion of the intermolecular interactions in the crystal. The ellipsoid and circle in the inset indicate the long-
chain cation and sulfonate ion, respectively.


Figure 8. Plot showing the electrostatic potential of ammonium p-bromo-
benzenesulfonate calculated using the MNDO/d program in SpartanP02
Windows. The positive cap on the bromine atom is distinctly seen.


Figure 9. ATR-FTIR spectra monitored a) in the supersaturated solutions
of (� )-1a (c), (� )-1b (b), and (� )-1c (g) in EtOH, and in the
solid state of b) the d form (c) and d1 form (b) of (� )-1a, c) the d1


form of (� )-1b crystallized with (b) and without (c) the seed crys-
tals (5 wt%) of the d form of (� )-1a, and d) the g form (b) and k
form (c) of (� )-1c.
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more stable d1 form before completion of the crystal disinte-
gration in the disordered d form must be responsible for the
moderate ee value (33.2–66.8%ee) reached in solution after
each recrystallization operation (Figure 15).


In contrast, it is clear that no adsorption of the g-form
prenucleation aggregates of (� )-1c on the canted ac plane
of the d-form crystal of (� )-1a (Figure 10a,c) occurs, most
likely due to the lattice mismatching (Table 2), which results
in the homogeneous nucleation of the g form of (� )-1c and
its direct polymorphic transformation into the most stable k
form, irrespective of the presence of the d-form seed crystals
of (� )-1a.


Similarly, the mechanism of inhibition of preferential en-
richment by seeding the supersaturated solution of (� )-1a


in EtOH with the d1 form of (� )-1b must exclusively in-
volve the direct transformation of the incipient g form into
the stable d1 form without passing through the d form, due
to the good lattice matching between the g-form prenuclea-
tion aggregates of (� )-1a and the crystal surface of the d1


form of (� )-1b (Figure 10b,d).


Figure 10. Similar columnar crystal structures of a) the d form of (� )-1a
viewed down the b axis, b) the d1 form of (� )-1b, crystallized without
seed crystals, viewed down the a axis, c) the g form of (� )-1c viewed
down the a axis, d) the d1 form of (� )-1a viewed down the a axis, e) the
d1 form of (� )-1b, crystallized with seed crystals (5 wt%) of the d form
of (� )-1a, viewed down the a axis, and f) the d1 form of (� )-1c viewed
down the a axis. The C, O, N, S, Cl, and Br atoms are represented by
gray, red, blue, yellow, green, and purple sticks, respectively. All H atoms
in c are omitted.


Figure 11. Preferential enrichment of (� )-1b induced by seeding with the
d-form crystals of (� )-1a (5 wt%) in EtOH. Conditions: [a] In EtOH
(2.5 mL) with 0.025 g of (� )-1a at �16 8C for 7 days. [b] In EtOH
(2.4 mL) with 0.024 g of (� )-1a at �16 8C for 7 days. [c] Removal of the
solvent by evaporation. [d] In EtOH (2.20 mL) with 0.021 g of (� )-1a at
�16 8C for 7 days. [e] In EtOH (2.0 mL) 0.020g of (� )-1a at �16 8C for
7 days.


Figure 12. DSC curves of a) the d form of (� )-1a and b) the d1 form of
(� )-1b obtained by crystallization with seed crystals (5 wt%) of the d


form of (� )-1a from EtOH at �16 8C. In b, the endothermal peak at ap-
proximately 70 8C corresponds to the deposition of EtOH remaining
around the crystals.
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Accordingly, these are the distinct examples of an “epitax-
ial transition”. Thus, it has been proved that by seeding with
each other, the two compounds showing the good lattice
and crystal-structure matching such as (� )-1a and (� )-1b
can strongly affect the mutual mode of the polymorphic
transition occurring on the crystalline surface during crystal-
lization.


Conclusion


We have described some examples in which slight molecular
modification in a series of racemic substances largely affects
the mode of polymorphic transition during crystallization
from solution, resulting in the formation of stable crystals
with different crystal structures. In this case, if the crystal
lattices and crystal structures of the two compounds are
partly similar to each other, it is possible to control the
mode of polymorphic transition mutually by seeding them
with each other. By using this methodology, preferential en-
richment has been successfully induced for certain racemic


samples that cannot show preferential enrichment by them-
selves. Furthermore, the phenomenon of preferential enrich-
ment has turned out to be usable as an excellent probe to
detect the occurrence of an epitaxial transition process on a
crystalline surface. In addition, it should be stressed that the
crystal-structure solution from the powder X-ray diffraction
data using the direct-space approach is essential for eluci-


Figure 13. X-ray diffraction patterns of the crystals of a) the d form of
(� )-1a and b) the d1 form of (� )-1b, crystallized without seed crystals
from iPrOH at 25 8C, and c) the d1 form of (� )-1b, crystallized with seed
crystals (5 wt%) of the d form of (� )-1a from EtOH at �16 8C. The
XRD pattern in b is simulated from the X-ray crystallographic data.


Figure 14. a) DSC curve and b) X-ray diffraction pattern of the d1-form
crystals obtained by crystallization of (� )-1c from EtOH in the presence
of seed crystals (5 wt%) of the d1 form of (� )-1b at �16 8C. c) DSC
curve and d) X-ray diffraction pattern of the d1-form crystals of (� )-1a
obtained by seeding the supersaturated solution of (� )-1a in EtOH with
the d1 form of (� )-1b (5 wt%) at �16 8C. In a, the endothermal peak at
approximately 70 8C corresponds to the deposition of EtOH remaining
around the crystals.


Figure 15. Preferential enrichment of (� )-1c induced by seeding with the
d1-form crystals of (� )-1b (5 wt%) in EtOH. Conditions: [a] In EtOH
(1.4 mL) with 0.013 g of (� )-1b at �16 8C for 24 h. [b] Removal of the
solvent by evaporation.
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dating the mechanism of the polymorphic transition occur-
ring during crystallization, because it is not an easy task to
produce the single crystal with the same crystal structure as
the powder sample obtained after a solid-to-solid type of
polymorphic transition.


Experimental Section


General : Differential scanning calorimetry (DSC) experiments were per-
formed at the scanning rate of 5 8Cmin�1. The in situ FTIR spectra in sol-
ution or suspension and the solid-state FTIR spectra were recorded by
using the ATR method on a ReactIR 4000 spectrometer. 1H NMR spec-
tra were recorded at 270 MHz at 25 8C using tetramethylsilane (TMS) as
an internal standard, and 13C NMR spectra were recorded at 67.8 MHz
under the same conditions. HPLC analyses were performed by using a
chiral stationary-phase column (Daicel Chiralcel OD-H, 0.46R25 cm), a
mixture of hexane, ethanol, trifluoroacetic acid, and diethylamine
(800:200:5:1) as the mobile phase at a flow rate of 0.5 mLmin�1, and a
UV/Vis spectrometer (254 nm) as the detector.[22] Powder X-ray diffrac-
tion patterns were recorded at a continuous scanning rate of 28 2qmin�1


(0.028min�1 for structure solution) using CuKa radiation (40 kV, 20 mA)
with the intensity of diffracted X-rays being collected at intervals of 2q
= 0.028 (0.018 for structure solution). A Ni filter was used to remove
CuKb radiation. Compounds (� )-1a and (� )-1c were prepared in a simi-
lar way to the procedure used for the preparation of (� )-1b.[4]


Compound (� )-1a : 1H NMR (CD3OD): d = 2.94 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz,
2H), 3.17 (s, 9H), 3.38 (s, 3H), 3.51–3.54 (m, 2H), 3.74 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 2H), 3.94–4.05 (m, 3H), 6.90 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 7.43 (d,
3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 8.26 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H); 13C NMR (CD3OD): d = 31.0, 53.7, 59.4, 69.8,
70.6, 74.7, 78.9, 115.5, 122.6, 124.4, 128.0, 132,3, 149.7, 152.0, 156.9,
168.0 ppm; IR (KBr): ñ = 3384, 2937, 2360, 1868, 1683, 1608, 1541, 1514,
1488, 1417, 1226, 1203, 1122, 1033, 1010 cm�1; elemental analysis calcd
(%) for C22H31N3O7S: C 51.45, H 6.08, N 8.18; found: C 51.18, H 6.14,
N 7.89.


Compound (� )-1c : 1H NMR (CD3OD): d = 2.94 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz,
2H), 3.17 (s, 9H), 3.38 (s, 3H), 3.51–3.54 (m, 2H), 3.74 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 2H), 3.93–4.04 (m, 3H), 6.91 (d, 3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 7.43 (d,
3J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 7.57 (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H), 7.72 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H); 13C NMR (CD3OD): d = 31.2, 53.8, 63.5, 70.2,
70.8, 72.3, 74.2, 115.7, 122.8, 126.8, 129.8, 132.6, 141.6, 143.4, 157.1,
168.2 ppm; IR (KBr): ñ = 3566, 2934, 2361, 1684, 1541, 1508, 1473, 1191,
1124, 1035, 1010 cm�1; elemental analysis calcd (%) for C22H31BrN2O7S:
C 48.27, H 5.71, N 5.12; found: C 47.99, H 5.85, N 5.01.


Enantiopure 1a, 1b, and 1c were similarly synthesized from (S)-methyl
glycidyl ether and used as authentic samples for HPLC analysis. (R)-1a :
[a]22D = �1.02(2) (c=0.998 in MeOH); (R)-1b : [a]22D = �2.68(11) (c=
0.998 in MeOH); (R)-1c : [a]22D = �3.84(32) (c=0.994 in MeOH).


Preferential-enrichment experiment of (� )-1a (Figure 2): Compound
(� )-1a (0.500 g, 0.975 mmol; 0.244 molL�1) was dissolved in EtOH
(4.0 mL) on heating. The resulting supersaturated (ca. 10-fold) solution
was stirred at 25 8C until crystallization began, and was then allowed to
stand at 25 8C for 1 day and then at 5 8C for 4 days. The deposited crystals
were separated from the mother liquor by using filtration. From the R-
rich solution, 1a (0.043 g, 87.2%ee) was obtained as a viscous yellow oil
after evaporation of the solvent. The deposited S-rich crystals (0.453 g,
9.2%ee) were subsequently recrystallized from EtOH (3.5 mL) in a simi-
lar way, leading to the deposition of antipodal R-rich crystals (0.399 g,
1.0%ee) and an enrichment of the S enantiomer in the mother liquor,
from which S-rich 1a (0.050 g, 98.4%ee) was obtained as a viscous oil.
Similar crystallizations were repeated four times in all.


Induced preferential-enrichment experiment by seeding the supersaturat-
ed solution of (� )-1b in EtOH with the d-form crystals of (� )-1a
(Figure 11): Compound (� )-1b (0.500 g, 0.994 mmol; 0.398 molL�1) was
dissolved in EtOH (2.5 mL) on heating. After cooling the sample to
25 8C, finely powdered d-form crystals (0.025 g) of (� )-1a were added to
the supersaturated (ca. 3-fold) solution. After being allowed to stand at
�16 8C for 7 days, the deposited R-rich crystals (0.472 g, 10.8%ee) were
separated from the mother liquor by using filtration. From the S-rich sol-
ution, 1b (0.051 g, (96.4%ee) was obtained as a viscous colorless oil after
evaporation of the solvent. Similar crystallizations were repeated four
times in all. In this case, because the molecular structures of the cationic
portions are the same for 1a and 1b, we did not purify the deposited
crystals of 1b containing a small amount of 1a after each recrystalliza-
tion. After four consecutive recrystallizations, the added 1a was not de-
tected in the mother liquor but was observed in the deposited crystals by
1H NMR spectroscopic analysis. When purification of the deposited 1b
was necessary, it was achieved by simply removing the yellow portions of
(� )-1a in the deposited crystals by using a spatula.


The induced-preferential-enrichment experiment by seeding the super-
saturated solution of (� )-1c in EtOH with the d1-form crystal of (� )-
1b was similarly carried out (Figure 15).


X-ray crystallographic analysis of the d form of (� )-1a and the g form of
(� )-1c : For the X-ray crystallographic analysis, the single crystal was
mounted in a sealed capillary. The data collections were performed at
293 K on an Enraf-Nonius CAD4 diffractometer with graphite-mono-
chromated CuKa radiation for the d form of (� )-1a and an Enraf-Nonius
Kapp CCD diffractometer with graphite-monochromated MoKa radiation
for the g form of (� )-1c. All of the crystallographic calculations were
performed by using the CrystalStructure software package of Rigaku and
Rigaku/MSC. The crystal structures were solved by direct methods and
refined by using full-matrix least squares. All non-hydrogen atoms were
refined anisotropically. The summary of the fundamental crystal data and
experimental parameters for the structure determination is given in
Table 2. The experimental details including data collection, data reduc-
tion, and structure solution and refinement, as well as the atomic coordi-
nates, Biso/Beq values, and anisotropic displacement parameters, have
been deposited in the Supporting Information.


CCDC-270808 and -270809 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Figure 16. Schematic representation of the epitaxial transition of the
metastable g-form polymorph into the d form causing preferential enrich-
ment on the surface of a d- or d1-form crystalline substrate.
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Crystal structure solution from powder X-ray diffraction data of the d1
form of (� )-1a, the d1 form of (� )-1b, and the k and d1 forms of (� )-1c
(Table 2): For all calculations, a software module Reflex Plus implement-
ed in Materials Studio, which includes the following software, was
used.[23] The COMPASS force field was used for energy calculations.[24]


The powder patterns of the d1 form of (� )-1a and the k form of (� )-1c
were indexed by the X-cell program[25] using 30 reflections (2q<428).
Systematic absences, impurity peaks, and zero-point correction were
taken into account to establish a complete list of all possible indexing sol-
utions. Among 2578 or 3043 solutions obtained for the d1 or k form, re-
spectively, a top-ranked solution retained relative figures of merit of
0.920 or 1.487, respectively, zero-point shift of 0.01975 or �0.00660, re-
spectively, and no impurity peaks; to state the conclusion first, the top-
ranked solution, assigned to space group P1̄ (No. 2) (Z=2) or P21/c
(No. 14) (Z=4), respectively, led to the successful elucidation of the crys-
tal structure.


The powder patterns of the d1 form of (� )-1b and the d1 form of (� )-1c
were indexed by the TREOR90 program[26] using 29 and 30 reflections
(2q<428), respectively; the figures of merit (F(29) and F(30)) for the
best solution were 19 and 22, respectively. The obtained cell and the
function profile parameters were refined by using the Pawley method
(data range: 28<2q<428) and used.[27] The space groups were deter-
mined to be P1̄ (No. 2) (Z=2) by means of a trial and error method
using the Pawley method among the space-group candidates consistent
with systematic absences.


After the initial model molecular conformation of the d1 form of (� )-1a,
the d1 form of (� )-1b, the k form of (� )-1c, or the d1 form of (� )-1c
was assigned, the subsequent structure solution was carried out by using
the Monte Carlo/parallel tempering method with the software Powder-
Solve.[19,23] In the case of the d1 form of (� )-1c, the reasonable crystal
structure with a sufficiently low Rwp value was obtained only when the
occupancy factors (around 0.70 and 0.30) were assigned to the position of
the hydroxy group on an asymmetric carbon atom. For the d1 form of
(� )-1b, the reasonable crystal structure with a sufficiently low Rwp value
was obtained when the occupancy factors (0.70 and 0.30) or (1.00 and 0)
were assigned to the position of the hydroxy group; the two crystal struc-
tures are very similar except that the former has the orientationally disor-
dered hydroxy groups. For the refinement of atomic positions inside the
crystal, all atoms of each ionic molecule were assigned to one motion
group so that the atoms were not allowed to move independently and
they were translated and rotated as part of the motion group. Inside an
asymmetric unit, seven single bonds with variable torsional angles have
been defined in the long-chain cation so as to limit the total degrees of
freedom to nineteen: seven for these defined torsional angles and anoth-
er six (three translations and three rotations) each for the two ionic
motion groups (Scheme 1). For the subsequent Rietveld refinement,[28]


the following conditions were applied: 1) the pseudo-Voight function was
used for simulating the peak shape; 2) the background was determined
by linear interpolation using 20 terms; 3) the Berar–Baldinozzi method
was used for asymmetric refinement; 4) the March–Dollase method was
applied to correct the effects of preferred orientation. For the refinement
of temperature factors, global isotropic factors were used, because the
powder diffraction pattern does not contain enough information to use
more accurate atomic temperature factors. Inside each of the motion
groups, the molecular conformation was refined by varying the torsional
angles around all single bonds. The Monte Carlo calculations with the
subsequent Rietveld refinement were repeated until the Rwp value
became below 0.20 and constant.
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Introduction


Recent years have witnessed a progressive development in
bottom-up technologies as alternative routes to top-down
approaches for microelectronic applications. In fact, the con-
tinuous scaling down of the size of integrated circuits (IC)
has had considerable limitations (lithographics, physics, or
economics) for top-down technologies, whereas the bottom-
up approach using molecules as single data-handling devices
represents an enormous challenge in terms of storage and
data-handling density. There are, thus, reports on molecular
wires, switches, rectifiers, and storage elements that, in prin-
ciple, might represent the basis of future molecular electron-
ics.[1] The most promising architecture for molecular elec-
tronics is found in hybrid systems, in which a dense array of
molecular devices is hosted on a silicon surface.[2] Monolay-
er formation, by self-assembling processes, on silicon surfa-


ces certainly represents the most suitable route to develop-
ing hybrid systems.[3]


Some molecules can be used to store magnetic informa-
tion. The most studied, prototypical molecule of this kind,
referred to as a single molecular magnet (SMM), is a
dodecamanganese ACHTUNGTRENNUNG(iii/iv) cluster, [Mn12O12 ACHTUNGTRENNUNG(OAc)16-
ACHTUNGTRENNUNG(H2O)4]·4H2O·2AcOH (1·4H2O·2AcOH).[4] A recent paper
has shown the possibility of anchoring a thiol-substituted
Mn12 cluster on gold substrate.[5] Patterned Mn12 aggregates
have also been deposited from solution onto native silicon
oxide, even though no clear-cut indication of a suitable
bonding between the Si surface and the Mn12 cluster was
provided.[6] The possibility of anchoring the Mn12 cluster on
a surface of technological importance, such as SiACHTUNGTRENNUNG(100), has
been unambiguously demonstrated[7] in our laboratory by
using ligand exchange with the bridging 10-undecylenic car-
boxylic acid grafted onto the Si surface through a strong Si�
C bond (Figure 1).


Moreover, an important goal for the development of the
Mn12 clusters in silicon technology as building blocks for
magnetic-information storage relies upon the control of
both the density and orientation of clusters on the silicon
surface. Recently, a reproducible method to drive the orien-
tation of thiol-substituted Mn12 clusters anchored on a gold
substrate[8] and a possible approach to anchor oriented Mn12


on silicon[9] have been proposed.
In this paper, the possible control of the density of Mn12


clusters on silicon ACHTUNGTRENNUNG(100) is investigated. The adopted strategy
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tunes the density of bridging functional carboxylate ligands
on surfaces by using 1-decene as a spectator spacer. There
is, in fact, evidence that negligible cluster sticking occurs on
Si-grafted 1-decene monolayers.[7] Therefore, appropriate di-
lution of the exchangeable coordinating carboxylate bridge
with spectator spacers represents a viable route to control
the cluster density on the silicon surfaces. Modified surfaces
were analyzed by X-ray photoemission spectroscopy (XPS),
AFM imaging, and IR spectroscopy.


Results and Discussion


Diluted monolayers suitable for Mn12 anchoring were pre-
pared by Si-grafting mixtures of different mole fractions of
methyl 10-undecylenoate diluted with 1-decene: cester ACHTUNGTRENNUNG(soln)=
0.0, 0.2, 0.5, 0.8, 1.0. The grafted surfaces were hydrolyzed
and further treated by following an improved (relative to
our earlier studies[7]) ligand-exchange strategy to anchor
Mn12 clusters (Figure 1). Structures and compositional data
of grafted monolayers before and after the Mn12 anchoring
were analyzed by XPS and attenuated total reflection
(ATR)-FTIR spectroscopy. AFM imaging provided further
morphological information regarding the treated silicon sur-
faces.


X-ray photoemission spectroscopy: The XPS binding energy
(BE) scale was calibrated by centering the Si 2p3/2 peak at
99.0 eV[10] . Figure 2 shows the Si signal of a fresh, HF-
etched surface (a), of a pure decene monolayer (b), and of a
pure ester monolayer before (c) and after (d) the Mn-an-
choring step.


Following the monolayer grafting, the Si signal remains
similar to that of the fresh, HF-etched Si surface for all cester-
ACHTUNGTRENNUNG(soln) values. There is evidence of the well-resolved Si
2p3/2–1/2 spin-orbit doublet of elemental silicon. The absence
of any signal (at around 103 eV BE)[10] due to oxidized Si,
even after some days of air exposure, points unequivocally
(for all ester/decene ratios) to an efficient passivation of sur-
faces by the organic overlayer.


The relative intensity of the C 1s feature in the grafted
samples is strongly enhanced in all cases, compared to the
freshly HF-etched surface (Figure 2a–c). This accounts for
the increased amount of carbon due to the organic layer. C
1s spectra of the pure ester, as well as of the diluted ester/
decene samples, show rich structures, clearly due to several


bonding states (Figure 2) at 287.3 (the methyl ester group
�O�CH3), 289.5 (the >C=O carboxylic groups), 283.8 (the
carbide Si�C bond), and 285.0 eV (the aliphatic back-
bone).[11] For the pure decene (Figure 2b), there are only
two main components, centered at 283.8 and 285.0 eV.[11] A
further component is always present at 286.0 eV, due to
slightly oxidized carbon surface contaminants. This feature
is ubiquitous in the present spectra and represents an arti-
fact of chemical manipulations.


Similar to the C 1s features, the intensity of the O 1s en-
velope is markedly higher compared to the SiACHTUNGTRENNUNG(100) freshly
HF-etched surface (Figure 2) in the grafted layers for all
samples. In all cases, the O 1s spectra show a component
centered at 532.0 eV attributable to the oxidized silicon.[10]


For the pure ester, as well as for the diluted surfaces, the O
1s band consists of two more components centered at 533.1
and 534.2 eV, which are assigned to the >C=O and =C�O�
R groups, respectively, even though slightly higher BE
values than those typically reported for polymers are ob-
served (Figure 2c and d).[7,12] These bands are, of course, not
present in the case of pure 1-decene (Figure 2b).


Table 1 and Figure 3 show the dependence of the intensi-
ties of the various C 1s and O 1s components upon the ester
mole fraction cesterACHTUNGTRENNUNG(soln). The relative (%) contributions f C


x


or fO
x to the total intensities of either C 1s or O 1s features


can be represented by the following equations;


f C
x ¼ IC


x=I
C � 100


fO
x ¼ IO


x =I
O � 100


in which IC and IO are the total spectral intensities and IC
x


and IO
x denote intensities of the particular x component. The


intensity ratios between the 289.5 and 287.3 eV carbon com-
ponents are always 1:1, as expected for the grafted ester
(Table 1). A similar trend is observed for the intensity ratio
between the 534.2 and 533.1 eV oxygen components.


The relative intensities f C
289:5 and fO


534:2 vs cesterACHTUNGTRENNUNG(soln) are re-
ported in Figure 3. There is evidence that increased ester
concentrations parallel the growth of relative intensities of
the related O 1s and C 1s components centered at 289.5 and
534.2 eV, respectively.


In this context, the same f C
289:5 and fO


534:2 values become in-
dicators of the surface ester concentrations cesterACHTUNGTRENNUNG(surf), once
normalized to homologous values of the pure ester (cester-
ACHTUNGTRENNUNG(soln)=1.0). Figure 3b shows that surface concentrations of


Figure 1. Three-step process for SMM anchoring on Si ACHTUNGTRENNUNG(100).
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the grafting ester are greater than those in the precursor
binary solutions.


Anchoring of the Mn clusters (after the ester hydrolysis)
causes remarkable changes to the XPS spectral regions rela-
tive to simpler grafted ester/decene layers (Figure 2d). Thus,
the Si 2p region shows two distinct features: a well-defined
2p3/2–1/2 doublet (at 99.0 and 99.6 eV, respectively) associated
with the elemental silicon (Si0), and a weak, broad band at
102.5 eV, representing oxidized silicon species (SiOx), due to
either hydrolysis or the ligand-exchange step. The C 1s fea-


tures (Figure 2d) have increased relative intensities and
show a clear shift of the carboxylic component (289.5 eV)[11]


toward lower binding energies (288.8 eV), as expected for
the carboxylate �COO� groups[13] present in both the bridg-
ing acetate ligands in Mn12 and in the 10-undecyl grafted
carboxylate. Note, however, that the broadening of this
band may hide any low-intensity component at 289.5 eV
that is still present because of a possible partial ligand ex-
change. Finally, the shoulder at 283.8 eV is no longer visible,
due to the increased thickness of the grafted layer. These


Figure 2. High-resolution XPS spectra of a) HF-etched Si ACHTUNGTRENNUNG(100) substrate, b) Si ACHTUNGTRENNUNG(100) substrates after grafting of the pure 1-decene, c) Si ACHTUNGTRENNUNG(100) substrates
after grafting of the pure methyl 10-undecylenoate, d) Si ACHTUNGTRENNUNG(100) substrates after Mn12 anchoring. Left: Si 2p1s; center: C 1s; right: O 1s. The intensities are
normalized to the total Si 2p intensity.
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considerations, of course, do not apply to pure decene over-
layers, because Mn12 anchoring is precluded.[7]


In the SMM layer, the O 1s features have increased inten-
sities and, both for pure ester and for ester/decene diluted
surfaces, are resolved into four components (Figure 2d). The
bands centered at 530.4 and
532.3 eV have been assigned to
the Mn12O12 core and to the re-
maining 36 oxygen atoms of the
ligand framework.[4] The ~1:3
intensity ratio between the
530.4 and 532.3 eV O 1s compo-
nents agrees well with the ex-
pected substitution efficiency
(Table 2). The third component


(at 532.8 eV) remains associat-
ed with oxidized silicon. The
fourth component (at 534.1 eV)
represents unreacted ester
groups in accordance with the
broadening of the carbon com-
ponent centered at 289.5 eV. In
the case of the pure decene sur-
face, no sizeable change in the
O 1s signal can be observed
after the Mn-anchoring step.


The Mn valence state in the
SMM layer was investigated by
exploiting the peculiarities of
the XPS features of Mn 3s. The
Mn 3s band splitting, due to ex-
change coupling between the 3s
hole and the 3d electrons, is the
best indicator of the Mn va-
lence state.[14] Thus, the ob-
served value (5.1 eV) is consis-
tent with a formal valence rang-
ing from 3+ to 3.3+ , as ex-
pected for Mn12.


Table 2 and Figure 4 show
that, upon increasing the ester
mole fraction, parallel increases
in relative intensities of the
oxygen components centered at
530.4 and 532.3 eV associated
with the Mn12 cluster are ob-
served. A similar trend is also
visible for the carbon compo-
nent centered at 288.8 eV, asso-
ciated with the carboxylate
�COO� groups present in both
acetate and 10-undecyl bridging
carboxylate ligands (see above).
Similarly, the IMn intensity of
the Mn 2p3/2 feature relative to
that of Si 2p increases in paral-
lel with the increase in the ester


mole fraction in the grafting solution and, hence, in parallel
with the surface concentration of carboxylic groups
(Figure 5). This trend accords well with a greater Mn12 sur-
face concentration.


Table 1. Distribution of carbon and oxygen (%) over their components vs ester/decene ratios.


cester ACHTUNGTRENNUNG(soln) C 1s components O 1s components
f C


289:5 f C
287:3 fC


285:0 fC
283:8 fC


286:0 fO
534:2 fO


533:1 fO
532:0


0.0 0.0 0.0 77.6 6.0 16.4 0.0 0.0 100.0
0.2 3.5 3.5 72.9 3.6 16.4 11.5 11.5 77.0
0.5 4.9 4.9 67.7 4.1 18.4 24.4 24.4 51.2
0.8 6.9 6.9 64.3 3.1 18.8 29.3 29.3 41.4
1.0 7.8 7.8 66.9 2.1 15.3 34.0 34.0 32.0


Figure 3. a) C 1s and O 1s band regions for the grafted surfaces at different ester/decene mole fractions.
b) Plots of fC


289:5 and fO
534:2 vs mole fraction of methyl 10-undecylenoate in the binary precursor deposition solu-


tions. The right axes represent the corresponding surface mole fractions cester ACHTUNGTRENNUNG(surf).


Table 2. IMn/ISi intensity ratio and distribution of carbon and oxygen (%) over their components vs ester/
decene ratios, after the Mn-anchoring step.


cester ACHTUNGTRENNUNG(soln) IMn/ISi f C
288:8 f C


285:0 f C
286:5 fO


534:1 fO
532:8 fO


532:3 fO
530:4


0.0 0.00 0.0 80.7 19.3 0.0 100.0 0.0 0.0
0.2 0.14 6.8 81.4 11.8 4.6 60.9 25.9 8.6
0.5 0.27 8.6 77.1 9.5 2.0 40.1 43.4 14.5
0.8 0.49 10.3 75.6 14.1 2.2 23.5 55.7 18.6
1.0 0.54 12.2 75.7 12.1 2.6 11.4 64.5 21.5
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This observation is not, however, consistent with a homo-
geneously mixed ester/decene monolayer. The maximum
value of the surface ester concentration is greater than that
of the Mn12 surface concentration, due to the difference in
molecular sizes. In particular, the cross-sectional area com-
monly measured for alkyl chains in packed monolayer
(20 J2)[15] is much lower than the estimated cross-sectional
area of the Mn12 cluster (~150 J2).[16] Therefore, for a homo-
geneously mixed ester/decene monolayer, naive structural
considerations (Figure 6a) clearly indicate that Mn12 full
coverage can be obtained for both cesterACHTUNGTRENNUNG(surf)=0.5 and cester-
ACHTUNGTRENNUNG(surf)=1. By contrast, in the case of a prototypical inhomo-
geneous ester/decene coverage (Figure 6b), the surface Mn12


concentration depends on the cester ACHTUNGTRENNUNG(surf).
Angle-resolved XPS measurements of diluted monolayers


are fully consistent with our earlier results.[7] Thus, C 1s and
O 1s regions show a progressive increase in intensities of the
components, due to the carboxylic group and the decrease
of the Si�C component upon reduction in the takeoff angle.
These results are consistent with a grafting Si�C bond and
with an ester group atop the layer. After the Mn anchoring,
analysis of the C 1s regions indicates an isotropic distribu-
tion of the carboxylic ligands (10-undecylenate and acetate),


as no angle dependence is ob-
served. However, as expected
for a Mn-containing overlayer
homogeneously distributed on
the substrate, the IMn/ISi ratio
progressively increases as the
takeoff angle is decreased.[7]


Infrared absorption spectrosco-
py: ATR-FTIR spectroscopy
was used to monitor the entire
Mn-anchoring process. Figure 7
shows the ATR-FTIR spectrum
in the region of interest for Si�
H surface vibrations (2000–


2200 cm�1) following the etching treatment. Three bands
centered at 2135, 2105, and 2085 cm�1 (associated with the
SiH3, SiH2, and SiH stretching, respectively)[17] are visible.
This is indication of a highly efficient etching treatment to
produce Si�H terminated surface.


After the grafting reaction, two spectral regions become
diagnostic, namely that of CH stretching between 3200 and
2700 cm�1 and that of carbonyl stretching at around
1740 cm�1 (for the pure ester and for the ester/decene dilut-
ed samples (Figure 8)). Of course, in the case of the pure


Figure 4. C 1s and O 1s band regions of grafted surfaces at different ester/decene mole fractions after the
Mn12-anchoring step.


Figure 5. The IMn/ISi intensity ratio vs the surface mole fraction of methyl
10-undecylenoate, cester ACHTUNGTRENNUNG(surf).


Figure 6. Prototypical diagrams of Mn12 coverage on a) homogeneously
mixed ester/decene monolayers, b) inhomogeneously mixed ester/decene
monolayers.
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decene overlayer, only the CH stretching region shows the
expected features.


This spectral region is, however, similar for all grafted
monolayers. Thus, the feature at 2958–2960 cm�1 represents
the CH3 asymmetric in-plane CH stretching mode, due to vi-
brations of both esteric �OCH3 and methyl groups of 1-
decyl chains.[18] The bands at 2926–2927 and 2856–2857 cm�1


are assigned to the naACHTUNGTRENNUNG(CH2) and ns ACHTUNGTRENNUNG(CH2) stretching modes,
respectively. In the case of pure ester, as well as the diluted
overlayers, a band centered at 1740 cm�1, unambiguously as-
signed to the C=O stretch of ester groups, becomes visible.


After the Mn-anchoring step, the band at 1740 cm�1 disap-
pears and three bands centered at 1560, 1428, and 1710 cm�1


are visible (Figure 9). These bands are assigned to the


COO� group symmetrical stretching mode (1560 and
1428 cm�1) and to unreacted acid groups (1710 cm�1).[19]


Note that the spectrum is totally coincident with that of the
[Mn12O12 ACHTUNGTRENNUNG(OAc)16 ACHTUNGTRENNUNG(H2O)4]·4H2O·2 AcOH powder.


Figure 10 shows the absorbance ratios between the bands
at 1740 and 2936 cm�1 of monolayers on silicon ACHTUNGTRENNUNG(100), de-
pending on the ester mole fraction in the grafting (ester/
decene) agent. As expected, the intensity of the band at
1740 cm�1 increases monotonically, in parallel to the increas-
ing ester mole fraction of the grafting solution.


Figure 7. ATR-FTIR absorption spectrum of the Si ACHTUNGTRENNUNG(100) surface in the
Si�H region after etching.


Figure 8. ATR-FTIR spectra of Si ACHTUNGTRENNUNG(100) surfaces after grafting with pure
methyl 10-undecylenoate: a) C�H region, b) carbonyl region. In both
cases, the background due to the substrate has been subtracted.


Figure 9. IR features of the grafted surface following the Mn-anchoring
process after subtraction of the SiO2 background. The dotted line dis-
plays the spectrum of the free Mn complex in KBr powders used as refer-
ence.


Figure 10. Absorbance ratios A1740/A2922 of diluted ester/decene monolay-
ers on silicon after grafting with mixtures of methyl 10-undecylenoate
and 1-decene. The trend vs cester ACHTUNGTRENNUNG(surf) is also reported.
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As for the XPS data described above, the surface ratio be-
tween the two grafting agents, cesterACHTUNGTRENNUNG(surf), can be safely eval-
uated by normalizing the A1740/A2922 ratios to that of the
pure methyl 10-undecylenoate, assumed as the reference
unit (cesterACHTUNGTRENNUNG(soln)=1.0). This reinforces our early contention
that the surface density of functional groups can be finely
tuned by simply varying the composition of the grafting sol-
ution.


Atomic force microscopy : The roughness and morphological
homogeneity of the present overlayers were evaluated by
AFM. Figure 11 shows how the surface morphologies
depend on cester ACHTUNGTRENNUNG(surf) values. Prototypical cases (cesterACHTUNGTRENNUNG(surf)=
0.0, 0.7, 1.0) are displayed to show the most remarkable
morphological differences. Consideration of images


(Figure 11) and of usual statistical parameters (the mean
particle height Rmean and the surface roughness R.M.S.), in-
dicates the most relevant surface modifications due to Mn12


cluster anchoring. The self-assembled (S.A.) layer before
cluster anchoring (Figure 11a) appears, in all cases, very flat
and homogeneous with a roughness (R.M.S.=0.05 nm) and
a Rmean value (0.16 nm) comparable to those of a freshly
etched SiACHTUNGTRENNUNG(100) surface.


After grafting the Mn12 clusters, more structured morphol-
ogies (than that of the host S.A. surface) are observed.
There is evidence of poorly ordered particles, almost homo-
geneously distributed over the surface. In the case of diluted
S.A. host (cesterACHTUNGTRENNUNG(surf)=0.5), the Mn12 clusters are well re-
solved and isolated (Figure 11b). The typical vertical size of
the observed features (Rmean) in this case is about 1 nm, con-


sistent with the expected height
of cluster 1.


The roughness (R.M.S.=
0.21) clearly increases relative
to the unreacted ester surface,
due to the cluster architecture.
The apparent lateral size is
about 10 nm, which is greater
than the expected value (about
1 nm) for the isolated Mn12


cluster. Nevertheless, this is a
probable artifact caused by the
limited lateral resolution of the
AFM analysis.


Surfaces with pure esteric
S.A. layers (cesterACHTUNGTRENNUNG(surf)=1.0)
show rather unresolved mor-
phologies after Mn12 grafting,
possibly due to formation of
cluster aggregates (Figure 11c).
This contention is supported by
the vertical size of related
AFM features (Rmean=1.3 nm)
and by the roughness value
(R.M.S.=0.3). Cluster aggrega-
tion is similarly responsible for
the increased lateral size (20–
25 nm) measured in this case.


Conclusion


The possibility of an accurate
control of the surface density of
Mn12 cluster on silicon ACHTUNGTRENNUNG(100) was
investigated by tuning the sur-
face concentration of grafting
carboxylate groups. XPS and
ATR-FTIR spectroscopy data
confirm that the surface con-
centration cesterACHTUNGTRENNUNG(surf) of the
grafting methyl 10-undecylen-


Figure 11. AFM images of a) S.A. layer before cluster anchoring, b) S.A. diluted layer (cester ACHTUNGTRENNUNG(surf)=0.7) after
cluster anchoring, c) S.A. layer (cester ACHTUNGTRENNUNG(surf)=1.0) after cluster anchoring. The different lateral scale is adopted
to display better the structured surface. In all cases, the 2D image is displayed on the left and the 3D image on
the right.
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oate depends on the mole ratio cesterACHTUNGTRENNUNG(soln) of the precursor
binary solution to the 10-decene spectator. The cesterACHTUNGTRENNUNG(surf)
values, independently evaluated by XPS and ATR measure-
ments, indicate a sizeable (relative to the solution) enrich-
ment of surface ester concentration. XPS results taken after
the Mn12 anchoring show that the Mn/Si intensity ratio in-
creases in parallel to the increasing ester mole fraction.
AFM morphologies critically depend on the surface Mn12


concentration. Thus, almost flat surfaces are observed for
unreacted SiACHTUNGTRENNUNG(100) surfaces before Mn12 anchoring. Well-re-
solved structure, consistent with the Mn12 dimensionality
(vertical size of the observed features (Rmean) of about
1 nm), are observed for diluted (cester ACHTUNGTRENNUNG(surf)=0.7) surfaces.
Overcrowded surfaces (cesterACHTUNGTRENNUNG(surf)=1.0) cause poorly re-
solved nanostructuring, due to the formation of cluster ag-
gregates.


Experimental Section


All chemicals, unless otherwise noted, were commercially available and
were used as received. Solvents for substrate cleaning were distilled, 1-
decene for monolayer preparation was distilled under reduced pressure
over Na metal.


The XPS spectra were obtained by using a PHI ESCA/SAM 5600 Multi-
technique spectrometer equipped with a monochromatized AlKa X-ray
source. The analyses were carried out at various photoelectron angles
(relative to the sample surface) in the 10–808 range with an acceptance
angle of �78.


AFM images were obtained in high-amplitude mode (tapping mode) by
using a NT-MTD instrument apparatus. The noise level before and after
each measurement was 0.01 nm.


Infrared spectra of the monolayers were recorded by using a Harrick
GATR germanium single-reflection ATR accessory. The spectra were
collected with 800 scans at 2 cm�1 resolution.


[Mn12O12 ACHTUNGTRENNUNG(OAc)16ACHTUNGTRENNUNG(H2O)4]·4H2O·2 AcOH was synthesized according to the
literature;[3] 1H NMR (500 MHz, CD3CN, 25 8C, TMS): d=47 (12H; axial
MnIII–MnIII), 40 (24H; equatorial MnIII–MnIII), 14 ppm (12H; axial
MnIII–MnIV); elemental analysis calcd (%) for C36H72O56Mn12: C 20.97, H
3.52; found: C 21.01, H 3.24.


Methyl 10-undecylenoate was synthesized according to the method re-
ported by Sieval et al.[20] Briefly, a mixture of 10-undecylenic acid (10 g,
54 mmol), methanol (65 mL), and sulfuric acid (0.14 mL) was refluxed
for 3 h. The excess methanol was removed in vacuum, and the resulting
material was dissolved in ether. The product was distilled under vacuum
to obtain a transparent liquid. 1H NMR (500 MHz, CDCl3, 25 8C, TMS):
d=5.83–5.78 (m, 1H), 5.00–4.91 (m, 2H), 3.66 (s, 3H), 3.31–2.84 (m,
2H), 2.06–2.01 (m, 2H), 1.63–1.9 (m, 2H), 1.38–1.29 ppm (m, 10H).


Monolayer preparation : The alkene solution, methyl 10-undecylenoate/1-
decene (10 mL), was placed in a small, three-necked flask fitted with a
nitrogen inlet and a condenser. The solution was deoxygenated with dry
nitrogen for at least 1 h. Subsequently, a SiACHTUNGTRENNUNG(100) substrate was treated in
a piranha solution for 12 min, rinsed in water for 2 min, and etched in
1.0% hydrofluoric acid for 90 s, then immediately placed in the alkene
solution. The solution was then refluxed at 200 8C for 2 h, under slow N2


bubbling to prevent bumping. After cooling to RT, the sample was re-
moved from the flask and sonicated in dichloromethane for 10 min.


Hydrolysis of methyl 10-undecylenoate was performed by treatment with
potassium tert-butoxide in DMSO,[21] according to a method reported by
Strother et al.[22] Briefly, the grafted surfaces were dipped into a solution
of potassium tert-butoxide in DMSO (250 mm) for 30 s at RT, then rinsed
in acidified water (100 mm HCl).


The Mn12-functionalized silicon surface was prepared by a modified
ligand-exchange method.[23] The silicon surface was rinsed in a slurry of
freshly-prepared [Mn12O12 ACHTUNGTRENNUNG(OAc)16ACHTUNGTRENNUNG(H2O)4]·4H2O·2AcOH in anhydrous
toluene blown dry with nitrogen. The reaction was performed in a glove
box for 2 h at RT. The modified substrate was removed from the solution
and sonicated in acetonitrile and dichloromethane for 10 min to remove
unreacted Mn12 clusters.
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Exceptional Thermodynamic Stability of DNA Duplexes Modified by
Nonpolar Base Analogues Is due to Increased Stacking Interactions and
Favorable Solvation: Correlated Ab Initio Calculations and Molecular
Dynamics Simulations


David Řeha, Michal Hocek, and Pavel Hobza*[a]


Introduction


The structure of duplex DNA is based on the complementa-
ry Watson–Crick (WC) hydrogen-bonding patterns of A–T
and G–C pairs. Replacement of the natural nucleobases by
diverse surrogates has become very popular in the last few
years.[1] Use of these unnatural nucleobases has been direct-
ed towards three main goals: 1) the formation of stabilized
duplexes,[2] 2) the design of universal nucleobases[3] that do
not discriminate between the complementary bases, and,
most importantly, 3) the extension of the genetic alphabet.[4]


The design of artificial base-pair analogues relies on di-
verse types of molecular interactions which are believed to
be dominant: 1) hydrogen bonds between unnatural nucleo-
bases[5] (e.g. isoG–isoC), 2) other noncovalent interactions[6]


(mainly of the van der Waals type), or 3) metal chelation.[7]


The first generation of unnatural purine and pyrimidine
bases and analogues based on hydrogen-bonding patterns
similar to WC suffered[8] from rather low selectivity in repli-
cation due to stable tautomeric forms that can mismatch
pair with natural nucleobases and misinteract with polymer-
ases. Therefore, the second generation was based on nonpo-
lar hydrophobic nucleobase analogues (usually just simple
aromatic rings in C-nucleosides). As stacking interactions
are the major forces that hold[9] a duplex together, the ab-
sence of hydrogen bonds does not destabilize a duplex too
much[6] and, in some cases, the increased stacking of the aro-
matic rings may lead to even more stable duplexes.[10] These
hydrophobic pairs are very selective probably due to the en-
ergetically disadvantageous desolvation required for mis-
match pairing of the hydrophobic nucleobase with a hydro-


Abstract: The geometries of DNA hex-
amer (5’-GGAACC-3’) and DNA 13-
mer (5’-GCGTACACATGCG-3’) have
been determined by molecular dynam-
ics (MD) simulations using an empiri-
cal force field. The central canonical
base pair was replaced by a pair of
nonpolar base analogues, 2,2’-bipyridyl
and 3-methylisocarbostyril. The stabili-
zation energy of the model system
(model A) consisting of a central base
pair (base-analogue pair) and two
neighboring base pairs was determined
by the RI-MP2 method using an ex-
tended aug-cc-pVDZ basis set. The ge-
ometry of the model was averaged


from structures determined by MD
simulations. The role of the solvent was
covered by the COSMO continuum
solvent model and calculations were
performed for a larger model system
(model B) which also contained a
sugar–phosphate backbone. The total
stabilization energies of the unpertur-
bed system and the system perturbed


by a base-analogue pair (model A)
were comparable to the stability of
both duplexes experimentally deter-
mined. This is due to large stacking in-
teraction energy of the base-analogue
self-pair which compensates for the
missing hydrogen-bonding energy of
the replaced adenine···thymine base
pair. The selectivity of the base-ana-
logue pair was reproduced (model B)
when their desolvation energy was in-
cluded with the interaction energy of
both strands determined by the approx-
imate SCC-DFTB-D method.
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philic natural nucleobase. DNA polymerases are quite pro-
miscuous and in many cases do recognize and selectively in-
corporate[6,11] hydrophobic nucleobases into the DNA
duplex using the triphosphates of the particular base-modi-
fied nucleosides (it seems that the hydrogen bonds are not
crucial even for selectivity in DNA synthesis). These base
analogues are usually selective to form self-pairs (the self-
pair consists of two same-base analogue molecules). An ini-
tial study was also performed to develop a protocol for the
enzymatic phosphorylation[12] of hydrophobic unnatural nu-
cleosides to the corresponding triphosphates necessary as
substrates for DNA polymerase. Several artificial nucleo-
base pairs have already been successfully used for in vitro
transcription and enzymatic incorporation of noncoded
amino acids into proteins.[4,13] However, there is still a great
interest in the design and synthesis of novel types of highly
selective and biocompatible nucleobase-pair analogues for
potential use in artificial organisms with an extended genetic
alphabet. Molecular modeling based on ab initio calcula-
tions combined with molecular dynamics could be of great
advantage in the further design of unnatural base pairs with
improved selectivity.
The theoretical procedures used to study base-pair ana-


logues should be, however, carefully tested to avoid the mis-
interpretation of theoretical results.
The thermodynamic stability of a DNA duplex modified


by different base analogues is studied by measuring the
melting temperature. These experiments show surprisingly
high stability (in comparison with unmodified DNA) and
thermodynamic selectivity (difference between the stability
of base pairs and mispairs).[6,10] These results indicate that
the replacement of strong hydrogen bonds in adenine···thy-
mine or even in guanine···cytosine base pairs is compensated
by nonspecific stacking interactions between nonpolar
(mostly aromatic) systems. In 1996 using high-level quan-
tum-chemical calculations we showed for the first time the
important role of base stacking and in the following years
we demonstrated that stacking of DNA base pairs can be as
important as hydrogen bonding and in the case of AT-rich
DNA the contribution of the stacking interaction to the sta-
bility of the system is comparable to that of hydrogen bond-
ing.[14] Stacking plays an even more important role in the in-
teraction of intercalators and drugs with DNA. While in the
case of minor-groove binders part of the stabilization can be
attributed to hydrogen bonding, in the case of intercalators,
practically all the stabilization originates from the stacking
interaction. The theoretical study of base stacking is very
demanding and today is one of the most difficult tasks of
computational biology. This is because stacking originates
from London dispersion energy and a theoretical description
of this term requires a very large portion of correlation
energy to be considered.
The aim of this study was to investigate the nature of the


high stability as well as the selectivity for self-pairing of
DNA modified by nonpolar base analogues. The analysis
will be based on high-level correlated quantum-chemical
calculations and molecular dynamics simulations. We sug-


gest that the main contribution to the stability (DG) of a
modified duplex comes from the interaction energy (basi-
cally determined by the dispersion term) between base-pair
analogues and neighboring native base pairs. Besides the fa-
vorable stacking energy, solvation (desolvation) energies
also play a role.


Strategy of Calculations


The aim of this study was to determine the change in the
free energy of the DNA duplex upon replacement of one
canonical base pair by a base-pair analogue. We separately
determined the changes in the interaction energy between
two strands of a DNA duplex and in the solvation energy of
these two strands upon modification of a canonical base
pair. The choice of starting geometry is critical and the origi-
nal idea was to use crystal geometries. However, since crys-
tal structures of DNA duplexes modified by an unnatural
base pair do not exist, the relevant structure was generated
by performing molecular dynamics (MD) simulations. Two
model fragments of DNA duplex were considered: 1) a hex-
amer (5’-GGAACC-3’) and 2) a 13 mer (5’-GCGTACA-
CATGCG-3’). The central AT base pair (shown in bold) of
the unperturbed duplexes was replaced by a pair of base an-
alogues. Both duplexes were used for generating geometri-
cal structures and the average geometry of each duplex was
determined from 2 ns MD simulation runs. For the subse-
quent highly accurate quantum chemical calculations of the
interaction energies between base analogues and the natural
bases, we used a model system (model A) constructed as fol-
lows. We considered only three central base pairs and the
positions of all six subsystems (determined by MD simula-
tions) were overlaid (using the least-squares fitting method)
by their HF/6-31G** optimized geometries. We intentionally
overlaid the subsystems and not the base-pair geometries as
we wanted to keep the geometrical arrangement of the MD
simulations. The subsystem geometries determined at the
HF, B3LYP, and MP2 levels differ negligibly. Thus, this
model consists of six bases (three base pairs) without sugar–
phosphate backbones. A more extended model (model B)
was used for calculating the interaction energy between
both strands (in this case a lower-level quantum chemical
method was utilized) and their solvation/desolvation ener-
gies. This model was constructed from the previous one
(model A) by adding a sugar–phosphate backbone with an
averaged MD geometry. The negative charges of the phos-
phates were neutralized by adding hydrogen atoms to the
phosphate oxygen atoms. This neutralization process is a
standard procedure. Its main advantage lies in the fact that
the positions of the metal ions are not well-defined since
they migrate along the helix. The positions of the basesM
atoms were frozen during optimization and only sugar–phos-
phate backbone atoms were relaxed.
In both cases (2,2’-bipyridyl and 3-methylisocarbostyril)


we evaluated the stabilization energies of the native and
self-pair structures. Since the conclusions drawn from these


www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3587 – 35953588



www.chemeurj.org





calculations are similar for both duplexes, computationally
more demanding and accurate calculations were carried out
for both self-pairs and mismatched pairs and in addition to
stabilization energies, hydration energies were also deter-
mined but only for the 3-methylisocarbostyril base analogue.
In this case direct comparison with experimentally deter-
mined melting points was also possible.


Methods


Systems studied : In the case of the DNA hexamer, 2,2’-bipyridyl (BP)
was used as the base analogue (Scheme 1). The DNA 13-mer was modi-
fied by the 3-methylisocarbostyril (MICS) unit[6b] (Scheme 1). Both base
analogues are selective in the creation of self-pairs. The 13-mer consid-
ered in the latter case was taken directly from the experiments consid-
ered, while the hexamer represents the smallest stable duplex model to
still reasonably describe the nearest neighborhood of the base analogue
investigated.


Molecular dynamics simulations and empirical force field : For the du-
plexes studied (fragment of DNA + ions + explicit water) MD simula-
tions were performed using the empirical force field of Cornell et al.[15] .
Standard parametrization was adopted for natural nucleosides, while for
the unnatural nucleosides (which are not covered by standard AMBER
parametrization) the missing parameters were derived using the standard
(recommended) procedure. The atomic charges were derived using the
RESP procedure[16] on the basis of ESP HF/6-31G* calculations per-
formed for isolated unnatural nucleosides. The atomic charges on the de-
oxyribose moiety were frozen at standard values and only the atomic
charges of the base analogue part were calculated. The missing valence
and dihedral angle parameters were obtained by standard procedures.
After adding Na+ counterions and explicit water molecules, a standard
equilibration procedure was performed. The canonical ensemble MD
simulations were then run at 300 K. After 2 ns of simulation the average
geometries of all the duplexes were determined.


Correlated ab initio quantum-chemical calculations : The interaction ener-
gies of the base pairs and base-analogue pairs were determined for
model system A (three base pairs) by means of the approximate resolu-
tion of identity MP2 (RI-MP2) method[17–19] using DunningMs aug-cc-
pVDZ basis set.[20] It has previously[21] been shown that the absolute as
well as the relative RI-MP2 energies of the DNA bases and base pairs
differ only marginally from the exact MP2 values, while the time saved is
as large as one order of magnitude. The use of an aug-cc-pVDZ basis set
(containing diffuse polarization functions) is required for correct descrip-
tion of the stacking interaction. We previously showed that MP2/DZP
stabilization energies were significantly underestimated before the first
reliable results were obtained using the aug-cc-pVDZ basis set. The
basis-set superposition error (BSSE) was systematically removed by
using the standard function counterpoise method.[22]


In addition to the RI-MP2 method the popular density functional theory
(DFT) method with the B3LYP functional[23] and the 6-31G** basis set
was also used.


Several interaction energies within the model used were defined. The
total interaction energy (DE) was defined as the energy released upon
separation of all six subsystems to infinity and in the case of unperturbed
complexes, it is the sum of the energies of three hydrogen bonds, four in-
trastrand and four interstrand stacked contacts. This energy was deter-
mined as the difference between the energy of a supersystem consisting
of six bases and six isolated subsystems. The basis-set superposition error
was removed, that is, the energy of an isolated base was systematically
determined using the ghost functions of all the remaining bases. The total
interaction energy of the complex covering all two-, three-, four-, five-,
and six-body energy contributions is a reliable measure of its stability
energy. The interaction energy of the base hexamer was first determined
at the correlated ab initio level using an extended basis set. Furthermore,
the interaction energies between base pairs and a base pair···base-ana-
logue pair were determined as the energy released when both pairs were
separated to infinity. This contribution tells us about the stabilization of
both stacked base pairs and it covers all intrastrand and interstrand
stacking contributions between the bases. Finally, the interaction energies
of hydrogen-bonded or stacked pairs have been determined as the
energy released upon separation of two bases to infinity.


SCC-DFTB-D method : The SCC-DFTB-D method[24] is a combination
of the approximate tight-binding DFTB method[25] and the empirical dis-
persion energy. The inclusion of an empirical dispersion term removes
the major deficiency of DFT methods, namely the lack of dispersion
energy. A more detailed description of this method can be found in the
original paper.[24] Our previous studies showed that the DFTB-D method
provides surprisingly good estimates of the interaction energies for hy-
drogen-bonded and stacked structures of DNA base pairs and stacked
complexes of base pairs with various intercalators.[26] This method was
used for calculating the interaction energies of model A (whose perform-
ance was tested by comparing it with accurate quantum chemical data) as
well as for calculating the interstrand interaction energy of the larger
model B in which accurate quantum chemical calculations are impracti-
cal.


Continuum solvent model : The role of solvents was studied for model B
containing three base/base-analogue pairs with neutralized sugar–phos-
phate backbones. Water was represented by a continuum model based on
the C-PCM (COSMO) methodology.[27–29] The cavity was described by
the united atoms radii optimized at the HF/6-31G** level of theory
(UAHF). The COSMO method was used to calculate the interstrand sol-
vation/desolvation free energy. This energy was determined as the differ-
ence between the solvation energy of the duplex and the sum of the sol-
vation energies of the isolated strands. The geometry of the duplex and
both strands was kept rigid (without optimization) at values obtained
from SCC-DFTB-D optimization (see the last paragraph of the section
Strategy of Calculations).


Codes : The RI-MP2 and DFT/B3LYP energies were determined using
TURBOMOLE 5.6.[30] The MD simulations were performed using
AMBER 6.0.[31] SCC-DFTB-D energies were obtained using DFTB
codes[25] and the solvation free energies were performed using the contin-
uum solvent model COSMO implemented in Gaussian 03.[32]


Results and Discussion


Geometry of DNA duplexes and model complexes : The
final geometries after 2 ns MD simulation of the DNA hex-
amer and the BP···BP (symbol “···” means that both base
analogues are stacked)-modified hexamer are depicted in
Figure 1 (structures shown do not correspond to averaged
structures, but to just the last snapshot of the respective MD
simulations). The DNA hexamer in both simulations was
stable [the root-mean-square displacement (RMSD) value


Scheme 1. Structure of base analogues a) 2,2’-bipyridyl (BP) and b) 3-
methylisocarbostyril (MICS).
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fluctuated about 1.7 and 2.2, respectively]. The RMSF
(root-mean-square fluctuation) per nucleoside (cf. Table S1
in the Supporting Information) show slightly increased fluc-
tuations of the central part of the hexamer after modifica-
tion by BP. Figure 1a shows that all the base pairs in an un-
perturbed hexamer are practically planar and that the hex-
amer possesses a regular double-helical structure. Passing
from the natural (central) A···T pair to the unnatural BP
pair changes the structure dramatically. Figure 1b shows that
the BP···BP pair is overextended and that the DNA hexam-
er is not flexible enough to accommodate the pair within
one plane. The BP base analogues are stacked and the DNA
hexamer is partially deformed. The same motif of BP···BP
was recently detected experimentally by NMR experi-
ments.[33] However, it must be mentioned that the substitut-


ed DNA hexamer (as well as the unperturbed duplex) was
stable during 2 ns MD simulations.
In the second step, the geometry of the DNA 13-mer was


generated and the final geometry of the unperturbed duplex
after 2 ns simulation is shown in Figure 2a (structures shown
in Figure 2 do not correspond to averaged structures, but to
just the last snapshot of the respective MD simulations).
Also, in this case the duplex was stable during simulation
(the RMSD value fluctuated about 1.9) and possesses a reg-
ular double-helical structure with practically planar base
pairs. Replacement of the central A···T base pair by a
MICS···MICS base pair (the RMSD value fluctuated about
3.5) leads to significant changes in the duplex geometry (cf.
Figure 2b). As in the previous case, the MICS···MICS pair is
stacked.[34] The stacked motif of the MICS···MICS system is
similar to the stacked adenine···adenine motif formed in the
zipper-like DNA duplex.[35]


To investigate the selectivity of MICS self-pairing we also
considered the following modification of the native 13-mer.
The original DNA was modified by only one MICS mole-
cule. In this case either adenine was replaced by a MICS to
form a MICS···T mispair or thymine was replaced by a
MICS to create an A···MICS mispair. In both cases the mis-
pairs were planar and were easily accommodated in the
DNA duplex. The resulting modified duplexes were stable
during 2 ns MD simulations (the RMSD value fluctuated
about 3.6 and 3.9, respectively). Also, in this case the fluctu-
ations (see the RMSF values in Table S2 in the Supporting
Information) of the central part increased after modification
of the 13-mer.
Figure 3 and Figure 4 show model B complexes modified


by BP and MICS, respectively. The sugar–phosphate back-
bones of both duplexes in which the negative charges on the
phosphates have been neutralized by the addition of hydro-
gen atoms were optimized (the positions of the bases and
the base analogues were frozen) by the SCC-DFTB-D
method. It is seen that in the unperturbed DNA the three
base pairs considered are practically planar (Figure 3a and
Figure 4a). In the DNA perturbed by one molecule of MICS
the central base mispairs (A···MICS and MICS···T) are
planar as well (Figure 4b and c) despite the lack of hydrogen
bonding between the base and MICS. For the system pertur-
bed by two base analogues (both BP and MICS), the central
self-pair is stacked. Stacking of the BP pair (Figure 3b) and
the MISC pair (Figure 4d) is comparable and in both cases
the unnatural nucleobases overlap significantly.


Interaction energies in model complexes : Table 1 summariz-
es the interaction energies (see also Figure 5; and Scheme 1)
within the AT-AT-CG model A complex. The RI-MP2 total
interaction energy of the complex is �82 kcalmol�1. The
largest contribution comes from the CG hydrogen-bonded
pair (�26 kcalmol�1). The contribution from the AT hydro-
gen-bonded pairs is smaller (�13 kcalmol�1). The contribu-
tions from the stacking interaction between the two pairs
have comparable values (�14 kcalmol�1). The stacking ener-
gies of the AT/AT and AT/CG pairs are almost identical and


Figure 1. The geometry of the DNA hexamer after 2 ns of MD simula-
tion: a) unperturbed system, b) modified by the BP···BP unnatural base
pair.
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it should again be noted that these energies are substantial.
Combining all the partial interaction energy contributions
we obtain �80.68 kcalmol�1; the difference between this
value and the total interaction energy corresponds to the
many-body term. Evidently, this term is small (1.32 kcal
mol�1) and fully justifies the use of pair interaction energies.
By investigating the performance of other lower-level meth-
ods, we found that the empirical Cornell[15] and semi-empiri-
cal DFTB-D methods yield very good estimates of total as
well as partial interaction energies. On the other hand, the
nonempirical DFT/B3LYP method fails completely due to
the inability of the method to describe base-pair stacking.
The absolute error in both cases is very large, approaching
20 kcalmol�1.
The substitution of the central AT pair by the BP···BP


pair resulted (in comparison with the unperturbed system)
in a decrease in the total stabilization energy (cf. Table 2).
By comparing the RI-MP2 entries of Table 1 and Table 2 we
found that the stacking of AT/BP···BP and BP···BP/CG (the
symbol “/” dividing the subsystems means that the stacking
interaction energy for “AT/BP···BP” was calculated between
subsystems AT and BP···BP) is very similar to the stacking
in the unperturbed system. Table 2 also shows that the
stacking contribution between the AT pair and the remote
BP base (cf. Figure 6) is small, less than 0.5 kcalmol�1. In
the case of the CG pair stacked with the remote BP base,
this contribution is slightly larger but still less than 1 kcal


mol�1. These numbers prove
the importance of nearest-
neighbor stacking. The AT and
CG hydrogen bonding in both
clusters is practically identical
and the real surprise is the
stacking of the BP pair. By
comparing the data in Table 1
and Table 2, we found that the
stabilization resulting from
strong AT hydrogen bonding
(unperturbed system) and BP/
BP stacking differs by only
about 3 kcalmol�1. This finding
also explains why the total sta-
bilization energies of the unper-
turbed cluster and the BP···BP-
modified cluster are rather sim-
ilar. Furthermore, the data in
Table 2 also show that the
DFTB-D and Cornell methods
yield similar total and partial
stabilization energies to the RI-
MP2 method (the former
method now being closer to the
reference data) but the DFT
methods fail (again) completely.


Figure 2. Geometry of the DNA 13-mer after 2 ns of MD simulation: a) unperturbed system, b) modified by
the MICS···MICS unnatural base pair.


Figure 3. Model of the three central base pairs with neutralized sugar–
phosphate backbones (Model B) obtained from the average geometry of
the hexamer: a) unperturbed AT-AT-CG , b) self-pair AT-BP···BP-CG.


Chem. Eur. J. 2006, 12, 3587 – 3595 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3591


FULL PAPERDNA Duplexes Modified by Nonpolar Base Analogues



www.chemeurj.org





The total and partial interaction energies in the model A
cluster derived from the DNA 13-mer are shown in Table 3.
The total stabilization energy of the CG-AT-CG model is
11 kcalmol�1 higher than that of the AT-AT-CG model. This
increase corresponds to a greater stabilization of the CG
pair relative to the AT pair. Other characteristics are similar
to the unperturbed AT-AT-CG system. The data in Table 3
show that the interaction energies calculated by the SCC-
DFTB-D method are comparable to the RI-MP2 ones.
Substitution of the central AT pair by the MICS···MICS


pair decreases the stabilization energy by approximately


12 kcalmol�1 (see Table 4). This decrease is due to the
smaller stabilization energy of the stacked self-pair
(MICS···MICS) compared with the stabilization energy of
the hydrogen-bonded AT pair. Furthermore, the smaller sta-
bilization energy of the first CG pair is caused by geometri-
cal deformation of this pair. The base-pair stacking interac-
tion energy and the difference between the interaction of
the CG pair with the close and remote MICS base analogue
is similar to the case of AT-BP···BP-CG. Also, the SCC-
DFTB-D and AMBER methods provide comparable re-
sults.


Figure 4. Model of the three central base pairs with neutralized sugar–
phosphate backbones (Model B) obtained from the average geometry of
the 13-mer: a) unperturbed CG-AT-CG, b) mispair CG-A···MICS-CG, c)
mispair CG-MICS···T-CG, d) self-pair CG-MICS···MICS-CG.


Table 1. Interaction energies (in kcalmol�1) for the unperturbed AT-AT-
CG system calculated by four different methods.


AT-AT-CG
RI-MP2 DFTB+D B3LYP AMBER


total[a] �82.00 �70.82 �34.9 �78.5
S1(AT/AT)


[b] �13.99 �13.42 7.0 �14.6
S2(AT/CG)


[b] �14.39 �13.90 6.7 �14.1
P1(AT)


[b] �13.10 �10.04 �11.5 �12.0
P2(AT)


[b] �13.20 �10.07 �11.6 �12.1
P3(CG)


[b] �26.00 �22.50 �25.4 �24.5


[a] Total interaction energy of the system (the difference between the
energy of the supersystem containing six bases and the energies of the six
isolated subsystems). [b] Specific interaction energies are given in
Figure 5.


Figure 5. Description of the calculated interaction energies used in
Table 1 and Table 3 for the unperturbed systems AT-AT-CG and CG-AT-
CG.


Table 2. Interaction energies (in kcalmol�1) for the modified AT-
BP···BP-CG system calculated by four different methods.


AT-BP···BP-AT
RI-MP2 DFTB+D B3LYP AMBER


total[a] �76.14 �68.67 �13.8 �65.9
SX1(AT/BP···BP)


[b] �13.43 �12.97 6.8 �11.6
SX2(BP···BP/CG)


[b] �14.26 �13.56 8.6 �11.0
S1(AT/BP)


[b] �13.04 �12.50 6.6 �11.2
S2(BP/CG)


[b] �13.41 �13.05 8.4 �10.7
P1(AT)


[b] �12.67 �9.90 �11.0 �11.7
PS2(BP/BP)


[b] �10.18 �9.39 6.1 �7.3
P3(CG)


[b] �25.32 �22.78 �24.9 �24.2


[a] Total interaction energy of the system (the difference between the
energy of the supersystem containing six bases and the energies of six
isolated subsystems). [b] Specific interaction energies are given in
Figure 6.
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In the preceding paragraphs we have shown that passing
from a canonical base pair to base-analogue pairs reduces
the total stabilization energy of a complex. The reduction is,
however, only marginal owing to the large stacking stabiliza-
tion of the base-analogue pair. This conclusion is no doubt
important. However, the other experimental finding con-
cerning the selectivity of base-pair analogues, which is com-
parably significant, remains to be rationalized. To explain it,
we evaluated the interstrand interaction and solvation/desol-
vation energies. We used model B, that is, three base pairs


plus sugar–phosphate backbones and we considered the in-
terstrand interaction and desolvation energies. The inter-
strand interaction energy was determined as the interaction
energy between two unrelaxed strands (both strands of
model B were separated). Table 5 shows the interstrand in-


teraction and desolvation energies for all four models shown
in Figure 4. The interaction energy between the two strands
was calculated using the SCC-DFTB-D method whose per-
formance was tested in previous paragraphs. Evidently the
unperturbed CG-AT-CG and the perturbed self-pair CG-
MICS···MICS-CG system have identical interaction energies,
while systems with mispairs are 10 (and 9, respectively) kcal
mol�1 less stable. This decrease is due to the absence of any
interaction between MICS and A (and T, respectively) in
the central mispair. Thus, the interstrand interaction ener-
gies fully agree with the total interaction energies and show
similar stability to the CG-AT-CG and CG-MICS···MICS-
CG systems. Furthermore, smaller interstrand stabilization
energies for both mispairs support the thermodynamic selec-
tivity of the MICS···MICS self-pair. The interstrand stabili-
zation energies themselves do not, however, explain the ex-
perimental finding of a higher melting point (higher stabili-
ty) for the DNA duplex containing a MICS self-pair.
In all the above-mentioned calculations we considered the


interaction energy only. Evidently, passing from a highly
polar central A···T pair to a practically nonpolar base-ana-
logue pair should result in a different solvation pattern. The
interstrand desolvation energy was calculated as the differ-
ence between the solvation energy of the duplex and the
sum of the solvation energies of the two strands. The geom-
etry of the two single strands was kept rigid (the same as in
the duplex). From Table 5 it is clear that the desolvation
energy for the unperturbed CG-AT-CG system is 5 kcal
mol�1 higher than that of the MICS···MICS self-pair system.
The explanation is straightforward: MICS, a nonpolar mole-
cule, is less solvated than the polar adenine or thymine.
Therefore less energy is required to desolvate strands con-
taining MICS than strands with natural bases. By summing
the interaction and desolvation energies (see the last
column of Table 5), the CG-MCIS···MICS-CG system be-


Figure 6. Description of the calculated interaction energies used in
Table 2 and Table 4 for the modified systems AT-BP···BP-CG and CG-
MICS···MICS-CG.


Table 3. Interaction energies (in kcalmol�1) for the unperturbed CG-AT-
CG system (derived from 13-mer) calculated by two different methods.


CG-AT-CG
RI-MP2 DFTB+D


total[a] �93.64 �83.30
S1(CG/AT)


[b] �13.77 �14.04
S2(AT/CG)


[b] �14.43 �14.03
P1(CG)


[b] �26.03 �22.74
P2(AT)


[b] �12.99 �9.73
P3(CG)


[b] �26.17 �22.6


[a] Total interaction energy of the system (the difference between the
energy of a the supersystem containing six bases and the energies of six
isolated subsystems). [b] Specific interaction energies are given in
Figure 5


Table 4. Interaction energies (in kcalmol�1) for the modified CG-
MICS···MICS-CG (derived from 13-mer) system calculated by two differ-
ent methods.


CG-MICS···MICS-CG
RI-MP2 DFTB+D AMBER


total[a] �81.80 �72.06 �71.4
SX1(CG/MICS···MICS)


[b] �13.99 �12.70 �10.4
SX2(MICS···MICS/CG)


[b] �13.14 �12.56 �12.6
S1(CG/MCIS)


[b] �13.72 �12.31 �10.2
S2(MICS/CG)


[b] �12.18 �11.74 �11.7
P1(C···G)


[b] �20.87 �15.79 �18.3
PS2(MICS/MICS)


[b] �8.24 �8.29 �5.9
P3(C···G)


[b] �25.56 �22.72 �24.5


[a] Total interaction energy of the system (the difference between the
energy of the supersystem containing six bases and the energies of six
isolated subsystems). [b] Specific interaction energies are given in
Figure 6.


Table 5. The SCC-DFTB-D interaction and COSMO desolvation ener-
gies (in kcalmol�1) between both strands of the duplex for the model of
three central bases with neutralized sugar–phosphate backbones.


DE[a] DGsolv
[b] (DE+DGsolv)


[c]


CG-AT-CG �66.5 +66.8 +0.3
CG-A···MICS-CG �56.6 +57.7 +1.1
CG-MICS···T-CG �57.7 +60.8 +3.1
CG-MICS···MICS-CG �66.4 +61.7 �4.7


[a] Interstrand interaction energy (the difference between the energy of
the duplex and the sum of the energies of the two single strands). [b] In-
terstrand desolvation energy (the difference between the solvation free
energy of the duplex and the sum of the solvation free energies of the
two strands). [c] The sum of the interstrand interaction energy and inter-
strand desolvation energy; estimate of the relative interstrand free
energy.
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comes the most stable. The native CG-AT-CG system is
5 kcalmol�1 less stable and the systems with mispairs are 6
and 8 kcalmol�1, respectively, less stable. Note that the final
values do not correspond to the absolute changes in the free
energies, they merely describe relative values. This means
that the CG-MICS···MICS-CG duplex is about 5 kcalmol�1


more stable than the CG-AT-CG one. Similarly, positive
values for the first three duplexes in Table 5 do not mean
destabilization of those duplexes.


Comparison with experimental melting temperatures : The
melting-point temperatures of the native 13-mer (59.5 8C),
duplexes modified by one MICS (A···MICS and MICS···T,
53.6 and 55.1 8C, respectively), and the MICS self-pair
(62.3 8C) were measured by Wu et al.[6b] The trend in the
sum of the interstrand and desolvation energies (the last
column of Table 5) reproduces the trend in these tempera-
tures reasonably well, especially the highest stability of the
duplexes containing the MICS self-pair and the native
duplex. The two duplexes containing a single MICS base an-
alogue are less stable and the theoretical data reproduces
this trend. (Note that in the experimental system, the MICS-
A was measured while we considered a reversed A···MICS
system, which we believe would make no significant differ-
ence.) Certainly, we cannot expect full agreement between
the experimental temperatures and theoretical energies in-
vestigated. Probably the most important missing term is the
reaction entropy. However, this repulsive term should be
similar for all systems considered and cannot qualitatively
modify the results.


Conclusion


We have demonstrated that a combination of accurate and
approximate quantum chemical calculations and molecular
dynamics simulations provides a reliable tool for calculating
the interaction energies of short DNA duplexes containing
unnatural hydrophobic nucleobases. If the desolvation
energy is included, the theoretical results agree well, not
only with experimental data concerning the stability of the
duplexes (Tm values), but also with the selectivity of base-
pair analogues. Thus, the model suggested has a predictive
potential and could be used for precalculating the properties
of duplexes containing different nucleobases or base pairs
and thus help in the rational design of novel nucleobases.
This study has also shown that the self-paired biaryl or bi-


cyclic aromatic unnatural hydrophobic nucleobases do not
form planar pairs (i.e. Watson–Crick pairs) but stacked pairs
that only slightly distort the duplex. The resulting stacking
interaction is substantial and compensates for the missing
hydrogen-bonding stabilization. The stability of the modified
duplex is further increased (and is comparable or even
higher than in the case of canonical pairs) by the considera-
bly lower desolvation energy of hydrophobic nucleobases. In
contrast, mismatched pairs of one hydrophobic (MICS) and
one canonical (A or T) base stay planar in the duplex with


the hydrophobic base distorted slightly out of the stacked
system. This distortion and decrease of stacking interaction
together with the lack of any other interaction energy
causes the dramatic disfavoring of such mismatched pairs
and explains why hydrophobic nucleobases are so highly se-
lective and, thus, potentially applicable in the extension of
the genetic alphabet.
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The Characterisation of Molecular Alkali-Metal Azides
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Laura Gagliardi[b]


Introduction


There is considerable current interest in the preparation and
characterisation of polynuclear nitrogen compounds, not
least because of the potential role which they may play in
energy storage. These studies range from electronic-struc-
ture calculations on pure nitrogen cluster species,[1–4] to the
characterisation of a range of polynuclear cations,[5] or novel
azide complexes.[6,7] The starting point for many of the ex-
perimental studies is a simple binary azide, and examples of
these occur as well-established metal salts, such as MN3


(M = alkali metal, Ag), and M’(N3)2 (M’ = Ba, Pb) or as
essentially discrete molecular species such as HN3 or ClN3.
The chemistry of such covalent azides has been extensively
reviewed by Klapçtke et al.[8–11]


We have been interested for many years in the formation
and characterisation of the molecular salts produced by the
vaporisation of the parent solids using matrix isolation infra-
red (IR) spectroscopy as the principal investigative tool.[12]


In this context it is interesting to explore whether molecular
alkali-metal azides can exist as stable chemical species, and
whether they could be employed as synthetic reagents to
produce higher nitrogen clusters.


The thermal decomposition of alkali-metal azides is a
well-established route to the formation of the pure metal,[13]


but CsN3 nevertheless has sufficient thermal stability to be
stable at least up to its melting point of approximately
580 K. The experiments described here were designed to ex-
plore the possibility that molecular alkali-metal azides might
exist in the vapour phase, and subsequently to establish the
shape of any such new species by IR matrix-isolation experi-
ments supported by electronic-structure calculations. In the
longer term, it may be envisaged that these novel molecular
species might provide a new route to polynuclear nitrogen
compounds. This combination of matrix-isolation experi-
ments and electronic-structure calculations has recently
been used by us to characterise a number of organic azide
species and to study their decomposition mechanisms on py-
rolysis.[14]


Abstract: Matrix isolation infrared
(IR) studies have been carried out on
the vaporisation of the alkali-metal
azides MN3 (M = Na, K, Rb and Cs).
The results show that under high
vacuum conditions, molecular KN3,
RbN3 and CsN3 are present as stable
high-temperature vapour species, to-
gether with variable amounts of nitro-
gen gas and the corresponding metal
atoms. The characterisation of these
molecular azides is supported by ab
initio molecular orbital calculations
and density functional theory (DFT)


calculations, and for CsN3 in particular,
by the detection of the isotopomers
Cs(14N15N14N) and Cs(15N14N14N). The
IR spectra are assigned to a “side-on”
(C2v) structure by comparison with the
spectral features predicted both by vi-
brational analysis and calculation. The
most intense IR features for KN3,
RbN3 and CsN3 isolated in nitrogen


matrices lie at 2005, 2004.4 and
2002.2 cm�1, respectively, and corre-
spond to the N3 asymmetric stretch.
The N3 bending mode in CsN3 is identi-
fied at 629 cm�1. An additional feature
routinely observed in these experi-
ments occurred at approximately
2323 cm�1 and is assigned to molecular
N2, perturbed by the close proximity of
an alkali-metal atom. The position of
this band appeared to show very little
cation dependence, but its intensity
correlated with the extent of sample
thermal decomposition.
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Experimental Section


Samples of the crystalline solids NaN3 (99.99%) and CsN3 (99.99%)
were obtained from Aldrich and were used as received. LiN3 was made
from a metathesis reaction of Li2SO4 and NaN3 in aqueous ethanol ac-
cording to the literature,[15] and the crude LiN3 was purified by two re-
crystallisations from hot absolute ethanol to remove small amounts of
the sodium impurity. KN3 was made from n-butyl nitrite and hydrazine in
alcoholic KOH solution by the method of Miller and Audrieth.[16] The
crude product was purified by dissolution in the minimum volume of
cold water and reprecipitated with ethanol. RbN3 was made by the same
method,[16] using RbOH.


The general features of our matrix isolation and IR analysis equipment
have been described elsewhere.[17] The studies described here involve the
vaporisation under vacuum of the solid azides from silica sample holders
heated externally by a small resistance furnace. In general, azides have
the potential to detonate on heating, and safety precautions to mitigate
this were routinely put in place. However, no explosions were encoun-
tered during the course of these studies.


In a typical experiment, the solid azide sample (ca. 300 mg) was heated
stepwise to a maximum temperature of approximately 800 K, and the
vapour-phase products co-condensed with a large excess (>K1000) of
matrix gas (Ar or N2, purities >99.999%) onto a CsI window cooled to
approximately 10–12 K. Deposition times at any particular temperature
were typically 30 min, and IR spectra were recorded after each deposi-
tion.


Isotopic data (15N) were obtained from samples in natural abundance
and isotopic effects modelled both by a traditional vibrational analysis
(GF matrix method) and by the electronic-structure calculations descri-
bed below.


Computational methods : All electronic-structure calculations were car-
ried out at the density functional theory (DFT) and second-order
Mçller–Plesset perturbation theory (MP2) levels. In the DFT approach,
the three-parameter hybrid functional B3LYP,[18] mixing BeckeMs ex-
change with the nonlocal correlation functional provided by Lee, Parr
and Yang, was used. The basis sets selected were as follows: For nitrogen
atoms, an augmented correlation-consistent basis set (aug-cc-pvtz[19]) was
used in all calculations; this is a triple-zeta-valence basis set which com-
prises polarisation and diffuse functions. For sodium atoms, the corre-
sponding basis set cc-pvtz,[20] without diffuse functions, was employed
whereas for the heavier atoms, potassium, rubidium and caesium, a rela-
tivistic effective core potential (RECP) proved to be the best choice. The
RECP was the Stuttgart relativistic small core ECP (RSC 1997 ECP[21]):
it is a small-core quality ECP described by s-, p-, d-, f- and g-type func-
tions; it takes into account the 10, 28 and 46 core electrons for potassium,
rubidium and caesium, respectively. A valence basis set with the (7s6p)/ ACHTUNG-
TRENNUNG[5s4p] contraction scheme[22] was used for the remaining 9 outer-shell
electrons of K, Rb and Cs. The molecular structures of all the alkaline-
metal azides were optimised by checking the Hessian matrix; the vibra-
tional frequencies and the zero-point energy were estimated by using the
harmonic approximation. All calculations were performed by using the
Gaussian 03 package.[23]


At the optimized B3LYP geometries, single-point energy calculations
were also performed by using the complete active space (CAS) SCF
method[24] to generate molecular orbitals and reference functions for sub-
sequent multiconfigurational second-order perturbation calculations of
the dynamic correlation energy (CASPT2).[25] The quantum chemical cal-
culations were performed using the software MOLCAS6.2.[26]


The active space choice is crucial for the method. Calculations with sev-
eral active spaces were performed, including a linear combination of the
nitrogen 2p orbitals and the caesium orbitals of appropriate symmetry.
The largest calculation comprised 10 active electrons in 11 active orbitals.


The Stuttgart effective core potentials were used for the Cs atom.[27] The
accompanying basis set for the 9 valence electrons was contracted to
5s4p. For the N atom, a basis set of atomic natural orbital (ANO) type,
available in the MOLCAS6.2 library, was used. A primitive set of
10s6p3d was contracted to 3s2p1d.


Results and Discussion


Vaporisation of solid CsN3 : Figure 1a shows part of a typical
nitrogen matrix IR spectrum obtained after the heating of
anhydrous CsN3 at 440 K. At this temperature, there is no
evidence of any sublimation, and the only feature present in


this spectrum is the intense bending mode of (nonrotating)
matrix-isolated H2O at approximately 1597 cm�1. This band
is believed to arise from the desorption of small amounts of
water from the silica walls of the deposition system. The
other two fundamentals of H2O were also present in the ex-
tended (4000–400 cm�1) spectrum.


At a temperature of approximately 670 K, a khaki-bronze
film of metallic caesium could be observed on the off-axis
walls of the deposition system, and a small pressure rise of
approximately 2K10�6 mbar was also typically observed at
this stage. Figure 1b shows a typical spectrum obtained at
this temperature. In addition to the H2O band at 1597 cm�1,
a further new band is present at 2323 cm�1, and numerous
experiments confirmed that this band was always associated
with the appearance of the metallic deposit. At this stage it
would appear that the CsN3 is at least partially decomposing
into Cs+N2.


On further increasing the temperature to approximately
750 K, the molten CsN3 was observed to “boil”, and simulta-
neously to produce a white sublimate on the cooler parts of
the vaporisation tube. The IR spectrum obtained at this
stage in the experiment shows the 1597 cm�1 H2O band, a
weaker 2323 cm�1 band, and a prominent new band at
2002.2 cm�1. A typical spectrum is shown in Figure 1c.


Further heating of the molten CsN3 resulted ultimately in
the vaporisation of the whole sample, without apparent de-


Figure 1. Nitrogen matrix IR spectra obtained at various stages in the va-
porisation of caesium azide: a) after heating at approximately 440 K;
b) after heating at approximately 670 K; c) after heating at approximately
750 K.
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composition into metallic caesium, and subsequent IR analy-
sis of the white sublimate (after removal under an inert at-
mosphere at room temperature) showed it to be crystalline
CsN3. The spectra obtained from such prolonged depositions
also revealed a number of additional sharp bands, notably,
very weak features at 629 and 970 cm�1, together with a
broader band at approximately 2017 cm�1, and a doublet at
2149/2139 cm�1. Three of these features can be identified in
Figure 2, which shows a survey spectrum obtained after ex-
tensive deposition at approximately 760 K.


A number of experiments were also carried out using
argon as the matrix material. These also gave sharp bands,
but the spectra were of varying complexity. In the early
stages of sublimation, the bands at approximately 2323 and
2002.2 cm�1 were both observed, but continued deposition
led first to the appearance of weaker, broad features in the
range 1990–2000 cm�1, but ultimately to a sharper, intense
feature at 1987.6 cm�1.


This behaviour is consistent with the partial decomposi-
tion of solid CsN3 into Cs+N2, which produces a mixed
argon/nitrogen environment for any species vaporising at
this stage. At higher temperatures, however, vaporisation
appears to take place congruently, and the spectrum then re-
flects a pure(r) argon matrix environment for which a shift
of approximately 14.6 cm�1 in the position of the most in-
tense band is apparent, relative to nitrogen. Because of this
complication, the majority of experiments were carried out
using nitrogen as the matrix host. The initial conclusion
from these experiments, therefore, is that CsN3 may be sub-
limed at least partially without decomposition under high
vacuum conditions, and that Figure 2 contains spectral fea-
tures due to molecular CsN3.


The IR spectra of the solid alkali-metal azides are well
documented, and typically show an intense antisymmetric
stretch in the region 2000–2100 cm�1, and a very much
weaker bend at approximately 620–650 cm�1. The symmetric
stretch is generally not observed (it would be infrared inac-
tive in the free anion), but has been reported at approxi-
mately 1340–1350 cm�1 from Raman studies. By analogy
with the many alkali-metal salt molecules for which vibra-
tional data are now available, the IR spectrum of molecular
CsN3 would be expected to be broadly very similar to that
of the free N3


� ion. Figure 2 shows a typical nitrogen-matrix
spectrum obtained from CsN3 over a wider spectral range.
The band at 2002.2 cm�1 and a very weak feature at
629 cm�1 are both provisionally assigned to molecular CsN3


by comparison with the data from the solid phase. Despite a
detailed search, no features were observed in the spectral
region expected for the symmetric stretch (1250–1400 cm�1).


The weak features at 970 cm�1 and 2149/2139 cm�1 are as-
signed to the most intense fundamentals of NH3 and HN3,
respectively. These species are tentatively believed to arise
from reaction between molecular CsN3 and H2O during co-
condensation.


If the assignment of the intense 2002.2 cm�1 band to CsN3


is correct, one might anticipate a small but significant shift
in its position when caesium is replaced by a different alkali
metal, as a result of interaction between the N3 group and
the coordinated cation.


Vaporisation of NaN3, KN3 and RbN3 : Several analogous
experiments were carried out in which these alkali-metal
azides were vaporised. The products were isolated in nitro-
gen matrices, and the spectral region 2400–1900 cm�1 was
examined closely for any features that might correspond to
the intense 2002.2 cm�1 band in the caesium system. In
many cases, some decomposition was observed to take place
at approximately 570 K, prior to melting, as indicated by the
formation of reflecting films of sublimed metal, and a fea-
ture at approximately 2323 cm�1 was typically observed at
this stage. On further heating, no new bands near 2000 cm�1


were ever observed from NaN3, but KN3 and RbN3 subse-
quently melted, and at a temperature of approximately
750 K gave new features at 2005.0 and 2004.4 cm�1, respec-
tively. Figure 3 compares the positions (and widths) of these
bands with the principal CsN3 feature, and it is evident that
these small shifts support the predicted cation dependency
for a molecular MN3 species. However, unlike the caesium
system, it proved impossible to build up sufficient intensity
in these K and Rb features to observe the corresponding
bending or 15N features, because their growth was always ac-
companied by extensive sample decomposition.


15N isotopic features : Figure 2 shows that although the in-
tense CsN3 absorption at 2002.2 cm�1 has extraneous weaker
features at higher frequency, there are few, if any such fea-
tures in the region 2000–1900 cm�1, where the weak bands
arising from 15N isotopomers in natural abundance are ex-
pected to occur. The observation of these fundamentals can


Figure 2. Nitrogen matrix IR spectrum (3000–500 cm�1) obtained from
prolonged vaporisation of CsN3 at approximately 760 K.
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provide evidence for the shape of molecular CsN3, in addi-
tion to confirming its identification. Several experiments
were carried out in which this spectral region was studied in
detail.


The argon-matrix data for CsN3 was in general complicat-
ed by the effects of the mixed Ar/N2 matrix, but fortunately,
the corresponding spectral region to low frequency of the
“pure argon matrix” band at 1987.6 cm�1 was similarly free
of extraneous features. Satisfactory argon-matrix spectra
could therefore also be obtained for the 15N isotopic species.


Figure 4a shows the spectral region 2010–1950 cm�1 ob-
tained for CsN3 in a nitrogen matrix. The very intense band
centred near 2000 cm�1 is the 2002.2 cm�1 fundamental of
the most isotopically abundant species, Cs14N3 , but in addi-
tion, two weak features can be identified at 1991.8 and
1958.7 cm�1, shifted by 10.4 and 43.5 cm�1, respectively, from
the main band. In an argon matrix, the main isotopomer
band lies at 1987.6 cm�1, and corresponding weak features
were noted at 1977.5 and 1944.5 cm�1. The natural abun-
dance of 15N is approximately 0.36%, and these weak fea-
tures are provisionally assigned to the isotopic variants
Cs(15N14N14N) and Cs(14N15N14N).


Normal coordinate analysis (NCA) modelling of isotopic
features : The most convenient starting point for NCA mod-
elling of the assigned isotopic features is the establishment
of suitable force fields for the free (linear) azide ion that re-
produce the intense feature assigned to the antisymmetric
stretch at approximately 2000 cm�1. For this simple system,
there are only two potential constants to be considered: the
principal N�N stretch, denoted FR, and the interaction con-
stant FRR. In the simple-harmonic approximation, both these
can be evaluated precisely if the positions of both the sym-
metric (ñ1) and antisymmetric (ñ3) stretching frequencies are
known. The positions of these modes in a truly isolated


azide ion are unknown, but in solid KN3 they have been re-
ported at 1344 and 2041 cm�1, respectively, from a combina-
tion of IR and Raman studies.[28,29]


Assuming for the moment that in matrix-isolated CsN3


the anion is effectively “free”, a value for ñ3 can be taken as
the observed nitrogen-matrix feature at 2002.2 cm�1. How-
ever, as ñ1 is not known, a range of values must be tried that
lead to a range of solutions for FR and FRR, all of which re-
produce the observed value for ñ3. For each pair of values,
FR and FRR, it is then straightforward to calculate the ex-
pected positions of all isotopic 14N/15N combinations for the
isolated azide ion. This procedure must produce identical
values of n3 for all pairs of FR and FRR for a particular “sym-
metrical” isotopomer, such as 15-15-15, 14-15-14 and 15-14-
15, because the isotope shifts relative to the parent 14-14-14
species are determined solely by the Product Rule. For the
less-symmetrical species, 14-14-15 and 14-15-15, the posi-
tions of ñ3 will in principle depend on the particular values
of FR and FRR, because for these molecules there is coupling
between ñ1 and ñ3. In practice, however, this coupling is very
small. Even when the notional position of ñ1 is varied from
1200 to 1400 cm�1, it turns out that the positions of all the
isotopic frequencies associated with ñ3 are constant to within
0.2 cm�1.


This result removes any concern that there may be about
the true position of ñ1, and the effect that this may have on
the subsequent interpretation of isotope patterns in the ñ3


region. The next stage is to model the isotopic shifts expect-
ed for the side-on and end-on structures of CsN3.


For the side-on (C2v) structure, we assume initially that
the N3 unit is still essentially linear, and that although ñ3 can
in principle couple with the low frequency cation motion, it
is essentially decoupled. However, the distinguishing feature


Figure 3. Nitrogen matrix IR spectra obtained from KN3, RbN3 and CsN3


in the spectral region 2030–1980 cm�1.


Figure 4. Observed and calculated 15N isotopic effects for matrix-isolated
CsN3: a)


15N isotopic features observed in a nitrogen matrix; b) 15N iso-
topic features calculated for side-on (C2v) bonding using the parameters
of calculation I (Table 1); c) and d) calculated 15N isotopic features using
the parameters of calculations III and IV, respectively, for end-on bond-
ing; e) 15N isotopic features observed in an argon matrix.
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of this structure is that there is no linkage isomerisation as-
sociated with cation coordination, and there is only one dis-
tinct isotopomer containing the 14-14-15 group. Further-
more, this isotopomer occurs at twice the abundance of the
more symmetrical 14-15-14 variant. The isotopic features ex-
pected for side-on bonding are therefore almost indepen-
ACHTUNGTRENNUNGdent of uncertainties in the force field, and for a wide range
of parameters FR and FRR this modelling predicts positions
of 1957.2 and 1991.3 cm�1 for the two most abundant iso-
topomers 14-15-14 and 14-14-15, respectively, relative to the
parent 14-14-14 band at 2002.2 cm�1. The model also pre-
dicts an intensity ratio of 2:1 for the 1991.3 and 1957.2 cm�1


bands from their relative abundances. Isotope shift calcula-
tions were also carried out for C2v structures in which the N-
N-N bond angle was varied over the range 170–1808. These
showed that this slight departure from linearity produced es-
sentially no change in the predicted positions of the 15N iso-
topomers.


For the end-on structure, the effect on the vibrations of
the N3 unit can be visualised as being represented by two
distinct principal force constants, denoted FR’ and FR’’. This
distinction reflects the fact that Cs coordinates to one end
of the N3 ion, which results in the existence of two distinct
isomers for unsymmetrical substitution: Cs-14-14-15 and Cs-
15-14-14. The effect of this on the IR spectrum will in princi-
ple be to split the “14-14-15” isotope feature, with the mag-
nitude of the splitting being determined by the difference
between FR’ and FR’’. This effect can also be modelled, and
the isotopic band position can be calculated for sets of
values for FR’, FR’’ and FRR, all of which generate the parent
14-14-14 band at 2002.2 cm�1. The main point of interest
here is to discover to what extent FR’ and FR’’ must differ for
the effect to be detected as a distinct splitting of the “14-14-
15” isotopic feature. Experimentally, this band (at
1991.8 cm�1 in a nitrogen matrix) is essentially the same
width (see Figure 4a) as the unsplittable 14-15-14 feature at
1958.7 cm�1. It is considered very unlikely that this result
would be compatible with the end-on model. Calculations
show that it would require the difference between FR’ and
FR’’ to be less than approximately 1% for the splitting not to
be at least partially resolved.


Table 1 summarises the results of this modelling for the
observed CsN3 isotopic data in a nitrogen matrix. The agree-
ment between observed and calculated band positions fully
confirms their assignment as N3 (ñ3) modes. Figure 4b–d
shows pictorially how typical calculations for side-on and
end-on coordination compare with the experimentally ob-
served nitrogen matrix 15N spectra. The most significant fea-
ture is the approximate 2:1 intensity ratio for the bands at
1991.8 and 1958.7 cm�1, as predicted for the side-on C2v


structure (Figure 4b, calculation I). The small differences be-
tween observed and calculated band positions are attributed
to the neglect of anharmonicity. Figure 4c and d reproduce
the band positions generated by calculations III and IV, and
show, in contrast, the doublet splittings predicted with two
different force fields for the linear model.


The fifth spectrum displayed here (Figure 4e) shows the
analogous 15N features observed in an argon matrix, where
again, there is no evidence for a linkage isomer splitting,
and the 2:1 intensity ratio is evident.


Search for N3 symmetric stretch : As indicated above, no
spectroscopic features were observed that could be attribut-
ed to the (technically IR-active) symmetric stretch. For this
reason, the NCA was based upon an essentially linear N-N-
N unit. However, the electronic-structure calculations (see
below) indicate a small departure from linearity of approxi-
mately 68 for the C2v CsN3 molecule, and it is of some inter-
est to explore whether one might expect to observe the sym-
metric N3 stretch for this degree of nonlinearity. Using the
bond dipole model, within the Wilson GF approach,[30] it
may be shown that if I3 and I1 denote the intensities of the
antisymmetric and symmetric stretches, respectively, then
Equation (1) is valid for a C2v-symmetric triatomic XY2 mol-
ecule:


I3
I1


¼ tan2qðMX þ 2MYsin
2qÞ


ðMX þ 2MYcos2qÞ
ð1Þ


in which the YXY bond angle is 2q, and MX and MY are the
atomic masses of X and Y, respectively. This approach has
been shown to have value in the estimation of bond angles
in other matrix-isolated species.[31] Setting MX = MY = 14,
and q = 878 gives a ratio of approximately 1090:1 for the
intensity ratio I3/I1. The failure to definitely locate the sym-
metric stretch in this work is therefore not entirely unex-
pected.


Electronic-structure calculations on molecular alkali-metal
azides : Two minimum-energy structures were located for
molecular alkali-metal azides at the B3LYP and MP2 levels:
the end-on linear structure (I) and the side-on (C2v) struc-
ture (II), as shown below.


Table 1. Observed and calculated (NCA) vibration frequencies [cm�1]
for isotopic CsN3 species in nitrogen matrices.[a]


Observed[b] Calculated (I) Calculated (II) Assignment[c]


2002.2 2002.2 2002.2 14-14-14
1991.8 1991.25 1991.3 14-14-15
1958.7 1957.2 1957.2 14-15-14


Calculated (III) Calculated (IV) Assignment[d]


2002.2 2002.2 Cs-14-14-14
1992.1 1993.3 Cs-14-14-15
1990.4 1989.1 Cs-15-14-14
1957.2 1957.2 Cs-14-15-14


[a] Force constant parameters used in the calculations are as follows: for
I: FR = 11.444, FRR = 0.427 mdyneA�1 (gives parent ñ1 = 1200 cm�1);
for II: FR = 12.474, FRR = 1.458 mdyneA�1 (gives parent ñ1 =


1300 cm�1); for III: FR’ = 11.182, FR’’ = 11.711, FRR = 0.434 mdyneA�1;
for IV: FR’ = 10.800 FR’’ = 12.130, FRR = 0.470 mdyneA�1. [b] Frequen-
cy accuracy 0.5 cm�1. [c] Antisymmetric stretch: C2v structure; side-on co-
ordination by Cs. [d] Antisymmetric stretch: linear structure; end-on co-
ordination.
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The results of these calculations as regards molecular
structure were clear-cut for LiN3, NaN3, RbN3 and CsN3.
The lowest-energy configurations for both RbN3 and CsN3


were predicted to be side-on by both methods, whereas LiN3


and NaN3 were predicted to have a linear geometry by both
methods. In the case of KN3, the B3LYP calculations pre-
dicted a linear geometry, but the MP2 method indicated
side-on bonding. For LiN3, NaN3, KN3, RbN3 and CsN3, the
relative energies (C2v–linear) at the B3LYP level are +0.44,
+0.20, +0.01, �0.02 and �0.01 eV, respectively, and +0.25,
+0.05, �0.10, �0.12 and �0.11 eV, respectively, at the MP2
level. These calculations also indicated that the angles N-N-
N for the C2v geometries were all in the range 169–1758, and
that for CsN3 in particular, this angle (internal to the ring) is
predicted to be approximately 1748. The structural data is
summarised in Table 2.


Subsequent calculations of the expected vibrational fre-
quencies generally produced values for the N3 antisymmetric


stretch in CsN3 that were somewhat higher than the experi-
mental result (2002.2 cm�1), with the closest prediction
(2086 cm�1) coming from the B3LYP calculation for the C2v


structure. The difference between these observed and calcu-
lated frequencies arises because of the neglect of anharmo-
nicity in the calculation and only partial allowance for elec-
tron correlation. This calculation also satisfactorily repro-
duced the 15N isotopic shifts, with a ñ3 [(14-14-15)–(14-15-
14)] separation of 35 cm�1 (B3LYP) compared with the ex-
perimental separation of 33 cm�1. As indicated above, the
degeneracy of the bending mode in the N3 ion is lifted for
side-on bonding, and this B3LYP calculation gave values of
663 and 687 cm�1 for the positions of the two components.
The experimental data in this spectral region revealed only
one (very weak) feature at 629 cm�1, but the existence of a
second distinct component could not be ruled out. Both
types of calculation predict that the relative intensity of the
symmetric N-N-N stretch for the C2v structure is effectively
zero compared with the antisymmetric stretch: a conclusion
that confirms the previous estimate using the bond dipole
model. Table 2 summarises the results obtained from the
calculations on the linear and C2v structures for CsN3 at
both the B3LYP and MP2 levels.


The CASSCF/CASPT2 calculations indicate that both
structures have singlet closed-shell ground states, and that


M


M N NNN N N
R  1 R2 R3


R1 R3


R2


I II


Table 2. Calculated energies[a] and molecular parameters[a] for linear and C2v structures of CsN3.


End-on (linear) coordination
B3LYP MP2


14-14-14 15–14-14 14-15-14 14-14-15 14-14-14 15-14-14 14-15-14 14-14-15


geometry
R1 2.682 2.627
R2 1.193 1.210
R3 1.155 1.187
energy �184.44656 �184.44666 �184.44674 �184.44666 �183.87354 �183.87364 �183.8737 �183.87363
IR frequencies and intensities
Cs�N stretch 192 (75) 190 (74) 190 (73) 190 (73) 201 (76) 199 (75) 199 (75) 199 (75)
Cs-N-N bend[b] 55 (7) 53 (7) 55 (7) 54 (8) 89 (7) 87 (6) 89 (7) 88 (7)
N-N-N bend[b] 660 (6) 656 (6) 645 (6) 656 (6) 624 (3) 620 (2) 610 (3) 621 (2)
N-N-N stretch (s) 1387 (94) 1360 (94) 1387 (98) 1368 (85) 1249 (28) 1227 (27) 1249 (28) 1229 (27)
N-N-N stretch (as) 2148 (1313) 2141 (1279) 2100 (1267) 2131 (1306) 2155 (681) 2143 (659) 2106 (664) 2142 (675)


Side-on (C2v) coordination
B3LYP MP2


14-14-14 15-14-14 14-15-14 14-14-14 15-14-14 14-15-14


geometry
R1 3.053 2.977
R2 1.178 1.206
R3 2.876 2.786
angle N-Cs-N 45.3 47.7
angle N-N-N 174.5 173.8
energy �184.447076 �184.447179 �184.447256 �183.877586 �183.877682 �183.877764
IR frequencies and intensities
Cs�N stretch (s) 178 (54) 177 (53) 177 (53) 191 (55) 189 (54) 190 (54)
Cs�N stretch (as) 114 (1) 112(1) 114(1) 140(2) 138(2) 140(2)
out of plane bend 663 (3) 660 (3) 649 (3) 606 (0) 603 (0) 593 (0)
in-plane bend 687 (1) 684 (1) 671 (2) 624 (0) 621 (0) 609 (0)
N-N-N stretch (s) 1360 (0) 1336 (0) 1359 (0) 1190 (0) 1170 (0) 1190 (0)
N-N-N stretch (as) 2086 (952) 2075 (938) 2040 (918) 2146 (301) 2135 (296) 2099 (293)


[a] Bond lengths (R) in Q. Angles in degrees. Energies in atomic units, IR frequencies in cm�1, IR intensities (in parentheses) in kmmol�1. [b] Doubly de-
generate.
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the “side-on” structure lies about 6 kcalmol�1 lower in
energy than the linear structure. This result therefore con-
firms the DFT results.


Conclusion


This work has conclusively demonstrated the existence of
the stable molecular alkali azides KN3, RbN3 and CsN3 pro-
duced as vapour species by heating the respective crystalline
solids under vacuum conditions. When isolated in nitrogen
matrices, these molecules are characterised by distinctive IR
absorptions in the range 2000–2010 cm�1, and for the caesi-
um salt, the additional observations of 15N isotopic features
very strongly support a C2v structure involving side-on
cation coordination to the azide group. These experimental
conclusions are also supported by electronic-structure calcu-
lations using both B3LYP and MP2 methods.
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Introduction


Secondary phosphane oxides (SPOs) exhibit phosphane
oxide (R2P(O)H)$phosphinous acid (R2P�O�H) tautomer-
ism (R = alkyl, aryl). The equilibrium between the pentava-
lent phosphane oxide and the phosphinous acid with a triva-


lent phosphorus atom is almost completely shifted to the
side of the phosphane oxide.[1]


As early as 1968, Chat and Heaton described the shift of
the equilibrium to the side of the phosphinous acid form on
coordination of the acid to transition-metal complexes
[Eq. (1)].[2]


Due to their catalytic activity in homogeneous catalysis,
transition-metal complexes of phosphinous acids are cur-
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some part risky, synthesis that was orig-
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rently of great interest, as was previously highlighted by Du-
brovina and Bçrner.[3]


As established by theoretical and experimental investiga-
tions, the electron-withdrawing effect of the organic groups
attached to the phosphorus atom strongly influences the
equilibrium distribution between the phosphane oxide and
phosphinous acid tautomers.[4,5] For the dimethyl derivative,
only the oxide isomer could be observed so far. This obser-
vation is supported by density functional theory (DFT) cal-
culations, which show that the corresponding phosphinous
acid is 42 kJmol�1 higher in energy. Depending on the elec-
tron-withdrawing effect of pentafluorophenyl and tetrafluoro-
pyridinyl groups, the resulting phosphinous acids, R2P�O�H
(R = C6F5, C5NF4), are stabilized with respect to the corre-
sponding tautomeric oxide forms R2P(O)H by 1.7 and
10.5 kJmol�1, respectively. Based on this smaller energy dif-
ference, both derivatives exhibit a solvent-dependent equili-
brium between their tautomeric forms.[5] The phosphinous
acid (CF3)2P�O�H is favored at the B3PW91/6-311G ACHTUNGTRENNUNG(3d,p)
level of theory by a zero-point-corrected energy difference
(DEZP) of about 14 kJmol�1 relative to the phosphane oxide
structure.
To date, the bis(trifluoromethyl)phosphinous acid,


(CF3)2P�O�H, is the only known example of a thermally
stable noncoordinated phosphinous acid. Although the
phosphinous acid was already synthesized in 1960 by Burg
and Griffiths,[6] little is known about the chemistry of this
extraordinary compound.
Virlichie and Dagnac described the sensitivity of the phos-


phinous acid towards hydrolysis,[7] evolving HCF3 as shown
in Equation (2):


In addition, Burg mentioned the formation of a white solid
on treatment of (CF3)2POH with NEt3, formulated as a
phosphinite salt, [NHEt3]P ACHTUNGTRENNUNG(CF3)2O.


[6,8]


One reason why the chemistry of the only known phos-
phinous acid has not been investigated in detail might be its
tedious, and in some part risky synthesis. The synthesis, pub-
lished by Burg and Griffiths,[8] starts with (CF3)2PI, obtained
by the autoclave reaction of CF3I with elemental phospho-
rus. The anhydride of the phosphinous acid, the tetrakis(tri-
fluoromethyl)diphosphoxane (CF3)2P�O�PACHTUNGTRENNUNG(CF3)2, is ob-
tained in 80% yield on treatment of (CF3)2PI with silver car-
bonate. Before the product can be separated from the reac-
tion mixture by means of fractional condensation, the un-
reacted (CF3)2PI has to be converted to the removable
(CF3)2PCl by reaction with silver chloride.
The anhydride (CF3)2P�O�PACHTUNGTRENNUNG(CF3)2 represents a unique


compound showing no rearrangement to the diphosphane
monoxide, and can be transformed into (CF3)2PCl and
(CF3)2POH on reaction with gaseous HCl (86 h, 100 8C).


The product (CF3)2POH can be separated in a 90% yield by
means of trap-to-trap condensation of the gaseous reaction
mixture. For the reactions and purification, safety precau-
tions are necessary, because (CF3)2POH, (CF3)2POP ACHTUNGTRENNUNG(CF3)2,
and especially (CF3)2PCl react violently with air.
Herein, we present for bis(trifluoromethyl)phosphinous


acid, (CF3)2POH: 1) a safe, one step, and high-yield synthe-
sis; 2) a complete spectroscopic characterization; 3) a struc-
ture determination obtained from an electron-diffraction
study in the gas phase; and 4) a determination of the rota-
tional equilibrium of its two isomers in the gas phase.


Results and Discussion


Trifluoromethylphosphorus derivatives are conveniently ac-
cessible by using the Ruppert procedure,[9] which was im-
proved for the synthesis of Et2NP ACHTUNGTRENNUNG(CF3)2 by Rçschenthaler
and co-workers.[10] The minor air sensitive, and therefore
easily manageable, colorless liquid (CF3)2PNEt2 was synthe-
sized on a 100–200 g scale. In the presence of gaseous HBr,
the amino phosphane was transformed into (CF3)2PBr.


[11]


The neat, volatile, colorless liquid, which explodes on con-
tact with air, hydrolyzed in the presence of water yielding
the target compound (CF3)2POH. To prevent the handling
of (CF3)2PBr, the cleavage of the P�N bond of (CF3)2PNEt2
and the following hydrolysis of the halogen derivative
(CF3)2PX can be performed in one step, by treating a solu-
tion of (CF3)2PNEt2 in CH2Cl2 with aqueous HCl, as shown
in Equation (3):


ðCF3Þ2P�NEt2
concd HCl


�½NEt2H2 �Cl
������!ðCF3Þ2P�O�H ð3Þ


However, the separation of (CF3)2POH from the organic
layer by means of fractional condensation was less success-
ful, yielding (CF3)2POH contaminated with variable
amounts of water. At room temperature the mixture
evolved HCF3, thus indicating a further hydrolysis step [cf.
Eq. (2)]. Finally, the remaining volatile (CF3)2POH can be
separated from the less volatile CF3P(O)(H)OH but the
yields are low.
The cleavage of the P�N bond of amino phosphanes can


also be performed by treatment with sulfonic acids.[12] In the
first step, on reaction of (CF3)2PNEt2 with sulfonic acid de-
rivatives, RS(O)2OH (R = CF3, C6H4CH3), an unstable
mixed anhydride (CF3)2P�O�S(O)2R is formed which itself
has not been observed to date. Only the products of its rear-
rangement, the symmetric anhydrides (CF3)2P�O�P ACHTUNGTRENNUNG(CF3)2
and RS(O)2�O�S(O)2R have been observed. The anhydride
(CF3)2P�O�P ACHTUNGTRENNUNG(CF3)2 reacts in the presence of sulfonic acids
to form (CF3)2POH and unstable (CF3)2P�O�S(O)2R, which
in turn forms (CF3)2P�O�PACHTUNGTRENNUNG(CF3)2 and RS(O)2�O�S(O)2R
(Scheme 1). In summary, reaction of at least three equiva-
lents of the nonvolatile p-toluene sulfonic acid, suspended in
the less-volatile solvent 1,6-dibromohexane with
(CF3)2PNEt2, results in a quantitative yield of (CF3)2POH.
Because (CF3)2POH is the only volatile compound in the


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3567 – 35743568



www.chemeurj.org





complex reaction mixture, the product can be easily separat-
ed in a 90% yield by using fractional condensation.
A multinuclear NMR spectroscopic investigation of the


obtained sample proved its purity. Surprisingly, the infrared
spectrum of the gaseous sample exhibits two bands in the
OH stretching region at ñ = 3672 and 3598 cm�1 rather
than one at 3620 cm�1 as was described by Burg and co-
workers.[6,8] This discrepancy was already mentioned by
Dobbie and Straughan in 1971, who assumed that two rota-
tional isomers were responsible for the two different OH
stretching modes.[13] Stimulated by this assumption, the po-
tential energy[14] was calculated along the CPOH dihedral
angle. For a complete rotation of the OH group, the energy
scan (Figure 1) exhibits two minima. In the more-stable ro-


tational isomer, the OH group is oriented cis relative to the
C-P-C bisector whereas it is oriented trans in the less-stable
rotational isomer (Figure 1). At the B3PW91/6-311G ACHTUNGTRENNUNG(3d,p)
level of theory, the optimized rotational isomers, both with
Cs symmetry, exhibit a zero-point-corrected energy differ-
ence of 5.9 kJmol�1. The activation barrier for the intercon-
version calculated by using the synchronous transit-guided
quasi-Newton (STQN) method[14] at the same theoretical
level was found to be DEZP=12.6 kJmol�1 (Figure 2).
The difference between the two calculated OH valence


mode wavenumbers (ñ = 3871 (trans) and 3783 cm�1 (cis))


of 88 cm�1 is in good agreement with the experimental value
of 74 cm�1, which proves the coexistence of two rotational
isomers at room temperature. Due to the fast rotation of the
P�OH group, a variable-temperature NMR spectroscopic
investigation of the neat product, as well as that of dilute
solutions in different kinds of solvents, did not allow the ob-
servation of rotational isomers.


Vibrational spectra : The first IR study on gaseous
(CF3)2POH was performed by Griffiths and Burg more than
40 years ago and its feasible phosphane oxide structure
(CF3)2P(O)H was excluded.[8] One ñ(OH) stretching vibra-
tion was reported at 3620 cm�1 and, based on the wavenum-
ber shifts upon deuteration, the bands at 1054 and 854 cm�1


were assigned as POH bending and P�OH stretching
modes, respectively. Furthermore, the characteristic vibra-
tions of the (CF3)2P group were partly analyzed. Later,
Dobbie and Straughan attributed a doublet splitting of the
E�H stretching and PEH bending modes in (CF3)2PEH
(E = O, S) to rotational isomerism.[13] A temperature effect
on the ñ(OH) bands in the IR spectrum of gaseous
(CF3)2POH was observed and an approximate value of
1 kcalmol�1 for the enthalpy difference between the con-
formers was estimated.
In the following, 1) the complete experimental vibrational


spectra of both rotamers, 2) their predicted vibrational spec-
tra obtained by quantum chemical calculations, and 3) an at-
tempt at photoinduced isomerization of matrix-isolated
(CF3)2POH will be presented.
The gas-phase IR and solid-phase Raman spectra of


(CF3)2POH are depicted in Figure 3. All vibrational data ob-
served in the gas phase, in a neon matrix, and for a liquid
and solid Raman sample are listed in Table 1. The experi-
mental wavenumbers are compared with predicted values
from quantum chemical calculations and a tentative assign-
ment of modes is given. By assuming Cs symmetry for the
rotamers of (CF3)2POH, the 27 fundamentals for each spe-
cies are represented as: Gvib = 15a’+12a’’, in which the a’


Scheme 1. One-step synthesis of (CF3)2POH. R = CF3, C6H4CH3.


Figure 1. Potential energy of (CF3)2POH[14] along the CPOH dihedral
angle.


Figure 2. Rotational isomers of (CF3)2POH. The activation energy of the
interconversion was calculated at the B3PW91/6-311G ACHTUNGTRENNUNG(3d,p) level using
the STQN method.[14]
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in-plane and a’’ out-of-plane modes are all IR and Raman
active. They can be divided into ten stretching, three tor-


sional, and 14 bending modes. The two ñ(OH) bands at 3672
and 3598 cm�1 are due to the two rotamers. Because the
weaker band at 3672 cm�1 increases with increasing temper-
ature at the expense of the band at 3598 cm�1, the weaker
band must belong to the less-stable species. Assignment to
cis or trans is in principle possible by analyzing the gas band
contours. However, all gas band contours were faded and
the less-stable species was found to be the trans rotamer by
using quantum chemical calculations.
Numerous equilibrium mixtures of rotamers have been


studied by using a trapped thermal effusive molecular beam
as an inert gas matrix.[15] If the barrier of rotation in the
molecule is greater than 5 kJmol�1, the conformational equi-
librium is retained in the matrix. The calculated barrier for
the isomerization of trans-(CF3)2POH!cis-(CF3)2POH
amounts to about 15 kJmol�1, independent of the level of
theory. Therefore, both rotamers should be seen in the IR
matrix spectra. However, to our surprise, quenching of dif-
ferent equilibrium mixtures from the gas phase in Ar or Ne
matrices at 12 or 6 K, respectively, yielded matrix-isolated
cis-(CF3)2POH exclusively in each case.


Although (CF3)2POH is a
strong UV absorber (see
Figure 4), photolysis of the ma-
trices led neither to any iso-
mers nor to decomposition
products.
On closer inspection of the


IR spectra of the gaseous
sample at different tempera-
tures, several band shoulders
of variable intensity could be
recognized at ñ = 1034, 845,
453, and 387 cm�1; these are
assigned to the POH motions
of the trans rotamer. For the
cis rotamer, 25 fundamentals
have been observed with ñ4/ñ16
and ñ19/ñ7 found to be acciden-
tally degenerated. The assign-
ment of all fundamentals is
based on comparison with the
calculated band position, in-
tensity, and symmetry class;
characteristic vibrations; as
well as the polarization of
some Raman bands of a liquid
sample. The bands in the range
ñ = 600–100 cm�1 are more or
less coupled and the descrip-
tion of modes is in part arbi-
trary.


Determination of the equilibri-
um : The clearly separated OH
stretching modes at ñ = 3672
and 3598 cm�1 are suitable for


Figure 3. IR spectra of gaseous (CF3)2POH (a = 1.0 mbar, c =


4.4 mbar in a 200 mm path length gas cell at room temperature) and
Raman spectrum of solid (CF3)2POH at �196 8C.


Table 1. Experimental and calculated fundamental wavenumbers (ñ in cm�1) and band intensities (I) of cis-
and trans-(CF3)2POH.


IR gas (I)[a] Ne matrix (I)[b] Raman[c] Calculated[d] Assignment[e]/Approximate
cis/trans cis cis trans cis description of mode


3672 (2.8) 3873(46) trans ñ(OH)
3598 (14) 3592.7 (22) 3784(27) a’ ñ1 ñ(OH)
1211 (35) 1213.0 (81) 1213w 1223(79) 1210 ACHTUNGTRENNUNG(100) a’ ñ2 ñsACHTUNGTRENNUNG(CF3)
1175sh (54) 1175.7 (72) 1199w 1179 ACHTUNGTRENNUNG(100) 1174(95) a’ ñ3 ñas ACHTUNGTRENNUNG(CF3)
1165 (100) 1163.0 (100) 1154m 1170(36) 1162(57) a’ ñ4 ñas ACHTUNGTRENNUNG(CF3)


1154(23) 1156(80) a’’ ñ16 ñsACHTUNGTRENNUNG(CF3)
1149sh (27) 1146.0 (22) 1138(40) 1143(56) a’’ ñ17 ñas ACHTUNGTRENNUNG(CF3)
1120 (34) 1118.1 (50) 1117(71) 1114(37) a’’ ñ18 ñas ACHTUNGTRENNUNG(CF3)
1056 (9) 1057.6 (24) 1083(38) a’ ñ5 d ACHTUNGTRENNUNG(POH)
1034sh (4) 1083(58) trans d ACHTUNGTRENNUNG(POH)
856 (20) 857.2 (36) 868s,p 848(37) a’ ñ6 ñ(PO)
845sh 845w 835(28) trans ñ(PO)
741 (0.6) 741.6 (1) 750 ACHTUNGTRENNUNG(0.5) 744 ACHTUNGTRENNUNG(0.7) a’’ ñ19 dsACHTUNGTRENNUNG(CF3)


745vs,p 745 ACHTUNGTRENNUNG(0.3) 740 ACHTUNGTRENNUNG(0.8) a’ ñ7 dsACHTUNGTRENNUNG(CF3)
566 (1.8) 567.2 (4) 566 m 563 ACHTUNGTRENNUNG(4.1) 564 ACHTUNGTRENNUNG(5.2) a’ ñ8 das ACHTUNGTRENNUNG(CF3)


546m 544 ACHTUNGTRENNUNG(0.2) 542 ACHTUNGTRENNUNG(<0.1) a’ ñ9 das ACHTUNGTRENNUNG(CF3)
539 (0.9) 541.4 (3) 542 ACHTUNGTRENNUNG(0.4) 540 ACHTUNGTRENNUNG(4.0) a’’ ñ20 ñas ACHTUNGTRENNUNG(CPC)


524w 520 ACHTUNGTRENNUNG(0.2) 519 ACHTUNGTRENNUNG(0.9) a’’ ñ21 das ACHTUNGTRENNUNG(CF3)
465 (15) 470.4 (39) 482(48) a’’ ñ22 t ACHTUNGTRENNUNG(POH)
453sh 461 ACHTUNGTRENNUNG(6.8) trans t ACHTUNGTRENNUNG(POH)


456.5 (7) 457s,p 450 ACHTUNGTRENNUNG(5.9) 452 ACHTUNGTRENNUNG(8.3) a’ ñ10 das ACHTUNGTRENNUNG(CF3)
408 (4.5) 413.9 (15) 422 ACHTUNGTRENNUNG(8.3) a’’ ñ23 w ACHTUNGTRENNUNG(POH)
387sh (2) 360 ACHTUNGTRENNUNG(0.3) trans w ACHTUNGTRENNUNG(POH)
361 (2) 370m,p 331(15) 359 ACHTUNGTRENNUNG(3.0) a’ ñ11 1 ACHTUNGTRENNUNG(CF3)
307 (0.5) 281vs,p 276 ACHTUNGTRENNUNG(0.1) 277 ACHTUNGTRENNUNG(0.1) a’ ñ12 ñsACHTUNGTRENNUNG(CPC)


241m 257 ACHTUNGTRENNUNG(2.9) 274 ACHTUNGTRENNUNG(0.1) a’’ ñ24 1 ACHTUNGTRENNUNG(CF3)
236 (1) 214 ACHTUNGTRENNUNG(0.2) 229 ACHTUNGTRENNUNG(3.1) a’’ ñ25 1 ACHTUNGTRENNUNG(CF3)
193 (1) 184vw 182 ACHTUNGTRENNUNG(<0.1) 187 ACHTUNGTRENNUNG(3.6) a’ ñ13 1 ACHTUNGTRENNUNG(CF3)


163 ACHTUNGTRENNUNG(0.2) 160 ACHTUNGTRENNUNG(0.4) a’’ ñ26 1 ACHTUNGTRENNUNG(CPO)
134vw 117 ACHTUNGTRENNUNG(0.3) 123 ACHTUNGTRENNUNG(0.4) a’ ñ14 d ACHTUNGTRENNUNG(CPC)
85w 70 ACHTUNGTRENNUNG(0.2) 77 ACHTUNGTRENNUNG(<0.1) a’ ñ15 t ACHTUNGTRENNUNG(CF3)


17 ACHTUNGTRENNUNG(<0.1) 15 ACHTUNGTRENNUNG(0.1) a’’ ñ27 t ACHTUNGTRENNUNG(CF3)


[a] Position and relative absorbance at band center. [b] Position at the most intensive matrix site. Intensity in-
tegrated over all matrix sites belonging to the respective fundamental. [c] Solid at �196 8C; “p” denotes polar-
ized band of a liquid sample. [d] B3PW91/6-311G ACHTUNGTRENNUNG(3d,p); cis 100% = 277.5 kmmol� ; trans 100% =


338.0 kmmol�1.[14] [e] Assignment for cis conformer. Types of vibration: ñ= stretch, d=bending, t= torsion,
w=out-of-plane deformation, 1= rocking.
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the evaluation of the chemical thermodynamics of the inter-
conversion process, shown in Equation (4):


trans-ðCF3Þ2POH Ð cis-ðCF3Þ2POH ð4Þ


In Figure 5, both gas-phase OH stretching bands at three
different temperatures are depicted. It can be seen that with
increasing temperature the absorption of the high frequency
band increases at the expense of the low frequency band.
Therefore, the peak at 3598 cm�1 must belong to the more
stable cis rotamer, in accordance with quantum chemical
calculations (see above).


The differences in enthalpy and entropy of both rotamers
were determined by the method of vanRt Hoff and Ulrich,
shown in Equation (5):


lnKx ¼ ln
�
xc
xt


�
¼ �DHA


RT
þ DSA


R
ð5Þ


in which c and t denote cis and trans, x the molar fraction,
and K the equilibrium constant. In our experiment, x can be
replaced by the integrated absorbance A and the extinction
coefficient e to give Equation (6):


ln
�
xc
xt


�
¼ ln


�
Ac
At


�
þ ln


�
et
ec


�
ð6Þ


The A values can be measured directly from the spectra,
whereas the ratio of the extinction coefficients (ec /et) is
available only from experiments at different temperatures.
The measured data at seven different temperatures are gath-
ered in Table 2. The total concentration of both rotamers of


(CF3)2POH in the gas cell is proportional to the pressure/
temperature ratio (p/T) and the individual concentrations
are proportional to the absorbance/extinction coefficient
ratio (A/e). Hence, at any temperature and pressure, Equa-
tion (7) is valid:


p
T


� Ac
ec


þAt
et


ð7Þ


which can be rearranged to give Equation (8):


AtT
p


� et�
ðet=ecÞAcT


p
ð8Þ


The normalized integrated absorbances (AT)/p for the OH
stretching bands of both rotamers form a straight line, as
shown in Figure 6, for which the slope et /ec = 1.16. The two
points obtained at the highest and lowest temperature did
not fit the straight line well and have therefore not been
used for the regression. At the highest temperature some
decomposition of the sample occurred and at the lowest
temperature a little sample was deposited on the silicon win-
dows, which disturbed the total concentration of gaseous
(CF3)2POH in the IR beam. The ratio et /ec obtained from
quantum chemical calculations (1.70, cf. Table 1) is notice-
ably larger. The reason for the deviation remains unclear.
With the experimental et /ec ratio on hand, the absorbance
ratio can be converted into the molar ratio (Kp, Table 2) and
the data are plotted in Figure 7. The regression yields DHA =


�5.92�0.14 kJmol�1 and DSA = �7.28 Jmol�1K�1, aver-


Figure 4. UV spectrum of gaseous (CF3)2POH (lmax = 206 nm). s = ab-
sorption cross section.


Figure 5. IR spectra of gaseous (CF3)2POH in the ñ(OH) region at �26,
�9, and +51 8C.


Table 2. Input data for the determination of the equilibrium constants.


T p A[a] Ac/At Kp ln (Kp)
[K] ACHTUNGTRENNUNG[mbar] cis trans


351.1 4.44 7.7668 2.7072 2.87 3.20 1.164
326.2 3.85 8.0598 2.4706 3.26 3.64 1.292
299.9 4.13 9.8155 2.4641 3.98 4.44 1.491
273.7 4.02 1.8545 2.2140 5.12 5.72 1.743
264.1 3.40 9.6301 1.6933 5.69 6.35 1.849
253.8 3.45 9.4117 1.5257 6.17 6.89 1.930
246.9 3.44 10.6461 1.6213 6.57 7.33 1.993


[a] Integrated absorbances for ñ(OH); ñcis = 3598 cm�1, ñtrans =


3672 cm�1.
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aged over the temperature range used. The uncertainty in
DHA is mainly due to errors in the determination of the tem-
perature and of Kp, whereas that for DS


A is due to errors in
the proportionality factor and in DHA.
The reaction enthalpy, DHA, for the conversion of trans-


(CF3)2POH to cis-(CF3)2POH is in excellent agreement with
the predicted (B3PW91/6-311GACHTUNGTRENNUNG(3d,p)) value of
�6.40 kJmol�1. However, the calculated reaction entropy,
DSA, of �3.10 Jmol�1 K�1 is lower than the experimental
value. The calculated entropy difference depends strongly
on the low frequency CF3 torsional vibrations in the two
conformers, with the torsions of the cis species being higher
in frequency on account of its intramolecular hydrogen
bridge. The torsional frequencies are predicted to be in the
range between 10 and 20 cm�1, and thus make contributions
to the entropy of about 30 Jmol�1K�1. Because the calcula-
tion of such low vibrational frequencies is not very reliable,
the calculated entropy difference is not reliable either.


At room temperature (22 8C) the composition in the equi-
librium amounts to 82% cis and 18% trans. These values
were used in the electron-diffraction study.


Structure analysis—electron diffraction : Averaged molecu-
lar intensities in the s ranges of 0.02–0.18 and 0.08–
0.35 pm�1 in steps (Ds) of 0.002 pm�1 (s = (4p/l)sinq/2, l =


electron wavelength, q = scattering angle) are shown in
Figure 8. The radial-distribution function (RDF) was de-


rived by Fourier transformation of these intensities, by ap-
plying an artificial damping function exp ACHTUNGTRENNUNG(�gs2) with g =


19 pm[14] (Figure 9). The experimental RDF is not sensitive
towards the orientation of the O�H bond. The geometric
parameters of the prevailing cis form were refined by least-
squares fitting of the molecular intensities. The overall sym-
metry was constrained to Cs symmetry. Local C3v symmetry
with a possible tilt angle between the C3 axis and the P�C
bond direction was assumed for the CF3 groups. The O�H
bond length and P-O-H angle were not refined. Vibrational
amplitudes were collected in groups according to their cal-


Figure 6. Plot of the integrated absorbances of the ñ(OH) IR bands of cis
(Ac) and trans (At) (CF3)2POH, normalized to the total concentration
(T/p). The slope represents the relative IR intensities of the ñ(OH)
bands.


Figure 7. VanRt Hoff plot of the gas-phase equilibrium of cis/trans-
(CF3)2POH.


Figure 8. Experimental and calculated molecular intensities for long
(above) and short (below) nozzle-to-plate distances and residuals.


Figure 9. Experimental radial-distribution function and difference curve.
The position of important interatomic distances are indicated by vertical
bars.
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culated values. Geometric parameters of the trans conform-
er were tied to those of the cis form by using the calculated
differences. The ratio of both conformers was set to the
value derived from the vibrational data. With these assump-
tions, eight geometric parameters and ten vibrational ampli-
tudes (l1 to l10) were refined simultaneously. The following
correlation coefficients had absolute values larger than 0.7:
CF/FCF = 0.71, OPC/l8 = 0.75, tilt ACHTUNGTRENNUNG(CF3)/l5 = �0.93, and
t ACHTUNGTRENNUNG(CF3)/l9 = 0.82. The results of the least-squares analysis
are given in Table 3 (geometric parameters) and Table 4 (vi-
brational amplitudes) together with the calculated values,
and a molecular model is presented in Figure 10.


Experimental Section


Synthesis of bis(trifluoromethyl)phosphinous acid : p-Toluenesulfonic
acid monohydrate (20 g, 105 mmol), dried at room temperature for 12 h
at 5S10�4 mbar, was suspended in 1,6-dibromohexane (200 mL). After
degassing the resulting brown suspension for one hour under vacuum,
(CF3)2PNEt2


[10] (5.5 g, 23 mmol) was added using a syringe. After stirring
the suspension for 12 h at room temperature, the brown color disap-
peared. The volatile compounds were removed under dynamic vacuum
conditions by using three traps at �30, �78, and �196 8C to separate
minor amounts of the solvent, (CF3)2POH and HCF3. The �78 8C trap
contained 3.7 g (20 mmol, 88%) of a colorless liquid identified as
(CF3)2POH. The product can be stored for several months in sealed glass
ampoules at room temperature and exhibits no sign of decomposition.
NMR (neat, RT): 1H NMR: d = 4.4 ppm (s); 13C NMR: d = 125.7 ppm
(q, d, q) (1J ACHTUNGTRENNUNG(P,C) = 30.0 Hz, 1J ACHTUNGTRENNUNG(C,F) = 320.7 Hz, 3J ACHTUNGTRENNUNG(C,F) = 7.5 Hz); 19F
NMR: d = �69.3 ppm (d); 31P NMR: d = 77.9 ppm (sept) (2J ACHTUNGTRENNUNG(P,F) =


83.1 Hz).


Vibrational spectra : Raman spectra of a liquid and a solid sample were
recorded on an FT-Raman spectrometer (Equinox 55/FRA 106s�1,
Bruker) using a 500 mW Nd:YAG laser (l = 1064 nm), a Si/CaF2 beam
splitter, and a liquid-nitrogen-cooled NIR detector D418-T. The liquid
sample was placed in a sealed 4 mm glass capillary and the solid sample
was condensed as a spot on a nickel finger at �196 8C under high
vacuum. For each spectrum, 128 scans were averaged at an apodized res-
olution of 2 cm�1.


Infrared spectra were measured with an IFS 66v FTIR spectrometer
(Bruker) employing resolutions of 1 or 2 cm�1 using a KBr/Ge or a 6 mm-
Mylar/Ge beamsplitter and DTGS detectors. For each spectrum, 64 scans
were averaged.


Infrared spectra of the gaseous sample in the temperature range �26 to
78 8C were obtained by using a temperature-controlled gas cell with an
optical path length of 20 cm. The double-walled glass cell equipped with
silicon windows (0.5 mm thick) and a Pt-100 temperature sensor was
placed inside the evacuated (<2 mbar) sample chamber of the spectrom-
eter. The cell was filled with (CF3)2POH vapor and evacuated from out-
side the spectrometer. Pressure control was accomplished by the use of a
Baratron pressure transducer (type 122A, 10 mbar, accuracy 10�3 mbar).
Temperature control was achieved to better than 1 8C by a flow of cooled
or heated air. In order to prevent systematic errors in the pressure read-
ings due to decomposition of (CF3)2POH or impurities from the cell, for
each experiment at every temperature, a new sample was taken from the
(CF3)2POH reservoir.


Infrared spectra of matrix-isolated samples of equilibrium mixtures cis/
trans-(CF3)2POH/Ar (or Ne) at different temperatures were obtained by
trapping the molecular beam at 12 or 6 K, respectively. Details of the
matrix-isolation apparatus are given elsewhere.[17,18]


Electron diffraction : Electron diffraction intensities were recorded with a
Gasdiffraktograph KD-G2[19] at 25 and 50 cm nozzle-to-plate distances
and with an accelerating voltage of about 60 kV. The sample was cooled
to �18 8C and the inlet system and nozzle were at room temperature.
The photographic plates were analyzed with an Agfa Duoscan HiD scan-
ner and total-scattering-intensity curves were obtained from the TIFF-
file using the program SCAN3.[20]


Table 3. Experimental and calculated geometric parameters for the cis
conformer.


GED[a] MP2/6-311G ACHTUNGTRENNUNG(3d,p) B3LYP/6-311G ACHTUNGTRENNUNG(3d,p)


P�O 166.1(4) 163.2 162.7
P�C 189.5(3) 188.5 189.9
C�F 133.9(1) 134.5 134.1
O�H 97.0[d] 97.0 96.7
C-P-C 95.4(10) 95.7 96.9
O-P-C 99.8(15) 98.9 99.3
F-C-F 107.6(3) 107.6 107.7
P-O-H 112.2[d] 113.1 113.8
tilt ACHTUNGTRENNUNG(CF3)


[b] 2.9(12) 2.1 3.7
t ACHTUNGTRENNUNG(CF3)


[c] �5.6(39) �2.9 �3.9


[a] ra values in pm and 8. Error limits are 3s values and refer to the last
digit. [b] Tilt angle between C3 axis and P�C bond direction in CPC
plane and away from the opposite P�C bond. [c] Torsional angle of CF3


group. t ACHTUNGTRENNUNG(CF3) = 08 for the exact staggered orientation. A negative value
implies shortening of the F2···F5 distance (see Figure 10 for atom num-
bering). [d] Not refined.


Table 4. Interatomic distances and experimental and calculated vibra-
tional amplitudes (without distances involving hydrogen).[a]


Distance Ampl. (GED) Ampl. (MP2)[a]


C�F 134 4.4(2) l1 4.5
P�C 161 4.4(2) l1 4.4
P�C 190 4.7(4) l2 5.2
F···F 216 5.7(2) l3 5.7
F2···F5 263 43.2 (254) l4 40.1
P···F 264–271 8.1(6) l5 8.2
C···O 269 8.8[b] 8.8
C1···C2 280 8.1(6) l5 7.8
F3···F6 290 43.2 ACHTUNGTRENNUNG(254) l4 41.0
O···F2 292 15.0(16) l6 40.8
C1···F5 303 15.0(16) l6 42.6
O···F1 312 15.0(16) l6 45.2
C1···F6 315 15.0(16) l6 43.6
F2···F6 351 43.2 ACHTUNGTRENNUNG(254) l4 98.8
O···F3 388 10.5(18) l7 15.7
C1···F4 402 17.8 ACHTUNGTRENNUNG(114) l8 11.9
F1···F5 426 13.9(55) l9 22.5
F1···F6 442 13.9(55) l9 24.3
F1···F4 513 9.3(30) l10 10.0


[a] Values in pm, error limits are 3s values. For atom numbering see
Figure 10. Vibrational amplitudes were derived from a calculated (MP2/
6-31G ACHTUNGTRENNUNG(d,p)) force field,[14] using the method of Sipachev.[16] [b] Not re-
fined.


Figure 10. Molecular model with atom numbering.
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Direct Estimate of the Strength of Conjugation and Hyperconjugation by the
Energy Decomposition Analysis Method
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Introduction


Compounds with double bonds that are separated by one
single bond are usually more stable than bond-shifted iso-
mers in which the double bonds are isolated from each


other by more than one single bond. The effect is called
conjugation which is explained in MO theory by p–p* inter-
actions while the same phenomenon is explained in VB
theory in terms of resonance structures. Conjugative interac-
tions play an important role in explaining the geometries
and reactivities of molecules particularly in organic chemis-
try. The remarkably short C�C single bond distance in 1,3-
butadiene is a structural manifestation of conjugation while
1,4-addition to enones is an example of the effect of conju-
gation on the reactivity of molecules. It is important, howev-
er, to recognize that conjugation is just a bonding model
and therefore conjugative stabilization is only a virtual ther-
modynamic quantity that cannot be measured experimental-


Abstract: The intrinsic strength of p in-
teractions in conjugated and hypercon-
jugated molecules has been calculated
using density functional theory by
energy decomposition analysis (EDA)
of the interaction energy between the
conjugating fragments. The results of
the EDA of the trans-polyenes H2C=
CH�ACHTUNGTRENNUNG(HC=CH)n�CH=CH2 (n=1–3)
show that the strength of p conjugation
for each C=C moiety is higher than in
trans-1,3-butadiene. The absolute
values for the conjugation between Si=
Si p bonds are around two-thirds of the
conjugation between C=C bonds but
the relative contributions of DEp to
DEorb in the all-silicon systems are
higher than in the carbon compounds.
The p conjugation between C=C and
C=O or C=NH bonds in H2C=CH�
C(H)=O and H2C=CH�C(H)=NH is
comparable to the strength of the con-
jugation between C=C bonds. The p


conjugation in H2C=CH�C(R)=O de-
creases when R=Me, OH, and NH2


while it increases when R=halogen.


The hyperconjugation in ethane is
around a quarter as strong as the p


conjugation in ethyne. Very strong hy-
perconjugation is found in the central
C�C bonds in cubylcubane and tetra-
hedranyltetrahedrane. The hyperconju-
gation in substituted ethanes X3C�CY3


(X,Y=Me, SiH3, F, Cl) is stronger than
in the parent compound particularly
when X,Y=SiH3 and Cl. The hyper-
conjugation in donor–acceptor-substi-
tuted ethanes may be very strong; the
largest DEp value was calculated for
(SiH3)3C�CCl3 in which the hypercon-
jugation is stronger than the conjuga-
tion in ethene. The breakdown of the
hyperconjugation in X3C�CY3 shows
that donation of the donor-substituted
moiety to the acceptor group is as ex-
pected the most important contribution


but the reverse interaction is not negli-
gible. The relative strengths of the p in-
teractions between two C=C double
bonds, one C=C double bond and CH3


or CMe3 substituents, and between two
CH3 or CMe3 groups, which are sepa-
rated by one C�C single bond, are in a
ratio of 4:2:1. Very strong hyperconju-
gation is found in HC�C�C ACHTUNGTRENNUNG(SiH3)3 and
HC�C�CCl3. The extra stabilization of
alkenes and alkynes with central multi-
ple bonds over their terminal isomers
coming from hyperconjugation is
bigger than the total energy difference
between the isomeric species. The hy-
perconjugation in Me�C(R)=O is half
as strong as the conjugation in H2C=
CH�C(R)=O and shows the same
trend for different substituents R.
Bond energies and lengths should not
be used as indicators of the strength of
hyperconjugation because the effect of
s interactions and electrostatic forces
may compensate for the hyperconjuga-
tive effect.
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ly. The strength of conjugative interactions can only be de-
termined with respect to a reference system. Although the
choice of the reference system is somewhat arbitrary, a plau-
sible and well-defined system can be helpful in establishing
a relative scale for the strength of conjugative interactions.
Conjugation also leads to the delocalization of electronic


charge which has been the topic of intensive theoretical and
experimental research.[1] This work, however, is concerned
with the energetic consequences of conjugative interactions.
The most common approach to the estimation of conjuga-
tive stabilization is based on the initial suggestion of Kistia-
kowsky and co-workers[2] in 1936 to correlate stabilization
with reaction energies. For example, the conjugative stabili-
zation in 1,3-butadiene may be estimated as the difference
between the first and second hydrogenation energies [Reac-
tion (1)].


The first step of the hydrogenation reaction (1) is less exo-
thermic than the second step[3] because in the latter process
there is no loss of p conjugation. There are two problems
with the above definition of conjugative stabilization. First,
the products and educts in reaction (1) differ not only as a
result of the p interactions between the double bonds but
also because the s bonds change during the reaction. Sec-
ondly, although there are no conjugating double bonds in 1-
butene there are p interactions between the C=C p bond
and the p orbitals of the ethyl group and this effect is
known as hyperconjugation. The latter interaction is often
neglected but it can significantly influence the structures
and reaction energies of molecules. A recent example is the
heat of hydrogenation of 1,3-butadiyne [reaction (2)].


The two steps of this hydrogenation reaction have nearly
identical energies which led to the suggestion that there is
no conjugation in 1,3-butadiyne.[4] This statement is not jus-
tified. It has been shown that as expected p conjugation in
1,3-butadiyne is even larger than in 1,3-butadiene when hy-
perconjugation is included in the analysis of the p interac-
tions.[5] This can be done for example by using isodesmic re-
actions (3) and (4) to estimate thermodynamic stabilization
through hyperconjugation in 1-butene and 1-butyne.


However, the latter approach has the same problem as
the use of reactions (1) and (2) for estimating the strength
of the p conjugation in 1,3-butadiene and 1,3-butadiyne be-
cause the s bonds of the products and educts are not the
same. It would be helpful if a reference system could be
chosen which makes it possible to directly estimate the
strength of p interactions, that is, conjugation and hypercon-
jugation, in molecules that are not considerably different
from the investigated species. Energy decomposition analy-
sis (EDA), which was developed by Ziegler and Rauk[6] fol-
lowing a similar procedure suggested by Morokuma,[7] is a
method that uses only the p orbitals of the interacting frag-
ments in the geometry of the molecule for estimating p in-
teractions.
EDA[8] has proven a powerful tool for improving the un-


derstanding of the nature of the bonding in main-group[9]


and transition-metal compounds.[10] Since the method has
been discussed in detail previously[8–10] we shall describe the
concept only briefly. In EDA, bond formation between the
interacting fragments is divided into three steps that can be
interpreted in a plausible way. In the first step the frag-
ments, which are calculated using the frozen geometry of
the entire molecule, are superimposed without electronic re-
laxation to yield the quasiclassical electrostatic attraction
DEelstat. In the second step the product wave function is anti-
symmetrized and renormalized, which gives the repulsive
term DEPauli, termed the Pauli repulsion. In the third step
the molecular orbitals relax to their final form to yield the
stabilizing orbital interaction DEorb. The latter term can be
divided into contributions of orbitals with different symme-
try. This third step is crucial for the present study. The sum
of the three terms DEelstat+DEPauli+DEorb gives the total in-
teraction energy DEint. Note that the latter is not the same
as the bond dissociation energy because the relaxation of
the fragments is not considered in DEint. The interaction
energy, DEint, together with the term DEprep, which is the
energy necessary to promote the fragments from their equi-
librium geometry to the geometry in the compounds, can be
used to calculate the bond dissociation energy, �De=


DEprep+DEint. Further details about EDA can be found in
the literature.[8]


In recent communications we reported on the energy de-
composition analysis of the p interactions in 1,3-butadiene,
1,3-butadiyne, and related systems[11] and we compared the
calculated strength of the p conjugation in meta- and para-
substituted benzylic cations and anions by using Hammett s
parameters.[12] Herein we report on a systematic study of the
strength of the p conjugation and hyperconjugation in a vari-
ety of acyclic molecules. (Related work in which we analyze
conjugation and hyperconjugation in cyclic molecules is in
progress.) We analyze the p conjugation in the homologous
series of four conjugated polyenes from trans-1,3-butadiene
to all-trans-1,3,5,7,9-decapentaene. The p conjugation be-
tween C=C, Si=C, and Si=Si is compared through analysis of
the EDA data for 1,3-butadiene and its mono-, di- and tetra-
sila analogues. We have also calculated the strength of the p


conjugation between C=C and C=O bonds in the enone sys-
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tems H2C=CH�C(R)=O, where R=H, Me, OH, NH2, F, Cl,
Br, and I, and in H2C=CH�C(H)=NH. Hyperconjugation
has been analyzed in symmetrically and unsymmetrically
substituted ethane molecules X3C�CY3, where X,Y=H, Me,
SiH3, F, and Cl. The strength of the p interactions in H2C=
C(H)�CX3 and HC�C�CX3 has been calculated for X=H,
Me, SiH3, F, and Cl. Finally we present the EDA results for
the hyperconjugation between the methyl group and the C=
O p bond in the carbonyl compounds Me�C(R)=O, where
R=H, Me, OH, NH2, F, Cl, Br, and I, and for the hypercon-
jugation in Me�C(H)=NH. The interacting fragments used
in the EDA calculations are the open-shell species that
result from cleavage of the s bond(s) between them.


Computational Details


The geometries of the molecules were optimized at the nonlocal DFT
level of theory using BeckeMs exchange functional[13] in conjunction with
PerdewMs correlation functional[14] (BP86). Uncontracted Slater-type orbi-
tals (STOs) were employed as basis functions in SCF calculations.[15]


Triple-z-quality basis sets were used which were augmented by two sets
of polarization functions, that is, p and d functions for the hydrogen atom
and d and f functions for the other atoms. This level of theory is denoted
as BP86/TZ2P. Most of our previous work was carried out at the BP86/
TZ2P level of theory and may therefore be used to estimate the perform-
ance of the level of theory.[9–12] An auxiliary set of s, p, d, f, and g STOs
was used to fit the molecular densities and to represent the Coulomb and
exchange potentials accurately in each SCF cycle.[16] All structures were
verified as minima on the potential-energy surface by calculating the
Hessian matrices. The calculations were carried out using the ADF-
ACHTUNGTRENNUNG(2003.1) program package.[8b]


The open-shell fragments for the EDA can only be calculated with the
ADF program by using the restricted formalism while for the optimiza-
tion of the fragments the unrestricted formalism is used. The energy dif-
ferences between the restricted and unrestricted calculations were always
<1 kcalmol�1 and are incorporated into the DEprep values.


Results and Discussion


Conjugation : Table 1 gives the EDA results for an homolo-
gous series of four conjugated polyenes, trans-1,3-butadiene


to all-trans-1,3,5,7,9-decapentaene, in which one terminal
vinyl fragment interacts with the rest of the species. The in-
teracting fragments were calculated in all cases in the elec-
tronic doublet state with the unpaired electron in a s orbital.
The calculated energies exhibit a smooth trend with the ab-
solute values of the interaction energy DEint and of the con-
tributing energy terms DEelstat, DEPauli, and DEorb increasing
with longer chain length in agreement with the shortening
of the C2�C3 bond. The s and p contributions to the orbital
interactions also increase from left to right. The increase in
the energy contribution is strongest when the number of
conjugating double bonds increases from one to two while it
falls off as the number of conjugating moieties becomes
larger. Note that the relative contribution of DEp to DEorb


also increases from 8.6% in 1,3-butadiene to 10.0% in all-
trans-1,3,5,7,9-decapentaene. Note also that the increase in
DEp is very similar to the increase in the overall interaction
energy DEint although the absolute values of the former are
much smaller than those of DEint and the other terms. This
provides a hint as to why many properties such as the exci-
tation energy and absorption spectra of conjugated polyenes
can be modeled by considering only the p electrons.[17]


We also investigated the p conjugation in the four poly-
enes using the conjugating C=C moieties as fragments when
they simultaneously interact with each other. The terminal
·HC=CH2 fragments were calculated in the electronic dou-
blet state (with the unpaired electron in a formally sp2-hy-
bridized orbital) while the central ·HC=CH· fragments were
calculated as open-shell triplets. The EDA results are given
in Table 2.
As expected, the absolute values of the energy terms in-


crease as the number of conjugating moieties rises from n=
2 (trans-1,3-butadiene) to n=5 (all-trans-1,3,5,7,9-decapen-
taene). However, analysis of the calculated numbers reveals
some interesting trends. The interaction energies rise more
than just linearly as n increases. The polyenes experience an
extra stabilization which is given by the DEintACHTUNGTRENNUNG(extra) values
shown in Table 2. What is striking is the finding that the in-
crease in the extra stabilization is very similar to the in-
crease in the p conjugation which is given by the DDEp


values. Note that the DEp


values contribute only 8.6–
10.2% to the orbital interac-
tions DEorb which in turn pro-
vide only ~56% of the attrac-
tive interactions. Although the
p-orbital interactions are only a
minor contributor to the total
binding they correlate very
strongly with the overall trend
shown by DEint.
Next we investigated the


strength of the p conjugation in
the silicon analogues of 1,3-bu-
tadiene in which up to four of
the carbon atoms are substitut-
ed by silicon. The conjugation


Table 1. EDA results for alkenes using two fragments.[a]


symmetry C2h C2h C2h C2h


DEint �128.5 �132.1 �133.0 �133.4
DDEint


[b] �3.6 �0.9 �0.4
DEPauli 268.4 271.3 272.4 273.0
DEelstat


[c] �169.9 (42.8%) �172.4 (42.7%) �173.0 (42.7%) �173.4 (42.7%)
DEorb


[c] �227.5 (57.2%) �231.1 (57.3%) �232.3 (57.3%) �233.0 (57.3%)
DEs


[d] �207.5 (91.4%) �209.0 (90.5%) �209.4 (90.1%) �209.6 (90.0%)
DEp


[d] �19.5 (8.6%) �22.0 (9.5%) �23.0 (9.9%) �23.4 (10.0%)
DDEp


[b] �2.5 �1.0 �0.4
DEprep 13.0 13.4 13.6 13.7
DE (=�De) �115.5 �118.7 �119.4 �119.7
r ACHTUNGTRENNUNG(C2�C3) [O] 1.453 1.444 1.441 1.439


[a] Energy values in kcalmol�1. [b] The DDE values give the difference in energy with the preceding molecule.
[c] The percentage values in parentheses give the contribution to the total attractive interactions, DEelstat+


DEorb. [d] The percentage values in parentheses give the contribution to the total orbital interactions, DEorb.
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between the Si=C and C=C p bonds in 1-sila- and 2-sila-1,3-
butadiene has already been addressed in a theoretical study
by Trinquier and Malrieu.[18] These workers compared the p


conjugation in the silabutadienes with that in the parent
compound 1,3-butadiene but it was not clear if the former
compounds have stronger or weaker p interactions than the
latter. They used a model proposed by Daudey et al.[19] in
which the Hartree–Fock p orbitals of the dienes are re-
placed by appropriate nonresonating localized p MOs in the
field of the s SCF distributions. This method gave resonance
energies of 10.3 kcalmol�1 for 1,3-butadiene, 13.7 kcalmol�1


for 1-sila-1,3-butadiene and 28.3 kcalmol�1 for 2-sila-1,3-bu-
tadiene. Isodesmic reactions of these three compounds
yielded a completely different order for the strength of the
conjugation which was estimated as 11.6 kcalmol�1 for 1,3-


butadiene, 5.7 kcalmol�1 for 1-
sila-1,3-butadiene and only
0.2 kcalmol�1 for 2-sila-1,3-bu-
tadiene.[18] We decided to tackle
the unresolved question about
the strength of the p conjuga-
tion and we extended the scope
of the study to di-, tri-, and tet-
rasila-1,3-butadiene. A substi-
tuted derivative of tetrasila-1,3-
butadiene with bulky Tip
groups (Tip=2,4,6-triisopropyl-
phenyl) has been synthesized
and structurally characterized
by X-ray diffraction by Weiden-
bruch et al.[20] but the other sili-
con homologs are only known
as unstable intermediates.[21] In-
terestingly, the tetrasila-1,3-bu-
tadiene adopts an s-gauche ge-
ometry rather than the trans


form which is found for most analogous carbon com-
pounds.[20]


Table 3 gives the EDA results for 1,3-butadiene and its sil-
icon analogues. We calculated the planar cis and trans forms
of 1,3-butadiene. The calculated data indicate that the p


conjugation in trans-1,3-butadiene (19.5 kcalmol�1) is slight-
ly stronger than in cis-1,3-butadiene (17.2 kcalmol�1) which
can be explained by the shorter C2�C3 bond length of the
latter species. Note that planar cis-1,3-butadiene is not a
minimum on the PES. Steric repulsion between the terminal
methylene groups leads to twisting about the central C2�C3
bond yielding an s-gauche form that is 0.31 kcalmol�1 lower
in energy than the planar cis form but 3.70 kcalmol�1 less
stable than the planar trans form. This is in agreement with
experimental results[22] and with previous theoretical


Table 2. EDA results for alkenes using nC2 fragments (n=2– 5).
[a]


symmetry C2h C2h C2h C2h


DEint �128.5 �278.9 �429.9 �581.3
DEint ACHTUNGTRENNUNG(extra)


[b] – �21.9 �22.5 �22.9
DEPauli 268.4 501.0 737.2 976.1
DEelstat


[c] �169.9 (42.8%) �340.2 (43.6%) �512.5 (43.9%) �686.0 (44.0%)
DEorb


[c] �227.5 (57.2%) �439.7 (56.4%) �654.6 (56.1%) �871.4 (56.0%)
DEs


[d] �207.5 (91.4%) �398.3 (90.6%) �589.8 (90.1%) �782.1 (89.7%)
DEp


[d] �19.5 (8.6%) �41.4 (9.4%) �64.9 (9.9%) �89.3 (10.2%)
DDEp


[e] �19.5 �21.9 �23.5 �24.4
DEprep 13.0 17.4 22.7 27.8
DE (=�De) �115.5 �261.1 �407.2 �553.5
r ACHTUNGTRENNUNG(C�C)[f] [O] 1.453 1.444 C2�C3: 1.441 C2�C3: 1.439


C4�C5: 1.432 C4�C5: 1.428


[a] Energy values in kcalmol�1. [b] Extra stabilization with respect to the sum of the DEint values of the pre-
ceding molecule and 1,3-butadiene. [c] The percentage values in parentheses give the contribution to the total
attractive interactions DEelstat+DEorb. [d] The percentage values in parentheses give the contribution to the
total orbital interactions DEorb. [e] Increase of DEp with respect to the preceding molecule. [f] Length of the
conjugating C�C bond.


Table 3. EDA results for sila-1,3-butadienes. The interacting fragments are the terminal C=C, C=Si, or Si=Si species.[a]


trans cis 1 2 3 3’ 4 5 6 trans-7 cis-7


symmetry C2h C2v Cs Cs C2h Cs Cs C2h C2h C2v


DEint �128.5 �125.7 �131.3 �102.5 �135.7 �134.6 �110.8 �98.8 �79.5 �79.0 �77.8
DEPauli 268.4 257.4 263.8 176.9 263.9 244.0 177.5 172.4 107.2 109.3 105.6
DEelstat


[b] �169.9 �163.1 �160.4 �128.5 �152.9 �144.0 �125.6 �120.9 �88.8 �81.9 �78.6
ACHTUNGTRENNUNG(42.8%) ACHTUNGTRENNUNG(42.6%) ACHTUNGTRENNUNG(40.6%) ACHTUNGTRENNUNG(46.0%) ACHTUNGTRENNUNG(38.3%) ACHTUNGTRENNUNG(38.0%) ACHTUNGTRENNUNG(43.6%) ACHTUNGTRENNUNG(44.6%) ACHTUNGTRENNUNG(47.5%) ACHTUNGTRENNUNG(43.5%) ACHTUNGTRENNUNG(42.9%)


DEorb
[b] �227.5 �220.0 �234.6 �150.9 �246.7 �234.6 �162.7 �150.3 �98.0 �106.4 �104.8


ACHTUNGTRENNUNG(57.2%) ACHTUNGTRENNUNG(57.4%) ACHTUNGTRENNUNG(59.4%) ACHTUNGTRENNUNG(54.0%) ACHTUNGTRENNUNG(61.7%) ACHTUNGTRENNUNG(62.0%) ACHTUNGTRENNUNG(56.4%) ACHTUNGTRENNUNG(55.4%) ACHTUNGTRENNUNG(52.5%) ACHTUNGTRENNUNG(56.5%) ACHTUNGTRENNUNG(57.1%)
DEs


[c] �207.5 �202.7 �209.9 �138.9 �213.9 �205.1 �146.4 �136.9 �89.2 �93.7 �93.0
ACHTUNGTRENNUNG(91.4%) ACHTUNGTRENNUNG(92.2%) ACHTUNGTRENNUNG(89.5%) ACHTUNGTRENNUNG(92.1%) ACHTUNGTRENNUNG(86.7%) ACHTUNGTRENNUNG(87.4%) ACHTUNGTRENNUNG(89.9%) ACHTUNGTRENNUNG(91.1%) ACHTUNGTRENNUNG(91.0%) ACHTUNGTRENNUNG(88.1%) ACHTUNGTRENNUNG(88.7%)


DEp
[c] �19.5 �17.2 �24.8 �12.0 �32.8 �29.5 �16.4 �13.4 �8.8 �12.6 �11.8


ACHTUNGTRENNUNG(8.6%) ACHTUNGTRENNUNG(7.8%) ACHTUNGTRENNUNG(10.5%) ACHTUNGTRENNUNG(7.9%) ACHTUNGTRENNUNG(13.3%) ACHTUNGTRENNUNG(12.6%) ACHTUNGTRENNUNG(10.1%) ACHTUNGTRENNUNG(8.9%) ACHTUNGTRENNUNG(9.0%) ACHTUNGTRENNUNG(11.9%) ACHTUNGTRENNUNG(11.3%)
DEprep 13.0 14.2 17.7 8.2 2.6 21.9 11.5 8.3 2.9 3.1 3.3
DE (=�De) �115.5 �111.5 �113.6 �94.3 �133.1 �112.7 �99.3 �90.5 �76.6 �75.9 �74.5
r ACHTUNGTRENNUNG(X�X’) [O][d] 1.453 1.469 1.442 1.844 1.424 1.453 1.817 1.845 2.299 2.274 2.284


[a] Energy values in kcalmol�1. [b] The percentage values in parentheses give the contribution to the total attractive interactions DEelstat+DEorb. [c] The
percentage values in parentheses give the contribution to the total orbital interactions DEorb. [d] Interatomic distance between the central atoms X and
X’.
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work.[23] The gauche form has C2 symmetry and therefore s–
p mixing takes place. The calculated p conjugation in the
planar cis form may be used as a reference value which
serves as an upper limit of the conjugation in the s-gauche
form.
The strength of the p conjugation in trans-1-sila-1,3-buta-


diene (1) is clearly larger (24.8 kcalmol�1) than in trans-1,3-
butadiene while the p conjugation in trans-2-sila-1,3-buta-
diene (2) (12.0 kcalmol�1) is significantly weaker than in
both trans-1,3-butadiene and 2. The change in the p conju-
gation can be explained by the polarization of the C=Si p
bond towards the more electronegative carbon atom which
yields a stronger p interaction when the C=Si p bond is
bonded with the carbon end next to the C=C p bond rather
than with the silicon end and by the shorter (longer) central
bond in 1 (2). The EDA data for the strength of the p conju-
gation DEp in 1 and 2 are at variance with the trends pre-
dicted by Trinquier and Malrieu.[18] We think that the pres-
ent values are more reasonable when one considers the po-
larization of the p orbitals.
The change in the central bond length and the polariza-


tion of the C=Si p bond also accounts for the EDA data for
the p conjugation in trans-disila-1,3-butadienes 3–6. trans-
1,4-Disila-1,3-butadiene (3) has the largest DEp value
(32.8 kcalmol�1) of the series while its isomer trans-2,3-
disila-1,3-butadiene (6) has the smallest DEp value (8.8 kcal
mol�1). We calculated the p conjugation in compound 3’
which was optimized using the same C2�C3 bond length as
that in trans-1,3-butadiene in order to address the question
of how much of the increase in the strength of the p conju-
gation comes from the shorter carbon�carbon bond in 3.
The data in Table 3 show that the stronger p conjugation in
the latter compound comes mainly from the substitution of
the terminal carbon atoms by silicon which yields an in-
crease of 10.0 kcalmol�1 when one goes from trans-1,3-buta-
diene (19.5 kcalmol�1) to 3’ (29.5 kcalmol�1). The shortening
of the central carbon�carbon bond from 3’ to 3 enhances
the p conjugation by only 3.3 kcalmol�1. It follows that the
nature of the terminal groups in the homologs of 1,3-buta-
diene is more important for the strength of the p conjuga-
tion than the central bond length. The same conclusion
comes from a comparison of the DEp values of 2 and 5. The
latter compound has stronger p conjugation (13.4 kcalmol�1)
than the former (12.0 kcalmol�1) although the central bond
in 5 (1.845 O) is a little longer than that in 2 (1.844 O).
As expected, substitution of the terminal carbon atoms in


6 by silicon atoms to yield 7 enhances the p conjugation.
The p conjugation in the tetrasila-1,3-butadiene species cis-7
(11.8 kcalmol�1) is slightly weaker than in trans-7 (12.6 kcal
mol�1), as was found in the parent carbon system. The abso-
lute DEp values for the all-silicon systems cis-7 and trans-7
are about two-thirds of the values for 1,3-butadiene. Note
that the relative contribution of the p conjugation to the
total orbital interactions, which is given by the percentage
values of DEp, is higher for tetrasila-1,3-butadiene than for
1,3-butadiene. Thus, p conjugation plays an as important
role in the silicon analogues of 1,3-butadiene as in the


parent system. The same conclusion was drawn from the ex-
perimental data for hexaACHTUNGTRENNUNGaryl-substituted cis-tetrasila-1,3-bu-
tadiene. The electronic spectrum of the latter compound ex-
hibits a significant bathochromic shift compared with persi-
lylated disilenes and the central (terminal) Si�Si bonds are
shorter (longer) than typical silicon–silicon single (double)
bonds.[20]


The trans form of tetrasila-1,3-butadiene is 1.39 kcalmol�1


lower in energy than the cis form which is less than the dif-
ference in energy between trans- and cis-1,3-butadiene
(4.01 kcalmol�1). Relaxation of the C2v geometry constraints
to yield the s-gauche energy minima showed that the latter
form is lower in energy than the cis form of 1,3-butadiene
by 0.31 kcalmol�1 and 1.64 kcalmol�1 lower than the trans
isomer of tetrasila-1,3-butadiene. This means that the s-
gauche form becomes the global energy minimum of the
latter species while it remains higher in energy than the
trans form of 1,3-butadiene.
The remaining EDA data for 1,3-butadiene and its silicon


homologs in Table 3 give further useful information about
the nature of the central bond. Although this paper focuses
on p conjugation we will briefly discuss the results in the
context of this bond. Note that the nature of the central
bond changes very little when one compares 1,3-butadiene
with tetrasila-1,3-butadiene. The relative contributions of
the quasiclassical electrostatic DEelstat and orbital DEorb


terms to the attractive interactions are nearly the same
while the p conjugation is slightly greater in the latter
system. The orbital interactions are enhanced while the elec-
trostatic attraction is weakened when one goes from trans-
1,3-butadiene to trans-1,4-disila-1,3-butadiene (3) which is
mainly due to the increase in the p conjugation (Table 3).
But p conjugation is not always the most important factor
that explains the change in the bonding interactions. Com-
pounds 4 and 5 have a central Si�C bond in which conjuga-
tion takes place either between a Si=Si bond and a C=C
bond (5) or between two Si=C bonds (4). Table 3 shows that
the stronger overall attraction in the latter compound
(DEint=�110.8 kcalmol�1) relative to the former species
(DEint=�98.8 kcalmol�1) comes mainly from the s interac-
tions which increase by 9.5 kcalmol�1 and not from the p in-
teractions which increase by only 3.0 kcalmol�1.
Next we discuss the EDA results for the enone and eni-


mine compounds given in Table 4. The p conjugation in the
parent enone system 2-propenal is slightly stronger
(20.5 kcalmol�1) than in trans-1,3-butadiene (19.5 kcalmol�1)
although the bond length of the conjugating C2�C3 bond in
the former compound is longer (1.474 O) than in the latter
(1.453 O). Substitution of the a hydrogen atom in the
former molecule by methyl, hydroxy, or amine groups leads
to slightly weaker p conjugation for vinyl methyl ketone
(18.0 kcalmol�1), propenoic acid (18.4 kcalmol�1), and pro-
penamide (15.6 kcalmol�1). It follows that a-hydrogen sub-
stitution in 2-propenal by the p-donor ligands OH and NH2


weakens the p conjugation in the parent enone system. This
is not the case for substitution with halogen atoms F, Cl, Br,
and I, which are also p-donor ligands. Table 4 shows that the
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p conjugation in propenoyl fluoride (20.6 kcalmol�1) and
particularly in the analogous compounds with heavier halo-
gen atoms [chlorine (21.1 kcalmol�1), bromine (21.4 kcal
mol�1), and iodine (21.4 kcalmol�1)] is stronger than in 2-
propenal. The change in p conjugation that occurs with the
halogenide atoms does not result from a change in the C2�
C3 bond length of the conjugation bond which remains
nearly the same as in the parent system. Table 4 also shows
that the p conjugation in propenimine is stronger (20.1 kcal
mol�1) than in trans-1,3-butadiene (19.5 kcalmol�1) but
weaker than in 2-propenal (20.5 kcalmol�1).
The DEp data for the enone molecules H2C=CH�C(R)=O


provide a scale which shows how much a substituent R en-
hances or weakens the p conjugation between the C=C and
C=O moieties. Another scale for estimating substituent ef-
fects on conjugation has been derived from experimental
data by Hammett.[24] Hammett analyzed the rate of hydroly-
sis of benzoic acids carrying a substituent R in the para posi-
tion. Hammett parameters are now widely used in organic
chemistry.[25] We have recently shown that HammettMs sp pa-
rameters correlate very well with the DEp values of benzylic
cations and anions.[12] We were curious to find out whether
there is also a correlation between HammettMs sp parameters
and the DEp data of the enone molecules H2C=CH�C(R)=
O. Figure 1 shows that there is indeed a linear correlation
(correlation coefficient �0.97 and standard deviation 0.54)
which suggests that the electronic effect of the substituents
R on p conjugation in homo- and heteroconjugated systems
is similar and thus appears to be rather independent of the
nature of the conjugating system.


Hyperconjugation : Hyperconjugation is the interaction be-
tween orbitals having p symmetry where at least one of the
p orbitals is located at an atom that does not have a multi-
ple bond. Figure 2a and b show the case in which the p orbi-
tal of a C=C double bond interacts with the p orbital of a
CR3 group. Hyperconjugation has two components, namely


C=C!CR3 donation (Figure 2a), which is also called posi-
tive hyperconjugation, and C=C !CR3 back-donation (Fig-
ure 2b), which is usually called negative hyperconjugation.[26]


The latter interaction is particularly important when the sa-
turated donor group carries an electron lone-pair. Negative
hyperconjugation is also very important for explaining the
anomeric effect.[27]


Hyperconjugation also operates in saturated systems like
ethane that have p orbitals (Figure 2c and d). Hyperconju-
gation may also take place between orbitals that have
pseudo-p symmetry, as shown in Figure 2a’–d’. Figure 2a’
and b’ schematically show the relevant orbitals of C=C�CR3


in which one of the C�R bonds is in the plane of the C=C
orbital which now has only local p symmetry. The interact-
ing acceptor and donor orbitals of the CR3 group have s*
and s symmetry, respectively. The hyperconjugation shown
in Figure 2a’ is therefore named a p!s* interaction while
the situation shown in Figure 2b’ is called a s!p* interac-


Table 4. EDA results for enone and enimine compounds. The interacting fragments are the terminal C=C and C=O (C=N) moieties.[a]


R=H R=Me R=OH R=NH2 R=F R=Cl R=Br R= I


symmetry C2h Cs Cs Cs Cs Cs Cs Cs Cs Cs


DEint �128.5 �104.9 �101.4 �111.7 �102.4 �114.0 �104.8 �101.1 �95.3 �111.7
DEPauli 268.4 324.3 317.8 296.2 302.7 295.4 310.1 316.8 327.1 316.3
DEelstat


[b] �169.9 �186.9 �186.1 �176.6 �178.7 �173.6 �171.5 �168.3 �167.2 �187.6
ACHTUNGTRENNUNG(42.8%) ACHTUNGTRENNUNG(43.5%) ACHTUNGTRENNUNG(44.4%) ACHTUNGTRENNUNG(43.3%) ACHTUNGTRENNUNG(44.1%) ACHTUNGTRENNUNG(42.4%) ACHTUNGTRENNUNG(41.3%) ACHTUNGTRENNUNG(40.3%) ACHTUNGTRENNUNG(39.6%) ACHTUNGTRENNUNG(43.8%)


DEorb
[b] �227.5 �242.3 �233.2 �231.3 �226.4 �235.7 �243.3 �249.6 �255.2 �240.4


ACHTUNGTRENNUNG(57.2%) ACHTUNGTRENNUNG(56.5%) ACHTUNGTRENNUNG(55.6%) ACHTUNGTRENNUNG(56.7%) ACHTUNGTRENNUNG(55.9%) ACHTUNGTRENNUNG(57.6%) ACHTUNGTRENNUNG(58.7%) ACHTUNGTRENNUNG(59.7%) ACHTUNGTRENNUNG(60.4%) ACHTUNGTRENNUNG(56.2%)
DEs


[c] �207.5 �221.8 �215.1 �212.9 �210.8 �215.1 �222.2 �228.2 �233.8 �220.3
ACHTUNGTRENNUNG(91.4%) ACHTUNGTRENNUNG(91.6%) ACHTUNGTRENNUNG(92.3%) ACHTUNGTRENNUNG(92.1%) ACHTUNGTRENNUNG(93.1%) ACHTUNGTRENNUNG(91.3%) ACHTUNGTRENNUNG(91.3%) ACHTUNGTRENNUNG(91.4%) ACHTUNGTRENNUNG(91.6%) ACHTUNGTRENNUNG(91.7%)


DEp
[c] �19.5 �20.5 �18.0 �18.4 �15.6 �20.6 �21.1 �21.4 �21.4 �20.1


ACHTUNGTRENNUNG(8.6%) ACHTUNGTRENNUNG(8.4%) ACHTUNGTRENNUNG(7.7%) ACHTUNGTRENNUNG(7.9%) ACHTUNGTRENNUNG(6.9%) ACHTUNGTRENNUNG(8.7%) ACHTUNGTRENNUNG(8.7%) ACHTUNGTRENNUNG(8.6%) ACHTUNGTRENNUNG(8.4%) ACHTUNGTRENNUNG(8.3%)
DEprep 13.0 7.6 9.0 9.1 9.1 8.7 9.1 9.4 10.3 10.2
DE (=�De) �115.5 �97.2 �92.4 �102.6 �93.3 �105.3 �95.7 �91.7 �85.1 �101.5
r ACHTUNGTRENNUNG(C2�C3) [O][d] 1.453 1.474 1.489 1.480 1.495 1.471 1.474 1.474 1.475 1.465


[a] Energy values in kcalmol�1. [b] The percentage values in parentheses give the contribution to the total attractive interactions DEelstat+DEorb. [c] The
percentage values in parentheses give the contribution to the total orbital interactions DEorb. [d] Length of the conjugating C�C bond.


Figure 1. Plot of DEp values versus Hammett sp constants.
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tion. The latter description becomes important, for example,
in systems that exhibit strong negative hyperconjugation
such as CH3CH2X, where X is a particularly strong donor
such as an electron lone-pair or a lithium atom.[28] In our
work we studied only the hyperconjugation that results from
genuine p interactions.
The strength of the hyperconjugation in ethane was the


topic of a recent controversy.[29] It has been suggested that
the staggered geometry of ethane is caused by hyperconju-
gation rather than steric repulsion.[29a,c] Although this view
was rejected by other workers[29b,d] there was agreement that
hyperconjugation even in saturated systems is important.
Therefore we carried out a systematic EDA of the strength
of hyperconjugation in saturated and unsaturated com-
pounds.


We first discuss the EDA results for the ethane com-
pounds X3C�CX3, where X=H, Me, SiH3, F, and Cl, which
are given in Table 5. The EDA data suggest that the orbital
interactions provide 52–58% of the attractive C�C interac-
tions while the electrostatic bonding contributes between
42–48%. Note that the relaxation of the CX3 fragments
after breaking the X3C�CX3 bond varies between 5.3 and
39.7 kcalmol�1 which means that the bond dissociation
energy (BDE) may not correlate well with the intrinsic
carbon–carbon interactions. For example, the DEint values
for Me3C�CMe3 (�93.2 kcalmol�1) and F3C�CF3
(�92.4 kcalmol�1) are very similar but the BDE value of the
latter molecule (87.1 kcalmol�1) is much higher than that of
the former (63.0 kcalmol�1) because C2F6 has a very small
DEprep value (Table 5).
The X3C�CX3 molecules were optimized with D3d symme-


try. The EDA was carried out with C3v symmetry which
means that there are orbitals with a1(s), a2(d), and e(p) sym-
metry. The small contribution of d to the substituted ethyl-
enes, which comes from the d polarization functions, can be
neglected. Table 5 shows that the hyperconjugation in
ethane is �10.0 kcalmol�1 which is 5.4% of the total orbital
interactions. Comparison with the calculated strength of the
conjugation in trans-1,3-butadiene (�19.5 kcalmol�1) indi-
cates that hyperconjugation is as expected weaker but not
negligible. Note that the hyperconjugation in ethane comes
from two components of the degenerate e(p) orbital. Only
one component is shown in Figure 2c. A quantitative com-
parison of the hyperconjugation in ethane should therefore
be made with 1,3-butadiyne. The EDA of the latter com-
pound gives a value of DEp=�45.0 kcalmol�1 for the
strength of the conjugation.[11] This result and the value of
DEp for ethane indicate that the strength of the hyperconju-
gative interactions between C�H bonds is about a quarter
of the strength of the conjugation between C=C p bonds.


Figure 2. Schematic representation of hyperconjugation between a C=C
double bond and a CR3 group. Left: Hyperconjugation between p orbi-
tals. a) C=C!CR3 p donation; b) C=C


!CR3 p back-donation; c) and d)
hyperconjugation in ethane-like molecules. Right: Hyperconjugation in-
volving s orbitals. a’) C=C!CR3 donation from an occupied orbital
having local p symmetry to a s* orbital; b’) C=C !CR3 back-donation
from an occupied s orbital to a vacant orbital which has local p* symme-
try; c’) and d’) hyperconjugation between s and s* orbitals.


Table 5. EDA results of symmetrically substituted ethanes X3C�CX3.
[a]


X=H X=CH3 X=SiH3 X=F X=Cl X=C ACHTUNGTRENNUNG(cubyl) X=C(tetrahedryl)


symmetry[b] D3d D3d D3d D3d D3d D3d D3d


DEint �114.8 �93.2 �89.0 �92.4 �70.2 �105.2 �142.6
DEPauli 200.8 253.6 226.0 254.9 296.3 344.1 225.2
DEelstat


[c] �131.3 �163.5 �131.4 �151.3 �157.0 �206.9 �144.0
ACHTUNGTRENNUNG(41.6%) ACHTUNGTRENNUNG(47.2%) ACHTUNGTRENNUNG(41.7%) ACHTUNGTRENNUNG(43.6%) ACHTUNGTRENNUNG(42.8%) ACHTUNGTRENNUNG(46.1%) ACHTUNGTRENNUNG(39.2%)


DEorb
[c] �184.2 �183.2 �183.6 �196.1 �209.5 �242.3 �223.8


ACHTUNGTRENNUNG(58.4%) ACHTUNGTRENNUNG(52.8%) ACHTUNGTRENNUNG(58.3%) ACHTUNGTRENNUNG(56.4%) ACHTUNGTRENNUNG(57.2%) ACHTUNGTRENNUNG(53.9%) ACHTUNGTRENNUNG(60.8%)
DEs(a1)


[d] �174.3 �170.9 �165.6 �183.0 �188.2 �221.6 �196.7
ACHTUNGTRENNUNG(94.6%) ACHTUNGTRENNUNG(93.3%) ACHTUNGTRENNUNG(90.2%) ACHTUNGTRENNUNG(93.4%) ACHTUNGTRENNUNG(89.8%) ACHTUNGTRENNUNG(91.5%) ACHTUNGTRENNUNG(87.9%)


DEd(a2)
[d] 0.0 �0.6 �0.5 �0.2 �0.4 �0.2 0.0


ACHTUNGTRENNUNG(0.0%) ACHTUNGTRENNUNG(0.3%) ACHTUNGTRENNUNG(0.3%) ACHTUNGTRENNUNG(0.1%) ACHTUNGTRENNUNG(0.2%) ACHTUNGTRENNUNG(0.1%) ACHTUNGTRENNUNG(0.0%)
DEp(e)


[d] �10.0 �11.6 �17.5 �12.9 �20.9 �20.5 �27.1
ACHTUNGTRENNUNG(5.4%) ACHTUNGTRENNUNG(6.4%) ACHTUNGTRENNUNG(9.5%) ACHTUNGTRENNUNG(6.6%) ACHTUNGTRENNUNG(10.0%) ACHTUNGTRENNUNG(8.5%) ACHTUNGTRENNUNG(12.1%)


DEprep 21.8 30.2 39.7 5.3 17.2 7.8 6.4
DE (=�De) �93.8 �63.0 �49.3 �87.1 �53.0 �97.4 �136.2
r ACHTUNGTRENNUNG(C�C) [O] 1.532 1.591 1.612 1.565 1.593 1.476 1.425


[a] Energy values in kcalmol�1. [b] The EDA was carried out using C3v symmetry. [c] The percentage values in parentheses give the contribution to the
total attractive interactions DEelstat+DEorb. [d] The percentage values in parentheses give the contribution to the total orbital interactions DEorb.
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Table 5 shows that the hyperconjugation in the substituted
ethanes X3C�CX3 (X=Me, SiH3, F, Cl) is stronger than in
the parent compound particularly for X=SiH3 and Cl. It is
generally assumed that silyl groups exhibit strong hypercon-
jugative interactions which makes them suitable protecting
groups for multiple bonds.[30] The data in Table 5 suggest
that the hyperconjugation of C�Cl bonds is even stronger
than that of C�SiH3 bonds. Unlike C�Cl bonds, the latter
group can additionally protect a multiple bond through
steric shielding by bulky R groups in C�SiR3. Please note
that the hyperconjugation in substituted ethanes X3C�CX3


is stronger than in H3C�CH3 although the C�C bonds in the
former compounds are clearly longer than in ethane. The
compounds with the strongest hyperconjugation, (SiH3)3C�
C ACHTUNGTRENNUNG(SiH3)3 and Cl3C�CCl3, actually have the longest C�C
bonds. This is an important result because a short bond is
often taken as evidence for hyperconjugation. The hyper-
conjugation in Cl3C�CCl3 (�20.9 kcalmol�1) is more than
twice as strong as in ethane. It follows from comparison
with the DEp value calculated for ethyne that the hypercon-
jugation between CR3 groups across a C�C bond may be
half as strong as the conjugation between C=C p bonds. If
both p components of the CR3 group are active the total hy-
perconjugation can be as strong as a single C=C p bond.
Particularly interesting examples of strong hyperconjuga-


tion across C�C single bonds have been calculated between
two cubyl moieties in cubylcubane and between two tetrahe-
dranyl fragments in tetrahedranyltetrahedrane (Table 5).
Cubylcubane was synthesized in 1988 by Eaton and co-
workers.[31] The experimentally observed short C�C distance
of the central bond (1.458 O) is reproduced by the BP86/
TZ2P calculations which give a value of 1.476 O. An even
shorter bond is predicted by BP86/TZ2P calculations on tet-
rahedranyltetrahedrane (1.425 O, Table 5), which is in
agreement with earlier calculations by Xie and Schaefer.[32]


Very recently, the hexakis(trimethylsilyl)-substituted deriva-
tive of the latter compound was synthesized by Tanaka and


Sekiguchi[33] which was the first example of a tetrahedranyl-
tetrahedrane molecule. The experimental value for the cen-
tral C�C distance (1.436 O) is in excellent agreement with
the theoretical values. The authors explained the short dis-
tance in terms of the high percentage s character of the car-
bon�carbon bond orbital of the central bond.[33] Note that
the skeletal bonds of the central carbon atoms in the above
compound are also rather short (1.483–1.484 O). Table 5
shows that the short central C�C bonds in cubylcubane and
tetrahedranyltetrahedrane can also be explained by unusual-
ly strong hyperconjugation. The DEp(e) values for cubylcu-
bane (�20.5 kcalmol�1) and tetrahedranyltetrahedrane
(�27.1 kcalmol�1) are much higher than for Me3C�CMe3
(�11.6 kcalmol�1). We think that the short central bonds of
cubylcubane and tetrahedranyltetrahedrane are at least par-
tially caused by p-bonding contributions.
Table 6 gives EDA data for unsymmetrically substituted


ethane systems X3C�CY3 (X,Y=Me, SiH3, F, Cl). Note that
the orbital term of the molecules H3C�CF3 and H3C�CCl3,
which have the most polar C�C bonds, make significantly
higher relative and absolute contributions to the total inter-
action energy than the other compounds. The EDA data
also indicate that through a favorable combination of donor
and acceptor groups the overall hyperconjugation can be
significantly stronger in asymmetric systems than in symmet-
ric systems. The strongest hyperconjugation is calculated for
(SiH3)3C�CCl3, which has a DEp value of �29.7 kcalmol�1.
It is not only the absolute value but also the relative contri-
bution (12.5%) of the hyperconjugation to the total orbital
interactions that are higher in the latter compound than in
the parent systems (SiH3)3C�C ACHTUNGTRENNUNG(SiH3)3 and Cl3C�CCl3.
Please note that the hyperconjugation in (SiH3)3C�CCl3 is
even stronger than in tetrahedranyltetrahedrane although
the latter compound has a much shorter central C�C bond
(1.425 O) than the former (1.523 O).
It is reasonable to assume that the strong hyperconjuga-


tion in (SiH3)3C�CCl3 comes mainly from (SiH3)3C!CCl3 p


Table 6. EDA results for unsymmetrically substituted ethanes X3C�CY3.
[a]


X=H X=H X=H X=H X=CH3 X=CH3 X=CH3 X=SiH3 X=SiH3 X=F
Y=CH3 Y=SiH3 Y=F Y=Cl Y=SiH3 Y=F Y=Cl Y=F Y=Cl Y=Cl


symmetry[b] Td C3v C3v C3v C3v C3v C3v C3v C3v C3v


DEint �104.6 �100.9 �113.4 �100.2 �91.6 �103.4 �91.9 �102.2 �91.3 �81.7
DEPauli 243.8 228.7 444.0 418.6 243.0 282.2 299.4 288.2 319.9 285.3
DEelstat


[c] �156.8 �139.2 �160.0 �165.1 �149.7 �177.4 �174.3 �168.7 �173.1 �157.7
ACHTUNGTRENNUNG(45.0%) ACHTUNGTRENNUNG(42.2%) ACHTUNGTRENNUNG(28.7%) ACHTUNGTRENNUNG(31.8%) ACHTUNGTRENNUNG(44.7%) ACHTUNGTRENNUNG(45.9%) ACHTUNGTRENNUNG(44.5%) ACHTUNGTRENNUNG(43.2%) ACHTUNGTRENNUNG(42.1%) ACHTUNGTRENNUNG(43.0%)


DEorb
[c] �191.6 �190.4 �397.4 �353.7 �184.9 �208.9 �217.1 �221.7 �238.1 �209.2


ACHTUNGTRENNUNG(55.0%) ACHTUNGTRENNUNG(57.8%) ACHTUNGTRENNUNG(71.3%) ACHTUNGTRENNUNG(68.2%) ACHTUNGTRENNUNG(55.3%) ACHTUNGTRENNUNG(54.1%) ACHTUNGTRENNUNG(55.5%) ACHTUNGTRENNUNG(56.8%) ACHTUNGTRENNUNG(57.9%) ACHTUNGTRENNUNG(57.0%)
DEs(a1)


[d] �180.2 �176.4 �382.7 �336.5 �169.6 �191.8 �197.2 �197.3 �207.9 �192.0
ACHTUNGTRENNUNG(94.1%) ACHTUNGTRENNUNG(92.7%) ACHTUNGTRENNUNG(96.3%) ACHTUNGTRENNUNG(95.1%) ACHTUNGTRENNUNG(91.7%) ACHTUNGTRENNUNG(91.8%) ACHTUNGTRENNUNG(90.8%) ACHTUNGTRENNUNG(89.0%) ACHTUNGTRENNUNG(87.3%) ACHTUNGTRENNUNG(91.8%)


DEd(a2)
[d] <�0.1 <�0.1 <�0.1 <�0.1 �0.6 �0.3 �0.5 �0.3 �0.5 �0.2


ACHTUNGTRENNUNG(0.3%) ACHTUNGTRENNUNG(0.1%) ACHTUNGTRENNUNG(0.2%) ACHTUNGTRENNUNG(0.1%) ACHTUNGTRENNUNG(0.2%) ACHTUNGTRENNUNG(0.1%)
DEp(e)


[d] �11.3 �13.9 �14.6 �17.2 �14.7 �16.8 �19.5 �24.1 �29.7 �17.0
ACHTUNGTRENNUNG(5.9%) ACHTUNGTRENNUNG(7.3%) ACHTUNGTRENNUNG(3.7%) ACHTUNGTRENNUNG(4.9%) ACHTUNGTRENNUNG(8.0%) ACHTUNGTRENNUNG(8.0%) ACHTUNGTRENNUNG(9.0%) ACHTUNGTRENNUNG(10.9%) ACHTUNGTRENNUNG(12.5%) ACHTUNGTRENNUNG(8.1%)


DEprep 22.3 23.3 14.1 18.6 33.0 16.6 24.9 21.9 31.8 10.1
DE (=�De) �82.3 �77.6 �99.3 �81.6 �58.6 �86.8 �67.0 �80.3 �59.5 �71.6
r ACHTUNGTRENNUNG(C�C) [O] 1.539 1.562 1.504 1.515 1.601 1.534 1.563 1.512 1.523 1.570


[a] Energy values in kcalmol�1. [b] The EDA was carried out using C3v symmetry. [c] The percentage values in parentheses give the contribution to the
total attractive interactions DEelstat+DEorb. [d] The percentage values in parentheses give the contribution to the total orbital interactions DEorb.
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donation and less from Cl3C!C ACHTUNGTRENNUNG(SiH3)3 p donation because
the silyl group is a good donor. We estimated the strengths
of the donor contributions X3C!CY3 and Y3C!CX3 to the
total hyperconjugation through EDA calculations of X3C�
CY3 in which the p* orbital of the CY3 fragment was delet-
ed. Table 7 gives the DEp values for the symmetric and un-


symmetrical systems X3C�CY3. The data in parentheses
below the DEp values correspond to the X3C!CY3 (first
value) and Y3C!CX3 donation (second value). The sum of
the two values in parentheses do not exactly give the total
DEp value because deletion of the p* orbital affects all the
other orbitals in the calculations which means that the re-
maining interacting orbitals in
the deletion calculation are not
the same as in the undeleted
one. However, the deletion pro-
cedure may be used to estimate
the relative strengths of X3C!
CY3 and Y3C!CX3 donation
to the total hyperconjugation.
Table 7 shows that the major


contribution to the hyperconju-
gation in (SiH3)3C�CCl3 indeed
comes mainly from (SiH3)3C!
CCl3 p donation (�20.8 kcal
mol�1) and less from Cl3C!C-
ACHTUNGTRENNUNG(SiH3)3 p donation (�12.6 kcal
mol�1). The relative contribu-
tions to the hyperconjugation in
the other unsymmetrical sys-
tems X3C�CY3 generally agree
with chemical expectations but
there are some points worthy of
note. For example, hyperconju-
gation in Me3C�CMe3 is stron-


ger (�11.6 kcalmol�1) than in H3C�CH3 (�10.6 kcalmol�1)
but the p donor strength of the CMe3 group in the mixed
compound Me3C�CH3 is slightly smaller (�6.4 kcalmol�1)
than that of the CH3 group (�6.7 kcalmol�1) which means
that C�H bonds are slightly better p donors than C�C
bonds when they interact directly with each other. In all
other systems Me3C�CY3 and H3C�CY3 (Y=SiH3, F, Cl) it
is found that the p donation Me3C!CY3 is bigger than
H3C!CY3 (Table 7) which means that in these compounds
C�C bonds are better p donors than C�H bonds. The EDA
data indicate that the relative p donor strengths of two
groups may be inverted depending on the acceptor moiety.
The same conclusion has been drawn by Alabugin and Man-
oharan[34] who analyzed hyperconjugation in cyclohexyl cati-
ons. Note also that hyperconjugation involving the CCl3
group in Cl3C�CY3 is clearly always stronger than in the
corresponding fluorine systems F3C�CY3 but in Cl3C�CF3
the two components Cl3C!CF3 (�10.1 kcalmol�1) and
F3C!CCl3 (�10.2 kcalmol�1) have nearly the same strength
with CF3 even being a slightly stronger p donor.
Hyperconjugation is frequently invoked in discussions on


the interaction of a saturated substituent with an unsaturat-
ed double or triple bond. Therefore we analyzed the p inter-
actions in the ethylene and acetylene systems H2C=CH�
CX3 and HC�C�CX3 with the same groups as above (X=


H, Me, SiH3, F, Cl). The results are given in Table 8 and
Table 9.
The EDA data show that the hyperconjugation in the


alkyne parent compound HC�C�CH3 (�20.1 kcalmol�1) is
slightly more than twice as strong as in the alkene parent
molecule H2C=CH�CH3 (�9.3 kcalmol�1). The hyperconju-
gation in the former compound has two p components while
only one in the latter. The C�C single bond in HC�C�CH3


is also shorter (1.456 O) than that in H2C=CH�CH3


Table 7. Calculated total and partial DEp(e) values for ethanes X3C�
CY3.


[a,b]


X/Y H CH3 SiH3 F Cl


H �10.0 �11.3 �13.9 �14.6 �17.2
ACHTUNGTRENNUNG(�5.6) (�6.4;


�6.7)
(�8.2;
�7.7)


(�5.9; �11.2) (�7.3; �12.2)


CH3 �11.6 �14.7 �16.8 �19.5
ACHTUNGTRENNUNG(�6.8) (�8.7;


�8.3)
(�8.2; �11.7) (�9.3; �13.1)


SiH3 �17.5 �24.1 �29.7
ACHTUNGTRENNUNG(�9.8) (�10.4;


�17.4)
(�12.6;
�20.8)


F �12.9 �17.0
ACHTUNGTRENNUNG(�7.9) (�10.1;


�10.2)
Cl �20.9


ACHTUNGTRENNUNG(�12.1)


[a] The first value in parentheses is an estimate of the p ACHTUNGTRENNUNG(X3C)!p* ACHTUNGTRENNUNG(CY3)
p donation after deleting the p*(e) orbitals in CX3. The second value in
parentheses is an estimate of the p ACHTUNGTRENNUNG(Y3C)!p* ACHTUNGTRENNUNG(CX3) p donation after de-
leting the p*(e) orbitals in CY3. [b] Energy values in kcalmol


�1.


Table 8. EDA results for substituted alkenes H2C=CH�CX3. The interacting fragments are H2C=CH and
CX3.


[a]


X=H X=CH3 X=SiH3 X=F X=Cl


symmetry Cs Cs Cs Cs Cs


DEint �119.4 �108.8 �107.9 �113.8 �102.7
DEPauli 229.0 267.9 269.2 272.3 314.0
DEelstat


[b] �147.6 �171.8 �161.5 �170.1 �178.9
ACHTUNGTRENNUNG(42.4%) ACHTUNGTRENNUNG(45.6%) ACHTUNGTRENNUNG(42.8%) ACHTUNGTRENNUNG(44.1%) ACHTUNGTRENNUNG(42.9%)


DEorb
[b] �200.8 �204.9 �215.6 �215.9 �237.8


ACHTUNGTRENNUNG(57.6%) ACHTUNGTRENNUNG(54.4%) ACHTUNGTRENNUNG(57.2%) ACHTUNGTRENNUNG(55.9%) ACHTUNGTRENNUNG(57.1%)
DEs(a’)


[c] �191.5 �195.4 �201.2 �204.3 �223.2
ACHTUNGTRENNUNG(95.4%) ACHTUNGTRENNUNG(95.4%) ACHTUNGTRENNUNG(93.3%) ACHTUNGTRENNUNG(94.6%) ACHTUNGTRENNUNG(93.8%)


DEp ACHTUNGTRENNUNG(a’’)
[c] �9.3 �9.5 �14.4 �11.6 �14.7


ACHTUNGTRENNUNG(4.6%) ACHTUNGTRENNUNG(4.6%) ACHTUNGTRENNUNG(6.7%) ACHTUNGTRENNUNG(5.4%) ACHTUNGTRENNUNG(6.2%)
DEp ACHTUNGTRENNUNG(a’’)


[d] �4.0 �4.3 �5.8 �7.6 �8.9
DEp ACHTUNGTRENNUNG(a’’)


[e] �6.0 �6.2 �9.7 �5.2 �6.9
DEprep 17.2 18.8 20.1 10.4 15.6
DE (=�De) �102.2 �90.0 �87.8 �103.4 �87.1
r ACHTUNGTRENNUNG(C�C) [O] 1.500 1.516 1.512 1.496 1.496


[a] Energy values in kcalmol�1. [b] The percentage values in parentheses give the contribution to the total at-
tractive interactions DEelstat+DEorb. [c] The percentage values in parentheses give the contribution to the total
orbital interactions DEorb. [d] Estimate of the p ACHTUNGTRENNUNG(H2C=CH)!p* ACHTUNGTRENNUNG(CX3) p donation after deleting the p* ACHTUNGTRENNUNG(a’’) orbi-
tals in H2C=CH. [e] Estimate of the p* ACHTUNGTRENNUNG(H2C=CH)


!


p ACHTUNGTRENNUNG(CX3) p donation after deleting the p* ACHTUNGTRENNUNG(a’’) orbitals in
CX3.
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(1.500 O). The intrinsic hyperconjugation of each compo-
nent in propene and propyne thus has nearly the same
strength. For both compounds the p donation from the
methyl group to the multiple bond is stronger than the ac-
ceptance of the methyl group. Hyperconjugation in HC�C�
CH3 is twice as strong as in H3C�CH3 (�10.0 kcalmol�1).
The hyperconjugation in the substituted systems H2C=


CH�CX3 and HC�C�CX3 is stronger than in the parent
compounds, particularly for X=SiH3 and Cl. The methyl
groups in H2C=CH�CMe3 and HC�C�CMe3 yield only
slightly larger DEp values than propene and propyne. Note
that both p components H2C=CH!CMe3 and H2C=
CH !CMe3 are stronger than those in propene while in the
triply bonded system the HC�C !CMe3 p donation
(�12.6 kcalmol�1) is actually slightly weaker than the HC�
C !CH3 p donation (�12.8 kcalmol�1). Thus, the C�H
bonds are better p donors than C�C when one compares
HC�C�CH3 with HC�C�CMe3 while the opposite order is
calculated for the compounds H2C=CH�CH3 and H2C=CH�
CMe3. Analysis of the EDA data for the other systems
H2C=CH�CX3 and HC�C�CX3 gives results that are in
agreement with chemical intuition, that is, the C ACHTUNGTRENNUNG(SiH3)3
group is a stronger p donor than p acceptor while CF3 and
CCl3 are stronger p acceptors than p donors when they in-
teract with a carbon–carbon multiple bond (Table 8 and
Table 9).
A very important conclusion that can be drawn from the


data given in Table 8 and Table 9 concerns the correlation
between the calculated strength of hyperconjugation given
by the DEp values and the theoretically predicted C�CX3


bond lengths and energies. Short single bonds are often used
as criteria for strong hyperconjugation. It could also be as-
sumed that large DEp values should yield stronger bonds.
The data in Table 8 and Table 9 show that there is no clear
correlation between the C�CX3 bond lengths and the DEp


values. For example, the H2CCH�CX3 distances for X=F


and Cl are equally short
(1.496 O) while the bond length
for X=SiH3 is longer (1.512 O)
although the hyperconjugation
in the fluorine compound is
weaker than in the silicon com-
pound. The HCC�C ACHTUNGTRENNUNG(SiH3)3
bond (1.446 O) is longer than
the HCC�CCl3 bond (1.435 O)
but the hyperconjugation in the
former molecule is slightly
larger than in the latter. Other
effects such as the influence of
the electronegativity of the sub-
stituent on the s bonding and
the electrostatic interaction
play a role that hamper a direct
correlation between hypercon-
jugation and bond distance. The
same holds for the effect of hy-
perconjugation on bond


strength. Such a correlation might be expected between the
values calculated for DEint and DEp. Table 8 and Table 9
show that the interaction energies are significantly higher
for H2CCH�CH3 and HCC�CH3 than for H2CCH�CMe3
and HCC�CMe3, respectively. The hyperconjugation in the
methyl-substituted systems is slightly larger, however, than
in the parent compounds.
The EDA makes it possible to investigate the question


why alkenes and alkynes with terminal multiple bonds are
less stable than those with internal p bonds. In general,
more substituted alkenes are energetically lower-lying than
less substituted species. The textbook explanation is that hy-
perconjugation is partly responsible for the lower energy of
the more substituted alkenes.[25] Table 10 gives the EDA re-
sults for 1-butene, 2-butene, 1-butyne, and 2-butyne. The cal-
culations show that the “internal” isomers 2-butene and 2-
butyne are electronically more stable than the terminal iso-
mers by 3.7 and 7.0 kcalmol�1, respectively. The EDA data
indicate that the contribution of the hyperconjugation to the
higher stability of 2-butene over 1-butene is 7.8 kcalmol�1,
which is about twice as much as the total energy difference
between the two isomers. The difference between the DEp


values of 1-butyne and 2-butyne is even greater (9.2 kcal
mol�1). Note that the stabilization of the latter comes from
only one p component of the hyperconjugation in 2-butyne.
The contribution of the total hyperconjugation in 2-butyne
can be estimated to yield an extra stabilization of 18.5 kcal
mol�1 compared with 1-butyne.[35] Thus, the hyperconjuga-
tive stabilization of terminal alkenes and alkynes compared
with their internal isomers is larger than the total energy dif-
ference.
We finally investigated the strength of the hyperconjuga-


tion between a methyl group and a C=O double bond in car-
bonyl compounds Me�C(R)=O that carry the same substitu-
ents R as in the above analysis of the enone compounds
H2C=CH�C(R)=O. The results are shown in Table 11. The


Table 9. EDA results of substituted alkynes HC�C�CX3. The interacting fragments are HC�C and CX3.
[a]


X=H X=CH3 X=SiH3 X=F X=Cl


symmetry C3v C3v C3v C3v C3v


DEint �143.6 �133.1 �133.6 �130.4 �120.8
DEPauli 176.5 219.1 239.1 218.1 281.8
DEelstat


[b] �125.5 �151.8 �147.5 �140.6 �157.9
ACHTUNGTRENNUNG(39.2%) ACHTUNGTRENNUNG(43.1%) ACHTUNGTRENNUNG(39.6%) ACHTUNGTRENNUNG(40.4%) ACHTUNGTRENNUNG(39.2%)


DEorb
[b] �194.6 �200.4 �225.2 �207.8 �244.7


ACHTUNGTRENNUNG(60.8%) ACHTUNGTRENNUNG(56.9%) ACHTUNGTRENNUNG(60.4%) ACHTUNGTRENNUNG(59.6%) ACHTUNGTRENNUNG(60.8%)
DEs


[c] �174.6 �179.8 �192.2 �184.4 �212.2
ACHTUNGTRENNUNG(89.7%) ACHTUNGTRENNUNG(89.7%) ACHTUNGTRENNUNG(85.4%) ACHTUNGTRENNUNG(88.9%) ACHTUNGTRENNUNG(86.7%)


DEp
[c] �20.1 �20.6 �33.0 �23.0 �32.5


ACHTUNGTRENNUNG(10.3%) ACHTUNGTRENNUNG(10.3%) ACHTUNGTRENNUNG(14.6%) ACHTUNGTRENNUNG(11.1%) ACHTUNGTRENNUNG(13.3%)
DEp


[d] �9.3 �10.4 �14.7 �17.2 �22.4
DEp


[e] �12.8 �12.6 �21.4 �9.8 �14.4
DEprep 13.1 14.5 16.1 7.5 12.7
DE (=�De) �130.5 �118.6 �117.5 �122.9 �108.1
r ACHTUNGTRENNUNG(C�C) [O] 1.456 1.469 1.446 1.456 1.435


[a] Energy values in kcalmol�1. [b] The percentage values in parentheses give the contribution to the total at-
tractive interactions DEelstat+DEorb. [c] The percentage values in parentheses give the contribution to the total
orbital interactions DEorb. [d] Estimate of the p ACHTUNGTRENNUNG(HC�C)!p* ACHTUNGTRENNUNG(CX3) p donation after deleting the p* ACHTUNGTRENNUNG(a’’) orbitals
in HC�C. [e] Estimate of the p ACHTUNGTRENNUNG(HC�C) !


p ACHTUNGTRENNUNG(CX3) p donation after deleting the p* ACHTUNGTRENNUNG(a’’) orbitals in CX3.
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EDA data suggest that the investigated carbon�carbon
bonds Me�C(R)=O are weaker but make a significantly
larger contribution to the orbital term than the Me�CH=
CH2 single bond. The absolute value for the hyperconjuga-
tion DEp in the carbonyl compounds Me�C(R)=O is slightly
bigger than in Me�CH=CH2 except for R=NH2, but the
relative contribution to DEorb in the former compounds is
less than in propene. Note that the hyperconjugation in
Me�C(R)=O shows for the substituents R the same trend as
the conjugation in H2C=CH�C(R)=O (Table 4). The acetyl
halogenides Me�C(X)=O (X=F, Cl, Br, I) possess stronger
hyperconjugation than the parent acetaldehyde while acetic


acid, acetamide, and dimethyl ketone have smaller DEp


values than Me�CH=O (Table 11). The calculated hyper-
conjugation in ethaneimine also agrees with the above
trend.


Conclusion


The energy decomposition analysis of the chemical bond
gives a quantitative insight into the nature of the bonding in
terms of orbital interactions, coulombic attraction, and Pauli
repulsion which can be interpreted in a physically meaning-
ful way.[6–8] The orbital interaction term DEorb gives for mol-
ecules that have mirror symmetry well-defined energy
values DEp which indicate the strength of the p interactions
between molecular fragments. The results presented in this
work show that the calculated DEp values can be used as a
scale to estimate the relative contributions of p interactions
that come from the conjugation between multiple bonds or
from the hyperconjugation arising from the interactions of
saturated groups possessing p orbitals. The very good corre-
lation between the DEp values and HammettMs sp parame-
ters indicates that the theoretical values are useful for ex-
plaining experimental observations that are related to p in-
teractions.
The EDA results for the polyenes show that the strength


of the p conjugation in each C=C moiety is higher than that
in trans-1,3-butadiene. There is an increase in DEp/C=C
which converges towards a final value which appears to be
reached after six to eight C=C moieties. The absolute values
for the conjugation between Si=Si p bonds are about 2=3 of
the conjugation between C=C bonds, but the relative contri-
butions of DEp to DEorb in the all-silicon systems are higher
than in the carbon compounds. The p conjugation between
C=C and C=O or C=NH bonds is comparable to the
strength of the conjugation between C=C bonds; it is slightly
stronger in 2-propenal than in trans-1,3-butadiene, it is


Table 10. EDA results for isomers of butene and butyne. For 1-butene
and 1-butyne the interactions between two fragments were calculated,
while for 2-butene and 2-butyne three fragments were used as shown.[a]


symmetry Cs C2h Cs D3d
[b]


DEint �115.8 �258.5 �140.1 �292.2
DEPauli 247.5 413.9 197.6 328.6
DEelstat


[c] �158.8 �290.0 �138.8 �245.6
ACHTUNGTRENNUNG(43.7%) ACHTUNGTRENNUNG(43.1%) ACHTUNGTRENNUNG(41.1%) ACHTUNGTRENNUNG(39.6%)


DEorb
[c] �204.6 �382.4 �198.8 �375.2


ACHTUNGTRENNUNG(56.3%) ACHTUNGTRENNUNG(56.9%) ACHTUNGTRENNUNG(58.9%) ACHTUNGTRENNUNG(60.4%)
DEs


[d] �194.7 �364.8 �188.4 �355.7
ACHTUNGTRENNUNG(95.1%) ACHTUNGTRENNUNG(95.4%) ACHTUNGTRENNUNG(94.8%) ACHTUNGTRENNUNG(94.8%)


DEp
[d] �9.9 �17.7 �10.4 �19.6


ACHTUNGTRENNUNG(4.9%) ACHTUNGTRENNUNG(4.6%) ACHTUNGTRENNUNG(5.2%) ACHTUNGTRENNUNG(5.2%)
DDEp 0.0 �7.8 0.0 �9.2
DEprep 17.9 26.0 15.5 49.4
DE (=�De) �97.9 �232.5 �124.6 �242.8
r ACHTUNGTRENNUNG(C�C) [O] 1.506 1.501 1.460 1.458
Erel 0.0 �3.7 0.0 �7.0


[a] Energy values in kcalmol�1. [b] The EDA was carried out with Cs


symmetry, that is, the DEp value gives only one component of the p


bonding. [c] The percentage values in parentheses give the contribution
to the total attractive interactions DEelstat+DEorb. [d] The percentage
values in parentheses give the contribution to the total orbital interac-
tions DEorb.


Table 11. EDA results for substituted carbonyl compounds Me�C(R)=O and ethaneimine.[a]


R=H R=Me R=OH R=NH2 R=F R=Cl R=Br R= I


symmetry Cs Cs Cs Cs Cs Cs Cs Cs Cs Cs


DEint �119.4 �97.8 �95.6 �107.2 �98.5 �109.4 �99.4 �95.4 �89.3 �104.0
DEPauli 228.9 439.4 434.2 435.6 427.4 440.9 416.3 405.6 394.4 439.4
DEelstat


[b] �147.5 �167.5 �167.9 �159.3 �163.1 �156.9 �155.9 �153.3 �152.2 �166.1
ACHTUNGTRENNUNG(42.4%) ACHTUNGTRENNUNG(31.2%) ACHTUNGTRENNUNG(31.7%) ACHTUNGTRENNUNG(29.4%) ACHTUNGTRENNUNG(31.0%) ACHTUNGTRENNUNG(28.5%) ACHTUNGTRENNUNG(30.2%) ACHTUNGTRENNUNG(30.6%) ACHTUNGTRENNUNG(31.6%) ACHTUNGTRENNUNG(30.6%)


DEorb
[b] �200.7 �369.6 �361.9 �383.3 �362.7 �393.4 �359.9 �347.8 �331.0 �377.3


ACHTUNGTRENNUNG(57.6%) ACHTUNGTRENNUNG(68.8%) ACHTUNGTRENNUNG(68.3%) ACHTUNGTRENNUNG(70.6% ACHTUNGTRENNUNG(68.9%) ACHTUNGTRENNUNG(71.5%) ACHTUNGTRENNUNG(69.8%) ACHTUNGTRENNUNG(69.4%) ACHTUNGTRENNUNG(68.4%) ACHTUNGTRENNUNG(69.4%)
DEs


[c] �191.5 �358.5 �351.9 �373.1 �354.0 �382.1 �348.1 �335.8 �318.9 �367.1
ACHTUNGTRENNUNG(95.4%) ACHTUNGTRENNUNG(97.0%) ACHTUNGTRENNUNG(97.2%) ACHTUNGTRENNUNG(97.4) ACHTUNGTRENNUNG(97.6%) ACHTUNGTRENNUNG(97.1%) ACHTUNGTRENNUNG(96.7%) ACHTUNGTRENNUNG(96.6%) ACHTUNGTRENNUNG(96.3%) ACHTUNGTRENNUNG(97.3%)


DEp
[c] �9.3 �11.1 �10.0 �10.1 �8.8 �11.3 �11.8 �12.0 �12.1 �10.2


ACHTUNGTRENNUNG(4.6%) ACHTUNGTRENNUNG(3.0%) ACHTUNGTRENNUNG(2.8%) ACHTUNGTRENNUNG(2.6%) ACHTUNGTRENNUNG(2.4%) ACHTUNGTRENNUNG(2.9%) ACHTUNGTRENNUNG(3.3%) ACHTUNGTRENNUNG(3.4%) ACHTUNGTRENNUNG(3.7%) ACHTUNGTRENNUNG(2.7%)
DEprep 17.2 11.5 12.4 12.8 12.7 12.3 12.0 12.0 12.6 14.0
DE (=�De) �102.2 �86.3 �83.2 �94.4 �85.5 �97.1 �87.4 �83.4 �76.7 �90.0
r ACHTUNGTRENNUNG(C�C)[d] 1.500 1.505 1.520 1.507 1.523 1.496 1.500 1.500 1.501 1.504


[a] Energy values in kcalmol�1. [b] The percentage values in parentheses give the contribution to the total attractive interactions DEelstat+DEorb. [c] The
percentage values in parentheses give the contribution to the total orbital interactions DEorb. [d] Length of the conjugating C�C bond in O.
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weaker in vinyl methyl ketone, propenoic acid, and particu-
larly in propenamide, while it is enhanced in the propenoyl
halogenides.
The strength of the hyperconjugation between the methyl


groups in ethane is around 1=4 as strong as the strength of
the p conjugation in ethyne. Very strong hyperconjugation is
found for the central C�C bonds in cubylcubane and tetra-
hedranyltetrahedrane. The hyperconjugation in substituted
ethanes X3C�CY3, where X,Y=Me, SiH3, F, and Cl, is
stronger than in the parent compound. The strongest hyper-
conjugation in symmetrically substituted systems is found
when X,Y=SiH3 and Cl. The hyperconjugation in donor–ac-
ceptor-substituted ethanes may be very strong; the largest
DEp value is calculated for (SiH3)3C�CCl3 for which the hy-
perconjugation is nearly thrice as strong as that in ethane.
The breakdown of the hyperconjugation in X3C�CY3 shows
that the donation of the donor-substituted moiety to the ac-
ceptor group is as expected the most important contribution
but the reverse interaction is not negligible. The relative
strengths of the p interactions between two C=C double
bonds, one C=C double bond and CH3 or CMe3 substituents,
and between two CH3 or CMe3 substituents, which are sepa-
rated by one C�C single bond, are in a ratio of 4:2:1. The
extra stabilization of alkenes and alkynes with central
double or triple bonds over isomers with terminal p bonds
coming from hyperconjugation is bigger than the energy dif-
ference between them. Very strong hyperconjugation is
found in HC�C�C ACHTUNGTRENNUNG(SiH3)3 and HC�C�CCl3. The hypercon-
jugation in Me�C(R)=O is half as strong as the conjugation
in H2C=CH�C(R)=O and shows the same trend for differ-
ent substituents R. Bond energies and lengths should not be
used as indicators of the strength of hyperconjugation be-
cause the effect of s interactions and electrostatic forces
may compensate for the hyperconjugative effect.
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Supramolecular Template-Directed Synthesis of Perfect Phenelenedi ACHTUNGTRENNUNGimino-
Bridged Ladderlike Polyphenylsiloxanes


Taoyi Zhang,[a, b] Kuilin Deng,[a, b] Pingping Zhang,[c] Ping Xie,[a] and Rongben Zhang*[a]


Introduction


It is known that ladderlike polymers, that is, a special type
of double-stranded polymer, possess much higher resistance
to thermal, chemical, mechanical, and biological degrada-
tion, relative to the common single chain polymers. The
reason for this is that the probability of breaking of two


bonds on the same ladder rung is far less than breaking of a
single bond. Furthermore, ladderlike polysiloxanes, includ-
ing organo-bridged polysiloxanes, and ladderlike polysilses-
quioxanes are attractive for radiation- and heat-resistant ap-
plications, since the bond energy of the Si�O linkage is
much higher than that of the C�C and C�O ones.[1] They
possess considerable interest as “self-healing” high-tempera-
ture nanostructured materials, space-survivable coatings,[2,3]


low-k dielectric materials,[4] and, in particular, promising
candidates of microstructure-controllable tubular and sieve-
plate polymers.[5] However, preparation of the real ladder-
like polysiloxane from a multifunctional monomer has many
straightforward difficulties, that is, insolubility, cross-linking,
and statistical considerations. As early as 1960, Andrianov
et al. attempted to synthesize a p-phenylene-bridged polysi-
loxanes,[6] but they only obtained some oil-like oligo ACHTUNGTRENNUNGmers
and cross-linked gels. Recently, our group prepared a series
of ordered organo-bridged ladderlike polysiloxanes through
intermediate ladder superstructures (LSs) constructed by
concerted interaction of aromatic p–p stacking and/or hy-


Abstract: A template synthesis of the
soluble, high molecular weight (Mw),
and perfect p-phenylenediimino (p-
PDA)-bridged ladderlike polyphenylsi-
loxane (PLPS) is reported. First, N,N’-
bis(phenyldichlorosilyl)-p-PDA mono-
mers were self-assembled into a perfect
ladder superstructure (LS) by concert-
ed interaction of aromatic p–p stacking
and hydrogen bonding. Then the LS
underwent a novel stoichiometric hy-
drolysis/dehydrochlorination–condensa-
tion reaction instead of the usual hy-
drolysis/dehydration–condensation re-
action, leading to the PLPS. The per-
fect ladder structures of both the PLPS
and, in particular, the unstable supra-
molecular LS were confirmed as fol-
lows. 1) There are two Bragg peaks in


solid and/or solution X-ray diffraction
(XRD) spectra representing the ladder
width (w) and ladder thickness (t);
these peaks were consistent with those
calculated by molecular simulation. 2)
Both the PLPS and LS have extremely
sharp absorption peaks with small half-
peak widths (D1/2<0.3 ppm) in


29Si
NMR spectra, suggesting the presence
of the perfect ladder structure for
PLPS and LS. 3) Moreover, no notice-
ACHTUNGTRENNUNGable absorption peaks for the Si�OH
and NH2 groups were observed in FT-
IR and 29Si NMR spectra, indicating


that the Si�N bond of the �Si-NH-
C6H4-NH-Si� ladder rung of PLPS and
LS is not cleaved. 4) Both PLPS and
LS show similar emission peaks (in
fluorescence spectroscopy) attributed
to the excimer formed by face-to face
p–p stacking of phenyl groups along
the ladder chain rather than a
branched direction. 5) Differential
scanning calorimetry (DSC) measure-
ments indicate a high glass temperature
(Tg=176.4 8C) for PLPS. As circum-
stantial evidence, this result further in-
dicates very high stiffness of PLPSs
ladder backbone as compared with
flexible single-chain polyphenylmethyl-
siloxane with a low Tg=�69.4 8C.
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superstructure · self-assembly ·
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drogen bonding.[7–12] Generally, the D1/2 values of =SiO2/2
moieties of these polymers range from 0.6 to 2 ppm, suggest-
ing that these organo-bridged ladderlike polysiloxanes are
not perfect ladderlike polymers. The reason is that mono-
mers containing strongly polar groups (such as hydroxyl or
amide ones) are only dissolved in specific polar solvents
(such as DMF or DMSO) rather than the less polar solvents.
As a result, hydrogen-bonding interactions in the monomer
are greatly weakened and the ladder regularity of organo-
bridged ladderlike polysiloxanes is also decreased. On the
other hand, with respect to the polysilsesquioxane ladder,
Brown et al.[13] first reported the synthesis of a soluble poly-
phenylsilsesquioxane ladder by means of an “equilibration
polymerization” method in 1960. However, his result was re-
futed 11 years later by Frye et al.,[14] who pointed out that
the polyphenylsilsesquioxane ladder is not a complete lad-
derlike polymer, but “partially opened polycyclic cages”. In
2004, Yamamoto et al.[15] reported an oligomeric polyphenyl-
silsesquioxane ladder with low ladder regularity. As Brook
mentioned, the ladderlike polyphenylsilsesquioxane is not
universally accepted[16] and the ladder structure may result
under certain conditions (i.e. , bioprocess). The crux of the
failure was that the reactive in-
termediates (phenylsilanetriols)
or its derived oligomers easily
formed some randomly inter-
laced aggregates rather than
the ordered LSs. Evidently, the
key to preparation of the per-
fect ladderlike polymer is that
either both sides of the ladder
must be formed simultaneously
or no reaction occurs. We have
tried to prepare perfect ladder-
like polyphenylsilsesquioxanes
by conventional hydrolysis/de-
hydration–condensation reac-
tions of the monomer, N,N’-
bis(phenyldichlorosilyl)-p-PDA
(PDA=phenylenediimino), but
we have not got satisfied results
yet from this methodology. Our
preliminary research showed
that the D1/2 was about 4 ppm
due to the unavoidable hydro-
lytic rupture of the Si�N bonds
of monomer during condensa-
tion.[17,18]


In summary, for over 45
years, the question of whether
the high Mw and perfect ladderlike polysiloxanes can be syn-
thesized has remained unanswered. This problem has
become a tantalizing target for polymer chemists. Here, we
report a new approach—a stoichiometric hydrolysis/dehy-
drochlorination–condensation reaction—to the perfect lad-
derlike polysiloxane (PLPS) instead of the conventional hy-
drolysis/dehydration–condensation reaction used before. By


using this new method not only can the perfect PLPS be ob-
tained, but also the perfect ladderlike polyphenylsilsesquiox-
ane could be derived from PLPS because PLSP has sacrifi-
cial ladder rungs of Si�N bonds that can be readily convert-
ed into an ordered ladderlike polyphenylsilsesquioxane by
means of a mild acid-catalyzed hydrolysis in polar solvent
and condensation.[19] In addition, it is worth noting that the
LSs, which are extremely susceptible to ambient environ-
ment (pH, humidity, solvent polarity and temperature, etc.),
have been substantiated by X-ray diffraction (XRD), NMR
and fluorescence spectroscopy, and a series of control ex-
periments (adding hydrogen-bonding blocking reagent, urea,
to destroy template effect of the LS) for the first time.


Results and Discussion


Dehydrochlorination–condensation reaction : The polymeri-
zation mechanism for PLPS is shown in Scheme 1. To pre-
pare the perfect PLPS it is extremely important to bring the
template effect of the LS into full play throughout the syn-
thetic process.


Generally, there are two main problems associated with
the traditional hydrolytic/dehydration–condensation process.
One is that the excess water can readily hydrolyze the Si�N
bonds of ladder rungs during the hydrolysis of the Si�Cl
groups and invalidate the template effect of LS. Another is
that four Si�Cl bonds of each coupled N,N’-bis(phenyldi-
chlorosilyl)-p-PDA monomer are completely converted to


Scheme 1. Synthetic route for the formation of PLPS.
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the strongly polar intermediate Ph-(OH)2Si-NH-C6H4-NH-
Si(OH)2-Ph, resulting in the LS being dissolved in only very
strongly polar solvents, such as acetone and so forth, which
would further weaken hydrogen-bonding effect of the LS. In
contrast, the stoichiometric hydrolytic/dehydrochlorination–
condensation reaction only converts, on an average, two Si�
Cl bonds of each monomer into two Si�OH bonds and,
moreover, the dehydrochlorination–condensation reaction
generates HCl, which can be immediately absorbed by tri-
ethylamine (TEA) rather than destroy the Si�N bonds.
Thus, less polar mixture solvents (toluene/p-dioxane) can be
utilized and consequently LS can continuously play an effi-
cient template role. As shown in the 29Si NMR spectrum of
the PLPS and LS (see discussion below), no noticeable sila-
nol groups, derived from the ladder rungs of PLPS (Ph-(O2/
2)Si-NH-C6H4-NH-SiACHTUNGTRENNUNG(O2/2)-Ph) by hydrolysis, are observed,
suggesting no rupture of Si�N bonds occurs.
Scheme 1 indicates the important role of PDA during the


reaction process producing the coupled monomer which, in
turn, spontaneously forms LSs through the concerted inter-
action of hydrogen bonding and aromatic p–p stacking. Be-
cause these weak interactions can be maintained only in
mild conditions, some necessary reaction conditions should
be emphasized.


Medium polarity : Generally, hydrogen-bonding interactions
decrease with increasing polarity of the reaction medium.
Therefore, less polar or nonpolar solvents are preferred.
However, the selected solvent must possess a suitable solu-
tion power for the LS and PLPS. If polar THF or acetone
were chosen, the LS would be destroyed due to the rupture
of the Si�N bonds during the hydrolytic process.[19] Here, a
less polar mixture of solvents, toluene/p-dioxane (DOX),
was chosen based on the balance between the polarity and
solution power of the solvent.


Reaction temperature : hydrogen-bonding interaction be-
comes very week or disappears at higher temperature, while
low temperature trends to the formation of stable LS align-
ment. Nevertheless, too low temperature may lead to very
slow condensation. Accordingly, it is necessary to control
the reacting temperature to guarantee the suitable reaction
speed and the as strong hydrogen-bonding template effect
as possible throughout the synthetic process. Hence, the
temperature was fixed at 50 8C.


Monomer concentration : A higher monomer concentration
is beneficial to the fast formation of LSs. On the other hand,
it may lead to a cross-linking reaction between neighboring
ladder structures. Thus, the monomer concentration was
controlled at a range of 1–2%.


Dropping speed of water : A very slow dropping speed of
water should be maintained strictly to guarantee that all the
Si�OH formed from the hydrolytic reaction condenses rap-
idly with the neighboring excess Si�Cl groups. In fact, some
gel (cross-linked polymer) may form if the stoichiometric


water is added too fast. In addition the HCl released in the
condensation reaction must be absorbed by TEA so as to
get the high molecular weight PLPS.


Confirmation of ladder structure of PLPS and LS


Molecular weight determination of PLPS : Generally, the gel
permeation chromatograph (GPC) using polystyrene as the
standard samples is only suitable instrument to characterize
the flexible single-chain polymers. For this reason, molecular
weight (Mw) of the PLPS was determined by vapor pressure
osmometry (VPO; THF as solvent). The result shows that
PLPS has Mw~30200.


FT-IR analysis of PLPS : The following absorption peaks
(KBr) were observed: 3375 (N�H), 1593, 3070, 3047, 2972
(Ph), 1514 (Si�N), 1430, 1131 (Si�C), 1078, and 1024 cm�1


(Si-O-Si). Importantly, no absorption peaks indicative of Si�
OH and PDA NH2 groups derived from the Ph-(O2/2)Si-NH-
C6H4-NH-Si ACHTUNGTRENNUNG(O2/2)-Ph ladder rung, by means of a hydrolysis
reaction, were observed, indicating that the rupture of Si�N
bond is avoided.


XRD analysis—polymer PLPS : The XRD spectrum of
PLPS (Figure 1) demonstrates two distinct peaks. Referring
to the literature,[6,13] these peaks give the ladder width (w=


1.56 nm) and thickness (t=0.49 nm). Evidently, the first
peak is not only sharp and narrow, but also has very high in-
tensity, indicating the existence of the significant ladder
structure on the macromolecule framework. In addition,
there is a decent coincidence between the XRD data and
the calculated dimensions w=1.63 nm and t=0.57 nm by
simulation software (Alchemy 2000 V1.0).


X-ray analysis—ladder superstructure : As shown in Figure 2
the solution XRD pattern of the LS also demonstrates two
diffraction peaks, though their location is shifted with re-
spect to those of PLPS. This similarity clearly indicates that
the LS also possesses ladder structure in the solution
through the hydrogen-bonding and p–p interactions. For fur-


Figure 1. X-ray diffraction patterns of the solid polymer PLPS; w and t
stand for the width and the thickness of PLPS, respectively.
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ther substantiation of the ladder structure of the superstruc-
ture, a control experiment was carried out. If urea used as a
hydrogen-bonding blocking agent in the system, the Bragg
diffraction peaks (characteristic of ladder structure) com-
pletely disappeared. This result states clearly that the LS is
seriously destroyed. If this system was continuously con-
densed, the final polymer PLPS derived becomes very irreg-
ular. As shown in Figure 3, the D1/2 is as large as >4 ppm.


29Si NMR measurements—polymer PLPS : It is known that
the higher the regularity of organo-bridged ladder polysilox-
ane, the narrower the resonance peak of the =SiO2/2 moiety
on the ladder backbone, and the smaller the half-peak width
D1/2. As shown in Figure 4, an extremely small half-peak
width of D1/2<0.3 ppm for the =SiO2/2 unit at d=�18.5 ppm
is observed for PLPS and clearly indicates that the polymer
only consists of regular structure units without any notice-
ACHTUNGTRENNUNGable branched moieties. Similarly, no noticeable absorption
peaks of Si�OH groups are observed in the 29Si NMR spec-
trum, suggesting that the Si�N bond of the Ph-(O2/2)Si-NH-
C6H4-NH-Si ACHTUNGTRENNUNG(O2/2)-Ph ladder rung of the PLPS is not
cleaved. Combining the information obtained from the 29Si
NMR spectrum with the XRD patterns, it can be deduced
that PLPS possesses the expected perfect ladder structure.


29Si-NMR measurements—ladder superstructure LS : Similar-
ly, as shown in Figure 3, an extremely small D1/2 < 0.3 ppm


of the =SiO2/2 unit at d=10.5 ppm clearly indicates that the
LS only consists of regular ladder structure of Ph-(Cl)2Si-
NH-C6H4-NH-Si(Cl)2-Ph, rather than of randomly interlaced
or branched structures. Similarly, no any noticeable absorp-
tion peaks of Si�OH groups were observed in the 29Si NMR
spectrum, suggesting that the Si�N bond of the Ph-(Cl)2Si-
NH-C6H4-NH-Si(Cl)2-Ph ladder rung of the LS is not
cleaved. If a hydrogen-bonding blocking reagent such as
urea is added to the LS system, as shown in Figure 3, the
D1/2 of final polymer PLPS becomes as large as >4 ppm, fur-
ther demonstrating that the LS is seriously destroyed and
the resultant PLPS became more irregular.


Fluorescence spectroscopic analysis—polymer PLPS :
Figure 5 shows fluorescence emission spectra of PLPS and
the LS. The fluorescence spectrum of PLPS gives an emis-


sion peak at 329 nm when it was excited by UV light with a
wavelength of 299 nm. It is reasonable to attribute the emis-
sion at 329 nm to the excimer formed by aromatic chromo-
phores along the ladder chain direction in PLPS.[20,21]


Fluorescence spectroscopic analysis—ladder superstructure :
The fluorescence spectrum of the LS shows two new broad
emission peaks at 424 and 400 nm when excited by UV light


Figure 2. X-ray diffraction patterns of a) the polymer PLPS, b) the LS,
and c) the LS + urea in toluene (4 g per 100 mL).


Figure 3. 29Si NMR spectra of a) the polymer PLPS, b) the LS, and c) the
polymer PLPS derived from the LS + urea.


Figure 4. 29Si NMR spectra of the polymer PLPS with the D1/2<0.3 ppm.


Figure 5. Fluorescence emission spectra of a) the polymer PLPS excited
at 299 nm, b) the LS excited at 366 nm, and c) the LS + urea excited at
366 nm, in toluene (0.3 gL�1).
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with a wavelength of 366 nm. If urea was added in the
monomer solution, a single emission peak was observed at
400 nm when it was excited at 366 nm. This phenomenon is
attributed to the p–p stacking of phenyl and the -NHR
chromophores. By contrast, the fluorescence profile of the
superstructure LS sample in high-wavelength region sug-
gests that there are the intramolecular interactions in solu-
tions of the monomer, namely, hydrogen-bonding and p–p
interactions.[22–24]


DSC measurement of PLPS : Compared with the lower Tg
for the single-chain polysiloxane (e.g., Tg=�69.4 8C for
polyphenylmethylsiloxane[25]), the much higher Tg for the
PLPS (Tg=176.4 8C) indicates higher stiffness, which arises
from fact that the internal rotation of the -Si-O-Si- main
chain are greatly restricted. If PLPS possesses some
branched structure its Tg should be greatly decreased.
Therefore, the higher Tg indirectly confirms the double-
chain structures of PLPS.


Conclusion


The first soluble, high molecular weight, perfect ladder poly-
mer, PLPS, has been successfully synthesized through ladder
superstructure (LS) constructed by the concerted interaction
of hydrogen-bonding and aromatic p–p stacking by means
of a stoichiometric hydrolysis/dehydrochlorination–conden-
sation reaction. The perfect ladder structures of PLPS and
LS were confirmed by VPO, FT-IR, 29Si NMR, and fluores-
cence spectroscopy, XRD, DSC and control experiments
based-on addition of hydrogen-bonding blocking reagent.


Experimental Section


Materials and techniques : The Fourier transform infrared spectra (FT-
IR) were recorded using a Perkin–Elmer 80 spectrometer. 1H, 13C, and
29Si NMR spectra were obtained on Bruker FT-AM 400 spectrometers
with 400.1, 100.6 and 79.5 MHz respectively; for the 29Si spectra toluene
was used as the solvent and TMS as the external reference. The X-ray
diffraction (XRD) measurements were performed on a Rigaku D/max
2400 diffractometer. The fluorescence spectra of samples PLPS were
measured on a F-4500 FL spectrophotometer in toluene with a concen-
tration of 0.3 gL�1. The DSC investigation was carried out on a Mettler
Toledo Star 822 differential scanning calorimeter with heating rate
10 8Cmin�1. Vapor pressure osmometry (VPO) analysis was measured in
dry THF at room temperature on a Knauer VPO instrument. All re-
agents were obtained from commercial sources and used without addi-
tional purification. Toluene, 1,4-dioxane (DOX), and tetrahydrofuran
(THF) were distilled from sodium and benzophenone under argon. Tri-
ACHTUNGTRENNUNGethylamine (TEA) was dried from sodium and degassed before use.


Preparation of monomer N,N’-bis(phenyldichlorosilyl)-p-PDA : The
monomer was prepared and characterized according to our previously re-
ported work.[26] Because the monomer is very air-sensitive, we converted
it by means of a methanolysis reaction to stable crystalline N,N’-bis(phe-
nyldimethoxysilyl)-p-PDA. M.p. 99–100 8C; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=7.75–7.65 (m, 10H; C6H5), 6.61 (s, 4H; HNC6H4NH),
3.60 (s, 12H; CH3O), 3.50 ppm (br, 2H; NH); 13C NMR (400 MHz,
CDCl3, 25 8C, TMS): d=135.8, 129.8, 128.1 (C6H5), 136.7, 115.9
(HNC6H4NH), 42.8 ppm (CH3O); FAB-MS: m/z 440 [M]


+ ; elemental


analysis calcd (%) for C22H28N2O4Si2: C 60.00, H 6.36, N 3.62; found:
C 59.98, H 6.34, N 3.65).


Preparation of polymer PLPS : The synthetic route to PLPS is shown in
Scheme 1. After standard cycles of evacuation and back-fill with dry and
pure argon, a dry Schlenk flask, equipped with a magnetic bar, was
charged with PhSiCl3 (3.2 mL, 20 mmol) and toluene (200 mL) by syringe
at room temperature. The solution of TEA (16.8 mL, 0.12 mol) and PDA
(1.08 g, 10 mmol) in DOX (50 mL) was then slowly added into the flask
by syringe under vigorous stirring at 10 8C. After that, the reaction mix-
ture was kept stirring at room temperature for 48 h. After finishing the
coupling reaction, water (0.18 g) dissolved in a DOX/toluene mixture
(100 mL; 40:60) was added very slowly dropwise into the flask at 50 8C.
The following dehydrochlorination–condensation reaction proceeded for
12 h. Finally, a solution of Me3SiCl (10 mL; 0.01m, dissolved in toluene)
was charged, and the end-capping reaction proceeded for 6 h. The mix-
ture was filtered, reduced under pressure distillation, and vacuum dried
at 30 8C to yield a light yellow powder of PLPS in 80.1% yield.
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A Positive-Microemulsion Method for Preparing Nearly Uniform Ag2Se
Nanoparticles at Low Temperature


Jian-Ping Ge, Sheng Xu, Li-Ping Liu, and Ya-Dong Li*[a]


Introduction


Silver selenide is a special and interesting material, which
has been extensively studied in different fields during the
past several years. It has two stable solid phases: The low-
temperature phase (orthorhombic), b-Ag2Se, is a narrow-
band-gap semiconductor with an energy gap of 0.07 eV at
0 K. The high-temperature phase (body-centered cubic), a-
Ag2Se, is a metallic compound with superionic characteris-
tics; the compound undergoes a reversible first-order phase
transition around 407 K with a remarkable change in its
electronic property. b-Ag2Se has proved to be a promising
candidate for thermoelectric applications due to its high
electrical conductivity, large Seebeck coefficient, and low
thermal conductivity.[1] a-Ag2Se, as a solid electrolyte, is
used as an additive in highly conductive composite glasses
for batteries, sensors, and displays.[2] Recently, it was report-
ed that a slight alteration of the stoichiometry to Ag2Se can
induce a remarkable magnetoresistance, which is compara-
ble to the giant magnetoresistance perovskites.[3–4]


Because nanoscale materials might have some unique
physical properties that rely on the size and morphology of
the particles, it would be a great challenge to fabricate


Ag2Se nanostructures of a controllable size. Various meth-
ods including organometallic-precursor thermolysis,[5] ultra-
sonic vibration,[6] photoirradiation,[7] hydrothermal treat-
ment,[8] and template growth[9] have been used to fabricate
Ag2Se orthorhombic nanoparticles. However, it is hard to
meet both the criteria that the method be simple and fast,
that is, Ag2Se forms at room temperature in one step, and
that the product be composed of dispersive nanocrystals of
nearly uniform size.
Here, we reported a low-temperature positive-microemul-


sion method to prepare uniform-sized Ag2Se nanoparticles
(NPs) by reacting Ag+ with SeSO3


2�. For the first require-
ment, Na2SeSO3


[10] is selected as the selenium source be-
cause it easily reacts with Ag+ ions at room temperature
without requiring the input of any other forms of energy.
Na2SeSO3 is much more active than Se powder, and is also
less toxic and therefore safer to use than Na2Se or H2Se. It
is a fast (5–10 min) reaction that would be useful for large-
scale production. For the second criterion, a low-tempera-
ture positive-microemulsion[11] environment was introduced
to protect the products from aggregation and direct them
into a relative uniform size. The low temperature (7–10 8C)
also helps the formation of nearly uniform Ag2Se particles
by slowing the growth speed and decreasing the surface
atom activity. Equations (1) and (2) describe the processes
involved:


Na2SO3 þ Se reflux��!Na2SeSO3 ð1Þ


Na2SeSO3 þ 2AgNO3 þH2O! Ag2Se # þ2NaNO3 þH2SO4 ð2Þ


Keywords: interfaces · micro-
ACHTUNGTRENNUNGemulsions · nanostructures ·
selenium · silver


Abstract: A positive-microemulsion system (water/sodium linoleate/hexane) was
used to make uniform Ag2Se nanoparticles at low temperature (7–10 8C) within
five to ten minutes. The proposed interface-reaction mechanism was corroborated
by transmission electron microscopy (TEM), IR spectroscopy, and X-ray photo-
electron spectroscopy (XPS) results. This is a general method that is ideal for
making other uniform nanoparticles on a large scale through simple precipitation
reactions.
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Results and Discussion


Figure 1 shows the X-ray diffractometry (XRD) pattern of
the Ag2Se NPs. It can be observed from this that ortho-


rhombic Ag2Se formed in our synthesis. All the characteris-
tic peaks match exactly with the standard JCPDS card
(no. 241041). It is reasonable to yield the orthorhombic
phase at room temperature because it is a low-temperature
stable phase, and all the examples in the literature[6–9] re-
ported the same results. Slight peak broadening indicated
that the nanoparticles might have a small size of around
10 nm. From the energy dispersive spectroscopy (EDS) anal-
ysis, discussed later, it can be seen that there are very small
amounts of sulfur-containing substances in the samples.
However, the XRD patterns do not indicate the presence of
Ag2S, Ag2SO3, or Ag2SO4, which confirms that no crystalline
sulfur impurities formed, and therefore the impurity may be
neglected in this case.
UV absorption and Raman spectra were also measured to


confirm the formation of Ag2Se. Samples dissolved in n-
hexane were used for UV measurements. From Figure 2a,
the absorption edge was determined at l = 630 nm, which
is close to the literature value reported for Ag2Se nanocrys-
tals.[6b,10b] Figure 2b shows the Raman spectrum of the sam-
ples. A characteristic peak around ñ = 143 cm�1[12–13] was
observed, which is evidence of Ag�Se bond formation.
Transmission electron microscopy (TEM) analysis was


used to further explore the crystal structure of the Ag2Se
NPs. Figure 3a,b show the TEM images of sample I (see the
Experimental Section) prepared at low temperature. The
products are purely uniform particles without any aggrega-
tion at all. The size of the particle ranges from 7 to 12 nm,
and the average size is calculated to be 10 nm. Figure 3c
shows an electron diffraction pattern indicative of many
single particles. Figure 3d shows the HRTEM image of a
single Ag2Se NP with a diameter of about 10 nm.
EDS analysis was also used to analyze the dispersive


nanocrystals (Figure 3f). Strong Ag and Se peaks undoubt-


edly confirmed that the product is Ag2Se. Cu and O peaks
come from the carbon-coated copper grid and oxygen in the
system, which is a normal observation for TEM samples.
The weak Si peak can only be caused by the glass vessels
used in the experiments, because no Si-containing reagents
were used in this study. The much weaker S peak may come
from SO4


2�, which is generated with the release of Se2�


from SeSO3
2� [Eq. (2)]. However, according to the XRD re-


sults, no obvious Ag2SO4 phase forms, which suggests that
this rather small sulfur impurity can be ignored in this case.
Therefore, the samples are basically pure Ag2Se nanocrys-
tals.
Figure 3g shows the TEM image of sample II (see the Ex-


perimental Section) prepared at room temperature. The
products were irregular in shape and larger on first sight
than sample I. Figure 3e shows the high-resolution transmis-
sion electron microscopy (HRTEM) image of a single Ag2Se
nanoparticle with a diameter of about 20 nm. It is a general
phenomenon in both samples I and II that some of the NPs
have a cavity inside and some do not. Figure 3d,e are repre-
sentative of two such typical morphologies. Through further
HRTEM studies it was found that the peanutlike (Figure 3i)
and wormlike (Figure 3h) structures were probably formed
by the conjugation of several nearby spherical particles. Lat-
tice faults also appear at the border of two particles.


Figure 1. XRD pattern of orthorhombic Ag2Se nanocrystals. a.u. = arbi-
trary units.


Figure 2. a) UV spectrum of a solution of Ag2Se in n-hexane. b) Raman
spectrum of Ag2Se NPs.
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The TEM results enabled us to answer the question as to
why small dispersive Ag2Se nanoparticles are difficult to
obtain. It can be understood from two respects. First, the
crystal growth speed of Ag2Se is very fast even at room tem-
perature due to the large solubility product constant, KSP.
Therefore, silver and selenium atoms stack quickly in all
space directions without selection, finally resulting in a large
irregular crystal, such as sample II. Second, the surface
atoms of the small nanoparticles are so active that they may
combine with atoms on the surface of another particle,
which will also yield irregular crystals. Even in sample I, ir-
regular particles will be generated under exposure to elec-
tron-beam irradiation over a long period of time during the
TEM analysis. The whole process could be observed clearly
and seems to be a strong tendency even with the surfactant
protection during the reaction. In our system, a relatively
low temperature was used that both slows the growth speed
and decreases the surface atom activity, so that uniform-
sized Ag2Se nanoparticles were successfully prepared with
this method.
Based on the TEM study and experimental process, a pos-


sible positive-microemulsion mechanism (Figure 4) was sug-


gested to explain the formation of 10 nm-sized Ag2Se NPs.
This mechanism includes three steps, which just correspond
to the practical manipulation:


Figure 3. a),b) TEM image, c) electron diffraction and f) EDS analysis of sample I. d),e) HRTEM image of a single particle of sample I and II, respective-
ly. g) TEM and h),i) HRTEM images of sample II.


Figure 4. A possible mechanism for the formation of Ag2Se NPs.
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1) In the original solution, all the reagents and solvents
added make a positive microemulsion. NaOH reacts
with linoleic acid to generate the surfactant, while deion-
ized water and n-hexane form the water and oil phase,
respectively. Ethanol was added to make the microemul-
sion more stable. Because the water phase is much larger
than the oil phase, the homogeneous solution should be
a typical positive microemulsion.


2) When an aqueous AgNO3 solution was added to the sol-
ution from step 1, the Ag+ ions were immobilized on the
oil droplet due to the coordination between Ag+ and
C17H31COO


�, forming an Ag layer on the outside. This
can be confirmed by a simple experiment. At step 2,
enough hexane was added to destroy the Ag+-containing
normal microemulsion (see Figure 1a in the Supporting
Information), and after several minutes the mixture was
separated into an upper nonpolar phase and a lower
polar phase with a visible boundary (see Figure 1c in the
Supporting Information). If the original speculation of
Ag+�C17H31COO� immobilization to emulsion droplet is
true, most of the Ag+ should be stabilized in the upper
phase. We took the same amount of solution from each
phase and added the same amount of Na2SeSO3 to each.
The result showed that most of the Ag+ was indeed in
the upper nonpolar phase.


3) Na2SeSO3 was injected into the emulsion and reacted
with the Ag+ ions on the water/oil interface to yield
Ag2Se NPs. The as-made nanoparticles were quickly sur-
rounded with surfactant molecules from both the oil-
core surface and the water/ethanol solution. Due to the
soft nature of the water/oil interface, a small amount of
oil might be embedded in the particles during the fast
formation of Ag2Se. This is a very fast process, and only
some of the nanoparticles have a cavity inside.


Further research into the chemical bonding and composi-
tion offer some indirect proof to support the above mecha-
nism. The IR spectra (Figure 5) were used to analyze the or-
ganic component at the surface. The IR spectrum of Ag2Se
in hexane is similar to that of pure hexane, except for the


split peaks from 2800 to 3000 cm�1, which were caused by
C17H31COO


� and C17H31COOH. The IR spectrum of Ag2Se
NP powder supplies more characteristic peaks. Two strong
peaks around ñ = 2920 and 2850 cm�1 were attributed to
the asymmetric and symmetric stretching vibrations of the
C�H bond, respectively. Two strong peaks at ñ = 1560 and
1427 cm�1, which are two characteristic peaks in the IR da-
tabase for identifying a carboxylic salt, were assigned to the
asymmetric and symmetric stretching vibration of the
-COO� group, respectively. A small shoulder around ñ =


1647 cm�1 was indexed to the stretching vibration of the C=
C double bond. All these peaks provide evidence to support
the existence of the C17H31COO


� unit coating the outside of
the particle.
X-ray photoelectron spectroscopy (XPS; Figure 6) was


used to analyze the inorganic component and chemical
bonding at the surface. First, the XPS survey spectrum only
shows the peaks of Ag, Se, O, and C, illustrating the high
purity of the sample. The binding energies of Se 3d and Ag
3d5/2 are 53.85 and 367.85 eV (standard: Ag2Se 367.8 eV), re-
spectively, which is undoubtedly in accordance with the


Figure 5. IR spectra of n-hexane, a solution of Ag2Se in hexane, and
Ag2Se NPs (powder).


Figure 6. XPS spectra of Ag2Se NPs: a) survey spectrum; b) Ag 3d spec-
trum; c) Se 3d spectrum; d) valance band spectrum of Se; e) Auger spec-
trum of Ag.
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standard data. The valance band spectrum (Figure 6d)
shows a peak at about 5 eV, which might be the signal of Se
4s and Se 4p. Quantification of the XPS survey spectrum
peaks gives the ratio of Ag to Se as 2.52:1. The excess of
surface silver implies that it might bond with another atom
besides Se. Therefore, an Auger electron spectrum (Fig-
ure 6e) was carried out to give more definite information
about the probable chemical environment of silver. Two
peaks at 351.15 and 356.81 eV were found to be close to
values of Ag2Se (351.4 eV) and Ag2O (356.6 eV), respective-
ly, from the handbook. It suggests that the excess Ag should
bond with the O atom of C17H31COO


�, which also offers in-
direct proof of the mechanism.
Furthermore, to examine the correctness of the proposed


mechanism we designed two Ag-related experiments, in
which Ag NPs and Ag2S NPs could also be prepared in this
positive-microemulsion system (see Figures 2 and 3 in the
Supporting Information). First, an identical positive microe-
mulsion was made at room temperature. Second, Ag+ ions
were immobilized on the oil droplets. Third, N2H4·H2O and
Na2S solution were injected into the emulsion to yield Ag
and Ag2S nanoparticles, respectively. These two examples
strongly support the mechanism proposed, and also reveal
its universality.


Conclusion


In conclusion, a low-temperature, fast synthesis of nearly
uniform orthorhombic Ag2Se nanoparticles was developed
in this study. A possible positive-microemulsion mechanism
was suggested, and TEM, IR, and XPS results support this
mechanism from various aspects. The method developed in
this paper to form uniform nanoparticles has several advan-
tages over former reports:[14] 1) The synthesis is accomplish-
ed at room temperature. If high crystallinity is not required,
this method is also suitable for many other materials, such
as sulfides, fluorides, and phosphates. 2) It is a fairly fast
method to make particles, and the size of the particle may
be determined by the original microemulsion, not by the
length of the reaction time. 3) Because the system is a posi-
tive microemulsion and the solubility of the inorganic re-
agents is good, it is an ideal and general method for making
other uniform nanoparticles on a large scale through simple
precipitation reactions.


Experimental Section


Materials : All the reagents used in this work, including NaOH, linoleic
acid (LA, C17H31COOH), C2H5OH, n-hexane, AgNO3, Na2SO3, Se
powder, N2H4·H2O, and Na2S, were A.R. reagents from the Beijing
Chemical Factory, China. The Na2SeSO3 solution (selenium source) was
prepared by refluxing selenium powder (5 mmol) and Na2SO3 (5 mmol)
in distilled water (50 mL) for 1 h.


Synthesis : In a typical process to prepare sample I, first, NaOH (100 mg)
and LA (1.9 mL) were dissolved in the mixture of deionized water
(15 mL), C2H5OH (15 mL), and n-hexane (1 mL) to form a transparent


microemulsion. Second, AgNO3 (1 mmol) dissolved in deionized water
(5 mL) was added to the solution under vigorous stirring, forming a
white Ag+-containing emulsion quickly. Third, after the emulsion had
been maintained at 7–10 8C in the water bath, Na2SeSO3 solution (5 mL)
was injected into it. The solution changed from transparent to black in
three seconds, and was kept stirring for 5–10 min. After the reaction, n-
hexane (20 mL) was added to destroy the microemulsion and extract the
LA-coated Ag2Se NPs into the oil phase (Figure 1b in the Supporting In-
formation), which was centrifuged to give Ag2Se NPs by adding
C2H5OH. Then, the samples were washed several times by dissolving in
hexane coupled with precipitating from ethanol to remove LA residues
on the particle surface. Finally, these NPs were dissolved in hexane for
storage. For sample II, a similar process was used except that NaOH
(200 mg) and LA (3.8 mL) were added and the reaction was carried out
at room temperature (25–30 8C).


For XRD, Raman, IR, and XPS analyses, Ag2Se NPs were directly pre-
cipitated from a high-concentration solution of Ag2Se in hexane by
adding an adequate amount of ethanol. After drying at 50 8C for 4 h, the
gel was ground into a powder for the measurement.


Characterization : The samples were characterized by using a Rigaku D/
max 2550 X-ray diffractometer. The size and morphology of the nanopar-
ticles were obtained by using a JEOL JEM-1200EX transmission electron
microscope and a Tacnai TF20 high-resolution transmission electron mi-
croscope. Energy dispersive spectroscopy (EDS) was also recorded by
using the latter. The electronic absorption spectra were obtained on a Hi-
tachi U-3010 UV-visible spectrometer. The IR spectra were recorded on
a Nicolet 560 FTIR spectrophotometer. Raman spectra were recorded
with an RM 2000 microscopic confocal Raman spectrometer (Renishaw
PLC, England) employing a l = 514 nm laser beam. X-ray photoelectron
spectroscopy (XPS) was carried out using a PHI Quantera SXM.
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Phosphoramidite Ligands in Iridium-Catalyzed Allylic Substitution
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Introduction


Among the methodologies that synthetic chemists employ
to create chiral centers, allylic substitution is of considerable
importance. The products of this reaction are particularly in-
teresting because they contain a double bond, which is one
of the most versatile functional groups in organic synthesis.
Although the most-studied catalytic system is that with


palladium as the metal source, its applicability is limited
mostly to symmetrical substrates in which the enantioselec-
tivity is a result of regioselectivity.[1]


Regarding the nonsymmetrical prochiral substrates
(Scheme 1), the situation is more complex and challenging,
as one has to control both regio- and enantioselectivity. For
this purpose, metals, such as nickel,[2] platinum,[3] copper,[4]


molybdenum,[5] ruthenium,[6] tungsten,[7] rhodium,[8] and iri-
dium,[9,10] have emerged as efficient systems. Although the
regiochemistry of palladium normally favours the linear


product, there is an increasing number of examples favour-
ing the branched regioisomer.[11]


Following the pioneering work of Takeuchi et al.[9,10a–c]


and Helmchen et al.,[10d–g] Hartwig and co-workers achieved
high enantioselectivities by using L1 as ligand in iridium-cat-
alyzed allylic amination[10m] and etherification[10n]


(Scheme 2). They later identified the active species C1 in
their reaction;[12] it came from an insertion into the C�H
bond in the methyl group on the amine part of the ligand
(Scheme 3). Helmchen et al. had previously observed such
an insertion into an aromatic C�H bond of triphenylphos-
phite as ligand.[10f]


Here, we describe improved conditions and ligands for al-
lylic alkylation, which result not only in higher regio- and
enantioselectivities, but also in improved kinetics.


Results and Discussion


Allylic alkylation reaction : The results obtained by Helm-
chen et al. using L1 were good, but limited in scope.[10g]


Moreover, this catalyst system needed to be improved re-
garding its long reaction time (from 18 hours to 4 days), its
only moderate to good regioselectivities (branched/linear (b/
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iridium · phosphoramidite


Abstract: A new phosphoramidite ligand was used in the iridium-catalyzed allylic
substitution reaction. This permitted high regio- and enantioselectivities on a wide
variety of substrates and nucleophiles. Because of the stereospecificity of the reac-
tion obtained by using branched substrates, a kinetic resolution reaction was at-
tempted. The origin of the impressive efficiency of this ligand in terms of kinetics
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the amine moiety.
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l) ratios 30:70 to 91:9), and its imperfect enantioselectivities
(86% for the classical substrate cinnamyl acetate).
Hartwig et al.[10o,p] and Helmchen et al.[13] recently ach-


ieved improvement by using additives, such as 1,4-
diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (DABCO) or 1,5,7-triazabicyclo-
ACHTUNGTRENNUNG[4.4.0]dec-5-ene (TBD), respectively, to control the forma-
tion of the catalytic species C1. In contrast, we examined
the potential of structural modifications of L1 to improve
the scope and kinetics of the reaction, as there was a need
for a general and simple catalytic methodology in asymmet-
ric allylic alkylation. To accelerate the reaction, we devel-
oped a new family of phosphoramidite ligands L2a–c, bear-
ing two ortho-methoxy substituents on the amine moiety,
which provided excellent regio- and enantioselectivities in
Cu-catalyzed allylic substitution[14] (Scheme 4).


Under the original conditions developed by Helmchen
and co-workers (4% Ir catalyst and 4% ligand) for the cin-
namyl derivative 1a,[10g] ligand L1 did not seem to be opti-
mal (regioselectivity of 70:30 and enantioselectivity of 70%,
Table 1, entry 1), although the introduction of LiCl as an ad-
ditive improved the result remarkably (3a/4a ratio of 91:9
and 86% optical purity, Table 1, entry 2).
Knowing that the carbonate derivative 2a was much more


active than 1a in the amination version of the same reac-
tion,[10m] we[15] initially tested 2a under the classical condi-
tions without any additive. The reaction was sluggish, even
at 60 8C, and led to only low regio- and enantioselectivities
(Table 1, entry 3). The addition of lithium chloride led to an
impressive acceleration of the reaction, together with an im-
provement of the regio- (99:1) and enantioselectivities
(98%) (Table 1, entry 4). The role of LiCl is discussed
below. This result again demonstrates the superiority of the
new ligand L2a relative to L1, both in terms of regio- and
enantioselectivities. We even tested a much lower catalyst
loading (0.5 mol% of Ir catalyst), which did not seem to be
deleterious, as after 4 h at 40 8C, 83% conversion was ob-
tained together with an ee of 96% and a regioselectivity of
99:1 (Table 1, entry 5). Such a small amount of catalyst


(0.5%) is impressive for C�C
bond formation methodologies.
This represents a turnover
number (TON) of 200 and a
turnover frequency (TOF) of
50 at 40 8C.


Scheme 2. Ligands used in this study.


Scheme 3.


Scheme 4.
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Comparison of the diaster-
eomeric ligands L2a (aS,SS)
and L2b (aR,SS) clearly shows
a matched/mismatched situa-
tion, with L2b being mis-
matched (entry 6, 89% ee). It
should be stressed that the in-
version of the binaphthol part
of the ligand translates into an
inversion of stereochemistry
on the resulting allylic adduct,
indicating that the binaphthyl
chiral element is dominant. In-
terestingly, the simpler ligand
L2c affords a relatively high ee
(Table 1, entry 7, 93%). The
absolute stereochemistry of
the adduct corresponds to that
obtained with the matched
ligand L2a. Thus, the biphenyl
part of the axially labile ligand
L2c seems to adopt the same
configuration as the (S)-bi-
naphthyl of L2a. This adaptive
behavior is similar to that ob-
served in Cu-catalyzed reac-
tions, in which the induced
atropoisomerism of the bi-
phenyl has the same configura-
tion as the matched diastereo-
meric pair in the binaphthyl-
type ligand.[16]


We next focused our efforts on expanding the scope of
the reaction. We tested different allylic substrates
(Scheme 5), starting with the 2-naphthyl derivative 2b that
regioselectively (99:1) gave the branched isomer in 96% ee
(Table 2, entry 1). We then modulated the electron demand
of the aromatic ring. With the �OMe group in the para- or
meta-positions, substrates 2c and 2d behaved similarly and
gave excellent regioselectivities and enantiomeric excesses
(Table 2, entries 2 and 3). However, for steric or coordina-
tion reasons, if the same substituent as that in 2e was in the


ortho-position, it was deleteri-
ous for the stereoselectivity
(Table 2, entry 4). An excess of
only 79% was obtained for
this substrate. This was ob-
served previously by Hartwig
et al. in the amination reac-
tion.[10m] With para- and meta-
donor substituents, the dioxo-
lane derivative 2 f led to excel-
lent results (Table 2, entry 5).
Of particular interest is the


substrate bearing a para-chloro
substituent 2g. Its transforma-
tion into 3g is known to give


straightforward access to the therapeutically useful GABAB


receptor agonist (R)-baclofen hydrochloride (Scheme 6).[17]


We obtained 3g with an optical purity of 97% without any
trace of the regioisomer 4g (Table 2, entry 6).


Table 1. Enantioselective Ir-catalyzed allylic alkylation of carbonates.[a]


Entry Substrate Ligand Additive T [8C] Time [h] Yield[b] [%] 3/4[c] ee[d] [%]


1[e] 1a L1 – 25 18 41 70:30 70 (R)
2[e] 1a L1 LiCl 25 18 98 91:9 86 (R)
3 2a L2a – 60 22 31 65:35 44 (R)
4[f] 2a L2a LiCl 25 2 82 99:1 98 (R)
5[g] 2a L2a LiCl 40 4 ACHTUNGTRENNUNG(83) 99:1 96 (R)
6 2a L2b LiCl 25 14 28 97:3 89 (S)
7 2a L2c LiCl 25 14 81 99:1 93 (R)


[a] Molar ratio: substrate/LiCl/NaHC ACHTUNGTRENNUNG(CO2Me)2/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L=1:1:2:0.02:0.044; scale: 0.5 mmol substrate.
[b] Isolated yield; in parenthesis: conversion determined by GC–MS. [c] Determined by 400 MHz 1H NMR
spectroscopy or GC–MS. [d] Determined by chiral SFC (HPLC for entries 1 and 2); in parentheses: absolute
configuration attributed by comparison with published data (ref. [7]). [e] Taken from ref. [10g]. [f] Performed
on a 1-mmol scale. [g] Performed on a 4-mmol scale with a molar ratio: substrate/LiCl/NaHC-
ACHTUNGTRENNUNG(CO2Me)2/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L=1:1:2:0.0025:0.0055.


Scheme 5.


Table 2. Enantioselective Ir-catalyzed allylic alkylation of carbonates with L2a.[a]


Entry Substrate R T [8C] Time [h] Yield[b] [%] 3/4[c] ee[d] [%]


1 2b 25 20 73 99:1 96 (R)


2 2c 35 24 99 >99:1 97 (R)


3 2d 30 6 58 99:1 96 (R)


4 2e 30 6 98 >99:1 79 (R)


5 2 f 30 44 70 99:1 97 (R)


6 2g 35 24 90 >99:1 97 (R)[e]


7 2h 30 65 40 94:6 94 (R)


8 2 i n-Pr� 30 30 92 80:20 96 (R)


9 2j 30 65 65 97:3 98 (R)


[a] Molar ratio: substrate/LiCl/NaHC ACHTUNGTRENNUNG(CO2Me)2/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L2a=1:1:2:0.02:0.044; scale: 0.5 mmol substrate.
[b] Isolated yield. [c] Determined by 400 MHz 1H NMR spectroscopy or GC–MS. [d] Determined by chiral
SFC; in parentheses: absolute configuration. [e] The absolute configuration was determined by comparison
with published data (ref. [7]); all other configurations were attributed by analogy with 3a.


Scheme 6.
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An electron-withdrawing group on the aromatic core of
the substrate was also tested (Table 2, entry 7). Although
very good enantioselectivity was measured for 3h, a signifi-
cant amount of 4h was detected (6%).
Alkyl groups as substituents were investigated. Primary


(2 i, Table 2, entry 8) and secondary (2 j, Table 2, entry 9)
alkyl derivatives gave high enantioselectivites (96 and 98%,
respectively), but lower regioselectivities (80:20 and 97:3, re-
spectively) than aromatic derivatives.
Allylic carbonates are usually the substrates of choice,


and allylic acetates are used less often, owing to their lower
reactivity and selectivity.[10m] However, despite requiring a
longer reaction time, the latter (Scheme 7) gave similar re-
sults (Table 3, entry 1) under the conditions employed in


this study. Thus, substrate 5b
needed to be heated slightly
for the reaction to be complet-
ed. This affected the regiose-
lectivity (Table 3, entries 2–5)
rather than the enantioselectiv-
ity. Finally, we also tested a
branched substrate 6a. Howev-
er, the enantioselectivity drop-
ped dramatically, showing that
the isomerization of the Ir p-
complex is a very slow process,
a result also reported by Helm-
chen et al.[10e] and Moberg
et al.[17b]


In addition to studying vari-
ous electrophiles, we were in-
terested in testing different sta-


bilized alkyl nucleophiles under these conditions
(Scheme 8). Among them, trisubstituted methyl malonate


7a required slight heating to lead to full conversion
(Table 4, entry 1). The resulting regio- and enantioselectivi-
ties were as high as those obtained with the simple malo-
nate. Two nucleophiles containing a prostereogenic center,


7b and 7c, were also tested.
Although high regio- and
enantioselectivities were ach-
ieved, no stereocontrol on the
nucleophile occurred, leading
to the corresponding diaster-
eoisomers in a 1:1 mixture
(Table 4, entries 2 and 3). Of
particular interest was nucleo-
phile 7d, bearing an allyl sub-
stituent (Table 4, entry 4). In
addition to the good regiose-
lectivity obtained, we trans-
formed product 7d into the cy-
clohexene derivative 10 by a
ring-closing metathesis by
using the first generation
GrubbKs catalyst[18] (Scheme 9).
The optical purity of 10 was
extremely high (98.7% ee).


Attempts at kinetic resolution :
In view of the intriguing result
obtained by using 6a as sub-
strate (Table 3, entry 6), we


Scheme 7.


Table 3. Ir-catalyzed allylic alkylation of acetates with ligand L2a.[a]


Entry Substrate R T [8C] Time [h] Yield[b] [%] 3/4[c] ee[d] [%]


1[e] 5a 25 22 79 99:1 97 (R)


2 5b n-Pr� 25 60 21 91:9 94 (R)
3 5b n-Pr� 30 66 87 87:13 97 (R)
4 5b n-Pr� 42 15 71 86:14 97 (R)
5 5b n-Pr� 55 18 82 82:18 97 (R)


6 6a 25 3 81 >99:1 10 (R)


[a] Molar ratio: substrate/LiCl/NaHC ACHTUNGTRENNUNG(CO2Me)2/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L2a=1:1:2:0.02:0.04; scale: 0.5 mmol substrate.
[b] Isolated yield. [c] Determined by 400 MHz 1H NMR spectroscopy or GC–MS. [d] Determined by chiral
GC or SFC; in parentheses: absolute configuration. [e] Performed on a 1-mmol scale.


Scheme 8.


Table 4. Allylic alkylation with different stabilized nucleophiles.


Entry Nu Structure T [8C] Time [h] 8/9[a] Yield[b] [%] (d.r.) ee[c] [%]


1 7a 40 15 >99:1 95 (–) 97


2 7b 25 3 94:6 79 (51:49) 95[d]


3 7c 25 5 >99:1 68 (53:47) 95[e]


4 7d 40 3 94:6[f] 85 (–) n.d.


[a] Measured by GC–MS, unless otherwise stated. [b] Isolated yield; in parenthesis: diastereomeric ratio.
[c] Measured by chiral SFC. [d] Measured on the minor diastereoisomer. [e] Measured on the major diaster-
eoisomer. [f] Measured by 1H NMR spectroscopy.
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wondered if it would be possible to use this memory effect
in a kinetic resolution reaction. Treatment of racemic start-
ing material 6a with half an equivalent of sodium dimethyl
malonate gave 3a with 84% ee (R) and the recovered start-
ing material with 52% of the predominant R enantiomer
(Scheme 10). The ratio 6a/2a was 49:51.


As already proved by Helmchen et al.,[10f] the reaction
can be seen as a double inversion process, and, hence, as a
formal retention event. Consequently, we can state that the
branched allylic acetate (S)-5a is more reactive than its
enantiomer. This corresponds to the same face-preference
as ligand L2a in the allylic substitution on the nonchiral sub-
strates cinnamyl acetate 5a or carbonate 2a (see above).
The enantioface preference (s) is expressed as a function


of conversion (C) and the enantiomeric excess of the re-
maining starting material (ee) [Eq. (1)]:[19]


s ¼ kS=kR ¼ ln½ð1�CÞð1�eeÞ�=ln½ð1�CÞð1þ eeÞ� ¼ 4:9 ð1Þ


This means that the bottom face is preferred to the upper
face by a factor of 4.9 for the oxidative addition. We assume
that the oxidative addition is an irreversible process. In view
of the ee of the product, we can then state that a racemiza-
tion process occurs during the reaction, because the ee of
the product does not reflect the optical purity of the remain-
ing starting material. Two racemization pathways are possi-
ble:[20] enantioinversion by another complex, or the s–p–s
process (Scheme 11). If the oxidative addition is irreversible
and the nucleophilic attack is stereospecific, then a racemi-
zation process takes place. In the absence of racemization,
the ee of the product should reflect that of the remaining
starting material (52%), which is clearly not the case
(84%).


The enantioface inversion equilibrium is a first-order
process (ki), whereas nucleophilic attack is a second-order
process (k3[Nu] and k4[Nu]), dependent on the concentra-


tion of the nucleophile. The sum of the amounts of (R)-3a
and the rest of (S)-6a is 58%. As the remainder is 42%, it
can be stated that 8% racemization occurred, meaning that
ki¼6 0. Therefore, by decreasing the concentration of the nu-
cleophile, we should theoretically be able to get an efficient
dynamic kinetic resolution. This would be reached under
real Curtin–Hammet conditions (see below).
From the results of this simple experiment, we have estab-


lished that there are two stereoselection processes in our re-
action: kinetic (important) and thermodynamic (less impor-
tant). The kinetic process is the enantioface preference of
our catalyst (k1=4.9k2). The thermodynamic one is the equi-
librium of the intermediate, which favours the same face in
terms of stability (ki>k�i). An efficient dynamic kinetic res-
olution (DKR) would be theoretically possible by lowering
the concentration of the nucleophile, for example, by using
a weaker base, such as the BSA/KOAc system (Scheme 12).


Under these classical conditions for palladium catalysis, no
enantiomeric excess was obtained (conditions 1). We tried
(conditions 2) to increase the temperature to 65 8C and the
amount of catalyst to 10 mol%, and treated the substrate
with 1.1 equivalent of NaCH ACHTUNGTRENNUNG(CO2Me)2 introduced very
slowly (addition time of 5 h) to give the system a chance to
reach the Curtin–Hammett conditions. As a result, we ob-
tained 32% ee, which is not spectacular, but confirmed our


Scheme 9.


Scheme 10.


Scheme 11.


Scheme 12. Conditions: 1) RT, 16 h, 3 equiv CH2 ACHTUNGTRENNUNG(CO2Me)2, 3 equiv BSA,
cat. KOAc; 2) substrate/catalyst ratio =10:1, temperature 65 8C, reaction
time 16 h , slow addition of 1.1 equiv NaCHACHTUNGTRENNUNG(CO2Me)2 over 5 h.
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hypothesis. This result was promising and may be improved
in the future.


Symmetrical substrates : We tested the symmetrical substrate
11 under the conditions described previously (Scheme 13).


Interestingly, although this substrate was more inert than
the other allylic acetates used, it led to 80% conversion and
86% ee after 23 h at 40 8C. The
recovered starting material
gave an enantiomeric excess of
only 8%. This experiment con-
firms the above result obtained
with 6a. The low ee of the re-
maining starting material
shows that the face selectivity
is not very high; instead, the
high enantiodiscrimination
occurs on the meso-p-allyl
complex.
Allylic acetate 13a


(Scheme 14) is also a classical
substrate in allylic substitution
and has been extensively stud-
ied in the Pd-catalyzed
system.[21] However, it led to
no conversion under our con-
ditions. Even the more reac-
tive carbonate congener 13b was inert under the same treat-
ment. Because they feature a defined Z geometry of the
double bond, these substrates do not behave like their iso-
mers, as previously observed by Takeuchi.[9]


Role of LiCl and catalyst recycling : Although the advantage
of adding LiCl in the allylic alkylation reaction is clear, we
have not so far discussed a rationale for its role. An initial
naive hypothesis is that LiCl does not change the nature of


the true catalyst. Indeed, this additive is not required for
other nucleophiles, such as amines (see below). Both sys-
tems (RNH2 and NaCH ACHTUNGTRENNUNG(CO2Me)2/LiCl) give similar regio-
and enantioselectivities. Therefore, we turned our attention
to the nature of the alkyl nucleophiles. Two hypotheses


could be formulated: 1) an
Na–Li transmetallation results
in a lithium malonate salt or 2)
LiCl breaks the aggregates of
the sodium salt of the malo-
nate anion. To evaluate these
suppositions, we employed sev-
eral bases, such as lithium hy-
dride, lithium carbonate, and
lithium methylate to deproto-
nate the nucleophile


(Scheme 15). The results are shown in Table 5. The use of
lithium hydride did not result in any conversion (Table 5,


entry 1), probably for reasons of solubility. Lithium carbo-
nate seemed equally inefficient in deprotonating the nucleo-
phile (Table 5, entry 2), and lithium methylate, which was
more basic and soluble under our conditions, did not lead to
conversion (Table 5, entry 3). We can, therefore, conclude
that Na–Li metal exchange does not occur. The addition of
LiCl to this latter base gave totally different results (Table 5,
entry 4). After only 4 h at 45 8C, the conversion was com-
plete and the regio- and enantioselectivities were excellent
(98:2 and 97%, respectively). Thus, LiCl seems to play a
role already observed by Seebach[22] for Li or Na enolates:
the “pure” aggregates of the latter exhibit a different reac-
tivity than the “mixed” aggregates formed with LiX addi-
tives.
By employing these simpler conditions, we were also able


to demonstrate that the iridium catalyst was recoverable
without any drawbacks (Table 5, entry 5). The reaction run
with the recycled catalyst required an additional hour to
reach completion. No loss of regio- or enantioselectivity was


Scheme 13.


Scheme 14.


Scheme 15.


Table 5. Evaluation of several bases in the Ir-catalyzed allylic alkylation.[a]


Entry Base Additive T [8C] Time [h] Conv.[b] [%] 3/4[c] ee[d] [%]


1 LiH – 40 22 0 n.d. n.d.
2 Li2CO3 – 40 22 0 n.d. n.d.
3 MeOLi – 40 22 0 n.d. n.d.
4 MeOLi LiCl 45 4 100 (73) 98:2 97 (R)
5[e] MeOLi LiCl 45 5 95 (78) 99:1 97 (R)


[a] Molar ratio: 2a/base/additive/CH2ACHTUNGTRENNUNG(CO2Me)2/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L2a=1:2:1:2:0.02:0.04; scale: 0.5 mmol sub-
strate. [b] Conversion determined by GC–MS; in parenthesis: isolated yield. [c] Determined by GC–MS.
[d] Determined by chiral SFC; in parentheses: absolute configuration. [e] Catalyst recovered from reaction of
entry 4 and reused.
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observed. Scheme 16 shows the procedure used to recycle
the catalyst (see Experimental Section). This method al-
lowed us to recover 65% of the catalyst without the need to
take any precautions regarding oxygen or water.


Allylic amination reaction : In addition to the previous nu-
cleophiles, we tested primary amines under the conditions
described previously by Hartwig et al.[10m] (Scheme 17). The
results are presented in Table 6.


By using L2a as the chiral ligand (Table 6, entries 1–3),
we were able to get high enantio- and regioselectivities in
favour of the branched products 16. Enantioselectivities re-
mained constantly high (97–98%), irrespective of the amine
15 used, and these reflected the values obtained with alkyl


nucleophiles. With ligand L2a,
the results were as high or
even slightly higher than those
obtained by Hartwig et al. with
L1.
Comparison with ligands


L2b (Table 5, entry 4) and L2c
(Table 5, entry 5) allows ap-
proximately the same observa-
tions to be made as for the al-
kylation reaction. Ligand L2b
was the mismatched diastereo-
meric pair (47% ee) and led to
the opposite enantiomer,
whereas the flexible biphenyl
derivative L2c gave relatively
high ee (92%), in favour of the
same enantiomer as for the
matched ligand L2a.


Mechanistic considerations : Apparently, the iridium catalyst
resulting from ligand L2a was not only more enantioselec-
tive, but also showed impressively higher kinetics than the
one obtained by using L1.[14,15] To explain the higher effi-
ciency of L2a over L1, we initially postulated a P–O hemila-
bile character, although this would lead to a seven-mem-
bered metallo-ring C2 (Scheme 18) and the exclusion of the
chloride anion from the first coordination sphere.


Indeed, it was legitimate to consider L2a as a bidentate
ligand, which would allow a stronger positive character to
enhance the oxidative addition to the substrate.[23] Prelimi-
nary calculations (see Experimental Section) on the related
ligand L4 support such an assumption (Figure 1). Interest-
ingly, the square-planar arrangement favoured by d8 transi-
tion metals, such as IrI, is not distorted by a bidentate mode
of coordination of the ligand L4. However, we have not
been able to observe any coordination of the ortho-methoxy
group by 1H or 31P NMR spectroscopy or to get any crystals
suitable for X-ray crystallography.
Although these calculations were promising for our hy-


pothesis, experimental proof was not obtained. To confirm
or deny our initial hypothesis, we focused on generating spe-
cific structural changes in the amine part of this family of
phosphoramidite ligands (Table 7).[24]


The secondary amines were prepared very easily by con-
densation of the corresponding enantiopure primary amine
and ketone [25] (Scheme 19). Notably, amine 25 bearing a
mesityl group could not be synthesized if starting from a-


Scheme 16. Catalyst recycling technique.


Scheme 17.


Table 6. Enantioselective Ir-catalyzed allylic amination.[a]


Entry Amine Ligand Conv.[b] [%] 16/17[c,e] ee[d–f] [%]


1 15a L2a 98 (88) 98:2 [99:1] 97 (S) [95]
2 15b L2a >99 (91) 99:1 [n.d.] 97 (+) [97]
3 15c L2a >99 (89) 98:2 [98:2] 98 (S) [96]
4 15a L2b 62 50:50 47 (R)
5 15a L2c 92 99:1 92 (S)


[a] Molar ratio: 2a/15/ ACHTUNGTRENNUNG[{Ir(cod)Cl}2]/L=1:1.3:0.01:0.02; scale: 1 mmol
substrate. [b] In parentheses: isolated yields after silica gel chromatogra-
phy. [c] Determined by 1H NMR analysis of the crude reaction mixtures.
[d] Determined by chiral SFC analysis of the corresponding acetamide.
[e] In square brackets, HartwigKs results with L1 (ref. [10m]). [f] In paren-
theses, absolute configuration.


Scheme 18.
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Me-benzylamine and the corresponding ketone. Under the
conditions used for all other amines, no formation of imine
occurred, probably for steric reasons. However, the inverted
strategy was successful, as seen in entry 8.
We evaluated these new ligands in the iridium-catalyzed


allylic alkylation reaction by using sodium dimethyl malo-
nate as the nucleophile. The kinetic data is presented in
Figure 2. As shown by Hartwig et al.,[10n] in the amination
process L1 gave only low conversion during the first two
hours of the reaction. Because it bears a methoxy substitu-
ent in the para-position, ligand L3 was used to indicate a
possible electronic effect of the OMe group. This did not
seem to be the case, as the kinetics of L3 were much slower
than those of L2a, and gave a slope similar to that of L1.
Next, we investigated the influence of a sole ortho-me-


thoxy substituent, as the calculations for this ligand (L4)
have already been performed.
The reaction showed a rate
significantly higher than that
for L1 and L3, but lower than
that for L2a. To confirm a pos-
sible coordination role of the
methoxy substituent, we re-
placed it by a simple methyl
group in the ortho-position,
as in L5. This ligand afforded
a kinetic slope similar to that
of L4, which suggests that
our first postulated model


Figure 1. Density functional theory model of L4.


Table 7. Synthesis of different secondary amines and the corresponding (S)-BINOL-based ligands.


Entry Ar1 Ar2 Amine[a] (d.r.) Yield of amine[b] [%] Ligand Yield of L [%]


1 o-MeOC6H4 o-MeOC6H4 18 (82:18) 59 L2a 94
2 p-MeOC6H4 p-MeOC6H4 19 (89:11) 47 L3 32
3 Ph o-MeOC6H4 20 (82:18) 55[c] L4 34[d]


4 Ph o-CH3C6H4 21 (92:8) 64 L5 82
5 o-CH3C6H4 o-CH3C6H4 22 (94:6) 64 L6 63
6 1-naphthyl 1-naphthyl 23 (94:6) 34 L7 74
7 Ph xylyl 24 (88:12) 25[d] L8 67
8 mesityl Ph 25 (98:2) 25[d] L9 52


[a] In parenthesis, diastereomeric ratio measured by GC–MS. [b] Isolated yield after recrystallization of the
corresponding hydrochloric salt, unless otherwise stated. [c] Purification by silica gel chromatography.
[d] Yield not optimized.


Scheme 19.


Figure 2. Kinetics of Ir-catalyzed allylic alkylation with sodium dimethyl malonate, using catalysts with the corresponding ligands L.
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(Ir–OMe coordination) might be wrong. To confirm this, we
synthesized the C2-symmetrical ligand L6, bearing two
ortho-methyl substituents. This ligand showed even more
spectacular kinetics than L2a, enabling completion of the
reaction in less than two hours at room temperature! For
comparison, we studied the congener featuring the 1-naph-
thyl moiety L7 used by Hartwig et al.[10o,p] This gave a
slower reaction rate than that observed for L2a and L6.
Reaction using the ligand featuring a xylyl group, L8,


showed a kinetic slope similar to that for L1. However, the
mesityl group in L9 seemed to be deleterious both in terms
of kinetics and selectivity, giving the lowest ee (40%) and
the poorest regioselectivity (90:10) of the series.
A similar study was conducted on the allylic amination


(Figure 3).[24] Again, the slowest reaction was obtained with
the ligand bearing a mesityl group, L9. Ligands that resulted
in gradual slopes were those bearing either no substituent,
L1, a xylyl group, L8, or a methoxy group in the para-posi-
tion, L3, as in the alkylation reaction. The two pseudo-C2-
symmetrical ligands, L4 and L5, gave more impressive kinet-
ic slopes than that of L1; L5 afforded a catalyst as efficient
as that with L2a. Ligand L6 showed impressive kinetic re-
sults, facilitating a faster reaction than that with L2a. Once
again, L7 was less efficient in terms of kinetics, although it
surpassed L2a.
These two kinetic studies reveal that our initial postula-


tion was wrong. Indeed, L6, bearing two methyl groups in
the ortho-position of the amine part of the ligand, gave even
more spectacular results than our, until now, best catalyst
derived from L2a. That suggests that there is a more subtle
explanation for the effect of the substituents in the ortho-po-
sition, as an electronic or even a coordination effect does
not seem to explain the improvement of the kinetics.
We can, however, postulate from this study that the ortho-


methoxy group plays a steric role, because ligand L6, bear-
ing no oxygen, but rather a methyl group at the same posi-


tion, gave even better results. Such steric effects are well
known with phosphorus ligands (for example, Tol-BINAP
versus BINAP; Tol= toluene, BINAP=2,2’-bis(diphenyl-
phosphino)-1,1’-binaphthyl),[26] in which the ligand cone
angle q plays a crucial role.[27]


Furthermore, the position at which steric hindrance
occurs is of critical importance, as testified by the experi-
ments with ligands L8 and L9. Indeed, neither two Me
groups in the meta-position (as in L8) nor two Me groups in
the ortho-position of the same aromatic core could improve
the kinetics of the reaction. An h2 effect of the aryl group[28]


neighboring the amine part cannot be excluded; further
studies are currently in progress.
Concerning the enantio- or regioselectivities, all the li-


gands gave results within the same range (up to >99:1, 92–
99% ee, respectively, Figure 4), except for L9, which we ex-
cluded from the figure (40% ee in alkylation and 0% ee in
amination reaction). This suggests that only the kinetics of
the reaction are dramatically affected by the steric bulk of
the amine moiety of the ligand. Nevertheless, ligand L6


Figure 3. Kinetics of Ir-catalyzed allylic amination with benzylamine, using catalysts with the corresponding ligands L.


Figure 4. Recapitulative comparison of the ee values (%) resulting from
the Ir-catalyzed allylic alkylation with sodium dimethyl malonate and the
amination with benzylamine, with ligands L1–L8.
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gave the best enantioselectivities for both reactions, 98.3
and 99.1%, respectively.


Conclusion


Ligand L2a appears to be an extremely efficient ligand for
iridium-catalyzed allylic alkylation. In conjunction with [{Ir-
ACHTUNGTRENNUNG(cod)Cl}2] and LiCl as an additive it provided a successful
system that permitted the use of a wide range of electro-
philes (allylic carbonates or acetates) or nucleophiles (sec-
ondary or tertiary) with high enantio- and regioselectivities.
This general methodology could be extended to the devel-
opment by ring-closing metathesis of other interesting prod-
ucts, such as cyclic molecules. Similarly, C�N bonds could
be created by using several amines as nucleophiles.
The results also provide mechanistic insight into the role


of the ortho-methoxy substituent in terms of kinetics. Our
first, and most obvious, hypothesis was a coordination role,
which was later confirmed by theoretical calculations. Nev-
ertheless, we designed several other ligands that revealed
that neither a coordination nor an electronic role could pro-
vide an explanation. Instead, we found a steric effect, as the
ligand bearing only methyl groups, L6, gave the most im-
pressive kinetics. We are studying this hypothesis further.


Experimental Section


General remarks : 1H (400 MHz) and 13C (100 MHz) NMR spectra were
recorded in CDCl3 by using a Bruker 400F NMR spectrometer, and
chemical shifts (d) are given in ppm relative to residual CHCl3. Multiplic-
ity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), dd (doublet of doublets), dt (doublet of triplets), ddd
(doublet of doublet of doublets), qd (quartet of doublets), br s (broad sin-
glet). Coupling constants are reported in Hertz (Hz). The evolution of re-
actions was monitored by GC–MS (EI mode) with an HP6890. Optical
rotations were recorded by using a Perkin–Elmer 241 polarimeter at
20 8C in a 10-cm cell in the stated solvent; [a]D values are given in
10�1 degcm2g�1 (concentration c is given as g per 100 mL). Enantiomeric
excesses were determined by performing chiral supercritical-fluid chro-
matography (SFC) with a Berger SFC and the stated column. Gradient
programs are described as follows: initial methanol concentration (%),
initial time (min), percent gradient of methanol (%min�1), final metha-
nol concentration (%); retention times (RT) are given in min.


Enantiomeric excesses were in some cases determined by chiral GC
measurement by using either an HP6890 (H2 as vector gas) or HP6850
(H2 as vector gas) with the stated column. Temperature programs are de-
scribed as follows: initial temperature (8C), initial time (min), tempera-
ture gradient (8Cmin�1), final temperature (8C); retention times (RT) are
given in min. Flash chromatography was performed by using silica gel
32–63 mm, 60 Q. THF and dichloromethane were dried by filtration over
alumina (activated at 350 8C under nitrogen atmosphere for 12 h). Allylic
carbonates and acetates were synthesized by using known experimental
procedures.[29]


All chiral primary amines were obtained from BASF. Chiral secondary
amines 18–23 were prepared according to the procedure described previ-
ously.[25]


All chiral ligands L1–L7 were prepared according to the literature proce-
dure.[14, 15] Lithium chloride was dried for 24 h at 80 8C prior to use. [{Ir-
ACHTUNGTRENNUNG(cod)Cl}2] was purchased from Strem and was used as received. Primary
amines 15 were distilled over CaH2 prior to use. Sodium malonate or


sodium b-ketoester solutions were prepared as follows: NaH (dispersion
in mineral oil, 50%, 0.049 g, 1 mmol) was rinsed with n-pentane (3R
5 mL), followed by dry THF (2R5 mL), and then suspended in dry THF
(2 mL). Neat malonate or b-ketoester (1 mmol) was added dropwise
under nitrogen and stirring at RT to give a colorless solution, which was
immediately used.


Computational calculation remarks : Geometry optimization and elec-
tronic structure calculation for the ligand L4 were performed by using
density functional theory as implemented in the Gaussian 03 program.[30]


The PW91 functional was used for treating both the exchange and corre-
lation effects. The relativistic ECP and its associate basis set, SBKJC
VDZ ECP, were employed to describe the iridium metal center, and all
others atoms were described by the 6–31G* Pople type basis. A frequen-
cy calculation was performed on the optimized structure to ensure it was
a minimum on the potential-energy surface.


General procedure for the preparation of new secondary amines : A mix-
ture of ketone (9 mmol), amine (9 mmol), and titanium(iv) isopropoxide
(8 mL, 27 mol) was stirred at RT for 20 min. The mixture was then hy-
drogenated at 1 atm with 10% palladium on charcoal (180 mg, 2 mol%)
under vigorous stirring at RT. The reaction course was monitored by
GC–MS. Upon complete conversion, the reaction mixture was treated
with an aqueous solution of 1m sodium hydroxide. After stirring for
10 min, the solution was extracted five times with ethyl acetate. The com-
bined organic layers were filtered over celite, dried over sodium sulfate,
and evaporated under reduced pressure. After dissolving the resulting oil
in diethyl ether (10 mL), an aqueous solution of 37% HCl was added
dropwise until a slightly acidic medium was reached, to afford the crude
hydrochloric acid salt of the amine. The latter was recrystallized by slow
evaporation of an ethyl acetate/methanol saturated solution followed by
desalinification by treatment with an aqueous solution of 1m NaOH, ex-
traction with dichloromethane, and drying over sodium sulfate for analy-
sis.


ACHTUNGTRENNUNG(S,S)-1-Phenylethyl-1-xylylethylamine (24): Synthesized according to the
general procedure described. Yield: 25%; [a]20D =�150.7 (c=1.25 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.35–7.24 (m, 5H), 6.90 (s,
1H), 6.84 (s, 2H), 3.55 (q, J=6.8 Hz, 1H), 3.46 (q, J=6.8 Hz, 1H), 2.33
(s, 6H), 1.80–1.50 (br s, 1H), 1.30 (d, J=7.8 Hz, 3H), 1.28 ppm (d, J=
7.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=137.9, 128.5, 128.4, 126.8,
124.5, 55.2, 55.1, 25.0, 24.9, 21.4 ppm; MS (EI): m/z (%): 239 (15), 238
(79), 148 (10), 133 (98), 120 (37), 117 (10), 105 (100); HRMS (ES): m/z
calcd for C17H20N [M�H�CH3]


+ : 238.1596; found: 238.1596.


ACHTUNGTRENNUNG(S,S)-1-Phenylethyl-1-mesitylethylamine (25): Synthesized according to
the general procedure described. Yield: 25%; [a]20D =�129.1 (c=1.24 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.27–7.20 (m, 5H), 6.83 (br s,
2H), 4.07 (q, J=7.0 Hz, 1H), 3.51 (q, J=6.8 Hz, 1H), 2.61 (br s, 3H),
2.31 (s, 3H), 1.76 (br s, 4H), 1.38 (d, J=7.0 Hz, 3H), 1.35 ppm (d, J=
6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=135.5, 128.4, 126.8, 55.6,
51.0, 25.3, 20.8, 20.7 ppm; MS (EI): m/z (%): 267 (7) [M]+ , 252 (36), 146
(100), 131 (17), 105 (76); HRMS (ES): m/z calcd for C19H25N [M�H]+ :
267.1987; found: 267.1986.


General procedure for the preparation of new phosphoramidite ligands :
The hydrochloric acid salt of the amine (3.33 mmol) was added neat in
one portion to a stirred mixture of Et3N (16.67 mmol, 2.3 mL) and PCl3
(3.33 mmol, 0.29 mL) at 0 8C in dichloromethane (6 mL) under nitrogen
atmosphere. The reaction mixture was stirred for 3–5 h at RT until com-
plete disappearance of the PCl3 (monitored by 31P NMR spectroscopy).
Neat (S)-binaphthol (3.33 mmol, 0.95 g) was added in one portion to the
reaction mixture at 0 8C and the suspension was stirred at RT overnight.
The reaction was quenched with water, dried over sodium sulfate, and
purified by flash chromatography on silica gel (cyclohexane/ethyl acetate
or pentane/dichloromethane) affording the ligand as white foam.


O,O’-(S)-1,1’-Dinaphthyl-2,2’-diyl-N,N’-(S,S)-1-phenylethyl-1-xylylethyl-
phosphoramidite (L8): Synthesized according to the general procedure
described. Yield: 67%; [a]20D =++5.4 (c=1.03 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=8.06 (d, J=8.6 Hz, 1H), 7.97 (d, J=8.1 Hz, 1H),
7.86 (d, J=7.8 Hz, 1H), 7.78 (d, J=8.8 Hz, 1H), 7.63 (d, J=8.6 Hz, 1H),
7.48–7.23 (m, 12H), 6.86 (s, 1H), 6.80 (s, 2H), 4.42 (m, 2H), 2.27 (s, 6H),
1.74 (d, J=7.1 Hz, 3H), 1.71 ppm (d, J=6.8 Hz, 3H); 13C NMR
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(100 MHz, CDCl3): d=149.9, 143.4, 142.7, 137.1, 133.0, 132.8, 131.4,
130.5, 130.4, 129.6, 128.3, 128.1, 127.7, 127.3, 127.2, 126.7, 126.1, 125.9,
124.8, 124.3, 122.6, 122.5, 121.2, 54.7, 54.6, 54.4, 26.6, 23.3, 22.9, 22.7,
21.4 ppm; 31P NMR (162 MHz, CDCl3): d=151.3 ppm.


O,O’-(S)-1,1’-Dinaphthyl-2,2’-diyl-N,N’-(S,S)-1-phenylethyl-1-mesityl-
ACHTUNGTRENNUNGethylphosphoramidite (L9): Synthesized according to the general proce-
dure described. Yield: 52%; [a]20D =++300.8 (c=1.11 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=8.01 (d, J=8.8 Hz, 1H), 7.92 (t, J=8.6 Hz, 2H),
7.87 (d, J=7.3 Hz, 1H), 7.56 (d, J=8.8 Hz, 1H), 7.54 (d, J=8.8 Hz, 1H),
7.43–6.94 (m, 11H), 6.55 (br s, 2H), 4.88 (m, 1H), 4.69 (m, 1H), 2.35
(br s, 6H), 2.14 (s, 3H), 1.74 (m, 3H), 1.61 ppm (d, J=7.3 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=150.7, 149.7, 136.5, 136.4, 135.9, 132.9,
131.5, 130.5, 130.4, 129.5, 128.4, 128.1, 127.8, 127.2, 127.1, 126.2, 126.1,
126.0, 124.8, 124.4, 122.6, 122.4, 121.3, 22.2, 21.9, 20.8, 20.6 ppm;
31P NMR (162 MHz, CDCl3): d=144.2 ppm.


General procedure for the Ir-catalyzed allylic alkylation : In a flame-dried
Schlenk tube, lithium chloride (0.021 g, 0.5 mmol), chiral ligand
(0.022 mmol), and [{IrACHTUNGTRENNUNG(cod)Cl}2] (0.0067 g, 0.01 mmol) were dissolved in
THF (0.5 mL) at RT. The resulting orange solution was stirred for 20 min
and treated with substrate (0.5 mmol) as well as a freshly prepared
sodium malonate or ketoester solution (1 mmol in 2.0 mL THF) at RT.
The reaction mixture was stirred at the indicated temperature until com-
plete disappearance of the starting material. The mixture was hydrolyzed
with water, extracted with diethyl ether, and dried over magnesium sul-
fate. GC–MS analysis of the crude mixture indicated the ratio of re-
gioisomers. The product was concentrated in vacuo and subjected to
chromatography on silica gel (n-pentane/diethyl ether 7:3) to afford the
alkylated adduct as a colorless oil.


Dimethyl (R)-2-(1-phenylallyl) malonate (3a):[7] Product prepared from
substrate 2a and sodium dimethyl malonate according to the general al-
lylic alkylation procedure described. Yield: 82%. The absolute configura-
tion was determined by comparison with published data.[7] Ee was meas-
ured by chiral SFC analysis with a Regis (R,R) WHELK-O column (2%
MeOH for 2 min, then 1%min�1, flow rate 2 mLmin�1, pressure
130 bars, 0 8C); RT: 3.05 (R), 3.29 (S); [a]20D =++34.1 (c=1.08 in CHCl3)
for 98% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.40–7.23 (m, 5H), 6.03
(ddd, J=18.2, 10.1, 8.1 Hz, 1H), 5.15 (d, J=18.0 Hz, 1H), 5.12 (d, J=
10.6 Hz, 1H), 4.15 (dd, J=10.8, 8.1 Hz, 1H), 3.90 (d, J=11.1 Hz, 1H),
3.78 (s, 3H), 3.53 ppm (s, 3H); 13C NMR (100.59 MHz, CDCl3): d=


168.2, 167.8, 139.9, 137.8, 128.7, 127.9, 127.2, 116.7, 57.4, 52.6, 52.4,
49.8 ppm; MS (EI): m/z (%): 189 (98), 157 (19), 129 (43), 117 (100), 91
(17), 77 (10).


Dimethyl (R)-2-(1-naphthalen-2-yl-allyl) malonate (3b):[11a] Product pre-
pared from substrate 2b and sodium dimethyl malonate according to the
general allylic alkylation procedure described. Yield: 73%. Ee was meas-
ured by chiral SFC analysis with a chiralcel OB-H column (2% MeOH
for 2 min, then 1%min�1, flow rate 2 mLmin�1, pressure 200 bars, 30 8C);
RT: 7.43 (+), 8.05 (�); [a]20D =++39.3 (c=0.925 in CHCl3) for 96% ee ;
1H NMR (400.13 MHz, CDCl3): d=7.81–7.79 (m, 3H), 7.69 (s, 1H), 7.47–
7.44 (m, 2H), 7.37 (dd, J=8.6, 1.5 Hz, 1H), 6.08 (ddd, J=17.2, 10.4,
8.1 Hz, 1H), 5.18 (d, J=17.2 Hz, 1H), 5.04 (d, J=10.1 Hz, 1H), 4.30 (dd,
J=9.6, 8.4 Hz, 1H), 4.01 (d, J=11.1 Hz, 1H), 3.77 (s, 3H), 3.46 ppm (s,
3H); 13C NMR (100.59 MHz, CDCl3): d=168.3, 167.9, 137.7, 137.5,
133.5, 132.6, 128.4, 127.9, 127.7, 126.7, 126.2, 126.1, 125.9, 116.9, 57.3,
52.7, 52.5, 49.8 ppm; MS (EI): m/z (%): 298 (24), 239 (58), 207 (13), 179
(29), 167 (100), 152 (28).


Dimethyl (R)-2-[1-(4-methoxyphenyl)allyl] malonate (3c):[11c] Product
prepared from substrate 2c and sodium dimethyl malonate according to
the general allylic alkylation procedure described. Yield: 99%. Ee was
measured by chiral SFC analysis with a Regis (R,R) WHELK-O column
(2% MeOH for 2 min, then 1%min�1, flow rate 2 mLmin�1, pressure
130 bars, 30 8C); RT: 4.99 (+), 5.61 (�); [a]20D =++23.3 (c=1.10 in CHCl3)
for 97% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.14 (d, J=8.6 Hz, 2H),
6.85 (d, J=8.6 Hz, 2H), 5.97 (ddd, J=17.1, 10.1, 7.8 Hz, 1H), 5.09 (d, J=
15.4 H z, 1H), 5.06 (d, J=8.6 Hz, 1H), 4.06 (dd, J=10.9, 8.3 Hz, 1H),
3.82 (d, J=10.9 Hz, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 3.50 ppm (s, 3H);
13C NMR (100.59 MHz, CDCl3): d=168.3, 167.9, 158.6, 138.1, 131.9,


129.0, 116.3, 114.0, 57.5, 55.2, 52.5, 48.9 ppm; MS (EI): m/z (%): 278 (14),
219 (35), 147 (100), 115 (13), 91 (16).


Dimethyl (R)-2-[1-(3-methoxyphenyl)allyl] malonate (3d): Product pre-
pared from substrate 2d and sodium dimethyl malonate according to the
general allylic alkylation procedure described. Yield: 58%. Ee was meas-
ured by chiral SFC analysis with a Regis (R,R) WHELK-O column (1%
MeOH, flow rate 2 mLmin�1, pressure 130 bars, 0 8C); RT: 5.95 (+), 6.54
(�); [a]20D =++28.9 (c=1.08 in CHCl3) for 96% ee ; 1H NMR (400.13 MHz,
CDCl3): d=7.25 (td, J=7.8, 1.0 Hz, 1H), 6.85 (d, J=7.8 Hz, 1H), 6.81–
6.78 (m, 2H), 6.00 (ddd, J=17.2, 10.1, 8.3 Hz, 1H), 5.17 (dt, J=16.9,
1.3 Hz, 1H), 5.12 (d, J=10.4 Hz, 1H), 4.12 (dd, J=10.8, 8.3 Hz, 1H),
3.90 (d, J=10.8 Hz, 1H), 3.82 (s, 3H), 3.77 (s, 3H), 3.56 ppm (s, 3H);
13C NMR (100.59 MHz, CDCl3): d=168.2, 159.7, 141.6, 137.7, 129.7,
120.1, 116.7, 113.8, 112.4, 57.3, 55.2, 52.6, 52.5, 49.8 ppm; MS (EI): m/z
(%): 278 (28), 219 (100), 203 (10), 187 (38), 173 (10), 159 (40), 147 (86),
132 (12), 115 (34), 91 (35), 77 (13), 59 (12); elemental analysis: calcd (%)
for C15H18O5: C 64.74, H 6.52; found: C 64.49, H 6.48.


Dimethyl (R)-2-[1-(2-methoxyphenyl)allyl] malonate (3e): Product pre-
pared from substrate 2e and sodium dimethyl malonate according to the
general allylic alkylation procedure described. Yield: 98%. Ee was meas-
ured by chiral SFC analysis with a Regis (R,R) WHELK-O column (1%
MeOH, flow rate 2 mLmin�1, pressure 130 bars, 0 8C); RT: 5.67 (+), 6.30
(�); [a]20D =++31.1 (c=1.09 in CHCl3) for 79% ee ; 1H NMR (400.13 MHz,
CDCl3): d=7.20 (td, J=7.6, 1.8 Hz, 1H), 7.16 (dd, J=7.6, 1.5 Hz, 1H),
6.90–6.84 (m, 2H), 6.14 (ddd, J=17.0, 10.1, 8.6 Hz, 1H), 5.12 (dt, J=
17.2, 1.3 H, 1H z), 5.04 (dd, J=10.1, 0.8 Hz, 1H), 4.33 (dd, J=10.6,
8.6 Hz, 1H), 4.18 (d, J=10.6 Hz, 1H), 3.85 (s, 3H), 3.72 (s, 3H),
3.49 ppm (s, 3H); 13C NMR (100.59 MHz, CDCl3) 168.7, 168.3, 157.1,
136.9, 129.5, 128.3, 128.1, 120.7, 116.8, 111.1, 55.5, 55.4, 52.4, 52.3,
46.2 ppm; MS (EI): m/z (%): 278 (10), 219 (53), 187 (16), 159 (12), 147
(100), 131 (11), 115 (17), 91 (26); elemental analysis calcd (%) for
C15H18O5: C 64.74, H 6.52; found: C 64.46, H 6.51.


Dimethyl (R)-2-(1-benzo ACHTUNGTRENNUNG[1,3]dioxol-5-yl-allyl) malonate (3 f): Product
prepared from substrate 2 f and sodium dimethyl malonate according to
the general allylic alkylation procedure described. Yield: 70%. Ee was
measured by chiral SFC analysis with a Regis (R,R) WHELK-O column
(1% MeOH during 6 min, then 1%min�1, flow rate 2 mLmin�1, pressure
130 bars, 30 8C); RT: 6.02 (+), 6.77 (�); [a]20D =++22.0 (c=1.13 in CHCl3)
for 97% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.74–7.66 (m, 3H), 5.98–
5.89 (m, 3H), 5.10 (d, J=15.4 Hz, 1H), 5.07 (d, J=8.8 Hz, 1H), 4.03 (dd,
J=10.9, 8.1 Hz, 1H), 3.79 (d, J=10.9 Hz, 1H), 3.73 (s, 3H), 3.54 ppm (s,
3H); 13C NMR (100.59 MHz, CDCl3): d=168.3, 167.9, 139.9, 137.7, 137.5,
133.5, 132.6, 128.4, 127.9, 127.7, 126.7, 126.2, 126.1, 125.9, 116.9, 57.3,
52.7, 52.6, 52.5, 49.8 ppm; MS (EI): m/z (%): 298 (24), 239 (58), 207 (13),
179 (29), 167 (100), 152 (28); HRMS (EI) calcd for [M+Na]+ 315.0845,
found 315.0834.


Dimethyl (R)-2-[1-(4-chlorophenyl)allyl] malonate (3g):[11c] Product pre-
pared from substrate 2g and sodium dimethyl malonate according to the
general allylic alkylation procedure described. Yield: 90%. Absolute con-
figuration was determined by comparison with published data.[7] Ee was
measured by chiral SFC analysis with a Regis (R,R) WHELK-O column
(2% MeOH during 2 min, then 1%min�1, flow rate 2 mLmin�1, pressure
130 bars, 30 8C); RT: 3.30 (+), 3.82 (�); [a]20D =++40.9 (c=1.00 in CHCl3)
for 97% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.30 (d, J=8.3 Hz, 2H),
7.20 (d, J=8.3 Hz, 2H), 5.99 (ddd, J=16.9, 10.4, 8.1 Hz, 1H), 5.16 (d, J=
7.1 Hz, 1H), 5.12 (d, J=0.8 Hz, 1H), 4.13 (dd, J=10.9, 8.1 Hz, 1H), 3.85
(d, J=10.8 Hz, 1H), 3.78 (s, 3H), 3.56 ppm (s, 3H); 13C NMR
(100.59 MHz, CDCl3): d=168.0, 167.7, 138.5, 137.3, 133.0, 129.4, 128.8,
117.1, 57.2, 52.7, 52.6, 49.0 ppm; MS (EI): m/z (%): 223 (100), 191 (17),
163 (23), 151 (85), 128 (19), 115 (53), 59 (15).


Dimethyl (R)-2-[1-(4-trifluoromethylphenyl)allyl] malonate (3h):[11c]


Product prepared from substrate 2h and sodium dimethyl malonate ac-
cording to the general allylic alkylation procedure described. Yield:
40%. Ee was measured by chiral GC analysis with a Chiraldex LIPO-
DEX E column (60-0-1-170-5); RT: 59.09 (�), 59.68 (+); [a]20D =++40.1
(c=0.81 in CHCl3) for 94% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.57
(d, J=8.1 Hz, 2H), 7.36 (d, J=8.3 Hz, 2H), 5.97 (ddd, J=16.9, 10.1,
8.1 Hz, 1H), 5.16 (d, J=7.6 Hz, 1H), 5.12 (s, 1H), 4.19 (dd, J=10.9,
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8.6 Hz, 1H), 3.90 (d, J=11.1 Hz, 1H), 3.76 (s, 3H), 3.53 ppm (s, 3H);
13C NMR (100.59 MHz, CDCl3): d=167.8, 167.5, 144.1, 136.9, 129.6,
129.2, 128.3, 125.6–125.5 (q, J=3.3 Hz, 1C), 125.4, 117.5, 56.9, 52.7, 52.5,
49.3 ppm; MS (EI): m/z (%): 260 (10), 257 (100), 224 (20), 197 (26), 185
(98), 177 (11), 165 (31), 151 (10), 128 (11), 115 (48), 59 (37).


Dimethyl (R)-2-(1-propylallyl) malonate (3 i):[32] Product prepared from
substrate 2 i and sodium dimethyl malonate according to the general al-
lylic alkylation procedure described. Yield: 82%. Ee was measured by
chiral GC analysis with a Chiraldex G-TA column (70-0-0.5-110-15-170);
RT: 29.51 (+), 30.41 (�); [a]20D =++2.3 (c=1.12 in CHCl3) for 97% ee ;
1H NMR (400.13 MHz, CDCl3): d=5.66 (dt, J=16.9, 10.1 Hz, 1H), 5.11
(m, 2H), 3.76 (s, 3H), 3.71 (s, 3H), 3.40 (d, J=9.1 Hz, 1H), 2.79 (qd, J=
9.3, 3.0 Hz, 1H), 1.45–1.21 (m, 4H), 0.91 ppm (t, J=6.8 Hz, 3H);
13C NMR (100.59 MHz, CDCl3) 168.8, 168.6, 138.1, 117.4, 57.0, 52.4, 52.2,
44.1, 34.5, 20.2, 13.8 ppm; MS (EI) m/z (%): 171 (41), 155 (100), 151
(32), 139 (66), 132 (69), 126 (30), 123 (29), 113 (49), 100 (48), 97 (10), 95
(36), 81 (50), 67 (41), 59 (51), 55 (83).


Dimethyl (S)-2-(1-cyclohexylallyl) malonate (3 j):[31] Product prepared
from substrate 2j and sodium dimethyl malonate according to the gener-
al allylic alkylation procedure described. Yield: 65%. It was impossible
to remove the 6% of starting material that remained. Ee was measured
by chiral GC analysis with a Chiraldex G-TA column (80-0-1-170-5); RT:
44.67 (�), 45.00 (+); [a]20D =�0.9 (c=0.98 in CHCl3) for 98% ee and 6%
starting material; 1H NMR (400.13 MHz, CDCl3): d=5.73 (dt, J=16.9,
10.1 Hz, 1H), 5.08 (dd, J=10.1, 2.0 Hz, 1H), 5.03 (dd, J=17.2, 1.5 Hz,
1H), 3.73 (s, 3H), 3.68 (s, 3H), 3.63 (d, J=9.1 Hz, 1H), 2.60–2.69 (m,
1H), 1.72–0.88 ppm (m, 10H); 13C NMR (100.59 MHz, CDCl3): d=169.1,
168.8, 135.8, 118.2, 54.2, 52.4, 52.2, 50.1, 39.1, 28.6, 26.3 ppm; MS (EI): m/
z (%): 195 (11), 172 (20), 140 (11), 133 (14), 122 (100), 113 (72), 107 (29),
101 (20), 93 (26), 81 (90), 77 (13), 67 (52), 59 (31), 55 (75).


Dimethyl (S)-2-methyl-2-(1-phenylallyl) malonate (8a): Product prepared
from substrate 2a and nucleophile 7a according to the general allylic al-
kylation procedure described. Yield: 95%. Ee was measured by chiral
SFC analysis with a Daicel OJ column (0% MeOH, flow rate
2 mLmin�1, pressure 200 bars, 45 8C); RT: 2.76 (S), 3.06 (R); [a]20D =++39.3
(c=1.4 in CHCl3) for 97% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.30–
7.2 (m, 5H), 6.32 (ddd, J=16.9, 10.2, 8.6 Hz, 1H), 5.12 (m, 2H), 4.15 (d,
J=8.6 Hz, 1H), 3.71 (s, 3H), 3.62 (s, 3H), 1.43 ppm (s, 3H); 13C NMR
(100.59 MHz, CDCl3): d=171.5, 171.3, 139.1, 136.9, 129.6, 128.2, 127.2,
117.8, 58.9, 54.6, 52.5, 52.4, 18.5 ppm; MS (EI): m/z (%): 262 (2) [M]+ ,
203 (30), 170 (10), 117 (100); HRMS (ESI) calcd for C15H19O4 [M+H]+


263.1277; found: 263.1298.


Methyl (S)-2-oxo-1-(1-phenylallyl) cyclohexanecarboxylate (8b): Product
prepared from substrate 2a and nucleophile 7b according to the general
allylic alkylation procedure described. Yield: 79% as a mixture of the
two unseparable diastereoisomers in a 51:49 ratio. “Maj” refers to the
signals of the majority diastereoisomer, and “Min” to the signals of the
minor one. Ee was measured by chiral SFC analysis with a Daicel OJ
column (0% MeOH, flow rate 2 mLmin�1, pressure 175 bars, 30 8C); RT:
2.93 (Min, R), 3.39 (Min, S); [a]20D =++32.7 (c=0.87 in CHCl3) for 95%
ee ; 1H NMR (400.13 MHz, CDCl3): d=7.42–7.21 (m, 5H; Maj+Min),
6.40–6.25 (m, 1H; Maj+Min), 5.16–5.08 (m, 2H; Maj+Min), 4.18 (d, J=
8.3 Hz, 1H; Maj+Min), 4.02 (d, J=9.4 Hz, 1H; Min), 3.62 (s, 3H; Min),
3.56 (s, 3H; Maj), 2.61–2.36 (m, 3H; Maj+Min), 2.01–1.56 ppm (m, 5H;
Maj+Min); 13C NMR (100.59 MHz, CDCl3): d=206.5 (Min), 206.3
(Maj), 171.2 (Min), 171.1 (Maj), 139.8 (Min), 139.5 (Maj), 137.2 (Min),
130.1 (Min), 129.8 (Maj), 128.1 (Maj), 128.0 (Min), 127.0 (Min), 126.8
(Maj), 117.5 (Maj), 117.4 (Min), 65.8 (Maj), 65.7 (Min), 54.2 (Min), 53.4
(Maj), 52.2 (Min), 52.1 (Maj), 42.0 (Maj), 41.9 (Min), 34.6 (Min), 33.0
(Maj), 27.0 (Min), 26.7 (Maj), 22.6 (Maj), 22.6 ppm (Min); MS (EI): m/z
(%): 272 (1) [M]+ , 254 (18), 195 (16), 117 (100); HRMS (ESI) calcd for
C17H21O3 [M+H]+ 273.1485, found 273.1504.


Methyl (R)-2-acetyl-3-phenyl-pent-4-enoate (8c): Product prepared from
substrate 2a and nucleophile 7c according to the general allylic alkyla-
tion procedure described. Yield: 68% as a mixture of the two inseparable
diastereoisomers in a 53:47 ratio. “Maj” refers to the signals of the major-
ity diastereoisomer, and “Min” to the signals of the minor one. Ee was
measured by chiral SFC analysis with a Daicel OJ column (2% MeOH,


then 2%min�1, flow rate 2 mLmin�1, pressure 175 bars, 30 8C); RT: 2.67
(Maj, S), 3.05 (Maj, R); [a]20D =++27.1 (c=1.29 in CHCl3) for 95% ee ;
1H NMR (400.13 MHz, CDCl3): d=7.34–7.18 (m, 5H; Maj+Min), 6.03–
5.90 (m, 1H; Maj+Min), 5.16–5.09 (m, 2H; Maj+Min), 4.16 (dd, J=
11.9, 8.3 Hz, 1H; Min), 4.06 (dd, J=15.2, 11.4 Hz, 1H; Maj), 3.76 (s, 3H;
Maj), 3.49 (s, 3H; Min), 2.32 (s, 3H; Min), 2.01 ppm (s, 3H; Maj);
13C NMR (100.59 MHz, CDCl3): d=201.7 (Min), 201.5 (Maj), 168.4
(Maj), 168.1 (Min), 140.1 (Maj), 139.8 (Min), 138.2 (Maj), 137.8 (Min),
128.9 (Maj), 128.7 (Min), 128.0 (Maj), 127.9 (Min), 127.2 (Maj), 127.1
(Min), 116.8 (Maj), 116.3 (Min), 65.2 (Min), 64.8 (Maj), 52.6 (Maj), 52.4
(Min), 49.6 (Min), 49.4 (Maj), 30.2 (Min), 29.8 ppm (Maj); MS (EI): m/z
(%): 214 (39), 189 (48), 173 (25), 157 (35), 129 (35), 117 (100); HRMS
(ESI) calcd for C14H17O3 [M+H]+ 233.1172, found 233.1155.


Diethyl (S)-2-allyl-2-(1-phenylallyl) malonate (8d):[18] Product prepared
from substrate 2a and nucleophile 7d according to the general allylic al-
kylation procedure described. Following chromatography, the product
still contained some allyldiethyl malonate, which was removed by kugel-
rohr distillation (80 8C, 0.1 mmHg) and afforded 0.134 g of a colorless oil
(85%). Ee was measured by chiral GC analysis of the cyclized metathesis
product 11; [a]20D =++55.3 (c=1.4 in CHCl3);


1H NMR (400.13 MHz,
CDCl3): d=7.27–7.20 (m, 5H), 6.46 (ddd, J=17.0, 10.2, 8.3 Hz, 1H),
5.87–5.76 (m, 1H), 5.16–5.02 (m, 4H), 4.25 (q, J=7.3 Hz, 2H), 4.19–4.16
(m, 2H), 4.05 (d, J=8.4 Hz, 1H), 2.63 (ddt, J=14.1, 6.6, 1.2 Hz, 1H),
2.45 (dd, J=14.2, 8.1 Hz, 1H), 1.30 ppm (t, J=7.1 Hz, 3H); 13C NMR
(100.59 MHz, CDCl3): d= 170.3, 170.1, 139.2, 138.0, 133.4, 129.4, 128.3,
127.2, 118.6, 117.1, 62.4, 61.2, 54.3, 39.4, 14.1, 14.0 ppm; MS (EI): m/z
(%): 316 (2) [M]+ , 229 (14), 117 (100), 115 (29), 91 (21); HRMS (ESI)
calcd for C19H25O4 [M+H]+ 317.1747, found 317.1761.


Diethyl (S)-2-phenyl-cyclopent-3-ene-1,1-dicarboxylate (10):[18] Product
8d (0.25 mmol, 0.079 g) was dissolved in dichloromethane (5 mL) and
treated with GrubbKs first generation catalyst (0.0125 mmol, 0.010 g) for
1.5 h at RT. After solvent removal in vacuo, the crude product was sub-
jected to chromatography (SiO2, pentane/diethyl ether 7:3) to afford
0.069 g (96%) of 10 as a white product. M.p. 75–77 8C. Ee was measured
by chiral GC analysis with a Chiraldex BTA column (80-0-1-170-10); RT:
68.97 (R), 69.34 (S); [a]20D =�336.3 (c=0.82 in CHCl3) for 98.8% ee ;
1H NMR (400.13 MHz, CDCl3): d=7.24–7.18 (m, 5H), 5.87–5.84 (m,
1H), 5.71–5.68 (m, 1H), 4.87 (d, J=1.3 Hz, 1H), 4.32–4.14 (m, 2H), 3.68
(dq, J=10.8, 7.1 Hz, 1H), 3.50 (dq, J=17.4, 2.3 Hz, 1H), 3.39 (dq, J=
10.6, 7.4 Hz, 1H), 2.78 (dd, J=17.7, 2.5 Hz, 1H), 1.25 ppm (t, J=7.1 Hz,
3H); 13C NMR (100.59 MHz, CDCl3): d=172.2, 169.6, 139.2, 132.3, 129.2,
128.6, 128.0, 127.2, 64.9, 61.6, 61.1, 56.9, 40.7, 14.1, 13.5 ppm; MS (EI):
m/z (%): 288 (21) [M]+ , 242 (10), 214 (100), 197 (25), 169 (32), 155 (19),
141 (90), 128 (20), 115 (29); HRMS (ESI) calcd for C17H21O4 [M+H]+


289.1434, found 289.1414.


Dimethyl (S)-2-(1,3-diphenylallyl) malonate (12):[33] Product prepared
from substrate 11 and sodium dimethyl malonate according to the gener-
al allylic alkylation procedure described. Yield 60%. Ee was measured
by chiral SFC analysis with a Regis (R,R) WHELK-O column (2%
MeOH during 2 min, then 1%min�1, flow rate 2 mLmin�1, pressure
130 bars, 30 8C); RT: 2.83 (S), 3.13 (R); [a]20D =�11.2 (c=1.04 in CHCl3)
for 86% ee, lit. data: �22.4 (c=1.8 in CHCl3);


[30] 1H NMR (400.13 MHz,
CDCl3): d=7.35–7.20 (m, 10H), 6.50 (d, J=15.8 Hz, 1H), 6.35 (dd, J=
15.8, 8.8 Hz, 1H), 4.28 (dd, J=10.8, 9.8 Hz, 1H), 3.97 (d, J=11.0 Hz,
1H), 3.72 (s, 3H), 3.53 ppm (s, 3H); 13C NMR (100.59 MHz, CDCl3): d=
168.2, 167.8, 140.1, 136.8, 131.8, 129.1, 128.7, 128.5, 127.8, 127.6, 127.2,
126.4, 57.6, 52.6, 52.4, 49.2 ppm; MS (EI): m/z (%): 324 (8) [M]+ , 292 (8),
232 (12), 205 (81), 193 (86), 178 (26), 165 (13), 128 (13), 115 (100).


Procedure for recycling of the iridium catalyst : After the normal course
of the reaction, the crude mixture was treated with 10 mL of a 1:1 mix-
ture of diethyl ether and pentane. The resulting solution was stored at
RT for about 8 h. An orange precipitate formed and settled to the
bottom of the solution. Filtration gave an orange powder that was rinsed
with diethyl ether/pentane (1:1, 3R). The catalyst was dried in vacuo and
could be used for another run.


General procedure for the iridium-catalyzed enantioselective allylic ami-
nation : [{Ir ACHTUNGTRENNUNG(cod)Cl}2] (0.01 mmol) and chiral ligand (0.02 mmol) were dis-
solved in THF (0.5 mL) in a 3-mL test tube under argon. A small mag-
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netic stirring bar was added, the test tube was capped with a septum, and
the mixture was stirred for 10 min at RT. Amine 15 (1.3 mmol) and cin-
namyl methyl carbonate 2a (0.18 mL, 0.98 mmol) were added to the re-
action mixture by using a syringe. The reaction mixture was stirred at RT
until the starting material had disappeared completely. The solvent was
removed in vacuo. GC–MS analysis of the crude mixture indicated the
ratio of regioisomers 16/17. The mixture was then purified by flash
column chromatography on silica gel (cyclohexane/ethyl acetate 8:2) to
give the secondary amine as a white oil. A small amount of the product
was converted to the corresponding acetamide by treatment with acetic
anhydride in diethyl ether for 5 min. The acetamide was washed with
water and filtered on silica gel. Chiral SFC analysis indicated the enantio-
meric excess.


(S)-N-(1-Phenyl-2-propenyl)benzylamine (16a):[10m] Product prepared
from substrate 2a and amine 15a according to the general allylic amina-
tion procedure described. Yield: 88%. The absolute configuration was
determined by comparison of the optical rotation with literature data.[10m]


Ee was measured by chiral SFC analysis of the acetamide with a chiralcel
OB-H column (2% MeOH, flow rate 2 mLmin�1); RT: 5.99 (S), 7.00 (R);
[a]20D =++6.2 (c=1.12 in CHCl3) for 97% ee ; 1H NMR (400.13 MHz,
CDCl3): d=7.30–7.22 (m, 10H), 5.99 (ddd, J=17.3, 10.2, 7.1 Hz, 1H),
5.26 (d, J=17.1 Hz, 1H), 5.17 (d, J=10.2 Hz, 1H), 4.27 (d, J=7.2 Hz,
1H), 3.81 (d of AB pattern, J=13.4 Hz, 1H), 3.75 (d of AB pattern, J=
13.4 Hz, 1H), 1.72 ppm (br s, 1H); 13C NMR (100.59 MHz, CDCl3): d=
142.8, 141.0, 140.5, 128.6, 128.4, 128.2, 127.4, 127.3, 126.9, 115.2, 65.2,
51.3 ppm; MS (EI): m/z (%): 223 (10) [M]+ , 196 (38), 146 (22), 132 (56),
117 (35), 115 (17), 106 (13); HRMS (ESI+) calcd for C16H18N [M+H]+


224.1433, found 224.1438.


(S)-N-(1-Phenyl-2-propenyl)allylamine (16b):[10m] Product prepared from
substrate 2a and amine 15b according to the general allylic amination
procedure described. Yield: 91%. The ee was measured by chiral SFC
analysis of the acetamide with a chiralcel OB-H column (1% MeOH,
flow rate 2 mLmin�1); RT: 3.92 (+), 4.53 (�); [a]20D =++15.1 (c=1.23 in
CHCl3) for 97% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.45–7.26 (m,
5H), 5.91–6.02 (m, 2H), 5.29–5.13 (m, 4H), 4.27 (d, J=7.1 Hz, 1H),
3.29–3.19 (m, 2H), 1.50–1.30 ppm (br s, 1H); 13C NMR (100.59 MHz,
CDCl3): d=142.7, 140.9, 136.8, 128.6, 127.3, 127.3, 116.0, 115.2, 65.2,
49.9 ppm; MS (EI): ACHTUNGTRENNUNGm/z (%): 173 (7) [M]+ , 146 (100), 132 (48), 117 (74),
104 (16); HRMS (ESI+) calcd for C12H16N [M+H]+ 174.1277, found
174.1275.


(S)-N-(1-Phenyl-2-propenyl)-n-hexylamine (16c):[10m] Product prepared
from substrate 2a and amine 15c according to the general allylic amina-
tion procedure described. Yield: 89%. Ee was measured by chiral SFC
analysis of the acetamide with a chiralcel OD-H column (3% MeOH,
flow rate 1.8 mLmin�1); RT: 5.50 (+), 6.23 (�); [a]20D =++20.6 (c=1.21 in
CHCl3) for 98% ee ; 1H NMR (400.13 MHz, CDCl3): d=7.40–7.26 (m,
5H), 5.98 (ddd, J=17.2, 8.6, 7.0 Hz, 1H), 5.25 (dt, J=17.2, 1.3 Hz, 1H),
5.14 (dt, J=10.4, 1.6, 1.3 Hz, 1H), 4.21 (d, J=7.0 Hz, 1H), 2.65–2.50 (m,
2H), 1.55–1.28 (m, 9H), 0.92 ppm (t, J=7.1 Hz, 3H); 13C NMR
(100.59 MHz, CDCl3): 143.1, 141.3, 128.5, 127.3, 127.1, 114.8, 66.3, 47.8,
31.8, 30.2, 27.1, 22.7, 14.1 ppm; MS (EI): m/z (%): 217 (3) [M]+ , 190 (21),
146 (29), 132 (17), 117 (100), 115 (20); HRMS (ESI+) calcd for C15H24N
[M+H]+ 218.1903, found 218.1918.
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Abstract: The development of phenyl-
dithioethyloxycarbonyl (Phdec) and 2-
pyridyldithioethyloxycarbonyl (Pydec)
protecting groups, which are thiol-
labile urethanes, is described. These
new disulfide-based protecting groups
were introduced onto the e-amino
group of l-lysine; the resulting amino
acid derivatives were easily converted
into Na-Fmoc building blocks suitable
for both solid- and solution-phase pep-
tide synthesis. Model dipeptide-
ACHTUNGTRENNUNG(Ardec)s were prepared by using classi-
cal peptide couplings followed by
standard deprotection protocols. They
were used to optimize the conditions
for complete thiolytic removal of the


Ardec groups both in aqueous and or-
ganic media. Phdec and Pydec were
found to be cleaved within 15 to
30 min under mild reducing conditions:
i) by treatment with dithiothreitol or b-
mercaptoethanol in Tris·HCl buffer
(pH 8.5–9.0) for deprotection in water
and ii) by treatment with b-mercapto-
ethanol and 1,8-diazobicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) in N-methyl-
pyrrolidinone for deprotection in an or-


ganic medium. Successful solid-phase
synthesis of hexapeptides Ac-Lys-Asp-
Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Ardec)-NH2 has
clearly demonstrated the full orthogon-
ality of these new amino protecting
groups with Fmoc and Boc protections.
The utility of the Ardec orthogonal de-
protection strategy for site-specific
chemical modification of peptides bear-
ing several amino groups was illustrat-
ed firstly by the preparation of a fluo-
rogenic substrate for caspase-3 pro-
tease containing the cyanine dyes
Cy3.0 and Cy5.0 as FRET donor/ac-
ceptor pair, and by solid-phase synthe-
sis of an hexapeptide bearing a single
biotin reporter group.
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Introduction


Selective temporary protection or inactivation of a chemi-
cally reactive functionality in biological compounds is an im-
portant tool in the field of organic and bioorganic chemistry
especially for the controlled synthesis of biopolymers (i.e.,
oligonucleotides, oligosaccharides, peptides, and conjugates
thereof).[1–6] The majority of the known protecting groups
are acid or base labile; the conditions for their removal are
often too harsh and can be incompatible with complex bio-
molecules. Consequently, numerous sophisticated protecting
groups have been developed which involve mild deblocking
reagents, for instance the use of enzymes, fluoride ion sour-
ces, noble metals or UV light.[7–10] Surprisingly, few efforts
have been devoted to the design of disulfide bridge contain-
ing protecting groups although they can undergo highly se-
lective reductive cleavage by mild treatment with a thiol or
a trialkylphosphine in various organic solvents or weakly
basic aqueous buffers.[11] The dithiasuccinoyl group 1 has
been developed as an amino protecting group for solid-
phase synthesis of modified peptides and protected peptide
nucleic acids (Scheme 1).[12,13] This group is stable under
strongly acidic conditions and photolysis but it is rapidly and
specifically removed under mild conditions by thiolysis.
Until the recent publication of Barany and Merrifield about
the efficient synthesis of 1,2,4-dithiazolidine-3,5-diones,[14]


the lack of a simple and robust method to prepare Dts-
amines in high yields prevented the widespread use of this
heterocycle as an orthogonal amino protecting group.
Kwiatkowski suggested the protection of hydroxyl groups of
biological compounds with an alkyldithiomethyl moiety 2.[15]


The aminoethyl derivative 3 was used as a 3’-OH blocking


group of nucleotides (e.g., 3’-O-(2-N-dansylethyldithiometh-
yl) derivative of 5’-triphosphate of thymidine 4) to get rever-
sible fluorescent terminators suitable for DNA sequencing
by synthesis.[16] However, the multi-step synthetic procedure
required for the transformation of alcohols to their corre-
sponding alkyldithiomethyl ethers is not suitable for a rou-
tine use of such protecting groups (namely: Pummerer reac-
tion to generate the methylthiomethyl ether, halogenation
and subsequent nucleophilic substitution to generate the
corresponding alkyl- or arylthiosulfonate derivative and fi-
nally a disufide exchange reaction with an alkyl- or an ar-
ylthiol). Extension of this protection strategy to a wide
range of polyfunctional (bio)molecules thus appears tricky.
With the goal in mind to develop a new cleavable disulfide-
based protecting group applied to the biological chemistry
of peptides meeting both the requirement of an easy and
straightforward introduction onto the peptide side chains
and a specific and mild thiolytic deprotection, we have ex-
amined the chemistry of the aryldithioethyloxycarbonyl
functionality. Indeed, we thought that the cleavage of the di-
sulfide bond of 5 with thiols (or other reducing agents)
should generate the unstable 2-thioethyl carbonate (or car-
bamate) 6 which might decompose spontaneously into the
corresponding alcohol (or amine), carbon dioxide and ethyl-
ene episulfide. This kind of intramolecular elimination reac-
tion has already been reported in the literature, especially
for the removal of various S-acyl and disulfide derivatives of
the 2-thioethyl moiety from phosphate esters.[17]


Herein we describe the development of the phenyldithio-
ethyloxycarbonyl and the 2-pyridyldithioethyloxycarbonyl
protecting groups 7 and 8. The novel thiol-labile urethanes
were introduced as lysine side chain protecting groups both


in solution- and solid-phase
peptide synthesis, and used for
the preparation of atypical
peptides.


Results and Discussion


Preparation of Na-Ardec-pro-
tected lysine monomers : Or-
thogonal protection of the e-
amino group of l-lysine with
the Ardec groups firstly re-
quires deactivation of the a-
amino and a-carboxy groups
by formation of a copper(ii)
complex and subsequent N-
alkoxycarbonylation with an
active carbonate derived from
the corresponding (2-aryldi-
thio)ethanol. Chemical meth-
ods for the introduction of var-
ious alkoxycarbonyl moieties
as amino protecting groups are
well documented.[18] To avoid


Scheme 1. Disulfide bridge containing protecting groups already reported in literature and principle of aryldi-
thioethyloxycarbonyl protecting groups.
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the use of unstable and toxic haloformates, several alkoxy-
carbonylating reagents having either heterocyclic (e.g., imi-
dazolyl, N-hydroxysuccinimidyl, 1-hydroxybenzotriazolyl) or
electron-withdrawing group substituted phenol (e.g., 4-nitro-
phenyl, pentafluorophenyl) leaving groups have been devel-
oped. In a first approach, we used the succinimidyl carbo-
nates 13 and 14 (Scheme 2a). Active carbonate 14 was easily


prepared from (2-(2’-pyridyl)dithio)ethanol 12 and DSC.
This compound was found to be very stable especially in
aqueous buffers but showed poor acylating reactivity to-
wards amino groups of amino
acids and nucleosides. Conse-
quently, we turned towards the
synthesis of active carbonates
15 and 16 derived from 4-nitro-
phenol (4NP).[19] These inter-
mediates were found to be
more reactive than the corre-
sponding N-hydroxysuccini-
mide (NHS) derivatives. The
reagents, (2-phenyldithio)ethyl
4-nitrophenyl carbonate (15)
and (2-(2’-pyridyl)dithio)ethyl
4-nitrophenyl carbonate (16),
were prepared from the com-
mercially available diaryl disul-
fide 9 and 10 in two steps
(Scheme 2b). Disulfide ex-
change between b-mercapto-
ethanol and diaryl disulfide 9
or 10 in methanol in the pres-


ence of pyridine gave 11 and 12 in 45 and 49% yield, re-
spectively.[20] As previously reported for some unsymmetri-
cal disulfides, 11 was found to be susceptible to dispropor-
tionation to the corresponding symmetrical disulfides 9 and
17 (Scheme 3) both in pure form and in solution in various
organic solvents.[21] This disproportionation reaction was not


observed with (2-(2’-pyridyl)dithio)ethanol (12) because the
2-pyridinethiol released is in equilibrium with the 2-pyridi-
nethione which is not able to react with the unsymmetrical
disulfide (Scheme 3).[22] Consequently, (2-phenyldithio)etha-
nol (11) had to be used immediately after its purification by
silica gel chromatography. Treatment of 11 and 12 with 4-ni-
trophenyl chloroformate in dry acetonitrile in the presence
of triethylamine enabled their clean conversion into the N-
alkoxycarbonylation reagents 15 and 16. These activated car-
bonates are stable compounds which were easily purified by
silica gel chromatography. Compound 15 was obtained in a
pure form as a white powder whereas 16 was found to be
contaminated with small amounts (~5%) of 4NP. Interest-
ingly, these reagents could be stored at 4 8C for several
months without significant degradation.
Selective Ne-acylation of the copper(ii) complex of l-


lysine 18 with Ardec-ONp 15 or 16 was achieved by using
the method reported by Rosowsky and Wright for the intro-
duction of the Teoc protecting group (Scheme 4).[23] Accord-
ingly, removal of the metal ion with ethylenediamine tetra-
acetic acid disodium salt gave the targeted Ne-Ardec-pro-
tected lysine monomers 19 and 20 which were isolated in
good yields by simple filtration; they were obtained in over


Scheme 2. Structure and synthesis of the activated reagents suitable for
the Ardec protecting groups introduction. a) Succinimidyl carbonates,
only 14 was prepared. b) 4-Nitrophenyl carbonates (Ardec-ONp).


Scheme 3. Chemical structure of disulfide 17 and 2-pyridinethiol/2-pyridi-
nethione tautomeric equilibrium.


Scheme 4. Introduction of the Ardec protecting groups onto the e-amino group of lysine.
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95% purity (checked by RP-HPLC) and so they did not re-
quire further purification. Their structures were confirmed
by detailed measurements, including ESI mass spectrometry
and NMR analyses.


Preparation of Na-Fmoc-Ne-Ardec-lysine building blocks
and their use in solution-phase peptide synthesis : The Ne-
Ardec-protected monomers H-Lys ACHTUNGTRENNUNG(Phdec)-OH (19) and H-
Lys ACHTUNGTRENNUNG(Pydec)-OH (20) were converted into the corresponding
Na-Fmoc building blocks 21 and 22 by using N-hydroxysuc-
cinimidyl 9-fluorenylmethyl carbonate under the standard
conditions reported by Lapatsanis et al. (Scheme 5).[24] The
compounds were isolated by silica gel chromatography and
characterized on the basis of elemental and MS analyses
and consistent IR and 1H and 13C NMR spectral data.
To evaluate the suitability of the Phdec and Pydec groups


for peptide chemistry, dipeptides H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH 25
and 26 were synthesized by coupling either Fmoc-Lys-
ACHTUNGTRENNUNG(Phdec)-OH (21) or Fmoc-LysACHTUNGTRENNUNG(Pydec)-OH (22) with H-Phe-
OtBu and subsequent removal of the Fmoc and tBu protect-
ing groups. Coupling reaction was achieved with BOP re-
agent in the presence of DIEA in dry dichloromethane.[25]


The fully-protected dipeptides Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OtBu
23 and 24 were isolated by silica gel chromatography in 79
and 97% yields. Thereafter, sequential treatment of 23 and
24 with TFA/H2O (95:5) and diethylamine provided the tar-
geted dipeptides 25 and 26 which were purified by RP-
HPLC. Their structures were confirmed by detailed meas-
urements, including MALDI-TOF mass spectrometry and
NMR analyses. Furthermore, RP-HPLC analyses of the
crude reaction mixtures at each step of this peptide assem-
bly process have clearly shown that no cleavage modifica-
tion of Lys ACHTUNGTRENNUNG(Ardec) residues occurred. Indeed, no trace of di-
peptides Fmoc-Lys-Phe-OtBu, Fmoc-Lys-Phe-OH and H-
Lys-Phe-OH were detected after the coupling, tBu and
Fmoc removal steps, respectively. Thus, the Phdec and
Pydec protecting groups are completely stable under usual
conditions applied in peptide synthesis.


Stability studies of the Ardec protecting groups under the
cleavage conditions used for other protecting groups : To
assess the orthogonality and compatibility between Ardec
and other protecting groups currently used in peptide chem-
istry (e.g., allyl, Aloc, Boc, Dde, Fmoc, silyl and photo-
labile protecting groups), stability studies were performed in
solution assays with dipeptides H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH 25
and 26. It was found that Ardec groups could be readily
cleaved from the lysine side chain only under aqueous basic
conditions (Table 1, entries 4–5 and 10–11), returning the


unprotected dipeptide H-Lys-Phe-OH (28). The Ardec moi-
eties were found to be stable to all of the other conditions
investigated, but RP-HPLC analysis showed that the reac-
tion with a large excess of hydrazine caused removal of


Scheme 5. Preparation of Na-Fmoc-Ne-Ardec-lysine building blocks and their use in the synthesis of model dipeptides H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH.


Table 1. Stability of the Ardec protecting groups to a variety of condi-
tions.[a]


Cleavage conditions (equiv) Phdec Pydec


1 95% TFA/H2O (215) stable stable
2 10% HCl/H2O (3600) stable stable
3 1m Et2NH/CH2Cl2 (30) stable stable
4 2m LiOH/H2O (2200) cleaved cleaved
5 2m LiOH/H2O (10) cleaved partially cleaved


(21%)
6 5% DBU/NMP (180) stable stable
7 5% N2H4/NMP (190) stable cleaved
8 5% N2H4/NMP (10) stable partially cleaved


(20%)
9 [Pd ACHTUNGTRENNUNG(PPh3)4] in CHCl3/AcOH/NMM


37:2:1 (3)
stable stable


10 1m TBAF in THF (185)[b] cleaved cleaved
11 1m TBAF in THF (10)[b] cleaved cleaved
12 TEA·3HF (25) stable stable
13 UV light (350 nm)/NMP stable stable


[a] Stability of the Ardec protecting groups was evaluated by solution
assays with dipeptides H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH 25 and 26. The crude reac-
tion mixtures were analyzed by RP-HPLC (after 1 h of incubation at
room temperature, system E) to detect and quantify the recovered
Ardec-protected dipeptide 25 or 26 and unprotected dipeptide 28 (for
more details, see Experimental Section). [b] Presence of water (solution
of TBAF in THF is highly hygroscopic) may responsible of the cleavage.
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Pydec (entry 7). Thus, deprotection conditions for the Dde
(or its hindered variant ivDde) amine protecting group
should be carefully checked (i.e., equivalents N2H4) to be
completely orthogonal to Ardec.


Selective removal of Ardec protecting groups in solution :
We postulated that the Ardec groups are removed in reduc-
tive conditions by thiols or trialkylphosphines through a 2-
thioethyl carbamate intermediate, which spontaneously de-
composes to give the free amino function (Scheme 1). The
reaction is driven to completion by loss of one equivalent of
ethylene episulfide and one equivalent of gaseous carbon di-
oxide. Furthermore, an important aspect of this deprotection
strategy must be the ability to efficiently remove the Ardec
group under mild reducing conditions and in aqueous media
compatible with the stability of peptides (or proteins). To
confirm the mechanism and to define an optimized protocol
for quantitative thiolytic removal of the Ardec groups at the
peptide level, deprotection efficiency was evaluated by solu-
tion assays with dipeptides H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH 25 and
26.
Dipeptide H-Lys ACHTUNGTRENNUNG(Pydec)-Phe-OH (26) was treated with


increasing amounts (i.e. , 5, 10, 20, 40 and 80 equiv) of DTT
or b-mercaptoethanol in Tris·HCl buffer, at four different
pH values (i.e. , 7.5, 8.0, 8.5 and 9.0) for 30 min. The crude
deprotection reactions were analyzed by RP-HPLC to
detect and quantify the recovered Pydec-protected dipeptide
26, the 2-thioethyl carbamate intermediate 27 and dipeptide
H-Lys-Phe-OH (28) in order to evaluate the rates of disul-
fide reduction and intramolecular elimination. As expected,
the clean and quantitative conversion of 26 into the unpro-
tected dipeptide 28 occurred either using DTT or b-mercap-
toethanol (Figure 1).[26] The identification of H-Lys-Phe-OH
(tR=12.8 min) was confirmed by co-injection with a stand-
ard independently prepared from Fmoc-LysACHTUNGTRENNUNG(Boc)-OH and
H-Phe-OtBu. When Tris·HCl buffer at pH 7.5 was used, the
quantitative yield of the disulfide reduction step was not af-
fected but the major product from deprotection was the 2-
thioethyl carbamate intermediate 27 (tR=18.5 min). These
results clearly show that a pH value over 8.0 is required for
the decomposition of 2-thioethyl carbamate derivatives This
suggest that the fragmentation reaction of 27 which initially
involves an internal nucleophilic attack of the thiol group on
the a carbon atom of the 2-thioethyl moiety is the key step
of this reductive deprotection mechanism and may be fav-
oured by the formation of a thiolate anion, a better nucleo-
phile than the corresponding thiol. As the pKa value of the
thiol group of 27 is close to 9.0,[27] the limiting step for the
reaction is this acid–base equilibrium leading to the forma-
tion of thiolate anion intermediate. Similar results were ob-
tained with dipeptide H-Lys ACHTUNGTRENNUNG(Phdec)-Phe-OH (25) which
suggests that structural features of the aryl disulfide bridge
have little influence on the rate of Ardec removal. The use
of tri-n-butylphosphine as the deblocking reagent was also
explored but the deprotection rates were found to be signifi-
cantly lower than with DTT and b-mercaptoethanol (data
not shown). A possible explanation can be found in the het-


erogeneity of the deprotection mixture (a suspension of im-
miscible PBu3 was observed) despite the use of propan-1-ol
as organic cosolvent.
This reductive deprotection was also investigated in or-


ganic media. Thus, dipeptide H-Lys ACHTUNGTRENNUNG(Pydec)-Phe-OH (26)
was treated with increasing amounts (i.e., 10, 20, 40 and
80 equiv) of b-mercaptoethanol in NMP for 15 min in the
absence or presence of a base such as DIEA, piperidine,
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Figure 1. Rates of reductive deprotection of H-Lys ACHTUNGTRENNUNG(Pydec)-Phe-OH (26)
in Tris·HCl buffer as a function of pH. a) reductive deprotection mediat-
ed by DTT. b) Reductive deprotection mediated by b-mercaptoethanol.
Ardec removal was performed with reducing agent/Tris·HCl buffer
(25 mm), 30 min at room temperature. Under these conditions, starting
dipeptide H-Lys ACHTUNGTRENNUNG(Pydec)-Phe-OH (26) was never detected. Percentages of
27 and 28 were determined by RP-HPLC as reported in Supporting In-
formation.


Chem. Eur. J. 2006, 12, 3655 – 3671 N 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3659


FULL PAPERAmine Protecting Groups



www.chemeurj.org





triethylamine and DBU. Preliminary experiments have
shown that the thiolytic removal of the Ardec amino pro-
tecting groups works with a wide range of organic solvents
(i.e., CH2Cl2, CH3CN, DMF, NMP and pyridine). We have
chosen NMP in order to directly transfer these reducing
conditions to solid-phase deprotection. HPLC analyses of
the crude deprotection reactions and subsequent quantifica-
tion of 2-thioethyl carbamate intermediate 27 and dipeptide
H-Lys-Phe-OH (28) have clearly shown that only the addi-
tion of DBU resulted in complete thiolytic removal of the
Pydec group. Indeed, in the absence of base or with piperi-
dine, triethylamine or DIEA, only the 2-thioethyl carbamate
intermediate 27 was detected. The unexpected inefficacy of
secondary and tertiary amines to induce decomposition of
27 into ethylene episulfide and CO2 is in agreement with a
higher pKa value of thiol group in polar aprotic solvents
than in water. The reaction time and amount of DBU were
varied in order to optimize the deprotection conditions.
Quantitative removal of the Pydec group from the lysine
side chain was found to be: b-mercaptoethanol (80 equiv)/
DBU (160 equiv) in NMP for 15 min. When submitted to
the same anhydrous reducing conditions, dipeptide H-Lys-
ACHTUNGTRENNUNG(Phdec)-Phe-OH (25) gave similar deprotection rates.


Na-Fmoc-Ne-Ardec-lysine building blocks in solid-phase
peptide synthesis : To check the full orthogonality of the
Ardec groups with Fmoc and Boc protection in solid-phase
peptide synthesis and to demonstrate its utility in the prepa-
ration of highly functionalized peptides, a model hexapep-
tide bearing two lysine residues substituted with two differ-
ent chemical modifications was prepared by using either
Fmoc-LysACHTUNGTRENNUNG(Phdec)-OH (21) or Fmoc-Lys ACHTUNGTRENNUNG(Pydec)-OH (22).
Hexapeptides Ac-Lys-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Ardec)-NH2 29
and 30 contain the Asp-Glu-Val-Asp motif which is a specif-
ic substrate for caspase-3.[28] The cleavage site is located
after the aspartic acid residue from the C-terminal side. Cas-
pases belong to the aspartate-specific cysteinyl proteases
that play a critical role as mediators of apoptotic cell
death;[29] in particular caspase-3 has been identified as being
a key mediator of apoptosis of mammalian cells.[30]


Activation of caspase-3 indicates that the apoptotic path-
way has progressed to an irreversible stage and for this
reason there is a growing interest both in identifying caspase
inhibitors to minimize cell death in pathological conditions
and for inducing caspase activation in cancer cells.[31] In ad-
dition, caspase-3 is widely used for monitoring apoptosis in-
duction for general cytotoxicity screening. This interest for
caspase-3 resulted in the development of several assays
using a variety of formats and amenable to high-throughput
screening.[32–37] Peptides 29 and 30 have been chosen in
order to study the selective chemical modification of each
one of the lysine Ne-side-chain amines with two different
fluorescent markers. This will lead to the development of a
novel strategy for the fluorescent labeling of peptides[38] and
the preparation of a novel fluorogenic substrate useful for
detecting apoptosis in whole cells and for cell-based high-
throughput screening of apoptosis inhibitors or inducers.[39]


Indeed, double-labeled peptides are currently used as fluo-
rescent probes based on the principle of fluorescence reso-
nance energy transfer to detect various enzyme activi-
ties.[40,41]


Starting from a Fmoc Rink amide MBHA resin, peptide
chain assembly was carried out by using standard Fmoc/tBu
chemistry (Scheme 6).[42] All amino acids were activated by


using HBTU or TBTU/HOBt/DIEA in NMP.[25] The con-
ductimetric analyses of the Fmoc-deprotection steps have
revealed that the coupling of Fmoc-Lys ACHTUNGTRENNUNG(Phdec)-OH (21)
and Fmoc-Lys ACHTUNGTRENNUNG(Pydec)-OH (22) proceeded with the same ef-
ficiency as the standard Fmoc-protected amino acids. Final
acetylation of the N-terminal side was achieved by treat-
ment with Ac2O/HOBt/DIEA in NMP. The hexapeptides
were simultaneously cleaved from the resin and side chain
deprotected by treatment with TFA in the presence of
phenol, anisole and water. The crude Ardec-protected pepti-
des were isolated by precipitation in cold tert-butyl methyl
ether and analyzed by RP-HPLC and MALDI-TOF mass
spectrometry. Ac-Lys-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Phdec)-NH2


(29) and Ac-Lys-Asp-Glu-Val-Asp-LysACHTUNGTRENNUNG(Pydec)-NH2 (30)
were identified as the major products of the SPPS. However,
a common by-product was observed on the RP-HPLC elu-
tion profiles of the deprotection mixtures and accounted for
25 and 5% of the crude peptide, respectively. The material
was isolated and analyzed by MALDI-TOF mass spectrome-
try from which the homodimer structure 31 was proposed
(m/z 1753.92 [M+H]+ , calcd for: 1752.75). Formation of 31
may be explained by a disproportionation reaction of the di-


Scheme 6. Solid-phase synthesis of peptidesACHTUNGTRENNUNG(Ardec) 29, 30 ; [a] overall
yields from Rink amide MBHA resin.
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sulfide bridges of two Ardec-protected peptide resin bound
units, with subsequent release of a diaryl disulfide
(Scheme 7). The tendency of homodimerization is probably


favoured by the high effective concentration of reactive sites
at the resin surface (resin loading) because this type of di-
sulfide homodimer was not detected during the solution-
phase synthesis of dipeptides 25 and 26. However, this side
reaction significantly occurs only during the synthesis of
Phdec-protected peptides because only the unsymmetrical
phenyl disulfide derivatives are prone to disproportionation
to the corresponding symmetrical disulfides. Further experi-
ments are in progress in order to improve the solid-phase
synthesis, as use of a resin of a lower loading. RP-HPLC pu-
rification of Ac-Lys-Asp-Glu-Val-Asp-LysACHTUNGTRENNUNG(Phdec)-NH2 (29)
and Ac-Lys-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Pydec)-NH2 (30) provid-
ed the pure products (purity > 95%) in overall yields from
Fmoc Rink amide MBHA resin of 17 and 15%, respectively.
They displayed the expected molecular weights of the
Ardec-protected peptides m/z 986.73 ([M+H]+ , calcd for:
985.38) and m/z 987.52 ([M+H]+ , calcd for: 986.38), as indi-
cated by MALDI-TOF mass spectrometry analyses.


Fluorescent labeling of Ardec-protected peptides : The utili-
ty of the Ardec orthogonal deprotection strategy for the se-


lective labeling of peptides bearing several amino groups
was illustrated by the preparation of 34, a FRET substrate
of caspase-3 protease (Scheme 8). The hexapeptide Ac-Lys-
Asp-Glu-Val-Asp-Lys-NH2 was doubly modified with cya-
nine dyes Cy3.0 and Cy5.0 which proves their utility in a
wide range of bioanalytical applications due to their high ex-
tinction coefficients, high fluorescence quantum yields and
resistance to photobleaching.[43,44] The fluorescent donor
Cy3.0 dye was coupled to the side chain of the free lysine of
Ac-Lys-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Pydec)-NH2 (30) using the
corresponding N-hydroxysuccinimidyl ester in dry NMP in
the presence of DIEA. Purification by RP-HPLC provided
the Cy3.0 labeled peptide 32 in 60% yield. The clean re-
moval of the Pydec protecting group from the lysine residue
of 32 was achieved by treatment with an excess of DTT
(50 equiv) in Tris·HCl buffer (pH 9.0). The resulting unpro-
tected hexapeptide 33 was isolated by RP-HPLC in quanti-
tative yield. Finally, the fluorescent acceptor Cy5.0 dye was
attached to the free amino group of 33 by treatment with
the corresponding N-hydroxysuccinimidyl ester in a mixture
of sodium bicarbonate buffer (pH 8.5) and NMP. The fluo-
rogenic caspase-3 substrate was isolated by RP-HPLC in a
moderate 30% yield and its structure was confirmed by
MALDI-TOF mass spectrometry.[45] When we measured the
fluorescence spectrum of this probe after excitation of the
donor Cy3.0 at 540 nm, a major emission at 665 nm corre-
sponding to the Cy5.0 fluorescence as well as a minor emis-
sion at 562 nm corresponding to the remaining untransferred
Cy3.0 fluorescence were observed (Figure 2). The emission


of Cy5.0 (acceptor) resulting from the excitation of Cy3.0
(donor) occurred via the non-radiative transfer from the
donor to the acceptor according to the theory of Fçrster.[46]


The efficiency of this energy transfer (E) is typically meas-
ured using the relative fluorescence intensity of the donor
(Cy3.0), in the absence (FD) and presence (FDA) of acceptor
(Cy5.0): E = 1�ACHTUNGTRENNUNG(FDA/FD). For our fluorescent probe, this
was accomplished by comparing the Cy3.0 emission for pep-
tides 33 and 34. As depicted in Figure 2, the value of FDA/FD


is close to 0.10 so that the transfer efficiency is approximate-
ly 90% (E=0.89). The FRET efficiency E depends on the


Scheme 7. Proposed mechanism for the formation of peptide dimer 31.


Figure 2. Fluorescence emission spectra (excitation at 540 nm) of pepti-
des 33 labeled with Cy3.0 only (c) and 34 labeled with Cy3.0 and
Cy5.0 (a) in HPLC grade water at 25 8C, concentration 0.53 mm.
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inverse-sixth-power of the distance between the donor and
acceptor: E=1/ ACHTUNGTRENNUNG[1 + ACHTUNGTRENNUNG(R/R0)


6] where R0 is the distance at
which half of the energy is transferred (i.e., Fçrster dis-
tance), and depends on the spectral characteristics of the
dyes and their relative dipole orientation.[47] Thus, the
FRET results allow to estimate the distance between the
two cyanine dye molecules within peptide 34. If one assumes
an R0 value of 53 S for the Cy3.0/Cy5.0 FRET pair (previ-
ously determined by Ishii et al.)[48] and a random dipole–
dipole orientation value of 2/3 for the orientation factor k2,
a distance of 37�1.0 S is obtained. In general, FRET is
better suited for detecting changes in distances rather than
absolute distances because of the dependence on the rela-
tive orientation of the dyes, the k2 factor, which is often
poorly understood. The efficiency of the energy transfer
(donor quenching) obtained with the doubly labeled sub-
strate 34 is high enough to use this read-out for monitoring
caspase-3 activity. Enzymatic action will result from de-
quenching of donor fluorescence upon separation of the two
dyes as a consequence of enzymatic peptide bond cleavage.
As expected, incubation of peptide 34 with recombinant
human caspase-3 has resulted in an appreciable increase of
the fluorescence emission of Cy3.0 (Figure 3a,b). This de-
quenching effect of the donor is concomitant with a de-
crease of Cy5.0 acceptor emission due to the cancellation of
FRET resulting from the protease cleavage. The donor fluo-
rescence change is in agreement with an approximate effi-
ciency of transfer of 90% suggesting that the peptide bond
cleavage reaction induced by caspase-3 went to completion.
Direct excitation of the accep-
tor at 640 nm also resulted in a
significant increase of the fluo-
rescence emission. Further-
more, a control reaction in
which peptide 34 was incubat-
ed only with the caspase-3
buffer, did not give non-specif-
ic cleavage of this probe.[45]


Selective removal of Ardec
protecting groups on solid-
phase : As a further proof for
the compatibility of the Ardec
groups with Fmoc/tBu strategy,
solid-supported deprotection
and subsequent chemical solid-
supported derivatization of a
distinct lysine residue within
the protected hexapeptide
resin Ac-Lys ACHTUNGTRENNUNG(Boc)-Asp ACHTUNGTRENNUNG(OtBu)-
Glu ACHTUNGTRENNUNG(OtBu)-Val-Asp ACHTUNGTRENNUNG(OtBu)-
Lys ACHTUNGTRENNUNG(Phdec)-Rink amide
MBHA R1 was performed
(Scheme 9).
Suitable conditions for


quantitative removal of the
Ardec-amino protecting


groups on the solid-phase, estimated on the basis of the re-
sults of solution deprotection assays, were b-mercaptoetha-
nol (0.5m)/DBU (1.0m) in NMP for 30 min. Under these re-
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Figure 3. a) Fluorescence emission spectra (excitation at 540 nm) of pep-
tide 34 in caspase-3 buffer at 25 8C (concentration 0.53 mm) with (c) or
without (a) incubation of recombinant human caspase-3 (0.008 U, in-
cubation time 3 h). b) Fluorescence emission time course (excitation at
540 nm) of peptide 34 with recombinant human caspase-3 at 565 and
667 nm.


Scheme 8. Preparation of the energy-transfer substrate of caspase-3 enzyme 34.
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ductive deprotection conditions, the peptide remains still
bound to the resin and all acid-labile protecting groups (in-
cluding the Boc of lysine residue from the N-terminal side)


remain intact. The selective de-
protection of the Phdec group
was followed by acylation of the
resulting amino group with a
biotinylation reagent (EZ-Link
NHS-LC-biotin) in dry NMP in
the presence of DIEA. Depro-
tection of all the other side
chains and simultaneous cleav-
age from the resin yielded, after
precipitation in cold TBME, the
crude biotinylated peptide 35
which was finally purified by
RP-HPLC (yield: 40%). For this
latter chromatographic purifica-
tion, it was essential to use a
slow linear gradient of CH3CN
(0.25%min�1) in aqueous TFA
to remove a side product which
accounted for 10% of the crude
biotinylated peptide and identi-
fied as an aspartimide derivative
36a or 36b (Scheme 9b, m/z
1095.65 [M+H]+ , calcd for:
1094.54). The aspartimide for-
mation is one the best docu-
mented side reactions in peptide
synthesis.[49] This sequence-de-
pendent cyclization is catalyzed
both by acids and bases and fre-
quently occurs during the solid-
phase synthesis of peptides bear-
ing the Asp–Gly motif. Further-
more, it was shown that the use
of harsh Fmoc cleavage condi-
tions (i.e., use of DBU instead
of piperidine) promoted the as-
partimide formation even for
Asp–AA motifs where Gly is re-
placed by more sterically hin-
dered amino acids (e.g., Ala,
His ACHTUNGTRENNUNG(Trt), Tyr ACHTUNGTRENNUNG(tBu)). Therefore, it
is likely that our reductive de-
protection conditions partly af-
fected the integrity of the Asp-
ACHTUNGTRENNUNG(OtBu)–GluACHTUNGTRENNUNG(OtBu) or Asp-
ACHTUNGTRENNUNG(OtBu)-l-ys ACHTUNGTRENNUNG(Ardec) patterns. As
suggested by Mergler et al.,[49b]


this side reaction could have
been suppressed by incorpora-
tion of Asp residues bearing a b-
carboxylic acid protecting group
bulkier than tBu ester (3-methyl-
pent-3-yl ester). Analysis of the


conjugate 35 using MALDI-TOF mass spectrometry indicat-
ed that the biotin derivative was attached only once to the
peptide (Figure 4).


Scheme 9. a) Solid-phase synthesis of biotinylated peptide 35. b) Structure of aspartimide side products 36a
and 36b ; [a] overall yield from Rink amide MBHA resin.
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Since removal of the Ardec protecting group was cata-
lyzed by a strong base such as DBU it was necessary to
check if racemization of some amino acids occurred during
the deprotection process.[50] HPLC and 1H NMR analyses
were considered suitable for this purpose. On the RP-HPLC
elution profiles of the biotinylated peptide 35 before and
after purification, a single sharp peak was observed reflect-
ing the lack of diastereoisomeric peptide mixture.[45] Fur-
thermore, this was unambiguously confirmed by 1D and 2D
1H NMR spectra which are consistent with the presence of a
single diastereomer (Figure 5). Assignment of the proton
NMR spectrum of biotinylated peptide 35 in pure methanol
at 20 8C was carried out by the sequential assignment strat-
egy proposed by WTthrich.[51] The first step involved analy-
sis of coupling based two dimensional NMR spectra 1H,1H
COSY and 1H,1H TOCSY experiments to identify spin sys-
tems characteristic of particular amino acids. Then, the spin
system residues were assigned to specific locations in their
sequence by observation in the 1H,1H NOESY spectrum of
NOE signals between resonances of sequentially adjacent
residues. All resonance assignments are summarized in
Table 2 (see Experimental Section). From these experi-
ments, we concluded that despite the use of a strong base
such as DBU, the Ardec deprotection process did not cause
detectable racemization of amino acids in the biotinylated
peptide 35. This is one of the most important requirements
which must be fulfilled by a new temporary or semiperma-
nent protecting group designed for a routine use in peptide
synthesis.


Conclusion and Perspectives


In summary, new disulfide-containing protecting groups for
amines are described. The aryldithioethyloxycarbonyl pro-
tecting groups are easily removed by thiols under mild basic
conditions. They are stable to a wide variety of conditions,
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Figure 4. MALDI-TOF mass spectrum of the biotinylated peptide 35, in the positive mode, a-cyano-4-hydroxycinnamic acid was used as matrix,
[M+H]+ : m/z : calcd for: 1113.56, found 1113.67.
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protons (side chain protons, left), indicated by the residue number.
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including many that are used for the removal of other pro-
tecting groups (allyl, Aloc, Boc, Dde, Fmoc, silyl and photo-
labile protecting groups). The utility of the Ardec moiety as
protecting group of the lysine side chain is shown with ex-
amples from peptide synthesis in solution and on solid sup-
port. Since the Pydec moiety is not prone to the disulfide
disproportionation reaction leading to the formation of pep-
tide dimers, this protecting group is a more valuable tool
than Phdec especially for the synthesis of large peptides in-
tended for post-synthetic modifications in solution. Further-
more, the use of mild reducing conditions has enabled the
selective deprotection of lysine side chain and its subsequent
chemical modification with molecular tags such as biotin
and cyanine dyes. Thus, the Ardec groups may be a useful
alternative to the well-known Dde (or its hindered variant
ivDde) and Mtt groups which are removed by treatment
with bivalent nucleophiles (hydrazine and hydroxylamine)
and by treatment with TFA (1% in CH2Cl2), respectively,
especially for the preparation of cyclic and branched pepti-
des.[52,53] The extension of the Ardec chemistry to amino
acids bearing an hydroxyl group within their side chains
(serine, threonine, tyrosine) is currently under way and will
be reported in due course. It should allow the synthesis of
fully functional and sensitive post-translationally site-specific
modified proteins (glyco- and lipoproteins) which play im-
portant roles in numerous biological processes.[54] Further-
more, in order to get functionalized biopolymers suitable for
chemoselective ligation reactions,[55, 56] the Ardec-based pro-
tection strategy might be extended to other chemical func-
tional groups such as aldehydes and ketones, for which few
protecting groups removable under mild conditions are
available.[57]


Experimental Section


Abbreviations : Ahx: aminohexanoic
acid, Aloc: allyloxycarbonyl, Ardec:
aryldithioethyloxycarbonyl, Ardec-
ONp: aryldithioethyloxycarbonyl 4-
nitrophenyl carbonate, b-Me: b-mer-
captoethanol, BOP: benzotriazol-1-yl-
N-oxytris(dimethylamino)phosphoni-
um hexafluorophosphate, CHAPS: 3-
[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate, CHCA: a-
cyano-4-hydroxycinnamic acid, Cy3.0
dye: 3H-indolium-1-(5-carboxypen-
tyl)-2-[(1E,3E)-3-(1-ethyl-1,3-dihydro-
3,3-dimethyl-5-sulfo-2H-indol-2-yl-
idene)-1-propenyl]-3,3-dimethyl-5-
sulfo-, inner salt, Cy5.0 dye: 3H-indo-
lium, 2-[(1E,3E,5E)-5-[1-(5-carboxy-
pentyl)-1,3-dihydro-3,3-dimethyl-5-
sulfo-2H-indol-2-ylidene]-1,3-penta-
dienyl]-1-ethyl-3,3-dimethyl-5-sulfo-,
inner salt, DBU: 1,8-diazobicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene, Dde: 1-(4,4-di-
methyl-2,6-dioxocyclohexylidene)eth-
yl, DIEA: N,N-diisopropylethyl-
amine, DSC: N,N’-disuccinimidyl car-
bonate, Dts: dithiasuccinoyl, DTT: di-
thiothreitol, EZ-Link NHS-LC-
biotin: N-hydroxysuccinimidyl-6-(bio-


tinamido)hexanoate, FRET: fluorescence resonance energy transfer,
HBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, HEPES: 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,
HOBt: N-hydroxybenzotriazole, NHS: N-hydroxysuccinimide, ivDde: 1-
(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl, Mpe: 3-meth-
ylpent-3-yl, Mtt: 4-methyltrityl, NHS: N-hydroxysuccinimide, NMM: N-
methylmorpholine, NMP: N-methylpyrrolidinone, 4NP: 4-nitrophenol,
Phdec: phenyldithioethyloxycarbonyl, Pydec: 2-pyridyldithioethyloxycar-
bonyl, TBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tet-
rafluoroborate, TEAA: triethylammonium acetate, Teoc: (2-trimethylsi-
lyl)ethyloxycarbonyl, Tris·HCl: tris(hydroxymethyl)aminomethane hydro-
chloride, TSTU: O-(N-succinimidyl)-N,N,N’,N’-tetramethyluronium tetra-
fluoroborate.


General methods : Column chromatographic purifications were per-
formed on silica gel (40–63 mm) from SdS. TLC were carried out on
Merck DC Kieselgel 60 F-254 aluminium sheets. Compounds were visual-
ized by one or more of the following methods: 1) fluorescence quench-
ing, 2) spray with a 0.2% (w/v) ninhydrin solution in absolute ethanol, 3)
spray with a 3.5% (w/v) phosphomolybdic acid solution in absolute etha-
nol. Acetonitrile was freshly distilled over CaH2 under an argon atmos-
phere prior to use. Dichloromethane was dried by distillation over P2O5.
DIEA and triethylamine were distilled from CaH2 and stored over BaO.
Sulfocyanine dyes Cy3.0 and Cy5.0 were prepared by using literature
procedures.[44] EZ-Link NHS-LC-biotin was purchased from Pierce. Re-
combinant human caspase-3 enzyme (5.52 Umg�1) was purchased from
Sigma. The HPLC grade solvents (CH3CN and MeOH) were obtained
from Acros. Aqueous buffers for HPLC were prepared using water puri-
fied with a Milli-Q system. 1H and 13C NMR spectra were recorded on a
Bruker DPX 300 or AMX-400 spectrometer (Bruker, Wissembourg,
France). Chemical shifts are expressed in parts per million (ppm) from
CD3CN (dH=1.96, dC = 1.32 (CH3), 118.26 (CN)), CD2Cl2 (dH=5.30,
dC=53.52), CDCl3 (dH=7.26, dC=77.36), [D6]DMSO (dH=2.54, dC=


40.45) or D2O (dH=4.79).
[58] J values are given in Hz. 13C substitution


was determined with a JMOD pulse sequence, differentiating signals of
methyl and methine carbons pointing “down” (�) from methylene and
quaternary carbons pointing “up” (+). NMR experiments related to bio-
tinylated peptide 35 were achieved at 20 8C on a Bruker DMX 600 spec-
trometer (Bruker, Wissembourg, France) equipped with a 5 mm triple


Table 2. Resonance assignments (spectra recorded in MeOH at 20 8C).


AA residue NH Ha Hb Hg Hd He Others


CH3: 2.00 (Ac)
Lys (K1) 8.31 4.28 1.80/1.70 1.46 1.67 2.95 NH3


+ : 7.74
Asp (D2) 8.44 4.65 2.93/2.85
Glu (E3) 8.28 4.32 2.15/2.01 2.44
Val (V4) 7.82 4.06 2.15 0.97
Asp (D5) 8.14 4.69 2.93 2.80
Lys (K6) 8.01 4.25 1.74 1.89 1.50/1.38 3.16 NH: 7.94


NH2: 7.40/7.15 (CONH2)


Ahx NHx 2VHa 2VHb 2VHg 2VHd 2VHe


8.00 2.17 1.62 1.33 1.51 3.17


biotin 2VNH H-2 2VH-3 H-4 H-5 2VH-6 2VH-7 2VH-8 2VH-9


–[a] 4.5 2.94/2.7 4.30 3.22 1.75/1.63 1.43 1.60 2.17


[a] Not observed due to exchange with residual water of MeOH.
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resonance (1H, 13C, 15N) Cryoprobe including shielded z gradients.
Bruker XWINNMR software was used to acquire and process the 1D
and 2D spectra. The one and two-dimensional spectra were collected
with carrier frequency in the middle of the spectrum coinciding with the
water resonance which was suppressed by either presaturation using con-
tinuous irradiation during relaxation delay or by using a gradient pulse
Watergate sequence.[59] TOCSY spectra was acquired with a 80 ms spin-
lock time and NOESY experiment was performed using mixing time of
300 ms. 1H chemical shifts were measured relative to the residual signal
of the methyl group of the methanol whose shift relative to tetramethylsi-
lane was arbitrarily chosen at 3.31 ppm. Optical rotations were measured
by using a Perkin Elmer 341 polarimeter. Infrared (IR) spectra were re-
corded as thin-film on sodium chloride plates or KBr pellets using a
Perkin Elmer FT-IR Paragon 500 spectrometer with frequencies given in
reciprocal centimeters (cm�1). UV-visible spectra were obtained on a
Varian Cary 50 scan spectrophotometer. Fluorescence spectroscopic stud-
ies were performed with a Varian Cary Eclipse spectrophotometer. Mass
spectra were obtained with a Micromass Quattro Micro QAA118 spec-
trometer or a Finnigan LCQ-ion trap apparatus equipped with an elec-
trospray source except for the volatile compounds 11 and 12 which were
analyzed with a Thermoquest Finnigan Trace GC coupled to an Auto
Mass Multi III analyzer using electron impact ionization. The purified
peptides were characterized by MALDI-TOF mass spectrometry on a
Voyager DE PRO in the reflector mode with CHCA as a matrix.


Gas chromatography separations : Compounds 11 and 12 were analyzed
with the following chromatographic system: J&W Scientific DB5-MS ca-
pillary column (0.25 mmV30 m) coated with a 0.25 mm film of methylsi-
loxane substituted by 5% phenylsiloxane. The constant pressure was
100 kPa. The injection was performed in the split mode with the tempera-
ture of the injection port set at 250 8C. The temperature of the GC oven
was maintained at 50 8C for 2 min and then raised to 250 8C at a rate of
25 8Cmin�1 and finally left at that latter temperature for 35 min.


HPLC separations : Several chromatographic systems were used for the
analytical experiments and the purification steps. System A: RP-HPLC
(Thermo Hypersil GOLD C18 column, 5 mm, 4.6V150 mm) with CH3CN
and triethylammonium acetate buffer (TEAA, 0.1m, pH 7.0) as eluents
[100% TEAA (2 min), linear gradient from 0 to 80% of CH3CN
(40 min)] at a flow rate of 1.0 mLmin�1. Dual UV detection was achieved
at 254 and 285 nm. System B: RP-HPLC (Thermo Hypersil GOLD C18
column, 5 mm, 4.6V150 mm) with CH3CN and 0.1% aqueous trifluoro-
acetic acid (aq. TFA, 0.1%, v/v, pH 2.0) as eluents [100% aq. TFA
(5 min), linear gradient from 0 to 60% of CH3CN (30 min)] at a flow
rate of 1.0 mLmin�1. Triple UV detection was achieved at 210, 260 and
285 nm. System C: RP-HPLC (Thermo Hypersil GOLD C18 column,
5 mm, 4.6V150 mm) with CH3CN and aq. TFA as the eluents [80% aq.
TFA (5 min), linear gradient from 20 to 90% of CH3CN (35 min)] at a
flow rate of 1.0 mLmin�1. UV detection was achieved at 254 nm. System
D: RP-HPLC (Interchrom Nucleosil C18 column, 5 mm, 10.0V250) with
CH3CN and aq. TFA as the eluents [100% aq. TFA (5 min), linear gradi-
ent from 0 to 50% of CH3CN (50 min)] at a flow rate of 4.0 mLmin�1.
UV detection was achieved at 260 nm. System E: RP-HPLC (Thermo
Hypersil GOLD C18 column, 5 mm, 4.6V150 mm) with CH3CN and aq.
TFA as the eluents [100% aq. TFA (2 min), linear gradient from 0 to
60% of CH3CN (32 min)] at a flow rate of 1.0 mLmin�1. Triple UV de-
tection was achieved at 260, 285 and 340 nm. System F: RP-HPLC
(Vydac C18 column, 5 mm, 22.0V250) with CH3CN/TFA (99.9:0.1) and aq.
TFA as the eluents [90% aq. TFA (5 min), linear gradient from 10 to
40% of CH3CN (40 min)] at a flow rate of 10.0 mLmin


�1. Dual UV de-
tection was achieved at 215 and 280 nm. System G: RP-HPLC (Vydac
C18 column, 5 mm, 4.6V250) with CH3CN/TFA (99.9:0.1) and aq. TFA as
eluents [90% aq. TFA (5 min), linear gradient from 10 to 90% of
CH3CN (40 min)] at a flow rate of 1.0 mLmin


�1. Dual UV detection was
achieved at 215 and 280 nm. System H: RP-HPLC (Waters XTerra MS
C18 column, 5 mm, 7.8V100 mm) with CH3CN and aq. formic acid (0.1%,
v/v) as eluents [100% aq. formic acid (5 min), linear gradient from 0 to
20% (20 min) and 20 to 80% (80 min) of CH3CN] at a flow rate of
2.5 mLmin�1. UV detection was achieved at 260 nm. System I: RP-
HPLC (Thermo Hypersil GOLD C18 column, 5 mm, 4.6V150 mm) with
CH3CN and aq. TFA as eluents [100% aq. TFA (5 min), linear gradient


from 0 to 60% of CH3CN (40 min)] at a flow rate of 1.0 mLmin
�1. Dual


UV detection was achieved at 260 and 550 nm. System J: RP-HPLC
(Waters XTerra MS C18 column, 5 mm, 7.8V100 mm) with CH3CN and
aq. formic acid as the eluents [100% aq. formic acid (5 min), linear gradi-
ent from 0 to 20% (20 min) and 20 to 50% (60 min) of CH3CN] at a
flow rate of 2.5 mLmin�1. UV detection was achieved at 260 nm. System
K: RP-HPLC (Thermo Hypersil GOLD C18 column, 5 mm, 4.6V150 mm)
with CH3CN and aq. TFA as eluents [100% aq. TFA (5 min), linear gra-
dient from 0 to 15% (10 min) and 15 to 60% (90 min) of CH3CN] at a
flow rate of 1.0 mLmin�1. Triple UV detection was achieved at 260, 550
and 650 nm. System L: RP-HPLC (Waters XTerra MS C18 column, 5 mm,
7.8V100 mm) with CH3CN and aq. TFA as eluents [100% aq. TFA
(5 min), linear gradient from 0 to 10% (10 min) and 10 to 50%
(160 min) of CH3CN (40 min)] at a flow rate of 2.5 mLmin


�1. UV detec-
tion was achieved at 218 nm.


2-(Phenyldisulfanyl)ethanol (11): Diphenyl disulfide (7.0 g, 31.8 mmol)
was dissolved in a mixture of pyridine and MeOH (300 mL, 1:99). b-Mer-
captoethanol (2.1 mL, 30 mmol) was added dropwise to the stirred solu-
tion and the mixture was left to stir at room temperature overnight. The
reaction was checked for completion by TLC (cyclohexane/ethyl acetate
1:1) and the mixture was evaporated to dryness. The resulting residue
was purified by chromatography on a silica gel column (350 g) with a
step gradient of ethyl acetate (0!50%) in cyclohexane as the mobile
phase, giving 11 as a colorless oil (2.51 g, 13.5 mmol, 45%). Rf=0.62 (cy-
clohexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): d=1.80 (br s,
1H, OH), 2.83 (t, 3J ACHTUNGTRENNUNG(H,H)=5.9 Hz, 2H), 3.79 (m, 2H), 7.15–7.20 (m,
3H), 7.24–7.29 ppm (m, 2H); 13C NMR (75.5 MHz, CDCl3): d=41.6,
60.2, 127.5, 128.3 (2C), 129.5 (2C), 137.3 ppm; IR (neat): nmax=1021,
1067, 1154, 1218, 1296, 1437, 1474, 1577, 2873, 2924, 3355 cm�1 (broad);
HPLC (system A): tR=24.1 min, purity 96%; UV/Vis (recorded during
the HPLC analysis): lmax=244 nm; GC-MS: tR=12.8 min; m/z : calcd for
C8H10OS2: 186.30; found: 186.0 [M


+ C], 142.0 [PhSS+ C], 110.0 [PhS+]; ele-
mental anlysis calcd (%) for C8H10OS2: C 51.58, H 5.41, S 34.42; found:
C 51.69, H 5.61, S 34.38.


2-(Pyridin-2-yldisulfanyl)ethanol (12): Bis(2-pyridyl) disulfide (2.2 g,
10.0 mmol) was dissolved in a mixture of pyridine and MeOH (100 mL,
1:99). b-Mercaptoethanol (0.7 mL, 10 mmol) was added dropwise to the
stirred solution and the mixture was left to stand at room temperature
overnight. The reaction was checked for completion by TLC (CH2Cl2/
ethyl acetate 8:2) and the mixture was evaporated to dryness. The result-
ing residue was purified by chromatography on a silica gel column
(100 g) with a step gradient of ethyl acetate (0!5%) in dichloromethane
as the mobile phase, giving 12 as a colorless oil (0.92 g, 4.9 mmol, 49%).
Rf=0.59 (CH2Cl2/ethyl acetate 8:2);


1H NMR (300 MHz, CDCl3): d=
2.93 (t, 3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 2H), 3.79 (m, 2H), 5.76 (br s, 1H, OH), 7.12–
7.60 (m, 3H), 8.48–8.50 ppm (m, 1H); 13C NMR (75.5 MHz, CDCl3): d=
43.0, 58.5, 121.9, 122.3, 137.2, 150.2, 159.4 ppm; IR (neat): nmax=1045,
1063, 1117, 1147, 1285, 1417, 1455, 1558, 1574, 2865, 2923, 3047,
3332 cm�1 (broad); HPLC (system A): tR=17.8 min, purity 91%; UV/Vis
(recorded during the HPLC analysis): lmax=237 nm, 281 nm; MS (ESI,
positive mode): m/z : calcd for C7H9NOS2: 187.28; found: 187.46 [M+H]+


; GC-MS: tR=9.6 min, m/z : 187.0 [M
+ C], 111.0 [PyS+ C]; elemental analy-


sis calcd (%) for C7H9NOS2: C 44.89, H 4.84, N 7.48, S 34.24; found: C
44.64, H 4.63, N 7.88, S 34.21.


2-(Pyridin-2-yldisulfanyl)ethyl N-hydroxysuccinimidyl carbonate (14): 2-
(Pyridin-2-yldisulfanyl)ethanol (12) (0.38 g, 2.0 mmol) was dissolved in
dry CH3CN (15 mL). Triethylamine (0.55 mL, 4.0 mmol) and DSC
(0.62 g, 2.4 mmol) were added and the reaction mixture was stirred at
room temperature overnight under an argon atmosphere. The reaction
was checked for completion by TLC (CH2Cl2/ethyl acetate 8:2) and the
mixture was evaporated to dryness. The resulting residue was purified by
chromatography on a silica gel column (30 g) with a step gradient of
ethyl acetate (0!5%) in dichloromethane as the mobile phase, giving
activated carbonate 14 as a pale yellow oil (0.39 g, 1.2 mmol, 60%). Rf=
0.69 (CH2Cl2/ethyl acetate 8:2);


1H NMR (400 MHz, CD2Cl2): d=2.74 (s,
4H), 3.08 (t, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H), 4.49 (t, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H), 7.09
(m, 1H), 7.65 (m, 2H), 8.39 ppm (brd, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz, 1H); 13C NMR
(100 MHz, CD2Cl2): d=25.9 (2C), 37.2, 68.9, 120.5, 121.6, 138.1, 149.6,
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151.7, 159.2, 169.0 ppm (2C); UV/Vis (water): lmax (e)=290 (8188), 371
(20702 mol�1dm3cm�1); HRMS (ESI, positive mode): m/z : calcd for
C12H13N2O5S2: 329.0265, found 329.0269 [M+H]+ .


2-(Phenyldisulfanyl)ethyl 4-nitrophenyl carbonate (15): 2-(Phenyldisulfa-
nyl)ethanol (11) (2.34 g, 12.6 mmol) was dissolved in dry CH3CN
(35 mL). Triethylamine (2.1 mL, 15.1 mmol) was added and the resulting
mixture was cooled at �20 8C. Then, 4-nitrophenylchloroformate (3.0 g,
14.9 mmol) was added and the reaction mixture was stirred at room tem-
perature overnight under N2 atmosphere. The reaction was checked for
completion by TLC (cyclohexane/ethyl acetate 7:3) and the mixture was
evaporated to dryness. The resulting residue was purified by chromatog-
raphy on a silica gel column (200 g) with a step gradient of ethyl acetate
(0!20%) in cyclohexane as the mobile phase, giving activated carbonate
15 as a white powder (2.3 g, 6.5 mmol, 53%). Rf=0.53 (cyclohexane/ethyl
acetate 7:3); m.p. 52 8C (decomp); 1H NMR (300 MHz, CDCl3): d=3.05
(t, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H), 4.52 (t, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H), 7.23–7.58 (m,
7H), 8.25–8.31 ppm (m, 2H); 13C NMR (75.5 MHz, CDCl3): d=36.7,
66.8, 122.1 (2C), 125.7 (2C), 127.7, 128.4 (2C), 129.5 (2C), 136.8, 145.8,
152.5, 155.7 ppm; IR (KBr): nmax=1075, 1110, 1164, 1218 (broad), 1297,
1347, 1380, 1439, 1477, 1492, 1520, 1594, 1616, 1769, 2859, 2959, 3057,
3081, 3117 cm�1; HPLC (system A): tR=37.7 min, purity 90%; UV/Vis
(recorded during the HPLC analysis): lmax=241, 266 nm; MS (ESI, posi-
tive mode): m/z : calcd for C15H13NO5S2: 351.40; found: 391.50 [M+K]+ ;
elemental analysis calcd (%) for C15H13NO5S2: C 51.27, H 3.73, N 3.99, S
18.25; found: C 51.25, H 3.69, N 3.93, S 18.31.


2-(Pyridin-2-yldisulfanyl)ethyl 4-nitrophenyl carbonate (16): 2-(Pyridin-2-
yldisulfanyl)ethanol (12) (0.85 g, 4.5 mmol) was dissolved in dry CH3CN
(13 mL). Triethylamine (0.70 mL, 5.0 mmol) was added and the resulting
mixture was cooled at �20 8C. Then, 4-nitrophenylchloroformate (1.05 g,
5.2 mmol) was added and the reaction mixture was stirred at room tem-
perature overnight under N2 atmosphere. The reaction was checked for
completion by TLC (cyclohexane/ethyl acetate 7:3) and the mixture was
evaporated to dryness. The resulting residue was purified by chromatog-
raphy on a silica gel column (50 g) with a step gradient of ethyl acetate
(0!30%) in cyclohexane as the mobile phase, giving activated carbonate
16 as a colorless oil (1.27 g, 3.6 mmol, 78%). Rf=0.43 (cyclohexane/ethyl
acetate 7:3); 1H NMR (400 MHz, CD2Cl2): d=3.08 (t,


3J ACHTUNGTRENNUNG(H,H)=6.3 Hz,
2H), 4.46 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H), 7.05 (m, 1H), 7.28–7.64 (m, 4H),
8.18 (m, 2H), 8.37 ppm (brd, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 1H); 13C NMR
(100 MHz, CD2Cl2): d=37.2, 67.1, 120.3, 121.5, 122.2 (2C), 125.6 (2C),
137.6, 145.8, 150.1, 152.6, 155.8, 159.6 ppm; IR (neat): nmax=664, 718,
761, 858, 985, 1082, 1112, 1214 (broad), 1346, 1419, 1448, 1522, 1593,
1617, 1764 (broad), 2958, 3081, 3116 cm�1; HPLC (system A): tR=
31.6 min, purity 91%; UV/Vis (recorded during the HPLC analysis):
lmax=243, 272 nm; MS (ESI, positive mode): m/z : calcd for
C14H12N2O5S2: 352.39; found: 353.63 [M+H]+ ; elemental analysis calcd
(%) for C14H12N2O5S2 (contaminated with 6% of 4NP): C 47.96, H 3.44,
N 8.07, S 17.11; found: C 47.83, H 3.49, N 8.06, S 17.02.


N e-(2-Phenyldisulfanylethyloxycarbonyl)-l-lysine (19): l-Lysine monohy-
drochloride (0.37 g, 2.0 mmol) was dissolved in distilled water (3 mL) and
basic CuCO3 (i.e., CuCO3·Cu(OH)2·H2O, 0.31 g, 1.3 mmol) was added.
The resulting mixture was refluxed for 2 h and then the hot suspension
was filtered over Celite 545 and washed with distilled water (~20 mL).
After cooling to 4 8C, the reaction mixture was basified to pH 9–10 with
Na2CO3 (1.08 g, 10.2 mmol) and activated carbonate 15 (0.60 g,
1.7 mmol) dissolved in CH3CN (11 mL) was added. After stirring at
room temperature overnight, a bulky blue precipitate was formed. The
reaction mixture was acidified to pH ~7 with glacial acetic acid and
CH3CN was removed under reduced pressure. The blue solid was collect-
ed by filtration and washed with cold distilled water (2V10 mL) and di-
ethyl ether (2V10 mL). The copper complex was added to a saturated
EDTA disodium salt solution (5 g in 50 mL of distilled water) and the re-
sulting suspension was vigorously stirred at room temperature overnight.
The initial blue color disappeared gradually and a white solid was sepa-
rated. After filtering and washings with cold distilled water (2V10 mL)
and pentane (2V20 mL), residual water was removed by lyophilization to
give Ne-Phdec-lysine 19 as a white solid (0.45 g, 1.25 mmol, 74%). M.p.
> 260 8C; [a]20D = ++10.28 (c=1 in AcOH 80%); 1H NMR (300 MHz,


[D6]DMSO + 5% [D]TFA): d=1.34–1.43 (m, 4H), 1.78 (m, 2H), 3.01
(m, 4H), 3.93 (m, 1H), 4.18 (t, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 2H), 7.30–7.60 (m, 5H),
8.30 ppm (br s, 1H, NH3


+); 13C NMR (75.5 MHz, [D6]DMSO + 5%
[D]TFA): d=22.6, 29.8, 30.5, 38.2, 40.5, 52.7, 62.3, 128.2 (3C), 130.3
(2C), 137.3, 156.8, 172.0 ppm; IR (KBr): nmax=687, 736, 1029, 1140, 1240,
1251, 1273, 1326, 1415, 1534, 1579, 1688, 2868, 2948, 3049, 3342 cm�1;
HPLC (system B): tR=26.4 min, purity 94%; UV/Vis (recorded during
the HPLC analysis): lmax=234 nm; MS (ESI, positive mode): m/z : calcd
for C15H22N2O4S2: 358.48; found: 359.09 [M+H]+ , 716.99 (dimer)
[2M+H]+ ; elemental analysis calcd (%) for C15H22N2O4S2: C 50.26, H
6.19, N 7.81, S 17.89; found: C 49.48, H 6.23, N 7.74, S 16.81.


N e-(2-(Pyridin-2-yldisulfanyl)ethyloxycarbonyl)-l-lysine (20): l-Lysine
monohydrochloride (0.38 g, 2.1 mmol) was dissolved in distilled water
(3 mL) and basic CuCO3 (i.e., CuCO3·Cu(OH)2·H2O, 0.30 g, 1.25 mmol)
was added. The resulting mixture was heated under reflux for 2 h and
then the hot suspension was filtered over Celite 545 and washed with dis-
tilled water (~20 mL). After cooling to 4 8C, the reaction mixture was ba-
sified to pH 9–10 with Na2CO3 (1.1 g, 10.5 mmol) and activated carbonate
16 (0.62 g, 1.8 mmol) dissolved in CH3CN (12 mL) was added. After stir-
ring at room temperature overnight, a green precipitate was formed. The
reaction mixture was acidified to pH ~7 with glacial acetic acid and
CH3CN was removed under reduce pressure. The green solid was collect-
ed by filtration and washed with cold distilled water (2V10 mL) and di-
ethyl ether (2V10 mL). The copper complex was added to a saturated
EDTA disodium salt solution (5 g in 50 mL of distilled water) and the re-
sulting suspension was vigorously stirred at room temperature overnight.
The initial green color disappeared gradually and a yellow solid was sep-
arated. After filtering, washings with cold distilled water (2V10 mL) and
pentane (2V20 mL) and drying under vacuum Ne-Pydec-lysine (20) was
obtained as a yellow solid (0.34 g, 0.95 mmol, 53%). M.p. > 260 8C; [a]20D
= ++12.48 (c=1 in 80% AcOH); 1H NMR (300 MHz, [D6]DMSO): d=
1.38 (m, 4H), 1.60–1.72 (m, 2H), 2.97 (m, 3H), 3.10 (t, 3J ACHTUNGTRENNUNG(H,H)=5.9 Hz,
2H), 4.18 (t, 3J ACHTUNGTRENNUNG(H,H)=5.9 Hz, 2H), 7.29 (m, 2H), 7.85 (m, 2H),
8.50 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=4.1 Hz, 1H, NH2);


13C NMR (75.5 MHz,
[D6]DMSO + 5% [D]TFA): d=22.6, 29.8, 30.5, 38.4, 40.5, 52.7, 62.4,
120.6, 122.4, 139.1, 150.4, 156.8, 159.2, 172.0 ppm; IR (KBr): nmax=756,
1144, 1274, 1326, 1419, 1447, 1534, 1576, 1686, 2947, 3342 cm�1; HPLC
(system B): tR=19.2 min, purity 95%; UV/Vis (recorded during the
HPLC analysis): lmax=262 nm; MS (ESI, positive mode): m/z : calcd for
C14H21N3O4S2: 359.47; found: 360.12 [M+H]+ , 382.19 [M+Na]+ ; elemen-
tal analysis calcd (%) for C14H21N3O4S2: C 46.78, H 5.89, N 11.69, S
17.84; found: C 46.54, H 5.98, N 11.55, S 17.53.


N a-(9-Fluorenylmethyloxycarbonyl)-N e-(2-phenyldisulfanyl-ethyloxycar-
bonyl)-l-lysine (21): Ne-Phdec-lysine 19 (0.37 g, 1.0 mmol) was dissolved
in 4% sodium carbonate solution (6 mL) and cooled to 4 8C. A solution
of Fmoc-OSu (0.28 g, 0.83 mmol) in 1,4-dioxane (6 mL) was added in one
portion to the stirred solution and the mixture was left at room tempera-
ture overnight. The reaction was checked for completion by TLC
(CH2Cl2/MeOH/AcOH 95:4:1) and the mixture was acidified to pH ~7
with glacial acetic acid. After partial removal of 1,4-dioxane under re-
duced pressure, the reaction mixture was lyophilized. The resulting resi-
due was purified by chromatography on a silica gel column (30 g) with a
step gradient of MeOH (0!5%) in dichloromethane as the mobile
phase. After drying under vacuum, Na-Fmoc-Ne-Phdec-lysine (21) was
obtained as a pale yellow foam (0.30 g, 0.52 mmol, 64%). Rf=0.60
(CH2Cl2/MeOH/AcOH 95:4:1); [a]20D = ++4.98 (c=1 in CH2Cl2);
1H NMR (300 MHz, CDCl3): d=1.25–1.85 (m, 6H), 2.86–3.13 (m, 4H),
4.19–4.80 (m, 6H), 5.67–5.74 (m, NH), 6.32 (br s, NH), 7.18–7.75 ppm (m,
13H); 13C NMR (75.5 MHz, CDCl3): d=29.6, 31.9, 37.9, 40.7, 47.5, 53.8
(2C), 62.9, 67.4, 120.3 (2C), 125.4, 127.4 (2C), 128.1 (6C), 129.4 (2C),
137.3, 141.6 (4C), 144.0, 144.2, 156.7 ppm; IR (KBr): nmax=739, 1066,
1250, 1449, 1526, 1706 (broad), 2939, 3324 cm�1; HPLC (system C): tR=
30.2 min, purity 92%; UV/Vis (recorded during the HPLC analysis):
lmax=262 nm; MS (ESI, positive mode): m/z : calcd for C30H32N2O6S2:
580.73; found: 581.11 [M+H]+ , 1161.04 (dimer) [2M+H]+ ; elemental
analysis calcd (%) for C30H32N2O6S2·CH4O (MeOH): C 60.76, H 5.92, N
4.57, S 10.47; found: C 60.98, H 5.47, N 4.78, S 10.24.
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N a-(9-Fluorenylmethyloxycarbonyl)-N e-(2-(pyridin-2-yldisulfanyl)ethyl-
oxycarbonyl)-l-lysine (22): Ne-Pydec-lysine 20 (0.31 g, 0.90 mmol) was
dissolved in 4% sodium carbonate solution (5 mL) and cooled to 4 8C. A
solution of Fmoc-OSu (0.25 g, 0.73 mmol) in a mixture of CH3CN/1,4-di-
oxane 5:1 (6 mL) was added in one portion to the stirred solution and
the mixture was left at room temperature overnight. The reaction was
checked for completion by TLC (CH2Cl2/MeOH/AcOH 90:8:2) and the
mixture was acidified to pH ~7 with glacial acetic acid. After removal of
CH3CN under reduced pressure, the reaction mixture was lyophilized.
The resulting residue was purified by chromatography on a silica gel
column (40 g, dry loading) with a step gradient of MeOH (0!10%) in
dichloromethane as the mobile phase. After drying under vacuum, Na-
Fmoc-Ne-Pydec-lysine (22) was obtained as a yellow foam (0.34 g,
0.58 mmol, 80%). Rf=0.54 (CH2Cl2/MeOH/AcOH 90:8:2); [a]


20
D = �3.38


(c=1 in CH2Cl2);
1H NMR (300 MHz, CDCl3): d=1.22–1.52 (m, 4H),


1.88 (m, 2H), 2.99 (t, 3J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 2H), 3.19 (m, 2H), 4.22 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H), 4.33–4.42 (m, 4H), 4.86 (m, 1H), 5.70 (brd, 3J-
ACHTUNGTRENNUNG(H,H)=7.7 Hz, NH), 7.13–7.76 (m, 11H), 8.48 ppm (brd, 3J ACHTUNGTRENNUNG(H,H)=
3.8 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=22.1, 29.4, 32.1, 38.3, 40.6,
47.5, 53.9, 63.5, 67.3, 120.3 (2C), 120.6, 121.4, 125.5 (2C), 127.4 (2C),
128.0 (2C), 138.1, 141.6 (4C), 144.1 (2C), 149.3, 156.5, 160.2 ppm; IR
(KBr): nmax=741, 760, 1046, 1082, 1119, 1250, 1418, 1449, 1531, 1715
(broad), 2945, 3065, 3324 cm�1; HPLC (system C): tR=24.9 min, purity
94%; UV/Vis (recorded during the HPLC analysis): lmax=262 nm; MS
(MALDI-TOF, positive mode): m/z : calcd for C29H31N3O6S2: 581.71;
582.3 [M+H]+ , 604.2 [M+Na]+, 620.2 [M+K]+ (CHCA matrix); elemen-
tal analysis calcd (%) for C29H31N3O6S2: C 59.88, H 5.37, N 7.22, S 11.02;
found: C 59.36, H 5.47, N 7.15, S 10.64.


General procedure for the coupling of Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-OH to l-phe-
nylalanine tert-butyl ester : DIEA (90 mL, 0.51 mmol) was added to a sol-
ution of N a-Fmoc-N e-Ardec-lysine 21 or 22 (0.1 g, 0.17 mmol) and l-
phenylalanine tert-butyl ester hydrochloride (37 mg, 0.17 mmol) dissolved
in dry CH2Cl2 (1–2 mL), followed by BOP coupling reagent (75 mg,
0.17 mmol). The resulting reaction mixture was stirred at room tempera-
ture overnight under N2 atmosphere. The reaction was checked for com-
pletion by TLC (CH2Cl2/MeOH 99:1 or 97:3) and the mixture was evapo-
rated to dryness. The resulting residue was purified by chromatography
on a silica gel column (10–15 g) with a step gradient of MeOH (0!3%)
in dichloromethane as the mobile phase. The appropriate fractions were
pooled and then concentrated to dryness, giving the full-protected dipep-
tide 23 or 24 as white solids.


N a-(9-Fluorenylmethyloxycarbonyl)-N e-(2-(2-(phenyldisulfanyl)ethyloxy-
carbonyl)-l-lysyl-l-phenylalanine tert-butyl ester (23): Yield: 80%; Rf=
0.42 (CH2Cl2/MeOH 99:1); 1H NMR (300 MHz, CDCl3): d=1.4 (s, 9H),
1.41–1.85 (m, 4H), 2.87–3.13 (m, 4H), 3.43–3.3.49 (m, 1H), 4.08–4.44 (m,
6H), 4.68–4.77 (m, 2H, a-CH Lys and Phe), 5.39 (brd, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz,
NH), 6.30 (brd, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H), 7.11–7.77 (m, 18H), 8.44 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=4.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=29.0 (3C), 29.6,
30.9, 37.0, 37.7, 40.9, 47.5, 48.0, 53.5, 63.2, 67.5, 71.4, 120.5 (2C), 125.6
(2C), 127.9 (6C), 128.4 (2C), 128.9 (4C), 129.2 (2C), 132.5, 136.5 (2C),
140.2, 141.9 (2C), 145.5 (2C), 172.0, 174.7 ppm; IR (KBr): nmax=739,
1263, 1537, 1693 (broad), 2939, 3062, 3312 cm�1; HPLC (system C): tR=
34.1 min, purity 95%; MS (MALDI-TOF, positive mode): m/z : calcd for
C43H49N3O7S2: 784.01; found: 806.57 [M+Na]+ (CHCA matrix); elemen-
tal analysis calcd (%)for C43H49N3O7S2·CH4O (MeOH): C 64.76, H 6.55,
N 5.15, S 7.86; found: C 64.51, H 6.57, N 5.16, S 7.85.


N a-(9-Fluorenylmethyloxycarbonyl)-N e-(2-(2-(pyridin-2-yldisulfanyl)-
ethyloxycarbonyl)-l-lysyl-l-phenylalanine tert-butyl ester (24): Yield:
95%; Rf=0.26 (CH2Cl2/MeOH 97:3); 1H NMR (300 MHz, CDCl3): d=
1.40 (s, 9H), 1.41–1.85 (m, 4H), 2.97–3.22 (m, 4H), 3.66–3.77 (m, 1H),
4.11–4.43 (m, 6H), 4.71 (q, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 3J ACHTUNGTRENNUNG(H,H)=13.9 Hz, 1H, a-
CH Lys), 4.87 (m, 1H, a-CH Phe), 5.52 (brd, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, NH), 6.37
(brd, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H), 7.05–7.77 (m, 16H), 8.44 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
4.9 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=22.3, 29.1 (3C), 29.4, 32.1,
37.1, 38.4, 40.8, 47.6, 54.0, 55.5, 63.5, 67.4, 67.5, 118.6, 121.6, 125.7, 126.5
(2C), 127.8 (6C), 128.4 (2C), 128.9 (2C), 136.5 (2C), 136.7, 140.2, 141.9
(2C), 149.8, 157.5 (2C), 171.7, 174.3 ppm; IR (KBr): nmax=739, 760, 845,
1152, 1253, 1447, 1522, 1654, 1718 (broad), 2935, 2976, 3312, 3411 cm�1;


HPLC (system C): tR=33.3 min, purity 93%; MS (ESI, positive mode):
m/z : calcd for C42H48N4O7S2: 785.00; found: 785.3 [M+H]+ ; elemental
analysis calcd (%) for C42H49N4O7S2·CH4O (MeOH): C 63.21, H 6.42, N
6.86, S 7.85; found: C 63.25, H 6.52, N 6.83, S 7.77.


General procedure for the removal of Fmoc-protecting group and tert-
butyl ester : Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OtBu 23 or 24 (0.1 g, 0.12 mmol) was
dissolved in CH2Cl2 (2 mL) and cooled to 4 8C. TFA (1.9 mL) and deion-
ized water (0.1 mL) were added and the resulting reaction mixture was
warmed to room temperature and stirred for 2 h. The reaction was
checked for completion by TLC (CH2Cl2/MeOH 95:5) and the mixture
was evaporated to dryness. TFA was removed by azeotropic distillation
with cyclohexane (3V10 mL). Finally, the product was isolated by chro-
matography on a silica gel column (10–15 g) with a step gradient of
MeOH (0!5%) in dichloromethane as the mobile phase, giving the di-
peptide Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH as a white solid (yield 85–95%).
Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH (40 mg, 0.055 mmol) was dissolved in CH2Cl2
(2 mL). Et2NH (0.17 mL, 1.64 mmol) was added and the resulting reac-
tion mixture was stirred at room temperature overnight. The reaction
was checked for completion by TLC (CH2Cl2/MeOH 95:5) and the mix-
ture was evaporated to dryness. The resulting residue was taken up in a
mixture of aq. TFA and CH3CN 4:1 (5 mL) and purified by semi-prepa-
rative RP-HPLC (system D, 2 injections). The appropriate fractions were
lyophilized, giving the TFA salt of dipeptide H-Lys ACHTUNGTRENNUNG(Ardec)-Phe-OH as a
white amorphous powder.


ACHTUNGTRENNUNG[N e-(2-Phenyldisulfanylethyloxycarbonyl]-l-lysyl-l-phenylalanine (25):
Yield after RP-HPLC purification: 64%; 1H NMR (300 MHz, CD3CN):
d=1.29–1.46 (m, 4H), 1.81 (m, 2H), 2.95–3.23 (m, 6H), 3.92 (m, 1H, a-
CH Lys), 4.20 (t, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H), 4.63 (m, 1H, a-CH Phe), 5.73
(br s, 1H, NH Phdec), 7.24–7.60 ppm (m, 12H); 13C NMR (75.5 MHz,
CD3CN + 10% H2O): d=21.7, 29.5, 31.2, 37.1, 38.1, 40.6, 53.7, 54.8,
62.7, 118.3, 127.4, 127.9, 128.2 (2C), 129.1 (2C), 129.9 (4C), 137.5, 157.4,
169.4, 173.2 ppm (weak signal); IR (KBr): nmax = 722, 740, 800, 839,
1139, 1203, 1524, 1679 (broad), 2951, 3061 cm�1 (broad); HPLC (system
E): tR=25.9 min, purity 94%; UV/Vis (CH3CN): lmax (e)=237 (6635),
260 nm (1467 mol�1dm3cm�1); MS (MALDI-TOF, positive mode): m/z :
calcd for C24H31N3O5S2: 505.66; found: 506.4 [M+H]+ , 528.4 [M+Na]+ ,
544.4 [M+K]+ (CHCA matrix); too hygroscopic for elemental analysis.


ACHTUNGTRENNUNG[N e-(2-(Pyridin-2-yldisulfanyl)ethyloxycarbonyl]-l-lysyl-l-phenylalanine
(26): Yield after RP-HPLC purification: 60%; 1H NMR (300 MHz,
D2O): d=1.07–1.55 (m, 4H), 1.79 (m, 2H), 2.91–3.26 (m, 6H), 3.89 (t,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H, a-CH Lys), 4.19–4.29 (m, 2H), 4.63 (q, 3J ACHTUNGTRENNUNG(H,H)=
8.7 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H, a-CH Phe), 7.24–7.37 (m, 5H), 7.59 (t,
3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H), 8.06–8.19 (m, 2H), 8.51 ppm (brd, 3J ACHTUNGTRENNUNG(H,H)=
5.7 Hz, 1H); 13C NMR (75.5 MHz, D2O): d=23.2, 30.7, 32.7, 38.5, 39.9,
42.0, 55.1, 56.7, 64.5, 125.9, 127.1, 129.5, 131.0 (2C), 131.4 (2C), 138.7,
145.6, 146.8, 158.7, 160.2, 171.8, 176.6 ppm; IR (KBr): nmax=702, 723,
764, 800, 839, 1138, 1204, 1261, 1420, 1454, 1538, 1679 (broad), 2944,
3065 cm�1 (broad); HPLC (system E): tR=20.8 min, purity 97%; UV/Vis
(water): lmax (e)=282 (3591), 260 nm (2250 mol�1 dm3cm�1); MS
(MALDI-TOF, positive mode): m/z : calcd for C23H30N4O5S2: 506.65;
found: 507.6 [M+H]+ , 569.6 [M+K]+ (CHCA matrix); too hygroscopic
for elemental analysis.


l-Lysyl-l-phenylalanine (28): This compound was prepared from N a-
Fmoc-N e-Boc-lysine and l-phenylalanine tert-butyl ester hydrochloride
using the classical peptide coupling and deprotection protocols described
for dipeptides 25, 26. Yield after RP-HPLC purification: 40%; 1H NMR
(300 MHz, D2O): d=1.28–1.88 (m, 6H), 2.93 (t,


3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H),
3.00–3.25 (m, 2H), 3.91 (t, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H, a-CH Lys), 4.62 (q,
3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H, a-CH Phe), 7.27–7.38 ppm (m,
5H); 13C NMR (75.5 MHz, D2O): d=21.2, 26.6, 30.6, 36.6, 39.3, 53.0,
54.9, 127.5, 129.1 (2C), 129.4 (2C), 136.9, 169.7, 175.2 ppm; IR (KBr):
nmax=724, 802, 841, 1140, 1204, 1437, 1457, 1546, 1679 (broad), 3066 cm


�1


(broad); HPLC (system E): tR=12.8 min, purity 97%; UV/Vis (water):
lmax (e)=260 nm (210 mol�1 dm3cm�1); MS (MALDI-TOF, positive
mode): m/z : calcd for C15H23N3O3 293.37; found: 294.4 [M+H]+ (CHCA
matrix); too hygroscopic for elemental analysis.


Stability studies of the Ardec groups at the dipeptide level : Solutions of
dipeptideACHTUNGTRENNUNG(Ardec) 25 or 26 in dry NMP (1 mgmL�1, 1.6 mm for 25, 1.4 mm
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for 26 or 10 mgmL�1, 16 mm for 25 and 14 mm for 26) were prepared.
Aliquots of the solution (20 mL) were incubated with different amounts
of aq. or organic solutions corresponding to the cleavage conditions re-
ported in Table 1 (entries 1–12), for 1 h at room temperature. Thereafter,
aliquots were quenched with a 1m TFA/NMP solution, diluted with aq.
TFA and analyzed by RP-HPLC (system E). For the stability towards
UV light, 45 mL of the solutions (1 mgmL�1) were transferred into a
quartz fluorescence cell. UV irradiation was performed with a fluores-
cence spectrophotometer by continuous excitation at 350 nm for 1 h at
25 8C. Thereafter, aliquots were diluted with aq. TFA and anlyzed by RP-
HPLC (system E). Quantification of 25 (or 26) and 28 was achieved by
measurement of the corresponding peak areas at tR=25.9 (or 21.0) and
12.8 min and by using the following extinction coefficients at 260 nm: e=
1467 (25), 2250 (26) and 210 mol�1dm3cm�1 (28).


Studies on removal of the Ardec groups at the dipeptide level : Deprotec-
tion in water : Solutions of dipeptide ACHTUNGTRENNUNG(Ardec) 25 or 26 in deionized water
(1 mgmL�1, 1.6 mm for 25, 1.4 mm for 26) were prepared. Aliquots of the
solution (10 mL) were incubated with different amounts (5, 10, 20, 40 and
80 equiv) of reducing agent (DTT or b-mercaptoethanol) in solution
(25 mm) in Tris·HCl buffer (0.1m) at pH 7.5, 8.0, 8.5 and 9.0, for 30 min.
Thereafter, aliquots were quenched with aq. TFA and analyzed by RP-
HPLC (system E).


Deprotection in organic medium : Solutions of dipeptide ACHTUNGTRENNUNG(Ardec) 25 or 26
in dry NMP (1 mgmL�1, 1.6 mm for 25, 1.4 mm for 26) were prepared.
Aliquots of the solution (10 mL) were incubated with different amounts
(10, 20, 40 and 80 equiv) of a (1:1, mol per mol) b-mercaptoethanol/base
(DBU, DIEA, piperidine and TEA) mixture (25 mm) in dry NMP for
15 min. Thereafter, aliquots were quenched with a solution of TFA in dry
NMP (0.25m), diluted with aq. TFA and analyzed by RP-HPLC (system
E). For further deprotection studies with DBU, aliquots of the solution
were incubated with 80 equiv of b-mercaptoethanol and different
amounts of base (160, 240 and 320 equiv) in solution in dry NMP for
15 min.


Solid-phase synthesis of hexapeptides Ac-Lys-Asp-Glu-Val-Asp-Lys-
ACHTUNGTRENNUNG(Ardec)-NH2 ACHTUNGTRENNUNG(29, 30): Fmoc Rink amide MBHA resin (0.19 g, loading
0.52 mmolg�1) was treated with a 20% piperidine solution in NMP
(10 mL) for 20 min. Thereafter, the resin was washed with NMP (2V
10 mL) and CH2Cl2 (2V10 mL). The completion of the Fmoc removal
was checked by the Kaiser ninhydrin test (positive after this treat-
ment).[60] Fmoc-Lys ACHTUNGTRENNUNG(Ardec)-OH 21 or 22 (0.29 g, 0.5 mmol) was coupled
to the resin with TBTU (0.16 g, 0.5 mmol), HOBt (67 mg, 0.5 mmol) and
DIEA (0.26 mL, 1.5 mmol) in NMP (5 mL) for 2 h (Kaiser ninhydrin test
negative after this time). After washings with NMP (2V10 mL) and 2-
propanol (2V10 mL), the resin was swollen in NMP (1 mL) and transfer-
red into a reaction vessel which was placed in the ABI 433 A peptide
synthesizer. Automated synthesis was carried out according to a general
Fmoc strategy. Fmoc-AspACHTUNGTRENNUNG(OtBu)-OH (0.41 g, 1.0 mmol), Fmoc-Glu-
ACHTUNGTRENNUNG(OtBu)-OH (0.44 g, 1.0 mmol), Fmoc-Val-OH (0.34 g, 1.0 mmol) and
Fmoc-Lys ACHTUNGTRENNUNG(Boc)-OH (0.47 g, 1.0 mmol) were successively coupled with
HBTU (1.0 mmol), HOBt (1.0 mmol) and DIEA (3.7 mmol). Deprotec-
tion of Fmoc groups was carried out with a 20% piperidine solution in
NMP (3V1 min). Acetylation of the free amino group from the N termi-
nal side was achieved by treatment with a mixture of Ac2O (0.43m),
HOBt (0.015m) and DIEA (0.13m) in NMP (5 min). After completion of
the synthetic reaction, the peptide resin Ac-Lys ACHTUNGTRENNUNG(Boc)-Asp ACHTUNGTRENNUNG(OtBu)-Glu-
ACHTUNGTRENNUNG(OtBu)-Val-Asp ACHTUNGTRENNUNG(OtBu)-Lys ACHTUNGTRENNUNG(Ardec)-Rink amide MBHA was washed with
NMP and CH2Cl2 and dried under vacuum (0.25 and 0.2 g, of peptidyl
resins R1 and R2 respectively). Two thirds of the resin was treated with
TFA/PhOH/PhOCH3/H2O 85.8:5.6:4.3:4.3 (10 mL) at room temperature
for 2 h. The filtrate from the cleavage reaction was precipitated with cold
TBME (40 mL) and the peptide was collected by centrifugation. The
white pellet was washed with TBME (2V15 mL) and dried under
vacuum (25 and 38 mg of crude peptides 29 and 30 ; respectively). The
crude peptide was purified by semi-preparative RP-HPLC (system F, 2
injections). The appropriate fractions were lyophilized, giving the TFA
salt of hexapeptide Ac-Lys-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Ardec)-NH2 as a white
amorphous powder.


Ac-Lys-Asp-Glu-Val-Asp-LysACHTUNGTRENNUNG(Phdec)-NH2 (29): Overall yield after RP-
HPLC purification: 17%; HPLC (system G): tR=21.5 min, purity 95%;
MS (MALDI-TOF, positive mode): m/z : calcd for C41H63N9O15S2: 985.38;
found: 986.8 [M+H]+, 1010.8 [M+Na]+ , 1024.8 [M+K]+ (CHCA
matrix).


Ac-Lys-Asp-Glu-Val-Asp-LysACHTUNGTRENNUNG(Pydec)-NH2 (30): Overall yield after RP-
HPLC purification: 15%; HPLC (system G): tR=16.1 min, purity 93%;
MS (MALDI-TOF, positive mode): m/z : calcd for C40H62N10O15S2:
986.38; found: 987.4 [M+H]+, 1009.4 [M+Na]+ , 1025.3 [M+K]+ (CHCA
matrix).


Peptide dimer 31: Overall yield after RP-HPLC purification: 4%; HPLC
(system G): tR=15.9 min, purity 95%; MS (MALDI-TOF, positive
mode): m/z : calcd for C70H116N18O30S2: 1752.75, 1753.9 [M+H]+ , 1775.8
[M+Na]+ , 1791.8 [M+K]+ (CHCA matrix).


Synthesis and characterization of fluorogenic caspase-3 substrate Ac-Lys-
ACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Cy5.0)-NH2 (34)


Cy3.0 carboxy succinimidyl ester : Cy3.0 carboxylic acid (3 mg,
4.75 mmol) was introduced into a Reacti-Vial (Pierce, No. 13222) and dis-
solved in dry NMP (75 mL). A solution (75 mL) of TSTU reagent in dry
NMP (1.4 mg, 4.75 mmol) and DIEA (1.65 mL, 9.5 mmol) were added and
the resulting reaction mixture was protected from the light and stirred at
room temperature for 1 h.[61]


Ac-Lys ACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Pydec)-NH2 (32): Peptide Ac-Lys-
Asp-Glu-Val-Asp-LysACHTUNGTRENNUNG(Pydec)-NH2 (30) (6.50 mg, 5.35 mmol, weighted in
a 1.0 mL Eppendorf tube) was dissolved in dry NMP (130 mL) and DIEA
(4.1 mL, 23.7 mmol) was added. After complete solubilization by vortex-
ing, the resulting solution was added to the crude reaction mixture con-
taining the succinimidyl ester of Cy3.0 dye. The reaction mixture was
protected from the light and stirred at room temperature for 1 h. Finally,
the reaction mixture was quenched by dilution with aq. formic acid
(2 mL) and purified by RP-HPLC (system H, 2 injections). The product-
containing fractions were lyophilized to give the peptide-Cy3.0 conjugate
32 as a pink amorphous powder. Quantification was achieved by UV/Vis
measurements at lmax=549 nm of the Cy3.0 dye by using the e=150000
value (yield after RP-HPLC purification: 60%); HPLC (system I): tR=
26.2 min, purity 95%; UV/Vis (recorded during the HPLC analysis):
lmax=549 nm; MS (MALDI-TOF, positive mode): m/z : calcd for
C71H98N12O22S4: 1598.58; found: 1600.8 [M+H]+ , 1621.8 [M+Na]+ ,
1637.7 [M+K]+ (CHCA matrix).


Removal of the Pydec group : Peptide Ac-LysACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-Asp-
Lys ACHTUNGTRENNUNG(Pydec)-NH2 (32) (5.5 mg, 3.2 mmol, weighed in a 2.0 mL Eppendorf
tube) was dissolved in 2.5 mL of Tris·HCl buffer (0.1m, pH 9.0) and a sol-
ution of DTT (25 mg in 1 mL, 160 mmol) in Tris·HCl buffer (0.1m,
pH 9.0) was added. The reaction mixture was protected from the light
and stirred at room temperature for 9 h. The deprotection was checked
for completion by RP-HPLC (system I) and the reaction mixture was
quenched by dilution with aq. formic acid (2 mL). Purification was ach-
ieved by RP-HPLC (system H, 2 injections). The product-containing frac-
tions were lyophilized to give the peptide Ac-Lys ACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-
Asp-Lys-NH2 (33) as a pink amorphous powder. Quantification was ach-
ieved by UV/Vis measurements at lmax=549 nm of the Cy3.0 dye by
using the e=150000 value (yield after RP-HPLC purification: 95%);
HPLC (system K): tR=27.2 min, purity 98%; UV/Vis (recorded during
the HPLC analysis): lmax=549 nm; MS (MALDI-TOF, positive mode):
m/z : calcd for C63H91N11O20S2: 1385.58; found 1386.4 [M+H]+ , 1408.4
[M+Na]+ , 1424.4 [M+K]+ (CHCA matrix).


Cy5.0 carboxy succinimidyl ester : Cy5.0 carboxylic acid (1 mg, 1.5 mmol)
was converted into the corresponding succinimidyl ester using the proce-
dure previously described for Cy3.0 dye.


Ac-Lys ACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-Asp-Lys ACHTUNGTRENNUNG(Cy5.0)-NH2 (34): Peptide Ac-Lys-
ACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-Val-Asp-Lys-NH2 33 (3 mg, 2.0 mmol, weighed in a
1.0 mL Eppendorf tube) was dissolved in sodium bicarbonate buffer
(300 mL, 0.1m, pH 8.5). After complete solubilization by vortexing, the
resulting solution was added to the crude reaction mixture containing the
succinimidyl ester of Cy5.0 dye. The reaction mixture was protected
from the light and stirred at room temperature for 4 h. Finally, the reac-
tion mixture was quenched by dilution with aq. formic acid (2 mL) and
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purified by RP-HPLC (system J, 2 injections). The product-containing
fractions were lyophilized to give the peptide Ac-LysACHTUNGTRENNUNG(Cy3.0)-Asp-Glu-
Val-Asp-Lys ACHTUNGTRENNUNG(Cy5.0)-NH2 34 as a blue-purple amorphous powder. Stock
solution of fluorogenic caspase-3 substrate 34 was prepared in HPLC
grade water and UV/Vis quantification was achieved at lmax=643 nm of
the Cy5.0 dye by using the e=250000 value (yield after RP-HPLC purifi-
cation: 30%); HPLC (system K): tR=36.0 min, purity 95%; UV/Vis (re-
corded during the HPLC analysis): lmax=549, 643 nm; MS (MALDI-
TOF, positive mode): m/z : calcd for C96H129N13O27S4: 2023.80; found:
2025.7 [M+H]+ , 2063.6 [M+K]+ (CHCA matrix).


In vitro peptide cleavage by recombinant human caspase-3 : A 0.53mm
solution of peptide 34 was prepared in caspase-3 buffer (500 mL, 100 mm


NaCl, 40 mm HEPES, 10 mm DTT, 1 mm EDTA, 10% (w/v) sucrose and
0.1% (w/v) CHAPS, pH 7.2) and transferred into a quartz fluorescence
cell. Human recombinant caspase-3 (5 mL, 0.008 U) was added and the
resulting mixture was incubated at 25 8C. After excitation at 540 nm, fluo-
rescence at 565 nm and 667 nm were simultaneously monitored over time
with measurements recorded every 5 s.


Solid-phase deprotection of the Ardec groups


Application to the synthesis of Ac-Lys-Asp-Glu-Val-Asp-Lys(Ahx-
biotin)-NH2 (35): The peptide resin Ac-Lys ACHTUNGTRENNUNG(Boc)-Asp ACHTUNGTRENNUNG(OtBu)-Glu ACHTUNGTRENNUNG(OtBu)-
Val-Asp ACHTUNGTRENNUNG(OtBu)-Lys ACHTUNGTRENNUNG(Phdec)-Rink amide MBHA (R1) (54 mg, 0.02 mmol)
was swollen in dry NMP and treated with a freshly prepared solution of
b-mercaptoethanol (0.5m) and DBU (1.0m) in dry NMP (4.25 mL) for
1 h. Thereafter, the resin was washed with NMP (2V5 mL) and CH2Cl2
(2V5 mL). The completion of the Phdec removal was checked by the
Kaiser ninhydrin test (positive after this treatment). EZ-Link NHS-LC-
biotin (55 mg, 0.10 mmol) was reacted to the free amino group of the
peptide resin R3, in the presence of DIEA (41 mL, 0.23 mmol), in dry
NMP (1.8 mL) overnight (Kaiser ninhydrin test negative after this time).
After washings with NMP (2V5 mL) and CH2Cl2 (2V5 mL) drying under
vacuum, the resin was treated with TFA/PhOH/PhOCH3/H2O
85.8:5.6:4.3:4.3 (5 mL) at room temperature for 2 h. The filtrate from the
cleavage reaction was precipitated with cold TBME (15 mL) and the
peptide was collected by centrifugation. The white pellet was washed
with TBME (2V5 mL) and dried under vacuum. The crude peptide was
purified by semi-preparative RP-HPLC (system L, 2 injections). The ap-
propriate fractions were lyophilized, giving the TFA salt of hexapeptide
Ac-Lys-Asp-Glu-Val-Asp-Lys(Ahx-biotin)-NH2 (35) as a white amor-
phous powder. Yield after RP-HPLC purification: 40%; HPLC (system
B): tR=18.0 min, purity > 95%; MS (MALDI-TOF, positive mode):
m/z : calcd for C48H80N12O16S; 1112.55; found: 1113.7 [M+H]+ , 1135.7
[M+Na]+ , 1151.7 [M+K]+ (CHCA matrix).
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Introduction


Enzymes exhibit high substrate-specificity and significantly
accelerate reaction rates. The nature of substrate binding
and the intracomplex interactions of enzymes plays an im-
portant role in strong catalytic ability. As one of a series of
antioxidative selenoenzymes in living organisms, glutathione
peroxidase (GPx) catalyzes the reduction of harmful hydro-
peroxide (ROOH) by glutathione (GSH) (Figure 1) to pro-
tect biological molecules from oxidative stress both inside
and outside the cells.[1] The active site of GPx includes a se-
lenocysteine residue which forms a catalytic triad with gluta-
mine and tryptophan residues in a depression at the pro-


tein*s surface, and some charged and hydrophobic amino
acid residues (Phe, Trp, Asp) form a hydrophobic cavity.[2]


In contrast to cytosolic GPx (cGPx), which uses GSH exclu-
sively as cosubstrate, other enzymes, such as phospholipid
hydroperoxide GPx (PHGPx), extracellular GPx (eGPx),
and gastrointestinal GPx (GIGPx), readily accept many
thiols as substrates. Indeed, the reactivity of these native en-
zymes differs considerably depending upon the nature of
the hydroperoxides and thiols.[3] Several recent attempts
have been made to produce synthetic selenium/tellurium
compounds that mimic the properties of native GPx. These


Abstract: To elucidate the relationships
between molecular recognition and cat-
alytic ability, we chose three assay sys-
tems using three different thiol sub-
strates, glutathione (GSH), 3-carboxyl-
4-nitrobenzenethiol (CNBSH), and 4-
nitrobenzenethiol (NBSH), to investi-
gate the glutathione peroxidase (GPx)
activities of 2,2’-ditellurobis(2-deoxy-b-
cyclodextrin) (2-TeCD) in the presence
of a variety of structurally distinct hy-
droperoxides (ROOH), H2O2, tert-
butyl peroxide (tBuOOH), and cumene
peroxide (CuOOH), as the oxidative
reagent. A comparative study of the
three assay systems revealed that the


cyclodextrin moiety of the GPx mimic
2-TeCD endows the molecule with se-
lectivity for ROOH and thiol sub-
strates, and hydrophobic interactions
are the most important driving forces
in 2-TeCD complexation. Furthermore,
in the novel NBSH assay system, 2-
TeCD can catalyze the reduction of
ROOH about 3.44105 times more effi-
ciently than diphenyl diselenide (PhSe-


SePh), and its second-order rate con-
stants for thiol are similar to some of
those of native GPx. This comparative
study confirms that efficient binding of
the substrate is essential for the catalyt-
ic ability of the GPx mimic, and that
NBSH is the preferred thiol substrate
of 2-TeCD among the chosen thiol sub-
strates. Importantly, the proposed
mode of action of 2-TeCD imitates the
role played by several possible nonco-
valent interactions between enzymes
and substrates in influencing catalysis
and binding.
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Figure 1. Catalytic cycle for GPx.
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compounds were designed by abstracting the structural and
functional features of the native enzymes, however, they do
not fulfil all of the expected prerequisites, such as containing
Se···N or Se···O interactions and specific binding sites, and,
thus, they show poor GPx activities.[4] An excellent GPx
mimic, selenosubtilisin, reported by Hilvert et al., shows
strong substrate specificity for 3-carboxyl-4-nitrobenzene-
thiol (CNBSH) by its evolved binding site.[5] We recently
fabricated GPx mimics that use antibodies and proteins as
receptors in which a binding site for the recognition of thiol
substrate is generated.[6] However, the studies of structure–
function relationships are blocked by the complicated
nature of macromolecular proteins. Fabrication of small mo-
lecular GPx models offers an ideal alternative for elucidat-
ing the origin of substrate binding in enzyme catalysis.


Cyclodextrins, which bind hydrophobic substrates in cavi-
ties that have two rims of hydroxyl groups acting as anchors,
have been exploited extensively as enzyme models and mo-
lecular receptors.[7] The interactions of cyclodextrins and
guest molecules are directional, specific, and reversible, and
a wealth of information is available concerning their binding
strength and kinetics.[8] Consequently, these structurally deli-
cate cyclodextrin molecules are useful implements for study-
ing the catalytic nature of enzymes.


We recently reported that 2,2’-ditellurobis(2-deoxy-b-cy-
clodextrin) (2-TeCD, see Figure 2) acts as an efficient GPx


mimic and employs the same catalytic mechanism as native
GPx in the CNBSH assay system.[9] To elucidate further the
relationships between molecular recognition and catalytic
ability, we chose three assay systems using three different
thiol substrates (Figure 2), GSH, CNBSH, and NBSH (4-ni-
trobenzenethiol), to investigate the GPx activities of 2-
TeCD in the presence of a variety of structurally distinct hy-
droperoxides (ROOH), H2O2, tert-butyl peroxide
(tBuOOH), and cumene peroxide (CuOOH), as the oxida-
tive reagent. A comparative study of the three assay systems
revealed that the cyclodextrin moiety of the GPx mimic 2-
TeCD endows the molecule with selectivity for ROOH and
thiol substrates, just as native GPx exhibits different ROOH
and thiol specificity. Hydrophobic interaction is the most im-
portant driving force in 2-TeCD complexation.[9] Further-


more, in the novel NBSH assay system, 2-TeCD can catalyze
the reduction of ROOH about 3.44105 times more efficient-
ly than diphenyl diselenide (PhSeSePh), and its second-
order rate constants for thiol are similar to those of native
GPx. The detailed kinetic analyses reported herein for the
highly efficient GPx mimic demonstrate that efficient bind-
ing of substrate is essential for catalytic activity.


Results and Discussion


The synthesis of compound 2-TeCD is depicted in our previ-
ous literature.[9a] By using GSH as a thiol substrate in the
coupled reductase assay system reported by Wilson et al. ,[10]


the GPx activity of 2-TeCD is only 24-fold and 27-fold
higher than that of PhSeSePh and diphenyl ditelluride
(PhTeTePh), respectively.[9c] However, we find that 2-TeCD
can reduce H2O2, tBuOOH, and CuOOH effectively in the
CNBSH assay system using CNBSH as a thiol substrate, and
the peroxidase activity is almost 105 times greater than that
of PhSeSePh.[9c] The rate enhancement is remarkable and
reflects the recognition action for thiol substrate in 2-TeCD
catalysis. The 2-TeCD scaffold seems to be preferred by the
aromatic compounds rather than by the hydrophilic com-
pound GSH. In our recent work, we reported the inclusion
complexation of CNBSH and b-cyclodextrin with a binding
constant of more than 103


m
�1.[9c] Although the thiol sub-


strate CNBSH takes some advantage of the binding site of
2-TeCD and largely improves the catalytic efficiency of 2-
TeCD, it seems unlikely that CNBSH is the optimal thiol
substrate of 2-TeCD. Therefore, we used NBSH as another
aromatic thiol substrate to investigate the relationships be-
tween specificity and activity of 2-TeCD.


By using NBSH as the substrate, a thorough analysis of
the NBSH assay system was carried out (see Supporting In-
formation). Compound NBSH exhibits particular UV spec-
troscopic properties (lmax=410 nm, pH 7.0), similar to those
of CNBSH. Furthermore, the corresponding disulfide does
not interfere with the 410 nm absorbance of the thiol
NBSH. The initial concentration of NBSH was measured
from the 410 nm absorbance spectrum (e=14500m�1 cm�1,
pH 7.0). From the disappearance of NBSH that can be
easily followed spectrophotometrically at 410 nm, the initial
rates of reduction of ROOH by NBSH in the presence of
catalyst were determined and are listed in Table 1. The rela-
tive GPx activity was corrected for the respective control
rate in the absence of catalyst and was calculated based on a
catalytic activity of PhSeSePh equal to 1. Under the experi-
mental conditions, the turnover numbers of the catalysts
were calculated (Table 1) and the high value of 3018 for 2-
TeCD was observed. In the NBSH assay system, the GPx
activity of 2-TeCD was about 3.44105 times more efficient
than that of PhSeSePh. To study the origin of this impres-
sive rate acceleration, we focussed on the binding of thiol
substrate in the catalytic process of 2-TeCD. The investiga-
tion of the inclusion complexation of NBSH and b-cyclodex-
trin was performed by means of UV and 1H NMR spectro-


Figure 2. The structures of 2-TeCD and three thiol substrates (GSH,
CNBSH, and NBSH).
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scopy. In the 1H NMR spectra (Figure 3), the Ha and Hb pro-
tons of the aromatic region show significant downfield and
upfield shifts, respectively, in the presence of b-cyclodextrin


compared to the spectrum of NBSH alone. This indicates
that the Ha and Hb protons of the aromatic region were lo-
cated in a different microenvironment in the presence of b-
cyclodextrin in water. These experimental results (see Sup-
porting Information) indicate that NBSH is easily bound to
the hydrophobic cavity of b-cyclodextrin with a binding con-
stant of 1860m�1. To further confirm the inclusion complexa-
tion in 2-TeCD catalysis, the GPx activity of 2-TeCD was as-
sessed in the NBSH system in the presence of an inhibitor,
1-adamantaneethanol, that can compete with substrates for
the hydrophobic pocket of b-cyclodextrin. As expected, ad-
dition of 1-adamantaneethanol strongly decreased the GPx
activity of 2-TeCD (see Supporting Information). This obser-
vation clearly shows that hydrophobic interactions play a
major role during the molecular recognition of 2-TeCD. In
Table 1, the notable result is the specificity for reduction of


aromatic peroxide CuOOH:
CuOOH is reduced by thiol
NBSH approximately 16 times
faster than H2O2 in the pres-
ence of 2-TeCD. A similar ob-
servation was found recen-
tly.[9c,11] Furthermore, hydro-
phobic tBuOOH is also a
better substrate than H2O2 for
2-TeCD, as evidenced by turn-
over numbers. It is apparent
that the hydrophobic cavity
provided by the cyclodextrin
moiety of 2-TeCD acts as a
binding site for the ROOH
substrate.


Hydrogen bonding, van der
Waals forces, and hydrophobic
interactions depend on how


the guest molecule fits into the host cavity, which is deter-
mined by the size and/or shape of the guest.[8] Therefore, the
structurally diverse guest molecules drastically affect the
molecular recognition ability of cyclodextrins. As expected,
2-TeCD, carrying the recognition properties of a cyclodex-
trin moiety, exhibits remarkably different GPx activities in
the above three assay systems. Apparently, as cyclodextrins
are neutral molecules, the interactions of 2-TeCD and thiol
substrates are attributed mainly to a combination of hydro-
gen bonding and hydrophobic effects in catalysis. For the
linear hydrophilic molecule GSH, weak complexation with
b-cyclodextrin (association constant, 101m�1)[12] may be re-
sponsible for the limited enhancement in catalytic efficiency
of 2-TeCD. Although we know that aromatic thiol CNBSH
has a relatively strong hydrophobic interaction with b-cyclo-
dextrin,[9c] it is important to study the hydrogen-bonding in-
teractions between them because hydrogen-bonding interac-
tions are ubiquitous in natural enzyme systems. The 1H and
two-dimensional NMR spectra (Figure 4, and see Supporting
Information) reveal that the two rims of hydroxyl groups of
b-cyclodextrin can interact with the thiol and carboxyl
groups of CNBSH by hydrogen bonds. This indicates that
hydrogen-bonding interactions may function during the
process of 2-TeCD catalysis. Moreover, we find that with
CNBSH as thiol substrate, 2-TeCD shows approximately 2-
fold lower catalytic activity than that with thiol NBSH. Con-
sidering the similar binding ability of b-cyclodextrin for
CNBSH and NBSH (association constants 2010m�1 and
1860m�1, respectively), the phenomenon suggests that hy-
drogen-bonding interactions between 2-TeCD and thiols
may play an unexpected role in catalysis.


The second-order rate constants for the NBSH assay
system are shown in Table 2. Saturation kinetics were ob-
served for each of the peroxidase reactions at all the individ-
ual concentrations of NBSH and ROOH investigated. The
rate constants of the control reaction between thiol and
ROOH in the absence of catalyst vary in the order k
(H2O2)>k (CuOOH)>k (tBuOOH). In contrast, the analo-


Table 1. The initial rates (u0)
[a] and relative GPx activities of various catalysts (100 mm) for the reduction of


ROOH (250 mm) by NBSH (100 mm) at pH 7.0 (50 mm PBS, 1 mm EDTA) and 25 8C in three assay systems.


Catalyst Hydroperoxide u0 [mmin�1] Relative activity[b] Turnover number[c]


PhSeSePh H2O2 (0.11�0.01)410�7 �1 <1
tBuOOH (0.10�0.01)410�7 1 <1
CuOOH (0.13�0.01)410�7 1 <1


PhTeTePh H2O2 (5.38�0.12)410�7 49 3.2
tBuOOH (7.84�0.38)410�7 78 4.7
CuOOH (8.51�0.42)410�7 65 5.1


b-cyclodextrin[d] H2O2 ND
tBuOOH ND
CuOOH ND


2-TeCD H2O2 (2.65�0.27)410�4 24091 180.0
tBuOOH (1.26�0.14)410�3 126000 816.1
CuOOH (4.48�0.18)410�3 344615 3018.0


[a] Mean of at least five values � standard deviation. [b] Calculated based on a GPx activity of PhSeSePh
equal to 1. [c] Under the experimental conditions, the turnover numbers of catalysts for one hour were calcu-
lated, as the controls were used in stoichiometric amounts. [d] In this assay system b-cyclodextrin has no de-
tectable catalytic activity.


Figure 3. 1H NMR spectra of NBSH in the absence (A) and presence (B)
of b-cyclodextrin in D2O.
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gous second-order rate constants (k=kmax/KROOH) of 2-
TeCD and ROOH vary as k (CuOOH)>k (tBuOOH)>k
(H2O2). It is possible that the first series reflects the intrinsic
rate of reaction between hydroperoxides and a thiolate in
the absence of any significant binding effects, whereas the
latter series indicates that CuOOH and tBuOOH are able to
take advantage of the cyclodextrin scaffold, thereby raising
their second-order rate constants above that of H2O2. Fur-
thermore, the Michaelis–Menten constant (KROOH) values
(Table 2) for 2-TeCD vary as KCuOOH<KtBuOOH<KH2O2


in the
aromatic thiol assay system. These observations reveal that
the GPx mimic 2-TeCD exhibits substrate specificity for
ROOH, similar to that reported previously.[9c] Table 2 illus-
trates that the second-order rate constants of 2-TeCD and
NBSH are as high as 106


m
�1min�1, similar to those of native


eGPx and PHGPx (106
m


�1min�1), as determined previous-
ly.[3]


For comparison, the second-order rate constants of 2-
TeCD in the three assay systems are illustrated in Table 3.
For GSH, 2-TeCD shows low second-order rate constants
(104


m
�1min�1), at least two orders of magnitude less effi-


cient than for the aromatic thiols NBSH/CNBSH. This clear-


ly indicates that the GPx mimic 2-TeCD exhibits substrate
specificity for thiols. In particular, we observe that the spe-
cificity of 2-TeCD for the two aromatic thiols differs some-
what, which may arise from the unexpected hydrogen-bond-
ing effect between CNBSH and b-cyclodextrin. In addition
to 1H and two-dimensional NMR spectra, we used molecu-
lar simulation to observe further the hydrogen-bonding
effect. We found that a number of CNBSH molecules can
easily sit around the cyclodextrin cavity, anchored by hydro-
gen bonds, with one CNBSH molecule encapsulated in the


cavity (Figure 5). Due to steric
hindrance arising from the ad-
sorption of a number of
CNBSH molecules, which
blocks catalyst recognition for
another substrate ROOH, 2-
TeCD expectedly shows rela-
tively low GPx activity and
low second-order rate con-


stants for ROOH in the CNBSH assay system. This is not,
however, the case with NBSH, and, thus, the complexation
of another substrate ROOH is facilitated. Indeed, in the


Figure 4. 2D NMR spectrum of CNBSH with b-cyclodextrin in
[D6]DMSO at ambient temperature for the observation of hydrogen-
bonding interactions.


Table 2. Kinetic parameters for the peroxidase activity of 2-TeCD in the NBSH assay system.[a]


Hydroperoxide kmax [min�1] KROOH [mm] KNBSH [mm] kmax/KROOH [m�1min�1] kmax/KNBSH [m�1min�1]


H2O2 210�16 20.78�1.03 46�4 (1.01�0.07)4104 (4.56�0.29)4106


tBuOOH 280�21 4.78�0.35 78�6 (5.86�0.28)4104 (3.59�0.32)4106


CuOOH 320�19 0.93�0.03 108�16 (3.44�0.17)4105 (3.48�0.53)4106


[a] Each value is the mean�S.D.


Table 3. Comparison of second-order rate constants for the GPx-like ac-
tivity of 2-TeCD in the three assay systems, and binding constants (Ka) of
thiol substrates and b-cyclodextrin.[a]


Thiol Hydroperoxide kmax/KROOH


[m�1min�1]
kmax/KNBSH


[m�1min�1]


GSH[b] H2O2 5.244104 6.264104


(Ka=101m�1) tBuOOH 7.994104 6.284104


CuOOH 2.714105 6.864104


CNBSH[c] H2O2 6.004103 1.054107


(Ka=2010m�1) tBuOOH 1.644104 7.504106


CuOOH 1.614105 5.924106


NBSH H2O2 1.014104 4.564106


(Ka=1860m�1) tBuOOH 5.864104 3.594106


CuOOH 3.444105 3.484106


[a] Values are the reported means. [b] Data from reference [9a]. [c] Data
from reference [9c].


Figure 5. A model structure of complexation of many CNBSH molecules
and one b-cyclodextrin.
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NBSH assay system, 2-TeCD shows higher second-order
rate constants for ROOH and higher catalytic activity.


Based on the structural understanding of GPx, as well as
the nature of enzymes for molecular recognition and cataly-
sis, we propose that the generation of specific and efficient
binding of GPx models to thiol substrates should be impor-
tant for efficient turnover. As observed from the catalytic
activity, NBSH is a preferential thiol substrate of 2-TeCD
among the chosen thiol substrates. This study confirms that
efficient binding of substrate is essential for the catalytic ac-
tivity of the GPx mimic. It is well known that steric and hy-
drogen-bonding interactions, as well as hydrophobic forces,
are important in the operation of a vast range of different
enzymes. The proposed mode of action of 2-TeCD repre-
sents the role played by several possible noncovalent inter-
actions between enzymes and substrates in influencing catal-
ysis and binding.


Conclusion


We show that the GPx mimic 2-TeCD is highly efficient in
the reduction of ROOH by thiol NBSH in the NBSH assay
system, and that its second-order rate constant for NBSH is
similar to that of native GPx. This system corroborates that
the effective binding of substrates is essential for the catalyt-
ic efficiency of enzymes. Furthermore, through a compara-
tive study of three different assay systems, the GPx mimic 2-
TeCD was shown to have similar properties to the native
GPx, which exhibits different ROOH and thiol specificities.
This study presents the substrate specificity of a small mo-
lecular GPx model and provides insight into a biocatalytic
system. Furthermore, we show that during the catalytic
process of enzymes, the hydrogen-bonding interactions be-
tween enzyme and substrates can sometimes have steric ef-
fects, and an ensemble of various noncovalent interactions
determines the exact enzymatic nature of substrate specifici-
ty and rate acceleration.
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Introduction


During our efforts towards the total synthesis of the secalon-
ic acids, we were recently able to complete the first total
synthesis of the fungal metabolite diversonol (1), which is
structurally similar to the secalonic acid monomers.[1,2] An


interesting feature of diversonol is the oxidation pattern of
the aliphatic moiety. The structural motif of a ketodiol in
combination with a fused bicyclic or even oligocyclic system
is often found in natural products, especially within the tet-
racycline class of molecules (basic structure 2).[3]


However, to the best of our knowledge, there has been no
systematic study on the stereocontrolled synthesis of such
ketodiols or related systems. In this paper we wish to report
on the synthetic modification of readily available tetrahy-
droxanthenones leading to the synthesis of various tricyclic
ketodiols, triols, and related systems which represent privi-
leged stereotriades or tetrades. For most cases, the synthetic
transformations could be performed with a high degree of
stereocontrol and the products were characterized by X-ray
crystal structure analysis.


Results and Discussion


At the outset of our synthetic efforts, we realized that tetra-
hydroxanthenones 5 are easily accessible by means of a
domino oxa-Michael aldol condensation between salicylic al-
dehydes 3 and cyclohexenones 4 (Scheme 1).[4,5]


Recently, we also reported on the scope and limitations of
this reaction, focusing on the substitution pattern of the
starting materials.[6] In this paper, with respect to the struc-
tural features of our targeted natural product diversonol (1),
we first concentrated on the C1–C9 oxidation pattern of tet-
rahydroxanthenones (Scheme 2). Sodium borohydride re-
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duction of tetrahydroxanthenone 6 produced allylic alcohol
7 as one single diastereomer in good yield. The relative con-
figuration of this compound was proven by crystal structure
analysis and comparison of 1H NMR coupling constants (the
crystal structure analysis was performed with a C7-bromo-
substituted analogue). The allylic alcohol could then be
transformed into the all-cis triol 8 by dihydroxylation using
potassium cyanoferrate in tBuOH/water as the cooxidant in
the osmylation reaction (reaction pathway b).
Again, the reaction yielded only one diastereoisomer, the


relative configuration of which was determined by compari-
son of 1H NMR coupling constants. However, by changing
the cooxidant from potassium cyanoferrate to N-morpho-
line-N-oxide and the solvent from tBuOH/water to acetone/
water (reaction pathway g), triol 13 with the opposite rela-
tive configuration at C9 and C9a (proven by crystal struc-
ture analysis) was produced as a single diastereoisomer.[7]


Interestingly, acetoxy-protected alcohol 9 could be oxidized
under similar conditions yielding either ketol 10 (reaction
pathway d) or diol 11 (reaction pathway e), depending on
the stoichiometry of the employed cooxidant. If a twofold
excess of cooxidant was employed, the intermediate 11 was
oxidized in situ to the corresponding ketol 10. However, the


relative configuration at C9a for compounds 10 and 11 was
also determined to be the opposite of that of compound 8.
Whether these results arise from the coordination of com-
pound 7 to the osmium reagent during oxidation to triol 8
(depending on the solvent system) or from the influence of
the cooxidant is currently under investigation in our labora-
tory. However, the effect of hydroxyl group directed dihy-


droxylation has been reported
previously for similar osmium-
based oxidation protocols.[8]


Although ketol 10 already pos-
sesses the requisite substitution
pattern for diversonol (1) at
C1, C9, and C9a, the corre-
sponding alkyl or carboxy-
methyl substituent on C4a still
had to be introduced.[1] We
therefore reasoned that the
elimination of water from
ketol 10 or a ketol derived
from triol 8 would give rise to
an a,b-unsaturated ketone,
which in turn should be a suit-
able substrate for conjugate
addition.[9] However, all at-
tempts to perform this reaction
by acid- or base-induced elimi-
nation or previous activation
of the hydroxyl group failed.
For ketol 10, the lack of reac-
tivity could be attributed to
the syn-relationship between
the hydroxyl group and the
proton at C4a.


A straightforward solution to this problem was found by
converting tetrahydroxanthenone 6 into the corresponding
bromohydrine 12 (Scheme 2). As can be seen from Figure 1,
the bromine atom on C9a and the hydrogen on C4a are ar-
ranged in a trans-relationship which greatly facilitates the
base-induced elimination of hydrogen bromide. Consequent-
ly, this elimination could be performed at room temperature
giving rise to allylic alcohol 14 in very good yield
(Scheme 3). However, the following oxidation, which was


Scheme 1. Domino oxa-Michael aldol condensation.


Scheme 2. Transformations of tetrahydroxanthenone 6 : a) NaBH4, MeOH, RT, 4 h, 77%; b) K2OsO4, K2CO3,
K3Fe(CN)6, tBuOH/water 5:1, RT, 72 h, 51%; c) Ac2O, pyridine, 0 8C to RT, 4 h, 83%; d) K2OsO4, K2CO3,
NMO (2.2 equiv), acetone/water 5:1, RT, 3 h, 74%; e) K2OsO4, K2CO3, NMO (1.1 equiv), acetone/water 5:1,
RT, 3 h, 77% (based on recovered starting material); f) NBS, DMSO, RT, 3 h, 80%; g) K2OsO4, K2CO3, NMO
(2.2 equiv), acetone/water 5:1, RT, 3 h, 46% (based on recovered starting material); NMO=N-methylmorpho-
line-N-oxide, NBS=N-bromosuccinimide.


Figure 1. Molecular structure of bromohydrine 12.
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supposed to give diketone 16 as a suitable acceptor system
for attaching a substituent on C4a, turned out to be unex-
pectedly difficult.
First of all, compound 14 is highly acid- and base-sensi-


tive, so that even mild oxidation protocols, such as manga-
nese dioxide or Parikh–Doering oxidation, failed to produce
diketone 16.[10] Moreover, allylic alcohol 14 displayed unex-
pected reactivity. Exposure to o-iodoxybenzoic acid (IBX)
did not produce the expected diketone 16, but hemiacetal
15, which was characterized by crystal structure analysis
(Figure 2). The formation of this compound could be ex-


plained by the coordination of IBX to the hydroxyl function,
followed by a SN2’ reaction (Scheme 4).
To further corroborate this hypothesis, additional reac-


tions were performed with allylic alcohol 14. By treating it


with boron trifluoride diethyl
etherate as a Lewis acid, fol-
lowed by dimethylzinc or di-
ethylaluminium cyanide as the
corresponding nucleophile,
compounds 17 and 18 were
formed exclusively, indicating
that in these cases another
mechanistic scenario takes
place, presumably involving
the formation of an allylic
cation followed by nucleophilic
attack (Scheme 3).
The intended oxidation to


form diketone 16 was finally
achieved by applying a modi-
fied Ley-oxidation protocol.[11]


The accelerating effect of ul-
trasound in this reaction has been reported previously and
turned out to be highly beneficial in our case. With diketone
16 in hand, the introduction of an alkyl group by means of a
conjugate addition could be envisaged. Studies on the intro-
duction of substituents by addition of various cuprates on di-
ketone 16 have been performed previously by Gabutt
et al.[9] Their results showed that only lower order cyanocup-
rates are suitable reagents due to their decreased basicity
compared to Gilman or Normant cuprates. In accordance
with this observation, all our attempts to perform reactions
with other types of cuprates only led to the extensive de-
composition of diketone 16. Thus, reacting compound 16
with a cyanocuprate formed from copper cyanide and meth-
yllithium yielded C4a-methylated enol 20 in 79% yield
(Scheme 5).
Regarding the substitution pattern of our targeted natural


product, the stereoselective introduction of a hydroxyl
group possessing a trans-relationship to the angular methyl
group was the next step to be examined. Interestingly, the
diastereoselectivity of the enol hydroxylation could be con-
trolled by varying the reaction protocol. Thus, employing m-
chloroperbenzoic acid gave rise to a 2:1 mixture of both the
cis-ketol 21 and trans-ketol 22, from which cis-ketol 21
could be isolated in 34% yield, whereas the hydroxylation
with magnesium monoperoxophthalate[12] yielded the trans-
ketol 22 as one single diastereoisomer (Scheme 5). The
rather low yields in both cases are not caused by side reac-
tions as clean conversions could be observed on TLC but
are rather due to solubility problems during workup. Both
diastereoisomers were characterized by crystal structure
analysis (Figure 3; in the case of the trans-ketol, a brominat-
ed derivative was employed). To elucidate the reasons for
this reactivity, we also examined enol 20 by crystal structure
analysis (Figure 4).
As can be seen from the X-ray structure, the axial methyl


group does exert some steric hindrance regarding a cofacial
attack. This might explain the complete stereocontrol ob-
served when using magnesium monoperoxophthalate, pro-
ducing trans-diastereoisomer 22, as the strong steric influ-


Scheme 3. Transformations of allylic alcohol 14 : a) DABCO, dioxane, RT, 14 h, 74%; b) IBX, DMSO, RT, 1 h,
80%; c) TPAP, NMO, CH3CN/CH2Cl2, sonication, 12 h, 79%; d) BF3·OEt2, ZnMe2, toluene, �78 8C, 1 h, 89%;
e) BF3·OEt2, Et2AlCN, toluene, �78 8C, 1 h, 60%; DABCO=1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane, IBX=2-iodoxyben-
zoic acid, TPAP= tetrapropylammoniumperruthenate, NMO=N-methylmorpholine-N-oxide.


Figure 2. Molecular structure of hemiacetal 15.


Scheme 4. Proposed mechanism for the formation of 15.
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ence of axially-positioned angular substituents in fused
cyclic systems is a well-known effect.[13] In contrast, it has
been established that when m-chloroperbenzoic acid is used


as an oxidant it is often hardly
affected by steric hindrance,[14]


and thus it produces a mixture
of both diastereoisomers 21
and 22 in the present case.
Moreover, the cis-selectivity in
the epoxidation of allylic alco-
hols has been described previ-
ously by Henbest and cowork-
ers and ascribed to hydrogen
bonding between the substrate
and mCPBA.[15] Whether the
solvent does exert any influ-
ence on the stereochemical
outcome of the reaction or


whether a stereoelectronic effect has a decisive influence is
currently under investigation in our laboratory.[16]


To establish the complete C1, C9, C9a substitution pattern
of diversonol (1), the diastereoselective reduction of the un-
conjugated carbonyl function was envisaged (Scheme 6).


For the syn-ketol 21, the reduction with sodium borohy-
dride gave rise to the all-syn diol 23, although in low yield
and with low diasteroselectivity. However, performing the
reduction of trans-ketol 22 under essentially the same reac-
tion conditions gave rise to the trans-diol 24 exclusively. It
has been previously observed that the sodium borohydride
reduction of fused bicyclic ketols preferentially leads to
trans-diols, possibly due to the presence of the hydroxyl
function, which serves as a chelating agent for the nucleo-
phile.[17] In some cases however, the formation of syn-diols
is strongly favored, mainly due to sterical or stereoelectroni-
cal effects. For example, Marples et al. reported the syn-se-
lective reduction of a ketol that is structurally similar to
ketol 21.[18]


Regarding the stereochemical outcome of our reductions,
a closer examination of the molecular structures of both
ketols 21 and 22 (Figure 3) revealed the possible reasons for
the different reactivity. For the trans-ketol 22, the hydroxyl
function possibly serves as a chelator for the nucleophile.
Besides, the axially-positioned methyl group might also
shield one side of the molecule so that a synergistic effect
leads to full stereocontrol. Regarding the reduction of the


Scheme 5. Diastereoselective hydroxylation of enol 20 : a) MeLi, CuCN, Et2O, �78 8C, 5 h, 79%; b)mCPBA,
CH2Cl2, RT, 2 h, 34%; c) magnesium monoperoxophthalate, EtOH, RT, 2 h, 48%; mCPBA=meta-chloroper-
benzoic acid.


Figure 3. Molecular structures of ketols 21 and 22 (bromo derivative).


Figure 4. Molecular structure of enol 20.


Scheme 6. Diastereoselective reduction of ketols 21 and 22.
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syn-ketol 21, the moderate diasteroselectivity could be ex-
plained by the position of the methyl group. Contrary to the
structure of the trans-ketol it does not possess a suitable po-
sition for exerting a strong influence on the stereochemistry
of the reduction. As the syn-diol is favored in this reaction,
although a chelating hydroxyl function is in place, it seems
that it is the steric hindrance of the methyl group which
exerts the determining influence in this reaction.


Conclusion


In summary, we have examined the reactivity of tetrahy-
droxanthenones that are readily available by a domino oxa-
Michael aldol condensation. The structure of tetrahydroxan-
thenones offers various possibilities for further functionali-
zations, many of which can be performed with a high degree
of diastereoselectivity. By means of this strategy, the struc-
tural motifs of bicyclic ketodiols and triols, representing
privileged stereotriades and tetrades are easily accessible
with full stereocontrol.


Experimental Section


General : Substrates were purchased from commercial sources and were
used without further purification (PE= light petroleum, cHex=cyclohex-
ane). Column chromatography was performed by using Macherey-Nagel
silica gel 60 (230–400 mesh) under flash conditions. For TLC, aluminum
foils layered with silica gel with fluorescence indicator (silica gel 60 F254)
produced by Merck were employed. Melting points were determined by
using a Laboratory Devices MelTemp II device. 1H and 13C NMR spectra
were recorded on a Bruker AM400 (400 MHz/100 MHz) or Bruker
DRX500 (500 MHz/125 MHz) instrument by using CDCl3 as the solvent
and residual CHCl3/CDCl3 as shift reference (CHCl3, d=7.28 ppm;
CDCl3, d=77.00 ppm). IR spectra were recorded by using the Bruker
FTIR device IFS 88. EI-MS and -HRMS spectra were recorded on a Fin-
nigan MAT 90 instrument; elemental analyses were performed by using a
Heraeus CHN-O-Rapid device. X-ray crystallographic analyses were per-
formed by using a Nonius Kappa CCD or a STOE IPDS II diffractome-
ter with MoKa radiation.


X-ray crystallographic analysis : CCDC-289598 (C7-brominated analogue
of 7), -289599 (12), -290027 (15), -290026 (20), -289600 (21), -289601
(23), -289602 (C7-brominated derivative of 22), -289603 (24), and
-289604 (13) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


2,3,4,4a-Tetrahydroxanthen-1-one (6): Argon was passed through water
(25 mL) for 15 min with simultaneous sonication. DABCO (2.80 g,
25.0 mmol), salicylic aldehyde (6.11 g, 50 mmol), and 2-cyclohexen-1-one
(4.81 g, 50 mmol) were then suspended in the degassed solvent and treat-
ed with ultrasound for 48 h. After this time, the precipitated product was
filtered off, washed with water and a small amount of acetone, and then
recrystallized from acetone to give 6 (8.25 g, 83%) as yellow crystals.
M.p. 137–139 8C; Rf=0.26 (EtOAc/PE 1:5);


1H NMR (400 MHz, CDCl3):
d=1.56–1.68 (m, 1H; cyclohexyl-CH2), 1.88–2.04 (m, 2H, cyclohexyl-
CH2), 2.31 (ddd,


2J ACHTUNGTRENNUNG(H,H)=18.1, 3J ACHTUNGTRENNUNG(H,H)=13.0, 6.1 Hz, 1H; H2axial), 2.37–
2.45 (m, 1H; cyclohexyl-CH2), 2.51 (d pseudo-qui, 2J ACHTUNGTRENNUNG(H,H)=17.94,
3J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H; 3-Hequatorial), 4.92 (ddd, 3J ACHTUNGTRENNUNG(H,H)=10.9, 6.1,
4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H4a), 6.80 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; Harom), 6.87
(ddd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 7.6, 4J ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; Harom), 7.12–7.19 (m, 2H;
Harom), 7.35 ppm (d, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H; H9); 13C NMR (100 MHz,
CDCl3): d=18.0, 29.7, 38.8 (cyclohexyl-CH2), 74.4 (C4a), 116.0, 122.1,


122.2, 129.8, 130.5, 131.5, 132.0, 155.9 (C5–C9a), 197.4 ppm (C1); IR
(KBr): ñ=1603 cm�1 (C=O); EI-MS: m/z (%): 200 (33) [M]+ , 144 (100)
[M�C3H4O]+ ; HR-EIMS: calcd: 200.0837; found: 200.0840; elemental
analysis calcd for C13H12O2: C 77.98, H 6.04; found: C 77.97, H 6.01.


2,3,4,4a-Tetrahydroxanthen-1-ol (7): Compound 6 (300 mg, 1.50 mmol)
was added to a suspension of sodiumborohydride (23 mg, 0.60 mmol) in
methanol (2 mL) at 0 8C. The suspension was warmed to room tempera-
ture and stirred for 4 h. After this time, diluted hydrochloric acid (2 mL)
was added and the mixture was extracted with dichloromethane (3P
5 mL). After drying over sodium sulfate and evaporation of the solvent,
the residue was purified by flash column chromatography (EtOAc/PE
1:5), yielding 7 (233 mg, 77%) as colorless crystals. M.p. 129–132 8C; Rf=
0.13 (EtOAc/PE 1:5); 1H NMR (400 MHz, CDCl3): d=1.23–1.41 (m, 1H;
cyclohexyl-CH2), 1.63–1.73 (m, 1H; cyclohexyl-CH2), 1.76–1.89 (m, 1H;
cyclohexyl-CH2), 2.02–2.11 (m, 2H; cyclohexyl-CH2), 3.98 (dd,


3J ACHTUNGTRENNUNG(H,H)=
10.9, 4.0 Hz, 1H; H1), 4.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.2, 5.3 Hz, 1H; H4a), 6.27 (s,
1H; H9), 6.60 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H; H8), 6.72 (ddd, 3J ACHTUNGTRENNUNG(H,H)=7.4,
7.3, 4J ACHTUNGTRENNUNG(H,H)=1.01 Hz, 1H; H6), 6.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.4, 4J ACHTUNGTRENNUNG(H,H)=
1.6 Hz, 1H; H5), 6.95 ppm (ddd, 3J ACHTUNGTRENNUNG(H,H)=8.1, 3J ACHTUNGTRENNUNG(H,H)=7.4, 4J ACHTUNGTRENNUNG(H,H)=
1.6 Hz, 1H; H7); 13C NMR (100 MHz, CDCl3): d=19.9, 34.5, 36.3 (cyclo-
hexyl-CH2), 70.5 (C1), 76.2 (C4a), 113.5, 114.8, 120.8, 120.9, 126.4, 128.7,
139.7, 152.7 ppm (C5–C9a); IR (KBr): ñ=2940 (C�H), 3319 cm�1 (O�
H); EI-MS: m/z (%): 202 (79) [M]+ , 157 [M�C2H5O]+ , 131 ppm (100)
[M�C4H7O]+ ; HR-EIMS: calcd: 202.0994; found: 202.0999; elemental
analysis calcd for C13H14OZ: C 77.20, H 6.98; found: C 76.91, H 6.96.


1,9,9a-cis-Trihydroxy-2,3,4,4a,9,9a-hexahydroxanthene (8): A solution of
2,3,4,4a-tetrahydroxanthen-1-ol (7) (202 mg, 1.00 mmol) in tert-butanol
(5 mL) was added to an ice-cooled solution of potassium
hexacyanoferrate ACHTUNGTRENNUNG(iii) (988 mg, 3.00 mmol) and potassium osmate(vi) dihy-
drate (17 mg, 50 mmol) in water (5 mL). The mixture was then warmed to
room temperature and stirred for 72 h. After this time, sodium sulfite
(ca. 1 g) was added and the mixture was stirred for 1 h before being ex-
tracted with EtOAc (3P10 mL). Finally, after drying and evaporation of
the solvent, the residue was purified by flash column chromatography
(EtOAc/PE 1:1) to give 8 (120 mg, 51%) as colorless crystals. M.p. 137–
138 8C; Rf=0.15 (EtOAc/PE 1:1);


1H NMR (400 MHz, CDCl3): d=1.16–
1.39 (m, 2H; cyclohexyl-CH2), 1.41–1.53 (m, 1H; cyclohexyl-CH2), 1.61–
1.69 (m, 1H; cyclohexyl-CH2), 1.73–1.86 (m, 2H; cyclohexyl-CH2), 3.50
(dd, 3J ACHTUNGTRENNUNG(H,H)=11.6, 4.9 Hz, 1H; H4a), 3.89 (dd, 3J ACHTUNGTRENNUNG(H,H)=12.00, 4.9 Hz,
1H; H1), 5.04 (s, 1H; H9), 6.73 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.6, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H;
Harom), 6.86 (td,


3J ACHTUNGTRENNUNG(H,H)=7.6, 4J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 1H; Harom), 7.10 (td,
3J(H,H)=7.6, 4J(H,H)=1.3 Hz, 1H; Harom), 7.39 ppm (d, 3J(H,H)=
7.6 Hz, 1H; Harom);


13C NMR (100 MHz, CDCl3): d=19.6, 27.9, 30.8 (cy-
clohexyl-CH2), 63.9, 70.4, 77.2, 78.6 (C1, C4a, C9, C9a), 116.5, 120.9,
121.1, 128.3, 129.1, 151.6 ppm (C5–C9a); IR (KBr): ñ=3516 cm�1


(O�H···O); EI-MS: m/z (%): 236 (90) [M]+ , 123 (100) [M�C6H9O2]+ ,
122 (69), [M�C7H6O2]+ ; HR-EIMS: calcd: 236.1049; found: 236.1049; el-
emental analysis calcd for C13H16O4: C 66.09, H 6.83; found: C 65.91,
H 6.74.


O-Acetyl-2,3,4,4a-tetrahydroxanthen-1-ol (9): Acetic anhydride (0.37 mL,
0.41 g, 4.0 mmol) was added to an ice-cooled solution of 2,3,4,4a-tetrahy-
droxanthen-1-ol (7) (404 mg, 2.00 mmol) in pyridine (5 mL). The mixture
was then warmed to room temperature and stirred for 4 h. After this
time, the mixture was diluted with sodium carbonate solution
(0.1 molL�1, 10 mL) and extracted with EtOAc (3P10 mL). The organic
layers were washed with saturated ammonium chloride, dried over
sodium sulfate, evaporated, and purified by flash column chromatography
(EtOAc/PE 1:5), giving 9 (402 mg, 83%) as colorless crystals. M.p. 91–
93 8C; Rf=0.68 (EtOAc/PE 1:5);


1H NMR (300 MHz, CDCl3): d=1.29–
1.50 (m, 2H; cyclohexyl-CH2), 1.64–1.87 (m, 1H; cyclohexyl-CH2), 2.00–
2.16 (m, 2H; cyclohexyl-CH2), 2.11 (s, 3H; acetyl-CH3), 4.88 (dd,
3J ACHTUNGTRENNUNG(H,H)=11.1, 5.5 Hz, 1H; H1), 5.12 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.4, 5.3 Hz, 1H;
H4a), 6.05 (s, 1H; H9), 6.60 (d, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H; H8), 6.71 (ddd,
3J ACHTUNGTRENNUNG(H,H)=7.9, 7.4, 4J ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; H6), 6.82 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.4,
4J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 1H; H5), 6.96 ppm (ddd, 3J ACHTUNGTRENNUNG(H,H)=7.4, 7.3, 4J ACHTUNGTRENNUNG(H,H)=
1.7 Hz, 1H; H7); 13C NMR (75 MHz, CDCl3): d=19.7, 21.1, 32.6, 34.3,
(cyclohexyl-CH2 and acetyl CH3), 71.5 (C1), 75.9 (C4a), 114.2, 114.9,
120.4, 120.9, 126.4, 128.8, 135.5, 152.6 (C5a–C9a), 169.9 ppm (acetyl-
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H3CCO2); IR (KBr): ñ=1742 cm�1 (C=O); EI-MS: m/z (%): 244 (21)
[M]+ , 184 (100) [M�HOAc]+ , 157 (37) [M�H3CCO2C2H3]+ ; HR-EIMS:
calcd: 244.1099; found: 244.1101; elemental analysis calcd for C15H16O3:
C 73.75, H 6.60; found: C 73.52, H 6.52.


1-O-Acetyl-1,9a-dihydroxy-2,3,4,4a,9,9a-hexahydroxanthen-9-one (10):
Compound 9 (94 mg, 0.39 mmol) was added to a solution of NMO
(101 mg, 0.860 mmol) and potassium osmate(vi) dihydrate (7 mg,
20 mmol) in acetone/water 5:1 (2.5 mL) at 0 8C, and the resulting mixture
was warmed to room temperature and stirred for 3 h. After this time,
sodium sulfite (ca. 1 g) was added and the mixture stirred for a further
1 h. The mixture was then extracted with EtOAc (3P5 mL). After drying
over sodium sulfate and evaporation of the solvent, the residue was puri-
fied by flash column chromatography (EtOAc/PE 1:5) to give 10 (79 mg,
74%) as colorless crystals. M.p. 121–124 8C; Rf=0.50 (EtOAc/PE 1:5);
1H NMR (300 MHz, CDCl3): d=1.27 (s, 3H; acetyl-CH3), 1.44–1.54 (m,
1H; cyclohexyl-CH2), 1.68–1.77, (m, 1H; cyclohexyl-CH2), 1.90–2.08 (m,
4H; cyclohexyl-CH2), 3.77 (s, 1H; C9a-HOH), 4.31 (d,


3J ACHTUNGTRENNUNG(H,H)=1.3 Hz;
H1), 4.80 (d, 3J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 1H; H4a), 6.91–6.97 (m, 2H; Harom), 7.45
(ddd, 3J ACHTUNGTRENNUNG(H,H)=8.3, 7.2, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; Harom), 7.75 ppm (dd,
3J ACHTUNGTRENNUNG(H,H)=8.3, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; Harom);


13C NMR (75 MHz, CDCl3):
d=13.4, 18.8, 24.5, 25.0 (cyclohexyl-CH2, acetyl-CH3), 68.7 (C9a), 71.2
(C1), 77.2 (C4a), 116.7, 118.4, 120.1, 126.1, 152.7, 161.7 (C5a–C8a), 168.5
(acetyl-H3CCO2), 194.4 ppm (C9); IR (KBr): ñ=1681 (C=O), 1731 cm


�1;
EI-MS: m/z (%): 276 (21) [M]+ , 234 (39) [M�H3CCO]+ , 163 (99),
[M�H3CCO2C4H6]+ , 121 ppm (100) [M�C8H11O3]+ ; HR-EIMS: calcd:
276.0998; found: 276.0990; elemental analysis calcd for C15H16O5: C
65.21, H 5.84; found: C 64.94, H 5.89.


1-O-Acetyl-1,9,9a-trihydroxy-2,3,4,4a,9,9a-hexahydroxanthene (11): Com-
pound 9 (200 mg, 0.830 mmol) was added to a solution of NMO (146 mg,
1.25 mmol) and potassium-(vi)-osmatdihydrate (15 mg, 42 mmol) in ace-
tone/water 5:1 (10 mL) at 0 8C, and the mixture was then warmed to
room temperature and stirred for 72 h. After this time, sodium sulfite
(ca. 1 g) was added and the resulting mixture was stirred for a further
1 h. The mixture was then extracted with EtOAc (3P10 mL). After
drying over sodium sulfate and evaporation of the solvent, the residue
was purified by flash column chromatography (EtOAc/PE 1:5) to give 11
(94 mg, 77%, based on recovered starting material) as colorless crystals.
M.p. 131–146 8C; Rf=0.19 (EtOAc/PE 1:5);


1H NMR (400 MHz, CDCl3):
d=1.36–1.43 (m, 1H; cyclohexyl-CH2), 1.45 (s, 3H; acetyl-CH3), 1.51–
1.61 (m, 1H; cyclohexyl-CH2), 1.71–1.88 (m, 2H; cyclohexyl-CH2), 1.92–
2.50 (m, 2H; cyclohexyl-CH2), 2.47 (d,


3J ACHTUNGTRENNUNG(H,H)=4.2 Hz, 1H; cyclohexyl-
CH2), 3.42 (s, 1H; OH-9a), 4.03 (dd,


3J ACHTUNGTRENNUNG(H,H)=6.6, 3.7 Hz, 1H; H1), 4.60
(s, 1H; 9-CHOH), 4.93 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.1, 3.7 Hz, 1H; H4a), 6.79 (d,
3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 1H; Harom), 6.85 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.3, 7.6, 4J ACHTUNGTRENNUNG(H,H)=
1.1 Hz, 1H; Harom), 7.14 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.3, 7.6, 4J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H;
Harom), 7.25 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=7.6, 4J ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; Harom);
13C NMR (100 MHz, CDCl3): d=15.5, 19.3, 25.5, 26.3 (cyclohexyl-CH2,
acetyl-CH3), 65.6 (C9), 67.4 (C9a), 73.3 (C1), 74.0 (C4a), 115.6, 119.7,
121.1, 128.7, 128.8, 152.8 (C5–C9a), 169.4 ppm (acetyl-H3CCO2); IR
(KBr): ñ=1702, 1736 (C=O, C=O···H), 3321 cm�1 (O�H); EI-MS: m/z
(%): 278 (11) [M]+ , 200 (54) [M�C6H6]+ , 121 (51) [M�C8H13O3]+ , 96
(100); HR-EIMS: calcd: 278.1154; found: 278.1151; elemental analysis
calcd for C15H18O5: C 64.74, H 6.52; found: C 64.72, H 6.52.


9a-Bromo-9-hydroxy-2,3,4,4a,9,9a-hexahydroxanthen-1-one (12): Water
(ca. 15 mL) was slowly added to a solution of 6 (2.00 g, 10.0 mmol) in
DMSO (60 mL), until the adduct precipitated. The mixture was then
cooled with ice and NBS (3.56 g, 20.0 mmol) was slowly added. After all
of the NBS had been added, the mixture was warmed to room tempera-
ture and stirred for 2 h. After this time, brine was added, the mixture was
extracted with diethyl ether (5P15 mL), the organic layers were dried
over sodium sulfate, and the solvent was evaporated. Column chromatog-
raphy over silica gel (EtOAc/PE 1:5) produced 12 (2.39 g, 80%) as a
yellow solid. M.p. 124–127 8C; Rf=0.30 (EtOAc/PE 1:5); 1H NMR
(400 MHz, CDCl3): d=1.55–1.70 (m, 1H; cyclohexyl-CH2), 1.94–2.06 (m,
1H; cyclohexyl-CH2), 2.17–2.27 (m, 2H; cyclohexyl-CH2), 2.34–2.44 (m,
1H; cyclohexyl-CH2), 3.20 (td,


3J ACHTUNGTRENNUNG(H,H)=14.8, 6.7 Hz, 1H; cyclohexyl-
CH2), 3.83 (s, 1H; OH), 4.22–4.30 (m, 1H; H4a), 5.12 (s, 1H; H9), 6.89–
7.00 (m, 2H; Harom), 7.21–7.32 ppm (m, 2H; Harom);


13C NMR (100 MHz,


CDCl3): d=19.5, 26.9, 36.2 (cyclohexyl-CH2), 66.7 (C9a), 68.7 (C9), 72.2
(C4a), 116.6, 120.8, 121.6, 130.2, 131.5, 152.9 (Carom), 203.8 ppm (C1); IR
(KBr): ñ=1719 (C=O), 2873, 2951, 3386 cm�1 (br, O�H); EI-MS: m/z
(%): 298/296 (46/47) [M]+ , 199 (100) [M�HOBr]+ ; HR-EIMS: calcd:
296.0048; found: 296.0052; elemental analysis calcd for C13H13O3Br: C
52.55, H 4.41; found: C 52.31, H 4.42.


9,9a-cis-1,9,9a-Trihydroxy-2,3,4,4a,9,9a-hexahydroxanthene (13): 2,3,4,4a-
Tetrahydroxanthen-1-ol (7) (404 mg, 2.00 mmol) was added to a ice-
cooled solution of NMO (468 mg, 4.00 mmol) and potassium-(vi)-osmate-
dihydrate (36 mg, 100 mmol) in acetone/water 5:1 (18 mL). The mixture
was then warmed to room temperature and stirred for 72 h. After this
time, sodium sulfite (ca. 1 g) was added and the mixture was stirred for a
further 1 h, before being extracted with EtOAc (3P10 mL). After drying
and evaporation of the solvent, the residue was purified by flash column
chromatography (EtOAc/PE 1:1) to give 13 as colorless crystals (110 mg,
46%; based on recovered starting material). Rf=0.21 (EtOAc/CH 1:1);
1H NMR (400 MHz, CDCl3): d=1.35–1.73 (m, 3H; cyclohexyl-CH2),
1.77–1.83 (m, 1H; cyclohexyl-CH2), 1.89–1.94 (m, 1H; cyclohexyl-CH2),
1.99–2.03 (m, 1H; cyclohexyl-CH2), 3.04 (s, 1H; OH), 3.52 (s, 2H; OH),
3.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=11.4, 4.8 Hz, 1H; H4a), 4.07 (dd, 3J ACHTUNGTRENNUNG(H,H)=12.1,
5.1 Hz, 1H; H1), 5.21 (s, 1H; H9), 6.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.3, 4J ACHTUNGTRENNUNG(H,H)=
1.3 Hz, 1H; Harom), 6.97 (td,


3J ACHTUNGTRENNUNG(H,H)=7.6, 4J ACHTUNGTRENNUNG(H,H)=1.3 Hz, 1H; Harom),
7.20 (td, 3J ACHTUNGTRENNUNG(H,H)=8.1, 4J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H; Harom), 7.51 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H; Harom);


13C NMR (100 MHz, CDCl3): d=19.9, 28.2,
31.3 (cyclohexyl-CH2), 64.4, 70.5, 77.6, 78.7 (C-1, C-4a, C-9, C-9a), 78.7,
116.9, 121.4, 128.6, 129.6, 151.9 ppm (C5a–C9a); IR (KBr): ñ=3481 cm�1


(O�H···O); EI-MS: m/z (%): 236 (20) [M]+ , 123 (100) [M�C6H9O2]+ ;
HR-EIMS: calcd: 236.1049; found: 236.1046.


9-Hydroxy-2,3,4,9-tetrahydroxanthen-1-one (14): DABCO (1.13 g,
10.1 mmol) was added to a solution of 12 (1.00 g, 3.37 mmol) dissolved in
dioxane (15 mL). The initially clear solution was stirred for 18 h whilst
DABCO hydrobromide precipitated. After this time, the reaction mix-
ture was diluted with water (50 mL) and extracted with diethyl ether (3P
15 mL). The combined organic layers were then dried over sodium sul-
fate, the solvent was evaporated, and the residue was filtered over silica
gel (EtOAc/PE 1:5+5% triethylamine) to give 14 (529 mg, 73%) as an
orange oil, which was pure enough for synthetic purposes. To obtain an
analytically pure sample of 14, a sample was purified by flash column
chromatography (EtOAc/PE 1:5+5% triethylamine), yielding the title
compound as colorless crystals. M.p. 99–101 8C; Rf=0.14 (EtOAc/PE
1:5+5% NEt3);


1H NMR (400 MHz, CDCl3): d=1.94–2.06 (m, 2H; cy-
clohexyl-CH2), 2.35–2.43 (m, 2H; cyclohexyl-CH2), 2.53–2.60 (m, 2H; cy-
clohexyl-CH2), 5.65 (s, 1H; H9), 6.98 (dd,


3J ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=
1.1 Hz, 1H; Harom), 7.10 (ddd,


3J ACHTUNGTRENNUNG(H,H)=7.9, 7.8, 4J ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H;
Harom), 7.20 (ddd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 7.8, 4J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; Harom),
7.46 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 1H; Harom);


13C NMR
(100 MHz, CDCl3): d=19.5, 26.6, 35.7 (cyclohexyl-CH2), 57.0 (C9), 112.6,
115.4 (Carom), 121.6 (C9a), 124.1, 128.2, 129.1, 129.3, 148.5 (Carom), 166.3
(C4a), 198.5 ppm (C1); IR (KBr): ñ=1638 (C=O), 2945, 3416 cm�1 (O�
H); EI-MS: m/z (%): 216 (37) [M]+ , 215 (100) [M�H]+ , 198 (80)
[M�H2O]+ ; HR-EIMS: calcd: 216.0786; found: 216.0791; elemental anal-
ysis calcd for C13H12O3: C 72.21, H 5.59; found: C 71.64, H 5.54.


4a-Hydroxy-2,3,4,4a-tetrahydroxanthen-1-one (15): A solution of 14
(216 mg, 1.00 mmol) in THF (2 mL) was added to an ice-cooled solution
of o-iodoxybenzoic acid (IBX, 560 mg, 2.00 mmol) in DMSO (2 mL). The
solution was then warmed to room temperature and the conversion was
controlled by TLC. After complete consumption of the starting material
(ca. 1 h), water (10 mL) was added and the mixture extracted with
EtOAc (P3). After drying over sodium sulfate, the solvent was evaporat-
ed and the crude product was purified by column chromatography
(EtOAc/cHex 1:5) to give 15 as an orange solid (174 mg, 80%). M.p.
110–112 8C; Rf=0.17 (EtOAc/CH 1:5);


1H NMR (400 MHz, CDCl3): d=
1.97–2.01 (m, 1H; cyclohexyl-CH2), 2.09–2.23 (m, 2H; cyclohexyl-CH2),
2.31–2.38 (m, 1H; cyclohexyl-CH2), 2.46–2.49 (m, 1H; cyclohexyl-CH2),
2.62–2.66 (m, 1H; cyclohexyl-CH2), 3.32 (s, 1H; OH), 7.03 (d, 2H
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz; Harom), 7.33 (d, 2H,


3J ACHTUNGTRENNUNG(H,H)=7.5 Hz; Harom), 7.51 ppm
(s, 1H; H9); 13C NMR (100 MHz, CDCl3): d=18.0, 35.7, 38.8 (cyclo-
hexyl-CH2), 96.3 (C4a), 117.1, 119.5, 122.1, 129.7, 130.1, 130.3, 132.2,
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152.5, 197.5 ppm (C1); IR (KBr): ñ=1603, 1557, 1664 (C=O), 3335 cm�1


(O�H); EI-MS: m/z (%): 216 (99) [M]+ , 188 (100); HR-EIMS: calcd:
216.0786; found: 216.0783; elemental analysis calcd for C13H12O3: C
72.21, H 5.59; found: C 71.82, H 5.81.


2,3,4,9-Tetrahydro-1H-xanthene-1,9-dione (16): A solution of NMO
(2.03 g, 15.0 mmol), molecular sieves (1.00 g, 4 Q), and 15 (1.08 g,
5.00 mmol) in a mixture of dichloromethane (25 mL) and acetonitrile
(5 mL) was stirred under argon for 15 min. TPAP (175 mg, 0.500 mmol)
was then added and the resulting mixture treated with ultrasound for
12 h. After this time, the solvent was evaporated and the residue was di-
rectly purified by column chromatography (EtOAc/chloroform 1:1) to
give 16 (0.854 g, 79%) as a red-brown solid. M.p. 180–183 8C; Rf=0.08
(EtOAc/Chloroform 1:1); 1H NMR (500 MHz, CDCl3): d=2.16–2.21 (m,
2H; cyclohexyl-CH2), 2.60–2.63 (m, 2H; cyclohexyl-CH2), 2.99–3.02 (m,
2H; cyclohexyl-CH2), 7.39–7.42 (m, 2H; Harom), 7.66 (ddd, 1H,


3J ACHTUNGTRENNUNG(H,H)=
8.2, 7.2, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz; Harom), 8.25 ppm (dd, 1H, 3J ACHTUNGTRENNUNG(H,H)=8.2,
4J ACHTUNGTRENNUNG(H,H)=1.6 Hz; Harom);


13C NMR (125 MHz, CDCl3): d=20.5, 30.2, 39.1
(cyclohexyl-CH2), 117.6, 118.2, 125.8, 126.5, 127.5, 134.5, 155.3, 174.3,
178.4, 194.4 ppm; IR (KBr): ñ=1400, 1616, 1696 cm�1 (C=O); EI-MS: m/
z (%): 214 (53) [M]+ , 186 (100); HR-EIMS: calcd: 214.0629; found:
214.0632.


9-Methyl-2,3,4,9-tetrahydroxanthene-1-one (17): Boron trifluoride diethyl
etherate (13 mL, 0.100 mmol) was added to a pre-cooled (�78 8C) solu-
tion of 14 (216 mg, 1.00 mmol) in toluene (10 mL) under argon. The re-
sulting dark yellow solution was stirred at �78 8C for 5 min. Dimethylzinc
(1.00 mL, 2.00 mmol, 2m in toluene) was then added and the solution
was slowly warmed to room temperature. After the addition of water,
the mixture was extracted with EtOAc (3P) and dried over sodium sul-
fate. Column chromatography (EtOAc/cHex 1:5) yielded 17 (191 mg,
89%) as a yellow solid. M.p. 63–65 8C; Rf=0.39 (EtOAc/CH 1:5);
1H NMR (500 MHz, CDCl3): d=1.27 (d,


3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3),
2.01–2.08 (m, 2H; cyclohexyl-CH2), 2.33–2.42 (m, 1H; cyclohexyl-CH2),
2.47–2.66 (m, 3H; cyclohexyl-CH2), 3.90 (q,


3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; H-9),
6.98 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 1H; Harom), 7.10 (ddd,
3J ACHTUNGTRENNUNG(H,H)=7.6, 7.3, 4J ACHTUNGTRENNUNG(H,H)=1.3 Hz; Harom), 7.14–7.20 ppm (m, 2H;
Harom);


13C NMR (125 MHz, CDCl3): d=20.9 (CH3), 25.7, 26.9, 28.1 (cy-
clohexyl-CH2), 37.4, 116.1, 116.5, 125.2, 127.6, 127.8, 129.2, 149.9, 167.0,
198.0 ppm; IR (KBr): ñ=1232, 1640 (C=O), 2946 cm�1; EI-MS: m/z (%):
214 (19) [M]+ , 199 (100); HR-EIMS: calcd: 214.0993; found: 214.0999.


9-Cyano-2,3,4,9-tetrahydroxanthene-1-one (18): Boron trifluoride diethyl
etherate (13 mL, 0.100 mmol) was added to a pre-cooled solution
(�78 8C) of 14 (216 mg, 1.00 mmol) in toluene (10 mL) under argon. The
resulting dark yellow solution was stirred at �78 8C for 5 min. Diethylalu-
minium cyanide (2.00 mL, 2.00 mmol, 1m in toluene) was then added and
the solution was slowly warmed to room temperature. After the addition
of water, the mixture was extracted with EtOAc (P3) and dried over
sodium sulfate. Column chromatography (EtOAc/cHex 1:5) yielded 18
(135 mg, 60%) as an orange solid. M.p. 141–142 8C; Rf=0.06 (EtOAc/CH
1:5); 1H NMR (500 MHz, CDCl3): d=2.09–2.16 (m, 2H; cyclohexyl-
CH2), 2.43–2.76 (m, 4H; cyclohexyl-CH2), 4.96 (s, 1H; 9-H), 7.10 (dd,
3J ACHTUNGTRENNUNG(H,H)=8.3, 4J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 1H; Harom), 7.23 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.3, 7.6,
4J ACHTUNGTRENNUNG(H,H)=1.0 Hz; Harom), 7.35 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.6, 8.5, 4J ACHTUNGTRENNUNG(H,H)=1.5 Hz;
Harom), 7.43 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 1H; Harom);


13C NMR (125 MHz,
CDCl3): d=20.2 (cyclohexyl-CH2), 24.1 (CH), 26.9, 28.1 (cyclohexyl-
CH2), 105.9, 115.3, 117.4, 118.9, 126.0, 129.8, 130.2, 148.8, 168.2,
198.6 ppm; IR (KBr): ñ=1644 (C=O), 2242 (CN), 2960 cm�1; EI-MS:
m/z (%): 225 (100) [M]+ , 198 (24); HR-EIMS: calcd: 225.0789; found:
225.0793.


1-Hydroxy-4a-methyl-2,3,4,4a-tetrahydroxanthene-9-one (20): Methyl-
lithium (6.25 mL, 10.0 mmol; 1.6m in ether) was slowly added to a solu-
tion of copper cyanide (896 mg, 10.0 mmol) in diethyl ether (15 mL)
under argon at �50 8C. After the copper cyanide had dissolved, the solu-
tion was cooled to �78 8C and 16 (428 mg, 2.00 mmol) was added. The re-
sulting deep-red solution was stirred at �78 8C for 5 h and then poured
into an HCl solution (10%). This mixture was filtered through Celite, the
filter cake washed with EtOAc, and the organic layer separated. After
drying over sodium sulfate, evaporation of the solvent, and column chro-
matography (EtOAc/cHex 1:5), 20 (363 mg, 79%) was isolated as a


yellow solid. M.p. 95–96 8C; Rf=0.62 (EtOAc/CH 1:5); 1H NMR
(400 MHz, CDCl3): d=1.49 (s, 3H; CH3), 1.73–2.13 (m, 4H; cyclohexyl-
CH2), 2.35–2.59 (m, 2H; cyclohexyl-CH2), 6.88 (d,


3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H;
Harom), 7.01 (ddd,


3J ACHTUNGTRENNUNG(H,H)=7.6, 7.3, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz; Harom), 7.43 (td,
3J ACHTUNGTRENNUNG(H,H)=7.3, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz; Harom), 7.84 (dd,


3J ACHTUNGTRENNUNG(H,H)=7.9, 4J ACHTUNGTRENNUNG(H,H)=
1.8 Hz, 1H; Harom), 15.26 ppm (s, 1H; OH);


13C NMR (100 MHz, CDCl3):
d=18.6 (CH3), 26.6, 30.8, 36.0 (cyclohexyl-CH2), 78.8, 109.1, 118.2, 120.6,
121.6, 126.7, 135.5, 158.7, 180.5, 182.9 ppm; IR (KBr): ñ=1610 (C=O),
2953 cm�1; EI-MS: m/z (%): 230 (7) [M]+ , 215 (100); HR-EIMS: calcd:
230.0942; found: 230.0947.


4a,9a-cis-9a-Hydroxy-4a-methyl-3,4,4a,9a-tetrahydro-2H-xanthene-1,9-
dione (21): m-Chloroperbenzoic acid (322 mg, 1.30 mmol, 70%) was
added to a solution of 20 (200 mg, 0.870 mmol) in dichloromethane
(10 mL) and the mixture was stirred at room temperature for 4 h. After
this time, saturated NaHCO3 solution was added and the mixture was ex-
tracted with dichloromethane. The combined organic phases were dried
over sodium sulfate, and after evaporation of the solvent the crude mix-
ture of 21 and 22 was purified by column chromatography (EtOAc/cHex
1:5) to give 21 (73 mg, 34%) as a white solid. Rf=0.31 (EtOAc/CH 1:5);
1H NMR (400 MHz, CDCl3): d=1.32 (s, 3H; CH3), 1.88–2.25 (m, 4H; cy-
clohexyl-CH2), 2.31–2.40 (m, 1H; cyclohexyl-CH2), 2.80–2.93 (m, 1H; cy-
clohexyl-CH2), 4.49 (s, 1H; OH), 6.92 (d,


3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; Harom),
7.04 (ddd, 3J ACHTUNGTRENNUNG(H,H)=8.2, 7.9, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz; Harom), 7.51 (ddd,
3J ACHTUNGTRENNUNG(H,H)=7.9, 7.3, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz; Harom), 7.86 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=7.6,
4J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H; Harom);


13C NMR (100 MHz, CDCl3): d=19.2
(CH3), 20.7, 32.7, 36.6 (cyclohexyl-CH2), 80.7, 86.9, 118.9, 119.1, 122.0,
127.2, 128.2, 137.3, 192.6, 208.2 ppm; IR (KBr): ñ=1682 (C=O), 2959,
3443 cm�1 (OH); EI-MS: m/z (%): 246 (52) [M]+ , 121 (100); HR-EIMS:
calcd: 246.0892; found: 246.0897.


4a,9a-trans-9a-Hydroxy-4a-methyl-3,4,4a,9a-tetrahydro-2H-xanthene-1,9-
dione (22): Magnesiummonoperoxophthalate (192 mg, 0.310 mmol; 80%)
was added to a solution of 20 (143 mg, 0.620 mmol) in ethanol (20 mL).
The mixture was stirred at room temperature for 2 h and then the solvent
was evaporated. The residue was directly purified by column chromatog-
raphy (EtOAc/cHex 1:2) to give 22 (74 mg, 48%) as a white solid. Rf=
0.23 (EtOAc/CH 1:2); 1H NMR (500 MHz, CDCl3): d=1.31 (s, 3H;
CH3), 1.65–1.73 (m, 1H; cyclohexyl-CH2), 1.89–1.93 (m, 1H; cyclohexyl-
CH2), 2.04–2.10 (m, 1H; cyclohexyl-CH2), 2.27–2.30 (m, 1H; cyclohexyl-
CH2), 2.67–2.74 (m, 1H; cyclohexyl-CH2), 3.29–3.36 (m, 1H; cyclohexyl-
CH2), 3.54 (s, 1H; OH), 6.96 (dd,


3J ACHTUNGTRENNUNG(H,H)=8.5, 4J ACHTUNGTRENNUNG(H,H)=0.6 Hz, 1H;
Harom), 7.06 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.2, 7.9, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz; Harom), 7.52 (ddd,
3J ACHTUNGTRENNUNG(H,H)=8.5, 7.2, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz; Harom), 7.92 ppm (dd,


3J ACHTUNGTRENNUNG(H,H)=8.2,
4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; Harom);


13C NMR (125 MHz, CDCl3): d=17.7
(CH3), 20.7, 31.5, 37.5 (cyclohexyl-CH2), 77.9, 84.7, 118.5, 119.7, 122.2,
128.1, 136.6, 157.4, 186.8, 206.0 ppm; IR (KBr): ñ=1464, 1606, 1728 (C=
O), 2979, 3377 cm�1 (OH); EI-MS: m/z (%): 246 (29) [M]+ , 121 (100);
HR-EIMS: calcd: 246.0892; found: 246.0895.


4a,9a-cis-1,9a-Dihydroxy-4a-methyl-1,2,3,4,4a,9a-hexahydroxanthene-9-
one (23, mixture of diastereoisomers): Sodium borohydride (5 mg,
0.130 mmol) was added in portions to a solution of 21 (33 mg,
0.130 mmol) in dichloromethane/methanol (1:1, 1 mL) under argon at
�78 8C. The conversion was monitored by TLC. After complete con-
sumption of the starting material (ca. 1 h), the mixture was warmed to
room temperature and the solvent was evaporated. The residue was di-
rectly purified by column chromatography (EtOAc/cHex 1:5) to give 23
(8 mg, 25%) as an inseparable mixture of two diasteroisomers (cis-1,9a/
trans-1,9a 3:1) as a white solid. Rf=0.16 (EtOAc/CH 1:5); 1H NMR
(400 MHz, CDCl3): d=1.23 (s, 3H; CH3 trans), 1.33 (s, 3H; CH3 cis),
1.55–2.09 (m, 12H; cyclohexyl-CH2), 2.56 (s, 2H; OH), 3.69–3.74 (ddd,
3J ACHTUNGTRENNUNG(H,H)=10.1, 5.0, 3.5 Hz, 1H; H1 cis), 3.78 (s, 1H; OH cis), 3.89–3.96
(ddd, 3J ACHTUNGTRENNUNG(H,H)=14.9, 10.4, 4.6 Hz, 1H; H1 trans), 3.97 (s, 1H; OH trans),
6.92–6.95 (m, 2H; Harom), 7.00–7.04 (m, 2H; Harom), 7.48–7.54 (m, 2H;
Harom), 7.84–7.87 ppm (m, 2H; Harom);


13C NMR (100 MHz, CDCl3): d=
16.6 (CH3 trans), 18.8 (CH3 cis), 19.6 (CH2 trans), 20.7 (CH2 cis), 26.9
(CH2 cis), 28.8 (CH2 trans), 32.9 (CH2 trans), 33.5 (CH2 cis), 70.4 (trans),
74.4 (cis), 74.6 (trans), 77.2 (cis), 77.6 (trans), 83.3 (cis), 83.4 (cis), 85.0
(trans), 118.4 (trans), 118.6 (cis), 121.3 (trans), 121.3 (cis), 126.7 (cis),
127.4 (trans), 136.8 (cis), 136.9 (trans), 159.2 (trans), 160.2 (cis), 195.9
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(trans), 197.3 ppm (cis); IR (KBr): ñ=1677 (C=O), 2932, 3410 cm�1


(OH); EI-MS: m/z (%): 248 (16) [M]+ , 177 (100); HR-EIMS: calcd:
248.1048; found: 248.1046.


1,9a-trans-4a,9a-trans-1,9a-Dihydroxy-4a-methyl-1,2,3,4,4a,9a-hexahy-
droxanthene-9-one (24): Sodium borohydride (7 mg, 0.180 mmol) was
added in portions to a solution of 22 (44 mg, 0.180 mmol) in dichlorome-
thane/methanol 1:1 (2 mL) under argon at �78 8C. The conversion was
monitored by TLC. After complete consumption of the starting material
(ca. 1 h), the mixture was warmed to room temperature and the solvent
was evaporated. The residue was directly purified by column chromatog-
raphy (EtOAc/cHex 1:2) to give 24 (17 mg, 42%) as a white solid. Rf=
0.44 (EtOAc/CH 1:2); 1H NMR (400 MHz, CDCl3): d=1.31 (s, 3H;
CH3), 1.65–1.73 (m, 1H; cyclohexyl-CH2), 1.89–1.93 (m, 1H; cyclohexyl-
CH2), 2.04–2.10 (m, 1H; cyclohexyl-CH2), 2.27–2.30 (m, 1H; cyclohexyl-
CH2), 2.67–2.74 (m, 1H; cyclohexyl-CH2), 3.29–3.36 (m, 1H; cyclohexyl-
CH2), 3.54 (s, 1H; OH), 6.96 (dd,


3J ACHTUNGTRENNUNG(H,H)=8.5, 4J ACHTUNGTRENNUNG(H,H)=0.6 Hz, 1H;
Harom), 7.06 (ddd,


3J ACHTUNGTRENNUNG(H,H)=8.2, 7.9, 4J ACHTUNGTRENNUNG(H,H)=0.9 Hz; Harom), 7.52 (ddd,
3J ACHTUNGTRENNUNG(H,H)=8.5, 7.2, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz; Harom), 7.92 ppm (dd,


3J ACHTUNGTRENNUNG(H,H)=8.2,
4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; Harom);


13C NMR (100 MHz, CDCl3): d=18.9
(CH3), 20.3, 28.6, 33.4 (cyclohexyl-CH2), 68.9, 75.0, 83.9, 119.4, 121.6,
121.8, 128.0, 136.9, 160.1, 193.9 ppm; IR (KBr): ñ=1463, 1608, 1658 (C=
O), 2948, 3437 cm�1 (OH); EI-MS: m/z (%): 248 (30) [M]+ , 121 (100);
HR-EIMS: calcd: 248.1048; found: 248.1047.
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Hexa- and Octacoordinate Carbon in Hydrocarbon Cages: Theoretical
Design and Characterization


Yang Wang, Yuanhe Huang,* and Ruozhuang Liu[a]


Introduction


The search for novel structures containing hypercoordinate
carbons has received increasing attention from both theoret-
icians and experimentalists, due to the potentially unique
properties of these structures, as well as the importance of
fundamental research.[1] Many compounds with planar or
nonplanar hypercoordinate carbon centers have been pre-
dicted theoretically[2] and exemplified experimentally.[3]


Among these compounds, hypercoordinate carbon in a pure
hydrocarbon is particularly attractive, for the following rea-
sons: First, hydrocarbons are ordinary organic compounds
with many applications. Second, because there are no
“hetero” atoms in these compounds, the neighboring atoms
contacting with the hypercoordinate carbon center are all
carbons, except for some compounds with hydrogen ligands,
such as protonated methane[4] and the pyramidal hydrocar-
bon cations.[5] The hexamethyl derivative of the pyramidal
dication (CH)5


+ containing a hexacoordinate carbon atom
was prepared[6] in superacid media by using various precur-
sors. Recently, a neutral saturated hydrocarbon cage con-
taining an exact-planar tetracoordinate carbon atom was
proposed[7] by computational design, which was expected to
have an ionization energy comparable to that of alkali


metals. More recently, a hydrocarbon cage dication (2, see
below) with a nonplanar hexacoordinate carbon atom was
also predicted theoretically.[8] However, compounds with all-
carbon ligands are still relatively rare among those com-
pounds identified or predicted to contain hypercoordinate
carbons. Are there more possible hydrocarbon structures
containing hypercoordinate carbons with all-carbon ligands?
Moreover, apart from the penta- and hexacoordination of
carbon, the examples for octacoordination of carbon are rel-
atively few. Recently, an effectively octacoordinate carbon
center in a planar cyclic compound CB8


[9] was predicted
computationally. Because CB8 is highly fluxional and under-
goes rapid low-barrier rearrangement among several distort-
ed structures, the central carbon atom in CB8 is, in fact,
linked to only five boron ligands, though it is effectively oc-
tacoordinate. More recently, an exact-octacoordinate carbon
center was designed in a carborane sandwich tetraanion
C[(BH)4]2


4�.[10] However, this compound is not a pure hydro-
carbon. Does an exact-octacoordinate carbon with all-
carbon ligands indeed exist in the strict sense?


To address these questions, we designed and constructed a
series of novel hydrocarbon cages containing hexa- and oc-
tacoordinate carbon centers by using a strategy similar to
that proposed by Minkin and Minyaev.[11] The structures de-
signed were expected to give the first examples of exact-oc-
tacoordinate carbon centers in pure hydrocarbons, and were
investigated theoretically. In contrast to previous studies, in
which different atoms and cations were squeezed into small
hydrocarbon cages,[12] these novel compounds are interesting
because they can be considered as hydrocarbon cage com-
plexes incorporating endohedral carbon cations.


Keywords: cage compounds ·
carboranes · density functional
calculations · hydrocarbons ·
octacoordinate carbon


Abstract: A new series of hydrocarbon cages containing hexa- and octacoordinate
carbon centers were designed theoretically by performing DFT calculations at the
B3LYP/6–311+G** level. Among these non-classical structures that were found
to still obey the 8e rule, the two tetracations with octacoordinate carbons may be
the first examples found in pure hydrocarbons. Structural characteristics, as well as
thermodynamic and kinetic stabilities, were also investigated theoretically for
these two octacoordinate tetracations. These hydrocarbon compounds containing
hypercoordinate carbon centers provide a challenge for synthetic organic chemists.
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Computational Methods


The geometric optimizations and energy calculations were performed by
using the Gaussian 98 program[13] based on the density functional theory
(DFT) method. The BeckeKs three-parameter hybrid functional with the
Lee–Yang–Parr correlation functional (B3LYP)[14–16] was used at the 6–
311+G** level. Once an optimized geometry was obtained, imaginary
frequencies were checked at the same level of theory by vibration analy-
sis to verify the genuine minimum on the potential energy surfaces (PES)
and to evaluate zero-point energy correction (ZPE).


The orbital-correlation diagram was obtained by using the CACAO[17]


program based on the extended HNckel method (EHMO),[18] which is in-
corporated in the CACAO package.


Results and Discussion


Structure design and the 8e rule : Two series of hydrocarbon
cages with hypercoordinate carbons were designed from two
fragments, triangular prism C6 and cuboid C8 (Figure 1).


Structures 1–7 containing hexacoordinate carbon were con-
structed from the fragment C6, and structures 8 and 9 con-
taining octacoordinate carbon were constructed from the
fragment C8. Note that some adjacent carbon atoms in the
fragments C6 and C8 are linked by CH2 groups to obtain
these hydrocarbon cages. These structures were all con-
firmed to be energy minima on the PES with no imaginary
frequency. Apart from dication 2, which has already been


predicted by Minyaev et al.,[8] all the other structures are
proposed for the first time. We wish to stress that structures
8 and 9 are the first pure hydrocarbon structures predicted
theoretically to contain exact-octacoordinate carbon atoms.


Unlike the 2 ACHTUNGTRENNUNG(N+1)2 rule for spherical molecules,[19] the
electron-counting rule for this series of cage structures is the
8e rule, which is similar to the case in the pyramidal cations
and carbon sandwich compounds.[1,9,11] That is, the number
of electrons for the multicenter bond formed between the
central carbon atom and the peripheral carbon atoms is
eight. This can be understood if we consider the multicenter
bond as the donor–accepter interaction between the central
carbon atom (electron acceptor) and the surrounding C=C
bonds (electron donors), as shown in Figure 2. The stabiliza-


tion of the system requires the eight-electron configuration
of the central atom. As a result, among the designed struc-
tures derived from the C6, 1, 2, and 4 are all dications, which
satisfy the requirements of the 8e rule. In addition, neutral
compounds 3 and 5, 6 are obtained by stripping two H+


from dications 2 and 4, respectively. By removing four fur-
ther H+ from isomers 5 or 6, we get tetraanion 7. Likewise,
for the structures derived from the C8, C4+ is introduced
into the neutral cage to satisfy the 8e rule, thus, we obtain
the octacoordinate tetracations 8 and 9. We failed to obtain
neutral structures with energy minima on the PES by strip-
ping four H+ from tetracations 8 and 9. However, we ob-
tained several neutral carboranes (11–14) with energy
minima on the PES after replacing four peripheral carbon
atoms of tetracations 8 and 9 by four boron atoms.


We considered other possible structures based on the
fragments C6 and C8. For example, we initially constructed
the two simplest structures, C7


2+ and C9
4+ , by placing C2+


and C4+ directly into the centers of C6 and C8, respectively.


Figure 1. The two basic structural fragments, triangular prism C6 and
cuboid C8.


Figure 2. Donor–acceptor interaction interpretation of the multicenter
bond.
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However, both optimized structures have several imaginary
frequencies, thus, do not correspond to energy minima on
the PES. This is due mainly to the high steric strain induced
by the adjacent three- or four-membered rings in the cage
framework. In addition, we also considered structure 10
with D4h symmetry. However, 10 was ultimately optimized


into a D2d structure with an or-
dinary tetracoordinate carbon
center, possibly because the
size of the outer cage of 10 with
eight-membered rings is too
large to bind a carbon atom in
the center stably. Therefore, be-
sides the 8e rule, another cru-
cial factor in the design of hy-
drocarbon cages with a hyper-
coordinate carbon center is the
size of the hydrocarbon cage,
which must be appropriate for
the hypercoordinate central
carbon to bind inside.


Theoretical characterizations :
Among the hexacoordinate
structures, dication 2 was inves-
tigated in detail theoretically by
using the B3LYP/6–311G**
method,[8] and the results are in
excellent agreement with those
obtained by our B3LYP/6–
311+G** calculations. The
structure characteristics, stabili-
ty, and electronic properties for
dication 4 are similar to those
for dication 2, as shown in
Table 1. Here, we focus on the-
oretical characterizations for
the novel structures 8 and 9
with octacoordinate carbon
centers.


The optimized geometries for
tetracations 8 and 9 and their


corresponding empty cages (denoted as cage-8 and cage-9,
respectively) are shown in Figure 3. These geometric struc-
tures were also optimized by using the second-order
Møller–Plesset perturbation theory (MP2)[20] at the 6–311+
G** level. The geometry parameters obtained by the DFT
and MP2 methods are indicated by bold and plain text, re-
spectively, in Figure 3. With the exception of the relatively
large discrepancies in bond lengths between these two meth-
ods for cage-9 (~0.041 P) and 9 (~0.024 P), the differences
in bond lengths and angles for the structures shown are less


Figure 3. Optimized geometries (bond lengths [P], bond angles [8]) for structures 8 and 9 and their corre-
sponding empty cages.


Table 1. Calculated DE [kcalmol�1], smallest vibration frequencies wmin


[cm�1], natural charges on the central carbon atom q [ je j ], and WBIs for
the C�C bonds between the central and the peripheral carbon atoms.


Structure DE wmin q WBI


C13H12
2+ 2 456.7 349 +0.172 0.63


C15H8
2+ 4 449.9 346 +0.222 0.61


C12H8
4+ 8 2041.7 291 �0.248 0.49


C12H8
4+ 9 2012.8 354 �0.183 0.49
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than 0.013 P and 1.48, respectively. Because the geometry
parameters calculated by the DFT method are comparable
to those obtained by the MP2 method, the following discus-
sions are based on the DFT results only.


The four C=C bond lengths in cage-8 and cage-9 are
about 1.46–1.48 P, and are stretched to about 1.58–1.60 P in
8 and 9. The other C�C bonds in the outer cage of 8 and 9
are also elongated upon the encapsulation of C4+ , similarly
to those in 2[8] and 4. Each of the eight C�C bonds between
the central atom and the peripheral atoms in 8 and 9 has a
bond length of about 1.56 P, which is close to the length of
an ordinary C�C single bond (~1.54 P). However, natural
bond-orbital (NBO)[21] analyses reveal that the Wiberg bond
indexes (WBIs)[22] of these C�C bonds are only 0.49 (see
Table 1), indicating that these bonds are much weaker than
an ordinary C�C single bond. The total WBI for the central
carbon atom in 8 and 9 is 3.98 and 4.07, respectively. Hence,
the octet rule is not violated for these octacoordinate
carbon atoms.


Besides the octacoordinate central carbon, the eight pe-
ripheral carbon atoms with an inverted umbrella-like config-
uration[23] make the structures of 8 and 9 more intriguing.
All four carbons attached to the umbrella-like carbon lie on
one side of a plane. Thus, the plane drawn through the three
carbon atoms attached to the umbrella-like carbon would in-
tersect the central bond that links the fourth carbon atom
and the umbrella-like carbon atom. Let us simply call the
distance from the intersection point to the umbrella-like
carbon center the “inverted distance”. The inverted distance
of the peripheral carbons in 8 and 9 is 0.51 and 0.58 P, re-
spectively. Hence, these peripheral carbons have an inverted
umbrella-like geometry. Compared with the inverted dis-
tance of about 0.1 P for the bridgehead carbon in the di-
chloropropellane, the eight peripheral carbons in 8 and 9
seem to be greatly “inverted”. As a result, structures 8 and
9 would have considerably high strain energy, which will be
discussed in detail below.


To investigate the thermodynamic stabilities of tetracat-
ions 8 and 9, we considered some possible isomers (15–25).


All of these isomers were calculated to be energy minima
on the PES. Table 2 lists the calculated relative energies and
the smallest vibration frequencies for tetracations 8 and 9


and their isomers. Among these isomers, the phenalene-like
tetracation 24 is probably the global minimum for the
C13H8


4+ and lies 352 and 404 kcalmol�1 below 8 and 9, re-
spectively. Other planar (20, 24, 25) or bowl-like (21–23)
structures are at least 300 kcalmol�1 lower in energy than 8.
Compared with the above isomers, isomers 15–19, which
have cage frameworks, have relatively high energy, due to
the strain of the cage. Nevertheless, they are still at least
80 kcalmol�1 lower in energy than 8. Therefore, tetracations
8 and 9 are higher in energy than their isomers. This may be
due to the large strain induced by the eight umbrella-like
carbons in 8 and 9.


A better way to estimate the strain energy of the mole-
cule with small rings is to calculate the energy change for an
appropriately-designed isodesmic[24] or homodesmotic[25] re-
action. Therefore, we calculated the strain energies for the
neutral empty cages of 8 and 9, based on the following ho-
modesmotic reaction:


C12H8 ðcage-8 or cage-9Þ þ 4 CH2¼CH2 þ 8 CH3�CH3


! 4 H2C¼CðCH3Þ�CðCH3Þ¼CH2 þ 4 CH3�CH2�CH3


ð1Þ


Table 2. Calculated relative energies Erel [kcalmol�1] and smallest vibra-
tion frequencies wmin [cm�1] for the tetracations 8 and 9 and their iso-
mers.


Compound Erel wmin Compound Erel wmin


8 �51 291 20 �351 73
9 0 354 21 �362 131
15 �167 318 22 �371 135
16 �147 205 23 �357 70
17 �136 192 24 �404 113
18 �177 318 25 �381 130
19 �156 254
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The strain energy is calculated as the energy difference
between reagents and products in Equation (1), and was de-
termined for cage-8 and cage-9 to be 187 and 209 kcalmol�1,
respectively. Another isomer of C12H8, dicubane,[26] has a
strain energy of 347 kcalmol�1, which is much higher than
that of cage-8 or cage-9, and is in accordance with that
(373 kcalmol�1) reported by Minyaev et al.[27] Thus, both
cage-8 and cage-9 are more stable than dicubane.


It is impossible, however, to describe appropriate homo-
desmotic reactions for tetracations 8 and 9, as we could not
find any aliphatic hydrocarbon containing an octacoordinate
carbon center that could be regarded as one of the products
of the homodesmotic reactions. As mentioned above, tetra-
cations 8 and 9 contain eight greatly inverted umbrella-like
carbons, each of which would contribute to a considerable
strain energy, compared to the strain energies of about
100 kcalmol�1 for propellanes.[23] Therefore, tetracations 8
and 9 are of even higher energy than other cage isomers
(15–19).


Although tetracations 8 and 9 are thermodynamically un-
stable with respect to their isomers, the relatively high
values of the smallest vibration frequencies (291 and
354 cm�1 for 8 and 9, respectively) suggest that structures 8
and 9 correspond to relatively deep local minima, which is
similar to the case of prismanes.[27] Therefore, we considered
whether tetracations 8 and 9 would have relatively high dy-
namic stabilities. We studied the rearrangement reactions of
8 to 15 and of 9 to 16 and 17, as shown in Scheme 1, and
found that the rearrangement of 8 to 15 has a transition
state 26 and an energy barrier of about 15 kcalmol�1. In
comparison, there are two possible low-energy-barrier rear-
rangements for 9. One is from 9 to 16 through the transition
state 27 with an energy barrier of about 6 kcalmol�1, and
the other is from 9 to 17 through 28 with a barrier of about
7 kcalmol�1. Both rearrangements have a rather low energy
barrier. Furthermore, as both 16 and 17 are about


140 kcalmol�1 lower in energy than 9, the rearrangements of
9 to 16 and 17 are almost irreversible. As a result, tetra-
cation 9 would have a lower kinetic stability. However, for
the rearrangement of 8, the energy barrier of about
15 kcalmol�1 is much higher than that for the rearrange-
ments of 9. Hence, tetracation 8 should be kinetically more
stable than 9. It is expected that tetracation 8 would be ki-
netically relatively stable, if it can indeed be produced.


One of the reasons for the relative stability of tetracation
8 is the delocalization of the positive charge of the central
C4+ . We calculated the energy effect DE for the insertion of
C4+ into the neutral hydrocarbon cage-8, with consideration
of the zero-point energy correction. As listed in Table 1, the
insertion reaction is significantly exothermal, with DE=


2041.7 kcalmol� for tetracation 8, similar to the case for 2,[8]


4, and 9. The large exothermal effect may be due mainly to
the delocalization of the positive charge in the combined
system. Results of NBO analyses show that the central
carbon atom in tetracation 8 carries a negative charge of
�0.248. The positive charges of C4+ are transferred and dis-
persed to the peripheral carbon and the hydrogen atoms.
This delocalization of the positive charge accounts for the
relative stability of tetracation 8.


On the other hand, the relative stability of tetracation 8 is
also attributed to the formation of a multicenter bond be-
tween the central carbon atom and the peripheral carbon
atoms. The multicenter bond in 8 was investigated by con-
ducting molecular orbital (MO) analyses to elucidate the oc-
tacoordination of the central carbon atom. As shown in the
orbital-correlation diagram illustrated in Figure 4, the stabil-
ity of 8 is due mainly to the two bonding MOs with a2u and
eu symmetries. The a2u bonding MO is formed by the inter-
action of the a2u MO of the empty cage with the pz atomic
orbital (AO) of C4+ . The eu bonding MO results from the
interaction of the eu MO with the px,py AOs. Because the eu
MO of 8 is the highest-occupied MO (HOMO) and has the
bonding character of the central carbon, the stripping of
more electrons from this tetracation would destabilize the
system. In fact, the hexacation obtained by removing two
electrons from 8 is found to be a second-order saddle point
(two negative force constants) on the PES. Similarly, we
failed to obtain energy minima on the PES for the dication
and neutral structure of 8, because the lowest-unoccupied
MO (LUMO) (b1g) and LUMO+1 (eg) have antibonding
character.


Scheme 1. Rearrangement reactions of 8 to 15 and of 9 to 16 and 17.
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Conclusion


We have designed computationally several possible hydro-
carbon cages with hexa- and octacoordinate carbon centers.
These non-classical compounds were verified by the results
of DFT calculations to be energy minima on the PES. The
two tetracations, 8 and 9, may be the first examples of pure
hydrocarbon compounds containing exact-octacoordinate
carbons.


There are several crucial factors in the strategy for con-
structing these hydrocarbon cages with hypercoordinate car-
bons. First, these compounds originate from a fragment
composed of a carbon center acting as an electron-acceptor
and several surrounding C=C double bonds acting as elec-
tron-donors. Second, to stabilize the system, the number of
electrons should obey the 8e rule. Finally, the cage frame-
work should have sufficient structural rigidity and a suitable
size to accommodate stably the hypercoordinate carbon
center inside.


The tetracations 8 and 9 are particularly interesting be-
cause these structures contain not only octacoordinate cen-
tral carbons, but also eight greatly inverted umbrella-like
carbons. Tetracations 9 can be more easily converted into
other energetically more stable cage isomers than tetraca-
tion 8. The stabilization of tetracation 8 is attributed to the
redistribution of charge from the central C4+ over the whole


cage and the multicenter bond formed between the a2u and
eu bonding MOs of the central carbon atom and the periph-
eral carbon atoms.


The synthesis of the hydrocarbon compounds 8 and 9 is a
challenge to organic chemists. Tetracation 9 should be more
difficult to produce, due to its relatively low thermodynamic
and kinetic stabilities. However, the relatively high kinetic
stability of tetracation 8 should make its synthesis in prac-
tice a possibility. We hope to motivate synthetic organic
chemists to synthesize these intriguing hydrocarbon cages
containing hypercoordinate carbons.
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AVersatile and Efficient Ligand for Copper-Catalyzed Formation of C�N,
C�O, and P�C Bonds: Pyrrolidine-2-Phosphonic Acid Phenyl Monoester


Honghua Rao,[a] Ying Jin,[a] Hua Fu,*[a] Yuyang Jiang,[a, b] and Yufen Zhao[a]


Introduction


Transition-metal-catalyzed formation of C�N,[1] C�O,[2] and
P�C[3] bonds by cross-coupling reactions is a powerful
means for the preparation of numerous important products
in biological, pharmaceutical, and materials sciences. Al-
though some significant achievements in the palladium-cata-
lyzed N-arylation of amines/amides,[4] O-arylation of substi-
tuted phenols,[5] and formation of P�C bonds[6] have been
made, the drawbacks of the catalyst systems, such as sensi-
tivity to air, high cost, and toxicity, limit their applications.
During the past few years, great progress in copper-cata-
lyzed N-arylation of amines/amides[7] and O-arylation of
substituted phenols[8] and alcohols[9] has been made, which
strongly relied on the utilization of some special bidentate
additives, for example, aliphatic diamines,[10] 1,10-phenan-
throline and its derivatives,[11] ethylene glycol,[12a] diethylsali-
cylamide,[12b] amino acids,[13] oxime-type and Schiff-base li-
gands,[14] thiophene-2-carboxylate,[15] bidentate phos-


phines,[16] and diphosphinidenecyclobutene[17] for N-arylation
of amines/amides; 1-naphthoic acid,[8a] 2,2,6,6-tetramethyl-
heptane-3,5-dione,[8b] phosphazene P4-tBu base,


[8c] N,N-dime-
thylglycine,[8d] 8-hydroxyquinoline,[8e] neocuproine,[8f] salicy-
laldoxime (Salox)[8g] for O-arylation of substituted phenols
and alcohols. However, to the best of our knowledge, most
of the above-mentioned ligands can only be used in one or
two kinds of copper-catalyzed reactions, examples of
copper-mediated P�C bond formation are rare,[18] and there
is no general ligand for copper-catalyzed carbon–heteroatom
(N, O, P) bond formation in cross-coupling reactions. Hence,
the search for new and general ligands is essential for
copper-catalyzed cross-coupling reactions. Here we report
on pyrrolidine-2-phosphonic acid phenyl monoester
(PPAPM) as a versatile and efficient bidentate ligand for
the copper-catalyzed formation of C�N, C�O, and P�C
bonds.


Results and Discussion


The ligand PPAPM was readily synthesized according to the
reported procedure. Reaction of 1-pyrroline trimer with di-
phenyl phosphite led to diphenyl pyrrolidine-2-phosphonate,
whose hydrolysis in LiOH provided PPAPM (Scheme 1).[19]


Copper-catalyzed N-arylation reactions : We first chose ani-
line and bromobenzene as model substrates to optimize the
catalysis conditions (copper source, base, solvent, amount of
catalyst and PPAPM ligand) to achieve the best results in
the cross-coupling reactions (Table 1). CuSO4, CuBr, CuCl2,
CuI (entries 1–4 in Table 1) were tested as copper source in
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the Ullmann condensation with toluene as solvent and
K2CO3 as base, and the results showed that CuI was the best
catalyst. In the following optimization process, we found
that coupling reactions with K3PO4 as base (entries 4–7 in
Table 1) and DMF as the solvent (entries 7–9 in Table 1)
could afford higher yields. However, no N-arylation product
was obtained in the absence of PPAPM, which showed that
the ligand could promote N-arylation of amines (entry 10 in
Table 1). Further experiments showed that the catalyst
system containing 10 mol% CuI and 20 mol% PPAPM rela-
tive to aniline was the optimal choice. Under our optimal
conditions, proline[13] and N,N,N’,N’-tetramethylethylenedia-
mine,[10] which are usually used as standard ligands in
copper-catalyzed cross-coupling reactions, afforded 57 and
59% yield (entries 11 and 12 in Table 1), while our ligand
PPAMP gave 70% yield (entry 9 in Table 1).
Coupling reactions of aryl halides with nitrogen-contain-


ing compounds were carried out under the optimal catalysis
conditions: 10 mol% CuI as copper source, 20 mol%
PPAPM as ligand, 2.2 equiv of K3PO4 as base, and DMF as
solvent. We attempted to couple aryl halides with amines,
amides, indole, and imidazole. The desired amination prod-
ucts of aryl bromides and iodides were obtained in good to


excellent yields (Table 2), and even the sterically crowded
2,6-dimethylaniline gave satisfactory yields (entries 14 and
15 in Table 2). The results showed that the ligand could pro-
mote the conversion of all of the substrates to the corre-
sponding arylamines, and the reactions could tolerate sub-
stituents with different electronic effects on both aryl halide
and amine. Aryl iodides displayed higher reactivity than aryl
bromides in the coupling reactions. For example, the cou-
pling reaction of 1-bromo-4-iodobenzene with 4’-aminoace-
tophenone, 2-nitroaniline, or N-methylaniline (entries 16–18
in Table 2) yielded the target products 3o, 3p, and 3q with a
bromo substituent on the benzene ring.
Encouraged by the above promising results, the coupling


reactions of phenylhydrazine with aryl halides were also car-
ried out under our standard reaction conditions, and the cor-
responding N-arylation products were obtained in moderate
to good yields (entries 28–33 in Table 2). The A-type prod-
ucts were obtained for reaction of aryl halides with substitu-
ents in meta or para position (entries 29–33 in Table 2), and
the B-type product for ortho-substituted aryl halide
(entry 28 in Table 2, Scheme 2), which was confirmed by
1H NMR spectroscopy and is consistent with the litera-
ture.[20] In addition, the addition of an equivalent of LiCl[21]


relative to phenylhydrazine to the reaction system could
greatly improve the yields of the desired products (en-
tries 31 and 33 in Table 2). However, the addition of one
equivalent of NaCl could only slightly increase the yields
(entries 32 and 33 in Table 2).
Coupling reactions of chlorobenzene with an amine, an


amide, and an indole were also tested, and the chloride
showed lower reactivity compared with bromides and io-
dides (entries 34–36 in Table 1). The results in Table 1 indi-
cate the reactivity order of the aryl halides: iodides>bro-
mides>chlorides.


Copper-catalyzed O-arylation reactions : We performed a
similar optimization process for copper-catalyzed O-aryla-
tion, and the optimal cross-coupling conditions were found
(see Table 3). For example, bromobenzene (1 equiv) and
phenol (1.5 equiv) were treated with Cs2CO3 (2.1 equiv),
PPAPM (20 mol%), and CuI (10 mol%) in DMF (2.0 mL)
at 110 8C under nitrogen atmosphere, and diphenyl ether
was isolated in 98% yield (entry 1 in Table 3), while it was
obtained in 19 (entry 21 in Table 3) and 69% (entry 22 in
Table 3) yield, respectively, in the absence of PPAPM and
with proline as ligand. This shows that PPAPM can greatly
improve the activity of the catalyst.
Coupling reactions of aryl halides with various substituted


phenols and alcohols were carried out under the optimal
catalysis conditions (10 mol% CuI as copper source,
20 mol% PPAPM as ligand, 2.2 equiv of Cs2CO3 as base,
DMF as solvent), and the desired aryl ether products were
obtained in good to excellent yields (Table 3). We found
that the PPAPM could promote the conversion of all of the
substrates to the corresponding aryl ethers, and aryl iodides
showed higher reactivity than aryl bromides in the coupling
reactions. For example, the coupling of 1-bromo-4-iodoben-


Scheme 1. Synthesis of PPAPM. a) 3 equiv NaOH, 25% aqueous
Na2S2O8, 0.0005 equiv AgNO3, 0 8C to RT; b) 3 equiv HP(O) ACHTUNGTRENNUNG(OPh)2,
85 8C, N2; c) anhydrous Et2O, gaseous HCl; d) CH3CN, LiOH (1m aque-
ous).


Table 1. Copper-catalyzed N-arylation of aniline: optimization of the cat-
alysis conditions and comparison of PPAPM with standard ligands.[a]


Entry Catalyst Base Solvent Yield [%][b]


1 CuSO4 K2CO3 toluene 39
2 CuBr K2CO3 toluene 46
3 CuCl2 K2CO3 toluene 35
4 CuI K2CO3 toluene 57
5 CuI Na2CO3 toluene 30
6 CuI Cs2CO3 toluene 51
7 CuI K3PO4 toluene 65
8 CuI K3PO4 1,4-dioxane 53
9 CuI K3PO4 DMF 70
10 CuI K3PO4 DMF trace[c]


11 CuI K3PO4 DMF 57[d]


12 CuI K3PO4 DMF 59[e]


[a] Reaction conditions: bromobenzene (1.5 mmol), aniline (1.0 mmol),
catalyst (0.05 mmol), ligand (0.2 mmol), base (2.0 mmol), solvent
(2.0 mL) under N2. [b] Yield of isolated product. [c] No addition of
PPAPM. [d, e] With proline and N,N,N’,N’-tetramethylethyldiamine, re-
spectively, as standard ligand instead of PPAPM for the coupling reaction
under our optimal conditions.
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zene with phenol yielded the
target product 5h with a bromo
substituent on the benzene ring
(entry 10 in Table 3). We also
tested reactions of alkyl alco-
hols with aryl halides, and aryl
iodides showed higher reactivi-
ty than aryl bromides (en-
tries 17–19 in Table 3). Cou-
pling of chlorobenzene with
phenol (entry 20 in Table 3),
however, afforded the desired
ether product in only 20%
yield. Table 3 indicates the re-
activity order of the aryl ha-
lides: iodides>bromides>chlo-
rides, which is similar to the re-
sults in Table 2.


Copper-catalyzed P-arylation
reactions : Phosphonates and
functionalized monoarylphos-
phinic acids are valuable inter-
mediates for the preparation of
biological and medicinal com-
pounds and synthetic intermedi-
ates, but copper-catalyzed
methods to access them are cur-
rently limited.[18] We established
optimal catalysis conditions for
the copper-catalyzed formation
of P�C bonds: 20 mol% CuI as
copper source, 20 mol%
PPAPM as ligand, Cs2CO3 or
DMAP as base, and toluene or
DMF as solvent.
As shown in Table 4, the re-


actions with aryl iodides afford-
ed moderate to good yields, but
aryl bromides showed low reac-
tivity (entries 13, 15, 17 in
Table 4). However, reaction of
aryl bromide with 2 equiv of KI
for 12 h under the optimal con-
dition provided the correspond-
ing aryl iodide (Scheme 3), and
when 7 was added to the result-
ing solution, the desired prod-
ucts was obtained in good yield
(entries 14, 16, 18 in Table 4).
Functionalized monoarylphos-
phinic acid 8k was obtained by
reaction of phenyl iodide with
ammonium hypophosphite
(entry 11 in Table 4); addition
of an excess of phenyl iodide to
the reaction system led to di-


Table 2. Copper-catalyzed cross-coupling of aryl halides with amines, amides, indole, imidazole, and phenylhy-
drazine.[a]


Entry Aryl halide Product T [8C] t [h] Yield [%][b]


1 90 16 95


2 90 24 87


3 90 30 91


4 90 30 87


5 110 36 77


6 110 30 90


7 110 30 83


8 110 30 86


9 110 30 84


10 110 36 85


11 110 36 82


12 110 36 80


13 100 30 89


14 100 30 75


15 110 30 82


16 110 24 91


17 90 20 98


18 110 36 71


19 110 30 89


20 100 20 94
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substituted product 8 l in 41%
yield (entry 12 in Table 4).


Conclusion


We have developed a general
and efficient protocol for the
formation of C�N, C�O, and
P�C bonds by copper-catalyzed
cross-coupling. Addition of the
new and readily available bi-
dentate PPAMP ligand could
greatly promote the reactivity
of the catalyst system. The ver-
satile and efficient copper/
ligand catalyst system is of
widespread and practical appli-
cation in cross-coupling reac-
tions.


Experimental Section


General methods : All reactions were
carried out under nitrogen atmos-
phere. DMF was freshly distilled from
CaH2.


1H and 13C NMR spectra were
recorded with tetramethylsilane and
solvent as internal standard (1H NMR:
TMS at d=0.00 ppm, CDCl3 at d=


7.24 ppm, DMSO at d=2.50 ppm;
13C NMR: CDCl3 at d=77.0 ppm).
85% aqueous H3PO4 was used as ex-
ternal reference for 31P NMR spectra.


Synthesis of pyrrolidine-2-phosphonic
acid phenyl monoester hydrochloride
(PPAPM): A mixture of 1-pyrroline
trimer[19a] (15 mmol, 3.11 g) and di-
phenyl phosphite (45 mmol, 10.53 g)
was heated under nitrogen atmosphere
to give crude diphenyl pyrrolidine-2-
phosphonate, which was dissolved in
dry diethyl ether (100 mL). The result-
ing solution was filtered, and the fil-
trate was saturated with dry HCl gas.
The precipitated diphenyl pyrrolidine-
2-phosphonate hydrochloride was col-
lected by filtration, washed with dieth-
yl ether, and recrystallized from ace-
tone[19b] to give the pure product as
a white solid. Then the product
(14 mmol, 4.75 g) was dissolved in


CH3CN/H2O (1/1; 25 mL) solution, and aqueous LiOH (1m, 30 mL) was
added dropwise.[19c] After 3 h, the mixture was extracted with CH2Cl2, the
aqueous solution acidified with HCl (3m) to pH 3 and evaporated, the
residue dissolved in CH3OH and filtered, and the filtrate dried (MgSO4),
and evaporated to give the desired product as a white solid. Total yield
32% (3.80 g), m.p. 123–125 8C. 31P NMR (D2O, 121 MHz): d=11.97.
1H NMR (D2O, 300 MHz): d=7.32 (t, J=7.57 Hz, 2H), 7.21 (t, J=
7.57 Hz, 1H), 7.07 (d, J=7.22 Hz, 2H), 4.29–4.33 (m, 1H), 3.42–3.46 (m,
2H), 2.07–2.48 ppm (m, 4H); 13C NMR (D2O, 75 MHz): d=149.4, 130.1,
120.8, 115.6, 54.0, 51.9, 26.8, 24.3 ppm; HR-ESI-MS: [M+H]+ m/z calcd
for C10H15NO3P: 228.0790; found: 228.0796.


Table 2. (Continued)


Entry Aryl halide Product T [8C] t [h] Yield [%][b]


21 110 28 84


22 100 24 96


23 110 30 95


24 110 36 87


25 100 24 86


26 110 30 85


27 95 24 89


28 110 36 74[c]


29 110 36 77[c]


30 100 36 82[c]


31 110 36 84[c]


32 110 36 56[d]


33 110 36 51[e]


34 120 48 39


35 120 48 33


36 120 48 32


[a] Reaction conditions: CuI (0.2 mmol), ligand (0.4 mmol), K3PO4 (4.4 mmol) in DMF (3 mL) under N2. 1
(2 mmol for entries 1–15, 19, 21–22, 25–26 and 28–36; 3 mmol for other entries), 2 (3 mmol). [b] Yield of isolat-
ed product. [c] Additive (3 mmol of LiCl). [d] Additive (3 mmol of NaCl). [e] No salt additive.


Scheme 2. Copper-catalyzed reaction of phenylhydrazine with aryl ha-
lides.
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General procedure for the preparation
of compounds 3a–y : A flask was
charged with PPAPM hydrochloride
(100 mg, 0.4 mmol) and potassium
phosphate (607 mg, 4.4 mmol), evacu-
ated and backfilled with nitrogen at
low temperature. Aryl halide (2 mmol
for entries 1–15, 19, 21, 22, 25, 26, and
34–36; 3 mmol for other entries in
Table 2), and nitrogen-containing com-
pound 2 (3 mmol), and DMF (3 mL)
were added under nitrogen atmos-
phere. After 30 min, CuI (40 mg,
0.2 mmol) was added under nitrogen
atmosphere. The flask was immersed
in an oil bath, and the reaction mix-
ture was stirred at the temperature
and for the reaction time indicated in
Table 1. The reaction mixture was
cooled to room temperature, ethyl
acetate (10 mL) was added, the result-
ing suspension was filtered, the filtrate
was concentrated, and the residue was
purified by column chromatography
on silica gel (hexane/EtOAc 20/1 to 2/
1) to give the desired product.


General procedure for the preparation
of compounds 3z, 3a’–c’: A flask was
charged with phenylhydrazine
(2 mmol), salt (3 mmol, LiCl for en-
tries 28–31, NaCl for entry 32, no addi-
tive for entry 33 in Table 2), and DMF
(3 mL), evacuated and backfilled with
nitrogen. After 1 h, PPAPM hydro-
chloride (100 mg, 0.4 mmol), potassi-
um phosphate (607 mg, 4.4 mmol), and
aryl halide (2 mmol) were added
under nitrogen atmosphere at low
temperature. After a further 30 min,
CuI (40 mg, 0.2 mmol) was added. The
flask was immersed in an oil bath, and
the reaction mixture was stirred at the
temperature and for the reaction time
indicated in Table 1. The reaction mix-
ture was cooled to room temperature,
ethyl acetate (10 mL) was added, the
resulting suspension was filtered, the
filtrate was concentrated, and the resi-
due was purified by column chroma-
tography on silica gel (hexane/EtOAc
10/1 to 6/1) to give the desired prod-
uct.


N-cyclohexylaniline (3a):[22] Colorless
oil, yield 95% (333 mg). 1H NMR
(CDCl3, 300 MHz): d=7.16 (t, J=
7.74 Hz, 2H), 6.67 (t, J=7.57 Hz, 1H),
6.61 (d, J=7.91 Hz, 2H), 3.75 (br s,
1H), 3.25–3.28 (m, 1H), 2.03 �2.08
(m, 2H), 1.74–1.79 (m, 2H), 1.63–1.67
(m, 1H), 1.13–1.42 ppm (m, 5H);
13C NMR (CDCl3, 75 MHz): d=147.1,
129.4, 117.3, 113.5, 52.0, 33.5, 26.0,
25.1 ppm; HR-EI-MS: [M]+ m/z calcd
for C12H17N: 175.1361; found:
175.1368.


N-dodecylaniline (3b):[23] Milk-white
oil, yield 87% (455 mg). 1H NMR
(CDCl3, 300 MHz): d=7.18 (t, J=


Table 3. Copper-catalyzed cross-coupling of aryl halides with substituted phenols and alkyl alcohols.[a]


Entry Aryl halide Product t [h] Yield [%][b]


1 18 98


2 20 96


3 36 93


4 14 96


5 16 94


6 15 96


7 36 71


8 17 93


9 36 83


10 13 97


11 15 95


12 36 83


13 13 95


14 13 93


15 15 92


16 30 96


17 36 91


18 36 89


19 36 60


20 36 20


21 48 19[c]


22 30 69[d]


[a] Reaction conditions: aryl halide (2 mmol for entries 1–9 and 11–20, 3 mmol for entry 10), aryl phenol or
alkyl alcohol (3 mmol), L (0.4 mmol), CuI (0.2 mmol), Cs2CO3 (4.4 mmol), DMF (3 mL) at 110 8C under N2.
[b] Yield of isolated product. [c] No ligand was used. [d] Proline was used instead of PPAPM.
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Table 4. Copper-catalyzed cross-coupling of aryl iodides with H-phosphonates and hypophosphite[a,b]


Entry 1 7 Product Base Solvent Yield [%][c]


1 ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene 73


2 ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene 77


3 ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene 81


4 ACHTUNGTRENNUNG(EtO)2P(O)H Cs2CO3 toluene 75


5 ACHTUNGTRENNUNG(EtO)2P(O)H Cs2CO3 toluene 73


6 ACHTUNGTRENNUNG(EtO)2P(O)H Cs2CO3 toluene 78


7 Cs2CO3 toluene 85


8 Cs2CO3 toluene 79


9 Cs2CO3 toluene 82


10 (Ph)2P(O)H Cs2CO3 toluene 71


11 NH3·H3PO2 DMAP DMF 74


12 NH3·H3PO2 DMAP DMF 41


13
14


ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene
25
70[d]


15
16


ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene
20
70[d]


17
18


ACHTUNGTRENNUNG(iPrO)2P(O)H Cs2CO3 toluene
24
70[d]


[a] Reaction conditions: 1 (2 mmol), 7 (3 mmol), base (4.4 mmol) for entries 1–11; 1 (7 mmol), 7 (3 mmol), base (6.6 mmol) for entry 12; solvent (5 mL)
at 110 8C for 36 h under N2. [b] The resulting solution was evaporated, then the residue was diluted with water, washed with diethyl ether, acidified with
KHSO4 (1m, saturated with NaCl); extracted with ethyl acetate for entries 11, 12. [c] Yield of isolated product. [d] After reaction of aryl bromide with
2 equiv of KI for 12 h under the optimal condition for entries 13, 15, 17, 7 was added to the resulting solution, and the reaction lasted for 36 h (entries 14,
16, 18).
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7.54 Hz, 2H), 6.70 (t, J=7.20 Hz, 1H), 6.62 (d, J=7.89 Hz, 2H), 3.11 (t,
J=7.03 Hz, 2H), 1.67–1.65 (m, 2H), 1.29 (m, 18H), 0.91 ppm (t, J=
6.00 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d=148.7, 129.3, 117.2, 112.8,
44.1, 32.1, 29.7, 29.6, 29.5, 27.3, 22.8, 14.2 ppm; HR-EI-MS: [M]+ m/z
calcd for C18H31N: 261.2457; found: 261.2461.


4-phenylmorpholine (3c):[24] White solid, yield 91% (297 mg), m.p. 51–
54 8C(lit.[24c] 54 8C). 1H NMR (CDCl3, 300 MHz): d=7.29 (t, J=7.89 Hz,
2H), 6.88–6.96 (m, 3H), 3.88 (t, J=4.83 Hz, 4H), 3.17 ppm (t, J=
4.83 Hz, 4H); 13C NMR (CDCl3, 75 MHz): d=151.2, 129.3, 120.7, 116.0,
67.0, 49.6 ppm; HR-EI-MS: [M]+ m/z calcd for C10H13NO: 163.0997;
found: 163.0990.


4-(4-methoxyphenyl)morpholine (3d):[25] White solid, yield 87%
(337 mg), m.p. 72–74 8C (lit.[25b] 75 8C). 1H NMR (CDCl3, 300 MHz): d=
6.90 (d, J=9.29 Hz, 2H), 6.85 (d, J=9.29 Hz, 2H), 3.86 (t, J=4.82 Hz,
4H), 3.77 (s, 3H), 3.06 ppm (t, J=4.82 Hz, 4H); 13C NMR (CDCl3,
75 MHz): d=154.1, 145.7, 117.9, 114.6, 67.1, 55.7, 50.9 ppm; HR-EI-MS:
[M]+ m/z calcd for C11H15NO2: 193.1103; found: 193.1110.


Diphenylamine (3e):[26] White solid, yield 77% (261 mg), m.p. 52–53 8C
(lit.[26b] 54 8C). 1H NMR (CDCl3, 300 MHz): d=7.24–7.29 (m, 4H), 7.08
(d, J=7.57 Hz, 4H), 6.93 ppm (t, J=7.22 Hz, 2H); 13C NMR (CDCl3,
75 MHz): d=143.1, 129.4, 121.2, 118.0 ppm; HR-EI-MS: [M]+ m/z calcd
for C12H11N: 169.0891; found: 169.0886.


N-(2-nitrophenyl)aniline (3 f):[24] Yellow powder, yield 90% (386 mg),
m.p. 72–74 8C (lit.[24b] 75.5 8C). 1H NMR (CDCl3, 300 MHz): d=9.50 (br s,
1H), 8.21 (dd, J=7.22, 1.38 Hz, 1H), 7.35–7.45 (m, 3H), 7.21–7.29 (m,
4H), 6.78 ppm (t, J=6.88 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d=


143.1, 138.7, 135.7, 132.3, 129.7, 126.7, 125.7, 124.4, 117.5, 116.0 ppm; HR-
EI-MS: [M]+ m/z calcd for C12H10N2O2: 214.0742; found: 214.0748.


N-(3-nitrophenyl)aniline (3g):[27] White solid, yield 83% (356 mg), m.p.
85–87 8C (lit.[27] 89 8C). 1H NMR (CDCl3, 300 MHz): d=7.84 (s, 1H), 7.69
(d, J=7.84 Hz, 1H), 7.29–7.38 (m, 4H), 7.14 (d, J=8.25 Hz, 2H), 7.08 (t,
J=7.57 Hz, 1H), 5.90 ppm (br s, 1H); 13C NMR (CDCl3, 75 MHz): d=
145.2, 141.0, 140.2, 130.1, 129.8, 123.3, 121.9, 120.0, 114.8, 110.4 ppm; HR-
EI-MS: [M]+ m/z calcd for C12H10N2O2: 214.0742; found: 214.0750.


N-(4-nitrophenyl)aniline (3h):[27] Yellow powder, yield 86% (369 mg),
m.p. 132–135 8C (lit.[27] 131 8C). 1H NMR (CDCl3, 300 MHz): d=8.12 (d,
J=9.27 Hz, 2H), 7.39 (t, J=7.56 Hz, 2H), 7.16–7.22 (m, 3H), 6.94 (d, J=
9.27 Hz, 2H), 6.37 ppm (br s, 1H); 13C NMR (CDCl3, 75 MHz): d=150.3,
139.8, 139.6, 129.8, 126.3, 124.8, 122.0, 113.8 ppm; HR-EI-MS: [M]+ m/z
calcd for C12H10N2O2: 214.0742; found: 214.0747.


Methyl 2-(phenylamino)benzoate (3 i):[24] White solid, yield 84%
(382 mg), m.p. 54–56 8C (lit.[24a] 52–54 8C). 1H NMR (CDCl3, 600 MHz):
d=9.46 (br, 1H), 7.95 (dd, J=8.25, 1.37 Hz, 1H), 7.33 (t, J=7.91 Hz,
2H), 7.29 (td, J=6.87, 1.37 Hz, 1H), 7.23–7.25 (m, 3H), 7.08 (t, J=
7.56 Hz, 1H), 6.71 (t, J=7.56 Hz, 1H), 3.88 ppm (s, 3H); 13C NMR
(CDCl3, 150 MHz): d=169.0, 148.0, 140.9, 134.2, 131.7, 129.5, 123.7,
122.6, 117.2, 114.1, 112.0, 51.9. 51.9 ppm; HR-EI-MS: [M]+ m/z calcd for
C14H13NO2: 227.0946; found: 227.0951.


1-(4-phenylamino)phenyl methyl ketone (3 j):[28] White solid, yield 85%
(359 mg), m.p. 105–106 8C (lit.[28] 106 8C). 1H NMR (CDCl3, 300 MHz):
d=7.79 (dd, J=8.94, 1.72 Hz, 1H), 7.32 (m, 3H), 7.14 (d, 4H), 6.98 (dd,
J=8.60, 1.72 Hz, 1H), 2.52 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=
196.5, 152.1, 146.4, 129.9, 129.6, 125.9, 124.6, 119.6, 26.2 ppm; HR-EI-MS:
[M]+ m/z calcd for C14H13NO: 211.0997; found: 211.0995.


N-(2-methoxyphenyl)aniline (3k):[26] Yellow oil, yield 82% (327 mg).
1H NMR (CDCl3, 300 MHz): d=7.23–7.28 (m, 3H), 7.13 (d, J=7.91 Hz,
2H), 6.92 (t, J=7.40 Hz, 1H), 6.84–6.53 (m, 3H), 6.14 (br s, 1H),
3.85 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=148.4, 142.9, 133.1,
129.4, 121.3, 120.9, 120.0, 118.7, 114.8, 110.7, 55.7 ppm; HR-EI-MS: [M]+


m/z calcd for C13H13NO: 199.0997; found: 199.0993.


4-Methoxy-N-(2-nitrophenyl)aniline (3 l):[29] Yellow solid, yield 80%
(391 mg), m.p. 87–88 8C (lit.[29a] 87–88 8C). 1H NMR (CDCl3, 300 MHz):
d=9.41 (br s, 1H), 8.19 (d, J=8.60 Hz, 1H), 7.32 (t, J=7.91 Hz, 1H),
7.20 (d, J=8.60 Hz, 2H), 7.00 (d, J=8.94 Hz, 1H), 6.96 (dd, J=8.60,
1.72 Hz, 2H), 6.71 (t, J=7.74 Hz, 1H), 3.84 ppm (s, 3H); 13C NMR
(CDCl3, 75 MHz): d=157.9, 144.5, 135.7, 132.4, 131.2, 127.1, 126.6, 116.8,
115.7, 114.9, 55.5 ppm; HR-EI-MS: [M]+ m/z calcd for C13H12N2O3:
244.0848; found: 244.0842.


N-(2,6-dimethylphenyl)-3-nitroaniline (3m):[25] Yellow solid, yield 75%
(363 mg), m.p. 79–83 8C. 1H NMR (CDCl3, 300 MHz): d=7.71 (d, J=
8.58 Hz, 1H), 7.21 (s, 1H), 6.99–7.08 (m, 5H), 6.40 (s, 1H), 1.98 ppm (s,
6H); 13C NMR (CDCl3, 75 MHz): d=158.9, 141.3, 137.6, 129.3, 128.6,
128.0, 125.6, 124.5, 124.3, 113.6, 18.3 ppm; HR-EI-MS: [M]+ m/z calcd
for C14H14N2O2: 242.1055; found: 242.1051.


N-(2,6-dimethylphenyl)aniline (3n):[25] Slightly yellow oil, yield 82%
(324 mg). 1H NMR (CDCl3, 300 MHz): d=7.27 (t, J=8.08 Hz, 2H), 7.01–
7.17 (m, 3H), 6.90 (d, J=7.91 Hz, 2H), 6.74 (t, J=7.22 Hz, 1H),
2.21 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): d=146.4, 135.9, 129.6,
129.3, 128.6, 118.3, 117.7, 113.6, 18.5 ppm; HR-EI-MS: [M]+ m/z calcd
for C14H15N: 197.1204; found: 197.1210.


4-(4-bromophenylamino)phenyl methyl ketone (3o):[30] White solid, yield
91% (529 mg), m.p. 114–116 8C (lit.[30] 114–116 8C). 1H NMR (CDCl3,
300 MHz): d=7.82 (d, J=8.60 Hz, 2H), 7.60 (d, J=8.60 Hz, 2H), 7.42 (d,
J=8.94 Hz, 2H), 7.02 (d, J=8.94 Hz, 2H); 13C NMR (CDCl3, 75 MHz):
d=196.6, 145.4, 138.8, 132.9, 131.0, 130.1, 127.1, 121.0, 117.6, 26.4 ppm;
HR-EI-MS: [M]+ m/z calcd for C14H12BrNO: 289.0102; found: 289.0108.


4-Bromo-N-(2-nitrophenyl)aniline (3p):[29] Yellow powder, yield 98%
(575 mg), m.p. 166–168 8C (lit.[29b] 167 8C). 1H NMR (CDCl3, 300 MHz):
d=9.39 (br s, 1H), 8.20 (dd, J=8.23, 1.35 Hz, 1H), 7.52 (d, J=8.61 Hz,
2H), 7.39 (t, J=7.22 Hz, 1H), 7.15–7.21 (m, 3H), 6.81 ppm (t, J=
8.23 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d=142.5, 138.9, 135.9, 132.9,
126.9, 125.8, 118.5, 118.2, 116.1. 116.1 ppm; HR-EI-MS: [M]+ m/z calcd
for C12H9BrN2O2: 291.9847; found: 291.9852.


4-Bromo-N-methyl-N-phenylaniline (3q):[31] Yellow oil, yield 71%
(372 mg). 1H NMR (CDCl3, 300 MHz): d=7.41 (d, J=8.94, 2H), 7.33
(dd, J=7.89, 7.56 Hz, 2H), 7.11 (t, J=7.56 Hz, 1H), 6.99 (d, J=7.89 Hz,
2H), 6.87 (d, J=8.94 Hz, 2H), 2.85 ppm (s, 3H); 13C NMR (CDCl3,
75 MHz): d=156.7, 138.8, 132.8, 130.0, 120.9, 120.6, 119.2, 115.7,
41.8 ppm; HR-EI-MS: [M]+ m/z calcd for C13H12BrN: 261.0153; found:
261.0151.


N-phenylacetamide (3 r):[32] White powder, yield 89% (241 mg), m.p.
161–164 8C (lit.[32] 163 8C). 1H NMR (CDCl3, 300 MHz): d=7.50 (d, J=
7.89 Hz, 2H), 7.26–7.33 (dd, J=7.89, 7.56 Hz, 2H), 7.07–7.12 (dd, J=
7.57, 7.22 Hz, 1H), 2.16 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=
168.5, 138.0, 129.0, 124.4, 120.0, 24.6. 24.6 ppm; HR-EI-MS: [M]+ m/z
calcd for C8H9NO: 135.0684; found: 135.0681.


N-(4-bromophenyl)acetamide (3s):[33] White powder, yield 94%
(403 mg), m.p. 166–169 8C (lit.[33] 168 8C). 1H NMR (CDCl3, 300 MHz):
d=8.15 (br s, 1H), 7.22–7.57 (m, 4H), 2.13 ppm (s, 3H); 13C NMR
(CDCl3, 75 MHz): d=168.4, 138.0, 132.0, 121.7, 121.5, 24.7; HR-EI-MS:
[M]+ m/z calcd for C8H8BrNO: 212.9789; found: 212.9785.


N-Phenyl-e-caprolactam (3t):[34] White powder, yield 84% (318 mg), m.p.
75–78 8C (lit.[34] 72–73 8C). 1H NMR (CDCl3, 300 MHz): d=7.37 (dd, J=
8.58, 1.38 Hz, 2H), 7.19–7.24 (m, 3H), 3.74–3.76 (m, 2H), 2.69–2.71 (m,
2H), 1.81–1.83 ppm (m, 6H); 13C NMR (CDCl3, 75 MHz): d=175.6,
144.7, 129.2, 126.5, 126.3, 53.1, 37.8, 30.0, 29.0, 23.6 ppm; HR-EI-MS:
[M]+ m/z calcd for C12H15NO: 189.1154; found: 189.1161.


N-phenylindole (3u):[35] Oil, yield 96% (371 mg). 1H NMR (CDCl3,
300 MHz): d=7.68 (dd, 1.72 Hz, J=8.60), 7.55 (d, J=8.26 Hz, 1H), 7.47–
7.49 (m, 4H), 7.31–7.35 (m, 2H), 7.15–7.18 (m, 2H), 6.67 ppm (d, J=
8.26 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d=140.0, 136.0, 129.7, 129.5,
128.1, 126.6, 124.5, 122.5, 121.3, 120.5, 110.6, 103.7 ppm; HR-EI-MS:
[M]+ m/z calcd for C14H11N: 193.0891; found: 193.0887.


N-(4-bromophenyl)indole (3v):[35] Yellow solid, yield 95% (518 mg), m.p.
64–65 8C (lit.[35] 64–65 8C). 1H NMR (CDCl3, 300 MHz): d=7.63 (d, J=
7.2 Hz, 1H), 7.47–7.49 (m, 3H), 7.43 (d, J=8.58 Hz, 1H), 7.16–7.22 (m,
2H), 7.13–7.15 (m, 2H), 6.61 ppm (d, J=3.09 Hz, 1H); 13C NMR


Scheme 3. Copper-catalyzed reaction of aryl bromides with KI.
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(CDCl3, 75 MHz): d=139.1, 135.9, 133.0, 129.7, 127.8, 125.9, 123.0, 121.6,
121.0, 119.9, 110.7, 104.5. 104.5 ppm; HR-EI-MS: [M]+ m/z calcd for
C14H10BrN: 270.9997; found: 270.9992.


N-phenylimidazole (3w):[36] Slightly yellow oil, yield 86% (248 mg).
1H NMR (CDCl3, 300 MHz): d=7.83 (s, 1H), 7.24–7.29 (m, 2H), 7.07–
7.09 (m 2H), 6.93 (t, J=8.64 Hz, 1H), 6.68–6.70 ppm (m, 2H); 13C NMR
(CDCl3, 75 MHz): d=139.7, 135.6, 132.5, 130.2, 127.5, 121.8, 112.8 ppm;
HR-EI-MS: [M]+ m/z calcd for C9H8N2: 144.0687; found: 144.0683.


N-(4-methoxyphenyl)imidazole (3x):[36] Colorless oil, yield 85%
(296 mg). 1H NMR (CDCl3, 300 MHz): d=7.78 (s, 1H), 7.28 (dd, J=8.94,
1.72 Hz, 2H), 7.27 (s, 2H), 6.98 (dd, J=8.94, 1.72 Hz, 2H), 3.84 ppm (s,
3H); 13C NMR (CDCl3, 75 MHz): d=159.0, 136.0, 130.8, 130.0, 123.3,
118.8, 115.0, 55.7. 55.7 ppm; HR-EI-MS: [M]+ m/z calcd for C10H10N2O:
174.0793; found: 174.0786.


N-(4-bromophenyl)imidazole (3y):[37] Yellow solid, yield 89% (397 mg),
m.p. 115–116 8C (lit.[37] 119–120 8C). 1H NMR (CDCl3, 300 MHz): d=7.83
(s, 1H), 7.63 (m, 2H), 7.03–7.37 ppm (m, 4H); 13C NMR (CDCl3,
75 MHz): d=139.5, 133.5, 130.0, 123.6, 121.0, 119.2, 91.8. 91.8 ppm; HR-
EI-MS: [M]+ m/z calcd for C9H7BrN2: 221.9793; found: 221.9789.


2-Phenyl-1-(2-methylphenyl)hydrazine (3z):[38] Slightly yellow oil, yield
74% (294 mg). 1H NMR (DMSO, 300 MHz): d=7.23–7.28 (m, 3H),
7.12–7.14 (m, 2H), 6.85–6.92 (m, 4H), 6.16 (s, 1H), 5.71 (s, 1H),
2.40 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=148.4, 142.9, 133.1,
129.4, 125.1, 124.3, 121.3, 120.9, 114.8, 110.7, 17.7. 17.7 ppm; HR-EI-MS:
[M]+ m/z calcd for C13H14N2: 198.1157; found: 198.1155.


1-Phenyl-1-(3-nitrophenyl)hydrazine (3a’). Yellow solid, yield 77%
(353 mg), m.p. 77–80 8C. 1H NMR (DMSO, 300 MHz): d=7.84 (s, 1H),
7.69 (d, J=7.84 Hz, 1H), 7.29–7.38 (m, 4H), 7.14 (d, J=8.25 Hz, 2H),
7.08 (t, J=7.57 Hz, 1H), 2.31 ppm (s, 2H); 13C NMR (CDCl3, 75 MHz):
d=155.3, 152.5, 147.6, 132.5, 129.7, 120.2, 116.1, 113.1, 110.5, 105.6 ppm;
HR-EI-MS: [M]+ m/z calcd for C12H11N3O2: 229.0851; found: 229.0847.


1-Phenyl-1-(4-nitrophenyl)hydrazine (3b’):[39] White solid, yield 82%
(376 mg), m.p. 89–92 8C. 1H NMR (DMSO, 300 MHz): d=8.12 (d, J=
9.27 Hz, 2H), 7.39 (t, J=7.56 Hz, 2H), 7.16–7.22 (m, 3H), 6.94 (d, J=
9.27 Hz, 2H), 6.37 (br s, 1H), 2.20 ppm (s, 2H); 13C NMR (CDCl3,
75 MHz): d=157.1, 149.7, 138.4, 129.2, 123.0, 120.0, 118.2, 112.8 ppm;
HR-EI-MS: [M]+ m/z calcd for C12H11N3O2: 229.0851; found: 229.0856.


1-Phenyl-1-(4-acetylphenyl)hydrazine (3c’): White solid, yield 84%
(380 mg), m.p. 80–85 8C. 1H NMR (DMSO, 300 MHz): d=7.74 (d, J=
8.58 Hz, 2H), 7.57 (d, J=8.58 Hz, 2H), 7.23–7.25 (m, 4H), 6.78–6.80 (m,
1H), 2.53 (s, 2H), 2.24 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=
200.7, 155.8, 150.2, 131.8, 130.5, 126.4, 120.7, 115.4, 113.1, 29.6 ppm; HR-
EI-MS: [M]+ m/z calcd for C14H14N2O: 226.1106; found: 226.1110.


General procedure for the preparation of compounds 5a–p : Aryl halide
(2 mmol for entries 1–9 and 11–20, 3 mmol for entry 10 in Table 3),
phenol (3 mmol), and PPAPM hydrochloride (104 mg, 0.4 mmol) were
added to a flask with Cs2CO3 (1432 mg, 4.4 mmol) and DMF (3 mL), the
mixture was stirred for 30 min at room temperature under nitrogen at-
mosphere, and CuI (40 mg, 0.2 mmol) was added to the flask. The flask
was immersed in an oil bath, and the reaction mixture was stirred at
110 8C for the reaction time indicated in Table 2. The reaction mixture
was then allowed to cool to room temperature, diluted with ethyl acetate
(10 mL) and filtered, and the filtrate was concentrated under vacuum to
give the crude product. Purification by column chromatography on silica
gel (hexane/EtOAc 15/1 to 100% hexane) afforded the desired pure
product.


Diphenyl ether (5a):[40] Colorless oil, yield 98% (333 mg). 1H NMR
(CDCl3, 300 MHz): d=7.33 (t, J=7.89 Hz, 4H), 7.09 (t, J=7.89 Hz, 2H),
7.01 ppm (d, J=8.25 Hz, 4H); 13C NMR (CDCl3, 75 MHz): d=157.2,
129.7, 123.2, 118.9 ppm; HR-EI-MS: [M]+ m/z calcd for C12H10O:
170.0732; found: 170.0738.


2-Methylphenyl phenyl ether (5b):[21] Colorless oil, yield 96% (353 mg).
1H NMR (CDCl3, 300 MHz): d=7.31 (q, 3H), 7.19 (t, J=7.56 Hz, 1H),
7.06 (q, 2H), 6.93 ppm (d, J=7.89 Hz, 3H); 13C NMR (CDCl3, 75 MHz):
d=158.0, 154.6, 131.6, 129.8, 127.3, 124.1, 122.4, 119.9, 117.4, 29.9 ppm;
HR-EI-MS: [M]+ m/z calcd for C12H10O: 184.0888; found: 184.0881.


4-Methoxyphenyl phenyl ether (5c):[41] Colorless oil, yield 93% (372 mg).
1H NMR (CDCl3, 300 MHz): d=7.28 (t, J=7.56 Hz, 2H), 7.05–6.85 ppm
(m, 7H); 13C NMR (CDCl3, 75 MHz): d=158.6, 156.0, 150.2, 129.7, 122.5,
121.0, 117.7, 115.0, 55.7 ppm; HR-EI-MS: [M]+ m/z calcd for C13H12O2:
200.0837; found: 200.0842.


3-Nitrophenyl phenyl ether (5d):[42] Colorless oil or white solid, yield
96% (413 mg). 1H NMR (CDCl3, 300 MHz): d=d7.91 (d, J=9.27 Hz,
1H), 7.78 (t, J=2.07 Hz, 1H), 7.46–7.20 (m, 4H), 7.05 ppm (d, J=
7.56 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d=158.7, 155.6, 149.4, 130.4,
124.9, 124.2, 119.9, 117.7, 112.9 ppm; HR-EI-MS: [M]+ m/z calcd for
C12H10O: 215.0582; found: 215.0577.


4-Phenoxyacetophenone (5e):[43] White solid, yield 94% (399 mg), m.p.
49–51 8C (lit.[42] 50–51 8C). 1H NMR (CDCl3, 300 MHz): d=7.94 (dd, J=
8.91, 1.38 Hz, 2H), 7.37–7.42 (m, 2H), 7.18–7.26 (m, 1H), 6.98–7.08 (m,
4H), 2.57 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=196.8, 162.1,
155.6, 132.0, 130.7, 130.1, 124.7, 120.3, 117.4, 26.5 ppm; HR-EI-MS: [M]+


m/z calcd for C12H12O2: 212.0837; found: 212.0832.


2-Nitrophenyl phenyl ether (5 f):[44] White solid, yield 93% (400 mg).
1H NMR (CDCl3, 300 MHz): d=8.34 (dd, J=8.58, 1.35 Hz, 1H), 7.87
(dd, J=8.25, 2.31 Hz, 1H), 7.37–7.45 (m, 3H), 7.21–7.29 ppm (m, 4H);
13C NMR (CDCl3, 75 MHz): d=157.4, 149.9, 139.8, 134.4, 129.8, 123.4,
122.5, 122.3, 118.2, 117.5 ppm; HR-EI-MS: [M]+ m/z calcd for
C12H19NO3: 215.0582; found: 215.0576.


4-Chlorophenyl phenyl ether (5g):[45] Colorless oil, yield 83% (339 mg).
1H NMR (CDCl3, 300 MHz): d=7.40 (d, J=8.91 Hz, 2H), 7.32 (m, 2H),
7.10 (m, 1H), 6.98 (td, J=8.58, 1.05 Hz), 6.87 ppm (t, J=8.94, 2H);
13C NMR (CDCl3, 75 MHz): d=157.6, 156.7, 132.8, 130.0, 126.7, 121.0,
120.6, 119.2 ppm; HR-EI-MS: [M]+ m/z calcd for C12H9ClO: 204.0342;
found: 204.0338.


4-Bromophenyl phenyl ether (5h):[46]Colorless oil, yield 97% (481 mg).
1H NMR (CDCl3, 300 MHz): d=7.40 (d, J=8.91 Hz, 2H), 7.32 (m, 2H),
7.10 (m, 1H), 6.98 (td, J=8.58, 1.05 Hz), 6.87 ppm (t, J=8.94, 2H);
13C NMR (CDCl3, 75 MHz): d=156.7, 138.8, 132.8, 130.0, 123.9, 120.6,
119.2, 115.8 ppm; HR-EI-MS: [M]+ m/z calcd for C12H9BrO: 247.9837;
found: 247.9831.


3-Nitrophenyl 4-chlorophenyl ether (5 i):[45] Colorless thick oil, yield 83%
(413 mg). 1H NMR (CDCl3, 300 MHz): d=7.96 (d, J=9.27 Hz, 2H), 7.80
(t, J=2.40 Hz, 1H), 7.50 (t, J=8.25 Hz, 1H), 7.38–7.35 (m, 3H),
7.00 ppm (d, J=6.54 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d=158.2,
154.3, 149.4, 130.6, 124.3, 121.1, 118.1, 113.0 ppm; HR-EI-MS: [M]+ m/z
calcd for C12H8ClNO3: 249.0193; found: 249.0186.


4-Nitrophenyl phenyl ether (5 j):[47] Yellow solid, yield 95% (409 mg).
m.p. 58–60 8C (lit.[46] 60 8C). 1H NMR (CDCl3, 300 MHz): d=8.17 (d, J=
9.27 Hz, 2H), 7.42 (t, J=7.89 Hz, 2H), 7.25 (t, J=7.56 Hz, 1H), 7.08 (d,
J=7.82 Hz, 2H), 7.00 ppm (d, J=8.85 Hz, 2H); 13C NMR (CDCl3,
75 MHz): d=163.5, 154.8, 142.7, 130.4, 126.0, 125.5, 120.6, 117.2 ppm;
HR-EI-MS: [M]+ m/z calcd for C12H9NO3: 215.0582; found: 215.0574.


3-Methylphenyl 4-nitrophenyl ether (5k):[48] Yellow solid, yield 93%
(426 mg). 1H NMR (CDCl3, 300 MHz): d=8.11 (d, J=9.27 Hz, 2H), 7.22
(m, 1H), 6.99–6.79 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz): d=163.6,
154.8, 142.6, 140.8, 130.1, 126.3, 126.0, 121.2, 117.6, 117.2, 21.4 ppm; HR-
EI-MS: [M]+ m/z calcd for C13H11NO3: 229.0739; found: 229.0731.


4-Nitrophenyl 2-naphthyl ether (5 l):[49] Yellow solid, yield 92% (488 mg).
m.p. 137–140 8C (lit.[48] 137–138 8C). 1H NMR (CDCl3, 300 MHz): d=8.23
(d, 2H), 7.91 (t, 2H), 7.78 (d, 1H), 7.52 (m, 3H), 7.25 (dd, 1H), 7.06 ppm
(d, 2H); 13C NMR (CDCl3, 75 MHz): d=163.5, 152.4, 142.9, 134.3, 131.2,
130.7, 128.0, 127.5, 127.1, 126.1, 125.9, 120.3, 117.4, 117.1 ppm; HR-EI-
MS: [M]+ m/z calcd for C16H11NO3: 265.0739; found: 265.0730.


2-(4-Methoxyphenoxy)pyridine (5m):[50] Colorless oil, yield 96%
(386 mg). 1H NMR (CDCl3, 300 MHz): d=8.16 (d, J=3.09 Hz, 1H), 7.61
(td, J=8.91, 2.04 Hz, 1H), 7.06 (d, J=9.27 Hz, 2H), 6.72–6.92 (m, 4H),
3.77 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d=164.4, 156.7, 147.7,
147.5, 139.5, 122.5, 118.2, 114.9, 111.1, 55.7 ppm; HR-EI-MS: [M]+ m/z
calcd for C12H11NO2: 201.0790; found: 201.0784.


9-Fluorene 4-methylphenyl ether (5n): White solid, yield 91% (521 mg),
m.p. 59–65 8C. 1H NMR (CDCl3, 300 MHz): d=7.77 (d, J=7.56 Hz, 2H),
7.61 (d, J=7.56 Hz, 2H), 7.32–7.40 (m, 4H), 7.08 (d, J=7.56 Hz, 2H),
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4.13 (t, J=6.36 Hz, 1H), 4.04 (d, J=6.36 Hz, 2H), 2.20 ppm (s, 3H);
13C NMR (CDCl3, 75 MHz): d=156.1, 144.4, 141.8, 128.8, 127.7, 127.4,
127.2, 124.8, 120.2, 116.4, 72.0, 56.1, 24.5 ppm; HR-EI-MS: [M]+ m/z
calcd for C21H18O: 286.1358; found: 286.1352.


4-Methylphenyl phenylethyl ether (5o):[51] Colorless oil, yield 89%
(378 mg). 1H NMR (CDCl3, 300 MHz): d=7.56 (d, J=9.27 Hz, 2H), 7.39
(t, J=7.89 Hz, 2H), 7.16–7.22 (m, 3H), 6.94 (d, J=9.27 Hz, 2H), 4.20 (t,
J=6.71 Hz, 2H), 2.91 (t, J=6.54 Hz, 2H), 2.20 ppm (s, 3H); 13C NMR
(CDCl3, 75 MHz): d=154.8, 140.2, 130.4, 129.6, 128.9, 127.8, 126.0, 115.3,
59.2, 32.9, 23.0 ppm; HR-EI-MS: [M]+ m/z calcd for C15H16O: 212.1201;
found: 212.1207.


4-Hexadecyloxyacetophenone (5p):[52] White solid, yield 60% (432 mg),
m.p. 49–53 8C (lit.[16] 51–54 8C). 1H NMR (CDCl3, 300 MHz): d=7.93 (dd,
J=8.94, 1.38 Hz, 2H), 7.00 (d, J=8.58 Hz, 2H), 4.02 (t, J=6.53 Hz, 2H),
2.57 (s, 3H), 1.78–1.82 (m, 2H), 1.26 (br, 26H), 0.88 ppm (t, J=6.53 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d=198.2, 160.3, 129.7, 128.4, 113.4,
68.6, 32.3, 29.5, 28.7, 27.0, 15.2 ppm; HR-EI-MS: [M]+ m/z calcd for
C24H40O2: 360.3028; found: 360.3023.


General procedure for the preparation of compounds 8a–j : Aryl halide
(2 mmol), phosphonate (3 mmol), and PPAPM hydrochloride (104 mg,
0.4 mmol) were added to a flask with Cs2CO3 (1432 mg, 4.4 mmol) and
toluene (3 mL), the mixture was stirred for 30 min at room temperature
under nitrogen atmosphere, and CuI (76.4 mg, 0.4 mmol) was added to
the flask. The flask was immersed in an oil bath, and the reaction mixture
was stirred at 110 8C for 36 h. The reaction mixture was then allowed to
cool to room temperature, diluted with diethyl ether (10 mL), and fil-
tered, and the filtrate was concentrated under vacuum. Purification by
column chromatography on silica gel (hexane/chloroform 4/1 to 100%
chloroform) afforded the desired pure product.


General procedure for the preparation of compounds 8k and 8 l : Aryl
halide (2 mmol for entry 11 and 7 mmol for entry 12 in Table 4), ammoni-
um hypophosphite[53] (3 mmol), and PPAPM hydrochloride (104 mg,
0.4 mmol) were added to a flask with DMAP (806 mg, 6.6 mmol) and
DMF (3 mL), the mixture was stirred for 30 min at room temperature
under nitrogen atmosphere, and CuI (76.4 mg, 0.4 mmol) was added to
the flask. The flask was immersed in an oil bath, and the reaction mixture
was stirred at 110 8C for 36 h. The reaction mixture was then allowed to
cool to room temperature and evaporated, the residue diluted with water
(10 mL), and the solution washed with Et2O and acidified with KHSO4


(1m, satd with NaCl). The resulting aqueous phase was extracted with
ethyl acetate (3 mLM4). The organic phases were combined, dried with
MgSO4, filtered, and concentrated under vacuum to give the pure prod-
uct.


Diisopropyl phenylphosphonate (8a):[54] Oil, yield 73% (353 mg).
31P NMR (CDCl3, 121 MHz): d=17.07.


1H NMR (CDCl3, 300 MHz): d=
7.83 (t, J=7.58 Hz, 1H), 7.50 (d, J=7.89 Hz, 2H), 7.26–7.33 (m, 2H),
3.92–3.95 (m, 2H), 1.36 ppm (d, J=7.56 Hz, 12H); 13C NMR (CDCl3,
75 MHz): d=136.3 (J=5.7 Hz), 134.0 (J=159 Hz), 132.1 (J=2.9 Hz),
129.2 (J=2.2 Hz), 71.3 (J=5.7 Hz), 24.4 ppm (J=7.9 Hz); HR-EI-MS:
[M]+ m/z calcd for C12H19O3P: 242.1072; found: 242.1077.


Diisopropyl (4-methylphenyl)phosphonate (8b):[54] Oil, yield 77%
(388 mg). 31P NMR (CDCl3, 121 MHz): d=16.64. 1H NMR (CDCl3,
300 MHz): d=7.62 (d, J=8.94 Hz, 2H), 7.20 (d, J=8.94 Hz, 2H), 3.48–
3.60 (m, 1H), 2.24 (s, 3H), 1.17 ppm (d, J=7.56 Hz, 12H); 13C NMR
(CDCl3, 75 MHz): d=142.5 (J=13.6 Hz), 135.0 (J=13.6 Hz), 131.8 (J=
162.1 Hz), 129.9 (J=13.6 Hz), 71.3 (J=5.7 Hz), 25.0, 24.4 ppm (J=
7.9 Hz); HR-EI-MS: [M]+ m/z calcd for C13H21O3P: 256.1228; found:
256.1222.


Diisopropyl (4-bromophenyl)phosphonate (8c):[55] Oil, yield 81%
(518 mg). 31P NMR (CDCl3, 121 MHz): d=17.34. 1H NMR (CDCl3,
300 MHz): d=7.62 (d, J=8.94 Hz, 2H), 7.20 (d, J=8.94 Hz, 2H), 3.48–
3.55 (m, 1H), 1.17 ppm (d, J=7.56 Hz, 12H); 13C NMR (CDCl3,
75 MHz): d=137.2 (J=11.5 Hz), 133.4 (J=188.6 Hz), 131.2 (J=17.2 Hz),
127.0 (J=4.3 Hz), 71.3 (J=5.7 Hz), 24.5 ppm (J=7.9 Hz); HR-EI-MS:
[M]+ m/z calcd for C12H18BrO3P: 320.0177; found: 320.0173.


Diethyl phenylphosphonate (8d):[54] Oil, yield 75% (321 mg). 31P NMR
(CDCl3, 121 MHz): d=16.59.


1H NMR (CDCl3, 300 MHz): d=7.83 (t,


J=7.58 Hz, 1H), 7.50 (d, J=7.89 Hz, 2H), 7.26–7.33 (m, 2H), 3.77 (m,
4H), 1.18 ppm (t, J=7.2 Hz, 6H); 13C NMR (CDCl3, 75 MHz): d=135.1
(J=12.9 Hz), 132.5 (J=176.4 Hz), 132.1 (J=4.5 Hz), 128.1 (J=17.5 Hz),
61.8 (J=5.7 Hz), 16.3 ppm (J=5.7 Hz); HR-EI-MS: [M]+ m/z calcd for
C10H15O3P: 214.0759; found: 214.0752.


Diethyl (4-methylphenyl)phosphonate (8e):[54] Oil, yield 73% (333 mg).
31P NMR (CDCl3, 121 MHz): d=16.51.


1H NMR (CDCl3, 300 MHz): d=
7.62 (d, J=8.94 Hz, 2H), 7.20 (d, J=8.94 Hz, 2H), 3.76–3.78 (m, 4H),
2.24 (s, 3H), 1.17 ppm (t, J=7.2 Hz, 6H); 13C NMR (CDCl3, 75 MHz):
d=142.1 (J=4.3 Hz), 134.9 (J=10.0 Hz), 130.7 (J=188.6 Hz), 129.1 (J=
16.5 Hz), 61.8 (J=5.7 Hz), 22.2, 16.3 ppm (J=5.7 Hz); HR-EI-MS: [M]+


m/z calcd for C11H17O3P: 228.0915; found: 228.0920.


Diethyl (4-bromophenyl)phosphonate (8 f):[56] Oil, yield 78% (456 mg).
31P NMR (CDCl3, 121 MHz): d=16.70.


1H NMR (CDCl3, 300 MHz): d=
7.62 (d, J=8.94 Hz, 2H), 7.20 (d, J=8.94 Hz, 2H), 3.84–3.86 (m, 4H),
1.17 ppm (t, J=7.2 Hz, 6H); 13C NMR (CDCl3, 75 MHz): d=133.3 (J=
10.1 Hz), 131.7 (J=16.5 Hz), 129.8 (J=185.0 Hz), 127.5 (J=3.9 Hz), 61.8
(J=5.7 Hz), 16.3 ppm (J=5.7 Hz); HR-EI-MS: [M]+ m/z calcd for
C10H14BrO3P: 291.9864; found: 291.9868.


Ethyl diphenylphosphinate (8g):[57] Oil, yield 85% (418 mg). 31P NMR
(CDCl3, 121 MHz): d=19.48.


1H NMR (CDCl3, 300 MHz): d=7.75 (dd,
J=7.56, 1.38 Hz, 4H), 7.58 (d, J=7.56 Hz, 4H), 4.06 (q, J=7.56 Hz, 2H),
1.38 ppm (t, J=7.56 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d=132.6 (J=
10.0 Hz), 131.1 (J=142.0 Hz), 129.0 (J=16.5 Hz), 127.6 (J=4.5 Hz), 59.5
(J=5.7 Hz), 16.3 ppm (J=5.7 Hz); HR-EI-MS: [M]+ m/z calcd for
C14H15O2P: 246.0810; found: 246.0807.


Ethyl (4-methylphenyl)phenylphosphinate (8h):[58] Oil, yield 79%
(411 mg). 31P NMR (CDCl3, 121 MHz): d=19.91. 1H NMR (CDCl3,
300 MHz): d=7.74 (td, J=7.56, 1.38 Hz, 2H), 7.58 (d, J=7.56 Hz, 2H),
7.39–7.45 (m, 1H), 6.90–6.98 (m, 4H), 4.06 (q, J=7.56 Hz, 2H), 2.16 (s,
3H), 1.28 ppm (t, J=7.56 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d=141.2
(J=4.3 Hz), 131.9 (J=10.0 Hz), 131.8 (J=3.6 Hz), 131.7 (J=172.7 Hz),
129.0 (J=17.1 Hz), 127.2 (J=182.1 Hz), 61.8 (J=5.7 Hz), 21.5, 16.3 ppm
(J=5.7 Hz); HR-EI-MS: [M]+ m/z calcd for C15H17O2P: 260.0966; found:
260.0969.


Ethyl (4-bromophenyl)phenylphosphinate (8 i): Oil, yield 82% (531 mg).
31P NMR (CDCl3, 121 MHz): d=20.07.


1H NMR (CDCl3, 300 MHz): d=
7.60 (d, J=8.91 Hz, 2H), 7.49–7.54 (m, 2H), 7.38–7.43 (m, 1H), 7.18 (dd,
J=8.58, 1.05 Hz, 2H), 7.06 (d, J=8.94, 2H), 4.06 (m, 2H), 1.28 ppm (t,
J=7.56 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d=134.1 (J=10.2 Hz),
133.9 (J=15.1 Hz), 132.7 (J=164.9 Hz), 131.4 (J=180.0 Hz), 131.1 (J=
10.7 Hz), 128.0 (J=15.7 Hz), 125.8 (J=3.7 Hz), 62.6 (J=4.3 Hz),
16.3 ppm (J=5.7 Hz); HR-EI-MS: [M]+ m/z calcd for C14H14BrO2P:
323.9915; found: 323.9919.


Phosphoryl triphenyl (8 j): White solid, yield 71% (395 mg), m.p. 119–
123 8C. 31P NMR (CDCl3, 121 MHz): d=23.66. 1H NMR (CDCl3,
300 MHz): d=7.34–7.35 (m, 6H), 7.18 (d, J=7.56 Hz, 6H), 7.00–
7.05 ppm (m, 3H); 13C NMR (CDCl3, 75 MHz): d=132.8 (J=181.4 Hz),
132.4 (J=11.3 Hz), 131.1 (J=4.5 Hz), 128.4 ppm (J=16.5 Hz); HR-EI-
MS: [M]+ m/z calcd for C18H15OP: 278.0861; found: 278.0867.


Phenylphosphinic acid (8k):[59] Oil, yield 74% (210 mg). 31P NMR
(CDCl3, 121 MHz): d=21.52.


1H NMR (CDCl3, 300 MHz): d=11.28 (br s,
1H), 7.75–7.80 (m, 2H), 7.59 (d, J=7.56 Hz, 2H), 7.44–7.45 (m, 1H),
6.16 ppm (d, J=566 Hz); 13C NMR (CDCl3, 75 MHz): d=133.0 (J=
3.7 Hz), 132.0 (J=3.6 Hz), 129.7 (J=185.7 Hz), 128.4 ppm (J=13.6 Hz);
HR-ESI-MS: [M+H]+ m/z calcd for C6H8O2P: 143.0262; found:
143.0256.


Diphenylphosphinic acid (8 l):[60] White solid, yield 41% (268 mg), m.p.
129–134 8C. 31P NMR (CDCl3, 121 MHz): d=25.81. 1H NMR (CDCl3,
300 MHz): d=9.71 (brs, 1H), 7.64–7.67 (m, 4H), 7.48 (d, J=7.56 Hz,
4H), 7.30–7.34 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d=134.1 (J=
10.1 Hz), 131.2 (J=147.1 Hz), 131.1 (J=15.1 Hz), 128.3 ppm (J=4.3 Hz);
HR-ESI-MS: [M+H]+ m/z calcd for C12H12O2P: 219.0575; found:
219.0571.
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… Joyce Kilmer wrote (1914)
“I think that I shall never see a
poem as lovely as a tree. …Poems
are written by fools like me, But
only God can make a tree.” How-
ever, to the synthetic organic
chemist, Woody Allen is probably
more appropriate: [Kilmer] “said
that .only God can make a tree,.
probably because it.s so hard to
figure out how to get the bark on”.
In their Full Paper on
page 3726 ff., G. R. Newkome
et al. describe the design, synthesis,
and characterization of conifer-
shaped dendritic architectures.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Sequence Variety
In their Full Paper on page 3707 ff. , A. Herrmann,
K. M9llen et al. describe a new structural concept called
“twin probe” for the detection of single-nucleotide polymor-
phism (SNP), which plays an important role in disease diag-
nosis, personalized medicine, and determining the genetic
predisposition towards inherited diseases.


Living Polymerization
In their Full Paper on page 3789 ff. , M. Weck, R. H.
Grubbs, J. F. Stoddart et al. report the next generation of
“universal polymer backbones” that possess recognition
moieties which self-assemble with their complementary
receptor molecules with very high association strengths.
They have established that through the employment of
living polymerization techniques the architectures of such
polymeric systems can be controlled.


Nanoscale Devices
In their Concept article on page 3698 ff., D.-L. Long and
L. Cronin describe how polyoxometalate nanoclusters could
be used to develop approaches to polyoxometalate-inte-
grated nanosystems that exploit the ability of polyoxometa-
late clusters to be assembled from the bottom up, and yet
have sophisticated physical properties that may be utilized
in molecular scale devices and computers. Recent advances
in the assembly and the fabrication of such clusters means
that the integration of cluster-based units into a real device
is now conceivable.
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CORRIGENDUM


S. L. Manatt,
M. R. R. Manatt . . . . . . . . . . . . . . . 6540–6557


On the Analyses of Mixture Vapor
Pressure Data: The Hydrogen Perox-
ide/Water System and Its Excess Ther-
modynamic Functions


Chem. Eur. J. , 2004, 10


DOI: 10.1002/chem.200400104


In the Full Paper by S. L. Manatt and M. R. R. Manatt, the following corrections
need to be made. On page 6545, Equations (9) and (11) should be


log10PHP ¼ 44:5760�4025:3=T�12:9960 log10T þ 0:0046055T ð9Þ


log10PHP ¼ 38:8572�3627:72=T�11:2133 log10T þ 4:74132� 10�3T ð11Þ


All the results presented in the paper involving the above two equations were
made using the correct equations and so are not affected by these corrections. In
Table 5, on page 6547, the column heading should be “Mole fraction hydrogen per-
oxide in liquid phase”. On page 6553, the beginning of the second paragraph
should read “The seven-parameter VP–T Equation (24) (pressure in mm Hg)…”.
On page 6554, the line below Equation (25) should read “For water Equation (25)
gives…”. On page 6555, ref. [22], “Levelburg” should replaced with “Levenburg”
in three places. The authors apologize for these oversights.
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Towards Polyoxometalate-Integrated Nanosystems


De-Liang Long and Leroy Cronin*[a]


Introduction


The controlled and designed manipulation of chemical sys-
tems over multiple-length scales from the molecular to the
macroscale represents one of the greatest challenges in con-
temporary science. In particular the ability to understand,
control and design molecular organisation is pivotal in real-
ising the concept of functional nanosystems and nanoma-
chines, the development of ultra-high capacity information
storage materials,[1] molecular electronics[2] and sensors.[3]


However, the problem faced by the chemist in the selection
of systems that can be synthesised or self-assembled in a


pre-determined manner to form highly complex architec-
tures which can organise different subunits with different
properties is vast.


In this respect it is interesting to examine the potential of
a class of inorganic clusters known as polyoxometalates
(POMs) as building blocks for functional nanoscale devices.
This is because nanoscale polyoxometalate clusters provide
an arguably unrivalled structural diversity of molecules dis-
playing a wide range of important physical properties and
nuclearities; these cover the range from 6 to 368 metal ions
in a single molecule and are assembled under “one-pot” re-
action conditions.[4] At the extreme, these cluster molecules
are truly macromolecular, rivalling the size of proteins, and
are formed by self-assembly processes, see Figure 1.[5]


The clusters are mostly anionic in nature, being based
upon metal oxide building blocks with a general formula of
MOx, (in which M is Mo, W, V and sometimes Nb and x can
be 4, 5, 6 or 7). POM-based materials have many interesting
physical properties[6–10] that result from their versatile struc-
tures, the ability to delocalise electrons over the surface of
the clusters, the ability to incorporate heteroanions, electro-
philes and ligands, and to encapsulate guest molecules
within a metal oxide based cage. POM clusters have been
shown to exhibit superacidity,[6] catalytic activity,[6] photo-
chemical activity,[7] ionic conductivity,[7] reversible redox be-
haviour,[8] bistability,[7] cooperative electronic phenomena,[7]


the ability to stabilise highly reactive species[9] and extensive
host–guest chemistry.[10]


The large number of structural types in polyoxometalate
chemistry[11] can be broadly split into three classes.


1) Heteropolyanions: these are metal oxide clusters that in-
clude heteroions, such as SO4


2�, PO4
3�. These represent


by far the most explored subset of POM clusters, with
over 5000 papers being published on these compounds
during the last four years alone. There is a great empha-
sis on catalysis in this literature, of which the Keggin
[XM12O40] and the Wells–Dawson [X2M18O54] (in which
M=W or Mo) anions are fundamental examples. In par-
ticular W-based POMs are robust and this fact has been
exploited to develop W-based Keggin ions with vacancies
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that can be systematically linked using electrophiles to
larger aggregates.[4,11]


2) Isopolyanions: these are composed of a metal oxide
framework, but without the internal heteroatom/hetero-
anion. As a result, they can be more unstable than their
heteropolyanion counterparts. However they also have
interesting physical properties, such as high charges and
strongly basic oxygen surfaces; this means that they are
attractive units for use as building blocks.


3) Mo-blue and Mo-brown reduced Mo-based POM clus-
ters: these are related to molybdenum blue type species,
which were first reported by Scheele in 1783.[12] Their
composition was largely unknown until MHller et al. re-
ported, in 1995, the synthesis and structural characterisa-
tion of a very high nuclearity cluster Mo154 crystallised
from a solution of Mo-blue; this cluster has a ring topol-
ogy.[13]


In this concept article we start to examine the pivotal role
that polyoxometalate clusters can play in the development
of nanoscale devices that utilise POM components.[14] This is
because such functional nanosystems can exploit the build-
ing block principle already established in this area of
chemistry, coupled with the range of physical properties, and
the fact that POM systems can really be seen as molecular
metal oxides.[15] To demonstrate this point a number of ex-


amples have been selected across the area of POM chemis-
try, including our contributions, to help highlight new direc-
tions and concepts. It should also be noted that metal oxides
already play a massive role in the electronics and semicon-
ductor industry today and their solid-state properties have
been extensively studied;[16,17] however, we will examine pos-
sibilities from a molecular perspective. Many of these con-
cepts are not new in isolation, but the possibility of using
molecular design in metal oxides to produce functional sys-
tems that exploit size effects, ligand/hetero ion modification,
switchable properties and cooperative electronic effects will
undoubtedly be significant in the quest for functional nano-
systems that start to bridge the gap between bottom-up and
top-down assembly.[18] This is because POMs can be con-
structed that bridge large-length scales and lithographic
techniques (top-down) can be used to direct the positioning
of clusters, which can be built by using self-assembly pro-
cesses (bottom-up).


Building Blocks and Structural Hierarchies in
POM Chemistry—A Route to Bridge the Subnano


with the Micron Scale?


One remarkable feature of POM cluster chemistry is that
the building blocks are conserved between structures and it
appears that they have intrinsic properties (high and vari-
ACHTUNGTRENNUNGable charge and flexible ligand coordination modes) that fa-
cilitate the self-assembly of clusters containing many thou-
sands of atoms in solution. In mixed valance Mo POM sys-
tems, the use of pentagonal-type building groups, with differ-
ent symmetries, play a key role in the synthesis of these sys-
tems and the construction of nanoscale architectures.[5] This
can be taken further by considering that edge-sharing (con-
densed) pentagons cannot be used to tile an infinite plane,
whereas exactly 12 pentagons are required, in connection
with well-defined sets of hexagons, to construct spherical
systems such as that observed in the truncated icosahedron
(the most spherical Archimedean solid), in polyhedral virus-
es or in the geodesic Fuller domes.[19] Indeed, the seminal
work of MHller et al.[13, 20–22] has demonstrated that Mo-based
pentagonal building blocks allow the generation of very
large clusters with nuclearities between 36 and 368 metal
atoms in a single cluster molecule, see Figure 2. These clus-
ters are built by using a range of conserved building blocks.
For instance the spherical Keplerate cluster[20] can be consid-
ered in geometrical terms to be composed of (pentagon)12-
ACHTUNGTRENNUNG(linker)30; pentagon= {Mo(Mo)5} and linker= {MoV


2O4-
ACHTUNGTRENNUNG(OOR)+}, {OMoV


ACHTUNGTRENNUNG(H2O)}3+ , {FeIII ACHTUNGTRENNUNG(H2O)2}
3+ ; that is, in the


case of the cluster in which the linkers are {MoV
2O4ACHTUNGTRENNUNG(OAc)+}


the overall formula is: [MoVI
72MoV


60O372ACHTUNGTRENNUNG(MeCO2)30-
ACHTUNGTRENNUNG(H2O)72]


42�. In the case of the {Mo256Eu8}�
[{MoVI


104MoV
24Eu


III
4O388H10ACHTUNGTRENNUNG(H2O)81}2]


20� system, which is
composed of two elliptical {Mo128Eu4} rings, each ring is
composed of 12 pentagonal units. However, the elliptical
ring has a more complicated set of building blocks than the
Keplerate cluster and is formally composed of


Figure 1. Representations of the structures of some Mo-based POM clus-
ters (nuclearity given in subscript), all synthesised under “one-pot”–
“one-step” acidic reaction conditions (space filling models: Mo green, O
red) from the known and studied {M12}/{M18} Keggin/Dawson ions to the
{Mo154}/{Mo132} and {Mo256}/{Mo368} clusters. These clusters are compared
(to scale) with the protein Human Carbonic Anhydrase II (a medium-
sized protein with 260 residues, MW 29.6 kD) to demonstrate their mac-
romolecular dimensions.[4, 5]
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[{Mo1}6{Mo2}4{Mo8}2{Mo7}2{Mo9}2], similar to the building
blocks found in the archetypal “big-wheel” clusters.[13] More
specifically the wheel clusters also incorporate a {Mo2} unit
in which the polyhedra are corner- rather than edge-sharing
units (red polyhedra in Figure 2). Also, the pentagonal-cen-
tred units in the {Mo132}/{Mo368} spherical clusters are {Mo6}
type units (central pentagonal unit with five octahedra at-
tached preserving the fivefold symmetry), whereas the pen-
tagonal centre unit in the {Mo256} and other wheel clusters
has two additional {Mo} units fused to the bottom of the
{Mo6} unit to make a {Mo8} type unit, see Figure 2.


The {Mo368}� [HxMo368O1032ACHTUNGTRENNUNG(H2O)240 ACHTUNGTRENNUNG(SO4)48]
48� system is


even more complex, since it combines both negative and
positive curvature. The building blocks can be represented
as {Mo ACHTUNGTRENNUNG(Mo5)}8ACHTUNGTRENNUNG{Mo(Mo5)}’32{Mo2}16{Mo2}’8{Mo2}’’8{Mo1}64,
with 40 pentagonal units being required to complete the
structure and can be considered to be a hybrid between the
wheel and ball clusters.


In tungstate-based POMs the building block principle is
guided by the ability to link lacunary fragments; this is often
achieved with electrophilic building blocks such as lantha-
nide ions. One excellent example is the dodecamer of the
{XW9} units, a {W148}� [Ln16As12W148O524 ACHTUNGTRENNUNG(H2O)36]


76�


system.[23] The 12 {XW9} units are linked by LnIII cations and
additional tungsten atoms to produce a folded cyclic cluster
with D2d symmetry.


The anion is completed by the four {W5O18} lacunary frag-
ments and the structure is shown in Figure 3 (left). The
degradation of the a-Dawson anion forms lacunary
deriv ACHTUNGTRENNUNGatives, which link to give a cyclic {W48} cluster�
[K28Li5H7P8W48O184], see Figure 3 (right).[24] The D4h struc-
ture of the {P8W48} anion can be seen as a tetramer of
{P2W12} groups.


The major problem with this approach lies in establishing
routes to produce reactive building blocks present in solu-
tion in significant concentrations and that can be reliably
utilised in the formation of larger architectures without re-
organising to other unknown fragments. Access to such
building blocks has been the major limitation in stepwise


growth of Mo-based POM clusters with respect to the more
kinetically inert W-based clusters, which have shown a
degree of control as illustrated by the isolation of the {W148}
cluster, see Figure 3.[23] Such limitations may be circumvent-
ed by adopting an approach that kinetically stabilises the
building block in solution, thereby effectively preventing its
reorganisation to other structure types.


In our work, whilst developing strategies towards this
goal, we have found a new family of polyoxomolybdates[25,26]


based on the [H2Mo16O52]
10� framework, which appears to


achieve the first part of this goal and allows the isolation of
a new structure type by virtue of the cations used to “encap-
sulate” this unit, thereby limiting its reorganisation to a sim-
pler structure. Furthermore the building block character of
this anion is demonstrated when electrophilic transition-
metal ions M2+ (M=Fe, Mn, Co) are added to solutions of
this cluster, resulting in [H2Mo16M2O52]


6� species that can
undergo further condensation reactions.


These clusters were trapped by bulky organic cations
during the self-assembly process; the cations appear to have
restrained the clusters from reorganising into other well-
known structure types. This yields a family of POMs with a
range of symmetries, nuclearities and, most importantly, the
potential to really “tailor” the physical properties by chang-
ing the cluster framework. This approach relies on trapping
and stabilising nonspherical polyanions of low nuclearity
and symmetry before their aggregation and re-arrangement
to more uniform and stable structures. See Figure 4 for an
example of a cluster trapped using this approach to yield a
{Mo16}� [H2Mo16O52]


10�.[25,26]


Figure 3. Structure of the {W148}
[23] and the {W48}


[24] clusters are shown as
polyhedral plots on the left and right, respectively (not to scale). {W148}:
The {XW9} units are shown in blue, the {W5} units in red and the CeIII


ions in dark red, and the As atoms in yellow. {W48}: The {W12} hexavacant
building blocks are shown in blue and red and the P-centred anions are
shown in yellow.


Figure 4. A schematic showing the “encapsulation” of the cluster units
during the cluster assembly process in the presence of the bulky organic
cation HMTA (hexamethyltetramine).


Figure 2. Structures of the {Mo132}
[20]� [MoVI


72MoV
60O372 ACHTUNGTRENNUNG(MeCO2)30-


ACHTUNGTRENNUNG(H2O)72]
42�, {Mo256}


[21]� [Mo256Eu8O776H20 ACHTUNGTRENNUNG(H2O)162]
20�, and {Mo368}


[22]�
[HxMo368O1032 ACHTUNGTRENNUNG(H2O)240 ACHTUNGTRENNUNG(SO4)48]


48� clusters shown with polyhedral plots.
The transferable building blocks found in these clusters are shown below,
including the additional two units fused to the {Mo6} building block, to
make the {Mo8} unit, in light blue.
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Furthermore, the organic cations can also be used as
structure directing moieties, not only at a molecular level,
but also allowing the formation of polymers that allows
large aggregates to assemble, see Figure 5.[27] The effect of


the use of encapsulating cations, here the tetra-n-butylam-
monium ion (nBu4N


+), is demonstrated by the reaction of
(Bu4N)2ACHTUNGTRENNUNG[Mo6O19] with silver(i) fluoride in methanol; this re-
action ultimately results in the formation of a unique one-di-
mensional chain structure of the composition:
(nBu4N)2n[Ag2Mo8O26]n. Here, the flexible nBu4N


+ ions
almost completely wrap around the linear chain of linked
[AgIMoVI


8O26AgI]2� units, see Figure 5. In the solid state
these strands are packed to a network of collinear organic
“tunnels” that accommodate the polymeric {Ag2Mo8}1
anions. The nature of the {Ag2} linker groups and the Ag co-
ordination environments, however, were found to depend
on the reaction conditions, which suggests that the precur-
sors in the reaction solution are not individual {Ag2} and
{Mo8} groups but, most probably, {Ag ACHTUNGTRENNUNG(Mo8)Ag}-type syn-
thons, see Figure 5.


In this section we have shown that POMs have an incredi-
ble structural hierarchy that allows the construction of com-
plex molecules with a great deal of flexibility and structural
variation. In the past, this structural variation has proved to
be an Achilles heel when fully designed systems are desired,
but a level of control is now available and the building
block concept is becoming better understood.


Functional POM Clusters—Prototype Devices?


There is little doubt that diverse physical properties
common to polyoxometalates places them in an almost un-
matched class of materials, which could be extremely useful
as hybrid materials and nanocomposites.[28] In this section
we will focus on POM systems with properties that could be
exploited in the development of molecular-scale devices.


Host–guest chemistry of POM-based superclusters : The de-
velopment of host–guest chemistry based on POM super-
structures has been one of the most interesting develop-
ments and begins to show possibilities for POMs acting as
sensors, storage capsules, and hosts that are able to respond
to external stimuli. For instance molecular growth from a
{Mo176} ring to a {Mo248} ring with the inner voids covered
with “hub-caps” has been possible,[29] as well as the com-
plexation of a metalloporphyrin within the cavity of the
{Mo176} wheel.


[30] In W-based POMs the {W48} cluster
[24] has


been used to complex approximately 20 Cu centres within
the framework.[31]


The Keplerate {MoVI
72MoV


60L30}
n� (n=42 when L=ace-


tate, n=72 when L= sulfate) ball cluster provides an ideal
framework to extend these ideas, as it is a spherical cluster
with a high charge and accessible inner chamber with a
large volume; the nature of the surface of the inner chamber
and the pores can be tuned. Investigations of the uptake of
various cations, such as lithium, by such clusters have given
insight into basic principles of cation transport through “mo-
lecular pores”. This was investigated by using porous Kep-
lerates with sulfate ligands on the inner surface; the cluster
behaves as a semipermeable inorganic membrane open for
H2O and small cations.[32] Similar studies of the uptake/re-
lease of cations by a capsule in solution may be extended to
investigate nanoscale reactions in solutions as well as a large
variety of cation-transport phenomena, see Figure 6. The
pores shown in the Keplerate have the form {Mo9O9}-ring
and provide a structural motif rather similar to that of the
classical crown ethers.


This comparison is even more striking for the {W36}-based
cluster with the formula {(H2O)4K�[H12W36O120]}


11� and in-
cludes the threefold symmetric cluster anion [H12W36O120]


12�,
see Figure 7. Interestingly the cluster anion complexes a po-
tassium ion at the centre of the {W36} cluster in an O6 coor-
dination environment.[33] The {W36} structure consists of
three {W11} subunits; these subunits contain a ring of six
basal W positions, an additional W position in the centre of
this ring, and four apical W positions in a butterfly configu-
ration. Every W position around the cluster centre has a dis-
torted WO6 octahedral coordination geometry with one ter-
minal W=O moiety (dACHTUNGTRENNUNG(W=O)~1.70 O) extending towards


Figure 5. Space-filling representations of segments of the linear chain of
linked [AgIMoVI


8O26AgI]2� showing the growth of the structure into
linear chains encapsulated by the organic n-Bu4N


+ ions and the arrange-
ment of the packed array of these chains, along with a stick representa-
tion of the chain framework (Mo: brown, O: red, Ag: grey, C: black, H:
white). The organisation of the packed linear chains forming microcrys-
tals of the compound are shown in the SEM image on the right with the
crystallographic a axis parallel to the direction of the molecular chains.


Figure 6. Polyhedral structure (left) and space-filling structure (right) of
the {MoVI


72MoV
60L30}


n� ball cluster. The space filling structure is looking
directly down the one of the {Mo9O9}-ring pores.
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the cluster centre where the K ion is located; this arrange-
ment maps extremely well onto the structure of the crown
ether [18]crown-6. The implications for the development of
this system in a similar fashion to the crown ethers is inter-
esting, especially the possibilities for discrimination and
sensing of metal ions using this cluster framework.[33]


Magnetic and conducting POMs : The development of
POM-based clusters incorporating paramagnetic centres is
an interesting goal, since it is possible to utilise existing
building blocks/clusters to generate very large magnetic
molecules. In fact it has been shown that it is possible to
substitute the {Mo2} “linker” groups present in the Kepler-
ate {Mo132}, (pentagon)12 ACHTUNGTRENNUNG(linker)30 species with FeIII to yield
a {Mo72Fe30} cluster with the formula [Mo72Fe30O252-
ACHTUNGTRENNUNG(CH3COO)10{Mo2O7(H2O)}{H2Mo2O8(H2O)}3ACHTUNGTRENNUNG(H2O)91].


[34]


This cluster is smaller than the parent {Mo132} structure with
an outer diameter of approximately 25 O and an inner diam-
eter of about 18 O, see Figure 8. Further, the {Mo72Fe30}
cluster is composed of only MoVI atoms, whereas the {Mo132}
cluster contains 60 reduced MoV centres (the 30 linking


{Mo2} units are reduced). The presence of the FeIII centres,
combined with the weak antiferromagnetic exchange be-
tween these centres, means that there are 30 mainly uncor-
related 5/2 spins at room temperature and the cluster there-
fore behaves like a paramagnet with 150 unpaired electrons.
The FeIII centres of the cluster span an icosidodecahedron
and the extremely rich and interesting magnetic properties
have been investigated by using a simple Heisenberg
model.[35] In this respect the {Mo72Fe30} cluster has been
termed as a mesoscopic paramagnet for which classical be-
haviour extends down to extraordinarily low tempera-
tures.[35]


Rather than using self-assembly of pure POM building
blocks, the ligand-directed assembly of magnetically inter-
esting POM clusters can also be considered. For instance a
{V8O14} cluster can be formed with two ligated 1,3,5-tri-
deoxy-cis-inositol moieties, yielding a vandyl cluster with a
large spin ground state arising from strong ferromagnetic in-
teractions within the cluster.[36]


The formation of hybrid materials based on POMs with
stacks of partially oxidised p-electron donor molecules of
tetrathiafulvalene (TTF) has been accomplished to yield
conducting POM-based materials. This is interesting because
the inorganic POM anion can act as a structural spacer unit,
incorporate additional functionality, such as a scaffold for
paramagnetic ions, or can act as an electron acceptor.[28]


This area is progressing rapidly with the compounds based
on [BEDT-TTF]5ACHTUNGTRENNUNG[H3V10O28]


[37] and [BEDT-TTF]6ACHTUNGTRENNUNG[Mo8O26]
[38]


(BEDT-TTF=bis(ethylenedithio)tetrathiafulvalene), which
behave as metals down to 50 and 60 K with room tempera-
ture conductivities of 360 and 3 Scm�1, respectively. In addi-
tion, a POM radical salt with metallic behaviour down to
2 K has been synthesised.[39] The compound is based on
[BEDO-TTF]6K2ACHTUNGTRENNUNG[BW12O40] and is formed from [BW12O40]


5�


and the organic radical bis(ethylenedioxo)tetrathiafulvalene
(BEDO-TTF). The realisation of POM–organic conducting
hybrids means that devices incorporating both POM clusters
and organic conductors and polymers are also accessible.


Thermochromic and thermally switchable POM clusters : In
our attempts to design functional clusters we have focused
on substitution of the heteroanions within the Wells–
Dawson structure to create nonconventional Dawson clus-
ters incorporating two pyramidal anions. Our design ration-
ale was based on the idea that such clusters may exhibit un-
precedented properties arising from the intramolecular elec-
tronic interactions between the encapsulated anions (in this
case we aimed to engineer between S···S atoms of two en-
capsulated sulfite ions), thus providing a novel route to ma-
nipulate the physical properties of the {Mo18} Dawson-type
clusters. The synthesis of these clusters was accomplished by
extending our previous work utilising organic cations and al-
lowed the isolation of the a-[MoVI


18O54ACHTUNGTRENNUNG(SO3)2]
4� (type 1),


which incorporates the targeted two pyramidal sulfite SO3
2�


ions as the central cluster templates. This compound showed
thermochromic behaviour between 77 K (pale yellow) and
500 K (deep red), see Figure 9.[40]


Figure 7. Representation of the {(H2O)4K�[H12W36O120]}
11� cluster with


the central potassium ion shown in purple. The framework of [18]crown-
6 is superimposed onto the central {O6} moiety to scale and the six W
groups, each of which donate oxygen ligands to coordinate to the potassi-
um ion, are shown in polyhedral representation.


Figure 8. Polyhedral representations of the structures of the {Mo132} and
{Mo72Fe30} clusters to scale (left and right, respectively). The icosidodeca-
hedron formed by connecting the 30 Fe centres is shown.
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In an extension of this work to W-based Dawson-like clus-
ters we succeeded in synthesising the analogous polyoxo-
tungstate clusters incorporating the sulfite anion,[41]


[WVI
18O54 ACHTUNGTRENNUNG(SO3)2]


4� (type 1) the isostructural tungstate ana-
logue to the {Mo18} example, and [WVI


18O56 ACHTUNGTRENNUNG(SO3)2ACHTUNGTRENNUNG(H2O)2]
8�


(type 2), see Figure 10.


Comparison of the types 1 and 2 {W18} Dawson structures
shows that the [WVI


18O54 ACHTUNGTRENNUNG(SO3)2]
4� also engineers the short


S···S interaction, whereas the [WVI
18O56 ACHTUNGTRENNUNG(SO3)2ACHTUNGTRENNUNG(H2O)2]


8� clus-
ter contains two sulfite anions that are locked into a differ-
ent binding mode and appear to expand the upper part of
the cage. This cluster also undergoes an interesting reaction
when heated, whereby a structural rearrangement allows the
two embedded pyramidal sulfite (SIVO3


2�) anions to release
up to four electrons to the surface of the cluster and results
in the sulfate-based, deep blue, mixed-valence [W18 ACHTUNGTRENNUNG(SO4)2]


8�


cluster. Thus the type 2 cluster appears to be surprisingly
well prearranged for an internal reorganisation and a con-
current internal redox reaction, in which the encapsulated
sulfite anions act as embedded reducing agents and are oxi-
dised to sulfate when heated to over 400 8C, see Figure 11.


In the course of this reaction a maximum of four electrons
could be transferred to the metal oxide framework, causing
a colour change from colourless ({WVI


18}) to blue
({WVI


14W
V
4}). The overall reaction is accompanied by the re-


lease of the two coordinated water ligands of the W centres
so the following reaction occurs [Eq. (1)]:


½WVI
18O56ðSIVO3Þ2ðH2OÞ2�8� !


a-½WVI
14W


V
4O54ðSVIO4Þ2�8� þ 2H2O


ð1Þ


In this cluster system the enclosure of sulfite anions with
a “correct” orientation transforms the anions from “inno-
cent” structural templates to electronically reactive, func-
tional units. These can now release electrons to the cluster
shell upon activation by heat; the sulfite groups in type 2
clusters are “activated” whereas those in type 1 appear
more innocent.


Outlook—Towards Polyoxometalate-Integrated
Nanosystems?


The gap between concepts in molecular design to produce
polyoxometalate-integrated nanosystems or molecular scale
devices is vast due to the problem of fabrication and control
of molecular orientation. Molecule-by-molecule assembly is
clearly a great challenge, therefore the design of self-organ-


Figure 9. a) The crystal structure of the new type of sulfite Dawson struc-
ture above, compared to the known sulfate Dawson structure below,
showing the S···S interaction. b) Photographs of the thermochromic mate-
rial at 77, 298, and 500 K. c) Two polyhedral views of the yellow sulfite
Dawson structure (on the left) at 77 K and the resulting red sulfite
Dawson structure (on the right) at 500 K. A possible mechanism is also
shown for the process resulting from the formation of a partial bond be-
tween the SO3


2�, accompanied by electron release to the cluster shell (M
atoms in green, O atoms in red, S atoms in yellow, SO3 groups in space-
filling to show the S···S interaction).[40]


Figure 10. Ball-and-stick representations of the structures of the D3h-sym-
metric a-[W18O54 ACHTUNGTRENNUNG(SO3)2]


4� (type 1; left) and the C2v-symmetric [W18O56-
ACHTUNGTRENNUNG(SO3)2 ACHTUNGTRENNUNG(H2O)2]


8� (type 2; right) cluster ions (W: equatorial {W6} - dark
blue, capping {W3} - light blue; O: red; H: grey; S: yellow). Yellow poly-
hedra represent the pyramidal SO3 units.


Figure 11. Mechanism of the internal sulfite-to-sulfate oxidation showing
the movement of the oxygen atoms (shown in orange, blue and the
waters in red). The equatorial cluster “belts” and the central sulfur posi-
tion of a {W9 ACHTUNGTRENNUNG(SO3)} fragment is illustrated.
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ising and self-assembling systems utilising ideas and inspira-
tion from supramolecular chemistry to form functional mo-
lecular systems that can be connected from the molecule to
the macroscale world is highly desirable.[42] However, the
route to achieve such a grand aim is still unclear and many
scientific fields are converging on the development of nano-
scale and molecular electronics and interdisciplinary ap-
proaches are being developed to address the significant sci-
entific and technical barriers. Clearly the design and synthet-
ic approaches to polyoxometalates, and the fact these clus-
ters can be constructed over multiple length scales, along
with their almost unmatched range of physical properties
means that they are great candidates to be used as both the
scaffold, and the functional part of any nanodevice. There-
fore there is great scope to investigate the self-assembly of
functional POM systems on surfaces and in the crystalline
state to produce architectures that can be fabricated to form
a polyoxometalate-based device. Indeed recent work in the
production of thin films of polyoxometalate clusters[43] and
the use of POM clusters in “nanocasting”[44] are examples in
which the cross disciplinary approach is beginning to utilise
the potential of this class of clusters. One possible approach
to the fabrication of POMs may, for instance, utilise litho-
graphic techniques to prepare patterned substrates for the
formation of “functional” polyoxometalate clusters, or even
utilise the POM cluster in the growth of nanoscale moieties
that can be directed to individual electrodes patterned by
using lithography.[45]


The challenge now is to design individual POM cluster
molecules that can interact both with each other, and with
the macroscale, in a desired fashion in response to inputs
and environmental effects, so a functioning molecular
system is really constructed. In this respect recent advances
in polyoxometalate chemistry[35,36,39, 41,45] mean that all the
components are available conceptually and synthetically to
allow the design and realisation of polyoxometalate-based
integrated nanosystems (PINs).
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Twin Probes as a Novel Tool for the Detection of Single-Nucleotide
Polymorphisms
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Introduction


With the completion of the human genome project, maps of
human sequence variations have been reported and deposit-
ed to public databases.[1–3] Among these variations, single-
nucleotide polymorphisms (SNPs) are the most frequent
and according to the International SNP Map Working
Group, the occurrence of SNPs in human genes is approxi-
mately 1.42 million, 60000 of them being located in exons.[4]


Since SNPs are assumed to play an important role in deter-
mining the genetic predisposition towards inherited diseases,
disease diagnosis, and personalized medicine,[5] there is a
strong interest in developing rapid, sensitive, and cost effec-
tive detection methods. Various detection schemes are pres-
ently available for SNPs.[6,7] When utilizing hybridization in
homogeneous solution, a few formats have been established
which make use of fluorescence resonance energy transfer
(FRET).[8] The spatially close arrangement of a donor and
an acceptor is realized in TaqMan probes[9,10] and molecular


beacons.[11,12] Instead of using interactions between two ex-
trinsic probes, interactions of one fluorophore with DNA
bases can be used for specific detection of nucleic acid se-
quences.[13,14] Besides the use of fluorescein,[15,16] very recent-
ly fluorene has also been incorporated into the loop struc-
ture of a hairpin architecture.[17] A single base mismatch was
detected by de-quenching upon hybridization with the fully
matched target and quenching upon hybridization with a
target containing a single base mutation.


In this paper, we report a novel structural concept for
DNA detection. The so-called “twin probe” consists of a
single central fluorophore to which two identical oligonu-
cleotides have been covalently attached. The twin probe is
applied in a homogeneous DNA detection assay. SNPs
could be detected upon hybridization of the twin probe and
a target sequence with high efficiency.


Results and Discussion


As a central emitter, the fluorene derivative 2 was chosen
for two reasons. First, it is an efficient blue emitter with a
high fluorescence quantum efficiency in organic solvents[18,19]


as well as water.[20] Second, at a later stage it will be advan-
tageous to extend this concept from monomeric to polymer-
ic emitters, which have already found applications as biosen-
sors.[21–23]


Abstract: Single-nucleotide polymor-
phisms (SNPs) are the most common
form of DNA sequence variation.
There is a strong interest from both
academy and industry to develop rapid,
sensitive and cost effective methods for
SNP detection. Here we report a novel
structural concept for DNA detection
based on fluorescence dequenching
upon hybridization. The so-called “twin
probe” consists of a central fluorene
derivative as fluorophore to which two


identical oligonucleotides are covalent-
ly attached. This probe architecture is
applied in homogeneous hybridization
assays with subsequent fluorescence
spectroscopic analysis. The bioorganic
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quence specific DNA detection and
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two single stranded oligonucleotides
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The synthesis of the core fluorophore started from the
well-known fluorene derivative 1 (Scheme 1).


2,7-Dibromo-9,9-di-n-octylfluorene (1) was treated in a
palladium-catalyzed Suzuki coupling[24] with 4-carboxymeth-
ACHTUNGTRENNUNGylphenylboronic acid. Alkaline hydrolysis of the resulting
diester generated the biscarboxylic acid 2. Subsequent acti-
vation of the carboxylic acids was carried out with N-hy-
droxysuccinimide. The corresponding active ester 3 was
treated with a 17-mer oligonucleotide sequence (5’-CTCA-
GATCTGGTCTAAC-3’) carrying a 5’-amino linker to gen-
erate the desired twin probe 5 along with the monoconju-
gate 4 as a by-product. Purification of the target product 5
and monoconjugate 4 was performed by polyacrylamide gel
electrophoresis (PAGE) using a 20% denaturing gel. The
purity of 4 and 5 was proven by PAGE analysis (Figure 1A).


Compounds 4 and 5 exhibited a significant lower electro-
phoretic mobility than the amino modified oligonucleotide,
which was used as a starting material. With MALDI-TOF
mass spectrometry the identity of 5 was confirmed (Fig-
ure 1B).


Two identical 5’-amino modified oligonucleotide sequen-
ces were used for coupling to the fluorophore core as these
modifications can be more easily accessed by automated
synthesis in contrast to 3’-modifications. Furthermore, 5’-
modified oligonucleotides are commercially available so
that the twin probe 5 can be synthesized in a standardized
fashion without the need for an oligonucleotide synthesizer.


To study the influence of the fluorene moiety and the at-
tached C6-alkyl spacers on duplex formation, the melting
temperature (Tm) of the twin probe 5 and its complementary
sequence with that of the free oligonucleotide with the same
sequence were compared. The melting temperature Tm of 5
was 58 8C; whereas, the free oligonucleotides exhibited a Tm


of 57 8C. This small difference in Tm, which lies within the
experimental error of the measurement, indicates that there
are only weak interactions between the chromophore and
the attached oligonucleotide sequence.


To test the suitability of twin probe 5 for SNP detection,
hybridization experiments were carried out (Table 1,
Figure 2). The nonhybridized twin probe 5 showed low fluo-
rescence intensity in buffer solution upon excitation with
350 nm. Hybridization of the twin probe 5 with the target
sequence ODN1, which fully matched the probe sequence,
led to a ten-fold increase in fluorescence intensity. Simulta-


Scheme 1. Synthesis of fluorescent core and oligonucleotide conjugates: a) 4-Carboxymethylphenylboronic acid, K2CO3, THF/H2O, [Pd ACHTUNGTRENNUNG(PPh3)4], 80 8C,
16 h, 73%; b) KOH, EtOH/H2O, reflux, 3 h, 88%; c) N-hydroxysuccinimide (NHS), dicyclohexylcarbodiimide (DCC), DMF, RT, overnight; d) 5’-amino
modified oligonucleotide, DMF/sodium tetraborate decahydrate buffer (pH 8.5), RT, overnight.


Figure 1. A) Polyacrylamide gel electrophoresis analysis of 4 and 5.
a) Oligonucleotide (5’-NH2-(CH2)6-CTCAGATCTGGTCTAAC-3’);
b) monoconjugate 4 ; c) twin probe 5. B) MALDI-TOF mass spectrum of
5 (calcd: 11241 gmol�1; found: 11187 gmol�1).
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ACHTUNGTRENNUNGneously, a hypsochromic shift of the emission band occurred
from 432 to 417 nm. When 5 was incubated with a noncom-
plementary target ODN2 only a 1.6-fold enhancement of
the fluorescence intensity was observed, which is accompa-
nied by a hypochromic shift of the emission maxima from
432 to 439 nm. On the basis of the hybridization results of
the twin probe 5 with the fully matching and a noncomple-
mentary sequence, the possibility of detecting a single-nu-
cleotide mismatch was investigated. Accordingly, two target
sequences ODN3 and ODN4 containing an A to C and an
A to G mismatch, respectively, were examined. Upon hy-
bridization, the mismatch is located within the helix of the
probe and target sequences (Table 1). When 5 was hybri-
dized with the mismatched sequences ODN3 and ODN4,
the emission intensities dropped to 49 and 25%, respective-
ly, compared with the signal obtained with the fully matched
sequence ODN1. Upon duplex formation of the mismatched
sequences ODN3 and ODN4 with probe 5, the emission
maxima shifted hypsochromically from 432 to 420 nm
(Figure 1, Table 1). Very similar emission behavior of 5
upon hybridization was found for probe concentrations
ranging from 10�5 to 10�8


m. Especially, the lower limit is of
importance since a typical polymerase chain reaction results
in equal amounts of DNA.[25] The fluorescence measure-
ments (Table 1), clearly demonstrated that the novel twin
probe architecture is well
suited for sequence specific
DNA assays and even a single
base mismatch could be detect-
ed with a discrimination factor
of up to 4.


Hybridization experiments
were also carried out with the
fluorene derivative 4 connect-
ed only to a single-oligonucleo-
tide sequence. This compound
exhibited high fluorescence intensity in buffer solution.
Upon hybridization with its complementary sequence, a de-
crease in fluorescence intensity was observed (data not
shown). Since the aim was to generate a system, which pro-
duces an increase in the fluorescence signal upon hybridiza-
tion, monoconjugate 4 was not suited for such detection pur-
poses. However, to gain further insight into the factors that
determine the fluorescence behavior of the central fluoro-
phore within twin probe 5, monoconjugate 4 is well suited
for comparative studies. To investigate the effect of the four
different nucleotides occurring in DNA on the optical prop-
erties of the fluorene moiety, additional quenching experi-
ments were performed with 4 and A16, G16, C16, T16, respec-
tively. Monoconjugate 4 has been utilized in the quenching
experiments because contrary to 2, it is readily soluble in
buffer solutions. The fluorescence intensities of the 4 (1.6M
10�7


m) in the presence of various 16-mer concentrations
ranging from 7.0M10�5 to 1.5M10�3


m were measured and ex-
pressed in Stern–Volmer plots.[26] With increasing concentra-
tions of A16, G16, C16, and T16, a decrease in the emission in-
tensity of 4 was observed. An exponential relationship in


the Stern–Volmer plot was obtained for quencher concentra-
tions higher than 5.0M10�4


m (data not shown), which can be
explained by sphere-of-action quenching also present in
other polyelectrolyte systems.[27] For oligonucleotide concen-
trations below 5.0M10�4


m, a linear dependence in the Stern–
Volmer plot was obtained (Figure 3) from which KSV values
were calculated. The most efficient quencher was G16 with a
KSV of 5.1M10�4


m
�1. The KSV values measured for C16 and


T16 were 3.8M10�4
m


�1 and 3.5M10�4
m


�1, respectively, the dif-
ference in magnitude being within the uncertainty of the
measurement. The oligonucleotide with the lowest effect on
the emission intensity of the fluorene moiety was A16 with a
KSV of 1.3M10�4


m
�1. The data from the quenching experi-


ments were also in agreement with the results obtained
from hybridization. An A to G mismatch in ODN4 led to a
higher extent of quenching than the A to C mismatch in
ODN3 underpinning the fact that G was the most efficient
quencher for fluorene connected to oligonucleotides in con-
jugates 4 and 5.


Fluorescence quenching by nucleobases also referred to
as base quenching has been mentioned previously. Photoin-


Figure 2. Emission spectra of the twin probe 5 (1.7M10�7
m) and corre-


sponding duplexes of 5 with ODN1 to ODN4. All oligonucleotides have
been used in two-fold excess with respect to 5 : a) nonhybridized twin
probe 5, b) noncomplementary ODN2 + 5, c) A to G mismatch ODN4
+ 5, d) A to C mismatch ODN3 + 5, and e) complementary ODN1 +


5. Fluorescence spectra were obtained using an excitation wavelength of
350 nm and were recorded at room temperature. Hybridization buffer
solutions contained 100 mm Tris base, 100 mm NaCl, and 50 mm MgCl2.


Table 1. Fluorescence spectroscopic analysis of the twin probe 5 and the corresponding hybridization experi-
ments with different target sequences. Mismatches are in italic.


Sequence Rel. fluoACHTUNGTRENNUNGrescence int. [%] Em. max. [nm]


5 probe: 5’NH2-CTCAGATCTGGTCTAAC-3’ 11 432
ODN1 comp: 3’-GAGTCTAGACCAGATTG-5’ 100 417
ODN2 noncomp: 3’-ACTCTTATCACATACGC-5’ 18 439
ODN3 A to C: 3’-GAGTCCAGACCAGATTG-5’ 49 420
ODN4 A to G: 3’-GAGTCGAGACCAGATTG-5’ 25 420
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duced electron transfer plays an important role for the
mechanism of quenching of the excited dyes. However,
other effects like coupled proton transfer and hydrophobic
interactions need to be considered as well in the context of
fluorescence quenching.[28] Due to the good electron donat-
ing properties of guanosine residues, this base has been re-
ported to quench the emission of other fluorescent dyes effi-
ciently.[15,29] The fluorescence measurements performed with
the monoconjugate 4 suggest that through the covalent at-
tachment of the second oligonucleotide chain, as realized in
the bisconjugate 5, the quencher concentration is becoming
high enough to induce a low fluorescence emission from the
fluorene emitter in the nonhybridized probe 5.


The broad fluorescence spectra of 5, and its hybridization
products, are a hint that besides base quenching, also aggre-
gate formation of the hydrophobic fluorene units influences
the emission behavior of twin probe 5. The aggregation of
fluorene units, leading to long wavelength emission and
broadened spectra, is well known and has been investigated
intensively in the context of polymeric materials.[30] To gain
further insight into aggregate formation of the central emit-
ter unit, avidin–biotin binding was applied. A biotin moiety
was introduced into the target strands, which are either fully
complementary or noncomplementary to the probe se-
quence of 5. Hybridization of twin probe 5 with the biotinyl-
ACHTUNGTRENNUNGated oligonucleotides led in the
case of the fully matching se-
quence to a 5.4-fold increase of
the fluorescence intensity,
whereas with the noncomple-
mentary sequence only a 1.6-
fold increase was obtained
(Figure 4, Table 2). The addi-
tion of avidin to both hybridiza-
tion solutions resulted in a fur-


ther increase of the fluorescence intensity for the matching
ODN5 and no changes for ODN6. Equal amounts of avidin
with respect to biotin groups were used. More important,
the biotin–avidin interaction induced a significant hypso-
chromic shift of the emission wavelengths from 445 to
402 nm for the hybridization product of 5 and ODN5
(Table 2, Figure 4). For the noncomplementary oligonuleo-
tide ODN6 no changes of the fluorescence spectrum was ob-
served.


This shift of the emission wavelengths suggests that the
binding of biotin and avidin molecules in the hybridization
buffer interferes with the p-stacking and/or hydrophobic in-
teractions of the emitter units, supporting the hypothesis
that supramolecular aggregate formation plays an important
role for the twin probe nucleic acid detection system.


After elucidating the factors that determine the photo-
physical properties of the twin probe system, the generality
of the new detection system regarding variations in se-
quence composition needs to be demonstrated. It should be


Figure 3. Stern–Volmer plots measured in hybridization buffer for G16


(&), C16 (&), T16 (!), and A16 (~) with the monoconjugate 4 (conc. 1.6M
10�7


m). The emission spectra were measured upon excitation at 350 nm.


Figure 4. Emission spectra of the twin probe 5 (2.8M10�7
m) and the cor-


responding hybridization products with biotinylated target sequences
without and in the presence of avidin. The target sequences were added
in twofold excess with respect to 5. a) Nonhybridized twin probe 5, b)
noncomplementary biotin modified ODN5 + 5, c) biotin-modified com-
plementary ODN6 + 5, d) biotin-modified complementary ODN6 + 5
in the presence of equimolar amounts of avidin with respect to biotin
groups. Fluorescence spectra were obtained using an excitation wave-
length of 350 nm and were recorded at RT. Hybridization buffer solutions
contained 100 mm Tris base, 100 mm NaCl, and 50 mm MgCl2.


Table 2. Fluorescence spectroscopic analysis of the hybridization experiments of the twin probe 5 and biotin-
ACHTUNGTRENNUNGylated target sequences in the presence of and without avidin. The biotin-modified bases are indicated by B.


Sequence Rel. fluores ACHTUNGTRENNUNGcence int. [%] Em. max. [nm]


5 probe: 5’NH2-CTCAGATCTGGTCTAAC-3’ 26 446
ODN6 comp-biotin: 3’-GAGTCTBAGACCAGATTG-5’ 100 442
ODN6 comp-biotin+avidin: 3’-GAGTCTBAGACCAGATTG-5’ 114 403
ODN5 noncomp biotin: 3’-AATACTBCACTTTACACT-5’ 42 447
ODN5 noncomp biotin+avidin: 3’-AATACTBCACTTTACACT-5’ 45 448
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noted that the 17-mer oligonucleotide sequence (5’-CTCA-
GATCTGGTCTAAC-3’) of 5 can adopt a loop structure by
base pairing of the italicized oligonucleotides which might
influence the results of fluorescence measurements. There-
fore, twin probes 6 (5’-CGCTTCATTTGTTCTCCC-3’) and
7 (5-CTGACTGGGTTGAAGGCTCT-3’) were synthesized
by the same procedure as described above. The sequences
of 6 and 7 were designed to avoid any secondary structure
formation. The results of the hybridization experiments with
subsequent fluorescence spectroscopic analysis are summar-
ized in Table 3.


For twin probes 6 and 7, a similar behavior as for 5 was
detected. When not hybridized, 6 and 7 exhibit a low fluo-
rescence intensity. Upon base pairing with the fully comple-
mentary sequences, the emission increased two- and five-
fold, respectively. Addition of the noncomplementary se-
quences only slightly increased the fluorescence intensity.
As described for 5, SNPs were also detected with 6 and 7.


These measurements demonstrated that secondary struc-
ture formation of the attached ODNs to the fluorene emit-
ter only slightly influenced the performance of the detection
assay. More important, the general applicability of the novel
twin probe system with respect to sequence composition
was proved.


In TaqMan probes[9,10] and molecular beacons,[11,12] donor
and acceptor dyes must be covalently attached to the termi-
ni of the probe sequences. Even though both methods are
applied commercially, each method suffers from dual-label-
ing of DNA. This ultimately results in low yields, while the
presence of impurities can adversely affect the sensitivity of
the assay.[31] Another drawback is that although design algo-
rithms for the sequences are well elaborated, both probe se-
quences require significant optimization and redesign. The
twin probe system offers several advantages, most noticea-
bly, the ability to introduce the fluorene moiety 3
(Scheme 1) between virtually any sequence of choice. Also,
the need for dual labeling of an oligonucleotide at both the
5’- and 3’-ends can be eliminated, which makes the twin
probe assay relatively inexpensive. In addition, one of the
3’-ends in the twin probe, or one of the alkyl chains of the
fluorene moiety,[32] could be used for immobilization to
transfer the twin probe assay into a chip-based format.


Conclusion


In summary, a novel architecture for DNA detection was
presented, the so-called “twin probe”, where two identical
oligonucleotide sequences were attached to a central fluo-
rene emitter. The synthesis of the twin probe was carried
out in four straightforward synthetic steps. The twin probe
system appears to be well suited for sequence specific DNA
detection by means of fluorescence in a homogeneous hy-
bridization assay. The twin probe shows a remarkable selec-
tivity that even allows identification of different SNPs. The


general applicability of this nu-
cleic acid detection scheme was
demonstrated regarding se-
quence composition. Two fac-
tors seem to influence the pho-
tophysical properties of the
twin probe. First, the attach-
ment of two oligonucleotides to
the central emitter leads to effi-
cient quenching of the fluorene
by the nucleobases. Second, su-
pramolecular aggregate forma-
tion induced by the fluorene
leads to broad red-shifted emis-


sion. And finally, the aggregates can be destroyed by the
strong biotin–avidin interaction.


To broaden the field of application of twin probes, such as
real-time PCR, the sites of oligonucleotide attachment will
be varied. Future work will also be dedicated to transfer our
novel detection concept to oligo- and polyfluorenes.


Experimental Section


Unless otherwise specified, materials were obtained from commercial
suppliers and used without further purification. 2,7-Dibromofluorene was
purchased from Aldrich and used as such. N-Hydroxysuccinimide (NHS)
was purchased from Acros, N,N’-dimethylformamide (DMF) from Fluka,
and 1,3-dicyclohexylcarbodiimide (DCC) from Merck. Dimethoxytrityl
(DMTr) protected phosphoramidites, trityl protected C6-amino linker
and polystyrene/divinylbenzene support were purchased from Perbio,
Glen Research and Amersham Biosciences, respectively. 1H and
13C NMR spectra were recorded on a Bruker AMX 250 (250 and
62.5 MHz, respectively) spectrometer. Molecular weights were deter-
mined using matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS), using a Bruker MALDI-TOF
(Reflex-TOF) mass spectrometer. Field desorption (FD) mass spectra
were recorded on a VG Instruments ZAB2-SE-FPD spectrometer.


2,7-Dibromo-9,9-di-n-octylfluorene (1): Synthesized according to the lit-
erature.[33]


2,7-Bis(4-phenylcarboxylic acid)-9,9-di-n-octylfluorene (2): Diacid func-
tionalized fluorene 2 was synthesized in two steps starting from 1
(Scheme 1).


a) 2,7-Bis(4-phenylcarboxylic acid methyl ester)-9,9-di-n-octylfluorene :
2,7-Dibromo-9,9-di-n-octylfluorene (1; 1.06 g, 1.94 mmol), 4-carboxy-
ACHTUNGTRENNUNGmethylphenylboronic acid (0.91 g, 5.03 mmol) and K2CO3 (0.54 g,
3.88 mmol) were dissolved in THF (12 mL) and water (6 mL) in a
Schlenk flask. The solution was purged with argon for 15 min, tetrakis-
ACHTUNGTRENNUNG(triphenylphosphine)palladium(0) (67 mg, 58 mmol) was added, and the
reaction mixture was heated at 80 8C for 16 h. The product was extracted


Table 3. Fluorescence spectroscopic analysis of the twin probes 6 and 7 as well as the corresponding hybridiza-
tion experiments with different target sequences. Mismatches are in italic.


Sequence Rel. fluorescence int. [%] Em. max. [nm]


6 probe:5’NH2-CGCTTCATTTGTTCTCCC-3’ 48 436
ODN7 comp: 3’-GCGAGAACAAATGAAGCG-5’ 100 438
ODN8 C to A: 3’-GCGAAATAAACAAGAGGG-5’ 66 442
ODN9 noncomp: 3’-TGTACTGCCTCCAACA-5’ 50 444
7 probe: 5’NH2-CTGACTGGGTTGAAGGCTCT3’ 20 421
ODN10 comp: 3’-GACTGACCCAACTTCCGAGA-5’ 100 430
ODN11 T to G: 3’-GACTGGCCCCAACTTCCGAGA-5’ 62 439
ODN12 noncomp: 3’-AAGTTAGGTGGGCCTAATTT-5’ 38 421
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into dichloromethane, washed with brine, and dried over MgSO4. The
crude product was recrystallized from ethanol to generate the pure di-
ACHTUNGTRENNUNGester as light yellow shiny crystals (0.93 g, 73%). 1H NMR (250 MHz,
CD2Cl2, 25 8C): d = 8.12 (d, J=8.5 Hz, 4H), 7.80 (m, 6H), 7.67 (m, 4H),
3.93 (s, 6H), 2.10 (t, J=8.9 Hz, 4H), 1.20–1.09 (m, 20H), 0.83–0.68 (m,
10H); 13C NMR (62.5 MHz, CD2Cl2, 25 8C): d = 167.53, 152.79, 146.63,
141.54, 139.80, 130.74, 129.70, 127.78, 127.05, 122.49, 121.09, 56.27, 52.74,
41.05, 32.51, 30.68, 29.94, 29.92, 24.59, 23.34, 14.56; FDMS: m/z : calcd:
658.93; found: 659.40; elemental analysis calcd (%): C 82.03, H 8.26;
found C 81.87, H 8.26.


b) 2,7-Bis(4-phenylcarboxylic acid)-9,9-di-n-octylfluorene (2): A mixture
of above diester (0.70 g, 1.06 mmol), KOH (0.80 g, 14 mmol), THF
(10 mL) and H2O (5 mL) was heated under reflux for 16 h. The reaction
was cooled to room temperature and then acidified with concentrated
HCl. The precipitated white solid was washed several times with water
and then ethanol, and dried under vacuum (0.59 g, 88%). 1H NMR
(250 MHz, [D6]DMSO, 25 8C): d = 13.03 (br s, 2H), 8.07 (d, J=8.5 Hz,
4H), 7.91 (m, 8H), 7.74 (d, J=7.9 Hz, 2H), 2.11 (m, 4H), 1.20–0.56 (m,
30H); 13C NMR (62.5 MHz, [D6]DMSO, 25 8C): d = 167.10, 151.49,
144.49, 140.24, 138.06, 129.88, 129.36, 126.72, 125.99, 121.22, 120.64, 55.06,
40.45, 31.03, 28.99, 28.35, 28.33, 23.21, 21.91, 13.74; FDMS: m/z : calcd:
630.88; found: 630.70.


Disuccimidyl ester of 2,7-bis(4-phenylcarboxylic acid)-9,9-di-n-octylfluo-
ACHTUNGTRENNUNGrene (3): Diacid 2 (20 mg, 0.03 mmol) and NHS (18.25 mg, 0.15 mmol)
were dissolved in dry N,N’-dimethylformamide (DMF) (2 mL) under
argon. To this solution, DCC (18.55 mg, 0.09 mmol) dissolved in dry
DMF (1.5 mL) was added dropwise and stirred overnight at room tem-
perature. The completion of reaction was determined by TLC (methylene
chloride) and FDMS. FDMS: m/z : calcd: 825.0; found: 825.24.


5’-Amino-modified oligodeoxyribonucleotide (ODN): The amino modi-
fied oligonucleotide, 5’-NH2-C6-CTCAGATCTGGTCTAAC-3’ was syn-
thesized by standard solid-phase DNA chemistry using the phosphorami-
dite method[34] on a polystyrene/divinylbenzene support. After the syn-
thesis, deprotection of the oligonucleotides was carried out in a suspen-
sion of 37% ammonia at 50 8C, overnight. The trityl group was deprotect-
ed under standard conditions by stirring in acetic acid/H2O (4:1) for 2 h
at room temperature. The resulting oligonucleotide was dried under
vacuum overnight and purified by ion-exchange HPLC.


ODN–fluorene conjugates : Active ester 3 (0.5 mg, 0.6 mmol) was dis-
solved in a small amount of dry DMF (25 mL) and added to the 5’-amino
modified oligonucleotide (ODN)[14] (19 mg, 3.6 mmol) in a total volume
of 250 mL of 0.10m sodium tetraborate buffer (pH 8.5) and shaken over-
night at room temperature. Purification of the products was performed
using a 20% denaturing polyacrylamide gel (100 V, 2 h) with trisborate/
EDTA buffer (90 mm Tris, 90 mm boric acid, 2 mm EDTA) as the running
buffer. Identification of conjugates 4 and 5 was achieved by UV shadow-
ing. The respective bands were excised from the gel and incubated in Tris
buffer (pH 7) overnight at 37 8C. Products 4 and 5 were obtained after fil-
tration through a filter with 22mm pores.
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Self-Assembly of Amylin ACHTUNGTRENNUNG(20–29) Amide-Bond Derivatives into Helical
Ribbons and Peptide Nanotubes rather than Fibrils


Ronald C. Elgersma,[a] Tania Meijneke,[a] George Posthuma,[b] Dirk T. S. Rijkers,[a] and
Rob M. J. Liskamp*[a]


Introduction


Uncontrolled peptide/protein aggregation leading to precipi-
tation of proteins is a major cause of a number of diseases[1]


for which there is no therapy available as yet. The most
well-known diseases of these diseases are Alzheimer"s dis-
ease,[2] Parkinson"s disease,[3] transmissible spongiform en-
cephalopathies (scrapie, bovine spongiform encephalopathy
(BSE), and Creutzfeldt–Jakob disease),[4] and diabetes
type II.[5] The latter is characterized by deposits of islet amy-


loid polypeptide (IAPP) in the form of amylin fibrils which
are present in the pancreatic islets. Since peptide–peptide,
peptide–protein, and protein–protein interactions are ubiq-
uitous, it is fair to expect that, in the future, diseases will be
uncovered where protein aggregation is a (co)causitive
factor, especially when locally high peptide/protein concen-
trations favor possible intermolecular aggregation, as is the
case for the example with insulin.[6] Insights into the mecha-
nism of aggregation by structure–aggregation–activity stud-
ies, might not only shed more light on the structural parame-
ters, which play key roles in these processes, but also lead to
compounds capable of interfering with aggregation.[7–9]


For interference with amyloid formation by inhibition of
b sheets, small molecules including small peptides and pepti-
domimetics are naturally preferred as possible future drugs
for inhibition of fibril growth or resolubilization of fibrils in
aggregation diseases and considerable activity is currently
taken place in this area of research.[7–9] Although we have
shown that mutation of a single amide bond, into the corre-
sponding ester, peptoid, or N-butylated amino acid residue,
at position 28 of human IAPPACHTUNGTRENNUNG(20–29)[10] was able to inhibit
amyloid formation,[10a] these modified human IAPPACHTUNGTRENNUNG(20–29)


Abstract: Uncontrolled aggregation of
proteins or polypeptides can be detri-
mental for normal cellular processes in
healthy organisms. Proteins or polypep-
tides that form these amyloid deposits
differ in their primary sequence but
share a common structural motif: the
(anti)parallel b sheet. A well-accepted
approach for interfering with b-sheet
formation is the design of soluble b-
sheet peptides to disrupt the hydrogen-
bonding network; this ultimately leads
to the disassembly of the aggregates or
fibrils. Here, we describe the synthesis,
spectroscopic analysis, and aggregation
behavior, imaged by electron microsco-


py, of several backbone-modified
amylinACHTUNGTRENNUNG(20–29) derivatives. It was found
that these amylin derivatives were not
able to form fibrils and to some extent
were able to inhibit fibril growth of
native amylin ACHTUNGTRENNUNG(20–29). However, two of
the amylin peptides were able to form
large supramolecular assemblies, like
helical ribbons and peptide nanotubes,
in which b-sheet formation was clearly
absent. This was quite unexpected


since these peptides have been de-
signed as soluble b-sheet breakers for
disrupting the characteristic hydrogen-
bonding network of (anti)parallel b


sheets. The increased hydrophobicity
and the presence of essential amino
acid side chains in the newly designed
amylinACHTUNGTRENNUNG(20–29) derivatives were found
to be the driving force for self-assem-
bly into helical ribbons and peptide
nanotubes. This example of controlled
and desired peptide aggregation may
be a strong impetus for research on
bionanomaterials in which special
shapes and assemblies are the focus of
interest.


Keywords: amyloids · helical struc-
tures · peptides · protein modifica-
tions · self-assembly


[a] R. C. Elgersma, T. Meijneke, Dr. Ir. D. T. S. Rijkers,
Prof. Dr. R. M. J. Liskamp
Department of Medicinal Chemistry
Utrecht Institute for Pharmaceutical Sciences
Utrecht University, P.O. Box 80082
3508 TB Utrecht (The Netherlands)
Fax: (+31)30-253-6655
E-mail : r.m.j.liskamp@pharm.uu.nl


[b] Dr. G. Posthuma
Department of Cell Biology
Center for Electron Microscopy
University Medical Center, 3508 GA Utrecht (The Netherlands)


E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3714 – 37253714







derivatives were not, however, able to inhibit/retard fibril
formation of full-length amylin (37 residues)[11,12] or to resol-
ubilize preformed amylin fibrils.[10b] However, amide bond
modification at alternate posi-
tions has been used successfully
by Meredith and co-workers
with (Ab ACHTUNGTRENNUNG(16–22): Ac-Lys-Leu-
Val-Phe-Phe-Ala-Glu-NH2)
peptides[13] in order to obtain
aggregation inhibitors. There-
fore, we have designed amylin-
ACHTUNGTRENNUNG(20–29) derivatives in which the
amide bonds at positions 24, 26,
and 28 have been modified by
N-butylation or by incorpora-
tion of peptoid- or ester-bond
moieties. Thus, at crucial posi-
tions the NH hydrogen-bond
donors of the amide bond are
no longer present and bulky
substituents have been introduced on to the nitrogen atom.
Alternatively, NH hydrogen-bond donors were replaced by
oxygen atoms through the preparation of suitable depsipep-
tides. These newly designed amylin derivatives did not form
amyloid fibrils but surprisingly gave rise to the formation of
helical ribbons and peptide nanotubes by self-assembly.
In general, these and other backbone modifications


assume a central position in our research program.[14] Back-
bone modifications are both very important and highly inter-
esting because the peptide side chains are maintained for
molecular recognition, while changes in the geometrical con-
straints (f, y, and w dihedral angles, absence or presence of
hydrogen-bond donors/acceptors) are crucial for the result-
ing supramolecular assembly. It will be the balance between
these two structural moieties—side chains versus back-
bone—in peptides and peptidomimetics that will determine
the outcome with respect to the biological activity and/or
material properties.
There are many examples of controlled and desired pro-


tein aggregation mechanisms in living organisms. If these
protein aggregation mechanisms, especially those involved
in certain diseases, lead to typical morphological changes,
they may have a significant impact on research into bio-
ACHTUNGTRENNUNGnanomaterials,[15] in which special shapes and assemblies are
within the focus of interest. The described amylin deriva-
tives open up promising possibilities for the further study of
the process of aggregation as well as for carrying out struc-
ture–activity-relationship studies in order to design bionano-
materials based on self-assembly of amyloid-derived pep-
tides.


Results and Discussion


Rationale for design : Amyloid fibrils ultimately result from
the assembly of antiparallel oriented peptides, in which the
amide bonds of the peptide backbone can form an ideal hy-


drogen-bonding network (Scheme 1, top).[16] In general, the
formation of (anti)parallel b-pleated sheets is responsible
for a decreased solubility of many proteins. However, by


using a simple model as a basis for preventing or at least in-
terfering with this hydrogen-bond formation (Scheme 1,
bottom), we, and others, have shown that specifically de-
signed peptides are capable of delaying and/or inhibiting b-
sheet formation and thus fibril formation.[9,10a] In principle,
such peptides, denoted as b-sheet-breaker peptides, could be
used as a new approach for therapeutic intervention in amy-
loid formation. Along these lines, we found that a single
amino acid substitution in the amylin ACHTUNGTRENNUNG(20–29) sequence,
namely, Ser28!NNle (NNle=N-butylglycine), was respon-
sible for complete inhibition of fibril formation and also de-
layed fibril formation of native amylinACHTUNGTRENNUNG(20–29).[10a] However,
preformed fibrils of native amylinACHTUNGTRENNUNG(20–29) or full-length
amylin did not redissolve in the presence of amylinACHTUNGTRENNUNG(20–
29)Ser28!NNle. This contrasted with results described in
the literature with N-methylated AbACHTUNGTRENNUNG(16–22) and AbACHTUNGTRENNUNG(1–
40).[13] Therefore, the successful approach of Meredith and
co-workers, in which a peptide backbone was modified at
three alternate amide bonds to obtain a potent antiamyloi-
dogenic peptide that could redissolve preformed AbACHTUNGTRENNUNG(1–40)
fibrils,[13] was applied to our amyloid peptide model, amylin-
ACHTUNGTRENNUNG(20–29). At three alternate positions[17] (Scheme 1) the
amide bonds of the native peptide 6 were replaced by ester
moieties (depsipeptides), N-butylated amino acid residues,
N-butylated glycine residues (peptoids) by preparation of
human IAPP ACHTUNGTRENNUNG(20–29) derivatives 7–12 (Scheme 2). In the
cases of the peptide–peptoid hybrids 9, 11, and 12, the influ-
ence of the a-amino acid side chains on the amyloidogenic
character of the peptide was also investigated.


Synthesis of the peptides : Unfortunately, direct solid-phase
synthesis of the depsipeptide 7 and the N-butylated peptide
8 gave unsatisfactory results.[10b] It was thought that intro-
duction of the complete building blocks comprising the dep-
sipeptide moiety and the peptoid moiety, that is, Fmoc-Ala-
Ilec-OH (2 ; Fmoc=9H-fluoren-9-ylmethoxycarbonyl, Ilec=
2S-hydroxy-3S-methylpentanoic acid) and Fmoc-Ala-


Scheme 1. Rationale for the design of b-sheet-breaker peptides based on the amylin ACHTUNGTRENNUNG(20–29) sequence.
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(NBu)Ile-OH (5), respectively, would be more successful
(Scheme 3).
For the synthesis of Fmoc-Ala-Ilec-OH (2), the l-a-hy-


droxy acid equivalent of l-isoleucine was first synthesized
by diazotization of the amino acid according to the method
of Shin et al.[18a] followed by esterification with allylbromide;
a-hydroxy acid allyl ester 1 was obtained in 61% overall
yield. Fmoc-Ala-OH was coupled to this with DCC/DMAP
in 68% yield[18c] and the allyl ester was removed with Pd-
ACHTUNGTRENNUNG(Ph3P)4 in the presence of phenylsilane as a scavenger


[19] to
give the Fmoc-protected dipeptide acid 2 in 71% yield.
For N-butylation of isoleucine, the corresponding benzyl


ester (65% yield) was synthesized and this was followed by
introduction of the sulfonamide moiety with p-nitrobenzene-
sulfonyl chloride in the presence of TEA as base to give 3
in 66% yield. After a Mitsunobu reaction[20] with 1-butanol/
PPh3/DIAD in THF, with a nearly quantitative yield,


[21] and
removal of the p-nitrobenzenesulfonyl moiety by thiopheno-
late, the secondary amine 4 was obtained in 67% yield.
Coupling of Fmoc-Ala-OH to H-N(Bu)Ile-OBzl was very
difficult due to severe steric hindrance. Coupling reagents 3-
(3-dimethylaminopropyl)-1-ethylcarbodiimide (EDCI)/7-
aza-1-hydroxy-1H-benzotriazole (HOAt),[22] N-[(dimethyl-
ACHTUNGTRENNUNGamino)-1H-1,2,3-triazole ACHTUNGTRENNUNG[4,5-b]-pyridin-1-ylmethylene]-N-
methylmethanaminium hexafluorophosphate N-oxide
(HATU)/HOAt/TEA,[23] and neat sym-collidine/HATU[24]


did not give the desired dipeptide. However, the use of tri-
phosgene, as described by Falb et al. ,[25] via the in situ acid
chloride gave—after hydrogenolysis—the required Fmoc-
Ala-(NBu)Ile-OH (5) building block in 35% (over two
steps).
Peptides 6 and 10 were synthesized automatically by using


Fmoc/tBu solid-phase peptide-synthesis protocols.[26] Pep-
tide–peptoid hybrids 9, 11, and 12 were assembled on the
solid phase as described by Kruijtzer et al.[27]


The synthesis of depsipeptide 7 is depicted in Scheme 4.
After treatment of Fmoc-SerACHTUNGTRENNUNG(tBu)-NH-Rink amide ArgoGel
with piperidine to remove the Fmoc group, O-tritylglycolic
acid was coupled with BOP/HOBt/DIPEA in NMP. This
coupling was complete after 2 h according to the Kaiser
test[28] and the trityl group was then removed by diluted


Scheme 2. Structures of the amylin ACHTUNGTRENNUNG(20–29) derivatives synthesized in this
study.


Scheme 3. Synthesis of depsidipeptide Fmoc-Ala-Ilec-OH (2) and N-butylated dipeptide Fmoc-Ala-N(Bu)Ile-OH (5). DCC=N,N’-dicyclohexylcarbodi-
ACHTUNGTRENNUNGimide, DMAP=4-(N,N-dimethylamino)pyridine, Tos= toluene-4-sulfonyl, Bzl=benzyl, pNBS-Cl=4-nitrobenzenesulfonyl chloride, TEA= triethylamine,
DIAD=diisopropyl azodicarboxylate, THF= tetrahydrofuran, DMF=N,N-dimethylformamide, BTC=bis(trichloromethyl)carbonate= triphosgene.
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TFA. The resulting free hydroxy group was coupled to
Fmoc-Leu-OH with DIC/HOBt/DMAP in NMP[29] and the
coupling yield (76%) was determined by an Fmoc determi-
nation.[30] Next, Fmoc-group removal was effected with pi-
peridine and dipeptide building block 2 was introduced with
HATU/HOAt/DIPEA.[23] After deprotection of the resulting
product, O-trityl glycolic acid was coupled. Finally, removal
of the trityl group was followed by attachment of Fmoc-
Phe-OH through a carbodiimide-mediated coupling[18c] in
74% yield. Three additional deprotection/coupling cycles
completed the solid-phase synthesis and, after cleavage and
simultaneous deprotection with TFA, depsipeptide 7 was ob-
tained in an overall yield of 33%.
Synthesis of the N-butylated-Gly24, -Ile26, and -Ser28


peptide 8 began with the preparation of Fmoc-SerACHTUNGTRENNUNG(tBu)-Ser-
ACHTUNGTRENNUNG(tBu)-NH-Rink amide ArgoGel resin (Scheme 5). After
switching of the Fmoc group for an oNBS group, the result-
ing sulfonamide NH group could be subjected to a Mitsuno-
bu reaction in a site-specific N-alkylation method.[31] This re-
action was monitored by the bromophenol blue (BPB)
test.[32] Then, the oNBS group was removed by treatment
with b-mercaptoethanol in the presence of DBU as base.
The resulting secondary amine was treated with Fmoc-Leu-
OH/BTC in sym-collidine/dioxane as described by Falb
et al. ,[25] with modifications described by Jung and co-work-
ers.[33] The coupling efficiency (70%) was calculated from an
Fmoc determination.[30] After Fmoc removal, dipeptide 5


was coupled, with HATU/HOAt as the coupling reagents in
the presence of DIPEA as base in NMP. Five additional de-
protection/coupling cycles completed the solid-phase synthe-
sis and, after cleavage and simultaneous deprotection, pep-
tide–peptoid hybrid 8 was obtained in an overall yield of
31%.


Amyloid fibril formation : Native amylinACHTUNGTRENNUNG(20–29) (6 ;
10 mgmL�1) was dissolved in 0.1% TFA/H2O and this led to
rapid gel formation. The presence of amyloid fibrils was
verified by transmission electron microscopy (TEM; data
not shown)[11,12] and b-sheet formation was confirmed by the
amide I absorption at approximately 1630 cm�1 in the Fouri-
er transform infrared (FTIR) spectrum (Table 1), which was
in agreement with literature data and our earlier experi-
ments.[10a,13]


The influence of substitution of three alternate amide
bonds by ester moieties on amyloid fibril formation was
studied with depsipeptide 7. A solution of this peptide also
formed a gel, a result that was rather unexpected since we
had previously found that a single amide-bond replacement
(on position 28) significantly postponed gel formation as
compared to that with 6.[10a] However, typical amyloid fibrils
were not observed by TEM, a result that was confirmed by
FTIR spectroscopy since the absorption at 1625–1630 cm�1,
typical for b-sheets, was absent.[34] Instead of amyloid fibrils,
large helical ribbons[35] and even tubelike supramolecular


Scheme 4. Solid-phase synthesis of depsipeptide 7. Rink=4-[(2’,4’-dimethoxyphenyl)aminomethyl]phenoxy, NMP=N-methylpyrrolidone, HBTU=2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HOBt=N-hydroxybenzotriazole, DIPEA=N,N-diisopropylethylamine, Trt=
trityl= triphenylmethyl, Glyc=glycolic acid, BOP=benzotriazol-1-yl-oxy-tris-(dimethylamino)phosphonium hexafluorophosphate, TFA= trifluoroacetic
acid, TIS= triisopropylsilane, DCM=dichloromethane, DIC=N,N’-diisopropylcarbodiimide, SPPS= solid-phase peptide synthesis.
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structures[36] were observed (Figure 1). Although never de-
scribed for nor studied in depsipeptides, this morphology of
helical ribbons has been observed before,[35] as intermediate
nanostructures in the self-assembly of amyloid fibrils[37] or as
final-stage folding assemblies.[38]


As expected, peptide 8 with three N-butylated amino acid
residues formed a clear solution in 0.1% TFA/H2O and gel
formation did not occur. The N-alkylated peptide 8 was de-
signed as a water-soluble b-sheet mimic to disrupt any b-
sheet formation, according to the model in Scheme 1. Fibril
formation, as judged by TEM and FTIR spectroscopy, was
completely absent. Surprisingly, despite the absence of any
visible gel formation, helical ribbons, similar to those
formed by depsipeptide 7, were also observed by TEM in
this case (Figure 2).
Similarily, peptide–peptoid hybrid 9 rapidly dissolved in


0.1% TFA/H2O and, here too, gel formation was absent. In
addition, no amyloid fibrils could be detected by either


TEM or FTIR spectroscopy. In contrast to depsipeptide 7
and N-alkylated peptide hybrid 8, however, this amylin de-
rivative did not assemble into helical supramolecular struc-
tures. In order to obtain some insight into the molecular
basis of this behavior, peptide 10 was prepared, in which
Ile26 and Ser28 were replaced by a glycine residue. This de-
rivative might shed some light on the role of the side chain
and/or amide in the formation of supramolecular assemblies.
It was found earlier that replacement of Ser28 by glycine, as
in peptide 13 (Table 2), did not affect fibril formation.[10a]


However, the additional replacement of Ile26 by glycine
completely abrogated fibril formation. Apparently, side-
chain-to-side-chain interactions also play an important role
in the formation of amyloid fibrils (6 versus 9 and 10) or
other self-assembled structures (7 and 8).[39]


Inhibition of aggregation behavior: The aggregation behav-
ior of native amylin ACHTUNGTRENNUNG(20–29) (6) was monitored in the pres-


Scheme 5. Solid-phase synthesis of N-butylated peptide 8. oNBS-Cl=2-nitrobenzenesulfonyl chloride, DCE=1,2-dichloroethane, DBU=1,8-
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene.


Table 1. Physicochemical properties of the amylin derivatives.


Peptide Gelation Fibrils Morphology FTIR [cm�1]


6 yes: <10 min, turbid yes length: 1; width: 10 nm 1631 (s), 1670 (m)
7 yes: <10 min, turbid no helical tapes; length: 7.4 mm; width: 170 nm 1665 (s), 1642 (m), 1740 (w)
8 no: clear solution no helical tapes; length: 1.5 mm; width: 250 nm 1673 (s), 1637 (m)
9 no: clear solution no – 1669 (s)
10 no: clear solution no – 1664 (s)
11 no: clear solution no – 1677 (s), 1642 (m)
12 no: clear solution no – 1678 (s)
13 yes: <10 min, turbid yes length: 1; width: 10 nm 1629 (s)
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ence or absence of a potential inhibitory sequence. A stock
solution of 6 was diluted in phosphate buffer at pH 7.4 and
the increase of turbidity was monitored at 400 nm, as shown
in Figure 3. Peptide 6 instantly increased the turbidity of the
solution and, after 30 min, a plateau was reached. In the
presence of an equal amount (w/w) of depsipeptide 7, a
small lag phase was observed and reaching the plateau was
postponed to 60 min (Figure 3 A). This plateau was also ap-
proximately 20% lower than that observed in the absence
of 7. In case of the trialkylated peptide 8 with 6, the lag
phase was absent and the plateau was now reached after
45 min and was only slightly lower (10%) than the plateau
reached by 6. Peptides 7 and 8 did not increase the turbidity
of the solution by themselves (data not shown), but they
were not able to inhibit fibril formation of amylinACHTUNGTRENNUNG(20–29)
(see above). This may be the result of their tendency to
form other supramolecular assemblies, that is, helical rib-
bons. As expected, the peptoid–peptide hybrid 9 inhibited
fibril formation of 6 by almost 85%. These results were con-
firmed by electron microscopy of the amylin ACHTUNGTRENNUNG(20–29)/inhibi-
tor mixtures. In an aged (2 weeks) mixture of peptide 6 with
7 or 8, fibrils were observed. By contrast, in a mixture of 6
and peptoid–peptide hybrid 9, fibrils remained absent (data
not shown).
Our previously synthesized b-sheet breaker peptides


based on amylin ACHTUNGTRENNUNG(20–29)[10a] in which the serine residue at
position 28 was replaced by either glycolic acid, proline, or
N-butyl glycine were also evaluated in this assay. As was de-
scribed earlier, the Ser28!Glyc modification in amylinACHTUNGTRENNUNG(20–
29) (14, Table 2) did not prevent fibril formation completely.
This peptide also did not inhibit fibril formation of 6 in this


turbidity assay (Figure 3B). However, amylin ACHTUNGTRENNUNG(20–29) deriva-
tives 15 (Ser28!Pro) and 16 (Ser28!NNle) significantly in-
hibited fibril formation of 6, since both mutations were re-
sponsible for the absence of any fibril formation in this
assay. These observations were also confirmed by electron
microscopy and no fibrils were observed when amylinACHTUNGTRENNUNG(20–
29)Ser28!Pro (15) or amylinACHTUNGTRENNUNG(20–29)Ser28!NNle (16)
were mixed with native amylinACHTUNGTRENNUNG(20–29) (data not shown).
None of the b-sheet-breaker peptides based on amylin-


ACHTUNGTRENNUNG(20–29) were able to inhibit fibril formation of full-length
amylinACHTUNGTRENNUNG(1–37) and preformed fibrils were also unaffected by
the addition of peptide derivatives 7–9, 11, and 12. Appa-


Figure 1. TEM image of amylin ACHTUNGTRENNUNG(20–29) derivative 7. Scale bar: 1 mm.
Arrow a: single strand; arrow b: two strands starting to intertwine;
arrow c: helical ribbon; arrow d: (closed) peptide tube; arrows e and f:
two helical tapes with pitches of 500 and 330 nm, respectively.


Figure 2. TEM images of amylin ACHTUNGTRENNUNG(20–29) derivative 8. Scale bar: 2 mm (A
and B), 0.5 mm (C). A) The arrows point at the filaments of which a
ribbon consists; B) an almost closed peptide tube; C) enlargement of the
joining of 5–7 filaments to form a peptide nanotube.
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rently, the highly amyloidogenic amylin ACHTUNGTRENNUNG(20–29) sequence is
not optimal for efficient molecular recognition of amylinACHTUNGTRENNUNG(1–
37) fibrils, as recently described by Gazit and co-workers,[40]


who found that amino acid residues at the N terminus are
important for binding to full-length amylin.


Self-assembled ribbons and peptide nanotubes : Although
peptides 7 and 8 were designed as b-sheet-breaker peptides
for the disruption of the characteristic hydrogen-bond pat-
tern (Scheme 2), they themselves form self-assembled struc-


tures that give rise to helical ribbons and peptide nanotubes.
Several examples of self-assembly into helical ribbons/pep-
tide nanotubes by designed b-sheet model peptides are de-
scribed in the literature. However, according to FTIR data
(see above) and CD spectroscopy (Figure 4), depsipeptide 7


and N-alkylated peptide 8 do not form b sheets. Therefore,
in our case, aggregation other than that responsible for the
formation of b sheets must be now responsible for the for-
mation of helical ribbons and peptide nanotubes. The in-
creased hydrophobicity of peptides 7 and 8 might be a driv-
ing force for the self-assembly into the observed helical rib-
bons.


Replacement of a backbone
amide with an ester moiety
(depsipeptide 7) eliminated the
hydrogen-bond donor (NH
group) and resulted in a weaker
hydrogen-bond acceptor (ester
carbonyl group).[41] However,
the backbone conformation in
the depsipeptide, in terms of f
and y dihydral angles, re-
mained virtually unaffected and
the trans ester conformation, as
is the case in native amide
bonds, was still strongly prefer-
red.[41] Possibly, as a result of
this amide to ester substitution,
7 did not aggregate into fibrils


involving a hydrogen-bond pattern but formed (anti)parallel
b-sheet-like tapes, which in turn self-assembled into helical
ribbons due to the intrinsic chirality of the depsipeptide.


N-alkylation of three amide bonds in 8 or 9 also removed
three NH hydrogen-bond donors. In contrast to the situation
in 7, the resulting tertiary amides significantly influenced
the conformation of the backbone, since, for example, turns
can be introduced by proline, N-alkyl amino acid, and N-
alkyl glycine (peptoid) moieties and ciscoid conformations
involving tertiary amide bonds are more preferred. Incorpo-


Figure 4. CD spectra of the amylin ACHTUNGTRENNUNG(20–29) derivatives. &: 6 ; &: 7; *: 8 ; *:
9.


Table 2. Sequences of the amylin derivatives synthesized in this study.


Peptide sequence Mass Rt
ACHTUNGTRENNUNG[M+H]+ found (calcd) ACHTUNGTRENNUNG[min]


H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser-NH2 (6) 1008.65 (1008.50) 17.15
H-Ser-Asn-Asn-Phe-Glyc-Ala-Ilec-Leu-Glyc-Ser-NH2 (7) 981.65 (981.45) 18.65
H-Ser-Asn-Asn-Phe-NNle-Ala- ACHTUNGTRENNUNG(NBu)Ile-Leu- ACHTUNGTRENNUNG(NBu)Ser-Ser-NH2 (8) 1176.90 (1176.70) 21.40
H-Ser-Asn-Asn-Phe-NNle-Ala-NNle-Leu-NNle-Ser-NH2 (9) 1090.85 (1090.63) 20.12
H-Ser-Asn-Asn-Phe-Gly-Ala-Gly-Leu-Gly-Ser-NH2 (10) 922.60 (922.44) 15.77
H-Ser-Asn-Asn-Phe-NNle-Ala-Ile-Leu-NNle-Ser-NH2 (11) 1090.80 (1090.27) 19.72
H-Phe-NNle-Ala-Ile-Leu-NNle-Ser-NH2 (12) 688.85 (687.91) 22.48
H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Gly-Ser-NH2 (13) reference [10a] n.d.[a]


H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Glyc-Ser-NH2 (14) reference [10a] n.d.[a]


H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Pro-Ser-NH2 (15) reference [10a] n.d.[a]


H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-NNle-Ser-NH2 (16) reference [10a] n.d.[a]


[a] n.d.=not determined.


Figure 3. Aggregation curves. A) &: 6 (10 mgmL�1); &: 6+8
(10 mgmL�1); *: 6+7 (10 mgmL�1); *: 6+9 (10 mgmL�1); B) &: 6
(10 mgmL�1); &: 6+14 (10 mgmL�1); *: 6+15 (10 mgmL�1); *: 6+16
(10 mgmL�1).
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ration of these building blocks is a well-accepted approach
to the design of b-sheet-breaker peptides.[9,10a,13, 16] As was
confirmed by FTIR spectroscopy from the absence of the
1625–1633 cm�1 peak, peptides 8 and 9 did not form b-sheet-
aggregated fibers. The absence of b sheets was also con-
firmed by CD spectroscopy (Figure 4). However, here too,
the increased hydrophobicity of peptide 8 might be responsi-
ble for the formation of the supramolecular assemblies
shown in Figure 2. Absence of any supramolecular struc-
tures formed by peptide–peptoid hybrid 9 could be ex-
plained by the increased flexibility of this hybrid, as com-
pared to trisalkylated peptide 8, because the side chains on
the a-carbon atoms in two amino acid residues are absent.
This is corroborated by the observation that signals in the
1H NMR spectrum of 9 occurred as doublets and broadening
of the HPLC elution profiles was observed with the pres-
ence of peptoid moieties in the peptide backbone. Addition-
ally, the absence of any secondary structure was confirmed
by CD spectroscopy (Figure 4).


Morphology : In Figure 1, different folding stages of depsi-
peptide 7 can be observed. Arrow a points to a single strand
and two strands intertwine at the position b to form a helical
ribbon at position c. Ultimately, this self-assembly leads to
the formation of a (closed) peptide tube at position d. Ar-
rows e and f point to two helical tapes with different pitches
(500 and 330 nm, respectively). A ribbon consists of several
filaments, as is clearly shown in Figure 2 A (arrows). Figure
2B shows an almost closed peptide tube and Figure 2C is an
enlargement of the joining of 5–7 filaments to form a pep-
tide nanotube. The (almost) closed peptide tubes may be ex-
plored as insulation or as versatile precursors for nano-
ACHTUNGTRENNUNGwires.[36b,e,h] Alternatively, these tubes might lead to the for-
mation of nanochannels. Multilayered peptides[42] may even
provide adequate insulation to develop neuron mimics. Fur-
thermore, nanochannels, -tubes, or -devices may be useful
for drug delivery purposes.[15a,b]


Conclusion


We have found that by modifying the peptide amide linkage
it is possible to dramatically alter the aggregation behavior
of a peptide causing fibril formation involving b sheets. Syn-
thetically challenging depsipeptides and N-alkylated pep-
tides—both categories are not generally accessible as yet—
as well as peptoid–peptide hybrids were designed and syn-
thesized. Their behavior with respect to the formation of
special supramolecular assemblies, that is, helical ribbons
and peptide nanotubes, was quite unexpected and cannot be
rationalized by assuming the formation of the common hy-
drogen-bonding pattern of b sheets. Also, subtle side-chain-
to-side-chain interactions were found to play a decisive role
in the formation of either fibrils or helical ribbons. The self-
assembly of these modified amylin derivatives into struc-
tures other than amyloid fibrils makes them of high value
for the design of peptide-based nanomaterials.


Experimental Section


Instruments and methods : The peptides were synthesized on an Applied
Biosystems 433A peptide synthesizer. Analytical HPLC runs were car-
ried out on a Shimadzu HPLC system and preparative HPLC runs were
performed on a Gilson HPLC workstation. Liquid chromatography/elec-
trospray-ionization mass spectrometry was measured on a Shimadzu
LCMS-QP8000 single-quadrupole bench-top mass spectrometer operat-
ing in the positive-ionization mode. Electron microscopy was performed
on a Jeol 1200 EX transmission electron microscope. Fourier transform
infrared spectra were measured on a BioRad FTS 6000 spectrophotome-
ter. Circular dichroism spectra were measured on an OLIS RSM 1000
CD spectrometer. 1H NMR spectra were recorded on a Varian G-300
(300 MHz) spectrometer and chemical shifts (d) are given in ppm relative
to tetramethylsilane (TMS). 13C NMR spectra were recorded on a Varian
G-300 (75.5 MHz) spectrometer and chemical shifts are given in ppm rel-
ative to CDCl3 (77.0 ppm). The


13C NMR spectra were recorded by using
the attached proton test (APT) sequence. Retention factor (Rf) values
were determined by thin-layer chromatography (TLC) on Merck precoat-
ed silica gel 60 F254 plates. Spots were visualized by UV quenching, ninhy-
drin, or Cl2/N,N,N’,N’-tetramethyl-4,4’-diaminodiphenylmethand
(TDM).[43] Melting points were measured on a BNchi Schmelzpunktbes-
timmungsapparat and are uncorrected. Elemental analyses were done at
the Kolbe Mikroanalytisches Labor (MNlheim an der Ruhr, Germany).


Chemicals and reagents : ArgoGel Fmoc-Rink-Amide resin functional-
ized with the 4-((2’,4’-dimethoxyphenyl)aminomethyl)phenoxyacetamido
moiety (the Rink amide linker)[44] was used in all the syntheses. The cou-
pling reagents HBTU[45] and BOP[46] were obtained from Biosolve.
HATU[23] and HOAt[23] were obtained from Applied Biosystems. HOBt
was from Advanced ChemTech and Na-9-fluorenylmethyloxycarbonyl
amino acids were obtained from MultiSynTech. The side-chain protecting
groups were chosen as tert-butyl for serine and trityl for asparagine. Pep-
tide-grade DCM, DCE, tert-butyl methylether (MTBE), NMP, and TFA
and HPLC-grade acetronitrile were purchased from Biosolve. Piperidine,
DMAP, DIPEA, TEA, and triphenylphosphine were obtained from
Acros Organics. TIS, 1,2-ethanedithiol (EDT), and HPLC-grade TFA
were obtained from Merck. DIAD, triphosgene, DIC, pNBS-Cl, and
oNBS-Cl were purchased from Aldrich. Glycolic acid, sym-collidine, b-
mercaptoethanol, and DBU were purchased from Fluka.


2-Hydroxy-3-methyl-pentanoic acid allyl ester (1): Isoleucine (5 g,
38 mmol) was dissolved in 2.5n H2SO4 (25 mL) and cooled to 0 8C. A so-
lution of NaNO2 (3.9 g, 57.1 mmol) in H2O (20 mL) was added dropwise
over 1 h and the obtained reaction mixture was stirred for 2 h at 0 8C and
then 16 h at room temperature. The reaction mixture was then extracted
with diethyl ether (3O75 mL). The combined organic layers were washed
with brine (50 mL) and dried with MgSO4 and concentrated under re-
duced pressure. 2-Hydroxy-3-methyl-pentanoic acid was obtained as a
colorless oil (4.63 g, 92%): [a]20D=�13.9 (c=1.0 in CHCl3; literature
value:[18a] �21.6 (c=1.0 in CHCl3)); Rf=0.24 (CH2Cl2/MeOH 95:5), 0.76
(CHCl3/MeOH/AcOH 95:20:3);


1H NMR (300 MHz, CDCl3): d=4.20 (d,
1H, aCH), 2.02 (d, 1H, OH), 1.89 (m, 1H, bCH), 1.46–1.24 (m, 2H,
gCH2), 1.02 (d, 3H, g’CH3 Ilec), 0.92 ppm (t, 3H, dCH3);


13C NMR
(75 MHz, CDCl3): d=179.2, 74.6, 38.7, 23.6, 15.2, 11.6 ppm.


K2CO3 (5.2 g, 36.9 mmol, 1.5 equiv) and allylbromide (4.35 mL,
49.2 mmol, 2 equiv) were added to a solution of 2-hydroxy-3-methyl-pen-
tanoic acid (3.35 g, 24.6 mmol) in acetone (100 mL). The obtained reac-
tion mixture was stirred for 16 h at room temperature. The solvent was
then evaporated in vacuo and the residue was redissolved in EtOAc
(100 mL), washed with 5% NaHCO3 (2O50 mL) and brine (50 mL),
dried over Na2SO4, and concentrated under reduced pressure. Allyl ester
1 was obtained as a colorless oil (2.80 g, 66%): Rf=0.46 (CH2Cl2/MeOH
98:2); 1H NMR (300 MHz, CDCl3): d=5.98–5.88 (m, 1H, CH allyl),
5.39–5.26 (dd, 2H, CH2 allyl), 4.69 (d, 2H, CH2 allyl), 4.11 (d, 1H, aCH),
2.77 (s, 1H, OH), 1.84 (m, 1H, bCH) 1.41–1.23 (m, 2H, gCH2), 0.99 (d,
3H, g’CH3 Ilec), 0.90 ppm (t, 3H, dCH3);


13C NMR (75 MHz, CDCl3):
d=174.7, 131.4, 119.1, 74.7, 66.0, 39.1, 23.7, 15.4, 11.7 ppm.


2-[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-propionyloxy]-3-methyl-
pentanoic acid (Fmoc-Ala-Ilec-OH) (2): DCC (1.65 g, 8 mmol), Fmoc-
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Ala-OH (2.63 g, 8 mmol), and DMAP (78 mg, 7.5 mol%) were added to
a solution of allyl ester 1 (1.38 g, 8 mmol) in CH2Cl2 (75 mL). The ob-
tained reaction mixture was stirred for 16 h at room temperature. Next,
DCU was removed by filtration and the solvent was evaporated in vacuo.
The residue was redissolved in EtOAc (150 mL) and the organic layer
was washed with 1n KHSO4 (3O75 mL), 5% NaHCO3 (3O75 mL), and
brine (3O100 mL), dried (Na2SO4), and concentrated under reduced
pressure. The residue was purified by column chromatography (CH2Cl2/
MeOH 99:1) and Fmoc-Ala-Ilec-OAllyl was obtained as a white solid
(2.48 g, 67%): M.p.=72–75 8C; Rf=0.60 (CH2Cl2/MeOH 98:2); 1H NMR
(300 MHz, CDCl3): d=7.77–7.28 (m, 8H, arom. CH), 5.97–5.83 (m, 1H,
CH allyl), 5.38–5.24 (m, 3H, CH2 allyl/NH), 5.00 (d, 1H, aCH Ilec), 4.64
(d, 2H, OCH2 allyl), 4.49 (t, 1H, aCH Ala), 4.37 (d, 2H, CH2 Fmoc),
4.22 (t, 1H, CH Fmoc), 2.03/1.83 (2Os, 1H, bCH Ilec), 1.52 (d, 3H, bCH3
Ala), 1.53–1.21 (brm, 2H, gCH2 Ilec), 0.99 (d, 3H, g’CH3 Ilec), 0.91 ppm
(q, 3H, dCH3 Ilec);


13C NMR (75 MHz, CDCl3): d=172.9, 168.9, 155.6,
143.9, 141.2, 131.4, 127.7, 127.0, 125.1, 119.9, 119.0, 76.9, 67.0, 66.0, 65.8,
49.4, 47.1, 39.1, 36.5, 24.4, 23.7, 18.6, 15.4, 11.7 ppm; EI-MS: (50 eV): m/z
(%): 466.50 (52) [M+H]+ , 488.35 (100) [M+Na]+ .


Fmoc-Ala-Ilec-OAllyl (930 mg, 2 mmol) was dissolved in CH2Cl2 (25 mL)
and purged with argon for 5 min. Phenylsilane (1.2 mL, 5 equiv) and a
catalytic amount of Pd0 ACHTUNGTRENNUNG(PPh3)4 were then added under argon and the re-
action mixture was stirred overnight at room temperature. Subsequently,
the solvent was removed under reduced pressure and the residue was re-
dissolved in EtOAc (50 mL). The organic layer was washed with 1n
KHSO4 (2O25 mL) and brine (25 mL), dried (Na2SO4), and concentrated
in vacuo. After purification by column chromatography (CH2Cl2/MeOH
92:8), 2 was obtained as a white foam (600 mg, 71%): M.p.=131–133 8C;
Rf=0.46 (CH2Cl2/MeOH 95:5); 1H NMR (300 MHz, CDCl3): d=7.78–
7.26 (m, 8H, arom. CH), 5.46 (d, 1H, NH), 4.97 (s, 1H, aCH Ilec), 4.45
(t, 1H, aCH Ala), 4.38 (d, 2H, CH2 Fmoc), 4.21 (t, 1H, CH Fmoc), 2.05
(m, 1H, bCH Ilec), 1.49–1.21 (m, 5H, bCH3 Ala/gCH2 Ilec), 0.98 (d, 3H,
g’CH3 Ilec), 0.90 ppm (t, 3H, dCH3 Ilec);


13C NMR (75 MHz, CDCl3):
d=173.1, 171.9, 156.0, 143.6, 141.1, 133.9, 127.6, 126.9, 124.9, 119.8, 66.8,
49.7, 46.9, 36.2, 24.2, 17.9, 15.2, 11.4 ppm; EI-MS: (50 eV): m/z (%):
448.35 (100) [M+Na]+ ; elemental analysis: calcd (%) for C24H27NO6
(425.47): C 67.75, H 6.40, N 3.29; found: C 67.25, H 6.48, N 3.08.


3-Methyl-2-(4-nitrobenzenesulfonylamino)-pentanoic acid benzyl ester
(3): H-Ile-OH (13.1 g, 100 mmol) was suspended in toluene (250 mL);
benzylalcohol (12.9 mL, 125 mmol) and then TosOH·H2O (20.9 g,
110 mmol) were added. The reaction mixture was refluxed for 16 h in a
Dean–Stark apparatus and subsequently concentrated in vacuo. The resi-
due was triturated with diethyl ether, filtered, and dried in a desiccator.
The obtained tosylate was dissolved in EtOAc (150 mL); the organic
layer was washed with a saturated solution of NaHCO3 (100 mL), dried
(Na2SO4), and evaporated in vacuo. The residue was dissolved in CH2Cl2
(75 mL) and then TEA (5.2 mL, 2 equiv) was added, followed by pNBS-
Cl (4.1 g, 1 equiv). After being stirred for 16 h at room temperature, the
reaction mixture was concentrated under reduced pressure. The residue
was redissolved in EtOAc (100 mL), washed with 1n KHSO4 (3O75 mL)
and brine (50 mL), and dried (Na2SO4), and then the solvent was re-
moved in vacuo. Compound 3 was obtained as a yellowish solid (6.10 g,
66%): M.p.=79–83 8C; Rf=0.55 (EtOAc/hexane 7:3); 1H NMR
(300 MHz, CDCl3): d=8.17 (d, 2H, arom. CH), 7.94 (d, 2H, arom. CH),
7.33 (m, 3H, arom. CH), 7.17 (m, 2H, arom. CH), 5.32 (d, 1H, NH), 4.92
(dd, 2H, CH2 benzyl), 3.90 (q, 1H, aCH Ile), 1.88 (m, 1H, bCH Ile),
1.38–1.11 (m, 2H, gCH2 Ile), 0.95–0.86 ppm (m, 6H, g’CH3/dCH3 Ile);
13C NMR (75 MHz, CDCl3): d=170.7, 145.4, 134.5, 128.9, 128.6, 128.5,
128.3, 124.1, 67.4, 60.6, 38.4, 24.3, 15.5, 11.3 ppm.


2-Butylamino-3-methyl-pentanoic acid benzyl ester (4): A solution of sul-
fonamide 3 (4.42 g, 10.9 mmol) and PPh3 (2.85 g, 10.9 mmol) in dry THF
(25 mL) was cooled to �60 8C. nBuOH (1 mL) and then DIAD
(2.15 mL) were added dropwise and the reaction mixture was allowed to
react for 16 h. After removal of the solvent by evaporation, the obtained
residue was dissolved in EtOAc. The precipitate was removed by filtra-
tion and the EtOAc layer was evaporated to dryness. After recrystalliza-
tion, pNBS-N(Bu)Ile-OBzl was obtained in a nearly quantitative yield
(5.0 g): M.p.=87–90 8C; Rf=0.62 (CH2Cl2);


1H NMR (300 MHz, CDCl3):


d=8.00 (d, 2H, arom. CH), 7.87 (d, 2H, arom. CH), 7.34 (m, 3H, arom.
CH), 7.18 (m, 2H, arom. CH), 4.88 (s, 2H, CH2 benzyl), 4.27 (d, 1H,
aCH Ile), 3.46–3.07 (m, 2H, N-CH2 butyl), 1.93 (m, bCH Ile), 1.81–1.17
(m, 6H, CH2 butyl (2O2H)/gCH2 Ile), 0.97–0.86 ppm (m, 9H, CH3 butyl/
g’CH3/dCH3 Ile);


13C NMR (75 MHz, CDCl3): d=169.9, 149.6, 145.5,
134.4, 128.8, 128.6, 128.6, 128.4, 123.8, 66.8, 64.8, 45.6, 34.9, 32.6, 25.2,
20.2, 15.5, 13.5, 10.8 ppm.


K2CO3 (3.85 g) and then thiophenol (1.1 mL) were added to a solution of
pNBS-N(Bu)Ile-OBzl (4.95 g) in DMF (40 mL) and the obtained reac-
tion mixture was stirred for 90 min. The reaction mixture was then dilut-
ed by the addition of H2O (80 mL) and the aqueous phase was extracted
with diethyl ether (3O100 mL). The combined organic layers were
washed with H2O (2O60 mL), 5% NaHCO3 (2O60 mL), and brine
(60 mL), dried (Na2SO4), and concentrated in vacuo. The residue was pu-
rified by column chromatography (CH2Cl2/MeOH 99:1) to obtain H-
N(Bu)Ile-OBzl (4) as a slightly brownish oil (1.72 g, 67%): Rf=0.41
(CH2Cl2/MeOH 97:3); 1H NMR (300 MHz, CDCl3): d=7.36 (m, 5H,
arom. CH), 5.16 (s, 2H, CH2 benzyl), 3.11 (d, 1H, aCH Ile), 2.59–2.37
(dm, 2H, N-CH2 butyl) 1.67 (m, 1H, bCH Ile), 1.60–1.07 (m, 6H, CH2
butyl (2O2H)/gCH2 Ile), 0.90–0.84 ppm (m, 9H, CH3 butyl/g’CH3/dCH3
Ile); 13C NMR (75 MHz, CDCl3): d=175.3, 135.9, 128.5, 128.4, 128.3,
66.2, 66.1, 48.3, 38.4, 32.3, 25.7, 21.9, 20.3, 15.5, 11.4 ppm; EI-MS:
(50 eV): m/z (%): 278.25 (100) [M+H]+ .


Fmoc-Ala-N(Bu)Ile-OH (5): Fmoc-Ala-OH·H2O (329 mg, 1 mmol) was
coevaporated with chloroform and toluene (2O10 mL) and subsequently
dissolved in dry THF (20 mL). Triphosgene (0.33 mmol) and sym-colli-
dine (1.25 equiv) were added to this solution and the reaction mixture
was stirred for 2 min to obtain the acid chloride. A solution of 4
(1 mmol) in dry THF (20 mL) was then added dropwise and the obtained
reaction mixture was stirred for 1 h. After removal of the solvent, the res-
idue was dissolved in EtOAc (50 mL) and subsequently washed with 1n
KHSO4 (50 mL), 5% NaHCO3 (50 mL), and brine (50 mL). The organic
phase was dried (Na2SO4) and concentrated in vacuo. The residue was
dissolved in EtOH (25 mL), then CHCl3 (2 mL) and subsequently Pd/C
(100 mg) were added and the reaction mixture was stirred for 16 h in the
presence of H2. Subsequently, the reaction mixture was filtered over
Hyflo and concentrated under reduced pressure. The residue was purified
by column chromatography (CH2Cl2/MeOH 95:5) and 5 was obtained as
a white foam in 34% yield over two reaction steps (159 mg): Rf=0.26
(EtOAc/hexane/AcOH 2:1:0.01); 1H NMR (300 MHz, CDCl3): d=7.78–
7.30 (m, 8H, arom. CH), 5.67 (d, 1H, NH), 4.70 (t, 1H, aCH Ala), 4.38
(m, 2H, CH2 Fmoc), 4.22 (t, 1H, CH Fmoc), 3.62–3.13 (m, 2H, N-CH2
butyl), 2.47 (d, 1H, aCH Ile), 1.67 (t, 1H, bCH Ile), 1.49–1.08 (m, 6H,
CH2 butyl (2O2H, gCH2 Ile), 1.01–0.88 ppm (m, 9H, CH3 butyl/g’CH3/
dCH3 Ile);


13C NMR (75 MHz, CDCl3): d=175.2, 172.3, 155.6, 143.8,
143.6, 141.2, 127.6, 127.0, 125.1, 119.9, 70.0, 68.4, 67.0, 50.1, 47.4, 47.0,
32.9, 31.4, 25.1, 19.9, 19.1, 16.0, 13.6, 10.9 ppm; EI-MS: (50 eV): m/z (%):
503.40 (100) [M+Na]+ ; elemental analysis: calcd (%) for C28H36N2O5
(480.60): C 69.98, H 7.55, N 5.83; found: C 69.79, H 7.48, N 5.78.


Peptide synthesis (general procedure): Peptides 6 and 10 were synthe-
sized by using the FastMoc protocol on a 0.25 mmol scale[26] on Argogel
Fmoc-Rink-Amide resin to obtain the C-terminally amidated peptide.[44]


Each synthetic cycle consisted of Na-Fmoc removal by a 10 min treat-
ment with 20% piperidine in NMP, a 6 min NMP wash, a 45 min cou-
pling step with preactivated Fmoc amino acid (1.0 mmol) in the presence
of DIPEA (2 equiv), and a 6 min NMP wash. Na-Fmoc amino acids were
activated in situ with 1.0 mmol HBTU/HOBt (0.36m in NMP) in the
presence of DIPEA (2.0 mmol). The peptides were detached from the
resin and deprotected by treatment with TFA/H2O/EDT/TIS
(85:8.5:4.5:2) for 3 h. The peptides were precipitated with MTBE/hexane
(1:1) at �20 8C and finally lyophilized from tert-butanol/H2O (1:1).


Depsipeptide 7: Fmoc-Ser ACHTUNGTRENNUNG(tBu)NH-Rink-Amide resin (0.10 mmol) was
washed with CH2Cl2 (3O2 min, 10 mL) and NMP (3O2 min, 10 mL) and
treated with 20% piperidine/NMP (3O8 min, 10 mL) to remove the
Fmoc group. After washing the resin with NMP (3O2 min, 10 mL),
CH2Cl2 (3O2 min, 10 mL), and NMP (3O2 min, 10 mL), Trt-Glyc-OH


[10a]


(127 mg, 0.40 mmol) was coupled to the a-amino group with BOP
(177 mg, 0.40 mmol)/DIPEA (70 mL, 0.40 mmol) in NMP (10 mL). The
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coupling was monitored by the Kaiser test[28] and was complete after 2 h.
Subsequently, the resin was washed with NMP (3O2 min, 10 mL), CH2Cl2
(3O2 min, 10 mL), and NMP (3O2 min, 10 mL) and the trityl functionali-
ty was removed by treatment with TFA/TIS/CH2Cl2 (1:5:94, 5O2 min,
20 mL). After washing the resin with CH2Cl2 (5O2 min, 10 mL) and
NMP (3O2 min, 10 mL), Fmoc-Leu-OH (141 mg, 0.40 mmol) was cou-
pled to the a-hydroxy group with DIC (153 mg, 0.80 mmol)/HOBt (245,
1.6 mmol)/DMAP (49 mg, 0.40 mmol) in NMP (10 mL) for 16 h. The
resin was washed with NMP (3O2 min, 10 mL) and CH2Cl2 (3O2 min,
10 mL) to remove the excess reagents; the coupling yield of Fmoc-Leu-
OH, as calculated from an Fmoc determination,[30] was 76%. After re-
moval of the Fmoc group, Fmoc-Ala-Ilec-OH (85 mg, 0.20 mmol) was
coupled with HATU (76 mg, 0.20 mmol)/HOAt (27 mg, 0.20 mmol)/
DIPEA (70 mL, 0.40 mmol) in NMP (10 mL). The coupling reaction was
monitored by the Kaiser test and was complete after 90 min. The Fmoc
group was removed by treatment with 20% piperidine in NMP and the
resin was washed as described above. Trt-Glyc-OH was then coupled to
the a-amino group with BOP/HOBt/DIPEA in NMP under the same
conditions as those described earlier. Subsequently, the trityl group was
removed by acid and Fmoc-Phe-OH was coupled to the primary hydroxy
functionalityin the presence of DIC/HOBt/DMAP in NMP. The coupling
yield was determined to be 74% (0.19 mmolg�1). After this amino acid,
the peptide sequence was completed as described in the general proce-
dure.


N-Butylated-Gly24, -Ile26, and -Ser28 peptide 8 : Fmoc-Ser ACHTUNGTRENNUNG(tBu)-Ser-
ACHTUNGTRENNUNG(tBu)NH-Rink-Amide resin (0.20 mmol) was washed with CH2Cl2 (3O
2 min, 10 mL) and NMP (3O2 min, 10 mL) and treated with 20% piperi-
dine/NMP (3O8 min, 10 mL) to remove the Fmoc group. After washing
the resin with DMF (5O2 min, 10 mL) and DCE (5O2 min, 10 mL) the
a-amino functionality was treated with oNBS-Cl in the presence of sym-
collidine as base in DCE (10 mL) for 2 h. After washing the resin with
CH2Cl2 (6O2 min, 10 mL), the sulfonamide moiety was allowed to react
with triphenylphosphine (319 mg), 1-butyl alcohol (222 mL), and DIAD
(239 mL) in DCE (10 mL) for 3 h. The resin was then washed with
CH2Cl2 (3O2 min, 10 mL) and DMF (6O2 min, 10 mL). The oNBS group
was removed by treatment with 0.5m 2-mercaptoethanol in DMF (5 mL)
in the presence of DBU (182 mL) for 75 min. The resin was washed with
DMF (6O2 min, 10 mL) and CH2Cl2 (3O2 min, 10 mL). Subsequently,
Fmoc-Leu-OH was coupled to the N-butyl amine by using the BTC
method.[25, 33] First, Fmoc-Leu-Cl was prepared in situ by adding triphos-
gene (60 mg, 0.20 mmol) to a solution of Fmoc-Leu-OH in dioxane
(10 mL) in the presence of sym-collidine (212 mL, 1.6 mmol) as base.
After being stirred for 60 s, the reaction mixture was transferred to the
resin and allowed to react for 1 h. This treatment was repeated once. The
resin was then washed with DMF (3O2 min, 10 mL), CH2Cl2 (3O2 min,
10 mL), and DMF (3O2 min, 10 mL) and the yield was determined to be
70% (0.24 mmolg�1). After capping of the resin with Ac2O/DIPEA/
HOBt in NMP (10 mL), the resin was treated with 20% piperidine/NMP
to remove the Fmoc group and the resin was washed. Subsequently,
Fmoc-Ala-N(Bu)Ile-OH (170 mg, 0.3 mmol) was coupled for 16 h by
using HATU (133 mg, 0.35 mmol)/HOAt (48 mg, 0.35 mmol)/DIPEA
(122 ml, 1.4 mmol) in NMP (10 mL). After coupling of this dipeptide, the
synthesis was continued by coupling Fmoc-NNle-OH with the peptoid-
coupling protocol.[27] Finally, the synthesis was completed as described
above in the general procedure.


Peptoid–peptide hybrids 9, 11, and 12 : The Fmoc/tBu-based solid-phase
synthesis of peptoids and peptoid–peptide hybrids as described by Kruijt-
zer et al.[27] was used. In short, Fmoc-NNle-OH was coupled to the a-
amino group of the preceding amino acid in the presence of HBTU/
HOBt and DIPEA in NMP for 45 min. After removal of the Fmoc
group, the next amino acid residue was coupled to the secondary amine
with HATU/HOAt/DIPEA in NMP for 90 min.


Peptide purification : The crude lyophilized peptides (30–60 mg) were dis-
solved in a minimum amount of 0.1% TFA in CH3CN/H2O (8:2) and
loaded onto an Adsorbosphere XL C8 HPLC column (90 Q pore size,
10 mm particle size, 2.2O25 cm). The peptides were eluted with a flow
rate of 10 mLmin�1 by using a linear gradient of 100% buffer A !
100% buffer B in 60 min (buffer A: 0.1% TFA in H2O; buffer B: 0.1%


TFA in CH3CN/H2O 95:5). The purities were evaluated by analytical
HPLC on an Adsorbosphere XL C8 column (90 Q pore size, 5 mm parti-
cle size, 0.46O25 cm) at a flow rate of 1.0 mLmin�1 by using a linear gra-
dient 100% buffer A ! 100% buffer B in 30 min.


Peptide characterization : The peptides were characterized by mass spec-
trometry. The mass of each analogue was measured and the observed
monoisotopic [M+H]+ values were correlated with the calculated
[M+H]+ values by using the MacBioSpec program (Perkin–Elmer Sciex
Instruments, Thornhill, ON, Canada). The values are given in Table 2.


Gelation experiments : Each peptide sample (10 mg) was dissolved in
0.1% TFA/H2O (1 mL) at 25 8C. The aggregation state was determined
by eye at regular time intervals by tilting the test tube and checking if
the solution still flowed. If no flow was observed, gelation was said to
have taken place.


Transmission electron microscopy : A peptide gel/solution aged for three
weeks (10 mL) was placed on a carbon-coated copper grid. After 15 min,
any excess of peptide was removed by washing the copper grid with a
drop of demi-water. This was repeated five times. Finally, the samples
were stained by methylcellulose/uranyl acetate and dried in air. The sam-
ples were visualized under a Jeol 1200 EX transmission electron micro-
scope operating at 60 kV. The magnification ranged from 20000–100000
times.


Fourier transform infrared spectroscopy : A peptide gel/solution aged for
three weeks (100 mL) was lyophilized and subsequently resuspended in
D2O (150 mL) and lyophilized. This treatment was repeated twice. The
lyophilized peptides were dried over P2O5 in high vacuum for 24 h. A
peptide sample was mixed with KBr and pressed into a pellet. IR spectra
were recorded on a BioRad FTS6000 spectrometer. The optical chamber
was flushed with dry nitrogen for 5 min before data collection started.
The interferograms from 1000 scans with a resolution of 2 cm�1 were
averaged and corrected for H2O and KBr.


Circular dichroism spectroscopy : CD spectra were measured at 1.0 nm in-
tervals over the range 195–250 nm as the average of 20 runs and by using
a spectral band width of 2.0 nm. Cuvettes of 0.5 mm thermostated at
20 8C were used, with the optical chamber continually flushed with dry
N2 gas. The spectra were measured in 0.1% TFA in H2O. The concentra-
tions (1 mgmL�1) were determined on the basis of the calculated molecu-
lar mass of the purified lyophilized peptides. A peptide sample was dis-
solved in 0.1% TFA in H2O and stored for 4 days at 4 8C prior to analy-
sis.


Aggregation assay : The procedure for this assay was based on refer-
ence [47]. A stock solution (10 mm) of hIAPP ACHTUNGTRENNUNG(20–29) (6) in dimethylsulf-
oxide (DMSO) was prepared and this stock solution (25 mL) was added
to an equimolar quantity of lyophilized inhibitor peptide (7–11). After
immediate mixing, the obtained DMSO mixture was incubated for
15 min. The DMSO mixture was then diluted into a phosphate buffer
(225 mL, pH 7.4, 100 mm NaCl, 1.8 mm NaH2PO4, 8.2 mm Na2HPO4) and
the turbidity (absorbance at 400 nm) was measured over 150 min at room
temperature. These aggregation assays were performed twice in three in-
dependent experiments. Turbidity measurements were performed on a
Bio-TEK mQuant plate reader.
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Design, Synthesis, and Characterization of Conifer-Shaped Dendritic
Architectures


George R. Newkome,*[a] Kishore K. Kotta,[a] and Charles N. Moorefield[b]


Introduction


Traditional dendritic growth has generally led to uniform,
spherical morphologies, since the monomers used in their
construction are generally uniform throughout their infra-
structure. In light of the step-wise synthesis associated with
the divergent construction of dendrimers, the utilization of
different but yet similar branched monomers permits the
construction of nonspherical shapes and sizes, thus expand-
ing their applications in the areas of supramolecular chemis-
try.[1] Also, most of the dendritic architectures reported have
a homogeneous surface, and are assembled in a uniform
manner, due to the use of identical monomers or dendrons
at each successive generation. The design and synthesis of
these architectures, including dendronized polymers,[2,3] for
various applications in areas such as unimolecular mi-
celles,[4,5] molecular encapsulation,[4,6–9] drug delivery,[10–12]


and catalysis[13,14] have become an important part of supra-


macromolecular chemistry.[15] The general spherical shape
and molecular weight of these unimolecular, nanoscale ma-
terials can be controlled by their now well-known step-wise
construction, based on either a divergent strategy[16,17] in-
volving an “inside-out” approach or a convergent strat-
egy[18–20] utilizing an “outside-in” methodology. Accelerated
procedures such as the orthogonal construction[21,22] and the
double-exponential growth method[23] have also been ap-
plied to the synthesis of dendrimers to reduce the overall
number of steps. The chemical and physical properties of
most dendrimers can be tuned by the introduction of appro-
priate terminal functional groups as well as internal compo-
nents.
The majority of dendritic constructs have a homogeneous


surface, that is, the same functionality appears at each termi-
nus. Although there have been limited examples of combi-
natorial-type[24] heterogeneous surfaces, Fr0chet et al.[25] re-
ported an initial example of the functionalization of a den-
dron surface by placing a unique functional group on it2s pe-
riphery; the convergent approach was applied to the con-
struction of first- to fourth-generation dendrons possessing a
single cyano group on the surface of each dendron. These
dendrons were finally coupled at their focal site to a three-
directional core to produce a dendrimer with three unique
termini. Schl5ter et al.[26] applied a similar strategy to incor-
porate bromo functionalities at specific locations within
their dendritic framework.
More recently, Thayumanavan et al.[27] reported a series of


dendrimers with various terminal groups in which the
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branched dendrons were convergently prepared to instill a
pattern of substitution into the ultimate dendrimer; multiple
approaches involving monomers possessing either different
1!2-branched terminal protecting groups[28] or different ter-
minal reactivities[29] affording varied functional groups on
the periphery have been reported. Kozaki and Okada pre-
sented[30] the preparation of snowflake-shaped dendrimers
by using a combination of Suzuki and Sonogashira cross-
coupling reactions.
Majoral et al. reported[31–37] the preparation of phospho-


rus-containing dendrimers with P=N�P=S linkages, followed
by internal site-specific functionalization leading to hetero-
geneous substitution. These authors also selectively func-
tionalized one of the peripheral P(X)Cl2 (X=S, O) moieties
by displacement of a single chlorine atom leaving the other
chlorine atom for further dendritic growth.[38]


In 2002, we devised a simple, utilitarian series of 1!
ACHTUNGTRENNUNG(2+1) C-branched dendrons[39–42] so that specific functionali-
ty could be introduced but branching could still continue by
means of the two remaining sites. This permitted access to
complex dendritic spherical structures that possessed a
single (or a controlled number) unique locus per dendron.
This enhanced our general ability to preselect the number
of unique sites at each generation of a particular dendrimer.
Since these 1! ACHTUNGTRENNUNG(2+1) C-branched predendrons and related
dendrons are easily created, when combined with 1!3 C-
branching monomers and dendrons, there is an infinite
number of architectural possibilities. Since the vast majority
of dendritic structures are spherical, or nearly so depending
on the generation, we set the construction of different sizes
and forms of nanoscopic macromolecular trees as our goal.
Herein, we describe our initial simple strategy aimed at


the synthesis of nonspherical dendrons using the convergent
protocol by the selective combination of 1!3, 1! ACHTUNGTRENNUNG(2+1),
and 1! ACHTUNGTRENNUNG(2+1Me) C-branching building blocks.


Results and Discussion


Diacid 1, prepared[39] by treatment of benzyl 4-nitrobuta-
noate with a slight excess of tert-butyl acrylate followed by
tert-butyl ester hydrolysis (HCO2H), was treated with two
equivalents of 1!3 C-branched amine 2[43,44] in the presence
of dicyclohexyl carbodiimide (DCC) and 1-hydroxy-1H-ben-
zotriazole (1-HOBT) to afford heptaester 3 (yield 93%;
Scheme 1). The formation of ester 3 is supported by the
presence of two new peaks at d=57.7 and 170.2 ppm in the
13C NMR spectrum, corresponding to the HNC and CONH
carbon signals supporting tier assembly; the molecular
weight of 1185.3 amu (ESI-MS) further evidenced the struc-
ture. Catalytic deprotection of monomer 3 with 10% Pd/C
afforded the bis ACHTUNGTRENNUNG(amido) acid 4 (yield 100%), as shown by
the disappearance of the benzyl group absorptions and the
observed new peak at d=174.0 ppm (CO2H) in the
13C NMR spectrum. The definitive molecular ion peak
(ESI-MS) at ACHTUNGTRENNUNGm/z=1073.33 [M�H]+ also supported the
structure.


To construct a larger wedge, a 1! ACHTUNGTRENNUNG(2+1Me) C-branching
pattern was inserted into the synthetic protocol affording a
less congested internal environment deemed necessary for
later coupling of the components. Treatment of diacid 1 with
aminodiester building block 5[45] using DCC amidation con-
ditions gave pentaester 6 (yield 96%; Scheme 2). The


13C NMR spectral data for 6 showed two carbonyl groups
[d=170.4 (amide) and 173.2 ppm (ester)] as well as an ESI-
MS peak at m/z=957.3 [M+Na]+ . Pentaester 6 was then de-
protected with 95% formic acid at 25 8C for 15 h to quanti-
tatively give the tetraacid 7, which was confirmed by the dis-
appearance of the tert-butyl absorptions in the 13C NMR
spectrum, as well as the expected downfield shift for the car-
boxylic carbonyl group to d=174.0 ppm; the ESI-MS re-
vealed a molecular ion peak at m/z=708.3 [M�H]+ .
The tetraacid 7 was coupled with Behera2s amine 2 under


similar amidation conditions to afford (85%) predendron 8
(Scheme 3), which was identified by the appearance of a sin-
glet at d=24.0 ppm for the unique methyl groups and four
distinctive carbonyl absorptions at d=170.9, 172.2, 172.9,
and 173.0 ppm in the 13C NMR spectrum, as well as the ap-
propriate MALDI-TOF MS peak at m/z=2321.6 [M+Na]+ .
Hydrogenolysis of the benzyl group with 10% Pd/C at
60 psi and 25 8C for 48 h liberated the unique internal acid
moiety generating the desired dodecaester 9 as demonstrat-


Scheme 1. Synthesis of the second-generation predendrons: a) DCC,
1-HOBT, THF, 25 8C, 24 h; b) H2, 10% Pd/C, EtOH, 25 8C, 7 h.


Scheme 2. Synthesis of predendron 7: a) DCC, 1-HOBT, THF, 25 8C,
24 h; b) HCO2H, 25 8C, 15 h.
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ed by the appearance of a new peak at d=174.9 ppm for
this carbonyl group, while still retaining all other core func-
tionality as verified by 13C NMR spectroscopy. A shift
(1730!1700 cm�1) of the C=O adsorption (IR spectroscopy)
as well as observed broad peak for the OH stretching
(3660–3000 cm�1) further confirmed the transformation. The
combination of these different monomers in the assembly
proACHTUNGTRENNUNGcess ensures a high outer surface density while leaving
the internal infrastructure open for subsequent elaboration.
To instill the elongated component into the framework,


Behera2s amine 2, when treated
with one equivalent of acryloyl
chloride in the presence of
Et3N in dry THF, gave the N-
substituted amide 10 (yield
>96%; Scheme 4), which was
subsequently subjected to a 1:1
Michael-type addition with
MeNO2 in the presence of the
water-soluble base tetramethyl-
guanidine (TMG) to generate
the ho ACHTUNGTRENNUNGmologated nitrotriester
11 (ca. 90% overall yield).[46]


Reduction of the nitro moiety
with Raney Ni catalyst in abso-
lute EtOH at 50 8C afforded the
desired extended amine den-
dron 12 (yield 98%), whose
structure was identified by the
anticipated upfield chemical
shift from d=74.5 to 41.0 ppm
(O2NCH2 and H2NCH2, respec-
tively) in the 13C NMR spec-
trum and the molecular ion
peak (ESI-MS) at m/z=523.1
[M+Na]+ .
With most of the key compo-


nents of this elongated molecu-


lar structure in-hand, assembly of the sections started with
the top tier 12, which is connected to the middle tier 4, then
to the bottom tier 9, and lastly is extended with a novel
focal section. Thus, the DCC-mediated coupling of mono-
ACHTUNGTRENNUNGacid 4 and amine 12 afforded top-section predendron 13
(yield 92%; Scheme 5), which was characterized by the ap-
pearance of peaks at d=80.6 and 80.7 ppm for two different
tert-butyl quaternary carbon atoms and the presence of
three peaks for the three different amide carbonyl moieties
in the 13C NMR spectrum, and a definitive molecular ion
(ESI-MS) peak at m/z=1577.8 [M+Na]+ . The focal nitro
group of this predendron 13 was then reduced quantitatively
to the corresponding amine group by catalytic hydrogena-
tion to generate the (1+2)-polyfunctional dendron 14. For-
mation of amine 14 was demonstrated by the upfield shift
(13C NMR spectroscopy) of the peak assigned to the focal
quaternary carbon from d=93.1 to 55.3 ppm and a molecu-
lar ion peak (ESI-MS) at m/z=1547.8 [M+Na]+ .


Scheme 3. Synthesis of third-generation predendron 9 : a) DCC, 1-HOBT,
DMF, 25 8C, 24 h; b) H2, 10% Pd/C, 25 8C, 48 h.


Scheme 4. Synthesis of the extended amine dendron 12 : a) H2C=
CHCOCl, Et3N, CH2Cl2, 25 8C, 2 h; b) CH3NO2, CHCl3, 25 8C, 24 h;
c) H2, Raney Ni, EtOH, 50 8C, 15 h.


Scheme 5. Synthesis of the second-generation extended dendron 17: a) DCC, 1-HOBT, THF, 25 8C, 24 h;
b) H2, T1-Raney Ni, EtOH, 50 8C, 15 h; c) H2C=CHCOCl, Et3N, THF, 25 8C, 5 h; d) CH3NO2, TMG, 50 8C,
15 h; e) H2, Raney Ni, EtOH, 50 8C, 15 h.
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To instill the extended focal functionality necessary to
penetrate into and attach the lower tier 3, the synthesis of
acrylamide 15 (yield 93%; Scheme 5) was achieved by the
treatment of amine 14 with acryloyl chloride in the presence
of Et3N in dry THF. The new acrylamide signal (


13C NMR
spectrum) at d=165.5 ppm (CONH) and olefinic peaks at
d=125.5, 132.1 ppm, as well as a molecular ion peak (ESI-
MS) at m/z=1602.1 [M+Na]+ , provided evidence for the in-
itial extension stage. Treating the acrylamide 15[46] with
MeNO2 in the presence of TMG in refluxing THF for 24 h
gave predendron 16 (yield 82%), which was structurally es-
tablished by 13C NMR spectroscopy with a new signal (d=
74.9 ppm) for the O2NCH2R moiety and by the molecular
ion peak (ESI-MS) at m/z=1662.9 [M+Na]+ . Reduction of
the nitro moiety with Raney Ni catalyst in absolute EtOH
at 50 8C created the desired extended amino dendron 17
(yield 95%), which was supported by the spectral similarity
to the previous predendrons in this synthetic series with the
exception of the notable chemical shift (13C NMR spectros-
ACHTUNGTRENNUNGcopy) from d=74.9 to 39.9 ppm (O2NCH2 and H2NCH2, re-
spectively) and the molecular ion peak (ESI-MS) at m/z=
1633.0 [M+Na]+ .
The assembly of the combined tiers 1 and 2 in extended


amine 17 with the lower (tier 3) portion was accomplished
by treatment of the acid 9 with amine 17 by the DCC cou-
pling procedure to generate the desired predendron 18
(yield 65%; Scheme 6). The structure of 18 was confirmed
by the observation of the peaks assigned to the ten different
carbonyl groups in the 13C NMR spectrum and the molecu-
lar ion at m/z=3825.5 [M+Na]+ in the MALDI-TOF MS.
Reduction of the nitro moiety with Raney Ni in absolute
EtOH at 50 8C for 36 h afforded the corresponding amine 19
(yield 85%) that was characterized by the chemical shift
(13C NMR spectroscopy) for the H2NC carbon atom from
d=92.3 to 55.6 ppm and the molecular ion peak in MALDI-
TOF MS at m/z=3796.2 [M+Na]+ . Amino dendron 19 was


next treated with triphosgene in the presence of Et3N to
afford (75%) the desired isocyanate dendron 20. New peaks
at d=62.3 (OCNC), 123.2 ppm (OCN) supported the as-
signed structure of 20 ; in addition, a [M+Na]+ peak at
m/z=3819.6 (calcd mass: 3820.9) and appearance of the
unique peak at 2210 cm�1 (FTIR) further characterized the
proposed structure.
Construction of the adamantane-based focal molecular


anchor was undertaken next; the strategy for the synthesis
of alkyl amine modified adamantane 26 is shown in
Scheme 7. Using the standard amidation conditions, 1-ada-
mantanecarboxylic acid was treated with aminopentanol to


generate alcohol 23 (yield 87%), as evidenced by the ap-
pearance of a carbonyl peak at d=178.2 ppm in the
13C NMR spectrum for the amide and the ESI-MS data re-
vealing the expected molecular ion at m/z=288.1 [M+Na]+ .
Alcohol 23 was subsequently treated with mesyl chloride in
the presence of Et3N in THF to produce mesylate 24 (yield
90%); the downfield shift (d=62.2 to 69.9 ppm) for OCH2
and the appearance of a peak at d=37.3 ppm for the
SO2CH3 moiety in the


13C NMR spectrum, as well as the
molecular ion peak (ESI-MS) at m/z=366.2 [M+Na]+ , con-
firmed the transformation. Nucleophilic substitution of the
mesyl group with NaN3 in DMF at 60 8C afforded azide 25
(yield 93%), which was catalytically hydrogenated to give


the corresponding amine 26
(yield 95%), the structure of
which was supported by an up-
field shift (d=51.2!40.8 ppm;
13C NMR spectrum) of the ab-
sorption corresponding to the
CH2NH2 moiety and a molecu-
lar ion peak (ESI-MS) at m/z=
287.3 [M+Na]+ .
Synthesis of the desired elon-


gated macromolecule 27 was
achieved (yield 95%;
Scheme 8) by the reaction be-
tween isocyanate 20 and amine
26 in dry CH2Cl2. Evidence for
the formation of 27 was sup-
ported by the appearance of
the new urea carbonyl group at
d=158.3 ppm (13C NMR spec-
troscopy) and the molecular ion
peak (MALDI-TOF) at ACHTUNGTRENNUNGm/z=


Scheme 7. Selective amidation of 21 allowing construction of adamantane
amine 26 : a) DCC, 1-HOBT, THF, 25 8C, 5 h; b) Et3N, MsCl, THF, 25 8C,
3 h; c) NaN3, DMF, 50 8C, 7 h; d) H2, 10% Pd/C, EtOH, 25 8C, 12 h.


Scheme 6. Synthesis of elongated dendron 20 : a) DCC, 1-HOBT, DMF, 25 8C, 24 h; b) H2, Raney Ni, EtOH,
50 8C, 48 h; c) triphosgene, Et3N, THF, 25 8C, 12 h.
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4085.0 [M!Na]+ . The tert-butyl groups of the adamantane-
terminated dendron were removed by using formic acid to
generate the desired water-soluble admantane-terminated
acid dendron 28, which was “planted” into a suitable molec-
ular container, b-cyclodextrin (b-CD), by treatment of a 1:1
mixture of 28 and b-CD in D2O at ambient temperature.
The host–guest interactions of the adamantane moiety
within the b-cyclodextrin cavity were monitored by
1H NMR spectroscopy. The H-3 peak of the uncomplexed
cyclodextrin at d=4.01 ppm was shifted upfield (Dd=
�0.13 ppm) upon complexation with the acid-terminated
adamantane-modified dendron, which compares well with
other proton data reported in the literature for this phenom-
enon.[42,47,48]


In summary, new types of dendritic frameworks possess-
ing different, branched layers were synthesized from the key
intermediates 9 and 17, which in turn were readily prepared
from a combination of 1! ACHTUNGTRENNUNG(2+1Me), 1! ACHTUNGTRENNUNG(2+1), and 1!3 C-
branched building blocks. The amine dendron 18 has been
synthesized, and then transformed to the corresponding iso-
cyanate dendron by using triphosgene. Treatment of isocya-
nate 20 with amine 26 afforded conical-shaped dendron 27,
which was subsequently treated with formic acid to generate
the water-soluble, acid-based dendron 28. Finally, the den-
dron 28 was planted in b-cyclodextrin and the resulting com-
plex (i.e. , 29) was confirmed by 1H NMR spectroscopy.
All the new dendrons were isolated as either white solids


or clear viscous liquids, which were soluble in common or-
ganic solvents such as CHCl3, CH2Cl2, THF, and MeOH and
were fully characterized by 1H and 13C NMR spectroscopy,
ESI or MALDI-TOF MS, and IR spectroscopy. Today when
one buys an evergreen tree in a nursery, the balled root


system is in a plastic bucket,
thus the creation of coniferous-
shaped molecular trees and
their protected sites for attach-
ment is possible and may be
available in the future to build
molecular gardens and forests.
One realizes that two-dimen-
sional representations do not
accurately depict three-dimen-
sional molecular assemblies,
but having appropriate
branched monomers permits
the construction of novel non-
uniform, tree-shaped structures
(Scheme 9).


Experimental Section


General remarks : Melting point data
were obtained in capillary tubes with
an Electrothermal 9100 melting point
apparatus and are uncorrected. All of
chemicals were purchased from Al-
drich except for Behera2s amine.[49]


Tetrahydrofuran (THF) was dried by refluxing over benzophenone/Na
under N2. Dichloromethane was dried over CaH2. All other commercially
available solvents were used without further purification. Column chro-
matography was conducted by using silica gel (60–200 mesh) from Fisher
Scientific with the stipulated solvent mixture. 1H and 13C NMR spectra
were obtained in CDCl3 (setting the reference peak at d=77.23 ppm)
except where noted, and were recorded at 300 and 75 MHz, respectively.
Infrared spectra (IR) were obtained (KBr pellet, unless otherwise noted)


Scheme 8. Construction of the conifer-shaped dendrimer and its complexation with b-cyclodextrin: a) CH2Cl2,
25 C, 5 h.


Scheme 9. Removal of the ester groups of 27 to afford the water-soluble
adamantane-terminated acid dendron followed by complexation with b-
cyclodextrin: a) HCO2H, 25 8C, 15 h; b) b-CD, D2O, 25 8C, 1 h.
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and recorded on an ATI Mattson Genesis Series FTIR spectrometer.
Mass spectral data were obtained by using an Esquire electron ionization
mass spectrometer (ESI); ESI samples were typically prepared in
MeOH/H2O/TFA (70:30:01) for positive ion mode or Me2CHOH/H2O/
NH3 (70:30:1) for negative ion mode and matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometer.


Preparation of activated Raney nickel catalyst :[50] In a beaker with distil-
led water (2 L), NaOH (300 g) was added carefully with stirring. After
dissolution, Al-Ni alloy (120 g) was added in small portions. The temper-
ature suddenly increased with the evolution of hydrogen gas. The beaker
was covered with a watch glass and the temperature was maintained at
80–90 8C by warming on a hot plate/stirrer for one hour. The supernatant
solution was then decanted; the catalyst was washed several times with
distilled water and then three times with EtOH. Throughout this process,
caution must be taken to keep the catalyst wet; the activated catalyst is
highly pyrophoric.


Heptaester 3 and bis ACHTUNGTRENNUNG(amido)acid 4 : These compounds were both pre-
pared by literature procedures.[39]


Synthesis of pentaester 6 : DCC (1.2 g, 5.7 mmol) and 1-HOBT (770 mg,
5.7 mmol) were added at 25 8C to a stirred solution of acid 1[39] (mp 96–
97 8C; 1 g, 2.7 mmol) in dry DMF (30 mL); after 2 h, diester amine 5[45]


(1.7 g, 5.7 mmol) was added. The mixture was stirred for 24 h, after
which the white precipitate was filtered. The filtrate was concentrated in
vacuo to give a crude oil, which was subjected to column chromatogra-
phy (SiO2) eluting with 15% EtOAc in hexane to afford (96%) 6, as vis-
cous oil. Yield: 2.5 g; 1H NMR: d=1.27 (s, 6H; CH3), 1.43 (s, 36H; C-
ACHTUNGTRENNUNG(CH3)3), 1.89 (t, J=7.5 Hz, 8H; CH2CH2CO2), 2.01 (t, J=7.5 Hz, 4H;
CH2CH2CO2CH2), 2.08 (t, J=6 Hz, 8H; CH2CO2), 2.23 (t, J=7.5 Hz,
6H; CH2CH2CONH, CH2CH2CO2CH2), 2.39 (t, J=8.4 Hz, 2H;
CH2COCH2), 5.11 (s, 2H; OCH2), 6.05 (s, 2H; NH), 7.35 ppm (s, 5H;
Ph); 13C NMR: d=23.5 (CH3), 27.9 (C ACHTUNGTRENNUNG(CH3)3), 28.5 (CH2CH2CO2CH2),
29.9 (CH2CH2CONH), 30.1 (CH2CH2CO2), 30.9 (CH2CO2CH2), 31.0
(CH2CONH), 33.1 (CH2CO2), 55.3 (NHC), 66.5 (H2CO), 80.3 (CMe3),
92.6 (O2NC), 128.1 (4-PhC), 128.2 (3-PhC), 128.4 (2-PhC), 135.5 (1-PhC),
170.2 (CONH), 171.7 (CO2CH2), 173.0 ppm (CO2); IR: ñ=1725 (C=O),
1715 (C=O), 1530 cm�1 (NO2); ESI-MS: m/z calcd: 957.16 [M+Na]+ ;
found: 956.8.


Synthesis of tetraacid 7: A solution of pentaester 6 (5 g, 5.3 mmol) in
HCO2H (100 mL, 95%) was stirred at 25 8C for 15 h. After concentration
in vacuo, toluene (2P50 mL) was added, and the solution was again
evaporated in vacuo to afford (95%) pure tetraacid 7 as viscous liquid.
Yield: 3.6 g; 1H NMR: d=1.29 (s, 6H; CH3), 1.93 (brm, 8H;
CH2CH2CO2), 2.10 (t, J=7.5 Hz, 2H; CH2CO2CH2), 2.15 (t, J=6 Hz,
8H; CH2CO2), 2.35 (t, J=7.5 Hz, 6H; CH2CH2CONH, CH2CO2CH2),
2.43 (t, J=8.4 Hz, 4H; CH2CONH), 5.19 (s, 2H; OCH2), 6.18 (s, 2H;
NH), 7.41 ppm (s, 5H; Ph); 13C NMR: d=23.8 (CH3), 26.5
(CH2CH2CO2CH2), 29.6 (CH2CH2CONH), 29.9 (CH2CH2CO2), 31.3
(CH2CO2CH2), 31.7 (CH2CONH), 34.4 (CH2CO2), 56.4 (NHC), 67.7
(H2CO), 94.1 (O2NC), 129.3 (4-PhC), 129.4 (3-PhC), 129.6 (2-PhC), 137.4
(1-PhC), 173.7 (CONH), 173.9 (CO2CH2), 177.5 ppm (CO2); IR: ñ=


3400–3000 (OH), 1725 (C=O), 1700 (C=O), 1535 cm�1 (NO2); ESI-MS:
m/z calcd: 708.74 [M�H]+ ; found: 708.30.
Synthesis of predendron 8 : DCC (1.2 g, 5.7 mmol) and 1-HOBT (780 mg,
5.7 mmol) were added at 25 8C to a stirred solution of tetraacid 7 (1 g,
1.4 mmol) in dry DMF (30 mL); after 2 h, Behera2s amine[49] 2 (2.4 g,
5.7 mmol) was added. The mixture was stirred for 24 h, after which the
white precipitate was filtered. The filtrate was concentrated in vacuo to
give a crude oil, which was subjected to column chromatography (SiO2)
eluting with 40% EtOAc in CHCl3 to afford 8 as a white solid. Yield:
2.8 g (85%); m.p. 127–128 8C; 1H NMR: d=1.24 (s, 6H; CH3), 1.43 (s,
108H; C ACHTUNGTRENNUNG(CH3)3), 1.53 (brm, 12H; CH2CH2CONH), 1.67 (brm, 12H;
CH2CONH), 1.95 (t, J=7.8 Hz, 24H; CH2CH2CO2), 2.02 (brm, 2H;
CH2CH2CO2CH2), 2.20 (t, J=7.5 Hz, 24H; CH2CO2), 2.41 (brm, 2H;
CH2CO2CH2), 5.12 (s, 2H; OCH2), 6.12 (s, 4H; NH), 6.88 (s, 2H; NH),
7.35 ppm (s, 5H; Ph); 13C NMR: d=24.0 (CH3), 28.2 (CACHTUNGTRENNUNG(CH3)3), 28.9
(CH2CH2CO2CH2), 29.9 (CH2CH2CO2), 30.1 (CH2CO2), 30.4
(CH2COCH2), 30.8 (CH2CH2CONH), 31.3 (CH2CONH), 32.1
(CH2CH2CONH), 34.6 (CH2CONH), 55.7 (HNC), 57.5 (HNC), 66.8


(H2CO), 80.7 (CMe3), 92.8 (O2NC), 128.4 (4-PhC), 128.7 (3-PhC), 128.8
(2-PhC), 135.8 (1-PhC), 170.9 (CONH), 172.2 (CO2CH2), 172.9 (CONH),
173.0 ppm (CO2); IR: ñ=1730 (C=O), 1725 (C=O), 1535 cm


�1 (NO2);
ESI-MS: m/z calcd: 2322.33 [M+Na]+ ; found: 2322.0.


Synthesis of acid 9 : A solution of ester 8 (1 g, 430 mmol) in absolute
EtOH (100 mL) in the presence of 10% Pd on activated carbon (1 g)
was hydrogenated at 60 psi at 25 8C for 12 h. The solution was cautiously
filtered through Celite and the solvent was reduced in vacuo to give mono-
acid 9 as a white solid. Yield: 860 mg (90%); m.p. 135–137 8C; 1H NMR:
d=1.26 (s, 6H; CH3), 1.44 (s, 108H; C ACHTUNGTRENNUNG(CH3)3), 1.96 (t, J=7.2 Hz, 64H;
CH2CH2CO2, CH2CH2CONH), 2.19 (brm, 8H; CH2CH2CONH), 2.39
(brm, 4H; CH2CH2CO2CH2), 6.25 (s, 4H; NH), 6.59 ppm (s, 2H; NH);
13C NMR: d=23.8 (CH3), 28.0 (CACHTUNGTRENNUNG(CH3)3), 28.4 (CH2CH2CO2CH2), 29.7
(CH2CH2CO2), 30.1 (CH2CO2), 30.8 (CH2CH2CONH), 31.2
(CH2CO2CH2), 31.9 (CH2CONH), 34.5 (CH2CH2CONH), 34.8
(CH2CONH), 55.5 (HNC), 57.4 (HNC), 80.5 (CMe3), 93.3 (O2NC), 171.1
(CONH), 172.7 (CONH), 173.1 (CO2), 174.9 ppm (CO2H); IR: ñ=1735
(C=O), 1720 (C=O), 1700 (C=O), 1535 cm�1 (NO2); ESI-MS: m/z calcd:
2232.81 [M+Na]+ ; found: 2231.41.


Synthesis of amine 12 : A suspension of nitro amide 11[46] (3 g, 5.6 mmol)
and T-1 Raney Ni (2 g) in absolute EtOH (100 mL) was hydrogenated at
60 psi at 50 8C for 15 h. The solution was cautiously filtered (Pyrophoric)
through Celite, after which the solvent was removed in vacuo to afford
12 as a white solid. Yield: 2.7 g (96%); m.p. 110–112 8C; 1H NMR: d=
1.44 (s, 27H; CH3), 1.88 (t, J=6.6 Hz, 2H; CH2CO), 1.96 (t, J=7.5 Hz,
6H; CH2CH2CO), 2.22 (t, J=7.5 Hz, 6H; CH2CO), 2.33 (t, J=6 Hz, 2H;
CH2CONH), 2.89 (t, J=6 Hz, 2H; H2NCH2), 4.27 (s, 2H; NH2),
6.19 ppm (s, 1H; NH); 13C NMR: d=22.8 (CH2CO), 28.2 [C ACHTUNGTRENNUNG(CH3)3], 30.0
(CH2CO, CH2CH2CO), 34.7 (H2NCH2CH2), 41.0 (H2NCH2), 57.6 (HNC),
80.8 (CMe3), 172.3 (CONH), 173.1 ppm (CO2); IR: ñ=3300–3000 (NH2),
1710 (C=O), 1670 cm�1 (C=O); ESI-MS: m/z calcd: 523.67 [M+Na]+ ;
found: 523.12.


Synthesis of the extended predendron 13 : DCC (385 mg, 1.8 mmol) and
1-HOBT (255 mg, 1.8 mmol) at 25 8C were added to a stirred solution of
acid 4[39] (2 g, 1.8 mmol) in dry DMF (50 mL); after 2 h, extended amine
12 (930 mg, 1.8 mmol) was added. The mixture was stirred for 24 h, after
which the white precipitate was filtered. The filtrate was concentrated in
vacuo to give a crude oil, which was subjected to column chromatogra-
phy (SiO2) eluting with 20% EtOAc in hexane to afford 13 as a white
solid. Yield: 1.8 g (91%); 1H NMR: d=1.43 (s, 81H; CH3), 1.78 (t, J=
5.1 Hz, 2H; CH2CO), 1.96 (brm, 36H; CH2CH2CO, CH2CH2CO), 2.09
(t, J=4.5 Hz, 2H; CH2CH2CO), 2.19 (m, 12H; CH2CH2CONH,
CH2CH2CONH), 3.25 (t, J=4.8 Hz, 2H; NHCH2), 6.12 (s, 2H; NH), 6.21
(s, 1H; NH), 6.40 ppm (t, J=3.9 Hz, 1H; NHCH2);


13C NMR: d=25.71
(CH2CO), 28.1 (CH3), 29.8 (CH2CH2CO2), 29.9 (CH2CO2), 29.99
(CH2CH2CO2), 30.4 (CH2CH2CONH), 30.8 (CH2CONH), 31.4
(CH2CO2), 34.5 (HNCH2CH2), 39.1 (HNCH2), 57.5 (HNC), 57.6 (HNC),
80.6, 80.7 (2CMe3), 93.1 (O2NC), 170.6, 171.7, 172.2 (3CONH), 172.8,
172.9 ppm (2CO2); IR: ñ=3300 (NH), 1730 (C=O), 1720 (C=O),
1550 cm�1 (NO2) cm


�1; ESI-MS: m/z calcd: 1577.98 [M+Na]+ ; found:
1577.80.


Synthesis of amino dendron 14 : A solution of nitro ester 13 (2 g,
1.3 mmol) in absolute EtOH (150 mL) with T-1 Raney Ni (3 g) was hy-
drogenated (60 psi) at 50 8C for 15 h. The solution was cautiously filtered,
as in the above procedure, through Celite, then concentrated in vacuo to
give the amino ester 14 as a viscous oil. Yield: 1.86 g (95%); 1H NMR:
d=1.41 (s, 81H; CH3), 1.81 (t, J=5.1 Hz, 2H; CH2CO), 1.96 (brm, 36H;
CH2CH2CO, CH2CH2CO), 2.22 (m, 2H; CH2CH2CO), 2.35 (m, 12H;
CH2CH2CONH, CH2CONH), 3.27 (t, J=4.8 Hz, 2H; NHCH2), 6.42 (s,
2H; NH), 6.51 (s, 1H; NH), 6.41 (br s, J=3.9 Hz, 1H; NHCH2), 7.35 ppm
(s, 2H; NH2);


13C NMR: d=25.7 (CH2CO), 28.0 (CH3), 29.6
(CH2CH2CO2), 29.7 (CH2CO2), 30.2 (CH2CH2CONH), 30.8
(CH2CONH), 32.4 (CH2CH2CONH, CH2CONH), 34.3 (HNCH2CH2),
38.7 (HNCH2), 55.3 (H2NC), 57.4, 57.7 (3HNC), 80.3, 80.4 (2CMe3),
172.5, 172.6, 172.8 (3CONH), 172.9, 173.2 ppm (2CO2); IR: ñ=3400–
3000 (NH2), 1730 (C=O), 1725 cm


�1 (C=O); ESI-MS: m/z calcd: 1548.0
[M+Na]+ ; found: 1547.8.
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Synthesis of acrylamide 15 : Acryloyl chloride (60 mg, 650 mmol) was
added to a stirred solution of amine 14 (1 g, 650 mmol) and Et3N (184 mL,
1.3 mmol) in dry THF at 0 8C. After 5 h at 25 8C, the reaction mixture
was washed with water, then saturated brine. The organic solution was
dried (MgSO4), filtered, and concentrated in vacuo to give a crude solid,
which was subjected to chromatography (SiO2) eluting with a 30%
EtOAc in CHCl3 mixture to afford amide 15 as a white solid. Yield:
990 mg (96%); 1H NMR: d=1.44 (s, 81H; CH3), 1.79 (t, J=5.1 Hz, 2H;
CH2CO), 1.98 (brm, 36H; CH2CH2CO, CH2CO), 2.21 (t, J=4.5 Hz, 2H;
CH2CH2CO), 2.27 (m, 12H; CH2CH2CONH, CH2CONH), 3.25 (t, J=
4.8 Hz, 2H; NHCH2), 5.58 (brm, 1H; CH2=CH), 6.12 (brm, 1H; CH2=
CH), 6.21 (brm, 1H; CH2=CH), 6.41 (s, 2H; NH), 6.51 (s, 2H; NH), 6.41
(s, 1H; NHCH2), 7.35 ppm (s, 2H; NH2);


13C NMR: d=25.7 (CH2CO),
28.0 (CH3), 29.5 (CH2CH2CO2), 29.7 (CH2CO2), 30.9 (CH2CH2CO), 31.6
(CH2CH2CONH), 31.9 (CH2CO2), 33.1 (CH2CH2CONH), 34.3
(CH2CONH), 35.3 (HNCH2CH2), 38.8 (HNCH2), 57.3, 57.9 (3HNC),
80.3, 80.4 (2CMe3), 125.5 (CH2=CH), 132.1 (CH2=CH), 165.5, 172.1,
172.6, 172.7 (4CONH), 172.9, 173.7 ppm (2CO2); IR: ñ=3350 (NH),
1730 (C=O), 1720 (C=O), 1620 (C=C), 1670 cm�1 (C=O); ESI-MS: m/z
calcd: 1602.4 [M+Na]+ ; found: 1602.1.


Synthesis of extended nitroamide 16 : TMG (250 mL) was added to a stir-
red solution of acryl amide 15 (1 g, 630 mmol) in a MeNO2/CHCl3 mix-
ture (1:1; 50 mL), and the resulting solution was maintained at 50 8C for
15 h. The mixture was then concentrated in vacuo to give a crude solid,
which was dissolved in CHCl3 and then sequentially washed with dilute
aqueous HCl, water, and saturated brine. The organic solution was dried
(Na2SO4), filtered, and concentrated in vacuo to give a crude oil, which
was subjected to column chromatography (SiO2) eluting with 40%
EtOAc in CHCl3 to give amide 16 as a white solid. Yield: 900 mg (87%);
1H NMR: d=1.44 (s, 81H; CH3), 1.79 (t, J=5.1 Hz, 2H; CH2CO), 1.96
(brm, 36H; CH2CH2CO, CH2CH2CO), 2.15 (br s, 2H; CH2CO), 2.21
(quint, J=4.5 Hz, 2H; CH2CH2CH2CO), 2.27 (m, 12H; CH2CH2CONH,
CH2CONH), 2.30 (m, 4H; CH2CH2), 3.27 (t, J=4.8 Hz, 2H; NHCH2),
4.51 (t, J=4.8 Hz, 2H; O2NCH2), 6.09 (s, 2H; NH), 6.25 (s, 2H; NH),
6.43 ppm (t, J=3.9 Hz, 1H; NHCH2);


13C NMR: d=22.8 (CH2CO), 25.7
(CH2CO), 27.9 (CH3), 29.6 (CH2CH2CO2, CH2CO), 31.3
(CH2CH2CONH), 31.4 (CH2CONH), 32.6 (O2NCH2CH2), 34.3
(HNCH2CH2), 34.7 (CH2CONH), 38.8 (HNCH2), 57.2, 57.7 (4HNC),
74.9 (O2NCH2), 80.3, 80.4 (2CMe3), 170.8, 172.0, 172.5, 172.7 (4CONH),
172.7, 173.5 ppm (2CO2); IR: ñ=3350 (NH), 1735 (C=O), 1720 (C=O),
1550 cm�1 (NO2); ESI-MS: m/z calcd: 1663.08 [M+Na]+ ; found: 1662.90.


Synthesis of aminoamide 17: A solution of predendron 16 (1 g, 610 mmol)
in absolute EtOH (150 mL) with T-1 Raney Ni (3 g) was hydrogenated
(60 psi) at 50 8C for 24 h. The solution was cautiously filtered, as in the
above procedure, through Celite, then concentrated in vacuo to give the
amino ester 17. Yield: 930 mg (95%); 1H NMR: d=1.44 (s, 81H; CH3),
1.79 (t, J=5.1 Hz, 2H; CH2CO), 1.96 (brm, 36H; CH2CH2CO,
CH2CH2CO), 2.15 (br s, 2H; CH2CO), 2.21 (brm, 2H; CH2CH2CO), 2.27
(m, 12H; CH2CH2CONH, CH2CONH), 2.30 (m, 4H; CH2CH2), 2.80 (t,
J=4.8 Hz, 2H; NHCH2), 3.25 (m, 2H; H2NCH2), 6.09 (s, 2H; NH), 6.25
(s, 2H; NH), 6.96 ppm (t, J=3.9 Hz, 1H; NHCH2);


13C NMR: d=23.1
(CH2CO), 26.0 (CH2CO), 28.0 (CH3), 29.7 (CH2CH2CO2, CH2CO2), 30.7
(CH2CH2CONH), 31.0 (CH2CONH), 31.2 (CH2CH2CONH), 31.3
(CH2CONH), 33.9 (HNCH2CH2), 34.3 (H2NCH2CH2), 38.4 (HNCH2),
39.9 (H2NCH2), 57.3, 57.4, 57.7 (4HNC), 80.3, 80.4 (2CMe3), 172.7, 172.8,
172.9, 173.0 (4CONH), 173.3, 173.9 ppm (2CO2); IR: ñ=3400–3000
(NH2), 1735 (C=O), 1720 cm


�1 (C=O); ESI-MS: m/z calcd: 1633.10
[M+Na]+ ; found: 1633.0.


Synthesis of predendron 18 : DCC (93 mg, 450 mmol) and 1-HOBT
(61 mg, 450 mmol) were added at 25 8C to a stirred solution of acid 9 (1 g,
450 mmol) in dry DMF (30 mL); after 2 h, extended amine 17 (930 mg,
450 mmol) was added. The mixture was stirred for 24 h, after which the
white precipitate was filtered. The filtrate was concentrated in vacuo to
give a crude oil, which was subjected to column chromatography (SiO2)
eluting with EtOAc to afford predendron 18 as a white solid. Yield: 1.1 g
(65%); 1H NMR: d=1.23 (s, 6H; CH3), 1.44 (s, 189H; CH3), 1.95 (brm,
84H; CH2CH2CO2), 2.20 (brm, 48H; CH2CH2CONH), 3.24 (brm, 4H;
HNCH2), 6.10 (s, 6H; NH), 6.52 (s, 3H; NH), 6.55 ppm (s, 2H; NH);


13C NMR: d=23.8 (CH3), 24.1 (CH2CO), 26.2 (CH2CH2), 28.5 (CH3),
29.8, 31.0, 31.3, 32.1, 33.9, 34.4, 34.9 (CH2CH2CO, CH2CH2CONH), 38.8
(HNCH2), 55.5, 55.6, 57.3, 57.4 (4HNC), 80.4, 80.5, 80.6 (3CMe3), 93.4
(O2NC), 171.0, 171.8, 172.2, 172.4, 172.7, 172.8, 172.9 (7CONH), 173.0,
173.1, 173.7 ppm (3CO2); IR: ñ=3350 (NH), 1730 (C=O), 1720 (C=O),
1550 cm�1 (NO2); MALDI-TOF MS: m/z calcd: 3824.9 [M+Na]+ ; found:
3825.5.


Synthesis of amine 19 : A suspension of 18 (1 g, 263 mmol) and T-1
Raney-Ni (3 g) in absolute EtOH (50 mL) was hydrogenated at 60 psi at
50 8C for 48 h. The solution was cautiously filtered (pyrophoric) through
Celite, after which the solvent was concentrated in vacuo to afford of
amine 19 as a white solid. Yield: 770 mg (78%); 1H NMR: d=1.24 (s,
6H; CH3), 1.43 (s, 189H; CH3), 1.91 (br s, 84H; CH2CH2CO2), 2.20 (br s,
48H; CH2CH2CONH), 3.20 (br s, 2H; HNCH2), 4.18 (br s, 2H; HNCH2),
6.15 (s, 6H; NH), 6.52 (s, 3H; NH), 6.55 ppm (s, 4H; NH, H2N);
13C NMR: d=24.1 (CH3), 24.5 (CH2CO), 26.4 (CH2CH2), 28.3 (CH3),
29.7, 31.0, 31.5, 32.3, 33.9, 34.4, 34.9 (CH2CH2CO, CH2CH2CONH), 38.8
(NHC), 53.2 (H2NC), 55.6, 57.3, 57.4, (3HNC), 80.4, 80.5, 80.6 (3CMe3),
171.3, 172.4, 173.5 (3CONH), 173.9 ppm (CO2); IR: ñ=3400–3000
(NH2), 1730 (C=O), 1720 cm


�1 (C=O); MALDI-TOF MS: m/z calcd:
3794.9 [M+Na]+ ; found: 3794.6.


Synthesis of isocyanate dendron 20 : Triphosgene (23 mg, 79 mmol) in
THF (10 mL) was added to a stirred solution of amine 19 (500 mg,
132 mmol), Et3N (26 mL, 264 mmol) in dry THF (25 mL) at 0 8C. The solu-
tion was stirred for 12 h, was filtered, and concentrated in vacuo to
afford crude solid. This solid was subjected to column chromatography
(SiO2) eluting with EtOAc to afford isocyanate 20 as a solid. Yield:
380 mg (75%); 1H NMR: d=1.25 (s, 6H; CH3), 1.44 (s, 189H; CH3), 1.95
(br s, 84H; CH2CH2CO2), 2.20 (br s, 48H; CH2CH2CONH), 3.24 (br s,
HNCH2), 3.52 (br s, HNCH2), 6.10 (s, NH), 6.52 (s, NH), 6.55 ppm (s,
NH); 13C NMR: d=23.8 (CH3), 24.1 (CH2CO), 26.2 (CH2CH2), 28.5
(CH3), 29.8, 31.0, 31.3, 32.1, 33.9, 34.4, 34.9, 38.8 (CH2CH2CO,
CH2CH2CONH), 55.6, 57.3, 57.4 (3HNC), 62.3 (OCNC), 80.4, 80.5, 80.6
(3CMe3), 123.2 (OCN), 171.2, 172.4, 172.7 (3CONH), 172.8 ppm (CO2);
IR: ñ=3300 (NH), 2210 (OCN), 1730 (C=O), 1720 cm�1 (C=O);
MALDI-TOF MS: m/z calcd: 3820.91 [M+Na]+ ; found: 3822.87.


Synthesis of amide 23 : DCC (2.3 g, 11 mmol) and 1-HOBT (1.5 g, 11
mol) were added to a stirred solution of adamantane acid 21 (2 g,
11 mmol) in dry DMF (50 mL) at 25 8C; after 2 h, aminopentanol 22
(1.15 g, 11 mmol) was added. The mixture was stirred for 5 h, after which
the white precipitate was filtered. The filtrate was concentrated in vacuo
to give a crude oil, which was subjected to column chromatography
(SiO2) eluting with 20% EtOAc in hexane to afford the amide 23 as a
white solid. Yield: 2.5 g (87%); m.p. 103–104 8C; 1H NMR: d=1.37–1.51
(brm, 6H; CH2CH2CH2), 1.72–1.85 (brm, 15H; adamantane), 2.01 (s,
1H; OH), 3.25 (t, J=6.9 Hz, 2H; HNCH2), 3.65 (t, J=6.3 Hz, 2H;
HOCH2), 5.60 ppm (s, 1H; NH); 13C NMR: d=23.0 (CH2), 28.1 (CH of
adamantane), 29.4 (CH2), 32.2 (CH2CH2NH), 36.5 (CH2 of adamantane),
36.7 (CH2CH2OH), 39.1 (C


48 of adamantane), 39.2 (CH2 of adamantane),
40.5 (HNCH2), 62.2 (HOCH2), 178.2 ppm (CONH); IR: ñ=3450–3000
(OH), 1720 cm�1 (C=O); ESI-MS: m/z calcd: 288.39 [M+Na]+ ; found:
288.0.


Synthesis of mesylate 24 : Mesyl chloride (431 mg, 3.7 mmol) in THF
(20 mL) was added to a stirred solution of 23 (1 g, 3.7 mmol), Et3N
(570 mL, 5.6 mmol) in dry THF (50 mL) at 0 8C. The solution was stirred
for 3 h at 25 8C. After filtration, the solvent was removed in vacuo to give
a residue, which was dissolved in CHCl3 (100 mL) and washed with water
(100 mL, 2P) and then saturated brine. The organic phase was dried
(MgSO4) and concentrated in vacuo to give a solid that was subjected to
column chromatography (SiO2) eluting with 20% EtOAc in hexane to
give 24 as a white solid. Yield: 1.15 g (90%); m.p. 108–109 8C; 1H NMR:
d=1.44–1.67 (brm, 6H; CH2CH2CH2), 1.72–1.85 (brm, 15H; adaman-
tane), 3.01 (s, 3H; O2SCH3), 3.25 (t, J=6.6 Hz, 2H; NHCH2), 4.24 (t, J=
6.3 Hz, 2H; OCH2), 5.62 ppm (s, 1H; NH); 13C NMR: d=22.7, 28.1 (CH
of adamantane), 28.7 (CH2), 29.0 (CH2), 36.5 (CH2 of adamantane), 37.3
(O2SCH3), 38.8 (C


48 of adamantane), 39.3 (CH2 of adamantane), 40.5
(HNCH2), 69.9 (OCH2), 178.0 ppm (CONH); IR: ñ=3300 (NH),
1720 cm�1 (C=O); ESI-MS: m/z calcd: 366.48 [M+Na]+ ; found: 366.0.
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Synthesis of azide 25 : A stirred solution of mesylate 24 (1 g, 2.9 mmol)
and NaN3 (560 mg, 8.7 mmol) in DMF (50 mL) was refluxed for 7 h.
After filtration, the solvent was concentrated in vacuo to give a residue,
which was dissolved in CHCl3 and then sequentially washed with water
and saturated brine. The solution was dried (MgSO4), filtered, and con-
centrated in vacuo to give a crude solid, which was subjected to column
chromatography (SiO2) eluting with 20% EtOAc in hexane to afford
azide 25 as a viscous oil. Yield: 785 mg (93%); 1H NMR: d=1.36–1.65
(brm, 6H; CH2CH2CH2), 1.72–1.85 (brm, 15H; adamantane), 3.22 (t, J=
6.9 Hz, 2H; N3CH2), 3.30 (t, J=6.6 Hz, 2H; NHCH2), 5.60 ppm (s, 1H;
NH); 13C NMR: d=24.0 (CH2), 28.1 (CH2), 28.5 (CH of adamantane),
29.2, 36.5 (CH2 of adamantane), 39.0 (C


48 of adamantane), 39.3 (CH2 of
adamantane), 40.6 (HNCH2), 51.2 (N3CH2), 178.0 ppm (CONH); IR: ñ=
3300 (NH), 2110 (N3), 1720 cm


�1 (C=O); ESI-MS: m/z calcd: 313.40
[M+Na]+ ; found: 313.2.


Synthesis of amine 26 : A suspension of azide 25 (500 mg, 1.7 mmol) and
10% Pd on activated carbon (200 mg) in EtOH (30 mL) was hydrogenat-
ed at 60 psi at 25 8C for 12 h. The solution was then cautiously filtered
through Celite (pyrophoric) and then the solvent was concentrated in
vacuo to afford amine 26 as a white solid. Yield: 432 mg (95%); m.p. 82–
83 8C; 1H NMR: d=1.35–1.63 (brm, 6H; CH2CH2CH2), 1.70–1.83 (brm,
15H; adamantane), 2.70 (t, J=6.6 Hz, 2H; NHCH2), 3.23 ppm (t, J=
6.6 Hz, 2H; NH2CH2);


13C NMR: d=24.0 (CH2), 27.1 (CH2), 28.2 (CH of
adamantane), 29.2 (CH2), 36.6 (CH2 of adamantane), 39.4 (C


48 of ada-
mantane), 39.9 (CH2 of adamantane), 40.6 (HNCH2), 40.8 (H2NCH2),
179.0 ppm (CONH); IR: ñ=3400–3000 (NH2), 1720 cm


�1 (C=O); ESI-
MS: m/z calcd: 265.41 [M+H]+; found: 265.10.


Synthesis of adamantane dendrimer 27: Amine 26 (14 mg, 52 mmol) was
added to a stirred solution of isocyanate 20 (200 mg, 52 mmol) in dry
CH2Cl2 at 25 8C. The reaction mixture was stirred for 6 h, after which the
solvent was concentrated in vacuo to quantitatively afford 27 as a viscous
liquid. Yield: 210 mg; 1H NMR: d=1.44 (s, 189H; CH3), 1.5–1.67 (brm,
15H; adamantane), 1.71 (s, 6H; CH3), 1.84 (brm, 36H; CH2CH2CO2),
1.95 (brm, 48H; CH2CH2CO2), 2.20 (brm, 36H; CH2CH2CONH,
CH2CH2CO) 2.50 (brm, 12H; CH2CH2CONH), 3.24 (brm, 2H;
HNCH2), 3.52 (brm, 2H; HNCH2), 6.10 (s, 6H; NH), 6.52 (s, 3H; NH),
6.55 ppm (s, 4H; NH, H2N);


13C NMR: d=23.8 (CH3), 24.1 (CH2CO),
26.0 (CH2CH2CO), 26.2 (CH of adamantane), 28.5 (CH3), 29.8, 31.0, 31.3,
32.1, 33.9, 34.4, 34.9, 38.8, 53.2, 55.6, 57.3, 57.4 (4HNC), 80.4, 80.5, 80.6
(3CMe3), 158.3 (HNCONH), 172.4, 172.9, 173.0, 173.4 (4CONH), 174.2
(CO2), 178.4 ppm (CONH, adamantane); IR: ñ=3400 (NH), 1730 (C=
O), 1720 (C=O), 1650 cm�1 (C=O); MALDI-TOF MS: m/z calcd. 4085.31
[M+Na]+ ; found: 4085.0.


Synthesis of adamantane-modified acid dendron 28 : A solution of ad-
mantane dendrimer 27 (80 mg, 19.6 mmol) in HCO2H (5 mL) was stirred
at 25 8C for 15 h. After concentration in vacuo, toluene (2P5 mL) was
added and the solution was again evaporated in vacuo to afford pure
acid dendron 28 as a viscous liquid. Yield: 48 mg (85%); 1H NMR
(CD3OD): d=1.24 (s, 6H; CH3), 1.29–1.68 (brm, 15H; adamantane),
1.99 (brm, 36H; CH2CH2CO2), 2.22 (brm, 36H; CH2CH2CONH,
CH2CH2CO), 2.33 (brm, 48H; CH2CH2CO2), 2.67 (brm, 12H;
CH2CH2CONH), 3.12 (brm, 2H; HNCH2), 3.17 (brm, 2H; HNCH2),
4.80 (s, 6H; NH), 4.91 (s, 7H; NH, H2N), 8.29 ppm (s, 21H; CO2H);
13C NMR: d=25.2 (CH3), 26.8 (CH of adamantane), 29.3 (CH2CO), 29.6
(CH2CH2CO), 30.3, 30.5, 30.9, 31.6, 32.1, 32.7, 32.9, 35.0, 37.6, 40.2, 40.7,
41.8, 57.7, 58.6, 58.7 (4HNC), 164.7 (HNCONH), 173.1, 175.2, 175.7
(4CONH), 177.2 (CO2H), 180.9 ppm (CONH, adamantane); IR: ñ=


3500–3300 (OH), 1730 (C=O), 1720 (C=O), 1650 cm�1 (C=O); MALDI-
TOF MS: m/z calcd: 2883.08 [M�H]+ ; found: 2880.47.
Preparation of dendron 28·b-cyclodextrin complex 29 : Dendron 28
(20 mg, 7.1 mmol) was added to a solution of b-cyclodextrin (8 mg,
7.1 mmol) in D2O. Then the mixture was ultrasonicated for 1 h to afford a
clear solution of the 28·b-CD complex. 1H NMR (D2O): d=1.24 (s, 6H;
CH3), 1.49–1.92 (brm, 15H; adamantane), 1.99 (brm, 36H;
CH2CH2CO2), 2.17 (brm, 48H; CH2CH2CO2), 2.34 (brm, 36H;
CH2CH2CONH, CH2CH2CO), 2.60 (brm, 2H; HNCH2), 2.68 (br s, 12H;
CH2CH2CONH), 3.17 (t, J=7.2 Hz, 2H; HNCH2), 3.58, 3.75, 3.85, 5.05


(CH2, CH of cyclodextrin), 7.95 (s, 6H; NH, NH2), 8.30 ppm (s, 21H;
CO2H).
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